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Editorial on the Research Topic
Peanut genomics and biotechnology in breeding applications

Cultivated peanut (Arachis hypogaea L.) is a significant food and oil legume crop
cultivated in tropical and subtropical regions globally. Climate change-mediated biotic and
abiotic stresses significantly impact peanut productivity and agronomic traits. However,
bioinformatics and next-generation sequencing technologies have facilitated the feasible
application of peanut genomics and genetics resources in sustainable breeding programs.
Genomics- and biotechnology-assisted breeding holds great potential to fast-track the rate
of genetic improvement, and design improved peanut cultivars with high yield and quality
to ensure food safety. Therefore, this Research Topic on “Peanut genomics and
biotechnology in breeding applications” presents ten articles from leading experts in this
field. This editorial highlights key advances reported in our Research Topic.

Genome-wide identification and characterization of new gene families in cultivated
peanut helps to uncover their gene structures, evolutionary relationships, protein
interactions, cis-elements, expression levels in different tissues and against various
stresses, putative miRNAs, and their putative functions using numerous computational
tools. In this context, Wang et al. identified 196 R2R3-MYB genes in peanut genome,
arranged into 48 sub-groups. Of these, 90 genes displayed higher expression patterns
against waterlogging stress. Association analysis identified a single nucleotide
polymorphism (SNP) located in the third exon region of AdMYB03-18 (AhMYB033),
and the three haplotypes of the SNP were highly connected with total branch number, pod
length, and root-shoot ratio, respectively, indicating that AhMYB033 could help to improve
the peanut yield. Likewise, Zhang et al. identified 22, 22 and 46 phospholipase Ds (PLDs) in
A. duranensis, A. ipaensis and A. hypogaea, respectively, and classified them into o, 3, v, §,
€, { and @ isoforms. AhPLDs interact with key proteins in lipid metabolic pathways, while
ahy-miR3510, ahy-miR3513-3p, and ahy-miR3516 may act as hub regulators. qRT-PCR-
based expression analysis indicated that mainly, AhPLDa3A, AhPLDo5A, AhPLDJIA,
AhPLDf32A and AhPLD4A were highly up-regulated under abiotic stresses.

Wu et al. identified 178 plant protein phosphatase 2C (PP2C) genes in cultivated
peanut, distributed across 20 chromosomes. Twenty two miRNAs from 14 diverse families
targeted 57 AhPP2Cs. Some AhPPC2Cs were highly expressed in different tissues, while
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AhPP2C45 and AhPP2C134 were highly up-regulated under salinity
stress, revealing their role in salinity tolerance in peanut. Another
study by Cai et al. identified 116 o-methyltransferases (OMTs)
genes, divided into three main classes. Twelve miRNAs from
various families targeted 35 AhOMTs genes. Mostly AhOMT's
were up-regulated in various tissues and under phytohormones,
drought, and temperature stress. In the future, these novel genes
could be genetically engineered to improve peanut yield, quality and
stress tolerance.

Genome-wide association study by Oteng-Frimpong et al.
discovered 97 SNPs and 17 candidate genes associated with early
leaf spot (ELS) and late leaf spot (LLS) diseases in peanut. Of these,
29 unique SNPs were revealed for one or more traits across 16
chromosomes, explaining 0.01-62.76% phenotypic variation. These
outcomes offer insights into the genetic structure of ELS and LLS
diseases in African peanut germplasm. The identified SNPs and
anticipated candidate genes could aid in breeding diseases resistant
peanut varieties. Using whole genome resequencing method, Zhang
et al. discovered a major quantitative trait loci (QTL, gRGRB09)
associated with cold tolerance on chromosome B09 (between 46.74
cM-61.75 cM) that is confirmed by KASP markers. A regional QTL
mapping assessment confirmed that gRGRB09 was between the
KASP markers, G22096 and G220967 (chrB09:155637831-
155854093), and this region contained a total of 15 annotated
genes, suggesting their vital role in cold tolerance in peanut. By
performing transcriptome and bisulfite sequencing, Liu et al.
exhibited that variations in DNA methylation between wild and
cultivated peanuts can alter oil content by affecting the expression of
peroxisomal acyl transporter protein (Araip.H6S1B). In short, they
concluded that DNA methylation might act as a negative regulator
of lipid metabolic genes and transcription factors, leading to elusive
differences in oil accumulation between wild and cultivated peanuts.

After different transgenic screening assays, Huai et al. reported
that the red fluorescence protein (DsRed2) could be potentially used
as a visual reporter to attain the highest screening productivity and
precision in peanut genetic transformation. In another study,
Zhuang et al. functionally characterized a novel Aspergillus flavus
inducible gene (AhOMTI) promoter from peanut. In transgenic
Arabidopsis, AHOMT1-promoter showed highly inducible activities
under A. flavus infection, presenting a new hope for future
controlling of aflatoxins contamination through the induction of
peanut resistance genes; thus, satisfying the safety concerns of the
transgenes. These studies suggest that genetic engineering (gene
editing or transgenic breeding) approaches must be fully exploited
to improve important agronomic traits and stress tolerance
in peanut.

In a review article, Huang et al. presented the scope of different
omics approaches, including genomics, transcriptomics,
proteomics, metabolomics, miRNAomics, epigenomics and
phenomics, for identifying various biotic stress-related genes,
proteins, metabolites, metabolic pathways and their networks.
Omics understanding is important for developing biotic stress-
resistant peanut cultivars to meet the peanut-food demands of the
growing world population. The data obtained from these omics
approaches can be further exploited via genetic or metabolic
engineering to design improved peanut cultivars.
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In short, this Research Topic contains a plethora of valuable
insights into different areas of peanut genetics, genomics,
biotechnology, and molecular biology. To further fast-track the
development of modern genotypes that can meet future peanut-
food necessities and withstand climate change, it is vital to
constantly advance genomics and biotechnological techniques, as
well as associated statistical methodologies, to help peanut breeders.
With the recent advances in genome sequencing technologies, we
are anticipated that the peanut community will join hands and
develop peanut pan-genome and super pan-genome to further
facilitate peanut research and breeding. The integration of
different genomics, genetics, and biotechnology tools will be able
to guide the peanut community to enhance the peanut production,
quality and stress tolerance to meet the food and market demands.
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Introduction: The wild allotetraploid peanut Arachis monticola contains a
higher oil content than the cultivated allotetraploid Arachis hypogaea.
Besides the fact that increasing oil content is the most important peanut
breeding objective, a proper understanding of its molecular mechanism
controlling oil accumulation is still lacking.

Methods: We investigated this aspect by performing comparative
transcriptomics from developing seeds between three wild and five
cultivated peanut varieties.

Results: The analyses not only showed species-specific grouping
transcriptional profiles but also detected two gene clusters with divergent
expression patterns between two species enriched in lipid metabolism. Further
analysis revealed that expression alteration of lipid metabolic genes with co-
expressed transcription factors in wild peanut led to enhanced activity of oil
biogenesis and retarded the rate of lipid degradation. In addition, bisulfite
sequencing was conducted to characterize the variation of DNA methylation
between wild allotetraploid (245, WH 10025) and cultivated allotetraploid (216,
Zhh 7720) genotypes. CG and CHG context methylation was found to
antagonistically correlate with gene expression during seed development.
Differentially methylated region analysis and transgenic assay further
illustrated that variations of DNA methylation between wild and cultivated
peanuts could affect the oil content via altering the expression of peroxisomal
acyl transporter protein (Araip.H6S1B).
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Discussion: From the results, we deduced that DNA methylation may
negatively regulate lipid metabolic genes and transcription factors to subtly
affect oil accumulation divergence between wild and cultivated peanuts. Our
work provided the first glimpse on the regulatory mechanism of gene
expression altering for oil accumulation in wild peanut and gene resources
for future breeding applications.

KEYWORDS

Arachis monticola, Arachis hypogaea, oil biosynthesis, expression profiling, DNA
methylation, functional genomics

Introduction

Cultivated peanut (Arachis hypogaea L.) is one of the
important oil crops, which is widely grown in more than 100
countries. The annual production is 48.76 Mt, with 29.60 Mha of
global planting area for cultivated peanut (FAOSTAT, 2019,
https://www.fao.org/faostat/en/#data/). It was domesticated
from a wild relative, Arachis monticola, which harbors a high
oil content and resistance to several biotic stresses (Bertioli et al.,
2011; Huang et al.,, 2012; Moretzsohn et al., 2013; Yin et al,,
2020). Since cultivated peanut is one of the major sources of
edible oil in the world, enhancing oil content is the second most
vital objective after yield in peanut breeding. There are examples
in several crops that novel genes from wild counterparts were
successfully introgressed into cultivated accessions for crop
improvement (Hufford et al, 2012; Sang and Ge, 2013; Qi
et al, 2014; Tian et al, 2019). The wild counterpart (A.
monticola) not having any reproductive barrier with
domesticated peanut (A. hypogaea) could provide favorable
alleles for high oil accumulation. Developing a better
understanding of the molecular mechanism and genomic
control of high lipid accumulation in wild peanut would
facilitate a significant increase in oil content in newly
developed peanut varieties.

Lipids can be classified into fatty acids (FAs), galactolipids,
phospholipids, sphingolipid, and acylglycerol (Manan et al.,
2017). Tri-acylglycerol (TAG) is the major form of lipid in
seed oil that provides calories and essential nutrients to the
human body. In the model plant Arabidopsis, significant
progress has been made in understanding lipid biosynthesis,
transport, and degradation. Many genes encoding enzymes
involved in lipid metabolism have been characterized, and
several transcription families such as B3, NFY-B, AP2/EREBP,
and bZIP have been reported to regulate these structural genes to
control seed oil accumulation (Beisson, 2003; Li-Beisson, 2013;
Manan et al, 2017). Only a couple of studies on expression
variation underlying oil accumulation of peanut seed are

Frontiers in Plant Science

available for domesticated peanut, A. hypogaea (Wang et al.,
2018; Zhang et al., 2021). In the case of the wild tetraploid, A.
monticola, a study very recently has been reported on the
alteration of gene expression by structural variations affecting
pod size (Yin et al., 2020) and not oil accumulation. Ample
literature generated in the past provided convincing evidence
related to the alteration of gene transcription contributing to
phenotypic variations between domesticated crops and their
wild counterparts (Koenig et al., 2013; Ichihashi et al., 2014;
Yoo and Wendel, 2014; Lu et al., 2016). The last decade has
witnessed monumental progress in terms of genomic resources
including reference genomes, gene expression atlas, and
genotyping assays in peanut to accelerate the genomics and
breeding applications in peanut (Pandey et al, 2020). The
availability of reference genomes for wild and cultivated
tetraploid provides a unique opportunity to explore
comparative structural and functional genomics to generate
more information to further expand our understanding of the
genomic and regulatory mechanisms of enhanced oil
accumulation in A. monticola.

In addition to gene transcription, recent studies have also
revealed the association between the alteration of DNA
methylation and phenotypic variation in crops (Shen et al,
2018; Xu et al, 2019). In plants, DNA methylation occurs in
the three sequence contexts of cytosine, namely, CG, CHG, and
CHH (H represents A, T, or C) (Zhang et al., 2006; Zhang et al.,
2018). In heterochromatin or euchromatic chromosome arms,
DNA methylation plays a role in the control of transposon
silencing and chromosome interaction (Zhang et al., 2006;
Cokus et al., 2008). DNA methylation in gene promoters or
bodies usually represses transcription but might increase
transcription in some cases (Zhang et al., 2006; Wang et al,
2015; Bewick and Schmitz, 2017; Lang et al., 2017; Huang et al,,
2019). The DNA methylation has been widely reported to play
important roles in vegetable growth, fruit ripening, seed
development, and response to biotic and abiotic stress (Zhong
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et al., 2013; Baubec et al, 2014; Yong-Villalobos et al., 2015;
Hewezi et al, 2017; Narsai et al,, 2017; Huang et al., 2019;
Rajkumar et al., 2020). However, the role of DNA methylation
on the regulation of protein-coding genes involved in oil
accumulation is largely unknown including in peanut.
Integrated analysis of methylome and transcriptome data
would investigate the alteration of DNA methylation and its
association with genome-wide gene expression. Therefore,
bisulfite sequencing (bisulfite-seq) and RNA sequencing
(RNA-seq) technologies have been performed to reveal
methylation regulation of genes involved in abiotic resistance,
fruit development, and reproductive growth (Yong-Villalobos
et al,, 2015; Huang et al., 2019; Gutschker et al., 2022; You et al,,
2022). These studies would expand our view of DNA
methylation on the regulation of gene transcription.

In the present study, we conducted comparative
transcriptome profiling of developing seeds from multiple
accessions of wild and cultivated peanuts using RNA-seq. Two
developmental stages in seed were studied, R5 and RS,
representing stages of lipid initial accumulation and lipid rapid
increase, respectively. In addition, bisulfite-seq was performed to
investigate the variation of DNA methylation between wild
accession (245, WH 10025) and cultivated accession (Z16, Zhh
7720). The objective of this study is to reveal a regulatory
mechanism of gene expression altering for enhanced oil
accumulation in peanut.

Materials and methods
Plant material

Three accessions, 171 (WH 4335), 172 (WH 4334), and 245
(WH 10025), were collected to represent wild peanuts (A.
monticola). Five accessions, 003 (Zhh 0225), 145 (Zhh 0888),
492 (Zhh 0003), 502 (Zhh 0602), and Z16 (Zhh 7720), were used
to represent cultivated peanuts (A. hypogaea). Among them, 003,
145, 492, and 502 belong to four mainly agronomic types
(vulgaris, hypogaea, fastigiata, and hirsuta, respectively) in
cultivated peanut. Z16 is a modern cultivar with mixed
parentage. Wild and cultivated peanuts were planted in the
experimental nursery of Oil Crops Research Institute of Chinese
Academy of Agricultural Sciences, Wuhan. Nursery
management followed standard agricultural practices. Three
biological replications were grown for each accession.
Developing seeds from eight accessions were collected at
previously characterized stages (Pattee et al., 1974): lipid initial
accumulation stage (R5) in which developing seeds are smaller
and lipid rapid increase stage (R8) in which developing seeds are
bigger. The collected samples were immediately frozen in liquid
nitrogen and stored at -70°C for RNA and DNA isolation. The
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oil content (%) of mature seeds from each accession was
measured as described previously (Liu et al., 2020).

Processing of RNA sequencing data

Total RNA was extracted using an RNAprep pure plant kit
(Tiangen, Beijing, China) according to the manufacturer’s
instructions. Forty-eight libraries from the developing seeds of
wild and cultivated peanuts were constructed and sequenced
using a HiSeq XTen platform in Beijing Genomics Institute
(BGL https://www.genomics.cn/). After obtaining raw data, we
used software SOAPnuke to perform quality filtering and read
trimming (https://github.com/BGI-flexlab/SOAPnuke). The
clean RNA-seq reads were mapped to the reference genome
using HISAT?2 software (Gao et al., 2016). The parameters were
set as follows: —phred64 —sensitive —no-discordant —no-mixed -
mp 6,2 -X 1000. The reference genome consisted of two diploid
ancestors’ genomes of Arachis ipaensis (V14167) and Arachis
duranensis (V14167) (Bertioli et al., 2016). The RSEM package
was used to calculate and normalize the gene expression level as
fragments per kilobase of transcript per million mapped reads
(FPKM) (Koenig et al., 2013). Differentially expressed genes
(DEGs) with FPKM 21 in at least one sample (fold change >2
and adjusted P-value <0.001) were identified using DEGseq
package (Lin et al., 2012).

Gene clustering, functional annotation,
and weighted gene co-expression
network analysis

K-means clustering was used to visualize genes exhibiting a
similar expression pattern, and it was performed on normalized
FPKM values using MeV software (Saced et al., 2003). The
distance metric for K-means clustering was set as Euclidean
distance. Annotation analyses were performed by BLASTing
public protein databases, including Nr (http://www.ncbinlm.
nih.gov), Gene Ontology (GO) (http://www.geneontology.org),
and Kyoto Encyclopedia of Genes and Genomes (http://www.
genome.jp/kegg). GO annotation of all of the genes in the two
diploid ancestors’ genomes was downloaded from the website
AgriGO (http://bioinfo.cau.edu.cn/agriGO/index.php) and was
set as background reference to identify and show
overrepresented GO terms using software TBtools (Chen et al.,
2020). The R package [weighted gene co-expression network
analysis (WGCNA)] was used to build weighted gene co-
expression networks (Langfelder and Horvath, 2008). Network
construction was performed using the blockwiseModules
function with default parameters. The topological overlap
matrix (TOM) was calculated to measure the strength of a co-
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expression relationship, i.e., connectivity between any two genes
with respect to all other genes in the network. The expressed
genes with FPKM 21 in at least one sample were selected to
perform K-means clustering and WGCNA.

Whole-genome bisulfite sequencing

Genome DNA from each sample was extracted using a
DNeasy Plant Maxi Kit (Qiagen, Germany). Then, DNA was
fragmented to a mean size of 250 bp through Bioruptor
(Diagenode, Belgium). Adapters were ligated to the fragment
DNA and treated with sodium bisulfite using EZ DNA
Methylation-Gold Kit (Zymo, USA). Sequencing was
performed using Illumina HiSeq platform in paired-end mode
at BGI (https://www.genomics.cn/). Three biological replications
were sequenced for each stage of developing seeds in both wild
and cultivated peanuts.

Read alignment and methylcytosine
identification

The raw reads from each library were processed to remove
low-quality reads, adaptor sequences, and contamination using
software Trimmomatic (Bolger et al., 2014). Bisulfite sequence
mapping program (BSMAP) was conducted to map clean reads
to the reference genome with parameters (-u-v8-233 -p4-n0
-w 20 -s 16 -f 10 -L 150), and only the reads mapped at unique
positions were retained (Xi and Li, 2009). The binomial test was
performed for each cytosine base to identify true methylcytosine
(mC). Only the cytosines covered by at least four reads in all
compared tissues were considered for further analysis. Cytosine
sites with P-value <0.0001 were defined as methylated cytosine
sites. The methylation level at each mC site was determined by
the percentage of reads giving a methylation call to all of the
reads aligned at the same site.

Identification of differentially methylated
regions

Putative differentially methylated regions (DMRs) were
identified using windows that contained at least five CG (CHG
or CHH) sites with different methylation levels (cutoff value >0.1
between two compared samples) and Fisher test P-value <0.05.
In addition, two nearby DMRs would be considered
interdependent and joined into one continuous DMR if the
genomic region from the start of an upstream DMR to the end of
a downstream DMR also had different methylation levels (cutoff
value >0.1 between two compared samples) with a P-value <0.05.
Otherwise, the two DMRs were viewed as independent. When
the genic region (2 kb upstream or body) was overlapped with

Frontiers in Plant Science

10

10.3389/fpls.2022.1065267

DMR, the gene was defined as a DMR-associated gene. The fold
enrichment of DEGs in DMR-associated genes was calculated as
(DMR-associated DEGs/Total DEGs)/(DMR-associated genes/
Total genes), and P-value significance was generated using the
hypergeometric test.

Plant transformation

The full-length open reading frame (ORF) of CTS
(Araip.H6S1B) was cloned and subsequently recombined into
pBWA(V)HS plasmid (from Wuhan BioRun Biosciences Co.,
Ltd., China) to generate 35S:CTS construct. Arabidopsis plant
transformation was performed by the floral dip method (Zhang
et al., 2006). Peanut cotyledons from germinating seeds were
used as explant for hairy root transformation following a
previous report (Yuan et al., 2019).

RNA isolation and qRT-PCR

Total RNA was isolated using plant RNA Extract Kit
(Tiangen Biotech, China). The first-strand ¢cDNA was
synthesized following the instruction of Revert Aid First
Strand ¢cDNA Synthesis Kit (Thermo Fisher, USA). qRT-PCR
was performed using a CEX Connect Real-time system (Bio-Rad,
USA) with ChamQ Universal SYBR qPCR Mix (Vazyme,
China). The relative expression levels were calculated using the
22T method. GAPDH (Morgante et al., 2011) and AtACTIN7
(AT5G09810) were chosen as reference genes to normalize the
relative expression level of CTS (Araip.H6S1B) in peanut and
Arabidopsis, respectively.

Fat red 7B staining

Fat red staining was performed by incubating Arabidopsis
seedlings and peanut hairy roots in 0.1% (w/v) Fat red 7B
solution for 3 h at room temperature. Samples were then
rinsed with 70% ethanol to remove chlorophyll. The samples
were quickly photographed using a stereomicroscope (Olympus
SZX16, Japan).

Results
Evaluation of RNA sequencing data

To analyze phenotypic variations in seed oil accumulation
between wild tetraploid and cultivated peanuts, we measured oil
content in three accessions of A. monticola and five accessions of

A. hypogaea. The oil content of mature seed in three wild
accessions, namely, 171 (WH 4335), 172 (WH 4334), and 245
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(WH 10025), ranged from 58.1% to 59.8% and that of five
cultivated peanuts, namely, 003 (Zhh 0225), 145 (Zhh 0888), 492
(Zhh 0003), 502 (Zhh 0602), and Z16 (Zhh 7720), ranged from
48.3% to 52.0% (Figure 1A). Multiple comparison analyses
indicated that wild tetraploid species have significantly higher
oil content than cultivated peanuts. To explore the reason for oil
accumulation difference during peanut domestication,
developing seeds at two stages (R5 and R8) were collected to
generate RNA-seq datasets for both species (Figure 1B). Sixteen
samples with three biological replications were used to construct
RNA-seq libraries followed by generation of 44.1-45.4 million
clean reads per library (Table S1). The union set of genomes of
diploid ancestors A. ipaensis and A. duranensis (Bertioli et al.,
2016) was used as a reference in this study. Averages of 83.72%
and 83.59% of clean reads were mapped on the reference
genome for wild and cultivated peanuts, respectively (Table
S1). This similar mapping rate indicated that the reference can
be used to quantify the gene expression level in both wild and
cultivated species. The number of genes among different libraries
ranged from 32,148 to 45,226 genes with the expression of a total
of 56,236 genes among 16 samples (Tables S1, S2). Hierarchical
clustering analysis was performed to cluster the samples
according to developmental stages (Figure 1C). In the stage R8
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group, the samples could be further divided into wild (BW) or
cultivated (BC) subgroups. However, the samples in the R5
group could not be clearly distinguished between wild and
cultivated subgroups. The first two principal component
analysis (PCA) components (Figure 1D) of transcriptional
profiles explained 37.8% (PC1) and 13.2% (PC2) of sample-to-
sample variance. Similar to hierarchical clustering analysis, the
PCA also grouped samples according to developmental stages
(PC1) prior to species (PC2).

Differentiation in gene expression
between wild and cultivated peanuts

To explore the divergence of gene expression patterns
between two species, transcriptional profiles of 16 samples
were used to perform K-mean clustering analysis. A total of
36,850 genes with FPKM 21 in at least one sample were selected
to be grouped into nine clusters designated as C1-C9
(Figure 2A). Five clusters (C1-C5) showed a decreasing
tendency from the R5 to R8 stage in both peanut species.
Conversely, the C6 and C8 clusters showed an increasing
trend across accessions from the R5 to R8 stage. For the C7
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Gene expression pattern between wild and cultivated peanuts. (A) Identification of gene clusters in 16 samples. Nine gene clusters (C1-C9) were
identified using K-means clustering. The x-axis represented the stage of developing seed. The y-axis represented log2 FPKM derived from RNA
sequencing (RNA-seq) data for each sample FPKM fragments per kilobase of transcript per million mapped reads. (B) Heatmap of enrichment of
biological process category among nine clusters. The color was indicated —log10 (P-value). The lipid metabolism process was boxed in the

heatmap.

cluster, wild accessions (171, 172, and 245) showed a decreasing
trend, while cultivated accessions showed an increasing pattern
or no obvious change during seed developmental stages. In the
C2 cluster, the gene expression level was higher in wild
accessions at the R5 stage. In the C8 cluster, the gene
expression level was in general higher in cultivated accessions
at both stages. GO category analysis was performed to identify
overrepresented GO terms of the nine clusters (Figure 2B, Table
S3). A total of 30, 14, and 22 GO terms were enriched in
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biological process, cellular component, and molecular
function, respectively. Each cluster had differently enriched
GO terms, and the number of overrepresented GO terms
ranged from 3 (C9) to 35 (C2). The GO term of lipid
metabolism process was found overrepresented in clusters Cl,
C2, and C7 (P < 0.05). Interestingly, the gene expression level
was different between wild and cultivated peanuts in C2 and C7
clusters, indicating that the transcriptional profile of lipid
metabolism may be divergent between the two species.
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To further dissect the expression difference of lipid
metabolism, a comparative transcriptomic analysis was
performed to identify DEGs between wild and cultivated
peanuts. There were 5,647 and 3,184 DEGs at the R5 (SW vs.
SC) and R8 (BW vs. BC) stages, respectively (Figure S1; Tables
S4, S5). A total of 1,578 DEGs were detected at both R5 and R8
stages. The number of upregulated and downregulated DEGs
was overall equivalent at both R5 and R8 stages (Figure S1).
Heatmaps of DEGs involved in FA synthesis, FA elongation,
TAG synthesis, phospholipid synthesis, sphingolipid synthesis,
galactolipid and sulfolipid synthesis, wax synthesis, and -
oxidation were profiled to represent a transcriptional change
in lipid metabolism (Figure 3). According to the expression
pattern of DEGs involved in lipid metabolism, samples in both
heatmaps (R5 and R8 stages) could be divided into two groups
(wild and cultivated). At the R5 stage, most lipid metabolism-
related pathways, such as FA synthesis, FA elongation, TAG
synthesis, phospholipid synthesis, sphingolipid synthesis, and
galactolipid and sulfolipid synthesis were dramatically
upregulated in wild species (Figure 3A). Most downregulated
DEGs at the R5 stage were mainly distributed on B-oxidation
and wax synthesis pathways. Compared with the R5 stage, the
portion of upregulated DEGs in wild species was generally lower
at the R8 stage (Figure 3B). However, DEGs in FA synthesis,
TAG synthesis, phospholipid synthesis, and sphingolipid
synthesis were mainly upregulated in wild peanut accessions at
the R8 stage. Conversely, all of the DEGs in B-oxidation were
downregulated at the R8 stage. There were 16 lipid metabolic
DEGs simultaneously identified at both R5 and R8 stages
belonging to FA synthesis (5), FA elongation (3), TAG
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synthesis (2), sphingolipid synthesis (4), and B-oxidation (3)
pathways. According to the results of the clustering analysis, 81
lipid metabolism-related DEGs were grouped into eight clusters.
About 44% of lipid metabolism-related DEGs (36) belonged to
C2 clusters in which the expression pattern was divergent
between wild and cultivated peanuts. Another two “divergent”
clusters (C7 and C8) harbored six and five lipid metabolism-
related DEGs (Tables 54, S5).

Construction of the co-expression
network

To further explore genes with high connectivity to lipid
metabolism-related DEGs, WGCNA (Langfelder and Horvath,
2008) was performed to construct a TOM of expression
similarity between genes (Table S6). Genes co-expressed with
lipid metabolism-related DEGs (expression similarity 20.2) were
selected to perform GO enrichment analysis. They were
enriched in 14 GO terms for molecular function category,
including transcription regulator activity, DNA-binding
transcription factor (TF) activity, and DNA binding
(Figure 4A). It was suggested that TFs may play a role in the
co-expression network. Many TFs were differentially expressed
between wild and cultivated peanuts (Figure S3). In specific TF
families, such as AP2, B3, and bZIP, the family members were
predominantly upregulated in wild peanuts at both R5 and R8
stages. A total of 391 TFs belong to 47 families that were co-
expressed with DEGs involved in lipid synthesis pathways, such
as FA synthesis, FA elongation, TAG synthesis, phospholipid
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Identification of co-expression genes with DEGs involved in lipid metabolism. (A) GO enrichment analysis of co-expression genes. GO terms
with P-value <0.05 were listed in the y-axis. (B) Network of co-expression TFs with lipid metabolic DEGs. (C) Differential expression of top 10
co-expression TFs between wild and cultivated peanuts. Ratio (Wild/Cultivated) represented fold change of FPKM values between wild and
cultivated peanut. FPKM fragments per kilobase of transcript per million mapped reads.

synthesis, sphingolipid synthesis, and galactolipid and sulfolipid
synthesis (Figure 4B). According to the interaction number, the
top 10 notes in the co-expressed TFs (Table S6) were AP2
(Araip.EOUEG), B3 (Aradu.07I6M), B3 (Araip.S9XVH), bZIP
(Aradu.898PR), bZIP (Araip.0GMA4I), bZIP (Araip.R3LNH),
C2H2 (Araip.X9IXZ), MYB-related (Araip.L6TM2), NF-YC
(Aradu.3GN04), and Trihelix (Aradu.RW5KN). Fold change
(wild/cultivated) of the TFs ranged from 1.4 to 2.5 at the R5
stage with a mean value of 1.8, while the values ranged from 1.1
to 2.4 at the R8 stage with a mean value of 1.4 (Figure 4C).
Interestingly, six of the top 10 co-expressed TFs, ie., AP2
(Araip.EOUEG), B3 (Aradu.0716M), bZIP (Aradu.898PR,
Araip.0GM4I, Araip.R3LNH), and Trihelix (Aradu.RW5KN),
were divided into the C2 clusters (Table S6). There was a
quarter of co-expressed TFs (101) belonging to the C2 clusters
in which the gene expression pattern was divergent between wild
and cultivated peanuts. Among the co-expressed TFs in the C2
“divergent” clusters, 43 members including AP2, bZIP, ARF,
C3H, C2H2, and HD-ZIP were significantly upregulated in wild
peanuts, especially at the R5 stage. Together with co-expressed
TFs, ~44% of lipid metabolism-related DEGs were also
categorized into the C2 clusters, suggesting that there was a
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divergent TF module to regulate the expression of lipid
metabolism-related genes between wild and cultivated peanuts.

Influence of DNA methylation on gene
expression

The available literature in multiple crops proved that DNA
methylation could help regulate gene expression (Wang et al,
2015; Huang et al, 2019; Rajkumar et al, 2020; Wang et al,,
2016; Xing et al.,, 2015). To reveal the relationship between DNA
methylation and gene expression in peanut, wild peanut (245)
with the highest oil content among the eight accessions and elite
cultivar (Z16) with a relatively low oil content were selected to
perform bisulfite-seq for developing seeds at the R5 and R8
stages. Four samples (S245, SZ16, B245, BZ16) representing
seeds at the R5 (S) and R8 (B) stages for 245 and Z16 were
sequenced with three biological replicates. About 480 M clean
reads were generated for each sample (Table S7), and
approximately 76% of the clean reads were uniquely mapped
to the reference genomes covering >87% of the genomic cytosine
positions. Each methylome had >16-fold average depth per
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Genome-wide correlation between DNA methylation and gene expression. (A) A circle plot showed the overall DNA methylation level and gene
expression level (logl0 FPKM) in the reference chromosomes. FPKM fragments per kilobase of transcript per million mapped reads. mC
indicated methylated cytosine. The data for each chromosome were analyzed in 1 Mb windows sliding 200 kb. (B) Analysis of correlation
coefficient between DNA methylation and gene expression. 5245 and SZ16 indicated seeds of 245 and Z16 at the R5 stage, respectively. B245

and BZ16 indicated seeds of 245 and Z16 at the R8 stage, respectively.

strand. Methylcytosines were identified in CG, CHG, and CHH
contexts across samples. Compared with the average
methylation of the CHH context (11.2%-22.3%), the level was
much higher in CG (81.7%-86.0%) and CHG (73.2%-78.2%)
contexts (Figure S3A). The fraction of mC was 20.1%-25.2% in
CG, 25.6%-31.8% in CHG, and 43.0%-54.4% in CHH. The
overall methylation levels in the four samples were similar
(29.3%-34.7%) (Figure 5A, Figure S3A). The distribution of
mC showed much lower methylation in the terminal
chromosomes in contrast to a much higher gene expression in
the terminal chromosomes (Figure 5A). The genome-wide
correlation coefficient between overall DNA methylation and
gene expression in the four samples was ~-0.56 (P < 2.2 e-16),
indicating a significantly antagonistic correlation (Figure 5B).
To further characterize epigenetic variations between 245
(wild) and Z16 (cultivated), DMRs of CG, CHG, and CHH
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contexts were detected at the R5 and R8 stages (Table S8). The
chromosome-wide view of DMR distribution indicated CG-
DMR being the most likely to be enriched in gene-rich regions
(Figures 6A, B). Approximately 40% of CG-DMRs were located
in the genic region (gene body+2k upstream); the portions were
reduced to ~15% and ~10% for CHG-DMRs and CHH-DMRs,
respectively (Figure 6C). Conjoint analysis of the expression
profile and DMRs indicated that CG-DMRs and CHG-DMRs
were significantly enriched in the genic region (gene body+2k
upstream) of DEGs between 245 and Z16 (Figure 6D). It is
hinted that CG-DMR and CHG-DMR, not CHH-DMR, may
play a role in the change of gene expression. Among DEG-
overlapped CG-DMRs, the portion of hyper-DMRs in S245-
upregulated DEGs was 50.3% and 51.9% at the R5 and R8 stages,
respectively, and that in S245-downregulated DEGs could
increase to 70.5% and 71.1% at the R5 and R8 stages,
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respectively (Figure 6E). Similarly, the portion of hyper-DMRs
was much higher in S$245-downregulated DEGs (83.7% and

82.4% at R5 and R8, respectively) than in S245-upregulated

DEGs (42.7% and 12.5% at R5 and RS, respectively) for DEG-
overlapped CHG-DMRs. The results suggested that the dynamic
change of methylated CG (mCG) and methylated CHG
(mCHG) on a genic scale correlated negatively with the
difference in gene abundance between 245 and Z16.
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Role of DNA methylation in the
divergence of lipid metabolism

The CG-DMRs between 245 and Z16 were overlapped with
8,639 and 2,147 DEGs at the R5 and R8 stages, respectively
(Figure 6F). For CHG-DMRs, there were 4,024 and 1,357 CHG-
DMR-associated DEGs at the R5 and R8 stages, respectively
(Figure 6G). In general, more than 50% and 25% of DEGs
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between 245 and Z16 may be associated with CG-DMRs and
CHG-DMRs, respectively. GO enrichment analysis showed that
CG-DMR-associated DEGs were enriched in the carbohydrate
metabolic process and response to endogenous stimulus at both
stages (Figure 6H). The CHG-DMR-associated DEGs were
enriched in response to chemical and response to endogenous
stimulus at both stages (Figure 6I). Interestingly, lipid
metabolism was one of the enriched terms at the R8 stage for
CG-DMR-associated DEGs.

There were 41 and 19 lipid metabolic DEGs that showed a
negative correlation with DMRs in the CG and CHG contexts
between 245 and Z16 at the R5 stage, respectively (Figure 7A).
Most genes involved in FA synthesis, FA elongation,
phospholipid synthesis, sphingolipid synthesis, galactolipid
and sulfolipid synthesis, and TAG synthesis pathways
exhibited hypomethylation with a higher expression in 245 at
the R5 stage. In addition, 33 and 20 TFs known to be involved in
the regulation of lipid metabolism were found to be negatively
correlated with CG-DMR and CHG-DMR. Among the CG-
DMR- or CHG-DMR-associated TFs, 15 members had been
identified to co-express with lipid metabolic DEGs (Figure 7A,
Table S6). Most TFs involved in the regulation of lipid
metabolism, especially the co-expressed TFs, showed

10.3389/fpls.2022.1065267

hypomethylation with higher abundance in 245 at the R5
stage. At the R8 stage, six and six lipid metabolic DEGs were
found to be negatively correlated with CG-DMR and CHG-
DMR between 245 and Z16, respectively (Figure 7B). Genes
involved in B-oxidation showed hypermethylation with lower
expression in 245 at the R8 stage. Reversely, genes involved in
FA elongation, phospholipid synthesis, and TAG synthesis
pathways showed hypermethylation with lower abundance in
245. Meanwhile, 17 TFs known to regulate lipid metabolism
exhibited a negative correlation with DMR in the CG or CHG
context at the R8 stage. Among them, three members were
identified to co-express with lipid metabolic DEGs (Figure 7B,
Table S6). Two DEGs showed hypermethylation with lower
abundance, while another one showed hypomethylation with
higher expression in 245 at the R8 stage. Araip.H6S1B encoding
peroxisomal acyl transporter protein (CTS) was an example to
exhibit a relationship between DMRs and lipid metabolic DEGs.
The abundance of CTS was lower in 245 than that in Z16 at the
two stages. Correspondingly, hyper-DMRs were observed at 5’
Untranslated Region (UTR) and upstream of CTS in 245
compared with Z16 (Figure 7C).

