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Abstract The Endosperm Balance Number (EBN) assigned
to each species can foresee success or failure of a given
interspecific cross in potatoes, although the underlying
molecular basis is poorly studied. We found that the cross of
Solanum demissum as female with a breeding line Saikai 35
constantly produced larger seeds (0.94 mg) than those from
the reciprocal cross (0.39 mg), suggesting a slightly lower
EBN in S. demissum. Crossing behaviors, measured by
berry-setting rates, seeds/berry and seed size, in the
reciprocal F; and BC; progenies suggest at least three
genetic factors involved in normal seed development: 1) a
cytoplasmic factor, and nuclear genome-encoded factors
functioned 2) in female gametophyte and 3) in pollen. Thus,
these materials are useful in exploring the molecular
mechanism of EBN, because the degree of imbalanced
EBN could be measured as quantitative traits.

Resumen El numero de balance endospérmico (EBN)
asignado a cada especie puede anticipar éxito o fracaso en
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tuberosum,

una cruza dada interespecifica en papa, aunque la base
molecular en la que se respalda es estudiada pobremente.
Encontramos que la cruza de Solanum demissum como
hembra con una linea de mejoramiento Saikai 35 produjo
constantemente semillas mas grandes (0.94 mg) que las de la
cruza reciproca (0.39 mg), sugiriendo un EBN ligeramente
mas bajo en S. demissum. Los comportamientos de las
cruzas, medidos por los niveles de formacion de frutos,
semillas/fruto y tamafio de semilla, en las progenies de F1
reciproca y BCI, sugieren por lo menos tres factores
genéticos involucrados en el desarrollo normal de semillas:
1) un factor citoplasmico, y funcionamiento de factores
citoplasmicos codificados por el genomio nuclear 2) en
gametofitos de la hembra y 3) en polen. De aqui que estos
materiales son tutiles en la exploracion del mecanismo
molecular de EBN, porque el grado de desbalanceamiento
de EBN pudiera medirse como caracteres cuantitativos.

Keywords Backcross - Endosperm Balance Number -
Interspecific crossing barrier- Reciprocal F; hybrids - Seed
size

Introduction

In the interspecific and inter-ploidy crosses of Arabidopsis,
endosperm growth is controlled by a balance between
maternally contributed Polycomb repressive complex pro-
teins and paternally contributed AGAMOUS-LIKE Type-1
MADS domain transcription factors in a dosage-dependent
manner (Dilkes and Comai 2004; Josefsson et al. 2006;
Walia et al. 2009; Kohler et al. 2010). However, little is
known on the molecular basis for seed development in
interspecific crosses in potato and its relatives (the tuber-
bearing Solanum species).
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A conceptual explanation, known as the Endosperm
Balance Number (EBN) hypothesis (Johnston et al. 1980),
has been proposed for endosperm development in interspe-
cific crosses in potato (Ehlendfeldt and Ortiz 1995).
According to this hypothesis, a balance of 2:1 maternal to
paternal EBN dosage in the endosperm, independent of
ploidy, is required for normal endosperm development. EBN
values for the various potato species have been determined
based on the ease of crossability between standard testers as
pollen parents and the species in question, and 2x(1EBN), 2x
(2EBN), 4x(2EBN), 4x(4EBN) and 6x(4EBN) species have
been identified (Hanneman 1994). The same biological
concept, the polar-nuclei activation (PNA) hypothesis has
been proposed by Nishiyama and Yabuno (1978) to explain
the diverse interspecific crosses in the genus Avena (Katsiotis
et al. 1995). The degree of the polar nuclei activation is
expressed by the ‘activation index’ (Al), which is the ratio of
the ‘activating value’ (AV) of the male gamete to the
‘response value’ (RV) of the female gamete. In a self-
pollinated plant AV = RV, and the Al = (AV/2RV)x100=
50%, which is the most balanced condition resulting in
normal endosperm development. Depending on the Al of
the polar nuclei, the kernel type becomes different: AI<
20%—small inviable kernels, 20%<AI<30%—small
viable kernels, 30%<AI<80% —normal viable kernels,
and 80%<Al—Ilarge shriveled-empty inviable kernels
(Nishiyama and Yabuno 1978). Although for judging the
seed viability, plumpness, germinability and/or size are
considered (Johnston and Hanneman 1980), seed size
itself is not a criterion in determining EBN values. In
contrast, kernel size is an important criterion to determine
the species’ AV or RV.

