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Abstract Seed shattering is an important trait related to
the efficiency of harvesting seeds in crops. Although sev-
eral genes have been identified to control seed shattering in
rice (Oryza sativa L.), the genetic architecture underlying
extensive variation of seed shattering is yet unclear.
‘Oonari’, a moderate-shattering indica rice cultivar, was
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developed from a mutant obtained through gamma-ray
irradiation of an easy-shattering cultivar ‘Takanari’. The
grain pedicel of ‘Oonari’ showed greater resistance to
bending than that of ‘Takanari’, while there were no obvi-
ous differences in resistance to pulling and abscission zone
formation. Investigation of the seed shattering of an F,
population from a cross between “Takanari’ and ‘Oonari’
indicated a single semi-dominant locus responsible for
seed shattering, which was designated as Sh/3. We used
bulked DNA of F; lines with the same shattering degree as
that of ‘Oonari” and DNAs of their parents for whole-
genome sequencing, localizing S//3 at the terminal region
on the long arm of chromosome 2. In the candidate geno-
mic region of ‘Oonari’, we identified a tandem duplicated
segment containing a microRNA gene, osa-mirl72d,
whose wheat ortholog is involved in controlling grain
threshability. Quantitative RT-PCR analysis indicated that
the relative expression of osa-mirl72d in ‘Oonari’ was
twofold higher than that in ‘Takanari’. We suppose that
the duplication of osa-mirl72d be involved in reducing
seed shattering in ‘Oonari’.

Keywords Seed shattering - Gamma-ray mutant -
Bulked segregant analysis - Whole-genome sequencing -
osa-mirl72d

Introduction
Seed shattering is an adaptive trait to facilitate seed
dispersal in wild plant species, while reduction of seed

shattering is thought to be one of the most important
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steps in cereal crop domestication, because it drastically
enhances the efficiency of seed harvesting. Rice (Oryza
sativa L.) is considered to have been domesticated from
one or both of two closely related wild species O. nivara
and O. rufipogon (Oka 1988; Zong et al. 2007). Al-
though cultivated rice generally has a lower shattering
level than the wild species, a wide range of seed-
shattering levels, from “very easy” to “very hard”
shattering, has been observed in different cultivars
(Konishi et al. 2006). A balance between ease of
shattering and hard threshing is necessary, and this is
determined in part by the harvesting methods employed.

Seed shattering in rice depends on the formation,
morphology, composition, and degradation of the abscis-
sion zone between a grain and a pedicel (Ebata and
Tashiro 1990; Fuller and Allaby 2009; Okubo 2014;
Yoon et al. 2014). Quantitative trait loci (QTLs) associ-
ated with seed shattering have been identified on nearly
every rice chromosome (Xiong et al. 1999; Qin et al.
2010; Htun et al. 2014; Lee et al. 2016), and two genes
involved in rice domestication have been cloned (Konishi
et al. 2006; Li et al. 2006). The sh4 gene encodes a
transcription factor with an Myb3 DNA binding domain,
and a nucleotide substitution of G to T in the first exon of
sh4 leads to reduced function of si4 and incomplete
development of the abscission zone in cultivated rice
(Li et al. 2006). This gene has been considered to be the
most important contributor to reduced shattering during
rice domestication from its wild ancestor (Li et al. 2006;
Purugganan and Fuller 2009). In addition, a one-
nucleotide insertion in the second exon of sA4, which
can be assumed to be a null-function mutation, disturbs
the formation of the abscission zone more seriously and
further reduces the shattering degree in an indica rice
cultivar (Zhou et al. 2012). The ¢gSHI gene encodes a
BELI-type homeobox gene, and an SNP (single nucleo-
tide polymorphism) in the 5’ regulatory region of the
qSH1 gene causes the absence of abscission zone forma-
tion, leading to complete loss of seed shattering in hard-
shattering japonica cultivars (Konishi et al. 2006). SH5, a
highly homologous gene of ¢SH1, has been proposed to
modulate seed shattering by enhancing abscission zone
development and inhibiting lignin biosynthesis (Yoon
et al. 2014). Using mutants, more genes involved in seed
shattering have been identified (Fukuta and Yagi 1998; Ji
et al. 2010; Lin et al. 2012; Zhou et al. 2012). SHATI, a
member of APETALA2 (AP2) (Zhou et al. 2012), and
OsShli, a YABBY-like gene (Lin et al. 2012), also function
in specifying abscission zone development. In contrast,
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another gene Oryza sativa CTD phosphatase-likel
(OsCPL1) has been revealed to repress differentiation of
the abscission layer during panicle development (Ji et al.
2006; Ji et al. 2010). More recently, OSH15 (Sato et al.
1999), a KNOX protein, has been revealed to form a
dimer with SHS5, which enhances seed shattering by
directly inhibiting lignin biosynthesis genes (Yoon et al.
2017). Despite such remarkable findings, the genetic
architecture responsible for moderate-shattering character
is unclear.

‘Takanari’ is a high-yielding indica rice cultivar, which
displays an easy-shattering phenotype (Imbe et al. 2004;
Kanemura et al. 2007). To reduce its yield loss caused by
seed shattering, we recently developed a new cultivar
‘Oonari’ with moderate-shattering character from a mutant
line of ‘Takanari’ obtained by gamma-ray irradiation
(http://www.naro.affrc.go.jp/english/nics/index.html). Due
to the low mutation frequency (one mutation per 6.2 Mb)
of gamma-ray-irradiated rice (Sato et al. 2006), the mor-
phological characteristics of both cultivars are almost the
same, except that the yield of “Oonari’ is higher than that of
‘Takanari’, which is attributed to reduced seed shattering.
As a substitute for ‘Takanari’, ‘Oonari’ is expected to be
widely used as a high-yielding cultivar. Furthermore,
moderate-shattering rice varieties are fitter for harvesting
by hands or a large combine harvester. It is therefore of
scientific and practical importance to identify the causal
genes responsible for reduced seed shattering in ‘Oonari’.

