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Abstract

Pod dehiscence facilitates seed dispersal in wild legumes while indehiscence is a key domestication trait in cultivated ones.
However, the evolutionary genetic mechanisms underlying its diversity are largely unclear. In this study, we compared tran-
scriptomes of two warm-season (Glycine spp. and Phaseolus spp.) and two cool-season (Pisum spp. and Medlicago ruthenica)
legumes in analysis of dehiscent and indehiscent pod genotypes. Differentially expressed genes in AP2/ERF-like transcription
factors and seven structural gene families, including lactoperoxidase, laccase, and cellulose synthase-interactive proteins,
which are involved in secondary cell wall component accumulation, were identified to exert key roles in pod dehiscence vari-
ation. In accordance with this, higher lignin and cellulose contents were observed in pod secondary cell wall of dehiscent
accessions of soybean and pea; however, the variation patterns of lignin polymers in soybean (accumulation) and pea (pro-
portion) differed between dehiscent and indehiscent pods. Moreover, genome-wide comparative analysis revealed that
orthogroups represented <1% of all identified differentially expressed genes could be traced among the four genera of le-
gumes, while recruiting paralogous members may constitute the genetic robustness of legume pod dehiscence. This study
compared the genetic mechanism among several legumes in pod dehiscence formation and revealed a compensating role of
paralogous redundancy of involved gene families in seed dispersal, which can guide crop breeding.
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Significance

Pod dehiscence across several legume species was related to paralogous instead of orthologous genes from multiple
gene families including AP2/ERF-like and genes affecting secondary cell wall formation and lignin/cellulose content,
which were differentially expressed between pod dehiscent and indehiscent accessions.
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Introduction

Seed dispersal is an essential driver of the diversity affecting
the structure, composition, and spatial arrangement of plant
populations in natural environments (Aslan et al. 2019).
Changes in seed dispersal are also one of the most visible do-
mestication syndromes (Hammer 1984) in crops including cer-
eals such as rice (Oryza sativa) or legumes as soybean (Glycine
max) and pea (Pisum sativum) (Fuller and Allaby 2009). Pod
dehiscence or seed shattering during harvest is one of the ma-
jor challenges in agricultural mechanization resulting in yield
losses, especially under high temperatures and arid conditions
(Maity et al. 2021). Therefore, varieties with dehiscence/shat-
tering resistance have been a common goal (Ogutcen et al.
2018; Di Vittori et al. 2019; Parker, Lo, and Gepts 2021).
Leguminosae (legumes) is one of the most important angio-
sperm plant family in the global ecosystem and the second lar-
gest in the case of economic crops (Azani et al. 2017; Zhao
etal. 2021). Pod dehiscence is suggested to be under conver-
gent evolution (Lenser and TheiBen 2013; Fuller et al. 2014;
Chamberlain-Irwin and Hufford 2022), in which independent
selections lead to similar changes in different regions of do-
mestication and historical periods among multiple legumes
(Parker, Lo, and Gepts 2021). Elucidation of the genetic basis
and evolutionary mechanisms underlying pod dehiscence di-
versity is important to understand the adaption of wild leg-
ume species and also in the breeding of pod
dehiscence-resistant crop varieties.

Seed dispersal via pod dehiscence is a result of interac-
tions between multiple pod tissues. The pod wall of le-
gumes consists of the exocarp (epidermal cells), mesocarp
(parenchyma cells), and endocarp (sclerenchyma and inner
epidermal layer), and the dehiscence zone at the ventral su-
ture terminates in the fiber cap-mesocarp boundary formed
by the sclerenchyma at the pod-shell boundary (Ogutcen
et al. 2018; Parker, Lo, and Gepts 2021). When the pod is
desiccating and dried, differences in the cellular water con-
tent of the pod wall lead to differences in shrinkage and
twist, resulting in pod dehiscence (Armon et al. 2011;
Ogutcen et al. 2018; Parker, Lo, and Gepts 2021).
Furthermore, developmental anatomical changes in endo-
carp sclerenchyma and fiber cap cells (FCCs) of the ventral
suture have been identified as major drivers of pod dehis-
cence in various legumes (Hradilova et al. 2017; Di Vittori
et al. 2021; Parker, de Sousa, et al. 2021; Guo et al.
2022; Yong et al. 2023). Pod wall twists show a strong posi-
tive correlation with the thickness of sclerenchyma in le-
gumes (Takahashi et al. 2020). Moreover, the number
variation of FCC can influence pod wall bond strength
and pod dehiscence in soybean (Dong et al. 2014). The
identification of key genetic components and regulations
of anatomical differences is essential and lacking.

Various domesticated legumes including soybean, com-
mon bean (Phaseolus vulgaris), and pea have been studied

in relation to pod development and dehiscence (Dong et al.
2014; Funatsuki et al. 2014; Hradilové et al. 2017; Lo et al.
2018; Rau et al. 2019; Di Vittori et al. 2021; Parker, de
Sousa, et al. 2021; Guo et al. 2022; Yong et al. 2023).
Soybean Pod dehiscence 1 (Pdh1, encoding a dirigent-like
protein that regulates lignin deposition and biosynthesis)
and SHATTERING 1-5 (SHAT1-5, a homolog of
Arabidopsis NST1/2 encoding a NAC protein) were identi-
fied to contribute to pod dehiscence by modulating lignin
deposition in sclerenchyma and FCC, respectively (Dong
et al. 2014; Funatsuki et al. 2014). In common bean, be-
sides the soybean Pdh7 orthologous gene PvPdh1
(Moghaddam et al. 2016; Parker, de Sousa, et al. 2021),
a major quantitative trait locus (QTL) gPD5. 7 was predicted
to be PvMYB26, an ortholog of AtMYB26 transcription fac-
tor (TF). This gene is upregulated in early dehiscence pods
and regulates the abscission zone formation of ventral su-
ture (Rau et al. 2019; Di Vittori et al. 2021). Homologous
VuMYB26 and VaMYB26 genes were found to affect pod
dehiscence by regulating the development of sclerenchyma
in phylogenetically related cowpea (Vigna unguiculata) and
adzuki bean (Vigna angularis) (Yang and Wang 2016; Yang
etal. 2017; Lo et al. 2018). Pod dehiscence in pea has been
identified to be regulated by DpoT locus (Weeden et al.
2002; Weeden 2007), yet to be identified at gene level.
Cell wall modification genes located at the same position
as Dpo1 are differentially expressed between dehiscence-
prone and dehiscence-resistant pea varieties (Hradilova
et al. 2017). Similarly, two QTL governing pod dehiscence
were identified in lentil (Lens spp.) (Cao et al. 2024). In add-
ition, the Arabidopsis bHLH homologous TF genes
INDEHISCENCE (IND) and ALACATRAS (ALC) are associated
with pod dehiscence in soybean and common bean (Hu
et al. 2019; Parker et al. 2020). Altogether, orthologous
members of genes that regulate pod dehiscence variability
seem to have often been selected in parallel during the leg-
ume domestication (Parker, Lo, and Gepts 2021; Yong et al.
2023). However, the soybean Pdh1 paralogous instead of
orthologous gene in chickpea (Cicer arietinum), named
CaPdhi1, was recruited to regulate pod dehiscence
(Aguilar-Benitez et al. 2020; Yong et al. 2023).
Orthologous genes derived from a single ancestral gene
could have similar functions, but paralogous genes via du-
plication events provide more genetic resources due to
functional differentiation (Koonin 2005).

