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Peanut is an oil crop with important economic value that is widely cultivated around
the world. It blooms on the ground but bears fruit underground. When the peg
penetrates the ground, it enters a dark environment, is subjected to mechanical
stress from the soil, and develops into a normal pod. When a newly developed pod
emerges from the soil, it turns green and stops growing. It has been reported that
both darkness and mechanical stress are necessary for normal pod development. In
this study, we investigated changes in gene expression during the reverse process
of peg penetration: developmental arrest caused by pod (Pattee 3 pods) excavation.
Bagging the aerial pods was used to simulate loss of mechanical pressure, while
direct exposure of the aerial pods was used to simulate loss of both mechanical
pressure and darkness. After the loss of mechanical stress and darkness, the
DEGs were significantly enriched in photosynthesis, photosynthesis—antenna proteins,
plant-pathogen interaction, DNA replication, and circadian rhythm pathways. The
DNA replication pathway was enriched by down-regulated genes, and the other
four pathways were enriched by upregulated genes. Upregulated genes were also
significantly enriched in protein ubiquitination and calmodulin-related genes, highlighting
the important role of ubiquitination and calcium signaling in pod development. Further
analysis of DEGs showed that phytochrome A (Phy A), auxin response factor 9 (IAA9),
and mechanosensitive ion channel protein played important roles in geocarpy. The
expression of these two genes increased in subterranean pods but decreased in aerial
pods. Based on a large number of chloroplast-related genes, calmodulin, kinases,
and ubiquitin-related proteins identified in this study, we propose two possible signal
transduction pathways involved in peanut geocarpy, namely, one begins in chloroplasts
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and signals down through phosphorylation, and the other begins during abiotic stress
and signals down through calcium signaling, phosphorylation, and ubiquitination. Our
study provides valuable information about putative regulatory genes for peanut pod
development and contributes to a better understanding of the biological phenomenon

of geocarpy.

Keywords: peanut pod development, transcriptome, stasis phenomenon, light, dark, mechanical stress

INTRODUCTION

Peanuts are an annual herb belonging to the legume family and
are cultivated around the world. Its embryos are an important
source of protein for humans (Wang et al., 2021). As an active-
geocarpy crop, peanuts have a typical fruiting mechanism. They
first blossom aboveground. After fertilization, the ovary stalks
(known as pegs) grow underground and push the ovary into the
ground, where the fruit develops until it reaches maturity (Tan
et al., 2010). Failure to penetrate leads to seed abortion, which
affects peanut production. For many years, the characteristic
pod development of peanuts has piqued the interest of botanists
(Kumar et al., 2019).

Previous studies have demonstrated that light enhances
gynophore elongation but inhibits pod formation in vitro (Ziv
and Zamski, 1975). Both darkness and mechanical stress are
important factors involved in pod formation after penetration
(Zamski and Ziv, 1976). By perceiving changes in their
external environment, gynophores regulate multiple endogenous
hormones and promote the enlargement of the ovaries and
pod development (Kumar et al., 2019). Hormone measurements
before and after penetration showed that the amount of
ethylene released by the gynophore after penetration was twice
as much as that of the aerial gynophore (Shlamovitz et al.,
1995). Both TAA (indoleacetic acid) and ABA (abscisic acid)
decreased after gynophore penetration, and gibberellic acid
[GA], GA3, GAg, and 6-deoxoCS (castasterone)] decreased
after penetration, and then increased as the pod expanded (Li,
2020). Tinfoil wrapping and pinching pods experiment also
demonstrated that GA, ABA, and BR decreased under dark
conditions and stimulated treatment of aerial gynophores (Li
et al., 2014). Therefore, the development of subterranean pods
was accompanied by an increase in ethylene and a decrease in
four plant hormones, including IAA, ABA, GA, and BR. Kumar
et al. (2019) hypothesized that gynophores could maintain high
ABA levels during light exposure to prevent embryo growth until
penetration, after which dark could inhibit ABA levels and allow
embryo growth to resume.

Several omics methods were used to analyze geocarpy in
peanuts. Hundreds of transcripts associated with gravitropism
and photomorphogenesis and proteins are involved in the gravity
response, light and mechanical stress, hormone biosynthesis,
and transport and are associated with geocarpy in peanuts
(Zhao et al., 2015; Chen et al, 2016). Additionally, genes
involved in the ubiquitin-proteasome system (UPS) and cell
wall modification could function as candidates to regulate
peanut pod development (Zhu et al., 2013, 2014). Comparative
transcriptome analysis demonstrated that genes related to

hormone metabolism, signaling, photosynthesis, light signaling,
cell division and growth, carbon and nitrogen metabolism, and
stress responses were highlighted after gynophore penetration
(Xia et al., 2013). Genes involved in light signaling transduction,
such as PHYA (phytochrome A), CRY2 (cryptochromes 2),
and CRY3 (cryptochromes 3), had low expression during pod
development. The COPI interacting protein 7 (CIP7) decreased
when gynophores just penetrated the soil and then increased as
the pod expanded underground (Liu et al., 2020).

Peanut seed abortion caused by peg penetration failure
is another popular research topic. Comparative proteome
analysis between aerial (including seed abortion samples)
and subterranean pods showed that differentially abundant
proteins (DAPs) were primarily involved in photosynthesis,
oxidative stress response, lignin synthesis, and fatty acid
biosynthesis (Zhu et al, 2013). Transcriptome analysis of
aerial (including seed abortion samples) and subterranean pods
development demonstrated that differentially expressed genes
(DEGs) primarily participated in the biological processes of
hormone response, cell apoptosis, embryonic development,
and light signaling. HPLC analysis of aerial (seed abortion)
and subterranean pods showed that IAA content significantly
increased in aerial pods rather than subterranean pods,
highlighting the important role of IAA in seed abortion of aerial
pods (Zhu et al,, 2014). In addition, two senescence-associated
genes were identified as significantly upregulated in the aerial
pod, which could also contribute to embryo abortion in aerial
pods (Chen et al,, 2013).

There is a common phenomenon: gynophores that have
been buried and expanded stopped developing when exposed
to light on the ground (Pan, 1982), and it is unclear whether
the absence of darkness and mechanical stress prevent further
pod development. This study experimentally simulated this
phenomenon by digging out the enlarged pods that penetrated
the soil and subjecting them to conditions including the loss
of mechanical stress and the loss of both mechanical stress
and darkness. The gene expression in different states was
then examined by transcriptome analysis, the results of which
contribute to a better understanding of the molecular mechanism
regulating peanut pod development.

MATERIALS AND METHODS

Plant Materials
The peanut cultivar Haihua 1 (Zhang, 1986) was used as the
experimental material and was planted at the Experimental
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Station of the Institute of Advanced Agricultural Sciences of
Peking University. Peanut pod shells expand earlier than the
seeds after penetrating the soil. The tissue first senses and adapts
to the underground environment; as a protective and sensing
organ, it ensures subsequent seed expansion. Since changes in the
external environment are first perceived by the shell, the shell was
the processed sample unless otherwise specified.

