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Abstract

Background
Mung bean (Vigna radiata) is an important leguminous crop capable of establishing nitrogen-fixing
symbioses with rhizobia. However, nodulation responses vary significantly among mung bean
genotypes, and the genetic determinants underlying this variation remain poorly understood. To address
this gap, we integrated phenotypic profiling, genome-wide association study (GWAS), and transcriptome
analysis (RNA-seq) to investigate the genetic basis of nodulation and growth-related responses to
rhizobial inoculation and identify candidate genes associated with these traits.

Results
A panel of 218 genetically diverse mung bean genotypes was evaluated under field conditions following
rhizobial inoculation across two consecutive growing seasons (2024–2025). Responses of nodulation
and major agronomic traits were systematically evaluated at multiple developmental stages. Across the
20 surveyed traits, the number of genotypes exhibiting negative responses to rhizobial inoculation
ranged from 39 to 155, while mean response values ranged from − 0.93 to 5.37, indicating substantial
genotypic variation in rhizobial responsiveness. GWAS identified 357 significantly associated SNP loci,
and 901 candidate genes were annotated within the 50-kb flanking regions of these loci. Transcriptome
analysis of the contrasting genotypes LD164 and LD55 identified 561 differentially expressed genes
(DEGs). Integration of GWAS and RNA-seq data prioritized 24 candidate genes encoding proteins
including pectate lyase, superoxide dismutase, NRT1/PTR family transporters, and MYB transcription
factors. Quantitative real-time PCR (qPCR) validation of six selected genes confirmed expression
patterns consistent with the RNA-seq results.

Conclusion
These findings demonstrate substantial phenotypic variation and a complex genetic basis underlying
rhizobial responses in mung bean. The identified candidate genes and associated SNP loci provide
valuable resources for further functional characterization and may facilitate marker-assisted selection of
mung bean varieties with improved symbiotic performance and reduced dependence on synthetic
nitrogen fertilizer.

1. Introduction
Nitrogen (N) is a major nutrient required for the growth and metabolism of plants. Optimal nitrogen
supply significantly enhances crop productivity. However, nitrogen overuse is a common problem in
agricultural production, which increases production costs and causes significant environmental impacts,
such as water eutrophication, nitrous oxide (N2O) emissions, and soil acidification [1]. Therefore,
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nitrogen fertilizer management in agroecosystems and reducing the use of synthetic nitrogen fertilizers
should be important goals for sustainable food production and environmental protection.

Biological nitrogen fixation (BNF) is an efficient, cost-effective, and environmentally friendly route for
nitrogen supply, which supports the productivity of global agroecosystems. BNF contributes an
estimated 40–70 Tg N per year (about 87–152 Tg of urea) globally, which is around 50% of the current
global annual nitrogen fertilizer production [2]. Among the various BNF systems, symbiotic nitrogen
fixation between leguminous crops and rhizobia has the highest capacity for N fixation of all BNF
systems and accounts for about 60% of total BNF. Therefore, understanding the molecular and
physiological basis of legume–rhizobia symbiosis and the intelligent improvement of nitrogen fixation
efficiency of this symbiosis has significant potential in reducing synthetic N fertilizers and in meeting
national and international synthetic nitrogen fertilizer reduction targets.

Mung bean (Vigna radiata) is a leguminous crop and is considered to be nutritionally dense and
agronomically valuable. It is also an excellent source of plant protein, micronutrients and vitamins, and
contains bioactive flavonoids like vitexin and isovitexin with hypoglycemic, hypolipidemic, antipyretic and
detoxifying properties. Mung bean is important for sustainable cropping systems as it has a short
growth cycle, high stress tolerance, wide adaptability to the environment, and has an inherent ability to fix
nitrogen in symbiosis with rhizobia bacteria. Studies have shown that its biological nitrogen fixation
potential ranges from 6 to 112 kg N ha⁻¹, which can meet > 70% of its nitrogen requirement under
optimum agronomic conditions [3, 4]. As a result, mung bean cultivation is important for soil fertility
improvement, synthetic nitrogen fertilizer reduction, input cost saving, and regional cropping system
diversification to enhance ecological resilience and agricultural sustainability.

