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Abstract

Mucuna pruriens, commonly called velvet bean, is the main natural source of levodopa (L-DOPA),

which has been marketed as a psychoactive drug for the clinical management of Parkinson’s dis-

ease and dopamine-responsive dystonia. Although velvet bean is a very important plant species for

food and pharmaceutical manufacturing, the lack of genetic and genomic information about this

species severely hinders further molecular research thereon and biotechnological development.

Here, we reported the first velvet bean genome, with a size of 500.49 Mb and 11 chromosomes

encoding 28,010 proteins. Genomic comparison among legume species indicated that velvet bean

speciated �29 Ma from soybean clade, without specific genome duplication. Importantly, we identi-

fied 21 polyphenol oxidase coding genes that catalyse L-tyrosine to L-DOPA in velvet bean, and two

subfamilies showing tandem expansion on Chr3 and Chr7 after speciation. Interestingly, disease-

resistant and anti-pathogen gene families were found contracted in velvet bean, which might be re-

lated to the expansion of polyphenol oxidase. Our study generated a high-quality genomic reference

for velvet bean, an economically important agricultural and medicinal plant, and the newly reported

L-DOPA biosynthetic genes could provide indispensable information for the biotechnological and

sustainable development of an environment-friendly L-DOPA biosynthesis processing method.
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1. Introduction

Velvet bean (Mucuna pruriens, 2n¼22) is a tropical Fabaceae plant
mostly distributed in Asia, Africa and America.1 It is a versatile po-
tential source of nutrition and cover crop. Velvet bean seeds contain

20.2–29.3% crude protein,2 which is comparable with the legumes
Cajanus cajan3 and Cicer arietinum.4 As a legume cover crop, velvet
bean has the characteristic of nitrogen fixation, and its fast-growing
could improve biomass and soil quality for farming.5,6
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Despite its obvious advantages as a crop, velvet bean is best
known as an important herbal medicine; it is a renowned and indis-
pensable natural source of levodopa (L-DOPA),2,7,8 which is widely
used for the treatment of mental disorders. Velvet bean extracts can
relieve Parkinson’s disease (PD).9–11 Moreover, other unknown com-
pounds in velvet bean could improve motor, olfactory, mitochon-
drial and synaptic impairments in PD models.12 Natural source of L-
DOPA from velvet bean seed powder exhibit comparable efficacy,
but surprisingly a faster onset, than standard synthetic L-DOPA/car-
bidopa in PD treatment.13 Additionally, velvet bean is effective for
treating male infertility,14,15 neutralizing snake venom16 and improv-
ing sleep quality.17

L-DOPA is the oxidation product of L-tyrosine and is eventually
decarboxylated into dopamine.8,18 Identifying the relevant enzymes
in this process and their coding sequences could provide insights aid-
ing the industrial development and production of L-DOPA, and agri-
cultural improvement of velvet bean. However, in contrast to the
widespread application and daily use of velvet bean, genetic and mo-
lecular information about this species is scarce. No clear genetic in-
formation or large-scale molecular research on velvet bean was
available before 2017. The first transcriptomic study of two acces-
sions of velvet bean identified several differential expressed tran-
scripts, such as MYB, MADS, WRKY and bHLH, related to
secondary metabolite biosynthesis.19 That report, however, did not
clearly address the pathway underlying L-DOPA’s metabolism. In
this study, we reported a chromosome-level genome for velvet bean,
investigated its genomic evolutionary history and identified genes in-
volved in L-DOPA synthesis, with the goal of paving the way for fur-
ther in-depth research aiding velvet bean breeding.

