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Abstract

Vegetable soybean is one of the most important vegetables in China, and the demand for this vegetable has markedly increased
worldwide over the past two decades. Here, we present a high-quality de novo genome assembly of the vegetable soybean cultivar
Zhenong 6 (ZN6), which is one of the most popular cultivars in China. The 20 pseudochromosomes cover 94.57% of the total 1.01
Gb assembly size, with contig N50 of 3.84 Mb and scaffold N50 of 48.41 Mb. A total of 55517 protein-coding genes were annotated.
Approximately 54.85% of the assembled genome was annotated as repetitive sequences, with the most abundant long terminal repeat
transposable elements. Comparative genomic and phylogenetic analyses with grain soybean Williams 82, six other Fabaceae species
and Arabidopsis thaliana genomes highlight the difference of ZN6 with other species. Furthermore, we resequenced 60 vegetable
soybean accessions. Alongside 103 previously resequenced wild soybean and 155 previously resequenced grain soybean accessions,
we performed analyses of population structure and selective sweep of vegetable, grain, and wild soybean. They were clearly divided
into three clades. We found 1112 and 1047 genes under selection in the vegetable soybean and grain soybean populations compared
with the wild soybean population, respectively. Among them, we identified 134 selected genes shared between vegetable soybean and
grain soybean populations. Additionally, we report four sucrose synthase genes, one sucrose-phosphate synthase gene, and four sugar
transport genes as candidate genes related to important traits such as seed sweetness and seed size in vegetable soybean. This study
provides essential genomic resources to promote evolutionary and functional genomics studies and genomically informed breeding

for vegetable soybean.

Introduction

Vegetable soybean (Glycine max L.), called “Mao dou” in
China, is harvested as a green and fully filled pod when
the seeds are approximately 80% mature [1-3]. It is one of
the most important vegetables in China, Japan, and other
Asian countries [4]. China is the country with the highest
production of vegetable soybean worldwide. Approxi-
mately 300000 hm? of vegetable soybeans are produced
in China each year [5]. In recent years, the demand for
vegetable soybean as fresh and frozen vegetables has
increased worldwide. They are rich in protein, soluble
sugars, starch, dietary fiber, minerals, vitamins, and other
phytochemicals, such as isoflavonoids, with anticancer
and other health-promoting activities [4, 6]. With many
nutraceutical benefits to humans, the demand for veg-
etable soybean may continue to increase in the future [7].

As a specialty vegetable, commercial vegetable soy-
bean differs from grain soybean in seed composition
and phenotypic appearance. Grain soybean is one of the

most important crops providing plant oil and protein
for food and animal feed [8]. Vegetable soybean is being
selected for high-quality traits, such as larger seeds and
pods, sweeter, better taste, and better color than grain
soybean [9]. Vegetable soybeans are typically shorter
than grain soybeans. As such, improving the overall qual-
ity, including appearance quality, nutritional quality and
taste quality, as well as the yield of vegetable soybean, are
the most important and ongoing objectives for vegetable
soybean breeding. Understanding the associated genetic
bases controlling important agricultural traits is vital
to address the ongoing demand for improved vegetable
soybean quality and yield [10, 11].

The first sequenced soybean genome was cv. Williams
82, a cultivar developed in America in the 1980s [12]. The
availability of this high-quality genome opened a new
chapterin soybean functional genomics research [13-15].
Previous studies have indicated that cultivated soybean
was domesticated from its wild relative [Glycine soja (Sieb.
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and Zucc.)] approximately 5000 years ago in temper-
ate regions of China [16]. Intergenomic comparisons
demonstrate that cultivated soybeans and wild soybeans
exhibit extensive genetic diversity and among cultivated
soybeans from various geographic areas [16-20]. Iden-
tification of genes contributing to the domestication
process is vital to the continued improvement of crop
species. During domestication, a number of important
agronomical traits known as “domestication syndrome”
were convergently selected [21, 22]. These traits typically
include loss of seed shattering, reduced seed dormancy
and dispersal, increased apical dominance and fruit
or seed size, and changes in photoperiod sensitivity,
flowering and maturation uniformity [21, 22]. To date,
a number of domestication genes in soybean have been
identified [23]. For instance, a NAC (NAM, ATAF1/2 and
CUC2) transcription factor, SHAT1-5 (SHATTERINGI1-5),
is involved in the loss of pod shattering [24] and
GmHs1-1, encoding a calcineurin-like protein, controls
hard seededness in domesticated soybean [25]. The
classical stay-green G gene controlling seed dormancy
[26] and the PRR (pseudoresponse regulator) gene Tof12
controlling flowering and maturity [27] were selected
during soybean domestication. By using SSR markers,
the genetic diversity of vegetable soybean accessions
from China, Japan, and the USA was investigated, in
which the germplasms from Mainland China were
found to be more diverse than the others [1, 28].
However, the genetic relatedness between vegetable
and grain soybeans, in particular the genes under-
lying their diversifications that were naturally or
artificially selected, remains largely elusive. Currently,
taking advantage of de novo genome assembly and
whole-genome resequencing technologies shed light on
vegetable soybean domestication, diversification and
improvement.

