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of 52.8% of the genome was annotated as repetitive sequences, among which LTRs (long terminal repeats) were predominant

(33.9%). The genome of V. radiata was predicted to contain 33,924 genes, 32,470 (95.7%) of which could be functionally

annotated. Evolutionary analysis revealed an estimated divergence time of V. radiata from its close relative V. angularis of

˜11.66 million years ago. In addition, 277 V. radiata specific gene families, 18 positively selected genes were detected and

functionally annotated. This high-quality mungbean genome will provide valuable resources for further genetic analysis and
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. Abstract

Mungbean (Vigna radiata [L.]) is an important economic crop grown in South and East Asia. The low
contiguity of the current assembly of V. radiata genome has limited its application. Here, we report a
high-quality chromosome-scale assembled genome ofV. radiata to facilitate the investigation of its genome
characteristics and evolution. By combination of Nanopore long reads, Illumina short reads and Hi-C data,
we generated a high-quality genome assembly of V. radiata , with 473.67 megabases assembled into 11
chromosomes with contig N50 and scaffold N50 of 11.3 and 42.4 megabases, respectively. A total of 52.8%
of the genome was annotated as repetitive sequences, among which LTRs (long terminal repeats) were
predominant (33.9%). The genome ofV. radiata was predicted to contain 33,924 genes, 32,470 (95.7%)
of which could be functionally annotated. Evolutionary analysis revealed an estimated divergence time of
V. radiata from its close relative V. angularis of ˜11.66 million years ago. In addition, 277 V. radiata
specific gene families, 18 positively selected genes were detected and functionally annotated. This high-
quality mungbean genome will provide valuable resources for further genetic analysis and crop improvement
of mungbean and other legume species.

Running title: High-quality mungbean genome assembly

Keywords:Mungbean (Vigna radiata ), Hi-C, genome assembly, genome annotation

1 | INTRODUCTION

Mungbean (Vigna radiata [L.]) is an important legume crop which widely cultivated in South and East Asia
countries including India, Myanmar, China, Thailand, Bangladesh, Pakistan and Indonesia (Breria et al.
2020a; Keatinge et al. 2011). It is also widely planted in Tanzania and Kenya in recent years, but the
average yield is still low (Nair & Schreinemachers 2020). Mungbean is also act as an important rotation
crop due to short-duration (maturing in 60 to 75 days), drought tolerance, and ability to fix nitrogen as
other legume crops. Mungbean seeds contain relatively high proportion of easily digestible proteins (24%),
act as important sources of hunman dietary proteins and carbohydrates, while its sprouts are popular and
inexpensive vegetable rich with vitamin C and folate (Keatinge et al. 2011).

The draft genome sequence of mungbean was assembly of a widely grown cultivar VC1973A (Kang et al.
2014). This initial reference enabled rapid progress in genetic and genomic researches with the aim to
understand leaf development (Jiao et al. 2016), Powdery Mildew Resistance (Yundaeng et al. 2020), bruchid
resistance (Chotechung et al. 2016; Kaewwongwal et al. 2017), salinity tolerance (Breria et al. 2020b),
genomic diversity and Genome-Wide Association Studies (GWAS) investigated seed coat luster (Breria et
al. 2020a). The assembly based on Illumina short-reads technology and consists of 2,748 scaffolds with a
N50 of 1.52 Mb, there still about 130 Mb of unmapped scaffolds (Kang & Ha 2020). The low contiguity of
the current assembly has limited its application for further fine mapping and candidate genes clone. Thus,
a high-quality re-sequencing genome assembly of mungbean is needed.

In this study, we constructed a highly accurate, contiguous, chromosome-scale de novo assembly of the
mungbean genome obtained by integrating short-read sequencing, Oxford Nanopore sequencing based gap
closure, scaffolding, and orientation based on 3D proximity information derived from chromosome conforma-
tion capture (Hi-C) data. The contiguity of the newly assembled genome was 27.86-fold greater than that of
the published draft genomes of Vigna radiata (scaffold N50 = 42.35 Mb versus 1.52 Mb). The total size of
connective N sequences in the oriented genome assembly was dramatically reduced to 7.2 Kb. The genomic
data will provide valuable resources for genetic study of mungbean.

