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Abstract. Potato (Solanum tuberosum L.) is one of the most important food crops in the world. The genome of this
potato species is autotetraploid and has a high level of heterozygosity, also this potato species is a cross-pollinated
plant. These characteristics complicate the genetic analysis and breeding process. The tuber’s eye depth is an im-
portant trait that affects the suitability of potato varieties for processing. Potato breeding for this trait is based on
phenotypic assessment. Identification of the loci that control tuber eye depth would allow diagnostic markers for
the marker-assisted selection to be created. The aim of this study is to search for loci associated with the eye depth
by analyzing Solanum tuberosum varieties from the GenAgro collection of the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences, genotyped using the Illumina 22K SNP potato array
DNA chip. The 24 significant markers associated with the “eye depth”trait were identified using 15,214 SNP markers
genotyped with the Illumina 22K SNP potato array chip and the general linear model (GLM) taking into account
the population structure. Data obtained showed the presence of SNPs in four genomic regions: on chromosome 4
(1 marker in the 3.92 Mb area), 5 (1 marker in the 4.67 Mb area) and 10 (1 marker in the 4.87 Mb area and 21 markers
in the region between 48.1-48.9 Mb). The results of localization in the region 48.1-48.9 Mb of chromosome 10 cor-
respond to previously published studies, the remaining three regions were detected for the first time. DNA sections
containing SNPs linked to the tuber’s eye depth were studied in the SolTub_3.0 potato genome assembly (https://
plants.ensembl.org/). KASP markers were developed based on the data obtained. It will be possible to screen the
breeding material and to breed the varieties more effectively using current markers associated with a shallow tu-
ber’s eye depth.

Key words: GWAS; SNP; potato; eye depth.

For citation: Totsky L.V., Rozanova I.V., Safonova A.D., Batov A.S., Gureeva Yu.A., Kochetov AV, Khlestkina E.K. Genomic
regions of Solanum tuberosum L. associated with the tuber eye depth. Vavilovskii Zhurnal Genetiki i Selektsii= Vavilov
Journal of Genetics and Breeding. 2020;24(5):465-473. DOI 10.18699/VJ20.638

I'eHOMHBIE palioHbl Solanum tuberosum L.,
acCcoUMIMPOBaHHbBIE C TJTYOMHOI 3a7ieraHus I7Ia3KOB KIyOoHe

.B. Touxuith 2@, V1.B. Posanopal’ 3, A.A. Caponosa?, A.C. Baros?, IO.A. I'ypeesa?, A.B. Koueros!, E.K. Xaectkunal’ 3

T DepepanbHbIl CCIEA0BATENBCKII LEHTP WHCTUTYT umtonornm n reHetnkn Cnbmpckoro otaeneHns Poccuinckon akagemmm Hayk,
HoBocnbunpck, Poccus

2 CrOMPCKIMiA HayYHO-NCCIeAoBaTeNbCKMI IHCTUTYT pacTeHneBoACTBa 1 cenekummn — dunvan efepanbHoro NccnefoBaTenbckoro LeHTpa
WHCTUTYT uutonorum u reHetmkn Cnbmpckoro otaeneHnsa Poccuinckon akagemmm Hayk, HoBocnbmpck, Poccusa

3 DepepanbHbIii NcCnenoBaTeNbCKUI LIEHTP BCEPOCCUIMCKII MHCTUTYT FreHeTUUYECKIX PecypCoB pacTeHuii um. H.W. Baunosa (BUP),
CaHkT-MeTepbypr, Poccus