Although all the abovementioned seed shattering—
related genes have been isolated by QTL mapping and
map-based cloning, this approach is time- and labor-
consuming. Alternatively, the combination of bulked
segregant analysis and whole-genome sequencing has
dramatically accelerated the process of identifying caus-
al genes (Schneeberger and Weigel 2011; Abe et al.
2012; Zou et al. 2016). The underlying principle of
this method is that only one or a few mutations are
associated with the mutant phenotype in a segregat-
ing population which was derived from the cross
between a mutant- and wild-type. In the bulked
DNA pool from the individuals that exhibit a reces-
sive mutant phenotype, the recessive causal muta-
tion and its closely located mutations are expected to
be homozygous for mutant alleles, whereas both
mutant alleles and wild-type alleles can be detected
in the other mutations.

In this study, we characterized the seed shattering
degree of ‘Oonari’ using different methods and identi-
fied a mutation associated with reduced seed shattering
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by combining bulked segregant analysis and whole-
genome sequencing.

Materials and methods
Plant materials and growth conditions

Rice cultivar ‘Oonari’ (moderate-shattering phenotype)
and its original cultivar ‘Takanari’ (easy-shattering
phenotype) were grown in three different cropping sea-
sons, i.e., early season (from seed sowing at the end of
March to grain harvesting at the end of September), nor-
mal season (from late April to the beginning of October),
and late season (from the beginning of June to the end of
October), from 2016 to 2018. Seeds were sown in nursery
boxes and 4-week-old seedlings were transplanted in a
paddy field at the Radiation Breeding Division, Institute of
Crop Sciences, NARO (Hitachiomiya, Ibaraki, Japan;
36.52° N 140.40° E). Plants of each cultivar were grown
in double rows at a spacing of 20 cm between hills and
14 cm between two paired rows, spacing between the
cultivars being 28 cm. To further investigate shattering
degrees of ‘Oonari’ and ‘Takanari’, the well-known culti-
vars ‘Kasalath’ (easy-shattering phenotype) and
“Nipponbare’ (hard-shattering phenotype) were grown in
the normal season for comparison.

‘Oonari’ and ‘Takanari’ were crossed to generate
three F, populations, named by F,-a, F,-b, and F,-c.
Eighty-eight and 91 individuals in the F,-a and F»-b
populations were self-pollinated to generate Fs-a and
F3-b lines, respectively. Plants of the F5-a and F5-b lines
were grown in the late season 0f 2015 and 2016, respec-
tively. The F3-a population was used for bulked segre-
gant analysis with whole-genome sequencing. The F3-b
population was used for validation of bulked segregant
analysis. More than eight plants of each F; line were
grown in a single row with a spacing of 15 cm between
hills and 30 cm between rows. Seeds of the F,-c popu-
lation were sown in nursery boxes on March 31, 2016,
and a total of 83 4-week-old seedlings were transplanted
into 15-cm-diameter pots. After 55 days, about seven
tillers per plant were produced. Hence, the tillers of each
F, individual were divided into roughly seven sub-
individuals and transplanted into a paddy field in a
single row at the same density as that of the F5 popula-
tions. Since new tillers can grow from each transplanted
sub-individual in the same way as transplanted seedling,
the shattering degree of each F, individual can be

evaluated repeatedly. This F,-c population was also
used for validation of the mapping results. In each
population, ‘Takanari’ and ‘Oonari’ were used as con-
trols and grown in a single row with three replications.

For fine mapping the candidate genes, the recombi-
nant lines together with parent lines were grown in a
heated glasshouse (7> 20 °C) from November 2017 to
April 2018.

Evaluation of shattering degree

Evaluation methods of pulling strength (PS) and bend-
ing strength (BS) were used as described by Ji et al.
(2006) and Qin et al. (2010) with minor modifications.
Rice panicles from the primary tillers were harvested
and put into paper envelopes. The samples were placed
in a refrigerator at 4 °C and moisture of about 20% for
more than 2 weeks. Breaking tensile strength for detach-
ment of a seed from the pedicel by pulling and bending
was measured using a digital force gauge (FGP-0.5,
Shimpo, Japan) fitted onto a tension testing machine
(AL-107-03A, Alpha Kikai, Japan). For measurement
of PS, the panicle axis was clamped by a grip fixed on
the tension testing machine and a grain was clamped
horizontally by another grip fixed on the force gauge
(Supplementary Fig. 1 a and b). Pulling the pedicel by
gently rotating the shaft of the tension testing machine,
the maximum tensile strength, measured at the moment
of pedicel breakage, was recorded in gravitation units of
force (gf). For measurement of BS, a grain was clamped
vertically and the maximum tensile strength was record-
ed (Supplementary Fig.1 ¢ and d). To evaluate the
changes in PS and BS of grain pedicels during grain
development in different cultivars grown in the normal
season, we recorded the heading date of the randomly
selected primary tillers. One panicle from each of four
plants were harvested from each cultivar on the heading
date, 10th, 20th, 30th, and 40th day after heading in
2017. PS and BS values of six grains in the upper part of
each panicle were respectively measured. So 24 obser-
vations for PS and BS were made each time that the trait
was measured for a cultivar. In addition, we developed a
novel method to evaluate the shattering degree. The
grain was cut out with its basal pedicel, the grain being
subsequently clamped vertically, following which the
lower end of the pedicel was pushed over sideways by
a flat strip of metal fixed to the force gauge to test if it
would shatter (the force strength was not recorded)
(Supplementary Fig. 1 ¢ and f). Twelve grains were
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tested for each panicle, and the rate of grain shattering
by pushing (RSP) was estimated. To confirm the differ-
ences in seed shattering among different cultivars, four
panicles from each of four plants at the maturity stage
were harvested from each cultivar grown in the normal
season in 2018. PS, BS, and RSP of 24 grains in the
upper part of each plant were respectively measured.
Average values of PS, BS, and RSP were calculated for
four independent plants in each cultivar.

