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Abstract: (1) Background: Although resistance to pathogens and pests has been researched in many
potato cultivars and breeding lines with DNA markers, there is scarce evidence as to the efficiency
of the marker-assisted selection (MAS) for these traits when applied at the early stages of breeding.
A goal of this study was to estimate the potential of affordable DNA markers to track Rpi disease
resistance genes, that are effective against the pathogen Phytophthora infestans, as a practical breed-
ing tool on a progeny of 68 clones derived from a cross between the cultivar Sudarynya and 13/11-
09. (2) Methods: this population was studied for four years to elucidate the distribution of LB re-
sistance and other agronomical desirable or simple to phenotype traits such as tuber and flower
pigmentation, capacity and structure of yield. LB resistance was phenotypically determined
through natural and artificial infection and the presence/absence of nine Rpi genes was assessed via
11 sequence-characterized amplified region (SCAR) markers. To aid this analysis, the profile of Rpi
genes in the 13/11-09 parent was established using diagnostic resistance gene enrichment sequenc-
ing (dRenSeq) as a gold standard. (3) Results: at the early stages of a breeding program, MAS can
halve the workload when screening the segregation of F1 offspring and selected SCAR markers for
Rpi-genes provide useful tools.
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1. Introduction

A potato cultivar is typically developed through a combination of breeding and se-
lection of progeny clones from a cross of two parents that complement each other in as
many valuable traits as possible. The trend towards organic farming makes it important
to develop cultivars that are resistant to pathogens and pests. In the Russian breeding
centers, interspecific hybrids obtained by sexual hybridization using wild and cultivated
potato relatives have been used as donors of resistance traits [1,2]. Resistance to late blight
(LB) caused by the oomycete pathogen Phytophthora infestans (Mont.) de Bary is among
the priority requirements to modern potato cultivars. Cultivated and wild potato acces-
sions from the VIR collection were utilized in breeding interspecific hybrids with a pyra-
mid of up to six Rpi genes; when tested under the various soil and climate conditions;
many of these hybrids maintained high LB resistance for over a decade [3].

Employing DNA markers for target genes in practical breeding makes it possible to
accelerate the process of developing cultivars with improved traits and to track individual
genes in this process. Marker-assisted selection (MAS) has been established in potato
breeding with a focus on resistance to pathogens and pests [4]. Using MAS technologies
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as compared to phenotypic assessment of resistance to viruses and nematodes by conven-
tional methods proved the former to effectively identify the valuable potato genotypes in
the second tuber generation [5]. This trend has been supported by recent studies of the
diversity of Russian potato cultivars and breeding lines using DNA markers of disease
and pest resistance genes and cytoplasm types [6-9]. However, there is currently insuffi-
cient information to inform MAS efficiency at the early stages of breeding for pathogen
resistance and on the effect of early selection on the manifestation of economically im-
portant traits in breeding material in field trial nurseries.

A study using DNA markers linked to the resistance genes H1, effective against Glo-
bodera rostochiensis, Ry-fsto, effective against potato virus Y (PVY) and Rpi-phul effective
against LB in a segregating progeny did not reveal any relationship between the presence
of various combinations of these markers and agronomical important traits, such as yield,
size and shape of tubers [10]. The effectiveness of selecting prospective segregants with
higher LB resistance upon the presence of the corresponding DNA markers has been stud-
ied but sporadically. Meanwhile, over the past two decades, more than 20 Rpi genes have
been identified and cloned in potato and related Solanum species. The genes R1, R2 and
its orthologue Rpi-abpt, R2-like, and Rpi-blb3; R3a and R3b, R8, R9a, the orthologues Rpi-
bib1 and Rpi-stol, Rpi-blb2, Rpi-vnt1 and Rpi-chcl have been located on chromosomes 4 to
11 and characterized most comprehensively [11]. DNA markers corresponding to the frag-
ments of Rpi genes introgressed into cultivated potato from wild relatives are actively
deployed for screening breeding material to select promising genotypes combining sev-
eral Rpi genes [12-14]. The dRenSeq method for diagnostic sequencing genome target frag-
ments ensures a high degree of certainty of the identification of full-length sequences of
known Rpi genes in genetic collections and breeding material [15]. To develop the MAS
technology for breeding LB-resistant potato cultivars, it is especially important today to
study hybrid populations, to compare the effectiveness of phenotypic and marker selec-
tion of segregants, and to evaluate DNA markers of Rpi genes as the tools for identifying
valuable genotypes at the early stages of breeding process.

In this study, a cross of parents complementary in LB resistance of leaves and tubers
together with their F1 progeny were investigated to identify genotypes with high LB re-
sistance and the best combination of favorable traits. Further, this study enabled us to
assess the accuracy and efficacy of SCAR DNA markers to track Rpi genes as practical
breeding tools.

