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Abstract
Background  Peanut (Arachis hypogaea L., 2n = 2x = 20) is an important industrial and oil crop that is widely grown in 
more than 100 countries. In recent years, breeders have focused on increasing the seed number per pod to improve 
their yield in addition to other breeding for other key components of yield, including the pod number, seeds per pod, 
and 100-seed weight.

Results  In this study, a secondary population of 1,114 BC1F2 lines was derived from a cross between the parents R45 
and JNH3. Two stable major-effect quantitative trait loci of qRMPA09.1 and qRMPA09.2 were detected simultaneously 
and mapped within chromosomal intervals of approximately 400 Kb and 600 Kb on chromosome A09. Additionally, 
combined whole-genome and RNA sequencing analyses showed the differential expression of the Arahy.04JNDX 
gene that belongs to a MYB transcription factor (TF) between the two parents. The AhMYB51 gene was also inferred to 
influence the number of seeds per pod in peanuts. An examination of the backcross lines L2/L4 showed that AhMYB51 
increases the rate of multiple pods per plant (RMSP) primarily by affecting brassinosteroids in the flowers, while its 
overexpression promotes the length of siliques in Arabidopsis thaliana.

Conclusions  Our findings provide valuable insights for the cloning of favorable alleles for RMSP in peanuts. The 
qRMSPA09.1 and qRMSPA09.2 are two novel QTL associated with the RMSP trait, with AhMYB51 predicted as its 
candidate gene. Moreover, the closely linked polymorphic SNP markers for loci of two significant QTLs may be useful 
in accelerating marker-assisted breeding in peanuts.
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Background
Peanut (Arachis hypogaea L.) is a significant oil crop that 
is generally grown in more than 100 countries world-
wide [1]. Peanuts are also one of the most important and 
popular nuts and snacks available to consumers, and they 
have been recognized as healthy and nutritious. Their 
kernels contain 28% protein, 48% oil, essential vitamins 
and minerals and can be processed into candies, cookies, 
and peanut butter [2]. The economic return of peanuts is 
directly influenced by their yields [3, 4], thus, research-
ers breed peanuts with an increased number of seeds per 
pod, pod number and 100-seed weight [5, 6]. The num-
ber of seeds per pod is also an important agronomic trait 
that is highly influenced by environmental factors [7]. In 
recent years, different populations of peanuts have been 
utilized to identify the major quantitative trait loci (QTL) 
associated with seed numbers in peanuts, particularly on 
chromosomes A05 and B06 [8]. Although the QTL for 
pod number have been identified, their underlying meta-
bolic and molecular mechanisms remain unclear.

Phytohormones regulate many aspects of plant devel-
opment, including cell metabolism, apical dominance, 
flowering time, and seed development [9, 10]. For 
instance, brassinosteroids and cytokinins play critical 
roles in pollination, fertilization, and ovule development 
during the development of pods [11, 12]. Recent studies 
have increasingly focused on the seed number, particu-
larly in relation to ovule development and pollination in 
crops, such as soybean (Glycine max L.) [13], maize (Zea 
mays L.) [14], oilseed rape (Brassica napus L.) [15], and 
broad bean (Phaseolus vulgaris L.). The molecular mech-
anisms that control embryogenesis and development 
in plants have been studied extensively [16, 17]. Phyto-
hormones, particularly brassinosteroids [18], and TFs, 
such as NAC [19], MYB [20], and bHLH [21], have been 
shown to play a key role in the regulation of seed devel-
opment, which is a dynamic and complicated process 
governed by a regulatory mechanism of multiple genes 
in plants. Although many genes have been reported to 
be involved in the development of pods across various 
crops, the regulatory networks that govern metabolism 
in peanut seeds remain unclear. Nevertheless, the avail-
ability of high-quality reference genomes for both wild 
diploid and cultivated peanuts has accelerated studies on 
their transcription and the development of multi-omics 
approaches, as well as molecular breeding programs 
aimed at improving the yield and quality of their oil 
[22–24]. Multi-omics technology offers a valuable oppor-
tunity to elucidate the regulatory mechanisms of seed 
development in peanuts [25].

