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Dear Editor,

Soybean is one of the most important crops worldwide. A
high-quality reference genome will facilitate its functional
analysis and molecular breeding (Wang and Tian, 2015).
Previously, we de novo assembled a high-quality Chinese
soybean genome Gmax ZH13 (Shen et al., 2018, Yang and
Huang, 2018). However, due to technical limitations at the
time when we generated Gmax ZH13, a large number of
small contigs were not anchored onto chromosomes.
Therefore, we here build a new golden reference genome for
Zhonghuang 13 consisting of 20 nearly complete chromo-
somes by adding more single-molecule real time (SMRT)
sequencing reads. Furthermore, we add large RNA-seq and
smRNA-seq datasets for improving the annotation of its
protein coding genes.

For genome assembly, we sequenced additional 40 Gb
SMRT reads from 5 cells for this update. Therefore, a total of
120x% PacBio reads, 365x Bionano optical maps marked by
BssSI, 275% Bionano optical maps marked by BspQI, 45x
HiSeq reads and 125% chromosome conformation capture
sequencing (Hi-C) reads were used for the new genome as-
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sembly (Figure 1A). To make best of the sequencing data, we
also adopted a new genome assembly pipeline by adding
HERA (Du and Liang, 2018) to improve the sequence con-
tiguity and reduce errors by accurately assembling the re-
petitive genome regions (Figure 1A). Briefly, the whole
assembly process differed from previous pipeline at (1) using
CANU (v1.7.1) to replace Smrtmake for assembling PacBio
subreads to PacBio contigs; (2) using HERA to generate
longer contigs; (3) using Juicer and 3D-DNA to replace HiC-
Pro and LACHESIS to anchor the hybrid scaffolds into
chromosomes with Hi-C reads.

With these improvements, we finally assembled a new
version of genome with a length of 1,011,174,350 bp (named
Gmax ZH13 v2.0). Compared with the previous assembly
(Gmax_ZH13), the contig N50 size of Gmax ZH13 v2.0
increased 6.5 times (from 3.46 to 22.6 Mb), the gap number
decreased 1.8 times (from 815 to 448) and the gap length
decreased 8.8 times (from 20.49 to 2.33 Mb) (Table S1 in
Supporting Information). Meanwhile, the un-anchored con-
tig number decreased 17 times (from 549 to 36), resulting in
the ratio of sequence that anchored to 20 chromosomes
reaching to 98%. Moreover, we found that the mapping ratio
of WGS HiSeq reads and RNA isoform sequencing (Iso-seq)
reads reached to 99.89% and 99.81%, confirming the high
completeness of Gmax ZH13 v2.0. Besides nuclear chro-
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Figure 1 Update of Gmax_ZH13 v2.0 genome. A, Pipeline for genome assembly. B, Distribution of genome features. Tracks from outer to inner circles
indicate chromosomes, and density of protein coding genes, repeat sequence, snoRNA, tRNA, miRNA, snRNA and rRNA, respectively. The black blocks on
the outer circle indicate regions enriched of Cent91/92 (a soybean-specific centromeric repeat). C, Expression profiling of protein coding genes (left panel)
and miRNAs (right panel) in 27 samples from different tissues of different development stages. D, An example of miRNA (top panel) to repress its target
gene expression (bottom panel).
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mosomes, we assembled the circular genomes of chloroplast
and mitochondria with a length of 152,220bp and
513,779 bp respectively.

To improve the accuracy of gene annotation, we performed
RNA-seq for 27 Zhonghuang 13 samples, which were col-
lected from different tissues at different developmental
stages. Each sample was sequenced with two replications. In
total, 353 Gb reads were produced. These RNA-seq data,
together with the Iso-seq reads used for annotation in the last
version, were used as expression sequence tag (EST) evi-
dences to predict protein coding genes using MAKER
(Cantarel et al., 2008), which was a professional pipeline
popularly used in gene prediction. We annotated a total of
55,443 protein coding genes containing 96,366 mRNAs in
the nuclear genome (Table S2 in Supporting Information).
We found that 97% of the 1,440 single copy Embryophyta
genes in BUSCO_v3 were completely assembled, confirm-
ing the high quality of our annotation. We found that 42,259
of the newly annotated genes matching to the genes in the
last version, whose IDs were therefore inherited from
Gmax_ZH13 (Table S2 in Supporting Information). In ad-
dition, we annotated 81 and 49 protein coding genes for
chloroplast genome and mitochondrial genome respectively
(Table S2 in Supporting Information). We also annotated
non-coding genes, including 297 rRNA, 1,112 tRNA, 166
snRNA and 1,816 snoRNA (Table S2 in Supporting In-
formation). Notably, we found that the rRNAs were not
distributed evenly in each chromosome (Figure 1B). For
instance, 94.49% (223/236) TSU rRNAs (5s/5.8s) were lo-
cated at chromosome 19 from 15,393,361 to 15,465,926 bp
(Table S2 in Supporting Information). In addition to genes,
we identified 35,926 TEs with clear structural boundaries
(Table S3 in Supporting Information). These TEs, together
with their homologous truncated fragments and other repeat
sequences, made up 53.06% of Gmax ZH13 v2.0 genome
(Tables S4 and S5 in Supporting Information). Moreover, we
detected putative centromere regions for each chromosome
by searching soybean specific centromere sequences
CentGm-1 and CentGm-2 (Table S6 in Supporting In-
formation). The results showed that the length of putative
centromere regions for each chromosome exhibited sig-
nificant variation and some chromosomes even had more
than one region that is enriched with CentGm-1 and
CentGm-2 (Figure 1B).

To annotate MIRNA genes, small RNAs from the same 27
samples used for protein coding gene annotation were se-
quenced. Using these reads, we annotated 331 M/RNA genes.
Transcripts of these loci generated 349 pair of miRNAs
(miRNA-3p and miRNA-5p) (Table S2 in Supporting In-
formation). Using the RNA sequence and small RNA se-
quence data of 27 samples, we provided a detailed
expression profiling for all the protein coding genes and
miRNAs (Figure 1C, Tables S7 and S8 in Supporting In-
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formation). These expression profiling data will be helpful for
soybean fundamental research, for instance, searching ex-
pression pattern of individual genes or choosing tissue specific
expression genes. Moreover, the data can be used to in-
vestigate the relationship of miRNAs and their target genes
because they came from the same sample sets. For example,
our previous study indicated that SoyZHI13 04G174700 is a
target of miRNA ZH13 MI218-5p (Liu et al., 2016). The
expression  profiling data  demonstrated that the
SoyZHI13 04G174700 and miRNA ZHI13 MI218-5p ex-
hibited opposite expression patterns, indicating the repression
of ZH13 MI218-5p to SoyZHI13 04G174700 (Figure 1D).

In summary, we update the Gmax_ZH13 genome to a more
complete and continuous platinum reference genome
Gmax_ZH13 v2.0 in this study. We also provide the ex-
pression profiling of mMRNA and miRNA for different tissues
from different developmental stages. The methods used for
the construction of this high-quality genome sequence also
can be used in soybean pan-genome projects in the future,
which will greatly facilitate soybean fundamental research
and molecular breeding.

All the sequencing data used for genome assembly and
annotation have been deposited into the Genome Sequence
Archive (GSA) database in BIG Data Center under Acces-
sion Number CRA001810. Information of Gmax ZH13
v2.0 genome and annotation was deposited into the Genome
Warehouse (GWH) database in the BIG Data Center under
Accession Number GWHAAEV(00000000.1. All the assembly
and annotation methods are detailed in Supplemental File 1.
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