2. Materials and Methods

Plant Material. The study comprised cv. Sudarynya and the 13/11-09 breeding clone
as respective female and male parents and their hybrid progeny (68 individuals). Cv. Su-
darynya (released by the Belogorka Research Institute for Agriculture, Leningrad, Russian
Federation) was bred from the progeny obtained following the pollination of the 89181/6
clone by a multispecies hybrid 8889/3; the pedigree of the latter lists Solanum tuberosum,
S. andigenum, S. demissum, and S. stoloniferum [8]. The 13/11-09 clone of an interspecific hy-
brid was bred at the Institute of Plant Protection, Leningrad, by selecting from the progeny
resulting from the pollination of an F2 plant from S. pinnatisectum k-17464 x Gitte cross
with a pollen mixture from hybrids with high LB resistance [3]. According to the long-
term field observations, cv. Sudarynya and clone 13/11-09 noticeably differ in their re-
sponse to P. infestans infection: leaves of the former are more resistant to LB, whereas its
tubers are more susceptible than those of the latter. The hybrid seeds were sown in 2017;
in subsequent years, F1 progeny individuals were obtained and maintained as clones. In
2018-2020, each F1 clone was planted in the field of the VIR experimental field, located in
the North-Western Region of Russia, nearly to St. Petersburg in two replications. Cvs.
Bintje, Elizaveta, Nayada, Sarpo Mira, Alouette, Newskii and Peterburgskij were used as
references.
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Methods of Phenotypic and Molecular Analysis.  The color of the skin and base of the
tuber eye, the size and intensity of the anthocyanin coloration of the inner side of the co-
rolla, and the manifestation of pigment coloration on the pedicel were assessed, according
to the “Guidelines for the Conduct of Testing for Distinctness, Uniformity and Stability.
Potato (Solanum tuberosum L.) ?, RTG/0023/2 form [16].

LB resistance, yield and yield structure were assessed in field experiments in 2017-
2020 under the conditions of the VIR experimental field and in laboratory tests at the VIR
Department of Genetics.

To assess LB resistance in the field, plants were examined in the potato stands main-
tained in the VIR experimental field in 2017-2020 according to the CIP Methodological
Guidelines [17]. Plant infection under natural infection was followed starting from the day
when the susceptible cv. Bintje was affected. Plant damage was recorded weekly follow-
ing the appearance of the first disease symptoms, using a 9-point scale where 9 stands for
high resistance with no symptoms of damage, and 1 means a completely infected and
highly susceptible plant. Plants scoring from 7 to 9 points were considered resistant.

The laboratory tests or leaf and tuber resistance were carried out using a highly path-
ogenic P. infestans isolate (1.2.3.4.6.7.10.11) sampled from infected potato plant Lomono-
sovskij’ grown in VIR experimental field [18]. The isolate virulence was determined using
a set of Black’s differential plants (RI-R11). To prepare the inoculum, P. infestans isolate
was grown on tuber slices of the susceptible cv. Dorisa. The cultivars with established LB
resistance in the laboratory tests were chosen as the references: ‘Alouette’ (resistant), ‘Pe-
terburgskij’ (susceptible) and ‘Newskij’ (moderately susceptible leaves and resistant tu-
bers). Leaves (three leaf lobes from each plant of a clone), tubers (five from each clone)
and tuber slices (three slices cut out from the middle part of each of five tubers) were
placed in individual trays and tested in two independent biological replicates. Leaves
were tested in mid-July, and tubers in November/December. Incubation proceeded for 8
days at 17°C and high humidity. Resistance of individual inoculated leaves and tuber
slices was assessed using the methods described by M. Bryliriska and J. Sliwka [19]. Dis-
ease symptoms were scored on days 4 and 8 after the inoculation as the percentage of the
lesion area relative to the total leaflet area. The total score of the tuber slices infection was
a combination of the infected area percentage and the mycelium growth intensity. When
assessing resistance in tubers, the method of decapitated tubers inoculation developed by
N. Zoteyeva and E. Zimnoch-Guzowska [20] was used. Disease symptoms in tubers were
also scored using a 1-9 scale, where 1 means infection of the entire surface, and 9 means
the absence of symptoms. Tubers with scores from 7 to 9 were considered resistant, those
with 6 points as moderately resistant, with 5 points as moderately susceptible, and those
with 1 to 4 points as susceptible.

Molecular and Bioinformatics Methods. Genomic DNA from young leaves was isolated
with the AxyPrep Multisource Genomic DNA Miniprep Kit (Axygen Biosciences, Union
City, CA, USA) or DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). DNA concentration
was measured with an UV/Vis NanoPhotometer P300 (IMPLEN, Munich, Germany). In
the marker analysis, 11 SCAR markers represented nine Rpi genes, namely Rpi-R1, Rpi-
R3a, Rpi-R3b, orthologs Rpi-blb1 and Rpi-stol, orthologs Rpi-R2 and Rpi-blb3, Rpi-blb2 and
Rpi-vnt1.3 (Rogozina et al., 2021). DNA amplification was run in a MJ PTC-200 thermocy-
cler (Bio-Rad, Hercules, CA, USA).

The application of dRenSeq for the identification of functional Rpi genes in the 13/11-
09 clone was carried out at the James Hutton Institute, Dundee, United Kingdom in ac-
cordance with the previously described protocol [15].

Selected amplicons were cloned using pGEM-T Easy Vector System I (Promega,
Madison, WI, USA) and sequenced with nucleic acid analyzers ABI PRISM 3130xl (Ap-
plied Biosystems, Foster City, CA, USA). Sequenced fragments were assembled using Se-
gMan package. Lasergene 7.0. BLAST 2.0. and SeqMan, Lasergene 7.0 programs were used
to mine genomic databases for Rpi genes and their homologues, and their phylogenetic
analysis was performed with the MEGAG6 package [21].
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The data were statistically processed using the parametric and nonparametric statis-
tics methods using the Statistica StatSoft 13 software package (StatSoft Russia;
http://statsoft.ru/products).