To further investigate whether altering the expression level
of CTS would influence oil accumulation, transgenic analysis in
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Frontiers in Plant Science

17

frontiersin.org


https://doi.org/10.3389/fpls.2022.1065267
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al. 10.3389/fpls.2022.1065267
A 0.025 - o B 354
=30 *
0.02 4 u 3 = o i Hi
5 o
c Tt O
g 2 225 4
2
% 0.015 % b g3
5 c 8 20
x = 7}
0 g 245
Q i 3 15 4
£ 0.01 S g
g *% :“E '_S 10
T 2
0.005 £
H F < 5 ]
0 T T T T | 0 T T T T |
WT OE-10 OE-3 OE-9  OE4 WT  OE-10 OE-3 OE-9 OE-4
Cc
12
Q2
2 o
;"z, g 10
s 2 g Wt
el }
£ 73 mOE-10
296
5 mOE-3
a o
T g 4 m OE-9
il
238, mOE-4 Bar=1 mm
w <
w
0
C16:0 C18:0 C18:1 C182 C18:3 C20:1
F
0.25 o > 25
6§ 02 I 2 2
0 3
8 g s
é 0.15 2 % 15
o £ »
2 01 o Z 1
& 8 ]
® 0.05 z 2
4 £ =05
2
[}
0 e 0
0(,\"( é\o(\ <}°\ {-’\é‘ Empty vector Overexpression
’Q\\\ Q@% Q\& &c;
N o & @"9
< o <& o°
FIGURE 8

The effect of CTS overexpression on oil content in transgenic Arabidopsis and peanut hairy roots. (A) Expression level of CTS in Col-0 and
transgenic Arabidopsis lines. Error bars indicated SD (n = 3). AtACTIN7 (AT5G09810) was used as the internal reference gene. (B) Total fatty acid
content of mature seeds in Col-0 and transgenic Arabidopsis plants. Error bars indicated SD (n = 4). (C) Fatty acid profile in Col-0 and
transgenic Arabidopsis seeds. Error bars indicated SD (n = 4). The x-axis represented the species of fatty acid. (D) Fat red 7B staining of Col-0
and transgenic Arabidopsis plants. (E) Expression level of CTS in peanut transgenic hairy roots. Error bars indicated SD (n = 4). GAPDH (Morgante
et al., 2011) was used as the internal reference gene. (F) Total fatty acid content in peanut transgenic hairy roots. Error bars indicated SD (n = 4).
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(Araip.H6S1B).

Arabidopsis and peanut hairy root was performed. The ORF of
CTS was overexpressed using the CaMV 35S promoter in
Arabidopsis, and 10 homozygous transgenic lines were
obtained (Figure S4, Figure 8A). Then, four lines with a
relatively higher expression level were selected to investigate
total FA content in mature seed. In comparison with wild-type
plants (Col-0), the overexpressing lines had a significantly lower
total FA content and showed a decrease of 24.7% in OE-10,
18.3% in OE-3, 19.4% in OE-9, and 9.6% in OE-4 (Figure 8B).
FA composition was also analyzed, and the examined FA species
exhibited a significantly lower level in transgenic lines than those
in Col-0 (Figure 8C). Five-day-old Arabidopsis seedlings were
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further stained with Sudan red 7B; less red color in
overexpressing plants than Col-0 was observed (Figure 8D). In
peanut, we used a transgenic hairy root system to test whether
increasing CTS transcript abundance would decrease FA content
in hairy roots. The expression level of CTS was much higher in
overexpressing transgenic hairy roots than that in the control
hairy roots (empty vector). Meanwhile, the total FA content of
transgenic hairy roots was significantly lower than that of
control roots (Figures 8E, F). The stain assay also revealed a
much lighter red color in overexpressing transgenic roots than in
the roots containing empty vector (Figure 8G). These results
indicated that overexpression of CTS would decrease oil content.
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Discussion

Cultivated peanut (A. hypogaea) was domesticated from the
wild tetraploid A. monticola, originated by hybridization
between two diploid A. duranensis and A. ipaensis (Bertioli
et al,, 2011; Moretzsohn et al., 2013; Yin et al., 2020). Compared
to cultivated species, wild peanut possesses high genetic diversity
and several superior features including a high oil content in seed
(Huang et al, 2012). Understanding lipid accumulation in A.
monticola at the level of regulation of gene expression would
contribute to high-oil improvement in peanut breeding. In this
study, we used the RNA-seq approach to analyze transcriptome
divergence between wild and cultivated peanut at two seed
developing stages (R5 and R8) and investigated the molecular
mechanism underlying the difference in seed oil content. More
than 70% of the reference genes (56,236) were identified and
profiled in at least one sample. According to the result of PCA
for expression pattern, the developmental stage prior to species
was the first principal component to distinguish the samples.
However, the expression profiles at the R8 stage could be
obviously divided into two species in the hierarchical
clustering diagram, indicating that gene expression profiles in
the developing seed (R8 stage) have been altered during peanut
domestication. Available literature suggests that gene expression
divergence is essential to drive phenotypic variation during
domestication (Lin et al., 2012; Koenig et al., 2013; Lu et al,
2016). Interestingly, we detected two “divergent” gene clusters
(C2 and C7) in peanuts enriched in lipid metabolism (Figure 2).
Our results suggest that there may be the existence of divergence
at the gene expression level between wild and cultivated peanut
contributing to the difference in lipid accumulation.

The lipid metabolism-related DEGs were presumed to play
key roles in oil accumulation. Based on the expression pattern of
lipid metabolic DEGs, samples could be clearly clustered into
two groups (wild and cultivated) (Figure 3). Most DEGs in the
lipid biosynthesis pathways were upregulated in wild species,
especially at the lipid initial accumulation stage (R5) (Figure 3).
Meanwhile, B-oxidation-related DEGs, which are involved in the
degradation of lipid, were downregulated in wild peanut from
lipid initiation to lipid rapid increase stages (R5 and R8). The
DEG analysis revealed a robust activity of oil biosynthesis with a
constraint of lipid degradation in developing seed of wild
peanuts. It is worth noting that 16 lipid metabolic DEGs
between wild and cultivated peanut were repeatedly identified
at both R5 and R8 stages. These consistently divergent genes
during seed development may contribute to a part of the
difference in oil accumulation between wild and cultivated
species. For example, Aradu.CPIHR encoded a biotin carboxyl
carrier protein, which is a subunit of acetyl-CoA carboxylase
(ACC). ACC catalyzes malonyl-CoA and bicarbonate to yield
malonyl-CoA, which is the first committed step in FA synthesis
(Li-Beisson, 2013). The expression level of Aradu.CP1HR was
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upregulated in wild species. In contrast, the expression
abundance of another gene (Araip.H6S1B) was lower in wild
species. It was an acyl transporter protein involved in the import
of B-oxidation substrate (FAs) to peroxisome to break down FAs
(Li-Beisson, 2013). In addition, many TFs known in the
regulatory circuitry during seed development (Agarwal et al,
20115 Li and Li, 2016) were identified to co-express with lipid
metabolic DEGs (Figure 4). The TF families, such as AP2, B3, b-
ZIP, and C3H, whose members were grouped into “divergent”
gene cluster C2 with different abundance between wild and
cultivated peanuts (Figure 4, Figure 52, Table 56), have been well
known in the regulation of oil production (Pouvreau et al., 2011;
Song et al., 2013; Kim et al.,, 2015; Manan et al., 2017; Lu et al,,
2021). Meanwhile, approximately 44% of lipid metabolic-related
DEGs were also categorized into gene cluster C2. Since a set of
genes with a similar expression pattern was likely to take part in
the same biological process, we deduced that the co-expressed
network of TFs and lipid metabolic DEGs may construct
transcriptional modules affecting differential oil accumulation
between wild and cultivated peanuts. Altogether, TFs may
coordinate the expression abundance of lipid metabolic genes
to promote oil biosynthesis in wild species. It might explain the
higher oil content in wild peanuts than in cultivated peanuts.
DNA methylation is a conserved epigenetic marker that
regulates gene expression. There are examples of natural
epialleles in several crops showing varied DNA methylation
affecting multiple biological processes (Manning et al., 2006;
Zhang et al, 2015; Song et al, 2017). Here, we sought to
investigate the role of DNA methylation on genes involved in
lipid accumulation. The genome-wide DNA methylome and
trancriptome for developing seeds of 245 (wild species) and Z16
(cultivated species) were conjointly profiled (Figure 5). A
significantly negative correlation on chromosome-scale
between DNA methylation and gene expression was observed,
indicating that DNA methylation generally inhibits gene
transcription in developing peanut seeds (R5 and R8).
Meanwhile, DMRs between 245 and Z16 were displayed on 20
reference chromosomes (Figures 6A, B), providing a first
glimpse of the epigenetic changes in seed development during
peanut domestication. DMRs in CG and CHG, but not in the
CHH context, were positively correlated with gene density on
chromosomes and tended to enrich in genic regions (gene body
+2k upstream) of DEGs (Figure 6D). Previous studies have
shown that DNA methylation occurring in the promoter or
within the transcribed gene body would regulate gene
transcription (Zhang et al., 2006; Wang et al., 2015; Bewick
and Schmitz, 2017; Lang et al., 2017; Huang et al, 2019).
Therefore, the DMRs, especially in CG and CHG contexts,
would play a role in the differential expression of genes in the
present study. There were 50% and 25% of DEGs between 245
and Z16 that were associated with CG-DMRs and CHG-DMRs,
respectively. GO terms of CG-DMR- and CHG-DMR-associated
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DEGs were enriched in several biological processes, including
lipid metabolism. There was an obvious trend that most
differentially expressed enzymes and co-expressed TFs
involved in lipid production were hypomethylated in wild
peanut (245) at the R5 stage. In contrast, DEGs involved in B-
oxidation were found hypermethylated in 245 at the R8 stage.
Acyl transporter protein (CTS, Araip.H6S1B) that takes part in
the B-oxidation process to degrade lipid was an example to
demonstrate that the influence of DNA methylation on the
expression of lipid-related genes varied between wild (245)
and cultivated peanut (Z16, Figure 7C). Hypomethylated
promoter and 5 UTR of CTS (Araip.H6S1B) with increased
expression abundance were observed in low-oil content peanut
(Z216), and the transgenic assay further confirmed that
enhancing the expression of CTS (Araip.H6S1B) would reduce
oil content in Arabidopsis seeds and peanut hairy root (Figure 8).
It was suggested that DNA methylation may play an important
role in oil accumulation through regulating the expression of

10.3389/fpls.2022.1065267

specific genes including CTS. In addition, 20 TFs including AP2
(Aradu.C87QH) were predicted to bind the promoter (2 kb
upstream) of the CTS gene (Figure S5). The abundance of most
putative binding TFs was relatively higher in wild peanut (245)
than that in cultivated peanut (Z16). In contrast, their target
gene (CTS) was expressed more in cultivated peanut (Z16),
suggesting that AP2 and other TFs may bind promote CTS to
suppress its transcription. Altogether, the methylome and
transcriptome data depicted a possible regulatory network in
which DNA methylation and TFs coregulate the expression of
lipid metabolism genes in peanut seed (Figure 9). In wild peanut,
comprehensive alteration of gene transcription by TFs and DNA
methylation would promote oil production and constrain oil
degradation simultaneously, which finally contribute to higher
oil accumulation.

In summary, transcriptomic and methylomic comparisons
revealed gene expression and DNA methylation variations in
seed development between wild and cultivated peanuts. In wild

DNA methylation d | TFs (B3, AP2, bZIP,... )
Oil synthesisl
B-Oxidation l Rl
(Oil degradation)
Oil accumulation
High oil content
(A. monticola)
DNA methylation # TFs (B3, AP2, bZIP,... )

Oil synthesisl

B-Oxidation ] ¥
(Oil degradation)

Oil accumulation

FIGURE 9

Low oil content
(A. hypogaea)

A regulatory model of lipid accumulation in peanut seed. Compared to A. hypogaea, A. monticola activated the transcription of genes involved
in oil synthesis and depressed the transcription of genes involved in f-oxidation via DNA methylation and TFs in seed. Thus, DNA methylation
and TFs coordinately tuning the expression of genes contribute to high oil accumulation in A. monticola.
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peanut seed, TFs and DNA methylation may coordinately
regulate specific lipid metabolic genes to activate oil
biosynthesis and simultaneously constrain lipid degradation.
Thus, gene expression change would contribute to increasing
oil content in wild peanut. Our study reveals a regulation
mechanism of oil accumulation in seed and provides gene
resources for oil improvement in cultivated peanut.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbinlm.nih.gov/,
PRJNA781013, https://www.ncbinlm.nih.gov/, PRINA782686.

Author contributions

NL, MP, RV, and HJ conceived, designed, and supervised the
experiments. LH, YC, XZ, and JG managed materials planted in
the experimental nursery. NL, BW, HL, WC, and DH conducted
sampling and phenotyping. NL, BW, and BY performed DNA
and RNA extraction. NL and BW performed bioinformatic
analysis and interpreted the results. NL and BW prepared the
first draft, and NL, MP, HC, YL, BL, RV, and H]J contributed to
the final editing of manuscript. All authors read and approved
the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. 31801403, No. 31871666, and No.
31761143005), the National Peanut Industry Technology System
Construction (CARS-13), National Crop Germplasm Resources
Center (NCGRC-2021-036), National Program for Crop

References

Agarwal, P., Kapoor, S., and Tyagi, A. K. (2011). Transcription factors regulating
the progression of monocot and dicot seed development. BioEssays 33, 189-202.
doi: 10.1002/bies.201000107

Baubec, T., Finke, A., Mittelsten Scheid, O., and Pecinka, A. (2014). Meristem-
specific expression of epigenetic regulators safeguards transposon silencing in
arabidopsis. EMBO Rep. 15, 446-452. doi: 10.1002/embr.201337915

Beisson, F. (2003). Arabidopsis genes involved in acyl lipid metabolism. a 2003 census
of the candidates, a study of the distribution of expressed sequence tags in organs, and a
web-based database. Plant Physiol. 132, 681-697. doi: 10.1104/pp.103.022988

Bertioli, D. J., Cannon, S. B,, Froenicke, L., Huang, G., Farmer, A. D., Cannon, E. K,
et al. (2016). The genome sequences of arachis duranensis and arachis ipaensis, the
diploid ancestors of cultivated peanut. Nat. Genet. 48, 438-446. doi: 10.1038/ng.3517

Bertioli, D. J., Seijo, G., Freitas, F. O., Valls, J. F. M., Leal-Bertioli, S. C. M., and
Moretzsohn, M. C. (2011). An overview of peanut and its wild relatives. Plant
Genet. Resour. 9, 134-149. doi: 10.1017/51479262110000444

Frontiers in Plant Science

21

10.3389/fpls.2022.1065267

Germplasm Protection of China (19210163), Central Public-
interest Scientific Institution Basal Research Fund
(N0.1610172019003), and the Science and technology
innovation Project of Chinese Academy of Agricultural Sciences.

Acknowledgments

The authors thank Dr. Xin Wang from OCRI of CAAS for
kindly providing technical guidance in genetic transform of
Arabidopsis (Col-0).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1065267/full#supplementary-material

Bewick, A. J., and Schmitz, R. J. (2017). Gene body DNA methylation in plants.
Curr. Opin. Plant Biol. 36, 103-110. doi: 10.1016/j.pbi.2016.12.007

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Chen, C,, Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H,, He, Y., et al. (2020).
TBtools: An integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Cokus, S. J., Feng, S., Zhang, X., Chen, Z., Merriman, B., Haudenschild, C. D.,
et al. (2008). Shotgun bisulphite sequencing of the arabidopsis genome reveals
DNA methylation patterning. Nature 452, 215-219. doi: 10.1038/nature06745

FAOSTAT (2019). Available at: https://www.fao.org/faostat/en/#data/QCL.

Gao, X,, Chen, ], Dai, X,, Zhang, D., and Zhao, Y. (2016). An effective strategy
for reliably isolating heritable and Cas9-free arabidopsis mutants generated by

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fpls.2022.1065267/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1065267/full#supplementary-material
https://doi.org/10.1002/bies.201000107
https://doi.org/10.1002/embr.201337915
https://doi.org/10.1104/pp.103.022988
https://doi.org/10.1038/ng.3517
https://doi.org/10.1017/S1479262110000444
https://doi.org/10.1016/j.pbi.2016.12.007
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1038/nature06745
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.3389/fpls.2022.1065267
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

CRISPR/Cas9-mediated genome editing. Plant Physiol. 171, 1794. doi: 10.1104/
Pp.16.00663

Gutschker, S., Corral, J. M., Schmiedl, A., Ludewig, F., Koch, W., Fiedler-
Wiechers, K., et al. (2022). Multi-omics data integration reveals link between
epigenetic modifications and gene expression in sugar beet (Beta vulgaris subsp.
vulgaris) in response to cold. BMC Genomics 23, 144. doi: 10.1186/512864-022-
08312-2

Hewezi, T., Lane, T., Piya, S., Rambani, A, Rice, J. H., and Staton, M. (2017).
Cyst nematode parasitism induces dynamic changes in the root epigenome. Plant
Physiol. 174, 405-420. doi: 10.1104/pp.16.01948

Huang, L., Jiang, H. F,, Ren, X. P., Chen, Y. N,, Xiao, Y. J., Zhao, X. Y., et al.
(2012). Abundant microsatellite diversity and oil content in wild arachis species.
PloS One 7, €50002. doi: 10.1371/journal.pone.0050002

Huang, H,, Liu, R. E, Niu, Q. F,, Tang, K., Zhang, B., Zhang, H., et al. (2019).
Global increase in DNA methylation during orange fruit development and
ripening. Proc. Natl. Acad. Sci. United States America 116, 1430-1436. doi:
10.1073/pnas.1815441116

Hufford, M. B., Xu, X., van Heerwaarden, J., Pyhajarvi, T., Chia, J. M.,
Cartwright, R. A., et al. (2012). Comparative population genomics of maize
domestication and improvement. Nat. Genet. 44, 808-811. doi: 10.1038/ng.2309

Ichihashi, Y., Aguilarmartinez, J. A., Farhi, M., Chitwood, D. H., Kumar, R.,
Millon, L. V., et al. (2014). Evolutionary developmental transcriptomics reveals a
gene network module regulating interspecific diversity in plant leaf shape. Proc.
Natl. Acad. Sci. United States America 111, 2616-2621. doi: 10.1073/
pnas.1402835111

Kim, H. U,, Lee, K. R,, Jung, S. J., Shin, H. A, Go, Y. S, Suh, M. C, et al. (2015).
Senescence-inducible LEC2 enhances triacylglycerol accumulation in leaves
without negatively affecting plant growth. Plant Biotechnol. ]. 13, 1346-1359. doi:
10.1111/pbi.12354

Koenig, D., Jimenez-Gomez, J. M., Kimura, S., Fulop, D., Chitwood, D. H.,
Headland, L. R, et al. (2013). Comparative transcriptomics reveals patterns of
selection in domesticated and wild tomato. Proc. Natl. Acad. Sci. United States
America 110, E2655-E2662. doi: 10.1073/pnas.1309606110

Langfelder, P., and Horvath, S. (2008). WGCNA: an r package for weighted
correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

Lang, Z., Wang, Y., Tang, K., Tang, D., Datsenka, T., Cheng, J., et al. (2017).
Critical roles of DNA demethylation in the activation of ripening-induced genes
and inhibition of ripening-repressed genes in tomato fruit. Proc. Natl. Acad. Sci.
United States America 114, E4511-E4519. doi: 10.1073/pnas.1705233114

Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M., Arondel, V., Bates, P.,
et al. (2013). Acyl-lipid metabolism. arabidopsis book, Vol. 11. Rockville: American
Society of Plant Biologists.

Li, N, and Li, Y. (2016). Signaling pathways of seed size control in plants. Curr.
Opin. Plant Biol. 33, 23-32. doi: 10.1016/j.pbi.2016.05.008

Lin, Z. W, Li, X. R,, Shannon, L. M., Yeh, C. T., Wang, M. L., Bai, G. H,, et al.
(2012). Parallel domestication of the Shatteringl genes in cereals. Nat. Genet. 44,
720-U154. doi: 10.1038/ng.2281

Liu, N, Guo, J., Zhou, X,, Wu, B, Huang, L., Luo, H,, et al. (2020). High-
resolution mapping of a major and consensus quantitative trait locus for oil content
to a ~ 0.8-Mb region on chromosome A08 in peanut (Arachis hypogaea 1.). Theor.
Appl. Genet. 133, 37-49. doi: 10.1007/s00122-019-03438-6

Lu, X, Li, Q-T., Xiong, Q. Li, W,, Bi, Y.-D,, Lai, Y.-C, et al. (2016). The
transcriptomic signature of developing soybean seeds reveals the genetic basis of
seed trait adaptation during domestication. Plant J. 86, 530-544. doi: 10.1111/tpj.13181

Lu, L, Wei, W, Li, Q. T, Bian, X. H,, Lu, X,, Hu, Y., et al. (2021). A

transcriptional regulatory module controls lipid accumulation in soybean. New
Phytol. 231, 661-678. doi: 10.1111/nph.17401

Manan, S., Chen, B, She, G., Wan, X,, and Zhao, J. (2017). Transport and
transcriptional regulation of oil production in plants. Crit. Rev. Biotechnol. 37, 641-
655. doi: 10.1080/07388551.2016.1212185

Manning, K., Tor, M., Poole, M., Hong, Y., Thompson, A. J., King, G. J.,, et al.
(2006). A naturally occurring epigenetic mutation in a gene encoding an SBP-box

transcription factor inhibits tomato fruit ripening. Nat. Genet. 38, 948-952. doi:
10.1038/ng1841

Moretzsohn, M. C., Gouvea, E. G., Inglis, P. W, Leal-Bertioli, S. C., Valls, J. F.,
and Bertioli, D. J. (2013). A study of the relationships of cultivated peanut (Arachis
hypogaea) and its most closely related wild species using intron sequences and
microsatellite markers. Ann. Bot. 111, 113-126. doi: 10.1093/aob/mcs237

Morgante, C. V., Guimaraes, P. M., Martins, A. C., Aratijo, A. C., Leal-Bertioli, S.
C., Bertioli, D. J., et al. (2011). Reference genes for quantitative reverse
transcription-polymerase chain reaction expression studies in wild and cultivated
peanut. BMC Res. Notes 4, 1756-0500. doi: 10.1186/1756-0500-4-339

Narsai, R., Secco, D., Schultz, M. D., Ecker, J. R,, Lister, R., and Whelan, J. (2017).
Dynamic and rapid changes in the transcriptome and epigenome during

Frontiers in Plant Science

22

10.3389/fpls.2022.1065267

germination and in developing rice (Oryza sativa) coleoptiles under anoxia and
re-oxygenation. Plant J. 89, 805-824. doi: 10.1111/tpj.13418

Pandey, M. K., Pandey, A. K., Kumar, R,, Nwosu, C. V., Guo, B., Wright, G. C,,
et al. (2020). Translational genomics for achieving higher genetic gains in
groundnut. Theor. Appl. Genet. 133, 1679-1702. doi: 10.1007/s00122-020-03592-2

Pattee, H. E., Johns, E. B., Singleton, J. A., and Sanders, T. H. (1974).
Composition changes of peanut fruit parts during maturation. Peanut Sci. 1, 57—
62. doi: 10.3146/i0095-3679-1-2-6

Pouvreau, B., Baud, S., Vernoud, V., Morin, V., Py, C.,, Gendrot, G., et al. (2011).
Duplicate maize Wrinkled1 transcription factors activate target genes involved in
seed oil biosynthesis. Plant Physiol. 156, 674-686. doi: 10.1104/pp.111.173641

Qi, X, Li, M. W,, Xie, M., Liu, X., Ni, M., Shao, G., et al. (2014). Identification of
a novel salt tolerance gene in wild soybean by whole-genome sequencing. Nat.
Commun. 5, 4340. doi: 10.1038/ncomms5340

Rajkumar, M. S, Gupta, K, Khemka, N. K, Garg, R, and Jain, M. (2020). DNA
Methylation reprogramming during seed development and its functional relevance in seed
size/weight determination in chickpea. Commun. Biol. 3, 340. doi: 10.1038/542003-020-1059-1

Saeed, A. L, Sharov, V., White, J,, Li, J., Liang, W., Bhagabati, N, et al. (2003).
TM4: a free, open-source system for microarray data management and analysis.
Biotechniques 34, 374-378. doi: 10.2144/03342mt01

Sang, T., and Ge, S. (2013). Understanding rice domestication and implications
for cultivar improvement. Curr. Opin. Plant Biol. 16, 139-146. doi: 10.1016/
j.pbi.2013.03.003

Shen, Y., Zhang, J,, Liu, Y., Liu, S., Liu, Z, Duan, Z, et al. (2018). DNA
Methylation footprints during soybean domestication and improvement. Genome
Biol. 19, 128. doi: 10.1186/s13059-018-1516-2

Song, Q.-X,, Li, Q.-T., Liu, Y.-F,, Zhang, F.-X,, Ma, B., Zhang, W.-K,, et al.
(2013). Soybean GmbZIP123 gene enhances lipid content in the seeds of transgenic
arabidopsis plants. J. Exp. Bot. 64, 4329-4341. doi: 10.1093/jxb/ert238

Song, Q., Zhang, T., Stelly, D. M., and Chen, Z. J. (2017). Epigenomic and
functional analyses reveal roles of epialleles in the loss of photoperiod sensitivity
during domestication of allotetraploid cottons. Genome Biol. 18, 99. doi: 10.1186/
s13059-017-1229-8

Tian, J., Wang, C,, Xia, J., Wu, L., Xu, G., Wu, W, et al. (2019). Teosinte ligule
allele narrows plant architecture and enhances high-density maize yields. Science
365, 658-664. doi: 10.1126/science.aax5482

Wang, M., Wang, P, Tu, L., Zhu, S., Zhang, L., Li, Z,, et al. (2016). Multi-omics
maps of cotton fibre reveal epigenetic basis for staged single-cell differentiation.
Nucleic Acids Res. 44, 4067-4079. doi: 10.1093/nar/gkw238

Wang, H., Beyene, G., Zhai, J., Feng, S., Fahlgren, N., Taylor, N. ], et al. (2015).
CG gene body DNA methylation changes and evolution of duplicated genes in
cassava. Proc. Natl. Acad. Sci. United States America 112, 13729-13734. doi:
10.1073/pnas.1519067112

Wang, X, Xu, P, Yin, L, Ren, Y, Li, S,, Shi, Y., et al. (2018). Genomic and
transcriptomic analysis identified gene clusters and candidate genes for oil content
in peanut (Arachis hypogaea 1.). Plant Mol. Biol. Rep 36, 518-529. doi: 10.1007/
s11105-018-1088-9

Xi, Y., and Li, W. (2009). BSMAP: whole genome bisulfite sequence MAPping
program. BMC Bioinf. 10, 232. doi: 10.1186/1471-2105-10-232

Xing, M., Zhang, Y., Zhou, S., Hu, W., Wu, X,, Ye, Y., et al. (2015). Global
analysis reveals the crucial roles of DNA methylation during rice seed
development. Plant Physiol. 168, 1417-1554. doi: 10.1104/pp.15.00414

Xu, J., Chen, G., Hermanson, P. J., Xu, Q., Sun, C., Chen, W., et al. (2019).
Population-level analysis reveals the widespread occurrence and phenotypic
consequence of DNA methylation variation not tagged by genetic variation in
maize. Genome Biol. 20, 243. doi: 10.1186/s13059-019-1859-0

Yin, D, Ji, C, Song, Q., Zhang, W., Zhang, X., Zhao, K,, et al. (2020).
Comparison of arachis monticola with diploid and cultivated tetraploid genomes
reveals asymmetric subgenome evolution and improvement of peanut. Adv. Sci.
(Weinh) 7, 1901672. doi: 10.1002/advs.201901672

Yong-Villalobos, L., Gonzalez-Morales, S. I, Wrobel, K., Gutierrez-Alanis, D.,
Cervantes-Perez, S. A., Hayano-Kanashiro, C,, et al. (2015). Methylome analysis
reveals an important role for epigenetic changes in the regulation of the arabidopsis
response to phosphate starvation. Proc. Natl. Acad. Sci. United States America 112,
E7293-E7302. doi: 10.1073/pnas.1522301112

Yoo, M.-]., and Wendel, J. F. (2014). Comparative evolutionary and
developmental dynamics of the cotton (Gossypium hirsutum) fiber
transcriptome. PloS Genet. 10, €1004073. doi: 10.1371/journal.pgen.1004073

You, J., Li, M, Li, H,, Bai, Y., Zhu, X,, Kong, X,, et al. (2022). Integrated methylome
and transcriptome analysis widen the knowledge of cytoplasmic Male sterility in cotton
(Gossypium barbadense 1.). Front. Plant Sci. 13. doi: 10.3389/fpls.2022.770098

Yuan, M., Zhu, ], Gong, L., He, L., Lee, C., Han, S,, et al. (2019). Mutagenesis of
FAD?2 genes in peanut with CRISPR/Cas9 based gene editing. BMC Biotechnol. 19,
24. doi: 10.1186/s12896-019-0516-8

frontiersin.org


https://doi.org/10.1104/pp.16.00663
https://doi.org/10.1104/pp.16.00663
https://doi.org/10.1186/s12864-022-08312-2
https://doi.org/10.1186/s12864-022-08312-2
https://doi.org/10.1104/pp.16.01948
https://doi.org/10.1371/journal.pone.0050002
https://doi.org/10.1073/pnas.1815441116
https://doi.org/10.1038/ng.2309
https://doi.org/10.1073/pnas.1402835111
https://doi.org/10.1073/pnas.1402835111
https://doi.org/10.1111/pbi.12354
https://doi.org/10.1073/pnas.1309606110
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1073/pnas.1705233114
https://doi.org/10.1016/j.pbi.2016.05.008
https://doi.org/10.1038/ng.2281
https://doi.org/10.1007/s00122-019-03438-6
https://doi.org/10.1111/tpj.13181
https://doi.org/10.1111/nph.17401
https://doi.org/10.1080/07388551.2016.1212185
https://doi.org/10.1038/ng1841
https://doi.org/10.1093/aob/mcs237
https://doi.org/10.1186/1756-0500-4-339
https://doi.org/10.1111/tpj.13418
https://doi.org/10.1007/s00122-020-03592-2
https://doi.org/10.3146/i0095-3679-1-2-6
https://doi.org/10.1104/pp.111.173641
https://doi.org/10.1038/ncomms5340
https://doi.org/10.1038/s42003-020-1059-1
https://doi.org/10.2144/03342mt01
https://doi.org/10.1016/j.pbi.2013.03.003
https://doi.org/10.1016/j.pbi.2013.03.003
https://doi.org/10.1186/s13059-018-1516-z
https://doi.org/10.1093/jxb/ert238
https://doi.org/10.1186/s13059-017-1229-8
https://doi.org/10.1186/s13059-017-1229-8
https://doi.org/10.1126/science.aax5482
https://doi.org/10.1093/nar/gkw238
https://doi.org/10.1073/pnas.1519067112
https://doi.org/10.1007/s11105-018-1088-9
https://doi.org/10.1007/s11105-018-1088-9
https://doi.org/10.1186/1471-2105-10-232
https://doi.org/10.1104/pp.15.00414
https://doi.org/10.1186/s13059-019-1859-0
https://doi.org/10.1002/advs.201901672
https://doi.org/10.1073/pnas.1522301112
https://doi.org/10.1371/journal.pgen.1004073
https://doi.org/10.3389/fpls.2022.770098
https://doi.org/10.1186/s12896-019-0516-8
https://doi.org/10.3389/fpls.2022.1065267
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

Zhang, X. R, Henriques, R, Lin, S. S., Niu, Q. W,, and Chua, N. H. (2006).
Agrobacterium-mediated transformation of arabidopsis thaliana using the floral
dip method. Nat. Protoc. 1, 641-646. doi: 10.1038/nprot.2006.97

Zhang, H. M, Lang, Z. B,, and Zhu, J. K. (2018). Dynamics and function of DNA
methylation in plants. Nat. Rev. Mol. Cell Biol. 19, 489-506. doi: 10.1038/s41580-018-0016-z

Zhang, X,, Sun, J., Cao, X, and Song, X. (2015). Epigenetic mutation of RAV6 affects
leaf angle and seed size in rice. Plant Physiol. 169, 2118-2128. doi: 10.1104/pp.15.00836

Zhang, H., Wang, M. L., Dang, P, Jiang, T., Zhao, S. Z., Lamb, M., et al. (2021).
Identification of potential QTLs and genes associated with seed composition traits

Frontiers in Plant Science

23

10.3389/fpls.2022.1065267

in peanut (Arachis hypogaea 1) using GWAS and RNA-seq analysis. Gene 769,
145215. doi: 10.1016/j.gene.2020.145215.

Zhang, X., Yazaki, J., Sundaresan, A., Cokus, S., Chan, S. W. L., Chen, H.,
et al. (2006). Genome-wide high-resolution mapping and functional analysis of
DNA methylation in arabidopsis. Cell 126, 1189-1201. doi: 10.1016/
j.cell.2006.08.003

Zhong, S., Fei, Z., Chen, Y. R, and Zheng, Y. (2013). Single-base resolution
methylomes of tomato fruit development reveal epigenome modifications
associated with ripening. Nat. Biotechnol. 31, 154-159. doi: 10.1038/nbt.2462

frontiersin.org


https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1104/pp.15.00836
https://doi.org/10.1016/j.gene.2020.145215
https://doi.org/10.1016/j.cell.2006.08.003
https://doi.org/10.1016/j.cell.2006.08.003
https://doi.org/10.1038/nbt.2462
https://doi.org/10.3389/fpls.2022.1065267
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Weijian Zhuang,
Fujian Agriculture and Forestry
University, China

REVIEWED BY
Diaa Abd El Moneim,

Arish University, Egypt

David Sewordor Gaikpa,

University of Hohenheim, Germany
Abdulwahab Saliu Shaibu,

Bayero University Kano, Nigeria
Muhammad Amjad Nawaz,

Far Eastern Federal University, Russia

*CORRESPONDENCE

Richard Oteng-Frimpong
kotengfrimpong@gmail.com
Benjamin Karikari
benkarikaril@gmail.com

SPECIALTY SECTION
This article was submitted to
Functional and Applied Plant
Genomics,

a section of the journal
Frontiers in Plant Science

RECEIVED 27 October 2022
ACCEPTED 24 November 2022
PUBLISHED 05 January 2023

CITATION

Oteng-Frimpong R, Karikari B, Sie EK,
Kassim YB, Puozaa DK, Rasheed MA,
Fonceka D, Okello DK, Balota M,
Burow M and Ozias-Akins P (2023)
Multi-locus genome-wide
association studies reveal genomic
regions and putative candidate genes
associated with leaf spot diseases in
African groundnut (Arachis

hypogaea L.) germplasm.