Although the anatomy of pod dehiscence has been asso-
ciated with sclerenchyma and fiber cap in various legumes,
underlying genetic mechanisms remain largely unknown. In
the present study, we comparatively analyzed transcrip-
tomes related to pod dehiscence in two warm-season le-
gumes (soybean and common bean) and two cool-season
legumes (pea and Medicago ruthenica). As a result, we
identified that multiple gene families such as AP2/ERF-like
TFs and those involved in lignin metabolic process form
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the common genetic mechanism regulating pod dehis-
cence. In corroboration with this, we found that lignin com-
position was altered in both soybean and pea, resulting in
modified physical properties of the pod wall. Our results re-
vealed the genetic diversity and compensatory mechanisms
recruiting paralogous genes for genetic robustness in seed
dispersal of legumes, providing a guide for breeding pod
dehiscence-resistant varieties of legume crops.

Results

Intraspecific DEGs Between Pod Dehiscent and
Indehiscent Legumes

To reveal transcriptomic differences between dehiscent and
indehiscent pods in studied legumes, we compared pod
dehiscence-related transcriptome data from soybean
(Glycine spp.: Glycine soja and G. max), common bean
(P. vulgaris), pea (Pisum spp.: Pisum elatius and P. sativum),
and M. ruthenica, encompassing six species across four
genera (supplementary fig. S1a, Supplementary Material
online). Differentially expressed genes (DEGs) between de-
hiscent and indehiscent pods in each species identified can-
didate genes, and interspecific comparison provided the
subset of conserved genes. In this scenario, the number
of DEGs ranged from 84 to 14,687 in different subgroups
of four studied genera of legume species (supplementary
fig. S1b, Supplementary Material online). After combing
and de-duplicating the DEGs in different subgroups of
each species, these revealed 1,252, 6,453, 1,453, and
20,391 candidate DEGs for Glycine spp., P. vulgaris,
Pisum spp., and M. ruthenica, respectively (Fig. 1a). These
DEGs were enriched for photosynthesis, secondary
metabolism related to cell wall composition, and other
biological processes like hormone synthesis/metabolism
(supplementary table S1, Supplementary Material online).
Interestingly, the known genes SHAT1-5, MYB26, and a
bHLH gene (homolog of Arabidopsis IND and ALC) were
DEGs in common bean and M. ruthenica but not in soybean
and pea, whereas Pdh1 (Yong et al. 2023) was only
differentially expressed in soybean and common bean,
both warm-season legumes (supplementary fig. S2,
Supplementary Material online). These identified DEG fam-
ilies thus provide gene regulatory network involved in pod
dehiscence in a wider set of legumes.

We identified orthologous genes within the DEGs to ex-
plore the conservation and specificity of the regulatory
mechanism of pod dehiscence. Thirty-two, 46, and 20
DEGs orthogroups were found in warm-season legumes
(Glycine spp. and P. vulgaris), cool-season legumes (Pisum
spp. and M. ruthenica), and all four genera of legumes
(six species), which accounted for <1% of the identified
DEGs (Fig. 1a). Among these, the orthologous genes of fla-
vin adenine dinucleotide-dependent oxidoreductase, fatty

acid desaturase, and cellulase were shared by all legumes,
suggesting a common mechanism involved in cell wall
synthesis-related metabolism, hormone metabolism, and
biological processes related to cell wall composition
(Fig. 1a and b). The orthologous genes encoding
leucine-rich repeat proteins and chalcone and stilbene
synthases participating in the processes related to fruit ri-
pening, hormone synthesis, and glucose metabolism were
specifically recruited in the warm-season legumes (Fig. 1a
and c). On the other hand, orthologous genes in cool-
season legumes were dominated by terpene synthase and
protein kinase and those related to biological processes
such as primary metabolism and phosphorylation (Fig. 1a
and d).

Coexpression Modules Associated with Pod Dehiscence
and Indehiscence in Legumes

The coexpression module analysis was performed to verify
the results of DEGs analysis and to reveal regulatory me-
chanisms controlling pod dehiscence in legumes. In com-
mon bean, weighted gene coexpression network analysis
(WGCNA) revealed 22 coexpression modules (ME) when
clustering completely dehiscent pods with indehiscent
ones, with the pink module (ME-pink) specifically asso-
ciated with the dehiscent pod phenotype, and correspond-
ing genes implicated in cell wall composition (Fig. 2a;
supplementary fig. S3a and b, Supplementary Material on-
line). Meanwhile, the ME-royal blue from 25 coexpressed
modules was associated with pod dehiscence when cluster-
ing the middle/intermediate dehiscent pods with the in-
dehiscent pods, and genes within these modules were
involved in hormonal responses and cell wall loosening
(Fig. 2b; supplementary fig. S3c and d, Supplementary
Material online).

In M. ruthenica, WGCNA identified two of the 23 coex-
pression modules associated with pod dehiscence, specific-
ally ME-magenta and ME-black (Fig. 2c and d;
supplementary fig. S4a, Supplementary Material online).
The genes within the ME-magenta were implicated in a di-
verse array of metabolic processes, whereas the genes
within the ME-black were mainly involved in cell growth
and cellular morphogenesis (supplementary fig. S4b and
¢, Supplementary Material online).

