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Abstract Usually, mapping studies in potato are

performed with segregating populations from crosses

between highly heterozygous diploid or tetraploid

parents. These studies are hampered by a high level of

genetic background noise due to the numerous segre-

gating alleles, with a maximum of eight per locus. In

the present study, we aimed to increase the mapping

efficiency by using progenies from diploid inbred

populations in which at most two alleles segregate.

Selfed progenies were generated from a cross between

S. tuberosum (D2; a highly heterozygous diploid) and

S. chacoense (DS; a homozygous diploid clone)

containing the self-incompatibility overcoming S

locus inhibitor (Sli-gene). The Sli-gene enables self-

pollination and the generation of selfed progenies. One

F2 population was used to map several quality traits,

such as tuber shape, flesh and skin color. Quantitative

trait loci were identified for almost all traits under

investigation. The identified loci partially coincided

with known mapped loci and partially identified new

loci. Nine F3 populations were used to validate the

QTLs and monitor the overall increase in the homozy-

gosity level.

Keywords Diploid potato � Homozygosity �
Inbreeding � Self-compatibility

Introduction

Knowledge about important characters and the genes

or chromosome regions underlying the genetic vari-

ation is important in molecular breeding. In the

tetraploid potato, it is difficult to efficiently exploit

the genetic variation of useful traits and to different

characters in a single successful variety due to the high

heterozygosity at each locus (Uitdewilligen et al.

2013; Visser et al. 2014). The introduction of a new

trait from a wild species may take 15–50 years, and

the development of new potato cultivars usually takes

over 10 years, making overall crop improvement a

slow and laborious process. The lack of yield gain in

potato breeding in the last century is a consequence of

these technical difficulties (Douches et al. 1996).

Techniques such as Molecular Assisted Selection

(MAS) and Estimated Breeding Values (EBV) can

possibly lead to a more rapid identification and

subsequent breeding of potatoes with a superior

germplasm (Slater et al. 2014).
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Mapping studies in potato have been performed in

both tetraploid and diploid populations (e.g., van Eck

et al. 1994a, b; Bradshaw et al. 2008; D’hoop et al.

2014; Prashar et al. 2014; Endelman and Jansky 2016).

In these studies, Quantitative Trait Loci (QTL) for

major traits were identified. A QTL study aiming to

map maturity in Solanum tuberosum showed a cycling

DOF factor underlying the expression of the late

maturing phenotype (Kloosterman et al. 2013). How-

ever, not all additional genetic variation in maturity

could be explained, and other factors have yet to be

identified. This was expected in tetraploid popula-

tions, where small allele dosages at other loci often

complicate the mapping of minor factors (genetic

noise). The traits of importance in potato include yield,

tuber specific gravity (under water weight, UWW),

starch content, disease resistance, tuber shape, and

flesh and skin color. Tuber shape can vary from

compressed to long; long tubers are suitable for French

fries and round tubers are preferred for crisps. Tuber

shape has a simple genetic basis, round was considered

to be dominant over long, and is hardly affected by

environmental factors (van Eck et al. 1994b) but

recently this seems to be less clear (Prashar et al.

2014). In these studies, the Ro locus on chromosome

10 (van Eck et al. 1994b) plays a crucial role. In an F1

mapping population between S. tuberosum and

Solanum vernei, three new tuber shape QTLs were

identified (Sørensen et al. 2006), which indicated that

a more distant germplasm can add novel diversity. An

unwanted phenotype of tuber shape is bending, which

results in curve-shaped tubers. This trait is not present

in cultivated European germplasm but can be fre-

quently found in both cultivated and wild Latin

American accessions. The flesh color of tubers of

potato cultivars varies from white via cream and

yellow to deep yellow to red and purple. The yellow

color is caused by carotenoids and red or blue/purple

flesh by anthocyanins. The carotenoids in tuber flesh

are thought to be health-promoting (Snodderly 1995).

A diploid S. phureja accession (Inca Dawn) is known

to have a high carotenoid level (Morris et al. 2004),

and the orange flesh color was found to be caused by a

recessive allele of zeaxanthin epoxidase (ZEP)

(Wolters et al. 2010). Alleles of the Y locus (chromo-

some 3) are responsible for a yellow flesh color

(Bonierbale et al. 1988). In addition to the Y-locus,

modifying genes are known to give rise to different

gradations of white and yellow.

To obtain F2 populations the diploid hybrids must

be self-compatible. However, diploid potato is self-

incompatible, inhibiting the development of homozy-

gous lines and offspring populations derived from

these lines. An approach to overcoming their self-

incompatibility is to use an accession of the wild

species S. chacoense. This accession harbors the Sli-

gene that overcomes self-incompatibility and hence

allows selfing (Hosaka and Hannemann 1998a, b). The

Sli-gene has been crossed into diploid S. tuberosum,

thus allowing the production of selfed progenies

(Lindhout et al. 2011). This made it possible to

develop F2 and F3 populations for mapping studies.

After selfing diploid potato, severe inbreeding depres-

sion might occur. This may be due to the presence of

recessive lethal alleles, which may hamper genetic

studies because offspring plants may suffer from lethal

alleles and the survivors may show a strong skewness

(Lindhout et al. 2011). The S. chacoense parent, which

harbors the Sli-gene, is almost completely homozy-

gous and consequently cannot harbor many lethal

alleles. Therefore, the chance to generate viable

offspring progenies is higher when the very homozy-

gous S. chacoense is used as one of the parents.

Until recently, F2 QTL mapping studies in potato

were impossible due to the self-incompatibility of

diploid potato. An F2 analysis is more powerful than

analyzing crosses between two self-incompatible

diploid genotypes or between tetraploid potatoes

because of the limited number of segregating alleles

in an F2 cross. In our study, the genes in the F2 can

have only two alleles. Our study aimed to investigate

how much variation for several potato characteristics

was present in our F2 population and to compare those

with known QTLs. Furthermore, we made F3 popu-

lations of ten different F2 plants to confirm the field

QTLs found in the F2 in the greenhouse (one was

omitted due to a high level of outcrossing). Addition-

ally, the reduction of heterozygosity in individual

plants was followed. Ultimately, the aim was to

identify the correct tools to use for developing many

good growing homozygous diploid potato lines that

can be used either for targeted breeding or for making

F1 hybrid true potato seeds.
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Materials and methods

Plant material

Two F1 plants, originating from the cross S. chacoense

(DS) 9 S. tuberosum (D2), were chosen and self-

pollinated to make F2 seeds. The two plants were part

of a F1 population of many plants of which only half

produced seed. The two chosen F1 plants produced

seeds with a high germination rate, and their F2

populations were the most vigorous ones. A single F2

population was used for the F2 mapping study and F3

offspring of individual plants of both populations were

used for the F3 studies. DS was selected because of its

self-compatibility (Hosaka and Hanneman 1998a, b)

and inbreeding tolerance. The tubers were long, and

they exhibited deep eye depth, white tuber flesh and

slight anthocyanin levels in the tuber skin. D2 was

selected for cooking quality, round/oval tubers, yellow

tuber flesh, shallow eye depth and no presence of

anthocyanins in the tuber skin. The pedigree of D2

lacks any wild species material (Hutten 1994). Both F2

populations were grown, but only one was used for

mapping purposes. The chosen diploid potato F2

population DS 9 D2 consisted originally of 415

genotypes; these genotypes were multiplied and six

tubers per genotype were used in the field trial. The

trial plants were planted on April 25, 2011, near

Wageningen on clay soil in two replicates with three

hill plots per genotype. Of each replicate, one plant

was selected for DNA extraction and marker scores

were later compared. Phenotypic scores were the

average of the scores of the two replicates. The other

F2 population was not genotyped but was grown and if

possible, seed was collected. A total of 10 F3

populations of approximately 100 plants were selected

based on the availability of seeds and growth of the

parental F2 plants. The 10 F3 populations (Fig. 1)

were sown on February 20, 2013, and emerged

seedlings were transplanted after 4 weeks and grown

under greenhouse conditions using 3 L pots in

Wageningen. Temperature was maintained at 24 �C,
plants were watered daily. No measures were taken to

decrease light intensity during the summer months. In

total, the experiment lasted 6 months, after which

tubers were harvested from each plant, labelled and

stored in net bags at 4 �C.

