
American Journal of Potato Research (2024) 101:248–256
https://doi.org/10.1007/s12230-024-09954-6

Extreme resistance is characterized by the PVY inoculated 
plant showing no symptoms and when tested only a very 
low amount of virus can be detected (Barker 1996; Solo-
mon-Blackburn and Barker 2001; Karasev and Gray 2013). 
Grech-Baran et al. (2019) showed that plants transformed 
with the functional Rysto gene showed none to negligible 
amounts of PVY RNA. Hypersensitive resistance is con-
ferred by Ny genes and is PVY strain specific and is sen-
sitive to temperature conditions (Karasev and Gray 2013). 
Extreme resistant examples include the varieties Payette 
Russet (Novy et al. 2017), Castle Russet (V. Sathuvalli, 
pers. communication), Mackinaw and Saginaw Chipper (D. 
Douches, pers. communication), Eva (evaluated as NY103) 
(Kasai et al. 2000; Plaisted et al. 2001), Upstate Abundance 
and Lady Liberty, (W. DeJong, pers. Communication), and 
Ciklamen (Heldak et al. 2007), with others in development. 
Extreme resistance includes resistance to multiple strains of 
PVY (Valkonen 1994; Barker 1996) and varieties Payette 
Russet, Eva, and Ciklamen have be shown to be resistant 
against multiple PVY strains and multiple isolates of these 
strains (Whitworth et al. 2021).

Introduction

Potato virus Y (PVY) is one of the most common and 
destructive pathogens afflicting potato growers in the United 
States and worldwide. Infected plants produce a reduced 
harvest with lower quality tubers (Gray et al. 2010; Karasev 
and Gray 2013). PVY is non-persistently transmitted by a 
variety of aphids and insecticides alone are not effective at 
controlling the disease in the field due to the rapid trans-
mission of the virus following aphid probing of the host 
plant (MacKenzie et al. 2014). To date, the best means of 
preventing PVY infection is by the cultivation of varieties 
having extreme resistance to PVY conferred by an Ry gene. 
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Extreme resistance to PVY is conferred by three cur-
rently known Ry genes. Ryadg originates from Solanum 
tuberosum ssp. andigena (Munoz et al. 1975) and has been 
mapped to an R-gene cluster at the proximal end of chromo-
some 11 (Hämäläinen et al. 1998; Hämäläinenet al. 1997). A 
variety of molecular markers have been developed to track 
this resistance source including RySC3 (Kasai et al. 2000) 
which is widely used, as well as M6 and M45 (Brigneti et 
al. 1997; Herrera et al. 2018) which are believed to flank the 
resistance gene (Herrera et al. 2018). Rysto originates from S. 
stoloniferum (Ross 1958) and has been mapped to the distal 
end of chromosome 12 (Flis et al. 2005; Song et al. 2005). 
It can be detected by the molecular marker set Yes3A (Song 
and Schwarzfischer 2008) and was identified and cloned in 
2019 (Grech-Baran et al. 2019). The most recently reported 
resistance gene, Rychc, originates from S. chacoense (Asama 
et al. 1982) and has been identified and mapped to the distal 
end of Chromosome 9 (Hosaka et al. 2001; Li et al. 2022; 
Akai et al. 2023) and successfully cloned (Li et al. 2022), 
where it can be traced by the molecular marker set Ry186 
(Mori et al. 2012). These markers allow marker assisted 
selection (MAS) to be employed during the breeding process 
and greatly improve the ability of breeders to integrate PVY 
resistance into new varieties. Many PVY resistant varieties 
amplify at least one of the markers mentioned above and 
can be conclusively identified as having specific resistance 
genes, with the recently developed multiplex PVY PCR 
assay able to assess previously unidentified material having 
extreme resistance genes quickly and efficiently (Elison et 
al. 2020).

