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Table 1 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  



Genotpye I-Feb 1) (n = 3) I-Jul 1) (n = 3) Behenjy (n = 3)



NF LF NF LF NF LF



WT (Gimbozu) 51.5 61.4 9.8 31.4 37.3 5.9 58.3 67.0 8.7



Single mutant



HEG2 44.6 53.3 8.7 28.3 32.3 3.9 55.0 57.7 2.7



HS110 49.3 55.5 6.2 32.3 36.7 4.4 57.3 63.7 6.3



HS169 73.0 84.0 11.0 53.3 58.7 5.4 91.3 97.0 5.7



HS276 70.4 83.3 13.0 39.8 44.9 5.1 87.7 99.3 11.7



Double mutant



DMG3 74.5 82.1 7.6 57.7 59.7 2.0 88.7 108.7 20.0



DMG5 46.0 56.6 10.6 30.1 34.4 4.3 81.5 92.3 10.5



DMG6 87.7 99.8 10.7 61.3 63.3 2.1  - 3)  - 3)  - 3)



DMG7 61.5 72.8 11.3 40.3 46.8 6.6 67.0 77.3 10.3



DMG8 56.1 69.5 13.5 32.0 40.8 8.8 71.7 78.3 6.7



DMG10 75.4 85.2 9.8 56.1 59.9 3.9 84.0 95.5 14.0



1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 



2) ΔDTH was calculated as DTH under LF minus DTH under NF.



3) A dash indicates that data were not available.
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Table 1 materials

				Table1.  Genotypes and gene state at four heading-time loci.

				Genotype		Origin / Type		Gene state 1)								Mutation allele		Reference

								Ghd7
(E1)		Hd1
(Se1)		Ehd1
(Ef1)		Ef7
(Hd17)

				Gimbozu		Wild type		Ghd7		Hd1		Ehd1		Ef7		-		-

				HEG2		Near isogenic line
 (e1/ghd7, natural mutation derived from Aikoku)		ghd7		Hd1		Ehd1		Ef7		ghd7		Yamagata et al. 1986
Saito et al. 2019a

				HS110		γ‑ray / transposon mutant		Ghd7		hd1		Ehd1		Ef7		hd1		Tanisaka et al. 1992
Yano et al. 2000

				HS169		γ‑ray / transposon mutant		Ghd7		Hd1		ehd1		Ef7		ehd1		Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009

				HS276		γ‑ray		Ghd7		Hd1		Ehd1		ef7		ef7		Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012

				DMG3		Double mutant		Ghd7		hd1		ehd1		Ef7		hd1 + ehd1		Xu et al. 2009

				DMG5		Double mutant		ghd7		hd1		Ehd1		Ef7		ghd7 + hd1		This study

				DMG6		Double mutant		Ghd7		Hd1		ehd1		ef7		ehd1 + ef7		This study

				DMG7		Double mutant		Ghd7		hd1		Ehd1		ef7		hd1 + ef7		This study

				DMG8		Double mutant		ghd7		Hd1		Ehd1		ef7		ghd7 + ef7		This study

				DMG10		Double mutant		ghd7		Hd1		ehd1		Ef7		ghd7 + ehd1		Xu et al. 2009

				1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.
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Table 2 DTH_3 locat

				Table 1 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  

				Genotpye		I-Feb 1)				(n = 3)				I-Jul 1)				(n = 3)				Behenjy				(n = 3)

						DTH				ΔDTH 2)				DTH				ΔDTH 2)				DTH				ΔDTH 2)

						NF		LF						NF		LF						NF		LF

				WT (Gimbozu)		51.5		61.4		9.8				31.4		37.3		5.9				58.3		67.0		8.7

				Single mutant

				HEG2		44.6		53.3		8.7				28.3		32.3		3.9				55.0		57.7		2.7

				HS110		49.3		55.5		6.2				32.3		36.7		4.4				57.3		63.7		6.3

				HS169		73.0		84.0		11.0				53.3		58.7		5.4				91.3		97.0		5.7

				HS276		70.4		83.3		13.0				39.8		44.9		5.1				87.7		99.3		11.7

				Double mutant

				DMG3		74.5		82.1		7.6				57.7		59.7		2.0				88.7		108.7		20.0

				DMG5		46.0		56.6		10.6				30.1		34.4		4.3				81.5		92.3		10.5

				DMG6		87.7		99.8		10.7				61.3		63.3		2.1				 - 3)		 - 3)		 - 3)

				DMG7		61.5		72.8		11.3				40.3		46.8		6.6				67.0		77.3		10.3

				DMG8		56.1		69.5		13.5				32.0		40.8		8.8				71.7		78.3		6.7

				DMG10		75.4		85.2		9.8				56.1		59.9		3.9				84.0		95.5		14.0

				1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 

				2) ΔDTH was calculated as DTH under LF minus DTH under NF.

				3) A dash indicates that data were not available.
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NEW Table 3 Two-way ANOVA_DTH

		Table 3. Effects of single genes and pairwise genetic interactions on DTH

		Model 1)		Term 2)		Effect estimate (days) 3)		Df		F value		P 4)

		Single gene		Fertilizer		7.84		1		164.77		< 0.001		***

				Env		-		6		358.77		< 0.001		***

				Ghd7		3.03		1		19.68		< 0.001		***

				Hd1		0.02		1		0.00		0.974

				Ehd1		-24.81		1		1266.02		< 0.001		***

				Ef7		-11.70		1		283.19		< 0.001		***

		Two gene		Fertilizer		7.81		1		214.50		< 0.001		***

				Env		-		6		466.18		< 0.001		***

				Ghd7		1.22		1		0.96		0.327

				Hd1		-1.38		1		1.24		0.266

				Ehd1		-25.53		1		409.33		< 0.001		***

				Ef7		-8.65		1		47.22		< 0.001		***

				Ghd7:Hd1		8.81		1		25.31		< 0.001		***

				Ghd7:Ehd1		7.08		1		16.37		< 0.001		***

				Ghd7:Ef7		-6.06		1		12.07		< 0.001		***

				Hd1:Ehd1		4.00		1		5.25		0.023		*

				Hd1:Ef7		-5.30		1		9.22		0.003		**

				Ehd1:Ef7		-6.62		1		13.29		< 0.001		***

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are expressed as functional minus non-functional allele. Pairwise interaction effects are expressed as difference-in-differences: the effect of the first gene in the functional background of the second gene minus its effect in the non-functional background. Env was tested as an omnibus effect and therefore has no single effect estimate. 

		4) P values were obtained from Type III ANOVA.



&"Calibri"&15&KFF0000 機密性２　Confidential&1#_x000D_		




Table 4 Two-way ANOVA_deltaDTH

		Table 4. Effects of single genes and pairwise genetic interactions on ΔDTH

		Model 1)		Term 2)		Df		F value		P 3)

		Single gene		Env		6		18.69		< 0.001		***

				Ghd7		1		0.38		0.539

				Hd1		1		0.53		0.467

				Ehd1		1		0.09		0.761

				Ef7		1		9.09		0.003		**

		Two gene		Env		6		18.20		< 0.001		***

				Ghd7		1		5.10		0.025		*

				Hd1		1		2.06		0.153

				Ehd1		1		0.68		0.412

				Ef7		1		4.49		0.036		*

				Ghd7:Hd1		1		8.43		0.004		*

				Ghd7:Ehd1		1		2.12		0.147

				Ghd7:Ef7		1		2.58		0.110

				Hd1:Ehd1		1		2.11		0.148

				Hd1:Ef7		1		0.98		0.324

				Ehd1:Ef7		1		1.93		0.167

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) P values were obtained from Type III ANOVA.
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Table 5  Gene-Env ANOVA_delta

		Table 5 Gene-by-environment effects on ΔDTH.

		Term 1)		Df		F value		P 2)

		Env		6		19.71		< 0.001		***

		Ghd7		1		0.75		0.387

		Hd1		1		0.40		0.530

		Ehd1		1		0.00		0.993

		Ef7		1		14.58		< 0.001		***

		Ghd7:Env		6		0.83		0.550

		Hd1:Env		6		3.96		< 0.001		***

		Ehd1:Env		6		6.09		< 0.001		***

		Ef7:Env		6		1.56		0.163

		1) Env was defined as each site-by-year combination. The model included the additive effects of Ghd7, Hd1, Ehd1, and Ef7, Env, and the interaction between each gene and Env.

		2) P values were obtained from Type III ANOVA.
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Supple Table S1 Primer and PCR

		Supplementary Table S1. Allele‑specific markers used to genotype four heading‑time loci. 
Lowercase italics indicate loss‑of‑function alleles. Amplicon sizes are for IRGSP‑1.0.

