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ABSTRACT

Wide variations of typhoon-induced spikelet sterility and days to heading (DH) were found among
317 introgression lines (INLs) originating from new-plant-type varieties with a genetic background
of Indica Group rice variety IR 64. Sterility was induced by continuous dry winds from the typhoon.
The most seriously affected were 194 INLs with DH ranging from 83 to 86 days. Positive correlations
with the spikelet sterility score (SSS) were found for culm length (CL), panicle length (PL), and
panicle weight (PW). Based on these traits and DH, the 194 INLs were classified into three groups:
A1, A2, and B. The means of SSS and four traits (CL, PL, culm and leaf weight (CW), and panicle
weight (PW)) were the lowest in group A1, and highest in group B. PN was significantly higher in
group B than those in the others. Seven quantitative trait loci (QTL) for SSS were detected on
chromosomes (chr.) 1, 2, 4, 7 (two), 8, and 11. Among them, the QTL of chr. 4 was located in the
same regions as those of DH, CL, PL, CW, and panicle number (PN). Thus, the region on chr.4 might
induce sterility in the INLs by modifying plant architecture, such as large panicles or high plant
height with the minor effect of many tillers. The relationships among traits, and the QTLs will be
useful information for genetic improvement of tolerance to typhoon damage in rice.
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Spikelet sterility (or ‘whitehead’) induced by high tem-
peratures and strong dry winds is a significant type of
damage seen in rice (Oryza sativa L.) plants when
typhoons or foehn winds pass during the cultivation
period (Muramatsu & Kamota, 1979). It often occurs in
the Hokuriku district of Japan (Muramatsu, 1976) and the
eastern coastal area of Korea (Kang et al., 2003), where
there are fields on the downwind side of mountains. Rice
plants damaged in this way have decreased grain yield

components, including panicle number, number of fer-
tile spikelets per panicle, ripening rate, and grain weight
(Oida & Yuasa, 1999). To develop rice varieties tolerant to
typhoon damage, clarification of the physiological and
genetic mechanisms of spikelet sterility induced by
typhoons is necessary.

Typhoon-induced spikelet sterility in rice is due to the
loss of water potential when high temperatures, low
humidity, and strong winds occur approx. Three3- 5

CONTACT Yoshimichi Fukuta @ zen@affrc.go.jp
Supplemental data for this article can be accessed here

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1080/1343943X.2020.1816138
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/1343943X.2020.1816138&domain=pdf&date_stamp=2020-09-08

2 (&) A TOMITAETAL.

days after panicles emerge from the flag leaf sheath
(Muramatsu & Kamota, 1979; O'Toole et al., 1984).
Ishihara et al. (1990) reported that increasing the vapor
pressure deficit around rice leaves and difficulty in water
transport through the panicle neck internodes might
lead to the occurrence of spikelet sterility in the rice
flowering period. The water potential of panicles
decreases after heading due to the increasing resistance
to water transport in the rice plant (Tsuda et al., 1992).
Hirasawa (2000) clarified that panicle sterility is due to
resistance to water transport of the panicle neck occur-
ring from decreasing water potential and then bubbles
forming inside the panicle neck. Panicle neck diameter,
which is correlated with the cross-section area and num-
ber of vascular bundles, affects panicle size, such as the
total number of spikelets per panicle (Liu et al., 2008). In
addition, Tanimoto and Itoh (2000) reported that the
degree of leaf rolling might affect the amount of tran-
spiration per plant. Tanimoto and Itoh (2001) found that,
compared with the leaf area, rice plant length and num-
ber of leaves were positively correlated with relative
transpiration per plant in 13 rice varieties. Lim et al.
(1988) and Lee et al. (1998) clarified that the degree of
spikelet sterility induced by artificial dry wind was
related to several agronomic traits such as culm length,
panicle length, panicle number, no. of spikelets, flag leaf
length and width, thickness of necknode, or 1000 grain
weight. Therefore, investigating the relationship
between typhoon-induced spikelet sterility and mor-
phological traits or plant architectures will be a useful
approach for clarifying the underlying mechanisms of
damage induced by typhoons in rice.

A total of 334 introgression lines (INLs), harboring
chromosome segments from nine new-plant-type (NPT)
lines and a high-yielding Japanese cultivar, Hoshiaoba,
were developed for genetic improvement of yield per-
formance in an Indica Group cultivar, IR 64 (Fujita et al.,
2010, 2009). Fujita et al. (2009), Fujita et al. (2010)) clar-
ified wide variations in these lines with respect to eight
agronomic traits — days to heading (DH), culm length
(CL), leaf width (LW), leaf length (LL), panicle length (PL),
panicle number per plant (PN), 100-grain weight (GW),
and total spikelet number per panicle (TS) - at the
International Rice Research Institute in the Philippines,
and detected 54 quantitative trait loci (QTLs) for them by
association analysis. Uddin et al. (2016a) also clarified
wide variations in 10 agronomic traits - DH, CL, PL,
culm weight (CW), panicle weight (PW), harvest index
[PW/total weight (TW)], PN, fertile spikelet number per
panicle (FS), TS, and fertility rate (FS/TS) - in irrigated
lowland and upland fields in Tsukuba, Japan, and
detected 166 QTLs. Based on the information of these
genetic variations, QTLs or genes for DH (Fujita et al,,

2011; Tagle et al, 2016), TS (Fujita et al., 2012, 2013;
Koide et al., 2013; Sasaki et al., 2017), PN (Uddin et al.,
2016b), CL, LL, LW, FS (Tagle et al., 2016), and GW
(Ishimaru et al., 2017) have been identified using hybrid
populations derived from crosses between IR 64 and the
INLs. Recently, QTLs of root morphological traits have
also been found: root length (Obara et al., 2014) and soil-
surface roots (Tomita & Fukuta, 2019).

