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Abstract
Haploids have often been used to simplify the genetic complexity of potato due to its high heterozygosity and autotetraploidy. 
We maintained some haploid plants of wild potato species in vitro that were produced through anther culture almost a half 
century ago. Among them, a diploid Solanum bulbocastanum and its monohaploid, three monohaploids of S. verrucosum, a 
disomic tetraploid S. stoloniferum and its dihaploid (all Mexican species) and a dihaploid of the disomic tetraploid S. acaule 
(South American species) were analyzed morphologically, cytologically and by molecular markers. Their species identity and 
ploidy levels were confirmed to be correct except for those of a monoploid S. bulbocastanum, which had already experienced 
natural chromosome doubling. The monohaploids and chromosome-doubled monohaploid were all homozygous in 19,889 SNP 
loci surveyed. Two of three monohaploids of S. verrucosum were morphologically different but similar by SNP analysis. Most 
of the heterozygous loci of the tetraploid S. stoloniferum were in a duplex condition. The heterozygous loci of the dihaploid 
S. stoloniferum were mostly duplexed in the tetraploid S. stoloniferum, suggesting that the alleles are fixed in homoeologous 
loci. Therefore, each of these haploid-plant genomes is homozygous and is suitable for whole-genome sequencing.

Resumen
Los haploides se han utilizado con frecuencia para simplificar la complejidad genética de la papa debido a su alta heterocigo-
sidad y autotetraploidía. Mantuvimos algunas plantas haploides de especies silvestres de papa in vitro que se produjeron a 
través del cultivo de anteras hace casi medio siglo. Entre ellas, un diploide de Solanum bulbocastanum y su monohaploide, 
tres monohaploides de S. verrucosum, un tetraploide disómico de S. stoloniferum y su dihaploide (todas especies mexicanas) 
y un dihaploide del tetraploide disómico S. acaule (especie sudamericana). Se analizaron morfológicamente, citológicamente 
y por marcadores moleculares. Se confirmó que su identidad de especie y sus niveles de ploidía eran correctos, excepto los 
de una monoploide de S. bulbocastanum, que ya había experimentado la duplicación natural de cromosomas. Los mono-
haploides y el monohaploide doblado cromosómico fueron todos homocigotos en 19,889 loci SNP analizados. Dos de los 
tres monohaploides de S. verrucosum eran morfológicamente diferentes pero similares según el análisis de SNP. La mayoría 
de los loci heterocigotos del tetraploide S. stoloniferum estaban en una condición de duplicidad. Los loci heterocigotos del 
dihaploide S. stoloniferum fueron en su mayoría duplicados en el tetraploide S. stoloniferum, sugiriendo que los alelos se 
fijan en loci homólogos. Por lo tanto, cada uno de estos genomas de plantas haploides es homocigoto y es adecuado para la 
secuenciación completa del genoma.

This paper is dedicated to late Dr. Yukio Irikura (died at the age 
of 72 on June 1, 2002), who created most of the plant materials 
used in this study. The Hawkes (1990) classification system is 
tentatively adopted throughout the text.
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Introduction

