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Abstract

Background Peanuts are important oil crop with an atypical fruitification pattern. Darkness and mechanical
stimulation are required to facilitate normal pod development. Despite some progress in understanding peanut
pod development and its response to external environmental stimulation, numerous unresolved questions and
knowledge gaps remain regarding the role of darkness and mechanical stimulation in this complex process.

Results In this study, we investigated the impacts of dark and mechanical stimulation on peanut pod development
via transcriptome. A total of 55,087 genes, along with a series of DEGs and pathways, were identified among

different treatment groups (CK, TB, TML, and TMB) that play crucial roles and offer a novel perspective on the role

of photosynthesis during peanut pod development. Moreover, by utilizing weighted gene coexpression network
analysis (WGCNA) we identified several hub genes (e.g., IAA9 (Ahy_B07g086610), BSK5 (Ahy_B03g068305), GRF7 (Ahy._
B10g103808), and PER17 (Ahy_B10g105104)) and key pathways (e.g., plant hormonal and signal transduction pathway,
and lignin biosynthesis pathway) that might be true candidates for peanut pod development. Further, the expression
patterns of key candidates were validated via gRT-PCR during different pod development stages.

Conclusions Overall, this study provides a comprehensive characterization of the mechanisms underlying peanut
pod development in response to darkness and mechanical stimulation. These findings lay a foundation for exploring
optimized growth conditions for peanut cultivation, while the identified key genes may serve as potential targets in
future peanut breeding programs.
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Introduction

Cultivated peanut (Arachis hypogaea L.) is among the
most important leguminous crops. By 2022, the global
total acreage of cultivated peanuts has reached 30.5 mil-
lion ha with an annual production of 54.2 million tons
(FAO: https://www.fao.org/home/en). Peanut was succ
essfully bred for intensive cultivation ~ 6,000 years ago
in South America and is now a global crop cultivated
across 100 countries as an essential source of vegetable
oil and protein [1, 2]. Compared to other angiosperms,
Peanuts exhibit a distinctive reproductive feature known
as"geocarpy,"which develops aerial flowers followed by
subterranean pods [3]. After fertilization, the activation
of intercalary meristem at the base of the ovary leads to
the development of a gynophore (peg), which extends to
the soil in a positive geotropic manner [4, 5]. After the
peg enters the soil, embryo growth and differentiation are
resumed, and a seed is produced and begins the matura-
tion process [6]. On the other hand, pegs that failed to
penetrate soil became green and lignified pegs that arrest
in development [7]. The atypical fructification pattern
sets peanuts hold great value for studying organogenesis
and evolution and has piqued the interest of researchers
[8].

Previous studies have highlighted the role of physi-
ological and environmental factors that influence peanut
subterranean fruiting traits. The normal development of
peanut pods is believed to be regulated by various plant
hormones, including auxin, gibberellin, and ABA, and
gynophore elongation was stimulated by a combination
of IAA and gibberellin [9-11]. These plant hormones
undergo dynamic changes at different growth stages
under genetic and environmental factors, leading to phe-
notypic variation [12-14]. For example, light has been
reported to promote the elongation of peanut pegs, and
overexposure could, in turn, restrict peanut reproductive
development by reducing flower and fruit formation [15,
16]. In contrast, darkness is a necessary factor in induc-
ing fruit formation [10]. Following peg penetration into
the soil, fruit expansion commences, accompanied by the
cessation of peg elongation. Darkness triggers an irre-
versible arrest of cell division in the intercalary meristem,
and manipulation of light-dark conditions can com-
pletely control fruit development [17].

On the other hand, when the peg enters the soil, the
mechanical stimulation from the soil on the peg influ-
ences its development. The peg tip can respond to exter-
nal mechanical stimulations, and daily finger touching
on the peg tip was reported to induce fruit development
and formation [10]. These studies have shed light on the
influence of key factors such as darkness and mechanical
stimulation on peanut subterranean fruit development.
However, this process's specific molecular mechanisms
are not yet fully understood.
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Studies based on transcriptomics, proteomics, and
metabolomics have provided insights into the molecular
changes during underground peanut pod development
[18-20]. Several studies have revealed that successful pod
development in peanuts involves multi-level regulation,
including various hormones, gene expression, and signal
transduction pathways. After penetration into the soil,
the transcriptional level of a large number of genes in
gynophore changed significantly, including genes encod-
ing key enzymes for hormone metabolism, photosynthe-
sis, light signaling, cell division and growth, carbon and
nitrogen metabolism, as well as genes involved in stress
responses [18]. During pod development, Multiple gene
sets in the pod wall were enriched for response to various
stimulations, including gravity, light, and subterranean
environmental factors, suggesting their potential involve-
ment in geocarpy [8, 21].

Furthermore, several studies have attempted to elu-
cidate how key factors, such as darkness and mechani-
cal stimulation, influence peanut pod development. In
aerial pods that lacked darkness and mechanical stim-
ulation, there was a significant increase in IAA con-
tent, indicating its potential as a crucial factor leading
to pod abortion [22]. Transcriptome-based analysis
revealed that differentially expressed transcripts were
mainly involved in pathways related to photosynthesis,
plant-pathogen interaction, DNA replication, and cir-
cadian rhythm [23, 24]. The dynamic changes of differ-
entially expressed transcripts in seed and shell found
a pronounced enrichment of photosynthetic genes in
both the aerial pod and the developing pod under dark
conditions [5]. Several genes, including phytochrome
A (Phy A), auxin response factor 9 (IAA9), and two
senescence-associated genes, have been suggested to
be associated with peanut pod abortion [23, 24]. Com-
parative studies revealed that proteins with different
abundance in pods subjected to varying treatments of
darkness and mechanical stimulation involved many
pathways such as photosynthesis, stress and defense,
protein degradation, and lignin synthesis [7, 19].

While previous studies have significantly advanced our
understanding of darkness and mechanical stimulation in
peanut pod development, these prior investigations still
exhibit methodological constraints. Specifically, most
existing research could only assess the combined effects
of darkness and mechanical stress but failed to isolate
individual factors (e.g., technical challenges in maintain-
ing adequate light exposure during sustained mechanical
stimulation). Consequently, existing research has yet to
clearly delineate the independent impacts of darkness/
mechanical stimuli or their synergistic interactions dur-
ing subterranean pod development.

