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GENERAL ABSTRACT 

 

The aim of this thesis was to identify molecular markers associated to tolerance to biotic 

and abiotic stresses in sugar beet. Sugar beet is one of the world’s most important crops 

currently supplying around 20% of the sugar consumed worldwide. The crop is damaged 

by many adverse environmental conditions and the development of varieties that require 

fewer technical inputs for cultivation is one of the main research demands. To achieve this, 

sugar beet breeding is focusing on genetic improvement programs assisted by molecular 

markers. These methods are making selection procedures more rapid, accurate and less 

expensive. The development of a large set of SNP markers can facilitate the identification 

and exploitation of genes affecting important traits, such as resistance to biotic and abiotic 

stresses. Several techniques are used to enable SNP marker discovery in plants. Among 

these, the Restriction-site Associated DNA (RAD) technique is widely used. The RAD 

technique is based on acquiring and characterizing the genomic regions adjacent to a set of 

specific restriction enzyme recognition sites. Bulk Segregant Analysis (BSA) is a method 

to identify DNA markers linked to genes or genomic regions of interest. DNA samples 

from individuals showing contrasting phenotype are compared with a large set of 

molecular markers to select those linked to the trait of interest.  

The first part of the thesis presents a panel of 192 SNPs for effective sugar beet genetic 

diversity assessment using a recently released platform (QuantStudio 12K Flex system 

coupled with Taqman OpenArray technology) that has key elements required for high-

throughput SNP genotyping. 

In the second part, the 192 SNPs were used to assess the phylogenetic relationship between 

Rizor and Holly (Rz1) resistance sources. The molecular results demonstrate that the 

resistances to rhizomania used by farmers over the last 30 years derived from sea beet 

collected in the Po River Delta. Analysis of molecular variance and principal coordinate 

analysis confirmed that Rizor and Rz1 couldn’t be distinguished as separate sources of 

resistance. 

In the third part, a marker linked to the first nematode tolerance gene (HsBvm-1) from Beta 

vulgaris ssp. maritima valuable for high-throughput marker-assisted selection was 

identified and mapped on chromosome 5. 

The fourth and fifth parts focus on resistance to abiotic stresses that compromise sugar 

production. Premature flowering or bolting, due to cold temperatures in early spring, is an 
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undesirable characteristic that causes severe sugar yield losses and interferes with 

harvesting. A new locus involved in the genetic determination of bolting tendency was 

studied and a SNP marker associated with bolting tendency was found on chromosome 6. 

SNP location on the sugar beet genome confirms the association with flowering since it 

was mapped in a matrix metalloproteinase gene that causes late flowering and early 

senescence in Arabidopsis thaliana. Given the close and positive relationships between 

yield and root morpho-physiological traits, a BSA was conducted to identify a SNP marker 

linked to root elongation rate in sugar beet. SNP10139 was mapped on the peptide 

transporter gene influencing root elongation in Arabidopsis thaliana.  

The result suggests that SNPs developed in these studies could serve as a source for 

genotyping of sugar beet parental lines and varieties, with relevant impact on breeding 

program decisions. 
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RIASSUNTO GENERALE 
 

Lo scopo della tesi è stato quello di identificare marcatori molecolari associati alla 

tolleranza a stress biotici e abiotici in barbabietola da zucchero. La barbabietola 

attualmente produce circa il 20% dello zucchero mondiale. Uno dei maggiori obiettivi del 

miglioramento genetico è lo sviluppo di varietà che richiedano un sempre più basso 

utilizzo di mezzi tecnici per la coltivazione. Per raggiungere questo scopo, il breeding della 

barbabietola si è focalizzato su programmi di miglioramento genetico assistito da marcatori 

molecolari. Queste tecniche stanno rendendo la procedura di selezione più rapida, precisa e 

meno costosa. Lo sviluppo di un ampio set di marcatori SNP (Single Nucleotide 

Polymorphism) può facilitare l’identificazione e l’utilizzo di geni che controllano caratteri 

importanti di resistenza agli stress biotici e abiotici. Molte sono le tecniche che vengono 

utilizzate per lo sviluppo di marcatori SNP nelle piante. Fra queste, la tecnica Restriction-

site Associated DNA (RAD), impiegata nel presente lavoro di tesi, è ampiamente diffusa e 

si basa sull’acquisizione e la caratterizzazione di regioni genomiche adiacenti a siti di 

restrizione riconosciuti da specifici enzimi. E’ stata utilizzata anche l’analisi dei segreganti 

riuniti (BSA) per identificare marcatori del DNA legati a geni o a regioni genomiche di 

interesse.  

Nella prima parte della tesi è stato messo a punto un set di 192 SNP per la 

genotipizzazione ad alta processività di accessioni di barbabietola utilizzando una recente 

piattaforma (QuantStudio 12K Flex system) rilasciata da Life Technologies, Inc. 

(Carlsbad, CA, USA).  

Nella seconda parte della tesi i 192 SNP sono stati utilizzati per determinare la relazione 

filogenetica tra le due fonti di resistenza alla rizomania Rizor e Holly (Rz1). L’analisi della 

varianza e delle componenti principali hanno confermato che le fonti Rizor e Holly sono 

indistinguibili. I risultati molecolari hanno dimostrato che la resistenza usata, dai 

coltivatori negli ultimi 30 anni, deriva dalle barbabietole maritime collezionate nel delta 

del Po.  

Nella terza parte è stato identificato il primo gene di tolleranza ai nematodi (HsBvm-1) in 

Beta vulgaris spp. maritima e il marcatore molecolare ad esso associato da utilizzare in 

programmi di miglioramento genetico.  

La quarta e quinta parte sono state focalizzate sulla resistenza a stress abiotici che 

compromettono la produzione di zucchero. La tendenza alla prefioritura, dovuta alle basse 

temperature nelle prime fasi di sviluppo della coltura, è una caratteristica indesiderata che 
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causa gravi perdite nella resa di zucchero e interferisce con la raccolta. Un nuovo locus, 

implicato nel controllo genetico della tendenza alla fioritura, assieme a un marcatore ad 

esso legato sono stati mappati sul cromosoma 6. La localizzazione dello SNP sul genoma 

di riferimento della barbabietola da zucchero ha confermato l’associazione con il carattere 

della fioritura. Lo SNP è stato mappato in un gene che codifica per una proteina chiamata 

metalloproteinasi che causa un ritardo della fioritura e una prematura senescenza in 

Arabidopsis thaliana. Data la positiva e stretta relazione tra la resa in zucchero, il 

superamento della carenza idrico nutrizionale e le caratteristiche morfo-fisiologiche 

dell’apparato radicale, un’analisi dei segreganti riuniti è stata condotta per identificare 

marcatori SNP legati all’accrescimento radicale in barbabietola. Fra i 234 SNP esaminati, 

lo SNP10139 è risultato associato allo sviluppo radicale. Inoltre, lo SNP è stato mappato in 

un gene codificante un trasportatore di peptidi che influenza lo sviluppo radicale in 

Arabidopsis thaliana. 

In conclusione, gli SNP sviluppati in questo lavoro saranno utilizzati per la 

genotipizzazione di linee parentali e ibridi di barbabietola da zucchero, con rilevante 

impatto nei programmi di breeding. 
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GENERAL INTRODUCTION 

 

Most of the problems facing agriculture in the 21st century relate to the growing world 

population, which is expected to stabilize at around 10-12 billion during the next 70 years 

(Heszky 2008). The almost doubled population will require a more than proportional 

increase in food production (Schmidhuber 2015). During the last decade, world grain yield 

increased by 0.5% per year, which is three-fold lower than the population growth rate in 

the same period (Brown 2011).  

Regarding sugar consumption, the pro capita amount is about 24 Kg, and is going to 

increase by 1.5 Kg per year (Tilman et al. 1999; 2002). Developed countries have an 

already saturated sugar market, whereas the growing markets of developing countries will 

rapidly increase their sugar needs (Licht 2014). Approximately 80% of sugar is produced 

from sugar cane growing in tropical countries; Brazil and India supply about 65 Mt of the 

world sugar production (FAOSTAT 2013). The remaining 20% comes from sugar beet 

cultivated in the temperate zone of the northern hemisphere. Since the cultivated surface of 

sugar cane is no longer expandable due to the high water consumption of the crop, at least 

20% of future sugar demand should continue to be supplied by sugar beet (FAOSTAT 

2013). 

 

Beta vulgaris L. ssp. vulgaris belongs to the genus Beta L. of the Amaranthaceae family 

and includes all cultivated varieties of leaf beet, garden beet, fodder beet and sugar beet 

(Biancardi et al. 2010). Sugar beet is a relatively new crop. Farming began in Germany 

around two centuries ago (Panella and Lewellen 2006). The crop acquired increasing 

importance in many European countries, since sugar factories provided jobs for over a 

hundred families in the countryside (Biancardi et al. 2010). Sugar beet cultivation was 

more complex than traditional crops, requiring better agronomic knowledge, new skills and 

techniques. The crop rapidly became the hub of the economy and represented the technical 

evolution of agriculture (McGrath et al. 2007). Sugar beet’s wild ancestor is sea beet, Beta 

vulgaris L. spp. maritima, growing spontaneously along European coasts (Lewellen 1995). 

Sea beet is considered an important genetic resource of useful traits, particularly for 

disease resistance and adaptability to the environment (Saccomani et al. 2009). 

 

Since more than 42% of the potential sugar beet yield is lost due to biotic and abiotic 

stresses, the main task for breeders and agronomists will be to increase yields and reduce 
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losses (Pimentel 1997). To achieve this aim, a wide repertoire of wild sea beets germplasm 

must be screened in order to discover new genetic traits. The availability of the reference 

sugar beet genome and the advent of bioinformatic tools made easier the work of 

molecular marker discovery linked to important traits (Ganal et al. 2009). The discovery of 

DNA sequence variation is of great importance for breeding and crop genetics 

(Mammadov et al. 2012). Many current researches focus attention on tolerance to biotic 

and abiotic stresses, root development and flowering transition with the aim of identifying 

the gene network and in particular the major genes, which may explain the phenotypic 

expression. 

 

Abiotic stresses 
 

Sugar beet production is limited by many environmental conditions, such as water scarcity, 

salinity and high and low temperatures, which cause a reduction in photosynthesis rate, 

root development and sugar accumulation (Ober et al. 2010). According to several 

international sources the average global temperature is increasing rapidly (Hansen et al. 

2010). Many researchers are focusing their attention on effects that rising temperature will 

have on crops (Asseng et al. 2015): i) drought or heat can influence plant development 

specially in early stages; ii) crops are extremely sensitive to temperature change during 

flowering; iii) the most limiting factor for plant growth is rainfall; iv) an adequate soil 

moisture is critical during germination (Pimentel et al. 2010). Genomics and the 

availability of crops reference genome can offer the opportunity to dissect quantitative 

traits into their major genetic components. The discovery of putative QTL plays a central 

role in breeding and marker assisted selection process (Salvi and Tuberosa 2015). Several 

QTL for root traits have been identified in rice and maize, but the interaction between root 

growth and soil moisture is poorly understood (Zhu et al. 2005). Variation in morpho-

physiological parameters in sugar beet is related to different adaptive strategies under 

varying drought conditions. Tolerance to drought stress is made possible, in some 

genotypes, by an effective redox signaling and antioxidant system (Romano et al. 2013). 

The adaptability to drought can also be improved by promoting axial hydraulic 

conductivity, producing a less dense root system (Romano et al. 2013). Progenies of plants 

that survived frost are able to produce more sucrose (Ober 2010).  

Climatic factors can influence the transition from vegetative stage to flower induction. 

Varieties differ in their response to vernalization and the genetic base of bolting is widely 
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studied. Sugar beet is a biennial plant and takes two full growing seasons to mature from 

vegetative to flowering stage, while the annual habit is related to the wild sea beet (B. 

vulgaris L. ssp. maritima). Flowering transition involves stem elongation after exposure to 

low temperatures for 10-14 weeks followed by long day conditions. Munerati was the first 

to describe the B locus responsible for bolting control (Munerati 1931). Homozygous 

plants for the B locus are able to initiate bolting under long day conditions (El-Mezawy et 

al. 2002). Cultivated biennial beets can return to annual behavior under low temperatures 

and the exposure to a long photoperiod during early growth stages (Smit 1983). 

Introgression of B allele into cultivated plants could also be due to gene flow from wild 

beets, resulting in contamination of seed multiplication plots. Early bolted beets show 

fangy roots, low root yield and sugar content (Buttner et al. 2010). Breeders thus focus 

their attention on preventing seed contamination and select only biennial sugar beet 

genotypes. To achieve this aim, molecular markers linked to bolting gene are used to 

identify contamination from B allele in commercial seed lots. 

 

Pests and diseases 
 

Sugar beet is subjected to a high number of pathogens, which cause severe metabolic 

disorders, sugar yield losses and a lower processing quality. The infection may develop in 

any part of the plant and in all growth stages (Biancardi et al. 2010). Rots and parasites 

also damage topped beets during transfer and storage in the factory before the processing 

stage (Haagenson et al. 2008). Chemical control is effective against fungi and insects, but 

the economic and environmental costs incurred are very high, together with the threats for 

human health (Zimmermann and Zeddies 2000). In addition, the development of resistant 

pathogen strains has been detected for a number of pesticides. Crop rotation is quite 

effective to reduce the pest population level in the soil, but the availability of genetic 

resistance is often the only reliable possibility for a durable protection (Huffaker 2012). 

 

Rhizomania 
 

Rhizomania is considered one of the most aggressive diseases widespread in all sugar beet 

countries (Scholten et al. 1999). This disease is caused by the virus BNYVV (Beet 

Necrotic Yellow Vein Virus), transmitted by the fungi Polymyxa betae (Canova 1966). 

Three types of viruses have been classified based on the RNA structure: A, B and P. Types 
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A and B often appear together and were localized on the Mediterranean coasts, while type 

P always appears alone and is localized in the north of France, near Pithiviers (Tamada 

2002). Rhizomania symptoms are particularly evident in the root, inducing an excessive 

proliferation of rootlets, constriction of root tips and necrotic color in the root section. 

Rhizomania causes yellowing in the leaves apparatus (Asher et al. 1993). The first 

resistance source was found in the multigerm variety Alba P (Bongiovanni and Lanzoni 

1964) and recognized as a quantitative resistance. A second resistant variety was released 

in 1985 by SES and called Rizor (De Biaggi 1987). The Rizor resistance was classified as 

monogenic and dominant. In the same period another resistant hybrid was released by 

Holly Sugar Company and named Holly. This source was called Rz1 and appears to derive 

from wild sea beet growing along Adriatic coasts. Other resistance sources were found by 

Sholten et al. (1999) closely linked with Rz1 and coded Rz2. Rz2 derives from wild sea 

beet collected in Denmark. Plants carrying both resistance sources were found to be more 

resistant than plants with only one gene. Rz1 and Rz2 have been mapped in chromosome 3 

with a distance of approximately 20 cM (Scholten et al. 1999). 

 

Cercospora leaf spot 
 

Cercospora causes extensive damage, especially in the sugar beet cultivation located in the 

Po Valley (Rossi and Battilani 1989). The protection given by the resistance is partial and 

an appropriate schedule of chemical treatments must always be provided (Galletti et al. 

2008). The resistance to cercospora was the first to be studied, together with curly top 

resistance. In the 1930s Munerati developed the line R 581, which became the progenitor 

of all varieties resistant to cercospora (Cesena, Mezzano, Buszcynski CLR, GW304 and 

GW359) (Biancardi et al. 2002). At least 4 or 5 genes control the resistance, which makes 

the backcross program with highly productive varieties complex. In fact, the expression of 

this resistance carries a poor aptitude to sugar production (Weiland et al. 2004). In the 

1960s and 1970s the introduction of monogermity in commercial varieties resulted in a 

lowering level of resistance to cercospora (Rossi et al. 1996). All seed companies have 

therefore started to introduce resistance to seed-bearing lines. To date, progress in terms of 

sugar production has been remarkable, but the level of resistance has not increased 

(Taguchi et al. 2011). Consequently, genetic resistance is not yet able to provide hybrids 

capable of avoiding damage from the disease with reduced need for chemical treatments, 

and the prospects for increasing genetic resistance are quite limited in the short term 
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(McGrath 2010). 

 

Nematode 
 

Heterodera schachtii is the most important sugar beet nematode, which causes severe 

sugar yield loss (Amiri et al. 2002). It was first discovered in the U.S. in 1895, but 

identification came only in 1948. Leaves of infected plants have a strong yellowing, while 

the root apparatus has an excess of fibrous roots, presence of nematode cysts and a small 

storage capacity (Fuller et al. 2008). The control of sugar beet nematode involves the use 

of nematicides, where possible, or crop rotation. Several studies have been done to 

discover the resistance mechanism (Thurau et al. 2010). The first cloned resistance gene 

was found in the wild species Patellifolia procumbens and named Hs1 (Cai et al. 1997). 

Another effective resistance source was found in Beta maritima accession WB242 

collected at the Loire River Estuary in France (Biancardi et al. 2012).  

 

Molecular marker discovery and genotyping approach 
 

A good knowledge of genetic, physiological and molecular traits is of fundamental 

importance to increase sugar yield and resistance to the biotic and abiotic factors 

mentioned above (Atkinson and Urwin 2012). Molecular breeding needs to be improved 

by genomic research, together with recent sequencing and genotyping technologies. SNPs 

are the molecular markers that perfectly suit these needs (Rafalski 2002). Single nucleotide 

polymorphisms are abundant and uniformly distributed across the genome and can be 

found in coding and non-coding regions (Gupta et al. 2008). Among the coding regions, 

two types of SNPs are known: synonymous and non-synonymous. We talk about 

synonymous SNP (or silent mutations) if the nucleotide substitutions do not cause amino 

acid change to the protein. Instead, if the substitutions lead to a different encoded amino 

acid, the SNP can be described as non-synonymous, deriving from missense (change of 

codon) or non sense (generation of stop codon) mutations (Brookes 1999). SNP markers 

are largely used to design genetic linkage maps (Rafalski 2002). Particularly, maps based 

on haplotypes acquired an important utility in assisted selection schemes. The term 

‘haplotype’ refers to a set of SNP markers that are strictly linked and tend to be inherited 

together (Mackay and Powell 2007). These SNP sets are much more explanatory and the 

trueness of the information is more reliable than a single SNP could give (Morrel et al. 
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2012). With the increase of SNP markers density, breeding selection could be relatively 

easy and cheap, and highly effective for the selection of desirable and undesirable 

characters. High-density haplotype analyses may be helpful to clarify segregation 

distortions since such a phenomenon is still unpredictable (Würschum 2012). 

The most common approaches for the fast identification of SNPs are the next generation 

high throughput sequencing technologies (Illumina, SOliD, IonTorrent) (Davey et al. 

2011). These methods permit the discovery of hundreds of SNPs at a very low cost 

(Varshney et al. 2009). An SNP is identified when there is a nucleotide change between the 

sample sequenced and the reference genome at the same nucleotide position (Kumar et al. 

2012). With the same approach it is possible to compare divergent genotypes of the same 

species to find nucleotide variation in the same genomic region (Garvin et al. 2010). Once 

validated, the SNPs can be used for many downstream studies, such as genotyping, 

phylogenetic analysis, marker assisted selection, QTL mapping, genome selection, bulk 

segregant analysis and genome wide association studies (Edwards et al. 2013). 
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GENERAL AIMS 

 

Aims of the current thesis were: 

 

I. To introduce a novel high-throughput SNP genotyping approach to assess the 

genetic diversity in sugar beet (contribute n°1). 

II. To assess the phylogenetic relationships between Rizor and Holly (Rz1) resistances 

to rhizomania by means of high-throughput SNP genotyping (contribute n°2). 

III. To develop SNP molecular markers linked to nematode tolerance (contribute n° 3). 

IV. To identify new genetic polymorphisms involved in the genetic determination of 

bolting tendency (contribute n° 4). 

V. To identify SNP markers linked to root elongation rate in sugar beet (contribute n° 

5). 
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Abstract 

High-throughput SNP genotyping provides a rapid way of developing resourceful 

sets of markers for delineating genetic structure and for understanding the basis of the 

taxonomic discrimination. In this paper, we present a panel of 192 SNPs for effective 

genotyping in sugar beet using the high-throughput marker array technology QuantStudio 

12K Flex system coupled with Taqman OpenArray technology. The selected SNPs were 

evaluated for genetic diversity among a set of 150 individuals representing 15 genotypes 

(10 individuals each) from 5 male steriles (CMSs), 5 pollinators and 5 commercial 

varieties. We demonstrated that the proposed panel of 192 SNPs effectively differentiated 

the studied genotypes. A higher degree of polymorphism was observed among the CMSs 

as compared to pollinators and commercial varieties. PCoA and STRUCTURE analysis 

revealed that CMSs, pollinators and varieties clustered into three distinct sub-populations. 

Our results demonstrate the utility of the identified panel of 192 SNPs coupled with 

TaqMan OpenArray technology as a wide set of markers for high-throughput SNP 

genotyping in sugar beet. 

 

 

Keywords: sugar beet, genetic diversity, SNP genotyping, QuantStudio platform  
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Introduction 

Genotyping with molecular markers is a rapid and cost-effective strategy for 

assessing genetic variation, developing genome-wide association mapping approaches, 

establishing linkage maps, and useful in the development of cultivar specific plant 

breeding programs (Syvänen 2005; Ganal et al. 2012). Previously, several types of 

molecular markers have been described and used effectively to describe population 

structure, although most of them are limited in their use because of the high cost of large-

scale analyses. Among the various types of markers, single nucleotide polymorphisms 

(SNPs) are a recommended markers for mass-throughput genotyping (Mammadov et al. 

2012). SNPs occur at a frequency of at least 1% in a given population and, together with 

recombination, are the two main sources of genetic diversity (Ganal et al. 2009). SNPs as 

markers are abundantly distributed across the genome and can be found in coding as well 

as non-coding regions (Rafalski 2002). Among crops, variation in SNP frequency along 

the genome has been observed: maize has one SNP every 104 base pairs (bp; Tenaillon et 

al. 2001), wheat has one SNP every 200 bp (Ravel et al. 2006), soybean has one SNP every 

273 bp (Zhu et al. 2003) and sugar beet has one SNP every 130 bp (Schneider et al. 2001). 

In the past ten years, various high-throughput SNP genotyping approaches have been 

developed (Gupta et al. 2008), the applicability of which depends on the number of 

samples and markers to be analyzed for population genomics.  

Sugar beet is one of the world's most important crops currently supplying around 

20% of the sugar consumed worldwide (Biancardi et al. 2010). An estimation of the 

genome length on the basis of the C-value is reported to be 714 to 758 million base pairs 

(McGrath et al. 2007), and most observed sugar beet genotypes are diploid (2n = 2x = 18). 

Currently, a loss in the genetic basis of the commercial sugar beet varieties has been 

observed, mainly due to the repeated use of a limited number of genotypes as parents in 

breeding programs (McGrath et al. 1999). A narrow genetic basis is likely to cause 

inbreeding depression and reduced genetic variability, which in turn can lead to genetic 

plateaus in sugar beet (Geidel et al. 2000). The release of the RefBeet_0.9 draft assembly 

of the whole genome sequence of KWS2320 genotype has allowed genome wide mapping 

strategies, thus facilitating genotyping efforts (http://bvseq.molgen.mpg.de/index.shtml). 

Few studies so far have examined the genetic diversity of sugar beet parental lines and 

their progeny on the basis of the SNPs mapped to the available scaffolds of the sugar beet 

genome (Li et al. 2011; Simko et al. 2012). To increase resources for the effective 
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discrimination of the underlying genetic basis in sugar beet breeding programs and to boost 

genetic improvement, a more detailed genetic characterization of germplasm collections 

and their genetic relationships is presently a matter of prime concern. The development 

and application of high-throughput genome-wide genotyping methods, such as SNP arrays, 

can significantly broaden the current germplasm screening capabilities and their 

subsequent evaluation in correlation to the parental lines. Life Technologies Inc. (LTI, 

Carlsbad, CA) recently released a platform (QuantStudio 12K Flex system coupled with 

Taqman OpenArray technology) having key elements required for high-throughput SNP 

genotyping (Johnson et al. 2012), thus allowing for a rapid genotyping of large number of 

SNPs (up to 3072) in many individuals (up to 480) in a relatively short time. In this paper, 

we introduced a novel high-throughput SNP genotyping approach, based on QuantStudio 

12K Flex system, to assess the genetic diversity in sugar beet. In the light of the present 

goal, we evaluated the potential of 192 SNPs as markers for sugar beet genetic and 

genomic research.  

 

Material and methods 

Plant material: 
To evaluate the proposed SNP panel, we selected a set of 150 individuals 

representing 15 genotypes (10 individuals each) from 5 CMSs, 5 pollinators and 5 

commercial varieties (Table 1). CMSs lines are monogermic, susceptible to diseases (e.g. 

rhizomania and cercospora) and are dominant lines for high sugar yield; on the contrary, 

pollinators are multigermic and resistant to rhizomania. The aforementioned genotyping 

lines were derived from an ongoing wide breeding program at CRA-Research Institute for 

Industrial Crops (Rovigo, Italy). Commercial sugar beet varieties, which are widely grown 

in Italy are provided by BETA SCARL (Ferrara, Italy).  Two of the five analyzed 

commercial varieties were resistant to nematodes (Variety_1 and Variety_5) and three 

were resistant to rhizomania (Variety_2, Variety_3 and Variety_4). 

 
Automated genomic DNA (gDNA) isolation: 

Automated gDNA isolation was carried out using the BioSprint 96 DNA Plant Kit 

(Qiagen, Hilden, Germany) with the BioSprint 96 workstation (Qiagen) according to the 

manufacturer’s instructions. In brief, 50 mg of leaf material was used as a starting material 

and was subsequently added to 2 ml tubes having a stainless steel bead suspended in 300 

ml of RLT buffer (guanidine thiocyanate buffer under patent protection). For effective 
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homogenization, TissueLyser (Qiagen) was used to homogenize 48 samples at a time with 

two 1-minute shaking steps (30 Hz each). Subsequently, the samples were centrifuged at 

6,000 g for 5 minutes. Following centrifugation, the pellet was discarded and the 

supernatant was used for the subsequent DNA isolation steps, which involves suspension 

with MagAttract magnetic-particles allowing the binding of DNA to their silica surface. In 

downstream steps, DNA was purified by passing through four S-Block plates, the order of 

which is as follows: the first plate contained buffer RPW (guanidine thiocyanate buffer 

under patent protection) with isopropanol and RNase; second and third plates were loaded 

with 96% ethanol and the last one with 0.02% (v/v) of Tween 20. Finally, the isolated 

DNA was suspended in 200 µl of nuclease-free water and stored at -20oC until further use. 

For quality assessment and integrity check, quantification of the isolated DNA was done 

using spectrophotometer at 260 nm wavelength. A final yield of 21 ng µl-1 and A260/A280 

ratios ≥ 1.6 was obtained for further downstream analysis.  

 

High-throughput SNP genotyping:  

The main goal of this research was to evaluate the potential of 192 SNPs as markers 

for research on sugar beet genetics and genomics. In view of the present goal, genotyping 

was carried out for 192 SNP markers mapped on the reference sugar beet genome (version 

RefBeet-0.9) downloaded from http://bvseq.molgen.mpg.de. The panel of 192 SNPs was 

identified using restriction-site associated DNA (RAD) sequencing of 4 individuals of a 

sugar beet pollinator (Pollinator_1). RAD sequencing was carried out at Floragenex Inc. 

according to the protocol described by Baird et al. 2008. Polymorphic markers were 

identified as per the procedure described in Baird et al. 2008. Briefly, reads were trimmed, 

cleaned and reads with Ns and artifacts were removed. Polymorphic RAD tags were 

identified and were mapped to the reference genome of sugar beet and were scanned for 

the presence of single mismatches (Baird et al. 2008). The 192 SNPs showing a perfect 

match -with a single mismatch- to the reference genome were selected for evaluation as 

genotyping markers.  

A total of 10 ng of isolated DNA sample was mixed with 2.5 µl of TaqMan 

OpenArray Genotyping Master Mix in a 384-well plate. The samples were subsequently 

loaded onto the OpenArray plate using the QuantStudio 12K Flex OpenArray AccuFill 

System (LTI). After real-time PCR and allelic discrimination, the results were analyzed 

using TaqMan Genotyper v1.2 software (LTI). 
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Statistical analysis: 

We estimated the following genetic parameters: linkage disequilibrium (LD) and 

average expected heterozygosity (HE) in each genotype, and genetic distances (Dst: Nei, 

1978) between genotypes, using ad hoc scripts and the package GenABEL (Aulchenko et 

al 2007) in the R programming environment version 2.12.2. The average HE in the three 

groups (CMSs, pollinators and commercial varieties) were compared through the analysis 

of variance followed by a Duncan test using the R package ASREML (Butler et al. 2007). 

To cluster the examined sugar beet genotypes, a principal coordinate analysis (PCoA) was 

carried out using the program GenAlEx (Peakall and Smouse 2006). The Bayesian 

algorithm implemented in the programme STRUCTURE 2.1 (Pritchard et al. 2000) was 

used to infer the most likely number of clusters (K) with the following parameters: number 

of iterations=10; length of burning period: 10000; Number of MCMC Reps after burn in: 

10000, with K ranging from 2 to 6. 

 

Results and Discussion 

In the present research, we proposed a fingerprinting analysis of 15 sugar beet 

genotypes using an array of 192 SNP markers, with the aim of providing a SNP panel for 

the effective discrimination of sugar beet genotypes. We observed that the majority of the 

SNPs (95%) were polymorphic across sugar beet genotypes, which supports the use of the 

developed SNP marker panel for high-throughput SNP genotyping in sugar beet. The array 

of 192 SNPs identified in this study along with their corresponding mapping coordinates 

are available as supplementary material S1 (Table S1). The selected SNPs in the present 

study produced high-quality signals with a rate of undetermined results of only 0.45%, 

which is an important parameter for selecting suitable marker-systems. Previously, similar 

estimate of the undetermined rate (0.2%) has been observed in sugar beet (Simko et al. 

2012). We observed an average LD of 0.111, 0.080 and 0.075 in CMSs, pollinators and 

commercial varieties, respectively, which is in line with the previously reported LD values 

in sugar beet (Viard et al. 2004; Arnaud et al. 2009).  

To validate the effectiveness of the genetic discrimination using 192 SNP markers, 

we selected two population genetic parameters: average expected heterozygosity (HE) and 

genetic distance (Nei, 1978), which were estimated within and between sugar beet 

genotypes to determine the genetic diversity in the sampled population. Significant 

differences (p < 0.05) were found for heterozygosity in the different genotypes (Table 1). 

The average expected heterozygosity ranged from 0.052 to 0.250 across 15 genotypes. The 
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overall expected heterozygosity in CMSs (HE = 0.175) was substantially higher as 

compared to pollinators and commercial varieties (HE = 0.074 and HE = 0.154, 

respectively). Genetic distances between genotypes also were estimated. The highest value 

of genetic distance was found between CMS_3 and pollinator_1 (Dst = 0.445) and the 

lowest genetic distance was observed between pollinator_4 and pollinator_5 (Dst = 0.043). 

The low genetic diversity observed among pollinators is probably a direct consequence of 

the breeding programs at Institute for Industrial Crops of Rovigo, which all shared the 

same initial resistance source to rhizomania, 2281-R1 (Biancardi et al. 2002). A wide 

genetic basis is essential in sugar beet to select and to breed for disease resistance, to 

prevent inbreeding depression and to allow for adaptation to changing environmental 

conditions (Biancardi et al. 2012).  

A principal coordinate analysis (PCoA) was performed in order to gain further 

insights into the genetic similarity of the analyzed genotypes (Figure 1). The first two 

principal coordinates of PCoA accounted for 36% and 22% of the variance respectively, 

thus jointly accounting for 58% of the total variation in the dataset. The first principal 

coordinate (PC1) differentiated between commercial varieties and pollinators, whereas the 

second principal coordinate (PC2) was able to identify CMSs. PCoA analysis revealed the 

formation of two distinct clusters in commercial varieties and pollinators while CMS 

genotypes were split into four distinct clusters. In general, low genetic diversity was found 

among sugar beet parental lines and commercial varieties, as previously reported (McGrath 

et al. 1999; Saccomani et al. 2009). However, the present study clearly demonstrates that 

the most genetically diverse genotype was the CMS_5, which is in agreement with its 

known genetic background, derived from unselected breeding lines (E. Biancardi, pers. 

comm.). In sugar beet, breeding for disease resistance within a narrow germplasm pool, 

together with the use of cytoplasmic male sterility and monogermity for the production of 

commercial seed, potentially can lead to loss of heterozygosity and consequent increase of 

homozygosity (Biancardi et al. 2010). The incorporation of novel wild beet germplasm 

into domestic sugar beet likely will lead to the broadening of sugar beet germplasm as 

suggested previously by Frese et al. 2010 and Stevanato et al. 2013. In general, 

identification of the resources for augmenting the broad genetic basis is a prerequisite for 

breeding programs (Panella and Lewellen 2007). The PCoA plot clearly illustrates the fine-

scale genetic structure of sugar beet genotypes and allows effective discrimination among 

CMSs, pollinators and commercial varieties. 
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In order to further investigate the potential of the selected panel of SNPs for 

effective sugar beet fingerprinting, and to gain deeper insight into the genetic structure of 

the population, we further analyzed each group (CMSs, pollinators and commercial 

varieties) using the Bayesian clustering algorithm of STRUCTURE, with varying K values 

(number of sub-populations). The bayesian analysis revealed that K = 3 was the base value 

for the number of best supported clusters, thus classifying CMSs, pollinators and 

commercial variety genotypes each into three distinct clusters (Figure 2). Our results 

showed that the clusters defined with the algorithm in STRUCTURE were similar from 

those revealed by the PCoA analysis. The observed results are in perfect agreement with 

the previously reported results by Li et al. (2011), which supports the observation of 90% 

correspondence between the population structure defined by PCoA and STRUCTURE. 

