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Abstract Potato is a heterozygous autotetraploid
crop propagated as tubers. Diploid potatoes, which are
mostly self-incompatible due to gametophytic self-
incompatibility, are often used to reduce genetic
complexity. The discovery of the S locus inhibitor
(S7i) gene has created a way to develop diploid inbred
lines and perform F; hybrid breeding in potato.
However, residual heterozygosity found in advanced-
generation selfed progenies has posed the question of
whether a minimum level of heterozygosity is neces-
sary to maintain self-fertility. We continued selfing and
finally identified a highly homozygous diploid potato
among tenth-generation selfed progeny, which was
homozygous at all 18,579 genome-wide single nucleo-
tide polymorphism (SNP) markers surveyed. The S
plants suffered severe inbreeding depression in terms
of fertility and vigor, showing a small number of
mature flowers and extremely slow growth. Although
asexual techniques such as anther culture followed by
chromosome doubling can result in completely
homozygous diploid potatoes, all previously derived
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plants were male sterile. In contrast, continuous selfing
using Sli swept out all lethal alleles and selected for
self-fertility, which generated a highly homozygous
diploid potato retaining male and female fertility and
tuberization ability under long days.

Keywords S locus inhibitor (S/i) gene - Highly
homozygous diploid potato - Inbreeding depression -
Genome-wide SNPs - Selfing

Introduction

Potato (tetraploid form of Solanum tuberosum L.) is a
heterozygous tuber crop. Heterotic effects on vigor and
yield are maintained and used for clonal propagation
via tubers. However, genetic analyses are difficult due
to autotetraploidy and heterozygosity. It is thought that
many deleterious or lethal genes exist as heterozygotes
in the potato genome which would be expressed by
selfing. Thus, inbreeding depression in terms of
viability and fertility has limited continuous selfing
in potato (Krantz 1924; De Jong and Rowe 1971).
The majority of the diploid potatoes of cultivated
and wild species are self-incompatible due to the
gametophytic self-incompatibility system controlled
by the S locus (Pushkarnath 1942; Pandey 1962; Cipar
et al. 1964a). However, exceptional self-compatible
diploid variants have often been reported (Pushkarnath
1942; Cipar et al. 1964b; De Jong and Rowe 1971;
Olsder and Hermsen 1976; De Jong 1977; Cappadocia
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et al. 1986; Birhman 1986). Hanneman (1985) found
self-compatible clones of S. chacoense Bitt., a wild
diploid (2n = 2x = 24) tuber-bearing Solanum species,
and generated a number of self-compatible lines by
continued self-crosses. One of his clones, chc 525-3,
was analyzed for self-compatibility, by which the
S locus inhibitor (S/i) gene was identified (Hosaka and
Hanneman 1998a). The SIi gene is a single dominant
gene mapped to the distal end of potato chromosome 12
(Hosaka and Hanneman 1998b). Recently, the candi-
date region for Sli was narrowed to a 333 kb region on
chromosome 12 (Clot et al. 2020). The SIi gene was
transferred to cultivated diploid potatoes by crossing,
which created a way to develop highly homozygous
diploid potato lines (Phumichai et al. 2005). Using
inbred lines, F; hybrid breeding would become possi-
ble (Birhman and Hosaka 2000). Since then, the SIi
gene has been used to generate inbred lines for F,
hybrid breeding (Lindhout et al. 2011). Breeding at the
diploid level is more efficient than breeding at the
tetraploid level. True potato seed (TPS) of inbred lines
can be rapidly increased, stored in a refrigerator almost
indefinitely, and transported easily and does not carry
any economically important fungal, oomycete, or
bacterial pathogens or major potato viruses. Conse-
quently, TPS and F; hybrid breeding have many
advantages over traditional breeding and seed tuber
production and have significantly impacted the scien-
tific and industrial communities (Lindhout et al. 2011;
Jansky et al. 2016).

However, inbreeding depression is a serious prob-
lem because it reduces plant vigor and fertility (Krantz
1924, 1946; Mendiburu and Peloquin 1977; Ross 1986;
Golmirzaie et al. 1998a, b; Phumichai et al. 2005). We
initially introduced S/i from clone F;-1, an interspecific
hybrid between chc 525-3 and S. phureja clone 1.22
(hereinafter, phu 1.22), into Andean cultivated diploid
potatoes and performed continued selfing (Birhman
and Hosaka 2000). A second self-crossed clone,
96H14-10 (S,), was accidentally crossed not with
self-pollen but with bulked pollen of the other S,
plants, from which a vigorous, highly self-fertile clone
(97H32-6) was selected (Phumichai et al. 2006) and
further subjected to continuous selfing. The intensive-
ness of this effort, which depended on self-generation,
varied according to time, situation, and willingness.
However, after three decades since the initial cross
between chc 525-3 and phu 1.22 in 1987 or after two
decades since 97H32-6 was selected, we finally
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obtained nearly or completely homozygous clones
among tenth self-generation plants. The earlier stage of
the inbreeding process was reported in Phumichai et al.
(2005) and Phumichai and Hosaka (2006). In this
paper, the inbreeding process for later generations is
reported, and the whole process toward genetic fixation
is investigated using genome-wide single nucleotide
polymorphism (SNP) markers.

