
ABSTRACT 

SCHUMANN, MITCHELL JOHN. QTL Mapping in Tetraploid Potatoes for Horticultural 

and Nutritional Traits. (Under the direction of Dr. G. Craig Yencho). 

 

Potato breeders are increasingly using new molecular technologies and analytical 

techniques to facilitate variety development research. Examples of these technological 

advances include the sequence of the potato genome, the release of an annotated potato 

genome browser, and the development of an Illumina 8,303 SNP array, which collectively 

have the potential to make potato breeding much more efficient. Recent advances in SNP 

technologies, in particular, enable breeders to utilize marker dosage information in the 

creation of linkage maps and to analyze both parents simultaneously. I used some of these 

new breeding tools to study the inheritance of resistance to internal heat necrosis (IHN) as 

well as several other important agronomic traits in the potato population B2721. The cross 

B2721 consisted of a cultivated Solanum tuberosum (2n=4x=48) potato breeding population 

derived from the cross Atlantic (IHN susceptible) x B1829-5 (IHN resistant). This thesis 

describes the creation of a SNPs linkage map and subsequent analysis for IHN as well as 

important agronomic traits. This thesis also describes the creation of a second 4x potato 

mapping population (NC619) that was segregating for anthocyanin content in the flesh, and 

for which future QTL analyses are planned. 

In the first chapter, QTL analysis for important agronomic traits, and genetic effects 

were modeled in the B2721population. Putative QTL were identified for the following traits: 

three for dry matter, with two located on chromosome 6 and one on chromosome 11; six for 

specific gravity, with two located each on chromosome 5 and 2, and one each on 

chromosomes 10 and 8; five for skin texture, with two each on chromosomes 5 and 9, and 



one on chromosome 4; three for maturity, with one each on chromosome 5, 7, and 2; three 

for yield with one each on chromosomes 12, 6 and 5. Maturity exhibited the highest LOD 

scores (17.60) of all traits, explaining 38.11% of the variation. Chromosome 5 was a hot spot 

for QTL as many QTL with significant LOD scores for yield were collocated on this 

chromosome. Within this range, putative QTL for all other traits except dry matter were 

identified. 

In the second chapter, resistance to IHN was analyzed and the genetic effects were 

modeled to identify markers within coupling phase of putative QTL. Putative QTL were 

detected for IHN on chromosomes 1, 5, 9, and 12 using LOD permutation threshold and 

collocation of high LOD scores across multiple years. Genetic effects were modeled to 

identify markers for putative QTL. One marker was identified on each chromosome where 

there were putative QTLs. All markers associated with a QTL were regressed in models of 

effects for IHN incidence and severity for all years. In the full model, all markers were 

shown to have significant effects for IHN (p < 0.0001), and they explained 28.21% of the 

variation for IHN incidence and 25.3% of the variation for severity. We were able to utilize 

SNP dosage information to identify and model the effects of putative QTL, providing 

insights into the mechanisms behind IHN resistance and susceptibility, and opening the 

possibility of marker-assisted selection for this important trait.  

In the third chapter, a population was developed to study the segregation of 

anthocyanin accumulation in the flesh. This population was analyzed for total anthocyanin 

content and location of pigment in tissue specific regions in tuber flesh. The 4x cross of 

B1952-2 (white flesh) x Adirondack Blue (purple flesh) was selected for analysis. Clones 

grown in the greenhouse showed a bimodal distribution, and were higher in anthocyanin 



content than those grown in the field, which showed a positively skewed distribution. There 

was no transgressive segregation with both parents falling in the extreme ends of the 

distribution.  
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CHAPTER 1: INTRODUCTION 

I. Linkage Mapping and QTL Analysis in Potato 

More than a billion people worldwide eat potato and it is the third most important 

food crop in the world after rice and wheat in terms of human consumption, with total global 

crop production exceeding 300 million metric tons (CIP 2014). Even with potato being such 

an important crop, varietal advancement has been relatively slow. Russet Burbank, which 

accounts for a majority of the acreage planted in the northwest region of the United States 

was developed in the early 1900s (USDA 2014), and Atlantic, a major variety grown in the 

mid-Atlantic region, was originally released in 1976 (Webb et al. 1978). One of the reasons 

for this is due to the complexity of the potato genome. Cultivated potato, Solanum tuberosum 

(2n=2x=48), is a highly heterozygous autotetraploid outcrossing crop, which makes it very 

difficult to align potentially beneficial genotypic packages through conventional breeding 

methods. As a result, many efforts have been made over the years to develop molecular 

techniques to improve variety development. However, since the first genetic map of potato 

utilizing molecular markers was published, there have been very few implementations of 

marker assisted selection (MAS) techniques into commercial breeding programs (Slater et al. 

2014).  

The first genetic map of potato using molecular markers was published in 1988 by 

Bonierbale et al. (1988). The map utilized a total of 134 restriction fragment length 

polymorphisms (RFLP) and isozyme markers to cover the genome of a diploid cross. Many 

of the early maps, which utilized dihaploid clones from tetraploid species, used RFLPs. This 
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only allowed study of tetraploid genomes at the diploid level (Bonierbale et al. 1988; 

Gebhardt et al. 1989; Van Eck et al. 1994). The development of RFLP linkage maps, allowed 

subsequent quantitative trait loci (QTL) studies to follow. These first few studies used 

Analysis of Variance (ANOVA) and t-test statistical analyses to identify QTL (Kreike et al. 

1993; Van Eck et al. 1994a; Freyre et al. 1994); however, in the late 80’s and early 90’s a 

new QTL analysis method, interval mapping, was developed and refined (Lander and 

Botstein 1989; Haley and Knott 1992). This allowed for better protection of type I error.  

Potato breeders soon began to incorporate this new analytical method into the discovery of 

QTL (Bonierbale et al. 1994; Berg et al. 1996). 

Amplified fragment length polymorphisms (AFLPs) were the next step in marker 

evolution utilized by scientists. This offered a more rapid, efficient, method of developing 

markers for linkage map construction. A PCR based marker, they utilize different 

combinations of restriction enzymes allowing for a virtually unlimited number of markers to 

be generated with less DNA needed than RFLPs (Van Eck et al. 1995 and references 

therein). AFLPs are faster, but they are dominant markers and don’t provide enough 

information for deciphering different forms of loci on homologous chromosomes. In diploid 

species there are only 4 possible genotypes at any particular locus with each parent 

contributing only 1of 2 alleles. However, for tetraploid potatoes there are 36 possible 

genotypes with each parent contributing 2 of 4 alleles. Many of the diploid genotypes can be 

represented or inferred by the use of present/ absent dominant markers, but this is not 

possible for higher ploidy species. This is a very important component of analyzing polyploid 
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species such as potato. In order to interpret multiple alleles at a single locus, co-dominant 

markers are needed. Simple sequence repeats (SSR) were used to accommodate.  

SSRs take advantage of simple repeats in base pairs of DNA, and detect the change in 

number of those repeats throughout a genome. When comparing AFLP and SSR techniques 

in potato, it has been found that AFLPs were best in detecting large numbers of loci, and 

SSRs are best in detecting a high level of allelic diversity (Mibourne et al. 1997). This is very 

beneficial in allele calling for autotetraploids. There was now a marker that could detect 

polymorphisms between the four homologous chromosomes. Therefore, geneticists began 

incorporating SSRs into potato linkage maps (Milbourne et al. 1998, Bradshaw et al. 1998 

Collins et al. 1999). 

Until the late 1990’s, software analyzing tetrasomic inheritance in autopolyploid 

species was not available. As discussed earlier, many of the early generation maps used 

dihaploids from tetraploid species in order to avoid tetrasomic inheritance. For tetraploid 

species, only markers that segregated in a diploid fashion were able to be used. For example; 

dominant markers on gels would be read as presence in one parent and absence in the other, 

only allowing markers with 1:1 segregation ratios in the progeny to be informative. In 

tetraploids, the only genotype that results in a 1:1 segregation ratio is a simplex by nulliplex. 

This leaves only one of the nine informative marker types and crosses scorable.  

The development of SSR markers allowed for more allelic diversity to be detected, 

and resulted in the development of new statistical methods for analyzing tetrasomic 

inheritance (Hackett et al. 1998; Luo et al. 2000; Luo et al. 2001; Hackett et al. 2001). These 
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studies took advantage of segregation ratios specifically found in an autotetraploid. Using 

this information they were able to predict the genotype of the parents for many marker 

classes (Luo et al. 2000). For example, if an AFLP marker segregated at a 5:1 ratio the parent 

that also contained the marker was most likely a duplex marker. This method is complicated 

when the segregation ratios lead to two or more different parental classes. These studies lead 

to the development of TetraploidMap in 2003 for the development of linkage maps in 

tetraploids (Hackett et al. 2003), and the subsequent development of TetraploidMap for 

Windows, which is an upgrade for TetraploidMap that added interval mapping of QTL to the 

analysis (Hackett et al. 2007). This software was developed specifically for the use of AFLP 

and SSR markers. 

In recent years the United States Department of Agriculture, National Institute of 

Food and Agriculture funded SolCAP (Solanaceae Coordinated Agricultural Project) has 

made great progress in advancing molecular technologies in potato. The SolCAP project was 

a large-scale agricultural genomics project that was conducted in collaboration with 

Michigan State Univ. (lead institute), Cornell Univ., Ohio State Univ. UC Davis, West 

Virginia State Univ., The Institute for Genomics Resources, New Mexico State Univ., Univ. 

of Florida, Oregon State Univ., Univ. of Wisconsin, Univ. of Minnesota, the USDA-ARS 

Idaho, USDA-ARS Maryland and NC State. The purpose was to link people from public 

institutions, private institutions and industries together through innovative research, 

education and training. The SolCAP project focused on translating genomic advances to US 

tomato and potato breeding programs, with the goal of more quickly developing improved 
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varieties for famers and processors, consumers and the environment (SolCap 2014). 

Advances have been made recently with the publication of the potato genome sequence by 

the Potato Genome Sequencing Consortium (PGSC) and the subsequent development and 

release of the Illumina Infinium 8303 Potato Array (Hamilton et al. 2011; Xu et al. 2011). 

The Illumina Infinium 8303 Potato Array contains a subset of 8,303 single nucleotide 

polymorphisms (SNP) from a collection of 69,011 high confidence SNPs from six cultivars 

(Hamilton et al. 2011): 3,018 SNPs were selected from candidate genes, 536 SNPs from 

previously mapped genetic markers, and 4,749 selected to maximize genome coverage. The 

majority of the SNPs on the array are annotated to the published genome. This array covers 

approximately 650Mb of the potato genome sequence. Two diploid maps have been made 

using the Infinium 8303 Potato Array, and these maps have been compared to the 

pseudomolecules developed from the PGSC’s sequence and the potato genome sequence. It 

was found that one map covered 98% of the pseudomolecules and 87% of the genome 

sequence. The other map covered 99% of the pseudomolecules and 88% of the genome 

sequence (Felcher et al. 2012). 

There are many other benefits besides coverage to using the new SNP array. SNPs, as 

opposed to other marker types detect the smallest degree of polymorphism within the 

genome at the single nucleotide level. The Illumina Infinium Array uses dual colored 

fluorescents to label the respective nucleotides. The fluorescence can be detected and 

measured by the Illumina’s iScan imaging systems to identify color and signal intensity. The 

signal intensity can be calculated into allelic intensity ratios called theta values. Using 
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multiple mixture models, the theta values can be separated into different dosage classes, 

allowing detection of the 5 different allele configurations of autotetraploid potato (Hackett et 

al. 2013; Voorrips et al. 2011). This is a distinct difference between old marker types such as 

SSR markers. SSRs, as co-dominant markers, are able to detect allele polymorphism, but not 

the dosage of that polymorphism as they are more difficult to ascertain as a band on a gel. 

 With different marker types providing more information through dosage, new 

analytical methods were needed to effectively utilize the data to create linkage maps and 

perform QTL analysis (Hackett et al. 2013; Hackett et al. 2014). These methods were used in 

the creation of the latest release of TetraploidMap (Hackett unpublished). Using these 

methods, progeny segregation is no longer needed to infer parental genotype. This allows the 

use of all markers that pass initial linkage map filtering steps. Modifications of computer 

algorithms to use dosage information in the calculation of recombination fractions has been 

shown to lead to higher LOD scores when compared to presence/absence markers (Hackett et 

al. 2013). SNP markers also allow us to align the parental maps for QTL analysis, which 

enables the examination of the effects of QTL on both parents simultaneously. Utilizing 

dosage information, Hidden Markov Models (HHM) can be used to identify QTL genotypes, 

as opposed to branch and bound algorithms. HHMs are computationally less intensive and 

allow for errors in the scoring process. New QTL methods fit an additive model for 

identification of the best QTL position and then estimate the mean trait values for all 36 

possible genotypes (Hackett et al. 2014).       
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 Along with new methods of analyzing populations, a new database is now available 

to the potato community called SpudDB. This database allows accessing to the potato 

genome sequence and associated annotation datasets to better data mine populations for 

information useful to breeders (Hirsch et al. 2014). This can be used to help identify markers 

for marker assisted selection (MAS), but also to bring together a biological network of 

information for various traits. This information can be used to better understand the 

biochemical and genetic interactions in autotetraploid potato.  

II. Internal Heat Necrosis 

Internal heat necrosis (IHN) is a non-pathogenic necrosis in potato characterized by 

reddish-brown flecks in patches of tuber parenchyma tissue (Yencho et al. 2008). This 

necrosis has had major economic impact in the mid-Atlantic growing regions. In North 

Carolina and Virginia it has been reported that 3.2-11.2% of Atlantic’s acreage was not 

harvested due to IHN over a three year period (Sterrett 1990). We decided to re-evaluate the 

population B2721, which is segregating for a wide range of important potato traits including 

IHN resistance, using the molecular tools and techniques that have recently become available 

to the potato breeding community. B2721 is an autotetraploid potato population previously 

analyzed by P.H. McCord (2009), and McCord et al. (2011, 2011a) to help identify genes 

involved in the resistance to IHN.  

IHN is influenced by high day and night temperatures early in the growing season 

combined with low rainfall. However, calcium also seems to play an important role, but there 

is conflicting information regarding the exact role of calcium in IHN expression (Yencho et 
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al. 2008). This may be due to differing methods of application of calcium and its availability 

to functional roots present in the tuber and stolons (Ozgen et al. 2006; Kratzke 1986). The 

broad-sense heritability for IHN is reported to be quite high (Henninger et al. 2000). The 

high heritability shows that there is a large genetic effect; however, even with high 

heritability, selection of resistant lines is difficult due to variations in environmental 

conditions affecting IHN expression from year to year. The broad-sense heritability showed 

large variability (Brown 2012). In both studies it was found that G x E was a significant 

source of variation. The genes involved in IHN resistance may have to do with the ability of 

the plant to utilize soil calcium when needed in adverse environments; however the high G x 

E makes it difficult to analyze. 

McCord et al. (2011) found QTL for IHN on chromosomes four and five, and linkage 

groups seven and ten. The QTL were for both incidence and severity. Incidence was 

calculated as a percentage of cut tubers showing any sign of IHN. Severity was calculated 

using a 9 point scale created by Sterrett and Henninger (1997). His QTL explained between 

3.7-14.5% of the variation for incidence, and 4.5-29.4% of the variation for mean severity. 

He also found a significant correlation with maturity, and QTL for maturity were also located 

on chromosome 5. This may indicate that genes involved in maturity may be involved in IHN 

resistance. 

III. Anthocyanins 

Anthocyanins have become a topic of increasing interest. In nature, anthocyanins are 

pink/red/purple/blue pigments that provide multiple protections for plants against UV-
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radiation, pathogen and insect-caused damages (Chalker-Scott 1999). In addition, 

anthocyanins are important antioxidants with multiple benefits to human health (Oancea et 

al. 2011; Tsuda 2012). Studies have found that dietary bilberry extract ameliorates 

hyperglycemia and insulin sensitivity in type 2 diabetic mice via activation of AMP-activated 

protein kinase (Takikawa et al. 2010). Anthocyanins are also considered beneficial to heart 

health. Red wine extracts with large amounts of anthocyanins decrease MCP-1 circulating 

levels in plasma involved in atherogenesis (Garcia-Alonso et al. 2009). Atherogenesis is the 

formation of subintimal plaques in the lining of arteries. Pretreatment with anthocyanin 

fractions from purple-fleshed sweet potatoes was found to reduce the negative effects of 

acetaminophen-induced liver damage in mice (Choi et al. 2009). 

Anthocyanins have been of significant interest in food dye production.  Concerns 

with the use of synthetic food dyes have been raised due to potential toxic effects on human 

health.  As a result, people are seeking natural food colorants as food dye products (Potera 

2010). In the area of natural food dyes, red fleshed potatoes stand out to be potential 

alternatives for FD&C Red 40 (Giusti 2003).  

 In July 2010, the European Union began requiring a warning label on certain 

artificial food dyes such as allura red (E129 or FD&C Red 40) (Food Standards Agency). 

The label is required to state “may have an adverse effect on activity and attention in 

children." As a result, companies are looking for natural colorants for replacement of 

synthetic food dyes, and anthocyanins are some of the compounds of interest. Right now 

anthocyanins are currently used as natural food colorants by various companies (D.D. 
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Williamson, Christian Hansen). Nineteen anthocyanidins (aglycones or chromophores) have 

been identified from the plant kingdom. They range in colors from orange to blue, depending 

on the number of hydroxyl groups on the B-ring (Tanaka et al. 2008).  To date, the 

biosynthesis of anthocyanins has gained intensive studies in biochemistry, genetics, 

metabolic engineering, and genomics. (Holton and Cornish 1995; Shi and Xie 2014)  

Some potato varieties are known to produce large amounts of anthocyanins. Brown et 

al. (2005) reported that potatoes from breeding lines with red and purple flesh were shown to 

have comparable anthocyanin contents with red wine and certain berries. Major structures 

have been identified to contribute colorful flesh. One is pelargonidin-3-rutinoside-5-

glucoside, that gives red/pink colorful flesh. The other structures are petunidin-3-rutinoside-

5-glucoside and peonidin-3-rutinoside-5-glucoside that are synthesized in purple flesh 

(Eichhorn and Winterhalter 2005; Brown 2003; Rodriguez-Saona et al. 1998).  

Certain investigations have been completed to understand anthocyanin biosynthesis in 

pigmented fleshes. Chen-Yi et al. (1997) used a Northern Blot analysis to show steady 

expressions of a key biosynthetic enzyme dihydroflavonol reductase gene encoding 

throughout tuber development. This supported the measurements by Lewis et al. (1999). 

These studies showed that anthocyanin synthesis began in the stem end of tubers and then 

“expanded” to the bud end and the whole tuber. In potatoes with intensely colored mature 

tubers, anthocyanin biosynthesis was observed to coincide with tuber development initiation. 

In cultivars with less anthocyanin content in the tubers, the developing tubers were found to 

remain white for a longer time, and then began steady anthocyanin synthesis. Lewis et al. 
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(1999) also reported a gradual increase trend of anthocyanin concentration over time during 

storage, even though percent dry matter remained the same. This suggested that the increase 

was due to anthocyanin synthesis during cold storage. Also during storage at (4˚C), the 

higher concentration shifted from the stem end to the bud end. It was speculated that this is 

the result of production of sugars from starch during cold storage, however it may also be 

that cold can stabilize anthocyanins and increase biosynthesis (Chalker-Scott 1999). Ina 

addition to this observation, structural changes were observed during storage by Rodriques-

Saona et al. (1998). In their study the cultivar NDC4069-4 was stored at 4˚C for one month, 

then used to extract anthocyanins. They found a decrease in pelargonidin-3-rutinoside-5-

glucoside acylated with p-coumaric acid (10%) but an increase in pelargonidin-3-rutinoside-

5-glucoside acylated with ferulic acid (2.4%). Additionally, total chlorogenic acid level 

(15%) was increased during cold storage. 

Environmental conditions significantly affect the anthocyanin content in potato 

fleshes.  In a study by Reyes et al. (2004), potatoes were grown at San Luis Valley of 

Colorado (approximately 2342 m altitude) and at Springlake in Texas (approximately 1083 m 

altitude), where solar radiation and temperature were measured to be different during 

development of tubers. The results showed 2.5 fold more anthocyanins in potates grown in 

Colorado than in Texas where there was higher solar radiation and cooler temperatures. 

Similar results were observed by Brown et al. (2008) when they grew potatoes in 

Washington: Paterson, WA (203 m above sea level), Powell Butte, OR (960 m above sea 

level), and Klamath, OR (1,250 m above sea level). At the Paterson site, total anthocyanins 
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were 50 to 60 percent higher at the high elevation sites of Klamath Falls and Powell Butte. 

The changes in anthocyanin concentration were attributed to elevation changes.  
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Abstract 

Linkage mapping and QTL analysis was performed in the potato population B2721 for 

important agronomic traits in potato, and the genetic effects of the QTL modeled. Putative 

QTL were identified for the following traits: three for dry matter, with two located on 

chromosome 6 and one on chromosome 11; six for specific gravity, with two locations each 

on chromosome 5 and 2, and one each on chromosomes 10 and 8; five for skin texture, with 

two each on chromosomes 5 and 9, and one on chromosome 4; three for maturity, with one 

each on chromosome 5, 7, and 2; three for yield with one each on chromosomes 12, 6 and 5. 

Maturity exhibited the highest LOD scores (17.60) of all traits, explaining 38.11% of the 

variation. Chromosome 5 was a hot spot for QTL as many QTL with significant LOD scores 

for yield were collocated on this chromosome. Within this range, putative QTL for all other 

traits except dry matter were identified. There were no collocating significant QTL for 

specific gravity and dry matter; however, there was significant correlation between their 

LOD scores across the entire genome. 
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Introduction: 

 

Potato is the third most important food crop in the world after rice and wheat in terms 

of human consumption. More than a billion people worldwide eat potato and total global 

crop production exceeds 300 million metric tons (CIP 2014). Yet advancement in the 

breeding of new varieties is still relatively slow. Atlantic, a major chipping variety grown in 

the United States, was originally released in 1976 (Webb et al. 1978), and Russet Burbank, 

which accounts for a majority of acreage planted was developed in the early 1900s (USDA 

2014). One reason, among others, is due to the complexity of the potato genome. Cultivated 

potato, Solanum tuberosum, is a highly heterozygous autotetraploid (2n = 4x = 48) 

outcrossing crop, which makes it very difficult to align potentially beneficial genotypic trait 

combinations through conventional breeding methods. Breeding in potato is further 

confounded by the fact that many agronomic traits are polygenic and exhibit continuous 

distributions (McCord 2011 and references therein). Much research has been conducted over 

the years to develop molecular techniques to facilitate potato breeding. However, since the 

first genetic map of potato that utilized molecular markers was published, very few programs 

have begun to utilize marker assisted selection (MAS) routinely (Slater et al. 2014). Some of 

the exceptions to this are for more simple traits such as potato cyst nematode resistance 

(Schultz et al. 2012) and potato virus Y (Hämäläinen 1997). More complex traits such as 

yield are still elusive.  

Most of the linkage maps constructed for potato have incorporated RFLPs, AFLPs, 

and/or SSRs (Bonierbale et al. 1988; Van Eck et al. 1994; Milbourne et al. 1998; Collins et 
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al. 1999). Using these marker types they were able to predict the genotype of the parents for 

many marker classes. For example, if an AFLP marker segregated in a biparental cross at a 

5:1 ratio for presence or absence, the parent that also contained the marker was most likely a 

duplex marker. However, using this presence absence based system we have potential to lose 

a lot of parental genotypes information (Luo et al. 2000). A cross of parental genotypes 

AAAB x AABB segregates as 1:11 ratio using presence absent markers. With this 

information alone, it is difficult to determine which genotype is attributed to which parent.  

 Recent advances in molecular technologies have become available to breeders with 

the publication of the potato genome sequence by the Potato Genome Sequencing 

Consortium (PGSC) and the subsequent development and release of the Illumina Infinium 

8303 Potato Array (Xu et al. 2011, Felcher et al. 2012). The Illumina 8303 potato array is 

made up of 8,303 SNPs taken from 69,011 high confidence SNPs from six cultivars, and has 

been shown to give very good coverage of the published sequence of potato (Hamilton et al. 

2011, Felcher et al. 2012). Utilizing Illumina’s dual-colored fluorescent nucleotide labeling 

technology, it is possible to calculate of the ratio of the different fluorescents into theta 

values. Multiple mixture models can then be used to cluster the theta values and determine 

the dosage of each SNP (Hackett et al. 2013, Voorrips et al. 2011). 

Along with the development of an array that uses dosage sensitive SNPs, new 

analytical methods have recently been developed to effectively utilize this technology to 

create linkage maps and perform QTL analyses in autotetraploid species (Hackett et al. 2013, 

Hackett et al. 2014). The SNP markers and new analytical methods allow us to align the 
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parental maps for QTL analysis, which facilitates the examining of the effects of QTL on 

both parents simultaneously. These new QTL analysis algorithms fit an additive model for 

identification of the most likely QTL position for a trait, and estimate the mean trait values 

for all 36 possible genotypes (Hackett et al. 2014). 

We used the Infinium 8303 potato array to genotype the B2721 potato mapping 

population described by McCord (2009), and McCord et al (2011, 2011a). A SNP-based 

linkage map of B2721 was developed and we conducted QTL analyses for skin texture, dry 

matter, specific gravity, yield, and foliage maturity. This has allowed us to better understand 

these traits at the genetic level as well as bring breeders closer to MAS.  

Materials and Methods 

Population 

The B2721 population consisted of 160 progeny and was made from a cross of 

Atlantic X B1829-5. Atlantic, a major chipping variety grown in the U.S., was originally 

released in 1976 (Webb et al. 1978). B1829-5 was a round white clone that came from the 

USDA-ARS Beltsville potato breeding program. Atlantic is highly susceptible to IHN and 

B1829-5 is a highly resistant. B2721 was originally chosen based on its segregation for IHN, 

but this progeny segregates for many other beneficial agronomic traits. The population was 

previously evaluated in 2006, 2007, and 2008 by McCord for linkage map construction and 

QTL analysis using AFLP and SSR markers (McCord 2009, McCord et al. 2011, 2011a).  
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Field Design 

The field design for years 2006, 2007 and 2008 was described by McCord (2009), 

and McCord et al. (2011, 2011a). In 2014, B2721 was planted in two replications with 10 

plants per plot in a randomized complete block design (RCBD) at the Tidewater Research 

Station in Plymouth, North Carolina (35°52’20.” N, 76°39’33” W), in a Portsmouth fine 

sandy loam. Untreated seed pieces were used for planting. The trial was planted March 21, 

2014 and harvested July, 15 2014 for a total of 116 growing days. Soil amendment and 

fertilizers were applied as follows: 454 kg of lime was applied on February 28; 363kg of 15-

15-15 fertilizer was applied on February 25; 76 liters of 30% Nitrogen was applied on April 

9. For weed control metribuzin and metalochlar were applied April 11 and for insect control 

a tank mix of zeta-cypermethrin and beta-cyfluthrin was applied on May 12; 1kg of 

manganese ethylenebisdithiocarbamate was applied on May 20; and imadacloprid was 

applied on June 3. Plots were dug using a chain digger and harvested by hand. Tubers were 

then washed, culled for excessive rot, and weighed. 

Phenotyping 

Phenotyping for 2006, 2007 and 2008 was described by McCord et al. (2011). In 

2014 tubers were washed, culled, and ratings were taken for skin texture, dry matter, specific 

gravity, yield, and foliage maturity. Skin texture was rated on a 0 to 3 scale with half point 

increments with 0 being smooth and 3 being russetted. For dry matter determinations, tubers 

were quartered from stem end to bud end using an Easy Wedger, Model N55550-4 (NEMCO 

Inc., Hicksville OH). For each plot, one quarter from four different tubers was placed into 
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plastic whorlpak bags. Samples were then weighed, frozen at -20°C, lyophilized, and 

weighed again. Dry matter was calculated by taking the difference between the two weights 

for each sample. Specific gravity was taken using the air weight and water weight for each 

plot and calculated using the formula SG = weightair / (weightair – weightwater). Yield was 

measured as total plot weight minus the tubers culled. This was the only trait that was 

recorded differently than in 2006-2008. In those years yield was measured as a weight per 

plant minus the tubers culled. Foliage maturity was measured on a scale of 0 to 5 with half 

point increments; 0 being 0% yellowing, and 5 being 100% senesced. Foliage ratings were 

taken on June 9
th

, June 25
th

, and July 2
nd

. Ratings were averaged across plots, and the area 

under the senescence curve calculated using the method described by Shaner and Finney 

(1977).   

DNA Extraction and Genotyping  

DNA was extracted using a modified CTAB protocol outlined by McCord et al. 

(2011). DNA was sent to Michigan State University for genotyping. Prior to genotyping, 

each DNA sample was quantified using the Pico Green® dsDNA Assay kit (Molecular 

Probes, Inc., Eugene, OR) adjusting the concentration accordingly. Genotyping was 

performed using the Infinium 8,303 Potato array (Felcher, 2012). Genotyping information 

was read using the Illumina iScan Reader. Scan information was then imported into 

GenomeStudio where the ratio of the 2 florescent-labeled nucleotide information was 

calculated into a theta value. Theta values were then exported into an excel spread sheet. 
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Dosage for each marker was determined using multiple mixture models as outlined by 

Hacket et al. (2013).  

Creation of Linkage Map 

Markers that had missing data (i.e., no calling) in greater than 10% of the population 

were removed from the data set. The parents of the cross, Atlantic and B1829-5, were 

genotyped twice to ensure the correct determination of marker dosage. If a marker’s dosage 

determination was not the same between both replications in the parents, that marker was 

removed from the data set. Markers that were homozygous in both parents, which resulted in 

no recombination throughout the progeny, were also excluded from the analyses. These 

treatments resulted in the retention of 4,556 high quality SNPs for further analyses.  

For linkage analyses, the marker data was imported into an unpublished version of 

TetraploidMap. Markers were omitted from the analyses when they segregated differently 

from their expected segregation ratio using a chi-square goodness of fit with a significance 

level of p < 0.001 for simplex markers, and p < 0.01 for other dosage classes. Markers were 

then clustered into linkage groups and ordered using the theory outlined by Hackett et al. 

(2013). Markers that clustered into linkage groups other than their reported chromosome 

location on the published psuedomolecule were removed from the data set. Tetraploid map 

uses spherically multidimensional scaling (MDS) as a way to visualize the relationships of 

markers ordered within each linkage group. Markers appearing as outliers according to the 

graph were dropped from the analysis, ordering and MDS were performed again. This 
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process was repeated as necessary to remove all outliers. When finished, 3,838 high quality 

SNPs remained.  

Phasing of markers to the respective homologous chromosome was done using the 

pairwise output data file from TetraploidMap for each linkage group. Utilizing the 

recombination frequency, relative phasing, and respective LOD score for each marker’s 

pairwise combination, phasing was accomplished manually using Excel. If one of the 

markers was too difficult to phase accurately, i.e. LOD scores with selected markers fell 

below an acceptable level, and it conflicted with other phases, it was removed and the 

ordering functions were performed again for that linkage group.  

QTL analysis was performed using the theta values of all markers remaining in the 

map to validate each marker’s position and phasing on the linkage map. If the position of the 

QTL for the theta values explained less than 75% of the variation of the theta value 

throughout the population, or the location of the QTL for the theta value did not collocate 

with its corresponding SNP, that marker was removed for the map.   

To aid in map comparisons of QTL, simplex by nulliplex marker classes were scored 

as present absent markers and added to McCord’s previous AFLP and SSR map (McCord et 

al. 2011). The marker data was then input into TetraploidMap for Windows (Hackett et al. 

2007) for clustering and ordering analysis. 

QTL Analysis 

QTL analysis was use performed using the interval mapping function in 

TetraploidMap (Hackett et al. 2014). To summarize, genotypes of offspring were predicted 
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using their respective dosage information and parental genotype information at their SNP 

positions using a Hidden Markov Model (HMM). The HMM looks at all 36 genotypic 

possibilities at each loci and weights them according to their likelihood of bivalent paring. 

QTL genotypes not at SNP locations were then estimated by interpolation every 1 cM. Trait 

values were then regressed to the marker genotypes. TetraploidMap fits an additive model for 

the optimal QTL position for the trait, and predicts the genotypic means for all 36 genotypes 

at that position. Permutation tests were run to determine LOD threshold scores (Churchill and 

Doerge 1994). Five hundred iterations were run using TetraploidMap and the output was 

used to determine 90% and 95% confidence intervals (C.I.) for LOD thresholds (Nettleton 

and Doerge 2000). LOD profiles for the trait from the additive QTL model analyses were 

plotted (Figure 2), and used to identify possible QTL locations.  

The 36 possible genotypic mean outputs were then used to fit simpler models as 

described by Hackett et al. (2014). The models were tested for simplex (AAAB x AAAA), 

duplex (AABB x AAAA), and double simplex (AAAB x AAAB) models. For these models 

h1-h4 represented the alleles for the 4 possible homologous chromosomes contributed by 

Atlantic, and h5-h8 represented the alleles for the 4 possible homologous chromosomes 

contributed by B1829-5 at their respective loci. The models were compared by using the 

Schwarz Information Criterion (SIC) (Schwarz 1978). If a model other than the additive 

model was found by this criterion to provide a better SIC fit, the 36 possible genotype means 

were plotted accordingly for visualization.  
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Results and Discussion 

Phenotypic Data 

The distributions for all traits are shown in Figure 1. Yield for 2014 was placed on a separate 

histogram as the data was collected differently from the 2006-2008 data. Maturity for 2014  

was also separated from the 2007-2008 data as the intervals for the dates when the ratings 

were made were narrower in 2014. This resulted in less deviation for maturity compared to 

2007-2008, but maturity still exhibited a normal distribution. There was no statistical 

difference between the years (p < 0.001) for maturity. All traits showed more or less a normal 

distribution except for skin texture.  

Linkage Map  

 Table 1 provides key details about the linkage map. The completed map consisted of 

48 linkage groups. All four homologous chromosomes of the 12 chromosomes were mapped 

using a total 3,427 markers totaling 1,397.68 cM in length, with an average of 0.41 cM 

between markers. The average length of the chromosomes was 116 cM with the longest 

being chromosome 1 at 148.86cM, and the shortest chromosome being chromosome 11 at 

98.95cM. The markers in this linkage map represent coverage ~729.7Mb of the published 

pseudomolecule.   

QTL Analysis 

Dry Matter 

The LOD profiles for all traits are shown in Figure 2, and all possible QTL are 

reported in Table 2. There were 3 putative QTLs detected for dry matter, with 2 on 
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chromosomes 6, and 1 on chromosome 11. Dry Matter in 2006 and 2007 (DM06, DM07) 

produced the highest LOD scores and is located on chromosome 6. DM06 was located at 

101cM, and DM07 was located at 74cM. The LOD score for DM06 surpassed the upper 

bound of the 95% C.I. for the LOD threshold established by the permutation test with a LOD 

score of 6.56, explaining 13.84% of the variance for the trait that year. The peak for DM07 

was within the 95% C.I. and it explained 12.43% of the variance, but it didn’t surpass the 

upper bound with a LOD score of 5.45, On chromosome 11 at position 63cM, a minor QTL 

for dry matter in 2008 (DM08) was observed. This QTL had a LOD score of 5.56 and 

explained 11.44% of the variance of dry matter.  

  We used the 36 genotype means at the location of the highest LOD scores to 

determine if a simpler model than the additive model used in the initial analysis was better at 

explaining the QTL. DM06 showed effects on alleles (h) 1 and 3 (h3). The best fit model as 

determined by the SIC score, showed allelic effects to be additive. This model explained 

50.43% of the variance for the genotype means. When plotting the genetic effects at this 

location for all 36 genotype means (Figure 3), genotypes with both h1 and h3 were higher in 

dry matter with little variation, and genotypes with only h1 or h3 were a little lower, but 

mostly above 20% with more variation between values. Genotypes without h1 and h3 were 

all under 20%. The model with genotypic effects from h1 and h3 appears to be the best 

explanation for the QTL at this location.   

For DM07 and DM08 there were multiple models within an SIC score of 5, and all 

models had conflicting genotypic effects.  After plotting out the genotypic effects for all 
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possible models, there was no clear pattern at these locations. This suggests that none of the 

simpler models regressed to the 36 genotype means were informative in explaining the 

genetic effects. This could also indicate that there are multiple alleles near these locations 

that have an effect on the phenotype. 

