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Pod dehiscence (shattering) is essential for the propagation of wild
plant species bearing seeds in pods but is a major cause of yield loss
in legume and crucifer crops. Although natural genetic variation in
pod dehiscence has been, and will be, useful for plant breeding,
little is known about the molecular genetic basis of shattering
resistance in crops. Therefore, we performed map-based cloning to
unveil a major quantitative trait locus (QTL) controlling pod de-
hiscence in soybean. Fine mapping and complementation testing
revealed that the QTL encodes a dirigent-like protein, designated as
Pdh1. The gene for the shattering-resistant genotype, pdh1, was
defective, having a premature stop codon. The functional gene,
Pdh1, was highly expressed in the lignin-rich inner sclerenchyma
of pod walls, especially at the stage of initiation in lignin deposition.
Comparisons of near-isogenic lines indicated that Pdh1 promotes
pod dehiscence by increasing the torsion of dried pod walls, which
serves as a driving force for pod dehiscence under low humidity. A
survey of soybean germplasm revealed that pdh? was frequently
detected in landraces from semiarid regions and has been exten-
sively used for breeding in North America, the world’s leading soy-
bean producer. These findings point to a new mechanism for pod
dehiscence involving the dirigent protein family and suggest that
pdh1 has played a crucial role in the global expansion of soybean
cultivation. Furthermore, the orthologs of pdh1, or genes with the
same role, will possibly be useful for crop improvement.
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Seed dispersal is an essential process in many wild plants,
providing their progeny with adequate space for growth and
opportunities for survival under different environmental con-
ditions. Some plant species use external vectors for seed dis-
persal, such as animals, wind and, water. Other plant species,
such as Impatiens capensis (1), Impatiens glandulifera (2), and
Cardamine hirsuta (3), have evolved reproductive organs that
enable them to scatter seeds spontaneously after maturity. In
domesticated crops, however, spontaneous seed dispersal, or seed
shattering, causes significant yield losses (Fig. S14). Shattering
resistance, thus, has been preferentially selected during domes-
tication as the single most important domestication trait (4).

In plant species having pod-fruit types, such as legumes and
crucifers, pod dehiscence is the critical step in seed dispersal. In
general, a pod forms abscission layers at the binding sites of its
walls (valves) and accumulates the force to dehisce pod walls
upon drying during and after maturation. When the dehiscing
force exceeds the binding strength of the pod walls, the pod
dehisces and seeds are dispersed. In Arabidopsis thaliana, several
shattering-resistant mutants have been isolated, and the associ-
ated genes and mechanisms have been identified (5-10). In
shattering-resistant (SR) mutants, the formation of abscission
layers between valves and the replum is inhibited by two factors:
defects in transcriptional factors regulating fruit patterning (6—
9), or secondary cell wall formation (10), and the absence of
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polygalacturonase that degrades pectin, an adhesive polysaccharide
binding the walls of adjacent cells (5). These shattering-resistance
genes all increase the binding strength of abscission layers.

The cultivated soybean [Glycine max Merr. (L.)] is more resistant
than the wild soybean (Glycine soja Sieb. et Zucc.) to shattering.
Genetic analysis using a mapping population derived from a cross
between these two species has not identified any quantitative trait
loci (QTLs) with large effects on shattering, suggesting that multiple
genes with minor effects contribute to shattering resistance in
the cultivated species (11). A gene responsible for domestication,
SHATI-5 on chromosome 16, has very recently been identified (12).
This gene, which is homologous to NST1/2 of A. thaliana, activates
secondary cell-wall biosynthesis and promotes the thickening of fi-
ber-cap cells in pod sutures (12), the dehiscence site in soybean
pods. SHATI-5 also enhances pod-wall binding strength.

