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Abstract The stem color of young mung bean is a
very useful tool in germplasm identification. Flow-
ering time and plant height (PH) are known to be
strongly correlated with crop adaption and yield.
However, few studies have focused on elucidating the
genetic mechanisms that regulate these five particular
traits: young stem color (YSC), days to first flower-
ing (DFF), days to maturity (DM), PH, and nodes on
the main stem (NMS). In this study, a genetic link-
age map for the F, population was constructed using
129 InDel markers that were developed based on the
sequence variations between parents. A total of 14
QTLs related to YSC, DFF, DM, PH, and NMS were
detected. These QTLs were distributed on six chro-
mosomes (1, 3, 4, 6, 7, and 10), which individually
accounted for 1.32 to 90.07% of the total phenotypic
variation. Using a short and high-density linkage map
for the F; population, six of the seven QTLs which
clustered at two intervals on chromosomes 3 and
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10 were detected again. Further analysis found that
four QTLs between InDel markers R3-15 and R3-19
controlled DFF, DM, PH, and NMS, and each QTL
accounted for a large percent of the total phenotypic
variation. Analysis of two separated F,.; lines also
found that the phenotype was highly corresponded to
its genotype which was between R3-15 and R3-19.
Phenotype and genotype analysis for 30 mung bean
accessions showed that the major effect QTL gDFF3
was a key regulator for DFF. Using a map-based
cloning method, the major effect QTL qYSC4 for YSC
was mapped in a 347 Kb interval on chromosome 4.
Candidate gene analysis showed that sequence vari-
ations and expression level differences existed in the
predicted candidate gene between the parents. These
results provide a theoretical basis for cloning these
QTLs and marker-assisted selection.

Keywords Mung bean - InDel marker - Agronomic
trait - Linkage map - QTL analysis

Introduction

Mung bean [Vigna radiate (L.) Wilczek] is a fast-
growing warm-season leguminous species, belonging
to the subgenus Ceratotropis (genus Vigna), the tribe
Phaseoleae, and the family Fabaceae. As a nutritional
and healthy food with high-quality protein, folate, and
iron, mung bean is mainly cultivated in Asia, Africa,
and Australia; in certain developing countries, mung
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bean seed is regarded as a cheap source of carbohy-
drates (Kang et al. 2014; Kim et al. 2015). A bene-
fit of mung bean is that its symbiosis with rhizobia
can fix atmospheric nitrogen via biological nitrogen
fixation, reducing the amount of chemical fertiliz-
ers needed while improving soil fertility and texture.
Mung bean grown in rotation or intercropped with
other cereals can increase the cereal grain and reduce
pest incidence (Yaqub et al. 2010; Faria et al. 1989).
For a long time, mung bean has been regarded as a
minor grain, and thus, the basic research and genom-
ics study for mung bean still lags far behind the other
major crops such as rice, wheat, and corn.

InDels are an abundant form of genome varia-
tion, often more prevalent than SSRs on genomes
and offering more genomic information than SNPs
(Lv et al. 2016). Compared with other markers,
InDel markers have special superiority in bi-allelic,
co-dominant, high-density, and low-cost genotyping.
Thus, this inexpensive and convenient marker has
been widely used in evaluating genetic diversity and
gene mapping as well as molecular-assisted selec-
tion (Lu et al. 2019; Yonemaru et al. 2015; Raman
et al. 2006; Das et al. 2015). However, few studies
have focused on the development of InDel mark-
ers in mung bean, not to mention using InDel mark-
ers in linkage map construction and QTL analysis,
mainly because the high cost and low flux acquisi-
tion of insertion or deletion sequence information in
the past. In recent years, high-throughput sequence
information has become more available along with
the rapid development of next-generation sequenc-
ing (NGS) technology. This progress has greatly
facilitated and accelerated the discovery process for
molecular markers. In mung bean genomics stud-
ies, QTL analysis has mainly been focused on insect
and disease resistance, including bruchid (Mei et al.
2009; Wang et al. 2016), powdery mildew resistance
(Chaitieng et al. 2002; Poolsawat et al. 2017), yellow
mosaic virus resistance (Chen et al. 2013a; Sai et al.
2017), and cercospora leaf spot resistance (Chankaew
et al. 2011), mainly because these issues are a great
threat to mung bean yield. Among most of these QTL
analysis studies, genetic linkage map construction
usually used RFLP, RAPD, and SSR markers due to
the lack of InDel markers. Flowering time and plant
height (PH) are strongly correlated with crop yield.
In addition, these two agronomic traits also determine
the adaptability of mung bean cultivars at different
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light and temperature conditions. Thus, it is necessary
to explore the molecular genetic mechanism control-
ling these traits in mung bean. Several studies focused
on QTL detection for agronomic traits related to days
to flowering time and maturity were completed. Ise-
mura et al. constructed a mung bean linkage map by
using 430 SSR markers, and detected 4 QTLs on link-
age group (LG) 2, LG4, LG6, and LG11 controlled
the number of days to first flowering (FLD) (Isemura
et al. 2012). The QTL on LG2 had the largest effect
(phenotypic variation explained=32.9%). They also
found 6 QTLs associated with the value for days to
first pod maturity from first flowering on LG2, LG4,
LG6, LG7, LGY, and LG11. As expected, the QTLs
on LG2, LG4, LG6, and LGI11 were located close
to the 4 QTLs for FLD. Kajonphol et al. found 4, 3,
and 3 QTLs related to FLD, days to first pod matu-
rity (PDDM) and days to harvest (PDDH) by using
152 SSR markers (Kajonphol et al. 2012). These 10
QTLs were distributed on LG2, LG4, and LG11, and
6 QTLs (Fld2, Pddm2, and Pddh2 on LG2, Fld4.1,
Pddm4.l, and Pddh4.1 on LG4) controlled these
three traits were co-located at two chromosome inter-
vals. Three QTLs for days to 50% flowering and 2
for days to 50% maturity were detected and mapped
to LG4A, LG4B, and LG7 by using 101 SSR mark-
ers (Sompong et al. 2012). Somta et al. discovered 5
QTLs associated with days to flowering in two dry
seasons and one rainy season by using 56 SSR mark-
ers (Somta et al. 2015). QDFL2.1 and gDFL2.2 could
be detected in rainy season and one dry season, but
the other three QTLs could only be identified in rainy
season. They considered the difference in photo-
period regime between rainy season and dry seasons
affected the detection for QTLs. In some of these
studies, some QTLs for correlated traits were over-
lapped or co-located (Isemura et al. 2012; Kajonphol
et al. 2012).

