ORIGINAL ARTICLE « OPUTMHAJIbHAA CTATbA

South American species Solanum alandiae Card.
and S. okadae Hawkes et Hjerting as potential sources of genes

for potato late blight resistance

DOI: 10.30901/2227-8834-2020-1-73-83 I®)sy |
YK 635.21:632.9
[Toctynnenue/Received: 31.01.2020

[IpunsTo/Accepted: 11.03.2020

0.A. MURATOVA (FADINA)', M. P. BEKETOVA!,
M. A. KUZNETSOVA?Z E. V. ROGOZINAS3 E. E. KHAVKIN®*

TAll-Russian Research Institute

of Agricultural Biotechnology,

42 Timiryazevskaya St., Moscow 127550, Russia
* P emil.khavkin@gmail.com

2 All-Russian Research Institute of Phytopathology,
5 Institut St., Bolshie Vyazemy, Odintsovo District,
Moscow Province 143050, Russia
kuznetsova@vniif.ru

*N.I Vavilov All-Russian Institute
of Plant Genetic Resources,

42, 44 Bolshaya Morskaya Street,
St. Petersburg 190000, Russia
rogozinaelena@gmail.com

I0kHOoaMepukaHckue BUAbl Solanum alandiae
Card. u S. okadae Hawkes et Hjerting

KaK NOTeHIMaJ/IbHble HCTOYHUKHU F€eHOB
yCTOM4YUBOCTH K puTodTOpO3y KapTode s

0.A. MYPATOBA (PAJANUHA)', M. I1. BEKETOBA',
M. A. KY3HELIOBA? E. B. POTO3UHA?, 3. E. XABKUH™

1 Bcepoccutickuil Hay4Ho-ucc1edo8ameabckKull uHcmumym
ce/bCcKoxo3silicmeeHHol 6uomexHonozuu (BHUHUCE),
127550 Poccus, e. Mockea, ya. Tumupsizesckas, 42

* Dl emil.khavkin@gmail. com

2 Bcepoccutickuli Hay4Ho-uccaedogamenbCKull UHCmMumym
¢dumonamonozuu (BHUHUD),

143050 Poccus, Mockosckasi 06.1.,

Bosavwue Basemol, ya. UHcmumym, 5

Pd kuznetsova@vniifiru

3 PedepasvHblii uccaedosamenbckull yeHmp
Bcepocculickuli uHcmumym eeHemuyecKux pecypcos
pacmenuti umenu H.H. Basusosa,

190000 Poccus, e. Cankm Ilemep6ype, ya. b. Mopckas, 42, 44
rogozinaelena@gmail.com

For several decades, wild species of Solanum L. section Petota
Dumort. have been involved in potato cultivar breeding for ro-
bust resistance to pests and diseases. Potato late blight (LB) is
caused by oomycete Phytophthora infestans (Mont.) de Bary,
and the genes for race-specific resistance to P, infestans (Rpi
genes) have been introgressed into cultivated potatoes by re-
mote crosses and trans- or cisgenesis, first from S. demissum
Buk. and, more recently, from other wild species, such as S. bul-
bocastanum Dun., S. stoloniferum Schlechtd. et Bché, and S. ven-
turii Hawkes et Hjerting (according to the nomenclature by
Hawkes, 1990). Most wild species already involved in breeding
for LB resistance came from North and Central Americas: se-
ries Bulbocastana (Rydb.) Hawkes, Demissa Buk. and Longiped-
icellata Buk., and some Rpi genes of these species have been
already characterized in much detail. Rpi genes of South Amer-
ican species, including the series Tuberosa (Rydb.) Hawkes,
have not been sufficiently investigated. Among the latter, this
study focuses on the Rpi genes of S. alandiae Card. and S. oka-
dae Hawkes et Hjerting. Four accessions of S. alandiae, one ac-
cession of S. okadae and 11 clones of interspecific potato hy-
brids comprising S. alandiae germplasm from the VIR collec-
tion were PCR-screened using specific SCAR (Sequence Charac-
terized Amplified Region) markers for eight Rpi genes. SCAR
amplicons of five Rpi genes registered in this study were vali-
dated by comparing their sequences with those of prototype
genes deposited in the NCBI Genbank. Among the structural
homologues of Rpi genes found in S. alandiae and S. okadae, of
special interest are homologues of CC-NB-LRR resistance genes
with broad specificity towards P, infestans races, in particular
R2=Rpi-blb3, R8, R9a, Rpi-vnt1 and Rpi-blb2 (9499, 94[99,
8689, 92298 and 91% identity with the prototype genes, re-
spectively). Our data may help to better understand the pro-
cess of Rpi gene divergence along with the evolution of tuber-
bearing Solanum species, particularly in the series Tuberosa.

Key words: tuber-bearing Solanum species, Phytophthora in-
festans, CC-NB-LRR genes, structural homologues, SCAR mark-
ers.

Jukopactymue BuAbl Solanum L. cexuusi Petota Dumort.,
cHavasa S. demissum Buk. amosxe S. bulbocastanum Dun.,
S. stoloniferum Schlechtd. et Bché, S. venturii Hawkes et Hjert-
ing (3zxech u jasnee no cuctreme Hawkes, 1990) u gpyrue -
CIy?KaT UCTOYHUKAMU eHOB YCTOUYUBOCTU K Phytophthora
infestans (Mont.) de Bary (genes for resistance to P, infestans,
Rpi-reHbl) B cejleKLUU KapTodesss Ha YCTOHYUBOCTb K Pu-
TodTOpO3y MeTOAaMU OTAAJIeHHOW rMOpUIU3aLUU U TPaHC-
WM LIMCcreHo3a. B oTiinuue oT Rpi-reHOB, JileTajJbHO OXapak-
TepU30BaHHBIX y BUAOB Solanum u3 CeBepHoi u lleHTpasb-
HOW AmepukH, npexze Bcero cepuid Bulbocastana (Rydb.)
Hawkes, Demissa Buk. u Longipedicellata Buk., Rpi-reHbl 10%-
HOaMepUKaHCKUX BUJOB, BKJwo4as ceputo Tuberosa (Rydb.)
Hawkes, usydens! oueHb csia6o. Kuuciay nociefHux oTHO-
catcq S. alandiae Card. u S. okadae Hawkes et Hjerting. YeTbI-
pe o6pasua S. alandiae, o6pazer S. okadae v 11 KJIOHOB MeXx-
BU/JIOBBIX TUGPUJIOB S. alandiae c KyJAbTYpHBIM KapTodesneM
us koJsiekuuu BUP uccnenosanu metogom [P c nomoibio
cnenuduyHbix SCAR-mapkepoB (Sequence Characterized
Amplified Region) BocbMu Rpi-reHoB. [locsief0BaTeIbHOCTH
SCAR-MapkepoB HSATH 0GHAPYKEHHBbIX Rpi-r€HOB BaUUpPO-
Ba/IM, CPaBHUBAsl UX C reHaMU-poToTunamu u3 leH6aHka
NCBI. Cpeau CTpyKTYypHbIX [OMOJIOTOB Rpi-reHOB, HaifieH-
HbIX V S. alandiae u S. okadae, 0co6bIii UHTEPEC NPEACTABIIA-
I0T TOMOJIOTH Rpi-reHOB C IMPOKOH pacoBoi cnenudUyHO-
cTblo: R2=Rpi-blb3, R8, R9a, Rpi-vntl u Rpi-blb2 (cooTBeTCT-
BeHHO 94-99, 94-99, 86-89, 92-98 1 91% cxojcTBa C reHa-
MU-npoToTUnamMu). [losydeHHble AaHHble OGYAYT CIOCOOGCT-
BOBaTh JIy4yllleMy I[OHHMMaHUIO JIUBepreHIUu Rpi-reHoB
B IIpoliecce 3BOJIIOIMK KIyOHEHOCHBIX BUJ0B Solanum, oco-
6eHHO B cepuu Tuberosa.

