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Direct genotyping of single pollen grains of a self-compatible
mutant of Japanese pear (Pyrus pyrifolia) revealed
inheritance of a duplicated chromosomal segment

containing a second S-haplotype
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Abstract Radiation mutant 415-1, which is the first
known diploid pollen-part self-compatible mutant of
pears (Pyrus spp.), has a decreased ability to produce
pollen. To determine whether the self-compatibility trait
is associated with this defect, we directly analyzed the
genotypes of individual pollen grains by using poly-
merase chain reaction amplification of DNA from single
pollen grains. We isolated single pollen grains from
415-1 and succeeded in genotyping the S-RNase gene
and three simple sequence repeat (SSR) markers in
linkage group 17. Out of 173 individual pollen grains,
28 (16 %) were S-heteroallelic. These pollen grains had
two alleles each of the S-RNase gene and of two linked
SSR loci, all on a duplicated chromosomal segment, but
only one allele of a non-duplicated locus farther away on
the same chromosome. The segregation ratio of each
marker in the pollen from 415-1 was approximately the
same as that observed in outcross progeny. This suggests
that the decrease in frequency of pollen with the
duplicated S-haplotype occurred during meiosis or
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pollen formation, but that the probability of fertilization
by S-heteroallelic pollen is equal to that of single-allelic
pollen. However, the partial sterility in415-1 can also be
attributed to one or more unidentified lethal mutations
unlinked to the duplicated segment encompassing the S-
haplotype. Single-pollen genotyping can be used in a
variety of applications in genetic research because in
cases where all pollen genotypes are proportionately
represented in the progeny, segregation ratios can be
obtained without producing the next generation.

Keywords Duplicated S-haplotype - Pollen-part
self-compatible mutant - Pyrus pyrifolia - Self-
incompatibility - S-heteroallelic pollen - Single-pollen
genotyping

Introduction

Self-incompatibility in flowering plants is a genetic
system that prevents inbreeding and promotes genetic
diversity (de Nettancourt 2001). Most of the important
fruit crops in the Rosaceae, such as Malus, Pyrus
(subtribe Pyrinae), and Prunus, exhibit S-RNase-based
self-incompatibility controlled by at least two tightly
linked genes, one style-specific gene and one or more
pollen-specific genes, located at the complex S-locus.
The stylar factor in all members of the Rosaceae studied
to date is S-RNase. In contrast, the pollen factors in the
Rosaceae are currently classified into two different
types. In Prunus, there is a single F-box protein called

@ Springer



298

Euphytica (2014) 200:297-304

SLF (S-locus F-box) (Entani et al. 2003) or SFB
(S haplotype-specific F-box protein) (Ushijima et al.
2003) that is predicted to recognize self S-RNase,
whereas in the Pyrinae, there are multiple F-box proteins
called SFBB (S locus F-box brothers) (Sassa et al. 2007,
Minamikawa et al. 2010) that are predicted to collab-
orate in recognizing non-self S-RNase (Kakui et al.
2011; Saito et al. 2012). In either case, these plants
require cross pollination with other cultivars to set fruit.
In monocultivar orchards for commercial production of
Japanese pear (Pyrus pyrifolia), artificial fertilization is
performed using compatible pollen collected from other
cultivars to improve fruit quality and quantity (Sakam-
oto et al. 2009). So far, the only known self-compatible
mutant useful for breeding purposes was identified in
‘Osa-Nijisseiki’, a bud sport of ‘Nijisseiki’. It exhibits
style-specific inactivation of the Sy-allele, thus it is a
stylar-part self-compatible mutant (SPM) (Sassa et al.
1997). This cultivar has been used in agricultural
production, as breeding material, and as experimental
material for studying the genes controlling self-incom-
patibility (Norioka et al. 1996). However, the pollen of
‘Osa-Nijisseiki’ (and other SPM materials bred from it)
still maintains self-incompatibility, so it cannot be used
to pollinate existing self-incompatible cultivars having
the same S-genotypes. Therefore, to produce fruits
without artificial pollination, all trees in an orchard
eventually need to be replaced by self-compatible ones,
so other new SPM cultivars are highly desired. At
present, since ‘Osa-Nijisseiki’ is the only genetic
material available for breeding of self-compatible
cultivars in Japanese pear, SPM cultivars originated
from ‘Osa-Nijisseiki’ often resemble each other in
characteristics such as eating quality and harvest time.
Moreover, it is likely that inbreeding depression will
occur in the progeny of crosses between cultivars
originating from ‘Osa-Nijisseiki’ or ‘Nijisseiki’ in the
future (Sato et al. 2008).

