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SUMMARY

Cercospora leaf spot (CLS) resistance is a highly desirable trait for mungbean (Vigna radiata
[L.] Wilczek) production in Thailand. ‘V4718’ is a vital resistance source that shows high and
stable resistance to CLS disease. A previous study identified a major quantitative trait locus
(QTL) (gCLSC72V18-1) controlling CLS resistance and found the marker (I116274) that was
located closest to the resistance gene by using F,. and F;.;o recombinant inbred line
populations derived through a cross between 'V4718’ and the susceptible variety ‘Chai Nat
72" (*CN72'). Here, we evaluated three newly reported simple sequence repeat (SSR)
markers and one InDel marker together with six previously identified markers that were
linked to qCLSC72V18-1 to further identify the markers that were located close to this QTL.
By performing bulk segregant analysis on two validation populations, we found that two SSR
markers (Vr6gCLS037 and Vr6gCLS133) and one InDel marker (VrTAFS5_indel) were
putatively associated with CLS resistance. Of these markers, only the VITAF5_indel marker
showed a significant association with the CLS resistance gene with a logarithm of odds score
> 3 across the phenotypic data for 2016 and 2018. QTL analysis with inclusive composite
interval mapping revealed that the VrTAF5_indel marker was integrated into the genetic
map with other previously identified markers. The 116274 and VrTAF5_indel markers
flanking the QTL of interest accounted for 41.56%-60.38% of the phenotypic variation with
genetic distances of 4.0 and 5.0 cM from the resistance gene, respectively. Both markers
together permitted only 0.40% recombination with the CLS resistance gene in marker-
assisted selection and thus could be useful in future breeding efforts for CLS resistance in
mungbean.

Keywords: Cercospora leaf spot, inclusive composite interval mapping, marker-assisted
selection, mungbean, quantitative trait loci analysis

Key findings: This study identified that the 116274 and VrTAF5_indel markers flanked
gCLSC72Vv18-1 and conferred CLS resistance to 'V4718’. Both markers, which together
allowed rapid selection and only 0.40% recombination with the CLS resistance gene in
marker-assisted selection, are useful for developing CLS-resistant mungbean varieties.
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INTRODUCTION

Mungbean (Vigna radiata [L.] Wilczek) is
an economically important legume crop in
Asian countries, mainly India, China,
Myanmar, Indonesia, Bangladesh,
Pakistan, and Thailand, which -cultivate
over 90% of mungbean worldwide
(Ruanpanun and Somta, 2021). This crop
is utilized in several ways. For example,
mungbean seeds, which contain starch,
digestible proteins, minerals, vitamins,
and amino acids, are used in industrial
foods (vermicelli and starch) and
cosmetics, while sprouts and young pods
are eaten as vegetables. In addition,
mungbean leaves and stems are applied
as forage and green manure. However,
mungbean production is dramatically
constrained by various factors, i.e.,
susceptibility to pests and diseases or
environmental weaknesses.

