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Abstract

Peanut is a vital oilseed legume with considerable nutri-
tional and economic value worldwide. Considering the
global agricultural importance of this legume, researchers
have sequenced the whole genomes of both wild and
cultivated peanut varieties. Furthermore, databases such
as PeanutBase have been established to advance peanut
research and breeding. These databases compile extensive
genomic resources, including reference genomes, gene
annotations, and molecular markers. However, very few
genes in cultivated peanut have been functionally char-
acterized. To address this research gap, we developed
an enhanced version of the Peanut Genome Resource
(PGR) platform (https://pgr.itps.ncku.edu.tw), specifically
focusing on providing comprehensive genomic, annotation,
and phenotypic data for Arachis hypogaea, especially
the Chinese peanut var. Shitougqi. This updated platform
integrates an extensive range of genomic annotations—
such as information on gene functions, protein domains,
transcription factor (TF) families, gene ontology terms,
and Kyoto Encyclopedia of Genes and Genomes pathways.
Furthermore, PGR offers gene expression profiles across
tissues and conditions as well as tools for differential
gene expression and coexpression analyses. To the best
of our knowledge, PGR is the first peanut-related plat-
form to incorporate advanced bioinformatics tools for
cis-regulatory element analyses, such as those aimed at
predicting TF-binding sites; identifying CpNpG islands,
tandem repeats, and single sequence repeats; and perform-
ing in silico polymerase chain reaction assays for genetic
markers. With its user-friendly interface and comprehensive
analytical capabilities, PGR serves as a powerful platform

for advancing research on peanut genetics, breeding, and
functional genomics.
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Introduction

Cultivated peanut (Arachis hypogaea L.) is a major agricultural
crop that originated in South America and is now cultivated
worldwide (Arya et al. 2016). As an oilseed legume, peanut is
the fourth-largest oil-producing crop, with global production
reaching approximately 51.78 million metric tons in June 2025
(U.S. Department of Agriculture 2025a). This substantial yield
highlights the importance of peanut in global agriculture and
its contribution to the oilseed market. Furthermore, peanut
has considerable commercial value because of its nutritional
and medicinal properties (Ciftgi and Suna 2022). This legume
is rich in essential nutrients and bioactive compounds, which
makes it valuable for both dietary consumption and potential
therapeutic applications. Given the importance of peanut in
human life, the selection of superior traits and cultivars has
long been a key objective for genetic breeders. Consequently,
research on the peanut genome has become indispensable.
Foundational cytogenetic studies in the early 20th century
established the basic genomic attributes of cultivated peanut.
In the 1930s, cytogenetic investigations revealed a chromosome
count of 2n=4x=40 in A. hypogaea, confirming it as an
allotetraploid species (Husted 1931, 1933, 1936). Cytological
analyses indicated that the prostrate (runner) and erect
(bunch) forms of cultivated peanut exhibit similar chromo-
some numbers, morphological traits, and meiotic behaviors,
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suggesting that both varieties originated from a common
ancestor (Husted 1936, Bertioli et al. 2016). These findings led
to the ‘single-origin hypothesis,” which suggests that modern
cultivated peanut originated through hybridization between
two diploid ancestors, followed by genome doubling and
domestication. Because the genus Arachis contains more than
80 wild species with diverse genome types such as A, B, D,
F, and K (Bertioli et al. 2011, Zhuang et al. 2019), identifying
the diploid donors of the cultivated allotetraploid became a
long-standing challenge in peanut genome research. Molecular
approaches such as restriction fragment length polymorphism,
genomic in situ hybridization, and analyses based on simple
sequence repeat (SSR) markers highlighted the wild diploid
species Arachis duranensis (A genome) and Arachis ipaensis (B
genome) as the most likely ancestors from which cultivated
peanut originated through hybridization and polyploidization
(Kochert et al. 1996, Moretzsohn et al. 2012, Seijo et al. 2007).
With the advent of high-throughput sequencing technolo-
gies, substantial advances have been made in peanut genomics.
In 2016, a major milestone in peanut research was reached with
the whole-genome sequencing of the aforementioned ances-
tors (Bertioli et al. 2016). The genome assemblies of A. dura-
nensis and A. ipaensis provided the first chromosome-scale
references that clarified the evolutionary origin of cultivated
peanut (Bertioli et al. 2016). This study noted a high volume of
transposable elements, with 36 734 and 41 840 nontransposable
element genes in A. duranensis and A. ipaensis, respectively.
The researchers further identified clusters of disease resistance—
related loci in the ancestral species and found evidence of
structural rearrangements in the A subgenome of cultivated
peanut. Building on this foundation, two different studies have
revealed chromosome-scale assemblies of cultivated peanut
genomes. Zhuang et al. (2019) published the reference genome
of A. hypogaea var. Shitougi, a widely grown Chinese cultivar.
The assembly spanned 2.51 Gb, was anchored to 20 pseudo-
molecules, and included annotations for 83 709 protein-coding
genes. Approximately 77.65% of the genome comprised repet-
itive elements. Analyses highlighted B-subgenome dominance
in terms of gene count and expression. In addition, a long
terminal repeat expansion was observed, predominantly in the
A subgenome. The sequenced genome enabled the mapping of
loci and candidate genes for multiple agronomically important
traits, such as seed size, testa color, and foliar disease resistance.
In parallel, Bertioli et al. (2019) published the genomic assem-
bly of the Tifrunner cultivar. This assembly spanned 2.54 Gb
and included sequences from 20 chromosomes, with repeats
accounting for approximately 74% of the genome. It captured
99.3% of all bases and included 66 469 predicted genes, of which
31359 originated from the A subgenome and 35110 from
the B subgenome. Comparative analyses of Tifrunner against
its diploid ancestors revealed mostly one-to-one collinearity;
however, large inversions and a reciprocal translocation among
specific homeologous chromosome pairs were also observed.
These structural variations, together with widespread homeol-
ogous exchanges, likely contributed to the phenotypic diversity