Sample Preparation

Pattee 3 pods (Pattee et al., 1974), which have small, undeveloped
seeds, we retrieved approximately 10-15 days after penetration
into the soil and named the sample DM (dark and mechanical
stress). This was used as the control (Supplementary Figure 1).
The pods were immediately wrapped in a breathable black paper
bag to simulate losing only mechanical stress and were named
sample D (dark). Given that the seeds of the aerial pods turned
green after 3 days of illumination, sunset on the third day was
considered the final sampling point. Two sampling points were
added (sunset on the first and second day), for a total of three
sampling points. Therefore, the D samples harvested after 10 (day
1), 34 (day 2), and 58 (day 3) h of treatment were named D1,
D2, and D3, respectively. Next, the pods were exposed to air to
simulate losing both darkness and mechanical stress and were
named sample L (Light). The L samples were harvested after 10
(day 1), 34 (day 2), and 58 (day 3) h of treatment and were named
L1, L2, and L3, respectively (Supplementary Figure 1b). The pod
shells of the sample DM, D1, D2, D3, L1, L2, L3, and the seed of
sample D3 (named D3S) and L3 (named L3S) were isolated and
stored at —80°C. Each sample had 15 pods, and three biological
replicates were performed for each sample.

RNA-Seq

RNA was isolated from finely ground samples using a Takara
Mini-BEST Plant RNA Extraction Kit (Takara, Dalian, China).
The total amounts and integrity of RNA were measured by
an Agilent 2100 Bioanalyzer. Total RNA was used as input
material to construct the cDNA libraries with an NEB Next®
Ultra™ RNA Library Prep Kit for Illumina ® (NEB, Ipswich,
MA, United States). The Illumina NovaSeq 6000 was used for
paired-end sequencing (2 x 150 bp) to construct libraries, and
the image data was then transformed into sequence data by
CASAVA base recognition. The raw data of fastq format were
first processed to filter out low-quality sequences. All downstream
analyses were based on clean, high-quality data. The raw data
obtained from this experiment has been deposited in NCBI (SRA
accession: PRINA770556).

High-quality sequences were matched with the reference
genome of Tifrunner (Bertioli et al., 2019) using Hisat2 (v2.0.5).
Documentation related to gene annotation was downloaded
from the website https://vl.legumefederation.org/data/v2/
Arachis/hypogaea/genomes/Tifrunner.gnm2.J5K5. DEG, GO
(Gene Ontology), and KEGG (Kyoto Encyclopedia of Genes and
Genomes) were analyzed according to a previously described
method (Cui et al., 2021). Gene expression was visualized using
TBtools (Chen et al., 2020).

Genes with FPKM greater than 5 in 50% of the samples
were selected for Weighted Gene Co-Expression Network

Analysis (WGCNA) (Langfelder and Horvath, 2008). Genes
were then filtered by median absolute deviation (MAD) since
low-expressed or non-varying genes usually represented noise.
A soft threshold power of 26, a minimum module size of
60, and a merge cut height of 0.30 were used for module
construction. The eigengene was calculated for each module
and was then used to search for associations with mechanical
stress and darkness. Since mechanical stress and darkness were
not quantitative traits, they were considered to be present (1)
or absent (0). Gene significance (GS) and module membership
(MM) was a priority to screen for important genes within the
module. Finally, the networks were visualized using Cytoscape
(Kohl et al., 2011).

Quantitative Real-Time Polymerase

Chain Reaction

RNA extraction was performed according to the same methods
as RNA-Seq. A Prime Script RT Reagent Kit (Takara, Dalian,
China) was used to synthesize the cDNA of each sample. Gene-
specific primers were designed by Primer3' and the elongation
factor 1B (Arahy.E3HYWR) was used as an internal control
(Supplementary Table 1). gPCR was performed on the ABI 7500
Fast using three replicates and TB Green® Premix Ex TaqTM
(Takara, Dalian, China). The reaction conditions were: 95°C for
5 min, 40 thermal cycles of 95°C for the 30 s, then 60°C for
30 s. The 2—AACT method was used for relative quantification
analysis (Livak and Schmittgen, 2001). Significance analysis was
performed using SPSS 26.0 software.

RESULTS

Overall Gene Expression Changes
Caused by Darkness and Mechanical

Stress Loss

A total of 72,588 wunigenes were annotated from the
transcriptome data (9 samples), including 5,583 novel
genes (Supplementary Table 2). Sample correlation analysis
showed that 9 samples could be clustered into three categories
(Supplementary Figure 2). Two seed samples were clustered
together, and the DM sample itself was a category. Three pod
shell D samples and three pod shell L samples were clustered
together, and the six samples comprised a category. Although the
D and L samples were treated differently, their gene expression
was relatively similar. This differed from the untreated DM
samples (Supplementary Figure 2).

Enrichment Analysis of Differentially
Expressed Genes After the Loss of
Mechanical Stress

Differentially expressed gene analysis demonstrated that there
were 5,376, 8,436, and 6,063 DEGs in D1 vs. DM, D2 vs.
DM, and D3 vs. DM, respectively. These were caused by a
loss of mechanical stress. These three comparisons shared

'https://bioinfo.ut.ee/primer3/
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1,992 DEGs (Figures 1A,B). The significant GO enrichment
term for these DEGs was primarily thylakoid, photosynthetic
membrane, and oxidoreductase complex (Supplementary
Table 3). The top 5 KEGG enrichment terms for these
DEGs were photosynthesis, photosynthesis—antenna proteins,
plant-pathogen interaction, DNA replication, and circadian

Further analysis of upregulated and downregulated DEGs
demonstrated that upregulated DEGs were mainly primarily in
photosynthesis, protein ubiquitination, flavonoid biosynthesis,
and circadian rhythm. However, downregulated DEGs were
mainly enriched in DNA replication, protein folding, and
ribosome (Table 1). Without soil protection, the mechanical

rhythm (Figure 1B). stress in the pod shell is lost, and genes related to photo stress
D
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FIGURE 1 | DEGs and significant KEGG pathways for DEGs in D vs. DM, L vs. DM, and L vs. D. (A) The numbers of DEGs in D vs. DM, L vs. DM, and L vs. D; the
treatment diagram is shown at the bottom of the bar chart and the specific materials and treatment are shown in Supplementary Figure 1b; (B) significant KEGG
pathways for DEGs in D vs. DM; (C) significant KEGG pathways for DEGs in L vs. DM; (D) significant KEGG pathways for DEGs in L vs. D. The “gene_ratio” means
the ratio of the number of DEGs annotated in the KEGG pathway to the total number of DEGs that can be annotated in the KEGG database.

TABLE 1 | GO and KEGG enrichment analysis of DEGs in D vs. DM comparisons.

Description Upregulation Downregulation
GO D1 vs. DM Photosynthesis; Thylakoid; Thylakoid part Protein folding; DNA replication; Response to endogenous
stimulus
D2 vs. DM Protein ubiquitination; Protein modification by small protein DNA replication; DNA metabolic process; Protein folding
conjugation; Photosynthetic membrane
D3 vs. DM Photosynthesis; Cell communication; Protein ubiquitination Translation; Peptide biosynthetic process; Peptide
metabolic process
KEGG D1 vs. DM Photosynthesis; Linoleic acid metabolism; Alpha-Linolenic Protein processing in endoplasmic reticulum; Ribosome
acid metabolism biogenesis in eukaryotes; DNA replication
D2 vs. DM Photosynthesis; Flavonoid biosynthesis; Plant-pathogen DNA replication; Phagosome
interaction
D3 vs. DM Photosynthesis; Circadian rhythm — plant; Plant-pathogen Ribosome; DNA replication

interaction

Only the first three significantly (p-adjust < 0.05) enriched terms/pathways (the most significant one is underlined) are listed here, others can be found in

Supplementary Table 4.
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TABLE 2 | GO and KEGG enrichment analysis of DEGs in L vs. DM comparisons.