Cercospora leaf spot (CLS), a
severe foliar disease capable of inducing
leaf spot and defoliation, is caused by
Cercospora canescens Ellis & Martin
(Chand et al., 2015). This disease spreads
to mungbean fields particularly during the
warm-wet growing season and often leads
to 50% economic losses in the absence of
protection (AVRDC, 1984). The
deployment of resistant varieties is the
most efficient and durable strategy for the
integrated management of this disease.
By screening CLS-resistant mungbean
genotypes from several countries, Nair et
al. (2019) identified several genotypes
with resistance to CLS: ‘NM-1’, ‘NM-2’,
‘NM-98’, ‘BRM-188’, ‘BARIMung-2’,
‘C2/94-4-42', '98-cmg-003’, '98-cmg-
018’, ‘'Basanti’, ‘PDM-11’, ‘CO-3’, and
'VC3960-88’ (Igbal et al., 2004). Other
genotypes with CLS resistance include
‘M5-22" and ‘M5-25’ (Wongpiyasatid et al.,
1999), as well as 'Vi1471', V2773,
V2757, 'V5036’, and ‘V4718’ (Hartman et
al., 1993). However, only a few resources,
including ‘V4718’ (Hartman et al., 1993;
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Chankaew et al., 2011; Arsakit et al.,
2017; Chueakhunthod et al., 2020;
Tantasawat et al., 2020; Yundaeng et al.,
2020), have been identified to provide
high and stable resistance to CLS. The
genetic inheritance of CLS resistance has
been reported elsewhere and is either
controlled by qualitative (Mishra et al.,
1988; Chankaew et al., 2011; Tantasawat
et al., 2020) or quantitative genes
(AVRDC, 1980; Leabwon and
Oupadissakoon, 1984) in accordance with
the resistance source. A previous study
discovered a major quantitative trait locus
(QTL) associated with CLS resistance by
using simple sequence repeat (SSR)
markers in a cross generated by
hybridizing ‘CN72" (a susceptible variety)
and 'V4718’. This QTL is located between
the VR393 and CEDGO084 markers (Arsakit
et al., 2017). Later, Tantasawat et al.
(2020) identified the inter-simple
sequence repeat (ISSR) marker 116274,
which is closer than CEDGO084 to the
resistance gene that increases the
efficiency of selection for the resistance
gene through marker-assisted selection
(MAS) with VR393 and 116274. By using a
SSR marker system, Chankaew et al.
(2011) also found a major QTL that
controls resistance to CLS in another cross
between ‘Kamphaeng Saen 1’ (‘KPS1'), a
susceptible variety, and 'V4718’. This QTL
is flanked by the CEDG117 and VR393
markers.

The evolution of genomic
sequencing or transcriptomic sequencing
throughout the genome has influenced the
trend of the use of structural markers in
lieu of functional markers (Poczai et al.,
2013). Functional markers located at or
near any genes are very useful for
selection. By using this technique on a
‘KPS1’ x V4718’ cross, Yundaeng et al.
(2020) identified TATA-binding-protein-
associated factor 5, a subunit of the
transcription initiation factor IID and Spt-
Ada-Gcn5 acetyltransferase complexes
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that are encoded by a candidate gene
responsible for CLS resistance (VITAF5).
Moreover, they found two InDel
(VrTAF5_indel) and SSR (Vr6gCLS085)
markers that flank the functional gene
VITAF5. These VITAF5_indel and
Vr6gCLS085 markers are only 12 and 13
Kb from VIrTAF5 and are thus closer than
the previously identified flanking markers
CEDG117 and VR393. The markers
associated with CLS resistance can be
used to accelerate the development of
new resistant varieties through year-round
MAS. In this study, we identified the
closest markers and refined QTL mapping
for resistance to CLS in a recombinant
inbred line (RIL) population of mungbean
obtained from a cross between ‘CN72’ and
‘V4718'.

MATERIALS AND METHODS

Mapping population and CLS disease
data

The population of 143 F,.g and F».;¢ RILs of
the ‘CN72" x V4718’ cross was obtained
from Khajudparn (2009), who developed
the population via the single-seed descent
method. ‘CN72’ is a cultivated mungbean
variety with a high yield in Thailand but
high susceptibility to CLS, whereas
'V4718’ is a resistant Indian mungbean
line obtained from the World Vegetable
Center in Taiwan.

The disease scores for the 2016
and 2018 data of the F,.9 and F;.i0 RIL
populations from Tantasawat et al. (2020)
were used for QTL analysis. Briefly, both
populations and their parents were
planted in a randomized complete block
design with three replicates during the
rainy season (May to August) in 2016 and
2018 under field conditions at the
Suranaree University of Technology,
Nakhon Ratchasima, Thailand. In each
block, the seeds of each RIL were planted
in a single 2 m-long row with an intra-row
spacing of 20 cm and inter-row spacing of
50 cm. Two plants per hill (ca. 20 plants
per row) were retained. The susceptible
parent ‘CN72’ variety was additionally
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grown around the blocks as a source of
CLS inoculum. The severity of CLS in all
RILs and parental lines was observed at
65 days after planting by using the scoring
system described by Chankaew et al.
(2011).