Materials and methods

Plant materials

Plant materials and their pedigrees are represented in
Fig. 1. The generation derived by selfing is denoted by

chc 525-3
o (S. chacoense) 7

phu 1.22 X
(S. phureja)c?l

Fi 93H100 X F-1 | [HIHIZS s,
g |a

F, (Sy) 94H87-16
S, 95H149-5
S, 96H14-10 x bulked S, pollen

g |
F. (Sp) [97H32-6
S1 98H2ls'21 l = Selfed
S, 2KH521-4 S = Selfed generation
83 2H22-2 DNA samples

:F_____-i = Family

S, 3H93-28 | = Clone
Ss 4H127-19
Se 8H1-3
S,  9H27-1 9H27-2
S i111H4-10! 1 11H5-1 11H5-12 11H5-14!

| | } |
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S0 L17H145-50 i17H1461 [17H147} i17H148!

Sy L 19H2 !

Fig. 1 Plant materials and their pedigrees
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“S”, while the generation derived by crossing between
two genotypes is denoted by “F”. The clone phu 1.22
is from a cultivated diploid species, S. phureja (PI
225682) and a famous haploid inducer (Kotch and
Peloquin 1987). The clone chc 525-3 is a self-
compatible clone of a wild diploid species, S.
chacoense, and was already in the S; generation
(Hanneman 1985 and personal communication). The
Sli gene was identified in this clone (Hosaka and
Hanneman 1998a). Note that M6 (= chc 523-3), a
vigorous fertile inbred clone of S. chacoense recently
released by Jansky et al. (2014), was a selfed progeny
of “84 chc 616-8”, while chc 525-3 was a selfed
progeny of “84 chc 616-3”. Thus, the same S5 clone
generated the S¢ family “84 chc 6167, of which two Sg
genotypes were selfed, resulting in chc 525-3 and M6.
The clone chc 525-3 was selfed, deriving Sg family
11H129. This family was evaluated for self-compat-
ibility (data not shown), of which 24 self-compatible
genotypes were used for SNP analysis. 93H100 is a
diploid family derived by open pollination in a field
where many accessions of S. phureja and several
accessions of S. stenotomum were grown together.
Fifty-seven plants of family 93H100 were pollinated
with the pollen from F-1, and the hybrid seeds were
mixed together. 94H87-16 is one of 1125 plants of
family 94HS87, raised from these mixed seeds (Birh-
man and Hosaka 2000). After an accidental sib-cross
among S, plants, 97H32-6 was selected, which is a
vigorous plant and a superior Sli gene donor frequently
used in our laboratory (Phumichai et al. 2006;
Sanetomo et al. 2014). The clone 97H32-6 was
regarded as an initial genotype (Sy) for continuous
selfing in this study. Plants of the S¢ generation and
their selfed progenies up to the Sy, generation were
grown and evaluated. In addition, DM (DM 1-3 516
R44) was used for the SNP analysis. The clone DM
resulted from chromosome doubling of a monoploid
derived by anther culture of S. phureja (Lightbourn
and Veilleux 2007) and was used for whole-genome
sequencing, leading to a reference potato genome (The
Potato Genome Sequencing Consortium 2011).

Crossing

Plants were grown in a pollinator-free greenhouse or a
screenhouse under a 16h daylength with

supplementary lights. Anthers and petals were
removed from flower buds one or two days prior to
opening, and freshly collected pollen was applied
immediately to the stigmas. Berries were collected one
month after pollination. After another month of
maturation, seeds were collected, dried and stored at
4 °C until use.

Raising seedlings

Seeds were soaked in 2000 ppm gibberellic acid
(GA;) solution for 48 h, rinsed in tap water, sown in a
cell tray filled with potting soil, and covered with
vermiculite. After the second leaves were well
expanded, the young seedlings were first transplanted
into black vinyl pots (10.5 ¢cm diameter) and then into
5-inch (15 cm diameter) or 7-inch (21 cm diameter)
pots for further growth.