The stem color of young mung bean is a very use-
ful phenotype marker in germplasm identification.
This trait is mainly determined by the kinds and con-
tent of anthocyanins. Anthocyanins are important
water-soluble pigments and are widely distributed in
berries and cellular fluids of leaves, stems, flowers,
and fruit, attracting pollinators such as insects. Previ-
ous studies found that MYB-type transcription factor
plays a regulatory role in anthocyanin biosynthesis
(Jaakola 2013; Schwinn et al. 2006). In fact, anthocy-
anins not only play a decisive role in the appearance
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color of most plants but also protect them from vari-
ous biotic and anti-biotic stresses depending on the
anti-oxidation and anti-mutation ability (Wang et al.
2019; Petrussa et al. 2013). In this study, QTL anal-
ysis for young stem color (YSC), days to first flow-
ering (DFF), days to maturity (DM), PH, and nodes
on main stem (NMS) was performed using popula-
tions derived from the cross between Sulul6-10 and
Weilull. InDel marker development was based on
sequence insertion or deletion between the parents.
One hundred twenty-nine polymorphic markers that
were uniformly distributed on 11 chromosomes were
selected for genetic linkage map construction. The
availability of markers linked with the major QTL
controlled DFF for assist selection was verified. Fine
mapping and candidate gene analysis for the major
QTL associated with YSC were also performed.
These newly developed InDel markers in this study
can enrich the current molecular markers resources
and can be used in mung bean genomic research.
Dissection of QTLs will advance our knowledge
on underlying genetic mechanisms of these traits in
mung bean. In addition, markers linked with major-
and stable-expressed QTLs could be used in marker-
assisted selection and facilitated the breeding of elite
breeding varieties.

Materials and methods
Plant materials and agronomic trait measurement

The F, and F; population consisted of 136 and 134
individuals, respectively. They were developed from a
cross between Sulul6-10 and Weilull. Sulul6-10is a
new mung bean variety with green YSC, high PH and
late DFF; it was cultivated by the Jiangsu Academy
of Agricultural Sciences, Jiangsu, China. Weilull has
a purple YSC, dwarf PH, and early DFF; it was bred
by the Weifang Academy of Agricultural Sciences,
Shandong, China. The F, population and the two
parental lines were grown in 2019 in Hefei (31.88°
North/117.25° East), China. The F; population, F) 3
lines, and 30 mung bean accessions were planted in
2020 in Hefei, China. Agronomic traits investigation
criteria were as follows: DFF, the number of days
from sowing to first flowering; DM, the number of
days from sowing to maturity; PH, the distance from
the cotyledon node to the top of the plant; NMS, the

number of nodes from the cotyledon node to the last
compound leaf node at the top of the main stem of
the plant. The phenotypic data were analyzed for dis-
tribution and significance of trait variation using the
Excel 2007 and SPSS V22.0 software.

Anthocyanidin profiling and data analysis

Young stem samples from each of the parents were
collected 10 days after germination. The samples
were frozen in liquid nitrogen for further use. Each
replicate was from 15-20 plants, and three biological
replications were conducted. The sample preparation,
extraction, anthocyanidin identification, and quantifi-
cation were performed following Wang (Wang et al.
2017a) and Chen (Chen et al. 2013b). Sample data
were collected using an LC-ESI-MS/MS system
(HPLC, Shim-pack UFLC SHIMADZU CBM30A
system; MS, Applied Biosystems 6500 Q TRAP).
Data analysis also followed the methods described
by Wang (Wang et al. 2017a) and Zhuang (Zhuang
et al. 2019). Metabolites with significant differences
in content were set with a threshold of fold change
of>2 or<0.5.

Illumina sequencing and data filtering

Homozygous parental lines were obtained by self-pol-
linating for several generations. Genomic DNA was
extracted from fresh leaves of parents using a DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). Sequenc-
ing libraries with 400-bp insertion were constructed
and sequenced on Illumina HiSeq2000 sequencing
system with paired-end sequencing strategy. After the
production of raw sequences, all adapter sequences,
short reads (length<50 bp), and low-quality reads
were deleted. Duplicates (PCR duplicates and optical
duplicates) produced in the sequencing process and
DNA library amplification was removed by the Picard
software  (http://www.psc.edu/index.php/user-resou
rces/software/picard).