		Locus / Gene		Chr.		RAP_ID		Variant typology		Previous nomenclature
/ allele origin		Allele origin Reference		Assay type		Amplicon size (bp)   (IRGSP1.0)				Restriction enzyme		cut		Annealing (°C)		Forward primer		Reverase primer

																WT		Mut

		Ef7 (Hd17)		6		Os06g0142600		16bp deletion		HS276 (ef7)		Saito et al. 2012		PCR-RFLP		207		191		AfaI (RsaI)		mutant		56oC		CATCAGCCACAACATATGGGTGCTCCTGG		ATCTCCAAATGCCACTTGGATGTGACATG

		Hd1 (Se1)		6		Os06g0275000		Transposon insertion		HS110 (se1)		Yano et al. 2000		PCR		455		888		-		-		56oC		GCTGCGATCTTTAGGC		CTCCAGCAGGTGTCAGG

		Ghd7 (E1)		7		Os07g0261200		Transposon insertion		Aikoku (e1)		Saito et al., 2019		Allele spesific-PCR
 (3 primers mix)		350		450		-		-		56oC		CGTTTCAGCAATAGCATTATGG		TCAGCGAGATCGATGACTTG

																										GACGCACAAATGGAGCACGAAC

		Ehd1 (Ef1)		10		Os10g0463400		Transposon insertion		HS169 (ef1-h)		Saito et al., 2009		PCR		145		578		-		-		56oC		GCCTCATTTTCTTTGTGATGTATGTACC		CGGTAGGAAAGAACGCATC





Supple Table S2 Cropping

				Supplemental Table S2 Cropping site, year, sowing date and transplanting date in each environment. 

				Site		Site		Year		Season		Sowing date		Transplanting date

				Ishigaki_Feb. sowing		Ishigaki		2021		First		9 Feb. 2021		9 Mar. 2021

				(I_Feb)		Ishigaki		2022		First		9 Feb. 2022		9 Mar. 2022

						Ishigaki		2023		First		28 Feb. 2023		28 Mar. 2023

				Ishigaki_Jul. sowing		Ishigaki		2020		Second		21 Jul. 2020		18 Aug. 2020

				(I_Jul)		Ishigaki		2022		Second		26 Jul. 2022		23 Aug. 2022

						Ishigaki		2023		Second		25 Jul. 2023		22 Aug. 2023

				Behenjy		Behenjy		2024		Single		23 Oct. 2023		28 Nov. 2023
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Supple Table S3 Soil content

				Supplemental Table S3 The soil chemical properties under NF and LF conditions in the Ishigaki field.

				Contents		Unit		Field

								Low Fertilizer (LF)		Normal Fertilizer (NF)

				pH		―
		7.3		7.3

				Ammonium nitrogen		mg/100g		0.2		0.4

				Nitrate nitrogen		mg/100g		0.3		0.3

				Total nitrogen_mass-fractio		mg/100g		0.5		0.7

				Truog-available phosphate		mg/100g		1.0		19.0

				Exchangable potassium		mg/100g		8.0		63.0

				Exchangable magnesium		mg/100g		27.0		52.0

				Exchangable calcium		mg/100g		809.0		549.0

				Phosphorus absorptive coefficient		―		1000.0		1100.0

				Cation exchange capacity		me/100g		10.0		13.5

				Note: LF was characterized by lower available phosphate than NF, although other soil chemical properties also differed between conditions.





Supple Table S4 ΔDTH Site ANOVA

		Supplemental Table S4. Site-specific gene and pairwise gene interaction effects on ΔDTH.

				I-Feb								I-Jul								Behenjy

		Term		F value		P						F value		P						F value		P

		Ghd7		2.010		0.160						2.064		0.156						0.043		0.837

		Hd1		0.007		0.933						0.566		0.454						4.028		0.057

		Ehd1		0.000		0.991						4.793		0.032		*				7.153		0.014		*

		Ef7		4.032		0.048		*				0.917		0.342						1.904		0.181

		Ghd7:Hd1		5.645		0.020		*				1.133		0.291						3.886		0.064

		Ghd7:Ehd1		0.033		0.855						0.009		0.923						7.724		0.012		*

		Ghd7:Ef7		0.807		0.372						6.825		0.011		*				0.042		0.839

		Hd1:Ehd1		0.008		0.929						0.758		0.387						11.749		0.003		**

		Hd1:Ef7		0.468		0.496						1.582		0.213						0.042		0.839

		Ehd1:Ef7		1.457		0.231						2.397		0.127						NA		NA

		Note: Site-specific exploratory models were used to evaluate additive gene effects and pairwise gene interactions associated with ΔDTH. Year was fitted as a random effect for I-Feb and I-Jul. For Behenjy, which had one year of data, a linear model without the Year random effect was used. P values are shown for each term. NA indicates that the term was not estimable. Asterisks indicate the significance of the Ghd7 × Hd1 interaction term in each site-specific model (* P < 0.05; ** P < 0.01; *** P < 0.001).
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Model 1) Term 2) Effect estimate
(days) 3)



Df F value P 4)



Single gene Fertilizer 7.84 1 164.77 < 0.001 ***



Env - 6 358.77 < 0.001 ***



Ghd7 3.03 1 19.68 < 0.001 ***



Hd1 0.02 1 0.00 0.974



Ehd1 -24.81 1 1266.02 < 0.001 ***



Ef7 -11.70 1 283.19 < 0.001 ***



Two gene Fertilizer 7.81 1 214.50 < 0.001 ***



Env - 6 466.18 < 0.001 ***



Ghd7 1.22 1 0.96 0.327



Hd1 -1.38 1 1.24 0.266



Ehd1 -25.53 1 409.33 < 0.001 ***



Ef7 -8.65 1 47.22 < 0.001 ***



Ghd7:Hd1 8.81 1 25.31 < 0.001 ***



Ghd7:Ehd1 7.08 1 16.37 < 0.001 ***



Ghd7:Ef7 -6.06 1 12.07 < 0.001 ***



Hd1:Ehd1 4.00 1 5.25 0.023 *



Hd1:Ef7 -5.30 1 9.22 0.003 **



Ehd1:Ef7 -6.62 1 13.29 < 0.001 ***



Table 2 Effects of single genes and pairwise genetic interactions on DTH



1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7 ,
Hd1 , Ehd1 , and Ef7 . The pairwise genetic interaction model included fertilizer condition, Env,
additive gene effects, and all pairwise interactions among the four genes.



2) Env was defined as each site-by-year combination and was included as an adjustment
factor.



3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are
expressed as functional minus non-functional allele. Pairwise interaction effects are expressed
as difference-in-differences: the effect of the first gene in the functional background of the
second gene minus its effect in the non-functional background. Env was tested as an omnibus
effect and therefore has no single effect estimate.



4) P  values were obtained from Type III ANOVA.
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Table 1 materials

				Table1.  Genotypes and gene state at four heading-time loci.

				Genotype		Origin / Type		Gene state 1)								Mutation allele		Reference

								Ghd7
(E1)		Hd1
(Se1)		Ehd1
(Ef1)		Ef7
(Hd17)

				Gimbozu		Wild type		Ghd7		Hd1		Ehd1		Ef7		-		-

				HEG2		Near isogenic line
 (e1/ghd7, natural mutation derived from Aikoku)		ghd7		Hd1		Ehd1		Ef7		ghd7		Yamagata et al. 1986
Saito et al. 2019a

				HS110		γ‑ray / transposon mutant		Ghd7		hd1		Ehd1		Ef7		hd1		Tanisaka et al. 1992
Yano et al. 2000

				HS169		γ‑ray / transposon mutant		Ghd7		Hd1		ehd1		Ef7		ehd1		Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009

				HS276		γ‑ray		Ghd7		Hd1		Ehd1		ef7		ef7		Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012

				DMG3		Double mutant		Ghd7		hd1		ehd1		Ef7		hd1 + ehd1		Xu et al. 2009

				DMG5		Double mutant		ghd7		hd1		Ehd1		Ef7		ghd7 + hd1		This study

				DMG6		Double mutant		Ghd7		Hd1		ehd1		ef7		ehd1 + ef7		This study

				DMG7		Double mutant		Ghd7		hd1		Ehd1		ef7		hd1 + ef7		This study

				DMG8		Double mutant		ghd7		Hd1		Ehd1		ef7		ghd7 + ef7		This study

				DMG10		Double mutant		ghd7		Hd1		ehd1		Ef7		ghd7 + ehd1		Xu et al. 2009

				1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.
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Table 2 DTH_3 locat

