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Soybean was domesticated in China and has become one of the most important oilseed crops. Due to bottlenecks in their
introduction and dissemination, soybeans from different geographic areas exhibit extensive genetic diversity. Asia is the largest
soybean market; therefore, a high-quality soybean reference genome from this area is critical for soybean research and breeding.
Here, we report the de novo assembly and sequence analysis of a Chinese soybean genome for “Zhonghuang 13” by a
combination of SMRT, Hi-C and optical mapping data. The assembled genome size is 1.025 Gb with a contig N50 of 3.46 Mb
and a scaffold N50 of 51.87 Mb. Comparisons between this genome and the previously reported reference genome (cv. Williams
82) uncovered more than 250,000 structure variations. A total of 52,051 protein coding genes and 36,429 transposable elements
were annotated for this genome, and a gene co-expression network including 39,967 genes was also established. This high
quality Chinese soybean genome and its sequence analysis will provide valuable information for soybean improvement in the
future.
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INTRODUCTION

Soybean (Glycine max [L.] Merr.) is one of the most im-
portant crops, providing more than half of global oilseed
production and more than a quarter of the world’s protein for
food and animal feed (Wilson, 2008). Studies have indicated
that the cultivated soybean was domesticated from its annual
wild relative (Glycine soja (Sieb. and Zucc.)) in China ap-
proximately 5,000 years ago (Carter et al., 2004). After do-
mestication, cultivated soybeans were introduced to Korea

and Japan approximately 2,000 years ago, then to North
America in 1765 and to Central and South America during
the first half of the last century (Wilson, 2008). Currently,
cultivated soybeans are planted extensively worldwide, in-
cluding in Asia (China, Japan, Korea, and India), North
America (United States of America and Canada), and South
America (Brazil, Argentina, and Paraguay).
To meet the ever-increasing consumer demand, soybean

breeders have made considerable efforts to develop elite
varieties. Soybean yield has increased dramatically in the last
several decades. However, it is predicted that the rate of yield
increase in soybean need to be further accelerated, from the
current rate 1.3% to at least 2.4% per year (Ray et al., 2013)
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to meet the food consumption demands of an increasing
world population (Foley et al., 2011). A better understanding
of the underlying genetic bases of important agronomical
traits will expedite the progress of marker-assisted breeding
programs for soybean (Wang and Tian, 2015).
The first soybean genome was sequenced for Williams 82

(Glycine_max_v.1.0), a cultivated soybean developed in the
1980s (Schmutz et al., 2010). This reference genome opened
the door to soybean functional genomics (Chan et al., 2012;
Wang and Tian, 2015). Although more than 45,000 acces-
sions had been developed during the long history of soybean
cultivation (Carter et al., 2004), less than 0.02% of landraces
(approximately 80 accessions) were used as progenitors for
cultivars development in North American (Gizlice et al.,
1994), which resulted in a diversity-reduced introduction
bottleneck (Hyten et al., 2006). Intergenomic comparisons
demonstrated that due to the genetic bottleneck during soy-
bean domestication, wild soybeans and cultivated soybeans
exhibited quite a number of lineage-specific genes and genes
with copy number variation (CNV) or large-effect mutations
(Lam et al., 2010; Li et al., 2013; Li et al., 2014). Further
investigation suggested that even the cultivated soybeans
from different geographic areas exhibited extensive genetic
diversity (Li et al., 2010; Zhou et al., 2015). A recent com-
parison between Chinese and American soybeans revealed
that the genetic basis of Chinese soybeans is distinct from
that of those in the USA (Liu et al., 2017). Genetic variations
among different accessions, particularly the presence/ab-
sence variations and CNVs, are highly associated with
agronomic traits (Li et al., 2014; Zhou et al., 2015; Wang et
al., 2016; Wei and Cao, 2016). Therefore, a reference gen-
ome from one cultivated soybean may not fully represent the
genetic diversities, particularly for soybeans from Asia with
large genetic variations.

“Zhonghuang 13” is a soybean cultivar bred by Chinese
scientists in 2001. This accession was derived from cultivar
accessions “Yudou 18” and “Zhongzuo 90052-76” by pedi-
gree selection and exhibits high yield capacity and high
stress tolerance. Here, we de novo assembled the genome of
“Zhonghuang 13” (Gmax_ZH13) in high-quality. Further-
more, we established a comprehensive gene co-expression
network using public available soybean RNA-seq expression
datasets and used this network to help to mine candidate key
genes in controlling agronomically important traits. This
genome will facilitate soybean genomics research and elite
cultivar improvement.