Description Upregulation Downregulation
GO L1 vs. DM Photosynthesis; Multi-organism process; Isoprenoid DNA replication; DNA metabolic process; Response to
metabolic process endogenous stimulus
L2 vs. DM Photosynthesis; Isoprenoid metabolic process; Isoprenoid Movement of cell or subcellular component;
biosynthetic process Microtubule-based movement; DNA replication
L3 vs. DM Photosynthesis; Protein ubiquitination; Protein modification Movement of cell or subcellular component;
by small protein conjugation Microtubule-based movement; Microtubule-based process
KEGG L1vs. DM Flavonoid biosynthesis; Photosynthesis; Circadian Plant hormone signal transduction
rhythm-plant
L2 vs. DM Photosynthesis; Flavonoid biosynthesis; Phenylpropanoid Phagosome; DNA replication
biosynthesis
L3 vs. DM Flavonoid biosynthesis; Photosynthesis; Circadian Ribosome

rhythm-plant

Only the first three significantly (p-adjust < 0.05) enriched terms/pathways (the most significant one is underlined) are listed here, others can be found in

Supplementary Table 5.

TABLE 3 | GO and KEGG enrichment analysis of DEGs in L vs. D comparisons.

Description Upregulation Downregulation
GO L1vs. D1 Response to oxidative stress; Multi organism process; Cell Cellular carbohydrate metabolic process; Polysaccharide
recognition catabolic process; Inositol metabolic process
L2 vs. D2 Photosynthesis; Response to oxidative stress; Phosphorelay signal transduction system; Calmodulin
Photosynthesis, light reaction binding; Carbohydrate binding
L3 vs. D3 Photosystem | reaction center; Photosystem I; Defense response; Response to biotic stimulus; Inositol
Photosynthetic membrane metabolic process
L3S vs. D3S Organic acid catabolic process; Carboxylic acid catabolic Movement of cell or subcellular component;
process; Fatty acid metabolic process Microtubule-based movement; Microtubule-based process
KEGG L1 vs. D1 Flavonoid biosynthesis; Circadian rhythm-plant;
Plant-pathogen interaction
L2 vs. D2 Photosynthesis; Phenylpropanoid biosynthesis; Carotenoid Plant-pathogen interaction; Circadian rhythm-plant
biosynthesis
L3 vs. D3 Flavonoid biosynthesis; Circadian rhythm-plant; Plant hormone signal transduction
Phenylpropanoid biosynthesis
L3S vs. D3S Plant-pathogen interaction; Plant hormone signal Glycolysis/Gluconeogenesis; Starch and sucrose

transduction; Alpha-Linolenic acid metabolism

metabolism; Carbon metabolism

Only the first three significantly (p-adjust < 0.05) enriched terms/pathways (the most significant one is underlined) are listed here, others can be found in

Supplementary Table 6.

are significantly upregulated. This modifies or degrades some
proteins through ubiquitination, which slows down life activities.

Enrichment Analysis of Differentially
Expressed Genes After the Loss of

Mechanical Stress and Darkness

Darkness and mechanical pressure are lost when the pod is
illuminated. There were 8,152, 8,187, and 10,829 DEGs in
L1 vs. DM, L2 vs. DM, and L3 vs. DM, respectively. These
three comparisons shared 4,299 DEGs, which was 2.16 times as
many DEGs than were caused by the loss of mechanical stress
(Figures 1A,C). The significant GO enrichment term for these
DEGs was mainly photosynthesis, isoprenoid biosynthetic and
metabolic processes, and terpenoid biosynthetic and metabolic
processes (Supplementary Table 3). The top five KEGG
enrichment terms for these DEGs were photosynthesis, flavonoid

biosynthesis, linoleic acid metabolism, circadian rhythm, and
photosynthesis—antenna proteins (Figure 1C).

Gene ontology enrichment of upregulated DEGs in L vs.
DM showed similar terms to D vs. DM: photosynthesis and
protein ubiquitination. Isoprenoid biosynthetic and metabolic
processes were also the significant GO terms in L vs. DM
but not in D vs. DM (Table 2 and Supplementary Table 4).
KEGG enrichment of upregulated DEGs in L vs. DM showed
that they were primarily enriched in flavonoid biosynthesis
and circadian rhythm. Downregulated DEGs were significantly
enriched in plant hormone signal transduction, except that
they were enriched in DNA replication and ribosome as
in D vs. DM (Table 2). The loss of both darkness and
mechanical stress produced the same gene expression changes
that occurred as loss of mechanical stress, plant hormone, and
more secondary metabolites (isoprenoid, terpenoid, flavonoid,
and phenylpropanoid)-related gene expression changes (Figure 1
and Table 2).
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Enrichment Analysis of Differentially
Expressed Genes Caused by Light

Exposure

The difference between the D and L samples was exposure.
Green pericarps and seed coats were observed in L samples
on day 3 (after 58 h) but not in the unexposed D samples
(Supplementary Figure 1). Considering that seeds in the D3 and
L3 samples were different, they (D3S and L3S) were also included
in the gene expression analysis to provide information for seed
developmental arrest caused by light stress.

The number of DEGs in the D and L samples decreased
significantly compared with the D vs. DM and L vs. DM
samples (Figures 1A,D). There were 1,062, 2,728, 2,457, and
4,558 DEGs in L1 vs. D1, L2 vs. D2, L3 vs. D3, and L3S vs.
D3S, respectively. These four comparisons shared only 31
DEGs (Figure 1D). The significant GO enrichment term for
these DEGs was mainly related to protein ubiquitination,
which enriched two U-box domain-containing protein/E3
ubiquitin ligases (JoYH7R and CT4JMD). KEGG analysis
showed that one EBF (EIN3-binding F-box protein) gene

(Y2W1T6) was enriched in plant hormone signal transduction
and the MAPK signaling of the KEGG pathway. Their
expression in pod shells significantly increased out of the
soil, and their expression was higher in exposed seeds than
in unexposed seeds (Figure 1D, Supplementary Table 3, and
Supplementary Figure 3).

According to GO analysis, compared with shaded pod shells,
upregulated genes in the exposed pod shells were primarily
enriched in photosynthesis and oxidative stress; downregulated
genes were primarily enriched in carbohydrate metabolism and
signal transduction processes. On the other hand, KEGG analysis
demonstrated that the upregulated genes in exposed pod shells
were primarily enriched in secondary metabolism pathways (such
as flavonoid biosynthesis and phenylpropanoid biosynthesis)
and circadian rhythm. Downregulated genes were primarily
enriched in plant-pathogen interactions and plant hormone
signal transduction (Table 3).

Differentially expressed gene enrichment results in
pod shells and seeds under the two conditions (dark
and light) were different. The upregulated genes in

seeds were mainly enriched in the organic acid catabolic
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FIGURE 2 | GO and KEGG analysis for DEGs shared by D vs. DM and L vs. DM and found only in L vs. DM. (A) Significant GO terms and KEGG pathways for DEGs
shared by D vs. DM and L vs. DM; (B) significant GO terms and KEGG pathways for DEGs found only in L vs. DM. The “gene_ratio” means the ratio of the number
of DEGs annotated in the KEGG pathway to the total number of DEGs that can be annotated in the KEGG database.
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process (GO term) and plant-pathogen interaction (KEGG
pathway), while downregulated genes in seeds were
primarily enriched in the movement of a cell or subcellular
component (GO term) and glycolysis/gluconeogenesis (KEGG
pathway) (Table 3).

Differentially Expressed Genes Shared
by D vs. DM and L vs. DM (Caused by

Loss of Mechanical Stress)

The common feature of the D and L samples was the loss
of mechanical stress, indicating that this was the cause
of the shared 1,626 DEGs in D vs. DM (1,992 DEGs)
and L vs. DM (4,299 DEGs). Interestingly, the GO and
KEGG enrichment term of these 1,626 DEGs was mainly
related to the photosystem (Figure 2A). This could be
because there was a connection between mechanical
stress and light or because a small amount of light
could penetrate the bag and cause significant changes in
gene expression.

