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Abstract—The causal agent of late blight, the oomycete Phytophthora infestans Mont de Bary, is characterized
by a high degree of variability, as a result of which new races of the pathogen are able to overcome the resis-
tance of long-term cultivated potato cultivars. Primitive cultivated potato species belong to the primary gene
pool, the representatives of which easily cross with Solanum tuberosum L., and their use for breeding is prom-
ising. The objective of this study was to identify the genotypes of wild and primitive cultivated potato species
from the VIR collection carrying the Rpi genes. For the first time, accessions of primitive cultivated and wild
potato species (105 genotypes from the VIR collection) were analyzed for resistance to late blight and the
presence of SCAR markers of the Rpi genes (RB/blb 1, Rpi-blb2, R2-like, Rpi-vnt1.3). In the cultivated species
S. stenotomum subsp. stenotomum, high (0.71) frequency of one of the two marker fragments of the RB/blb 1
gene (Rpi-stol), originally characterized in the wild North American species S. bulbocastanum, which
belongs to the tertiary gene pool of potato species, was detected. In the species S. phureja and S. stenotomum
subsp. goniocalyx, high frequency (0.71—0.88) of the Rpi-vnt1.3 gene marker, originally characterized in the
wild South American species S. venturii, was found. For the first time, in primitive potato species, the frag-
ment sequences, presumptive homologs of the Rpi-vntl and RB/blb1 genes, were characterized. In S. ajan-
huiri, S. stenotomum, and S. phureja, three sequence variants homologous to Rpi-vnt1.3 were identified. The
possible role of the detected polymorphism of the Rpi-vnt1.3 marker fragments in ensuring the resistance of
primitive cultivated species to late blight is speculated.
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INTRODUCTION

Late blight (the causal organism Phytophthora
infestans (Mont.) de Bary) is one of the most destruc-
tive diseases in potato. An outbreak of this disease was
the cause of the Ireland’s famine in the middle of the
19th century [1]. The most effective method of com-
bating this disease is the cultivation of resistant culti-
vars. These cultivars are developed as a result of the
introgression of the resistance genes (Rpi) through
interspecific hybridization and subsequent selection.
To date, over 20 late blight resistance genes have been
identified in potato. In practical breeding, accessions
with Rpi genes are mainly used, the sources of which
are wild potato species from North and Central Amer-
ica, S. bulbocastanum Dunal, S. demissum Lindl., and
S. stoloniferum Schltdl. [2]. Resistance genes were also
found in other wild species, namely, the North Amer-
ican S. cardiophyllum Lindl. and S. pinnatisectum
Dunal, as well as the South American S. berthaultii
Hawkes, S. mochiquense Ochoa and S. venturii
Hawkes & Hjert., and others [3]. P. infestans is charac-

terized by high intrapopulation genetic variability of
isolates [4], which is phenotypically manifested in the
formation of new (more virulent, aggressive) races of
the pathogen. Owing to the intensive race-forming
process, it is impossible to obtain stably resistant
potato cultivars, and effective breeding for this trait
requires new, previously unused resistance genes. The
sources of new resistance genes can be resistant prim-
itive cultivated species that are representatives of the
primary gene pool, which greatly facilitates the pro-
cess of gene introgression, on account of the absence
of biological barriers for crossing [5].

The late blight pathogen genome has been
sequenced [6, 7]. Using molecular genetic approaches,
considerable progress has been made in the study of
P. infestans populations, molecular mechanisms of
host—pathogen interaction, genetic control of patho-
gen virulence, and host resistance [8]. However, there
is still no consensus on where the center of origin of
the potato late blight pathogen is located, i.e., in cen-
tral Mexico or the South American Andes [9]. It is
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noteworthy that both possible centers of origin of
P. infestans are located within the territories desig-
nated as centers of diversity for tuber-bearing species
of the section Petota Dumort. of the genus Solanum L.,
relatives of the cultivated potato. In South America,
the highest species diversity of wild and cultivated
potatoes was found in Peru, and the secondary center
of potato biodiversity is located in Mexico [10].