RESULTS

Genome sequencing, assembly and annotation

We sequenced “Zhonghuang 13” genomic DNA using dif-
ferent approaches, including single-molecule real-time

(SMRT) sequencing, optical mapping, chromosome con-
formation capture sequencing (Hi-C) and next generation
sequencing (HiSeq). In total, we generated 80.67 Gb (~80×)
SMRT sequences, 45.03 Gb paired HiSeq reads with a length
of 250 bp, 638,970 Mb BioNano single-molecular maps
(>150 kb) and 125.84 Gb (~125×) Hi-C reads (Table S1 in
Supporting Information). We conducted the assembly in a
stepwise fashion following a previously reported approach
(Bickhart et al., 2017). The initial assembly using PacBio
SMRT data alone generated 1,559 contigs with an N50
length of 2.6 Mb. These contigs were corrected with HiSeq
sequences, after which they were scaffolded using BioNano
optical mapping data and further clustered using Hi-C data.
Finally, we assembled the genome (Gmax_ZH13) into 836
contigs with an N50 length of 3.46 Mb (Table 1), of which
287 were assembled into 21 scaffolds with an N50 length of
51.87 Mb. The assembled genome size was 1.025 Gb and the
21 scaffolds constituted approximately 97% of the whole
genome. These scaffolds were named chromosome 1–20 and
chloroplast following previously reported order based on
synteny analysis (Schmutz et al., 2010). We assessed the
completeness of our assembled genome by remapping the
HiSeq and isoform sequencing (Iso-Seq) reads, and found
that more than 99.87% of HiSeq reads and 99.98% of Iso-
Seq reads could align properly, indicating high completeness
of the assembled genome.
To analyze repetitive sequences, we searched the genome

sequence via a combination approach of de novo structure-
based analysis and homology-based comparisons referring to
previous methods (Schmutz et al., 2010). A total of 36,429
transposable elements (TEs) with clear structural boundaries
were identified (Table 2, Supplemental File 1 in Supporting
Information). As found in other plant genomes, long terminal
repeat (LTR)-retrotransposons were the most abundant ele-
ments, including 12,641 Copia-like, 17,935 Gypsy-like and
100 unclassified LTR elements, representing 84.2% of all the
identified TEs. The ratios of intact LTRs to solo LTRs for
Copia-like elements (5,089 vs. 7,552) and Gypsy-like ele-
ments (9,214 vs. 8,721) were quite similar. We also identified
a total of 330 long interspersed nuclear element (LINE)-
retrotransposons. In addition to class Ⅰ retrotransposons,
5,423 classⅡ DNA transposons were identified, including 7
Tc1/Mariners, 42 hATs, 2,242 Mutators, 71 PIF/Harbingers,
10 Pongs, 59 CACTAs, 2,918 MITEs, and 74 Helitrons.
These TEs, together with abundant truncated elements and
other repetitive fragments, made up 52.75% of the
Gmax_ZH13 genome.
To predict protein-coding genes, we sequenced the tran-

scriptomes of roots, stems, leaves, flowers and seeds of
“Zhonghuang 13” using Iso-Seq. In total, ∼8.93 Gb Iso-Seq
reads were generated (Table S1 in Supporting Information).
Combining ab initio prediction, protein-based homology
searches and transcript evidence gathered from Iso-Seq se-
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quences (Chen et al., 2017), we identified 52,051 protein-
coding genes (Supplemental File 2 in Supporting Informa-
tion). Compared with 1,440 single copy orthologs from
Embryophyta in Plantae BUSCO v2 dataset (Simão et al.,
2015), 97.01% of these genes were completely assembled
and annotated in our genome, 0.83% of these genes were
incomplete, and only 2.15% were not assembled or anno-
tated, suggesting that the gene annotation in this study has
high completeness.
A comparison between the annotated genes from

Gmax_ZH13 and Glycine_max_v2.0 showed that most of
them were shared (Table S2 in Supporting Information).
Using the criterion of minimum alignment identity of 90%,
45,068 (86.58%) genes from Gmax_ZH13 corresponded to
45,882 (81.77%) genes from Glycine_max_v2.0. Further
investigation classified these corresponding gene pairs into
four classes: class 1, identical in both length and sequence,

which contained 24,685 Gmax_ZH13 genes and 24,683
Glycine_max_v2.0 genes; class 2, having the same length
but with SNPs or small indels, which contained 8,132
Gmax_ZH13 genes and 8,134 Glycine_max_v2.0 genes;
class 3, having minimum alignment coverage of 80%, which
contained 11,036 Gmax_ZH13 genes and 11,576 Glycine_-
max_v2.0 genes; and class 4, with alignment coverage less
than 80%, which contained 1,733 Gmax_ZH13 genes and
1,774 Glycine_max_v2.0 genes (Table S2 in Supporting
Information). Besides these corresponding gene pairs, we
also identified 6,983 and 10,162 lineage-specific genes in
Gmax_ZH13 and Glycine_max_v2.0 respectively, which
may result from the sequence variations between the two
genomes and different annotation pipelines.
In addition to the nuclear genome, we assembled a chlor-

oplast genome using the SMRT and HiSeq sequences. The
total length of Gmax_ZH13 chloroplast genome is 152.22

Table 1 Assembly statistics of the soybean Gmax_ZH13 genome

Assemblya) Contigsb) Scaffolds Unplaced contigsc) Contig N50 (Mb)d) Scaffold N50
(Mb)d)

Assembly size
(Gb)

Assembly in
scaffolds (%)

PacBio 1,559 – – 2.6 – 1.007 –

BioNano-BspQI – 518 – – 3.79 1.012 –

BioNano-BssSI – 1,181 – – 1.3 1.031 –

PacBio+BioNano 826 59 717 3.46 25.12 1.025 96.85

PacBio+BioNano
+Hi-C 836 21 549 3.46 51.87 1.025 97

a) Assemblies are listed as the steps of combining different sequence data types for genome assembly. b) The number of continuous stretches of sequence
within the scaffold without gaps >3 bases in length of at least 100 bases. c) Unplaced contigs are defined as input contigs that were not placed by the optical
map or Hi-C in a scaffold. d) All N50 values are based on the Gmax_ZH13 assembled size.