Therefore, these INLs are useful materials with which
to investigate the relationship between variations in
spikelet sterility induced by typhoons and morphologi-
cal traits. In addition, rice varieties have genetic differ-
ences with respect to spikelet sterility induced by
typhoons (Matsuo et al, 1951); however, no reports
have performed genetic analysis for spikelet sterility. By
using these INLs and their genotype data, it is possible to
detect QTLs for spikelet sterility induced by typhoons.

Typhoon Lan passed the eastern area of the Yaeyama
islands of Okinawa, Japan, from October 20 to 22, 2017,
and it closely approached our agricultural research sta-
tion at Ishigaki on October 21. After this typhoon, we
observed spikelet sterility in rice plants in irrigated low-
land fields of Ishigaki. In this study, we clarified the
genetic variations in the spikelet sterility score (SSS)
induced by the typhoon among the INLs, and we inves-
tigated the relationship between variations in the SSS
and the agronomic traits. Moreover, QTLs for SSS and
agronomic traits were detected by association analysis.
Based on these results, we discuss the relationship
between spikelet sterility induced by the typhoon and
the agronomic traits and genetic factors involved in
tolerance to the damage in rice genome chromosomes.

Materials and methods
Plant materials and cultivation

Fujita et al. (2009), Fujita et al. (2010)) developed 334
INLs derived from a cross between an Indica Group
cultivar IR 64 and 10 donor parents, including nine NPT
lines and one Japonica Group variety, through backcross
breeding. These INLs were divided into 10 sib-groups: 33
lines in YP1-INLs, 13 lines in YP3-INLs, 45 lines in YP4-
INLs, 58 lines in YP5-INLs, 28 lines in YP6-INLs, 21 lines in
YP7-INLs, 29 lines in YP8-INLs, 16 lines in YP9-INLs, 38
lines in YP10-INLs, and 36 lines in YP11-INLs, which were
originated from each donor parent. In this study, we
used 317 of these INLs and IR 64. These materials were
cultivated in irrigated lowland fields of the Tropical
Agriculture Research Front (TARF), Japan International
Research Center for Agricultural Sciences (JIRCAS),
Maezato, Kawarabaru, Ishigaki, Okinawa, Japan (24°22’
N, 124°11'E) and were used for the investigation of



spikelet sterility induced by the typhoon and DH from
26 July 2017 to December 2017 in the second season of
2017, and for investigation of six agronomic traits (CL,
PL, CW, PW, PW/TW, and PN) from 26 February 2018 to
July in the first season of 2018.

Seeds were sterilized by treating overnight with 0.5%
(w/v) agrochemicals (‘Benrate T wettable powder 20,
Thiuram 20.0%, and Benomyl 20.0%; Hokko Chemical
Industries, Ltd., Tokyo, Japan). They were then sown in
seedling trays (‘Naedoko’, 274 x 602 x 23 mm, 37 X 2
planting strips per tray; Minoru Industrial Co., Ltd,
Okayama, Japan) filled with sterilized soil containing che-
mical fertilizer (N, 0.7 g/4 kg; P, 1.0 g/4 kg; K, 0.8 g/4 kg),
and grown in a greenhouse for 4 weeks. Basal fertilizer at
rates of 48 kg of N, 64 kg of P, and 32 kg of K per hectare
was applied to the irrigated lowland fields before trans-
planting. In the lowland fields, 10 seedlings of each line
were transplanted, one per hill 20 cm apart, in a single
row, with 30 cm between lines.

Evaluation of degree of spikelet sterility induced by
the typhoon

Typhoon Lan passed the eastern area of the Yaeyama
islands of Okinawa, Japan, from October 20 to 22, 2017,
and closely approached Ishigaki on October 21.
Temperatures were around 25°C in the day and night
times during those 3 days (Supplemental Fig. S1).
Among those 3 days, the maximum instantaneous
wind speed at Ishigaki was highest (21.7 m/s) at 16:00
on October 21. After that time, relative humidity chan-
ged dramatically: It ranged from 75% to 95% until 16:00
on October 21, decreased to 58.5% at 0 on October 21,
and then stood at around 60% during the entire day on
October 22. The investigation for degree of spikelet
sterility was performed on October 24.

The degree of spikelet sterility among the 317 INLs
was evaluated visually and categorized by assigning
a spikelet sterility score (SSS) of 0-3 according to the
ratio of sterile spikelet in exserted spikelet from the leaf
sheath as follows: 0, 0% sterile spikelet; 1, <30%; 2,
30%-80%; and 3, >80%, of one plant in each INL
(Figure 2). The intermediate several plants of the steri-
lity among 20 plants in one INL was evaluated, and the
selected score was used as the representative data of
each INL. The SSS of IR 64 was investigated using the
intermediate plant of 20 replications, and the average
value was used as representative data.