Primer design and PCR reaction

To find sequence differences between the two par-
ents and reference genome sequence, all of the high-
quality sequencing data were aligned to the mung
bean reference genome (https://www.ncbi.nlm.nih.
gov/genome/664) using the Bwa package (Li and
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Durbin 2009). If the insertion/deletion sequence
between the parents and the reference genome was
not inconsistent at the same position, this sequence
difference could regard as an InDel between par-
ents. InDels between 5 and 50 bp were selected
for primer design using Primer3 V2.3.6 (Untergas-
ser et al. 2012). The polymorphism of markers was
validated using Sulul6-10 and Weilull by PCR
reaction. The 10 pL PCR mixture contained 1.0
pL template DNA (50 ng-uL™"), 5.0 pL10xPCR
MIX (TSINGKE, Beijing, China), 10 pmol-L_lof
each forward and reverse primer 0.5 pL, and ddH,0O
3.0 pL. Thermal Cycler (Dongshenglong, Beijing,
China) was used to perform PCR amplification with
the following procedures: first denaturation step at
94 °C for 4 min, followed by 35 cycles of 94 °C for
30 s, annealing (temperature set was based on prim-
ers, usually 57 °C) for 30 s, 72 °C for 30 s, final
extension step at 72 °C for 10 min and storage at
8 °C. PCR products were separated with 6% non-
denaturing polyacrylamide gel and visualized by
silver staining.

Linkage map construction and QTL analysis

Polymorphic InDel markers were chosen to analyze
the genotype of individuals in the F, population.
The segregation of each marker was analyzed by a
chi-square test for goodness of fit for the expected
Mendelian segregation ratio (1:2:1). Markers
showed segregation distortion were excluded from
genetic linkage map construction. All markers used
for genetic map construction are listed in Table S1.
For the F; population, markers on chromosomes 3
and 10, additional with other seven polymorphic
markers, were used to construct a short but high-
density genetic map. QTL detection was performed
with the QTL IciMapping software V4.1 (Meng
et al. 2015; Li et al. 2008) using inclusive compos-
ite interval mapping of additive QTL ICIM-ADD
modules. The scanning step was set at 1.0 cM. The
LOD thresholds for each dataset were determined
by permutation test (1000 permutations, P <0.05).
QTLs were declared when their LOD scores were
larger than 2.0. QTLs were named according to
McCouch (McCouch et al. 1997).

@ Springer

Fine mapping for qYSC4 and expression level
analysis

New polymorphic markers used for fine mapping
qYSC4 were designed by Primer Premier 5.0 soft-
ware based on sequence differences between par-
ents. PCR-based molecular markers used to identify
the genotypes of 256 F, individuals with green stem
were listed in Table S1. Genotyping for SNP mark-
ers PCR productions were performed by the sequenc-
ing method. Young stem samples collected at 10 days
after germination were used for RNA extraction with
the OmniPlant RNA extraction Kit (DNase I). At this
growth stage, the hypocotyl of Weilull was purple,
and the epicotyl was green. Both the hypocotyl and
epicotyl of Sulul6-10 were green. RNA was treated
with DNase I and the first-strand cDNA was synthe-
sized using cDNA Synthesis SuperMix (TransGen).
QRT-PCR was conducted on LightCycler 96. Each
20 pL reaction system contained 2 pL of tem-
plate cDNA, 10 pL 2XSYBR Premix EX-Taq Mix,
10 pmol-L™! of each forward and reverse primer 0.5
pL, and 7 pL. RNase free ddH,O. The relative expres-
sion level of each transcript was obtained by compar-
ing with the expression of the Vrtubulin gene. QRT-
PCR primers for candidate genes and Vrtubulin are
listed in Table S2. The 2722€T method (Livak and
Schmittgen 2001) was used to analyze gene relative
expression level.

Results
Phenotypic variation and correlations between traits

The phenotypic differences between the parents and
the agronomic trait variation in the F, and F; popula-
tions are summarized in Table 1. For YSC, Sulul6-
10 exhibited green, whereas Weilull showed purple.
Metabolomic analysis detected 11 types of anthocya-
nins in the mung bean young stem. Compared with
Sulul6-10, the comparative content of four types of
anthocyanins (cyanidin 3-O-glucoside, delphinidin
3-O-glucoside, delphinidin 3-O-rutinoside, and cya-
nidin 3-O-galactoside) in Weilull was increased
(Fig. S1). The stems of all of the F| plants showed
purple, meaning purple was dominant to green. The
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Table 1 Phenotype

; Year Traits
analysis for the parental

Parental lines

F, (2019) or F5 (2020) population

lines, F, and F; populations

Weilull Sulul6-10 Mean+SD  Min Max  Skewness Kurtosis
2019 DFF (days) 40.5 56.2 ** 475+60 360 62.0 0.23 -0.52
DM (days) 56.4 80.5 ** 70.8+85 550 88.0 -0.02 -0.70
PH (cm) 73.4 112.5 105.0£22.3 60.5 1552 -0.23 -0.63
NMS (No.) 9.0 13.0 ** 122+1.5 9.0 150 -0.68 -0.54
2020 DFF (days) 42.0 57.0 ** 52.6+88 38.0 650 -044 -1.50
DM (days) 57.0 83.3 ** 754+62 550 87.0 -0.06 -1.15
PH (cm) 53.5 108.2 754+194 413 1206 -0.13 -1.06
NMS (No.) 8.0 12.5 ** 99+19 7.0 140 -0.11 -1.17