Table 2 Transposable element and repeat sequence composition in the Gmax_ZH13 genome

Repeat type Classification Intact/Solo numbera) DNA content (bp) DNA content
(%)

Class I: Retrotransposon

LTR-Retrotransposon

Ty1/copia 12,641 106,803,505 10.42%

Ty3/gypsy 17,935 331,019,054 32.29%

Others 100 4,012,789 0.39%

Non-LTR Retrotransposon
LINE 330 9,300,199 0.91%

SINE 　 399,615 0.04%

Class II: DNA Transposon
Subclass I:

Tc1/Mariner 7 144,681 0.01%

hAT 42 219,006 0.02%

Mutator 2,242 22,699,372 2.22%

PIF/Harbinger 71 1,169,142 0.11%

Pong 10 352,522 0.03%

CACTA 59 6,404,368 0.62%

MITE
Tourist 1,356 1,212,517 0.11%

Stowaway 1,562 1,110,643 0.11%

Subclass II: Helitron 74 2,905,865 0.29%

Tandem Repeat 　 10,546,540 1.03%

Unknown 　 42,453,694 4.14%

Total 36,429 540,753,512 52.75%

a) Number of transposable elements with clear boundaries and signatures of insertion sites.
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kb. The chloroplast genome contains 127 genes, including 90
protein coding genes, 29 tRNA genes and 8 rRNA genes
(Supplemental File 2 in Supporting Information). The
chloroplast genome size and gene composition were similar
to those from a previous assemble (Saski et al., 2005) and
other plant species (Du et al., 2017; Guo et al., 2017).

Genome comparison to the Williams 82 reference
genome

The Williams 82 soybean genome was first released in 2010
(Schmutz et al., 2010) and was updated in 2015 (Glycine_-
max_v2.0). In addition to Williams 82, two additional gen-
omes from soybean cultivars Enrei (Glycine max_Enrei_2.0)
(Shimomura et al., 2015) and Lee (Glyma.Lee.gnm1) were
released in 2015 and 2018, respectively. Comparing to these
three previously released soybean genomes, Gmax_ZH13
had the longest total sequence length, highest contig N50 and
scaffold N50 and fewest contig number (Table S3 in Sup-
porting Information). Detailed investigation showed that
Gmax_ZH13 had only 815 gaps in the chromosomes and 549
unplaced scaffolds, whereas Glycine_max_v2.0 had 12,761
gaps and 1,169 unplaced scaffolds (Table S4 in Supporting
Information, Figure 1).
Synteny analysis demonstrated that although Gmax_ZH13

and Glycine_max_v2.0 exhibited high chromosome-level
similarity, with 867.26 Mb (84.60%) of Gmax_ZH13 se-
quences aligned to 868.99 Mb (88.77%) of Glycine_-
max_v2.0 sequences, these two genomes also showed a
certain number of significant structure variations (SVs), in-
cluding translocations, inversions and presence variations
(Figure 1). In total, we identified 1,404 translocations in-
cluding 637 inter-translocations (occurred between chro-
mosomes; approximately 3.82 Mb) and 767 intra-
translocations (occurred within chromosomes; approxi-
mately 17.17 Mb) (Table S5 in Supporting Information). The
largest translocation was 2.22 Mb locating from 13.32 to
15.56 Mb on chromosome 5 in Gmax_ZH13, which was
anchored to Glycine_max_v2.0 from 18.33 to 20.52 Mb on
chromosome 5. We also identified 161 inversion events
(approximately 8.57 Mb) within chromosomes (Table S6 in
Supporting Information). The most distinct inversion oc-
curred at chromosome 11 from 27.78 to 30.00 Mb in
Gmax_ZH13, which assembled as 22.23 to 24.6 Mb in
Glycine_max_v2.0 in an opposite direction. In addition to
these translocation and inversion events, there were also
some regions not only translocated but also inverted (trans-
location & inversion) between Gmax_ZH13 and Glycine_-
max_v2.0 genomes. We detected 528 and 705 of these
translocation & inversion events within chromosomes (inter-
translocation & inversion) and between chromosomes (intra-
translocation & inversion), respectively (Table S7 in Sup-
porting Information). The inter-translocation & inversion

events had a total length of 5.82 Mb, and the intra-translo-
cation & inversion events had a total length of 19.54 Mb. The
largest one was 0.91 Mb in length from 16.36 to 17.29 Mb on
chromosome 1 in Gmax_ZH13, which aligned to Glyci-
ne_max_v2.0 from 15.00 to 14.10 Mb on chromosome 1.
Comparing to the Glycine_max_v2.0 genome, the

