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Abstract: [Objective] Diurnal flowering time (FT) of rice is an important trait that affects the outcrossing rate and seed
production yield of japonica rice sterile lines. This study aims to locate QTLs related to diurnal-floret-opening-time
(DFOT) in japonica rice and analyze the pyramiding effects to clarify the main effect loci for DFOT traits.
[ Method] Recombinant inbred line populations consisting of 221 lines were constructed using japonica maintainer line
J65B with early floret-opening-time and J139B with late floret-opening-time. The floret-opening-time was investigated in
three years. QTL mapping analysis was conducted using genetic mapping and BSA-seq methods. [Result] A total of 30
DFOT QTLs were detected using complete interval mapping (ICIM) method on chromosomes 2—12. gFT5.2, gFT5.3,
qFT5.5, gFT10.2, and gFTI10.3 were major and stable QTLs which were detected simultaneously in more than eight
environments, with an additive effect range of 13.04—50.93. Based on floret-opening time, extreme individuals were
pooled for BSA-seq analysis. Association intervals related to floret-opening-time were detected in the regions of gFT5.3,
qFT5.5, qFT6.2, and gFTI10.2. According to the genotyping results, different progenies were divided into J139B type and
J65B type in each QTL interval. QTL pyramiding effect analysis showed that QTLs derived from J65B would advance
diurnal-floret-opening-time. The loci of ¢FT75.3 and ¢FT76.2 were essential for achieving early diurnal-
floret-opening-time. The loci of ¢FT75.5 and ¢FTI10.2 could further advance the diurnal-floret-opening-time.
[ Conclusion] Genetic mapping and BSA-seq analysis successfully identified four major stable QTLs related to rice
diurnal-floret-opening-time. The localization of qFT5.3, gFT5.5, qFT6.2, and gFTI10.2 establishes a foundation for
further fine mapping and gene cloning and genetic improvement of diurnal-floret-opening-time in japonica rice.
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Table 1. Meteorological conditions of the investigation environments

5L KA R b

Environment Weather Temperature(°C) Note
2022-08-04 Bi%: % = Overcast to cloudy 23~29
2022-08-05 BH#% 4R Overcast with showers later 21~26 HB > WAL B Bk 2R 52 P4 FR S0 AT AE

Some late-FT lines failed to bloom due to rainfall
2022-08-07 BH#: 1 Overcast to clear 19~30
2022-08-08 i Clear 19~32
2022-08-09 BH#% 4N Overcast with showers later 20~30 HB > WAL B Bk 2R 52 A RN S AT AE

Some late-FT lines failed to bloom due to rainfall
2022-08-10 BH#% 4N Overcast with showers later 19~27 WG A6 %

Abnormal FT after rain
2022-08-14 Z R Cloudy to clear 17~27 REAITAEAR W

Flowering end period of the population
2023-08-10 %7 Cloudy 20~30 BT LR

Flowering initiation period of the population
2023-08-11 %2 Cloudy 20~29
2023-08-12 A FER Overcast with showers later 19~27
2023-08-14 % =R Cloudy with showers later 20~27
2023-08-17 % =¥ Cloudy to clear 19~31
2024-08-02 %z Cloudy 26~32 e, FFAER

Hot and stuffy, early FT
2024-08-03 % =¥ BT Cloudy with showers later 27~32 FI R, FFAER.,  E 4 AEIN Bk 2R 52 Bk W R R R A

