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Abstract Modern crops were created through the domestication and genetic introgression of wild relatives and
adaptive differentiation in new environments. Identifying the domestication-related genes and
unveiling their molecular diversity provide clues for understanding how the domesticated variants
were selected by ancient people, elucidating how and where these crops were domesticated. Molecular
genetics and genomics have explored some domestication-related genes in soybean (Glycine max). Here,
we summarize recent studies about the quantitative trait locus (QTL) and genes involved in the
domestication traits, introduce the functions of these genes, clarify which alleles of domesticated genes
were selected during domestication. A deeper understanding of soybean domestication could help to
break the bottleneck of modern breeding by highlighting unused genetic diversity not selected in the
original domestication process, as well as highlighting promising new avenues for the identification and
research of important agronomic traits among different crop species.
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INTRODUCTION

Soybean (Glycine max (L.) Merr.) is an economically
important leguminous crop that provides more than
25% of the protein used for food and animal feed
worldwide (Graham and Vance 2003). Cultivated soy-
bean was domesticated from wild Glycine soja (Siebold.
& Zucc.) in East Asia around 6000–9000 years ago
(Carter et al. 2004; Kim et al. 2011). The process of
domestication is long, and comes with the conscious and
unconscious artificial selections that result in drastic
morphological and physiological changes between the
domesticated plants and their wild progenitors, known

as the ‘‘domestication syndrome’’ (Hammer 1984). For
soybean, the typical traits of the domestication syn-
drome include the loss of seed dormancy and dispersal
ability, a change of plant architecture from twining more
branched growth form to upright fewer-branched form,
and a change in seed morphology from small seeds
covered by a powdery bloom to larger and colorful
seeds (Liu et al. 2007). After the initial domestication, G.
gracili (semi-wild soybeans) and landrace experienced
the diversification to spread and improve adaptability to
different agro-ecological and cultural environments.
During this domestication and diversification, many of
the traits changed, but the molecular mechanisms
underlying these changes are not yet be fully elucidated.
The genes that function in domestication traits are
positively selected, and at least one causative mutation
was fixed within the crop population during
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domestication to be defined as a domesticated gene
(Meyer and Purugganan 2013). In the following section,
we will summarize the molecular bases of genes that
were involved in the process of domestication in
soybean.

SHATTERING

Wild soybeans colonize new areas by dispersing their
seeds long distances through seed shattering, which
reduces the competition between parents and offspring
to increase their chances of survival. In an agricultural
context however, seed shattering results in the loss of
seeds and yield, and is therefore unfavorable. The
reduction of seed dispersal, especially the loss of seed
shattering, is a hallmark of domestication in soybean.
Many genes involved in the seed-shattering process
have been identified in the model plant Arabidopsis
thaliana, including SHATTERPROOF1 (SHP1) and SHP2
(MADS-box genes), INDEHISCENT (a basic helix-loop-
helix (bHLH) gene), ALCATRAZ (a Myc/bHLH gene), and
NAC SECONDARY WALL THICKENING PROMOTING FAC-
TOR1 (NST1) and NST2 (Liljegren et al. 2000; Rajani and
Sundaresan 2001; Mitsuda et al. 2005, Sorefan et al.
2009). Some seed-shattering genes have also been
identified in crops, such as a trihelix transcription fac-
tor–encoding gene in rice (Oryza sativa) (Zhou et al.
2012), a gene encoding an APETALA2 -type transcrip-
tion factor in wheat (Triticum aestivum) (Simons et al.
2006), and a YABBY transcription factor–encoding gene
in sorghum (Sorghum bicolor) (Lin et al. 2012).

The first pod-shattering quantitative trait locus (QTL)
to be identified in soybean, which could account for
44% of the variation in this trait, was identified on
chromosome 16 using a recombinant inbred line (RIL)
population derived from a cross between Young (pod-
shattering resistance) and PI 416937 (pod-shattering
sensitive) (Bailey 1997). Around this interval, Funatsuki
et al. (2006) detected one major QTL controlling pod
shattering between the simple sequence repeat (SSR)
markers Sat_093 and Sat_366 within the RIL population
derived from the cross between Hayahikari (high shat-
tering resistance) and Toyomusume (low shattering
resistance). Funatsuki et al. (2008) next used four dif-
ferent populations in different environments to further
demonstrate that the interval between two markers
(Sat_093 and Sat_366) contains one major gene con-
trolling shattering resistance, and named this QTL
qPDH1. qPDH1 has been detected in different popula-
tions in many studies, providing evidence that it is a
stable QTL that plays an important role in soybean
(Funatsuki et al. 2011). In studies of the one line found

