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Artificial selection of mutations in two
nearby genes gave rise to shattering
resistance in soybean

Shuai Li 1,2,8 , Weidong Wang 1,3,6,8, Lianjun Sun 1,6,8, Hong Zhu4,8,
Rui Hou2, Huiying Zhang2, Xuemin Tang2, Chancelor B. Clark 1,3,
Stephen A. Swarm5,7, Randall L. Nelson 5 & Jianxin Ma 1,3

Resistance to pod shattering is a key domestication-related trait selected for
seed production in many crops. Here, we show that the transition from shat-
tering inwild soybeans to shattering resistance in cultivated soybeans resulted
from selection ofmutationswithin the coding sequences of twonearby genes -
Sh1 and Pdh1. Sh1 encodes a C2H2-like zinc finger transcription factor that
promotes shattering by repressing SHAT1-5 expression, thereby reducing the
secondary wall thickness of fiber cap cells in the abscission layers of pod
sutures, while Pdh1 encodes a dirigent protein that orchestrates asymmetric
lignin distribution in inner sclerenchyma, creating torsion in pod walls that
facilitates shattering. Integration analyses of quantitative trait locus mapping,
genome-wide association studies, and allele distribution in representative
soybean germplasm suggest that these two genes are primary modulators
underlying this domestication trait. Our study thus provides comprehensive
understanding regarding the genetic, molecular, and cellular bases of shat-
tering resistance in soybeans.

Soybean [Glycine max (L.) Merr.] is an important leguminous crop
domesticated from its wild relative Glycine soja over 6000 years ago1.
Pod dehiscence or shattering is critical for the fitness of wild soybeans
in natural environments but impedes seed harvesting in agricultural
systems. Therefore, shattering resistance is one of the key traits tar-
geted for selection during the process of soybean domestication.
Currently, elite cultivars employed for crop production are generally
resistant to shattering, but shattering still can occur under drought
stress and account for significant yield loss2,3. Therefore, it is important
to understand the genetic architecture of shattering resistance in
soybeans. Genetic analyses using biparental populations derived from
crosses between G. soja and G. max or between shattering and non-
shattering soybean cultivars revealed at least 23 quantitative trait loci

(QTL), distributed on chromosomes 2, 5, 10, 14, 15, 16, and 19, mod-
ulating shattering4–9.

Two genes have been previously reported to be primary targets
for selection for shattering resistance in soybeans10,11. Funatsuki et al.
found that shattering was modulated by a gene, designated Pdh1,
which encodes a dirigent-like protein responsible for asymmetric lig-
nin distribution in inner sclerenchyma, producing pod wall torsion to
promote shattering, and that a point mutation in the coding region of
Pdh1 resulted in the formation of a premature stop codon and thus a
defective allele, pdh1, which reduces the pod wall tension and thus
promote shattering resistance10. Pdh1 was pinpointed via map-based
cloning using a biparental population derived from a cross between
two cultivated soybean varieties. In addition, the signal of selection for
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the pdh1 region was detected in landraces from non-humid region but
not detected in landraces fromhumid region12–15, suggesting shattering
is an adaptation trait associated with varietal diversification post-
domestication. Nevertheless, Pdh1 is located within the major shat-
tering quantitative trait locus (QTL) region (28–31Mb) defined on
chromosome 16 in our previous study using biparental populations
derived from the crosses between cultivated (Williams 82) and wild
soybeans (PI 468916, PI 479752)9, and thus pdh1 was considered as a
domestication allele for shattering resistance9,10.

Dong et al. reported that a NAM, ATAF, and CUC (NAC) domain
transcription factor gene SHATTERING1-5 (SHAT1-5) mediates
shattering11. They demonstrated that the allele of this gene in a culti-
vated soybean cultivar HEINONG44, designated shat1-5, was expressed
at 15-fold the level of SHAT1-5 expression in a G. soja accession
ZYD00755, and that the elevated expression of shat1-5 resulted in the
thickening of secondary walls of lignified fiber cap cells (FCCs) in the
pod sutures, responsible for shattering resistance. shat1-5 was con-
sidered as a domestication allele due to a line of observations11: (i) it is
an ortholog of an Arabidopsis gene homologous to NST1/2, within
which the ethyl methane sulfonate-induced null mutations produce
non-dehiscent pods; (ii) it overlapswith one (SHAT1-5, peaking at ~5Mb
position on chromosome 16) of thefive shatteringQTL regions defined
onto chromosome 16 with only 120 (G. max × G. soja) F4 derived lines
and 140 restriction fragment length polymorphism (RFLP) markers4;
(iii) the expression of either the SHAT1-5 allele from ZYD00755 or the
shat1-5 allele from HEINONG44 driven by the Arabidopsis NST-1 pro-
moter in the Arabidopsis nst1-1;nst3-1mutants was able to recover the
wild-type (i.e., NST-1) phenotype; and (iv) a 20-bp deletion at ~4 kb
upstream of the gene’s promoter region showed an association with
shattering resistance in the soybean varieties surveyed. Nevertheless,
the QTL SHAT1-5was detected only in a single study using such a small
size of mapping population and a very low density of RFLP markers4.
Hence, the relative contribution of shat1 to shattering resistance in
cultivated soybeans was yet to be further evaluated.

To further elucidate the genetic basis and molecular mechanisms
underlying shattering resistance in soybean, we conducted fine map-
ping and map-based cloning of the key QTL underlying the domes-
tication transition from shattering in G. soja to shattering resistance in
G. max using 3500 F6:7 RILs

9,16,17. In addition, we performed genome-
wide association study (GWAS) on shattering resistance using pheno-
typic and genotypic data from 3099G. max accessions randomly
selected from the USDA Soybean Germplasm Collection18. Further-
more, the candidate genes for the domestication transition were
functionally validated through genetic transformation and molecular
characterization. Finally, the distribution of the wild and domestica-
tion alleles in representative soybean populations was examined.

