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Abstract

Inbred-hybrid breeding of diploid potatoes necessitates breeding lines that are self-
compatible. One way of incorporating self-compatibility into incompatible cultivated
potato (Solanum tuberosum) germplasm is to introduce the S-locus inhibitor gene (Sli),
which functions as a dominant inhibitor of gametophytic self-incompatibility. To
learn more about Sli diversity and function in wild species relatives of cultivated
potato, we obtained Sli gene sequences that extended from the 5'UTR to the 3'UTR
from 133 individuals from 22 wild species relatives of potato and eight diverse culti-
vated potato clones. DNA sequence alighment and phylogenetic trees based on
genomic and protein sequences show that there are two highly conserved groups of
Sli sequences. DNA sequences in one group contain the 533 bp insertion upstream
of the start codon identified previously in self-compatible potato. The second group
lacks the insertion. Three diploid and four polyploid individuals of wild species col-
lected from geographically disjointed localities contained Sli with the 533 bp inser-
tion. For most of the wild species clones examined, however, Sli did not have the
insertion. Phylogenetic analysis indicated that Sli sequences with the insertion, in
wild species and in cultivated clones, trace back to a single origin. Some diploid wild
potatoes that have Sli with the insertion were self-incompatible and some wild pota-
toes that lack the insertion were self-compatible. Although there is evidence of posi-
tive selection for some codon positions in Sli, there is no evidence of diversifying
selection at the gene level. In silico analysis of Sli protein structure did not support
the hypothesis that amino acid changes from wild-type (no insertion) to insertion-
type account for changes in protein function. Our study demonstrated that genetic
factors besides the Sli gene must be important for conditioning a switch in the mating

system from self-incompatible to self-compatible in wild potatoes.
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1 | INTRODUCTION

Potato (Solanum tuberosum) is an important food crop that is con-
sumed by over a billion people each day (Devaux et al., 2021). Potato
is an autopolyploid (2n = 4x = 48) that has a high degree of heterozy-
gosity and numerous deleterious alleles in its genome (Spooner
et al.,, 2014; Wu et al., 2023; Zhang et al., 2019). New potato varieties
introduced over the past century have been identified using pheno-
typic selection of F1 populations. This approach limits the detrimental
effects of deleterious alleles by maintaining a high degree of heterozy-
gosity. An alternative method for potato breeding based on diploid
potatoes has been proposed (Jansky et al, 2016; Lindhout
et al,, 2011), and diploid potato breeding efforts are underway in the
United States, Asia, and Europe (Bradshaw, 2022; Stokstad, 2019;
Zhang et al., 2021). This new method envisions potato varieties pro-
duced by hybridization of inbred parental breeding lines and distrib-
uted in the first generation as botanical seed. Inbred-hybrid breeding
of diploid potatoes is predicted to have a higher rate of genetic gain
than the phenotypic selection method currently used for breeding tet-
raploid potatoes (Bethke et al., 2022; Jansky et al., 2016). Maintaining
self-compatibility through multiple rounds of inbreeding and trait
introgression is a requirement for generating the highly inbred lines
used in this breeding scheme.

The tuber-bearing Solanum (section Petota) contains over 100 spe-
cies. These wild potato relatives grow in highly diverse habitats and are
a rich resource for disease, pest, and abiotic stress resistance traits
(Bashir et al., 2021). Ploidy levels in wild potato relatives range from
diploid to hexaploid. Most potato wild relatives are diploid or tetraploid
and can be used readily for germplasm enhancement (Spooner
et al, 2014). A phylogeny based on nuclear gene data (Spooner
et al., 2014) organized the tuber-bearing Solanum into three groups,
one comprised by species from North and Central America (Clades
1 and 2 in Spooner & Castillo, 1997), a second with species from north-
ern Peru and Ecuador (Clade 3), and the third with species from the rest
of South America and Solanum verrucosum from Mexico (clade 4).

Most diploid potatoes, like other members of the Solanaceae, are
self-incompatible due to a gametophytic self-incompatibility system
controlled by the multi allelic S-locus. The S-locus encodes S-locus
RNAse proteins (S-RNAses) that are produced by the female and
S-locus F-box proteins (SLFs) produced by the male (Dzidzienyo
et al,, 2016., McClure et al., 2011). In self-incompatible interactions,
S-RNAse activity limits the growth of pollen tubes and prevents fertili-
zation. In compatible interactions, maternal S-RNAses are targeted for
degradation by E3 ubiquitin ligase complexes in which paternal SLFs
are the F-box subunits (Kubo et al., 2010).

Self-incompatibility is the rule for diploid potatoes, but exceptions
occur, and self-compatible individuals have been identified in species
that are largely self-incompatible (Cipar et al., 1964 and references
therein; Eijlander et al, 2000; Hanneman, 1985; Hosaka &
Hanneman, 1998; Ortiz & Mihovilovich, 2020). Examples include Sola-
num chacoense and Solanum kurtzianum. S. verrucosum is considered a
self-compatible species as most of its populations are self-compatible
(Spooner et al., 2014).

Hosaka and Hanneman (1998) determined that a single dominant
gene, the S-locus inhibitor (Sli) gene, conferred self-compatibility to an
individual of the predominantly self-incompatible species
S. chacoense. Sli was mapped to the distal end of chromosome 12 (Clot
et al., 2020; Eggers et al., 2021; Hosaka & Hanneman, 1998; Ma
et al, 2021). Ma et al. (2021) determined that Sli is a non-S-locus
F-box gene whose product is capable of interacting with S-locus
RNAses and functions as an S-RNAse inhibitor. Eggers et al. (2021)
identified a 533 bp insertion in the promoter region upstream of the
Sli start codon and defined it as a gain of function mutation present
exclusively in self-compatible lines. Sli sequences with the insertion
were expressed in pollen tubes and promoted self-compatibility. Clot
et al. (2020) identified the self-compatible haplotype corresponding to
the Sli gene in several tetraploid potato varieties and concluded it was
widespread in cultivated potatoes.

In the present study, we sequenced Sli in wild species relatives and
cultivated potatoes from the 5'UTR to the 3'UTR using long PCR ampli-
fication and long-read, high fidelity amplicon sequencing to determine
if the Sli gene carrying the 533 bp insertion is present in wild potato
germplasm besides S. chacoense genotypes Mé (Jansky et al., 2014) and
525-3 (Hosaka & Hanneman, 1998). An additional goal was to charac-
terize Sli sequence diversity in a wide range of wild potato species. We
used DNA sequence information and phylogenetic analysis to evaluate
the origin of the Sli haplotype that carries the 533 bp insertion. We also
used sequence information to model changes in Sli protein structure
and make predictions regarding protein function of Sii alleles that con-
tain or lack the 533 bp insertion. Finally, we compared Sli DNA
sequence data with data on self-compatibility for 116 individuals from
10 wild species and cultivated potato to determine if Sli sequences are
useful predictors of self-compatibility in wild potato species.

2 | MATERIALS AND METHODS

2.1 | Plant material

Wild potato (2n = 2x = 24) plants were grown from sexual seeds. Cul-
tivated dihaploid potatoes (2n = 2x = 24) from the diploid potato
breeding program were grown from tubers. IVP 101, M6, and Atlantic
were grown from stem cuttings. All plants were grown in a greenhouse
at the University of Wisconsin-Madison. Greenhouse conditions were
25°C during the day, 18°C at night with a 16-h photoperiod provided
by natural illumination supplemented by high pressure sodium vapor

2 571 photosynthetically

lights as needed to maintain 500 umol m™
active radiation. All accessions evaluated in the present study are

shown in Table 1.