Tuber-bearing species of the genus Solanum occupy
an extended range extending from 38° N to 41° S and
grow in a wide range of vertical zonation, namely,
from 0 to 5000 m above sea level [10]. Within this ter-
ritory, four centers of origin of phytophthora-resistant
forms of wild and cultivated potato species were iden-
tified [11]. The study of the genetic control of late
blight resistance trait in potato species that have devel-
oped in different parts of the common range of the
section Petota is an important step toward under-
standing their phylogeny and determination of their
relationships. Comparative analysis of the Rpi genes
and assessment of the degree of their structural simi-
larity will make it possible to shed new light on the
evolutionary pathways of genetic determinants of
plant resistance to the P. infestans pathogen. Sequenc-
ing of the genome of the doubled monoploid clone of
S. phureja, DM1-3 516 R44 [12], and its study acti-
vated interest in the group of cultivated potato species
(landraces cultivated by the indigenous population in
different regions of the Andes). A bioinformatic search
identified 435 NBS-LRR genes (Nucleotide binding
site, leucine rich repeats) in the reference genome
sequence. This family includes all the main R genes of
plants, which are crucial in providing plant resistance
to pathogens of different nature [13]. Using the meth-
ods of classical genetics, in the S. stenotomum X
S. phureja interspecific hybrid, the Rpi-phul gene was
identified, which was located on chromosome 9. The
Rpi-phul gene is characterized by a wide spectrum of
action, ensuring the resistance of both leaves and
tubers to late blight [14, 15]. In the wild potato . ven-
turii from Argentina, at the same locus of chromosome 9,
the Rpi-vntl.1 late blight resistance gene (and the
Rpi-vntl.2 and Rpi-vntl.3 allelic variants) was identi-
fied, which was a homolog of the Tm-2? gene, which
provides resistance of tomato (S. lycopersicum L.) to
tomato mosaic virus [16]. The Rpi-vntl.1- and Rpi-
vntl.3-encoded proteins demonstrate 73% amino acid
sequence identity to the 7m-2? gene-encoded protein
[17]. Resistance to a wide range of P. infestans strains is
provided by the genes of the wild Mexican species
S. bulbocastanum, RB/blb1[18], Rpi-blb2]19, 20], and
Rpi-blb3 [21]. The DMI1-3 516 R44 reference
sequence shows cluster organization of the resistance
genes, including homologs of the Rpi-vntl gene on
chromosome 9, those of the Rpi-blb2 gene on chro-
mosome 6, and the most representative (55 R genes)
cluster on chromosome 4 [13]. A large family of genes
located on chromosome 4 that provide resistance to
late blight includes R2, R2-like, Rpi-abpt, Rpi-blb3,
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Rpi-ednl. 1, Rpi-hjtl.1, Rpi-hjtl.2, Rpi-hjtl.3, Rpi-snkl.1,
and Rpi-snkl.2[22].

The diversity of primitive cultivated potato species,
determined by their cultivation in very different cli-
matic conditions [23], suggests the presence of other,
previously unknown resistance genes to various dis-
eases, including late blight. In particular, according to
the studies of Gabriel et al. [24], in S. phureja, phy-
tophthora-resistant accessions are quite common,
which substantiates the need for a more comprehen-
sive analysis of this group.

The objective of this study was to identify geno-
types carrying late blight resistance genes (Rpi genes)
among primitive cultivated potato species, as well as
previously uncharacterized accessions of wild potato
species from the VIR collection. Since the range of
known Rpi genes is extremely wide, intragenic SCAR
markers of the genes the homologs of which were pre-
viously found in primitive cultivated potato species, as
well as wild potato species closest to cultivated ones
[14, 25], were selected for the study. This is particu-
larly so with the RB/blb1, Rpi-blb2, and Rpi-vntl
genes, the homologous sequences of which were iden-
tified in the reference potato genome during bioinfor-
matic analysis [13, 26].

For the first time, a representative sample of culti-
vated and wild tuber-bearing species of the genus
Solanum L. from the South American and North
American centers of biodiversity was screened. Among
the group of primitive cultivated potato species, the
presence of markers of all studied resistance genes,
except for R2-like, was demonstrated. Comparison of
data on the presence of SCAR markers and polymor-
phism of their sequences with the results of laboratory
infection of potatoes with late blight made it possible
to suggest which of the studied genes could be involved
in the resistance development and to identify acces-
sions the resistance of which was not determined by
any of the studied genes.

MATERIALS AND METHODS

The study was carried out using accessions of dip-
loid primitive cultivated potato species, including
S. ajanhuiri Juz. & Bukasov, S. stenotomum subsp.
goniocalyx (Juz. & Bukasov) Hawkes, S. stenotomum
subsp. stenotomum, and S. phureja, as well as acces-
sions of three North American and eight South Amer-
ican wild potato species from the VIR collection
(Appendix 1). For ease of comparison with published
sources, the species affiliation of the collection acces-
sions is presented in accordance with the most com-
mon taxonomy of the section Petota Dumort of genus
Solanum L. suggested by J. Hawkes [27]. A total of 105
genotypes of tuber-bearing species of the genus Sola-
num were examined. The majority (75 genotypes)
belong to the group of primitive cultivated potato spe-
cies, 13 genotypes belong to three North American
Vol. 58
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Table 1. SCAR markers of the Rpi genes used in the study
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Gene Marker Fragment Primer sequence Annealing °C Source
length, bp
Rpi-stol 290 F-accaaggccacaagattctc 65 33]
R-cctgeggtteggttaataca
RB/blb1 =
Rpi-blb 820 -aacctgtatggcagtggcatg 62 [34]
R-gtcagaaaagggcactcgtg
Rpi-blb2 Rpi-blb2 976 F-geactgggtaacgacaatce 55 [34]
R-atttatggctgcagaggacc
R2-like R2 arca 1/2 1137 F-aagatcaagtggtaaaggctgatg 60 [35]
R-atctttctagcttccaaagatcacg
. . F-ccttcctcatcctcacatttag
Rpi-vntl.3 Rpi-vnt1.3 611 R-geatgecaactatiganacaac 58 [17]

wild species (S. brachystotrichum, S. lesteri, and S. bul-
bocastanum), and the remaining 17 genotypes are rep-
resentatives of eight wild South American potato spe-
cies. The studied genotypes of wild-growing species
were obtained from seeds of collection accessions and
are preserved as clones by obtaining tubers from
greenhouse plants. Cultivated species are maintained
by tuber propagation in the field.

Cultivated species were analyzed for the first time
for resistance to late blight and the presence of DNA
markers of R genes. Accessions of the wild species
included in the study were not previously assessed for
resistance to late blight, but were involved in other
studies, in particular, in screening for resistance to
potato golden cyst nematode [28].