Differentially Expressed Genes Found

Only in the L vs. DM (Primarily

Responsive to Light)

In addition to the loss of mechanical stress, the L sample
also lost dark conditions. Therefore, DEGs found only in
the L vs. DM (2,673 DEGs) could be primarily responsive
to light. These significantly enriched GO terms of these
DEGs were mainly related to oxidoreductase activity. The

largest number of DEGs were enriched in GO in sequence-
specific DNA binding. The significantly enriched pathways
were secondary metabolism-related, and the most significant
was flavonoid biosynthesis (enriched 17 DEGs). The largest
number of DEGs (29) were enriched in the biosynthesis pathway
of cofactors (Figure 2B). The expression of genes related to
oxidoreduction, secondary metabolism, and circadian rhythm
increased in illuminated pod shells, which is consistent with the
previous enrichment analysis results of L vs. DM and L vs. D
(Tables 2, 3).

Differentially Expressed Genes Related
to Circadian Rhythm

Previous research has demonstrated that the expression of many
genes involved in plant circadian rhythms changes during ped
penetration (Xia et al, 2013; Clevenger et al, 2016; Zhang
et al, 2016; Liu et al, 2020). Changes in circadian rhythm-
related genes were also observed during the reverse process
of penetration (Tables 1-3). When darkness and mechanical
stress were lost, most circadian rhythm-related DEGs were
upregulated in response to environmental changes, including
CRY (cryptochrome), COPI1 (constitutive photomorphogenic
1), SPA (suppressor of phyA), and HY5 (elongated hypocotyl
5) (Figure 3). However, phyA (phytochrome A), phyB
(phytochrome B), and two LHY (late elongated hypocotyl)
were all downregulated during this process. Interestingly, there
were many significantly upregulated CHS (chalcone synthase)
identified during this process, except for OFI6RG, which seemed
to be primarily expressed in seeds and downregulated by 4.90
times in response to light.

DM DI D2 D3 Ll L2 L3 D3SL3S / \ DM D1 D2 D3 LI L2 L3 D3SL3S
Arahy NNASKD phyA 37 18 18 26 13 15 15 21 21 DNA Arahy.V64N20_APRR5 39 28 43 66 34 17 46 31 36
ArahyT2CQE4 phyB 4 2 3 3 1 2 1 9 5 O +—\ Arahy.Y6ILES_APRRS 14 21 31 27 19 7 16 12 15
Arahy.00JVOG PIF3 19 43 77 39 52 53 35 22 33 Arahy A9G6ZW_APRRS 9 18 42 37 18 4 27 23 18
Arahy QKVOFM_PIF3 46 7 11 15 7 6 6 |1 4 oA Arahy.ZSTZMB_APRR7 80 61 71 88 60 45 72 56 89
ArahyIC82WL_PIF3 10 10 16 13 11 23 28 6 12 > O
(-—B ArahyJ7VISLIHY 6 1 3 2 [1 0 1 1 1
I Arahy.GF54Z4 LHY 4 |1 2 2 1 0 1 |1 1
DNA =2 CK2a
| phyB } +—p O —»|ccal }‘-. o[ Ko
300.00 r DM DI D2 D3 LI 12 13 D3SL3S
I i Arahy. TSVIZH_CK2a 43 27 29 38 25 23 32 24 28
T | DNA Arahy.CJO51S_CK20 18 17 18 21 15 16 25 17 11
E | «— O |—] Arahy PTQD44_CK2a 22 17 20 23 18 18 23 17 19
10.00 + | Arahy.C8WASZ CK2a 21 20 18 20 16 20 19 16 23
| Arahy.D29P6J_CK2a 25 21 19 22 17 20 19 17 22
ELF3 L DNA Arahy. AOXYYU_CK2B 20 14 22 17 18 19 21 16 17
— O —
F - — —b-- — # UV-B protection?
0.00 S
DM DI D2 D3 Ll 12 L3 D3SL3S
FPKM
N Arahy.OFIGRG_ CHS 1 3 1 7 ‘1 1 o [ 5
- Arahy.YS6PIM_CHS 2 2 48 48 67 20 129 0 0
—— Arahy. UKNPOM_CHS 15 2 67 38 62 35 88 0 0
\ b °“PJ ArahyR1Z4C8 CHS |1 (0 10 7 11 4 35 0 0
Arahy FSP2M7 CRY 20 13 19 35 17 22 Arahy.V739AW_ CHS 0 0 11 8 17 5 30 0 0
Arahy.SJU8JU_CRY 36 43 45 49 37 41 48 41 77 Arahy FAMOUE CHS 0 0 3 2 4 1 13 0 0
Arahy NAGSIF COP1 6 14 13 9 13 6 8 8 7  ,ohowipoy cHE 57 5702 47 46 60 15 23 ArahyPUDN4D_CHS 1 0 5 7 14 2 12 0 0
i Arahy.VUIQU6_ CHS (1 (0 2 4 6 1 10 0 0
Ary SOTISHLSPA 7 8 19 16 18 L4 9 2 wranyaqexnozit 10 mommomuois 9 m A,r»:hz.smz?(MEHS 6 29 63 27 38 31 ol [NoR0
Arahy. MXSF6R_ELF3 18 18 17 14 16 19 17 19 21  Arahy.8C30VS_ZTL gl 08 Gl e 2 o) iR i -
Arahy.9Q60JN_CHS 1 ‘0 8 6 11 5 46 0 0
Arahy KSTYS1_ELF3 6 12 8 10 8 11 7 11 13 novel197 ZTL 11 10 7 N7 3 6 7 Arahy. MI4Z30 CHS 4 0 1412 26 32 0 0
Arahy.5SNL3D9_GI 40 87 87 81 (95 50 8 81 8 Arahy.SPDIGG_ZTL 23 35 34 34 30 19 26 24 3 Arah§:3WHSAg CHS 10 12 10 20 6 26 0 0
Arahy. SZWPSS_GL 34 (81 69 49 [106 43 76 58 77  Arahy2FIUPX_APRR1 4 31 35 20 29 20 27 27 23 ArahyMICISU CHS 4 1 16 7 17 12 23 |0 0
Arahy.8USXLV_HY5 [0 1 0 0 4 4 5 |1 6 ArahyA77BSH_APRR3 91 [120 122 120 111 76 114 72 86  ArahyI6S6H6 CHS 1 0 7 4 9 3 22 .0 0
FIGURE 3 | DEGs related to circadian rhythm. Only those with FPKM value > 10 in at least one sample are listed; the others can be found in
Supplementary Table 7.
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Differentially Expressed Genes Related

to Protein Ubiquitination and Calmodulin

In both the D vs. DM and L vs. DM comparisons, the
upregulated DEGs were enriched in protein ubiquitination and
calcium ion binding (Tables 1, 2; Supplementary Tables 3, 4).
Ubiquitination plays an important role in photomorphogenesis
and is involved in regulating cell cycles, proliferation,

almost all other life activities (Han et al., 2020). In
addition, calmodulin is an important messenger molecule
in plant life (Zielinski, 1998). Therefore, we screened
for the upregulation of ubiquitination and calcium ion
binding-related genes after the loss of mechanical stress
and darkness, which could play an important role in
signal transduction.