DNA marker analysis

Three SSR primer pairs (VrégCLS037,
VrégCLS085, and Vr6gCLS133) and one
InDel primer pair (VITAF5_indel) flanking
gCLS on chromosome 6 of the 'KPS1’ x
‘V4718’ cross from Yundaeng et al. (2020)
were used for initial screening with bulk
segregant analysis (BSA). This technique
was carried out by using the DNA of
‘CN72’' (S), 'V4718’ (R), the resistant bulk
(RB), and the susceptible bulk (SB).
Polymerase chain reaction (PCR) for SSR
and InDel analysis was performed by
using a 20 pul reaction mixture containing
2 ng of the genomic DNA template, 1x
buffer (50 mM KCI, 10 mM Tris-HCI, pH
9.1, 0.01% Triton™ X-100), 2 mM MgCl,,
0.2 mM each dNTP, and 1 unit of Tag DNA
polymerase (Vivantis, Selangor Darul
Ehsan, Malaysia), and 0.5 pM each of the

forward and reverse primers. PCR
amplification was performed by using a
T100™ Thermal Cycler (Bio-Rad

Laboratories, Inc., California, USA) with
the following program: 94 °C for 2 min,
35 cycles at 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 1 min with a final extension
at 72 °C for 10 min.

The PCR products were separated
on 6% denaturing polyacrylamide gel and
detected by silver nitrate staining in
accordance with Sambrook and Russell
(2001). The size of the DNA bands was
estimated by using a 100 bp DNA ladder
(Invitrogen, California, USA). The DNA
patterns of the parents (R and S) and DNA
bulks (RB and SB) were observed to
identify  polymorphic  markers. The
putative markers, together with six other
previously identified markers that are
linked to the major CLS resistance QTL
gCLSC72Vv18 in the 'CN72" x 'V4718’
cross, were then wused to analyze
individual RILs to evaluate linkage with
CLS resistance. The six markers included
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three ISSR and ISSR-anchored resistance
gene analog (ISSR-RGA) markers
(116274, 188656, and 135P716) and three
SSR markers (CEDG008, CEDGO084, and

VR393 markers) (Tantasawat et al.,
2020).

Linkage and QTL analyses

Clearly resolved DNA bands were

compared between R and RB and between
S and SB and were scored manually by
assigning scores of “1” and “3” to DNA
fragments that were similar to the bands
of the resistant parent and the susceptible
parent, respectively. The association
between the putative marker and CLS
scores for 2016 and 2018 was determined
through simple linear regression,
recombination calculation, x° test for the
segregation of markers, and logarithm of
odds (LOD) analysis. The markers that
were associated with CLS resistance were
used to construct the genetic linkage map
with QTL IciMapping 4.1 software (Meng
et al., 2015). They were assigned to the
linkage group (LG) with a minimum LOD
of 3.0, and the markers were ordered by
using the Anchor Order function. Genetic
distance was calculated with the Kosambi
mapping function (Kosambi, 1943). The
location of the QTL that was associated
with CLS resistance was determined by
using QTL IciMapping 4.1 software with an
inclusive composite interval mapping
(ICIM) function (Li et al., 2007).
Permutation tests were run 10 000 times
at P = 0.01 to determine the LOD score
threshold for the QTL.