of cultivated peanut. Conversely, the uniform single-nucleotide
polymorphism (SNP) “fingerprints” shared by A. hypogaea and
Arachis monticola indicate a single polyploid origin of cultivated
peanut.

As sequencing costs decreased and analytical pipelines
matured, broader access to genomic data from various Arachis
species facilitated the integration and standardization of
corresponding datasets by community resources. As part of this
broader community initiative, PeanutBase—a comprehensive
peanut genome database—was established with support from
the International Peanut Genomics Consortium to provide
researchers with the genetic and genomic data of various
Arachis species (Dash et al. 2016). PeanutBase offers access
to genome assemblies, genetic markers, quantitative trait
loci (QTL), gene expression datasets, and bioinformatics
tools for visualization and comparative analysis. According
to the US Department of Agriculture (US. Department of
Agriculture 2025b), China has recently become the world’s
leading producer of peanut, contributing to approximately 37%
of the global yield. To facilitate research on cultivated varieties,
researchers have sequenced the genome of the Chinese peanut
cultivar A. hypogaea var. Shitougi and developed a dedicated
genome browser, the Peanut Genome Resource (PGR) plat-
form, to facilitate the retrieval of genomic information (Zhuang
et al. 2019). However, comprehensive genomic and phenotypic
data for Chinese cultivars remain underrepresented in public
repositories such as PeanutBase, limiting research and breeding
initiatives focused on these varieties.

To address the indicated gap, we developed an enhanced
version of the PGR platform, aiming to provide comprehensive
functional and regulatory information based on genomic and
phenotypic data specific to the Chinese peanut cultivar A.
hypogaea var. Shitougi. PGR facilitates several aspects of peanut
research. For example, it (i) offers genome annotations that
integrate information on gene function, protein domains,
transcription factor (TF) families, gene ontology (GO) terms,
and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways; (ii) offers tools for the visualization of expression profiles
across 29 tissues and experimental conditions; (iii) integrates
18 genetic maps containing SNPs, SSR markers, and trait-
associated QTLs derived from PeanutBase and prior studies;
(iv) provides access to phenotypic information for various
cultivated peanut species, selected cultivars, mutants, and
accessions; (v) offers a Regulatory Element Analysis function
for predicting TF-binding sites (TFBSs) within user-defined
promoter regions; (vi) provides a sequence analysis module for
identifying CpNpG islands, tandem repeats, and SSR regions;
and (vii) offers an in silico polymerase chain reaction (PCR)
tool (based on the Exonerate package) for predicting primer
targets in user-defined genomic sequences. By integrating the
aforementioned resources and tools within a user-friendly web
interface, PGR provides a robust platform for peanut research,
supporting genetic studies, breeding efforts, and functional
genomics analyses of A. hypogaea var. Shitougi and related
cultivars.
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Figure 1. Overview of the PGR platform. The platform integrates genomic, genetic, expression, and phenotypic data from cultivated peanut. It
offers six key functions: browse, search, germplasm & variety, maps & traits, analysis (expression, promoter, and sequence analyses), and download.