SNP data

Total DNA was extracted from fresh leaves by the
method described in Hosaka and Hanneman (1998b).
A total of 1-2 micrograms of dried DNA was sent to
GeneSeek (Neogen Corporation, NE, USA) to obtain
22K potato V3 SNP array data genotyping 21,027 SNP
loci. Three data sets were separately obtained. Data set
1 contained most of the samples from the parents to the
S1o progenies. Data set 2 contained 17H145-5 (S¢)
and its selfed progeny (S;). Data set 3 contained chc
525-3 (S; S. chacoense) and its selfed progeny (Sg).
Each data set contained DM as a quality control. The
obtained data sets were first separately filtered in the
same way as described below. Additional filtering is
described in the Results. Heterozygous SNPs in DM
(completely homozygous) and SNPs with > 10%
missing values were first discarded. Then, ambiguous
SNPs such as those suggested by Peterson et al. (2016)
and those originating from chromosome 0 or chloro-
plast DNA were discarded. Heterozygous SNPs across
all samples were also discarded. These SNPs were
likely resulted from genotype-calling failures, because
contradictory genotypes were observed between the
data sets. DM was re-evaluated by discarding contra-
dictory data and supplementing missing data to the
greatest extent possible using the three sets of DM
data. SNPs with no data for DM were discarded. All
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genotypes were represented as either AA (identical to
that of DM), AB, BB or missing.

Results
Inbreeding process from S to Sy

Viability- and self-fertility-related traits in plants from
Se to Sy are represented in Supplementary Table 1.
Due to limited capacity, the population size consid-
erably differed among generations (85 plants of four
families in Sg, five plants of one family in S;, 28 plants
of two families in Sg, 396 plants of 12 families in So,
50 plants of four families in S;(, and 14 plants of one
family in Sq). Particularly, the S; plants were first
grown in vitro for another purpose, from which five
plants were transplanted to potting soil and further
multiplicated by stem-cutting for the present inbreed-
ing study. In addition, growing conditions such as
season, temperature, and daylength were not constant
over all generations. Thus, the percentages of germi-
nated  plants  (32.3-100%), mature  plants
(14.0-100%), self-pollinated plants (0-100%), and
selfers (0-100%) differed greatly among families and
generations and might not be comparable between
selfed generations. Selfer frequencies were not dras-
tically decreased. However, as inbreeding proceeded,
we observed a general tendency toward inbreeding
effects, such as slower growth, a longer growing
period, bud-dropping, a lower number of mature
flowers, a smaller amount of pollen grains, a lower
number of seeds per berry, and a requirement for better
growing conditions for flowering. If well-matured
flowers were self-crossed, they often set berries. We
sometimes found dwarf and/or semidwarf (intermedi-
ate morphology between normal and dwarf) plants
(Fig. 2a, b), which never flowered.

Characterization of Sy, plants

The most recently characterized plants were Sig
plants. The seeds of four S;o families (17H145,
17H146, 17H147, and 17H148) were sown on
September 3, 2017, after two days of treatment with
GA;. Out of 187 seeds sown, a total of 122 germinated,
of which 84 (68.9%) germinated by September 11 (8
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days after seed-sowing), 32 by September 15 (12
days), and 6 by September 26 (23 days). Eighty-three
seedlings were first transplanted into black vinyl pots
on November 8 (66 days), and then, 50 of them were
transplanted into 5-inch pots on January 13,2018 (132
days). Final transplanting into 7-inch pots (15 for
17H145, 21 for 17H146, 9 for 17H147, and 5 for
17H148) was performed on February 23, 2018 (173
days). The reduction in number from seeds to final
plants was primarily due to plant mortality. As the
plants grew, the lower leaves dried until they died,
probably because the poor root system could not
provide a sufficient water supply to the entire above-
ground part. It was noticed that the plants were more
attractive to aphids, so frequent insecticide sprays
were necessary. By the flowering stage, morphological
differences between families became clear. As shown
in Fig. 2c, all plants of family 17H147 were appar-
ently taller than the others. Within-family variation in
morphology was not recognized in any families except
17H146. Six of the 21 plants in family 17H146 were
smaller in shape, produced light yellow-margined
leaves (Fig. 2d, f) and set flower buds later. Their
flowers were antherless or had only premature anthers
(Fig. 21).

Almost all the plants formed young buds, but those
formed in the earlier flowering period were exclu-
sively dropped. Mature flowers appeared from the end
of March until early May (200-250 days after seed-
sowing, Fig. 2e). During this period, self-pollination
was performed. The number of pollen grains and ease
of pollen shedding from the anther varied by plant and
pollination timing and even by anther within the same
flower. A much smaller number of pollen grains could
be collected and applied immediately to the stigmas.
No plants in families 17H147 and 17H148 formed
mature flowers. Of the 30 normal plants in families
17H145 and 17H146, 19 were able to pollinate, and 12
of them set berries (Supplementary Table 2). The
berry-setting rate in the successful crosses ranged from
6.7 to 66.7%. The mean number of seeds per berry
ranged from 9 to 47.5. These variations seemed to be
caused primarily by the microenvironmental condi-
tions of the plants.