Front. Plant Sci. 13:1076744.

doi: 10.3389/fpls.2022.1076744

COPYRIGHT
© 2023 Oteng-Frimpong, Karikari, Sie,
Kassim, Puozaa, Rasheed, Fonceka,
Okello, Balota, Burow and Ozias-Akins.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Plant Science

TYPE Original Research
PUBLISHED 05 January 2023
poI110.3389/fpls.2022.1076744

Multi-locus genome-wide
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with leaf spot diseases in
African groundnut (Arachis
hypogaea L.) germplasm

Richard Oteng-Frimpong™, Benjamin Karikari®,
Emmanuel Kofi Sie’, Yussif Baba Kassim?,

Doris Kanvenaa Puozaa®, Masawudu Abdul Rasheed?,
Daniel Fonceka®, David Kallule Okello*, Maria Balota®,
Mark Burow® and Peggy Ozias-Akins’
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Agricultural Research Institute, Tamale, Ghana, ?Department of Agricultural Biotechnology, Faculty
of Agriculture, Food and Consumer Sciences, University for Development Studies, Tamale, Ghana,
3Centre d'Etude Régional pour 'Amélioration de I'Adaptation ala Sécheresse (CERAAS), Institut
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Semi-Arid Resources Research Institute (NaSARRI), Soroti, Uganda, *School of Plant and
Environmental Sciences, Tidewater Agricultural Research and Extension Center (AREC), Virginia
Tech, Suffolk, VA, United States, °Texas AGM AgriLife Research and Department of Plant and Soil
Science, Texas Tech University, Lubbock, TX, United States, “Institute of Plant Breeding Genetics
and Genomics, University of Georgia, Tifton, GA, United States

Early leaf spot (ELS) and late leaf spot (LLS) diseases are the two most
destructive groundnut diseases in Ghana resulting in < 70% yield losses
which is controlled largely by chemical method. To develop leaf spot
resistant varieties, the present study was undertaken to identify single
nucleotide polymorphism (SNP) markers and putative candidate genes
underlying both ELS and LLS. In this study, six multi-locus models of
genome-wide association study were conducted with the best linear
unbiased predictor obtained from 294 African groundnut germplasm
screened for ELS and LLS as well as image-based indices of leaf spot
diseases severity in 2020 and 2021 and 8,772 high-quality SNPs from a 48 K
SNP array Axiom platform. Ninety-seven SNPs associated with ELS, LLS and five
image-based indices across the chromosomes in the 2 two sub-genomes.
From these, twenty-nine unique SNPs were detected by at least two models for
one or more traits across 16 chromosomes with explained phenotypic variation
ranging from 0.01 - 62.76%, with exception of chromosome (Chr) 08 (Chr08),
Chrl10, Chrll, and Chrl9. Seventeen potential candidate genes were predicted
at + 300 kbp of the stable/prominent SNP positions (12 and 5, down- and
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upstream, respectively). The results from this study provide a basis for
understanding the genetic architecture of ELS and LLS diseases in African
groundnut germplasm, and the associated SNPs and predicted candidate
genes would be valuable for breeding leaf spot diseases resistant varieties
upon further validation.

KEYWORDS

candidate genes, environmentally friendly, genomics, markerassisted selection,
oilseed, early leaf spot, late leaf spot

Introduction

Groundnut [Arachis hypogaea L. (2n = 4x = 40)] is an
allotetraploid originating from South America and is a grain
legume that is largely grown in the tropical and subtropical
regions of the world (Bertioli et al., 2016). It comprises of two
genomes with their origins coming from different diploid wild
ancestors (Bertioli et al., 2016). Groundnut plays a pivotal role in
the life of small-holder farmers in Ghana, and it is a suitable
vehicle for making improvements in the areas such as poverty
alleviation, food and nutritional security (Lyroler, 2018). It is a
good source of plant protein for resource poor-households who
are unable to buy animal protein. Groundnut also provides
vitamins, minerals and unsaturated oil for most Ghanaians
(Asibuo et al.,, 2008). Increase production and consumption of
groundnut will reduce the number of the over 800 million people
in many developing countries who are chronically hungry as well
as the about 2 billion people who suffer micronutrients
deficiencies (FAO et al., 2019). Globally, it provided 8, 3 and 2%
of oilseed produced, vegetable oil and protein meal consumed,
respectively (http://soystats.com/, accessed 03.07.2022).

Despite the importance of groundnut, its cultivation is
hindered by numerous biotic and abiotic factors. Early leaf
spot (ELS) caused by the fungus Passalora arachidicola (S.
Hori) and late leaf spot (LLS) also caused by the fungus
Nothopassalora personata (Berk. & Curt.) are the two most
destructive groundnut diseases in Ghana with a potential yield
loss of < 70% (Naab et al., 2005; Denwar et al., 2021). Chemical
control of these diseases is not feasible in farmers field in Ghana
due to their inability to afford these chemicals and therefore ends
up not controlling the diseases (Nutsugah et al., 2007; Denwar
et al., 2021). Farmers often confuse leaf spots severities with
maturity indicator further affecting their mitigation measures.
Development and cultivation of leaf spot resistant varieties is
cheaper and environmentally friendly (Gaikpa et al, 2017).
Resistance is largely controlled by polygenes and influenced by
genotype (G), environment (E) and their interactions (GxE)
(Johnson, 1984; Wiesner-Hanks and Nelson, 2016). This makes
the traditionally commonly used screening methods for
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identifying leaf spot resistant varieties in Ghana difficult due to
the partial and polygenic nature of these diseases (Dwivedi et al.,
2002; Pasupuleti et al., 2013). In addition, conventional
phenotyping procedures are laborious, time-consuming,
destructive, subjective, costly, inefficient and lack inter or
intra-rater repeatability (Araus et al., 2018; Awada et al,, 2018).

To overcome errors and expenses by manual phenotyping, the
red-green-blue (RGB)-image method (which is the science of
making measurements through the use of an RGB camera),
together with conventional and marker-assisted selection (MAS)
may overcome the flaws of current breeding methods (Li et al,
2014; Wang et al., 2017; Yang et al., 2020; Sarkar et al., 2021a). The
application of the RGB image method for screening has generated
much interest in agricultural research because of its importance in
crop production (Sie et al., 2022; Chapu et al,, 2022). RGB image
method is more efficient, offers inter or intra-rater repeatability, is
easy to apply, is less expensive, non-destructive, and offers the
chance to take multiple measurements on a specific plant due to the
non-destructive nature of the technology (Araus et al., 2018; Awada
et al,, 2018; Gill et al., 2022). Moreover, the application of the RGB
image method in phenotyping will allow the screening of a large set
of genotypes using a small fraction of the time that would have been
used in conventional phenotyping. For instance, previous studies
have shown the efficacy of the RGB imaging for assessment of a
number of diseases in several crops verticillium wilt (caused by
Verticillium dahliae Kleb) in olive (Olea europaea L.) (Sancho-
Adamson et al,, 2019), yellow rust (Puccinia striiformis f. sp tritici)
in wheat (Zaman-Allah et al., 2015; Zhou et al., 2015), and lethal
necrosis (caused by a combination of maize chlorotic mottle virus
(MCMYV) and sugar cane mosaic virus (SCMV) in maize (Zea mays
L.)) (Kefauver et al., 2015).

In the last decade, there has been rapid development of next-
generation sequencing, high-throughput genotype data together
with phenotypic data for utilization to identify marker-trait
associations via genome-wide association study (GWAS)
(Varshney et al, 2019; Varshney et al, 2020). Compared to
linkage mapping, GWAS has emerged as a powerful tool to
detect markers (single nucleotide polymorphisms (SNPs))
closely linked to quantitative trait loci (QTL), based on the
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principle of linkage disequilibrium (LD) between genetic
markers and QTL that affect the trait (Geng et al, 2015). By
this strategy, Zhang et al. (2020a) detected a total of 46 and 28
QTL for ELS and LLS, respectively, with Efficient Mixed-Model
Association eXpedited (EMMAX), while Pandey et al. (2014)
detected 6 QTL for ELS and 1 QTL for LLS. In contrast, seven
and five major QTL for ELS and LLS have been detected
and reported on chromosomes 2 and 3, respectively (Chu
et al,, 2019). In addition, Shaibu et al. (2021) detected 25 SNPs
for ELS in mini-core collection of 168 accessions in Nigeria by
efficient mixed-model association (EMMA) and compression
mixed linear model (CMLM).

The statistical model adopted is one of the setbacks to the power
of detection in GWAS (Gupta et al, 2014; Ibrahim et al., 2020;
Yoosefzadeh-Najafabadi et al., 2022). Traditional popular statistical
models (single-marker genome-wide scan models), mixed linear
model (MLM), and general linear model (GLM), among others,
have a number of limitations such as the stringent threshold of
significance and mapping power (Wen et al,, 2018). To overcome
these limitations, several multi-locus models have been developed
and utilized for GWAS in several crops (Zhang et al., 2019; Karikari
et al, 2020; Berhe et al, 2021; Vikas et al, 2022). Among them
include a multi-locus random-SNP-effect mixed linear model
(mrMLM) (Wang et al., 2016), a fast mrMLM (FASTmrMLM)
(Zhang et al, 2018), a fast mrMLM efficient mixed-model
association (FASTmrEMMA) (Wen et al, 2018), polygene-
background-control-based least-angle regression plus empirical
Bayes (pLARmEB) (Zhang et al.,, 2017), Kruskal-Wallis test with
empirical Bayes under polygenic background control (pKWmEB)
(Ren et al, 2018) and integrative sure independence screening
expectation maximization Bayesian least absolute shrinkage and
selection operator model (ISIS EM-BLASSO) (Tamba et al., 2017).

The multi-locus models have become the state-of-the-art
procedure to identify genetic bases for complex traits due to their
power of detection and robustness (Zhang et al., 2019).
Therefore, the present study applied the six multi-locus
models to identify genomic regions and potential candidates
associated with ELS and LLS diseases. A total of 294 groundnut
accessions were collected from different African countries and
screened in two years with manual scoring of ELS and LLS
together with 5 imaged-based indices and area under disease
progression curve (AUDPC) for both diseases. The results from
this study lay the foundation for MAS to speed up breeding for
leaf spot-resistant cultivars.

Materials and methods

Planting materials and
experimental condition

Two hundred and ninety-four African groundnut collections
(Supplementary Table S1) were planted during the main
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planting season, from June 2020 to September 2020 and June
2021 to September 2021 at the experimental site (09° 25" 41" N,
00° 58’ 42” W) of Council for Scientific and Industrial Research-
Savannah Agricultural Research Institute (CSIR-SARI) located
in Nyankpala, Northern region, Ghana. This population
comprised 54, 49, 44, 32, 31, 27, 22, 18, and 17 accessions
from Uganda, Ghana, Niger, Malawi, Senegal, Mali,
Mozambique, Togo, and Zambia, respectively (Supplementary
Table S1), mainly from African Groundnut Germplasm
Collection leaf spots resistant and yield phenotyping programs.
This panel was selected for the current study to lay foundation
for future molecular breeding. The experimental area is
characterized by a relatively dry climate with unimodal rainfall
ranging between 500 and 1200 mm annually (Atiah et al,, 2019;
Atiah et al,, 2020). The inception of the rains is in May and ends
in October with small scattered precipitations in November. The
soils of the research area belong to Ferric Luvisols of the Tingoli
series with a brown color, moderately drained, and free from
concretions (Atakora and Kwakye, 2016). The experiment was
carried out in a location that is a hotspot for the disease and
therefore can sufficiently discriminate between susceptible and
resistant lines (Danful et al., 2019; Oteng-Frimpong et al., 2021)

The accessions were arranged in lattice design with three
replicates. A plot was made up of one row of 2m long with a
spacing of 0.5 m between rows and 0.2 m between plants. One
seed was planted per hill. Weeding was carried out whenever
necessary to ensure a weed-free trial.

Agronomic practices

Pre-emergence weed control was done by spraying
(Alligat0r® 400EC, Pendimethaline 400g/L, EC) and
glyphosate (480g/L SL) at 200 ml/15 liters of water
immediately after planting. Weeds were manually controlled
regularly by hoeing between the rows and pulling weeds within
rows as well as on top of plots using hands to ensure a weed-free
experiment. Earthen-up was done 40 days after planting to
enhance aeration. A compound fertilizer made of nitrogen(N),
phosphorus (P), potassium (K) together with sulphur (S), zinc
(Zn) and boron (B), i.e., (N:P:K: 11:22:214+55+0.7Zn+0.5B) was
applied on the sides of the plants two weeks after seedling
emergence at a rate of 150 kg/ha. At the same time, the
experiment was sprayed against aphis infestation using K-
Optimal (Lambda-cyhalothrin 15 g/1 + acetamiprid 20 g/I; EC)
at 40 ml in a 15L Knapsack sprayer.

Collection of phenotypic data
Visual scoring for leaf spot disease

Visual scoring for the severity of ELS and LLS infection was
evaluated using the scale described by Subrahmanyam et al.
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(1995) at 70 and 90 days after planting (Sie et al., 2022). Values
of 1 to 4 indicate increasing leaf spot incidence on leaflets within
the lower or upper canopy, but no defoliation. Ratings from 4 to
10 are associated with increasing levels of severity with
defoliation (Chiteka et al., 1988). The average score of the
two-sampling time was computed. AUDPC values were
computed for each plot from these disease ratings using the

formula: AUDPC = 37, [{w%}x(tm —t;)], where y; is the

level of disease severity score at a point in time, y.1)-t; is
the number of days between two successive scores (Shaner and
Finney, 1977).

Measurement of normalized difference
vegetation index

GreenSeeker® handheld sensor: (Model HCS-100
manufactured by Trimble Navigation Limited, Sunnyvale,
USA) was used to measure the canopy normalized difference
vegetation index (NDVI) of the vegetation from each plot. The
instrument was aligned horizontally and maintained at a
constant height of 50 cm over the plants’ canopy with a
walking speed to cover the row within 60 seconds. The
GreenSeeker optical sensor uses radiation of 650 + 10 of red
and 770 + 15 of near-infrared band independently. The sensor
uses built-in software to directly calculate the NDVI value using
the formula: (NIR-RED)/(NIR+RED) (Rouse et al., 1974). The
NDVI value which ranges from 0.00 to 0.99 was recorded from
the screen of the device. Readings were taken at 70 and 90 days
after planting when the sun was at its zenith.

RGB images

The RGB digital camera (Samsung Galaxy NX300) was used
to take close-up images of one plot at a time. The camera was set
to “auto” to allow the camera to adjust the required sharpness,
brightness, and hue depending on the light available, with the
zoom of the lens being at 0. A part representing the plot was
selected for the image. The camera was maintained at the same
height of 80 cm over the row for all pictures and facing the sun to
avoid any shadows on the pictures. Pictures were taken at 70,
and 90 days after planting. Digital image analysis was carried out
in Image J software by converting hue (H), saturation (S), and
brightness (B) values into the dark green color index (DGCI).

Green area, greener area, and crop
senescence index

Green area (GA=H 60-120°), greener area (GGA= H 80-
120°), Hue angle, and crop senescence index (CSI=(100*(GA-
GGA)/GA) (Gracia-Romero et al,, 2018) were extracted using
Breedpix 2.0 option from the CIMMYT maize scanner 1.16
plugin (http://github.com/george-haddad/CIMMYT open
software; Copyright 2015 Shawn Carlisle Kefauver, University
of Barcelona); produced as part of Image J/Fiji (open source
software; http://fiji.sc/Fiji) (Schindelin et al., 2012; Schindelin
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et al, 2015). Both GA and GGA measure the number of green
pixels on an image. However, the GGA removes green tones that
are yellowish from the image and, accordingly, differentiates leaf
senescence and active photosynthetic biomass more accurately.

Statistical analysis of phenotypic data

Data collected manually and imaged based across the two
years (2020 and 2021) were subjected to analysis of variance
(ANOVA) in SAS (SAS Institute, 2010. SAS/STAT software
version 9.2. SAS Institute Inc, Cary, NC) with a general linear
model procedure (PROC GLM), following statistical model
Vpqr=U+Gp+Eq+GE,q +Ry(q)+€pqr » Where ypq. stands for the
individual observation of pqr™ experiment unit, 1 is the total
average phenotypic value, G,, is the effect of the p™ genotype,
Ejis the effect of the q™ year, GE, is the interaction effect
between the p™ genotype and the q'" year, Ry(q) is the effect of the
1™ block within the q year, and €,q, is the residual error. All
factors were considered random.

Descriptive statistics: mean, standard error of the mean,
kurtosis, and skewness were calculated in SAS (SAS Institute,
2010. SAS/STAT software version 9.2. SAS Institute Inc, Cary,
NC) from the two years data. Pearson correlation coefficients
were computed and visualized in R with the corrplot package
(Wei et al., 2017).

In addition to the above, broad-sense heritability (H?) for
each trait was computed following the formula proposed by
Nyquist and Baker (1991), thus H? = 0, /(0; + Gge/n + 0¢ /nr)
where Gg2 is the genotypic variance, Gge is the genotype by
environment interaction variance, Gez is the error variance, n is

the number of environments, and r is the number of replications.

Genotyping and population
structure analysis

Prior to genotyping, fresh and healthy leaf samples were
collected from the panel evaluated in this study and stored at -80
°C for DNA isolation. The genomic DNA was extracted using
the modified CTAB method (Porebski et al., 1997). Purified
DNA was dissolved in TE buffer for further analysis. The
quantity and quality of the DNA were assessed with
NanoDropTM 2000 Spectrophotometer (Thermo Scientific,
Wilmington, DC, USA). The genotyping was performed using
SNP array (Affymetrix 2). The SNP array used in this study was
the 48 K SNP array that was developed for Arachis Axiom
Arachis. Quality control was conducted following the procedure
outlined by Clevenger et al. (2018) on 8,911 SNPs.

Population structure was analyzed via Structure software
2.3.3 (Pritchard et al, 2000) with the number of presumed
population (K) set from 1-7 and replicated 5 times with a
burn-in period of 50,000 steps and Monte Carlo Marko Chain
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of 100,000. An admixture model with correlated allele frequency
was adopted in this study (Falush et al., 2003). After analysis, the
Structure Harvester online program (https://taylor0.biology.ucla.
edu/structureHarvester/) was used to retrieve the optimum K
(AK) (Earl and Vonholdt, 2012). Only the accessions with a
membership coefficient (Q) > 0.60 were assigned to a genetic
group and those with Q<0.60 were classified as admixture
(Delfini et al., 2021). We further constructed a neighbor-joining
(N]) phylogenetic tree via TASSEL 5.2.31 software (Bradbury
et al., 2007). A kinship plot was produced with the kinship2
package in R (Sinnwell et al., 2014). LD between pairwise SNPs
was computed with RTM-GWAS V1.1 software with squared
allele frequency correlation model (He et al., 2017). The panel’s
LD decay rate was estimated as the chromosomal distance when
the LD decay (r?) fell to half of its highest value. The graph of the
LD decay was produced with the help of GraphPad Prism version
5.01 (GraphPad Software, San Diego California USA) within the
pairwise distance of 5 Mb in the genome.

Marker-trait association analysis

To prevent environmental (year) variation in phenotypic
data, the best linear unbiased predictor (BLUPs) for each
accession for all traits were calculated using R package Ime4
(Bates et al., 2015) with the effect of environment (year),
replicate within E, G, GE and error as random effects. Six
multi-locus models, i.e., mrMLM (Wang et al., 2016),
FASTmrMLM (Zhang et al., 2018), FASTmrEMMA (Wen
et al, 2018), pLARmEB (Zhang et al,, 2017), pKWmEB (Ren
et al,, 2018) and ISIS EM-BLASSO (Tamba et al., 2017) were
conducted in R with mrMLM package (V4.0.2) (Zhang et al,
2020b) with both Q matrix and principal component (PC)
together with kinship matrix. The threshold with a critical
logarithm of odd value was set at 3.

Candidate gene prediction and
in silico analyses

SNPs detected for at least two traits were considered stable,
hence were selected for downstream analysis including candidate
gene prediction from reference genome (A. hypogaea V1)
(Bertioli et al., 2019) available on phytozome (https://
phytozome-next.jgi.doe.gov/). The gff3 file was retrieved from
the phytozome website (https://phytozome-next.jgi.doe.gov/)
and information gene ontology (GO) (Ashburner et al., 2000),
protein families (Pfam) (Bateman et al., 2004), Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and
Goto, 2000), and transcription factors (Jin et al., 2014)) were
further explored in selecting candidate genes with the SNP + LD.
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Results

Phenotypic variation, broad-sense
heritability, and correlation among the
294 accessions of groundnut

Descriptive statistics and H? of the four image-based traits
(Hue, GA, GGA, and CSI), vegetative index trait (NDVI),
manually scored traits (ELS and LLS), and quantitatively
computed traits (AUDPC-ELS and -LLS) among the 294
groundnut accessions based on the two years (2020 and 2021)
evaluation in this study are shown in Table. The hue, GA, GGA,
CSI (from the image-based phenotyping) and NDVI values
ranged (mean * Standard error of mean) from 38.37-90.20
(68.03 % 0.56), 0.30-0.92 (0.63 % 0.01), 0.23-0.81 (0.48 + 0.01),
9.27-45.90 (26.19 + 0.45) and 0.36-7.09 (0.68 = 0.02),
respectively (Table 1). The qualitatively scoring of ELS and
LLS incidence followed a normal distribution (Figures 1A, B),
with the mean scores of 4.28 + 0.03 and 4.85 + 0.04 (Table 1),
respectively. This indicates that the population used for this
study exhibited a wide range of variation in response to ELS and
LLS diseases. Also, the quantitatively computed AUDPC for ELS
and LLS ranged from 30.00-140.00 (86.00 + 0.60) and 40.00-
140.00 (97.00 + 0.47) (Table 1), respectively, and this followed
normal distribution among the population used in this study
(Figures 1C, D).

Combined ANOVA of the two years data revealed that eight
traits varied significantly due to genotypes (G), environment (E),
and their interaction (GE), while NDVI differed due to E
(Supplementary Tables 2A-I). These coupled with high H?
(Table 1) suggest that these ELS and LLS are largely controlled
by polygenes with both major and minor effects. This highlights
that selection based only on phenotypic variation may
be misleading.

We further conducted a Pearson correlation analysis among
the five image-based indices, ELS, LLS, AUDPC-ELS, and -LLS
with Corrplot package in R (Wei et al., 2017) and the results are
shown in Supplementary Figure 1. Among the five image-based
indices, only CSI positively correlated with LLS (correlation
coefficient, r = 0.71), AUDPC-LLS (r=0.66), ELS (r=0.56) and
AUDPC-ELS (r=0.44) (Supplementary Figure 1). This indicates
that CSI could be a relatively good indicator for the assessment
of ELS and LLS diseases. However, the qualitatively and
quantitatively scoring of ELS and LLS negatively correlated
with the other four image-based indices (GA, GGA, Hue, and
NDVI) (r=-0.02 to -0.82) (Supplementary Figure 1) confirming
that leaf spot diseases affect the photosynthetic capacity of the
leaf. These together with leaf spot diseases ratings and ANOVA
highlight that the phenotypic data from the population qualify
for GWAS mapping.
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TABLE 1 Descriptive statistics and broad-sense heritability of nine traits.

Parameter * Mean + SEM ° Range
Hue* 68.03 £ 0.56 38.37-90.20
GA* 0.63 £ 0.01 0.30-0.92
GGA* 0.48 + 0.01 0.23-0.81
csr 26.19 + 0.45 9.27-45.90
NDVI* 0.68 + 0.02 0.36-7.09
ELS" 428 +0.03 1.58-6.17
LLS" 4.85 + 0.04 1.58-6.67
AUDPC-ELS 86.00 + 0.60 30.00-140.00
AUDPC-LLS 97.00 + 0.47 40.00-140.00

10.3389/fpls.2022.1076744

CV (%) ¢ Skewness Kurtosis H? (%) ¢
13.85 0.16 -0.26 90.09
17.96 034 -0.48 90.68
2539 0.54 -0.85 92.38
29.68 -0.12 -0.99 82.12
55.69 16.42 276.80 66.23
12.66 -0.88 401 73.08
14.33 -0.85 1.56 85.55
2853 0.05 -0.93 75.97
19.87 -0.13 -0.54 86.00

“Hue, hue angle; GA, green area; GGA, greener area; CSI, crop senescence index; NDVI, normalized difference vegetation index; ELS, early leaf spot; LLS, late leaf spot; AUDPC-ELS and
-LLS, area under disease progress curve for ELS and LLS, respectively. * RGB-image-based phenotyping.+ Manual disease scoring with a scale of 1-9 by Subrahmanyam et al. (1995). "mean+

standard error of mean. “Coefficient of variation. “Broad-sense heritability.

Genetic differentiation and
LD estimation among the
mapping population

After quality control on the obtained 8,911 SNPs, a total of
8,772 SNP markers were distributed between the two sub-
genomes (A and B) with quality criteria of minor allele
frequency< 0.05 and call rate<0.95. Out of these, 8,152 SNPs
were located on one of the linkage groups in the two sub-
genomes (A and B), while 619 SNPs were located on scaffolds.
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The SNPs located on the scaffolds were excluded from the
downstream analysis. The longest and shortest chromosome
(Chr) spanned 149.79 Mb (Chrl5) and 49.33 Mb (Chr08),
respectively (Table 2; Supplementary Figure 2). However,
Chr08 and Chr19 contained the highest and least number of
SNPs (877 and 191, respectively).

The Bayesian model based population structure analysis was
carried out with K=1-7 with 5 independent runs for each K. The
estimated AK plot shown in Figure 2A reveals that 294
accessions are optimally grouped into two sub-populations (I
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Frequency distribution of leaf spot diseases rating in the 294 accessions (n) in this study. (A) Early leaf spot (ELS). (B) Late leaf spot (LLS). (C) Area

under disease progression curve (AUDPC) -ELS. (D) AUDPC - LLS
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and II) (Figure 2B). The sub-population I consisted of 99
accessions (=33.67%) with nearly 50% of them from Uganda
and Senegal, while those in sub-population II comprised 173
accessions (=58.84%) with 43, 26, 20, and 20 accessions from
Niger, Ghana, Malawi, and Mali, respectively (Table 3;
Supplementary Table 1). Based on the Q> 0.60 as pure lines,
twenty-two accessions representing 7.48% of the population are
considered admixtures (Figure 2C). Allele frequency divergence
between two sub-populations was estimated as 0.38, while the
expected heterozygosity between individual accessions with sub-
population I and II are 0.15 and 0.18, indicating that sub-
population 1II is relatively more diverse than sub-population L
The population structure stratification was consistent with
kinship matrix, phylogenetic trees, and principal component
analysis (Figures 2D, E). The LD decay across the two sub-
genomes of the studied panel was estimated to be about 300
kbp (Figure 2F).

Marker-trait association

In order to remove environmental effect during the marker-
trait association mapping, BLUP values were used where the
effect of environment (year), replicates within E, G, GE, and
error were considered as random effects. With the six multi-
locus models, a total of 97 SNPs distributed across the 20

10.3389/fpls.2022.1076744

chromosomes with an average of =5 SNPs per Chr and range
of 1 SNP on Chrl5 to 11 SNPs on Chrl6 were detected
(Figure 3A; Supplementary Table 3). Of these, the power of
detection among the six models followed pKWmEB (46 SNPs) >
pLARmMEB (40 SNPs) > mrMLM (25 SNPs) > FASTmrMLM (18
SNPs) > ISIS EM-BLASSO (16 SNPs) > FASTmrEMMA (12
SNPs) (Figure 3B).

Comparative analysis among the six multi-locus models
revealed that twenty-nine unique SNPs were detected by at
least two models for one or more traits across 16
chromosomes with exception of Chr08, Chr10, Chrll and
Chr19 (LOD = 3.00) (Table 4). Among these, seven SNPs
(AX-176823205 (Ch01), AX-176823123 (Chro1),
AX176799357 (Chr02), AX-176796174 (Chr05), AX-
147224865 (Chr06), AX-147239793 (Chr06) and AX-
177643984 (Chr20)) associated with two traits (Table 4). For
example, SNP, AX-176823205 associated with both Hue and LLS
with allele C at 91414269, LOD of 3.40-5.04 and phenotypic
variation explained (PVE) of < 3.12%. The C allele had negative
and positive effect on Hue and LLS, respectively. This and the
other six SNPs (AX-176823123, AX176799357, AX-176796174,
AX-147224865, AX-147239793 and AX-177643984) may be the
basis for the r values observed on Supplementary Figure I.
Therefore, these SNPs could be valuable genetic resources to
understand the relationship among the evaluated indices
associated with leaf spot diseases.

TABLE 2 Distribution of single nucleotide polymorphism (SNP) markers between A and B sub-genomes of groundnut (chromosome) of the

studied population.

Genome/LG Chr. Length (bp) Length (kb)
A01 1 106806005 106806.01
A02 2 93528862 93528.86
A03 3 134894015 134894.02
A04 4 121312866 121312.87
A05 5 109393004 109393.00
A06 6 112315382 112315.38
A07 7 78545074 78545.07
A08 8 49330572 4933057
A09 9 120497462 120497.46
A10 10 109302486 109302.49
BO1 11 137285820 137285.82
BO2 12 108946667 108946.67
BO3 13 135317267 135317.27
BO4 14 132798623 132798.62
BO5 15 149794401 149794.40
BO6 16 136159078 136159.08
BO7 17 126126609 126126.61
BO8 18 129540280 129540.28
B09 19 147063990 147063.99
B10 20 135921470 13592147
Total 2374879933 2374879.93

Length (Mb) No. of SNPs Kbs/SNP SNPs/Mb
106.81 444 240.6 4.16
9353 327 286.0 3.50
134.89 406 3323 3.01
121.31 429 282.8 354
109.39 393 278.4 3.59
112.32 428 2624 3.81
7855 312 251.7 397
49.33 191 2583 3.87
120.50 267 4513 222
109.30 230 4752 2.10
137.29 325 4224 2.37
108.95 247 441.1 227
135.32 325 4164 2.40
132.80 365 363.8 275
149.79 334 4485 223
136.16 433 3145 3.18
126.13 507 2488 4.02
129.54 610 2124 471
147.06 877 167.7 5.96
135.92 702 193.6 5.16

2374.88 8152 6348.00 68.82

LG, Linkage group; Chr, Chromosome.
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FIGURE 2

Population stratification of the 294 accessions in this study. (A) Estimated AK in the population structure analysis retrieved from STRUCTURE
HARVESTER online programme. (B) Population structure by STRUCTURE software. The two colours (red and green) represent two sub-populations.
Each colour represent one inferred ancestral population with the vertical column representing one individual accession and coloured segment in each
column denotes percentage of the individual inferred ancestral population in the studied panel. (C) Proportion of pure and admixture lines based on
membership coefficients (Q) >0.60 as pure lines, while those with Q< 0.60 considered as admixture lines. (D) A neigbour-joining phylogenetic tress.
(E) Principal component analysis plot. (F) Linkage disequilibrium decay plot within the 500 kb across the two sub-genomes (A, B).

| 02;173;58.84%

F

0.804
0.75+

0.704
e

0,65+

0.60-

0.55

T T T T —T— T
0 50 100 150 200 250 300 350 400 450 500
Distance (kb)

In addition, nine SNPs (AX-176799357, AX-176806210, AX-
176796174, AX-176793720, AX-147224496, AX-176818776, AX-
176820950, AX-177643984 and AX-133120520) were associated
with at least one model with PVE > 10%, hence these were
considered as major SNPs for downstream analysis for candidate
genes prediction (Table 4). Interestingly, AX-176799357 was
linked to both LLS and AUDPC-LLS, AX-176796174 associated
with both Hue and AUDPC-ELS, and AX-133120520 associated
with both GA and GGA.

As typical of quantitative traits, seventy SNPs were trait and
model specific with LOD and PVE ranging 3.04 (AX-177637712
on Chr17 with LLS) to 35.90 (AX-147227883 on Chr07 with
GGA), and<0.01% (AX-177637712 on Chrl7 with LLS) to
21.79% (AX-176797562 on Chr02 with CSI)
(Supplementary Table 3). These markers may need further
verification for their possible use in practical plant breeding.

Candidate gene prediction around stable
SNPs

To predict candidate genes, significant SNPs with at least 1
of the following criteria: linked to more than 1 trait, detected
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by at least 4 GWAS model and with PVE > 10% were used for
gene mining. Two hundred and fifty-three genes located
within 300 kbp of 14 SNPs were mined and in silico analysis
performed. In all, 17 potential candidate genes were predicted,
of which 12 and 5 are located down- and up-stream of the
linked SNP positions, respectively (Table 5). BAEJ4E gene is
located 172.3 kbp up-stream of AX-176823205 (chr01) was
predicted for Hue and LLS traits, and this gene encodes for
glutathione S-transferase which have been reported to regulate
plant response to fungal infection (Dean et al., 2005; Gullner
et al, 2018). In addition, four genes (7UOT6N, CA7A2G,
YE4BG5 and AZU29N predicted for CSI & ELS, LLS &
AUDPC-LLS, AUDPC-LLS, and GA & GGA, respectively)
are involved in photosynthesis pathway, hence could be
involved in regulating groundnut response to leaf spot
pathogens. Phytohormones are reported to regulate plant’s
response to disease attack or resistance (Denance et al., 2013).
5L52L8 gene is involved in ethylene biosynthesis, and L76SLB
gene for auxin efflux carrier. Both of genes (5L52L8 and
L76SLB) were located < 289 kbp from the AX-176799357 on
Chr02 linked to LLS and AUDPC-LLS, and AX-176793720 on
Chr05 linked AUDPC-LLS, respectively (Table 5).

frontiersin.org


https://doi.org/10.3389/fpls.2022.1076744
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Oteng-Frimpong et al.

12

10+

Number of SNPs detected

NS XS 6N D IRDDDD BN S

10.3389/fpls.2022.1076744

Chromosomes

Number of SNPs detected

FIGURE 3

Models

Number of significantly associated single nucleotide polymorphism (SNP) markers detected for the nine traits associated with leaf spot diseases rating.
(A) SNPs detected on each chromosome of the two sub-genomes. A sub-genome comprised chromosome (Chr) 1 to 10, while B sub-genome
consisted of Chrl11-20. (B) SNPs detected by each of the six multi-locus models implemented in this study.

We further explored the promoter region (2 kbp) of the 17
candidate genes predicted for Cis-acting regulatory elements
(CAREs) with PlantCare database (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html (Lescot et al., 2002) that may
be involved in the modulating groundnut response to leaf spot
diseases. Aside essential CAREs (CAAT- and TATA-box) as well
as 20 light responsiveness CAREs (such as AE-box, AT1-motif,
Box 4, G-Box, GATA-motif, etc.), twenty CAREs with potential
in modulating gene expression were identified (Supplementary
Table 5; Figure 4). Seven genes (29A50M, 7U0T6N, AZU29N,
CA7A2G, G540IJ, KVF40G, and YE4BGS5) were found to
contain at least one ATTCTCTAAC (TC-rich repeats)
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demonstrated to involve in defence and stress responsiveness
in Nicotiana tabacum (Figure 4) (Diaz-De-Leon et al., 1993; Xu
et al, 2011; Wang et al., 2020). Moreover, the role of salicylic
acid (SA) in plant defence is well documented, thus SA is
required for basal resistance against pathogens as well as for
the inducible defence mechanism, systemic acquired resistance
which confers resistance against a broad-spectrum of pathogens
including P. arachidicola and N. personata (Chaturvedi and
Shah, 2007). Five predicted candidate genes (29A50M,
BAEJ4E, G540I], P6RS4K and YE4BG5) (Table 4) contain at
least one TCA-element (TCAGAAGAGG) involved in SA

responsiveness (Figure 4).
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TABLE 3 Population stratification based on membership coefficient (Q) from the STRUCTURE software.

Country Number of accessions
Ghana 49
Malawi 32
Mali 27
Mozambique 22
Niger 44
Senegal 31
Togo 18
Uganda 54
Zambia 17
Total (%) 294

Sub-pop I Sub-pop II Admixtures
19 26 4
10 20 2
4 20 3
4 15 3
1 43 0
19 8 4
6 11 1
28 22 4
8 8 1

99 (37.67%)

173 (58.84%) 22 (7.48%)

Accessions assigned to sub-population had Q=0.60, while those assigned as admixture had Q<0.60.

Other CAREs that may be implicated in groundnut response
to leaf spot pathogens identified include (abscisic acid (ABA),
gibberellin (GA), auxin, methyl jasmonate (MeJA), MYB
binding site involved in flavonoid biosynthetic genes
regulation (MBSI) and so) were detected in at least 1 of the
predicted candidate genes highlighting the possibility of their
involvement in modulating groundnut response to leaf spot
pathogen. The actual roles of the 17 predicted candidate genes
warrant further screening and functional validation to unravel
the bases of correlation among the studied traits (Supplementary
Table S1).