Specific Gravity  

Eight putative QTLs located on chromosomes 5, 10, 8, and 2 were identified for 

specific gravity. The highest LOD score for specific gravity was observed on chromosome 5 

at position 80cM for specific gravity in 2008 (SG08). This putative QTL had a LOD score of 

8.97, which surpassed the upper-bound of the 95% C.I. The LOD scores for SG08 formed 

another smaller peak before the larger one at 80cM. This QTL was located on chromosome 5 

at position 63cM for SG08. At this location the LOD score for SG08 was 6.9. Specific 

gravity in 2007 (SG07) surpassed the 95% C.I. on chromosome 5 with a LOD score of 5.70 

at position 89cM. The QTL for SG08 and SG07 on chromosome 5 explained 20.03% and 

10.48% of the variance respectively. The additive model was the best model according to the 

test for simpler models for SG08. However, the model for SG07 showed that a double 

simplex model with effects on h1 and h6 was the best model and explained 44.73% of the 

variation for the genotype means at this location. This pattern can be seen by plotting the 

genotype means (Figure 4). All genotypes with h1 and h6 were consistently were < 1.075 in 

specific gravity, and all genotypes without h1 and h6 being had higher gravities. The 

collocating significant LOD scores for SG08 and SG07 offered strong evidence for a QTL at 
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this location, but the disagreement between the best fit models for SG08 and SG07 make it 

difficult to draw any clear conclusions for genetic effects.  

Specific gravity in 2006 (SG06) had the most amount of significant LOD score peaks 

as determined by the permutation test, with 4 peaks (Figure 2). These were located on 

chromosomes 10, 8, and two on chromosome 2. SG06 on chromosomes 10 and 8 had 

maximum LOD scores of 6.15 at position 68cM and 5.87 at position 74cM respectively. 

Specific Gravity in 2007 (SG07) had a collocating high LOD score (5.27) that fell within the 

95% C.I. on chromosome 8 at position 70cM and explained 17.54% of the variation. The two 

peaks on chromosome 2 had LOD scores of 5.13 and 4.97 at positions 32cM and 67cM 

respectively. The LOD scores for SG06 on chromosome 10 and 8 surpassed the 95% C.I., 

and explained 12.42% and 12.25% of the variance respectively. The higher LOD score on 

chromosome 2 barely passed the lower bound of the 95% C.I., and explained 10.59% of the 

variance.  Specific Gravity in 2014 (SG14) surpassed a LOD threshold on chromosome 2 

between the two LOD peaks formed by SG06 with a LOD score of 5.4. This score was 

within the 95% C.I. for the LOD threshold and explained 12.06% of the variance.  

The best simple effects model for SG07 on chromosome 8 was a simplex model with 

an allelic effect from h1 from Atlantic. For the collocating trait of SG06 on chromosome 8, 

the best fit simple effects model was a duplex model with allelic effects from h1 and h2 from 

Atlantic. However, this only had a difference in SIC score of 1.3 from the next best fit model 

which was the same as SG07, showing an allelic effect from h1. When plotting the allelic 

effects, it can be seen that h1 had a significant effect on SG (Figure 5). There were no 
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markers found that contained information on polymorphism for both h1 and h2. However, 

markers solcap_snp_c2_28548, solcap_snp_c2_28568, solcap_snp_c1_8769, 

solcap_snp_c2_49337, and solcap_snp_c2_53854 all contained a polymorphism on h1 in 

Atlantic, and collocated with the highest LOD scores on chromosome 8 for SG06 and SG07. 

These markers were regressed separately to the phenotypic data for specific gravity for all 

years considering year effects. All models were significant (p < 0.0001). The model with 

marker solcap_snp_c2_28548 had the highest F-statistic (25.63) and highest R
2
 (0.154). This 

marker has a negative effect on specific gravity.   

TetraploidMap only provides the 36 genotype means at the location of the highest 

LOD score for each chromosome. On chromosome 2 SG06 had multiple peaks, but the 

genotype means were only provided for the largest LOD score at 32cM. At this location the 

best fit model included effects on h1 and h7 (Figure 6). Marker solcap_snp_c2_15044 

showed polymorphism on the h1 and h7 alleles, but was not in position with a significant 

LOD score on the linkage map. The markers that were within position of significant LOD 

scores were identified on the potato genome superscaffold. The average position of these 

markers was taken and subtracted from the superscaffold position for marker 

solcap_snp_c2_150044. The difference was ~ 2.6Mb. Two markers at positions with 

significant LOD scores had alleles in phasing. One of the markers was at the position of the 

highest LOD score for this trait. The recombination fraction (rf) between these markers was 

0.086 (LOD score = 14.03, for rf). This shows there is an 8.6% error between these markers 

in this population. Marker solcap_snp_c2_150044 was regressed to specific gravity across all 
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years considering year effects. This marker was significant (p < 0.0001), and was shown to 

have an additive effect for increasing specific gravity.  

The highest LOD score for SG14 was located on chromosome 2 at position 54cM. 

The best fit model of this QTL produced allelic effects on h1 and h5. When plotting these 

effects, the alleles worked in an additive manner, but h1 increased specific gravity more than 

h5 (Figure 6). This may be due to linkage with the putative QTL identified at 32cM, which 

also showed an effect from the h1 allele.  

SG06 on chromosome 10 was best explained by a simplex model with genetic effects 

on h8; however a double simplex model with effects on h2 and h8 is close with a difference 

in SIC scores of 2.17. After plotting out the genotypic effects (Figure 7), genotypes without 

h8 are consistently lower, but some of the genotypes with h2 raise the specific gravity of the 

genotype means even if they don’t include h8. This may indicate multiple QTLs affecting the 

trait in this region on chromosome 10. There were no markers that contained polymorphism 

on both h2 and h8 in the QTL located on chromosome 10. However, marker 

solcap_snp_c2_15603 was at a position with a significant LOD score, and contained 

polymorphism on h8. This marker was regressed to specific gravity across all years 

considering year effects. This marker was significant (p < 0.0001) and there was an increase 

in specific gravity when this marker is present.  

Markers solcap_snp_c2_28548, solcap_snp_c2_150044, and solcap_snp_c2_15603 

were regressed to specific gravity across all years considering year effects. It was found that 

markers solcap_snp_c2_28548 and solcap_snp_c2_15603, were highly significant (p < 
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0.0001). However marker solcap_snp_c2_150044 was not as significant (p< 0.001). The full 

model was highly significant (p <0.0001) with R
2
 = 0.198.  

Dry Matter and Specific Gravity 

Potato dry matter content and specific gravity are generally considered to be highly 

correlated (Schippers 1976). However, none of the permutation-based QTL deemed 

significant for dry matter and specific gravity collocated. The correlations between the two 

traits for 2006-2008 were less than that in the published literature as described by McCord 

(2011 and references therein). In 2014 this was also true for this population with a correlation 

of 0.54 between the two traits. Although not as high as reported in other studies, this is still a 

significant correlation (p < 0.001), and we expected to find overlapping QTL. When the LOD 

plots for specific gravity and dry matter were plotted together, the LOD profiles looked very 

similar (Figure 8). There are many locations where the high LOD scores for both traits and 

years collocate even though one of the traits didn’t reach permutation-based significance 

levels. Correlations were run on the LOD profiles for the entire genome between dry matter 

and specific gravity by year, and showed significant correlations (p <0.0001). For 2006, 

2007, 2008, and 2014, the Pearson Correlation Coefficients were 0.75, 0.49, 0.25, and 0.43 

respectively, with 2008 having the lowest correlation. This was consistent with the 

phenotypic data. The high correlation for the LOD scores between dry matter and specific 

gravity shows that they may share many genes involved in the phenotype. Past QTL studies 

have been performed for specific gravity (D’hoop et al. 2014; Bradshaw et al. 2008), 

confirming specific gravity QTL on chromosomes 2 and 5, but there are no reported specific 
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gravity QTLs that overlap with dry matter QTL found in this study. This author was not able 

to find any QTL analyses for dry matter.  

Skin Texture 

 Five putative QTL were identified for skin texture with one on chromosome 4, and 

two each on chromosomes 9 and 5. The QTL on chromosome 4 for skin texture in 2006, 

2007, and 2008 had LOD scores of 9.38, 6.49 and 5.13 at positions 28cM, 29cM, and 22cM, 

respectively. Both skin texture in 2008 and skin texture in 2007 surpassed the 95% C.I. for 

the LOD threshold, with skin texture in 2008 explaining 20.39% of the variation, and skin 

texture in 2007 explaining 13.62% of the variation. Skin texture in 2006 was within the 90% 

C.I., and explained 5.13% of the variance. The collocation of these observations indicates the 

presence of a significant QTL for skin texture on chromosome 4.  

Another QTL for skin texture was observed on chromosome 9. This QTL had a high 

LOD score of 6.06 at position 40cM, which surpasses the 95% C.I. for the LOD threshold, 

and it explained 12.88% of the variation. In 2007 and 2008, QTL for skin texture were 

observed at positions 69cM and 63cM on chromosome 9. The QTL for skin texture in 2007 

surpassed the 95% LOD threshold and explained 12.88% of the variation, and skin texture in 

2008 fell within the 95% LOD threshold and explained 11.00% of the variation. The 

colocation of two significant LOD scores offers strong support for a putative QTL at this 

location. Chromosome 5 had two skin texture QTL that both surpassed the 90% C.I. for LOD 

threshold and peaked at position 56cM in 2014 and at position 70cM in 2007 with LOD 

scores of 5.09 and 4.98 explaining 11.51% and 8.45% of the variance, respectively. 
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 On Chromosome 4 the collocating QTL for skin texture in 2008 at 28cM and skin 

texture in 2007 at 29cM both showed the best fit model to be a double simplex model with 

effects on h3 and h6. This can be seen in the plotting of genotypic effects for skin texture in 

2008 (Figure 9), which explains 44.70% of the variation for the genotype means. Skin texture 

in 2006 had several best fit genotypic effect models all within an SIC score of 5 from each 

other. However, two of those models are double simplex models with effects on h3 and h6. 

As the LOD score is lower for skin texture in 2006 compared with the other years on 

chromosome 4, this could be the reason that the evidence for this potential QTL is less clear. 

The multiple observations at this locus, with the same best fit models, offers strong support 

for allelic effects coming from h3 and h6.     

On chromosome 9 at position 40cM, the putative QTL for skin texture in 2006 

showed many models within an SIC score of 5 that had different genetic effects. Without 

another significant observation at this location, it is difficult to choose the best model for 

further explaining the genetic effects for this observation. The best fit model for skin texture 

in 2007 that provided its highest LOD score at position 69cM was a simplex model with 

allelic effects coming from h6. The collocating peak at 63cM for texture in 2008 showed the 

best fit model to be a double simplex model with effects on h1 and h6. However, the second 

best model with only a difference in SIC score of 2.29 was the simplex h6 model. The 

simplex h6 was the only model that was consistent among the two collocating high LOD 

scores. Plots of the genotypic effects (Figure 10) for skin texture in 2007 shows the effects of 

the h6 allele.  
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 For skin texture in 2014 on chromosome 5 at position 56cM, the full additive model 

was the best fit. There were multiple conflicting simpler models for skin texture in 2007, all 

of which were better than the full model, but none very good at explaining the variation of 

the genotype means at this location. This could be due to a small genetic effect, which with 

this population size does not allow us to detect the differences in alleles very well, or 

multiple QTLs affecting the phenotype in this region. 

Yield 

 There were four potential QTL for yield that were identified and deemed significant 

by permutation test. The QTL were located on chromosomes 12, 6 and 5. The QTL for yield 

in 2007 on chromosome 12 had a high LOD score of 5.18 at position 22cM and explained 

11.01% of the variance. The QTL for yield in 2006 on chromosome 6 had a LOD score of 

5.69 at position 7cM explained 10.48% of the variance. QTL for yield were also observed on 

chromosome 5 in 2008 and 2006 with the highest LOD scores located at positions 65 and 77 

with LOD scores of 7.73 and 5.11 and explaining 15.31% and 11.04% of the variance 

respectively.  

Yield in 2007 on chromosome 12 and yield in 2008 on chromosome 5 were best 

explained by additive models. Yield in 2006 on chromosome 5 was best explained by using 

the double simplex model with genetic effects on h4 and h7 explaining 61.14% of the 

variation of the 36 genotype means. These effects can be seen in Figure 11 by genotypes 

without h4 and h7 being higher than those with. Yield in 2006 on chromosome 6 best 

explained the 36 genotype means using a double simplex model with effects on h2 and h8. 
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Although this model explains 42.19% of the variance, the plotting of these effects (Figure 12) 

is only clear for the genotypes with both alleles being lower than the rest.  

Foliage Maturity 

 There are three putative QTL for foliage maturity on chromosomes 2, 5 and 7.  The 

QTL on chromosome 5 surpassed the 95% C.I. for the LOD threshold and had the highest 

LOD score of 17.60 at position 77cM, and it explained 38.11% of the variation in maturity. 

Maturity in 2007 reached a LOD score of 15.77 at 83cM, and explained 34.95% of the 

variance. Maturity in 2014 reached a LOD score of 9.39 at 90cm, and explained 18.87% of 

the variance. On chromosome 7 maturity in 2007 surpassed the 95% C.I. for the LOD 

threshold, while maturity in 2014 fell within the 95% C.I. The two observations provided 

their highest LOD scores within 2cM of each other with maturity in 2007 reaching a LOD 

score of 6.93 and explained 16.15% of the variation, and maturity in 2014 reaching a LOD 

score of 5.33 and explained 11.84% of the variation. On chromosome 2, maturity in 2014 

surpassed the lower bound of the 90% C.I., for LOD score of 4.86, and explained 9.02% of 

the variation. 

All models of the QTL on chromosome 5 were best explained by the full additive 

model. The collocating LOD peaks for maturity in 2004 at position 46cM and maturity 2014 

at position 44cM on chromosome 7 had conflicting results when looking for a best fit model. 

The best fit model for maturity in 2007 was a double simplex model with effects on h3 and 

h7, which explained 38.49% of the variance for the genotype means. Maturity in 2014 

showed a duplex model was the best model with effects on the h1 and h4; however, this also 
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explained a small portion of the variation of the 36 genotype means at 37.17. Even though we 

were not able to clearly show the allelic effects, the collocation of significant high LOD 

scores at this position as determined by permutation LOD threshold is strong evidence for a 

putative QTL. Maturity in 2014 on chromosome 2 showed many best fit models within an 

SIC difference of 5, and with different allelic effects. Without other observations that 

provided significant LOD scores collocating at this position, it is unclear what the genetic 

effects are. 

Occurrence of Multiple QTL on Chromosome 5 

We observed multiple QTL for several traits on chromosome 5 compared to other 

chromosomes for all the traits. For some of these traits such as yield, maturity, and specific 

gravity, chromosome 5 provided the highest LOD scores. Yield in 2008 had LOD scores that 

remained significant as determined by the permutation test from positions 54cM to 100cM, 

with yield in 2006 containing a LOD peak also within this range. This is the only location 

where yield for multiple years collocated. The highest LOD scores for all traits that were 

significant on this chromosome were within this range. In previous studies, it has been noted 

that QTL and/or genes for many important traits  in potato are located on chromosome 5. The 

traits include resistance to potato virus X (De Jong et al. 1997), late blight resistance (Hackett 

et al. 2014), tuberization (Berg et al. 1996), and internal heat necrosis (McCord et al. 2011; 

refer to chapter 3). These traits all affect yield differently based on environmental pressures. 

With the studies reporting QTL’s for various traits on chromosome 5 and the addition of 
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QTLs identified in this study, it can be seen that chromosome 5 should be a chromosome of 

great interest to breeders.  

Previously Identified QTL 

Many of the putative QTLs in this study reaffirm QTLs previously identified in the 

literature.  Specific gravity has been identified previously on chromosomes 5, 2, and 8 

(Bradshaw et al. 2008, McCord et al. 2011, D’hoop et al. 2014, Urbany et al. 2011). The 

QTL on chromosome 5 for specific gravity described by Bradshaw et al. (2008) was reported 

as dry matter. They phenotyped tubers for specific gravity, then converted these values to dry 

matter. Since the tubers were first phenoyped as specific gravity, we thought it was more 

appropriate to compare QTLs to specific gravity rather than dry matter. Putative QTLs for 

yield have been previously reported on chromosome 6 and 5 (Bradshaw et al. 2008, McCord 

et al. 2011). Putative QTLs for skin texture have been previously reported on chromosomes 9 

and 5 (McCord et al. 2011). Putative QTLs for maturity have been reported on chromosome 

5 and 2 (Hackett et al. 2014, D’hoop et al. 2014). 

 The putative maturity QTL on chromosome 5 was identified using the Illumina SNP 

array in a study described by Hackett et al. (2014). This is the only shared trait that was 

previously analyzed using the marker array and analysis technique used in this study that the 

author could find. In the study, solcap_snp_c2_47609 was proposed as a candidate SNP on 

chromosome 5 for maturity. This SNP did not segregate in this population. Using spudDB 

(Hirsch et al. 2014), the closest SNP we had to this location according to the potato genome 

superscaffold was solcap_snp_c2_47598, which was located ~ 20kb away. This marker is 
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located at 76.17cM on this map, which is adjacent to the interval which provided the largest 

LOD score for maturity. Marker solcap_snp_c2_22986 was located at the second highest 

LOD score for maturity, and is the closest marker on this map to the CDF1 gene. These two 

markers flank the CDF1 gene, which is a transcription factor that has been shown to be a 

major effect QTL for maturity and tuberization (Kloosterman et al. 2013).  

With the identification of genome locations that have strong associations with 

important agronomic traits, this study helps lay the foundation for future hypothesis driven 

studies, and brings us closer to marker assisted selection. As more association studies are 

completed using the new SNP marker array, and as interdisciplinary fields continue to 

contribute to the network of information available in databases such as SpudDB (Hirsch et al. 

2014), our understanding of these important agronomic traits will continue to grow. As our 

knowledge base grows, we should continue to move forward towards marker assisted 

selection. 
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Table 1. Summary of individual chromosomes for the B2721 linkage map using SNP dosage 

data and TetraploidMap 

Chromosome # of  

Markers 

Length 

 (cM) 

Max Distance  

(cM) 

Average Distance  

(cM) 

CHR1 284 148.86 4.69 0.53 

CHR2 374 108.15 3.64 0.29 

CHR3 287 100.32 4.34 0.35 

CHR4 333 139.85 5.1 0.42 

CHR5 261 113.96 8.48 0.44 

CHR6 323 103.71 4.01 0.32 

CHR7 365 104.98 3.06 0.29 

CHR8 243 106.66 3.38 0.44 

CHR9 296 129.17 3.98 0.44 

CHR10 188 125.19 5.34 0.67 

CHR11 256 98.95 4.54 0.39 

CHR12 217 117.88 5.78 0.55 
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Table 2. Summary of significant LOD scores for putative QTL identified in B2721 for dry 

matter (DM), specific gravity (SG), skin texture (Texture), Maturity, and Yield. The two digit 

number at the end of the trait represents the year.  

 

 

 

 

 

 

Trait 
Chr. 

Number 
Position 

LOD 

Score 

C.I for 

LOD 

Threshold 

% 

Variance 

Explained 

DM06 6 101 6.56 
95% 

(5.15,5.6) 
13.84 

DM07 6 74 5.45 
95% 

(5.15,5.62) 
12.43 

DM08 11 63 5.56 
95% 

(5.15,5.62) 
11.44 

SG08 5 80 8.97 
95% 

(5.12,5.68) 
20.03 

SG07 5 89 5.70 
95% 

(5.12,5.68) 
10.48 

SG08 5 63 6.9 
95% 

(5.12,5.68) 

Not 

Available 

SG06 10 68 6.15 
95% 

(5.12,5.68) 
12.42 

SG06 8 74 5.87 
95% 

(5.12,5.68) 
12.25 

SG07 8 70 5.27 
95% 

(5.12,5.68) 
17.54 

SG06 2 32 5.13 
95% 

(5.12,5.68) 
10.59 

SG06 2 67 4.97 
90% 

(4.87,5.05) 

Not 

Available 

SG14 2 54 5.40 
95% 

(5.12,5.68) 
12.06 

Texture08 4 28 9.38 
95% 

(5.25,5.65) 
20.39 

Texture07 4 29 6.49 
95% 

(5.25,5.65) 
13.62 
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Table 2 continued 

Trait 
Chr. 

Number 
Position 

LOD 

Score 

C.I for 

LOD 

Threshold 

% 

Variance 

Explained 

Texture06 4 22 5.13 
90% 

(4.84,5.14) 
5.13 

Texture06 9 40 6.06 
95% 

(5.25,5.65) 
12.88 

Texture07 9 69 5.78 
95% 

(5.25,5.65) 
12.46 

Texture08 9 63 5.48 
95% 

(5.25,5.65) 
11.00 

Texture14 5 56 5.09 
90% 

(4.84,5.14) 
11.51 

Texture07 5 70 4.98 
90% 

(4.84,5.14) 
8.45 

Maturity08 5 77 17.60 
95% 

(5.05,5.42) 
38.11 

Maturity07 5 83 15.77 
95% 

(5.05,5.42) 
34.95 

Maturity14 5 90 9.39 
95% 

(5.05,5.42) 
18.87 

Maturity07 7 46 6.93 
95% 

(5.05,5.42) 
16.15 

Maturity14 7 44 5.33 
95% 

(5.05,5.42) 
11.84 

Maturity14 2 16 4.86 
90% 

(4.85,5.02) 
9.02 

Yield07 12 22 5.18 
90% 

(4.88,5.12) 
11.01 

Yield06 6 7 5.69 
95% 

(5.24,5.65) 
10.48 

Yield08 5 65 7.73 
95% 

(5.24,5.65) 
15.31 

Yield06 5 77 5.11 
90% 

(4.88,5.12) 
11.04 
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Figure 1. Frequency distributions for dry matter, specific gravity, skin texture, yield and 

maturity for all years that phenotype data was recorded for population B2721.
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Figure 2. Genome LOD profiles from QTL analysis for dry matter dry matter, specific 

gravity, skin texture, yield and maturity for all years that phenotype data was recorded for 

population B2721. Black horizontal bars represent the upper and lower bounds of the 95% 

confidence interval for each graph. Gray horizontal bars represent the upper and lower 

bounds of the 90% confidence interval for each graph.  
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Figure 3. Plot of genotypic effects for dry matter in 2006 on chromosome 6 at position 

101cM, which is the location of the highest LOD score from the QTL analysis. The 36 

possible genotype means were plotted according to alleles 1 and 3 as they contribute to 

the phenotype. 1+3 indicates the genotypes that contain alleles 1 and 3. 1 indicates the 

genotypes that contain only allele 1. 3 indicates the genotypes contain only allele 3. No 1 

or 3 indicates the genotypes that do not contain alleles 1 or 3. The dotted black horizontal 

 lines within each grouping indicates the mean rating for their respective genotypic effects. 
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Figure 4. Plot of genotypic effects for specific gravity in 2007 on chromosome 5 at 

position 89cM, which is the location of the highest LOD score from the QTL analysis. 

The 36 possible genotype means were plotted according to alleles 1 and 6 as they 

contribute to the phenotype. 1+6 indicates the genotypes that contain alleles 1 and 6. 1 

indicates the genotypes that contain only allele 1. 6 indicates the genotypes contain only 

allele 6. No 1 or 6 indicates the genotypes that do not contain alleles 1 or 6. The dotted 

black horizontal lines within each grouping indicates the mean rating for their respective 

 genotypic effects. 
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Figure 5. Plots of the genotypic effects for the collocating significant lOD score peaks 

formed identified in the QTL analysis for specific gravity in 2008 and 2007 on 

chromosome 8 at positions 74cM and 70cM, respectively. The 36 possible genotype 

means were plotted according to genotypes containing h1 and the genotypes that do not. 1 

indicates the genotypes that contain alleles 1. No 1 indicates the genotypes that do not 

contain the allele 1. The dotted black horizontal lines within each grouping indicates the 

 mean rating for their respective genotypic effects. 
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Figure 6. Plot of genotypic effects for specific gravity in 2014 on chromosome 2 at 

position 54cM, which is the location of the highest LOD score from the QTL analysis. 

The 36 possible genotype means were plotted according to alleles 1 and 5 as they 

contribute to the phenotype. 1+5 indicates the genotypes that contain alleles 1 and 5. 1 

indicates the genotypes that contain only allele 1. 5 indicates the genotypes contain only 

allele 5. No 1 or 5 indicates the genotypes that do not contain alleles 1 or 5. The dotted 

black horizontal lines within each grouping indicates the mean rating for their respective 

 genotypic effects. 
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Figure 7. Plot of genotypic effects for specific gravity in 2006 on chromosome 10 at 

position 68cM, which is the location of the highest LOD score from the QTL analysis. 

The 36 possible genotype means were plotted according to alleles 2 and 8 as they 

contribute to the phenotype. 2+8 indicates the genotypes that contain alleles 2 and 8. 2 

indicates the genotypes that contain only allele 2. 8 indicates the genotypes contain only 

allele 8. No 2 or 8 indicates the genotypes that do not contain alleles 1 or 5. The dotted 

black horizontal lines within each grouping indicates the mean rating for their genotypic 

effects for the genotypes grouped. The dotted gray horizontal line indicates the mean 

 rating for the genotypic effects caused by only allele 8, and the genotypes without allele 8. 
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Figure 8. Whole genome LOD profiles form the output of the QTL analysis of dry matter 

and specific gravity in 2006, 2007, 2008, and 2014 for population B2721. The number in the 

top right corner is the pearson correlation coefficeint for dry matter and specific gravity for 

the respective year indicated on the graph.
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Figure 9. Plot of genotypic effects for skin texture in 2008 on chromosome 4 at position 

28cM, which is the location of the highest LOD score from the QTL analysis. The 36 

possible genotype means were plotted according to alleles 3 and 6 as they contribute to 

the phenotype. 3+6 indicates the genotypes that contain alleles 3 and 6. 3 indicates the 

genotypes that contain only allele 3. 6 indicates the genotypes contain only allele 6. No 3 

or 6 indicates the genotypes that do not contain alleles 3 or 6. The dotted black horizontal 

 lines within each grouping indicates the mean rating for their respective genotypic effects. 
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Figure 10. Plot of genotypic effects for skin texture in 2007 on chromosome 9 at position 

63cM, which is the location of the highest LOD score from the QTL analysis. The 36 

possible genotype means were plotted according to genotypes containing h6 and the 

genotypes that do not. 6 indicates the genotypes that contain allele 6. No 6 indicates the 

genotypes that do not contain the allele 6. The dotted black horizontal lines within each 

 grouping indicates the mean rating for their respective genotypic effects. 
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Figure 11. Plot of genotypic effects for yield in 2006 on chromosome 5 at position 77cM, 

which is the location of the highest LOD score from the QTL analysis. The 36 possible 

genotype means were plotted according to alleles 4 and 7 as they contribute to the 

phenotype. 4+7 indicates the genotypes that contain alleles 4 and 7. 4 indicates the 

genotypes that contain only allele 4. 7 indicates the genotypes contain only allele 7. No 4 

or 7 indicates the genotypes that do not contain alleles 4 or 7. The dotted black horizontal 

 lines within each grouping indicates the mean rating for their respective genotypic effects. 
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Figure 12. Plot of genotypic effects for yield in 2006 on chromosome 6 at position 7cM, 

which is the location of the highest LOD score from the QTL analysis. The 36 possible 

genotype means were plotted according to alleles 2 and 8 as they contribute to the 

phenotype. 2+8 indicates the genotypes that contain alleles 2 and 8. 2 indicates the 

genotypes that contain only allele 2. 8 indicates the genotypes contain only allele 8. No 2 

or 8 indicates the genotypes that do not contain alleles 2 or 8. The dotted black horizontal 

 lines within each grouping indicates the mean rating for their respective genotypic effects. 
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Abstract 

We developed a linkage map of the 4x potato population B2721 using the Infinium 8303 

SNP array and conducted QTL analyses of internal heat necrosis (IHN) susceptibility in the 

same population. B2721 consisted of an IHN susceptible x resistant cross, Atlantic x B1829-

5, and it had 160 clones. Using SNP dosage sensitive markers, linkage maps for both parents 

were simultaneously analyzed. The linkage map contained 3,427 SNPs and totaled 

1,397.68cM. QTL were detected for IHN on chromosomes 1, 5, 9, and 12 using LOD 

permutation threshold and collocation of high LOD scores across multiple years. Genetic 

effects were modeled to identify markers for putative QTL. One marker was identified on 

each chromosome where there were putative QTLs. All markers associated with a QTL were 

regressed in models of effects for IHN incidence and severity for all years. In the full model, 

all markers were shown to have significant effects for IHN (p < 0.0001), and explained 

28.21% of the variation for incidence and 25.3% of the variation for severity. We were able 

to utilize SNP dosage information to identify and model the effects of putative QTL, 

providing insights into the mechanisms behind IHN resistance and susceptibility, and 

opening the possibility of marker assisted selection for this important trait with the 

identification of the candidate gene, vacuolar cation/proton exchanger 1a, closely linked to a 

QTL for IHN susceptibility.
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Introduction 

Internal Heat Necrosis (IHN) is non-pathogenic necrosis observed in potato. It is 

characterized by reddish-brown flecks in patches of tuber parenchyma tissue, and its 

expression is influenced by high day and night temperatures early in the growing season 

combined with low rainfall (Yencho et al. 2008). IHN is a major concern in the mid-Atlantic 

growing regions. In Atlantic, a major variety that is susceptible to IHN, it has been reported 

that 3.2-11.2% of the acreage of this cultivar was not harvested due to IHN over a three year 

period (Sterret et al. 1990). Internal Brown Spot (IBS) is a similar necrosis that may be the 

same as IHN (Yencho et al. 2008). IBS is also found in response to high temperatures and is 

identified in major varieties such as Russet Burbank (Levy and Veilleux 2007 and references 

therein, Iritani et al. 1984). With traits that are effected by heat stress, current climate trends 

are cause for concern as global mean temperatures are expected to rise resulting in more 

frequent drought and hot extremes globally including the United States (IPCC 2014). Given 

this scenario increasing IHN incidence would be expected to occur in susceptible potato 

cultivars.  

The broad-sense heritability of IHN has been reported to be 0.83 with a 95% 

confidence interval of (0.68, 0.98) (Henninger et al. 2000), suggesting a large genetic 

contribution to the expression of IHN. However, this study also indicated that G x E 

interaction was a significant source of variation. Quantitative trait loci (QTL) associated with 

IHN have previously been reported in an autotetraploid potato population (B2721) by 

McCord (2009) and McCord et al. (2011a, 2011b). This study was conducted using a large 
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number of AFLP markers, and SSR markers used to anchor linkage groups to the published 

chromosomes. Putative QTL for IHN were found on chromosomes four, five, seven, and 

twelve. The QTL observed in the McCord et al study were for IHN incidence and severity, 

with incidence calculated as a percentage of cut tubers showing any sign of IHN, and severity 

calculated using a 9 point scale described by Sterrett et al. (1991). The QTL for IHN 

explained between 3.7-14.5% of the variation for incidence, and 4.5-29.4% of the variation 

for mean severity. A significant correlation between IHN incidence and maturity was also 

observed in the study and QTL for maturity linked to IHN were also located on chromosome 

5 (McCord 2009, McCord et al. 2011, 2011a).  

In the two years since this study was published, many advances have been made with 

the publication of the potato genome sequence by the Potato Genome Consortium (PGSC) 

and the subsequent development and release of the Illumina Infinium 8303 Potato Array (Xu 

et al. 2011) (Felcher et al. 2012). The Illumina Infinium 8303 potato array is made up of 

8,303 SNPs taken from 69,011 high confidence SNPs from six cultivars (Hamilton et al. 

2011). In diploid populations, the array has exhibited good coverage of the published 

sequence of potato (Felcher et al. 2012). Utilizing Illumina’s dual-colored fluorescent 

technology, which permits differential nucleotide labeling, it is possible to calculate the ratio 

of the different fluorescents into theta values and use multiple mixture models to determine 

polyploid allele dosage (Hackett et al. 2013, Voorrips et al. 2011). 

Along with the development of an array that uses dosage sensitive SNPs, new 

analytical methods have been developed to effectively utilize the data to create linkage maps 



86 

 

 

 

 

and perform QTL analysis (Hackett et al. 2013, Hackett et al. 2014). Using these new 

methods, progeny segregation is no longer needed to infer parental genotype. This allows the 

use of all markers that pass initial linkage map filtering steps. Modification of computer 

algorithms to use dosage information in the calculation of recombination fractions has been 

shown to lead to higher LOD scores when compared to presence/absence markers (Hackett et 

al. 2013). The codominant SNP markers also permits the alignment of parental maps for QTL 

analysis and enables one to calculate the effects of QTL on both parents simultaneously. This 

new QTL analysis method fits an additive model for identification of best position and then 

estimates the mean trait values for all 36 possible genotypes (Hackett et al. 2014). 

Given the recent marker and analytical analysis technology advancements in potato 

we decided to genotype the B2721 population previously described by McCord et al (2011, 

2011a) using the Illumina Infinium 8303 potato array. We have added to this data set a new 

season of data, created a linkage map, and searched spud DB (Hirsh et al. 2014) for potential 

genes related to IHN. This work will help breeders better understand the genetic basis of 

resistance to IHN and provided needed information for the eventual integration of a marker-

assisted breeding (MAB) in potato.  

Materials and Methods 

Population 

The population B2721 resulted from a cross of Atlantic X B1829-5 made by Dr. 

Kathleen Haynes (USDA-ARS, Beltsville, MD) and consisted of 160 progeny. Atlantic, a 

major chipping variety grown in the U.S., was released in 1976 (Webb et al. 1978), while 
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B1829-5 was a round white breeding clone that came from the USDA-ARS Beltsville potato 

breeding program. Atlantic is highly susceptible to IHN whereas B1829-5 is highly resistant. 

B2721 was chosen based on its segregation for IHN resistance and was evaluated in 2006, 

2007, and 2008 for linkage map construction and QTL analysis using AFLP and SSR 

markers (McCord 2009, McCord et al. 2011, 2011a).  

Field Design 

The field design for 2006, 2007 and 2008 was described by McCord (2009), and 

McCord et al. (2011, 2011a). In 2014, B2721 was planted in two replications with 10 plants 

per plot in a randomized complete block design (RCBD) at the Tidewater Research Station in 

Plymouth, North Carolina (35°52’20.” N, 76°39’33” W), in a Portsmouth fine sandy loam. 

Untreated seed pieces were used for planting. The trial was planted March 21, 2014 and 

harvested on July, 15 2014 for a total of 116 growing days. Soil amendment and fertilizers 

were applied as follows: 454 kg of lime was applied on February 28, 363kg of 15-15-15 

fertilizer was applied on February 25; 76 liters of 30% nitrogen was applied on April 9, 

metribuzin and metalochlar were applied April 11, a tank mix of zeta-cypermethrin and beta-

cyfluthrin was applied on May 12, 1kg of manganese ethylenebisdithiocarbamate was 

applied on May 20, and imadacloprid was applied on June 3. Plots were dug using a chain 

digger and harvested by hand. Tubers were then washed, culled for excessive rot, and 

weighed.  
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Phenotyping 

The phenotyping of B2721 for 2006, 2007 and 2008 was described by McCord et al. 

(2011). In 2014, 20 marketable tubers from each plot were randomly selected for IHN 

ratings. If 20 tubers were not available, all tubers were used for ratings. The tubers were cut 

into quarters from stem end to bud end. The quarter most affected by IHN was selected and 

rated for IHN incidence and severity. Incidence was calculated as a percentage of cut tubers 

showing any sign of IHN. Severity was calculated using a 9 point scale (9= free of IHN; 1= 

completely necrotic) described by Sterrett and Henninger (1997). All tubers cut were 

individually rated and then used to calculate a mean severity rating for the plot. The mean 

severity rating and incidence rating for the plot was used for the QTL analysis.   

DNA Extraction and Genotyping  

DNA was extracted using a modified CTAB protocol described by McCord (2009), 

and McCord et al. (2011, 2011a). Genotyping was performed by Michigan State University. 

Prior to genotyping, each DNA sample was quantified using the Pico Green® dsDNA Assay 

kit (Molecular Probes, Inc., Eugene, OR). Genotyping was accomplished using the Infinium 

SNP 8,303 Potato array (Felcher et al. 2012). SNP array information was imported into 

GenomeStudio and the ratio of the two florescent-labeled nucleotides information was 

calculated into a theta value and exported into an Excel spread sheet. Dosage for each marker 

was determined using a multiple mixture model procedure as outlined by Hacket et al. 

(2013).  
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Linkage Map Development 

Markers that were missing data (i.e., no calling) in greater than 10% of the population 

were removed from the dataset. Marker dosage determination was completed by entering 

theta values into TetraploidMap for multiple mixture analysis. The parents of the cross, 

Atlantic and B1829-5, were genotyped twice to ensure the correct determination of marker 

dosage. If a marker’s dosage determination was not the same between both replications in the 

parents, that marker was removed from the data set. Markers that were homozygous in both 

parents, which resulted in no recombination throughout the progeny, were also excluded 

from the analyses. These treatments resulted in the retention of 4,556 high quality SNPs for 

further analyses.  

For linkage analyses, the marker data was imported into an improved beta version of 

TetraploidMap (Hackett unpublished). Markers were omitted from the analyses when they 

segregated differently from their expected segregation ratio using a chi-square goodness of fit 

with a significance level of p < 0.001 for simplex markers, and p < 0.01 for other dosage 

classes. Markers were then clustered into linkage groups and ordered using the theory 

outlined by Hackett et al. (2013). Markers that clustered into linkage groups other than their 

reported chromosome location on the published psuedomolecule were removed from the 

dataset. Tetraploid map uses spherically multidimensional scaling (MDS) as a way to 

visualize the relationships of markers ordered within each linkage group. Markers that 

appeared as outliers according to graph were dropped. If markers were dropped, ordering and 
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MDS were performed again. This process was repeated as necessary to remove all outliers. 