@) e-mail: totsky@bionet.nsc.ru

AHHoTayus. Kaptodenb (Solanum tuberosum L.) — ogHa U3 BaKHEWLLMX B MUPE NMPOAOBONbCTBEHHBIX KyNbTyp.
[eHOM Bupa aBTOTETPANMOMAHbIN, OTANYAETCA BbICOK/M YPOBHEM FeTepO3UrOTHOCTM, STOT BUA ABNAETCA TaKxke
nepeKkpecTHoomnbinAeMbIM. Bce 3T0 3aTpyAHAET reHeTMYeCKuii aHanm3 1 CeneKkLMOoHHbIN npouecc. My6nHa 3ane-
raHuA rnaskoB KNy6Ha kapTodpensa npofoBOSIbCTBEHHOrO Ha3HaUYeHMA — BaXKHbIN MPU3HaK, BAVAIOLWIA Ha NpuUroa-
HOCTb cOpTOB KapTodena Ana nepepabotku. Cenekumsa no sTomy NprsHaKy BefeTcA Ha OCHOBe GeHOTUMNYECKON
oueHKU. MiaeHTnduKauma NoKyCcoB, KOHTPONNPYIOLLMX AaHHbIV NMPK3HAK, N03BONMAA O6bl NPOBOANUTL MAaPKEP-KOH-
Tponupyemblii oT6op rmbpuaos, otbpakosbiBas GoOpMbl C FY6OKMM 3aneraHnem ria3kos Ha PaHHKX STanax ce-
nekuuu. Llenbio HacToALero nccnefoBaHUA H6bi10 BbIABIEHME FEHOMHbIX PaioHOB, aCCOLMMPOBAaHHbIX C FyOVHON
3a5eraHnA rnaskoB., NyTem aHanmnsa coptoobpasuos Kaptodena S. tuberosum L. u3 konnekunm feHArpo MHcTnTyTa
yutonorum u reHeTnkn CO PAH. Mpu ncnonb3osaHum 15214 SNP-mapkepoB, reHOTUMMPOBAHHbBIX C MOMOLLbIO Ynna
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lllumina 22K SNP potato array, n 0606LieHHol nuHeHon mogenu (General Linear Model, GLM) ¢ yueTom nonyns-
LIIOHHOW CTPYKTYpPbl HaliAeHbl 24 3HaUMMbIX MapKepa, aCCOLIMMPOBAHHbIX C MPY3HAKOM «rlybuHa 3aneraHus rnas-
KoB». [onyyeHHble AaHHble nokasanu Hanuune SNP B yeTbipex reHOMHbIX paioHax: B Xpomocomax 4 (1 mapkep
B paroHe 3.92 M6), 5 (1 mapkep B parioHe 4.67 M6) 1 10 (1 mapkep, OTHOCALNIACA K paiioHy 4.87 M6, n 21 map-
Kep B palioHe 48.1-48.9 M6). ConocTaBneHne BbiABNIEHHbIX FEHOMHbIX PAafiOHOB B Hallem 1cciefoBaHuy ¢ 6onee
paHHMMK paboTaMun NOATBEPANIO, UTO NIOKYC Mexay 48.1-48.9 M6 6bin 13BecTeH paHee, OCTaNbHble TPU parioHa
o6Hapy»keHbl BriepBble. YuacTku [HK, cogepkaiwme SNP, cLienneHHble ¢ rnybuHON 3aneraHus rnaskos, 6binm rsy-
YeHbl B cOopKe reHoma KapTtodensa SolTub_3.0 (https://plants.ensembl.org/), n Ha ocHOBe MonyYeHHbIX AaHHbIX
6b111 paspaboTaHbl KASP-MapKepbl, Npy NPYMEHEHNI KOTOPbIX MOXHO OyfeT 6onee 3¢ PpeKTUBHO BECTU CKPUHUHT
cenekLMOHHOro MaTepurana 1 ceneKkLmio COpTOB C MeIKMM 3aJleraHrieMm rnasKoB.

KnioueBble cnoa: GWAS; SNP; kapTodenb; rnybriHa 3aneraHua rnaskos.

Introduction

Potato Solanum tuberosum L. is the important food crop.
The genetic analysis and breeding process of this crop is
complicated by the autotetraploid nature and a high level of
heterozygosity of this species. In addition, S. tuberosum is
a cross-pollinated species, that also makes genetic research
and breeding more difficult. (Prashar et al., 2014). Potato
varieties are reproduced vegetatively in view of the low fer-
tility and the impossibility of ripening fruits in the climatic
conditions of many countries. This type of reproduction
allows this crop to maintain the identity of variety genome
in different reproduction, despite the heterozygosity.

Mapping of quantitative trait loci (QTL) and genes of
autotetraploid potato using biparental populations is a dif-
ficult task. The biparental populations method for autho-
tetraploids requires obtaining and analysis of numerous
progeny. However, the low fertility of most potato varie-
ties does not allow obtaining big mapping populations.
Researches often overcome these limitations of mapping
studies by transition to diploid level, at which in addition
interspecific hybridization is possible. However this ap-
proach still requires high level of fertility. All these features
limit the use of S. tuberosum varieties in genetic mapping
and QTL studies. However, the possibility of applying
a genome-wide association studies (GWAS) with the
development of high performance (HP) sequencing and
other HP-genotyping methods (including application of
SNP-arrays) made it possible to intensify research aimed
on identification of genomic loci related with quantitative
traits, avoiding all difficulties mentioned above for biparen-
tal mapping and QTL analysis. The vegetative reproduction
way of cultivated forms of potato facilitates GWAS method
compared to other cross-pollinated plants, however some
adaptation of the method is still needed taking into account
the autotherapoid nature and heterozygosity (Prashar et al.,
2014; Khlestkin et al., 2019).

The depth of the tuber eyes is an important trait for the
suitability of potato varieties for processing. The volume
of losses during peeling, which should not be higher than
15 % (Zemtcova, Timofeeva, 2011), depends on the eye
depth. Accordingly, this trait affects the cost of peeling
during processing. Based on the conditions for obtaining
minimal waste during mechanized abrasive peeling, the
tuber eye depth should be no more than 1.5 mm (Pshechen-
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kov, Mal’cev, 2011). Evaluation of potato tuber eye depth is
carried out using various scales. A number of studies used
scales divided into three to nine grades (Li et al., 2005;
Prashar et al., 2014; Hara-Skrzypiec et al., 2018).