In a previous study, the rate of multiple pods per plant 
(RMSP) was mapped in two intervals, A09 chromosome 
114.00-119.66 Mbp (5.66 Mbp) and 110.90-131.6 Mbp 
(2.26 Mbp) [26]. In this study, we developed a secondary 

population and finely mapped it in combination with 
QTL-seq, whole-genome resequencing, and RNA-seq to 
analyze the differentially expressed genes (DEGs) related 
to the seed number per pod in peanuts. We also analyzed 
the candidate genes in extreme offspring and Arabidop-
sis thaliana. These findings will help to understand the 
genetic basis of the regulation of RMSP and could ulti-
mately facilitate the development of high-yielding breeds 
in peanuts.

Methods
Plant materials and field evaluation
In the RIL population, R45 (female parent with RMSP 
of 77.6%) peanut carries the two target QTL and has a 
genetic background that is similar that of the multi-pod 
variety Silihong. Therefore, R45 was backcrossed with 
the non-multi-pod parent JNH3 (male parent with RMSP 
of 0%) to construct a secondary population, BC1F1. The 
BC1F1 population was then cultivated in Sanya, Hainan 
Province, China (109.16E; 18.19  N) in December, 2023. 
The pods were harvested in April 2023 and planted in 
June at the Xushui Experimental Base of Hebei Agricul-
tural University (Baoding, China) (115.56 E; 38.79  N), 
and the individual plants were harvested in September 
2023. The BC1F2 population, which consisted of 1,114 
lines, was evaluated for the seed number per pod after 
harvest. Two extreme lines were selected from the BC1F2 
population and designated BC1F2-L2 (two pods per plant) 
and BC1F2-L4 (multiple pods per plant). These lines were 
then self-pollinated to produce BC1F3-L2, BC1F4-L2 and 
BC1F3-L4, BC1F4-L4. The selected lines were grown in a 
greenhouse at 16 h:8 h light: dark at 28 °C / 20 °C.

Bulked Segregant analysis (BSA)-seq analysis and whole-
genome resequencing
The genomic DNA was extracted and tested for qual-
ity as previously described [27]. For BSA-seq, the same 
amounts of DNA from 30 lines with multiple pods per 
plant and 30 lines with double pods per plant from the 
BC1F2 population were pooled to create a pool of four 
pods (F-pool) and one of two pods (T-pool), respectively. 
DNA libraries from R45, JNH3, BC1F3-L4, BC1F3-L2, and 
the two DNA pools were sequenced using the Illumina 
NovaSeq6000 platform (Illumina, San Diego, CA, USA) 
by Shanghai Majorbio Technologies (Shanghai, China).

Raw reads of low quality (mean Phred score < 20), 
including those that contained adapter contamination or 
unrecognizable nucleotides (N base > 10), were trimmed 
using Fastp [28] and mapped to the reference genome 
using BWA-MEM [29] with the default parameters. After 
the base quality had been recalibrated, the germline vari-
ant calling, which included SNPs and InDels across all 
the samples, was performed using the Haplotyper and 
Gvcftyper programs from the Sentieon genomics toolkit 
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[30]. All the variants were filtered based on the standard 
hard filtering parameters recommended by the GATK 
Best Practices pipeline and annotated using SnpEff [31]. 
The SNPs and InDels were categorized by their chromo-
somal positions, including their locations to intergenic, 
exons, and introns. The BSA-seq analysis was conducted 
using the index-slid method [32], index-loess method, 
Euclidean distance (ED) algorithm [33], and the Gprime 
method [34], which were driven by deep learning and the 
least square method [35], respectively.

RNA sequencing and data analysis
The total RNA from SLH, JNH3, BC1F3-L4, and BC1F3-L2 
was isolated using a Plant RNA Extraction Kit (Tiangen 
Biotech, Beijing, China) according to the manufacturer’s 
instructions. There were 12 libraries that consisted of 
four samples, each with three biological replicates. They 
were sequenced on an Illumina NovaSeq 6000 platform 
and generated 150-nucleotide-long paired-end reads. 
High-quality sequences were aligned to the peanut ref-
erence genome Tifrunner (https://peanutbase.org) [36]. 
The gene expression was defined by Fragments Per Kilo-
base Million (FPKM), and the FPKM for each annotated 
reference gene was calculated using StringTie v. 1.3.4 
[37]. The presence of DEGs was confirmed using DESeq2 
where transcripts with a false discovery rate (FDR) < 0.05 
and|fold change| ≥ 2 were considered to be differentially 
expressed. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene Ontology (GO) enrichment analyses 
were subsequently conducted.