After rhizobia infection of leguminous crops, symbiosis can provide several agronomic and physiological
advantages: a decrease in the need for synthetic nitrogen fertilizers, an increase in plant growth vigor
and nutrient acquisition ability, an increase in grain yield, an increase in seed quality [5], and increased
tolerance to abiotic and biotic stresses [6]. However, a significant variation is observed in the results of
rhizobia inoculation between crop varieties or genotypes. For example, Zhang et al. [7] found that nodule
development in mung bean cultivars Pinzhong 2, Jilv 9 and Zhonglv 5 was promoted by a common
rhizobia strain, but the pod number and grain yield of the former two cultivars increased significantly,
whereas the latter cultivar decreased markedly. Similarly, Mott et al. [8] observed a 3.81% decrease in
plant height and a 10% decrease in shoot dry biomass after inoculation. Gough et al. [9] reported a
significant increase in nodule numbers and nitrogen, phosphorus, and zinc uptake, as well as an increase
in aboveground biomass and yield of mung bean and a decline in aboveground phosphorus and zinc
levels. Significant decreases in plant height were caused by all treatments except Bio-Gen when the
same soybean cultivar was inoculated with different rhizobia strains, and HiStick® Soy application had a
significant effect on nodule formation, which was further analyzed by the expression levels of symbiosis-
related genes NIC1, NOD21, and NORKb, showing significant differences among the various strain
treatments [10]. All these findings suggest that the growth-promoting ability of rhizobia is strain-
genotype specific and may be very precisely regulated by the genetic basis of the host plant.
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Root nodule formation and development are a highly coordinated symbiotic process which is controlled
by coordinated gene regulatory networks. This involves multiple steps: molecular recognition of
leguminous host by compatible rhizobia strains, infection thread initiation and elongation, cortical cell
division and organogenesis to form the nodule primordium, and functional maturation of nodules,
including the development of nitrogen-fixing capacity. The legume roots exude flavonoids, which serve to
attract rhizobia and signal them to adhere to the root surface and trigger Nod factor synthesis. These
Nod factors induce root hair curling, initiation of infection threads, and accommodation of rhizobia
within the plants upon perception by plant receptors. Bacteria invade the plant, leading to the
proliferation of cortical cells in the plant to form nodule primordia, which then develop into mature
nitrogen-fixing organs [11, 12]. In Medicago truncatula, the transcription factor MtSHR, which is
expressed in stele cells, translocates to cortical cells and cooperates with MtSCR to form the MtSHR–
MtSCR module, which is a conserved regulatory complex that is necessary for initiation of cortical cell
division in response to symbiotic signals, thus allowing nodule organogenesis and rhizobia colonization
[13]. The soybean (Glycine max) mutants ric-6m and nark show a drastic decrease in biomass, but a
significant increase in the number of nodules; the ric1a/2a mutant shows a doubling of the number of
nodules, a significant increase in plant biomass, biological nitrogen fixation efficiency, photosynthetic
efficiency and yield (10%–20%), and an increase in protein content (1%–2%) without a significant
decrease in oil content [14]. Moreover, sucrose accumulated in the roots by rhizobia infection and
translocated to infection threads is mediated by the sucrose transporter GmSWEET3c, which is directly
activated by the rhizobia's symbiotic transcription factor GmNSP1, and whose loss of function causes a
decrease in sucrose allocation in roots and leads to a significant decrease in nodule number [15].
gmcyclops1 gmcyclops2 double mutant plants showed significantly decreased levels of CYCLOPS
expression, which is a central regulator of legume–rhizobia symbiosis, and this double mutant also
shows a significant decrease in nodule number and fresh weight, whereas the overexpression of the
gene increases nodule formation and symbiotic nitrogen fixation activity [16]. Another transcription
factor is Nodule Inception (NIN), which is involved in the early events of nodule formation in legumes,
and nin mutants exhibit abortive infection, ectopic defense activation, and premature senescence of
nodules [17]. CIP73 acts as a regulatory factor for NIN expression and thus on nodule formation [18].
MaGRAS51 regulates the expression of NIN to modulate the number of nodules and nitrogen fixation in
Melilotus albus under salt stress [19].

The symbiotic nitrogen fixation system of mung bean and rhizobia is significant in improving the
productivity and green farming of mung bean with less fertilizer usage. However, its nitrogen fixation
efficiency is significantly affected by host genotype/rhizobia strain interaction.

Although several studies have investigated the effects of rhizobia inoculation, a systematic dissection of
the genetic architecture of nodulation response traits in mung bean at the population-genetic level and
the identification of key regulatory genes have not been reported. To address this gap, 218 mung bean
germplasm and two years of field inoculation experiments were conducted to systematically analyze the
effects of rhizobia inoculation on growth and nodulation-related traits across different germplasm. To
identify key candidate genes governing nodulation response traits, GWAS and RNA-seq were conducted.
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This study elucidates the genetic basis of these traits and provides a theoretical basis and genetic
resources for breeding high nitrogen fixation efficiency mung bean varieties.

2. Materials and Methods

2.1. Experimental Design
A total of 218 mung bean germplasm varieties, including 30 introduced varieties from abroad, were used
as experimental materials. A completely randomized design with two treatments, rhizobial inoculation
and non-inoculated control (water inoculation), was implemented across two consecutive field seasons.
Two Bradyrhizobium strains (ACCC14131 and ACCC14134), which had previously been verified for
symbiotic compatibility with mung bean, were cultured axenically in yeast morphology agar medium (pH
6.9) and suspended in sterile water. The two bacterial suspensions were mixed in equal volumes to
obtain a final concentration of approximately OD600 = 0.8 immediately before inoculation. Mung bean
seeds were immersed in the bacterial suspension for 30 min with gentle agitation to ensure uniform
adherence of rhizobia to the seed surface. The treated seeds were then air-dried in a shaded, well-
ventilated environment and sown on the same day. For the control treatment, seeds were coated with an
equivalent volume of sterile water.

Field experiments were conducted over two consecutive growing seasons (2024 and 2025) at the
experimental base of the High Latitude Crops Institute, Shanxi Agricultural University, Shanxi Province,
China (39.92° N, 113.27° E). Each of the 218 varieties was planted in a 2 m × 5 m plot (10 m2) with three
biological replicates. At the flowering stage (FS) and seed-filling stage (SFS), measurements of the plant
height (PH), nodule number (NN), root dry weight (RDW), stem dry weight (SDW), and maximum nodule
diameter (ND) were carried out. At maturity, plant height (MPH), main stem diameter (MSD), number of
stem branches (MSB), stem dry weight (MSDW), root dry weight (MRDW), pod number per plant (NP),
seed number per plant (NS), length of the pod (PL), 100-seed weight (HSW), and yield per plant were
recorded. The nodulation response trait was quantified as the inoculation-induced response, calculated
as the difference between the mean value of each trait under rhizobial inoculation and that under the
non-inoculated control for the same accession and replicate.