2. Materials and methods

2.1. Sample collection and library preparation

The velvet bean (M. pruriens var. utilis) plants were collected from
Napo County, Baise, Guangxi Province, China, in November 2017
and identified by Dr Bao-jing Li, Yunnan University of Chinese
Medicine, Kunming, China. A voucher specimen (No.
2017110601A) was deposited in the State Key Laboratory of
Quality Research in Chinese Medicine, Institute of Chinese Medical
Sciences, University of Macau, Macao, China. Genomic DNA of vel-
vet bean leaf was extracted with QIAGEN Genomic kit following
manufacturer’s protocol. After fragmentation, we concentrated dif-
ferent sizes of DNA fragments (350, 2,000 and 5,000 bp) with
MGIEasy DNA purification kit and checked the library quality with
Agilent 2100 Bioanalyzer. After sequencing adapter ligation, the li-
braries were amplified and sequenced with BGISEQ500 platform.
We prepared the Hi-C libraries following a Hi-C protocol.20 Briefly,
the fresh velvet bean leaves were shredded and cross-linked with 2%
formaldehyde followed by digesting DNA with a restriction enzyme
and biotin-labelling the ends of fragments. Then, fragmented DNA
was ligated and sheared, and the biotin-labelled fragments were
enriched with streptavidin beads and used to build sequencing li-
brary with MGI CoolMPS sequencing kit following manufacturer’s
protocol too.

2.2. Genome assembly

All the reads were sequenced on the BGISEQ-500 platform. The
SOAPdenovo v2.0421 (parameters: -K 63 -R -k 41 -F) was used to as-
semble the scaffolds, followed by two rounds of gap closing, con-
ducted by using GapCloser v1.1222 (default settings). For Hi-C

assembly, data were first processed by HiC-Pro v2.8.023 (default set-
tings), and Juicer v1.524 (default settings) was then used to map reads
onto the genome to validate available pair reads. The 3D-DNA pipe-
line v18092225 (default settings) was used to construct the
chromosome-level genome.

2.3. Genome annotation

Repeat sequences were detected with homology-based and de novo
approaches, respectively. The RepeatMasker v4.0.7 program (http://
www.repeatmasker.org/, 10 July 2020, date last accessed, parameters: -
nolow -no_is -norna -engine ncbi -parallel 1) was used to search for re-
petitive sequences based on the Repbase v21.01 library. Tandem repeat
elements were detected using the TRF program v4.0426 (parameters: 2
7 7 80 10 50 2000 -d -h). The RepeatModeler v1.03 (http://www.repeat
masker.org/RepeatModeler/, 10 July 2020, date last accessed, parame-
ters: -engine ncbi -database mydb -pa) and LTR_finder v1.0427 (default
settings) were used to build a de novo repeat library spanning the
whole-genome sequence. The long terminal repeat (LTR) pairs (50 and
30 terminal sequences) were extracted and aligned with MUSCLE
v3.8.3128 (default settings), and sequence distances (K) were then calcu-
lated by the distmat in the EMBOSS v6.6.0 package (http://www.bioin
formatics.nl/cgi-bin/emboss/help/distmat, 1 February 2021, date last
accessed, parameter: -nucmethod 2). The insertion time of LTR ele-
ments was estimated according to the formula T¼K/2r, where r refers
to the evolution ratio, with 7e�9 per site per year.29

Gene models were predicted with de novo predictions, homologue
(Glycine max, Phaseolus vulgaris, Medicago truncatula and Vigna
unguiculata) and RNA-seq data. De novo predictions were made using
GlimmerHMM v3.0.430 (parameters: -d arabidopsis -f -g) and
Augustus v3.2.1 software31 (parameters: –species¼arabidopsis
–uniqueGeneId¼true –noInFrameStop¼true –gff3¼on –strand¼both).
Gene sets from homologous species were first mapped to velvet bean
genome sequences using BLAT v0.3632 (parameters: -q¼prot -t¼dnax
-noHead); then, coding phases were determined using GeneWise
v2.4.133 (default settings). RNA-seq data were mapped to the genome
with HISAT2 v2.1.034 (default settings), and gene models were then
predicted by Braker v2.035 (default settings). Finally, we used GLEAN
v1.0.136 (default settings) to integrate the three kinds of evidences.
Finally, BUSCO v3.0.237 (parameters: -c 10 -e 0.001 -l embryophy-
ta_odb9 -sp arabidopsis) was used to evaluate the genome assembly
and gene models.