to be heterozygous at qPDH1, which was derived from
the RIL population from the research in 2005 (Funat-
suki et al. 2005), the interval of qPDH1 was limited to a
134-kb region (Funatsuki et al. 2014). Among this
interval, no gene showed significant sequence homology
with the Arabidopsis pod-shattering genes that were
previously identified (Suzuki et al. 2010). In Arabidopsis,
most of the shattering-resistance genes increase the
binding strength of the seed pod abscission layers,
which form at the binding sites of the pod walls. These
layers accumulate the dehiscing force during the mat-
uration process as the pods dry. When the dehiscing
force exceeds the binding strength of the pod walls, pod
shattering occurs (Ferrandiz et al. 2000; Liljegren et al.
2000; Rajani and Sundaresan 2001; Ogawa et al. 2009).
In addition to the lack of a qPDH1 homolog in Ara-
bidopsis, the differences between the fruit structures of
Arabidopsis and soybean may further indicate that
qPDH1 contains a new gene or genetic mechanism that
controls pod shattering, but one which is unlikely to
influence the pod wall binding strength (Christiansen
et al. 2002; Lenser and Theißen 2013; Tiwari and Bhatia
1995).

Using a combination of the linkage and association
mapping, Gao et al. (2013) further delimit the qPDH1
locus to a 47-kb region containing only two predicted
genes, Glyma16g25600 (Glyma.16G141500, the tran-
script name in the genome of Willimas 82
(Wm82.a2.v1), the same below) and Gm16g25610
(Glyma.16G141600). Glyma.16G141500 encodes a bZIP-
type transcription factor and was originally believed to
be the most likely qPDH1 candidate gene because most
of the known domestication genes are involved in
transcriptional regulation (Doebley et al. 2006). Then
the candidate region was further narrowed to 20 kb
(Funatsuki et al. 2014). Using a combined sequencing
and expression analysis, Glyma16g25580 (no corre-
sponding gene in the soybean genome for Wm82.a2.v1),
which encodes a dirigent (DIR)-like protein, was iden-
tified as the candidate gene of qPDH1. The single-nu-
cleotide polymorphism (SNPs) occurring in this gene is
an A in shattering-susceptible cultivars and a T in
shattering-resistant cultivars, leading to the premature
termination of the protein. This gene was therefore
named Pdh1. DIR proteins are known to mediate
stereoselective coupling, disease resistance, and the
formation of lignin-based Casparian strips in roots (Liu
et al. 2008b; Pickel et al. 2010; Kim et al. 2012; Hosmani
et al. 2013; Funatsuki et al. 2014). Funatsuki et al.
(2014) demonstrated that the overexpression of Pdh1
during the initiation of lignin deposition in the inner
sclerenchyma tissue, the site of thick secondary cell wall
formation, promotes pod dehiscence, a novel function
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for the DIR superfamily; however, this candidate gene,
Glyma16g25580, was not present in the new version of
the soybean genome assembly.

By performing a morphological observation of the
mature fruit, Dong et al. (2014) revealed that the vas-
cular bundle valves at the ventral suture were different
between the pods of the cultivar HEINONG 44 and wild
soybean ZYD00755. An anatomical examination showed
that HEINONG 44 has thicker fiber cap cells in the
secondary wall than ZYD00755. Based on the pheno-
type comparison and homolog analyses, 13 candidate
genes were identified, orthologs of which function in the
regulation of seed shattering in Arabidopsis. Among
those genes, Glyma04g39210 (Glyma.04G214100) and
Glyma16g02200 (Glyma.16G019400) exhibited a dra-
matic reduction in the nucleotide polymorphism
between wild accessions and landraces, suggesting that
these two genes mainly participate in the regulation of
soybean pod shattering. Glyma.16G019400, which is
located in a known QTL region associated with pod
dehiscence was named as SHATTERING1-5 (SHAT1-5).
SHAT1-5 encodes a NAM, ATAF1/2 and CUC2 (NAC)
domain transcription factor homologous to NST1/2 in
Arabidopsis, which was reported to activate secondary
cell wall thickening. A 20-bp deletion in the promoter
(- 4.0 kb) of SHAT1-5 in HEINONG 44 resulted in its
higher expression in this cultivar than in ZYD00755,
which promoted the formation of a thicker secondary
cell wall in the cultivated soybean and resulted in
shattering resistance. To further demonstrate that
SHAT1-5 controls pod shattering, the expression level of
SHAT1-5 in the F2 population derived from a cross
between HEINONG 44 and ZYD00755 was also tested.
GmSHAT1-5 (the allele from the HEINONG 44) co-seg-
regated with the heavily thickened fiber cap cells, and
was expressed to a higher expression level in GmSHAT1-
5 homozygotes than the GsSHAT1-5 allele (from
ZYD00755) in its corresponding homozygote. These
finding all suggest that at the molecular level all point to
the result that GmSHAT1-5 effectively controls the
shattering-resistant trait. To provide further evidence
for this, soybean genomics were also studied. The
noncoding nucleotide diversity of this gene was severely
reduced from the wild accessions to the landraces; the
landraces were all combined into a single clade in a
phylogenetic analysis. SHAT1-5 was located in a * 116-
kb selective sweep in these lines, indicating that it had
undergone artificial selection and was a domesticated
gene.