2.2. Whole-genome resequencing and SNP identification
Collection of Fresh and fully expanded leaves was carried out from individual plants at the seedling
stage, and extraction of the genomic DNA was carried out while employing the cetyltrimethylammonium
bromide (CTAB) method. The quality and concentration of the DNA were assessed while employing a
NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) and a Qubit fluorometer (Thermo Fisher
Scientific, USA), respectively. Qualified genomic DNA was randomly fragmented by enzymatic digestion,
followed by end repair and A-tailing. Preparation of the sequencing libraries was carried out while
employing the Hieff NGS® OnePot II DNA Library Prep Kit for MGI® (Yeasen, China). DNA fragments
ranging from 300 to 400 bp were selected for PCR amplification and enrichment. Sequencing was
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performed using a NovaSeq X Plus platform with a paired-end 150 bp (PE150) sequencing strategy. The
DNA libraries were sequenced by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). After quality
filtering, the alignment of the clean reads was carried out with the mung bean reference genome (version
6.0) using BWA (version 0.7.16a-r1181). Each sample achieved an average sequencing depth of
approximately 10×.

2.3. Genome-wide association study (GWAS) and
population structure analysis
GWAS was performed using SNPs that met the following quality criteria: minor allele frequency (MAF) > 
0.05 and missing data < 0.5 across the 218 mung bean varieties. Population structure was inferred while
employing ADMIXTURE software (v1.3) [20], with the number of assumed ancestral populations (K) in
the 1–9 range. Determination of the optimal K value was carried out based on the minimum cross-
validation (CV) error. GCTA software (v1.93.2) was employed for performing Principal component
analysis (PCA) [21]. Linkage disequilibrium (LD) decay was analyzed employing PopLDdecay software
(v3.41) [22]. The LD magnitude (r²) between pairwise SNP markers was calculated and plotted against
the corresponding genetic distance to generate the LD decay curve.

Association analyses between SNP markers and phenotypic traits were performed using the mixed
linear model (MLM) implemented in GEMMA software (v0.98.1) [23]. The significance threshold was set
at − log₁₀(P) > 5.00 [24]. Retrieval of the genes located within 50 kb upstream or downstream of
significant SNPs was carried out, and these were considered candidate genes.

2.4. RNA-seq, transcription analysis and quantitative real-
time PCR (qPCR)
Mung bean varieties exhibiting statistically significant differences in nodule number between rhizobial-
inoculated and non-inoculated treatments were selected for transcriptome analysis. A total of 120
healthy, plump, and uniformly sized seeds were sown in plastic pots (10 cm in diameter × 12 cm in
depth), each containing sterilized substrate consisting of sand and soil at a 2:1 (v/v) ratio. The substrate
was sterilized by autoclaving at 121°C for 2 h. For each variety, 20 pots were prepared, with three
seedlings grown per pot. Plants were maintained in a controlled-environment incubator at 28°C under a
16 h light/8 h dark photoperiod. Experimental and control groups were established in parallel. The
experimental group received a uniform application of rhizobial suspension, whereas the control group
received an equivalent volume of sterile distilled water. At the onset of visible root nodule formation, root
tissues were harvested. The roots were gently rinsed to remove adhering substrate, surface-dried,
followed by immediate wrapping in aluminum foil, flash-freezing in liquid nitrogen, and storing at − 80°C
until further analysis. Subsets of the collected samples were used for transcriptome sequencing by
Shanghai OE Biotech Co., Ltd. and subsequent qPCR validation.

Extraction of total RNA, synthesis of first-strand cDNA, and qPCR were carried out as previously
described [25]. The primers employed for qPCR are listed in Supplementary Table S1. Relative gene
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expression levels were normalized to the reference gene VrActin and calculated while employing the
method of 2−ΔCt. One-way analysis of variance (ANOVA) was performed while employing IBM SPSS
Statistics 22, followed by Fisher’s least significant difference (LSD) post hoc test, with P < 0.05
considered statistically significant. Each qPCR assay included three technical replicates per sample and
three independent biological replicates per treatment.

3. Results

3.1. Population structure and linkage disequilibrium decay
of 218 genotypes
In total, 1,095,000 SNPs and 159,000 insertion–deletion (indel) variants were found in the 218 mung
bean varieties. The heatmap of the genetic relationship matrix (Fig. 1) showed that most of the values
are below 1, which represents low genomic similarity between the genotype pairs. PCA showed that PC1
explained 5.77% of the total genetic variability, with most of the variation being spread over other
principal components. Structure analysis of the genotypes revealed that the optimal number of
subpopulations was K = 6, with the six subpopulations containing 33, 45, 26, 29, 56, and 29 genotypes,
respectively. LD decay analysis showed that the physical distance at which the squared correlation
coefficient (r2) declined to half its maximum value was 116.5 kb.

