217
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SUMMARY

The Bolivian species S. alandiae is among the insufficiently researched representatives of
Solanum series Tuberosa. Accessions of S. alandiae and its hybrids with potato varieties were
screened with specific SCAR markers of genes for resistance to Phytophthora infestans
(Rpi genes). SCAR amplicons derived from S. alandiae genome included the structural
homologues of several Rpi genes of broad specificity, such as R2=Rpi-blb3 (94-98% identity),
R8 (98% identity), R9/Rpi-vntl (95% identity) and Rpi-blb2 (99% identity). R9/Rpi-vntl
homologues in S. alandiae and other South American potato species merit special interest in the
context of evolution in Solanum series Tuberosa.
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INTRODUCTION

To contain potato late blight (LB), the introgression breeding depends on continual search,
identification, and deployment of new genes for resistance to Phytophthora infestans (Rpgenes).
When these genes are of broad specificity to pathogen races and in particular, when they come
from the sources that have not been as yet widely exploited by breeders, such genes are not
rapidly overcome by the P. infestans strains currently dominating the commercial potato
plantations and in this way promise durable LB resistance. Many wild relatives and landraces of
potato from South America are a prospective lode to mine for these genes (Bethke et al., 2019;
Gaiero et al., 2018; Li et al., 2018; Machida-Hirano, 2015; Vossen et al., 2014). Among them,
the Bolivian species S. alandiae Cardenas (EBN 2x), a member of S. brevicaule Bitter complex
(Spooner et al., 2014), is among the insufficiently researched wild species of Solanum L. series
Tuberosa Rydb. Wild. Some accessions of S. alandiae were reported to manifest considerable
resistance to P. infestans (Bhardwaj et al., 2018; Perez et al., 1999/2000; Zoteyeva et al.,
2012); however, the Rpi genes of S. alandiae have been studied but sporadically (Srivastava
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et al., 2018). Here we report on a pilot study of the Rpi genes in S. alandiae and its hybrids with
cultivated potatoes from the VIR collection. Plant resistance to P. infestans was assessed in the
laboratory and field experiments, and the resistant individuals have been maintained as the
clonal collections. Plants were screened for structural homologues of the Rpi genes using PCR
analysis of the plant genome with highly specific sequence characterized amplified region (SCAR)
markers, and the identity of amplicons was recognized by comparative phylogenetic analysis of
their sequences.

MATERIALS AND METHODS

Plant material and assessment of LB resistance

Several accessions of S. alandiae and its hybrids with potato varieties together with wild species
and potato varieties that served as positive and negative controls in PCR screening for Rpi gene
homologues with SCAR markers of these genes come from the clonal collections maintained in
VIR and the Institute of Phytopathology (Fadina et al., 2017). The accession of S. okadae
K-25397 was introduced from the accession CGN 18279 (CGN Potato Collection, the
Netherlands) kindly provided by Roel Hoekstra (Wageningen University, the Netherlands).
Resistance of this accession to P. infestans was reported to depend on the Rpi-vntl-2 gene
(Foster et al., 2009). Resistance of wild species to P. infestans was assessed in the laboratory
test with detached leaves according to the Eucablight protocol (www.euroblight.net/) using a
highly virulent and aggressive isolate of P. infestans N161 (races 1.2.3.4.5.6.7.8.9.10.11,
mating type A1l) collected in the Moscow region (the collection of the Institute of
Phytopathology) and var. Santé as a standard. LB resistance of potato hybrids and varieties was
assessed in the field trials at the Institute of Phytopathology (Bol’shiye Vyazemy, Moscow region,
Russia) under conditions of natural infestation by registering the area under the disease progress
curve (AUDPC) against several varieties used as standards. The experimental data for LB
resistance were transformed to 1-9-point scores.