3. Results

3.1. Anthocyanin coloration in parents and F1 hybrids

Parental genotypes, cv. Sudarynya and clone13/11-09 and 68 F1 segregants were as-
sessed for the pigment coloration of the skin and base of the tuber eyes. Tubers of cv.
Sudarynya, the female parent in the cross, have yellow skin and a red-colored base of the
eye. The male parent 13/11-09 has tubers with the red-colored skin and white base of the
eye (Figure 1). Both parents have white tuber flesh. Among F1 clones, we observed indi-
viduals, which have maintained the characteristic color patterns of the parents as well as
clones with new features, such as yellow tubers and uncolored eyes or anthocyanin pig-
mentation of the entire tuber surface (Figure 2). The distribution of color patterns in the
segregants was as follows: 17 segregants with red or pink color of the tuber skin and the
colored eye base, 10 segregants with red or pink skin and the uncolored eye base, 9 segre-
gants with yellow skin and red eye base, and 32 segregants with yellow tubers and uncol-
ored eyes.

Figure 1. Tubers of cv. Sudarynya (right) and of the 13/11-09 clone (left)
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Figure 2. Tubers of F1 segregants of the Sudarynya x 13/11-09 cross

The parents (cv. ‘Sudarynya’ and 13/11-09 clone) and 56 F1 clones were assessed for
the pigment coloration of the corolla and inflorescence. In 12 clones (17%), the plants never
bloomed until the end of the study. In cv. Sudarynya, the corolla was colorless, whereas
the pedicel ring was pigmented. In the 13/11-09 hybrid, an intense anthocyanin coloration
was observed at the greater part of the corolla inner surface (Figure 3). F1 clones differed
in the pigmentation of their corolla and pedicel (Figure 4). Corolla pigmentation, with
varying intensity and area of coloration, was registered in 22 F1 clones. Thirty-four F1
clones had a white corolla. The intensity of the pedicel pigment coloration in F1 clones
varied from weak to strong. The pedicel ring was colored in 14 F1 clones.
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Figure 3. Flowers and leaves of cv. Sudarynya (left) and the 13/11-09 clone (right)

Figure 4. Flowers of F1 segregants of the Sudarynya x 13/11-09 cross

3.2. Resistance of parents and F1 progeny to LB of leaves and tubers

F1 clones from the cv. ‘Sudarynya’ x 13/11-09 cross were assessed for resistance to LB
of leaves and tubers in field conditions in 2017, 2019 and 2020. In 2018, a hot and dry
summer in northwestern Russia prevented early infection of potatoes by LB; the first signs
of the disease appeared in late-maturing cultivars at the end of August, when the growing
season of F1 plants was over.

In 2017, 2019 and 2020, the first LB symptoms appeared on leaves of the susceptible
cultivars ‘Bintje” and ‘Peterburgskij’ in early August, and in the resistant cultivar ‘Sarpo
Mira’ at the end of the second ten-day period of August. However, the development of
LB in potato plants during the years of the study occurred at different rates. The fastest
epidemic development of the disease was noted in 2017, and a moderate rate of LB devel-
opment was recorded in 2019 and 2020.

At the end of August 2017, the overall resistance of ‘Sudarynya’ x 13/11-09 F1 seed-
lings corresponded to the average resistance of the parents, while the groups of suscepti-
ble (1-3 points), weakly resistant (3-5 points) and moderately resistant (5-6 points) prog-
eny individuals were clearly distinguished. About half of the ‘Sudarynya’ x 13/11-09 prog-
eny (32 individuals) showed resistance from 6 to 8 points, which was at the same level or
higher than that of cv. ‘Sudarynya’, the best parent (Table 1).

Table 1. Distribution of ‘Sudarynya’ x 13/11-09 F1 progeny individuals per classes of leaf and tuber LB resistance assessed by dif-

ferent methods
Assessment Number of Distribution of individuals per classes of Resistance, average point
method, date individuals resistance*

-3 31- 41- 51- 61- 71- 8l1- Hybrid Parents**
4.0 5.0 6.0 7.0 8.0 9.0 progenies
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Field, leaves of
seedlings, 68 15 5 6 10 14 18 0 5.5+0.3 26.055.0
25.08.2017

Field, leaves of
clones, 14.08.2019
Field, leaves of
clones, 18.08.2020
Laboratory,

66 0 2 1 4 25 33 1 7.3£0.1 ?28.0455.0

67 10 5 16 16 21 0 0 5.3+0.6 ?7056.0

leaves
inoculation, 6.7
68 0 1 4 31 22 8 2 6.3+0.1
clones, 1st d5.6
assessment in
2019

Laboratory,

leaves
inoculation, ?3.8
66 48 5 9 4 0 0 0 2.5+0.1
clones, 2nd g23
assessment in
2019
Laboratory,
tubers ?5.9
66 0 2 15 29 18 1 1 5.6+0.1
inoculation, d6.7

clones, 2019

* on the 1-9 scale, where 9 is the absence of infection

** @ ‘Sudarynya’, ¢ 13/11-09

In mid-August 2019, leaves in half of the F1 progeny (second tuber generation)
showed single spots of LB infection, like both parents did. The overall resistance in the
progeny (7.3 points) corresponded to the average resistance of the parents (Table 1). One
clone (952-49) showed no signs of LB infection of leaves. In the second ten-day period of
August 2019, plants of 18 F1 clones entered the senescence stage, which forced us to har-
vest the early maturing forms. During the second survey (August 27), plants of F1 clones
(48 genotypes), demonstrated differences in the leaf LB manifestation from weak (affec-
tion of no more than 25% of the leaf surface) to completely infected plants. High resistance
(7 points) was noted in four F1 clones: 952-3, 952-29, 952-51 and 952-62, as well as in cvs.
‘Sarpo Mira’ and ‘Sudarynya’.

