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Abstract: Cercospora leaf spot (CLS) is the most destructive fungal disease, deteriorating the pro-
duction and productivity of mungbean (Vigna radiata (L.) Wilczek). Mungbean is one of the most
nutritionally and environmentally important legumes, with popularity currently increasing as a
‘future smart food crop’ due to its several health benefits. In recent years, there has been considerable
research progress in improving disease resistance in legumes. However, only a limited number of
studies have pinpointed potential genes and candidate genes associated with resistance traits to CLS
in mungbeans. Identifying the potential resistant resources through combined omics approaches is
an efficient strategy to screen the best Cercospora-resistant mungbean varieties for further molecu-
lar breeding and improvement. Potential omics approaches are important tools to predict disease
management strategies, alleviate chemical overuse, and mitigate problems due to malnutrition. Sus-
tainable breeding research efforts using potential combined omics, including automated phenotyping,
to promote important resistant traits associated with CLS in mungbeans are still unexplored and a
key issue that needs to be addressed. Omics-technology-based research findings on resistance genes,
proteins, and metabolites against CLS in mungbean are recognised in this review. Due to a limitation
of research findings specifically underscoring the use of omics tools for screening resistant mungbean
against CLS, best related research outcomes on other crops are included in this review.

Keywords: combined omics; Cercospora leaf spot; genomics; high-throughput phenotyping; resistant
mungbean

1. Introduction

Mungbean [Vigna radiata (L.) Wilczek] or greengram is a self-pollinated, fast-growing,
and drought-tolerant legume crop having trifoliate leaves, diploid chromosome set, 2n = 2x
= 22, with a genome size ranging from 494 to 579 megabases (Mbs) and mostly adapted
to all the tropics and subtropic areas of the world [1–6]. Mungbean is the most important
legume crop for the agricultural production system and a great source of high-quality
protein, minerals, and vitamins [7,8]. The crop plays a valuable role in the agricultural crop
rotation system as it has a short duration (60–75 days), is drought-tolerant, and possesses
nitrogen fixation capabilities, which play a substantial role in increasing soil fertility [9–11].
As a legume food crop, mungbean is utilised in several ways. Seeds of mungbean are
eaten as sources of starch, digestible proteins, minerals, vitamins, and amino acids and are
used in industrial foods such as vermicelli and starch and cosmetics [12,13]. Nutritionally,
mungbean is important as it contains protein up to 30%, carbohydrates (~60%), essential
minerals such as iron (Fe), phosphorus (P), and calcium (Ca), small amounts of fats (~1.2%),
and dietary fibre (about 6%) [10,13–15]. Moreover, a significant amount of micronutrients
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such as potassium, selenium, magnesium, copper, and zinc are reported in mungbean [2,16].
Mungbean sprouts and young pods are eaten as vegetables to maintain the microbial flora in
the gut and reduce the risks of toxic substance absorption, hypercholesterolemia, coronary
heart disease, and cancer [15,17]. The nutritional advantage of mungbean over the other
legume crops is that it does not form any flatulence in the digestive system as it contains
very low anti-nutritional factors, making it suitable for the preparation of ‘weaning food’ for
babies [18]. Bunaka et al. [19] stated that mungbeans are considered helpful in defending
against several chronic, age-related diseases, including heart disease, cancer, diabetes, and
obesity. All these important properties of mungbean increase its popularity in the world
and contribute to sustainable food and nutritional security in order to feed the alarmingly
growing world population [9,19].

Despite the diverse importance of mungbean as food, animal feed, improving soil
fertility, and foreign currency earnings, the crop has not received the same level of attention
as cereals to increase its productivity [11,18,20]. It is threatened by a series of biotic stresses,
especially diseases due to fungal pathogens such as Cercospora canescens Illis and Martin [21],
Fusarium equiseti and Fusarium chlamydosporum [22], and Podosphaera xanthii [23], contributing
to major yield losses in mungbean compared to all other crops [21,24]. Cercospora leaf
spot (CLS) caused by the fungus Cercospora canescens Illis and Martin is a serious disease
in mungbean [21,25–28]. CLS disease occurs in all the mungbean-growing areas of the
world where its initial symptoms appear 30–40 days after sowing, depending upon the
temperature and humidity [18,29–31]. Initially, the disease appears on leaves as water-
soaked spots with greyish borders, but as the plant ages, the severity increases, causing the
death of the tissues of infected leaves, petioles, stems, flowers, and pods [28,31]. According
to Jackson and McKenzie [32], the brown round to angular spots on the infected leaves
with greyish centres and darker margins, up to 1 cm in diameter, are in most cases used for
the detection and inspection of lesions of CLS diseases. Sometimes the leaves may become
unshaped and wrinkled, along with noticeable late maturity and immature seed formation
due to CLS [27,33]. CLS increases in number and size during the flowering season of the
mungbean plant, but the increase is most rapid in September during pod filling, causing a
yield reduction of up to 96% [2,31,34].

The spread of the pathogen, Cercospora canescens, depends on temperature and hu-
midity where warm wet climate conditions are favourable; 90–100% relative humidity
and 20–30 ◦C temperatures are required for the successful production of conidia of the
pathogen and to cause infection [33,35]. The disease is mostly foliar, and once it has devel-
oped, the pathogen can survive in the plant debris in the soil as dormant conidiophores or
mycelium. As the conidia of the pathogen are contained in plant debris, most of the time
the rain splashes play a major role in the dispersal factor [29,33]. As the fungal pathogen,
Cercospora canescens has a wide range of hosts and dispersal ability across many geographic
locations, and CLS is considered a major disease for many commercial crops such as soy-
bean, common bean, and groundnut [27,36,37]. Das et al. [29] and Bhat et al. [38] stated
that having wider host ranges enables the pathogen to have multiple sources of inoculum.

In an attempt to control CLS, several classical strategies of agricultural crop protection,
such as fungicide applications, were evaluated mostly in field trials as seed treatments
and/or foliar sprays [26,39,40]. Some of such investigations were carried out to evaluate
the efficacies of fungicides in reducing disease incidence and/or severity and yield value.
However, applications of modern high-throughput technologies and the genomic infor-
mation for resistance breeding are inadequate in mungbean when compared to cereals
and other legumes [41,42], which is a critical component to recommend for mungbean
improvement. Furthermore, evaluations of fungal diseases, specifically mungbean’s CLS
triggered by Cercospora canescens, have not been consolidated through the utilisation of
combined omics such as genomics, transcriptomics, proteomics, metabolomics, and other
advanced technologies. Therefore, this review manuscript was initiated to highlight the
progressive achievements in recent years in mungbean resistance breeding using these
combined omics-based approaches, particularly focusing on the works carried out for the
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development of robust varieties exhibiting strong and stable resistance against CLS. An
overview of the use of potential combined omics approaches is shown in Figure 1. The use
of innovative and progressive technologies like high-throughput phenotyping, genomics,
proteomics, and metabolomics, as well as the genetic basis of the interactions of plants with
pathogens and the environment, can be deciphered to develop effective strategies for plant
improvement [43].
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2. Fundamental Overview of Omics Approaches