Due to its high heterozygosity and autotetraploidy, genetic 
analyses in potato (the tetraploid form of Solanum tubero-
sum L.) are difficult. To simplify this genetic complexity, 
haploids have often been used (Ortiz and Peloquin 1994). 
Many diploid haploids (dihaploids) have been produced 
from commercial varieties with relative ease by pollination 
with the pollen of specific clones of S. phureja Juz. et Buk., 
called haploid inducers (Hougas et al. 1964; Hermsen and 
Verdenius 1973). Female gametes (or eggs) grow to mature 
plants through parthenogenesis. Even monoploid haploids 
(monohaploids) have been produced using haploid induc-
ers (van Breukelen et al. 1975; Uijtewaal et al. 1987). This 
haploidization method has been quite efficient in obtaining 
dihaploid S. tuberosum. However, this method is not appli-
cable to a wide range of wild potato species (tuber-bearing 
Solanum species). A more general method for obtaining hap-
loids is anther culture, which results in haploids originat-
ing from microspores (or pollen). In the 1970s and 1980s, 
monohaploids were generated from dihaploid S. tuberosum 
by anther culture (Foroughi-Wehr et al. 1977; Sopory et al. 
1978; Mix 1983; Uhrig 1985). Breeding schemes to develop 
highly heterozygous tetraploid clones using monoploids 
have been proposed (Wenzel et al. 1979; Meyer et al. 1992). 
The first androgenetic monohaploids in the tuber-bearing 
Solanum species were generated from the Mexican diploid 
species S. verrucosum Schlechtd. (Irikura and Sakaguchi 
1972). Irikura (1975a, b) further induced monohaploids 
from the diploid species S. bulbocastanum Dun., S. verru-
cosum, S. phureja, and S. stenotomum Juz. et Buk.; dihap-
loids from the tetraploid species S. fendleri Asa Gray, S. 
hjertingii Hawkes, S. polytrichon Rydb., and S. stoloniferum 
Schlechtd. et Bché.; and trihaploids from the hexaploid 
species S. demissum Lindl. and S. nigrum L. Since then, 
many androgenetic monohaploids have been induced from 
various species, such as S. chacoense Bitt. and S. phureja 
(Cappadocia et al. 1984; Veilleux et al. 1985). Chromo-
some doubling of a monohaploid can produce a completely 
homozygous diploid clone; one such clone generated from 
S. phureja (clonal identity of DM 1–3 516 R44, Lightbourn 
and Veilleux 2007) was used for whole-genome sequencing, 
resulting in a reference genome for potato (Potato Genome 
Sequencing Consortium 2011).

Dr. Yukio Irikura, who was the first to produce a monoploid 
tuber-bearing Solanum species (Irikura and Sakaguchi 1972), 
maintained anther culture-derived haploids and many somatic 
hybrids in vitro. After his death, they were maintained by the 
Hokuren Federation of Agricultural Cooperatives (Sapporo, 
Japan). Finally, in 2010, most of these materials were unable 

to be maintained and only some plants of particular impor-
tance were transferred to our laboratory. Thus, Irikura’s mate-
rials have been cultured in vitro for nearly a half century. The 
remaining materials included monohaploids of S. bulbocasta-
num and S. verrucosum and a dihaploid of S. stoloniferum. 
These three species are Mexican wild species (Hawkes 1990). 
The Mexican diploid species, except S. verrucosum, are strictly 
isolated by reproductive barriers from the South American 
species (Hawkes 1990). S. verrucosum (2n = 2x = 24), however, 
is only a diploid species, with a genome constitution of AA, 
from Mexico, and it is self-compatible and cross-compatible as 
a female parent with most South American species that consist 
of the A genome (Matsubayashi 1991; Eijlander et al. 2000). S. 
verrucosum is also crossable and functions as a bridge to some 
Mexican diploid species, such as S. bulbocastanum, S. cardio-
phyllum Lindl., S. jamesii Torr., S. pinnatisectum Dun., and S. 
trifidum Corr. (Hermsen and Ramanna 1976; Hamernik et al. 
2001; Dinu et al. 2005; Jansky and Hamernik 2009; Bamberg 
et al. 2021). S. bulbocastanum (2n = 2x = 24) is well known for 
its resistance to late blight (caused by Phytophthora infestans), 
and the resistance genes Rpi-blb1/RB, Rpi-blb2, Rpi-blb3, and 
Rpi-bt1 have been cloned from this species (Lokossou et al. 
2010). S. stoloniferum (2n = 4x = 48) is a tetraploid forming 
only bivalent chromosomes at meiosis, so it is considered to 
be an allotetraploid species with a genome formula of AABB 
(Matsubayashi 1955; Irikura 1976; Pendinen et al. 2008). The 
most likely maternal diploid ancestor and the A genome donor 
to S. stoloniferum is S. verrucosum (Spooner and Castillo 
1997; Rodríguez and Spooner 2009; Sanetomo and Hosaka 
2013). The B genome donor might be S. cardiophyllum, S. 
ehrenbergii (Bitter) Rydb., S. jamesii Torrey, or S. bulbocasta-
num (Irikura 1976; Pendinen et al. 2008; Wang et al. 2008; 
Rodríguez and Spooner 2009). A tetraploid species that forms 
only bivalent chromosomes at meiosis has also found in South 
America, S. acaule Bitt., which the most widely distributed 
species in the Andean highlands and a highly self-fertile 
species (Swaminathan 1954; Irikura 1976; Hawkes 1990). 
However, different understandings of the trivalent formation 
frequencies at meiosis in triploid hybrids between S. acaule 
and a diploid A-genome species lead to two hypotheses for 
the genome constitution: AAA aAa (segmental allopolyploidy, 
Hermsen and Ramanna 1969; Matsubayashi 1982; Camadro 
et al. 1992) or  AABaBa (allopolyploidy, Irikura 1976).