KnlwueBble cioBa: kjayGHeoGpa3sywluue BUJbl Solanum,
Phytophthora infestans, CC-NB-LRR reHbl, cTpyKTypHbIe ro-
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Introduction

Late blight (LB) caused by oomycete Phytophthora infes-
tans (Mont.) de Bary is among the major obstacles on the
road to sustainable potato production. To limit this disease,
breeders deploy the technologies of remote crosses and
trans- and cisgenesis to transfer the genes of resistance to
P. infestans (Rpi genes) from wild Solanum species into sus-
ceptible potato cultivars, which are demanded by the mar-
ket. However, due to rapid genome evolution and migration
of new strains, severe outbreaks of the pathogen have been
relentlessly overcoming plant defense barriers built up by
breeders and negating, literally within a few days, their
many years of effort (Cooke etal., 2012; Fry, 2016). By com-
bining (pyramiding) several Rpi genes in one potato plant,
breeders provide for robust and durable resistance of new
cultivars to a broad range of P. infestans pathotypes. There-
fore, it is an urgent task of plant biologists to constantly
seek for new sources of resistance, predominantly in wild
Solanum genotypes, which have not been as yet introduced
into potato breeding, and expand the scope of Rpi genes
thoroughly characterized and documented with molecular
methods (Vossen et al., 2014; Bethke et al., 2019).

All presently characterized Rpi genes belong to the CC-
NB-LRR type: their protein products comprise coiled-coil,
nucleotide-binding and leucine-rich region domains (Hein
etal, 2009; Jupeetal., 2012; Rodewald, Trognitz, 2013). The
mechanisms of immediate molecular interactions between
the products of P. infestans avirulence genes and the prod-
ucts of Solanum Rpi genes, that is, effector recognition by
receptor kinase, have been sufficiently researched only in
few cases, such as Avr3a - R3a interaction. However, such
lack of information on the Rpi genes does not hinder the ge-
netic studies aimed at mining Solanum collections for new
Rpi genes and introducing these genes into breeding for du-
rable LB resistance. Following the marker-assisted mapping
and cloning of Rpi genes, recent years have seen a consider-
able progress in this direction. New methodologies, such as
effectoromics, allele profiling and diagnostic resistance
gene enrichment sequencing (dRenSeq), tremendously fa-
cilitated the search for new Rpi genes and new alleles of Rpi
genes already characterized in other species of Solanum L.
within the section Petota Dumort (Vossen etal., 2014; van
Weymers etal.,, 2016; Chen etal.,, 2018; Jiang etal., 2018;
Armstrong et al., 2019). Currently some of these genes have
been introgressed into commercial potato cultivars (Hae-
saertetal., 2015).

The potato genetic collection maintained at the
N.I. Vavilov Institute of Plant Genetic Resources (VIR) in
St. Petersburg is a major source of prospective Rpi genes.
These genes can be found in the collection accessions of wild
potatoes (Zoteyeva, 2012) and in the multiparental inter-
specific hybrids comprising numerous Rpi genes of broad
race specificity toward P.infestans. It is most significant
that such hybrids could keep Rpi genes already lost from the
collections of wild species (Fadina etal., 2017; Rogozina
etal, 2018).

Most Rpi genes already characterized in sufficient detail
and employed by breeders (Hein etal., 2009; Rodewald,
Trognitz, 2013; Vossen etal., 2014; Aguilera-Galvez etal.,
2018; Rogozina et al., 2018) come from wild Petota species
growing in North and Central America: series Bulbocastana
(Rydb.) Hawkes, Demissa Buk. and Longipedicellata Buk.
South America hosts three fourth of unique Petota species
(Spooner etal., 2014); nevertheless, most of these species

are terra incognita as far as Rpi genes are concerned, with
the best known exception of the Rpi-vnt1 gene from S. ventu-
rii Hawkes et Hjerting. This fully applies to two species from
the series Tuberosa, S. alandiae Card. (accepted by Spooner
etal, 2014, as S. brevicaule Bitter) and S. okadae Hawkes et
Hjerting. We screened these species with specific SCAR (Se-
quence Characterized Amplified Region) markers of eight
Rpi genes and found several structural homologues of Rpi
genes with broad specificity toward P.infestans races:
R2 / Rpi-blb3, R8, R9, Rpi-vntl and Rpi-blb2. Some data pre-
sented below have been reported at the XVII EuroBlight
Workshop (Muratova [Fadina] et al., 2019).

Materials and methods

Plant material from the VIR potato genetic collection in-
cluded thelinesisolated from S. alandiae accessions k-18473,
k-20408 and k-21240. The S. okadae line was isolated from
the accession k-25397 derived from P. infestans resistant ac-
cession CGN 18279, which was kindly provided by Roel
Hoekstra (Wageningen University & Research, Wageningen
[WURY]). In addition, our study included potato interspecific
hybrids containing S. alandiae germplasm and several pota-
to cultivars and hybrids employed as references in LB as-
sessments and as positive and negative controls in the
marker analysis. These hybrids and cultivars are main-
tained in the collection of the All-Russian Research Institute
of Phytopathology, Moscow Province, Russia (http://www.
vniif.ru).

Resistance of wild species to P. infestans was evaluated
in the laboratory tests with detached leaves according to
Fadina etal. (2017) using a highly virulent and aggressive
isolate of P. infestans 161 (races 1.2.3.4.5.6.7.8.9.10.11, mat-
ing type A1) collected in Moscow Province (the collection of
the Institute of Phytopathology), and cv. ‘Santé’ as a refer-
ence. The LB resistance of potato hybrids and cultivars was
assessed in the field trials at the Institute of Phytopathology
and VIR under natural infestation by registering the area
under the disease progress curve (AUDPC) against several
cultivars used as references. All experimental data for LB
resistance were converted to 1-9-point scores.

Plant DNA samples were PCR-screened for eight Rpi
genes: R1, R2/Rpi-blb3, R3a, R3b, R8, Rpi-blb1 = Rpi-stol, Rpi-
blb2 and Rpi-vnt1 (Fadina et al., 2017). Specific SCAR mark-
ers are based on the sequences of Rpi prototype genes, that
is, the genes extensively characterized by their structure
and function. The markers were validated against Solanum
genotypes comprising the functional alleles of the corre-
sponding genes. Methods for DNA isolation, PCR primers
(Fig. 1; Table 1) and protocols for PCR analysis, cloning and
sequencing of DNA fragments as well as bioinformatic pro-
cedures were described previously (Fadina et al., 2017; Mu-
ratova [Fadina] etal., 2019). SCAR amplicons were verified
by comparing their sequences to those of prototype genes
deposited in the NCBI Genbank.

