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Parallel selection on a dormancy gene during
domestication of crops from multiple families
Min Wang1,2,9, Wenzhen Li 2,3,9, Chao Fang1,2,9, Fan Xu2,3,9, Yucheng Liu1,2,9, Zheng Wang1, Rui Yang1,
Min Zhang1, Shulin Liu1,2, Sijia Lu4,5, Tao Lin3, Jiuyou Tang 3, Yiqin Wang3, Hongru Wang3, Hao Lin6,
Baoge Zhu1, Mingsheng Chen2,3, Fanjiang Kong4,5, Baohui Liu4,5, Dali Zeng7, Scott A. Jackson 8*,
Chengcai Chu 2,3* and Zhixi Tian 1,2*
Domesticated species often exhibit convergent phenotypic evolution, termed the domestication syndrome, of which loss of
seed dormancy is a component. To date, dormancy genes that contribute to parallel domestication across different families
have not been reported. Here, we cloned the classical stay-green G gene from soybean and found that it controls seed dormancy
and showed evidence of selection during soybean domestication. Moreover, orthologs in rice and tomato also showed evidence
of selection during domestication. Analysis of transgenic plants confirmed that orthologs of G had conserved functions in controlling seed dormancy in soybean, rice, and Arabidopsis. Functional investigation demonstrated that G affected seed dormancy through interactions with NCED3 and PSY and in turn modulated abscisic acid synthesis. Therefore, we identified a gene
responsible for seed dormancy that has been subject to parallel selection in multiple crop families. This may help facilitate the
domestication of new crops.

D

omestication was the earliest form of plant breeding and one
of the most important technological innovations in human
history1. During domestication, a common suite of traits
known as the ‘domestication syndrome’—including increased
apical dominance, loss of seed shattering, and reduced seed dormancy—were convergently selected across different species2,3. An
intriguing question is whether genes responsible for the domestication syndrome traits were selected in parallel among species. Earlier
comparative mapping using restriction fragment-length polymorphism markers indicated that sorghum, rice, and maize underwent
convergent selection and that some domestication syndrome traits,
including large seeds, shattering, and day length-insensitive flowering, were largely determined by a small number of quantitative
trait loci (QTLs) that correspond closely among the three taxa4.
However, further QTL mapping and cloning showed that most
known domestication genes for a particular trait seem unique to
each domesticated lineage5,6. Although a few genes that underwent
parallel selection across species have been identified, all were within
a single plant family or genus7–10. Therefore, it remains unknown
whether parallel domestication of domestication syndrome traits
occurred in crops belonging to distantly related families1.
Loss of seed dormancy is a typical domestication syndrome
trait. In the wild, it would be detrimental for a species if all of the
seeds sprouted after the first rainfall or warm spell. Thus, dormancy
helps plants survive by delaying and desynchronizing germination,
with the result that at least some seeds are likely to encounter a
favorable environment11. With respect to domesticated plants, it is

advantageous for seeds to germinate uniformly at the same time to
ensure even maturity and enable crop management12. Dormancy,
which is controlled in a highly complex manner, involves one or a
combination of morphological, physiological, and physical structures13, making it difficult to detect and map dormancy-related
traits. Thus far, only a few genes responsible for dormancy in crop
domestication have been identified14–18, but none of these genes
exhibited parallel selection across different families. Here, while
cloning a stay-green gene from soybean, we fortuitously identified
a gene responsible for seed dormancy. Furthermore, this gene is
functionally conserved and has undergone parallel selection across
different plant families.

Results

Genome-wide association study (GWAS) identifies the gene for
green seed coat in soybean. Soybean (Glycine max L. Merr.) is an
important oilseed and plant protein crop19. Its seed coat color varies
significantly among different germplasms and includes black, yellow, green, brown, and striped colors (Fig. 1a). The green soybean
seed coat is governed by three classical stay-green loci with different
mechanisms, among which the G locus specifically dominantly controls the green color of the seed coat, whereas the other two loci affect
other organs as well20. To identify the genetic basis of the G gene, we
chose cultivated soybeans with green or yellow seed coats from our
resequenced germplasms (Supplementary Table 1) and performed a
GWAS. Using a standard mixed linear model, a significantly associated SNP on chromosome 1 (SNP1128991, g.53229579 A >G) was
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Fig. 1 | Identification of G. a, Seed coat colors of various soybean subpopulations—G. soja, landraces, and cultivars. b, Genome-wide Manhattan plot of G
in the 52–55-Mb region on chromosome 1. The dashed horizontal line indicates Bonferroni-corrected genome-wide significance threshold (P = 1 × 10−8).
The red arrow denotes SNP1128991 (g.53229579 A >G), which is the most significant associated site. c,d, Effect of SNP1128991 (g.53229579 A >G)
on transcript splicing (c) and protein structure (d). c, Compared with G, SNP1128991 leads to splicing variation and a different exon 9 in g. d, Schematic
structure of G predicted using Protter. e, Complementary test of G. Seed coat color (the upper panel of each line) and embryo color (the lower panel of
each line) of the yellow seed coat cultivar DN50 (g), green seed coat accession Kuaiqingpi (G), two complementary T3 lines (TC-1 and TC-2), and two
overexpression T3 lines (OE-1 and OE-2) are shown. Scale bars, 5.0 mm.

