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Abstract. Wart (a disease caused by Synchytrium endobioticum) and golden cyst potato nematode (Globodera rosto-
chiensis), which parasitize the roots of the host plant, cause significant damage to potato crop. Both of these disease
factors are quarantined in the Russian Federation, and each registered variety is tested for resistance to their most
common races and pathotypes. The main method of opposing such diseases is by the development of resistant varie-
ties. An important step in this process is the selection of resistant genotypes from the population and the estimation
of the resistance of hybrids obtained by crosses during the breeding process. Conducting a permanent phenotypic
evaluation is associated with difficulties, for example, it is not always possible to work with pathogens, and pheno-
typic evaluation is very costly and time consuming. However, the use of DNA markers linked to resistance genes can
significantly speed up and reduce the cost of the breeding process. The aim of the study was to screen the GenAgro
potato collection of ICG SB RAS using known diagnostic PCR markers linked to golden potato cyst nematode and wart
resistance. Genotyping was carried out on 73 potato samples using three DNA markers 57R, CP113, Gro1-4 associated
with nematode resistance and one marker, NL25, associated with wart resistance. The genotyping data were compared
with the data on the resistance of the collection samples. Only the 57R marker had a high level of correlation (Spearman
R = 0.722008, p = 0.000000, p < 0.05) between resistance and the presence of a diagnostic fragment. The diagnostic
efficiency of the 57R marker was 86.11 %. This marker can be successfully used for screening a collection, searching
for resistant genotypes and marker-assisted selection. The other markers showed a low correlation between the pres-
ence of the DNA marker and resistance. The diagnostic efficiency of the CP113 marker was only 44.44 %. Spearman'’s
correlation coefficient (Spearman R =-0.109218, p = 0.361104, p < 0.05) did not show significant correlation between
resistance and the DNA marker. The diagnostic efficiency of the NL25 marker was 61.11 %. No significant correlation
was found between the NL25 marker and resistance (Spearman R =-0.017946, p = 0.881061, p < 0.05). The use of these
markers for the search for resistant samples is not advisable.
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AHHOTaLA. 3HAaYUUTENbHBIN yLlepb ypoxato KapTodens HAHOCAT paKk KapTodens (6onesHb, Bbi3biBaeMas MaTOreHHbIM
rpubom Synchytrium endobioticum) v 3onoTncTas KaptodenbHaa HemaTofa (Globodera rostochiensis), napasnTupyto-
LL|asA Ha KOPHAX pacTeHuA-xo3samHa. Oba 3Tux dakTopa ABNATCA 06beKTaMy BHELLIHErO U BHYTPEHHEro KapaHTuHa B
Poccuinckon Oepepaunn, 1 Kaxablii COpT, pernctprpyembiii B PO, npoxoanT NpoBepKy Ha YCTONYMBOCTb K Hanbonee
pacnpocTpaHeHHbIM UX pacam 1 natotunam. OCHOBHOWM mMeTo 60pbbbl C NOAOOHBIMYU 3a60NeBaHMAMY — BbiBefleHNe
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YCTONUYUBbIX COPTOB. BaXKHbIM 3Tanom B 3TOM npoLiecce ABAAETCA OTOOP YCTONUMBbBIX FEHOTUMOB 13 MONYAALMW U OLieH-
Ka YyCTONUMBOCTU MMOPVAOB, MOyUYEHHbIX NMPU CKPELLMBaHUAX BO BPEMA CeNleKLMOHHOro npolecca. lNposefaeHne no-
CTOSIHHOWN GEHOTUMNYECKON OLIEHKIM CBA3AHO C PAAOM TPYLHOCTENW, @ UMEHHO: He BCEeraa eCTb BO3MOXHOCTb paboTaTb
C naToreHamu, cama GeHoTUNMYEeCcKas oLeHKa oYeHb 3aTpaTHasa 1 Tpygoemkas. OgHako npumMeHeHne JHK-mapkepos,
CLEenfIeHHbIX C reHaMn YCTOMYMBOCTI, MOXKET 3HaUUTeIbHO YCKOPUTL 1 yAelweBuTb npotecc. Llenbio nccneposanma
6bIfI0 NpoBefeHNEe CKPUHMUHIA Konnekuymmn kaptodpensa «feHArpo» (MUnl CO PAH) ¢ ncnonb3osanunem MLP-mapkepos,
pa3paboTaHHbIX ANA ANArHOCTKM YCTOMUYMBOCTM K 30/10TUCTON KapTodenbHON HemaToae 1 paky kapTodpens. Cembae-
CAT Tpu 06pasua u3 konnekumn «freHArpo» UL CO PAH 6binn reHotrnuposaxbl IHK-mapkepamun 57R, CP113, Gro1-4,
cLenieHHbIMK C YCTOMYMBOCTBIO K HemaToAe, 1 mapkepom NL25 gna yctonumoctu K paky. Pe3ynbraTbl reHOTMNMPO-
BaHWA COMOCTaBIEHbI C YPOBHEM BOCMPUNMYMBOCTIN 06Pa3sLioB K 601e3HAM. Bbicokuin ypoBeHb Koppenauun (Kosddu-
umeHT Koppenaummn CnupmeHa Spearman R = 0.722008, p = 0.000000, p < 0.05) mexay yCTONUMBOCTbIO N Hannynem
AnarHocTmyeckoro ¢dparmeHTa Obin NokasaH Tonbko AnA Mapkepa 57R. inarHoctnyeckaa 3gpdeKTBHOCTb MapKepa
57R coctaBnna 86.11 %. [laHHbIN MapKep MOXHO YCMeLHO NCNOJb30BaTb A4J1A MOMCKa YCTOMUYMBbLIX FeHOTUMOB U NPO-
BefleHNA MapKep-OpPNEeHTUPOBAHHON cenekuymn. [1na ocTanbHbIX MapKepoB OCTOBEPHbLIX KOPPENALMIA He BblABIEHO.
[uarHoctnyeckas 3GpeKTMBHOCTb NprMeHeHnsa Mmapkepa CP113 paBHAnack Bcero 44.44 %, a KoadpuumeHT Koppens-
uun CnupmeHa (Spearman R=-0.109218, p = 0.361104, p < 0.05) noka3biBan OTCYTCTBME 3HAUYMMOWN KOPPENALNA MeX-
oy ycronumsoctbio U JHK-mapkepom. [inarHoctnyeckasa adpdekTmBHocTb Mapkepa NL25 coctaBuna 61.11 %. 3Hauu-
Mol Koppenaummn mexay mapkepom NL25 1 yctoitumBocTbio He o6HapyxeHo (Spearman R =-0.017946, p = 0.881061,
p < 0.05). icnonb3oBaHMe 3TMX MapKepOoB A/1A MOUCKa YCTONUMBbIX 06pa3sLoB HellenecoobpasHo.