In this study, Irikura’s haploids of S. bulbocastanum, S. 
verrucosum, and S. stoloniferum were analyzed morphologi-
cally, cytologically, and by molecular analyses, including 
the single nucleotide polymorphism (SNP) array method, 
and compared with haploids of the South American spe-
cies S. phureja and S. acaule. The specific objectives are; 
1) to investigate whether the original genotypes have been 
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reliably maintained, 2) to reveal heterozygosity levels, and 
3) to evaluate genetic relationships among these species. The 
usefulness of these materials for whole-genome sequencing 
is also discussed.

Materials and Methods

Plant Materials

The plant materials used in this study are listed in 
Table  1. Haploids of the Mexican diploid species S. 
bulbocastanum and S. verrucosum and a haploid of a 
Mexican tetraploid species, S. stoloniferum, were derived 
from anther culture (Irikura and Sakaguchi 1972; Irikura 
1975b). ATDH-1 is a dihaploid clone induced by anther 
culture from a Peruvian tetraploid species, S. acaule (acl-
T), at the Laboratory of Plant Breeding, Kobe University 
(Yamada et al. 1997). It has been maintained by tubers 
in our laboratory. Hereinafter, all the genotypes are rep-
resented by the codes shown in Table 1. Based on the 
Irikura’s notes provided in Table 1, we assumed that 2x 
blb was a source plant for the anthers, from which 1x blb 
was created. Similarly, 4x sto was assumed to be a source 
plant for 2x sto. The source plant (11H16) for 1x ver1, 
1x ver2, and 1x ver3 was lost in our laboratory but is still 
available as PI 666966 from the US Potato Genebank at 
Sturgeon Bay, Wisconsin, USA. 2x pnt is a clone of a 
Mexican diploid species, S. pinnatisectum Dun. used as 
a control plant. DM is a chromosome-doubled clone of 
a monoploid plant derived from an anther culture of S. 
phureja (Lightbourn and Veilleux 2007) and is a source 
plant for the reference genome of potato (Potato Genome 
Sequencing Consortium 2011).

Ploidy Determination

The ploidy level was determined by flow cytometry 
(CyFlow Ploidy Analyzer, Sysmex Corporation, Kobe, 
Japan). Approximately 1  cm2 of fresh leaf was used for 
DAPI fluorescence staining according to the manufac-
turer’s instructions.

Determination of Cytoplasm Type

The cytoplasm type (A, D, P, M, T, or W) was determined 
using the procedure described by Hosaka and Sanetomo 
(2012).

Pollen Stainability

Pollen fertility was estimated by stainability with 1% ace-
tocarmine. Over 300 pollen grains in each sample were 
counted under the microscope. The stainability percent-
age was calculated as 100 × (the number of stained pollen 
grains/the total number of pollen grains).