While most varieties with extreme resistance to PVY 
can be easily identified via molecular markers, the Dutch 
variety Sante is reported to possess extreme resistance to 
multiple PVY strains (Gruden et al. 2000; Heldak et al. 
2007) yet it has consistently failed to amplify any molecu-
lar marker developed in targeting an Ry gene (Cernák et al. 
2008; Flis et al. 2005; Heldak et al. 2007; Whitworth et al. 
2009). Sante has both S. tuberosum spp. andigena and S. 
stoloniferum in its background, several generations back 

(Hutten & Berloo 2001). Several prior studies have asserted 
that this is the result of a recombination event during the 
breeding of Sante which separated a hypothetical Rysto gene 
from its associated markers (Flis et al. 2005; Heldak et al. 
2007; Hinrichs et al. 1998). This is a reasonable assertion 
given that a small number of such events can occur during 
every crossing attempt and that Sante has a source of S. sto-
loniferum and S. tuberosum ssp.andigena germplasm in its 
ancestry. However, there has never been any direct evidence 
to support this hypothesis and Sante contains other sources 
of wild germplasm in its ancestry that could have provided 
an alternative source of PVY resistance. There remains a 
possibility that Sante could represent a novel source of PVY 
resistance rather than a known source separated from its 
marker. Even if it does contain a known resistance source, 
markers do not currently exist which allow tracking of the 
resistance gene in Sante and its progenies.

While the source of resistance in Sante has yet to be 
determined, its extreme resistance to PVY and other use-
ful traits has resulted in its use as a parent for numerous 
progenies, many of which also display extreme resistance to 
PVY without amplifying any of the molecular markers asso-
ciated with any of the Ry genes. Among these are a collec-
tion of Slovenian varieties (Dolničar and Pilih 2012) used 
in the Aberdeen breeding program which have Sante as a 
parent and display extreme resistance to PVY in the field. 
Unfortunately, it is not possible to use MAS on the progeny 
of Sante or on its descendants (e.g. Slovenian variety Bistra) 
due to the lack of amplification of markers associated with 
the PVY-resistance gene.

A population was generated from a cross between Bistra 
and a PVY susceptible breeding clone from the USDA ARS 
Aberdeen breeding program to map the source of the PVY 
resistance in Bistra. By inoculating 190 individuals from this 
population with PVY and comparing the phenotypic results 
to single nucleotide polymorphism (SNP) data for the popu-
lation, the resistance source in Bistra, and its descendants 
were localized to the proximal end of chromosome 11. This 
represents a potential new source of PVY resistance.

Materials and Methods

Population Development and Evaluation for PVY 
Resistance

The population designated A13300 was generated by a cross 
between the Slovenian variety Bistra, kindly provided by 
Peter Dolničar from the Agricultural Institute of Slovenia, 
and the USDA ARS Aberdeen breeding clone A98345-1 
(Fig. 1). A98345-1 is susceptible to PVY and exhibits none 
of the existing genetic markers for PVY resistance. Bistra has 

Fig. 1  Pedigree of family A13300
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been shown to be resistant to PVY in field trials (Table 1), 
but also does not amplify any existing genetic markers for 
PVY resistance (internal data). Sante is the female parent of 
Bistra and both show extreme resistance to PVY (Table 1). 
True potato seed from this family was germinated in seed-
ling flats containing a 50/50 mix of vermiculite and perlite 
and soaked in a solution containing 1 teaspoon JR Peters 
Professional Blue® liquid fertilizer (16-16-16) and 5  ml 
Baicor® chelated iron (0-0-1) per 3.8 L. Flats were covered 
loosely with a layer of thin, clear plastic shaded by a layer 
of black cloth to restrict heat and sunlight and allowed to 
germinate. When plantlets were approximately 2.5 cm tall, 
224 clones were individually planted and grown in a green-
house environment. Plants were allowed to grow to maturity 
and senesce, after which all tubers were harvested. Thirty-
two clones did not produce tubers or produced tubers which 
were too small to use and so were not carried forward. The 
remaining 192 clones were placed into cold storage for one 
month. Tubers were then removed from cold storage and 
placed at room temperature in a dark area until they began 
to sprout (roughly 4–6 weeks). As tubers developed sprouts, 
five tubers from each clone were planted and grown in a 
greenhouse. Both parents (Bistra and A98345-1) were also 
planted in the same manner at this time and were evalu-
ated in the same manner as their progeny for the rest of the 
analysis.