When finished, 3,838 high quality SNPs remained. 

Phasing of the markers to their respective homologous chromosome was done using 

the pairwise output data file from TetraploidMap for each linkage group. Utilizing the 

recombination frequency, relative phasing, and respective LOD score for each marker’s 

pairwise combination, phasing was accomplished manually using Excel. If one of the 

markers was too difficult to phase accurately, i.e. LOD scores with selected markers fell 

below an acceptable level, and it conflicted with other phases, it was removed. Whenever this 

was done, ordering functions were performed again for that linkage group.  

QTL analysis was performed using the theta values of all markers remaining in the 

map to validate each marker’s position and correct phasing on the linkage map. If the 

position of the QTL for the theta values explained less than 75% of the variation of the theta 

value throughout the population, or the location of the QTL for the theta value did not 

collocated with its corresponding SNP, that marker was removed for the map.   

To aid in map comparisons of QTLs, simplex by nulliplex marker classes were scored 

as present absent markers and added to an AFLP and SSR map described by McCord et al. 

(2011). The marker data was then inputted into TetraploidMap for Windows (Hackett et al. 

2007) for clustering and ordering analysis. This allowed us to determine the chromosomes 

for unanchored linkage groups.  
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QTL Analysis 

QTL analysis was use performed using the interval mapping function in 

TetraploidMap (Hackett et al. 2014). To summarize, genotypes of offspring were predicted 

using their respective dosage information and parental genotype information at their SNP 

positions using a Hidden Markov Model (HMM). The HMM determines all 36 genotypic 

possibilities at each locus and weights them according to their likelihood of bivalent paring. 

QTL genotypes not at SNP locations were then estimated by interpolation every 1 cM. Trait 

values were then regressed to the marker genotypes. TetraploidMap fits an additive model for 

the optimal QTL position for the trait, and predicts the genotypic means for all 36 genotypes 

at that position. Permutation tests were run to determine LOD threshold scores (Churchill and 

Doerge 1994). Five hundred iterations were run using TetraploidMap, and output was used to 

determine 90% and 95% confidence intervals (C.I.) for LOD thresholds (Nettleton and 

Doerge 2000). LOD profiles for the trait from the additive QTL model analyses were plotted 

(Fig 2), and used to identify possible QTL locations.  

The 36 possible genotypic mean outputs were then used to fit simpler models as 

described by Hackett et al. (2014). The models were tested for simplex (AAAB x AAAA), 

duplex (AABB x AAAA), and double simplex (AAAB x AAAB) models. For these models 

h1-h4 represented the alleles for the 4 possible homologous chromosomes contributed by 

Atlantic, and h5-h8 represent the alleles for the 4 possible homologous chromosomes 

contributed by B1829-5 at their respective loci. The models were compared by using the 

Schwarz Information Criterion (SIC) (Schwarz 1978), which provides a criteria for selecting 
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the most parsimonious model. Marker within coupling for their phase and close linkage to 

possible QTLs were then regressed to the IHN data for all four years. 

Results and Discussion 

Phenotypic Data 

 The frequency distributions for IHN severity and incidence ratings in 2014 were 

similar to that observed by McCord et al. (2011). Both traits were highly skewed (Figure 1), 

with most individuals displaying little to no IHN symptoms. Some progeny were more 

susceptible to IHN than the susceptible parent Atlantic, indicating transgressive segregation. 

A scatter plot of the SAS MIXED procedure residuals (SAS Institute, Cary, NC)  (Figure 2) 

indicated that the data was not homoscedastic as the residual plots showed that resistant 

clones were more consistently resistant, but there was much more variation among 

susceptible genotypes. There was a significant year effect on both incidence and severity for 

the population (p <0.0001). Combining data from 2006-2008 and 2014 showed a strong 

negative correlation of -0.94 between IHN incidence and severity.  

Linkage Map  

 Table 1 provides key details about the linkage map. The completed map consisted of 

48 linkage groups. All four homologous chromosomes of the 12 chromosomes were mapped 

using a total of 3,427 markers totaling 1397.68cM in length, with an average marker distance 

of 0.41cM. The average length of the chromosomes was 116cM with the longest being 

chromosome 1 at 148.86cM, and the shortest chromosome being chromosome 11 at 
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98.95cM. The markers in this linkage map represent coverage of ~ 729.7Mb of the 

published pseudomolecule.   

QTL Analyses 

Figure 3 shows the LOD profiles across the entire genome resulting from the QTL 

analysis. Utilizing the permutation test for LOD significance (Nettleton and Doerge 2000), 

two locations possessed LOD scores sufficient to declare a QTL. Chromosome 5 provided 

the highest LOD scores for IHN with incidence in 2007 and 2014 yielding LOD scores of 

5.24 and 5.17, respectively. Both of these observations fell within the Confidence Interval for 

the 95% LOD threshold as determined by permutation test. The most significant QTL 

identified in this study were those for incidence in 2007 and 2014. The QTL were located at 

positions 80cM and 83cM and explained 11.26 and 11.33 percent of the variation in IHN 

incidence during 2007 and 2014, respectively. In 2008, the same putative QTL for incidence 

was identified at 76cM, falling within the 90% C.I. for the LOD threshold. This QTL had a 

LOD score of 4.91 and explained 10.38% of the variance. QTL for severity in 2007, 2008, 

and 2014 also had moderately high LOD scores in the same region (76cM - 83cM). Although 

none of the LOD scores for these severity ratings surpassed the LOD thresholds as 

determined by permutation, the colocation of their peaks with, and throughout multiple years, 

provides further evidence of a QTL associated with IHN at this location.  

Regression modeling of the trait effect assuming an additive or simple effects genetic 

model indicated that a double simplex model, with genetic effects on h1 and h5, was the best 

fit model according to the SIC. The genetic effects model was consistent for all but two of 
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the observations. The observations that didn’t predict the double simplex model as best fit 

model were incidence in 2008 and severity in 2008. Although this model wasn’t the best fit 

model, it was the second best model for these traits according to the SIC. The SIC scores 

between the first and second best fit models were very close for these observations. For 

incidence in 2008, the SIC score for the highest ranking model was 128.61, and the score for 

the second highest ranking model was 130.66. For severity in 2008 the SIC score for the 

highest ranking model was -140.30, and the score for the second highest ranking model was -

136.22,  a difference of 2.05 and 4.08, respectively. The closeness in the SIC scores shows 

that both models are very comparable, and the double simplex model with effects on h1 and 

h5 are still very likely models for these observations at this location as well. When plotting 

out the 36 possible genotype means according to the effects on h1 and h5, it can be seen that 

the genotypes without alleles 1 or 5 are the most resistant (Figure 4). However, there is a lot 

of variation among genotypes with these alleles. This is consistent with the phenotypic data 

as we have observed that there is less variation in IHN ratings among resistant lines than 

those that are susceptible. This is most likely due to the large genotype by environmental 

interactions. When looking at the percent of total susceptibility caused by these allelic effects 

at their respective locations, one can observe the similarities between the multiple years for 

both incidence and severity (Figure 4).  

Using the most likely genetic effects models to search for candidate loci we found 

that the SNP marker solcap_snp_c2_22986 was located at position 83.16cM, and contained 

polymorphism at the h1 and h5 alleles in the parents. The marker’s dosage information 
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across all progeny was regressed for severity and incidence across all four years taking into 

account the year effects. It was found that solcap_snp_c2_22986 significantly affected both 

traits (p< 0.0001). The interaction plot shows that the dosage of this polymorphisim 

contributed to the incidence rating across all four years in an additive fashion (Figure 5). The 

presence of this SNP results in increased IHN susceptibility in the progeny of B2721.  

In addition to chromosome 5 we also uncovered evidence of another QTL for IHN on 

chromosome 1. Severity in 2006 and incidence 2006 both had LOD scores within the 90% 

C.I. for the LOD threshold with scores of 4.91 and 4.89, respectively. Both QTL were 

located at the same location on chromosome 1 at the 3cM position with 8.56% and 8.66% of 

the variance explained for severity and incidence in 2006, respectively. When looking at the 

LOD profiles for these two observations (Figure 3), the LOD scores decrease and 

immediately increase at position 9cM. Severity and incidence in 2006 at this location have 

LOD scores of 4.67 and 4.35. Although they do not reach the significance threshold as 

determined by permutation, the colocation of high LOD scores makes this an area of interest. 

There were other traits that possessed LOD peaks near these locations, but did not surpass 

any of the LOD thresholds determined by permutation. These observations included severity 

and incidence in 2007 at positions 10cM and 5cM respectively. Severity and incidence in 

2008 were both located at position 10cM. 

On chromosome 1 incidence and severity in 2006 at position 3cM, and incidence in 

2007 at position 5cM produced the best fit model, with effects on h1 and h7. However, at the 

3cM position both observations indicated that a dominant effect for the alleles best explained 
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the effects, and position 5cM shows a co-dominant effect for the alleles. This difference may 

be due to second possible QTL around 10cM, in which an h1 simplex model produced the 

best fit. These effects can be best seen when plotting the allelic effects for incidence for the 

three years (Figure 6). The co-dominant effect for incidence in 2007 at position 5cM has a 

larger effect from the h1 allele. This may not be the result of a larger allelic effect at this 

location, and epistatic h1 effects at 10cM. TetraploidMap only calculates the 36 genotype 

means for a trait once on each chromosome, and that is at the position of the highest LOD 

score. To look at this further, we would need to examine the genotype means for the traits 

that had high LOD scores at both locations. 

Markers solcap_snp_c1_2424 and solcap_snp_c2_3668 were located at positions 

7.86cM and 7.96cM respectively. Marker solcap_snp_c1_2424 contained information on the 

polymorphism at both the h1 allele in Atlantic and the h7 allele in B1829-5. Marker 

solcap_snp_c2_3668 contained information on the polymorphism at the h1 allele in Atlantic, 

but did not separate the effects of the h7 allele. These markers had a recombination fraction 

(rf) of 0.013 between them, with a LOD score for the rf of 20.57. This shows that there is 

only a 1.3% recombination rate between these markers. Dosage information from marker 

solcap_snp_c1_2424 was used to determine when both the h1 and h7 alleles were present in 

the progeny. Progeny were then removed from the data set for marker solcap_snp_c2_3668 

when both alleles were present. This prevented the overlapping of effects from both alleles in 

the analysis for this marker. The dosage of the polymorphism for both markers was then 

regressed within the population to IHN data for all years for both incidence and severity. 
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Marker solcap_snp_c1_2424 was shown to have a significant effect on IHN (p< 0.0001). The 

interaction plot shows that this marker’s dosage has an additive effect for resistance to IHN 

(Figure 7). The h1 allele of marker solcap_snp_c2_3668 also influenced IHN, but was not as 

significant (p = 0.0134 for incidence; p = 0.0320 for severity). This shows that there is a 

simplex effect on h1 at this locus, but considering effects on both h1 and h7 is better at 

explaining the variation for these traits at this locus. 

If only the LOD threshold is used to determine a possible QTL, chromosome 5 and 

chromosome 1 were the only QTL identified in B2721. McCord et al. (2011) described more 

QTLs in his paper and they also used a permutated LOD significance threshold; however, the 

LOD thresholds used were much lower than the ones used in this paper. The LOD 

significance threshold is related to the genome size (Churchill and Doerge 1994). The size of 

the genome that was mapped is considerably larger in this study, which resulted in much 

higher LOD significance thresholds. The purpose of the LOD threshold is to help reduce the 

type I error rate. We found locations throughout the genome where there was evidence of 

clear collocating LOD peaks (Figure 3). Since type I errors are random and independent, the 

collocation of peaks at these locations offers evidence for possible QTLs despite not having 

large enough LOD scores as determined by the LOD significance threshold. This can only be 

true when using traits from different years and not from both incidence and severity for the 

same year. This is due to the high correlation between incidence and severity.  

On chromosome 9 there were several collocated LOD peaks (Figure 3). Incidence in 

2006 and 2007 both had LOD scores of 4.51 located at position 95cM, and severity in 2006 
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and 2007 provided collocating high LOD scores at position 94cM and position 95cM 

respectively. The best model for explaining the genotypic effects for all observations except 

incidence in 2006 was a double simplex model with effects on h3 and h8. The best fit model 

according to SIC score for incidence in 2006 was a simplex model with an effect on h3; 

however, the double simplex model with effects on h3 and h8 had a difference in SIC scores 

of 5.349. The closeness of the two scores supports the hypothesis that both models are likely, 

but the consistency of the double simplex model with the other collocating LOD peaks adds 

to the evidence for this model. When plotting the genotype means at this location (Figure 8), 

there appears to be an additive effect except for incidence in 2006. For this trait, there doesn’t 

appear to be a difference between genotypes that contain allele 8 and 3 by themselves, but 

genotypes that contain both alleles 3 and 8 have a mean that is less than the other genotypes.  

Marker solcap_snp_c1_4271 had a polymorphism at the h3 and h8 alleles for the 

parents, and was located at position 92.35cM. This marker was regressed within the 

population to the trait data for all years for both incidence and severity, and it had a 

significant effect for both traits (p < 0.0001). When looking at the interaction plots (Figure 9) 

there was no distinction in IHN susceptibility between genotypes that have h3 or h8 only, and 

those without these alleles. The phenotype was only affected when both h3 and h8 were 

present at the same time, showing that there was a dominant effect. The marker was then 

regressed according to the dominance model. The dominance model was also significant (p < 

0.0001) and it was a better model according to the SIC scores.  
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Chromosome 12 also contained collocating high LOD scores for IHN that didn’t 

surpass the significance thresholds according to permutation test. Incidence in 2007 had the 

highest LOD score of 3.81 at position 31cM, followed by severity in 2007 at position 27cM, 

with severity and incidence in 2014 collocating at 24cM and 21cM respectively. When fitting 

a model to explain the genotypic effects, the h2 and h7 alleles contributed the most to IHN 

severity in both 2007 and 2014. This was not the best model for incidence in 2007 and 2014, 

but it was one of the top models according to the SIC score. When plotting the genotypic 

effects (Figure 10), there was little difference between the genotypes that contained both the 

h2 and h7 alleles, and those that contained only one or the other, suggesting that this putative 

QTL may have a dominant effect.  

Marker solcap_snp_c2_24644 showed polymorphism at the h2 and h7 alleles for the 

parents, and was located at position 47.83cM, which was out of the region of significant 

LOD scores for IHN. This is still within linkage according to this map, and a difference of 

~2.5Mb from the average position of the markers within the significant LOD score region 

according to their position on the potato genome superscaffold. This marker was regressed 

using both additive and dominant models to the IHN data for all years for both incidence and 

severity. Both models were significant (p < 0.0001); however, based on the interaction plot 

(Figure 11), as well as the SIC score for both models, the dominance model was considered a 

better fit. The dominance model indicated that only one copy of the QTL was necessary to 

have an effect on IHN expression, but there was no difference in effect on IHN by having an 

additional copy of the QTL. 
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The other locations with collocating LOD peaks were on chromosome 3 and 

chromosome 4 (Figure 3). However, the only observations that collocated in these areas are 

severity and incidence for the same year. With the high correlation, it makes it difficult to 

identify these regions as potential QTL without creating a risk for a Type I error. Although 

they are areas of interest, the data that we have in this study does not provide clear results for 

these regions on IHN resistance.  

All markers with a significant effect on IHN were regressed to both incidence and 

severity for all years. In both models, all markers had significant effects on IHN (p < 0.0001), 

and explained 28.21% of the variation for incidence and 25.3% of the variation for severity. 

The highest F-statistics were for markers solcap_snp_c2_24644 (F=28.64 for incidence and 

F=30.61 for severity) and solcap_snp_c1_4271 (F= 37.04 for incidence and F= 26.70 for 

severity) on chromosome 12 and 9 respectively. In the initial QTL analysis (Figure 3), LOD 

scores for the putative QTL on these chromosomes did not surpass the LOD significance 

threshold, where the putative QTL on chromosomes 5 and 1 did. The reason for the higher F-

statistics in this model can be attributed to the degrees of freedom. When coding for 

dominant effects there were only 2 classes for the marker dosage. When coding for the 

additive effects, the amount of classes was determined by the amount of dosage. This was 3 

in both cases. The QTL analysis technique used to create the LOD profile for the whole 

genome only considers an additive model. The extra degrees of freedom probably lowered 

LOD score for these traits. We were able to detect these loci by collocations of LOD peaks 

using replicated data across years in the additive model. A QTL analysis technique which 
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considers dominant effects at each loci, or a larger population size, could prove useful in 

detecting QTLs that were not identified in this study.  

Calcium’s role in IHN resistance 

Calcium content in the tubers is hypothesized to be involved in the expression of 

IHN, but the evidence has been inconclusive (Yencho et al. 2008). Sterrett (1991) conducted 

studies involving different calcium types and application techniques; however the effect of 

the treatments on IHN failed to provide definitive results. In contrast, for IBS there seems to 

be more consistency with the effects of calcium. Silva (1991) observed a significant increase 

of calcium concentration in the peel and reduced occurrence of IBS when gypsum was 

applied at planting. Tzeng (1986) showed that IBS was negatively correlated with the percent 

calcium found in the peel. Ozgen (2006) also showed that application of soluble sources of 

calcium increased the calcium concentration in the non-periderm tissue of the tuber, and 

decreased incidence of IBS. He also showed that other application types did not affect 

calcium concentration in the tubers or reduce incidence of IBS.  

In terms of the molecular basis of resistance to IHN, Chung (2014) demonstrated that 

an SSR marker from CAX3, a cation exchanger protein originally discovered in Arabidopsis 

and highly expressed in the roots and flowers (Cheng et al. 2005), was also associated with 

calcium content in tubers. We used the sequence of CAX3 in Arabidopsis to perform a 

BLAST search using SpudDB (Hirsch et al. 2014), setting the expect threshold (e-value) to < 

0.001. We identified two close matches with CAX3. These matches were to a vacuolar 

cation/proton exchanger showing a protein match with 62.5% similarity and covering 73% of 
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CAX3, and to a vacuolar cation/proton exchanger 1a showing a protein match with 85.7% 

similarity and covering 96 percent of CAX3. The genes for these two proteins were located 

on chromosomes 12 and 9 respectively, close to two markers that were identified to have 

significant association with IHN in this analysis. Marker solcap_snp_c2_24644 was ~5.2Mb 

away from the gene for vacuolar cation/proton exchanger on the pseudomolecule, and marker 

solcap_snp_c1_4271 was ~2.4Mb away from the gene for vacuolar cation/proton exchanger 

1a on the pseudomolecule. The vacuolar cation/proton exchanger 1a contains marker 

solcap_snp_c1_1512, which was also used in this analysis. This marker showed 

polymorphism on h1, h3, and h8, and it was in phase with the polymorphisms for marker 

solcap_snp_c1_4271 on h3 and h8. When marker solcap_snp_c1_1512 was regressed to both 

incidence and severity for all years, considering year effects, it was highly significant (p- 

<0.0001). For this marker an additive model was a better predictor than the dominance 

model. When comparing the models for both markers it was found that the R
2 

for marker 

solcap_snp_c1_4271 was slightly higher at 0.129 than marker solcap_snp_c1_1512 at 0.102. 

Marker solcap_snp_c1_4271 was best fit with a dominance model as opposed to marker 

solcap_snp_c1_1512, which was best fit with an additive model. However, the support found 

in the literature of calcium correlating with IHN susceptibility, the colocation of the CAX3 

homologue with QTL identified in this study, the overlapping allelic effects identified by 

modeling the QTL with the polymorphisms found in a marker that is contained in the CAX3 

homologue, and the significant effect of this marker on IHN across four years of phenotypic 

data offers strong evidence for this to be a potential candidate gene associated with IHN 
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resistance. In this population the clones that contained three copies of the thymidine 

nucleotide for this SNP had a mean incidence of 5.5%, and the clones that contained all 

cytidine nucleotides for this SNP had a mean incidence of 20.7%. This suggests that the 

version of this gene that contains the thymidine nucleotide for this SNP shows resistance to 

IHN. 

Comparison with Previous Analysis 

When comparing this analysis with the analysis described by McCord et al. (2011), 

there are a few differences. Previously discovered putative QTLs on chromosomes 4 and 7 

were not confirmed in this study, and two new putative QTLs were identified on 

chromosomes 1 and 9 that were not detected before. The difference between the two analyses 

is likely due to lack of representation of the genome on the earlier AFLP and SSR linkage 

map of the B2721population. The previous use of only dominant markers required the 

creation of two maps, one map for both of the parents. This resulted in requiring the QTL 

analysis to be performed separately on both maps. The map for Atlantic contained 274 

markers, and the map for B1829-5 contained 252 markers. The high definition map used in 

this study contained 3,427 codominant SNP markers. This allowed us to use information 

from both parents simultaneously in map creation, and subsequent QTL analysis. The 

combination of using a more saturated map, and the ability to use information from both 

parents simultaneously provided much more data to compare and make better QTL calls.  

In this study, the extensive SNP information enabled improved modeling of the 

effects of putative QTL, and it allowed us to identify markers within linkage and coupling 
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phase of putative QTL. The use of the Infinium SNP platform for potato allowed us to utilize 

dosage information for polymorphism at the nucleotide level throughout all clones 

genotyped. This allowed for new analytical techniques to create higher quality linkage maps 

and perform more robust QTL analysis by analyzing both parents simultaneously. In the 

future, the use of SNPs combined with SpudDB (Hirsch et al. 2014), a potato genomics 

resource containing sequence, genotypic, and phenotypic information for potato, will allow 

breeders to transcend populations at the bi-parental level, and analyze tetraploid potatoes at 

the genome wide level. As more interdisciplinary studies add to this information network, the 

ability to utilize these tools should continue to provide an even better look into this complex 

trait
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Table 1. Summary of individual chromosomes for the linkage map created for B2721 using 

SNP dosage data and TetraploidMap.   

Chromosome # of  

Markers 

Length  

(cM) 

Max Distance  

(cM) 

Average Distance  

(cM) 

CHR1 284 148.86 4.69 0.53 

CHR2 374 108.15 3.64 0.29 

CHR3 287 100.32 4.34 0.35 

CHR4 333 139.85 5.1 0.42 

CHR5 261 113.96 8.48 0.44 

CHR6 323 103.71 4.01 0.32 

CHR7 365 104.98 3.06 0.29 

CHR8 243 106.66 3.38 0.44 

CHR9 296 129.17 3.98 0.44 

CHR10 188 125.19 5.34 0.67 

CHR11 256 98.95 4.54 0.39 

CHR12 217 117.88 5.78 0.55 
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Figure 1. Phenotypic distribution of ratings of IHN severity and incidence for 2006-2008 

and 2014 in B2721 (A) Distribution for incidence, which is abbreviated as Inc followed 

by the year that the data was collected. (B) Distribution for Severity, which is abbreviated 

as Sev followed by the year that the data was collected. 
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Residual Plot for IHN Incidence 

Residual Plot for IHN Severity 

A 

B 

Figure 2. Plots of residuals using proc mixed procedure in SAS. Model incorporates 

ratings data from years 2006-2008 and 2014 for B2721. (A) Plot of residuals when 

incidence is the predicted variable (B) Plot of residuals when severity is the predicted 

mean. 
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Figure 3. LOD profiles of the entire genome for IHN severity and incidence in 2006-2008 

and 2014 for B2721. LOD scores were obtained from output of QTL analysis using an 

additive model in TetraploidMap. The two bold black horizontal lines at the top of the graph 

indicate the 95% confidence interval of LOD significance threshold as determined by 

permutation test. The two gray horizontal lines at the top of graph indicate the 90% 

confidence interval of LOD significance threshold as determined by permutation test.
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Figure 4. Plots of genotypic effects at the position of the highest LOD score for each trait 

that had a collocating peak on chromosome 5. The 36 possible genotype means were plotted 

according to alleles 1 and 5 as they contribute to the phenotype. 1+5 indicates the genotypes 

that contain alleles 1 and 5. 5 indicate the genotypes that contain only allele 5. 1 indicates the 

genotypes contain only allele 1. No 1 or 5 indicates the genotypes that do not contain alleles 

1 or 5. The black vertical lines within each grouping indicate the mean rating for their 

represents the trait indicated in the respective genotypic effects. The pie chart on the right 

graph on the right’s percentage of total susceptibility caused by the different genotypes. 1+5 

indicates the percentage of susceptibility for genotypes that contain alleles 1 and 5. 5 

indicates the percentage of susceptibility for genotypes that contain only allele 5. 1 indicates 

the percentage of susceptibility for genotypes that contain only allele 1. None indicates the 

percentage of susceptibility for genotypes that do not contain alleles 1 or 5.
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Figure 5.  Interaction plot for marker solcap_snp_c2_22986, located on chromosome 1 at 

position 83.16cM on linkage map of B2721. The marker’s dosage information across all 

progeny was regressed for incidence across all four years taking into account the year 

effects. 0, 1, and 2 represent the dosage of the SNP.  

Interaction Plot for Marker solcap_snp_c2_22986 for Incidence 
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Figure 6. Plots of genotypic effects at the position of the highest LOD score for incidence for 

2006, 2007, and 2008 on chromosome 1. The 36 possible genotype means were plotted 

according to the traits most likely genotypic effects as they contribute to the phenotype. For 

incidence 2006 and 2007: 1+7 indicates the genotypes that contain alleles 1 and 7, 1 indicates 

the genotypes that contain only allele 1, 7 indicates the genotypes contain only allele 7, and 

no 1 or 7 indicates the genotypes that do not contain alleles 1 or 7. For Incidence 2008: 1 

indicates the genotypes that contain allele 1, and no 1 indicates genotypes that do not contain 

allele 1. The black vertical lines within each grouping indicates the mean rating for their 

respective genotypic effects. 
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Interaction Plot for Marker solcap_snp_c1_2424 for Incidence 

Figure 7.  Interaction plot for marker solcap_snp_c1_2424, located on chromosome 1 at 

position 7.86cM on linkage map of B2721. The marker’s dosage information across all 

progeny was regressed for incidence across all four years taking into account the year 

effects. 0, 1, and 2 represent the dosage of the SNP.  
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Figure 8. Plots of genotypic effects at the position of the highest LOD score for each trait 

that had a collocating peak on chromosome 5. The 36 possible genotype means were plotted 

according to alleles 3 and 8 as they contribute to the phenotype. 3+8 indicates the genotypes 

that contain alleles 3 and 8. 3 indicates the genotypes that contain only allele 3. 8 indicates 

the genotypes contain only allele 8. No 3 or 8 indicates the genotypes that do not contain 

alleles 3 or 8. The black vertical lines within each grouping indicates the mean rating for 

represents the trait indicated in their respective genotypic effects. The pie chart on the right 

the graph on the right’s percentage of total susceptibility caused by the different genotypes. 

3+8 indicates the percentage of susceptibility for genotypes that contain alleles 3 and 8. 3 

indicates the percentage of susceptibility for genotypes that contain only allele 3. 8 indicates 

the percentage of susceptibility for genotypes that contain only allele 8. None indicates the 

percentage of susceptibility for genotypes that do not contain alleles 3 or 8.
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Interaction Plot for Marker solcap_snp_c1_4271 for Incidence 

Figure 9.  Interaction plot for marker solcap_snp_c1_4271, located on chromosome 9 at 

position 92.35cM on linkage map of B2721. The marker’s dosage information across all 

progeny was regressed for incidence across all four years taking into account the year 

effects. 0, 1, and 2 represent the dosage of the SNP.  
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Figure 10. Plots of genotypic effects at the position of the highest LOD score for incidence 

for 2007, and 20014 on chromosome 12. The 36 possible genotype means were plotted 

according to the traits most likely genotypic effects as they contribute to the phenotype. 2+7 

indicates the genotypes that contain alleles 2 and 7. 2 indicates the genotypes that contain 

only allele 2. 7 indicates the genotypes contain only allele 7. No 2 or 7 indicates the 

genotypes that do not contain alleles 2 or 
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Figure 11.  Interaction plot for marker solcap_snp_c2_24644, located on chromosome 12 

at position 92.35cM on linkage map of B2721. The marker’s dosage information across 

all progeny was regressed for incidence across all four years taking into account the year 

effects. 0, 1, and 2 represent the dosage of the SNP.  

Interaction Plot for Marker solcap_snp_c2_24644 for Incidence 



129 

 

 

 

 

CHAPTER 4: DEVELOPMENT AND ANALYSIS OF A PURPLE-FLESHED 

POTATO POPULATION 

 

Mitchell Schumann, Zhao-Bang Zeng, Van-Den Truong, Deyu Xie, Mark E. Clough, G. 

Craig Yencho* 

 

M. Schumann
1
, Z.B. Zeng

2
, V.D. Truong

3
, D. Xie

4
 M.E. Clough

1
, and G.C. Yencho

1
. 

1
Department of Horticultural Sciences, Box 7609, 214 Kilgore Hall., North Carolina State 

Univ. Raleigh, NC, 27695-7609;. 
2
Bioinformatics Research Center, Box 7566, 1 Lampe 

Drive, North Carolina State Univ. Raleigh, NC, 27695-7566;. 
3
USDA-ARS Food Science 

Research Unit, Department of Food, Bioprocessing and Nutrition Science, North Carolina 

State Univ. Raleigh, NC,27695;. 
4
Department of Plant and Microbial Biology, North 

Carolina State Univ. Raleigh, NC 27695. *Corresponding author (craig_yencho@ncsu.edu) 

 

Abbreviations: TMA, total monomeric anthocyanin; SNP, single nucleotide polymorphisim; 

QTL, quantitative trait loci; RCBD, randomized complete block design; MAS, marker 

assisted selection 

 

Key Words: Anthocyanin, quantitative trait loci, linkage map, autotetraploid, potato, 

Solanum tuberosum 

 

mailto:craig_yencho@ncsu.edu


130 

 

 

 

 

Abstract: 

The potato population NC619, a cross of B1952-2 x Adirondack Blue, segregates for 

anthocyanin accumulation in potato flesh. This population was analyzed for total anthocyanin 

content and location of pigment in tissue specific regions in tuber flesh. NC619 was grown in 

the field and in the greenhouse with the greenhouse grown clones showing a bimodal 

anthocyanin distribution, and the field grown clones showing a positively skewed 

distribution. Tubers grown in the greenhouse had higher anthocyanin content than those 

grown in the field. There was no transgressive segregation with both parents falling in the 

extreme ends of the distribution. This work will contribute information for future analysis of 

anthocyanin production in potato using modern molecular and analytical techniques. 
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Introduction:  

 Anthocyanins have become a topic of increasing interest. In nature, 

anthocyanins are pink/red/purple/blue pigments that provide multiple protections for plants 

against UV-radiation, pathogen and insect-caused damages (Chalker-Scott 1999). In addition, 

anthocyanins are important antioxidants with multiple benefits to human health (Oancea et 

al. 2011; Tsuda 2012). Studies have found that dietary bilberry extract ameliorates 

hyperglycemia and insulin sensitivity in type 2 diabetic mice via activation of AMP-activated 

protein kinase (Takikawa et al. 2010). Anthocyanins are also considered beneficial to heart 

health. Red wine extracts with large amounts of anthocyanins decrease MCP-1 circulating 

levels in plasma involved in atherogenesis (Garcia-Alonso et al. 2009). Atherogenesis is the 

formation of subintimal plaques in the lining of arteries. Pretreatment with anthocyanin 

fractions from purple-fleshed sweet potatoes was found to reduce the negative effects of 

acetaminophen-induced liver damage in mice (Choi et al. 2009). 

Anthocyanins have been of significant interest in food dye production.  Concerns 

with the use of synthetic food dyes have been raised due to potential toxic effects on human 

health.  As a result, people are seeking natural food colorants as food dye products (Potera 

2010). In the area of natural food dyes, red fleshed potatoes stand out to be potential 

alternatives for FD&C Red 40 (Giusti 2003).  

 In July 2010, the European Union began requiring a warning label on certain 

artificial food dyes such as allura red (E129 or FD&C Red 40) (Food Standards Agency). 

The label is required to state “may have an adverse effect on activity and attention in 

children." As a result, companies are looking for natural colorants for replacement of 
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synthetic food dyes, and anthocyanins are some of the compounds of interest. Right now 

anthocyanins are currently used as natural food colorants by various companies (D.D. 

Williamson, Christian Hansen). Nineteen anthocyanidins (aglycones or chromophores) have 

been identified from the plant kingdom. They range in colors from orange to blue, depending 

on the number of hydroxyl groups on the B-ring (Tanaka et al. 2008).  To date, the 

biosynthesis of anthocyanins has gained intensive studies in biochemistry, genetics, 

metabolic engineering, and genomics. (Holton and Cornish 1995; Shi and Xie 2014)  

 The genes for anthocyanin in autotetraploid potatoes were first designated as the P 

(purple), R (red), and D (distribution) genes, with P dominant to R, but D required for both 

pigments to be expressed in the tuber skin. In diploid potatoes, I was designated as the 

distribution gene and was hypothesized to be epistatic to P and R in its homozygous 

recessive phase (ii) by suppressing the development of pigment in the tuber. De Jong (1991) 

suggested that D and I were allelic. For flesh color the Pf (pigmented flesh) gene was 

proposed as a single dominant allele for the distribution of anthocyanin to the tuber flesh, and 

linked to I (De Jong 1987).  

Alleles for R, P, and I have been mapped to chromosomes 2, 11, and 10 respectively 

in diploid potatoes (Van Eck et al. 1993). The ideal of allelisim between D and I was rejected 

by Van Eck et al. (1994) when D was mapped to chromosome 2. This may have been a result 

of different definitions for D as the definition for D, which Van Eck et al. (1994) defined as 

biosynthesis of red pigment was different from the definition of D described above as the 

distribution gene. Zhang et al. (2009) identified QTLs influencing the extent of flesh 



133 

 

 

 

 

pigmentation on potato chromosomes 5, 8, and 9 using AFLPs, CAPs and SSR markers using 

a visual color rating system. They reported that segregation on chromosome 10 for the Pf 

gene was not clear, and in order to hold to the idea that Pf is linked to I and that I is located 

on chromosome 10, it would be concluded that Pf is necessary, but not sufficient for 

anthocyanin-pigmented tuber flesh.  

In a transgenic study a R2R3MYB transcription factor from Petunia was used to find 

the D locus (Jung et al. 2009). They found that the R2R3MYB gene did code for pigment 

production in white-skinned potatoes. When the same gene was inserted into varieties that 

already had red skin, the resulting transgenic tubers were characterized by an increase of 

anthocyanin production in the skin. In addition,a small degree of pigmentation was observed 

in the flesh of the transgenic tubers. Two possible explanations for the expression of the 

pigment in the flesh were suggested: 1) that the potatoes had a genetic background limiting 

the extent at which the flesh can be pigmented, and 2) that the promoter may not function 

well in all other tissues. The latter hypothesis was evaluated by Rommens et al. (2008), 

where under two alternative constitutive promoters for the same gene, it was observed to 

produce variable tuber flesh coloration. This author’s experience is that pigmentation can be 

found in different tissues within the flesh. There have been descriptors that the Consultative 

Group on International Agricultural Research (CGIAR) have put out for this segregation 

with-in the flesh. (Huaman et al. 1977). We were unable to find studies that looked directly 

into the functions that separate the pigments within the different tissue. 
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In this paper we describe a population that was developed for segregating 

anthocyanin accumulation in the flesh and evaluated for tissue specificity, as well as overall 

accumulation. The overall goal of this paper was to lay the foundation for future use of 

modern technologies available to potato with the development of Illumina’s Infinium 8303 

Potato Array (Xu et al. 2011; Felcher et al. 2012), and the subsequent new analytical 

techniques (Hackett et al. 2013; Hackett et al. 2014) to help find QTL involved in 

anthocyanin accumulation in the flesh. This will help us better understand the genetics 

involved, and hopefully move us closer to marker-assisted breeding (MAB). 

Materials and Methods:  

Population Development 

In January 2013, four segregating potato populations were grown in the greenhouse to 

evaluate pigment segregation. The materials consisted of F1 progeny from crosses between 

Adirondack Blue x B1952-2, Adirondack Blue x Chieftain, B1952-2 x Adirondack Blue, and 

Chieftain x Adirondack Blue. Tubers of Adirondack Blue are characterized by a dark purple 

skin and flesh potato. Tubers of Chieftain have a red skin with white flesh. Tubers of B1952-

2 are  purple skin with white flesh. 150 Adirondack Blue x B1952-2, 420 Adirondack Blue x 

Chieftain, 430 B1952-2 x Adirondack Blue, and 350 Chieftain x Adirondack Blue botanical 

seeds were sown in a seedling tray (size) containing Cornell Mix potting medium, consisting 

of: 0.46 cu meters. of peat moss, vermiculite 0.46 cu meters., 4.5kg of ground dolomitic 

limestone, .57kg of treble superphosphate 0-46-0, .91kg of gypsum, and .68kg of calcium 

nitrate 15.5-0-0. After approximately 26 days of growth, individual plants starting at the 
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second true leave stage were transplanted into 50 cell plug trays. Each cell was 5.87cm in 

depth and 4.78cm in diameter ( , manufacturer). Small tubers were harvested from each clone 

on April 24
th

, 2013 after 51 days of growth. Temperatures ranged on average from 15.5
o
C 

during the night to 25
o
C during the day. To evaluate the presence of pigment in the tuber and 

skin, one mini-tuber was selected and cut in half from each of 30 randomly selected progeny. 