All plants were almost simultaneously defoliated,
the tubers were harvested on June 26, 2018 (296 days
after seed-sowing), and the total weight for each
genotype was measured (Supplementary Table 3).
The mean yields were 214.3 g/plant for family



Euphytica (2020) 216:169

Page 5 of 16 169

17H145 17H146

17H145

17H147

17H148

17H146 :
s W @ @ g

17H147

o &L G

Fig. 2 a, b Normal and dwarf genotypes segregating in Sg
family 11HS (a) and So family 16H163 (b). c-h Characterization
of Sjp plants of families 17H145, 17H146, 17H147, and
17H148. Two plants of each of the four Sy families (c).
d Two normal (left) and two semidwarf (right) plants in 17H146,

17H145, 180.6 g/normal plant or 51.1 g/semidwarf
plant for family 17H146, 142.7 g/plant for family
17H147, and 252.4 g/plant for family 17H148. Yield
differences among families and between normal and
semidwarf plants of family 17H146 were significant
according to one-way ANOVA (P < 0.001). The
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which produced normal flowers (e) and antherless flowers with
light yellow-margined leaves (f), respectively. g One tuber each
for five genotypes of each family. h One tuber each for all
genotypes of family 17H146. The six tubers shown in the
uppermost column were those with semidwarf phenotypes

tubers were oblong in shape, had deep eyes and
appeared similar between genotypes (Fig. 2g). The
tubers of the semidwarf plants were smaller than those
of the normal plants in the same family (Fig. 2h).
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Selection of informative SNPs

Three separately obtained SNP data sets were first
filtered in the same way as described in the Methods.
In Data set 1, SNPs with missing data for 97H32-6 (Sy)
were discarded because heterozygosity between S
and later-generation plants was to be compared, which
resulted in 18,579 informative SNPs. Data set 2
provided 19,333 informative SNPs. In Data set 3,
missing data for chc 525-3 (S;) were supplemented
based on the genotypes of its Sg population, which
resulted in the largest number of informative SNPs
(n = 19,567).

SNP monitoring during the inbreeding process
up to S¢

SNP genotypes are summarized in Table 1. The
process of genetic fixation from parents to S¢ progeny
is displayed for each of the 12 chromosomes in
Fig. 3a, and heterozygosity by generation and by
chromosome is represented in Table 2. DM is a
completely homozygous clone derived from the
cultivated diploid species S. phureja. Hence, phu
1.22 showed the highest similarity to DM (85.3%,
Table 1) and a percent heterozygosity of 8.5% across
all SNPs, ranging from 5.1% on chromosome 8 to
12.3% on chromosome 4 (Table 2).

Table 1 The number of informative SNPs for each genotype
and similarity to DM (%)

Clone Total AA (DM) AB BB Similarity®

phu 1.22 18,111 15,446 1531 1134 853

che 525-3 17,807 13,028 808 3971 732

19,567° 13,565° 1156 4846° 69.3°
Fi-1 17,675 12,941 3668 1066 73.2
97H32-6 18,579 14,107 2349 2123 759
8H1-3 18,567 15,500 255 2812 835
17H145-5 18,573 15,577 0 299 83.9

19,318 15,917° 0° 3401° 82.3°

Similarity to DM was calculated by the percentage of the
number of AA homozygotes (= DM) over the total number of
comparable SNPs

®The numbers obtained from Data set 3

“The numbers obtained from Data set 2
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As che 525-3 is from a wild species, it showed the
lowest similarity (73.2%) to DM. Since it was an S5
plant, the overall heterozygosity was as low as 4.5%,
which was nearly the same as that observed in M6
(4.8%, Leisner et al. 2018). However, heterozygosity
differed considerably by chromosome: chromosomes
3 and 5 were nearly or completely homozygous,
whereas chromosomes 8 and 9 were heterozygous
along their whole lengths (heterozygosity of 20.9%
and 7.4%, respectively) and chromosomes 1, 2,4, 6, 7,
and 11 contained heterozygous blocks (Fig. 3a). The
chromosome-wide heterozygosity of chromosomes 8
and 9 and heterozygous blocks on chromosomes 1, 2,
5,7, 10, and 12 were similarly found in M6 (Marand
et al. 2019). However, the chromosome-wide
heterozygosity of chromosome 4 observed in M6
was considerably disrupted in chc 525-3. Additional
heterozygous blocks were found on chromosomes 6
and 11 in chc 525-3, while the heterozygous blocks at
the distal ends of chromosomes 3 and 6 in M6 were not
detected in chc 525-3.

As expected, the interspecific hybrid, F;-1, showed
the highest heterozygosity (20.8%), and the heterozy-
gous loci covered the entire lengths of all 12 chromo-
somes (Fig. 3a).

The Sq plant, 97H32-6, was more similar to DM
(75.9%, Table 1) than F;-1 because 97H32-6 was a
backcross progeny of Fi-1 to S. phureja. Its overall
heterozygosity was reduced to 12.6%, and chromo-
somes 10 and 12 were more homozygous (heterozy-
gosity of 4.0% and 0.6%, respectively).