The first genetic studies of tuber eye depth were per-
formed at the beginning of the twentieth century. R.N. Sala-
man (1911) showed that deep eyes dominate shallow ones.
Later W. Black (1930) also suggested that the eye depth is
controlled by genetic factors, but he hypothesized that this
trait has an intermediate type of inheritance or incomplete
dominance when extreme phenotypes (very deep and very
shallow eyes) are probably homozygous and intermediate
phenotypes (medium depth of the eye) are heterozygous.
B. Maris (1966) suggested that the eye depth is controlled
by one major gene with a additive effect. Some authors have
reported that shallow eyes are dominant (Howard, 1974).
H. Kukimura (1972) and H.W. Howard (1974) indicated
that when crossing two samples with shallow eyes, in seg-
regation can appear samples with deep and medium eyes.
Studies that using genetic markers have shown existence
of the major locus that controls the eye depth trait (Li et
al.,2005). These studies have also shown that the deep eye
(Eyd) dominates the shallow eye (eyd). The Eyd/eyd locus,
which is responsible for the depth of the eye, is located on
chromosome 10 (Li et al., 2005).

W. Black (1930) was first who suggested eye depth to
be quite dependent on environmental conditions. Later,
B. Maris (1966) demonstrated a high susceptibility of
this trait to changes under the influence of environmental
factors. However, H.-W. Howard (1974) argued that the
eye depth is determined mainly by the genotype. Later, a
number of studies also showed a high heritability of the eye
depth (Gopal et al., 1992; Love et al., 1997; da Silva et al.,
2014; Ney et al., 2016) and an insignificant environmental
influence (Love et al., 1997). Other authors show that the
genotype most strongly affects the trait, but the influence
of environmental factors is also quite high (Hara-Skrzypiec
etal., 2018). A number of studies have shown the ability of
the eye depth to change under the influence of somaclonal
variation (Evans et al., 1986; Thieme, Griess, 2005).

In traditional breeding, the depth of the eyes is estimated
in the first generation after crossing. However, the tubers of
hybrids grown from botanical seeds are too small in size and
in this case it is difficult to adequately estimate the depth
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of the eyes. To solve this problem, DNA markers can be
used that will allow effective selection at the first genera-
tion stage and reduce the volume of subsequent studies.

The aim of this study was to search for loci associated
with the eye depth by analyzing S. tuberosum potato varie-
ties from the GenAgro collection of the Institute of Cyto-
logy and Genetics SB RAS, genotyped using the Illumina
22K SNP potato array.

Materials and methods

The plant material. A total of 88 potato varieties from
the collection of the GenAgro Institute of Cytology and
Genetics SB RAS (Table 1) were phenotyped. Most of the
potato collection was represented by varieties and hybrids
of domestic selection, some varieties studied were from
abroad (Ukraine, Germany, China, etc.).

Plants were grown in the field in two field plots on the
territory of the Michurinsky village, Novosibirsk region
from May to August 2017.

Field tests were carried out according to the following
scheme: the number of rows for each genotype was 2;
number of plants in a row — 10; row length — 3 m; the dis-
tance between the rows — 0.75 m; the distance between the
plants in the rows — 0.30 m; planting method — manually
(by hand) on furrows, filling furrows with harrows; landing
date is the third decade of May.

Agrochemical characteristics of the soil: the content
of exchanged potassium 110.00 mg/kg; the amount of
exchanged bases 24.19 mg-eq/100 g; hydrolytic acidity
3.23 mg-eq/100 g; exchanged acidity 5.60 mg-eq/100 g;
humus content 2.67 %; the content of mobile phospho-
rus 5.14 mg/kg; the degree of saturation with bases (V)
88.20 %.

Meteorological conditions of the growing season:

May. Air temperature: long-term average 10.90 °C;
average monthly 12.60 °C; effective temperature sum
197.60 °C. Precipitation: long-term average 37.00 mm;
the amount for the month is 33.90 mm.

June. Air temperature: long-term average 16.90 °C;
average monthly 19.30 °C; effective temperature sum
576.00 °C. Precipitation: long-term average 55.00 mm;
the amount for the month is 71.90 mm.

July. Air temperature: long-term average 19.40 °C;
average monthly 18.50 °C; effective temperature sum
1004.00 °C. Precipitation: long-term average 61.00 mm;
the amount for the month is 99.50 mm.

August. Air temperature: long-term average 16.20 °C;
average monthly 16.80 °C; effective temperature sum
1408.00 °C. Precipitation: long-term average 67.00 mm;
the amount for the month is 65.60 mm.

