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Toward the development of highly homozygous
diploid potato lines using the self-compatibility
controlling Sli gene

Chalermpol Phumichai, Motoyuki Mori, Akira Kobayashi, Osamu Kamijima, and
Kazuyoshi Hosaka

Abstract: Cultivated diploid potatoes (2n = 2x = 24) are self-incompatible, but can be altered to become self-
compatible using the Sl/i gene. Previously, a diploid clone 97H32-6 was selfed up to S; using the S/i gene. To explore
the usefulness of the S/i gene for the production of highly homozygous diploid potatoes, 2 S, families from the above
97H32-6 derived S; lines (inbred series A) and 3 S5 families by continuous selfings from a different F; (= S) plant
(inbred series B) were developed. The level of heterozygosity and the location of heterozygous loci on the genetic map
were investigated using RFLP and AFLP markers. The average heterozygosity levels of the originally heterozygous loci
decreased from 100% in Sy to 10.7% in S, and 8.6% in S5 (inbred series A and B, respectively). The average rate of
reduction in heterozygosity per generation (38.4% and 38.5% for inbred series A and B, respectively) was lower than
the theoretically expected rate (50%). However, none of the loci or chromosome sections was exclusively heterozygous
in the advanced self-progeny. Thus, highly homozygous and seed-propagated diploid potatoes could be obtained by re-

peated selfing using the S/i gene.

Key words: Selfing, heterozygosity, diploid potato, Sli gene, Solanum.

Résumé : Les pommes de terre diploides cultivées (2n = 2x = 24) sont autoincompatibles mais cela peut étre modifié
grace au gene d’autocompatibilité Sli. Antérieurement, 1 clone diploide, 97H32-6, a été autofécondé jusqu’en S5 a
I’aide du geéne S/i. Afin d’explorer 1'utilité de ce géne pour la production de pommes de terre diploides fortement ho-
mozygotes, 2 familles S, dérivées des lignées S; mentionnées plus haut (série A de lignées autofécondées) et 3 famil-
les S5 obtenues par autofécondation continue d’une plante F, (=S,) différente (série B) ont été produites. Le niveau
d’hétérozygotie et la position des locus hétérozygotes sur la carte génétique ont été déterminés a I’aide de marqueurs
RFLP et AFLP. Les niveaux moyens d’hétérozygotie pour les locus initialement hétérozygotes sont passés de 100 % en
So a 10,7 % en S, et 8,6 % en Ss chez les séries A et B, respectivement. Les taux moyens de réduction de
I’hétérozygotie a chaque génération (38,4 % et 38,5 % respectivement) étaient plus faibles que ’attente théorique

(50 %). Cependant, aucun des locus ou segments chromosomiques n’était exclusivement hétérozygote chez les lignées
autofécondées. Ainsi, des pommes de terre largement homozygotes et reproduites via les graines ont été obtenues par

autofécondation répétée a 1’aide du gene Sli.

Mots clés : autofécondation, hétérozygotie, pomme de terre diploide, géne Sli, Solanum.

[Traduit par la Rédaction]
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Introduction

Potato (Solanum tuberosum L., 2n = 4x = 48) is an auto-
or segmental allo-tetraploid showing tetrasomic inheritance,
which results in complicated genetic segregation (Howard
1970; Ross 1986; Matsubayashi 1991). Since potatoes are
propagated vegetatively, highly heterotic genotypes can be
maintained, which facilitates the use of heterosis, an essen-
tial factor in potato breeding, particularly for tuber yield
(Ross 1986; Peloquin et al. 1989). Alternatively, open-
pollinated true potato seed (TPS) can be used as a low-cost
planting material for potato production (Shonnard and
Peloquin 1991). However, the introduction of TPS in devel-
oped countries is difficult because of the lack of homogene-
ity in tuber shape and size (Ross 1986). Highly homozygous
inbreds, once amply produced, would be highly useful for
the development of TPS varieties with genetic uniformity, as
well as for the investigation of heterosis (Birhman and
Hosaka 2000).
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To obtain homozygous lines, tetraploid potatoes can be
selfed, but the selfing causes marked tuber yield reduction
and loss of fertility, since these traits are controlled largely
by heterotic genetic effects (Krantz 1924, 1946; Mendiburu
and Peloquin 1977; Golmirzaie et al. 1998a; 1998b). The
use of closely related diploid species and dihaploid potatoes
is hampered by gametophytic self-incompatibility controlled
by multiallelic S genes (Pushkarnath 1942; Pandey 1962;
Cipar et al. 1964a). Self-compatible variants have often been
described in essentially self-incompatible diploid species
(Pushkarnath 1942; Cipar et al. 1964b; De Jong and Rowe
1971; Olsder and Hermsen 1976; De Jong 1977; Cappadocia
et al. 1986; Birhman 1986). However, as far as we could de-
termine, these variants were not successively selfed over
generations.