identified (Fig. 1b). The SNP is located in Glyma.01G198500, which
encodes a CAAX amino-terminal protease protein. Transcriptional
investigation demonstrated that, compared to the G nucleotide
from the green seed coat germplasms (termed the G allele), the A
nucleotide from the yellow seed coat germplasms (termed the g
allele) led to an alternative splicing site and generated a premature
stop codon (Fig. 1c and Supplementary Fig. 1). The mutation in g
resulted in the loss of the last transmembrane domain as compared
with G (Fig. 1d) but did not affect subcellular localization in the
chloroplasts (Supplementary Fig. 2a).
To further investigate whether Glyma.01G198500 is the gene
responsible for the green seed coat in soybean, we introduced the
genomic sequence of Glyma.01G198500 from Kuaiqingpi, a landrace that possesses the G allele and green seed coat, into the g allele
soybean cultivar DN50 with a yellow seed coat. Seeds from each
of two independent homozygous transgenic lines (T3) exhibited
a green color (Fig. 1e) and residual chlorophyll in the seed coat
(Supplementary Fig. 2b). Consistently, when the coding sequence
(CDS) of Glyma.01G198500 from Kuaiqingpi was overexpressed in
DN50, similar results were observed (Fig. 1e and Supplementary
Fig. 2b). These results demonstrated that Glyma.01G198500 is the
G gene responsible for the green seed coat in soybean.
1436

G is a domesticated gene responsible for seed dormancy in soybean. Cultivated soybean was domesticated from wild soybean
(Glycine soja Sieb. and Zucc.) in China approximately 5,000 years
ago21. Wild soybeans display uniform black seeds, and landraces
exhibit variable colors, whereas most improved elite cultivars have
polished yellow seeds (Fig. 1a). Surprisingly, we found that all wild
soybeans examined possessed the G genotype (Fig. 2a). In contrast, the proportion of G was reduced to 21% in landraces and 4%
in cultivars (Fig. 2a), indicative of selection on G during soybean
domestication. We further looked for evidence of selection on G at
the sequence level using FST, nucleotide diversity (π), and cross-population composite likelihood ratio (XP-CLR). The results from FST,
π, and XP-CLR all showed that G was located in a selective sweep
region (selective sweep defined as top 5% of the length of the whole
genome sequence) (Fig. 2b and Supplementary Fig. 3). Moreover,
extended haplotype homozygosity of an SNP site (EHHS) demonstrated that the wild soybeans exhibited faster homozygosity decay
than landraces and cultivars (Fig. 2c), confirming that G is probably
a domestication-related gene.
It has been shown that the black coat color provides protection
for seeds against predation in dark, muddy environments22. Hence,
it is puzzling that wild soybeans always possess a green seed coat,
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Fig. 2 | G is a domestication gene that contributes to soybean dormancy. a, Genotype frequency distribution of SNP1128991. The SNP information of
302 resequenced accessions is derived from Zhou’s data56. b, FST, π, and XP-CLR values between G. soja (S) and the landrace (L) across the 1-Mb genomic
region of the G locus. The dashed horizontal line indicates the genome-wide threshold (top 5% of the genome) of the selection signals. The bottom
line indicates annotated genes in this region. The red line and dot denote the G gene—Glyma.01G198500. c, EHHS values across the G region for
G. soja, landrace, and cultivar. The gray box denotes the G gene. d, Representative images of freshly harvested seed germination of DN50, TC-1, and TC-2.
Photographs were taken 24 h after imbibition. Scale bar, 7.0 mm. e, Germination of freshly harvested DN50, TC-1, and TC-2 on water-saturated filter paper.
f, Germination of DN50, TC-1, and TC-2 after six months of storage. Seeds were incubated under dark conditions at 28 °C. Means ±s.e.m. are shown, n = 3
independent experiments. Each replicate consists of 20 seeds.