Laboratory Assessment of Late Blight Resistance

Plants were grown in a greenhouse in 500-cm3
plastic pots (one tuber in each pot). For evaluation,
five leaflets of the middle formation were taken from
plants more than 60 days old after planting in a double
biological replication.

Laboratory screening of potato accessions for resis-
tance to late blight was carried out according to the
standard method [29]. For infection, an inoculum
based on the MP1841 isolate obtained from the Insti-
tute for Plant Breeding and Acclimatization, Mlochow,
Poland (IHAR-Mlochow) was used. The isolate con-
tains all 11 virulence genes (1.2.3.4.5.6.7.8.9.10.11). The
inoculum was incubated for 30 min at a temperature of
10—12°C to stimulate the release of zoospores. The
concentration of sporangia in the inoculum corre-
sponded to 50000 units/mL. The leaves were placed
on wet filter paper the abaxial side down, and 30 uL of
inoculum was applied between the central and lateral
veins. One day after inoculation, the leaves were
turned the abaxial side up. During the entire period of
inoculation, in the climatic box, constant conditions
of 16°C were maintained [30]. The degree of damage
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was assessed on the sixth day after infection on a
9-point scale [31]. Accessions with scores from 1 to 3
(damage to more than 25% of the infected leaf surface
area) were considered susceptible (S) to late blight,
with scores from 4 to 6 (from 5 up to 25%) were con-
sidered moderately resistant (MR), and with scores
from 7 to 9 (less than 5%) were considered resistant
(R). The experiment was carried out in duplicate, and
resistance was assessed by the average values in both
repetitions. The Nevskii (susceptible) and Sudarynya
(resistant) cultivars served as experimental control.

Screening of Primitive Cultivars and Wild Potato Species
Using SCAR Markers of the RB/blb 1, Rpi-blb2, R2-like,
and Rpi-vntl.3 Resistance Genes

DNA was extracted from young potato leaves in
duplicate using CTAB buffer according to the protocol
of Gavrilenko et al. [32]. Fragments of putative homo-
logs of resistance genes in primitive species were
amplified using Rpi-blbl, Rpi-stol, Rpi-blb2, R2-like,
and Rpi-vntl.3 primers specific to SCAR markers
according to the protocols suggested by the authors
(Table 1) using Taq polymerase (Dialat, Moscow).

The PCR products were visualized in 1.7% agarose
gel, stained with ethidium bromide, and documented in
the BioDocllI system (Biometra GmbH, Germany).

Sequencing of Putative Rpi-vnt1l and RB/blb1 Homolog
Fragments in Primitive Potato Cultivars

In seven accessions of primitive cultivated potato
species (k-9911, k-3558, k-9345, k-8873, k-17618,
k-9301, and k-1120), contrasting in resistance to the
pathogen, the fragments obtained using Rpi-vntl.3
primers were sequenced. In two phytophthora-sus-
ceptible accessions of S. stenofomum subsp. stenoto-
mum, k-7366 and k-10478, fragments obtained using
Rpi-stol and Rpi-blbl primers were sequenced.
Amplicons of both types were first isolated from the
PCR mixture using the Cleanup Standard kit, then
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Fig. 1. Scheme demonstrating the distribution of markers among accessions of primitive cultivated potato species differing in the

level of resistance.

ligated into the pAL-TA vector according to the Evro-
gen protocol  (http://evrogen.ru/kit-user-manu-
als/pAL-TA.pdf). The E. coli DH50 strain was used
for transformation. The protocol is presented in detail
in the VIR guidelines [36]. Two fragments of each
accession were sequenced in two directions using the
equipment of the Genomic Technologies, Proteomics
and Cell Biology Collective Use Center of the All-
Russian Research Institute for Agricultural Micro-
biology, Pushkin, St. Petersburg, on an ABI 3500xI
Genetic Analyzer (Applied Biosystems, United
States). The resulting sequences were aligned and
analyzed using the MEGA version 11 software pro-
gram [37]. The fragments were identified by the
degree of similarity with the sequences deposited in
the NCBI GenBank international database of
nucleotide sequences and in the BLAST search
engine (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
The nucleotide sequences were deposited in the Gen-
Bank database under the accession numbers for the
Rpi-vntl.3 gene sequences, ON322726—0N322739;
for the RB/blb 1 gene sequences, ON515750.

RESULTS

Among the accessions of each potato cultivated
species, genotypes resistant (moderately resistant) to
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late blight were found (Fig. 1), which points to the
prospects for studying this group of the Solanum gene
pool. Among the studied accessions of North Ameri-
can wild species, representatives of S. brachystotrichum
(Bitt.) Rydb., there were no genotypes resistant to late
blight, while resistant forms were found among other
species (Fig. 2). Among the South American wild spe-
cies, only some genotypes of S. doddsii Corell and
S. leptophyes Bitter were moderately resistant; the
studied genotypes of all other species were susceptible
to late blight.

The occurrence of SCAR markers of the RB/blb1,
Rpi-blb2, R2-like, and Rpi-vntl.3 genes in cultivated
and wild potato species was different (Figs. 1, 2). The
most noticeable differences were in the marker distri-
butions among North American wild and primitive
cultivated potato species. Owing to the small number
of accessions studied in South American wild potato
species, they are presented in Fig. 2 as a combined
group. The specificity of the SCAR marker distribu-
tions in representatives of different potato species was
revealed. The R2 area 1/2 marker of the R2-like gene
is present in all the studied North American wild spe-
cies, while among the studied South American species
it was found only in two accessions of the wild species
S. doddsii and was completely absent from cultivated
potato species. The opposite pattern is typical of the
Vol. 58
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Fig. 2. Scheme demonstrating the distribution of markers among accessions of wild potato species differing in the level of resis-

tance.

