
 

 
Fig. S1 Alignment of GmGRF5a and GmGRF5b cDNA sequence. Two GRF5 

homologous GmGRF5a and GmGRF5b share highly similar cDNA sequences.  



 
Fig. S2 The genotypes of different GmGRF5 Cas9-edited mutants.  

(A) Location of the targets and the primers in GmGRF5a and GmGRF5b. GmGRF5a 

and GmGRF5b share the same three targets (T1, T2, and T3. Their positions in the gene 

were indicated as the digitals next to them). Two pairs of primers were used to identify 

genotypes of GmGRF5a and GmGRF5b, respectively. Bar = 250 bp.  

(B) Target sequences and details of gene editing of GmGRF5a and GmGRF5b in 

mutants. Red letters refer to the PAM sites; green letters refer to inserted bases; dash 

lines refer to deleted bases.  



 

Fig. S3 Soybean seed developmental stages in growth chamber. Soybean plants were 

grown in soil (PINDSTRUP SPHAGNUM (pH5.5, <10 mm, Latvia): vermiculite = 3:1) 

in the growth chamber in short day conditions (8 h light/16 h dark), 300 ~ 500 µmol·m-

2·s-1 light, 26℃. The sampling day for transcriptome, metabolome, and RT-qPCR was 

28 DAF (days after flowering). 



1 

 

 

 

Fig. S4 Phenotypes of GmGRF5-overexpressing lines and mutants in chamber 

and in field. A, Seed phenotypes in growth chamber; Values are means ± SD (n = 

100). Statistical analysis was performed using One-way ANOVA. B, 100-seed weight, 

yield, and the content of proteins and oils in seeds in growth chamber. C, Flowering 

time (Left Y-axis, black) and yield per plant (right axis, blue) of 

35S:GmGRF5a:3MYC in growth chamber. D. The content of proteins (Left Y-axis, 

green) and oils (right Y-axis, blue) of 35S:GmGRF5a:3MYC seeds in growth chamber. 
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E, Exogenous gene expression of the Gmgrf5aD mutant and 35S:GmGRF5a:3MYC 

and 35S:GmGRF5b:FLAG plants in growth chamber. F, Seed phenotypes of different 

overexpressing lines and mutants in the field at Shunyi Beijing in 2022 and 2023, 

respectively. WS82-T was used as a control for Gmgrf5a-3 Gmgrf5b-4. Values are 

means ± SD (n = 3 for Yield weight per plot, n = 30 for the content of proteins and 

oils). Statistical analysis was performed using Student's t test. 



 

Fig. S5 The circadian expression of clock, protein synthesis, and oil synthesis 

genes in seeds and pod walls. Samples were harvested at DAF 28 in free running 

conditions after being entrained in short day conditions in growth chamber. GmPP2A 

is used as a reference gene. Due to significant difference, different genes were plotted 

on left or right Y-axes. Significant variations in the expression pattern were found 

between both different homologous genes and different tissues, and most of genes 

showed circadian expression patterns. Most of protein synthesis and oil synthesis 

genes, such as TPA10, GmRPS4, GmOLE1c, GmWRI1a, and GmWRI1b, showed 

higher expression level in seeds than in pod walls, but GmCGI-58a and GmCGI-58b 

was higher in pod walls than in seeds.  



 

 

Fig. S6 Module-trait relationship in pod walls of WS82, the Gmgrf5a-2 Gmgrf5b-3 

double mutant, and the overexpressing line OG-10. The digital in each block was 

Pearson’s correlation and the digital in bracket was p Value. Gene expression profile, 

KEGG enrichment and GO enrichment were analyzed for the genes in each color 

module. 

 



 
Fig. S7 Module-trait relationship in seeds of WS82, the Gmgrf5a-2 Gmgrf5b-3 

double mutant, and the overexpressing line OG-10. The digital in each block was 

Pearson’s correlation and the digital in bracket was p Value. Gene expression profile, 

KEGG enrichment and GO enrichment were analyzed for the genes in each color 

module. 
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Fig. S8 The operation of circadian clocks in soybean pod walls and seeds. This 

figure was constructed based on the KEGG pathway gmx04712 (Circadian rhythm - 

plant - Glycine max; https://www.kegg.jp/pathway/gmx04712). Green boxes indicate 

the presence of these genes in soybean. Arrows between upstream and downstream 

genes represent activation relationships, while T-shaped arrows indicate inhibition. 

Solid lines denote direct effects, and dashed lines signify indirect effects. The symbols 

"+u" and "+p" refer to ubiquitination and phosphorylation, respectively. Heatmaps 

adjacent to each gene box show expression profiles in seeds and pods for the WS82, 

grf5, and OG-10, with colors reflecting relative expression differences between seeds 

and pods. The line plot above displays the time-series expression patterns of these 

genes, with blue representing pods and red representing seeds. 

 

https://www.kegg.jp/pathway/gmx04712
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Fig. S9 The circadian rhythms of putative clock genes in soybean seeds and pod 

walls based on transcriptome data. Refer to Table S2 for gene ID. General expression 

characters of these genes were showed as following: Similar pattens to their homologs 

in Arabidopsis, indicating functional conservation of clock genes in soybean; In most 

cases, different homologs of clock central genes showed much similar trends or patterns, 

such as CCA1/LHY, TOC1, and evening complex (ELF3, LUX, and ELF4), but with 

different levels in the same tissues (seeds or pod walls). Other genes, including CKB4, 

REV, LINK family genes displayed much different expression patterns: phases in pod 

walls advanced that in seeds, indicating that pod wall clock may control seed clock; 

compared to that in seeds, genes in the same family in pod walls show closer expression 

patterns, including the peak phase and general level; the difference in magnitude of 

variability of gene expression levels in the same tissue is not significant among the 

homologs. 

 
Fig. S9-1 The circadian expression of CCA/LHY homologs in seeds and pod walls. 

The general level of transcripts is higher in light than that in dark and higher in pod 

walls than that in seeds (nearly tenfold difference between pod walls and seeds). 

Different homologs display similar expression extents in the same organs, except 

Glyma.16g017400, whose expression level is higher than that of its homologs in seeds. 

Two peaks in seeds (ZT4 and ZT16), one peak in pod walls (ZT0); but opposite trend 
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for Glyma.07G048500, one peak in light (ZT0), the other in dark (ZT16). In term of the 

same organ, there is no much difference found among different homologs. 

 

Fig. S9-2 The circadian expression of GmTOC1 homologs in seeds and pod walls. 

The general level of transcripts in pod walls is higher in dark than that in light (nearly 

tenfold difference between pod walls and seeds), however, transcript abundancy in 

seeds remains at a relative high level, except at ZT8, when is the time point of the valley. 