2.2 | Fertility observations
Fertility observations were conducted after three pollination events
with at least 15 flowers pollinated by hand each time. Pollen was col-

lected in gel capsules by buzzing open flowers of an individual plant
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TABLE 1 Plant material evaluated for the Sli gene sequence.

Species

S. andreanum Baker

S. berthaultii Hawkes

S. brevicaule Bitter

S. candolleanum
Berthault

S. chacoense Bitter

PI/ID

247360
320345
561658
458365
246536
265882

310933

472988

472991
473065
473368

498115

537026
545865
545879

545970
545978
545997
210046

266385
275272
365349

365353
365362
442696
442697

458380
458381

458403
473451
498227

133619
320285
320293
414143

Number of

genotypes
evaluated

1
1
1
1
2
1

N R RN R

[N

)R R W R R,

[

N = S

Ploidy
6x
2x
2x
2%
2x
4x

2x

2x

2x
2X
6X

2x

2x
2x
2X

2x
2X
2x
2x

2x
2x
2X

2x
2x
2x
2x

2x
2x

2x
2X
2X

2x
2x
2x
2x
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Collection data

Colombia, Pasto, Narifio. Altitude: 2200 m. Coordinates: 1.6000, —77.1500
Colombia, Cauca. Altitude: 2100 m. Coordinates: 1.2, —76.91666667
Ecuador, Bolivar. Altitude: 3000 m. Coordinates: —1.7, —79.08333333
Salta, Argentina. Altitude: 2250 m. Coordinates: —22.2500, —64.8833
Peru, Cuzco. Altitude: 2900 m. Coordinates: —13.3, —72.11666667

Bolivia, Oropesa, Chuquisaca. Altitude: 2750 m. Coordinates: —19.0333,
—65.2833

Bolivia, Cercado, Cochabamba. Altitude: 2700 m. Coordinates: —17.4000,
—66.1500

Argentina, Tucuman. Altitude: 2700 m. Coordinates: —26.66666667,
—65.81666667

Argentina, Jujuy. Altitude: 3300 m. Coordinates: —23.2, —65.45
Argentina, Salta. Altitude: 3900 m. Coordinates: —24.5500, —66.2000

Bolivia, Nor Chicas, Potosi. Altitude: 3100 m. Coordinates: —21.1333,
—65.7000

Bolivia, Quillacollo, Cochabamba. Altitude: 3650 m. Coordinates: —17.3333,
—66.350

Bolivia, Potosi. Altitude: 3280 m. Coordinates: —19.6, —65.26666667
Bolivia, Potosi. Altitude: 3460 m. Coordinates: —19.56694444, —65.38277778

Bolivia, Campero, Cochabamba. Altitude: 2260 m. Coordinates:
—17.98333333, —65.11666667

Bolivia, La Paz. Altitude: 3900 m. Coordinates: —15.6, —69.01666667
Bolivia, Chuquisaca. Altitude: 3000 m. Coordinates: —18.95, —65.31666667
Bolivia, Ibanes, Potosi. Altitude: 3700 m. Coordinates: —18.0167, —66.3833

Peru, Ayacucho, Cangallo. Altitude: 2000 m. Coordinates: —13.4000,
—73.6833

Peru, Junin. Altitude: 3840 m. Coordinates: —11.6, —75.36666667
Peru, Cuzco. Altitude: 2500 m. Coordinates: —13.33333333, —71.96666667

Peru, Yauyos. Matichacra, Lima. Altitude: 3200 m. Coordinates: —12.3631,
—75.8511

Peru, Cuzco. Altitude: 3550 m. Coordinates: —13.33333333, —72.11666667
Peru, Ancash. Altitude: 3500 m. Coordinates: —8.26666667, —77.85
Peru, Puno. Altitude: 3900 m. Coordinates: —15.83333333, —70.03333333

Peru, Apurimac. Altitude: 2600 m. Coordinates: —13.11666667,
—74.21666667

Peru, Calca, Cuzco. Altitude: 3350 m. Coordinates: —13.4667, —71.9167

Peru, Cangallo, Ayacucho. Altitude: 2400 m. Coordinates: —13.38333333,
-73.25

Peru, Cunyari, Apurimac. Altitude: 2964 m. Coordinates: —13.48, —73.39
Peru, Arequipa. Altitude: 3306 m. Coordinates: —15.5500, —73.6333

Bolivia, La Paz. Altitude: 4000 m. Coordinates: —15.78333333,
—68.66666667

Argentina
Argentina, Cérdoba. Altitude: 650m. Coordinates: —32.2167, —65.1167
Argentina, Salta. Altitude: 2400 m. Coordinates: —25.1667, —65.8333

Argentina, Virrey Toledo, Salta. Altitude: 1600 m. Coordinates: —24.9000,
—65.6500

(Continues)
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Number of
genotypes
Species PI/ID evaluated Ploidy Collection data
472830 1 2x Argentina, La Rioja. Altitude: 1140 m. Coordinates: —29.23333333, —66.85
614703 1 2% Bolivia, Nor Yungas, La Paz. Altitude: 1243 m. Coordinates: —16.4000,
—67.6333
Mé 1 2X United States
S. chomatophilum Bitter 365339 1 2% Peru, Cerro Huishca, Junin. Altitude: 3550 m. Coordinates: —10.88333333,
—75.95
S. demissum LindI 275206 1 6x Mexico, Balleza, Chihuahua. Altitude: 2850 m. Coordinates: 25.4667,
—105.2500
275211 1 6x Guatemala, Sierra de los Cuchumatanes, Huehuetenango. Altitude: 3500 m.
Coordinates: 15.6667, —91.4667
498012 1 6x Mexico, Durango. Altitude: 2800 m. Coordinates: 24.2500, —104.3833
545763 1 6x Mexico, Oaxaca. Altitude: 2870 m. Coordinates: 17.4667, —96.5000
S. hjertingii Hawkes 251067 1 4x Mexico, Cerro Potosi, Nuevo Leon. Altitude: 2500 m. Coordinates: 24.8667,
—100.2167
498050 1 4x Mexico, Sierra de Catorce, San Luis Potosi. Altitude: 2740 m. Coordinates:
23.6900, —100.8900
570625 2 4x Mexico, Sierra de Catorce, San Luis Potosi. Altitude: 2600 m. Coordinates:
23.6900, —100.8900
S. hougasii Correll 239423 1 6x Mexico, Michoacan de Ocampo. Altitude: 2296 m. Coordinates: 19.4667,
—102.2500
S. infundibuliforme Phil 442675 1 2X Argentina, Huichaira, Jujuy. Altitude: 2850 m. Coordinates: —23.5667,
—65.4333
472894 1 2X Argentina, Serrania de Aparzo, Jujuy. Altitude: 3800 m. Coordinates:
—23.1000, —65.1500
545893 3 2x Bolivia, Aviles, Tarija. Altitude: 3700 m. Coordinates: —21.8000, —65.1333
558088 1 2x Argentina, La Poma, Salta. Altitude: 3700 m. Coordinates: —23.9333,
—66.3500
566766 1 2% Argentina, Tumbaya, Jujuy. Altitude: 3100 m. Coordinates: —23.6167,
—65.5333
597699 4 2% Bolivia, Linares, Potosi. Altitude: 3903 m. Coordinates: —19.8333, —65.7000
597701 1 2X Bolivia, Nor Chicas, Potosi. Altitude: 3180 m. Coordinates: —20.4000,
—65.5667
S. iopetalum (Bitter) 275182 1 6x Mexico, Puebla. Altitude: 1950 m. Coordinates: 20.2500, —98.2167
Hawkes
S. kurtzianum Bitter & 320271 1 2x Argentina, Alijilan. Casa del Dique, Catamarca. Altitude: 553 m. Coordinates:
Wittm —28.1667, —65.5000
442680 1 2% Argentina, Catamarca. Altitude: 1600 m. Coordinates: —27.4333, —66.9500
472923 1 2x Argentina, Arroyo Arrequetin, San Juan. Altitude: 2600 m. Coordinates:
—30.3000, —69.7333
472924 1 2% Argentina, Chanural de los Caranchos, Mendoza. Altitude: 1100 m.
Coordinates: —33.98333333, —69.23333333
472928 1 2X Argentina, Catamarca. Altitude: 1600 m. Coordinates: —27.4000, —66.9333
472952 1 2X Argentina, Catamarca. Altitude: 1840 m. Coordinates: —27.9, —66.36666667
497992 2 2x N.A.
558205 1 2x Argentina, Chilecito, La Rioja. Altitude: 1880 m. Coordinates: —29.2000,
—67.6500
566771 1 2% Argentina, Chilecito, La Rioja. Altitude: 1400 m. Coordinates: —29.1333,
—67.5500