KnioueBble cnoBa: 3050TiCTasa KaptodenbHaa HemaTofa; pak KapTtodens; kaptodenb; AHK-mapkepbl 57R; NL25;

CP113; Gro1-4.

Introduction

Potato is one of the most important crops in the world and
is the world’s fifth largest staple food crop by volume (FAO
Statistical Pocketbook, 2019). One of the possible reasons for
a decrease in yield is the damage of potatoes by various fac-
tors. Especially dangerous for potatoes are golden potato cyst
nematode (Globodera rostochiensis) and potato wart (patho-
gen — Synchytrium endobioticum). They are quarantined in the
Russian Federation. Data on resistance to G. rostochiensis and
S. endobioticum are required when registering a potato variety
in the State Register of Selection Achievements Authorized
for Use (State Register... 2019; https://gossortrf.ru/).

Potato cyst nematode (PCN) can cause significant damage
to the potato yield, which can reach 80-90 % (Khiutti et al.,
2017; Klimenko et al., 2017). Today, 5 pathotypes of this pest
are known in the world: Rol, Ro2, Ro3, Ro4, Ro5 (Kort et
al., 1977; Khiutti et al., 2017), while in Russia only the Rol
pathotype of PCN has been detected at the moment (Liman-
tseva et al., 2014).

Potato wart affects from 35 (Koretsky, 1970) to 100 %
(Hampson, 1993) of the yield. There are 43 wart pathogens
in Europe today (Baayen et al., 2006). Only a few varieties
affected by this disease are registered in the State Register
of Selection Achievements (State Register... 2019; https://
gossortrf.ru/).

One of the main methods of dealing with these pests is
the development of resistant potato varieties. Accordingly,
it is important to detect genes responsible for resistance to
PCN, study their heritability, develop DNA markers linked
to these genes, and use genes in breeding in marker-assisted
selection schemes.

The potato has 7 loci of resistance to PCN on chromo-
somes III (Grol.4-QTL (Kreike et al., 1996)), V (Grp1-QTL
(Rouppe van der Voortetal., 1998), HI (Gebhardt et al., 1993),
GroV1 (Pineda et al., 1993)), VII (Grol (Barone et al., 1990;
Leister et al., 1996)), X (Grol.2-QTL (Kreike et al., 1993)),
XI (Grol.3-QTL (Kreike et al., 1993)). Four loci (Grol.4,
Grpl, Grol.2, and Grol.3) provide partial resistance, while
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three others (H1, GroV1, and Grol) give high resistance to
one or more pathotypes (Gebhardt, Valkonen, 2001; Bakker
et al., 2004; Ramakrishnan et al., 2015). DNA markers have
made it possible to identify complex loci containing several
R-genes, including a locus containing two genes (H1, GroV1)
for PCN resistance, which was identified on chromosome V
in two different potato species (Gebhardt, Valkonen, 2001).