In soybean, two coexpression modules were found to be
associated with pod dehiscence in both cultivars
(Cluster2-CS and Cluster5-CS) and landraces (Cluster4-LS
and Cluster5-LS). Genes within  Cluster2-CS  and
Cluster4-LS were mainly involved in histone modification
processes, while genes within  Cluster5-CS and
Cluster5-LS participated in cell wall composition-related
metabolic processes (Fig. 2e to h; supplementary figs. S5
and S6, Supplementary Material online). When clustering
with wild soybean, six and eight coexpression modules
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Fig. 1. DEGs for pod dehiscence in legumes. a) Orthogroups of DEGs in legumes. Left histogram: DEGs were identified in pod dehiscent and indehiscent
accessions in Glycine spp. (including wild and cultivar), P. vulgaris, Pisum spp. (including wild and cultivar), and M. ruthenica. Right histogram: the orthogroup
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Annotations of GO terms associated with pod dehiscence are given.

were respectively identified in cultivars and landraces, and
only Cluster3-WCS and Cluster6-WLS were associated
with pod dehiscence (Fig. 2i and j; supplementary fig. S7a

and b, Supplementary Material online). Gene ontology
(GO) enrichment analysis showed that genes within
Cluster3-WCS were mostly involved in the regulatory
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processes such as glycan metabolism, protein phosphoryl-
ation, and microtubule cytoskeleton organization. At the
same time, genes within Cluster6-WLS were also enriched
in relevant cell wall biosynthesis and composition-related
biological processes (supplementary fig. S7c and d,
Supplementary Material online).

In pea, we analyzed two groups of early and late devel-
opmental stages for gene coexpression, and as a result, 16
coexpression modules were identified (Fig. 2k and I;
supplementary figs. S8 and S9, Supplementary Material on-
line). The Cluster1-ESP at early stage and Cluster12-LSP at
late stage were associated with the pod dehiscence
(Fig. 2k and 1), and the GO enrichments indicated that
most of the coexpressed genes at early and late stages
were involved in polysaccharide metabolism and cell wall
composition or synthesis (supplementary figs. S8b and
S9b, Supplementary Material online).

Altogether, the above analyses further support the sec-
ondary cell wall-related metabolic processes playing a cru-
cial role in legume pod dehiscence. The results of
orthologous genes identification showed that the
orthogroups of coexpressed genes in the warm-season le-
gumes, cool-season legumes, and all four genera of le-
gumes were 38, 10, and 8, respectively, which accounted
for <1% of the number of coexpressed genes in each spe-
cies (supplementary fig. S10a, Supplementary Material on-
line). In addition to cell wall composition, GO enrichments
also revealed that RNA splicing and protein phosphoryl-
ation/dephosphorylation modification associated with the
abscisic acid (ABA) signaling pathways, such as pyrabactin
resistance 1-like proteins (PYLs) in warm-season legumes
and cyclin-dependent kinases (CDKs) in cool-season le-
gumes, were different between dehiscent and indehiscent
pods (supplementary fig. S10b to d, Supplementary
Material online), implying that RNA splicing and epigenetic
modification were involved in the regulating pod
dehiscence.

Candidate Gene Families Involved in Pod Dehiscence

As a relatively small number of orthologous genes were
identified in all four genera of studied legumes, we inte-
grated the GO enrichment of DEGs and coexpressed genes
to determine conserved biological processes regulating pod
dehiscence. A total of 76 conserved GO terms were identi-
fied in DEGs (Fig. 3a) and 1,196 GO terms were shared by
the four genera of legumes in coexpression genes
(Fig. 3b), revealing 71 conserved GO terms. Fifteen of which
were found to be involved in cell wall composition, includ-
ing photosynthesis-related, glucose metabolism-related,
phenylpropane metabolism pathway, cellular component
organization, and hormonal regulation (Fig. 3c). We there-
fore focused on the five GO terms involved in secondary cell
wall formation, consisting of phenylpropanoid metabolic

pathway (GO: 0009698), phenylpropanoid synthesis path-
way (GO: 0009699), plant-type cell wall organization (GO:
0009664), cell wall modification (GO: 0042545), and
cell wall organization (GO: 0071555) (Fig. 3c). We found
that members of only seven gene families were involved
in these five GO terms within the four genera of legumes.
These encoded lactoperoxidase (LPO), w-hydroxypalmitate
O-feruloyl transferase (HHT), UDP-glycosyltransferase
(UGT), aldehyde dehydrogenase (ALDH), Cytochrome
P450/isoflavone 2'-hydroxylase (CYP81D1), laccase (LAC),
and cellulose synthase-interactive protein 1 (CSI1)
(Fig. 3¢). Different paralogous members of each gene fam-
ily were differentially expressed in pods of the different leg-
ume species (supplementary fig. S11, Supplementary
Material online). These seven gene families and their poten-
tial regulatory genes might be essential for pod dehiscence
of legume species.

AP2/ERF-Like TFs Act Potential Regulators for Pod
Dehiscence

To determine the hypothesized regulators, we identified TF
genes within DEGs. Multiple regulatory gene families were
identified, with a high proportion of AP2/ERF, bHLH, NAC,
and MYB-like TFs (Fig. 4a; supplementary fig. S12,
Supplementary Material online). Next, we analyzed the cis-
motifs on the promoters of seven candidate gene families
to discern which TFs may have been involved in their regu-
lations (supplementary fig. S13, Supplementary Material
online). We found that their promoter regions contained
the binding sites of MYB-, bHLH-, and NAC-like TFs, previ-
ously described as involved in pod dehiscence regulation
(Dong et al. 2014; Hu et al. 2019; Rau et al. 2019; Parker
et al. 2020; Di Vittori et al. 2021). Interestingly, the highest
proportion of AP2/ERF-like TF binding sites (24.5%) was
found in promoter regions of candidate genes (Fig. 4b), im-
plying that AP2/ERF-like TFs may act as key regulators for
pod dehiscence in legumes.

To further establish the association of TFs with the can-
didate genes and already reported genes involved in pod
dehiscence formation, we assessed expression levels (frag-
ments per kilobase million [FPKM]) using Pearson’s correl-
ation coefficient (Fig. 4c; supplementary figs. S14 to S19,
Supplementary Material online). We found significant
expression correlations between AP2/ERF-like TFs and can-
didate genes, like ALDH, CSI1, and CYP81D1, in both com-
mon bean and M. ruthenica, less so in soybean and pea
(Fig. 4c; supplementary fig. S14, Supplementary Material
online). Moreover, some AP2/ERF-like TFs showed signifi-
cant expression correlations with reported pod dehiscence
genes in soybean, common bean, pea, and M. ruthenica
(supplementary figs. S15 to S18, Supplementary Material
online). Furthermore, significant expression correlations be-
tween MYB26, Pdh1, and SHATT-5 and some members of
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CSI1, cellulose synthase-interactive protein 1.

the candidate genes were found in the four genera of leg-
ume species (supplementary fig. S19, Supplementary
Material online). Altogether, these suggested that AP2/
ERF family TFs might act as regulators for pod dehiscence.