SCAR markers for Rpi genes

The sequences of primers for SCAR markers recognizing the Rpi genes were compiled from
several publications (Table 1). Primers for R8 were further modified in our laboratory. The
positions of the markers as related to gene sequences are presented at Figure 1. Primers were
verified using potato genotypes reported to comprise the corresponding functional Rpi genes.
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Table 1. SCAR markers of Rpi genes

R1 AF447489 R1-1205 5126- F-cactcgtgacatatcctcacta 61 Sokolova et al., 2011
6331 R-gtagtacctatcttatttctgcaagaat

R2=Rpi- F)536325 R2-686 4215- F-gctcctgatacgatccatg 54 Kim et al., 2012

blb3 5357 R-acggcttcttgaatgaa

R3a AY849382 R3a-1380 1677- F-gtagtacctatcttatttctgcaagaat 64 Sokolova et al., 2011
3056 R-agccacttcagcttcttacagtagg

Rpi-blb2 DQ122125 Rpi-blb2-976 3226- F-ggactgggtaacgacaatcc 55 Van der Vossen
4202 R-atttatggctgcagaggacc et al., 2005

Rpi- FJ423046 Rpi-vntl.3- 89-701 F-ccttcctcatectcacatttag 58 Foster etal., 2009;

vnt1.3 612 R-gcatgccaactattgaaacaac Pel., 2010

R8 KU53015 R8-1276 73694- F-aacaagagatgaattaagtcggtagc 62.5 Modified after
74970 R-gctgtaggtgcaatgttgaagga Vossen et al., 2016

Rpi-blb2-976
R1-1205 p—
[_NBS | L
CCN M LRR L ce =
1 4101 3804
- =]
R2-686 n
— R8-1276
[ NBS | LRR SR wNBS | LRR
1 2538 1 3737
R3a-1380 Rpi-vnt1.3
R
w9l N8BS | LRR CCN T LRR
1 3849 1 2718

[:] -NBS domain . - LRR domain D - CC domain E -S'UTR - SCAR marker

Figure 1. SCAR markers of the Rpi genes

RESULTS AND DISCUSSION

We screened 29 potato genotypes: six clones of S. alandiae K-21240 (K-21240 D17-329,
K-21240-1 - K-21240-5), five clones of S. alandiae K-18473 (K-18473-1-K-18473-5),
S. alandiae K-20408, S. alandiae K-19443, three clones of S. okadae K-25397 (K-25397-1 -
K-25397-3), three parental varieties Atzimba, Elizaveta, Svitanok kievskiy and ten clones of
interspecific hybrids (Table 2).
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The R1 and R3a genes was absent from S. alandiae, and the amplicons of both these genes in
the hybrids are apparently derived from a S. demissum progenitor. We cloned and sequenced
amplicons for the gene markers R2-686, Rpi-blb2-976, R8-1276 and Rpi-vntl.3-612 derived
from S. alandiae and S. okadae as a positive control (Table 2). Below we discuss only the
sequences that are highly identical to the prototype genes and their orthologues with established
Rpi function (Table 3).

The marker for the R2 gene was found in S. okadae accession K-25397, in S. alandiae accession
K-18473 (94% identical to the R2 prototype gene from S. demissum and 97% identical to Rpi-
blb3 from S. bulbocastanum, DQ122125) and in Atzimba x S. alandiae hybrid. The accession of
S. alandiae K-21240, which was used in the latter cross, was not saved for analysis;
nevertheless, we presume that in the hybrid 24-2 (Atzimba x S. alandiae), the marker R2-686
arrived from S. alandiae. In the hybrid 24-2 x Svitanok kievskyi, both S. alandiae and
S. demissum could be the sources of this marker. The R2 cluster in the Mexican Solanum species
on chromosome IV has been described in detail (Destafanis et al., 2015; Lokossou et al., 2009).
Our data on R2 structural homologues in S. alandiae and S. okadae complement previously
reported evidence on R2=Rpi-blb3 homologues on chromosome IV in another South American
species, S. microdontum (Lokossou, 2010; Lokossou et al., 2009).
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The marker Rpi-vntl1.3-612 was found in S. okadae and in S. alandiae K-18473; it was absent
from Atzimba and three other accessions of S. alandiae and present in most Atzimba x
S. alandiae hybrids. The sequences of the marker for Rpi-vntl gene from hybrids are 84-89%
similar to the Rpi-vntl-3 gene, whereas the markers from S. alandiae and S. okadae were
92-93% identical to this gene. Mining for Rpi-vnt1 alleles across Solanum section Petota showed
that the three functional alleles were confined within S. venturii, whereas only two accessions of
the closely related species S. weberbaueri Bitter and S. mochiquense Ochoa carried Rpi-vnt1.1
(Pel, 2010). Three orthologues of Rpi-vntl from S. venturii and S. alandiae are 87-89% identical
to the 3307-5925-bp stretch in R9a sequence (Armstrong et al., 2019); whereas the region of
Rpi-vnt1.3 in S. alandiae spanning 809-1374 bp in the sequence FJ423044 is 99% identical to
the corresponding fragment of R9a. Comparison of the Rpi-vntl structural homologues from
S. alandiae with the already reported Rpi homologues from other South American species (Pel,
2010; van Weymers et al., 2016) showed 90-94% identity; in particular, the sequences of Rpi-
vntl from S. alandiae resemble those in S. okadae (GU338334) and S. raphanifolium
(GU338338) with 94% identity. While the R9 gene is characteristic of the Mexican species
S. demissum, no Rpi-vntl homologues have been reported to this day in the Central American
species.