The H1 resistance gene is introgressed into breeding varie-
ties from Solanum tuberosum ssp. andigenum and S. vernei
(Toxopeus, Huijsman, 1953). This gene is dominant and
determines resistance to pathotypes Rol and Ro4 of G. rosto-
chiensis (Jones et al., 1981; Gebhardt, Valkonen, 2001; Bakker
et al., 2004); according to other data, it determines resistance
to pathotypes Ro5 and Ro6 (Pajerowska-Mukhtar et al., 2009;
Milczarek et al., 2011; Lopez-Pardo et al., 2013; Ramakrish-
nan et al., 2015). This gene is located at the distal part of the
long arm of the V chromosome (Gebhardt et al., 1993; Pineda
et al., 1993) and encodes the CC-NBS-LRR protein (coiled
coil/nucleotide-binding/leucine-rich repeat). The H/ gene is
the only nematode resistance gene for which Flora’s gene-
to-gene interaction concept has been validated by classical
genetic analysis (Flor, 1971; Janssen et al., 1991; Gebhardt,
Valkonen, 2001). The H1 resistance gene corresponded to the
Avr gene of golden potato cyst nematode G. rostochiensis.

The GroV1 gene originates from the wild potato species
S. vernei, is linked to the HI locus (Jacobs et al., 1996),
and is responsible for resistance to the Rol pathotype of
G. rostochiensis (Jacobs et al., 1996; Milczarek et al., 2011;
Ramakrishnan et al., 2015).

The Grol locus is localized on chromosome VII and
contains a family of genes Grol-1, Grol-2, Grol-3, Grol-4,
Grol-5, Grol-6, Grol-8, Grol-10, Grol-11, Grol-12 and
Grol-14, as well as a number of pseudogenes (Barone et
al., 1990; Leister et al., 1996; Paal et al., 2004). J. Paal and
colleagues showed that the Gro/-4 gene is a monogenic
dominant gene responsible for resistance to the Ro1 pathotype
of G. rostochiensis and encodes a protein belonging to the
TIR-NB-LRR class of proteins. Grol-4 was introduced into
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S. tuberosum from the wild potato S. spegazzinii (Ballvora et
al., 1995; Gebhardt, Valkonen, 2001; Gebhardt et al., 2004;
Paal et al., 2004; Kuhl, 2011; Milczarek et al., 2011; Rama-
krishnan et al., 2015).

A number of loci of quantitative traits associated with resis-
tance to cyst nematodes were mapped in the potato genome:
Grol.2, Grol.3, and Grol.4 determining resistance to G. ros-
tochiensis were localized on chromosomes X, XI, and III. In
this case, S. spegazzinii was the source of resistance (Kreike
etal., 1993, 1996).

The Grp1 locus provides a broad spectrum of resistance to
both cyst nematodes G. rostochiensis and G. pallida. 1t has
been mapped to chromosome V (Rouppe van der Voort et al.,
1998, 2000) and determines resistance to the Ro5 pathotype
of G. rostochiensis (Finkers-Tomczak et al., 2009; Milczarek
et al., 2011; Ramakrishnan et al., 2015).

A significant number of diagnostic DNA markers have been
developed for the HI gene. Among them are markers CD78
(Pineda et al., 1993), TG689 (Milczarek et al., 2011; Lopez-
Pardo et al., 2013), N146, N195 (Mori et al., 2011; Asano et
al., 2012), CP113 (Gebhardt et al., 1993; Niewohner et al.,
1995; Skupinova et al., 2002; Milczarek et al., 2011), TG689/
TG689indel12 (Galek et al., 2011), 239E4left (Bakker et al.,
2004; Pajerowska-Mukhtar et al., 2009; Milczarek et al.,
2011), EM15 (repulsion) and CMI (coupling) (Bakker et al.,
2004), 57R (Finkers-Tomczak et al.,2011; Schultz etal., 2012;
Milczarek et al., 2014). Markers have also been designed for
other genes and QTLs. For example, markers TG69 (Pineda
et al., 1993), SCAR-U14, and SCAR-X02 have been deve-
loped for the GroV1 gene (Jacobs et al., 1996; Milczarek et
al., 2011); markers CP56 and St3.3.2 (Barone et al., 1990;
Leister et al., 1996), CP56, CP51(c), GP516(c) were selected
for the Grol locus (Ballvora et al., 1995; Kuhl, 2011). Markers
Grol-4 (Gebhardt et al., 2004; Paal et al., 2004; Milczarek et
al.,2011) and Grol-4-1 (Asano et al., 2012) were designed for
the Grol-4 gene. For Grpl-QTL, markers GP21 and GP179
(Rouppe van der Voort et al., 1998), TG432 (Finkers-Tomczak
et al., 2009; Milczarek et al., 2011) have been developed.
The TG63 marker was selected for Grol.2-QTL (Kreike et
al., 1993). Markers Ssp75 and TG30 have been developed
for Grol.3-QTL (Kreike et al., 1993). The Ssp8 marker was
designed for Grol.4-QTL (Kreike et al., 1996).