There were two main kinds of ubiquitination-related genes

gene expression, transcription regulation, signaling, and that were upregulated after the loss of mechanical stress
3.08 798 8.33 10.60 8.24 8.77 10.63 5.93 411 Arahy.8YJ5TP_E3 ubiquitin-protein ligase At4g11680 450.00
2101 7176 8529 11875 4988 4890 7645 2964 4455 Arahy.XEB2B9 E3 ubiquitin-protein ligase ATL23 400.00
108 1712 2832 3613 4493 1869 7179 047 095 Arahy.EDISF9_E3 ubiquitin-protein ligase ATL6 350.00
591 1448 1320 892 1263 626 831 794 696  Arahy.NA6SJF_E3 ubiquitin-protein ligase COP1
393 909 2220 1149 1785 968 1395 732 470 Arahy.D7J394_E3 ubiquitin-protein ligase MBR1 300.00
1136 (19941 (17790 (266550 12241 11560 (18537 2872 7373 Arahy.T65TVI_E3 ubiquitin-protein ligase RDUF2 250.00
327 11666 10382 13099 91.10 9858 15932 965 3040 Arahy.0T8X31_E3 ubiquitin-protein ligase RDUF2 200.00
085 4025 4056 5060 3362 3504 6662 339 1184 Arahy.U8895U_E3 ubiquitin-protein ligase RDUF2 150.00
196 601 1010 2352 1048 1265 2745 250 280 Arahy.PK90TP_E3 ubiquitin-protein ligase RGLGI 100.00
2.87 1362 1192 1450  9.66 1270 1537 684 849  Arahy.2KT40Z_E3 ubiquitin-protein ligase RING1
1505 4002 3022 3065 4141 4434 4877 1333 842 novel.2004_E3 ubiquitin-protein ligase RMAIHI 5000
038 232 662 474 653 629 1187 120 047 novel5303_E3 ubiquitin-protein ligase RNF6 0.00
417 1179 561 400 999 757 498 559 527 Arahy.CPQBS8S_E3 ubiquitin-protein ligase UPL6 FPKM
1174 2438 4171 2582 3142 3754 2855 1409 1603 Arahy.8W4I3Q_E3 ubiquitin-protein ligase ZNRF3
1093 10278 (264770 17187 17013 19255 @FGOD 1280 2361 Arahy.8SOLND_Probable E3 ubiquitin-protein ligase XERICO
1155 11779 (29058 197.79 17803 (22955 @D 33 3763 Arahy.59PIC9_Probable E3 ubiquitin-protein ligase XERICO
3.60 1147 2575 1680 1676 1549 2661 321 448  Arahy.579CME_U-box domain-containing protein 17
329 1168 2802 2047 1658  17.11 3216 2.63 438  Arahy.LM2DEJ_U-box domain-containing protein 17
021 470 7.84 7.16 3.08 725 1366 0.66 227  Arahy.G5GIMY_U-box domain-containing protein 19
0.04 5.17 9.13 1890 030 0.20 274 125 889 Arahy.CT4JMD_U-box domain-containing protein 19
1.60 7.88 683 2150  6.09 822 12.92 1.84 246 Arahy.XYOROH_U-box domain-containing protein 26
111 9.92 6.85 1863 529 713 10.28 1.61 234 Arahy.KQ5WJ5_U-box domain-containing protein 26
525 1125 1901 4213 2213 1413 3584 575 8.18  Arahy.AS7PIZ_U-box domain-containing protein 5
5.06 1118 1525 3287 2063 1461  30.66 3.93 550 Arahy.HT20TT U-box domain-containing protein 5
825 4570 3724 2603 3952 3967  41.10 5.83 1671 Arahy.MGPQ7U_U-box domain-containing protein 6
299 2522 1988 1097 2079 2115 2258 502 1627 Arahy.3VLAOM_U-box domain-containing protein 6
- Q@ Q‘\ Qq’ Q’b V\ \)'\» \’)‘3 Qn,% \fp%
B 2687 3723 4900 3617 3038 3486 5245 2726 7440 Arahy.B68A3R_Calcium uniporter protein 2, mitochondrial
2327 4773 2300 2345 3197 1976 2774 2078 2399  Arahy.FXU7F9_Calcium-binding mitochondrial carrier protein SCaMC-1
1858 3879 2391 1868 3319 2328 3151 2328 3136 Arahy.GGIA7K_Calcium-binding mitochondrial carrier protein SCaMC-1
9.98 1944 2558 1605 2825 3469 4023 1026 992 Arahy.DN608C_Calcium-dependent protein kinase 19
248 1323 2256 7999  39.10 9.74 38.15 146 282 Arahy.P2RW1V_Calcium-dependent protein kinase 28
3.16 1394 2212 8070  40.09 821 3321 137 316 Arahy.D2U3E6_Calcium-dependent protein kinase 28
1705 2247 3843 709 4200 1815 3558 1273 1711 Arahy.J8TUDI_Calcium-dependent protein kinase 32
1786 2147 3685 6728 4569 1796 3709 1220 1475  Arahy.HKOXZI_Calcium-dependent protein kinase 32
1124 1580 4400 3941 2612 2096 4684 1125 2390  Arahy.l1645LU_Calcium-dependent protein kinase 4
1413 1534 687 866 1159 1078 914 5143 11163  Arahy.ZSPOP7_Calcium-dependent protein kinase 4 500.00
738 11SI 2562 3025 1876 1385 2936 733 1434 Araghy.SPQ4E9_Calcium-dependent protein kinase 4 W
1421 24 .88 30.79 26.38 29.13 30.14 38.03 18.72 20.40 Arahy.W1K19V_Calcium-dependentprotein kinase SK5 L s00.00
996 1526 1951 1810 1536 1796 2395 2101 4267  Arahy.KE4T51_Calcium-transporting ATPase 10, plasma membrane-type
184 2120 4363 6426 4028 986 4928 254 1013 Arahy.Z6E1QU_Calcium-transporting ATPase 2, plasma membrane-type
120 1110 3232 4608 2852 738 3602 163 673  povel.1135_Calcium-transporting ATPase 2, plasma membrane-type [ 300.00
7.92 878 3215 1334 1692 2096 2880 535 944 Arahy.BY16ED_Calcium-transporting ATPase 4, plasma membrane-type
332 2533 3766 1855 1346 4075 3246 2324 5095  Arahy.MFOPDN_Cation/calcium exchanger 2 1 200.00
547 3021 3365 2606 1795 3573 3529 1745 3878  ArahyISEY34_Cation/calcium exchanger 2
703 3377 1334 1487 2251 1400 1393 1392 2367  Arahy.IQW2C7_CSCI-like protein ERD4 L 10000
655 2122 4673 5920 2563 1977 4287 4.1l 949 novel.4395_Probable calcium-binding protein CML23
1279 7263 9331 10545 6663 5524 9092 2606 4581  povel.840_Probable calcium-binding protein CML26
122.15 (289.83 (34358 (41595) (365.53) (317.88 9298 (25333 Arahy.H7PRHK_Probable calcium-binding protein CML35 -0.00
2468 7844 8691 9751 11506 8023 12004 1609 2992 Arahy.9GLZ8C_Probable calcium-binding protein CML35 FPKM
1.02 3103393 797 2905 1472 3935 102 107 Arahy.D3S8RY_Probable calcium-binding protein CML44
0.88 722 1892 3591 1707 1761 3902 0.73 422 Arahy.7VPODB_Putative calcium-transporting ATPase 13, plasma membrane-type
3704 4391 4597 5712 4143 3126 4514 948 3672 Arahy.IDM7TY_Two pore calcium channel protein 1B
3573 3080 3855 4943 3860 2577 3550 1038 4515 Arahy.ITZ75T_Two pore calcium channel protein 1B

FIGURE 4 | DEGs related to protein ubiquitination and calcium ion binding. (A) DEGs related to protein ubiquitination; (B) DEGs related to calmodulin, only those
with FPKM value > 30 in at least one sample are listed; the others can be found in Supplementary Table 8.
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and darkness: E3 ubiquitin-protein ligase and U-box domain-
containing protein (Figure 4A). Four E3 ubiquitin-protein ligases
(RDUF2:T65TVI and 0T8 x 31; XERICO: 8SOLND and 59P1C9)
increased by more than 10 times in pod shells after leaving
the soil. In Arabidopsis, E3 ubiquitin-protein ligase RDUF2 is
involved in positively regulating abscisic acid-dependent drought
stress responses (Kim et al., 2012). Overexpressing E3 ubiquitin-
protein ligase XERICO in Arabidopsis confers drought tolerance
through increased abscisic acid biosynthesis (Ko et al., 2006).