SNP Analysis

Total DNA was extracted from fresh leaves by the method 
described in Hosaka and Hanneman (1998). A total of 
2.5  µg of dried DNA was sent to GeneSeek (Neogen 
Corporation, NE, USA) to obtain 31 K potato V4 SNP 
array data genotyping 30,991 SNP loci. Genotype call-
ing was performed using a tetraploid model (i.e., AAAA, 
AAAB, AABB, ABBB, or BBBB). From the obtained 
data, heterozygous or no-call SNPs in DM (completely 

Table 1  Plant materials used in this study

a  Irikura’s notes
b  Available from the US Potato Genebank, Sturgeon Bay, Wisconsin, USA

Code Identity Original identity Species Origin Availabilityb

 2x blb 11H13 B9238 S. bulbocastanum 478 (PI 243507)a PI 666965
1x blb 11H21 R48 S. bulbocastanum HR777.478, derived from anther culture from 478 (PI 243507), mostly 

2n = 24 in root tip  cellsa
PI 666967

 1x ver1 11H22 R49 S. verrucosum HR642.119, derived from anther culture from 119 (PI 160228)a PI 677132
 1x ver2 11H23 R50 S. verrucosum HR776.119, derived from anther culture from 119 (PI 160228)a PI 666968
 1x ver3 11H24 R51 S. verrucosum HR779.119, derived from anther culture from 119 (PI 160228)a

 4x sto 11H35 R93 S. stoloniferum 55, 2n = 48, W824N13, originated from PI  161178a

 2x sto 11H31 R58 S. stoloniferum HR706.55, derived from anther culture from PI  161178a

 2x acl ATDH-1 ATDH-1 S. acaule Dihaploid derived from anther culture from a Peruvian accession of S. 
acaule (acl-T, 2n = 4x = 48) (Yamada et al. 1997)

 2x pnt 10H2-1 PI 275232 S. pinnatisectum Seedling PI 275232
DM 14H197 DM 1–3 516 R44 S. phureja Doubled monohaploid derived from anther culture from S. phureja 

(Lightbourn and Veilleux 2007)
GS 223
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homozygous) and SNPs with > 10% missing values were 
first discarded. Then, ambiguous SNPs such as those sug-
gested by Peterson et  al. (2016) and those originating 
from chloroplast DNA or unknown locations were dis-
carded. Further filtering was performed by considering 
ploidy levels; SNPs showing AAAB or ABBB for diploid 
or dihaploid plants and those showing AAAB, AABB, or 
ABBB for monohaploid or doubled monohaploid plants 
were discarded. All genotypes were represented as AA 
(identical to that of DM), AB, BB or NC (no calls = miss-
ing data). To evaluate similarities among samples, the AA, 
AB and BB genotypes were converted to numerical values 
of 3, 2 and 1, respectively. Then, a distance matrix was 
calculated, and principal coordinate analysis (PCoA) was 
performed using principal component analysis in JMP Pro 
16.0.0 software (SAS Institute Inc.).

Results

Ploidy Levels

The ploidy level was determined for all the materials except 
2x pnt and DM. The expected ploidy levels were confirmed 
for all these materials except 1x blb. As indicated by Iri-
kura’s notes (Table 1), 1x blb had already become diploid 
and was considered to be a naturally doubled monohaploid.

Morphology, Cytoplasm Type, and Pollen 
Stainability

All the haploids exhibited species-specific characteristics 
shown by the parental species and described in the litera-
ture (Hawkes 1990; Spooner et al. 2004), although they 
had smaller flowers and narrower leaflets than the paren-
tal species (Fig. 1). Unlike most of the other wild species, 
2x blb and 1x blb had simple leaves characteristic of S. bul-
bocastanum (Hawkes 1990). Both clones were diploid, as 
mentioned above. Nevertheless, 1x blb had smaller flowers 
and narrower leaflets than 2x blb. Compared with 1x ver1 
and 1x ver2, 1x ver3 had narrower leaves during its in vitro 
stage and the early growing stage in the pot; it is thought to 
be a narrow-leaf mutant as described for one of the monop-
loid S. verrucosum clones (Irikura 1975b). However, the nar-
row leaves of 1x ver3 were then contracted and broadened 
at the later growing stages, as shown in Fig. 1. 1x ver3 did 
not flower, while 1x ver1 and 1x ver2 grew normally and 
flowered (Fig. 1). In general, S. stoloniferum and S. acaule 
set abundant berries even in a pollinator-free greenhouse. 
However, 2x sto and 2x acl did not produce any naturally 
setting berries.