Results and Discussion

Database construction and general functions

In this study, we updated the PGR platform to provide compre-
hensive genomic and phenotypic information on A. hypogaea
var. Shitougi. The genome assembly of this cultivar comprises
20 chromosome-scale scaffolds corresponding to the diploid
A and B subgenomes (chromosomes A01-A10 and B01-
B10, respectively) (Zhuang et al. 2019). The updated platform
indicated that the genome contains 75810 protein-coding
genes, with an average gene length of 3155 bp, an average exon
count of 5.14 per gene, and an average protein length of 388
amino acids. The genes are distributed across the A subgenome
(33449 genes) and the B subgenome (41510 genes), with
851 genes located in the unassembled region. PGR provides
descriptive data for 12 Arachis species; the data include
images, resequencing data, and genetic variation-related

information for 51 peanut accessions, 59 mutants, and 6
variants or ecotypes. Regarding genetic and trait data, PGR
incorporates genetic linkage maps containing 21069 SNPs, SSR
markers, and QTLs. For comparative analysis, the transcriptome
component of PGR includes 29 RNA sequencing (RNA-seq)
datasets and 32 microarray datasets representing various tissues
and conditions (Zhuang et al. 2019). This platform operates on
an Apache Web server running the Linux operating system,
with data stored in a MySQL database. The Web interface was
developed using PHP, HTML, and JavaScript. PGR provides six
key functions: browse, search, germplasm & variety, maps &
traits, analysis, and download. An overview of the PGR interface
is depicted in Fig. 1.

Browse

The JBrowse tool has been integrated into the Browse section
of the PGR website to facilitate genome-wide visualization
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and gene exploration (Skinner et al. 2009). Users can search
by gene identifiers (IDs) or specify genomic coordinates to
locate genes of interest. In addition to facilitating standard
genome browsing, PGR enables users to search for TFs
from different families by including a dedicated TF Browser
(Supplementary Fig. S1a). The display provides detailed
information on the TF of interest—e.g. gene ID, transcript
ID, genomic coordinates, gene description, and annotated
protein domains, accompanied by graphical visualization
(Supplementary Fig,. S1b).

Search

To facilitate efficient retrieval of gene information, the PGR plat-
form provides various keyword-based search functions. In addi-
tion to supporting basic searches with gene IDs, gene names,
and functional descriptions, PGR facilitates advanced queries
with GO terms, KEGG ortholog and pathway IDs, and InterPro
domain IDs. Each search result links to a detailed gene informa-
tion page that displays GO and KEGG pathway annotations and
protein domain classifications (Supplementary Fig. S2a—c). The
page also provides access to the coding sequence, the protein
sequence, and downloadable FASTA files for downstream anal-
yses. These integrated features enhance data accessibility and
facilitate gene information retrieval.

PGR offers a Parental ID Mapping function that enables users
to identify homeologous transcript IDs between the allote-
traploid AABB genome of A. hypogaea var. Shitouqi and its
parental diploid genomes, A. duranensis (AA) and A. ipaensis
(BB). On the one hand, users can input a transcript ID from
the AABB genome to retrieve the corresponding homeologous
transcript(s) in the parental genomes; on the other hand, they
can use transcript IDs from the parental genomes to identify
their counterparts in the AABB genome. The output displays
protein domains for both the query transcript and its mapped
homeolog, along with the detailed protein sequence alignments
(Fig. 2a—c). For parental diploid transcripts, PGR provides exter-
nal links that direct users to corresponding gene search pages
on PeanutBase.

Expression analysis

To facilitate the analysis of gene expression in A. hypogaea var.
Shitougqi, PGR integrates 29 RNA-seq datasets and 32 microar-
ray datasets corresponding to various tissues, developmental
stages, and stress conditions. Users can explore the expression
profiles of target genes under different conditions by searching
using transcript IDs or microarray probe IDs. Expression levels
are visualized as line charts, enabling an intuitive comparison
of gene expression dynamics across experimental contexts. To
facilitate the identification of key genes and regulatory net-
works, PGR enables users to perform comparative analyses of
expression data obtained from RNA-seq and microarray data.
Several analytical tools are available in PGR: (i) tissue-specific
search identifies genes specifically expressed in the target tissue
(Fig. 3a); (ii) differentially expressed genes (DEGs) Search lists
genes with different expression profiles in leaves subjected to

hormone or abiotic stress treatments (Fig. 3b); (iii) KEGG path-
way and GO enrichment analyses unveil significantly enriched
(P-value < 0.5) biological processes and signaling cascades asso-
ciated with user-defined gene sets (Fig. 3c); and (iv) Coexpres-
sion analysis detects gene sets with similar expression patterns
on the basis of either a single gene or a set of genes. PGR
offers two modes of gene expression analysis: correlation of
single gene and correlation network. These modes reveal genes
coexpressed with the gene of interest or identify coexpression
patterns within a given set of genes (Fig. 4a and b).