Evolution of Candidate Gene Families in Legumes

To reveal the evolution of pod dehiscence variation, we
conducted phylogenetic analyses of the identified eight
gene families in 31 legumes belonging to 18 genera.

supplementary figs. S20 and S271a, Supplementary
Material online). We mapped the identified DEGs in these
legume species on these phylogenetic trees and found
that the DEGs from ALDH, CSI1, CYP81D1, LAC, LPO,
HHT, and UGT families in different legumes were mainly
distributed in one or two paralogous branches or subfam-
ilies within their own families (supplementary figs. S20
and S21a, Supplementary Material online). For example,
DEGs of ALDH family were distributed in two branches,
which belonged to two orthogroups and existed as tandem

Multiple paralogous branches or subfamilies were observed duplicates in legumes (supplementary fig. S21b,
in each of these candidate gene families (Fig. 5a; Supplementary Material online). Moreover, through
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microsynteny and ancestral state reconstruction, we found
that warm-season- or cool-season-specific DEGs were de-
tected in the gene families of CYP81D1, LAC, LPO, HHT,
and UGT in legumes (supplementary figs. S22 and S23,
Supplementary Material online). However, phylogenetic re-
construction indicated that the identified DEGs within the
AP2/ERF family were randomly dispersed among most
branches (Fig. 5a).

Orthologous members of four DEGs from the soybean
AP2/ERF family Glyma.02G016100.1, Glyma.05G0636
00.1, Glyma.13G236600.1, and Glyma.17G145300.1
were identified in three other species (Fig. b5b;
supplementary fig. S24a and b, Supplementary Material
online). We found that orthologous Phvul.003G223686.1
of Glyma.05G063600.1 was also differentially expressed

in common bean, whereas its orthologous in pea
(Psatdg073720.1) and M. ruthenica (MruT043154.1) were
not; however, the paralogous genes Psat6g049920.1
and MruT004825.1 of Psat4g073720.1 and MruT043154.
7 were DEGs between dehiscent and indehiscent pods
in pea and M. ruthenica, respectively (Fig. 5b;
supplementary table S2, Supplementary Material online).
In addition, Glyma.20G195900.1, the orthologous gene of
MruT004825.1, was also differentially expressed between
dehiscent and indehiscent pods (Fig. 5b; supplementary
table S2, Supplementary Material online). The orthologous
genes of Glyma.02G0161700.1 and Glyma.13G236600.1
and their paralogous genes were not differentially expressed
between dehiscent and indehiscent pea (supplementary fig.
S24a and b and table S2, Supplementary Material online).

8 Genome Biol. Evol. 16(12)

https://doi.org/10.1093/gbe/evae267 Advance Access publication 7 December 2024


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae267#supplementary-data

Genetic Basis of Legume Pod Dehiscence

GBE

1000
st 01 10 g
° °

(@) L e (©)
S o
}\;‘ \:'I/ /
° ”’o‘ﬂ . 7DAF Pod 10-13DAF Pod 14-17DAF Pod
o \"%\ oo Pression Level L Shell Shell Seeds
\’! o R — ===
\ 7 n
7 & h) ‘z‘ Glyma.05G063600.1
X . e =
It : FAN
H o
S
%: : I R —_—
IE- 4 |
s g
U * \E = ==
- § a, lyma.17G145300.1 7( 7(
To os
h\ I —
: N
\i o7
% 02 —
o 3¢ - —_ K
2, © 8 0%
L <
(\":b.; >
Ut FO® o e — == =
Species fryrry T
Glyma.20G195900.1
gg' max Group Gene duplication
. vulgaris Basal
O M. ruthenicus B Cool season ] 'I\;\z;g%em
A P.sativum Warm season
DSD
e —— = — TRD
) - e R PP RS- S
Glyma.17G145300.1 Glyma.05G063600.1 Glyma.20G195900.1
DSD __ G. max TRD G. max G.max psp "G max
-— T e L o e e mm e e mm e e o e e -~
— — —— - — e
o= — ° o =
hvul.003G223686.1
P. vulgaris DSD P. vulgaris P. vulgaris P. vulgaris
- e B ‘
- ~
- e
Psat6g049920.1
P. sativum _ lVGB. —— ~P. sativum
- - - S~ ~
- ~e
MruT004825.1
Vl_. truncatula M. truncatula
(d)  Glyma.17G145300.1 (e) o0 Glyma.05G063600.1 (") Glyma.206195900.1
225 Early stage Later stage g Early stage Later stage q>’ Early stage Later stage
2 a 2 _i_ ° a
52° " 560 53 a
5 " 5
015 7] 7]
g §4o b % 2
310 b ) © o b
[ [« (]
25 220 21 2
b= = -
k) " c k) ki
[] [] [
¥ oL_r= i | (")) ade £ ol L | ]
SN14 ZYD06 SN14 ZYDO06 SN14 ZYDO06 SN14 ZYDO06 SN14 ZYD06 SN14 ZYDO06

Fig. 5. Evolution pattern and expression of AP2/ERF-like TFs. a) Phylogenetic analysis of legume AP2/ERF-like TFs. Members of DEGs are labeled on the tree
using different shapes. b) Analysis of microsynteny and gene duplication events of candidate AP2/ERF-like TFs among the indicated four genera of legume
species. DSD, dispersed duplication; TRD, transposed duplication; TD, tandem duplication; WGD, whole-gene duplication. ¢) Tissue expression patterns of
candidate AP2/ERF-like TFs in soybean. Expression data are from ePlants (https:/bar.utoronto.ca). In b) and ¢), highlighted and bold genes are DEGs. d to
f) Relative expression level of Glyma.17G145300.1 d), Glyma.05G063600.1 €), and Glyma.20G195900.1 f) in soybean pods at early and later stages.
Total RNA from cultivar SN14 and wild soybean ZYDO6 was subjected to gRT-PCR. In d) to f), different letters (a to ¢) indicate significant difference
(P<0.05) in one-way ANOVA. Each bar corresponds to the mean value + SD of three biological replicates.

We further found that all genes associated with
Glyma.05G063600.1 were highly expressed in pod walls
and less in developing seeds, whereas only Glyma.05G063
600.1, Glyma.17G145300.1, and Glyma.20G195900.1
were DEGs between dehiscent and indehiscent pods

(Fig. 50). However, the expression of Glyma.02G016100.1
was relatively low in both pods and seeds, while
Glyma.13G236600.1 exhibited high expression levels in
both tissues (supplementary fig. S24c and d, Supplementary
Material online). The expression variation of these DEGs
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between dehiscent and indehiscent pods was consistent
with that between ZYDO06 (dehiscent pod) and SN14
(indehiscent pod), except Glyma.20G195900.1 (Fig. 5d to f;
supplementary fig. S24e and f, Supplementary Material
online). Integrating evolutionary and expression patterns,
the orthologous genes of Glyma.05G063600.1 and
Glyma.17G145300.1 and closely related paralogous genes
might play a regulatory role in pod dehiscence formation.

