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Mungbean [Vigna radiata (L.) R. Wilczek] produces a compound raceme inflorescence

that branches into secondary inflorescences, which produce flowers. This architecture

results in the less-domesticated traits of asynchronous pod maturity and multiple

harvest times. This study identified the genetic factors responsible for the compound

raceme of mungbean, providing a unique biological opportunity to improve simultaneous

flowering. Using a recombinant inbred line (RIL) population derived from VC1973A, an

elite cultivar with a compound raceme type, and IT208075, a natural mutant with a

simple raceme type, a single locus that determined the inflorescence type was identified

based on 1:1 segregation ratio in the F8 generation, and designated Comraceme.

Linkage map analysis showed Comraceme was located on chromosome 4 within a

marker interval spanning 520 kb and containing 64 genes. RILs carrying heterozygous

fragments around Comraceme produced compound racemes, indicating this form was

dominant to the simple raceme type. Quantitative trait loci related to plant architecture

and inflorescence have been identified in genomic regions of soybean syntenic to

Comraceme. In IT208075, 15 genes were present as distinct variants not observed in

other landrace varieties or wild mungbean. These genes included Vradi04g00002481, a

development-related gene encoding a B3 transcriptional factor. The upstream region

of Vradi04g00002481 differed between lines producing the simple and compound

types of raceme. Expression of Vradi04g00002481 was significantly lower at the early

vegetative stage and higher at the early reproductive stage, in IT208075 than in

VC1973A. Vradi04g00002481 was therefore likely to determine inflorescence type in

mungbean. Although further study is required to determine the functional mechanism,

this finding provides valuable genetic information for understanding the architecture of

the compound raceme in mungbean.
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INTRODUCTION

Mungbean [Vigna radiata (L.) R. Wilczek] is a diploid (2n = 2x
= 22) warm-season legume that belongs to the tribe Phaseoleae
within the subfamily of Papilionoideae and is cultivated widely
across Asia (Shanmugasundaram et al., 2009). Mungbean is not
only a highly nutritious crop, due to its high concentration of
folate and iron, but also highly efficient during cultivation, when
factors such as self-pollination, a short life-cycle, and nitrogen
fixation are considered (Kim et al., 2015). Despite the economic
importance of mungbean, several agronomical traits, including
early flowering, synchronous pod maturity, yield, and suitability
of plant type for mechanized harvest, remain to be improved. All
these traits are regarded as part of a domestication syndrome.
Linkage mapping of domestication-related traits of mungbean
has been less intensive than in other leguminous crops including
soybean (Glycine max) and chickpea (Cicer arietinum). Indeed,
most mapping results reported in mungbean involve resistance
to insects, for example, to bruchid beetles (Chen et al., 2013;
Chotechung et al., 2016; Schafleitner et al., 2016; Kaewwongwal
et al., 2017, 2020) or to diseases, including yellow mosaic virus
(Chen et al., 2013; Kitsanachandee et al., 2013; Alam et al., 2014;
Mathivathana et al., 2019), powdery mildew (Chankaew et al.,
2013; Yundaeng et al., 2020) and Cercospora leaf spot (Chankaew
et al., 2011; Yundaeng et al., 2021). Although quantitative trait
loci (QTLs) associated with flowering and traits related to
domestication have been identified, including 34 quantitative
traits and 4 qualitative traits (Isemura et al., 2012; Hwang et al.,
2017), studies of yield-related traits are still at an early stage as
there is a lack of the background information required to develop
varieties suited to modern cultivation.

Inflorescence architecture, which determines where the
flowers form, determines the reproductive success and survival
of plants, and is a result of evolution by natural selection
(Prusinkiewicz et al., 2007); during domestication, inflorescence
architecture is a key factor affecting crop yield and harvesting
method. Inflorescence architecture is classified according to
the types of branches produced (for e.g., raceme, panicle,
and cyme) and the patterns of flowering (indeterminate and
determinate inflorescence) (Benlloch et al., 2007). The raceme is
an archetypal example of indeterminate inflorescence in which
the axis elongates continuously through indefinite growth of the
apical meristem and flowers are laterally generated along the axis.
The raceme may be divided into simple and compound forms
depending on whether or not the primary inflorescencemeristem
directly produces the flowers (Han et al., 2014). The Arabidopsis
thaliana inflorescence is a simple raceme, as the flowers are borne
on the main stem of the primary inflorescence (Ungerer et al.,
2002; Han et al., 2014). Leguminous plants typically produce
compound racemes on which secondary (I2) or higher order
inflorescences develop from the primary (I1) inflorescence and
bear flowers (Figure 1). As the axis of primary inflorescence is
elongated, secondary inflorescences are continuously generated
laterally and bear flowers in succession (Figure 1). In contrast
to the simple raceme, individual inflorescences of the mungbean
compound raceme contain flowers of many different ages, with
the oldest at the bottom and younger ones above (Benlloch