On the other hand, a pollen-part self-compatible
mutant (PPM) can produce omni-potential pollen, i.e.,
pollen compatible with self-incompatible styles of all
S-haplotypes including its own. A PPM that produced
enough viable pollen could be used as a pollinator by
planting it in a limited part of the orchard. However, all
hitherto-known PPMs in the Pyrinae have been polyp-
loids that often exhibit a reduction in pollen tube
growth and pollen germination rate (Lewis and Mod-
libowska 1942; Adachi et al. 2009). Hence, they are not
suitable for use as pollinators or for breeding material.
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Recently, our research group has produced
breeding selection 415-1, a PPM derived by using
pollen from y-irradiated ‘Kosui’ (self-incompatible)
to pollinate non-irradiated ‘Kosui’ (Sawamura et al.
2013). It is deduced to be a diploid by means of
flow cytometry, but genetic analysis indicates that it
has a segmental duplication encompassing the
Ss-haplotype that is usually inherited together with
the S4 chromosome. Thus, this selection is predicted
to produce S-heteroallelic pollen grains that are
capable of breaking down self-incompatibility by
competitive interaction between the two different
S factors in the pollen grain (Mase et al. 2014). It is
an important material for breeding as well as for
analyzing the mechanism of competitive interaction,
which is now hypothesized to be caused by non-self
recognition of S-RNase by two different sets of
pollen S-determinants in a single pollen tube (Kubo
et al. 2010; de Franceschi et al. 2012). However, the
direct detection of two S-haplotypes in a single
pollen grain of a PPM plant has not previously been
achieved.

To be of practical use, PPM cultivars should
produce fairly large amounts of self-compatible pol-
len. However, pollen-sterile or low-fertility mutants
are often found in progeny derived from irradiated
pollen (Vizir et al. 1994; Naito et al. 2005). Moreover,
inbreeding can induce pollen sterility through accu-
mulation of deleterious genes. Indeed, the pollen
production of 415-1 is lower than that of normal
(pollen-fertile) cultivars. To address this limitation,
we plan to cross 415-1 with fertile cultivars and select
progeny that produce large quantities of pollen,
especially with a high frequency of the duplicated S-
haplotype.

In most studies, the segregation ratio of alleles in
germ cells has been estimated from the ratio of
corresponding genotypes in the progeny. The fre-
quency of 415-1 progeny with a duplicated S-haplo-
type is low (14 %) (Mase et al. 2014). This decrease in
viability could be occurring at one or more stages from
meiosis to the 1-year-old seedling stage, which we
used for progeny analysis. Thus, the S-haplotype
frequency in the pollen of PPM mutant 415-1 could be
different from that of the progeny. For these reasons, it
is important to determine the frequency of the
duplicated S-haplotype in pollen directly, enabling
us to select the most appropriate individual(s) without
genotyping a large number of progenies.
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Single-pollen genotyping has been performed suc-
cessfully by some research groups (Petersen et al.
1996; Suyama et al. 1996; Matsunaga et al. 1999)
based on the procedure of polymerase chain reaction
(PCR) amplification of DNA from a single animal cell
or sperm (Li et al. 1988; Cui et al. 1989). The original
methods are laborious and time-consuming, especially
in the pollen manipulation and DNA extraction steps.
Recently, a simpler method for direct genotyping of
multiple microsatellite (simple sequence repeat, SSR)
markers in single pollen grains was developed by
Matsuki et al. (2007). This research group revealed
that strict self-incompatibility maintains the genetic
diversity of wild Japanese chestnut by determining the
SSR alleles of individual pollen on the styles and thus
the genotypes of the seeds produced (Hasegawa et al.
2009).