Fundamentally, ‘omic’ is the group of four letters that modern molecular breeders use
in common as a suffix modifying basic words representing such biological molecules as
genome, transcript (RNA), protein, and metabolites to formulate advanced terms like genomic,
transcriptomic, proteomic, and metabolomic, respectively. The ‘omics’ approaches are, therefore,
technologies that offer the possibility of obtaining new information via in-depth analysis
either at the level of the genome, transcriptome, proteome, and metabolome, as well as at the
structural and physiological level (phenome) using advanced techniques [2,43]. Genomics is
the study of the structure and function of the entire genome of a living organism through
mapping, sequencing, and characterising genomes [44]. Nair et al. [2] indicated that
genomic markers provide a roadmap for breeders, and Solanke et al. [45] emphasise
the use of genomics to realise the variability between genomes, which comes from a
number of different sources. These sources include duplication events, transposons, and
microsatellites, enabling them to adapt mungbean cultivars against both biotic and abiotic
stresses. Qi et al. [46] described transcriptomics as the analysis of gene expression of an
organism to provide information about the active genes and functional processes, whereas
Kumar and Kirti [47] underlined that proteomics analysis reveals the translational products
of gene expression of the plant under particular conditions. Metabolomics is the qualitative
and quantitative analysis of the entire metabolome of a biological system [48,49].

Nowadays, researchers from molecular breeding and biotechnology are turning to-
wards innovative combined omics approaches more than ever to identify genetic com-
ponents implicated in plant resistance ability, growth promotion, secondary metabolite
production, and beneficial microorganism habitat adaptation [46,50]. The advent of omics
technologies has enabled researchers to directly and unbiasedly monitor the factors that
influence growth, yield, metabolism, and biotic and abiotic stress responses [2,43]. Jha
et al. [51] and Yang et al. [52] highlight the role of genomics-assisted approaches, such as
RNA-seq, proteomics, and metabolomics, in improving resistance to diseases and biotic
stresses in grain legumes and crop plants. Raza et al. [53] and Hasin et al. [54] underscore
the potential of omics approaches—particularly integrated omics, genome editing and
speed breeding—in developing temperature-resilient crops. However, the potential of an
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integrated omics approach in addressing biotic and abiotic constraints in mungbean pro-
duction, including diseases and pests, has not been fully explored [2,41,55]. Jost et al. [56]
indicated that as there are several complexities of genetic and molecular processes in the
resistance mechanisms of host plants against pathogens, there is a need to conduct continu-
ous and extensive research to save resistance genes from rapid breakdown due to constant
pathogen evolution. The cultivation of potentially disease-resistant crop varieties could
be a sustainable approach in integrated disease management, and host plant resistance
can serve as a key strategy to control diseases such as CLS in mungbean [2,26,57]. Despite
the lack of information and omics-based studies on the interaction between Cercospora
canescens and the crop, it is essential to thoroughly review and consolidate the current
research findings. This can demonstrate the significant progress and potential of omics
approaches in modern plant breeding for resistance in mungbean to CLS.

3. Genomic-Assisted Approaches for Promoting Resistance in Mungbean to CLS

The establishment of genomics was directly related to the discovery of sequencing
methods developed by Fred Sanger (dideoxy termination) and Maxam-Gilbert (chemical
degradation) in 1977 [44]. Genomic research in mungbean began to contribute significantly
to delivering improved productivity, reliability, and resilience of mungbean through devel-
oping and releasing varieties with superior yield, multiple disease resistance, and large
green shiny grain for export markets [41]. Research on the genomics of CLS resistance in
mungbeans has made significant progress over the past couple of decades, though only
very few research reports are there. In this regard, quantitative trait loci (QTLs) mapping
for CLS resistance in mungbean was first reported by Chankaew et al. [58] using 753 simple
sequence repeat (SSR) markers from various legumes to assess polymorphism between
the CLS-resistant mungbean (KPS1) and CLS-susceptible mungbean cultivar (V4718). Ac-
cording to the findings of Chankaew et al. [58], the resistant trait of mungbean to CLS is
controlled by a single dominant gene, QTL (qCLS), on linkage group 3 in F2 populations.
The authors confirmed the presence of a major QTL (qCLS) for CLS resistance, located
between markers CEDG117 and VR393. The location or linkage map of the CLS resistance
gene, qCLS, in chromosome 3 was validated in 2019 by Arsakit et al. [59]. Kang et al. [60]
constructed a draft genome sequence of mungbean to facilitate genome research and added
insights into evolution within Vigna species. This approach can help in mungbean breeding
improvement in identifying resistance genes and QTLs and also enable understanding in
plant–microbe interactions and develop predictive models for stress responses. Yundaeng
et al. [61] from China reported fine mapping of qCLS for resistance to CLS disease in mung-
bean and identified LOC106765332 encoding TATA-binding-protein-associated factor 5
(TAF5) as the candidate gene for the resistance. The authors used the backcross method for
F2 × BC1F1 and developed two mungbean populations from CLS-resistant cultivar (V4718)
and susceptible cultivar (KPS1) and applied the In Del (inserts/deletions) single-nucleotide
polymorphism (SNP) found in the TAF5 gene. According to this study, the TAF5 gene was
observed to enable the mungbean plants to develop resistance against Cercospora canescens.
In another study conducted by Sahoo et al. [62] on the assessment of genetic diversity for
CLS resistance in mungbean using SSR markers, molecular mapping of pathogen resistance
genes was identified in mungbean varieties.