Here, we show that shattering resistance in soybean is primarily
achieved through the selection of natural mutations that occurred in
two genes within a major domestication QTL in the entire genome –

one is Pdh1, and the other is a C2H2-like zinc finger transcription factor
gene, designated Sh1, which directly binds to the promoter region of
SHAT1-5 to repress its expression, promoting shattering in wild soy-
beans. We also demonstrate that selection of both sh1 and pdh1
mutations gave rise to shattering resistance in cultivated soybeans.

Results
QTL mapping and GWAS reveal genetic basis of shattering
resistance
To understand the genetic bases of key domestication-related traits in
soybean, we developed two populations comprising approximately
3500 F6:7 RILs, as described earlier9,16,17, by crossing a cultivar Williams
82 with each of the two highly diverged, shattering G. soja accessions,
PI 468916 and PI 479752 (Fig. 1a, b). Among theseRILs, 151 lines derived
from the Williams 82 × PI 468916 cross and 510 lines derived from the
Williams 82 × PI 479752 cross were genotyped through the

genotyping-by-sequencing (GBS) approachandphenotyped for eleven
domestication-related traits including shattering resistance in two
locations and three years, which resulted in identification of a major
QTL for shattering resistance at ~30Mb position on chromosome 16
with both populations9. This QTL overlapped with the Pdh1 QTL
(Fig. 1c, d) and explained 23% and 53%of the phenotypic varianceswith
the 151 (Williams 82 × PI 468916) lines and the 510 (Williams 82 × PI
479752) lines, respectively. All the F1 plants from the crosses produced
shattering pods, similar to those produced from the two G. soja
accessions (Fig. 1b), suggesting that shattering is dominant over
shattering-resistance.

Althoughminor QTLs for shattering resistance were also revealed
(Fig. 1c, d), none of them explained a phenotypic variance of >6%,
including the minor QTL on chromosome 19, which harbors the L1/l1
locus that specifies pod colors (black in G. soja versus brown in G.
max), with pleiotropic effect on shattering due likely to different effi-
ciencies of photothermal conversion caused by different pod colors19.
The SHAT1-5 QTL, which corresponds to ~5Mb position of chromo-
some 16, was not detected by either of our two RIL populations
(Fig. 1c, d).

To further depict the genetic architecture of shattering resistance
in soybean, we conductedGWASwith the genome-wide SNP data18 and
the shattering phenotypic data from the 3099 landraces (Supple-
mentary Data 1; www.ars-grin.gov/npgs). The shattering scores repre-
sented the levels of shattering at twoweeks after harvestmaturity (R8)
with ‘1’ indicating no shattering and ‘5’ more than 50% of the pods
open. This analysis revealed a major QTL peaked at the position of
29,597,918 bp on chromosome 16, approximately 340 kb downstream
of the pdh1 locus according to the soybean reference genome (Fig. 1e).
In addition to this major QTL for shattering resistance, a minor QTL
was detected on chromosome 7 (Fig. 1e), which appears to overlap
with a minor QTL detected by QTL analysis with the 510 (Williams
82 × PI 479752) RIL lines (Fig. 1d). These observations, further suggest
that the transition from shattering inG. soja to shattering resistance in
soybean landraces was primarily modulated by the major QTL on
chromosome 16.

Fine mapping of the major QTL for shattering pinpoints two
candidate genes
To identify the candidate genes for the major shattering QTL on
chromosome 16, we screened the 3500 RILs using two molecular
markers, Satt622 and Sat_366, defining boundaries of this QTL region,
and identified 30 recombinants (Fig. 2a, b and Supplementary Data 2).
These recombinants were further genotyped using 10 additional
markers and phenotyped in the field. Intriguingly, the genotypic and
phenotypic data defined the candidate genes for the shattering QTL
into two small adjacent regions. According to the Williams 82 refer-
ence genome, one region is between markers SH401K and InDel1
(18.1 kb) harboring gene Glyma.16G141100 (dubbed the sh1 region)
that encodes a C2H2-like zinc finger transcription factor, the other is
flanked by markers SRM0 and SRM1 (50.8 kb) containing Gly-
ma.16G141300 and Glyma.16G141400 (dubbed the pdh1 region). It was
reported thatGlyma.16G141400waspdh1 for shattering resistance and
that Glyma.16G141300 did not contribute to shattering resistance10.
Thus, only Glyma.16G141100 – the candidate for sh1, and pdh1 in this
entire QTL region would be associated with shattering resistance.

The full-length genomic sequences of Glyma.16G141100 and Gly-
ma.16G141400 in both G. soja accessions PI 468916 and PI 479752 were
amplifiedby PCRand sequenced. At theGlyma.16G141100 locus, a small
insertion/deletion (InDel) involving nine nucleotides (ACTACTACT) and
a ‘G to A’ mutation, which is 6-nucleotides away from the InDel, were
detected within the third exon of the gene between the two G. soja
accessions (Sh1) and Williams 82 (sh1), resulting in an InDel of three
amino acids (ThrThrThr) and an amino acid change from ‘Ala’ to ‘Thr’ in
predicted protein sequences (Fig. 2c and Supplementary Data 3),
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consistent to previously revealed by genome-resequencing20. At the
Glyma.16G141400 locus, the two G. soja accessions possess Pdh1 that is
identical to the gene present in the shattering parental line, whereas
Williams 82 possesses pdh1 that is identical to the gene present in the
shattering-resistant parental line describedby Funatsuki et al.10 (Fig. 2c).
The genotypic and phenotypic data from the recombinants also indi-
cated that either the Sh1 allele or the Pdh1 allele alone produced shat-
tering (Fig. 2b and Supplementary Data 2).