Analyses of hybrids between Mexican species of 4x
(2EBN) and a South American, colchicine-doubled 4x
(2EBN) S. commersonii, or hybrids between a South
American 4x(2EBN) S. acaule and a colchicine-doubled
4x(2EBN) S. commersonii, disclosed lack of recombination
and segregation for EBN in these hybrids, suggesting that
these 4x(2EBN) species carry EBN in a genetically similar
way (Bamberg and Hanneman 1990; Bamberg 1994).
Ehlendfeldt and Hanneman (1988) obtained exceptional
inter-EBN hybrids (1.5 EBN) from the cross between 2x
(1EBN) S. commersonii and 2x(2EBN) S. chacoense, and
conducted a complete diallele cross including the excep-
tional hybrids and their parents. They observed that a slight
excess of maternal dosage produced viable seeds of reduced
size, while a slight excess of paternal dosage produced
large seeds or aborted seeds. Based on the observation they
proposed a genetic model for EBN, controlled by three
unlinked, additive loci in a threshold-like system (Ehlendfeldt
and Hanneman 1988). Alternatively, Camadro and Masuelli
(1995) proposed a model that the EBN is controlled by two
independent loci with two alleles in homozygosity per

genome; that is, 4x(2EBN) S. acaule carrying in homozy-
gosity the alleles “0.5” and “0”, 2x(1EBN) S. commersonii
carrying the alleles “0.5” and “0” and 2x(2EBN) S. gourlayi
carrying the alleles “0.5” and “0.5”. Therefore, although the
EBN is practically useful to predict success or failure of a
given interspecific cross in potatoes (Ortiz and Ehlenfeldt
1992), genetic understanding of EBN is still controversial.
The previous studies were conducted using exceptional
hybrids from inter-EBN crosses, so that seemingly, these
materials never generated fertile progenies to assess their
EBNSs. Consequently, studies on genetic and molecular bases
of EBN have been greatly limited due to lack of genetic
materials.

Solanum demissum Lindl. is a hexaploid Mexican wild
species (2n=6x=72), and widely used in potato breeding as a
source of resistance to the most serious disease, late blight
(Phytophthora infestans) (Ross 1986; Plaisted and Hoopes
1989). Both the common potato (S. tuberosum L. 2n=4x=
48) and S. demissum readily produced plump seeds when
crossed with 4x(4EBN) testers, thus having been assigned
4EBN (Johnston and Hanneman 1980; Hanneman 1994).
Although S. demissum has an allohexaploid genome struc-
ture (AADDD’D?, Matsubayashi 1991), we can easily obtain
a pentaploid hybrid from S. demissum x S. tuberosum when
S. demissum was used as a female parent. The resultant
pentaploid F; hybrids produce abundant normal-looking
pollen grains, but are non-functional as males, and usually
produce seeds only if backcrossed with the pollen of S.
tuberosum (Dionne 1961).

We successfully obtained interspecific hybrid seeds from
S. demissum SH109-5 by a breeding line Saikai 35 and the
reciprocal cross, and noticed that the seed sizes were very
different between reciprocal hybrids. For this reason,
thousands of crosses between S. demissum and S. tuber-
osum and among the resultant progenies with various
combinations were made. In this article, we report that the
crosses between S. demissum SH109-5 and a breeding line
Saikai 35 and the subsequent F; and BC; progenies would
become useful plant materials to explore the underlying
genetic and molecular mechanisms of EBN. We found at
least three genetic factors involved in normal seed
development: 1) a cytoplasmic factor, and nuclear
genome-encoded factors functioned 2) in female gameto-
phyte and 3) in pollen, which are possibly associated with
EBN.

Materials and Methods
Plant Materials

Seeds of 25 accessions of S. demissum with different PI
numbers (161149, 161155, 161164, 161169, 160208,
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160220, 160222, 161365, 161366, 161719, 161729,
175408, 175411, 175423, 186551, 186556, 201850,
201853, 205518, 230488, 230559, 230579, 338619,
365381 and 365382) were obtained from the Potato
Introduction Station (NRSP-6), Sturgeon Bay, Wisconsin,
USA. A male and female fertile breeding line, Saikai 35,
was crossed with S. demissum. Most of S. tuberosum
cultivars have chloroplast DNA of T type, as defined by
Hosaka (1986), and mitochondrial DNA of (3 type, as
defined by Lossl et al. (1999), (Léssl et al. 2000). The T/
type cytoplasm often causes male sterility by interaction
with chromosomal genes (Grun 1979). However, Saikai 35
was maternally descended from S. phureja, having S-type
chloroplast DNA and e-type mitochondrial DNA, which
does not cause cytoplasmic male sterility in the progeny.

