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Abstract

Common potato Solanum tuberosum L. is infected by about 40 viruses, of which one of the
most harmful is the potato virus Y (PVY). Crop losses of PVY susceptible cultivars can reach 80 %.
At present, marker-assisted selection (MAS) using DNA markers linked to the Ry genes is widely
used to create varieties highly resistant to PVY. MAS increases breeding efficiency and also allows
one to assess the genetic protection or genetic vulnerability of the varieties’ gene pool. A number of
genes conferring different types of PVY resistance have been identified in potato, of which Ry genes,
conferring extreme resistance (the absence of accumulation of viruses in infected plants regardless of
the virus strain), are most often involved in breeding programs in different countries. The search for
effective markers of target genes remains relevant due to MAS prospects. This paper is the first report
on the use of STM0003 marker associated with Ry, gene for screening Russian potato varieties;
another marker, Ry364, was previously used once on a small sample of Russian varieties. The objec-
tive of this work was to screen 178 domestic varieties with three markers, STM0003, Ry364, and
RYSC3 linked to Ryso, Ryene, and Ry,q genes which were introgressed into the breeding gene pool
from wild species S. stoloniferum, S. chacoense, and from the Andean native varieties of S. fuberosum
ssp. andigenum, respectively. As a result of the molecular screening, 39 (21.8 %) of 178 varieties were
selected for which diagnostic fragments of at least one of the three markers were revealed, including
7.3 % varieties with STM0003 marker (Ryy,), 11.7 % varieties with Ry364 (Ry.;.), and 4.5 % varie-
ties with RYSC3 (Ry,q,) marker. The obtained results indicate a low level of genetic defense against
PVY of the analyzed cultivars’ subset among which 78.2 % varieties have none of the markers linked
to the Ry genes. We compared molecular screening results with published PVY re-
sistance/susceptibility data. The marker STMO0003 linked to the Ryg, gene had the highest diagnostic
value, as almost all varieties with this marker are highly resistant (immune) to PVY, while the Ry364
and RYSC3 markers are not so efficient.
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Potato plants are infected by about 40 viruses belonging to 13 families
[1, 2]. Potato virus Y (PVY) of Potyvirus genus, Potyviridae family is one of the
most harmful viruses affecting common potato (Solanum tuberosum L.) [1]. Rep-
resentatives of 9 plant families can be PVY host plants in nature, and in experi-
mental conditions — representatives of 31 plant families can be infected by PVY
[3]. About 60 aphid species can be the natural vectors of this virus [4, 5]. Interac-



tions between numerous host plants and vectors as well as tolerance of many varieties
(symptomless of infected plants) result in increase in viral load and lead to significant
yield losses which can rich up to 80% in susceptible to PVY cultivars [1, 5-7, 8].
The cultivation of virus resistant varieties is the most efficient and environmentally
safe method for plant protection; therefore, breeding of highly resistant to viral
diseases varieties is of high priority.

A number of genes conferring different types of PVY resistance have
been mapped in potato. The most studied resistance genes include the Ny-genes
determining a strain-specific hypersensitive response (HR) of infected plants and
the Ry-genes which prevent virus multiplication (no virus accumulation in infect-
ed plants regardless of virus strain — extreme resistance — ER) [8-12]. There-
fore, potato cultivars with Ry genes are completely immune to PVY. The re-
sistance of cultivars carrying Ny genes might be overcome by actively mutating
virus [13, 14]; besides, hypersensitive response depends on temperature [15, 16]
that is critical in the context of climate change.

Immunity to infection by PVY has been identified in accessions of many
potato species [17], however the ER genes were introgressed into the breeding
gene pool mainly from the three species: tightly linked genes Ryy,/R,-fs;p — from
wild Mexican species S. stoloniferum [18-22]; Ry.;. — from Argentinean wild spe-
cies S. chacoense [11, 23] and Ry,q, — from resistant to PVY Andean landraces of
S. tuberosum ssp. andigenum [10, 19, 24]. Many varieties which are immune to
PVY infection were developed based on involvement of S. stoloniferum acces-
sions into the breeding programs of a number of Western European countries
(Germany, Hungary, the Netherlands, Poland, Scotland) [18, 21, 22, 25]. The
hybrids with S. stoloniferum were also actively used by Russian breeders [26-28].
Highly resistant to PVY accessions of S. fuberosum ssp. andigenum were most of-
ten used in the USA breeding programs [29, 30], in Spain [31] and Peru [32,
33]. Japanese breeders most frequently used PVY resistant accessions of
S. chacoense to create immune potato varieties [11, 12, 34, 35]. The Russian
breeding programs also actively used resistant samples of S. chacoense [26-28].