In 2020, the average leaf resistance to LB in F1 progeny (third tuber generation) was
lower than the average resistance of the parents (Table 1). One third of the progeny (21
genotypes) corresponded to the parents in terms of LB resistance (6-7 points). Among the
remaining F1 clones, susceptible, weak and medium resistant individuals (10, 21, and 16
genotypes, respectively) were identified. Spearman's rank correlation coefficient of LB re-
sistance in the field in different years was 0.32-0.54 at p <0.05.

In 2019, the detached leaves, whole tubers and tuber slices of F1 clones and parents
were artificially infected. The results of leaf infection were assessed twice: on days 4 and
8 after inoculation. Due to the high infectious pressure, strong resistance segregation in
the hybrid population was observed already on day 4 after the infection. On day 8, the
segregation pattern changed towards the shift of a large part of resistant and moderately
resistant plants to the class of susceptible ones. The response of reference cultivars to in-
fection corresponded to the characteristics of their resistance (Table 2).
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Table 2. Leaf and tuber LB resistance of reference cultivars and parents in the ‘Sudarynya’ x 13/11-09 combination in
laboratory tests

LB resistance, average point

Cultivar Leaf lobes Decapitated tubers Tuber slices
day 4 day 8 mycelium Spot mycelium spot
Alouette 9.0 6.8 1.0 9.0 0.5 9
Peterburgskij 5.3 1.0 2.0 4.0 25 3.0
Newskij (7) 4) 0 6.3 1.0 6.5
Sudarynya 6.7 3.8 0 5.9 0.5 6.0
13/11-09 clone 5.6 2.3 1 6.7 0.2 6.7

In the first survey following leaf inoculation in the laboratory, the average resistance
of the F1 progeny corresponded to the average resistance of the parents (Table 1). Two
clones, 952-9 and 952-29, as well as the resistant reference cv. ‘Alouette’, manifested no
signs of LB infection. The infection of the susceptible cv. ‘Peterburgskij’ equaled 5.3 points.
In the second survey, the average resistance of the F1 progeny was slightly lower than the
average resistance of the parents. The leaves of more than 70% of F1 clones, as well as the
leaves of the susceptible reference cv. ‘Peterburgskij’, were completely infected by LB.
Four clones, 952-15, 952-59, 952-66 and 952-69, were identified as more resistant (5.5-5.8
points) than the best parent — cv. ‘Sudarynya’ (3.8 points). In the second survey, resistance
in the leaves of clones 952-9 and 952-29 was estimated at 1.3 and 5 points, respectively, the
leaves of cv. ‘Alouette’ scored 6.8 points. A comparison of the data from the first and sec-
ond surveys of the results of artificial infection using the t-criterion indicated a statistical
significance of the difference between mean values (t = 35.43 at p <0.05).

No correlation was found between the results of evaluating F1 progeny for LB re-
sistance in the field and in the case of leaves artificial infection. The isolates collected from
potato leaves in the VIR field plots were assayed with several phenotypic and molecular
methods; they apparently belong to a single asexual lineage of the pathogen [22]. The la-
boratory screening has shown a strong decrease in resistance values on day 8 after the
infection in comparison with the values obtained on day 4. This could be caused by a very
strong infection load, i.e. a high inoculum concentration combined with a high aggres-
siveness of the used P. infestans isolate. It should be noted that disease symptoms on indi-
vidual leaf lobes of cv. ‘Alouette’ scored 6.3 points, while in our numerous tests using
other isolates of the pathogen this cultivar did not show disease symptoms. The data of
the survey carried out on day 4 day after the infection made it possible to differentiate the
population in more detail in terms of resistance and to identify plants with a score of 7-9
points. Such individuals from the ‘Sudarynya’ x 13/11-09 progeny used in further breed-
ing work were the most promising ones.

In the case of decapitated tubers inoculation, the average resistance in the F1 progeny
was lower than that of the parents (Table 1). When artificially infected, tubers of two
clones, 952-7 and 952-11, were found to have a higher resistance (7-8.2 points) than those
of the best parent 13/11-09. The infection of the susceptible cv. ‘Peterburgskij’ was 4.0
points. The tubers of cv. ‘Alouette’ had no infection spot (9 points), though mycelium
growth (1.0 point) was noted in them.