				Table 2 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  

				Genotpye		I-Feb 1)				(n = 3)				I-Jul 1)				(n = 3)				Behenjy				(n = 3)

						DTH				ΔDTH 2)				DTH				ΔDTH 2)				DTH				ΔDTH 2)

						NF		LF						NF		LF						NF		LF

				WT (Gimbozu)		51.5		61.4		9.8				31.4		37.3		5.9				58.3		67.0		8.7

				Single mutant

				HEG2		44.6		53.3		8.7				28.3		32.3		3.9				55.0		57.7		2.7

				HS110		49.3		55.5		6.2				32.3		36.7		4.4				57.3		63.7		6.3

				HS169		73.0		84.0		11.0				53.3		58.7		5.4				91.3		97.0		5.7

				HS276		70.4		83.3		13.0				39.8		44.9		5.1				87.7		99.3		11.7

				Double mutant

				DMG3		74.5		82.1		7.6				57.7		59.7		2.0				88.7		108.7		20.0

				DMG5		46.0		56.6		10.6				30.1		34.4		4.3				81.5		92.3		10.5

				DMG6		87.7		99.8		10.7				61.3		63.3		2.1				 - 3)		 - 3)		 - 3)

				DMG7		61.5		72.8		11.3				40.3		46.8		6.6				67.0		77.3		10.3

				DMG8		56.1		69.5		13.5				32.0		40.8		8.8				71.7		78.3		6.7

				DMG10		75.4		85.2		9.8				56.1		59.9		3.9				84.0		95.5		14.0

				1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 

				2) ΔDTH was calculated as DTH under LF minus DTH under NF.

				3) A dash indicates that data were not available.
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NEW Table 3 Two-way ANOVA_DTH

		Table 2 Effects of single genes and pairwise genetic interactions on DTH

		Model 1)		Term 2)		Effect estimate (days) 3)		Df		F value		P 4)

		Single gene		Fertilizer		7.84		1		164.77		< 0.001		***

				Env		-		6		358.77		< 0.001		***

				Ghd7		3.03		1		19.68		< 0.001		***

				Hd1		0.02		1		0.00		0.974

				Ehd1		-24.81		1		1266.02		< 0.001		***

				Ef7		-11.70		1		283.19		< 0.001		***

		Two gene		Fertilizer		7.81		1		214.50		< 0.001		***

				Env		-		6		466.18		< 0.001		***

				Ghd7		1.22		1		0.96		0.327

				Hd1		-1.38		1		1.24		0.266

				Ehd1		-25.53		1		409.33		< 0.001		***

				Ef7		-8.65		1		47.22		< 0.001		***

				Ghd7:Hd1		8.81		1		25.31		< 0.001		***

				Ghd7:Ehd1		7.08		1		16.37		< 0.001		***

				Ghd7:Ef7		-6.06		1		12.07		< 0.001		***

				Hd1:Ehd1		4.00		1		5.25		0.023		*

				Hd1:Ef7		-5.30		1		9.22		0.003		**

				Ehd1:Ef7		-6.62		1		13.29		< 0.001		***

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are expressed as functional minus non-functional allele. Pairwise interaction effects are expressed as difference-in-differences: the effect of the first gene in the functional background of the second gene minus its effect in the non-functional background. Env was tested as an omnibus effect and therefore has no single effect estimate. 

		4) P values were obtained from Type III ANOVA.
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Table 4 Two-way ANOVA_deltaDTH

		Table 4. Effects of single genes and pairwise genetic interactions on ΔDTH

		Model 1)		Term 2)		Df		F value		P 3)

		Single gene		Env		6		18.69		< 0.001		***

				Ghd7		1		0.38		0.539

				Hd1		1		0.53		0.467

				Ehd1		1		0.09		0.761

				Ef7		1		9.09		0.003		**

		Two gene		Env		6		18.20		< 0.001		***

				Ghd7		1		5.10		0.025		*

				Hd1		1		2.06		0.153

				Ehd1		1		0.68		0.412

				Ef7		1		4.49		0.036		*

				Ghd7:Hd1		1		8.43		0.004		*

				Ghd7:Ehd1		1		2.12		0.147

				Ghd7:Ef7		1		2.58		0.110

				Hd1:Ehd1		1		2.11		0.148

				Hd1:Ef7		1		0.98		0.324

				Ehd1:Ef7		1		1.93		0.167

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) P values were obtained from Type III ANOVA.
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Table 5  Gene-Env ANOVA_delta

		Table 5 Gene-by-environment effects on ΔDTH.

		Term 1)		Df		F value		P 2)

		Env		6		19.71		< 0.001		***

		Ghd7		1		0.75		0.387

		Hd1		1		0.40		0.530

		Ehd1		1		0.00		0.993

		Ef7		1		14.58		< 0.001		***

		Ghd7:Env		6		0.83		0.550

		Hd1:Env		6		3.96		< 0.001		***

		Ehd1:Env		6		6.09		< 0.001		***

		Ef7:Env		6		1.56		0.163

		1) Env was defined as each site-by-year combination. The model included the additive effects of Ghd7, Hd1, Ehd1, and Ef7, Env, and the interaction between each gene and Env.

		2) P values were obtained from Type III ANOVA.
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Supple Table S1 Primer and PCR

		Supplementary Table S1. Allele‑specific markers used to genotype four heading‑time loci. 
Lowercase italics indicate loss‑of‑function alleles. Amplicon sizes are for IRGSP‑1.0.

		Locus / Gene		Chr.		RAP_ID		Variant typology		Previous nomenclature
/ allele origin		Allele origin Reference		Assay type		Amplicon size (bp)   (IRGSP1.0)				Restriction enzyme		cut		Annealing (°C)		Forward primer		Reverase primer

																WT		Mut

		Ef7 (Hd17)		6		Os06g0142600		16bp deletion		HS276 (ef7)		Saito et al. 2012		PCR-RFLP		207		191		AfaI (RsaI)		mutant		56oC		CATCAGCCACAACATATGGGTGCTCCTGG		ATCTCCAAATGCCACTTGGATGTGACATG

		Hd1 (Se1)		6		Os06g0275000		Transposon insertion		HS110 (se1)		Yano et al. 2000		PCR		455		888		-		-		56oC		GCTGCGATCTTTAGGC		CTCCAGCAGGTGTCAGG

		Ghd7 (E1)		7		Os07g0261200		Transposon insertion		Aikoku (e1)		Saito et al., 2019		Allele spesific-PCR
 (3 primers mix)		350		450		-		-		56oC		CGTTTCAGCAATAGCATTATGG		TCAGCGAGATCGATGACTTG

																										GACGCACAAATGGAGCACGAAC

		Ehd1 (Ef1)		10		Os10g0463400		Transposon insertion		HS169 (ef1-h)		Saito et al., 2009		PCR		145		578		-		-		56oC		GCCTCATTTTCTTTGTGATGTATGTACC		CGGTAGGAAAGAACGCATC





Supple Table S2 Cropping

				Supplemental Table S2 Cropping site, year, sowing date and transplanting date in each environment. 

				Site		Site		Year		Season		Sowing date		Transplanting date

				Ishigaki_Feb. sowing		Ishigaki		2021		First		9 Feb. 2021		9 Mar. 2021

				(I_Feb)		Ishigaki		2022		First		9 Feb. 2022		9 Mar. 2022

						Ishigaki		2023		First		28 Feb. 2023		28 Mar. 2023

				Ishigaki_Jul. sowing		Ishigaki		2020		Second		21 Jul. 2020		18 Aug. 2020

				(I_Jul)		Ishigaki		2022		Second		26 Jul. 2022		23 Aug. 2022

						Ishigaki		2023		Second		25 Jul. 2023		22 Aug. 2023

				Behenjy		Behenjy		2024		Single		23 Oct. 2023		28 Nov. 2023
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Supple Table S3 Soil content

				Supplemental Table S3 The soil chemical properties under NF and LF conditions in the Ishigaki field.

				Contents		Unit		Field

								Low Fertilizer (LF)		Normal Fertilizer (NF)

				pH		―
		7.3		7.3

				Ammonium nitrogen		mg/100g		0.2		0.4

				Nitrate nitrogen		mg/100g		0.3		0.3

				Total nitrogen_mass-fractio		mg/100g		0.5		0.7

				Truog-available phosphate		mg/100g		1.0		19.0

				Exchangable potassium		mg/100g		8.0		63.0

				Exchangable magnesium		mg/100g		27.0		52.0

				Exchangable calcium		mg/100g		809.0		549.0

				Phosphorus absorptive coefficient		―		1000.0		1100.0

				Cation exchange capacity		me/100g		10.0		13.5

				Note: LF was characterized by lower available phosphate than NF, although other soil chemical properties also differed between conditions.