Genetic variation in the degree of pod dehiscence is also
present in cultivated soybean cultivars (13). Although shattering-
susceptible (SS) cultivars are more shattering-resistant than wild
soybeans, such cultivars are not suitable for harvesting under dry
conditions. This problem with SS cultivars is particularly true in the

Significance

Pod dehiscence is a critical step in the seed dispersal (shatter-
ing) of legume and crucifer crops and can cause significant yield
losses. Upon drying, pod walls are dehisced by two factors: the
reduction of pod-wall binding strength and the generation of
dehiscing forces. Although the previously reported shattering-
resistant mutants maintained binding strength, here, we show
a gene regulating the dehiscing force. The gene, Pdh1, encodes
a dirigent family protein, known to be involved in lignification,
which increases dehiscing forces by promoting torsion of dried
pod walls. The loss-of-function pdh7 gene has been widely
used as a shattering-resistance gene in soybean breeding. This
knowledge could be useful in improving other legume and
crucifer crops, as well as soybean breeding.

Author contributions: H.F. and K.F. designed research; H.F., M.S., A.H., H.I, T.Y.,, M.H.,
K.K., T.K., T.S., and K.F. performed research; H.F., T.K., M.I,, and K.F. analyzed data; and
H.F., T.K., M.I, and K.F. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database {DNA Data Bank of Japan/European Molecular Biology Laboratory/GenBank
accession nos. AB823548 (Pdh1 full-length cDNA, cv. Toyomusume); AB826447 (3.4-kb
Pdh1 genomic sequence of cv. Toyomusume transferred to cv. Jack); AB823549 (pdh1
sequence corresponding to coding sequence, cv. Hayahikari); AB823550 (Pdh1 coding
sequence, cv. Misuzudaizu); AB823551 [ORF1 (Glyma16925570.1), coding sequence, cv.
Toyomusume]; AB823552 (ORF1 [Glyma16925570.1], coding sequence, cv. Hayahikari);
and AB823553 (partial sequence of BAC clone H88I22, cv. Misuzudaizu)}.

'"To whom correspondence may be addressed. Email: funazki@affrc.go.jp or kaien@
res.agr.hokudai.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1417282111/-/DCSupplemental.

PNAS | December 16,2014 | vol. 111 | no.50 | 17797-17802

SCIENCES

-
<
o
>
=
=
]
g
[
]
<



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417282111/-/DCSupplemental/pnas.201417282SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1417282111&domain=pdf
http://www.ncbi.nlm.nih.gov/nuccore/AB823548
http://www.ncbi.nlm.nih.gov/nuccore/AB826447
http://www.ncbi.nlm.nih.gov/nuccore/AB823549
http://www.ncbi.nlm.nih.gov/nuccore/AB823550
http://www.ncbi.nlm.nih.gov/nuccore/AB823551
http://www.ncbi.nlm.nih.gov/nuccore/AB823552
http://www.ncbi.nlm.nih.gov/nuccore/AB823553
mailto:funazki@affrc.go.jp
mailto:kaien@res.agr.hokudai.ac.jp
mailto:kaien@res.agr.hokudai.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417282111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417282111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1417282111

L T

/

1\

=y

case of mechanical harvesting (13), which is indispensable to large-
scale cultivation. In contrast to results obtained from interspecific
genetic analysis, a major QTL for pod dehiscence has been iden-
tified in the cultivated species on chromosome 16 (14-17). An
anatomical analysis using near-isogenic lines (NILs) for this QTL,
designated as gPDH1, has revealed no marked differences in suture
morphology, including that of secondary cell-wall formation (18)
(Fig. S1B). Furthermore, gPDHI mapping has delimited this QTL
to a 134-kb genomic region lacking candidate genes homologous to
the Arabidopsis genes associated with pod dehiscence (19). These
facts suggest the involvement of, at least, a novel gene and mech-
anism in the regulation of pod dehiscence associated with gPDH]I.

Here, we report the map-based cloning of gPDHI. We dem-
onstrate that gPDHI encodes a dirigent-like protein that regu-
lates dehiscing force, the torsion of pod walls under low
humidity. We also provide evidence for the widespread distri-
bution of the shattering-resistance allele at this locus in semiarid
regions, including China and North America.