Promoter and sequence analyses

To facilitate the identification of putative cis-regulatory
elements, PGR includes a regulatory element analysis function
that scans the upstream and downstream regions of target
genes (Fig. 5a—c). This function reveals predicted TFBSs,
CpNpG islands, and tandem repeats. Users can refine analyses
by selecting species-specific TF-binding matrices, uploading
custom motifs, and specifying the length of the genomic
region to be analyzed. In addition to enabling the prediction of
TFBSs, PGR facilitates the identification of CpNpG islands and
tandem repeats, thereby serving as a comprehensive platform
for investigating gene regulatory elements.

PGR also offers a gene group analysis function for the
identification of shared regulatory mechanisms within a set
of genes. This function identifies TFs whose binding sites
are located within the regulatory regions of multiple target
genes, thereby highlighting potential common regulators and
coordinated transcriptional control across the gene set.

Germplasm & variety

The germplasm & variety function of PGR provides an overview
of cultivated and wild peanut species, covering four key cat-
egories: species, cultivars, mutants, and varieties. The species
page displays descriptive information and resource links for 6
cultivated peanut ecotypes and 11 wild peanut species. The
cultivars page features 51 peanut cultivars with phenotypic data
and breeding histories. The mutant’s page features 59 mutant
lines with phenotypic descriptions and photographs. Finally,
the varieties page features six cultivated peanut varieties and
presents information on their landrace origins.

Maps & traits

The maps & traits function of PGR enables users to search
for genetic markers, SSRs, SNPs, and QTLs across 18 genetic
linkage maps. Marker information can be accessed using two
primary methods: by entering a keyword or primer sequence
or by browsing the marker table. The output page provides
detailed data, including information on marker name, type,
motif, reference, and sequence as well as PCR primer sequence,
if available. In the linkage maps section, users can locate the
genetic map(s) containing the queried marker and the corre-
sponding map position (Fig. 6a) and access relevant visual rep-
resentations (Fig. 6b). PGR further enables users to perform in
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Aradu.3V9ViW.1121 NAARLHGEPNITEATRSFPILSNATPGQLSAALVITRNIEFVDDILTFEELGHFLKSHGC180

Figure 2. Screenshots depicting the output of the Parental ID Mapping function. Mapping result for AH03G09180.1 includes (a) basic information
for both query and target transcripts, (b) visualization of shared protein domains, and (c) a detailed protein sequence alignment between the
query and corresponding homoeologous transcript.
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Figure 3. Overview of the expression analysis function. (a) Output of the tissue-specific gene search function for cotyledon, displaying the
expression profiles of the top 300 tissue-specific genes. (b) Output of the DEG search function for “leaf treated with abscisic acid,” displaying the
distribution of DEGs on the basis of log2 fold-change values. (c) Output of the pathway/GO enrichment analysis function, displaying significantly
enriched KEGG pathways and GO terms. The example presents pathway enrichment results with enrichment scores and adjusted P values.
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Figure 4. Output of the coexpression analysis function. (a) Coexpression profile of AH08G26770 generated using the single-gene correlation mode.
(b) Coexpression network of WRKY genes generated using the correlation network mode.
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CCAACGCGGTGGTAGTAAGAGGTGACGGCAGCAA! GGCAGTGCCAATH AGA ACTT! TGAGTGAG
CTTCTGTTCACCCACTCTCCACCACCGTCCTCCTCTGGCGACGCCGTTTCAGCTGCCGCGCCGCTTCCCCCGGTCCACCTCCAGCTCCCCGGACTGATCC -401