Evaluation of agronomic traits

Seven agronomic traits — DH, CL, PL, CW, PW, harvest
index (PW/TW), and PN — were investigated in each INL
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and in IR 64. DH was the number of days from
sowing day (26 July 2017) until the day on which 50%
of individual plants in each INL showed panicle exser-
tion. The other six morphological traits were not able to
investigate by the heavy damage of Typhoon. These
were investigated using six individuals per line, and
mean values were used as representative data in the
first season of 2018. At 30 days after heading, these
individuals were harvested and dried in a ventilated
room. For each plant, CL was measured from the soil-
surface to the neck of the panicle, and PL from the
panicle neck to the topmost spikelet in the longest tiller.
CW was measured as the weight of culm and leaf, and
PW was the weight of the panicle including spikelets and
rachis branches. PW/TW was calculated as the ratio of
the average panicle weight to the total plant weight. PN
was the number of productive panicles per plant.

Association analysis of SSS and agronomic traits

The genotype data of more than 200 simple sequence
repeat (SSR) markers (McCouch et al.,, 2002) distributed
across rice genome chromosomes of the INLs (Fujita
et al, 2010, 2009) were used for association analysis.
The associations between introgressed chromosomal
segments and SSS and seven agronomic traits (DH, CL,
PL, CW, PW, PW/TW, and PN) were detected by single
marker analysis (SMA) within each sib-group of the INLs
which had been exposed to the typhoon immediately
after panicle heading, using version 2.5 of Windows QTL
Cartographer software (Wang et al,, 2011). A probability
level of <0.01 was used as the threshold value to detect
significant differences between genotypes of IR 64 and
the donors. When multiple markers on the same chro-
mosome segments were associated with a given trait,
the QTL was located at the marker that had the highest
F-score. The proportion of observed phenotypic varia-
tion attributable to a particular chromosomal region was
estimated from the coefficient of determination (R?).

Results
Genetic variations in DH and SSS among INLs

A wide genetic variation in DH ranging from 75 days to
96 days was observed among the 317 INLs. The mean
value was 84.3 days (Figure 1). DH of IR 64 was 83.5 days.
SSS varied also widely among these INLs: scores ranged
from 0 to 3 and the mean value was 1.8. SSS of IR 64 was
2.2. Among the 317 INLs, 37 INLs (11.7% in the whole)
had a score of 0, 96 (30.3%) had a score of 1, 76 (24.0%)
had a score of 2, and 108 (34.1%) had a score of 3.
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Figure 1. Segregation of DH among INLs in each score of SPS
induced by a typhoon. A total of 317 INLs were used for the
investigations of DH and spikelet sterility induced by Typhoon
Lan. Typhoon Lan passed the eastern area of the Yaeyama
islands of Okinawa, Japan, from October 20-22, 2017.
Assignment of spikelet sterility score (SSS) was by visual evalua-
tion conducted at the irrigated lowland fields of TARF, JIRCAS,
Ishigaki, Okinawa, on October 24.The degree of sterile spikelets
in exserted panicles in each INL was categorized into one of four
scores: 0, no sterile spikelets; 1, less than 30%; 2, 30%-80%; 3,
more than 80%.DH was the duration from the day of sowing, 26
July 2017, to panicle exsertion in half of the plants in the INL.
Black triangles and horizontal lines indicate mean and SD of DH,
respectively, among the INLs.White triangle and horizontal line
indicate those of IR 64.Gray triangle indicates October 21
(DH = 87 days after sowing), when the typhoon closely
approached Ishigaki. Values denoted by the same letter are
not significantly different from one another at P = 0.05 accord-
ing to the Tukey-Kramer test.

Typhoon Lan approached Ishigaki closely on
21 October 2017, corresponding to a DH of
87 days after sowing. Of the 317 INLs, 270 INLs
had headed before that day (DH = 75 to 86 days)
and 194 (61.2%) had a DH in the four-day range of
83 to 86 days and were thus exposed to the

typhoon immediately after heading. Among those
194 INLs, five had a score of 0 (2.6%), 58 had
a score of 1 (29.9%), 53 had a score of 2 (27.3%),
and 78 had a score of 3 (40.2%) (Figure 4). The mean
value, 2.1, was similar to that of IR 64 (Figure 4). In
contrast, the other 47 INLs with the later DH of 87 to
96 days showed lower SSS of 0.4. These results
indicate that the 194 INLs with DH from 83 days to
86 days and IR 64 were seriously exposed to the
typhoon immediately after panicle heading, and
the variation in SSS among the 194 INLs might be
induced by other factors, not only by DH.

Relationship between SSS and agronomic traits in
194 INLs

Wide variations in six agronomic traits — CL, PL, CW, PW,
PW/TW, and PN - were found among the 194 INLs
(Figure 3). CL varied from 45.0 to 81.6 cm, PL from 19.0
to 27.5 cm, CW from 10.6 to 37.1 g, PW from 13.9 to
54.8 g, PW/TW from 39.6% to 64.9%, and PN from 7.8 to
22.5. The mean CL in these INLs was significantly higher
than that of IR 64, and the mean values of CW, PW, and
PN were significantly lower (Figure 3, Table 2). The mean
values of PL and PW/TW were similar to those of IR 64.
Thus, in terms of plant architecture, the 194 INLs mainly
included taller plants and those with lower dry matter
production compared with IR 64.