Vector construction for the transformation of Arabidopsis 
thaliana
Appropriate primers were designed by Premier 5.0 soft-
ware to obtain the cDNA sequence of the TF AhMYB51 
(Table S1). Arabidopsis thaliana plants were trans-
formed using the floral dip method [38] with Agro-
bacterium tumefaciens GV3101, which harbors the 
pCAMBIA-MYB51 vector, with kanamycin resistance 
gene as a selectable marker (Table S1). AhMYB51 was 
ligated into the pCAMBIA-MYB51 vector as described 
by Liu et al. [39]. The A. thaliana plants were dipped 
with the AhMYB51 gene using Agrobacterium tumefa-
ciens GV3101 and then cultivated on MS solid medium 
(50  mg/L Basta) at 22 ℃ under a 16  h: 8  h light: dark 
cycle in a growth chamber to check for the overexpres-
sion of AhMYB51. After PCR identification and glypho-
sate screening, T3 generation homozygous transgenic 
lines that overexpressed AhMYB51 (AhMYB51-OE) with 
a single insertion site were obtained. Plant growth and 
flowering time were recorded for each plant along with 
the seed number and pod length.

Quantitative real-time PCR (qRT–PCR)
Seven varieties, including SLH, R45, JNH3, BC1F3-L4, 
BC1F3-L2, BC1F4-L4, and BC1F4-L2, were selected for 
a qRT–PCR analysis of AhMYB51. Samples were col-
lected at the flower and peg states. The total RNA was 
extracted from the samples using a Plant RNA Extrac-
tion Kit (Tiangen Biotech, Beijing, China) according to 
the manufacturer’s instructions. The primers to target 
AhMYB51 were designed by Premier 5.0 software (Table 
S1) using the cDNA sequences retrieved from Peanut 
Base (https://peanutbase.org). qRT-PCR was performed 
using SYBR Premix Ex Taq II (TaKaRa, Dalian, China), 
on an ABI StepOne Plus Real-Time PCR System (Roche, 
Basel, Switzerland). All the data were analyzed using the 
2−ΔΔCT method [40].

Statistical analysis
The calculations were performed using SPSS 28.0 (IBM, 
Inc., Armonk, NY, USA) and Origin 8.0 (OriginLab, 
Northampton, MA, USA). The results were presented as 
the mean ± SD of three independent biological replicates. 
The least signifcant difference (LSD) test was performed 
to determine the signifcance of differencesbetween dif-
ferent treatment groups. A genetic analysis was con-
ducted using Performance software [41, 42].

Results
Phenotypic variation of the rate of multiple pods per plant 
in BC1F2
The backcross between R45 and JNH3 yielded 1,114 
BC1F2 lines, and their harvested pods were used to deter-
mine the RMSP in each line. R45 had a significantly 
higher pod number compared to JNH3 (Fig.  1b). The 
RMSP of SLH (52.72%) and R45 (77.6%) was higher than 
that of JNH3 (0%).

Identification of QTLs for RMSP using BSA methods
Based on the phenotype of the BC1F2, the T-pool, F-pool, 
and parental lines were bulked. The resequencing of the 
whole genome and the analysis of BSA-seq were pro-
duced for the extreme and parent pools. A total of 24.7 
Gb, 27.03 Gb, 75.37 Gb, and 72.35 Gb Clean reads were 
generated from JNH3, R45, T-pool, and F-pool, respec-
tively. Of these, 99.79%, 99.92%, 99.89%, and 99.85% 
of the reads were mapped to the reference genome 
(Table 1).