Variation in Gene Pathways Correlated to Altered Lignin
Composition Between Dehiscent and Indehiscent Pods

To determine the potential consequence of recruiting these
DEGs, we analyzed the changes of candidate gene expres-
sion and metabolite composition in the secondary cell wall
between dehiscent and indehiscent pods in soybean and
pea. At first, we examined the expression variation of
some DEGs from the candidate gene families, including
Glyma.05G181600.1 (CSI1), Glyma.18G197400.1 (LAC),
and Glyma.20G128100.1 (UDGT), in pods of cultivar
‘SN14" and wild soybean ‘ZYDO06'. Glyma.05G181600.1
was not differentially expressed at the early stage in SN14
and ZYDO6 but was significantly higher in SN14 than in
ZYD06 at a later stage (Fig. 6a). The expression of
Glyma.18G197400.1 in SN14 was significantly higher
than that of ZYDQ6 at both developmental stages, whereas
Glyma.20G128100.1 showed an opposite pattern (Fig. 6b
and c). These genes were indeed differentially expressed
between dehiscent and indehiscent pods in soybean.
Since most of the identified structural gene families were
related to cellulose and lignin accumulation, the observed
difference may result in variations in cell wall components.

The analysis of the secondary cell wall components of
pod walls showed that the cellulose and lignin contents in
ZYDO06 (dehiscent pod) were significantly higher than those
in SN14 (indehiscent pod) at the late developmental stage
(supplementary fig. S25, Supplementary Material online).
Then, we evaluated the composition of lignin polymers in
SN14 and ZYD06 and found that the content of guaiacyl
(G) and syringyl (S)-lignin units in ZYD06 was significantly
higher than that of SN14, while the difference in
p-hydroxyphenyl (H) units was not significant (Fig. 6d).
Consistently, a significantly lower Young's modulus of
pod walls in SN14 than in ZYD06 was observed (Fig. 6e),
showing that the mature pods of wild soybean are stiffer
than cultivated soybean. Moreover, the mature dry SN14
pods showed a stronger binding strength than ZYDO06
(Fig. 6f). Therefore, the variation in the accumulation of cel-
lulose and lignin correlated with pod dehiscence or indehis-
cence in soybeans.

This presumption in soybean was supported by the ob-
servation in pea (Fig. 6g; supplementary fig. S26 and
table S3, Supplementary Material online). The predominant
components of lignin polymer in the secondary cell walls of

the pod walls were G- and S-lignin units derived from con-
iferyl and sinapyl alcohol, respectively. Lignin composed
mainly of G units has more resistance linkages than S units
(Boerjan et al. 2003; Vanholme et al. 2019). G-type phenol-
ic compounds were detected in higher abundance from the
dehiscent podsin wild “JI64" and “JI1794" accessions than
from the indehiscent pods in cultivated pea “Cameor” and
“JI92" accessions. In general terms, the lignin composition
of the dehiscent pods of wild accessions showed higher
content of G units and, therefore, lower S/G ratios (0.65)
than the indehiscent pods of cultivated, conversely having
higher abundances of S units and higher S/G ratios (0.86)
(Fig. 6g; supplementary table S3, Supplementary Material
online).

Taken together, the variation in accumulation and com-
position (including the ratio of different units) of secondary
cell wall components, especially lignin, contributes to pod
dehiscence or indehiscence in legumes.

Discussion

Pod dehiscence (pod shattering) is an adaptive trait as a
mode of legume seed dispersal under natural conditions,
whereas it leads to yield losses of domesticated legumes
during the harvest (Ogutcen et al. 2018; Di Vittori et al.
2019; Maity et al. 2021). The anatomical basis of this trait
and the several regulatory genes of pod dehiscence have
been reported in several legumes (Lee et al. 2017; Han
et al. 2019; Hu et al. 2019; Miranda et al. 2019; Kang
et al. 2020; Seo et al. 2020; Ali et al. 2023; Yong et al.
2023); however, its genetic components remain elusive.
In this study, we analyzed transcriptome data related to
pod dehiscence in soybean, common bean, pea, and M.
ruthenica. We found that AP2/ERF-like TFs and their puta-
tive target genes, including LAC, CSI1, and ALDH, were as-
sociated with pod dehiscence formation. Paralogous genes
of these gene families showed differential expression be-
tween dehiscent and indehiscent pods, which was corre-
lated with the lignin and cellulose content variation of the
secondary cell wall of pod walls, ultimately leading to pod
dehiscence variation in legumes.

Secondary metabolism plays an essential role in biotic or
abiotic interactions and stress response in plants (Pichersky
et al. 2006; Kessler and Kalske 2018; Yuan and Grotewold
2020), as well as development (Tohge et al. 2014). Recent
studies have shown that efficient seed dispersal in plants is
also highly dependent on secondary metabolism in fruit
traits, including color, odor, and pod wall (Rajani and
Sundaresan 2001; Dong et al. 2014, 2024; Funatsuki
et al. 2014; Hofhuis et al. 2016; Nelson and Whitehead
2021; Lyu et al. 2023; Nelson et al. 2023; Smykal and
Parker 2023). Tension resulting from the differential mech-
anical properties of lignified and nonlignified pod tissues is
important to pod dehiscence (Hofhuis et al. 2016; Ballester
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UGT (Glyma.20G128100.7) in soybean pods at early and later stages. Total RNA from cultivar SN14 and wild soybean ZYD06 was subjected to qRT-PCR.
Different letters (a to ¢) indicate significant difference (P < 0.05) in one-way ANOVA. Each bar corresponds to the mean value + SD of three biological repli-
cates. d) Lignin polymer content of soybean 30-day pods. Each box corresponds to the mean value + SD of five biological replicates. e) Young's modulus of
endocarp of soybean pods at 30 days. In d) and e), ***P < 0.001. f) Bond strength of mature soybean pods. **P < 0.01. g) Lignin polymer content of pea.
J1794 and JI64 are wild peas with pod dehiscence; Cameor and JI92 are cultivated peas with pod indehiscence. G units, guaiacyl units; H units,

p-hydroxyphenyl units; S units, syringyl units.

and Ferrandiz 2017). Changes in the mode of lignin depos-
ition and the secondary cell wall thickness affect the mech-
anical properties of pod wall, which results in pod
dehiscence variation (Liljegren et al. 2000, 2004; Mitsuda
and Ohme-Takagi 2008; Dong et al. 2014, 2024; Zhang
et al. 2018). In the present study, we identified DEGs and

coexpressed genes associated with pod dehiscence in two
warm-season and two cool-season legumes and found
the gene families shared by the four genera of legume spe-
cies participated in the cell wall formation, which related to
secondary metabolisms, gibberellin signaling pathway, and
epigenetic modification.
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Multiple Gene Families Related to Secondary Cell Walls
Act in Pod Dehiscence