175435 1 2x Argentina
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TABLE 1 (Continued)

Species
S. maglia Schltd|
S. malmeanum Bitter

S. microdontum Bitter

S. pinnatisectum Dunal
S. polyadenium Greenm

S. raphanifolium
Cardenas & Hawkes

S. schenckii Juz. &
Bukasov

S. stoloniferum Schltdl

S. vernei Bitter & Wittm

PI/ID

558316
458318
218225
473170

473363

498128

545901
347766
175444
265862

296126

310953
310998

458383

473369

473371

473467

473502

473526

607883
607888
545733
558456
283101

497994
545740
545787
558466

320330
320332
320333

473309

Number of
genotypes
evaluated

1

[ =

[ = ™)

I N = = )

[ ==

w

Ploidy
3x
2x
2x
2x

2X

2X

2x
2x
2x
2x

2X

2x
2x

2X

2x

2x

2X

2X

2X

2x
2x
6x
6x
4x

4x
4x
4x
4x

2x
2X
2x

2X
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Collection data

Chile, Petorca, Valparaiso. Altitude: 10 m. Coordinates: —32.5500, —71.4333
Argentina, Corrientes. Altitude: 56 m. Coordinates: —29.5667, —57.5333
Bolivia, Potosi. Altitude: 3888 m. Coordinates: —19.572281, —65.755006

Argentina, Quebrada del Toro, Virrey Toledo, Salta. Altitude: 1600 m.
Coordinates: —24.9000, —65.6500

Bolivia, Carrasco, Cochabamba. Altitude: 3025 m. Coordinates: —17.6383,
—65.2043

Bolivia, Caballero, Santa Cruz. Altitude: 2550 m. Coordinates: —17.8833,
—64.7000

Bolivia, Mendez, Tarija. Altitude: 3000 m. Coordinates: —21.4833, —64.9000
Mexico, Guanajuato. Altitude: 1770 m. Coordinates: 21.1167, —101.6667
Mexico

Peru, Sacsayhuaman, Cuzco. Altitude: 3650 m. Coordinates: —13.5167,
—71.9833

Peru, Sacsayhuaman, Cuzco. Altitude: 3520 m. Coordinates: —13.5167,
—71.9833

Peru, Poroy, Cuzco. Altitude: 3640 m. Coordinates: —13.5000, —72.0500

Peru, Sacsayhuaman, Chincana, Cuzco. Altitude: 3550 m. Coordinates:
—13.504664648, —71.975996096

Peru, Anta. Chequerce, Cuzco. Altitude: 3500 m. Coordinates: —13.3833,
—72.1333

Peru, Rumicolca, Quispicanchi, Cuzco. Altitude: 3200 m. Coordinates:
—13.6000, —71.4500

Peru, Abancay, Apurimac. Altitude: 4050 m. Coordinates: —14.0500,
—72.4667

Peru, Pomacandri, Cuzco. Altitude: 3700 m. Coordinates: —14.0333,
—71.5667

Peru, Quispicanchis, Keucko, Gpo. Arqueologico del Lago. Altitude: 3700 m.
Coordinates: —13, -71

Bolivia, Cerro Potosi. Altitude: 4100 m. Coordinates: —19.616632890192733,
—65.75010857818242

Peru, Canchis, Cuzco. Altitude: 3700 m. Coordinates: —14.4931, —71.1642
Peru, Urubamba, Cuzco. Altitude: 3700 m. Coordinates: —13.2272, —72.5053
Mexico, Puebla. Altitude: 2600 m. Coordinates: 18.9500, —97.6500

Mexico, Oaxaca. Altitude: 2690 m. Coordinates: 17.1500, —96.6000

Mexico, Majalca, Chihuahua. Altitude: 2150 m. Coordinates: 29.1333,
—106.0833

Mexico, Chihuahua. Altitude: 1800 m. Coordinates: 28.9667, —106.4500
Mexico, Durango. Altitude: 2610 m. Coordinates: 22.6669, —104.3500
Mexico, Zacatecas. Altitude: 2400 m. Coordinates: 21.6500, —103.1333

Mexico, Michoacan de Ocampo. Altitude: 2080 m. Coordinates: 19.6833,
-101.1167

Argentina, Tucuman. Altitude: 2850 m. Coordinates: —26.7667, —65.7500
Argentina, Catamarca. Altitude: 2450 m. Coordinates: —27.35, —66.03333333

Argentina, Jujuy. Altitude: 2960 m. Coordinates: —23.91666667,
—65.41666667

Argentina, Salta. Altitude: 3140 m. Coordinates: —23.11666667,
—64.53333333

(Continues)
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TABLE 1 (Continued)
Number of
genotypes
Species PI/ID evaluated Ploidy Collection data
473311 1 2X Argentina, Salta. Altitude: 3300 m. Coordinates: —22.0333, —65.0333
500066 1 2x Argentina, Corral Grande, Jujuy. Altitude: 3100 m. Coordinates: —24.0000,
—65.6167
500070 1 2% Argentina, El Remate, Salta. Altitude: 3100 m. Coordinates: —23.2,
—64.91666667
S. verrucosum Schltdl 161173 1 2% Mexico, Michoacan de Ocampo. Altitude: 2296 m. Coordinates: 19.4000,
—101.6000
275258 2 2% Mexico, Nevado de Colima, Jalisco. Altitude: 3250 m. Coordinates: 19.5500,
—103.6333
275260 2 2x Mexico, Pachuca, Hidalgo. Altitude: 2700 m. Coordinates: 20.11666667,
—98.73333333
570643 2 2% Mexico, Cerro Potosi, Nuevo Leon. Altitude: 3200 m. Coordinates: 24.8700,
—100.2600
607844 1 2x Mexico, Nuevo Leon. Altitude: 2750 m. Coordinates: 23.9833, —99.7333
607848 1 2x Mexico, El Chico, Hidalgo. Altitude: 2830 m. Coordinates: 20.1678, —98.6931
S. tuberosum L. Atlantic 1 4x United States
Castle Russet- 1 2x United States
DH31
Early Rose- 1 2x United States
DH1
IVP 101 1 2x United States
LabelleRusset- 1 2X United States
DH47
Us-w4 1 2X United States
S. tuberosum L. 195158 1 2x N.A.
bt il 230513 1 2x Peru, Cohechan, Amazonas. Altitude: 2800 m. Coordinates: —6.21666667,
—77.96666667

Note: Plant introduction (PI) numbers are those used by the US Potato Genebank, Sturgeon Bay, Wisconsin. Ploidy estimates and collection data were

retrieved from the USDA-ARS Germplasm Resource Information Network (https://www.ars-grin.gov).