Tuber slices from 17 progeny clones were infected. Variation in the size of the infec-
tion spot was observed, the assessment of which ranged from 8 to 4 points, and the devel-
opment of mycelium from 0.1 to 3 points. The size of the infection spot in cv. ‘Sudarynya’
scored 6 points and the formation of mycelium was noted (0.5 points). In 13/11-09, the size
of the infection spot was less and scored 6.7 points, and a weak growth of mycelium (0.2
points) was noted. The clone 952-11 was found to have tubers with LB resistance higher
than that of tubers of the best parent (13/11-09), while tubers of the clone 952-15 showed
resistance corresponding to that of 13/11-09.
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Based on the results of the F1 progeny assessment for LB resistance in leaves, the
sample individuals were grouped using two methods: a) the hierarchical classification by
constructing a dendrogram on unweighted pairwise average and b) a k-means clustering
(Figures 5, 6). Both methods of classification analysis distributed the F1 progeny into three
groups (clusters).
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Figure 5. Hierarchical classification of the F1 progeny regarding LB resistance, geno-
types number: C_1-925-15, C_2-925-1, C_3-925-10, C_7-952-16, C_8-952-17, C_10-952-19,
C_11-952-2, C_12-952-20, C_13-952-21, C_16-952-24, C_17-952-25, C_18-952-26, C_19-952-
27, C_21-952-29, C_22-952-3, C_23-952-30, C_24-952-31, C_25-952-32, C_27-952-35, C_28-
952-36, C_30-952-38, C_31-952-39, C_32-952-4, C_33-952-40, C_35-952-42, C_36-952-43,
C_37-952-44, C_40-952-47, C_42-952-5, C_43-952-50, C_44-952-51, C_45-952-52, C_49-952-
57, C_50-952-58, C_52-952-6, C_53-952-60, C_54-952-61, C_55-952-62, C_56-952-63, C_58-
952-65, C_59-952-66, C_60-952-67, C_62-952-7, C_63-952-8, C_64-952-9
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Figure 6. F1 progeny clustering by the k-means method regarding LB resistance

The three clusters resulting from each classification method application were similar
in composition. Cluster 2 contains 12 F1 clones that were most resistant to LB in field ex-
periments and in artificial infection tests; on an average, this group scored 5.9-7.9 points,
depending on the variant of the experiment (Figure 6). Cluster 1 encompassed 24 F1
clones, which showed significant leaf damage during the second survey in the field ex-
periment of 2019; the average score of this group was 1.9-7.5 points. Cluster 3 includes 9
F1 clones most infected by LB in the field in 2017, 2019 (second survey) and in 2020; the
average score of this group was 1.2-7.2 points (Figure 6).

3.3 Rpi genes in parents and F1 progenies nthocyanin coloration in parents and F1 hybrids

Both parents and 60 F1 progenies were screened with SCAR markers that were de-
veloped to track nine Rpi genes. Both parents and segregants were devoid of the markers
for Rpi-R1, Rpi-blb2 and Rpi-blb3 genes. Two parents seemed to comprise the Rpi-R3b, Rpi-
blb1/Rpi-stol genes and differed as regards the Rpi-R2, Rpi-R3a and Rpi-vnt1.3 genes. While
the markers Rpi-R2-1137, Rpi-R2-686 and Rpi-blb3-305 correspond to close orthologs and
usually manifest perfect agreement, here the latter marker was absent from the genotypes
under study, and poor match was observed in the case of two former markers (Table S1.
SCAR markers of Rpi-genes in F1 progeny and parental lines).

The profile of SCAR markers in cv, Sudarynya is in good agreement with the evi-
dence by Gavrilenko et al. [8] who reported in this genotype the markers of Rpi-blb1/Rpi-
stol and Rpi-R3a genes.

The pedigree of the hybrid 13/11-09 has not been clearly established; reportedly it
lists S. andigenum, S. berthaultii, S. demissum, S. microdontum, S. polytrichum, S. pinnatisectum
and S.xvallis-mexici. Therefore, it was important that this genotype was also analyzed us-
ing the dRenSeq technology, which reliably discerns the full-length gene sequences from
non-functional homolgos. In this case, only two genes were identified in this hybrid: Rpi-
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R3b and Rpi-blbl-like. The Rpi-R3b sequence found in these plants was 99.95% identical to
the reference gene Rpi-R3b (NCBI Genbank accession JF900492) and completely matched
the sequence of Rpi-R3bG16%6/G3111 previously described in cv. Innovator [15]. This resulted
in 98% of the Rpi-R3b sequence being covered by RenSeq reads in the dRenSeq analysis.
The sequence of Rpi-blb1 gene in clone 13/11-09 was 98.9% identical to the reference gene
AY336128 differing at only 3 nucleotides in the CDS. Only two of these SNPs result in an
amino acid substitution. This resulted in 93% of the Rpi-blb1 sequence being covered by
RenSeq reads in the dRenSeq analysis. Based on the similarity between Rpi-blb1 and Rpi-
stol, the Rpi-stol sequence from clone 13/11-09 was 87% identical to the reference gene
EU884421. The presence of the Rpi-vntl.3 gene in clone 13/11-09 which was predicted
through the corresponding SCAR marker Rpi-vntl.3-612 was not supported by the
dRenSeq analysis suggesting that this SCAR marker yields a false-positive response.