2.4. Genomic comparative analysis

The coding sequences from seven species (M. pruriens, Arabidopsis
thaliana, M. truncatula, G. max, P. vulgaris, V. unguiculata and
Oryza sativa) were aligned with the all-vs-all BLASP method embed-
ded in blastall package v2.2.26 (parameters: -p blastp -m 8 -e 1e-5 -F
F). Then, gene families were clustered by OrthoMCL v2.0.938

(parameter: –mode 3). Single-copy genes were extracted, and a
taxonomy tree was then constructed using PhyML v3.039 (default
settings) and TreeBeST v 1.9.240 (default settings) based on the
global alignment result using MUSCLE v3.8.31 (default settings)
with O. sativa as outgroup. Divergence time was estimated by
MCMCTree v4.441 (parameters: clock¼3, model¼0, BDparas¼1 1
0). Gene families’ expansion and contraction were calculated by cafe
tool v4.2.142 (-f Mucunapruriens -n Mucunapruriens¼‘M.pruriens’).
Whole-genome synteny blocks were detected using the Python ver-
sion of MCScan package v0.7.4 [https://github.com/tanghaibao/jcvi/
wiki/MCscan (Python-version), 17 March 2021, date last
accessed, parameter: jcvi.formats.gff bed –type¼mRNA, -m
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jcvi.graphics.dotplot –nostdpf –genomenames]. The pairwise blocks
were extracted, and then 4-fold degenerate synonymous site (4DTv)
values were calculated and counted to estimate the whole-genome
duplication (WGD) events.

2.5. Study of L-DOPA synthetic genes

All annotated gene models were first searched against the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, producing a
unique gene annotation for each gene. All genes annotated as poly-
phenol oxidase were recognized as candidate L-DOPA synthetic gene
members (KEGG pathway ko00350).43 Genes trees were constructed
by FastTree v 2.1.344 based on the global alignment of MUSCLE
v3.8.31 (default settings) and visualized by ggtree package v2.4.1.45

The RNA-seq data from different tissues (leaf, pod, bean, stem and
root) were mapped to the gene models using bowtie v2.46,47 (default
settings), and the fragments per kilobase of exon model per million
mapped fragments values were then calculated for each gene and
each sample to represent the expression level. The distance value be-
tween all gene pairs was calculated using distmat program (parame-
ter: -nucmethod 2) in EMBOSS package v3.0.2. For the six velvet
bean cultivars that grow in different zones and with different seed
colour traits, a library of 350 bp was constructed for each line and
sequenced on the BGISEQ500 platform. We also used SOAPdenovo
v2.04 (parameters are the same as described in Section 2.2) for draft
assembly. The gene prediction and annotation were performed with
the same pipeline as described above.

2.6. Identification of R-genes

Domain models containing resistance-related sites or domains were
acquired from the Pfam database48 (Leucine Rich Repeat: PF00560/
PF07723/PF07725/PF12799; NB-ARC: PF00931; NB-LRR:
PF12061; Pkinase: PF00069; TIR: PF01582; BED zinc finger:
PF02892). Then hmmsearch v3.1b249 (default settings) was used to
search gene sets with R-gene models.

3. Results and discussion

3.1. Genome assembly and annotation

A total of 50.11 Gb (�100�) whole-genome data were produced for
assembly (Supplementary Table S1). We assembled a genome with a
total length of 500.49 Mb. Using 73 Gb Hi-C data, we anchored
�470 Mb scaffolds (�93.83%) to 11 chromosomes, with a final
scaffold N50 of 48.43 Mb, and contig N50 of 92.52 kb, respectively
(Table 1, Fig. 1A and B). A public RNA-seq data19 was mapped to
the genome with a high alignment ratio of 95.57%. We predicted
28,010 coding genes in velvet bean genome, of which 94.92% have
been functionally annotated with Non-Redundant (NR), KEGG,
UniProt and Gene Ontology (GO) database. BUSCO evaluation
results revealed that about 93.5% and 96.4% of complete embryo-
phyte BUSCO genes could be covered, respectively by our genome
and genes models, for high completeness of the velvet bean genome.