Verification of markers associated
with the CLS resistance gene

The closest markers identified in this
study were verified in 22 mungbean
varieties/lines with known CLS reactions.
These genotypes included certified Thai
varieties (‘CN36’, ‘CN72’, ‘CN84-1’, and
‘SUT1"), developed varieties/lines (‘SUT4’

and ‘SUPER 57, and introduced
varieties/lines from the World Vegetable
Center (‘v4718’, ‘V4758’, ‘V4785’,

‘TAINAN SEL#5’, ‘PUSA-105', '"VAR A-G’,
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‘BARI MUNG 2’, '‘NM92’, ‘NM94’, ‘EG-MD-
6D’, ‘CES55’, ‘MG50-10A (Y)’, 'BPI
GLABROUS #3’, ‘WALET’, ‘GELATIK’, and
‘KING’). The data on the CLS reactions of
these mungbean varieties/lines were
obtained from Chueakhunthod et al.
(2020), who evaluated CLS resistance
under field conditions in Thailand.

RESULTS

Three SSR primer pairs and one InDel
primer pair were used in BSA to determine
the possible CLS-resistance-linked
markers. The Vr6gCLS037, VregCLS133,
and VrTAF5_indel markers generated
polymorphic alleles between R and RB and
between S and SB, indicating their
possible association with CLS resistance,
whereas the Vr6gCLS085 marker was
monomorphic. The two SSR markers and
the InDel marker that were putatively
linked to CLS resistance were preliminarily
analyzed through simple linear regression
to identify a correlation between the
markers and CLS scores from 2016 and
2018 data. All of these three markers
were found to be linked to CLS resistance
(P < 0.01). Subsequently, they were
further subjected to LOD, simple linear
regression, and recombination analyses
with both RIL populations (F,.9 and F5.19)
to verify their linkage with CLS resistance.
Only the VrTAF5_indel marker had a x°
with 1:1 ratio. The R? of the VITAF5_indel
marker was 0.481 for 2016 and 0.328 for
2018 with a LOD score of more than 3 for
both years (9.89 and 5.11 for 2016 and
2018, respectively), suggesting that this
marker is useful for CLS mapping.

The marker VITAF5_indel and six
previously identified markers were used to
establish the genetic linkage map of the
F,.o and F,.;0 RIL populations for CLS
mapping. These seven markers were
grouped into the same LG and spanned a
chromosome length of 65.5 cM (Figure 1).
QTL analysis with the ICIM function on
both RIL populations by using CLS scores
for 2016 and 2018 revealed that the
gCLSC72Vv18-1 locus for CLS resistance
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cM

| ecLsc72vis-1

0.00 135P716
16.6 CEDGO084
23.0 VR393
28.9 VITAFS indel
38.3 116274
46.8 188656
65.5 CEDGO008
F2:9 RILs

‘CN72’ x ‘V4718’

Figure 1. Illustration of the linkage map for the F,.9 RILs of the ‘CN72’ x V4718’ cross.

Table 1. QTL detected for CLS resistance in F,.9 and F,.;0 RIL populations derived from
'‘CN72’ x 'V4718’ cross. The QTL was detected by using the ICIM function.

. . Position® LOD PVE®  Additive

Population Year QTL name Marker interval (cM) score® (%) offect
116274-

Fs.9 2016 qgCLSC72Vv18-1 VITAF5_indel 34.0 24.16 60.38 -0.95
116274-

F>.10 2018 qgCLSC72Vv18-1 VITAFS. indel 35.0 10.08 41.56 -0.85

#Position on the linkage group.

®Logarithm of odds (LOD) score explained by the QTL.

‘Percentage of phenotypic variance explained (PVE) by the QTL.

was flanked by the 116274 and The 116274 and VrTAF5_indel

VITAF5_indel markers. This QTL, which markers were also tested on 22

was located at 34.0 cM, accounted for
60.38% of the variation in the disease
responses observed in 2016 with the
additive effect of —0.95 and accounted for
a lower phenotypic variation of 41.56% in
2018; another QTL was detected at 35.0
cM with the additive effect of —0.85 (Table
1). These flanking markers will be applied

to improve the CLS resistance of
cultivated mungbean varieties in the
future.
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mungbean varieties/lines with known CLS
reactions (Table 2). The dominant 116274
marker amplified a 274 bp amplicon that
was linked to CLS resistance (A_) in
‘V4718’, 'v4785’, '‘SUPER 5, ‘TAINAN
SEL#5’, 'WVAR A-G’, '‘BARI MUNG 2’, and
‘WALET’. A 209 bp amplicon linked to CLS
resistance was amplified by the
codominant VrTAF5_indel marker in
V4718’ and ‘SUPER 5’ (BB) and in V4785’
and ‘GELATIK’ (Bb). The remaining 14
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Table 2. Genotypic and phenotypic analyses of mungbean varieties/lines by using the