Among the 21 combinations of the six agronomic
traits plus DH, 13 showed significant correlations
(Supplementary Table 1). Correlation coefficients of
11 of those combinations (between DH and CL, DH
and PL, CL and PL, CL and CW, CL and PW, PL and CW,
PL and PW, CW and PW, CW and PN, PW and PW/TW,
and PW and PN) were positive values from 0.26 to
0.71. Correlation coefficients were negative for the
remaining two combinations: between CL and PW/
TW (-0.20), and CW and PW/TW (-0.46). Moreover,
these seven agronomic traits showed significant posi-
tive correlations between Ishigaki and Tsukuba
(Supplementary Table 2). Thus, we confirmed that the
variations of agronomic traits in the 194 INLs culti-
vated in Ishigaki and Tsukuba corresponded. Also the
194 INLs cultivated in Ishigaki tended to increase in
DH, CL, PL, PW, CW, and PN, together. According to
the rising PW/TW, the values of PW increased and
values of CL and CW decreased.

Three traits - CL, PL, and PW - showed significant
positive correlations with SSS among the 194 INLs inves-
tigated in Tsukuba and Ishigaki (Table 1). DH and PN
showed positive and negative correlations, respectively,
only in Tsukuba, and PW/TW were positive in Ishigaki.
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Figure 2. Typhoon-induced sterile spikelet. Panicle shows the most serious damage, score 3.

The remaining one, CW, showed no correlation in both
places. Therefore, among the INLs, those types with
large panicles and high plant height experienced
a higher degree of typhoon damage.

The 194 INLs were classified into three cluster
groups - A1, A2, and B - by cluster analysis using
the variation data of the six agronomic traits plus DH
(Supplemental Fig. $2). Cluster group A1 included 31
INLs, group A2 included 119, and group B included 44
(Figure 3). Significant differences among the three
cluster groups were found in traits CL, PL, CW, and
PW (Table 2). The values of these traits were lowest in
cluster group A1 and highest in group B, and the
values in group A2 were intermediated between
those in A1 and B. PW/TW of cluster group A2 was
lower than those of groups A and B, and PN of group
B was significantly higher than those of A1 and A2.
There was no significant difference between cluster
groups in terms of DH. The mean values of SSS in
cluster groups A1, A2, and B were 1.7, 2.0, and 2.4,
respectively, and that of group B was significantly
higher than those of the other two groups (Figure
4). These results indicate that the SSS was elevated
with the effects of increase in four traits — CL, PL, PW,
and CW - and that the INLs with high PN also induced
high SSS.

QTLs for SSS and agronomic traits

Association analyses for SSS and seven agronomic traits
were performed within the 194 INLs of nine sib-groups:
eight lines in YP1-INLs, 43 lines in YP4-INLs, 33 lines in
YP5-INLs, 16 lines in YP6-INLs, nine lines in YP7-INLs, 20
lines in YP8-INLs, 12 lines in YP9-INLs, 18 lines in YP10-
INLs, and 34 lines in YP11-INLs, except for one line in
YP3-INLs. A total of seven QTLs for SSS were detected in
five sib-groups: one QTL on chr. 1, one on chr. 2, one on
chr. 4, two on chr. 7, one on chr. 8, and one on chr. 11
(Figure 5, Table 3). The F values of these QTLs ranged
from 8.2 to 40.0, and R? values were from 0.23 to 0.83.
One QTL, gS557.1-YP9, showed the highest F and R?
values among them. Introgressed alleles of two QTLs
(qSSS4.1-YP11 on chr. 4, and gSSS7.1-YP9 on chr. 7)
increased the score, and those of the other five QTLs
(gSSS1.1-YP11 on chr. 1, gSS852.1-YP9 on chr. 2,
qSS57.2-YP5 on chr. 7, gSSS8.1-YP10 on chr. 8, and
gSSS11.1-YP6 on chr. 11) decreased the score. Two
QTLs — gS557.1-YP9 detected in sib-group YP9-INLs and
qSSS57.2-YP5 in YP5-INLs — overlapped in the same region
on chr. 7. In the two QTLs, gSS558.1-YP10 and
qSSS11.1-YP6, IR 64 types were increased and did not fit
with 1:1 segregations. These results indicate that both
alleles of IR 64 and donor varieties among the seven
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Figure 3. Segregation of traits related to yield components in INLs. Six agronomic traits — CL, PL, CW, PW, PW/TW, and PN - were
investigated in 194 INLs grown in irrigated lowland fields of TARF, JIRCAS, Ishigaki, Okinawa.These INLS were those with DHs in the
4-day range from 83 to 86 days, when the typhoon inflicted the most serious damage after heading.Investigations were carried out in
the first season of 2018.CL, Culm length; PL, Panicle length; CW, Culm weight; PW, Panicle weight per plant; PW/TW (total weight),
Harvest index; PN, Panicle number per plant.White and black triangles and horizontal lines indicate mean values + SD of IR 64 and
INLs, respectively.* and **: significantly different from IR 64 by t-test at P = 0.05 and 0.01, respectively.

QTLs contributed to the variation of SSS occurring in the
194 INLs.

A total of 48 QTLs for seven agronomic traits were
detected on all chromosomes except for chrs. 8 and 10:
DH (six QTLs), CL (14), PL (eight), CW (four), PW (two),
PW/TW (six), and PN (eight) (Figure 4, Table 3). The
F values of these QTLs ranged from 7.7 to 37.6, and R?
ranged from 0.16 to 0.71. Among them, abnormal seg-
regations were found in the following 13 QTLs:
gDH11.2-YP6, qCL4.1-YP4, qCL4.1-YP6, qCL4.1-YP11,
qCL6.1-YP10, qPL6.1-YP10, qPW6.1-YP10, qPW6.1-YP6,
qPWTW3.1-YP9, qPN2.1-YP10, qPN4.2-YP5, gPN11.1-YP11,
and gPN12.1-YP5 and these segregations of IR 64 and
donor types did not fit the 1:1 ratio. In 11 regions on
chrs. 2, 4 (two regions), 5, 6 (three), 7, 9, and 11 (two),
several QTLs for different traits were detected together.
Seven QTLs for SSS were detected on six regions (chrs. 1,
2, 4,7 [two QTLs], 8, and 11), and among them three on
chrs. 4, 7, and 11 were found with those for other traits
originated from the same donor’s alleles. In the region