Results

Effects of gPDH1 on Pod Dehiscence and Pod-Wall Torsion Under Low
Humidity. Fully mature pods of two NILs for gPDHI—Iline 85R
carrying the shattering-resistance allele and line 85S carrying the
shattering-susceptibility allele—showed contrasting degrees of
pod dehiscence under low humidity (Fig. 1 4 and B). The het-
erozygous genotype 85H displayed an intermediate level of pod
dehiscence after 3 wk under dry conditions. After 6 wk, however, its
level was almost identical to that of 85S (Fig. 1B). An analysis of
variance (ANOVA) revealed significant differences among geno-
types and between stages, and also a significant interaction effect of
genotype x stage. These results indicate that the shattering-sus-
ceptibility allele at gPDH]I exhibits at least partial dominance.
Because gPDHI was unlikely to be associated with binding
strength, we focused on the effect of this QTL on dehiscing force.
Similar to mung bean (20) and bittercress (3), the dehiscing force
in soybean is assumed to be associated with the coiling habit of
pod walls upon drying. Under dry conditions, pod walls shrink
and curl in a vertical plane perpendicular to the axis of fiber di-
rection (21) (Fig. S1C), analogous to wood (22) and bittercress
(3). Dehydration over the threshold leads to pod dehiscence when
sutures dig inward (Fig. S1C). Because fiber and pod axes cross at
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Fig. 1. Pod dehiscence and pod-wall torsion of near-isogenic cultivated soy-
bean [Glycine max Merr. (L.)] lines for gPDH1 under low-humidity conditions.
(Scale bars: 10 mm.) (A) Dried pods of the shattering-resistant (SR) line 85R (Left)
and the shattering-susceptible (SS) line 85S (Right) at ambient humidity [~40%
relative humidity (RH)]. (B) Percentages of dehisced pods of 85R, 85H, and 855
after drying for 3 wk and 6 wk at 30% RH (mean =+ SE; n = 8). The 85H indicates
HC1-85H, the parental line of 85R and 85S with the heterozygous genotype at
gPDH1. Different letters denote significant differences (P < 0.001). (C) Pod walls
of 85R (Left) and 85S (Right) at 22% RH, dehisced after natural drying. (D)
Torsion angles of dehisced pod walls of 85R, 85H, and 85S at 30% RH (mean +
SE; n = 6). Different letters denote significant differences (P < 0.001).
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an angle, this curling results in twisting, or spiral coiling, of pod
walls after dehiscence (21). We accordingly measured the torsion
of dried pod walls to compare dehiscing forces of NILs. At a low
relative humidity, dehisced pod walls of 85R exhibited much lower
degrees of torsion than those of 85S (Fig. 1 C and D), suggesting
that the dehiscing force of 85R is weaker than that of 85S.

Map-Based Cloning of qPDH1. To fine-map gPDH]1, we screened
a large segregating population (~2,500 plants) derived from HC1-
85H, a line heterozygous only in the genomic region surrounding
gPDHI. Seven plants showed recombination between the two
DNA markers flanking the 134-kb genomic region. Progeny
testing narrowed the candidate region to 20 kb (Fig. 24 and Fig.
S2 A and B). An insertion/deletion (Indel) polymorphism in
Glymal6g25600, located outside of the 20-kb region, has been
speculated to be associated with shattering resistance (23). In
lines in the present study, however, percentages of dehisced pods
were not necessarily correlated with gap presence or absence
(Fig. S2C), clearly indicating that this polymorphism is unrelated
to gPDHI-associated shattering resistance.

Using the Phytozome soybean genome sequence database (24)
(www.phytozome.net/soybean), all or part of ORFs ORF1 and ORF2
were predicted to be present in the 20-kb region. Because this da-
tabase was constructed using an SR cultivar, Williams 82, an inserted
fragment sufficiently large enough to contain other ORFs could be
present in the SS genotypes. A bacterial artificial chromosome (BAC)
clone containing both flanking sequences of the 20-kb region was
accordingly isolated from a library constructed using the Japanese SS
cultivar Misuzudaizu. Although we found Indel variations up to 29
nucleotides long as well as single-nucleotide polymorphisms (SNPs)
in this clone, no large insertion sequence was detected in the region
of interest. As in Williams 82, only ORF1 and ORF2 were predicted
to be present in the genomic region of the SS cultivar.