1. DNA markers of Ry-genes conferring extreme resistance to PVY which were
most frequently used in molecular screening

Gene Marker References
(chromosome)
Ryso (12) STMO0003 (SSR) [203, 31, 36, 38, 43-45]
YES3-3A (SCAR), YES3-3B (SCAR) [222, 46-49]
YES3-3A (SCAR) [39, 42, 50-56]
YES3-3B (SCAR) [57, 58]
Ryfipo (12) GPS81, GP122, GP204, GP269 (sce CAPS) [212, 43]
GP122-718 (CAPS) [213, 36, 44, 48, 53, 59, 60]
GP122-614 (CAPS) [362]
GP122-564 (CAPS) [36, 37, 61-63]
GP122-406 (CAPS) [362, 39, 42, 44, 64-67]
Rygqe (11) RYSC3 (SCAR) [30, 31, 38, 40, 42, 44, 45, 48-58, 62, 64-66, 682-77]
Ryeie 9) Ry186 (SCAR) [12, 40, 51, 54-56, 78, 79]
38—530 (RAPD) [11a, 34, 35, 51, 52, 80]
Ry364 (SCAR) [122a, 42]

Note. SSR — simple sequence repeat, SCAR — sequence-characterized amplified region, CAPS — cleaved am-
plified polymorphic sequence, RAPD — random amplification of polymorphic DNA; letter (?) indicates the refer-
ences to studies. in which corresponding DNA markers were developed.

The marker-assisted selection (MAS) with the use of DNA markers linked
to the Ry-genes (intragenic markers have not yet been developed) increases breed-
ing efficiency and is commonly used now to create immune to PVY potato varie-
ties [31, 34-36]. Furthermore, the application of DNA markers associated with
Rysio/ Ry-fsio [22, 37-39], Ryaqe [38, 401, Ryepe [11, 40] genes can provide the data
about diversity, genetic protection from viral diseases and genetic vulnerability to
viruses of the breeding gene pool [11, 22, 37-40]. The list of the DNA markers of




Ry genes most commonly used in MAS is shown in Table 1. Note that the dis-
tances between the certain Ry gene and different markers of this gene can vary
significantly. For instance, the RAPD marker 38-530 linked to the gene Ry
(recombination frequency is 16.3%) has been reported as efficient marker for
MAS [11], and SCAR markers Ry364 and Ry186 developed later flank Ry, at a
distance of 0.085 and 0.203 cM [12, 41].

DNA markers of Ry gene have a different diagnostic value. For instance,
Witek et al. [61] detected three CAPS markers of the Ry-f;;, gene (GP122-718,
GP122-614, GP122-564) in all 24 Polish varieties which are immune to PVY,
whereas 31 susceptible cultivars had negative MAS results. However, German
researchers who analyzed the segregating population of androgenic dihaploids
from immune to PVY variety Assia (having in pedigree S. stoloniferum) failed to
detect linkage between the resistance gene and the marker GP122-718; relative
linkage (34.9 cM) was shown only for one marker of the GP series — GP81
[20]. Cernak et al. [43] indicated high diagnostic value of the SSR marker
STMO0003 (linkage 2.95 cM with Ryy,), whereas all markers of the GP series [21]
did not segregate in the mapping population analyzed in this study. It may be
assumed that Cernak at al. [43] analyzed recombinant genotypes and their prog-
eny, in which GP markers were linked with recessive allele of Ry, gene.

The search for efficient markers of the target Ry genes remains relevant
due to prospects of marker-assisted selection.

Our objective was to screen a large subset of domestic potato cultivars
using three markers, STM0003, Ry364, RYSC3 linked with the Ryg,/Ry-fiio,
Ryche, Ryaqe genes correspondingly, which confer extreme resistance to potato
virus Y. The STMO0003 marker was involved in molecular screening of Russian
varieties for the first time, and the Ry364 marker had been previously used once in
molecular screening of a small set of domestic varieties [42].