Results and discussion

Several accessions of S. alandiae were reported to mani-
fest considerable resistance to P.infestans (Perez etal,
2001; Bhardwaj et al., 2018; Zoteyeva, 2019); however, the
Rpi genes in S. alandiae have not been researched extensive-
ly. By screening S. alandiae accessions and S. alandiae hy-
brids with potato cultivars we found the structural homo-
logues of several Rpi genes of broad specificity toward P. in-
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Table 1. SCAR markers of Solanum Rpi genes (according to Muratova [Fadina] et al., 2019, modified)

Ta6auna 1. SCAR-mMapkeps! Rpi-reHoB Solanum spp. (mo Muratova [Fadina] et al.,, 2019, c u3BMeHeHUsIMH)

Position on
Gene Prototype I\./larlfer and the prototype Primer sequences Anneal. Reference
gene* its size, bp temp., °C
genes, bp
) i F-cactcgtgacatatcctcacta Sokolova et al,,
k1 AF447489 R1-1205 5126-6331 R-gtagtacctatcttatttctgcaagaat 61 2011
R2/Rpi- ) 1370- F-gctcctgatacgatccatg .
bib3 FJ536325 R2-686 2055 R-acggcttcttgaatgaa 54 Kim etal,, 2012
R3a AY849382 R3a-1380 1677-3056 F-gtagtacctatcttatttctgcaagaat 64 Sokolova et al.,
R-agccacttcagcttcttacagtagg 2011
) i F-gtcgatgaatgctatgtttctcgaga Rietman et al,,
R3b JF900492 R3b-378 94818-95195 R-accagtticttgcaattccagattg’ 64 2012
Rpi- i F-aacctgtatggcagtggcatg
Rpi-bib1 = AY336128 blb1-820 2304-3124 R-gtcagaaaagggcactcgts 62 Wang et al., 2008
Rpi-stol Rpi- F-accaaggccacaagattctc Haesaert et al.,
EU884421 sto1-890 241-1130 R-cctgceggttcggttaataca 65 2015
. Rpi- ) F-ggactgggtaacgacaatcc Van der Vossen
Rpi-bibz DQ122125 blb2-976 3226-4202 R-atttatggctgcagaggacc 55 etal.,, 2005
. Rpi- F-ccttcctcatcctcacatttag
Rpivntl Fj423046 vntl.3-612 89-701 R-gcatgccaactattgaaacaac 58 Pel, 2010
) i F-aacaagagatgaattaagtcggtagc Modified after
R8 KU53015 R8-1276 73694-74970 R-gctgtaggtgcaatgtigaagga 62.5 Vossen et al,, 2016
* Accession numbers in the NCBI Genbank (https://www.ncbi.nlm.nih.gov/)
* Homepa nocsiefpoBaTtenbHocTel B l'en6anke NCBI (https://www.ncbi.nlm.nih.gov/)
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Fig. 1. SCAR markers of the Rpi genes are schematically positioned against the CC-NB-LRR domains
(according to Muratova [Fadina] et al., 2019, modified)

Puc. 1. Cxema noJiokenusa SCAR-mapkepoBs B nocsieosateIbHOCTSAX CC-NB-LRR gomeHoB Rpi-reHoB

(mo Muratova [Fadina] et al., 2019, c u3MeHeHUsAMH)

PROCEEDINGS ON APPLIED BOTANY, GENETICS AND BREEDING 181 (1), 2020



« 181 (1),2020 e

0. A. MURATOVA (FADINA) ® M. P. BEKETOVA
M. A. KUZNETSOVA e E.V.ROGOZINA e E.E.KHAVKIN

festans races (Table 2, Table 3). Comparison of marker se-
quences to those of the prototype genes showed that the
S. alandiae genome comprised the structural homologues of
R2/Rpi-blb3, R8, R9a, Rpi-vntl and Rpi-blb2 (with 94@99,
9499, 86@89, 92098 and 91% identity with the prototype
genes, respectively). The marker of the RI gene, found only
in potato cultivars and their hybrids, was apparently de-
rived from that of S. demissum. The markers of the R3b and
Rpi-blb1 = Rpi-stol genes were not found in the analyzed
genotypes.

This is the first report on the structural homologue of
the Rpi-vntl gene in S. alandiae. S. okadae amplicons se-
quenced in this study were 97-98% identical to the Rpi-
vntl.3 homologue from the S.alandiae genome (Table 3).
The Rpi-vntl.2 allele was reported in the accession CGN
18279 (Pel, 2010), corresponding to S. okadae k-25397; how-
ever, Pel and his associates (Pel, 2010) presumed that this
accession belonged to the species S. venturii.

The structural homologues of the Rpi-vntl gene from
S. alandiae and S. okadae differed from the prototype gene

Table 2. Presence or absence of the SCAR markers Rpi genes in accessions of Solanum okadae, S. alandiae
and in S. alandiae hybrids with potato cultivars (according to Muratova [Fadina] et al., 2019, modified)

Table 2. Hanimyue / orcyTcTBUe SCAR-MapKepoB Rpi-reHoB y 06pa3uoB Solanum okadae, S. alandiae u ru6puaoB
S. alandiae c copramu KapTodes (mo Muratova [Fadina] et al., 2019, c u3MeHeHUAMM)

VIR accession Ri- R3a- Rpi- RS- Rpi- Resistance to
Genotype number and 1250 R2-686 1380 blb2- 1259 vnt1.3- P. infestans,
pedigree* 976 612 points
S. alandiae k-21240 D17-329 0 0 0 1 1 0 5
S. alandiae k-18473-1 0 1 0 1 1 1 nd
S. alandiae k-19443 0 0 0 1 0 0 5
S. alandiae k-20408 0 0 0 1 1 0 3
S okadae k-25397-1 0 1 0 1 1 1 nd
cv. Atzimba P1 nd 0 0 0 1 1 0 5
39-1-2005 Atzimba x 0 0 0 0 1 1 6
S. alandiae
cv. Elizaveta P2 acl, adg, dms, phu, 1 0 1 0 0 0 4
sto, vrn
cv. Svitanok
Kievskij P2 dms 0 1 1 0 1 0 5
24-1 0 0 0 1 1 1 6
24-2 Atzimba x 0 1 0 1 0 1 6
117-1 5. alandiae 0 0 0 1 0 1 5
117-2 0 0 0 1 1 1 5
25-1-2007 1 0 0 1 0 0 5
24-1 x Elizaveta
25-2-2007 1 0 0 1 0 1 4
134-6-2006 24-2 x Svitanok 0 0 1 0 1 1 5
134-2-2006 Kievskij 0 0 0 0 1 1 6
135-1-2006 Svitanok 1 1 1 0 0 1 5
Kievskij x
135-2-2006 24-2 1 1 1 0 0 0 4
cv. Alouette 0 0 1 0 nd 1 8

*acl, S. acaule Bitt.; adg, S. tuberosum subsp. andigena Hawkes; aln, S. alandiae Card.; dms, S. demissum Lindl.; phu, S. phureja Juz. et
Buk.; sto, S. stoloniferum Schlechtd. et Bché; vrn, S. vernei Bitt. et Wittm.; nd, no data.

*acl, S. acaule Bitt.; adg, S. tuberosum subsp. andigena Hawkes; aln, S. alandiae Card.; dms, S. demissum Lindl.; phu, S. phureja Juz. et
Buk.; sto, S. stoloniferum Schlechtd. et Bché; vrn, S. vernei Bitt. et Wittm.; nd, HeT JaHHBIX.