Monoploidization by parthenogenetic reduction using a
Solanum phureja haploid inducer or anther culture has been
extensively conducted (Irikura 1975; van Breukelen et al.
1975; Foroughi-Wehr et al. 1977; Uijtewaal et al. 1987a).
Spontaneously doubled or colchicine-doubled monohaploids
(complete homozygous diploids) were often isolated from
monohaploids of dihaploid S. tuberosum (van Breukelen et
al. 1977; Uijtewaal et al. 1987b), S. phureja Juz. et Buk.
(Veilleux et al. 1985), or Solanum chacoense Bitter
(Cappadocia et al. 1986). However, most of these homozy-
gous diploids were either male or female sterile (van
Breukelen et al. 1977; Uijtewaal et al. 1987b; Singh et al.
1988; Paz and Veilleux 1999), except for a few exceptional
self-fertile plants (Wenzel et al. 1979; Cappadocia et al.
1986).

A scheme for hybrid breeding using homozygous diploids
and subsequent somatic hybridization has been proposed, for
which the availability of highly homozygous diploid (or
pure) lines is a key for success (Meyer et al. 1992). In con-
sidering the use of pure lines for the development of geneti-
cally uniform TPS varieties, self-fertile, seed-propagated
lines are highly desirable, and simple techniques to develop
such lines are necessary.

Recently, we found a dominant allele (the S locus inhibi-
tor gene Sli) from a self-compatible variant in a wild diploid
species, S. chacoense, which can alter self-incompatible plants
to self-compatible ones (Hosaka and Hanneman 1998a). The
Sli gene was mapped at the most distal end of chromosome
12 (Hosaka and Hanneman 1998b), and its possible tight
linkage with a recessive lethality gene was proposed (Hosaka
and Hanneman 1998a). Birhman and Hosaka (2000) intro-
duced the Sli gene by crossing various cultivated diploid po-
tatoes and successfully developed S, progeny. The S,
inbreds were later accidentally pollinated with bulked pollen
grains from other S, plants, producing F; hybrids from
which a new series of inbred progeny was developed
(Phumichai et al. 2004). Restriction fragment length poly-
morphism (RFLP) analysis was carried out to monitor the
inbreeding process of this new inbred series from F; (= Sj)
to S; progeny, the results of which suggested a possible as-
sociation between fertility and heterozygosity, resulting in a
much higher observed percentage of heterozygosity in S;
progeny than theoretically expected (Phumichai et al. 2004).

In this study, 2 S, families from the above S; progeny and
3 S; families of a new inbred series were developed, and
their inbreeding processes were monitored using RFLP and

Genome Vol. 48, 2005

AFLP markers. The specific objectives were as follows:
(i) to understand the process of inbreeding in terms of in-
breeding depression as measured by fertility; (i) to measure
the degree of heterozygosity reduction and identify hetero-
zygous loci that resist universal homozygosity; and (iii) to
discuss the usefulness of S/i gene in developing of highly
homozygous lines of diploid potato.

Materials and methods

Plant material

The first series of inbred lines (inbred series A) was ob-
tained from a diploid clone 97H32-6 (composed of 75% cul-
tivated and 25% wild germplasm with 100% cultivated
cytoplasm), which was self-compatible due to the function
of the SIli gene originally derived from a self-compatible
variant of S. chacoense (Hosaka and Hanneman 1998a). Two
randomly chosen S, families, 3H94 (15 plants) and 3H100
(15 plants), were analyzed for heterozygosity by DNA anal-
ysis and compared with that of their S; (15 plants from the
2H21 family) and S; (15 plants from the 2H22 family) an-
cestors (Fig. 1). The S, family was not available for DNA
analysis.