In this study, to bridge this gap and elucidate the roles
of darkness and mechanical stimulation in peanut pod
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development, we designed an experiment simulating
both individual and combined effects of these stimuli.
By applying comparative transcriptome analysis, we sys-
tematically identified treatment-specific differentially
expressed genes (DEGs) and their associated pathways.
Furthermore, through weighted gene co-expression net-
work analysis (WGCNA), we identified several gene
modules and hub genes that played pivotal roles in pea-
nut pod development and explored their expression
dynamics during different pod development stages. Our
findings provide valuable insights into the mechanisms
underlying peanut pod development.

Materials and methods

Dark and mechanical stimulation treatments and sample
collection

In our study, the peanut cultivar'Yueyou43'was selected
as the experimental material. As an erect-plant-type
peanut cultivar with high yield (~ 4.5 t/ha), it ensured
the availability of sufficient gynophores at synchronized
developmental stages for experimental sampling. More-
over, as a widely cultivated variety in southern China,
it has demonstrated strong adaptability to the environ-
mental conditions of our experimental station in Guang-
dong province. On the eighth day after flowering (DAF),
each of the selected elongating aerial pegs was stuck
into glass tubes for further development. The pegs were
then divided into four groups: 1) CK group (No dark or
mechanical stimulation, the control group): pegs grown
in transparent tubes with no dark or mechanical stimu-
lation; 2) TB group (Dark stimulation only): tubes were
wrapped with tinfoil to ensure complete darkness dur-
ing the development of pegs; 3) TML group (Mechani-
cal stimulation only): transparent tubes were filled with
transparent glass beads, which allowed the adequate
mechanical stimulation to the pegs without interfering
the illumination; 4) TMB group (Dark and mechanical
stimulation): tinfoil-wrapped tubes filled with transpar-
ent glass beads, which ensured both dark and mechanical
stimulation. Each tube was sealed with polyethylene film
to prevent rainwater. For each treatment, three biologi-
cal replicates were performed. After growing for twenty
days, a peg from each tube was collected for further
analysis. Peanut plants used for the current research were
grown in the spring (March- July 2022) at the experi-
mental station of Guangdong Academy of Agricultural
Sciences.

RNA extraction and Illlumina sequencing

Total RNA was extracted from each peanut pod sample
using the TRIzol reagent (Invitrogen) following the man-
ufacturer's instructions. Extracted RNAs were purified
using RNase-free DNase I (Qiagen) to remove residual
genomic DNA. Ribosomal RNA was removed using the
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Ribo-Zero rRNA Removal Kit (Illumina). The quality
and quantity of the extracted RNA were assessed using a
NanoDrop spectrophotometer (Thermo Fisher Scientific)
and agarose gel electrophoresis. Only high-quality RNA
samples (A260/A280 ratio of 1.8-2.2, OD260/230 >2.0,
RIN >6.5, 285:18S >1.0) were used for further analyses.
Sequencing libraries were generated using the NEBNext
Ultra Directional RNA Library Prep Kit (New England
Biolabs) following the manufacturer's protocol. The
libraries were quantified using a Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific) and assessed for quality
using a Bioanalyzer 2100 system (Agilent Technologies).
Finally, the libraries were pooled in equimolar ratios and
sequenced on an Illumina HiSeq4000 platform with 150
bp paired-end reads.

Transcriptome assembly and annotation

Our study followed a standard pipeline to analysis RNA-
seq data with replicates [25]. Raw sequencing reads
were quality-checked using FastQC (version 0.19.3) and
trimmed of adapters and low-quality bases using Trim-
momatic (version 0.39) [26]. Clean reads were aligned
to the reference peanut genome of Arachis hypogaea
cv. Fuhuasheng (https://www.ncbi.nlm.nih.gov/data-h
ub/genome/GCA_004170445.1) using HISAT2 (versio
n 2.2.1) with default parameters [27]. The hierarchical
indexing scheme of HISAT?2 allows efficient and splice-
aware alignment of sequencing reads, which was proved
useful in RNA-seq analysis [28]. The mapped reads
were then subjected to StringTie (version 2.1.5), which
applies network streaming algorithms to assemble and
quantitate full-length transcripts (version 2.1.5) [29].
Novel genes were identified by comparing with refer-
ence transcript using GffCompare [30] (class code other
than"{","u", or"x"). The combined annotation (novel genes
+known genes) was then applied for further analysis. We
extracted each gene's sequence to annotate the annotated
genes'function. We utilized the DIAMOND software to
compare them with various databases, including KEGG,
GO, NR, Swiss-Prot, TrEMBL, and KOG, using an
E-value threshold of 1e-5 [31]. Additionally, we employed
iTAK, which integrates PINTFDB and PlantTFDB, to pre-
dict plant transcription factors [32—34].

Differential expression analysis and WGCNA analysis

The FPKM (Fragments Per Kilobase of transcript per
Million fragments mapped) values were extracted using
featureCounts (version 2.0.1) and utilized to measure
the expression levels of each gene [35]. Pearson's cor-
relation coefficient was employed to assess the pairwise
correlation of expression profile between samples. The
expression matrix was imported into R (version 4.1.0) for
differential gene expression analysis using the DESeq2
package (version 1.32.0). DESeq2 employs a negative
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binomial distribution model, estimates dispersion and
fold change with data-driven prior distributions, thereby
ensuring more accurate results in differential expres-
sion analysis [36]. Genes with an adjusted p-value <0.05
and a log2 fold change >|1| were considered differen-
tially expressed. These genes were further selected for
hypergeometric test-based GO and KEGG enrichment
analysis (GO and KEGG) using the clusterProfiler pack-
age (version 4.0.5) in R [37]. The co-expression network
was constructed using the R package Weighted Gene
Co-expression Network Analysis (WGCNA) version
1.72-5 [38]. By using WGCNA we are able to construct
a scale-free co-expression network and identifies coor-
dinated gene expression patterns from large scale data.
Initially, genes were filtered to exclude those with low
expression and low variability between samples. Spe-
cifically, genes were required to have a median absolute
deviation (MAD) of no less than two and an FPKM (Frag-
ments Per Kilobase of transcript per Million mapped
reads) value above 10 in at least 25% of the samples. The
network modules were generated using the topological
overlap measure (TOM) [39]. The function blockwise-
Modules was applied to build the network. Highly cor-
related genes were grouped into modules using average
linkage hierarchical clustering, and the minimum size of
each module was set to 50. The DynamicTreeCut algo-
rithm was employed to detect co-expression modules,
with MergeCutHeight set to 0.15 used to merge modules
exhibiting a similarity of 0.75.