3.2. Repetitive elements in velvet bean genome

We detected about 39.75% (�199 Mb) repetitive sequences in the
velvet bean genome (Supplementary Table S2), which is larger than
that of Lotus japonicus (�31.85%) and smaller than that of Arachis
duranensis (�44.62%), V. unguiculata (�46.37), G. max
(�47.57%) and P. vulgaris (�50.50%) and almost equal to M. trun-
catula (�39.67%) (Supplementary Table S2). The percentages of

long terminal repeats (LTR) in entire transposable element (TE)
sequences were also different among species, with the LTR percent-
age of the velvet bean being �74.82% (Supplementary Table S2). In
velvet bean, A. duranensis and C. arietinum genomes, we found a
distinct common peak in the insert time distribution of the LTR, sug-
gesting that one recent LTR burst event occurred around 3 Ma.
Meanwhile, no peaks were detected in the G. max, P. vulgaris, L.
japonicus or M. truncatula, suggesting successive LTR bursting
events (Supplementary Fig. S1).

3.3. Comparative genomic analysis

Genes from seven species, including O. sativa, A. thaliana and four
legumes (G. max, P. vulgaris, M. truncatula and V. unguiculata), to-
gether with the velvet bean genome, were aligned and clustered into
24,940 families, and velvet bean occupied 17,098 families. Using
1,213 conserved single copy genes of seven species, phylogenic tree
and their speciation time were estimated. The results revealed that
velvet bean is a sister clade of soybean (G. max), common bean (P.
vulgaris) and cowpea (V. unguiculata), and diverged from those
three species �29 Ma (Fig. 2A).

Expansion and contraction of gene families could be important
events during the species’ evolution. We found that velvet bean ge-
nome contained 838 expanded families but more contracted families
compared with the other three Phaseoleae legumes (Supplementary
Fig. S2). The expanded families contained 3,073 genes, and KEGG
enrichment analysis suggested that they are significantly related with
28 pathways, including ABC transporters (ko02010, P-value:
7.42e�20), pentose and glucuronate interconversions (ko00040,
P-value: 6.00e�19), isoquinoline alkaloid biosynthesis (ko00950,
P-value: 3.79e�16) and tyrosine metabolism (ko00350, P-value:
8.08eE�14). Interestingly, L-DOPA is involved in the tyrosine me-
tabolism pathway. Besides, the contracted families contained 3,163
genes in velvet bean which significantly enriched in 26 pathways, in-
cluding ribosome biogenesis in eukaryotes (ko03008, P-value:
1.03e�15), linoleic acid metabolism (ko00591, P-value: 5.69e�15)
and plant–pathogen interaction (ko04626, P-value: 8.65e�15). Both
expanded and contracted genes were distributed in several common
pathways; however, the gene number in the environmental adaption
pathway of contracted families is much more than that of expanded

Table 1. Summary of velvet bean genome assembly

Value

Total size of scaffold (Mb) 500.49
Total size of contig (Mb) 494.05
Anchored scaffold (Mb) 470.15 (93.83%)
Scaffold N50 (Mb) 48.43
Contig N50 (kb) 92.53
GC content (%) 32.21
Number of genes 28,010
Repeat contents (%) 39.75
BUSCO evaluation of genome (%) 93.5
BUSCO evaluation of genes (%) 96.4
All functional annotated (%) 94.92

NR (%) 94.61
Swissprot (%) 78.11
KEGG (%) 72.55
TrEMBL (%) 94.63
Interpro (%) 91.09
GO (%) 68.25
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Figure 1. Genomic overview. (A) Genomic overview of velvet bean (Mucuna pruriens). (a) Gene model density. (b) Repeat sequence density. (c–f) Density of LINE,

SINE, DNA transposon and LTR elements. The values were calculated within a 1-Mb window. Red triangles denote the positions of tandem duplicated polyphenol

oxidase genes and the blue triangles are the remaining genes. (B) Heatmap of the Hi-C assembly (A color version of this figure appears in the online version of

this article).
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gene families. In addition, there are 237 families unique to velvet
bean genome. Enrichment analysis of these specific gene families
showed the genes are associated with 13 pathways, including protein
processing in the endoplasmic reticulum (ko04141, P-value
1.11e�6), selenocompound metabolism (ko00450, P-value
2.74e�5) and diterpenoid biosynthesis (ko00904, P-value 3.08e�5)
(Supplementary Fig. S3).