 

 

Table 1. Description of the sugar beet genotypes used in this study and average expected 

heterozygosity (HE) estimated from SNP markers. Means within genotypes followed by a 

different letter are significantly different at the 0.05 probability level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Selected trait  Monogermity  
or multigermity 

Heterozigosity (HE) 

     CMS_1  Monogerm  0.102 
CMS_2    0.163 
CMS_3    0.149 
CMS_4    0.213 
CMS_5    0.250 
   Mean 0.175 a 

     Pollinator_1 Rhizomania Multigerm  0.075 
Pollinator_2    0.068 
Pollinator_3    0.052 
Pollinator_4    0.102 
Pollinator_5    0.071 
   Mean 0.074 c 

     Variety_1 Nematode Monogerm  0.185 
Variety_2 Rhizomania   0.124 
Variety_3    0.138 
Variety_4 Nematode   0.175 
Variety_5 Rhizomania   0.148 
      Mean 0.154 b 
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Figure 1. Two-dimensional Principal Coordinate Analysis (PCoA) based on 192 SNPs of 

sugar beet genotypes (CMSs, Pollinators, Varieties). Each dot represents one individual. 

The first two principal coordinates of PCoA accounted for 58% of the total variation. 

 

 
 
 
Figure 2. Cluster analysis of sugar beet genotypes within each of three groups (CMSs, 

Pollinators, Varieties) based on 192 SNP using the STRUCTURE software (K = 3). Each 

individual is represented by a vertical line, which is partitioned into coloured segments that 

represent the individual membership to the clusters. 
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Conclusion 

The present study proposed a wide repertoire of genome mapped RAD-SNP 

markers for efficient characterization of genetic diversity and population structure in sugar 

beet. The results of the present experimental layout clearly indicate that the proposed panel 

of 192 SNPs is a suitable resource for the effective discrimination of genetic diversity in 

sugar beet. In addition, the wide repertoire of SNPs evaluated in this study could serve as a 

potential source for the estimation of genetic relationships among sugar beet parental lines 

and varieties, with relevant impact on breeding program decisions. 
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genome (RefBeet-0.9). 

 

SNP ID Scaffold Position on 
scaffold (bp) Chr. Flanking - 5' SNP Flanking - 5' 

SNP_193 scaffold00125 1000269 3 
CTCTCTTTGCCTTCCCTT
CTTAACTCTCCCATCTCC
TCTTATTTCCTCCC 

[C/T] 
AACACCAATACAAGCAC
CCAAACCTCCGAGAGCC
CACCCGATCACTCCAA 

SNP_194 scaffold00336 419903 6 
AATTATTCCCTATGAAA
AGTTTATATATACTCAT
CAAAATCTGACGTTTA 

[A/G] 
ACTATTGATATATCTTTT
ACGAGGCTCAAATTGTC
ATGCACTGAAATGTA 

SNP_195 scaffold00211 394195 6 
ACCAATCTTGTAACTAA
CAAACATAATAGCAGAT
AAATCCCGTAGCTCAC 

[T/A] 
CATCAAAAAATTTACCT
CTTACTAACTTTTACCAT
TACTTTAAATCAAAA 

SNP_196 scaffold00139 613252 1 
ATTGTCTTAGTGTTGCTG
ATTAAGCTTCCAAAAAA
ACAAACAGTTAAACT 

[G/A] 
ATCAGCTACCTTATTAG
TTTTAGCTTTATATTATC
AGTTTCAGTTTAAAT 

SNP_197 scaffold00013 2226880 9 
AATCCCTATCCAACTAA
TGTGAGTCGAGTGACTC
TTACTTTACCGCAAGT 

[C/T] 
CGCAATTCTCCCATTCCT
GATAATCTGCCATCACA
TCACCACCATCCGTC 

SNP_198 scaffold00120 333334 6 
CTCTCTTCTCTTTCCTTC
TCTGGTTACCTTGCTGA
ACTTGAACGTGCTCT 

[T/C] 
GAGGGTACTTCTGTCAA
TTCATCTTCTTCTTCTTC
TGGGGTTGTTGTTGA 

SNP_199 scaffold00243 77935 5 
GTTACAAAGGTCCTGTT
CTCTTCCGCATAAAACA
ATTGAACTAGACTAAA 

[T/C] 
TGAAATGAATAGTGATA
TGTGAGAGTAAAAGTAT
TGTCAAGAGTTGAACT 

SNP_200 scaffold00090 922239 8 
GGAATTGTTTCACTTTC
ATCATCTTCCACATTACT
CCTCTTCCATTTCTT 

[T/C] 
AACCCATCAAACCCCCA
TTGCTTCTTAGCTAATTT
CGCTTCTCTTTCGTC 

SNP_201 scaffold00704 87167 ND 
ATTCTCTCTTCTGTAGAT
ACGCTATCCTTTCTGGCT
ATGCTATGGGGGAA 

[G/A] 
GGAAGTGAGATCTACAG
ATTGATTTGATATTAGA
TGAGCGATCGTACTAT 

SNP_202 ND ND ND 
AAACAGTCATGTTGGGT
TTTTTTAGATTTGTCTTC
ATGTAAATTTTTTTA 

[A/C] 
TATAAACTTTTTATAATT
TTTACTTATTGATAATG
AAATATATTAATGGT 

SNP_203 scaffold00717 100252 2 
ACAATAAAGAAGATCTT
TTGTTTATAAATATTGG
CTTGTTAGACTATAGT 

[A/T] 
GTGTTACATAAAAGTCA
TTTTTAAAATCGAAACT
CGTTTACATCGTTACT 

SNP_204 scaffold00028 454475 8 TTCCACTTCGTCCTAATC
ATGTCGGTCTCCAAAAC [T/C] CATTTTCTAGCTTTTTAG

TCATGTAGTGTTCGGAA
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CGGTTTCTCTTTTCC TACAAATTTAATCTC 

SNP_205 scaffold00202 8917 7 
AGGTCAGGTTTCGGTCA
GGTCTAGGGACTGACCC
TCACAGGTCGAACTAG 

[A/G] 
TTCAAGTCAGGTCAGAA
TCAGGTTGACCCAACGG
TCAGATCTGTTTCTGA 

SNP_206 scaffold00166 464463 4 
AGGTTCACTATTGTTCTC
TGCTAGATACATTCTAT
ATGGTAATTGATGAG 

[C/G] 
TAAGCCAAAAATAAAAC
ATCCATACAATAACTAA
ATTCAAATTGTAACGT 

SNP_207 scaffold00208 457705 3 
TGCTAAAATTTAGCGAG
GAATTATAAGTAAAATA
CTGAATATAAGGGGTT 

[C/A] 
AATTATATATTTCTTAGT
TTTGGAGTTTAATTTTCA
TTCAAATGAAAAAC 

SNP_208 scaffold00287 289941 5 
GCTTCTGCTTCACGCTTG
TTATTAGGGTTCTTATCT
GGGTGCCAAATCAT 

[T/C] 
GCTAATCGACGGTACGA
TTTTCGGAGATCATCTTC
GCTTGCATTTCGATT 

SNP_209 scaffold00039 299996 1 
ACACTAAACACACTTAA
GAACCTTAACATAGGAA
AACAATCAACCAAATT 

[T/C] 
GGTTTTCCAATCTCCTCC
ATAATCTTCCAAACAAG
CTCCTTAAACTCCCC 

SNP_210 scaffold00006 2166771 5 
TCTCAGTAACATCAGAT
TCAACCCAAGGAGTGTG
TGACAATGGTGGCAAA 

[A/G] 
GTGGTGGTGAAACCACA
TCAGTAGGAGCAAAACA
CACCCTTTCTTCTTCA 

SNP_211 scaffold00236 383590 4 
TAAAAACAAAAAGTTAA
CAAAGTTACACAATTGA
ACAAACACTAATCACA 

[G/T] 
TATCACGAAGGGTATAG
ATAAACTACCACTAATT
ATTTTTCAATGGCATC 

SNP_212 scaffold00197 138374 9 
CCATTAATGGCGGCAGA
TCGTATTAAAGGTCCAT
GGAGTCCTGAAGAAGA 

[C/T] 
GAACTCTTACAAAAACT
CGTCCAAAAACATGGCG
CTAGGAATTGGTCGGT 

SNP_213 scaffold00141 627751 6 
TTAAAAACTAGTGAATA
AATCAAAAACTCGGAGA
TATTTAGTGAGAACAC 

[T/C] 
GCATTCTTATGCATAAC
ACTTCGAGATTTGGCAT
TTTTCCTGACTATTCT 

SNP_214 scaffold00048 1197262 9 
GTCTTGAGTGCATCTCC
AGCTATAGCCATCAAAT
CTTTAGATAATGAAAC 

[T/A] 
CCAGTTTTACCAACATC
ATCTTGTTCCTGATACA
CACACTTAAATGCCTT 

SNP_215 scaffold00013 296768 9 
ATGAAAAATATTATACC
TAAAATATATCTCGAGC
CTGCTCACGAAATTTT 

[T/C] 
GAATCGAACTTTGCTAT
GCTCAGCTCTAGAATAT
TTGGTGAGCCAGGGAA 

SNP_216 scaffold00421 40190 4 
GGAACTATGTATGCAGT
TGAGAGTCATGAGGCGA
CACAGCACCTGCTAGT 

[T/A] 
AATATCGAAGATGGTGT
TGATGTCAATGGTGAAA
ATATTGTTGATGGGGT 

SNP_217 scaffold00157 745230 3 
TTCTTGGAGTTTCAGAG
CCAAAAAGATGTACATA
CACCATACGAATAACA 

[T/C] 
GTGTTGGCTTTTTATTGA
TCCACAAAACTAATATT
ACTTTTTTGTATTCT 

SNP_218 scaffold00004 1154018 1 
TGATCTGATCAAACATT
CCCAATGCGGATGGATG
AGTGACCTGAATAAAT 

[T/G] 
AAAGAAGTTGTTGATTA
AGAAAGTTTAATTAAAG
ATATACTTATAGAAGA 

SNP_219 scaffold00537 129411 1 
TATTTTCATTTCTTATAA
GAAAATATAATTTTAGA
TAAGTTACAAATAAT 

[A/C] 
TCAAATATAAGTTAAAG
TAAGGTCTAATATTTAC
AAGTTTATACAAATTT 

SNP_220 scaffold00080 330386 9 
AACCATAACAATTCTTC
TTCTTTGCGAATTAAAC
ACAAATAAAGTGGCTA 

[C/A] 
ATATAACATACAACTTT
ATTCTATTCAGTCAATTC
AACTACAAACATGAC 

SNP_221 scaffold00004 1173550 1 
ATATACAGTAAAACCTT
GATTATATTACAAAGTA
TACTGTATTTTGTATT 

[G/C] 
TGTATTCTCATAGAATA
TATGAAACAGTTCACAA
CACTTCTGCCGTCTAA 

SNP_222 scaffold00863 11377 3 
GAATGAATGACCTCTCT
ATTTATTTTCAAGCTTGC
TCTTCAAACCGGCCT 

[C/A] 
TTGCTTTCTTCTATGAGA
AGGTTCTTCCGTAATCA
CTTTTTTTAATACAT 

SNP_223 scaffold00046 911569 7 
TACATGTGCACCGACGT
GTACAGTGTCAGGCTCT
ACGCTAACACAAAACA 

[A/C] 
AATTCCTCTTCACAACA
TATTTAAGTTTAAACCC
CGTAACGATGATAACA 

SNP_224 ND ND  
CGTGACCTTTTTGTCATG
CGGGCTCTTGATACCAT
GTCAAAGGACCAACT 

[T/C] 
AACCAAAAGCTTAAGCT
GATGGTTGAGGCCCCAG
GAATATATCTATACTC 

SNP_225 scaffold00120 406987 6 
TCAATTAAGCGTTTTCA
TTTCTAATTGTTTGGTAT
GAGTGTTAAGTAACA 

[G/A] 
ATACCGTTTACGGAGGG
ATTCACAATCCCTCCAT
TTGTTACCCTTATCAA 

SNP_226 scaffold00161 377433 3 
ACAACTTTGCTACAAGT
CAAGACATTTACTTATC
TATCTAGAAATTTCAG 

[C/T] 
AATCACGTGAAATCAAC
TGCCAAAATCAGACCCT
TATCATTGCCAATATT 

SNP_227 ND ND ND 
TATATATTTACTCTCGAT
CTCAATTTCTCAAATTC
AATTAATTAATTATT 

[A/T] 
AATTTTTCTTTTTAAGAA
ATTTGAGTTTAATTAAA
TTTTTTTTTTTTTTT 

SNP_228 scaffold00108 924476 5 
AGGGTGGATTCCTTCTG
GATATTGTAATCAGCCA
AAGTACGGCCATCTTC 

[G/A] 
AGCTGCTTACCAGCAAA
GATCAACCTCTGCTGGT
CTGGAGGAATACCTTC 

SNP_229 scaffold00094 710138 9 AAAGATGGTTACCTTTA
TTGAATGTTTGGTTCAA [A/G] AAGGGTAACCATTAACT

TCAAGTAATGGATTTTA
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GCCAATGAATAGAAAT TTACTTGAGGGAGAGG 

SNP_230 scaffold00474 69869 4 
CAAACACAATGTCTTAG
TCTTCAACTCTTTTGTCG
GTCGATTTATCGAAC 

[C/A] 
TCGACCCATGCCAAAAA
TCCCTAATTCAAAAGTT
CTTTTTTCAGTAATTG 

SNP_231 scaffold00127 253188 4 
AAGTTCCTCTCCTCTTCT
ATGCTTATTTCGGCTAC
ATAAATATCATCGCT 

[T/A] 
ATTAGTGGCGGATCTAG
AATAACATGTTTGTTGA
TTAAAATAATATAGTG 

SNP_232 scaffold00694 81024 9 
TCTTTTTTAATAAGTTTT
GTTTCTTAGAAGATAGA
AAAATTTTACATATT 

[C/A] 
ATTTTCAATATTGGGCT
AAAAACAAAGATAATTA
TTCCGTACTTAATAAA 

SNP_233 scaffold00235 289658 7 
TTGACCCAACAATAGAT
GATTAATTAAAATAGGC
CTAATTTAGTGATAAG 

[C/T] 
CCAAATTAATTAAATTT
GATGATCATCCATTCAT
AAAAGTCAACATTTGA 

SNP_234 scaffold00106 884160 3 
AAAAATAACTCCACTTT
AACAAAGTCTCCTACAA
CTAACTACCATATATA 

[C/T] 
ATATATATATATCCCTTC
ATCAAAAACACCAAAA
ACCCACATCTTTCAAA 

SNP_235 scaffold00076 1078265 9 
ACTCTTCTACTATATCAT
ACTCACTTATCTTCATTT
TCCTACTATCTTTT 

[T/G] 
TTGTGTTTATACTTGCTT
CTATTAAAACCTCCAAT
AAATCTCTATAACAT 

SNP_236 scaffold00039 300847 1 
ACCAATTTAGCAAATTT
TCTTGACCTTCTTGCTTA
TGTGTCATGGCTGCT 

[A/G] 
AACTAGTGAACTAATAG
AAAGACATCGAAGTTGA
CCATCTTTTTATAACA 

SNP_237 scaffold00669 2489 8 
AAGTTGCGTACATAAAC
TTTCTCAAATATATACA
TATCCTCACTAGCATA 

[T/A] 
ACTTTCTCAAATACCAA
GTAAGTGTTGGCCCAAT
GGGGATGGGGACTGGC 

SNP_238 scaffold00349 324124 7 
CTTGAATCTAGTATACA
TAGAAGGTAGAAAAACT
TTAACCAAACACCATA 

[G/T] 
AAAAAAAACACTAACA
AATCCACAACTAAACCA
TAAAACATAATAACACC 

SNP_239 scaffold00120 449390 6 
ACTATGTGAAAAGAAAG
AGCATGAAACGCATGAA
TGCTGCTACTTGTGAA 

[A/T] 
TTTGGATTGAATAAGTT
TGAGTTTTTTGGGCTTCC
AAAAGGTCAAATTTA 

SNP_240 scaffold00485 166592 2 

TATCCATGCCAAATTAC
ATGGATAAACAGAAAA
AGGAGGGAAAAATAAA
A 

[A/C] 
CTGTTATCAGACCTATG
GTATCCTCCAAATTTTG
AGAGCTATACCATATA 

SNP_241 ND ND ND 
GAGAAATTTATAGCCCT
TGGATTTATCAACATCA
ACATCATCATCATCAA 

[G/A] 
ACATCAACAATCAACAT
CATCACCATCAAATGGC
TGGGATTTGAGTAGTA 

SNP_242 scaffold00177 287203 7 
AGACAATAAGTGAAGA
GTTTCACCATAAACTGG
TCAAGTTCGGGATCCTT 

[A/G] 
GAGGGGTCCCTACTAGT
GGAGAAGGCAGCTCTTT
GCCTGGCCTCAAACTC 

SNP_243 scaffold00473 277680 3 
CAACCCTTCATCAACCA
CCCAATTTCCAAGTCAC
TGCAATAGTAAAAATT 

[C/T] 
CACACCTCACTCTTCCC
CCTCCCCAAAGAATTTC
ACCTCATATCCCAAAT 

SNP_244 scaffold00064 1397436 1 
TAGCTCGGTCTCGTATG
TCTTTGCTGCTATTTTCA
CTACTTCTGCCGCTG 

[C/T] 
CTTCATCTTTCTCTTATG
TAAATCAAAATGGTAGT
AATGTTGTTGATAAT 

SNP_245 scaffold00085 252228 4 
AGAAAATCAGTCTATAT
ATTATGTCTCAGTAAAA
ATGGATCTAACCCTTC 

[T/G] 
TCTAAGGTGCTGCATTT
CTTATAAATCTTCAATC
ACAAGTTAATAATTTT 

SNP_246 scaffold00362 450355 7 
ATGTGTTAGCTACGTCC
ATGGACAGGAGAGAGA
ATAGCTTTATTAATCTT 

[G/A] 
AGGAATTCCAAAATTAC
AGAAGTGATTATGTTCT
AATCATCGAATAAATG 

SNP_247 scaffold00069 376380 8 
GAGGAGTAACTCCTAAG
CTTATAAAATGGTTTAG
TCTCTCCTCTTTCTCC 

[C/T] 
ATGTAGGACACTCATAT
GTGGTCATCAATGGGAT
TCAAACATGAAACTTC 

SNP_248 scaffold00068 472087 3 
CGACTATTTCAACCCCC
CACCCTTATAACAGAAA
ACAACCTCCCCATTTT 

[T/C] 
CTCTACTTCCATAACAA
ACTTACTTACTCATCAA
GCCTCACTCACTCACT 

SNP_249 scaffold00683 31647 ND 
TATTTATTTATTTTAAGA
ATTGCATGTCTCACATA
CGACACTTTCATTTC 

[C/G] 
AACTAAAAACTTTAAAT
TTTTCTACAAAATAAAA
TAATAGAGTCAAGTTG 

SNP_250 scaffold00006 2166719 5 
TGGTGGTGAAACCACAT
CAGTAGGAGCAAAACA
CACCCTTTCTTCTTCAC 

[C/T] 
TGAACAAGTGATAGAAA
ATGGAACTTGAGGGAAA
TTAACAACCCCAAAAC 

SNP_251 scaffold00751 121627 ND 
TGAGAATCAATATCAAC
AAGAATTTTGAAAATTT
GCTGACCTTGAGGAGA 

[G/A] 
AGACTATGGTGTGTCCA
GGGTTTGCCACGGTTAG
GGTCCCGGAACTTTCC 

SNP_252 scaffold00186 342525 8 
AAACTAAACAAATTACC
ATTACTGCCACTATCAC
CACCACCACCACTAAT 

[C/T] 
CCATTTCCGCCGCCGTC
AACGCTGCCGCCGCTTT
CGTCGCTTCGACAACT 

SNP_253 scaffold00076 952059 9 
ACCCAAAAATAGCAAA
AAATGGTTTCAAGAAAA
TTGAACTTTCCCAAGAA 

[A/T] 
ATGGATTCAATGAAAAG
ATCAGATACGCGTTTTT
TTTTGTCAGATACTTA 

SNP_254 scaffold00863 45462 3 CACAGCGCTTTCCCTTTC [C/T] GACCCGCCGAAGACTGA
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CCAGATGTTCGCCTTTCT
AAGTCAAGTAATGG 

CTTTCGAACTGAGGGTT
CGGTTCGGTCAGTAGA 

SNP_255 ND ND ND 
TCTTAATCAACGACTGA
TATTTAACGAACTCTAC
CGTGTAGAGTTATTTT 

[C/G] 
AAACTCTAGAGGATCTC
AACACCGATAGCTAGTA
GGAATAACTGCTGCAA 

SNP_256 scaffold00013 1746906 9 
CTAAACGACGCATTGAG
AGGAAAATGCTGATCAA
CCCACAAAGTATTAGT 

[G/A] 
AAACATACTTCAGGCGC
ATCATCACCGTTAGCTT
CCTTAAGAACACCGGC 

SNP_257 ND ND ND 
TAGTGTTTCTTTATGTTA
TAGCGTATTTGTTTGTG
ATATAGTGTATTTCT 

[A/G] 
TTTTATATAGTTGTATTT
GTTTGTGATATATAGTG
GGTATCTATGTATTA 

SNP_258 scaffold00334 120613 4 
CATATTGGTGTCAATAG
CTCCACAGTCACAAGAA
ATATCCTTCTTTGCAT 

[C/G] 
ATATACTTGAAAAATGA
TATGCATTATCATTTGTA
ATAAGACTAATGAAG 

SNP_259 scaffold00660 43524 1 
CATAATCTCTGTTATAA
CTTCCCTAAACTTTCTCG
CATTCTCAGACTCCA 

[C/T] 
TGCATCTCCATATATCCT
CTTACCAGCAATCATCC
TCATCATCACATTAT 

SNP_260 scaffold00120 449489 6 
TTTACCCTCTCTTTCCCT
TTTCTTTTGGCCCTTTTG
TCAACCTTTGTAGG 

[T/C] 
TTTTGTTGGGTTCATGAT
GGACAGAGAGGACACC
AGTGTAGTGCATCTCA 

SNP_261 scaffold00307 49874 1 
TTCTGTAATCGGTTTTTC
TCTCCTGAACCAAATAA
AATGAGTTCTCTCAG 

[A/G] 
CCTTAGTTATGTGAACA
TAACTAACATCTTATTA
GTAAACCATGTTAAAT 

SNP_262 scaffold00717 100432 2 
ATAAAGAAAACAAAAA
AACTCGGGAAAATTCTT
TTTATAATTACTGTTTT 

[T/C] 
GTATGCTTGTTTTGTCCT
AACATTTCCTAACATTTT
CCACTATCAAAGAG 

SNP_263 scaffold00028 453771 8 
AGCTCCAGATTACAGAA
GTCTACAACTTTTATCA
CACACCCTGGGTGTAC 

[T/C] 
GTGAGCTCAATACACCC
AAAGCTATTTCTTTCCTC
ATAACTCATTTGAAA 

SNP_264 scaffold00167 570897 9 
TGATCAGACCCAGAAAA
ACCCCTAATCAAAATAT
TGTAAGTAAACACATT 

[T/G] 
GGAGAAATTCCCAAATT
GTTCATCTCATCAAACA
ACTCCAAAGCCAACTC 

SNP_265 scaffold00583 45537 9 
CAACACTTTTTCCCAAC
AAATCCTCAAAGAAACT
ATCACTATAACCATCT 

C/T] 
TCATCTTCCTGTTAAGTT
GAGCCACAAATCCACCC
ATCAAACCCTCACAG 

SNP_266 scaffold00068 472906 3 
TTATTAAGGATTTAAGG
TTCTTGGAACTCATGAA
GAAAGAAGTTGTCAAA 

[C/T] 
ACCCAAGAAGAGTGAGT
GCTCAAAAACATGCAAA
ATAGCAAATCACTACT 

SNP_267 scaffold00683 31532 ND 
TCTAGAAACTAAAGGTT
CGTCTATGAACTGGCAA
ATTTCAGACTTTTCTA 

[A/G] 
CCATCCAGACGAATGCA
CTAGTCAGGTCTAGCAA
AAATTCTCTTGTTTCT 

SNP_268 scaffold00319 127137 7 
CCAGGCTCATTTTCATA
TAATCTAAAATTTAACA
TGGTATCAGAGCCCGG 

[A/G] 
TTGTGGGTCTCTTCTAA
ACTGGGCCTCTAATCAA
GCAACTGGGTAAGGGT 

SNP_269 scaffold00033 467127 7 
TGGATTACTTGTGAAGA
ATCTTTAATTAGATACA
AGGTCATAGGTTAATG 

[A/T] 
TTTCTTTAGCTTGAAAC
AGTGATTACTTAAGAAG
TGAAGATTGAAGGAAA 

SNP_270 scaffold00615 81973 2 
AGAGATTGGTTTTTTTA
GGGTGGGTTTACAAGAA
AGAAATTGGAGGGAAA 

[T/C] 
GAAGAGGGAAGGGGGT
AAAAAAAATTCTTCGTC
GGAAAAATTAAGTCAAT 

SNP_271 scaffold00161 161569 3 
ACACTCCTCTCACTACC
TCCTTACTTTCCCTTTCA
TTTTTCTTTCATTTC 

[T/A] 
TCATTTTTCTTACATCGA
ACCGAACAACGGAAAA
CTAATTTTGGAATTTT 

SNP_272 scaffold00796 103147 6 
CGTTTTTTGAATAATTCT
CGGAGTGGAATCTCCAA
GTTTCTAGGAGACCT 

[T/C] 
CGAGGAATCTCACCAAG
CTGTGTGGTTGTGGTGG
ATAAAGAGGTCGGTAT 

SNP_273 scaffold00008 375846 7 
ATCATTAACCAATAAAT
TCCAAGTTACTCACATA
ACCGTTCACAGACAGC 

[C/A] 
GAATGGAAAAAAATGG
AGAGCATCCATAGTAAA
TCTAGGTGTACCATGTG 

SNP_274 ND ND ND 
GGCCATTACAATTCTGT
TGGGCTTATTTTGCTCCA
AACAGATCTTCAACA 

[C/T] 
CTTCCATCTTGCATTTCA
TAACGGGCCAAGATCAT
CCGCTCTGATACCAT 

SNP_275 scaffold00022 489323 6 
TCCTCCTATATTAATTAT
ATATACATATACCTTAT
TTGACCAGCTATCTC 

[T/C] 
CCCAAATTAAACATCTT
TCATTATTTCTCCCATCA
TAAGTTTATACTCAT 

SNP_276 scaffold00615 133793 2 
GACTCCTTCATCTACCTT
AAATACGGAGTGTCGTG
TCGTATCGTGTCCGA 

[C/T] 
CCGACATTTACTTGGAT
GCTTCATTTTAAACTAA
AAACTTGACTTTTTTC 

SNP_277 scaffold00369 281768 8 
ATCATTAATTACAGTTG
AATTACTTCCTCCGTTTC
TTTTTACTCGCTACA 

[T/C] 
TTCTCATTTCACGGACTC
CTATGCAATTTTTGTAG
AAGAGAGAGGTAGAG 

SNP_278 scaffold00065 78794 6 
AACTTAAAAGACAACTC
GCTTCTCCCACGCAAAA
TTTGAACCCCGTACCA 

[T/C] 
TATATATACAAATAATT
TGTAGCTAAACACAAAG
TTAGCTAATTATTAAC 

SNP_279 scaffold00389 236325 ND TAGAAGAAATTAATACT [G/A] ATGTTAGAAAAAAAAA
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TATTTATAAAAAAATTT
CCAAATATATACTTGT 

AAGATTAAATATGACTT
GTACAGTCCAGTCTCCA 

SNP_280 ND ND ND 
ATTGAAGTTCCGATCAT
TCATCATTACACCTGGT
GAGATGAAAGTTCAAA 

[A/T] 
TACATATCAATTCATTG
TTCATGATGTATAATAA
GTTAGAAGAGATGCAC 

SNP_281 scaffold00231 522847 4 
TGAAAATTCAAGCTATC
AAATCTTTATAAATGTT
ATATATACACACTTAG 

[C/T] 
AATATTAATGTTCAAAA
GAGTGTCGCATCAAACG
TGACAAAACAAATGAT 

SNP_282 scaffold00022 489621 6 

GGAAGAAGTAGAGAGT
AAAGAGTTGTGTATAAA
GAAACGACAACCACAA
G 

[G/C] 
TACACTCTTTCCATGAA
AAAATCTTGTGGTTGCT
AATTGCGATAACTCTA 

SNP_283 scaffold00185 801314 2 
TAATTAAATTTAAAAAA
TAAGGTTAAAAATGAGT
TATGTGAAAGTAAAAC 

[T/A] 
GAATAATGAAAAAAAA
TACATAAAACAGTAGAC
TTCTTTAAGGAGTTTCA 

SNP_284 scaffold00069 377151 8 
TGAGTGTTTAATATAGG
CTAATTTTGGACAAATA
TGAGAACTAGTTTGGT 

[G/C] 
TTTACCCTCAACACTGA
ACTCTTCAAATGGTCAT
TCATGATCAAATTATG 

SNP_285 scaffold00064 580870 1 
CCACCATATTTTCTCTCT
CCTCCAACTCCACCACC
AGAATCACAACCACA 

[G/A] 
CCAATCACAACCGTCGA
AATTCCATCACAATCAA
CGGCATTATTATCAAC 

SNP_286 scaffold00574 215491 3 
AAACACCCTTGACAGGA
ACTTTTTCTTTAGCAGCA
ACATATATAGCATGG 

[T/G] 
CCAGTTTAGGAGGCTTA
TCTGAAAAGCAGTATTG
TGTGACAAACATCATT 

SNP_287 scaffold00195 32073 4 
TATAATAAAATGGGAAA
TTTCCTGAGGTACCCTT
GAGGTTTGACTTAATT 

[A/C] 
TCAAAATACCCTTATTG
AATTTTGAAGTTCAAAG
TTTAACTTTCAAGGGT 

SNP_288 scaffold00211 91028 6 
AGTGATTCCTTGATGTA
CGGTGTATATTTTGTATT
TCTTCTCCTAATCCA 

[T/C] 
ACAATGAGCCCAAGTTC
TAATTTTTGGGACATCA
TTTTGGGCCTAAAGAA 

SNP_289 scaffold00705 8379 9 
ACTTGTATATTGAATCC
GAGAATATCCCATTTTT
ACCCGGCATTATAATT 

[T/A] 
TAATTTGGGGTTCTTGT
GATTCTTTTGATAAAGG
TAAGGTTTTTACTTTT 

SNP_290 scaffold00185 801227 2 
ATAAGACATATATCATA
TGACTTTGAAAATCAAA
AAATAGAAAAAACAAC 

[C/A] 
GTATTACTGAACGGACC
TTAATAATCACTTTTTTC
CATAATTAAATTTAA 

SNP_291 scaffold00682 121825 3 
GTAGGAGGAAAAGTAT
AATTGCTCTAGGCTACA
TCTTTATCATCCTCTCT 

[T/C] 
ATGTTGTTTTGAACTTGT
AGCATTTACTTTCCACA
AGGAAGAAAATTTAT 

SNP_292 scaffold00111 1092375 5 
ATCAACGGAATTTCATC
AAACAGATGGTGGGCA
AATTTAAAGGGGACAGA 

[A/G] 
TCATGAAAATTCTACAC
TTTCACCACCTACGTGTT
ATAACACAACGATCA 

SNP_293 scaffold00172 518642 ND 
CCCTAAAATTGGACAAT
ACATTCAACAATTATCA
TTAAATACTGTTCAGA 

[T/A] 
ATAAAAGCACAATTATT
ACATAAACAAAACAAAT
AATACAATCAATATTA 

SNP_294 scaffold00286 181501 9 
ATCAAAAACAAAAATAT
GAAAATAAAAAAGGTA
ATTTTCAATTTTCTGTC 

[T/A] 
TTAAGTATTATTAAAAG
TTTAATATACCCTTTACA
ATGATACCGGTATAC 

SNP_295 scaffold00463 303453 2 
ATAATCACGCACAACGA
CAGCAAAAAACCGAAA
TGATGTGTGGCTCCAGC 

[A/G] 