Moreover, in recently conducted research by a team of experts, Babar et al. [42], the an-
tifungal potential of MB-CLsRG gene-encoding protein was assessed to screen CLS-resistant
mungbean varieties in genomic analysis that showed strong agreement with phenotypic
selection. According to these authors, strong antifungal activity of recombinant protein
encoded by the MB-CLsRG gene was observed as the protein inhibiting the growth of
the mycelial mass of Cercospora canescens. Akhtar et al. [63] identified a single gene with
complete dominance controlling CLS resistance in mungbean, suggesting the potential
for single gene transfer methods in breeding for resistance. It was also reported that CLS
resistance in mungbean has exhibited a high correlation between disease indicators and
a potential oligogenic nature of inheritance in CLS resistance [64]. This oligogenic nature
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of inheritance was also observed by Yadav et al. [39], who identified sources of resistance
in mungbean genotypes to CLS disease and its management. These findings provided a
strong foundation for further research and breeding efforts to enhance mungbean resis-
tance against CLS. This was further supported by Sahoo et al. [62], who carried out the
assessment of genetic diversity, which found moderate molecular diversity and a wide
range of alleles in mungbean genotypes. The importance of genetic factors in controlling
CLS resistance was highlighted, with a focus on the disease resistance components of the
area under the disease progress curve (AUDPC), incubation period (IP), latent period (LP),
and degree of sporulation period [64]. The association and inter-relationship between yield
and yield-contributing characters and CLS resistance in mungbean genotypes have been
explored, with a significantly positive association between seed yield and several traits
and a moderate tolerance to CLS in some mungbean genotypes [65]. Sharma et al. [66]
reported successful inter-specific hybridisation between urdbean and moongbean, result-
ing in resistant reactions to the CLS. Mahapatra et al. [21] isolated and characterised new
Cercospora canescens isolates from coastal regions of Odisha, India, contributing to the under-
standing and management of the disease. Liu et al. [67] provided whole genome scaffold
sequences for a bruchid-resistant mungbean line and increased the annotation of mungbean
genes as well as obtained a list of putative Br genes and candidates of molecular markers
for selecting resistant lines. A near-complete genome sequence of the crop mungbean was
constructed by Ha et al. [7] with a scaffold N50 value of 5.2 Mb and only a 0.4% gap, with
a total scaffold size of 475 Mb. In 2022, high-quality genome assembly and pan-genome
studies in mungbean were conducted by Liu et al. [67] to facilitate genetic discovery and its
improvement through extracting genomic DNA from 217 mungbean accessions, sequenced
on the Illumina NovaSeq platform.

Sahoo et al. [62] assessed the genetic diversity for CLS resistance in mungbean using
SSR molecular markers and found a moderate molecular diversity, indicating the potential
for marker-assisted selection (MAS). Koche and Chaudhary [68] investigated the role of
defence gene expression in mungbean’s resistance to CLS, highlighting the potential use of
biochemical markers in early screening for disease resistance. These studies collectively
provide valuable insights into the potential markers and genetic factors for MAS in mung-
bean against CLS. Next-generation sequencing (NGS) played the greatest role in mungbean
through whole genome sequencing, as explained by the work of Kang et al. [60], who
constructed a draft of the chromosomal-level genome sequence of the elite mungbean
breeding line known as ‘VC1973’ from WorldVeg using Illumina/Solexa and Roche 454 se-
quencing. Two years after the release of the draft genome sequence of ‘VC1973A’, the whole
genome sequence of the mungbean breeding line ‘RIL59’ was reported by Liu et al. [67]
through dealing with genomic and transcriptomic comparison of nucleotide variations for
insights into bruchid resistance of mungbean. These studies collectively emphasise the
capacity of high-throughput techniques to enhance the comprehension of disease resistance
in mungbean. Bangar et al. [69] carried out the identification and characterisation of SNPs
in released landrace and wild accessions of mungbean using Whole Genome Re-sequencing
(WGRS). They identified 233,799 SNPs and 9544 insertions and deletions in coding and
non-coding regions working on three mungbean accessions using the Ion Torrent Personal
Genome MachineTM (PGMTM) platform, revealing great opportunity for future mungbean
improvement using genomic-assisted breeding.

More importantly, to deal with modern genomics of mungbean, considering the Gen-
eration of Genomic Sequencing over the past three decades, starting from the Generation
of Sanger Sequencing, is indispensable (Table 1). The first published scientific articles in
mungbean genome linkage mapping were in 1992 [70,71], and consecutively, RFLP-based
comparative genome analysis of mungbean—along with that of cowpea (Vigna unguinculata
L.)—was tested for their genetic linkage map in 1993 [72]. During this era, the confirmation
of the linkage map for mungbean was based merely on RFLP markers to identify QTLs
controlling seed size [70], insect resistance [71], and disease resistance [73]. Table 1 high-
lights the progress in the use of genomics approaches to inform breeding strategies for the
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improvement of mungbean. The first report on SSR variation in mungbean was carried
out in the late 1990s by Yu et al. [74], whereas polymorphic SSR markers were reported
after the year 2000 [75,76]. The genetics of mungbean resistance to CLS disease, caused
by Cercospora sp., is a complex trait involving multiple genes [64]. This is consistent with
the findings in other plant species such as sugar beet (Beta vulgaris L.), where resistance to
various diseases is often controlled by multiple genes [77]. The identification of resistance
genes is crucial for the development of disease-resistant mungbean varieties. However,
the specific genes and their mechanisms of action in mungbean resistance to CLS disease
have not yet been indicated. Moreover, there is no adequate information regarding ge-
nomic research so far on the resistance of mungbean to CLS disease. Therefore, further
genomic-assisted breeding of mungbean research is needed, which could potentially be
used to develop mungbean varieties with enhanced resistance to CLS disease.

Furthermore, some of the very recently attempted genomic research efforts for mung-
bean breeding improvement are traced here, as in the case of Kohli et al. (2024), who
conducted genome-wide association studies (GWAS) for earliness, mungbean yellow mo-
saic India virus (MYMIV) resistance, and other associated traits. In their study, Kohli
et al. [6] used the genotyping by sequencing (GBS) approach to provide valuable insight for
marker-assisted breeding aiming for the development of YMD-resistant and early-maturing
mungbean varieties. Chiteri et al. [4] undertook a GWAS for dissecting the genetic architec-
ture of leaf morphology traits in mungbean. Liu et al. [3] conducted high-quality genome
assembly and pan-genome studies to facilitate genetic discovery in mungbean for its im-
provement. The same authors assembled a high-quality reference genome (Vrad_JL7)
that was 479.35 Mb in size with a contig N50 length of 10.34 Mb and annotated a total
of 40,125 protein-coding genes, representing 96.9% of the genetic region. According to
the same authors, the overlapping or redundant region of DNA base sequences revealed
during gel reading is said to be contig. Liu et al. [3] also sequenced this reference genome
for 217 mungbean accessions, mainly for landraces and cultivars from China, and identified
2,229,343 high-quality SNPs. To our knowledge, though the use of gene editing via CRISPR
in crop species was publicised 11 years ago by a team of authors [78,79], this molecular
plant breeding technology (CRISPR/Cas9) has not yet been practised to provide better
opportunities to develop CLS disease-resistant varieties. Thus far, CRISPR applications
have been shown to be effective against bacterial, viral, and fungi-borne crop diseases,
including powdery mildew in wheat and tomatoes, bacterial blight in rice, and bean yellow
dwarf virus [80–82].

Table 1. Generation of genomic sequencing in mungbean (Vigna radiata L.).

Generation of Genomic Sequencing in Mungbean (Vigna radiata L.)

Sanger Sequencing Generation (SSG) Next Generation Sequencing (NGS) Third Generation Sequencing (TGS)

Genomic
approach
executed

Generation
Year References

Genomic
approach
executed

Generation
Year References Genomic approach executed Generation

Year References

Gene mapping
using RFLP
markers

1992

Fatokun
et al. [70];
Young et al.
[71];

SSR markers of
NGS 2009 Gwang et al.