Sequencing of these ORFs in the two HCI1-85H parental
cultivars, Hayahikari (SR) and Toyomusume (SS), revealed the
presence of three SNPs in the ORF1 coding region, which were
associated with one missense mutation and two synonymous
substitutions, and one SNP in the predicted intron of ORF2 (Fig.
24). The ORF1 missense mutation was not shared between the
two SS cultivars, Toyomusume and Misuzudaizu (Fig. S34), in-
dicating no involvement of this SNP in shattering. In contrast,
the genotype of the ORF2 SNP in Misuzudaizu was identical to
that of Toyomusume. Additionally, expression analyses revealed
differential transcript abundance between 85R and 85S for
ORF2 but not ORF1 (Fig. 2B and Fig. S3 B and C).

To further characterize ORF2, we determined the full-length
cDNA sequence of ORF2 of Toyomusume. ORF2 contained no
introns and encoded a protein of 183 amino acids (Fig. 1C and Fig.
S3D). Consequently, the SNP site in Hayahikari is responsible for
a nonsense variant at the 31st amino acid residue (Fig. 2 C and D),
indicating a defect in ORF2 in the SR genotype. The reduced
transcript expression observed in 85R may be explained by nonsense-
mediated mRNA decay resulting from the premature stop codon
(25). This nonsense variant is commonly found in SR cultivars (Fig.
2E). These results strongly suggest that ORF?2 is identical to gPDH1.

To confirm that ORF2 is gPDHI, we performed a comple-
mentation test. We introduced a 3.4-kb genomic fragment con-
taining the 5" and 3’ sequences of ORF2 from the SS cultivar
Toyomusume into an SR cultivar, Jack (Fig. S44). The sequence
of the ORF2 of Jack was completely identical to that of
Hayahikari. Moreover, a QTL analysis supported the hypothesis
that Jack carried a shattering-resistance allele at gPDHI (Fig. S4 B
and C). Transformants with the SS allele from Toyomusume
(Fig. S4 D and E) exhibited significantly higher degrees of pod
dehiscence and torsion than control plants (Fig. 2 F and G).
These results demonstrated that ORF2 is indeed gPDHI. We
therefore designated the gene as Pod dehiscence 1 (Pdhl).
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Fig. 2. Map-based cloning of cultivated soybean [Glycine max Merr. (L.)] gPDH1. (A) Predicted ORFs in the previously determined candidate region of chromosome
16 (blue arrows) and predicted ORFs in the region delimited in the present study (pink boxes). BAC H88I22 indicates a BAC clone carrying the gPDH1 locus of
a shattering-susceptible (SS) cultivar, Misuzudaizu. Red triangles indicate positions of single nucleotide polymorphisms (SNPs) between Hayahikari [shattering-
resistant (SR)] and Toyomusume (SS). (B) Results from semiquantitative RT-PCR for transcripts of ORF1 and ORF2 in pod walls of near-isogenic lines for gPDH1. R and
S indicate lines 85R and 85S, respectively. (C) cDNA structure of ORF2 of Toyomusume. (D) DNA and deduced amino acid sequences around the SNP. Red letters
indicate the SNP and the resulting amino acid residue or termination signal. The SNP can be recognized by a restriction enzyme, Nhe I. (E) PCR-RFLP genotyping of
SR and SS cultivars at the SNP using Nhe I. SR cultivars (leftmost lanes) and SS cultivars (rightmost lanes) are listed in S/ Materials and Methods. In these cultivars, the
presence of an SR or SS allele at gPDHT on chromosome 16 was suggested in this study or previous studies (14, 15, 17, 48, 56). (F) Percentages of pod dehiscence of an
SR cultivar, Jack, plants, which were nontransformed, transformed only with the vector, or transformed with ORF2 from Toyomusume, at 30% RH (mean + SE; n=3,
2, and 8). Different letters indicate significant differences (P < 0.001). Although nontransformed Jack plants were grown in a different growth chamber, pod
dehiscence was simultaneously monitored in the same chamber. (G) Torsion angles of dehisced pod walls of two-seeded (bar 2) or three-seeded (bar 3) pods of
nontransformed Jack plants, Jack plants transformed only with the vector, or Jack plants transformed with ORF2 from Toyomusume at 30% RH (mean + SE; n=3, 3,
2, 2, 8, and 6). Different letters indicate significant genotypic differences (P < 0.05), detected by two-way ANOVA.