Discussion

Leaf spots (ELS and LLS) diseases are the two most destructive
groundnut diseases in Ghana resulting in < 70% yield losses which
is controlled largely by chemical method (Naab et al., 2005;
Denwar et al, 2021). To speed up breeding efforts, the present
study was undertaken to identify significantly associated molecular
markers and putative candidate genes linked to ELS and LLS
diseases’ indicators. Irrespective of the breeding strategy,
germplasm serves as lifeblood for breeding effort (Acquaah,
2009; Allier et al., 2020). With this, the present study utilized 294
groundnut germplasm assembled from nine African countries
(Ghana, Malawi, Mali, Mozambique, Niger, Senegal, Togo,
Uganda and Zambia) (Supplementary Table 1) to assess their
response to leaf spot diseases in 2020 and 2021. These germplasm
exhibited wide range of responses to leaf spot diseases (resistance to
susceptibility) (Table 1; Figure 1) of which a portion was recently
published by Sie et al. (2022). This suggest that the germplasm hold
a promise for breeding groundnut cultivars resistant to leaf spot
diseases as well as other demand driven traits. In addition, the high
H? (Table 1) suggest that these ELS and LLS as well as other
indicators used are largely controlled by polygenes with both major
minor effects. This highlights that selection based only on
phenotypic variation may be misleading.
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One of setbacks in phenotyping large germplasm is the
laborious nature coupled with human error among others
(Sandhu et al, 2022), which have necessitated a number of
phenotyping strategies/platforms which complement the
conventional phenotyping. Among these include multispectral
imaging (Kobayashi et al, 2001; Chang et al, 2021), RGB
imaging (Duan et al., 2018) and others (see Sandhu et al.
(2022) for more). The present study manually scored leaf spot
incidences and these scores were converted to quantitative scores
by AUDPC which were correlated by r=0.47-0.76, giving
credence to our scorings (Supplementary Figure 1). In
addition, we used four RGB imaging indices (Hue, GA, GGA
and CSI) and one vegetation index (NDVI) to confirm both the
manual scoring of ELS and LLS as well as ELS- and LLS-
AUDPC. It was observed that CSI positively correlated with
ELS, LLS, ELS-AUDPC and LLS-AUDPC with r=0.44-0.71
(Supplementary Figure 1), thus the higher the CSI, the more
developed the leaf spot diseases, giving an indication that CSI
could be used as a screening criterion for leaf spot diseases in
groundnut. The predominance and distribution of leaf spots
vary according to regions. In most cases there is dual occurrence
but the predominance towards physiological maturities varies.
For instance, in Eastern Africa, LLS predominates, whereas in
Western and central Africa, ELS predominates. However, in the
current study, CSI could not distinguish between ELS and LLS,
hence further study is needed to develop a model or phenotyping
platform to create the distinction.

Recent advances in plant phenotyping involve the use of
unmanned aerial vehicles (UAVs) to collect several images
generating large amounts of data. Several studies have
reported that UAVs are faster and more effective for
phenotyping large populations for traits such as height and
drought tolerance in groundnut breeding (Sarkar et al., 2021b;
Chapu et al.,, 2022), hence providing the desired high-
throughput. This study therefore lays the foundation for
investment in such more advanced equipment in groundnut
breeding for selection for resistance to late leaf spot and
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TABLE 4 SNPs detected by at least two of the six models for one or more traits.
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Trait name ® SNP markers Chr® Position (bp) Models® LOD 4 QTINeffect PVE (%)¢ MAF! Alleles®
Hue AX-176823205 1 91414269 1,235 3.40-4.94 -1.09- -1.90 1.49-3.12 0.21 C
LLS 2 5.04 <0.01 0.01

csI AX-176823123 1 96303630 1,2 3.79 0.26-0.47 0.24-1.35 0.22 T
ELS 6 401 0.0029 3.02

AUDPC-ELS AX-147212206 2 453115 1,56 3.68-4.14 0.10-0.20 3.19-7.49 0.14 A
ELS AX-176801892 2 38320573 123 3.18-3.99 0.01-0.02 0.05-3.49 0.10 G
LLS AX-176799357 76275147 1,3,6 7.73-16.45 0.09-0.12 12.78-20.69 0.49 T
AUDPC-LLS 4 4.18 1.83 516

ELS AX-176801892 2 38320573 123 3.18-3.99 0.01-0.02 0.05-3.49 0.10 G
AUDPC-ELS AX-147217628 3 118446096 1,2,34,6 3.13-7.02 0.14-0.37 5.10-8.51 0.28 G
AUDPC-LLS AX-176806210 4 27792120 1,2,34,5,6 3.20-9.84 3.14-991 7.21-38.50 0.13 G
Hue AX-176796174 5 15450246 1,26 4.72-7.31 -321- -2.48 10.90-24.54 0.23 T
AUDPC-ELS 5 6.86 026 12.22

Hue AX-147222698 5 81969778 34,5 3.25-7.87 1.15-3.22 324-6.16 0.46 G
AUDPC-LLS AX-176793720 5 102154664 124,56 322-5.65 -3.03- -1.83 4.64-11.00 035 G
LLS AX-176808070 6 2451915 1,6 3.09-3.80 0.06 234-291 0.14 T
NDVI AX-147224496 6 5557950 34,5 4.36-5.46 <0.01 0.01-10.15 0.49 C
GA & GGA AX-147224865 6 11297985 6 5.47-6.37 <0.01 3.54-392 0.12 G
cs1 AX-147228765 7 70634323 1,256 3.46-5.03 0.92-1.13 1.28-3.74 0.10 T
AUDPC-ELS AX-147232168 9 1308812 1,2 3.78-3.88 -0.13- -0.09 222-4.89 032 T
GA & GGA AX-147239793 12 295929 6 3.88-5.67 <0.01 0.06-2.77 0.50 C
LLS AX-176804113 13 14456209 1,56 4.61-7.46 0.05-0.08 4.03-8.34 038 C
cs1 AX-176818776 13 115500602 1,2,6 3.01-3.03 1.21-3.69 12.12-62.76 0.19 C
AUDPC-ELS AX-147246588 14 2233380 12 325-358 -0.13- -0.08 2.19-5.15 045 T
LLS AX-147247867 14 101149286 1,26 3.16-5.88 0.06-0.08 2.56-5.97 0.17 G
AUDPC-ELS AX-176820950 16 18466678 16 532-5.41 0.14-0.15 6.84-10.05 0.42 C
csI AX-147253729 16 128084428 56 3.41-4.21 -0.64- -0.61 3.14-6.33 030 C
ELS AX-177643647 18 7462734 56 3.91-6.83 <0.01 0.01-0.58 0.10 G
Hue AX-147259422 18 127104626 12,5 421-6.36 -1.95- -1.69 2.03-351 0.10 C
Hue AX-176824170 19 145041727 1,256 3.08-6.29 -1.84- -123 3.03-6.54 0.28 C
AUDPC-ELS AX-177644589 20 53038882 1,26 3.19-4.51 -0.16 - -0.14 5.38-8.79 043 C
LLS AX-177639015 20 121402090 1,56 3.96-4.88 0.04-0.06 234-528 043 G
GA & GGA AX-177643984 20 133120520 6 3.01-3.84 <0.01 2.97-10.44 048 G

“Hue, hue angle; GA, green area; GGA, greener area; CSI, crop senescence index; NDVI, normalized difference vegetation index; ELS, early leaf spot; LLS, late leaf spot; AUDPC-ELS, area
under disease progress curve for early leaf spot; AUDPC-LLS, area under disease progress curve for late leaf spot. *Chromosomes. ‘mrMLM (1), FASTmrMLM (2), FASTmrEMMA (3), ISIS
EM-BLASSO (4), pLARmEB (5) and pKWmEB (6). “Logarithm of odd. *Phenotypic variation explained (%). ‘Minor allele frequency. #Associated allele. SNP positions, GWAS models and
PVE underlined were considered as stable for candidate genes prediction.

groundnut rosette disease which are the most important foliar
diseases in SSA (Chapu et al.,, 2022).

Leaf spot diseases are well known to affect photosynthetic
capacity of leaves (Singh et al., 2011). Three image-based indices,
i.e., GA, GGA, Hue and one vegetation index, i.e., NDVI
negatively correlated weakly to strongly with ELS, LLS, ELS-
AUDPC and LLS-AUDPC (Supplementary Figure 1). However,
GA, GGA and Hue seem more better reflective of leaf spot
diseases based on our correlation analysis (Supplementary
Figure 1) According to Wang et al. (2017), NDVI is a proxy of
green biomass, which is linked to canopy photosynthesis.
Pronounced changes take place in the visible portion of the
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electromagnetic spectrum due to the effect caused by a disease or
physiological stress to the reflectance properties of the
vegetation. Healthy plants absorb both the red and blue light
of the electromagnetic spectrum, whiles reflecting near-infrared
and some part of the green light (Knipling, 1970). Less of the red
light is absorbed by a stressed plant as well as reflecting less of
the near-infrared light. Wu et al. (2014) have provided evidence
that healthy and unhealthy plants differ in their absorption and
reflection of visible and near-infrared lights.

The advancement in high-throughput genotyping, next
generation sequencing, bioinformatics tools, statistical models,
etc., have served as catalyst to access valuable information from
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TABLE 5 Predicted candidate genes around fourteen stable/major SNPs for the studied traits.

SNP markers

Trait name *  Identity ® Chr® Position  Gene ¢
(bp)

Hue & LLS AX- 1 91414269  BAEJ4E
176823205

CSI & ELS AX- 1 96303630 7UOT6N
176823123

46C7PY

LLS & AUDPC- AX- 2 76275147 5L52L8

LLS 176799357 CA7A2G

AUDPC-ELS AX- 3 118446096  UBINIX
147217628

AUDPC-LLS AX- 4 27792120 YE4BGS5
176806210

Hue & AUDPC- AX- 5 15450246  29A50M

ELS 176796174

AUDPC-LLS AX- 5 102154664 L76SLB
176793720

GA & GGA AX- 6 11297985  AZU29N
147224865

CsI AX- 7 70634323 UJVASS
147228765 PORSAK

GA & GGA AX- 12 295929 DIYXCG
147239793

CsI AX- 13 115500602 IEPSUK
176818776

AUDPC-ELS AX- 16 18466678 8WOIIE
176820950

Hue AX- 19 145041727 KVF40G
176824170

GA & GGA AX- 20 133120520  G5401]
177643984

Position from SNP

Predicted candidate genes

Domain/function/pathway

(kb)*

172.3 (u) Glutathione S-transferase

299.6 (d) Oxygenic photosynthesis (pathway), RuBP carboxylase
(enzyme)

216.1 (d) Serine/threonine specific protein phosphatase (Enzyme)

247.4 (d) Ethylene biosynthesis/Superoxide dismutase

214 (d) Photosystem antenna protein-like

1114 (u) Ammonium/urea transporter

116.7 (d) Oxygenic photosynthesis (Pathway)

16.3 (d) Myec-type, basic helix-loop-helix (bHLH) domain

288.6 (d) Auxin efflux carrier

269.4 (d) Geranylgeranyl reductase involved in chlorophyll a
biosynthesis

75.9 (u) Peroxidase

284.5 (u) Pentatricopeptide repeat

216.1 (d) Ribosomal protein S5 domain 2-type fold

23.6 (d) Thaumatin

91.5 (d) Superoxide dismutase

101.2 (d) Homeobox-leucine zipper protein

168.0 (u) Glutaredoxin family protein

“Hue, hue angle; GA, green area; GGA, greener area; CSI, crop senescence index; NDVI, normalized difference vegetation index; ELS, early leaf spot; LLS, late leaf spot; AUDPC-ELS, area

under disease progress curve for early leaf spot; AUDPC-LLS, area under disease progress curve for late leaf spot. "Marker name. ¢ Chromosomes. “Marker position on the chromosome.
dGene symbol obtained from phytozome (https://phytozome-next.jgi.doe.gov/). “Position from the marker (u=upstream and d=downstream). ‘Gene annotation obtained from phytozome.

genomic databases and a large number of germplasm, allowing
effective harnessing of genetic diversity of a crop (Vikas et al.,
2022). Such diversity is vital for broadening the genetic base, as it
increases the probability of identifying more unique genes for
which two parents have different alleles (Mascher et al., 2019).
The 294 germplasm optimally divided into 2 sub-populations/
clusters/clade (Figures 2A-E). This information is not only
useful for the utilization of the 294 germplasm, but also
provide valuable information in their conservation as the cost
of maintenance and uncertainty about their genetic similarity
and dissimilarity (Wambugu et al., 2018; Mascher et al., 2019).
The results from this study could contribute to tracking the
identity of accessions, avoiding unnecessary duplications within
and between genebanks and breeding programmes, while
maintaining the genetic integrity of accessions (Mascher et al.,
2019). The germplasm in sub-populations/clusters/clade did not
follow strictly to a country/sub-region (Table 3; Supplementary
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Table 1), suggesting that some germplasm may have a duplicated
version(s) in other country(ies) breeding programmes.

A number of studies by linkage and association mappings have
been conducted on leaf spot diseases in groundnut (Pasupuleti
et al,, 2013; Pandey et al., 2014; Zhang et al., 2020a; Shaibu et al.,
2021). However, most of the reported genomic regions/markers are
not consistent due to population specific or environment
sensitivity (Patil et al, 2018). This necessitated the present study
in our attempt to identify potential markers for marker-assisted
selection (MAS) (Barmukh et al., 2022). To increase the chances of
detecting more possible SNPs that could be associated with the
various indices used to assess leaf spot diseases, we applied 6 multi-
locus models (mrMLM, FASTmrMLM, FASTmrEMMA,
PLARMEB, pKWmEB and ISIS EM-BLASSO) of GWAS. These
models differed in their power of detection of associated SNPs,
which are in consonance with several earlier studies (Zhang et al,,
2019; Karikari et al., 2020). In comparison to study of Zhang et al.
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FIGURE 4

Key cis-acting regulatory elements (CAREs) identified in the
promoter regions (2 kbp upstream) of the 17 predicted candidate
genes in this study retrieved from PlantCare database (Lescot

et al, 2002). ABRE= abscisic acid responsiveness; CAAT-box=
essential CARE, CAT-box= CARE related to meristem expression,
CCAAT-box= MYBHvV1 binding site, GARE-motif= gibberellin-
responsive element, GC-motif= anoxic specific inducibility, GCN4-
motif= involved in endosperm expression, LTR= low temperature
responsiveness, MBS= MYB binding site involved in drought-
inducibility, MBSI= MYB binding site involved in flavonoid
biosynthetic genes regulation, MSA-like= cell cycle regulation, O5-
site= zein metabolism regulation, P-box= gibberellin-responsive
element, RY-element= seed-specific regulation, TC-rich repeats=
defense and stress responsiveness, TCA-elements= salicylic acid
responsiveness, TGA-element= auxin-responsive element,
TGACG-motif= MeJA-responsiveness, and, WUN-motif= and
Circadian= circadian control.

(2020a) who reported only SNPs with major effects (PVE > 10%),
the present study detected numerous SNPs with both minor
(PVE< 10%) and major effects. According to Zhou et al. (2021)
SNPs identified by multiple models are usually reliable when
several multi-locus models of GWAS are applied on the same
dataset. Hence, AX-176801892 (Chr02, LOD= 3.18-3.99; PVE=
0.05-3.49%) linked to ELS, AX-176799357 (Chr04, LOD= 7.73-
16.45; PVE= 12.78-20.69%) linked to LLS, AX-176806210 (Chr04,
LOD=3.20-9.84; PVE=7.21-38.50%) linked to AUDPC-LLS, AX-
147224496 (Chr04, LOD= 4.36-5.46; PVE= 0.01-10.15%) linked to
NDVTI and several others (Table 4; Supplementary Table 3) could
be targeted for verification and use for practical plant breeding. The
numerous genomic regions/SNPs suggest that leaf spot diseases are
regulated by multiple loci with both minor and major effects, hence
selection based on only phenotypic data may be misleading (Sood
et al, 2020). In addition to the above, a number of SNPs that
colocalized with multiple indices assessed in this study could be
useful in developing models that could distinguish between ELS
and LLS.

One advantage of GWAS is the power to detect SNPs in a
narrow genomic regions of which causal variants could result in
variation in traits of economic importance such as leaf spot diseases
(Jiang et al,, 2009; Zhao et al.,, 2021). However, one of the factors
that determine resolution of GWAS is LD (Korte and Farlow, 2013;
Ibrahim et al., 2020) which is population specific and influenced by
recombination, genetic drift and mating system (Yao et al,, 2009). In
this study, the LD decay across the two sub-genomes of groundnut
was estimated to be about 300 kbp which is nearly 50% higher than
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the estimation by Zhang et al. (2020a) within 120 kbp in US
accessions with 13,382 SNPs. Upon application of LD for the 294
African germplasm, seventeen candidate genes were predicted
based on in-silico analyses (Table 5; Figure 4). A number of these
genes encode for phytohormone/contain CAREs/photosynthesis
pathway which could be implicated in groundnut response to leaf
spot diseases. For plants to defend themselves from pathogen attack,
plants often rely on elaborate signaling networks regulated by
phytohormones (Kazan and Lyons, 2014). These genes would be
valuable for future functional validation by gene overexpression,
CRISPR/Cas9 technology, among others (Zaidi et al., 2020).

Conclusions

In all, ninety-seven SNPs were detected by the six multi-locus
GWAS models. Out of which twenty-nine SNPs were detected by
at least two models for one or more traits across 16 chromosomes
with explained phenotypic variation ranging from 0.01 - 62.76%,
with exception of Chr08, Chr10, Chrl1, and Chr19. Two hundred
and fifty-three genes were located within 300 kbp of 14 SNPs, from
seventeen potential candidate genes were predicted. Most of the
predicted candidate genes were found to SA, ABA, GA, auxin and
MeJ A responsive and MBSI CAREs implicated in plant response to
biotic stresses. The results from this study would be useful for
breeding leaf spots resistance cultivars.
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Abiotic stresses such as cold, drought and salinity are the key environmental
factors that limit the yield and quality of oil crop peanut. Phospholipase Ds (PLDs)
are crucial hydrolyzing enzymes involved in lipid mediated signaling and have
valuable functions in plant growth, development and stress tolerance. Here, 22, 22
and 46 PLD genes were identified in Arachis duranensis, Arachis ipaensis and
Arachis hypogaea, respectively, and divided into o, B, v, 8, €, { and ¢ isoforms.
Phylogenetic relationships, structural domains and molecular evolution proved the
conservation of PLDs between allotetraploid peanut and its diploid progenitors.
Almost each A. hypogaea PLD except for AhPLDa6B had a corresponding
homolog in A. duranensis and A. ipaensis genomes. The expansion of Arachis
PLD gene families were mainly attributed to segmental and tandem duplications
under strong purifying selection. Functionally, the most proteins interacting with
AhPLDs were crucial components of lipid metabolic pathways, in which ahy-
miR3510, ahy-miR3513-3p and ahy-miR3516 might be hub regulators.
Furthermore, plenty of cis-regulatory elements involved in plant growth and
development, hormones and stress responses were identified. The tissue-
specific transcription profiling revealed the broad and unique expression
patterns of AhPLDs in various developmental stages. The gRT-PCR analysis
indicated that most AhPLDs could be induced by specific or multiple abiotic
stresses. Especially, AhPLDa3A, AhPLDoSA, AhPLDBIA, AhPLDB2A and AhPLDS4A
were highly up-regulated under all three abiotic stresses, whereas AhPLDa9A was
neither expressed in 22 peanut tissues nor induced by any abiotic stresses. This
genome-wide study provides a systematic analysis of the Arachis PLD gene
families and valuable information for further functional study of candidate
AhPLDs in peanut growth and abiotic stress responses.
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Introduction

Cultivated peanut (Arachis hypogaea L.) is one of the most
important grain legumes worldwide, ranking second in production
among all grain legumes and fifth among oilseeds. China contributes
the highest share and India ranks second by 36.48% and 13.97% in
world production, respectively (United States Department of
Agriculture (USDA) Foreign Agricultural Service, 2020). Peanut
seeds, containing 40%-56% oil, 20%-30% protein and 10%-20%
carbohydrates, have been primarily used to provide vegetable oil
and proteins for human nutrition (Huang et al., 2015). In some Third
World countries, peanut shows greater potential to reduce hunger
and malnutrition as it is also a good source of quality fodder, calories,
vitamins, minerals, and other antioxidant molecules (Krishna et al.,
2015). However, majority of the world’s peanut is often grown on
marginal soils with lesser inputs or intercropped with cereals in many
developing countries. A huge gap is developed between its demand
and supply due to the constrained quality and productivity resulting
from various abiotic factors such as drought, salinity and temperature
aberrations (Zhang et al., 2020; Shi et al., 2021). Thus, identification of
key genes that can confer abiotic stress tolerance and can be utilized in
biotechnological programs to generate improved varieties is an urgent
requirement in peanut production (Raza et al., 2022a; Raza
et al., 2022b).

One of the most crucial signaling networks for plants in response to
multiple stimuli is mediated by lipid molecules (Rizwan et al., 2022a).
Environmental cues can increase the activities of phospholipases and
trigger the hydrolysis of membrane phospholipids, thus leading to the
generation of different classes of lipids and lipid-derived signal
messengers (Hou et al., 2016). Phospholipase D (PLD) represents a
major family of membrane phospholipases in plants. It acts upon and
cleaves the terminal phosphodiester bond of glycerophospholipids to
produce phosphatidic acid (PA) and water-soluble free head group
(Wang et al, 2012). PLD was first identified in plants as early as in
1940s (Hanahan and Chaikoff, 1947), but did not receive detailed
attention until the 1980s (Bocckino et al, 1987). In the past two
decades, the disclosure of numerous genomic resources facilitates the
characterization of plant PLDs at a genome-wide level. The PLD gene
families have been identified in Arabidopsis (Arabidopsis thaliana), rice
(Oryza sativa), soybean (Glycine max), cotton (Gossypium spp.), rape
(Brassica napus L.), chickpea (Cicer arietinum) and other plants
successively (Qin and Wang, 2002; Li et al, 2007; Liu et al, 2010;
Zhao et al,, 2012; Tang et al., 2016a; Lu et al., 2019; Sagar et al,, 2021).
Commonly, all plant PLDs contain two conserved HKD domains
(HxKxxxxD) responsible for hydrolysis activity and can be divided into
three sub-classes based on the presence of different domains near the N-
terminus: the PLDs with a calcium/phospholipid-binding C2 domain
belong to C2-PLD subclass; the PLDs with phox homology (PX) or
pleckstrin homology (PH) domains belong to PX/PH-PLD subclass; the
PLDs possessing a signal peptide (SP) in place of the usual C2 or PX/PH
domains belong to SP-PLD subclass (Tang et al., 2016b). According to
sequence characteristics and biochemical properties, the PLD members
can be further subdivided into different isoforms, including PLDas,
PLDs, PLDys, PLD8s, PLDes, PLDCs, and/or PLD@s. The isoforms o, 3,
v, & and € are part of C2-PLDs; { and @ isoforms are attached to PX/PH-
PLDs and SP-PLDs, respectively (Yao et al., 2021).
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The different PLD isoforms are found to have specific subcellular
localizations, lipid selectivity and reaction requirements, which lead
to their unique cytological and biological functions in particular
signaling pathways (Wang, 2005). In Arabidopsis, the phenotypic
changes caused by the absence of one PLD member cannot be offset
by the other 11 PLDs (Hong et al., 2016). PLDal is the predominant
PLD and has been proved to regulate drought and salt tolerance by
stimulating the accumulation of abscisic acid (ABA) and jasmonic
acid (JA) (Li et al,, 2009). The repressed expression of PLDal may
result in a reduced sensitivity to ABA and drought-induced stomatal
closure (Sang et al, 2001). The PLDod knock-out mutants display
increased sensitivities to salinity and water deficiency and tend to
induce ABA-responsive genes more readily, whereas the
overexpression of PLDal have decreased sensitivities (Bargmann
et al., 2009). PLDJ is a signal enzyme that can connect
microtubules with plasma membrane. The expression levels of
PLD? significantly increase under dehydration, salinity, and ABA
treatments (Angelini et al., 2018). The knockout of PLDS makes
plants sensitive to freezing, heat and oxidative stresses (Li et al., 2004;
Liu et al., 2021; Song et al., 2021). PLDCs are similar to animal PLDs
in structure and have unique functions in root growth. PLD{2-
derived PA can promote root hair development under phosphorus
deficiency by suppressing the vacuolar degradation of auxin efflux
carrier PIN-FORMED?2 (Lin et al., 2020). PLDC1 shows crucial roles
in both ionic and osmotic stress-induced auxin carrier dynamics
during salt stress (Korver et al., 2020). Overall, most of the knowledge
about PLDs and PLD-mediated lipid signaling has been revealed from
studies on model plant Arabidopsis and some other crops. But the
information about peanut PLDs and their roles in regulating
developmental features and abiotic stresses yet need to be studied.

Cultivated peanut is a classic natural allotetraploid (AABB,
2n=4x=40). It arose from the interspecific hybridization and
subsequent chromosome doubling of two diploid species Arachis
duranensis (AA, 2n=2x=20) and Arachis ipaensis (BB, 2n=2x=20).
Recently, the genomes of A. duranensis, A. ipaensis and A. hypogaea
have been completely sequenced, which open a new chapter of
Arachis genomic studies (Bertioli et al., 2016; Bertioli et al., 2019).
In present study, we identified 90 PLD genes in these three Arachis
species and evaluated their sequence characteristics, gene structures,
conserved domains, phylogenetic relationships, expansion patterns,
physiochemical properties of proteins, cis-regulatory elements,
protein-protein interactions, miRNA-genes regulatory networks and
expression profiles in different tissues and multiple abiotic stresses.
These fundings may provide a comprehensive characterization of
Arachis PLDs and lay a theoretical basis for further functional analysis
of PLDs in regulating abiotic stress tolerance in peanut.

Materials and methods

Identification of PLD gene families in peanut
and its two progenitors

The genome data (version 1.0) of A. duranensis, A. ipaensis and A.

hypogaea were downloaded from the PeanutBase database (https://
www.peanutbase.org/peanut_genome). The protein and nucleotide
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sequences of PLDs in Arabidopsis (TAIR10), soybean (version 2.1)
and cotton (version 2.0) were retrieved from the Ensemble database
(http://plants.ensembl.org/index.html) and used as queries to
perform BLASTP and BLASTN searches against the Arachis
genome data. The Hidden Markov Model (HMM) profiles for PLDs
(PF00614) were obtained from the Pfam (https://pfam.xfam.org/) and
used to perform HMMER searches in the Arachis proteome database.
The protein sequences identified by both above methods were
integrated and parsed by manual editing to remove the redundant.
The remaining were considered as candidate Arachis PLD proteins
and finally submitted to the SMART (http://smart.embl-heidelberg.
de/) and InterProScan (http://www.ebi.ac.uk/interpro/) to analyze the
presence of characteristic and functional domains. The protein size
(aa), molecular weight (Mw), theoretical isoelectric point (pI),
instability index (II), aliphatic index (AI) and grand average of
hydropathicity (GRAVY) of Arachis PLD proteins were calculated
by the ExPASy (https://web.expasy.org/protparam/). The subcellular
localization was predicted using the Plant-mPLoc server (http://www.
csbio.sjtu.edu.cn/).

Phylogenetic analysis, chromosomal
localization and gene nomenclature

The multiple sequence alignment of non-redundant PLD protein
sequences in A. duranensis, A. ipaensis, A. hypogaea, Arabidopsis,
soybean and cotton was performed using the Clustal W with the
default settings (Thompson et al, 1994). A phylogenetic tree was
constructed using the neighbor joining (NJ) method in MEGA7
software with following parameters: P-distance, pairwise gap
deletion and bootstrap with 1000 replicates (Kumar et al., 2016).

The information regarding the detailed positions of Arachis PLDs
on chromosomes were obtained from the Arachis genome database
and visualized using the MapChart 2.32 software (Voorrips, 2002).
The nomenclature of Arachis PLD genes was based on the results of
phylogenetic analysis and chromosomal localization. Identified PLD
genes in A. duranensis, A. ipaensis and A. hypogaea were named as
AdPLD, AiPLD and AhPLD followed by roman letters, numbers and
capital letters corresponding to their respective orthologs and
chromosomal coordinates.

Gene structure, conserved domain and
protein motifs

The exon-intron organization of Arachis PLD genes was displayed
using the Gene Structure Display Server (GSDS2.0) (http://gsds.cbi.
pku.edu.cn/) by comparing their coding sequences (CDS) and
corresponding genomic sequences. The conserved domains of
Arachis PLD proteins were identify using the Pfam and SMART
tools with the default cut off parameters. The conserved motifs of
Arachis PLD proteins were investigated by the online tool Multiple
Expectation maximization for Motif Elicitation (MEME) (https://
meme-suite.org/meme/tools/meme) with following parameters: the
maximum motif number was 30; the minimum motif width was 6;
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and the maximum motif width was 50. The identified protein motifs
were further annotated with InterProScan.

Gene duplication events and adaptive
evolution analysis

The homologous PLD gene pairs were identified based on the
results of chromosomal localization, multiple sequence alignments
and phylogenetic analysis. The adopted criteria for gene duplication
events were that the shared aligned sequence covered over 70% of the
longer sequence and the minimum similarity of aligned regions was
70% (Tang et al, 2016b). The tandem duplications have been
characterized as multiple members of one gene family occurring
within the same or neighboring intergenic regions. The segmental
duplications have been defined as homologous genes that result from
large-scale events, such as whole genome duplications or large
chromosomal region duplications. The duplication events and
collinear relationships of Arachis PLDs were analyzed using the
MCScanX and MCScanX-transposed toolkits (Wang et al., 2013)
and visualized by the Circos software (Krzywinski et al., 2009).

The non-synonymous substitution rate (Ka) and synonymous
substitution rate (Ks) of the duplicated gene pairs were calculated to
assess the molecular selection effect using the KaKs_Calculator 2.0
software (Wang et al., 2010). The gene pairs with the Ka and Ks value
of 0 as well as the Ks value more than 2 were discarded, as they might
result from the sequence saturation or misalignment. The Ka/Ks ratio
was then calculated to show the selection pressure for duplicated PLD
genes. The Ka/Ks ratio >1, <1 or =1 represented positive, negative
(purifying selection) and neutral evolution, respectively. The
divergence time of AhPLD gene pairs was estimated by the formula
T= Ks/2r, where r indicates the neutral substitution rate (r = 8.12 x
10 Ksyr™") (Bertioli et al,, 2016).

Cis-regulatory elements prediction and
interaction networks analysis

The 2000 base pair (bp) DNA sequences in upstream regions of
AhPLDs were extracted from the peanut genome database and
submitted to the PlantCare (http://bioinformatice.psb.ugent.be/
webtools/plantcare/) for the identification of putative cis-regulatory
elements. The results were finally visualized by the TBtools software
(Chen et al., 2020).

The STRING database (https://string-db.org/) was used to
analyze the interaction relationships between AhPLDs and other
proteins with the confidence parameter set at the threshold of 0.4.
The well-characterized plant Arabidopsis was as the query organism.
The predicted protein-protein interaction (PPI) network was
displayed by the Cytoscape 3.7.2 software (Shannon et al., 2003).

The targeting relationship between AhPLDs and microRNA
(miRNA) were predicated using the psRNATarget Server (http://
plantgrn.noble.org/psRNATarget/) with the expectation score of 3.5
(Rizwan et al.,, 2022b). The peanut miRNA sequences were obtained
from the miRbase database (http://www.mirbase.org/). The cDNA
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sequences of AhPLDs were extracted as the candidate targets. The
linkage of the predicted miRNAs and corresponding target genes were
displayed by the Cytoscape 3.7.2 software (Shannon et al., 2003).

Expression profiles of AhPLDs in different
tissues based on RNA-sequencing analysis

The RNA-sequencing (RNA-seq) data of 22 peanut tissues at
vegetative, reproductive and seed development stages were retrieved
from the National Center for Biotechnology Information BioProject
(https://www.ncbi.nlm.nih.gov/bioproject/) with the accession
number PRJNA291488. The fragments per kilobase of exon model
per million mapped reads (FPKM) method in Cufflinks software
(http://cufflnks.cbcb.umd.edu/) were used to calculate the transcript
abundance. The log,FPKM values were displayed in the form of
heatmaps by the HemlI software (Deng et al., 2014).

Plant materials, growth conditions and
stress treatments

The allotetraploid peanut (A. hypogaea cultivar Nonghua 5)
planted in large areas of northeast China was used as experimental
materials in this study. The seeds were surface sterilized with 3%
sodium hypochlorite, and washed five times with distilled water, and
kept in dark to germinate. The germinated seeds were sown in round
plastic pots filled with clean sandy soil and grown in a climate
chamber with a 16 h light (28 °C)/8 h dark (23 °C) cycle, a
photosynthetic photon flux density of 400 umol m™> s', and a
relative humidity of 70%. After 14 days, the three-leaf seedlings
were transferred from sandy soil into hydroponic cultures and
grown for 3 days to recover before initiating any stress treatments.
For drought and salt stresses, seedlings were incubated in 20% (w/v)
polyethylene glycol (PEG-6000) and 250mM NaCl solution,
respectively. For cold stress, the temperature of the climate
chamber was reduced to 6°C without changing other growth
conditions. The second leaves were collected at 0, 6, 12, 24 and 48
h of each treatment with three biological replicates, and frozen in
liquid nitrogen immediately and stored at -80°C.

RNA extraction and expression analysis by
quantitative real-time RT-PCR

The total RNA for each sample was extracted by TRIzol reagent
(Carlsbad, CA, USA) according to the manufacturer’s protocol. The
RNA concentration was tested using a micro-spectrophotometer
(OD260/280). The RNA integrity was tested using the Agilent
Bioanalyzer 2100 system. 1 ug of total RNA was used to synthesize
first strand cDNA by Takara Reverse Transcription System (TaKaRa,
Shuzo, Otsu, Japan). The expression profiles of AhPLDs under various
abiotic stresses was detected by quantitative real-time PCR (qRT-
PCR) using the specific primers as listed in Table S1. The real-time
quantification was performed with SYBR Premix Ex TaqTM (TaKaRa,
Shuzo, Otsu, Japan) according to the manufacturer’s instructions.
PCR mixtures (10 pL) contained 1.0 uL cDNA, 0.3 uL each primer, 3.4
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puL ddH,0 and 5.0 uL SYBRfi Green Master Mix. The amplification
conditions were as follows: 60 s denaturation at 95°C, followed by 40
cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 60 s. Three
biological replicates per sample and three technical replicates per
biological replicate were used for the analysis. The AhRACTI11 was
served as the internal reference gene, and the relative expression
values were calculated using the 2724 method (Chi et al., 2012).

Results

Genome-wide identification of PLD genes in
peanut and its two progenitors

Using the method as described above, a total of 22 AdPLDs, 22
AiPLDs and 46 AhPLDs were identified in A. duranensis, A. ipaensis
and A. hypogaea genomes, respectively (Table S2). Chromosome
localization found that the identified AdPLDs and AiPLDs were
unevenly distributed in nine out of ten chromosomes of A.
duranensis (A genome) and A. ipaensis (B genome), respectively
(Figure 1A). Among them, A01 and A08 chromosomes possessed the
most abundant PLDs with each containing five AdPLDs, followed by
BO01, B08 and B09 chromosomes with each containing four AiPLDs,
but no PLDs was found on chromosomes A06 and B06. In A.
hypogaea, 46 AhPLDs were located on 18 out of 20 chromosomes
(Figure 1B), of which chromosomes 01, 08, 11 and 18 contained the
most AhPLDs but chromosomes 06 and 16 had no AhPLD.

Furthermore, the sequence characteristics of PLD proteins in
three Arachis species were analyzed (Table 1). The opening reading
frame (ORF) lengths of all the 90 PLDs ranged from 1305 bp to 3417
bp, which encoded polypeptides of 507 aa to 1138 aa with predicted
MWs ranging from 57.9 kD to 126.94 kD and theoretical pIs ranging
from 5.16 to 8.44. According to the II values, 49 Arachis PLDs were
considered as the stable proteins (II<40), and 41 Arachis PLDs
belonged to the unstable proteins (II>40). Besides, all Arachis PLD
proteins had high AI values from 69.47 to 86.41 but minus GRAVY
values from -0.179 to -0.756, indicating they were stable over a wide
temperature range and were hydrophilic and highly soluble in water.
Subcellular localization prediction revealed that most Arachis PLD
proteins were in the cytoplasm, endoplasmic reticulum and vacuole,
only a few were in the chloroplast, nucleus and plasma membrane.