F, and BC, progenies analyzed in this study were all
derived from SH109-5 (S. demissum PI 186551) and Saikai
35. Since S. demissum is highly self-fertile and homogeneous
as evidenced by random amplified polymorphic DNA
analysis (unpublished data), we assumed SH109-5 and the
selfed plants were all genetically identical and collectively
referred to as D. Saikai 35 was referred to as T hereinafter.
The cross between D as female and T as male generated DT
family (6H37) and the reciprocal cross TD family (6H38).
Four plants of DT family (6H37-2, -6, -13 and -23) and four
plants of TD family (6H38-7, -8, -19 and -23) were crossed
as female with T, deriving BC; families (DT)T and (TD)T,
respectively. One plant of DT family (6H37-23) and four
plants of TD family (6H38-43, -58, -84 and -73) were
crossed as female with D, deriving BC; families (DT)D and
(TD)D, respectively.

Crossing

All crosses were made in an ordinary manner. Berries were
collected 1 month after pollination and seeds were extracted
after another 1 month. When seeds were extracted, matured
berries were squeezed in water and the debris was flushed
out to collect only plump seeds. The seeds were dried
naturally and then in a desiccator, followed by counting
number of seeds and measuring the weight.

Hybridity Test

Somatic chromosome numbers in root-tip cells were
counted by the method of Kurata and Omura (1978)
with a slightly modified enzyme solution (2% Cellulase
Onozuka RS, 1.5% Macerozyme R-10, 0.3% Pectolyase,
1 mM EDTA, pH adjusted to 4.2). A median from four or
five cell counts was used as the somatic chromosome
number of each plant.

Total DNA was extracted from fresh leaves by the
method of Hosaka and Hanneman (1998). Amplified
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fragment length polymorphism (AFLP) analysis (Vos et
al. 1995) was performed to compare parents and the
reciprocal hybrids. Total DNA was double-digested by
Mspl and EcoRl, ligated to adapters, pre-amplified and
selectively amplified by the method essentially described in
Vos et al. (1995). Adapter and primer sequences were
described in Xiong et al. (1999). For pre- and selective
amplification, PCR was set-up in volumes of 10 pl
consisting of 0.3 uM primer, 5 pl of Ampdirect® Plus
(Shimadzu Co., Japan) and 0.25 units Tug DNA polymerase
(Nova Tag™ Hot Start DNA polymerase, Novagen®,
USA). A total of 126 primer combinations with seven
EcoRI primers and 18 Mspl primers were used for selective
amplification. The amplification products were electro-
phoresed on 4% denaturing polyacrylamide gels, and
silver-stained (Bassam et al. 1991).

Observation of Pollen Tube Growth

Flowers were emasculated a day before flowering and
pollinated. Styles and ovaries were collected 48 h later after
pollination, fixed in FAA (1 : 3 = glacial acetic acid :
ethanol) at 4°C for 24 h, and after rinsing in water for
30 min, stored in 70% ethanol at 4°C. The pollen tube
growth was observed using the aniline blue method
modified from Sitch and Snape (1987) as follows . The
samples were washed and rehydrated in distilled water for
30 min, and then, softened in 70% lactic acid in a boiling
water bath for 10 min. After cooling to room temperature,
samples were washed in distilled water for 1 h and left in
0.1 M K;PO, buffer at 4°C overnight. They were then
stained in decolorized aniline blue solution (0.2% w/v in
0.1 M K,HPO, buffer, pH 11.0) for 3 h. The stained
samples were cut with a pair of tweezers, mounted under a
cover slip and examined using a fluorescence microscope
(Nikon HB-10101AF). The yellow florescence emitted by
the stained callose plugs and the linings of pollen tubes
were visualized under ultra-violet light.

Results

Reciprocal Crosses between S. tuberosum
and S. demissum

One hundred and twenty-two plants raised from 25 S.
demissum accessions with different PI numbers (3—10
seedlings per accession) were selfed. The mean berry-
setting rate among 122 plants was very high (92.8%)
compared with that of Saikai 35 self (68.1%) (Table 1). The
number of seeds per berry (166.8) and the mean seed
weight (0.41 mg) were not much different from those of
Saikai 35 self.
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Table 1 Crossing behavior in S. tuberosum, S. demissum and their reciprocal crosses

Cross combination® Flowers Berries Successful cross combinations Seeds/berry Seed weight (mg)
No. Mean (%)° SD Mean® SD Mean® SD

Saikai 35 self 69 47 1 68.1 - 219.5 - 0.49 -

S. demissum (122) self 449 418 119 92.8 19.62 166.8 47.22 0.41 0.063

S. demissum (110) x Saikai 35 488 395 110 81.2 22.77 34.0 19.27 0.94 0.201

Saikai 35 x S. demissum (28) 232 45 17 18.7 20.93 113.2 61.71 0.39 0.032

# Combinations shown in order of female x male. The number of genotypes involved in the cross combination given in parenthesis

®Mean of the berry-setting rates (percent berries/flowers) over all cross combinations

©Mean among successful cross combinations
SD standard deviation

All 110 S. demissum plants (2—5 seedlings per accession)
set berries with the pollen from Saikai 35. The mean berry-
setting rate was 81.2%. The reciprocal cross was also
successful, although the mean berry-setting rate was low
(18.7%). The cross of S. demissum % Saikai 35 produced