2 | MATERIALS AND METHODS

2.1 | Plant materials

The pure line of an elite cultivar, Sulv 1 was chosen for genome sequencing. The seedings were grown in a
greenhouse under 25 °C and 16 h photoperiod condition. The fresh leaves were collected from one-month old
plants, the samples were rapidly frozen in liquid nitrogen and stored at -70°C until use.

2



P
os

te
d

on
A

u
th

or
ea

20
N

ov
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

58
71

96
.6

39
22

17
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 2.2 | Genome size estimation

The Sulv 1 genome size was calculated with the following formula: genome size = total k-mer number/average
k-mer depth, and total k-mer number is the total number of k-mers from all reads. 350 bp insert size clean
reads were used to perform the k-mer (k = 19) analysis. A total of 54,027,628,001 k-mers were counted from
these clean reads. A k-mer depth distribution was obtained from paired end reads, and the peak depth was
clearly observed from the distribution data. Based on this distribution, the size of the Sulv 1 genome was
estimated to be ˜ 539.8 Mb and the heterozygosity was estimated to be 0.03% (Figure S1).

2.3 | Genome sequencing and assembly

Total DNA was isolated by using the CTAB method to construct Nanopore and Illumina libraries. Libraries
were generated and sequenced on the PromethION sequencer platform (Oxford Nanopore Technologies, UK)
at the Biomarker Technologies Corporation (Beijing, China).

We first corrected the errors in the Nanopore sequencing reads with the help of Canu (Koren et
al. 2017) software. Based on this corrected data, Sulv 1 genome was assembled using wtdbg2 (htt-
ps://github.com/ruanjue/wtdbg2) software platform.Wtdbg2 chops reads into 1024 bp segments, merges
similar segments into a vertex and connects vertices based on the segment adjacency on reads. The resulting
graph is called fuzzy Bruijn graph (FBG) which is similar to De Bruijn graph but permits mismatches/gaps
and keeps read paths when collapsing k-mers. The draft genome was first calibrated using Racon (Vaser et
al. 2017) with Nanopore reads through 3 rounds of calibration, and Pilon (v1.21, Bruce et al. 2014) was
then used to calibrate the draft genome again with the help of short Illumina HiSeq reads in a 3 rounds of
calibration process too.

2.4 | Hi-C sequencing and chromosomes anchoring

We constructed Hi-C fragmented libraries (300-700 bp insert size) as illustrated in Rao et al (Rao et al. 2014)
and libraries were sequenced through Illumina sequencing platform. Briefly, adapter sequences of raw Hi-C
reads were trimmed and low quality paired end reads were removed in order to obtain clean data. The clean
Hi-C reads were first truncated at the putative Hi-C junctions and then the resulting trimmed reads were
aligned to the draft assembly with the help of bwa aligner (Li et al. 2013). Only uniquely aligned read pairs
whose mapping quality was greater than 20 were retained for further analysis. Invalid read pairs, including
Dangling-End and Self-cycle, Re-ligation and Dumped products, were filtered by HiC-Pro (v2.8.1, Servant
et al. 2015).

The uniquely mapped read pairs were valid interaction pairs and were used for the correction of scaffolds
and to order and orientate scaffolds onto chromosomes by LACHESIS (Burton et al. 2013).

Before chromosomes assembly, we first performed a pre-assembly for the error correction of scaffolds which
required the splitting of scaffolds into segments of 50 kb on average. The Hi-C data were mapped to
these segments using BWA (version 0.7.10-r789, Li et al. 2009) software. The uniquely mapped data we-
re retained to perform assembly by using LACHESIS software. Any two segments which showed incon-
sistent connection with information from the raw scaffolds were checked manually. These corrected scaf-
folds were then assembled with LACHESIS. Parameters for running LACHESIS software included: CLUS-
TER MIN RE SITES=186, CLUSTER MAX LINK DENSITY=2, CLUSTER NONINFORMATIVE RA-
TIO=1.3, ORDER MIN N RES IN TRUN=98, ORDER MIN N RES IN SHREDS=100. After this step,
placement and orientation errors exhibiting obvious discrete chromatin interaction patterns were manu-
ally adjusted. Finally, 470.45 Mb of the sequences (representing 99.3% total length) were anchored to 11
chromosomes.