Abbreviation: N.A., not available.

using an electric toothbrush. Open flowers on the same plant were
pollinated by gently depositing pollen on the stigmas. A plant was
considered self-compatible if seeds containing embryos were
extracted from one or more berries. If no berries were observed or no
seeds were present in the berries, the plant was considered self-
incompatible. A subset of self-incompatible genotypes was evaluated
for male and female fertility to estimate the extent that fertility
barriers other than the S-locus-dependent gametophytic self-
incompatibility system contribute to self-incompatibility. Male fertility
of 42 genotypes and female fertility of 32 genotypes was evaluated
by crossing them with US-W4 and MSFF744-01-1 as males and by
crossing them to S. chacoense Mé as females. A plant was considered
male or female fertile if seeds containing embryos were extracted
from one or more berries produced by the cross. For 48 genotypes,
only self-pollination experiments were conducted, and male and
female fertility was not evaluated. For 35 genotypes, we only had
DNA extracted from plants that were no longer extant. Those geno-

types could not be evaluated for fertility. Fertility of the Solyntus and

DM 1-3 clones were not evaluated in this study but have been
reported previously (Peterson et al., 2016; van Lieshout et al., 2020).

2.3 | Sliamplicon generation

2.3.1 | Primer design

Full sequences for the potato locus Identified as the Sli gene
(PGSC0O003DMG400016861) were downloaded from the Sol Geno-
mics Network (Sol Genomics Network) (Fernandez-Pozo et al., 2015),
along with exon/intron information and 5-kb upstream and down-
stream of the Sli coding sequence. Sequences from tomato were also
obtained from Sol Genomics after running the orthologs tool using the
PGSC0O003DMG400016861 potato locus including 5-kb upstream and
downstream regions of the genome. Full genome assembly for Solyntus
V1.1 was downloaded from: Solyntus genome sequence consortium
(wur.nl) (van Lieshout et al., 2020). The 533 bp insertion in the Sli locus
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described by Eggers et al. (2021) was used to localize and extract the
region homologous to PGSCO003DMG400016861 from the Solyntus
genome. A multiple sequence alignment for the sequences of the
Solyntus Sli locus, DMv3 Sli locus and tomato orthologous Sli locus was
performed using the MUSCLE plugin in Geneious Prime 2022.0.2 build
2022-01-26 14:24 Java Version 11.0.12+7 (64 bit). Forward primers
were designed based on a conserved region of the alignment approxi-
mately 1500 bp upstream of the start codon. Reverse primers were
designed based on the first exon of an adjacent gene downstream of
the Sli gene, approximately 400 bp after the Sli stop codon. All primers
were designed using Primer3Plus V. 3.2.6 (Untergasser et al., 2012)
using default settings. Three primer combinations were used for ampli-
fication of the Sli gene from the five pairs designed. Primers sequences

used are reported in the Supporting Information.

2.3.2 | Amplicon generation

Sli locus amplification was done using DNA purified from leaves using
the DNeasy Plant Mini kit (Qiagen, Germantown, MD, USA).
PrimeSTAR® GXL DNA Polymerase (Takara Bio USA, Inc. San Jose,
CA, USA) or LA Tag HS Polymerase (Takara Bio USA, Inc. San
Jose, CA, USA) were used. A subset of five samples were amplified
using both enzymes (PrimeSTAR® GXL and LA Taq HS Polymerase) in
separate reactions to evaluate any differences in amplicon generation.
As no differences were found, both enzyme mixes were used depend-
ing on their availability. PCR reactions with PrimeSTAR® GXL consisted
of 1X Prime Star GXL buffer, 200 uM of dNTPs, 1.25 units of enzyme
and 0.3 uM of each primer in a 50 pL total reaction volume. Amplifica-
tion conditions when using PrimeSTAR® GXL were as follows:
30 cycles at 98°C for 10's, 60°C for 15 s and 68°C for 4 min. PCR with
LA Taqg HS polymerase consisted of 1X LA buffer, 250 uM of dNTPs,
five units of enzyme and 0.5 uM of each primer in a 50 pL total reac-
tion volume. Amplification conditions when using LA Tag HS Polymer-
ase were as follows: One cycle at 94°C for 2 min, 30 cycles at 98°C for
10's, 64°C for 15 s and 68°C for 4 min followed by a final extension at
72°C for 10 min. Ten-microliter samples of amplified product were sep-
arated on a 0.8% agarose gel in TAE 1X buffer along with a 10-kb plus
ladder (Thermo Fisher Scientific, Eugene, OR, USA) and stained with
0.5 pg mL™* ethidium bromide. Samples with an amplified product
approximately 3 kb in length were purified using AMpure XP Bead-
Based Reagent (Beckman Coulter Life Sciences, Indianapolis, IN, USA)
following manufacturer's instructions. DNA content of purified ampli-
cons was quantified with the Qubit dsDNA HS reagent (Thermo Fisher
Scientific, Eugene, OR, USA). Samples with an amplicon concentration

greater than 12.5 ng pL~! were used for sequencing.

2.3.3 | Amplicon sequencing and data analysis

Amplicons were sequenced with a PacBio Sequel Il instrument at the
UW-Madison Biotechnology Next Gen DNA Sequencing Core facility.
HiFi data were generated for indexed and multiplexed samples.
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Demultiplexing of reads and *.bam file generation for each amplicon
were conducted by the sequencing facility. For each amplicon, *.bam
files were converted to *.fastq files using the bam2fq command in
SamTools (Danecek et al., 2021). Indexing of *.fastq files was performed
with the command fgidx in SamTools. Fastq files along with indexed
files were analyzed using the PacBio Amplicon Analysis pbAA V1.0.3
(GitHub - PacificBiosciences/pbAA) using the cluster tool with default
settings. The pbAA application clusters HiFi reads and generates con-
sensus sequences for each allele. Previously published genomic
sequences for the Sli gene from Solyntus (van Lieshout et al., 2020),
and DM (Potato Genome Sequencing Consortium et al., 2011) were
used as guide alleles for the analysis. The two allele guides in fasta file
format, listed in the Supplementary material, were indexed using Sam-
Tools faidx command and used for clustering in pbAA. All applications
were setup through the Conda environment V4.13.0. On average
17,000 circular consensus reads were obtained for each amplicon but
only 500 randomly selected sequences that passed pbAA QC and error
correction were clustered per each guide by pbAA. Clusters with less

than 40X depth were excluded from subsequent analysis.

24 | Sequence alignment and gene phylogeny
reconstruction

Sequences were aligned using the MAFFT v7.490 (Katoh et al., 2002;
Katoh & Standley, 2013) within the alignment function in Geneious
Prime 2023.1.2 using default parameters. We reconstructed a phyloge-
netic tree for the Sli gene alignment of sequences 1473 bp upstream
(5’UTR) of the start codon to 250 bp downstream of the stop codon
(3'UTR); hence, this alignment included the 533 bp insertion located in
the 5'UTR. Also, a tree for only the coding sequence of Sli was recon-
structed. A maximum likelihood tree search under a general time
reversible model was calculated using RAXML version 8.2.11
(Stamatakis, 2014) for each dataset. The insertion region, which was
absent in most sequences, was considered a gap in the alignments and
treated as missing data. Bootstrap analysis with 1000 replicates was
also conducted. Bootstrap support is indicated at nodes of the tree.