3.2. Phenotypic analysis of nodulation response traits
Phenotypic data were systematically sampled at various stages of plant growth and various tissue types
for two growth seasons. There was significant variation among the 218 mung bean varieties in 20
nodulation response traits (Fig. 2). The mean of the responses of the different growth stages on the
investigated traits ranged from − 0.93 to 5.37 (Table 1). Five traits exhibited negative mean responses,
four of which were maturity-stage traits, including MPH, HSW, PL, and NS. The traits with the widest
ranges between minimum and maximum response values were FSNN (− 20.33 to 46.17), SFSNN (− 
26.83 to 41.50), SFSSDW (− 22.05 to 41.05), and NP (− 29.20 to 46.20). Nodule number at the flowering
and seed-filling stages exhibited pronounced positive skewness (2.49 and 1.74, respectively) and high
kurtosis (10.42 and 7.93, respectively). Among all traits, NS had the highest proportion of varieties
showing negative responses to rhizobial inoculation (155 of 218), followed by HSW (152 of 218). Nodule
number at the seed-filling and flowering stages showed the lowest proportions of negative responses,
with 39 and 40 varieties, respectively. Broad-sense heritability estimates ranged from 0.07% to 33.51%
among the 20 traits, with SFSSDW showing the highest estimated heritability and SFSND showing the
lowest, suggesting more genetic contribution to the variation in SFSSDW and a larger environmental
contribution to the variation in SFSND. Shapiro–Wilk tests indicated that 12 of the 20 traits did not
significantly deviate from a normal distribution (P > 0.05). Significant differences among the six genetic
subgroups were observed for all 20 traits (Figure S1).
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Table 1
Descriptive statistics of 20 nodulation response traits across 218 mung bean genotypes.

Traits Max Min Average Skewness Kurtosis Shapiro-wilk value H2

FSPH 13.42 -10.42 1.43 -0.02 0.45 0.28 14.78

FSNN 46.17 -20.33 3.92 2.49 10.42 0.00 14.14

FSND 6.19 -5.19 1.06 -0.21 -0.27 0.16 3.72

FSRDW 0.99 -0.32 0.20 0.53 0.32 0.00 4.91

FSSDW 15.43 -9.29 3.22 -0.06 -0.17 0.47 19.43

SFSPH 16.92 -10.83 -0.61 0.36 0.82 0.03 15.88

SFSNN 41.50 -26.83 4.29 1.74 7.93 0.00 3.36

SFSND 6.33 -5.71 1.39 -0.26 -0.45 0.07 0.07

SFSRDW 1.52 -0.73 0.20 0.23 0.05 0.29 6.56

SFSSDW 41.05 -22.05 5.37 -0.02 0.25 0.40 33.51

MPH 9.30 -15.90 -0.93 -0.70 1.20 0.00 1.22

MSD 2.58 -2.09 0.11 0.06 -0.27 0.81 23.73

MSB 2.80 -1.60 0.50 -0.05 0.35 0.58 12.21

Yield 12.75 -9.23 0.88 0.20 -0.38 0.22 6.97

MRDW 1.52 -0.85 0.09 0.56 0.54 0.01 3.42

MSDW 24.45 -25.98 0.47 0.16 0.36 0.55 17.24

HSW 1.07 -1.49 -0.16 0.14 1.14 0.01 1.79

NP 46.20 -29.20 4.47 0.28 0.30 0.25 14.44

PL 1.22 -1.63 -0.07 -0.10 1.01 0.00 13.10

NS 1.76 -1.94 -0.32 0.01 0.81 0.05 29.42
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Table 2
Candidate genes identified through integrated GWAS and RNA-seq analysis.

Gene_id Regulation Description

Vradi01g07160 Down Dehydration-responsive element-binding protein 1D

Vradi02g08940 Down Probable O-methyltransferase 3

Vradi02g09790 Down Callose synthase 3

Vradi02g11650 Up Receptor-like protein kinase

Vradi05g05860 Up Probable pectate lyase 18

Vradi05g10790 Up Phosphopantothenate–cysteine ligase 2

Vradi06g03450 Up Polygalacturonase-1 non-catalytic subunit beta

Vradi06g11750 Up Stearoyl-[acyl-carrier-protein] 9-desaturase 6, chloroplastic

Vradi06g12140 Up Clathrin heavy chain 1

Vradi07g26450 Down Oligopeptide transporter 3

Vradi07g26540 Down CASP-like protein 2B1

Vradi07g27690 Up Kinesin-like protein KIN-14C

Vradi07g27900 Up Endoglucanase 8

Vradi08g10970 Down Transcription factor MYB78

Vradi08g15680 Up Superoxide dismutase [Fe], chloroplastic

Vradi08g20580 Up Heavy metal-associated isoprenylated plant protein 37

Vradi08g20690 Down Probable ribose-5-phosphate isomerase 2

Vradi09g04830 Up (+)-neomenthol dehydrogenase

Vradi09g08870 Up Protein GAMETE EXPRESSED 1

Vradi10g00970 Up Uncharacterized protein

Vradi10g05710 Up Flavonoid 3',5'-hydroxylase 1

Vradi10g11820 Up Probably inactive leucine-rich repeat receptor-like protein kinase
At5g48380

Vradi10g12830 Up Separase

Vradi11g03570 Up Protein NRT1/ PTR FAMILY 7.3

Across the 20 traits, responses to rhizobial inoculation showed varying degrees of correlation, with most
trait pairs exhibiting positive correlations (Fig. 2). The response of NP showed a strong positive
correlation with yield, indicating that genotypes with more changes in NP tended to exhibit more
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pronounced changes in yield following rhizobial inoculation. Among the 20 traits, MPH, MSDW, and
MRDW showed the highest numbers of positive correlations with other response traits, with 14, 13, and
13 significant positive correlations, respectively, suggesting that these growth-related traits were broadly
associated with other phenotypic responses to rhizobial inoculation. HSW showed only four negative
correlations with other response traits, including highly significant negative correlations with FSND and
SFSND and a significant negative correlation with SFSNN. These associations suggest a potential trade-
off between seed size-related responses and nodule development under rhizobial inoculation.