2.5 | Gene and repetitive sequence annotation

Repeats were masked on the assembled Sulv 1 genome using de novo-based and homology-based stra-
tegies. We used RepeatMasker (Tarailo-Graovac et al. 2009) for de novo repeat prediction based on
a custom library produced by RepeatModeler. Repbase (Jurka et al. 2005) was downloaded from
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. http://www.girinst.org/repbase/ and was used for homology-based repeat detection. Repbase and the de
novo repeat library were merged together to annotate the repetitive elements in the assembled Sulv 1 ge-
nome by using RepeatMasker. Parameters for running RepeatMasker were: “-nolow -no is -norna -engine
wublast”. And default parameters were used for LTR FINDER (Xu et al. 2007), RepeatScout (Price et al.
2005) and PASTEClassifier (Hoede et al. 2014) softwares.

Protein-coding genes prediction of the assembled Sulv 1 genome was conducted using three different stra-
tegies: ab initio prediction, predictions based on homologous species, and based on unigenes. EVM (v1.1.1,
Haas et al. 2008) software was used to integrate these three prediction results using default parameters. Soft-
wares used for ab initio prediction were Genscan (Burge et al. 1997), Augustus (v2.4, Stanke et al. 2003),
GlimmerHMM (v3.0.4, Majoros et al. 2004), GeneID (v1.4, Blanco et al. 2007), SNAP (version 2006-07-28,
Korf et al. 2004), and default parameters were used. GeMoMa (v1.3.1, Keilwagen et al. 2016, Keilwagen et
al. 2018, with default parameters) was used for homology based prediction with protein sequences from ho-
mologous species including Arabidopsis thaliana , Vigna radiata , Vigna unguiculata and Glycine max . For
unigene based prediction, PASA (v2.0.2, Campbell et al. 2006) software was used on the basis of assembled
RNA-seq unigenes with the following parameters: “-align tools gmap -maxIntronLen 20000”. Specifically,
Hisat (v2.0.4, Kim et al. 2015) and Stringtie (v1.2.3, Pertea et al. 2015) were used for the assembly of
transcripts; TransDecoder (v2.0, available online: https://transdecoder.github.io/) and GeneMarkS-T (v5.1,
Tang et al. 2015) were used for gene prediction. Parameters used for Hisat software were: “–max-intronlen
20000 –min-intronlen 20” and default parameters were used for Stringtie, TransDecoder and GeneMarkS-T.

For the annotation of noncoding RNAs, Blastn was used for genome-wide comparison to identify microRNAs
and rRNAs based on the Rfam (Griffiths-Jones et al. 2005) database, and tRNAs were identified using
tRNAscan-SE (Lowe et al. 1997) sofaware.

Using the predicted protein sequences, BLAT (Kent et al. 2002) alignment was conducted to find homologous
gene sequences (possible genes) in the assembled Sulv 1 genome, and then GeneWise (Birney et al. 2004) was
used to detect immature stop codons and frameshift mutations in the gene sequences to identify pseudogenes
with default parameters. E-value cutoff for GenBlastA (She et al. 2009) was set to 1e-5.

The sequences of the predicted protein-coding genes were searched against commonly used Nr (Marchler-
Bauer et al. 2011), KOG (Koonin et al. 2004), GO (Dimmer et al. 2012), KEGG (Kanehisa et al. 2000) and
TrEMBL (Boeckmann et al. 2003) databases for gene function annotation with BLAST software (v2.2.31,
Altschul et al. 1990, e-value cutoff 1e-5). Motif annotation was performed through comparison against PRO-
SITE (Bairoch et al. 1991), HAMAP (Lima et al. 2009), Pfam (Finn et al. 2006), PRINTS (Attwood et
al. 1994), ProDom (Bru et al. 2005), SMART (Letunic et al. 2004), TIGRFAMs (Haft et al. 2003), PIRSF
(Wu et al. 2004), SUPERFAMILY (Gough et al. 2002), CATH-Gene3D (Lees et al. 2012) and PANTHER
(Thomas et al. 2003) databases using InterProScan (Zdobnov et al. 2001) software.