In this study, we identified the S-haplotype and SSR
genotype of individual pollen from 415-1, and we
observed the pollen morphology of 415-1 and a
normal (self-incompatible) cultivar ‘Kosui’. We com-
pared the occurrence of the duplicated S-haplotype in
pollen and progeny and we examined the possible
involvement of the duplicated haplotype in the pollen
morphology and pollen-producing capability of 415-1.

Materials and methods
Collection of pollen grains

The PPM selection 415-1 and the normal (self-
incompatible) cultivar ‘Kosui’ were sampled from
the orchard of the NARO Institute of Fruit Tree
Science (NIFTS). Anthers of 415-1 and ‘Kosui’ were
collected from flower buds 1 day prior to opening and
dried in an incubator (25 °C, 35 % relative humidity)
until dehiscence, which usually took about 40 h, then
stored at —80 °C until used.

DNA extraction from individual pollen grains

The DNA extraction method was that of Suyama
(2011), with some modifications. In a clean booth
(ACR-321C [Airtech Japan, LTD., Japan]), dried
pollen grains (with anthers) of 415-1 were suspended
in a drop (20 pL) of 2x PCR buffer (20 mM Tris—HCI
[pH 8.0], 100 mM KCl, 3 mM MgCl,) with 0.005 %
sodium dodecyl sulfate (SDS) and 0.04 %

Fig. 1 Manipulation of a single pollen grain (indicated by
arrow). a A single pollen grain before transfer to a PCR tube.
Micropipette tips with outer and inner diameter of 750 and
450 pm, respectively, were used for transfer. b A single pollen
grain of 415-1 transferred to the inner wall of a PCR tube

2-mercaptoethanol on a disposable Petri dish. Under
a stereomicroscope with a 6-50x zoom lens, a few
pollen grains in 2x PCR buffer were transferred into a
clean drop of 2x PCR buffer using a micropipette and
tips with 0.5-10 pL capacity. For each reaction, a
single pollen grain, filled with cytoplasm (pale yellow)
and not abnormally small (Fig. 1a), was picked up in
2x PCR buffer (less than 2 pL) and put into a 0.2-mL
PCR tube. The tube was then checked to ensure that
only a single grain had been transferred (Fig. 1b), 2 uL.
of lysis buffer containing 0.015 % SDS and 0.2 pg/ulL
proteinase K was added, and the tube was incubated at
50 °C for 60 min followed by 95 °C for 10 min.

Determination of S-RNase and microsatellite
genotypes

Multiplex PCR was performed in a 10-pL volume with

a QIAGEN Multiplex PCR kit (QIAGEN, Germany)
containing total DNA extracted from a single pollen
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Fig. 2 S-RNase and microsatellite alleles detected by multiplex PCR from single pollen grains of 415-1. Fragment sizes (bp) of an
internal DNA size standard (GeneScan 400 HD ROX Size Standard) are indicated below