Gmax_ZH13 sequence was 46.13 Mb longer, and this length
was mainly occupied by repeat sequences. In addition to
these repeat sequences, we found 12,170 presence variations
(PVs, only fragments >100 bp were counted) in
Gmax_ZH13 (Table S8 in Supporting Information) and
5,239 PVs in Glycine_max_v2.0 (Table S9 in Supporting
Information). The 12,170 PVs from Gmax_ZH13 accounted
for 12.07 Mb and contained 1,365 genes; and the 5,239 PVs
from Glycine_max_v2.0 accounted for 3.44 Mb and con-
tained 641 genes. In addition to the longer PVs, we also
detected 255,971 small insertions (1–99 bp) in the
Gmax_ZH13 (accounting for 1.20 Mb) and 249,535 small
insertions in the Glycine_max_v2.0 genome (accounting for
1.16 Mb) (Table S10 in Supporting Information). To check
whether these SVs were real or incorrect assembly, we ran-
domly picked up seven SVs and performed validation by
PCR. Our results demonstrated that all of the SVs could be
detected, confirming the correct assembly of the
Gmax_ZH13 genome (Figure S1 in Supporting Informa-
tion).
We found that some of the genetic variations were asso-

ciated with phenotypic changes in these two cultivars. The
F3’5’H (SoyZH13_13G057600) gene has been reported to
control soybean flower color and a substitution of 65 bp
tandem repeat by 12 bp in the third exon of F3’5’H was
responsible for a change from purple flower to white flower
(Zabala and Vodkin, 2007). Zhonghuang 13 has purple
flower and Williams 82 has white flowers. This poly-
morphism was identified at the corresponding locus when
the sequences from Zhonghuang 13 and Williams 82 were
compared (Figure S2 in Supporting Information).

Gene co-expression network assists mining of important
agronomic genes

Gene co-expression network is a popular approach to explore
gene regulatory relationships (Oldham et al., 2006; Wolfe et
al., 2005; Rhee and Mutwil, 2014). The genes in the same
module have similar expression patterns and a tendency to-
ward the same biological function (Serin et al., 2016). Gene
co-expression networks can be used to predict gene function
(Ma et al., 2007; Childs et al., 2011) and to identify key genes
in biological pathways (Krouk et al., 2010; Le et al., 2010;
Windram et al., 2012; Wei et al., 2013). Graphical Gaussian
model (GGM), which employs partial correlation coefficient
to measure direct correlation between genes, is a robust
method for co-expression network analysis, and GGM gene
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networks have been built previously for Arabidopsis and
maize (Schäfer and Strimmer, 2005; Ma et al., 2007; Ma et
al., 2015; Ma et al., 2017). To promote practical utility of the
Gmax_ZH13 genome, we constructed a soybean GGM gene
co-expression network based on the genes from
Gmax_ZH13 using transcriptome datasets from 1,978 soy-
bean RNA-seq runs deposited in the NCBI Sequence Read
Archive (SRA), which span more than 25 different tissues at
different developmental stages. The established
Gmax_ZH13 GGM network contained 39,967 (76.78%)
genes and 330,864 co-expressed gene pairs (Supplemental
File 3 in Supporting Information).
Quantitative trait locus (QTL) and genome wide associa-

tion study (GWAS) are commonly used to explore the genes
controlling agronomic traits, but they usually result in large
candidate regions that make it hard to mine the causal genes.
A combination of QTL/GWAS and gene co-expression net-
work techniques may help to identify causal genes in a
specific QTL/GWAS region. We tested this approach by
exploring new genes controlling soybean flowering time and

linoleic acid content.
Flowering time is a complex agronomic trait, which is

controlled by multiple QTLs (Zhang et al., 2017). To date, at
least 41 GWAS and 92 QTL regions have been detected
(Keim et al., 1990; Mansur et al., 1993; Mansur et al., 1996;
Orf et al., 1999; Yamanaka et al., 2000; Tasma et al., 2001;
Yamanaka, 2001; Zhang et al., 2004; Funatsuki et al., 2005;
Pooprompan et al., 2006; Reinprecht et al., 2006; Gai et al.,
2007; Githiri et al., 2007; Komatsu et al., 2007; Khan et al.,
2008; Palomeque et al., 2009; Oyoo et al., 2010; Kuroda et
al., 2013; Jun et al., 2014; Contreras-Soto et al., 2017; Fang
et al., 2017). These reported QTL/GWAS regions contained
7,971 genes in the Gmax_ZH13 genome, with an average of
approximately 60 genes for each region. To mine the causal
gene from 60 candidates is challenging. So far, nine genes
have been functionally validated to control flowering time in
soybean, including E1 (SoyZH13_06G195900)(Xia et al.,
2012), E2 (SoyZH13_10G204600)(Watanabe et al., 2011),
E3 (SoyZH13_19G210400)(Kong et al., 2010), E4
(SoyZH13_20G079700)(Kong et al., 2010), E9

Figure 1 Whole-genome comparison between Gmax_ZH13 and Glycine_max_v2.0. A, Intra-chromosome comparisons. Gaps in assembled chromosomes,
specifically presence regions, synteny aligned regions, inversion regions, translocation regions and translocation & inversion regions are included. B, Inter-
chromosome comparisons. Tracks from outer to inner circles indicate SNP number and small insertion number, lines between each chromosome show
translocation or translocation & inversion events.