for qSSS4.1-YP11, five QTLs originating from the same
donor’s alleles were found for five agronomic traits: DH,
CL, PL, CW, and PN. The donor’s alleles of qS554.1-YP11
and the other QTLs increased the values of each trait
except for PN. In the region of gS557.2-YP5,
gPWTW?7.1-YP5 was located. The donor's alleles of
qSS57.2-YP5 and gPWTW?7.1-YP5 decreased the values.
The region of q55511.1-YP6 overlapped with one QTL,
gDH11.2-YP6. The IR 64 allele of gSS511.1-YP6 increased
the value, and that of gDH11.2-YP6 decreased. These
results suggest that the plant architecture, such as
large panicles or high plant height, made for a high
SSS with introgressed alleles of the region for
qSSS4.1-YP11.

Discussion

Ishigaki was subjected to continuous strong winds from
Typhoon Lan over 3 days from October 20 to 22, 2017,
accompanied by a sudden decrease in humidity after the
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Figure 4. Segregation for SSS in INLs A total of 194 INLs were
classified into three cluster groups — A1, A2, and B - based on
the data of segregation among seven agronomic traits: DH, CL,
PL, CW, PW, PW/TW, and PN. The SSS segregation in each group
was compared among the three cluster groups. The data of SSS
and DH were collected at the irrigated lowland fields of TARF,
JIRCAS, Ishigaki, Okinawa in the second season of 2017, and
those of the other six agronomic traits were collected in the first
season of 2018. SSS, Spikelet sterility score; DH, Days to heading;
CL, Culm length; PL, Panicle length; CW, Culm weight; PW,
Panicle weight per plant; PW/TW (total weight), Harvest index;
PN, Panicle number per plant. White and black triangles and
horizontal lines indicate mean values + SD of IR 64 and INLs,
respectively. The mean values denoted by the same letter are
not significantly different from one another at P = 0.05 accord-
ing to the Tukey-Kramer test.

evening of October 21 (corresponding to DH of 87 days
after sowing) (Supplemental Fig. S1). In that season, the
317 INLs showed a wide genetic segregation in DH and
SSS (Figure 1). Among those INLs, IR 64 and 194 INLs
whose DH ranged from 83 to 86 days were exposed to
the effects of the typhoon immediately after heading,
and SSS varied widely among them. INLS with later DH
tended to show lower SSS and were able to avoid the
damage. These results indicate that the wide variation in
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SSS in the 317 INLs occurred mainly as a result of varia-
tion in DH. The rice flowering period (approx. 3— 5 days
after panicles emerge from the flag leaf sheath) is the
time most sensitive to water stress—induced sterility
(O'Toole et al.,, 1984). Transpiration amounts of panicles
in rice plants are maximum at that time, and the
amounts of transpiration decrease with aging (Ishihara
et al., 1990; O'Toole et al, 1984). Hirasawa (2000)
reported that panicle sterility induced by conditions of
high temperature, low humidity, and high wind speed is
due to a temporary increase in the panicle transpiration
rate. In this study, the 194 INLs and IR 64 were seriously
affected by the continuous strong dry winds immedi-
ately after panicle heading. Therefore, the variation in
spikelet sterility induced in the INLs by the typhoon
might have been due to a temporary increase in the
panicle transpiration rate immediately after heading.
The 194 INLs showed significant positive correlations
between SSS and the three traits of CL, PL, and PW (Table
1). Based on the data of seven agronomic traits, these
INLs were classified into three cluster groups: A1, A2, and
B (Supplemental Fig. S2). The means of SSS and those of
the four traits of CL, PL, CW, and PW were the lowest in
group A1 and highest in group B (Table 2). PW/TW of
group A2 and PN of group B were significantly higher
than those of the other groups. SSS of group B was
significantly higher than those of the others (Figure 4).
These results indicate that the plant architecture of large
panicles, or high plant height, seriously contributed to
the higher degree of typhoon-induced spikelet sterility
in the INLs, with the minor effect of many tillers.
Previous studies also reported that the spikelet steri-
lity induced by artificial dry wind was positively corre-
lated with PL, TS (Lee et al., 1998; Lim et al., 1988), CL,
flag leaf length (Lim et al., 1988), 1000-grain weight, flag
leaf width (Lee et al., 1998), and negative with PN (Lee
etal, 1998; Lim et al,, 1988). The typhoon-induced spike-
let sterility appears to have been caused by the imbal-
ance between water uptake and transpiration from
panicles and the difficulty in water transport through
panicle neck internodes. Ishihara et al. (1990) reported
that several vessels of the panicles’ vascular bundles are
not yet completely mature in the rice flowering period.
Hirasawa (2000) clarified that water transport through
the panicle neck is remarkably restricted by air bubbles
increasing in the vessels, leading to panicle sterility. Liu
et al. (2008) found that the panicle neck diameter, which
is correlated with thickness and number of vascular
bundles, affected panicle size, such as total spikelet
number per panicle. Lim et al. (1988) and Lee et al.
(1998) reported that the panicle neck diameter was
positively correlated with the spikelet sterility induced
by artificial dry wind. In addition, plant height and
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Table 1. Correlations between SSS and agronomic traits in 194 INLs.