1 @ presence of the marker, 0 @ absence of the marker
1 B Hasinuue Mapkepa, 0 Bl oTcyTcTBHE MapKepa
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Table 3. Similarity levels (% identity) of nucleotide sequences in sequenced fragments of Solanum alandiae
and S. okadae genomes as compared with the homologous regions of known Rpi genes

Ta6uimna 3. YpoBeHb cX0ACTBA (B %) HYKJI€OTHAHBIX NOC/IeJ0BaTe/IbHOCTe CeKBEeHUPOBAaHHBIX GpparMeHTOB re-
HOMOB Solanum alandiae u S. okadae ¢ roM0JIOTUYHBIMY PaiiOHAMU U3BECTHBIX Rpi-reHOB

k2 Rpi-bib3 R2/Rpi-blb3
S. demissum S. bulbocastanum S okadae*
FJ536325” F]536346 '
R2/Rpi-blb3
homologue from 94 97 98-99
S. alandiae’
Rpi-blb2 Mi-1.2
S. bulbocastanum S. lycopersicum
DQ122125 AF091048
Rpi-blb2
homologue from 91 86
S. alandiae’
RO Rpi-vnt1.1 Rpi-vnt1.2 Rpi-vnt1l.3 Rpi-vnt1
S. venturii S. venturii S. venturii S. okadae
F]423044 FJ423045 FJ423046 k-25397*
Rpi-vnt1.3
homologue from 86-89 92-93 92-93 92-93 97-98
S. alandiae’
R8 Sw5-b R8
* S. demissum S. lycopersicum S. okadae*
KU530153 AY007366 k-25397
R8 homologue
from 99 85 94
S. alandiae’

* Cloned in our laboratory; ** compared to the sequence published by Armstrong et al. (2019) as Appendix S1

(https://onlinelibrary.wiley.com/doi/full/10.1111/pbi.12997).

* KJ1oHMpoOBaHbI B Halllel staGopaTopuy; **B cpaBHEHHUH C IOCJIEJ0BATENbHOCTDIO, OY6IMKOBaHHON Armstrong et al. (2019)
B [Ipusoxkenuu S1 (https://onlinelibrary.wiley.com/doi/full/10.1111/pbi.12997).

** Accession numbers in the NCBI Genbank (https://www.ncbi.nlm.nih.gov/) are indicated

** YkaszaHbl HoMepa 06pa3ioB B 'en6anke NCBI Genbank (https://www.ncbi.nlm.nih.gov/)

Rpi-vnt1.1 of S. venturii (F]423044) by several single nucleo-
tide polymorphisms (SNPs) and one three-nucleotide inser-
tion. Rpi-vntl clones from S. alandiae (accession k-18473)
revealed two diverse variants of sequences with 90% iden-
tity: the sequence Rpi-vntl S. alandiae 2 comprised a 24-nu-
cleotide deletion, which was also characteristic of the Rpi-
vntl.1 sequences in S.okadae, the prototype gene from
S.venturii (FJ423044) and the marker Rpi-vntl.3-612
(MH297492) cloned from cv. Alouette (Fig.2). One of the
SNPs in Rpi-vnt1 from S. alandiae 1 resulted in a stop codon
and, as a consequence, a shortened protein (Fig. 3), which
was 83% identical to Rpi-vntl-like amino acid sequence
from S. okadae (ADB85624) and only by 77% to the corre-
sponding sequence from S. venturii (ACJ66596). The amino
acid sequences were identical to the corresponding Rpi-vnt1
sequence (ACJ66596) encoded by the functionally active Rpi-
vnt1.3 allele of S. venturii (F]423046). Thus, we can assume
that at least some regions of Rpi-vntl in S. alandiae and
S. okadae are translatable. In addition, S. alandiae comprised
sequences resembling the Rpi-vnt-like, which were different
from the functional gene Rpi-vnt1.

The presence of the Rpi-vnt1.3-612 marker in S. alandiae
and potato hybrids was significantly related to elevated LB

resistance (the Spearman’s correlation coefficient 0.54 at
5% confidence level).

The Rpi-vnt1.3-612 sequences cloned from cv. Atzim-
ba x S. alandiae hybrids resembled the functional gene R9a/
Rpi-edn2 (Jo etal., 2015), rather than Rpi-vntl. Their amino
acid sequences differed from those of prototype genes by
several single amino acid substitutions and a characteristic
KGA insertion (Fig.3). The identity of Rpi-vntl from the
South American species S. alandiae and S. okadae to its close
homologue R9a from North American species S. demissum
(Aguilera-Galvez etal., 2018; Armstrong etal.,, 2019) was
below 90% (Table 3).

The presence of the functional Rpi-vntl.1 gene in resis-
tant S. okadae accessions and their resistant progeny was
later confirmed by dRenSeq and corroborated by Avr-vnt1
recognition in transient expression assays (van Weymers
etal,, 2016). In addition to S. venturii, M. A. Pel (2010) cloned
Rpi-vnt1l homologues sharing 80 to 97% identity with the
prototype gene from 13 wild South American species be-
longing to the series Tuberosa; the gene was represented by
three alleles of monophyletic origin, with Rpi-vnt1.1 and Rpi-
vntl.3 alleles apparently evolved from Rpi-vnt1.2. We com-
pared these sequences to Rpi-vntl homologues from
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Rpi-vnt1 S. alandiae 1 TAAAT AGAAATAGCT TTTACTCT TtGGtt 92
Rpi-vnt1 S. alandiae 2 TAAAT! AGAAATAGCT TCTACTCt' TtGGtL 92
Rpi-vnt1 S. okadae ~ TAAAT! AGAAATAGCT TCTACTCT TtGGtt 92
Rpi-vnt1 S. venturii  TAAAT! AGAAATAGCT TGTACTCT TTGGTT 900
Rpi-vnt1 Alouette TAAAT 'AGAAATAGCT TGTACTCT TTGGTT 193
e e de de de ke dedekkdede ek ek dkdkdeokokdk hkdkdkkokkk K dedk ok e de e o de e e
Rpi-vnt1 S. alandiae 1 GAAAGA tTGGCTCCAGAGAGAAATGAGACACATTCGATCAT: 152
Rpi-vnt1 S. alandiae 2 GAAAGA tTGGCTCCAGAGAGAAATGAGACACATTCGATCAT: 152
Rpi-vnt1 S. okadae  Gppn( tTGGCTCCAGAGAGAAATGAGACACATTCGATCAT: 152
Rpi-vnt1 S. venturii TTGGCTCCAGAGAGAAATGAGACACATTCGATCAT: 960
Rpkvnt1 Alouetta TTGGCTCCAGAGAGAAATGAGACACATTCGATCAT, 253
hhkkkhkkhhkk hk e e Je g ok de de ok g ok ok ok ok g ok ok ok o ok ok e e ok ok ok e ok ok ke ok ok o ok ok ok ok ke Kkkkk Kk
Rpi-vnt1 S. alandiae 1 T [T T GATTCAAGGG CTT, GATATTCA 212
Rpi-vnt1 S. alandiae 2 TGCAAA( TGBAGGCGATTCAAGGG! CTT: GATATTCA 212
Rpi-vnt1 S. okadae ~ TGCAAA( TTGEAGGCGATTCAAGGG CTT: GATATTCA 212
Rpi-vnt1 S. venturii T TT GATTCAAGGG' CTT! GATATTCA 1020
Rpi-vnt1 Alouette TGCAAA T GATTCAAGGG CTT. GATATTCA 313

% e e v o ok ok dekdedk ok dedkk ek ok dr ek dedkkdkdkodbkdkok ek ok ok ko e ok ok e ok ok

Rpi-vnt1 S. alandiae 1 332
Rpi-vnt1 S. alandiae 2 308
Rpi-vnt1 S. okadae 308
Rpi-vnt1 S. venturii 1113
Rpi-vnt1 Alouette 406

Fig. 2. Multiple alignment of nucleotide sequences of the fragments of Rpi-vnt1 structural homologues
from Solanum alandiae and S. okadae, and a region of the functional Rpi-vnt1 gene.