grain (up to 4 pL), 1 x QIAGEN Multiplex PCR mix,
and the following six pairs of primers. A 6-FAM
labeled FTQQYQ primer (Ishimizu et al. 1999) and a
newly designed non-labeled primer (5-RY-
gtgcatgaaaatctatg-3") were used to amplify a 254- or
262-bp fragment of the S4- or Ss-RNase gene, respec-
tively (Fig. 2). Five sets of fluorescently labeled
(6-FAM, HEX, or NED) forward primers and non-
labeled reverse primers were used to genotype SSR
loci mapped to the same linkage group as the
S-haplotype (linkage group [LG] 17) of pear or apple
(Malus x domestica Borkh.). These SSR markers
consisted of three pear SSRs, NHO14a (Yamamoto
et al. 2002), TsuENHO028 (Nishitani et al. 2009),
and TsuENHI154 (GenBank accession number
AB735184), and two apple SSRs, NZmsEB137525
(Celton et al. 2009) and CHO4c10 (Liebhard et al.
2002). To establish the reaction conditions, 0.2 uM of
each primer set was used in a single reaction, and then
the concentration of each primer was adjusted to
improve amplification efficiency. Amplification was
carried out using a Veriti® Thermal Cycler (Applied
Biosystems, USA) under the following conditions:
initial activation at 94 °C for 15 min, followed by 37
cycles of denaturation at 94 °C for 30 s, annealing at
54 °C for 90 s, and extension at 72 °C for 60 s,
followed by a final extension at 72 °C for 10 min. The
PCR products were separated and detected using an
ABI PRISM 3100 Genetic Analyzer (Applied Biosys-
tems). The sizes of the amplified bands were deter-
mined based on an internal DNA size standard
(GeneScan 400 HD ROX Size Standard [Applied
Biosystems]) with GeneScan Software (Applied Bio-
systems). Allele size data (in bp) were rounded down
to the nearest whole number.
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Microscopic observations

Dried pollen of 415-1 and ‘Kosui’ was suspended
in n-hexane and filtered through a 50-pm nylon
mesh (Partec Gmbh, Germany) to remove anther
tissues. After drying at room temperature, pollen
was suspended in aniline blue lactophenol stain
(Hauser and Morrison 1964), and then incubated for
30 min at room temperature. Twenty microlitre of
suspension was dropped onto a glass slide and
observed at 100x magnification under a light
microscope (Axioskop 50 [Carl Zeiss, Germany]).
The images were captured with an AxioCam Mrc5
camera and processed with AxioVision 4.5Ac
software (Carl Zeiss). Cross-sectional arecas were
measured for approximately 200 pollen grains of
each cultivar with SmartGrain software (Tanabata
et al. 2012).

Results

S-RNase and microsatellite genotyping from single
pollen grains

We successfully amplified and genotyped DNA frag-
ments representing the S-RNase gene and three SSR
loci. The optimized concentrations of primers in each
pair were 0.15 pM for S-RNase, 0.08 uM for NHO14a,
0.06 uM  for NZmsEB137525, and 0.2 uM for
CHO4c10. The amplifications of TsuENHI154 and
TsuENHO028 were unstable, so these two primer sets
were excluded from the genotyping.

PCR reactions were performed with 316 pollen
grains from 415-1, and amplification of all four loci (S-
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Table 1 Frequency of S-RNase alleles in pollen and 1-year-
old offspring of 415-1

Genotype S4 Ss S4Ss Total
Pollen 10 135 28 173
Offspring® 2 87 14 103

? F, plants obtained from a cross to the self-incompatible
cultivar ‘Niitaka’ (S3S9); data from Mase et al. (2014)

RNase and three SSR loci) was successful for 206
(65 %). Success in isolating single pollen grains with a
single S-haplotype per haploid genome was confirmed
by detection of only one allele of each of the four loci
in a single amplification reaction. On the other hand,
successful isolation of an S-heteroallelic pollen grain
was confirmed by detection of two alleles of S-RNase
and of two SSR loci (NHO14a and NZmsEB137525),
all on the duplicated chromosomal segment in 415-1,
and detection of one allele of a non-duplicated SSR
locus (CHO4c10) farther away on the same chromo-
some (Fig. 2).