3.3. GWAS and identification of candidate genes
GWAS was performed for 20 nodulation response traits and identified 357 significantly associated SNP
loci distributed across all 11 chromosomes. Chromosome 7 harbored the largest number of significant
loci (99), followed by chromosome 6 (73), whereas chromosomes 4 (6 loci), 3 (7 loci), and 11 (9 loci)
contained fewer significant associations. The phenotypic variance explained (PVE) by individual
significant SNPs ranged from 4.3% to 46.3%. Among these loci, 9_17107663 and 9_6943935 showed the
highest PVE values, at 46.3% and 45.7%, respectively, and both were associated with SFSNN. Eight loci
had PVE values below 5%, including five loci on chromosome 1, one on chromosome 5, and two on
chromosome 11. These loci were associated with MPH and MSD, with locus 11_14574901 showing the
lowest PVE and being associated with MSD. Among the 20 traits, MSD was associated with the largest
number of significant SNP loci (53), followed by SFSNN (52), whereas Yield showed the fewest
associations (1 locus), followed by FSPH (2 loci). Locus 11_15912172 was simultaneously associated
with MPH and MSDW, whereas the remaining significant loci were associated with only one trait (Fig. 3).

Candidate genes were identified by searching the 50-kb upstream and downstream regions flanking
each of the 357 significant SNP loci, resulting in 901 candidate genes. Gene IDs and functional
annotations are provided in Table S1. These candidate genes encoded proteins with diverse molecular
functions, including ABC transporters, potassium transporters, NRT1/PTR nitrate transporters, ethylene-
responsive transcription factors, MYB, NAC, TCP, and bHLH transcription factors, glycosyltransferases,
pectinesterases, sulfotransferases, calmodulins, and pathogenesis-related proteins. Among these
candidates, 55 genes were associated with two traits. Gene Ontology (GO) enrichment analysis showed
that the candidate genes were predominantly associated with molecular functions related to binding and
catalytic activity, localized mainly to cellular components such as the cell, organelle, and membrane, and
involved in biological processes including cellular processes, metabolic processes, and single-organism
processes. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis indicated
significant enrichment in pathways including fatty acid degradation, diterpenoid biosynthesis,
selenocompound metabolism, monoterpenoid biosynthesis, and flavonoid biosynthesis (Figure S2).

3.4. RNA-seq analysis and identification of DEGs
Nodulation phenotypes were evaluated in the selected mung bean genotypes following rhizobial
inoculation. Under the non-inoculated control condition, LD164 did not form nodules at either the
flowering or seed-filling stage. Following rhizobial inoculation, nodule numbers in LD164 increased to 32
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and 33 at the flowering and seed-filling stages, respectively. LD55 produced 1 and 0 nodules at the
flowering and seed-filling stages, respectively, under the non-inoculated control condition, whereas
rhizobial inoculation resulted in 0 and 4 nodules at the corresponding stages. Based on the contrasting
nodulation responses of LD55 and LD164, these two genotypes were selected for transcriptome
analysis. Root tissues were collected at the early nodule formation stage, approximately 30 days after
planting, for RNA-seq. Differential expression analysis identified 561 significantly DEGs, including 339
upregulated and 222 downregulated genes. GO enrichment analysis showed that the DEGs were
significantly associated with biological processes, including cellular processes, single-organism
processes, and metabolic processes; cellular components, including the cell, cell part, membrane, and
organelle; and molecular functions, including binding and catalytic activity. KEGG pathway enrichment
analysis indicated that the DEGs were mainly enriched in pathways related to the biosynthesis of
secondary metabolites, carotenoid biosynthesis, flavonoid biosynthesis, plant hormone signal
transduction, and peroxisome (Fig. 4).

3.5. Candidate gene screening by integration of GWAS and
RNA-seq
Integration of the GWAS and RNA-seq datasets identified 24 candidate genes that were both located
within GWAS-associated regions and differentially expressed under rhizobial inoculation. These genes
were distributed across nine chromosomes, with no candidates identified on chromosomes 3 and 4. Of
the 24 candidate genes, 17 were found upregulated, and 7 were found downregulated. The upregulated
genes encoded proteins including pectate lyase, superoxide dismutase, and NRT1/PTR family proteins,
whereas the downregulated genes encoded proteins including callose synthase, oligopeptide
transporters, and MYB transcription factors. To further validate the RNA-seq results, six candidate genes
were selected for qPCR analysis. Consistent with the RNA-seq results, qPCR analysis showed significant
downregulation of Vradi01g07160, Vradi02g08940, and Vradi08g10970 and significant upregulation of
Vradi05g10790, Vradi09g04830, and Vradi11g03570 in LD164 relative to LD55 (Fig. 5). These results were
consistent with the transcriptomic data and supported the reliability of the RNA-seq analysis, while
identifying these genes as potential candidates involved in the nodulation response of mung bean.