CCAGCAGCGAAAAAAG
CAGACGAACAACGGAA
CAAGTAATCAAGTATGT
A 

SNP_296 scaffold00267 453985 3 
TCTGCTTCTACAAAGAT
TTGAACATTATTGGTTTT
CCATGTGGGAGATAA 

[A/G] 
AATTAAGAAGTCATACT
ATTAGACCCAAGAATTC
TTGATATACATATATT 

SNP_297 scaffold00011 2586541 5 
GTAGGGTCCTCACTTGG
ATGCTCATTACAAGTCA
TACACCCTTCAACCCC 

[C/A] 
TCCACCCCTTAAATTCT
AAACAAAAGTTTAGGGT
AGGAATAGAATCCTAG 

SNP_298 scaffold00177 790808 7 
TATAACAAACCCATGAA
TTTTCTACCATTTTGCCA
CAATACCCTTCAATT 

[G/A] 
ACTACAATTTAACGTTA
GATATCCATATATTTGA
TCAACTAGGTTTCCAA 

SNP_299 scaffold00453 224897 1 
AAAATGAAATTACTATT
ATACCCTCAAAAGGATG
TTAATTACAGTAAAAC 

[C/T] 
GCAGTAGTGAAACAATG
TTAAATTAATGTTGGAC
CAATTACAGTAAATAC 

SNP_300 scaffold00026 1823529 7 
GTGGATGTTGTTTTTGGT
CAAAGCAGCGGAGGCG
GTGAAGACGGTGGGGT 

[A/G] 
AACTTTGGATCGGGTTC
GTCTCCGGATGATTTAG
CTATGGTGTTCTTTGA 

SNP_301 contig145082 123 ND 
ATCGTACGCTATGATTA
TGAGGTTATTAGAAGCA
AAGAAGCGGCAAATAA 

[G/C] 
AAAAATAATGGTTTTGT
CATGCATAGCTTATTAT
GGCGCTCGAAAATCCA 

SNP_302 scaffold00094 180489 9 
CGGGACCCAGTTACCGT
ATGTACCGGTCAAACCT
ACGACCGGCAAAGCAT 

[A/T] 
GAGTCATGGGTTGCTAC
CGGTAATACTACTTGTC
CGGTAACTCGGGCTAC 

SNP_303 scaffold00146 690316 1 ACTACAATGGAGAATAA
GATGGTGACAGGCGTAC [G/A] CAGCAACTAAATGACCT

AATACAATCGCTCGAAC
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ATCAACTACAACAATC AAGCTACTCTAATGGC 

SNP_304 ND ND ND 
TATTCGCCGCGCAGGAA
GATGTAGCCACGGTAGG
TTTTCAGTGCGCGGGC 

[A/G] 
CTGATCAGCATGCCTTC
GATCAGCAGATGGGGCA
GTTGCTCCATCAGCAT 

SNP_305 scaffold00368 139881 7 
CCCTCACTTCCTTTCTTG
CCGCAGTTGCCATAATA
ACTCTTTTCTATCTC 

[T/C] 
GCTCTTTCTCTCTCTCCT
TATTTTCACTCTCTAACA
TAGCTTATTATTTT 

SNP_306 scaffold00050 1464990 6 
GAGTTCCACATAGTTGC
CACTCCTTTAACTTGCGT
TTGCTTACTTGAGTG 

[A/T] 
CTCAACCTCTAACTCAA
CCCCCATATTGACTGAC
ATATCACCAACAACAA 

SNP_307 scaffold00655 42434 ND 
GCCAAATAGAACAGTTA
GAGGCTACGAACTCATC
GAGGATATAAAAAAGG 

[C/T] 
TGTGGAGGAAATTTGTC
CAGAAGTTGTTTCTTGT
GCCGACATAATTGTCA 

SNP_308 scaffold00150 211781 5 
TAGATCTCTGCATTTGTT
AAATTCGAAGGACGAG
GAGTGGTAGAGGAAAA 

[A/T] 
CCATGAGACCTTCTTGA
GAAGATATCAGACCTTG
ATGCATTTGATCTGCG 

SNP_309 scaffold00110 1016752 8 
TTGTTGTCCATAGTTTCC
CAATTATCATTACGGAG
ACTTTTGCTTCCTCC 

[T/G] 
TCAGTTCATTATCAACG
ATCCATTCTAACTCCTCC
TCGTTGTCCGTAGCA 

SNP_310 scaffold00195 563551 4 
TTCATGTATAAATTGTG
CTAAATCACATTTTAAG
TTAAGAATATAGTGCA 

[C/A] 
TTTAAGATACAAATCAC
AACACCACGAAGTACGA
CCCAACAAATACAATG 

SNP_311 scaffold00098 439574 7 
AAGACAAAAAGAAAAT
CCAGCTGGAAAATTTAG
TTACATATTGGGGAAGT 

[G/A] 
CTTCGTCCATTTCTTGAG
GTTCGAGACTTCGAGTA
CCAAGCTTTAAAAGC 

SNP_312 scaffold00243 79079 5 
CCTAAATTAACCTAATC
GCACGATTTCAGCCTTT
TATTGCAATCAACAAA 

[T/C] 
CTAAGCATTCATACTCA
GCAAGATATCAGCGAAA
ACCTAGAAATATTCAG 

SNP_313 scaffold00269 348820 9 
AATAAAAGCTCTATCTA
TAAACAACCTTGTCTCT
CAAGTCTTTTTAAATT 

[A/G] 
CTCTAAGCCTTACTTTTG
CCATTGCAAAAATCCTA
CAGGCTACAGACATA 

SNP_314 scaffold00267 462805 3 
CATACACTGTATTTTCA
GCTTTTCTACACATGTG
CTTTCCCCACCAACTC 

[C/G] 
TAAGCCAACCCATATCT
TCCACCGAAATCTTCTC
TTCTTTACAACGTGGC 

SNP_315 scaffold00032 626158 6 
TCTCTCCTCAACCAAGA
ACCTCAGCTCGCTGAAC
CACCATCAACACCAGC 

[G/A] 
CCAACACCATCTCCGTC
GCCTCTTCCGCCAAATC
CTTCTTCCGGCAGCCC 

SNP_316 scaffold00008 859955 7 
TTCGGGTAATCAGATTT
CTCACCTCAATCTCTTG
AATTTGCTTGTATCAA 

[G/T] 
TTTTCGCAATGTCGATG
ATTCAATGTTTCGAATC
CTATTTTGATCGCATT 

SNP_317 scaffold00358 329576 4 
ACCATTGTTTTATTCCAG
GCTCTTCAACCTTCATA
ACTAGCAATCTATCC 

[A/C] 
AGTCCAGGATAAGCAGT
TTAGATTTCAGATACCC
GAAATATCAGATACCC 

SNP_318 scaffold00267 463481 3 
TTTATGATTAAAGTGTA
TTTGTAGAATGTATGGA
ATAGCCTTGAGACATT 

[A/C] 
GTTAAAAAAAGTTATTT
TTTCACCATTACAAACA
AGTGCAAAAATCCACT 

SNP_319 scaffold00098 439480 7 
TAAAAGCATATCAAAAT
CATATACAAATTGAAAA
CTTGCTTAAGAAAATA 

[T/G] 
CCAAAAAATTCTGATTG
AAAAGGATGGTTGAAGT
AACTTGTAGTTGGGAA 

SNP_320 scaffold00358 34217 4 
TTAGAAGATTCAGTCCT
CTTAGGTAAAAGAATAG
GGTTAATATTCGGCAA 

[T/A] 
ACTCCACCATGTGCAAT
TGTAACACCATGAAGAA
GCTTTCCAAGTTCATC 

SNP_321 scaffold00665 89867 3 
ATTTGTGTTATATATACC
ACAACAAAATGTCATGA
ACAAAAAGGCATTCA 

[T/C] 
AACGGCTATAAATTAGG
AACGTCTCATGAATTTA
CATATAACATGAATTC 

SNP_322 scaffold00011 2586473 5 
AAACAAAAGTTTAGGGT
AGGAATAGAATCCTAGA
TTTTGCTAGAGAATAA 

[T/G] 
AGAAATCTCACTACTTG
ATCCAATTCCATTTTAA
AAAAAAAACTATTTTA 

SNP_323 scaffold00008 860087 7 
GCCTAATCCACAGTTTG
ATCTAGCTTCGCCTTTTT
CATCAATCAACCTCT 

[G/C] 
AATCACTCGCTCAATCT
ACCTTTCGCAACTCGAT
TTTTCACTGTCGTTTT 

SNP_324 scaffold00182 622207 6 
TGGGATGATTTTTTTGTT
GTTCATGGTTAAGAGGA
TAGGTGAGAAAACAT 

[T/A] 
GTGGGGGTGCTATTCTT
TTAGAGAGAGAAAGTTA
GAAAGAGAGCGGGATG 

SNP_325 scaffold00358 329740 4 
CTTTTTAGAATCTCTAAT
AATGCAGTAGTGCCCTA
TGCTCCTCAGATAAC 

[G/A] 
TTGGAGCTCTCTAGTAG
TTGTACTATTTCACTAGC
ATGTTTCACTTCCCA 

SNP_326 scaffold00267 463540 3 
GCATTCGTAGCATTTAA
CTATATAATCTTTATATT
TTTACTTTTGTGTAA 

[T/C] 
TATAAATATTTATGATT
AAAGTGTATTTGTAGAA
TGTATGGAATAGCCTT 

SNP_327 scaffold00248 336275 ND 
AATAATTTATAATGGAA
AATATAATTTCAAAATT
AGTTTTCCTCCATTTT 

[T/C] 
AAGGGAAATAGTTTTCA
TTACGGGAAGAGCAATT
TTACTCCTAGAGAAAA 

SNP_328 scaffold00205 368836 ND TAACGTAAAAAGAAAAT
ATAAAAAAAGAAATAA [C/G] GGCCAAAAACCGCAGC

AATATTGTGTCAACAAA
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GGATATTGCTGCGGTTT AAAAATTTTGAAAAAAG 

SNP_329 scaffold00114 411461 5 
TGACTTGTGAGTGCACA
CAATCTATGGTGCTATG
TGATCATGGCTTTTGA 

[G/A] 
TGCACACAATCTATGGT
GCTGTGCTATTTCTGGT
GGTTCTACTTGCACCA 

SNP_330 scaffold00330 206726 6 
TTACCATAAAAATGCAA
TGAATTAGTCATTGATT
AAAACTAACAACTCAA 

[C/T] 
ATTATCTTTATACAACA
AAATAACAAAATAATAT
TTGTTTGAACTTGATT 

SNP_331 ND ND ND 
GGGTAAACTAATAGAGG
ACGAAAGGAGTAGTTTG
TTAACGTTTTCTATTT 

[T/G] 

TAGAATTCAATTTTTTG
AAAATCAAAAACAAAA
ATATGAAAATAAAAAA
G 

SNP_332 scaffold00463 303544 2 

AGCAATAATAGAGAAC
GCACGAACGGGGAAGA
CACCAGAAAACAAGAA
GG 

[C/T] 
AATGCACCAAATAATCA
ATCACAGTGAGGTAGAT
CGCACAATAATCACGC 

SNP_333 scaffold00036 529691 3 
GTTTCTTGCATCGGCAC
TTAGAGACAAAATGAAA
AGTTTATCATTTAACT 

[T/C] 
CATCCCTTGTCAGATTT
GGTTTTGCTTGGTAATTT
TGTTTGCTAATATTT 

SNP_334 scaffold00248 336355 ND 
CAATTTTACTCCTAGAG
AAAATGATTTGATACTT
TATTGCACAACCAAAT 

[A/G] 
ATGTAAAATTGAAAATA
GATGAAAATAGTTTTTT
AAGAAAATGTTTTACA 

SNP_335 scaffold00226 38986 7 
ACATTATTCACATACAT
GACTTTAACAATCTCTT
GTGATTTGTACATAAA 

[G/A] 
GAAAAATATAGTGATGT
GAGATCTTGTTAGATTC
ATCTCAATGTGCATTA 

SNP_336 scaffold00146 690991 1 
TATCATCTTACGACACG
CTAAAAACTTAATCCTT
AAAGGATGAGGTCGGC 

[G/A] 
GTTAATTTGCTCCAATTT
TAAAAATTTTAAATTGT
TTTGTCCCAAGATTC 

SNP_337 scaffold00221 84659 3 
GACCACCATTAATAATG
TTAATGGTTACCCCTAA
TCCAGGGAATCGATTT 

[G/C] 
CGGCTATATCTGCTGGA
GTTGGTACCCATTGCCC
GGTCATGACGGCGTGG 

SNP_338 scaffold00134 750672 7 
TCTATCCATACAACCCG
ATCCCCACTCTTCCTTGG
CCTCGAATCCACCTC 

[T/C] 
ACTAGATCCAACACCAC
CTCCTTACTCGAGGAAT
CTGATTTTGGGTCGGA 

SNP_339 scaffold00366 243063 5 
CACGAATATAAAACCTT
GTCAATTTGATGTAGCA
ATAATGGAGTTGAAAC 

[A/C] 

AAATTGGAAGAATTACA
AACTAAAACAAATAAA
AAGAGAGAGAGAGTAG
A 

SNP_340 scaffold00094 180903 9 
AACCAAAAAAAAATTCA
TTTAAATCCCCCAAAAA
ATCCCCAATCACATTC 

[C/T] 
CCAACACCACCACCAAC
AGTTTTATGTTAAGCGG
TCCTTTCTTTCTTTAC 

SNP_341 scaffold00362 450449 7 
ATAAATGAATTAGATCA
AAAGTATATATATAACC
CGATACATAATCGCGC 

[A/G] 
TCCTGCTGCTAAAAAAA
CACCTTCGCTCGATTGT
CCGGGCCAAACCACCC 

SNP_342 scaffold00248 337134 ND 
AGACAAAAATTCATCTA
ACCAAGTCATATTAGTA
TAAAGCATGGGTTATG 

[T/C] 
ACTAGTATACCATTCGT
ATAAAAGAACATGAATT
TTTTCAACAACTTTTC 

SNP_343 scaffold00359 285697 9 
TTTTTAGATCTACTTCAT
GTGATTATTCATGCCAT
TGTTTGTTTTTATGC 

[T/G] 
GTTGTTATTGTTTGTTTC
ATGAATTCAACCTATTT
TTTCTTTATCTCAGA 

SNP_344 scaffold00150 212676 5 
ACCCACATGCACCCCTT
CCATTTCCCGAACCTTT
ATCATCACCTTCCTCA 

[A/G] 
GACCACATTCTCCCCCT
CCCCAATACCACCCTCA
ATCCCTCATCATCTCA 

SNP_345 scaffold00243 78897 5 

AAAAAATAAAATCAGTA
AAGGAAAGTTCAAAGA
CAAGAAAGAGAGAGAG
G 

[T/A] 
GACCTTGTAGCGCTTGT
GAAGGCGAGAATTAGA
GGATTCGACTTCCTTGA 

SNP_346 scaffold00385 69157 7 
TTCAAAAACTAAACTCA
TCCTCCATTGGATTTTCT
GTCCAAATCTTCTCT 

[A/G] 
TAAAAACTGATTCATTC
GCATCAAATTTCTCAAG
CAAAACAACTCACAAA 

SNP_347 scaffold00062 987155 1 
TTAAAAGGGAAGGATTC
GAGTTCGAGTTCAAGTG
AAAGGTACTTAAATGC 

[A/G] 
TTTGATTTGATATCATTT
TCGCCCGGATTTAATCT
ATCCGGGTTGTTTAT 

SNP_348 scaffold00148 427086 2 
CCGATCTTCGGCCTGAG
CTGTATGCGAGTAACAC
TCCGTAAGACGGTCAC 

[A/G] 
GTGACGGTGCCGGTGCC
CAACTCATACGCAAATT
GAATTCCTTTAGAACC 

SNP_349 ND ND  
TTGGTGGTTAAATTAAA
CTCTTTCTATTGACTATC
AATCTAAGAATAATA 

[G/T] 
CAAACAATAATAGAATA
TCAAATAATAAAGCAAG
GAAAGAACACACCAGA 

SNP_350 ND ND ND 
CCCAACTTGGTGGTTGA
AAGTTGAAAAAAAAAT
GACTATTTGCTGATTTC 

[T/A] 
TAAATTAAAAGAAAAAT
AAAAGTATTATATAAAA
CTGACAAAGTTGACTG 

SNP_351 scaffold00014 801728 1 
CACTTGCTTAAGCAATC
AATATTGATAACATTTA
AATAATTTATTAGCTG 

[C/T] 
ATTATATTACAAAGACA
TTATTGTTGGTGAGTCG
TTAATTATTGATAGCA 

SNP_352 scaffold00162 409297 5 CAAATTCAACTTTAAAG [G/A] TTTTCTTCTTTTGTTACC
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TAATAATTATTTCACGC
CACAGCTGTCAGATAA 

AGTTTACGTTCCTAAGC
AATATGTGATTTAGT 

SNP_353 scaffold00322 418278 4 
TTTCGTGGACCAAATAG
TTCGATATCCACTTTGAT
TTTCATGTCAAAATA 

[G/A] 
AGTAGAAAGATGAGCA
ATTATTTGTGGTCATTA
ATGAAATGGCAAAAATT 

SNP_354 scaffold00015 1465167 3 
GGTTCTAATTTCACAAA
CAAACCCTCATTTTCAC
CCACATTTTCATCTAC 

[C/T] 
AACTTAAAAATCTCATC
TACACTCTTAACATCCTT
ACTATTCTTCTTCTC 

SNP_355 scaffold00022 489543 6 
GGTTGCTAATTGCGATA
ACTCTATTTGCAATAAT
TTTAAATGAGATATCT 

[G/A] 
TCTCTCTTTTTTCAATTT
GCCCTAAAATTTAATGA
TAACGAGACAAGAAT 

SNP_356 scaffold00287 214154 5 
CGGAAGAAAACAGAGA
GACCAAAATCAATAGCT
TTAAGAGGAGAATTCTC 

[C/T] 
TTCTTATTAGCAAACAA
GAAATTCTCAGGTTTCA
AATCTCTATGCATAAC 

SNP_357 scaffold00025 1408107 7 
TTCAAAATAAAGGGAAA
ATTGTTTTCCTTATCTCT
CTTGTACACTTTTCT 

[C/G] 
GCTACCTCTTTACTTTCC
CTTTCATTTTCCTTTCAT
TTCATCATTTTCCT 

SNP_358 scaffold00473 278260 3 
ATCCAATATCCTACAGA
TTTTTTTTCCCTTAAAAA
AATGAGCTGCCTTTC 

[C/G] 
TCTTTCCTTCTCTCCCTC
TAACGTCACTCTCCCAC
TCTGTCTTCTTCTTC 

SNP_359 scaffold00197 606876 9 
CCAACTTGGGTGAAATA
GTTATTACACAAGCTCA
ATTGCTTCAAATGAGG 

[C/T] 
AACATACACACTTCTTC
AGGAACAGCCCCAAAA
AACTCATTGTTAGCCAT 

SNP_360 scaffold00141 174879 6 
ATCATCTACAATCTTCC
AAAAAAAGCCTTCTCGA
AGCTTCGATCCAACAC 

[T/C] 
CGCGCCAACTCTCAATC
AAGCCGCCACTTCCTCA
ACGGCGCGCAGCTTCT 

SNP_361 scaffold00372 131354 8 
AAGGGGAAAGTTTACGA
CGTTCAGAATGTAGTGG
TTAGTTTCAGGTCAAG 

[A/G] 
AAGGTGAGTGCTAGAGA
TGAACAAGTGATTCCAT
TAGAGCTTGATGAGGA 

SNP_362 scaffold00018 185987 2 
GGGGGTTTGATAAAATG
GGTAGTTCAAAAGATGG
GTCAGTTGAAGAAGAA 

[C/T] 
ATAAAGACAACTCTGCT
TCTATTGATTTGAATGA
TTACGCCATTATTAAG 

SNP_363 scaffold00154 230469 1 
AACCAACCAAGTTTAAG
CAAATTAATAAAAAAAA
AAAAAAAGAAACCCCC 

[T/C] 
AAATCCACGGTCAACAC
CCACCACCCACCTCTTTT
CCCCCCTACACTGAT 

SNP_364 scaffold00437 170344 ND 
TGATTAATTACATTTCA
GCGATCAAATTTCTCAA
TACCTACTTTTAAAAA 

[G/T] 
ATTCTAAAAGAAACTGC
GTATATTTTTTTTAGAAA
TTGTGGTAGAGTTGC 

SNP_365 scaffold00071 1408370 8 
GGAATCAGAATTCTCAA
AAGAAAATTGATCAATG
ATATTAATACAGAAAT 

[A/C] 
AAGAGATGATTATACCA
TAGTGCCACACCAATAA
GGCGAGAAATAATAAG 

SNP_366 scaffold00162 409388 5 
TTAATTCTCCTCTTTTCT
AGTCAACACCTAAAAGG
TAGAACCGGTGTATC 

[C/T] 
TTGGAGGTTGATTGTTG
TGAGTACGTGTGTTGTT
ACGAGGCAAATTCAAC 

SNP_367 scaffold00034 102500 5 
ATTGTTGCGAATTTTGG
TGTCATATTGCGATTTTT
AGCTCTACTTCATGT 

[A/G] 
ATTACTCATGCCATTGTT
TTTATGCGGTTGTTATTG
TTTGTTTCATGAAT 

SNP_368 scaffold00234 73060 2 
ACTTTCAATTTCCATCTC
GATTCCAAAACCCAAGG
CTTCGGAAATCACCC 

[C/T] 
CGGGTTCGGATCTTCAC
CCAACCCACTTCCCTAG
GCCCAAAACCCCAAAC 

SNP_369 scaffold00457 201018 7 
GTGTGTCTTATAATGGG
CCTCTGGATGGGGGGCC
CTGTACGAGCGCAACC 

[T/C] 
AGACGATTTCTTCTTATC
AATTTTTTTAATTTAAAA
TATGTTATATATTA 

SNP_370 scaffold00430 96753 8 
AACCAACATGCTTCCCA
CATCGGCATAAAACATG
CAAATCCAACTTAATT 

[G/A] 
AAATCACATATGAACTA
AAATAGTTCCCTAAAGG
AACAAAGAAGGTATTA 

SNP_371 scaffold00130 579874 4 
CCCCTTATATACTACTAT
AAGTACTAGTGTACTAC
TACTCTACTTAACCA 

[G/C] 
TTAACCCAACTCCTGTG
ACAAACAAGCCCTTTCT
TATCATCTCACATTAC 

SNP_372 scaffold00062 500888 1 
ATCAAAATTAACGCGAA
ACACCAATTACCGAATA
TTCATAAAGAGAGCAA 

[T/C] 
AGAATTAGGCAAAAAA
ATCACAACAAACCCTAG
AAATTGAAATTACCATT 

SNP_373 scaffold00780 95894 3 
TCAACATATTATAAAAC
ATAAACATTATATTACT
ACACATATTAATATTA 

[A/G] 
TCCGAGTTTAATTTTTAC
CTGACACTCAAGGCGCT
CGAAAAACAAGCCAA 

SNP_374 scaffold00457 200147 7 
TAAACTAAGTTATACTT
TCAGCTAAAATAATTAC
AAATATGGATCATCTT 

[C/T] 
ATTTTCATTTACTCTGAT
ACATGGTCAACAATCAA
AAACACAAAAACTCC 

SNP_375 scaffold00513 15890 5 
TATTCAGTGAACTCTCT
CCAATCGGTGGAGGATT
TAGCTTTATTAATAAT 

[T/A] 
ATTATGCTAATAATAAT
ACCACTAATTTCGTATTT
AATCAGTGTAATTTT 

SNP_376 scaffold00040 868786 6 
AAATTTATTAAAATACT
AGTAAGTTTAGATCAGT
CAAAATAAGTTGAGCT 

[G/A] 
ACTCCTACATGATATAT
TCGGATATATTTAAGTA
CATCAAGTTGAATGAG 

SNP_377 ND ND ND TATCAATTTTTTTAATTT [T/G] TTGAAATTAAAAGTTAT
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AAAATATGTTATATATT
AAATATATTTATTTA 

AAAAATATATATTTTAG
TTTGGGTGGTTGGACC 

SNP_378 scaffold00655 41775 ND 
CTCGGGTCGGATGCTCC
GGGATTGCCTCCGAAAT
TGTACAAACGATCTTG 

[G/A] 
AAATTGACACAATGTGA
TATGCCAACAGTATGAC
CACCTACATTGGTAAT 

SNP_379 scaffold00190 683831 5 
ATGACATCGGCCCCACC
ACTAATATACTTGGATA
TGCTATGCACCACCAC 

[A/G] 
TCCGCACCAAGCCGTGC
CGGCGATATAACAACCG
GCGCAAAAGTATTATC 

SNP_380 scaffold00588 228423 6 
TATCTATATATATATAT
ATATAAGGATAGGAGTT
AGCTCAAGTGGGTAGA 

[A/G] 
CGCTCCCCCTTGGCACT
TGAGATCAGGGGTTCGA
TCCTTACTCCCAATGC 

SNP_381 scaffold00048 391583 9 
ACAAACACACAAAAACT
CAAAAAACAAACAGAA
AACTCTGACAAATGGAT 

[T/C] 
CTCGCCAATTATCAGCT
TTTCTCTCTTCTCTAATC
TCTCAACTCACTCTC 

SNP_382 scaffold00282 369903 ND 
TTGTACACTTGCAAGAA
TAGAGTTTTATAACTTG
TTTAAAATCGCCATTA 

[C/A] 
TAGGTACTAGCAAATCC
CCTTTCATCCAAAAGAA
CGAAAATAAAGGAATG 

SNP_383 scaffold00524 212373 4 
CCAAGAATCAGTACATA
AATAAATGTCTAACAAC
TTTAAAATATTTTAAA 

[T/C] 
CCTCTTTAAAATTGTTTA
AAAATATTTTTAAACAT
CAAAACTTCAACTAT 

SNP_384 scaffold00130 415635 4 
GTTCACTGCCTACTCATT
GATTTAGAGGTATAACT
CATTAATTTAAAAAG 

[A/G] 
CTACCCATTTTTTAACCC
TCTAATATCAGCAAAAT
CTTCAACTTCAAACC 
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Abstract 

Rhizomania is the most damaging and widespread disease of the sugar beet crop and is 

caused by Beet necrotic yellow vein virus (BNYVV) vectored by the fungus Polymyxa 

betae. The only disease management tool used is resistant varieties. In the last 30 years, 

Rizor and Holly (Rz1) resistances have been the most widely used. Despite the lack of 

information, a common origin for both types of resistance was hypothesized by some 

breeders. The aim of this study was to assess the phylogenetic relationship between Rizor 

and Rz1 by means of SNP analysis. Fifty leaf samples of each were genotyped with a 

fingerprinting panel of 192 SNPs, using the QuantStudio 12K Flex system coupled with 

Taqman OpenArray technology. Analysis of molecular variance (AMOVA) and principal 

coordinate analysis (PCoA) confirmed that Rizor and Rz1 cannot be distinguished as 

separate sources of resistance. 

 

Keywords: sugar beet, rhizomania resistance, Rizor, Holly, Rz1, SNP genotyping 
 

Note:  Rizor, Rz1, and Rz2 written in roman letters refer to the genetic resistances. If 

written in italics, Rz1 and Rz2 mean the dominant genes carrying the resistance.  
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Introduction  

Rhizomania in sugar beet (Beta vulgaris L. subsp. vulgaris) is caused by Beet 

necrotic yellow vein virus (BNYVV) carried and inoculated by the plasmodiophoral fungus 

Polymyxa betae (Canova 1959; Tamada and Baba 1973). The disease is the most damaging 

factor for the crop in every cultivation area (McGrann et al. 2009; Pavli et al. 2011). The 

only method for reducing the damage is the use of resistant varieties, which in many cases 

ensures the survival of the crop and the related industry (Biancardi et al. 2002). The 

development of genotypes with genetic resistance to rhizomania is one of the most 

significant successes not only in sugar beet breeding (Rush et al. 2006). 

 

The first breeding programme for rhizomania resistance began around 1968 in Italy 

(Gentili and Poggi 1986), when it was evident that a satisfactory degree of genetic 

variability for resistance to rhizomania existed in commercial germplasm (Bongiovanni 

and Lanzoni 1964). Plants and genotypes with fewer symptoms of the disease and almost 

normal root weight and sugar content were selected. These screenings led to the isolation 

of the multigenic resistance named Alba type (Lewellen and Biancardi 1990). The source 

was identified in Munerati’s germplasm, which had been derived from crosses with sea 

beet [Beta vulgaris L. subsp. maritima (L.) Arcang.] collected in the Po River Delta 

(Munerati and Zapparoli 1913; Biancardi et al. 2012).  

 

In 1982, at the SES-Italy breeding station, De Biaggi (1987) developed another 

type of resistance, which showed a better level of protection than Alba, and two years later 

the variety Rizor was released. The resistance called Rizor type was classified as 

monogenic and dominant because the seed of the hybrid variety was harvested on 

susceptible female parent. The origins of the trait were unclear, although the SES breeders 

were confident that the resistance derived from Munerati’s germplasm acquired by SES-

Italy around 1950. This origin was supported by the moderate resistance to Cercospora leaf 

spot (CLS) shown by the first releases of the variety Rizor (De Biaggi 1987). It is well 

known that the only CLS resistance available was identified by Munerati and introgressed 

from sugar beet x sea beet crosses (Skaracis and Biancardi 2000). 

 

In 1983, Erichsen observed very poor growth and diffuse yellowing of the leaves in 

a variety trial conducted by Holly Sugar at Tracy, California (Lewellen et al. 1987). Only 

some experimental hybrids, produced by different pollinators and the same female parent 
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appeared normal. After ELISA analyses, the trial resulted uniformly infected by BNYVV 

(Duffus et al. 1984). A year later, similar results were obtained at Salinas by Lewellen et 

al. (1987). The O-Type/CMS lines Holly 1-4 carrying the resistance were released in 

Europe in 1986, and the monogenic and dominant resistance coded Rz1 became the most 

widely used source, rapidly replacing the Rizor one (Rush et al. 2006). Attempts to 

discover the origin of the resistant gene were unsuccessful (Lewellen and Biancardi 1990). 

It was speculated that the trait was derived from Italian accessions, likely the CLS resistant 

line Ro 581, which was incorporated around 1935 into the germplasm of the USDA-ARS 

Stations and other American seed companies (Lewellen and Biancardi 1990).  

 

Lewellen et al. (1987) found another source of resistance in sea beet accession 

WB42 (PI 546385), harvested in 1969 at Kalundborg Fjord, Denmark, by Lund (Doney 

and Whitney 1990). The trait did not fit completely the segregation pattern of a single 

dominant major gene, and was transferred into the high yielding pollinator C79, which 

displayed a better resistance level than Rz1 (Rush et al. 2006). The gene, coded Rz2 by 

Scholten et al. (1999), was localized on chromosome III at the genetic distance of 20-35 

cM from Rz1. The different mapping position of the genes carrying the resistances Rz1 and 

Rz2 ensures their diversity and provides some heterotic effect on sugar yield after crossing 

(Amiri et al. 2003). This effect is missing in crosses Rizor x Rz1 likely due to their closer 

genetic distance, which was quantified as 5 cM by Grimmer et al. (2007). 

 

Several researches have been published addressing the differences and effects of 

Rz1 and Rz2 (Scholten et al. 1996; Biancardi et al. 2002), but no decisive paper has 

investigated the hypothesized identity between Rizor and Rz1. The aim of this study was to 

establish, by means of SNP analysis, the presence or absence of common characteristics or 

phylogenetic relationships between the above-mentioned resistances. 

 

Material and methods 

Plant material, DNA isolation, and SNP genotyping:  

The following sugar beet accessions were used: i) 2281/79, a resistant diploid 

pollinator used as source of the Rizor resistance; ii) Holly 1-4, a cytoplasmic male sterile 

(CMS) lines used commercially as source of the Rz1 resistance; iii) RoMS1: a susceptible 

male sterile (CMS) line used as internal check. The seed, provided by CRA, Rovigo, Italy, 
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and DAFNAE Department (University of Padova, Italy), was planted in small pots to allow 

the development of the plantlets in controlled conditions. Leaf samples from 50 plants per 

genotype were collected individually 30 days after emergence and DNA was extracted and 

quantified as described by Stevanato et al. (2014). Genotyping was performed for 192 

SNPs validated in genetic diversity studies of sugar beet (Stevanato et al. 2014). SNPs 

were genotyped using the QuantStudio 12K Flex real-time PCR system and OpenArray 

technology (Life Technologies, California, USA). Samples consisting of 10 ng DNA were 

mixed with 2.5 μl of TaqMan OpenArray Genotyping Master Mix in a 384-well plate. 

Samples were loaded subsequently onto the OpenArray plate using the QuantStudio 12 K 

FlexOpenArray AccuFill System. Following PCR, allelic discrimination results were 

analysed using the Taqman Genotyper software (ver.1.0.1).  
 

Data analysis:  
Analysis of molecular variance (AMOVA) was performed to describe the genetic 

variation among and within accessions. Genetic distances (Dst) (Nei 1978) were also 

calculated. To present a graphical representation of genetic relationships between 

accessions, a principal coordinate analysis (PCoA) was conducted on the genetic distance 

matrix. Dst, AMOVA and PCoA analysis were done using ad hoc scripts and the package 

GenABEL in the R programming environment, version 2.12.2.  

	

Results and discussion 

Previous studies led to hypothesize a simularity between Rizor and Rz1: i) 

according to Barzen et al. (1997) and Meulemans et al. (2003), the resistances were due to 

the same major gene with incomplete dominance and interactions with both minor or 

modifying genes in the presence of different genetic backgrounds; ii) Scholten et al. 