Using high-throughput SNP genotyping systems, Lee
et al. (2017) identified two SNPs in Glyma.16g141600
that resulted in amino acid substitutions, and which
clearly discriminated pod shattering-resistant varieties

from pod shattering-susceptible varieties among 38 of
Korean soybean cultivars.

In total, four different genes located in close prox-
imity on the soybean chromosome 16 were reported to
control pod shattering, but only two of them were fur-
ther researched on the molecular mechanism and met
the standard of ‘‘domesticated genes’’ and were listed in
Table 1. In addition, some markers were also reported
to be helpful for identify the shatter resistant accessions
on the chromosome 16 (Miranda et al. 2019). The
interaction among these genes may cover the effect of
the respective genes (Liljegren et al. 2000; Nishizawa
et al. 2006). So, these genes may be true and coordi-
natively regulate pod shattering. In the domestication of
soybean, the cultivars would have been selected for
different environmental conditions, which can also have
a strong influence on pod shattering. First, several
shattering-resistance genes were selected, such as
SHAT1-5, to achieve shattering resistance in its native
humid climate. When soybean was transported from
this humid climate to drier regions, other genes, such as
Pdh1, were subsequently fixed (Funatsuki et al. 2014).

Pod shattering is implemented by the cell–cell sepa-
ration, rather than rupture of the cells (Spence et al.
1996). In plant species with pod-fruit type, pod shat-
tering was influenced by the balance between the
dehiscing force of abscission layers at the valves and
binding strength of the pod walls. The soybean acces-
sions used in the above studies were collected from
regions with different climates. The environmental
stress may influence the development of a dehiscence
zone at the valve replum boundary, the lignification of
cells to the dehiscence zone, and some other con-
tributing factors that regulate the pod shattering. So
different genes were selected. This was one reason for
explaining why different genes were detected in the
above research. The other reason was that differing
methods for detecting phenotypes were used. For
example, for the fine mapping of Glyma.16G141500, the
recombinant genotype was cultivated in a growth
chamber rather than the field, and shattering resistance
was recorded at a 30% relative humidity rather than a
heat treatment (Funatsuki et al. 2014). By contrast, in
the study identifying SHAT1-5, the researchers used
both natural (field) conditions and experimental con-
ditions (37 �C for 4 d) to quantify shattering (Dong et al.
2014). Kang et al. (2005) used an oven to dry the pod at
40 �C for 24 h. Different methods will have resulted in
different pod water contents, which has a major impact
on pod shattering. Accordingly, more research into the
molecular regulation of seed shattering is required.
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DORMANCY

An intact viable seed is not able to complete germina-
tion until certain conditions are met, which is defined as
seed dormancy. This process means the seed case pro-
tects the embryonic plant until conditions are optimal
for the new plant’s survival. This trait can be a disad-
vantage for crops however, because dormancy can result
in differing emergence times, making harvest more
difficult and reducing the final yield. The loss or weak-
ening of seed dormancy is often a fundamental
requirement for agriculture, especially for crops har-
vested mechanically; therefore, dormancy is a typical
domestication syndrome trait (Sugimoto et al. 2010;
Olsen and Wendel 2013). Based on when it occurs,
dormancy can be divided into primary and secondary
dormancy (Hilhorst 1995). Primary dormancy mainly
exists in the process of seed development and matura-
tion (Kucera et al. 2005), while secondary dormancy can
only occur after seed dispersal (Leubner-Metzger 2006).
Baskin et al. (2004) proposed a modified version of the
system of classification for seed dormancy, dividing it
into five classes: physiological, morphological, morpho-
physiological, physical, and combinational dormancy.
Among these five classes, physiological dormancy is the
most common (Pallais 1995, Li and Foley 1997, Foley
and Fennimore 1998, McKibbin 1999, Koornneef et al.
2002).

Dormancy is a complex phenomenon controlled by a
large number of genes, and it is affected by both
developmental and environmental factors (Bewley
1997; Koornneef et al. 2002). Many of the genes asso-
ciated with dormancy were first identified in

Arabidopsis. Most of them participate in hormonal
pathways; however, the mechanism has yet to be fully
elucidated (BirgitKucera 2005). In soybean, dormancy
involves both physiology and physical dormancy, mak-
ing it more difficult to identify the candidate genes
(Leubner-Metzger 2006).