Different homologs display similar expression extents in the same organs. Two peaks 

in seeds (ZT0/ZT4 and ZT12/16), one peak in pod walls (ZT12), indicating GmTOC1 

may have functions in both dark and light. In term of the same organ, there is no much 

difference found among different homologs. 
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Fig. S9-3 The circadian expression of homologs of evening complex components in 

seeds and pod walls. For ELF3 and LUX homologs, the general level of transcripts in 

seeds is quite similar in light and dark conditions (two peaks at ZT4 or ZT0 and ZT16, 

respectively), but with a valley (the lowest value) at ZT8; In pod walls, the expression 

peaks happen at ZT12 or ZT16. In term of the same organ, there is a difference found 

among different homologs. For ELF4, there is one (ZT8, Glyma.18g027500) or two 

(ZT4 and ZT12, Glyma.11g229700) peaks in seeds; in pod walls, the peaks appear in 

the late phase of dark. 
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Fig. S9-4 The circadian expression of GmPRR homologs in seeds and pod walls. 

The general level of transcripts in seeds is quite similar in light and dark conditions 

(two peaks at ZT4 and ZT16, respectively), but with a valley (the lowest value) at ZT8 

except of Glyma.06g136600 with a valley at ZT12. In pod walls, the expression peaks 

happen at ZT8 or ZT12. In term of the same organ, there is no much difference found 

among different homologs. 
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Fig. S9-5 The circadian expression of GI homologs in seeds and pod walls. The 

general level of transcripts in seeds is quite similar in light and dark conditions (two 

peaks at ZT4 and ZT16, respectively), but with a valley (the lowest value) at ZT8; In 

pod walls, the expression peaks appear at ZT12.  

 

Fig. S9-6 The circadian expression of XAP5, CHE, and PRMT5 homologs in seeds 

and pod walls. XAP5, CHE, and PRMT5 homologs share a common expression pattern 

in seeds, that is, the general level of transcripts in seeds is quite similar in light and dark 

conditions (two peaks at ZT4 and ZT16 for XAP5 and CHE, or ZT0 for PRMT5, 

respectively), but with a valley (the lowest value) at ZT8; In pod walls, the expression 
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curve is quite similar to that in seeds, but phases in pod walls advance obviously than 

that in seeds.  

 
Fig. S9-7 The circadian expression of TIC homologs in seeds and pod walls. Three 

TIC homologs share a common expression pattern in both seeds and pod walls, but 

phases in pod walls advance obviously than that in seeds. The peaks in seeds appear at 

ZT4 and ZT16, but at ZT0 and ZT16 in pod walls. 

 

Fig. S9-8 The circadian expression of HOS1 homologs in seeds and pod walls. Two 

HOS1 homologs share a common expression pattern in both seeds and pod walls, but 

phases in pod walls advance obviously than that in seeds. The peaks in seeds appear at 

ZT4, but at ZT0 and ZT16 in pod walls. 
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Fig. S9-9 The circadian expression of LWD and TTG1 homologs in seeds and pod 

walls. Two LWD homologs (Glyma.16g044800 and Glyma.19g106900) share a 

common expression pattern in both seeds and pod walls, but phases advance in pod 

walls obviously than that in seeds. The peaks in seeds appear at ZT16, but ZT12 in pod 

walls. For Glyma.06g136900 and Glyma.04g228000, there are no striking peak in seeds, 

but with peaks at ZT20 and ZT 16, respectively.  
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Fig. S9-10 The circadian expression of FIO1 and JMJD5 homologs in seeds and 

pod walls. Two FIO homologs share a common expression pattern in both seeds and 

pod walls, but phases in pod walls advance obviously than that in seeds. The peaks in 

seeds appear at ZT4 and ZT16, but ZT8 and ZT20 in pod walls. Two JMJD5 display 

different patterns in seeds with peaks at ZT16 and ZT8, respectively, but a similar 

pattern in pod walls with a peak at ZT8. 
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Fig. S9-11 The circadian expression of FKF/LKP2/ZTL homologs in seeds and pod 

walls. These five FKF/LKP2/ZTL homologs share a common expression pattern in both 

seeds and pod walls, but phases in pod walls advance obviously than that in seeds. The 

peaks in seeds appear at ZT4 and ZT16, but ZT12 in pod walls. 

 

Fig. S9-12 The circadian expression of REV2 homologs in seeds and pod walls. 

These genes show more or less similar expression patterns in seeds (peak at ZT16 or 

ZT12), but in pod walls there is a variation found and can be grouped into two classes: 

one has Glyma.16G217700, Glyma.09G167900, and Glyma.14G210600 (peak at ZT0), 

the other has Glyma.02G241000 and Glyma.18G044200 (peak at ZT12). 
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Fig. S9-13 The circadian expression of REV3 homologs in seeds and pod walls. 

Glyma.07G066100, Glyma.20G162800, Glyma.16G032600, and Glyma.10G230700 

show similar expression patterns (peak at ZT12 or ZT16) in seeds, but not in pod walls 

(peak at ZT0, ZT12 or ZT16). Glyma.18G237700 and Glyma.16G178700 show similar 

expression patterns (peak at ZT4) in seeds, but not in pod walls (peak at ZT4 or ZT16). 
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Fig. S9-14 The circadian expression of REV4/8 homologs in seeds and pod walls. 

These REV homologs do not share common expression patterns in both seeds and pod 

walls and different homologs exhibit various expression patterns in both seeds and pod 

walls. 
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Fig. S9-15 The circadian expression of CKB4 homologs in seeds and pod walls. 

These CKB4 homologs do not share common expression patterns in both seeds and pod 

walls, and different homologs exhibit various expression patterns in both seeds and pod 

walls. 
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Fig. S9-16 The circadian expression of LINK homologs in seeds and pod walls-1. 

These LINK homologs share a common expression pattern in seeds (peaks at ZT4 and 

ZT16), but not in pod walls (peaks at ZT8 or ZT12, respectively). 

 

Fig. S9-17 The circadian expression of LINK homologs in seeds and pod walls-2. 

These LINK do not homologs share a common expression pattern in seeds (peaks at 

ZT0, ZT4, or ZT16), but not in pod walls (peaks at ZT4, ZT8, or ZT12, respectively). 
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Fig. S9-18 The circadian expression of COR27/28 homologs in seeds and pod walls-

2. These COR27/28 do not homologs share a common expression pattern in both seeds 

(peaks at ZT12 or ZT16) and pod walls (peaks at ZT8 or ZT12, respectively). 

 

Fig. S9-19 The circadian expression of CRY2 homologs in seeds and pod walls. 

CRY2 homologs share common expression patterns in both seeds (peaks at ZT4 or ZT16) 

and pod walls (peaks at ZT12). 
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Fig. S9-20 The circadian expression of CRY1 homologs in seeds and pod walls. 

Three CRY1 homologs (Glyma.06G103200, Glyma.13G089200, Glyma.14G174200) 

share common expression patterns in both seeds (peaks at ZT4 or ZT16) and pod walls 

(peaks at ZT0, ZT12, or ZT16, respectively). Other two CRY1 homologs 

(Glyma.04G101500 and Glyma.08G209600) display different expression in both seeds 

(peaks at ZT2 or ZT12) and pod walls (peaks at ZT12 or ZT20). 

 

Fig. S9-21 The circadian expression of CRY3 homologs in seeds and pod walls. 