The second series of inbred lines (inbred series B) were
started from 2 advanced diploid clones, WB922236-2 and
WB922236-3 (full sibs of W822227-1 x W882204-8 that
possess at least 37.5% of the chromosomal and 100% of the
cytoplasmic information from S. phureja PI 225683) by
crossing with the pollen of Sli gene donors F;-1, 97H32-6,
97H32-7, or 97H32-14 (the last 3 clones were full sibs de-
scended from F,-1; see Fig. 1). Three randomly chosen Ss
families, 3H86 (15 plants), 3H88 (15 plants), and 3HS (12
plants), were used for DNA analysis; their pedigrees are
shown in Fig. 1. Their parental populations, S; (12 plants
from family 3H2), S, (14 plants from 3H3), and S, (7 plants
from 2H32 and 16 plants from 2H34) were used for compar-
ison. The S; family was not available for DNA analysis.

Plants were grown in a green house in the fall and winter
or in an insect-proof screen house in the spring. To ensure
optimal growing conditions for flowering, light was supple-
mented to maintain 16 h of daylight from October to March,
while from April to July, plants were grown in natural day-
light. To advance selfed generations quickly, only seedlings,
except for the initial population of inbred series B, were
used without harvesting tubers. Self-pollinations were made
on as many flowers as possible until the plants set berries
during the season.

RFLP analysis

Total DNA isolation and RFLP detection procedures were
all as described in Hosaka and Hanneman (1998b). Samples
of total DNA from S; plants (from 3H2 and 2H21 families)
were digested with restriction endonucleases Dral, EcoRlI,
EcoRV, or HindlIlIl and surveyed to obtain heterozygous loci
in S, plants. Only heterozygous loci detected with specific
probe and enzyme combinations were used to analyze the
subsequent inbred progeny. RFLP probes used were either
single-copy tomato probes obtained from Dr. S.D. Tanksley,
Cornell University (Tanksley et al. 1992) or potato probes
(Hosaka and Spooner 1992).

© 2005 NRC Canada

Aardevo Exhibit 1005
Page 0006



Phumichai et al.

Fig. 1. Two inbred series, A and B, developed from 97H32-6.
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AFLP analysis

The same sets of DNA samples used for RFLP analysis
were also used for AFLP analysis using procedures that are
essentially the same as the protocols used in the AFLP®
Analysis System (Invitrogen, Carlsbad, Calif.), described
previously (Phumichai et al. 2004).

Data analysis

The locus-based observed percentage of heterozygosity
(LOPH) was given by the percentage of the heterozygous
RFLP loci for each individual plant, and the mean of the
family was calculated. For the parental clone, the LOPH was
estimated from the percentage of segregating loci in its
selfed progeny using RFLP or AFLP markers. Section-based
observed percentage of heterozygosity (SOPH) was defined
as the percentage of the sections (each of 12 chromosomes
was trisected into sections a, b, and c, based on the map
length) containing 1 or more heterozygous RFLP loci, and
calculated in the same way as the LOPH was for parents and
their progeny. For RFLP loci, segregation ratios of homozy-
gotes and heterozygotes were compared with the expected
segregation ratios of 1:1 and 1:2:1, respectively, using chi-
square tests.

Results

Production of selfed progeny

The initial selfings up to 96H14-10 were reported by
Birhman and Hosaka (2000). Reproductive traits and
heterozygosity levels in subsequent selfing progeny from

979

97H32-6 (Sy) to the 2H22 family (S3) in inbred series A
were investigated by Phumichai et al. (2004). For this study,
424 S, plants of 7 families derived from the 2H22 family by
selfing were raised, of which only 30 plants flowered and
produced enough pollen grains for self-pollination during
the season. As many flowers as possible were self-pollinated
(a total of 132 flowers), but only 8 plants produced seeds
(Table 1).