Using a genome-wide association study, Wang et al.
(2018) identified the G gene for the green seed coat
color (Glyma.01g198500), which encodes a CAAX amino-
terminal protease protein. The results of Fst, nucleotide
diversity, cross-population composite likelihood ratio,
and haplotype homozygosity analyses of the SNP site
showed that the G gene is located in a selective sweep
region between wild and cultivated soybeans, suggest-
ing that G is a domestication-related gene. Wild soy-
beans produce black coat color to prevent the seeds
from the predation, but possess the G green seed coat
genotype (Porter 2013). This suggests that G may have
other functions targeting domesticated traits. Wang
et al. (2018) next used germination and dormancy-
breaking experiments to confirm that G functions in
dormancy. Further analysis on molecular mechanism of
G suggested that the G protein may interact with nine-
cis-epoxycarotenoid dioxygenase 3 (NCED3) and phy-
toene synthase (PSY), the key enzymes involved in
abscisic acid (ABA) biosynthesis. This interaction may
result in the production of more ABA, which induces
and maintains dormancy. Finally, they proposed that the
parallel selection of the mutant g allele during crop
domestication, conferring reduced ABA content and
weakened seed dormancy, promotes seeds to germinate
uniformly and thus is advantageous for crop
management.

Table 1 Genes of published in soybean domestication

Trait Name Locus Conserved domain or function Mutant type References

Shattering qPDH1 Glyma16g25580 Dirigent (DIR)-like protein SNP in CDS Funatsuki et al.
2014

SHAT1-5 Glyma.16G019400 NAC (NAM, ATAF1/2 and CUC2)
domain transcription factor

Indel in promoter Dong et al. 2014

Dormancy G Glyma.01g198500 CAAX amino-terminal protease
protein

SNP in CDS Wang et al. 2018

Hard seeds GmGH9B8 Glyma.02G269400 Endo-1,4-b-glucanase SNP in CDS Jang et al. 2015

GmHs1-1 Glyma.02G269500 PhoD-like phosphatase SNP in CDS Sun et al. 2015

Seed coat
shininess

B1 Glyma.13g241700 Transmembrane transporter like
protein

SNP in CDS Zhang et al. 2018

Seed oil
content

GmSWEET39/
GmSWEET10a

Glyma.15g049200 Sugar efflux transporter for
intercellular exchange

Indel and SNP in
promoter and SNP in
CDS

Wang et al. 2020;
Miao et al. 2020

Flowering Tof12 Glyma.12g073900 Two-component response
regulator-like APRR3

SNP in CDS Lu et al. 2020
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In Arabidopsis, AtDOG1 play important role in con-
trolling dormancy (Nakabayashi et al. 2015; Cyrek et al.
2016). It interacted with ABA signal pathway genes
including AHG1 (ABA-HYPERSENSITIVE GERMINATION
1) and AHG3 to regulate dormancy and germination
(Née et al. 2017). In order to understand the genetic
information of DOG1 family in soybean, Yang et al
(2020) identified 40 members of DOG1-Like (DOG1L)
family in soybean genome. Among these genes,
GmDOG1-L37 was closest to AtDOG1, and had the high-
est expression in seeds when compared with the other
tissues. During the seed developments, the expression
of GmDOG1-L37 continues to increase. All of these sug-
gest that GmDOG1-L37 is the GmDOG1 gene in soybean.

HARD SEEDS

Besides the physiological dormancy, which was con-
trolled by G, two other genes were reported to function
in physical dormancy. Most wild soybeans form hard
seed coats, which are impermeable to maintain physical
dormancy. From the perspective of morphology, minute
cracks are situated in the subcuticular layer or on the
dorsal side of the seed coat to enable water to enter the
seed and break dormancy (Dalling et al. 2011; Paulsen
et al. 2013). Other studies found that the contents of
xylans, hydroxylated fatty acids, and calcium in the seed
coat controlled its level of permeability (Ma et al. 2004;
Shao et al. 2007; Paulsen et al. 2013). Previous studies
of the hard seed coat focused on identifying the asso-
ciated QTLs (Keim et al. 1990; Sakamoto et al. 2004;
Watanabe et al. 2004; Liu et al. 2007; Zhang et al.
2008a). One stable QTL was detected on chromosome 2
(qHS1) in several studies, Jang et al. and Sun et al. fur-
ther explored this region to identify the candidate genes,
respectively (Keim et al. 1990; Watanabe et al. 2004; Liu
et al. 2007; Zhang et al. 2008a; Jang et al. 2015; Sun
et al. 2015).

Jang et al. (2015) backcrossed a hard-seed wild
soybean with a recurrent parent, Tachinagaha (TA),
which produces permeable seeds, to obtain the near-
isogenic line (NIL) TA-HS, containing the hard-seed
allele in the TA background. They achieved this using
the marker Satt459, which was reported to be the clo-
sely linked marker for qHS1. The surface of the palisade
layer of the TA seed coat contained many cracks,
favorable for water infiltration, while the hard seed coat
of TA-HS had many pits rather than cracks on its sur-
face. Further observation found that the cracks in TA
showed a ladder like structure, in which the palisade
cells are partly connected, promoting water access and
absorption; by contrast, the pits of the TA-HS seed coats

were closed. This result was consistent with a previous
finding that permeable and impermeable seeds always
formed cracks and pits on the seed coat, respectively
(Ma et al. 2004).