For each module, the eigengene was computed using
the moduleEigengenes function and subsequently uti-
lized to identify potential relationships with each group.
The eigengene-based connectivity value kME and the
KkME P-values were calculated to infer modular member-
ship. The module eigengene (ME) value was calculated
for each module to test the association with phenotype.
Mechanical stimulation and darkness were not consid-
ered quantitative traits, so they were dichotomized as
either present (1) or absent (0). Hub genes for each mod-
ule were selected using the R package dhga (version 0.1),
which is based on the assumption that genes that rank
high in connectivity tend to play a more significant role
and thus are selected as hub genes [40]. Furthermore, we
visualized the coexpression networks of the hub genes
from each module and their associated genes to inves-
tigate the functional relationships within and between
modules.

cDNA synthesis and quantitative real-time PCR

The expression of selected genes was validated using
quantitative real-time polymerase chain reaction
(qRT-PCR) to confirm their significance. Total RNA
was reverse transcribed into cDNA using the Prime-
Script RT reagent Kit with gDNA Eraser (Takara Bio).
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Gene-specific primers were designed using Primer3
(version 2.3.7) and synthesized by a commercial vendor
(Supplementary Table S1). qRT-PCR was performed on
a StepOnePlus Real-Time PCR System (Applied Biosys-
tems) using the TB Green Premix Ex Taq II (Tli RNaseH
Plus) kit (Takara Bio). The 2*(-AACt) method was used to
calculate relative gene expression levels, with the actin-Z
gene as the reference gene for normalization. Each mea-
surement was made with three biological replicates and
data histograms with means + SE.

Statistical analysis and visualization

All statistical analyses were performed using R (version
4.1.0). Data were expressed as mean *standard deviation
(SD) of three biological replicates. Student's t-test was
used to determine significant differences among groups
at a significance level of p< 0.05. The weighted gene
expression network was visualized by Cytoscape [41].

Results

Phenotypic variations after mechanical stimulation

In the current experiment, the control group (CK) dis-
played a characteristic aborted phenotype character-
ized by the absence of swelling at the tip of the peg. In
contrast, the TB group, where tubes were wrapped with
tinfoil to ensure complete darkness during peg devel-
opment, and the TML group, where transparent tubes
filled with transparent glass beads provided adequate
mechanical stimulation without interfering with illumi-
nation, both exhibited an aborted phenotype with a slight
increase in peg diameter. The TMB group, which used
tinfoil-wrapped tubes filled with transparent glass beads
to ensure darkness and mechanical stimulation, demon-
strated the most pronounced swelling. Both the TB and
TMB groups exhibited albino phenotypes due to the
lack of light, and all aborted pods showed lignification
(Fig. 1A-B).

Transcriptome profiling in response to dark and
mechanical stimulation

A total of 55,087 genes, including 9,758 novel genes, were
identified in our study (Supplementary Table S2). Sam-
ple correlation and PCA analyses revealed strong intra-
group similarity, with the most pronounced inter-group
divergence observed between CK and TMB (0.71-0.74),
followed by CK vs. TB (0.84-0.87) and TML vs. TMB
(0.84-0.87) (Fig. 1C-D). Differential expression analy-
sis demonstrated treatment-specific responses, with the
CK-TMB comparison showing the most differentially
expressed genes (DEGs) (7,143), followed by TML-TMB
(4,664) and CK-TML (2,288) (Fig. 1E, Supplementary
Table S3). Thirty-two core DEGs were consistently regu-
lated across all comparisons (Fig. 1F), potentially serving
as universal regulators of pod development under dark
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Fig. 1 Experimental design, phenotypes, and transcriptomic landscape across four groups. A Different treatments are available in the four groups: CK (No
dark or mechanical stimulation), TB (Dark stimulation only), TML (Mechanical stimulation only), and TMB (Dark and mechanical stimulation). B Develop-
ment of pegs under the four treatment groups. C Pairwise correlation among samples. D Principal Component Analysis (PCA) plot based on the expres-
sion matrix of samples. E Bar plot illustrating the number of differentially expressed genes and the count of upregulated/downregulated genes between
each group. F Venn diagram depicting the overlap of differentially expressed genes among the groups and the core genes. G Heatmap displaying the

clustering of differentially expressed genes across the groups

and mechanical stimuli. Hierarchically clustering further
confirmed the high similarity between TB and TMB, as
well as between CK and TML (Fig. 1G).

Primary- and secondary- gene sets in response to darkness
To further investigate the synergistic effects of dark condi-
tions and mechanical stimulation on peanut pod develop-
ment, we conducted additional analysis on the differentially
expressed genes (DEG) among all the groups. We defined
the intersection of DEGs between CK vs. TMB, CK vs. TB,
and TML vs. TMB as DRG1 (dark responsive gene set 1)
(Fig. 2A). The subset of DEGs was shared across all compar-
isons between dark and non-dark conditions, irrespective
of whether the peg followed the proper developmental tra-
jectory towards a typically developed pod. Additionally, we
selected genes belonging to the CK vs. TMB and TML vs.
TMB DEG groups but not included in the CK vs. TB com-
parison, defining them as DRG2 (dark responsive gene set
2) (Fig. 2A). These genes also exhibited a response to dark
stimulation but were explicitly associated with successfully
enlarged pods.