Phenotypic evaluation

F2 population

Tubers were harvested after 20 weeks (September 13,

2011) and stored. Tuber phenotyping was based on

digital images of the tubers. Tuber shape was recorded

as the length to width ratio (L/W ratio), where the

length of a tuber is defined as the distance between the

apex (rose) and the place of stolon attachment (heel).

The width of the tuber is the length of the transversal

axis perpendicular to the longitudinal axis. The curved

tuber shape was defined as a curve in the length axis of

the tuber (heel to apex), and an absence/presence

Fig. 1 Pedigree of the F3

populations. The progeny of

F1-18 was the mapping

population
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classification of curving was recorded in long tubers

only, with an L/W ratio exceeding 1.5. Flesh color was

scored using an ordinal 1–5 scale, representing deep

yellow, yellow, yellowish white, creamy white and

white flesh. Tuber skin color was scored in three

classes: without red anthocyanin, some blush of

pigmentation and with red anthocyanin.

F3 populations

Tubers were harvested per genotype and stored in a net

bag. Tubers were weighed during the winter of

2013/2014. The evaluationwas similar to that described

for the F2 population. Cooking and baking quality were

evaluated using a standard scale from 1 to 9, which

ranged from bad (1) to good quality (9). The cooking

quality was scored after cooking the potatoes without

peel for 30 min and 1 day later the level of gray

coloration was scored. Enzymatic discoloration was

evaluated by grinding the potatoes and placing them at

room temperature. Subsequently, the discoloration was

scored after 24 h and evaluated for color andmagnitude

on a scale from 1 to 3 (1 = the lowest level of

discoloration). The formation of small tubers or sprouts

was scored before cooking and baking. Sprout absence/

presence was scored as 0/1. The same was done for the

small tubers. Stolon developmentwas scored just before

harvesting using an ordinal scale (no stolons = 0;

intermediate stolon length = 1; long stolon = 2).

DNA extraction

Leaves were collected in 96-deep well plates and

stored at - 80 �C before freeze drying. DNA was

extracted using the automatic KingFisher method

(LGC genomics, United Kingdom).

Genotyping

KASP genotyping was performed on the F2 mapping

population with 91 informative SNP markers. These

KASP assays were redesigned from other platforms

such as the Golden Gate assay (Anithakumari et al.

2010), the SureSelect library (Uitdewilligen et al.

2013) and the 20 k Infinium bead array (Vos et al.

2015). All 91 SNPmarkers were selected because they

were polymorphic between DS and D2 and because

two different alleles were present in the F1. The

markers were known to cover the potato genome. SNP

analysis was outsourced (to Dr. Van Haeringen

Laboratory, Wageningen; VHL, www.vhlgenetics.

com). For the F3 mapping populations, 140 markers

were chosen, of which 53–80 segregated per

population.

SNP markers and linkage analysis

The segregation ratios of the SNP markers were used

to construct an F2 linkage map. Linkage analysis was

performed using JoinMap� 4.1 (van Ooijen 2006).

The markers were named according to their chromo-

some locations on the potato sequence version PGSC

v4.03 pseudomolecules. F3 populations were treated

as cross pollinating (CP) populations with unknown

phase, so the linkage map was calculated as though it

was a cross pollinator with segregation type\abxab[.

In a CP population JoinMap� 4.1 determines the

(relative) phase of the markers. The phase of one

marker is set {00}, and the phase of the other marker is

determined relative to the phase of the first marker. For

markers with the same phase, the phase is set equal to

{00}, whereas for markers with an opposite phase, the

phase is set equal to {11}. An integrated map was

calculated based on the combined function in

JoinMap� 4.1.

QTL mapping

The quantitative data of the F2 population after harvest

were tested for normality. QTL mapping was done

with the software package MapQTL6 (van Ooijen

2009) using both interval mapping as well as Kruskal–

Wallis analysis. For the F3 populations, a Kruskal–

Wallis analysis, in combination with a physical map,

gave non-parametric estimations of significant asso-

ciations. Single Interval Mapping (SIM) was done

based on an integrated map.

Results

Genetic map construction

F2 population

A subset of the original F2 population of 415

individuals was selected based on the availability of

at least six tubers per genotype. This resulted in a
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population size of 272 genotypes. A collection of 92

single nucleotide markers (SNPs) was used to calcu-

late a genetic map (Fig. 2). All but one of the SNPs

were in the expected positions based on the physical

map of DM1-3. SOT10-00139451 was removed from

further analysis as it unexpectedly segregated identi-

cally to SOT08-48801168. The known locations of the

markers made it easy to assign the linkage groups to

chromosomes. Chromosome 2 was only partially

covered because no markers were available on the

short arm of chromosome 2 due to an abundance of

rDNA in that region. In the genetic map of chromo-

some 9, a gap of 50 cM with no markers prevented the

joining of the two chromosome 9 groups. The physical

distance between SOT09-48069790 and SOT09-

57006822 is only 7.6 Mb, so this region must be a

hotspot of recombination. On chromosome 10, the

SNP markers SOT10-51906416 and SOT10-

54877576 mapped so close together that their exact

order could not be reliably calculated. The percentage

of DS alleles in an individual F2 plant ranged from 35

to 75%, with 192 genotypes (71%) possessing a

surplus of DS alleles (Fig. 3). The distribution of loci

in the F2 population homozygous DS vs heterozygous

vs homozygous D2 was 7537:15,870:4578, with 45%

D2 alleles and 55% DS alleles. In particular, the

segregation of markers on the short arm of chromo-

some 1 and the long arm of chromosome 12 was

heavily skewed in the direction of DS. Only for

chromosome 9 was there a preference for D2 alleles

(Table 1).

F3 populations

Self-pollination of the F2 plants was stimulated by

hand pollination and was repeated if no berries were

formed. Flowers were not individually bagged in the

field. Therefore, cross pollination is a possibility.