2x blb, 1x blb, 4x sto, 2x sto and 2x pnt had W-type cyto-
plasm (Table 2). 1x ver1, 1x ver2, and 1x ver3 had D-type 
cytoplasm. 2x acl had M-type cytoplasm, while DM had 
P-type cytoplasm. These results are in accordance with those 

Fig. 1  Morphology. Haploid 
plants had smaller flowers 
and narrower leaflets than 
the parental species. 1x ver3 
had narrower leaves during 
its in vitro stage and the early 
growing stage in the pot; then 
the leaves were contracted and 
broadened at the later growing 
stages, as shown in this picture. 
See Table 1 for clonal codes

4x sto 2x sto 2x blb 1x blb

1x ver1 1x ver2 1x ver3 2x acl
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previously reported for these species (Hosaka and Sanetomo 
2012, 2014).

2x  blb showed relatively good pollen stainability 
(43.2%) (Table 2, Fig. 2). Interestingly, 1x blb, a dou-
bled monoploid, showed slightly better pollen stainabil-
ity (56.5%) though not statistically tested. Two of three 
monoploid clones of S. verrucosum flowered but exhib-
ited poor pollen shedding, and the pollen was completely 
sterile (Fig. 2). 2x sto and 2x acl were also completely 
pollen sterile (Fig. 2).

Heterozygosity Levels

After discarding ambiguous SNPs from the 30,991 obtained 
SNPs, 19,889 SNPs, of which 11,511 were monomorphic 
among the ten samples, were used to compare heterozygo-
sity (Table 3).

1x blb, 1x ver1, 1x ver2, 1x ver3, and DM were com-
pletely homozygous, supporting the conclusion that they 
were derived from monoploid gametes through anther 
culture. According to our previous data (Hosaka and 
Sanetomo 2020), the heterozygosity of the South Ameri-
can cultivated diploid species S. phureja (clone phu 1.22) 
was 8.5–8.9%. Compared with this heterozygosity level, 
the Mexican diploid species 2x blb and 2x pnt showed 
extremely low heterozygosity levels (0.75% and 0.34%, 
respectively). Dihaploid plants of S. stoloniferum and S. 
acaule showed relatively high heterozygosity, at 14.4% 
and 10.8%, respectively. 4x sto exhibited the highest het-
erozygosity, at 14.8%, and 96.0% of the heterozygous loci 
were in a duplex condition (AABB). Of the heterozy-
gous loci in 2x sto, 97.8% were duplex in 4x sto (data not 
shown).

Chromosomal Positions of the Heterozygous Loci

Based on the locations of the SNPs in the potato reference 
genome (DM ver. 4.03), the surveyed SNPs covered entire 
chromosomes, and their genotypes are depicted in Fig. 3. 
Heterozygous SNPs were rarely found in pericentric regions 
in 2x pnt and 2x blb. Heterozygous blocks can be observed 
on the south arms of chromosomes 1 and 2 in 2x blb. The 

Table 2  Characterization of ploidy, cytoplasm type and pollen stain-
ability

nd = no data

Code Identity Ploidy Cytoplasm 
type

Pollen 
stain-
ability 
(%)

 2x blb 11H13 2x W 43.2
1x blb 11H21 2x W 56.5
1x ver1 11H22 1x D 0.0
1x ver2 11H23 1x D 0.0
1x ver3 11H24 1x D nd
4x sto 11H35 4x W 35.1
2x sto 11H31 2x W 0.0
2x acl ATDH-1 2x M 0.0
2x pnt 10H2-1 nd W nd
DM 14H197 nd P nd