34.0 seeds per berry and the mean seed weight of 0.94 mg,
which were significantly lower and heavier (P<0.001) than
the reciprocal cross (113.2 and 0.39 mg, respectively)
(Fig. 1a). The seed size obtained in a berry was consider-
ably uniform in these crosses. When the mean seed size

Fig. 1 Characterization of
reciprocal interspecific hybrids a
between D and T. a Seed size in
TD (left) and DT (right). b AFLP
banding patterns with E-AGC and
M-TGC primers (1 T, 2 D, 3 TD
bulk, 4 DT bulk). ¢ Somatic
chromosomes in the root tip cells
of TD (left, 6H38-19, 2n=60) and
DT (right, 6H37-6, 2n=60). d
Meiosis at metaphase I in TD
(left, 6H38-19, 1TV + 5T + 1711 +
71) and DT (right, 6H37-6, 11V +
SII1 + 1611 + 91)
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was over 0.80 mg, it is defined as large, because seed sizes
in inter-varietal and interspecific hybrids ranged normally
from 0.40 to 0.70 mg (unpublished data). In the following
experiments, only two parental genotypes were extensively
used: 5SH109-5 (S. demissum PI 186551) and the selfed
progeny (collectively referred to as D) and Saikai 35
(referred to as T).

Hybridity Test of Reciprocal Interspecific Hybrids

DNA samples from 6 DT hybrids and those from 7 TD
hybrids were bulked, separately. Using 126 AFLP primer
pairs, over 12,500 DNA fragments were compared between
the two bulked DNA samples, which were identical and the
sum of the parental AFLP banding patterns (Fig. 1b),
except for a few bands reported elsewhere (Sanetomo and
Hosaka 2011). These results supported their hybrid status.

Cytological Analysis of Reciprocal Hybrids and Backcross
Progenies

Three DT (6H37-5, -6 and -15) and three TD (6H38-2, -8 and -
19) hybrids were counted for somatic chromosome numbers,
all of which had 60 chromosomes (Fig. 1c). Chromosome
pairing configurations at metaphase-I were observed for one
DT hybrid (6H37-6) and one TD hybrid (6H38-19), which

showed 0.50IV+4.75111+17.0811+9.671 (n=12) and 0.33IV+
5.2511+17.9211+7.081 (n=12), respectively (Fig. 1d). These
configurations were similar to those reported by Irikura
(1976) and Matsubayashi (1991), confirming these were
pentaploid interspecific hybrids.

Somatic chromosome numbers were determined for 105
plants of (DT)T (derived from 6H37-6 x T) and 100 plants
of (TD)T (derived from 6H38-19 x T). Both BC, families
showed normal distributions for the chromosome number;
(DT)T ranging from 49 to 59 with an average of 53.5 (SD=
1.98) and (TD)T ranging from 49 to 60 with an average of
53.8 (SD=1.93). No significant difference was found
between the two families (r=1.15, P>0.25).

Crossing Behavior of DT and TD Reciprocal Hybrids

Selfing and sib-crossing of DT hybrids as male were all
unsuccessful (Table 2), whereas 4 of 17 TD hybrids set 1-3
berries by selfing and 6 of 53 sib-mating combinations
using TD hybrids as male set 1-3 berries, resulting in
relatively low mean berry-setting rates (1.7-5.6%) and
small numbers of seeds/berry (3.7-10.1).

DT x T showed similar crossing behavior to TD x T.
66.7% of DT and 73.2% of TD hybrids set berries with the
mean berry-setting rates of 24.5 and 30.8% and the mean
seeds/berry of 32.3 and 33.2, respectively. DT (grown from

Table 2 Crossing behavior of reciprocal F; hybrids DT (S. demissum SH109-5 x Saikai 35) and TD (reciprocal)

Cross combination® Flowers Berries Successful cross combinations Seeds/berry Seed weight (mg)
No.® Mean (%)° SD Mean* SD Mean* SD
DT (55) self 223 0 0 0 - - - - -
TD (17) self 161 7 4 42 8.42 10.1 2.25 0.73 0.081
DT (13) x DT (11) 66 0 0/23 0 - - - - -
TD (14) x DT (24) 118 0 0/41 0 - - - - -
DT (10) x TD (10) 79 1 1/20 1.7 7.45 7 - 0.69 -
TD (11) x TD (10) 120 7 5/33 5.6 16.09 3.7 1.76 1.03 0.254
DT (21) x T 183 45 14 24.5 26.23 323 13.61 0.93 0.162
TD (71) x T 426 141 52 30.8 28.17 332 14.09 0.97 0.107
T x DT (25) 103 0 0 0 - - - - -
T x TD (31) 103 0 0 0 - - - - -
DT (40) x D 150 30 16 21.7 31.03 62.2 26.09 0.53 0.080
TD (28) x D 171 34 14 253 31.84 84.3 34.70 0.59 0.036
D x DT (9) 94 19 7 24.2 25.63 30.0 17.74 0.62 0.082
D x TD (16) 123 78 16 64.9 22.11 46.2 17.55 0.63 0.078