A total of 27 calcium ion binding related genes, with FPKM
greater than 30 in at least one sample, were upregulated,
including calcium-binding protein, calcium-dependent protein
kinase, calcium-transporting ATPase, two pore calcium channel
protein, and cation/calcium exchanger (Figure 4B). The
calcium-binding protein (Arahy. H7PRHK) had the highest
average expression, and the calcium-dependent protein kinase 4
(Arahy.ZSPOP7), which was more highly expressed in seeds, was
upregulated in response to light.

Differentially Expressed Genes Related
to Plant Hormone Signal Transduction

Plant hormones play an important role in the life of plants.
Therefore, we explored plant hormone-related genes. Similar to
circadian rhythm-related DEGs, hormone-related DEGs were
also mostly upregulated. The largest number of DEGs identified
in this study were auxin-related genes, followed by abscisic acid-
related genes (Figure 5). Two IAA (P8YRGA and XR8I1AR) were
significantly downregulated after the loss of mechanical stress
and darkness. In the L3 sample, their expression dropped to

the lowest level, by 8.96 and 6.67 times, respectively. In seeds,
they were all downregulated in response to light (Figure 5A).
The FPKM value of EIN3 was upregulated by 2.38 times in
the L3S vs. D3S comparison in response to light (Figure 5E).
Our previous study also showed that EIN3 was significantly
expressed during pod development (Cui et al., 2022). Three JAZ
(NLIW19, 76C240, and WIF2QM) were significantly upregulated
after the loss of mechanical stress and darkness. NLIW19
expression was upregulated up to 18.36 times in the L3 vs. DM
comparison (Figure 5G).

Weighted Gene Co-expression Network

Analysis

To further investigate the relationship of genes with darkness
and mechanical stress, WGCNA was performed to construct the
co-expression networks. A total of nine co-expression modules
with 8,000 genes were identified based on their similar expression
patterns (Figure 6A and Supplementary Table 10). The heatmap
of module-trait correlations indicated that the black and red
modules, with 377 and 386 genes, respectively, were significantly
negatively correlated with mechanical stress. The yellow module,
with 756 genes, was significantly positively correlated with
mechanical stress. The green module (including 400 genes) and
the red module were significantly negatively correlated with
darkness (Figure 6B).

After screening the genes in the above modules by MM and
GS, we found the following genes in the black and green modules
(Figure 6B): four photosystem-related genes (one chlorophyll a-b
binding protein 3, two photosystems II 10 kDa polypeptide, and

DM DI D2 D3 LI L2 L3 D3sL3s |D DM DI D2 D3 LI L[2 L3 D3SL3S
Arahy.974ANLB_AUX1 21 23 22 23 14 24 38 3 4 Arahy.77217G_PYL 71 42 64 66 23 82 87 56 42
Arahy.PEIVQV_AUX 153 102 111 133 69 84 81 22 50 Arahy.G33D6N_PYL 110 93 68 58 62 64 72 82 127
Arahy.PSYRGA_IAA  [B38] 107 111 122 68 69 26 [B28] 101 Arahy.GN2E7S PYL 33 13 12 20 10 8 9 6 4
Arahy,KGZR[leAA 1 0 2 3 il 1 1 37 45 ‘_P Arahy,VQSKVR_PYL 32 21 74 32 43 58 87 10 7
Arahy32M24S TAA 0 1 2 3 1 1 1 3 52 Arahy.52QCLV PP2C 3 9 11 10 4 6 4 16 47
Arahy.5SP5CS5_IAA 200 23 54 33 (17126 F4N HM2WE1D Arahy. DL2M7Q_PP2C 21 27 23 25 20 20 23 39 49
Arahy.CSMC3X_IAA 32 10 13 5 13 13 5 7 7 Arahy 3MLG67S_SnPK2 46 21 18 30 18 17 24 17 19
ArahyN2VZ44 TAA 32 13 11 11 14 15 8 5 5 Abscisicacid  Arahy. GWSKDG_SnPK2 53 33 49 81 25 51 76 14 16
ArahyCYITAH_IAA 50 63 37 33 62 41 32 63 49 |E Arahy X9TFBI_SnPK2 82 49 38 68 35 32 30 33 6l
Arahy.XR8IAR_IAA 100 96 54 62 71 57 15 [199 65 Arahy.VUP14P_SnPK2 20 15 20 22 12 16 19 30 18
Arahy.GR2878 TAA 39 21 15 18 20 14 15 9 14
Arahy.CB6084 IAA 77 41 55 50 28 54 64 1 2 g Arahy. X6L8L6_ERS 11 14 18 54 12 22
Arahy.SRCOPT IAA 8 10 34 24 18 32 74 11 41 |2 Arahy 2H77W4_ETR 18 26 25 61 15 31
Arahy. WDRD4S_ARF 22 13 52 40 17 18 26 13 18 |3 Arahy RI4L2F_MPK6 58 41 45 64 29 44
Arahy.7JFNOBJ GH3 5 13 11 3 14 17 10 13 53 [ ° Arahy.J729H0_EIN3 153 21212581 117 Bl
Arahy.DLSMW3 SAUR 20 14 58 33 26 63 59 29 7l Arahy.XSFAHR_EBF 21 19 29 26 18 20
. Arahy.45B7J4_EBF 47 29 50 131 6 30
Arahy.8KXOXE_CRE 21 37 32 34 26 35 31 27 37 FlﬂH ‘ Arahy. HN94BD_EBF 23 32 44 110 28 65
Arahy2ESLMX_AHP 43 19 14 24 14 9 11 18 37 |F _ Arahy.Y2W1T6_EBF Z Bli2) 50 |
Cytokinin Arahy.FQSZUR A-ARR 31 24 13 14 26 13 19 38 5l ﬂ,
T A@wGIV6CE A-ARR 32 22 28 29 16 23 22 IS 31 ArahyJE2YM9 BAKI 13 17 29 19 23 27 32 8 10
= ArahyBSUXLR TCH4 0 21 15 1128 6 15 2 9
Arahy. WFXD84_GIDI 48 47 46 74 42 62 58 45 80
novel.4255_GIDI 28 33 26 40 27 37 28 26 44 Brassinosteroid | ppahy USS3ED COLI 21 15 17 31 12 20 29 22 27
Arahy.J64ZIK_GIDI 6 10 24 8 11 24 39 5 11 Arahy.25PLSE_JAZ 29 67 68 36 76 81 8 11 30
Arahy.99WGGU GIDI 2 18 29 6 25 41 66 1 3 Arahy BEZ7GQ JAZ 25 53 44 28 56 46 70 18 16
—  Arahy.00JV9G_TF 19 43 77 39 52 53 35 22 33 ArahyNLIWI9 JAZ 11 60 123 70 128 99 1202 7 23
Gibberellin A ohy QKVOFM TF 46 7 11 15 7 6 6 1 4 Arahy.76C240_JAZ 2 35 110 115 97 74 121 3 4
sraroicne [ N e
0.00 30.00 300.00 Jasmonic acid Y- =

listed; the others can be found in Supplementary Table 9.