Rpi genes distribution and their combinations in F1 clones

R2+R3a +R3b+Rpi-blb 1
R3a +R3b+Rpi-blb 1
R2+R3b+Rpi-blb 1
R2+R3a +R3bh m——
R3b +Rpi-blb 1
R3a +R3b ——
e

R2+Rpi-blb 1
R2+R3b
Rpi-blb 1
R3b

R2

o
[
N
w
S

5 6 7 8 9 10 11 12 13

number of F1 clones

Figure 7. SCAR-marker based Rpi gene presence/absence and their combinations in
F1 clones

To elucidate this disagreement between the SCAR marker for Rpi-vntl and the
dRenSeq analysis, we cloned the marker amplicon Rpi-vnt1.3-612 from the hybrid 13/11-
09 (Figure S1. Alignment of Rpi-vntl homologs and predicted amino acid sequences of
Rpi-vntl protein homologs). The resulting sequence was 97% identical to the functional
genes Rpi-vntl.1 (NCBI Genbank accession FJ423044) and Rpi-vnt1.3 (FJ423046) as well as
to the Rpi-vnt1.3 genes in cv. Alouette (MH297492) cloned in the Institute of Agricultural
Biotechnology. The predicted amino acid sequence of the amplicon was 95% identical to
the prototype proteins Rpi-vntl.1 (ACJ66594) and Rpi-untl.3 (ACJ66596) as well as to
the Rpi-unt1.3 proteins in cv. Alouette (QAY29223). However, the marker amplicon Rpi-
vntl.3-612 was also 99% identical to the pseudogene from S. microdontum subsp. giganto-
phyllum (GU338312) and 93% identical to the fragment 59492023-59491423 bp of chomo-
some 9 of S. pinnatisectum cultivar CGN17745 (CP047560).

This provides evidence that the Rpi-vnt1 SCAR marker, unlike the Rpi-R3b and Rpi-
blb1 SCAR markers, is unable to differentiate between functional and non-funtional Rpi-
vntl homologs. Indeed, this SCAR maker wrongly predicts the cultivar Bintje, which is
susceptible to late blight, to contain Rpi-vnt1.3 (Table 3).

The segregants manifested diverse combinations of SCAR markers (Table S1); the
markers of Rpi-R3b and Rpi-blbl were most frequent (0.80 and 0.73, respectively). The
markers of Rpi-R2 and Rpi-R3a were much less frequent (0.39 and 0.40 respectively). Three
progeny genotypes were devoid of any gene markers. The markers Rpi-blb1-821 and Rpi-
5t01-890 corresponding to widely distant regions of the gene matched perfectly (with a
single exception) parents.

Pyramiding several Rpi genes in one potato plant can greatly enhance its LB re-
sistance [3]. In the progeny of the Sudarynya x 13/11-09 cross, we find several stacks of
markers for Rpi genes advantageous for further breeding efforts combinations of genes
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(Figure 7). We believe that forms with a combination of the Rpi genes have the greatest
potential for durable LB resistance. Such a combination of genes, according to our data, is
quite rare in the starting material for potato breeding and further constrained by the non-
specific SCAR marker results for Rpi-vnt1. 12 F1 clones combine the markers of three genes
Rpi-R3a, Rpi-R3b and Rpi-blbl, two F1 clones combine the markers for Rpi-R3b, Rpi-
blb1/Rpi-sto and Rpi-vnt1.3 (the pattern characteristic of the male parent 13/11-09 although
the Rpi-unt1.3 data are not reliable), whereas eight F1 clones each stacked four markers for
the genes Rpi-R2, Rpi-R3a, Rp-R3b and Rpi-blb1/Rpi-sto (the profile found in the female
parent cv. Sudarynya). Two F1 segregants seem to present another case of Rpi gene re-
combination: Rpi-R2, Rpi-R3b, Rpi-blb1/Rpi-sto (and Rpi-vnt1.3), whereas two clones (gen-
otypes number 952-35 and 952-57) revealed a pyramid of as many as five genes from both
parents: Rpi-R2, Rpi-3a, Rpi-R3b, Rpi-blb1/Rpi-sto (and Rpi-vnt1.3) (Table S1).

A comparison of the results of the marker analysis and classification of F1 clones
regarding LB resistance shows that in terms of the Rpi genes number, the group of F1
clones from the second cluster (most LB resistant according to the combination of field
and laboratory assessments) is superior to the other two clusters (Figure 8). F1 clones
showing a consistently high resistance under artificial infection and field trials, were
found to contain from 2 to 4 Rpi genes. Of the two other clusters, the first one contains F1
clones in which 0 to 3 Rpi genes, while the other unites clones with 1 to 3 Rpi genes.
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Figure 8. Predicted Rpi genes numbers (based on SCAR markers) in F1 clones from
different clusters of LB resistance.

3.4 Yield capacity and structure in parents and F1 progenies

F1 clones significantly differ in productivity, the size of which varies from 32 to 1760
g/plant; the average productivity being 918 g/plant. In accordance with the VIR accepted
scale, four clones 952-35, 952-44, 952-57 and 952-69 were characterized as highly produc-
tive (100-150% of standard cultivar yield), 21 as medium productive (70-100%) and 17 as
low productive (30-70%). The marketability of the yield of F1 clones (the proportion of
tubers weighing over 40 g to the weight of all tubers) varies from 0 to 96%, the average
marketability being 80%. The marketability of cv. ‘Sudarynya’ is 84%. The number of tu-
bers (pieces) per plant of F1 clones varies from 1 to 34 pcs. with an average number of 16
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tubers. Several F1 clones, such as 952-7, 952-35, 952-42, 952-44, 952-57, 952-59, 952-65 and
952-69 exceeded cv. “Sudarynya” by their productivity and yield structure elements.