Pigments were visually rated as white, light purple, purple, red, or pink for skin color, and 

red, purple or white for flesh color. Based on the preliminary greenhouse-based pigment 

analysis, the family NC619 (B1952-2 x Adirondack Blue) was selected for further evaluation 

and mapping population development.  

Field Evaluation of NC619 

On July 27
th

 2013, one mini-tuber from 390 sibs of the NC619 were planted into 

11.4cm pots. From these 367 clones emerged and when the plants had grown to roughly 50 

cm they were transplanted into 7.6 liter pots on September 4
th

 2013 containing Cornell mix 

potting medium, and placed in lath house at the Tidewater Research Station in Plymouth, 

North Carolina (35°52’20.” N, 76°39’33” W). Tubers were harvested the week of November 

4
th

, 2013, 62 days after planting. 188 clones were selected for the mapping population that 

produced at least 3 tubers. 

In 2014, NC619 was planted in an un-replicated trial with 3 hills per plot at the 

Tidewater Research Station in Plymouth, North Carolina (35°52’20.” N, 76°39’33” W). 

Untreated seed pieces were used for planting. The planting date was March 11, 2014 and the 

harvest date was June, 26 2014 for a total of 107 days. Lime was applied on February 28, 
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363kg of 15-15-15 fertilizer was applied on February 25, 76 liters of 30% Nitrogen was 

applied on April 9, Metribuzin and metalochlar were applied April 11, a tank mix of zeta-

cypermethrin and beta-cyfluthrin was applied on May 12, 1kg of manganese 

ethylenebisdithiocarbamate was applied on May 20, and imadacloprid was applied on June 3. 

Plots were dug using a chain digger and harvested by hand. Tubers were then washed, culled 

for excessive rot, and weighed.  

Anthocyanin Quantification 

 Anthocyanin analysis was carried out following this procedure. In 2013, one tuber 

from each clone was sampled for anthocyanin quantification and the remainder was saved as 

seed for the following season. In 2014, 3 tubers were taken from each plot. Tubers from both 

years were peeled, sliced in a food processor, flash frozen with liquid nitrogen, lyophilized, 

ground into powder, and then stored at -20
o
 C. Anthocyanin content were quantified 

according to the protocol described by Shi and Xie (2011) with modifications: 50mg of dry 

tuber powder was suspended in 4ml of extraction buffer (0.5% HCL in ethanol:water 50:50). 

The tube was vigorously vortexed for 2min, sonicated for 15 min., and centrifuged for 15 

min. at 10,000 rpm. The supernatant was decanted, another 4ml of extraction buffer was 

added to the extraction tube to re-suspend the pellet, and extraction steps were repeated. 

Supernatants were combined and 2ml chloroform was added to remove all non-polar 

metabolites. The solution was vortexed vigorously for 30 seconds, and centrifuged for 5 min 

at 1,000 rpm to separate the phases. One milliliter of solution from the upper-phase was used 

measuring the absorbance at 530nm using a spectrophotometer (Lambda Bio 20, Perkin 
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Elmer, Norwalk, CT). A standard curve was developed to determine anthocyanin content 

using authentic standard cyanidin purchased from Sigma-Aldrich (St. Louis, MO). All 

anthocyanin measurements were quantified to be cyanidin equivalents as µg/mg dw (dry 

weight). For each sample, three replicates were recorded. Tubers in 2014 were visually rated 

for absence or present to any degree of pigmentation in the vascular ring, perimedullary zone, 

and the pith. This rating was not made for the greenhouse grown tubers in 2013.  

Results and Discussion: 

 Most of the tubers visually showed even distribution of pigment coverage throughout 

all tissues, but there were seven instances where the pigment was only present or present in a 

higher amount in the stem end. This was confirmed by Lewis et al. (1999), who measured 

anthocyanin concentration throughout tuber development, and found that anthocyanin 

synthesis began in the stem end of the tuber and appeared to “expand” to the bud end until 

the whole tuber was pigmented. They showed that in potatoes with intensely colored mature 

tubers, anthocyanin biosynthesis coincided with tuber initiation. In cultivars with less 

anthocyanin concentration in the tubers, the developing tubers remained white for a longer 

time, and then began steady anthocyanin accumulation. 

The distribution of the pigments to the different tissues can be found in Figure 1. In 

all but three cases when pigment was observed in the perimedullary zone or the pith, pigment 

was also found in the vascular ring. There were two clones in which pigment was present 

only in the perimedullary zone, and one clone where pigment was present only in the 

perimedullary zone and the pith. No clones contained pigment that was present only in the 
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pith, or only in the vascular ring and the pith. In the majority of the clones possessing 

anthocyanin pigment was present in only the vascular ring and the perimedullary zone. This 

may indicate an epistatic interaction between the genes responsible for the presence of 

pigments in the specific tissues of the flesh. In all but two cases the presence of pigment in 

inner tissue is dependent on the presence of pigment in the outer tissue.  

Anthocyanin was measured in all tubers by spectrophotometer analysis. This included 

eight that did not show obvious pigment in the flesh. In comparison, these tubers produced 

among the lowest content of anthocyanin.  The most possible reason was that there were 

trace amounts of anthocyanin in these tubers that was not detectable by eye. When extracted 

with acidic buffer, the intensity of anthocyanin was increased (Markakis, 1982).   In addition, 

the absorbance was created by other metabolites that have a low absorbent feature or by 

background at 530nm. These absorbent results will be confirmed by HPLC-MS analysis in 

the future.  

Measurement and tissue-specific patterns were used to characterize distribution 

model in this study. Based on anthocyanin measurement, the distribution of anthocyanin 

content for clones grown in the green house can be characterized to be bimodal, with the 

smaller mode containing tubers with more anthocyanin content (Figure 2). The field clones 

show a positively skewed distribution, with the parent Adirondack Blue having the highest 

content of anthocyanin. The anthocyanin content of 3.59µg/mg dw for Adirondack Blue fell 

within the middle of the second mode for the greenhouse clones. The second mode present 

for the greenhouse distribution may be due to genotype by environmental interaction. 
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According to an independent t-test, there is a significant difference between the tubers grown 

in the field and those grown in the green house (p <0.0001). With the 95% confidence level 

(C.I.) for the mean of tubers grown in the field of (0.49µg/mg dw, 0.59µg/mg dw), and the 

95% C.I. for the mean of tubers grown in the greenhouse of (1.23µg/mg dw, 2.53µg/mg dw). 

The differences obtained from the field and greenhouse growths most likely resulted from 

environment conditions and managements. The differences obtained from the field and 

greenhouse growths most likely resulted from two environment conditions and 

managements.  The greenhouse growth provided a relatively steady environment but the field 

was dependent on weather only.  As reported for other plants, temperatures and lighting 

strongly control anthocyanin biosynthesis (Shi and Xie 2010).  The potatoes grown in the 

greenhouse were planted on July 27
th

, which would have had longer day lengths early in the 

growing season as opposed the field tubers which were planted on March 11
th

, and therefore 

more solar radiation during this time. Higher solar radiation has been shown to increase 

anthocyanin concentrations in potatoes (Reyes et al. 2004, Brown et al. 2008).  The 

concentration of nitrogen nutrients dramatically controls anthocyanin biosynthesis. For 

example, a lower concentration of total nitrogen was essential in select cells that produced 

anthcoyanins (Shi and Xie 2010). A higher concentration of ammonia was strongly found to 

inhibit gene expressions associated with anthocyanin biosynthesis (Zhou et al. 2012). It has 

been shown that lower levels of nitrogen availability favorably affects transcriptome levels of 

anthocyanin regulatory and structural genes in grapes (Soubeyrand et al. 2014).  
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In the distributions, B1952-2 was among the clones with the lowest detection of 

anthocyanin content, while Adirondack Blue showed the highest anthocyanin content out of 

all the clones grown in the field. Therefore, there is no transgressive segregation in this 

population. There was consistency in the ordering of clones according to anthocyanin 

content. The correlation between clones grown in the field and those grown in the 

greenhouse was 0.67 (p < 0.0001). Clones NC619-49, NC619-80, NC619-145, NC619-149, 

and NC619-348, were within in the highest 10 clones for the content of anthocyanin for both 

locations.  Clones NC619-050, NC619-190, NC619-192, NC619-226, and NC619-249 were 

within the lowest 10 clones for anthocyanin content at both locations. There were no 

significant correlations for anthocyanin content with either dry matter or yield (Figure 3)  

A statistical model fitted to look at how the presence of pigment in the different 

tissues was used to predict anthocyanin content and proved to be significant (p = 0.0332), but 

only has an R
2
 = 0.06. This shows that it is significant, but there is still a lot of variation that 

is not explained by this model alone. Figure 4 shows a good example of this with two clones 

that were both rated for presence of pigment in the vascular ring and the perimedullary zone, 

but had very different concentrations. For these two clones the anthocyanin concentration of 

NC619-266 was 0.23 µg/mg dw, and the concentration of NC619-301 was 0.91µg/mg dw. 

This population will need to be further increased and grown out in replicated designs 

to get more substantiated results, but the work done to date provides a good foundation for 

future studies. The purpose of developing the NC619 population was to create a population 

that had good segregation for anthocyanin accumulation in the flesh of potatoes for future 
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genetic analysis using advanced molecular and analytical techniques. This paper shows that 

there is good segregation for this trait not only in total anthocyanin content, but also in tissue 

specific regions within the flesh. This segregation will allow for genetic association studies in 

the future using the latest technology that is available to potato breeders, and the progression 

towards marker assisted selection.   
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Figure 1. Frequency distributions of the tissue specific pigment ratings for population 

NC619 grown in the field. Vas. Ring represents the clones that showed pigment in the 

vascular ring, P-med represents the clones that showed pigment in the perimedullary zone, 

and Pith represent the clones that showed pigment in the Pith. The + symbol represents a 

combination between locations where pigment is present. 
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Yield 0.05177 

(0.4926) 

 

DM 0.011 

(0.8772) 

0.14367 

(0.0550) 

 

Figure 3: Pearson Correlation Matrix for all traits rated for the field grown clones of NC619. 

Field represent the anthocyanin concentration for clone. DM represents the dry matter for 

clone. The top number in each cell is the Pearson Correlation Coefficient (r) value. The lower 

number in parenthesis in each cell is the p-value.  
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Figure 4. Photos of clone NC619-301, and NC619-266. Both clones showed pigment in 

the same tissues, but there was a fourfold difference in concentration between the clones.  
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Appendix A: Marker Locations for Both the Linkage Map Created in this Study and the 

Pseudomolecule, Along with Phasing Information for Both Parents for B2721. 

 

Chromosome 1: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_36629 1211 2111 0.00 433801 

c1_10930 1211 2111 0.96 309342 

c2_36660 1211 2111 1.68 534626 

c1_10915 1121 2111 2.42 481295 

c2_36643 1211 2111 2.68 508589 

c2_36642 1211 2111 3.29 508566 

c2_51460 1211 2111 4.54 151047 

c2_36617 1112 1111 4.73 393135 

c2_36672 1112 1111 5.03 560593 

c2_36664 2112 1121 6.13 535454 

c1_2424 2111 1121 7.86 1028855 

c2_36668 2111 1111 7.96 559640 

c2_54804 2111 1111 8.61 811699 

c2_36608 1211 1212 8.86 251132 

c2_56714 2111 1121 9.23 931173 

c2_6793 2111 1111 9.69 1314398 

c2_54797 1211 1212 11.00 817205 

c1_10918 1211 1212 11.23 497066 

c2_6906 2111 1111 12.45 1606674 

c2_6684 2111 1111 13.59 1828475 

c2_21097 2111 1111 16.19 2589278 

c2_21227 2211 1121 17.90 2951280 

c1_6704 2211 1121 19.46 2957398 

c1_2417 1211 1112 20.51 1838864 

c2_6683 1211 1112 20.67 1828457 

c2_6713 1211 1112 20.98 2068305 

c2_21236 1122 2111 21.01 2958410 

c1_6674 1112 2111 22.10 2822433 

c2_21098 1111 2111 26.51 2589296 

c2_49935 1112 1111 27.09 4603173 

c1_6083 2121 1211 27.44 3953090 

c2_49938 1112 1111 28.09 4598036 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_51808 2121 1221 28.33 4258451 

c2_51805 2121 1221 28.69 4262991 

c2_51806 2121 1221 28.89 4262027 

c2_51800 2212 2111 29.25 4277333 

c2_51803 1121 1211 29.52 4263748 

c1_6077 2111 1111 29.78 3987492 

c2_19261 1112 2121 29.86 3921601 

c2_27894 1212 1111 29.99 6340020 

c1_6108 1211 1111 30.00 3716741 

c1_8606 1212 1111 30.01 6143327 

c2_19420 2111 1111 30.02 4013257 

c2_27877 1212 1111 30.05 6071374 

c2_51791 1121 1211 30.12 4309411 

c2_27899 1212 1111 30.45 6303615 

c2_27918 1212 1111 30.47 6587872 

c1_14211 2111 1111 31.24 5141014 

c2_51797 1211 1122 31.50 4289434 

c1_13304 2111 1111 32.25 5380841 

c2_51811 1112 2111 32.28 4258195 

c2_51812 1112 2111 32.89 4258102 

c2_27876 2111 1111 33.04 6071323 

c2_51810 1112 2111 33.08 4258310 

c2_49937 1111 1112 33.27 4601532 

c2_27893 2111 1111 33.62 6190256 

c2_27878 1212 1112 34.38 6071398 

c2_53845 1212 1121 35.35 6791367 

c2_45061 1112 1112 35.71 5498171 

c2_27900 1212 1121 35.83 6303560 

c2_27887 1111 1112 37.12 6142925 

c2_27881 1111 1112 37.64 6071711 

c2_56125 2112 1122 38.80 5291766 

c1_13318 2112 1122 40.14 5431075 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_45064 1221 2211 40.14 5502048 

c1_13289 1221 2211 40.24 5505021 

c2_52709 2211 1221 42.91 8645709 

c2_52704 1122 2112 45.53 8653542 

c2_22549 1211 1111 47.16 29678334 

c1_7143 1211 1111 47.65 29676849 

c1_11066 1211 1111 47.72 32091882 

c2_2332 1112 2111 48.06 23352986 

c2_53521 2211 1221 48.76 13266749 

c2_49042 1112 2112 49.52 43330728 

c2_27682 2211 1111 51.14 37067567 

c2_49719 1112 2111 51.68 41947504 

c1_14647 1112 2111 51.70 41947310 

c2_49726 1112 2111 51.83 41949463 

c2_49724 1112 2111 52.01 41949345 

c2_694 1112 2111 52.46 51290205 

c2_27683 1111 1212 52.88 37067485 

c2_53759 2111 1111 52.91 18753971 

c1_14249 2211 1111 53.05 44696600 

c2_49867 1112 2111 53.14 16399217 

c1_15521 2111 1111 53.26 18393787 

c1_16423 1112 2111 53.32 18927026 

c2_34940 1112 2111 53.39 39931061 

c1_880 2111 1111 53.52 54480881 

c2_55113 1112 2111 53.56 54580281 

c1_15612 1112 2111 53.62 18998405 

c2_42829 1112 2111 53.70 38478435 

c1_8535 1112 2111 53.71 37070102 

c1_16425 1112 2111 53.80 18927247 

c1_16690 1112 2111 53.83 45138089 

c1_14259 1112 2111 54.31 44700958 

c1_14238 1112 2111 54.47 44645723 

c2_45625 1112 2111 54.72 12000832 

c2_45637 2211 1111 54.79 12022163 

c2_57284 2211 1111 56.01 11774418 

c1_14633 1211 1111 56.43 57931888 

c2_48549 2211 1111 57.78 10570836 

c2_2591 1112 2111 58.66 58985411 

c2_2653 1211 1111 59.22 58737722 

c2_20803 2211 2111 60.46 60987055 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_46520 1211 1111 60.53 59974416 

c2_53347 1211 1111 61.05 60027044 

c2_43926 2211 2111 61.71 60887937 

c2_35518 1211 1111 61.92 60512580 

c2_35520 1211 1111 62.08 60513299 

c2_46521 2211 2111 62.22 59974382 

c2_35503 2111 2111 63.02 60414182 

c2_35480 2111 1121 63.31 60259084 

c2_45301 2111 1111 63.44 59364003 

c1_12106 1121 1111 66.26 62802774 

c2_20798 2111 1111 66.75 60951473 

c1_12118 2111 1121 67.20 62612685 

c2_20895 2111 1111 67.63 61326558 

c2_32359 1122 1111 67.63 63208319 

c2_32367 1121 1111 68.71 63183063 

c2_38404 2121 1111 68.82 62148278 

c2_38405 2121 1111 69.31 62145049 

c2_38428 2121 1111 69.44 62058760 

c2_40955 2112 2111 70.42 63874694 

c2_40954 1121 1111 70.60 63756796 

c1_9676 1211 1222 70.80 63469625 

c2_13681 1111 1121 72.39 65036884 

c2_13671 2211 1111 75.54 65062749 

c2_14493 2211 1111 76.03 65782960 

c2_13675 1112 2111 77.18 65036893 

c1_5714 2211 1111 77.29 9609799 

c2_37565 1221 1112 79.01 66307717 

c2_37566 1221 1112 79.01 66307770 

c1_4415 2111 1111 79.05 65036884 

c2_14595 1221 1112 79.26 66307770 

c2_20530 1211 1112 81.16 67308504 

c1_5150 1211 1111 81.97 66675618 

c2_20521 1112 2211 82.72 67293176 

c2_53381 1111 1221 82.85 70372129 

c1_4745 2112 2111 82.87 66093982 

c2_58099 1121 1112 83.37 NM 

c2_37575 1121 1112 83.43 66552387 

c1_5145 1121 1112 83.68 66903971 

c2_14580 1121 1111 83.76 66218939 

c1_4763 1121 1221 84.23 66376215 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_14616 1121 1111 84.68 66427942 

c1_3863 2111 1221 84.76 71009786 

c2_12126 2111 1221 85.06 71450692 

c2_47313 1111 1121 85.78 68670749 

c2_20517 1122 2211 85.84 67279544 

c2_14589 1121 1121 86.94 66283056 

c2_14623 1121 1121 87.26 66431307 

c2_20506 1121 1211 87.49 67223718 

c2_20502 1111 1211 87.76 67221911 

c2_20508 1121 1111 87.87 67224536 

c1_14044 2211 1112 87.89 68529707 

c2_20505 1121 1211 87.96 67223465 

c2_13766 1121 1211 88.80 67896790 

c1_6485 1212 1112 89.96 67136074 

c2_20500 1121 1111 90.18 67211029 

c2_51057 1121 2211 91.30 68950624 

c2_12076 1112 1111 92.56 71090764 

c1_3844 1112 1111 92.86 71088529 

c1_6518 1121 2221 93.28 67605501 

c2_52484 2212 1112 93.28 68069876 

c1_11769 1212 1112 94.32 69200171 

c2_12123 1211 1122 95.11 71450058 

c2_17592 1212 1112 95.37 69809843 

c2_12106 1211 1122 95.64 71298295 

c2_39834 2121 2111 96.11 69381132 

c1_6501 1111 2111 97.37 67459462 

c2_17530 2121 2111 97.99 69918804 

c2_17531 2121 2111 98.28 70016241 

c1_5759 2121 2111 98.63 69917893 

c1_3850 1211 1112 98.90 72111134 

c2_17191 1212 1112 99.22 70474651 

c1_5653 1212 1112 99.35 70697501 

c2_17192 1122 2111 99.40 70472766 

c1_3876 1212 1112 99.40 71278355 

c2_17537 2121 2111 99.66 70097516 

c1_3867 1122 2111 99.92 71239398 

c1_15580 2121 2111 100.42 70341095 

c1_15579 2121 2111 100.64 70341065 

c2_12124 1122 2111 101.44 71450067 

c1_3894 1122 2111 101.63 71421420 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_55723 1121 2211 101.80 28749014 

c2_31821 1122 1111 103.75 72531363 

c1_14089 1211 1112 104.91 73706321 

c1_4604 2112 1211 106.64 74257861 

c1_4617 1112 2111 107.29 74355334 

c2_16369 1111 2112 107.36 75163958 

c1_4622 2112 1211 107.68 74360132 

c1_4666 1211 1112 107.94 74741574 

c1_5254 1211 2112 107.95 75045959 

c1_14931 1211 2112 107.96 75007219 

c2_14366 2111 1211 108.77 74688218 

c1_5286 2211 1211 109.66 75477670 

c2_58375 1112 1111 110.07 76242413 

c1_5295 1112 2111 111.76 75079617 

c1_573 1121 1221 114.46 76465282 

c2_2201 1111 2111 114.46 77738822 

c2_2424 1211 1112 114.75 76960016 

c1_641 1111 2111 114.81 76511247 

c2_2421 1111 2111 114.95 76957665 

c2_2509 1212 1112 114.97 76406645 

c2_2423 1111 2111 115.14 76958577 

c2_2400 1122 1221 116.20 76920170 

c2_2420 1122 1221 116.45 76952905 

c1_730 1122 2211 116.46 77353237 

c1_683 1122 1221 116.53 76615839 

c2_2551 2211 1112 116.70 77488165 

c1_711 2211 1112 116.77 77207561 

c1_758 1211 1112 116.90 77526828 

c2_2508 2211 1112 116.97 77353150 

c2_2571 2211 1122 117.15 77596089 

c2_2464 2211 1112 117.22 77190791 

c1_601 1122 1221 117.80 78168130 

c1_607 2211 1112 118.05 78176186 

c2_50483 2211 1112 118.17 78757227 

c1_15872 2211 1112 118.38 78928270 

c2_50486 2211 1112 118.42 78756700 

c2_2354 2211 1112 118.51 78430645 

c2_50502 2211 1112 119.68 78809481 

c1_2535 2121 2211 119.79 79784789 

c1_2520 2121 2211 120.24 79487385 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_7245 2121 2211 120.27 79679333 

c2_7241 1212 1122 120.35 79678700 

c2_7246 2121 2211 120.78 79679819 

c2_7007 1211 1112 121.58 79083750 

c1_16435 2111 1111 121.97 76304506 

c2_7328 1112 1211 122.09 79955869 

c2_6990 1211 1112 122.50 80077322 

c1_1838 1112 1211 123.03 80560392 

c2_2322 2111 1111 123.15 76346480 

c2_9728 1112 1211 123.66 80833304 

c2_2427 2111 1111 123.88 76960244 

c2_9925 1211 1112 125.39 81410256 

c1_15123 1211 1112 129.00 82424459 

c1_1645 1211 1112 131.13 82954172 

c1_1653 1211 1112 131.61 83012088 

c2_37794 1111 1211 133.33 87600773 

c2_4887 2111 2111 134.19 83187304 

c1_1591 1122 1111 134.68 84026698 

c1_2519 2111 1111 134.70 79487269 

c2_4799 2111 2111 134.72 82927841 

c1_23 1211 1112 134.79 85244059 

c2_37872 1111 1211 134.88 87733935 

c2_31041 1111 1211 135.18 87973310 

c2_4715 1122 1111 135.31 84219154 

c2_4908 2111 2111 135.63 83419031 

c2_4614 1211 1122 135.88 83843357 

c2_36577 1122 1111 136.33 84401586 

c2_34548 1122 1111 136.64 84727196 

c2_53077 1211 1112 136.70 85897859 

c2_4689 2111 2211 136.77 NM 

c1_9416 1111 1211 136.91 87834851 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_36579 1122 1111 137.82 84405463 

c2_49918 1211 1112 138.04 86090282 

c2_4692 1211 1122 138.05 84163383 

c2_9723 2111 1111 138.55 80833816 

c2_4754 2111 1111 138.84 82787205 

c2_49906 1211 1112 139.12 86153316 

c2_14839 1211 1112 139.57 86328884 

c2_14707 1211 1112 139.74 86355313 

c1_3273 2111 1111 139.81 81750832 

c1_3234 2111 1111 139.94 81927446 

c2_14730 1211 1112 139.96 86441457 

c2_4709 2111 1211 140.16 84214632 

c2_4702 2111 1211 140.84 84208108 

c1_9413 1211 1212 140.90 88294149 

c2_30973 1211 1212 141.28 88322772 

c2_49905 1211 2122 142.51 86153327 

c1_9428 1211 1112 142.55 87944567 

c1_11288 1211 1212 143.08 87558284 

c2_31066 1212 1212 143.19 88535784 

c1_9392 1211 1112 143.22 88434918 

c1_9386 1211 1112 143.29 88471573 

c2_30963 2121 2111 143.35 88362869 

c2_30960 1211 1112 143.44 88451543 

c1_9385 1211 1112 143.75 88583876 

c1_9411 1211 1112 143.77 88294281 

c2_30959 1211 1112 143.77 88451740 

c2_42 2111 1211 144.01 85466533 

c1_9406 1211 1112 144.17 88347389 

c2_37836 2122 2111 148.86 87392925 
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1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 2: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_35702 1112 2122 0.00 47327523 

c2_47211 2221 1211 0.53 46940897 

c2_38552 1111 2121 3.71 47627484 

c2_38553 1112 1211 6.78 47627520 

c2_35690 1112 1111 10.41 47324335 

c2_35795 1112 1111 11.89 47200650 

c2_47163 1111 2121 12.09 47119850 

c2_47201 2121 1112 12.14 NM6 

c2_15018 1221 1212 15.63 45618397 

c1_7872 1221 1112 15.64 46195203 

c2_15046 1121 1212 15.69 45652911 

c2_15040 1112 2111 16.11 45649739 

c1_5922 1211 1111 16.14 47734854 

c1_7848 1221 1112 16.31 46291602 

c1_4873 1221 1112 16.81 45744472 

c1_7871 1221 1112 16.87 46195322 

c2_38550 1211 1111 16.96 47627217 

c1_7867 1221 1112 17.13 46196337 

c2_14989 2112 2121 17.18 45461381 

c2_15042 2111 1121 17.22 45652453 

c2_14981 1221 1212 17.23 45458750 

c1_4849 1221 1212 17.60 45619058 

c1_12509 1221 1112 17.73 45147257 

c2_15021 2112 2121 17.88 45618817 

c2_42570 1221 1112 18.15 45147540 

c2_14985 1221 1212 18.16 45460986 

c2_35686 1121 1112 18.40 47324048 

c1_5908 2111 1111 19.27 47995191 

c2_35700 2111 1111 19.50 47326606 

c2_35687 1121 1112 19.71 47324196 

c1_5931 2111 1111 19.76 48498156 

c2_15044 2111 1121 19.82 45652664 

c2_47202 1121 1112 20.18 47142731 

c1_10607 1121 1112 20.27 47182735 

c1_4847 1211 1211 20.92 45616777 

c2_47195 1211 1111 21.88 47137190 

c2_15065 2111 1111 22.33 45694416 

c2_15253 1211 1111 22.45 46086915 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c1_7868 1211 1111 22.59 46196271 

c1_7876 1121 1112 22.93 46190640 

c1_7873 1211 1111 23.40 46195190 

c1_4881 2211 1111 23.78 45756358 

c1_4859 1121 1112 24.98 45695417 

c1_4885 1121 1112 25.13 45788038 

c1_12771 1121 1212 25.60 44810486 

c1_12508 1121 1112 26.15 45148084 

c2_43408 2211 1111 26.25 44944694 

c2_15047 2211 1121 26.28 45652977 

c2_43347 1211 1111 26.43 44773949 

c1_964 1121 1112 26.55 44471630 

c2_43352 1121 1112 26.76 44773069 

c1_8490 1121 1112 26.95 44698431 

c2_27218 2111 1211 30.59 43809958 

c2_27271 2121 1122 30.73 44458744 

c2_27270 2111 1111 31.09 44458261 

c2_22894 2112 2211 31.23 42660643 

c1_7342 1221 1122 31.57 42645671 

c2_27269 2111 1111 31.65 44458217 

c1_7281 1211 1111 33.10 43112392 

c2_7631 1221 1112 33.83 41637553 

c2_7506 1221 2211 33.88 41047745 

c1_7268 1212 2111 34.50 43283777 

c1_7267 1121 1112 35.31 43166698 

c2_7426 1211 1111 35.78 42180125 

c1_2632 1121 1122 36.86 41745346 

c2_7555 1121 1122 37.00 41356869 

c1_7915 1211 1111 37.26 40767958 

c1_2658 1121 1122 37.32 41911481 

c1_7964 1211 1111 37.49 40295082 

c1_2587 1121 1122 37.54 42179952 

c2_7423 2111 1111 37.57 42178564 

c1_2655 1121 1122 37.67 41911010 

c1_2656 1121 1122 37.72 41911252 

c2_52087 1121 1112 37.84 42432523 

c2_54104 1121 1112 37.88 42378785 

c2_7501 1211 1111 38.45 40989011 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_7401 1121 1122 38.47 42082955 

c2_7422 2121 1122 39.27 42178510 

c1_8125 1121 1112 39.36 39969910 

c2_7425 1112 2111 39.36 42179071 

c2_7558 1121 1122 39.48 41357618 

c2_7559 1121 1122 39.62 41357648 

c2_7602 1121 1112 40.05 41510054 

c1_2630 1121 1112 40.11 41745189 

c1_8127 1112 2111 40.16 46264825 

c2_25897 1112 2111 40.30 40132605 

c1_8113 1112 2111 40.41 39934251 

c1_2661 1121 1112 40.46 41911640 

c2_25179 1211 1211 40.51 40294533 

c2_25892 1112 2111 40.64 NM6 

c1_7325 1211 1121 41.81 42764457 

c1_8091 2111 1111 42.03 39718023 

c1_7948 1121 1112 42.08 40564885 

c2_57421 1111 1121 42.09 42320746 

c2_7539 1121 1112 42.32 41110884 

c2_22853 1211 1121 42.45 42733475 

c2_7549 1211 1121 43.37 41348074 

c1_7346 1211 1121 43.37 42597150 

c2_25896 2121 1122 43.41 40132479 

c2_22919 1211 1121 43.46 42536778 

c1_8118 2121 1122 44.05 39940755 

c2_40635 2212 2111 44.14 39073504 

c2_40636 2111 1111 44.27 39073567 

c2_40637 2111 1111 44.71 39073604 

c2_25891 2121 1112 45.01 40043592 

c1_8129 1121 1112 45.60 40133029 

c1_11972 2121 1122 46.15 39062507 

c2_53035 2111 1211 46.76 38688398 

c1_12386 1112 2111 47.12 37411847 

c2_25766 2121 1112 47.26 39593338 

c2_42127 2121 1112 47.57 39369313 

c2_42128 2121 1112 47.61 39369457 

c1_11955 2111 1111 47.66 38837610 

c2_42126 2121 1112 47.71 39369211 

c2_42085 1121 1112 48.14 39228023 

c1_10492 1212 2211 48.63 37890658 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c1_12377 2121 1122 48.82 37341815 

c1_16171 2111 1111 49.01 37474969 

c1_15466 2121 1122 49.01 38386350 

c1_10491 1212 2211 49.04 37903454 

c1_10494 1211 1211 49.35 37846065 

c2_50391 1112 2111 49.37 35579208 

c2_55632 1212 2211 49.51 37474756 

c2_53036 2111 1111 49.56 38688295 

c1_16170 1212 2211 49.70 37474663 

c1_12373 2121 1122 49.86 37530501 

c1_12375 2121 1122 49.92 37530951 

c2_53034 2121 1112 50.06 38688454 

c2_42244 2211 1211 50.68 37369714 

c1_12382 2111 1111 50.70 37654538 

c2_35113 2121 1112 50.74 38121256 

c2_27433 1112 2111 50.81 35990827 

c1_5837 1112 2111 50.82 36837559 

c2_17954 1212 2211 50.89 36329310 

c2_17926 1212 2211 51.07 36365601 

c2_53032 1121 1112 51.20 38693442 

c2_17935 2121 1122 51.43 36364709 

c2_17930 1212 2211 51.43 36365001 

c2_17896 2121 1122 51.43 36455707 

c1_5881 2111 1111 51.47 36868741 

c2_17921 2121 1122 51.52 36375306 

c1_16250 1121 1112 51.57 38619974 

c2_17809 2111 1111 51.58 36799197 

c2_17914 2121 1122 51.78 36422460 

c2_17807 2121 1122 51.81 36801968 

c2_17898 1121 1122 51.84 36455503 

c2_42169 2121 1112 51.88 37438491 

c2_17925 2121 1122 51.91 36365652 

c2_27437 1112 2111 52.07 36019372 

c1_16731 2111 1111 52.17 36878810 

c2_17899 2111 1121 52.36 36455254 

c1_14823 1212 2111 52.54 35675019 

c2_17900 2111 1121 52.74 36455167 

c2_17922 2111 1111 52.85 36374698 

c2_50570 1112 2111 53.01 35399277 

c1_12381 1121 1112 53.13 37622394 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_35212 1221 1212 53.55 37830883 

c2_42219 1121 1112 53.65 37577586 

c2_40155 2121 1122 53.72 35112246 

c1_16727 1121 1112 54.77 36879127 

c2_27439 2211 1211 54.84 36020505 

c1_11892 2111 1111 54.88 34928666 

c2_17927 1121 1112 55.02 36365433 

c1_5871 1112 2111 55.06 36330134 

c2_17933 1121 1112 55.33 36364840 

c2_17795 1121 1112 55.34 36842663 

c1_12257 1121 1122 55.67 34211649 

c2_50415 1121 1112 56.02 35600538 

c2_40167 1121 1112 57.68 35183791 

c1_9944 1121 1112 57.72 34461501 

c2_17858 1111 1211 58.05 36599213 

c2_44777 2121 1122 58.21 32670900 

c2_48783 1121 1112 59.47 33667519 

c1_4192 2121 1112 59.55 33204519 

c1_14419 1121 1112 59.65 33798618 

c2_44776 2121 1112 59.70 32669950 

c2_44774 2121 1112 59.78 32668601 

c2_13023 2111 1111 59.81 33162240 

c1_13187 2121 1112 59.86 32669719 

c2_44768 1121 1112 60.57 32806337 

c1_13189 1121 1112 60.63 32670575 

c1_13186 1121 1112 60.67 32669674 

c1_15178 1121 1112 60.68 33276009 

c2_44779 1121 1112 60.71 32671241 

c2_44788 1121 1112 61.03 32611745 

c2_13060 2111 1111 61.41 32995217 

c1_11581 1121 1112 61.90 32220107 

c1_13887 2111 1111 62.03 32451482 

c1_11596 1121 1112 62.13 32042979 

c1_13240 1121 1112 62.68 31839875 

c2_50405 1111 1211 63.33 35657856 

c2_39178 2112 1111 64.95 32148414 

c2_23150 1112 1111 65.37 30597355 

c2_44982 1211 1111 65.69 31885152 

c2_40169 1111 1211 65.72 35186249 

c2_41533 1121 1112 66.91 31350143 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_50886 1111 2111 67.11 22975919 

c2_23192 1121 1112 67.62 31060140 

c1_13920 1121 1112 67.83 30142847 

c1_5091 1111 1121 67.92 28831038 

c1_12169 1221 1112 67.96 31520933 

c2_54789 1121 1112 68.20 30123011 

c2_46915 1121 1112 68.24 29955410 

c1_13910 1121 1112 68.66 29990972 

c2_46908 2211 1221 68.93 29929772 

c2_46903 1121 1112 69.07 29922614 

c2_38952 1111 1121 69.45 28230212 

c1_11556 1111 1121 69.58 28040094 

c1_7469 1121 1122 69.60 30364307 

c2_23139 1121 1122 69.82 30534382 

c1_7430 1121 1122 70.16 30480670 

c1_13929 2211 1211 70.31 29929027 

c2_15749 2111 1111 70.40 28938773 

c2_48198 1221 1112 70.56 29136168 

c2_51113 1121 1122 70.60 29665074 

c2_51115 1121 1122 70.79 29665296 

c1_14281 1121 1112 70.94 29135913 

c2_57789 1211 1111 71.15 30266494 

c2_48193 1121 1112 71.26 29137011 

c1_14293 1121 1122 71.74 29163404 

c1_14280 2211 2111 73.46 29135932 

c2_48195 2211 2111 73.84 29136866 

c1_12339 1121 1222 74.02 27411239 

c2_38932 1121 1112 74.40 27880249 

c1_11552 1121 1112 74.49 27882300 

c2_42058 1121 1112 74.95 27676729 

c2_39155 2211 2211 75.10 29312995 

c2_42059 1112 2111 75.27 27676733 

c1_5088 2211 1211 75.29 28832309 

c1_11553 1112 2111 75.75 27857419 

c1_12310 1121 1122 76.00 27553265 

c2_38938 2211 2111 76.20 27859923 

c1_11544 2111 1111 76.36 27982808 

c1_12345 2112 2111 76.41 27412222 

c2_42036 2111 1111 76.46 27674891 

c2_54094 1121 1121 76.87 27290595 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c1_12354 2112 2111 77.16 27419948 