We identified 1,341 DRG1 (14.8% of all compared DEGs
from CK vs. TMB, CK vs. TB, and TML vs. TMB) genes,
which consist of 336 upregulated genes and 987 downregu-
lated genes in response to dark stimulation, respectively.
For DRG2, 2,215 (24.4%) genes were identified, including
1,306 upregulated and 915 downregulated genes (Fig. 2B).

Subsequent enrichment analysis revealed that DRG1 was
significantly enriched in GO terms primarily associated
with photosynthesis, with the top five enriched terms being
photosystem II, photosystem I, photosynthesis, light reac-
tion, and thylakoid lumen (Fig. 2C) (Supplementary Table
S4). The top five enriched KEGG terms for DRG1 were
photosynthesis, carbon metabolism, plant hormone sig-
nal transduction, glyoxylate metabolism, and phenylpro-
panoid biosynthesis (Fig. 2D) (Supplementary Table S4). In
contrast, the pathway enrichment results for DRG2 were
significantly different from DRG1. The top five enriched
GO terms for DRG2 were nuclear division, the anchored
component of the plasma membrane, regulation of the
cell cycle process, mitotic nuclear division, and mitotic cell
cycle phase transition (Fig. 2E) (Supplementary Table S4).
Furthermore, the top five enriched KEGG terms for DRG2
were plant hormone signal transduction, MAPK signaling
pathway, plant-pathogen interaction, DNA replication, and
phenylpropanoid biosynthesis (Fig. 2F) (Supplementary
Table S4).

Primary- and secondary-responsive gene sets to
mechanical stimuli

Following a similar approach to the definition of DRG1
and DRG2, we categorized the DEG dataset into two
main groups, MSRG1 and MSRG2. MSRGL included the
DEGs shared between CK vs. TMB, CK vs. TML, and
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TB vs. TMB, while MSRG2 consisted of DEGs belonging
to both CK vs. TMB and TB vs. TMB but not included
in the CK vs. TML comparison (Fig. 3A). The rationale
behind this categorization was that MSRG1 represented
the DEGs differentially expressed between all mechani-
cal and non-mechanical stimuli, regardless of whether
the peg underwent enlargement and development. In
contrast, MSRG2 precisely captured the genes associated
with peg enlargement and development in response to
mechanical stimulation.

Seven hundred forty-nine genes (8.7%) were identified as
belonging to MSRG], including 148 upregulated genes and
546 downregulated genes (Fig. 3B). GO pathway enrichment
analysis revealed that MSRG1 was primarily enriched in the
following five pathways: flavonoid biosynthetic process,
flavonoid metabolic process, response to chitin, O-methyl
transferase activity, and xenobiotic transmembrane trans-
porter activity (Fig. 3C) (Supplementary Table S5). KEGG
pathway enrichment analysis showed that MSRG1 was
mainly enriched in the following pathways: Biosynthesis
of secondary metabolites, Phenylpropanoid biosynthesis,

Plant-pathogen interaction, Plant hormone signal trans-
duction, and MAPK signaling pathway (Fig. 3D) (Supple-
mentary Table S5). On the other hand, 1,958 genes (22.8%)
were identified as belonging to MSRG2, including 1,256
upregulated genes and 695 downregulated genes (Fig. 3B).
The major enriched GO terms for MSRG2 included micro-
tubule binding, tubulin binding, nuclear division, anchored
component of the plasma membrane, and microtubule
motor activity (Fig. 3E) (Supplementary Table S5). The
main enriched KEGG pathways for MSRG2 included Plant
hormone signal transduction, Plant-pathogen interaction,
MAPK signaling pathway, Phenylpropanoid biosynthesis,
and DNA replication (Fig. 3F) (Supplementary Table S5).

Activation of hormonal signal transduction in response to
dark and mechanical stimulation

Plant hormones have been widely reported to be involved
in the multi-level regulation of plant responses to stresses,
growth, and development. In this study, to elucidate the
expression changes of hormone-regulated pathway genes
in peanut pegs in response to darkness and mechanical
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stimulation, we selected differentially expressed genes
(DEGs) between different groups. We compared them with
previously reported genes involved in plant signal transduc-
tion. Heatmap analysis was used to display the expression
trends of DEGs across different groups (Fig. 4). Results from
the auxin pathway showed a general upregulation of ARF
(Auxin Response Factor) genes in peanut pegs under dark
stimulation. Three IAA9 genes (Ahy_A03g011227, Ahy_
A07g033338, and Ahy_A08g038618) exhibited significant
upregulation in samples subjected to dark stimulation. In
the Jasmonic acid signaling pathway, we observed significant
expression changes in several differentially expressed genes
(DEGs). Among them, the JAZ (Jasmonate ZIM-domain)
genes (Ahy_B01g056302 and Ahy_A01g000588), the central
repressors in the jasmonic acid signaling cascade, exhibited
a significant upregulation trend in the TMB group, contrast-
ing with its relatively lower expression in the CK and TML
groups. Additionally, the MYC2 genes showed a significant
upregulation in the TMB group. These results suggest that
the jasmonic acid signaling pathway genes undergo sig-
nificant expression regulation in peanut pegs responding
to darkness and mechanical stimulation. Moreover, the

brassinosteroid (BR) signaling pathway also showed expres-
sion changes in some differentially expressed genes (DEGs).
In the dark and mechanical stimulation samples, several
BR synthesis-related genes exhibited a significant upregu-
lation trend, while they were relatively lower in the other
three groups. These genes include six BRI1 (Brassinosteroid
Insensitive 1) genes (Ahy_A02g006564, Ahy_B02g061362,
Ahy_B01g053256, Ahy_A03g015928, Ahy_B03g067395,
and Ahy_B05g079759), two BSK (Brassinosteroid-Signaling
Kinases) genes (Ahy_B03g068305, and Ahy_A03g016701),
and two CYCD3 genes (Ahy_B06g085978, and Ahy_
A06g030901). In comparison, the expression levels of
four TCH4 genes (Ahy_A01g001492, Ahy_B01g054999,
Ahy B03g065721, and Ahy A01g001599) were consis-
tently higher in the control group (CK) compared to the
other groups, with the TMB group exhibiting the lowest
expression across all treatments. These findings suggest
that the brassinosteroid signaling pathway may play a cru-
cial regulatory role in peanut pod development under dark
and mechanical stimulation, potentially modulating this
response through mechanisms that promote cell division
rather than elongation.
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Expression patterns of genes linked to the biosynthesis of