Supple Table S4 ΔDTH Site ANOVA

		Supplemental Table S4. Site-specific gene and pairwise gene interaction effects on ΔDTH.

				I-Feb								I-Jul								Behenjy

		Term		F value		P						F value		P						F value		P

		Ghd7		2.010		0.160						2.064		0.156						0.043		0.837

		Hd1		0.007		0.933						0.566		0.454						4.028		0.057

		Ehd1		0.000		0.991						4.793		0.032		*				7.153		0.014		*

		Ef7		4.032		0.048		*				0.917		0.342						1.904		0.181

		Ghd7:Hd1		5.645		0.020		*				1.133		0.291						3.886		0.064

		Ghd7:Ehd1		0.033		0.855						0.009		0.923						7.724		0.012		*

		Ghd7:Ef7		0.807		0.372						6.825		0.011		*				0.042		0.839

		Hd1:Ehd1		0.008		0.929						0.758		0.387						11.749		0.003		**

		Hd1:Ef7		0.468		0.496						1.582		0.213						0.042		0.839

		Ehd1:Ef7		1.457		0.231						2.397		0.127						NA		NA

		Note: Site-specific exploratory models were used to evaluate additive gene effects and pairwise gene interactions associated with ΔDTH. Year was fitted as a random effect for I-Feb and I-Jul. For Behenjy, which had one year of data, a linear model without the Year random effect was used. P values are shown for each term. NA indicates that the term was not estimable. Asterisks indicate the significance of the Ghd7 × Hd1 interaction term in each site-specific model (* P < 0.05; ** P < 0.01; *** P < 0.001).
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Model 1) Term 2) Df F value P 3)



Single gene Env 6 18.69 < 0.001 ***



Ghd7 1 0.38 0.539



Hd1 1 0.53 0.467



Ehd1 1 0.09 0.761



Ef7 1 9.09 0.003 **



Two gene Env 6 18.20 < 0.001 ***



Ghd7 1 5.10 0.025 *



Hd1 1 2.06 0.153



Ehd1 1 0.68 0.412



Ef7 1 4.49 0.036 *



Ghd7:Hd1 1 8.43 0.004 *



Ghd7:Ehd1 1 2.12 0.147



Ghd7:Ef7 1 2.58 0.110



Hd1:Ehd1 1 2.11 0.148



Hd1:Ef7 1 0.98 0.324



Ehd1:Ef7 1 1.93 0.167



Table 3 Effects of single genes and pairwise genetic interactions on ΔDTH



1) The single-gene model included fertilizer condition, Env, and the additive
effects of Ghd7 , Hd1 , Ehd1 , and Ef7 . The pairwise genetic interaction model
included fertilizer condition, Env, additive gene effects, and all pairwise
interactions among the four genes.



2) Env was defined as each site-by-year combination and was included as an
adjustment factor.
3) P  values were obtained from Type III ANOVA.











Microsoft_Excel_Worksheet2.xlsx
Table 1 materials

				Table1.  Genotypes and gene state at four heading-time loci.

				Genotype		Origin / Type		Gene state 1)								Mutation allele		Reference

								Ghd7
(E1)		Hd1
(Se1)		Ehd1
(Ef1)		Ef7
(Hd17)

				Gimbozu		Wild type		Ghd7		Hd1		Ehd1		Ef7		-		-

				HEG2		Near isogenic line
 (e1/ghd7, natural mutation derived from Aikoku)		ghd7		Hd1		Ehd1		Ef7		ghd7		Yamagata et al. 1986
Saito et al. 2019a

				HS110		γ‑ray / transposon mutant		Ghd7		hd1		Ehd1		Ef7		hd1		Tanisaka et al. 1992
Yano et al. 2000

				HS169		γ‑ray / transposon mutant		Ghd7		Hd1		ehd1		Ef7		ehd1		Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009

				HS276		γ‑ray		Ghd7		Hd1		Ehd1		ef7		ef7		Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012

				DMG3		Double mutant		Ghd7		hd1		ehd1		Ef7		hd1 + ehd1		Xu et al. 2009

				DMG5		Double mutant		ghd7		hd1		Ehd1		Ef7		ghd7 + hd1		This study

				DMG6		Double mutant		Ghd7		Hd1		ehd1		ef7		ehd1 + ef7		This study

				DMG7		Double mutant		Ghd7		hd1		Ehd1		ef7		hd1 + ef7		This study

				DMG8		Double mutant		ghd7		Hd1		Ehd1		ef7		ghd7 + ef7		This study

				DMG10		Double mutant		ghd7		Hd1		ehd1		Ef7		ghd7 + ehd1		Xu et al. 2009

				1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.
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Table 2 DTH_3 locat

				Table 2 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  

				Genotpye		I-Feb 1)				(n = 3)				I-Jul 1)				(n = 3)				Behenjy				(n = 3)

						DTH				ΔDTH 2)				DTH				ΔDTH 2)				DTH				ΔDTH 2)

						NF		LF						NF		LF						NF		LF

				WT (Gimbozu)		51.5		61.4		9.8				31.4		37.3		5.9				58.3		67.0		8.7

				Single mutant

				HEG2		44.6		53.3		8.7				28.3		32.3		3.9				55.0		57.7		2.7

				HS110		49.3		55.5		6.2				32.3		36.7		4.4				57.3		63.7		6.3

				HS169		73.0		84.0		11.0				53.3		58.7		5.4				91.3		97.0		5.7

				HS276		70.4		83.3		13.0				39.8		44.9		5.1				87.7		99.3		11.7

				Double mutant

				DMG3		74.5		82.1		7.6				57.7		59.7		2.0				88.7		108.7		20.0

				DMG5		46.0		56.6		10.6				30.1		34.4		4.3				81.5		92.3		10.5

				DMG6		87.7		99.8		10.7				61.3		63.3		2.1				 - 3)		 - 3)		 - 3)

				DMG7		61.5		72.8		11.3				40.3		46.8		6.6				67.0		77.3		10.3

				DMG8		56.1		69.5		13.5				32.0		40.8		8.8				71.7		78.3		6.7

				DMG10		75.4		85.2		9.8				56.1		59.9		3.9				84.0		95.5		14.0

				1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 

				2) ΔDTH was calculated as DTH under LF minus DTH under NF.

				3) A dash indicates that data were not available.



&G	




NEW Table 3 Two-way ANOVA_DTH

		Table 3. Effects of single genes and pairwise genetic interactions on DTH

		Model 1)		Term 2)		Effect estimate (days) 3)		Df		F value		P 4)

		Single gene		Fertilizer		7.84		1		164.77		< 0.001		***

				Env		-		6		358.77		< 0.001		***

				Ghd7		3.03		1		19.68		< 0.001		***

				Hd1		0.02		1		0.00		0.974

				Ehd1		-24.81		1		1266.02		< 0.001		***

				Ef7		-11.70		1		283.19		< 0.001		***

		Two gene		Fertilizer		7.81		1		214.50		< 0.001		***

				Env		-		6		466.18		< 0.001		***

				Ghd7		1.22		1		0.96		0.327

				Hd1		-1.38		1		1.24		0.266

				Ehd1		-25.53		1		409.33		< 0.001		***

				Ef7		-8.65		1		47.22		< 0.001		***

				Ghd7:Hd1		8.81		1		25.31		< 0.001		***

				Ghd7:Ehd1		7.08		1		16.37		< 0.001		***

				Ghd7:Ef7		-6.06		1		12.07		< 0.001		***

				Hd1:Ehd1		4.00		1		5.25		0.023		*

				Hd1:Ef7		-5.30		1		9.22		0.003		**

				Ehd1:Ef7		-6.62		1		13.29		< 0.001		***

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are expressed as functional minus non-functional allele. Pairwise interaction effects are expressed as difference-in-differences: the effect of the first gene in the functional background of the second gene minus its effect in the non-functional background. Env was tested as an omnibus effect and therefore has no single effect estimate. 