(1999), analyzing the segregation and backcross patterns between the Salinas line R104 

and Holly 1-4 (Rz1), indicated the identical position on chromosome III for both resistance 

loci. Because line R104 is derived from the sea beet accession Ro 701, collected in 1978 

by De Biaggi and Biancardi in the same location as the original Munerati’s sea beet 

samples, the identity Rizor = Rz1 was indirectly hypothesized (Biancardi et al. 2002; 

Biancardi and Tamada, in press); iii) Giorio et al. (1997) came to a similar conclusion. 

 

The 192 SNP markers showed an average genotyping error rate of 0.2%, which indicate 

their high call rate (Stevanato et al. 2014). Although the sugar beet crop shows a relatively 
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narrow genetic base (Panella and Lewellen 2007), the discovery of a large number of 

genomic SNP markers has made it possible to conduct extensive molecular surveys to 

assess the genetic variability among and within genotypes (Stevanato et al. 2014).  

 

The analysis of molecular variance (AMOVA) showed that the majority of genetic 

variability is within the accessions (97.89%) (Table 1). Genetic distance (Dst) between 

Rizor and Rz1 accessions is very low, ranging around an average of 0.024. This value is 

much lower than what was found between these accessions and RoMS1 (average Dst = 

0.44). The absence of genetic differences between Rizor and Rz1 accessions suggests that 

these genotypes could have had a common ancestor in their pedigree, as hypothesized by 

Scholten et al. (1999) and Biancardi et al. (2012) (Figure 1). The genetic relationship 

among the accessions is supported by the PCoA analysis, which explains 41% of the total 

genetic variance (Figure 2). The graphical representation of PCoA analysis shows that the 

Rizor and Rz1 single beets are clustered in the same group, thus confirming the AMOVA 

analyses. This means that the Rizor and Holly (Rz1) resistances cannot be distinguished as 

separate traits.  

 

The molecular results demonstrate that the resistances to rhizomania used by the 

farmers over the last 30 years derived from sea beet collected by Munerati in the Po River 

Delta. The differences between Rizor and Holly resistances depend only on the diverse 

genetic background and breeding procedures.  

 

Table 1. Analysis of molecular variance (AMOVA) for variation among and within Rizor, 

Holly and RoMS1 accessions. 

 

Source of variation Variance component Percentage of 
variation 

P 

Between accessions 0.067 2.11% 0.410 
Within accessions 0.153 97.89% <0.01 
Total 0.518   
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Figure 1. Genealogy of the first utilized rhizomania resistances. 

 

 
 
 

               Beta maritima sites 

               Official and private breeding centres stations 

               Currently used resistances 

? Supposed exchange 

*Released genotypes ; (year of release) 
 

 

 

 

 

 

 

 

 

 

 

 



 46 

Figure 2. Principal coordinate analysis (PCoA) of Rizor ( ), Holly ( ) and RoMS1  

( ) accessions based on the genetic distance matrix derived from SNP markers.  
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Abstract   

The beet-cyst nematode (Heterodera schachtii Schmidt) is one of the major pests of sugar 

beet. The identification of molecular markers associated with nematode tolerance would be 

helpful for developing tolerant varieties. The aim of this study was to identify Single 

Nucleotide Polymorphism (SNP) markers linked to nematode tolerance from the Beta 

vulgaris ssp. maritima source WB242. A WB242-derived F2 population was phenotyped 

for host-plant nematode reaction revealing a 3:1 segregation ratio of the tolerant and 

susceptible phenotypes and suggesting the action of a gene designated as HsBvm-1. Bulked 

Segregant Analysis (BSA) was used. The most tolerant and susceptible individuals were 

pooled and subjected to Restriction-site Associated DNA Sequencing (RAD-Seq) analysis, 

which identified 7,241 SNPs. A subset of 384 candidate SNPs segregating between bulks 

were genotyped on the 20 most-tolerant and most-susceptible individuals, identifying a 

single marker (SNP192) showing complete association with nematode tolerance. 

Segregation of SNP192 confirmed the inheritance of tolerance by a single gene. This 

association was further validated on a set of 26 commercial tolerant and susceptible 

varieties, showing the presence of the SNP192 WB242-type allele only in the tolerant 

varieties. We identified and mapped on chromosome 5 the first nematode tolerance gene 

(HsBvm-1) from Beta vulgaris ssp. maritima and released information on SNP192, a 

linked marker valuable for high-throughput, marker-assisted breeding of nematode 

tolerance in sugar beet. 

 

Keywords: HsBvm-1, Beta vulgaris ssp. maritima, biotic stresses, beet-cyst nematode, 

WB242 genetic tolerance, SNP  
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Introduction 

Sugar beet (Beta vulgaris L.) provides about a third of all sugar consumed 

worldwide (Biancardi et al. 2010). The crop is damaged by many different diseases and the 

identification of molecular markers associated with disease resistance would be helpful for 

developing resistant varieties. Among molecular markers, SNPs (Single Nucleotide 

Polymorphisms) present several advantages with respect to other genetic marker types. 

SNPs are the most abundant genetic markers available in sugar beet and a wide array of 

technologies have been developed to very quickly genotype large numbers of SNPs in 

DNA samples (Stevanato et al. 2013). The development of a large set of SNP markers 

could facilitate the identification and exploitation of genes affecting important traits. 

Several techniques are used to enable SNP marker discovery in plants. Among them, the 

Restriction-site Associated DNA (RAD) technique is widely used (Miller et al. 2007). The 

RAD technique is based on acquiring and characterizing the genomic regions adjacent to a 

set of specific restriction enzyme recognition sites (Davey et al. 2011). The Bulk Segregant 

Analysis (BSA) is a method for identifying DNA markers linked to genes or genomic 

regions of interest (Michelmore et al. 1991). DNA samples from individuals showing 

contrasting phenotype are compared with a large set of molecular markers to identify those 

linked to the trait of interest. Among sugar beet diseases, a major constraint to production 

is beet-cyst nematode (Heterodera schachtii Schmidt). The disease is spread over 40 sugar 

beet growing countries (McCarter 2008). It causes yield losses up to 60% and typical 

symptoms are massive proliferation of secondary roots and the weak development of the 

beets (Biancardi et al. 2010). Management of nematodes is becoming harder because 

nematicides are no longer available (Thurau et al. 2010). Also, wide crop rotations with 

non-host plants (e.g. wheat, barley, corn, beans and alfalfa) often are not economically 

practical (Kleine et al. 1998). In this context, the introduction of nematode tolerance into 

sugar beet is an efficient management measure available for nematodes (Jung et al. 1998). 

Numerous nematode resistance genes have been identified from plants that exhibit 

resistance against nematodes. In sugar beet, the first cloned nematode resistance gene Hs1 

gene has been introduced from the wild species Patellifolia procumbens (Cai et al. 1997). 

An effective nematode-tolerant source was also found in sea beet (Beta vulgaris subspecies 

maritima (L.) Arcang.) accession WB242, collected at Loire River Estuary in France 

(Biancardi et al. 2012). The aim of this study was the development of SNP molecular 

markers linked to nematode tolerance found in WB242. To achieve this aim, a BSA 

strategy combining advanced DNA technologies (RAD-sequencing and high-throughput 
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SNP genotyping) was used.  

 

Material and methods 

Plant material:  
To identify SNP markers linked to the nematode tolerance of the Beta vulgaris ssp. 

maritima source, WB242, a segregating F2 population was developed by crossing the 

tolerant pollinator (WB242) with a nematode susceptible male sterile line (CMS_1). Seeds 

of the WB242 line were obtained from the USDA-ARS, NPA, Sugarbeet Research Unit, 

Crops Research Laboratory at Fort Collins (USA) and seeds of the CMS_1 line were 

provided by CRA-Research Institute for Industrial Crops (Rovigo, Italy). Seeds derived 

from individual F1 and F2 plants were produced during 2011 and 2012, respectively, at the 

University of Padova (Italy). In addition to the F2 population, a set of 13 tolerant and 13 

susceptible commercial varieties, provided by BETA SCARL (Ferrara, Italy), were used to 

further examine the association between phenotypic tolerance and markers identified in 

this study. Greenhouse trials carried out in the period 2005-2009 by BETA SCARL 

showed that the number of cysts detected in the tolerant varieties, under nematode 

infection, was averaging 50% lower than that in the susceptible varieties. 

 

Phenotyping analysis:   
A total of 384 F2 plants were grown in the greenhouse of the USDA-ARS, Crop 

Improvement and Protection Research Unit at Salinas, CA (USA). F2 seeds were 

germinated in pasteurized sand and transplanted into Ray Leach Cone-tainers (Stuewe & 

Sons, Inc., USA) filled with naturally nematode infested soil adjusted to 20 cysts per gram. 

Seventy-day-old seedlings were removed from cones and roots were rinsed with water 

over sieves to remove soil. Cysts were collected and washed into a sample container. The 

cyst solution was poured into a watch glass and the number of cysts in the soil was counted 

under a dissecting microscope to assess the level of nematode tolerance. The tolerant 

(WB242) and susceptible (CMS_1) parental lines also were included in the analysis as 

internal controls. 

 
DNA isolation:  

DNA was isolated with the BioSprint 96 DNA Plant Kit (Qiagen, Germany) in a 

BioSprint 96 workstation (Qiagen, Germany) following the manufacturer’s instructions. 
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Leaf samples were ground using a Qiagen TissueLyser (Qiagen). Briefly, 20 mg of leaf 

tissue were placed into 2 ml tubes and 300 μl of RLT buffer (guanidine thiocyanate buffer 

under patent protection) were added to each sample. One stainless steel 5 mm bead was 

used for every sample, which was then homogenized for 10 min at 30 Hz. Samples were 

centrifuged at 6,000 g for 5 minutes and supernatant loaded into a 96-well plate with 200 

μl of isopropanol and 20 μl of magnetic beads suspension. The beads were transferred 

consecutively into four other plates each with a premix, followed by a 4 minutes binding 

step and one bead collection step. The first plate was loaded with RPW buffer (guanidine 

thiocyanate buffer under patent protection). The second and third plates were loaded with 

500 μl of 96% ethanol. The fourth plate was loaded with 500 μl of 0.02% (v/v) of Tween 

20. DNA was eluted with 200 μl of sterile milli-Q water. After isolation, DNA was 

assayed for concentration and purity by microfluidic gel electrophoresis with the Agilent 

2200 TapeStation system (Agilent Technologies, CA, USA). The average DNA yield was 

50 ng µl-1 with an average 260:280 ratio of 1.85.  

 

Linked-SNP discovery by RAD-BSA:  
Based on the F2 nematode tolerance analysis, normalized DNAs of the 4 most 

tolerant (T) and susceptible (S) samples were pooled for Bulked Segregant Analysis 

(BSA), to form the tolerant and susceptible bulks, respectively. Samples were sent to 

FLORAGENEX (Oregon, USA), which carried out the Restriction-Associated DNA 

(RAD) analysis following the methods outlined by Pegadaraju et al. 2013. Initially, 2 x 60 

bp sequence data produced from an Illumina Genome Analyzer II was sorted by the 

appropriate multiplex index (MID) or barcode assigned to each sample during RAD-Seq 

library construction. Reads from the T samples were selected for RAD paired end 

sequence assembly. First, reads were trimmed to remove low quality sequences with an 

average phred-scaled quality score below 25 (Q25) at the 3’ end of reads. Reads passing 

these filters were then collapsed into RAD sequence clusters sharing 100% sequence 

identity across the first 50 bp of the single end Illumina read. To maximize efficient 

assembly of sequences we imposed a minimum of 20x and maximum 1000x sequence 

coverage at any RAD sequence cluster. The paired end sequences meeting these criteria 

were extracted for each RAD cluster and then passed to the Velvet sequence assembler for 

contig assembly. Sequence reads from S samples were then aligned to reference assembly 

for T samples using Bowtie. Alignment thresholds were specified which allowed up to 3 

base pair mismatches between the Illumina read and the reference and only unique 
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alignments between query and reference were considered. Putative sequence variants from 

the alignments were then called using SAMtools. To be considered for genotyping design, 

a SNP had to have a minimum phred scaled genotype quality of 15 across each of the 3 

samples, with at least 50 bp of flanking genomic sequence surrounding the target SNP. 

Variants with nearby flanking polymorphisms within 50 bp of the candidate marker were 

also excluded from further consideration for genotyping design. Additionally contigs 

assembled from T samples containing sequence polymorphisms meeting the criteria above 

were aligned to the sugar beet reference genome (version RefBeet-0.9; 

http://bvseq.molgen.mpg.de), allowing for a maximum of a single mismatch, to provide a 

genomic anchor and location for the newly discovered SNP. 

 
Linked-SNP validation by genotyping:  

From the SNP discovery analysis a total of 384 candidate SNPs were selected for 

validation. Genotyping was performed on the 20 most tolerant and most susceptible single 

F2 individuals. SNPs were screened using the QuantStudio 12K Flex Real-Time PCR 

System and OpenArray technology (Life Technologies, CA, USA). A total of 10 ng of 

DNA sample was mixed with 2.5 μl of TaqMan OpenArray Genotyping Master Mix in a 

384-well plate. Samples were subsequently loaded onto the OpenArray plate using the 

QuantStudio 12K FlexOpenArray AccuFill System. Following PCR, allelic discrimination 

results were analyzed using the Taqman Genotyper software (Ver.1.0.1).  

 

Statistical and linkage analysis:  

Frequency distribution of the F2 population was tested for normality using the 

Shapiro-Wilk tests (Conover, 1980). A χ2-test was used to compare observed and expected 

ratios in the F2 generation. Combining phenotypic and genotypic data, 384 SNP markers 

were genotyped on 384 F2 individuals to construct a genetic map. JoinMap® version 4.1 

was used for linkage analysis and map calculations. Marker order and genetic distance 

were calculated using the Kosambi mapping function (Van Ooijen, 2011). The critical 

thresholds adopted for the analysis was a LOD score of 5.0. 

 

Results 

Nematode tolerance analysis:  
The frequency distribution of number of nematode cysts in the F2 progeny and in 
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the parental lines is shown in Figure 1. The mean number of cysts present in the tolerant 

(WB_242) and susceptible (CMS_1) controls were 22 and 130, respectively, while the 

distribution of cyst counts among the 384 F2 individuals ranged from 0 to 159 and was 

distributed according to the normal distribution (Shapiro-Wilk’s, test; P < 0.05).  

 

Figure 1. Frequency of distribution of cysts nematode in the F2 progenies and calls of the 

candidate linked marker SNP192 (resistant homozygous: C/C; susceptible homozygous: 

G/G). 

 

 
	
Linked-SNP discovery by RAD-BSA:  

From the RAD sequencing analysis, a total of 98,975,012 raw reads was obtained 

from the two bulks, of which 82,031,123 were of high quality (82.7%). These reads were 

aligned and yielded a total of 266,723 unique consensus RAD-tags common between 

bulks, with an average 150× coverage per bulk sample. The SNP discovery pipeline 

identified a total of 7,241 high quality SNPs, of which 384, mainly polymorphic between 

bulks, were selected for further analysis as markers putatively linked with nematode 

tolerance loci. 

 
Linked SNP validation by genotyping:  

Validation of the 384 putative SNP selected from the RAD-BSA analysis was 

performed by individually genotyping the 20 most-tolerant and most-susceptible F2 

samples. By comparing SNP genotyping data, a single marker (SNP192) showed complete 

association with nematode tolerance for all individuals analyzed, whereas no significant 

association was found for the other SNPs. SNP192, found on scaffold00252 of the 

RefBeet-0.9 reference genome, was mapped on chromosome 5 (Figure 2). 
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Scoring all the F2 individuals with the SNP192, identified in this study, showed tolerant 

homozygous (G/G) individuals with an average of 39 cysts/plant, tolerant heterozygous 

(G/C) individuals with an average of 61 cysts/plant and susceptible homozygous (C/C) 

with an average of 101 cysts/plant. Moreover, the genotyping analysis of the candidate 

linked marker SNP192 confirmed that the resulting ratio of segregation was consistent 

with that of a dose-effect single gene (Table 1). The SNP192 association pattern was 

confirmed further on a set of 260 individuals representing 26 genotypes (10 individuals 

each) from 13 tolerant and 13 susceptible commercial varieties. In all tested individuals, a 

complete association of the marker with phenotypic tolerance was observed, with tolerant 

and susceptible varieties being heterozygous (G/C) and homozygous (C/C), respectively 

(Table 2). The two alleles of the SNP192 and its flanking sequences on each side of the 

SNP are reported as supplementary material (Table S1). Also, the sequences of the primers 

and TaqMan probes designed for the detection of the SNP192 are available as 

supplementary material (Table S2). 

 

Figure 2. Genetic map of SNP markers on chromosome 5. 
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Table 1. Observed and expected ratios of resistant (R) and susceptible (S) plants in the F2 
population. 
 
 

No. of plants 384 

Expected ratio (R:S) 3:1 

Observed ratio (R:S) 296:88 

Chi-square 0.888ns 

	
	
Table 2. Segregation analysis for observed ratios of the SNP_192 marker in the F2 
population. 
 
 

Marker Observed ratios of the 
markers in F2 population 

χ2 
1:2:1 

 T/T T/G GG  
SNP_192 89 210 85 3.46ns 

 

Discussion 

This study was designed to identify SNP markers linked to nematode tolerance by 

means of BSA analysis. This aim was achieved through the following main steps: (i) the 

phenotyping analysis of 384 F2 individuals for nematode tolerance, (ii) the RAD-

sequencing of DNAs of tolerant and susceptible plants, and (iii) the high-throughput SNP 

genotyping of the 20 most-tolerant and the 20 most-susceptible individuals with newly 

discovered candidate SNPs. 

 

Phenotype analysis:  

The phenotype analysis revealed that the segregation ratio of the number of the 

cysts in the population supported that nematode tolerance was controlled by a single gene. 

The gene was designated here as HsBvm-1 being the first gene for tolerance to Heterodera 

schachtii from Beta vulgaris L. maritima. Also, it is the first gene for tolerance to 

nematode mapped on chromosome 5. Other monogenic sources of resistance to nematodes 

have been found in Patellifolia procumbens and Patellifolia webbiana: Hs1 on the 

homologous chromosomes 1 of each species, Hs2 on the homologous chromosomes 7 of P. 

procumbens and P. webbiana and Hs3 on chromosome 8 of P. webbiana (Thurau et al. 
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2010). The transfer of the beet cyst nematode resistance from Patellifolia species to 

cultivated beet was made by species hybridization (Panella and Lewellen, 2007) although 

the transmission rate was very low due to meiotic disturbances (Brandes et al. 1987). In 

sugar beet, some other important disease resistance traits are inherited as single genes. The 

Rizor-type resistance to rhizomania was recognized as monogenic and dominant 

(Biancardi et al. 2002). Also the resistance to Aphanomyces was designated as monogenic 

and dominant (Taguchi et al. 2010). 

 

RAD-SNP discovering:  

The phenotyping analysis allowed the identification of two tolerant and susceptible 

groups that were subsequently submitted to RAD-sequencing. This technique was 

efficiently used to identify over 7,000 SNPs with the aim of development of an appropriate 

panel of SNP markers for the BSA analysis. Analogously, this approach allowed the 

identification of more than 10,000 SNPs to fingerprint different eggplant genotypes 

(Barchi et al. 2011). In barley, RAD technique was applied to construct a linkage map and 

to detect SNPs linked to QTLs for reproductive traits (Chutimanitsakun et al. 2011). 

 

Bulked segregant analysis (BSA):  
The BSA analysis allowed the identification of a SNP linked to nematode tolerance 

that can be used in the breeding programs. Additionally, BSA has been successfully used 

in sugar beet for identifying markers linked to important traits of interest such as 

rhizomania (Pelsy and Merdinoglu 1996), male sterility (Touzet et al. 2004) and root 

elongation rate (Stevanato et al. 2010). The mapping of this SNP marker on the sugar beet 

reference genome (version RefBeet-0.9) allowed the precise localization of the HsBvm-1 

locus. Finally, SNP192 showed a complete association with the phenotypic tolerance in a 

total of 384 genotyped F2 individuals. The genotyping of commercial tolerant and 

susceptible varieties with SNP192 confirmed its association with nematode tolerance. All 

individuals from the tolerant varieties showed the SNP192 allele corresponding to the 

tolerant heterozygote allelic status, suggesting that they shared the same tolerance source 

HsBvm-1 from sea beet accession WB242. An analogous assumption has been suggested 

for the monogenic resistances to rhizomania derived from sea beet (Holly and WB42), 

which are present in the current resistant varieties (Biancardi et al. 2002). 
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Conclusion 

A SNP marker (SNP192) showing a complete association to the nematode tolerance 

gene HsBvm-1, was identified by the successfully use of the BSA approach. As previously 

seen, this study revealed that sea beet is an invaluable source of resistances for sugar beet 

breeding. The SNP192 and the related TaqMan discrimination assay are recommended for 

high-throughput marker-assisted breeding of nematode tolerance in sugar beet. The use of 

this molecular marker linked to nematode tolerance is advantageous with respect to 

conventional selection, which requires time-consuming steps and higher breeding costs.   
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Supplementary material S1. Flanking genomic sequences of SNPs mapped on 

scaffold00252 (RefBeet0.9). 

 

SNP ID Flanking - 5' SNP Flanking - 5' 

SNP192 
TGTTTAGTCTTTTGTACAGGCTTGAGCT
GTTTGGCTATATATGTGGCCTG 
 

[C/G] 
 

TAGTTGTATACCCTGTCATTTAGATGCG
TTATAGGTGTTGATATATGATT 
 

 

 
 
Supplementary material S2. Sequences of the designed primers and TaqMan probes for 

detection of the SNP192. 

 
 
Assay ID Forward 

Primer Seq. 
Reverse 
Primer Seq. 

Reporter 
1 Dye 

Reporter 1 
Sequence 

Reporter 2 
Dye 

Reporter 2 
Sequence 

SNP192 CAGGCTTGAGCT 
GTTTGGCTATATA 

CCTATAACGCAT 
CTAAATGACAGGGT VIC ATACAACTA 

GCAGGCCAC FAM ATACAACTAC 
CAGGCCAC 
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Abstract 

Premature flowering or bolting is an undesirable characteristic that causes severe sugar 

yield losses and interferes with harvesting. Vernalization is a prerequisite for the floral 

induction, achieved by exposure to low temperatures for 10-14 weeks. This process is also 

controlled by other environmental factors, such as long daylight photoperiods and a 

combination of genetic factors. The objective of this study was the identification of new 

genetic polymorphisms linked to bolting tendency in sugar beet. 

Two pollinators characterized by low and high bolting tendency were subjected to RAD-

sequencing in order to detect discriminating SNPs between lines. 6,324 putative SNPs 

were identified. Of these, 192 were genotyped in a set of 19 pollinators, each comprising 

bolted and non-bolted individuals, for a total of 987 samples. Among the 192 candidate 

SNPs, the strongest overall association was found for SNP183 on chromosome 6 (p-value= 

1.246·10-13). The association between SNP183 and bolting tendency was then confirmed in 

an independent population of 730 plants from 11 breeding lines (p-value= 0.0061). 

SNP183 is located in the intron of Bv_22330_orky, a sugar beet homolog of a matrix 

metalloproteinase (MMP) gene that could be implied in flowering in Arabidopsis thaliana.  

Our data support a significant association between an intronic SNP in the MMP gene 

located on chromosome 6 and the regulation of bolting tendency in sugar beet. The newly 

identified locus supports the polygenic nature of flowering control. The associated marker 

can be used to design SNP panels for the discrimination of bolters and non-bolters, to be 

used in sugar beet breeding programs for the development of improved germplasm with 

low bolting tendency. 

 

Keywords: Bolting tendency, RAD sequencing, SNP association, molecular breeding, 

Beta vulgaris. 
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Introduction 

For an effective genetic improvement of sugar beet (Beta vulgaris L.) it is critical to 

gain a better understanding of the biological processes behind the switch from vegetative 

growth to floral induction. Premature flowering or bolting is an undesirable characteristic 

that causes severe sugar yield losses and interferes with harvesting. Under field conditions, 

cultivated sugar beet is a biennial plant that requires two full growing seasons to switch 

from the vegetative phase to bolting. Vernalization is a prerequisite for the floral induction, 

achieved by exposure to low temperatures for 10-14 weeks. This process is also controlled 

by other environmental factors, such as long daylight photoperiods and a combination of 

genetic factors. Sugar beet bolting tendency is known to be influenced genetically by the B 

locus, mapped on chromosome 2. Homozygous plants at the B locus (BB) initiate bolting 

under long day conditions whereas plants carrying recessive alleles in the homozygous 

state (bb) need vernalization for floral induction. Environmental and genetic factors 

strongly influence heterozygous plants (Bb) that show a more complex behaviour. Bb 

plants bolting without vernalization show a delay in bolting time compared to BB 

individuals. The B locus was recently found to correspond to the BOLTING TIME 

CONTROL 1 (BTC1) gene. Biennial plants, which do not flower without a period of 

vernalization, carry a partial loss of function BTC1 allele. A second locus (B2) mapped on 

chromosome 9 and acting epistatically with the B locus was also associated with bolting 

behaviour. BvBBX19, encoding a DOUBLE B-BOX TYPE ZINC FINGER protein B-box 

transcription factor was found to underlie the B2 locus.  

 

Given the known complexity of floral regulation in model species it is likely that 

additional genes influence bolting behavior in sugar beet [2]. In Arabidopsis thaliana, 

FLOWERING LOCUS C (FLC), CONSTANS (CO), and FLOWERING LOCUS T (FT) are 

key genes controlling flowering. Similar genes also exist in sugar beet: BvFL1 on 

chromosome 6, BvCOL1 on chromosome 2, and BvFT1 and BvFT2 on chromosomes 9 and 

4, respectively BvFT1 and BvFT2 are major regulators of bolting in beet and act 

downstream of the B and B2 locus genes BTC1 and BvBBX19. The FLC-like gene BvFL1 

is a floral repressor. Its expression is down regulated during a prolonged cold period under 

long daylight condition. Similarly, CO-like gene BvCOL1 reinforces the late flowering 

phenotype. The functional role of the FLC-like and CO-like genes suggests a partial 
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evolutionary conservation in the regulation of floral transition between Arabidopsis and 

sugar beet. 

 

Due to the highly complex interactions between genotype and environment, initial 

progress in bolting resistance was obtained by selecting varieties specific for the climates 

where they would be grown. Selection was based solely on phenotypic observations by 

discarding early bolting plants, which were considered dominant heterozygous or 

homozygous at the B locus.  

 

The use of molecular markers can facilitate the detection of unfavorable alleles 

linked to the bolting tendency, allowing for earlier and more precise selection of non-

bolters. Single Nucleotide Polymorphisms (SNPs) are ideal markers for this kind of work 

since they are spread throughout the genome and represent 90% of sequence variation 

among plants. SNP markers have already been applied in sugar beet breeding programs. 

Additionally, technical progress and the cost reduction of next-generation sequencing 

(NGS) technology can facilitate the identification of a large number of SNPs in any 

genomic region of interest. Among NGS techniques, Restriction-site Associated DNA 

(RAD) sequencing allows the discovery of several thousands of genetic variants adjacent 

to restriction enzyme cleavage sites across a target genome.  

 

In this paper we suggest the identification of a new putative locus involved in the 

genetic determination of bolting tendency in sugar beets. Two sugar beet pollinators, P1 

and P2, characterized respectively by early- and late-bolting habit were subjected to RAD-

SNP discovery. 192 SNPs were selected for further SNP association analysis. These SNPs 

were genotyped on a set of 19 pollinators, each comprising bolted and non-bolted 

individuals, for a total of 987 samples. The association between SNP genotypes and 

bolting tendency was tested by fitting one SNP at a time in a logistic regression model. A 

SNP marker associated with bolting tendency was located on chromosome 6. This SNP 

was then tested in an independent sugar beet population. The novel associated 

polymorphism provides further indication of the polygenic nature of bolting tendency in 

sugar beet.  

 

 

 



 67 

Material and Methods 

Plant material: 
The plant material used in this study was provided by the Department of 

Agronomy, Food, Natural Resources, Animals, and Environment, University of Padova  

(DAFNAE, Università degli Studi di Padova, Italy). For SNP discovery, two sugar beet 

pollinators, P1 and P2, characterized respectively by early- and late-bolting habit, were 

subjected to RAD-sequencing. The majority of P1 plants started to bolt 5 weeks from 

sowing while P2 plants started to bolt much later (at 15 weeks) after vernalization and in 

long-daylight conditions. Both P1 and P2 pollinators carrying the allele for biennial habit 

at the BTC1 locus in the homozygous state. 

 

For SNP association analysis, 19 sugar beet pollinators segregating for bolting 

tendency were evaluated. Approximately 1000 seeds per pollinator were sown early 

(February 22, 2013) in a randomized block design at the Experimental Farm of the 

University of Padova. As expected, several plants for each pollinator died due to cold 

stress during the early seedling stage. The surviving plants were inspected every week for 

onset of bolting until June 30, 2013. Every week plants showing stem elongation were 

scored as bolting individuals while plants that did not show stem elongation were classified 

as non-bolting individuals. A leaf sample was collected from each plant. Plants were 

divided into a group of non-bolted individuals and a group of bolted individuals for a total 

of 987 samples (Table 1).  

 

 

 

 

 

 

 

 

 

	

	

	

	



 68 

Table 1. Sugar beet pollinators used for SNP association analysis. 

 

Name Total number of 

individuals (n) 

Number of bolting 

individuals (n) 

Number of non-bolting 

individuals (n) 

101 20 10 10 

102 20 10 10 

103 20 10 10 

104 88 13 75 

105 90 15 75 

106 88 29 59 

107 47 10 37 

108 94 29 65 

109 20 10 10 

110 95 65 30 

111 20 10 10 

112 20 10 10 

113 94 64 30 

114 96 66 30 

115 20 10 10 

116 20 10 10 

117 20 10 10 

118 95 64 31 

119 20 10 10 

    

Total 987 455 532 

	

	

SNP discovery: 
High-quality genomic DNA, from the parental lines (P1 and P2) used for discovery 

of markers, was extracted from leaf tissue following the procedure described by Stevanato 

et al. DNA samples were quantified on an Agilent 2200 TapeStation (Agilent 

Technologies, Santa Clara, USA). RAD sequencing was performed on two DNA bulks 

containing respectively 4 non-bolted P1 and 4 bolted P2 plants. All steps, including library 

preparation, were carried out by Floragenex (Eugene, OR) following the protocol 
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described by Baird et al. and Stevanato et al. Sequencing was performed on an Illumina 

HiSeq2000 platform. Raw sequences were trimmed to remove low quality reads, resulting 

from base-duplication calling, and those that lacked a correct barcode. The reads obtained 

were compared between the two bulks and the monomorphic sequences were removed. 

Only sequences with one nucleotide variation between the high and low bolting tendencies 

and mapped to the reference genome (version RefBeet-1.1; http://bvseq.molgen.mpg.de) 

were retained.  

 

SNP genotyping and association mapping:  

A set of 192 randomly distributed SNPs was selected for SNP association analysis. 

These SNPs were tested on a set of 19 pollinators, each comprising bolted and non-bolted 

individuals, for a total of 987 samples. Genotyping was performed using the Quant Studio 

12K Flex Real-Time PCR System and Open Array technology (Life Technologies, CA, 

USA). The PCR reaction was prepared using 2.5 μl of genomic DNA, at a concentration of 

10 ng μl-1, added to 2.5 μl of TaqMan OpenArray Genotyping Master Mix in a 384 well-

plate. Samples from 384 well plate were loaded in the Open Array plate using the AccuFill 

system. The association between SNP genotypes and bolting tendency was tested by fitting 

one SNP at a time in a logistic regression model. A logit link function was used in a 

generalised linear model of the following form: 

 

  
 (1) 

 

where 𝑙𝑜𝑔𝑖𝑡 𝑝 𝑥!  is the log-odds of the probability p for plant i of having either high or 

low bolting tendency; μ is the overall trait mean, populationk and SNPj are the fixed effects 

of plant population k (19 classes) and SNP locus j, with 𝑧!" an indicator variable for the 

genotype of plant i at locus j (0, 1 and 2 for AA, AB and BB). 

 

Testing the detected association in an independent sugar beet population: 

The detected SNP-bolting association was tested in an independent sugar beet 

population. The SNP183 was genotyped in 730 individual plants from 11 breeding lines. A 

TaqMan assay was developed to discriminate rapidly and reliably between the C and T 

alleles at SNP183 locus. All 730 plants were subjected to long photoperiod (16 h light / 8 h 
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darkness) and 20.8% of the plants started to bolt from two weeks after sowing (bolting 

group), while 79.2% of plants did not show bolting behavior (non-bolting group). The 

association between SNP183 and bolting in the validation population was tested with the 

same logistic regression model used in the discovery population (see Equation (1)). 

 

Phylogenetic analysis: 

Amino acid sequences were aligned with ClustalW and phylogenetic tree was 

constructed using the neighbour-joining method as implemented in the software Mega 

version 6, with 1,000 bootstrap replicates. 