lignin in peanut pods in response to dark and mechanical

stimulation

Lignin is one of the main components of peanut shells,
which serve as a protective organ to ensure the normal
development of seeds and directly influence the size of the
pod [42]. According to the enrichment analysis of differen-
tially expressed genes, genes associated with light and dark
stimulation were enriched in the phenylpropanoid biosyn-

peanut pod development and enlargement. The products

of this pathway, monolignols, undergo oxidative polym-

thesis (ko00940) pathway, indicating its significant role in

erization reactions to form lignins, catalyzed by enzymes
such as phenylalanine ammonia-lyase (PAL), cinnamic acid
4-hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), cin-
namoyl-CoA reductase (CCR), cinnamyl alcohol dehydro-
genase (CAD), ferulic acid 5-hydroxylase (F5H), and caffeic
acid O-methyltransferase (COMT). Lignin is crucial in plant
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growth and development, particularly in forming and ligni-
fying secondary cell walls.

Current results indicated a significant enrichment of
differentially expressed genes in the phenylpropanoid
biosynthesis pathway among the four groups (Fig. 5).
PAL, CCR, CAD, F5H, and COMT genes showed consis-
tent trends, with generally lower expression levels in the
TMB group, suggesting downregulation of genes involved
in lignin synthesis as peanut pods experience darkness
and mechanical stimulation. Among them, the PAL gene
exhibited significantly higher expression in the CK and
TB groups than in the TML and TMB groups, indicating
its potential response to mechanical stimulation.

Weighted gene co-expression network analysis revealed
the hub genes linked to peanut pod development

A co-expression network was constructed using 9248
differentially expressed genes. This study chose the soft-
threshold power (B) of 19 to ensure a scale-free net-
work. Based on average linkage hierarchical clustering,
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17 modules were identified (Fig. 6A, B) (Supplementary
Figure S1) (Supplementary Table S6). Among these, three
modules—blue, magenta, and green-yellow—showed
significant correlations with specific experimental condi-
tions, highlighting their biological relevance.

The blue module (1112 genes) exhibited the strongest
positive correlation with the TMB group, as well as the
highest proportion of upregulated DRG2 and MSRG2
genes, indicating its activation in response to darkness
combined with mechanical stimulation (Fig. 6B, C, D).
The magenta module (351 genes) also showed a strong
positive correlation with TMB (Fig. 6B, E, F). In contrast,
the green-yellow module (275 genes) displayed the high-
est negative correlation with the TMB group, suggesting
its suppression under the same conditions (Fig. 6B, G, H).

For treatments involving single stimuli, the red mod-
ule (449 genes) correlated most positively with the TML
group, while the green module (594 genes) had the high-
est positive correlation with the TM group, indicating

=

CK TB TMLTMB
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Ahy_A01g003653
Ahy_B01g052770

Ahy_B05g079250
Ahy_A01g004781 Ahy_A01g003648
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v v

5-OH Feruloyl CoA = Sinapoyl CoA

CCR CCR

v v

CAD CAD

PER

S-Lignin

Fig. 5 Differentially expressed genes in phenylpropanoid biosynthesis pathway. Only DEGs with FPKM values greater than 10 in at least one sample are
shown. Each row of the heatmap represent one DEG. The four boxes of each row represent CK, TB, TML, and TMB group, respectively. The color scale indi-
cated low (blue) and high expression (red). The gene expression values for each group were the average of three replicated and were z-score normalized

among four groups
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their specific activation under darkness or mechanical
stimulation alone (Fig. 6B).

We identified the top 25 hub genes from the blue,
magenta, and green-yellow modules (Fig. 7A-C). These
three modules all demonstrate a significant correlation
between module membership and gene significance,
while also showing close interconnections among the
modules (Fig. 7D, Supplementary Figure S2). In the blue
module, we observed several genes associated with plant
hormone pathways, such as the JAA9 (Ahy_B07g086610),
BSKS (Ahy_B03g068305), and MYC2 (Ahy_B02g057278)
(Fig. 7A). IAA9 encodes the Auxin-responsive pro-
tein IAA9, which plays a pivotal role in auxin-mediated
growth and development processes. BSKS5, encoding

BR-signaling kinase 5, is involved in brassinosteroid sig-
naling, a pathway essential for promoting plant growth
and development. Meanwhile, MYC2 encodes a tran-
scription factor that regulates jasmonic acid signaling,
a crucial mechanism for plant defense responses and
developmental regulation. Notably, all these genes exhib-
ited significantly higher expression levels in the TMB
group, highlighting their potential roles in the observed
phenotypic responses (Fig. 8). In addition, the hub
gene network also revealed two expansin genes, EXPA6
(Ahy_A03g016738) and EXPA8 (Ahy_B10g104132), and a
phenylpropanoid biosynthesis-related gene, PER17 (Ahy_
B10g105104). These genes showed lower expression lev-
els in the non-swollen development group, suggesting



Huang et al. BMC Plant Biology (2025) 25:806

A

Ahy_A05g025475
Ahy_A SMMP

§034899

Ahy_BQ7g088868

Page 11 of 18

Ahy_?o1g05| 712
MTEFE™— any_B06g081433
GT

Ahy_A06g(

hy_ 3
e NLTP2 \ Ahy_BO4g06¢
E B
Any_B10g106029 |~ Any_Bosguot5
A 702 SMT1 Any AQ7g0az4627 Hot A angoesses

novel.5008 AV
ﬁ 9651

RNHX1
Any_8099097100 | | 4y Ammggﬁ Ahy.. Amquo1540
[n) SCP50
Any_BO1g056114 i = ' Ahy_A02g008215
UPLS, 1 \
o i I Ahy-B04g069733
y.cm : Ahy_A09g042424 GUN25
SBT13 Ahy-B07g088029
Ahy_A049020643 ATL66
CESA4 Ahy_A03g015443
PHO34
Any_B04g070160 # Any_B05g077787