		4) P values were obtained from Type III ANOVA.
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Table 4 Two-way ANOVA_deltaDTH

		Table 3 Effects of single genes and pairwise genetic interactions on ΔDTH

		Model 1)		Term 2)		Df		F value		P 3)

		Single gene		Env		6		18.69		< 0.001		***

				Ghd7		1		0.38		0.539

				Hd1		1		0.53		0.467

				Ehd1		1		0.09		0.761

				Ef7		1		9.09		0.003		**

		Two gene		Env		6		18.20		< 0.001		***

				Ghd7		1		5.10		0.025		*

				Hd1		1		2.06		0.153

				Ehd1		1		0.68		0.412

				Ef7		1		4.49		0.036		*

				Ghd7:Hd1		1		8.43		0.004		*

				Ghd7:Ehd1		1		2.12		0.147

				Ghd7:Ef7		1		2.58		0.110

				Hd1:Ehd1		1		2.11		0.148

				Hd1:Ef7		1		0.98		0.324

				Ehd1:Ef7		1		1.93		0.167

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) P values were obtained from Type III ANOVA.
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Table 5  Gene-Env ANOVA_delta

		Table 5 Gene-by-environment effects on ΔDTH.

		Term 1)		Df		F value		P 2)

		Env		6		19.71		< 0.001		***

		Ghd7		1		0.75		0.387

		Hd1		1		0.40		0.530

		Ehd1		1		0.00		0.993

		Ef7		1		14.58		< 0.001		***

		Ghd7:Env		6		0.83		0.550

		Hd1:Env		6		3.96		< 0.001		***

		Ehd1:Env		6		6.09		< 0.001		***

		Ef7:Env		6		1.56		0.163

		1) Env was defined as each site-by-year combination. The model included the additive effects of Ghd7, Hd1, Ehd1, and Ef7, Env, and the interaction between each gene and Env.

		2) P values were obtained from Type III ANOVA.
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Supple Table S1 Primer and PCR

		Supplementary Table S1. Allele‑specific markers used to genotype four heading‑time loci. 
Lowercase italics indicate loss‑of‑function alleles. Amplicon sizes are for IRGSP‑1.0.

		Locus / Gene		Chr.		RAP_ID		Variant typology		Previous nomenclature
/ allele origin		Allele origin Reference		Assay type		Amplicon size (bp)   (IRGSP1.0)				Restriction enzyme		cut		Annealing (°C)		Forward primer		Reverase primer

																WT		Mut

		Ef7 (Hd17)		6		Os06g0142600		16bp deletion		HS276 (ef7)		Saito et al. 2012		PCR-RFLP		207		191		AfaI (RsaI)		mutant		56oC		CATCAGCCACAACATATGGGTGCTCCTGG		ATCTCCAAATGCCACTTGGATGTGACATG

		Hd1 (Se1)		6		Os06g0275000		Transposon insertion		HS110 (se1)		Yano et al. 2000		PCR		455		888		-		-		56oC		GCTGCGATCTTTAGGC		CTCCAGCAGGTGTCAGG

		Ghd7 (E1)		7		Os07g0261200		Transposon insertion		Aikoku (e1)		Saito et al., 2019		Allele spesific-PCR
 (3 primers mix)		350		450		-		-		56oC		CGTTTCAGCAATAGCATTATGG		TCAGCGAGATCGATGACTTG

																										GACGCACAAATGGAGCACGAAC

		Ehd1 (Ef1)		10		Os10g0463400		Transposon insertion		HS169 (ef1-h)		Saito et al., 2009		PCR		145		578		-		-		56oC		GCCTCATTTTCTTTGTGATGTATGTACC		CGGTAGGAAAGAACGCATC





Supple Table S2 Cropping

				Supplemental Table S2 Cropping site, year, sowing date and transplanting date in each environment. 

				Site		Site		Year		Season		Sowing date		Transplanting date

				Ishigaki_Feb. sowing		Ishigaki		2021		First		9 Feb. 2021		9 Mar. 2021

				(I_Feb)		Ishigaki		2022		First		9 Feb. 2022		9 Mar. 2022

						Ishigaki		2023		First		28 Feb. 2023		28 Mar. 2023

				Ishigaki_Jul. sowing		Ishigaki		2020		Second		21 Jul. 2020		18 Aug. 2020

				(I_Jul)		Ishigaki		2022		Second		26 Jul. 2022		23 Aug. 2022

						Ishigaki		2023		Second		25 Jul. 2023		22 Aug. 2023

				Behenjy		Behenjy		2024		Single		23 Oct. 2023		28 Nov. 2023
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Supple Table S3 Soil content

				Supplemental Table S3 The soil chemical properties under NF and LF conditions in the Ishigaki field.

				Contents		Unit		Field

								Low Fertilizer (LF)		Normal Fertilizer (NF)

				pH		―
		7.3		7.3

				Ammonium nitrogen		mg/100g		0.2		0.4

				Nitrate nitrogen		mg/100g		0.3		0.3

				Total nitrogen_mass-fractio		mg/100g		0.5		0.7

				Truog-available phosphate		mg/100g		1.0		19.0

				Exchangable potassium		mg/100g		8.0		63.0

				Exchangable magnesium		mg/100g		27.0		52.0

				Exchangable calcium		mg/100g		809.0		549.0

				Phosphorus absorptive coefficient		―		1000.0		1100.0

				Cation exchange capacity		me/100g		10.0		13.5

				Note: LF was characterized by lower available phosphate than NF, although other soil chemical properties also differed between conditions.





Supple Table S4 ΔDTH Site ANOVA

		Supplemental Table S4. Site-specific gene and pairwise gene interaction effects on ΔDTH.

				I-Feb								I-Jul								Behenjy

		Term		F value		P						F value		P						F value		P

		Ghd7		2.010		0.160						2.064		0.156						0.043		0.837

		Hd1		0.007		0.933						0.566		0.454						4.028		0.057

		Ehd1		0.000		0.991						4.793		0.032		*				7.153		0.014		*

		Ef7		4.032		0.048		*				0.917		0.342						1.904		0.181

		Ghd7:Hd1		5.645		0.020		*				1.133		0.291						3.886		0.064

		Ghd7:Ehd1		0.033		0.855						0.009		0.923						7.724		0.012		*

		Ghd7:Ef7		0.807		0.372						6.825		0.011		*				0.042		0.839

		Hd1:Ehd1		0.008		0.929						0.758		0.387						11.749		0.003		**

		Hd1:Ef7		0.468		0.496						1.582		0.213						0.042		0.839

		Ehd1:Ef7		1.457		0.231						2.397		0.127						NA		NA

		Note: Site-specific exploratory models were used to evaluate additive gene effects and pairwise gene interactions associated with ΔDTH. Year was fitted as a random effect for I-Feb and I-Jul. For Behenjy, which had one year of data, a linear model without the Year random effect was used. P values are shown for each term. NA indicates that the term was not estimable. Asterisks indicate the significance of the Ghd7 × Hd1 interaction term in each site-specific model (* P < 0.05; ** P < 0.01; *** P < 0.001).
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Term 1) Df F value P 2)



Env 6 19.71 < 0.001 ***



Ghd7 1 0.75 0.387



Hd1 1 0.40 0.530



Ehd1 1 0.00 0.993



Ef7 1 14.58 < 0.001 ***



Ghd7:Env 6 0.83 0.550



Hd1:Env 6 3.96 < 0.001 ***



Ehd1:Env 6 6.09 < 0.001 ***



Ef7:Env 6 1.56 0.163



Table 4 Gene-by-environment effects on ΔDTH.



1) Env was defined as each site-by-year combination.
The model included the additive effects of Ghd7 , Hd1 ,
Ehd1 , and Ef7 , Env, and the interaction between each
gene and Env.



2) P  values were obtained from Type III ANOVA.
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Table 1 materials

				Table1.  Genotypes and gene state at four heading-time loci.