[76]
Discovery of candidate genes for
bruchid resistance 2016 Liu et al.

[67]

QTL mapping
for powdery
mildew and
CLS disease

1993 Young et al.
[73]

Discovery of
SNP 2010 Gwang et al.

[76]
Study of Genome-Wide
Association (GWA) 2020 Sokolkova

et al. [83]

Enriching the
genome library
by 13 SSR
markers

2002 Kumar et al.
[75]

Resolution of
SSR maps with
11 linkages

2012 Kajonphol
et al. [84]

Candidate gene for powdery
mildew was discovered 2020 Yundaeng

et al. [85]

Draft genome
sequence of
VC1973A

2014 Kang et al.
[60]

(1) The draft of genome sequence
of VC1973A was improved
(2) Candidate gene for CLS
disease was discovered

2021
Liu et al. [7];
Papan et al.
[86]

High-quality genome assembly
and pan-genome
studies to facilitate genetic
discovery in mungbean and its
improvement

2022 Liu et al. [3]
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Talakayala et al. [87] worked on manipulating resistance to mungbean yellow mosaic
virus (MYMV) in greengram (Vigna radiata L) through CRISPR/Cas9-mediated editing
of the viral genome. In their experiment, these authors confirmed that manipulation of
resistance to MYMV through the editing of the pathogen genome using the CRISPR/Cas9
tool can be a powerful approach to combat viruses and develop resistance in greengram.
Lee et al. [88] experimented on the identification of a locus controlling compound raceme
inflorescence in mungbean. Ha et al. [7]—from the Republic of Korea—reported a near-
complete genome sequence of mungbean (Vigna radiata L.) to provide key insights into the
modern breeding programme. All these studies inform possible genomic mechanisms that
may be further investigated for molecular breeding improvement in mungbeans. Sandhu
and Singh [89] characterised the Iowa mungbean for field adaptability traits in 2018 and
2019 and genotyped using genotype-by-sequencing (GBS) to conduct association mapping
of important traits and identified genetic markers for both quantitative traits such as days
to flowering, plant height, leaf drop at maturity, 100-seed weight, and Fusarium wilt score,
and qualitative traits such as seed colour, seed coat texture, hypocotyl colour, and pod
colour. The GBS method involves using restriction enzymes to break down genomic DNA,
then ligating a barcode adaptor, amplifying the DNA pool using PCR, and sequencing
the amplified DNA pool on a single flow cell lane. To analyse and interpret GBS datasets,
bioinformatics pipelines are also required (Figure 2). GBS is a widely used method to
generate abundant and cost-effective markers for genome-wide association studies. High-
throughput sequencing technologies are intended to lower the cost of DNA sequencing
beyond what is possible with standard dye-terminator methods, like in the case of the
research conducted by Chen et al. [90], who generated a total of 36.18 GB of high-quality
sequence data containing 183.34 M 100 bp paired-end reads after Specific Length Amplified
Fragment Sequencing (SLAF) library construction and sequencing. Fatmawati et al. [91],
from Indonesia, investigated the genetic variability of the F2 population of the inter-specific
mungbean hybrids using retrotransposon-based markers—particularly InterRetrotranspo-
son Amplified Polymorphism (IRAP) markers—and then identified retrotransposon from
the mungbean genome and determined the Long Terminal Repeat (LTR) sequence using the
LTR Finder, revealing high heterozygosity and moderate polymorphic information content.

A mungbean plant, like any other plant, possesses three protective layers as an integral
component of its overall defence mechanism against a pathogen. These are namely the
primary defence, which is related to pathogen-associated molecular pattern-triggered
immunity (PTI), the secondary defence involves effector-triggered immunity (ETI), and the
additional defence includes the exosome-mediated cross-kingdom RNA interference (CKRI)
system [92]. One of the omics study approaches, a genomic study by Dubey et al. [93], is
promoting the variation in the expression of various defence-related genes in susceptible
and resistant mung bean varieties in response to biocontrol agent Trichoderma virens and R.
solani interactions. The authors designed primers using sequences of defence-related genes,
namely PR 10, epoxide hydrolase (EH), catalase, and calmodulin available in the NCBI
database, and evaluated them against cDNA obtained from both susceptible and resistant
mung bean plants at 1–4 days post-inoculation (dpi) with the test pathogen R. solani and
biocontrol agent T. virens using conventional PCR and qPCR analyses. This can give an
insight into the future breeding programme to identify resistant genes in mungbean against
a particular pathogen, namely Cercospora canescens, which causes CLS, a fungal disease,
making mungbean cultivation difficult worldwide.

Recent advances in omics, particularly genomics technologies, have made QTL map-
ping possible to identify the genes conferring resistance against CLS. Developing high-
yielding varieties with enhanced resistance by tagging and mapping of loci/gene(s) gov-
erning resistance to the specific disease is a more effective and efficient approach [94].
Relatively, rapid progress has been made in mungbean genome research since 2010, and
several ISSR- and SSR-based maps have been developed for QTL mapping of various traits,
including agronomic and domestication-related traits, biotic and abiotic stress resistance,
and chemical contents of seeds [58,95–97]. QTL mapping is structural genomics that in-
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cludes QTL confirmation, QTL validation [98], and fine (or high-resolution) mapping of the
genes [94]. The progress of QTL mapping for disease-resistant mungbean has advanced
significantly in recent years, particularly starting from the study of Chankaew et al. [58]
to the very recent findings where Chang et al. [99] constructed a genetic linkage map and
identified QTLs for drought tolerance. Ha et al. [7] used an ultra-high-resolution linkage
map constructed based on re-sequencing data and identified QTLs and the underlying
candidate genes affecting synchronous pod maturity (SPM) in mungbean. QTL studies
were carried out on different aspects of mungbean crops for agronomic traits [100,101], for
bruchids [90], and for innovative study of CLS disease resistance [97]. The development of
integrated consensus gene maps, which include map locations of resistance genes for CLS
and phenotypic traits, has further enhanced the understanding of disease resistance in the
mungbean. Moreover, these studies collectively stress the importance of QTL mapping com-
plemented with sound and modern molecular markers in identifying genomic regions of
interest that control CLS disease resistance in mungbean and the potential for this approach
to inform breeding strategies for the improvement of the crop. Papan et al. [97] identified
QTLs for CLS disease resistance (qCLSC72V18-1) in F2:9 and F2:10 recombinant inbred line
(RIL) mungbean populations derived from ‘CN72’ × ‘V4718’ crosses over two years. In this
regard, these authors used two flanking Indel markers—namely I16274 and VrTAF5 located
on 34 and 35 cM—from the resistance gene and accounted for 60.38% and 41.56% of the
phenotypic variation, respectively. To our knowledge, these are the only QTLs that have
been detected for CLS disease in mungbean to date, next to the work of Chankaew et al. [58],
who report the first time QTL mapping for CLS resistance in mungbean from Thailand.
Furthermore, in different crops, a range of studies have identified QTL and candidate genes
associated with resistance to several leaf spot diseases. Gu et al. [102] identified 6 loci and
55 genes associated with resistance to frogeye leaf spot (FLS) in soybean, while Sharma and
Lightfoot [103] found QTLs near Satt319 and Satt632 on chromosomes 7 and 8, respectively,
in the same species. Chen et al. [104] identified 11 QTLs for resistance to grey leaf spot
(GLS) in maize. Though these studies collectively contribute to the understanding of the
genetic basis of resistance to CLS diseases, there have been only a few studies reporting the
genetics and genomics of resistance to CLS disease in mungbeans.