# Combinations shown in order of female x male. The number of genotypes involved in the cross combination given in parenthesis. D denotes

plants derived by selfing S. demissum SH109-5. T denotes Saikai 35

® Sib-crosses are indicated by the numbers of successful cross combinations/total combinations

©Mean of the berry-setting rates (percent berries/flowers) over all cross combinations

¢Mean among successful cross combinations

SD standard deviation
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large seeds) x T produced large seeds of 0.93 mg, and
interestingly, TD (grown from small seeds) x T produced
also large seeds of 0.97 mg. When DT and TD were used as
male onto T, no berry set.

Likewise, DT x D showed similar crossing behavior to TD x
D: 40.0% of DT and 50.0% of TD hybrids set berries with the
mean berry-setting rates of 21.7 and 25.3%, respectively. The
mean seeds/berry was 62.2—84.3 and the mean seed weight of
0.53-0.59 mg. In the reciprocal crosses, although 7 of 9 DT and
all 16 TD hybrids set berries onto D, DT and TD hybrids
showed significantly different performances. TD hybrids set
berries with the significantly higher berry-setting rate (64.9%)
and larger number of seeds/berry (46.2) than DT hybrids
(24.2% and 30.0, respectively) (P<0.001 and P=0.023,
respectively). Their mean seed weights were similar (0.62—
0.63 mg). In these reciprocal crosses with D, however, it was
noticed that berries contained many large empty shriveled, or
aborted seeds (uncounted), and even the size of plump seeds
remarkably varied in a berry, although the standard deviation
among mean seed weights for each cross combination was not
high (Table 2).

Crossing Behavior of BC; Plants

In any cross combinations involving BC; plants (DT)T,
(TD)T, (DT)D and (TD)D, successfulness of crossing
largely differed between individual plants, or likely segre-
gated. Moreover, successful crosses produced berries
containing many large empty shriveled, aborted seeds, and
a wide range of seed size variation was observed (Fig. 2). In
a few cross combinations, seed size within a berry was
relatively uniform.

Ten of 83 (DT)T and 43 of 112 (TD)T plants set berries
by selfing. Thus, (TD)T was more successful (the berry-
setting rate of 25.1%) and produced a higher number of

20.0

OOEDTT_|

18.0 W W (TD)TxT

16.0
14.0 (1
12.0
(%) 100
8.0
6.0
4.0
2.0

0.0
0.0 0.5 1.0 1.5

Seed weight (mg)

Fig. 2 Variation in seed weight observed among BC, seeds obtained
by combined data from 10 randomly chosen cross combinations in
each of (DT)T x T and (TD)T x T

mean seeds/berry (55.9) than (DT)T (8.4% and 19.3,
respectively) (Table 3). In the sib-crosses, again, (TD)T
plants were more successful as males: the pollen from (TD)
T plants set more berries (13.7-14.8%) and produced the
higher number of seeds/berry (35.3—48.7) than that from
(DT)T plants (3.3-11.0% and 14.8-27.2 seeds/berry,
respectively). In the crosses with T, (DT)T x T and
(TD)T x T showed higher berry-setting rates (28.6—49.2%)
and heavier mean seed weight (0.80—0.84 mg) than their
reciprocal crosses (1.5-14.7% and 0.57-0.67 mg, respec-
tively). In addition, (TD)T x T showed higher berry-setting
rates than (DT)T x T (49.2% vs. 28.6%), and T x (TD)T
higher than T x (DT)T (14.7% vs. 1.5%). In the reciprocal
crosses with D, the berry-setting rates were relatively high
except for the cross D x (DT)T (8.4%). (DT)T x D and (TD)
T x D produced the larger number of mean seeds/berry
(66.3-74.3) and smaller seed weight (0.45-0.48 mg) than
their reciprocal crosses (14.4-31.5 and 0.80-0.85 mg,
respectively).