A number of genes for resistance to wart (S. endobioti-
cum) have been found in potatoes. These are the following
genes: Senl, located on the XI chromosome (Hehl et al.,
1999); Seni-4 mapped to chromosome IV (Brugmans et al.,
2006); locus Senl8-1X, located on chromosome IX; locus
Sen2/6/18-1, located on chromosome I (Ballvoraetal., 2011);
locus Xla-TNL found on chromosome XI (Bartkiewicz et al.,
2018); the Sen2 locus mapped to chromosome XI (Plich et
al., 2018); the Sen3 locus was mapped on chromosome XI
in the same region as the Sen/ gene (Prodhomme et al.,
2019); the authors suggested that Sen3 could be either a Sen/
paralogue from the same cluster or an allelic variant of the
Senl gene.

QTLs responsible for resistance to races 1, 2, 6 and 18 of
wart are found on other chromosomes: chromosome I (to
race 2), chromosome II (to races 6, 18), chromosome VI (to
races 1,2, 6, 18), chromosome VII (to races 2, 6, 18), chromo-
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some VIII (to races 1, 2, 6, 18), chromosome X (to races 2, 6,
18), chromosome XI (to races 2, 6, 18) (Groth et al., 2013).
J.E. Obidiegwu and colleagues also found additional wart
resistance loci on chromosomes I, IV, X, XI, and XII that
were less influential than the main genes (Obidiegwu et al.,
2015). Minor QTLs located on the chromosome X further
affect resistance to race 18 of wart (Bartkiewicz et al., 2018).

The Senl and Senl-4 genes determine the resistance to
race 1 of the potato wart pathogen; in both cases, resistance
is determined by the dominant alleles of the genes. The Sen/
gene is located at the distal part of the long arm of chromo-
some XI (Hehl et al., 1999; Obidiegwu et al., 2014). However,
it should be noted that J.E. Obidiegwu et al. (2015), using
genome-wide association studies (GWAS), identified the
Senl/RSe-Xla multi-allelic locus on potato chromosome XI
as the main factor of resistance to four S. endobioticum races
(races 1, 2, 6 and 18) (Obidiegwu et al., 2015). The Senl-4
gene is located on the long arm of chromosome IV at a dis-
tance of 5 cM from the centromere (Brugmans et al., 2006).

The Xla-TNL locus on potato chromosome XI is linked to
resistance to races 18 and 6 and can be considered as one of
the main factors of wart resistance (Bartkiewicz et al., 2018).

The Sen2 locus is mapped to chromosome XI and is
a dominant monogenic locus that provides a high level of
resistance to eight races of S. endobioticum simultaneously:
1 (D1),2(G1), 6 (0O1), 8 (F1), 18 (T1), 2 (Chl), 3 (M1) and
39 (P1). The genetic and physical distances between the Sen /
and Sen2 loci were indirectly estimated at 63 ¢cM and 32 Mbp,
respectively (Plich et al., 2018).

Sen3 is a dominant monogenic locus of resistance to races 2,
6, and 18 (Prodhomme et al., 2019). Locus Sen/8-1X (chromo-
some IX) determines resistance to race 18 S. endobioticum,
and locus Sen2/6/18-1 (chromosome I) to races 2, 6, and 18.
A. Ballvora et al. (2011) note that resistances to races 2, 6
and 18 correlate with each other, but are inherited regardless
of resistance to race 1.

Several markers have been developed to detect the dominant
allele of the Sen/ gene: CP58, GP125 (Hehl et al., 1999),
NL25 (Hehl etal., 1999; Bormann et al., 2004; Gebhardt et al.,
2006), Sti046, St At5g16710, GP125 and GP259 (Ballvora
etal., 2011). Also, using a genome-wide association studies,
a haplotype-specific marker PotVar0067008 associated with
Senl was identified (Prodhomme et al., 2020).

To identify the Sen/8-1X locus, markers GP129, GP101
and STM3023b can be used. The Sen2/6/18-1 locus can be
diagnosed using markers STM2030, SC176, GP192, GP124,
and GP194 (Ballvoraetal., 2011). Markers Kc8103 and RK36,
located on chromosome XI and linked to the X/a-TNL locus,
have shown potential diagnostic value in determining resis-
tance to races 18 and 6 of S. endobioticum (Bartkiewicz et al.,
2018). Three markers, 5450 3,2502 1,and 2502 3, linked to
the Sen2 locus were developed (Plich et al., 2018). It is pos-
sible to use the markers chrl1 1259552 and chr11 1772869
to detect Sen3 (Prodhomme et al., 2019).

The aim of the study was to screen the GenAgro potato col-
lection of the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences (ICG SB RAS)
using known diagnostic PCR markers linked to resistance to
golden cyst potato nematode and potato wart.
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Materials and methods

Plant material. The research material was the collection of
varieties and hybrids of potatoes named the “GenAgro” plant
collection of the ICG SB RAS. The collection was represented
by 73 varieties and hybrids of potatoes (Solanum tuberosum)
(Supplement 1)!. The plants were grown in the field 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 two; the
number of plants in a row — 10; row length — 3 m; distance
between the rows — 0.75 m; distance between the plants in
rows — 0.30 m; planting method — manually (by hand) on fur-
rows, 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 phosphorus 5.14 mg/kg; the degree of
saturation with bases (V) 88.20 %.