Phylogenetic analysis, gene structure and
conserved motifs of Arachis PLD genes

To explore the phylogenetic relationships and evolutionary
patterns of the PLDs in peanut and its two progenitors, a neighbor-
joining tree was constructed using the full-length protein sequence
alignments of 90 Arachis PLDs, 12 AtPLDs, 23 GmPLDs and 20
GrPLDs. All the PLDs from different plant species were clearly
divided into seven well-supported sub-clades based on the
similarity with cotton PLDs, comprising o, B, v, 8, & { and ¢
isoforms (Figure 2). Among them, the o constituted the largest
clade containing 38 Arachis PLDs (20 AhPLDos, nine AdPLDos
and AiPLDas), the § formed the second largest clade containing 16
Arachis PLDs (eight AhPLD®s, four AdPLD3s and AiPLD3s), and the
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FIGURE 1
Chromosomal distribution of Arachis PLD genes. (A) Chromosomal distribution of PLD genes in A. duranensis and A. ipaensis. (B) Chromosomal
distribution of PLD genes in A. hypogaea. Yellow color bars represent the chromosomes, and the location of PLD genes has been marked alongside.

TABLE 1 Detailed information of PLD genes identified in A. duranensis, A. ipaensis and A. hypogaea.

PeanutBase . .
D Chr = ORF length (bp) Deduced protein Subcellular location
MW
I\ GRAVY
(5]

Endoplasmic reticulum;
AdPLDol Aradu.4Q29Q.1 A07 2292 763 86.76 574  40.87 82.66 -0.380

Vacuole

Endoplasmic reticulum;
AdPLDo2 Aradu.FS7LG.1 A02 2325 774 87.90 6.20  43.62 80.74 -0.402

Vacuole

Endoplasmic reticulum;
AdPLDo3 Aradu.H7141.1 A08 2448 815 93.29 6.19 37.99 81.47 -0.485

Vacuole

Endoplasmic reticulum;
AdPLDo4 Aradu.H7141.2 A08 2469 822 94.43 6.37 35.86 80.47 -0.432

Vacuole

E lasmi iculum;
AdPLDa5S AraduB9ITB.1 A08 2454 817 93.36 622 | 4163 | 8435  -0.373 ndoplasmic reticulum:

Vacuole
AdPLDo6 Aradu.ZT8PK.1 A01 2103 700 81.03 5.21 42.81 69.47 -0.756 Cytoplasm; Nucleus
AdPLDo7 Aradu.PE7A6.1 A01 2388 795 91.26 8.44 38.26 79.55 -0.479 Cytoplasm
AdPLD0:8 Aradu.SYE4G.1 A01 2400 799 91.30 6.25 37.42 83.43 -0.448 Cytoplasm
AdPLD09 Aradu.D9A5M.1 A01 1305 693 78.89 6.67 35.49 82.87 -0.392 Cytoplasm
AdPLDB1 Aradu.7N75D.1 A02 3417 1138 126.58 8.30 52.61 73.76 -0.447 Chloroplast; Nucleus
AdPLD2 Aradu.NT5AR.1 A04 3351 1116 124.57 7.03 46.39 72.31 -0.476 Chloroplast; Nucleus
AdPLDy Aradu.X0Z7E.1 A05 2550 849 95.66 6.68 | 3227 | 8045 -0.409 Cytoplasm
AdPLD31 Aradu.UM7P3.1 A05 2592 863 98.18 6.62 34.59 76.95 -0.424 Cytoplasm
AdPLD&2 Aradu.FN19Y.1 A08 1524 507 57.90 6.58 36.63 78.24 -0.407 Cytoplasm
AdPLD&3 Aradu.401JR.1 A04 2544 847 95.84 6.59 32.70 83.21 -0.369 Cytoplasm
AdPLDd4 Aradu.J7XF6.1 A03 2526 841 95.32 6.66 34.17 80.19 -0.394 Cytoplasm
AdPLDel Aradu.76V5M.1 A08 2292 763 87.69 6.25 35.22 78.09 -0.423 Cytoplasm
AdPLDeg2 Aradu.AA5P6.1 A09 2325 774 88.47 6.15 3994 | 78.89 -0.478 Cytoplasm
AdPLD(1 Aradu.KSIOH.1 A09 3049 1015 115.78 6.38 | 41.52 86.41 -0.438 Cytoplasm

(Continued)
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TABLE 1 Continued

PeanutBase . .
D Chr = ORF length (bp) Deduced protein Subcellular location
- MW
Size (aa Al GRAVY
e (kDa)
AdPLD(2 Aradu.AF7PL.1 A01 3330 1109 126.46 6.53 43.17 82.38 -0.398 Cytoplasm
AdPLD(3 Aradu.NR2Z3.1 A04 3354 1117 126.94 6.06 = 49.88 80.84 -0.407 Cytoplasm
AdPLDg Aradu.WOBOL1 Al0 1593 530 59.78 6.28 | 36.67 @ 80.02 -0.179 Plasma membrane
. X Endoplasmic reticulum;
AiPLDal Araip.YJB9F.1 B09 2355 784 89.36 5.65 41.53 83.05 -0.400
Vacuole
. . Endoplasmic reticulum;
AiPLDo2 Araip.MYU90.1 B09 2424 807 91.60 6.14 | 4457 | 80.22 -0.408
Vacuole
. . Endoplasmic reticulum;
AiPLDo3 Araip.0C2UG.1 B08 2448 815 93.19 6.27 40.76 80.87 -0.490
Vacuole
. . Endoplasmic reticulum;
AiPLDo4 Araip.0C2UG.2 B08 2136 711 81.35 5.72 38.08 81.66 -0.421
Vacuole
. . Endoplasmic reticulum;
AiPLDo5 Araip.6R3VE.1 B08 2454 817 93.57 6.27 = 40.50 85.19 -0.363
Vacuole
AiPLDo6 Araip.03APC.2 BO1 2394 797 91.57 6.28 | 46.77 | 76.21 -0.532 Cytoplasm; Nucleus
AiPLDa7 Araip.J4SWQ.1 B10 2439 812 93.02 6.44 4350 80.60 -0.527 Cytoplasm
AiPLDo8 Araip.03APC.1 BO1 2385 794 90.68 6.38 37.40 81.75 -0.456 Cytoplasm
AiPLD09 Araip.72Y3Y.1 Bo1 2121 706 80.63 6.19 31.25 78.73 -0.541 Cytoplasm
AiPLDB1 Araip.10YD3.1 B02 3312 1103 122.24 8.14 53.50 71.70 -0.499 Chloroplast; Nucleus
AiPLDB2 Araip.CEE4L.1 Bo4 3351 1116 124.53 7.02 | 45.51 72.75 -0.467 Chloroplast; Nucleus
AiPLDy Araip.67DP4.1 BO5 2550 894 95.54 6.83 31.68 81.59 -0.385 Cytoplasm
AiPLD31 Araip.5S0ML.1 BO5 2592 863 98.11 6.54 34.67 77.18 -0.410 Cytoplasm
AiPLD&2 Araip.Z1PQN.1 B07 2547 848 96.41 6.58 37.50 79.65 -0.370 Cytoplasm
AiPLD33 Araip.SC81T.1 B0o4 2544 847 95.93 6.61 32.03 83.32 -0.373 Cytoplasm
AiPLD34 Araip.N118V.1 B03 2526 841 95.12 6.73 34.88 80.19 -0.395 Cytoplasm
AiPLDel Araip.ZU18G.1 B08 2292 763 87.65 6.36 35.66 76.42 -0.431 Cytoplasm
AiPLDe2 Araip.FANWG.1 B09 2816 938 106.91 591 43.06 78.82 -0.484 Cytoplasm
AiPLD(C1 Araip.QKI1BG.1 B09 3237 1078 122.20 6.34 43.03 85.53 -0.435 Cytoplasm
AiPLD(2 Araip.C34P5.1 BO1 2676 891 101.55 7.05 41.19 81.40 -0.408 Cytoplasm
AiPLD(3 Araip.3PC35.1 B0o4 2949 982 111.65 6.02 49.11 83.30 -0.388 Cytoplasm
AiPLD¢ Araip.37594.1 B10 1593 530 59.92 640 | 3575 | 80.19 -0.198 Plasma membrane
E lasmic reti ;
AhPLDO1A Arahy.PYKROB.1 07 2424 807 91.88 554 4232 | 8382 -0391 ndoplasmic reticulum
Vacuole
Endoplasmic reticulum;
AhPLDo1B Arahy.JUK473.1 18 2424 807 91.88 5.54 42.32 83.82 -0.391
Vacuole
Endoplasmic reticulum;
AhPLDO2A Arahy.019LBE.1 02 2424 807 91.62 611 | 4447 | 7962  -0.408 | copasmicreticuium
Vacuole
Endoplasmic reticulum;
AhPLD0o2B Arahy.7PV95K.1 19 2424 807 91.60 6.14 | 44.57 80.22 -0.408
Vacuole
Endoplasmic reticulum;
AhPLDO3A Arahy.GVK7JC.1 08 2448 815 93.26 6.19 38.21 80.87 -0.491
Vacuole
Endoplasmic reticulum;
AhPLDo3B Arahy.ES1PUL.1 18 2448 815 93.19 6.27 = 40.76 80.87 -0.490 Vacuole
a0

(Continued)
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TABLE 1 Continued

PeanllgBase Chr | ORF length (bp) Deduced protein Subcellular location
. MW
Size (aa) (kDa) Al GRAVY

AhPLDOAA Arahy.A46161.1 08 2469 822 93.74 621 3728 8262 0413 52‘:35 llzsmic reticulum;
AhPLD0AB Arahy.ESIPUL.2 18 2469 822 93.69 618 3638 8249  -0.405 52‘:35 llzsmic reticulum;
AhPLDOSA Arahy.ITK9EF.1 08 2454 817 9339 622 4154 | 8435 0374 ff'::zgllzsmic reticulum;
AhPLDOSB Arahy.F6RD2F.1 18 2454 817 9357 627 4050 | 8519  -0.363 szgzgllzsmic reticulum;
AhPLDo6B Arahy JL8VMK.1 11 2532 843 97.16 516 | 52.00 = 7298 -0.652 Cytoplasm; Nucleus
ARPLDO7A  Arahy.8ONXVT.1 | 01 2388 795 9126 844 3826 7955 0479 | Cytoplasm

AhPLDO7B Arahy.79BS07.1 20 2439 812 93.02 644 4350 | 8060  -0.527 | Cytoplasm
AhPLDOSA1  Arahy.C52HL3.1 01 2400 799 9150 623 3604 | 8247  -0447 | Cytoplasm
AhPLDOSA2  Arahy.F67ZD9.1 01 2400 799 91.19 625 3741 | 8330  -0445 | Cytoplasm
AhPLDOSBI  Arahy.LN5JTA.1 11 2385 794 90.64 625 3528 | 8212  -0443 | Cytoplasm
AhPLDOSB2  Arahy.19WSGG.I | 11 2385 794 90.76 638 3787 8262  -0443 | Cytoplasm
AhPLDOSB3  Arahy.6051AB.1 11 2382 793 9091 617 3678 | 80.87  -0468 | Cytoplasm

ARPLDO9A  Arahy.KCI4LW.1 | 01 2061 686 77.51 731 3409 8287 0378 | Cytoplasm

AhPLD09B ArahyOK14UN1 | 11 2121 706 80.63 619 3125 | 7873  -0541 | Cytoplasm

AhPLDBIA Arahy.3G00JX.1 02 3312 1103 12233 813 | 5327 | 7231 0492  Chloroplast; Nucleus
AhPLDP1B ArahyZGVOT5.1 | 12 3312 1103 12224 814 | 5350 | 7170 0499  Chloroplast; Nucleus
AhPLDB2A Arahy.Z6D9E8.1 04 3351 1116 124.60 7.03 | 4614 | 7240 -0.471 Chloroplast; Nucleus
AhPLDP2B Arahy.-IIM5IQ.1 14 3351 1116 124,53 702 4551 7275  -0467  Chloroplast Nucleus
AhPLDYA Arahy NAJOWW.1 | 05 2550 849 95.63 660 3372 | 8159  -0393 | Cytoplasm

AhPLDYB Arahy.GAKOW0.1 | 15 2550 849 9554 683 3168 | 8159  -0385 | Cytoplasm

AhPLDS1A Arahy.UU4PIL1 | 05 2592 863 98.19 662 3459 | 7695  -0424 | Cytoplasm

AhPLD1B ArahyPYQ6LW.I | 15 2592 863 98.18 662 3459 | 7695  -0424 | Cytoplasm

AhPLD&2A Arahy.J2YZ53.1 08 2547 848 96.38 673 3727 8009  -0358 | Cytoplasm

AhPLD&2B Arahy]OWKA5.1 | 17 2547 848 96.41 658 3750 7965  -0370 | Cytoplasm

AhPLDS3A Arahy NJGSXE.1 04 2544 847 95.84 659 3270 | 8321  -0369  Cytoplasm

AhPLD&3B Arahy XJ1GJM.1 14 2580 859 97.41 661 3295 | 8272 -0369 | Cytoplasm

AhPLD34A Arahy87HDGW.1 | 03 2529 842 9533 666 3434 8010 0397 | Cytoplasm

AhPLD&4B Arahy.UD7LPN.I | 13 2526 841 95.12 673 3488 8019  -0395 | Cytoplasm

AhPLDe1A Arahy PTEL6P.1 08 2292 763 87.73 627 3483 | 7744 0434 | Cytoplasm

AhPLDe1B Arahy.SE7ST2.1 18 2292 763 87.65 636 3566 7642  -0431 | Cytoplasm

AhPLDe2A Arahy.1L37A5.1 09 2427 808 92.19 625 3946 | 7688  -0.509  Cytoplasm

AhPLDe2B Arahy63QAK21 | 19 2433 810 9257 614 4140 | 7633  -0530 | Cytoplasm

AhPLDCIA Arahy.TIUAOC.I | 09 3231 1076 122,63 621 4365 | 8550  -0443 | Cytoplasm

AhPLD(1B Arahy.Y1617F.1 19 3231 1076 122.48 614 4342 | 8452  -0446 | Cytoplasm

ARPLDC2A ArahyHZZY151 | 01 2676 891 101.72 719 | 4148 | 8140 0409 | Cytoplasm

(Continued)
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TABLE 1 Continued

10.3389/fpls.2023.1102200

PeanILBtBase Chr | ORF length (bp) Deduced protein Subcellular location
Size (aa) (,Il/g,;/ ) Al GRAVY
AhPLD{2B Arahy MIWUGIL1 11 2676 891 101.55 7.05  41.19 | 81.40 -0.408 Cytoplasm
AhPLD3A Arahy.I1DXP3.1 04 3354 1117 126.94 6.06 = 49.88 | 80.84 -0.407 Cytoplasm
AhPLD{3B Arahy.41L771.1 14 3099 1032 117.75 6.11  48.71 | 83.04 -0.396 Cytoplasm
AhPLD@A Arahy XZ9AUL1 10 1593 530 59.84 640 | 37.50 | 80.02 -0.192 Plasma membrane
AhPLD@B Arahy.GI1SIKM.1 20 1593 530 59.92 6.40 | 35.75 | 80.19 -0.198 Plasma membrane

¢ was the smallest subgroup containing only four Arachis PLDs (two
AhPLD@s, one AdPLD@s and AiPLD@s). Besides, the 3 and y showed
closely together and were not explicitly separated from each other.
Within the separate clades, isoforms € and ¢ were absent in
Arabidopsis, isoforms y and @ were absent in soybean, but all seven
isoforms were present in Arachis and cotton. Obviously, Arachis
PLDs showed closer to GmPLDs but more distant from AtPLDs.
According to the phylogenetic relationships with orthologs in
soybean, cotton and Arabidopsis, as well as the physical location on
chromosomes, 22 AdPLDs and 22 AiPLDs were renamed as Ad/
AiPLDo1-9, Ad/AiPLDB1, Ad/AiPLDB2, Ad/AiPLDy, Ad/AiPLDd1-
4, Ad/AiPLDel, Ad/AiPLDe2, Ad/AiPLD(1-3 and Ad/AiPLD¢. The
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FIGURE 2

Phylogenetic tree of PLD gene family with bootstrap values among
three Arachis species, Arabidopsis, soybean and cotton. The red,
yellow, green, purple, dark green, blue and gray branches represent o,
B, v. 8, &  and ¢ isoforms, respectively. The red circles, red squares,
red triangles, green triangles, dark green diamonds and yellow circles
represent the proteins of A. duranensis (Ad), A. ipaensis (Ai), A.
hypogaea (Ah), Arabidopsis (At), soybean (Gm) and cotton (Gr),
respectively.
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46 AhPLDs were renamed as AhPLDo1A/1B-5A/5B, AhPLDo6B,
AhPLD07A/7B, AhPLD0:8A1/8A2/8B1/8B2/8B3, AhPLD09A/9B,
AhPLDPB1A/1B, AhPLDB2A/2B, AhPLDYA/B, AhPLD81A/1B-4A/
4B, AhPLDelA/1B, AhPLDe2A/2B, AhPLD{1A/1B- 3A/3B and
AhPLD@A/B.

To confirm the authenticity and integrity of identified Arachis
PLD genes, their functional domains were analyzed by searching the
Pfam and SMART databases. As expected, all Arachis PLD proteins
possessed two structurally conserved HKD domains at C-terminal
and were divided into three subgroups (Figure 3A). Isoforms o, 3, v, &
and € contained C2 domain at the N-terminal and belonged to the
C2-PLDs. PLDCs contained PX and/or PH domain at the N-terminal
and belonged to the PX/PH-PLDs. PLD@s contained signal peptide at
the N-terminal instead of C2 or PX/PH domain and belonged to the
SP-PLDs. Furthermore, the distribution of exons and introns within
each PLD protein was also analyzed. As shown in Figure 3B, all the 90
Arachis PLDs were comprised of multiple exons and introns. The
number of introns determined for Arachis PLDs ranged from one in
AdPLD06, AdPLD0Y, AiPLD09 and AhPLD0o9B to 20 in AiPLD{]1.
The members of all Arachis PLD isoforms showed similar exon-
intron structure withing their respective subgroups. It was consistent
with the phylogenetic classification depicted in the left panel of
Figure 3A. For instance, both o and € subgroups included members
with one to five introns, the members in B/y and & subgroups
possessed eight or nine introns (except AdPLDO2 that had six
introns), the members in { subgroup contained 15 to 20 introns,
and all six members in @ subgroup had six introns.

To reveal the typical domain characteristics of Arachis PLD
subgroups, the conservation of amino acid residues in functional
domains were analyzed based on the alignments of these PLDs. A
total of 30 distinct motifs designated as Motif 1 to Motif 30 were
identified (Figures 4, S1; Table S3). The members within the same
subfamilies were usually shared similar motif composition, for
example, C2-PLDs possessed 17 to 25 motifs, of which Motif 1-11,
Motif 13, Motif 15 and Motif 25 were highly conserved; PX/PH-PLDs
possessed 18 motifs, including Motif 1-9, Motif 13, Motif 15, Motif 19,
Motif 24 and Motif 26-30; whereas SP-PLDs only contained five
motifs, including Motif 1, Motif 4, Motif 15, Motif 28 and Motif 29.
By comparison, the Motif 26 and Motif 27 were only present in the C-
terminus of PX/PH-PLDs but absent in C2-PLDs and SP-PLDs,
suggesting these two motifs were specific to the PX and PH
domains. Moreover, almost all these motifs could be matched to
the annotated motifs in InterProScan and were functionally
associated with PLD activity. The Motif 1, Motif 6, Motif 14 and
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FIGURE 3

Phylogenetic relationship, conserved domains and gene structure of PLD genes in peanut and its two progenitors. (A) Schematic representation of the
phylogenetic tree and conserved domain of PLD genes in three Arachis species. The red, blue, yellow, purple, dark green and pink branches on
phylogenetic tree represent the a, €, B/y, 8, { and ¢ isoforms, respectively. The yellow, green, blue and purple rectangles represent the C2, HKD, PX and
PH domains, respectively. The red triangles represent the signal peptides. (B) Exon-intron structure of PLD genes in three Arachis species. The blue
boxes represent exons. The yellow boxes represent coding sequences. The black lines represent introns.
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Motif 29 were annotated as the conserved HKD domains
(HxKxxxxD), especially the Motif 1 was uniformly observed in all
Arachis PLDs. The Motif 4, also observed in all PLD proteins,
contained a core triplet of amino acids “ERF” followed by a highly
conserved hydrophobic region “VYVVV”. The Motif 2 contained a
regular-expression sequence “IYIENQ[F/Y]F”, of which the seventh
amino acid, Phenylalanine (F), appeared in all PX/PH-PLDs but was
often substituted by the Tyrosine (Y) in C2-PLDs. The Motif 3
contained the conserved amino acid’xxGPRxPWHDxHx
xxxGPAxxDVLTNFExRWRKxGx”, which was considered as the
binding sites of PIP2.

Gene duplication events and molecular
evolution of Arachis PLD genes

To clarify the roles of gene duplications in the expansion of
Arachis PLD gene families, the synteny analysis including tandem
duplication and whole genome duplication (WGD)/segmental
duplication was performed based on the multiple and pairwise
alignments of Arachis PLDs. As a result, a total of 131 orthologous/
paralogous gene pairs were identified, of which 54 pairs were
predicted to form paralogous gene pairs within the A. duranensis,
A. ipaensis and A. hypogaea genomes, and nine pairs underwent the
tandem duplications (AdPLDa3-AdPLDod4, AdPLDo8-AdPLDoY,
AiPLDal-AiPLDo2, AiPLDa3-AiPLDo4, AiPLDa6-AiPLD oS-

Frontiers in Plant Science

AiPLD09, AhPLDa3A-AhPLDa4A, AhPLDa3B-AhPLDo4B,
AhPLD0o8A1-AhPLD08A2-AhPLDo9A, AhPLDo6B-AhPLDo8BI-
AhPLD08B2-AhPLDa8B3-AhPLDa9B) (Figure 5A; Table $4).
Besides, 25, 28 and 24 segmental duplications were found in groups
AhPLDs-AdPLDs, AhPLDs-AiPLDs and AdPLDs-AiPLDs
respectively, but one group only contained AiPLDa6 homoeologous
gene (AhPLDo6B), suggesting the corresponding AhPLDo6A had lost
during peanut evolution (Figure 5B; Table S4). Consequently, we
presumed that the putative gene duplication events were main causes
of Arachis PLD gene family expansion, and homoeologous gene pairs
were generally raised from tandem or WGD/segmental duplication
before polyploidization involved in evolution process.

To investigate which type of selection pressure had been involved in
PLD gene divergence after duplication, the Ka/Ks ratios of duplicated
Arachis PLD gene pairs were calculated on the basis of coding sequences
(Table S5). The resulting pairwise comparison data showed that most
homoeologous gene pairs had Ka/Ks ratios of < 1, indicating these gene
pairs might have undergone strong purifying selection pressure with
limited functional divergence that occurred after tandem or WGD/
segmental duplication. Only three gene pairs (AhPLDa8A2-AdPLD0S,
AhPLD&3B-AiPLD63 and AhPLDO3A-AhPLDO3B) had Ka/Ks ratios of >
1, suggesting these gene pairs might have experienced relatively rapid
evolution following duplication. Meanwhile, according to Ks values, the
divergence time of duplicated Arachis PLD gene pairs were estimated. As
a result, these tandem and segmental duplications may occur in 3.02-
70.62 and 0.10-119.83 Mya, respectively (Table S5).
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Syntenic relationships among PLD genes in peanut and its two progenitors. (A) Syntenic relationships of PLD genes within A. duranensis, A. ipaensis and
A. hypogaea, respectively. (B) Syntenic relationships of PLD genes between A. duranensis, A. ipaensis and A. hypogaea. The chromosomes of A.
duranensis, A. ipaensis and A. hypogaea were shown with red, dark green and dark purple colors, respectively. The putative homologous PLD genes are
linked by different colored lines. The tandem duplicated PLD genes are marked with red font next to the chromosomes.
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Cis-regulatory elements prediction in
AhPLDs promotors

To better understand the transcriptional regulation and potential
functions of peanut PLD genes, the cis-regulatory elements present in
promoters (2000 bp of 5’ upstream regions) of AhPLD genes were
identified. Totally, 39 functional cis-elements related to growth and
development, plant hormones and stress responses were obtained
from 46 AhPLDs (Table S6). All AhPLD promoters had variable
number of cis-regulatory elements and most of them were present in
multiples (Figure 6). Among the 25 growth and development-related
elements, light-responsive elements (87.59%), such as Box 4, G-box,
GT1-motif, TCT-motif and GATA-motif, accounted for the most and
widely distributed in all AhPLD promoters; others mainly included
the circadian element (3.28%) related to circadian control, the O,-site
(2.57%) related to zein metabolism regulation, the CAT-box (2.00%)
related to meristem expression and the GCN4_motif (1.85%) related
to endosperm expression.

The nine hormone-responsive cis-elements were related to five
plant hormones. Among them, abscisic acid responsiveness element
(35.84%, ABRE) was identified in 39 AhPLDs; MeJA-responsive
elements (37.99%, CGTCA-motif/TGACG-motif) were identified in
27 AhPLDs; gibberellin-responsive elements (12.19%, GARE-motif/
P-box/TATC-box) were identified in 17 AhPLDs; salicylic acid-
responsive element (7.17%, TCA-element) was identified in 15
AhPLDs; auxin-responsive elements (6.81%, TGA-element/AuxRR-
core) were identified in 14 AhWPLDs (Figure 6; Table S6). There were
three AWPLDs (AhPLDo5A, AWPLDE3A and AhPLD{3B) contained
the five hormone-responsive elements above-mentioned, but
AhPLD09A did not contain any hormone-responsive elements.
Besides, the promoter regions of eight AhPLDs (AhPLDoIA,
AhPLD0IB, AhPLDo3A, AhPLDo3B, AhPLDa8B1, AhPLD0SB2,
AhPLDo9B and AhPLD@B) only contained ABA-responsive
elements, whereas AhPLDe2B and AhPLD@A only contained MeJA-
and auxin- responsive elements, respectively. However, the ethylene-
responsive cis-elements were not found in any AhPLD promoters.
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FIGURE 6

Cis-regulatory elements in the promoters of peanut PLD genes. Various
cis-regulatory elements are displayed in different colored boxes.
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Moreover, there were five cis-elements found to be responsive to
various stresses, including anaerobic element (42.76%, ARE), MYB
binding site involved in drought-inducibility (27.59%, MBS), low
temperature-responsive (8.28%, LTR) element and stress-responsive
element (21.38%, TC-rich repeats) (Figure 6; Table S6). Except for
AhPLDo8B3 and AhPLDO2A, almost all AhPLDs contained at least
one stress-responsive element, indicating AhPLDs played an
important role not only in peanut growth and development, but
also in stress responses. The simultaneous appearance of stress and
hormone related cis-elements in some AhPLDs suggesting that
AhPLDs could mediate the cross-talk of stress and hormone
signaling pathways and may have potential role in hormone
mediated abiotic stress signaling in peanut.

Protein-protein interactions and miRNA-
genes regulatory networks of peanut PLDs

To elucidate the metabolic regulation network mediated by PLDs
in peanut and further understand the biological function of AhPLDs,
the protein-protein interactions (PPIs) of AhPLDs were analyzed
using ortholog-based method. Totally, 24 AhPLDs had orthologous
relationships with 12 Arabidopsis PLDs and interacted with 55
functional proteins (Figure 7A; Table S7). As expected, most
proteins were the functionally validated components of lipid
biosynthetic and lipid metabolic processes, such as amino alcohol-
phosphotransferase (AAPT), diacylglycerol O-acyltransferase 1
(DGAT1), diacylglycerol kinases (DGKs), lysophosphatidyl
acyltransferase 2 (LPAT2) and triglyceride lipase (TGL4). Some
others like phospholipase C1 (PLC1), phosphatidylinositol 3-kinase
(PI3K), phosphatidylinositol 4-OH kinase 1 (PI4K1) and
phosphatidylinositol-4-phosphate 5-kinase 1 (PIP5K1) mainly
participated in the phosphatidylinositol-mediated signaling. Besides,
several AhPLDs could interact with phospholipid/glycerol
acyltransferase family protein ATS2, G protein alpha subunit 1
(GPA1), lipoxygenase 1 (LOX1) and plasma-membrane choline
transporter-like protein CTL1. These proteins may regulate plant
root development, pollen tube growth, post-embryonic development,
seed development and other system development processes.

Moreover, the pathways in response to stress or abiotic stimulus
were also significantly enriched by abundant proteins that interacted
with AhPLDs, for example, there were five proteins (DGAT1, DGK2,
PLC1, respiratory burst oxidase homologue D (RBOHD) and
phospholipid-transporting ATPase (PTAT-1)) involved in the
response to temperature stimulus, four proteins (DGATI, PI3K,
PLC1 and aldehyde dehydrogenase 3H1 (ALDH3HI)) involved in
the response to salt stress, four proteins (DGAT1, PI3K, PLCI and
RBOHD) involved in the response to osmotic stress, three proteins
(phosphatidate phosphatase PAH1, monogalactosyldiacylglycerol
synthase type C (MGDC) and sulfoquinovosyldiacylglycerol 2
(SQD2)) involved in the response to phosphate starvation, and six
proteins (four DGKs, phosphatidic acid phosphatase 1 (LPP1) and
RBOHD) involved in the defense response. Notably, there were 14
predicted proteins only interacted with AhPLD{2A/2B and mainly
responsible for lipid transport and phospholipid translocation.

Furthermore, the putative miRNA-targeted AhPLDs were
predicted to obtain the potential association between lipid
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metabolic pathways and miRNA regulations. As shown in Figure 7B,
a total of 24 AhPLDs were targeted by 13 miRNAs, of which 12
AhPLDs were targeted by only one miRNA, and 12 AhPLDs were
targeted by two miRNAs. These miRNAs belonged to 12 different
families. The comprehensive data of all miRNAs targeted sites/genes
was given in Table S8. Most miRNAs only targeted one or two
AhPLDs, but ahy-miR3516, ahy-miR3510 and ahy-miR3513-3p could
target ten (AhPLDo5A/5B, AhPLDa8A1/8A2/8B1/8B2/8B3,
AhPLDBI1A/IB and AhPLD&3B), six (AhPLDo5A/5B, AhPLDPBIA/
1B and AhPLD@A/B) and four AhPLDs (AhPLDo:8A1/8A2/8B1/8B2),
respectively, indicating these three miRNAs may be crucial in
regulating the lipid metabolic processes.

Spatial expression profiles of PLD genes
in peanut

The tissue-specific expression profiles of AhPLDs were
investigated by using the RNA-Seq data from Clevenger et al.
(2016). A total of 22 different tissues encompassing almost all
peanut tissues and developmental stages were analyzed (Figure 8;
Table S9). The results showed that the expression patterns of 46
AhPLDs in various tissues were quite different, though the expression
levels of most homologous copies from the A genome and the B
genome (such as AhWPLDalA and AhPLDalB) were similar because
of their extremely high similarity of mRNAs and transcript sizes. The
AhPLDa1A/1B, AhPLDa7B, AhPLDfB2A/2B, AhPLDYA/B,
AhPLD61A/1B, AhPLDO3A/3B, AhPLDE3A/3B and AhPLD@A/B
were expressed in all 22 tissues, especially the AhPLDO3A/3B
exhibited higher expressions in all tissues. Conversely, AhPLDa9A/
9B, the members of PLDo. subgroup, had weak or even undetected
expression in any tissues. Besides, almost all AWPLDs except for
AhPLD09A/9B were highly expressed in all above-ground tissues
during the vegetative growth stage, indicating AhPLDs might play
essential roles in the growth and development of peanut seedlings.
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The expression levels of AhPLDes, AhPLDs and AWPLD@s in pods
and seeds were significantly lower than in leaves, shoots, roots and
flowers, suggesting these AhPLDs might mainly involve in peanut
seedling growth, root elongation and flowering.

Moreover, some AhPLDs displayed tissue-specific or preferential
expression patterns, for example, the AhPLDo1A/1B showed
preferential expressions in flowers and pod development; the
AhPLD02A/2B had higher expressions in shoot at the reproductive
growth stage but hardly expressed in pod or seed developmental
processes; the AhPLDo6B preferred to express in root and nodule; the
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FIGURE 8

Expression profiles of 46 AhPLDs in 22 different tissues. The X axis
represents various tissues. The Y axis represents 46 AhPLDs. The color
scale represents Log2 expression values (FPKM).
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AhPLDo7B maintained obvious expression levels in all 22 tissues, but
its homologue AhWPLDo7A had almost undetected expression in
flowers and nearly mature seeds; the AhPLDS2A/2B and
AhPLDelA/1B showed highest expression levels in pistil and
perianth, respectively, indicating their significant roles in the floral
organ development in peanut; but only a few AhPLDs were highly
expressed in seed Pat. 8 and seed Pat. 10.

Expression profiles of peanut PLD genes in
response to abiotic stresses

To explore the potential involvement of peanut PLD genes in
abiotic stresses, their expression profiles under cold, drought and salt
were investigated by qRT-PCR (Figure 9; Table S10). Since the
paralogous pairs of AhPLDs displayed highly similar nucleotide
sequence and expression pattern in 22 different tissues, only

10.3389/fpls.2023.1102200

AhPLDs from the A subgenome were selected for analysis.
Similarly, most AhPLDs within the same phylogenetic subgroup
were also similar in nucleotide sequence and expression pattern, so
one representative AhPLD in each subclade was chosen for analysis,
such as AhPLDo8AI. Besides, given that AhPLDo7B showed distinct
expression pattern in 22 different tissues compared with its
homologue AhPLDa7A, it was also included. Finally, the expression
profiles of 23 AhPLDs under three major abiotic stresses were
analyzed. The results in Figure 9 showed that all AhPLDs except for
AhPLD09A could be induced by at least one abiotic stress, of which
13 AhPLDs (AhPLDo3A, AhPLDo5A-7A, ARPLDBIA, AhPLDPB2A,
AhPLDS1A, AhPLDO3A, AhPLDO4A, AWPLD1A-3A and AhPLD@A)
were found to be induced by all three abiotic stresses commonly, and
seven AhPLDs (AhPLDalA, AhPLDo2A, AhPLDo7B, AhPLDO8AIL,
AhPLDO2A, AWPLDelA and AhPLDg2A) could be induced by both
cold and drought stresses, and one AhPLD gene (AhPLD04A) could
be induced by both cold and salt stresses, and AhPLDYA was only
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induced by cold stress. Surprisingly, almost all AhPLDs induced by
cold and drought were up-regulated compared with controls.

Under cold stress, the expressions of AhPLDo3A, AhPLDOS5A,
AhPLDB1A, AhPLD&4A, AhPLD{3A and AhPLD@A were most
significantly up-regulated. Among them, AhPLD&4A showed a
continuous increase with the prolongation of cold time, the fold
change (FC) at 48 h of cold stress reached 23.48; AhPLDo3A,
AhPLDa5A and AWPLDPIA showed a trend of increasing (0-6 h)
first and then decreasing (6-48 h), peaking at 6 h of cold stress with
the FC values of 37.19, 27.86 and 16.11, respectively; similarly,
AhPLD{3A and AhPLD@A also showed a trend of increasing first
and then decreasing, while their expression level was increased again
after 48 h of cold stress. Under drought stress, the expressions of most
AhPLDs were significantly up-regulated in the early stage (24 h) of
stress condition, but their expressions did not continue to increase
with the duration of stress, typically like AhPLD4A, AhPLD{2A and
AhPLD@A; while such AhPLDs as AhPLDo3A (19.36 FC),
AhPLD05A (14.25 FC) and AhPLDBIA (9.99 FC) kept up-regulated
expression to 48 h of drought stress. Compared with cold and
drought, the transcript levels of AWPLDs under salt tress were
lower, some of which were even not differentially expressed or
down-regulated. For example, AhPLD0o3A (7.84 FC), AhPLDo5A
(6.05 FC), AhPLDPBIA (7.20 FC), AWPLDB2A (5.09 FC) and
AhPLD&4A (6.70 FC) were found to be induced to highly express
exclusively at 12 h of salt treatment, the expressions of AhPLD{IA,
AhPLD{2A, AhPLD{3A and AhPLD@A were down-regulated at 6 h
but up-regulated with the duration of salt stress, whereas AhPLD0oAA,
AhPLDGS1A and AhPLDS3A were continuously down-regulated with
the log,FC values of -1.74, -1.47 and -3.32 at 48 h, respectively. Above
fundings suggested that AhPLDs were potentially involved in
signaling triggered by multiple abiotic stresses, and many of them
may act as positive regulators of cold and drought stresses in peanut,
especially such as AhPLDo3A, AhPLDo5A, AhPLDBIA
and AhPLDO4A.