given that the green color is invisible against a black background.
The facts that the region flanking the G gene underwent selection
during domestication and that its function is related to the seed coat
led us to hypothesize that it might be related to other important
traits, such as seed dormancy. We therefore compared the seed germination rates of DN50 and the transgenic lines and found that the
transgenic lines had a slower germination rate than that of DN50
(Fig. 2d,e and Supplementary Fig. 2c). After breaking of dormancy
(storage for six months at room temperature), the seeds from transgenic and cultivated lines exhibited similar germination rates (Fig. 2f
and Supplementary Fig. 2d), showing that G did not affect germination rate but dormancy. These results indicate that G is a domestication gene contributing to seed dormancy in soybean.
Parallel selection of G orthologs during rice and tomato domestication. Loss of seed dormancy, a typical domestication trait, has
been repeatedly selected in multiple crop families1. Therefore, we
tested whether G had a conserved function in controlling dormancy
among different lineages and whether it had undergone parallel
selection. We identified the G orthologous proteins from different
plant species (Supplementary Fig. 4) and found that they exhibited high conservation at the C termini (Supplementary Fig. 5).
Rice belongs to Poaceae and is one of the most important staple
crops. Asian-cultivated rice (Oryza sativa), consisting of two major
subspecies indica and japonica, was domesticated from its closely
related wild species — Oryza rufipogon23,24. To determine whether
rice LOC_Os03g01014 (named OsG), the ortholog of soybean G
(hereafter GmG), also underwent selection during domestication,
we resequenced 42 wild rice and 134 cultivated rice accessions
with a mean depth of approximately 15 ×(Supplementary Table 2).
Subsequently, we performed genome-wide selection screening
using the 176 resequenced accessions together with 66 previously
reported accessions with higher sequencing depth and quality24,25.
Results from FST, π, and EHHS analyses all indicate that OsG is
located in a selective sweep region (Fig. 3a and Supplementary
Figs. 6 and 7a).

The two subspecies of cultivated rice, indica and japonica, form
two clear clusters (Fig. 3b and left panel of 3c) probably caused by
independent histories of domestication/hybridization24,26,27. We
investigated the haplotype of OsG in the resequenced germplasms
together with those from previous reports24,25,28 consisting of 69 wild
rice and 328 cultivars (Supplementary Table 3). In total, we detected
three non-synonymous SNPs, which classified the population into
five haplotypes (Fig. 3d). Moreover, SNP3, located in the highly conserved region of C termini of G orthologous proteins from different
species (Supplementary Fig. 5), classified the accessions into two
groups (Group I: haplotypes 1 and 2; Group II: haplotypes 3, 4, and 5)
(Fig. 3d). We determined that all wild rice accessions had a genotype
of Group I. Except for a small number of the indica (12 of 183),
which had the same haplotype as wild rice, most of the indica (171
of 183) and all of the japonica (145 of 145) had a genotype of Group
II (Fig. 3d). The observation that most japonica and indica were
fixed at OsG (right panel of Fig. 3c and Fig. 3d) indicated either that
this gene was selected in the early stages of rice domestication before
indica–japonica divergence, or that this allele was able to cross the
partial reproductive barrier between japonica and indica, and selection allowed it to rise to high frequencies in both subspecies.
To determine whether OsG also contributes to seed dormancy
in rice, we introduced the genomic sequence of LOC_Os03g01014
from O. rufipogon (IRGC 105491, a wild rice that possesses haplotype 1 and is termed OsG) into the cultivated rice ZH11 that possesses haplotype 5 (termed Osg). The transgenic lines exhibited
delayed germination as compared with ZH11 (Fig. 3e,f). Similar
results were observed when the OsG was introduced into another
cultivated rice, HJ19 (haplotype 5, Osg) (Supplementary Fig. 8a).
However, when dormancy was broken after six months storage, the
seeds from transgenic lines and cultivated forms exhibited similar germination rates (Fig. 3g), confirming that OsG affects dormancy but not germination rate. Subsequently, we knocked out
LOC_Os03g01014 in ZH11 using clustered regularly interspaced
short palindromic repeats (CRISPR) (Supplementary Fig. 8b).
Compared with ZH11, the knockout line exhibited a faster
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Fig. 3 | Domestication of OsG and its function in rice seed dormancy. a, FST and π values between O. rufipogon (RUF) and O. sativa (SAT) across the
250-kb genomic region of the OsG locus. The dashed horizontal line indicates the genome-wide threshold (top 5% of the genome) of the selection signals.
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represent the value of the G gene. c, Phylogenetic tree of all accessions. Left panel is inferred using SNPs from the whole genome and right panel is inferred
using SNPs from OsG. d, Haplotype analysis of OsG in wild and cultivated rice. SNP1, SNP2, and SNP3 are three non-synonymous mutations that located
at 13,747, 13,760, and 16,190, respectively, on chromosome 3. PUN, Oryza punctata; LON, Oryza longistaminata; NIV, Oryza nivara; IND, O. sativa ssp. indica;
JAP, O. sativa ssp. japonica. e–g, Germination of the cultivated rice ZH11 and transgenic lines. Transgenic lines were generated by introducing a genomic
sequence from O. rufipogon (IRGC 105491) into ZH11. e, Representative images of freshly harvested seed germination. Photographs were taken 4 d after
imbibition. Experiment was repeated three times with similar results. Scale bars, 5.0 mm. f, Germination of freshly harvested spike. g, Seed germination
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germination rate (Supplementary Fig. 8d,e). We also overexpressed
two LOC_Os03g01014 alleles from O. rufipogon (IRGC 105491,
OsG) and cultivated rice ZH11 (Osg) in ZH11 background and
found that the transgenic lines with OsG exhibited a stronger dormancy phenotype than Osg (Supplementary Fig. 8c–f). Moreover,
OsG is located in one of the reported QTLs related to seed dormancy29,30, further confirming that the ortholog of GmG in rice also
contributes to seed dormancy.
Tomato (Solanum lycopersicum) is an important vegetable
crop that belongs to Solanaceae. Cherry tomato (S. lycopersicum
var. cerasiforme; CER) was probably domesticated from the redfruited wild species (Solanum pimpinellifolium; PIM) and further
developed into big-fruited tomato (BIG)31. Previously, a total of
360 tomato accessions, including wild relatives of tomato, cherry
tomatoes, and cultivated tomatoes, were resequenced32. We investigated the genetic diversity of Solyc08g005010 (SolyG), the ortholog of GmG in tomato, in the resequenced population. The results
from FST, XP-CLR, and EHHS all indicate that SolyG is in a selective
sweep region (Supplementary Figs. 7b and 9). Further investigation
uncovered a non-synonymous SNP (g.14927) in the fifth exon of
SolyG (Supplementary Fig. 10a), located in the highly conserved
region of G orthologs. The majority of the PIM accessions exhibited
the G allele and the majority of the CER and BIG accessions had the
C allele (Supplementary Fig. 10b), indicating that SolyG also underwent selection during the domestication of tomato.
1438