Combining the phenotypes and genotypes of the
recombinants, Jang et al. (2015) fine mapped the can-
didate interval to a 93-kb region. The sequence and
expression analyses showed that a SNP in Gly-
ma02g43680 (Glyma.02G269400) occurred in the sub-
strate-binding cleft region, causing an isoleucine residue
in TA to be replaced by a serine residue in TA-HS. This
gene encodes an endo-1,4-b-glucanase gene, which
hydrolyzes b-1,4-glucosyl linkages (Henrissat 1991;
Molhoj et al. 2002; Libertini et al. 2004). The transfor-
mation of the TA-HS allele into a cultivar with a per-
meable seed coat promoted the accumulation of b-1,4-
glucan in the outer layer of palisade cells and reduced
seed coat permeability. The observed accumulation of b-
1,4-glucan in the seed coats of the NILs confirmed that
the serine in TA-HS is responsible for its increased
accumulation of b-1,4-glucan in the outer seed coat
layers. Glyma.02G269400 was therefore considered the
candidate gene for qHS1 and named GmGH9B8,
according to the standardized nomenclature
(Urbanowicz et al. 2007). In addition, the association
analysis between the SNP in GmGH9B8 and the seed
coat permeability trait suggested that this SNP may be a
useful marker of seed permeability.

Sun et al. (2015) also fine mapped the qHS1 region,
identifying a candidate interval of 22 kb. Only two genes
were annotated in this interval, according to the Wil-
liams 82 reference genome. A sequencing analysis
among G. soja accessions and a soybean cultivar (Wil-
liams 82) indicated that only a C-to-T point mutation in
Glyma02g43700 (Glyma.02G269500), which resulted in
an amino acid change from threonine to methionine,
could explain the difference in seed permeability
between Williams 82 and the various G. soja accessions.
In addition, Glyma.02G269500 was predicted to encode
a calcineurin-like metallophosphoesterase transmem-
brane protein, was found to be expressed in developing
seed coats, and its expression level was much higher in
G. soja than in Williams 82. Glyma.02G269500 was
therefore considered a candidate gene for qHS1 and
named GmHs1-1.

The candidate interval for GmGH9B8 contained
GmHs1-1, but GmHs1-1 was not found to be expressed in
the seed coat by Jang et al. (2015). This may because
GmHs1-1 and GmGH9B8 function in different pathways
or at different developmental stages to regulate the
hardness of the seed coat. In an analysis of a repre-
sentative soybean population, Jang et al. (2015) found
that 83 of 86 cultivated accessions carried the Gmhs1-1
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(permeable seed) allele, while all six landraces carried
GmHs1-1 (hard-seed) allele. Although the landraces all
carried the hard-seed genotype, a lot of cracking was
detected on their seed coats, which may be control by
GmGH9B8. This suggested that GmGH9B8 may have
been selected first because the phenotype was obvious,
after which GmHs1-1 was then selected.

SEED COAT SHININESS

Most wild soybeans have a powdery bloom on their
seed coat, making the seeds less visible to potential
predators when they fall to the ground (Wang et al.
2008). The seed coat bloom is derived from the endo-
carp, where HYDROPHOBIC PROTEIN FROM SOYBEAN
(HPS) is biosynthesized, and then deposited on the seed
surface (Newell and Hymowitz 1978). HPS is a poten-
tially hazardous allergen, which may help to deter
predators, but it can also cause asthma in humans. For
this reason, the soybean bloom was eliminated, result-
ing in variable seed coat lusters in the landraces. Fol-
lowing domestication, most cultivars therefore have
shiny seed coats. Previous research found that three loci
B1 to B3 control bloom development, with B1 being the
most important locus (Chen and Shoemaker 1998; Gij-
zen et al. 1999; Wang et al. 2016b).

The phenotypic analysis of F1 and F1:2 seeds derived
from crosses between two wild soybeans (bloom) and
the cultivar Williams 82 (no bloom) showed that the
bloom is mainly controlled by a single gene, which is
dominant or partially dominant over the no-bloom
phenotype (Zhang et al. 2018). The candidate interval
for this bloom gene was reduced to a 14.5-kb region on
chromosome 13, which overlaps with the region con-
tained B1 (Chen and Shoemaker 1998). Two SNPs
resulting in amino acid changes were detected among
the three parental lines, but only the substitution C to T
in the CDS of Glyma.13g241700 was correlated with the
bloom phenotypes; wild soybeans had a C, while Wil-
liams 82 had a T. In addition, only this point mutation
changed the helix structure of the predicted trans-
membrane transporter-like protein.