DFF, days to first flowering (days); DM, days to maturity (days); PH, plant height (cm); NMS,
nodes on main stem (No.). **Significant difference at the 0.01 probability level

ratio of individuals with purple to green (99 to 37)
was fit to 3:1 by a chi-square test in the F, population
(’ =1.3<)’)05s=3.84), indicating the YSC was con-
trolled by a single gene or a major effect QTL with
a large contribution rate. The other four traits, DFF,
DM, PH, and NMS, showed significant differences
between the parents. Sulul6-10 showed higher PH
and later DFF when compared with Weilull. DFF,
DM, PH, and NMS were exhibited continuous distri-
bution in the F, population (Table 1). DFF, DM, and
PH were normally distributed, whereas the distribu-
tion of NMS was skewed and toward increased nodes.
Transgressive segregation was observed for all traits.
Therefore, we concluded that these traits were quan-
titatively inherited and controlled by multiple genes.
These four traits were also observed to be continuous
in the F; population. The mean values of DFF and
DM in the F; population were larger than those in the
F, population, whereas the mean values of PH and
NMS were less than those in the F, population. Cor-
relation analysis (Table 2) showed that all these four
traits were significantly positive correlated with each
other at two years. The YSC only correlated with PH
at significance level in 2020.

Sequencing and data filtering of Illumina paired-end
reads

Whole-genome sequencing for Sulul6-10 and
Weilull was conducted using the Illumina next-
generation sequencing platform. In total, 104.0 and
106.9 million paired-end raw reads were obtained,
containing 15.7 and 16.1 Gb of sequencing data with

Table 2 Correlation between the agronomic traits

Traits DFF DM PH NMS
DM 0.873 **
0.902%*
PH 0.758%* 0.786%*
0.8627%* 0.819%*
NMS 0.722%* 0.695%* 0.771%*
0.869%* 0.829%* 0.848%#*
YSC -0.065 0.049 0.040 0.015
0.136 0.082 0.172% 0.120

DFF, days to first flowering; DM, days to maturity; PH, plant
height; NMS, nodes on main stem; YSC, young stem color. *
and ** indicate the correlation was strongly positive at the 0.05
and 0.01 significance level, respectively. The numbers located
at the up and down site of the block mean correlation analysis
using data collected in 2019 and 2020, respectively

guanine and cytosine (GC) content of 34.5% and
35.6% for Sulul6-10 and Weilull, respectively. After
removal of adapter sequences and low-quality reads,
88.9 and 92.9 million clean reads remained, encom-
passing 12.7 and 13.3 Gb for Sulul6-10 and Weilul 1,
respectively.

InDel marker development

All of the clean reads were mapped to the mung bean
reference genome, and the mapping ratio (mapped reads/
total reads) for parents was both greater than 99.0%.
Finally, a total of 17, 280 InDels that ranged from 5 to
150 bp were identified between the parents based on the
sequence differences. Most of these InDels were between
5 and 50 bp, and these InDels were chosen to design
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primers. Based on the flanking sequences of these InDels,
PCR primer pairs were successfully designed for 14,509
loci. Two hundred nine markers that were uniformly dis-
tributed on 11 chromosomes were selected to distinguish
the genotype of the parents. Of these, 205 (98.1%) mark-
ers were successfully amplified clear PCR products of the
expected sizes. Of these successfully amplifying markers,
180 produced polymorphic bands between the parents,
accounting for 86.1% of the total tested markers.

Table 3 Information of the genetic linkage map

Genetic map construction

Considering the polymorphic and position, 145 InDel
markers that were uniformly distributed on the 11
chromosomes were chosen for linkage map construc-
tion. According to chi-square test and linkage analy-
sis results, 12 markers showed serious segregation
distortion and 4 markers were not mapped on chro-
mosomes. Therefore, these 16 markers were excluded
from the linkage map. Finally, 129 InDel markers
could be anchored on the 11 chromosomes covering
a total of 707.43 cM (Table 3, Fig. S2). The number
of markers per chromosome was between 6 (chro-

Chr No. of markers Length (cM)  Distance between mosome 10) to 20 (chromosome 7) with a mean of
two markers (cM)
11.73. The length of the chromosomes ranged from
1 11 51.25 5.13 23.66 cM (chromosome 10) to 158.08 ¢cM (chromo-
2 9 28.45 3.56 some 7) with an average of 64.31 cM. The average
3 9 31.34 3.92 distance between the adjacent markers varied from
4 11 54.78 5.48 3.56 cM (chromosome 2) to 10.15 cM (chromo-
5 13 67.05 5.59 some 8) at an average marker density of 6.00 cM.
6 17 86.28 5.39
7 20 158.08 8.32
8 12 111.68 10.15 QTL analysis for agronomic traits
9 12 51.16 4.65
10 6 23.66 4.73 In total, 14 QTLs distributed on chromosomes 1, 3,
11 9 43.70 5.46 4, 6,7, and 10 were found to be associated with YSC,
Total 129 707.43 6.00 DFF, DM, PH, and NMS (Table 4 and Fig. S2). LOD
gg}’;"“ QTLs detected in Traits QTL name Chr Marker interval Genetic distance ¢cM) LOD Add  PVE (%)
YSC gYSCli 1 ID1-8-ID1-5 36.34-43.19 2438 0.02 2.79
qYSC4 4 ID4-8-1D4-9 37.25-41.38 9745 -0.50 90.07
qYSC6 6 ID6-16-1D6-15  72.08-86.28 4.97 0.01 1.32
DFF  ¢DFF3 3 ID3-6-ID3-7 23.40-29.12 2431 7.04 53.67
gDFF10 10 ID10-4-ID10-6 9.08-23.66 2.19 1.57 3.42
DM gDM3 3 ID3-6-ID3-7 23.40-29.12 20.78 9.33 45.60
gDM6 6 ID6-14-1D6-17 49.66-70.22 2.44 -097 3.53
PH gPHI 1 ID1-8-ID1-5 36.34-43.19 324 7.00 6.57
gPH3.1 3 ID3-6-ID3-7 23.40-29.12 7.42 2.83 13.60
qPH3.2 3 ID3-8-ID3-9 30.60-31.34 1597 20.50 31.57
qPH7 7 ID7-19-ID7-18 9.36-14.67 2.06 -4.55 3.26
gPHIO 10 ID10-4-ID10-6 9.08-23.66 2.51 6.39 3.87
NMS gNMS3 3 ID3-6-ID3-7 23.40-29.12 20.29 1.65 46.40
gNMS10 10 ID10-4-ID10-6 9.08-23.66 2.87 0.47 5.05