Most of the data on resistance to PCN and potato wart were
taken from references, namely from the database of the State
Register of Selection Achievements Authorized for Use (State
Register.. ., 2019; https://gossortrf.ru/), and from the European
Cultivated Potato Database (https://www.europotato.org/).
Some of the samples and hybrids for which there were no
published data on resistance were evaluated under experi-
mental conditions. Determination of resistance to PCN was
carried out in accordance with the methodology recommended
by OEPP/EPPO (2006) at the All-Russian Institute of Plant
Protection. Potato wart resistance was evaluated according
to the Glynn—-Lemmerzahl method as described in the EPPO
Diagnostic protocol for S. endobioticum (OEPP/EPPO, 2004)
at the Russian Potato Research Center.

DNA isolation and PCR analysis. DNA was isolated from
the skin of potato tubers using the DNeasy Plant Mini kit (Qia-
gen, CA, USA) according to the protocol. The concentration
and purity of the tested samples were determined using gel
electrophoresis and a Nanodrop 2000 apparatus.

Several diagnostic markers most often used in breeding
programs were selected for genotyping (Table 1). These mar-
kers were associated with R-genes that determine resistance
to race 1 of potato wart (S. endobioticum) and Rol pathotype
of potato cyst nematode (G. rostochiensis).

Two markers, 57R and CP113, associated with the HI re-
sistance gene, and the Grol-4 marker, associated with the
Grol-4 resistance gene, were selected to identify PCN resis-
tance genes (see Table 1). The SCAR PCR marker CP113-5"2/
CP113-3"2 was proposed by J. Niewohner et al. (1995) based
on the RFLP marker CP113. Amplification of DNA of resistant
genotypes using this marker formed product with a 760 bp
length. The 57R marker was proposed by L. Schultz et al.
(2012). Amplification of DNA of resistant genotypes formed
product with a 450 bp length. SCAR PCR marker Gro1-4 was
developed by J. Paal et al. (2004) based on the RFLP marker
Grol. Amplification of DNA of resistant genotypes formed
product with a 602 bp length.

T Supplementary Materials are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Totsky_Engl.pdf
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The NL25 marker was proposed by R. Hehl et al. (1999)
when mapping the Sen/ gene. C.A. Bormann et al. (2004)
and C. Gebhardt et al. (2006) used this marker for marker-
assisted selection (see Table 1). Amplification produces one
or two fragments of 1200 or 1400 bp lenght. The presence
of the dominant Sen/ allele is determined by the presence of
a 1400 bp fragment.

PCR was carried out in a 20 pL reaction mixture containing
100 ng of DNA, 67 mM Tris-HCI (pH 8.8), 1.8 mM MgCl,,
0.01 % Tween 20, 0.2 mM each dNTP, 0.25 uM forward and
reverse specific primers, 1 unit Taqg DNA polymerase.

Two types of amplification programs (SSR55 and SSR60)
represented the time-temperature profile of PCR. SSRS55:
(1) first cycle: 94 °C — 2 min; (2) the next 45 cycles: 94 °C —
1 minute, 55 °C — 1 minute and 72 °C — 2 minutes; (3) one
cycle of 5 minutes at 72 °C (Grol-4). SSR60: (1) first cycle:
94 °C —2 min; (2) the next 45 cycles: 94 °C — 1 minute, 60 °C —
1 minute and 72 °C — 2 minutes; (3) one cycle of 5 minutes
at 72 °C (NL25, CP113, 57R).

The analysis of the obtained PCR products was carried
out by electrophoresis in a 2 % agarose gel. The results were
documented using a Molecular Imager Gel Doc XR System
(BioRad) using UV light.

Statistical processing of the data was carried out using
Spearman’s correlation coefficient; for calculations, the
STATISTICA program was used. The diagnostic efficiency,
sensitivity, specificity and predictive value were calculated
using the MedCalc software (https://www.medcalc.org/).
Diagnostic efficiency was defined as the proportion of correct
test results in the total number of test results, or the sum of
true positive and true negative test results divided by the total
number of test results. The sensitivity was calculated as the
number of resistant samples identified using a DNA marker
divided by the total number of resistant samples. Specificity
is the number of susceptible samples identified by the DNA
marker divided by the total number of susceptible samples.
Positive predictive value was defined as the proportion of
correct positive diagnostic test results.

Results

Among 73 samples selected for genotyping, 35 were resistant
to PCN, 37 samples were susceptible, and in one sample,
resistance to nematodes was unknown (Table 2). 69 samples
were resistant to wart, 3 samples were susceptible to disease,
the resistance of one sample was unknown (see Table 2).