2.6 | Gene family analysis

The protein sequences of Sulv 1 and 10 related species includingVigna radiata , cowpea, common bean,
soybean, Vigna angularis , Lablab purpureus , Medicago truncatula ,Lotus japonicus , Vigna subterranea
and Arabidopsis thaliana (downloaded from NCBI database) were used for gene family clustering through
OrthoMCL (Li et al. 2003) software with default parameter settings.

2.7 | Phylogenetic tree reconstruction and divergence time prediction

Single-copy orthologues identified from the analyzed genomes were used for subsequent phylogenetic tree
reconstruction and divergence time evaluation. Multiple sequence alignment was performed using MUSCLE
(Edgar et al. 2004), and then a phylogenetic tree was constructed using PHYML (Guindon et al. 2010)
software based on the alignment. MCMCTREE implemented in the PAML package (v4.7b, Yang et al. 1997)
was used to estimate the speciation time.

2.8 | Expansion and contraction of gene family

4
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. We used CAFE (v 2.0, De et al. 2006) to infer gene family sizes of the most recent common ancestor (MRCA)
and to analyze expansion and contraction of gene family based on the phylogenetic tree.

2.9 | Positively selected gene analysis

Codeml (Schabauer et al. 2012) software implemented in the PAML program package was used to identify
positively selected genes in the assembled Sulv 1 genome with a branch model (model=2, NSsites=0). The
positively selected genes were annotated by GO and KEGG analyses.

2.10 | Estimation of LTR insertion time

We used LTR FINDER software accompanied by PS SCAN (Prestridge et al. 1991) software to identify
LTR sequences whose score was greater than or equal to 6 in the assembled Sulv 1 genome, and duplicate
results were filtered. Then the flanking sequences on both sides of the LTR were extracted. After aligned
with MUSCLE, DistMat was used to calculate the distance based on Kimura model with the molecular clock
selected as 7.3*10-9.

3 | RESULTS AND DISCUSSION

3.1 | Genome sequencing

A single plant of Vigna radiata var. Sulv 1 was used for genome sequencing. To achieve a high-quality
Vigna radiata var. Sulv 1 genome assembly, we used a combination of sequencing methods including Oxford
Nanopore sequencing Technology (ONT), Illumina sequencing and Hi-C mapping. A total of ˜ 122.9 Gb
sequencing data (equivalent to 259.5 X genomic coverage) was generated.

3.2 | Genome assembly

For the Nanopore sequencing data, we first corrected the errors in the sequencing reads with the help of
Canu software, then genome assembly was conducted using wtdbg2 software platform based on the corrected
data. This draft genome assembly was first calibrated through Racon with the help of Nanopore reads by
3 rounds of calibration, and we then used Pilon (v1.21) software to calibrate the draft genome again with
the help of Illumina HiSeq short reads in a 3 rounds of calibration process. The resulting Nanopore genome
assembly was 473.67 Mb in length, composed of 359 contigs, and the contig N50 was 11.32 Mb. The Nanopore
assembly results were summarized in table S1.

Raw Hi-C sequencing data were first filtered to remove adapter sequences and low quality reads to obtain
high quality clean data. BWA aln was used to map the Hi-C clean data reads against the draft genome with
default parameters. The reads that can be aligned to the assembled genome are mapped reads. There are
111.97 million unique mapped read pairs, accounting for 60.45% of the total reads. These unique mapped
read pairs were used to identify the valid interaction pairs and the invalid interaction pairs mapped to the
draft genome by HiC-Pro. The preliminary assembled draft genome sequence was then further assembled
using valid Hi-C data through LACHESIS, including the grouping, sorting and orientation of the draft
genome sequence, and finally the genome sequence of Sulv 1 at the chromosome level is obtained. After Hi-C
assembly and manual adjustment, the final assembly of mungbean genome consists of 470.45 Mb assigned
into 11 individual chromosomes that accounted for 99.32% of the genome (Figure 1), and is highly contiguous
with scaffold N50 at 42.35 Mb and contig N50 at 11.32 Mb (Table 1 and table S2).