The low-quality clean reads were removed, and the 
high-quality reads were then identified in JNH3, R45, 
the T-pool and F-pool. Among these, high-quality SNPs/
InDels were located on ChrA05, ChrA06, ChrA09, 
ChrB05, ChrB06, which indicated that the main gene that 
regulates RMSP is probably located on ChrA09 (Table 2; 
Fig. 2, Fig. S1 and S4 ).

https://peanutbase.org
https://peanutbase.org
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The whole‑genome sequence analysis revealed a reduction 
in the number of genes
Based on the localization results of the number of pods 
in the previous RIL population across two environments, 
two main QTL, qRMSPA09.1 and qRMSPA09.2 were 
detected on ChrA09 [26]. qRMSPA09.1 was detected 
between 110.90 and 113.16 Mb, while qRMSPA09.2 was 
in the region between 114.00 and 119.66 Mb, with sizes 
of 2.3 Mb and 5.2 Mb, respectively, based on Euclidean, 
Gprime, index-slid and index-loess methods (Fig.  2; 
Table 2). We also integrated the BSA-seq analysis data for 
ChrA09:112.76–115.25  Mb and refined the QTL ranges 
to 400 Kb and 600 Kb, respectively. The qRMSPA09.1 
interval contained 32 genes, while the qRMSPA09.2 
interval contained 86 genes (Table S2).

To further map the candidate genes for qRMSPA09.1 
and qRMSPA09.2, we compared the amount of genomic 

variation between the two parental lines. After strin-
gent filtering, a total of 34 variations were identified, 
which are unlikely to cause functional deficiencies; they 
included 20 in the intergenic regions, five in introns, four 
upstream, three downstream, one in 5′-UTR, while one 
caused missense mutations (Fig.  3a). Among the varia-
tions in introns, four SNPs, and one InDel caused muta-
tions, while 10 SNPs and 24 InDels resulted in significant 
variation in the sequence of bases, which is likely to dis-
rupt the function of genes (Fig. 3b). The variations were 
also associated with 34 genes (Table  3), including three 
uncharacterized protein genes and 31 annotated against 
the Tifrunner v. 2.0 reference genome ​(​​​h​t​t​p​s​:​/​/​p​e​a​n​u​t​
b​a​s​e​.​o​r​g​​​​​)​, with none of the annotated genes associated 
with an increase in seed number. Therefore, we hypoth-
esized that the functional variation associated with the 
qRMSPA09.1 and qRMSPA09.2 loci was probably owing 
to changes in the patterns of gene expression, which 
could possibly have arisen from the differential promoter 
activity.

Validation of the candidate genes by differential gene 
analysis
To identify the genes associated with qRMSPA09.1 and 
qRMSPA09.2, we examined the patterns of expression 
of the candidate genes. A total of 32 genes were anno-
tated for qRMSPA09.1 and 86 for qRMSPA09.2. We then 
assessed the DEGs of the remaining 34 predicted genes 

Table 1  Summary of the sequencing data
Name Clean data Mapped Ratio (%) Proper Ratio (%) Clean Reads Real Depth Coverage (%)

(≥ 1x)
Clean Q30 (%)

JNH3 24.7G 99.79 99.1 165,003,064 9.88 X 97.55 91.68
R45 27.03G 99.92 99.18 180,629,916 10.79 X 97.88 91.66
T-pool 75.37G 99.89 99.02 503,823,652 29.69 X 99.15 91.33
F-pool 72.35G 99.85 99.09 483,714,140 28.49 X 99.15 90.87

Table 2  Gene mapping results of BSA analysis RMSP
Method Region (M) SNPs Effective SNP InDels Genes
Euclidean ChrB05:16.55:17.13 14 1 1 34
Euclidean ChrB06:145.1-145.5 14 3 2 31
Euclidean ChrA05:62.0-62.8 11 0 0 1
Gprime ChrA05:61.9–62.5 11 0 0 1
Gprime ChrA06:5.9–6.9 22 0 3 139
Gprime ChrA09:112.7-115.2 42 2 11 301
index-slid ChrA05:62.4–62.5 4 0 0 0
index-loess ChrA09:109.6-115.3 89 4 24 747

Fig. 1  Phenotypes of JNH3, R45, T-pool and F-pool in the BC1F2 population. (a) Phenotypes of JNH3 the rate of multiple pods per plant (RMSP = 0) and 
R45 (RMSP = 77.6%), (b) RMSP in the BC1F2 population after harvest. Arrows represent R45, JNH3 and SLH
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based on the|log2 fold-change| ≥ 1 and P < 0.001 and 
identified five DEGs for qRMSPA09.1 and seven DEGs 
for qRMSPA09.2. Among these 12 candidate genes, 
Arahy.04JNDX, which encoded an MYB TF was identi-
fied as the candidate gene based on our previous study 
[20]. Arahy.04JNDX was expressed at significantly lower 
level in the two-seeded pods of JNH3 (FPKM = 3.72) 
than in the multiple pods of SLH during flowering 
(FPKM = 9.89) (Table  4). Therefore, this SNP was prob-
ably induced by the differential expression observed 
between the two parental lines. The MYB genes have also 

been well-documented as key regulators of the develop-
ment of pollen and ovules in plants [43].