Comparing the marker patterns in an F2 plant with the

marker patterns of its F3 population clearly shows

which F3 plants are the result of cross pollination (a

considerable number of homozygous markers in the

F2 plant will be heterozygous in an F3 plant in case of

a cross pollination). We removed these few plants

Fig. 2 Genetic map of the

F2 population based on 272

individuals and 90 SNP

markers. The two

genetically unlinked groups

of chromosome 9 are

depicted separately

123

Euphytica (2018) 214:121 Page 5 of 18 121



from all populations. Only in one F3 population (18-

061) the level of cross pollination was too high and

therefore the number of remaining self-pollinated

plants too low to perform mapping studies. Skewness

in the direction of DS was found on chromosomes 11

and 12. In the F2–F3 inbreeding step, no further

preference for DS alleles was found (the remaining

heterozygous loci from the individual F2 plants

segregated in a normal Mendelian 1:2:1 ratio). The

homozygosity level of the three remaining F1-18 F3

populations was 70%. The average value homozygos-

ity of the six F3 populations originating from F1-17

was 76%, but a preference was also found for DS

alleles in these populations (on average, 62.5% DS).

However, without genotyping data of the F2 parental

plants originating from F1-17, it is not certain that this

preference for DS alleles was present in the complete

F2 population.

For the nine remaining F3 populations, individual

linkage maps were calculated by using JoinMap� 4.1,

and an overall integrated map was calculated. Two

chromosomal regions (on chromosomes 11 and 12)

showed a skewed segregation pattern. For the top of

chromosome 11 and the bottom of chromosome 12,

almost no homozygous D2 genotypes were found

(Fig. 4).

QTL mapping

Tuber shape

In the F2 population, the length/width ratio of tuber

shape varied between 1 and 2, with an average of 1.56.

A major QTL for tuber shape was present on

chromosome 10, and a minor QTL was on chromo-

some 2 (Fig. 5a, b). The major QTL had the peak

marker SOT10-48721713 (LOD 16.9), which

explained 26.1% of the total variance, with the round

tuber shape dominant over the long tuber shape. F2

genotypes that were homozygous or heterozygous for

the DS had an average L/W ratio value of 1.4, and F2

plants homozygous for the D2 allele had an average

greater than 1.9. The minor QTL near SOT02-

30785077 (LOD 5) on chromosome 2 explained

6.3% of the variance, and the longer tuber shape was

dominant over round. For chromosome 2, the alleles

Fig. 3 The percentage of

D2 and DS alleles in the

individuals of the F2

population

Table 1 Allele distribution per chromosome. Number of

alleles homozygous DS, heterozygous H and homozygous D2

were calculated per chromosome

Chr. DS H D2

1 631 1524 271

2 1158 2530 620

3 1513 3239 903

4 608 958 318

5 575 1107 200

6 547 1156 455

7 802 1615 542

8 498 1194 464

9 403 1406 601

10 311 778 251

11 761 1571 358

12 888 1322 205
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conferring long tubers originated from DS. The QTL

on chromosomes 2 and 10 were also clearly present in

the F3 populations. Unexpectedly, the position of the

QTL on chromosome 10 in the F2 shifted somewhat to

the end of the chromosome in the F3.

Curved tuber shape

For curved tuber shape, a QTL (LOD 3.8) was also

found on chromosome 10, near the marker SOT10-

48721713 (LOD threshold 3.5) and explained 18% of

the variance (Fig. 5c). The allele enhancing curving

originated from DS. No measurements for the curved

tuber trait were done in the F3 populations.

Tuber skin and flesh color

By using a Kruskal–Wallis analysis on the F2 data,

several QTLs for skin color were identified (Table 2).

The QTL with the strongest effect was located on

chromosome 2, with a peak marker SOT02-39604838.

Additionally, minor QTL were found on several other

chromosomes. A major QTL for flesh color was found

on chromosome 3 near SOT03-00967975. In the F3

populations, the flesh color QTL was clearly con-

firmed, but the position of the QTL shifted more to the

center of the chromosome.

Discussion

Linkage mapping in self-compatible potato

SNP marker names were based on the chromosome’s

number and position on the PGSC S. tuberosum group

Phureja DM1-3 Pseudomolecules (v4.03). The new

names made it very easy to show, on the F2 genetic

linkage map, that the 91 markers were in the expected

positions based on the physical map. This result shows

that there is no disagreement with the potato physical

map. A comparison of genetic and physical distances

showed, as expected, a very low level of recombina-

tion in the region surrounding the centromere (Fig. 2).

Since one of our parents (D2) was partly heterozygous,

we screened the markers for DS, D2 and the two best

F1s and selected only markers with two alleles in the

F1. The integrated linkage map of the F3 populations

corresponded to the positions of the F2 map (data not

shown). The positions with the strongest skewness in

the F2 population coincided with the genetic positions

of the S-locus on chromosome 1 and with the HT-B

locus on chromosome 12. These loci are known to play

important roles in the gametophytic self-incompati-

bility mechanism (Marcellán and Acevedo 2014;

Tovar-Mendez et al. 2014). In the combined F3

populations, the segregation ratio on chromosomes 11

Fig. 4 Skewness on the top of chromosome 11 and the bottom of chromosome 12. AA = homozygous DS, AB = heterozygous and

BB = homozygous D2
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and 12 was very skewed in the direction of DS. For

chromosome 11, this might have been due to the F2

plants that were used as parents for the F3 populations

that were not genotyped and could, by chance, have

been homozygous DS for these chromosome regions.

In the F2 generation, only 7 plants were found with

homozygous D2 alleles on the bottom of chromosome

12 (only 7 plants homozygous for D2 for marker

SOT12-59211472). It is tempting to connect the

skewness on chromosome 12 to the position of Sli

on the bottom of chromosome 12 (Hosaka and

Hanneman 1998a, b), but that would imply that Sli

Table 2 Location of QTL regions identified

Trait (interval

mapping)

Peak marker(s) LOD LOD

threshold

Expl.

variation

muA muH muB Literature

Tuber shape SOT10-04572452 16.9 3.8 26.1 1.38 1.45 2.09 Prashar et al. (2014)

van Eck et al. (1994a, b)SOT02-30785077 5 3.8 6.3 1.94 1.67 1.6

Curved tuber shape SOT10-04572452 3.8 3.5 18 0.21 0.18 0.95

Trait (Kruskal–Wallis) Significance Nr inf.

Flesh color SOT03-00967975 ******* 241 4.05 2.86 2.7 Bonierbale et al. (1988)

Wolters et al. (2010)

Tuber skin color SOT02-39604838 ******* 263 0.12 0.49 0.97 van Eck et al. (1994a, b)

SOT05-13346635 ****** 261 0.65 0.40 0.11

SOT06-35100352 ***** 262 0.72 0.30 0.39

SOT09-07831018 ****** 253 0.51 0.56 0.1

SOT10-04572452 **** 264 0.56 0.48 0.02

SOT11-41458020 ** 265 0.63 0.42 0.25

The asterisks stand for the level of significance **0.01 level; ***0.001 level; ****0.0001 level; *****0.00001 level; ******0.000001

level; *******0.0000001 level. Nr inf are the number of plants used for the analysis

Fig. 5 Interval mapping: tuber shape (a, b) and curved tuber shape (c)
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not only induces self-compatibility but is also needed

for growth because all F2 and F3 plants were

genotyped (with or without seed set). In the three F3

populations of F1-18, no D2 homozygosity was found

on the bottom of chromosome 12, although the parents

were heterozygous in this region. Overall, there was a

clear bias in the F2 population towards DS alleles;

approximately 55% of the alleles originated from DS,

but this was not the case on chromosome 9. This bias

towards DS did not persist towards the F3 populations,

where the overall level of homozygosity increased to

the expected values based on the parental F2 value

(Table 3). In the F3 populations, individuals were

already present, with over 90% homozygosity based

on the 140 markers that were heterozygous in the F1.