After a period of 4–6 weeks depending on the growth 
rate of the clone, five plants of each breeding clone were 
hand inoculated with PVY. Inoculation was conducted using 
the isolate OR3 (GenBank KY848021) of the PVY N-Wilga 
strain on five replicate plants of each clone. N-Wilga was 
chosen for its prevalence in the field in the Pacific North-
west region of the U.S. (Tran et al. 2022). Inoculum was 
created by the addition of OR3 infected tobacco leaf tissue 
blended at a ratio of 1  g tissue to 3  ml phosphate buffer 
(0.1M K2HPO4, 0.025 M KH2PO4, pH 7.5). Carborundum 
(320 grit) was dusted onto three leaflets of each plant and 
a small piece of cheesecloth saturated in the inoculum was 
gently rubbed on each leaflet. Leaflets were then washed 
to remove excess carborundum. One week after the initial 
inoculation, all plants were re-inoculated using the same 
protocol. Three and five weeks after the first inoculation, 
plants were tested via ELISA using the method of Clark and 
Adams (Clark and Adams 1977) with monoclonal antibod-
ies for PVYAll obtained from SASA (Edinburgh, Scotland). 
Plates included both positive and negative controls and an 
absorbance (A405) value greater than 0.1 was regarded as 
positive for PVY. Clones for which at least two plants tested 
positive were deemed to be susceptible to PVY. Clones for 
which zero plants tested positive for both ELISA tests were 
deemed to be resistant to PVY.

DNA Extraction from Leaf Tissue

Collection of leaf tissue was conducted from each clone dur-
ing the first phase of greenhouse growth when each clone 
was represented by a single plant. Approximately 0.4 g of 
leaf tissue was collected and placed in a 2.0 ml Omni Inter-
national reinforced microcentrifuge tube containing three 
2.8 mm ceramic beads. DNA extraction was conducted using 
the DNeasy Plant Mini Kit (Qiagen) with modifications as 
follows: 500 ul Buffer AP 1, 3 ul RNase A, 150 ul Buffer 
P3, 650 ul sample applied to the QIAshredder mini spin col-
umn, 550 µl of the flow through recovered, 825 µl Buffer 
AW2, 50 µl Buffer AE for 1st elution, and another 25 µl for 
the 2nd elution. Sample concentrations were checked using 
a nanodrop spectrophotometer and stored at -20OC. Assess-
ment for markers associated with PVY resistance (Table 2) 
was determined via PCR. PCRs were conducted according 

Table 1  Percentage of Potato virus Y in idaho field trials with Bistra 
and Sante

PVY1

Variety 2005 2015 2019
Bistra -- 0 0
Sante 0 -- --
Russet burbank 85 100 70
Ranger russet 80 100 77
1 Data from field trials. Virus responses are based on seed borne 
infections as determined by ELISA, following field infection with 
PVY from aphid vectored sources of inter-planted virus infected 
potato and mechanical inoculation

Table 2  Primer sequences used in assessing the presence of molecular 
markers associated with genes for extreme resistance to PVY
Primer name Sequence (5’ to 3’) Ry gene Citation
RYSC3-F ​A​T​A​C​A​C​T​C​A​T​C​T​A​A​A​T​

T​T​G​A​T​G​G
ADG (Kasai et al. 

2000)
RYSC3-R ​A​G​G​A​T​A​T​A​C​G​G​C​A​T​C​

A​T​T​T​T​T​C​C​G​A
ADG (Kasai et al. 

2000)
YES3A F ​T​A​A​C​T​C​A​A​G​C​G​G​A​A​T​

A​A​C​C​C
STO (Song and 

Schwarz-
fischer 2008)

YES3A R ​A​A​T​T​C​A​C​C​T​G​T​T​T​A​C​A​
T​G​C​T​T​C​T​T​G​T​G

STO (Song and 
Schwarz-
fischer 2008)

RY186-11 ​T​G​G​T​A​G​G​G​A​T​A​T​T​T​T​C​
C​T​T​A​G​A

CHC (Mori et al. 
2012)

RY186-12 ​G​C​A​A​A​T​C​C​T​A​G​G​T​T​A​
T​C​A​A​C​T​C​A

CHC (Mori et al. 
2012)

M6F1 ​A​C​A​T​G​A​T​A​T​A​A​G​T​T​G​A​
T​A​T​G​G​A​G​A​A​T

ADG (Herrera et 
al. 2018)

M6R4 ​G​T​G​C​T​T​T​G​T​C​T​T​T​T​C​T​
G​C​A​T​G​T​A

ADG (Herrera et 
al. 2018)

M45F1 ​T​G​G​A​G​T​A​T​T​T​G​G​A​T​C​T​
A​A​G​G​G

ADG (Herrera et 
al. 2018)

M45R1 ​A​A​C​A​C​A​T​A​A​G​G​A​G​C​
G​A​T​G

ADG (Herrera et 
al. 2018)
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and refining 12 linkage groups through two-point analysis, 
Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA) hierarchical clustering method, multidimen-
sional scaling (MDS) (da Silva Pereira et al. 2020; Preedy 
and Hackett 2016; Sharma et al. 2013), and the potato refer-
ence genome PGSC Version 4.03 (http://solanaceae.plantbi-
ology.msu.edu).