CRY3 homologs do not a share common expression pattern in seeds (peaks at ZT0, 

ZT12, or ZT20, respectively) and pod walls (peaks at ZT12, ZT16, or ZT20, 

respectively). 
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Fig. S9-22 The circadian expression of PHY homologs in seeds and pod walls-1. 

These PHY homologs share common expression patterns in seeds (peaks at ZT16) and 

pod walls (peaks at ZT12 or ZT16). 

Fig. S9-23 The circadian expression of PHY homologs in seeds and pod walls-2. 

These PHY do not homologs share common expression patterns in seeds and pod walls. 
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Fig. S10 The circadian expression pattern of soybean genes related to protein and 

oil synthesis. We extracted expression patterns of following genes from transcriptome 

data in this study, most of them showed circadian rhythm. However, their circadian 

rhythms were not robust than that of clock genes (Fig. S8). Refer to Table S2 for gene 

IDs. Their homologs in Arabidopsis are following: LEC1 (Leafy Cotyledon1) (Feeney 

et al., 2013), ABI3 (Abscisic Acid Insensitive3) and ABI5 (Kagaya et al., 2005; Verdier 

and Thompson, 2008; Yeap et al., 2017; Vanhercke et al., 2019), TuODORANT1 (Luo 

et al., 2021), PV72 (a vacuolar sorting receptor) (Shimada et al., 2002), GmSWEET39 

(Sugars Will Eventually be Exported Transporters 39) (Zhang et al., 2020), GOGAT 

(glutamate synthase) (Yang et al., 2018), TTG1 (Chen et al., 2015), PPA1 

(pyrophosphatase) (Meyer et al., 2012), GmPPC2 (PEPC, phosphoenolpyruvate 

carboxylase, isoform) (Yamamoto et al., 2020), PEI (Verdier and Thompson, 2008), 

PsOMT (2-oxoglutarate/malate translocator) (Riebeseel et al., 2010), FUS3 

(FUSCA3) (Kagaya et al., 2005), MYB, MYC, and MAX (Gao et al., 2016; Luo et al., 

2021), WRI (Kanai et al., 2016; Vanhercke et al., 2019), CGI-58 (James et al., 2010; 

Vanhercke et al., 2019), SEIPIN (Wood et al., 2018; Kong et al., 2019; Vanhercke et 

al., 2019), OLE1 (Kong et al., 2019; Vanhercke et al., 2019; Ortiz et al., 2020), FAD2 

(Wood et al., 2018; Vanhercke et al., 2019), MYB89 (Vanhercke et al., 2019), GPDH 

(Vanhercke et al., 2019), DGAT (Bouvier-Nave et al., 2000; Vanhercke et al., 2019; 

Ortiz et al., 2020).  

 

Following genes displayed strong circadian expression patterns in seeds or pod walls:  

⚫ In seeds: Glyma.07G268100 (LEC1), Glyma.10G071700 (ABI5), 

Glyma.13G153200 (ABI5), Glyma.19G194500 (ABI5), Glyma.18G176100 

(ABI5), Glyma.08G357600 (ABI5), Glyma.11G215800 (TuODORANT1), 

Glyma.01G242800 (PV72b), Glyma.11G001500 (PV72b), Glyma.15G049200 

(SWEET39), Glyma.04G236900 (GOGAT2), Glyma.06G127400 (GOGAT2), 

Glyma.06G266800 (ILR3), Glyma.16G017200 (PPA1), Glyma.12G229400 

(PPC2), Glyma.13G270400 (PPC2), Glyma.16G050300 (FUS3), 

Glyma.01G096600 (MYC3), Glyma.08G227700 (WRI1), Glyma.15G221600 

(WRI1), Glyma.04G026500 (CGI-58), Glyma.14G216800 (CGI-58), 

Glyma.18G242100 (SEIPIN), Glyma.09G250400 (SEIPIN), Glyma.07G228700 

(MYB89), Glyma.02G218700 (GPDH), Glyma.09G065300 (DGAT), 

Glyma.17G053300 (DGAT), and Glyma.13G106100 (DGAT);  

⚫ In pod walls: Glyma.11G215800 (TuODORANT1. Opposite to that in seeds), 

Glyma.04G236900 (GOGAT2), Glyma.06G127400 (GOGAT2), 

Glyma.16G017200 (PPA1), Glyma.11G070800 (PPA1), Glyma.19G261100 

(PPA1), Glyma.04G026500 (CGI-58), Glyma.14G216800 (CGI-58), 

Glyma.07G228700 (MYB89) and Glyma.09G065300 (DGAT). 
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Fig. S10-1 The circadian expression of LEC homologs in seeds and pod walls. The 

LEC homologs Glyma.07G268100 and Glyma.17G005600 showed relative higher 

expression in seeds at dawn and in dark than that in light, while Glyma.20G000600 did 

not show circadian rhythm. These three genes did not display obvious circadian 

expression in pod walls, maybe due to their functions in seeds. 

 
Fig. S10-2 The circadian expression of ABI5 homologs in seeds and pod walls. 

Glyma.10G071700 and Glyma.13G153200 had a valley at ZT8 in seeds or ZT4 in pod 

walls, while Glyma.19G194500 had a peak at ZT8 to ZT12 in seeds or pod walls, 

indicating they had the characteristics of circadian rhythm. Additionally, the valleys or 

peaks advanced in pod walls than that in seeds. 

 

Fig. S10-3 The circadian expression of ABI3 homologs in seeds and pod walls. 

These two genes (Glyma.18G176100 and Glyma.08G357600) had obvious valleys at 

ZT8 (dusk) in seeds, but not in pod walls. 
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Fig. S10-4 The circadian expression of TuODORANT1 homologs in seeds and pod 

walls. Glyma.11G215800 showed different patterns in seeds and pod walls: low level 

in the second half of light-phase in seeds while in the first half in pod walls. The peaks 

of Glyma.14G214500 were at ZT8 in both seeds and pod walls. Glyma.02G244600 had 

a peak at dawn in seeds or at dusk in pod walls. Glyma.18G040700 did not show 

significant circadian rhythms in both seeds and pod walls. 

 

Fig. S10-5 The circadian expression of PV72b homologs in seeds and pod walls. 

Glyma.01G242800 and Glyma.11G001500 shared a common pattern in seeds with 

valleys at ZT8. In pod walls, Glyma.01G242800 had a valley at ZTT12, while 

Glyma.11G001500had a valley at ZT4, but their peaks appeared at the end of dark. 

 

 

Fig. S10-6 The circadian expression of SWEET39 homologs in seeds and pod walls.  

Glyma.15G049200 and Glyma.08G183500 may not show circadian rhythm expression 

in both seeds and pod walls.  
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Fig. S10-7 The circadian expression of GOGAT2 homologs in seeds and pod walls. 

The expression of Glyma.04G236900 and Glyma.06G127400 had similar pattern in 

seeds and pod walls. In seeds they peaked at ZT4, but in pod walls they peaked at the 

end of dark. 

 

Fig. S10-8 The circadian expression of ILR3 and TTG1 homologs in seeds and pod 

walls. Glyma.06G266800 peak at ZT8 in seeds, but at ZT4 in pod walls. 