cm2 Ahy_t Bos‘nuous RS

D . WRK24 ..
BH162 S5 "
TCT2 \ivB14 RS27A % .*BRM.
AGL9
BT1 KNAP3 = U2AFB
W é—\PRR p HAT4 APZBLI_” 2AF
APRRT - WRKY6 e PUBZ3. i * 2ATs
S AZF1 ‘cog BHO094  ERF25 Ry ..
JMJ30 e FRS5 o DBEZA ijm”
CoL4 * EFap couts  BExes wrkea 20 . eMY@H a2
KELP AZF1 ° EF106 e MY@Z ® o ;’ ‘56 o ® ATB12
FRS4 s WRK56 ; - el ..
BH093 WY % zé«ﬂs. > 0108
NAcs1  COLS . f:,mlz' T
RAP27 B 'BHessa :
PCL1 A CIA2 o 852 ZWRQSS“ V:IREKZ 5
THM1B APRR2 vig e @ © o ¢ % s(;”3;,511@
CIGR1 . RN Rl 2 5
& . erped “ 4DB1-*
ANT APRR7 . oote . ERF9S
X WRK11 - « ° ¢ S AAE1 k.
PHLB  PRR73
TCP8 P LBD41 NFYB2
APRR5 . NAGE  sclt iz .. £2¥
BH093 e . : ‘oo ’ IMZ? % ;U!p * M$4 SF:L14 o TF:
' WRK40 * 1ipg- ERETT. *°  opy iy s
sTepy * IDP7 ade. . 3. 1:@8&1994 sites
coL13 an
APRR5 NA(:6HAT22 "WRM .« NF¥B2 piy7 o magenta
e 2 hellt et ety 26 ink
JA2L MYB61 R et ] 3.“23 AT AP ot
° ZHD 2900 °
L NTLY NOH1 py o7 T HMeL, ¢ f@sz. by CAT .15' ’ st
JA2L MYBOS _  IDB3 . yrepes e e SMERL. Fe s L8s." hary gl
NAP2 L onear. o . EF908 . -, MABSiLC ~BS'RL§ DOF34° -WOXE | beck
MYBO08 |AA8® AX22E , » AT‘15 ° Lw.’l.‘ :6&3&. .Bm14‘ :Hé1 turquoise
e . ARFC o= BEe ey e brown
e WA oNAE2 | Lane WRK30 e .K':‘* .Asu ,|M9‘...'T|nss {,WAS eyan
eo° ° . . ® RZ 'w4 . '14 ° greenyellow
oo 00 EWZG ERF80 e s iy 7 o grey
o ool '- . DRCLC- B C3H29 2 i o midnightblue
vy ce® Tee BzP29 o Biue
e E 26-" - o caH29 <. 9 . .
& * C3ki14 . NTL9 -s0k28°, ¢ [50554- MIF2 purple
W15 MYC2 lightcyan

* SUYHS "+ ‘. TIReB
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that their lack of activation may be a crucial factor con-
tributing to pod abortion (Fig. 8).

The hub genes in the magenta module include several
genes involved in key biological pathways (Fig. 7B). For
instance, ACA2 (novel.7084) encodes an ER-resident

protein influenced by calcium-dependent protein kinase,
potentially impacting calcium signaling and homeosta-
sis [43]. MYB61 (Ahy_B09g096201) encodes the tran-
scription factor that regulates cellulose synthesis, a
factor selected during rice domestication [44]. PME3
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Fig. 8 Expression dynamics of the selected hub genes in the three modules via gRT-PCR for their roles in peanut pod development. The X-axis on the
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replicates

(Ahy_B02g057814) is a major basic isoform of the PME
gene in A. thaliana, encoding a ubiquitously expressed
cell wall pectin methylesterase. PME3 knockout leads to
a distinct phenotype characterized by earlier germina-
tion and reduced root hair production [45]. Additionally,
this knockout results in downregulating pectin-degrad-
ing enzymes and enzymes involved in lipid and protein
metabolism in the hypocotyl of 4-day-old dark-grown
mutant seedlings [45, 46].

A GRF7 gene (Ahy_B10g103808) was identified at the
central position of the green-yellow module, encoding a
growth-regulating factor induced by BZRI and PIF4 to
repress chlorophyll biosynthesis and promote seedling
greening. The suppression of GRF7 could result in pro-
tochlorophyllide accumulation in the dark and severe
photobleaching upon light exposure (Fig. 7C). UPL5
(Ahy_B01g056114), another hub gene from the green-
yellow module, encodes a HECT-type ubiquitin ligase.
Studies have shown that /PL5 can ubiquitinate WRKYS53,

a key regulatory transcription factor of plant aging and
immunity, and is involved in pathogenic responses [47].

Expression patterns of candidate genes via qRT-PCR

To validate the precision and dependability of the RNA-
seq data, a set of nine key hub genes (gene with high
connectivity with other hub genes), including JAA9
(Ahy_B07g086610), Ahy_B03g068305 (BSKS), EXPA6
(Ahy_B03g068380), GRF7 (Ahy_B10g103808), ACA2
(novel.7084), UPLS (Ahy_B01g056114), MYB61 (Ahy_
B09g096201), PME3 (Ahy_B02g057814), and PERI17
(Ahy_B10g105104) was selected for qRT-PCR validation.
Consistent with those used for RNA-seq, three peanut
pods from each of the four groups were subjected to qRT-
PCR analysis. The expression patterns of these genes,
as detected by both RNA-seq and qRT-PCR, exhibited
remarkable concordance, with a significant correlation
coefficient of 0.81 observed between the two methodolo-
gies (Fig. 8) (Supplementary Figure S3). Interestingly, we
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observed that almost all the genes have higher expression
patterns, specifically in the TMB group.