Of the mungbean genomics research conducted in different parts of the world to date,
QTL studies have focused mainly on insect and fungal disease resistance, primarily because
these problems pose a major threat to mungbean yield. In this regard, Mei et al. [105] and
Wang et al. [106] from China worked on the bruchid resistance gene in mungbean, whereas
Chankaew et al. [58] and Papan et al. [97] from Thailand studied CLSD. Mathivathana
et al. [107] from India identified YMV, and Chankaew et al. [95] and Poolsawat et al. [108]
from Thailand mapped out powdery mildew resistance genes based on QTLs analysis. In
this regard, Chankaew et al. [95] detected QTL controlling powdery mildew disease resis-
tance in two resistant mungbean accessions, V4718 and RUM5, during the years 2011 and
2012 and then identified three QTLs, namely qPMV4718-1, qPMV4718-2, and qPMV4718-3,
in the accession V4718. According to this study, qPMV4718-2 on linkage group 4 (LG4) and
qPMV4718-3 on LG9 were consistently identified in different years, whereas qPMV4718-3 ex-
plained a high proportion of the resistance to powdery mildew. Kitsanachandee et al. [109]
reported QTLs for MYMIV resistance by evaluating 122 RIL mungbeans and their parents
in infested fields of India and Pakistan. Accordingly, composite interval mapping with SSR
markers was used, and then five total QTLs for MYMIV resistance were identified, which
included three QTLs for India (qYMIV1, qYMIV2, and qYMIV3) and two QTLs for Pakistan
(qYMIV4 and qYMIV5). Singh et al. [94] investigated a diverse panel of 127 mungbean
genotypes against MYMIV and identified novel QTLs/associated markers for MYMIV re-
sistance through an SSR-based genome-wide association mapping approach. Ye et al. [101]
worked on a mungbean bi-parental cross between Sulu16-10 and Weilu11 and identified a
total of 14 QTLs distributed on chromosomes 1, 3, 4, 6, 7, and 10 associated with several
agronomic traits such as young stem colour (YSC), days to first flowering (DFF), days to
maturity (DM), plant height (PH), and nodes on the main stem (NMS) during the study
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year 2019 in the Jiangsu Academy of Agricultural Sciences, Jiangsu, China. Evaluation
of different mungbean plant populations using phenotypic traits such as PH [7] and leaf
shape [100] and other agronomic traits relating to QTL mapping are valuable approaches
for improving the yield, nutritional quality [96], and stress tolerance of the crop [110]. On
the other hand, in order to identify consistent candidate QTLs for marker-assisted selection,
genomic mapping should probably be conducted in several genetic backgrounds in which
there is genetic variability for the important traits [111]. QTL mapping has been used in the
mungbean to identify genomic regions associated with a range of traits such as drought
tolerance [99,112], seed weight [113], and resistance to diseases [94]. Moreover, QTLs linked
to seed coat colour in a panel of mungbeans were identified using genome-wide association
mapping (GWAM) that included both cultivated and wild accessions [114].
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Additionally, a team of researchers from Korea [7] reported mungbean homologs of
two soybean flowering genes, namely E3 (phytochrome A) and J (early flowering 3) as the QTL
candidate gene using ultra-high-resolution linkage mapping. According to this finding, the
candidate genes for PH, node number, and SPM showed critical nucleotide substitutions
between the reference cultivar and other genotypes. High-density genetic mapping, which
is a high-resolution level, was carried out by Chen et al. [90], who identified resistant genes
for bruchid (Callosobruchus spp.) in mungbean using 4180 SNP. Lin et al. [115] indicated
that QTL with VrYSL3 is a strong candidate gene responsible for calcareous soil (iron
deficiency) resistance in mungbean based on fine mapping. In the research conducted
by Mathivathana et al. [107] using GBS, a linkage map was constructed, and five QTLs
associated with MYMV resistance in an inter-specific population of mungbean and rice bean
were identified. Likewise, QTLs linked to bruchid resistance in mungbean were identified
by Schafleitner et al. [98] using GBS. Moreover, Jiao et al. [1] discussed the fine mapping
locus of the lobed leaf margins (LMA) in mungbean and noted that the LMA locus on
chromosome 3 in mungbean showed a syntenic region on chromosome 1 in common beans.
Generally, these studies collectively stress the importance of QTL mapping complemented
with sound and modern molecular markers in indicating ways to control CLS disease
resistance in mungbean and the potential for this approach to inform breeding strategies
for the improvement of the crop.

4. Transcriptomic Approach for Mungbean Breeding Improvement

To date, there is a lack of published transcriptomic research information targeting
resistance in mungbean to CLS. However, it is important to undergo the review appraisal
of some of the ideal mungbean transcriptomic-related research findings that can be a model
for the modern high-throughput transcriptomic technologies so as to set future directions
for further breeding improvement of the crop, mungbean. In this regard, nearly eight years
ago Chen et al. [116] from China reported on the transcriptome sequencing of mungbean
genes and the identification of EST-SSR (expressed sequence tag of simple sequence repeat)
markers in which high-quality cDNA sequence reads were obtained from mungbean using
Illumina paired end sequencing technology. As a result of this study, the average length
of the assembled transcripts in mungbean genes was 1194 bp (N50 = 1936 bp), which
was longer than the average length of the assembled unigenes (874 bp, N50 = 1563 bp),
indicating the importance of EST-SSR markers for traits of interest in the molecular breeding
of mungbean. Tian et al. [117] investigated the transcript profiling of mungbean seeds
under different imbibition times for desiccation tolerance using RNA sequencing (RNA-
seq). The authors identified key genes and pathways involved in desiccation tolerance,
including those related to stress response, transcription regulation, and metabolism. Jiao
et al. [1] reported on the gene, Vradi03g04470, encoding an A20/AN1 zinc finger domain
transcription factor that was the probable lobed leaflet margin (LMA) gene within the
margin of the (LMA) locus, having worked on genome re-sequencing of two accessions
and fine mapping the locus of lobed leaflet margins in mungbean.