2x blb 1x blb

1x ver21x ver1

4x sto 2x sto

2x acl

Fig. 2  Pollen stainability (ca. × 200). Monohaploid S. verrucosum 
and dihaploid S. stoloniferum and S. acaule exhibited complete male 
sterility. See Table 1 for clonal codes and Table 2 for percent stain-
abilities
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other heterozygous SNPs did not form a block in 2x pnt 
or 2x blb. 1x blb exhibited only AA and BB genotypes, and 
the two genotypes were evenly distributed across all the 

chromosomes. Heterozygous SNPs in  4x  sto,  2x  sto, 
and 2x acl were localized across all the chromosomes, and 

Table 3  Heterozygosity (%) and 
A (= DM) allele frequency (%)

NC, no call (missing data)
a  AAAB + AABB + ABBB
b  Data cited from Hosaka and Sanetomo (2020)
c  Data obtained by the common SNPs between Hosaka and Sanetomo (2020) and the present study

Clone AA AB BB NC Total Heterozygo-
sity (%)

A allele 
frequency 
(%)

2x blb 14,452 148 5158 131 19,889 0.75 73.5
1x blb 14,321 0 5213 355 19,889 0 73.3
1x ver1 14,326 0 5535 28 19,889 0 72.1
1x  ver2 14,333 0 5537 19 19,889 0 72.1
1x ver3 14,341 0 5543 5 19,889 0 72.1
4x sto 13,006 72 + 2821 +  47a 3860 83 19,889 14.84 73.1
2x sto 13,026 2853 3872 138 19,889 14.44 73.2
2x acl 13,744 2104 3709 332 19,889 10.76 75.7
2x pnt 14,016 65 5041 767 19,889 0.34 73.5
phu 1.22b 15,446 1531 1134 468 18,579 8.45 89.5
phu 1.22c 11,817 1238 879 304 14,238 8.88 89.2
DM 19,889 0 0 0 19,889 0 100

2x pnt Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr 7 Chr 8 Chr 9 Chr 10 Chr 11 Chr 12

AA

AB

BB

2x blb

AA

AB

BB

1x blb

AA

BB

4x sto
AAAA

AABB

BBBB

AAAB

ABBB

2x acl

AA

AB

BB

2x sto

AA

AB

BB

Fig. 3  Chromosomal locations of SNPs. Each chromosome is 
arranged from north (left) to south (right). SNP allele A is similar 
to that of DM. Heterozygous SNP loci were localized across all the 

chromosomes. Heterozygous blocks were observed on the south arms 
of chromosomes 1 and 2 in 2x blb
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no notable differences were found either among samples or 
among chromosomes.

Parents and the Gametic Progeny

Of the 19,403 comparable SNPs between 2x blb and 1x blb, 
45 SNPs showed AA in 2x blb, whereas they showed BB 
in 1x blb. In contrast, 29 SNPs showed BB in 2x blb, whereas 
they showed AA in 1x blb. The presence of these discord-
ant SNPs indicates that 2x blb was not a true anther parent 
of 1x blb but was rather a sibling, with the same accession 
number (PI 243507). Similarly, of the 19,668 comparable 
SNPs between 4x sto and 2x sto, 19 SNPs showed discordant 
results, indicating that 4x sto was not a true anther parent 
of 2x sto but was rather a sibling, with the same accession 
number (PI 161178).

According to Irikura’s notes,  1x  ver1, 1x  ver2, 
and 1x ver3 were derived from the same S. verruco-
sum accession (PI 160228). The SNP data indicated 
that  1x  ver2 and  1x  ver3 were identical at all the 
19,865 comparable SNPs and that both were different 
from 1x ver1 at 39 SNP loci. The positions of these dif-
ferent loci were located randomly across the genome 
(data not shown).

Similarities to DM and Among Materials

The similarity to DM was estimated by the frequency of the 
A (= DM) allele (Table 3). The highest A-allele frequency 
(89.2–89.5%) was obtained from the previously analyzed 
clone phu 1.22 (Hosaka and Sanetomo 2020), which is clas-
sified with DM as the same species, S. phureja. The sec-
ond-highest A-allele frequency (75.7%) was obtained from 
the South American species S. acaule (2x acl). Among the 
Mexican species, the A-allele frequencies were quite simi-
lar (72.1–73.5%) irrespective of the ploidy level or genome 
constitution.