We then analyzed the expression of the four genes between
markers SH401K and SRM1 in flowers and/or developing pods
(excluding seeds) in the three parental lines from the developmental
stage R1 (beginning bloom stage) to R6 (full seed stage) (Fig. 2b, d).

Glyma.16G141100 in the two G. soja accessions (i.e., the Sh1 candidate)
was expressed at the highest level in developing pods at R3 (beginning
pod stage) and exhibited differential expression in developing pods at
R3 and R4 (full pod stage) between the G. soja accessions andWilliams
82 (i.e., the sh1 candidate). Pdh1 in the two G. soja accessions was
expressed at the highest level in developing pods also at R3, but Pdh1
in the G. soja accessions and pdh1 in Williams 82 showed differential
expression across the developmental stages from R1 to R6, suggesting
thatGlyma.16G141100and Pdh1maybe involved indifferentmolecular
mechanisms modulating shattering. The expression patterns of Gly-
ma.16G141200 and Glyma.16G141300 were distinct from those of
Glyma.16G141100 and Pdh1. For example, in the R3 stage when

Fig. 1 | Genetic architecture of shattering resistance in soybeans. aPhotographic
illustration of pod dehiscence in Williams 82, PI 468916, and PI 479752. Bar = 1 cm.
b Statistics of dehisced pods in Williams 82, PI 468916, and PI 479752, and F1 pod
derived from the crosses of Williams 82 × PI 468916 and Williams 82 × PI 4479752,
respectively. cQTLmapping result using the RIL population derived fromWilliams
82 x PI 468916. The y-axis indicates the logarithm of the odds (LOD) score, and the
x-axis indicates chromosome. The gray line indicates the significant threshold LOD
determined by 1,000 permutations at significant level of 0.05. d QTL mapping
result using the RIL population derived from Williams 82 x PI 479752. The y-axis

indicates the LOD score, and the x-axis indicates chromosome. The gray line indi-
cates the significant threshold LOD determined by 1,000 permutations at sig-
nificant level of 0.05. e Genome-wide association mapping results using a natural
population including ~3000 soybean landrace accessions randomly selected from
the USDA Soybean Germplasm Collection. The gray dashed line indicates the sig-
nificant threshold value determined by Bonferroni correction. n = 3 biological
samples for Fig. 1b. Data are presented as mean values ± SD. Source data are pro-
vided as a Source Data file.
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Glyma.16G141100 and Pdh1 were most highly expressed in the two
G. soja accessions but barely expressed in Williams 82, the expression
levels of Glyma.16G141200 and Glyma.16G141300 in the two G. soja
accessions are lower than those of their respective allelic copies in
Williams 82.

Genetic transformation validates that both genes modulate
shattering
To validate the scenario of ‘two genes in oneQTLmodulating shattering’
as deduced above, as well as the causal mutations for shattering resis-
tance in cultivated soybean, we fused the cauliflower mosaic virus 35S
promoter with the coding sequence (CDS) of the Sh1 candidate, the CDS

of the sh1 candidate, the CDS of Pdh1, and the CDS of pdh1, respectively.
We introduced the four fusion constructs (p35S:CDS-Sh1, p35S:CDS-sh1,
p35S:CDS-Pdh1, p35S:CDS-pdh1), separately, into Williams 82, and
obtained nine, six, seven, and four independent transformation events,
respectively. For each construct, the T2 progeny derived from three
transformation events were further analyzed. In each of the chosen T2
progeny, the transgene was expressed in the developing pods at the
R3 stage at a much higher level than the native sh1 or pdh1 gene in
Williams 82 (Fig. 3a, b). As expected, the p35S:CDS-Sh1 transgenic lines
and the p35S:CDS-Pdh1 transgenic lines both produced more shattered
pods than Williams 82 (Fig. 3c–f). By contrast, neither the p35S:CDS-sh1
transgenic lines nor the p35S:CDS-pdh1 transgenic lines producedmore

Fig. 2 | Map-based cloning of soybean shattering resistance genes. a Physical
positions of shattering QTL region identified using the two RIL populations from
Williams 82 × PI 468916 andWilliams 82 × PI 479752, respectively. The black boxes
indicate the shattering QTL region defined on chromosome 16 according to the
Williams 82 reference genome assembly 2.0. b Fine mapping of shattering resis-
tancegenes. The physical positions ofmolecularmarkers used forfinemapping are
shown. Recombinants carrying crossovers are identified using molecular markers
andphenotypes from the twoRILpopulations derived fromWilliams 82× PI 468916
and Williams 82 × PI 479752. Black bars indicate G. soja genotype, and gray bars
indicate Williams 82 genotype. The annotated genes in the mapped region are
shown. Arrows indicate the deduced direction of causal genes. c Polymorphisms in

the coding sequence of Glyma.16g141100 and Pdh1 that result in amino acid
changes between shattering resistant line Williams 82 and susceptible lines PI
468916 and PI 479752. d The expression levels of Glyma.16g141100, Gly-
ma.16g141200, Glyma.16g141300 and Pdh1 in developing soybean pods in the
parental line Williams 82, PI 468916, and PI 479752. The expression levels of these
genes relative to aGmCons4 gene were analyzed by qRT-PCR. R1: beginning bloom,
R2: full bloom, R3: beginning pod, R4: full pod, R5: beginning seed, R6: full seed.
n = 3 biological samples for d. Data are presented as mean values ± SD. The statis-
tical significance is determined by a two-sided t test, and ***, **, * indicate P <0.001,
0.01, and 0.05, respectively. Source data are provided as a Source Data file.
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shattered pods thanWilliams 82 (Fig. 3c–f). These observations indicate:
(i) either Glyma.16G141100 (now designated Sh1) or Pdh1 in the G. soja
accessions promotes shattering; (ii) the 9-bp deletion, the nearby G/A
mutation, or the combination of both as a whole in the coding region of
Sh1, is the causal mutations that formed sh1 (Fig. 2c); (iii) consistent with
the study by Funatsuki et al.10, the (A/T) mutation is the causal mutation
that formed pdh1; and (iv) the domestication transition from shattering
to shattering resistance resulted from selection of both the sh1 and pdh1
mutations.