Evaluation of the eye depth was carried out in 2017 in
accordance with the VIR methodology (Kiru et al., 2010).
The eye depth was determined on a scale of 1 to 3: 1 —shal-
low (less than 1-1.3 mm), 2 — medium (1.4-1.6 mm),
3 —deep (more than 1.7 mm). Five typical eyes of a potato
tuber were measured. These data were compared with the
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data presented in the database of the State Register of
breeding achievements approved for use (http://gossortrf.
ru/gosreestr.html) and data from the European cultivated
potato database (https://www.europotato.org/).

For genotyping, DNA was isolated from the skin of
potato tubers using the DNeasy Plant Mini kit (Qiagen,
CA, USA) according to the manufacturer’s protocol. The
concentration and purity of the test samples was determined
using gel electrophoresis and using a Nanodrop 2000 ap-
paratus.

All 88 varieties were genotyped using the [llumina 22K
SNP potato array (GGP Potato V3) DNA chip at Traitgene-
tics GmbH (Gatersleben, Germany).

The 21,226 SNP dataset was filtered using Excel soft-
ware. Low quality data was deleted, all monomorphic
markers and markers containing more than 95 % of one
allele. For further analysis, 15,214 (71.7 %) SNPs were
taken. The chromosomal position for SNP has been deter-
mined using data of (Vos et al., 2015).

An analysis of the associations between the eye depth
and the genomic regions was carried out using the Tassel
5.2.59 software package (Bradbury, 2007). A generalized
linear model (GLM) was used taking into account the
population structure (Q). The population structure of the
collection was analyzed in previous works (Khlestkin et al.,
2019) using the STRUCTURE v 2.3.4 program (Pritchard
et al., 2000), based on data from all 15,214 markers taken
for further analysis.

Since the TASSEL software package was developed for
the analysis of the genomes of diploid species, for its ap-
plication to the tetraploid genome, the data were transcoded
into a digital format taking into account the representation
of the effector allele (Khlestkin et al., 2019).

Two criteria were used to determine the significance
of associations: (1) the Bonferroni correction, which was
defined as dividing the statistical significance level (0.05)
by the total number of trials, in our case, by the number of
markers (15,214) and amounted to 3.28-107°, and (2) Ben-
jamini—Hochberg test (Benjamini, Hochberg, 1995) (false
discovery rate, FDR). In this case, only those SNPs whose
p-value (FDR) did not exceed the threshold value of 0.05
were considered significant, taking into account the amend-
ments to the Benjamini—Hochberg method.

The development of KASP markers and genotyping
of 86 varieties using them was carried out by LGC Ge-
nomics LLC (Teddington, UK). Sections of 100 bp DNA
containing SNP associated with the eye depth trait were
converted to KASP markers (Supplementary 1)!. Data
about the nucleotide composition of these sites are pre-
sented in the SolTub_3.0 potato genome assembly (https://
plants.ensembl.org/). In the future, it will be possible more
effectively carry out of screening breeding material and
selection varieties with a shallow eye depth using these
developed KASP markers.

1 Supplementary Materials are available in
https://vavilov.elpub.ru/jour/manager/files/SupplTotsky_engl.pdf
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Table1. The results of phenotypic estimation of the potato tubers eye depth

Sample name Eye depth

No.

No. Sample name Eye depth

17 Golubizna

18 Gomyak

19 ......... Granat .......................................... Med .um .....................................
20 Ganoa Shallow |
21 Gullver

. 22 ......... Gusar ..........................................

23 Debryanskj Medum
24 DiDshoni2 Deep
25 Diamamt Shallow
26 zhavoronok Medum

61 Reggi Shallow
62 RedSkaret
53 .......... Redstar ......................................
54 .......... Ru 5 |an ........................................
65 Russkijsouvenir
66 S-112-03(Dochka)
67 .......... Samba .......................................
63 .......... sante .........................................
69 sarovskj Medum
70 .......... Safo ............................................. Sha”ow ......................................
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Results

Phenotyping conducted on 88 samples of the collection
showed that most of the collection, 49 samples, had a
shallow eye depth. Also, a large part of the collection was
represented by samples having a medium eye depth — these
were 33 genotypes. Samples with deep eyes represented
a small part of the sample and were represented by only
6 samples (see Table 1).

Association studies using GLM and taking into account
the population structure revealed 24 SNPs significantly as-
sociated with the tuber’s eye depth (Table 2, see the Figure).
After applying the Bonferroni multiple test correction at
5% (p<3.28:1079), only 15 of 24 SNPs remained signifi-
cant for the tuber’s eye depth, the remaining nine SNPs re-
mained significant only using the FDR criterion (p <0.05).

[eHOMHble palioHbl Solanum tuberosum L., 2020
accoLMmMpoBaHHble C FyGUHOI 3aneraHnaA rnaskos KyoHeln 24.5
.
7.5¢
¢ Bonferroni

0 1 2 3 4 5 6 7 8 910 11 12

Manhattan plot showing significant SNP, associated with eye depth when
using GLM analysis taking into account the population structure.

1-12 - chromosome designation; 0 — SNPs unassigned to certain chromo-
somes.