Techniques. The subset included 178 domestic potato cultivars (138 were
bred in Russia, 22 — in Republic of Belarus, 11 — in Ukraine, and 4 — in other
adjacent countries) from collection of N.I. Vavilov All-Russian Institute of Plant
Genetic Resources (VIR). The cultivars were qualified as resistant or susceptible
to PVY based on data from scientific publications and catalogues of potato va-
rieties bred in Russia and in Republic of Belarus [27, 81-84].

DNA was extracted from frozen leaves by a modified CTAB extraction
method [85]. Trueness to type of varieties grown in the VIR’ field gene bank was
previously verified based on plant morphological characters.

Polymerase chain reaction (PCR) mixture (20 ul) contained 10 ng DNA,
1X reaction buffer (Dialat Ltd, Russia), 2,5 mM MgCl,, 0.6 mM of each dNTP,
0.2 M of each (forward/reverse) primer and Taq DNA-polymerase (1 U) (Dia-
lat Ltd, Russia). PCR was conducted using Mastercycler® Nexus Gradient
thermal cycler (Eppendorf, Germany). For RYSC3 and Ry364 primers PCR
conditions were followed to the literature [12, 68] and were modified by the use
of the touchdown option for the microsatellite marker STM0003 as following:
3min 15 s at 94 °C; 45 s at 94 °C, 1 min 30 s at 54 °C with a 0.5 °C gradual
reduce in each next cycle, 1 min at 72 °C (8 cycles); 45 s at 94 °C, 45 s at
50 °C, 1 min at 72 °C (30 cycles); final elongation for 5 min at 72 °C. The reac-
tions were performed at least three times for each sample.

The highly PVY resistant cultivars with the diagnostic markers of the
Rysio/ Ry-fsio» RVaae, Ryene gemes were used as positive controls: cv. Ania for
STMO0003 [36], cv. Saikai 35 for Ry364 [12], cv. Effect for RYSC3 [64]; deion-
ized water was used as negative control.

Amplicons were separated in 2% agarose gel with ethidium bromide for UV
visualization (Gel Doc XR+ gel documentation system, Bio-Rad, USA). Size of the



fragments was determined with the molecular weight marker 100 bp + 1500 + 3000,
SibEnzim, Russia.

The #-test (Student’s 7-test) was used for statistical analysis with a signifi-
cance level at p  0.05.

Results. The PCR screening of Ry-genes was performed with known from
literature primers (table 2).

2. Markers of PVY resistance genes Ry used in screening of Russian potato culti-

vars
. , , Tm, Diagnostic
Gene| Marker Primer sequence (5'— 3") References
°C fragment

Rysio STMO0003 F: GGAGAATCATAACAACCAG

R: AATTGTAACTCTGTGTGTGTG 50 111 bps [20], [86]
Ryaqg RYSC3  3.3.3s: ATACACTCATCTAAATTTGATGG

ADG23R: AGGATATACGGCATCATTTTTCCGA 60 321 bps [68]
Ryche Ry364 RY364-14: CTATTATAAGTCTGGTACTAGGACG

RY364-19: GGCTATATGTTCAATGAATTCATGCTAA 55 298 bps [12], [41]

4 500 bp
=500 bp

Screening of Russian potato (Solanum tuberosum L.) varieties using markers of PVY resistance
genes: A — STMO0003 (Rys,), B — RYSC3 (Ryuqs), C — Ry364 (Ryese); D — example of weak
amplification of diagnostic fragments of Ry364 marker in three cultivars. M — molecular marker
100 bp + 1500 + 3000 (SIbEnzym, Russia).

A, B, C: 1 — Korona, 2 — Babushka, 3 —Olimp, 4 — Sintez, 5 — Resurs, 6 — Severya-
nin, 7 — Avrora, 8 —Veselovskiy 2-4.

D: 1 — Aksamit, 2 —Moskvoretskiy, 3 — Skarb, 4 — Effect, 5 — Golubizna, 6 — Temp,
7 — Barin, 8 — Kiristall.