Selfing of (DT)D and (TD)D plants was unsuccessful.
One (DT)D plant set one seedless berry, and another one
set two selfed berries, of which only one contained one
seed weighing 0.50 mg. Thus, the mean seeds/berry for
(DT)D family became 0.50. Likewise, five of 111 (TD)D
plants set 14 berries by selfing, but only six berries from
one plant contained a total of 11 seeds. (DT)D x T and
(TD)D x T set berries (the mean berry-setting rates of
14.5% and 22.7%, respectively), but the number of
seeds/berry was low (5.2 and 5.3, respectively). T x
(DT)D and T x (TD)D set no berry, although the number
of pollinations might not be sufficient. In the reciprocal
crosses of (DT)D and (TD)D with D, only (TD)D x D
showed the moderate berry-setting rate (13.4%). In the
cross D x (TD)D, only one of seven plants set one berry
containing the relatively high number of seeds (85) with
uniformly small size (the mean seed weight of 0.30 mg,
ranging from 0.2 to 0.4 mg). (DT)D x D and the
reciprocal crosses failed to set berry.

Observation of Pollen Tube Growth

Pollen tubes in reciprocal crosses between T and D
penetrated styles normally, reached the base of styles
(Fig. 3b) and entered gaps between ovules (Fig. 3c),
which strongly indicated that normal fertilization oc-
curred. Even in unsuccessful crosses such as selfing DT
and TD, or T x DT and T x TD, pollen tubes were
penetrating through styles towards ovaries (Fig. 3a) and
reached ovaries (Fig. 3d). In the crosses D x DT and D x
TD, a differential crossing ability was found as described
above. Yet, pollen tubes of both DT (less successful
parent, Fig. 3e) and TD (successful parent, Fig. 3f)
apparently reached ovaries of T.
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Table 3 Crossing behavior of BC; hybrid families (DT)T, (TD)T, (DT)D and (TD)D

Cross combination® Flowers Berries Successful cross combinations Seeds/berry Seed weight (mg)
No.’ Mean (%)° SD Mean® SD Mean® SD

(DT (83) self 289 27 10 8.4 24.44 19.3 18.00 0.68 0.076
(TD)T (112) self 442 102 43 25.1 37.32 55.9 42.63 0.62 0.101
(DT (33) x (DT)T (30) 121 4 4/48 3.3 11.50 14.8 17.73 0.59 0.238
(TD)T (31) x (DT)T (19) 85 9 6/35 11.0 27.72 27.2 19.54 0.82 0.206
(DT (21) x (TD)T (18) 61 10 6/27 14.8 29.63 353 11.59 0.62 0.076
(TD)T (68) x (TD)T (41) 206 31 23/88 13.7 25.84 48.7 28.57 0.65 0.100
(DDT 36) x T 190 41 21 28.6 32.82 50.6 22.98 0.84 0.108
(TD)T (87) x T 493 212 70 49.2 34.22 533 26.22 0.80 0.130
T x (DT)T (43) 128 3 3 1.5 5.97 31.3 26.35 0.57 0.068
T x (TD)T (33) 118 18 12 14.7 22.62 53.8 19.82 0.67 0.131
(DT)T (33) x D 119 41 21 37.8 38.31 74.3 39.64 0.48 0.094
(TD)T (38) x D 142 51 24 41.8 39.31 66.3 43.60 0.45 0.097
D x (DT)T (46) 258 22 14 8.4 16.01 144 13.37 0.80 0.230
D x (TD)T (40) 247 109 33 422 29.62 31.5 23.55 0.85 0.227
(DT)D (29) self 201 3 1(+1) 2.3 9.68 0.5 - 0.50 -
(TD)D (111) self 772 14 1 (+4) 2.5 13.12 1.8 - 0.58 -
(DT)D (16) x T 87 9 5 (+1) 14.5 21.91 52 2.17 0.76 0.131
(TD)D (75) x T 376 85 27 (+5) 22.7 32.29 5.3 3.92 0.88 0.253
T x (DT)D (8) 11 0 0 0.0 - - - - -

T x (TD)D (6) 9 0 0 0.0 - - - - -
(DT)D (7) x D 27 0 0 0.0 - - - - -
(TD)D (53) x D 215 36 16 134 23.01 30.9 19.20 0.50 0.093
D x (DT)D (7) 9 0 0 0.0 - - - - -

D x (TD)D (7) 11 1 1 14.3 37.80 85 - 0.30 -

# Combinations shown in order of female x male. The number of genotypes involved in the cross combination given in parenthesis. D denotes

plants derived by selfing S. demissum SH109-5. T denotes Saikai 35

®Sib-crosses are indicated by the numbers of successful cross combinations/total combinations. Plus numbers in parentheses indicate the number

of plants that set only seedless berries

©Mean of the berry-setting rates (percent berries/flowers) over all cross combinations

9Mean among successful cross combinations
SD standard deviation

Parental and Cytoplasmic Effects

Mean values of the berry-setting rate, seeds/berry and seed
weight were extracted from Tables 1, 2 and 3 and arranged
to display parental (as female or male) and cytoplasmic (D
or T cytoplasm) differences in Table 4.