Table 2. SNPs associated with the eye depth, which identified using GLM analysis

No. Marker
(bp)

Chromosome  Physical map position p

Note. 1-15%— SNPs, which are significant according Bonferroni multiple test correction at 5 % (p < 3.28:10-6); 16-24 — SNPs, which are significant according FDR.
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Table 3. Correspondence of the allele of marker and phenotypic condition of the eye depth

No. Marker Alleles Eyes

Sha”ow ............................. m ed,um ............................ d eep ...............................

..... 1potva,.01116874c001
C+-|- ................................... 3 8 ...................................... 2 9 ...................................... 5 ......................................

4-|- ..................................... 10 ........................................ 2 ...................................... 0 .....................................

..... 250|cap_snp_c2_255264co00
C+-|- ................................... 3 7 ...................................... 2 8 ...................................... 6 ......................................

4-|- ..................................... 11 ......................................... 4 ...................................... 0 .....................................

..... 350|cap_snp_c1_163514co01
C+T ................................... 3 5 ...................................... 2 94 .....................................

4-|- ..................................... 13 ........................................ 3 ...................................... 0 .....................................

..... 450Icap_snp_c2_559484co01
C+T ................................... 3 4 ...................................... 2 8 ...................................... 5 ......................................

4-|- ..................................... 14 ........................................ 3 ...................................... 0 .....................................

..... 550Icap_snp_c1_801946001
G+A .................................. 3 6 ...................................... 3 0 ...................................... 5 ......................................

4A .................................... 10 ........................................ 1 ..............................................................................

..... 6so|cap_snp_c2_2547146001
G+A .................................. 3 8 ...................................... 3 ] ....................................... 5 ......................................

4A .................................... 10 ........................................ 1 ....................................... 0 .....................................

..... 750|cap_snp_c2_255224A001
G+A .................................. 3 8 ...................................... 2 9 ...................................... 5 ......................................

4(_:, .................................... 10 ........................................ 3 ...................................... 0 .....................................

..... 8S°|cap_snp_c2_255284A001
G+A .................................. 3 4 ...................................... 2 7 ...................................... 5 ......................................

4G .................................... 14 ........................................ 5 ...................................... 0 .....................................

..... 9so|cap_snp_c2_254694A001
G+A .................................. 3 3 ...................................... 2 84 .....................................

4G .................................... 15 ........................................ 4 ...................................... 1 ......................................

10 .......... 5 0|cap_snp_c2_255294A ....................................... 0 ........................................ 0 ...................................... 1 ......................................
C+A ................................... 3 3 ...................................... 2 74 .....................................

4C ..................................... 15 ........................................ 5 ...................................... 1 ......................................

” .......... 5 o|cap_snp_c2_255274-|- ........................................ 0 ........................................ 0 ...................................... 1 ......................................

Note. Haplotypes predicting small eyes depth are highlighted in bold.

SNPs associated with the eye depth are found in four
genomic regions, two of which are located on chromo-
some 10. SNPs that are significant when using Bonferroni’s
multiple test corrections (p < 3.28-107%) were located on
one of the two loci of chromosome 10. SNPs that are sig-

nificant when using FDR (p < 0.05) are found at all four
loci on chromosomes 10, 4, and 5. On chromosomes 4
and 5, only one significant SNP was located. Twenty-one
SNPs were located on chromosome 10 in a relatively small
area between 48.1 and 48.9 Mb. Another SNP was located
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in another region of chromosome 10 at position 4.87 Mb
(this SNP is significant when using FDR).

The most significant SNP PotVar0111687 refers to a non-
coding sequence. In total, among 18 significant SNPs, 6 are
located in non-coding regions of the genome, and 11 are
located in protein coding sequences. Annotation of genes
containing significant SNPs is given in Supplementary 2.
Due to the lack of accurate information on the genetic
control of the eye depth, it turned out to be difficult to
definitely relate the identified genes to the formation of the
eye depth.

KASP genotyping analysis results
KASP genotyping was carried out using 11 KASP markers
developed on the basis of SNP that significant when using
Bonferroni multiple test corrections, which were linked to
the eye depth and located on the 10th chromosome between
48.1 and 48.9 Mb (Table 3). Eight markers correlated with
the eye depth, or rather, the homozygous state of one of
the alleles of these markers correlates with a shallow eye.
Haplotypes that are 100 % predictive for shallow eyes
are: PotVar0111687 (homozygote for T), solcap snp
cl 16351 (homozygote for T), solcap snp c2 55948
(homozygote s2, 55848), solcap snp c¢2 25522 (homo-
zygous for G), solcap_snp_c2 25528 (homozygous for G).
The carriers of this haplotype are the Vasilyok, Gulliver,
Lyuks, Matushka, Nayada, Dochka, Tuleevskij, Favorit,
Charoit varieties.