et al., 2015). This compound raceme inflorescence architecture
is shared by most cultivated mungbean varieties and their
wild relative, Vigna radiata var. sublobata (IBPGR, 1985;
Bernardo et al., 2018). The cultivated mungbean therefore retains
more less-domesticated and agronomically undesirable traits
associated with inflorescence development, such as asynchronous
pod maturity and multiple harvesting times, than does the
cultivated soybean. Unraveling the genetic factors that control
raceme inflorescence development is therefore important, both
for understanding the evolution of plant form (Benlloch et al.,
2015) and improving key architectural traits in mungbean.

We report here a natural mungbean mutant that showed
a simple raceme inflorescence (Korean gene bank accession
no. IT208075). This accession was used as a parental line
to develop a recombinant inbred line (RIL) population of
VC1973A (compound raceme) × IT208075 (simple raceme).
We investigated the inheritance pattern of the compound
raceme inflorescence and used a single nucleotide polymorphism
(SNP)-based genetic linkage map to identify a locus controlling
raceme inflorescence type. In addition, we identified a candidate
gene located in a locus associated with the compound
raceme inflorescence.

MATERIALS AND METHODS

Plant Materials and Trait Phenotyping
A RIL population consisting of 235 F7 lines was developed from
a cross between VC1973A (compound raceme) and IT208075
(simple raceme) by advancing the F2 to the F6 generation
using the single seed descent method. The maternal line,
VC1973A, was an elite cultivar developed at theWorld Vegetable
Center (previously known as the Asian Vegetable Research and
Development Center, AVRDC) in 1982, which was used to build
the mungbean reference genome (Kang et al., 2014). The paternal
line, IT208075, was a local variety from Vietnam named as Binh
khe D.X. and was obtained from the National Agrobiodiversity
Center, Republic of Korea (http://genebank.rda.go.kr/).

The 235 RILs and the mapping parents, VC1973A and
IT208075, were planted in field trials over 2 growing seasons
(planting dates: June 25, 2018 and June 20, 2019) at Seoul
National University Experiment Farm (37◦16′ 14.6′′ N, 126◦59′

19.9′′ E). Individual plants were set out in rows with 15 cm
intervals between each plant, and the distance between rows was
set at 70 cm. The plants were grown under natural photoperiods
of 11.5 to 14.5 h per day. The inflorescence type of each
RIL and parental line was scored as a compound or simple
raceme depending on the presence or absence of a secondary
inflorescence on the upper part of the main stem during the
pod maturity period; 3 replicates were scored for each line. The
number of secondary inflorescences on the upper part without
a trifoliate was recorded at the time of harvest and used as a
quantitative trait.

DNA Extraction, Resequencing, and
Genotyping-by-Sequencing
Genomic DNA was extracted from healthy young leaves of
IT208075 and the 235 F7 : 8 RILs using the GenoAll

R© ExgeneTM
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FIGURE 1 | Schematic diagram of mungbean plant architecture. Mungbean shows a typical compound raceme that bears flowers not on the primary inflorescence

(I1) but on secondary inflorescences (I2). Each branch in the lower part repeats the combination of axillary and upper inflorescences of the main stem. Double circles

represent inflorescences; arrow indicates the primary indeterminate inflorescence axis.

Plant SV kit (GeneAll Biotechnology, Seoul, Korea). DNA
quality was assessed by the 260/280 nm ratio using a Nanodrop
3000 spectrometer (Thermo Scientific, Wilmington, DE, USA).
DNA was quantified using the Invitrogen Quant-iT PicoGreen R©

dsDNA Assay kit (Life Technologies, Burlington, ON, Canada),
and its concentration was adjusted to 20 ng/µL. IT208075 was re-
sequenced with 9× sequencing depth on an Illumina HiSeq2000
platform (Illumina Inc., San Diego, CA, USA). The Illumina
reads were deposited in the database of the National Center for
Biotechnology Information (NCBI) under BioProject accession
number PRJNA698712. The genotyping-by-sequencing (GBS)
method was used to genotype the RILs (Elshire et al., 2011).
After digestion with the restriction enzyme ApeKI, a GBS library
was constructed following the procedure described previously
(Hwang et al., 2017; Yoon et al., 2019); the barcode adapters used
in this study are listed in Supplementary Table 1. Three separate
libraries were constructed using pooling amplified DNA samples
from 84 or 85 RILs for each library. Single-end sequencing of the
GBS libraries was performed on 3 lanes of an Illumina HiSeq2000
instrument (Illumina Inc.).