For rapid selection of F3-a lines with the same
shattering degree as that of ‘Oonari’, we adopted a meth-
od based on grasping panicles by hand at the maturity
stage (Subudhi et al. 2014). A shattering score was given
for each line on a scale of 1-9: 1 =no shattering and 9 =
heavy shattering. The shattering scores of ‘Oonari’ and
‘Takanari’ were 4 and 6, respectively. Only the lines for
which all 12 investigated plants showed shattering scores
of 4 were selected for bulked segregant analysis.

The RSP value of each individual in the F»-c popula-
tion was calculated based on the average value of its four
sub-individuals evaluated on the 15—17th day after head-
ing. The shattering degrees of some of the F,-c individ-
uals (n =53) and F3-b lines (n = 75) were evaluated using
the method based on grasping panicles by hand at the
maturity stage (Okubo et al. 2012). Three panicles of each
plant were grasped each time, and the number of
shattered grains was recorded. The rate of grain shattering
by grasping (RSG) was calculated by dividing the num-
ber of shattered grains by the average number of grains
grasped. The average RSG values for five independent
plants of an F, individual or an F; line were calculated.

Histological analysis of abscission zone formation

The pedicels of plants grown in the early season were
collected at the heading stage and those grown in the late
season were collected on the 20th day after heading,
followed by fixation in FAA solution (5% v/v formalde-
hyde, 5% v/v acetic acid, and 45% ecthanol). After de-
hydration using a graduated t-butanol/ethanol/water se-
ries (0/50/50, 10/50/40, 20/50/30, 35/45/20, 50/40/10,
75/25/0, 100/0/0, in percentage) for 1 h each, the tissues
were embedded in Paraplast Plus (McCormick Scientif-
ic, Missouri, USA), and cut into 2- or 10-pum-thick
sections using a microtome (Leica Biosystems,
Nussloch, Germany). The sections were mounted onto
Matsunami adhesive silane (MAS)-coated slides
(Matsunami Glass, Osaka, Japan), then deparaffinized
in xylene and rehydrated through a graded ethanol
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solution of decreasing concentration (100%, 90%,
70%, 50%, 30%, and 0%) for 3 min each. The sections
were then stained with 0.01% toluidine blue and
dehydrated through a graded ethanol series and finally
mounted in Eukitt (O. Kindler, Freiburg, Germany). The
abscission zone was observed through an AX70 or
BX53 microscope (OLYMPUS, Tokyo, Japan).

DNA extraction

For whole-genome sequencing, seeds of two plants of
each F;-a line with the same shattering degree as that of
‘Oonari’ were harvested and germinated. The leaves of
7-day-old seedlings were harvested and bulked in equal
amounts. The leaves of ‘Oonari’ and ‘Takanari’ were
harvested from 30-day-old seedlings. DNA was extract-
ed using DNeasy Plant Maxi Kit (Qiagen Inc., Valencia,
USA) according to the manufacturer’s protocol. DNA of
each line in the F3-b population and that of each indi-
vidual in the F,-c population were extracted using the
simple DNA extraction method (Edwards et al. 1991).

Whole-genome sequencing

The genomic DNAs of F3-a bulk, ‘Takanari’, and ‘Oonari’
were sent to the Beijing Genomics Institute (BGI, Hong
Kong, China) for DNA library construction and whole-
genome sequencing. Paired-end (2 x 100 bp) sequencing
was performed on Illumina HiSeq 4000 (Illumina, Inc.
San Diego, CA, USA) to determine genomic sequences to
about 30-fold depth for each sample. In addition, the
genomic DNA of ‘Oonari’ was sequenced again with
paired-end (2 % 150 bp) reads on Illumina HiSeq X Ten.

Bioinformatics analysis

The next-generation sequencing (NGS) data of ‘Takanari’
(Yonemaru et al. 2014) available in the DDBJ Sequenced
Read Archive under the accession number DRX016587
was also used in this study. Thus, two sets of NGS data
for ‘Takanari’ and ‘Oonari’ and one set for F5 bulk were
subjected to whole-genome sequence analysis. After re-
moving adapter sequences, contamination, and low-
quality (O <20) and unpaired reads from raw reads,
genome mapping was conducted using a galaxy
workflow (https://galaxy.dna.affrc.go.
jp/nias/static/register en.html). In brief, the clean reads
were aligned to the rice reference genome (Nipponbare,
IRGSP-1.0, http://rapdb.dna.affrc.go.jp) (Kawahara et al.
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2013) using BWA MEM (Galaxy Version 0.7.9) (Li and
Durbin 2009), followed by removing the PCR duplicates
by the MarkDuplicates tool in Picard-Tools (Galaxy Ver-
sion 2.7.1.0) (http://broadinstitute.github.io/picard/).

SNP and small indel (< 30 bp) calling was performed
using the HaplotypeCaller tool in GATK (Version 3.7-0)
(McKenna et al. 2010) with the parameter -
stand call conf=30. Homozygous variations between
‘Oonari’ and ‘Takanari’ were extracted for further study
with three criteria: (1) the variant site had at least five
reads across all samples, (2) allele frequencies of both
‘Takanari’ and ‘Oonari’ at the site were higher than 0.9,
and (3) genotypes of “Takanari’ and ‘Oonari’ at the site
were different. For structural variation detection, its
calling was performed using Pindel (Ye et al. 2009)
and Manta (Chen et al. 2016), and then the structural
variations were examined using Integrative Genomics
Viewer (IGV) (Robinson et al. 2011). A variation index
for F5 bulk, the ratio between the number of ‘Oonari’-
type reads and total reads, was calculated in a similar
manner to the SNP-index (Abe et al. 2012). Thus, the
variation index was assigned to 0 and 1, when all short
reads contained alleles from ‘Takanari’ and ‘Oonari’,
respectively. Variant annotation was performed using
SnpEff v4.2 (Cingolani et al. 2012).