Discussion

X.Q. Li et al. (2005) conducted genetic mapping of the
locus responsible for the eye depth. As a result, the Eyd
locus was mapped on chromosome 10 proximal to the
CT240 marker (12 ¢cM) and distal to the STM0051 marker
(13 cM). BLAST analysis of the sequences of these markers
indicates the position of CT240 in the region of 51 Mb, and
STMO0051 in the region of 23.4 Mb. It can be assumed that
the locus that we identified on chromosome 10, which is
located between 48.1 and 48.9 Mb, corresponds to the Eyd
gene. In a number of works (Sliwka etal., 2008; Prashar et
al., 2014; Rosyara et al., 2016 and others), a locus linked
to eye depth was regularly detected in this region.

A. Prashar et al. (2014) using Infinium 8303 Potato Array
compiled a genetic map of diploid potatoes. After selecting
the most valuable SNPs, the map contained 1355 different
loci and 2157 SNPs. In this work, it was found that the
main locus for the tuber’s eye depth is located on chromo-
some 10 (SNP: c1_8020) and linked to the tuber-shaped
locus. This SNP is located on chromosome 10 in the region
0f'48.8 Mb, as well as locus 4 detected in the current study.
Also A. Prashar et al. (2014) found two SNPs linked to the
eye depth on chromosomes 2 (c2_7422)and 3 (c2_37119),
which were not so significant and most likely could have
an auxiliary effect.

U.R. Rosyara et al. (2016), also used GWAS to search
for SNPs linked to the eye depth. In their study, the DNA
chip had 3.5 thousand markers. A highly significant SNP
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for the eye depth was located at the 48.9 Mb position on
chromosome 10 (coinciding with the locus detected by
A. Prashar et al. (2010) and locus 4, identified in our work).
The less significant SNP ¢2 11685, which was also linked
to the tuber’s eye depth, was located on chromosome 5 at
2.3 Mb position. In our work, we also detected SNP asso-
ciated with the eye depth, located on chromosome 5, but
in a distinct region — 4.7 Mb.

H. Lindqvist-Kreuze et al. (2015) also found potato tu-
bers eye depth QTL on chromosome 10 at position 49.4 Mb,
as well as another locus on chromosome 12. Researchers
have identified a number of candidate genes that underlie
significant QTL and are linked to the eye depth. One of
them is the BEL-1-like homeobox gene, found at a distance
of 1.37 Mb from the QTL marker toPt-437059 on chromo-
some 10. The second is the a-expansion gene, which was
found in the region of significant QTL on chromosome 10
at a distance of 1.78 Mb from the QTL marker toPt-437059.
Also, some genes associated with the production and
modification of pectins were found in the close proximity
to toPt-437059 marker on chromosome 10.

A. Hara-Skrzypiec et al. (2018) also performed map-
ping for a number of potato traits, including the eye depth.
Seven QTLs that were linked to the eye depth were found:
one per each chromosome 1, 4, and 11, and two per each
chromosomes 3 and 5. However, unlike other studies, the
major QTL was located on chromosome 4 (at position
68.8 Mb) and accounted for 22.6 % of the dispersion in
the average data set. We found in our study a significant
SNP PotVar0106879 located on chromosome 4 at position
3.9 Mb.

Thus, the key locus responsible for the eye depth is
located on chromosome 10, while loci with a minor effect
are located on chromosomes 1, 2, 3, 4, 5, 11, and 12, as
well as in other parts of chromosome 10.

Conclusion

Despite a wide range of genetic studies of the potato tubers
eye depth trait and the identification of genes and QTL as-
sociated with eye depth variability, DNA markers are still
not used in the breeding of potatoes to this trait. Meanwhile,
the use of diagnostic DNA markers allows to carry out more
efficient pre-breeding research (screening of potato genetic
resources to identify donors of valuable allelic variants) and
marker-assisted selection in breeding programs (Gebhardt
etal.,2006; Chenetal., 2017; Klimenko etal., 2017, 2019).
We were able to develop a number of new PCR markers that
can be convenient for screening the genetic resources and
breeding material of potato. After additional verification of
these proposed markers on an extended sample, they can be
used to select shallow-eyed plants by analysis at the DNA
level. We selected PCR markers located on chromosome
10 at positions between 48.62 and 48.98 Mb. These data
coincide with the data of other authors on the location of
the supposed gene, which is responsible for the eye depth.
However, due to the larger number of markers that we
found, these data allow us to clarify the localization of the
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gene of interest to us and suggest that it is located at posi-
tions between 48.0 and 49.0 Mb. According to our data,
selection according to the haplotype which includes 8 SNPs
located on chromosome 10 is optimal (PotVar0111687
(homozygote of T), solcap snp c2 25526 (homozygote
of T), solcap snp cl 16351 (homozygote of T), solcap
snp_c2 55948 (homozygote of T), solcap snp cl 8019
(homozygote of A), solcap snp c2 25471 (homozygote
of A), solcap_snp c2 25522 (homozygote of G), sol-
cap_snp_c2 25528 (homozygous for G)). The carriers of
this haplotype are the varieties Vasilyok, Gulliver, Lyuks,
Matushka, Nayada, Dochka, Tuleevskij, Favorit, Charoit,
which are characterized by a shallow eye depth. The use
of these varieties as donors of this trait (which are at the
same time donors a number of other valuable properties)
in combination with PCR analysis of the offspring to select
carriers of the corresponding haplotype will provide a more
economical and accelerated method of creating potatoes
with a shallow tuber eye depth.