Five samples (1.6 %) that had two alleles of
CHO4c10 (non-duplicated locus) were determined to
be from having two different pollen grains in one
amplification product. This frequency was very low
and nearly the same (2.2 %) as in the previous study
(Hasegawa et al. 2009), and these samples were
considered to be insignificant in our determination
of allelic frequencies. We could not decide the
genotype of 33 pollen grains that had allelic
compositions inconsistent with the expectations for
either the S-homoallelic or S-heteroallelic situation.
This result could be due to failure of amplification
of one of two alleles, recombination between alleles
of duplicated loci in the S-heteroallelic pollen, or
amplification of DNA from two different pollen
grains.

Collectively, the haplotypes of 173 individual
pollen grains were successfully analyzed. The allelic
frequency of S-RNase in pollen from 415-1 was
S4:55:8485 = 10:135:28 (Table 1). In 103 F; progeny
obtained from a cross with the self-incompatible
cultivar ‘Niitaka’ (S559), the S-phenotypes from 415-1
segregated in a ratio of 2 $4:87 S5:14 S4S5 (Mase et al.
2014; Table 1). There was no significant difference in
the allelic frequency of S-RNase in pollen and
offspring from 415-1 (p = 0.25 for Fisher’s exact
test, Table 1).

Pollen morphology

We compared the size and viability of pollen grains
from normal cultivar ‘Kosui’ and PPM selection
415-1. Pollen grains of ‘Kosui’ were uniform in size
and shape. 95 % were large, viable (fully stained) and
roundish-triangular, and the mean cross-sectional area
was 114.2 & 10.5 pm?. Five percent were relatively
small (47.1 £ 3.1 pmz), shrunken, and unstained or
partially stained (Fig. 3a, c). In contrast, pollen grains
of 415-1 were non-uniform in size, shape, and
staining intensity. The mean area of fully stained and
round or roundish-triangular pollen (65 %) was
104 + 21.6 umz, whereas the mean area of unstained
or partially stained and dimpled or shrunken pollen
(35 %) was 49.7 & 8.9 um? (Fig. 3b, d).

Discussion
DNA amplification from a single pollen grain

In this study, DNA of pollen grains of 415-1 was
readily isolated by suspending pollen in 2x PCR
solution containing a low concentration of SDS and
2-mercaptoethanol, instead of sterile water or sterile
water-based solution as in previous methods (Hase-
gawa et al. 2009; Suyama 2011). This improvement
was observed to reduce the frequency of pollen
bursting (data not shown), probably leading to less
DNA degradation. It takes only 60—90 min to collect
45 pollen grains and transfer individual grains into
different PCR tubes for one experiment. It was
important to keep the time before DNA extraction as
short as possible to succeed in PCR amplification from
pollen grains of Japanese pear.

We had only six markers available to test (only four
of which gave reliable amplification in this experi-
ment) because of the high homozygosity in 415-1 and
a consequent paucity of heterozygous SSR loci.
However, more SSR markers will be available for
pollen genotyping of later progenies, as successful
amplification of a maximum of 104 AFLP markers
was reported by Aziz and Sauve (2008).

Pollen size and fertility of 415-1

Most pollen grains of ‘Kosui’ were uniform in size,
shape, and viability and had the standard morphology
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Fig. 3 Pollen viability and
size of 415-1 and ‘Kosui’. a

Aniline blue staining of

pollen grains from normal

(self-incompatible) cultivar

‘Kosui’ (a) and PPM

selection 415-1 (b); scale .
bar, 20 pm. Histogram of
cross-sectional areas of

pollen grains (um?) of

‘Kosui’ (¢) and 415-1 (d).