Rpi-vnt1 S. alandiae 1 and Rpi-vnt1 S. alandiae 2, marker Rpi-vnt1.3-612 cloned from S. alandiae k-18473; Rpi-vnt1 S. okadae,
marker Rpi-vnt1.3-612 cloned from S. okadae k-25397; Rpi-vnt1 S. venturii, the prototype gene Rpi-vnt1.1 (F]423044); Rpi-
vnt1 Alouette, marker Rpi-vnt1.3-612 cloned from cv. Alouette (MH297492). Identical nucleotides are indicated by asterisks.
Regions of diversity are highlighted in grey

Puc. 2. MHOXXeCTBeHHO€e BbIpaBHMBaHUe HYK/J1€OTHAHBIX N0C/AeA0BaTe/IbHOCTENH pparMeHTOB CTPYKTYPHBIX FOMOJIO-
roB reHoB Rpi-vnt1 Solanum alandiae u S. okadae, a Takke yyacTka QyHKIMOHAJILHOTO Rpi-vntl-reHa.
Rpi-vnt1 S. alandiae 1 v Rpi-vnt1 S. alandiae 2 - nonuMmop¢Hble BapuaHThl 1 U 2 Mapkepa Rpi-vnt1.3-612, K 1IOHUPOBaHHOTO U3
S. alandiae x-18473; Rpi-vnt1 S. okadae, mapkep Rpi-vnt1.3-612, k1oHUpoBaHHbIN U3 S. okadae k-25397; Rpi-vntl S. venturii,
reH-nporotun Rpi-vnt1.1 (F]423044); Rpi-vnt1 Alouette, mapkep Rpi-vnt1.3-612, kJioHUpOBaHHBIN U3 copTa Alouette
(MH297492). UneHTUYHbIE HYKJIEOTH/IbI 0603Ha4YeHbI 3Be3/j0uKaMy. O6J1acTH pa3/inyus Bbl/ieJIeHbl CEPOH 3aTMBKOU

Rpi-vntl.1l I 106
Rpi-vntl.2 I 120
Rpi-vntl.3 I 120
RPI-EDN2 I 73
Rpi-vntl 24-1 I 87
Rpi-vntl 117-1 I 89
Rpi-vntl.1 AGDVEDLLDEFLPKIQQS ICCLKTVSFADEFAME IEKI] IDRVRTTYSI 163
Rpi-vntl.2 AGDVEDLLDEFLPKIQQS ICCLKTVSFADEFAMEIEKT| ADIDRVRTTYSI 177
Rpi-vntl.3 AGDVEDLLDEFLPKIQQS ICCLKTVSFADEFAMEIEKI IDRVRTTYSI 177
RPI-EDN2 AGDVEDLLDEFLPKIQQSS! ICCLKTVSFADEFAVEIEKI] ADIDSLRTTFNI 133
Rpi-vntl 24-1 AGDVEDLLDEFLPKIQQS ICCLKTVSFADEFAMEIEKI] ADIDSLRTTFNI 147
Rpi-vntl 117-1 AGDVEDLLDEFLPKIQQS  ICCLKTVSFADEFAMEIEKI| WADIDSLRTTFNI 149
RPI-EDN2 A\GDVB.DLLDBFLPKIQQSSKFWICCWS FADEFAVEIEKIRRRVADIDSLRTTFNI 133
Alouette AGDVEDLLDEFLPKIQQSNKF -~~ICCLKTVSFADEFAMEIEKIKRRVADIDRVRTTYSI 163
Rpi-vntl.1 AGDVEDLLDEFLPKIQQSNKF-~-ICCLKTVSFADEFAMEIEKIKRRVADIDRVRTTYSI 163
Rpi-vntl.2 AGDVEDLLDEFLPKIQQSNKF~-~~ICCLKTVSFADEFAMEIEKIKRRVADIDRVRTTYSI 177
Rpi-vntl.3 AGDVEDLLDEFLPKIQQSNKF - --ICCLKTVSFADEFAMEIEKIKRRVADIDRVRTTYSI 177
RPP13-1like AGDVEDLLDEFLPKIQQS! WGV CCLKTVSFADEFAMEIEKIRRRVADIDSLRTTFNI 133
24-1 AGDVEDLLDEFLPKIQQS! ICCLKTVSFADEFAMEIEKIRRRVADIDSLRTTFNI 147

24-2 AGDVEDLLDEFLPKIQQS! ICCLKTVSFADEFAMEIEKIRRRVADIDSLRTTFNI = 148
117-2 AGDVEDLLDEFLPKIQQS! WM CCLKTVSFADEFAMEIEKIRRRVADIDSLRTTEFNI 149
117-1 AGDVEDLLDEFLPKIQQS! W CCLKTVSFADEFAMEIEKIRRRVADIDSLRTTEFNI 151
39-1-2005 AGDVEDLLDEFLPKIQQS! o ICCLKTVSFADEFAMETEKIRRRVADIDSLRTTFNI 135

Fig. 3. Multiple alignment of the Rpi-vnt1 protein sequences from interspecific Atzimba x S. alandiae hybrids
(24-1, 24-2,117-1, 117-2 and 39-1-2005) and cv. Alouette against those encoded by known functional genes.
RPI-EDN2 corresponds to Rpi-edn2 from S. edinense (US Patent 2014/0041072 A1), Rpi-vnt1.1, Rpi-vnt1.2 and Rpi-vnt1.3
are fragments of the corresponding S. venturii proteins ACJ66594, AC]66595 and AC]66596, RPP13-like is S. tuberosum dis-
ease resistance protein RPP13-like XP_015170549. Regions of diversity are highlighted in grey; KGA are amino acid resi-
dues characteristic of Rpi-vnt-like and RPI-EDN2

Puc. 3. MHOKeCTBEeHHOE BhIpaBHUBaHHE YYaCTKOB N0CJIeJOBaTeJIbHOCTEH 6e1KoB Rpi-vntl 13 Me>KBH/0BbIX I'U-
6pujgoB Atzimba x S. alandiae (24-1, 24-2,117-1, 117-2 1 39-1-2005), copta Alouette u COOTBETCTBY I UX NOCJIE-
JoBaTe/bHOCTeN 6e/IKOB, KOAUPYEMBIX U3BECTHBIMHU GYHKIMOHATbHBIMH FreHaMH.