In addition, to reveal whether there is any other can-
didate gene in the candidate genomic region, we con-
ducted the following additional analyses. (1) We merged
the two bam files generated by mapping two sets of NGS
data of ‘Takanari’ and ‘Oonari’, respectively, to the ge-
nome of “Nipponbare’ or an indica rice cultivar ‘“Minghui
63’ (http://rice.hzau.edu.cn/rice/) (Zhang et al. 2016), and
performed mutation identification. (2) We identified the
genomic regions with read depth less than 5 (thereafter
called gap regions) using pysamstats software with de-
fault parameters (window-size =300, window-offset=
150) (https://github.com/alimanfoo/pysamstats),
followed by annotation analysis with the stand-alone
BLAST programs. The genes whose protein coding re-
gions or untranslated regions (UTRs) are contained in the
gap regions were extracted.

Validation of the bulked segregant analysis

The mutations in which the variation index was more
than 0.85 in the Fs-a bulk were selected for further
screening of the candidate mutation associated with seed
shattering using a small population, which contained 8
easy- and 8 moderate-shattering individuals from the F,-

¢ population. The genotype of each individual was
determined by Sanger sequencing. Briefly, primers
(Supplementary Table 1) were designed using the Prim-
er3 program (http://bioinfo.ut.ee/primer3-0.4.0/).
Polymerase chain reaction (PCR) was performed in a
reaction mixture of 10 pl, consisting of 10 ng genomic
DNA as a PCR template, 0.5 pM of primers, 0.25 U of
PrimeSTAR GXL DNA Polymerase (Takara, Kusatsu,
Japan), 1x PrimeSTAR GXL Buffer, and 200 uM of
dNTPs. The thermal cycle of PCR was set to be as
follows: 1 min pre-incubation at 98 °C, 35 cycles of
10 s denaturation at 98 °C, 15 s annealing at 58 °C, 20 s
extension at 68 °C. The amplified fragments were se-
quenced on a 3730xl Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) after a sequencing
reaction using the BigDye Terminator V3.1 cycle se-
quencing kit (Applied Biosystems).

After the candidate mutation associated with seed
shattering was determined, dCAPS markers
(Supplementary Table 1) were designed, using dCAPS
Finder 2.0 (http://helix.wustl.edu/dcaps/) (Neff et al.
2002) and Primer3 program. Amplified PCR products
were digested by the restriction enzyme Bsp1407 1
(Takara) at 37 °C, and then analyzed by electrophoresis
on 3.0% PrimeGel™ Agarose PCR-Sieve HRS (Takara)
gels stained with GelStar® nucleic acid gel stain (Lonza,
Rockland, ME, USA).

Validation of structural variations

The identified structural variations were validated by PCR
and the Sanger sequencing method using the primers in
Supplementary Table 1. Genotyping of duplication based
on quantitative real-time PCR (qPCR) was performed
using a SYBR Green Supermix Kit (Bio-Rad, Hercules,
CA, USA) on a MiniOption Real-time PCR System (Bio-
Rad). The PCR reaction mixture (20 pl) consisted of
0.2 uM forward and reverse primers, 1 x SYBR Advan-
tage qPCR Premix, and about 10 ng DNA. The reactions
were carried out using the following gPCR protocol: 3 min
pre-incubation at 95 °C followed by 40 cycles of 95 °C for
10 s, 60 °C for 30 s, and 72 °C for 30 s and finally a
dissociation run from 65 to 95 °C. The ¢SHI gene was
used for normalization of the relative quantities.

Gene expression analyses

Small RNAs were extracted from about 80-mm-long
young panicles (about 2 weeks before heading) using a
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mirVana™ miRNA Isolation Kit (Ambion, Austin, TX,
USA). The first-strand cDNAs were synthesized from
small RNAs using a Mir-X miRNA first-strand synthe-
sis kit (Clontech, Palo Alto, CA, USA).

The OsmiR172d forward primer was designed based
on its full sequences, and the mRQ 3’ primer in the Mir-
X miRNA first-strand synthesis kit was used as the
reverse primer. U6 snRNA was used as the reference
gene for miRNA expression. Primers used for gRT-PCR
experiments are listed in Supplementary Table 1.

Statistical analysis

The shattering degrees of different genotypes were com-
pared using pairwise ¢ tests and a Bonferroni correction
was used to control for the family-wise type I error rate
across the comparisons. Pearson’s correlation coefficient,
r, was used to measure the strength of a linear association
between the values obtained by different methods for
evaluating seed shattering. All statistical analyses were
performed in R Statistical Software (version 3.2.2; R
Foundation for Statistical Computing, Vienna, Austria).

Accession numbers

All NGS data files are available in the DDBJ Sequenced
Read Archive under the accession numbers DRA006863,
DRA006864, DRA006865, and DRA006866.