Glyma.06G136900 had no circadian rhythm in seeds, but had relative high level in dark 

in pod walls. 



5 
 

 

Fig. S10-9 The circadian expression of PPA1 homologs in seeds and pod walls.  

These genes peaked: Glyma.16G017200 at ZT12 in seeds, but ZT4 in pod walls; 

Glyma.03G262000 at ZT12 in seeds, but at ZT0 in pod walls; Glyma.07G048300 at 

ZT0 in both seeds and pod walls; Glyma.11G070800 at ZT0 in seeds, but at ZT4 in pod 

walls; Glyma.19G261100 at ZT20 in pod walls, but no peak in seeds. 

 

Fig. S10-10 The circadian expression of PPC2 and PEI1 homologs in seeds and pod 

walls.  

Peaks: Glyma.12G229400 at ZT4 and ZT16 in seeds, but at ZT0 and ZT16; 

Glyma.13G270400 at ZT in seeds, but ZT0 in pod walls; Glyma.14G016300 at ZT4 in 

seeds, but no peak in pod walls; Glyma.09G102900 at 4 and ZT16 in seeds, but ZT0 
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and ZT20 in pod walls. 

 

Fig. S10-11 The circadian expression of OMT1 homologs in seeds and pod walls.  

Glyma.11G133800 and Glyma.12G058000 had peaks at ZT0 in seeds and pod walls. 

 

Fig. S10-12 The circadian expression of FUS3 homologs in seeds and pod walls.  

Glyma.19G100900 and Glyma.16G050300 had peaks at ZT12 in seeds, but no obvious 

circadian rhythm in pod walls.  
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Fig. S10-13 The circadian expression of MYC3 homologs in seeds and pod walls.  

Glyma.09G204500, Glyma.16G090900, and Glyma.08G271900 had no obvious 

circadian rhythm in seeds and pod walls. Glyma.01G018400 peaked at ZT0 and ZT16 

in seeds, but may at ZT0 in pod walls. Glyma.01G096600 peaked at ZT4 and ZT12 in 

seeds, but at ZT0 in pod walls. 

 
Fig. S10-14 The circadian expression of WRI1 homologs in seeds and pod walls.  

Glyma.08G227700 peaked at ZT0 in seeds, but no circadian rhythm in pod walls. 

Glyma.15G221600 peaked at ZT0 in both seeds and pod walls. 

 

Fig. S10-15 The circadian expression of CGI-58 homologs in seeds and pod walls.  

Glyma.04G026500 had a valley at ZT8 in seeds, but in pod walls it peaked at ZT0 and 

had relative low level at other time points. Glyma.14G216800 peaked at ZT0 and ZT12 

in seeds, but at ZT4 in pod walls. 
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Fig. S10-16 The circadian expression of SEIPIN homologs in seeds and pod walls.  

Peaks: Glyma.18G242100 at ZT0 and ZT12 in seeds, but at ZT20 in pod walls. 

Glyma.09G250400 at ZT0 and ZT12 in seeds, but at ZT20 in pod walls.  

 

Fig. S10-17 The circadian expression of OLE1 homologs in seeds and pod walls.  

Peaks: Glyma.20G196600 and Glyma.10G193900 at ZT8 in seeds, but at ZT12 in pods. 

Glyma.19G063400 at ZT16 in seeds, but at ZT20 in pod walls. 
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Fig. S10-18 The circadian expression of FAD2 homologs in seeds and pod walls.  

Glyma.19G147400, Glyma.03G144500, Glyma.10G278000, and Glyma.20G111000 

peaked at ZT16 in seeds, but ZT8 and ZT16. 
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Fig. S10-19 The circadian expression of MYB89 homologs in seeds and pod walls.  

Peaks: Glyma.07G228700, at ZT12 in seeds but at ZT4 in pod walls; 

Glyma.02G108800, at ZT4 in both seeds and pod walls; Glyma.20G034100 at ZT4 in 

seeds, but at ZT12 and ZT20 in pod walls; Glyma.01G049600 at ZT8 in seeds, but in 

pod walls had a valley at ZT12. 

 
Fig. S10-20 The circadian expression of GPDH homologs in seeds and pod walls.  

Glyma.02G218700 peaked at ZT 12 in both seeds and pod walls. Glyma.19G053500 

peaked at ZT0 in seeds, but there was no obvious circadian rhythm in pod walls. 
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Fig. S10-21 The circadian expression of DGAT homologs in seeds and pod walls.  

Glyma.09G065300 had a valley in seeds, but kept at low level between ZT4-ZT12 and 

maintained at high level at other time. Glyma.17G053300 peak at ZT16 in seeds, but at 

ZT16 in pod walls. Glyma.13G106100 peaked at ZT16 in both seeds and pod walls. 
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Fig. S11 A merged figure of the top 50 enriched KEGG pathway in transcriptome of WS82, Gmgrf5 mutant, and OG-10 (up-regulated in seeds compared to pod walls)



 
Fig. S12 Chrono-ID pathways in the Gmgrf5 mutant and a GmGRF5a-

overexpressing line OG-10.  
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Fig. S13 A merged figure of the top 50 enriched KEGG pathways in metabolome of WS82, Gmgrf5 mutant and OG-10 (up-regulated in seeds compared to pod walls)



 

 
Fig. S14 Common metabolism pathways found in seeds and pod walls. Protein and 

oil relative metabolisms, including tyrosine, tryptophan, arginine, proline, cysteine, 

methionine, phenylamine, beta-alanine, and cyanoamino acid metabolism, and 

aminonacyl-tRNA biosynthesis were found in both seeds and pod walls of WS82 plants, 

but GmGRF5 mutation or overexpression led to different changes. Seeds and pod walls 

also shared some other metabolism pathways including metabolisms of secondary 

metabolites, transporters, hormones, nucleotides, but GmGRF5 also disturbed them. 



 
Fig. S15 Chrono-enrichment of amino acids and lipid acid related compounds in 

seeds and pod walls in Gmgrf5 and OG-10. L-Amino acids accumulated in pod walls 

in different ZTs except of ZT12, while lipid acid related compounds accumulated in 

seeds at different ZTs of Gmgrf5 mutant and OG-10 overexpressing line as in WS82 

(Fig. 3E). Distinguished from WS82, Gmgrf5 mutant seeds also accumulated L-amino 

acids at ZT12, but no L-amino acids found in OG-10 seeds. 
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Figure S16 Correlation network of aminoacyl-tRNA synthetase pathway genes and 

metabolites. In the network, salmon-colored nodes represent genes, while green nodes represent 

metabolites. Node size reflects the number of edges (degree) connected to corresponding node, 

meaning larger nodes indicate a greater number of significant correlations with either metabolites 

or genes. The color of the edges represents the weight, indicating the strength of the correlation 

between each metabolite and gene, with darker colors denoting stronger correlations. The top 

eight genes and top eight metabolites with the most connections are labeled; genes are marked 

with black labels, while metabolites are labeled in blue. 