Rpi-blb2 marker. It was found in representatives of
South American wild and cultivated potato species
(S. alandiae, S. doddsii, S. kurtzianum, S. sparsipilum,
S. yungasense, S. ajanhuirii, and S. stenotomum subsp.
goniocalyx) and was absent from the studied accessions
from North America (Figs. 1, 2). The Rpi-vntl.3
marker was found in South American potato species.
Namely, with a high frequency (0.71—0.88), it was
found in cultivated species S. phureja and S. stenoto-
mum subsp. goniocalyx and was also found in the wild
species .S. doddsii, S. kurtzianum, S. neocardenasii, and
S. spegazzinii, but was found only in a single represen-
tative of North American species, S. brachystotrichum.
The Rpi-stol marker is found in all primitive culti-
vated potato species, including with a high frequency
(0.55—0.71) in accessions of two subspecies of .S. ste-
notomum, but of all the wild species studied, it was
found only in a single accession of S. bulbocastanum.

Within the group of primitive cultivated species,
there are considerable differences in the frequency of
two markers of the RB/blbl gene. The Rpi-stol
marker, found in all accessions of primitive species, is
most frequent in S. stenotomum subsp. stenotomum and
extremely rare in S. phureja; the second marker, Rpi-
blbl, was found only in two genotypes of S. stenoto-
mum subsp. stenotomum (Fig. 1). The Rpi-blb2 marker
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was found in representatives of two other species,
S. ajanhuirii and S. stenotomum subsp. goniocalyx (Fig. 1).

In S. phureja, two genotypes resistant (k-8873,
k-17618) and five moderately resistant (k-9345, k-11547,
k-16896, k-19321, k-23516) to late blight were found
(Table 2). Both resistant accessions are of Peruvian
origin, four of the five moderately resistant accessions
are of Colombian origin, and one more moderately
resistant accession was obtained in England by cross-
ing accessions from Bolivia and Colombia. Accessions
of S. phureja from Bolivia and Ecuador were suscepti-
ble to late blight. In the studied S. phureja accessions,
no correlation between the presence of markers and
resistance indices was found. The Rpi-vnt1.3 fragment
was amplified in accessions resistant, moderately
resistant, and susceptible to late blight (Fig. 1). Two
moderately resistant accessions of S. phureja (k-11547,
k-23516) also contained one of the two markers of the
RB/blb1 gene, Rpi-stol.

In S. stenotomum subsp. stenotomum, one resistant
(k-11020) and three moderately resistant (k-8354, k-9278,
k-17486) genotypes were identified. Three of these
genotypes are of Peruvian origin; one moderately
resistant genotype (k-9278) was obtained in England
by crossing two accessions from Bolivia. In two mod-
erately resistant accessions of this species, none of the
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Table 2. Characteristics of resistant and moderately resistant accessions
Accession Late blight
Species Accession origin collection resistance SCAR markers
number phenotype
Primitive cultivated species
S. ajanhuirii Bolivia k-9900 MR Rpi-stol, Rpi-blb2
S. ajanhuirii Bolivia k-9911-2 R Rpi-blb2, Rpi-vnt1.3
S. stenotomum subsp. Bolivia k-9922 MR Rpi-stol, Rpi-vnt1.3
goniocalyx
S. phureja United Kingdom |k-9345 MR Rpi-vntl.3
(Bol x Col)
S. phureja Colombia k-11547 MR Rpi-stol, Rpi-vnt1.3
S. phureja Colombia k-16896 MR Rpi-vntl.3
S. phureja Colombia k-19321 MR Rpi-vntl.3
S. phureja Colombia k-23516 MR Rpi-stol, Rpi-vnt1.3
S. phureja Peru k-8873 R Rpi-vntl.3
S. phureja Peru k-17618 R Rpi-vntl.3
S. stenotomum subsp. United Kingdom |k-9278 MR Not detected
stenotomum (Bol % Bol)
S. stenotomum subsp. Peru k-8354 MR Rpi-stol
Stenotomum
S. stenotomum subsp. Peru k-11020 R Rpi-vntl.3
Stenotomum
S. stenotomum subsp. Peru k-17486 MR Not detected
Stenotomum
South American wild potato species
S. doddsii Bolivia k-19817 MR Rpi-blb2
S. leptophyes United Kingdom |k-5764 MR Not detected
North American wild potato species
S. lesteri Mexico k-24475-gt1 MR Not detected
S. lesteri Mexico k-24475-gt5 R R2-area 1/2
S. bulbocastanum Guatemala k-24866 R R2-area 1/2, Rpi-stol, Rpi-blbl

used markers was found. A single resistant genotype of
S. stenotomum subsp. stenotomum (k-11020), as well as
S. phureja accessions, carries the Rpi-vnt1.3 marker. It
was demonstrated that moderately resistant accession
k-8354 contained the Rpi-stol marker fragment
designed for the coiled-coil domain (CC) of the
RB/blb1 gene, but there was no Rpi-blb1l marker, spe-
cific to the LRR domain (leucine-rich repeat) of the
same gene [2]. At the same time, two susceptible gen-
otypes of . stenotomum subsp. stenotomum (k-7366
and k-10478) had both the RB/blb 1 gene markers and
the Rpi-vnt1.3 marker (Fig. 1).