The overall higher percentage of DS alleles might be

due to the self-compatibility of DS. DS has been

subjected to multiple rounds of self-pollinations,

which might have led to more alleles with a selective

advantage. The number of deleterious alleles reduces

with each cycle of self-pollination because fixation

can be lethal. D2 had not been subjected to self-

pollinations and might consequently contain a larger

number of deleterious alleles.

QTL mapping in self-compatible potato

Tuber shape

The two QTL detected for tuber shape on chromo-

somes 2 and 10 have been identified before (Van Eck

et al. 1994b; Prashar et al. 2014; Endelman and Jansky

2016). Van Eck et al. (1994b) observed a heritability

of 80%. Thus, we expected a higher explained

variance than the 24.2% that was observed in the

present study. This lower explained variance might

partly be caused by the contribution of the minor effect

QTL, but the relatively low marker density in this

region could also be why the locus with the highest

explained variance was not precisely identified. The

tuber shape QTL on chromosome 10 was also

associated with eye depth (Prashar et al. 2014), and

in our studies, it was shown that a QTL involved in

curved tuber shapes was likely a QTL on chromosome

10. The co-association of a curved form and tuber

shape QTL at the same SNP locus is remarkable and

could be an artifact. Tuber shape is epistatic over

curved tuber shape, so the curving might be caused by

tuber length variations within our material. To

discriminate between the hypotheses of closely linked

genes and genes with pleiotropic effects, a self-

compatible diploid should be backcrossed, and recom-

bination screening should be performed to identify the

most likely hypothesis and, eventually, the candidate

genes for this important potato trait.

Tuber skin and flesh color

Several QTL for skin color were identified by using

the F2 population (on chromosomes 2, 5, 6, 9, 10 and

11). The QTL with the strongest effect was on

chromosome 2, with the peak marker SOT02-

39604838. Flower color genes were mapped to

chromosomes 2, 10 and 11. These positions are

Table 3 % DS is the percentage of DS alleles (homozygous DS is two alleles). Homozygosity average is calculated for homozygous

DS and D2 genes

Population Average value % DS

in F2 parental plant

Range and average value

% DS in F3 populations

Homozygosity range and

average in F3 populations

SOL013-3010 (F1-17) 47.1–67.9 (58.5) 64–92 (75)

SOL013-3011 (F1-17) 45.6–67.5 (58.6) 65–89 (76)

SOL010-3012 (F1-17) 45.6–70.8 (60.8) 54–89 (75)

SOL010-3019 (F1-17) 54.4–71.5 (63.4) 68–92 (80)

SOL010-3073 (F1-17) 62.0–79.2 (70.3) 60–85 (72)

SOL010-3082 (F1-17) 52.9–75.2 (63.1) 64–90 (78)

SOL010-4015 (F1-18) 60.6 47.1–70.1 (61.4) 57–86 (72)

SOL010-4067 (F1-18)a 64.2 54.4–75.2 (64.8) 53–86 (71)

SOL010-4085 (F1-18) 52.6 41.6–67.5 (54.3) 51–82 (67)

aSOL010-4067 was discarded due to an excessive level of cross pollination
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consistent with the literature and most likely represent

locus R on chromosome 2 (van Eck et al. 1994a). The

QTL on chromosomes 10 and 11 most likely represent

the I and P locus (van Eck et al. 1994a). A major QTL

for flesh color was found on chromosome 3. This

finding is a validation of studies revealing Chy2 or Bch

on chromosome 3 as the causal agent of yellow flesh in

potato tubers (Brown et al. 2006). No new QTL

influencing flesh color was identified in our study. The

QTLs for tuber skin color in the F2 were not confirmed

in the multi-population analysis; however, a Kruskal–

Wallis analysis on individual F3 populations con-

firmed four of the six QTLs found in the F2. In the F3

populations, the flesh color QTL was clearly con-

firmed on chromosome 3, but the position of the QTL

shifted more to the center of the chromosome; this was

also seen for the tuber shape QTL on chromosome 10.

This might have been due to the calculation of an

integrated map, where the random choice of individual

F2 plants might influence QTL calculations on the

integrated map in F3 progenies. Therefore, we think

that the positions on the F2 map are more trustworthy.

Cooking type

For cooking type, a candidate gene with homology to a

tyrosine-lysine rich protein (TLRP) was identified

based on allele specificity of the probe on a microarray

(D’hoop et al. 2014). TLRP was mapped on chromo-

some 9 at a position associated with this QTL for

potato cooking type.

Only one previous mapping study in self-compat-

ible diploid potato has been published (Endelman and

Jansky 2016). In that study, they crossed an S7 of S.

chacoense (containing Sli) with the doubled mono-

ploid DM1-3. Ten associations were found, seven of

which were already known. In our study, we confirmed

the possibilities of F2 mapping in potato and the

development of further viable offspring populations.

To create mapping populations with a maximum of

two alleles per gene, the diploid potato must be self-

compatible, and inbreeding should not result in too

many unexpected segregation ratios in the mapping

populations. The transition from self-incompatible to

self-compatible in diploid potato can be done by the

introgression of the S-locus inhibitor (Sli) gene

(Hosaka and Hanneman 1998a, b). By repeated

selfings of self-compatible diploid potatoes, more

homozygous lines can be obtained (Birhman and

Hosaka 2000; Phumichai et al. 2005). These authors

showed that the level of heterozygosity was decreas-

ing and that no chromosomal regions could be

identified that were exclusively heterozygous. A high

level of inbreeding depression was associated with the

selfings in the study of Birhman and Hosaka (2000),

but this was less the case in the study of Phumichai,

who showed that the background of the diploids might

play an important role. The success of making self-

compatible diploids depends not only on Sli (as the

pollen donor) but also on the mother plant (Phumichai

and Hosaka 2006) and might be related to differences

in the chloroplasts. The Hosaka group developed

progeny populations up to S9, but heterozygous

regions can still be found (http://www.obihiro.ac.jp/

*Potato/research/Inbreeding.html).

Overall, we have shown that the F2 and F3 mapping

populations can be used for mapping purposes and that

our results confirm those obtained in other popula-

tions. We show that progeny populations can be

developed for more detailed studies on specific traits.

In the F3 populations, only one region was found in

which no D2 alleles were found. This result might be

partly coincidental because in the F2 population, it

was very skewed but not absent.

Future perspective for potato breeding

Potato is considered a tetraploid crop. However, with

the introduction of self-incompatibility blocking

mechanisms, such as Sli from S. chacoense, a diploid

potato crop has become increasingly attractive

because of the more efficient breeding, which results

in a constant improvement of cultivars. This is

achievable because the self-incompatibility mecha-

nism has been broken/overcome, so the fixation of

alleles is thus a real possibility. An efficient develop-

ment of diploid F1-hybrid cultivars also requires a

profound knowledge about the genetic and phenotypic

factors involved in vegetative and generative devel-

opment. Self-compatibility in diploid potato will lead

to more homozygous lines with fewer deleterious

allele combinations. Such diploid homozygous potato

lines can be used for developing F1 hybrids, making

specific crosses, the extensive mapping of important

genes and studying heterosis and combinability.