				Genotype		Origin / Type		Gene state 1)								Mutation allele		Reference

								Ghd7
(E1)		Hd1
(Se1)		Ehd1
(Ef1)		Ef7
(Hd17)

				Gimbozu		Wild type		Ghd7		Hd1		Ehd1		Ef7		-		-

				HEG2		Near isogenic line
 (e1/ghd7, natural mutation derived from Aikoku)		ghd7		Hd1		Ehd1		Ef7		ghd7		Yamagata et al. 1986
Saito et al. 2019a

				HS110		γ‑ray / transposon mutant		Ghd7		hd1		Ehd1		Ef7		hd1		Tanisaka et al. 1992
Yano et al. 2000

				HS169		γ‑ray / transposon mutant		Ghd7		Hd1		ehd1		Ef7		ehd1		Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009

				HS276		γ‑ray		Ghd7		Hd1		Ehd1		ef7		ef7		Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012

				DMG3		Double mutant		Ghd7		hd1		ehd1		Ef7		hd1 + ehd1		Xu et al. 2009

				DMG5		Double mutant		ghd7		hd1		Ehd1		Ef7		ghd7 + hd1		This study

				DMG6		Double mutant		Ghd7		Hd1		ehd1		ef7		ehd1 + ef7		This study

				DMG7		Double mutant		Ghd7		hd1		Ehd1		ef7		hd1 + ef7		This study

				DMG8		Double mutant		ghd7		Hd1		Ehd1		ef7		ghd7 + ef7		This study

				DMG10		Double mutant		ghd7		Hd1		ehd1		Ef7		ghd7 + ehd1		Xu et al. 2009

				1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.
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Table 2 DTH_3 locat

				Table 2 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  

				Genotpye		I-Feb 1)				(n = 3)				I-Jul 1)				(n = 3)				Behenjy				(n = 3)

						DTH				ΔDTH 2)				DTH				ΔDTH 2)				DTH				ΔDTH 2)

						NF		LF						NF		LF						NF		LF

				WT (Gimbozu)		51.5		61.4		9.8				31.4		37.3		5.9				58.3		67.0		8.7

				Single mutant

				HEG2		44.6		53.3		8.7				28.3		32.3		3.9				55.0		57.7		2.7

				HS110		49.3		55.5		6.2				32.3		36.7		4.4				57.3		63.7		6.3

				HS169		73.0		84.0		11.0				53.3		58.7		5.4				91.3		97.0		5.7

				HS276		70.4		83.3		13.0				39.8		44.9		5.1				87.7		99.3		11.7

				Double mutant

				DMG3		74.5		82.1		7.6				57.7		59.7		2.0				88.7		108.7		20.0

				DMG5		46.0		56.6		10.6				30.1		34.4		4.3				81.5		92.3		10.5

				DMG6		87.7		99.8		10.7				61.3		63.3		2.1				 - 3)		 - 3)		 - 3)

				DMG7		61.5		72.8		11.3				40.3		46.8		6.6				67.0		77.3		10.3

				DMG8		56.1		69.5		13.5				32.0		40.8		8.8				71.7		78.3		6.7

				DMG10		75.4		85.2		9.8				56.1		59.9		3.9				84.0		95.5		14.0

				1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 

				2) ΔDTH was calculated as DTH under LF minus DTH under NF.

				3) A dash indicates that data were not available.
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NEW Table 3 Two-way ANOVA_DTH

		Table 3. Effects of single genes and pairwise genetic interactions on DTH

		Model 1)		Term 2)		Effect estimate (days) 3)		Df		F value		P 4)

		Single gene		Fertilizer		7.84		1		164.77		< 0.001		***

				Env		-		6		358.77		< 0.001		***

				Ghd7		3.03		1		19.68		< 0.001		***

				Hd1		0.02		1		0.00		0.974

				Ehd1		-24.81		1		1266.02		< 0.001		***

				Ef7		-11.70		1		283.19		< 0.001		***

		Two gene		Fertilizer		7.81		1		214.50		< 0.001		***

				Env		-		6		466.18		< 0.001		***

				Ghd7		1.22		1		0.96		0.327

				Hd1		-1.38		1		1.24		0.266

				Ehd1		-25.53		1		409.33		< 0.001		***

				Ef7		-8.65		1		47.22		< 0.001		***

				Ghd7:Hd1		8.81		1		25.31		< 0.001		***

				Ghd7:Ehd1		7.08		1		16.37		< 0.001		***

				Ghd7:Ef7		-6.06		1		12.07		< 0.001		***

				Hd1:Ehd1		4.00		1		5.25		0.023		*

				Hd1:Ef7		-5.30		1		9.22		0.003		**

				Ehd1:Ef7		-6.62		1		13.29		< 0.001		***

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are expressed as functional minus non-functional allele. Pairwise interaction effects are expressed as difference-in-differences: the effect of the first gene in the functional background of the second gene minus its effect in the non-functional background. Env was tested as an omnibus effect and therefore has no single effect estimate. 

		4) P values were obtained from Type III ANOVA.
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Table 4 Two-way ANOVA_deltaDTH

		Table 4. Effects of single genes and pairwise genetic interactions on ΔDTH

		Model 1)		Term 2)		Df		F value		P 3)

		Single gene		Env		6		18.69		< 0.001		***

				Ghd7		1		0.38		0.539

				Hd1		1		0.53		0.467

				Ehd1		1		0.09		0.761

				Ef7		1		9.09		0.003		**

		Two gene		Env		6		18.20		< 0.001		***

				Ghd7		1		5.10		0.025		*

				Hd1		1		2.06		0.153

				Ehd1		1		0.68		0.412

				Ef7		1		4.49		0.036		*

				Ghd7:Hd1		1		8.43		0.004		*

				Ghd7:Ehd1		1		2.12		0.147

				Ghd7:Ef7		1		2.58		0.110

				Hd1:Ehd1		1		2.11		0.148

				Hd1:Ef7		1		0.98		0.324

				Ehd1:Ef7		1		1.93		0.167

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) P values were obtained from Type III ANOVA.
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Table 4  Gene-Env ANOVA_delta

		Table 4 Gene-by-environment effects on ΔDTH.

		Term 1)		Df		F value		P 2)

		Env		6		19.71		< 0.001		***

		Ghd7		1		0.75		0.387

		Hd1		1		0.40		0.530

		Ehd1		1		0.00		0.993

		Ef7		1		14.58		< 0.001		***

		Ghd7:Env		6		0.83		0.550

		Hd1:Env		6		3.96		< 0.001		***

		Ehd1:Env		6		6.09		< 0.001		***

		Ef7:Env		6		1.56		0.163

		1) Env was defined as each site-by-year combination. The model included the additive effects of Ghd7, Hd1, Ehd1, and Ef7, Env, and the interaction between each gene and Env.

		2) P values were obtained from Type III ANOVA.
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Supple Table S1 Primer and PCR

		Supplementary Table S1. Allele‑specific markers used to genotype four heading‑time loci. 
Lowercase italics indicate loss‑of‑function alleles. Amplicon sizes are for IRGSP‑1.0.

		Locus / Gene		Chr.		RAP_ID		Variant typology		Previous nomenclature
/ allele origin		Allele origin Reference		Assay type		Amplicon size (bp)   (IRGSP1.0)				Restriction enzyme		cut		Annealing (°C)		Forward primer		Reverase primer

																WT		Mut

		Ef7 (Hd17)		6		Os06g0142600		16bp deletion		HS276 (ef7)		Saito et al. 2012		PCR-RFLP		207		191		AfaI (RsaI)		mutant		56oC		CATCAGCCACAACATATGGGTGCTCCTGG		ATCTCCAAATGCCACTTGGATGTGACATG

		Hd1 (Se1)		6		Os06g0275000		Transposon insertion		HS110 (se1)		Yano et al. 2000		PCR		455		888		-		-		56oC		GCTGCGATCTTTAGGC		CTCCAGCAGGTGTCAGG

		Ghd7 (E1)		7		Os07g0261200		Transposon insertion		Aikoku (e1)		Saito et al., 2019		Allele spesific-PCR
 (3 primers mix)		350		450		-		-		56oC		CGTTTCAGCAATAGCATTATGG		TCAGCGAGATCGATGACTTG

																										GACGCACAAATGGAGCACGAAC

		Ehd1 (Ef1)		10		Os10g0463400		Transposon insertion		HS169 (ef1-h)		Saito et al., 2009		PCR		145		578		-		-		56oC		GCCTCATTTTCTTTGTGATGTATGTACC		CGGTAGGAAAGAACGCATC





Supple Table S2 Cropping

				Supplemental Table S2 Cropping site, year, sowing date and transplanting date in each environment. 

				Site		Site		Year		Season		Sowing date		Transplanting date

				Ishigaki_Feb. sowing		Ishigaki		2021		First		9 Feb. 2021		9 Mar. 2021

				(I_Feb)		Ishigaki		2022		First		9 Feb. 2022		9 Mar. 2022

						Ishigaki		2023		First		28 Feb. 2023		28 Mar. 2023

				Ishigaki_Jul. sowing		Ishigaki		2020		Second		21 Jul. 2020		18 Aug. 2020

				(I_Jul)		Ishigaki		2022		Second		26 Jul. 2022		23 Aug. 2022

						Ishigaki		2023		Second		25 Jul. 2023		22 Aug. 2023

				Behenjy		Behenjy		2024		Single		23 Oct. 2023		28 Nov. 2023
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Supple Table S3 Soil content

				Supplemental Table S3 The soil chemical properties under NF and LF conditions in the Ishigaki field.