Based on the results of a comprehensive study, five F1 clones were found to combine
good productivity with resistance to LB (Table 3). In two of these clones 952-35 and 952-
62, resistance of naturally and artificially infected leaves was higher than that of the par-
ents. The resistance of the leaves in three other F1 clones corresponds to that of the best
parent cv. ‘Sudarynya’. No growth of P. infestans mycelium was observed on tubers of all
four selected hybrid clones, which means a long incubation period and/or suppression of
the pathogen’s ability to develop. Tubers of parents do not possess such a resistance (Table
3). All clones contained the Rpi-blb1-like gene that is the likely cause of the resistance. As
mentioned afore, although the SCAR marker for Rpi-vnt1.3 also predicted the presence of
Rpi-unt1.3 in these clones, this could not be confirmed in the parents with the dRenSeq
analysis. Further, this SCAR marker was also found in the susceptible cultivar Bintje (LB
score of 3) (Table 3).

Among the selected hybrid clones, 952-35 and 952-57 had marker fragments of five
Rpi genes, three others had marker fragments of four Rpi genes (Table 3). According to the
morphological characteristics of tubers, clones 952-35 and 952-65 have the phenotype of
the female parent, while three other clones have a new combination of color of the skin
and eyes of tubers. The productivity of all selected hybrid clones was high, over 1000
g/plant. The marketability was high in three clones, only in 952-62 it was slightly lower
than in cv. ‘Sudarynya’. The male parent in the ‘Sudarynya’ x 13/11-09 combination pro-
duced small tubers. Presumably, the insufficient marketability of the yield of clone 952-62
reflects the manifestation of the genes of the low-productive male parent.

Hybrid clones 952-57 and 952-62 have apparently inherited a new combination of
genes from both parents, the complementary action of which provided the appearance of
anthocyanin pigmentation in tubers and eye bases. All five F1 clone selected from the ‘Su-
darynya’ x 13/11-09 progeny according to the complex of traits of value for breeding,
demonstrated resistance to late blight of leaves and tubers. All selected F1 clones were
found to have markers of the Rpi-R2 (as in the female parent) and Rpi-R3b + Rpi-blb1/Rpi-
sto genes, which can be inherited from both the female and male parents.

The best hybrid clones from the ‘Sudarynya’ x 13/11-09 cross were found to contain
markers of the Rpi-R3a and Rpi-R3b genes, like cvs. ‘Sarpo Mira’” and ‘Alouette’, as well as
the markers of the Rpi-blb1/Rpi-sto, which provides resistance to a wide range of LB strains
and was not found in cvs. ‘Sarpo Mira’ and ‘Alouette’. However, the best F1 individuals
are inferior to some reference cultivars in their leaf resistance to LB (Table 3). Additional
studies of the ‘Sudarynya’ x 13/11-09 hybrid progeny are necessary to reveal the genetic
nature of LB resistance and confirm the functionality of the Rpi genes.

Table 3. F1 clones from the ‘Sudarynya’ x 13/11-09 cross with a set of important traits, their parents and potato cultivars

LB resistance, .
Producti Tubers

Clone, points SCAR markers of Rpi . Marketa . Eyes (depth,
. vity, . (skin color,
cultivar leaves! tubers genes bility, % color)
) g/plant shape)

R2-1137, R2-686, R3b-

378, RB-226, Blb-821,
952-26 5-8/7 n.d . . 1320 79 yellow uncoloured

Rpi-sto1-890, Rpi-
vntl.3-616"

R2-686, R3a-1380, R3b-

952-35 7-8/65 54 378, RB-226, Rpi-stol- 1760 94 yellow coloured

890, Rpi-vnt1.3-616"
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R2-1137, R2-686, R3a-

ink,
1380, R3b-378, RB-226, P medium,
952-57 6-8/6.7 6.3 1490 95 rounded-
Blb-821, Rpi-sto1-890, i coloured
ova

Rpi-vntl.3-616"
R2-686, R3a-1380, R3b-
952-62 7-8/7 5.8 378, RB-226, BIb-821, 1040 78 red coloured
Rpi-sto1-890
R2-1137, R2-686, R3a-

6.5-7/
952-65 53 6.4 1380, R3b-378, RB-226, 1250 91 yellow coloured
‘ BIb-821, Rpi-sto1-890
R2-686, R3a-1380, R3b- yellow, 1
small,
‘Sudarynya’ 6-8/6.8 6.0* 378, RB-226, BIb-821, 970 84 rounded-
. coloured
Rpi-sto1-890 oval
R3b-378, RB-226, Blb- red, ]
medium,
13/11-09 5-6/5.6 6.7* 821, Rpi-sto1-890, Rpi- 900 76 rounded-
non-coloured
vntl.3-616" oval
yellow,
R1-1205, R3a-1380, small, non-
‘Elizaveta’ 4-5/3 6.7 910 87 rounded-
R3b-378, RB-226 coloured
oval
yellow,
small, non-
‘Bintje’ 3/3 3 Rpi-vntl.3-616" 770 78 rounded-
coloured
oval
red-
R3a-1380, R3b-378, R8- small,
‘Sarpo Mira’ 7-8/7 7 1250 89 pinkish,
1276 coloured
oval
R3a-1380, R3b-378, Rpi- small, non-
‘Alouette’ 9/9 7-9.0% 1240 87 Pink, oval
vntl.3-616 coloured

1in the field\artificial infection; ? asterisk * marks hybrids and cultivars, on tubers of which the growth of mycelium
was noted; * denotes Rpi-vntl.3 SCAR markers that do not provide sufficient differentiation between the functional
Rpi-vntl.3 and its non-functional homologs.