Allelic distribution reveals selection signals and dynamic
processes
To understand the selection process for shattering resistance during
soybean domestication, we investigated the genetic diversity of an
~2Mb region surrounding this major shattering QTL region in 2898

re-sequenced soybean accessions, including 103G. soja, 1048 land-
races and 1747 improved cultivars21,22. The genomic sequence analysis
revealed that the genetic diversity of landraces with the sh1 allele (πsh1)
or the pdh1 allele (πpdh1) is lower than that in G. soja (πG.soja) at the
position from 30.2 to 30.8Mb (based on ZH13.v2.0), where Sh1 and
Pdh1 were located respectively (Fig. 4a). The ratios of the nucleotide
diversity among the landraces carrying sh1 allele or pdh1 allele to the
nucleotide diversity among the G. soja revealed selective sweeps of
approximately 560 kb and 670 kb (Fig. 4b, c, Supplementary data 4),
respectively. This sweep region was also detected when the ratios of
nucleotide diversities among the landraces to the nucleotide diver-
sities among the G. soja accessions, without sorting the Pdh1 and pdh1
alleles or the Sh1 and sh1 alleles into distinct groups21,22, demonstrating
that this region was targeted for selection in the process of soybean
domestication.

Fig. 3 | Validation of Sh1 and Pdh1 functions by genetic transformation. a The
relative expression of Sh1/sh1 in Williams 82 and three independent Sh1/sh1
transgenic lines. Sh1OE/sh1OE indicates Sh1 and sh1 transgenic lines, respectively. The
expression level of genes in Williams 82 was set as 1, and the others were adjusted
accordingly. b The relative expression of Pdh1/pdh1 in Williams 82 and three
independent Pdh1/pdh1 transgenic lines. Pdh1OE/pdh1OE indicates Pdh1 and pdh1
transgenic lines, respectively. The expression level of genes in Williams 82 was set
as 1, and the others were adjusted accordingly. c Photographic illustration of pod
dehiscence in Sh1 and sh1 transgenic line compared to Williams 82. Bar = 1 cm.

d Photographic illustration of pod in Pdh1 and pdh1 transgenic line compared to
Williams 82. Bar = 1 cm. e Statistics of pod dehiscence in Sh1 and sh1 transgenic line
compared toWilliams 82. f Statistics of poddehiscence inPdh1 and pdh1 transgenic
line compared to Williams 82. n = 3 biological samples for a, b, and n = 3 biological
replications (with six individual transgenic plants for each replication) for e, f. Data
are presented as mean values ± SD. The statistical significance is determined by a
two-sided t test, and ***, **, and * indicate P <0.001, P <0.01, and P <0.05, respec-
tively. Source data are provided as a Source Data file.
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Fig. 4 | Analyses of genetic diversity in the Sh1 and Pdh1 region and allele
distribution in soybean populations. a Genetic diversity (π) of G. soja (black),
landrace with sh1 allele (brown) and landraces with pdh1 allele (blue) at the Sh1 and
Pdh1 region on chromosome 16 (Zhonghuang 13 version 2) using 2,898 re-
sequenced soybean accessions, including 103G. soja, 1,048 landraces and 1,747
improved cultivars. 100-kb sliding windows with 10-kb steps were used. The
selective sweep surrounding Sh1 (b) and Pdh1 (c). Individual vertical bars indicate

100-kb sliding windows with 10-kb steps. The selective sweep was identified by
nucleotide diversity ratios of landracewith sh1or pdh1over theG. sojapopulations.
d The frequencies of the causal mutations at sh1 and pdh1 positions in G. soja,
landraces and cultivars. ‘G’ and ‘A’ indicate shattering susceptible and resistant
alleles at Sh1, respectively. ‘T’ and ‘A’ indicated shattering susceptible and resistant
alleles at Pdh1, respectively. e Co-selection of sh1 and pdh1 during domestication
and improvements.
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We further analyzed the frequencies of the causalmutations of sh1
(G/A,which is co-segregatingwith the deletion of 9-bp, or6-bp in some
G. max varieties) and phd1 (A/T) in the G. soja, landraces and elite
cultivars. It was found that 47.1% of the G. soja, 85.5% of landraces and
93.1% elite cultivars carry sh1, and 1.5%of theG. soja, 68.5%of landraces
and 86.5% elite cultivars carry pdh1 (Fig. 4d). Although the sh1-Pdh1
and Sh1-pdh1 genotypes were also seen in both landraces and elite
cultivars, the majority of the landraces (79.9%) and elite cultivars
(93.0%) carry both sh1 and phd1 (Fig. 4e). These results, together with
the detected selective sweep harboring the two genes, suggest that
both the mutant alleles were targeted for selection during soybean
domestication and improvement.