The whole-genome sequencing and transcriptome 
analysis of offspring BC1F3
Two allelic lines were developed from the BC1F3 popu-
lation, including L2, which exhibited the phenotypes of 
their female parent (JNH3), and L4 lines that resembled 
their male parent, R45. The resequencing of L4 and L2 
lines at a depth of 10 X generated a total of 634,721 SNPs 
and 168,924 InDels within ChrA09. The intergenic region 
of Arahy.04JNDX was mutated at ChrA09:114,148,416, 
while its downstream region was stably inherited. The 
KEGG pathway analysis indicated that the DEGs and 
variants were predominantly involved in the extreme off-
spring biosynthetic signaling pathway (Fig. 4a), transport 
processes, and metabolism throughout the process of 
flower development (Fig. 4b). We compared the expres-
sion of genes in the BC1F3-L2 and BC1F3-L4 flowers and 
their genome and identified 4,476 DEGs and 35,283 vari-
able sites, respectively (Fig. 5). A comparative GO analy-
sis of the JNH3 and SLH flowers revealed that the DEGs 
were primarily involved in pollination, while the KEGG 
analysis highlighted their significant role in the brassi-
nosteroid biosynthesis signaling pathway (Table S3). The 
parental whole-genome sequence comparison also indi-
cated an SNP of G-A at Chr09-114145495 in the inter-
genic region of Arahy.04JNDX, which further supports 

Fig. 3  (a) The genomic distribution of variations in two candidate regions, 
(b) type of mutation in their coding region

 

Fig. 2  Quantitative trait loci for the rate of multiple pods per plant traits identified on chromosomes
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its potential role in regulating the pod number (Fig. 6a). 
We analyzed peanut transcriptome databases published 
in different databases tomutually confirm 12 candidate 
genes. Finally, only AhMYB51 was highly expressed in 
these two databases and the transcriptome (Table S4).
Therefore, based on these findings, Arahy.04JNDX could 
be the primary regulator for qRMSPA09.2 (Fig.  6b), but 
this function requires further validation through addi-
tional experiments, including the evaluation of its dis-
tribution in offspring varieties and overexpression of the 
AhMYB51 gene in A. thaliana to confirm its function.

Analysis of AhMYB51 gene expression in peanut via 
qRTPCR
The level of expression and RMSP of AhMYB51 were 
evaluated in the allelic lines (L2 and L4) and their parents, 
R45 and JNH3, to determine its functions. AhMYB51 
was expressed at higher levels in L4 and R45 (Fig.  7), 

which also showed an increase in seed numbers. This 
suggests that AhMYB51 enhances the RMSP under field 
conditions.

Overexpression of AhMYB51 promotes silique length in 
Arabidopsis thaliana
Since R2R3-type MYB genes are the main transcriptional 
regulators of seed number in multiple oil crop species, we 
overexpressed the AhMYB51 in A. thaliana to validate 
if it regulates the seed number in peanuts. We obtained 
T3 generation plants from three batches of transgenic A. 
thaliana and selected three independent lines, including 
OE-1, OE-2, and OE-3, with similar phenotypic intensi-
ties. Line OE-3 exhibited the most significant phenotypic 
effects (Fig.  8a), with pronounced increases in silique 
length and seed number compared to lines OE-1, OE-2, 
and the control (Fig. 8b).