4. Discussion

Individuals in the ‘Sudarynya’” x 13/11-09 progeny, which differ by a complex of
valuable breeding traits manifested the recombination of parental hereditary factors, as
evidenced by the results of the analysis of cultivar distinguishing features in F1 clones.
The appearance of anthocyanin coloration of different plant organs in potato cultivars is
controlled by dominant complementary genes [23]. The basic gene R controls the
production of red pigment, while the basic gene P controls the production of blue and
purple pigments. Pigmentation manifests itself is in different parts of the plant depending
on the presence of D, E and F genes. Tubers with red skin and non-colored eyes (as in the
male parent) are produced by plants with an R and D genes combination. Tubers with the
non-colored skin and colored eyes appear in plants with a combination of R and E genes.
The proportion of these in the ‘Sudarynya’ x 13/11-09 progeny is 25%. The red-violet color
of the corolla is determined by a combination of R and F genes. Recessive forms and
genotypes with individual dominant genes R, D and F have white (yellow) tubers and
white corolla. There are about 50% of those in the ‘Sudarynya’ x 13/11-09 progeny. The
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appearance of plants with new combinations of genes is also confirmed by the molecular
genetic analysis resulting in the identification of two hybrids carrying marker fragments
of late blight resistance genes of both parents: Rpi-R2, Rpi-R3a, Rpi-R3b, Rpi-blb1 and Rpi-
vntl. The presence of Rpi-R3bG16%/G3111 and a Rpi-blbl-like gene as predicted with the SCAR
markers was independently confirmed with dRenSeq. Importantly, every progeny clone
that was predicted to contain the Rpi-blbl-like gene was resistant to LB. This is, to our
knowledge, the first example where an Rpi-blb1/Rpi-stol-like gene has been successfully
established in commercially valuable potato breeding clones by the dRenSeq technology.
In contrast, the SCAR marker associated with Rpi-vnt1.3 proved to be non-specific which
is further confirmed in the susceptible cultivar Bintje that tested positive with this marker.

Depending on the infection load, F1 generation from a cross of two LB-resistant
parents demonstrated either an intermediate type of inheritance, or a shift towards a
decrease in resistance. The segregation of LB resistance in leaves of the F1 progeny at the
seedling stage differed from the segregation in plants of the first and subsequent tuber
generations apparently because of different patterns of growth and the annual changes in
the composition of the LB pathogen population. The long-term monitoring data
evidence significant differences in phytopathological and molecular genetic
characteristics of P. infestans isolates affecting potato cultivars and interspecific hybrids
under the conditions of the VIR field genebank [22]. Therefore, the results of field
assessments have poor reproducibility. Obviously, the method of artificial infestation
with high infection load, significantly reduced the phenotypic manifistation of the Rpi
genes, as is evidenced by the prevalence of the affected F1 clones during the second survey
of the experiment. However, LB resistance in leaves and tubers in several F1 clones exceed
the resistance of parents or was not inferior by them. Apparently, by combination
breeding, we managed to merge in the progeny the favorable traits of both parents.

The application of dRenSeq made it possible to establish the presence of LB resistance
genes in one of the parents with incomplete information about its origin.

This method has been successfully used to characterize cultivars and breeding
material for the presence of R-genes that determine potato resistance to pathogens and
pests [15, 24]. The application of dRenSeq will obviously make the choice of parents with
a set of favorable genes more justified and in this way will promote successive breeding
program for developing new cultivars with improved properties. Evaluation of the F1
generation confirmed the possibility of using SCAR markers and selecting valuable
recombinant genotypes in the progeny when crossing complementary parents. The
presence of marker fragments of target genes requires confirmation of the genetic material
functionality. In addition, the effectiveness of the protective action of R-genes introduced
into hybrid progeny depends on the genetic basis of the second partner in the cross [25].
At the same time, our study showed that the use of marker selection at the early stages of
a breeding program can significantly reduce the volume of the investigated hybrid
population.

Phenotypic assessment of breeding material at the early stages of a breeding program
is not suitable for identifying valuable recombinants regarding their LB resistance. The
marker selection of potato forms with 4-5 Rpi genes from seedlings or the first tuber
generation, performed at the early stages of the breeding process, will significantly reduce
the size of the population to be assessed in subsequent field nurseries and laboratory tests.
By using SCAR markers, it is possible to screen a hybrid progeny for the forms combining
traits of both parents, and this selection will not entail a decrease in the productivity of
the selected material. In our experiment, both F1 clones, each carrying five Rpi gene
markers, showed very high productivity, almost twice higher than that of cv. ‘Sudarynya’.

Our study presents the early results of a comprehensive assessment of the hybrid
progeny obtained through combination breeding. The further testing of breeding
populations and the work on improving and expanding the set of DNA markers will make
it possible to clarify the effect of their application to genetically diverse material.
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Supplementary Materials: Table S1. SCAR markers of Rpi-genes in F1 progeny and parental lines
Figure S1. Alignment of Rpi-vnt1 homologs and predicted amino acid sequences of Rpi-vnt1 protein
homologs.
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