Results of molecular screening revealed diagnostic fragments of at least
one of the three markers in 39 (21.9%) of 178 cultivars (Fig., Table 3). We detect-
ed diagnostic fragments of the Ry364,93 marker of Ry, gene in 21 (11.8%) culti-
vars, of the STM0003;;; marker of Ry, — in 13 (7.3%) cultivars, and of the
RYSCj3;; marker of Ry,q, gene — in 8 (4.5%) cultivars. Three cultivars (Bryan-
skiy ranniy, Buket, Zhivitsa) had the two markers, Ry364 and RYSC3, simulta-
neously. The overwhelming majority of the analyzed cultivars (78.0%) didn’t have
any of the markers of Ry genes (see table 3). According to the Student’s #-test,
differences in the frequency of cultivars with markers to different Ry-genes were
not significant with the exception of two groups with the Ry364 (Ry..) and
RYSC3 (Ry,qg) markers, where frequency of cultivars with the Ry364 marker
was significantly higher (p < 0.05).

Among 39 cultivars in which at least one of the three markers of Ry-
genes was detected (see Table 3), for 18 cultivars (Bryanskiy ranniy, Bryanskiy
krasny, Vektar, Golubizna, Zhivitsa, Kolobok, Korona, Loshitskiy, Meteor,
Moskvoretskiy, Nakra, Olimp, Pogarskiy, Rezerv, Resurs, Sokolskiy, Effect, Yu-
biley Zhukova) a high and very high resistance to PVY has been reported, and 6
cultivars (Barin, Zolskiy, Ilinskiy, Kristall, Skarb, Temp) were described as mod-
erately resistant [26, 27, 81-84]. We have not found any available information



about phenotypic resistance to PVY for the remaining 15 cultivars. In sum, almost
all tested cultivars with STM0003 marker of Ry, gene were highly resistant (im-
mune) to PVY, whereas some cultivars with the Ry364 and RYSC3 markers
were moderately resistant.

3. Molecular screening of 178 potato (Solanum tuberosum L.) Russian cultivars us-
ing three markers of PVY resistance genes

Gene/marker
Haplotype grouping Rysiof Ryaag/ Ryene/
STM0003| RYSC3 | Ry364

Group I,n=13(7.3 %)
Ilinskiy;
highly resistant and extremely resistant cultivars: Bryanskiy krasny, Vektar
belorusskiy, Kolobok, Korona, Meteor, Moskvoretskiy, Nakra, Olimp,
Pogarskiy, Resurs, Sokolskiy, Yubiley Zhukova
Group I, n=3 (1.7 %)
Buket;
highly resistant and extremely resistant cultivars: Bryanskiy ranniy, Zhivitsa
Group III, n =18 (10.1 %)
Imandra, Krasnaya gorka, Lider, Maugli, Oktyabrenok, Primorskiy (= Pri-12),
Rassvet, Severyanin, Sineva, Sintez, Khibinskiy ranniy, Bezhitskiy?, Bron-
nickiy?, Kristall2, Skarba, Temp?;
highly resistant and extremely resistant cultivars: Rezerv, Loshitskiy*
Group IV, n=5 2.8 %)
Barin, Zolskiy, Yubileyny Osetii;
highly resistant and extremely resistant cultivars: Golubizna, Effekt
Group V,n=139(78.1 %)
Avrora, Aksamit, Alena, Alisa, Alpinist, Ametist, Amur, Antoshka, Arlekin,
Arkhideya, Babushka, Baron, Belukha, Bolvinskiy, Bolshevik, Borodyanskiy
rozovy, Bravo, Brat-2, Bryanskaya novinka, Varmas, Varsna, Veselovskiy 2-4,
Viza, Virazh, Volzhskiy, Vympel, Vyatka, Gart, Gorizont, Gornouralskiy,
Goryanka, Granat, Gubernator, Divo, Dontsovskiy, Zhavoronok, Zhukovskiy
ranniy, Zagadka, Zarevo, Zauralskiy, Zvezdochka, Zdabytak, Iskra, Kabar-
dinskiy, Kalinka, Kamenskiy, Kameraz, Katyusha (bred in Ukraine), Kemer-
ovskiy, Kemerovchanin, Kolpashevskiy, Komsomolets 20, Korenevskiy,
Kormilets, Krasavitsa, Krasnaya zarya, Krasnaya roza, Krasnoufimskiy,
Krepysh, Kustarevskiy, Ladozhskiy, Lazar, Lazurit, Laymdota, Lekar, Lorkh,
Lugovskoy, Lybid, Lyuks, Mats, Matushka, Murmanskiy, Musinskiy,
Nadezhda, Nalchikskiy, Naroch, Nart 1, Narymka, Nauka, Nezabudka, 0 0 0
Nesterovskiy, Ognivo, Parus, Pobeda, Prestizh, Pribrezhny, Prigozhiy 2,
Priekulskiy ranniy, Priobskiy, Prolisok, Rapsodiya, Romashka, Rosinka
(Rasinka), Rossiyanka, Rumyanka, Rusalka, Rusich, Ryabinushka, Samba,
Saprykinskiy, Sarovskiy, Svenskiy, Svetlyachok, Sentyabr, Solnyshko, Start,
Tango, Teshcha, Tomich, Ukrainskiy rozovy, Uspekh, Utenok, Fermer,
Filatovskiy, Fioletovy, Fokinskiy, Chaya, Shaman, Shurminskiy 2, Energiya,
Yupiter, Yavar;
highly resistant and extremely resistant cultivars: Garant, Bryanskiy delikates,
Bryanskiy nadezhny, Druzhny, Zhigulevskiy, Kortni, Kuznechanka, Lasunak,
Lyubava, Manifest, Nikulinskiy, Odissey, Prizer, Skoroplodny, Smena, Fa-
lenskiy, Chayka
The number (%) of varieties with a diagnostic fragment of marker 13(7.3%) 8(4.5%) 21 (11.8 %)
Note. “1” — presence and “0” — absence of the diagnostic fragment.
Letter (2) marks cultivars with unstable amplification of Ry364 diagnostic fragments.