Sequence Analysis, Genetic Map
Construction, and QTL Analysis
Paired-end reads of IT208075 and GBS reads were mapped onto
the mungbean reference genome (cv. VC1973A, PRJNA560716)
using BWA v0.7.15 (Li, 2013) after trimming low quality
sequence, barcode adapter, and ApeKI overhang sequences from
raw reads. SNPs were called by SAMtools v1.3 (Li et al., 2009)
and VCFtools (Danecek et al., 2011) with the following filtering
criteria: mapping quality ≥30, read depth ≥3, heterozygosity

≤10%, and missing genotypes ≤70%. We constructed two
separate genetic linkagemaps for qualitative/quantitative analysis
using JoinMap v4.1 (Van Ooijen, 2006). To anchor the locus
for the qualitative trait of inflorescence type to the genetic
map, the phenotypic difference was used as a molecular marker
for linkage grouping along with the identified SNPs, where
the order of the markers was determined using a maximum
likelihood (ML) method. To confirm the position of the marker
associated with inflorescence type on the genetic map, an
additional genetic map was constructed with only SNP markers
using regression mapping methods for QTL analysis. In both
linkage mappings, the Kosambi mapping function was employed
to translate the recombination frequency into a map distance
in centimorgans (cM). QTL analysis was performed using
IciMapping v4.1 software (Meng et al., 2015) through the ICIM-
ADD mapping method, and the LOD threshold was determined
by 1,000 permutation tests at a significance level of 0.05. Allelic
associations with phenotypic differences were explored using
RILs mapped to the genomic region surrounding the locus
associated with a compound raceme.

Comparative Analysis of the Locus for
Compound Raceme
Soybean synteny blocks were identified by searching the soybean
reference genome (Wm82.a2.v1, https://phytozome.jgi.doe.gov/)
through MCScanX using BLASTp with default parameters to
provide a comparative analysis of the 3Mb genomic region
on chromosome 4 surrounding the locus associated with a
compound raceme (Vr04:26,001,525 to Vr04:28,997,867 bp).
QTLs, markers, and gene information for soybean were obtained
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from the SoyBase database (http://www.soybase.org). The plant
transcription factor database PlantTFDB (http://planttfdb.gao-
lab.org/) was used to obtain information about transcription
factor genes (Jin et al., 2017). TAIR version 10 (http://www.
arabidopsis.org) was searched using BLASTp to find orthologous
genes of A. thaliana.

Identification of Sequence Variation in
Genes Within the Compound Raceme
Locus
We investigated sequence variation between VC1973A and
IT208075 in genes located in the locus associated with the
compound raceme to identify likely candidate genes responsible
for this phenotype. The variant sequences were compared
with previously reported sequences of two other mungbean
lines producing compound racemes, TC1966 (wild mungbean,
Vigna radiata var. sublobata) and V2984 (a Korean landrace),
to identify sequence variation specific to IT208075, which
has a simple raceme (NCBI accession code JJMO00000000,
Kang et al., 2014). We used Sanger sequencing to validate
the sequence variation in two promising genes, VrDet1 and
Vradi04g00002481. PCR products, amplified with sequence-
specific primers (Supplementary Table 2), were purified from
1% agarose gels using the AccuPrep R© Gel Purification Kit
(Bioneer, Daejon, Korea), cloned into Escherichia coli using the
pGEM-T Easy Vector (Promega, Madison, WI, USA), according
to the manufacturer’s instructions, and sequenced using an
ABI 3730XL DNA analyzer (Applied Biosystems, Foster City,
CA, USA).