Using a genome-wide association study (GWAS) with
302 resequenced accessions, a QTL associated with seed
oil was detected 31 kb downstream of the B1(Zhou et al.
2015). This raises the question whether B1 has a
pleiotropic effect on seed oil content. To test this
hypothesis, Zhang et al. (2018) selected a population of
70 bloom and 52 no-bloom accessions for GWAS on
seed oil content and found one seed oil QTL in the B1
selective sweep region. These results suggested that B1
has a pleiotropic effect on seed oil content. Transgenic

experiments demonstrated that high expression levels
of the B1 locus in the pod and its endocarp causes the
seed coat bloom and reduces the oil content. By con-
trast, in domestication, the b1 allele in soybean lan-
draces and cultivars increased the seed oil content and
reduced the seed coat bloom. This shows that B1 not
only takes part in the regulation of the bloom, but also
controls the seed oil content.

SEED OIL CONTENT

Compared with wild soybeans, cultivars have larger
seeds with a higher oil content and lower levels of
protein (Clemente and Cahoon 2009; Wang et al.
2019, 2020). These traits are influenced throughout the
three phases of seed developments: seed set, growth
and maturation (Ruan et al. 2012). Seed set is the early
stage, laying a foundation for the later stages to deter-
mine the seed number, size and likely impacting the
yield (Tischner et al. 2003; Weber et al. 2005; Wang and
Ruan 2012). The transition of sugars from the liquid
endosperm supplies nutrients to the embryo and
ensures the seed can reach full maturity (Olsen 2001;
Sun et al. 2010). Sucrose is the major form of photo-
synthetic product, which was transfer to the maternal
seed coat via the phloem and then secreted from the
seed coat to feed the embryo (Chen et al. 2015). With
the help of sugar transporter, especially the membrane-
bound sugar transporters, sucrose could fulfill their
destiny (Patrick and Offler 2001). The SWEET (Sugars
Will Eventually be Exported Transporter) family mem-
bers have seven transmembrane domains and function
in sugar efflux or influx, playing key roles in phloem
loading for long-distance sucrose translocation, pollen
nutrition, nectar secretion, seed filling, and many other
pathway (Chen et al. 2012, 2015; Sun et al. 2013; Xuan
et al. 2013; Yuan and Wang 2013; Lin et al. 2014). The
Arabidopsis genome contains 17 SWEET homologs
divided into four clades. Clade III contained the most
members (from AtSWEET 9 to AtSWEET 15), all of which
are likely to be involved in the cellular efflux of sucrose
(Wang et al. 2019). The triple mutant sweet11;12;15 had
severe defects and showed a ‘‘wrinkled’’ seed phenotype
and a reduced seed weight (Chen et al. 2015). Another
member of Clade III, SWEET9, is a nectary-specific sugar
transporter, which functions as an efflux transporter to
play a key function in nectar production (Lin et al.
2014).

Compared with Arabidopsis, soybean has a much
larger seed that required more sugars; thus, small
changes in their sugar content will have a great influ-
ence on the seed development (Wang et al. 2020). In the
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soybean genome, there are at least 37 SWEET members
(Wang et al. 2019). To date, only four SWEET genes have
been characterized, and they all encode proteins located
in plasma membrane (Wang et al. 2019, 2020; Miao
et al. 2020).

Based on two different panels, GmSWEET39/
GmSWEET10a (Glyma.15g049200), which located in a
selective sweep on chromosome 15, was found to
influence the seed oil content. These indicated that
GmSWEET39/GmSWEET10a may be the domesticated
gene (Miao et al. 2020; Wang et al. 2020). It is expressed
in the seeds, leaves, pods, and preferentially in the thick-
wall parenchyma of the seed coat, where it plays an
important role in sucrose translocation to the embryo
(Thorne 1981; Henk 1995; Wang et al. 2019; Miao et al.
2020). The natural polymorphisms in the promoter and
CDS of GmSWEET10a could be used to divide the
accessions into at least 12 haplotypes among the two
different panels. Based on a median-joining network
analysis, these 12 haplotypes were grouped into three
major groups: H_I mainly in wild soybeans, H_II mostly
in landrace, and H_III primarily in cultivars, respectively
(Wang et al. 2019), indicating that GmSWEET10a expe-
rienced strong selection during domestication and
diversification (Miao et al. 2020; Wang et al. 2020). In
group H_III, the haplotype H_III_3, which was also
named as Hap6, containing the GmSWEET10a variants
with deletions in the promoter and the CDS and an
additional SNP in the CDS, were the potential superior
alleles for improving the soybean seed oil content (Miao
et al. 2020).