The studied genotypes of S. ajanhuiri differ in their
response to infection with the pathogen, albeit each
genotype carries the Rpi-blb2 marker. In addition, in
resistant S. agjanhuiri k-9900, the Rpi-vntl.3 SCAR
marker was found, and moderately resistant S. ajan-
huiri k-9911 was found to contain the Rpi-stol marker
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(Fig. 1). Among the studied S. stenotomum subsp.
goniocalyx accessions, only one moderately resistant
genotype (k-9922) was identified, in which the Rpi-
stol and Rpi-vntl.3 markers were found.

Among representatives of South American wild
potato species, two moderately resistant genotypes,
S. doddsii (k-19817) and S. leptophyes (k-5764), were
identified. In S. doddsii, only one SCAR marker, Rpi-
blb2, was identified, while in S. leptophyes, no markers
were found.

Among the accessions of North American wild
potato species, S. bulbocastanum and S. lesteri, one
moderately resistant and two resistant genotypes were
found. All accessions of .S. brachystotrichum were sus-
ceptible to late blight. Two genotypes of S. bulbocasta-
num k-24868 and three genotypes of S. lesteri k-24475
(including one moderately resistant) did not contain
any of the studied markers. The resistant accession of
Vol. 58
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561 564 566 568 570 572 574 576 578 580 582 584 586 588 590 5‘}2 504 596 598 600 602 604 606 608 610 612 614 616 618 620 622 304
GATCTGAATATACGHCAAA G G[E/A A G[EITIE/A G /A AFIC A A AT A A AA AAA

AATCTAGTATAC|IIEE - oo o i o el sl el el sl e el s e s e e e e e
625 628 630 632 634 636 638 640 642 644 646 648 650 652 654 656 658 660 662 664 666 668 670 672 674 676 678 630 682 684 686 304

IACHICG A CINTCTTTAGAAATCCACCTG AACTCATCCA CATT TTTGCTRMHGAATT
cNTT TTTGCTINNGAATT

----- -C.TCTTTAGAAATCCACCTG AACTCATCCA

Fig. 3. Sequence alignment of the Rpi-sto I fragment from the S. stenotomum subsp. stenotomum k-10478 (GenBank: ON515750)
and the CC domain fragment of the RB/blb 1 gene reference sequence from S. stoloniferum (GenBank: EU884421.1). Abbreviated

species names for Figs. 3—5 are given according to Z. Huaman and R. Ross, 1985 [38].

S. bulbocastanum contained both markers of the
RB/blb1 gene, as well as a marker of the R2-/ike gene.
It can be suggested that it is the RB/blbI gene that
ensures the resistance of this S. bulbocastanum geno-
type to late blight, since among all wild species, this is
the only accession that has both marker fragments of
the gene.

In accessions of primitive cultivated species con-
trasting in resistance, amplicon sequences obtained
using Rpi-stol, Rpi-blbl, and Rpi-vntl.3 primers
were studied.

The nucleotide sequence of the Rpi-stol fragment
in the S. stenotomum subsp. stenotomum k-10478
(GenBank: ONS515750) is highly similar to the refer-
ence sequence of the CC domain (coiled-coil) of the
RB/blbI gene in S. stoloniferum (GenBank:
EUS884421.1), presented in the BLAST information
retrieval database. Eight SNPs in the exon region and
arather large deletion (in the region between positions
574 and 629 of the reference gene) in the noncoding
region were found (Fig. 3). At the same time, no
homology was found between the nucleotide sequence
of the other amplicon obtained using Rpi-blbl prim-
ers and the reference sequence of the LRR domain of
the RB/blb1 gene (GenBank: EU884421.1).

Using the Rpi-vntl.3 primer pair, in most acces-
sions of primitive species, fragments of the expected
length of about 600 bp were amplified. Selectively,
fragments amplified in seven genotypes of cultivated
species contrasting in resistance to late blight were iso-
lated, cloned, and sequenced (see Materials and Meth-
ods). The fragments obtained are shown in Fig. 4.

The obtained sequences are similar to the Rpi-vntl. 1
(GenBank: FJ423044), Rpi-vntl.2 (GenBank:
FJ423045), and Rpi-vntl.3 (GenBank: FJ423046.1)
gene fragments of S. venrurii [16, 17] and pseudogenes
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of the Rpi-vntl type in S. phureja (GU338337.1) and
S. stenotomum (GU338321.1, GU338322.1, and
GU338323.1) [39]. A similarity to the gene fragment
encoding the RPP13-like protein in the whole genome
sequence of the doubled monoploid DM1-3 516 R44
(GenBank: XM _015315064.1) was also revealed.