Expression dynamics of key hub genes across the
development stages of peanut seeds/shells

Furthermore, we investigated the dynamic changes in
the expression patterns of key hub genes during peanut
pod development utilizing the previously published data
from our group [8]. The expression of key hub genes in
peanut seeds and shells at different stages from PO to P10
was explored (Fig. 9). The results revealed a general trend
of high expression during the early stages of expansion
(P2-P4), followed by a gradual decrease in expression
as maturity progressed. Interestingly, the expression of
IAA9 exhibited synchronous changes in both seeds and
shells during pod development and maturation. On the
other hand, BSK5, PER17, and PME3 exhibited higher
expression levels in shells than in seeds. However, we
also observed some unique expression patterns. For
instance, EXPA6 displayed a stable high expression in
shells (P2-P7), associated with its role in promoting fruit
shell expansion. The expression of GRF7 showed a rapid
decline in shells during pod growth and development,
while in seeds, it exhibited higher expression levels at the
later stages of development (P7-P10).

Ahy_B07g086610 (IAA9)

=3
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Ahy_B03g068305 (BSK5)
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Discussion

The unique reproductive mode of peanuts has long
attracted attention from researchers. The elucidation of
the molecular mechanisms underlying peanut pod devel-
opment and its response to external environmental stim-
ulations has been a significant focus of peanut research.
It serves as a key factor in enhancing future peanut pro-
duction and invaluable material for studying the diversity
of reproductive development. In our study, we conducted
transcriptomic analysis on peanut pods subjected to
treatment combinations of darkness and mechani-
cal stimulation to understand the mechanisms involved
in peanut pod development. Unlike conventional
approaches that employed aberrant gynophore develop-
ment (subterranean unswollen pegs and early swelling
pods) or daily clamping on the tip [19, 48], we utilized
transparent glass balls to treat the gynophore, thereby
enabling the simultaneous application of mechani-
cal stimulation while maintaining light exposure, and
thus facilitating the isolated investigation of peanut pod
responses to mechanical stimulation. Moreover, appar-
ent phenotypic differences were observed in response to
darkness and mechanical stimulation (Fig. 1A-B), sug-
gesting deeper insights into any molecular and genetic
regulation of pod development.
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So, we observed the most significant differences in
gene expression between the CK and TMB groups by
transcriptome profiling and differential expression analy-
sis. Notably, many of these differentially expressed genes
(DEGs) were not identified in other comparisons, sug-
gesting that the transcriptional profile of peanut pod
development underwent unique changes. We defined
these genes as DRG and MSRG according to the study
design, where DRG1/MSRG1 denotes DEGs universally
associated with darkness and mechanical stimulation,
and DRG2/MSRG2 represents DEGs that are not only
related to darkness and mechanical stimulation but also
correlated with peanut pod expansion.

Among these DEGs, we observed that DRG2 and
MSRG?2 were enriched in cell division and DNA replica-
tion-related GO terms, which was not observed in DRG1
and MSRGI1. This suggests that pod swelling results
from the coordinated action of darkness and mechani-
cal stimulation. Furthermore, our analysis revealed that
several pathways, including phenylpropanoid biosynthe-
sis, plant hormone signal transduction, plant-pathogen
interaction, and MAPK signaling pathway, were enriched
in both DRG and MSRG. When examining the expres-
sion trends, we found that DRG1/MSRGI1 genes tend
to exhibit negative modulation of gene expression, with
most differentially expressed genes (DEGs) displaying
decreased expression levels, whereas DRG2/MSRG2
genes exhibit positive modulation of gene expression,
with over half of the genes showing increased expression
levels. This suggests that the activation/inhibition of key
genes in these pathways may be crucial for peanut pod
development.

In this study, several pathways exhibited significant
activation or suppression in response to darkness and
mechanical stimulation (Fig. 4). For example, the auxin,
brassinosteroid, ethylene, and jasmonic acid signaling
pathways, which are well-established regulators of fruit
development in plants, were found to be involved in
peanut pod development [49-51]. Previous studies have
shown that peanut pod development is accompanied by
the regulation of a variety of hormones, including auxin,
gibberellic acid (GA), cytokinin, ethylene, and abscisic
acid (ABA) [3, 4, 11, 17, 52, 53]. Notably, the co-upreg-
ulation of auxin-responsive genes (e.g., ARF, IJAA9) and
brassinosteroid (BR) signaling genes (e.g., BRI, BSKS5,
CYCD3) suggests synergistic and interdependent inter-
actions between these pathways in the regulation of cell
division during peanut pod development. Such synergy
has been previously observed, as demonstrated by the
reduced sensitivity of auxin mutants iaa3 and arf6/arf8
to brassinosteroid for hypocotyl elongation compared
to wild-type plants [54]. Additionally, the jasmonic acid
pathway was also observed to be significantly activated
in the TMB group. Previous studies have demonstrated
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that its precursor is involved in proper seed development
[55]. Moreover, as a pathway that plays an important role
in plant responses to both biotic and abiotic stresses, the
activation of jasmonic acid signaling pathway may rep-
resent a unique adaptation mechanism for pod develop-
ment in soil environments.

Among these hormone pathway genes, multiple of
them played central roles in gene co-expression modules.
For example, JAA9 (Ahy_B07g086610) was identified as
a hub gene in the WGCNA analysis, with all four cop-
ies located in the blue module (Fig. 7A, D). This finding
aligns with previous reports that JAA9 is upregulated
upon gynophore penetration, suggesting its critical role
in peanut pod swelling [24]. BSKS (Ahy_B03g068305)
has been identified as a hub gene in the blue module and
is widely involved in the plant's immune response and
hypocotyl elongation [56]. A previous study revealed
that the promoter of BSK5 contains a G-box element 3.5
kb from ATG, which can bind multiple phytochrome-
interacting factors (PIFs), and the upregulation of BSK5
was required in the hypocotyl elongation of Arabidopsis
[57, 58]. Given the crucial roles of these genes and their
associated pathways in peanut pod development, spe-
cific activation of these genes or pathways may represent
promising agricultural targets for enhancing seed devel-
opment in peanut breeding.