Motif Discovery and qRT-PCR Analysis of
Selected Genes
To determine the domain conserved between mungbean and
A. thaliana orthologs, sequences were aligned using the MEME
suite motif analysis tool (Bailey et al., 2009). Differences in
expression levels of selected genes between the mapping parents
were compared using newly emerged shoot apical tissue (SAT)
collected at each developmental stage. Unifoliate openingmarked
the first developmental stage. The SAT of each subsequent
developmental stage was sampled when the second uppermost
trifoliate leaflet of the node had fully opened; as VC1973A had
8 nodes and IT208075 had 4 nodes, they consisted of 9 and 5
developmental stages, respectively. Three biological samples were
analyzed at each developmental stage, and one biological sample
consisted of SAT from 5 individual plants exhibiting the same
developmental stage. Total RNA was extracted from each sample
using a RibospinTM Plant kit (GeneAll Biotechnology, Seoul,
Korea). cDNA was synthesized using a Bio-Rad iScriptTM cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). Primer sequences
for qRT-PCR were designed using Primer3 (http://bioinfo.ut.ee/
primer3-0.4.0/) and are listed in Supplementary Table 2. qRT-
PCR was performed with 2 technical replicates using the Bio-Rad
iQTM SYBR Green Supermix Kit in a LightCycler R© 480 (Roche
Diagnostics, Laval, QC, Canada). The amplification conditions
were 95◦C for 5min, followed by 40 cycles of 95◦C for 10 s,
60◦C for 15 s, and 72◦C for 15 s. eIF5A (Vradi05g00001056),

which encodes eukaryotic initiation factor 5A, was used as a
reference gene for normalizing expression levels of target genes,
and relative expression of each gene was calculated according to
the 2−11CT method (Livak and Schmittgen, 2001). Statistical
significance was determined using the Student’s t-test.

RESULTS

A Simple Raceme Inflorescence Was
Observed in IT208075
The maternal line, VC1973A, had a typical compound raceme.
It showed indeterminate flowering, and thus an individual
inflorescence produced different cohorts of flowers, with the
oldest ones located at the bottom and younger ones developing
consecutively toward the top (Figure 2A). Consequently, the
pods matured at different times, and the same inflorescence
simultaneously carried mature pods and new flowers. We
identified a landrace variety, IT208075, which did not produce
secondary inflorescences on the upper part of its main stem.
Instead, a single primary inflorescence was transferred from the
axis of the main stem and bore flowers in an acropetal succession
(Figure 2B). This architecture is defined as a simple raceme
inflorescence, as typified by the model plant A. thaliana.

Inheritance of the Compound Raceme
Inflorescence
A phenotypic investigation was conducted in a RIL population
derived from a cross between VC1973A and IT208075 to
identify the pattern of genetic inheritance underlying the
inflorescence architecture of mungbean. The mean numbers of
upper inflorescences produced by VC1973A were 7.0 and 4.7
in 2018 and 2019, respectively, whereas IT208075 produced a
single primary inflorescence (Table 1). Within the population of
235 F8 : 9 RILs, 122 produced a compound raceme, 99 produced
a simple raceme, and 14 lines showed a segregating phenotype
(Supplementary Table 3). A Chi-square test indicated that these
observations were consistent with segregation according to a 1:1
Mendelian ratio (X2 = 2.4, P = 0.12), suggesting that a single
gene, designated Comraceme, controlled the compound raceme
phenotype in VC1973A.

Resequencing and GBS Analysis
In total, 4.3 Gb raw data from 31 million reads were generated
from IT208075 (Supplementary Table 4). After quality
trimming, 23 million high quality reads were mapped against
the mungbean reference genome, which resulted in 91.2%
genome coverage and 7.7× mapping depth. To genotype the
RIL population, a total of 672 million GBS reads of 235 RILs
were mapped to the reference genome. The number of GBS
reads mapped to the reference genome ranged from 1,202,609
to 6,565,325 (mean: 2,680,760 reads). The percentage coverage
of the genome ranged from 1.3 to 3.4% (mean: 2.2%). A total of
4,177 SNPs was used to construct genetic maps.

Mapping of the Comraceme Locus
To locate Comraceme, the locus associated with the qualitative
raceme trait, we constructed a genetic map containing
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FIGURE 2 | Morphological differences in upper inflorescences between the parental lines VC1973A and IT208075. (A) VC1973A compound raceme (left photograph)

and podding (right photograph). (B) IT208075 simple raceme (left photograph) and podding (right photograph). (C) Diagram showing compound raceme and

meristem development. In the shoot apical meristem, the vegetative meristem (VM) is transferred to the primary inflorescence meristem (I1M), which then generates

the secondary inflorescence meristem (I2M) to produce the floral meristem (FM). Flowers are borne along the secondary inflorescence (I2) axes. (D) Diagram showing

simple raceme and meristem development. Flowers are borne along the primary inflorescence (I1) without generating secondary inflorescences. (A,B) White arrows

indicate primary inflorescences; red arrows indicate secondary inflorescences. (C,D) Green circles represent flowers and pods.

TABLE 1 | Phenotypic variation and heritability (H2) of the number of upper inflorescences in VC1973A and IT208075 and their derived RIL population.