Wang et al. [118] integrated transcriptomic and metabolic frameworks for carbon
metabolism and plant hormone regulation in mungbean during post-germination seedling
growth, confirming that transcriptomic studies have made a significant contribution to
the improvement of mungbean. Kumar et al. [119] conducted research on the screening of
mungbean for drought tolerance and transcriptome profiling between drought-tolerant
and susceptible genotypes in response to drought stress. According to these authors, a
transcriptomic study between K-851 and PDM-139 revealed 22,882 differentially expressed
genes (DEGs), which were identified under drought stress and were mainly mapped
to phytohormone signal transduction, carbon metabolism, and flavonoid biosynthesis.
Hu et al. [120] analysed the effect of Uniconazole (UNZ) application on the growth and
transcriptomic profile of mungbean under chilling stress. Then Hu et al. [120] inferred that
UNZ application effectively prevented the further downregulation of the gene expression
of the KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathways under chilling
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stress and increased mungbean tolerance to chilling stress. Sudha et al. [121] identified
genes involved in MYMV resistance in the resistant mungbean genotype ‘VGGRU-1’,
which is a derivative of the cross VRM (Gg) 1 × TNAU RED, by comparing the DEGs
between VGGRU-1 and VRM (Gg) to candidates for further resistance investigation at a
molecular level.

Moreover, Zhang et al. [122] studied the transcriptional profiles during seed develop-
ment and subcellular localisation of two genes, VrPGIP1 and VrPGIP2, located in the Br lo-
cus, from bruchid-resistant mungbean cultivar V2802. Their findings inferred that the two
genes play an important role in defence against stored insect bruchids, and PGIP proteins
are important in the selective breeding of resistant mungbeans to Callosobruchus maculatus.
Lim et al. [123] informed on transcriptomic changes in mungbean sprouts through RNA se-
quencing, where 728 DEGs were identified for several metabolite biosynthetic pathways. In
the recently conducted study by Guo et al. [5] on transcriptomic and biochemical analyses
of drought response mechanism in mungbean leaves, RNA sequencing-based DEGs were
analysed to clarify the molecular mechanism of mungbean in response to drought stress.
In this study, the relationship between molecular and physiological changes was analysed
to screen candidate gene responses to drought stress in mungbean, which provides a vital
foundation for future studies assessing drought resistance in mungbean. Generally, these
studies collectively highlight the potential of high-throughput transcriptomics in improving
the molecular breeding of mungbeans.

5. Proteomics Approach in Mungbean Retrospective Investigations

Modern molecular approaches like proteomics, along with other combined omics and
genetic engineering, are powerful tools for promoting resistance against plant pathogens
through the proteins expressed by an organism [46,55]. The amino acid, serine, can be
changed to theorine in the mungbean resistance gene to CLS disease by the functional
SNPs known as Indel in exon 8 located in the gene [61]. Antimicrobial peptides and other
compounds derived from plants can suppress pathogenicity by direct detoxification or
through inhibition of the activity of virulence factors [42]. Proteomics can be described
as the study of the interactions, function, composition, and structures of proteins and
their cellular activities where the automated, high-throughput functional and structural
proteomics technologies use advanced materials such as multidimensional nuclear mag-
netic resonance spectroscopy and X-ray crystallography [124]. Chunkao et al. [125] used
anion-exchange chromatography separation and a continuous enzymatic membrane reac-
tor (cEMR) for the production of mungbean protein hydrolysate (MBPH). From the other
previously conducted research by Hu et al. [120], Ca2+-dependent protein kinases (CDPKs),
mitogen-activated protein kinase cascade transcription factors (TFs), and reactive oxygen
species (ROS) were found to be upregulated from transcriptomic profiling of mungbean
under chilling stress by the expression of important Ca2+ signalling genes. Zaker [126]
described plant antifungal proteins as strong agents for sustainable regulation of biotic and
abiotic stresses, as they are nontoxic to humans.

As mungbean is a protein-rich leguminous food crop, Wang et al. [100] tested for
various metabolic and physiological changes during mungbean post-germination seedling
growth leading to the improvement of its nutritional value. During this experiment, most
amino acids kept increasing and accumulated in six-day germinated sprouts. From the
study conducted on metabolic and regulatory pathways in the desiccation tolerance of
mungbean seeds, in embryogenesis abundant proteins and genes encoding methyltrans-
ferase and histone were differentially expressed [117]. Having intensively worked on
mungbean proteins and peptides, Yi-Shen et al. [127] from Ireland concluded that mung-
bean proteins and their hydrolysates hold great sources of compounds with significant
nutritional, functional, and bioactive potential uses in foods, pharmaceuticals, and other
products and processes. Correspondingly, amino acid sequences of peptides present in
the reverse-phase HPLC fraction with the strongest iron-binding capacity were identified
from mungbean seeds by Chunkao et al. [125] using mass spectrometry and 10 peptides of
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5–8 amino acids synthesised for antioxidant characterisation. The mechanism of action of
proteins to inhibit the mycelia of fungal pathogen growth includes damage to cellular ribo-
somes, inhibition of DNA synthesis and cell cycle, as well as the degradation of cell walls.
For example, Maurya et al. [128] identified enzymes like catalase and superoxide dismutase
that are involved in detoxifying cercosporin (a toxic substance secreted by the pathogen that
destroys the host plant membrane) in mungbean resistance against the fungal pathogen
known as Cercospora canescens. Zhang et al. [122] expressed two polygalacturonase in-
hibiting proteins (PGIP) regulated by two family genes, VrPGIP1 and VrPGIP2, located in
the Br locus from mungbean responsible for bruchid resistance in mungbean. They then
prokaryotically expressed and purified the two VrPGIP proteins and demonstrated that
VrPGIP1 and VrPGIP2 play a critical role in bruchid resistance, probably through inhibiting
polygalacturonase enzyme activity. Moreover, Babar et al. [42] tested the antifungal activity
of the purified protein assessed through the modified radial diffusion method, and then
the purified protein (~15.4 kDa) exhibited a strong inhibitory effect on the mycelial growth
of Cercospora canescens.