Genotyping of varieties and hybrids

using markers designed for resistance to PCN

The 57R marker is found in 85.7 % of resistant samples, as
well as in 13.5 % of susceptible ones (Table 3; Supplement 2,
Fig. 1-6; Supplement 3). Some mismatches can be observed
due to the absence of linkage of the 57R marker with the H1
resistance gene in a number of samples. The second reason for
the mismatches can be explained by the presence of other resis-
tance genes in samples that do not carry the 57R marker. The
diagnostic efficiency of the 57R marker, which is expressed
as the percentage of true (both positive and negative) test
results to the total number of results obtained, was 86.11 %.
The diagnostic sensitivity of the used marker, which shows the
number of resistant samples identified using the DNA marker
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Table 1. DNA markers used for collection screening
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Gene  Trait Marker Nucleotide sequence Gene Diagnostic Reference
and primer from 5'to 3’ localization fragment size, bp
name
H1 Resistance CP113F GCGTTACAGTCGCCGTAT Chromosome V 760 Niewoéhner et al.,
T e e — 1995
cyst nematode CP113R  GTTGAAGAAATATGGAATCAAA
(G. rostochiensis)  g;p TGCCTGCCTCTCCGATTTCT 450 Schultzetal, 2012
57R-R GGTTCAGCAAAAGCAAGGACGTG
Grol-4 Gro1-4F TCTTTGGAGATACTGATTCTCA Chromosome VIl 602 Paal et al., 2004
Gro1-4R CGACCTAAAATGAAAAGCATCT
Senl Resistance NL25F TATTGTTAATCGTTACTCCCTC Chromosome XI 1400 Hehl et al., 1999;
£0 WAt (ALhogen — s insessssnsssvsos et ssssesessesssotinss s Bormann et al,, 2004;
NL25R AGAGTCGTTTTACCGACTCC

S. endobioticum)

divided by the total number of resistant samples, was 85.71 %.
The diagnostic specificity, which is the number of susceptible
samples identified by the DNA marker divided by the total
number of susceptible samples, was 86.48 %. The predictive
value of a positive result, showing the proportion of correct
positive diagnostic test results, was 85.71 %. Calculation of
the Spearman correlation coefficient (Spearman R =0.722008,
p =0.000000, p < 0.05) showed a significant correlation be-
tween resistance and the 57R marker.

The CP113 marker is found in only 48.6 % of resistant ac-
cessions, while the marker is present in 62.9 % of susceptible
genotypes (see Table 3; Supplement 2, Fig. 7; Supplement 3).
These results can be regarded as the absence of linkage of the
marker with the A/ resistance gene in many samples of the po-
tato collection. The diagnostic efficiency of the CP113 marker
was only 44.44 %. Diagnostic sensitivity was 48.57 %. Diag-
nostic specificity accounted for 40.54 %. The predictive value
of a positive result, indicating the probability of resistance
presence if the test shows a positive result when CP113 marker
was used, was equal to 43.58 %. Spearman’s correlation coef-
ficient (Spearman R =—0.109218, p = 0.361104, p < 0.05) in
this case showed no significant correlation between resistance
and DNA marker. The use of such a marker when screening
a population to search for resistant samples is not advisable.

29 samples were analyzed using the Grol-4 marker. The
diagnostic fragment was amplified in only 5 samples. Cor-
respondence of the presence of the marker in the resistant
sample was observed only in 1 case out of 5. In other cases,
the marker was found in the samples susceptible to the disease.

The data obtained show that when screening populations
for resistance to PCN, it is advisable to use the 57R marker.

Genotyping of varieties and hybrids

using markers linked to resistance to potato wart

The NL25 marker is found in 62.3 % of resistant samples,
however, the marker is present in two of the three susceptible
genotypes (see Table 3, Supplement 4). This can be explained
by the processes of crossing over and by the fact that in a num-
ber of samples the linkage of the marker and the resistance
gene is not observed; however, the small number of sensitive

Gebhardt et al., 2006

samples does not allow sufficiently assessing the applicability
of the marker for breeding. The marker is absent in 27 samples
and only in one case we observe the absence of a marker in the
susceptible sample, in the other cases the marker is absent in
the resistant samples. This can be explained by the presence of
another resistance gene that is not linked to the NL25 marker.

The diagnostic efficiency of resistance using the NL25 mar-
ker was 61.11 %. The diagnostic sensitivity turned out to be
at 62.31 %. The diagnostic specificity was only 33.33 %.
However, the predictive value of a positive result, showing
the proportion of correct positive diagnostic test results, when
using the NL25 marker was equal to 95.55 %. It should be
noted that such results are associated with the fact that the set
of samples contained only three sensitive samples, and two
of them showed the presence of the NL25 marker. Spear-
man’s correlation coefficient (Spearman R = —0.017946,
p=0.881061, p <0.05) in such situation showed the absence
of significant correlations.

Despite the fact that the NL25 marker is often used in
screening and marker selection, a study in our set of samples
showed that its use does not guarantee a reliable result.