FIGURE 5 | DEGs related to plant hormone signal transduction. (A) DEGs related to auxin signal transduction; (B) DEGs related to cytokinin signal transduction;
(C) DEGs related to gibberellin signal transduction; (D) DEGs related to abscisic signal transduction; (E) DEGs related to ethylene signal transduction; (F) DEGs
related to brassinosteroid signal transduction; (G) DEGs related to jasmonic acid signal transduction. Only those with FPKM value > 30 in at least one sample are
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one oxygen-evolving enhancer protein 3-2), two NAC transcription
factors 72, one transcription factor MYB108, one auxin-responsive
protein TAA9, and one mechanosensitive ion channel protein
2 (Figure 6C).

In Arabidopsis, NAC 72 1is primarily involved in
reprogramming during senescence, and MYB108 acts as a
negative regulator of abscisic acid-induced cell death (Kamranfar
et al,, 2018). Both NAC 72 and one MYBI08 were upregulated
in the pod shell after losing mechanical stress and darkness.
They were all upregulated in the L3S vs. D3S comparison in
response to light (Figure 6C). Co-expression network analysis
showed that two NAC 72 had a strong co-expression relationship
with photosystem-related genes such as photosystem II 10 kDa
polypeptide and oxygen-evolving enhancer protein, which were
all upregulated after the loss of mechanical stress and darkness
(Figure 6D). Cell wall-related genes such as expansin-A6 and
pectinesterase 3, IAA8, and two tubulins were also included

in this co-expression network and were all downregulated
after the loss of mechanical stress and darkness. This indicates
that changes in the external environment transmitted signals
through photosystem-related genes to transcription factors
such as NAC and MYB, transmitting signals to hormones,
cell walls, and cell structure-related genes to regulate pod
developmental arrest.

IAA9 (P8YRGA) was significantly downregulated in the pod,
which could be involved in inhibiting pod growth by auxin
signaling. Mechanosensitive ion channel protein (A7E6XG) was
another interesting gene: it was upregulated in both D and L
samples (the upregulation in L was more obvious). In addition,
it was also upregulated in seed in response to light. Therefore,
this gene was regulated not only by mechanical stress but also by
light (Figure 6C). Co-expression network analysis demonstrated
that mechanosensitive ion channel protein had a very strong co-
expression relationship with protein modification-related genes
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Arahy. HCTL36  Photosystem II 10 kDa polypeptide, chloroplastic -0.91 0.97 3.63 40.88 43.66 3823 5833 89.02 7537 11947 155.84
Arahy.GISUYP  Oxygen-evolving enhancer protein 3-2, chloroplastic -0.89 0.96 6.03 2682 52.13 54.10 52.58 85.76 89.11 89.10 102.08
Arahy.NBSKRW NAC domain-containing protein 72 -0.89 0.91 4.06 3372 37.08 3598 2461 27.66 3891 89.84 211.31
Arahy.QZZL54  NAC domain-containing protein 72 -0.92 0.93 1.90 30.72 3886 33.55 2524 2739 39.10 83.18 177.65
Arahy.YFKH51  Transcription factor MYBI108 -0.93 090 [ 1.96 1651 19.88 1328 13.12 19.84 30.70 21.54 12231
Arahy.P8YRGA  Auxin-responsive protein [4A9 0.81 -0.89 232.84 107.36 110.63 121.52 67.54 69.09 25.87 228.13 101.36
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FIGURE 6 | Weighted gene co-expression network analysis. (A) Cluster dendrogram for module construction; (B) module-trait relationships inside the cell; the
number above represents the correlation coefficient, and the number in parentheses below represents significance; (C) hub gene of black and green modules, GS,
gene significance; MM, module membership; (D) co-expression network of hub genes.
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such as methionine aminopeptidase 1D and presequence protease,
which were all upregulated after the loss of mechanical stress
and darkness. As such, the mechanosensitive ion channel protein
could signal by altering protein modifications. IJAA9 (PSYRGA),
which was downregulated, had a co-expression relationship with
downregulated genes such as protein fatty acid export 2 and BAG
family molecular chaperone regulator (Figure 6D).

Quantitative Real-Time Polymerase

Chain Reaction Validation of Key Genes

To test the reliability of RNA-seq results, eight genes, including
phyA (NNASKD), EIN3 (J729H0), MYB108 (YFKH51), and IAA9
(P8YRGA) were verified by qRT-PCR. The results of qRT-PCR
were consistent with those of transcriptomes with high degrees
of fitting (R =0.905) (Figure 7A).

As the pod sticks out of the soil, it stops enlargement.
This is the opposite of peg penetration and enlargement.
Therefore, we used previous transcriptome data (Clevenger
et al., 2016) to check whether these genes we screened also

played a role in the positive process of pod penetration and
enlargement (Supplementary Figure 4a). The chlorophyll a-b
binding protein 3 (YZ06AV), IAA9 (P8YRGA), phyA (NNASKD),
and mechanosensitive ion channel protein (A7E6XG) showed an
expression pattern different from that of the excavation. The
upregulated/downregulated genes during peg penetration and
enlargement were downregulated/upregulated after the loss of
mechanical stress and darkness. The two E3 ubiquitin ligases and
one calcium-binding protein were upregulated in both forward
and reverse excavation, indicating that they could regulate the
initiation or arrest of pod development at the non-transcriptional
level (Supplementary Figure 4a).

We also verified the expression of phyA (NNASKD),
EIN3 (J729H0), IAA9 (P8YRGA), and mechanosensitive
ion channel protein (A7E6XG) in the root, leaf, aerial peg,
underground peg, and enlarged pod. We exposed green
pods through qRT-PCR (Figure 7B), while phyA and
TAA9 were upregulated along with peg penetration and
enlargement. In the illuminated green pod, their expression
was significantly downregulated, which is consistent with
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FIGURE 7 | gRT-PCR validation of key genes identified in the transcriptome. (A) Validation of the RNA-Seq results by gRT-PCR; (B) gRT-PCR detecting the
expression of key genes in the root, leaf, aerial peg, underground peg, enlarged pod, and exposed green pod. Different lowercase letters indicate a significant
difference at p < 0.05 (Duncan’s multiple range test).
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the transcriptome results. The mechanosensitive ion channel This study’s main upregulated ubiquitination-related genes
protein was downregulated along with peg penetration and were E3 ubiquitin-protein ligase and U-box domain-containing
enlargement. This suggests that these three genes play an  protein, which could function at the non-transcriptional level
important role in developing peanut pods at the transcriptional ~ (Figures 4, 8). CHS, a key enzyme in flavonoid biosynthesis,
level (Figure 7B). was massively upregulated in this study (Figures 3, 8). CHS was
also involved in lignin synthesis (Eloy et al., 2017). Therefore,
upregulated CHS expression was consistent with the significantly
DISCUSSION increased lignification of the excavated pods (Zhu et al., 2013).
Previous studies have demonstrated that lignification is a
In this study, gene expression changes were detected during the mechanism of disease resistance (Vance et al., 1980). However,
reverse process of geocarpy in peanuts. Along with the results of  subsequent studies have shown that lignin has different functions
both forward and reverse processes, this revealed the importance  for different types of plant cells (Barros et al., 2015). Thus, in
of some genes. For example, the phyA was again identified as  geocarpy, it is unclear whether the lignin change resists stress or
an important gene in pod development since its expression has other functions.
increased during the forward process and decreased during the
reverse process. In addition, JAA9 and mechanosensitive ion

channel protein were first found to regulate pod enlargement at  Phy A, AUX/IAA, and Mechanosensitive
the transcriptional level (Figure 8). lon Channel Protein Genes in Peanut