After six rounds of selfing, the heterozygosity was
reduced to 1.4% in the S¢ plant, 8H1-3 (Table 2). As
with chc 525-3, large portions of chromosomes 8 and 9
were still heterozygous in 8H1-3. Small portions of
chromosomes 1, 4 and 6 were also heterozygous
(Fig. 3a). The average rate of reduction in heterozy-
gosity from Sy to Sg was 31.0% [= 1-(1.37/12.64)(1/
6)] per generation (theoretically 50% with no
selection).

SNP genotyping of advanced selfed generations

The genotypes for all heterozygous loci in Sg plant
8H1-3 were visually displayed for the S;, Sg, and So
plants and all plants in four S,y families (17H145,
17H146, 17H147, and 17H148) (Fig. 4). Two SNPs on
chromosome 1 and 4 SNPs on chromosome 4 were
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heterozygous in the S¢ plant, which were homozygous
in one of the two S; plants. However, these SNPs were
heterozygous in the other S; plant and segregating
among its Sy plants. Heterozygous loci with 18 SNPs
on chromosome 6 were still segregating in two Sig
families. Among these 18 SNP loci distributed in
2.6 Mb, nine recombination points were detected from
Se to Sg. On chromosome 8, 174 heterozygous SNPs
were distributed in 48.5 Mb along the entire chromo-
some. These SNPs were fixed to homozygotes in the
Sg parent for family 17H146 and the Sy parent for
family 17H147, while they were still segregating in
families 17H145 and 17H148. Fifteen recombination
points were detected in pericentric regions. On
chromosome 9, 58 SNPs distributed in 38.1 Mb were
heterozygous in Sg. These SNPs were fixed to
homozygotes in three of four S;y families. Eleven
recombination points were detected, which were
randomly distributed on chromosome 9. All the
heterozygous SNPs in Sg seemed randomly fixed
either to AA or BB homozygotes in the progenies.

Finally, in the S;y generation, all SNPs were
homozygous in 12 Sy plants (shown by red arrow-
heads on the right in Fig. 4): two in family 17H145
(clonal identities 17H145-5 and 17H145-8), five in
family 17H146 (-5, -6, -12, -16, and -17), four in
family 17H147 (-1, -3, -5, and -6), and one in family
17H148 (-2). The SNP genotypes of the six semidwarf,
male-sterile plants of family 17H146 were compared
with those of the other normal plants. However, there
were no common loci that might be associated with the
semidwarf phenotype (Fig. 4). The average rate of
reduction in heterozygosity from S¢ to S;o was 42.2%
{=1-[(0.25 4+ 0.18 4+ 0.01 + 0.17)/4/1.37]7(1/4)}
per generation.

17H145-5, a completely homozygous plant in all
SNPs, was similar to DM at 83.9% of SNPs according
to Data set 1 or 82.3% of SNPs according to Data set 2
(Table 1). Whether the SNP genotype was derived
from chc 525-3 was further investigated. Since the
93H100-derived parent was not available, we assumed
that its genotype would be similar to those of phu 1.22
and DM if the latter two had identical genotypes. For
example, if the genotypes for a given SNP were BB in
chc 525-3, AA in phu 1.22, AB in F;-1, and BB in
17H145-5, the B allele of 17H145-5 likely originated
from chc 525-3 (che). If the genotypes were BB (or
AA) in chc 525-3 and AA (or BB) in 17H145-5, the A

(or B) allele of 17H145-5 clearly originated from a
plant other than chc-525-3 (non-chc). In most of the
other genotype combinations, SNP origin was unde-
terminable. As shown in Fig. 3b, most chc alleles were
fixed to paracentric regions, except for those on
chromosomes 10 and 12, where chc alleles were fixed
chromosome-wide and already fixed in 97H32-6 (S).
Blocks of fixation for chc alleles were observed on
chromosomes 1, 2, 4, 6, 7, and 9.

Characterization of S, plants

Of the completely homozygous S, plants in all SNPs,
only 17H145-5 produced seeds by selfing (Supple-
mentary Table 2). Thirty-six seeds were sown on
March 12,2019, after two days of treatment with GA3,
of which 21 germinated by April 1 (20 days after seed-
sowing). Sixteen of them were transplanted into black
vinyl pots on April 11 and then into 7-inch pots on
May 15 (64 days). Fourteen S, plants were grown to
maturity in a screenhouse (family 19H2). Their
aboveground morphologies were identical, and they
started to form buds at the same time in early July (120
days). However, all young buds were dropped due to
continued rainy days. The plants were cut back and
continued to grow. Finally, some of them formed
mature flowers at the end of March 2020 and self-
pollinated. Four plants produced small berries and a
total of 54 seeds. These seeds were sown in vitro, and
38 of them germinated. These S;, plants will be
available for distribution from the US Potato Gene-
bank in Sturgeon Bay, Wisconsin.