The 12 complete linkage groups were transferred to 
QTLpoly, an R-package designed for QTL analysis of poly-
ploid organisms. QTLpoly was used to scrutinize and com-
bine both the linkage groups and phenotype data to depict 
12 QTL maps (da Silva Pereira et al. 2020). Among the vari-
ous functions implemented in the software, the remim func-
tion, which runs a random-effect multiple interval mapping 
(REMIM) model, was used to fit various random-effect QTL 
by evaluating a single parameter per QTL. QTLpoly was 
used to conduct linear score statistics tests (Qu et al. 2013) 
at every position and compare its p-value to a prescribed 
critical value. A continuous pattern over the whole range of 
the unit interval was observed from the p-values as a result 
of weighted sums of the scores from the profiled likelihood 
(da Silva Pereira et al. 2020; Qu et al. 2013). The p-values 
were converted to LOP scores (LOP = – log10 (p-value)) 
by QTLpoly to visualize and compare newly detected QTLs 
in this study intuitively and to calculate support intervals of 
those QTLs. As suggested by the QTLpoly software devel-
oper, the QTLs with four or higher LOP scores were adopted 
as significant QTL peaks (da Silva Pereira et al. 2020). In 
addition, the QTLpoly (R-package) provides information 
on support intervals defined as the QTL peak adjacent to a 
zone with LOP higher than or equal to LOP – d, where d is 
a constant, which subtracts the highest LOP in that region 
(da Silva Pereira et al. 2020; Lander and Green 1987). The 
current study used approximately 95% support intervals by 
using LOP – 1.5 (da Silva Pereira et al. 2020). The heritabil-
ity of the significant QTL was calculated by the fit model 
function equipped in QTLpoly. Each calculated QTL heri-
tability indicated the ratio between the QTL variance com-
ponent and total variance. The symbol “h2

QTL” was used to 
indicate the heritability of each significant QTL (da Silva 
Pereira et al. 2020). It should be noted that the QTL heri-
tability (h2

QTL) should be distinguished from the general 
heritability representing how well a trait was inheritable 
from two parents to their progeny. After a significant QTL 
was localized, the closest SNPs to the QTL were reported 
together.

Analyses of Allele Effects

After localizing the significant QTL and the most adjacent 
SNPs to the QTL locations, allele effects at each SNP posi-
tion were visualized, by QTLpoly, with bar graphs. The 

to the methods outlined in Elison et al. (2020) and Herrera 
et al. (2018)

SNP Genotyping

Samples from the 192 clones along with the two parents 
were evaluated using an Agilent Tapestation™ 4200 sys-
tem to determine DNA concentration and quality. Due to 
the requirement to submit samples in 96 well plates, the 
two clones with the worst quality DNA were removed and 
the remaining 190 clones and two parents were prepared 
for SNP genotyping. These samples were genotyped with 
the SolCAP Infinium Potato SNP array Version 3 (21,027 
SNPs) (Hamilton et al. 2011), and the Illumina iScan system 
at the Neogene SNP Genotypic Center (Lansing, MI). Basic 
DNA sample quality evaluation and obtainment of SNP 
theta scores were conducted through GenomeStudio soft-
ware (Park et al. 2019; Staaf et al. 2008). The R-package, 
Clustercall version 1.5 was used to translate SNP theta val-
ues into autotetraploid marker genotypes (AAAA, AAAB, 
AABB, ABBB, and BBBB) and to filter out uninformative 
SNPs (Schmitz Carley et al. 2017). Any SNP markers that 
registered as no-calls in either or both parents and weren’t 
able be analyzed by MAPpoly were removed. Any SNPs 
with incorrect physical map positions after analysis were 
omitted to remove the phenomenon of immoderate extended 
linkage maps. Several arguments equipped in MAPpoly 
continuously filtered out unnecessary markers such as non-
conforming and redundant markers.