Results
Evaluation of grain shattering

The PS, BS, and RSP values were measured every
10 days from heading to maturity stage. The highest
PS values of ‘Nipponbare’ and ‘Kasalath’ appeared on
the 10th day after heading, and thereafter, PS values of
‘Nipponbare’ decreased slowly, whereas those of
‘Kasalath’ decreased dramatically (Fig. 1a). In contrast,
PS values of ‘Takanari’ and ‘Oonari’ were relatively
constant. There was no significant difference
(P> 0.05) between ‘Kasalath’, ‘Takanari’, and ‘Oonari’
on the 40th day after heading. The average BS values of
these four cultivars were approximately 44.7-52.5 gf on
heading date (Fig. 1b). Subsequently, those of
‘Takanari’ and ‘Kasalath’ decreased rapidly and were
as low as 18.2 and 7.2 gf on the 40th day after heading,
respectively. In contrast, that of ‘Oonari” was relatively
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constant and that of ‘Nipponbare’ increased step by step
and was as high as 66.1 gf on the 40th day after heading.
These results indicated that the difference of shattering
degrees among ‘Oonari’, “Takanari’, and ‘Kasalath’ was
mainly attributed to the difference of their BS values.
We noticed that most of the pedicels of ‘“Takanari’ were
easily separated from the grains and a smooth surface
was observed on the abscission zone (Supplementary
Fig. 2a) when we pushed the lower end of the pedicel
vertically. In contrast, most of the pedicels of ‘Oonari’
could not be separated from the abscission region (Sup-
plementary Fig. 2b). We therefore supposed RSP might
also be an appropriate index for discriminating the
shattering degree of ‘Oonari’ from that of ‘Takanari’.
As a result, the grain pedicel of ‘Nipponbare’ almost
never shattered during seed development after the head-
ing stage, and the RSP values remained at less than
10.0% (Fig. 1c). The RSP values of ‘Takanari’, ‘Oonari’,
and ‘Kasalath’ were approximately 10.0-20.0% on head-
ing date. Significant difference (P <0.01) in RSP was
observed between ‘Takanari’ and ‘Oonari’ on the 10th
day after heading. Furthermore, those of ‘Takanari’ and
‘Kasalath’ increased rapidly to 78.0% and 100.0% on the
20th day after heading, respectively, while those of
‘Oonari’ fluctuated between 10 and 30%.

We calculated the correlations between RSP and BS
values in four cultivars from the 10th to 40th day after
heading (Fig. 1d). No significant correlation was ob-
served on the 10th day after heading (r=—0.29, P=
0.28). However, RSP was significantly negatively corre-
lated with BS on the 20th day after heading (»=—0.78,
P <0.001), and the correlation coefficient reached to —
0.96 (P<0.001) on the 40th day after heading. Since the
RSP method does not require the recording of force
strength using the digital force gauge, it is relatively more
convenient and labor-saving compared with that of BS.

We re-evaluated the seed shattering of different cul-
tivars grown in 2018 at maturity stage using fourfold
amount of grains used in 2017. In the same manner,
there were no significant differences in PS among
‘Kasalath’, ‘Takanari’, and ‘Oonari’ (P> 0.05) (Supple-
mentary Fig. 3). For the BS, ‘Kasalath’, ‘Takanari’,
‘Oonari’, and ‘Nipponbare’ were showed in ascending
order, and in decreasing order for RSP.

Histological analysis of abscission zone formation

A total of 14 pedicels at heading stage were observed in
‘Takanari’ and ‘Oonari’ grown in the early season of
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Fig. 1 Comparison of shattering degrees between different culti-
vars at different developmental stages in 2017. a Comparison of
pulling strength (PS). b Comparison of bending strength (BS). ¢

2016, and no obvious differences were observed (Sup-
plementary Fig. 4a, b). The abscission zone cells, which
are flattened and densely aligned transversely to the
organ axis, were observed in both cultivars. Both had
an incomplete abscission layer, i.e., absence of the ab-
scission zone cells near the vascular bundle, which is a
common characteristic in most of the indica cultivars (Li
et al. 2006; Ishikawa et al. 2017). Five pedicels on the
20th day after heading in ‘Takanari’ and ‘Oonari’, which
were grown in the late season of 2017, were also ob-
served, no obvious differences being observed between
them (Supplementary Fig. 5a, b).

Segregation of seed shattering in F, population

The frequency of the shattering degrees of F,-c individ-
uals (n = 83) that were evaluated by RSP on the 15-17th
day after heading showed a bimodal distribution (Sup-
plementary Fig. 6). Twenty-five individuals shown RSP
value less than 20.0% as ‘Oonari’, 20 individuals fell
within or higher than the range of ‘Takanari’, and 38
individuals between the parents. This segregation ratio
fits a 1:2:1 ratio as determined by a chi-square test (y* =
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Comparison of rate of grain shattering by pushing (RSP). d Cor-
relation of RSP and BS from 10th to 40th day after heading
(DAH). Bars indicate mean values + standard deviation (n =4)

1.19, P =0.55), revealing evidence of a major locus with
a semi-dominant inheritance mode responsible for seed
shattering.

Bulked segregant analysis based on whole-genome
sequencing

Among Fs-a lines, 11 lines showing shattering scores
comparable to that of ‘Oonari’ were selected for bulked
segregant analysis. To identify highly reliable mutations
in ‘Oonari’, two sets of NGS data were obtained for
‘Oonari’ and ‘Takanari’ (Supplementary Table 2). After
removing duplicated reads, 68.4-96.6% of the clean
reads were mapped to the ‘Nipponbare’ reference ge-
nome. The average coverages were 15.8-26.2 times and
more than 85.7% of the genome had at least 5%
coverage.