Table 3. Structural homologoues of the Rpi genes from S. alandiae as compared to the prototype Rpi
genes and their already identified orthologues/homologues, % identity

R2/Rpi-blb3 97 94 97 97 98-99 92 97 94
from
S. alandiae
Prototype Rpi-blb2 Mi-1.2
S. bulbocasta- S. lycopersi-
num cum
DQ122125 AF091048
Rpi-blb2 from 91 86
S. alandiae
Prototype R9a Rpi-vntl1.1 Rpi-vnt1.2 Rpi-vnt1.3 Rpi-vnt1-like Rpi-vntl Rpi-vnt1-like
(Armstrong  S. venturii S. venturii S. venturii S. okadae S. okadae S. micro-
etal., 2019) F423044 F1423045 F1423046 GU338336 K-25397 dontum
GU338312
Rpi-vnt1.3 86-89 92-93 92-93 92-93 88-89 97-98 90-91
from
S. alandiae
Prototype R8 R8 Sw5-b
S. demissum S. okadae S. lycopersi-
KU530153 K-25397 cum
AY007366
R8 from 99 94 85
S. alandiae

*S. okadae - Rpi-vnt1.3-612 cloned from the accession K-25397 in this study



S .alandiae TGAAATTCTTC42  CCT CAACAATCCAACAATAAGTTCACTTGTTGCCTTAAGACGGTTTCTTTTGCC 341
S. okadae** TCCTCACATT TCTTC98 CCTGA-ATTCAACAATCCAAC TCATTTGTTGCCT TTCTTTTGCC 396
S. bukasovii TC T ATTTAA TCTTC177 CCAAAAATTCAACAATCC---AATAATTTCATTTGTTGCCTT TTCTTTTGCG473
S. TCCTCACATT TTTAACGAAAAAT' TCTTC157 CCBAMATTCAACMTCC---AAAM\:AA\_AAAA\:AA\:\.LAA TTCTTTTGCC 453
S. TCCTCACATT AT GATATTCTTC173 CCAAAAATTCAACAATCC TTCATTTGTT TTCTTTTGCC 469
S. sucrense - TCTTC16 CCAAAAATTCAACAATCC TTCATTTGTTGCCT TTCTTTTGCC 312
S. i TCTTC16 cmmnmmwcc——-m.mxuuu.u.uuu.u TTCTTTTGCG 312
S. orophilum TCCTCACATT TTT. TGAAATTCTTC174 CCAAAAATTCAACAATCC TTCATTTGTT TTCTTTTGCG 470
S. medians - TCTTC16 CCAARAATTCAACAATCC: TTCATTTGTT TTCTTTTGCG 312
S. neorosii -- TCTTC16 CCAGAAATTCAACARTCC- - AATAATTTCATTTGTTGCCTTARGACGGTTTCTTTIONG 313
S. op TCCTCACATT TTT TGAAATTCTTC173 CCAAAATTTCAACAATCC---AATAATTTCATTTGTTGCCTT TTCTTTTGCG 469
S. okadae ATTCTTC16 C TTCAACAATCC: TTCATTTGTTGCCT TTCTTTTGCG 312
S. tarijense T ATTTAAC TCTTC157 ccuuu'rmcuﬂcc TCATTTGTTGCCT TTCTTTTGCC453
Wh AkEE AAAEEEE ® RRARRRRRAEE  RAAEE RAAE RRRAARRRRRARA AR ARA R RRE
S .alandiae AGGACAACTTACAATATCACAGATACAAGTAAC TGCATTCCATTG45 GACC TGTTCCTTCATGCTGATGAAACAGAGGTC---ATCGGTCTGGAAGAT 515
S. okadae** AGGACAACTTACAATATCACAGATACAAGTAAC CATTCCATTG51 GACC TGTTCCTTCATGCTGA' 545
S. bukasovii AGGACAACTTACAGCATCACAGATACAAGTAAC CATTCCATTG58 GACC TGTTCCTTCATGCTGATGAA. TC---ATCGGTCTGGAAGAT 646
S. microdontum  AGGACAACTTACAACATCACAGATACAAGTAAC T CATTGS57 GACC TGTTCCTTCATGCTGATGAAAC 627
S. stenotomum ~ AGGACAACTTACAAC AACAATA TGCATTCCATTG58 AACC TATTCCTTCATGCTGATGAA! 646
S. sucrense AGGACAACTTACAAC AACAATAI TGCATTCCATTG43 AACC TATTCCTTCATGCTGA' 489
S. raphanifolium  AGGACAACTTACAACATC AACAATA. TGCATTCCATTG43 AACC TATTCCTTCATGCTGA' uc;\cmc'rc---mccmnam’rcxnss