The G ortholog has a conserved function in Arabidopsis.
At2G35260 (named AtG) is the ortholog of GmG in Arabidopsis. We
investigated the function of AtG in seed dormancy. Compared to the
wild type (Columbia-0 (Col-0), AtG), the two alleles of atg mutant
(SALK_058830C and SALK_031802) had significantly faster germination rates (Fig. 4a,b and Supplementary Fig. 11). Stratification is
used to break Arabidopsis seed dormancy33, and stratified seeds of
both the wild type and the atg mutants exhibited similar germination patterns (Fig. 4c and Supplementary Fig. 11), demonstrating
that AtG is also responsible for dormancy in Arabidopsis. However,
the effect of AtG is weaker than DOG1, a well-characterized gene
affecting seed dormancy34 (Fig. 4b,c).
We introduced the CDSs of GmG from Kuaiqingpi and Gmg from
DN50, which were driven by the AtG promoter, into the atg mutant.
We found that the GmG transgenic lines fully complemented the atg
phenotype, whereas the Gmg transgenic lines did not (Fig. 4b,c). These
results indicate that G orthologs have a conserved function to control
dormancy; however, the results clearly show that the allelic divergence
of GmG and Gmg is indeed associated with domestication of dormancy.
We also examined polymorphisms in this gene from the published sequences of more than 1,000 Arabidopsis accessions35 and
determined that 4 haplotypes exist in this collection (Fig. 4d).
Interestingly, based on dormancy data from dozens of accessions36,
we found that different haplotypes of this gene showed significantly
different levels of dormancy (Fig. 4e).
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G affects seed dormancy through the abscisic acid (ABA) pathway. To characterize the underlying mechanisms of how G affects
seed dormancy, we performed yeast two-hybrid screening. We found
that AtG interacted with nine-cis-epoxycarotenoid dioxygenase 3
(NCED3) and phytoene synthase (PSY) (Fig. 5a), two key enzymes
involved in ABA biosynthesis37,38. The interactions were confirmed
by luciferase complementation assay, co-immunoprecipitation
(Co-IP), and bimolecular fluorescence complementation (BIFC)
(Fig. 5b and Supplementary Fig. 12a,b). We further detected the
contents of the ABA biosynthesis precursors, and the results demonstrate that the main components in the carotenoid biosynthesis
pathway, including β-carotene, zeaxanthin, vioxanthin, α-carotene,
and lutein, were higher in AtG than in atg (Fig. 5c). Consistently, a
significantly higher (P <0.01) ABA content was measured in the
seeds of AtG as compared with those of the atg mutant (Fig. 5d).
Similarly, in soybean, the GmG genomic and overexpression
transgenic lines exhibited significantly higher (P <0.01) ABA
content than DN50 (Supplementary Fig. 12c). These results demonstrate that G functions by modulating ABA biosynthesis to influence seed dormancy. Therefore, we propose that G interacts with
NCED3 and PSY in the biosynthesis of carotenoids and ABA, which
in turn affects seed dormancy (Fig. 5e). In the mutant g lines, less
ABA is produced, resulting in weakening of dormancy and thus
facilitating crop management for farmers, which probably led to the
parallel selection of g genotypes in various crops.