Discussion

As one of the most representative phospholipases in plants, PLD
can catalyze the hydrolysis of membrane lipids for lipid remodeling
and mediate many physiological processes in plant growth,
development and responses to abiotic stresses (Wang, 2005). The
identification and functional validation of the PLDs may hold the
promise to breed the improved crops with excellent agronomic traits
and stress tolerances to combat the challenge of global climate change.
In this study, we obtained 46 AhPLDs in allotetraploid peanut as well
as 22 AdPLDs and 22 AiPLDs in its two diploid progenitors A.
duranensis and A. ipaensis, respectively (Table 1). Obviously, the
number of PLDs in A. hypogaea was greater than already reported
plant species (Qin and Wang, 2002; Li et al., 2007; Liu et al., 20105
Zhao et al., 2012; Lu et al., 2019; Sagar et al., 2021), which might be
due to the hybridization of A. duranensis and A. ipaensis with
succeeding polyploidization. The similar results are also reported in
cotton (Tang et al., 2016a; Tang et al., 2016b). Based on the conserved
structural domains and sequence properties, these 90 Arachis PLD
genes could be divided into seven subgroups with distinct
biochemical, regulatory and catalytic properties, including o, f3, ¥, 3,
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€, { and @ isoforms but excluding isoform K (Figure 2). At present,
PLDx has only been identified in rice and encodes a C2-PLD (Li
et al., 2007).

The specific patterns of retention or dispersion of family genes are
vital clues to understand the homoeologous chromosome interaction
and genetic evolution during plant allo-polyploidization. In this
study, the integrated results of phylogeny, gene structure and gene
duplication showed that most allotetraploid peanut PLDs had at least
two homoeologous copies in A and B subgenomes as well as
orthologous genes with its progenitors (Figures 3-5). It proved that
a specific large-scale genome duplication event has occurred during
the peanut origin, with the segmental duplication and tandem
duplication jointly taking place at some locations (Figure 5; Table
54). But the orthologous gene of AWPLDo6B was not found in peanut
genome, suggesting a AhPLDo6A loss event occurred during peanut
evolution. Like Arabidopsis and other plant species, the small clade of
PLDys was closer to the clades of PLDBs and PLDds on the
phylogenetic tree (Figure 2), and they contained similar numbers of
exons and introns (Figure 3). This suggested that the isoforms 3, yand
& might have originated as one group in plants but be separated into
different functional isoforms during the evolution due to the possible
gene duplication events. Similarly, oo and € isoforms might also
originate from the common ancestor. But PLD{s and PLD@s had
dissimilar intron numbers and belonged to the PX/PH-PLD and SP-
PLD subfamilies, respectively, suggesting their convergent evolution
via two independent evolutionary paths. Besides, the conservation of
isoform @ could be also proved by the rate of molecular evolution, in
which the Ka/Ks ratios of gene pairs in subgroup PLD@ were smaller
than those in other subgroups (Table S5).

Based on the sequence similarity, structural conservation and
close evolutionary relationships of ortholog genes among different
species, a functional conservation of peanut PLDs might also be
predicted. The PPI network of AhPLDs showed that most proteins
that interacted with AhPLDs (like non-specific phospholipase C
(NPC), DGATI1 and DGKs) were the major components of lipid
biosynthesis, lipid metabolism and lipid signaling pathways
(Figure 7A; Table S7), which proved the central and conservative
functions of peanut PLDs in lipid-related biological processes.
Currently, it has become increasingly difficult to find an area of cell
biology in which lipids do not have important roles as signaling and
regulatory molecules (Hou et al., 2016). For example, DGATI, DGK2,
DGK3 and DGK5 could enhance plant cold tolerance by balancing
triacylglycerol (TAG) and PA production (Tan et al., 2018); NPC4
knockout plants displayed increased sensitivity to salt stress in root
elongation, seedling biomass, and seed germination (Kocourkova
et al., 2011); PLDEs could hydrolyze phosphatidylcholine to supply
phosphorus for cell metabolism and DAG for galactolipid synthesis
during phosphorus starvation (Lin et al., 2020). Besides, AhPLDs also
interacted with other proteins such as protease inhibitors, GPA1 and
RBOHD (Figure 7A, Table S7). These interactions can regulate PLD
activity and intracellular locations, thus affecting cellular functions.
For instance, PLDol could interact with the GPA1 through its DRY
motif to mediate ABA signaling in Arabidopsis (Zhao and Wang,
2004). Furthermore, there were 24 AhPLDs targeted by 13 miRNAs,
suggesting the complex regulation network of AhPLDs involved in
and providing the clues to genetically engineer AhPLDs precisely
through miRNA mediation.
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Hormones are important regulators of plant growth and
development. Many basic biological processes in peanut, such as
seed germination, root hair growth, pollen tube elongation, blossom
and leaf senescence, are known to be regulated by auxin, ABA,
gibberellic acid (GA), JA and ethylene (Wang et al., 2018; Guo et al,
2021). Here, the AhWPLDs expressed in various peanut tissues were
found to contain at least one class of hormone-responsive cis-elements
in their respective promoters (Figure 6; Table S6). AhPLDo1A/1B that
contained ABA-responsive elements could be expressed in all peanut
tissues and showed preferential expression in flowers and pod
development. In Arabidopsis, PLDal can interact with a low-affinity
nitrate transporter NRT1.2 to positively regulate ABA-mediated seed
germination and seedling development (Li et al., 2020). It proved that
the regulation of AhPLDa1A/1B on peanut growth and development
may be mediated by ABA. Isoform PLDJ is the second abundant
subfamily next only to isoform PLDa. It represents the majority of
PLD isoforms expressed in male gametophyte throughout
angiosperms evolution and has been found to be expressed higher in
old leaves, stem, roots and flowers than in young leaves and siliques
(Qin and Wang, 2002). Here, all AhPLDés had high expression levels
in perianths, stamens and pistil, suggesting their central roles in peanut
floral organ development. AhPLD3A/B even showed high expressions
in all 22 tissues. This might be supported by the abundant hormone-
responsive elements in their promoters. In tobacco (Nicotiana
tabacum L.), PLD33 is the most important member active in pollen
tubes. Tightly controlled production of PA generated by PLD&3 is
crucial for maintaining the balance between various membrane
trafficking processes that are vital for plant cell tip growth (Pejchar
et al,, 2020). However, AhPLDo9A did not contain any cis-regulatory
elements that respond to hormones, which may be the major factor
that caused its non-expression in all peanut tissues. There is also
evidence that PLD genes can be induced by ethylene to regulate the
programmed death of plant cells (Lanteri et al., 2008), but no ethylene-
responsive element could be found in any peanut PLD promoters here.

10.3389/fpls.2023.1102200

Besides, many cis-elements in response to diverse environmental
stimuli were also found in AhPLDs’ promoters, including ARE, MBS,
LTR and T-rich (Figure 6; Table S6). It has been proved that abiotic
stresses, such as cold, drought and salinity, could trigger high
expressions of most PLDs low or weakly expressed under normal
growth conditions, as a result of that a number of specific elements are
located in their promoters (Wei et al., 2022). As expected, almost all
AhPLDs (except for AhPLDo9A) could be induced by specific or
multiple adversities (Figure 9), proving their potential roles in abiotic
stress tolerances. At present, the functions of 14 AhPLDs’ Arabidopsis
orthologs in stress resistances have been determined (Table 2). For
example, AtPLDal (the ortholog of AhPLDo1A/B) has been found to
participate in ABA signaling and responses to cold, drought and salt
stress (Bargmann et al., 2009); AtPLDo3 (the ortholog of AhPLDo3A/
B) knockout mutant plants exhibit high sensitivity towards salinity,
dehydration and ABA, while gain-of-function of AtPLDa3 leads to
reduced sensitivity in transgenic plants (Hong et al., 2008); AtPLDS
(the ortholog of AhPLDO1A/IB) also has been proved to regulate
stress resistances, such as freezing, severe dehydration, high salt,
oxidative assault and ultra-violet irradiation (Zhang et al., 2003; Li
et al., 2004; Liu et al., 2021); AtPLDJ and/or AtPLDal can form a
regulatory feedback loop with MPK3 and MPK6 to regulate PLD
stability and submergence-induced PA production (Zhou et al., 2022).

In this study, there were five AhPLDs (AhPLD03A, AhPLDO5A,
AhPLDPBIA, AhPLDP2A and AhPLD&4A) found to be highly up-
regulated under all three abiotic stresses commonly, suggesting these
five AhPLDs might be involved in multiple regulatory pathways at the
same time and lead to a wider range of stress resistances in peanut.
But the up-regulated expressions of AhPLDaIA and several other
AhPLDs were only induced by cold and drought rather than salinity.
AhPLD0o4A, AWPLDSIA and AhPLDO3A were even continuously
down-regulated under salt stress. These results suggested that most
AhPLDs were mainly involved in cold and drought tolerances but had
little or even negative regulation on salt tolerance of peanut. Besides,

TABLE 2 Orthologous PLD genes in peanut and Arabidopsis with known abiotic stress tolerant functions.

AhPLDs Orthologs Functions References
AhPLDolA/  AtPLDal Salt and ABA responses; drought tolerance; freezing tolerance; hypoxia signaling; high-Mg," Sang et al., 2001; Bargmann et al., 2009;
1B (AT3G15730) stress response; wounding response; mediating superoxide production; Hou et al., 2016; Kocourkova et al.,
2020; Zhou et al.,, 2022
AhPLDo2A/  AtPLDo2 Heat stress memory Urrea Castellanos et al., 2020
2B (AT1G52570)
AhPLDo3A/  AtPLDo3 Hyperosmotic response Hong et al., 2008
3B (AT5G25370)
AhPLDo4A/  AtPLDod/e Hyperosmotic response; nitrogen deficiency response Hong et al.,, 2016; Yao et al., 2022
4B (AT1G55180)
AhPLDYA/B  AtPLDyl Wounding response Wang et al., 2000
(AT4G11850)
AhPLDG61A/  AtPLDS Guard cell signaling and drought tolerance; hypoxia signaling; osmotic stress-triggered stomatal Li et al., 2004; Angelini et al., 2018; Liu
1B (AT4G35790) closure; salt stress tolerance; heat stress defense; freezing tolerance et al,, 2021; Song et al., 2021; Zhou
et al., 2022
AhPLD(1A/  AtPLD{1 Phosphate deficiency response; salt stress response Li et al., 2006; Korver et al., 2020
1B (AT3G16785)
AtPLD(2 Phosphate deficiency response; root hydrotropism under drought stress; salt stress response Li et al,, 2006; Taniguchi et al., 2010; Su
(AT3G05630) etal, 2018
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AhPLDYA was significantly up-regulated only at the early stage (6 h)
of cold stress, which may be caused by the low-temperature
responsive element (LTR) in its promoter. AhPLDa9A could
neither be expressed in any peanut tissues, nor be induced by any
abiotic stresses in peanut. This deviation proved that AhPLDa9A
might have functional roles in some processes other than peanut
growth or stress signaling and its specific biological mechanism need
to be further studied.

Conclusion

In conclusion, a total of 22, 22 and 46 PLD genes were identified
in A. duranensis, A. ipaensis and A. hypogaea, respectively. Our
comparative analyses provided valuable insight into the
understanding of sequence characteristics, conserved domains,
phylogenetic relationships and molecular evolution of PLD genes in
allotetraploid peanut and its diploid progenitors. The predictive
analytics of cis-regulatory elements, protein-protein interactions,
putative miRNA expanded the view of transcriptional regulation
and potential functions of AWPLD genes. Importantly, the
expression patterns of tissue-specific and abiotic stress-responsive
AhPLDs obtained from RNA-seq and qRT-PCR results offered useful
information for further functional investigations. Several candidate
AhPLDs, such as AhPLD0o3A, AhPLDo5A, AWPLDBI1A, AhPLD32A
and AhPLDS4A, can be utilized for genetic manipulation of peanut
and other legume crops for improved abiotic stress tolerance
and productivity.
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Plant protein phosphatase 2C (PP2C) play important roles in response to salt stress
by influencing metabolic processes, hormone levels, growth factors, etc. Members
of the PP2C family have been identified in many plant species. However, they are
rarely reported in peanut. In this study, 178 PP2C genes were identified in peanut,
which were unevenly distributed across the 20 chromosomes, with segmental
duplication in 78 gene pairs. AhPP2Cs could be divided into 10 clades (A-J) by
phylogenetic analysis. AhPP2Cs had experienced segmental duplications and
strong purifying selection pressure. 22 miRNAs from 14 different families were
identified, targeting 57 AhPP2C genes. Gene structures and motifs analysis
exhibited PP2Cs in subclades Al and All had high structural and functional
similarities. Phosphorylation sites of AhPP2C45/59/134/150/35/121 were
predicted in motifs 2 and 4, which located within the catalytic site at the C-
terminus. We discovered multiple MYB binding factors and ABA response elements
in the promoter regions of the six genes (AhPP2C45/59/134/150/35/121) by cis-
elements analysis. GO and KEGG enrichment analysis confirmed AhPP2C-A genes
in protein binding, signal transduction, protein modification process response to
abiotic stimulus through environmental information processing. Based on RNA-
Seq data of 22 peanut tissues, clade A AhPP2Cs showed a varying degree of tissue
specificity, of which, AhPP2C35 and AhPP2C121 specifically expressed in seeds,
while AhPP2C45/59/134/150 expressed in leaves and roots. gRT-PCR indicated
that AhPP2C45 and AhPP2C134 displayed significantly up-regulated expression in
response to salt stress. These results indicated that AhPP2C45 and AhPP2C134
could be candidate PP2Cs conferring salt tolerance. These results provide further
insights into the peanut PP2C gene family and indicate PP2Cs potentially involved
in the response to salt stress, which can now be further investigated in peanut
breeding efforts to obtain cultivars with improved salt tolerance.
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1 Introduction

Protein phosphorylation/dephosphorylation by protein kinases
(PKs) and protein phosphatases (PPs) regulates targeted protein
function in signal transduction cascades, leading to alterations in
metabolism and/or gene expression in many biological processes,
such as the development and stimulation of responses to the external
environment (Lessard et al, 1997). PKs primarily phosphorylate
serine (Ser), threonine (Thr) and tyrosine (Tyr), whereas PPs
reverse this process (Li et al., 2014). PPs can be divided into three
categories based on their substrate specificity: serine/threonine
phosphatases, protein tyrosine phosphatases and dual specificity
phosphatases (Kerk et al, 2008; Cao et al, 2016). Among them,
protein tyrosine phosphatases can be further divided into
phosphoprotein metallophosphatases and phosphoprotein
phosphatases. Mn** or Mg”*-dependent protein phosphatases
(PP2Cs) are important members of the phosphoprotein
metallophosphatase family (Kerk et al., 2002).

PP2Cs are highly conserved in evolution and regulate stress
signaling pathways in a targeted manner (Cao et al., 2016). Most
PP2Cs in plants have a conserved catalytic region at the C-terminus,
while the N-terminus is a poorly conserved region of varying lengths.
The N-terminus is important for the definition of the PP2C member’s
functionality, since this region can contain transmembrane regions
and/or sequence motifs related with intracellular signaling, including
those for interaction with kinases (Stone et al., 1994; Carrasco et al.,
2003). It has been reported that some plant PP2Cs have significant
roles in the plant response to environmental pressures, including salt,
through their effects on metabolism, hormone levels and growth
factors (Lim et al., 2015; Chu et al., 2021).

Relatively large PP2C gene families have been reported in several
plant species, including soybean (103) (Chen et al., 2018), cotton
(181) (Shazadee et al., 2019), Arabidopsis (76) (Kerk et al., 2002) and
rice (132) (Singh et al., 2010). In Arabidopsis, PP2Cs (AtPP2Cs) are
divided into clades A-J (Schweighofer et al., 2004). In clade A, ABA-
INSENSITIVE 1 (ABI1) and ABA-INSENSITIVE 2 (ABI2) are
important components of ABA signaling (Rodriguez et al., 1998;
Kaliff et al., 2007). ABI1 and ABI2 act as negative regulators of ABA
signaling, which play a pivotal role in the ABA-dependent salt stress
response process. Under normal conditions, the ABA receptor
(Pyrabatin Resistance 1-Like proteins; PYLs) is conformationally
inactive and certain PP2Cs bind and dephosphorylate the sucrose
non-fermenting-1-related protein kinases 2 (SnRK2) to inactivate
ABA signaling. However, under osmotic stress ABA levels increase
and their binding to the PYL induces conformational changes which
enhance PYL-PP2C binding and inactivation of the PP2C.
Consequently, the SnRK2 remains active and ABA-mediated stress
signaling is initiated (reviewed in Gong et al, 2020; Zhang et al,
2022). Four members of the AtPP2Cs in clade B (APP2C1-4) are
mitogen-activated protein kinase (MAPK) phosphatases that are
negative regulators of phytohormones and defense responses
(Ayatollahi et al., 2022). POLTERGEIST (AtPOL) and
POLTERGEIST LIKE 1-5 (AtPLL1-5) of clade C are essential for
cell maintenance and differentiation (Song et al., 2020). The functions
of some AtPP2Cs in clades A, D, E, F and G have been reported, but
the functions of most Arabidopsis PP2Cs remain unknown. The PP2C
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gene family in rice is divided into 11 clades, and most genes in clade A
are triggered by various external abiotic stimuli, indicating that they
play an important role in stress tolerance, particularly in salt stress
(Xue et al., 2008).

Many PP2C gene family members have been reported to
participate in plant salt stress regulation directly. (Leung and
Giraudat et al., 1998; Kuhn et al., 2006; Liu et al., 2008). AtPP2CG1
(At2G33700), a PP2C gene from Arabidopsis, is fully expressed under
salt stress and positively regulates salt tolerance in an ABA-dependent
manner (Liu et al,, 2012). At3G63320 and At3G63340 actively respond
to external stress stimuli and play a key role in the regulation of
stomatal opening and closing, revealing that protein phosphorylation
and dephosphorylation of signal regulators are significant for
controlling stomatal pore size (Pang et al., 2020). Among OsPP2Cs,
OsPP2C53 (0s05¢51510) and OsPP2C51 (0Os05¢49730) are
significantly expressed under 150mM NaCl stress (Xue et al., 2008).
OsPP2C08 (0Os01g46760) is reported to be distinctly expressed in
response to saline stress at the seedling stage compared to other
PP2Cs (Sun et al.,, 2019). In rice, ubiquitination and degradation of
OsPP2C09 (0s01g62760), a clade A PP2C, by abscisic acid-
responsive RING Finger E3 Ligase (OsRF1) induced the salt
tolerance of rice. (Kim et al., 2022).

Peanut (Arachis hypogaea L.) is an important oilseed and food
crop worldwide. Cultivated peanut evolved from a cross between
Arachis duranensis (A) and Arachis ipaensis (B) which subsequently
underwent chromosome doubling to form the modern
heterotetraploid (AABB genome, 2n=4x=40) with a total genome
size of approximately 2.7 Gb (Bertioli et al., 2019). The main obstacles
to peanut growth in semi-arid regions, where more than half of the
global peanut production takes place, are drought and soil salinity
(Banavath et al., 2018). There has been considerable advancement in
the study of salt tolerance in peanut. Important examples include the
stress-induced expression of Arabidopsis homeodomain-leucine
zipper transcription factor (AtHDGII) to enhance salt tolerance,
the identification of crucial intrinsic proteins that regulate salt stress
in peanuts, the overexpression of the sodium/proton antiporter gene
(AtNHX1) to improve salt tolerance, the vacuolar H*-
pyrophosphatase gene (AVPI) (Asif et al, 2011; Banavath et al,
2018; Han et al., 2021). Compared to other classes of proteins, the role
of AhPP2Cs in the peanut response to saline and other stresses are
substantially less well understood. In order to advance the
development of peanut salt-tolerant mechanisms, we identified the
peanut PP2C gene family and selected genes associated with salt
tolerance. In this study, we gained insights into the AhPP2C genes by
using some computer analysis, such as characterization, genomic
evolution, gene structure, motifs, cis-acting elements, catalytic sites
and gene functional annotations, etc., and expression analysis in
different tissues and under salt stress for research purposes. 178
AhPP2Cs were identified in the A. hypogea genome. 18 members
that clustered together with clade A of Arabidopsis were studied
further. Of these, six AhPP2Cs were clustered together with salt
tolerant PP2C genes from rice and Arabidopsis. There were total 20
ABA response elements and 21 MYB binding sites in promoter region
of the six genes (AhPP2C45/59/134/150/35/121). Moreover, their
expression patterns under salt stress were analyzed from publicly
available RNA-Seq data and qRT-PCR. AhPP2C45 and AhPP2C134
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displayed significantly up-regulated expression under salt stress. They
were considered as strong candidates for PP2Cs mediating salt stress
signaling in peanut. These results provide theoretical support for
biological functions of the peanut PP2C gene family under salt stress.
Also, identification of AhPP2C45/134 furnish new research threads
for mechanism study of salt response differences between peanut
germplasms, which play important roles in selection of salt tolerance
germplasms and breeding.

2 Materials and methods

2.1 ldentification of PP2C genes in cultivated
peanut

Protein and gene sequences of A. hypogaea cv. Tifrunner and
their annotated gene models were downloaded from PeanutBase'
(Version 1). Protein sequences were scanned using the HMMER v3
(Finn et al, 2011) using the hidden Markov model (HMM) for
PP2Cs (PF00481) from the Pfam database' (Finn et al., 2014).
Proteins carrying the raw PP2C HMM with an E-value (<1x107%°)
were used to construct a peanut-specific hidden Markov model using
hmmbuild from HMMER v3. The resultant peanut-specific HMM
was used to search the protein sequences once again, and proteins that
conformed to the criteria were submitted to NCBI-CDS* (Conserved
Domain Search) in order to select those containing the tPP2C
domain, PF00481.

2.2 Phylogenetic analysis of Arabidopsis and
peanut PP2Cs

Phylogenetic trees were constructed with MEGAI1 software
(Tamura et al, 2021) using the ClustalW algorithm (Thompson
et al, 1994) for sequence alignment with the Maximum Likelihood
(ML) method with 1000 bootstrap replicates and Pearson correction.

2.3 Chromosomal location and gene
duplication analysis

The chromosomal locations of AhPP2Cs were mapped with Map
Gene 2 Chrom web v2> (Chao et al., 2021). AhPP2C gene duplications
were identified based on a sequence similarity of their CDS 275% and
a sequence overlap of 275% of the longest sequence of the pair. Gene
duplications were depicted using a circos diagram (Krzywinski et al,
2009). The Ka/Ks ratios of all AhPP2Cs were predicted via simple Ka/
Ks calculator in TBtools (Chen et al., 2020).

1 https://www.peanutbase.org/peanut_genome

2 https://www.ncbi.nlm.nih.gov/cdd/

3 http://mg2c.iask.in/mg2c_v2.1/
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2.4 Phylogenetic analysis and
physicochemical parameters of AhPP2C-A,
salt tolerant PP2C genes from Arabidopsis
and rice

AhPP2Cs in clade A were further clustered with PP2C genes
associated with salt tolerance in Arabidopsis and rice. The
physicochemical properties of AhPP2C-A, salt tolerant PP2C genes
from Arabidopsis and rice, including amino acid length, molecular
weight (MW), isoelectric point, were calculated using Expasy
ProtPrarm tools* (Wilkins et al., 1999).

2.5 Protein and gene structures, the
prediction of the catalytic site and Cis-
acting elements in AhPP2Cs

The gene structures of clade A AhPP2Cs were predicted and
visualized using Gene Structure Display Server 2.0° (Hu et al., 2015).
Their conserved protein motifs were analyzed by MEME Suite
Version 4.12.0 (Bailey and Elkan, 1994) using a maximum of 10
motifs with an a.a. length of 6-50. The other parameters were set as
default. For AhPP2Cs in subclades Al and Al cis-acting elements
were searched for in the 1500 bp region upstream of their start codons
using PlantCARE® (Lescot et al., 2002). Their protein secondary and
tertiary structures were predicted using SOPMA’ (Geourjon and
Deléage, 1994) and SwissModel® (Waterhouse et al., 2018),
respectively. The protein sequences were submitted to NCBI-Blast’,
NetPhos3.1%° (Blom et al.,, 1999; Blom et al.,, 2004) and Phyre211
(Kelley et al., 2015), for prediction of their catalytic sites.

2.6 ldentification of miRNAs targeting
AhPP2Cs and gene function evaluation
analysis

Through the psRNATarget website, the CDS of all AhPP2Cs was
used to predict miRNA target sites (Dai et al., 2018) with default.
Figure of the interaction network among miRNAs and AhPP2Cs were
mapped by Cytoscape software (Shannon et al.,, 2003). Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

4 https://web.expasy.org/protparam/
5 http://gsds.gao-lab.org/
6 http://bioinformatics.psb.ugent.be/webtools/plantcare/ntml/

7 https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.
html

8 https://swissmodel.expasy.org/in-teractive
9 https://blast.ncbi.nlm.nih.gov/Blast.cgi
10 https://services.healthtech.dtu.dk/service.php?NetPhos-3.1

11 http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
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annotation evaluation was performed by submitting AhPP2C-A
protein sequences to eggNOG-mapper'? (Cantalapiedra et al,
2021). GO and KEGG enrichment evaluations were undertaken
using TBtools.

2.7 Plant material and treatment

In this study, the peanut cultivar Shanhua 11, which was bred and
is maintained by our research group, was used as the plant material.
Mature seeds were germinated on cotton wool soaked in distilled
water within seed cultivation discs placed in darkness for three days at
26°C, after which, intact seedlings were transplanted to a hydroponic
box and cultured with 1/5 Hoagland’s nutrient solution under a light/
dark cycle of 16/8 h. Salt stress was applied to two-week-old seedlings
by the adjustment of the nutrient solution to 200 mM NaCl. Leaves or
roots from peanut seedlings were harvested after 72 h of salt or
control treatments and were flash-frozen in liquid nitrogen before
storage at -80°C until further use. Three biological replicates were
used for analysis, each formed from materials obtained from five
randomly chosen seedlings.

2.8 RNA extraction and gRT-PCR analysis

Total RNA was isolated with the Quick RNA Isolation Kit
(Waryong, Beijing, China) and reverse transcribed into cDNA
using Advantage RT-for-PCR Kit (TaKaRa, Dalian, China)
following the manufacturer’s instructions. The specific primers were
designed using Beacon Designer 7.9. SYBR Green real-time PCR was
performed according to the guidelines of the PCR machine. The
relative expression levels were calculated by the 224" method (Livak
and Schmittgen, 2001). Statistical differences were determined by T-
test (**P<0.01, *P<0.05).

2.9 The analysis of AhPP2C gene expression
in peanut tissues and seedlings under
salt stress

The tissue specificity of AhPP2Cs was determined from RNA-Seq
data obtained for 22 different tissues at different developmental stages
during peanut growth (Clevenger et al, 2016) obtained from the
peanut database. The RNA-Seq data from salt-stressed peanut
seedlings (Luo et al., 2021) was obtained from the public repository
of NCBI'? under the biological project accession number,
PRJNA560660. The FPKM values of AhPP2C-A, including
subclades AI and AII and other AhPP2Cs were extracted from the
data set. The heatmap of was generated by TBtools after log2-
transformation of FPKM values.

12 http://eggnog-mapper.embl.de/

13 https://www.NCBI.nlm.nih.gov

Frontiers in Plant Science

10.3389/fpls.2023.1093913

3 Results

3.1 Identification and phylogenetic analysis
of the peanut PP2C gene family

A total of 183 PP2C-coding candidate genes were identified via
HMM searching in peanut (A. hypogaea L.). After screening for the
presence of the typical PP2C domain (PF00481), 178 genes were
retained. A phylogenetic tree was created after multiple sequence
alignment of the 178 AhPP2Cs 76 Arabidopsis PP2C genes. The 178
AhPP2Cs were divided into the 10 clades, A-J, as reported in other
plants before, while 6 AhPP2Cs did not belong to any reported PP2Cs
clades (Figure 1 and Supplementary Table 1). Of these, clade E was
the largest, containing 34 AhPP2Cs, while clade B was the smallest,
including 4 AhPP2Cs. The cladistics analysis indicated that the PP2Cs
of peanut and Arabidopsis were similarly distributed between the
clades, indicating the maintenance of the same types of functional
diversity in PP2Cs following their speciation.

3.2 Chromosomal distribution and gene
duplication analysis of AhPP2Cs

As shown in Figure 2, all 178 AhPP2Cs are unevenly distributed
on 20 chromosomes, with no more than five genes on chromosomes
2,7, 10 and 12, while the others are greater than five, with the greatest
number of genes on chromosome 20. Most AhPP2Cs were
concentrated near the ends of each chromosome, which was similar
to the chromosomal distribution of PP2Cs reported for other plant
species (Shazadee et al., 2019; Yu et al,, 2019). A gene duplication
analysis based on sequence similarity of AhPP2Cs indicated 78 genes
pairs and found that there was segmental duplication in 78 genes pairs
(Figure 3 and Supplementary Table 2). As expected, the paired
AhPP2Cs clustered together in the phylogenetic tree. However, their
distribution positions on 20 chromosomes were similar. Thus, to
understand the mode of selection of the AhPP2Cs, the Ka, Ks, and Ka/
Ks ratio was revealed for all gene pairs (Supplementary Table 2). The
dataset unveiled that all duplicated AhPP2C gene pairs had a Ka/Ks
ratio of <1, except for AhPP2C54/154, suggesting that AhPP2Cs in
these groups underwent purifying selective pressure. The Ka/Ks value
of two gene pairs (AhPP2C42/131, AhPP2C81/137) was zero,
indicating strong purifying selection.

3.3 Investigation of putative miRNAs
targeting AhPP2C genes

To better investigate how the AhPP2C genes were regulated by
miRNAs during translation, we identified 22 miRNAs targeting 57 genes
(Figure 4 and Supplementary Table 3). These miRNAs belonged to 14
different families. The result showed that ahy-miR3513-5p targeted the
most number (8) of genes, followed by ahy-miR159 that targeted seven
genes. Two miRNAs, including ahy-miR156a and ahy-miR3511-5p,
targeted four genes, followed by ahy-miR156¢, ahy-miR394, ahy-
miR3516, ahy-miR3514-3p and ahy-miR3520-5p that targeted three
genes, while ahy-miR408-3p, ahy-miR156b-3p, ahy-miR3519, ahy-
miR3514-5p, ahy-miR156b-5p and ahy-miR3509-5p targeted two
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FIGURE 1

A Phylogenetic tree of PP2Cs from peanut and Arabidopsis. PP2Cs in different clades are labeled with different colors. 6 AhPP2C genes in red were not

classified.

different genes. Only four miRNAs, including ahy-miR3520-3p, ahy-
miR167-3p, ahy-miR160-3p and ahy-miR398 targeted one gene,
AhPP2C163, AhPP2C34, AhPP2C47 and AhPP2CI5 respectively. In
AhPP2C-A, only AhPP2C15, AhPP2C35 and AhPP2CI21 were targeted
by miRNAs. Some genes like AhPP2C30, AhPP2C117 AhPP2CI9,
AhPP2C41, AhPP2C128 and AhPP2CI155 were found to be targeted by
more than one miRNA.

3.4 Phylogenetic analysis and
physicochemical parameters of AhPP2C-A

Previous studies have demonstrated that clade A PP2C genes has
been identified to be associated with salt tolerance in rice and
Arabidopsis (Schweighofer et al., 2004; Xue et al., 2008). In peanut,
eighteen PP2C genes belong to clade A. To further investigate their
biological functions, AhPP2C-A were further compared with the
reported salt response PP2C genes in rice and Arabidopsis. As
shown in Figure 5, the latter were clustered together with closely
related AhPP2Cs in subclades Al and AIL The bootstrap values of
these two branches were 74.3% and 74.6%, respectively, indicating a
high degree of confidence, suggesting that AhPP2Cs in these subclades

FoiE S

i

FIGURE 2

Chromosomal distribution of AhPP2Cs. Orthologous genes were linked by gray lines.
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may be functionally associated with salt tolerance. Their identification
regresses to finding peanut sequences with the high homology with
known PP2C genes associated with salt tolerance. The
physicochemical properties of subclades AI and AII are shown in
Table 1, which indicates that all members of each subclade shared
similar physiochemical properties.

3.5 Gene structures and motifs analysis of
PP2Cs in subclades Al and All

To further analyze the potential roles of AhPP2Cs in subclades Al
and AIl, their phylogeny was analyzed together with their gene
structures and motifs (Figure 6). In subclade AI, all PP2Cs,
including the salt tolerant genes from Arabidopsis and rice in the
same branch of the phylogenetic tree were similar in structures and
contained 4 exons. In subclade AIl, AhPP2C134 and 45, and two rice
PP2Cs involved in the response to salt stress contained 3 exons, while
the remaining two AhPP2Cs contained only 2 exons.

A total of 10 motifs was identified using MEME Suite. Motifs 5, 9
and 10 were exclusive to subclade AI, motif 8 was exclusive to
subclade AII, while motifs 1, 2, 3, 4, 6 and 7 were present in both

i

HFEPRER

Paralogous genes were linked by red lines.
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9Ly

FIGURE 3

Duplicated AhPP2Cs are linked by green lines.

subclades. After alignment of protein sequences, conserved domain
sequences and motifs, it was found motifs 2 and 4 are located in the
catalytic site at the C-terminus (Bork et al., 1996). These sites were
highly conserved across the PP2Cs of subclades AI and AIl, except
Os1g40094 (Figure 6 and Supplementary Figure 1). Motif 10 was
located at the N-terminal, but it appeared to be highly conserved,

Gene duplication analysis of AhPP2Cs. Chromosomes are drawn in different colors. The scale provided represents the chromosome size (Mbp).

10.3389/fpls.2023.1093913

because it was found to exist on fewer number of sequences
(Supplementary Table 4). Motif 5 and motif 9 were only present in
subclade AL This may account for the functional differences between
the two subclades. AhPP2C45/134 in subclade AII had a greater
number of motif 6, where it may confer unique functions to these
PP2Cs, which will need be investigated further.
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Phylogenetic tree of clade A AhPP2Cs, with salt tolerant genes from Arabidopsis and rice. The branches of subclades Al and All are indicated in red.
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3.6 Protein structure and catalytic site
prediction of AhPP2Cs in subclades Al
and All

The secondary structures of AhPP2Cs in Subclades AI and AII
consisted of 31.16%-43.64% o.-helices, 30.26%-46.11% irregular curls,
15.91%-23.68% [-sheets and 5.25%-9.21% B-turns. Analysis of the
secondary structures of orthologous gene pairs AhPP2C150/
AhPP2C59, AhPP2C134/AhPP2C45 and AhPP2C121/AhPP2C35
showed they were very similar. The tertiary structures were also
highly similar (Figure 7). Moreover, their catalytic structural domains
all consist of a central B-sandwich that binds Mn**/Mg*" and is
surrounded by o-helices (Das et al., 1996; Shi, 2009). The
phosphorylation sites, which can be found in motifs 4 and 2 within
their predicted catalytic sites were also found to be similar: $362 and
S309 for AhPP2C134/AhPP2C45, S322 and S276 for AhPP2C35/

TABLE 1 Physicochemical parameter of PP2Cs in Subclades Al and All.

AhPP2C121, S532 and S473 for AhPP2C59 and S531 and S472
for AhPP2C150.