The 14 Sy plants of family 19H2 and its parental
Si0 clone, 17H145-5, were compared using 19,333
informative SNPs (Table 2). All 14 plants were
identical and homozygous at all SNP loci and identical
to the parental S;q clone.

Characterization of Sg S. chacoense inbreds

In Data set 3, chc 525-3 was heterozygous at 1156
SNPs, with 5.9% heterozygosity (Table 2). In its
selfed progeny (11H129) consisting of 24 plants, the
heterozygosity ranged from 1.4 to 5.4% among plants
and from 0 to 15.4% among chromosomes, with an
average of 3.4% (Table 2). The rate of reduction in
heterozygosity was 42.3%.

@ Springer
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(chc 525-3 self)

N AB L "
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Fig.5 Heterozygous SNPs in chc 525-3 formed a heterozygous
block at the distal end of chromosome 12 and segregated in the
selfed progeny 11H129 (24 plants). Missing data and haplotypes
a, b, c, and d were inferred from the parental genotypes. In the

Segregation in the 11H129 family for only the
heterozygous loci in chc 525-3 is displayed in
Supplementary Table 4. One of two homozygotes
was absent among 24 plants for 92 SNPs on nine
chromosomes. Interestingly, most of these distorted
loci were located in two segments: 44 SNPs in an
8.02 Mb segment, flanked by PotVar0060614 and
solcap_snp_c1_11562, on chromosome 8 and 28 SNPs
ina 1.15 Mb segment, flanked by PotVar0053460 and
solcap_snp_c2_5652, at the distal end of chromosome
12.

Distorted segments transmitted to Sy, progenies

The two distorted segments in family 11H129 were
located on chromosomes 8 and 12 of the S;( clone,
17H145-5, as shown in Fig. 3b. Of the 8.02 Mb
segment distorted on S. chacoense chromosome 8, the
7.07 Mb region contained both homozygotes for the
respective loci among the advanced selfed progenies,
while the remaining 0.95 Mb region, flanked by

AT 7T % 1 ]

——————————————————————————————————————— EEEE - SEEEEEE - ISR -
——————————————————————————————————————— AEEE - SEREEEE - SRR -

F

solcap_snp_c2_5652

region in a rectangle, only one homozygote was found. The
candidate regions for Sli (Clot et al. 2020) and /a3 (Zhang et al.
2020) are shown

solcap_snp_c2_47459 and PotVar0134850, was iden-
tical among all advanced progenies and with a S.
chacoense homozygote (Supplementary Table 5).

For the 1.15 Mb segment on chromosome 12,
homozygous genotypes in Sg S. chacoense were all
similar to those of 97H32-6 (Fig. 5) and the advanced
progenies. Thus, these genotypes composed one of the
haplotypes in chc 525-3 (haplotype c), which was
likely transmitted to F;-1. All missing genotypes in F-
1 could be inferred from the parental genotypes, and
then, two haplotypes for chc 525-3 (haplotypes ¢ and
d) and two haplotypes for phu 1.22 (haplotypes a and
b) were also inferred (Fig. 5). Consequently, it was
found that one of the haplotypes of phu 1.22 was
similar to that of DM (haplotype a), which was united
with haplotype c to form F;-1. Then, haplotype ¢ was
fixed in the Sy plant. In this short region of 1.15 Mb, at
least seven, and possibly nine, recombination points
were detected among 24 plants in family 11H129
(Fig. 5).

@ Springer
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Discussion
Completely homozygous diploid potato

Peterson et al. (2016) posed the question of whether a
minimum level of heterozygosity is necessary to
maintain self-fertility. We identified 12 S;, plants that
were completely homozygous at all 18,579 genome-
wide SNPs surveyed, and 100% homozygosity was
verified by the lack of genetic segregation at 19,366
SNPs among 14 S;; plants. Considering a haploid
genome of 844 Mb (The Potato Genome Sequencing
Consortium 2011) and a SNP frequency of 0.68% in
M6 (Leisner et al. 2018), 5.7 million SNPs might exist
in M6 and chc 525-3 as well (both are S5 clones of S.
chacoense). The present study identified only a portion
of the heterozygous SNPs in chc 525-3 (1156), leading
to the possibility that heterozygous portions remain
undetected, even in S;; plants. Whole-genome
sequencing is necessary to prove complete homozy-
gosity in Sy; plants. Even so, we suggest that a
completely homozygous diploid potato retaining self-
fertility can be created by continued selfing using the
Sli gene.