As an ancient polyploid, most soybean genes are
present in multiple copies (Schmutz et al. 2010). The
paralogous gene for GmSWEET39/GmSWEET10a is
GmSWEET24/GmSWEET10b (Glyma.08G183500), which
has a highly similar amino acid sequence to
GmSWEET39/ GmSWEET10a and is similar in function
(Miao et al. 2020; Wang et al. 2020); however,
GmSWEET10b was likely to be selected during diversi-
fication (Miao et al. 2020; Wang et al. 2020). Compared
with the wild type, the double mutant sw10a;10b had
reduced glucose, fructose, and sucrose levels in the
embryo and an increased sucrose content in the seed
coat. GmSWEET10a/GmSWEET10b transport sugars to
the embryo, triggering embryonic development in the
form of cell division and expansion, resulting in larger
seeds. The sugar allocation between the seed coat and
the embryo influences the carbon resources available
for the biosynthesis of acetyl-CoA, which was the pre-
cursor for the lipid biosynthesis. This process will
expand much energy and limited the protein content
(Weber et al. 2005; Wang et al. 2020). According to this
theory, GmSWEET10a/GmSWEET10b should reduce the

protein content because they increase the seed size and
oil content of the soybean cultivars, while this phe-
nomenon was only detected in certain genetic back-
grounds (Miao et al. 2020; Wang et al. 2020). The
possible explanations for this may be that epistasis
masks the gene function, or that other GmSWEET
orthologs compensate for this resource allocation.

FLOWERING

Flowering represents the transformation from vegeta-
tive growth to the reproductive growth. As a typical
short-day (SD) plant, soybean is sensitive to photope-
riod, which limited the regions in which this crop could
be grown (Cao et al. 2017). Soybean was domesticated
from its wild progenitor G. soja around the Huang-Huai
Valley in central China (Hymowitz and Newell 1981;
Han et al. 2016; Wang et al. 2016a). Its dispersal from
its region of origin to areas of high latitude meant that
the longer daylength delayed soybean flowering and
maturity. The suitable growing season in these higher-
latitude areas is finite however, requiring farmers to
breed early-flowering cultivars suitable for long-day
(LD) photoperiods. By contrast, the dispersal of soybean
to areas of low latitude meant that the plants flowered
early in the shorter photoperiod, resulting in low yields
(Lin et al. 2020). This problem also required breeders to
develop new cultivars adapted to these novel environ-
mental conditions.

Many studies have explored the mechanisms of
flowering in soybean. E3 and E4 encode soybean
homologs of the Arabidopsis photoreceptor PHYTO-
CHROME A (phyA) (Liu et al. 2008a; Watanabe et al.
2009). E3 responds to a red light–enriched LD pho-
toperiod (Watanabe et al. 2009). Under the background
of e3 (mutant allele of E3), E4 mainly functions in far-
red light-enriched LD conditions (Liu et al. 2008a). Both
of these proteins receive light signals and function
redundantly to regulate downstream genes, including
E1, encoding a legume-specific transcription factor that
plays a core role in the photoperiod network (Xia et al.
2012). Different combinations of the e3, e4, and e1
mutant alleles caused partial photoperiod insensitivity
under a LD photoperiod (Xu et al. 2013). The florigen
gene FLOWERING LOCUS T (FT) was repressed by E1
(Kong et al. 2010), forming a conserved and key path-
way for the flowering time: E3E4–E1–FT (Xia et al.
2012). Subsequent research showed that, in SD envi-
ronments, J (E6), a homolog of Arabidopsis EARLY
FLOWERING 3, could directly bind the promoter of E1 to
repress its expression and induce flowering (Lu et al.
2017). Other genes were also found to participate in the
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E3E4–J/E6–E1–FT pathway, including E1-Like (Cober
et al. 2010; Zhu et al. 2019), E2 (GI) (Watanabe et al.
2011; Wang et al. 2016c), CRYPTOCROME (CRY) (Zhang
et al. 2008b; Li et al. 2013), CONSTANS LIKE (COL) (Wu
et al. 2014, 2019; Cao et al. 2015a), miRNA pathway
genes and so on (Cao et al. 2015b; Dong et al. 2021; Li
et al. 2021; Zhao et al. 2015). The genes mentioned
above were selected by breeders during crop improve-
ment after domestication.

The investigation of the allelic variation of E2 among
337 accessions, six polymorphic fragments were exam-
ined, which resulted in the 47 haplotypes (H1-H47). All
47 haplotypes were found in the wild populations, but
only three haplotypes (H1, H2, and H3) were detected in
landraces and cultivars. Among the three haplotypes of
the domesticated accessions, H1 was most common, and
was named e2 (Wang et al. 2016c). This evidence indi-
cates that E2 may have been subject to selection, but a
lack of molecular evidence remains. Furthermore, in
soybean and other plants, there is a continuing debate
about whether the flowering trait was selected during
domestication (Doebley et al. 2006; Meyer and Purug-
ganan 2013).