Extensive mapping using recombination populations

will allow a better location of major genes and will

facilitate gene cloning. With non-segregating major
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genes, it will also be possible to focus onminor effects.

The underlying factors influencing complex traits in

hybrids, such as tuber yield, can be studied in more

detail by developing targeted mapping populations

such as recombinant inbred lines. To obtain more

homozygous, self-compatible diploid lines, Solynta

(www.solynta.com) is setting up a mature breeding

program with a selection of the best individuals in

750–1000 crossing diploid combinations every year

and picking the best combinations to use as parents for

selfings or crosses with other good parental lines. The

first hybrid field trials have shown that diploid F1-

hybrid breeding is making significant progress (De

Vries et al. 2016).

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrest-

ricted use, distribution, and reproduction in any medium, pro-

vided you give appropriate credit to the original author(s) and

the source, provide a link to the Creative Commons license, and

indicate if changes were made.

Appendix 1

Marker name including chromosome number and

position (position according to their chromosome

locations on the potato sequence version PGSC v4.03

pseudomolecules) and flanking sequence of SNP (SNP

is between brackets).

SOT01-01155848 CATACGAATGAGGGCCAA

ATCTGCTGGACTGCCAACAGTTGCACCAATT

GCTCCAGCAGT[T/C]AGACCACACAGAGCCTT

TTGGTACAGAGGTAAGGGCTTCCCTTCATTA

GCCTCAATGGCC

SOT01-03567445 CGGAATGAATCAGAAAAC

ATGGCCGCCGACCAAGTCCAATTCCGACGGC

C[C/T]TCGTCGTTTCACCGCTTTCCCTTTCATC

AGAAAACAGACCCATCTTCAAA

SOT01-61279818 TTTATCAGCTAGTATTAAT

TCTTATTTATACTGTGTGATTGGTTTTTGCAG-

GATATGAAG[C/T]TCCACTTTTGAGGTAAGTA-

CAGAGTTCCCTGTCTCAGATTTGATTCAACCC

TATTTATTA

SOT01-67231112 TGGTACCTTTCTGAATCTG

TTTCCTTTCACTTTGTAGCTTGAAGTCAGGGA

AACTACGAT[T/C]AACACGCAAGCGTAAGCG

GAAGTTTGGGGCTACACAGACTCAACCCAA

GAAAAAGCAGCA

SOT01-68952656 AGACACCTTAAAAGATAA

GCGGATATATGGGTCTCTTTTAAATGCCTTTG

TGCGGTCTAG[A/G]AAGAAGGAACAAGCTGA

ATCTTTACTCGATAAAATGAGAAACAGAGGC

TACACAGATCAT

SOT01-73206470 ATCGGGGTACAACCCGGA

ATCTGAATCGGGTGGGGCAACTCTCTGTACT

CACACGACACC[A/G]TTTCATCAAGCTTCGG-

CAAGTAGAGAAACAGAGACAAAGCCAT

AGCAGTAGAAGGGAAAA

SOT01-76908262 TGCACGATCTCCTCTTAAG

CTTGTTACTAGATTTCCCTATCATCCTGAAAT

TGGGACACT[G/A]CACGATAACTTTGAGTAA

GAATCTCGTCTTTAGCTTTTTACTTTTAATTG

CTTTAAATAT

SOT01-80681591 TGTCATTATCTCTTATCAC

TTCAATTGAGTCAATTTCTGATCCTTCTTGAT

CCGTAACCG[A/C]TGCATTTG

TTGCATCAAATCCAAATTTCTGACCTGTA-

CAACACGTAAATACAT

TAACACA

SOT02-20838380 GGGAGGAAATCCAGC-

TAGGTTTCTGAGGAAG

CTCACACAAGAAGAAATTGCTTTTATCTC[A/

G]GAGTCAGCAGCC

AACTATTCTAATTTAGCACAGGTC

CATGCTGGTGAAAATGCAAAAAGC

SOT02-25894217 ATGATACACATACA

TGACATGAGTGGCAACTTTCTAGCAATTCAG-

CACACCTAAAATTC

A[T/C]ATTTCATCTACACATGGCGGGAAG-

TAATGAGCTAGTTTC

CGGTAAGGTAAAGTCACCTTT

SOT02-30785077 GTACATGCCATTTTATC

TATCCCTTGCGACTTTTCTCAT-

GAGCCTTTCTTTCTTTGCCTA[T

/C]GGAATGTTCAAGAATGATCCATT-

CATCTCTGTAAGTAAATATT

CCATTCTTCAGGCTGAT

SOT02-33160944 AGCAGGCCACCTGTTTC-

CATG

GTTTGGAACCTGAATACCGACAAAAATAC-

CAGTCCTACC[C/T]TT

CTCCTGCATTTGGATACCAGCTT-

GAGCTCTCCCATAAGGAGGGCT

TGTAAAAATTTCT

SOT02-36363671 CATAGATCATTGAGTTG-

CACAAGTG
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TCTCCAATGCAATAACCCACCTCAAGAT-

CAAACCT[T/A]TTCTTG

GGTTTGTCTCTCATGGAACCACAAGTCTAT-

CAGTACAAGTAAATT

TGTCTTCTA

SOT02-38688518 GCTTCCATTGTG-

CATTGTTTTACTCTG

CCAGGGTTGCCTACGCGGCATGA[A/

G]GATGTGGATATTGTTGTG

ATTAGGGAGAACACTGAGGGAGAGTAT

GCTGG

SOT02-43268920 ATGGTTAACTCAAAAGA-

CAACTCCTCTACC

GACAGCGAAAACTCCTCCGGT-

GACGTTCCC[A/G]ACTCTAAACCT

AGTCTCTACTTTGAAGGCGA-

GAAGGTTCTCGCTTATCATGGCCCT

CGCA

SOT02-45099900 TGCTGGGGAAGTAGTC-

GATGACTACTTGGATCTT

GCAGAATATGGAGGGGATAGTCAGTT[T/

C]AATGATCAGTACAAT

GTTAACCAACAGCAACAACAC-

TACTCTGTTCCTCA

GAAGAGCTAT

SOT02-46964451 GAGGCAAGCATCTC-

GAGCTCTGAAGGAA

GGGAAAACCTTGATTGTTTCAGGAGTAGCT

AA[G/A]TCAAAGACTGACCACGCTATT-

GAATTGCTAAACAAACTA

GAAGCTGGGTTAGGTGAGCTT

SOT02-47625643

CTTCAGCTGCCCTCTCCTTCGAATTCCAATG-

CAGAACTTCAGACGCCAAGCATCAACCAT[T/

C]GATTCTGGTGATGAATATAGCAAACCCCA-

CAGAAGAGAATGGGGC

CAGTAAGGTGTGCAC

SOT03-00

967975 TCATCCAGATTTCCCCACCATT

TGTACATTCCTGGGAGCTCTATAAGTGC[G/

A]CCTGTTACTCCAC

CTTTGAGCTCTCCCACAGCTCGTACACCTA

GAATGAG

SOT03-07334572 GAGATTGGTGC

TGAAGCAGTTGTGT

TGGCACTTGGGCCTTGGAGTAAGAG[A/G]T

TTTCTGTTTTGGGCT

CGCTTTTCAGGGTTTATGGAATTAAAGCC

CATAG

SOT03-36318847 AATGCAAAAGCAAGA

TCCTAGTTACAGCAGTCCTT-

CACTTCTTCCCTCTCTCCTTGACTA[T/

C]TTTTGAAGAGCATTAGACAAAATCA-

GAGCTCATTAGCCAC

TGTGAAAGAGAGATAAAATC

SOT03-51238880 ATGCTCTGTTTTGGGTAGG

TGAAATTGGGGCTAATGACTATGCGTA-

TAGCTTTGCATCTA[G/C]