c1_15739 1121 1111 77.42 27331134 

c2_45322 1121 1121 77.70 27099641 

c1_13472 1121 1111 77.77 27031109 

c2_52135 2211 2111 78.38 28112404 

c2_30799 1121 1111 78.51 26650777 

c2_45310 1122 2112 79.61 27088040 

c1_11554 1211 1111 79.98 27857415 

c1_12320 2111 1111 80.10 27375174 

c1_9374 1211 1111 80.26 26897444 

c2_21650 1121 1111 80.41 25562876 

c1_6825 1121 1111 80.50 25514625 

c2_38704 1221 1111 80.79 26025648 

c2_45308 1112 2122 80.89 27086756 

c1_11498 1221 1111 80.95 25936087 

c1_15404 1121 1111 81.00 24858189 

c2_21745 2111 1111 81.80 25726378 

c1_11494 1211 1111 82.49 26262335 

c2_21661 2111 1111 82.68 25508015 

c1_12305 1211 1211 82.97 27459050 

c2_21646 2111 1111 83.00 25564066 

c1_11491 1112 1211 83.47 26158341 

c2_21746 2111 1111 83.48 25072603 

c2_38721 1111 2111 83.58 26199529 

c1_11121 1121 1111 83.66 23799708 

c2_45323 1221 1211 83.80 27099743 

c2_45392 1211 1211 83.91 27052877 

c1_11502 1211 1111 84.36 25934916 

c2_21752 2211 1111 84.71 25050263 

c1_6816 1111 2111 84.80 25612912 

c2_21759 2221 1112 85.22 25003703 

c1_6841 2221 1112 85.24 25051954 

c2_52630 1112 1211 85.56 24910452 

c2_21682 2111 1122 85.69 25478266 

c2_37256 2111 1111 86.03 23729213 

c2_53818 2111 1112 86.26 24744980 

c2_21722 1111 2111 86.45 25322260 

c2_17494 1121 1111 86.56 20848347 

c2_52626 1211 1111 86.57 24826032 

c2_33973 2111 1112 87.08 24187753 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_33993 2111 1112 87.13 24184641 

c2_33996 2111 1112 87.14 24149038 

c2_21721 2111 2122 87.47 25322287 

c2_32400 2111 1112 87.55 22419484 

c1_9695 2111 1112 87.76 22600527 

c2_50885 2111 1112 87.78 22810921 

c2_32417 2111 1112 88.01 22604793 

c2_32414 1211 1111 88.21 22602048 

c1_11122 1112 1211 88.43 23799702 

c2_39677 1112 1211 88.94 23550242 

c2_39705 1112 1211 89.11 23426000 

c2_37249 1112 2221 89.18 23800361 

c2_17489 1211 1111 89.66 20838296 

c2_32421 1221 1111 90.50 22621454 

c1_9129 1211 1111 90.56 19221607 

c2_41140 1121 1111 91.33 17746592 

c1_15330 2211 1111 91.98 21613048 

c1_11123 2112 1121 91.99 23799665 

c1_11344 1112 1211 92.17 21725617 

c2_16348 1111 1121 92.26 14356660 

c1_11120 2112 1212 92.28 23799767 

c2_17415 2111 1111 92.57 20497672 

c2_40336 1211 2111 92.62 21205475 

c2_57028 2111 1111 93.18 15869417 

c2_17425 2111 2112 93.63 20681191 

c2_38022 2112 1211 93.76 22006899 

c2_55863 1211 2111 93.81 19963833 

c2_30911 2111 1111 93.86 16229386 

c2_32413 1221 1212 94.07 22601132 

c2_32440 2112 2121 94.07 22737101 

c1_9696 1221 2121 94.35 22600985 

c2_32381 2112 1212 94.48 22393286 

c1_5224 2111 1111 94.57 14833968 

c2_17428 1112 1211 94.58 20681320 

c2_17387 1112 1111 94.75 20193466 

c1_9660 1121 1111 94.97 14101699 

c2_16349 1121 1111 95.11 14356715 

c2_47096 2111 1112 95.32 16846746 

c2_30164 1111 1211 95.59 19580609 

c1_9655 1121 1111 95.61 13919046 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_785 1111 1211 95.99 11020073 

c2_2916 1211 1111 96.03 17173353 

c1_15873 1111 1211 96.13 9296652 

c1_237 1121 1111 96.64 11581186 

c1_5732 1111 2111 96.68 20476838 

c2_41875 2111 1122 96.96 15518723 

c2_811 2111 2112 97.17 12644320 

c2_17400 1121 2211 97.22 20235232 

c1_9120 1112 2112 97.29 18883765 

c1_15971 1112 1222 97.42 18501616 

c2_41887 1112 1211 97.48 15292958 

c2_30160 1221 1111 97.63 19538764 

c1_14142 1111 2111 97.77 19911208 

c2_14657 1121 1111 97.96 8635238 

c1_4794 1121 1111 98.03 8701723 

c1_868 1111 2111 98.11 17236308 

c2_791 2111 2112 98.37 12949976 

c2_16362 2111 2112 98.59 15157259 

c2_30162 1221 2111 98.59 19538859 

c2_30937 1112 2111 98.60 16050745 

c1_15975 1111 2111 98.65 18499853 

c2_30156 1111 2111 98.69 19537381 

c1_16708 1111 2211 99.08 20355744 

c2_11587 1121 1111 99.19 6088197 

c2_16335 2111 1122 99.28 14506693 

c2_32252 2211 1122 99.40 13697157 

c2_2943 1112 1111 99.41 17206059 

c1_15974 1221 2111 99.52 18501334 

c2_41124 1221 2111 99.78 17834472 

c1_15973 1112 2112 99.89 18501382 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

c2_32257 2121 1122 100.11 13803194 

c2_55656 1211 1111 100.17 13235495 

c2_803 1122 2111 100.21 13572207 

c2_806 1222 2111 100.29 13566872 

c2_32239 1212 2111 100.35 14041901 

c2_736 1122 2111 100.41 12188316 

c2_32244 1122 2211 100.48 13688306 

c2_32237 1112 2111 100.53 13957845 

c2_41108 2112 1122 100.62 18042076 

c2_30946 1212 2111 100.65 15929182 

c2_30952 1112 1111 100.87 15747087 

c2_32254 1122 2111 100.92 13697523 

c2_765 1122 2111 100.97 11867942 

c1_233 1112 2111 101.41 12004053 

c1_239 1112 2111 101.77 11364732 

c2_784 1112 2211 102.35 11058949 

c2_46464 1112 2111 102.76 9766840 

c2_14648 1112 2211 102.97 8799527 

c2_14645 1112 2111 103.28 9338337 

c1_4789 2211 1211 103.67 9329409 

c2_805 2211 1122 103.94 13566944 

c1_1504 1112 1221 105.57 4479389 

c1_3746 1112 1221 105.77 7050595 

c2_48725 1112 1221 105.80 5510774 

c2_16329 1111 1211 106.31 14506341 

c2_20445 1112 1111 107.28 2060425 

c1_3753 1112 1111 107.92 6891436 

c1_6465 1112 1111 108.15 3616437 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 3:  

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_52813 1212 1112 0.00 1611409 

C2_36228 2111 1111 2.41 468838 

C2_36231 1121 1111 4.11 419123 

C1_12825 1212 1112 4.74 872029 

C2_54288 1212 1112 7.20 1269875 

C2_36264 1222 1112 7.25 366332 

C2_52806 1212 1112 7.68 1541622 

C2_43470 1212 1112 7.85 659121 

C1_12821 1121 1111 8.50 859369 

C2_52809 1212 1112 9.40 1575045 

C1_15783 1121 1111 10.23 1276863 

C2_54290 1121 1111 10.51 1272794 

C2_54286 1121 1111 10.93 1267563 

C1_14813 1212 1112 11.79 2565354 

C2_52811 1212 2112 13.29 1580212 

C1_15839 1121 1111 16.74 2390429 

C2_16680 1212 1112 17.41 3014625 

C2_16675 1212 1112 17.88 3015066 

C1_5365 2111 1111 17.93 3779370 

C1_5388 1212 1112 18.06 3161621 

C2_16681 2212 1112 18.35 3014454 

C2_16679 1212 1112 18.45 3014691 

C1_8970 1211 1121 18.49 5430309 

C2_16567 1121 1111 20.64 3673234 

C2_53606 2111 2121 20.88 6354080 

C1_13059 2111 2111 21.79 4234685 

C1_12180 2111 1111 22.98 4432953 

C2_5263 1112 1212 23.07 7105688 

C2_16682 1121 1221 23.14 3014439 

C2_29438 2111 1111 23.14 5580782 

C2_16678 1121 1221 23.24 3014811 

C2_16676 1121 1221 23.95 3014973 

C2_16677 1121 1221 24.06 3014826 

C1_2039 2211 1121 24.13 10245644 

C2_29446 2111 1111 24.21 5574752 

C1_8969 2111 1111 24.31 5430320 

C2_5256 1112 1212 24.31 7217277 

C2_54530 2211 1121 24.39 9358570 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_29441 2111 2111 24.76 5580430 

C2_41056 1221 2111 25.23 32828579 

C2_38515 2111 1111 26.00 9163294 

C2_57008 1211 1111 26.34 39609184 

C2_644 1112 1212 27.23 18972218 

C2_5235 2111 2111 27.30 7289647 

C1_13652 1112 1212 27.35 32080786 

C1_1908 2111 1111 27.41 8219311 

C1_1909 2111 1111 27.42 8177658 

C1_15829 1112 1212 27.47 14646478 

C2_5236 2111 1111 27.49 7289267 

C1_11202 1112 1212 27.73 13929679 

C2_36018 1112 1212 27.86 17013558 

C1_11985 1112 1212 27.97 13104179 

C2_56077 1112 1212 28.04 17198119 

C1_171 1112 1212 28.06 19105081 

C1_10737 1112 1212 28.12 16887518 

C2_646 1112 1212 28.14 18855669 

C1_13651 1112 1212 28.32 32161262 

C2_37414 1112 1212 28.37 14139961 

C2_35552 1112 1212 28.39 13584242 

C1_11840 1112 1212 28.44 14979685 

C2_52467 1121 1221 28.72 4670814 

C1_4774 2111 1111 28.74 31363467 

C1_4781 2111 1111 28.76 31011140 

C2_41061 1112 1212 28.91 32759308 

C1_4688 2111 1111 29.03 25739578 

C1_2038 2111 1111 29.45 10245695 

C1_4779 2111 1111 29.47 31023949 

C2_41071 1112 1212 29.86 32950171 

C1_3663 2111 1111 30.03 22982620 

C1_197 2111 1111 30.06 20633625 

C2_36017 2112 1212 30.65 16988929 

C1_3346 2112 1212 30.75 15243506 

C1_3347 1221 2121 30.75 16008414 

C2_35563 2112 1212 30.87 13505833 

C1_11196 2112 1212 30.88 13872519 

C1_11979 2112 1212 31.03 12886399 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_11272 1221 2121 31.08 22942919 

C1_167 2112 1212 31.27 19813675 

C2_35551 2111 1111 31.31 13585654 

C1_156 1221 2121 31.31 20183296 

C1_10743 1221 2121 31.52 16989140 

C2_5267 1121 1111 31.63 7105399 

C1_14973 2221 2111 31.63 33464174 

C2_11260 1221 2121 31.66 23462197 

C2_41163 1221 2121 31.69 31745504 

C1_10725 1121 1111 31.82 16833849 

C2_11270 1211 2121 31.94 22942960 

C2_37411 2111 1111 31.95 13982016 

C1_16267 1121 1111 32.44 17239217 

C2_37431 2111 1111 32.69 14203339 

C2_10087 2112 1212 32.76 15355001 

C1_3662 1121 1111 33.05 22982837 

C2_28984 1221 2111 33.32 33034119 

C1_10738 2111 1111 33.42 16913527 

C2_43267 1221 2111 33.43 34373409 

C2_11271 1121 1111 33.50 22942945 

C1_12749 1221 2111 34.06 34638581 

C2_35332 2211 1111 34.17 35939787 

C1_13782 2111 1111 34.21 33836905 

C2_30741 1221 2111 34.52 36334363 

C2_35358 2111 1111 34.65 35991675 

C2_30730 1221 2111 35.67 36484535 

C1_9292 2111 1111 36.21 36528674 

C1_8974 1111 1121 36.46 5657114 

C2_35553 1111 2111 36.47 13562131 

C1_8968 1111 1121 36.64 5430430 

C2_52496 1221 2111 36.73 37489785 

C2_49976 1221 2111 36.96 37167370 

C2_49970 1221 2111 37.00 37121012 

C2_57012 1221 2111 37.49 36939832 

C2_55729 1221 2111 37.59 36920317 

C1_10881 2111 1111 38.66 38183853 

C2_52495 1112 1222 38.76 37489792 

C2_48381 1221 1121 39.07 39198462 

C2_35354 1211 1111 39.88 36000658 

C2_43258 1211 1111 39.94 34433739 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_48372 1221 2121 40.45 39255217 

C2_48371 1221 2121 40.59 39255236 

C1_11339 2112 1212 41.42 40339071 

C2_37982 1112 1212 41.72 40248445 

C2_48359 1112 1212 41.78 39259070 

C2_48365 1112 1212 42.24 39257459 

C2_30200 1111 1121 42.47 42485437 

C1_7139 2111 1212 42.98 37699819 

C2_48361 2111 1111 43.12 39258996 

C2_37988 2111 1111 43.64 40261626 

C1_14315 1121 1121 43.91 39258166 

C2_37991 2111 1111 44.08 40295978 

C1_10510 2111 1111 45.75 40879777 

C2_48388 1121 1122 46.98 39313859 

C1_10514 1121 1122 47.10 40768867 

C1_6853 1112 2211 47.34 42154551 

C2_48378 1111 2111 47.45 39198646 

C1_6864 1112 2211 47.87 42289087 

C2_42312 1111 2111 48.13 41530089 

C2_48366 1211 1111 48.26 39257411 

C1_10519 1121 1122 48.29 41056491 

C1_6869 1112 2211 48.51 41992129 

C1_14316 1211 1111 48.69 39221780 

C2_42308 1121 1122 49.04 41507559 

C2_42299 1121 1122 49.34 41464792 

C2_48387 1211 2111 49.44 39314312 

C1_9153 1112 1211 50.07 42943917 

C2_57360 2211 1111 50.53 41778945 

C1_4444 1111 1211 50.97 43602976 

C1_9144 2111 1111 51.11 42734504 

C2_42306 2211 2111 51.80 41324382 

C2_13818 2111 1111 51.91 43631297 

C1_7882 2211 2111 52.28 41651732 

C2_42313 1211 2111 52.52 41580211 

C1_13843 1121 1122 52.90 43469293 

C2_46592 2121 1122 53.20 43224595 

C2_46605 2121 1122 53.37 43497910 

C2_45699 2121 1122 53.43 43326576 

C1_13506 1212 2211 53.73 43938298 

C2_55283 1111 1211 54.20 45388663 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_17567 2111 1111 54.31 44109037 

C2_17581 1212 2211 54.34 44090353 

C2_20347 2121 1122 54.49 44336061 

C1_9141 1211 1111 55.17 42570907 

C2_52371 1211 1111 55.30 42321222 

C2_46603 1212 2111 55.44 43498325 

C2_13825 2121 1211 55.48 43632258 

C1_6385 2111 1111 55.63 44907247 

C1_6875 1211 1111 55.79 41994529 

C1_16094 1121 1122 56.01 44510670 

C1_6355 2111 1111 56.06 44752567 

C2_13821 1212 2111 56.18 43631694 

C2_55465 1121 1122 56.25 44517478 

C2_13811 1212 2111 56.79 43573501 

C2_46604 2111 1211 57.02 43497970 

C2_55280 1212 2111 57.02 45386311 

C1_3637 1111 2111 57.28 46475610 

C2_45698 1211 2111 57.50 43326301 

C1_6349 2111 1111 57.52 44675684 

C2_55471 2111 1111 57.64 44512686 

C1_6425 1212 2111 59.12 45121807 

C2_57860 1111 1211 59.16 46423001 

C2_2137 2111 1211 59.20 46265419 

C1_6398 1121 1122 59.33 45002749 

C2_57864 1111 2111 59.34 46423292 

C2_55281 1121 1122 59.43 45386371 

C1_6411 1121 1122 59.66 45061263 

C2_20433 1212 2111 59.88 45302180 

C2_55284 1212 2111 59.89 45388822 

C2_55285 1212 2111 59.93 45388939 

C1_8069 2111 1122 60.09 45478753 

C1_8997 1111 2211 60.37 47331257 

C1_8059 1121 1122 60.43 45686390 

C2_2138 1212 2111 60.70 46265431 

C2_11224 1212 2111 60.71 46481324 

C1_9025 1111 2111 61.26 46923611 

C2_29644 2111 1111 61.30 47075848 

C1_8999 2111 1111 61.85 47328468 

C2_25662 1212 2111 61.93 45979293 

C2_20164 1111 2211 61.96 48882551 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_3639 1121 1122 62.71 46475184 

C1_8036 2111 1222 62.79 45805462 

C2_11211 1121 1122 62.99 46528226 

C2_29639 1111 2111 63.06 47076714 

C2_25560 1212 1111 63.09 45904981 

C1_9014 1212 2111 63.41 47073242 

C2_57865 1212 1111 64.01 46423346 

C2_29643 1212 2111 64.14 47076266 

C2_20179 1111 2211 64.36 48943944 

C2_55756 1111 1112 64.53 49685918 

C2_20069 2111 1111 64.66 48471111 

C2_29642 1212 1111 64.76 47076475 

C2_20170 1111 1122 64.77 48911771 

C2_29513 1121 1122 65.33 47493308 

C1_3638 1222 2111 65.85 46475259 

C1_6332 1111 2211 65.89 49245954 

C2_20089 2111 1111 66.11 48526187 

C2_45914 1111 2111 66.29 47769763 

C2_48529 1212 2211 67.15 48343451 

C2_20130 2111 1111 67.15 48762324 

C2_20077 1212 2211 67.46 48482692 

C1_6318 2111 1111 68.11 48856757 

C2_53699 1111 2111 68.53 48017163 

C1_6308 1212 1111 68.77 48746307 

C2_20129 1121 1122 69.11 48762278 

C1_6298 1121 1122 69.14 48470944 

C2_20284 1111 1211 69.34 49393264 

C2_20178 1212 1111 69.51 48943709 

C2_20175 1212 1111 69.61 48939759 

C1_6334 2111 1111 70.55 49314386 

C2_1545 2211 1111 71.74 50637438 

C2_20227 1121 1122 71.86 49231930 

C2_1567 2211 1111 71.97 50490035 

C2_1887 1211 1111 72.43 50748421 

C2_20282 1121 1122 72.49 49393157 

C2_20274 1212 1111 72.59 49358697 

C2_1813 2111 2211 73.60 51282166 

C2_1556 1112 1111 74.10 50573479 

C1_433 2111 1111 74.12 51038035 

C2_1725 1211 1111 74.41 51404183 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_1724 1211 1111 74.57 51404231 

C2_1835 2111 1111 74.69 51091650 

C2_1723 1211 1111 74.77 51404258 

C2_47583 1112 1111 75.55 51936288 

C2_1681 2111 1111 75.95 51506082 

C2_14017 1112 1111 76.50 52546341 

C2_47510 2121 1121 76.54 51972224 

C2_1722 2111 1111 76.89 51404309 

C1_4576 1111 1112 77.14 53162415 

C2_57260 1112 1111 77.23 53421920 

C2_57263 1212 1111 77.56 53439319 

C2_1830 2111 1111 77.59 51731168 

C1_16514 1211 1111 78.98 53438845 

C2_17646 1122 1121 79.78 53228507 

C2_1719 1122 1121 79.88 51404549 

C2_14064 1121 1122 79.97 52657949 

C2_1718 1122 1121 80.09 51404622 

C1_16234 1211 1111 80.17 53270167 

C2_26466 1211 1111 80.90 56390223 

C1_8203 1211 1111 81.23 56420552 

C1_5959 1211 1111 81.64 55905943 

C2_57254 1121 1122 81.92 53433832 

C1_432 1211 1112 82.04 51038140 

C2_308 1112 1111 82.09 57601387 

C2_57257 1121 1122 82.21 53434144 

C2_14155 1121 1121 82.31 52909720 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_17650 1121 1122 82.35 53227560 

C2_422 1112 1111 82.55 57311835 

C1_7096 1122 1122 82.82 54469809 

C2_55885 1121 1122 83.01 53279728 

C2_47802 2111 1111 83.93 54033117 

C1_5796 1121 1121 84.63 53526715 

C1_4579 1121 1121 84.82 53190737 

C2_26402 1212 1111 84.87 56604264 

C2_17648 1121 1121 84.91 53227622 

C1_5812 1121 1121 85.51 53665337 

C1_7132 2121 1121 86.18 54314873 

C1_7112 2111 1111 86.83 54582101 

C2_17737 1121 1121 87.18 53747981 

C2_26382 1121 1122 90.47 56661756 

C2_18490 2111 1111 90.81 55901885 

C2_26426 2111 1111 92.60 56493542 

C2_26320 1121 1121 93.05 56935521 

C2_26369 2111 1111 93.40 56678558 

C1_110 2111 1111 93.91 57295958 

C1_99 2111 1111 95.10 57567480 

C2_164 1112 1122 99.44 59574996 

C2_578 1112 1122 99.66 59769294 

C1_3190 1112 1122 100.22 59982671 

C2_185 2111 1112 100.23 58106851 

C2_9630 1112 1122 100.32 60491901 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 4:  

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_36944 1112 2121 0.00 9648247 

C2_36941 2121 1112 3.93 12432118 

C2_36952 1112 1111 6.36 658706 

C1_7574 1112 1111 11.46 10968547 

C1_11025 1121 1111 11.48 12342773 

C1_11031 1122 1111 12.31 12428230 

C1_11027 1122 1111 12.39 12398004 

C1_11030 1122 1111 12.72 117620 

C1_11008 1121 1111 13.68 33265976 

C2_36993 1122 2121 14.98 3562172 

C2_23603 1121 1111 16.63 656465 

C2_23596 1221 1211 20.64 39540543 

C2_39286 1122 1221 21.33 3294734 

C2_45927 1121 1111 23.58 2207703 

C2_23619 2211 2112 24.32 12613969 

C2_23602 1211 1111 26.92 769207 

C2_23600 1211 1111 27.15 2714003 

C2_37631 1212 2121 27.46 656192 

C2_37633 2111 1112 27.51 1633476 

C2_54387 2111 2112 27.67 641790 

C2_39282 1211 1111 27.84 1030881 

C2_39285 2111 2112 27.94 46475704 

C1_16291 1112 1121 28.06 3816447 

C2_39287 2111 2112 28.27 2572452 

C2_29872 2111 1112 28.64 1684582 

C2_50942 1212 2121 28.81 2118607 

C2_29850 2111 1112 29.88 9747341 

C2_54069 1211 1111 30.53 NM6 

C2_53777 1111 1121 30.76 1677715 

C1_13626 2111 1211 31.49 7122790 

C2_31688 2111 1112 31.86 3905183 

C1_11626 1112 1121 32.01 3872265 

C1_9546 2111 1112 32.18 2210334 

C1_13860 1112 1121 34.66 9941790 

C2_55065 1211 1111 35.13 3500991 

C2_31673 1211 1111 35.15 5488531 

C2_51637 2111 1112 35.59 8209896 

C2_51638 2111 1112 35.63 1821002 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_31720 1211 1111 35.83 5488574 

C2_31719 1211 1111 35.88 3805809 

C1_16079 2111 1112 36.20 3903850 

C2_31712 1211 1111 37.17 7121345 

C2_31733 1112 2121 37.64 5513361 

C1_3740 2111 1112 38.05 6380666 

C2_11549 2111 1112 38.91 6958789 

C2_11534 2111 1112 39.72 4677061 

C2_21915 1211 1211 41.70 3817934 

C2_11425 2111 1111 42.05 5435822 

C2_31693 1112 1121 43.21 4948774 

C2_11516 2111 1111 43.35 4606550 

C2_21934 2211 1212 43.73 6614553 

C2_21913 1111 2111 44.09 5192938 

C2_21867 1122 1121 44.57 7546220 

C2_48873 2111 1111 45.17 3903824 

C2_21858 1211 1211 45.18 7521115 

C2_21914 1112 1121 45.34 5205905 

C2_21842 1112 1121 45.45 7546334 

C2_39718 2111 1111 46.60 7546310 

C1_11709 2111 1111 47.29 8176305 

C2_11488 1121 1111 47.67 8016002 

C2_11490 1212 1121 47.91 7368483 

C2_21937 1111 2111 47.97 6209862 

C2_48868 1121 1111 48.11 4821112 

C2_11427 1212 1121 48.17 6958040 

C1_6898 1111 2111 48.23 7041420 

C2_39590 2111 1111 49.18 7546115 

C2_11435 2121 2112 49.23 9523778 

C2_39593 2111 1111 49.98 3926768 

C1_15106 1111 2111 51.07 6178872 

C2_11571 1111 2111 51.26 7966239 

C2_48867 1212 1121 51.33 4587018 

C2_48871 1212 1121 51.40 7615110 

C2_42863 2111 1111 51.59 7966312 

C2_48854 1212 1121 51.73 8712928 

C2_48865 1212 1121 51.84 10010505 

C1_11723 1121 1211 53.63 7553892 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_48866 1121 2112 53.89 4586164 

C2_39624 2212 1121 55.94 9520486 

C2_58196 1211 1111 57.23 7898214 

C1_11722 1111 2112 57.44 5046865 

C2_57041 1111 2111 58.12 8218478 

C1_8341 2111 1111 58.17 12333208 

C1_8348 2111 1111 59.13 10010776 

C2_26812 1122 1121 59.21 NM6 

C2_26828 1122 1121 59.29 10010137 

C2_26802 2211 1111 59.57 9523734 

C2_26792 1122 1121 59.57 9523808 

C2_26797 1122 1121 59.95 10011064 

C2_58199 1112 1111 59.97 9524541 

C2_26826 1122 1121 59.98 12432817 

C2_56257 1112 1212 60.16 9262447 

C1_8347 1111 2121 60.19 7524216 

C2_39597 1111 2111 60.26 9941194 

C2_26771 1111 2121 60.31 9523209 

C2_26801 1211 2121 60.63 10010971 

C2_53784 2111 1211 61.46 9276426 

C2_26773 1211 2121 61.59 NM6 

C2_26790 1211 2121 61.65 9524613 

C2_58198 1122 1121 61.88 9525367 

C2_26843 1122 1121 61.90 21251127 

C2_53778 2111 1111 62.13 10010776 

C2_58205 1122 1121 62.24 10132935 

C2_58381 2211 2121 62.25 10102877 

C2_58385 1122 1121 62.26 10010810 

C2_58201 1122 1121 62.34 9941734 

C2_58202 1122 1121 62.43 56954459 

C2_53783 2111 1111 62.49 57955477 

C2_44609 1122 1121 62.60 10390793 

C2_58200 1122 1121 62.68 9941214 

C2_44601 1122 1212 62.73 25356982 

C2_58326 1122 1121 62.75 9525263 

C2_51559 1111 2111 62.84 46394596 

C1_16258 1211 2121 62.93 10011064 

C2_58382 1122 1121 63.26 10010865 

C2_58383 1122 1121 63.28 NM6 

C2_53782 1211 1111 63.31 8060573 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_58195 1112 1111 63.43 12428259 

C1_8346 1211 1111 63.52 9276117 

C2_26799 1211 1111 63.64 12432814 

C2_51560 2211 2111 63.78 10020752 

C2_51558 1111 2111 63.90 9525557 

C2_26796 1122 1121 63.96 10010731 

C2_26842 2122 1121 64.20 31162231 

C2_48073 1111 2111 64.52 12425807 

C1_16643 1122 1212 64.57 38495988 

C2_39962 2211 2111 64.76 10010810 

C2_58330 1112 1111 64.91 50439537 

C1_15530 2211 2111 65.92 46475710 

C2_56758 1122 2112 66.05 12425763 

C2_54077 2211 1111 66.19 10993507 

C2_56254 2211 1111 66.33 25020860 

C2_54090 2211 1111 66.44 12328283 

C2_56255 2211 1111 66.51 12333285 

C1_15085 2211 1111 66.65 12429883 

C2_56256 2211 1111 66.68 49159890 

C2_16718 2211 2111 66.70 10021516 

C2_16744 2211 2211 67.18 25029932 

C2_19422 2211 1111 67.27 45916672 

C2_57338 1121 2112 67.36 3127475 

C1_16261 2211 1111 67.40 48003427 

C1_3311 2211 2211 67.43 48922939 

C1_3310 1122 1122 67.43 19955997 

C1_16420 2211 1211 67.45 35757952 

C1_10941 2211 1111 67.49 41063770 

C2_31359 2211 1211 67.65 11108454 

C2_48075 2211 1111 67.85 1520854 

C2_26884 2211 1111 67.86 43896886 

C2_39961 2211 1111 67.93 45581120 

C1_3616 1112 1121 68.06 50242180 

C2_42168 1112 1121 68.45 31884920 

C1_2681 1112 1121 68.48 46805479 

C1_3319 2211 1211 68.79 48364272 

C1_3316 1121 2111 69.10 49474555 

C2_41106 2211 2211 69.14 31162267 

C2_10443 2211 1211 69.28 25357073 

C2_43229 1121 2111 69.28 36304229 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_9477 1121 2111 69.34 49574635 

C2_54605 2211 1111 69.46 47323192 

C1_14569 1121 2111 69.50 12425864 

C2_16712 2211 1211 69.76 40836388 

C1_14039 1111 1211 69.79 33160548 

C2_31358 1121 2111 69.98 31226172 

C2_55090 1121 2112 70.09 50241640 

C2_48818 1112 1121 70.37 33473330 

C2_16720 2211 1211 70.41 52890220 

C1_16535 1112 1121 71.06 45805693 

C2_48817 1112 1212 71.14 48815596 

C1_14442 1112 1212 71.29 51021590 

C2_48694 1211 2121 71.38 52951523 

C1_16534 1112 1212 71.50 54438742 

C1_13396 1111 1211 71.61 53671782 

C2_48693 1211 2121 71.71 50439613 

C1_11791 1111 1211 71.74 53864206 

C2_54014 1111 1211 72.57 52037629 

C2_45040 1112 1121 72.98 51913379 

C2_56238 1111 1211 72.98 51407692 

C2_45035 1211 2121 73.15 50922404 

C2_45038 1211 2121 73.69 54674058 

C2_19001 1112 1212 73.85 9941600 

C2_54888 1112 1121 74.00 53438767 

C1_6036 1112 1212 74.09 52033872 

C2_54229 1121 1211 74.53 53482110 

C1_15760 1121 1111 74.59 50326084 

C2_1506 1112 1212 74.72 51343345 

C2_54533 2212 1121 74.72 52463182 

C2_45034 1121 1111 75.36 57243271 

C2_52738 1211 1111 75.50 9747383 

C2_53781 1111 1121 75.99 10138386 

C1_15878 1121 2111 76.06 52534629 

C2_55710 1111 2111 76.18 57285169 

C2_44012 1211 2211 76.75 12333216 

C2_44619 1111 1121 77.09 56542379 

C1_6901 1111 2211 77.99 57242937 

C1_6900 1111 2211 78.22 58441497 

C2_43987 1211 1111 78.33 51813823 

C2_43999 1112 1121 78.81 56542397 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_52892 2121 2111 79.40 57899858 

C2_52890 1121 2111 80.37 58836709 

C2_34957 1211 1111 80.53 57891085 

C2_43998 2121 2111 80.85 57298517 

C1_16625 2111 1111 81.76 57899561 

C2_57884 1121 2111 81.92 53671822 

C2_21973 2211 1111 82.15 58442164 

C1_10750 1211 1111 84.04 60000105 

C2_34960 2111 1111 85.44 60000008 

C2_39817 1112 1121 86.41 58830957 

C2_39816 1112 1121 86.44 56549845 

C2_36027 2111 1111 86.75 60037750 

C1_11758 1112 1121 87.23 60255822 

C2_51245 1211 1111 89.93 60198048 

C1_11356 2112 1121 90.00 62257382 

C1_15006 2111 1111 90.87 61490468 

C2_51244 2111 1111 90.98 61284452 

C1_11352 1112 1121 91.13 63076109 

C2_48310 2111 1111 91.78 61160138 

C2_51242 1121 1111 92.30 61194011 

C2_38116 2122 1121 92.43 60206967 

C1_11391 1211 2212 92.51 64275135 

C2_49997 2112 1121 93.06 61102521 

C2_48290 2111 1111 93.35 60197994 

C1_11363 2121 1111 94.03 61099894 

C1_11211 2122 1121 94.80 61541735 

C1_11365 1121 1111 94.83 64022298 

C1_9771 1211 1111 96.13 62775952 

C2_32543 2122 1121 96.79 61215427 

C1_14724 1211 1111 97.61 63845729 

C2_43736 2122 1121 98.06 65638854 

C1_12877 1112 1121 98.31 62423409 

C2_32592 1211 1111 98.36 63562121 

C2_39443 1211 1111 98.89 63040037 

C2_39450 1122 1121 98.97 64549009 

C2_39341 1112 1121 101.31 63664170 

C2_39342 1122 1121 102.22 65727042 

C2_21574 1112 1121 102.25 64996975 

C2_26675 1211 2212 102.35 63515949 

C2_21573 1112 1121 102.39 64867844 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_12564 1121 1111 102.78 64781980 

C2_39327 1211 1111 102.79 62633355 

C1_11670 2121 1111 102.85 67766128 

C1_6758 1112 1121 102.88 64775900 

C2_21579 1112 1121 103.40 65802638 

C2_21578 1122 1121 103.41 67248738 

C2_19584 1111 2112 103.69 67981149 

C1_6748 1112 1121 103.98 65301176 

C1_8316 1122 1121 104.07 64216808 

C2_21576 2111 1111 104.57 65591077 

C2_26747 1121 1111 104.89 64781064 

C2_26662 1112 1121 105.51 64216910 

C2_43748 2121 1111 105.58 67981423 

C2_26713 1211 2111 105.96 68259021 

C2_55774 1211 2111 105.98 66043536 

C2_55784 1211 2111 106.14 67631327 

C2_34937 1111 2112 106.31 64087659 

C2_55773 1211 2111 106.41 67609888 

C2_34874 1111 1112 106.43 67985135 

C2_21367 2111 1111 106.63 67842288 

C1_10425 1111 1112 106.88 64776128 

C2_21364 2111 1111 106.92 65861988 

C2_25278 1112 1121 106.94 65970084 

C2_25280 1112 1121 107.30 67984659 

C2_34872 1111 1112 107.31 66529660 

C1_8319 1112 1121 107.73 66204806 

C2_55795 1112 1121 107.81 66080444 

C2_26743 1112 1121 107.89 65972478 

C2_55794 2111 1111 108.17 66074599 

C2_25283 2111 1111 108.91 69079236 

C2_38575 1121 1111 108.95 65969951 

C1_8323 2111 1111 109.57 65867228 

C2_38556 2111 1111 111.40 67422348 

C2_52202 1112 2112 111.61 65865653 

C2_34873 1112 2111 111.83 67982950 

C1_10435 1112 2112 112.38 67984407 

C1_10424 1112 2111 112.73 66415083 

C2_52205 1121 1221 112.93 67294211 

C2_32036 2211 1112 113.15 67294193 

C1_9614 1122 1221 113.63 67552618 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_9613 1122 1221 113.69 67171309 

C1_9619 2211 2112 113.69 67981400 

C1_6188 2211 2112 114.29 67953469 

C2_34867 2211 1112 115.36 65972517 

C2_34890 1121 1121 115.81 69122414 

C1_10428 1121 1121 115.86 65970986 

C2_34861 2211 1112 116.08 67342310 

C1_4180 2211 1221 117.17 67570682 

C2_32042 2211 1112 117.67 71387933 

C2_54446 1112 1211 117.69 64775909 

C2_52195 1112 1211 117.87 68295710 

C2_54749 1122 1121 118.07 68868319 

C1_3166 1122 1121 118.11 67985836 

C1_13079 1121 1121 118.13 68439384 

C1_13077 1122 1121 118.56 69209192 

C2_12958 2212 1211 119.17 71592367 

C2_10797 1111 2112 119.38 67985201 

C1_15237 2211 1111 119.54 67130719 

C2_32099 2211 1111 119.78 68865108 

C1_4178 1112 1111 121.02 65300120 

C2_34863 2111 1111 121.11 67785510 

C2_34868 2111 1111 121.16 71383390 

C1_4175 1112 1111 121.24 67982840 

C2_12936 2212 1211 121.38 71383982 

C2_10819 1111 2112 121.49 71827521 

C2_10802 1111 2112 121.65 69391945 

C1_4162 1112 1111 122.87 70807043 

C1_4109 1112 1111 123.60 70199242 

C1_10178 1122 1121 123.79 70954545 

C1_10179 1122 1121 124.08 71076408 

C1_10676 1112 1111 124.21 69830197 

C1_10167 1112 1111 124.43 70953672 

C1_10713 1112 1111 124.45 70365272 

C1_10196 1122 1121 124.47 70199251 

C1_10677 1112 1111 124.54 69206746 

C1_3450 1112 1111 125.73 71590312 

C1_10669 1122 1121 126.65 70185081 

C1_10714 1121 1121 126.77 70805773 

C1_10712 1121 1121 127.03 71654784 

C2_10614 1112 1111 127.40 71866559 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_10800 1121 1221 127.42 71957094 