Recently, 26 soybean accessions were selected for
genome assembly, and a graph-based pangenome was
constructed using 26 de novo assembled genomes and
three reported genomes [29]. These accessions covered
3 wild soybeans, 9 landraces, and 14 cultivars [29].
However, none of these accessions was vegetable soy-
bean. Given the divergent selection between vegetable
and grain soybean, we predict considerable differences
between the vegetable soybean genome and the grain
soybean genome. To test this hypothesis, we sequenced
the vegetable soybean cultivar Zhenong 6 (ZN6). ZN6 is
one of the most popular vegetable soybean cultivars in
China. This cultivar was bred by Zhejiang Academy of
Agricultural Sciences and exhibits high quality and high
yield capacity.

In this study, we completed a high-quality assembly
of the vegetable soybean genome using PacBio, Illumina
sequencing and Dovetail Hi-C technologies. Comparative
genomic and phylogenetic analyses of ZN6, Williams
82 and other representative Fabaceae species were
performed. Furthermore, we resequenced 60 vegetable
soybean accessions. Together with previously reported

data from 103 wild soybean and 155 grain soybean
accessions, we constructed population genomic analysis
of these three populations to identify selective regions of
the genome and candidate genes related to vegetable
soybean traits. This study provides a foundation for
further genomic research on vegetable soybean and will
facilitate elite cultivar improvement.

Results
De novo genome sequencing and assembly

To assemble a high-quality reference genome for veg-
etable soybean, the cultivar “Zhenong 6” (ZN6) was used
for whole genome sequencing, which is one of the most
representative and popular vegetable soybean cultivars
in China. As shown in Fig. 1, ZN6 and Willimas 82 dif-
fered significantly in plant architecture, plant height, the
number and length of internodes, and pod and seed size.
The pod and seed size and weight of ZN6 were markedly
higher than those of Willimas 82 (Fig. 1b-e). In total, we
generated ~138x PacBio long reads (138.89 Gb), ~50x
Dovetail Hi-C reads (50.04 Gb) and ~ 84 x Illumina paired-
end reads (84.69 Gb) (Supplementary Table 1-2).

The PacBio long reads were first assembled de novo,
generating a contig assembly with an N50 of 3.84 Mb.
Next, the assembly was integrated with Dovetail Hi-C
reads to orient and order contigs into chromosome-scale
scaffolds, and approximately 94.57% of the 1.01 Gb final
vegetable soybean assembly was assigned to 20 super-
scaffolds (Fig. 2, Supplementary Fig. 1), with scaffold N50
0f 48.41 Mb (Table 1). The completeness of this assembled
genome was assessed using Benchmarking Universal
Single-Copy Orthologs (BUSCO). Approximately 94.7%
of the plant orthologs were included in the assembled
genome. The assembly quality of ZN6 is comparable to
that of Williams 82 (Table 1). Synteny analysis showed
strong collinearity between the genomes of ZN6 and
Williams 82, suggesting great overall quality of ZN6
genome assembly (Supplementary Fig. 2).

Genome annotation

A total of 54.85% of the assembled genome was anno-
tated as repetitive sequences (Supplementary Table 3,
Supplementary Fig. 3), and the proportion of repeat
sequences was comparable to those present in the
William82 assembly!?. Transposable elements (TEs)
occupied 53.39% of the assembled genome. Long termi-
nal repeats (LTRs) were the most abundant elements,
representing 38.70% of the genome size, including
28.27% Gypsy-like and 10.30% Copia-like LTR elements
(Supplementary Table 4).