116274 and VrTAF5_indel markers.

o a Genotypes®
Varieties/Lines Phenotypes 116274 VITAFS indel
V4718 R A BB
V4785 R A_ Bb
SUPER 5 R A BB
V4758 MR aa bb
TAINAN SEL#5 MR A_ bb
CN36 ) aa bb
CN72 ) aa bb
CN84-1 S aa bb
SUT1 ) aa bb
SUT4 ) aa bb
PUSA-105 S aa bb
VAR A-G ) A_ bb
BARI MUNG 2 S A_ bb
NM92 S aa bb
NM94 S aa bb
EG-MD-6D S aa bb
CES55 S aa bb
MG50-10A (Y) S aa bb
BPI GLABROUS #3 S aa bb
WALET ) A_ bb
GELATIK S aa Bb
KING S aa bb

2CLS responses were evaluated in 2018 and 2020 and classified into three classes: resistant (R) = 1-2.5,
moderately resistant (MR) = 2.6-3.4, and susceptible (S) = 3.5-5.0.

®For the 116274 marker, A_: presence of 274 bp amplicon; aa: absence of 274 bp amplicon. For the VrTAF5_indel
marker, BB: presence of 209 bp amplicon; bb: presence of 234 bp amplicon; Bb: presence of 209 and 234 bp

amplicons.

genotypes, namely, 'V4758’, ‘CN36’,
‘CN72’, '*CN84-1’, 'SUT1’, ‘SUT4’, ‘PUSA-
105, 'NM92’, ‘NM94’, ‘EG-MD-6D’,
‘CES55’, ‘"MG50-10A (Y)’, '‘BPI GLABROUS
#3'’, and ‘KING’, lacked either of the
amplicons (aabb). Some of the genotypes
with aabb alleles from both markers, such
as 'CN36’, 'CN72’, 'CN84-1’, ‘SUT1’, and
‘EG-MD-6D’, have been reported to
possess high-yielding potential under field
conditions in Thailand (Chueakhunthod et
al., 2020). The CLS resistance gene can
be introduced into these genotypes
through MAS by using the two tightly
linked markers.
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DISCUSSION

In breeding programs, the selection of
desirable traits is typically hampered by
the ambiguity of phenotypes and the
requirement for specific environmental

conditions. In MAS, molecular markers
can be used to overcome these
limitations. The mungbean accession

'V4718’ has been found to provide stable
resistance against CLS (Hartman et al.,
1993; Chankaew et al., 2011, Tantasawat
et al., 2020; Yundaeng et al., 2020). qCLS
has been identified as the only locus that
controls CLS resistance in 'V4718’



SABRAO J. Breed. Genet.53 (4) 749-757; https://doi.org/10.54910/sabrao2021.53.4.16

(Chankaew et al., 2011; Tantasawat et
al., 2020; Yundaeng et al., 2020). The
segregation ratio in the F,.9 and F,.;9 RIL
populations derived from a cross between
'‘CN72" and 'V4718’ is 1:1 for resistant and
susceptible progenies (Tantasawat et al.,
2020), indicating its qualitative nature
with a dominantly inherited resistance.
Therefore, the CLS resistance gene from
'V4718" can be transferred into a
susceptible cultivated variety for the
development of new  CLS-resistant
varieties via several conventional breeding
methods, such as pedigree selection, bulk

selection, single-seed descent, or
backcrossing.
In mungbean, BSA has been

generally applied to identify the markers
linked to resistance against CLS, powdery
mildew, and mungbean yellow mosaic
virus, as well as bean bugs and bruchids
(Selvi et al., 2006; Chen et al., 2007;
Dhole and Reddy, 2013; Hong et al.,
2015; Poolsawat et al., 2017; Sai et al.,
2017; Dharajiya and Ravindrababu,
2019). In this study, BSA revealed that
the marker VITAF5_indel was significantly
associated with the CLS resistance gene
(P < 0.001).