Discussion

Domestication can be considered the earliest form of breeding. It
is estimated that the domestication of most crops was completed
approximately 4,000 years ago1. Currently, several major domesticated crops, such as maize, wheat, rice, soybean, and sunflower,
provide a dominant proportion of the global diet. Furthermore, the
global food supply is becoming increasingly homogenous39. The

narrowing of crop species diversity poses a potential threat to food
security. There is a need to breed crops that are environmentally
sustainable, require low input, and can adapt to extreme weather
conditions, which is also known as the second wave of the green
revolution39,40. Improvement of current major crops may not meet
the above-mentioned requirements because these crops may not
intrinsically be the best-suited species for low-input environments
and extreme weather41. Therefore, the domestication of new crops
will probably be important for future food security42.
Identification of genes involved in domestication, especially
those that have been selected in parallel across species, will help us to
understand the process of domestication and to accelerate the process of domesticating new crops. Crop domestication can be thought
of as a two-step process in which the domestication of domestication
syndrome was considered the priority. Thus far, a number of domestication genes have been identified1,4, but only a few have been found
to be selected in parallel; for example, within the Poaceae: Waxy for
stickiness7,43,44, sh1 for shattering8, and HD1 for flowering time9. To
the best of our knowledge, none of the known domestication genes
has been selected across different plant families. Therefore, it is an
open question as to whether parallel selection on genes underlying
the domestication syndrome may have occurred in crops belonging
to distantly related families. Searching for the genes underlying the
domestication syndrome has long intrigued biologists1.
In this study, we demonstrated that G orthologs were selected
in parallel in at least three crop species from different families
(Leguminosae, Poaceae, and Solanaceae), probably representing the
first domestication syndrome gene subject to parallel selection in
independent crop families. Given that G confers a similar function
in Arabidopsis, it is likely that it also contributes to seed dormancy
in Brassicaceae crops. It would be interesting to determine whether
G has been selected in more crops once sufficient resequencing data
become available.
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Fig. 5 | AtG interacts with NCED3 and PSY to regulate ABA accumulation. a, Interaction analysis of AtG with NCED3 and PSY in yeast. A representative
image from three replicated experiments is shown. SD/-L-W, synthetic medium without tryptophan and leucine; SD/-L-W-H-Ade, synthetic medium
without tryptophan, leucine, histidine and adenine; 3-AT, 3-amino-1,2,4-triazole. b, Luciferase complementation assay between AtG and NCED3 and
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Dormancy is a complex trait influenced by a large number of
QTLs: at least 30 QTLs in rice14,45–47, more than 20 QTLs in wheat48–51,
and a number of loci in lettuce52,53. Although more than 30 QTLs
have been identified in rice, none is a major locus explaining more
than 25% of the phenotypic variance between the dormant and nondormant parents. In general, the percentage of phenotypic variation
explained by each QTL ranges from 5% to 15%29,30,54,55. Two independent studies suggested that OsG was located in a QTL and explained
6.13%30 or 11.3%29 of the phenotypic variation, indicating that G is
one of the minor-effect genes. This is consistent with our analyses.
In fact, the selection of G is not a loss-of-function allele but a weak
allele. Although the loss-of-functional allele could exhibit a relatively stronger phenotype (Supplementary Fig. 8), it results in a yellow leaf phenotype (Supplementary Fig. 13). In soybean, dormancy
is more complex, involving both physiology and physical structures13. Previously, an important gene corresponding to the physical structure of seed coat, Hs1-1, was identified15,16. G corresponds
to a different mechanism from Hs1-1 and is a new gene linked to
physiological dormancy. It remains to be determined whether other
genes affecting dormancy have also been selected in parallel across
different families. The identification of more domestication genes
will provide a clearer picture of the domestication syndrome and
should facilitate the domestication of new crops.
URLs. Primer Design software, http://skl.scau.edu.cn/primerdesign/vector/; Picard v1.87, http://picard.sourceforge.net; file
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Methods