RPI-EDN2 cooTBeTcTByeT Rpi-edn2 u3 S. edinense (US Patent 2014/0041072 A1), Rpi-vnt1.1, Rpi-vnt1.2 u Rpi-vnt1.3 -
dparmMeHTHI COOTBETCTBYWOUUX 6esKoB S. venturii ACJ66594, ACJ66595 u ACJ66596; RPP13-like - 6esnok RPP13-like rena
ycToHunBOCTH S. tuberosum k 6os1e3usiM XP_015170549. O6s1acTy pa3indus BelieieHbl cepoi 3ai1uBKoH; KGA - aMuHo-
KHCJIOTHBIE OCTAaTKH, XapaKTepHble A 6eakoB Rpi-vnt-like 1 RPI-EDN2
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S. alandiae and S. okadae characterized in this study. To
eliminate polymorphisms due to synonymic substitutions,
we aligned amino acid sequences corresponding to the Rpi-
vnt1.3-612 marker found in S. alandiae and S. okadae with
the sequences corresponding to Rpi-vnt1 proteins in other
South American species (Fig. 4).

These South American species comprise an insertion ab-
sent in other sequences, including S. okadae GU338334, and
a deletion shared with S. bukasovii GU338315 and S. micro-
dontum GU338312. It is of special significance that we failed
to discern the marker Rpi-vnt1.3-612 in S. verrucosum Schlt-
dl. accessions k-24995, k-24991, k-23760, k-24313, k-23015,
k-23760, and P1195171, the only Tuberosa species in North
and Central Americas (Spooner et al., 2014). The absence of
Rpi-vnt1 in S. verrucosum was also reported using dRenSeq
technology (Chen etal., 2018).

In addition to Rpi-vntl genes, SCAR marker analysis of
S. alandiae and S. okadae revealed structural homologues of
R2/Rpi-blb3, Rpi-blb2 and R8 characteristic of North and Cen-

tral American species (Table 3). The S. alandiae fragment was
91% homologousto Rpi-blb2in S. bulbocastanum (DQ122125)
and differed from the prototype by several SNPs and dele-
tions (Fig.5). The S. alandiae and S. okadae fragments were
both 99% identical to R8 from S. demissum (KU530153) and
differed in several SNPs and one nucleotide deletion. The
R8homologue from hybrid 24-1 (Atzimbax S. alandiae
k-21240) completely matched the R8-1276 sequence from
S. alandiae k-20408 (Fig. 6). R8 homologues from S. alandiae
and S. okadae differed by three deletions from the corre-
sponding fragment of Sw5b (Fig. 6), which was only 83%
identical to R8 in S. demissum (Jiang et al.,, 2018).

R2 homologues from S. alandiae and S. okadae were 94—
97% identical to the prototype gene from S.demissum
(FJ536325) and its orthologue Rpi-blb3 from S. bulbocasta-
num (FJ536346). Notably, the latter, together with R2 homo-
logues from S. alandiae and S. okadae, differed from the R2 of
S. demissum by several SNPs and a six-nucleotide insertion

(Fig. 7).

S .alandiae CCTGAAATTCAACAATCCAACAATAAGTTCACTTGTTGCCTTAAGACGGTTTCTTTTGCC 341
S. okadae* CCTGA-ATTCAACAATCCAACAATAAGTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCC 396
S. bukasovii CCAAAAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCG 1473
S. microdontum  CCAAAAATTCAACAATCC---AATAAGTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCC 453
S. stonotomum  CCARAAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCC 469
S. sucrense CCAAAAATTCAACAATCC- -~ AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCC 312
S. raphanifolium  CCAARAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCG 1312
S. orophium CCAAAAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTITGCG 1470
S. medians CCARAAATTCAACAATCC---ARTAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCG 1312
S. neorosii CCAGAAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTITGCG 1313
S. oplocense CCAAAATTTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCG 1469
S. okadae CCAARAATTCAACAATCC---AATAATTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCG 1312
S. tarjense CCAAAAATTCAACAATCC---AATAAGTTCATTTGTTGCCTTAAGACGGTTTCTTTTGCC 453
LA - LA AR A S E Rl hk ko kR ERk R R AR R R R R R R
S .alandiae AGGACAACTTACAATATCACAGATACAAGTAAC---AATGATGATGATTGCATTCCATTG 458
S. okadae* AGGACAACTTACAATATCACAGATACAAGTAAC-~--AATGATGATGATTGCATTCCATTG 512
S. bukasovi  AGGACAACTTACAGCATCACAGATACAAGTAAC---AATAATGATGATTGCATTCCATTG 589
S. microdontum  AGGACAACTTACAACATCACAGATACAAGTAAC-~~AATAATGATGATTGTATTCCATTG 570
S. stonotomum  AGGACAACTTACAACATCATGGATACAAATAATAACAACAATAACGATTGCATTCCATTG 589
S. sucrense AGGACAACTTACAACATCATGGATACAARTAATAACAACAATAACGATTGCATTCCATTG 432
S. raphanifolium AGGACAACTTACAACATCATGGATACAAATAATAACAACAATAACGATTGCATTCCATTG 432
S. orophium  AGGACAACTTACAACATCATGGATACAAATAATAACAACAATAACGATTGCATTCCATTG 590
S. medians AGGACAACTTACAACATCATGGATACAAARAATAACAACAATAACGATTGCATTCCATTG 432
S. neorosii AGGACARCTTACAACATCATGGATACAARTAATAACAACAATAACGATTGCATTCCATTG 433
S. opiocense  AGGACAACTTACARCATCATGGATACAAATAATAACAACAATAACGATTGCATTCCATTG 589
S. okadae AGGACAACTTACAACATCATGGATACAAATAATAACAACAATAACGATTGCATTCCATTG 432
S. tanjense AGGACAACTTACAGCATCACAGATACAAGTAAC---AATAATGATGATTGCATTCCATTG 570

khkkkkhkkkkdkhkk *kkk kdkdkkkhk &k *k ok ok khkkkk EEkkkkkkhd

Fig. 4. Multiple alignment of nucleotide sequences of the fragments of Rpi-vnt1 structural homologues from
Solanum alandiae and S. okadae, and regions of the known Rpi-vnt1 genes from South American species
of Tuberosa series (Pel, 2010).

S. alandiae and S. okadae*, the Rpi-vnt1.3-612 marker cloned in this study from the S. alandiae accession k-18473 and the
S. okadae accession k-25397. All other sequences are from the NCBI Genebank: S. bukasovii Juz. GU338315, S. microdontum
Bitt. GU338312, S. stenotomum Juz. & Buk. GU338323, S. sucrense Hawkes GU338339, S. raphanifolium Card. & Hawkes
GU338338, S. orophilum Corr. GU338320, S. medians Bitt. GU338344, S. neorossii Hawkes & Hjert. GU338331, S. oplocense
Hawkes GU338317, S. okadae GU338334, and S. tarijense Hawkes U338326.

For other notations see Fig. 2

Puc. 4. MHOKecTBeHHO€e BbIpaBHUBaHUe HYKJ/1€eO0TH/HbIX I0CJIeJ0BaTeJIbHOCTell pparMeHTOB CTPYKTYPHBIX ro-
MOJIOTOB reHoB Rpi-vnt1 Solanum alandiae u S. okadae, a Tak>ke y4acTKOB reHa Rpi-vnt1 13 10)kHOAaMepUKAHCKUX
BUAOB cepuu Tuberosa (Pel, 2010).