Table 3  Types of SNP and indel mutations in the candidate genes
Candidate genes Start position End position JNH3 R45 Mutant annotation
Arahy.XW3T4W 112,790,246 112,800,686 C T Intergenic region
Arahy.8F881C 112,810,188 112,822,568 A C Upstreamgene variant
Arahy.75YJ3Z 112,812,745 112,815,516 A C Missense variant
Arahy.3TDE18 112,849,718 112,859,150 C T Intergenic region
Arahy.G05VUU 112,870,426 112,875,195 G T Intergenic region
Arahy.NHVJ82 112,958,766 112,962,321 C T Intergenic region
Arahy.9468DL 112,980,265 112,992,011 G T Intergenic region
Arahy.KZCX9C 113,000,931 113,004,034 G T Downstreamgene variant
Arahy.ZAU2KF 113,004,585 113,009,189 GA G 5’UTR variant
Arahy.ELL9VR 113,010,087 113,014,838 GA G Downstream gene variant
Arahy.GYF1N1 113,050,568 113,053,769 C CA Intergenic region
Arahy.GC5VJY 114,036,957 114,046,905 G A Upstream gene variant
Arahy.JNSA3Z 114,051,294 114,053,527 G A Intergenic region
Arahy.04JNDX 114,143,849 114,145,495 A G Intergenic region
Arahy.DEP6R1 114,158,088 114,158,451 A G Intergenic region
Arahy.KL5LPC 114,160,087 114,163,608 T G Intron variant
Arahy.42CZAS 114,172,195 114,175,899 T A Intron variant
Arahy.FJSM0P 114,212,023 114,212,927 A T Downstream gene variant
Arahy.L8YGTT 114,216,085 114,221,210 A T Intergenic region
Arahy.N0KYQA 114,257,350 114,262,137 C T Intergenic region
Arahy.H5PXMS 114,268,287 114,275,077 C T Intergenic region
Arahy.T57XL4 114,593,865 114,608,503 C T Intron variant
Arahy.W4LCKL 114,650,557 114,654,924 G A Intron variant
Arahy.FI0VBI 114,667,183 114,681,730 CT C Intron variant
Arahy.UME9CN 114,736,284 114,739,868 G GT Downstream gene variant
Arahy.FXE6P8 114,742,343 114,746,606 G GT Intergenic region
Arahy.X9NSEY 114,746,628 114,750,147 C T Intergenic region
Arahy.I9L5JE 114,771,575 114,776,586 C T Intergenic region
Arahy.VWQQ3X 114,797,559 114,798,968 A AT Intergenic region
Arahy.G1TI3A 114,824,454 114,833,063 A AT Intergenic region
Arahy.MIS9XN 114,929,088 114,931,838 C T Intergenic region
Arahy.JYC97M 114,944,545 114,951,892 C T Intergenic region
Arahy.ZLV99U 114,952,416 114,957,915 C CA Intergenic region
Arahy4.G0ENY 114,967,166 114,970,904 C CA Upstream gene variant
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To validate the biological function of AhMYB51, we 
measured various phenotypic traits, including silique 
length, flowering period, and seed number, in the 
AhMYB51-OE transgenic A. thaliana plants. The silique 
length and seed number in the AhMYB51-overexpressing 
lines of OE-1, OE-2, and OE-3 from the T3 generation 
increased by 10% and 20%, respectively, compared to that 
of wild-type plants (Fig. 8b and c). These results highlight 
the significant effects of the overexpression of AhMYB51 
on both silique length and seed number in transgenic A. 
thaliana plants (Fig.  9a).However, the transgenic plants 
had an almost equal flowering period, with similar seed 
size (Fig. 9b).

Discussion
The regulatory mechanism that controls seed number in 
peanut
The seed number is a crucial agronomic trait in peanuts, 
which directly affects their yield, while phytohormones 
influence various aspects of plant development, includ-
ing cell metabolism, apical dominance, blooming time, 
ovule development, pollen germination and seed devel-
opment [44, 45]. For instance, the development of peanut 
kernel number involves multiple phytohormones, with 
brassinosteroids involved in the transport and signal-
ing pathways that play central roles in the generation of 
seed numbers within pollen cells [46, 47]. In addition to 
brassinosteroids, cytokinins and gibberellins also regulate 

Table 4  Annotation of DEGs in qRMSPA09.1 and qRMSPA09.2 candidate intervals
Loci Candidate genes Gene family 

or homolo-
gous gene

Gene prediction SLH-FFPKM JNH3-FFPKM SLH-ZFPKM JNH3-
ZFP-
KM

qRMSPA09.1 Arahy.XW3T4W MATE MATE efflux family protein 2.41 0.22 0.71 2.23
Arahy.3TDE18 DExH15 ATP-dependent RNA helicase 1.90 0.81 3.76 3.75
Arahy.G05VUU DB3S 2-oxoglutarate (2OG) and 