Fully stained grains are

shown in filled bars and i

40

unstained or partially c
stained grains are shown in

open bars. The frequency of 30
pollen grains of each size is
expressed as a percentage of
the total number of pollen
grains (n = 222 in ¢;
n=2141ind)

20

Frequency (%)

0

of mature pollen of Japanese pear (Okusaka and
Hiratsuka 2009). On the other hand, the histogram of
pollen size of 415-1 showed two approximately
uniform peaks, one at the standard size and the other
at a smaller size (Fig. 3). The former consisted of
standard viable pollen, and the latter contained sterile
pollen that was empty or only partially full. In many
cases, aborted pollen comes from abnormal meiosis
during gamete formation due to polyploidy, aneu-
ploidy, or a genetic defect that controls the distribution
of chromosomes (Ramsey and Schemske 2002; Con-
siglino et al. 2007). Consequently, the aborted grains
do not have a complete haploid genome (Deng and
Wang 2007). In this study, we isolated and used only
larger, filled pollen grains (presumed to have a
complete haploid genome) for PCR amplification.
This procedure enabled us to successfully detect
normal-size pollen with a duplicated S-haplotype.
Overall, the segregation ratio of markers in the normal
pollen grains of 415-1 was approximately the same as
that observed in the progeny (p = 0.25 for Fisher’s
exact test; Table 1). Looking more specifically at each
class, the frequencies of the single-allelic (S5) and
heteroallelic (S4S5) classes were approximately the
same in pollen and offspring. However, the frequency
of S4 pollen grains (5.8 %), which are assumed to be
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produced by loss of the duplicated S5 segment by
deletion or recombination from meiotic cells with the
S4Ss chromosome, appeared to be higher than that of
S, offspring (1.9 %). If real, this difference may
indicate that the recombination frequency between the
duplicated S5 and the original S-haplotype during
meiosis is higher than that originally predicted by
segregation in the offspring. Another possibility is that
the viability of S, pollen (meiotic cells) is higher than
that of S4S5 during the processes of meiosis and pollen
formation because of one or more detrimental genes in
the duplicated S5 segment. Either of these explanations
require the assumption that S4 pollen is less viable than
S4S5 pollen in the steps following pollen production
(i.e., from pollen germination to seed germination),
because the frequencies of pollen and offspring
containing S,Ss were similar. In other words, the
segmental duplication does not decrease the likelihood
of fertilization when present in an otherwise normal
pollen grain. This indicates that the decrease in
frequency of pollen with the duplicated S-haplotype
occurred during meiosis or pollen formation, but it is
unclear whether this duplication is the only reason for
the defect in pollen production seen in 415-1. Because
the paternal parent tree of 415-1 has been irradiated
daily for more than 30 years, many other detrimental



Euphytica (2014) 200:297-304

303

mutations are expected to have accumulated through-
out the genome that may play a negative role in pollen
formation, regardless of the pollen S-haplotype.

Conclusions

Using single-pollen genotyping, we succeeded in a
straightforward proof of the presence of S-haplotype
duplication in pollen grains of 415-1 that did not
require analysis of progenies. We also showed that the
segregation ratio of marker alleles in the pollen was
nearly identical to that in the progeny. Under such
circumstances, it is possible through pollen genotyp-
ing to reveal the segregation ratio of alleles at each
locus rapidly and without generating progeny. On the
other hand, a difference in the segregation ratio of
alleles between pollen and progeny would suggest that
pollen with a specific allele at the locus of interest
might be less competitive. Single-pollen genotyping
could also be used to perform fine-scale mapping in
the flanking region of a gene of interest in a fruit or
forest tree species without spending the enormous
time, cost, and effort to obtain a sufficient number of
progeny; this approach has been used with sperm cells
of large animal species and humans (Cui et al. 1989;
Windemuth et al. 1998).

Our next step is to determine the pollen productiv-
ity, fertility, and S-haplotype segregation in pollen of
materials derived from 415-1 and known to carry the
duplicated S-haplotype. Utilization of this method will
simplify the selection of breeding materials with a
duplicated S-haplotype that produce adequate
amounts of pollen and are thus suitable for use in the
production of pollen-part self-compatible cultivars.

Single-pollen genotyping and sequencing have so
far been utilized only in molecular taxonomy and
ecological genetics (Zhou et al. 2007; Ito et al. 2008;
Hirota et al. 2013). However, we think that single-
pollen analysis has the potential for important appli-
cations in breeding science, and we expect further
utilization of this method.
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