Production of inbred series B was started with 5040 F,
plants from 7 families: WB922236-2 x F;-1 (294 plants),
WB922236-2 x 97H32-6 (808 plants), WB922236-2 x
97H32-7 (510 plants), WB922236-2 x 97H32-14 (687
plants), WB922236-3 x F,;-1 (1050 plants), WB922236-3 x
97H32-7 (1087 plants), and WB922236-3 x 97H32-6 (604
plants). Only a fraction of these flowered, among which 68
(1.3%) formed tubers. Since a drastic decrease in progeny
number as a result of poor fertility and growth had been ex-
perienced, we saved an additional 141 plants that did not
flower but formed good tubers. These 209 plants grown
from tubers became an initial population for selfing in in-
bred series B. The result of self-pollinations for each genera-
tion is summarized in Table 1. As the selfed generation
proceeded, many families failed to produce selfed progeny,
resulting in an arrival at S5 only from 99H2-1, 1 of the 14
F, hybrids from WB922236-2 x 97H32-6. Forty-three Ss
plants successfully produced selfed seeds.

Fertility and self-compatibility

In the selfed progeny of inbred series A, the percentage of
available plants for self-pollination drastically decreased
from 62.6% in S, to 7.1% in S, (Table 1). Many S, plants
did not form buds, and even if buds were formed, they
dropped at the very young developmental stage. The per-
centage of selfers (= plants that set seeds by self-pollination)
among pollinated plants decreased steadily from 82.5% in S
to 26.7% in S,.

Such steady decreases in either the percentage of self-
pollinated plants or the percentage of selfers were not found
in inbred series B. Both percentages fluctuated greatly
among generations, with the average decrease being 32.5%
for pollinated plants and 43.0% for selfers from S, to Ss.
Many Ss plants flowered, but most of them showed very
poor or no pollen shedding.

Heterozygosity in inbred series A

Out of 123 single-copy RFLP probes surveyed, 62 on 34
chromosome sections (Fig. 2A) segregated in the S; popula-
tion (2H21), which were used to monitor the subsequent in-
breeding process. Since some loci were localized together
within a short map distance or cosegregated, SOPH was
thereafter more weighted than LOPH.

The S, clone 2KH521-4 showed a slightly lower SOPH
(52.9%), or an even higher LOPH (50.0%) than those of the
parental S, population (the mean SOPH of 57.4%, or LOPH
of 49.6%), indicating no reduction in heterozygosity from S,
to S,. Thus, 2KH521-4 and its parental clone 98H23-21
were probably unintentional selections with higher heterozy-
gosity in S, and S; populations, respectively (Phumichai et
al. 2004). In contrast, 2H22—4 and 2H22-84, showing SOPH
values of 20.6% and 17.7%, respectively, were likely unin-
tentional selections. with lower heterozygosity in the S; fam-
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Table 1. Total number and percentage of plants that were self-pollinated and those that
successfully produced seeds by self-pollination (= selfers). See text for details.

No. of plants Self-pollinating

Generation grown plants Flowers Selfers
Inbred series A

Fi (Sp) 1 1 (100%) 10 1 (100%)
Sy 91 57 (62.6%) 401 47 (82.5%)
S, 11 3 (27.3%) 15 2 (66.7%)
S; 81 37 (45.7%) 307 20 (54.1%)
S, 424 30 (7.1%) 132 8 (26.7%)
Inbred series B

F, (Sp) 209 90 (43.1%) 578 60 (66.7%)
S 831 186 (22.4%) 712 67 (36.0%)
S, 315 58 (18.4%) 231 16 (27.6%)
S5 118 38 (32.2%) 282 15 (39.5%)
S, 106 55 (51.9%) 727 28 (50.9%)
Ss 427 115 (26.9%) 536 43 (37.4%)

Fig. 2. Segregating RFLP loci in the most advanced selfed progenies in inbred series A and B. Asterisks indicate loci showing signifi-
cant segregation distortion at the 5% level. Each chromosome linkage map was trisected into a, b, and ¢, and the chromosome section
based observed percentage of heterozygosity was obtained.

A 1 2 3 4 5 6 7 S 9 10 11 12
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123 —p7se | 1G421* N p1geo  [FTG30 CT156
TG34 16152 263 1-pogg *
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'3Has | [3Hs6 ] {3H5
-P858
ily (the mean SOPH = 30.8%) (Table 2). For the S, families Eleven and 9 loci segregated in the 3H94 and 3H100 fam-

3H94 and 3H100, the mean LOPH values obtained were ilies, respectively, of which 4 loci on 2 sections (1c¢ and 8a)
9.6% and 8.2%, respectively, and the mean SOPH values were common (Fig. 2A). Four loci (TG413, TG510, TG421,
obtained were 12.0% and 9.4%, respectively. and CT71) showed significant segregation distortion at the
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5% level in either 1 of the 2 S, families, while the P1005 lo-
cus was distorted in both families but differently in each
family.