 

Results 

SNP discovery:  
RAD sequencing of the two DNA bulks, including (respectively) 4 non-bolted P1 

and 4 bolted P2 plants, produced 96,822,109 raw reads of which 81,031,436 (84%) were of 

high quality (longer than 100 nt) with an average length of 103.26 nt. RAD paired end 

sequence assembly was created using the P1 reads. Sequences from the P2 bulk were 

aligned to reference assembly for P1 using Bowtie (parameter: bowtie -f –v1). The aligned 

reads revealed a total of 288,843 (~150x coverage) unique consensus RAD tags common 

between the two bulks. The SNP discovery pipeline highlighted a total of 6,324 SNPs. 

Contigs were aligned to the sugar beet reference genome (RefBeet-1.1; 

http://bvseq.molgen.mpg.de) to exclude SNPs with nearby flanking polymorphisms within 

50 bp. A total of 192 polymorphic SNP between bulks, randomly distributed within	and 

across all chromosomes, were selected for the SNP association analysis. The array of 192 

SNPs used in this study along with their corresponding sequences are available as 

Additional File 1: Table S1.  

 

SNP genotyping and association mapping: 
192 SNPs were genotyped on 987 samples from 19 pollinators each comprising 

both non-bolted and bolted individual plants. The relationship between SNP genotypes and 

bolting phenotypes was modeled with logistic regression. Among the 192 candidate SNPs, 

the only significant association was found for SNP183 on chromosome 6 (P= 1.2·10-13). 

Table 2 reports the analysis of deviance from the logistic regression model (see equation 1 

in Methods section) for SNP183. From logistic regression, the probabilities for each plant, 
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based on the population they belong to and their genotype at SNP183, of either showing or 

not bolting tendency were obtained. Figure 1 shows the distribution of such probabilities 

for the three genotypes at locus 183.  

 

To obtain the NCBI Reference Sequence ID for SNP183, a 440 bp long segment 

centering on SNP183 was PCR amplified, sequenced by a Sanger sequencing platform 

(ABI 3730xl) and blasted on NCBI. The resulted NCBI ID was XM_010697593.1.  

 

SNP183 was mapped in the sequence of the single intron present in the 

Bv_22330_orky gene and it was not mapped in any gene known to be involved in bolting 

(Christian Jung, pers. comm.). As shown in Methods, SNP183 does not co-segregate with 

the BTC1 locus on chromosome 2. In addition, though both on chromosome 6, SNP183 

and BvFL1 are on different (not anchored) scaffolds (Bvchr6_un.sca007 and 

Bvchr6.sca027, respectively). Further studies are needed to clarify if SNP183 and BvFL1 

could co-segregate. 

The frequency of the CC genotype was significantly increased in the bolting group (17% 

vs. 5%; P= 4.4·10-7), while the TT genotype was significantly higher in the non-bolting 

group (67% vs. 49%; P= 1.8·10-6) (Table 3). The two alleles of the SNP183 and the 

flanking sequences on each side of the SNP are reported in Additional File 1: Table S1. 

The sequences of the primers and TaqMan probes designed for the detection of the 

SNP183 are also given in Additional File 2: Table S2. 

The location of SNP183 along the Bv_22330_orky gene sequence is shown in Figure 2. 

The total length covered by the coding exons is 133 bp and 585 bp and the total length of 

the intron is 419 bp. 

Bv_22330_orky encodes a putative Matrix Metalloproteinase (MMP) causing late 

flowering and early senescence in Arabidopsis thaliana. In sugar beet, four genes are 

annotated as MMPs gelatinase A based on the recently annotated genome: 

Bv5_099660_fneg, Bv1u_021120_ykma, Bv_22320_wuom and Bv_22330_orky. 

Five MMPs similar to Bv_22330_orky were found in Arabidopsis thaliana by BLASTP 

homology searches, as already reported in Golldack et al. We constructed a phylogenetic 

tree based on the NJ (neighbour-joining) method, using the full-length protein alignment 

(Figure 3). Phylogenetic analysis shows the tight clustering, in a separate clade, of 

Bv_22320_wuom and Bv_22330_orky with 100% bootstrap support.  
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Table 2. Analysis of deviance table for a logistic regression model with the effects of 

pollinator population (19 classes) and genotypes at SNP183 on chromosome 6. 

 Df Deviance Residual Df Residual Deviance p-value 

NULL   929 1286  

Population 18 173.01 911 1113 2.3×10-27 

SNP183 2 59.43 909 1053 1.2×10-13 

 

 

Figure 1. Boxplot of the distribution of probabilities of showing either high or low bolting 

tendency for the three genotypes at SNP locus 183 (CC, CT, TT) based on a logistic 

regression model 
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Table 3. Genotype frequencies of SNP183 on bolting and non bolting individuals.  

 

 

Bolting 

individuals 

(n= 436)  

Non 

bolting 

individuals 

(n= 495) χ2 p-value 

 n %  n %   

SNP183        

TT 214 49  332 67 22.8 1.8×10-6 

TC 150 34  138 28 0.5 0.479 

CC 72 17   25 5  25.5 4.4×10-7  

 

 

Figure 2. Schematic representation of the Bv_22330_orky gene with the position of the 

SNP183 according to the reference genome (0096.scaffold00336: position 428612 to 

430133; RefBeet-1.1; http://bvseq.molgen.mpg.de) 
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Figure 3. Phylogenetic analysis of MMPs gene family in Arabidopsis thaliana and sugar 

beet. Bootstrap values, based on 1000 replications, are reported above branches. 

 
 

Testing SNP183 in an independent sugar beet population: 
The SNP183 was genotyped in 730 individual plants from 11 breeding lines. A 

TaqMan assay was developed to discriminate rapidly and reliably between the C and T 

alleles at SNP183 locus. The frequency of the dominant C allele was 66% in the bolting 

group and 46% in the non-bolting group. Based on these results, individual plants carrying 

the C allele associated to high bolting tendency were discarded from the breeding program. 

The association between SNP genotype and bolting behavior was tested with a logistic 

regression model and was mildly significant (P=0.0062).  

 

Discussion 

This study revealed a significant association between the polymorphism SNP183 

on chromosome 6 and bolting tendency in sugar beet. The association was first detected in 

a population of 19 pollinators, where SNP discovery and association studies were carried 

out. Later, the association was tested in an independent population of 11 breeding lines. In 

both cases, the association between SNP183 genotypes and bolting behavior was 

significant. This suggests the presence of a new putative locus for bolting control on 

chromosome 6 of the sugar beet genome, which has not been reported, yet. This marker 

can be used in marker-assisted selection (MAS) programs to select for bolting resistance in 

sugar beets. MAS approaches to the reduction of bolting tendency are highly desirable in 

sugar beet breeding, since they are more efficient, faster, and often more reliable and less 

expensive than phenotypic selection, and allow to breed for complex traits like resistance 

to bolting. Bolting tendency is a complex trait controlled by environmental and 
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AT1G224140.1 
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AT4G16640.1 

100 
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99 
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developmental cues and multiple genetic loci. The intricate network of regulatory 

pathways reflects complexity of the flowering process, with the vernalization, photoperiod, 

autonomous and gibberellic acid pathways and the circadian clock all contributing to the 

control of flowering. Given this complexity, multivariate statistical approaches to combine 

different sources of information are recommended for breeding applications to reduce 

bolting tendency in sugar beet. Previous attempts to model genomic predictions for binary 

traits in sugar beet have been reported, and could be applied to the likewise binomially 

distributed bolting behavior. SNP183 can therefore potentially be used to design a SNP 

panel which includes polymorphisms from genomic associated with bolting tendency in 

sugar beet and that can differentiate bolters from non-bolters. 

SNP183 was mapped to the intron sequence of the sugar beet gene Bv_22330_orky. While 

this gene may play a role in bolting control, which has not been previously reported in 

sugar beet, the SNP183 may actually be in linkage disequilibrium with neighbouring genes 

associated to bolting tendency. Besides being a marker linked to a gene involved in bolting 

behaviour, SNP183 -though less likely- could actually have a biological role itself: it can 

be a silent informative mutation that modifies splicing, if located in the donor/acceptor 

splice site; or it could affect the micro RNA binding.  

Bv_22330_orky was found to code for a matrix metalloproteinase (MMP). MMPs are a 

family of zinc and calcium dependent proteases and are divided into three subfamilies: 

gelatinases, collagenases and stromelysins. Human MMPs play important roles in many 

physiological processes such as embryogenesis and organ morphogenesis. The unregulated 

MMPs activity is involved in the development of cancer, and neurodegenerative, 

cardiovascular and autoimmune disorders. The diversity of functions inside mammalian 

MMPs derives from tandem duplication events and exon shuffling which took place during 

evolution. Most of the actual MMPs derive from a single gene cluster, conserved from 

amphibians to mammals. Plant MMPs are secreted during growth, development and stress 

response and play an important role in the degradation of extracellular matrix. In 

Arabidopsis, MMPs is a family of proteins that could be implied in flowering and, as it 

was found also in cucumber, are involved in the apoptosis. In tobacco, they are expressed 

during senescence and the response to pathogens. In sugar beet, we found two tandem-

duplicated MMP genes with 69% sequence similarity at DNA level. The gene duplication 

event, in Bv_22330_orky, led to the loss of the first 220 bp. This is also found in rice, 

where in duplicated blocks, DNA segment loss occurred with high frequency. Tandem 

duplications are the most important events that generate new members of family proteins 
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during evolution, generating novelty that may be selected in response to environmental 

changes. 

 

Today, molecular markers are used to evaluate sugar beet germplasm only for the 

presence of annual bolters. Several polymorphisms in BTC1 are able to discriminate 

between the annual or biennial habit of sugar beet. However, these markers do not 

differentiate among biennial beets characterized by either high or low bolting tendency 

after exposure to a period of cold temperatures, suggesting that other (modifying) genes 

(and/or yet undiscovered polymorphisms in BTC1) affect bolting tendency in cultivated 

biennial sugar beets. Therefore, a next challenge is the discovery of additional DNA 

polymorphisms associated with this trait. As a first specimen of such polymorphism, 

SNP183 on chromosome 6 can be used -together with other- polymorphisms as a tool to 

improve selection efficiency and accelerate the development of novel sugar beet varieties 

displaying low-bolting tendency. 

 

Conclusions 
Our study provides indication for the association of a DNA polymorphism on 

chromosome 6 with bolting tendency in sugar beet. The results support the polygenic 

nature of flowering control in sugar beet confirming the importance of previously reported 

QTLs. The SNP183, together with other associated polymorphisms, could assist breeding 

programs aimed at developing germplasm with low bolting tendency. Further studies on 

this gene will provide new insights into genetic mechanisms of bolting, which are needed 

to breed for bolting resistance in sugar beet.  
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Supplementary material S1. Information on 192 SNPs used in the study. 

 
SNP ID Scaffold Sequence 

SNP1 Bvchr7.sca018 ATGAATACCCCTGCACAAGAGCGTTTCATCAGATTTAATTAAAAAGCTAA[G/C]TATTT
CAAACAAAGTACATGCAATGCCTTATAGATAATGAAATTGTGTCA 

SNP2 Bvchr8.sca015 GTATGTTTAGAATTCAGGGTTTTGAACTCAATTAGGTGAAACATTGTGCA[T/C]AAAGGT
CCATTTTTTTGTTGAGCAGTGATTATCTGTACTTGAAGTTTGAA 

SNP3 Bvchr9.sca006 GCTATTATATATTGCTCTCTCATTGATGGCCTGGGCAAAGGAGGGAGAGT[G/T]AAGGA
AGCAGAAAGGCTTTTTGAGGAGATGGCTGACAACGGTTGCACACG 

SNP4 Bvchr1.sca008 CTCACACTGCTATTTCGAAGATATTGACTTTTGATTGGGTCATCTCAAAT[G/A]AAAATG
TAATTAAAAAGGTCTTTTGATCAGGTCCAATGACTTCAACCATA 

SNP5 Bvchr8.sca006 AGATAATAAGCGTTAATCTTGCAAACAAATATTGATTACAGTTTATATGT[C/G]AAAGA
AACAAAATTAACTGTTACTTGTAATATGTACGCGAGCTCTCTACT 

SNP6 Bvchr1.sca002 ATATGAACATTCAGCAGAATTCAAGTAAAAAATGAACTTCCAGTGTGCAT[A/C]TAAAT
GATTTAGGCTTAACCTGGAAGTGTCTGCATAGTTTGTTCTGTGCC 

SNP7 Bvchr1.sca004 AGACTTCCCAAACACCTTCCTTGTTACAGCTGAAAGATGTCGTTTTATCT[A/G]GTAGTG
TTGATGTAAAGCACACAATACCAAGGCCGATTGCCACGTCAACA 

SNP8 Bvchr7_un.sca007 TGCACCTCAACAAGACATCAACTATGATAAGCTTTTGCAATTTACTGCTC[T/C]AGAAA
GGCATCCACAAGATGGAAACCACTCAATTGACAGAAGTCAAACAG 

SNP9 Bvchr5.sca016 TGTATATATATGTAGGGGAAACAAAGTAGGGTTTTGTTTTTCACGGGATT[C/G]AAAGA
GTGTGCGTGGGTTTGGGTTTTTGGGTTGGTGAATCAAACGGGTTG 

SNP10 Bvchr6.sca004 ATTAGAGGGAGTACGTGAATCTGAGGGAATCAAAATTTCGAAAGTTCTAT[G/A]AAAA
AGGTTTTGATTTTCCTATCTCTTGGTCGAAATGACGGAATACATAA 

SNP11 Bvchr7.sca011 CTTGATGCTTACAACACGGCCTTGAATATCGACCCTTGTCATGTCCCAAG[C/T]TTAGTC
TCCTCAGCTATGATACTTAGACGGCTTAATAGCAAATGTAATTC 

SNP12 Bvchr3.sca006 CCTCTACTCCTCTACCACGAGTGAGATATTAGGGGGAGTGAACACCTAGA[C/A]TATGT
GTGGTGTGTGTGAGAGACAATGAGAGTGAGATAGAGAAAGGATTC 

SNP13 Bvchr3.sca012 TTCAGGCTAATTTTAATTATCTGCTTGTACTGTGAATTACTTGGATGCAT[G/A]GATCTG
ACAACCCTGTGAAGCTAATTCTGCTACAAGGTTATCTCGATTGC 

SNP14 Bvchr4.sca008 CAGCCTGTCAGAAGGAACAATTATCTACAGAGAATTGACAATAAGAAGAC[A/G]AGTA
ATAACATGGACAAACACAAATTTCTACCATAAAGCTAGCAATTGCT 

SNP15 Bvchr3.sca012 CGTTGAAGAAGAGGTTCAAGGGAGAGATATTTGAAAAGCTCAACATATGT[G/A]CACA
GGTTTTTTTATTTTACAACCTTGATAAACTCAGAATCTTCCAGAAG 

SNP16 Bvchr4.sca009 AAAAGATACACAATTTAAATGAGAATACTAATGAATCTTACGTTACTGAT[C/T]TTTGCC
TAAACTCTGTCAGGCTGTACGGTATCTGATGAGGTTTTCAACTG 

SNP17 Bvchr7.sca013 GTTAATCTCTCCATTTTGCTATGTAGGATATGAATTACGAATAACCTGAA[G/A]TTCACT
AGCCATTCATTGCTTGGAGAAGAGGGGGAATGTCAAAAGTTGCT 

SNP18 Bvchr2.sca013 AGGTACTGAGAGAAAAGGCAAAAGTGAAAACGTGACTGGGGTAAGATATA[A/G]AGTT
CATTGTTCACTTACAAAGAAACCAGAACCTCAAAAGACAGCAACAA 

SNP19 Bvchr3.sca001 TATTGATGAAAATCTGGAAGGTGATCTTCATCGGTCACAAGAGGAGAGAA[T/C]GCGTA
CAATTCCTCCAAACAAGTCACAATATCATCATTCCCACCCCAAGA 

SNP20 Bvchr6_un.sca001 GTTCAATGTTGCAGCACTTGTCAGCACCAAAAGACTGCTAGCCTAAGCCG[A/G]GCTGG
GCTCTTACAACCTCTCTCTATACCTGCTCAAGTTTGGGAGGATGT 

SNP21 Bvchr7_un.sca005 TCACTTTTAATGTGCCAATATAGGAGCATTTTCGGATTCTCTAATCTGGC[T/G]GGGCCT
AGCACTTGCTCAGCAGAAAGTTCAGAATTCAACAGTCATATATC 

SNP22 Bvchr8.sca013 ATTTCTCATTCATTCATCCCATACACTTTTCAATCCTCAAATATATTAGT[G/C]TTGGATA
GCGATTATGCGACCAGTATTACATTTACATAATCCCAATCGAT 

SNP23 Bvchr2.sca003 CATTTTGCTTTTAATTTACTTTGGGGGAGAACCGAGGAGGAAGTCCAAAA[A/C]TGAGA
GAAACTAGAAAGGTGGAGAGAGAAATGGGAAAAGTGAGAGAGAGA 

SNP24 Bvchr9.sca009 AAGATCTTGGCAGTTGATCTCCTGGATTAGAGCTTCTTCAAGAAAATAAT[T/A]GGAAT
CTTCCCTTAAATCAGGGCTCAATCTGAACATTAAAACACAAAACT 
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SNP25 Bvchr5.sca018 TTTGCAATGTCTGGAGGACTGCCATCGGTGGAGGAGACAGCCTGTGTATG[G/A]CAAAT
ATGCAGTGCTTGCTTCCAAACTGCTAAAATTACAAGCTGAATAGA 

SNP26 Bvchr2.sca001 GTGTAAACTTGAAATGAACAAGATCTGAGAAAAGGGCATACAACAAGTCT[G/A]ACTG
TAGTTCAGGAACATTTCGTAGTAGTAATGTAAAAAGAGTAACCAAT 

SNP27 Bvchr6.sca002 GGTGCTGCCTTACAAGTCCAAGCCCAGTGCCATCAATCCCTGCATATAAA[G/A]CAAGA
AATGAATGCAAATGAGAAAATGAAGAAATAAATGGATGGAATAAT 

SNP28 Bvchr7.sca009 TATGGGATAGACTTCCATGAAACTTTTTCACGAGTGGTCAAGATGTCAAC[T/A]GTGAG
GTGCATTATAGCTCTTTCCAGATGCAGCAAGCATAAAATGGATCT 

SNP29 Bvchr9.sca013 ATTATAAGCGAGAGGAGTTACTCCTACTATTGTCAATTGGTTTTAGTATG[A/C]AACCTC
TTTTGAGCTTGTAAGTGGACCGAACTATCATTCATGCTCAATGT 

SNP30 Bvchr7.sca014 TTGGTTGTGCTGTAACTATCTGTTATAAAATCTCTATTATCAATACATTA[T/C]ATGTTTT
TCTCACGAACACAATTTGGATACCAGGAATCAGAAGCAAACAC 

SNP31 Bvchr4.sca001 TTTACCTTTCTCCAATCACTTGATAATGCATACAGCATACACATACTCTT[A/G]CATACA
CTTTACTAGGAATATAGGGTGCATGGCTTTGAATCTTTGGTGTT 

SNP32 Bvchr8.sca017 CTGTCACTATATACTACAGTAAACTCTAGATAAGTAGGTAAAGAAGAGAA[A/C]CAGCA
GATATCTCAGTGTAACATCACAAACTACGCCTATACAATCCATAC 

SNP33 Bvchr5.sca008 TGGTCGACAATGGAAGATCCAAGTTCAAGACAAGCTACAGAGGCGTTACA[T/C]AAAA
CTACCTTCCAGCACACCCCATAGAATTTGAAAATTCCTTCCTTCTC 

SNP34 Bvchr5.sca022 TCTCTCTCTACATTCCTTGTTATTCCCCACTTTCTCTATGTTGCACTTAT[T/A]AAACGGA
GGAAGTATTTCTTTTTCTTTTGTGTAATGAATGGTGGTCATTC 

SNP35 Bvchr8.sca008 ATGGTTCAGTAGGTTCTCCTGTATAATATAAGCTCTTTGCCAATAATCTG[G/T]TCTTGA
GTGCTCACTGGTTGGTGGTTGTATCTAGGAATCATTTATGAATG 

SNP36 Bvchr4.sca007 CTAATCCCCTTAGTGGTAGACCTAGGGCTTAAAATTGTCATCTCACGCCT[A/G]TTATAC
TTTAACCTCCTAGCATCCTGCCTTGAGATCATGTACATGTTCAT 

SNP37 Bvchr6.sca003 CAATGCATGAGGCCGAGTCATGGCTACAACGTACTCAAAATTTCATATGT[C/T]TCTGAT
TTTCAATGCTTATGAGAAATATTGCGTATTATCACTAAAAAACC 

SNP38 Bvchr1_un.sca001 TTACTGCCAAAATTGTGATACATCCGCTGTCTAGTTATTAGTATATTTTT[G/A]TTCAATT
GCATCTTCTACATTCTGTTAAGTTGTAGTCCATATTGTTATTA 

SNP39 Bvchr2.sca010 ACAGTGTTGTAGCTATCAGGGGAAGCACTTGAATTAGGGATTATTCTCAC[T/A]AATAA
ACTCTTTTTTTTTCCTTTTCTTTTCTTGCAGCTTGCTTTGTACAC 

SNP40 Bvchr8.sca018 TATATCGCATCTAATTCTCTTTGGGTAAAGTTTAAGGTGGGTATGGGATA[T/G]CGGTGT
ATGGTCATGGTAGAGCGGCCCTTCTTCATTCTCTTTCTTAGTTA 

SNP41 Bvchr2.sca003 CTCGAAGTTGACAAGAAGACGTTGGAATCAGTAATCGGAAAATTGGGCAG[C/T]GCTGG
CATCTCGTCGGAGATCATTGGACGAGTCACTACAGAAAAAAATAT 

SNP42 Bvchr9.sca023 ATTCCAACCATAATCCCTGCGGTTGTGGTCCAAAATGCGAACTGCATAAA[C/T]AAATT
AAGAGATCAGACTATAAACCTCTAATGAAGATCAACCAACAAACA 

SNP43 Bvchr3.sca005 GGACTCACATTCAGTAGATCTATTCCAGAAGACCTCAAAATTGCCACCTT[C/G]GTAAA
TCTTTGGAGTAGCCAAACATATTGATTATGAAAATAGTAACGCAC 

SNP44 Bvchr8.sca011 GGCCAATGATTTATGTTGGTTGTGCAAGGAGCCAAGGACATAGATGTGCC[A/G]TCTGA
TTTCTGATTTCTTTTTTCATACTATGCTTGCATCTCTGGTAATAA 

SNP45 Bvchr4.sca005 TAGATTTTCTTGATACAAATTTTTTTTTGTATTTGTTTTGGTCAGCAATT[T/A]GATGCGT
GTAATCGAATACTGGTGTACGATTCCGTTGAATGGAGAATAAT 

SNP46 Bvchr4.sca010 AGGACTAGAACTTTATCATCTAACGCATAGTATTCCGGTGCTCGGCCTCC[G/C]GCAAT
AACAAGACCGTCATAACACAAGGGGTTTATACCATCAAAATCAGC 

SNP47 Bvchr2_un.sca002 AACTTGTTACAATTGATATATAAGAATTGCAGAAACAGATAACGGAAAAA[C/T]AATAA
CTTGCAATATATATATCTCACCATCTCATTCACGGCAACTAACAA 

SNP48 Bvchr4.sca003 TGCACCTCTATACTCGATGATGGACATGCTACTAGGTTGATTTCAGGATT[G/A]TGTCAT
ATGTAGGTAAAATTATTTGCACTTCTATGCCCATCAATAAGTAA 

SNP49 Bvchr2.sca002 TCATGCTAGAATAGAAACCAGAAATCAAACAGAAGTATCCTCTGATCTTT[A/G]ATATT
TCTTCAATTTCGTAGGGAAATTTGTAAGGATTAGAAAGTACTATA 

SNP50 Bvchr5_un.sca001 AAGCTAGAAAGCGTCCATTACGAAATTTCAAAACAAGTTCAGCGTAGTTT[G/A]ATGAT
TGCGCAGATATCATACGGACCTGATAGCGATCACCATGACCTGCT 
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SNP51 Bvchr5.sca002 TTCTATTCACGTAAGGCAATATTCTTGATAGATTGTGGACTATTTGGCAG[A/C]TAGTAG
AATATGATACTAACCTCGACATGTCATTATAAAGAGCACGTTTC 

SNP52 Bvchr7.sca006 CTGTTAAACAGTTTATATTACCAGCCACTAACAACGAAAGCTAAATGAAA[T/A]AATAT
TTTTAAGTACAGCAAGGATTGTAAAGTGTCAACCAAGGAGGAATC 

SNP53 Bvchr8.sca018 TGACATCATCATATGAGAACGCAAAGATCTCAGATTGACAATGTAACAGA[C/T]CAGGA
AGAGAGGCACAACCATTATATATAAAAAATTGCAACAGATAGGAA 

SNP54 Bvchr3.sca005 CTATTCATGATCAAAAGAGAATTAACAAAAGATAAACAATTAAGAATATA[T/A]GATG
ATATGGCATGAGATCTAAGAAACTACAAGAACTGATGTATCATGTA 

SNP55 Bvchr9.sca001 TGAACATCCAGATATTTGCTCAATATGATTCGTTCTCCCTCTGATTCAGC[G/A]CGGACA
AAGTCGTCATCCAAAAGATCCTCACGTAATCCACTTGGTATAAG 

SNP56 Bvchr2.sca001 AAGTGTCCCACCCATGCCCGAGTGTTCAGGATCCGACATGGGTACTTGAG[G/T]TGAAA
TGAAGAGTCTGAGCAACATAGGACTTTGATTAAGATGCATTTTTC 

SNP57 Bvchr2.sca018 TACCAGAATTAGAATATAGAAATGCATGTATAATTAACAAGCAAACTTAA[T/C]TCTAA
AGTTGGGTGTAGATATAAATGAATAGCGAATTTCATTGACAGTTC 

SNP58 Bvchr6.sca011 GACACTCATTAAGGAATGAAACAGTAAAATCCTATCTACTACGCATTGCA[C/A]TGAAA
CTTGCTAATATGTCAATGACAAAAAAAAAGCTTCCAATCACAGCT 

SNP59 Bvchr8.sca001 AAAAAATTTCACTACTTCTGACAGGATTTTACCAATCCCTTCGATCTTTT[T/C]GAGTCT
ATATTTGACCTTGGTGGTATGGGAATGGGGGGAATGGGAGGAAG 

SNP60 Bvchr9.sca005 TAATAGTGTAGCGCCTGAAAATTTGGGGCAAGCCAAAAATTTCATAACCC[C/A]TAATA
CTGTTATAAACAAGTAAGATATCTTGAAAATCTTAAATATAACTA 

SNP61 Bvchr7.sca021 GCTGACCCGAGAGGTGGGAGGACCCGGTAAGCCCGGGTTAACGGGTTGCA[G/A]ACGA
CGAGTGAGCGAGTTGATGACTCGGGTGAGTCGCCCCAGAGGTAGAT 

SNP62 Bvchr8_un.sca002 CAGGATCCATAAGCCCTCCACCGATAGAGACCTTTTTATCACAATTCACA[G/A]TTCAA
GATTACTCATTCTGAGTACTAGCCATCAAACATAAAAACAATCTC 

SNP63 Bvchr2_un.sca001 TTATGACATTGATTCTTCTCCCTTGTTTTTCTTGTTGAAGATATTGAAAC[A/C]TACAACG
TCGACACACGGCTAAACAAAGTCACAGTGACAGGGAATGTAAC 

SNP64 Bvchr1_un.sca001 ATCACATGGAATACTAACAGCCTAGAAAAAGAATACACAAGACAATTCAC[T/G]TAAC
GTCTTTTCTGGGAAATATTTCTCAGATTATCATCTACAAACTGATG 

SNP65 Bvchr6.sca026 AACCTAATTGGAGAGGCATTGCAAGTTTATGCCTCTAAATGGCTTCCTAC[T/C]AAGCA
AGTCATTCCTGACATTGATTCAGATAAATCAGGAGAAAAAACTTC 

SNP66 Bvchr4.sca011 CCAATGTTGTCTTTGCCAGTTTCCAGCTTCCTTTGGAAATTCAAGGTCCT[C/G]AAGGAG
AATAAGGTTTTGTTGAATGTTCTGTTTTGAGAGAGACTGAATGA 

SNP67 Bvchr8.sca004 AGGTACCCGGTTAAGGCGATCAGCTATTTGGATTCCCACATTTTGGTCTT[A/G]GACCCG
CTTATGTGGGCGTGCAAGGATGAGGACCGGTTTCGCCCCACTAG 

SNP68 Bvchr2.sca006 TAAAAAAAAAAGGGACCCATGTGAGAGGAGAGAGATAAAGAGAGTTTATT[G/A]CCCA
AAAAGGAAGTGTAGCAAGTAATGTGAAACTTCCCACAATGGAAAGT 

SNP69 Bvchr3.sca007 GAATGGAATATTAGGGCTTATAACGTCAGAGAGAGGTGATCCTTTCCGTG[C/A]TTCCA
TTGTAGCTAATCGGTGGTTGGTCATCTATGCAGATGTATGCTGTA 

SNP70 Bvchr5.sca022 CAACTATATAGATGAATGATAAGTCTTGCTAAACATGTTGATACTAAAGA[T/C]TTGAC
AGCAATCTGCTATTTTAAATACACAAGATACCTTCTTCTTAATTA 

SNP71 Bvchr6.sca015 CTTAATAATTGGGCTTCGACTGAGTTTATTCACGAACATTTACCATTGGT[C/T]ATATAA
TTTATAATTTCTACTAGCATCAATATTTGCTGGACAAGGTCAAT 

SNP72 Bvchr6.sca017 CGGAGCAGCCTCCGAAGACTGAGTGTTCTCAAACAAACTAAGTTTCCTCT[C/G]TCCTA
AAGTTTCGAATTCTTCATTTAAATTATCAGGACTAGCTATCCCCT 

SNP73 Bvchr1.sca001 GAGGTGCGGAACCAAAACGAGAGCTGAGAAAATACATAGGCAAGATGGTA[T/A]CTAT
GTCTGAGAATGTCTTCGATATCTAGCGACATAAATAGCAATAGTGA 

SNP74 Bvchr9.sca025 GTATACACGAGCGCGAAAGATATAAGGTCAAAATGCTGGTTGCAGAAATA[T/C]AAAG
GCTAAGGACAAATGTTTTCAAGAAGTCTCCAGTGAACTCATATAGC 

SNP75 Bvchr2.sca018 GGCTGATGTCGAACATGGTTGGAGTTCATTGACAAATTTATGTAGTTAAC[A/T]TTCAAG
GCATAGTTTGGCATACCACAAAAGATAAGCTTTCCAATTTCCAA 

SNP76 Bvchr5.sca007 CATTTTAACCAAAAATATATTGTTATTTCCGCCCAAGTTAATGAAACAAG[A/T]ACTTAC
CTCCTCCATTTTTCTTGATTTCTTGCAGAGTAATCCAACGAGCG 



 83 

SNP77 Bvchr1.sca003 ATCGAGGATAGTTTCGTGAGAGCTAGCACCCTACTTTGTTGAGTAATTTT[A/G]GCATAA
TCAAGCAACTGGCATTGCACTGTTATGTTTTGACTTTTGCCTTT 

SNP78 Bvchr5_un.sca003 GACAAATTTATGGCGGTGATGTAGGCTCTAGAATGCACAAATTAAGTCAG[T/C]TGTGA
TGTAAAACCGACTGCTATGGGGGGGAAGCACCTTTAGATTTGCAA 

SNP79 Bvchr3.sca011 CCATGAGAGGTTGTGAAAAGATATATGATTGCTAAGAAGTGTGTAAAGAT[G/A]ATTTG
CTCTCTCCTTTATTACTTAGTATCACTTATTTGGTCCTGATAGCT 

SNP80 Bvchr6_un.sca002 AGTGACTTAAAACTGGCTTAATAGGTCATCACTTGTAAAACTTGGGTCAC[A/G]TCAGA
AGGGTTAATTGACGAAGGGATGTAGGAACTAGGTGAGATTTTTTA 

SNP81 Bvchr1.sca001 TCTGAAGCATTAGGGTTTGGGTATATGTTGTGCTTTGTTTGGGACAGACT[A/G]ATAGGC
ATGAAATGCAATTAGAATGACTGATGATGTTTCCATACAATTTT 

SNP82 Bvchr2.sca005 AATCCCATTTGACTCACTCGCAGTATATGCATCTGAGTGCAGGTCCGCTT[A/G]ATTGGG
TACTGTGTTGAGGGTTCTCTTTTCCTGGTGTATGAATATATCGA 

SNP83 Bvchr3.sca012 TGTGTAGAAAGAAATCTTAATATAGGCTTCCCCTTACCCCTCTTCTTTGC[C/T]GTATCTT
GAAAGCACTGACTTTTTTTGAATGATCTTGCTTTTTTACATGT 

SNP84 Bvchr9.sca016 AGTATTTTGAGAGGAAGGTCCTCGGTTGCAAGCGACATTGAATAATAAAC[A/C]GAAAG
TAATACATCTTGAACCCTAAGACTTCCCTGATACTTATAAGACAC 

SNP85 Bvchr1.sca004 AAACCAAAATAGTTTGGCTATGGCATTTCAATTTTGACAAAAATCGGGCC[C/T]GTGTC
ATTTTTAGGAAGAGAGAAATAAAGCGTCCATTGAGATTTCTGCCT 