Lignin and cellulose are important components of the sec-
ondary cell wall (Kumar et al. 2016), and their deposition
and synthesis have been demonstrated to be critical for si-
lique dehiscence in Brassicaceae and seed shattering in
Poaceae (Liliegren et al. 2000, 2004; Mitsuda and
Ohme-Takagi 2008; Steigemann and Gerlich 2009;
Pourkheirandish et al. 2015; Di Vittori et al. 2019; Wu,
He, and Wang 2023). Asymmetric lignification of endocarp
b cells controlled by LACs (LAC4/11/7) is required for explo-
sive seed dispersal in Cardamine hirsuta (Pérez-Anton et al.
2022). SLENDER RICE1 encodes DELLA protein, a key re-
pressor of gibberellin signaling, which represses the expres-
sion of lignin biosynthesis gene 4-coumarate-CoA ligase 3
and consequently increases the lignin deposition in the ab-
scission layer, thus resulting in reduced seed shattering in
rice (Wu, He, et al. 2023). In our work, we found that seven
gene families, including LAC, related to the phenylpropane
metabolic pathway and cell wall composition and modifica-
tion were associated with pod dehiscence variation in le-
gumes. Moreover, we found that lignin content and
subunit composition differed between dehiscent and in-
dehiscent pods. Cellulose content was also significantly dif-
ferent between dehiscent and indehiscent pod in soybeans.
Thus, the variation in cellulose and lignin accumulation may
be a major factor contributing to pod dehiscence in soy-
beans at the later developmental stage. The same was ob-
served in common bean (Murgia et al. 2017). This likely
influences the composition or deposition pattern of sec-
ondary cell walls of the endocarp, leading to alterations in
the physical properties of pod wall and ultimately to differ-
ential contraction between different pod tissues of the
pods in response to pod maturation and drying leading to
pod dehiscence. Similarly, the asymmetric deposition of lig-
nin in the secondary cell wall of endocarp b cells drives ex-
plosive energy release for seed dispersal in C. hirsuta
(Hofhuis et al. 2016). Interestingly, we found different pat-
terns of lignin composition in pea. The predominance of G
units in wild pea dehiscent pods produced a more con-
densed and branched lignin structure than the lignin of
the pods with higher S/G ratios (such as found in the non-
dehiscent domesticated ones). This is in agreement with the
finding in common bean (Murgia et al. 2017). Similarly, al-
ternations in lignin deposition were shown to be respon-
sible for a novel fruit morphology and dispersal strategy
in Medicago (Fourquin et al. 2013). Thus, measurement
and quantification of lignin deposition, especially G units,
may rapidly identify pod dehiscence characteristics in leg-
ume crops. Differently modifying lignin polymerization in
pod secondary wall via multiple mechanisms and recruiting
different paralogous genes may contribute to species-
specific adaptations in pod dehiscence formation.

The development of the cell wall is subjected to epigen-
etic regulation in response to environments (McCahill and
Hazen 2019; Tang et al. 2020), and this also includes the
pod dehiscence plasticity in legumes as a reaction to pre-
cipitation changes (Parker, Lo, and Gepts 2021; Yong
et al. 2023). In this work, we revealed that some DEGs,
like ABA receptors PYLs in warm-season legumes and
CDKs in cool-season legumes between dehiscent and in-
dehiscent pods, might be associated with protein phos-
phorylation. Both PYLs and CDKs could regulate protein
phosphatases activity associated with ABA signaling and/
or metabolism (Yang et al. 2002; Cao et al. 2017), where
ABA is not only involved in abiotic stress such as water-
deficient conditions but may also participate in expression
regulation of genes controlling pod dehiscence in legumes
(Cao et al. 2017; Marsh et al. 2023; Wang et al. 2024).
However, epigenetic modifications in pod dehiscence in le-
gumes involving PYLs or CDKs and related protein phos-
phatases in ABA signaling need further investigations.

Potential Roles of AP2/ERF-Like Genes in Seed Dispersal

Fruit development and ripening are preconditions for seed
dispersal in angiosperms (Forlani et al. 2019, 2021). TFs in-
volved in regulating fruit development and ripening include
MADS-box, NAC, MYB, and AP2/ERF (Zeng et al. 2015; Cao
etal. 2020; Fu et al. 2020; Sharma et al. 2020; Forlani et al.
2021; Zhai et al. 2022). MYB, NAC, and bHLH-like TFs are
involved in secondary metabolism, cell wall modification,
and fruit development (Liljegren et al. 2004; Zhong et al.
2006; Dong et al. 2014, Di Vittori et al. 2021), impacting
fruit dehiscence. Indeed, some of their homologous genes
were found among DEGs between dehiscent and indehis-
cent legume pods. Particularly, the abovementioned cell
wall composition-related genes, including CSI1, LPO, and
ALDH genes, contained a large number of AP2/ERF-type
TF-binding sites in their promoters, and their expression
showed significant correlation. In  Glycine spp.,
Glyma.05G063600.1 and Glyma.17G145300.1 are candi-
date genes for regulating the expression of the identified
structural genes associated with plant cell wall formation.
The proposed regulations need further investigation; none-
theless, these results implied that AP2/ERF-like may be in-
volved in the regulation of pod dehiscence in legumes.
This agrees with findings in Arabidopsis and rice, where
the abscission zone differentiation and secondary cell wall
modification of fruit were shown to be regulated by AP2/
ERF-like genes affecting seed dispersal (Ripoll et al. 2011;
Zhou et al. 2012). Moreover, seed dispersal can be influ-
enced by other various fruit-related traits. The color and ar-
oma of mature fruits significantly affect the efficiency of
natural fruit and seed dispersal (Rodriguez et al. 2013;
Nelson et al. 2023), as well as facilitate human-mediated
transport and dispersal to more distant areas (Shi et al.
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2022; Wang and Seymour 2022). All these traits associated
with seed dispersal are partially requlated by AP2/ERF-like
TFs (Gu et al. 2017; Zhai et al. 2022; Li et al. 2023).
Furthermore, AP2/ERF-like TFs are involved in the regulation
of fruit and seed size (Liu et al. 2022; Wang et al. 2022; Qi
et al. 2023), which may also assist in seed dispersal. Taking
together, AP2/ERF-like may be essential players in seed dis-
persal mechanisms in angiosperms.