3.3 | Evaluation of assembly

The Nanopore assembly result was evaluated from the following three aspects. First, to assess the assembly
integrity and genome coverage, we used bwa software to map the short sequence reads obtained from the
Illumina HiSeq sequencing platform to the reference genome. The percent of reads mapped to the reference
genome was 99.07%. Then CEGMA (v2.5, Parra et al. 2007) software was used to assess the integrity of the
genome assembly. 449 (98.03%) of the 458 conserved core genes for eukaryotes were present in the assembled
genome. Furthermore, the completeness of our assembled genome was assessed through BUSCO (Felipe
et al. 2015) analysis using generic model. Approximately 92.43% of the plant orthologs were included in

5
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. the assembled Sulv 1 mungbean genome sequences (table S3). These results indicated a high accuracy and
integrity of the mungbean genome assembly.

For the Hi-C data assembled to the chromosome, the genome sequences were cut into 100 Kb bins with
equal length, and then the number of Hi-C read pairs between any two bins is used as the intensity of
the interaction between the two bins. Within each chromosome group, the intensity of interaction at the
diagonal position is higher than the off-diagonal position, indicating efficient chromosome assembly of Hi-C
data (figure S2).

3.4 | Protein-coding gene prediction

Protein-coding region identification and gene prediction were conducted by a combination of ab initio ,
homology-based, and unigene-based prediction methods, and aided by the software EVM for the integration
of the prediction results. We used Genscan, Augustus (v2.4), GlimmerHMM (v3.0.4), GeneID (v1.4) and
SNAP (version 2006-07-28) for ab initio gene prediction. The homology-based prediction was conducted
with GeMoMa (v1.3.1) software. For the unigene-based prediction, TransDecoder (v2.0) and GeneMarkS-
T (v5.1) were used to predict coding genes after reference genome based mapping using Hisat (v2.0.4) and
Stringtie (v1.2.3), and PASA (v2.0.2) was used for the prediction of coding genes after de novo transcriptomes
assembly. Finally, we used EVM (v1.1.1) to integrate the prediction results obtained by all the above three
methods, and after modified with PASA (v2.0.2), a total of 33,924 protein-coding regions were constructed
(table S4 and table S5). Among these predicted coding genes, 20,446 were constructed by all three methods.
6,222 genes can be predicted by both ab initio and homology-based methods but can’t be constructed by
unigene-based method. In addition, 1,291, 5,248 and 7 coding genes were found to be specific to ab initio ,
homology-based, and unigene-based prediction methods respectively (figure S3).

3.5 | Gene function annotation

We assigned the functions of predicted protein-coding genes through BLAST (v2.2.31) against NR, KOG,
GO, KEGG and TrEMBL database, performed KEGG pathway gene annotation analysis, KOG functional
annotation analysis and GO gene function annotation analysis (figure S4 and figure S5). A total of 32,470
genes can be annotated, accounting for 95.71% of all predicted genes (table S6). Among them, about 56.6%
predicted genes have GO annotations. GO enrichment analysis of gene sets was performed in Blast2GO
against Sulv 1 mungbean genome as reference. Statistical significance was tested by Fisher’s exact test
corrected in multiple tests using Bonferroni method under false discovery rate (FDR) threshold of 0.05.

Motifs are short conservation sequences that homologous to regions in other sequences and per-
form a similar function. We annotated motifs of the Vigna radiata genome using InterProScan
(http://www.ebi.ac.uk/Tools/pfa/iprscan/) with default parameters. InterProScan software combines se-
veral protein motifs/domains search tools together. It allows users to scan protein sequences at one time
against several signature databases including Prosite, PRINTS, PFAM, ProDom, Smart, TIGRFAMs, Si-
gnlP, Trans memberane etc., and also gives GO annotation. Analysis of protein domains by InterProScan
software and motif searching identified 2,765 motifs and 35,154 domains in theVigna radiata var. Sulv 1
genome.

3.6 | Non-coding RNA annotation

Non-coding RNA includes RNA with a variety of known functions such as microRNA, rRNA, and tRNA.
Different strategies were used to predict non-coding RNAs according to the structural characteristics of
different kinds of non-coding RNAs. To identify microRNA and rRNA, we used blastn to perform a genome-
wide comparison based on the Rfam database, and tRNA was identified using tRNAscan-SE software. We
finally identified 86 miRNA, 352 rRNA and 653 tRNA belonging to 23, 4 and 22 families respectively (table
S7).