Fe(II)-dependent oxygenase 
superfamily protein

3.28 1.19 4.37 5.09

Arahy.ZAU2KF PI4KA lipid phosphate phosphatase 3.48 1.31 6.01 9.26
Arahy.GYF1N1 Bem1p Octicosapeptide/Phox/Bem1p 

family protein
34.61 12.40 31.08 53.93

qRMSPA09.2 Arahy.04JNDX MYB51 MYB transcription factor MYB51 9.89 3.72 2.89 3.93
Arahy.DEP6R1 / uncharacterized protein 

LOC100306658
68.39 45.80 75.06 62.98

Arahy.KL5LPC AMMECR1 AMMECR1 family 31.82 9.98 23.98 16.59
Arahy.42CZAS FADS2 fatty acid desaturase2 14.25 5.55 1.27 0.14
Arahy.N0KYQA / unknown protein 96.38 34.12 39.35 49.75
Arahy.X9NSEY HSP40 Heat shock protein DnaJ 

domain protein
9.18 3.32 3.20 4.61

Arahy.G1TI3A / Major facilitator superfamily 
protein

2.70 0.27 4.76 10.00

Fig. 4  Differential gene expression and KEGG analysis of the genes related to peanut flowering in BC1F3-L2 and BC1F3-L4. (a) Differential variations in 
KEGG enrichment in the genome of BC1F3-L2 and BC1F3-L4. (b) KEGG enrichment analysis of the differentially expressed genes in BC1F3-L2 and BC1F3-L4 
at flowering
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the seed number through their effects on pollen activity 
and ovule number [48]. In this study, the RNA-seq and 
genome sequencing of the flowers and pegs revealed 
DEGs and variation in the brassinosteroid pathway, with 
the DEGs significantly enriched in the metabolic path-
ways that are known to influence the pod number. This 
suggests that phytohormones may play a significant role 
in regulating the seed number in peanuts. Although the 
regulatory pathways that affect seed number might vary 
across different modified crops, they share common ele-
ments that could be crucial in regulating seed number in 
various crops. Several TFs involved in the metabolism 
of brassinosteroids, including MYB, bHLH, NAC, and 
WRKY, were identified. Notably, the MYB gene family 
plays a critical role in plant development and metabolism, 
particularly in the regulation of phytohormones, such as 
brassinosteroids. These results highlight the potential of 
multi-omics approaches to improve the agronomic traits, 
yield, and quality in peanut breeding. Although multi-
omics can quickly screen metabolic pathways, the accu-
rate determination of gene function is through reverse 
genetics. Further experiments are merited to verify the 
function of this gene in peanuts.

Insights from omics and BSA-seq analysis of the seed 
number
Map-based cloning is a useful method that can identify 
the target genes associated with significant agronomic 
traits and narrow down valuable genes in crops with fre-
quent chromosomal exchanges and rich genomic changes 
to a specific area [49, 50]. However, in cultivated peanuts 
with a low amount of genomic variation, its effectiveness 
is significantly limited. Nevertheless, the availability of 
high-quality reference genomes for both wild diploid and 
cultivated peanuts has accelerated transcriptome studies 

and the development of multi-omics approaches, as well 
as molecular breeding protocols aimed at improving 
their yield and quality [51]. These genome sequences are 
also enabling precise structural and functional genom-
ics research in peanuts. Multi-omics technologies offer 
an opportunity to elucidate the regulatory mechanisms 
that underlie seed development in peanuts. Despite this 
progress, the regulatory networks that govern seed devel-
opment in peanuts remain unclear. Therefore, this study 
combined finer transcriptome analysis, bulked segre-
gant analysis sequencing, and backcrossed population 
analysis to pinpoint the candidate region or genes on the 
chromosome.