3.7 Gene ontology and Kyoto Encyclopedia
of genes and genomics enrichment analysis
of AhPP2C-A genes

To further understand the role of AhPP2C-A genes at the molecular
level, we performed GO and KEGG enrichment analysis (Supplementary
Figure 2). The GO enrichment analysis can be divided into three main
categories: biological processes (BP), molecular functions (MF) and
cellular components (CC). For instance, in MF class, the most
enriched term was protein binding (G0O:0005515), followed by binding
(GO:0005488) and hydrolase activity (GO:0016787). In CC class, the
highly enriched terms were cytosol (GO:0005829) and nucleus

Subclade Name Numbers of Amino Acid/aa MW/kDa Theoretical pl

Al AhPP2C35 346 369 522
AhPP2CI21 346 372 524
AhPP2C45 380 415 6.1
AhPP2C134 380 415 578
0505849730 381 403 7.64
0s01g46760 403 430 557

ATl 050140094 356 36.4 4.68
0505g51510 445 46.7 4.90
AT5G57050.1 423 463 593
AT4G26080.1 434 475 5.81
AhPP2C150 552 59.4 473
AhPP2C59 553 59.5 474
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FIGURE 6
Phylogenetic relationship, gene structures and motifs analysis of PP2Cs in subclades Al and All. (A) Phylogenetic tree of PP2Cs (B) Motifs analysis of
PP2Cs. Colored boxes indicate the different conserved motifs as indicated in the scheme to the right of the figure. (C) Exon-Intron Structure of PP2Cs,
where exons are shown as yellow boxes. Where present, 5" and 3" UTRs are depicted as green boxes.

(GO:0005634). Whereas in BP class, the highly enriched terms were cell
communication (GO:0007154), signal transduction (GO:0007165),
regulation of molecular function (GO:0065009), response to
endogenous stimulus (GO:0009719), response to abiotic stimulus
(GO:0009628), etc. In addition, KEGG pathway enrichment study
identified four pathways involved in the different functions of the
AhPP2C-A genes. The highly enriched pathways include signal
transduction (B09132), plant hormone signal transduction (04075),
environmental information processing (A09130), MAPK signaling
pathway - plant (04016) (Supplementary Table 5). In brief, it could be
concluded that AhPP2C-A genes related to abiotic stresses response,
protein modification process and plant hormone signaling.

3.8 Cis-acting elements analysis of AhPP2Cs
in subclades Al and All

In higher plants, PP2C is involved in many stress resistance
responses and is induced by a variety of abiotic stresses. Cis-acting
elements were therefore searched in the 1500 bp sequences upstream of
the start codons of peanut PP2Cs of subclades Al and AII (Table 2).
There were obvious differences in the types and numbers of cis-acting
elements among different AhPP2Cs. The results showed that many
phytohormones and stress-related response elements were identified,
including ABRE/ABRE4/ABRE3a, Aux RR-core/TGA-element, TCA-
element, MYB and CGTCA-motif/TGACG-motifs. AhPP2Cs in
subclades AI and AII all contained MYB binding factors, which are
essential for regulating how plants respond to abiotic stress, particularly
in response to salt stress. AhPP2C150, 35, 134 and 45 contained cis-acting

Frontiers in Plant Science

elements involved in the regulation of the ABA response (ABRE/ABRE4/
ABRE3a), while AhPP2C121 and 59 did not. AhPP2C45 contained the
maximum number of cis-elements (21), while AhPP2C35 contained the
minimum number of cis-elements (4). The differences in number and
kind of elements may lead to functional difference of AhPP2Cs.

3.9 Expression profiling of clade A AhPP2Cs
in different tissues

Based on the transcriptome data of 22 peanut tissues (Clevenger
etal, 2016), the expression patterns of clade A AhPP2Cs were extracted
and shown in Figure 8 and Supplementary Table 6. Clade A AhPP2Cs
diverse with differing levels of tissue specificity. AhPP2C17, 59, 150, 134,
45, 15 and 101 expressed at relatively high levels in several of the 22
different tissues. In contrast, the overall expression levels of AhPP2C54,
35 and 121 were lower, and mainly detected in seeds tissues. The
remaining genes (7) were moderately expressed in all tissues.
Considering AhPP2Cs of subclades Al and AIl, AhPP2CI21 and 35
were only expressed in seeds, while the other four genes were also
expressed in leaves and roots. The above results indicated that clade A
AhPP2Cs exhibited different expression patterns.

3.10 The salt stress effects on the expression
of AhPP2Cs in subclades Al and All

An initial assay of the expression of subclade Al and AIl AhPP2Cs
in seedlings under salt stress used publicly available RNA-Seq data
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and All.

from leaves and roots. The heatmap of relative expression is shown in
Figure 9A. Under salt stress, in leaves, AhPP2C45, 134, 59 and 150
were up-regulated compared with the control, but this was only
significant in AhPP2C45 and 134. In roots, AhPP2C45 and
AhPP2C134 were also up-regulated, while AhPP2C59 and
AhPP2C150 were down-regulated relative to the control. The
expression of AhPP2CI21 was not detected in roots or leaves with
or without salt stress.

To validate the results for the four up-regulated genes under salt
stress one step further, the relative expression levels of these AhPP2Cs
(45, 134, 59 and 150) in leaves and roots were analyzed by qRT-PCR
(Figures 9B, C). After 72 h of salt treatment (200 mM NacCl), the
relative expression levels of AhPP2C45 and 134 were up-regulated
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irregular curls were in purple; B-sheets were in red; B-turns were in green. (B) protein tertiary structures and catalytic sites of AhPP2Cs in subclades Al

AhPP2C59

significantly in both leaves and roots. These results indicated that
AhPP2C45 and 134 may play important roles in peanut salt
stress response.

4 Discussion

Salt stress is the second worst abiotic factor affecting global
agricultural productivity, disrupting many physiological,
biochemical and molecular processes in plants. Salinity affects plant
growth, development and productivity (Raza et al., 2022). Salt stress
also has a serious impact on peanut production (Aravind et al., 2022).
PP2Cs are widespread and highly conserved in prokaryotes and
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TABLE 2 The Distribution of Cis-Acting Elements in AhPP2Cs of Subclades Al and All.

Gene name

Numbers of cis-acting element

AhPP2C150 2 3 — 3 — — 5 2 2
AhPP2CI121 — — 1 — — 1 3 — 1
AhPP2C35 1 1 1 — — — 1 — —
AhPP2C134 7 — 2 — 2 — 6 2 —
AhPP2C59 — — — 1 — — 2 — 2
AhPP2C45 10 — 2 — 2 — 4 2 1

Key: A, ABRE/ABRE4/ABRE3a; B, Aux RR-core/TGA-element; C, ERE; D, TCA-element; E, MBS; F, LTR; G, MYB binding factor; H, CGTCA-motif/TGACG-motif; I, WUN-motif; —, no

response element.

eukaryotes (Yang et al., 2018). Several studies of plant PP2Cs have
indicated that of a subfamily of PP2Cs (clade A) have regulatory roles
in stress responses through dephosphorylating the substrate proteins,
especially in ABA-dependent responses, such as the drought and
salinity response (Xue et al., 2008; Cui et al., 2013; Singh et al., 2015;
Krzywinska et al., 2016). However, less information is available for
PP2Cs in the economically important crop plant peanut, whose
productivity is considerably affected by salinity stresses. This
research therefore aimed to provide a systematic analysis of
AhPP2Cs and to identify candidate AhPP2Cs participate in salt
stress response.

In this study, we identified 178 AhPP2Cs that showed a
phylogenetic clustering similar to that of Arabidopsis, including a
distinct clade A, which is considered to contain a subfamily of PP2Cs
with roles in ABA-mediated salt stress responses (Zhang et al., 2013;
Singh et al., 2015; He et al., 2019). Numbers of PP2C genes differ a lot
among species (Kerk et al., 2002; Chen et al,, 2018; Shazadee et al,,
2019). Deviations in the number of PP2C members from different
plant species may be attributed to gene duplication events, including
tandem duplication and segmental duplication, which play an
important role in expanding PP2Cs members. Duplications of PP2C
genes have also been found in some plant species (Yang et al., 2018;
Zhang et al,, 2022). Our results confirmed that AhPP2Cs had

underwent segmental duplication strong purifying selective pressure
(Figure 3 and Supplementary Table 2). Previous phylogenetic tree of
Arabidopsis showed that there were 6 AtPP2Cs could not clustered to
any clades (Schweighofer et al., 2004; Bhaskara et al., 2019). In this
work, we found 6 AhPP2Cs clustered with 2 of the 6 AtPP2Cs, and we
speculated that this may be universal phenomena in plant PP2C gene
family. Some AhPP2Cs of clade A clustered together with PP2Cs
known to confer salt tolerance in Arabidopsis and rice (Figure 5). The
AhPP2C35, 121, 45 and 134 of subclade AI were found to be closely
clustered with the OsPP2Cs Os05g49730 (OsPP2C51) and
0s01g46760 (OsPP2C08). OsPP2C08 (0Os01g46760) was identified
as a potential candidate gene conferring improved salt tolerance
through the integration of genome-wide polymorphism information
with QTL mapping and expression profiling data (Subudhi et al,
2020). The heterogeneous expression of OsPP2C51 (Os05¢49730) in
Arabidopsis revealed that it could positively regulate ABA-induced
rice seed germination under conditions of salt stress (Bhatnagar
et al.,, 2017).

Similarly, the AhPP2C59 and 150 of subclade AII were closely
clustered with two rice Os01g40094 (OsPP2C06) and Os05g51510
(OsPP2C53) and two Arabidopsis PP2Cs (AT5G57050.1 and
AT4G26080.1). ABI2 (AT5G57050.1) as a SOS2-interacting protein
can affect salt stress response in Arabidopsis (Ohta et al, 2003).
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FIGURE 8

Expression pattern analysis of clade A AhPP2Cs. The heat map of log2-transformed averaged FPKM data was mapped using the intensity scale shown on
the right. The visualization and clustering utilized TBtools. The AhPP2Cs of subclades Al and All are labelled in red.
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Expression profiles under salt stress. (A) Relative expression pattern of AhPP2Cs in subclades Al and All in response to salt stress. (B, C) gRT-PCR analysis
of AhPP2Cs 45, 59, 134 and 150 under salt stress in leaves (B) and roots (C). “*" indicated that the genes were significant differences compared with the

untreated control (**P<0.01, *P<0.05)

Mutations ABI1 (AT4G26080.1), affecting ABA-perception in
Arabidopsis, can reduce the accumulation of both AtP5CS mRNAs
during salt-stress and result in higher proline accumulation. (Strizhov
et al,, 1997). OsPP2C53 (0s05g51510) negatively regulates OsSLAC1
in stomatal closure and transgenic rice overexpressing OsPP2C53
showed significantly higher water loss than control (Min et al., 2019).
Microarray analysis of transgenic rices overexpressing OsNAP in high
salinity, drought and low temperature revealed that a stress-related
gene OsPP2C06 (Os01g40094) was up-regulated (Chen et al., 2014).
Salt tolerant PP2C genes from Arabidopsis and rice are located in both
subclades AI and AII, then this functionality occurs in two
phylogenetically distinct subclades. This could, for example, be
because function of salt tolerant PP2C genes can be achieved in
mechanistically different ways and these evolved independently, or
these genes differ in other aspects of their sequence (domains/motifs)
that have more weight in their phylogenetic placing. In addition, the
peanut AhPP2Cs that closely clustered with PP2Cs conferring salt
tolerance also shared similar motifs and gene structures with their
Arabidopsis and rice counterparts (Figure 6), indicating that they may
also share similar functionalities.

Additionally, we found nine cis-elements, two of them, ABRE/
ABRE4/ABRE3a and MYB binding factor are related to salt tolerance.
ABRE/ABRE4/ABRE3a has been discovered in previous studies of
PP2Cs in stress (Xue et al., 2008; Chen et al., 2018), however there is
less available information regarding MYB binding factors in this
process. Furthermore, AhPP2Cs gene functions were further
predicted by GO enrichment analysis, which supported the role of
these genes in dephosphorylating the substrate proteins and salt stress
response. It is therefore of interest that after our analysis of the
expression profiles of AhPP2Cs under salt stress, we observed the
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Relative Expresion

PP2C genes with ABRE/ABRE4/ABRE3a and MYB binding factors
showed greater relative changes in expression. The genes (AhPP2C45/
134) contained both cis-elements and having the maximum number
of both cis-elements. The greater number of salt tolerance-related cis-
elements AhPP2Cs have, the greater expression levels under salt
stress. The number of salt tolerance-related cis-elements may
therefore be correlated with either high or low gene expression in
response to salt stress.

The potential phosphorylation sites and protein structures of the
AhPP2Cs were also examined. The conserved catalytic core domain
of PP2Cs contains a central B-sandwich with a pair of a-helices on
either side of each B-sheet (Das et al.,, 1996). Within the conserved
catalytic structural domain, the PP2Cs contain three characteristic
sequences: DGxxG, DG, and GxxDN (where x is any amino acid)
(Shi, 2009). These characteristic sequences located in motifs 3, 2 and
4, respectively (Supplementary Figure 3). Moreover, phosphorylation
sites were predicted to be located in motifs 2 and 4, but not in motif 3.
More importantly, some of phosphorylation sites, S362 for
AhPP2C134/AhPP2C45, S322 for AhPP2C35/AhPP2C121, S532 for
AhPP2C59 and S531 for AhPP2C150, were within the GxxDN
characteristic sequence. These phosphorylation sites may provide
an important direction for future studies of AhPP2Cs in ABA-
related signal transduction under salt stress.

Based on phylogenetic, gene structure, motif and cis-acting
elements analysis of AhPP2C-A, AhPP2C45 and AhPP2CI134 had
similar structures to the reported PP2C genes associated with salt
tolerance in rice and Arabidopsis and contained more cis-elements
that related to salt tolerance. According to the salt stress effects on the
expression, AhPP2C45 and AhPP2C134 had significant differences
compared with the control. These results indicated that AhPP2C45
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and AhPP2C134 could be candidate PP2Cs conferring salt tolerance.
The study of AhWPP2Cs in response to salt stress may be used in
conjunction with phenotypic data to screen for more salt tolerant
genotypes and salt tolerant varieties, providing a crucial foundation
for the next step breeding.

5 Conclusion

In this study, we identified 178 AhPP2C genes which distributed
across the 20 chromosomes, with segmental duplication in 78 gene
pairs. Phylogenetic tree, gene and protein structures, cis-elements and
expression analysis indicated that AhPP2C45 and AhPP2C134 could
be candidate PP2Cs conferring salt tolerance. These results provide
important information for the research of salt-stress mechanism,
selection of salt-resistant germplasm and breeding of salt-tolerance
cultivar in peanut.
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Molecular cloning and functional
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of a novel Aspergillus flavus
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from peanut
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Peanut is an important oil and food legume crop grown in more than one hundred
countries, but the yield and quality are often impaired by different pathogens and
diseases, especially aflatoxins jeopardizing human health and causing global
concerns. For better management of aflatoxin contamination, we report the
cloning and characterization of a novel A. flavus inducible promoter of the O-
methyltransferase gene (AhOMTI) from peanut. The AhOMTI1 gene was identified
as the highest inducible gene by A. flavus infection through genome-wide
microarray analysis and verified by qRT-PCR analysis. AHOMT1 gene was studied
in detail, and its promoter, fussed with the GUS gene, was introduced into
Arabidopsis to generate homozygous transgenic lines. Expression of GUS gene
was studied in transgenic plants under the infection of A. flavus. The analysis of
AhOMT1 gene characterized by in silico assay, RNAseq, and qRT-PCR revealed
minute expression in different organs and tissues with trace or no response to low
temperature, drought, hormones, Ca2+, and bacterial stresses, but highly induced
by A. flavus infection. It contains four exons encoding 297 aa predicted to transfer
the methyl group of S-adenosyl-L-methionine (SAM). The promoter contains
different cis-elements responsible for its expression characteristics. Functional
characterization of AHOMTI1P in transgenic Arabidopsis plants demonstrated highly
inducible behavior only under A. flavus infection. The transgenic plants did not
show GUS expression in any tissue(s) without inoculation of A. flavus spores.
However, GUS activity increased significantly after inoculation of A. flavus and
maintained a high level of expression after 48 hours of infection. These results
provided a novel way for future management of peanut aflatoxins contamination
through driving resistance genes in A. flavus inducible manner.

KEYWORDS

aflatoxins, Arachis hypogaea, hepatocellular carcinoma, inducible promoter, pathogens,
functional characterization
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Introduction

Aflatoxin (AF) contamination produced by Aspergillus flavus is
the key limitation for peanut production worldwide, which not only
causes enormous economic losses but also jeopardizes animal and
human health. Since the first discovery of aflatoxin-contaminated
peanut meals leading to the death of more than 100,000 turkey birds
in England in the 1960s (Richard, 2008), aflatoxin contamination has
caused heavy loss to human and live stocks now and again (Pandey
etal, 2019). Aflatoxins are a class of mycotoxins produced by species
of the Aspergillus genus, mainly including A. flavus, A. parasiticus, A.
nomius, and A. tamarii (Goto et al., 1996; Payne et al., 2006; Pandey
etal, 2019). Among the aflatoxins, B1 and B2 synthesized by A. flavus
and A. parasiticus in peanut and corn are the most toxic secondary
metabolites, carcinogenic, hepatotoxic, immunosuppressive, and
teratogenic to mankind and animals (Amaike and Keller, 2011;
Kensler et al., 2011). As aflatoxin is stable in nature and
decomposes at 237-306 °C, it may contaminate ordinary foods like
meat, eggs, and milk in the food chain leading to wide detriments to
humans (Awasthi et al., 2012; Pandey et al., 2019). A. flavus can
contaminate peanut during the growth stage, called pre-harvest
infection, and after harvest, in drying, storage, transport, and
processing, called post-harvest infection (Khan et al., 2020; Soni
et al., 2020). The pre-harvest infection in crops is the key to post-
harvest contamination (Khan and Zhuang, 2019). How to reduce or
even resolve the aflatoxin contamination problem in peanut and
peanut products has been attracting global attention.

As an important protein, oil-providing crop, and valuable
nutrition source for humankind and animals, peanut is affected by
several bacterial and fungal diseases. Peanut seeds develop
underground and are in continuous contact with soil fungal
microbiota. Aflatoxin-producing fungal species live in soil as
conidia or sclerotia, while in plants, they live in mycelial form.
Under harsh environmental conditions, sclerotia in the soil develop
conidia and probably ascospores (Horn et al., 2009), resulting in an
increased population under warm and dry conditions. Under suitable
growth conditions, Aspergillus species invade peanut seeds and
deteriorate peanut yield and quality. Breeding Aflatoxin-resistant
varieties are the most effective and safe method for managing
aflatoxin contamination. But, so far, no bred or released varieties
have shown stable resistance to A. flavus in the world (Pandey et al.,
2020), which makes aflatoxin control a challenging task.

In recent years, the successes of genetic engineering and breeding
methods have made it possible to breed aflatoxin-resistant peanut
varieties. Success stories are available in some crops, such as the
success of Bt-cotton (Fleming et al., 2018; Gutierrez, 2018), which has
highly increased yields and reduced the use of insecticides, and the
golden rice producing functional nutritions (Tang et al., 2009). At
present, nearly all promoters being used in genetic engineering are
constitutive, like CaMV 35S promoter, Ubi, and Act-1 (Kay et al,
1987; McElroy et al,, 1990; Cornejo et al., 1993), all of them can direct
expression virtually in all tissues without any influence by internal
and external factors. These promoters not only waste the energy of
plants but also bring some unsafety defects to consumers, which has
caused broad transgenic safety concerns. To breed the aflatoxin-
resistant peanut varieties, A. flavus-induced promoters, which only
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express when plants undergo A. flavus infection, would be clearly a
good choice. Inducible promoters are of great importance as they
don’t pose an additional load on plant metabolism compared to
constitutive promoters (Divya et al., 2019). Thus, identification and
investigation of Aflatoxins-induced genes and their promoters should
be important and have potential applications in creating resistance
peanut to aflatoxin contamination.

Plant O-methyltransferases (OMTs) transfer the methyl group of
S-adenosyl-L-methionine (SAM) to the hydroxyl group of numerous
organic chemical compounds, ultimately resulting in the synthesis of
the methyl ether variants of these substances (Struck et al., 2012).
Plant OMTs are primarily classified into three groups: C-
methyltransferases, N-methyltransferases, and O-methyltransferases
(OMTs) (Roje, 2006). O-methyltransferases are involved in concern
for cresistance mechanism in crop plants against several fungal and
bacterial pathogens. OMT members are reported to have fusarium
blight resistance in wheat (Yang et al., 2021). OMT members are
involved in lodging resistance in wheat by playing a role in regulating
lignin biosynthesis and resistance against various environmental
stresses (Nguyen et al, 2016). Yang et al. (2019) reported that a
wheat OMT improved drought resistance in transgenic Arabidopsis
(Yang et al.,, 2019). Another member of wheat OMT (TaCOMT-3D)
enhances tolerance against eyespot disease and improves the
mechanical strength of the stem (Wang et al, 2018). In maize,
OMT members enhance PEG and drought tolerance (Qian et al,
2014). Plant OMTs participate in the structural diversification of
different chemical compounds; the methylation alters the solubility
and reactivity of natural compounds, resulting in a change in their
biological processes (Gang et al., 2002). Due to their important roles
in secondary metabolism, OMTs are widely investigated in plants.
However, no reports have touched the OMTs associated with A. flavus
infection, especially its highly inducible response to the A. flavus
inoculation, implying an important use for aflatoxin management.

In searching for A. flavus-induced promoters, a genome-wide
large-scale microarray study was performed (Chen et al., 2016; Zhang
et al,, 2017), an O-methyltransferase gene (AhOMT1I) was found to
have a gigantic response to the A. flavus infection. Then, we studied
the aflatoxin inducible promoter of that O-methyltransferase gene
(AhOMT1). Our study aimed to identify and clone the OMT1 and the
aflatoxins inducible promoter that can be used to drive aflatoxins-
resistant genes for future use. We also performed the functional
investigation of this promoter in Arabidopsis plants and provided its
practical significance. If genes with high resistance under the control of
aflatoxin inducible promoters are transformed in peanut, it would be an
outstanding achievement in obtaining aflatoxin resistance.

Materials and methods
Plant materials and growth conditions

In this study, we used peanut cultivars Minhua-6 (M6),
Xinhuixiaoli (XHXL), and Arabidopsis Columbia-0 (Col-0). XHXL
is a highly A. flavus-resistant variety. The peanut and Arabidopsis
seeds were maintained by the Oil Crops Research Institute, Fujian
Agriculture and Forestry University. Peanut plants were grown in
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research fields and the greenhouse of Fujian Agriculture University.
Arabidopsis plants were grown in small plastic pots (8 cm diameter).
Peanut and Arabidopsis plants were maintained at 25°C and 16/8 h
day/night photoperiod.

Fungal strain growth and inoculation

A highly toxic strain of A. flavus (AF2) was grown on Potato
Dextrose Agar medium PDA (Potato=200g, Dextrose=20g,
Agar=15g, water up to 1L). The fungal isolates were grown on PDA
in a 100 mL flask at 28 °C for one week. Green spores of AF2 were
collected in a solution of 0.01% tween 20. The spore concentration
was diluted to 1.9 x10° conidia mm™ (Li et al., 2006). The spore
solution was used to spray the peanut leaves, and samples were taken
at 3h, 6h, 9h, 12h, 24h, 36h, and 48h after inoculation. Non-treated
sampled (0h) were used as a control to compare the expression of the
AhOMT1I gene.

Selection of aflatoxins inducible gene

The screening of aflatoxin inducible genes was based on our
previous microarray studies (Chen et al.,, 2016; Zhang et al., 2017).
Differential expression profiles were compared among different
peanut tissues, including the maturing pods which were infected by
A. flavus plus drought (PAFDR, peanut A. flavus inoculation plus
drought), dealing with drought (PDR-af, peanut in drought stress, no
A. flavus inoculation) and normal watering (PAFCK, peanut without
A. flavus inoculation as for control), using microarray with
oligonucleotides of 60bp containing 12x135K arrays. Trizol reagent
was used to extract the total RNA, and array hybridization, washing,
scanning, and data analysis were performed according to
NimbleGen’s Expression user’s guide for expression comparisons.
From the microarray expression, A. flavus inducible specific
expression gene fragments were isolated. A member of the peanut
OMT family, “Isoliquiritigenin 2’-O-methyltransferase”, was found as
a highly upregulated gene.

Cloning and analysis of the AhOMT1 gene

The full-length AhOMTI gene was cloned from the peanut
pericarp cDNA infected by A. flavus. Based on the target gene
sequence, the full-length gene was amplified by RACE (Rapid
Amplification of cDNA Ends) with the special primers, RACE-F
and AhOMT]I-R for the 5’-upstream fragment cloning; RACE-R and
AhOMTI-F for the 3° downstream fragment cloning. Primer
sequences are given in Table S2. The “Isoliquiritigenin 2’-O-
methyltransferase” gene with an mRNA Id “AH13G54850.1 is
present on the chromosome 13" of cultivated peanut (http://
peanutgr.fafu.edu.cn/) (Zhuang et al., 2019). As this gene is being
studied for the first time in peanut, we renamed it AhOMT]I
for convenience.

We used BioXM 2.6 software to predict the open reading frame of
the splicing sequence. Sequence homology analysis was performed
using BLASTP at NCBI, TAIR (https://www.arabidopsis.org/)
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(Lamesch et al., 2012), and Legume Information System LIS
(https://legacy.legumeinfo.org/) (Gonzales et al., 2005). The protein
sequence was also submitted to ScanProsite and NCBI databases to
analyze the protein binding sites and functional domains. Protein
physical and chemical parameters were analyzed by ExPASy
(Gasteiger et al,, 2003). The evolutionary reconstructions of OMT1
proteins from different legume species and peanut were studied by
constructing a rooted phylogenetic tree. Protein sequences were
aligned by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/), and a rooted tree was constructed by Dendroscope 3

(Huson and Scornavacca, 2012).

Cloning and analysis of AhOMT1 promoter

Cloning of the AhOMTI promoter is based on the previous
Nested PCR analysis. Genomic DNA was extracted from the young
roots of peanut M6 using the CTAB method. Peanut Genome Walker
libraries were constructed using our own library’s approach. The
genomic DNA was incompletely digested by three restriction enzymes
(Asel, EcoRI, and HindIlII) and then ligated the fragments to adapters
to construct three genomic libraries using the adaptor primers,
ongAd, ShortHindIII, ShortEcoRI, and ShortAsel (Table 52).

Genomic libraries were used as the PCR temple to obtain the
upstream sequence by Flanking PCR. Two forward primers (AP1,
AP2-C) and two reverse primers (AhOMT1-SP1, AhOMT1-SP2)
were designed to clone the promoter of the AhOMTI gene (Table
S2). Finally, a primers pair was designed to clone the promoter from
the genomic DNA of peanut; the forward primer (AhAF7-F) was
designed upstream of the coding sequence, and the reverse primer
(AhAF7-R) was designed at the AhOMT1 gene sequence (Table S2).
The PCR amplified fragment was visualized through 2% agarose gel,
purified by TTANGEN Universal DNA Purification Kit (TTANGEN
Biotech Beijing, China), and sequence was verified by Beijing
Genomics Institute (BGI, Shenzhen, China).

A 1698 bp region upstream of the start codon of the AhOMT1
gene was selected for promoter analysis. Cis-regulatory elements of
the promoter region were predicted by the PLACE database (https://
www.dna.affrc.go.jp/PLACE/?action=newplace) (Higo et al., 1998)
and the PlantCARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Rombauts et al., 1999).

Verification of A. flavus inducible expression
of AhAOMT1 gene

Following the A. flavus inoculation of peanut leaves, samples were
taken and preserved at -80°C. RNA was extracted by the Cetyl
Trimethyl Ammonium Bromide (CTAB) method with few
modifications (Chen et al., 2019). Following the manufacturer’s
protocol, 1ug RNA was reverse transcribed to synthesize the cDNA
with the PrimeScript 1st strand cDNA Synthesis Kit (Takara, Dalian,
China). To check the real-time expression of the AhAOMTI gene in
response to A. flavus infection, a QRT-PCR reaction was performed
using the MonAmpTM ChemoHS qPCR Mix (Monad Biotech,
Wuhan, China). The reaction was prepared according to the
product guidelines. The peanut Actin gene was used as a control
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(Chi et al, 2012), and the reaction was carried out in Applied
Biosystems 7500 real-time PCR system (USA) at 94°C (1 min), 60°
C (1 min), and 72°C (1 min) for 40 cycles. Primers used for RT-qPCR
are given in Table S2.

Vector construction and transformation
into Arabidopsis

A two-step Gateway cloning system was used to construct the
plant expression vector using the pMDC164 vector. The pMDC164
vector is a plant expression vector that contains the GUS reporter gene
and hygromycin antibiotic resistance gene. After sequence
verification, the AhOMTI promoter fragment was ligated between
attP sites of entry vector pPDONR-207 by BP reaction. The promoter
sequence was verified again and then cloned into the pMDCl164
vector between attR sites by Gateway LR cloning with the primers
containing universal Gateway adapter sequences.

Constructed vector AWOMTIP::GUS was transformed into A.
tumefaciens (GV3101) and KM+ (50 pg/mL) resistance colonies
were selected on YEB and verified by PCR. The Transformed A.
tumefaciens cells were grown to the ODgg of 1.0-1.5. Bacterial cells
were harvested by centrifugation and resuspended sucrose solution
(5%), also containing Silwet L-77 (0.02%) and Acetosyringone (AS)
(100pg/mL). The floral dip method (Clough and Bent, 1998) was
employed for the genetic transformation of mature Arabidopsis
plants. Opened flowers were clipped off before floral dipping, and
the transformation was repeated after five days. Plants were grown
normally following the transformation procedure, and mature seeds
were collected. TO seeds were sterilized with ethanol (75%) and 10%
H,0, and grown on MS medium containing 50pug/mL Hygromycin
for screening of positively transformed plants. From Hygromycin-
resistant plants, eight were randomly selected for genetic verification
for the presence of promoter by PCR with the promoter and GUS
gene-specific forward and reverse primers (Table 52). PCR-verified
plants were grown to get the homozygous T3 generation for further
functional studies. In each generation, greater care was carried out to
avoid outcrossing, while Hygromycin and PCR-based verification
were repeated in each generation.

Functional study of AhOMT1 gene in
response to A. flavus

The AhOMT1 promoter expression was analyzed by studying the
behavior of the GUS gene in transgenic plants. Histochemical staining
and quantitative expression of the GUS gene were checked in response
to A. flavus infection. Transgenic plants were divided into three
groups, each infected with A. flavus. For A. flavus infection, the
spore solution was prepared as mentioned above and used to spray
the young plants. Leaf samples were collected before treatment (Oh)
and after infection, 1h, 3h, 6h, 12h, 24h, and 36h. GUS staining
solution 2mM 5-Bromo-4-chloro-3-indolyl B-D-glucuronide (X-
Gluc) was prepared in 10 mM EDTA, 0.1% Triton X-100, 2 mM
Potassium ferricyanide, 50 mM sodium phosphate buffer, and 2 mM
Potassium ferrocyanide (Jefferson et al., 1987). Samples were
incubated in GUS solution at 37°C for 12 hours. After that, samples
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were washed and decolorized with 75% ethanol. Photographs of
stained samples were taken with an OLYMPUS microscope (BX3-
CBH) and digital camera. For quantitative expression analysis of GUS
gene, QRT-PCR was performed with samples taken from A. flavus-
stressed plants. RNA was extracted with Trizol reagent, as mentioned
above. Transgenic plants were also treated with different plant
hormones, including salicylic acid (SA, 3mmol/L), ethephon (ETH,
Img/ml), Brassinolide (BR, 0.1 mg/L), abscisic acid (ABA, 10ug/ml)
and paclobutrazol (PAC, 150mg/L) to check that either AhOMTI
promoter is affected by these hormones or not. Plants were treated
with distilled water as a control group.

Results

Selection and verification of A. flavus
inducible AhOMT1 gene

Aflatoxin inducible genes were selected from a previous microarray
expression study. Microarray analysis was performed on peanut cultivar
Minhua-6 plants treated with drought, a combination of drought and A.
flavus infection, and a control group. Plants with normal watering were
taken as control group. Gene with high microarray expression under
drought and A. flavus infection were selected as A. flavus inducible genes.
Among the upregulated genes, a member of peanut O-methyltransferase
family “Isoliquiritigenin 2’-O-methyltransferase” (AhOMT1I) with the
probe Id “GFBZZHF01DILSM” was found to be highly inducible.
Expression levels of ten highly A. flavus inducible genes are shown in
Figures S1A, B (Log2 normalized microarray expression values are used),
while the relative expression values are given in Table 1. High-density
oligo-nucleotide microarray with 100,000 unigenes, including the
AhOMTI gene and relative expression levels of the AhOMTI gene
across different tissues, is given in Figures SIA-C. Expression level of
the AhOMT1 gene under control and drought conditions was almost
similar, but it recorded a high increase in microarray expression in
response to a combination of drought and A. flavus infection. An almost
200-fold increase was observed upon A. flavus inoculation. AhOMT1
recorded the highest increase in expression among inducible genes, so it
was selected for the promoter analysis.

For evaluation of AhOMT1, RT-PCR was performed using total
RNA obtained from root, stem, leaf, flower, pericarp, testa embryo,
and aflatoxins-inoculated pericarp tissues. The result showed that the
gene was nearly unexpressed in these peanut organs without any
stress treatments (Figures 1A, B). We also performed the semi-
quantitative RT-PCR analysis and got consistent results. However,
AhOMT1 detected high expression in the peanut pericarp infected
with A. flavus (Figure 1B). These findings are in accordance with the
analysis of the cDNA microarray in two sets of in silic expression for
AhOMT1I gene evaluation (Figure S1C; Table S1-1, 2). The result
confirmed that AhOMT1 is an A. flavus-induced gene.

Further evaluation of the AhOMTI inducible behaviors was
performed by qRT-PCR analysis and another set of microarray
analyses with various stresses (Figures 2A, B, SI1-B). For the qRT
assay, the peanut plants were challenged with A. flavus. The
expression level of AWOMT1I in leaves was observed at 1h, 3h, 6h,
9h, 12h, 24h, 36h, and 48h after inoculation. Data were analyzed by
the 27*4“" method while using Actin as control gene. AhOMTI gene
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TABLE 1 Microarray expression of some A. flavus inducible genes.

10.3389/fpls.2023.1102181

Probe Id Microarray expression
Gene name Normal watering  Drought = Drought + A. flavus  Folds of upregulation

GFBZZHF02GJYBV 40S ribosomal protein S5 (Fragment) 12 14 9194 656.71
GALJ6PP01B5DBY Probable F-box protein At4g22030 15 13 3562 274.00
GAYHEI101IEGW7N Protein GLUTAMINE DUMPER 1 888 31 7672 247.48
GALJ6PP0O1DP2GR EG45-like domain containing protein 13 11 2751 250.09
GD3IWDR02CZXC6 Uncharacterized protein 19 22 4752 216.00
GFBZZHF01DILSM Isoliquiritigenin 2’-O-methyltransferase 49 86 17355 201.80
GD3IWDRO02DXEV] Laccase-14 31 29 4462 153.86
GFBZZHF02F852U Probable inactive purple acid phosphatase 1 11 26 3856 148.31
GALJ6PP01A9Y8O Unknown function 17 26 3793 145.88
GAYHEI101CFH5I Cysteine-rich receptor-like protein kinase 3 40 28 2358 84.21

* Microarray expression under different treatments.

was expressed gradually upon A. flavus treatment at 1h, 3h, and 6h
after inoculation (Figure 2A). After 6h, AWOMTI1 showed decreased
expression, but the expression level was still much higher compared
to the control (without treatment). Microarray studies showed that
compared with actin-7, AhOMT]1 expressed weakly in different
organs and tissues and did not respond to environmental
challenges such as low temperature, drought, deficient Ca’t,
bacterium Ralstonia solanacearum inoculation, and also to
hormones treatments but upregulated by Ethephon (Figure S2B;
Tables S1, 2). These results indicate that the AhOMTI gene is
highly expressed under A. flavus infection.