Predicted Amino Acid Sequence of Pdh1. BLAST search analysis
against the GenBank Conserved Domain Database v3.12
(www.ncbi.nlm.nih.gov/cdd/) indicated that the protein enco-
ded by Pdhl is a member of the dirigent (DIR) superfamily
(Fig. 2C). This DIR superfamily contains a number of pro-
teins whose expression levels are induced during plant-disease
response and lignification. According to the classification of
Ralph et al. (26), the Pdhl-encoded protein belongs to DIR
protein group a, which includes DIR(-like) proteins from
Forsythia x intermedia (27) and pea (28) (Fig. S5).
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Pdh1 Gene Expression. Analysis of Pdhl expression in Toyomu-
sume revealed an abundance of transcripts in pod walls, but only
traces in flowers and immature seeds, and none in leaf, stem, or
root tissues (Fig. 34). In situ hybridization experiments indicated
that the transcripts were abundant in the inner sclerenchyma of
pod walls, the site of thick secondary cell-wall formation (Fig.
3B). Transcript levels in the pod-wall endocarp, which mainly
consists of inner sclerenchyma tissue, were ~22 times higher than
those in the exocarp and mesocarp (Fig. 3C). Pdhl expression
levels also varied over the course of pod development. The
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Fig. 3. Cultivated soybean [Glycine max Merr. (L.)] Pdh1 expression patterns. (Scale bars: 100 pm.) (A) Results of RT-PCR targeting Pdh1 transcripts in several
tissues. CYP2 corresponds to cyclophilin 2, used as a reference. (B) In situ hybridization for Pdh1 with an RNA probe in the antisense direction (Anti-sense) and
with the probe in the sense direction (Sense) to detect nonspecific binding. (C) Relative expression levels of Pdh1 in the endocarp and the remaining portion
of 5-wk-old pod walls detected by quantitative RT-PCR with reference to CYP2. (D) Cross-sections of inner parenchyma of 2- to 6-wk-old pod walls stained with
phloroglucinol-HCl to reveal the degree of lignification. (Scale bar: 100 pm.) (E) Changes in pod length, pod width, and pod-wall dry weight during pod
growth. (F) Relative expression levels of PdhT in 1- to 6-wk-old pod walls (means + SE; n = 3). Different letters indicate significant differences (P < 0.05)
between tissues (C) or among stages (F). TW-8W correspond to the number of weeks after anthesis. Mat indicates maturity.
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highest level of expression occurred 3 wk after anthesis (Fig. 3F),
when pod walls vigorously increased in dry weight and began to
deposit lignin in the inner sclerenchyma (Fig. 3 D and E). These
results indicate that the tissue-specific and developmental regu-
lation of Pdhl expression is similar to other DIR genes (29, 30).