C1_3495 1112 1111 127.53 71385536 

C1_3545 1122 1221 128.42 71335030 

C1_3553 1121 1121 129.55 71854295 

C2_10565 1121 1121 130.39 71384419 

C2_10685 1112 1221 133.69 70939324 

C1_3525 2211 1111 135.43 70880440 

C1_10715 2211 1221 135.45 71955746 

C2_10686 2211 1111 136.28 71592390 

C1_3526 1112 1221 136.41 69148562 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_3544 2211 1111 136.75 71589190 

C2_10798 2211 1111 137.04 70954662 

C2_10656 2211 1111 137.69 71383501 

C1_3497 2211 1111 137.88 71954636 

C1_3476 2211 1111 139.44 71359551 

C2_10566 2211 1111 139.45 9590925 

C1_3458 2211 1111 139.85 NM6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 5: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_42525 1111 1112 0.00 50583895 

C2_8507 2112 1111 1.55 5056005 

C1_1074 2111 1111 4.03 50583686 

C1_1094 2211 1121 5.29 49460622 

C1_12455 1111 1112 5.44 48887625 

C2_8210 1112 2111 8.90 51477749 

C1_2865 1112 1111 9.06 50584727 

C2_8510 1121 2212 9.52 50396941 

C2_8508 2111 1111 10.63 51710242 

C2_3512 2211 2121 10.67 49301592 

C2_8460 2212 1121 10.96 49094140 

C2_8522 2111 2211 10.98 50479738 

C2_8511 1111 1211 11.96 50583699 

C1_1195 2211 2121 13.42 51830789 

C1_1116 1211 1121 14.05 51435110 

C1_1163 1211 1121 14.58 49804489 

C2_57809 1112 1111 15.40 48878549 

C2_42461 2111 1111 17.66 49094535 

C2_42542 2111 1121 18.20 49835932 

C2_42407 2111 1111 18.75 51145330 

C2_42405 2111 1111 18.85 49094113 

C2_55239 1112 1111 19.21 49045619 

C2_42406 2111 1111 19.30 48888489 

C2_54372 2121 1121 19.38 49356615 

C2_42475 2111 1121 19.51 49177458 

C2_8253 2111 1111 19.55 49096606 

C2_42410 1112 1111 19.72 49484277 

C2_42451 2111 1121 19.73 50922126 

C2_8295 2111 1121 20.32 49185487 

C2_54364 1112 1111 20.63 49888144 

C2_54371 2122 1121 20.69 50583953 

C2_3603 1111 2111 21.09 51771399 

C1_12454 2111 1121 21.24 51588199 

C2_55241 2112 1121 21.34 49242992 

C2_8240 2111 1121 21.56 49736471 

C2_8428 2111 1121 21.70 49467088 

C2_8431 2112 1121 22.01 49092589 

C2_55571 2112 1121 23.48 49737818 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_42481 2112 1121 23.63 49094498 

C2_10287 1111 1211 25.72 49246855 

C2_10275 1112 1111 29.36 47309576 

C2_49147 1122 1121 29.99 47432612 

C2_10411 2211 1121 31.23 47340872 

C1_12446 1121 2211 31.33 47710741 

C2_49140 1112 1121 32.06 47387016 

C1_3370 1121 1111 32.80 47506482 

C2_10311 1121 1111 32.88 48154943 

C2_49128 1121 2211 32.96 47309135 

C1_16067 1121 2211 32.99 48250197 

C1_3375 1111 1211 33.14 47792504 

C2_49124 1112 1121 33.19 47747794 

C1_12447 1121 2211 33.35 47557989 

C1_12440 1121 2211 33.66 47454994 

C1_12419 1111 1211 33.92 45360490 

C1_12444 1112 1121 33.97 47535067 

C2_49116 1121 1111 33.98 47886732 

C2_49117 1121 2211 34.01 47309920 

C1_12420 1121 1111 34.16 45545520 

C2_46952 1121 1111 35.12 47573236 

C1_12414 1121 2111 35.14 46691817 

C1_12424 1121 1211 35.20 44945205 

C2_58105 1211 1111 35.58 43212090 

C1_11999 1121 1111 35.69 47122961 

C1_13941 2111 1111 35.84 47337695 

C1_14684 1111 2111 36.33 46046095 

C1_12008 1121 1111 36.34 47309125 

C1_12442 2211 1111 36.35 40450599 

C2_58273 1211 1111 36.48 15144915 

C2_57676 2211 1121 36.66 43964571 

C1_15298 1121 1111 36.89 46454617 

C2_44375 1211 1111 36.96 46903123 

C2_49646 1112 1121 37.40 43218244 

C1_11996 2221 2111 38.76 42535889 

C2_5153 1121 1111 39.31 47001476 

C2_51578 2111 1111 39.82 46190276 

C1_12003 1211 2111 39.95 43153851 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_5187 1121 1111 40.12 45545694 

C1_1875 1211 1111 40.26 45545592 

C1_11998 1211 2111 40.35 46286812 

C1_11997 1211 2111 40.38 41541268 

C1_11870 1211 1111 41.26 29043101 

C1_14086 1211 1111 41.41 10031602 

C1_14700 1211 1111 41.75 32758033 

C2_54743 1211 1111 42.03 39208090 

C1_11953 1121 1111 42.05 45542672 

C1_1881 1111 2111 42.24 10273830 

C2_48724 1121 1111 42.39 36824795 

C2_51194 1121 1111 42.50 14151730 

C2_38737 1211 1111 42.72 14151710 

C1_12966 1211 1111 43.05 36754426 

C2_50532 1121 1111 43.60 43298619 

C2_5216 1111 2111 43.82 31705860 

C2_5151 1112 1121 44.05 31443812 

C2_5145 1211 2111 44.43 34114986 

C2_5214 1112 1121 45.30 15144817 

C2_13865 1121 2211 45.54 13688447 

C2_54742 1211 1211 46.51 43219353 

C2_49587 1111 2211 46.71 43218399 

C2_5148 2111 1111 47.03 34965675 

C1_4464 1212 1122 47.24 47309777 

C1_4455 1111 2211 47.34 20274240 

C2_52870 1111 2211 47.34 21920999 

C2_52054 1111 2111 47.85 19108700 

C2_52053 2121 2111 48.60 42206237 

C2_43566 1111 2111 48.94 14428203 

C2_56304 1211 2211 48.99 45545670 

C1_11868 1212 1122 49.59 8166198 

C2_32877 1211 2121 49.69 28306604 

C2_52397 1212 1122 49.71 18632465 

C2_50226 2121 2211 49.90 20274281 

C1_15249 1212 1122 49.90 32421001 

C2_15722 1212 1122 50.01 34469818 

C1_15192 2121 2211 50.01 18120712 

C1_15690 2121 2211 50.09 42894591 

C1_4454 2111 1111 50.12 9641156 

C1_14645 1211 2121 50.25 15144939 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_5058 2121 2211 50.45 39205522 

C1_14403 1111 2211 50.70 42992190 

C1_14400 2111 1111 50.81 9558289 

C2_57072 2111 1111 51.27 20318671 

C1_15189 2111 1111 51.31 13360466 

C2_47087 2121 2211 51.44 9566917 

C2_54741 2121 2211 51.58 17620118 

C2_15676 1212 1122 51.72 17503046 

C2_53962 2121 2211 51.76 34686144 

C2_38738 1212 1122 51.76 18295841 

C2_55894 1211 2121 51.82 32104744 

C2_49385 2121 2211 51.89 9640118 

C2_55887 1211 2121 52.37 39210965 

C2_49286 2121 2211 52.61 20323453 

C2_53298 2121 2211 53.68 18718517 

C2_53296 2111 1111 54.31 9273361 

C1_15292 1211 1111 55.50 10714562 

C2_55905 1122 1212 55.99 10114175 

C2_55899 1122 1212 56.80 8360537 

C2_37052 1211 1111 57.78 9640075 

C2_43663 2111 1111 57.87 8394934 

C2_51915 1112 1212 58.14 10645907 

C2_55906 1112 1212 59.21 7741542 

C1_11078 1211 1111 59.56 11157517 

C2_32885 1112 1212 59.62 10113926 

C2_55908 2111 1111 59.86 9824412 

C1_14641 1112 1212 60.03 32680860 

C2_17449 1112 1212 60.03 9641856 

C1_14643 1112 1212 60.07 10113014 

C2_55910 1111 1121 60.08 41539860 

C1_14644 1112 1212 60.33 8795719 

C2_55903 1112 1212 60.51 15767704 

C1_15638 2211 2111 60.56 14877362 

C2_43535 1112 1212 61.29 8660304 

C1_5836 1112 1212 61.53 9639945 

C1_11088 1111 1121 61.65 14011967 

C2_48021 1112 1212 62.13 13087731 

C2_43506 2111 1111 62.42 8139333 

C2_37066 2211 1111 62.94 8139557 

C2_37692 2211 2111 63.05 8166228 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_11076 1112 1212 64.03 8809052 

C2_37034 1112 1212 64.10 9147230 

C2_37067 1112 1212 64.21 9640678 

C2_37065 1112 1212 64.39 8224735 

C1_11259 1112 1212 64.41 8139386 

C1_11265 1112 1212 64.79 6204099 

C2_47659 2211 2111 65.59 6625039 

C1_14127 2211 2111 65.79 4999835 

C2_50315 2111 1111 66.54 6395068 

C2_50295 2111 1111 66.71 6147926 

C2_47303 1112 1212 67.58 6772274 

C2_38172 1112 1212 67.71 4999835 

C2_47301 1112 1212 67.99 7547043 

C2_47658 1112 1212 68.38 6625026 

C2_47300 1112 1212 68.70 5055959 

C2_50300 1112 1212 69.03 5946775 

C2_50299 1112 1212 69.47 NM6 

C2_50288 1112 1212 70.29 7752975 

C2_45522 2111 1111 70.65 NM6 

C2_45539 2111 1111 70.84 5945550 

C2_52455 1111 1121 71.34 5574733 

C2_47660 2111 2121 71.64 7200278 

C2_38229 1111 2121 72.58 5946481 

C2_38171 2111 1111 72.84 7131020 

C2_52436 1111 2121 73.76 6397142 

C2_47252 2111 1111 74.56 5056010 

C2_47663 2111 1121 74.59 6395149 

C2_47646 1221 2111 74.95 3585641 

C2_50296 1221 2111 75.29 5946946 

C2_51470 1111 2121 75.95 6402146 

C2_47661 2111 1111 75.99 4936615 

C2_50298 1111 2121 76.06 5946439 

C2_47598 2111 1111 76.17 NM6 

C2_50290 1221 2111 76.95 NM6 

C2_50291 1221 2111 77.08 4279075 

C2_11923 1111 2111 77.68 5921198 

C2_23056 1111 1121 78.31 4997187 

C2_12498 2111 1111 78.61 4998931 

C1_3795 1111 2111 79.70 NM6 

C2_54049 2111 1111 79.97 NM6 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_50286 2111 1111 80.43 5475828 

C1_3803 1111 2111 80.80 5967825 

C2_50314 2111 1111 81.16 3708760 

C2_11924 1221 1111 82.39 NM6 

C1_3793 1221 2111 82.79 3710249 

C2_22986 2111 2111 83.16 3709723 

C2_11829 2111 1121 83.54 NM6 

C2_11685 1211 1111 92.02 703580 

C2_23735 1221 2121 92.33 325029 

C2_23832 1221 2121 92.77 65193 

C2_23739 2112 1212 93.03 71198 

C2_23643 1221 2121 93.07 1832192 

C2_23776 2112 1212 93.11 391812 

C2_23740 2112 1212 93.41 391031 

C1_7622 1221 1111 96.27 389065 

C2_23743 1221 1111 96.38 389266 

C1_7621 1221 1111 96.52 224801 

C2_23678 1121 2121 96.83 1996437 

C2_23717 1121 1121 97.14 1957584 

C2_23803 1121 1121 97.34 391001 

C2_23669 1121 2121 97.36 1401063 

C2_33563 1121 2121 98.03 388873 

C2_23831 1121 2121 98.08 2078804 

C2_11725 1211 1111 98.18 1596529 

C2_23829 1121 2121 98.27 1400727 

C2_33515 1121 2121 98.75 1437829 

C2_33512 1121 2121 99.45 2288291 

C2_23728 1211 1111 99.61 324941 

C2_23841 1212 1212 99.78 694469 

C2_23738 1211 1111 100.02 2079802 

C1_7624 1121 1111 100.08 1414020 

C2_33518 1121 2121 100.20 389174 

C1_7632 1211 1111 100.34 1041105 

C2_11766 1121 2121 100.82 1401412 

C2_23727 1211 1111 100.82 1902218 

C2_23846 1211 1111 100.85 71771 

C2_11604 1121 2121 100.88 1413816 

C2_23804 1211 1111 101.77 1411584 

C2_33511 1112 1121 102.05 1408684 

C2_52061 1211 1111 102.35 291556 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_23779 1211 1111 102.37 694151 

C2_33514 1211 1111 102.92 1847520 

C2_52066 1112 1121 104.33 1438693 

C2_52067 1112 1121 105.06 1957512 

C1_10042 1112 1121 105.14 1401419 

C2_52070 2111 1211 105.39 71209 

C2_33508 2211 1211 106.07 412134 

C2_33516 2211 1211 106.18 727316 

C2_11605 2111 1211 106.19 1438486 

C2_33536 2211 1211 106.20 2261080 

C2_33537 2211 1211 106.30 1438051 

C2_52069 1212 1121 106.40 1413918 

C2_33522 2211 1211 106.71 1847677 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_33520 2111 1211 106.96 1847556 

C2_33535 2211 1211 107.25 65263 

C2_33513 2211 1211 107.55 1413720 

C2_52084 2111 1211 108.32 1853441 

C1_15684 2111 1211 108.62 2037634 

C2_11747 2211 1211 109.05 2078142 

C2_11732 2211 1211 109.84 694355 

C2_11731 2211 1211 110.89 2261237 

C2_11712 2211 1211 110.96 4041510 

C2_11695 2211 1211 113.02 2149871 

C2_11696 1121 1122 113.66 190926 

C2_33544 2111 1211 113.96 NM6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 6: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_15061 1112 1211 0.00 57651092 

C1_3081 1112 1211 1.24 57921751 

C2_9038 1221 1212 5.25 49260100 

C2_9233 1211 2111 5.57 58293159 

C1_3125 1221 2211 7.06 58259275 

C2_9203 2111 1122 7.54 58827852 

C1_3126 2112 1121 7.75 57870796 

C2_9204 2111 1122 7.83 55922839 

C2_9201 2111 1122 7.91 57953056 

C2_9216 2111 1122 8.77 57870758 

C2_9214 2111 1122 9.01 58259952 

C2_9218 1211 1111 9.16 58219576 

C2_9219 1211 1111 9.46 58351595 

C2_9245 1211 2111 9.74 58219291 

C2_9215 1212 2111 10.17 59132473 

C2_9176 1122 1211 12.26 58219183 

C2_9243 1211 1111 12.33 56978030 

C2_50798 1121 1212 12.91 54992649 

C1_11137 2112 1111 13.20 58219483 

C2_9193 1122 1211 13.45 58219072 

C2_9255 1211 1111 13.52 58259535 

C2_9035 1211 1111 13.60 55186134 

C2_1950 2111 1111 14.11 55838196 

C2_50796 1111 1211 15.79 57680515 

C2_29187 2111 1111 15.83 56940505 

C2_37358 2112 1211 16.07 58663518 

C2_50783 1211 1111 16.33 55521678 

C2_50797 1111 1211 16.82 56940758 

C2_29216 2111 1111 18.47 56818257 

C1_11139 1211 2122 18.79 57959589 

C1_16127 1121 1211 19.19 56135600 

C1_11144 1111 2111 20.35 55937583 

C1_8679 1121 1211 20.67 53805395 

C1_7679 2111 1111 21.93 53846583 

C1_7040 1211 2211 22.06 53855168 

C1_7041 1211 2211 22.51 54252491 

C1_7704 1211 2111 22.75 52512012 

C1_7700 1211 2111 22.85 53809300 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_7682 2111 1122 23.07 54713360 

C1_7031 1211 2111 23.16 53544943 

C1_7681 1211 2211 23.38 54710948 

C1_7029 1211 2111 23.74 56940529 

C2_24065 2121 1122 24.24 53053425 

C1_7678 1212 2211 24.24 54294207 

C2_22298 2112 1221 24.41 56735014 

C2_24064 1212 2211 25.11 50627521 

C1_2978 2111 1212 25.54 50090206 

C2_24169 2111 1122 25.99 54710598 

C2_22297 2112 1221 26.09 53711466 

C1_7005 2111 1221 26.22 54711868 

C2_22335 2111 1221 26.24 53846625 

C2_24229 2111 1122 26.36 54710555 

C2_8661 1221 2111 26.41 54338308 

C2_22294 1221 2112 26.45 52951567 

C2_8904 2112 1211 26.52 52859976 

C1_3001 2111 1212 26.61 54218082 

C2_8659 1221 2111 26.78 53053054 

C2_22247 1221 2112 26.96 51925054 

C1_2944 1221 2111 27.00 53052673 

C2_22289 2111 1221 27.10 53442730 

C2_8652 2112 1221 27.23 50125329 

C2_9009 1221 2112 27.44 36454137 

C2_8966 1221 2112 27.53 53847084 

C1_3011 1221 2111 27.66 52986639 

C2_9005 1221 2112 27.69 52063192 

C2_9002 1221 2112 27.80 54307625 

C1_2071 2111 1212 27.82 50851628 

C2_41412 2111 1212 28.00 52947838 

C2_5775 2111 1212 28.08 49701965 

C2_5868 2111 1212 28.40 50356113 

C1_2112 2111 1212 28.58 52386836 

C1_2116 2111 1212 28.98 53307968 

C2_9010 1211 1111 29.09 49131296 

C2_5842 2111 1212 29.17 54758304 

C2_24066 1121 1111 29.39 53046451 

C2_8664 1211 1111 29.49 53544733 



177 

 

 

 

 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_22300 2111 1111 30.21 50108753 

C2_5858 1221 2111 30.64 52599348 

C2_41407 1221 2111 30.73 53544461 

C2_8861 1211 2111 30.81 52261220 

C1_7695 1122 1211 30.82 50088968 

C1_2090 1221 2111 31.11 51183281 

C2_8823 1221 1121 31.25 50239818 

C1_2064 1221 2111 31.36 51166697 

C2_5771 1221 2111 31.48 53749114 

C2_22375 1122 1211 31.54 50344399 

C1_7044 1112 1211 31.70 50740972 

C2_8707 1211 2111 31.74 51928926 

C2_9004 1211 1112 31.88 39243760 

C2_5791 1221 2111 31.90 52947949 

C2_8999 1211 1112 32.15 49910701 

C1_10130 1221 2111 32.15 52951684 

C2_5836 1221 2111 32.42 50658278 

C1_2091 1221 1111 33.06 50723658 

C2_5850 1221 1111 33.24 53545220 

C2_5856 1221 1111 33.38 54713088 

C2_8786 1121 1111 33.40 50345218 

C2_5867 1221 1111 34.38 49672071 

C2_31144 1221 2111 34.67 31830854 

C2_33830 2111 1212 35.19 48587642 

C2_33777 1221 2121 35.52 51083766 

C1_2109 1221 1111 35.54 50090335 

C1_10646 2111 1212 35.59 49130098 

C2_31181 2111 1212 35.91 52260737 

C2_5843 1221 1111 35.95 26475113 

C2_33892 1221 1111 36.69 49271297 

C2_31180 2111 1222 36.85 50109778 

C2_35902 1222 2111 36.97 NM6 

C2_31179 1221 1111 37.75 50108696 

C2_31140 2111 1111 39.63 49795337 

C1_15374 2111 1111 40.19 48069921 

C2_31082 2111 1111 40.80 52946197 

C1_10109 1111 2121 41.39 48415890 

C1_15371 2111 1221 42.18 47689524 

C2_46155 2111 1111 42.84 47233333 

C2_16771 2111 1111 42.98 44303698 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_13805 2111 1111 43.12 47838439 

C2_16777 2111 2121 43.34 46673307 

C2_16785 1121 1211 44.80 46408984 

C2_31981 1211 2112 44.89 44075992 

C2_31931 2111 1111 44.92 48874849 

C2_16793 1121 1211 45.12 NM6 

C2_50595 1111 1121 45.43 NM6 

C2_46468 2121 1221 45.71 43304876 

C2_31887 2111 1111 45.87 45591711 

C1_8136 2111 1111 45.92 44929713 

C2_25926 1211 2112 46.19 46349187 

C2_46479 2111 1111 46.42 46145916 

C2_49885 1111 1121 46.42 47057660 

C2_53055 1111 2111 46.59 48416539 

C2_46171 1121 1211 46.74 46612395 

C2_36157 2111 1121 47.16 46267449 

C2_54191 1121 1211 47.66 46390332 

C1_8140 2111 1121 48.08 45860741 

C2_25929 2111 1121 48.15 43893360 

C2_37762 2111 2111 48.41 45150998 

C2_31893 1111 1121 48.44 NM6 

C2_31873 1121 1211 48.52 45136332 

C2_47782 2111 1122 49.04 47053493 

C2_36151 2111 2122 49.34 44608732 

C1_12051 2111 2112 49.67 44775802 

C2_47484 1222 1211 49.67 44393449 

C2_47495 1222 1211 49.70 48053032 

C2_25947 1221 1211 50.37 44030918 

C2_53053 2111 2112 50.57 47332429 

C2_49883 1222 1211 51.06 42764269 

C2_57172 2111 2122 51.06 46018319 

C2_57018 1121 2111 51.18 42821213 

C2_43113 2111 1121 52.24 44119412 

C1_11707 1212 1211 53.03 42759644 

C2_39576 2121 2112 53.16 43890215 

C2_39627 2121 2112 53.25 43919744 

C2_52767 1212 1221 53.25 43950578 

C2_37774 1212 1211 53.27 46017522 

C2_37756 1212 1211 53.30 43689851 

C2_39626 1212 1211 53.40 43260421 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_11275 2121 2112 53.66 44166068 

C2_52768 1212 1211 53.66 43935164 

C2_57017 1121 2112 54.23 42803263 

C2_39581 2111 2112 54.56 43349985 

C1_11276 1212 1221 54.62 41061435 

C2_43123 1212 1211 55.05 43183046 

C2_43116 1212 1221 55.06 43149474 

C2_49053 1121 1111 55.30 43085205 

C2_52385 2111 1121 55.73 43695436 

C2_57408 2111 2112 55.74 42803660 

C2_54029 2121 2112 55.77 40604943 

C2_40260 2111 1111 56.51 40611235 

C2_40237 2211 2112 56.81 41927126 

C2_40236 2111 1111 56.85 39539088 

C2_31648 2211 2112 60.70 40611306 

C2_31642 2211 2112 61.37 38707786 

C2_51480 1211 2112 61.50 41520176 

C2_40242 2111 1111 61.93 37390413 

C2_57888 1211 2112 62.13 39783311 

C2_31585 2211 2112 63.00 39882582 

C2_31592 2211 2112 63.59 40171177 

C2_31605 2211 2112 63.95 39793124 

C2_31600 2211 2112 64.09 38059242 

C2_37615 1211 2112 65.34 39994899 

C2_33346 2111 1211 65.52 36881392 

C1_12409 2221 1211 65.75 35798871 

C2_42353 1112 2122 65.86 38291760 

C2_51774 2122 1121 66.08 38211989 

C2_56059 2122 1121 66.13 37258967 

C2_43068 1211 2112 66.52 36882933 

C2_43064 1211 2212 66.55 38291420 

C1_12691 1211 2212 66.98 38754845 

C2_33314 1122 1121 67.10 37528473 

C2_33365 2111 1211 67.11 39876347 

C2_37603 2211 2112 67.15 37867794 

C2_33302 2111 1211 67.34 38208809 

C2_51757 1122 1121 67.51 38745809 

C2_51760 1122 1121 67.51 36214491 

C2_56056 1122 1121 67.58 38212853 

C2_51771 1122 1121 67.73 38781660 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_37626 1221 1211 68.24 37883612 

C2_43109 1122 1121 68.40 36765007 

C2_42350 1221 1211 69.84 37969924 

C2_42346 1221 1211 69.98 40303649 

C1_15233 2111 1111 70.35 38298215 

C2_24322 1211 2112 70.41 36881092 

C2_56055 2111 1111 70.78 52947906 

C1_13422 2112 1121 73.76 38333228 

C2_24297 1221 1211 74.07 38210711 

C2_42354 2111 1111 74.42 NM6 

C2_41176 1121 1111 75.11 34197058 

C2_50215 1221 1212 75.90 6423476 

C2_50221 1221 1212 76.20 6422780 

C1_14778 1111 1211 76.46 64155 

C2_32938 1112 2121 77.47 34311834 

C2_27863 1221 2112 77.64 20312683 

C2_34003 1121 1211 77.80 31631446 

C2_27867 2112 1221 78.01 34950532 

C2_34002 1121 1211 78.09 2065804 

C2_46997 1111 1211 78.37 32433919 

C2_50220 1112 2121 78.38 36435709 

C1_8594 2111 1111 78.81 33776207 

C2_3152 1111 1211 78.95 35194342 

C2_3153 1111 1211 80.09 31135283 

C1_13871 1211 1111 80.42 7467662 

C2_32952 1111 2111 81.16 4850359 

C2_3154 1111 1211 81.32 33814201 

C2_36595 1111 2111 81.37 NM6 

C2_49638 2111 1111 81.70 30466255 

C2_56794 2211 2112 82.29 32103689 

C1_10157 2211 1112 82.33 9782622 

C2_32894 1122 1221 82.46 30384618 

C2_11314 1122 1221 82.47 30384625 

C2_11318 2211 2112 82.47 30381815 

C2_11310 2211 2112 82.47 29945939 

C2_11316 1122 1221 82.48 30382462 

C2_11287 1122 1221 82.62 30443155 

C2_11319 2211 2112 82.63 28434931 

C2_11313 2211 2112 82.84 30382472 

C2_11289 2211 2112 82.97 29797293 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_12398 1211 2111 83.06 6422447 

C2_35592 1211 2111 83.35 34092138 

C1_9601 1211 2111 83.39 5048456 

C1_3687 1122 1221 83.40 5864065 

C2_36714 1111 2211 83.44 17393943 

C2_11330 2211 2112 83.46 28886273 

C2_11333 1122 1221 83.46 5849720 

C2_26499 1211 2111 83.47 34893250 

C1_9846 2211 1112 83.58 4848840 

C2_38663 2111 1112 83.63 30456106 

C2_3146 1111 2211 83.72 4826898 

C1_3689 1122 1221 83.82 29947610 

C2_12403 1211 2111 83.84 1213731 

C2_43944 1121 1111 83.88 11224867 

C2_32918 2211 1112 83.98 32541853 

C2_55661 2111 1112 84.67 34311754 

C2_50179 1122 1211 84.84 24510112 

C2_35590 2111 1112 84.91 7263350 

C1_13954 2211 2111 85.08 28621195 

C2_11293 2111 1112 85.16 30443070 

C2_46048 2111 1112 85.20 7263358 

C1_10560 2111 1112 85.27 30382874 

C2_11286 2111 1112 85.31 48879137 

C1_14880 2111 1112 85.48 6423296 

C2_50183 2211 2111 85.69 32433877 

C2_46995 1122 2211 85.70 26935261 

C2_50180 2211 2111 85.82 6445075 

C2_46993 2211 1122 85.83 29589233 

C1_15811 1211 2111 85.91 24858593 

C2_33933 1122 1111 86.09 28621753 

C2_56259 2211 1122 86.09 6422832 

C2_47002 1122 1111 86.26 7262763 

C2_46994 1122 1111 86.30 7995004 

C2_33932 1122 1111 86.72 6903541 

C2_36721 2211 1122 86.74 3335960 

C2_3104 1112 1112 87.18 6903226 

C1_10938 2211 1111 87.51 4151533 

C1_10932 2211 1122 87.58 5852757 

C2_36711 1122 2111 87.99 6071303 

C2_36708 1122 2111 88.22 2270608 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_36710 1122 2111 88.26 2166517 

C2_57292 2121 1121 88.49 5850053 

C2_36709 2211 1111 88.71 5849928 

C1_10934 2211 1111 88.96 6100004 

C2_3108 1112 2112 88.98 4473040 

C2_3162 1122 2111 89.05 2954516 

C2_3158 2211 1111 89.81 31590352 

C2_3155 2211 1122 89.99 4444482 

C2_27563 1112 2111 90.09 3974830 

C2_3167 1122 1111 90.17 3295487 

C2_27559 1112 2211 90.40 5851192 

C2_3133 1112 2211 90.47 4826262 

C2_27574 1112 2212 90.49 3440844 

C2_27606 1112 2212 90.61 764684 

C2_27571 1112 2211 90.64 3555942 

C2_27620 1112 1111 90.97 4670128 

C2_56971 1111 2111 91.06 1923484 

C2_46002 2111 1121 91.23 2713850 

C2_55553 1121 2211 91.72 368270 

C1_13641 2111 1121 91.78 1612506 

C2_30488 1221 1211 91.84 471273 

C1_13638 2111 1121 91.97 396389 

C2_45971 2111 1121 92.06 2166162 

C2_55557 1121 2211 92.16 2074295 

C2_55556 1112 1112 92.61 2713822 

C1_11418 1112 2212 92.75 3469120 

C2_38323 1112 1112 92.83 5849993 

C1_16128 1111 2211 92.90 6423965 

C2_30534 1221 1211 93.74 1832894 

C2_45973 1112 1112 93.85 2202825 

C2_30511 1221 1211 94.41 2182330 

C2_36460 1221 2211 94.55 368267 

C2_30492 1221 1211 94.62 4701224 

C1_13644 1212 1112 94.64 6388474 

C2_47001 2211 1111 95.37 410471 

C2_30596 1121 1211 95.39 1303853 

C2_27564 1111 2111 95.88 411086 

C1_10869 2112 1122 96.18 3470384 

C2_36393 2111 1122 96.89 3336388 

C2_3134 2211 1121 98.66 1482569 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_36402 1112 1111 98.87 1911169 

C2_30509 2111 2122 99.05 3555939 

C2_36427 1112 1111 99.46 NM6 

C2_30501 1222 1211 100.22 NM6 

C2_30515 2111 1122 100.91 1832292 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_9224 1112 1111 103.49 1288686 

C2_30508 1211 1111 103.71 NM6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 7: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_30446 2211 1111 0.00 NM 

C1_9219 2211 1111 0.43 55130142 

C2_28848 2111 1111 1.03 NM6 

C2_28847 2111 1111 1.04 NM6 

C2_57217 2111 1111 1.33 53656225 

C2_57213 2111 1111 2.29 55207604 

C2_18745 2111 1111 3.12 55220152 

C2_30465 1111 1121 3.29 55465761 

C2_16831 1112 1121 4.44 53105994 

C2_18656 2111 1111 4.58 NM6 

C2_57216 2111 2111 4.70 54961836 

C2_18664 2111 1111 4.71 55626490 

C2_18661 2111 1111 5.04 55284214 

C2_18570 2111 1111 5.61 53655649 

C2_18667 2111 2111 6.65 54856073 

C2_18545 2111 1111 6.94 55213127 

C2_18549 2111 1111 6.97 56630074 

C2_51534 1112 1121 7.18 56037330 

C2_18681 2111 2111 7.40 55626597 

C2_18684 2111 2111 7.51 53888482 

C1_5981 2111 2111 8.05 56628801 

C1_8829 1111 2111 9.14 55889095 

C1_8834 1111 2111 9.87 NM6 

C2_33276 1111 2111 10.38 54514078 

C2_51533 2111 1111 10.66 56033564 

C2_28845 1111 2111 11.22 54860473 

C2_12600 2212 1121 11.31 52454604 

C2_18658 1111 2111 11.93 55284153 

C2_33279 1111 2111 12.26 55207646 

C2_28903 1111 2111 12.32 55284126 

C2_18683 1111 2111 13.08 55678678 

C2_33277 1111 2111 13.19 52546482 

C2_12526 1211 1121 13.43 53105770 

C2_12597 2211 1111 13.51 8177022 

C2_12598 2211 1111 13.94 52792672 

C2_12578 2111 1111 14.14 53105872 

C2_12420 1121 1212 14.29 55219804 

C1_5994 1111 2111 14.47 52793523 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_4044 1112 1111 14.57 53105785 

C2_12565 2111 1111 15.00 52544646 

C2_12411 1111 1212 15.77 55208509 

C2_12528 2111 1111 15.84 40612819 

C2_42770 1111 1121 16.04 55657721 

C2_12599 2111 1111 16.48 52759623 

C2_12404 1221 1121 16.51 51606802 

C1_4029 1211 1121 16.64 50290359 

C2_28228 1121 1211 16.93 56630012 

C1_16636 1121 1111 17.11 52958673 

C2_12405 2111 1111 17.12 51452865 

C1_8686 2111 1211 17.39 51604972 

C2_42763 1111 1212 17.55 51496616 

C2_28283 2121 2211 17.58 53077509 

C2_42756 2111 1111 17.80 52693868 

C2_28224 2111 1111 18.32 52191131 

C2_42762 1121 1111 18.77 51996450 

C2_42759 1212 1121 18.86 50152831 

C2_35060 1112 1111 19.15 49839630 

C2_50620 1212 1122 19.30 49747253 

C2_35051 1112 1111 19.47 52191846 

C2_28223 2121 1111 19.60 52544739 

C1_8708 2111 2211 19.67 49746193 

C2_28174 2111 2211 19.99 49747850 

C1_8150 2111 2112 20.69 51604961 

C2_33045 2111 2211 20.83 50287421 

C2_26040 1212 1121 21.63 51518820 

C2_26041 2111 2112 21.70 52191007 

C1_8701 1121 1111 21.72 50416079 

C1_9900 1121 1111 21.94 51091153 

C2_26012 2111 2112 21.96 48736946 

C2_35078 2111 2112 22.82 49362126 

C1_9878 2111 2211 22.84 49665986 

C1_10457 2111 2112 23.01 50754110 

C2_35049 2111 2112 23.02 50150805 

C2_19804 1112 1111 23.07 50151997 

C2_26004 1121 1211 23.12 51080646 

C2_26007 1212 1121 23.57 51080778 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_26005 2111 2111 23.80 48224240 

C2_26011 1212 1121 23.80 49455985 

C2_19860 1112 1111 23.94 48956963 

C2_26003 2111 2111 24.17 50151438 

C2_19787 2111 1111 24.38 49215260 

C2_35055 1111 1112 25.16 49746777 

C2_35052 1121 1211 25.65 49002470 

C2_35054 1121 1211 25.88 47307287 

C2_19748 1111 1112 26.27 49222117 

C1_10467 1121 1211 26.34 50150911 

C2_26006 1111 1112 26.52 49747233 

C2_19749 1121 1211 26.61 52191317 

C2_35059 1211 1121 26.78 49215404 

C1_6238 1111 1112 26.97 51755737 

C2_33038 1121 2111 27.28 50151500 

C2_26010 1111 1112 27.53 47811510 

C2_38787 1121 1211 29.28 50151960 

C2_38764 1122 1211 29.88 49465165 

C2_46329 1111 2112 30.92 49745280 

C1_6240 1211 1121 31.27 47307302 

C2_25233 1121 1211 31.55 50151362 

C1_6244 1111 2112 31.86 NM6 

C2_25211 1121 1211 32.10 49747693 

C2_19741 1112 1121 32.62 50960978 

C2_35100 1111 2111 33.13 47483009 

C2_46322 1211 1121 33.84 48778791 

C1_7973 1221 1211 34.73 NM6 

C2_25220 1221 1211 35.00 48353176 

C2_25212 2221 1211 35.62 47551623 

C1_7980 2111 1111 35.94 47159232 

C2_25250 1221 2211 36.57 45776828 

C1_7992 1121 1111 36.70 47160480 

C2_25255 1221 2211 36.80 46948308 

C2_25205 2111 2121 36.82 48637648 

C2_25289 1112 1112 37.37 47875892 

C2_25261 1211 2111 37.44 47159265 

C2_45157 1112 1122 38.04 47642053 

C1_7991 1111 1211 39.66 46813857 

C2_45472 1212 1221 39.75 47102897 

C1_7993 1211 1111 40.96 46943587 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_13385 1211 1211 41.14 46813301 