Using the numerical values for the respective geno-
types (AA = 3, AB = 2, and BB = 1) in each of 19,889 
SNPs, the genetic relatedness among diploid and monop-
loid materials was revealed through PCoA. 1x ver3 was 
eliminated because it was likely a duplicate of 1x ver2, 
as mentioned above. To visualize the similarities among 
genotypes, the distribution plot of the principal component 
scores for the first and second components (cumulative 
contribution rate of 74.7%) is shown in Fig. 4a. 1x ver1 
and 1x ver2 were the most closely related to each other, 
as expected. Then, 1x blb, 2x blb, and 2x pnt were closely 
related to each other. 2x sto was plotted at a position inter-
mediate between a group of 1x ver1 and 1x ver2 and a 
group of 1x blb, 2x blb and 2x pnt. 2x acl was also plotted 
between the two groups but was closer to DM than 2x sto 
was. When the third and fourth components were used 

(an added contribution rate of 19.4%, Fig. 4b),  2x acl was 
distinct from the others, and 2x pnt was clearly separated 
from 1x blb and 2x blb.

Discussion

Long‑term Preservation of In Vitro Plants

Although Irikura’s haploid plants have been cultured for 
almost a half century, their species identity and ploidy lev-
els were confirmed morphologically, cytologically and by 
SNP analysis. The observation of complete pollen sterility 
in 1x ver1, 1x ver2, 2x sto, and 2x acl (Table 2) is in accord-
ance with their irregular meiotic chromosome pairings: 
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to principal coordinate analysis (PCoA). Distribution plots using the 
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0.155 bivalents + 11.69 univalents in monohaploid S. ver-
rucosum; 0.01 trivalents + 4.03 bivalents + 15.92 univalents 
in dihaploid S. stoloniferum (Irikura1976); and 10.3 biva-
lents + 3.4 univalents in ATDH-1 (Yamada et al. 1998a). 
As Irikura noted, 1x blb is a naturally chromosome-doubled 
monoploid. Discordance was observed only in the identity of 
three monoploid S. verrucosum clones. 1x ver2 and 1x ver3 
were similar according to the SNP array analysis but differ-
ent in terms of morphology (normal vs. narrower leaflets). 
Irikura (1975b) indicated the possibility that the narrow-
leaf mutant was redifferentiated from the pollen callus of 
S. verrucosum. If so, both 1x ver2 and 1x ver3 might be 
derived from the same pollen callus, although human error, 
such as the mislabeling of culture tubes or the incorrectly 
performed sampling of leaves for DNA extraction, could 
not be excluded.

Heterozygosity

S. stoloniferum is highly self-fertile and forms only bivalent 
chromosomes at meiosis (Matsubayashi 1955; Irikura 1976; 
Pendinen et al. 2008). Nevertheless, this species showed the 
highest heterozygosity, and most of the heterozygous loci 
were in a duplex condition. The heterozygosity of 2x sto 
was only slightly lower than that of 4x sto, and 97.8% of 
the heterozygous loci in 2x sto were those that were in a 
duplex condition in 4x sto. Additionally, the heterozygous 
loci of 4x sto and 2x sto were distributed across entire chro-
mosomes (Fig. 3). These results suggest that the different 
alleles in the locus on homoeologous chromosomes are 
genetically fixed; this condition is termed ‘fixed heterozy-
gosity’ (MacKey 1970). The high heterozygosity in 2x acl 
also likely resulted from the fixed heterozygosity in the 
loci on homoeologous chromosomes (Camadro et al. 1992; 
Yamada et al. 1998b). Compared with the South American 
diploid species (phu 1.22), Mexican diploid species (2x blb 
and 2x pnt) had less than one-tenth lower heterozygosity, 
which was similarly reported by Hardigan et al. (2015). This 
under-estimation of heterozygosity in the Mexican diploid 
species was apparently caused by ascertainment bias (Har-
digan et al. 2015; Bamberg and del Rio 2020), because the 
presently used SNPs were those primarily detected among 
cultivars (Hamilton et al. 2011; Vos et al. 2015).