2.5 | Selection analysis

o, the ratio (o = dN/dS) of non-synonymous substitutions per nonsy-
nonymous site (dN) to synonymous substitutions per synonymous site
(dS) (Yang & Bielawski, 2000), was calculated for the coding sequence
to evaluate evidence of neutral, purifying, or diversifying selection.
Selection analyses were conducted using the Datamonkey Server
(Weaver et al., 2018). All calculations were done considering a univer-
sal genetic code. The coding sequence alignment for selection analysis
included additional outgroups belonging to the Solanaceae family
downloaded from NCBI. An analysis for detecting recombination
using GARD, A Genetic Algorithm for Recombination Detection
(Kosakovsky Pond et al., 2006), was conducted prior to selection

inference analysis.
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diversification) (Murrell et al., 2015) was used to perform analysis of
episodic diversification in a branch of the phylogenetic tree containing
coding sequences from Sli genes with a 5’UTR carrying the 533 bp
insertion. A gene wide analysis selecting all branches of the maximum
likelihood phylogeny was also conducted using BUSTED.

FUBAR (Fast, Unconstrained Bayesian AppRoximation) analysis
(Murrell et al., 2013) was used to infer nonsynonymous (dN) and syn-
onymous (dS) substitution rates at each position of the coding
sequence alignment as an indicator of either negative or positive per-
vasive selection. FUBAR analysis used nucleotide general time revers-
ible (GTR) modes with an AIC-c = 13498.23 and loglL = —6423.32 for
a total of 325 parameters. MEME (mixed effects model of evolution)
analysis (Murrell et al., 2012) was used to assess diversifying or posi-

tive selection on a per-site basis.

2.6 | Protein diversity, structure, and function
prediction analysis

An alignment of the protein coding sequence was performed using
MAFFT (Katoh & Standley, 2013., Katoh et al., 2002). Analysis of the
secondary structure of the Sli protein was performed using Phyre2
(Protein Homology/AnalogY Recognition Engine) V 2.0. (Kelley
et al., 2015). Prediction analysis was conducted in normal mode. Nine
different protein sequences were modeled, including the protein
encoded by S. chacoense M6 that carries the 533 bp insertion.
S. kurtzianum accession Pl 472952 (D19-11) was deliberatively chosen
for protein sequence modeling because it is homozygous for Sli gene
sequences that lack the 533 bp insertion and the plant is self-
compatible. Seven additional sequences from self-compatible geno-
types were modeled and are listed in Table 6. Phyre Investigator, an
application within Phyre? was run to analyze sequence variations that
could potentially impact protein function using the SuSPect tool
(Yates et al., 2014). The fpocket2 tool was used to identify functional
parts of the protein, such as the pocket and the amino acid positions
predicted to be part of the pocket (Le Guilloux et al., 2009).

2.7 | Accession numbers
Sequence data reported in this article can be found in NCBI under
submission number:2594803833 .

3 | RESULTS
3.1 | The diversity and evolutionary history of Sli
DNA sequences

We obtained 244 genomic sequences of Sli from a total of 141 geno-
types, 133 accessions of 22 wild species relatives of potato and eight

diverse diploid and tetraploid clones of cultivated potato (Table 1).

The number of Sli alleles identified for each genotype in the study
matched the ploidy level or was below it in almost all cases. Excep-
tions, where the allele number exceeded the presumed ploidy level,
were observed for seven out of 20 genotypes of S. brevicaule and one
out of three genotypes of S. andreanum, indicating that these individ-
uals were not diploid (Table S1) or that they have multiple copies of
the gene. Polyploid individuals have been reported previously for
S. brevicaule (Bryan et al., 2017) and S. andreanum (Fumia et al., 2022;
Spooner et al., 2014).

Across all genotypes, the Sli DNA sequence is highly conserved in
the 3 exons but harbors numerous nucleotide substitutions, inser-
tions, and deletions in the 5'UTR, the two introns, and the 3'UTR.
One prominent insertion upstream of the start codon is the 533 bp
insertion characterized by Eggers et al. (2021) and Ma et al. (2021).
We identified the 533 bp insertion in seven individuals from five wild
species and three clones of cultivated potato (Figure 1 and Table 2).
Sli with the 533 bp insertion was present in the heterozygous state in
six individuals from wild species and in the homozygous state in Mé,
an inbred line of S. chacoense that was used as a positive control. US-
W4 and the published Solyntus sequence were also homozygous for
Sli with the insertion. Sli with the 533 bp insertion was present in the
heterozygous state in Early Rose DH1, a male sterile dihaploid derived
from the female fertile tetraploid Early Rose. The insertion was also
present in the heterozygous state in the female fertile tetraploid vari-
ety Atlantic (Table 2).

A maximum likelihood phylogenetic tree reconstruction was used
to evaluate the likely origin of the introgression of the Sli allele with
the 533 bp insertion into cultivated potato. The analysis included all
the Sli sequences from the 10 genotypes that carry alleles with the
insertion along with Sli sequences from Solyntus (control with inser-
tion), DM (control for no insertion), and S. lycopersicum as an out-
group. The phylogenetic tree with the highest log likelihood for Sli
(—10863.65) (Figure 2) shows that the alleles with the insertion for all
the cultivated clones and wild potato genotypes are monophyletic;
they cluster together with a bootstrap support of 100%. Remarkably,
there are only four unique alleles carrying the insertion and three of
these different alleles are present in S. brevicaule (Pl 473368). A single
allele is present in S. tuberosum (Atlantic, Solyntus, US-W4 and Early
Rose DH1), the inbred S. chacoense line M6, S. brevicaule (Pl 246536
and Pl 265882), S. hougasii (Pl 239423), S. hjertingii (Pl 251067), and
S. vernei (Pl 320332) (Figure 2).

Sli alleles that lack the insertion are grouped into different clusters
in Figure 2. One cluster contains alleles exclusively from cultivated
potato, with 100% bootstrap support. There is another cluster with
98% bootstrap support containing alleles from wild potato accessions.
A sister of the cluster of Sli alleles carrying the insertion has low <70%
bootstrap support (Figure 2).

Clot et al. (2020) suggested that one or more alleles with the
insertion were introgressed into cultivated potatoes by the
mid-1800s, well before the archiving of germplasm in genebanks.
Alternatively, alleles with the insertion could have been acquired by
wild species through inadvertent genetic transfer after the material

was collected and before the material was transferred to the US
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FIGURE 1 Sli gene alignment diagram for all accessions carrying one or more Sli alleles with the 533 bp insertion (gray box) in the 5UTR
region. Alleles without the insertion for the same accessions are represented in the bottom half of the alignment. Also diagramed is the gene
model for the Sli gene, which consists of three exons, two introns, and the 3'UTR and 5'UTR regions.

potato genebank. A list of the accessions where at least one Sli allele
carrying the insertion was identified, along with their fertility status,
ploidy, zygosity, original collection data and genebank acquisitions
times are reported in Table 2. The material was collected over a wide
geographic range (Figure 3) and was donated to the US Potato
Genebank at different times and from different sources. Thus, it
seems unlikely that Sli alleles with the insertion were inadvertently
introgressed into these accessions of wild species before they were
deposited into the US potato genebank.