 



 

Fig. S17 GmLHY1a, GmLHY2a, and GmLHY2b did not activate GmGRF5a 

promoter. Single luciferase reporter assay showing that GmLHY1a, GmLHY2a, and 

GmLHY2b did not induce the transcriptions driven by GmGRF5a promoter in Nicotiana 

benthamiana leaves. The empty vector pSoy2-GFP was used as a control. Values are 

means ± SD (n = 20). Statistical analysis was performed using the two-sided Student’s 

t-test. 

 



 

Fig. S18 GmGRF5a proteins localized in nuclei. Subcellular localization of 

GmGRF5a:GFP fusion proteins in Nicotiana benthamiana leaves. AHL22-RFP was 

used as a marker for nuclear localization. Scale bars, 20 μm. 

 



 

Fig. S19 KEGG analysis of DAP-seq target genes. Results showed that target genes 

of GmGRF5a include wide functional genes. 



 

Fig. S20 The seed developmental expression patterns of GmGRF5a, GmGRF5b, 

and genes related to protein and oil synthesis. DAF, days after flowering. Red dots 

on trend lines indicate the checking stages for different genes in Fig. 5F. Left Y-axis for 

columns, and right Y-axis for curve lines. The curve line figure shares the same set of 

data with the column figure and shows the trend in gene expression. 



 
Fig. S21 Identification of transgenic lines by Western blots. A. Immunoblots 

showing the level of GmGRF5a:6×MYC fused proteins in wild type plants (TL) and 

35S:GmGRF5a:MYC overexpressing line. Nuclear proteins were extracted from 21 

DAE leaves (the first fully-opened trifoliate leaves) of soybean plants grown in short 

days (8 h light/16 h dark) and immunoprecipitated with and probed by an anti-MYC 

antibody. B. Immunoblots showing the level of GmGRF5a:GFP fused proteins in 

WS82, OG-10, and OC-10 plants. Nuclear proteins were extracted from 21 DAE 

leaves (the first fully-opened trifoliate leaves) of soybean plants grown in short days 

(8 h light/16 h dark) and immunoprecipitated with and probed by an anti-GFP 

antibody. Ponceau S was used as the loading control.  

 



 
Fig. S22 Circadian expression of clock genes in pod walls of WS82 and Gmgrf5 

mutant. GmGRF5 mutation results in expression of clock genes at ZT4 and ZT20. The 

expression of red light and blue light receptors (PhyAs and CRYs) is also changed by 

GmGRF5 mutation.  

 

 



 
Fig. S23 Alignment of GmGRF5a and GmGRF5b protein sequence.  
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Fig. S24 The haplotypes of GmGRF5a and GmGRF5b. Five sections (Fig. S24A to 

S24E), which are haplotype data from five soybean collections and summarized in Fig. 

6B. 

 

 

Fig.  S24A Domestication analysis of GmGRF5a and GmGRF5b with Collection I 

(Fig. 6B). GmGRF5a and GmGRF5b are orthologous genes in soybean with 93.0% 



2 

 

CDS identity. However, haplotype analysis by missense substitutions of the two genes 

showed quite different population history. GmGRF5a had two haplotypes (A) which 

were shared in wild, landrace and improved soybean, with frequency change of Hap1 

from 13.1% to 54.3%, and Hap2 from 86.9% to 45.7% (B). Fatty acid and protein 

contents showed no significant difference between Hap1 and Hap2 (C). Although 

selective signature was not obvious for GmGRF5a, it reflected geographic distribution 

divergence. Soybean from north China (China-I/II) contained higher frequency of Hap2 

than south China (China-III/IV/VI) (D). The pattern of GmGRF5b haplotype was 

different from that of GmGRFa. GmGRF5b in wild soybean contained 4 haplotypes, 

but 3 of which were disappeared during domestication (E). Meanwhile, the Hap2 didn’t 

exist in wild but came to a relatively high frequency in landrace (15.3%) and cultivar 

(19.5%) (F). Haplotypes of GmGRFb didn’t reflect geographic divergence, but had 

significant difference of fatty acid and protein content (G and H). Hap2 of GmGRF5b 

was derived from Hap1 and had higher fatty acid and lower protein content, which met 

the tendency of soybean domestication (G and I). Selective test by nucleotide diversity 

(π) showed GmGRF5b was embedded in a sharply diversity reduced region between 

wild and cultivar soybean (J). Take together, GmGRF5b was putative to be fiercely 

affected by artificial selection for fatty acid and protein content.  

 

Methods： 

Population genetics 

We used the variation data from former report of ~3,000 soybean accessions (Liu et 

al., 2020) to calculate the population genetics parameter FST and nucleotide diversity 

(π). For analysis of GmGRF5a (Glyma.07G038400, SoyZH13_07G037100), we 

picked up samples of landrace and cultivar soybeans and divided them into groups by 

Eco-regions (I~VI) of soybean of China. We identified I/II as North China and 

III/IV/VI as South China. Then FST was calculated by South against North, and π was 

calculated by each of the region. For analysis of GmGRF5b (Glyma.16G007600, 

SoyZH13_16G006400), we divided samples into G. soja and cultivar soybeans. π was 

calculated for each of the group. The FST and π was calculated by VCFTOOLS 

(0.1.16) with parameters: “--fst-window-size 50000 --fst-window-step 10000” and “--

window-pi 50000 --window-pi-step 10000”. 

 

Haplotype analysis 

Haplotype analysis of GmGRF5a (Glyma.07G038400 and SoyZH13_07G037100) and 

GmGRF5b (Glyma.16G007600 and SoyZH13_16G006400) was done by HapSnap 

toolkit of SoyOmics (https://ngdc.cncb.ac.cn/soyomics). Variations with missense 

substitution were kept. Variation quality control was set with “MAF ≥ 0.0001”. 

Haplotype network was created by NETWORK (10.2.0.0) with median joining model. 

Fatty acid content and protein content were the BLUP values from SoyOmics. 

Significant test for haplotypes of single gene was done by Student’s t-test. Multiple 

comparison for combined haplotypes from the two genes was done by LSD test. 
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Reference: 

Liu, Y., Du, H., Li, P., Shen, Y., Peng, H., Liu, S., Zhou, G.A., Zhang, H., Liu, Z., 

Shi, M., Huang, X., Li, Y., Zhang, M., Wang, Z., Zhu, B., Han, B., Liang, 

C., and Tian, Z. (2020). Pan-Genome of Wild and Cultivated Soybeans. Cell 

182, 162-176 e113. 
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Fig.  S24B Dominant haplotype distributions of GmGRF5a (Glyma.07g038400) 

and GmGRF5b (Glyma.16G007600) and their correlation with crude oil and crude 

protein in Collection II (Fig. 6B). A1 and B1, Haplotypes of Glyma.07g038400 and 

Glyma.16G007600. B1 and B2, Crude protein content. C1 and C2, Crude oil content.  

D1 and D2, Geographical distribution of dominant haplotypes. E1 and E2, Distribution 

of dominant haplotypes in cultivars and landraces. F1 and F2, Tajima’s D, pi, and Fst. 