3.7 | Pseudogenes prediction

Pseudogenes have sequences similar to functional genes, but they have lost their original functions due to
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. mutations such as insertions and deletions. We searched for possible homologous gene sequences in the
genome with the help of the predicted protein sequences through BLAT alignment, and then GeneWise
was used to search for immature stop codons and frameshift mutations in the gene sequences to obtain
pseudogenes. A total of 4,320 pseudogenes were identified, with an average length of 2,237 bp.

3.8 | Annotation of repetitive elements

Due to the relatively low conservation of repetitive sequences between species, it is necessary to construct
a specific repetitive sequence database when predicting repetitive sequences for Vigna radiata . We used
Repbase and a constructed de novo repeat library to annotate repeat DNA sequences in the Vigna radiata
genome. A de novo repeat library from the assembled Vigna radiata genome was constructed using LTR FIN-
DER and RepeatModeler (version open-1.0.8, http://repeatmasker.org/RepeatModeler/) and Repbase was
downloaded from http://www.girinst.org/repbase/. The database was classified through PASTEClassifier,
and then merged with the Repbase database as the final repeated sequence database. The repetitive elements
in theVigna radiata de novo repeat library and Repbase database were annotated by RepeatMasker. About
52.83% of the Vigna radiatagenome was annotated as repetitive sequences based on RepeatMasker output
(table S8). The length of the repetitive element type ranged from 46.4 Kb to 215.1 Mb. The most abundant
repetitive element repeat type is long terminal repeat (LTR), making up 33.92% of the genome, including
56.6% Gypsy LTRs, 39.77% Copia LTRs and 3.63% other types of LTRs.

Simple sequence repeats (SSRs) are another type of important tandem repetitive sequences. We used MISA
software to detect SSRs in the mungbean genome. A total of 224,409 SSRs (136,045 mono-, 56,033 di-, 28,959
tri-, 1,977 tetra-, 1,098 penta-, and 297 hexa-nucleotide repeats) were detected (table S9). The total length
of the SSR sequences was 3,252,656 bp, accounting for ˜0.69% of the assembled Sulv 1 mungbean genome.

3.9 | Phylogenetic analysis and estimation of divergence time

The assembled and annotated mungbean genome allowed us to investigate its evolutionary history. Single-
copy orthologs among taxa were used to achieve robust phylogenetic reconstruction with high confidence
and concordance. We identified a set of single-copy orthologs from mungbean and 10 closely related species
including Vigna radiata , cowpea, common bean, soybean, Vigna angularis , Lablab purpureus ,Medicago
truncatula , Lotus japonicus , Vigna subterranea and Arabidopsis thaliana using OrthoMCL software (table
S10). Based on this ortholog set, a phylogenetic tree of the eleven plant species was constructed as follows:
for each single-copy gene, a coding sequence alignment was created using MUSCLE and then all coding
sequence alignments were concatenated in MEGA. The concatenated alignment was then used to construct
a maximum likelihood phylogenetic tree using PHYML. Species divergence time was then estimated by using
the maximum likelihood tree as a starting tree through Mcmctree (Figure 2). We used a fossil calibration
with a strict clock rate for the divergence time estimation.

3.10 | Whole genome duplication in mungbean genome

To investigate the evolution of mungbean, we compared its genome with four other eudicots: Vigna radiata
, Arabidopsis thaliana(Arabidopsis), Vigna unguiculata and Phaseolus vulgaris . The orthologs between
mungbean and these species were identified using analysis described above. We searched for genome wide
duplications in assembled mungbean genome to study mungbean genome evolution. 4DTv (4-fold degenerate
synonymous sites of the third codons) values were calculated based on the homologous gene pairs between
two species or within the species itself. The analysis revealed whole-genome replication events in mungbean
genome. A divergence peak was observed for Vigna radiata vs Arabidopsis thaliana , and another lower peak
was found for Vigna radiata vs common bean (Figure 3), which suggested that the divergence of mungbean
andArabidopsis thaliana occurred earlier than the divergence of mungbean and common bean.