YSC, young stem color; DFF, days to first flowering; DM, days to maturity; PH, plant height;
NMS, nodes on main stem; LOD, logarithm of odds; Add, additive effect; positive or negative
values indicate the alleles increase the effect from Sulul6-10 and Weilul 1, respectively. PVE,
phenotypic variation explained by the detected QTLs
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scores of these QTLs ranged from 2.06 to 97.45,
and the phenotypic variance explained (PVE) were
between 1.32 and 90.07% for each QTL. Three QTLs
distributed on chromosomes 1, 4, and 6 were detected
for YSC. They collectively accounted for 94.18% of
the phenotypic variation. QYSC4, the major effect
QTL for YSC, could explain 90.07% of the total phe-
notypic variation, and the positive allele came from
Weilull. Four QTLs located on chromosomes 3, 6,
and 10 were related to DFF and DM. Seven QTLs
located on chromosomes 1, 3, 7, and 10 controlled
PH and NMS. Among these QTLs, 7 were clustered
at two intervals on chromosome 3 (¢DFF3, gDM3,
gPH3.1, and gNMS3) and chromosome 10 (¢DFF10,
qPHI0, and gNMS10).

Confirmation for the two QTL hot spots

To confirm the two QTL hot spots detected in 2019.
Markers on chromosomes 3 and 10 were used to
construct a short linkage map. Another seven poly-
morphic markers on chromosome 3 were developed
to narrow the distance between markers. Among
these newly developed markers, two (R3-9 and
R3-12) were between ID3-5 and ID3-6, and the
other five (R3-5, R3-13, R3-15, R3-19, and R3-20)
were between ID3-6 and ID3-7. QTL analysis found
8 QTLs for DFF, DM, PH, and NMS on these
two chromosomes (Table 5). Six of these QTLs
were detected in 2019. Based on the QTL analy-
sis results, four QTLs between R3-15 and R3-19
controlled all of these four traits, and the PVE was
ranged from 62.04 to 84.72%. Chromosome region

Table 5 QTLs detected in 2020

between ID10-5 and ID10-6 hold QTLs for DFF,
DM, and NMS (Table 5). Further analysis found
49 individuals with Sulul6-10 genotype within
R3-15 and R3-19 region showed late DFF and high
PH (DFF=59.0+4.1 days, PH=89.3+13.2 cm).
The phenotypes of 30 heterozygotes were similar
to these plants with homozygous Sulul6-10 geno-
type (DFF=57.9+2.3 days, PH=84.2+7.9 cm).
Meanwhile, 49 plants with homozygous Weilull
genotype showed early DFF and dwarf PH
(DFF=42.0+2.8 days, PH=54.1+8.9 cm). Ten
plants with three different genotypes from the F,
population were selected to confirm the existence
of these major QTLs between R3-15 and R3-19.
All the descendants of the two F, plants with
homozygous Sulul6-10 genotype showed late DFF
and high PH. The F,.; lines generated from the
two F, plants with homozygous Weilull genotype

Table 6 Phenotype analysis for the plants in two F).5 lines

Type DFF (days) DM (days) PH (cm) NMS (No.)

494-1
494-11
494-111
500-1
500-II
500-I1I

60.8+0.5a
60.1+19a
41.0+1.0b
540+1.1a
54.4+09a
39.3+1.0b

825+10a
79.6+22a
67.3+0.5b
78.0+14a
782+14a
68.0+0.8b

7377+55a
71.1+4.6 a
42.0+4.8b
78.7+25a
753+49a
48.0+3.0b

11.5+1.0a
10.8+1.0a
7.6+£05b
10.5+0.7a
10.5+0.7 a
73+£05b

DFF, days to first flowering (days); DM, days to maturity
(days); PH, plant height (cm); NMS, nodes on main stem (No.).
Different lowercase letters in the same row indicate significant
difference of phenotype among different genotypes at 0.05
level within the F,.; line

Traits QTL name Chr Marker interval Genetic distance (cM) LOD Add PVE (%)

DFF gDFF3, 3 R3-15-R3-19 30.47-31.06 61.81 8.76 84.72
gqDFF10, 10 ID10-5-R10-6 15.86-23.57 291 1.22 1.37

DM qgDM3,, 3 R3-15-R3-19 30.47-31.06 34.72 5.60 66.59
qDM10, 10 ID10-5-R10-6 15.86-23.57 5.37 1.69 6.09