97H32-6 (Sp) is a highly vigorous plant that
naturally produces tens of berries and many tubers
under long days. In the earlier selfed generations from
this clone, the selfer frequency steadily decreased
from 82.5% in S; to 26.7% in S, (Phumichai et al.
2005). As the selfed generations advanced, the selfed
progenies were cryptically improved for fertility
(Phumichai and Hosaka 2006). Consequently, the
number of self-pollinated plants and the selfer fre-
quency did not become truly low but remained high in
some families (Supplementary Table 1). However,
advanced plants of selfed generations became less
vigorous and grew slowly. The S;; plants took
approximately ten months to grow from seed to tuber.
The number of mature flowers was greatly affected by
environmental and developmental conditions. There-
fore, diploid potato suffered severe inbreeding depres-
sion in terms of fertility and vigor, as generally
recognized in outcrossing species (Jones 1918; Krantz
1924, 1946; Mendiburu and Peloquin 1977; Ross
1986; Golmirzaie et al. 1998a, b; Charlesworth and
Willis 2009).

@ Springer

Use of the Sli gene

This study verified that the SIi gene consistently
functioned in every selfed generation. Previously, we
demonstrated that the SIi gene can be transferred by
hybridization to various genotypes and that it func-
tions to induce self-compatibility (Birhman and
Hosaka 2000; Phumichai et al. 2006), which has led
to the development of a new breeding technology, i.e.,
diploid breeding or F; hybrid breeding (Lindhout et al.
2011; Jansky et al. 2016; de Vries et al. 2016). The Sli
gene might have an additional function: breaking an
interspecific hybridization barrier with a highly repro-
ductively isolated species, S. pinnatisectum (Sane-
tomo et al. 2014). Selfing F, plants by the function of
Sli has provided an opportunity to reveal the true
genetics of tuber shape, skin traits and flesh color
(Endelman and Jansky 2016; Meijer et al. 2018) and
resistance to common scab and cold-induced sweet-
ening (Braun et al. 2017). Inspired by the successful
use of Sli, other self-compatible variants have been
reported (Jansky et al. 2014; Peterson et al. 2016;
Haynes and Guedes 2018; Zhang et al. 2019; Clot et al.
2020). Recently, Clot et al. (2020) disclosed that a
similar DNA sequence of the SIi gene was shared
among well-known self-compatible diploid clones.
Genome editing by the clustered regularly interspaced
short palindromic repeat (CRISPR)-associated protein
9 (Cas9) system was used to knock out the self-
incompatibility gene S-RNase and induce self-com-
patible diploid lines (Ye et al. 2018; Enciso-Rodriguez
et al. 2019). Nevertheless, Sli-based selfing is a useful,
easy and robust tool for inducing self-compatibility,
which will ensure its wide applicability in potato
genetics and breeding.

Residual heterozygosity in advanced selfed
generations

The rate of reduction in heterozygosity per generation
was consistent, measuring 38.4% from S, to S4 in a
previous study (Phumichai et al. 2005) and 31.0%
from Sy to Sg and slightly higher (42.2%) from S¢ to
Sio in this study. The lower reduction rate than the
theoretical 50% is likely due to preferred heterotic
effects on fecundity and viability and to unpreferable
exposure of recessive lethal or deleterious genes (Cho
et al. 1998; McMullen et al. 2009; Zhang et al. 2019).
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Whole-chromosome-level heterozygosity — was
found on chromosomes 8 and 9 in S¢ plants and chc
525-3 in this study and in M6 in previous studies
(Leisner et al. 2018; Marand et al. 2019), which was
associated with low levels of recombination (Gore
et al. 2009; McMullen et al. 2009; Leisner et al. 2018).
Interestingly, a genome-wide association study using a
panel of diverse tetraploid potato genotypes revealed
that chromosome 8 showed extremely conserved
linkage disequilibrium due to low levels of recombi-
nation and suggested that chromosome 8 has been
exposed to selection pressures that differ from those of
other chromosomes during the last 150 years of
breeding (Sharma et al. 2018). Therefore, the chro-
mosome-level heterozygosity on chromosome 8 may
be a general feature in potato and may play a major
role in heterosis (McMullen et al. 2009).

Marand et al. (2019) suggested that persistent
heterozygosity in shorter heterozygous blocks embed-
ded within homozygous regions (recalcitrant
heterozygosity) might be associated with the produc-
tion of functional gametes. However, although the
completely homozygous plants in all SNPs promi-
nently showed slow growth, a poor root system and
low fecundity, they were still sexually and asexually
(by tubers) fertile. Therefore, residual heterozygosity
is likely a transient phenomenon in a continued
inbreeding process.

Segregation distortion

Hosaka and Hanneman (1998a) suggested that a
recessive lethal allele was tightly coupled with S/i at
the end of chromosome 12 because even after seven
rounds of selfing, chc 525-3 harbored Sli in a
heterozygous state. However, in an F, population
from a Sli-possessing clone or further selfed progeny
populations, distorted segregation in the direction of
the Sli-possessing clone at the distal end of chromo-
some 12 was reported (Birhman and Hosaka 2000;
Meijer et al. 2018). The recessive lethal allele, inferred
based on the complete absence of one homozygous
genotype, was identified in the 57.2-57.8 Mb interval
on chromosome 12 in DM and S. chacoense 39-7
(Endelman et al. 2019). We identified a 1.15 Mb
segment in the 59.0-60.1 Mb interval on chromosome
12 in Sg S. chacoense, in which one of two homozy-
gotes was completely absent. Although the critical