Distribution of the Pdh1 Genotype in Soybean. To assess the dis-
tribution of the shattering-resistance gene pdhl, we surveyed
soybean germplasm in a mini-core collection established by
Kaga et al. (31). This collection currently consists of 79 Japanese
and 80 non-Japanese accessions, mostly landraces, and maximizes
genetic diversity with its small population size (31). Sequencing of
the Pdhl coding region of the 159 active accessions in this col-
lection revealed no other genotypes besides those of Hayahikari,
Toyomusume, and Misuzudaizu, with the exception of a hetero-
zygous genotype between Hayahikari and Toyomusume that is
most likely the product of outcrossing (Table S1). Of the non-
Japanese landraces, more than half of the Chinese landraces
possessed the pdhl allele (Fig. 44). A few landraces from South
Korea and Southeast Asia also contained pdhl whereas a large
proportion of South Asian accessions harbored this allele. We
found only two accessions containing pdhl among the Japanese
landraces. We also examined accessions of old and modern
soybean cultivars of North America and Japan for the SNP re-
sponsible for shattering resistance. Additionally, we tested East
Asian landraces used in a previous study, which were collected
mainly from China and considered to be the ancestors of North
American cultivars (32). We found the SR genotype in 62% of
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Fig. 4. Genotypes for the single-nucleotide polymorphism (SNP) of Pdh1
and shattering degrees of accessions in soybean germplasms. (A) Proportion
of Pdh1/pdh1 genotypes in various soybean germplasm pools: landraces
from East, Southeast, and South Asian countries from a mini-core collection,
old Japanese cultivars, modern Japanese cultivars, old North American cul-
tivars, and modern North American cultivars. Old and modern North
American cultivars correspond, respectively, to “ancestral” and “elite” North
American cultivars in a previous study by Hyten et al. (32). Gray and black
bars indicate percentages of accessions featuring SS and SR genotypes, re-
spectively, at the SNP. The accessions used are listed in Tables S1 and S2. (B)
Histograms of accessions with shattering scores, grouped by the shattering-
susceptible (SS) or the shattering-resistant (SR) genotype at the PdhTlocus.
The score increases with shattering degree as observed 2 wk after harvest
(www.ars-grin.gov/). Accessions with “SHATLATE” values deposited in the
GRIN database were analyzed.
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the Chinese landraces and 20% of the Korean and Japanese
landraces (Table S2), in agreement with the values estimated
from the mini-core collection. The SR genotype was found in
80% of 17 old North American cultivars (Fig. 4) that have been
reported to account for 86% of the collective parentage of North
American soybean cultivars released between 1947 and 1988
(33). Among modern elite North American cultivars released
between 1977 and 1990, only one possessed the SS genotype. In
contrast, only one old Japanese cultivar carried the SR genotype.
Although the SR genotype was somewhat more common in re-
cently developed cultivars, more than 80% of modern Japanese
cultivars still possessed the SS genotype. Only the SS genotype
was detected in wild soybean G. soja accessions (Table S2).

To confirm the effect of the Pdhl genotype on the shattering
resistance of the accessions, we analyzed shattering scores de-
posited in the Germplasm Resources Information Network da-
tabase (www.ars-grin.gov/npgs) (Table S2). The accessions with
pdhl had significantly lower shattering scores (P < 0.01) than
those with Pdhl, even if only the landrace data were used (Fig.
4B). The genotypic effect of Pdhl/pdhl was validated among
Japanese modern cultivars as well (P < 0.01). When East Asian
landraces with pdhl were compared with old and modern North
American cultivars with pdhl, the North American cultivars had
significantly lower shattering scores, suggesting the use of addi-
tional shattering-resistance genes in breeding programs.

Discussion

The mechanisms and genes involved in pod dehiscence have
been studied extensively in the model plant A. thaliana, with the
importance of abscission-layer formation highlighted as a result.
This accomplishment may be attributed to the relatively weak de-
hiscing force associated with pods of A. thaliana (3), as binding
strength should play a more prominent role in such cases. In con-
trast, the pods of many other plant species have evolved to generate
a strong dehiscing force (1-3) that should have a more important
contribution than that found in A. thaliana. Various studies have
investigated physical mechanisms, but genetic approaches have not
been exploited. Our map-based cloning study using soybean has
revealed important aspects of pod dehiscence, namely, the de-
hiscing force and the associated regulatory gene.

The identified gene, Pdhl, encodes a dirigent (DIR)-like
protein. Davin et al. (34) first found the effect of a DIR protein
on in vitro stereoselective bimolecular phenoxy radical coupling
of a monolignol, (E)-coniferyl alcohol, which they noted in a
woody plant, F. suspensa. The DIR protein led to the production
of (+)-pinoresinol, a type of lignan, instead of a mixture of three
racemic dimeric compounds (dilignols), including (+)-pinoresinol.
The mediation of stereoselective coupling with DIR proteins has
also been reported in moco cotton (35) and Arabidopsis (36, 37).
Despite the presence of many genes encoding this protein family
in vascular plants (26, 38), their only suggested role in planta was
related to disease resistance (28, 39) until Hosmani et al. (40)
reported the essential role of a dirigent domain-containing pro-
tein, ESB1, in the formation of lignin-based Casparian strips in
roots. Our study has revealed a function of the DIR superfamily,
the regulation of pod dehiscence.