A broad maximum likelihood phylogenetic tree reconstruction
that includes the 244 alleles discovered in the 141 genotypes along
with Sli sequence data from Solyntus, DM and S. lycopersicum as an
outgroup, was used to establish likely evolutionary relationships
among Sli genomic sequences. The phylogenetic tree with the highest
log likelihood for Sli (—60281.36) is shown in Figure S1. As above, the
Sli tree reconstruction shows a single origin for Sli alleles carrying
the 533 bp insertion with 100% bootstrap analysis support. Outside
of the branch containing Sli alleles with the 533 bp insertion, the
arrangement of species in this maximum likelihood phylogeny based
only on the Sli gene is similar to the arrangement of species in the
phylogeny for tuber-bearing Solanum based on morphological, molec-
ular, crossing and field observation data (Spooner et al., 2014). For
instance, a clade with 100% bootstrap support is composed of acces-
sions from northern Peru and Ecuador such as S. andreanum and spe-
cies known to be of hybrid origin from clades 3 and 4 such as
S. iopetalum (Figure S1). This grouping of species was identified previ-
ously using 12 ortholog DNA markers (Spooner et al., 2018). Similarly,
with a bootstrap support of 80%, the analysis supports a single origin
for Sli alleles in accessions from a subset of species belonging to Clade
4. These species were also clustered together in Spooner et al. (2018).

The tree reconstruction based on Sli also shows a level of inter-

relatedness and introgression among diploid species of Clade 4 similar
to that documented previously in multiple studies (Huang et al., 2019;
Spooner & van den Berg, 1992).

3.2 |
selection

Identification of DNA sequence under

The analysis with GARD (Kosakovsky Pond et al., 2006) did not find
evidence of recombination (A c-AlC vs the null model = 0.00), hence
(Murrell
et al., 2015) to detect episodic diversification within Sli in which the

we proceed with the gene-wide selection analysis

expected non-synonymous substitution rate is greater than the syn-
onymous rate. The analysis with BUSTED included site-to-site synon-
ymous rate variation and was conducted on the DNA coding
sequences. The analysis started by building a phylogeny that was
tested with no prior hypothesis of any branch being under positive
selection (entire tree). Subsequently it tested a pre-specified branch
of the tree containing Sli alleles with the 533 bp insertion (insertion
branch). Of 240 Sli sequences, 160 unique coding sequences ranging
from 798 to 825 bp long were used for the analysis. There was no
support for episodic diversifying selection for the entire Sli gene based
on the likelihood ratio test for the entire tree (p = 0.4799) and the
insertion branch (p = 0.3683). Results for rates distribution for
branch-site combination analysis are shown in Table 3.

Site selection analysis of cDNA sequences was conducted to
identify codon positions in Sli that are under positive or negative
selection. Analysis with FUBAR found evidence of pervasive positive
diversifying selection at five codon sites with a posterior probability
equal or higher than 0.9 (Table 4). Analysis with MEME found evi-

dence of positive diversifying selection at 11 sites with a p-value
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FIGURE 2 Maximum likelihood tree
reconstruction of the Sli gene alleles for
wild and cultivated potato accessions that
harbor one or more alleles with the

533 bp insertion in the 5’UTR region. The
sequence alignment of the entire gene,
from 5'UTR to 3'UTR, has been used in
this reconstruction. The numbers at tree
nodes represent bootstrap support
values. The number at the bottom of the
tree represents the rate of nucleotide
substitutions in the tree. Abbreviations in
the tree: tub = S. tuberosum,

hjt = S. hjertingii, vrn = S. vernei,

brc = S. brevicaule, hou = S. hougasii,

chc = S. chacoense.
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FIGURE 3 Geographical distribution of the wild potato
accessions surveyed for the Sli gene. Self-compatible genotypes and
genotypes carrying the 533 bp insertion Sli allele are shown on

the map.

equal or lower than 0.1. MEME identified the five sites found by
FUBAR as well as six additional sites. Codons in Sli identified
by MEME and FUBAR as being under positive diversifying selection
are presented in Table 4.

3.3 | Diversity of Sli protein sequences

For 242 Sli genomic sequences, the predicted Sli protein sequence
had 266 amino acids. One allele variant from Atlantic had 275 amino
acids and one from S. vernei (Pl 320333) had 267 amino acids. Twelve
genotypes had predicted proteins that were truncated, ranging from
44 amino acids in S. andreanum Pl (247360) to 243 amino acids in
S. iopetalum (Pl 275182) (Table S1) and four of the 12 accessions were
homozygous for a truncated protein S. polyadenium (Pl 175444),
S. microdontum (Pl 473170), S. brevicaule (Pl 545879), and
S. kurtzianum (Pl 558205) (Table S1). The Sli amino acid sequence had
reduced variability compared to DNA sequence of the gene but in
total we identified 133 distinct protein alleles of 266 to 275 amino
acids (not including outgroup) that appear to be complete based on

their DNA sequence. A Maximum likelihood tree constructed from

coding sequences encoding unique Sli protein variants is shown in
Figure 4. The tree contains few resolved species relationships due to
the high overall similarity of exon regions. However, the three protein
variants encoded by the Sli alleles with the 533 bp insertion cluster
together with a 99% bootstrap support. Two variants are present in
S. brevicaule (Pl 473368) an hexaploid genotype. The remaining
10 protein sequences are identical to each other and they are repre-
sented by S. hougasii PI 239423 (Figure 4). The high bootstrap support
of this cluster of three sequences suggests that the Sli allele with the

insertion likely had a single origin.

3.4 | The structure of Sli proteins

In silico protein modeling was used to explore potential differences
in 3-D protein structure among Sli alleles. Domain analysis was con-
ducted using the Sli sequences from S. kurtzianum D19-11
(P1 472952) and Mé. Both genotypes are diploid and homozygous for
a single allele of Sli. D19-11 contains an allele without the insertion
and Mé contains an allele with the insertion. The model for the Sli
protein of D19-11 is shown in Figure 5. Two protein domains were
predicted for Sli from D19-11. The first domain extended from posi-
tion one to 91 and the second domain from position 97 to 265. The
model with the highest confidence (100%) was predicted by Phyre?
using 164 residues (62% coverage). Only 10 amino acids differ
between the protein translated from the Mé Sli allele (with the inser-
tion) and the D19-11 allele (without the insertion) (Table 5). Protein
domain analysis of Sli from Mé generated the same structure and
with the same confidence level as for that for D19-11. Mutational
sensitivity analysis followed the same trend in both proteins and
none of the 10 sites that differ between the two proteins had a
medium or high mutational sensitivity in this analysis (Table 5). How-
ever, two of these 10 sites, amino acids 42 and 56, were among the
five identified by both MEME and FUBAR as being under positive
selection (Table 4).

Pocket detection analysis predicted a pocket, a typical feature of
active sites, in the Sli protein. The predicted pocket in the protein
from Mé consisted of 10 amino acids, many fewer than the 19 amino
acids in the predicted pocket of D19-11 (Figure 5a,b and Table 6).
Only four amino acids (ALA 104, ARG 105, GLU 131, and VAL 132)
overlapped between the pockets detected in D19-11 and Mé
(Table 6).

Given that the pockets in the D19-11 and Mé Sli proteins were
considerably different in size, we expanded the pocket analysis to
include additional genotypes without the insertion and the two addi-
tional genotypes with the insertion. All predicted Sli protein structures
were similar to M6 and D19-11. Two distinctive pockets with differ-
ent amino acid compositions were found (Table 6). Genotypes
brc_246536b, krt_472928, and chc_133619 had predicted pockets
like that of D19-11. Eleven additional predicted pockets were com-
posed by the same amino acids present in Mé’s pocket. There was no
association between the pocket type and fertility as self-compatible

genotypes had both types of pocket (Table 6).
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TABLE 3 Results from analysis using BUSTED algorithm for alignment-wide evidence of episodic diversification in the Sli gene for all
branches of the maximum likelihood phylogenetic tree and for the branch containing Sli alleles with the 533 bp insertion.