References

Benjamini Y., Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Stat. Methodol. 1995;57(1):289-300.

Black W. Notes on the progenies of various potato hybrids. J. Genet.
1930;22(1):27-43. DOI 10.1007/BF0298 3366.

Bradbury P.J., Zhang Z., Kroon D.E., Casstevens T.M., Ram-
doss Y., Buckler E.S. TASSEL: Software for association map-
ping of complex traits in diverse samples. Bioinformatics. 2007,
23:2633-2635. DOI 10.1093/bioinformatics/btm308.

Chen S., Borza T., Byun B., Coffin R., Coffin J., Peters R., Wang-
Pruski G. DNA markers for selection of late blight resistant po-
tato breeding lines. Am. J. Plant Sci. 2017;8(6):1197-1209.

da Silva G.O., Ney V.G., da Silva Pereira A., Terres L.R. Relation-
ships among potato tuber traits in early generations of selection.
Rev. Ceres. 2014;61(3):370-376. DOI http://dx.doi.org/10.1590/
S0034-737X2014000300011.

Evans N.E., Foulger D., Farrer L., Bright S.W.J. Somaclonal varia-
tion in explant-derived potato clones over three tuber generations.
Euphytica. 1986;35(2):353-361. DOI 10.1007/BF00021843.

Gebhardt C., Bellin D., Henselewski H., Lehmann W., Schwarz-
fischer J., Valkonen J.P.T. Marker-assisted combination of ma-
jor genes for pathogen resistance in potato. Theor. Appl. Genet.
2006;112:1458-1464.

Gopal J., Gaur P.C., Rana M.S. Early generation selection for agro-
nomic characters in a potato breeding programme. Theor. Appl.
Genet. 1992;84(5-6):709-713. DOI 10.1007/BF00224173.

Hara-Skrzypiec A., Sliwka J., Jakuczun H., Zimnoch-Guzowska E.
QTL for tuber morphology traits in diploid potato. J. Appl. Ge-
net. 2018;59(2):123-132. DOI 10.1007/s13353-018-0433-x.

Howard H.W. Factors influencing the quality of ware potatoes.
1. The genotype. Potato Res. 1974;17(4):490-511. DOI https://
doi.org/10.1007/BF02362167.

Khlestkin V.K., Rozanova 1.V., Efimov V.M., Khlestkina E.K.
Starch phosphorylation associated SNPs found by genome-wide
association studies in the potato (Solanum tuberosum L.). BMC
Genet. 2019;20(1):29. DOI 10.1186/s12863-019-0729-9.

Kiru S.D., Kostina L.I., Truskinov E.V., Zoteeva N.M., Rogozi-
na E.V.,, Koroleva L.V., Fomina V.E., Palekha S.V., Kosare-

472

Genomic regions of Solanum tuberosum L.
associated with the tuber eye depth

va O.S., Kirilov D.A. Guidelines on the Maintenance and Study
of the World Potato Collection. St. Petersburg, 2010. (in Rus-
sian)

Klimenko N.S., Antonova O.Yu., Kostina L.I., Mamadbokiro-
va F.T., Gavrilenko T.A. Marker-associated selection of Russian
potato varieties with using markers of resistance genes to the
golden potato cyst nematode (pathotype Rol). Trudy po Pri-
kladnoy Botanike, Genetike i Selektsii = Proceedings on Applied
Botany, Genetics, and Breeding. 2017;178(4):66-75. https://doi.
org/10.30901/2227-8834-2017-4-66-75. (in Russian)

Klimenko N.S., Gavrilenko T.A., Kostina L.I., Mamadbokiro-
va F.T., Antonova O.Y. Search for resistance sources to Glo-
bodera pallida and potato virus X in the collection of potato
varieties using molecular markers. Biotekhnologiya i Selektsiya
Rasteniy = Plant Biotechnology and Breeding. 2019;2(1):42-48.
DOI 10.30901/2658-6266-2019-1-42-48. (in Russian)

Kukimura H. Effects of gamma-rays on segregation ratios in po-
tato families. Potato Res. 1972;15(2):106-116. DOI 10.1007/
BF02355958.

Li X.Q., De Jong H., De Jong D.M., De Jong W.S. Inheritance and
genetic mapping of tuber eye depth in cultivated diploid pota-
toes. Theor. Appl. Genet. 2005;110(6):1068-1073. DOI 10.1007/
s00122-005-1927-6.