GAAGACAAGTGGGTGAGAGGTGGTGGCAGGAGGAGACCGCTGCGGCAAAGTCGACGGCGCGGCGAAGGGGGCCAGGTGGAGGTCGAGGGGCCTGACTAGG

TCCTCCCGGAAACGATTCCGGCATGCTTCA AATGCTTCA’ ATTCCTCCATCATTCGAGGTTTCA AATAAGGATTTGATGATTGCT -301

AGGAGGGCCTTTGCTAAGGCCGTACGAAGTAAAAATTACGAAGTAAAAAATAAGGAGGTAGTAAGC TCCAAAGTAAAAATTATTCCTAAACTACTAACGA

TTCAAACTGA’ GTATGTGGTTTCATTAGTCATCATTTGAGAGTGGATGTACAACAATAGTTGATAAGCATCATGCATTATTATTGATGCTGTACATT -201

AAGTTTGACTAAAACATACACCAAAGTAATCAGTAGTAAACTCTCACCTACATGTTGTTATCAACTATTCGTAGTACGTAATAATAACTACGACATGTAA

TTC GTGCAGATTTGTTTATGGTAATCATATATTGTGTAATATAATCTAA ATTCCATTTACGGTTGGTGGTTCTCATGGATAATACTATGTT -101

AAGAAAAACACGTCTAAACAAATACCATTAGTATATAACACATTATATTAGATTAAAATAAGGTAAATGCCAACCACCAAGAGTACCTATTATGATACAA

CTGTTAGGTGCTGAATATGGCACAGA GGCACCCTCTACACAATGGCAGATGAGAATCACAAAACCCTCACAAAATGCAAGCCCAATTACTTAAAAA -1

GACAATCCACGACTTATACCGTGTCTAAAACCGTGGGAGATGTGTTACCGTCTACTCTTAGTG GGGAGTG ACGTTCGGGTTAATGAA 3 i

ATGTGGAGTTCTTTAGTGTTGAGACCAAACAAGAAAGTTGGTGCTACCAGCTCTGCCAAATTTAGAGTGATGGCAATTAAGTCTGATAACAGCACAATCA 100

TACACCTCAAGAAATCACAACTCTGGTTTGTTCTTTCAACCACGATGGTCGAGACGGT TTAAATCTCACTACCGTTAATTCAGACTATTGTCGTGTTAGT

Pattern Search Results (matrix ID / corresponding TF family)

TFmatrixiD_0127 / AP2 ; B3 — — _
Binding site information

Position  Strand  Similar Score  Hit Sequence

-922 + 0.99 aCAACAta 5 P tPAN 4.0

B rFmatrixio_0130 / AT-Hook }

Position  Strand  Similar Score  Hit Sequence

-158 + 0.97 aATATAatct

TFmatrixID_0131 / AT-Hook (Tandem Repeat)

TFmatrixID_0134 / AT-Hook (Tandem Repeat)

i C Cetipeia i Additional sequence analysis result
Begin End Length G+C CpNpG o/e AT cG Start- Strand  Strand-
site site frequency ratio Skew Skew p p
-878 -372 507 0/5 0.92 -0.06 -0.2 0.38 - 0.89
: Tandem Repeat

E d Number of the

H Peri C (g P t P t nucleoti Ent

: e E.I‘IO opy ons.ensus ercen .ercen S cleotides  ENtropy —_
size number size matches indels ATCG (0-2)
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| 14 1.9 14 100 0 54 1814759 1.58 ATGCTTCA TA
: 352

Figure 5. Screenshots depicting the output of the regulatory element analysis function. The results page showing the potential (a) TF-binding
sites in the upper viewer, with (b) detailed results of binding site, each TF matrix ID provides a hyperlink to PlantPAN, allowing users to access
the sequence logo of the corresponding TF binding site. (c) CpNpG island and tandem repeat analyses.
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Marker Name
Additional Name
Marker type
Motif / Pattern

Forward primer
(5'-3)

Reverse primer
(531

Resource

Sequence

Linkage maps

Linkage map

Tifrunner x GT-C20

C

In-silico Result 1

e Primers:BA

s Target: Chr10

* Product: 224 bp

* Result type: revcomp

S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEA FEEEEEEEEEEIEEEEEEEEEEEEEESEEEEEEEEEESEEEESEEEESENEEESSNEESESEESEENEESEENEEEEEEESENNEESNEEEESEEEESEEEESNNENEENEEEENEEESEEEESSEEEESSEEEESEEEESEEEEEEEEE

a Basic Information
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5' -AAAAACCTAATTATTCGACTTAAAGCA-3' 3'-GTCATTCGGTTTTGTGAGATCCTT-5' # primers

GNB100

FI287922

BAC-SSR

(TA)19

TTCCTAGAGTG GGCTTACTG

AAAAACCTAATTATTCGACTTAAAGCA

Wang et al., 2012
Peanut Base

AGTTTCAAAAAATTTGTTTTGTGTCTGTCTATGTTACTGTC
TTTTGTTTTAGGCCAGAGCATCCTGAGTTCCTATAATAGA
TGCATAATGATAATGATAGTAAATTTCTTATTTGTCTTGG
TTCTAAGTGTTTTGTATTGTCAAAGAAACTCTCTGAGTTT
CCAAGATTTTATAGGAAAGCACAATACAATGTGCAGGGT
ATTATATTGTATTAGGTCAGTGCTTAGTGTAATTTCCTAG
AGTGTTTTGGCTTACTGTAAGACTTCGGATTTTTACAAAA
TTAAATAATAAATTTATTTATGATTTATTATATTTAATTGA
GATTATATTTAAGAGATTATATATATATATATATATATATA
TATATATATATATAAATTAAGCAATTTATTATTTATGATTT
AAAACTTTAGTAATTGAATAATAATAAGACTTTTATATGCT
TTAAGTCGAATAATTAGGTTTTTAACTTTATTTCATGATTA
TAAAGGAAATTGATTTTTATTATCTCTAATTATTGAATTGA
AGTATTTATTTGAAAATAAATTTTAAGTTGATAATTAAATA
ATATTTTTATAGATATTATTATTGGATTAAGTTTAGTTTTT
AATTAATACTTTATCTAAACTCTAATTTCCAAATCAAAATC
CTAAATCCCCAAAACATAACCCTAACCCTAACTAAACAAA
ATCCTAAATTTTTTCTAACCTCACCGCCACACTCACCGCC
CTAACTCTTCCCAAAAACACCACTCAATAGCAGCTTCAGC
AAAACAAAAGAAATAGAAAGAAACATTGAGCAGAGAGG
AGAGA
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Name used
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Note: The table only shows the best result for one query ID and one chromosome pair.