r value
DH cL PL w PW PW/TW PN
Site investigated
Trait Tsukuba Ishigaki Tsukuba Ishigaki Tsukuba Ishigaki Tsukuba Ishigaki Tsukuba Ishigaki Tsukuba Ishigaki Tsukuba Ishigaki
SSS  0.28***  —0.03 0.33**  0.33*** 036*** 0.36"* -0.04 0.00 0.15% 0.20* 0.12 0.27***  -0.18 -0.09

A total of 194 INLs with DH from 83 days to 86 days in the second season of 2017 were used for the calculation of correlation coefficients between SSS and
seven agronomic traits. The data of DH and SSS were investigated at TARF, JIRCAS, Ishigaki, and Okinawa in the second season of 2017, and those of the other
six agronomic traits were investigated at the irrigated lowland fields of Tsukuba, 2012 (Uddin et al., 2016a) and of Ishigaki in the first season of 2018. SSS:
Spikelet sterility score; DH: Days to heading; CL: Culm length; PL: Panicle length; CW: Culm weight; PW: Panicle weight per plant; PW/TW (total weight):
Harvest index; PN: Panicle number per plant. *, **, and ***: significant correlation coefficient at P = 0.05, 0.01, and 0.001, respectively.

Table 2. Mean values of agronomic traits in each cluster group.

Cluster group No. of INLs DH (days) CL (cm) PL (cm) CW (g) PW (g) PW/TW (%) PN

Al 31 844 + 1.1 a 521 £ 33 a 228 = 12 a 154 £ 21 a 212 £ 41 a 577 £ 46 a 11 + 13 a
A2 119 845 + 1.1 a 616 + 45 b 242 + 13 b 199 + 34 b 239 + 31 b 547 = 42 b 116 + 15 a
B 44 847 £ 11 a 676 £ 71 ¢ 248 £ 13 ¢ 239 + 34 c 309 £ 52 c 563 £ 3 ab 138 + 23 b
Whole INLs 194 845 + 1.1 *** 615 + 69 ** 241 + 15 201 + 42 * 25 4+ 5 * 555 + 42 2 2 *
IR 64 835 = 09 594 + 29 245 + 1.2 221 = 41 271 = 47 551 £ 55 129 £ 16

A total of 194 INLs were classified into three cluster groups — A1, A2, and B - based on the data of seven agronomic traits — DH, CL, PL, CW, PW, PW/TW, and
PN - and the relationships between these agronomic traits in each cluster group and SSS were investigated. The data of SSS and DH at the irrigated lowland
fields of TARF, JIRCAS, Ishigaki, Okinawa in the second season of 2017, and those of the other six agronomic traits in the first season of 2018, were used as the
representative data of each INL. SSS, Spikelet sterility score; DH, Days to heading; CL, Culm length; PL, Panicle length; CW, Culm weight; PW, Panicle weight
per plant; PW/TW (total weight), Harvest index; PN, Panicle number per plant. Within the same column in each group, the values denoted by the same letter
are not significantly different from one another at P = 0.05 according to the Tukey-Kramer test. *, **, and ***: significantly different from IR 64 by t-test at

P =0.05, 0.01, and 0.001, respectively.

number of leaves, which often corresponds with tiller
number, were positively correlated with relative tran-
spiration per plant in rice cultivars that differ in plant
type, and the many leaf number types had high water
transpiration due to the low degree of leaf width rolling
(Tanimoto & Itoh, 2000, 2001). Therefore, INLs of the
plant architecture of high plant height or large panicles
with the minor effect of high tiller number might have
suffered typhoon-induced spikelet sterility because
resistance to water transport through the panicle neck
or transpiration from leaves might have been increased
in the flowering period in these plant types. Several INLs
with different plant structures will be used for the inves-
tigation of their spikelet sterility as well as the transpira-
tion rate under several artificial vapor pressure deficit
conditions with wind, in order to demonstrate the rela-
tionships between SSS and these traits.

A total of seven QTLs for SSS were detected in the 194
INLs by association analysis (Figure 5, Table 3). Among
them, five QTLs overlapped with those of agronomic
traits on the three regions of chr. 4, chr. 7, and chr. 11.
Introgressed alleles from YP11 on the QTL region of chr.
4 increased SSS, DH, CL, PL, and CW and decreased PN.
Thus, big plant architecture, such as high plant height
and high dry matter production with low panicle num-
ber, contributed to the high degree of spikelet sterility
with the introgressed allele of the region for
qSSS4.1-YP11 on chr. 4. On the QTL region of chr. 4, the
QTLs for PL, PN (Kobayashi et al., 2003a), leaf width (LW),

leaf length (LL), and leaf angle (Kobayashi et al., 2003b)
were detected using a hybrid population derived from
a cross between Japonica and Indica Group cultivars. Liu
et al. (2008) detected QTLs for panicle neck diameter and
panicle traits (PL, PN, TS, FS, primary branch number, and
secondary branch number). Using the INLs allowed
detection of QTLs for several agronomic traits: CL, PL,
PW, PW/TW, PN, total spikelet number per panicle (TS),
fertile spikelet number per panicle (FS), FS/TS, LW, and LL
(Fujita et al., 2010, 2009, 2013; Tagle et al., 2016; Uddin
et al, 2016a). Thus, this chromosomal region of chr. 4
affects morphological traits, including leaf size, spikelet
number, and panicle number, in a cluster of QTLs (Fujita
et al,, 2013). Therefore, the QTL region of chr. 4 might
induce spikelet sterility in the INLs by modifying plant
architecture to that of a high plant height and large
panicle type with introgressed alleles of chr. 4. In this
study, the remaining QTLs did not correspond with
those agronomic traits. Further study is necessary to
investigate the physiological effects that these QTLs
have on spikelet sterility.