Recruiting Paralogous Genes Is a Predominant
Evolutionary Event in Legumes

Phenotypes are influenced by both genetics and environ-
ments, and genetic robustness could help organisms main-
tain  phenotypic stability in complex and variable
environments (Félix and Wagner 2008). Genetic robustness
and environmental adaptation often rely on similar regula-
tory networks and influence each other (Meiklejohn and
Hartl, 2002; Masel and Siegal 2009; Diss et al. 2014).
Expanded gene families and functional redundancy among
paralogous genes could help organisms achieve their gen-
etic robustness (Akazome et al. 2010; Diss et al. 2014;
Suzuki et al. 2018; Bailon-Zambrano et al. 2022; Dai et al.
2023). Generating paralogous genes through gene family
duplication may provide a compensatory mechanism for
maintaining the robustness of regulatory mechanisms of
seed dispersal in legumes, and similar compensatory me-
chanisms are present in triterpenoid metabolism, peptide
hormones, and the MADS-like genes that regulate flower
development (Cérdenas et al. 2019; Selby and Jones
2023). In the present study, we found that the identified
DEGs and coexpressed genes had similar biological func-
tions in different legumes, but only <1% of their ortholo-
gous genes were recruited in different species. The same
was observed for seven structural gene families and the
AP2/ERF regulatory gene family for potential pod dehis-
cence formation. Interestingly, the differentially expressed
candidate structural genes were exclusively distributed in
one or two branches of the phylogenetic tree of their
gene families, whereas the differentially expressed AP2/
ERF-like genes were distributed throughout the major
branches of the phylogenetic tree. This implies that, unlike
these structural genes, whose function might be specific to
cell wall formation, regulatory genes may be involved in
multiple aspects of fruit development.

Pod indehiscence, one of the important domestication
syndromes, has been regulated by a few genes or loci in dif-
ferent legume crops, such as PdhT in soybean (Funatsuki
et al. 2014; Yong et al. 2023), St and gPD5.7 in common
bean (Parker, Lo, and Gepts 2021), and Dpo or DpoT in
pea (Weeden et al. 2002). Certainly, incorporating wild le-
gumes or diverse legumes would help to gain a deeper un-
derstanding of the regulatory and evolutionary
mechanisms. Our evolutionary analyses showed that

Ancestral

genes
cDEDCD

Cool-season
ancestral genes

Warm-season
ancestral genes

OV AN

Paralogous recruitment

Secondary cell wall

Fruit development formation

Pod dehiscence ——=p Seed dispersal

Fig. 7. Evolution of genetic architecture of pod dehiscence in legumes.
Various TF gene families including AP2/ERF-like and structural gene families
such as LAC, CSI1, UGT, and DIR might be involved in pod dehiscence for-
mation in legumes. Members in these gene families participate in fruit de-
velopment and secondary cell wall formation, thus affecting seed dispersal.
During evolution, recruiting either orthologous or paralogous members in
these gene families to be differentially expressed likely constitutes the gen-
etic architecture and robustness of legume pod dehiscence formation. In
legume, paralogous recruitment was the major evolutionary event com-
pared to orthologous recruitment. Orthologous genes are represented by
the same letters and paralogous genes are represented by different letters.
Moreover, specific gene loss or gene gain might occur, which represented
additional evolutionary mechanisms for pod dehiscence variation. Gray dot-
ted line indicates gene loss and pink line represents genes that were specif-
ically originated. CSI1, cellulose synthase-interactive protein 1; DIR, dirigent;
LAC, laccase; UGT, UDP-glycosyltransferase.

although orthologous members of candidate genes in
other species did not show differential expression in acces-
sions with different pod dehiscence, their paralogs usually
were differentially expressed. Therefore, the functional re-
dundancy of these paralogs might act as a major driver to
maintain the genetic robustness of the pod dehiscence in
legumes (Fig. 7). The widespread existence of genetic com-
pensatory mechanisms in plants illustrates their importance
in plant evolution and development (lohannes and Jackson
2023). Thus, understanding the genetic compensatory
mechanisms through gene family expansion, particularly
the regulatory gene families, will provide new insights
into plant morphological and molecular evolutionary
innovations. In future molecular breeding for pod
dehiscence-resistant legumes, AP2/ERF-like genes could
be primarily targeted. Particularly, Glyma.05G063600.1
and Glyma.17G145300.1 from this regulatory gene family
were highly expressed in dehiscent wild soybean ZYD06
compared to indehiscent soybean SN14. Therefore, gene
editing of orthologous and paralogous genes will be
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promising for breeding new legume varieties or de novo
domestication from wild legumes. However, the compen-
sating roles of paralogous genes in pod dehiscence may
bring potential limitations or challenges in translating these
findings from wild to cultivated legumes.

In conclusion, this work identified DEGs and coexpressed
genes associated with pod dehiscence formation, and these
were involved in secondary cell wall-related metabolism,
hormone metabolism, and epigenetics. We suggest that se-
ven structure gene families (including LPO, ALDH, LAC,
CSI1, CYP81D1 HHT, and UGT), which are implicated in
the biosynthesis, accumulation, and deposition of second-
ary cell wall components, represent potential candidate
genes for pod dehiscence formation and may be primarily
regulated by AP2/ERF-like TFs. In soybean, lignin and cellu-
lose contents of pod dehiscent accessions were higher than
those of pod indehiscent accessions. Lignin, G unit, and S
unit composition in soybean or the G/S ratio in pea was low-
er in pod indehiscent accessions than pod dehiscent acces-
sions, implying that this affects the physical properties of
the pod walls. Genome-wide evolutionary analyses re-
vealed that recruiting paralogous genes is a predominant
evolutionary event, which may provide a compensatory
mechanism to maintain genetic and developmental robust-
ness of pod dehiscence in legumes. These findings shed
new light in the genetic control of pod dehiscence forma-
tion and provide the framework for breeding
dehiscence-resistant varieties in legumes.

Materials and Methods

Plant Materials and Growth Conditions

The soybean accessions of G. max “Suinong14” (SN14, a
cultivar with indehiscent pods) and G. soja “ZYD0O0006"
(ZYDO06, wild soybean displaying dehiscent pods) were
grown in greenhouse in Beijing (Institute of Botany,
Beijing, China, latitude 39.9, longitude 116.3). Two wild
pea (P. elatius) “J11794" and "JI64" with dehiscent pods
and two cultivated pea (P. sativum) “Cameor” and “JI92"
with indehiscent pods used previously (Zablatzka et al.
2021; Balarynova et al. 2022) were grown in the green-
house (as described in Zablatzka et al. 2021) at Palacky
University in Olomouc (the Czech Republic, latitude 49.6,
longitude 17.3).