We combined different strategies to identify pro-
tein genes. A total of 55517 protein-coding genes
were identified in the ZN6 genome. The average gene
length was 3772 bp, with an average of 5.13 exons
per gene (Supplementary Table 5). Further functional
annotation according to BLAST analysis with pub-
lic databases estimated that 52307 (94.22%) genes
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Figure 1. Appearance and comparison of pod and seed size between vegetable soybean ZN6 and grain soybean Willimas 82. a Plant appearance of ZN6
and Willimas 82. b-c Pod and seed appearance of ZN6 and Willimas 82 at S1 (stage 1, the optimum harvest time of ZN6) and S2 (stage 2, the seed
maturity time of ZN6 and Willimas 82). Scale bars, 1 cm. d-e Pod and 100 seed weight of ZN6 and Willimas 82 at S1 and S2.

Table 1. Features of vegetable soybean genome ZN6 and comparison with Williams 82

Williams 82

Assembly feature ZN6
Assembly length (bp) 1011400221
Contig N50 (bp) 3836248
Scaffold N50 (bp) 48412262
Predicted protein-coding genes 55517
Repeat content 55%
Complete BUSCOs (%) 94.7

978495272
182839
48577505
56 044

57%

94.7

had homology with known genes in at least one of
the databases (Supplementary Table6), and 35014
(63.07%) genes could be annotated by all five databases
(Supplementary Fig. 4). In addition, 3759 noncoding
RNAs (ncRNAs) were identified in the vegetable soybean
genome, which included 240 microRNAs (miRNAs), 244
ribosomal RNAs (rRNAs), 1322 transfer RNAs (tRNAs),
and 1953 small nuclear RNAs (snRNAs) (Supplementary
Table 7).

Comparative genomic and phylogenetic analyses
We clustered the protein-coding genes into gene families
for ZN6, Williams 82, Trifolium pretense (T. pretense),
Arachis duranensis (A. duranensis), Cicer arietinum (C.
arietinum), Medicago truncatula (M. truncatula), Phaseolus
vulgaris (P. vulgaris), Vigna angularis (V. angularis) and
Arabidopsis thaliana (A. thaliana) (Supplementary Table
8, Supplementary Fig. 5). A total of 32957 gene families
were identified, of which 10168 were shared by all nine
species. Compared with the other eight plants, there

were 562 specific gene families in the ZN6 assembly
(Fig. 3a); among these ZN6-specific families, 306 genes
were supported by transcriptome or interpro functional
annotation. These ZN6-specific genes were significantly
enriched in microtubule motor activity, microtubule-
based movement, RNA processing, GTP binding, and
intracellular-related gene ontology (GO) categories
(Supplementary Table 9).

We constructed a phylogenomic tree using the nine
plant genomes ZN6, Williams 82, T. pretense, A. dura-
nensis, C. arietinum, M. truncatula, P. vulgaris, V. angularis
and A. thaliana using 1818 single-copy nuclear genes
(Fig. 3b). The divergence time between ZN6 and Williams
82 was suggested to be approximately 0.2 million years
ago (MYA). Compared with Williams 82, ZN6 showed less
gene family expansion (197 vs. 337) and more gene family
contraction (187 vs. 32) (Fig. 3b). ZN6 shows the expan-
sion of genes related to 1,3-beta-D-glucan synthase activ-
ity, phospholipid transport, and sucrose synthase activity.
Functional annotation of the contracted genes in ZN6
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Figure 2. Circos diagram showing the genomic characteristics of

vegetable soybean. I: Syntenic blocks. II: GC content. III: Percent coverage
of TEs. IV: Gene density. V: The length of pseudo chromosomes (Mb).

was enriched in recognition of pollen and iron ion binding
(Supplementary Table 10).

Additionally, 8982 one-to-one orthologous gene sets in
the eight Fabaceae plants for positive selection gene (PSG)
detection were identified using the bidirectional best
hit (BBH) method. Fifty-four PSGs in ZN6 were detected
[P <0.05, likelihood ratio test (LRT)], which were signifi-
cantly associated with “nucleic acid phosphodiester bond
hydrolysis” (2 PSGs) and “nucleotide-sugar transmem-
brane transport” (2 PSGs) (Supplementary Table 11).