TGTTTCACCCAACACAATTCAACGGCTTGC-

CACCAGAAGTTTCAC

TGGTTTTTTACAGGT

SOT04-04001270 ATTGAGTTGGAAGAGTTC-

CACCG

GAGTGGATATACCATATTAGACTGCGTTGG-

CATGTGT[G/A]CTTG

TCTATATACATTCGGAAGAATCAGTTTG-

TAGGGAGTGTAATGTTT

TGAGGAGCTGA

SOT04-12332751

TTTGAAGAACAATGCTGATCTCAAGGAGA-

GAAATAGTAGAATACCAACTTTTCTT-

TATGC[A/C]ATGCCATT

TTCATCCAACAGGATATTTCTTGAA-

GAAACCTCACTCGTAGCTCG

TCCTGGT

SOT04-51915066 GAGTTTAAGGAGAACAA-

CAAAGTGGACAA

GGTGGTGGTTTTGTGGACTGC[T/C]AACACT-

GAAAGATACAGCAG

TGTGGCTGTTGGCCTTAATGATACCATGGA

SOT04-52034868 AAACTGTGTAATGAACA-

TAAACTAGAGAAATT

AGTACCTTTTAATTTATGACAAATAGCC[A/

G]ATCGAAGTTCCAT

TGTACCTGCATTTGGTGTATACCTGGTAT-

GACCTTCACGAATTGC

AT

SOT04-66149485 TCTGCTAACCTG-

CACTCTTTGCTATCTTTGTGCATT

TAACCTTCATGACAGACCTTTGTA[T/

C]TTGGCAACCATTTTATC

ATTTGTCTATGCCTTCGGTCATTTC

TTGACAGAGTTCTTGATC

SOT04-67295441 CCCATCTTTTTCCATTCCTA

TGGAAACGGCCTGGGGTGAACATGCAGA-

TAGTAGTACACC[C/T]A
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CCGTGACCAGATACACAAGGACTCTAA-

CAAATGTGGGAAACCCAG

CTACATACAAGGCC

SOT04-68293997 ATGACCAACATGGATAAC-

TACCTC

CATTGCATTCTTAATTTGAACAGGATCTGG-

CAAAAA[C/A]CGAAA

TGCAATTCCTTCAACCTTCAACATG-

TAAACCTGCAAATTGATACA

AAAAAGAAAG

SOT05-00496450 AAATGTTACCA-

GATCTGTTTGAAGAGTA

ACTTGAATGGGTTCAAACTGAGTTA-

TAAAGGG[C/A]AGTTTCATA

TGAAAACCTACACATATAAACATA-

CATGTTTGGTCAACAATAGAC

TTCAAA

SOT05-03538675 CCAGAGATT-

CAGTTGGGCGCCCATACATTCAG

AAACCAGGGAGTGGAAGTAGCAAGATTT[C/

T]ACATGCATGACTG

GCTTATTCTCTTCCTACTTGTGGTGATAGATA-

TAG

TTTTAAATGTGA

SOT05-046299

69 TTTTGGGATTTGCTTTGTTGGTCTTCTTG-

CAATGG

TGTCATCTGTTTATGGTTATGGTGG[T/

A]GGAGGTTGGATTAATGCTCATG-

CAACTTTCTATGGGGGTGGGGATGCTTC

TGGAACAATG

SOT05-05945262 ACGGGTTAACT-

GATCCTTGGATGTACT

CTCAAATATCTTGTCAGCATTTCCAACTT-

CAAA[T/C]CCGTCCCG

CCTATGAAACTCCTCCACCTAAAAGATGTAT-

CAAAATATAGTTGA

TCAAAGA

SOT05-07541301 CCAGAATCTGGCGTG-

CAGCGGTGCGGCCAAT

TCCATGAATGTATTGCAAAGAGAACTCAA[C/

G]CCTTTTGTTGTT

TGGAACCTCCACTCCTCCCACACGCACA-

CACTTTATAACCAAACC

TCC

SOT05-13346635 GATGCTCCAAGCATG-

GACTGACTTGGCTTTAGCCC

TCACTACATATGTGGTTAAATTATA[A/

G]TGTCTGCAGCTCA

TTTCATGGGAAACCCACTACACAC

CCATAGTTGATATGATGCGACTC

SOT05-49243492 ACGTTCATCAAGAGT

CGAAAACTAGCATATGATGTCTATAGGTTG-

GATATTTATACCAA

A[A/C]GTAATTGCCCAACATATTCACATACA-

GATCAATTCATACC

TCAGAAAGTAGCCTCTCTCT

SOT06-33814670 GCTTGTTATGAGCTCACT

TGCAACAATGCAGCTCAATGGTGTCTC-

CAAGG[A/G]ACTATTACA

GTCACTGCAACTAATTTTTGTCCTCC-

GAACCCGT

CTCTGCC

SOT06-35100352 AAACATCTATTTAGGTA-

CATC

TGTGGGATCTGCATTTATCTGATCTTGAT-

GAACAACAAC[A/G]CA

TTTCAGGGATCATGCTGGAGGAAATGA-

TAAAATAAAGCAG

CTCGTTCCTGGAATAAAA

SOT06-35816509 CACCCATTGGACCGC-

CAGCA

TATGCAACAATATCACCAACTTTCCTCC-

CAGTCAATCCGG[G/A]A

CCAACAGCTGTTACAACCCCTACAGCCTCCA-

TACCTGGCATAAAA

AATGTAATTCTAGC

SOT06-44031292 TTTGGTACGATGAGG-

GAAGTCCAC

ATAGAGCGTACGACCCGAGTTTCTTGTACT-

CATCTG[A/G]ATTTG

AAGGTACAAGGGTTAGGTATTCTGCTGGGAT-

GATTTGGTCAGTGT

CGATATTATC

SOT06-53752555 GCTCGCCGGGATTCT-

GAAAACGAACGGC

GTACAAGCCGACGGAATCAATTTTGA-

CAAGGG[T/C]GCCAGGACG

GCTTTGGCGTTCGTGACTCTACGCGCC

GACGGAGAGCGTGAGTTTATGTTT

SOT06-53851223 ATTAATGTCAATTC

AGGACCGACAATCAGGTGATGATGAAGC-

TATGGCACTGGATGAG

AA[T/C]TTTTGCACAGCTCTTGAATATGGAT-

TACCTCCTACTGGT

GGTTGGGGATTGGGTATTGAC

SOT06-55572089 AATGATGCTGCTGGT-

GACGG
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GACAACAACTGCATCCGTTCTTGCCCGG-