				Contents		Unit		Field

								Low Fertilizer (LF)		Normal Fertilizer (NF)

				pH		―
		7.3		7.3

				Ammonium nitrogen		mg/100g		0.2		0.4

				Nitrate nitrogen		mg/100g		0.3		0.3

				Total nitrogen_mass-fractio		mg/100g		0.5		0.7

				Truog-available phosphate		mg/100g		1.0		19.0

				Exchangable potassium		mg/100g		8.0		63.0

				Exchangable magnesium		mg/100g		27.0		52.0

				Exchangable calcium		mg/100g		809.0		549.0

				Phosphorus absorptive coefficient		―		1000.0		1100.0

				Cation exchange capacity		me/100g		10.0		13.5

				Note: LF was characterized by lower available phosphate than NF, although other soil chemical properties also differed between conditions.





Supple Table S4 ΔDTH Site ANOVA

		Supplemental Table S4. Site-specific gene and pairwise gene interaction effects on ΔDTH.

				I-Feb								I-Jul								Behenjy

		Term		F value		P						F value		P						F value		P

		Ghd7		2.010		0.160						2.064		0.156						0.043		0.837

		Hd1		0.007		0.933						0.566		0.454						4.028		0.057

		Ehd1		0.000		0.991						4.793		0.032		*				7.153		0.014		*

		Ef7		4.032		0.048		*				0.917		0.342						1.904		0.181

		Ghd7:Hd1		5.645		0.020		*				1.133		0.291						3.886		0.064

		Ghd7:Ehd1		0.033		0.855						0.009		0.923						7.724		0.012		*

		Ghd7:Ef7		0.807		0.372						6.825		0.011		*				0.042		0.839

		Hd1:Ehd1		0.008		0.929						0.758		0.387						11.749		0.003		**

		Hd1:Ef7		0.468		0.496						1.582		0.213						0.042		0.839

		Ehd1:Ef7		1.457		0.231						2.397		0.127						NA		NA

		Note: Site-specific exploratory models were used to evaluate additive gene effects and pairwise gene interactions associated with ΔDTH. Year was fitted as a random effect for I-Feb and I-Jul. For Behenjy, which had one year of data, a linear model without the Year random effect was used. P values are shown for each term. NA indicates that the term was not estimable. Asterisks indicate the significance of the Ghd7 × Hd1 interaction term in each site-specific model (* P < 0.05; ** P < 0.01; *** P < 0.001).
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Table 5  Genotypes and gene state at four heading-time loci.
Origin / Type Gene state 1) Reference



Ghd7
(E1)



Hd1
(Se1)



Ehd1
(Ef1)



Ef7
(Hd17)



Gimbozu Wild type Ghd7 Hd1 Ehd1 Ef7 - -



HEG2
Near isogenic line
 (e1/ghd7 , natural mutation derived
from Aikoku)



ghd7 Hd1 Ehd1 Ef7 ghd7
Yamagata et al. 1986
Saito et al. 2019a



HS110 γ-ray / transposon mutant Ghd7 hd1 Ehd1 Ef7 hd1
Tanisaka et al. 1992
Yano et al. 2000



HS169 γ-ray / transposon mutant Ghd7 Hd1 ehd1 Ef7 ehd1
Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009



HS276 γ-ray Ghd7 Hd1 Ehd1 ef7 ef7



Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012



DMG3 Double mutant Ghd7 hd1 ehd1 Ef7 hd1 + ehd1 Xu et al. 2009



DMG5 Double mutant ghd7 hd1 Ehd1 Ef7 ghd7 + hd1 This study



DMG6 Double mutant Ghd7 Hd1 ehd1 ef7 ehd1 + ef7 This study



DMG7 Double mutant Ghd7 hd1 Ehd1 ef7 hd1 + ef7 This study



DMG8 Double mutant ghd7 Hd1 Ehd1 ef7 ghd7 + ef7 This study



DMG10 Double mutant ghd7 Hd1 ehd1 Ef7 ghd7 + ehd1 Xu et al. 2009



1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.



Genotype Mutation
allele
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Table 1 DTH_3 locat

				Table 1 Days to heading (DTH) under NF and LF conditions and ΔDTH in each field environment.  

				Genotpye		I-Feb 1)				(n = 3)				I-Jul 1)				(n = 3)				Behenjy				(n = 3)

						DTH				ΔDTH 2)				DTH				ΔDTH 2)				DTH				ΔDTH 2)

						NF		LF						NF		LF						NF		LF

				WT (Gimbozu)		51.5		61.4		9.8				31.4		37.3		5.9				58.3		67.0		8.7

				Single mutant

				HEG2		44.6		53.3		8.7				28.3		32.3		3.9				55.0		57.7		2.7

				HS110		49.3		55.5		6.2				32.3		36.7		4.4				57.3		63.7		6.3

				HS169		73.0		84.0		11.0				53.3		58.7		5.4				91.3		97.0		5.7

				HS276		70.4		83.3		13.0				39.8		44.9		5.1				87.7		99.3		11.7

				Double mutant

				DMG3		74.5		82.1		7.6				57.7		59.7		2.0				88.7		108.7		20.0

				DMG5		46.0		56.6		10.6				30.1		34.4		4.3				81.5		92.3		10.5

				DMG6		87.7		99.8		10.7				61.3		63.3		2.1				 - 3)		 - 3)		 - 3)

				DMG7		61.5		72.8		11.3				40.3		46.8		6.6				67.0		77.3		10.3

				DMG8		56.1		69.5		13.5				32.0		40.8		8.8				71.7		78.3		6.7

				DMG10		75.4		85.2		9.8				56.1		59.9		3.9				84.0		95.5		14.0

				1) I-Feb: Ishigaki February sowing season; I-Jul: Ishigaki July sowing season 

				2) ΔDTH was calculated as DTH under LF minus DTH under NF.

				3) A dash indicates that data were not available.



&G	




NEW Table 2 Two-way ANOVA_DTH

		Table 2 Effects of single genes and pairwise genetic interactions on DTH

		Model 1)		Term 2)		Effect estimate (days) 3)		Df		F value		P 4)

		Single gene		Fertilizer		7.84		1		164.77		< 0.001		***

				Env		-		6		358.77		< 0.001		***

				Ghd7		3.03		1		19.68		< 0.001		***

				Hd1		0.02		1		0.00		0.974

				Ehd1		-24.81		1		1266.02		< 0.001		***

				Ef7		-11.70		1		283.19		< 0.001		***

		Two gene		Fertilizer		7.81		1		214.50		< 0.001		***

				Env		-		6		466.18		< 0.001		***

				Ghd7		1.22		1		0.96		0.327

				Hd1		-1.38		1		1.24		0.266

				Ehd1		-25.53		1		409.33		< 0.001		***

				Ef7		-8.65		1		47.22		< 0.001		***

				Ghd7:Hd1		8.81		1		25.31		< 0.001		***

				Ghd7:Ehd1		7.08		1		16.37		< 0.001		***

				Ghd7:Ef7		-6.06		1		12.07		< 0.001		***

				Hd1:Ehd1		4.00		1		5.25		0.023		*

				Hd1:Ef7		-5.30		1		9.22		0.003		**

				Ehd1:Ef7		-6.62		1		13.29		< 0.001		***

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) Effect estimates are based on estimated marginal mean contrasts. Single-gene effects are expressed as functional minus non-functional allele. Pairwise interaction effects are expressed as difference-in-differences: the effect of the first gene in the functional background of the second gene minus its effect in the non-functional background. Env was tested as an omnibus effect and therefore has no single effect estimate. 

		4) P values were obtained from Type III ANOVA.
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Table 3 Two-way ANOVA_deltaDTH

		Table 4. Effects of single genes and pairwise genetic interactions on ΔDTH

		Model 1)		Term 2)		Df		F value		P 3)

		Single gene		Env		6		18.69		< 0.001		***

				Ghd7		1		0.38		0.539

				Hd1		1		0.53		0.467

				Ehd1		1		0.09		0.761

				Ef7		1		9.09		0.003		**

		Two gene		Env		6		18.20		< 0.001		***

				Ghd7		1		5.10		0.025		*

				Hd1		1		2.06		0.153

				Ehd1		1		0.68		0.412

				Ef7		1		4.49		0.036		*

				Ghd7:Hd1		1		8.43		0.004		*

				Ghd7:Ehd1		1		2.12		0.147

				Ghd7:Ef7		1		2.58		0.110

				Hd1:Ehd1		1		2.11		0.148

				Hd1:Ef7		1		0.98		0.324

				Ehd1:Ef7		1		1.93		0.167

		1) The single-gene model included fertilizer condition, Env, and the additive effects of Ghd7, Hd1, Ehd1, and Ef7. The pairwise genetic interaction model included fertilizer condition, Env, additive gene effects, and all pairwise interactions among the four genes.