SNP and Indel calling of soybean populations

To understand how vegetable soybean is related to
other types of soybean, a total of 318 soybean acces-
sions were collected in this study. Sixty representative
vegetable soybean accessions were sequenced in this
study (17.77x) (Supplementary Table 12), and 155 grain
soybean and 103 wild soybean (G. soja) accessions were
from a previous study with a sequencing depth of 13.56x
(Supplementary Table 13) [29]. All the sequencing reads
were aligned to the ZH13 genome, and 3.99 million
genome-wide SNPs were identified. These high-quality
SNPs were mostly located in intergenic regions (71.73%)
and intronic regions (11.19%) and were rarely located in
coding sequences (3.45%) (Supplementary Table 14). In
addition, 355.55 K indels were identified, of which 4856
indels were located in exonic regions.

Population structure analysis

For these 318 individuals, we characterized their popula-
tion structure using neighbor-joining phylogenetic recon-
struction, STRUCTURE, and principal component analy-
sis (PCA) (Fig. 4a-c). STRUCTURE analysis was performed

with different group numbers (k=2 to 5) (Fig. 4c). All three
analyses clearly divided all wild soybeans (wild), grain
soybeans (grain) and vegetable soybeans (vegetable) into
three clades.

The linkage disequilibrium (LD; indicated by r?) decay
levels of vegetable soybean and grain soybean are slower
than those of wild soybean (Fig.4d), indicating that
they have experienced strong selective processes. The
0, results showed that the wild soybean population in
this study has higher levels of polymorphism (0, =2.16-
e%) than vegetable (9,=8.43-e%) and grain soybean
populations (0, =1.24-e%). The Fsr value between wild
and vegetable soybeans (Fsy=0.40) was slightly greater
than that between wild and grain soybeans (Fsr=0.32).
The population differentiation between vegetable and
grain soybeans was the lowest in the three comparations
(Fs=0.23). The TreeMix model was used to detect
significant introgression between vegetable and grain
groups (Supplementary Fig. 6). We modeled migration
events from O to 3, but no significant gene flow was
observed. The population structure and gene flow results
indicated that vegetable soybean and grain soybean may
have undergone independent domestication processes.

Selective sweep

Vegetable soybeans are physiologically and morpholog-
ically distinct from grain soybean. For instance, their
seeds are sweeter than grain soybean. In addition,
vegetable soybean has been in a long-term breeding
improvement of many traits, including consumer and
processor-oriented traits, such as pod and seed size, pod
shapes, color, flavor and so on [9, 30, 31]. Population
genomic analyses were performed to detect sweep
signals with the hypothesis that these regions may
contribute to characteristic different morphologies and
seed components between vegetable soybean and grain
soybean during domestication from wild soybean. We
analyzed selective sweeps by 6, ratio and XP-CLR using
3.99 million chromosome SNPs generated by this study.
Compared with wild soybean populations, there were
1112 and 1047 candidate selected genes in vegetable soy-
bean and grain soybean populations, respectively (Fig. 5
and Supplementary Table 15-17). Among them, only 134
selected genes were shared between vegetable and grain
soybean populations (Supplementary Table 18).

The selected genes were implicated in traits related
to the characteristics of vegetable soybean, such as seed
sugar content and oil content. Specifically, we found that
several sucrose synthase 5 (SS5) (SoyZH13_18G042801,
SoyZH13_18G042802, SoyZH13_18G042803), sucrose syn-
thase 7 (SoyZH13_20G077905) and sucrose-phosphate
synthase 3 (SPS3) (SoyZH13_08G291400) were in the
selected regions in vegetable soybean vs. wild soybean
but not detected in grain soybean vs. wild soybean.