position was slightly different, the same recessive
lethal allele was likely involved in chc 525-3. Zhang
et al. (2019) resequenced whole genomes of selfed
progenies from clones E, RH89-039-16, and C151 and
identified five lethal alleles (lal, la2, la3, arl, and
wsl) and four deleterious alleles affecting growth and
vigor (ym, yl1, pal, and pa2). One of the lethal alleles,
lethal allele 3 (la3), resides in the 58.5-60.3 Mb
interval on chromosome 12 of RH89-039-16. The
candidate regions for Sli (Clot et al. 2020) and la3
(Zhang et al. 2020) and the 1.15 Mb segment are
displayed in Fig. 5, indicating that S/i and /a3 overlap
in this segment. Inferred from the common DNA
sequence of Sli present in RH89-039-16 and chc 525-3
(Clot et al. 2020), it is clear that the lethal gene
harbored in the 1.15 Mb segment of chc 525-3 is la3.
However, haplotype c of chc 525-3, carrying S/i and a
nonlethality gene (La3), was fixed to a homozygote
(Fig. 5). The homozygous state for Sl/i in 97H32-6
(Phumicabhi et al. 2006) and M6 (Jansky et al. 2014)
supported a coupling phase for linkage between Sli
and La3, which is contradictory to our previous
hypothesis (Hosaka and Hanneman 1998a). Endelman
et al. (2019) reported a recombination hotspot (12 of
35 progeny had recombination events) between 57.6
and 59.2 Mb at the distal end of chromosome 12. We
also observed a recombination hotspot (at least 7 of 24
progeny had recombination events) in the 1.15 Mb
segment. Further analysis is needed to disclose the
relationships between Sli, la3, and the recombination
hotspot.

The 0.95 Mb segment, in which one of two
homozygotes was completely absent, was identified
in the 40.1-41.1 Mb interval on chromosome 8.
Although another known lethal gene (lal) resides in
the 2.4-6.4 Mb interval on chromosome 8 (Zhang
et al. 2019), the 0.95 Mb segment might contain a
novel lethal gene.

Dwarfism

In almost all generations, dwarf and semidwarf plants
were observed within some families (Supplementary
Table 1). A recessive dwarfing gene, ga2, was iden-
tified at the distal end of chromosome 7 in the parental
clones, phu 1.22 and F-1 (Kimura and Hosaka 2002).
However, chromosome 7 was completely homozy-
gous in the Sg generation (Fig. 3a). Semidwarf

@ Springer
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phenotypes detected in the S;, generation were not
associated with any SNP markers (Fig. 4). Thus, it is
unlikely that ga2 was expressed for dwarfism during
selfed generations. Bamberg and Miller (2012) could
not detect dwarfs in phu 1.22-derived progeny,
suggesting that our phu 1.22 is a clonal sport not
genetically identical to the stocks they tested. Thus, we
speculate that the morphological abnormalities such as
dwarfism, semidwarfism, and antherlessness observed
in our selfed progenies appeared by epigenetic alter-
ation, as reported in rice (Akimoto et al. 2007; Miura
et al. 2009) and Arabidopsis thaliana (Saze and
Kakutani 2007). Aberrant segregations and paternal-
or atavism-like transmission have been reported for
DNA methylation-sensitive random amplified poly-
morphic DNA (RAPD) markers in the present
advanced selfed progenies (Nakamura and Hosaka
2010). Alternatively, hidden heterozygous loci might
be exposed by selfing because we recently noticed that
dwarfs also appeared among Sg and S¢ progenies of
chc 525-3 (unpublished).

Conclusions

After a long-term crossing experiment taking place
over 30 years, a nearly or completely homozygous
diploid potato was created. Although asexual tech-
niques such as anther culture followed by chromosome
doubling or prickle pollination followed by protoplast
fusion can result in completely homozygous diploid
potatoes (Karp et al. 1984; Uijtewaal et al. 1987,
M’Ribu and Veilleux 1990; Meyer et al. 1993), all
previously derived plants, including DM, were male
sterile because of the homozygous state of undesirable
alleles imposed by anther culture followed by chro-
mosome doubling in a single cycle without the
opportunity for fertility selection (Paz and Veilleux
1999; Peterson et al. 2016). Continuous selfing has
swept out all lethal alleles and selected for self-fertility
(Phumichai and Hosaka 2006), leading to the gener-
ation of a homozygous diploid potato retaining male
and female fertility and tuberization ability under long
days. Although the S;; plants are weak in terms of
vigor and fecundity due to severe inbreeding depres-
sion, they are undoubtedly useful genetic resources for
various purposes, such as elucidating the mechanisms
of heterosis, self-compatibility, interspecific cross-
ability, tuberization, lethality, and other features.
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