In total, three sequence variants were found, the
degree of similarity of which to the Rpi-vnti.3 refer-
ence sequence (FJ423046.1) was 90.2, 97.7, and
94.9%, respectively. The first variant was found only
in accessions resistant to late blight, including k-9911
of S. ajanhuiri (GenBank: ON322726, ON322727);
k-9345 (GenBank: ON322730, ON322731), k-8873
(GenBank: ON322733), and k-17618 (GenBank:
ON322735) of S. phureja; and k-11020 (GenBank:
ON322739) of S. stenotomum subsp. stenotomum.
Compared to the Rpi-vntl.3 reference sequence, in the
studied fragment, 52 SNPs were found, including 22
transitions (12 G <> A and 10 T < C), as well as 30
transversions (11 A< T,4T— G,7G < C,and 8§ A<
C). Twenty-eight nucleotide substitutions resulted in
the amino acid substitutions. The second Rpi-vntl.1
fragment sequence variant was found only in one
amplicon of the k-11020 resistant accession of .S. ste-
notomum subsp. stenotomum (GenBank: ON322738).
This variant differed from the similar fragment in the
FJ423046.1 sequence in 21 SNPs, including 10 transi-
tions (5 G <> Aand 5 T<>C) and 11 transversions (3 A <>
T,2T— G,5G < C,and 1 A < C). Fourteen nucle-
otide substitutions were found to be nonsynonymous.
Despite considerable differences, both variants identi-
fied have traditional CC domain structure, which is
highly similar to the Rpi-vntl.3 gene domain. It is
known that amino acid sequences of CC domains
include repeats of seven amino acids (heptads) with
hydrophobic residues located in positions 1 and 4 and
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]74 17() 178 130 132 114 13() a?\ 14() ‘ ]43 ‘ 144;415‘ 4{() 418 42() 427 474 476 478 430 32 4)4 436 -ﬂ@ _4'—j11
Rpi-wtl3  AACGAAAAARTAAAGGAGAR. . . . . . . AlAAcHEEEA- - - - - - - - - @B [
ajh_k-9911-1 AACGAAAAATTAAAGGAGAT. .. . ... ATAAGTTCAAAGG BBt TTcTTGC
ajh_k-9911-2 AACGAAAAATTAAAGGAGAT. . .. ... ATAAGTTCAAAGG AATTTGTTGC
gon_k-3558-1 AAGGAAAREEEE AABGAGAT. . . .. .. ATAARITTCA = == = = = = = = TTTGTTGC
gon_k-3558-2 AAGGAAA|s === - AAAGAGAT. . . . ... ATAAITTCA --------- TTTGTTGC
phu_k-9345-1 AACGAAAAATTAAAGGAGAT. . . . . .. ATAAGTTCARBGGEGEARTTTGTTGC
phu_k-9345-2 AACGAAAAATTAAAGGAGAT. . . . ... ATAAGTTCAAAGGI IAATTTGTTGC
phu_k-8873-1 AAGG A A AEIEEEE AABGAGAT. . . . . .. ATAATTCA - - -~ - - TTTGTTGC
phu_k-8873-2 AACGAAAAATTAAAGGAGAT. . . . ... ATAAGTTCARAGGEGEARTTTGTTGC
phu_k-17618-1 A A G G A A A EIEIEIEE AABGAGAT. . . . . .. ATAARTTCA- - - - - - - - - TTTGTTGC
phu_k-17618-2 AACGAAAAATTAAAGGAGAT. . . . . .. ATAAGTTCARAGGEGEARTTTGTTGC
sin_k-9301-1 A AGG A A AFIIEEE AABGAGAT. . . .. .. AT AKTTChin = v wvm e TTTGTTGC
sin_k-9301-2 AAGGAAA[ = === AAAGAGAT. . . . ... ATAAITTCA --------- TTTGTTGC
stn_k-11020-1 AACGAAAAATTABAGGAGAT. . . . . .. ATHABABTTCh==~:sssza TTTGTTGC

stn_k-11020-2 AACGAAAAATTAAAGGAGAT. ..

.. . .ATAAGTTCAAAGGEGEAATTTGTTGC

Fig. 4. Sequence alignment of the CC domain fragment of the Rpi-vnt 1.3 resistance gene homologs in clones of cultivated species:
S. ajanhuiri (k-9911) (GenBank: ON322726, ON322727), S. stenotomum subsp. goniocalyx (k-3558) (GenBank: ON322728,
ON322729), S. phureja (k-9345 (GenBank: ON322730, ON322731), k-8873 (GenBank: ON322732, ON322733), k-17618 (Gen-
Bank: ON322734, ON322735)), and S. stenotomum subsp. stenotomum (k-9301 (GenBank: ON322736, ON322737), k-11020
(GenBank: ON322738, ON322739)). Nucleotide numbering corresponds to the reference sequence of the Rpi-vnt 1.3 gene (Gen-

Bank: FJ423046.1).

polar amino acid residues in positions 5 and 7 [40].
The putative amino acid sequences found in patho-
gen-resistant accessions have the same structure.
Nonsynonymous substitutions at the key points of the
heptads were not detected (Fig. 5).

The third variant of the Rpi-vntl.1 fragment was
found in both resistant and susceptible accessions and
was a pseudogene fragment, since it had a five-nucle-
otide deletion in the CC domain, which led to a frame-
shift and, consequently, to the formation of a stop
codon (Fig. 4).

DISCUSSION

Phytopathological screening of 71 collection
accessions of primitive tuber-bearing species (.S. ajan-
huiri, S. stenofomum subsp. goniocalyx, S. stenotomum
subsp. Stenotomum, and S. phureja) using P. infestans
isolate MP1841 as an inoculum provided identifica-
tion of 14 resistant and moderately resistant acces-
sions. In general, the frequency of resistant and mod-
erately resistant genotypes in the sample corresponded
to the published data on resistance to late blight of the
accessions of S. phureja [24] and other primitive spe-
cies [11].