Discussion

In our study, 13 resistant to golden potato nematode samples
that had both markers (57R and CP113) linked to the H/
nematode resistance gene were found. In addition, there are
8 genotypes resistant to nematodes and wart and carrying
both the 57R and CP113 markers linked to the H/ nematode
resistance gene and the NL25 marker linked to the Sen/ wart
resistance gene. There is also one sample (Safo) in the popula-
tion that is resistant to wart and nematodes and carries all three
markers 57R, CP113, Grol-4, linked to nematode resistance,
and marker NL25, linked to wart resistance.

DNA markers of wart resistance

The NL25 marker linked to the Sen/ gene, which provides
resistance to pathotype 1 of potato wart, is successfully used
in the practice of marker-oriented selection. So, C. Gebhardt
and colleagues reported that after screening 17 plants in two
families of segregating populations using the NL25 marker,
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Genotyping of potato samples using DNA markers
of genes conferring resistance to phytopathogens

Table 2. Resistance of varieties and hybrids of potatoes to nematodes and wart

No. Variety/hybrid Resistance Resistance

to golden potato to wart
cyst nematode

9 Velikan -

. 10 .......... V, raz h ...................................................................... +1 ....................
11 ........... Vym pe| .................................. +1 .....................................................
12 .......... Ga|a ........................................ +1 .....................................................
13 .......... Go|ub ,Zna .............................. S +1 ....................
. 14 .......... Gom y ak ................................. S
. 15 .......... Grana t ................................... S
16 .......... Grano .I; ................................................................... e
17 .......... Gu”Ner ..........................................................................................
. 18 .......... Gusar ..................................

19 .......... DebryanSk ............................. S
20 .......... D,amam ................................................................. +2 ...................
Py Zhigulyovskij LT
2 zhukovskjramnj 4 o4
23 .......... Zag adka ................................................................. +1 ....................

No. Variety/hybrid Resistance Resistance

to golden potato to wart

cyst nematode
""""""""" lomonosovskj -+
................ LYUbava+1
................ Lyuk5+1+1
................ Mamt
................ MatUShka
................ Meteor
................ Monahza
................ Nakra
46 ........... Nayada .................................. +1 ......................................................
47 ........... NeVSkU ................................... i
8 Nikdinskj o R
49 PamyatiOsipovoj ' 4
50 PamyatiRogachyova ' 41
51 ............ p,kasso ................................................................... +1 .....................
52 ............ Regg, ..............................................................................................
53 Red Skarlet T B

Fioletovyj

Fritella

29 Kemerovchanin +!

30 .......... K| ad .5 ...................................... S +2 ...................
3 Koldovskaya s 4
32 .......... KO|Ob0k ................................. S
33 .......... Kortm ...................................................................... +1 ....................
34 .......... KrepySh ................................. +1 .....................................................
. 35 .......... Ku Z n eChan ka ........................ T
. 36 .......... Ladoz h Sk U .............................................................. +1 ....................
. 37 .......... Lma ........................................ e +1 ....................

66 1014/8-1 +3

671013/3_1 ................................ +3 .....................................................
68 ........... 790/1_5 .................................. _3 .............................. +4 ....................
.é 9 ........... (2-5-2) .................................... +3 .....................................................
70 ........... 785/8-5 .................................. _3 ......................................................
71 ............ 999/1_1 .................................. _3 .............................. +4 ....................
72 ............ 597/4_1 ................................................................... _4 .....................

Note. ! State Register of Selection Achievements Authorized for Use; 2 The European Cultivated Potato Database; 3 All-Russian Institute of Plant Protection;

4 Russian Potato Research Center; NA - no data.
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Table 3. Results of screening of potato cultivars and hybrids collection for PCN resistance
using the 57R marker and for wart resistance using the NL25 marker

Disease resistance Marker is present

Marker is missing

Diagnostic efficiency, %

Marker 57R
S reswt.é.f.}.{.s.;%.’.).l.é ......................................... 3 0 ..................................... 5 ..........................
pCNsuscept,b|esamp|e .................................... 5 32 ...........................................
.............................................................................................................. M arkercp113
PCNre5|5tantsamp|e ......................................... 17 ............................................. 134444 .........................................................
PCN Su Scept|b|esam p|e .................................... 2 2 ............................................. 1 5 ...........................................
............................................................................................................... M arkerNL25
pCNre5|stantsamp|e43 ............................................. 2 661” ..........................................................
PCN Su Scept|b|esam p|e .................................... 2 ................................................ 1 .............................................

14 genotypes with the marker were identified. All these plants
were found to be resistant to pathotype 1 S. endobioticum.
Some were also resistant to pathotype 2 and/or pathotype 6
(Gebhardt et al., 2006).

The effectiveness of this marker is also reported by O.Y. An-
tonova and colleagues who analyzed 98 varieties using the
NL25 marker. A diagnostic component was found in 95 stu-
died wart-resistant varieties, while it was not found in three
susceptible varieties. This shows a high level of correlation
between the presence or absence of the marker and the re-
sistance and sensitivity of the genotype to wart, respectively
(Antonova et al., 2016).