Tajima’s D (F1 and F2), Fst (G1 and G2) and pi (H1 and H2) analysis for the SNP 

diversity of GmGRF5a and GmGRF5b. Subsequently, leveraging a dataset comprising 

547 previously resequenced soybean accessions, including 365 cultivars and 182 

landraces, haplotype analyses were conducted for GmGRF5a and GmGRF5b. A total 

of three dominant haplotypes from GmGRF5a and three from GmGRF5b were 

identified (A1 and A2). To ascertain the effect of these dominant haplotypes, 

association analysis was performed between the dominant haplotypes and the Best 

Linear Unbiased Estimates (BLUE) of seed protein and oil content of different 

accessions, grown in Harbin in 2018, 2019, 2021, and 2022. The results revealed 

significant differences in seed protein and oil contents among Glyma.07G038400 

dominant haplotypes (B1 and C1), whereas no differences were observed for 

Glyma.16G007600 dominant haplotypes (B2 and C2). Soil environment and climatic 

conditions are crucial factors influencing soybean yield and quality. In the northeastern 

region of China, there is a spatial distribution pattern with the northern areas having 

higher soil depth, soil organic matter content, and soil pH values compared to the 

southern areas 1. Interestingly, Glyma.07G038400 dominant haplotypes exhibited 

systematic variations across germplasm types and regions. For example, 

Glyma.07G038400Hap1 showed a decreased proportion among Heilongjiang-Jilin-

Liaoning-Inner Mongolia (D1) and a reduced proportion between cultivars and 

landraces (E1). Conversely, Glyma.07G038400Hap2 and Glyma.07G038400Hap3 

displayed an increased proportion between cultivars and landraces (E1). In contrast, 

Glyma.16G007600 dominant haplotypes did not exhibit consistent patterns in 
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germplasm types or regions (D2 and E2). Furthermore, Select Sweep analysis was 

conducted for the regions of chromosome 7 (3.155-3.185 Mb) and chromosome 16 

(0.618-0.651 Mb). In the region of Glyma.07G038400, nucleotide diversity slightly 

decreased from cultivars to landraces. Tajima’s D values were positive for both 

germplasm types, suggesting possible balancing selection. FST values significantly 

exceeded the threshold (FST = 0.0561), indicating clear differentiation between 

cultivars and landraces (F1). For Glyma.16G007600's region, nucleotide diversity 

slightly increased from cultivars to landraces; average Tajima’s D values approached 0, 

and FST values were close to 0 (F2). These findings suggest that Glyma.07G038400 

underwent selection during domestication, while Glyma.16G007600 did not exhibit 

discernible signs of selection. 

 

Materials and Methods for Haplotype Analysis and Select Sweep Analysis 

Haplotype analysis was conducted on Glyma.07G038400 and Glyma.16G007600 in a 

set of 547 soybean re-sequenced accessions, which following our previously procedure 
2. Haplotypes with a frequency exceeding 5% in the population (Number > 27.35) were 

identified as dominant haplotypes. The Best Linear Unbiased Estimates (BLUE) for 

seed oil and protein contents of these soybean accessions, planted in Harbin in 2018, 

2019, 2021, and 2022, were determined. Association analysis between the dominant 

haplotypes and BLUE values was performed using student t-tests. Vcftools v0.1.17 was 

employed to calculate pi (window-pi 3000, window-pi-step 1000), Tajima’s D (TajimaD 

1000), and FST (Fst-window-size 3000, Fst-window-step 1000), with the top 5% of 

genome-wide FST values used as the threshold. 

 

Reference:  

1. Li, C., Zhao, Y., Yang, C., Zhang, C., Yun, W., Zhang, F., and Cheng, F. (2023). 

Characteristics of cultivated land soil conditions in northeast china based on 

cultivated land resource quality. Chinese Journal of Soil Science 55, 

10.19336/j.cnki.trtb.2023072801. In Chinese. 10.19336/j.cnki.trtb.2023072801. 

2. Qi, Z.M., Guo, C.C., Li, H.Y., Qiu, H.M., Li, H., Jong, C., Yu, G.L., Zhang, Y., 

Hu, L.M., Wu, X.X., et al. (2023). Natural variation in Fatty Acid 9 is a 

determinant of fatty acid and protein content. Plant biotechnology journal. 

10.1111/pbi.14222. 
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Fig.  S24C Domestication analysis of GmGRF5a and GmGRF5b with Collection 

III (Fig 6B). Tracing the evolutionary history of Glyma.07G038400 (GmGRF5a) and 

Glyma.16G007600 (GmGRF5b) revealed synteny blocks between Chromosome 7 and 

16 of G. max (A). Collinearity analysis was conducted on G. max, Q. sappnaria, V. 

vinifera and A. fimbriata identifying orthologous genes (Qs0240250, Qs0281550, 

VIT_209s002g01350, VIT_211s0016g01250 and KAG9458063) corresponding to 

Glyma.07G038400 and Glyma.16G007600 (B). Phylogenetic analysis of these genes 

suggested that Glyma.07G038400 and Glyma.16G007600 might be duplicated from α-

WGD event in G. max (C). To determine the primacy of Glyma.07G038400 or 

Glyma.16G007600, Ks value of these genes and KAG9458063 were calculated to be 

2.49 and 2.24, respectively (D). Furthermore, the Ks value between these two genes 

was found to be 0.10. Using the formula (T = Ks/2r), it is suggested that 

Glyma.16G007600 emerged from Glyma.07G038400 via the α event at ~7.84 Mya, 

based on the Ks. The results suggested that Glyma.07G038400 was the most recent 

ancestor of Glyma.16G007600. To elucidate the evolution of Glyma.07G038400 and 

Glyma.16G007600 during domestication, 36 and 27 SNPs in the upstream and 

downstream 3-kb regions surrounding Glyma.07G038400 and Glyma.16G007600, 

respectively, were analyzed to detect the selection signals based on FST, π and Tajima’s 

D (E and I). Analysis revealed an absence of selection signals within the regions 

surrounding Glyma.07G038400 (A). Similarly, no distinct differentiation was 

discernible among haplotypes across improved cultivars, landrace, and wild soybean 

(G and H). However, a distinct selective sweep was evident in the genomic regions of 

Glyma.16G007600, as indicated by all three values (I). Subsequent analysis of the 
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haplotypes of the selected locus in both cultivated and wild soybean revealed an 

association with protein content. A SNP (T to C) at position 50 in the coding region led 

to a codon change from ATT (Ile) to ACT (Tre) (F and G ), affecting the QLQ domain 

crucial for protein-protein interactions (M and Fig. 6). Predominantly, wild soybean 

exhibited the H2 haplotype, and it has been documented that wild soybean possess 

higher protein content than their cultivated soybean 1, suggesting a correlation between 

H2 and elevated protein content (G, H, K, and L) and  Glyma.16G007600 were 

selected during domestication. M, Predicted structures of various haplotypes within the 

GmGRF5a and GmGRF5b proteins by AlphaFold2. The resulting monomeric structures 

were annotated with a color-coded confidence scale, where blue indicates regions of 

high confidence and red signifies areas of low confidence. 