Year Parental lines ± SD RIL population

VC1973A IT208075 P-value Average SD Min Max H2a

2018 7.0 ± 1.0 1.0 0.0091** 3.6 2.8 1.0 8.3 0.94

2019 4.7 ± 0.3 1.0 0.0081** 2.5 1.5 1.0 6.0 0.98

aBroad-sense heritability.
**Significance at the 0.01 probability level; SD, standard deviation.

phenotypic data of compound/single raceme type as a molecular
marker among the RIL population. Of the 4,177 SNP markers
available, the final genetic map contained 1,799 SNPs over
11 chromosomes (Vr01 to Vr11) and spanned 1,353.5 cM
with a mean marker interval of 0.82 cM by the ML method
(Supplementary Table 5). The number of SNPs mapped to each
chromosome ranged between 54 (Vr07) and 357 (Vr02) with a
mean of 164. Comraceme was located in the interval between
markers Chr4_26997427 and Chr4_27545988, which spanned
545.6 Kb of Vr04 (Table 2, Figure 3A).

To validate Comraceme, composite interval mapping was
conducted using the number of the upper inflorescences as the
quantitative trait. RILs producing a simple raceme were recorded
as having one inflorescence. The additional geneticmap spanning
450.1 cM was constructed using the regression mapping method
(Supplementary Figure 1, Supplementary Table 6). The mean
interval between markers was 0.33 cM, although it ranged from
0.06 cM on Vr10 to 0.77 cM on Vr11 (Supplementary Table 5).

A major QTL was detected between Chr4_26924745 and
Chr4_27545988 that exceeded the significance level on Vr04 for
the number of upper inflorescences in both the 2018 and 2019
datasets. This QTL had LOD scores of 46.9 (2018 data) and 57.4
(2019 data), which explained 62.0 and 67.6% of the phenotypic
variation, respectively (Table 2, Figure 3A). Both qualitative and
quantitative analyses of the compound raceme inflorescence
trait identified the marker Chr4_27545988 as a boundary of the
interval containing the Comraceme locus (Table 2).

We compared the phenotypes of RILs with different
haplotypes around the Comraceme locus to delimit the position
of Comraceme. The order of the marker Chr4_27025263 in
the genetic maps differed from its physical position in the
reference genome between Chr4_26997427 and Chr4_27545988,
probably because of insufficient genotype data (Figures 3A,B).
Although haplotypes CH_15 and CH_16 had different alleles
at Chr4_27025263 and Chr4_27545988, both produced the
compound raceme inflorescence phenotype. By contrast,
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TABLE 2 | Genetic mapping for the compound raceme inflorescence in the RIL population derived from VC1973A × IT208075.

Phenotyping Year Chr Posa (cM) Marker interval LODb PVEc (%) Addd No. of genese

Qualitative 2018 4 55.1 chr4_26997427:chr4_27545988 67

2019 4 56.5 chr4_26997427:chr4_27545988 67

Quantitative 2018 4 15.0 chr4_26924745:chr4_27545988 46.9 62.0 −2.1 73

2019 4 15.0 chr4_26924745:chr4_27545988 57.4 67.6 −1.2 73

aMapped position of a qualitative trait as a marker in the genetic linkage map following ML mapping method, and genetic position of a QTL peak in the genetic linkage map constructed

following regression mapping method.
bMaximum-likelihood logarithm of odds (LOD) score for the individual QTL.
cPercent of phenotypic variance explained by the QTL.
dAllelic additive effect.
eNumber of protein-coding genes within marker intervals.

FIGURE 3 | Genetic mapping of the compound raceme of mungbean. (A) The position of the Comraceme locus for compound raceme. Comraceme was identified

separately as a qualitative (left) and quantitative (right) trait using data collected during 2018 and 2019. It was located between markers Chr4_26997427 and

Chr4_27545988 (left) and Chr4_26924745 and Chr4_27545988 (right). (B) SNP haplotypes around the Comraceme locus, the number of RILs by haplotype, and

their phenotypical associations. Based on the phenotypic association of 3 haplotypes, CH_15, CH_16, and SH_1, the recombination break point was inferred to

occur between Chr4_27025263 and Chr4_27545988, which corresponded to a physical length of 520.1Kb. RILs heterozygous for alleles around the Comraceme

locus (haplotypes HH_1 to 7) showed the compound raceme type. The 64 protein-coding genes between the markers flanking the Comraceme locus are shown as

small gray rectangles; Vrdet1 (Vradi04g00002442) and Vradi04g00002481 are shown in purple. A (orange background): VC1973A allele; B (green background):

IT208075 allele; H (yellow background): heterozygous allele.

haplotypes CH_16 and SH_1 had the same alleles at both
marker positions but produced compound and simple raceme
inflorescences, respectively. This suggested the recombination
break occurred between Chr4_27025263 and Chr4_27545988,
corresponding to a physical distance of 520.1 Kb. In addition, 11
RILs carrying a heterozygous fragment around the Comraceme
locus produced a compound raceme, indicating that a single,
dominant gene controlled Comraceme and was responsible for
the compound raceme phenotype.