4. Discussion
Nitrogen (N2) is the most abundant element in the atmosphere; however, most plants cannot directly
assimilate atmospheric N2 and therefore depend heavily on chemical nitrogen fertilizers to meet their
nitrogen requirements. Symbiotic nitrogen fixation, including the mutualistic relationship between
leguminous crops and rhizobia, is a process in which biological N2 fixation can take place to produce
ammonia that is taken up by the host plant. This process provides an alternative green technology to
chemical nitrogen fertilization, reducing the overuse of chemical nitrogen fertilizers and associated
environmental impacts. However, genotype-specific responses to rhizobia inoculation are pronounced
across legume species. In this study, among 20 traits surveyed, the number of genotypes with negative
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responses varied from 39 to 155, and the mean response varied from − 0.93 to 5.37 (Table 1). From
these results, it is clear that the effect of rhizobia inoculation is not consistent across all genotypes and
can negatively impact the growth and development of some genotypes. Consistent with this, Delie et al.
[26] reported a significant rhizobia-induced increase in the number of branches, number of pods,
biomass, grain yield, and harvest index in mung bean varieties Rasa and Boreda, while variety Shewarobit
exhibited negative responses in these traits. Szczerba et al. [10] observed that inoculation with HiStick®
Soy significantly reduced root nodule number and plant height. The results indicate that there is strain–
genotype specificity in the symbiotic efficacy of rhizobia in leguminous crops. However, the negative
responses observed in certain varieties and traits after rhizobia inoculation may be due to several
factors such as environmental stress, variety–strain compatibility, and disruption of native
phytohormone signaling networks. Symbiotic bacteria can activate defense-related MAPK signaling
cascades that promote the expression of defense and stress-responsive genes, which have a negative
effect on early nodulation, significantly reducing symbiotic efficiency and thus leading to negative
inoculation effects [27]. Further disruption of the precise equilibrium of communication between
phytohormone signaling and immune response (such as cytokinins, auxin, jasmonic acid, ethylene, and
abscisic acid) may result in abnormal nodule formation or failure of nitrogen-fixing function [28, 29]. A
strong positive correlation between the response values of NP, NS, and yield was observed (Fig. 2),
indicating that the yield modulation mediated by inoculation is mostly associated with pod number and
seed number. The response value of hundred-seed weight showed significant negative correlations with
FSND, SFSND, and SFSNN. These associations may reflect competition for host carbon resources
between nodules and reproductive tissues. Symbiotic N2 fixation imposes significant energetic costs on
the host because nodule maintenance and nitrogenase activity require carbon inputs. Excessive nodule
development may therefore increase carbon demand and potentially alter carbon allocation to
aboveground tissues and developing seeds, which could affect biomass accumulation and yield [14, 30].

Overall, 357 SNP loci were found to be significantly associated by GWAS. About 48% of these loci were
mapped to chromosomes 6 and 7, suggesting the presence of possible genomic hotspots in nodulation
regulation in mung bean. A total of 901 candidate genes were annotated in the 50-kb flanking regions of
each significant locus. Functional enrichment analysis revealed their involvement in transcriptional
regulation, transport, and signal transduction. KEGG pathway enrichment analysis further demonstrated
significant enrichment of metabolic pathways, including 'fatty acid degradation', 'terpenoid backbone
biosynthesis', and 'flavonoid biosynthesis'. Flavonoids are important symbiotic signaling molecules that
activate the rhizobia transcriptional regulator NodD and promote Nod factor biosynthesis, rhizobia
infection, and root colonization. Previous research has shown that the protein SPX1/3-PHR2 network
[31], the network GmUVR8-GmSTF3 [32], as well as isoflavone reductase proteins [33], are involved in the
biosynthesis of flavonoids, which in turn affects nodulation of leguminous crops. To further select the
most important candidates with biological credibility, our study adopted the strategy of combining RNA-
seq data from rhizobia inoculation and control, resulting in 24 genes that were significantly differentially
expressed and related to nodulation performance. These include genes coding for proteins with various
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functions, such as pectate lyase, superoxide dismutase, nitrate transporter (NRT1/PTR family), and MYB
transcription factor.

The candidate genes included multiple members of the MYB, NAC, TCP, and bHLH transcription factor
families. The MYB family is one of the largest transcription factor families in plants and participates in
diverse developmental processes and responses to environmental stress. In soybean, RNAi-mediated
knockdown of the MYB gene CND reduced nodule number by 40%, while producing a marginal increase
in nodule size [34]. In Medicago truncatula, MtMYB40 is rapidly and strongly induced in root hairs and
cortical cells following rhizobial inoculation and directly activates the flavonoid biosynthesis genes CHS1
and ChOMT1. The mtmyb40 mutant exhibits reduced infection thread formation and nodule number,
particularly under low rhizobial inoculum conditions. Genetic interaction analyses further showed that
MtMYB40 associates with the GRAS-domain protein MtNSP2 to co-activate ChOMT1 expression,
promoting nodulation [35]. In this study, nine MYB transcription factor genes were identified among the
GWAS-derived candidates. Vradi08g10970 showed significantly higher expression in LD55 than in LD164,
suggesting that its expression is associated with the contrasting nodulation phenotypes of these
genotypes and warrants further investigation as a potential regulator of nodulation.

Salt stress also negatively affects the growth of the legumes and the interaction between the rhizobia
and roots. For example, GmERF13 was found to be salt stress-induced, and the nodule number of the
GmERF13 mutant was significantly higher than that of the wild type under salt stress, suggesting that
loss of GmERF13 improved the nodulation inhibition caused by salt stress [36]. Similarly, the
overexpression of GmNAC181 led to the up-regulation of GmNINa and an increase in the number of
nodules, particularly under salt stress conditions. GmNAC181 is strongly induced under these conditions,
and transgenic plants maintain higher nodulation capacity [37]. Some NAC transcription factors are also
involved in nodule senescence. LjNAC094 accelerates nodule aging in Lotus japonicus by upregulating
the expression of senescence-associated genes that are responsive to nitrate [38], and GmNAC039 and
GmNAC018 induce senescence of soybean nodules by transcriptional activation of a cytochrome P450
gene, GmCYP [39]. Three members of each ERF and NAC transcription factor family were identified as
significantly associated with nodulating traits in GWAS. They may be involved in nodule initiation,
development, and stress-responsive regulation, which need further functional validation.