SNP86 Bvchr2.sca005 TAGATTTACACCCCTCTTAACTAAAGACCAGGGTGTATGTTTGGTTGAAA[T/G]GTTCTC
TTATGTTTGAAGTTTATTTGTTAACTTCAGTTTGTTATCTATGA 

SNP87 Bvchr8.sca010 ATCGAAATAGTACATAATGGACAGGTAAGTTTCGTGTTATGTGGAATTCG[T/C]CGCATT
TGCTCTAATTTTGTTATGTAGGAAGGACTAATGTTGAAAAGAAA 

SNP88 Bvchr4.sca016 AATCCTTGGATTGAGGAGATTGATCTTGAGAACACACCATTGCATAAGGC[A/C]GGAAT
GGCTGAAGGAATATATCAGAAACTTGGGCAGAATGCAAAGTCTGA 

SNP89 Bvchr6.sca003 GTTGTGGGTGCACCTGTGCTACTTATGTGGCTGTAGCTGTATCCCTCTTG[T/C]AGTACA
AACATATTTGCTTTATGTGCCAGATTTTGCTTAGATTGATTTAA 

SNP90 Bvchr1.sca006 TATCAAATATCGTCAACTGCGCTGTGGTTTAAGATGCGCTTAACCCATGT[G/C]AATTTT
TACACAATCCTGATTCTTGTTTTCATCTCCTGTGATTCGTGCAT 

SNP91 Bvchr5.sca016 CAGACCACTCATTGTACACGTTGGCCGCTTAGGTGTTGAAAAGAGTTTGG[G/A]TTTCCT
TAAAAGGTAATTTTCACTACTGCAAAGTAATTATGCACATAGAA 

SNP92 Bvchr3.sca010 AAACTGTCACTTTCGAAGATGATTTCGGCGAGGATGAGGATGTATTGCTG[T/C]TATCTG
ATGAACCTGGTGGTGTGGAGTAAAGCTTGGACTCTGACAAGGGA 

SNP93 Bvchr8.sca018 TCTGAAGATATCATTGACTTGGACAAACATTGAATTGAATAATTTTATAT[A/G]GTTGTA
CTTTTTATATTCTGTCATGCAGGAGAAAGAGTCACTATATGTCC 

SNP94 Bvchr2.sca006 ACTTGAGGCTCCAGTTGAATACATTGTATTGCCTACATTTGCTTATGAGC[C/A]TAAATT
GATAAATACTATGTTTTATGGTATTGAGATTAGAAGCAACTCAT 

SNP95 Bvchr8.sca013 GAGATCAACTTATGAGCAACAACTCCTTAACAGAGGAAGCAACCACATCC[T/A]CTTAA
ATAATACATTGGTCGGATGAAATAAAAATGAAAGCCAAAGAGAAT 

SNP96 Bvchr2.sca007 TTAGTTCTCAAAAGAACAAAGAACAGGAAAATGATAAGGAACAAGCCCTG[G/T]CTTTC
TATGTATAGTTTTTGAGAGATGGTTGATATGATGATTAGTTGGCT 

SNP97 Bvchr7_un.sca006 GATCAACGATGCTAGGCAAGTGGCAGTAATTAATGACAAATTTTAAGCAT[A/G]TAAGT
GTCAGTGTGCAAGTAACTTCTTGTAGTTGAAGAGCTCAATAATAA 

SNP98 Bvchr1.sca008 GTGGGGTATTTCGCCAGTTAAGTTGTTAGAGTTCAGTGCCCTGTTACATA[G/C]AATATG
GTTACAAGTACTTCACACATTAATTGCCCATAACAAAAACAATG 

SNP99 Bvchr4_un.sca009 GGTTAATATTAATTAAGTTTACGTTAACTTCTACTGCCAAAAGAAACAAT[A/G]AAAGT
GGAGCTACGCATATTAAACATTCATCAGTGATAATATCTGGTTAC 

SNP100 Bvchr7_un.sca002 ATAAGCAACAATTCATTCACTGGGCAAGTCAATTCACGAGTTTGTAGCTC[T/G]AGTAA
GATCAGGGTCATCGATATCTCTAAGAATAAATTGACTGGTGTACT 

SNP101 Bvchr2.sca001 GCTACTTTTTGTGATGATTATATTACACCATTAGTCATCAAATAAAAGTT[C/A]GAGTTA
TCAGATAGAATCTTACTTTCAACTAACAAAATATTCGATCCCTT 

SNP102 Bvchr7.sca021 GGTGGATTTGGTGGGATATCATTTACCGGTGACATGGACATAGCTCTCGC[G/T]TTGAG
AACTATGGTCTTTTCAACTGCAACACGATATGATACAATGTATTC 
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SNP103 Bvchr3.sca011 TTTCCCTCCAAATTTTGGGGCCCTATGCTGTGGAATACCCTTATAGACCC[A/C]TTTGCA
TATGATTGCTTCTAACTTGTATGCACTTTTATGGCAGTTCACAA 

SNP104 Bvchr6.sca016 GTTTCTTCGTTAGGCACTACATAAAAAGCACTACCAACACACACCCACAT[C/A]ACAAA
CTGAAAGCCAATTGATCCAAATTCAAAATCACATGGCATTTCTCT 

SNP105 Bvchr9.sca020 TAATGCTCCTCTTTGTATTCAGGGTTCTCCTTTAAGATGACAAAGCCTTC[G/A]AGAATG
GATGACAAAGGAAGATACCTAGTAAAAACCGACAAAAGTTTTAG 

SNP106 Bvchr4_un.sca010 CCAGTCAATCAGATACAAAGATAATCATTACTGATTTTCGTGCTGTGCAT[A/G]AGAAG
ACACATCTTTACATCAATTACTTCTTTACCTTTCCCTACTTGTAA 

SNP107 Bvchr5.sca004 GGATAATCAATGGTTTCCTACATTTAAGAAATGGGTTAGTAACCTCAACC[G/T]GTCTCC
TATAGGTAGTCTCTTTTGCCATTTTTGTAGTAGTGAAGGAGGGG 

SNP108 Bvchr9.sca002 AACTACATCATACATGCATTAACTCAAGTTTTCTCCCCCCTAGGAGTTCT[A/G]CTGAAA
AGGTAGATTCTTTGTTGGATTTCTGCATTGATTGGAAAAGACTT 

SNP109 Bvchr9.sca006 GGAATTTATAACTACTGATATGCAGTCTGCCTCAACTGGGATGCATTTCT[A/G]ATAGCT
TTTGTTACCATCTAACTGATATTTTCTTTAGGTCTCAATGCTTT 

SNP110 Bvchr7_un.sca005 TGGGCAAATCTGCCCTCTTTAACCGGTAGTTATTTTGAAACCTTAATTGG[G/A]TTGTTG
CCGTGCTGAGTGAATAATAGCTTAATTGGATATTGATTGTGTAT 

SNP111 Bvchr8.sca014 CGACACAATGGCTGTAAGCATTATTCTTTGTTCATATTGTTTCCGTGTAT[C/T]GTGTGA
GATGAGCATATGTGATTTGTGACTTTCCCTTGTTTTCAATTTTC 

SNP112 Bvchr1.sca004 GCCTCCATGTTACATTATATCATAAGATAGACTTGCTTCATTTATTTTAT[C/T]GTCCCTT
GTTTTATGTTACATATCTGCTTTAGAAAAACACAATTCAGGGA 

SNP113 Bvchr8.sca018 AAATGTGAGGAATATTTAGTTGTTACTTGTTATGTGCGCAAGAGAAATTG[A/T]CTACTA
CTACTACAAATTGATTAAAATTTGATTAATCTTGACATTTGGAT 

SNP114 Bvchr3_un.sca004 AAACATGTCAACCTTACAACAAAAAAATTCTTTTTAAAATACAACCAGAG[A/G]TTCTA
GGTACGTTGCAACTTTGCGCTTGCAGAGCGAGAGATATTTTTCAC 

SNP115 Bvchr7.sca014 AATGCGGACACACTACATCAGCAAGACTTACCAGTAGAAAGGAAGAACTC[A/T]GGTA
GCTTAAGCAACTTTGCAAGCCAATCTAGAACAATTACTTCAAGTTC 

SNP116 Bvchr8.sca005 CCCATGGGATGGTCCTTGTATTGTTGCCTTTCTCAATTACAATGGATATG[C/T]TCTCATA
GCTATGTTTATTCTACAAACATGAAAGGCAGTTATCACAAATT 

SNP117 Bvchr2.sca003 GTCATTACATGACCTTGCACCAGGGATAATAGCTGTTAACCAAAGGAGAA[G/T]TGTAC
CCTGCAACATTACCCAATAACCATTATCCTTAGTTTTACGCAGCG 

SNP118 Bvchr4.sca017 ATCGCCTCGAAACCAAAATCCAGTTACTGAGAACAATGCAGCATCTACCA[T/C]GAATG
AAGCACACGATACTCCAGTAGAATCTGACTTGATAGTATTGCCAC 

SNP119 Bvchr8.sca004 GTTCTTACACTATATTGCCTCTTTGAATCTCATATACATGTGCAGAATAG[A/G]AAAGTA
TGATTTTACTGACCATATTTTCTAAAGGATATATACCTCCTGGT 

SNP120 Bvchr4_un.sca001 ATGTTAAAATCTTGTAACATTATGTTATTGTTATTATCTAATGGTGTAAT[A/G]CTTCAG
GCTGCTCAGAGGGACAATGTGGTTCGTGCTACTGGTGCTCGTCG 

SNP121 Bvchr8.sca007 AGGTACTTGTATTTAATACTTGATGCACTCGAGGCCATAGGCCCAACACG[G/A]TCTAA
GCTAGTTCAGATATTAAGGCAAGCCTAGTTAGGATTGGCTTCAAA 

SNP122 Bvchr3.sca003 AACCTCAAACATCTTACATGTCTTATATTTTGAAACGGATGAGTACAGTA[T/C]TACTAC
TATGAAACAAAAGGCCAAGAAAAAATTTAGGATGAAGGTCTATT 

SNP123 Bvchr9.sca023 ACGCCTAATCTATTTGAATTGCACGCGGGTAGTTCAAATAAACGTCCAGC[G/T]GATTA
CATATATTTGGAGAATGGAAAGACCCTTCGGGATGTTCTGACTGA 

SNP124 Bvchr3_un.sca003 CTTTAGCTTCAACTGCATAATTTACAAAACGAAACGATACTTTACATTGA[T/A]ATACAG
GTTACAAGCGATGATATCCTCCCACATTGGCATATAGTAAATGT 

SNP125 Bvchr7.sca003 ATTCCTGTTGTGTCTGATGCATCAGTCTTGTGAAGCTGGTTGTCTGTGGG[A/G]ATGCAT
CTGATCCTTTCGCTTACCTCCCCGTAGGTGGGTTCCTCGTGAGA 

SNP126 Bvchr4.sca005 GAAAATTCTTCATTATTGAAGCGTCTTACTGACATAAGCCAAAAATTTAA[C/T]GAGGC
TGCTGTGGATAATAGGGTCTTGAAAGCTGATGTCGAAACTTTAAG 

SNP127 Bvchr1.sca007 CAATGTAAAGCCAACACATAGGACATAGCCAGATAACCTCTCGCATCTTG[G/T]TCGTC
ATTCAGTCCTCACTAGTCAAATCAAGCAACCTACATTTTCATTTA 

SNP128 Bvchr8.sca009 CGCCTAAGCGATAAAATATTTTCAGGAGCAACCAAATCAAACTAGCATAG[A/G]GTGG
AAATGAATTACTGGCCTTGTAGCAATGGATCTTCAAAAACGAGAGT 
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SNP129 Bvchr1.sca007 AGATAAAAAATGGAGGGTTCTTAGCTGCCACAAATCCTTTAAATGTTGAA[G/A]TGTCA
AAGATAGAAACTCCAAAGCTTGCAATGCAGATATCTAAACCTTTT 

SNP130 Bvchr1.sca002 ACCATATAGTAAAATGCTGAGCTTCTAACGAACACAGGAATGTTATGTGC[C/T]CAAAG
CATCTAAAGGCTTAGAACCTACAAAGACAGCGAGGAGATGAGGCA 

SNP131 Bvchr6.sca001 TTATCAGTGGCTGCAAAAATGGAAGAAAGTAAAGTACCAGCATTATCAGA[A/T]TATAA
AGTGGAAAATTATGTGTTTGTTTGTGATGTGATCCAACATATGGA 

SNP132 Bvchr6.sca010 GAATTACTTAAAATCGGTCAATTATTGTTCTAACTATTGATCTACAAAAA[C/T]CAAGTG
AATAGGACACTTTGTCTCAGCTGGTCTGTTTTTCTGCTAGTATA 

SNP133 Bvchr4.sca016 TGTGCCTCAAGCCAGTGCTGCTCAAACTGAATGTTGTAAAGCGATTCACC[C/T]AGCTTT
TCAATCTGTTCTATCAAGGGTTTCACATGCTCTGAAACAAATCA 

SNP134 Bvchr9.sca025 ATCCTCATCATATACTCCTTCCCACCCCCCCTCTTTCTCTCTCCTCCTCA[A/T]CTCCTAC
CACACCACCATGTCTTTGACAATCCCAACTAACCTCTACAAAC 

SNP135 Bvchr1.sca006 ACAAGGGGAATTAATACAATGGAAAAGAAAGCAAGAAGGTCTTCCGCACG[A/T]GCAA
AAATCCTAGAGAAATACAAGGACTTTACATGTCCTACCTTACAGAA 

SNP136 Bvchr8.sca002 CGAAATCTTACTTTTCCATACTGGATAAGAACAGTTTCATCATCTTCAGA[C/T]ACCTCA
ACCACAGTAGCTAGCTTACCTGCTAATCGCTTCACATGGACCTG 

SNP137 Bvchr5_un.sca008 AAAATGTCATGTGCAGTTATAGAAACATGGATTTCATCTTTAGTTTGTAC[C/G]CTGCAA
GATATGCAGAGACTAGAGAGGAAAGTATAACTTGCCTATTGAGG 

SNP138 Bvchr4.sca004 ATATATATGTTATTCAGTCCAGAAACTGAATTTAGCAAGTTCAGAGAGCT[C/G]GATCTT
TGTCTGTTAAAGCAACAAAACATGATATTAGGCTAAATTAATAA 

SNP139 Bvchr3.sca009 AGATCAATATGGTTTTGAGCTCTGTGCTTCATTGCTTCCTTGGTCCGTTG[G/C]GATTTTA
GAGGACAGTTTTCCATCTTATTAGGTTATAGGATAAGTGTATG 

SNP140 Bvchr1.sca002 GAATTAAGCTGTCGACTTTAAAGACTGGTAAAGAAAATCTTCTTGGAGAT[A/G]AGTGA
CCGATGTTGATCTCGCTTTGATATCCACTATTGAGTTGCAAAATT 

SNP141 Bvchr5.sca014 GCAGTCTAAAACCAGATATAAATTATTAGAATTCCATTTCCTTTCTCCAC[C/A]ACTCTT
ACAAAACCAGCCATTTTTTGGGGTTGTAGGAGGATTACACAAAT 

SNP142 Bvchr7.sca012 TTCAGACCATGGTTGAACGTGCTGCTTATCAATGTCTATGCACAAGAACA[A/G]CGGCT
TGAGAGGATGGAAAAGTTCATCAATGTTGCTTTTGAACAACACAC 

SNP143 Bvchr5.sca025 ATTATTGTCTGCCCTGTCACACTGCTTAGGCAATGGAAGAGGGAAGCCCA[G/C]AAATG
GTACCCTGGCTTTCATGTTGAGATACTTCATGATTCTGGTGTTGA 

SNP144 Bvchr5.sca002 ACACAGAAGCGCACCAGAGAGAAGTTAACAGAATTGTTCATAAATTTTAA[G/A]TGCA
AGTATCACAAAAGATTCAGACAAGCAAACAAACATGAGATTAATTG 

SNP145 Bvchr6.sca012 TATATGGGCATTTAGGATCCCGTTTTGTCGCGTAGCATTTTTGTAACGTT[A/G]TTGGAC
CGACTTGGGTGATGAAATGTTGCATCGCATGTGGCGTGTCATGC 

SNP146 Bvchr8.sca005 TGTAAACCTCACTTTTTACTTTTTAATAAGTTCACCAGAACTCTTTACTC[G/A]TGTAAG
AGTATCAATTTGCCTTCTTCACTGGCTCGAACGTGACTACAGGG 

SNP147 Bvchr5.sca001 ATTGGTAAACATCCGCATATATTAGTGGACTAACCAAATTGACAAATTTA[T/C]CTCAA
ATAGAGTTGTACTCATGATTTTCATTTGAAGGCGATAACTACAAT 

SNP148 Bvchr7.sca021 GTCACAAACTCATACGTCGTACCATACAGAAATCCACTGGAAAAGGTAGG[T/A]AACAT
AATTTTAAAGAAGCCTTCAGCTTTCGGAAACAGATGTTCCAAAGC 

SNP149 Bvchr6.sca005 TTTTATTTTGTAGAATATGCAAAATAATATAGCTAAAATATATTTCGAGT[A/C]TGCTCA
CGAATTTTTCAAATCGAACTTTGCTATGTTCGACTCTAGAAAAT 

SNP150 Bvchr9.sca024 TGGTGGCGTTATAGCGTAAGAGTAAGGAGGAGTGCCAACATCAGAACCTT[C/G]TGGTG
GAGTTCTTGCAGAAGTGCCCACATAAGAACCTCCTGGTGGAGTTC 

SNP151 Bvchr6.sca028 AGTGCATGTACTAGGTATCTTTTTTTGTTTTTGCTTTATATTGGTTGCCT[A/G]TGTTGCT
TTTGGCTGAAGCCGAGATCTGAAGCATATGCAATTCAGAGCTC 

SNP152 Bvchr4.sca015 CGTCAATTTCCACAAAATCAACCCTATTTTATAAGTTCTCAGCTCAAATC[A/G]CCCATC
TATTTTGATTGTTGACACTTGACAATCTGCCATCAGTATACCCT 

SNP153 Bvchr6.sca002 CGAGAATCGAAACCTGAGGAGCTCCCACTTGGTTAAATGAATAGGTTGCT[T/C]AGGAA
GAATGAAACTTGAATAAATATGATTGCTGATAAATATTCCGGTTT 

SNP154 Bvchr4_un.sca003 CTAAACCCAACTAAATGTTCATTTGGGTGAGTCTATAGTTAAGTTCCTCG[A/G]TTACAT
AGTAACATATAGAGGAATCGAAGCCAGTCCTAACCAGGTAGGAG 
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SNP155 Bvchr5_un.sca012 ATGAAATGTTTTTAGTGAAGATTTTACTACGGGACCCAAAGGTTTGAGAT[G/A]ATTCA
ATTGAGGAGTGATATGTTTATACACAAACATTAAAAGGATCCCCC 

SNP156 Bvchr6.sca014 TTGTCCCCTCTTGGATGCATTACAAGGTCACATGATTTATTTCCGCAGCC[A/G]TCATTG
TTCTCGTAACTGGTGCTGTCGACATGGCTTTTCTATTAGACATT 

SNP157 Bvchr3_un.sca001 ATTTTGGAGAGTTCGATGTTGAGTGAGCCAAATAATGATAAGACTAGTGA[A/T]AATAA
TCGACAAGACGACTGCAATGGTGGGTGTGATTTGGTGGGCGCTCC 

SNP158 Bvchr7.sca008 TTAGTAGCTGGTAGTTAGTCAGTTAGACAATTACAAATCAGTTAACTCAG[C/T]TGATTA
CAATTGTATAAATATAACTGATTGTATGATTGGAAGACTTACTG 

SNP159 Bvchr2.sca009 AAGAACCTGCCTACAACAGCATTACTTACTGATGATGGTTTCCTAGGGTT[A/C]TCTTTG
GTATCATCTGAAGCAAGATGCTGCTCGAGAGTTGTTACAGTATC 

SNP160 Bvchr6.sca023 TACTATCATTTATACATGCCACAGTGTCCAACAGTGCCCATTACTTTACT[G/A]CATTGG
CTGGTACAATTATCATAGGGAACTGGGTAAGAGTGGAAGACTTG 

SNP161 Bvchr3.sca002 CCAAGGCAAGAGCTATGTACCAAAAAAGGAAGTGATGCACAGGTTAGAAA[G/C]TTTT
TCCTTGCTGGAAGTCTTTGCTGCATTTACATGATTTTCTTCCTTTA 

SNP162 Bvchr5.sca004 AAAAGTTTCTTACAAGTTTTCAAAATTTTAAAGTATGAGGTAATCAACCC[G/A]AATAC
TGATTCTTCTGATTTGTGTAGATATGCAAATGGATAAAATCAACA 

SNP163 Bvchr1_un.sca004 AATTTTACACAAAAATTGATATGATTGGGGACAAAAAGAAATGTAATGAT[G/A]AGTTT
TCTTCGGTAATGTTTGGGGTTATATGGACTAAGGTTCTGTTAGGG 

SNP164 Bvchr3_un.sca005 CATAAATTATATCAAGTTACATAATACTGTAATAGACAGCACGCGAGAAA[G/C]AGGTT
ATTTTATCGCTTCGTTCTATGATGAGGCTTCTGGGAAAGGCAGCT 

SNP165 Bvchr9.sca013 AAACAAGACAGGCTCTAGAGAGGAAGAGTATGTATATGTCAATCTCCAAA[A/G]AGTT
CTGTTCGTGTAGCTTTTTCCATAAGTTTAAAGCAAAAGATACTTCT 

SNP166 Bvchr5.sca017 CATATTGCCGCCTCCTCACTTCTCTTCCTCCCTGTATCATGAGATACTCT[C/A]TCTCTCT
CACTTATGGGATAAATTCATTAATGTAGTACTTTGAGAGACAA 

SNP167 Bvchr3_un.sca001 GAATTTGATGGTTGTGACACCAGCAATGCTATACTTAAAAGTACTTCAGG[A/G]AACAC
AACTTTTCCCTTGACAAAGCCAGGCGAGAGGTACTTCGTTTGTTG 

SNP168 Bvchr5.sca008 AAATAACGATGATTTGTGTACTTATTGTGGTATATATACAAAGAATTAAG[G/A]TGATC
AAAGTCCTCACATTGATGCGAAAGAGAGAAATGCAGTTCCCTGGA 

SNP169 Bvchr2.sca015 CCAAAAAAAAAAAAAAACAGATGCTCGCAGATTGGTGAATTCATACTCGA[T/G]GAAG
ACATAGAAATGGTGTACAGATAAAGACAATCAGGCATCTTAGGGGA 

SNP170 Bvchr7_un.sca004 GTATAGAGTCTATGTTAACAACAAGAAAGAAAAAGAGAATGAAAAAAGGG[C/T]AATC
TATAAGAAACCACCTAATAAATTAGACACTCAGTGGAGTGGGATAT 

SNP171 Bvchr3.sca004 ACAAAAAGACAGTGAAAATCAAAAGTGGAAAGTTCAAAATATAACAAGTG[A/G]CCTG
CAACTATTTCACATAGCTATCCCTGTCAAAGTCGGTTAAGGATGCA 

SNP172 Bvchr7.sca021 GCATATTCAACTGATAATAGATTTGAAATGTTTATGCCCATAAAAACTTG[T/C]ACAGTC
AGGTTCTTATGGATTAAAAAGCAAAGCGGCAAGTACCTTTTCGC 

SNP173 Bvchr1_un.sca002 AAAATATGGTTAGTATAGGCGCATATGTTAGAATTAGATATGTGCTAGCA[C/T]CCTAA
GAGATAAAATTAGGACGCTATTATCGAAAGATGATTGGAGTTTCA 

SNP174 Bvchr9.sca024 AACCATACATCAAAATCAGTACATGTACGAAACACCAATAATTCCACTGA[T/C]GAACA
TAAGAGGCTTATGGTTATTCAGTACCCACTACGTAAATCATACCA 

SNP175 Bvchr1.sca004 TGAAACCTAGCATGCCAGGAAGCGATGAAGTTGATGATTCTGTTAGGGAG[C/A]AAGC
GTCCGGTGCCTTGAGTGAGTTAAGGGGTGGAATGAGTGACAGTGTG 

SNP176 Bvchr3.sca003 GGCACATAAGCTTATCCCACGACCCACGACAATATGAGCAAGTCTTGTGC[A/G]TCTCC
TTTGTTCTTACGAATAAGTATTGCAAAGGAGACACTGCACACCCA 

SNP177 Bvchr9.sca011 TAACACAGTTAACAACCATTTCGAGGAGAGATTTCAAGTAAATCTAATCT[T/C]TACAT
CACTAACTAGAATTTTATATCTGCATCTAACCTTTCAGTTCCATT 

SNP178 Bvchr4.sca003 AAATCGCTGATAGGTAATTTTTTTTATTGAAATATTGAGTTCCGAGAAGG[C/T]GGAAAC
ACCATTCACCAGACAACTTTTGTGATTTGTACTTAAGAAAGATG 

SNP179 Bvchr4.sca006 GTGACCTTCTTAAAGTATCCAAATGCCTTGTCATTAAATTACTGAGCCAC[G/A]TGAAA
AATAATGAGAATGTCCGTTCCTGCGCAAAGCTAGAAATGTGGGGT 

SNP180 Bvchr6.sca015 AGATGGTCGATTGCTTCTAATGACAAGTTAACCTGTAGAATGCTGTAAGA[A/T]TAGGA
TACATTTCCCTTCTTATAAGAACTTGAGAGAAGTTGCTTGCTTCC 
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SNP181 Bvchr9.sca026 AAGCACACCATAACACTTGAGCTCGGATTCTTTGATCGCTTTGGATCTTT[C/T]TTTGTA
GTCACTATCCCCGCCATTCTTCCATAATTCCTCTGAGAACTGTA 

SNP182 Bvchr2.sca006 AGTTGACCAGGCTCGCCCTCAGGAGTAGACTGAGCAATTTGTTGCAAACA[T/C]TCATT
CCAATCAGATACCAATAGAGGACTTTCTTTCATGATGTTGGCCAA 

SNP183 Bvchr6_un.sca007 TTCCTTAGATATTGATCAATGTCCGACGTTTAGGTTATCAATGTTTCTTT[T/C]ACGATAC
TCAAATTGTCATGCATGCATGCTAGCTTAAAATGTACTTTACA 

SNP184 Bvchr8.sca017 CTGGACAGGTGACATGCCGAATTTTGTCAATATTCTGCAAATAAACAGGT[T/G]GTCATT
TAGAAATTGTTAATAGAAACAAGAGATGCAAAAGAATATCATTA 

SNP185 Bvchr3.sca010 AAGAACTAAGATATCGAAAGCCTTCTGGCAAAGCCACCAAATTAGGACAG[T/C]TGAA
GATATACATTCTTTCAAGATTAGTGAAATGTCTCAACCAATTTGGA 

SNP186 Bvchr5.sca002 TCAGCAAACAAAATTCAATCAGAAACTTCACAAGTACCGGCAAAGACGGT[C/A]TCGG
CACAGAGTAGCGCATATGCAAAAAGCGACCACCAAGCTGCGAACAA 

SNP187 Bvchr5.sca008 CTACACCTAGAGAAGAAAATCCTAACATGAAAATACACAATTATTGAAAT[A/C]CGGTA
TAAATAACCAGAGGTGCACAAGGAACATACAATTAAGCCAAGGCT 

SNP188 Bvchr7.sca004 ATGAATTAACATGGAGCAATAGATTATGGATCTGTTATTTACCACGGTTC[A/G]ATTCCT
GAGGAATAATGTTGCATTCAGACTTAGGAGGCTCTTTAAATGAA 

SNP189 Bvchr9.sca026 AGGGATATTCTGCACTTCCATTTCTTCCAGTCGCTGCAAACAAAAGACAT[A/T]TGTTCT
TTCAATAACTTATGTTTAATAGGTACAAATGGTGGTGACATTGA 

SNP190 Bvchr1.sca004 GTGCACAAGGCATGTGGCCGAGTAGTTTCTTGCGCAGATATCACTGCCCT[A/T]GCGGC
TCGTGATGCCGTGGTTCTGGTATTACATTTTCCTTTATCTAATCA 

SNP191 Bvchr6_un.sca007 AATTATTCCCTATGAAAAGTTTATATATACTCATCAAAATCTGACGTTTA[A/G]ACTATT
GATATATCTTTTACGAGGCTCAAATTGTCATGCACTGAAATGTA 

SNP192 Bvchr9_un.sca001 TTAGGCGCACTTTTTAAAACTAAGTTAGCGATTGATTAAAGAAAAGCAAT[T/G]AACAC
TTTCACTTTGTAAGGATGATTTGCGTTAAAGTGTAAGTAACATAC 

 

 
Supplementary material S2. Sequences of the designed primers and TaqMan probes for 

detection of the SNP183. 

 
Assay 
ID 

Forward  
Primer Seq. 

Reverse  
Primer Seq. 

Reporter 1 
Dye 

Reporter 1  
Sequence 

Reporter 2 
Dye 

Reporter 2 
Sequence 

SNP 
183 

TTGATCAATGTCC 
GACGTTTAGGTT 

AGCTAGCATGC 
ATGCATGACA VIC ATTTGAGTAT 

CGTAAAAGAA FAM TGAGTATC 
GTGAAAGAA 
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Abstract 

The aim of this study was to identify Single Nucleotide Polymorphism (SNP) markers 

genetically linked to Root Elongation Rate (RER) in sugar beet (Beta vulgaris L.). A 

population of 244 F3 individuals, obtained from the cross between lines L01 (low RER) 

and L18 (high RER), was phenotyped by measuring RER of eleven-day old seedlings 

grown under hydroponic conditions. Two DNA bulks of 50 F3 individuals with extremes 

phenotypes were used for Bulk Segregant Analysis (BSA) by Restriction-Associated DNA 

(RAD) sequencing. A total of 20,376 SNP were identified. SNPs were filtered to reduce 

the number of false positives and mapped on candidate chromosomal regions of the B. 

vulgaris reference genome. A total of 234 SNPs were selected from the two DNA bulks 

showing association with the RER trait, one of which, SNP10139, was strongly linked 

(p<0.01). The pattern of association between SNP10139 genotype and RER was also 

evaluated on another breeding line panel comprising 40 low and 40 high RER individuals, 

confirming different allele frequencies between the groups (p<0.01). The SNP10139 

sequence was mapped on the B. vulgaris peptide transporter (PTR) gene, a carrier that 

influences root elongation in Arabidopsis thaliana. Our results suggest that SNP10139 

marker identify a genomic region that influences RER in sugar beet and its sequence 

information can be used in marker-assisted selection programs. 

 

	
Keywords: plant productivity, abiotic stress, root apparatus, SNP markers 
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Introduction 

During the last two decades there has been increased interest in breeding for root 

morpho-physiological traits of the main agricultural crops (Lynch et al. 2014). Roots play a 

central role in water and nutrient acquisition and root characteristics involved in these 

functions are closely associated with crop productivity (Lynch et al. 1995). The ability of a 

plant to absorb nutrients distributed in the soil is given by the morphology of its root 

system. The improvement of root characteristics is essential to increase crop yield, 

especially in environments subjected to recurrent water and nutritional stresses (de 

Dorlodot et al. 2007). 

Lynch (2013) proposed a maize ideotype, termed “Steep, Cheap, and Deep”, for superior 

nutrient and water acquisition. This ideotype has several root morpho-physiological traits 

that contribute to soil nutrient uptake by accelerating root development to reach water and 

nutrients in deeper soil layers. Root traits influencing rapid soil exploitation, such as root 

elongation rate (RER), could be used to develop crops with greater water and nutrient 

acquisition (Lynch 2014; Saengwilai et al. 2014). Indeed, a study on sugar beet highlighted 

that key root traits such as RER, total length, surface area and number of tips are strictly 

related to sulfate acquisition and sugar yield (Stevanato et al. 2010). A significant and 

positive correlation was demonstrated between yield and nitrogen uptake rate in sorghum, 

and sulfate uptake rate after deprivation in maize and sugar beet (Cacco et al. 1980; 

Saccomani et al. 1981; Nakamura et al. 2002; Stevanato et al. 2004).  

The improvement of root traits through conventional breeding methods is slow because 

they are controlled by multiple genetic loci (de Dorlodot et al. 2007). Selection with the 

assistance of molecular markers could therefore achieve faster gains in the genetic control 

and improvement of the plant root apparatus. Marker-assisted selection allowed 

identification of major loci controlling root traits in rice (Courtois et al. 2003) and soybean 

(Liang et al. 2010). Root morphology is controlled by many genes that interact with the 

environment and genomic regions influencing root architecture were found to explain up to 

30% of phenotypic variation (Price et al. 2002; Giuliani et al. 2005). Similarly, Tuberosa et 

al. 2002 identified QTLs influencing root architecture and yield in maize. Single 

nucleotide polymorphism (SNP) markers have recently gained popularity in crop breeding 

programs, increasing the efficiency and accuracy of selection procedures (Ganal et al. 

2009). SNPs are ideal markers for identifying genes associated with traits in crops for 

several reasons: they are abundant and densely located on plant genomes, the application 
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of next-generation sequencing technology has greatly facilitated high throughput SNP 

discovery, and a large number of commercial platforms are available for automated SNP 

genotyping (Gupta et al. 2008). 