6. Metabolomic Approaches to Mungbean

Tugizimana et al. [48] elucidated that metabolomics is progressing beyond biomarkers
towards mechanisms as applied in the plant sciences with the concern of chemometrics
and metabolite network analysis pathways detected by comparison of metabolite profiles
with subsequent quantification of discriminatory biomarkers. A series of studies have shed
light on the transcriptomic and metabolic processes in mungbean (Vigna radiata L.). A team
of researchers (Lim et al.) [123] from Gangneung-Wonju National University of South
Korea conducted an innovative experiment on mungbean sprouts after treating them with
NaCl (salinity stress) to check for metabolomic and transcriptomic changes. They clearly
qualified and quantified those polyphenolic metabolites—such as catechin, chlorogenic acid,
isovitexin, p-coumaric pcoumaric acid, syringic acid, ferulic acid, and vitexin—significantly
increased and identified the key enzymes involved in the biosynthetic pathways of these
compounds. Wang et al. [118] studied the regulatory mechanisms of primary metabolites
during post-germination seedling growth, highlighting the roles of starch and sucrose
metabolism, glycolysis, and plant hormones. Inayati et al. [129] investigated the growth
performance and metabolic changes in mungbean during interactions with pathogens and
beneficial microorganisms, revealing significant alterations in metabolic pathways. Wang
et al. [118] further explored transcriptomic and metabolomic analyses of mungbean samples
from 6 h, 3 days, and 6 days after imbibition to characterise the regulatory mechanism of the
primary metabolites during the post-germination seedling growth. According to this study,
rapid changes were observed at a transcript level, including metabolites such as starch
and sucrose metabolism, glycolysis, citrate cycle, amino acid synthesis, and plant hormone
regulation. Metabolites such as carbohydrates and amino acids exhibited an increment
in 6-day germinated sprouts. This finding of the study conducted by Wang et al. [118] is
in line with the findings of the previously conducted research by Tian et al. [117], who
also identified key metabolic and regulatory pathways, including starch and sucrose
metabolism, glycolysis, and plant hormone regulation, as well as the roles of TFs, heat shock
proteins, and late embryogenesis abundant proteins. Dynamic changes in phytochemical
composition and antioxidant capacity in mungbean sprouts were tested by Gan et al. [130],
and then metabolites such as caffeic acid, ferulic acid, gallic acid, p-coumaric acid, catechin,
and rutin were identified. These metabolite compounds were also confirmed as important
to maintain human health and prevent chronic diseases [131,132].

Salicylic acid, a signalling metabolite, was identified as the most potent antifungal drug
by activating mungbean defence mechanisms for the treatment of CLS disease, according
to a new study by Malik et al. [31]. The study looked at the induction of resistance to CLS
disease in mungbeans through the use of plant defence activators such as K2H2HPO4,
salicylic acid, carboxylic acid, citric acid, and benzoic acid. This finding indicates that these
plant defence activator compounds are kinds of various signalling metabolites involved in
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a plant defence pathway system. Malik et al. [31], in their discussions, clearly described
that the fungal pathogen for CLS disease, Cercospora canescens, produces a toxin known
as perylenequinone-based cercosporin. This cercosporin significantly contributes to the
severity of the disease and affects plants through creating ROS in plant tissues that destroy
the host plant’s membrane and provides nutrients to support the growth of this intercellular
pathogen [133]. The other latest report, where Rafiq et al. [134] conducted an experiment
on biofabrication of zinc oxide nanoparticles to rescue mungbean against CLS disease,
shows that green synthesised ZnO NPs can control Cercospora canescens in mungbean,
pointing to their use in plant disease control and growth enhancement. Generally, all these
studies collectively highlight the potential of metabolomics in elucidating the molecular
mechanisms of mungbean plant resistance to CLS.

7. Phenomics Achievements in Instances for Mungbean Breeding

Phenomics is described as the high-throughput analysis of phenotype through the
evaluation of the morphological, physiological, and biochemical traits of an organism and
the correlation of genetic, epigenetic, and environmental factors [135–138]. Since the advent
of molecular breeding technologies, genotyping has been evolving from labour-intensive
to highly automated methods, whereas most on-farm phenotyping is still being carried out
in a simplistic, manual, time-consuming, and traditional way [139]. This is an obstacle for
breeders and reduced breeding efforts [140]. However, the phenotyping systems should
operate in a field setting or in a controlled environment, where plants are automatically
tested and analysed in a machine-augmented manner [141]. Nair et al. [2] highlighted
the importance of genetic improvement in addressing biotic and abiotic constraints in
mungbean production, suggesting that advanced technologies such as genomics and
proteomics could be valuable in this effort. A very recently published review article by
Ngugi et al. [142] on revolutionising crop disease detection with computational deep
learning stated that the adoption of deep learning (DL) algorithms—such as digital image
processing—has prompted the development of cutting-edge techniques for early detection
and diagnosis of crop diseases, leveraging tools such as convolutional neural networks
(CNN), K-nearest neighbour (KNN), support vector machines (SVM), and artificial neural
networks (ANN). Automated and high-throughput on-farm phenotyping is very important
during data gathering so as to make it more reliable over the conventional ones, like in
the case of previously conducted research by Azam et al. [143] on the genetic analyses of
mungbean breeding traits for selecting superior genotype(s). In this regard, these authors
used a handheld infrared thermometer (model AG-42, Tela Temp Corporation, Fullerton,
CA, USA) to calculate canopy temperature (◦C) from each plant on clean and vivid sunny
days between 12:00 and 14:00. Liu et al. [144] developed a real-time and visual loop-
mediated isothermal amplification (LAMP) assay based on the cytochrome b (cytb) gene
to detect Cercospora canescens in mungbean using SYBR Green I dye. The LAMP primer
set designed in this study was shown to enable reliable discrimination of C. canescens,
confirming its specificity. SYBR Green I is a commonly used fluorescent dye or stain that
binds double-stranded DNA molecules by intercalating between the DNA bases in an
automated manner. Crop disease detection using the random forest model algorithm
(RFM) and the histogram of an oriented gradient (HOG) was developed by [145]. Ramesh
et al. [145] used HOG to extract features from a labelled image dataset consisting of 160
images of papaya leaves. The extracted features are used to build the RF model. The model
produced a classification accuracy of 70.14%.

Automated phenotypic data are more reliable and can help recognise which gene
variants affect a phenotype, pleiotropic effects, and infer the causes of health, crop yields,
disease, and evolutionary fitness [146,147]. A hands-free, automated ResNet9 model
was described by Anim-Ayeko et al. [148] to be used to detect the blight disease of both
potato and tomato leaf images for farmers to leverage, considering leaf shape, its diseased
area, and general green areas for its predictions. The model achieved 99.25% accuracy,
99.67% precision, 99.33% recall, and an F1-score of 99.33%. Abdu et al. [149] undertook
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digital phenotypic characterisation of seedling growth in mungbean and identified the
external morphology of its seeds using image analysis and the morphological characteristics
associated with high physiological potential. In their study, they confirmed that in the
green mungbean, there was a direct relationship between seed area and perimeter, length,
width, and colour; however, the best seedling performance was found in the smaller
seeds, inferring that the use of image analysis makes it possible to identify seeds of greater
physiological potential, which allows more vigorous batches of mungbean seeds to be
selected. Experimental research was conducted by McDonald et al. [150] to develop an
automated image analysis phenotyping pipeline to measure and count frogeye leaf spot
(FLS) lesions, which were caused by Cercospora sojina, on soybean leaves with high precision
and resolution while ensuring data integrity. This team of researchers [150] used colour
space transformations and pixel value thresholding to segment key features from the
image of the leaf and FLS lesions. Given that FLS and CLS, both diseases, share nearly
identical traits in the development of leaf lesions and impact comparable legume species,
despite being caused by distinct fungal species within the same genus, it is also feasible to
suggest an automated phenotyping model (Figure 3) for CLS in mungbean. This enables
the identification of new sources of crop genetic resistance to CLS in mungbean, which
demands an advanced method that produces accurate and detailed phenotype information.