Plant material and growth conditions. The soybean accessions used for the
GWAS were planted at the experimental station of the Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences, Beijing (40° 22′  N
and 116° 23′ E) during the summer season in 2014. The seeds were stored for
one month after harvest for after-ripening and were used for seed coat color
characterization.
For pigment and germination assays, the transgenic soybean plants and
the parent (DN50) were grown in a greenhouse (28 °C, 16-h light/8-h dark
photoperiod, 130–180 μmol m−2 s−1, and 50% relative humidity). The transgenic
rice plants and their parents were cultivated in the experimental station of the
Institute of Genetics and Developmental Biology, Chinese Academy of Sciences,
Beijing (40° 22′ N and 116° 23′  E).
Arabidopsis ecotype Col-0 was used as the wild type. The transfer DNA
insertion mutant atg (SALK_058830C and SALK_031802) was obtained from
the Arabidopsis Biological Resource Center. dog1-2 is in the Col-0 ecotype57.
Arabidopsis seeds were surface-sterilized and sown on ½-strength Murashige and
Skoog medium. For the stratification treatment, the seeds were subjected to 4 °C
for 3 d. The Arabidopsis plants were maintained in the greenhouse at 22 °C under a
16-h light/8-h dark photoperiod.
Germination assay. For the soybean germination assay, soybean seeds were sown
on three layers of water-saturated filter paper. Then, they were transferred into a
chamber and germinated in the dark at 28 °C. The number of germinated seeds
was counted every 4 h until approximately 100% of the seeds had germinated.
Germination was defined as the protrusion of the embryos. More than 3 biological
replicates with at least 20 seeds were used for each experiment.
For the rice germination assay, seeds were harvested 31–35 d after pollination
and were germinated in water. The number of germinated seeds was counted every
12 h until approximately 100% of the seeds had germinated. Germination was
defined as the length of the coleoptiles equaling one-half of the length of the seeds.
More than 3 biological replicates consisting of at least 80 seeds per replicate were
used for each experiment.
For Arabidopsis, freshly harvested seeds were sown on ½-strength Murashige
and Skoog medium, and freshly harvested pods were sown on 3 layers of
water-saturated filter paper and then germinated under a 16-h light/8-h dark
photoperiod at 22 °C. The number of germinated seeds was counted every 12 h
until approximately 100% of the seeds had germinated. Radicle protrusion was
used to indicate germination and was scored at the indicated time points. More
than 3 biological replicates consisting of 50 seeds per replicate were used for each
experiment.
Vector construction and transformation. For the complementary test in soybean,
an 8,261-bp genomic sequence of G, including exons, introns, 5′-UTR (2,987 bp
upstream from the initiation codon), and 3′-UTR (2,110 bp downstream from
the stop codon), was amplified from Kuaiqingpi and ligated into pTF101 with the
restriction sites HindIII and EcoRI. To construct the G overexpression plasmid,
the CDS of G was ligated into PFGC5941 with the restriction sites AscI and
XmaI. Then, a fragment containing the CaMV 35S promoter, the CDS of G, and a
terminator was amplified and cloned into pTF101 with the restriction sites HindIII
and EcoRI. These constructs were introduced into Agrobacterium tumefaciens
strain EHA101 and then transformed into DN50.
To express GmG in the Arabidopsis mutant atg, a promoter of AtG (3,047 bp
upstream from the initiation codon) was amplified and ligated into the
pCAMBIA1300 vector with KpnI and SalI. Then, the CDSs of GmG from DN50
and Kuaiqingpi were introduced with SalI and PstI. These constructs were
introduced into A. tumefaciens strain GV3101 and then transformed into the
mutant.
For the complementary test in rice, an 8,119-bp genomic sequence of OsG,
including exons, introns, 5′-UTR (3,179 bp upstream from the initiation codon),
and 3′-UTR (2,270 bp downstream from the stop codon), was amplified from
O. rufipogon (IRGC 105491) and ligated into the pCAMBIA1300 vector with SalI and
HindIII. The construct was introduced into both HJ19 and ZH11. To construct the
OsG overexpression plasmid, the CDS of OsG was ligated into the pCAMBIA130035S vector with SalI and HindIII. The construct was introduced into ZH11.
In the CRISPR–CRISPR associated protein 9 (CRISPR–Cas9) system
experiments, two single guide RNAs were designed using Primer Design software.
U3 and U6 promoters were used for the guide RNA oligonucleotide pair. U3/U6
promoters driving single guide RNA cassettes were cloned into the pYLCRISPR–
Cas9 vector as previously described58. The construct was introduced into ZH11.
Pigment quantification. Chlorophyll was extracted from a 500-mg mature seed
coat using 10 ml 80% acetone. The extract was centrifuged at 12,000g for 10 min at
4 °C. Chlorophyll was quantified spectrophotometrically as previously described59.