Bulk segregant analysis (BSA) is a method for identifying DNA markers linked to genes or 

genomic regions of interest (Michelmore et al. 1991). DNA samples from individuals 

showing contrasting phenotypes are compared with a large set of molecular markers to 

identify those linked to the trait of interest. This procedure has been successful in the 

detection of major genes implicated in lateral root growth in rice (Wang et al. 2006), root 

development in response to aluminum stress in barley (Raman et al. 2002) and wheat (Cai 

et al. 2008). 

The objective of this study was to identify SNP markers linked to RER in sugar beet by 

means of BSA and to map SNP sequences to the reference B. vulgaris genome to identify 

candidate genes influencing root elongation.  

 

Material and Methods 

Plant material: 

A population of 244 F3 individuals, obtained from the cross between lines L01 (low 

RER; 1.7 mm day-1) and L18 (high RER; 20.5 mm day-1), was phenotyped by measuring 

RER of eleven-day old seedlings grown under hydroponic conditions. The 244 F3 samples, 

derived from a single F1 individual and by single-seed descent of 244 F2 plants, were grown 

at the University of Padova (Italy). The pattern of association between genotypes and RER 

was also evaluated on 80 individuals of another F2 breeding population, named “F290”, 

showing a wide variation for RER and kindly provided by Lion Seeds Ltd (Maldon, UK).  

 

Root elongation rate analysis: 
Seeds were surface-sterilized by immersion in 1% (v/v) sodium hypochlorite for 10 

min, rinsed several times with distilled water, then imbibed in aerated, deionized water at 

22 °C for 12 h. Seeds were put between two layers of filter paper moistened with distilled 

water in petri dishes placed in a germinator at 25 °C in the dark for 48 h. Only 3-day old 

seedlings with 10±2 mm long seminal roots were transferred into hydroponic plastic tanks 

with an aerated solution containing 200 mM Ca(NO3)2, 200 mmM KNO3, 200 mmM 

MgSO4, 40 mM KH2PO4 and microelements (Arnon and Hoagland, 1940). Nutrient 

solution was replaced daily. Tanks were placed in a growth chamber at 25/18 °C and 
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70/90% relative humidity with a 14 h light (60 W m-2) and 10 h dark cycle. Primary root 

length of individual seedlings was manually measured each day until seedlings were 11-

day old. The daily RER was calculated by the difference in root length between two 

successive measurements performed with WINRHIZO Pro software (Regent Instruments, 

QC, Canada). Trait distribution was tested for normality with the Shapiro-Wilk test 

(Conover, 1980). 

 

SNP discovery by RAD-BSA: 
DNA was isolated from 20 mg of leaf tissue with a BioSprint 96 DNA Plant Kit in 

a BioSprint 96 workstation (Qiagen, Germany) following the manufacturer’s instructions. 

DNA was assayed for concentration and purity by microfluidic gel electrophoresis with an 

Agilent 2200 TapeStation system (Agilent Technologies, CA, USA). Based on the F3 

samples phenotyping analysis, DNA of the 50 individuals with extremely low and high 

RER were selected for BSA Restriction-Associated DNA (RAD) analysis (Floragenex 

Inc., Oregon, USA) following the methods outlined by Pegadaraju et al. (2013). Briefly, 

100 bp paired-end Illumina sequences were obtained from the bulks. Restriction enzyme-

derived reads were first trimmed to remove low quality sequences with an average phred-

scaled quality score below 25 (Q25) and then collapsed into RAD clusters sharing 

complete sequence identity across the sequence flanking the restriction site. Only 

sequences with coverage between 20x and 1000x were considered in the analysis. The 

paired-end sequences were extracted for each RAD cluster, passed to the Velvet sequence 

assembler for contig assembly and then aligned using Bowtie, allowing up to 3 base pair 

mismatches between the paired-end read and the reference. Sequence variants were then 

identified using SAMtools. To provide a genomic anchor and location for the newly 

discovered SNPs, the RAD cluster sequences were aligned and mapped on the sugar beet 

reference genome (version RefBeet-0.9; http://bvseq.molgen.mpg.de) using blastn 

(Ver.2.2.27) and allowing for a maximum of a single mismatch. For putative gene 

identification some selected sequences were analyzed against the Arabidopsis genome 

(TAIR version 10) by tblastx, using a maximum threshold E-value of 10-10 (Altschul et al. 

2010). 

 

Linked-SNP validation by genotyping: 

From the SNP discovery analysis, a total of 234 candidate SNPs were selected for 

validation on the 100 F3 samples with extreme phenotypes used for the BSA and on 80 F2 
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samples with different RER from another breeding population. SNP genotyping was 

performed using the QuantStudio 12K Flex Real-Time PCR System and OpenArray 

technology (Life Technologies, CA, USA) following the manufacturer’s instructions. 

Briefly, 10 ng of DNA was mixed with 2.5 μl of TaqMan OpenArray Genotyping Master 

and amplified. Results were analyzed using the Taqman Genotyper software (Ver.1.0.1) 

and χ2-test was adopted for the association analysis between phenotypic and genotypic 

data.  

 

Results 

Root elongation rate analysis: 

RER, evaluated on 244 individuals of the F3 progeny, showed a normal distribution 

(W = 0.979; p<0.01) with a certain degree of transgressive segregation for high values of 

RER (Figure 1). Bulks were obtained from 50 F3 individuals with most extreme 

phenotypes; low and high RER bulks were characterized by average RER of 6.3±1.3 and 

40.0±8.9 mm day1, respectively (Figure 1). 

 

Figure 1. Frequency distribution of root elongation rate in 244 F3 individuals from L01 x 

L18. 
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SNP discovery by RAD-Seq with BSA: 

Illumina RAD sequencing yielded 68,360,881 raw reads of high quality with an 

average length of 102.4 nt. Overall, a total of 20,376 SNPs were identified on 14,459 

alignments (Table 1). Most of the sequences (68.28%) presented a single SNP, while the 

remaining showed two or more SNPs in the same sequence (Table 1). The majority of 

SNPs were diallelic (98.8%) and more transitions (12,378) than transversions (7,746) were 

observed (1.6 ratio).  

In order to reduce false positive SNP associations, appropriate quality filters were adopted; 

only sequences harboring single and diallelic SNPs were selected and then aligned to the 

sugar beet reference genome. For the association between allele frequencies and RER 

phenotypes only SNPs with similar sequence coverage between bulks were selected (<20% 

coverage difference). Allele frequency ratio between bulks was estimated and only ratios 

higher than 2 (or lower than 0.5) were considered as candidate SNPs linked to the RER 

trait. A total of 234 SNPs passed the quality and association criteria and were selected as 

candidate markers associated to the RER trait. 

 
Table 1. Frequency of the number of SNPs identified by sequence analyzed. 
 
 

Number of SNP per each 
sequence 

Number of 
sequences 

Percentage on 
the total 

1 9872 68.28 
2 3403 23.54 
3 1056 7.30 
4 111 0.77 
5 16 0.11 
6 1 0.01 

 

 

Linked-SNP validation by genotyping: 
The selected 234 SNPs were distributed across all 9 sugar beet chromosomes and 

located on 133 scaffolds (Table 2). SNPs sequences and their corresponding mapping 

coordinates are reported as supplementary material (Table S1). The highest number of 

SNPs was observed in chromosome 8 (55) and the lowest in chromosome 7 (3). Among 

scaffolds with multiple mapped SNPs (67 of the 133), the “scaffold00009” on chromosome 

8 showed the highest number (13). 

SNPs were genotyped on the DNA of the individuals from the extremes of the phenotypic 
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distribution for validation. The most significant association was found for SNP10139 

(p<0.01). Sequences of the primers and TaqMan probes designed for the detection of 

SNP10139 are reported as supplementary material (Table S2).  

The pattern of association between genotype of SNP 10139 and RER was also evaluated 

on 40 low and 40 high RER individuals of the F2 population “F290”, showing a wide 

variation for RER trait. Low and high RER bulks were characterized by an average RER of 

1.2±0.02 and 2.8±0.08 mm day-1, respectively (Table 3). Also for this breeding population 

SNP10139 showed different allele frequencies between the two groups (p<0.01).  

 

Table 2. Distribution of selected 234 SNPs putatively related to root elongation rate on the 

sugar beet genome. 

 
Chromosome Ch. size [Mb] Number of SNPs Number of scaffolds 

1 41.5 18 11 
2 39.5 39 ... 
3 32.3 18 ... 
4 31.1 23 ... 
5 56.2 26 ... 
6 57.8 45 ... 
7 50.9 3 ... 
8 40.1 55 ... 
9 45.2 7 ... 

Total ... 234 133 
	

 

Table 3. SNP10139 alleles in low and high root elongation rate bulks in population F290. 

 

Low root elongation rate bulk  High root elongation rate bulk 

Sample 

ID 

Root elongation 

rate (mm day-1) 

SNP10139 

genotype 

 Sample 

ID 

Root elongation 

rate (mm day-1) 

SNP10139 

genotype 

1 0.9 A/A  1 2.4 G/A 

2 0.9 A/A  2 2.4 A/A 

3 1.0 A/A  3 2.4 A/A 

4 1.0 A/A  4 2.4 G/G 

5 1.0 A/A  5 2.4 A/A 

6 1.0 A/A  6 2.5 G/G 

7 1.1 G/G  7 2.5 G/G 
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8 1.1 G/G  8 2.5 G/A 

9 1.1 G/G  9 2.5 G/G 

10 1.1 G/G  10 2.5 A/A 

11 1.1 A/A  11 2.6 G/G 

12 1.1 A/A  12 2.6 G/G 

13 1.1 A/A  13 2.6 G/A 

14 1.1 A/A  14 2.6 G/A 

15 1.1 A/A  15 2.6 A/A 

16 1.1 A/A  16 2.6 A/A 

17 1.1 A/A  17 2.7 G/G 

18 1.1 A/A  18 2.7 G/G 

19 1.2 G/G  19 2.7 A/A 

20 1.2 G/G  20 2.7 A/A 

21 1.2 G/A  21 2.7 G/G 

22 1.2 G/A  22 2.7 G/A 

23 1.2 A/A  23 2.7 G/A 

24 1.2 A/A  24 2.7 A/A 

25 1.2 A/A  25 2.7 A/A 

26 1.2 A/A  26 2.7 A/A 

27 1.3 G/G  27 2.7 A/A 

28 1.3 G/G  28 2.8 G/G 

29 1.3 A/A  29 2.8 G/G 

30 1.3 A/A  30 2.8 G/A 

31 1.3 A/A  31 2.8 G/A 

32 1.3 A/A  32 2.8 A/A 

33 1.3 A/A  33 2.9 A/A 

34 1.3 A/A  34 2.9 A/A 

35 1.3 A/A  35 3.1 G/G 

36 1.4 G/A  36 3.2 A/A 

37 1.4 A/A  37 3.4 G/A 

38 1.4 A/A  38 3.8 G/G 

39 1.5 A/A  39 3.8 G/G 

40 1.5 A/A  40 5.1 G/A 

 Mean: 1.2+0.02      Mean: 2.8+0.08   
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Candidate gene discovery: 

SNP10139 was mapped in the coding region of the Bv6_128350_ktfi gene on 

chromosome 6. Figure 2 shows its position within the Bv6_128350_ktfi gene sequence. 

The total length covered by the coding exons is 929 bp and the total length of the introns is 

2472 bp. The SNP10139 polymorphism is characterized by a mutation from A to G on the 

third base of the codon for leucine (UUA -> UUG), resulting in a silent mutation. 

Bv6_128350_ktfi sequence showed homology with the peptide transporter gene (PTR) 

family of Arabidopsis thaliana (Figure 3). Among this family, AtPTR2 (AT2G02040.1) 

showed the highest similarity (72.8%) with Bv6_128350_ktfi (Table 4).  

 

Figure 2. Schematic representation of the Bv6_128350_ktfi gene with the position of the 

SNP10139 according to the reference genome (RefBeet-1.1; http://bvseq.molgen.mpg.de). 
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Figure 3. Aminoacid sequence alignment of the peptide transporter genes, PTR, in sugar 

beet and Arabidopsis thaliana. 
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Table 4. Aminoacid sequence identities (%) among the peptide transporter genes, PTR, of 

sugar beet (Bv) and Arabidopsis thaliana (At). 

 
Specie Gene   1 2 3 4 5 6 7 
Bv  Bv6_128350_ktfi.t1 1  72.8 62.0 56.1 60.4 59.1 41.8 
At AtPTR2_AT2G02040.1 2 72.8  68.0 62.7 59.1 57.1 40.2 
At AtPTR6_AT1G62200.1 3 62.0 68.0  63.1 53.2 52.8 37.8 
At AtPTR4_AT2G02020.2 4 56.1 62.7 63.1  47.2 45.9 35.9 
At AtPTR1_AT3G54140.1 5 60.4 59.1 53.2 47.2  73.9 42.3 
At AtPTR5_AT5G01180.1 6 59.1 57.1 52.8 45.9 73.9  41.6 
At AtPTR3_AT5G46050.1 7 41.8 40.2 37.8 35.9 42.3 41.6   
 

Discussion 

In this study, we have demonstrated the feasibility of combining the BSA and 

RAD-seq approaches to generate a large number of candidate SNPs associated with root 

elongation rate in a format suitable for high-throughput genotyping. Our approach provides 

a good example of the high potential of RAD technology, combined with comparative 

assembly to the sugar beet genome, to characterize large numbers of informative SNPs in 

pooled DNA samples. Analogous approaches were successfully used to identify a panel of 

SNPs in eggplant (Barchi et al. 2011) and sugar beet (Stevanato et al. 2014).  

Among associations between SNP mutations and the RER trait in sugar beet, we identified 

a very strong association for SNP10139. Analogously, Rosas et al. (2013) found a SNP 

influencing root system architecture on two candidate genes (RSA1 and PHO1) of 

Arabidopsis thaliana and Kumar et al. (2014) revealed several SNP polymorphisms, within 

the Rtcl, Rth3, Rum1 and Rul1 genes, associated with seedling root traits in maize.  

 

The homologue peptide transporter gene (PTR) of Bv6_128350_ktfi, where 

SNP10139 was mapped, influences not only root development but also the uptake of 

nitrate and peptides from the soil in Arabidopsis thaliana (Bai et al. 2013). Komarova et al. 

(2008) showed that over-expression of a dipeptides transporter AtPTR5 could enhance root 

growth and increase N content. Fan et al. (2014) demonstrated in rice that the di/tripeptide 

transporter OsPTR6 increases both growth and N accumulation. This could help to explain 

the previously found close association between the morphological and related 

physiological root traits and productivity in sugar beet (Stevanato et al. 2010). 
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The SNP10139 polymorphism is a silent mutation, which does not result in an amino acid 

exchange. A biological explanation for the effect of this SNP could be that it may be in 

linkage disequilibrium with another mutation in coding regions. Alternatively, this SNP 

might change the substrate specificity of the RNA influencing the timing of translation and 

protein expression (Kimchi-Sarfaty et al. 2007). Numerous examples have been reported in 

the literature for linkages between silent mutations and phenotype alterations (Goymer 

2007; Garg et al. 2012; Jha et al. 2015). An association between root morphology and 

synonymous SNPs was recently found in maize (Abdel-Ghani et al. 2015) and rice (Li et 

al. 2015). 

 

Previous studies have demonstrated that differences in gene expression can be 

associated with quantitative traits and SNPs. Jaiswal et al. (2015) found a SNP modulating 

the expression of the gene TaGW2 associated with grain weight in wheat. Further studies 

will investigate the functional effect of SNP10139 alleles on PTR gene expression and root 

morphology in sugar beet. 

 

Root breeding has been proposed as a key factor for the “second green revolution” 

(Lynch, 2007). Nevertheless, the contribution of sugar beet root traits as tools for the 

selection of high yielding cultivars has not been adequately taken into account in breeding 

programs. The molecular marker associated with root growth identified here is one of the 

most efficient ways for improving root apparatus in sugar beet. The introgression of the 

SNP10139 allele into sugar beet genotypes might improve root soil exploration and 

nutrient acquisition. Previous studies in maize and sugar beet showed that rapid primary 

root growth plays a major role in nutrient uptake and productivity and it was hypothesized 

that alleles promoting root growth may facilitate selection for efficient nutrient use 

(Vamerali et al. 2003; Stevanato et al. 2010).  

 

In conclusion, our results suggest that the use of SNP10139 marker in gene-assisted 

selection programs offers an opportunity to improve sugar beet root development and 

nutrient acquisition, facilitating the selection of high yielding cultivars. 
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Supplementary material S1. Information on 234 SNPs used in the study from sugar beet 

genome (RefBeet-1.1). 

 
SNP ID Chr. Scaffold Sequence 

SNP9975 1 scaffold00001 TGCAGGTATTAGGAGGAAACAAGTGGGGATGT[T/C]ACCCTAATAGTTCGGGAGTGT
AGGAGGGGGTGACAGT 

SNP9976 1 scaffold00001 TGCAGGCAGCAAAGACCAGAACTGCTCATATTGTAGAAGATCCTAGATC[C/A]CCTG
GATCGTCATCCGACAG 

SNP9977 1 scaffold00001 TGCAGCCCAAACTTTGCTCTCCAACTCGTTTGCCAGTGCTTCAA[C/G]TCTACAAGCA
CGGAGAAGATCAACT 

SNP9978 1 scaffold00003 TGCAGTT[C/T]TAAGATCTATGTTCTCACCACTTACTTGTGAAAGAGAATTTCAAAAA
TGACCTTGAGAATTT 

SNP9979 1 scaffold00039 TGCAGTTCCTGAAAATTTGTCCAAAGATGCTCG[T/G]GACTTTATAAAGCAATGTATA
CGTGTGAATCCAGAT 

SNP9980 1 scaffold00039 TGCAGGAAAACGGAAAAAATATT[T/C]ATGACTTGTGTGGCCAACCAAGAAACAACT
TTGAAGCTTAACAATT 

SNP9981 1 scaffold00039 TGCAGAAGTTGTGAATTTGCTTAGTTGTTGTATCCTTG[G/T]ACCATCCCTAAATAAA
TGTTTGCAGTCTTGT 

SNP9982 1 scaffold00067 TGCAGACGGAAGACCTATTG[T/C]TTTCAACTTGTTGGCCTAAAGTGGTGTCAAATAT
TTACTGTTATATTGC 

SNP9983 1 scaffold00067 TGCAGACGGAAGACCTATTGTTTTCAACTTGTTGGCCTAAA[G/C]TGGTGTCAAATAT
TTACTGTTATATTGC 

SNP9984 1 scaffold00097 TGCAGATAT[A/G]TATGATTCCAACTCTTCTTGTTGCTGCTGTTGTCTGTAGATACTGT
CCAAGCTTATGCCT 

SNP9985 1 scaffold00103 TGCAGTTTTATACTTATAGAAAGAGGTTGT[G/A]TCCAATCGACCCATCATCTGATAT
ACTACAATCATCTAA 

SNP9986 1 scaffold00146 TGCAGCTCTTC[A/T]AAAGTGCATGACCCTAAATTCTCTCCCAGAAGTCTCCTAATAT
CACAGTTCTATAATT 

SNP9987 1 scaffold00146 TGCAGCTCTTCAAAAGTGCATGACCC[T/C]AAATTCTCTCCCAGAAGTCTCCTAATAT
CACAGTTCTATAATT 

SNP9988 1 scaffold00300 TGCAGATTTGGGAAT[G/C]CACAAAGTATTCCACCTGACAGGAGCCTTTCGGAAGAA
CTGAGTCCCTCCAGTC 
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SNP9989 1 scaffold00453 TGCAGGCTC[C/T]AAGACCTCGAAGAGGAGAGAGACATCACCAGTTGGTTGAAGTTC
CTTTCTGGTTATCTTT 

SNP9990 1 scaffold00453 TGCAGGCTCCAAGACCTCGAAGAGGAGAGAGA[C/A]ATCACCAGTTGGTTGAAGTTC
CTTTCTGGTTATCTTT 

SNP9991 1 scaffold00488 TGCAGAGCTTCAATTGCATTGCA[C/G]TGCCTCAGCTGGCTTAATGACGTTATCCCGT
GATGATTCACTGCTT 

SNP9992 1 scaffold00537 TGCAGATATAAATTA[T/A]ACTCTAGTGAGGAAACAAATTCCGTTTTTCTGATAAATT
TCTGCCCTTTAAATC 

SNP9993 2 scaffold00010 TGCAGCTG[T/C]TGATGCTGATGCAGTTGGTGTTGCTGAAACTGATGTTGTTGGTTCA
GAAACTGCGATTCGA 

SNP9994 2 scaffold00010 TGCAGATGAGCACCATATTTTACGTCTCTATGACTA[C/T]TTTTACCATCAGGTTCGT
ATACTGTGGGGATCT 

SNP9995 2 scaffold00018 TGCAGAAATGGAAGGATTT[A/G]ATTTGGGTAATTTTAGTGAGAAATTGTTGGTTAA
GGAGGTTGATGAAGTT 

SNP9996 2 scaffold00027 TGCAGCAGAAAT[T/G]GGTAAAGGTGGTGAATGCTTGTCATCTGTATGGGATGTTCC
TTCAGTTGCATTTTCC 

SNP9997 2 scaffold00049 TGCAGGACAAGTATTATCCTGCATTCTTAAAGAAGC[A/T]AAAGGCTCAAGGGTTCA
TTAACCTCGAGATGGG 

SNP9998 2 scaffold00052 TGCAGGTGAGGATTTTAAGAATT[C/T]TATGCATAATTTTCCTTGACTATCTTGATTG
TGAAGTTGTACATTA 

SNP9999 2 scaffold00052 TGCAGGTGAGGATTTTAAGAATTCTATGCA[T/G]AATTTTCCTTGACTATCTTGATTG
TGAAGTTGTACATTA 

SNP10000 2 scaffold00074 TGCAGGTGTGATTATCTTATTAGAGATTGTGATAGGAACATA[A/T]AAGGAAATGTT
CTATTGGTTTAGATGT 

SNP10001 2 scaffold00074 TGCAGGTTACC[G/A]TCCACCGCGGCTTAGTGATAATGTACATCACAACACCACTTT
ACTAACACCGGAATCT 

SNP10002 2 scaffold00074 TGCAGGTTACCGTCCACCGCGGCTTAGTGATAATGTACATCACAA[C/T]ACCACTTTA
CTAACACCGGAATCT 

SNP10003 2 scaffold00074 TGCAGGATTTGTTGGTCTCAGCATCATGTCTAAGTTT[T/C]GCCTTCTTCTATCCCTTT
TTCTGTATTCTGAT 

SNP10004 2 scaffold00074 TGCAGGATTTGTTGGTCTCAGCATCATGTCTAAGTTTTGCCTTCTT[C/T]TATCCCTTT
TTCTGTATTCTGAT 

SNP10005 2 scaffold00074 TGCAGTGCAATCAGAGACTTGCCAACCATGATCTTGTAT[C/T]GAAAAAGTCCAAGC
TCCTTTAGAAATATGT 

SNP10006 2 scaffold00077 TGCAGGATCAAATTAAAGAGGTATTATCAA[A/T]CAGGAACTTTAAGACACATTAGT
GATATGTATGTCCATC 

SNP10007 2 scaffold00077 TGCAGTA[C/T]TTATTTGCAAAGAAAATTCAAGAAAACCCCAGAAATACATCCATTC
GACCTCCAAAAAACTC 

SNP10008 2 scaffold00078 TGCAGACTTGCAGGGTTCATTGAGTTGCACTGTA[T/G]GAATTTGGAGGATTTGCTCT
CCCTCCATAATCCAC 

SNP10009 2 scaffold00078 TGCAG[T/C]CTGCTTGCCCATTAAAGATTGATGAATTTTGGCCTACCATTAATACAAC
AAGTATATGTTCTCT 

SNP10010 2 scaffold00078 TGCAGAAGTGGTGCTATTCATGGTTT[C/T]GATTCTGCTATCTGATTTGATTATTGAT
GCCATATATTTCTAA 

SNP10011 2 scaffold00083 TGCAGTTGTTTGCGGGTGAGCCCTTGTTTGCACATGCT[A/G]ATCTTATAAAGGAGAA
AAGGCTTCATCTGCT 

SNP10012 2 scaffold00086 TGCAGACCCCGGCAGCTGCTGATTCCGAGACGGCA[T/G]CTGCTGAGACATGCTACC
AGCTGTACCATGCAAA 

SNP10013 2 scaffold00086 TGCAGGAATTCAGAAGAAGACAAGATGAAAATAGTCTGGAGTTACG[T/C]GAACAG
TCTAGCAAGTTATTTAC 

SNP10014 2 scaffold00163 TGCAGGCATGAGCTATGAACTTTTAACAA[T/C]GATTGTAAATTGTCTATGAACAAA
TCTTTTATTGATTGCA 

SNP10015 2 scaffold00163 TGCAGATACCC[G/A]CAAAGACAACTTCCACACCAGTCTAGTTCATGACTACCTTAA
AACAATTTCTCGAGCC 

SNP10016 2 scaffold00163 TGCAGATACCCGCA[A/G]AGACAACTTCCACACCAGTCTAGTTCATGACTACCTTAA
AACAATTTCTCGAGCC 

SNP10017 2 scaffold00163 TGCAGATACCCGCAAAGACAACTTCCACACCAGTCTAGTTCATGACTACCT[T/C]AA
AACAATTTCTCGAGCC 

SNP10018 2 scaffold00175 TGCAGTATTCTACTCTCCTCCATCACCATCTTCC[C/T]TGGCCAGCGTGATTGGGTTA
CGTTTGGGGACAGGA 

SNP10019 2 scaffold00175 TGCAGCATCTATAAGCTTTTGCCCTTCATCGCCAGATAAAGC[A/G]ATTTCAAATCAA
ATCTGTTTTATCTTC 

SNP10020 2 scaffold00185 TGCAGTCATTGATTCTTTAT[T/G]AAGTGTTAAAAGCTATTTTTCCTTGCTTTTTGAAA
GTTTTGTATGATCC 

SNP10021 2 scaffold00209 TGCAGGAGGTGCTGCTACTGAAAATAA[C/T]GACTCGACGTCTTTCAGTGTTAAAAT
TGGTTGGTCTTGATTC 

SNP10022 2 scaffold00227 TGCAGGATACGG[G/T]GATTTTCTTCTCTCTCCGTCTGGTTGTGTTGAGTCTACATTTT
ACGCCATTGTGTAT 

SNP10023 2 scaffold00234 TGCAGAGAACATGAGGAGTAGCTAAAATGACAGAAAGA[G/T]AAGAAGACTGTATT
GCTGAGACAGAACACTA 

SNP10024 2 scaffold00234 TGCAGACTATGATTCTTTACACAAC[A/G]GACTCGTGGACCTATTTCTGAATTTCATG
GCTAACCAACAGAAA 

SNP10025 2 scaffold00304 TGCAGTTTATGGACCAAGAGCCGGGACTAAGAAGAA[C/T]GAAAACCCGGAGAAAG
CTTCAGTTGAAGTTATT 

SNP10026 2 scaffold00304 TGCAGTTTATGGACCAAGAGCCGGGACTAAGAAGAACGAAAA[C/T]CCGGAGAAAG
CTTCAGTTGAAGTTATT 

SNP10027 2 scaffold00393 TGCAGCCGTGCAACGCTGTCGAAG[T/C]TGGGAATTTGCAAGTTCGAAGTTGGCAGT
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TGACAGTTGTGGTCTG 

SNP10028 2 scaffold00429 TGCAGTGGCACAGGATTTGTTTACCAGGTACTCCACGAATT[G/T]AACTGTCAGATA
AACTTGTGATTGCTTG 

SNP10029 2 scaffold00499 TGCAGGATGTGCATTCCTTTTCTCTTTTGTCCCTCTCTTTTCATCAT[A/C]AATTCTAG
TCATGTTTCTATTT 

SNP10030 2 scaffold00607 TGCAGATAGGCTTGGTTTCGTTGATCC[C/T]GACACAGGTGAATGCCTTCCTGCGGCT
ATGCTCCCATATTGT 

SNP10031 2 scaffold00847 TGCAGCATTATGTCGTCCAAAGAAGC[C/A]ATTAGCTCATCTGCCTCAGAACCACCA
GTAAAATTGATACACC 

SNP10032 3 scaffold00030 TGCAGTGAAAAATTACATAGAGCTCTAGCTTCGTC[A/G]TTATTTGCAAAAACTATAT
CAGCATAATTCCCTA 

SNP10033 3 scaffold00058 TGCAGAGTGCAGACTTCTGGTGAACCAAAG[T/G]CATTTTTCTATCAAGCCAGAGTT
ATCTTTATACTCTTAC 

SNP10034 3 scaffold00068 TGCAGGAGC[G/A]TCAGCAACAGGGGCTTTCGCCTCAGGAGCTGGTGCTGGGGCAG
GCATAGGGGGAATGTCA 

SNP10035 3 scaffold00068 TGCAGTCCATGACACACTGTCTT[T/G]CTCACTCATATCATGAAACACTTGCAATGAC
TTCTCAACATCCCCG 

SNP10036 3 scaffold00106 TGCAGAACAGTTTTAGGCTCCTGAAAATTTAA[A/C]TTAATAAGTATATTTTATTGAA
TATAACCTTTTGCAG 

SNP10037 3 scaffold00113 TGCAGCTAAGCTTGAAAGCATTTTTAAGC[T/C]GAGTCCCGCAACAGATGCTCTAGA
CGCAGAGAACATAGAT 

SNP10038 3 scaffold00119 TGCAGTGTCAAAAGGAAACAACAAAAGTGA[C/T]TAGCAATAACAAAGTATTACCA
TAAGTAATAAATCTATA 

SNP10039 3 scaffold00119 TGCAGTGTCAAAAGGAAACAACAAAAGTGACTA[G/A]CAATAACAAAGTATTACCA
TAAGTAATAAATCTATA 

SNP10040 3 scaffold00125 TGCAGGTATATATCTTCGTTTTCTCTTGT[A/G]ATTCTAGCTATCTGACTAGTTAGACC
CAAATCATTTCTCT 

SNP10041 3 scaffold00125 TGCAGCCATGGGTCCTTACTGGAG[T/C]ACCATTGTTTCCGATTACCTCGAGAAAATC
ATCAGGTTTTTTCGC 

SNP10042 3 scaffold00137 TGCAGCAGATGCAGAACTTTTATGAGGAGAGTTAAGCAAGTTC[A/G]ATATAACCAA
TGGGTGAATTGCTTCA 

SNP10043 3 scaffold00193 TGCAGTCAAGTCCAACCTT[A/T]GCTTTTACCTCCAACAACTGTGTCGTCATTTACTTT
TAGCTGTCACTTTT 

SNP10044 3 scaffold00193 TGCAGTCAAGTCCAACCTTAGCTTTTACCTCCAACAACTGTGTCGTCAT[T/C]TACTT
TTAGCTGTCACTTTT 

SNP10045 3 scaffold00225 TGCAGTCAAATGCTCTACCACTGAG[C/T]TATGGACCCAATACTATTCTCAAGCCTAA
CAAAAATCATAATTA 

SNP10046 3 scaffold00225 TGCAGTCAAATGCTCTACCACTGAGCTA[T/A]GGACCCAATACTATTCTCAAGCCTA
ACAAAAATCATAATTA 

SNP10047 3 scaffold00244 TGCAGAGGAGTACCCATGAAAAGATGT[T/C]CACTAAAAAGCCTACAAAATGTCGGT
GAAAAATGGTAGAAAT 

SNP10048 3 scaffold00391 TGCAGCAAGACAGCT[T/G]GTTTAGGCTTGAATCTCCAGCATAGAAAACCATCTCCT
GTTAAGTTAGATACAG 

SNP10049 3 scaffold00614 TGCAGTGTAGTTTCACTTTCT[C/G]TGTTGGGACTGCTTAACCTTAAAATGGAAGAGA
TCCCAGGAATATTCT 

SNP10050 4 scaffold00054 TGCAGGCAAGGAGGCCAGGAGTTAATACCCCAC[T/C]CTCAATCGGTAACTCCAAAA
AGGAAAGTCACCAAAA 

SNP10051 4 scaffold00063 TGCAGATGAAGTAATTC[A/G]TCATCAAACACCTTCTCCTGTTGTTGCGGTTGCGGAG
GAGAGAGAAAATGAG 

SNP10052 4 scaffold00085 TGCAGCAGGAAGCATGTAGATACCACACATGTCTCTCCCTGTCCCCG[C/T]ATGTTAT
AAGCCAACAATTGAA 

SNP10053 4 scaffold00088 TGCAG[C/A]GGTTCAATCCATGAGCTAACTAATGTCCTGTATTTTCTACTCAAAATCA
TAGCTCTTGGTGGCA 

SNP10054 4 scaffold00088 TGCAGGAAGAGCATCTGCTTCATGTTCATTTAAAAA[G/T]CCCCTAAATTATGTCTCA
TTAGTCATATTACAT 

SNP10055 4 scaffold00088 TGCAGACATGATACTTTGTGACGTTGCTCCTATGGAGAAAAA[C/T]TGTATGGTACTT
GGAAGACCTCGGCTG 

SNP10056 4 scaffold00088 TGCAGACATGATACTTTGTGACGTTGCTCCTATGGAGAAAAACTGTAT[G/A]GTACTT
GGAAGACCTCGGCTG 

SNP10057 4 scaffold00112 TGCAGCTCCACGAGATAAAG[C/A]ATCAGAAACTTCAGGGCTTATTTTGATCAACCC
ACCCTACATTACATTA 

SNP10058 4 scaffold00112 TGCAGAGTGCTTGCTGCAAGTGATCGAACTC[C/T]ATGGATCTACTCAACCAACATCT
GGTGTAGATAAAGGA 

SNP10059 4 scaffold00130 TGCAGAGGATGAAATGCTCTTGGAGGA[C/G]TACTCGGCCTTAGAAGGTGTTACTCG
GGTGAATACCCTGTTA 

SNP10060 4 scaffold00166 TGCAGTAT[T/C]TAATCTCGAATAATTGAGGCGAGTAGGAAAGCGTGCAATACAGTT
GTTGCTGAGCAAATGA 

SNP10061 4 scaffold00172 TGCAGTTCTTG[T/A]GCAGTCTGATTCTGTTGGTGAGAAGTAGTCGTTTAGCAAGGAC
TCGAAATGATTTCTT 

SNP10062 4 scaffold00172 TGCAGTTCTTGTGCAGTCTGATTCTGTTGGTGAGAAGTAGT[C/T]GTTTAGCAAGGAC
TCGAAATGATTTCTT 

SNP10063 4 scaffold00191 TGCAGGGACTAACTATAGCACTTATATA[A/T]GCCCGCAGTACAGTGACTATCAATC
CGTCATCAGTGCAGTC 

SNP10064 4 scaffold00219 TGCAGGTTTCTTTATCCTATCTATCCACTAATTTG[T/C]GTGGCTGCATCTGCGTTTAT
TGAAAGTGTGCCTG 
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SNP10065 4 scaffold00276 TGCAGAACAAAAACGTGGAATTTTCATCAAAATCAC[G/C]CAACAGAAGAAAGTAA
AAACCGGTTCCGTGTTC 