 

Methods 

Collinearity block analyses 

Glycine max (soybean) experienced three rounds of whole-genome duplication 

(WGD): the first (~120 million years (Mya) ago) shared with eudicot (γ event), the 

second (~59 mya) shared with Fabaceae (β event), and the third (~13 mya) following 

its divergence from Phaseolus vulgris (α event) 2-4. Consequently, orthologous gene 

pairs between soybean genome and those of other angiosperms genome were 

identified through collinearity analysis using the JCVI software package with default 

settings (https://github.com/tanghaibao/jcvi). For this study, the genome of Quilaja 

sappnaria (the closest phylogeny of Fabaceae) 5, Vitis vinifera (undergoing only γ 

event) 6 and Aristolochia fimbriata (lacking WGD event) 7 were selected to analyze 

the divergence of gene pair Glyma.07G038400 (GmGRF5a) and Glyma.16G007600 

(GmGRF5b). Homologous coding sequences were aligned using a codon-based model 

in MUSCLE, implemented in MEGA11 8. Phylogenetic analysis was constructed 

using the neighbor-joining model method in MEGA11, with 1000 bootstrap replicates 

for robustness 8. The Ks (synonymous substitution) values of the homologous gene 

pairs were computed using KaKs_Calculator 3.0 9. The divergence time between 

duplication genes was estimated using the formula T = Ks/2r, where r is the neutral 

substitution rate (r = 6.5*10-9 mutations per site year) 10. 

Detection of nucleotide polymorphism and FST 

Estimating the natural variation and FST of Glyma.07G038400 (GmGRF5a) and 

Glyma.16G007600 (GmGRF5b) in both cultivated and wild soybeans, we collected 

1608 soybean genomes, comprising 121 cultivars, 407 landraces and 280 wild genomes 

from NCBI SRA database (https://www.ncbi.nlm.nih.gov). Read mapping and variant 

calling were performed using the standard pipeline methods, as detailed in Zhou et al. 
11. Subsequently, the 3-kb regions upstream and downstream of Glyma.07G038400 

(GmGRF5a) and Glyma.16G007600 (GmGRF5b) were analyzed to calculate the 

nucleotide polymorphism (π), Tajima’s D, and FST using a 1 kb sliding window 

approach in VCFtools (v0.1.14) 12. SNPs in CDS regions were subjected to haplotype 

analysis. Then, AlphaFold2 was utilized to predict the protein structures at sites 

exhibiting selection signals within exons 13. Structural model figures were generated 
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with CLC Sequence Viewer 8.0 software (CLC Bio, Aarhus, Denmark). Additionally, 

the telomere-to-telomere gap-free assembly of soybean genome 14,15 and the assembly 

by Yucheng Liu et al. 16 were used to extract the sequences of Glyma.07G038400 

(GmGRF5a) and Glyma.16G007600 (GmGRF5b), assessing mutation accuracy 

through the re-sequence data. 
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Fig.  S24D Domestication analysis of GmGRF5a and GmGRF5b with Collection 

IV (Fig 6B). A, Haplotype origins of Glyma.07G038400. Grey for wild soybean 

accessions, green for landraces, blue for improved cultivars. B, Proportions of 
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Glyma.07G038400H1 and Glyma.07G038400H2 in the three germplasm groups in 

China: wild soybeans (W), landraces (L), cultivars (C). C, Oil content of different 

haplotypes of Glyma.07G038400 in the three germplasm groups in China. * indicates 

statistically significant determined by Student’s t-test (P < 0.05). D, Proportions of 

Glyma.07G038400H1 and Glyma.07G038400H2 in the three germplasm groups in 

China. W_China for wild soybean in the whole China, W_Huanghuai for wild 

soybean in Huanghuai area. E, Geographical proportions of Glyma.07G038400H1 and 

Glyma.07G038400H2 within each of the three germplasm groups in China. F, 

Proportions of Glyma.07G038400H1 and Glyma.07G038400H2 in wild soybeans across 

the world. G, Summary of the main haplotypes of the Glyma.16G007600. H, 

Haplotype origins of Glyma.16G007600. Grey for wild soybean accessions, green for 

landraces, blue for improved cultivars. I, Proportions of Glyma.16G007600H1 and 

Glyma.16G007600H2 in the three germplasm groups in China. J. Oil content of 

different haplotypes of Glyma.16G007600 in the three germplasm groups in China: 

wild soybeans (W), landraces (L), cultivars (C). * indicates statistically significant 

determined by Student’s t-test (P < 0.05).  

 

Results 

GmGRF5a polymorphisms in the CDS formed two high-confidence haplotypes, H1 and 

H2 (Fig. A). H1 is the archetype, H2 is formed by the 539th base substitution (T to C), 

and H3 is formed by the 371st base substitution (C to T). The 371st base substitution 

makes differences in oil content in all three subgroups (Fig. B). However, in subgroups 

of wild soybeans and cultivars, 371T carriers have a higher oil content, while in 

landraces, 371C carriers have a higher oil content, suggesting that the natural mutation 

of GmGRF5a has an effect on oil content (Fig. C). The proportions of 371T carriers in 

landraces and cultivars both have a significant rising trend from south to north, 

implying that GmGRF5a has a potential role in regulating flowering time or latitude 

adaptation (Fig. D). We also found a rising trend in the proportions of 371T carriers 

from wild soybean in the whole of China (9 %) or Huanghuai region alone (36 %) to 

landrace (51 %) and cultivar (53 %) in China. In addition, we found that 371T carriers 

mainly exist in the Huanghuai region of China, with a small proportion in the north and 

south, but do not exist in other areas where wild soybeans exist, including Russia, Japan 

and the Korean Peninsula (Fig. E and F). These results suggested that GmGRF5b may 

undergo a selection during not only domestication but also the diversification of 

soybean adapting to high latitudes and low latitudes. 

 

Analysis of polymorphisms in the coding sequence of GmGRF5b defined a primary 

archetype H1, and four minor but high confidence (n>3) haplotypes, H2-H5 (Fig. G 

and H). Among the four minor haplotypes, H5 has relatively more carriers and is 

formed by the 50th base substitution (C to T). This mutation is present in landraces (5%) 

and cultivars (13%) but not in wild soybeans (Fig. I). Although the mutation occurs in 

the coding region of the WRC domain, the oil content of H5 (50c) has no significant 

difference with H1-H4 (50T) (Fig. J), implying that this mutation did not cause 

functional differences in landraces and cultivars. These results showed that GmGRF5b 
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is a conserved gene during the evolutionary history. 