There was a tendency that the percentage berries/flower
was positively correlated with mean seeds/berry (#=0.503),
but the mean seeds/berry was negatively correlated with
seed weight (¥=—0.460). Thus, the berry-setting rate, seeds/
berry and seed weight were likely associated among them,
indicating that if a certain cross easily sets berries, more
number of seeds with small sizes were expected.

In addition to this general association, we found three
tendencies. First, the cytoplasmic difference was prom-
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inent. Irrespective of being crossed as male or female,
F, and BC, progenies with T cytoplasm always showed
higher berry-setting rates (the average of 2.04 times) than
those with the D cytoplasm (¢r=3.852, P<0.001, by the
paired ¢ test). Second, irrespective of cytoplasm or male
parent, when F; and BC; progenies were crossed as
female, the berry-setting rates decreased with increasing
D-derived germplasm in the female; that is, (DT)D < DT <
(DT)T or (TD)D < TD < (TD)T (theoretically consisted of
the average of 82%, 60% and 33% D germplasm,
respectively). The third finding was a little complicated.
When the F; and BC; progenies were used as males,
berry-setting rates were optimized under a certain balance:
onto T, only (DT)T or (TD)T hybrids with 33% D
germplasm set berries, whereas onto D, DT or TD hybrids
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Fig. 3 Florescence microscopic
observations of pollen tube
growth, penetrating style (a) and
reaching ovaries (b-f). a Selfing
TD (6H38-10). bD x T. ¢ T x D.
d T x DT (6H37-6). e D x DT
(6H37-15). f D x TD (6H38-8)

with 60% D germplasm showed the highest berry-setting
rates. In the latter case, (DT)T or (TD)T plants with less D
germplasm (33%) in pollen produced heavier seeds, while
(DT)D or (TD)D plants with larger D germplasm (82%) in
pollen produced smaller seeds.

Discussion

It is generally known that S. demissum easily sets berries
with the pollen of S. tuberosum, while the reciprocal cross
is unsuccessful. The resultant pentaploid F; hybrids are
non-functional as males, and produce seeds only if back-
crossed with the pollen of S. tuberosum (Dionne 1961). The
present study reconfirmed this unilateral incompatibility
(UI) in the cross between a large number of S. demissum

accessions and T. However, the degree of Ul was not
complete, but rather quantitative as observed in the berry-
setting rates; 81.2% in S. demissum x T vs. 18.7% in T x S.
demissum. Dionne (1961) suggested that this male sterility
was attributed to the interaction of a cytoplasmic factor or
factors in S. demissum with nuclear factors contributed by
the male parents. However, the pollen from TD hybrids that
had the T cytoplasm was also non-functional on T, and in
fact, the pollen from both DT and TD hybrids were
functional on D (Table 2). These facts make it implausible
to attribute the non-functional pollen on S. fuberosum to
male sterility caused by interaction with the S. demissum
cytoplasm.

Although UI is usually explained by differential pollen
tube growth between reciprocal crosses, no apparent
inhibition of pollen tube growth was observed in this study
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Table 4 Summary of parental and cytoplasmic effects on crossability

D cytoplasm  Berries/flower (%)  Seeds/berry  Seed weight (mg) T cytoplasm  Berries/flower (%)  Seeds/berry  Seed weight (mg)
DT self 0.0 - - TD self 4.2 10.1 0.73
DT sib 0.8 7 0.69 TD sib 2.5 3.7 1.03
(DT self 8.4 19.3 0.68 (TD)T self 25.1 55.9 0.62
(DT)T sib 7.4 27.1 0.61 (TD)T sib 12.9 442 0.69
(DT)D self 2.3 0.5 0.50 (TD)D self 2.5 1.8 0.58
As female

ODT x T 28.6 50.6 0.84 (TD)T x T 49.2 533 0.80
DT x T 24.5 323 0.93 TD x T 30.8 332 0.97
(DT)D x T 14.5 52 0.76 (TD)D x T 22.7 5.3 0.88
DNT x D 37.8 74.3 0.48 (TD)T x D 41.8 66.3 0.45
DT x D 21.7 62.2 0.53 TD x D 253 84.3 0.59
(DT)D x D 0.0 - - (TD)D x D 134 30.9 0.50
As male