We also analyzed the distribution of the ZYD00755 (G. soja)-type
allele SHAT1-5 and the HEINONG44 (G. max)-type allele shat1-5, based
on the 20-bp InDel at ~4 kb upstream of their promoter region11, in the
same set of G. soja, landraces and elite cultivars21,22. It was found that
13.5% of the G. soja accessions, 34.4% of landraces and 40.9% elite
cultivars carry shat1-5 (Supplementary Fig. 1a). Of the landraces and
elite cultivars possessing pdh1, 68.8% and 58.1% carry SHAT1-5,
respectively (Supplementary Fig 1b). Contrastingly, only 0.4% and0.2%
of the landraces and elite cultivars possessing pdh1 carry Sh1, respec-
tively (Fig. 4e). These observations suggest that the 20-bp deletion is
not associated with shattering resistance and that the shat-1-5 is unli-
kely to be a direct target for selection during soybean domestication
and improvement.

Molecular and cellular assays reveal interaction between Sh1
and SHAT1-5
Then, how does Sh1 promote shattering in G. soja? Since Sh1 is a
transcription factor, we wondered whether it directly binds to the
promoter regions of Pdh1 and SHAT1-5 to regulate their expression. To
explore these possibilities, we fragmented the putative promoter
regions (2-kb segments) upstreamof thefirst exonsof Pdh1 and SHAT1-
5 each into five 420-bp segments with a 20-bp overlap between adja-
cent segments, and then examined the binding capability of Sh1 to
these segments using yeast one-hybrid (Y1H) assays (Fig. 5a, b, Sup-
plementary Fig. 2). Our data showed that Sh1 was able to bind to the S2
segment of the SHAT1-5promoter region (Fig. 5a, b). Subsequently, the
S2 segment was further fragmented into 13 contiguous/overlapping
mini-segments (S2-1 to S2-13), which were screened for Sh1-binding
using Y1H assays (Fig. 5c, d). The data revealed that Sh1 was able to
bind to S2-5, S2-6, S2-11, and S2-12, which cover a 180bp contiguous
sequence (Fig. 5d). The binding of Sh1 to these mini segments was
further validated using electrophoretic mobility shift assays
(EMSAs) (Fig. 5e).

Subsequently, we employed dual-luciferase transient expression
assays to determine the action that Sh1 exerts on SHAT1-5. Briefly, the
CDS of Sh1was cloned into the pGreen II 0029 62-SK vector (62-SK) as
the Sh1 effector construct and expressed by the CaMV 35S promoter,
and the S2 segment from the SHAT1-5promoter regionwas cloned into
the pGreen II 0800-LUC vector (LUC), which also contains the REN
gene, as the SHAT1-5 reporter construct. The Sh1 effector construct or
the 62-Sk control was combined with the SHAT1-5 reporter construct
and co-injected into tobacco leaves, separately, to monitor the trans-
activity of the reporter by the effector. We found that the LUC/REN
ratio was reduced in leaves co-transformed with the Sh1 effector and
the SHAT1-5 reporter constructs compared to the LUC/REN ratio in
leaves co-transformed with the 62-SK vector and the SHAT1-5 reporter
construct (Fig. 5f), indicating that Sh1 is a repressor of SHAT1-5. This
explains why SHAT1-5 in G. soja was expressed at such a low level
compared with shat1-5 in G. max11.

Given that the mini-segments in the SHAT1-5 promoter region
bound by Sh1 are shared by the shat1-5 allele, and that the Sh1 trans-
genic lines of Williams 82 showed increased shattering compared with
Williams 82, we speculated that the Sh1 protein produced by the

transgene Sh1 would bind to the promoter region of shat1-5 to down-
regulate its expression. As expected, reduced levels of shat1-5
expression were observed in all three independent Sh1 transgenic
lines of Williams 82, compared with Williams 82 (Fig. 5g).

The zinc finger domain in a typical C2H2 zinc finger protein is the
core DNA-binding domain23. As the putative zinc finger domains of Sh1
and sh1 are identical, it is, as expected, that sh1, like Sh1, was detected
to be able to bind to the S2 segment in the promoter of SHAT1-5
(Supplementary Figs. 3 and 4). To determine whether sh1 was able to
repress the expression of SHAT1-5, we conducted the dual-luciferase
transient expression assayswith sh1 asdidwith Sh1. Different from that
observed in the Sh1 assays, the LUC/REN ratio in the tobacco leaves co-
transformed with the sh1 effector and the SHAT1-5 reporter constructs
was similar to that in tobacco leaves co-transformed with the 62-SK
vector and the SHAT1-5 reporter construct (Supplementary Fig. 5),
suggesting that sh1 had lost the ability to repress the expression of
SHAT1-5. Consistent to this observation, similar levels of shat1-5
expression were detected in the three sh1 transgenic lines and in Wil-
liams 82 (Supplementary Fig. 6). These results suggest that the loss of
theSh1 function as a repressor of SHAT1-5/shat1-5 in sh1wasnot related
to the DNA-binding ability of the zinc finger domain but the detected
casual mutations that changed amino acids in other domain of
the gene.

To determine whether the sequence polymorphisms between the
promoter regions of Sh1/sh1 are associated with their ability/inability
to repress the expression of SHAT1-5, we conducted the dual-luciferase
transient expression assays using the CDSs of Sh1 and sh1, separately,
whose expressions were driven by either their respective promoters or
with swapped promoters of the two alleles, rather than the 35S pro-
moter.We found that the expression of Sh1 under the control of either
the Sh1or sh1promoter repressed the expression of SHAT1-5, while the
expression of sh1 under the control of either the Sh1 or sh1 promoter
did not affect the expression of SHAT1-5 (Supplementary Fig. 7). These
observations further suggest that the detectedmutations in theCDSof
sh1 was responsible for the loss of the allele’s ability to repress the
expression of SHAT1-5/shat1-5.