Additionally, four candidates for sugar transport were
also detected in the selected regions of vegetable soybean
between wild soybean but not in the grain soybean
comparison. These genes included sugar transport
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protein 5 (SoyZH13_04G095700), sugar transport protein Haplotype differentiation patterns of SS5, SPS3 and
14 (SoyZH13_09G175600), sugar transporter SWEET6b  SWEET6D loci showed that the vegetable soybean acces-
(SoyZH13_19G009200) and sugar transporter SWEET16 sions were separated from the grain soybean and wild
(SoyZH13_19G218000). soybean accessions (Fig. 6 and Supplementary Table 19),
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Figure 5. Genetic differentiation and selective genes between wild, vegetable and grain soybeans. Distribution of ratios 6, in 50-kb windows sliding in
10-kb steps. The distribution of XP-CLR values for selection is based on XP-CLR scores of a 50-kb block with 10-kb sliding windows. Candidate selective
genes of each comparison are shown in the last three bars (Orange = wild soybeans/grain soybeans, Green = wild soybeans/vegetable soybeans,

Blue = grain soybeans/vegetable soybeans).

suggesting their potential contributions to increasing
seed sweetness taste. The results will be useful for the
functional discovery of candidate genes controlling the
sugar content of vegetable soybean.

We further investigated the haplotype differentiation
patterns in the vegetable, grain, and wild soybeans of
some known domesticated genes, including SHAT1-5,
GmHs1-1, Tof12, and G genes that control pod shattering
[24], seed hard-seededness [25], flowering and maturity
[27], and seed dormancy [26] in domesticated soybean,
respectively. The results showed that the haplotypes of
SHAT1-5, GmHs1-1 and Tof12 between vegetable soybean
and grain soybean were the same. However, haplotype
differentiation patterns of the G gene, which is the clas-
sical stay-green gene responsible for the green seed coat
and a domesticated gene responsible for seed dormancy
in soybean [26, 32], showed that the vegetable soybean
accessions were clearly separated from the grain soybean
accessions (Supplementary Fig. 7). The results suggested
that the G gene might have played an important role in
the diversification of vegetable soybean and grain soy-
bean during domestication and improvement processes.

Discussion

Soybean includes grain-use and vegetable-use types
important for humans and animals [2, 33]. Grain soybean
is one of the most economically crucial plant protein and
oil crops worldwide and provides approximately 25%
of the world’s protein and 56% of the oilseed for food
and animal feed [8]. Vegetable soybean is an important

legume vegetable, especially in China, Japan and other
Asian countries [3]. Due to its superior appearance,
nutrition, taste, and ease of cooking, the demand for
vegetable soybean continues to grow worldwide [34-36].
However, research on vegetable soybean is far behind
that on grain soybean [4, 7, 37].

The breeding targets of vegetable soybean are dis-
tinct from grain soybean. Hence, a high-quality genome
assembly is crucial for vegetable soybean in studying
evolution, functional genomics, and breeding [38]. As
a number of reference genomes have been sequenced,
genetic diversity among various populations and vari-
eties has been revealed [39-44]. A number of structural
variations (SVs) have been proven to be responsible for
important agronomic traits [29, 45-48]. In the present
study, by combining PacBio, [llumina, and Hi-C sequenc-
ing technology, we obtained a high-quality genome of
the vegetable soybean cultivar “ZN6”. By comparing the
assemblies between ZN6 and Williams 82, a total of
2380503 SNPs and 531046 indels were detected in syn-
tenic blocks between the ZN6 and Williams 82 genomes,
respectively (Supplementary Table 20). In addition, these
two genomes showed 17921 SVs, including transloca-
tions, inversions and presence variations. The largest
translocation was located from 11.81 to 15.59 Mb and
15.6 to 20.3 Mb on chromosome 5 of ZN6, which was
shown anchored to Willimas 82 from 11.75 to 20.82 Mb
on chromosome 5. This analysis helped us to obtain can-
didate genes related to agronomically important traits.
For instance, Glyma.05G083000.1, encoding 3-ketoacyl-
CoA synthase 19 (KCS19), was found to be located in
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this region. KCS19 is in the same gene family as KCS11,
which is implicated in fatty acid elongation [49]. These
genes involved in lipid biosynthesis could also impact
fatty acid accumulation [50]. The lipid content was found
to be significantly lower in vegetable soybeans than in
grain soybeans [3]. Therefore, KCS19 might be a candidate
gene for controlling lipid accumulation in different types
of soybean. Comparative genomics analysis identified
many variations, which may provide valuable resources
for further study on genome structure, evolution and
candidate gene identification that are responsible for
important traits [38, 51, 52].