5. . . . . . . . . . . . . . . . . . . . . . . . . Shen, Y., et al. Sci China Life Sci August (2018) Vol.61 No.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 875



(SoyZH13_16G134200)(Kong et al., 2014; Zhao et al.,
2016), E10 (SoyZH13_08G341400)(Samanfar et al., 2017), J
(SoyZH13_04G047800)(Yue et al., 2017; Lu et al., 2017),
GmFT2b (SoyZH13_16G134600)(Kong et al., 2010) and
GmFT5a (SoyZH13_16G040400)(Kong et al., 2010). In the
gene co-expression network we established, 152 genes were
directly connected to these 9 reported genes controlling
flowering time (Figure 2A, Table S11 in Supporting In-
formation), among which 26 genes were located in the
flowering time QTL/GWAS regions. Moreover, 4 of these 26
genes were homologous to genes controlling flowering time
in Arabidopsis (Figure 2B). Among these, we investigated
SoyZH13_16G177400 in detail to see if it was a candidate
causal gene for flowering time in soybean.
SoyZH13_16G177400 was located in QTL regions re-

ported by two independent studies (Pooprompan et al., 2006;
Mao et al., 2017). Its homologous gene in Arabidopsis en-
codes a MADS-box transcription factor negatively regulat-
ing the FLC/MAF clade genes and positively regulating FT
(Koo et al., 2010). In the gene co-expression network,
SoyZH13_16G177400 was connected to three reported
genes: GmFT2b, GmFT5a and E9 (Figure 2A). We detected
five nonsynonymous mutation sites for
SoyZH13_16G177400 in a natural population we previously
re-sequenced (Fang et al., 2017), which classifed this gene
into six haplotypes (Figure 3A). When the days to flowering
of each accession were evaluated, we found that different
haplotypes were significantly different from each other, with
haplotype H1 having the shortest flowering time and hap-
lotype H6 having the longest flowering time. This pheno-
typic variation in the flowering times of different haplotypes
indicated that SoyZH13_16G177400 might be a gene re-
sponsible for soybean flowering time in the natural popula-
tion. We illustrated the phylogenetic relations among
haplotypes from 809 previously re-sequenced accessions
(Fang et al., 2017) for SoyZH13_16G177400. The results
showed that accessions from high-latitude areas mainly
contained haplotype H1, which relates to shorter days to
flowering, while accessions from low-latitude areas con-
tained higher proportion of the other five haplotypes, which
relates to longer days to flowering (Figure 3B).
Linoleic acid and linolenic acid are two important fatty

acid compounds. The ratio of linoleic acid to linolenic acid is
important for the quality of soybean oil. FAD3A
(SoyZH13_14G178100) was found to be an important gene
involved in transforming linoleic acid to linolenic acid in
soybean, and mutation of FAD3A resulted in higher ratio of
linoleic acid to linolenic acid (Byrum et al., 1995). In the
gene co-expression network we constructed, three genes
were found to directly connect to FAD3A (Figure 4A).
Among them, SoyZH13_02G207800 was located in a lino-
leic acid content QTL reported by Kim et al. in 2010 (Kim et
al., 2010) and its homologous gene in Arabidopsis was an-

notated as fatty acid desaturase. In the same natural popu-
lation that we used in the flowering time analysis, only one
nonsynonymous mutation located on the second exon of
SoyZH13_02G207800 was detected, which classified the
accessions into two haplotypes. The accessions of each
haplotype had significant differences in linoleic acid content
(Figure 4B). Therefore, SoyZH13_02G207800 might be an-
other candidate gene controlling transformation from linoleic
acid to linolenic acid in soybean.

DISCUSSION

A high-quality reference genome is crucial for functional
analysis of a species. As an increasing number of reference
genomes have been assembled (VanBuren et al., 2015;
Hoshino et al., 2016; Badouin et al., 2017; Clavijo et al.,
2017; Schmidt et al., 2017; Raymond et al., 2018), genetic
diversity between different populations, ethnic groups,
varieties and individuals has been revealed. For instance, a
surprisingly large number of SVs were identified between
two indica rice varieties, Zhenshan 97 and Minghui 63
(Zhang et al., 2016), and between maize Kill, W22 and B73
(Jiao et al., 2017). Sometimes, SVs have large effects on
phenotype determination (Lupski et al., 1991; Dooner and
He, 2008; Studer et al., 2011; Lv et al., 2018). Therefore, one
reference genome can not represent the overall genetic in-
formation of a species, and more assembled genomes from
different accessions/individuals are required. For important
species, such as human, Arabidopsis, rice and maize, more
than one genome have been assembled (Shi et al., 2016;
Hirsch et al., 2016; Kawakatsu et al., 2016; Seo et al., 2016;
Zhang et al., 2016; Du et al., 2017).
As one of the most economically important crops, soybean