3.4. WGD events and chromosome synteny

WGD plays an important role in the genome evolution and chromo-
some evolvement of plants. Most eudicots shared an ancient whole-
genome triplication (gamma WGT) event that occurred �125 Ma;
for leguminous plants, a Fabaceae-specific duplication event oc-
curred �55 Ma in addition to the gamma WGT.50,51 Within velvet
bean genome, at least 12 obvious self-syntenic segments were found
(e.g. chr1, chr5, chr6 and chr8; Fig. 2B). Synteny between velvet
bean and common bean, as well as velvet bean and cowpea, indi-
cated obvious collinear correspondences (Supplementary Fig. S4). To
date, no other sequenced legume has been shown to experience a re-
cent species-specific WGD event, except soybean.50 We calculated
the 4DTv distribution to make inferences regarding the WGD events.
The 4DTv distribution of velvet bean showed similarities with cow-
pea and common bean and experienced an ancestral hexaploidiza-
tion event and Fabaceae shared WGD; there was no species-specific
WGD (Fig. 2C). This is consistent with the number of chromosomes,
which is almost twice as high for soybean as velvet bean, cowpea
and common bean, resulting from G. max experiencing an extra
WGD event. The gamma WGT event changed the chromosome

number of ancestral dicotyledons from 7 to 21.51 We reconstructed
the chromosome evolutionary process of velvet bean by detecting
collinearity between the legumes and grape, which is regarded as a
representative species of ancestral eudicot karyotype.52 Based on the
components of the karyotype in velvet bean, we assumed that at least
four fissions and fusions occurred in each chromosome on average.
For example, chr2 is derived from ancestral chromosomes A1, A2,
A4 and A5 (Fig. 2A).

3.5. Expansion and evolution of L-DOPA synthetic

genes

Tyrosinase (TYR, EC: 1.14.18.1), tyrosine 3-monooxygenase (TH,
EC: 1.14.16.2) and polyphenol oxidase (EC: 1.10.3.1, also called
catechol oxidase) are involved in the process of transforming L-tyro-
sine into L-DOPA.53,54 We identified 21 polyphenol oxidase genes in
velvet bean, 7 in cowpea, 21 in soybean, 4 in barrelclover (M. trun-
catula) and 3 in common bean, respectively (Fig. 3A and
Supplementary Table S3). We also looked into the number of poly-
phenol oxidase genes in the assemblies of six velvet bean cultivars
grown in different regions with different seed colour traits
(Supplementary Table S4). By assembling the whole-genome se-
quencing data (Section 2.5), we obtained six draft assemblies ranging
from 405 to 500 Mb in size, and the scaffold N50 values ranged
from 45.16 to 58.09 kb. There are 12–14 polyphenol oxidase genes
identified in the six lines. The reason why the gene number is smaller
than the chromosome version is that the sequences of the draft as-
semblies were relatively fragmented, and some genes were not anno-
tated (Fig. 3C and D). These results demonstrate that the polyphenol
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locations of 18 polyphenol oxidase genes on chr3 and chr7. The genes represented by triangles are clustered into one clade in Fig. 1A (eight on chr3 with pink

background and four on chr7 with lavender background in A). (C) Gene phylogenetic tree of seven velvet beans; the common genes shared by seven cultivars are

marked by the green background. The pink and lavender symbols correspond to the tandem polyphenol oxidase genes in A. (D) Validation of five polyphenol oxi-

dase genes marked with black ‘*’ in C in other velvet bean cultivars. Strain5 represents the chromosomal-level assembly, and genes denoted by ‘*’ are complete

in Strain5, and present in non-chromosomal-level strains with fragmented sequences (A color version of this figure appears in the online version of this article).
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oxidase gene is indeed expanded in the velvet bean genome. In addi-
tion, as supported by RNA-seq data, we identified all annotated
polyphenol oxidase genes expressed in velvet bean tissues
(Supplementary Fig. S5), suggesting that they play a role in the prog-
ress of L-DOPA synthesis in velvet bean. Our findings are in line
with a recent study reporting that L-DOPA synthesis in velvet bean is
catalysed by polyphenol oxidase (EC: 1.10.3.1), where no tyrosinase
gene or tyrosine 3-monooxygenase (EC: 1.14.16.2) gene was found
in the transcriptome data.18