RNA Extraction, gRT-PCR, and RNA-seq

RNA was extracted from soybean pods at 15 (early stage)
and 30 (late stage) days after flowering using the SV Total
RNA Isolation System (Promega, Madison, WI, USA). An
M-MLV  complementary DNA (cDNA) synthesis kit
(Invitrogen, Carlsbad, CA, USA) was used to synthesize
the first-strand cDNA. Quantitative reverse-transcription
PCR (gRT-PCR) was performed on a Stratagene Mx3000P

gPCR system (Agilent, Santa Clara, CA, USA) using SYBR
Premix Ex Taq (Takara, Kusatsu, Shiga, Japan) and gene-
specific primers (supplementary table S4, Supplementary
Material online). The soybean gene GmActini1
(Glyma.18G290800.7) was used as an internal control.
Total RNA from sutures of pea pods at early (11 to 17 days
after pollination [DAP]) and late (23 to 27 DAP) stages was
isolated as described in Balarynova et al. (2022). Total RNA
was isolated using Purelink Plant RNA Reagent (Thermo
Fisher Scientific, Waltham, USA) and the traces of residual
DNA were removed by a DNase | (TOP-BIO Ltd., Czech
Republic) treatment followed by phenol-chloroform extrac-
tion. The RNA sequencing was performed at the Novogene
(Cambridge, UK) using an lllumina NovaSeq platform.

Transcriptomic Data and Gene Expression Quantification

The transcriptome raw data related to pod dehiscence traits
in soybean (Glycine spp., including five genotypes: three cul-
tivars and two landraces exhibiting indehiscent pods, along-
side two cultivars, one landrace, and two wild soybeans
displaying dehiscent pods) (Kang et al. 2020) and common
bean (P. vulgaris, including four genotypes: G12873 with
fully dehiscent pods; ICA_Bunsi and SXB_405 with inter-
mediate pod dehiscence; and MIDAS displaying indehiscent
pods) were downloaded from the NCBI database
(PRJNA533590 and PRINA746142). Those for M. ruthenica
(including two genotypes: 15-4 with dehiscent pods; 9-2
with indehiscent pods) were collected from previous work
(Guo et al. 2022) and those for pea were generated in this
study. The quality control of these data was performed
using FastQC v0.11.4, and then the reads were aligned
with reference genome by using software fastp and hisat2
after removing low-quality sequence bases (Chen et al.
2018; Kim et al. 2019). Gene expression was quantitatively
conversed to FPKM using featureCounts software (Liao et al.
2014), and DEGs were identified for each species using R
package DEseq2 with 1.5-fold differentially expressed level
(https:/github.com/thelovelab/DESeq?2).

Expression Pattern Clustering and Enrichment Analysis

For species with <15 sequenced samples (soybean and
pea), coexpression module analysis was performed using
the R package Mfuzz (http:/mfuzz.sysbiolab.eu/). For spe-
cies with sequencing sample sizes >15 (common bean
and M. ruthenica), weighted correlation network analysis
(WGCNA) was performed using the R package WGCNA
(Langfelder and Horvath 2008). GO annotation files of
soybean, common bean, M. ruthenica, and pea were con-
structed using eggnog-mapper v2 software (Cantalapiedra
et al. 2021). The identified DEGs and coexpressed genes
were analyzed for functional enrichment using R package
clusterProfiler (Wu et al. 2021).
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Gene Family Identification

Genomic data of legumes used in this work were down-
loaded from public databases (supplementary table S5,
Supplementary Material online). Gene family was identified
based on the conserved hidden Markov model. The LAC
gene family was determined based on three conserved
structural domains of Cu-oxidase (PF00394), Cu-oxidase2
(PFO7731), and Cu-oxidase3 (PF07732). The cellulose
synthase-interactive protein family was identified based
on C2 domain (PFO0168) and armadillo/beta-catenin-like
repeat (Arm; PFO0514). The gene families of AP2/ERF,
ALDH, cytochrome P450/isoflavone 2’-hydroxylase, LPO,
HHT, and UGT were identified according to PFO0847 (AP2
domain), PFO0171, PFO0067 (cytochrome P450 domain),
PFO0141, PF02458, and PF00201, respectively.

Evolutionary Analysis

OrthoFinder was used to construct species trees and iden-
tify orthogroups with a default algorithm (Emms and
Kelly 2019). All gene families were searched in whole gen-
omes using HMMER version 3.3.2 software (Johnson et al.
2010). MUSCLE v3.8.31 was used for multiple sequence
alignment (Edgar 2004). Phylogenetic trees were recon-
structed in IQ-TREE using the maximum-likelihood method
with default parameters (Nguyen et al. 2015) and visualized
using the R package ggtree (https:./github.com/YuLab-
SMU/ggtree). Microsyntenic analysis was performed using
MCScan-Python (Tang et al. 2008). Ancestral state recon-
struction of candidate genes was performed using pamlX
version 1.3.1 (Xu and Yang 2013) and Mesquite version
3.70 (http:/www.mesquiteproject.org). The TF-binding
sites in the promoters were predicted using PlantTFDB (Jin
et al. 2017). Expression correlations were calculated based
on gene expression FPKM values and visualized using
Cytoscape (Shannon et al. 2003). Gene duplication was
analyzed using DupGen-finder (Qiao et al. 2019).

Determination of Cell Wall Components

Matured soybean pod walls were dried at 60 °C, and then
cell wall components and lignin units were assayed using
spectrophotometry and LC-MS by BiotechPack Analytical
Co. (Beijing, China). The lignin composition of mature dry
pea pod walls was determined by Pyrolysis coupled to gas
chromatography and mass spectrometry. Pyrolysis of the
pea pod samples (ca. 1 mg) was performed at 500 °C in
an EGA/PY-3030D microfurnace pyrolyzer (Frontier
Laboratories Ltd., Fukushima, Japan) connected to a GC
7820A (Agilent Technologies, Inc., Santa Clara, CA, USA)
and an Agilent 5975 mass-selective detector (electron im-
pact at 70 eV). The column used was a 30 m x 0.25 mm in-
ternal diameter, 0.25-pm film thickness, DB-1701 (J&W
Scientific, Folsom, CA, USA). The oven temperature was

programmed from 50 °C (1 min) to 100 °C at 20 °C
min~" and then ramped to 280 °C (5 min) at 6 °C min~".
Helium was the carrier gas (1 mL min~"). Peak molar areas
were calculated for the H, G, and S-lignin degradation pro-
ducts, and the summed areas were normalized and ex-
pressed as percentages.

Young's Modulus Test

The 30-day soybean pods shell were observed under
FastScan Bio Atomic Force Microscope (Bruker, Karlsruhe,
Germany) and analyzed for Young’'s modulus using
NanoScope (http:/nanoscaleworld.bruker-axs.com/nanosc
aleworld/).

Statistical Analysis

Significance analyses were performed by using SPSS
Statistics 17.0 software (International Business Machines
Corporation, New York, USA). Significant differences
among samples were determined using one-way analysis
of variance (ANOVA). Pearson correlation coefficient was
estimated using the R function “cor. test.” (R Core Team
2020).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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