The population structure and the Treemix results
indicated that wild, grain, and vegetable soybean were
clearly divided into three clades, and no significant
gene flow was observed between vegetable soybean and
grain soybean. In addition, the haplotype differentiation
patterns of domestication gene G responsible for seed
dormancy also showed the separation of vegetable
soybean from grain soybean. Moreover, we found
little overlap with genomic regions under selection in
the vegetable soybean population and grain soybean
population versus the wild soybean population. These
results suggested that vegetable and grain soybean
should be under differentially conscious and uncon-
scious human selection during the processes of soy-
bean domestication, diversification and improvement.
This finding is consistent with the morphological and
physiological distinctions between vegetable and grain
soybean varieties. In the selected genes, we found
that SS5 (SoyZH13_18G042801, SoyZH13_18G042802,
SoyZH13_18G042803), SS7 (SoyZH13_20G077905), SPS3
(SoyZH13_08G291400), sugar transport protein 5 (SoyZH
13_04G095700), sugar transport protein 14 (SoyZH13_09G
175600), sugar transporter SWEET6b (SoyZH13_19G009200)
and sugar transporter SWEET16 (SoyZH13_19G218000)

were unique in the vegetable vs. wild soybean but
not in grain soybean vs. wild soybean. One important
difference between these two types of soybeans is that
vegetable soybean seeds are much larger and sweeter
than seeds of grain soybean3. The sucrose concentration
in seeds reaches a peak at the seed rapid developmental
stage in soybean [53]. Sucrose is the primary carbon
source of developing seeds, and sucrose metabolism is
very important for seed development [54-58]. A large
number of sugar transporters and metabolic enzymes
are involved in sugar accumulation and partitioning
[59]. Sucrose synthase, sucrose-phosphate synthase and
sugar transporter genes are the most important genes
participating in sugar metabolism and transport [54,
60]. An early study on wheat showed that the selection
of sucrose synthase haplotypes contributed greatly to
increasing kernel weight and grain yield over a century
of wheat breeding worldwide [61]. Sucrose synthase
is the first step to catalyze sucrose to biosynthesis of
starch and is also considered as a biochemical marker
of sink strength [62]. In addition, previous studies
have indicated that SWEET proteins are crucial for
sugar translocation to seeds and subsequently impact
seed setting, development, and composition [63-66].
In a recent study, CISWEET3 and CITST2 (Tonoplast
Sugar Transporter)-affected watermelon fruit sugar
accumulation were under selection, which led to the
derivation of modern sweet watermelon from nonsweet
ancestors during evolution and domestication [67]. More
sugar and biomass accumulated in modern watermelon
fruit than in its wild ancestor. However, sucrose synthase
genes were not under selection during watermelon
domestication [67]. Recently, it was reported that
simultaneous changes in seed size and sugar, protein
and oil contents are driven by the domestication of
GMSWEET10a and GmSWEET10b sugar transporters in
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grain soybean [68]. Thus, sucrose synthase and sugar
transporter genes may be priority targets for quality and
yield improvement in vegetable soybean.

In this study, we present a high-quality reference
genome for vegetable soybean to complement other
grain soybean assemblies and provide a foundation for
functional genomics research on vegetable soybean.
Moreover, population genetic analysis identified candi-
date genes that were differentially selected in vegetable
soybean and grain soybean. These results will enhance
future vegetable soybean breeding and research.

Materials and methods
Plant materials

The vegetable soybean cultivar ZN6 and grain soybean
cultivar Willimas 82 were grown in April in the field
at Zhejiang Academy of Agricultural Sciences (Haining,
Zhejiang, China) (E120.42, N30.44). The vegetable soy-
bean cultivar ZN6 was sequenced. The vegetable soy-
bean plants utilized for Illumina sequencing and PacBio
sequencing were grown in the greenhouse at Zhejiang
Academy of Agricultural Sciences (16-h light/8-h dark,
25°C day/22°C night). Young leaves of 3-week-old veg-
etable soybean plants were collected for PacBio and Illu-
mina sequencing. Two-week-old seedlings were sampled
for Hi-C sequencing.

Genome sequencing

The genomic DNA of vegetable soybean was extracted
from young leaves using an improved CTAB method.
A Dovetail Hi-C library preparation kit was used to
prepare genomic DNA for Hi-C sequencing. Three
genome libraries were prepared and sequenced accord-
ing to the manufacturer’s instructions to construct
the chromosome-scale assembly. The genome was
sequenced using the PacBio Sequel platform and
[llumina NovaSeq platform.