In addition, upon exposure to darkness and mechani-
cal stimulation, many genes involved in the phenylpro-
panoid biosynthesis pathway were down-regulated in
gynophore, including phenylalanine ammonia-lyase
(PAL), cinnamoyl-CoA reductase (CCR), cinnamyl alco-
hol dehydrogenase (CAD), ferulic acid 5-hydroxylase
(F5H), and caffeic acid O-methyltransferase (COMT).
Lignin is a complex heterogeneous polymer derived
from three monolignols (pcoumaryl, coniferyl, and sina-
pyl alcohol) [42]. It provides rigidity and hydrophobicity
to plant cell walls, facilitates the transport of minerals
through the vascular bundles, and serves as a vital bar-
rier against pests and pathogens, thus playing a crucial
role in plant growth and development [59-63]. Phenyl-
propanoid biosynthesis (ko00940) has been reported as
the most critical pathway affecting pod development,
as the growth rate of pod size was negatively correlated
with p-coumaryl alcohol (the precursor of H-type lignin),
and peanut varieties with small pod showed significantly
less accumulation of p-coumaryl alcohol (H-lignin) [42].
However, whether early lignification contributes directly
to the abortion of peanut pods or is merely the byproduct
of a rewired metabolism network remains to be explored.

Significantly, a large proportion of genes within DRG1
were found within photosynthesis pathways (Fig. 2C, D),
consistent with previous studies. Previous comparative
analysis of aborted/early-staged pods to subterranean
ones revealed a large proportion of the metabolites/genes



Huang et al. BMC Plant Biology (2025) 25:806

Page 15 of 18

e . ) N
Peanut gynophore ' Distinct response gene sets J N 1
1 1
1
1
1 CAuxin signaling) CJA signaling> CBR signaling) :
1
1
1
CK ) 1 (Phenylpropanoid biosynthesis) DNA replacation) :
> 1 )
1
\ ) 1 CPIant—pathogen Interaction> CMAPK signaling) :
Ty = i
i (Isoflavonoid biosynthesis) ( . > !
® (s ' :
> 1 \_ J
~ ) 1 1
1
\ ) : (—[Hub genes from key modules] N 1
1
o e |
® [ - MR :
- ] |
> ’ 1 1
T 1
: IR ‘IHEIID “HIII' [
1 o 9 1
- 77 :
- . 1
\ J 1
N - K4
Dark and mechanical stimuli-responsive genes/pathways )
responsible for peanut pod development

Fig. 10 Schematic diagram summarizing dark and mechanical stimuli-responsive genes/pathways responsible for peanut pod development. Circled
capital letter D and M represent darkness and mechanical stimulation, respectively

are enriched in photosynthesis-related pathways, thereby
leading to the conclusion that these pathways play a cru-
cial role in peanut pod development [3, 7, 18, 22, 23].
In contrast to DRGI, the enrichment of photosynthesis
pathways was not observed in DRG2, and the albino phe-
notype caused by downgraded photosynthesis pathway
genes does not necessarily lead to the pods'swelling (see
group TB). Our results imply that the photosynthesis
pathway is not (at least directly) linked to peanut pod
development. Meanwhile, it is essential to acknowledge
the pivotal role of photoreceptor phytochromes (e.g.,
PHYA, CRY2, and CRY3) in the process of skotomor-
phogenesis, as the treatment of far-red and darkness can
induce pod development by suppressing peg elongation
[4, 5]. It is necessary to investigate further the roles of the
mechanisms by which these photoreceptors respond to
light signals and trigger downstream pathways related to
pod swelling.

Our study does have certain limitations. While our
glass tube system successfully mimicked the darkness
and mechanical stimulation in subterranean condi-
tions (Fig. 10), this controlled environment inherently
simplified natural soil complexity. Notably, the absence
of certain external factors, such as calcium, moisture,
and aeration—may have influenced signaling pathways
dependent on these factors [64, 65]. For instance, cal-
cium signaling, which plays a pivotal role in plant growth

and development processes, could be dysregulated with-
out natural soil mineral profiles [66]. To address these
limitations, future studies could consider incorporating
soil-derived solutions to better approximate in situ bio-
chemical interactions.

Nevertheless, this study provides valuable insights
into the intricate molecular mechanisms governing
peanut pod development, notably highlighting the
synergistic effects of darkness and mechanical stimu-
lation. These revelations offer valuable implications
for the advancement of peanut breeding strategies
and agricultural practices. By utilizing gene editing
tools such as CRISPR/Cas9 to target key pathways
and hub genes (e.g., IAA9, BSK5, GRF7, PER17), there
is potential in the future to mitigate gynophore abor-
tion in peanuts due to overexposure to light or the
lack of mechanical stimulation, consequently leading
to an increase in peanut yield. Further validations and
focused research efforts are crucial to translate these
discoveries into actionable strategies that could sub-
stantially benefit peanut production and agricultural
sustainability.

Conclusion

In this study, we simulated underground environ-
ments to investigate the effects of darkness and
mechanical stimulation on peanut pod development
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and characterized the transcriptome profiles of gyno-
phores under each treatment. Through comparative
transcriptomic analysis, we identified several hub
genes (e.g., IAA9 (Ahy_B07g086610), BSK5 (Ahy_
B03g068305), GRF7 (Ahy_B10g103808), and PER17
(Ahy_B10g105104)) and key pathways (e.g., plant hor-
mone signaling pathways and phenylpropanoid bio-
synthesis pathway) that play pivotal roles in peanut
pod development. Our comparative analysis offers a
novel perspective on the role of photosynthesis path-
way during peanut pod development. Moreover, we
identified three co-expression gene modules correlated
with peanut pod swelling, validated the expression of
hub genes, and explored their expression across differ-
ent peanut development stages. Our work highlights
the synergistic role of darkness and mechanical stimu-
lation and provides valuable insights into peanut pod
development mechanisms. These findings have sub-
stantial implications for future research and practical
applications. For example, functional validation of the
identified hub genes through gene editing approaches
(e.g., CRISPR/Cas9) will be useful to precisely deter-
mine their roles in pod development. From an applied
perspective, a deeper understanding of the interplay
between darkness and mechanical stimulation in pea-
nut pod development could provide valuable insights
for optimizing growth conditions, in controlled envi-
ronments and field settings. Furthermore, targeting
the identified hub genes in breeding programs offers
potential for developing cultivars with enhanced stress
tolerance and superior pod quality, improving peanut
farming productivity and sustainability, thereby con-
tributing to the improvement of productivity and sus-
tainability in peanut farming.
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