Lindqvist-Kreuze H., Khan A., Salas E., Meiyalaghan S., Thom-
son S., Gomez R., Bonierbale M. Tuber shape and eye depth
variation in a diploid family of Andean potatoes. BMC Genet.
2015;16:57. DOI 10.1186/s12863-015-0213-0.

Love S.L., Werner B.K., Pavek J.J. Selection for individual traits
in the early generations of a potato breeding program dedicated
to producing cultivars with tubers having long shape and rus-
set skin. Am. Potato J. 1997;74(3):199-213. DOI 10.1007/
BF02851598.

Maris B. The modifiability of characters important in potato breed-
ing. Euphytica. 1966;15(1):18-31. https://doi.org/10.1007/BF
00024076.

Ney V.G., Terres L.R., da Silva G.O., da Silva Pereira A. Expected
response to early-generation selection for yield and tuber appear-
ance traits in potatoes. Semin. Cienc. Agrar. 2016;37(5):2849-
2857. DOI 10.5433/1679-0359.2016v37n5p2849.

Prashar A., Hornyik C., Young V., McLean K., Sharma S., Dale M.F.,
Bryan G.J. Construction of a dense SNP map of a highly hete-
rozygous diploid potato population and QTL analysis of tuber
shape and eye depth. Theor. Appl. Genet. 2014;127(10):2159-
2171. DOI 10.1007/s00122-014-2369-9.

Pritchard J.K., Stephens M., Donnelly P. Inference of popula-
tion structure using multilocus genotype data. Genetics. 2000;
155(2):945-959.

Pshechenkov K.A., Mal’tsev S.V. Assessment of potato varieties
bred at the All-Russia Institute of Potato Industry for suitability
for industrial processing. Zashhita Kartofelya = Potato Protec-
tion. 2011;1:38-40. (in Russian)

Rosyara U.R., De Jong W.S., Douches D.S., Endelman J.B. Soft-
ware for genome-wide association studies in autopolyploids and
its application to potato. Plant Genome. 2016;9(2). DOI 10.3835/
plant genome2015.08.0073.

Salaman R.N. The inheritance of colour and other characters in the
potato. J. Genetics. 1910;1(1):7-46. DOI https://doi.org/10.1007/
BF02981567.

Sliwka J., Wasilewicz-Flis 1., Jakuczun H., Gebhardt C. Tagging
quantitative trait loci for dormancy, tuber shape, regularity of tu-

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 5


https://doi.org/10.30901/2227-8834-2017-4-66-75
https://doi.org/10.30901/2658-6266-2019-1-42-48

W.B. Toukui, U.B. Po3aHoga, A.[. CadoHoBa, A.C. batoB
10.A. TypeeBa, A.B. KoueTos, E.K. XnecTknHa

ber shape, eye depth and flesh colour in diploid potato originated
from six Solanum species. Plant Breed. 2008;127(1):49-55. DOIL
10.1111/j.1439-0523.2008.01420.x.
Thieme R., Griess H. Somaclonal variation in tuber traits of potato.
Potato Res. 2005;48(3-4):153-165. DOI 10.1007/BF02742373.
Vos P.G., Uitdewilligen J.G.A.M.L., Voorrips R.E., Visser R.G.F,,
van Eck H.J. Development and analysis of a 20K SNP array for

2020
24.5

[eHOMHble palioHbl Solanum tuberosum L.,
accoLMmMpoBaHHble C FyGUHOI 3aneraHnaA rnaskos KyoHeln

potato (Solanum tuberosum): an insight into the breeding his-
tory. Theor. Appl. Genet. 2015;128(12):2387-2401. https://doi.
0rg/10.1007/s00122-015-2593-y.

Zemtcova M.A., Timofeeva I.I. Technological assessment of potato
varieties for suitability for conversion to crisps and French fries.
Zaschita Kartofelya = Potato Protection. 2011;1:17-20. (in Rus-
sian)

ORCIDID

1.V. Totsky orcid.org/0000-0001-5565-9097

A.V. Kochetov orcid.org/0000-0003-3151-5181
E.K. Khlestkina orcid.org/0000-0002-8470-8254

Acknowledgements. Investigation of phenotypic characteristic of potato varieties in the field condition and in the greenhouse was carried out as part
of the budget project of the Institute of Cytology and Genetics SB RAS (project No. 0259-2019-0011). The analysis of genetic associations was carried
out as part of the Comprehensive Plan of Scientific Research “Development of Potato Breeding and Seed Production”. The development of new allele-
specific markers was performed as part of the Russian Science Foundation (16-16-04073).

Conflict of interest. The authors declare no conflict of interest.

Received December 2, 2019. Revised May 12, 2020. Accepted May 13, 2020.

FEHETUKA PACTEHUI / PLANT GENETICS 473


https://doi.org/10.1007/s00122-015-2593-y
https://doi.org/10.1007/s00122-015-2593-y