gCLSC72V18-1, a major QTL that is
located between markers VR393 and
116274, has been previously identified in
the '*CN72’ x ‘Y4718’ cross (Tantasawat et
al., 2020). Recently, Yundaeng et al.
(2020) successfully identified the
candidate gene VITAF5 at the gCLS locus
in the ‘KPS1" x 'W4718' cross and
developed gene-specific markers,
including the VrTAF5_indel and
Vr6gCLS133 markers that are tightly
linked to gCLS. Therefore, the markers
linked to VrTAF5 identified by Yundaeng et
al. (2020) in the '‘KPS1’ x V4718’ cross,
as well as previously identified markers in
this current cross, were simultaneously
characterized to identify the close markers
that are linked to the CLS resistance gene
in our '‘CN72" x V4718’ cross. The ISSR
marker 116274 and the InDel marker
VITAF5_indel were found to be tightly
linked to qCLSC72v18-1 with the
calculated genetic distances of 4 and 5
cM, respectively, allowing only 0.40%
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recombination between both markers and
the CLS resistance gene in MAS. The
newly identified VrTAF5_indel marker
appeared to be closer to gqCLSC72V18-1
than VR393, which was identified in a
previous study (Tantasawat et al., 2020)
(Figure 1), and is thus more efficient for
MAS than other markers. The genetic
distance of the VrTAF5_indel marker from
the CLS resistance gene in '‘V4718’ in our
study (5 cM) differed from that in the
work of Yundaeng et al. (2020), who
found a distance of only 0.1 cM likely
because the maternal parents in the two
populations were different as also
observed by Arsakit et al. (2017). The
116274 and VIrTAF5_indel markers would
be very useful for accelerating the
development of nhew mungbean cultivar(s)
that are resistant to CLS disease. When
we validated the 116274 and VrTAF5_indel
markers in 22 mungbean varieties/lines
with known CLS reactions, we found that
‘V4718’, 'V4785’, and 'SUPER 5’, the three
mungbean lines with resistance response,
all showed amplicons that were linked to
CLS resistance. By contrast, 13
susceptible varieties/lines lacked the the
resistance amplicons of 116274 and
VITAF5_indel markers, indicating that in
contrast to ‘'V4718’, they were
polymorphic at these loci. Therefore, we
can transfer the CLS resistance gene from
the resistant line '‘V4718’ into these 13
varieties/lines through MAS. However, one
resistance amplicon from either 116274 or

VITAF5_indel marker was found in the
four remaining susceptible varieties/lines,
namely, ‘VAR A-G’, '‘BARI MUNG 2/,
‘WALET’, and ‘GELATIK’, suggesting
recombination in this region.
CONCLUSIONS

We successfully screened DNA

polymorphism in the RILs of the ‘CN72’ x
‘V4718' cross by using the SSR and InDel
markers that were recently found to be
closely linked to the CLS resistance gene
in the '‘KPS1’ x V4718’ cross. Our study
identified a major QTL (gCLSC72V18-1)
that accounted for 41.56%-60.38% of the
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variation in the CLS disease scores for
2016 and 2018. This QTL was flanked by
the 116274 and VITAF5_ indel markers
with the distances of 4 and 5 cM from the
CLS resistance gene, respectively. The
markers that are closely linked to CLS
resistance will be very useful for
developing new CLS-resistant mungbean
cultivar(s) through MAS.
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