. Identity Alignment
QueryID  Chromosome Regsion Evalue
(%) Result
Sequence Chr10 8814674-8815474 [Genome 98.8 0.0 View
Browse]
Sequence Chr20 15551096-15551880 [Genome 915 0.0 View
Browse]
Sequence chr16 148834129-148834566 [Genome 92.5 1.17e- View
Browse] 176
Sequence Chr01 8265034-8265549 [Genome 85.0 4.38e- View
Browse] 146

GNBS17-1
GM2411

Figure 6. Screenshots depicting the output of the maps & traits function. The example output using GNB100 as query includes (a) marker
information, (b) marker position visualization, (c) in silico PCR results, and (d) BLAST output for the marker sequence in the Arachis hypogaea

var. Shitougi genome.
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silico PCR assays and conduct BLAST searches for PCR products
to predict marker positions in the Shitouqi genome (Fig. 6¢
and d). BLAST results include alignment identity, E-value, and
alignment length, helping users evaluate potential off-target
amplifications. Collectively, the maps & traits function facili-
tates the rapid identification of candidate genes within trait-
associated regions and supports marker-assisted trait selection
in peanut breeding and genomics research.

Case study: Integrative cis-regulatory and
coexpression network analysis reveals candidate
transcriptional regulators of LEA5 genes

Late embryogenesis abundant (LEA) proteins were first identi-
fied in Gossypium hirsutum (cotton), where they accumulate
during the later stages of seed development (Dure Ill et al.
1981). These proteins have since been identified in diverse plant
species, such as angiosperms, gymnosperms, and algae, and
even in prokaryotes (Hundertmark and Hincha 2008, Lan et al.
2013). Among the LEA proteins, LEA5—a member of the LEA
type 3 family—mediates responses to abiotic stressors such as
drought, salinity, and heat (Naot et al. 1995, Hundertmark and
Hincha 2008, Karpinska et al. 2022). In Arabidopsis thaliana,
LEAS is highly expressed in leaves, roots, pollen, and flowers
(Evans et al. 2024, Salleh et al. 2012). Yeast one-hybrid assays
and TF mutant analysis highlighted several TFs belonging to the
NAC, ERF, and WRKY families—e.g. NAC domain-containing
protein 42 and NAC domain-containing protein 71, Ethylene
response factor 1, and WRKY DNA-binding protein 15 and
WRKY DNA-binding protein 63, respectively—as key regulators
of LEAS (Evans et al. 2024).

A PGR-based analysis revealed two expression profiles for
four LEAS genes (AH01G27080, AH04G10170, AH11G30560, and
AH14G12410) across 29 transcriptomic datasets correspond-
ing to various tissues and conditions. The first expression
profile—characterized by consistently high expression levels
in embryo, pericarp, and leaf tissues under drought stress
and significantly low expression levels in leaf tissues treated
chemically (abscisic acid, brassinolide, ethephon, distilled
water, paclobutrazol, or salicylic acid) or maintained at room
temperature—was exhibited by AH01G27080 and AH11G30560
(first group; Fig. 7a and b). The second expression profile—
characterized by low expression levels in most tissues but
relatively high expression levels in leaf tissue—was exhibited
by AH04G10170 and AH14G12410 (second group). Notably,
the expression levels of these genes were upregulated in
response to chemical treatment (abscisic acid, brassinolide,
ethephon, distilled water, or salicylic acid) and incubation
at room temperature, exhibiting a profile opposite to that
of AH01G27080 and AH11G30560 (Fig. 7c and d). To identify
potential regulatory elements associated with LEA5 genes in
A. hypogaea var. Shitouqi, we analyzed the 2000-bp upstream
regions and 5 untranslated regions of the four LEAS genes
by using the regulatory element analysis and gene group
analysis functions in PGR. For gene group analysis, a 100%
conservation threshold was applied to retain only TF-binding

motifs shared across all LEAS genes. Although the predicted
TFs varied in family classification, the Myb/SANT, AP2,
ERF, WRKY, and NAC families were consistently conserved
across the LEA5 genes (Fig 8a; Supplementary Figs. S3—
S6). Similarly, Evans et al. (2024) highlighted TFs belonging
to the ERF, WRKY, and NAC families as key regulators of
LEAS.