Carotenoid analysis was performed according to previous reports60–62 with a
modification: 200 mg Arabidopsis tissue was used. Carotenoids were measured
using HPLC and were identified based on their characteristic absorption spectra
and typical retention times by comparison with authentic standards.
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ABA quantification. The ABA content was determined as previously described63
with a slight modification. Seeds were ground in liquid nitrogen, and 200 mg
powder was used for extraction with cold methanol containing 2H6-ABA
(purchased from OIChemIm Co. Ltd.) as an internal standard for 24 h. ABA was
purified using Oasis Max solid phase extract (150 mg, 6 cc; Waters). The ABA
content was determined using a liquid chromatography-tandem mass spectrometry
system consisting of a UPLC system (ACQUITY UPLC; Waters) and a hybrid
triple quadruple-linear ion trap mass spectrometer (QTRAP 5500; AB SCIEX).
Three biological replicates were performed for each sample.
Subcellular localization. To check the subcellular localization of the G protein, a
full-length CDS of G was cloned into the pUC19-35s-eGFP vector with the green
fluorescent protein (GFP) at the C terminus. We transformed the fusion protein
into mesophyll protoplasts of four-week-old seedlings according to a previous
study64. After 12–16 h incubation at 22 °C under dark conditions, protoplasts were
examined using confocal microscopy.
Phylogenetic tree analysis. G orthologous proteins searching was performed at the
National Center for Biotechnology Information using BlastP. The protein sequence
of G from soybean was used as bait, and only the non-redundancy proteins from
each species were used as the searching database. Orthologs with high similarity to
G from representative species of each genus were downloaded and aligned using
MUSCLE65. A neighbor-joining tree was built using MEGA version 666 with 1,000
bootstrap replicates.
RNA extraction and expression analysis. Total messenger RNAs were extracted
using an RNA isolation kit (Thermo Scientific), and genomic DNA was removed
using DNase I (Invitrogen). Reverse transcription was performed using MMLV
reverse transcriptase (Invitrogen) according to the manufacturer’s protocol.
qPCR was performed using LightCycler 480 SYBR Green I Master (Roche) on
a LightCycler 480 instrument (Roche). Gene expression was normalized to the
expression of ACTIN. The primers used are listed in Supplementary Table 4.
Split ubiquitin-based yeast two-hybrid assays. The yeast two-hybrid assays
were performed using the yeast strain NMY51 supplied by Dualsystems Biotech.
The full-length CDS of AtG was introduced into the pMetYCgate vector as bait.
To construct the prey vectors, full-length CDSs of AtNCED3 and AtPSY were
cloned into pPR3-N (Dualsystems Biotech). Interactions were determined by
cotransforming the prey and bait vectors into NMY51 and growing yeast colonies
on SD-His-Leu-Trp-Ade plates supplemented with 5 mM 3-amino-1,2,4-triazole.
Experimental procedures were performed according to the manufacturer’s user
guide (Dualsystems Biotech).
Split luciferase complementation assay. Luciferase complementation imaging
assays were performed as described previously67. For vector constructs, fulllength CDSs were amplified and ligated into pCAMBIA1300-35S-NLuc and
pCAMBIA1300-35S-CLuc. Transient expression in Nicotiana benthamiana leaves
was conducted by Agrobacterium infiltration. In brief, Agrobacterium with NLuc
and CLuc vectors was suspended and mixed in infiltration buffer (10 mM MES,
pH 5.6, 10 mM MgCl2, and 150 μM acetosyringone) to a final concentration of
optical density at 600 nm = 1. The suspensions were infiltrated into young but fully
expanded N. benthamiana leaves after 3 h incubation at room temperature. Plants
were then incubated at 22 °C for 3 d before the LUC activity was measured. Images
were captured using the low-light cooled charge-coupled device imaging apparatus
NightOWL IILB 983.
Co-IP analysis. Co-IP analysis was performed using Arabidopsis protoplasts
according to the previously described procedure with some modification68. For
vector constructs, full-length CDSs of AtPAG were cloned into the pUC19-35seGFP and pUC19-35s-HA vectors with tags at the C terminus. The full-length
CDSs of AtNCED3 and AtPSY were introduced into the pUC19-35s-FLAG vector
with FLAG at the C terminus. Proteins were extracted from protoplasts after
incubation for 12 h using extraction buffer (50 mM Tris-HCl (pH 7.5), 0.5 mM
EDTA, 150 mM NaCl, 0.5% np-40, 1 mM PMSF, and 1×complete protease
inhibitor cocktail (Roche)). Protoplasts were broken down with the extraction
buffer by vortexing and were then incubated for 10 min on ice. The samples were
centrifuged at 15,000g for 15 min at 4 °C. Supernatants were incubated with antiHA (MBL) or GFP-trap (Chromotek) according to the manufacturer’s protocol.
The samples were separated using SDS–PAGE and were then probed with antiGFP (Abmart), anti-FLAG (Sigma), or anti-HA (Santa Cruz).