The filter_segregation argument was used to perform a 
chi-squared (χ2) test, which matches expected genotype 
frequencies against observed frequency and calculates the 
associated p-value. Bonferroni correction was used to distin-
guish informative markers (p < 0.05). The make_seq_map-
poly argument omitted markers which did not significantly 
meet the expected segregation ratios based on Mendelian 
inheritance. Markers were omitted which were either unin-
formative, co-segregating, or unaffiliated with any of the 12 
linkage groups.

Construction of Linkage and QTL maps

Automated marker selection and linkage mapping pro-
cesses were performed by the R-package MAPpoly v. 0.2.3 
which can analyze ploidy levels up to eight when hidden 
Markov models (HMM) are applied (Mollinari and Garcia 
2019; Mollinari et al. 2020; RCoreTeam 2020). After the 
translated SNP marker dataset was imported into MAP-
poly, uninformative markers were first filtered out through 
the filter_missing, filter_segregation, make_seq_mappoly, 
and elim.redundant functions. As described in Park et al. 
(2021), MAPpoly was used to select markers for developing 
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SNPs were identified and used to assemble the 12 linkage 
maps, which represent the fundamental potato chromosome 
number. The selected SNPs were regularly distributed with-
out significant gaps between them on each chromosome, 
resulting in dense linkage groups without a massive gap 
between contiguous SNPs (Fig. 2). The number of selected 
markers for each linkage group, their map lengths, the 
number of markers segregated in the two parents, and map 
coverage rates are given in Table  3. A high concordance 
(Supplemental Fig. 1) and map coverage rate (Table 3) were 
observed when comparing the complete linkage groups with 
the reference genome (PGSC version 4.03).

graphs reflect the contribution of each parent to the mean 
of the whole mapping population for the trait. For example, 
how much each homolog of the four homologs of the two 
parents adds to or subtracts from the mean given one of 
190 observed genotypes (da Silva Pereira et al. 2020). They 
were also helpful to find the location of a target allele (e.g., 
resistant allele) among the four homologs of each parent (da 
Silva Pereira et al. 2020; Park et al. 2021).

Results

Marker Selection Process and Linkage Group 
Assembly

One hundred and ninety clones resulting from a cross 
between Bistra and breeding clone A98345-1 were inocu-
lated with PVY and tested in the greenhouse. Of these, 
84 (44%) were susceptible to PVY and 106 (56%) were 
resistant to PVY indicating the observed segregation pat-
tern did not significantly deviate from a 1:1 ratio, χ2(1, 
N = 190) = 2.55, p = 0.11. As expected Bistra tested as a 
resistant clone and A98345-1 tested as a susceptible clone. 
The same 190 clones along with their parents were SNP 
genotyped with SolCAP Infinium Potato SNP array Ver-
sion 3 (21,027 SNPs) to identify the location of the PVY 
resistance source in Bistra. After analysis using ClusterCall 
software 22 clones were removed due to missing values 
identified by the filter_missing function. This left 168 clones 
for final analysis.

After multiple steps for marker evaluation and filtering 
processes (Park et al. 2021), a total of 4659 informative 

Table 3  Linkage group summary for the two parents: Bistra and A98345-1
No. Mapped SNPs b Map Length (cM) c Map Coverage d

Chr a Total Bistra A98345-1 Bistra A98345-1
1 682 577 470 158.13 1.00 1.00
2 464 292 378 122.65 1.00 1.00
3 462 390 395 112.63 1.00 1.00
4 445 314 354 95.99 1.00 0.99
5 312 242 193 74.63 1.00 0.93
6 369 311 306 116 1.00 1.00
7 307 259 209 79.97 1.00 1.00
8 357 312 273 91.14 1.00 1.00
9 305 242 221 110.31 1.00 0.99
10 305 224 257 84.61 1.00 0.99
11 326 219 230 78.22 1.00 1.00
12 325 248 276 82.11 1.00 1.00
Total 4659 3630 3562 1206.39
a Chromosome number
b The number of mapped single nucleotide polymorphisms
c Linkage group lengths in centiMorgans
d Map coverage relative to PGSC Version 4.03 pseudomolecules. 1.00 indicates complete coverage