According to Dong et al., the higher expression level of shat1-5 in
soybean cultivar HEINONG44, relative to SHAT1-5 in G. soja accession
ZYD00755, was associated with the thickening of secondary walls of
lignified FCCs in the ventral suture underlying shattering resistance11.
As Sh1 promotes shattering through downregulating SHAT1-5, we
deduced that the Sh1 transgenic lines would exhibit reduced thickness
of lignified FCC secondary walls compared with Williams 82; whereas
the sh1 transgenic lines and Williams 82 would show similar thickness
of lignifiedFCC secondarywalls. As exemplified in Fig. 5h, theobserved
data were consistent with our deduction.

Discussion
The exploration of the genetic foundation underlying shattering
resistance carries significant scientific importance, not only in under-
standing the process of soybean domestication but also in addressing
the persistent issue of yield loss caused by shattering.We demonstrate
that shattering inwild soybeans is predominantly governed by the Sh1-
Pdh1 QTL, and that artificial selection of the sh1-pdh1 double mutants
was primarily responsible for the rise of shattering resistance in culti-
vated soybeans. Our study also suggest that Sh1 is a repressor of
SHAT1-5 and modulates shattering through downregulating SHAT1-5
expression, whereas sh1 is a recessive allele, which has lost the ability
to repress the expression of shat1-5, giving rise to shattering resistance
in the pdh1 background in cultivated soybeans. While it has been clear
that the small deletion and the nearby point mutation mark the sh1
allele, whether the deletion, the point mutation, or both were causal
for the loss-of-function of sh1 has yet to be investigated. As the zinc
finger binding domains of the Sh1 and sh1 are identical and both were
able to bind to the promoters of SHAT1-5, themechanism bywhich the
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causalmutations resulted in the loss of the gene’s ability to repress the
expression of SHAT1-5 remains unclear. Overall, the structures and
functions of C2H2 zinc finger proteins are poorly characterized in
plants; nevertheless, a few non-zinc finger domains have been anno-
tated to enable various functions such as protein-protein interactions,
transcription repression, and oligomerization in animals. Thus,
although only the zinc finger domain in Sh1 is detectable, our study
suggests that the domain of Sh1, where the amino acids were altered in

sh1, is critical for the SHAT1-5 expression, exemplifying the role of an
unknown domain of a plant C2H2-like zinc finger protein in tran-
scription repression.

In addition to the enhanced understanding of the genetic archi-
tecture and molecular mechanisms underlying this domestication
trait, our studywould facilitate theutilizationofwild soybeans for crop
improvement. For example, our observations from the RILs for QTL
mapping, genetic transformation, and molecular and cellular assays
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Fig. 5 |Molecular interactionbetween Sh1 and SHAT1-5 and cellularmechanism
for shattering. a Schematic diagram of SHAT1-5 promoter segments used in Y1H
assay. b Results of Y1H assays with SHAT1-5 promoter segments. Diagram illus-
trating the results of Y1H assays. From left to right, S1 to S5. c Schematic diagramof
the SHAT1-5 promoter S2 segments fragmentation (60bp for each). d Results of
Y1H assayswith SHAT1-5promoter S2 segments fragmentation.Diagram illustrating
the results of Y1H assays. For the plate have seven groups, both 3 and 5 indicate S2-
1, S2-3, S2-5, S2-7, S2-9, and S2-11 segments, andboth 4 and6 indicate S2-2, S2-4, S2-
6, S2-8, and S2-12 segments, respectively. e EMSA detection of Sh1 binding to S2-5,
S2-6, S2-11 and S2-12 segments of SHAT1-5 promoter. EMSA of 3’-biotin-labeled
dsDNA probes with the purified Sh1 protein. The presence (+) or absence (–) of

specific probes is marked. The concentration of the cold probe was 1μM (100x),
2μM (200x), while that of the biotinylated probe was 10 nM. Water was added in
place of Sh1 protein as a control. f Regulation of Sh1 to SHAT1-5 using the dual
luciferase assay. Relative LUC/REN activities after infiltration for 3 days. g The
expression of SHAT1-5 in R3 pods of Sh1 transgenic plants. h Cross section analysis
of ventral suture of Sh1/sh1 andWilliams 82. The lignified fiber cap cell is indicated
by arrows. n = 6 biological samples for f, and n = 3 biological samples for
g, respectively. For f, g, data are presented as mean values ± SD, and the statistical
significance is determined by a two-sided t test. ***, **, * indicate P <0.001, 0.01, and
0.05, respectively. For e, h, three independent replicates are performed, and a
representative result is shown. Source data are provided as a Source Data file.
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suggest that both Sh1 and Pdh1 need to be knocked out for re-
domestication or de novo domestication of soybean from its wild
relatives for shattering resistance. This suggestion would be easily
taken given that the great majority of landraces and elite cultivars are
the sh1-pdh1mutants. Nevertheless, 13% of the 1048 landraces and 6%
of the 1747 elite soybean cultivars21,22 harbor both Sh1 and Pdh1 (the
latter was defined based on the absence of the causal mutation for
pdh1 defined by Funatsuki et al.10), and one of those cultivars showed
improved shattering resistance after its Pdh1wasknockedout by gene-
editing14. As those elite cultivars were developed for soybean pro-
duction, they should carry some degrees of shattering resistance. Such
resistance could have been obtained by uncharacterized mutations in
the Pdh1 and Sh1 alleles, such as a few rare recently found loss-of-
function pdh1 alleles15, which, prior to their discovery, must have been
defined as Pdh1. Of course, such resistance could also be attributed to
mutations in uncharacterized genes involved in the Pdh1- and Sh1-
mediated regulatory pathways, or other unknown genetic factors.
Alternatively, some elite cultivars possessing Sh1 and Pdh1 may have
been adapted to specific environments such as humid eco-regions
where shattering generally does not occur regardless of their
genotypes12,13. More comprehensive investigations such as phenotyp-
ing and expression analysis of the soybean cultivars with Sh1 and Pdh1
under diverse environments, creation of double mutations within
these two alleles or expression of either of these two alleles with their
native promoters in the sh1 and pdh1 background, identification of
genes targeted by Sh1 or its interacting proteins, genetics and func-
tional genomics studieswould further validate the functions of the two
genes and/or lead to discovery of uncharacterized alleles, genes, and/
or genetic pathways underlying this important trait in soybean and,
probably, inmany other plant species producing seeds in pods as well.