T x (DT)T 1.5 31.3 0.57 T x (TD)T 14.7 53.8 0.67
T x DT 0.0 - - T x TD 0.0 - -

T x (DT)D 0.0 - - T x (TD)D 0.0 - -

D x (DT)T 8.4 14.4 0.80 D x (TD)T 422 31.5 0.85
D x DT 24.2 30.0 0.62 D x TD 64.9 46.2 0.63
D x (DT)D 0.0 - - D x (TD)D 14.3 85 0.30

in any cross combinations that failed seed formation. Thus,
the UI between S. tuberosum and S. demissum and the
subsequent incompatibilities occurred in backcrossing were
likely caused by a post-zygotic failure of seed formation.
We observed apparent size difference between DT and TD
seeds, the former being significantly larger than the latter.
Both EBN and PNA hypotheses predict that a slight excess
of maternal dosage will produce small seeds, while a slight
excess of paternal dosage will produce large seeds
(Nishiyama and Yabuno 1978; Ehlendfeldt and Hanneman
1988; Ehlendfeldt and Ortiz 1995). Thus, we propose that
there was an imbalance of EBN between D and T, D having
a slightly lower EBN than T. In this context, we can explain
our results as follows; the cross D x T produced large seeds
with much higher aborted seeds that were actually flushed
out during seed extraction, resulting in a higher berry-
setting rate, smaller number of seeds/berry and large seeds.
In contrast, the cross T x D produced small or too small
inviable seeds not sufficient to retain berries, resulting in a
low berry-setting rate, larger number of seeds/berry and
small seeds.

We found three genetic factors involved in normal seed
development: 1) a cytoplasmic factor, and nuclear genome-
encoded factors functioned 2) in female gametophyte and 3)
in pollen. Reducing D germplasm in female gametophyte
increased or recovered berry-setting rates (Table 4), indicating
nuclear genome-encoded factor(s) of D functioned negative-
ly as a suppressor for endosperm development. In pollen, the
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proportion of D germplasm in optimizing the berry-setting
rates depended upon whether the female was D or T
(Table 4), implying that the EBN-like balance system
functioned. Three additive loci in a threshold-like system
(Ehlendfeldt and Hanneman 1988) or two independent loci
with two alleles in homozygosity (Camadro and Masuelli
1995) have been proposed for EBN-controlling genes, and
the EBN-controlling genes would segregate and are random-
ly distributed into gametes (Camadro and Masuelli 1995).
Apparently, these nuclear genome-encoded factor(s) of D
were segregating in the BC; populations due to aneuploidy
and recombination. BC; plants as aneuploids showed wide
variation in berry-setting rates due to segregation to berry-
setting/non-berry-setting plants and the degree of berry-
setting rate in each of berry-setting plants (Table 3). In
addition, the number of seeds/berry and seed weight also
varied between plants (Table 3, Fig. 2). Thus, the BC,
populations are useful as mapping populations to genetically
localize the nuclear genome-encoded factor(s). We have
constructed a molecular marker-based genetic map of D
using one of BC; populations (unpublished), and character-
ization of each BC; plant for crossability is under going.
Since the postulated EBN-controlling genes have additive
effect (Ehlendfeldt and Hanneman 1988), both DT and TD
hybrids would have the same EBN value consisted of a half
of D and a half of T. Nevertheless, DT and TD hybrids were
apparently different in the crossing behaviors, particularly in
crosses onto D (Table 2). We compared pollen DNA of DT
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and TD, which revealed parental differences of chloroplast
and mitochondrial DNA as expected, and in addition, a few
DNA and DNA methylation level differences (Sanetomo and
Hosaka 2011). Thus, other factors than EBN were likely
involved. We found a cytoplasmic, or maternally inherited
factor of D, which reduced berry-setting rates in all cross
combinations (Table 4). This maternally inherited factor
suppressed berry-setting in the female germ line, and
interestingly in pollen or through pollen, too. As generally
recognized, paternal organelle DNA is not delivered with
sperm cells into egg cell nor central cell. Sperm nuclei in
pollen, however, are modified differentially by DNA
methylation or histone modification from vegetative nucleus
during pollen maturation and have a distinct and diverse
transcriptional profile, which may deliver specific mRNA or
small RNA by fertilization to the central cell (Gutiérrez-
Marcos et al. 2006; Okada et al. 2006; Borges et al. 2008;
Singh et al. 2008; Ribeiro et al. 2009; Slotkin et al. 2009).
Thus, the D cytoplasm in pollen might affect central cell and
repress endosperm development, which consequently
becomes equivalent to non-functional pollen as described
by Dionne (1961).

In conclusion, the cross between S. demissum 5H109-5
and a breeding line Saikai 35, and the derived F, and BC,
progenies would become very useful plant materials to
explore underlying genetic and molecular mechanisms of
EBN, because the degree of imbalanced EBN could be seen
visibly as variable seed sizes and measured quantitatively.
We found at least three contributory factors to the develop-
ment of interspecific hybrid seeds in these materials.
Fortunately, these materials do not encounter cytoplasmic
male sterility that often occurs when the S. fuberosum
cytoplasm is present (Grun 1979), because the cytoplasm of
Saikai 35 was derived from S. phureja. Thus, the crossability
in F; and BC, progenies can be regarded totally as effects of
interaction between the three factors. The present aneuploids
can be maintained vegetatively as tubers, which would be an
advantage over the model plant Arabidopsis.
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