Hot and stuffy, early FT. Some late-FT lines failed to bloom due to the

rainfall
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Fig. 1. Floret-opening time performance of the two parents
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Fig. 2. Distribution of FT in the RIL populations under 14 environments
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Table 2. Performance of FT in two parents and the RIL population under 14 environments
EZ8: J139B J65B REABE Wi Pt i g KSHk  PfE
Environment (min) (min) Mean(min) FT difference(min)  Standard error Skewness Kurtosis KS-test  P-value
2022-08-04 358bB 2779 bc C 328.0 130.0 21.9 -1.527 2.840 2.29 0.000
2022-08-05 360 b AB 278 bc C 348.2 141.0 432 -0.704 —0.884 1.61 0.011
2022-08-07 338¢CD 280.1 bc BC 318.0 126.0 17.1 —1.524 5.989 1.91 0.001
2022-08-08 333.6cd D 248.4dD 304.5 125.0 243 —1.453 2.103 2.26 0.000
2022-08-09 354bBC 242.8dD 307.8 140.0 334 —0.349 —0.699 1.07 0.203
2022-08-10 2729hH 266.8 ¢ C 267.5 80.0 16.9 0.109 —0.552 0.83 0.489
2022-08-14 322.1 de DE 306.5aA 3129 91.0 13.8 0.434 1.271 1.03 0.236
2023-08-10 301.4 fg FG 274.4bc C 283.2 135.0 273 -2.179 6.351 1.07 0.200
2023-08-11 366.4 ab AB 297.7a AB 337.5 206.6 30.0 -1.560 4.279 1.55 0.017
2023-08-12 313.1 ef EF 2759 bc C 305.2 130.9 28.0 -0.813 0.191 1.49 0.024
2023-08-14 376.6a A 282.7bBC 3443 192.6 32.1 —1.524 2.691 2.66 0.000
2023-08-17 3339c¢dD 272.5bc C 304.0 102.9 19.3 —0.840 1.138 1.09 0.189
2024-08-02 293.1¢gG 1155¢E 237.1 220.0 533 -0.952 —-0.162 2.57 0.000
2024-08-03 3583bB 854 fF 238.5 281.2 84.4 -0.322 —1.188 1.60 0.012
)1 Mean 3344 250.3
brifE% SD 30.6 65.8
BRAH CV 9.1 26.3
INEFREGRE TR HIFIR 0.05 F10.01 KFREHZER.
The lowercase and uppercase letters indicate significant difference at 0.05 and 0.01 level, respectively.
#+3 £ 1 NIETIER QTL Eu%ER
Table 3. Information of FT-related QTLs in RILs under 11 environments
B Refk foE FRiCX il BRI s
QTL . . i LOD Phenotypic variance .
Environment Chr. Position Marker interval . Additive effect
explained(%)
qFT2.1 1 2 32 3548115-5120420 3.69 13.511 15.93
qFT2.2 1 2 160 5211026—10870893 2.50 0.721 14.08
qFT2.3 3 2 174-181 10870893-15640124 2.94-7.67 1.673-3.905 26.8-38.06
qFT3.1 2 3 2-3 1276817-6232373 4.28-5.10 0.993-3.874 3.76-6.51
qFT3.2 2 3 66-68 11778351-15589648 3.11-6.14 0.442-1.631 10.23-24.27
qFT3.3 1 3 133 15589648—15963860 3.65 3.867 35.89
qFT3.4 4 3 157-161 15963860—19173865 2.56-3.36 1.679-3.841 15.65-37.13
qFT3.5 2 3 180-180 21059861-22120274 3.06-3.56 0.512-0.672 10.78-15.3
qFT4 1 4 96 20657255-20765327 2.97 0.183 5.43
qFT5.1 1 5 23 1178896—2313820 3.48 0.895 6.13
qFT5.2 8 5 89-102 3512365-3770562 4.60-16.46 0.271-5.459 18.09-50.52
qFT5.3 10 5 107-119 3770562-5289420 3.11-18.94 0.271-8.945 13.04-50.47
qFT5.4 3 5 211-212 10410805—10847593 2.87-4.59 1.223-3.273 20.33-34.22
qFT5.5 9 5 217-232 11057325-20726014 3.87-13.67 0.271-5.636 16.81-48.85
qFT6.1 1 6 10 1632003-3338507 3.00 0.449 4.09
qFT6.2 3 6 129 26902414-29897327 3.28-7.15 0.555-1.644 6.71-24.23
qFT7.1 1 7 84 10497568-13804874 4.57 3.267 -22.95
qFT7.2 2 7 91-92 13804874—17673544 5.15-6.00 2.731-3.429 -22.09--17.81
qFT8.1 1 8 161 15987810—17697658 2.65 2.313 291
qFT8.2 1 8 227 21632760-24890652 3.03 1.061 7.32
qFT9.1 1 9 83 15336683—-16946239 10.50 1.399 -10.86
qFT9.2 1 9 94 17736891-19018118 6.09 0.718 8.02
qFTI10.1 1 10 22 2340168—-2526630 2.95 0.566 6.72
qFT10.2 8 10 97-108 10550006—14355797 2.83-12.27 0.239-5.465 16.27-50.37
qFT10.3 8 10 117-127 14355797-17930367 2.64-11.99 0.236-5.428 16.41-50.93
qFTI11.1 1 11 1 5768520-6510910 3.92 3.699 8.52
qFT11.2 1 11 37 8759552-8972803 4.16 0.594 4.73
qFT11.3 1 11 163 23361525-23613051 9.30 1.855 8.82
qFTI2.1 1 11 81 19422618-22520720 2.65 0.805 5.81
qFTI2.2 2 12 136-148 22520720-25953139 4.35-5.47 3.854-5.540 35.39-46.63
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Fig. 3. Distribution of SNP marker and FT-related QTLs on the genetic map
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represents ED value after fitting. Red dashed line represents linkage threshold. Figure A has a threshold of 0.65 and Figure B has a threshold of 1.15. A larger

ED value indicates a stronger linkage of the SNP/InDel site to target trait.
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Fig. 4. Distribution of ED-based linkage value on chromosomes
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Fig. 5. Distribution of SNP-index and InDel-index on chromosomes
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Table 4. Association interval of flowering time

ED Index X 4E Intersection
et FE ] i i %1k B s %1k JrB K o %1k J B
Data QTL frE frE Segment frE frE Segment frE A Segment
Start End size(Mb) Start End size(Mb) Start End size(Mb)
SNP 14650000 14780000 0.13
16790000 17840000 1.05
gFT3-SNP 4690000 6010000 1.32 4720000 5710000 0.99 4720000 5710000 0.99
gFT5-SNP 4880000 6390000 1.51 5050000 6420000 1.37 5050000 6390000 1.34
gFT6-SNP 28740000 31230000 2.49 28750000 31230000 2.48 28750000 31230000 2.48
qFT8.1-SNP 19550000 19880000 0.33 19250000 20060000 0.81 19550000 19880000 0.33
qFT8.2-SNP 19910000 20060000 0.15 19250000 20060000 0.81 19910000 20060000 0.15
18480000 19000000 0.52
10920000 10980000 0.06
InDel 4880000 4910000 0.03
5140000 6390000 1.25
qFT5-InDel 18410000 19710000 1.30 19380000 19550000 0.17 19380000 19550000 0.17
qFT6-InDel 28810000 31230000 242 28760000 31230000 2.47 28810000 31230000 2.42
qFTI2-InDel 7010000 9000000 1.99 7770000 7860000 0.09 7770000 7860000 0.09

19010000 19010000 0.00
34530000 35140000 0.61
21690000 21860000 0.17
22180000 22250000 0.07
22740000 23810000 1.07
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Fig. 6. QTLs with overlapping regions under two mapping methods
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Fig. 7. Pyramiding effect analysis of the four stable main effect QTLs
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