ATP-binding cassette (ABC) transporters use energy derived from ATP hydrolysis to transport diverse
substrates across cellular membranes, including phytohormones such as abscisic acid (ABA),
cytokinins, and auxins. In Medicago truncatula, MtABCG20 functions as an ABA exporter and is
expressed in both roots and nodules. The mtabcg20 mutant demonstrates a significant reduction in
lateral root number under drought stress but an 18% increase in nodule number relative to the wild type
[40]. MtABCG40, a cytokinin-associated transporter predominantly expressed in roots, is transcriptionally
induced by nitrogen deficiency and exogenous cytokinin. Under low-nitrogen conditions, MtABCG40
mediates cytokinin efflux from the xylem into surrounding cortical tissues, affecting lateral root density
and nodule formation and contributing to root system architecture [41]. Five ABC transporter genes were
identified among the GWAS-derived candidates in this study. These genes may contribute to mung bean
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nodulation through effects on phytohormone transport and signaling, particularly pathways involving
ABA and cytokinins. However, their specific functions in mung bean nodulation require experimental
validation.

Nitrate uptake from soil is primarily mediated by two functionally distinct transporter systems: the low-
affinity transport system mediated by the NPF family and the high-affinity transport system mediated
mainly by the NRT2 family. In Lotus japonicus, LjNPF8.6 is highly expressed in root nodules, and its
mutant exhibits impaired nitrogen fixation capacity and increased superoxide accumulation in nodules
[42]. LjNPF3.1 is strongly expressed in mature nodules, and the ljnpf3.1 mutant consistently shows
reduced nodule fresh weight and acetylene reduction activity (ARA), regardless of the nitrogen supply
level [43]. High nitrate concentrations generally inhibit nodulation, whereas low nitrate concentrations
have limited effects on nodule formation [44]. Under low-nitrogen hydroponic conditions, the ljnrt2.4
mutant exhibits a 50% reduction in nodule ARA, severely impaired nitrogen fixation, a 38%–75%
reduction in nodule nitrate content, and pronounced symptoms of nitrogen deficiency, including stunted
shoot growth and chlorosis [45]. LjNLP1 acts as a transcriptional activator of LjNRT2.1 and regulates
nitrate acquisition. Under high-nitrate conditions, nodule growth is inhibited in wild-type plants, whereas
this inhibitory effect is largely abolished in the ljnrt2.1 mutant. As a positive regulator of nodulation,
LjNIN can counteract the induction of LjNRT2.1 expression by LjNLP1, contributing to the regulation of
nitrate uptake during nodulation [46]. In this study, one NRT2 and three NPF family genes were identified
among the GWAS-derived candidates. Vradi11g03570 showed higher expression in the high-nodulating
genotype LD164 than in LD55, suggesting that its transcriptional activity may be associated with nodule
development and nitrogen acquisition.

Pectate lyases play important roles in rhizobial penetration of the plant cell wall and initiation of infection
thread formation. The ljnpl mutant exhibits a significant reduction in total infection thread number and
abnormal infection events in root tissues; most resulting nodules are small and white, with only a small
proportion developing into larger, partially pink nodules [47]. In soybean, GmNPLa is specifically induced
in root hairs following rhizobial inoculation. Its overexpression increases infection thread formation by
96%, accompanied by increases in total nodule number and lateral root nodule density, whereas the
gmnpla loss-of-function mutant exhibits significant reductions in infection thread number, lateral root
number, and nodule number [48]. In this study, the orthologous gene Vradi01g07160 showed higher
expression in the low-nodulating genotype LD55 than in LD164. This expression pattern suggests that
Vradi01g07160 may participate in the early rhizobial infection process; however, its specific role in
infection thread development and nodulation in mung bean requires functional validation.

Callose deposition and callose synthase activity are important components of plant immune responses.
Following pathogen invasion, rapid callose deposition at infection sites contributes to cell wall
reinforcement and forms a physical barrier against pathogen penetration [49]. Reactive oxygen species
(ROS) also function as signaling molecules in plant growth, development, and stress responses and
participate in multiple stages of legume–rhizobia symbiosis, from infection to nodule senescence, with
superoxide dismutase (SOD) playing an important role in maintaining ROS homeostasis [50]. In this
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study, callose synthase expression was significantly lower in the high-nodulating genotype LD164 than in
LD55. This expression pattern may reflect reduced activation of callose-associated defense responses
during rhizobial infection, potentially facilitating bacterial entry and nodule formation. On the contrary,
the higher expression of Fe-superoxide dismutase in LD164 may indicate enhanced ROS-scavenging
capacity and control of oxidative stress during early symbiotic development.