GAAATCATTAAG[T/C]A

TGGTCTTTTAAGTGTTACATCTGGTG-

CAAATCCAGTCTCTCTGAA

GAGGGGCATTGACA

SOT06-572434

29 CTTGTCCCTGATTTCTCCCTTTTGC

TCGAGTTGTCGGCCTCGGATGATATTA-

GAAACTTC[C/A]

AAAAGGCTGTAGAAGAGGAAGGCCATGA-

CATCAATGAGGTGGGCT

TATGGTATGCTAGGA

SOT07-03171

284 TTGATCCACCGGCATTATGCAAAT

TACCAAAAGTACTCACATTACTCTGCCCCC-

CAACAG[C/T]ATGAT

TCTTAGCATTCCTCCCTTCATTCGCCCCA-

GAGGTTGGACAAGTAA

ACATGGGCGA

SOT07-03896968 AGTATCAAAACATACTAC-

GAGTGGACAAAACATTACCTGAGTGCTTGG-

GACCGAGATGCC[A/T]GTACAGGGATCACAT-

TAATCCTACTCCCATTTTGACAATAA

ACAGCGTGACAACGAAGTG

SOT07-07480956 CTTTCGACCAAGAATT

TGATGTTACATGGGGTTATGGGAGGGT-

GAAAATA[G/C]TCGAAAACGGGCAACTTCT-

CACTCTTTCCCTTGATAGAAG

TTCTGGCTCT

SOT07-41672182 TCCTACG

GATAAATTGGCTGTGTATCTGGCTGATGATG-

GAGGATGTCCTTTGTCATTGTA[C/T]GCCATG-

GAAGAAGCATGTGTGTTTGCAAAGCT

GTGGCTACCTTTCTGTAGGAAGTATGGA

SOT07-44219245 TTCGAAGTACC-

CAAATTTCTACTGCTTCAGATGGGAATAAG-

GAGAGTGTTTCTG

AGCACA[T/A]TGATGCTGGAGAA-

GATTCTCTTCCAGATTTAAGTC

AAATTTCCAAGGATGCTGACAGCAT

SOT07-45035562 TGCCAAGAAAC

CACCTAGAAGACCAAGAAGAT-

TAAGTGTCCCCATGAAATTGGTG

ACAAT[G/A]TTAGCAGAATTGGAGGATGGAA-

GATGTAAATCTCCA

ACCAAGTATGTGACTAAATTCATC

SOT07-50952546 TATGAGTTTGCCAT

CATGTTCAATCTCATAACCTTCATCCTT-

CACTTCATGAGATCGG

AC[C/A]ACTAAATCTGCAAGCATCCACA-

CATGTTAACATCAAATA

TATGTGCTAAAATCCATCAAG

SOT07-52676012 TCTGTATTGGCCAAAGA

CATTCTTCTGCTGCCATTGATTTGGAATAAA-

GAATGACCGATA[C

/A]AATGGAGGAGATAGTTCCCTGTCCAGA-

TATGGAAGTGCTGCAA

CAATCTGTAGGCAAAAC

SOT07-553

83055 AGAAACAGATATAATTAAATCTG

TTAAAGCTGATTTAAGAGCTGTTAAA-

GAAAGGGACCC[T/C]GCTT

GTATTAGTTATGTACACTGTTTCTTGAATTT-

TAAAGGGTTTTTAG

CTTGTCAAGCT

SOT08-01075824 TATGATTAACAAAACTA-

TATATGTACATAATACTTAATAGTAG-

GAGCTTTTTCTCTACAA[T/C]ATTAA

ATGTGGAAAGGCAAAATTTATTATTATTTTG-

TACAAAGAAAAAGA

ATATACTCAT

SOT08-05439910 AAAAGAAAAAAAAGGT-

CACAG

ACCACAACCAAATTTCTGCCTCTTCTTC-

TAAGTAATCCA[C/T]AC

AAAGTGAATGAGAAGAAAGAGTGTCTA-

TATGCAAATGTAAATTGT

TTTCGATGGTGAG

SOT08-43123854 GGATCAGGCTTCATACCA

CTTTCTTGCACTTCAGACATAATGGAATGGA-

TATAATTAAAA[C/T]GCTTCTGGACTGT-

CAAAGCTGCTAGGAGGGTAGTGTATG

TAATTAGAGATGGTTTATGTC

SOT08-45007665 CAGTAGGATTTA-

TATGCTGCCACTTTGGTTAGGCTGCTC-

CAGTTCTTCCAGAAACTCCAT[T/

C]GTCATTTTCATGAAGCTTTGCTTGTG-

CAATCGTTCCCATTCC

TTTCAAGGCATTTTTTTC

SOT08-48801118 GTAATTGGGTTAGCAGC

TGACTCTGGTTGTGGTAAAAGTACATTTAT-

GAG[A/G]AGATTAAC

AAGTGTTTTTGGTGGTGCTGCTGAACCAC-

CAAA

AGGTGGAAA

SOT08-51487087 TACACCTC-

TAAACGGTGTCG

TTCATGACTCACCTGGTGATACACCTGATCAT
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CCTGCTGT[T/

C]GGTGGTGGCTCTGCTGATGGTTATGCTTCA-

GAG

GATTTTGTTGCTGGTTCTTCATCTAGC

SOT08-53138312 AACAGAACTTG

ACGAAGCCCAAACAATACTAGGTTGTGGAT-

TAGCCATTTTACAT

GCTTC[A/T]AGCAAACTAACAAAACCAGCAA-

TATTACTATGAACA

TAAGAACCTGGATTCTGCATTGCA

SOT08-53835557 CGAACCGGTTGGAT

TGGTGGCTTACTCGGTAAGCTCTGTGAAGCT-

CAAGGCATAGAGT

AC[A/G]AATACGGGTCGGGTCGATTAGA-

GAATCGGAGCTCCTTAG

AGTCCGACCTCACCACCGTCA

SOT0

9-03737440 GGATGTTACTAGGGCACC

TTGTTGTCTAAAAGTTGCCACTTGTGATCA-

CACAATTAAGTA[C/

T]TAAAATTATGTCAAGTCAACTTTACCGA-

TAATCCGTGGTGAGT

ATACATCATTGATGTCA

SOT09-062

97039 TCTTGATCCACAATTAATAACCC

TTTTTTGTTCAAAATATTCTTGTAGTA[T/

C]ATATTGTCTAAAAT

CATTGTAGTTTCGCGATCGAATCTTGAGTAT

AAAAC

SOT09-07831018 AGCTGAACACATCACAGTT

TTCACTT

ACACATGTAAATAATCAAAAGTTGTTTACC

TTAA[C/T]AGAAGAG

CAGAGTTGAGGTACGGAATTCTTATGGGA

AAGAACACTGGCAGCG

ATGTTGCG

SOT09-30793211 TGTAAATATGGCGAAGAC-

GAAATGAAGAAA

AGCTCTTTGTCACTATTTGACAAACAGTAA[C/

G]AAATACGAGTA

TTATTTACGTCTTAGCTCAGTCGGTAAAT-

TAATTTTAAATTGATG

TTTT

SOT09-48069790 ACATGATTCGCCAATTG-

CAGCACATTCTGACAAGGAATCACCACTGAC-

CACATTTACAC

C[A/G]TCTTTGGAGTTGAAGGATAACCAGG-

CAGGAGTCTTTATGT