		2) Env was defined as each site-by-year combination and was included as an adjustment factor.

		3) P values were obtained from Type III ANOVA.
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Table 4  Gene-Env ANOVA_delta

		Table 5 Gene-by-environment effects on ΔDTH.

		Term 1)		Df		F value		P 2)

		Env		6		19.71		< 0.001		***

		Ghd7		1		0.75		0.387

		Hd1		1		0.40		0.530

		Ehd1		1		0.00		0.993

		Ef7		1		14.58		< 0.001		***

		Ghd7:Env		6		0.83		0.550

		Hd1:Env		6		3.96		< 0.001		***

		Ehd1:Env		6		6.09		< 0.001		***

		Ef7:Env		6		1.56		0.163

		1) Env was defined as each site-by-year combination. The model included the additive effects of Ghd7, Hd1, Ehd1, and Ef7, Env, and the interaction between each gene and Env.

		2) P values were obtained from Type III ANOVA.
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Table 5 materials

				Table 5  Genotypes and gene state at four heading-time loci.

				Genotype		Origin / Type		Gene state 1)								Mutation allele		Reference

								Ghd7
(E1)		Hd1
(Se1)		Ehd1
(Ef1)		Ef7
(Hd17)

				Gimbozu		Wild type		Ghd7		Hd1		Ehd1		Ef7		-		-

				HEG2		Near isogenic line
 (e1/ghd7, natural mutation derived from Aikoku)		ghd7		Hd1		Ehd1		Ef7		ghd7		Yamagata et al. 1986
Saito et al. 2019a

				HS110		γ‑ray / transposon mutant		Ghd7		hd1		Ehd1		Ef7		hd1		Tanisaka et al. 1992
Yano et al. 2000

				HS169		γ‑ray / transposon mutant		Ghd7		Hd1		ehd1		Ef7		ehd1		Nishida et al. 2002
Doi et al. 2004
Saito et al. 2009

				HS276		γ‑ray		Ghd7		Hd1		Ehd1		ef7		ef7		Yuan et al. 2009
Saito et al. 2012
Matsubara et al. 2012
Zhao et al. 2012

				DMG3		Double mutant		Ghd7		hd1		ehd1		Ef7		hd1 + ehd1		Xu et al. 2009

				DMG5		Double mutant		ghd7		hd1		Ehd1		Ef7		ghd7 + hd1		This study

				DMG6		Double mutant		Ghd7		Hd1		ehd1		ef7		ehd1 + ef7		This study

				DMG7		Double mutant		Ghd7		hd1		Ehd1		ef7		hd1 + ef7		This study

				DMG8		Double mutant		ghd7		Hd1		Ehd1		ef7		ghd7 + ef7		This study

				DMG10		Double mutant		ghd7		Hd1		ehd1		Ef7		ghd7 + ehd1		Xu et al. 2009

				1) Uppercase gene symbols indicate functional alleles, and lowercase italicized symbols indicate non-functional alleles.



&"Calibri"&15&KFF0000 機密性２　Confidential&1#_x000D_	&G	




Supple Table S1 Primer and PCR

		Supplementary Table S1. Allele‑specific markers used to genotype four heading‑time loci. 
Lowercase italics indicate loss‑of‑function alleles. Amplicon sizes are for IRGSP‑1.0.

		Locus / Gene		Chr.		RAP_ID		Variant typology		Previous nomenclature
/ allele origin		Allele origin Reference		Assay type		Amplicon size (bp)   (IRGSP1.0)				Restriction enzyme		cut		Annealing (°C)		Forward primer		Reverase primer

																WT		Mut

		Ef7 (Hd17)		6		Os06g0142600		16bp deletion		HS276 (ef7)		Saito et al. 2012		PCR-RFLP		207		191		AfaI (RsaI)		mutant		56oC		CATCAGCCACAACATATGGGTGCTCCTGG		ATCTCCAAATGCCACTTGGATGTGACATG

		Hd1 (Se1)		6		Os06g0275000		Transposon insertion		HS110 (se1)		Yano et al. 2000		PCR		455		888		-		-		56oC		GCTGCGATCTTTAGGC		CTCCAGCAGGTGTCAGG

		Ghd7 (E1)		7		Os07g0261200		Transposon insertion		Aikoku (e1)		Saito et al., 2019		Allele spesific-PCR
 (3 primers mix)		350		450		-		-		56oC		CGTTTCAGCAATAGCATTATGG		TCAGCGAGATCGATGACTTG

																										GACGCACAAATGGAGCACGAAC

		Ehd1 (Ef1)		10		Os10g0463400		Transposon insertion		HS169 (ef1-h)		Saito et al., 2009		PCR		145		578		-		-		56oC		GCCTCATTTTCTTTGTGATGTATGTACC		CGGTAGGAAAGAACGCATC





Supple Table S2 Cropping

				Supplemental Table S2 Cropping site, year, sowing date and transplanting date in each environment. 

				Site		Site		Year		Season		Sowing date		Transplanting date

				Ishigaki_Feb. sowing		Ishigaki		2021		First		9 Feb. 2021		9 Mar. 2021

				(I_Feb)		Ishigaki		2022		First		9 Feb. 2022		9 Mar. 2022

						Ishigaki		2023		First		28 Feb. 2023		28 Mar. 2023

				Ishigaki_Jul. sowing		Ishigaki		2020		Second		21 Jul. 2020		18 Aug. 2020

				(I_Jul)		Ishigaki		2022		Second		26 Jul. 2022		23 Aug. 2022

						Ishigaki		2023		Second		25 Jul. 2023		22 Aug. 2023

				Behenjy		Behenjy		2024		Single		23 Oct. 2023		28 Nov. 2023
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Supple Table S3 Soil content

				Supplemental Table S3 The soil chemical properties under NF and LF conditions in the Ishigaki field.

				Contents		Unit		Field

								Low Fertilizer (LF)		Normal Fertilizer (NF)

				pH		―
		7.3		7.3

				Ammonium nitrogen		mg/100g		0.2		0.4

				Nitrate nitrogen		mg/100g		0.3		0.3

				Total nitrogen_mass-fractio		mg/100g		0.5		0.7

				Truog-available phosphate		mg/100g		1.0		19.0

				Exchangable potassium		mg/100g		8.0		63.0

				Exchangable magnesium		mg/100g		27.0		52.0

				Exchangable calcium		mg/100g		809.0		549.0

				Phosphorus absorptive coefficient		―		1000.0		1100.0

				Cation exchange capacity		me/100g		10.0		13.5

				Note: LF was characterized by lower available phosphate than NF, although other soil chemical properties also differed between conditions.





Supple Table S4 ΔDTH Site ANOVA

		Supplemental Table S4. Site-specific gene and pairwise gene interaction effects on ΔDTH.

				I-Feb								I-Jul								Behenjy

		Term		F value		P						F value		P						F value		P

		Ghd7		2.010		0.160						2.064		0.156						0.043		0.837

		Hd1		0.007		0.933						0.566		0.454						4.028		0.057

		Ehd1		0.000		0.991						4.793		0.032		*				7.153		0.014		*

		Ef7		4.032		0.048		*				0.917		0.342						1.904		0.181

		Ghd7:Hd1		5.645		0.020		*				1.133		0.291						3.886		0.064

		Ghd7:Ehd1		0.033		0.855						0.009		0.923						7.724		0.012		*

		Ghd7:Ef7		0.807		0.372						6.825		0.011		*				0.042		0.839

		Hd1:Ehd1		0.008		0.929						0.758		0.387						11.749		0.003		**

		Hd1:Ef7		0.468		0.496						1.582		0.213						0.042		0.839

		Ehd1:Ef7		1.457		0.231						2.397		0.127						NA		NA

		Note: Site-specific exploratory models were used to evaluate additive gene effects and pairwise gene interactions associated with ΔDTH. Year was fitted as a random effect for I-Feb and I-Jul. For Behenjy, which had one year of data, a linear model without the Year random effect was used. P values are shown for each term. NA indicates that the term was not estimable. Asterisks indicate the significance of the Ghd7 × Hd1 interaction term in each site-specific model (* P < 0.05; ** P < 0.01; *** P < 0.001).
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