Shattering resistance is one of the quintessential domestication
syndrome traits strongly favored by early farmers across leguminous
and other crop species24. The dramatic differences in allelic fre-
quencies of Sh1 and Pdh1 (Fig. 4d) between wild and domesticated
soybeans reiterate this point. Despite the strong selection pressure for
the recessive shattering resistance alleles of these two genes, the
dominant wild-type shattering alleles do persist at low levels in land-
races and even among cultivars. This may be a result of differential
selection pressures in different environments. Bandillo et al. reported
an environmental association analysis of soybean landraces and con-
cluded that selection pressure for the non-shattering pdh1 allele was
stronger in drier environments conducive to shattering compared to
more humid environments where rates of shattering may be lower25.
Additionally, in some areas of smallholder soybean production, whole
soybean plants are harvested before full maturity and stacked in piles
to dry, and in these systems, shattering may be neutral or even
favorable for efficient recovery of seeds.

It remains unclear how sh1 and pdh1were selected and fixed in the
majority of cultivated soybeans. One possible scenario is hitchhiking,
which suggests that as the frequency of the beneficial variant increases
through artificial selection, other genetic variants linked to it can also
rise in frequency even if they do not provide any direct benefit26.
Hitchhiking effects play crucial roles in the process of plant domes-
tication, yielding both detrimental and advantageous outcomes27,28.
Since sh1 and pdh1 are so closely linked and both are critical for
shattering resistance, the high proportion of the sh1-pdh1 genotype in
cultivated soybeans would be easily explained by mutual hitchhiking
(Fig. 6). It is also possible that the two mutant alleles were initially
selected separately, and even within distinct timeframes, and were
later merged through recombination between the two loci from dif-
ferent genotypes (Fig. 6). Extensive and frequent genomic introgres-
sion betweenG. soja andG.max andwithin each of the two subspecies
had occurred during domestication and during the radiation of land-
races to various eco-regions post domestication29,30, which may have
led to re-selection or recurrent selection for the sh1-pdh1mutants, re-

shaping the frequencies of the alleles underlying this domestica-
tion trait.

Our previous work revealed nearly perfect genic collinearity
between the Sh1-Pdh1 regions of soybean and common bean31, which
were estimated to have diverged from a common ancestor for ~18
million years32. Asmanywild legumes showpod shattering, it would be
interesting to investigate whether the orthologs of these two genes in
these legumes retain similar functions and functionality, and whether
mutations, if occurred, in the two orthologous genes were also tar-
geted for selection for shattering resistance in common bean and
other leguminous crops.

Methods
Plant materials
The F6:7 RIL populations used in this study were developed using a
shattering-resistance cultivar Williams 82 and two shattering-
susceptibility accessions, PI 468916 and PI 4797529,16,17. The geno-
types were analyzed using Genotyping-by-Sequencing (GBS) and the
phenotypes of 661 RIL lines were used for the QTL mapping for Wil-
liams 82 × PI 468916 and Williams 82 × PI 479752 populations. The
shatter phenotypes of the parental lines Williams 82, PI 468916, PI
479752 grown in the field in West Lafayette, IN, were analyzed 10 days
after full maturity (R8 stage). For gene expression analysis in different
developing pods, the parental lines Williams 82, PI 468916 and PI
479752 were grown in the greenhouse and used to collect different
growth stages of pods (R1: beginning bloom, R2: full bloom, R3:
beginning pod, R4: full pod, R5: beginning seed, R6: full seed). For the
Genome wide association study (GWAS) analysis, 3,099 soybean
landraces were randomly selected from USDA Soybean Germplasm
Collection (Supplementary Data 1). The phenotypic data for GWASwas
downloaded from the USDA National Plant Germplasm System
(https://npgsweb.ars-grin.gov/) and the SoySNP50K data was obtained
from a previous study18.

Phenotyping
The shattering phenotypes of parental lines and RIL populations were
analyzed in the field, and the phenotypes of the parental lines and key
recombinants were confirmed in both the field and the greenhouse.
The pod dehiscence percentage >=30% was designated as shattering,
and the poddehiscence percentage <30%wasdesignated as shattering
resistant for the RIL populations. The transgenic soybean plants and
control Williams 82 were grown in the greenhouse and >100 full

Fig. 6 | Schematic demonstration of geneticmechanisms and selection process
for shattering. Allele Pdh1 produces pod wall torsion, whereas Sh1 weakens pod
ventral suture through repressing SHAT1-5 expression. pdh1 and sh1 are recessive
alleles selected for shattering resistance. The frequencies of pdh1, sh1, and shat1-5
in cultivated soybeans are shown in parentheses.
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maturity pods (R8 stage) from the top part of plants of each line were
collected and transferred into 37 °C oven for 50 days to analyze the
percentage of pod dehiscence. Soybean pods from the six individual
transgenic plants were harvested together as one biological replica-
tion, and three biological replications were analyzed in this study.