All branches (entire tree)

Unconstrained model fit (AN/dS > 1 allowed)

Selection mode dN/dS Proportion
Negative selection (w1) 0.07902 76.430%
Negative selection (w2) 0.08802 0.1853%
Diversifying selection (w3) 1.108 23.384%
Log (L) —6052.82

AlC-c 12,792.9
Parameters 341

Constrained model fit (dN/dS > 1 not allowed)

Selection mode dN/dS Proportion
Negative selection (w1) 0.06827 0.15962%
Negative selection (w2) 0.07191 73.396%
Neutral evolution (w3) 1.000 26.445%
Log (L) —6052.86

AIC-c 12,791

Parameters 340

Pre-specified branch of the tree containing Sli alleles with the 533 bp insertion (insertion branch)

Unconstrained model fit (dN/dS > 1 allowed)

Selection mode dN/dS Proportion
Negative selection (1) 0.000 87.498%
Negative selection (02) 0.000 6.1368%
Diversifying selection (w3) 11.14 6.3655%
Log (L) —4989.73

AIC-c 10,644.7
Parameters 330

Constrained model fit (dN/dS > 1 not allowed)

Selection mode dN/dS Proportion
Negative selection (1) 0.000 24.864%
Negative selection (02) 0.000 23.368%
Neutral evolution (©3) 1.000 51.768%
Log (L) —4990.04

AlC-c 10,643.3
Parameters 329

Note: Unconstrained model: w1 < w2 < 1 < w3, constrained model: w1 < w2 < 1 = w3.
Abbreviations: AID-c, Akaike information criterion corrected for small size; Log (L), log-likelihood of the models tested.

TABLE 4 Results from analysis using MEME and FUBAR algorithms for site selection evidence of positive diversifying selection (positive) in

codon sites of the Sli gene.

MEME support FUBAR support

Codon position p value Selection type Posterior probability Selection type
39 0.10 Positive 0.60 None
42 0.01 Positive 0.99 Positive
46 0.00 Positive 0.84 None
56 0.02 Positive 0.96 Positive
63 0.04 Positive 0.89 None
175 0.08 Positive 0.73 None
210 0.04 Positive 0.88 None
212 0.05 Positive 0.83 None
218 0.04 Positive 0.92 Positive
242 0.02 Positive 0.99 Positive
251 0.05 Positive 0.93 Positive

Note: Positions in bold text had strong support using both methods. None = sites not detected under positive or negative selection by FUBAR.

3.5 | Self-compatibility observations and Sli

We could not evaluate self-compatibility of those genotypes for
which we had DNA but not the individual from which the DNA was
extracted. Of the 116 extant individuals we evaluated for self-

compatibility (Table S1), most were diploid wild potatoes and self-

incompatible. Only 17 individuals were self-compatible (Table 7) and
only three of them, M6, a hexaploid accession of S. brevicaule and US-
W4, carried a Sli allele with the 533 bp insertion. The remaining
14 self-compatible accessions, from wild species, S. tuberosum L. and
S. tubersoum L. subsp. Andigenum, lacked the 533 bp insertion or
encoded a truncated protein 30 amino acids shorter at the carboxy-
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FIGURE 4 A maximum likelihood
tree constructed from coding
sequences encoding unique Sli protein
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encoded by the Sli alleles with the
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99% bootstrap support and are shown
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terminal side than the full-length protein (S. polyadenium Pl 175444). female fertile and 26 were both male and female fertile. For these

Of the 42 self-incompatible individuals evaluated for male fertility, individuals at least, S-locus-dependent self-incompatibility appears to

and the 32 evaluated for female fertility, 38 were male fertile, 29 were be the primary cause of self-incompatibility.



AMES ET AL

(b)

FIGURE 5 Predicted pockets of the Sli protein for S. kurtzianum
D19-11 showing a large pocket type (a) and S. chacoense M6 showing
a small pocket type (b).

We found self-compatible genotypes carrying Sli alleles with and
without the 533 bp insertion. Predicted protein structures from alleles
with and without the insertion seem comparable and functional based
on in silico modeling. To further explore Sli function, we looked at

transcription of Sli in a self-compatible individual homozygous for
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alleles that lack the 533 bp insertion (D19-11) and an individual
homozygous for alleles with the insertion (M6). We detected cDNA of
Sli in stylar tissue before pollination (TO) and 6 h post-pollination
(Té) for both D19-11 (no insertion) and Mé (with insertion) (Figure S3)
using non-quantitative PCR. The DNA sequences of the cDNA prod-
ucts matched the cDNA sequences predicted from the corresponding
Sli gene.

4 | DISCUSSION

The main objective of this research was to determine if the Sli gene
carrying the 533 bp insertion is present in wild potato germplasm
other than the inbred S. chacoense genotypes M6 (Jansky et al., 2014)
and 525-3 (Hosaka & Hanneman, 1998). We also wanted to charac-
terize Sli sequence diversity in a wide range of wild potato species.
Finally, we wanted to know if Sli sequences are useful predictors of
self-compatibility in wild potato species.

Our results showed clearly that there are two types of Sli alleles,
those with the 533 bp insertion and those without the insertion. The
frequency of the gene with the insertion was low in the wild species
we evaluated. Of 136 wild species genotypes examined, an allele with
the insertion was found in nine. Those nine, however, were collected
over an expansive geographical range that included Northeast and
Southwest Mexico, Southern Peru, Southern Bolivia, and Northern
Argentina (Figure 3).

The data presented here support the hypothesis that Sli gene
diversification occurred during speciation within section Petota
(Figure S1). The Sli phylogenetic tree has a branching pattern that is
similar to the phylogenetic tree for tuber-bearing potatoes based on
molecular and morphological data (Section Petota) (Spooner
et al, 2014). Similarly, the level of reticulation observed in Clade
4 (Spooner et al., 2016) explained by interspecific hybridization events
is observed in the Sli gene tree with identical alleles shared by acces-
sions in different species (Figure S1). There is strong evidence to sup-
port the finding that Sli sequences with the 533 bp insertion trace
back to a single origin (Figures 2 and 4). Yet within this group, minor
sequence diversification is apparent (Figures 1 and 2). The likely
monophyletic origin of the alleles with the insertion is interesting
given that it goes beyond the limits of species and because studies
trying to reconstruct the evolutionary history of potatoes with single
or a few genes have shown very low support for monophyletic clades,
especially among South American diploid potatoes (Ames &
Spooner, 2010; Fajardo & Spooner, 2011; Spooner et al., 2018).

It has been argued that the S-RNAses that Sli interacts with are
very old and diversified before speciation in potatoes (Dzidzienyo
et al., 2016). Diversification of S-RNAses would increase outcrossing
and diversification of taxa early during the evolution of potatoes
(Dzidzienyo et al., 2016). In this context, the Sli gene may have
evolved, or its expression may have been modified during speciation
as a means to restore self-compatibility when species were expanding
geographically, when pollinators were scarce, or when it was advanta-

geous to preserve species identity. Additional research is needed to
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TABLE 5 Amino acid positions that differ between a Sli protein sequence encoded by the Sii allele with no insertion and the Sli allele with the

insertion and their mutational sensitivity.

S. kurtzianum D19-11 (no insertion)

S. chacoense M6 (insertion)

Position in protein Amino acid Mutational sensitivity (0 = low, 9 = high) Amino acid Mutational sensitivity (0 = low, 9 = high)
10 Gly 1 Asp 2
422 Phe 1 Val 1
54 Ala 0 Asp 1
56° lle 3 Asn 1
110 Ser 2 Thr 3
167 Ala 3 Ser 3
169 Asp 1 Asn 1
202 Glu 0 Gly 0
214 Arg 3 Cys 3
249 Arg 1 GIn 0

2Sites detected as being under positive selection (see Table 4).

evaluate if alterations in gene expression of Sli and S-locus S-RNAses
can allow for switching between incompatible and compatible
genotype.