Genomic Relationships

S. pinnatisectum and S. bulbocastanum have pinnate and 
simple leaves, respectively, and are morphologically distinct 
from each other (Hawkes 1990; Spooner et al. 2004). Never-
theless, meiosis of the  F1 hybrids was almost regular, with a 
low percentage of univalent; this indicates that the two spe-
cies have basically similar genomes and possess only cryptic 
structural differences (Magoon et al. 1958; Matsubayashi 

1991). The present study also revealed that the two species 
were closely related to each other but distantly related to 
S. verrucosum and S. phureja DM. Resequencing projects 
(short-read assembly to the DM genome) also revealed 
that the Mexican diploid species, excluding S. verrucosum, 
were distantly related to the South American species, i.e., 
the A-genome species (Hardigan et al. 2017; Li et al. 2018). 
Furthermore, Li et al. (2018) reported that although S. ver-
rucosum and S. phureja are diploid A-genome species (Swa-
minathan and Howard 1953; Matsubayashi 1991), the two 
species were separated into different clades of the South 
American species complex (S. brevicaule complex) (Li et al. 
2018). The PCoA plot indicated that 2x sto was intermediate 
between the A-genome species S. verrucosum and the Mexi-
can species S. pinnatisectum and S. bulbocastanum (Fig. 4), 
supporting an allotetraploid origin of S. stoloniferum; an A 
genome derived from S. verrucosum (Spooner and Castillo 
1997; Rodríguez and Spooner 2009; Sanetomo and Hosaka 
2013) and a B genome derived from S. pinnatisectum, S. 
bulbocastanum or related species (Irikura 1976; Pendinen 
et al. 2008; Wang et al. 2008; Rodríguez and Spooner 2009). 
The PCoA plot indicated that 2x acl was also intermedi-
ate between the A-genome species S. verrucosum and the 
Mexican species S. pinnatisectum and S. bulbocastanum but 
was the closest to DM. Thus, one of the 2x acl genomes is 
undoubtedly the A genome, but the second genome seems 
to be neither the A genome nor that of S. pinnatisectum or S. 
bulbocastanum; however, Nakagawa and Hosaka (2002) did 
not support an amphidiploid origin of S. acaule involving 
two distinct species. Overall, the genetic relationship among 
the present materials was in good agreement with previously 
available knowledge.

Usefulness of These Materials

To date, whole genomes have been sequenced for cultivated 
potato species (Potato Genome Sequencing Consortium 
2011; Kyriakidou et al. 2020; Zhou et al. 2020; van Lieshout 
et al. 2020) and the wild diploid species S. commersonii 
(Aversano et al. 2015) and S. chacoense (Leisner et al. 2018). 
All of these carry the A genome (Matsubayashi 1991). Only 
a draft genome has been published for the Mexican diploid 
species S. pinnatisectum (Tiwari et al. 2021). Through recent 
advances such as third-generation (or long-read) sequencing 
(TGS) technologies, high-quality genome assemblies with 
high resolution can be achieved due to the longer length of 
the reads. However, the construction of haplotype-resolved 
genomes for highly heterozygous species remains a chal-
lenge (Kyriakidou et al. 2018). Instead, completely homozy-
gous genotypes are desirable for efficiently and accurately 
sequencing the whole genomes. The monohaploid S. ver-
rucosum and chromosome-doubled monohaploid S. bul-
bocastanum are completely homozygous, as confirmed 
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in this study. The dihaploid S. stoloniferum and S. acaule 
are likely heterozygous in loci between different genomes 
but homozygous in all loci within the genome. Thus, these 
materials are suitable for whole-genome sequencing, which 
is currently ongoing. Whole-genome information would be 
useful for exploring basic and applied topics such as self- 
and unilateral cross-compatibility, late blight resistance, and 
the genomic relationship between the A genome and the 
genomes of Mexican diploid species.
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