SNPs and small indels were first called between
parental lines and the reference genome using GATK,
and then homozygous variations unique to a single
parent were identified. As a result, 62 SNPs, 20 small
deletions (1~20 bp), and 4 small insertions (1~8 bp)
were identified between ‘Takanari’ and ‘Oonari’
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Fig. 2 Identification of candidate Lr
mutations associated with TO20 TO42 TO75
. . 09
reduced seed shattering using the
method combining bulked 0.8 k L] r T
segregant analysis with whole-
genome sequencing. The X-axis » 0.7 r ;
represents the position of 12 3 06 | \ W
chromosomes and the Y-axis g X
represents the variation index of S 05
bulked F3 individuals with =
moderate-shattering trait. The 04 }\J
horizontal dashed green line > 03 L
represents the threshold of the ’ i
variation index, being 0.85. The 02 H
candidate mutations were labeled
by their IDs as in Supplementary 0.1
Table 2 I 10 T O VR T O S ) S
1 2 3 4 5 6 7 8 9 10 1 12
Chromosome

(Supplementary Table 3). Furthermore, using Pindel, we
identified a tandem duplicated segment of 6.2 kb on
chromosome 2 (Supplementary Fig. 7a) and an inver-
sion of 881.6 kb on chromosome 6 (Supplementary
Fig. 8a). These structural variations were validated by
PCR and Sanger sequencing (Supplementary Fig. 7b
and Supplementary Fig. 8b, c). To identify mutations
associated with reduced seed shattering, the variation
index of each mutation except of the tandem duplication
mutation TO21 in the F3-a bulk was calculated
(Supplementary Table 3) and plotted on all the 12 chro-
mosomes of the rice genome (Fig. 2). Since only the
paired reads crossing the rejoined site of the duplication

70

60 abAB

1.1

T/T_TO20 T/O _TO20 O/O_TO20 Takanari
Genotype

50 |
40
30 |

RSP(%)

20 ¢
10 |

0

Oonari

Fig. 3 Comparison of rate of grain shattering by pushing (RSP)
between different genotypes at the TO20 mutation site. T/T_TO20
(n=18) represents a homozygous allele for ‘Takanari’,
0O/O_TO20 (n=24) for ‘Oonari’, and T/O_TO20 (n=41) for a
heterozygous allele at the TO20 mutation site. Different lowercase
and uppercase letters over the bars show significance levels of 0.05
and 0.01, respectively. Bars indicate mean values + standard
deviation

@ Springer

are regarded as mutant alleles, and the paired reads
completely aligned in duplicated region are all consid-
ered as wild alleles (https://software.broadinstitute.
org/software/igv/interpreting pair_orientations),
therefore, the variation index of the duplication mutation
TO21 cannot be correctly calculated. As a result, one
SNP named TO20 and two deletions named TO42 and
TO75, of which variation indices were more than 0.85,
were identified on chromosome 2, chromosome 4, and
chromosome 9, respectively.

Validation of the bulked segregant analysis

Eight easy- and 8 moderate-shattering individuals from
the F,-c population were first used for screening of a
candidate mutation associated with RSP on the 15—17th
day after heading. The RSP values of individuals with
homozygous ‘Takanari’ and ‘Oonari’ alleles at the
TO20 site were 53.0+7.9 and 8.0 +£4.8, respectively,
which showed significant difference (P <0.001) from
each other (Supplementary Fig. 9). No significant dif-
ferences (P = 1.0) were observed between different ho-
mozygous alleles at the TO42 and TO75 sites (Supple-
mentary Fig. 9). Hence, association of the TO20 geno-
type and the RSP value in the whole F,-c population
(n=83) was further investigated. The RSP values of
individuals with homozygous ‘Takanari’ and ‘Oonari’
alleles at the TO20 site were close to those of ‘Takanari’
and ‘Oonari’, respectively (P=1.0), and those with
heterozygous were intermediate between the parents
(Fig. 3). This result confirms the findings that the
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mutation at TO20 is associated with the reduced
shattering trait and that the causal mutation has a semi-
dominant effect. At the maturity stage of rice, RSG was
investigated in some of the F»-c individuals (n = 53) and
F5-b lines (n = 75). The Pearson’s correlation coefficient
between RSG and RSP was 0.83 (Supplementary
Fig. 10), indicating that RSG can also be used as an
index for evaluating seed shattering. In both the F,-c and
F3-b populations, the RSG values of individuals or lines
with homozygous ‘Takanari’ allele at TO20 were nota-
bly higher than those with ‘Oonari’ allele (P <0.01)
(Supplementary Fig. 11a and b). Subudhi et al. (2014)
and Lee et al. (2016) have localized minor QTLs for
seed shattering at marker interval RM13910-RM 13938
(corresponding to 30.0-30.7 Mb) and RM525-RM450
(corresponding to 28.2-28.6 Mb) on chromosome 2,
both of which are distant from TO20 at 34.8 Mb of
chromosome 2. Since the names of sh/SH/qSH/Sh/SS 1
to 12 have been used as seed shattering-related loci, we
designated it as Shi3.

Identification of candidate genes

Annotation analysis revealed that TO20 was an intronic
SNP (Supplementary Table 3). Furthermore, we found
that one F, individual, TS64, which had heterozygous
‘Oonari’ allele at TO20, had an RSP value as low as that
of ‘Oonari’ (Supplementary Fig. 12), and two Fj lines,
TS185 and TS198 with homozygous ‘Oonari’ allele,
had RSP values as high as or higher than that of
‘Takanari’. These results indicate that although TO20
linked to SA/3 but it may not be the causal mutation.
Hence, the duplication mutation TO21 at 35.1 Mb of
chromosome 2 was subjected to further analysis. Al-
though there was no protein coding gene in the dupli-
cated 6.2-kb region, we identified one small RNA se-
quence that corresponds to osa-miR172d, whose wheat
ortholog has recently been revealed to play a crucial role
in grain threshability (Debernardi et al. 2017). For ge-
notype analysis of TO21, we designed a pair of primers,
one of which covers the junction of the duplicated
regions (Fig. 4a). Using this primer set, the same PCR
products were yielded in both homozygous ‘Oonari’
allele and heterozygous allele, while not in the homozy-
gous ‘Takanari’ allele (Fig. 4b). As a result, TS185 and
TS198 were identified to have homozygous ‘Takanari’
alleles at TO21. qPCR analysis revealed that TS64 had a
homozygous ‘Oonari’ allele at TO21(Fig. 4c). From the
descendants of TS64, we isolated the plants with