Sli with the insertion was present at low frequency in the wild
species examined. The presence of an allele carrying the insertion was
genotype-specific and not all the genotypes evaluated from the same
accession carried this allele. It is unknown if the allele with the inser-
tion is present at a higher frequency in in-situ wild potato populations,
where self-compatibility could provide an advantage for reproduction,
for instance where species are expanding their range of geographical
distribution, or in areas experiencing a decline in pollinators.

While the Sli allele with the insertion confers self-compatibility in
cultivated potato, the presence of this allele was neither necessary
nor sufficient for self-compatibility in wild species relatives of culti-
vated potato. Of the 12 self-compatible individuals of wild species
and two individuals from S. tuberosum subsp. Andigenum identified in
this study, only one contained the allele with the insertion. Thus, other
genetic factors must be important for conditioning a switch in the
mating system from self-incompatible to self-compatible, such as
changes in S-RNAses gene expression as shown in tomato (Broz
et al., 2017) and in physalis (Pretz & Smith, 2021).

Several studies have demonstrated that the rate of protein evolu-
tion is inversely proportional to its level of expression, with highly
expressed genes having lower estimated rates of o, regardless of their
functional importance (Pal et al., 2001; Zhang & Yang, 2015). This
phenomenon has been shown in distant and recent evolutionary
events (Shibai et al., 2022). Considering that the split between the
tomato and potato clades is relatively recent, only eight million years
ago (Sarkinen et al., 2013), it is possible that the rule could be applied
to the Sli gene and high levels of tissue specific expression could be
associated with low rates of o. Quantitative Sli gene expression exper-
iments along with protein activity assays are needed to confirm this
hypothesis.

The tests for selection using BUSTED on the Sli coding sequence

alignment determined that the entire Sli gene is not under positive

selection. Analysis with MEME and FUBAR, however, indicated that
positive selection acted on specific nucleotide positions. FUBAR
detected five amino acid sites under positive diversifying selection,
and all of them overlapped with the ones detected by MEME. MEME
also identified additional sites under positive selection, likely because
the MEME algorithm is able to detect both episodic and pervasive
positive selection (Murrell et al., 2012).

Two of the sites detected by MEME and FUBAR as being under
positive selection are part of the ten amino acids that differ between
Sli in D19-11 and M6 (Tables 4 and 5, sites 42 and 56). Three amino
acids (218, 242, and 251) in the second protein domain are also under
positive selection based on our results. This domain is thought to
determine the specificity of interaction with S-RNAses (Vieira
etal., 2019).

Our study identified two pocket types, but these had no correla-
tion between Sli with the insertion and Sli without the insertion. The
two predicted pocket types overlap only in a core set of four amino
acids. Perhaps the differences in the amino acids present in the
pockets detected would explain the specificities in Sli-S-RNAse rec-
ognition, but further investigation is needed to show this. Also, further
investigation is needed to determine if differences in their ability to
recognize and inhibit S-RNAses are quantitative or temporal. Tissue-
specific Sli expression in pollen tubes (Eggers et al., 2021) or modifica-
tions to expression levels in combination with a reduction in S-locus
diversity (lgic et al., 2008) may have a synergistic role in conferring
self-compatibility. Overall, a better understanding of the interactions
between Sli and S-RNAses at the molecular level is needed before we
can make well-supported conclusions regarding their evolutionary

models.

5 | SUMMARY

This study demonstrated that the Sli gene carrying the 533 bp inser-
tion is present in wild potato germplasm at a low frequency. The low
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TABLE 6 Amino acid composition of large and small functional pockets detected in Sli protein variants.

M | S A R L | T \" T H F S
Variant Insertion  Fertility 101 102 103 104 105 107 109 111 113 121 124 129 130
ktz_472952 (D19-11) A SC L L L L L L L
brc_246536b A SC L L L L L L L
ktz_472928 A SC L L L L L L L
chc_133619 A SC L L L L L L L L
pnt_347766-1 A SC S S S S S S S
pnt_347766-2 A S S S S S S S
ktz_472923-1 A SC S S S S S S S
ktz_472923-2 A S S S S S S S
chm_365339_1 A Unknown S S S S S S S
chm_365339_2 A S S S S S S S
ifd_558088 A Sl S S S S S S S
ber_458365-1 A Sl S S S S S S S
ber_458365-2 A S S S S S S S
chc_Mé P SC S S S S S S S
brc_473368-1 P SC S S S S S S S
brc_473368-2 P S S S S S S S

Note: Insertion refers to the protein variant encoded by Sli alleles with or without the 533 bp insertion in the 5’UTR: A = absent, P = present. Shaded
amino acid residues are shared between the large and small protein pocket types.

Abbreviations: L, amino acid residue is present in the large type of protein pocket; S, amino acid residue is present in the small type of protein pocket; SC,
source genotype is self-compatible; S, source genotype is self-incompatible.

TABLE 6 (Continued)

E \% A \' R \) D w E

Variant 131 132 133 163 218 219 220 222 224 59 260 261 262 264

ktz_472952 (D19-11) L
brc_246536b L
ktz_472928 L
chc_133619 L
pnt_347766-1 S
pnt_347766-2 S
ktz_472923-1 S
ktz_472923-2 S
chm_365339_1 S5
S
S
S
S
S
S
S

r.r-r - -
r - - -
r. - - —
r - - -
[
r.r- - -
I_I_I_I_ND
r. - - -
r. - - -
r. - - -
r. - - -

chm_365339_2
ifd_558088
ber_458365-1
ber_458365-2
chc_Mé
brc_473368-1
brc_473368-2

nwu O nu unu u unu unu unu u u u u - -
nw O un O nu unun uOu unun unu nu unun umn

Note: Insertion refers to the protein variant encoded by Sli alleles with or without the 533 bp insertion in the 5’UTR: A = absent, P = present. Shaded
amino acid residues are shared between the large and small protein pocket types.

Abbreviations: L, amino acid residue is present in the large type of protein pocket; S, amino acid residue is present in the small type of protein pocket; SC,
source genotype is self-compatible; SI, source genotype is self-incompatible.

variability of sequences carrying this insertion and their well sup- cultivated potato germplasm, the presence of this allele is not a guar-
ported phylogenetic clustering indicates that they have a single origin. antee of self-compatibility in wild potato species and a lack of Sli

Although the Sli allele with the insertion confers self-compatibility in alleles with the insertion is not a guarantee of self-incompatibility. In
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Species PI/ID Ploidy Insertion f):'lotein
S. brevicaule 473368 6X P Complete
246536-b  2x A Complete
S. chacoense 133619 2X A Complete
Mé 2x P Complete
S. kurtzianum 175435 2x A Complete
472923 2X A Complete
472928 2x A Complete
472952 2x A Complete
S. pinnatisectum 347766 2X A Complete
S. polyadenium 175444 2x A Truncated
S. tuberosum us-w4 2x P Complete
IVP 101 2X A Complete
S. tuberosum L. 195158 2x A Complete
Zﬁ';num 230513 2x A Complete
S. verrucosum 161173 2x A Complete
275260-a  2x A Complete
607848 2x A Complete

Note: Plant introduction (P1) indicates the accession in the US Potato
genebank that was the source of the individual clone phenotyped.
Genotypes maintained clonally by the genebank are indicated by name of
the clone (ID). a and b designate specific genotypes of an accession with
multiple genotypes in the study. Not all genotypes in the accession were
self-compatible. Insertion: A = Absent, P = present.

silico protein analysis indicated that multiple Sli protein variants are

predicted to be functional.
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