CTTCTTCCTTAAGAAGCTCG

SOT

09-57006822 CTGCTTGTGCGATGTTA

CATCGTTCCTCAATTTCAGGTCCTGTGC-

GACTGATGACGACAG[A

/C]CACACAAAGTATTGCTGCTAAGCTGAG-

CAGCTCTGGATTGTTG

CGGAGTCAGGCTCTTAT

SOT09-592

33184 AACAGCAATGTCGATGTCCGAAT

TGGCAGCATTTCTAAAATCCGGGAACAT-

CAAAGTAAC[T/C]GAAT

TTGATGCTTTAATCTGTAGCAGTGGGAGC-

GAAGTGTTTTATCCGG

GAACTAGTTCT

SOT09-60562207 GACAAGAAAATGTTATGG-

GAAAACGG

CAGTAATCGGATCTTGAAGCTACCAGAAG-

GAGGA[G/A]GTTTTGA

ACTGGTCTGTCAATGGAATGTGACAGAT-

GAGCCTGTGAATTTGTT

GCCATTAG

SOT10-01099402

CTCAGCAACGTTAGTTGCTTTAATATG

CAAGAGGTAAGGATCACTCAGTTCTCA-

CATTTG[G/T]AAGCTACA

GAAAGAATGCATCTGCTTCA-

TATGCTGTTGCTTCTATGTTGATCA

AGCTATT

SOT10-04572452 GCGGATATAACTTAG-

CAAAGATGGATACTTA

CCGAAGATAACAATTGAGAATCCAATCAC[A/

G]AACACACGTTTC

AACACATTTCCAACTGCATGTGTAA-

GAGGTGCCACCCTCTCAAGG

GTG

SOT10-48721713 TATAAACATATCTACAG-

CATGAAT

AAACTTATTTAAGGTGCACAGAGCAAA-

TACCTGATA[C/G]GAAGG

ATCAACAAGAACATCCCAAATTGTTGCATT-

GAAAGCATGATCTGA

TGTTGCACGA

SOT10-51906416 GTAATTGTG-

CATTTTTTTGTGGATTAGG

TATCATGGTGATTGGAAGAGTGAAACC-

CAAAC[C/T]GTGGTCTCA

TTGCTTGCTTTTATGCATTGGTTAGAAA-

CAGGGACTCTTGTTCTG

CACAGT
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SOT10-54877576 TTAAGTTTCTGTTTACGC

TTCTTTGCTGCTTC

CTGGACTATGTTTAAGATTTAGTTTTGC[A/

T]TG

TTGCACAGGACCAAGGTTTGGATGTCATAG-

CAGAAGGATTGGATA

CTTTGAAGAACAT

SOT11-008137

28 AGTGCCTGATCTAGCCAATATTCATTGT-

CAGGAAGTGGACGGAGTCAAAGTTCTT-

CAACT[T/C]GAAACTGCTGCCGGTGCTG-

CAATTAAGGTATGCCAAACTTAACTCT

GTATCTTTAAATAC

SOT11-04

666571 GATTTGTACCAATTATATCTTTG

CCACTGGTAAAATATTTCCAGAATT-

CAATTCCCCATG[T/C]ATGG

ACGAAGAAAGGCTTTTCCTCTCCACCATT-

GAAGGCTCCATCCTGC

TGAAGGCCATC

SOT11-073610

35 TTCAGTCAAATCACGCTTTGACATTA

GAGATTTTTGGCCTTGGAAGAAGATTTGGCA-

CAA[T/C]TAGTGCC

CCTGAAAGTATCTTGTCTCACTTGGT-

TAGTGGTTAGAGAAGCCTA

AACCACTC

SOT11-088226

32 AGGAGTAATCAAGCCACCATCTATGG

CCACTGCAACAGCAATGTTAATACTACTGT-

TATA[T/C]GTGAAAC

TCTTCCCATCTCTACAACTAGAGTTCACAA-

CAGGATGTTTCACCA

ATGCAAGT

SOT11-397867

11 GACGATGTGGAGACGGTGACGGAGGA

GGAGGTCGTAGTTTCTGTGAATGGATCCTCC-

GAG[A/G]GAGTTTT

CAACGGGGAGAACTGCACGGTCAGCGATC-

CAGAGCTCAACGGCTT

GGAATGCA

SOT11-40460264

CAGAATTTAGATAACCTTAAATTTTGT

TGTGTTCAGGTACCTTTAGTGGCGT-

CAAACCGC[A/T]TTGGAAAG

GAGATAATTGAGACAGAACATGGGAATAGT-

GAGATAACATTCTAC

GGCTACT

SOT11-41458020 AGAGGCTGCTTGT

TTTCGAATTCATGGAAAATGGCAATCTGAGA-

GATTGTCTGGATG

GGG[A/C]TTCTGGGAGATATCTGGATTGGAG-

CACACGGGTCGCAG

TTGCTTTTGGAGCTGCACGTGG

SO

T11-44338305 GTTTAGGTATGGTATCC

TTTGTCAAAAACGCTTGCTGAAAAA-

GATGCTTGGAAATTTGCC[A

/G]AGGAAAAAGATTTGGATATTGTTGTGGT-

GAATCCAGGCACTGT

AATGGGCCCTATTATCC

SOT12-00

159029 AGTTGTTTCAGGATTCAAGCCTG

TTATATTTCGGGCTACATCAATGGGATCAA-

CATTTGC[A/G]AGAC

TGCAACCACAAAGAAATGTAAATG-

TAATTTTTCTAACAATTCAGA

ATGAGAGCATT

SOT12-01882622 GGAGACATTGGGCT-

GACTGGTGGCAG

GATTTATATAAAATTGGGTTG-

CAAGCTCTGCTGT[C/T]TTCCTCA

CATAGTTGTGTCGTTTCTCCATCCGGAGAC-

GAGCAAAACGCAAGG

CTGATTGT

SOT12-080299

18 CATCTTCCAGAAGCTCCTAACAGTCG

GAACATGAAACATACTCTGCTGCAGTTG-

GAGTCT[G/A]CTTTAAT

GGGGCCAGACGAAGAGGCAATGAAATC-

CAGCCGTTATCTTGGTGA

AAATATGG

SOT12-4597

1251 GAAACGCCAAAGAAGCCAATAC

TCTGCTCCTTTCTTTGAAGAAGTCTAGCA-

GAATTTTCA[G/A]C

ATAAATAAGTGATTGGAATAAGTGATATA-

TATGATGATGATGAA

CAAGTGTACCTCTCG

SOT12-53990134 GTGAATGGCGAAAACA-

CATCTCC

CTTTTATAAGTTCTTGAAATCAG-

CAAAGTGGGGATTA[G/C]TT

GGGGATAATATTCAGTGGAATTTTGC-

TAAGTTCCTCGTTGATA

AGAATGGCCAAGTTT
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SOT12-58220691 GGGTGTTGCGGACTTG-

GAAATTCGA

GTGTACTGTCTAGTTATTGAGTTTT-

GAAGGTTTTT[G/C]TTTAA

TTTGGGTGTTTTGATTTTGTGTTGTGTGTTTG-

TCATGATTTTC

TTTGTATTTGGG
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