C2_45196 1211 1211 41.26 46897234 

C2_25207 2121 1221 41.55 46817527 

C2_45180 1221 1122 41.75 47159230 

C2_33429 1112 1122 41.86 46611189 

C2_45182 1121 1111 41.99 47655507 

C2_48277 1111 1211 42.02 46816703 

C1_13378 1121 1122 42.46 46814574 

C2_45176 1212 1211 42.89 45789071 

C2_45179 1121 1122 42.97 45498052 

C2_44560 1121 1111 43.22 47103026 

C2_45181 2111 2111 43.38 45185262 

C2_45461 1211 1211 43.46 47070291 

C2_45177 1112 1111 43.71 47674858 

C2_45161 1211 1111 43.75 44876283 

C1_12978 1212 1111 44.26 45035807 

C2_33473 1121 1112 44.28 45813809 

C2_45448 2121 2111 44.44 46814225 

C2_45436 2112 1122 44.50 45147009 

C1_13481 2111 2211 45.42 44319853 

C1_10001 1211 1111 45.74 45146666 

C2_33488 1211 1121 46.04 45146906 

C1_10013 1122 1112 46.04 44649433 

C1_10011 1122 1112 46.35 44316647 

C1_10020 1111 1211 46.54 44876137 

C1_13482 1122 1112 46.90 45842746 

C1_13483 2111 2111 47.45 44649580 

C1_12976 2111 2221 47.56 44516464 

C2_44120 1122 1112 47.70 46865716 

C2_44095 1122 1212 47.73 45145834 

C2_44109 1122 1112 47.77 45145932 

C2_33491 2111 2111 47.93 45146134 

C1_11475 1211 1111 47.97 45146538 

C2_33495 1211 1221 48.25 45239915 

C2_33489 1112 1111 48.45 44692093 

C2_33492 1211 1221 48.97 42818336 

C2_38635 2111 1111 49.11 46813868 

C1_10000 1211 1221 49.42 44687759 

C2_44105 2111 1211 49.45 45242018 

C2_38667 1221 1112 49.54 42555347 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_5126 1211 1111 49.71 42659912 

C2_38643 2211 1111 49.81 44499261 

C1_11485 1122 1112 50.34 43652914 

C2_23091 1122 1112 50.47 44288221 

C2_38634 1122 1112 51.11 43192596 

C1_16195 2111 1111 51.43 42657068 

C1_5114 1211 1111 51.82 42579972 

C2_23097 1211 1111 52.50 44380117 

C1_7405 1211 1111 52.58 44416107 

C2_15929 2211 2111 53.50 43253894 

C1_16196 1111 1211 54.04 40990720 

C1_7404 1211 1111 54.23 43125095 

C1_16193 1111 1121 54.45 43192142 

C2_15905 1211 1221 54.71 41721076 

C2_15925 1222 1112 54.76 43653755 

C2_23075 1122 1112 54.76 42786040 

C1_5112 2211 2211 54.93 44319895 

C1_16194 2111 1221 54.95 40742709 

C1_7514 1111 1211 55.21 43125907 

C1_7381 1222 1112 55.47 45146174 

C1_11479 1111 1221 55.55 9774022 

C2_23354 1211 1111 55.63 42659856 

C1_7516 2111 1111 55.78 41721335 

C1_7382 1111 1121 56.12 43653716 

C1_7515 2111 1211 56.26 43091608 

C2_23083 1111 1121 56.31 41846151 

C1_3150 1111 1211 56.36 10163301 

C2_23394 2111 1211 56.39 41356967 

C1_3154 2111 1111 56.47 41721163 

C2_23084 2111 1221 56.83 42736307 

C1_7407 1111 1221 56.92 38283065 

C2_6601 2121 1211 57.51 7938249 

C2_36159 2121 1211 57.68 43654019 

C2_23347 1211 1221 57.71 40689929 

C2_9378 2111 1111 57.85 8518130 

C1_3141 1211 1111 57.90 18507137 

C1_1495 1111 1211 57.91 44288708 

C2_23380 1211 1121 57.93 15439012 

C2_23382 1111 1121 58.18 42634608 

C1_3147 2111 1211 58.19 40612321 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_9380 2111 1211 58.24 10163412 

C2_9381 2111 1211 58.33 10836316 

C2_42655 2121 1221 58.60 8842888 

C2_49848 1111 1211 58.84 4530220 

C2_18241 1212 2111 58.96 10330972 

C1_2404 2121 1221 59.18 32978081 

C1_1536 2111 1211 59.34 42119915 

C1_7520 1211 2121 59.53 39598602 

C1_7521 1211 2111 59.68 39036976 

C2_4476 2111 1211 59.88 36406834 

C1_482 1111 1221 59.88 10161642 

C2_9326 1211 2121 60.07 40611308 

C2_6622 1212 1112 60.41 13556151 

C2_19696 1111 2111 60.42 13637552 

C2_9359 1211 2111 60.47 10837264 

C2_49838 1121 1211 60.82 41954467 

C2_23389 1122 1112 60.97 40251222 

C2_23388 1122 1112 61.13 40643288 

C2_4578 2111 1211 61.17 41720062 

C2_47671 1122 1112 61.27 13555806 

C2_2855 2111 1211 61.32 41078607 

C1_15700 2111 1211 61.33 41356984 

C1_2790 2111 1111 61.33 41354488 

C2_49837 1121 1211 61.34 40611714 

C2_9354 1122 1112 61.40 39472188 

C1_3142 2111 1111 61.42 41954580 

C2_23387 1122 1112 61.55 41955393 

C2_23386 1111 1211 61.63 10838770 

C2_19701 2111 1221 61.65 10838506 

C1_1481 1211 1111 61.70 36903616 

C1_3163 112 1112 61.79 23716646 

C2_1962 2111 1221 61.88 35757925 

C1_13998 2111 1211 61.94 36802629 

C2_50551 1121 1211 62.10 18929739 

C2_9357 1122 1112 62.20 15669100 

C1_3159 1211 2121 62.25 41143428 

C1_513 2111 1221 62.46 11640657 

C2_5900 2111 1221 62.56 39462138 

C2_2000 2111 1221 62.57 10161576 

C1_16364 2111 1221 62.65 41954541 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_49847 2111 1221 62.71 36278195 

C1_13395 1111 1121 62.72 18087064 

C1_9478 2111 1221 62.80 21367162 

C2_1980 1211 2111 62.83 39472209 

C2_13908 2111 1111 62.87 10650029 

C2_6607 1111 2111 62.92 41955234 

C2_9385 1211 2121 62.98 41355244 

C2_4579 2111 1221 63.09 42120645 

C2_9375 1211 2121 63.24 39571723 

C1_2398 1222 1112 63.25 19338304 

C1_2124 1111 1121 63.41 38673809 

C2_27860 1121 1211 63.55 40613506 

C2_6581 1112 1112 63.56 41265653 

C1_2405 1211 2111 63.56 41954905 

C1_16450 2111 1111 63.65 41533818 

C2_31369 2111 1111 63.71 7681296 

C2_4480 1211 2121 63.76 10163535 

C2_4530 2211 2111 63.78 52792784 

C2_42640 1121 1211 63.79 40252349 

C2_49836 1211 2111 63.90 10650161 

C1_10855 1211 2111 63.90 40053025 

C2_52104 1211 1111 63.94 22890130 

C1_16201 1111 2111 63.94 10838437 

C2_4486 1211 2121 64.02 8384204 

C2_6574 1111 1121 64.19 24708907 

C1_1535 1211 2121 64.29 27223779 

C2_6620 1112 1112 64.30 10651711 

C2_49841 1112 1112 64.49 10651355 

C1_3144 1122 1112 64.54 42784586 

C2_6600 1112 1112 64.71 10161381 

C2_6609 1111 1121 64.77 7893094 

C2_49844 2111 1121 64.78 41720015 

C2_4438 1122 1112 64.90 23718663 

C2_4479 2211 2121 65.26 13637711 

C2_9360 1122 1112 65.39 9998099 

C2_49834 1112 1112 65.43 30639004 

C2_6615 2211 2111 66.10 19993451 

C2_56433 2111 1121 66.19 8232022 

C1_1551 1122 1112 66.29 7139104 

C1_13594 2111 1121 67.40 4403363 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_46709 1121 1122 67.58 13011914 

C2_47004 2111 1121 67.63 4874983 

C2_45798 1211 2111 67.64 6367929 

C1_11937 1121 1211 68.16 7105382 

C1_15606 1121 1111 68.29 5973699 

C1_11935 1122 2112 68.59 7054045 

C2_56660 1211 2111 68.73 7480919 

C2_55985 1211 2111 68.74 3446077 

C2_46706 1121 1111 68.84 9125414 

C2_45799 1112 1112 68.86 4874797 

C2_55986 1211 2111 69.05 6026202 

C1_15484 1112 2112 69.18 6466545 

C1_14735 1211 2111 69.51 3476491 

C1_16223 1121 1111 69.64 3633771 

C1_10958 1121 1111 70.06 5791166 

C2_46755 1121 2111 70.29 6578228 

C2_53536 1211 1111 70.79 7480900 

C1_11948 2211 1121 70.97 4468871 

C2_46398 1221 1122 71.49 3509762 

C2_36831 1121 1111 71.71 7426592 

C2_46749 1122 1122 71.88 29279410 

C2_52663 1121 2111 72.28 4880359 

C2_52374 2211 1211 72.58 3949542 

C2_48715 2211 1211 72.76 3505922 

C2_26246 1121 1111 73.23 4874866 

C2_43574 1221 1122 73.23 7105363 

C2_46708 2211 1211 74.62 4231614 

C2_43588 1112 2111 74.88 3086988 

C2_46393 2111 2211 75.30 3505434 

C2_43607 1211 1122 76.02 11797542 

C2_53198 1221 1122 76.28 6519894 

C2_46379 2112 1211 76.81 4834362 

C1_16229 2112 2211 76.88 3508026 

C2_36872 1221 1122 78.24 4193255 

C2_36818 1111 2111 78.95 3891813 

C2_55837 2112 1211 78.97 3579340 

C2_36837 2112 2111 79.13 3896435 

C2_55830 2112 1211 79.15 4100017 

C1_16227 1211 1122 79.21 6706118 

C2_55832 2112 1211 79.86 3897283 



185 

 

 

 

 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_36859 1211 1122 80.31 3892568 

C1_10975 2111 1111 82.34 3896195 

C2_36833 1112 2111 84.43 3894395 

C2_36882 2111 1111 84.65 2639244 

C2_26182 1112 1111 85.71 5260432 

C2_26239 1111 1122 85.94 2584839 

C1_10836 2112 1111 86.46 2932652 

C1_10788 2112 1111 87.06 3314985 

C2_26169 1211 2211 87.90 1279680 

C1_8173 1211 1211 88.02 2610382 

C2_36068 2112 1111 88.06 797510 

C2_26211 1122 1111 88.71 1279591 

C2_26167 2111 1122 89.91 2609116 

C1_10783 2111 1111 90.17 2932808 

C2_26165 2111 1122 90.33 2972897 

C1_10781 1221 1212 90.59 1318666 

C2_26145 1122 1111 90.67 1318870 

C2_26197 1122 1111 91.11 2972894 

C1_13671 2121 1112 93.17 587048 

C1_11519 2121 1112 93.19 1002067 

C1_11520 2121 1112 93.48 564435 

C1_13663 2121 1112 93.82 588137 

C2_46102 2121 1112 93.84 587066 

C2_46101 2121 1112 93.91 565860 

C1_15909 1112 1111 94.28 564540 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_46099 1111 1211 94.48 769203 

C2_38873 1212 2121 95.07 2671927 

C2_26238 1211 1211 95.22 1002101 

C2_46113 2121 1212 95.76 637024 

C2_38893 2121 1212 95.83 205949 

C2_38900 2121 1212 96.02 1352928 

C1_15914 2121 1212 96.09 1005838 

C1_15462 1121 1211 96.50 564582 

C1_11525 1212 1121 96.78 565922 

C1_15906 1121 1212 96.80 1005773 

C1_15912 2121 1212 96.82 573554 

C2_38827 1212 2121 96.82 567115 

C2_38828 2121 1212 96.86 446125 

C2_46103 2121 1212 96.86 563754 

C2_38872 1212 1121 97.18 1002482 

C1_13658 2111 1111 97.71 583570 

C2_46106 1212 1121 98.18 564380 

C2_54651 1212 1121 98.34 568317 

C1_11534 1212 1121 98.94 2498400 

C2_46109 1212 1121 98.96 638125 

C1_15913 1211 1121 101.06 797478 

C2_46051 2212 1121 101.69 460754 

C2_46105 1111 1112 101.92 588083 

C1_15910 2112 1121 104.98 NM6 

  

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 8: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_29015 2112 2112 0.00 220082 

C1_8838 2112 2111 1.43 400382 

C2_29020 1221 1111 3.53 399666 

C2_29047 2112 2111 3.98 742943 

C2_29043 2112 2111 4.00 495260 

C2_29027 1221 1111 5.11 494929 

C2_29025 1221 1111 5.28 1031548 

C2_52179 1112 1112 5.74 285383 

C2_29044 1121 1221 7.01 1031440 

C1_9777 1112 1112 9.47 495071 

C1_9776 1112 1112 10.97 2161736 

C2_32650 2111 2111 14.09 1396675 

C2_53516 2112 2111 14.83 1868572 

C2_51954 2111 2111 16.73 1141585 

C2_27473 2111 2111 18.54 2593796 

C2_32710 2111 2112 20.24 2903601 

C1_15756 2111 2111 21.45 3735546 

C2_54204 2111 2111 21.57 3650168 

C2_44855 1121 1221 23.92 3502674 

C2_57767 1121 1211 25.40 2907179 

C2_50041 1112 2111 26.06 3827691 

C2_34142 1121 1211 26.78 3993593 

C2_34124 1121 1211 27.23 3962323 

C1_9103 1112 1111 27.83 32239155 

C2_30104 1121 1211 28.02 7267927 

C2_34117 1121 1211 28.07 4742020 

C2_34121 1121 1211 28.27 34077547 

C2_30067 1121 1211 28.49 4456432 

C2_34109 1121 1211 28.78 8465219 

C2_57660 2121 1211 28.81 5062018 

C2_34110 1121 1211 28.99 4354484 

C2_19534 1121 1211 29.17 4912192 

C1_15260 1121 2211 29.30 4026312 

C2_34103 1121 2211 29.50 29758723 

C2_12746 1122 1211 30.17 34986682 

C2_34115 1112 2111 31.08 36470062 

C2_48953 1121 1211 31.42 21591331 

C2_19442 1211 2112 32.00 9554691 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_47896 1122 1211 32.30 38876238 

C1_13229 1122 2211 32.38 18408078 

C2_19432 1211 2112 32.43 30149471 

C2_47900 1122 1211 32.51 18407907 

C2_17320 1211 2112 32.70 23895925 

C2_53180 1211 2112 32.75 13212735 

C2_17321 1211 2112 32.81 17233898 

C2_5909 1211 2112 32.95 16652660 

C2_53179 1211 2112 32.99 18102670 

C2_19433 1211 2112 33.13 32956500 

C1_11239 1122 1211 33.68 8354399 

C1_5707 1122 1211 33.91 7838662 

C2_17318 1122 1211 33.96 34576702 

C2_19631 1122 1211 33.96 9975056 

C1_5710 1122 1211 34.06 32229217 

C2_57002 1122 1211 34.08 30362485 

C1_5713 1222 1211 34.17 5449109 

C2_28519 1122 1211 34.20 30367162 

C2_37599 1122 1211 34.33 17061842 

C2_48358 1122 1211 34.34 5810262 

C2_19426 1122 1211 34.36 29758299 

C2_47922 1122 1211 34.38 20584401 

C2_19427 1122 1211 34.40 5069311 

C2_29283 1122 1211 34.45 5818629 

C2_57003 1122 1211 34.46 30148252 

C1_2686 1122 1211 34.46 9092009 

C2_26935 1121 1211 34.48 9226857 

C1_2687 1122 1211 34.48 6541246 

C2_19431 1122 1211 34.49 13627692 

C2_47920 1122 1211 34.51 29758730 

C2_37600 1122 1211 34.52 9975029 

C1_8380 1121 1211 34.56 30365828 

C1_6130 1122 1211 34.57 9558581 

C1_14174 1122 1211 34.63 9087306 

C2_17315 1122 1211 34.63 5312058 

C2_2826 1122 1211 34.63 29755831 

C2_19439 1122 1211 34.69 7843374 

C2_26936 1121 1211 34.71 19348560 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_2122 1122 1211 34.83 29757226 

C2_29496 1121 1111 34.84 18395020 

C2_34564 1122 1211 34.87 10833062 

C2_2183 1122 1211 34.90 29813975 

C1_516 1122 1211 34.91 9479127 

C1_6140 1122 1211 34.98 9554970 

C2_2178 1122 1211 34.99 5818668 

C2_42290 1122 1211 35.02 28480198 

C2_33771 1122 1211 35.04 36109390 

C2_19940 1122 1211 35.06 10277914 

C2_29280 1122 1211 35.13 33597174 

C2_57588 1122 1211 35.24 34751650 

C1_15689 1122 1211 35.35 28480587 

C2_30288 1122 1211 35.50 15911262 

C2_33766 1122 1211 35.74 32544771 

C1_11442 1122 1211 35.85 28480293 

C2_30254 1122 1211 35.96 31385456 

C1_14314 1211 1111 36.73 32784404 

C2_53880 1122 2211 36.78 48669653 

C1_12082 1111 2111 36.85 3993755 

C2_30073 1111 2111 37.04 19950249 

C2_29282 1211 2111 37.37 15912416 

C1_9167 1211 1111 37.42 3914208 

C2_30053 1111 2111 37.44 15953548 

C2_49243 1122 1211 37.52 20465382 

C2_49249 1122 1211 37.59 26158979 

C2_34082 1211 1111 37.73 29756364 

C1_6262 1211 1111 37.74 13213033 

C2_19429 2111 1122 37.83 35649760 

C2_56757 1122 1211 38.51 31385479 

C2_26919 1111 2111 39.00 10214111 

C2_34091 2111 1122 39.09 35553321 

C2_32809 2111 2112 39.74 31391348 

C2_19626 1122 1211 40.14 35651364 

C1_11719 1211 2121 40.75 38462465 

C2_51328 1211 2111 41.07 4235737 

C1_13230 1111 2111 41.40 52490785 

C1_12162 1211 2121 41.47 15999721 

C1_6252 1111 2111 41.58 4911152 

C2_49246 1211 2121 42.08 35922019 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_14542 1211 1121 42.20 4026338 

C2_32803 2111 2111 42.21 35650971 

C2_34085 1111 2111 42.36 35921407 

C2_41467 1211 1121 43.62 6659364 

C2_41463 1111 2111 43.74 35651619 

C2_49265 2111 2111 43.77 37507745 

C1_838 1211 1111 43.93 39913524 

C2_45759 1211 2111 44.25 38687037 

C2_32309 1122 1111 44.39 37494529 

C2_32310 1122 1111 44.60 37495873 

C1_823 2121 2111 44.86 37835878 

C1_819 1121 1111 45.45 37469946 

C1_821 1112 2111 45.65 35379060 

C2_32317 1122 1111 46.04 41088132 

C2_2780 2121 2111 46.22 38782386 

C2_2745 2111 2111 47.25 38687057 

C1_836 2111 2111 47.63 37259543 

C2_45751 1122 1111 47.73 39591317 

C1_14271 1211 2111 48.75 38286683 

C2_32280 1112 2111 48.85 39266259 

C2_32291 1112 2111 49.63 37379264 

C2_45770 1122 1112 51.03 43335386 

C1_16676 1112 1212 51.69 39999345 

C1_15044 1112 1212 51.83 39908658 

C2_18883 1111 1211 52.79 39670914 

C1_15048 1112 1212 52.84 39115651 

C2_57457 1112 1112 54.38 39257244 

C2_48182 1121 1211 54.80 39883762 

C2_51369 1112 1112 54.81 39908319 

C2_44307 1112 1112 54.92 43346350 

C1_12166 1212 2111 54.96 39967953 

C2_44334 1122 1112 55.02 41635071 

C1_13043 1112 1112 55.08 39999158 

C1_15046 1112 1112 55.09 39591575 

C2_51372 1112 1112 55.11 42851722 

C2_51374 1112 1112 55.34 41087520 

C2_51370 1112 1112 55.41 43763298 

C2_18924 1111 1211 55.48 39959936 

C1_15045 1112 1112 55.71 39698106 

C2_44303 1112 1112 55.99 39858455 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_33381 1112 1112 57.42 45631066 

C2_53737 2121 2111 57.84 42460813 

C2_18926 2121 2111 58.02 39918144 

C2_18872 2111 2111 58.11 40837569 

C2_18943 2121 2111 58.34 45631702 

C2_44299 2111 2111 61.40 45224020 

C2_15859 2111 2111 61.66 43369128 

C2_15804 2111 2111 62.06 46018639 

C2_15826 2111 2111 62.16 45632368 

C1_5100 2111 2111 62.31 45631230 

C2_44293 2111 2111 62.37 45293712 

C2_15829 2111 2111 62.61 45029330 

C2_44294 2111 2111 62.95 45220562 

C2_44295 2111 2111 63.20 49396213 

C1_15692 1112 1211 63.59 45990790 

C2_53914 1112 1211 63.74 34197440 

C2_50151 2111 2111 63.93 44889182 

C2_15818 1221 1121 64.58 45632350 

C2_44296 2111 2111 64.74 45237758 

C2_44297 2111 2111 65.10 47519565 

C1_14763 1221 1121 65.38 48333994 

C2_28522 1112 1211 65.89 48801168 

C2_49379 1212 2121 66.54 48669299 

C2_49377 2121 1212 66.75 48214471 

C2_28550 1112 1211 66.89 45632265 

C1_15416 1221 1121 67.11 46390120 

C2_44513 1112 1211 67.47 48669487 

C2_28636 1112 1211 67.57 15880148 

C2_28635 1112 1211 67.57 48669473 

C2_53886 1221 1111 67.73 48236149 

C2_51051 1221 1121 67.83 49071663 

C1_15031 1112 1211 68.72 47472669 

C2_53902 1221 1111 68.94 48764468 

C2_28632 1121 2121 70.36 48805250 

C2_28548 2111 1111 70.48 47498974 

C2_28568 2111 1111 71.25 48669101 

C1_8769 2111 1111 71.72 49187685 

C2_28634 1211 1211 72.00 48085423 

C2_49337 2111 1111 72.67 48181310 

C2_28633 2211 1211 73.27 46805752 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_13116 1121 2121 73.35 49493916 

C2_52699 1121 2121 74.12 50368189 

C2_53854 2111 1111 76.00 51029951 

C2_34710 1211 1211 78.58 49620478 

C2_5332 1211 1211 78.65 51253557 

C2_36731 1121 2121 79.90 55016165 

C2_34709 2111 1111 79.91 51263381 

C2_36780 1121 2121 81.12 51263417 

C2_36781 1211 1211 81.65 51263284 

C2_48447 1112 1211 81.89 51098940 

C2_36777 1211 1211 81.92 51192235 

C2_36745 2112 1211 82.07 51488861 

C2_36760 2112 1211 82.41 51098713 

C2_36748 2112 1211 82.41 50368198 

C2_36779 2112 1211 82.71 53929159 

C2_56726 1121 2121 83.59 50116413 

C2_36738 2112 1211 83.92 53138349 

C1_6046 1121 2121 84.67 55161190 

C2_34604 1112 1211 85.30 52576345 

C2_19017 2211 1211 87.15 52490868 

C2_19085 2211 1211 87.62 52490848 

C2_19080 2211 1211 87.63 50913770 

C2_19079 2211 1211 87.78 52453775 

C2_19081 2211 1211 88.12 29758156 

C2_57946 2211 1211 88.48 54290056 

C1_5546 1121 1121 89.91 52189330 

C2_34705 1121 2121 90.85 52270205 

C1_8291 1211 1211 92.05 54193141 

C2_19144 2111 1111 92.27 54101183 

C1_8255 1211 1211 92.96 54295425 

C1_8235 1211 1211 93.28 52291866 

C1_6052 2111 1111 93.28 52714500 

C2_19135 2111 1111 93.93 55117493 

C2_28478 1211 1111 94.92 56575689 

C1_8723 1211 1111 95.27 52333907 

C2_28481 1211 1111 95.60 55254403 

C2_17061 1121 1121 95.67 NM6 

C1_5598 1121 1121 96.06 56782299 

C2_17094 1121 1121 97.02 54751200 

C1_5580 1121 1121 97.64 50368441 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_34587 2111 1111 98.37 55114825 

C1_5578 1221 1211 98.96 53326021 

C2_26648 2111 2112 99.41 54677813 

C2_11273 1221 1211 99.89 56780532 

C1_5560 1121 1121 100.63 36188430 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_5483 1221 1111 103.28 NM6 

C2_17092 2211 2111 106.66 NM6 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 9: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_27719 1111 2112 0.00 61465842 

C1_8574 1111 2112 0.07 59475851 

C2_27765 1221 2111 4.06 60250917 

C2_35655 1121 2112 4.43 NM6 

C2_35621 1121 1111 4.50 58956854 

C2_55483 1121 1111 5.57 61470614 

C2_27757 2112 1211 6.68 NM6 

C2_53745 1121 1111 8.27 NM6 

C1_16490 1121 1111 8.57 60467157 

C1_16106 1122 1211 11.34 59384719 

C2_27761 1112 1211 11.67 61135155 

C1_11509 1112 1211 12.00 NM6 

C1_8572 2121 2112 12.44 59483310 

C1_10579 2121 2112 14.39 58899785 

C2_3073 1212 1211 14.64 61466136 

C2_55482 2111 2111 15.94 58358578 

C1_11853 1121 1111 16.02 60562325 

C2_3084 2111 2111 17.70 57346489 

C2_2960 2111 2111 17.74 59139277 

C2_48042 1111 1112 17.98 60829989 

C1_14205 1212 1211 20.05 58533003 

C2_43241 2121 2111 20.55 NM6 

C2_3042 1112 1212 20.66 56876796 

C2_43242 1112 1212 21.51 58670590 

C2_3067 1112 1212 21.71 NM6 

C2_40078 1112 1212 21.75 59225663 

C2_40086 1112 1212 22.04 56184931 

C2_3007 2111 2112 22.64 59483358 

C2_20618 1212 1212 22.69 57779733 

C2_43243 2221 2111 22.97 NM6 

C2_40077 1112 1212 23.20 58689196 

C2_3021 1212 1211 23.35 58671679 

C2_30008 1121 1111 24.05 58924195 

C2_2998 2121 2112 24.27 57423038 

C2_3010 2121 2111 24.33 57778395 

C2_3066 2121 2111 24.66 5363601 

C1_11866 1211 1111 25.13 55039052 

C2_29317 1122 2111 26.86 53091476 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_46795 1122 2111 27.78 58582477 

C1_8944 2111 1122 27.81 55182321 

C2_46796 1122 2111 28.03 57422065 

C2_29415 2111 1122 28.45 54572498 

C2_22054 2111 1122 28.88 53090017 

C2_22072 1122 2111 28.89 55038965 

C2_22069 1122 2111 29.24 55087556 

C2_22050 1122 2111 29.69 54548387 

C2_22049 1122 2111 29.77 54392089 

C2_21999 1122 2111 29.79 54470284 

C2_22040 1122 2111 29.84 54117387 

C2_22024 1122 2111 29.92 54470269 

C2_21992 1122 2211 32.18 54194311 

C1_6936 2211 1122 32.52 54060817 

C2_54325 2211 1122 33.11 53402816 

C1_8390 1121 2111 33.87 54976154 

C1_13883 1211 1122 34.01 55283204 

C2_46797 1211 1122 34.77 54484024 

C2_22070 1211 1122 36.01 52135021 

C2_26945 1111 1211 37.20 53687100 

C1_12178 2121 2211 37.36 53911437 

C1_12179 1211 1122 37.47 52664873 

C2_40848 1121 2111 39.54 53196614 

C1_8415 1112 1111 39.83 54571620 

C2_26979 1211 1122 39.89 55039035 

C1_13885 2111 1111 39.90 52027191 

C2_40867 1121 2111 39.91 52148880 

C1_15717 1112 1111 40.18 50367972 

C2_4127 1121 2111 43.67 53315931 

C2_4196 1121 2111 44.13 51386555 

C2_42961 1112 1111 44.25 51888503 

C1_11907 1121 2111 44.50 53858653 

C2_43023 1212 1122 44.58 51565563 

C2_51346 2121 2211 44.83 55051698 

C2_40879 1112 1111 45.58 53723836 

C2_40858 1212 1122 47.11 51888213 

C1_11778 1121 1111 48.90 52307123 

C1_16414 1212 1122 49.84 51611870 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_4197 2121 2211 50.91 50806427 

C2_14641 1121 1111 50.98 50806390 

C1_16413 1212 1122 51.08 52503159 

C1_11777 1121 2211 51.13 50078813 

C2_52532 1121 2211 52.95 51565516 

C2_14640 1121 1221 54.20 50009166 

C2_39494 1121 1221 55.37 50417553 

C2_39488 1211 1112 57.27 52147350 

C2_52544 1111 1211 57.43 47458361 

C2_54867 1121 2121 57.60 50367678 

C1_16459 1121 2211 57.75 47754984 

C2_56074 1211 1111 59.28 47753124 

C1_12797 1212 1122 59.98 49140012 

C1_13996 1211 1112 60.76 48735918 

C1_6196 2121 1211 60.85 47237043 

C1_12798 2121 1211 61.75 48069790 

C2_19556 1212 1122 62.34 50435563 

C2_45567 1211 1112 62.87 47559641 

C1_6166 2121 2211 62.92 49453657 

C1_6193 2111 1111 62.97 47918632 

C1_6192 2121 1111 63.22 47753126 

C1_12786 2121 1111 63.29 47458102 

C1_6176 2121 2111 64.24 44621057 

C1_4082 1111 2211 65.60 46687355 

C2_55046 1111 2111 66.64 46942759 

C2_45887 2121 1111 66.72 46685044 

C2_44822 1111 1211 66.87 44408538 

C2_44821 1111 1211 66.90 43193960 

C2_45883 2121 1111 67.18 49537802 

C2_45881 2121 1211 67.68 46148139 

C2_12760 2111 1111 68.25 46685159 

C1_4085 1112 1121 68.60 46077355 

C2_12807 2121 1111 68.63 46132441 

C2_27643 2111 1111 68.67 45642240 

C1_4076 1112 1121 68.83 46288720 

C2_27666 2111 1111 68.90 46132808 

C2_12787 2121 1111 68.91 45562819 

C2_27652 1121 1211 68.92 46686242 

C2_12770 1121 1211 68.92 30812479 

C1_4077 2121 1111 68.92 47187905 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_44824 1211 2212 68.95 45953920 

C1_8013 1121 1211 69.05 45924103 

C1_4083 2121 1111 69.28 21192924 

C2_12791 1112 1121 69.29 47954945 

C2_12789 2122 1121 69.32 46139853 

C2_12788 2121 1111 69.43 43997824 

C2_44804 2121 2211 69.46 46837871 

C2_44817 1211 2212 69.47 47212526 

C2_12758 1112 1121 69.66 46135027 

C2_12782 2121 2211 70.48 11460409 

C2_20464 1121 1211 71.60 46685133 

C1_13612 1111 2111 72.00 46132485 

C2_44815 1211 1212 72.14 46148187 

C2_20473 2111 2111 72.19 44899486 

C2_12786 1211 1112 72.46 40416304 

C2_16315 2111 2111 72.51 43780085 

C2_12785 1211 1112 72.68 46744528 

C2_44819 1211 1112 72.98 31697745 

C1_8210 2111 2111 73.44 45788396 

C2_12781 1211 1112 73.64 45199246 

C2_12761 1211 1112 73.77 11720990 

C2_46028 1111 1211 74.19 36524095 

C2_22749 1111 1211 74.37 8660455 

C2_26515 2111 2111 74.42 4119060 

C2_22751 1112 1211 74.70 31630568 

C2_26516 1211 1211 74.88 13304468 

C1_7530 2111 2111 74.93 44403906 

C2_20481 2121 2211 75.16 44405128 

C2_20479 1212 1122 75.16 46683467 

C2_20477 1212 1122 75.31 46131220 

C2_44820 1111 2111 75.32 46134887 

C1_4087 1212 1122 75.98 19487287 

C2_16275 2111 2211 76.14 31784448 

C2_23409 1112 1211 76.18 31521212 

C2_23431 1112 1211 76.27 13621663 

C2_4385 2211 2111 76.27 11226418 

C2_1915 2211 2211 76.80 28616793 

C2_4200 1122 1122 76.81 31630487 

C2_57542 1112 1121 76.86 45951002 

C2_23416 1112 1211 76.95 32671957 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_31389 2111 2111 77.15 7231325 

C2_48592 2111 1111 77.19 12952173 

C1_2319 2211 2211 77.20 12790782 

C1_449 1122 1122 77.20 6773424 

C2_22762 1122 1122 77.33 37335897 

C2_1514 1122 1122 77.36 15572748 

C1_9490 1122 1122 77.50 33680215 

C2_31383 2211 2211 77.64 18826247 

C2_1483 2211 2211 77.79 9471801 

C1_216 1122 1122 77.79 31630431 

C2_549 1112 1121 77.87 2083608 

C2_21332 1122 1122 78.00 46131771 

C1_958 1122 1122 78.07 23230273 

C2_19536 2211 2211 78.07 3499519 

C1_11473 1112 1121 78.11 10511206 

C1_212 1112 1121 78.14 21264861 

C2_22750 2111 2111 78.24 8051126 

C2_4420 2111 1111 78.32 28754299 

C2_44951 1112 1121 78.34 46134840 

C2_58249 1122 1122 78.52 46138122 

C2_16278 2111 1111 78.60 10451737 

C2_33627 2211 2211 78.67 11806183 

C2_4383 1122 1122 78.75 31520465 

C2_4400 1112 1121 78.79 12952003 

C2_4391 1112 1121 78.80 7898871 

C2_23449 1112 1211 78.80 14853083 

C2_46029 1112 1121 79.06 15109105 

C2_54872 1211 1111 80.07 21264794 

C2_52898 1211 1121 80.09 12790816 

C1_15780 1211 1121 80.60 15761159 

C2_682 1122 1122 80.73 10353176 

C1_14668 1211 1121 80.85 10352617 

C1_14676 1211 1121 80.98 37071891 

C2_49766 1211 1121 81.07 11311563 

C1_14669 1112 1111 81.22 11928356 

C2_48537 2211 2211 82.11 10631075 

C2_58234 1221 1122 82.22 8468741 

C2_1908 1121 1112 82.49 39333997 

C2_22761 1121 1112 82.57 19231866 

C1_364 1121 1112 82.75 6726820 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_4243 1111 2111 83.16 9726696 

C1_4231 2111 1111 83.25 22080291 

C2_6333 1121 1112 83.28 6755187 

C1_13783 1211 1111 83.53 46685162 

C1_8212 1121 1112 83.57 7519781 

C1_15351 1211 1111 83.81 33741791 

C2_13193 2111 1111 84.02 7297067 

C2_52242 1111 2111 84.19 8474270 

C2_54609 1122 1121 84.72 NM6 

C2_4413 1111 2211 84.79 6580364 

C2_52240 1111 2111 84.81 7900964 

C2_50247 2111 2211 84.84 21192684 

C2_52518 1211 2211 84.96 5790641 

C2_50245 1211 1111 85.05 11928356 

C2_23439 1121 1112 85.70 8043289 

C2_50238 1112 1121 85.92 8918435 

C2_13322 2111 1111 86.00 778420 

C2_4409 1121 1112 86.06 6414137 

C1_14969 1211 1111 86.09 6087560 

C2_52523 2112 1121 86.23 5790732 

C1_1512 2121 1112 86.51 6247447 

C2_13065 1211 1111 86.78 6577412 

C2_13293 1212 1221 87.04 5032856 

C1_4206 1112 1121 87.07 10414891 

C2_31988 1121 1112 87.61 7229870 

C2_13133 1112 1121 87.78 6676330 

C1_4237 2121 1112 88.28 31630589 

C1_13786 1221 1112 88.34 15393332 

C2_54613 1221 1112 88.58 7231160 

C2_13304 2121 1112 88.68 39760282 

C2_46431 1221 1112 88.79 6983058 

C1_4238 1212 1121 88.88 7778783 

C2_13180 1212 1121 88.95 6389488 

C2_13242 2121 1112 88.96 11805410 

C1_14783 1221 1112 89.49 8359750 

C2_13177 1212 1121 89.64 8794822 

C1_4213 1121 1112 90.89 6722540 

C1_4222 1221 1112 91.78 8051122 

C1_4248 1112 1221 92.33 6722333 

C1_4271 1121 1112 92.35 7147029 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_13211 1121 1112 92.46 58358542 