Recently, Lu et al. (2020) identified two homologous
pseudo-response-regulator (PRR) genes, Tof11 and
Tof12, which function between E3/E4 and E1 to regulate
flowering time under LD conditions. Tof11 and Tof12 are
circadian clock genes that regulate the expression of E1
through the activity of other members of the circadian
clock, the LATE ELONGATEDHYPOCOTYL (LHYs). Tof11
and Tof12 bind to the promoters of the LHYs to suppress
their expression, then relieved the transcriptional sup-
pression of E1. Tof11 and Tof12 thus indirectly promote
the expression of E1 to delay flowering, and corre-
spondingly the mutant alleles tof11 and tof12 were
shown to promote flowering. The analysis of the
molecular history of Tof11 and Tof12 showed that Tof12
is located in a selective sweep region, and the most
common haplotype, H1 (tof12-1), was selected and fixed
in most soybean landraces (406/450) and all of the
cultivars (532/532) investigated. For Tof11, the most
common haplotype, H1 (tof11-1), was selected and fixed
in most cultivars (507/552). Above evidence strongly
implied that the selection of tof11-1 arose in the tof12-1
genetic background, and thus that tof12-1 and tof11-1
were selected during domestication and diversification,
respectively. The changes in the allele frequencies of
Tof11 and Tof12 indicated that tof12-1 experienced
strong artificial selection during domestication to confer
mid-early flowering. After domestication, the landraces
underwent diversification, during which the early
flowering mutant allele tof11-1 was further fixed to
confer very early flowering. The stepwise selection of

tof12-1 and tof11-1 produced an early phenology and
enabled the cultivars to adjust to high latitude. These
findings demonstrate that the short crop growth cycle
persists from the original domestication phase, and the
selection for earlier flowering/maturity can legitimately
be viewed as a core domestication trait.

PERSPECTIVE

In this review, we summarized the latest research on
key genes associated with domesticated traits in soy-
bean (Fig. 1). Among these genes, only nine genes were
positively selected, and at least one causative mutation
was fixed within the crop population during domesti-
cation and were defined as domesticated genes
(Table 1). Early soybean farmers selected the traits
useful for themselves, such as seeds without the shat-
tering trait to reduce the yield loss, seeds with a softer
coat, dormancy traits to enable sowing and harvesting
at the same time, seeds lacking a bloom to avoid human
health issues, and plants adapted to a shorter growth
period to enable a wider dispersal across the world. In
the domestication process, early farmers chose a limited
number of elite individuals to use in breeding the next
generation, which generated a genetic bottleneck
throughout the genome (Doebley et al. 2006). The
analysis of the resequencing data showed that approx-
imately half of the genetic diversity and more than 80%
of rare alleles were lost during domestication (Burnham
et al. 2002; Hyten et al. 2006; Zhou et al. 2015). This
raises the question whether the alleles selected for
these domesticated genes were truly the best ones.

Soybean is an allotetraploid species, so many of its
genes have a duplicated copy in the genome. The above
research suggests that usually one of a homologous pair
of domesticated genes was selected during domestica-
tion, such as Tof12 or SWEET10a, while the other was
further selected during improvement, such as Tof11 and
SWEET10b (Wang et al. 2019, 2020; Lu et al. 2020; Miao
et al. 2020).

Accompanying the selection of the domesticated
genes, the genetic diversity of tightly linked genes
around them was also lost, potentially losing alleles
with beneficial effects on yield or seed quality (Doebley
et al. 2006). Scanning for the selective sweeps and
digging into these intervals can provide clues not only
about new alleles for known genes, but can also help to
identify elite genes that may not have been selected in
domestication.

Only a limited number of selective sweeps have been
performed based on resequence data, and correspond-
ing domesticated traits and genes have not been
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identified for most of the selective intervals (Zhou et al.
2015; Han et al. 2016). This may attribute to the diffi-
culties of detecting domesticated traits; for example, the
twinning habit were only existed in wild soybean and
there are no evaluation criteria for this trait, so related
statistical data are difficult to obtain. In addition, some
domesticated traits are influenced by the environment
and have different phenotypes in different periods,
which therefore increased the difficulties of performing
statistics on the phenotype data. These statistics are
therefore just as important as the re-sequence data
itself in the detection of the selective sweeps.

Compared with genomics, the use of genetics also has
some advantages; for example, RILs can not only be
used to detect genetics effects, such as epistatic, addi-
tive, and dominant effects, but also to perform fine
mapping on the candidate genes. Chromosome segment
substitution lines can allow the elimination of noise
from the background and the detection of the functions
of individual genes, making them another powerful
population, especially for the detection of minor effect
genes. Current research into domesticated traits and
genes is moving towards the use of a combination of
genomics and genetics.

The development of whole-genome sequencing
enabled the de novo assembly of wild soybean genomes
and the resequencing of some soybean accessions,
providing more information about the differences
between wild and cultivated soybean lines. This pro-
vided a pool of data from which we could identify new
alleles of putative domesticated genes. In addition, the
detection capability of the copy-number variations and
presence–absence variations were increased, which
further facilitate research into domestication. More in-
depth research into domestication will result in the
detection of more genes that have undergone parallel

selection across different plant families, such as the
analyses in rice, tomato (Solanum lycopersicum), and
Arabidopsis indicated that G orthologs were functionally
conserved and underwent parallel selection in different
families (Wang et al. 2018; Lin et al. 2012). This pro-
vided new genetic resources for the further de novo
domestication of new crops (Yu et al. 2021). This could
finally alleviate the threat of our food supply outstrip-
ping demand.
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