PH qPH3.1, ID3-6-R3-5 23.47-27.72 6.00 -0.76 6.76
qPH3.2, R3-15-R3-19 30.47-31.06 35.45 17.37 62.04

NMS gNMS3, R3-15-R3-19 30.47-31.06 43.47 1.77 73.60
gNMS10, 10 ID10-5-ID10-6 15.86-23.57 5.88 0.48 5.17

DFF, days to first flowering; DM, days to maturity; PH, plant height; NMS, nodes on main stem; LOD, logarithm of odds; Add, addi-
tive effect; positive or negative values indicate the alleles increase the effect from Sulul6-10 and Weilull, respectively. PVE, pheno-
typic variation explained by the detected QTLs. “a” at the right bottom of QTL name indicate QTLs detected in 2020
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showed early DFF and dwarf PH. The phenotypes
of descendants generated from these six heterozy-
gotes were segregated. Two segregated F,.; lines
were selected to analyze the consistency between
genotype and phenotype. The genotypes of plants in
these two lines are listed in Table S3. All the plants
with Sulul6-10 or heterozygote genotype showed
later DFF, later DM, higher PH, and more NMS
when compared with plants hold Weilull genotype
(Table 6), and the differences reached a significant
level. Consideration of combined phenotype and
genotype of these two segregated F),.; lines, these
QTLs were limited between R3-5 and ID3-7. These
results indicated that QTLs with large PVE confer-
ring DFF, DM, PH, and NMS existed in this chro-
mosome region.

Molecular marker assistant selection

Since marker R3-15 and R3-19 were flanked with
gDFF3, these two markers could be used in marker
assistant selection. To verify the accuracy rate of
marker assistant selection, 30 mung bean varieties
with different DFF were divided into two groups that
is early DFF group (EF) and late DFF group (LF).
Generally speaking, DFF was consistent with the gen-
otype identified by marker R3-15 and R3-19 (Table 7,
Fig. S3). Correlation analysis indicated the correla-
tion coefficients between DFF with R3-15 and R3-19
were 0.78%* and 0.86**, respectively. Among these
tested mung bean varieties, 15 were showed Weilull
genotype at gDFF3 region, and 14 of them showed
early DFF. Eleven varieties were showed Sulul6-10
genotype, and all of them showed late DFF. The accu-
racy rate was 96.2%. All of these results demonstrated
that InDel markers R3-15 and R3-19 could be used as
a very useful tool in mung bean DFF prediction and
identification.

Fine mapping for the YSC gene qYSC4

Among these three QTLs that controlled YSC, gYSC4
can be regarded as a major gene because it could
explain 90.07% of the phenotypic variation. For fine
mapping gYSC4, four InDel and two SNP mark-
ers were used to screen the genotypes of 256 green
stem individuals in the F, population. QYSC4 was
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Table 7 Genotype and phenotype analysis for 30 mung bean
varieties

Code Accession name  DFF (days) Group R3-15 R3-19

1 Bao942 37 EF aa aa
2 Baolu200212 35 EF aa aa
3 Ji9802-19-2 37 EF aa aa
4 Jilu0816 37 EF aa aa
5 LiaolulOL708-5 33 EF aa aa
6 lulu1002-3 32 EF aa Aa
7 Neilu2 35 EF aa aa
8 Pinlu08116 36 EF aa aa
9 Pinlu2011-06 37 EF aa aa
10 Suhei2 33 EF aa aa
11 Suheilu 34 EF aa aa
12 Sulu204 37 EF aa aa
13 Weilu7 37 EF aa aa
14 Weilu8 36 EF aa aa
15 Zhenglu8 37 EF aa aa
16 E1006 55 LF AA AA
17 E1009 48 LF aa aa
18 Elu5 48 LF AA AA
19 Lulu4-1 62 LF aa AA
20 Su2074 58 LF AA AA
21 Sukang4 51 LF AA AA
22 Sukangl 64 LF AA AA
23 Sulull1-8 64 LF AA AA
24 Sulu203 53 LF AA AA
25 Sulu4 63 LF AA AA
26 Sulu9073 50 LF AA aa
27 Taiyuan52 52 LF aa AA
28 Taiyuanchuanfu-1 55 LF AA AA
29 Yinggelu 55 LF AA AA
30 Zhonglu3 50 LF AA AA

DFF, days to first flowering (days); EF, early first flowering
group; LF, late first flowering group; AA, Sulul6-10 genotype;
aa, Weilull genotype; Aa, heterozygote

finally mapped within a 347 Kb region between InDel
marker ID4-14.9 and SNP marker 771 K (Fig. 1a).
Based on the mung bean genome annotation informa-
tion, there are 38 open reading frames (ORFs) with
different predicted biological functions in this can-
didate region. Among these ORFs, LOCI106758035
and LOCI106758748 encoded MYB transcription
factor were found in this target interval. Sequencing
results showed there were no sequence variations



Mol Breeding (2021) 41: 66

Page90of 14 66

a IDAI|._8 1D4-9
Chr.4 7 7
1D4-14.9 771K 870K [D4-}4.10
]
17.43 17.77 17.87 18.20 (Mb)
Recombinants 2 l 5 8
347 Kb i,
.........
b 70 bp deletion
Weilull "l|" ”|l“ TT T /T
Sulul6-10 ATG GC CAG T TAA
¢ d
1271 aweil o 25
iz) 1.0 4 ©Sulul6-10 g 20
£ 08 1 E
2 Z 15
206 8
o o,
o 510
204 1
< =
S 02 - 505
o 2
0.0 - 0.0 ——