 

Methods 

In this study, we utilized a variety of published re-sequencing data and VCF files 

(PRJNA394629, PRJNA608146, PRJNA859249, PRJNA743225, PRJNA776405, 

PRJNA859249, PRJNA1033042) 1, 2, 3, 4, 5 available in the NCBI database. The paired-

end resequencing reads from the accessions in this study were mapped to the 

reference genome (Gmax_Wm82_a2_v1) using the BWA software with default 

parameters5. The filtration of duplicate sequencing reads, along with SNP and InDel 

calling, was carried out as described in previous studies1. High confidence mutations 

(with MAF > 0.05 and max missing < 0.01) were identified using VCFtools (version 

0.1.16)6. The annotation was accomplished using ANNOVAR (version -0400)7. 
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Fig.  S24E GmGRF5 haplotypes in geographical distribution and evolution and 

its relationship with yield and quality in Collection V (Fig 6B). (A to E) for 

GmGRF5a, (F to J) for GmGRF5b. Variations of protein content (A, F), oil content 

(B, G) and hundred-seed weight (C, H) between two haplotypes of GmGRF5a (A to 

C) and (F to H). The distribution of two haplotypes among G. soja, landrace, 

improved cultivar, and All types from NR, HR, SR, All Regions, and foreign 

germplasm (D, I). NR, HR and SR indicated northern region, Huanghuai region and 

southern region of China, respectively. πw/πc, FST, and XP-EHH values were calculated 

between G. soja and improved cultivar (E, J).  

 

Result 

In the soybean varieties of GmGRF5a and GmGRF5b genes, one nonsynonymous 
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variation suitable for haplotype analysis was identified in each gene. We further 

investigated the differences in protein content, fat content, and hundred-seed weight 

among different haplotypes, as well as the distribution of these haplotypes across 

various ecological zones and among different soybean varieties.  

 

The two haplotypes of GmGRF5a exhibited significant differences in protein content, 

fat content, and hundred-seed weight (A to C). Specifically, GmGRF5aH2 was 

characterized as a higher fat content, but lower protein content and hundred-seed 

weight compared to GmGRF5aH1. The haplotype frequency of foreign germplasm is 

very close to that of landrace (D). The region harboring GmGRF5a showed a 

pronounced selection signal as indicated by its XP-EHH values (E). However, this 

area did not show significant genetic differentiation. The similar nucleotide diversity 

(π) values between wild and cultivated varieties suggested comparable diversity in 

both groups. These findings implied that the GmGRF5a gene may not have undergone 

substantial selection during domestication.  

 

Compared to GmGRF5bH1, GmGRF5bH2 displayed higher fat content and hundred-

seed weight, but lower protein content (F to H). Notably, GmGRF5bH2 was absent in 

G. soja across all ecological regions. Furthermore, there was a significant increase in 

the frequency of GmGRF5bH2 from landrace to improved cultivar, particularly in the 

Huanghuai region (by 23.90%) and in the Southern region (by 19.39%) (I). The 

proportion of GmGRF5bH2 in foreign germplasm was as high as 39.19%, indicating 

that it may be more susceptible to selection outside of China. Analysis using the Cross 

Population Extended Haplotype Homozygosity (XP-EHH) revealed a significant 

selection signal in the region containing GmGRF5b (J). Additionally, elevated FST 

values suggested considerable genetic differentiation in this region. The lower 

nucleotide diversity (π) observed in cultivated varieties also implied potential 

selective pressure on the genomic region encompassing GmGRF5b.  

 

These results suggested that different haplotypes of GmGRF5a and GmGRF5b may be 

associated with variations in protein content, fat content, and hundred-seed weight. 

GmGRF5bH2 underwent significant selection in breeding programs, while GmGRF5aH2 

showed less evident selection but still presented a higher frequency in cultivated 

varieties and foreign germplasm.  

 

Discussion 

Targeted breeding selection for different haplotypes is beneficial for improving 

soybean quality and yield 

Soybean varieties demonstrate a trend of decreasing fat content and increasing protein 

content from higher to lower latitudes, resulting in Northern and Southern varieties 

being more predisposed to high oil and high protein traits, respectively 1,2. Multiple 

genes related to soybean protein or fat content identified by previous researchers are 

simultaneously associated with 100 seed weight, which is an important yield trait in 

soybeans 3-6. These results suggest that soybean oil content may be selected along 
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with yield.  

The two haplotypes of GmGRF5a experienced limited selection during the 

breeding process. Additionally, we observed distinct distributions of GmGRF5a 

haplotypes across different ecological regions. Targeted breeding selection for 

GmGRF5a could help improve the protein or fat content of soybeans, especially for 

the development of high protein varieties in northern China and high oil varieties in 

southern China. GmGRF5bH2, which was associated with higher fat content and 

hundred-seed weight, was only present in cultivated soybeans. Thus, GmGRF5b may 

be an essential gene related to domestication. The substantial increase in the 

proportion of GmGRF5bH2 from landrace to improved cultivar, especially in the 

Huanghuai and Southern regions, indicated significant selection of this gene in 

breeding programs. A higher proportion of GmGRF5bH2 in foreign germplasm 

suggested that this haplotype may be more susceptible to stronger selection outside of 

China to improve yield and oil content. Enhancing the proportion of GmGRF5bH2 

could be a strategy for breeding high-oil, high-yield soybeans, especially in northern 

China. 

 

Methods 

The genotypic data for the 1690 accessions used in this study has been previously 

reported in earlier research 7. Information on population grouping, along with data on 

protein content, fat content, and hundred-seed weight, was obtained from the soybean 

resource catalog (www.cgris.net).  

 

We filtered SNPs with missing data > 20% or MAF < 5%. For calculations of nucleotide 

diversity (π) and fixation index (FST), vcftools 8 was utilized, employing a window size 

of 20k and a step size of 2k. We further calculated the ratio of π between G. soja and 

improved cultivars (πw/πc). The R package REHH 2.0 9 was used to compute the Cross 

Population Extended Haplotype Homozygosity (XP-EHH). Sequences within the top 

10% of πw/πc, FST and XP-EHH values were identified as regions under selection. 

Student's t-tests were implemented to ascertain P values.  
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Fig. S25 The effect of combination of different haplotypes of GmGRF5a and 

GmGRF5b on protein and oil contents in soybean seeds. Haplotypes are referred to 

Fig. S24. Oil contents of each allelic combinations of GmGRF5a and GmGRF5b 

haplotypes in wild soybeans, landraces, and cultivars of Collection IV (Fig. 6B). The 

lower and upper box edges corresponded to the first and third quartiles (the twenty-

fifth and seventy-fifth percentiles); the horizontal line indicated the median value. 

One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p < 0.05). 

Data sets with a number less than 10 were not included in the statistics. 

 



 

Fig. S26 Gene expression in germplasms with promoter Haplotypes min Collection 

II. A, mRNA level of GmGRF5a, GmGRF5b, and its related gene in two Haps (Hap1 

and Hap6) of GmGRF5a. B, mRNA level of GmGRF5, GmGRF5b, and its related gene 

in five Haps (Hap1, Hap14, Hap2, Hap5 and Hap7) of GmGRF5b. All Haps (Fig. S24B) 

were in promoters. The samples of the first unrolled trifoliate leaves were harvested at 

21 DAE (day after emergence) in growth chamber. GmUKN2 is employed as a reference 

gene. Values are means ± SD (n = 3 biological repeats). Statistical analysis was 

performed using Student's t test (A) and One-way ANOVA (B). 
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