Fig. 2  Distribution of the selected 4659 SNPs used for construction of 
the 12 linkage groups
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QTLpoly. QTLpoly also reported support intervals, h2
QTL, 

and the closest SNP markers to the mapped QTL. The QTL 
heritability (h2

QTL) of PVY_R_ch11_QTL was 50% and the 
closest SNP marker was solcap_snp_c2_13432. The support 
interval of PVY_R_ch11_QTL occupied 2.08–4.96  cM. 
Details of the range of the support interval and a linkage 
map are included in supplemental Fig. 2 and supplemental 
Table 1. Due to the qtl_effects function in QTLpoly, allele 
effects at PVY_R_ch11_QTL could be investigated (Fig. 4). 
This reflects how much each of the four homologs from the 
two parents adds to or subtracts from the mean effect given 
one of 168 observed genotypes (da Silva Pereira et al. 2020). 
The X-axis of Fig. 4 represents the four homologs of each 
parent with “a – d” as the four homologs of Bistra (resistant) 
and “e – h” as those of A98345-1 (susceptible). The Y-axis 
indicates the allele effect on each homolog which can be 
either positive or negative. As expected, a single allele from 
Bistra (homolog “a”) substantially contributed to a reduc-
tion in PVY infection with no other alleles from either par-
ent meaningfully contributing to infection.

Testing of Ryadg Markers on Bistra

The resistant locus identified on Bistra is located in the same 
region as the Ryadg gene which is known to confer extreme 
resistance to PVY. To determine if the resistant source is 
the same as Ryadg, multiple sets of molecular markers which 
are known to amplify Ryadg, as well markers linked to Rysto 
and Rychc, were applied to both Bistra and its resistant par-
ent Sante and several varieties possessing one of the three 
genes for extreme resistance (Table 4). The standard marker 

Identification of the Source of PVY Resistance

QTL maps with detailed information were generated includ-
ing the chromosome number and location of significant 
QTLs as well as the LOP score (Fig. 3). Only one QTL for 
the PVY resistance phenotype (PVY_R_ch11_QTL) was 
observed at ~ 2.08  cM on chromosome 11 with the high-
est LOP score which was the maximum score reported by 

Fig. 4  Allele effects of PVY_R_ch11_QTL. The X-axis indicates four 
homologs of each parent. The “a” to “d” were four homologs of Bis-
tra and “e” to “h” were those of A98345-1. The Y-axis indicated the 
amount of each allele effect. Positive and negative effects are associ-
ated with susceptibility and resistance, respectively. The strength of 
the effect is also correlated with the brightness of the bar, so the alleles 
for A98345-1 appear faint while those for Bistra appear bright, espe-
cially allele “a”

 

Fig. 3  QTL maps for PVY 
resistance. X-axis shows all 
the positions of the 12 different 
linkage groups. Y-axis visualizes 
the height of the QTL. QTL with 
four or more LOP scores were 
selected as significant. The LOP 
score of the significant QTL at 
2.08 cM on chromosome 11 was 
over 15.65, the maximum value 
provided by QTLpoly
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the chromosome, but this is just the location of the marker, 
not the actual gene. Due to the close proximity between the 
closest SNP marker found in Bistra and the approximate 
location of Ryadg it is difficult to determine if these represent 
one or two resistance sources through SNP mapping alone, 
as the resolution is not precise enough to make distinctions 
on the order of below 1–2 Mb. However, analysis of molec-
ular markers in the region suggests that these may be inde-
pendent resistance sources. Every marker tested to assess 
the presence of Ryadg failed to amplify in Bistra or Sante, 
despite the fact that these markers are regarded as being very 
tightly linked to Ryadg. Unfortunately, no markers currently 
exist which are capable of tracking PVY resistance in Bistra 
or Sante, so it remains unknown if such hypothetical mark-
ers would amplify in clones such as Reiche or Costanera 
which are known to amplify the Ryadg marker.

If the resistance source in Bistra is Ryadg, with the same 
Solanum tuberosum ssp. andigena progenitor as with 
Reiche or Costanera, then multiple meiotic events would 
have needed to occur to separate the gene from its mark-
ers. Herrera et al. (2018) claims that the markers M45 and 
M6 flank either side of Ryadg which means that a single 
meiotic recombination would not separate the gene from 
both markers. Two events, one on each side are needed for 
this to occur. Given that both markers are estimated to be 
within 0–2 centimorgans of Ryadg, these events are moder-
ately likely to occur individually (roughly 1 or 2 events per 
100 progeny) but for them to occur together or sequentially 
is extremely unlikely (roughly 1 double event per 10,000 
progeny). While it is possible that Bistra may represent 
examples of breakage of linkage between Ryadg and its 
associated molecular markers, it would be a highly unlikely 
occurrence.