. . . Pod Development
Differentially Expressed Gene-Enriched Phy A has been identified multiple times as a vital candidate for

Pathways After the Loss of Mechanical peanut pod development (Thompson et al., 1992; Xia et al., 2013;

Stress and Darkness Liu et al., 2020; Zhang et al,, 2016). Light is one of the most
Developmental arrest after pod excavation can be explained important factors regulating plant growth and development.
by the significant downregulation of DEGs related to DNA  Phy A is the far-red light receptor, which translocates from the
replication, ribosomes, and protein folding (Tables 1, 2). Genes  cytosol/nucleus into the nucleus/cytosol to trigger physiological
related to photosynthesis played an important part in pod responses (Sheerin and Hiltbrunner, 2017). The transcription
development (Kumar et al, 2019). Upregulated DEGs were levels of phyA increase with peg penetration, which requires
enriched in protein ubiquitination and flavonoid biosynthesis further research. This study identified several auxin-related
(Figure 8). Protein ubiquitination has always been closely related  DEGs, of which AUX/IAA genes were the most abundant, and
to photophogenesis. COP1 (Constitutive Photomorphogenic 1), IAA9 was identified as the hub gene during pod development
as a star factor, is an E3 ubiquitin ligase in photophogenesis  (Figure 6). In Arabidopsis, studies have shown that AUX/IAA
(Osterlund et al., 2000). Previous research has also confirmed links light perception and auxin response pathways (Reed,
that protein ubiquitination plays an important role in peanut pod ~ 2001; Liscum and Reed, 2002). Evidence suggests that at least
development (Zhu et al., 2014; Gao et al., 2017; Liu et al,, 2019).  seven different AUX/IAAs interact with phyA, and phyA can
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FIGURE 8 | Diagrams summarize changes in key molecular levels of developmental arrest caused by the absence of dark and mechanical stress. Round rectangles
represent the GO term or KEGG pathways and the ellipse represents the gene; red represents upregulation and blue represents downregulation.
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phosphorylate several AUX/IAA proteins in vitro (Soh et al.,
1999; Colén-Carmona et al., 2000).

As an important plant hormone, auxin participates in plant
growth and development. Changes to and redistribution of auxin
were also involved in developing peanut pods (Moctezuma,
2003). In addition, AUX/IAA proteins are associated with
gravitropism. Both TAA8 and IAA17 were involved in root
gravitropism of Arabidopsis (Leyser et al., 1996; Rouse et al,
1998; Arase et al., 2012). There are complex interrelationships
between gravitropism and light (Li et al., 2020; Yang et al,
2020). Therefore, we hypothesized that AUX/IAA was most likely
involved in regulating peg geotropism and dark morphogenesis
during geocarpy, though the specific mechanism requires further
study. The expression level of JAA9 significantly increased in peg
penetration and decreased after excavation. Promoter analysis
showed seven light response elements and one rhythm response
element on the promoter of IAA9, of which the elements close
to ATG were mainly light responses (Supplementary Figure 4b).
Therefore, IJAA9 was most likely regulated by light at the
transcriptional level.

Mechanosensitive ion channel protein was another interesting
gene identified in this study (Figure 8). Piezo is the most
important mechanosensor in mammals, and in Arabidopsis,
AtPiezo responds to mechanical stimuli at the transcriptional
level (Coste et al., 2012; Mousavi et al., 2021). In our previous
study, the homologous proteins of piezo were identified in
peanuts. However, their transcriptional level did not change
as mechanical stress changed. Therefore, the discovery of
the mechanosensitive ion channel protein and its change of
transcription level in this study were interesting. In plants,
mechanosensitive ion channels are a common mechanism
to perceive and respond to mechanical force, transducing
membrane tension directly into ion flux. There are three families
of mechanosensitive ion channels that have been identified
in plants: the MscS-like (MSL), Midl-complementing activity
(MCA), and two-pore potassium (TPK) families (Hamilton et al.,
2015). Molecular genetic approaches in Arabidopsis thaliana
and other model plants have recently added another dimension
to the study of MS ion channels. However, while research on
mechanosensitive ion channels in Arabidopsis and other model
plants has increased our understanding of these processes (Basu
etal., 2020; Tran et al., 2021), much remains unknown, especially
in non-model plants such as peanuts.

Possible Signaling Mechanism Involved

in the Regulation of Pod Development

Phosphorylation is a universal regulatory mechanism in plant
growth and development and transmits signals and regulates
life activities by regulating protein stability, protein interaction,
and protein-DNA interaction. The highest concentration of
plant phosphoproteins is found in the chloroplast (Bennett,
1991). In addition to transcriptional and translational differences,
plant circadian signal transduction networks contain many
post-translational mechanisms, of which phosphorylation is
one of the most important mechanisms (Kusakina and Dodd,
2012). Moreover, phytochrome has long been considered an

autophosphorylated serine/threonine-protein kinase, and its
autophosphorylation has been reported to play an important
role in regulating plant light signals (Hoang et al, 2019).
Biological and abiotic stresses in plants change the concentration
of cytoplasmic calcium, which activates calcium-regulated
protein kinases and transmits signals through phosphorylation
mechanisms (Saito and Uozumi, 2020). Therefore, in this study,
photochromes and circadian rhythms were considered to play an
important role in pod development (Figures 3, 8). In addition,
a large number of chloroplasts, calmodulin-related genes, and
numerous protein ubiquitination-related genes were found in
DEGs (Supplementary Table 3). As such, we hypothesized that
at least two signal transduction pathways were involved in pod
development: one starts at chloroplasts and transmits signals
downstream through phosphorylation; the other transmits
signals downstream through calcium signaling, phosphorylation,
and ubiquitination from abiotic stress.

CONCLUSION

Developmental stagnation occurs in peanut pods after the loss of
mechanical stress and darkness, and chloroplast, photosynthesis,
protein ubiquitination, circadian rhythm, flavonoid biosynthesis,
and calmodulin-related genes are all significantly upregulated,
while gene-related DNA replication, ribosome, and protein
folding were all significantly downregulated. Combining peg
penetration and excavation, phyA, IAA9, and mechanosensitive
ion channel protein genes were identified as key genes that could
be involved in pod development. In addition, we hypothesized
that two signaling pathways, beginning with chloroplast and
calcium signaling, played important roles in peanut pod
development. Our results provide useful information for the
development of peanut pods and geocarpy.
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treatment in this studly.

Supplementary Figure 2 | Sample correlation analysis.

Supplementary Figure 3 | The expression changes of U-box domain-containing
protein/E3 ubiquitin ligase (J6YH7R and CT4JMD) and EBF (EIN3-binding F-box
protein: Y2W1T6).

Supplementary Figure 4 | The information of key genes involved in geocarpy. (a)
Expression changes of key genes during peg penetration [on the right, the data
were obtained from the developmental transcriptome of Tifrunner contributed by
Clevenger et al. (2016)] and excavation (on the left) and (b), promoter analysis

of IAA9.

Supplementary Table 1 | Primers used in gPCR.

Supplementary Table 2 | Information about all DEGs, including FPKM value,
chromosome location, and gene length.

Supplementary Table 3 | Significant GO terms for DEGs in D vs. DM, L vs. DM,
and L vs. D. The “GeneRatio” means the ratio of the number of DEGs annotated in
the GO term to the total number of DEGs that can be annotated in the GO
database. The “BgRatio” means the ratio of the number of background genes
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