has undergone strict genetic bottlenecks during cultivation,
resulting in accessions from different geographic areas pos-
sibly exhibiting high genetic diversity. The current soybean
reference genome was sequenced fromWilliams 82, which is
a cultivar domesticated in America. It is necessary to as-
semble another genome from an Asian soybean accession
because Asia is one of the largest soybean planting area. In
this study, we report a high-quality reference genome for a
Chinese soybean cultivar “Zhonghuang 13”. With a contig
N50 length of 3.46 Mb and a scaffold N50 length of 51.87
Mb, our assembled genome is more contiguous than those of
most reported plant genomes, including Oropetium tho-
maeum (contig N50=2.39 Mb) (VanBuren et al., 2015), in-
dica rice (Zhenshan 97 contig N50=2.3 Mb, Minghui 63
contig N50=3.1 Mb) (Zhang et al., 2016), Zea mays B73
(contig N50=1.2 Mb) (Jiao et al., 2017), the Japanese
morning glory lpomoea nil (contig N50=1.87 Mb) (Hoshino
et al., 2016) and Chenopodium quinoa (scaffold N50=3.85
Mb) (Jarvis et al., 2017). To the best of our knowledge, it is
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the fourth contiguous plant genome reported to date, together
with rice R498 (Du et al., 2017), Arabidopsis TAIR 10
(https://www.arabidopsis.org/) and rose (Raymond et al.,
2018) genomes. Comparing our assembled genome with the
previously reported soybean reference genome, a large
number of SVs and accession specific genes were identified,
revealing the genetic diversities between accessions from
different geographies. Previous study indicated that assem-
bly errors in the previous reference genome may affect gene
identification (Fang et al., 2017). We found that some as-

sembly errors could be resolved by the higher quality gen-
ome sequences of Gmax_ZH13 (Figure S3 in Supporting
Information). In addition, we established a GGM gene co-
expression network based on the annotated genes of
Gmax_ZH13, which will facilitate the identification of
candidate genes controlling specific traits in combination
with QTL/GWAS and homologs search.
In summary, a high quality Chinese soybean genome

Gmax_ZH13 was assembled and annotated in this study.
This new genome will facilitate legume genomics research

Figure 2 Combining gene co-expression network and QTL/GWAS regions to predict soybean flowering time related genes. A, Genes co-expressed with 9
known soybean flowering time related genes at the first level. Nodes represent genes, and edges represent connections between genes. Edge width correlates
to the connected genes’ expression pattern similarity; the thicker the edge, the higher the expression correlation its connected genes have. B, 26 soybean
flowering time related genes predicted by GWAS and/or QTL regions appearing in (A). Ref1 is Fang et al., 2017.
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and soybean crop improvement.

MATERIALS AND METHODS

Plant materials and sequencing

For SMRT, DNAwas isolated using the Blood&Cell Culture

DNA Midi Kit (Qiagen Inc., Valencia, CA, USA) according
to a user-developed protocol (Isolation of genomic DNA
from plants and filamentous fungi using the QIAGEN®

Genomic-tip) provided by Qiagen. A 20 kb library was
constructed and sequenced on 17 cells using the SequelTM

Sequencing Plate 1.2 on the Pacific Biosciences Sequel
platform at Berry Genomic Corporation, Ltd (Beijing, Chi-
na).
For HiSeq, DNA was isolated using the Plant Genomic

DNA kit (Tiangen, Beijing, China) according to the manu-
facturer’s protocol. A library with 450 bp small-insertion
was prepared and sequenced on two lanes of the Illumina
HiSeq2500 platform for 250 bp paired-end reads.
For optical mapping, young yellow leaves after dark

treatment for three days were sent to Berry Genomic Cor-
poration as DNA samples. High-molecular-weight DNAwas
isolated and labeled using the single-stranded nicking en-
donuclease Nt.BspQI and Nt.BssSI independently. These
two labeled DNA samples were separately and automatically
imaged using BioNano Irys system, and only molecules
longer than 150 kb were used for further analysis.
For Hi-C, leaves fixed in 1% (vol/vol) formaldehyde were

used for library construction. Cell lysis, chromatin digestion,
proximity-ligation treatments, DNA recovery and sub-
sequent DNA manipulations were performed as previously
described (Lieberman-Aiden, 2009). MboI was used as the
restriction enzyme in chromatin digestion. The Hi-C library
was sequenced on the Illumina HiSeq X Ten platform for
150 bp paired-end reads.
For Iso-Seq, samples of leaf, flower and seed were col-

lected separately at early, middle and late developmental
stages from the same DNA sequenced “Zhonghuang 13”
plant, while the samples for root and stem were collected
from another “Zhonghuang 13” plant at two weeks after
germination. The total RNA of all 11 samples was isolated

Figure 3 SoyZH13_16G177400 is a gene controlling soybean flowering time. A, Different haplotypes of SoyZH13_16G177400 show significantly different
flowering times. Green blocks indicate the gene’s CDS region and “H” is an abbreviation for “haplotype”. Nucleotides marked in red are the mutant forms
compared to Gmax_ZH13 genome. The different letters to the right of each column indicate significant differences by ANOVA test (P<0.01). B, Geographic
distribution of accessions roughly in accordance with their haplotypes of SoyZH13_16G177400. The phylogenetic tree is modified from Figure 1b of the
reference (Fang et al., 2017). “HL” is an abbreviation for “high latitude”, and “LL” is an abbreviation for “low latitude”.