Among 139 cultivars for which we have not identified none of the three
markers of the three Ry genes, clear and consistent data about PVY resistance
were found only for 43 varieties. Thus, high PVY resistance was reported for 17
cultivars  (Bryanskiy delikates, Bryanskiy nadezhny, Garant, Druzhny,
Zhigulevskiy, Kortni, Kuznechanka, Lasunak, Lyubava, Manifest, Nikulinskiy,
QOdissey, Prizer, Skoroplodny, Smena, Falenskiy, Chayka) and moderate and low
PVY resistance was reported for 21 cultivars [26, 27, 81, 82, 84, 87]. For the rest
101 cultivars we have not found such information.

Unfortunately, most cited above sources did not provide data on whether
the detected type of PVY resistance was due to the absence of virus accumula-
tion in infected plants (ER), or to the hypersensitive response (HR), field re-
sistance or to the resistance to virus vectors. It is also not specified, which
methods were used to evaluate resistance (field tests under natural viral load



during wide spread of diseases or artificial inoculation, i.e. mechanical inocula-
tion or grafting). Therefore, the available information is not enough for exact
matching of the results of molecular screening with data on PVY resistance
characters phenotyping.

As was mentioned above, two of the three markers, Ry364 (Ry.,. gene)
and STMO0003 (Ryy, gene), were used in molecular screening of all 178 cultivars
for the first time. However, for a number of cultivars the information about po-
tential presence/absence of these genes had been obtained earlier, though with
the use of other markers, i.e. RAPD marker 38-530 (Ry,.;. gene) [11], as well as
SCAR marker YES3-3A [22] and CAPS marker GP122-406/EcoRYV [21] for the
Ryg/Ry-fi1o genes. For these cultivars we can compare the result of molecular
screening performed with different markers of the same gene. For instance, we
identified diagnostic fragment 111 bps of the STM0003 marker of Ry, gene in 13
cultivars (see Table 3) in which we had earlier detected another marker of this
gene — YES3-3A [39, 51], as well as the GP122-406 [39, 64] and GP122-564
markers [37] of Ry-fy, gene closely linked with Ry, Therefore, the results ob-
tained with all three markers (STM0003, YES3-3A and GP122) of the Ry-genes
introgressed from S. stoloniferum completely matched for these 13 domestic cul-
tivars. Ten of these 13 cultivars (Bryanskiy krasny, Vektar, Kolobok, Korona,
Moskvoretskiy, Nakra, Pogarskiy, Resurs, Sokolskiy, Yubiley Zhukova) have
interspecific hybrids with S. stoloniferum in their pedigree [17, 28, 88, 89]. The
diagnostic fragment of the RYSC33,; marker is rare: it was found in 8 out of 178
screened cultivars (see Table 3, Fig.). It has to be pointed out that presence of the
SCAR marker RYSC3 of the Ry,q, gene was reported earlier for four cultivars —
Effect [64], Bryanskiy ranniy and Golubizna [51], and Zhivitsa [49]. Furthermore,
it was also mentioned that RYSC353,; marker is not present in cultivars Oktyabre-
nok [58] and Resurs [72]. However, there are only a few data about negative MAS
results with this marker which were obtained for small subsets [42, 58, 72].