AFLP banding patterns were obtained using 22 AFLP
primer combinations, generating a total of 304 bands segre-
gating (present versus absent) in the S; family. Assuming
that each band was controlled by 1 locus, AFLP loci indi-
cated a steady decrease in LOPH as the selfed generation
proceeded (Table 2). The AFLP estimates for LOPH were
often much higher than those for RFLP. The real reason is
unknown, but might be that heterozygous loci were some-
times doubly counted as a result of the silver-staining
method that stained both strands of a denatured DNA frag-
ment.

Heterozygosity in inbred series B

Fifty-nine of 121 RFLP loci surveyed segregated in the S,
family (3H2), which covered 29 chromosome sections. In
addition, 326 segregating AFLP bands were used to monitor
the inbreeding process of inbred series B. RFLP phenotypes
provided no evidence for either contamination by accidental
out-crossing or new mutations, because bands present in the
selfed progeny were all present in the initial S, plant 9H2-1.

The SOPH decreased steadily from the original 100% in
99H2-1 (Sy) to the family means of 62.4% in 3H2 (S)),
37.9% in 3H3 (S,), 9.9% in 2H32 or 10.4% in 2H34 (both
S,4), and 6.0-12.2% in each of 3H86, 3H88, and 3H5 (all Ss)
(Table 2). The S, parent (SOPH = 65.5%) was more hetero-
zygous than the population mean (SOPH = 62.4%). One of
S5 families, 3H86, showed a higher SOPH (12.2%) than the
mean SOPH of its parental 2H32 population (9.9%). This
was because 2H32-3, a true parental clone of the 3H86 fam-
ily not used for the DNA analysis, was estimated to be
SOPH = 20.7%, which was distinctly higher than the SOPH
estimates from any 2H32 plants used for DNA analysis.

Genetic segregation occurred in 12 loci in 3H86, 8 loci in
3H88 and 3 loci in 3H5 families, none of which were com-
mon in the 3 S5 families (Fig. 2B). Only locus CT79 in the
3H86 family showed distorted segregation favoring one of
homozygote genotypes. The LOPH estimated by AFLP
bands were somewhat similar to those by RFLP, indicating
the gradual decrease of heterozygosity through selfing gen-
erations (Table 2).

Comparison between inbred series A and B

For inbred series A, all available SOPH (RFLP) and
LOPH (AFLP) values for each generation (Table 2) were
pooled and averaged. These averages were as follows: 100%
in Sy, 57.4% in S|, 57.6% in S,, 31.3% in S5, and 10.7% in
S4, with an average of 38.4% reduction per generation. For
inbred series B, the averages were 100% in S, 69.0% in S,
37.9% in S,, 24.9% in S3, 15.6% in S, and 8.6% in S5, with
an average of 38.5% reduction per generation. Thus, both
inbred series experienced decreases in their levels of
heterozygosity, with approximately the same rate by selfing,
although the reduction rates fluctuated greatly among gener-
ations in series A. There was neither a heterozygous chro-
mosome section nor a distorted locus common to all 5 of the
advanced self-progeny (Fig. 2).

Table 2. Locus-based observed percentage of heterozygosity (LOPH) or chromosome section-based observed percentage of heterozygosity (SOHP) estimated using RFLP and

AFLP markers. For parental clones, LOPH and SOPH were estimated by the proportion of segregating loci in their progeny, while those for the progeny were represented by

the mean with the range in parentheses.