Figure 4 Combining gene co-expression network and QTL/GWAS re-
gions to predict linoleic acid content related genes. A, Genes co-expressed
with FAD3A at the first level. Nodes represent genes and edges represent
connections between genes. Edge width correlates to the connected genes’
expression pattern similarity; the thicker the edge, the higher the expression
correlation its connected genes have. B, Linoleic acid content shows a
significant difference between accessions with two different haplotypes in
SoyZH13_02G207800. *** denotes t-test P<0.001.
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and mixed together at the same concentration. Five cDNA
libraries (<1 kb, 1–2 kb, 2–3 kb, 3–6 kb and 5–10 kb) were
prepared using this mixed RNA and sequenced on 7 SMRT
cells (two cells for 1–2 kb and 2–3 kb library separately, one
cell for each of the other libraries) using P6-C4 chemistry on
the Pacific Biosciences RSII platform.

Genome assembly

De novo assembly was conducted with SMRT long reads
using the smrtmake assembly pipeline (https://github.com/
PacificBiosciences/smrtmake). In this draft assembly, the
longest 50× subreads were selected for error correction and
then the longest 20× error corrected subreads were set as
seed reads for overlapping detection. Arrow was used to
polish this draft assembly and Pilon v1.20 (Walker et al.,
2014) was used to further error correction when adding Hi-
Seq reads.
BioNano optical maps labeled by different endonucleases

were assembled into consensus physical maps separately.
Then, PacBio-BioNano hybrid scaffolds were generated by
combining these maps and the PacBio SMRT draft assembly
produced in the previous step. For these steps, BioNano
Solve™ v3.0.1 (Solve_06082017Rel) was used.
To anchor hybrid scaffolds into chromosome, the Hi-C

sequencing data were aligned into scaffolds by Bowtie2 in
HiC-Pro_2.9.0 (Servant et al., 2015). According to the orders
and orientations provided by the alignment, those scaffolds
were clustered into chromosomes by LACHESIS (Burton et
al., 2013) with parameters CLUSTER_N=20, RE_-
SITES=292, CLUSTER_MAX_LINK_DENSITY=3.48,
CLUSTER_NONINFORMATIVE_RATIO=3, ORDER_-
MIN_N_RES_IN_TRUNK=50000, ORDER_MIN_N_RE-
S_IN_SHREDS=500. As original LACHESIS results always
have mis-ordered and mis-orientated scaffolds in some
groups, manual correction and validation were also per-
formed by drawing contact maps with HiCPlotter (Akdemir
and Chin, 2015). The genome assembly was finalized after
this correction.
SMRT long reads were aligned to the chloroplasts genome

(NCBI accession: NC_007942.1) assembled previously
(Saski et al., 2005) using BLASR (Chaisson and Tesler,
2012) to extract the subreads coming from the chloroplast,
and Canu (v1.5) (Koren et al., 2017) was then used for as-
sembly. The final assembled chloroplast genome was po-
lished and redundant sequences were removed.

Repeat analysis and gene annotation

A combination of structure-based and homology-based ap-
proaches were employed to identify TEs. These approaches
include the following: (1) LTR_STRUC was employed to
identify LTR retrotransposons (McCarthy and McDonald,

2003); (2) elements with clear insertion sites deposited in
SoyTEdb were mapped to the new genome sequence using
element or junction sequences (100 bp each on both sites)
(Du et al., 2010); (3) TE conserved domains were searched in
the genome sequence (Holligan et al., 2006); (4) CrossMatch
was used to identify new elements via known TEs. Repeat
regions were detected by RepeatMasker (version open-4.0.7)
(http://www.repeatmasker.org/) using annotated TEs as a li-
brary. If a region belonged to different TE types, it was de-
fined with the following priorities: Gypsy>DNA/
S t owaway>DNA/Tc1>DNA/CACTA>Cop i a>L-
TR_unclassified>DNA/Helitron>DNA/Mutator>DNA/hA-
T >L INE>DNA / PONG>DNA / P I F >DNA / To u r -
ist>SINE>tandem_repeat>unknown.
A comprehensive strategy combining ab initio gene find-