It has to be pointed out that the RYSC3 marker of the Ry,4, gene was
identified in several immune to PVY cultivars (e.g. Bryanskiy ranniy, Golubizna,
Effect), which have in their pedigrees hybrids with S. stoloniferum (as the Ry gene
donors) [26]. However, the markers of Ryg,/Ry-fi:, genes expected in these culti-
vars were not identified. In this connection we would like to emphasize the fol-
lowing. RYSC3 marker is considered as specific for Ry,4, gene which was mapped
on chromosome 11. However, initially there was a report about mapping of the
Ryy, gene on the same chromosome [90]. Later, an opinion about wrong map-
ping of the Ryy, gene on chromosome 11 was accepted. The other researchers
[68] identified PVY resistance gene located on chromosome 11 as Ry,g,. This was
due to the absence of co-segregation of the markers of Ry, gene with the RYSC3
marker [36]; as well as to the fact that in resistant potato cultivars RYSC3 mark-
er and M45 marker described by Brigneti et al. [90] were always identified to-
gether [70]. It seems, however, quite likely that the one ortholog of Ry gene con-
ferring extreme resistance to PVY and linked with the RYSC3 marker is located
on chromosome 11 both in §. stoloniferum and in S. tuberosum ssp. andigenum.
Indeed, we earlier detected RYSC3 marker in 5 out of 8 (62.5%) accessions of
S. stoloniferum and only in 2 out of 95 (2.1%) accessions of S. tuberosum ssp. an-
digenum from the VIR potato collection [65].

Based on the literature data, interspecific hybrids with S. chacoense were
involved in breeding of a number of Russian cultivars: Alena, Alisa, Borodyanskiy
rozovy, Bryanskiy delikates, Bryanskiy krasny, Bryanskiy nadezhny, Goryanka,
Krepysh, Lugovskoy, Meteor, Nakra, Nikulinskiy, Pobeda, Saprykinskiy,
Sentyabr, Utenok [28, 88, 89]. However, in our study we did not detect the
Ry364 marker in these cultivars. It must be pointed out that in four highly re-



sistant cultivars, Bryanskiy delikates, Bryanskiy nadezhny, Meteor, and Niku-
linskiy, another marker of Ry.,. gene — RAPD marker 38-530 — was detected
earlier [51]. At the same time, S. chacoense was specified in pedigree of only the
two cultivars — Bezhitskiy and Bronnickiy [89], out of 21 those had the Ry364,9g
diagnostic fragment of the Ry.. gene. Hence it cannot be ruled out that in the
initial interspecific hybrids with S. chacoense involved in breeding of mentioned
above PVY resistant domestic varieties there were recombination events in the
region between Ry, gene and the Ry364 marker. Intragenic markers required
for selection of genotypes with functional allele of Ry.,. gene have not been de-
veloped yet.

To summarize, the obtained results allow us to draw the following con-
clusions. In our study, the STMO0003 marker associated with Ry, gene has the
highest diagnostic value. Almost all cultivars with this marker are highly resistant
(immune) to potato virus Y (PVY), whereas Ry364 and RYSC3 markers turned
out be not so effective. The results of MAS indicate a low genetic protection
against PVY in the studied subset of domestic cultivars of which 78.2% had none
of the markers of Ry-genes.
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