The dehiscing force in C. hirsuta, or the pod-coiling habit, is
considered to be generated by the second endocarp layer with its
strongly asymmetrical cell-wall thickening (3). In the pod walls of
this plant, the second endocarp layer has the thickest cell walls of
any tissues. As seen in Fig. S1D, in soybean, the inner scleren-
chyma should be the determinant of pod-wall shape because it
possesses the highest cell density and the thickest cell walls of
relevant plant tissues. Additionally, the difference in cell-wall
thickness between the upper and lower layers also corroborates
that the inner sclerenchyma plays a similar role to the second
endocarp layer in C. hirsuta. The specific expression of Pdhl in
the inner sclerenchyma is consistent with the fact that Pdhl/pdhl
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regulates the magnitude of dehiscing force. Taken together,
Pdhl may promote pod dehiscence by influencing the physical
properties of the inner sclerenchyma. An alternative hypothesis,
in which Pdhl simply promotes dehydration of pod walls, can be
excluded because no difference was observed in the pod-wall
moisture content between Pdhl genotypes (Fig. S6A4).

The physical properties of dried pod walls are probably controlled
by the high-molecular weight compounds constituting the cell walls.
Although Pdh1 shows a high homology to DIR proteins belonging to
group a, some of which have been reported to be involved in lignan
biosynthesis, low-molecular weight compounds such as lignans are
not likely able to influence physical properties. The most likely
candidate of the cell-wall component associated with Pdh1 is lignin.
Observed gene-expression patterns also suggest an association be-
tween Pdhl and lignin deposition. Unlike a DIR gene reported in
cotton (39), however, Pdhl did not seem to significantly affect lignin
content (Fig. S6B). Based on previous discussions (27, 29, 41), Pdhl
may regulate lignin primary structure. Alternatively, Pdhl might af-
fect the pattern of lignin deposition, being broadly similar to ESB1
(40), which also has little impact on lignin content (42).

Soybean is believed to have been domesticated from G. soja
3,000-5,000 y ago in China (33), with its cultivation subsequently
spreading to surrounding Asian countries, including Japan (43).
During domestication, soybean probably acquired several shatter-
ing-resistance genes, including SHATI-5, to reach the minimum
level of shattering resistance for a crop. The high Pdhl frequency in
landraces of Japan, Korea, and Southeast Asian countries suggests
that the minimum shattering-resistance level was sufficient as long
as manually harvested in a humid climate. However, more than half
of the analyzed Chinese landraces were found to possess pdhl. A
possible explanation is that cultivars containing pdhl were de-
veloped later and were distributed throughout China by farmers,
who found the shattering-resistance trait indispensable for cultiva-
tion in the relatively dry climate. This explanation is consistent with
our observation of the high pdhl allele frequency in the landraces
of South Asia, considering the dry climate of this area, and that
Chinese germplasm had a relatively late introduction to South Asia
(31). Because no other major QTLs that condition pod dehiscence
have been reported in cultivated soybean (44), pdhl was likely
distributed to large areas as an invaluable gene resource for shat-
tering resistance. These data suggest a crucial role of pdhl in the
dissemination of soybean cultivation in semiarid areas.

Despite a relatively late introduction in the 18th century, North
America has been the world’s leading soybean production area for
more than 50y (45). The recent marked increase in soybean acreage
and production in North America is associated with the development
of many SR cultivars (46). Our findings demonstrate that this
achievement was made possible by the extensive use of pdhl and
the use of several additional minor shattering-resistance genes in
breeding programs. In addition to the priority given in breeding
programs to shattering resistance, the presence of pdhl in most an-
cestral lines collected from East Asia likely facilitated its rapid North
American distribution. Old North American cultivars with pdh1, such
as S-100, Roanoke, and Tokyo (Table S2), also contributed in large
part to the soybean’s genetic base in Brazil (47), currently the world’s
other leading producer. We believe that the advent and extensive use
of pdhl in the breeding programs enabled soybean cultivation in
semiarid areas and on large scales, leading to the current status of
soybean as the most economically important legume.