C2_3997 1111 1112 93.30 6538771 

C2_3984 2121 1112 93.41 1837824 

C2_13158 1111 1121 94.04 7882786 

C1_15259 1112 1111 94.38 5130873 

C2_3969 2121 1112 94.72 4801436 

C2_4165 1121 1211 94.88 35649402 

C2_22765 1112 1121 96.25 4793518 

C2_3948 2121 1111 96.41 4386691 

C1_1341 2111 1111 97.99 4893114 

C2_4156 2211 2121 98.82 5916490 

C2_3961 1121 1111 98.95 31711591 

C2_4192 2111 1111 99.21 4089445 

C2_3951 2111 1111 99.66 4321053 

C1_1420 2111 1111 99.74 4882347 

C1_1426 2111 1111 100.83 1019975 

C2_10964 1111 1211 102.46 2792921 

C2_10896 1121 2121 106.40 4795129 

C2_4048 2112 1111 108.10 1201218 

C1_3596 1121 1111 109.00 3619115 

C2_39216 1221 1122 109.58 2081488 

C1_11613 1221 1122 110.48 3371136 

C2_10958 2111 2111 111.00 16527499 

C1_9652 1211 1112 111.25 2078743 

C2_10956 2111 2111 111.45 2531544 

C2_4030 2112 1111 111.86 2082817 

C1_9651 2112 1111 112.98 2024826 

C1_3612 1121 1111 113.52 741534 

C2_39036 1121 1111 115.91 2785341 

C2_10959 1112 1211 116.01 1376511 

C2_48597 1121 1111 116.61 4373995 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_10966 1112 1211 116.87 6062798 

C1_3608 1112 1211 118.39 1002798 

C2_39031 1221 1111 119.07 161493 

C2_39091 1221 1111 119.39 1199754 

C2_39034 1221 1111 119.57 27567 

C1_1051 1121 1111 120.06 1033686 

C2_39100 1221 1111 120.14 3746470 

C1_3597 1211 1122 120.47 1593214 

C2_39029 1221 1111 120.59 1556742 

C2_39035 1221 1111 120.73 1376784 

C1_14392 1211 1111 121.90 1376364 

C2_10877 1211 1111 121.94 1376493 

C2_39085 1211 1111 121.95 2082555 

C2_48673 1211 1111 122.27 348287 

C2_39080 1211 1122 122.28 3324451 

C1_3613 1211 1111 122.35 2081425 

C2_39105 1211 1111 122.48 1556721 

C2_39101 1211 1111 122.60 1377914 

C1_1020 1221 1111 122.81 1376399 

C2_39081 1211 1122 122.95 128612 

C2_39082 1211 1122 123.08 739635 

C1_11572 1111 1122 123.27 1201163 

C1_1019 1211 1111 126.01 1020724 

C2_3320 2112 1122 127.19 198490 

C1_1059 1211 1111 127.20 348392 

C2_3321 1221 2211 127.57 1201082 

C2_3358 2112 1122 127.97 1442048 

C2_39083 2112 1121 128.93 1199847 

C1_14370 1112 1111 129.17 NM6 

 

  

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 10: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_305 2111 1111 0.00 339749 

C1_307 2111 1111 1.08 3377997 

C1_335 2111 1111 4.84 2093720 

C2_1000 2111 1111 8.33 706568 

C2_992 2111 1111 8.88 4622719 

C1_16114 2111 1111 11.74 1861465 

C1_16111 2111 1111 12.35 2375287 

C2_1157 2111 1111 12.81 2091733 

C2_1155 2111 1111 12.93 3209868 

C2_1077 2111 1111 13.16 2357803 

C1_287 2111 1111 14.24 2487346 

C1_288 2111 1111 14.30 2351347 

C2_34449 2111 1111 16.70 2345887 

C2_1090 1111 2111 16.73 2218157 

C2_34430 2111 1111 17.25 1691574 

C2_944 1121 2211 18.33 1885602 

C2_950 1121 2211 18.48 4869289 

C1_13025 2111 1111 18.89 4159004 

C2_44227 2111 1111 19.72 4622745 

C2_24711 2211 1111 21.28 4503619 

C1_7801 2211 1111 22.35 4449324 

C2_24747 2211 1111 22.47 5681818 

C2_24717 2211 1111 22.75 4043034 

C1_7803 2211 1111 23.17 5879492 

C1_7793 2211 1111 23.35 4662747 

C1_7794 2111 1111 23.50 2487178 

C2_1066 1112 1122 27.71 1697864 

C2_44249 1211 1111 27.79 4622646 

C1_16148 2211 1211 28.98 3970339 

C1_13006 1211 1111 29.72 3908588 

C2_57296 1211 1111 33.69 5026436 

C2_39868 2111 1211 34.51 4622583 

C2_24746 1211 1111 34.62 6335907 

C1_12588 1211 1111 35.00 29741129 

C2_32739 2111 1211 35.46 4816432 

C2_46921 2111 1211 35.95 4663315 

C2_24745 1211 1111 37.84 38722264 

C2_19224 2111 1211 39.41 6744812 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_19222 2111 1211 39.50 30096205 

C2_32782 1212 2111 39.71 4622412 

C2_19223 1212 2111 42.14 20042332 

C2_19225 1212 2111 43.18 40653537 

C2_32778 1121 1122 43.44 29642643 

C1_3052 1212 1111 43.74 6571951 

C1_3049 1212 1111 44.06 38723959 

C2_32768 1121 1122 44.43 30094746 

C1_13683 1212 1111 44.77 20040041 

C1_13682 1212 1111 45.09 23961414 

C1_14047 1121 1122 45.24 6744394 

C1_13681 1212 1111 45.25 38723283 

C1_6068 1121 1122 45.37 48808653 

C1_14053 1121 1122 45.40 39738068 

C2_33008 2111 2211 46.16 40653719 

C2_33005 1121 1122 46.19 45773598 

C1_14531 1121 1122 46.25 39751153 

C2_49184 2111 2211 46.33 38722150 

C2_32779 2211 2111 47.26 30097412 

C1_7 2111 2211 47.50 23213794 

C2_52793 2111 2211 47.55 32251718 

C2_1903 2111 2211 47.62 6742688 

C2_1898 2111 2211 47.72 38385178 

C1_14046 2111 1111 48.86 20101484 

C2_33016 2211 2111 49.66 47108452 

C2_40837 1111 2111 49.82 46413302 

C2_34553 1111 2111 49.99 46581256 

C2_55861 1112 1121 50.75 45945113 

C2_40831 2221 1211 50.98 46413142 

C2_41381 1112 1121 51.06 45169357 

C2_41392 1112 1121 51.13 NM6 

C1_12039 1111 2121 51.41 45944879 

C2_40826 1111 2111 51.61 45898747 

C1_12022 1111 2111 51.78 46117955 

C2_40833 1111 2121 51.94 44723084 

C1_12021 1111 2111 52.01 45944624 

C1_12028 1111 2121 52.35 45821679 

C1_12027 1111 1121 53.10 46705264 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_41395 1112 2121 53.44 45944648 

C2_41396 1112 2121 53.62 46248626 

C2_41393 1112 2121 53.69 39542354 

C2_48928 1111 1121 53.74 46245298 

C2_41391 1112 2121 54.04 47108897 

C2_56514 1112 2121 54.09 46406260 

C2_41394 1111 2111 54.17 46118085 

C2_40762 2121 1211 54.48 45944363 

C2_41386 2111 1111 54.71 46427765 

C2_52211 2121 1211 55.06 47116416 

C2_55860 2111 1211 55.41 47116772 

C2_40760 1111 2111 56.44 45773632 

C2_40757 1111 2111 56.48 46413187 

C2_40763 1112 2121 56.50 47300568 

C2_40764 1111 2111 56.59 47109426 

C2_40765 1112 2121 56.61 47109411 

C2_40766 1112 2121 57.07 NM6 

C2_40836 1121 1111 59.74 47398435 

C1_11991 2211 2211 60.46 48074905 

C1_16001 1122 1122 60.94 48149399 

C2_45602 1122 1122 62.42 50052280 

C1_13530 2211 2211 62.57 48073593 

C1_13524 1122 1122 62.58 47539878 

C2_45603 2211 2211 62.58 48130882 

C2_45600 1122 1122 62.61 48073693 

C1_13531 1122 1122 62.89 52167709 

C2_54862 2111 2212 62.94 49553136 

C2_45606 2211 2211 64.31 NM6 

C1_11535 1122 1121 65.00 48679881 

C2_25510 1122 1122 65.52 48737840 

C2_25485 1122 1122 65.94 48761642 

C1_16351 1122 1122 66.02 48863165 

C2_25471 1122 1122 66.16 49179309 

C1_8019 2111 2211 66.34 22129989 

C2_25469 2211 2211 66.37 23430316 

C2_56344 2111 2211 66.44 48808404 

C1_8021 2111 2211 66.45 48218826 

C2_57640 2111 2211 66.49 48862950 

C2_55948 2111 2211 67.00 NM6 

C2_57641 2111 2211 67.07 49723063 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_38917 2111 2211 67.78 51357104 

C2_27827 1212 1112 68.05 49659510 

C2_53064 2111 2211 68.26 50697563 

C1_11540 1111 2211 68.41 49775557 

C2_54442 2111 2211 68.90 48149384 

C1_15488 2111 2211 70.26 51927510 

C2_51301 2121 1122 70.29 49584775 

C2_27808 1111 2211 71.27 50187264 

C2_27831 1212 1111 71.85 51725970 

C2_27806 1111 2211 71.86 50292054 

C1_8592 1222 1121 72.72 50806407 

C2_27795 1222 1121 73.16 50782097 

C2_51083 1212 1111 74.11 50189383 

C2_53946 1212 1111 74.38 50615253 

C1_15590 2111 2212 74.46 51927945 

C2_53945 1212 1111 74.52 49778054 

C2_45686 1212 1111 74.86 52663730 

C2_45692 1212 1111 75.66 50615474 

C2_27829 2111 1112 75.72 51357272 

C1_15219 1212 1111 76.15 51926832 

C1_15594 2111 1112 76.32 51360322 

C1_9492 2111 1112 76.59 53166656 

C1_10297 1211 2111 77.59 54747212 

C2_55820 1211 2111 78.51 52002272 

C2_53948 1222 1121 79.17 NM6 

C2_57994 2212 1112 79.28 50947502 

C1_14992 1212 1111 79.84 51927288 

C2_45691 2111 1112 79.99 55613000 

C1_15218 2111 1112 80.42 53237590 

C2_53949 2111 1112 80.77 50458044 

C2_53943 2111 1112 80.86 51904174 

C2_53944 2111 1112 80.99 52262224 

C2_53950 2111 1112 81.08 NM6 

C2_56421 1212 1111 81.51 55066939 

C1_5010 2211 2111 82.50 NM6 

C1_16654 2111 1112 83.65 55288472 

C2_15536 1121 1122 84.78 52623416 

C1_4992 1121 1122 85.54 55287582 

C2_15529 2211 1111 85.88 NM6 

C2_15534 2211 1111 86.32 55432134 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_5029 1211 1111 86.86 55066144 

C2_15603 1111 1112 87.64 55288580 

C1_4989 2211 1112 87.69 52459006 

C1_5047 1211 1111 88.14 51904140 

C1_16653 2111 1111 88.48 58766569 

C2_48122 1211 1111 88.98 55946835 

C2_48130 1211 1111 89.55 59520440 

C2_48127 1211 1111 89.81 55609609 

C2_54992 2211 1112 91.22 55968104 

C1_10315 1121 1111 95.96 59124920 

C2_28740 1112 1111 98.69 55841848 

C2_48118 1121 1111 99.99 56985771 

C2_48964 1211 2111 100.30 58305601 

C1_7227 1211 2111 100.78 57837250 

C1_14476 1211 2111 101.02 58304153 

C2_41767 1112 1111 101.33 54315048 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_45239 2112 1121 101.92 57709979 

C2_22744 2112 1121 103.71 55842215 

C2_49017 2112 1121 104.53 59236087 

C1_12229 1211 1111 107.15 46413319 

C1_13268 1211 1111 107.69 59445183 

C1_9059 1121 1111 108.29 59403328 

C1_12236 1211 1111 108.39 58038788 

C1_12981 1121 1111 109.71 59124966 

C2_45242 1121 1111 112.85 58981028 

C2_41693 1112 2212 113.44 57943558 

C2_41765 2121 1121 118.78 59177759 

C2_28789 2121 1121 119.28 58007367 

C1_12220 2121 1121 121.28 59278779 

C2_41719 1211 2211 124.13 56310011 

C2_41725 1211 2211 124.21 59261401 

C2_41744 1211 2211 125.19 NM6 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 11: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_34229 1212 1212 0.00 45086032 

C1_10253 1112 1212 2.10 44838813 

C2_34197 1221 2111 2.51 45086171 

C2_34191 1112 1212 2.70 45060118 

C2_34196 1112 1211 2.71 44992714 

C1_10252 1112 1212 2.72 45388242 

C2_34193 1112 1212 2.92 45084755 

C1_10255 1112 1211 2.92 45086118 

C2_34186 1112 1211 3.07 45085309 

C2_34195 1112 1211 3.20 45059903 

C2_34192 1112 1211 3.27 45092525 

C2_34219 1112 1211 3.35 45086240 

C1_14770 1112 1212 3.50 45092134 

C2_34199 1112 1211 3.58 45085202 

C2_34204 1112 1211 3.62 44295451 

C2_56923 1112 1211 3.67 45084875 

C2_34194 1112 1211 3.79 45086408 

C2_34189 1112 1211 3.93 45085811 

C1_10269 1211 1111 5.58 44429072 

C2_43863 1211 1111 5.65 45208284 

C1_12899 1112 1211 6.58 44338305 

C2_43865 1112 2211 6.71 33595761 

C2_37342 1211 1111 6.84 45129508 

C1_12896 1112 1211 6.92 NM6 

C2_43852 2121 1111 7.79 55960752 

C2_43887 1211 1111 8.07 NM6 

C2_43886 2121 1121 8.71 44430287 

C1_11815 1112 1212 9.61 42665808 

C2_30298 1112 1211 10.82 40773570 

C1_4947 1211 1111 11.09 43282911 

C2_15255 1211 1111 11.11 44337734 

C1_9204 2121 1111 11.61 42006455 

C2_30297 2121 1111 12.17 41448481 

C2_15341 2111 1111 12.84 41585438 

C2_15329 1112 1211 13.03 39908878 

C2_15332 1112 1211 13.47 42640229 

C2_15342 2112 1211 13.79 41587492 

C1_4926 1112 1211 13.82 41587850 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_15334 1112 1211 13.85 41448860 

C1_4925 1121 1111 14.48 41448369 

C1_4951 1221 1121 15.29 42629930 

C1_4949 1221 1121 15.64 41449440 

C2_15340 2112 1212 16.15 40845905 

C2_22183 2111 1111 17.01 41585621 

C2_22182 1112 2211 17.28 41587659 

C1_4942 2111 1212 18.31 40777853 

C2_15337 1121 2121 18.46 40432650 

C2_22189 1221 1122 18.75 41603249 

C2_15336 1121 2121 19.06 40508905 

C1_1286 1211 1111 19.32 40773965 

C1_6964 1212 2211 19.55 40351232 

C2_3738 1211 1111 20.14 41603306 

C2_22205 1211 1211 20.37 40817772 

C2_22184 1111 1211 20.90 40716591 

C2_56752 1211 1111 21.30 40425326 

C2_3747 2121 1122 21.48 41585984 

C1_1271 1212 2211 21.56 40397592 

C1_6970 1121 1121 21.89 41585906 

C2_22185 1111 1211 21.91 39909176 

C2_3685 2112 2211 22.57 39910324 

C2_3691 1221 1122 22.66 40194139 

C2_3682 2112 2211 22.74 40775587 

C1_1264 1111 1211 23.01 40775590 

C2_3684 2111 1111 23.43 39919251 

C2_3681 2111 1111 23.58 39911746 

C2_3686 1111 1211 23.75 39908842 

C2_3679 1112 2111 24.80 39911672 

C2_3680 1112 2111 25.10 41585498 

C2_15331 2112 1211 26.07 NM6 

C1_1318 1112 1111 26.44 NM6 

C2_54586 1211 1122 27.95 39913375 

C1_1323 1112 2111 28.41 37383831 

C2_54582 1122 2211 30.51 41587672 

C1_1304 1112 2211 31.19 38233533 

C2_54587 1122 2211 32.36 39607245 

C2_14948 2211 1111 32.47 38241284 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_3823 1121 2211 32.54 35737669 

C2_14954 2211 1111 33.07 37703616 

C2_49809 2211 1122 33.66 38224373 

C2_56320 2211 1111 34.01 38102880 

C1_14683 2211 1111 34.44 37256991 

C1_16406 2211 1111 35.07 35100322 

C2_49812 2211 1122 35.91 NM6 

C2_51548 2111 1111 35.93 38103972 

C2_13613 2211 1111 36.45 37987969 

C2_55950 2211 1111 36.50 39251823 

C2_54585 1112 1211 36.77 NM6 

C2_54589 1112 1211 36.92 36480553 

C1_15081 1211 1111 39.00 38030982 

C2_51268 1211 1111 39.14 NM6 

C2_54583 1112 1111 40.19 35920197 

C2_13595 2211 1111 40.24 37256594 

C1_4376 1121 1111 40.30 NM6 

C2_13593 2211 1111 40.32 36206930 

C1_4359 1212 2211 42.87 38250034 

C1_4822 1111 2111 43.62 10505722 

C2_31484 2121 1111 44.09 38231783 

C2_31433 2121 1122 44.32 38167649 

C2_31443 2211 1112 44.45 9271305 

C2_41090 2121 1122 44.45 34617372 

C2_57107 1111 1121 44.65 35913857 

C2_55963 1211 1111 44.87 38992151 

C1_4824 1111 2111 45.17 14777683 

C2_50332 2121 1112 45.72 31645508 

C2_55034 2211 1112 45.98 31577584 

C2_30363 2111 1111 46.22 24847366 

C2_19475 2211 1111 46.45 8281236 

C2_4230 2221 1112 46.57 34271606 

C2_55033 2211 1111 46.66 33082201 

C2_31474 1211 1111 46.78 13357766 

C1_10900 1112 2221 46.81 14407511 

C2_57617 2121 1112 46.96 33596714 

C2_19458 2211 1111 47.00 14550842 

C1_1455 2111 1111 47.06 57541324 

C2_41086 1112 2221 47.11 44360143 

C2_32338 1111 1121 47.65 19458666 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_41085 1211 1111 47.78 NM6 

C2_4241 2111 1111 47.88 16140742 

C2_4225 2121 1112 47.91 20024572 

C1_11237 1112 2111 48.02 33083150 

C2_19465 2211 1111 48.04 14221482 

C2_4315 2111 1111 48.11 14776092 

C2_30369 1211 1111 48.11 33763166 

C2_44269 1121 1111 48.55 9576599 

C1_12159 2111 1111 48.87 14503479 

C2_4316 1211 1111 48.88 27944708 

C2_11369 2211 2111 48.92 20406095 

C2_4958 1112 1222 49.04 34426265 

C2_41084 1121 1111 49.15 12783655 

C2_19461 1111 2111 49.19 NM6 

C2_4227 2121 1111 49.32 16786403 

C1_1775 1112 1221 49.36 20362816 

C2_4986 1221 2111 49.51 30591766 

C1_1780 2111 1111 49.55 22213990 

C2_57319 1112 1111 49.59 14775615 

C2_4993 2111 1111 49.89 27852552 

C1_3694 1121 1121 50.17 31998045 

C2_2968 1121 1111 50.28 30782855 

C2_11366 1121 1121 50.72 30782874 

C2_29435 1121 1111 50.75 30598326 

C2_37586 1121 1121 51.00 32948117 

C2_37580 1112 1111 51.62 13356425 

C2_44633 1221 2111 51.77 33927332 

C2_55036 1121 1111 52.16 20391613 

C2_4989 2111 1221 52.59 12608559 

C1_5411 1221 2111 53.17 20352955 

C2_16709 1221 2111 53.30 9380301 

C2_53273 1121 2121 53.35 13357960 

C1_5716 1221 2111 53.41 20379724 

C1_1774 1221 2111 53.48 8660284 

C2_32341 2112 2211 53.70 10212062 

C2_53682 1211 1212 54.14 11081349 

C1_3992 1121 2121 54.25 9376833 

C2_24318 1111 2111 54.43 10340256 

C2_32994 1121 1121 54.44 12776731 

C2_29113 1121 1111 54.63 10340531 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_33905 1112 2121 54.67 9631209 

C2_56628 1121 1112 54.77 9662661 

C2_29084 1121 1111 55.15 9055733 

C2_12259 1121 1121 55.20 9379722 

C2_12252 1121 2121 55.25 10042289 

C2_49310 1121 1121 55.54 20379761 

C2_32339 1121 1111 55.69 10340676 

C2_12276 1211 2211 55.70 22205640 

C1_15658 2112 1211 55.98 9270990 

C2_33002 2112 1211 56.07 9272495 

C2_56627 2112 1121 56.21 9380133 

C1_3996 1211 2211 56.46 34424464 

C2_32342 2111 1111 56.52 10681067 

C2_56630 2112 2111 56.65 9636854 

C2_32989 1211 2211 56.96 9734864 

C1_9865 2111 1111 57.04 8767993 

C2_49317 2111 1111 57.06 9100472 

C2_33000 2111 1111 57.11 9699484 

C2_32982 1111 2112 57.20 9270778 

C2_45474 2112 1111 57.32 9380268 

C2_53676 2112 1111 57.62 9773183 

C2_49318 2112 2111 57.63 10396528 

C2_32954 2112 1111 57.64 9380064 

C2_53685 2111 1111 57.73 31902799 

C1_15655 2112 1111 57.77 9057019 

C2_12266 1211 2211 58.21 8096420 

C2_49313 2112 1111 58.29 11175174 

C2_57112 1112 1111 58.37 8281368 

C2_12368 1121 1111 59.49 8882224 

C2_49311 1122 1121 59.61 NM6 

C2_12333 2111 1111 59.77 9271462 

C2_12334 1112 1121 59.95 34059588 

C1_4005 2211 2211 59.97 8651904 

C1_15657 1112 1111 60.08 10396503 

C2_53681 1112 1111 60.12 NM6 

C2_32979 1112 1111 60.25 10396445 

C1_4000 1122 1122 60.37 10517658 

C2_35856 1111 2111 62.96 5736458 

C1_7658 1121 1112 64.59 6415427 

C2_23944 1121 1112 64.65 8558457 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C1_7666 2111 1111 65.11 6010692 

C2_23929 2111 1111 65.61 6263927 

C2_23975 1112 1121 65.66 6098398 

C2_23958 2111 1111 66.28 5330920 

C2_21041 1121 1112 66.87 5050102 

C2_20970 1121 1112 67.67 5736611 

C2_20945 1121 1112 68.19 6278396 

C2_21020 2121 1112 68.70 3629307 

C2_21066 1112 2121 68.95 5051445 

C2_21071 1112 2121 69.24 6598681 

C2_23921 1112 2121 69.29 3957986 

C1_7656 1112 2121 69.48 5421809 

C2_20947 1122 1112 69.85 6017114 

C2_21072 1112 2121 70.11 5946753 

C2_20946 1111 2121 70.36 5190940 

C2_20942 2111 2121 71.77 4469205 

C2_47382 1212 1211 73.64 5977340 

C2_6256 1111 2121 73.80 7298363 

C2_23915 2211 1112 74.09 2832278 

C1_2209 1111 2121 74.13 3948374 

C2_6108 1111 2121 74.87 5051415 

C2_37638 1121 1111 75.42 4250278 

C1_2280 1212 1212 75.46 4184287 

C2_6106 1122 1112 75.74 4553298 

C2_6302 2121 2121 76.27 3886651 

C2_6303 2121 2121 76.58 3887589 

C2_6185 1212 1211 76.58 4317208 

C1_14083 1112 1111 77.77 3886505 

C1_11247 2111 1111 78.09 3572445 

C1_14084 2111 1111 78.57 4001281 

C2_6126 1121 1111 79.53 3943269 

C1_2314 1121 1111 79.77 2362124 

C2_5966 2212 1211 79.95 5048506 

C1_16456 2111 1111 79.99 3822710 

C2_6100 2111 1111 80.25 4316998 

C2_6173 2111 1111 80.26 5735381 

C2_21070 1211 1111 81.63 3943211 

C1_2228 2112 1111 82.54 2464166 

C2_33657 1121 2121 82.82 2259927 

C2_6004 1112 1111 82.91 2464067 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_33683 1121 2121 83.16 2274063 

C2_33678 1121 2121 83.33 2724803 

C2_33635 1112 1111 83.46 5736014 

C1_2275 1121 1111 83.50 3549228 

C1_10069 1121 2121 84.23 1771819 

C2_6003 1121 2121 84.49 1835617 

C2_37201 2211 1211 85.13 2725118 

C2_37185 2211 1211 85.22 3928601 

C2_6001 2211 1212 85.79 2724825 

C2_37194 1112 1111 85.88 1743782 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_6002 2211 1212 86.22 3149876 

C2_37211 1111 1112 87.54 2725104 

C2_37217 1121 2121 90.56 940359 

C1_4328 1112 1111 91.00 1775392 

C2_37232 1211 1111 91.58 1818959 

C2_13432 1112 1111 91.92 121583 

C1_4296 1121 1122 92.74 789955 

C2_13355 1112 1111 93.81 616220 

C2_44766 1122 1121 98.35 1586528 

C2_13419 1122 1121 98.95 NM6 
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 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 
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Chromosome 12: 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_24559 1112 1111 0.00 1293616 

C2_25362 1112 1111 0.18 502211 

C2_24432 1211 1111 1.49 244963 

C2_24553 1111 2211 2.19 244316 

C2_24560 2211 1111 2.46 243727 

C2_24563 2221 1112 3.71 244664 

C2_24556 1112 2221 3.71 243244 

C2_24564 1112 2211 4.34 181234 

C2_24584 2221 1112 4.58 360816 

C1_7754 1122 2112 5.77 239176 

C1_7766 1111 2211 5.96 244631 

C2_24557 2111 1111 6.34 243865 

C2_24561 1111 2211 7.07 147551 

C2_24589 1121 1112 8.50 644157 

C2_54634 2111 1111 8.54 1511064 

C1_8002 1121 1111 8.87 1882025 

C2_16204 1112 1122 8.96 244975 

C2_24552 1111 1121 10.81 1651575 

C2_16238 1111 2111 11.50 1324476 

C2_25372 1111 1122 11.75 1882622 

C2_16200 1111 1122 13.20 2230450 

C2_13645 1111 2111 13.44 2784917 

C2_39765 1112 1111 14.89 3921502 

C2_28008 1212 1121 15.19 2217453 

C1_5198 1121 1111 16.51 2179315 

C2_16156 1121 1111 16.64 2463988 

C1_11725 1211 2221 18.88 3089924 

C2_43774 2121 1112 18.90 3746825 

C2_27959 2111 1111 20.07 3074975 

C2_43770 2111 1111 20.52 3928962 

C2_28013 2111 1211 20.81 4042518 

C2_31337 1211 1111 21.12 3503165 

C2_28035 2111 1111 21.20 3749168 

C1_8631 1111 2111 22.11 3921385 

C2_28006 2111 2211 22.19 3750917 

C1_8635 1111 2111 22.47 3928951 

C2_28012 1111 2111 23.59 3921843 

C1_8642 1122 1111 23.94 4632236 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_50983 1111 2111 24.58 5258454 

C2_46303 2111 1111 24.84 3879537 

C2_27992 1122 1121 26.22 3921415 

C2_28007 1122 1121 26.47 3145554 

C1_12895 1121 1121 26.58 5306126 

C2_46292 2111 1111 26.66 4907175 

C2_49209 1122 1112 27.51 3553469 

C2_27929 1121 1121 27.55 3553571 

C2_27931 2121 2121 27.66 4906893 

C2_49206 1122 1112 28.18 4217966 

C2_31290 1121 1112 28.53 4322254 

C2_31247 1121 1122 29.66 5786800 

C1_13809 2111 1111 30.26 3879293 

C1_8641 1121 1121 30.62 4899455 

C2_49201 1121 1111 32.21 4899142 

C2_49199 1112 1112 32.49 4906660 

C2_49203 1121 1111 33.03 9018198 

C2_57680 1111 1211 34.12 5310820 

C2_46285 1112 1111 39.90 7869975 

C2_34777 1212 1111 41.33 6100997 

C2_40699 1112 1111 41.50 6330297 

C2_24664 1112 1111 42.84 8302371 

C2_34780 2121 1111 42.96 6355589 

C2_24653 1212 1121 44.59 6936540 

C2_24612 2111 1111 44.60 9381069 

C2_54916 1211 1111 44.85 6911438 

C2_24646 1212 1121 44.92 9357754 

C2_53244 1211 1111 45.24 8556175 

C2_53931 1211 1111 45.54 10204865 

C1_9646 2121 1111 47.07 NM6 

C2_54922 1221 1111 47.22 9518067 

C2_3185 1211 1111 47.74 6418601 

C2_24644 1211 1121 47.83 6701031 

C1_7770 1211 1121 48.03 9131605 

C2_48900 1121 1111 48.05 8519787 

C2_34806 2111 1111 48.09 9047869 

C2_48890 1111 2112 49.63 10693914 

C2_27405 2111 1111 49.84 37123274 
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Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_5951 1111 1121 51.26 10524987 

C2_27387 1112 1111 51.42 10256960 

C2_27379 2211 1111 53.23 12654160 

C2_40748 1211 1111 53.29 11048646 

C1_16441 2111 1111 53.38 13270208 

C2_16300 1211 1111 53.69 NM6 

C2_3191 1121 1111 54.74 45433626 

C2_30296 1211 1111 54.96 25841735 

C1_8914 1211 1111 55.10 42295148 

C1_10050 1211 1111 55.28 11741117 

C2_44926 1122 1111 56.15 12034745 

C2_52691 1122 1111 56.16 12743436 

C2_57453 1111 1112 57.45 13152409 

C2_51099 2111 1111 57.54 13183157 

C2_51098 2111 1111 57.58 13248515 

C2_16286 1122 1111 58.71 33853769 

C2_41097 1111 1221 58.81 22905890 

C1_3326 2111 1111 58.95 22924727 

C2_10038 2111 1111 58.96 50137237 

C1_12702 1111 2211 59.24 13271474 

C2_16302 2211 1111 59.59 25642402 

C1_15534 2111 1111 59.84 22137399 

C2_10055 1122 1111 59.88 45972706 

C1_10054 1122 1111 60.03 22237923 

C2_10047 1122 1111 60.07 35653078 

C2_27771 1122 1111 60.14 43525699 

C2_13951 1122 1111 60.46 41615052 

C2_19727 1122 1111 60.85 40269660 

C2_54115 2111 1111 60.88 51251244 

C2_18788 1111 2211 60.91 41527757 

C2_19729 1122 1111 60.94 51560863 

C2_18816 1111 2211 62.34 49292115 

C2_42675 2111 1111 62.49 21327580 

C2_16915 1111 1112 62.71 49292207 

C2_42674 1112 1112 63.33 49624425 

C2_48008 2111 1111 63.39 48851340 

C2_48687 1121 1112 63.43 51862256 

C2_18836 1112 1121 63.56 40126394 

C2_45808 1111 1112 64.62 50382091 

C2_17618 1111 1121 64.66 49994628 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_43152 1122 1112 66.28 50393752 

C1_5784 2211 1111 67.10 51885239 

C2_18838 1111 1121 67.22 51908158 

C2_18848 1112 2221 67.40 50573537 

C1_5820 2111 1111 67.63 51931824 

C2_18855 1112 2211 67.69 50775031 

C2_43895 1211 1111 67.79 50570322 

C2_17753 2211 1111 67.97 50722272 

C2_57344 2111 1111 69.45 52956364 

C2_57478 1121 1112 70.03 54319182 

C1_11657 1111 2111 70.25 53250466 

C2_23295 1112 1121 70.84 53037279 

C2_23337 1121 1112 70.93 NM6 

C2_18810 2111 1111 71.08 53642804 

C2_23250 1212 2211 71.18 51251314 

C1_6004 2111 1111 71.23 50896655 

C1_14869 2211 1121 71.46 53190167 

C2_23308 2121 1112 71.54 53797808 

C2_23239 2121 1122 71.68 53793893 

C2_23251 1212 2211 71.79 53792920 

C2_23256 1212 2211 72.21 51732789 

C2_18825 2211 1111 72.23 53690152 

C2_23235 2121 1112 72.49 51728044 

C1_6006 2111 1111 72.49 53792603 

C2_23258 2121 1122 72.67 51561780 

C2_18822 1122 1112 72.69 51963155 

C2_52567 1221 1112 72.82 51963149 

C2_52568 1221 1112 72.83 53048469 

C1_7495 2111 1111 72.92 53052450 

C2_23320 1211 2211 73.27 53037359 

C2_23335 2111 1111 73.93 NM6 

C2_23284 2112 1121 74.01 54234773 

C2_39408 1112 2211 74.10 53192770 

C2_23303 2111 1111 74.47 54173482 

C1_11644 2121 1112 74.79 53793515 

C2_23253 1121 1112 74.90 54234392 

C2_39414 1121 1112 75.78 53283205 

C2_23290 2111 1111 76.07 51817147 

C2_18827 1111 1211 76.22 54861282 

C2_48470 1211 2221 76.66 53793483 



203 

 

 

 

 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_23254 2111 1111 78.41 54471894 

C1_14929 2111 1111 79.51 54727908 

C2_48482 1122 1112 79.97 54723235 

C2_48477 2111 1111 80.71 55550439 

C2_32509 2111 1111 83.08 55785630 

C2_32066 2111 1111 83.16 55216911 

C2_32466 1122 1221 83.33 NM6 

C2_32498 1211 2112 83.42 NM6 

C2_48463 1211 2111 83.78 55428946 

C2_32505 1211 2112 84.72 56454935 

C1_2350 2111 1111 85.05 56569763 

C1_2358 2111 1111 85.10 55723634 

C2_32082 1211 1112 85.30 54234811 

C2_39407 1111 2111 85.31 56936063 

C1_2340 2111 1111 85.91 57563595 

C2_7985 2111 1111 86.78 57597588 

C2_7988 2111 1121 86.98 55091259 

C2_57399 1211 2111 87.93 57703531 

C2_8036 2111 1111 88.54 57275703 

C2_7916 2211 1121 88.90 56525662 

C2_6466 2211 2111 89.16 57275631 

C2_7915 2211 1111 90.07 56526324 

C2_6471 2211 2111 91.26 57468123 

C2_7958 2211 1111 93.31 NM6 

C1_2331 2211 2111 93.50 NM6 

C2_6469 1211 2111 93.88 56878727 

C1_2333 1211 2111 94.58 59131904 

C2_46214 2111 1111 95.66 59436301 

C2_5387 2111 1111 96.94 57349369 

C1_2718 1211 1111 96.96 59447988 

C2_5401 2111 1111 97.48 59451165 

Marker1 P12 P23 
Map 
(cM)4 

PM 
Location5 

C2_5388 2111 1111 97.58 59371505 

C1_1954 2111 1111 97.85 57460060 

C1_2724 1211 1111 97.97 58047342 

C1_2689 1122 1212 100.52 58047558 

C1_2690 1211 1111 101.66 58194482 

C2_7860 1122 1212 102.01 58983259 

C1_13698 1111 2111 102.83 58497187 

C2_50859 1211 1111 103.20 58545027 

C2_50874 1122 1212 103.24 60026026 

C2_5691 2111 1111 103.57 58760909 

C2_46225 1111 2111 103.63 61101801 

C1_1968 1111 1112 104.37 59129520 

C2_46213 1211 1111 104.82 59436491 

C2_5385 1211 2111 104.95 59132286 

C1_13697 2211 2121 105.86 59566196 

C2_5356 2211 2111 107.31 60809422 

C2_5446 1211 1111 108.44 61027001 

C1_2009 1211 1111 109.43 59872236 

C2_5307 1111 2111 109.44 61141829 

C1_16129 2111 1112 111.51 60307321 

C1_1985 1211 2111 112.03 60754928 

C2_5458 2111 1112 112.07 60753284 

C2_5463 2211 2111 113.52 32655517 

C2_57484 2211 2111 113.52 60754698 

C2_5461 2211 2121 114.21 61086761 

C2_5440 2211 2111 114.54 32653640 

C2_57480 1112 1111 115.00 32655715 

C2_57487 1112 1111 115.27 61050602 

C2_5574 1121 1112 117.08 61007673 

C1_2027 1112 1111 117.88 NM6 

 

 

 

1
 Marker name is prefaced with solcap_snp_ in annotation used for spudDB 

2
 Phasing in Atlantic 

3
 Phasing in B1829-5 

4 
Position on linkage map created in this study in centimorgans 

5
 Location on pseudomolecule 

6
 No Match on pseudomolecule 