S. alandiae v S. okadae* B mapkep Rpi-vnt1.3-612, KJIOHUpPOBaHHbIN B 3TOM McCCJIeJOBaHUU U3 06pa3la k-18473 S. alandiae
1 obpasua k-25397S. okadae. Bce gpyrue nocnegoBatenbHoCcTU — U3 'en6anka NCBI: S. bukasovii Juz. GU338315,

S. microdontum Bitt. GU338312, S. stenotomum Juz. & Buk. GU338323, S. sucrense Hawkes GU338339, S. raphanifolium
Card. & Hawkes GU338338, S. orophilum Corr. GU338320, S. medians Bitt. GU338344,

S. neorossii Hawkes & Hjert. GU338331, S. oplocense Hawkes GU338317, S. okadae GU338334
u S. tarijense Hawkes GU338326. OcTasibHble 06003HaYeHU s KaK Ha PUC. 2
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Rpi-blb2 S. alandiae CATCAGATTTGTTGCCACGTCAAATTACCATTGATTATGATGAGG------AGCACTTTG 304
Mi-1 L.esculentum CATCAGATTTGTTGCCTCGTCAAATTACCATTGATTATGATGAGGAGGAGGAGCACTTTG 2728
Rpi-blb2 S. bulbocastanum CATCAGATTTGTTGCCACGTCAAATTAGCATTGATTATGATGATGATGAAGAGCACTTTG 4314
Khkhkhkkkk kb kb hhh khkkhkhkhdd Fhkhhhhd bk hrdr & kkkkkkkkk
Rpi-blb2 §. alandiae GGCTTAATTTTGTTCTGTTCGGT TCAATAAGAAA-~~GGCATTCTCGTAACACCTETATT 361
Mi-1 L.esculentum GGCTTAATTTTGTCATGTTCGATTCAAATAAGAARAGGCATTCTGETARACACCTCTATT 2788
Rpi-blb2 S. bulbocastanum GGCTTAATTTTGTCCTGTTCGGTTCAAATAAGAARAGGCATTCCGGTAAACACCTCTATT 4374
khkhhkhkkhkkhdhd khkkkhkk kkkkk * *k * * khkkkkkk dkkk
Rpi-blb2 S. alandiae CTTCTACCATACATGGAGACGAGCTGGACGATTGTCTCTCTGATACATT TCAGCTARGAC 421
Mi-1 L.esculentum CTTTGAGGATAAATGGAGACCAGCTGGATGACAGTGTTTCTGATGCATTTCACCTAAGAC 2848
Rpi-blb2 S. bulbocastanum CTTTGACCATAAATGGAGATGAGCTGGACGACCATCTTTCTGATACATTTCATCTAAGAC 4434
kK * khkk khkkhkhkk hhkkkkkdk kk * k hkkkdkk hhkkhhkhk khkkhkkhk
Rpi-blb2 §. alandiae ACTTGAGGCTTCTTAGAGTGTTGCACTTGGATTCCTCTTTTATCATGTGAR==GATTCTT 479
Mi-1 L.esculentum ACTTGAGGCTTATTAGAGTGTTGGACCTGGAACCCTCTTTAATCATGGTGAATGATTCTT 2908
Rpi-blb2 S. bulbocastanum ACTTGAGGCTTCTTAGAACCTTGCACCTGGAATCCTCTTTTATCATGGTTAAAGATTCTT 4494
Ahkkkk Ak kkEE KhAhk kkk Kk kxkk khkkkkkk Hxkkkk % kkkkkk Kk
Rpi-blb2 S. alandiae TGCTGAATGAATATGCATTGTTGAATCATT TGAGGTCTTAGATTG- - -~ -GEACACAGTT 534
Mi-1 IL.esculentum TGCTGAATGAAATATGCATGTTGAATCATTTGAGGTACT TAAGAATTCGGACACAAGTTA 2968
Rpi-blb2 S. bulbocastanum TGCTGAATGAAATATGCATGTTGAATCATTTGAGGTACTTAAGCATTGGGACAGAAGTTA 4554
hkkkkkkkkkk khhkkkkkkkkrhkkkhkhk * * * % *

Fig. 5. Structural homology between the cloned marker fragment Rpi-blb2-976 from Solanum alandiae accession
k-19443, the Rpi-blb2 gene from S. bulbocastanum (DQ122125),
and its analogue Mi-1 from S. lycopersicum L. (AF091048).
For other notations see Fig. 2
Puc. 5. CpaBHeHHe HYKJ/JIEOTUAHBIX IIOC/Ie0BaTe/IbHOCTEl KJIOHUPOBAaHHOI0 MapKepHOro ¢pparMeHTa
Rpi-blb2-976 u3 o6pasua k-19443 Solanum alandiae, nocieaoBaTteabHOCTel reHa Rpi-blb2
u3 S. bulbocastanum (DQ122125) u ero aHasora Mi-1 u3 S. lycopersicum L. (AF091048).
Jpyrue o603HayeHUs KaK Ha puC. 2

Sw5b aagagaataaggatcagtatggtacttgacttgcttacccacttettcaagtegagttgt 1740
R8 S. alandiae TC---------GCGAAATA--=---=--=----=-----AGTTACTTGATCATGTATATGTGA 102
R8 8. okadae [CooeecEGORRART A e AGTTACTTCATCATGTATATGTGA 91

* L S * ek ek dkk ok * o
Sw5b tacgactattctgcttctaattccatcatctggaaaagaaagecttaagtcateccatac 1800

R8 S. alandiae TCATAATTTATATATTCCATCACTATGATA' 162

R8 S. okadae TCATAATTTATATATTCCATCACTATGGTATGGGATACATAATCGGAGGACTACCTAATA 151
* * ok dkk & * ok * kkk & & & k& & ok ok & LL B

Sw5b catacaatcccacatatcatccaatacaatgagatatc----tctttcccattaatttte 1856

R8 S. alandiae TGG---CTCCAACCAAACACAAGATAAAATAATTCCGCATTTTATCCCAAAATTATTATA 219

R8 S. okadae TGG---CTCCAACCAAACACAAGATAAAATAATTCCGCATTTITATCCCAAAATTATTATA 208

kk kk ok kR wkk kkk * * ok ok ok ok hkE *
R8 S. demissum AAATATGAAAN TTCAATTCTTATGCAA AC 63774
R8 §. okadae AMATATGAAAN TTCAATTCTTATGCAA AC 488
R8 24-1 AAATATGAAAN TTCAATTCTTATGCAA AC 488
R8 S. alandiae ARATATGAAAA TTCAATTCTTATGCAA' 'AC 488
R8 §. demissum AATGAGTAAATCATTTCGTTAACAAGATATCATAATATCTAAAGCATCGCATCGATGAAT 63834
R8 S. okadae AATGAGTAAATCATTTCGTTAACAAGATATCATAATATCTAAAGCATCGCATCGATGAAT 548
R8 24-1 AATGAGTAAATCATTTCGTTAACAAGATATCATAATATCTAAAGCATCGCATCGATGAAT 548
R8 S. alandiae ARTGAGTAAATCATTTCGTTAACARGATATCATAATATCTAAAGCATCGCATCGATGAAT 548
R8 S. demissum TABATATCTTTATGTTTCTITT ITGTACATARACTTA TCCACTAG 63894
R8 S. okadae TABATATCTTTATGTTTCTTITT. TGTACATARACTTA' TCCACTAG 607
R8 24-1 TABATATCTTTATGTTTCTTTTAA . TGTACATARACTTA' TCCACTAG 606
R8 S. alandiae TABATATCTTTATGTTTCTTTT. .TGTACATAAACTTA' TCCACTAG 606

Fig. 6. Structural homology between the cloned marker fragment R8-1276 from Solanum alandiae accession k-20408,
hybrid 24-1 comprising S. alandiae germplasm, and the prototype gene R8 from S. demissum (KU530153); Sw5b, R8
analogue from S. lycopersicum (AY007366).