Syntenic Analysis of the Comraceme

Locus and the Soybean Genome
As soybean is the closest model legume species to mungbean,
we analyzed the syntenic relationship between the genomic
region containing Comraceme and the soybean genome. A
comparison between the 3Mb mungbean genomic region
containing the 520Kb segment between Chr4_27025263 and
Chr4_27545988 and the soybean genome identified 3 colinear
blocks, located on the soybean chromosomes Gm03, Gm10,
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and Gm 19. The syntenic regions located on Gm03 and
Gm19 contained soybean QTLs associated with inflorescence-
related agronomic traits, including plant height, branching,
first flower, flower number, pod number, and seed yield (Lark
et al., 1995; Mansur et al., 1996; Orf et al., 1999; Zhang
et al., 2010; Kim et al., 2012; Kuroda et al., 2013; Shim et al.,
2017). The soybean QTL Plant height 33–1 and Seed yield
27–4 were located on Gm03, whereas Branching 5–4, First
flower 3–3 and 6–3, Flower number 1–10, Plant height 3–
1 and 6–1, and Pod number 8–1 were all located on Gm19
(Figure 4). In addition, the syntenic blocks on Gm03 and
Gm19 containedGmTFL1a andGmDt1 (GmTFL1b), respectively;
both are orthologs of Arabidopsis TERMINAL FLOWER 1
(TFL1). VrDet1, the ortholog of GmDt1, was also located in
the Comraceme locus. GmDt1 and VrDet1modulate determinate
stem growth habit in soybean and mungbean, respectively (Liu
et al., 2010; Tian et al., 2010; Li et al., 2018). No QTL associated
with inflorescence-related traits were located in the syntenic
region of Gm10, although this region did contain GmCEN2, a
homolog of AtTFL1.

Identification of a Gene Candidate for
Comraceme
The Comraceme locus between Chr4_27025263 and
Chr4_27545988 contained 64 protein-coding genes, 55 of
which have functionally annotated A. thaliana orthologs
(Supplementary Table 7). After comparing all the variant
sequences found in the Comraceme genomic region with
those known from Vigna varieties with a compound raceme
(the landrace V2984 and the wild mungbean TC1966), we
identified 15 genes with variants present only in the IT208075
paternal line, which produced a simple raceme inflorescence.
Among these genes, 2 genes, VrDet1 and Vradi04g00002481
were likely to affect inflorescence type based on previous
studies demonstrating their roles in growth and development
(Supplementary Table 8). VrDet1 modulates the stem growth
habit of mungbean (Li et al., 2018). The first intron region of
VrDet1 showed variation of simple repeat sequences (SSRs)
[(AC)n(AT)n] between lines: TC1966 had a 4 bp insertion
of SSRs (“AC” and “AT”), IT208075 had a 2 bp deletion
(“AC”), whereas VC1973A and V2984 had the same sequence
(Supplementary Table 8, Supplementary Figure 2A). The
mapping parents also differed with respect to two insertion-
deletion mutations (indels) in the upstream and second
intron regions of VrDet1 but these mutations were not
detected in TC1966 and V2984 owing to unmapped gaps
(Supplementary Figure 2A). Vradi04g00002481 is a homolog
of an A. thaliana gene, ABNORMAL SHOOT 2 (ABS2, also
named NGATHA-Like 1, AT2G36080), which causes pleiotropic
growth defects (Shao et al., 2012). IT208075 showed specific
sequence variation of two-base insertion (“TC”) in the upstream
region of Vradi04g00002481, whereas TC1966, V2984, and
VC1973A had the same sequence (Figure 5A). The predicted
Vradi04g00002481 protein consisted of 224 residues and
included a B3 DNA-binding domain that showed a high
similarity with the motif of ABS2 (Figure 5B).