To narrow down potential TFs that regulate LEA5, we
analyzed coexpression patterns between the four LEAS genes
and TFs belonging to the NAC, WRKY, and ERF families
(Supplementary Tables S1-S4). Several NAC family members,
such as NAC domain-containing protein 68, NAC domain-
containing protein 78 (NAC78), NAC domain-containing
protein 37, nascent polypeptide-associated complex subunit
alpha-like protein 2, and nascent polypeptide-associated
complex subunit beta, coexpressed with the LEAS5 genes
(Fig. 8b).

Among the coexpressed TFs, NAC78 serves as a transcrip-
tional activator in flavonoid biosynthesis and enhances antho-
cyanin accumulation in A. thaliana under high light stress con-
ditions (Morishita et al. 2009). The expression of NAC78 is
upregulated under heat and drought stress conditions, which
suggests its regulatory role in stress response (Kim et al. 2006).
In rice, NAC78 scavenges reactive oxygen species by directly
activating Tau class glutathione S-transferase 37 during drought
stress (Yu et al. 2024). These findings may explain the observed
upregulation of AH01G27080 and AH11G30560 under drought
conditions (Figs. 7a, b and 8a).

An analysis of coexpression patterns between the four
LEAS genes and TFs belonging to the WRKY family indi-
cated that although WRKY TFs formed extensive coex-
pression networks, none of the family members exhibited
a direct coexpression relationship with the LEAS genes
(Fig. 8c; Supplementary Fig. S7). By contrast, within the ERF
family, Cytokinin response factor 2, Related to APETALA2
11 (RAP2-11), and ethylene-responsive TF 61 coexpressed
with the LEAS5 genes (Fig. 8d). Notably, RAP2-11, which
coexpressed with AH14G72410, was located within a densely
interconnected coexpression cluster and exhibited numerous
coexpression linkages with TFs belonging to the WRKY
family. This highly connected network suggests that RAP2—
11 serves as a central regulatory hub, likely orchestrating
stress-responsive transcriptional programs and influencing
AH14G12410 expression dynamics under various conditions
(Fig. 7d; Supplementary Fig. S8).

Coexpression network analysis with the expression profiles
of the four LEAS genes revealed that none of the TFs belonging
to the three families (NAC, ERF, or WRKY) coexpressed with the
two LEAS groups with distinct expression profiles. This finding
suggests that the expression of the two LEAS groups is regulated
by distinct, group-specific TF networks rather than by shared
regulatory factors.

Taken together, this case study indicates that the regulation
of LEAS in cultivated peanut is modular and group-specific,
involving distinct sets of TFs that do not overlap between
expression groups. These findings highlight the complexity of
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Figure 8. Cis-regulatory sequence and transcriptome analyses of LEAS genes. (a) Treemap visualization of potential TF families that bind to LEA5S
promoters yielded intersected results. Block size indicates the number of predicted TF-binding motifs per family. Different colors correspond
to different TF families. (b—d) Coexpression networks between the four LEAS genes and TFs belonging to the NAC (b), WRKY (c), and ERF (d)
families. The coexpression networks were constructed at a threshold of 0.7. Nodes represent genes, and edges indicate significant coexpression
relationships.
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stress-responsive gene regulation in peanut and the need for
integrating transcriptomic and regulatory element analyses to
elucidate gene function. Ultimately, this study may guide the
development of a comprehensive peanut genome database to
support functional and regulatory genomic research in culti-
vated peanut.

Conclusion

The updated PGR platform represents a major advancement
in genomic research for A. hypogaea var. Shitougi. PGR inte-
grates genomic annotations, transcriptomic expression data,
genetic linkage maps, and phenotypic information, address-
ing key limitations of prior peanut genomic resources. The
platform supports multiple functional analyses, including DEG,
coexpression, and promoter analyses. PGR’s integrated bioin-
formatics tools for regulatory element prediction, sequence
analysis, and in silico PCR increase the accessibility and utility
of genomic data. Collectively, PGR provides researchers and
breeders with a robust set of tools for investigating genetic
traits, regulatory networks, and molecular markers, thereby
supporting improved peanut breeding strategies and advancing
research in peanut functional genomics.