Recently, high levels of shattering resistance have become nec-
essary in moderately humid areas, such as Japan, due to mod-
ernized agricultural systems using mechanical harvesting (13).
However, our results indicate that the presence of pdhl is not
common in modern Japanese cultivars. The near absence of pdhl
from Japanese landraces has obviously led to the low pdhl fre-
quency. The identification of the gene and the development of
DNA markers will accelerate the use of pdhl in breeding programs
for areas with a low pdhl1 frequency. For instance, pdhl can be used
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to produce SR lines with various genetic backgrounds by the
combined use of backcrossing and marker-assisted selection (48).

The prevention of pods from shattering is also a promising
strategy for increasing the yields in some other crops, such as
Brassica napus and Lotus corniculatus (49). To date, however, no
agronomic achievement has been reported based on the use of
the Arabidopsis shattering-resistance genes identified for fruit
patterning. For instance, the introduction of the FRUITFULL
gain-of-function gene, which dominantly suppresses the forma-
tion of abscission layers, to Brassica juncea made pods resistant
to threshing (50). Although fine-tuning the INDEHISCENT
gene expression has been proposed for crop improvement (51),
the use of the orthologous gene for pdhl, or other genes regu-
lating the dehiscing force, may provide promising alternatives
because pdhl has long proven its usefulness in agriculture.

In conclusion, our work provides insights into the mechanisms
underlying pod dehiscence. Although the biochemical mechanisms
remain to be shown, a biologically important function has been
uncovered for the DIR protein family. We have also demonstrated
the critical role of pdhl in the worldwide expansion of soybean
cultivation. Furthermore, the identified gene and the DNA marker
developed in this study should be useful for the breeding of crop
plants subject to pod dehiscence, including soybean, other legumes,
and possibly crucifers.

Materials and Methods

Details about materials and methods are provided in S/ Materials and Methods.

Plant Materials. Soybean seeds were provided by the Hokkaido Research
Organization (HRO), the National Agricultural Research Organization (NARO),
the National Institute of Agrobiological Sciences (NIAS), the US Department
of Agriculture, and soybean-breeding laboratories in Japan as described in
Tables S1 and S2. A population of 2,535 self-pollinated progeny of HC1-85H
were used for fine mapping of the gPDHT locus. A set of F,.5 recombinant
inbred lines was derived from a cross between Toyomusume and Jack for QTL
analysis. Plants were grown in growth chambers or in the field.

Characterization of Pod Walls. The pod dehiscence percentage was evaluated
at low humidity [30% relative humidity (RH)] or by heat treatment. Pod-wall
torsion angles were measured at low humidity with a newly developed in-
strument and image analysis system using two-seeded pods for 85R, 85H, and
85S plants or two- and three-seeded pods for Jack and transgenic plants.
Cross-sections were stained with phloroglucinol-HCl before microscopic ob-
servation. The moisture content of each sample was determined based on
fresh (or air-dried) and oven-dried weights. Lignin content was obtained from
the sum of acid-insoluble (Klason) lignin and acid-soluble lignin contents.

BAC Screening. BAC libraries constructed using total DNA of the SS soybean
cultivar Misuzudaizu after partial digestion with Bglll or Hindlll were used
for screening.

Genomic PCR, RT-PCR, Real-time PCR, 3’ and 5’ Rapid Amplification of cDNA
Ends, in Situ hybridization, DNA Sequencing, and SNP Genotyping. DNA and
RNA isolation, PCR, in situ hybridization, and DNA sequencing were per-
formed by commonly used methods. The PCR-restriction fragment length
polymorphism (RFLP) method with the restriction enzyme Nhe | or “tetra-
primer ARMS-PCR" (52) (Fig. S3E) was used for genotyping the soybean
accessions for the SNP in Pdh1. Primer sequences are listed in Table S3.

Plant Transformation. A biolistic transformation was performed using cul-
tured cells derived from immature embryos of the cultivar Jack as described
by Nishizawa et al. (53).

Bioinformatic Analyses. The conserved domains search tool (www.ncbi.nim.
nih.gov/Structure/cdd/wrpsb.cgi) and MEGA6 program (54) were used for
alignment and phylogenetic analysis of the Pdh1 protein, respectively. Windows
Cartographer 2.5 (55) was used for QTL analysis.
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