homozygous ‘Takanari’ allele (TS64-2-T) and the plants
with homozygous ‘Oonari’ allele (TS64-2-O) (Supple-
mentary Fig. 12a) at the TO20 site and found that there
was no significant difference in RSP values between
them (Fig. 4d), indicating that the duplication of osa-
miR172d is more closely associated with the moderate-
shattering trait than TO20 (Supplementary Fig. 13). RT-
qPCR analysis showed that the gene expression of osa-
miR172d in young panicles of ‘Oonari’ was about three
times as high as that of ‘Takanari’ (Fig. 5) (P<0.01).

We merged the bam files of ‘Oonari’ and ‘Takanari’,
respectively, to reduce the ratio of gap regions to less
than 9.3% of the reference genomes (Supplementary
Table 4), followed by mutation detection. However,
we yet did not identify more mutations at the candidate
genomic region from TO19 (at 32.0 Mb) to the end of
the long arm of chromosome 2. We identified 21 genes
in or containing gap regions when the ‘Nipponbare’
genome was used as a reference genome, of which 11
genes were assumed to be lost in the “Minghui 63 and
‘Takanari” genomes (Supplementary Table 5). Further-
more, the coverages of the remaining nine genes were
more than 5x when the ‘Minghui 63” genome was used
as a reference genome. On the other hand, we identified
three genes in the gap regions in this analysis
(Supplementary Table 6), of which one was similar to
the Pib gene and the other two were retrotransposon
genes. These results suggested that there was no other
candidate gene when the ‘Nipponbare’ or ‘Minghui 63’
genome was used as a reference genome.

Discussion

Seed shattering can be evaluated by different methods.
Hand grasping followed by recording on a scale of 1-9
and RSG at the seed maturity stage are simple traditional
methods (Lee et al. 2016). However, these methods are
affected by the water content of the panicle and human
errors. Use of a digital force gauge to evaluate the
shattering degree by pulling or bending grain pedicels
which have the same water content can reduce the
abovementioned effects and provide more precise data.
It has been revealed that PS is positively correlated with
BS (Qin etal. 2010; Lee et al. 2016), and that the degree
of abscission zone formation is significantly negatively
correlated with PS and BS (Lee et al. 2016). However,
there was obvious difference between ‘Oonari’ and
‘Takanari’ only in BS but not in either PS (Fig. 1 and

@ Springer



36 Page 100f 14

Mol Breeding (2019) 39: 36

Repeat(6,284bp) #2

Oonari

LA

a Repeat(6,284bp) #1
)

DUP_F3 = ‘_‘, DUP_R3

b F, T o]

0.75

Fold change

025

TS185 TS198

b

143 bp

TS64  TS64-2-T TS64-2-0

DUP

qSH1

F, T 0

RSP(%)

40

20

TS64  TS64-2-T TS64-2-O

bB bB

bB
O
Fig. 4 Identification of candidate gene associated with reduced
seed shattering. a Schematic representation of the primer positions
for genotype analysis of the duplication mutation TO21. The gray
arrow-shaped boxes indicate the positions of osa-miR172d. Ar-
rowheads indicate the primer positions, and the predicted PCR
product sizes are shown at the lower part. DUP_F3 covers the
junction of the duplicated regions. Note that the diagram is not
drawn to scale. b Agarose gel electrophoresis of the amplification
products obtained by PCR using the primer set of DUP in a, and
the primer set of gSHI was used a positive control in PCR. No

PCR product of DUP was observed in the lines with homozygous
‘Takanari’ allele at the TO21 site. ¢ Genotyping analysis of the

T

Supplementary Fig. 3) or abscission zone formation
(Supplementary Figs. 4 and 5), indicating that there is
a specific unknown factor involved in control of BS. In
fact, a previous study has shown that some different
cultivars have the same PS values but different BS
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TS64-2-O TS64-2-T

duplication using qPCR. The Y-axis represents the fold change
between the duplication and ¢gSHI amplicons. ‘Oonari’ was nor-
malized to 1 and all other lines were compared to this. Value more
than 0.8 was regarded as a homozygous allele for ‘Oonari’, other-
wise a heterozygous allele. Bars indicate mean values + standard
deviation (n=3). d Comparison of rate of grain shattering by
pushing (RSP) between the plants of TS64-2-T and TS64-2-O
grown in a heated greenhouse from Nov. 2017 to Apr. 2018.
Different lowercase and uppercase letters over the bars show
significance levels of 0.05 and 0.01, respectively. Bars indicate
mean values + standard deviation (n =4)

values (Jin and Inouye 1981), and several specific loci
for BS have been identified (Qin et al. 2010; Lee et al.
2016). However, related genes have not been isolated. A
more intensive study on the morphological features of
the abscission zone using scanning electron microscope
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Fig. 5 RT-qPCR analysis of osa-miR172d in young panicles of
‘Takanari’ and ‘Oonari’. Data were normalized to ‘Takanari’. Bars
indicate mean values + standard deviation (n = 3). Double asterisks
denote a significant difference at P <0.01 using Student’s # test

(Ebata and Tashiro 1990; Okubo 2014) might be useful
to better understand the varietal differences between
‘Oonari’ and ‘Takanari’.