Materials and Methods

Collection of peanut metadata

The genome assembly data for A. hypogaea var. Shitouqi used in PGR are
available at the National Center for Biotechnology Information under the Bio-
Project accession number PRJNA480120. Genome assemblies and annotation
data for the parental species A. duranensis and A. ipaensis were obtained from
PeanutBase (Dash et al. 2016). Additional resources, such as genome annota-
tions and peptide sequences for the Shitougi cultivar, transcriptome RNA-seq
data corresponding to 29 tissues and conditions (Zhuang et al. 2019), and 32
microarray samples (Supplementary Tables S5 and S6), along with descriptive
information and images of other peanut species, cultivars, and mutants, were
provided by Dr Weijian Zhuang's laboratory at Fujian Agriculture and Forestry
University, China. Most of these cultivars and mutants are not published, but
some of them, like mutant varieties with high oleic acid contents, have been
reported previously (Zhuang et al. 2019). A total of 21 069 SNPs, SSRs, and QTLs
for cultivated peanut were manually curated and integrated into 18 genetic
linkage maps compiled from PeanutBase and 12 published studies (Foncéka
etal. 2009, Ravi et al. 2011, Qin et al. 2012, Shirasawa et al. 2012, 2013, Sujay et al.
2012, Wanget al. 2012, Gautami et al. 2012a, 2012b, Dash et al. 2016, Huang et al.
20163, 2016b).

Classification of TFs

To classify TFs into families, we obtained a TF—Pfam correspondence table from
the PlantPAN database (Chow et al. 2024), which maps Pfam accession numbers
to specific TF families. All protein sequences from A. hypogaea var. Shitougi
were annotated using InterProScan to identify Pfam domains (Jones et al. 2014).
Then, each protein’s Pfam accession number was cross-referenced with the
PlantPAN mapping table to assign it to the appropriate TF family.

Analysis of gene expression data

PGR’s functions for identifying DEGs and conducting coexpression analysis
were developed using the ExPath tool (Zheng et al. 2017). To facilitate the

PGR: functional genomics resource for peanut

detection of DEGs under user-defined conditions, PGR allows for both chemical
treatment (e.g. abscisic acid, brassinolide, ethephon, paclobutrazol, and salicylic
acid) and physical treatment (e.g. drought and low temperature); leaves treated
with distilled water serve as the control group. The t.test() function from the
R package was used to identify DEGs. As mentioned, PGR offers two modes
for coexpression analysis. The correlation of single gene mode identifies the
top 20 coexpressed genes across all experimental conditions for a given gene.
By contrast, the correlation network mode visualizes networks of coexpressed
genes on the basis of user-defined inputs. Pearson’s correlation and Spearman’s
rank correlation analyses were performed using the cor() function in R. The
resulting networks were visualized using Cytoscape.js (Franz et al. 2015).

KEGG pathway and GO enrichment analyses

For KEGG pathway and GO enrichment analyses, transcript sequences of cul-
tivated peanut were annotated using InterProScan to predict protein domains
and associated functions (Jones et al. 2014). The resulting data were used to
extract UniProt accession numbers and corresponding GO terms. KEGG orthol-
ogy IDs were assigned on the basis of UniProt accession numbers (Kanehisa
and Goto 2000). Enrichment analyses for GO and KEGG terms were performed
using the hypergeometric distribution. Cumulative probabilities (P values) were
calculated using the dhyper() and phyper() functions in R to evaluate the
statistical significance of functional enrichment. The resulting P values were
adjusted for multiple comparisons by using the Benjamini-Hochberg method.

Sequence analysis tools

The TFBS prediction tool in PGR was integrated from the PlantPAN database.
Position weight matrix data and corresponding cutoff profiles from the Plant-
PAN database were used to identify putative TFBSs with the MATCH algorithm
(version 9.0) (Kel et al. 2003). For species-specific motif detection, the position
weight matrix data were classified into 8 groups (Supplementary Table S7):
(i) A. thaliana, (ii) Glycine max, (iii) Medicago truncatula, (iv) Oryza sativa, (v)
Zea mays, (vi) Fabaceae family members (n = 7), (vii) eudicot species (n = 52)
and genera (n = 2), and (viii) monocot species (n = 12). For promoter structure
analysis, CpG islands were detected using CpG Island Promoter Detection tool,
and tandem repeats were identified using Tandem Repeats Finder (version
4.07b) (Benson 1999, Ponger and Mouchiroud 2002). SSRs were detected using
the MicroSAtellite identification tool (version 2.1), which also enables users to
define the maximum allowable distance between two SSRs (Beier et al. 2017).

In silico PCR

To predict the locations of genetic markers in the peanut genome, PGR uses
ipcress, a tool from the Exonerate package that simulates PCR amplification
by predicting potential PCR products (Slater and Birney 2005). On the PGR
website, ipcress is implemented with a default mismatch threshold of three
(-mismatch 3). The minimum product length (min_product_len) was set to
match the original amplicon size for each primer pair, and the maximum
product length (max_product_len) was restricted to 2000 bp to avoid overly
long and improbable products. Furthermore, primer pairs generating AA or BB
configurations were filtered out to reduce nonspecific amplification, including
potential primer-dimer formation.
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