While this study has identified a set of significant candidate genes involved in nodulation responses in
mung bean using GWAS and transcriptome analysis, some limitations remain. First, only two rhizobia
strains were used for inoculation experiments, and it is well documented that there is variation among
rhizobia strains in infection efficiency and host specificity; therefore, the validity and generalizability of
the identified candidates to other strain–host combinations remain to be experimentally validated.
Second, transcriptomic data were obtained from root tissues collected under controlled pot-based
conditions; gene expression patterns observed here may be incomplete in the sense that they do not
fully reflect those occurring in the field, where features like the complexity of the soil microbiome, the
spatial variability of nutrients, and abiotic stress factors can have a strong impact on the symbiotic
performance. Third, the biological activities and molecular mechanisms of the candidate genes must be
validated using stable genetic transformation together with detailed molecular phenotyping. Future
research should be directed towards: (1) increasing the diversity of rhizobia strains to evaluate the
stability of expression of the candidate genes and to quantify the quantitative contribution of these
genes in nitrogen fixation efficiency in different strain–genotype combinations; (2) future targeted
functional characterization of the candidate genes including CRISPR/Cas9-mediated knockout, RNAi
knockdown, and overexpression in transgenic mung bean lines to delineate the precise role of the core
candidates in infection thread formation, nodule organogenesis, and symbiotic nitrogen fixation; and (3)
use of natural population panels for haplotype-based association mapping for finding elite allelic
variants of these candidate genes and development of tightly linked SNP markers to allow direct
deployment in marker-assisted selection for high nitrogen-fixing mung bean cultivars. In summary, this
study has contributed significantly to the groundwork of the genetic improvement of symbiotic N2

fixation of the mung bean–rhizobia complex, and the candidate genes and SNP markers identified in the
study will prove to be valuable molecular tools for the green and high-efficiency breeding of mung bean.

5. Conclusions
In this study, the genetic architecture of rhizobium-induced nodulation and growth-related traits in mung
bean was systematically investigated by combining a two-year field phenotyping experiment for 218
mung bean genotypes with GWAS and RNA-seq. Phenotypic evaluation after rhizobia inoculation showed
that 20 traits showed significant inter-varietal variation ranging from − 0.93 to 5.37, with mean response
values, indicating significant genotype-by-rhizobia interaction for symbiotic growth promotion. Pod
number and seed number at the mature stage were found to be the most important traits affecting yield
response amongst these. There was a highly positive correlation between hundred-seed weight
response and nodule number response and nodule size response, indicating coordinated regulation of
reproductive output with symbiotic capacity. GWAS identified 357 significantly associated SNP loci and
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901 positional candidate genes that were functionally enriched in nodulation signaling and energy
metabolism pathways, such as flavonoid biosynthesis, terpenoid backbone biosynthesis, and fatty acid
degradation pathways. For root-based tissues, RNA-seq analysis of root tissues of the extreme-
phenotype genotypes identified 561 DEGs with enrichment in pathways such as flavonoid biosynthesis,
plant hormone signal transduction, and peroxisomal metabolism. Integrative GWAS and RNA-seq
prioritized 24 candidate genes that were significantly associated with nodulation traits and whose
expression levels differed significantly under rhizobia inoculation. The genes are likely to play key roles in
symbiotic functions, such as infection thread elongation, regulation of ROS homeostasis, nitrogen-
responsive signaling, and fine-tuned modulation of defense responses. This study contributes valuable
genomic tools to better understand the molecular mechanisms that regulate mung bean–rhizobia
symbiosis for nitrogen fixation, and the identified candidate genes and SNP markers can serve as
theoretical resources for marker-assisted selection to breed mung bean varieties with high nitrogen
fixation efficiency.
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Figure 1
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Population structure and linkage disequilibrium (LD) decay analysis of the association panel comprising
218 mung bean genotypes. (a) Heatmap of the genetic relationships among the 218 mung bean
genotypes. (b) Principal component analysis (PCA) of the 218 mung bean genotypes. (c) Cross-
validation error values for different numbers of genetic clusters (K = 1–10) based on genotype data. (d)
LD decay analysis of the 218 mung bean genotypes.

Figure 2

Frequency distributions and correlation analysis of 20 phenotypic response traits. Frequency distribution
histograms for the 20 traits are shown along the diagonal, scatter plots between trait pairs are shown
below the diagonal, and correlation coefficients are shown above the diagonal. Significant correlations
are indicated by ** and * at P < 0.01 and P < 0.05, respectively.
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Figure 3

Manhattan and quantile–quantile (Q–Q) plots of GWAS for 20 phenotypic response traits in 218 mung
bean genotypes. At the flowering stage, plant height (FSPH), stem dry weight (FSSDW), root dry weight
(FSRDW), nodule number (FSNN), and maximum nodule diameter (FSND) were measured. At the seed-
filling stage, plant height (SFSPH), stem dry weight (SFSSDW), root dry weight (SFSRDW), nodule number
(SFSNN), and maximum nodule diameter (SFSND) were measured. At maturity, plant height (MPH), main
stem diameter (MSD), number of stem branches (MSB), stem dry weight (MSDW), root dry weight
(MRDW), pod number per plant (NP), seed number per plant (NS), length of the pod (PL), 100-seed
weight (HSW), and yield per plant were measured.

Figure 4

RNA-seq analysis of the contrasting mung bean genotypes LD55 and LD164. (a) Volcano plot showing
differentially expressed genes between LD55 and LD164. (b) Gene Ontology (GO) enrichment analysis of
differentially expressed genes. (c) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of differentially expressed genes.
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Figure 5

Quantitative real-time PCR (qPCR) validation of candidate genes identified through integrated GWAS and
RNA-seq analysis. Bars represent mean ± standard error (SE) from three biological replicates (n = 3).

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementtables.xlsx

FS2.pdf

FS1.pdf

Page 24/24

https://assets-eu.researchsquare.com/files/rs-10837774/v1/e64f0681fe7550af1af8f76d.xlsx
https://assets-eu.researchsquare.com/files/rs-10837774/v1/fb7011f39421e52a9ee39681.pdf
https://assets-eu.researchsquare.com/files/rs-10837774/v1/cc56593b4fa12febca1208c0.pdf