For other notations see Fig. 2
Puc. 6. CpaBHeHUe HYK/I€OTHUAHBIX N0C/IeL0BaTe/IbHOCTEH KJIOHUPOBAaHHOI0 MapKepHoro ¢pparmeHnTta R8-1276 us
o6pasua K-20408 Solanum alandiae, ru6puaa 24-1, cogeprkaiiero reHeTu4yeckuii marepuasn S. alandiae, u reHa-npo-
ToTuna R8 us S. demissum (KU530153); Sw5b - ananor R8 us S. lycopersicum (AY007366).

Jpyrue o603HauYeHUs KaK Ha pUc. 2
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R2 S. demissum A CAAGAAGCCACTCCATATCCTCTTTATGTATCAGACATGGCA 1561
R2 S. alandiae TCTTTGA A CAAGAAGCCACTCCATATCCTCTTTATGTATCAGACATGGCA 177
R2 S. okadae A CAAGAAGCCACTCCATATCCTCTTTATGTATCAGACATGGCA 177
Rpi-blb3 S. bulbocastanum TCTTTGA A CAAGAAGCCACTCCATATCCTCTTTATGTATCAGACATGGCA 4499
RERAAERE SARAEE AR ARRRR AR R R AR R R R R R R R R R R R R R R R R R R R R R R R R R
R2 §. demissum TTCATAGTGAAGGAGAAAGGTACCTCTCATCACTTGATCTTTCTAACTTGAAGTTGAGGT 1621
R2 S. alandiae TTCATAGTGAAGGAGAAAGGTACCTCTCATCACTTGATCTTTCTAACTTGAAGTTGAGGT 237
R2 S. okadae TTCATAGTGAAGGAGAAAGGTACCTCTCATCACTTGATCTTTCTAACTTGAAGTTGAGGT 237
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Fig. 7. Structural homology between the cloned marker fragment R2-686 from Solanum alandiae accession k-18437
and S. okadae accession k-25397, the prototype gene R2 from S. demissum (FJ536325), and its orthologue Rpi-blb3
from S. bulbocastanum (FJ536346).

For other notations see Fig. 2

Puc. 7. CpaBHeHHe HYK/JI€OTHUAHBIX NOC/IeA0BaTe/IbHOCTEN KJIOHUPOBAaHHOI0 MapKepHoro ¢parmeHTa R2-686,
U3 06pa3uoB k-18437 Solanum alandiae v k-25397 S. okadae, rena-npototuna R2 us S. demissum (FJ]536325)
U ero optoJiora Rpi-blb3 u3 S. bulbocastanum (F]536346).

Jlpyrve o603Hay€eHHUs Kak Ha puc. 2

Conclusion

The comparative SCAR marker analysis of S. alandiae and
S. okadae accessions in the VIR collection discovered several
structural homologues of already known Rpi genes. When ana-
lyzing these data, two caveats are appropriate. First, we dealt
with rather short DNA fragments, which never covered more
than one third of the complete gene sequence. Secondly, even
when these fragments were translatable, the proof of function-
ality of Rpi homologues in S. alandiae and S. okadae must await
further studies by independent methods. Our data match the
evidence that the Rpi-vnt1 gene is specific to South American
species of series Tuberosa (Pel, 2010) and is absent in Mexican
S. verrucosum (Chen et al,, 2018), despite the fact that the lat-
ter species is often grouped with South American Tuberosa
germplasm (Hardigan etal, 2015). Other Rpi homologues
found in S. alandiae and S. okadae resemble the R2, R8, R9 and
Rpi-blb2 genes of Mexican species S. demissum and S. bulbocas-
tanum. An Rpi-mcd1 gene orthologous to R2 but distinct in its
chromosomal localization was reported in South American
species S. microdontum (Hein et al., 2009; Rodewald, Trognitz,
2013; Vossen et al,, 2014; van Weymers et al.,, 2016; Aguilera-
Galvez et al.,, 2018); however, the sequence of Rpi-mcd1 has not
yet been published. South American homologues of Rpi genes
reported here for the first time are notably distinct from their
Mexican prototypes. Among the Rpi homologues found in
S. alandiae and S.okadae, especially promising for potato
breeders are those resembling the genes of broad specificity
toward P, infestans races, such as R2 / Rpi-blb3, R8, R9, Rpi-vnt1
and Rpi-blb2. In this context, it seems proper to mention our
evidence that the presence of an Rpi-vnt1 marker significantly
correlated with superior LB resistance.

Our search for new sources of Rpi genes among wild Sola-
num species takes us to two entwined issues of evolutionary
genomics of the tuber-bearing Solanum: genome and species
evolution in the section Petota and the origin of Rpi genes as-
sociated with the evolution of P, infestans - potato interactions
often resulting in LB outbursts. In this context, the genes for
defense against pests and diseases in S. alandiae and S. okadae
are especially interesting as regards the evolution of the tuber-
bearing Solanum. J. G. Hawkes (1990) emphasized close rela-
tions of these two species with S. microdontum and resem-
blance of S. okadae to the Argentinian endemic S. venturii. The

areas of distribution of the two latter species are located in
neighboring highlands of Bolivia and northwestern Argentina.
S. alandiae is a Bolivian endemic from the bordering Depart-
ments of Cochabamba, Santa Cruz and Chuquisaca, with its
plants growing in contrasting climates of cold and hot dry
grasslands and warm and wet territories (Fuentes, 2014). The
area of S. okadae is disjunct. In Bolivia, it is an endangered spe-
cies, with few tiny islands in the Departments of Cochabamba
and La Paz. Here, its natural habitat is alpine wet meadows
and forests, where plants are affected by LB (Coca Morante,
Castillo Plata, 2007). The Argentinian part of the S. okadae
area of distribution is in the Provinces of Jujuy and Salta. On
the basis of molecular evidence, the Argentinian S. okadae ac-
cessions have been recently identified as S. venturii (PBI Sola-
num Project, 2020). These data presume independent evolu-
tion of S. alandiae and S. okadae / S. venturii.

All presently characterized Rpi genes belong to the CC-
NB-LRR structures, with their evolution widely researched in
tuber-bearing Solanum species (Hein et al., 2009; Pel, 2010;
Jupe etal, 2012; Rodewald, Trognitz, 2013; Aguilera-Galvez
etal., 2018). These species are primarily found in the Mexican
and Andean centers of Petota diversity (Spooner et al.,, 2014;
Hardigan et al,, 2017), where they successfully cohabit with
local P infestans races (Griinwald, Flier, 2005; Fry, 2016).
Many aspects of Petota evolution and Rpi gene geography are
hotly debated (Vossen et al,, 2014; Spooner et al,, 2014; Har-
digan etal, 2015; Hardigan etal., 2017), and our data may
supplement the research into divergence of Rpi genes as re-
lated to the evolution of Solanum species, emergence of tuber-
bearing forms and their distribution between two Americas.
An impressive illustration of the latter issue is the presum-
ably reciprocal segregation of the Rpi-blb1 and Rpi-vnt1 genes
between the Mexican and Andean species, respectively.
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