The polyphenol oxidase gene tree of five legumes showed two no-
tably expanded subfamilies in velvet bean (Fig. 3A). These genes are
tandemly distributed on chr3 and chr7 (Figs 1A and 3B), indicating
the tandem expansion of polyphenol oxidase genes in the velvet bean
genome. To investigate the polyphenol oxidase genes’ insertion time,
we compare the polyphenol oxidase gene distance (PP values) and
whole-genome orthologous/paralogous distance (WP values), which
indicates speciation and WGD events (Fig. 4). We found that PP

values between two species were much larger than the WP value, in-
dicating that the polyphenol oxidase genes have already existed in
their ancestral genome. At the same time, the PP value within the spe-
cies is similar to or even slightly larger than the Fabaceae WGD dis-
tance value (Fig. 4, e.g. M.pruries_M.pruries: PP 32.93>WP 21.98),
so we speculate that the L-DOPA synthase is likely to expand with
the Fabaceae WGD event, but during the process of speciation, these
genes are retained in the velvet bean genome, while other legumes
such as common bean may have lost them.

The accumulation of L-DOPA in the seed of velvet bean likely
involves the regulation of upstream and downstream genes. We also
investigated the gene members of tyrosine decarboxylase (EC:
4.1.1.25), an enzyme that can degrade L-DOPA. Interestingly, we
found that velvet bean genome not only contained more polyphenol
oxidase genes (EC: 1.10.3.1) but also fewer tyrosine decarboxylase
genes than other legumes (13 in velvet bean and 20–63 in soybean/
cowpea/common bean/barrelclover, Supplementary Table S3). We
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believe that our results provide a foundation for future genetic stud-
ies of velvet bean, for example concerning the gene activity of poly-
phenol oxidase in different life stages and conditions, and the
synthesis regulation and transport system of L-DOPA.

3.6. Contraction of R-genes

Resistance genes (R-genes) play a vital role in plant defence against bi-
otic stresses.55 We identified R-genes in velvet bean and six other species
including soybean, Arabidopsis, Medicago, common bean, cowpea and
rice (O. sativa), based on the conserved domains of the R-genes.
Compared with the other six species, we found a notable contraction of
R-genes in velvet bean, with 433 R-genes in velvet bean (the smallest
number among legumes), 486 in Arabidopsis (the smallest number
among non-legume species) and 649 in common bean (Supplementary
Table S5). Nucleotide-binding leucine-rich repeat domains (NBS-LRR)
genes, which sense pathogen invasion of plants,56 showed less gene
number than other species, with approximately one-quarter of that in
soybean. Interestingly, we found that 45.56% (190/417) of R-genes of
velvet bean were located in ancient chromosome blocks, which was
much more than the proportions of 30.28% (295/974), 24.46% (147/
601), 21.17% (151/713) and 14.50% (176/1214) for soybean, com-
mon bean, cowpea and Medicago, respectively. This suggests that the
R-genes in other legumes probably expanded much more than those in
velvet bean after speciation. Given that velvet bean shows strong adap-
tation to various environments and the accumulation of L-DOPA (an
allelochemical substance that protects plants from competitor and in-
vader),7,57–59 we speculated that a compensation mechanism might ac-
count for the reduced number of R-genes in velvet bean genome; that is,
the high levels of L-DOPA that prevented an invasion by pathogens of
velvet bean might be a factor in its small number of NBS-LRR genes.

4. Conclusions

Mucuna pruriens is not only an excellent additive for the food indus-
try but also an important natural material for extracting L-DOPA
for the treatment of PD. This study is the first to report the
chromosome-level assembly of M. pruriens along with the genomic
evolutionary analysis and a description of essential enzyme coding
genes for L-DOPA biosynthesis. These genomic results will aid fur-
ther genetic study and development of M. pruriens and L-DOPA
biosynthesis.
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