LOC106758035 LOC106758748

Fig. 1 Fine mapping and candidate gene analysis for gYSC4.
a Fine mapping for ¢YSC4. There are 38 ORFs between
marker ID4-14.9 and 771 K. Green arrow and red arrow rep-
resent LOC106758035 and LOC106758748, respectively. b
Sequence differences of LOC106758748 between Sulul6-10
and Weilull. Black boxes indicate exons, and lines between
black boxes indicate introns. ¢ Relative expression levels of
LOC106758035 and LOC106758748 in hypotocyl between the
parents. Each bar indicates the mean+SD of three independ-

in the LOC106758035 gene between parents. The
gene LOCI06758748 in Weilull had two synony-
mous SNPs in the second exon, four SNPs, and an
AT box (35 AT repeats) deletion in introns (Fig. 1b).
QRT-PCR results showed there was no significantly
different expression level for LOCI06758035 in
hypocotyl between parents. The expression level of
LOC106758748 was strongly up-regulated in the
hypocotyl of Weilull when compared with Sulul6-
10 (Fig. 1c). Further analysis found the expression

W-HW-E19-H35-H36-H S-H S-E 7-H 9-H 15-H

ent replicates. Student’s 7 test was used for statistical analysis.
**Represents significant difference at 0.01 level. d Relative
expression levels of LOC106758748 in the parents and six F,.5
lines. 19, 35, and 36 were three F,.; lines with purple stem; 7,
9, and 15 were three F,.; lines with green stem.W-H, S-H,
19-H, 35-H, 36-H, 7-H, 9-H, and 15-H represent the hypocotyl
of Weilull, Sulul6-10, 19, 35, 36, 7, 9, and 15, respectively.
W-E and S-E mean the epicotyl of Weilull and Sulul6-10,
respectively

level of LOC106758748 in hypocotyl was higher than
that in epicotyl of Weilull (Fig. 1d). This result was
consistent with their phenotype since the hypocotyl
of Weilull was purple, while the epicotyl was green
at this growth stage. Besides, the expression levels of
LOC106758748 in the hypocotyl of three F,.; lines
with purple YSC were higher than those in three
F, .5 lines with green YSC (Fig. 1d). Based on these
results, LOC106758748 was selected candidate gene
for qYSC4.
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Discussion

Molecular marker development in mung bean had
been performed in previous studies, and most of these
studies were focused on SSR markers (Wang et al.
2015; Chen et al. 2015; Liu et al. 2016). In this study,
high-throughput development of InDel markers could
be achieved by directly compare the sequence differ-
ences between parents, and the rate of polymorphic
InDel markers reached 86.1%, higher than the SSR
markers (Wang et al. 2015; Chen et al. 2015; Liu
et al. 2016). Several studies focused on genetic link-
age map construction and QTL analysis for mung
bean agronomic traits has been conducted by using
SSR markers (Isemura et al. 2012; Kajonphol et al.
2012; Sompong et al. 2012; Somta et al. 2015). How-
ever, the positions of these QTLs were signed with
genetic distance, and the markers linked with QTLs
were not anchored on mung bean chromosomes.
Therefore, it is difficult to compare the positions and
contribute rate among these QTLs. In this study, all
the markers used in linkage map construction were
anchored on mung bean chromosomes. Thus, it will
facilitate fine mapping or cloning for these QTLs, and
also using in marker-assistant selection in the future.
A genetic linkage map consisted of 129 developed
InDel markers was constructed. The map totally cov-
ered 707.43 cM (Table 3), slightly shorter than map
described by Wang et al. (Wang et al. 2016). For the
purpose of genetic analysis and QTL mapping, varie-
ties with significant phenotypic differences were usu-
ally chosen for segregation population construction.
In this study, all the agronomic traits showed signifi-
cant differences between the two the parents, Sulul6-
10 and Weilull.