Expression Analysis During Mungbean
Development
To determine whether transcription levels differed in the selected
genes VrDet1 and Vradi04g00002481, we used qRT-PCR to
examine their expression level in the SAT at each developmental
stage. We used the differences in plant architecture between the
parental lines VC1973A and IT208075 to select 3 developmental
stages in which the same organs were generated: the beginning
stage when the trifoliate emerged (stage 1 for both accessions)
after the unifoliate was fully opened; the terminal stage of the
vegetative state when the final trifoliate emerged on the main
stem (stage 8 for VC1973A and stage 4 for IT208075); and the
early reproductive stage when the apical shoot was transformed
to generate the peduncle for inflorescence (stage 9 for VC1973A
and stage 5 for IT208075).

There were no significant differences in expression levels of
VrDet1 between the parental lines at any of the 3 developmental
stages (Supplementary Figure 2B). By contrast, significant
differences in the levels of Vradi04g00002481 expression
were observed: Vradi04g00002481 expression in VC1973A was
significantly higher than in IT208075 at the beginning stage
(stage 1), but expression in IT208075 was significantly higher
than in VC1973A at the other 2 stages (Figure 5C). These results
indicated that transcription ofVradi04g00002481wasmore likely
to affect the inflorescence architecture of mungbean thanVrDet1.

DISCUSSION

The complex processes controlling inflorescence architecture
formation significantly affect plant reproduction. A compound
raceme inflorescence is defined by the presence of secondary
inflorescences to produce flowers and is often observed in
legume species in the Papilionoideae subfamily (Berbel et al.,
2012; Han et al., 2014; Benlloch et al., 2015). Plants with a
compound raceme generate peduncles from the axis of the
main stem toward the direction of elongation; the peduncles
become stalks, each supporting a raceme inflorescence and
thus enabling constant blooming. This architecture, depicted in
a simplified form in Figure 2C, is observed in the maternal
line, VC1973A. The number of flowers per plant depends
on the duration of activation of the apical meristem in the
primary inflorescence (I1M) as this controls the indeterminate
initiation of the secondary inflorescence meristems (I2M), which
produce the floral meristems that generate flowers (Tucker, 2003;
Benlloch et al., 2007). Plants with a simple raceme type, such
as Arabidopsis, do not generate peduncles and produce flowers
only from the axis of the main stem as the apical meristem
develops into the floral meristem (Shannon and Meeks-Wagner,
1993; Bradley et al., 1997; Ungerer et al., 2002). This architecture
is observed in the paternal line, IT208075, and is depicted in
Figure 2D.

Relatively few studies of inflorescence architecture have been
reported from mungbean compared with other major crops.
Although inheritance of the inflorescence type, the number of
clusters per node, and sterility have been investigated (Sen and
Ghosh, 1959; Singh and Singh, 1970; Selvi et al., 2003; Mehandi
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FIGURE 4 | Soybean genomic blocks syntenic with the 3Mb genomic region of mungbean harboring the Comraceme locus (Vr04: 26,001,525 to 28,997,867 bp).

The soybean syntenic blocks were physically located on 3 chromosomes, Gm03 (39,434,109 to 42,327,910 bp); Gm10 (5,223,272 to 11,356,511 bp); and Gm19

(44,175,360 to 46,972,448 bp). The syntenic blocks on Gm03 and Gm19 contain previously known QTLs associated with inflorescence-related agronomic traits. Dt1

(Glyma.19G194300) and VrDet1, which are responsible for determinate vegetative growth in soybean and mungbean, respectively, also show conserved colinearity.

Other homologous genes of soybean, GmTFL1a (Glyma.03G194700) and CEN2 (Glyma.10G071400), are also present on Gm03 and Gm10, respectively. The genes

Vradi04g00002481, Glyma.03G199000, Glyma.10G076100, and Glyma.19G196600, which encode proteins of the B3 TF subfamily, are maintained in the genomic

blocks syntenic between mungbean and soybean; changes to the transcriptional regulation of these genes cause pleiotropic growth defects in plant development.

Blue and yellow rectangles represent QTL intervals; red triangles indicate markers flanking the QTLs.

et al., 2019), the genetic basis underlying inflorescence formation
remains unexplained. In the current study, the compound and
simple inflorescence types appeared in a 1:1 ratio among the
RIL population, as would be expected for a qualitative trait
controlled by a single gene. To map the gene controlling the
qualitative trait, we treated the phenotypic data of RILs as a
molecular marker following the alleles of parental lines (Isemura
et al., 2012; Mei et al., 2017; Pereira et al., 2018). This showed
that the Comraceme locus was on Vr04 and determined the
inflorescence type. The number of upper inflorescences varied
among the subset of the RIL population, even though they
showed a compound inflorescence type. Analysis of the number
of upper inflorescences as a quantitative trait identified a major
QTL on Vr04 that shared a marker (Chr4_27545988) with
Comraceme. Furthermore, we observed that a few RILs with
heterozygous haplotypes around the Comraceme locus produced
a compound raceme, and concluded that the type of inflorescence
was controlled by a single dominant allele.