Using SCAR markers of the Rpi genes, the homo-
logs of which were previously identified in the
S. phureja duplicated monoploid clone DM1-3 516
R44 [13, 26], the presence of marker fragments of
these genes and their variability in the accessions of
S. phureja and those of closely related cultivated
potato species were studied. Possible association
between the resistance to late blight of representatives
of wild and cultivated potato species and the presence
of the RB/blb1, Rpi-blb2, and Rpi-vntl.3 gene frag-
ments providing resistance to late blight in S. bulbo-

RUSSIAN JOURNAL OF GENETICS

castanum and S. venturii was analyzed [15—20]. No
association between the presence/absence of the Rpi
gene SCAR amplicons and the resistance of cultivated
potato species to the late blight pathogen P. infestans
was found.

The R2-like gene marker fragment was not ampli-
fied in any of the accessions of primitive species, while
it was found in most of the accessions of North Amer-
ican wild potato species. This gene was first identified
in cultivated potatoes (clone SW93-1015), into which
it was presumably introgressed from S. demissum [41],
which grows in North and Central America. Compar-
ison of the R2-like sequence (GenBank: FJ536323.1)
with gene homologs in the whole genome nucleotide
sequence of the reference potato genome
(NW_006239540.1) [42] revealed considerable differ-
ences in sequences. In particular, several SNPs (from
three to eight in different homologs) were found in the
primer annealing region of the R2 area 1/2 marker. In
any case, no correlation between the presence of this
marker and resistance was found in any of the studied
groups.

Both markers of another effective late blight resis-
tance gene, RB/blb1 (Rpi-stol and Rpi-blbl), were
found only in one resistant .S. bulbocastanum genotype
and in two susceptible S. sfenotomum subsp. stenoto-
mum, while they were not found in any of the studied
accessions of South American wild species. At the
same time, the RB/blbl gene fragment (Rpi-stol
marker) was often found in primitive cultivated spe-
cies. Previously, in the study of the NBS-LRR family,
which includes most of the known genes for resistance
to various plant diseases, including late blight, a num-
ber of sequences of the reference potato genome
(S. phureja DM1-3 516 R44) were found to be similar
in some regions to RB/blb1 [13]. As for the R2-like
Vol. 58
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4|0 | 5|0 60 7|0 | 80 9|0 | 100
FJ423046.1 31 FLILTFRKKKFNEKLKEMAEILLTAVINKSIEIAGNVLFQEGTREYWLKEDIDWLQREMRHIRSYVDNAK 100
ajh_k-9911-1 31 e e e e e V...A.L.....S.[NF.......... VL... .....D.. 100
ajh_k-9911-2 31 ... V... A.L.....S.|NF.......... VL. ..D.. 100
PhU_ K-17618-2 31  ei et it i e V...A.L.....S.|NF....V..... VL ..D.. 100
Phu_k-9345-1 31 ottt e V...A.L.....S.|NF.......... VL ..D.. 100
phu k-9345-2 31 ... e e V. L.....S.NF.......... VL ..D.. 100
PhU K-8873-2 3l ottt e V...A.L.....S.|NF.......... VL ..D.. 100
stn_k-11020-2 31 .. ..o i e V...A.L.....S.[NF.......... VL. ..D.. 100
stn_k-11020-1 31 ..Q..TD...R......... LoV IR P ... 100
110 120 130 140 150 160 170
R I S P TP I T Il Iy [P TR [P [P
FJ423046.1 101 AKEVGGDSRVKNLLKDIQQLAGDVEDLLDEFLPKIQQSNKF ---ICCLKTVSFADEFAMEIEKIKRRVAD| 167
ajh_k-9911-1 101 ...oovvoufenonnnn. S KGA. v reeoneinnnnn. R.....| 170
ajh_k-9911-2 101 ..o = G R.. 170
phu k-17618-2 101 .........|[........ = G R. .| 170
phu_k-9345-1 101 .........[........ = KGA. . ... ot R.. 170
phu k-9345-2 101 ....oooiifiiiiann. A KGA. .o e oneive i, R.. 170
phu_k-8873-2 101 ................. = KGA. .. ovii e e n R. .| 170
stn_k-11020-2 101 ... ... ofooan .. = KGA. . ...t R.. 170
stn_k-11020-1 101 B R, B 167
180 | 190 200 210 220 230
FJ423046.1 168 [IDRYRTTYSITDTSNNNDDCIPLDRRRLFLHADETHVIGLEDDFNTLQAKLLDHDLP|YGVVSIVGM 233
ajh_k-9911-1 171 |..sl...FN. ....N....MEQ..K.. .D....K..D...VQ..CN...... 236
ajh_k-9911-2 171 |..sl...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
phu_k-17618-2 171 |..SL...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
phu_k-9345-1 171 |..sl...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
phu_k-9345-2 171 |[..Sl...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
phu_k-8873-2 171 |..sl...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
stn_k-11020-2 171 |..sl...FN. .N....MEQ..K.. .D....K..D...VQ..CN...... 236
stn_k-11020-1 168 . N e . .D....IT.......0...)....... 233