QTL mapping, fine mapping and GWAS analysis
The GBS of the 661 RIL population and QTL mapping were performed
using composite intervalmapping (CIM)model incorporated in the r/qtl
package9,33,34. After the identification of shattering QTL on chromosome
16, we used the simple sequence repeat (SSR) markers and additional
SNP, Indel markers to identify crossovers between individual markers,
and fine mapped the QTL region. Genome-wide association analyses
were performed using TASSEL5 with a mixed linear model35,36. All the
primers used in this study are listed in Supplementary Data 5.

Plasmid construction and soybean transformation
The coding sequence of Sh1 and Pdh1 were amplified from the pod
indehiscence variety Williams 82 and shattering genotype PI 468916,
respectively, using specific primers with XhoI and XbaI enzyme site
sequences. The resulting PCR products were digested by XhoI and XbaI
to produce cohesive ends, respectively. The plasmid pPTN1171 was also
digested using XhoI and XbaI to produce a linear plasmid37. The PCR
fragment and the linear pPTN1171 were ligated using T4 ligase. The
constructed plasmids were introduced into Agrobacterium tumefaciens
LBA4404 to transform into soybean Williams 82, respectively. The
soybean transformation was performed using Agrobacterium-mediated
cotyledonary-nodemethod38. T2 transgenic soybean lines were used for
shattering phenotype analysis. The soybean transgenic lines were con-
firmed using PCR, and the PCR fragments were sequenced to confirm
the target gene. The expression levels of Sh1/sh1 or Pdh1/pdh1 in
transgenic lines were analyzed using R3 stage pods, respectively. All the
primers used in this study are listed in Supplementary Data 5.

RNA isolation, cDNA synthesis and gene expression analysis
The RNA isolation of soybean samples was performed using TRIzol
reagent (Invitrogen, USA). The cDNA synthesis was conducted using
SuperScript II reverse transcriptase (Promega, USA). Quantitative
reverse transcription PCR (qRT-PCR) were performed using an ABI
QuantStudio®5 (ABI, USA)machinewith the set as follows: 95 °C for 5 s,
60 °C for 30 s, 40 cycles. Each sample was analyzed using three bio-
logical replicates. All the primers used in this study are listed in Sup-
plementary Data 5.

Genetic diversity analysis
The genetic diversity (π) of the G. soja, landrace and cultivar popula-
tions were calculated in 100 kb windows with 10 kb steps across the
Sh1-Pdh1 region (ZH13.v2.039) using VCFTools40.

Y1H, dual luciferase, and EMSA assays
The CDS of Sh1 was introduced into the yeast expression vector
pB42AD. Different truncated SHAT1-5 and Pdh1 promoter regions from
PI 468916 were cloned into yeast expression vector pLaczi2u, respec-
tively. These fusion constructs were then co-transformed into the yeast
strain EGY48. The transformed strains were incubated on SD-Ura/-Trp
agar at 28 °C for 3–5 d, following which their transcriptional activities
were assessed on SD-Ura/-Trp/Gal/Raf agar supplemented with X-gal.
For dual-luciferase system analysis, the promoter fragment of SHAT1-5,
spanning from 1201 bp to 1620bp upstream of the ATG (S2 segment),
was cloned into the pGreen II 0800-LUC vector (LUC), and the CDS of
Sh1/sh1 was cloned into the pGreen II 0029 62-SK vector (SK). The
promoter sequences of Sh1/sh1, approximately 2.5 kb upstream of the
ATG, and theCDSof Sh1/sh1were obtained fromPI 468916 andWilliams
82 by PCR, respectively. Different combinations of Sh1/sh1 promoters
and CDSwere cloned into pZY101.2 construct digested with XhoI/XbaI17.

The recombinant plasmids were transformed into Agrobacterium
tumefaciens (GV3101), and dual-luciferase assay was performed for
enzyme activity determination in Nicotiana benthamiana leaves 3 days
after injection41. For EMSA, Sh1 was cloned into pGEX-6P-1 vector and
transformed into Escherichia coli strain BL21 codon plus (DE3). The
transformed cells were induced with 0.2mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) followed by incubation at 37 °C for 4 h.
The cell pelletwas suspended inGST lysis buffer (1mMPMSF, 1mMDTT
andbinding buffer) and then subjected to sonication on ice at 22Wwith
a 4-s/4-s on/off cycle for 20min and centrifuged at 8000g for 30min at
4 °C. The supernatant was then purified using a GST SefinoseTM Resin
(Sangon Biotech) according to the manufacturer’s instructions. For
EMSA analysis, a Chemiluminescent EMSAKit (Beyotime)was employed
as per the manufacturer’s instructions. Based on the SHAT1-5 promoter
sequence, four pairs of 60bp double-stranded probes were designed,
with biotinylation at the 3’ end to function as Probe-Biotin, while the
unlabeledprobes servedasProbe-Cold for competition.Documentation
of the EMSA results was carried out using the plant in vitro fluorescence
detector (Newton7.0,Vilber). Theprobesused for EMSAandprimers are
listed in Supplementary Data 5.

Analysis of fiber cap cells in the pod ventral suture
Mid-sections of soybean pods at the R7 stage were selected, which
were fixed in 4% (w/v) paraformaldehyde and embedded in paraffin,
and cut using a Leica RM 2235microtome (Leica, Wetzlar, Germany)42.
The 8 µm thick paraffin sections were stained with phloroglucinol for
5min using a lignin staining solution from the SAINT-bio lignin staining
kit (R23301, SAINT-bio, Shanghai, China), and the fiber cap cells within
ventral suture were observed and imaged using a Carl Zeiss AG Axio
Scope A1 microscope (Model 0340108).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of thiswork are availablewithin the paper
and its Supplementary Information files. A reporting summary for this
Article is available as a Supplementary Informationfile. Source data are
provided with the paper. Source data are provided with this paper.
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