Progeny

Parent

SOPH LOPH

(RFLP)

LOPH

SOPH (RFLP)
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Discussion

There have been various studies on the inbreeding of dip-
loid cultivated potatoes using self-compatible variants (De
Jong and Rowe 1971; Olsder and Hermsen 1976; De Jong
1977; Hermsen 1978; Birhman and Hosaka 2000; Phumichai
et al. 2004). However, to our knowledge, inbreeding has
never reached beyond S,, and this is the first report that self-
fertile S5 diploid inbreds with more than 90% homozygosity
were produced. This demonstrated that highly homozygous
and seed-propagated diploid potatoes could be obtained us-
ing the S/i gene. Because of the simple procedure (crossing
with a Sli gene donor, then continued selfings), the S/i gene
method may be a better alternative in obtaining such inbreds.
In this study, we paid little attention to tuber yield because
most self-pollinations were made on seedlings. Nevertheless,
some S, plants in inbred series A produced considerable tu-
ber yields (data not available). Thus, these advanced inbreds
may be valuable genetic stocks for studying the mechanism
of heterosis and for producing hybrid variety at the diploid
level.

The frequencies of plants that were self-pollinated and ac-
tually selfed decreased constantly in inbred series A. Since
the parental clone 97H32-6 was considered to be a S/i gene
homozygote (Phumichai et al. 2004), the decrease of the
selfer frequency seems solely due to the reduction in general
fertility, as demonstrated by increasing frequencies of plants
that did not flower or produce pollen. In comparison, inbred
series B maintained relatively constant frequencies of flow-
ering plants and selfers throughout selfing generations,
which might be explained partly by a strong selection pres-
sure for fertility in the initial stage (4.1% were selected be-
fore selfings started). However, the fact that only 1 of 7
cross combinations reached Ss generation indicates that seri-
ous loss of fertility is typical in most families. Thus, in-
breeding depression, typically expressed as reduced pollen
viability and tuber yield (Krantz 1924, 1946; Mendiburu and
Peloquin 1977; Ross 1986; Golmirzaie et al. 1998a, 1998b),
will certainly limit continued selfing of the present diploid
inbreds.

Continuous selfing may eliminate undesirable recessive
alleles as they become homozygous and may in turn lead to
the recovery of fertility with advancing generations (Busbice
1968; Pfeiffer and Bingham 1983; Ray and Bingham 1992).
This expectation is not supported by the present study, be-
cause there was no indication of fertility recovery even at
the S5 generation. Fertility-related traits, such as flowering
or nonflowering, pollen shedding, pollen fertility, self-
compatibility, and seed fertility appear to be under polygenic
control except for self-compatibility, which is controlled by
the SIi gene. A large population would be necessary to si-
multaneously select desirable gene combinations and elimi-
nate undesirable genes. Alternatively, a slower approach to
homozygosity using sib mating or composite sibbing of
inbreds may permit more effective selection before complete
fixation occurs (Kinman 1952).

The observed average percentage of reduction of hete-
rozygosity per generation (38.4% or 38.5%) was lower than
the theoretically expected value of 50%. The slower than ex-
pected decline in heterozygosity has been reported by Brouwer
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and Osborn (1997) with inbreeding diploid alfalfa and by
Scotti et al. (2000) with inbreeding tetraploid alfalfa. Conse-
quential selection for vigor and fertility during selfing has
been suggested as the cause (Brouwer and Osborn 1997).
We previously suggested that reproductive traits, such as
flowering versus nonflowering and the degree of pollen pro-
duction, were strongly correlated with heterozygosity, and
selection for fertility favored the more heterozygous plants
(Phumichai et al. 2004). Pollen performance might also be
involved because the level of heterozygosity in the
sporophyte affects the phenotypic expression of the game-
tophyte or pollen viability (Ortiz and Peloquin 1994,
Stephenson et al. 2001). In this study, however, the levels of
heterozygosity of the parental clones (selfers) were not al-
ways higher than the population means. Thus, other factors,
such as seed germination ability and vegetative vigor, could
have been involved in unintentional selection.

In conclusion, heterozygosity might be correlated with
both fertility and viability, which agrees with numerous in-
breeding studies (Krantz 1946; Wilsie 1958; Jugenheimer
1976; Ray and Bingham 1992). However, there was no ap-
parent indication for the presence of an exclusively hetero-
zygous locus or chromosome section, which is possibly
related to plant survivability. Thus, further continuous
selfings, if possible, would bring about near pure lines: 99%
homozygosity at S, based on a theoretical calculation from
the observed 38.4%—-38.5% reduction rate in heterozygosity,
or at S;, based on the theoretical 50% reduction rate.
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