S. orophilum AGGACAACTTACAACATC AAC] TGCATTCCATTG59 AACC TATTCCTTCATGC TT 650
S. medians AGGACAACTTACAACATCATGGATACAAAAAATAACAACAATAACGATTGCATTCCATTG43 AACC TATTCCTTCATGC \CAGAGGTC-~--ATCGGTTTGGATGAT 489
S. neorosii AGGACAACTTACA. AAC] TGCATTCCATTG43 AACC! TATTCCTTCATGC \CAGAGGTC---ATCGGTTTGGATGAT 490
S. oplocense AGGACAACTTACAACATC AACAATA TGCATTCCATTG 58 AACCI TATTCCTTCATGC \CAGAGGTC---ATCGGTTTGGATGAT 646
S. okadae AGGACAACTTACAACATC: AACAATA; TGCATTCCATTG43 AACCI TATTCCTTCATGC \CAGAGGTC---ATCGGTTTGGATGAT 489
S. tarjense AGGACAACTTACAGCATC TGCATTCCATTG57 GACC TGTTCCTTCATGC \GCAGAGGTC---ATCGGTCTGGAAGAT 627
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Figure 2. The structural homologues of the Rpi-vntl gene from of S. alandiae and S. okadae as
compared to already published sequences of Rpi-vntl genes from several South American species (Pel,
2010) and R9a (Armstrong et al., 2019)

S. alandiae - Rpi-vnt1.3-612 cloned from the accession K-18473 in this study, *S. okadae - Rpi-
vnt1.3-612 cloned from the S. okadae Hawkes & Hjert. accession K-25397 in this study, S. bukasovii
Juz. GU338315, S. microdontum Bitter GU338312, S. stenotomum Juz. & Bukasov GU338323,
S. sucrense Hawkes GU338339, S. raphanifolium Cardenas & Hawkes GU338338, S. orophilum Correll
GU338320, S. medians Bitter GU338344, S. neorossii Hawkes & Hjert. GU338331, S. oplocense Hawkes
GU338317, S. okadae GU338334, S. tarijense Hawkes GU338326

CONCLUSION

Genomes of S. okadae, S. alandiae and interspecific hybrids comprising genetic material from
S. alandiae contain the structural homologues of genes R2, Rpi-blb2, R8 and R9 well known to
provide the broad specific resistance to P. infestans. The homologues of R2=Rpi-blb3 were
94-99% identical to the prototype genes in S. bulbocastanum and S. demissum and their
orthologues in several other Mexican species, such as S. edinense, S. schenckii and S. hjertjingii.
Among South American potatoes, the closest homologies to these structures is the sequence
from S. microdontum, which is evolutionarily and functionally different from S. demissum R2
(Lokossou, 2010; Lokossou et al., 2009; Vossen et al., 2014).

The Rpi-vntl gene is apparently restricted to the South American species of Solanum series
Tuberosa. The structural homologues of this gene in S. alandiae are 92-97% identical to the
already known sequences from several species from Argentina, Bolivia and Peru. The evaluation
of the breeding potential of the reported structural homologues must wait until we will clone the
full-size sequences of the presumed genes and assess their function as the Rpi genes.
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