Genome assembling

The contigs of vegetable soybean (ZN6) were carried out
using wtdbg? (https://github.com/ruanjue/wtdbg2) with
a minimum of 5 kb PacBio subreads, followed by consen-
sus polishment with long reads and short reads using
wtpoa-cns consenser, which was built into wtdbg?. Then,
the data polishment was finished by pbmm?2 (v0.12.0)
and Arrow (v2.3.3). Clean Hi-C data were used to create
chromosome-scale scaffolds from the draft assembly.
Then, errors introduced into the assembly in the long
reads were corrected by pillon (v1.22).

Genome annotation

We used Tandem Repeats Finder (TRF, version 4.07) to
identify the tandem repetitive sequences. The inter-
spersed repeats of the vegetable soybean genome were
identified using de novo repeat identification and known
repeat searches against existing databases. Then, several
programs were used to identify repeat sequences in the

genome. RepeatModeler (v1.0.8) and LTR_FINDER (v1.0.6)
were used to predict repeat sequences in the assembly.
Then, RepeatMasker (version 4.0.7) and the Repbase
database (version 21) were used to identify TE repeats
in the assembled genome.

Protein-coding genes were predicted using a combi-
nation of de novo, protein homology and transcriptome-
based prediction approaches. Three ab initio gene predic-
tion programs, GlimmerHMM (version 3.0.4), Augustus
(version 3.2.1), and SNAP (version 2006-07-28), were used
for the prediction of coding regions in the repeat-masked
genome. The protein sequences downloaded from Phyto-
zome and NCBI DataBase (G. max Williams 82, A. thaliana,
T. pratense, Vitis vinifera, M. truncatula, C. arietinum, A.
duranensis, P. vulgaris, V. angularis) were then aligned to the
assembled genome using Genblasta (version 1.0.4). Then,
we predicted the exact gene structure of the correspond-
ing genomic regions on each Genblasta hit by GeneWise
(version 2.4.1). By using stringtie (version 1.2.2), hisat2
(version 2.0.1), and TransDecoder (version 3.0.1), the
RNA-seq sequences were mapped to the assembly. The
mapped RNA-seq data were used to assemble the tran-
scripts and identify the coding regions in the gene mod-
els. By using EvidenceModeler (EVM), all the gene modes
were combined into a nonredundant set of gene struc-
tures. The generated gene models were finally refined
with the Program to Assemble Spliced Alignments (PASA
v2.3.3). We then used BLASTP (E-value le-05) against
SwissProt and TrEMBL to analyze the functional annota-
tions of the protein-coding genes. We used InterProScan
(V5.30) to annotate the protein domains. The Gene
Ontology (GO) terms for each gene were identified by
applying Blast2GO to the nr protein database. Finally, we
blasted the potential pathways for the genes against the
KEGG databases (release 84.0), with an E-value cutoff
of 1le-05.

For noncoding RNA annotation, we used RNAscan-SE
(version 1.3.1) to predict the tRNAs and identify rRNAs
by alignment to the rice and Arabidopsis template rRNA
using BlastN (version 2.2.24) with an E-value of le-5.
Then, we used INFERNAL (version 1.1.1) to identify miR-
NAs and snRNAs by searching the Rfam database (release
12.0).

Evolutionary and positive selection detection

By using the OrthoMCL program [69], 1818 single-copy
gene families were identified from the assembled veg-
etable soybean, G. max Williams 82, T. pratense, V. vinifera,
M. truncatula, C. arietinum, A. duranensis, P. vulgaris, V. angu-
laris, and A. thaliana. Using the single-copy orthologous
genes, we constructed a phylogenetic tree and estimated
the divergence time among these species by using PhyML
v3.0 [70], the MCMCtree program (version 4.4), and the
TimeTree database [71]. CAFE (v2.1) [72] was used to iden-
tify changes in gene family expansion and contraction
along the phylogenetic tree.

Then, based on the constructed phylogenetic tree, we
incorporated a branch-site model in the PAML package
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and detected positive selection genes (PSGs) in the veg-
etable soybean genome. Vegetable soybean was used as
the foreground branch, while the branches created for
G. max Williams 82, T. pratense, V. vinifera, M. truncatula, C.
arietinum, A. duranensis, P. vulgaris, and V. angularis were
used as background branches. The details to screen PSGs
were described in a previous study [73]. GO enrichment
analysis was determined with Fisher's exact test and was
adjusted by the Benjamini-Hochberg (BH) method with
the cutoff set at P < 0.05.