SNP10066 4 scaffold00276 TGCAGTTACCAGTGAGCATTTCATCGATTAAAGAAAG[A/G]ACATATTCCACTGTCT
CTTCTTTAAAAATATC 

SNP10067 4 scaffold00276 TGCAGTGTGAAGTGGGAGAGAAGGGATGTCGTAGTTGGGTTTTTGAATAA[G/C]ACG
AGCTTTGAATGGAAAA 

SNP10068 4 scaffold00358 TGCAGTATTCAGAATTCTTAT[A/T]CATTATAGAACATGGTGTATGACACTAGATTCC
ATTGTGCGTATATTA 

SNP10069 4 scaffold00474 TGCAGTTGGCATTAGCTGTGCTCCGTAAGGC[G/C]AATGACGAGCTCTTGGTTCTTGA
TTTTGAGAGGTATTC 

SNP10070 4 scaffold00518 TGCAGA[G/A]CTTATAAGAAAATCGACGGACTTTGTGCCATTGGTTCTATACTTTTAT
CAGTTGTGTAGCAGT 

SNP10071 4 scaffold00538 TGCAGTTCCCAATCTCAGCAGGAAGTTCCCCC[A/T]TGAGATTCTGATTCCCACCTGC
TCGAAAGACTTGCAG 

SNP10072 4 scaffold00877 TGCAGCAATAA[T/C]CAAGTGCACTTTATGGAATAAGGCTTAATTTGCTTTGATGTGC
ATGACTGCATGTCAT 

SNP10073 5 scaffold00006 TGCAGCAGTAGTTTTCAAGTGGTACATTAGTCATTAGGTGCAAGACTTCTTA[A/C]TT
ACTTAGTCTTAAAAA 

SNP10074 5 scaffold00006 TGCAGCCATCGCCAAGCTCATGGACTTGGCCCCTGAGACAGCAATATTA[T/C]TGAC
CCTTGATACAGATGGA 

SNP10075 5 scaffold00006 TGCAGAGCTAAT[A/C]AGTTCGTACTATACGATAAGTTTAGAACCATATGTTGAGGT
AAGTTCAAGCTAAGTA 

SNP10076 5 scaffold00006 TGCAGATG[T/C]CATTCAGGCATGTTTTGGTTGGCTCCTATCATCACCGGACGTATCT
GACTTATTTCAAATT 

SNP10077 5 scaffold00006 TGCAGAAGAACATATATCA[C/T]TAGCTTACCAAAATTAATATGAGATGCAAATGAT
CCATGTACTTCAGTAC 

SNP10078 5 scaffold00006 TGCAGCGAGAAAGAAGGGAAAAGGAGAAGGGAGGGA[G/A]GAAGATAACAAGGCT
CAAGATCACTGCACATAG 

SNP10079 5 scaffold00011 TGCAGATTTGCACACGAAGATGGATGAACATCC[C/A]ATAGAAATGGTGTAAACATG
GGGAAGATGACAATAG 

SNP10080 5 scaffold00012 TGCAGCAAAGAAAATTAATTAAAGTATG[T/C]AAGAACCAAAATAAAGCCAAGACT
TGAGATATTTTCTAAGC 

SNP10081 5 scaffold00111 TGCAGGTTTAATATTTTCTCTCTCCTTAGAAGAGAAGAATCG[T/G]ACAGCAATCGGC
GTTCTCGGCGCTTTA 

SNP10082 5 scaffold00122 TGCAGCCTTAAACTCTAAA[A/G]TTTTCTGACAAAAAATTGCAGGCAGTTTTCCCAG
AGCACCGTACACAATC 

SNP10083 5 scaffold00122 TGCAGCCT[T/G]AAACTCTAAAATTTTCTGACAAAAAATTGCAGGCAGTTTTCCCAG
AGCACCGTACACAATC 

SNP10084 5 scaffold00122 TGCAGTGTCAAGAATCAATATCTGATATAAATGCAT[A/G]CCTCCAACTGCAAGAAT
TAGATCATAGGAAAGT 

SNP10085 5 scaffold00150 TGCAGTCCTAATTTCTTACAATAATCATAAACGGTCCGTTTCACATATAGT[G/A]GCA
AACTGGCAATGGTAA 

SNP10086 5 scaffold00150 TGCAGCCAACCAAACTGTCAGCTA[G/C]AAGACTTGCTCCAAAAACATTAAGGGGAA
TAGACCAAGTCTTGCT 

SNP10087 5 scaffold00151 TGCAGCAAGAAGAAGCTTATGTTGATATCACTGTATTAAGATCCATACAAC[C/T]CG
ATTCAAAATCAGTCAT 

SNP10088 5 scaffold00259 TGCAGCTTTCCCTGCCCATGGTATCAGAAGGTGCCTCTCTCTCTAGC[C/T]CTGAGTC
CCAGAATAATCTCAG 

SNP10089 5 scaffold00308 TGCAGTGTTAAGCATAGATCTAGGTTCCGAATGGCT[C/G]AAAGTTGCAGTCGTAAA
CCTAAAACCAGGGCAA 

SNP10090 5 scaffold00309 TGCAGTACGCTTTTTACAGCAAAAACCTAATAAATACATA[G/A]AGACAGTTGTAAA
AGATAAGCAACTAGAC 

SNP10091 5 scaffold00326 TGCAGACCC[T/A]CTCACTAAAGAGGATCTTGTCAATTATCTTGCATCTGGATGTAAA
CCTAAACAGAAATGG 

SNP10092 5 scaffold00326 TGCAGACCCTCT[C/A]ACTAAAGAGGATCTTGTCAATTATCTTGCATCTGGATGTAAA
CCTAAACAGAAATGG 

SNP10093 5 scaffold00366 TGCAGTCATTGCACATTTG[A/C]ACTAGGTGGATAGCATATGGTGGTTCGCGGTCCTC
CAGGCTCCACCTGCC 

SNP10094 5 scaffold00547 TGCAGA[T/A]AAATGTTCACCAAACATCAATCTCAAATAAGCAGGGTAACATGAAGA
TGAAATGCTATACATA 

SNP10095 5 scaffold00587 TGCAGCAACTCCCCTTAGCTCCATGAAGC[G/A]ATCCTCTGCACTATAAGTGCACAA
ATTTGTCAATATCCTT 

SNP10096 5 scaffold00587 TGCAGCAACTCCCCTTAGCTCCATGAAGCGATCCTCT[G/T]CACTATAAGTGCACAA
ATTTGTCAATATCCTT 

SNP10097 5 scaffold00828 TGCAGGGAAATTCGTTATAAAGATGTGAA[A/G]TGATGTACACTACTAAGACCAATA
AACAGAACTTATATCA 

SNP10098 5 scaffold00828 TGCAGGGAAATTCGTTATAAAGATGTGAAATGATGT[A/G]CACTACTAAGACCAATA
AACAGAACTTATATCA 

SNP10099 6 scaffold00005 TGCAGGCTTAACCCAATGCTTATATAGCGTGGATTGCTT[C/G]CCTAGCAATAGCATT
TGGTTGATAACACTG 

SNP10100 6 scaffold00035 TGCAGGATAGAGTCTAAGAGTTTCGGTAACAACAGCATGCAAATAATACAA[C/T]TT
AGCCAAGGAGTCATAC 

SNP10101 6 scaffold00035 TGCAGACAACCAAAAGACATTAGCAT[T/A]TCAATTATAATTTGTTTTAACCTGGTTT
GGAAACTAGTAACTA 

SNP10102 6 scaffold00035 TGCAGAGAAGTGCCCCAAACTGCAAT[T/C]AAAGCAGTAATGAAACCTTTAGCATTC
ACACTGATATCGGTAA 

SNP10103 6 scaffold00035 TGCAGTCATATGCATTACGACAGGAGTTCAATTGCATACT[C/G]ATATCTACATGATC
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TTTGAATTTTGAGGC 

SNP10104 6 scaffold00035 TGCAGTTTTTATGGAGAC[T/A]CTAGTTGCGAGTGTAATTTTGTTTTGTGGTCGTCAT
ATAGTGGGATACGCA 

SNP10105 6 scaffold00040 TGCAGTAATATAGGTGGAGATATTTGTTGCATCAAATTTGGAAGCTTT[T/C]GGATGC
TACTTATCTTGAATG 

SNP10106 6 scaffold00040 TGCAGCACATAC[A/C]TCAGAAATCAAGAAGCAACTTGAGGCAGCTGATGCTAAACT
TATTGTAACAAATGCT 

SNP10107 6 scaffold00040 TGCAGGAATGGGAAGAACTTTAAG[T/C]TCACTGATGGGGTCGGAAATTGGATCAGT
TGGCATCTCTTCTTCT 

SNP10108 6 scaffold00040 TGCAGGAATGGGAAGAACTTTAAGTTCACTGATGGGGTCGGA[A/C]ATTGGATCAGT
TGGCATCTCTTCTTCT 

SNP10109 6 scaffold00040 TGCAGTTCTCCAGAAATTAAACAGACACTAC[A/G]ACAGGATGTGCAACATGTACAT
GTGATAGACAGAACAT 

SNP10110 6 scaffold00042 TGCAGATTTTAGCTTACTTTTGTAGTTTCATCTGA[T/C]TAATCATTGAATAATAGAT
ATGATAAACCAATTC 

SNP10111 6 scaffold00053 TGCAGGTAACAAAGAATTAGAATCATCAGAACATCT[C/T]TAGAAAAGGGCTGTTTT
TGTTTAGCTTATTGAA 

SNP10112 6 scaffold00053 TGCAGCATTCACAAATTGCTTAGA[T/C]GAAGCAGATTCCCCACATAGCTTTGAGTCC
TTTGCTCCGGTGTGT 

SNP10113 6 scaffold00053 TGCAGCATATGATGTCCTCATAAACTTTGAACAGAG[G/A]TGGAGAAAGGCAACGA
AATGGAAAGAGTTCGGA 

SNP10114 6 scaffold00053 TGCAGCCATTGTCGTTGATCCCGCAAAAGTGAGCGACTGTTCA[T/G]CAGTACTGTTA
TCGTCTTGACAATAA 

SNP10115 6 scaffold00053 TGCAGCCATTGTCGTTGATCCCGCAAAAGTGAGCGACTGTTCATCA[G/A]TACTGTTA
TCGTCTTGACAATAA 

SNP10116 6 scaffold00055 TGCAGA[C/G]AGGTATCAAGGTTTAAATTACACATGGAACTCAAGCTACAGGAGCAA
CAGCCTAACTCCAAAC 

SNP10117 6 scaffold00055 TGCAGGCGAAGATACTCTAACCTCTCTTTCTCAGCATC[C/T]TCCAGCTTTTTTATTTC
TTCCTCAATATGCA 

SNP10118 6 scaffold00055 TGCAGG[C/T]GAAGATACTCTAACCTCTCTTTCTCAGCATCCTCCAGCTTTTTTATTTC
TTCCTCAATATGCA 

SNP10119 6 scaffold00089 TGCAGCAGCACGAGGGAGTCAAGAAATAGAAGTTA[T/C]TTATATCTACTATGTTTG
TAGGGACAAGTAATGC 

SNP10120 6 scaffold00115 TGCAGGAAGCATTGTAGATGTTTAGTACTCTCGTGCAAGGG[T/C]ATCATTTCATATT
ACCCAGAGAGGCAGA 

SNP10121 6 scaffold00120 TGCAGGGTAAT[G/T]CTTGTATTCTTGTATGTTTTATGGAATTTGCATGATGGTGTGA
GATTCCCTGTTCAAA 

SNP10122 6 scaffold00121 TGCAGATGTCATTCAGGCATGTTTTGGTTGGCTCCTATCATCACCGG[A/G]CGTATCT
GACTTATTTCAAATT 

SNP10123 6 scaffold00129 TGCAGTTTTGTCTAGCACCCAGAATTTCCTCATTGGTGTAAA[C/T]ACTGAAACATAA
AGAAATCAAATTCAT 

SNP10124 6 scaffold00141 TGCAGCTGTATAAAGACCATTGAAACATGATTAT[G/C]CTTGGGCAAGGGCTGTAAA
CAAAGAGGTATGGTAA 

SNP10125 6 scaffold00141 TGCAGCTGTATAAAGACCATTGAAACATGATTATGCTTGGGCAAGGGCT[G/A]TAAA
CAAAGAGGTATGGTAA 

SNP10126 6 scaffold00141 TGCAGATG[C/T]CATTCATATTTAATAGCGAATTACAAAACCAGTTCAATGAACACC
AACAAGATGAACAAAG 

SNP10127 6 scaffold00141 TGCAGCAGAAAATGTGACCACTTGTAGAAAGTGGACTTTGAGTGAC[A/T]TTGGCAT
TAATGCGGGAGATGTT 

SNP10128 6 scaffold00211 TGCAGATAAAATACATGGAAGG[G/A]CTCCTACTTTTTCCTTACTCTGTCTCACAAGT
AGCGTTGGTGACTTA 

SNP10129 6 scaffold00213 TGCAGCCCACCAACGTGATCTTGAAGGAGGAG[T/G]GTGATGGTGCCAGGGTCAGTG
TGACGTTTGAGCCCAA 

SNP10130 6 scaffold00213 TGCAGAAGTTCTTTAGGCATTCTCTGCTGCTGGAT[G/A]ACCTAAATAACAAAAACC
AACTCATTGAAAATGG 

SNP10131 6 scaffold00262 TGCAGGACCGGGTCAATATCTGGCAACTTCGGAATCTG[C/A]AATCAGTAAGATCAT
TCTTGTAAGGAAGTTT 

SNP10132 6 scaffold00312 TGCAGGTAATG[G/C]ACCTATCAAAATCCCCTCTGTGTAGATGTCAACTAGTTTAATT
GGTTAAAATCCTTGT 

SNP10133 6 scaffold00314 TGCAGGTTTGGGCAGCTGTCTTGGTCATA[A/G]ATTGACTGGACTGGGAGTCTGGCA
CAGCACAACTCATCTT 

SNP10134 6 scaffold00323 TGCAGAACCAGTCAAATTATAAATACC[C/A]CAATAAACGTATGAATAATCTGATTA
AGAAAAAAGATATAAC 

SNP10135 6 scaffold00354 TGCAGTAACCACTGTTTTTGCA[G/A]AACTAACATGCTGACAATTTTTCTGGACAGGT
ACAAGCAAAGCAACT 

SNP10136 6 scaffold00354 TGCAGATAGTCACACAAAGATGAGT[C/A]TCTATACTCTCTTCGAACAACATAAAGG
ATCAAAATTTATTGGG 

SNP10137 6 scaffold00373 TGCAGCAACCTTTGTTTTAAATAATATTGATTTATTTTAGTTAATGC[G/T]ACGTGAT
GAATGATGATGATGA 

SNP10138 6 scaffold00403 TGCAGT[G/A]TTTTTCTTTTTCTTATTGTGATGCTTCTGCAAGTGCTTGTGTATGTAAG
CCTTTTAATATTTT 

SNP10139 6 scaffold00403 TGCAGCTACTCCACCACAGTACGGAGTATTCTTTTT[A/G]GGCCTCTATCTGATTGCA
TTGGGGACTGGAGGG 

SNP10140 6 scaffold00433 TGCAGGGCGAAACCAGATATTTAAAGTTAAAAGGGGTCGATT[G/A]TTTAATATACA
TTGTTCGTATGTAGGG 
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SNP10141 6 scaffold00617 TGCAGTTGTCTT[T/C]TCTTGATTTTGGGGATAACTAATGTCTAATTGATAGTCTGTTG
CCATGGTGATTCCT 

SNP10142 6 scaffold00617 TGCAGTTTAGTTGTGTTGTACTGTTGTGACAAAAAC[C/A]TAGCATGTGAATACTGTT
CCAGGATTTGGGTAC 

SNP10143 6 scaffold00815 TGCAGCGGTTTTTGCACTTGCTGGTG[C/T]GAGGGAATTCTGAAAATATTCAATTACT
ACTTGCTAGTAGAGA 

SNP10144 7 scaffold00008 TGCAGTTCTTCTGTCAACAC[T/C]GGAGCAGGCGAGTATGCACCCATTCCACCTGTGT
TGGGCCCGGTATCAC 

SNP10145 7 scaffold00023 TGCAGAATAGAATGATTTGCAGGTGAGAGAGAATGATTTTGC[G/A]TCGTTAGGAAG
GTGATCAAGGATTAAG 

SNP10146 7 scaffold00023 TGCAGAATAGAATGATTTGCAGGTGAGAGAGAATGATTTTGCGTCGTT[A/G]GGAAG
GTGATCAAGGATTAAG 

SNP10147 8 scaffold00002 TGCAGATACAAAACCCACAAGAAAGAGAGATAGGAACTTAGAAATTGC[C/T]GTCA
ATCCATTGAGCAAAGGA 

SNP10148 8 scaffold00002 TGCAGAAGAAATTATCCATCGATTAACCTTTAATC[T/C]TCAAGAAGAATATATTTCC
TAGTTCAGAGTTAGG 

SNP10149 8 scaffold00002 TGCAGGAGGGAGTATGTGTCTTATTCAAA[A/T]CTAATGGGCACTTTTTTGTCTTGAA
TATTCGCAAAACTAA 

SNP10150 8 scaffold00002 TGCAGATTGTTGA[C/T]GCAAGAGAGACTCTGCTAAAGATGCTTCAAGCCAAGAAGA
GTGAGGAAAATGTAAT 

SNP10151 8 scaffold00009 TGCAGTCTAGTCTGGCGGACAGAAGTATTAGTGTTGATCTACTTCATAATC[G/T]TTC
CTTACATCGCCAAGA 

SNP10152 8 scaffold00009 TGCAGAATTCACTTGCTTCA[T/G]ATTCAGCTTGTCTTTGAAACATTAATTGGAAAGC
ATGAATAGAAAACAA 

SNP10153 8 scaffold00009 TGCAGA[G/T]TTCAGTTGCTATCATTTAATACACATGTCTAAGTTTGTAGGAACTAGG
AAGGACATGAATCAT 

SNP10154 8 scaffold00009 TGCAGAATACACATGCCAAAAGTATTTCCAAGTATCCTTTC[T/G]GAATCTCGATACA
AGCAATAAGATACCA 

SNP10155 8 scaffold00009 TGCAGAAGGCTGGAGAAGAAGTTCTG[C/T]CAGGAGTGAGCTTGTTGACCCTCTCTT
GTAACTGGGATACCAT 

SNP10156 8 scaffold00009 TGCAGAAGGCTGGAGAAGAAGTTCTGCCAGGAGTGAGCTTGTTGACC[C/G]TCTCTT
GTAACTGGGATACCAT 

SNP10157 8 scaffold00009 TGCAGCA[C/T]GGAAGCAAAGTAGTAAAATTAAAGATCTCAAACTTCACCAAACAGC
CACAAAAAGAAAAAGA 

SNP10158 8 scaffold00009 TGCAGTTAAC[A/G]AATTTGTCTTCGAAAACCAGAAGATGGAGGAAAATGATGAATG
TTTGAGTTTTAGTGAA 

SNP10159 8 scaffold00009 TGCAGTTAACAAATTTGTCTTCG[A/T]AAACCAGAAGATGGAGGAAAATGATGAATG
TTTGAGTTTTAGTGAA 

SNP10160 8 scaffold00009 TGCAGTACTTTGAAGAATACAAAAATAAACTAAAAG[A/G]CATGGTTGGGAAAAAG
AAAATGGAGTATATCAT 

SNP10161 8 scaffold00009 TGCAGCTGGTTCTGAAAGCAACAAG[C/T]GAGAAGTATGAAGCCACTATTGAAGATT
CAAAACGAGAGATTGA 

SNP10162 8 scaffold00020 TGCAGCCAGAAAAAGGGGGCGCACAGAAAAAAGCTCGCGAT[G/A]TGTGGCCTATA
TTATAAAGTCTGCTAAA 

SNP10163 8 scaffold00020 TGCAGTCTGCAATATTGTAGATTGCCTTTTGCTGTGTGCTTGAGTAATGTT[A/G]AAT
TTTTCAAAATAATAA 

SNP10164 8 scaffold00021 TGCAGTC[T/G]TTGCAACAAAGAAAATGAAACTTTTATTTTTCTCATGTGAGTACTCT
GGTCCACATGGGTTT 

SNP10165 8 scaffold00021 TGCAGCCAG[T/C]TGTAGAGGTAGGGAAAGAAATAGATTATCTAATAGAACCATGG
GTATGAGTGAGAATGCA 

SNP10166 8 scaffold00021 TGCAGCCAGTTGTAGAGGTAGGGAAAGAA[A/C]TAGATTATCTAATAGAACCATGG
GTATGAGTGAGAATGCA 

SNP10167 8 scaffold00028 TGCAGCTTATATTTTCAA[C/G]GCTTTTATGGTTTATCAGATGTTTACTGTTATTTTGT
TAGTATATCAGATA 

SNP10168 8 scaffold00057 TGCAGCTACCTGCAAGAAACTTGAAATATAAGCTACAG[C/A]TAACGCCTAATACAA
GCCAAAAAAGTGAAAG 

SNP10169 8 scaffold00057 TGCAGCTACCTGCAAGAAACTTGAAATATAAGCTACAGCTAACGCCTAAT[A/T]CAA
GCCAAAAAAGTGAAAG 

SNP10170 8 scaffold00057 TGCAGTGCCCATAGTACATAAATTACAATTCAAACGAA[T/A]GTCCCTCTAGCAATA
AAAAATTGAAAGACTA 

SNP10171 8 scaffold00057 TGCAGTGCCCATAGTACATAAATTACAATTCAAACGAATGTC[C/A]CTCTAGCAATA
AAAAATTGAAAGACTA 

SNP10172 8 scaffold00057 TGCAGAGATTGATCAGTATGGTTCTCTCATTAAGAAGGCTGAATC[A/T]GCAATTGG
ATCTTTGGTTGAAAGT 

SNP10173 8 scaffold00057 TGCAGCATAAGCACTATGACAATACAGTAGTAAATATATGTGTAATTAAGT[A/G]AA
TTAGACATACTAAGGG 

SNP10174 8 scaffold00057 TGCAGATAACTGAATAT[T/A]AGTGAATCCCACCTTACAAGATGATCGTCCCTCACA
TCACTAGGCCTAAACC 

SNP10175 8 scaffold00057 TGCAGATAACTGAATATTAGTGAATCCCACCT[T/C]ACAAGATGATCGTCCCTCACAT
CACTAGGCCTAAACC 

SNP10176 8 scaffold00066 TGCAGGACACCCATTAAAGATTCCGAAGTA[C/T]AAATCTTCTGATGAAGACAAGGG
CATGAAATTAGAATAA 

SNP10177 8 scaffold00066 TGCAGCCATTGAACACAA[G/C]CCGACCTTAGCTCAGTTGGTAGAGCGGAGGACTGT
AGTTGGTCAATGACAC 

SNP10178 8 scaffold00069 TGCAGTATCAGAAAATATATTTACTACATTGAAAT[A/T]CAAGCGTAAAAACATTTT
AATAGGCAAAGAAAAA 
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SNP10179 8 scaffold00071 TGCAG[C/T]AATTGATGAAAAATCAGCACGTCCTGGAGAGCCATGTGAGACATCCAT
CCCAATGATTACAGTA 

SNP10180 8 scaffold00090 TGCAGTCAGCAAGTTTAATACTC[C/T]TAGTACCAAGTACTACAGCAGTACTACTAGT
TTAATTACTCATTTA 

SNP10181 8 scaffold00090 TGCAGTAGTAACAGGCATACGACAGGCCA[G/A]CTTCACGGCCCTGGTGAAAAGGTT
GCATTCGAAAACACAG 

SNP10182 8 scaffold00101 TGCAGTCAACCTACAGCTGTTA[C/A]TAGATCCCCATTCCATTTTTATAAAAAAGCAG
TCCTAAGTTGGTTAC 

SNP10183 8 scaffold00110 TGCAGAAACTATTAGCAAAATCAATTTTGCATAA[T/A]ACTTAAAGACTGCGAAGCT
ACTATGTTCCTCAGCC 

SNP10184 8 scaffold00186 TGCAGAAATGGTG[C/T]CTGTCCTCAATCTTTGACGAATACCAGCGATTTGCCACTGT
GAAATCTAGGATATC 

SNP10185 8 scaffold00186 TGCAGCTAATTCCATCACAACTTGCCTTCTCTCTTTCTCTTTGTGGATTG[G/T]GGGTG
GGGACTGTGGAGGG 

SNP10186 8 scaffold00187 TGCAGGAAGAAA[T/C]AGCTCTCGAGTATAAATCTATTTGGGTTTTAATTCTCTTCTC
CTTTTTCCTTGGGGG 

SNP10187 8 scaffold00272 TGCAGGAGTGTCTATGGGTGGTGGTTGTATGGTTGTCTTCTAAA[A/C]GCAGAACAA
TGAGGGTTGATAGGTG 

SNP10188 8 scaffold00298 TGCAGCTCATGCCCTTGATGATTTAAAATGTAGCT[T/A]CAGTTTGGACTAGGGCAAC
AATATCCAACTCAGG 

SNP10189 8 scaffold00298 TGCAGGATTCAAGCCA[A/G]TAAAAAACCTTTAAAGTTCAGTTGGAAGTTTTTCGTTC
TTCCATCTTTCTAAC 

SNP10190 8 scaffold00298 TGCAGAATCTGCCCTATAGATTCTCTAGTAAGTTCCAAA[A/T]CATTCCGATAGAACA
AAGCAAATAAAATTA 

SNP10191 8 scaffold00369 TGCAGCTTCAG[A/C]ATACCTTCTCACAAGTCTCGCAACATCTCCAACCAGATGCATA
TTTGTGGAAAGTCTC 

SNP10192 8 scaffold00369 TGCAGTGGGTGTAGA[T/A]TCAAAATACTGTCTCAAATTGGTAAACCAGCTTGTCGT
CCTCTCAGGAACAAAC 

SNP10193 8 scaffold00372 TGCAGAACCATTGTCCGCCTCTGATCTCTCTT[C/T]GTCTCGCAATGGTGGCTCAAAA
GTCCGGGTTGCTTAT 

SNP10194 8 scaffold00380 TGCAGGCGATGGCATATTTGAC[C/T]CTTGCAGCAGTAGCAGCAGCGGCAGAGTCAT
CTGTAATTGGAAAGTT 

SNP10195 8 scaffold00380 TGCAGGCGATGGCATATTTGACCCT[T/C]GCAGCAGTAGCAGCAGCGGCAGAGTCAT
CTGTAATTGGAAAGTT 

SNP10196 8 scaffold00380 TGCAGCTCTCTGGCAGAAGTC[A/G]TACAAATCCTCGAAAAATTGAGCTTCATCAAT
ACCTATCACATCCAGC 

SNP10197 8 scaffold00443 TGCAGTCCAGTTATATGCCAAGGAATGTAGTAAACTAATCTTAGAAG[C/T]CCTGAA
AAGAGGTCCTGTAACT 

SNP10198 8 scaffold00443 TGCAGGGGGAGCCTAAGCTTACTTATCATGAAGGTA[A/C]ATTTTCTTAAGAAACGC
GGTCAATTCTAGACAG 

SNP10199 8 scaffold00528 TGCAGACAACAGTTTCAGTTTCAACACTTGCAAAGGGT[C/T]CCACCTCTGCAAACA
GAATATAAAAAGAATG 

SNP10200 8 scaffold00766 TGCAGTGAGCTCCTTCTGTGGCAAATGCATGCAATACCTGGAT[C/T]AGCAGCATAA
AAGATAAAACATATGT 

SNP10201 8 scaffold00766 TGCAGGCTCACACATTATTCTTATACACA[A/T]AAGTTGATTTACCTTAAGCGAAGTT
AACACGGAGCGAAGA 

SNP10202 9 scaffold00016 TGCAGCTTT[A/C]TCCTGATATGGCTTCTTCTCCTGCACAGTCACCAGAAAACACAGT
TCAGTGCCGTCAAAC 

SNP10203 9 scaffold00048 TGCAGT[C/G]TCTCCATTTTCTACATTCTCATCATCGTTTATATGAATCATATCCAAAT
CTTCACCCCAATTG 

SNP10204 9 scaffold00048 TGCAGCATCACAAGTTTGTTCTGTGCCTTTATCTTTTAAACTCTCTTTCA[G/T]AATAC
TACATTTATGTTTG 

SNP10205 9 scaffold00094 TGCAGTTGAAAACAGTCACATAGGAAGATA[C/T]AAATGAACAACAAAGTCATAGTT
TACCCTTTTCTTCACC 

SNP10206 9 scaffold00094 TGCAGTTGAAAACAGTCACATAGGAAGATACAAAT[G/A]AACAACAAAGTCATAGT
TTACCCTTTTCTTCACC 

SNP10207 9 scaffold00094 TGCAGACTGCAATAGTCAAAGAAAAATAT[G/A]ATTTGCCAATGACATGCTAATACA
CATAATAACAAATCAT 

SNP10208 9 scaffold00094 TGCAGACTGCAATAGTCAAAGAAAAATATGATTTGCCA[A/G]TGACATGCTAATACA
CATAATAACAAATCAT 

 

Supplementary material S2. Sequences of the designed primers and TaqMan probes for 

detection of the SNP10139. 

Assay ID Forward  
Primer Seq. 

Reverse  
Primer Seq. 

Reporter 
1 Dye 

Reporter 1 
Sequence 

Reporter 
2 Dye 

Reporter 2 
Sequence 

SNP10139 CGTTTTGCCC 
TGCAGCTACT 

CAGTCCCCAA 
TGCAATCAGA VIC TATTCTTTTT 

GGGCCTCT FAM TACGGAGTAT 
TCTTTTTAGG 
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GENERAL CONCLUSION 

 

The development and application of high-throughput genome-wide genotyping methods 

can significantly broaden the germplasm screening capabilities. The proposed panel of 192 

SNPs, obtained with RAD sequencing approach, is a suitable resource for the estimation of 

genetic relationships among sugar beet parental lines and varieties. 

BSA and association analysis have been successfully used for identifying markers linked 

to important traits of interest such as nematode tolerance, bolting resistance and root 

elongation rate.  

The SNP marker, called SNP192, showed complete association to the nematode tolerance 

gene HsBvm-1. The use of the related TaqMan assay is advantageous with respect to 

conventional selection and is recommended for high-throughput marker-assisted breeding 

of nematode tolerance in sugar beet. 

A new putative locus involved in the genetic determination of bolting tendency in sugar 

beets was identified. SNP183, together with other associated polymorphisms, could assist 

breeding programs aimed at developing germplasm with low bolting tendency.  

Among associations between SNP mutations and root elongation rate trait in sugar beet, 

SNP10139 showed the strongest overall association. The use of SNP10139 marker in gene-

assisted selection programs offers an opportunity to improve sugar beet root development 

and nutrient acquisition, facilitating the selection of high yielding cultivars. 

In conclusion, the feasibility of combining the BSA and RAD-seq approaches to generate a 

large number of candidate SNP has been demonstrated. This approach provides a good 

example of the high potential of RAD technology, combined with comparative assembly to 

the sugar beet genome, to develop large numbers of informative SNPs. Moreover, SNP 

markers and the relative TaqMan assays can be used in sugar beet breeding programs for 

the development of improved varieties. 
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