BIFC. The Gateway-compatible vectors pUGW2-nYFP and pUGW2-cYFP
were used to generate vectors in BIFC assays, using Gateway cloning technology.
The full-length CDS of AtPAG was cloned into pUGW2-cYFP. The full-length
CDSs of AtNCED3 and AtPSY were cloned into pUGW2-cYFP. For the
expression assays, vectors were cotransformed into Arabidopsis protoplasts. YFP
fluorescence was visualized using confocal microscopy after 12–16 h incubation at
22 °C under dark conditions.
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GWAS analysis. GWAS was performed based on a mixed model using the
EMMAX software package69. A total of 4,061,163 SNPs were used for association
analysis with a minor allele frequency (MAF) of >5%. EIGENSOFT software70 was
used to perform principal-component analysis of the population, and the first five
principal components were included as fixed effects. The matrix of pairwise genetic
distances derived from the simple matching coefficients was used as the variancecovariance matrix of the random effects. We defined the whole-genome significant
cutoff as approximately P =  1 ×  10−8 based on the Bonferroni correction method.
Sample sequencing, read mapping, and variation calling. The genomic DNA of
42 wild and 134 cultivated rice accessions was extracted from the young leaves of a
single rice plant from each accession after 3 weeks of growth. The library for each
accession was constructed using an insert size of approximately 500 bp, following
the manufacturer’s instructions (Illumina Inc.). All rice accessions were sequenced
on an Illumina HiSeq 2000 sequencer and an Illumina HiSeq 2500 sequencer at
Berry Genomics Company. Detailed information on the accessions is provided in
Supplementary Table 2.
We used BWA 0.6.1-r10471 to align paired-end reads to the Nipponbare IRGSP1.0 genome parameters. Subsequently, SAMtools v0.1.1872 and Picard v1.87 were
used to sort and filter the mapping results. We then used the Genome Analysis
Toolkit GATKv3.7-073 to perform whole-genome SNP calling. To generate more
available data for subsequent analysis, we performed imputation for all SNPs using
fillGenotype with the parameter ‘w 80 -k 3 -p -7 -r 0.7’. Considering the minor allele
and missing data bias between wild and cultivated rice, we designed a suite of SNP
filtering principles taking into account the population division: (1) in both the wild
and cultivated rice population, MAF <5%; (2) averaged over populations, missing
data >10%; and (3) with all samples combined, missing data >10%. After this
pipeline, we finally achieved 5,452,631 SNPs for the selection test for the rice data.
Genetic diversity analysis. SNP data from our previous study56 were used for
the genetic diversity analysis of G in soybean. The SNPs with missing data
>10% or MAF <5% were filtered. The soybean accessions were divided into three
populations: G. soja, landrace, and cultivar.
For the genetic diversity analysis of OsG in rice, we resequenced 42 wild rice
and 134 cultivated rice accessions. Previously reported resequencing accessions and
their resequencing data were also downloaded from refs.24–28. We also amplified
the genomic sequences of OsG in two wild rice accessions that were sequenced
using Sanger sequencing on an ABI 3730 DNA Analyzer. Only accessions with
high-quality SNP information were used for FST investigation. To check the gene
phylogeny of all samples, we used MEGA666 to build a maximum likelihood tree
based on the CDS. The SNP data from a previous study32 were used for the genetic
diversity analysis of G in tomato.
FST values were calculated with a 20-k-10-k sliding window using VCFtools74 to
calculate the pairwise genomic differentiation for wild and cultivated populations
of soybean, rice, and tomato. π was calculated using a 20-k-10-k sliding window.
After filtering the windows with <10 SNPs in wild and 0 SNPs in cultivated
populations, we calculated the ratio of diversity (πwild/πcultivated) for each window.
XP-CLR75 analyses for selective tests were done for each crop and its wild
population. For soybean, a 0.05 cM sliding window with max 1,000 SNPs and 10-kb
step was used. For rice, a 0.02 cM sliding window with max 400 SNPs and 10-kb
step was used. For tomato, a 0.01 cM sliding window with max 400 SNPs and 10-kb
step was used. For each method, the top 5% genome sequences were determined
as selective sweeps. The extended haplotype homozygosity test was implemented
by R pack REHH2.076. For each core SNP (Chr1:53229579 in soybean, Chr3:16190
in rice, Chr8:14927 in tomato), we calculated the EHHS in both the wild and
cultivated populations according to a previous method77.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Data availability

The sequencing data for rice accessions from this study have been deposited into
the Sequence Read Archive under accession PRJNA407820.
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this study.
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