Since the levels of gene expression can influence the 
efficiency of gene mechanisms, we compared the abun-
dances of gene expression and SNP variations in the 
3’-UTR regions of the two candidate regions between 
the two parental lines and found the Arahy.04JNDX gene 
associated with qRMSPA09.2, which encodes a MYB TF. 
Arahy.04JNDX is highly expressed in the multiple-pod-
number cultivar SLH, probably owing to an SNP in its 
3’-UTR region. This indicates that it could serve as a reli-
able candidate gene for the RMSP-agronomic characters. 
We will consider incorporating the dQTG-seq method 
in future studies to further validate and expand upon 
our results [52]. Thus, we hypothesize that the candidate 
interval identified in this study may facilitate this type 
of research and eventually lead to variation in the seed 
number. Further studies are merited to verify the func-
tion of this candidate interval.

Candidate genes analysis to control the RMSP in peanut
Seed number is a critical factor in plant growth that 
influences ovule development, pollen germination and 
architectural formation. Candidate genes are involved in 
the brassinosteroid signaling pathways. Numerous TFs, 
including NAC [53], SPL [54], bHLH [55], and MYB [56] 
and protein kinases, play a significant role in regulating 
seed number [57]. The MYB gene family is one of the 
largest gene families in plants that participates in stress 
resistance, responds to brassinosteroid signals and regu-
lates seed development. For instance, MORE FLORET1, 
a MYB TF, regulates the development of spikelets in rice 
(Oryza sativa L.) [58]. This study identified 12 candidate 
genes related to the major QTL qRMSPA09, including 
two uncharacterized genes with missense variant SNPs in 
their coding sequences and 10 DEGs during flower devel-
opment. Among these DEGs, Arahy.04JNDX was anno-
tated to encode MYB TFs and thus, has emerged as a key 
candidate.

The level of expression of Arahy.04JNDX in SLH was 
higher than that in JNH3 during the stage of flower 
development, which suggests that Arahy.04JNDX is 
responsible for seed number in peanuts. Furthermore, 

Fig. 5  Venn diagram of the rate of multiple pods per plant differentially 
expressed RMSP genes and varieties in BC1F3-L2 and BC1F3-L4 in the four 
comparison groups
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the high level of expression of AhMYB51 was consistently 
maintained in the flowers, which indicates its potential 
role in pollen activity. This substantially facilitates the 
mapping of specific QTL loci. Overexpression of the 
AhMYB51 gene increased the silique length in trans-
genic A. thaliana and resulted in compact plants. There-
fore, AhMYB51 could possibly affect floral development 
through the brassinosteroid pathway. However, there is a 
need to validate the genes through yeast heterozygosity, 
gene editing, and subcellular localization.

Conclusions
In this study, the secondary population constructed by 
the cross between line R45 and the parent JNH3 was used 
to fine map the RMSP of peanut, and the QTL interval 
length was narrowed from 2.3  Mb and 5.2  Mb to 400 
Kb and 600 Kb, respectively. Based on bulked segre-
gant analysis sequencing and multi-omics approaches, 
12 DEGs were identified as candidate genes, including 
three genes with unknown functions and nine genes with 
known functions. AhMYB51 was found to regulate the 

Fig. 6  Identification of the candidate genes by RNA-seq, variation analysis, and co-expression. (a) The candidate gene was identified by merging poly-
morphic loci and differentially expressed genes between SLH and JNH3 analysis. (b) The differences in the SNPs of the Arahy.04JNDX-MYB51 in two and 
multiple kernels of pods
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length of A. thaliana siliques and seed number and was 
shown to influence the increased seed number per pod 
(RMSP) in peanuts.

Fig. 8  Relative expression, silique length (SL) and seed number per silique (SNS) of Col-0, OE-1, OE-2, and OE-3. (a) The relative expression of AhMYB51 in 
the wild type, OE-1, OE-2, and OE-3Arabidopsis thaliana. (b) The SL of Col-0, OE-1,OE-2 and OE-3. (c) The SNS of Col-0,OE-1,OE-2 and OE-3. Error bars (n = 3) 
represent the SD, while lowercase letters above the bars indicate significant differences (α = 0.05, LSD) among the treatments

 

Fig. 7  Quantitative real-time PCR analysis of AhMYB51 gene in the extreme flowers (a) and peg (b) of JNH3, BC1F3-L2, BC1F4-L2, SLH, R45, BC1F3-L4 and 
BC1F4-L4. Error bars (n = 3) represent the standard error, while lowercase letters above the bars indicate significant differences (α = 0.05, LSD)
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