3.11 | Estimation of LTR insertion time

LTRs were identified in the Sulv 1 genome using LTR FINDER software. Mutation rates were used to
estimate LTR insertion times. The results indicated that LTR insertions are not very active in Sulv 1
(Figure 4).
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. 3.12 | Genes underwent positively seletion

To detect positively selected genes in Sulv 1 genome, we evaluated the Ka/Ks ratios of single copy genes by
using branch model. In total, we detected 18 genes that probably have experienced positive selection (table
S11). GO enrichment revealed that a majority of these genes were involved in membrane-enclosed lumen and
cell junction.

4 | CONCLUSIONS

In this study, we combined sequencing technologies including Oxford Nanopore (142.4X), Illumina sequencing
and Hi-C mapping to upgrade theVigna radiata genome assembly. We present a high-quality genome assembly
and gene annotation of Vigna radiata var. Sulv 1 with 33,924 protein-coding genes. The final genome assembly
of 473.67Mb covers 87.8 % of the estimated genome size, and 99.32% of sequences have been assigned into
11 individual chromosomes. This work provides valuable chromosome-level genomic data for mungbean.
The identified genomic features of Sulv 1, including gene families, WGD events, and genome-specific genes,
provide rich data for comparative genomic studies in legume plants.
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Table 1. Assembly and annotation statistics of Sulv 1 genome

Total number of contigs 362

Assembly size 473.7 Mb
N50 11.3 Mb
N90 2.33 Mb
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. Total number of contigs 362

Largest contig 22.6 Mb
Total number of scaffolds 290
Assembly size 473.7 Mb
N50 42.4 Mb
N90 30.1 Mb
Largest scaffold 72.8 Mb
GC content 33.3%
Repeat density 52.8%
Number of protein-coding genes 33,924
Average length of protein-coding genes 3,623
Supported by RNA-seq or homologs 32,633

FIGURE LEGENDS

Figure 1. Characteristics of the 11 chromosomes of Sulv 1 genome.Characteristics of the 11
chromosomes of Sulv 1. Tracks a to e represent the distribution of FPKM, gene density, density of Copia
retrotransposable elements, density of Gypsy retrotransposable elements and GC density, respectively, with
densities calculated in 200-kb windows. Track f shows syntenic blocks.

Figure 2. Phylogenetic analysis of Sulv 1 and other representative plant genomes. A Phylogenetic
tree of Sulv 1 and 10 other species based on a concatenated alignment of single-copy orthologues. B Estimates
of gene family expansions and contractions based on CAFÉ. The red and blue numbers indicate expanded
and contracted gene families, respectively.

Figure 3. 4DTv distribution in Sulv 1 and other representative plant species. 4DTv distributions
for Sulv 1 with other representative plant species are represented with colored lines as indicated.

Figure 4. LTR insertion events in Sulv 1 genome. The LTR insertion times of Sulv 1 and 10 other
related plant species was calculated.

SUPPLEMENTARY FILES

Supplemental Figure 1. The distribution of Sulv 1 19-mers.

Supplemental Figure 2. Hi-C heatmap of the Sulv 1 genome.

Supplemental Figure 3. Venn diagram of annotated genes in Sulv 1 genome.

Supplemental Figure 4. Enriched GO terms of Sulv 1 genes.

Supplemental Figure 5. KOG functional classification of Sulv 1 genes.

Supplemental Table 1. Statistics of the Nanopore assembly of Sulv 1 genome.

Supplemental Table 2. Statistics of the genome assembly of Sulv 1.

Supplemental Table 3. Quality assessment of the assembled genome of Sulv 1.

Supplemental Table 4. Summary statistics of annotated genes in Sulv 1 genome.

Supplemental Table 5. Summary statistics of the functional genes of Sulv 1.

Supplemental Table 6. Annotation of the protein-coding genes of Sulv 1.

Supplemental Table 7. Identification of non-coding genes in Sulv 1 genome.

Supplemental Table 8. Summary statistics of the annotated repetitive sequences in the Sulv 1 genome.

13



P
os

te
d

on
A

u
th

or
ea

20
N

ov
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

58
71

96
.6

39
22

17
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Supplemental Table 9. Specific statistics of the annotated SSRs in the Sulv 1 genome.

Supplemental Table 10. Summary statistics of the gene families of Sulv 1 and other 10 angiosperm species.

Supplemental Table 11. Genes underwent positively seletion.
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