However, A. Khiutti and colleagues, when screening 52 ge-
notypes using the NL25 marker, found that 39 samples (both
sensitive and resistant genotypes) had the same nondiagnostic
fragment, 12 genotypes did not have amplification of the
NL25 marker fragments. Only 5 out of 52 genotypes had
a diagnostic fragment indicating the presence of a resistance
gene. Four of these five accessions were resistant, but one
genotype was found to be sensitive; most resistant genotypes
did not have a 1400 bp diagnostic fragment predicting a re-
sistant phenotype (Khiutti et al., 2012).

Our analysis also did not allow us to speak about the re-
liability of using the NL25 marker for screening resistant
varieties.

DNA markers of resistance to PCN

Using the Gro1-4 marker in a segregating population, C. Geb-
hardt and colleagues found that all 45 plants carrying this
marker linked to the Grol gene were resistant to the Rol pa-
thotype of G. rostochiensis (Gebhardt et al., 2006).

C. Gebhardt and colleagues in 1993 found in a segregating
population that the CP113 marker is linked to the H/ gene
so strongly that it has zero recombination (Gebhardt et al.,
1993). However, D. Milczarek and colleagues (2011) reported
that the CP113 marker was amplified for all tested varieties,
resistant and sensitive, and was unsuitable for the selection
of resistant clones. A similar picture is observed in our work.

The 57R SCAR marker was tested in a mapping popula-
tion, where it was linked to the H/ locus and nematode
resistance (Finkers-Tomczak et al., 2011). Later L. Schultz

and colleagues reported that they analyzed two independent
populations of 281 and 122 potato samples with known
resistance/sensitivity using the 57R SCAR marker. When
screening the first population, the 57R marker revealed a cor-
respondence between genotype and phenotype, 89 out of
90 resistant varieties had an allele associated with resistance.
Only one resistant variety, in which no marker amplification
was observed, became an exception. None of the 191 PCN
susceptible varieties had an allele predicting resistance. Then
another independent population of 122 varieties was screened.
All varieties showed complete correspondence between re-
sistance to G. rostochiensis and the presence/absence of the
57R allele, corresponding to the presence of the resistance
gene (Schultz et al., 2012).

O.Y. Antonova et al. (2016) identified the 57R marker
in 33 (30.3 %) of 109 breeding varieties they studied. The
overwhelming majority of the varieties with the diagnosed
57R fragment were resistant or weakly affected by the nema-
tode. The correspondence between resistance and the presence
of a diagnostic fragment was high —93.5 %. At the same time,
only four genotypes with the Gro1-4 marker were identified:
two resistant varieties, one weakly affected variety and one
susceptible. All these four varieties, along with the Grol-4
marker, also possessed the A/ gene markers — 57R, TG689,
N146, N195 (Antonova et al., 2016).

In the work of N.S. Klimenko et al. (2017) showed the pre-
sence of the 57R marker in 24 out of 103 samples, while the
marker was found in 15 resistant and 2 susceptible samples.
It was shown that the correlation between the presence of at
least one marker of the H/ gene and the data on the nematode
resistance of varieties was +0.92 (Klimenko et al., 2017).

T.A. Gavrilenko et al. (2018) showed that out of 39 samples
of the studied set of samples, 15 had a dominant allele of
the HI gene (based on a number of DNA markers), and two
varieties had dominant alleles of both A/ and Grol-4 genes.
At the same time, none of the markers was identified in the
remaining 22 genotypes. Comparison of these results with
resistance to G. rostochiensis (pathotype Rol) showed that
all accessions with H/ gene markers are nematode resistant,
while varieties affected by G. rostochiensis did not have these
markers (Gavrilenko et al., 2018). This high correlation shows
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the reliability of the markers used in the study, which can be
used to select resistant samples.

It should be noted that the saturation of the genotype with
genes of resistance to the nematode does not affect its eco-
nomically valuable traits. At the same time, there is a strong
link between the presence of the marker and resistance. So, in
the study of D. Milczarek and colleagues in 2014, the relation-
ship between the presence of markers TG689 and 57R linked
to the H/ gene, which determines resistance to the nematode
G. rostochiensis, and valuable agricultural traits is presented.
Clones with these markers had a higher total yield of tubers
and total starch yield than clones without markers. There was
no negative association between marker presence and quality.
All 347 seedlings obtained after three crosses were genotyped
using both markers and phenotypically evaluated for resistance
to the Rol pathotype of G. rostochiensis. Of these, 316 (i.e.
91 %) and 325 (94 %) clones were resistant and carried the
TG689 or 57R markers (Milczarek et al., 2014).

Conclusion

In general, our data on the 57R marker are quite close to the
results described above and confirm the high reliability of
the work of this marker, which suggests the need to use this
marker when selecting samples resistant to PCN.
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