Library preparation and sequencing for
population-based resequencing

Genomic DNA was extracted from the leaves of 60
vegetable soybeans using the CTAB method. Libraries
were constructed following the manufacturer’s standard
protocols (Illumina). Whole genome 150-bp paired-end
reads were generated using the [llumina NovaSeq 6000
platform. The sequence data for each individual reached
more than 14-fold depth (Supplementary Table 12,
genome size calculated according to 1.01G). Additionally,
the genome sequencing data of 103 wild soybeans and
155 oil soybeans were downloaded from a previous
study®°. The total downloaded data had a 13-fold average
depth (Supplementary Table 13).

Alignment and SNP calling

We mapped the high-quality paired-end reads to
the ZH13 reference genome using BWA (v0.7.12) [74]
with the parameter “mem -t 4 -k 32 -M” and then
removed the PCR or optical duplicates using SAMtools
(v1.3.1) [75]. SNP calling was performed using a Uni-
fiedGenotyper approach as implemented in the pack-
age GATK (Genome Analysis Toolkit, v3.7-0-gcfedb67).
To remove possible false-positive SNPs, SNPs with
FS>60.0, QD < 2.0, MQ < 20.0, ReadPosRankSum<—38.0,
MQRankSum<—12.5, missing rate>0.5 or MAF <0.05
were filtered.

Next, we performed gene-based SNP annotation
according to the annotation of the ZH13V2 genome
with the package ANNOVAR (v2013-06-21). Briefly, based
on genome annotation, the SNPs were classified as
occurring in exonic regions, intronic regions, splicing
sites, upstream and downstream regions, or intergenic
regions. The details for annotation of genetic variants
were described previously [45].

Population structure and LD analysis

A neighbor-joining tree was constructed by MEGA7 [76].
We used ADMIXTURE (v1.3.0) to infer the population
structure. In consideration of HWE violations, we also
screened SNPs by reconstructing the model-based clus-
tering analysis and testing HWE violations (P > 10-4). To
determine the best genetic cluster subpopulations (K),
cross-validation was tested for K ranging from K=2 to 5.
The termination criterion was setting as 107°. Principal
component analysis (PCA) was conducted using the pro-
gram GTAC (v1.92).
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Linkage disequilibrium (LD) decay of wild, grain and
vegetable soybeans was calculated using PopLDdecay
[77]. The r? values in a bin of 100 bp against the physical
distance of pairwise bins are shown in the LD decay plot.

To study the introgression between vegetable and gain
soybean populations, Treemix (v1.13) [78] was used to
model the gene flow by inferring a maximum likeli-
hood tree based on genome-wide allele frequency data
and then identifying potential gene flow from a residual
covariance matrix. SNPs with missing data were filtered
out, and unlinked SNPs were retained (r* <0.1) accord-
ing to the script provided on the link (https://speciatio
ngenomics.github.io/Treemix/). The number of migration
events (“-m”) was modeled from O to 3.

Selective sweep analysis

Selective sweeps were detected as described in Zhou et
al.’®. First, we used the widely used cross-population
composite likelihood ratio test (XP-CLR) (v1.0) to scan
selective regions over the soybean genome. XP-CLR was
performed with the criteria: -w1 0.0005 2001000 1 -
pl 0.95. The XP-CLR scores were calculated for each
50 kb genetic window with a step size of 10 kb. Windows
with XP-CLR values accounting for 5% of the genome
were considered selective sweep regions. Second, selec-
tive sweeps were also expected to reduce nucleotide
diversity (9,) in the cultivated population experiencing
the selective sweep. We used VCFtools (v0.1.13) to cal-
culate potential selective signals between population A
and population B (8, A/6,B) for each 50 kb sliding window
with a step size of 10 kb. The windows that contained no
more than 10 SNPs were excluded from further analysis,
and the top 5% windows were considered selective sweep
regions. The results were combined, and the genes in
the merged selective regions of the ZH13 genome were
identified as the final candidate selective genes. The
figure was drawn using RectChr (Version 1.24, https://gi
thub.com/BGI-shenzhen/RectChr).
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