Fig. 5. Alignment of presumptive protein sequences of coiled-coil (CC) fragments of the Rpi-vnt1.3 domain (ACJ66594.1) and

presumptive homologous protein sequences of the studied

accessions of S. ajanhuiri (k-9911) (GenBank: ON322726,

ON322727), S. phureja (k-8873 (GenBank: ON322733), k-9345 (GenBank: ON3227230, ON322731), and k-17618 (GenBank:

ON2322735)), and S. stenotomum subsp. stenotomum (k-11020)
domains are framed. Amino acid numbering corresponds to the

gene, sequences of the RB/blb I gene and its homologs
in the reference genome of doubled monoploid clone
DM1-3 516 R44 have a number of substantial differ-
ences. As expected, the most substantial differences
were found in the Rpi-blbl marker primer annealing
region, up to 15 nucleotide substitutions. On the other
hand, the presence of both of the RB/blb1 gene mark-
ersinsome S. bulbocastanum and S. stenotomum subsp.
Stenotomum accessions points to the similarity of
primer annealing regions in these accessions.

The marker fragment of another gene, Rpi-blb2,
originally found in S. bulbocastanum, was not observed
in accessions of wild North American species and was
detected only in single primitive cultivated potato spe-
cies, which can also be explained by nucleotide poly-
morphism between the S. bulbocastanum gene
sequence (GenBank: DQ122125. 1) and its homologs
in primitive species, especially in primer annealing
regions. The degree of similarity between Rpi-blb2 and
similar sequences in DM1-3 516 R44 does not exceed
90%.

The results of the search for homologs of the
RB/blb1 and Rpi-blb2 genes in wild potato species are
consistent with the data reported elsewhere. Namely,
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(GenBank: ON322739, ON322738). Presumptive coiled-coil
Rpi-vntl1.3 sequence (ACJ66596.1).

homologs of the Rpi-blb2 gene were found in the
South American species S. alandiae and S. okadae [2],
while they were absent from the North American spe-
cies S. cardiophyllum, S. jamesii, S. lesteri, S. pinnati-
sectum, S. polyadenium, S. polytrichon, S. stoloniferum,
S. trifidum, and S. verrucosum [43]. For the further
study of the RB/blb I gene homologs in representatives
of tuber-bearing species of the genus Solanum, it is
recommended to use an extended sample of acces-
sions of South American wild species. In the present
study, the Rpi-stol and Rpi-blbl markers were not
found in S. alandiae, which is consistent with the data
of Muratova et al. [2], and were not found in acces-
sions of S. doddsii, S. kurtzianum, S. leptophyes, S. neo-
cardenasii, S. sparsipilum, S. spegazzinii, and S. yunga-
sense. At the same time, the RGA1F/R marker, ampli-
fied with another primer pair, was found in the South
American species S. chacoense and S. huancabam-
bense, as well as in the North American species .S. car-
diophyllum, S. jamesii, S. lesteri, S. pinnatisectum,
S. polyadenium, S. polytrichon, S. stoloniferum, S. trifi-
dum, and S. verrucosum [43].

Using primers designed to mark effective resistance
gene, Rpi-vntl, first discovered in the wild-growing
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species S. venturii and its homolog, the Rpi-phul gene
[16], marker fragments were obtained in almost all
studied accessions of primitive potato species. How-
ever, no correlation between the presence of the
marker and resistance was observed. The authors who
previously studied late blight resistance genes in
S. venturii identified a series of genes with similar
sequences located in a single cluster on chromosome 9
[17]. Close to this cluster, the well-known tomato
mosaic virus resistance gene Tm-2?is located, as well
as the late blight resistance gene of S. phureja, Rpi-
phul. The high degree of similarity of Rpi-vntl.1 and
Rpi-vntl.3 and their relative similarity to 7m-2? sug-
gested their common origin. In the present study,
N-terminal sequences of the coiled-coil (CC) domain
in primitive potato cultivars were analyzed and a num-
ber of variations was identified. One of the variantsis a
pseudogene, as it carries a five-nucleotide deletion,
which leads to substantial changes in the protein struc-
ture. In resistant accessions of S. ajanhuiri, S. phureja,
and S. stenotomum subsp. stenotomum, other sequence
variants were found that do not have stop codons in
this region. The putative amino acid sequences of
these fragments have a structure typical of the CC
domain and, possibly, are parts of functional genes.
The simultaneous presence of several variants of simi-
lar sequences in the same genotype can be explained
by the complex structure of resistance gene loci of the
CC-NBS-LRR type with similar sequences arranged
in tandem. On the basis of the identified SNPs in the
found variants, in the future, a PCR marker can be
developed for screening an extended sample of primi-
tive potato species from the VIR collection and assess-
ing the correlation of variant sequences like Rpi-vntl
with phytophthora resistance.

Late blight resistance of primitive cultivated species
S. ajanhuiri, S. stenotomum, and S. phureja and wild
potato species seems to be caused by different genetic
determination. In the present study, the majority of
resistant and moderately resistant accessions of prim-
itive cultivated species showed correlation between the
resistance to the pathogen and the presence of one of
the Rpi-vntl allelic variants. Bioinformatic search for
homologs of other known resistance genes RB/blb1,
Rpi-blb2, and R2-like along with the study of their
polymorphism and possible association with the trait
in primitive cultivated potato species is promising. The
most interesting accessions for further study are S. ste-
notomum subsp. stenotomum, resistant to late blight,
but not possessing any of the investigated SCAR
markers of the Rpi genes. They can serve as sources of
new, previously unknown resistance genes.
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