Several loci of the QTLs detected for SSS and agro-
nomic traits did not fit the theoretical segregating ratio
(1:1) (Table 3). This might be due to the selection of
the194 INLs based on DH from 83 to 86 days among
the 317 (Figure 1). Advance QTL analysis for the traits will
be required using hybrid population derived from
a cross between IR 64 and the INL selected, in order to
confirm the chromosomal position and the effects.
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Figure 5. Chromosome locations of QTLs detected for SSS and other agronomic traits Among 317 INLs, 194 whose DH after sowing
ranged from 83 days to 86 days, were used to detect QTLs for each trait by association analysis. These INLs were categorized into ten
sib-groups which originated from crosses between ten different donor varieties and IR 64. The associations between genotypes of SSR
markers (Fujita et al., 2010, 2009) and data of each trait were detected by single marker analysis (SMA) among INLs in each sib-group
(Threshold: P< 0.01). Horizontal bars on each chromosome indicate the positions of SSR markers. Black bars on the right side of each
chromosome indicate the chromosome region of association with traits detected, and arrowheads indicate the SSR marker with the
highest F value. The SSR marker with the highest F value in the continuous region for association was taken to be the position of the
QTL detected. Gray bars or triangles indicate regions of QTLs reported for agronomic traits in previous studies indicated here by
superscript letters: a, Uddin et al. (2016a), b, Fujita et al. (2009), ¢, Fujita et al. (2010), d, Fujita et al. (2011), e, Fujita et al. (2013), and f,
Tagle et al. (2016). (+) and (-) indicate, respectively, an increase and decrease in the SSS by introgressed allele. SSS, Spikelet sterility
score; DH, Days to heading; CL, Culm length; PL, Panicle length; PW, Panicle weight per plant; PW/TW, Harvest index; PN, Panicle
number per plant; FS, Number of fertile spikelets per panicle; TS, Total number of spikelets per panicle; FS/TS, Fertility rate; LW, Leaf
width; LL, Leaf length.
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Table 3. QTLs for SSS and agronomic traits by association analysis in each sib-group of 194 INLs.