Comraceme was located in a 520.1 kb genomic region
that contained 64 protein-coding genes, 15 of which had
conserved nucleotide variants in IT208075 that were not
observed in Vigna varieties with a compound raceme. We
selected two of these genes, Vrdet1 and Vradi04g00002481,
as potential candidates for Comraceme and analyzed their
expression level in the SAT between the parental lines. VrDet1
is an ortholog of the inflorescence meristem identity gene

TFL1, which together with two other floral meristem identity
genes, LEAFY (LFY) and APETAL1 (AP1), participates in the
transition between the vegetative and reproductive stages in
Arabidopsis (Shannon and Meeks-Wagner, 1993; Liljegren
et al., 1999). In mungbean, the determinate growth habit is
determined by a mutation in the promoter region of Vrdet1
that regulates gene expression during the vegetative stage (Li
et al., 2018). Although we identified a variant in the upstream
region of VrDet1 (Supplementary Figure 2A), there were no
significant differences between the parental lines in VrDet1
expression levels in the SATs throughout the vegetative and
reproductive developmental stages (Supplementary Figure 2B).
Vradi04g00002481 is a homolog of Arabidopsis ABS2
(AT2G36080) and belongs to a B3-plant specific transcription
factor regulating plant growth and development. In Arabidopsis,
ABS2 encodes a transcription factor in the RAV subfamily,
and its over-expression produces abnormal shoot and floral
petal development as a pleiotropic effect (Shao et al., 2012).
Transgenic Medicago truncatula plants over-expressing MtRAV
exhibit increased bolting and bifurcation of sub-branches up to
tertiary level (Wang et al., 2020). The soybean E1 gene is one of
the major flowering genes and has a genetic region resembling
the B3 domain (Xia et al., 2012; Benlloch et al., 2015). In this
context, it is notable that VC1973A had many more nodes
and branches, produced more inflorescences, and showed a
later flowering time than IT208075. Vradi04g00002481 had one
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FIGURE 5 | Gene structure and expression level of Vradi04g00002481, which encodes a B3 TF family protein. (A) Two-base insertion specific to IT208075 located

−547 bp upstream of the coding region of the gene. Three mungbean lines producing compound racemes, VC1973A, V2984, and TC1966, showed a two-base

deletion at this point, indicated by a red triangle. Vradi04g00002481 consists of 3 exons encoding 224 amino acids and contains a B3 domain. (B) B3 motif sequence

alignment between AT2G36080 and Vradi04g00002481. (C) Expression levels of Vradi04g00002481 in shoot apical tissue from lines VC1973A and IT208075 at each

developmental stage. *P < 0.05; **P < 0.01; ***P < 0.001.

variant in the promoter region only from IT208075 (Figure 5A)
and the significant differences in levels of Vradi04g00002481
expression were observed between VC1973A and IT208075
(Figure 5C). These results suggested that Vradi04g00002481
functioned as a modulator that determined inflorescence
architecture and was a key factor affecting flowering.

Many agronomically important traits, such as seed dormancy,
100-seed weight, plant type, and phenology-related traits, have

been improved for the benefit of human beings duringmungbean
domestication (Isemura et al., 2012). In general, traits related to
high yield and mechanical cultivation have been the main target
of crop breeding programs. Several traits have been selected from
wild and exotic species to produce modern cultivated varieties
with a suitable plant architecture and high crop productivity.
Such traits include vine to erect growth habit (Wang et al.,
2019), stem termination (Tian et al., 2010), and pod shattering
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(Dong et al., 2014). In this study, we identified IT208075, a
simple raceme genotype having a single primary inflorescence.
This genotype is expected to show shorter flowering duration
than VC1973A of a compound raceme, probably leading to
higher synchronicity of pod maturity. IT208075 will be a useful
breeding material for mungbean improvement, even though the
correlation between the simple raceme inflorescence and other
agricultural traits such as flowering duration, synchronous pod
maturity and seed yield is yet to be elucidated. Furthermore,
the linkage mapping and QTL analysis of a RIL population
derived from a cross of VC1973A and IT208075 suggested
that Vradi04g00002481 was the candidate gene responsible for
the formation of compound raceme inflorescence architecture.
Although further study is required to determine the functional
role played by this gene in modulating inflorescence type, these
results broaden our understanding of the genetic background of
inflorescence architecture in mungbean.
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