A total of 11 QTLs were found to be responsible
for DFF, DM, PH, and NMS, and 7 of them were
clustered at the two chromosome regions (Table 4).
It was note worthy that QTLs for different traits were
co-located at ID3-6 and ID3-7 and the positive alleles
all from Sulul6-10. These results supported the sig-
nificant correlation between these four traits. QTLs
controlled correlated traits were clustered together
also found in other studies (Mei et al. 2009; Isemura
et al. 2012; Kajonphol et al. 2012; Sompong et al.
2012). The reasons for this phenomenon were that
either a pleiotropic existed that controlled these traits
or QTLs related to these traits were closely linked. In
rice, Ghd7 and Ghd8 were pleiotropic genes, which
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controlled flowering time and PH at the same time
(Gao et al. 2014; Yan et al. 2011). Thus, these four
QTLs between ID3-6 and ID3-7 were considered
the same loci. To distinguish chromosome regions
whether contained one QTL with pleiotropy effect or
closely linked QTLs, near isogenic lines need to be
constructed, and then, large segregation populations
need to be generated to break the link relationship.
QTL detection is usually conducted at different condi-
tions, and these stable expressed QTLs have great sig-
nificance in elite cultivars breeding. However, most
loci in plants of F, population were not homozygous,
and these heterozygous loci will be segregated in the
progeny. Thus, the linkage map which constructed
for the F, population could not be used in the prog-
eny populations. Using the F; population and mark-
ers on chromosomes 3 and 10 additional with other
seven polymorphic InDel markers, another short and
high-density linkage map was constructed. All these
four QTLs located between ID3-6 and ID3-7 can be
detected again, and the QTL region was narrowed at
a 170 Kb region between R3-15 and R3-19 (Table 5).
In addition, phenotype and genotype analysis for two
segregate F,.; lines also verified the regulator role
of gDFF3 (Table 6). BLAST analysis for sequences
of markers that closely linked with QTLs controlled
flowering time and growth period (Isemura et al.
2012; Kajonphol et al. 2012; Sompong et al. 2012;
Somta et al. 2015; Hwang et al. 2017); gDFF3 was
corresponding to Dff 3—1, and near to Fld5.4.1. Com-
parative analyzing the candidate genomic region with
soybean, a putative phytochrome A gene related to
flowering time was found, which was an orthologue
of the soybean E3/E4 (Liu et al. 2008; Watanabe
et al. 2009). Besides, gDM3 was corresponding to
Pddm5.4.1 and Df3-1 (Isemura et al. 2012; Hwang
et al. 2017); gDFF10 was corresponding to gDFLS5.1
(Somta et al. 2015); gDM6 was near to the region
of Pddm5.7.1 (Isemura et al. 2012). Some new loci
such as qYSCI, qYSC6, gPHI, gPH7, gNMS10 were
detected in this study. Two minor QTLs (¢gDFFI10
and gNMS10) located at ID10-4 and ID10-6 could
also be detected in 2020 (Table 5). Since DFF and
PH were two positively correlated traits, they should
share the similar change tendency in different popula-
tions or conditions. Strangely, even though the aver-
age DFF and DM in F; population was larger than the
average value in F, population, the average PH and
NMS in F; population was obviously decreased when
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compared with that in F, population (Table 1). The
main reason was that the mung bean phenotype was
strongly influenced by the weather since mung bean
growth period in 2019 was hot and drought, but cool
and rainy in 2020. The average temperature and total
rainfall among mung bean growth stage were 27.2 °C
and 190.2 mm in 2019. Meanwhile, the data were
26.7 °C and 748.5 mm in 2020. Especially in July, the
difference in the average temperature and total rain-
fall between 2019 (28.1 °C and 21.3 mm) and 2020
(25.1 °C and 317.9 mm) was more obvious. Thus,
these repeatedly detected QTLs were considered sta-
ble expressed at different conditions. Genotype anal-
ysis found 14 of 15 varieties showed homozygous
Weilull genotype in the early DFF group, and 11 of
15 varieties showed homozygous Sulul6-10 genotype
in the late DFF group (Table 7, Fig. S3). This result
showed gDFF3 was the key regulator loci for DFF in
mung bean germplasm. The accuracy rate of linked
markers in DFF identification reached 96.2%. Thus,
InDel markers R3-15 and R3-19 were very useful
molecular marker in mung bean DFF prediction and
identification. Future work will focused on fine map-
ping population construction for these major effect
QTLs and depth analysis of candidate genes.

YSC is a very useful tool for varietal purity iden-
tification and assistant breeding. Previous studies
showed MYB-type transcription factor was the key
regulator for synthesis of anthocyanins (Zhou et al.
2016; Cho et al. 2016). In soybean, soluble pig-
ment in stems was considered had relationship with
white mold resistance (Li et al. 2010; Wegulo et al.
1998). Thus, it is necessary to research the relation-
ship between disease resistance and YSC in mung
bean. Previous studies showed YSC was controlled
by a single gene (Wang et al. 2013) or multi-genes
(Wang et al. 2017b). Chi-square test found the num-
ber of plants with purple stem to green was fit to 3:1
in F, population, indicating there was a single gene
or major QTL conferring this trait. QTL detection
results showed that YSC was controlled by one major
QTL gYSC4 plus two minor QTLs: g¥YSCI and gYSC6
(Table 4). Actually, we have identified an YSC mutant
by using EMS mutagenesis strategy, and the muta-
tion site did not allele to gYSC4. These results dem-
onstrated that YSC was controlled by multi-genes.
According to our phenotype investigation results,
qYSCI and gYSC6 could not affect the phenotype
judge for YSC because alleles from Sulul6-10 could

increase the effect while this parent showed green
stem. Thus, the phenotype of YSC in F, population
and parents were completely determined by gYSC4,
which could explain 90.07% of the total phenotype
variation. Map-based cloning limited the gYSC4
within a 347 Kb region which contained two predicted
MYB-type transcription factor, LOC106758035 and
LOCI106758748 (Fig. 1a). Homology analysis showed
LOCI106758748 was orthologous to soybean R gene,
which controlled seed coat color (Yan et al. 2015).
Sequence variations were existed in LOCI106758748
and may affect the expression level in parents and
hybrid progeny (Fig. 1b—d). Expression level analysis
also found LOC106758748 was highly expressed in
the hypocotyl of purple stem at young growth stage.
In summary, sequence variation and expression analy-
sis revealed LOC106758748 was the preferred candi-
date gene for gYSC4.

Conclusions

High-throughput development of InDel marker
could be performed based on the sequence varia-
tion between parents’ genome sequence obtained
from NGS. The ratio of polymorphic InDel marker
could reach 86.1%. A genetic linkage map which
covered 707.43 cM for a F, population developed
by the cross between Sulul6-10 and Weilull was
constructed. QTL analysis detected 14 QTLs for
YSC, DFF, DM, PH, and NMS. The phenotypic
variance explained by each QTL was between 1.32
and 90.07%. Seven of these QTLs were clustered
at two intervals on chromosomes 3 and 10. Six of
these co-located QTLs were detected again in the F;
population by using a short and high-density link-
age map. Phenotype and genotype analysis for 30
mung bean accessions found that the gDFF3 was
the key regulation factor for DFF and the linked
markers could be used in marker-assisted selection.
Map-based cloning limited the gYSC4, the major
gene for YSC within a 347 Kb region. Sequence
variation and expression level analyses confirm
that the MYB transcription factor LOCI106758748
was the preferred candidate gene for gYSC4. These
results provide a foundation for cloning these QTLs
and clarifying the molecular regulation mechanisms
for these traits.
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