Segregation ratio

IR 64
Trait QTL Chr. Position (Mbp) Nearest marker name  F  R?  Additive effect Positive allele type Donortype x2 P-value
SSS qSSS1.1-YP11 1 29.28 RM5931 96 0.26 -0.39 IR 64 23 13 28 001
qS5552.1-YP9 2 0.81 RM7451 10 0.56 -0.56 IR 64 8 4 13 0.25
qS554.1-YP11 4 31.81 RM3836 82 0.23 0.34 YP11 17 19 0.1 0.74
qSSS7.1-YP9 7 29.34 RM248 40 0.83 0.62 YP9 5 7 0.3 0.56
qS557.2-YP5 7 29.56 RM172 189 0.58 -0.86 IR 64 16 10 14 024
GS558.1-YP10 8 2.12 RMO038 149 043 -0.71 IR 64 14 4 56  0.02*
qSSS11.1-YP6 1 20.14 RM1341 83 0.67 -0.75 IR 64 14 3 71 0.01*
DH qDH2.1-YP10 2 15.9 RM5812 79 033 —-0.38 IR 64 13 5 3.6 0.06
qDH4.1-YP11 4 28.76 RM303 189 0.28 0.62 YP11 16 20 0.4 0.51
gDH9.1-YP5 9 22.21 RM7306 109 0.31 -0.55 IR 64 16 10 1.4 0.24
gDH11.1-YP6 11 4.08 RM167 18.1 0.56 0.99 YP6 12 5 29  0.09
qDH11.2-YP6 1 20.14 RM1341 17.3 055 1.15 YP6 14 3 71 0.01*
qDH12.1-YP4 12 26.99 RM17 93 0.18 0.47 YP4 27 16 2.8 0.09
CL qCL1.1-YP10 1 23.33 RMO009 85 035 -3.04 IR 64 13 5 3.6 0.06
qCL2.1-YP9 2 11.39 RM324 153 06 491 YP9 9 3 30 008
qCL4.1-YP4 4 4.45 RM8213 83 0.17 -5.40 IR 64 4 2 354 0.00*
qCL4.1-YP6 4 20.03 RM1359 17.7 0.62 -11.99 IR 64 17 0 17.0 0.00*
qCL4.1-YP11 4 27.65 RM7187 37.6 0.53 4.28 YP11 12 24 40  0.05*
qCL4.1-YP8 4 30.36 RM5503 246 0.58 3.55 YP8 12 8 08 037
qCL4.1-YP9 4 31.81 RM3836 248 0.71 4.66 YP9 7 5 0.3 0.56
qCL5.1-YP10 5 1.23 RM1024 174 0.52 -3.72 IR 64 13 5 3.6 0.06
qCL5.1-YP4 5 2.21 RM413 7.7 0.16 2.24 YP4 18 25 1.1 0.29
qCL6.1-YP4 6 4.85 RM314 189 0.32 3.18 YP4 17 26 1.9 0.17
qCL6.1-YP10 6 22.3 RM3827 21.7 0.54 —4.72 IR 64 15 3 80 0.01*
qCL7.1-YP8 7 23.65 RM5847 189 058 -3.92 IR 64 10 10 00 1.00
qCL9.1-YP11 9 18.92 RM3164 173 034 3.16 YP11 16 20 0.4 0.51
qCL9.1-YP4 9 20.55 RM3808 9.1 0.18 245 YP4 23 20 02 065
PL qPL4.1-YP4 4 25.36 RM252 18.6 0.31 0.63 YP4 22 21 0.02 0.88
qPL4.1-YP11 4 28.76 RM303 13.7 0.24 0.68 YP11 16 20 0.4 0.51
qPL5.1-YP10 5 1.23 RM1024 224 0.58 -1.22 IR 64 13 5 3.6 0.06
qPL6.1-YP10 6 12.45 RM3183 25 061 -1.25 IR 64 13 4 48 0.03*
qPL6.1-YP6 6 26 RM6395 10.1 042 —-0.44 IR 64 8 9 0.1 0.81
qPL9.1-YP11 9 16.94 RM7048 289 0.46 0.85 YP11 17 19 0.1 0.74
qPL11.1-YP6 1 3.86 RM6544 7.7 036 0.41 YP6 1" 6 1.5 0.225
qPL11.1-YPT1 1 19.08 RM6680 7.7 0.8 -0.55 IR 64 22 14 1.8 0.182
cw qCW1.1-YP8 1 0.3 RM3252 88 033 1.71 YP8 7 13 1.8 0.18
qCW4.1-YP11 4 29.59 RM6089 147 03 1.1 YP11 15 21 1 0.32
qCW5.1-YP10 5 18.02 RM1237 16.7 0.51 -1.61 IR 64 1" 7 089 035
qCWo.1-YP11 9 17.75 RM6543 124 0.25 1.01 YP11 17 19 0.11 0.74
PW qPWe6.1-YP10 6 19.91 RM7193 123 044 -2.45 IR 64 14 4 556 0.02*
qPWe.1-YP6 6 26 RM6395 15.1 052 -3.70 IR 64 8 9 0.06 0.81
PW/TW  gPWTW2.1-YP5 2 0.81 RM2770 11.7 032 -3.23 IR 64 10 16 138 024
qgPWTW3.1-YP9 3 2.45 RM231 94 048 -4.36 IR 64 " 1 8.33 0.004*
qPWTWe6.1-YP4 6 4.85 RM314 139 0.25 -1.18 IR 64 17 26 1.88 0.17
qPWTW6.1-YP6 6 26 RM6395 82 038 -1.42 IR 64 8 9 0.1 081
qPWTW7.1-YP5 7 29.34 RM248 105 03 -3.08 IR 64 16 10 14 0.24
qPWTWO.1-YP11 9 19.23 RM5535 13.1 0.28 -2.15 IR 64 15 21 1.0 0.32
PN qPN2.1-YP10 2 5.48 RM6378 123 044 -0.85 IR 64 14 4 56  0.02*
qPN4.1-YP4 4 25.36 RM252 105 0.2 -1.04 IR 64 22 21 0.02 0.88
qPN4.1-YP5 4 30.36 RM5503 134 035 135 YP5 20 6 75 0.01*
qPN4.1-YP11 4 32.06 RM6909 146 03 -0.94 IR 64 17 19 0.1 0.74
qPN4.2-YP5 4 31.81 RM3836 144 037 -1.19 IR 64 20 6 75 0.01*
qPN6.1-YP6 6 26 RM6395 92 04 -1.46 IR 64 8 9 0.1 081
gPN11.1-YPT1 1 9.23 RM3185 9.9 0.22 0.97 YP11 28 8 1.1 0.001*
qPN12.1-YP5 12 23.51 RM7376 13.6 035 117 YP5 7 19 55 0.02*

A total of 194 INLs with DH from 83 to 86 days were used to detect QTLs for SSS and agronomic traits.

Using genotype data of SSR markers (Fujita et al., 2010, 2009) and the values of these traits in these INLs, associations between them were detected by single
marker analysis (SMA) (Threshold: P< 0.01).

SSS, Spikelet sterility score; CL, Culm length; PL, Panicle length; CW, Culm weight; PW, Panicle weight per plant; PW/TW (total weight), Harvest index; PN,
Panicle number per plant. SMA in each sib-group was performed using Windows QTL cartographer v.2.5 (Wang et al., 2011).

Nearest Marker name indicates the QTL-linked marker with the highest F score.

A positive value for the additive effect indicates an increase in the trait's value with the introgressed allele, while a negative value indicates an increase in the
trait’s value with the allele of IR 64.

%2 and P values at each loci was calculated to confirm the segregating distortion in the INLs.

*, significant distortion from the 1:1 ratio at P = 0.05.

In this study, wide variations in SSS and DH were an Indica Group rice cultivar, IR 64. Among them, 194
found among 317 INLs with a genetic background of  INLs with DH ranging from 83 days to 86 days were



exposed immediately after heading to continuous
strong dry winds induced by a typhoon, and their SSS
varied widely. INLs with the architecture of high plant
height or large panicles had a high SSS, with the intro-
gressed alleles of the QTL on chr. 4, with the minor effect
of high tiller number. This information on the relation-
ships between SSS and agronomic traits and the QTLs
will be useful for genetic improvement of tolerance to
typhoon-induced spikelet sterility in Indica Group rice
varieties.
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