ing, homology-based gene prediction and Iso-Seq reads was
used for annotation of protein-coding genes on chromo-
somes. Augustus (v3.0.3) (Stanke and Morgenstern, 2005),
SNAP (v2013-02-16) (Korf, 2004) and GeneMark-ET
(v4.21) (Besemer and Borodovsky, 2005) were used in ab
initio gene finding. cDNA sequences of Arabidopsis thali-
ana (167_TAIR10), Glycine max (275_Wm82.a2.v1) and
Oryza sativa (323_v7.0) downloading from Phytozome v12
(https://phytozome.jgi.doe.gov/pz/portal.html) were used to
predict homologous genes by performing GeMoMa-1.4.2
(Keilwagen et al., 2018). Iso-Seq reads from 5 libraries were
analyzed by smrtanalysis_2.3.0 (https://www1.smartana-
lysis.com) to obtain individual full-length transcripts. All
full-length transcripts were merged together, and the re-
dundancies were removed. All the gene structures predicted
by the above methods were combined into consensus gene
models using EVidenceModeler (EVM) (Haas et al., 2008),
and genes that were predicted only in the ab intio step or that
shorter than 150 bp were removed. The left gene models
were then updated by PASA (r20140417) (Haas, 2003). The
genes in the chloroplast genome were predicted by an online
database CpGAVAS (Liu et al., 2012) which focuses on
chloroplast gene analysis.

Genome comparisons and SV identification

Genome comparisons between Gmax_ZH13 and Glycine_-
max_v2.0 were performed via whole-genome alignment
mainly by tools fromMUMmer (ver 3.0) (Kurtz et al., 2004).
Nucmer was used to align the two genomes (–g 2000) and
then delta-filter was used to filter the alignment blocks in
one-to-one alignment mode (-1). Blocks longer than 200 bp
were used for further SV detections.
SNPs and indels were identified by performing show-snp

(-ClrTo) on the alignment blocks. Translocations and inver-
sions were identified from the aligned blocks by manual
checking, and neighboring blocks belonging to the same
event were merged together. Blocks belonging to both the
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inversion and translocation categories were named translo-
cation & inversion events. Blocks that did not belong to
either translocations or inversions were defined as synteny
blocks.
PVs were identified for the two genomes separately. Un-

aligned blocks were extracted depending on all alignment
blocks for each genome and then mapped to the other gen-
ome using Blast+ (Camacho et al., 2009). Sequence with
alignments identity >90% and length >100 bp were filtered
and all other un-aligned sequences were defined as genome
specific PVs.

Gene co-expression network establishment

The gene co-expression network was constructed following a
procedure described previously (Ma et al., 2017). Briefly,
publicly available soybean RNA-seq datasets were down-
loaded from the NCBI SRA database as raw sra files and
converted to fastq files. The RNA-seq reads were trimmed
using Trimmomatic (v0.36), and mapped to the Gmax_ZH13
genome via STAR (v2.5.3a) (Dobin et al., 2013; Bolger et al.
2014). After removing the RNA-seq runs with less than 70%
reads mapped as well as those for small RNA sequencing,
1,978 high quality runs remained and were used for gene
expression quantification via RSEM v1.3.0 (Li and Dewey,
2011). After discarding low expressed genes with <10 runs
having expression values (TPM) ≥5, the remaining genes’
expression values (TPM) were assembled into a gene ex-
pression matrix with 42,169 rows (genes) and 1,978 columns
(runs). The matrix was used for partial correlation coefficient
(pcor) calculation via a random sampling approach (Ma et
al., 2017; Ma et al., 2007). The procedure consisted of
30,000 rounds, with 2,000 genes randomly selected in each
round for pcor calculation via the GeneNet package in R
(Schäfer and Strimmer, 2005). In total, each gene pair was
selected ~66 times with ~66 pcors calculated, and the pcor
with the lowest absolute value was selected as its final pcor.
The Pearson correlation coefficient (r) between genes was
also calculated. Finally, 330,864 gene pairs with pcor≥0.035
and r≥0.35 were selected for GGM gene co-expression
network construction, which included 39,967 genes in total.

Gene and region conversions between different genomes

Gene correspondences between Gmax_ZH13 and Glyci-
ne_max_v2.0 were determined at the gene level (blastn),
mRNA level (blastn) and protein level (blastp) using Blast+
(Camacho et al., 2009). Gene/mRNA/protein sequences
from Glycine_max_v2.0 were mapped to the same type se-
quences from Gmax_ZH13 and those with alignment iden-
tity >90% were retained. Only genes with correspondence at
all three levels were kept as corresponding gene pairs.
Previously, reported QTLs/GWAS related to soybean

flowering time were detected based on the Glycine_-
max_v1.0 or Glycine_max_v2.0 genome. We located these
regions in the Gmax_ZH13 genome by performing nucmer
alignment with MUMmer (ver 3.0)(Kurtz et al., 2004).

Data availability

All the sequencing data used in the genome assembly have
been deposited into the Genome Sequence Archive (GSA)
database in BIG Data Center under Accession Number
CRA001007. Information for the assembled genome
Gmax_ZH13 was deposited both into the Genome Ware-
house (GWH) (GWHAAEV00000000) database in the BIG
Data Center and DDBJ/ENA/GenBank under the accession
QKRT00000000.
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