The recent breeding developments have paved the way for high-throughput phe-
notyping by inventing mechanised tools such as infrared thermography, spectroscopic
techniques, fluorescence imaging, and integrated imaging techniques that are being used
by the developed breeding programmes [138,139,151]. Automated digital cameras have
been effectively used in screening for stress tolerance in mungbean, whereby the integrated
use of software for high-quality imaging of complex phenotypic parameters—such as leaf
area and chlorophyll fluorescence imaging—helps to dissect the genetics of photosynthesis
at the different levels of both plant physiology and development [141]. Wang et al. [152]
studied automatic image-based apple black rot disease severity estimation using DL and
inferred that vast disease data at different disease stages can be collected with versatile
sensors, like infrared cameras and multispectral cameras. Based on the findings of Wang
et al. [152], they advised that a DL model can be associated with treatment recommenda-
tion, yield prediction, and so on. Maurya et al. [128] tested on the interspecific cross of
Vigna radiata (Kopergaon susceptible) × Vigna mungo (Pant Urd 31 resistant) by using an
automated method in which CLS was induced by the photoactivated toxin cercosporin
and confirmed that antioxidants can elevate the resistance ability of Cercospora canescens.
The study identified few RIL-resistant mungbean cultivars to CLS infection in response
to utilisation of the antioxidants such as superoxide dismutase (SOD) and catalase (CAT)
enzymes scavenging corcosporin of the pathogen after CLS infection.

Jangra et al. [153] stated that high-throughput phenotyping technology has revolu-
tionised phenotyping, which is rapidly growing and relies on automated trait analysis to
generate phenotypic data, which involves automated sensing, data acquisition, and data
analysis. In this regard, a real-time, automated phenotyping workflow integrating imaging,
data analytics, and machine learning was developed by Naik et al. [146] to determine the
severity level of iron deficiency chlorosis (IDC), which causes interveinal chlorosis and
necrosis in soybean. Rane et al. [154] unveiled perhaps the first report stating the use of
a phenomics method as a promising tool for assessing growth rates and the productive
use of water in mungbean crops based on three purposes, i.e., the imposition of subop-
timal soil moisture stress, acquisition of different parameters of images of plants from
the top view and side view, and identification of the suitable biomass. The application
of ultrasound technology has also been explored with promising results in improving
mungbean hydration and germination [155]. Parmar and Patel [156] identified several
mungbean varieties—including Vishal, Samrat, and GM-3—as resistant to the storage pest
Callosobruchus chinensis, and Fang et al. [157] demonstrated the potential of the PR-1 gene,
MuPR1, in enhancing disease resistance in mulberry, suggesting a similar approach can be
addressed in the investigation of mungbean resistance to CLS in the future.
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Figure 3. A proposed image-based automated phenotyping model for CLS, modified from a method
for measuring and counting frogeye leaf spot lesions on soybean leaves [148]. There are four
integrated main steps as image preprocessing (a), leaf segmentation (b), lesion segmentation (c), and
calculation and data reporting (d).

The methods of molecular techniques that are commonly employed, usually concen-
trating on just one type of omics at a time, are not fully providing the required information
about cellular molecules to accurately predict the amount and quality of the results. One of
the potential ways could involve the use of technologies that can process large amounts of
data in a continuous manner to represent various interconnected and combined omics such
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as genomics, transcriptomics, proteomics, metabolomics, and phenomics. This allows for
the reduction of difficulties related to variations in data cleansing, standardisation, identifi-
cation of biomolecules, reduction of data dimensions, statistical confirmation, storage and
management of data, dissemination, and long-term preservation of data. The ultimate aim
is to achieve a comprehensive understanding of the biological challenges through a ‘system
biology’ approach. Therefore, using methodologies for blending the combined omics data
is crucial to integrating the many insights from each omics component.

8. Conclusions and Future Directions

Disease is one of the biotic factors affecting crop production and productivity, of which
fungal diseases, specifically Cercospora leaf spot (CLS), caused by Cercospora canescens, are
the most important disease causing severe yield loss in mungbean. Mungbean is one of
the world’s most important leguminous crops that is expected to play an important role
in the future of dry land agriculture to alleviate global food stress and malnutrition. As a
disease has complicated characteristics and its incidence and severity fluctuate along with
the changing global climate, nowadays, the crop mungbean is becoming more vulnerable to
CLS. Therefore, there is a need to improve the mungbean breeding programme for resistance
traits related to CLS through developing climate-resilient and climate-resistant mungbean
cultivars using potential combined omics technologies. Developing and enhancing crop
varieties that are resistant to diseases is the most effective method for managing diseases
while ensuring the environment remains safe. Because of the complex nature of pathogens,
particularly that of C. canescens, it requires the integration of potential high-throughput
combined omics approaches to increase breeding efficiency and genomic selection for rapid
genetic gains to develop CLS-resistant mungbeans. Few advancements have been made
in the last couple of decades to promote resistance in legumes against diseases through
third-generation sequencing coupled with omics approaches, in addition to classical and
next-generation breeding. The concern of mapping genes of interest and QTLs, which
can be used as markers for introgression resistance from donors to recipient mungbean
germplasm, has not yet been addressed, where only two articles were included in this
review. The QTL studies targeting important genes in mungbean that help withstand
environmental conditions and resist pathogenic factors are ultimately important to improve
mungbean’s quality and productivity. There must be systematic efforts towards studying
the entire profile of genes, proteins, and metabolites informing resistance in mungbean
against CLS. High-throughput omics approaches will help to save time with minimum
labour to obtain more reliable and accurate data during the evaluation and identification of
disease resistance, which further enable to predict disease management systems and crop
loss. Genomic editing technologies through CRISPR/Cas have not yet been practised for
mungbean, including its resistance investigations against CLS. Therefore, future studies
must pay more attention to utilising high-throughput tools to promote the resistance in
mungbean against CLS. Furthermore, automated CLS disease detection in mungbean
plants using deep learning methods is needed to provide reliable information at both
on-farm phenotyping and in vitro conditions. An automated phenotyping model, such
as image-based disease characterisation for phenotyping resistance to mungbean CLS, is
important to ensure data integrity with high precision and accuracy. This further enables
us to consistently predict the status of future food security for the alarmingly increasing
global human population.
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