RSP used in this study was significantly correlated
with BS and RSG (negatively and positively, respective-
ly) (Fig. 1 and Supplementary Fig. 10). The RSP eval-
uation method can save labor compared with the BS
method and is considered to be more precise than the
RSG method. Furthermore, since the RSP values from
the 10th day after heading forward showed significant
difference between the two parents (Fig. 1), evaluation
of seed shattering of their segregation population and
genetic analysis could be conducted before the maturity
stage.

Although some major genes, such as gSH! (Konishi
et al. 2006), SH4 (Li et al. 2006), SHAT! (Zhou et al.
2012), OsShi (Lin et al. 2012), etc., have been identified
as controlling seed shattering, none of the minor genes
have been cloned (Htun et al. 2014; Inoue et al. 2015;
Kwon et al. 2015; Yao et al. 2015; Lee et al. 2016;
Ishikawa et al. 2017). The mechanism for the moderate-
shattering trait is still unclear. The moderate-shattering
mutant cultivar ‘Oonari’ is useful for uncovering this
mechanism. Whole-genome sequencing analysis of
‘Oonari’ and its original cultivar ‘Takanari’ identified
88 mutations in ‘Oonari’, 33.3% of which were indels
and structural variations (Supplementary Table 3). This
mutation characterization is similar to those of mutants
obtained by C-ion beams (30.0 keV pum ') (Kazama et al.
2017) and fast-neutron irradiations (Li et al. 2017). The
high proportion of indels and structural variations, includ-
ing duplication, transversion, and translocation, suggests
that the MutMap developed for identifying the causal
SNP mutation in EMS mutants (Abe et al. 2012) is not

enough for identifying the causal mutation for a specific
mutant phenotype induced by radiation. As with the
calculation method of SNP-index in MutMap, we calcu-
lated the variation index for each mutation (except for the
duplication mutation). Although the bulked DNA of only
11 mutant-type F3 lines was used for bulked segregant
analysis, only three mutations with high variation index
were identified due to the low mutation frequency in the
gamma-ray mutant (Fig. 2). If the bulk of wild-type F5 (or
F,) progenies were used for this analysis as with the
MutMap+ approach (Fekih et al. 2013), the candidate
genomic region might have been directly identified. Al-
ternatively, after a simple screening using a small-size
population followed by a further confirmation with about
160 F, individuals and F5 lines, we identified that TO20
is associated with moderate shattering (Supplementary
Figs. 9 and 11). Hence, fine mapping using recombinant
lines between TO20 and its near duplication mutation
TO21 revealed that TO21 is more closely associated with
the reduced seed shattering (Supplementary Fig. 13).
Since there are no other mutations near TO21, the osa-
miR172d gene in duplicated region of TO21 might be
considered as a candidate gene for seed shattering. In a
previous study, a segmental duplication encompassing S-
haplotype induced by gamma irradiation has been sug-
gested to trigger pollen-part self-compatibility in Japa-
nese pear (Pyrus pyrifolia) Mase et al. 2014). According
to our knowledge, this is the first report on identification
of a candidate gene for irradiation-induced mutation
using the NGS-based bulked segregant analysis ap-
proach. We anticipate that this approach will facilitate
gene isolation and utilization of irradiation-induced mu-
tation for gene identification.

Although there is no available reference genome se-
quence of ‘Takanari’, and the genome of “Nipponbare’ or
‘Minghui63’ was used as a reference genome, analysis of
the genes in or containing gaps suggested that there was
no other candidate gene (Supplementary Tables 5 and 6).
We could not exclude the possibility that there might be a
small fraction of genomic regions specific to ‘Takanari’.
However, since the mutation frequency induced by gam-
ma radiation is very low, for example, one mutation per
4.2 Mb in this study, and one mutation per 6.2 Mb in a
previous study (Sato et al. 2006), the possibility is very
low that the causative mutation might reside in these
specific regions.

In recent years, microRNAs (miRNAs) have been
shown to play important regulative roles in develop-
mental processes and stress responses by regulating
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target mRNA expression post-transcriptionally in a wide
variety of organisms (Bartel 2004; Kidner and
Martienssen 2005). In plants, miRNA172 is involved
in the regulation of phase transition and in determination
of floral organ identity through targeting AP2 and AP2-
like genes (Park et al. 2002; Aukerman and Sakai 2003;
Dai et al. 2016). O in wheat is an AP2-like gene in-
volved in controlling seed shattering (Simons et al.
2006). During wheat domestication, a nucleotide
change at the miR 172 binding site of the O gene reduced
their interaction, which contributed to subcompact
spikes and freethreshing grains (i.e., grains readily sep-
arated from glumes) (Debernardi et al. 2017). Overex-
pressing the miR172d gene under the control of the
maize UBIQUITIN promoter in wheat made more than
sevenfold increase of the expression of miR172d, lead-
ing to reduced threshability (Debernardi et al. 2017).
However, overexpressing miR172d under the control of
the UBIQUITIN or 35S promoter in wheat and rice
cause pleiotropic effects including spikelet and inflores-
cence developmental defects (Dai et al. 2016;
Debernardi et al. 2017), so that these materials cannot
be used in breeding. The AP2-like gene SHAT! (Zhou
etal. 2012) is regarded as one of the target genes of osa-
miR172d (Liu et al. 2016). Null mutation in SHATI
causes hard-shattering and developmental defects in
the spikelet and inflorescence (Zhou et al. 2012). In
the SHATI-RNAI transgenic plants, the pedicel break-
ing tensile strength correlated well with the magnitude
of the reduction in SHATI mRNA (Zhou et al. 2012).
Since at least 13 putative targets of osa-miR172d were
identified in rice (Liu et al. 2016), we suppose that the
twofold increase of miR172d expression in ‘Oonari’
(Fig. 4) causes only slight repression of the expression
of each target gene, thus causing only moderate reduc-
tion of shattering degree without obvious morphological
difference between ‘Oonari’ and ‘Takanari’.
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