Another possible explanation is that the gene for extreme 
PVY resistance identified in Bistra does represent Ryadg. If 
Bistra derived its resistance gene from a Solanum tuberosum 
ssp. andigena clone divergent from the progenitor donor of 
Ryadg for Reiche or Costanera, then flanking chromosome 
regions of Bistra may lack the necessary primer annealing 
sites necessary for successful marker amplification relative 
to Reiche or Costanera.

Regardless of the identity of the resistance source in 
Bistra, the presence of resistant material which cannot be 
tracked by any known molecular markers slows develop-
ment in breeding programs attempting to incorporate PVY 
resistance for the genesis of new varieties. As such, the cre-
ation of molecular markers targeting this resistance source 
would be of great value to the breeding community, and the 
identification of the closest SNP to the resistance source 
allows for the development of new markers.

The PVY_R_ch11_QTL showed an extremely and exclu-
sively high LOP score, which reached the software limit. 

used to identify Ryadg is RySC3 (Kasai et al. 2000) which 
amplifies a region within an NBS-LRR protein at around 
1,660,000  bp on chromosome 11. Two additional mark-
ers (M6 and M45) developed by Brigneti et al. (1997) and 
refined by Hererra et al. (2018) are also close markers for 
the presence of Ryadg and are believed to flank the Ryadg 
resistance gene. All of these markers are able to amplify 
in standard ADG + varieties such as Reiche and Costanera. 
All three of the Ryadg associated markers failed to amplify 
in standard susceptible varieties such as Yukon Gold and 
Desiree, as well as in PVY-resistant varieties Castle and 
Ursus (presence only of Rysto) and Sakai 35 (presence only 
of Rychc). In addition, all three markers failed to amplify in 
Sante and Bistra, despite the close proximity of the identified 
resistance source to the rough location of Ryadg (Table 4). In 
addition, an older marker, ADG2, was tested on many of the 
same varieties in Whitworth et al. (2009) and also failed to 
amplify in Sante.

Discussion

The mapping data is very clear that the source of PVY resis-
tance in Bistra is located on the proximal end of chromo-
some 11 and that a single allele in Bistra is responsible for 
the resistance. The data is consistent with the hypothesis 
that extreme resistance to PVY in Bistra is conferred by a 
single dominant R-gene on chromosome 11.

Unfortunately, due to limitations in QTL mapping, it 
is impossible to determine the exact location of this gene, 
but it is likely contained within a known R-gene cluster 
(Hämäläinen et al. 1998) found on the proximal end of chro-
mosome 11. The closest SNP marker to the resistance source 
(solcap_snp_c2_13432) is located at roughly bp 790,000 on 

Table 4  Marker and associated gene analysis of PVY-resistant Bistra 
and Sante and other cultivars tested for genes for extreme resistance 
to PVY

Yes3A Ry186 RySC3 M6 M45
Variety Rysto Rychc Ryadg Ryadg Ryadg
Sante - - - - -
Bistra - - - - -
Reichea - - + + +
Costanerab - - + + +
Castle russeta + - - - -
Ursusa + - - - -
Saikai 35a - + - - -
Yukon golda - - - - -
Desireeb - - - - -
a This study confirms results found in Elison et al. 2020 for Yes3A, 
Ry186, and RySC3
b This study confirms results found in Herrera et al. 2018 for RySC3, 
M6, and M45
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Furthermore, its QTL heritability (h2
QTL), representing the 

quantity of the QTL variance compared to total variance, 
was also extremely high (50%). Based on those outstanding 
scores of the PVY_R_ch11_QTL, it is likely that the resis-
tance source in Bistra is an R-gene.

More research is needed with additional populations to 
develop markers for this gene. Rysto and Rychc genes have 
been cloned (Grech-Baran et al. 2019; Akai et al. 2023) and 
once Ryadg has been cloned then sequencing can be used to 
determine if Bistra derived PVY resistance is due to Ryadg. 
If this is the case, more robust markers will be need to be 
developed for Ryadg. If future research identifies a new Ry 
gene, then a new source of PVY resistance will be available 
to breeding programs.
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