Cloning and characterization of
AhOMT1 gene

The cDNA of the AhOMT]I gene was first obtained from Arachis
hypogaea cv. Minhua-6 pericarp ¢cDNA infected with A. flavus by
RACE approach using the designed specific primers (Table S2). After
obtaining the 5 upstream and 3’ downstream cDNA sequence of
AhOMT1, two specific oligo primers were designed to clone the entire
cDNA and genomic DNA. The gene AhOMT1I contained a 1,293 bp
full-length cDNA (not counting 31bp of polyA) comprised of a 241
bp 5’UTR, an 894 bp long ORF and a 158bp of 3’UTR (Figure S2).
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FIGURE 1

A. flavus inducible gene screening and AhOMT1 expression in peanut. (A, B) AhOMT1 gene showed very week or no expression in different tissues (root,
stem, leaf, flower, pericarp, testa, and embryo), but gigantic upregulation induced by A. flavus by both microarray and RT-PCR analysis. The DNA
template from the pericarp treated with drought (PDR-af), drought plus Aspergillus flavus infection (PAFDR), and normal watering (PAFCK).
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FIGURE 2

Characteristics of AhOMT1 expression in peanut. (A) Expression analysis of AhOMTI gene in response to A. flavus infection determined by gRT-PCR.
AhOMT1 showed high level of expression upregulation upon A. flavus infection in peanut leaves. Expression was increased after one hour of inoculation
that showed increasing trend upto 6 hours. After 6 hours, expression showed a decreased trend but still was very high as compared to non-treated
leaves. (B) AhOMTI gene demonstrated little responses to hormones and environmental stresses besides Ethephon treatment (Eth) with upregulation. SA,
salicylic acid; ABA, abscisic acid; PAC, paclobutrazol; Mej, Methyl jasmonate; LT, low temperature; RRS, Ralstonia solanacearum inoculation on resistance
peanut; RRSc, resistance cultivar without inoculation; SRS, R. solanacearum inoculated on susceptible cultivar. SRSc, susceptible cultivar without
inoculation; Ca6/9/15: embryo in deficient calcium at 6, 9 and 15 days after pegging; Ca6/9/15ck: embryos in sufficient calcium at 6, 9 and 15 days after

pegging.

The translated coding sequence encodes a 297 amino acid protein.
The comparison of genomic and cDNA sequences showed that ORF
contains three introns (Figures 3A, S2) of 130 to 816 bp length, and all
introns had a usual 5°GT and 3’AG ends (Ballance, 1986). This
supported but revised the annotation of AhOMTI gene structure
with 1086 bp ORF and 49 bp 5UTR (AHI13G54850.1) in
Chromosome 13, a 192bp upstream fragment being predicted to be
a coding region (Zhuang et al., 2019). Presence of Methyltransf 2
superfamily domain provided that AhOMTI belongs to O-
Methyltansferase gene family (Figure 3B).

OMT1 homologous genes from other legume species were
identified from LIS and TAIR databases. The percent identity was
found by BLASTP in DNAMANS.0 software. As AhOMT1 is present
on 13" chromosome (B sub-genome), derived from ancestral species
A. ipaensis, and the results were consistent to expectation. It showed
97.41% identity with A. ipaensis (Araip.Z3XZX.1), while identity with
A. duranensis (Aradu.PF1E]J.1) is 56.15%, indicating a rapid
diversification of it. AhOMTI showed 70.99% identity with G. max
OMT1 homolog (Glyma.09G281900.1) and 57.76% identity with
Arabidopsis (At5G54160.1) (Table 2). Phylogenetic analysis revealed
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a well-supported division between methyltransferase family groups,
and the AhHOMT1 lies within a distinct clade containing the AhOMT1
(Figure 3C), providing further support that AhOMTI is a gene
encoding Isoliquiritigenin 2’-O-methyltransferase.

The protein sequence analysis by ExPASy showed that the
AhROMTI had a molecular weight (MW) of 33532.5 and a
theoretical isoelectric point (pI) of 6.49. The instability index (II) is
computed to be 44.34, indicating an unstable protein. The protein was
predicted to be a hydrophilic protein with no signal peptide region
(Figure S3A-4B). And the prediction of protein hydropathicity also
showed that AhOMT]1 is a hydrophilic protein (Figure S3C). These
indicated that AhOMTI might be a peripheral protein. The conserved
domain analyzed by ScanProsite showed that the domain contains
five S-adenosyl-L-methionine binding sites and a proton acceptor site
(Figure S3D). The protein binding sites and functional domains of the
AhOMT1 gene analyzed by the NCBI database suggested that the gene
is a member of the Methyltransf 2 superfamily (Figure S3E). This
family contains a range of O-methyltransferases. These enzymes
utilize S-adenosyl methionine (Kozbial and Mushegian, 2005). All
these indicated this gene encoded a putative O-methyltransferase.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1102181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhuang et al.

Exon Intron

5’UTR

1 250 500

e e W ]

10.3389/fpls.2023.1102181

Exon Exon Exon

3°’UTR

750 1000 1250 1324

(+) RF #2
Superfamilies

Dimerisation supe

| Methyltransf 2 superfamily |

A5G54160.1 (A. thaliana)

Psat3g198600.1 (P. sativum)

lupan.Lup010764.1 (L. angustifolius)

Vradi10g00000331.1 (V. radiata)

Aradu.PF1EJ.1 (A. duranensis)
AH13G54850.1, AhOMT1 (A. hypogaea)

[]

Araip.Z3XZX.1 (A. ipaensis)
Glyma.09G281900.1 (G. max)

—

GlysoP1483463.09G231800.1 (G. soja)

Cc_12850.1 (C. cajan)

Lj0g3v0364049.1 (L. japonicus)

Ca_24403.1 (C. arietinum)

Tree scale: 0.1

FIGURE 3

Structure and classification of AHOMTI gene. (A) Structure of AHOMTI gene. (B) Functional domains structure of AHOMTL. (C) Phylogenetic relationship
of AhOMT1 gene with OMT1 genes of other legume species. Unrooted tree was constructed by taking AtOMT1 as reference.

Isolation of AhOMT1 promoter sequences

Genomic DNA was extracted from leaf samples of peanut (Figure
S4A). 4pg genomic DNA was incompletely digested with the
restriction enzyme Asel, EcoRI, and HindIIl for 5min, 15min, and
25min, respectively (Figure S4B). Then we ligated the corresponding
Adapter to the digestion products of the three restriction enzymes by
T4 DNA Ligase overnight at 20 °C.

With the digested DNA connected with the complementary
adaptors as the template, more than 1700bp fragment was isolated
by three times nest PCR. The promoter was amplified using genomic
DNA (50ng/ul) with primers AhAF7-F and AhAF7-R. After agarose
gel electrophoresis, we got two bands that showed in Figure S4C. We

_Llj

Medtr19036460.1 (M. truncatula)
Tp57577_TGAC_v2_gene8248 (T. pratense)
MS.gene95903.t1 (M. sativa)

linked them to the vector pMDI18-T and sequenced them. The
sequencing results showed both bands containing a 197bp
downstream fragment that overlapped the upstream AhOMTI1 gene
with the same sequence, indicating that the cloned promoters were
correct starting from AhOMT]1. Detach the overlapped sequence with
the AhOMTI gene, the length of the two promoters region of the
AhOMT1I before the ATG were 1,690bp and 1103bp, respectively
(Figure S5). We named them AhOMTI promoter L and AhOMT1I
promoter S. The two sequences, long and short, were then approved
to be the promoters of AWOMTs from respective Ah13G54850.1 and
Ah10G32250.1 genes (Zhuang et al., 2019). For future studies, we
used the AhOMT]1 L promoter from high aflatoxin resistance peanut
cultivar XHXL.

TABLE 2 Comparison of AHOMT1 to homologous genes from other legume species.

Species Genes description Accession number Identity %
Glycine max O-methyltransferase Glyma.09G281900.1 70.99
Medicago truncatula Caffeate O-methyltransferase Medtr1g036460.1 61.58
Lotus japonicus O-methyltransferase 1 Ljog3v0364049.1 61.45
Arabidopsis thaliana O-methyltransferase 1 At5G54160.1 57.76
Arachis ipaensis O-methyltransferase 1 Araip.Z3XZX.1 97.41
Arachis duranensis O-methyltransferase 1 Aradu.PF1E].1 56.15
Arachis hypogaea Isoliquiritigenin 2’-O-methyltransferase AH13G54850.1 100
Arachis hypogaea Isoliquiritigenin 2’-O-methyltransferase AH10G32250.1 98.6

The gene accession numbers are as given in LIS, TAIR, and PGR databases.

Frontiers in Plant Science

77 frontiersin.org


https://doi.org/10.3389/fpls.2023.1102181
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhuang et al.

Analysis of cis-regulatory elements of
AhOMT1 promoter

The cis-acting elements of the L promoter region of the AhOMT]
gene were predicted by online databases viz, PLACE (Higo et al,, 1998)
and PlantCARE (Rombauts et al., 1999). A 1698 bp sequence upstream of
the AhOMT1 coding region contained the core elements, including the
TATA box, required for precise initiation of transcription (Grace et al.,
2004), the CAAT box needed for tissue-specificity (Shirsat et al., 1989).
Other key elements include light-responsive elements; Box 4, GATA-
motif, GT1-motif, Gap-box, and I-box. Several others were also present,
including defense-related elements, WUN-motif, MYB binding sites,
ethylene-responsive element ERE, and wound-responsive elements.
Zein metabolism-responsive element (O2-site), flavonoid biosynthesis
elements (MBSI), and seed-specific elements (RY-element) were also
present. More details of cis-regulatory elements in AhHOMTIP are given in
Figure 4. The presence of these elements suggests that AhHOMT1IP can be
a suitable candidate for a gene’s own promoter. Some novel elements
were predicted in promoter region, except these previously identified cis-
elements (Figure 4). Further details for the cis-regulatory elements
predicted in AhOMT1 promoter through PlantCARE database are
given in Table S3. The AhOMTI promoter sequence are given in
Supplementary File 1, while the elements predicted through the new
PLACE database are given in Table S4.

Generation of transgenic plants with
AhOMTIP: GUS fission unit

A 1698bp upstream region of the AhOMTI gene was PCR
amplified (Figure 5A) using the DNA of a high A. flavus-resistant

>ahoMT1P
GT1-motif (-) MYB(-)
-1698 CGACGATTCA CACACAATTA GGCAATAGTT GATTTTGTGG TTACGTTTTA GTTCACATGA AGTATTTATA
Unnamed_4 Unknown function(-) AT~TATA-box

-1628 TCAAATTTEESBTCAATATA GGATGAACAT TGAGTTATAT AEENTTCA AAAAAATTGC ATAGCTAAAA
02-site 3-AF1-binding site

-1558 TTTTCGCATC TTATTAAATT ATTERNGANGEBGAGGTTATA AGAGAGCAAA AAATATTTTT CTTTTATCGT

-1488 ACTTTATTTA CTTAGTTGCG TTTTTATACA GTAGTTTAGT TACTTTATGT GTTAACATTT TATAAAAGTA

MYC
-1418 TGATATATAA ATTATTEEBMEBECAATTTTG CATGTTAATT HESABBBNTT ATTTTTTTTG TTTGTCTCTC
Gap-box (-) ERE (-) AE-box

-1348 AATCCTTAAT CA TAAAATTTAG AGGTAAARAA TTTAATATAT ATANEGESSG
-1278 TTATAATTTT CATAATATAA TGTAAAGTTT AATAAAATAA TGAAGGAAAA GTAAGTATAT TCCAACAAGG
-1208 TAAGTTGTCA AACTTCAGGG TTTGACTTTG ATTACAAGGA TAAGGCACTA TAACATTTTT GTTCCATGGT
MBSI(-) I-box
-1138 CACGATTTTC TC' [X A AAAAAMAACT ATAGTCATGA TTTTTTAAAA
CAT-box (-) STRE
-1068 AAGHGEGEET TAAAAAGGTC TATGGTCACG GTTTTGAAGG ATGATCTAANJGGGETCTATG GTCACAGTTT
-988 TTTACAGTGA CAARAAGGAG TCTATGGTCA CGGTTTTTCA AAAAAGAATC ACCTAAGAGG GTCTATAATC
-928 ACGGTTTTCEEMEGTGACCT AAAAATTAGT GATTGAAACG AAGCAGTGEEJEGGETAGCAT ARACACTTAC

Unnamed_4 (-) LTR (-)
-858 AGTATTCCGG TGAAAGTGGG AATGAATCGA AGAAGGCAAG TGATTAATTT GGTTACCCAA GCATAGGTCG
MYB(-)

-788
-718 TTTTCAAGTT CAAGCAGCAG CC' 'TAA AGTTTAATCA AATH
W-box (-) RY-element (-)
-648 [ECGCGGTCA ATTTCTTTGA CTAGTTAGTG TAAGCCGCCA GAAGCTAACA AGGAATGTAA AATGAATATA
-578 AAAGCAGGGT AC. TGC: GACTTTTCCA GARAGACGCA TCAARATTTGC TTCAAAAACA
-508 TATAGAAACA GTGCAACTTT ATTACCTAAT ACTTACCAAT GGAAAAGTCT AGGGGTCAAC AACTTTTTCA
W-box (-)
-438 AATTCTAATC AGCAAGTAAC CAGCAAAGAA AAGTGAGCCA TTGGATGAAA TCTCACACCA ATCTCATACC
MYB WUN-motif GCN4-motif
-368 ATTAAAATCA TCATTAATAG CTATTTGATG GTTACAAATT ACAARAAFTANGEGGCCCTCT AGCACTGAGT
CAAT-box TATA-box Box 4
-298 CATCAGAATG CTATGAGEES AGATCABEEMJABATATGAGA CCAAARTTAAT GCAAGGACAA CACACATTA
TC-rich repeats(-)
CAATG

ACCACATGAA GACATGATTA TTATTGTCTT
TTTCGAAATT GCi

TCT

-228 TATATTCACA AGACAAGTGA GAA TAAACAATGA GTT TC Ci
Unnamed 4 Unnamed_4 (-)
-158 CTTTCGTTTC AGCATTGGTA CTTTGTTTTA GTCGGATCAJJEBTGCAATC ATAAATGCAG CCATTGATCT
P-box (-)
-88 GAATCTGTTT GAGATCATAC CATGAABRGE GATCATGTCT GCCTCGGAAA TTGCTTCAAA GCTTCCGATT
+1

-18 AAAAAAGAAG ACACTGAT ATG

FIGURE 4
Sequence analysis of AhOMT1 promoter. Presence of cis-elements in
promoter sequences predicted by the PlantCARE database.
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peanut variety XHXL by promoter-specific primers (Table S2).
Following the Gateway BP and LR cloning steps, the expression
vector AWOMTIP::GUS was successfully constructed (Figures 5B, C)
and transformed to A. tumefaciens. Genetic transformation of
Arabidopsis plants was carried out by the floral dip method, and
hygromycin-resistant positive transgenic plants were confirmed by
PCR amplification. Eight plants showing resistance to Hygromycin
were selected for PCR confirmation (Figure 6A).

Characterization of AhOMTI1P
expression function

Histochemical GUS staining was checked under control (ddH,0)
and A. flavus infection. Transgenic Arabidopsis plants were sprayed
with A. flavus spores. Leaf samples were taken before A. flavus
inoculation and 1h, 3h, 6h, 12h, 24h, and 36h after spray and
incubated in staining solution to check the histochemical
expression of the GUS gene. Results showed that staining was not
present in control plants (Oh, before spray). At the same time, a strong
blue color was present in treated leaves at all time points, indicating
that the GUS gene was induced in response to A. flavus treatment
after 1h, and it continuously showed high expression at 3h, 6h. 12h,
24h, and 36h samples with three replications (Figure 6B). More
results for GUS staining of whole leaves of transgenic Arabidopsis
plants can be seen in Figure S6. While the small sections of stained
leaves are shown in Figures S7, 6C. Small seedlings of transgenic
plants are shown in Figures S8, 6D. These results showed that the
AhOMT1I promoter was inactive under normal conditions, as staining
was not present in non-treated leaves. AhOMTIP was induced only
after A. flavus infection. These results supported that the AhOMT1
gene is an A. flavus inducible gene and a suitable candidate for the
native promoter of a gene. Based on these results, it can be predicted
that the AhOMT1I promoter can activate anti-aflatoxin genes upon A.
flavus infection. Using this promoter to drive aflatoxin resistance
genes in transgenic peanut will provide an excellent way to improve
the aflatoxin resistance of transgenic peanuts.

Quantitative expression of AhOMTI1P
controlled GUS gene in response to A. flavus
infection and plant hormones

Because the GUS staining just reflects continuous gene expression
in A. flavus treated leaves after 1h, to quantify gene expression
intensity at different time points for comparison more detailedly
after A. flavus infection, the GUS gene expression was determined by
qRT-PCR. The expression of the GUS gene was enhanced in response
to A. flavus infection after 6 hours, and this increased expression was
still maintained after 48 hours of inoculation (Figure 7). Although the
GUS gene showed a reduced expression after six hours, the expression
level was still too high compared to non-treated plants. Maximum
expression was observed at 36 hours post-inoculation. The expression
level of AhOMTI promoters under different phytohormones stress
was determined to check that either this promoter is only induced by
A. flavus or it can be induced by different hormones. So, the real-time
expression of the GUS gene in transgenes treated with hormones was
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FIGURE 5

Construction of vectors using the backbone of pMDC164 vector by Gateway cloning. (A) Amplification of AhHOMT1 promoter, M=2kb marker. (B) Construction of
Gateway entry clone using pPDONR207 vector. (C) Construction of Gateway expression vector using the backbone of binary vector pMDC164.

determined by qRT-PCR. For that purpose, transgenic Arabidopsis
plants were treated with abscisic acid, Brassinolide, ethephon,
paclobutrazol, and salicylic acid solutions. Under all hormonal
treatments and distilled water, the GUS gene did not show any
remarkable increase in expression. The expression level of the GUS
gene was a little reduced in some cases and a little increased in others.
Overall, the expression pattern was comparable to the transcriptome
expression of the AhHOMTI gene in peanut compared to control or
non-treated plants (Figure 8). The GUS gene’s expression profiling in
response to different hormonal treatments provided that the
AhOMT1I promoter did not induce the expression of the GUS gene
under hormone treatments. Deep GUS staining and increased
quantitative expression of the GUS gene upon A. flavus infection is
indicative of the inducible behavior of the AhOMTI promoter. Our
results are supported with our transcriptome analysis in another
peanut cultivar (Zhuang et al., 2019) (Table S1). The same results
were obtained that AWOMTIP was non-responsive to any hormone
treatment, and very weak expression was found in all tissues or organs
in peanut. Thereby, it is evident that plant hormones do not induce
the AhOMT1 promoter. These results collectively suggest that
AhOMTIP is a suitable candidate for A. flavus resistance
transgenic breeding.

Discussion

As an important geocarpic crop supplying humans with oil, food,
and feed worldwide, peanut is vulnerable to many pathogens and
diseases (Severns et al., 2003; Pandey et al., 2019; Soni et al., 2020).
Aflatoxin is known as the strongest carcinogen caused by species of
the genus Aspergillus (Bordin et al., 2014). Several researchers have
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suggested different strategies to cope with the attack by Aspergillus
species and avoid aflatoxin contamination (Cobos et al., 2018; Sharma
et al, 2018; Khan and Zhuang, 2019). Genetic engineering with
Aspergillus species-resistant genes is one of the most promising
ways to tackle the issue (Nigam et al., 2009; Sharma et al.,, 2018;
Ncube and Maphosa, 2020), especially when no germplasm has found
stable resistance to A. flavus, which makes breeding resistance variety
challenging and very slowly. However, most transgenes are expressed
under the control of constitutive promoters that often make plants
experience an increased metabolic burden. Constitutive expression of
transgenes wastes a lot of metabolic energy that may result in
undesirable phenotypes and decreased output (Yuan et al, 2019).
Under normal and stressful situations, plants need to transfer
important nutrients to the target locations in order to survive and
develop smoothly (Divya et al., 2019). As a result, inducible or specific
promoters outperform the constitutive promoters to improve the
performance of transgene by changing the genetic architecture in an
inducible or time- and space-defined manner as plants need. In this
study we first found out and characterized the AhOMTIP as an A.
flavus inducible promoter. It shows trace expression under normal
conditions but highly upregulated the OMT1 gene under A. flavus
infection. Thereby, this provides a new resource for managing
aflatoxin contamination in the future peanut enhancement.
Promoters are key regulatory elements that switch on and off the
gene functioning. Promoters of A. flavus inducible genes can
hypothetically drive the expression of a gene upon A. flavus
infection. Without functional evidence that an inducible promoter
can drive a resistance-related gene, we cannot proceed further with
the transgenic program. For screening a target promoter, we
identified the AhOMT]I through a genome-wide transcriptomic
microarray analysis under drought and a combination of drought
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FIGURE 6

Evaluation of the function of AHOMTI promoter. (A) Confirmation of transgenic Arabidopsis plants with AhOMT1P (660bp fragment) PCR amplification
with promoter-specific forward and GUS gene specific reverse primers pair. Arabidopsis Col-0 was used as negative control, and Gateway LR constructs
used as positive control. M shows 2kb marker. (B) Strong GUS staining of AWOMTIP transgenic leaves is only induced by A. flavus infection with spores
after 1 h of infection. GUS gene was not active in non-treated leaves. GUS staining was present in leaf samples at all time points after inoculation.

(C) Magnified leaf surface staining indicated that AhOMT1P activated the GUS gene expression after infection with A. flavus spores. (D) Transgenic

seedlings showing deep GUS staining only after A. flavus challenging

and A. flavus infection (Chen et al., 2016; Zhang et al., 2017). The
microarray expression analysis showed that the AhOMT1I belonging
to peanut methyltransferase family named “Isoliquiritigenin 2’-O-
methyltransferase” was highly expressed under drought and A. flavus
inoculation. It showed a more than 200-fold increase in expression
compared to drought control(Table S1). The AhOMTI gene was
cloned from the roots of peanut cultivar Minhua-6 by RACE PCR
using a set of specifically designed primers (Table 52). The promoter
region was also cloned from the roots of the same cultivar
systematically. From the available datasets, we identified that it had
a trace expression in different tissues or organs, low expression
induced by wide environmental stresses like hormones, low
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temperature, drought, Ca?*, and biotic stress like R. solanacerum in
comparison with the house-keep gene the Actin-7 (Table S1-1~3), but
a gigantic and specific increase in expression was induced by A. flavus
infection. We checked the expression of the AhOMT]1 gene in a widely
cultivated variety M-6 by qRT-PCR in response to A. flavus infection.
All these showed the AhOMTIP is proper for the anti-aflatoxin
purpose. Thus far, a lot of work has been done on the functional
characterization of abiotic stress-inducible promoters in crop plants
(Pino et al,, 2007; Rai et al., 2009; Divya et al., 2019), but there is a lack
of work on the functional studies of biotic stress-inducible promoters.
Especially it is very hard to find any study reporting A. flavus
inducible promoters in crop plants.
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FIGURE 7

Quantitative expression of GUS gene in response to A. flavus infection.
The GUS gene recorded an increased expression at 6h post
inoculation and maintained higher expression even after 48 hours. The
gRT-PCR data were analyzed by AACT method, statistical significance
was assessed by LSD model with a=0.05.

As the available datasets and expression validation supported that
the AhOMT1 gene is an A. flavus inducible gene, its promoter might
be a suitable alternative to drive the expression of any foreign gene
(related to A. flavus resistance) in transgenic plants. To validate its
functions, we cloned the promoter of the AhOMT1I gene and used it to
drive the GUS gene under A. flavus infection in transgenic plants. The
online promoter analysis tools predicted several important cis-
regulatory elements, including TATA Box, CAAT Box, GC Box
(Muthusamy et al., 2017), and many others related to hormones,
light, growth, regulation, and stress responsiveness. Different kinds of
elements and their number critically determine the strength of a
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FIGURE 8
Quantitative expression of GUS gene in response to different hormone treatments. The GUS gene showed reduced expression in response to different
hormones and ddH,O spray at all time points. ABA, abscisic acid; BR, Brassinolide; ETH, ethephon; PAC, paclobutrazol; and SA, salicylic acid. Data were
analyzed by analysis of variance (ANOVA, o=0.05).
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promoter (Stalberg et al., 1993; Tang et al., 2015). Seed-specific
elements, including RY-repeats, were also present (Fujiwara and
Beachy, 1994). Although these predicted elements are very
important for promoter functioning, not a single element related to
biotic stress was identified. Perhaps it is due to the reason that not
extensive work is available for the binding sites of biotic stress-
responsive elements. The promoter analysis also revealed some
novel elements (CTCC). It is possible this is a binding sequence for
some element involved in Aflatoxin-inducible activity.

Although peanut is much more suitable for functional studies of
genes and promoters, but challenging and time-consuming work of
genetic transformation makes it less favourite as a model species. In
contrast, the short life cycle, easy handling, and well-established
genetic transformation methods make Arabidopsis a good
alternative for functional investigations (Sunkara et al., 2014). So,
we choose Arabidopsis for the genetic transformation and functional
characterization of the AhOMTI gene. The results indicated that
AhOMT1 is highly inducible and strongly drives the GUS gene in
transgenic plants upon A. flavus infection. Although minor deviations
in expression patterns were found in response to hormone treatments
in transgenic plants, the reason for this deviation can be the different
species and another because it was the GUS gene under the AhOMT1
promoter, not the AhOMT]I gene itself. We are highly convinced that
the AhOMTIP promoter analyzed here could potentially drive
aflatoxin-resistant genes in an inducible manner upon A. flavus
infection to cope with this serious issue.

Conclusion

We identified a novel A. flavus inducible gene in this study and worked
out its promoter. This gene belonged to peanut O-methyltransferase gene
family (Isoliquiritigenin 2’-O-methyltransferase), transferring the methyl
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group of S-adenosyl-L-methionine (SAM) to the hydroxyl group of
numerous different organic chemical compounds, ultimately leading to
the synthesis of the methyl ether variants of these substances. This gene was
identified by the genome-wide microarray expression under drought and
A. flavus inoculation. The AhOMTI promoter showed trace or no
expression in any organs/tissues, nor was it inducible by abiotic or
bacterial challenges. Upon infection of A. flavus spores, this gene was
highly induced in peanut leaves and pericarp. A 1698 bp upstream region
of the AhOMTI gene was fused with the GUS reporter gene and
transformed into Arabidopsis plants. Histochemical GUS staining of
transgenic Arabidopsis plants showed that the AhOMTI promoter
activated the GUS gene only after A. flavus infection. While it did not
drive the GUS expression in normal conditions, nor was it induced by
hormone treatments. The real-time expression of the GUS gene in
transgenic plants confirmed increased expression in response to A. flavus
infection. These results provided the practical significance of AHOMTIP to
drive a gene in response to A. flavus infection.
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Genome-wide analysis of R2R3-
MYB genes in cultivated peanut
(Arachis hypogaea L.): Gene
duplications, functional
conservation, and diversification

Sijian Wang, Zhe Xu, Yiwen Yang, Weifang Ren,
Jiahai Fang* and Liyun Wan*

Key Laboratory of Crop Physiology, Ecology and Genetic Breeding, Ministry of Education, Jiangxi
Agricultural University, Nanchang, China

The cultivated Peanut (Arachis hypogaea L.), an important oilseed and edible
legume, are widely grown worldwide. The R2R3-MYB transcription factor, one of
the largest gene families in plants, is involved in various plant developmental
processes and responds to multiple stresses. In this study we identified 196 typical
R2R3-MYB genes in the genome of cultivated peanut. Comparative phylogenetic
analysis with Arabidopsis divided them into 48 subgroups. The motif composition
and gene structure independently supported the subgroup delineation.
Collinearity analysis indicated polyploidization, tandem, and segmental
duplication were the main driver of the R2R3-MYB gene amplification in peanut.
Homologous gene pairs between the two subgroups showed tissue specific biased
expression. In addition, a total of 90 R2R3-MYB genes showed significant
differential expression levels in response to waterlogging stress. Furthermore, we
identified an SNP located in the third exon region of AdMYB03-18 (AhMYB033) by
association analysis, and the three haplotypes of the SNP were significantly
correlated with total branch number (TBN), pod length (PL) and root-shoot ratio
(RS ratio), respectively, revealing the potential function of AMYB03-18
(AhMYBO033) in improving peanut yield. Together, these studies provide evidence
for functional diversity in the R2ZR3-MYB genes and will contribute to
understanding the function of R2R3-MYB genes in peanut.

KEYWORDS

cultivated peanut, R2R3-MYB transcription factors, allotetraploid, gene duplications,
gene expression, functional diversity

Introduction

MYB transcription factor is one of the most numerous families of transcription factors in
plants. They are distinguished by a conserved sequence of four incomplete amino acid repeats
(R), with about 52 amino acids serving as the DNA-binding amino acids. Three a-helices are
formed by each repeat, and the second and third helices of each repeat create a three-
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dimensional (3D) HTH structure with three evenly spaced
tryptophan (or hydrophobic) residues (Ogata et al., 1996). Each
repeat’s third helix serves as a “recognition helix,” coming into
touch with the DNA and becoming enmeshed in the main groove
(Jia et al, 2004). According to the number of adjacent duplicates,
MYB proteins can be classified into several types, with R2ZR3-MYB
proteins accounting for the majority of them in plants (Dubos et al.,
20105 Liu et al., 2015).

In many aspects of plant life, including primary and secondary
metabolism, cell fate, developmental processes, and response to biotic
and abiotic stimuli, R2R3-MYB transcription factors are crucial
players (Martin and Paz-Ares, 1997; Jin and Martin, 1999; Dubos
et al,, 2010; Liu et al,, 2015; Cao et al,, 2020). The maize CI gene,
related to the mammalian transcription factor C-MYB and is involved
in the control of anthocyanin production, is the first MYB gene
discovered in plants (Paz-Ares et al., 1987). EEMYB1 and ErMYB?2 are
regarded as inhibitors and activators, respectively, of the development
of secondary cell walls in the eucalyptus (Goicoechea et al. 2005;
Legay et al. 2007; Legay et al. 2010). ABA-mediated responses to
environmental cues are mediated by the AtMYB13, AtMYBI15,
AtMYB33, and AtMYB101 (Reyes and Chua, 2007). AAMYB3 has
been reported to be involved in anthocyanin biosynthesis and flower
development in apples (Vimolmangkang et al., 2013). Members of the
transcription factors that resemble MYBMIXTA are involved in
starting the formation of cotton seed fiber (Bedon et al. 2014).
AhTcl, encoding an R2R3-MYB transcription factor, play
important role in regulating anthocyanin biosynthesis in peanut
(Zhao et al., 2019). In rice, OsMYB30, an R2R3-MYB transcription
factor, regulates the phenylalanine ammonia-lyase pathway to give
brown planthopper resistance (He et al. 2020). GmMYB14 controls
plant structure via the brassinosteroid pathway, contributing to high-
density yield and drought resistance in soybean (Chen et al. 2021).
MsMYB741 is involved in alfalfa resistance to aluminum stress by
regulating flavonoid biosynthesis (Su et al. 2022). OsMYB60
positively regulates cuticular wax biosynthesis and this helps rice
(Oryza sativa) plants tolerate drought stress (Jian et al., 2022).

Cultivated peanut (Arachis hypogaea L.), one of the most widely
consumed legumes worldwide, has been used to meet the nutritional
needs of developing countries globally (Toomer, 2018). It originated
in South America from a heterozygous cross between two diploid
ancestors and was domesticated and widely grown in the tropics and
subtropics (Bertioli et al., 2016). Most of the Arachis genus is diploid
(Sharma and Bhatnagar-Mathur, 2006). However, only tetraploid
peanuts have been domesticated and widely grown to meet human
nutritional requirements (Bertioli et al., 2016). Polyploid plants often
exhibit greater environmental adaptability (Shimizu-Inatsugi et al,
2017). Recently, the contribution of polyploidization to important
agronomic traits, including seed quality, fruit shape, and flowering
time, has been reported for several crop species lineages such as
soybean (Glycine max), wheat (Triticum aestivum), and cotton
(Gossypium hirsutum) (Zhang et al., 2015). The large and close
subgenomes of cultivated peanut genomes make genome assembly
difficult (Bertioli et al, 2016). Due to advanced high-throughput
sequencing technology and high-quality assembly and annotation,
the sequencing of cultivated peanut was completed in 2019, the
cultivated peanut (Arachis hypogaea L.) is of hybrid origin and has
a polyploid genome that contains essentially complete sets of
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chromosomes from two ancestral species. (Bertioli et al, 2019;
Chen et al,, 2019; Zhuang et al., 2019). Based on high-quality
whole-genome sequencing and assembly engineering, genome-wide
characterization of the R2ZR3-MYB gene has been accomplished in
various plants, such as Arabidopsis thaliana, rice, maize, soybean,
eucalyptus, tomato, Chinese bayberry (Stracke et al., 2001; Jia et al,,
2004; Chen et al., 2006; Du et al., 2012a; Soler et al., 2015; Li et al.,
2016; Cao et al., 2021).

Most of the previous studies focused on the regulation
mechanism of light-inducible anthocyanin (Dubos et al., 2010; Liu
et al, 2015; Cao et al, 2020), but peanut is a very special and
important crop. Given the fact that this crop possesses the unique
characteristics of “aerial flowers and subterranean fruit,” the genes
responsible for flavonoid synthesis (in peanut testa) and stress
response are likely distinct from those in model plants such as
Arabidopsis and rice. In this study, we characterized 196 R2R3-
MYB transcription factors genome-wide and analyzed their
phylogenetic relationships, motif composition, gene structure,
chromosome distribution, gene duplication, tissue and stress
response expression pattern and. Furthermore, association analysis
identifled a candidate gene highly correlated with total branch
number (TBN), pod length (PL) and root-shoot ratio (RS
ratio).Our study will contribute to the understanding of the
function of the R2R3-MYB genes in cultivated peanut and provide
candidate genes for development and stress response.

Materials and methods

Identification and conserved DNA-binding
domain analysis of R2R3-MYBs in peanut

To identify R2R3-MYBs in peanut, the A. hypogaea cv. Tifrunner
protein sequences were retrieved from the PeanutBase (https://
peanutbase.org). The MYB DNA-binding domain (PF00249) was
exploited for the identification of R2R3-MYB genes in the peanut
genome by using the HMMER 3.3.2 program at a standard E value
<1x10™ (http://pfam xfam.org/search#tabview=tabl). In total, 204
predicted gene models were found with two consecutive repeats of
the MYB domain. All but five (199) were also retrieved when
performing a BLASTP analysis using the previously identified genes
of A. hypogaea against the whole A. thaliana R2R3-MYB gene data set
(Dubos et al, 2010) with a cut-off e-value of e™*’. Subsequently,
protein sequences were evaluated for the presence of the MYB
domain against the repository of the NCBI CDD (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi) and SMART databases (http://
smart.embl-heidelberg.de/). Finally, 196 R2R3-MYB genes were
obtained after eliminating incomplete and uncertain sequences. The
predicted molecular weights and the theoretical isoelectric point (pI)
were obtained by the Expasy proteomics server (https://web.expasy.
org/compute_pi/). The prediction of transmembrane helices in
AhR2R3-MYB proteins was analyzed by TMHMM - 2.0 (https://
services.healthtech.dtu.dk/service.php? TMHMM-2.0).

The 196 R2R3-MYB protein sequences in peanuts were
performed by multiple sequence alignment using ClustalX (Larkin
et al., 2007). The alignment of 196 peanut R2R3-MYB domains was
performed using ClustalX and DNAMAN (Lynnon Biosoft). The
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amino acid residue distributions of the conserved MYB domains of
AhR2R3-MYBs were created using the WebLogo program with
default parameters (http://weblogo.berkeley.edu/logo.cgi) (Crooks
et al., 2004).

Construction of phylogenetic tree

The protein sequences of the 126 A.thaliana R2R3-MYBs were
downloaded from the TAIR (http://www.arabidopsis.org/). The
protein sequences of R2R3-MYB proteins from A. hypogaea and
A.thaliana (protein sequence information is listed in Supplementary
Table 1) were aligned by the MAFFT with the FFT-NS-i algorithm
(Katoh et al,, 2019), and the multiple sequence alignments were used
for phylogenetic analysis. The phylogenetic tree was constructed by
the neighbor-joining method of MEGA 7.0 with 1000 bootstrap
replicates based on the p-distance model and pairwise deletion for
gap treatment (Kumar et al, 2016). The phylogenetic tree was
retouched by FigTree (http://tree.bio.ed.ac.uk/software/figtree/). For
the construction of the phylogenetic trees of R2R3-MYB proteins
from Arachis. hypogaea the same method described above
was adopted.

Motif and gene structure analysis

Information on the intron-exon position and splicing sites for
each gene model in the corresponding chromosome scaffold was
downloaded from PeanutBase. Furthermore, the MEME program
(https://meme-suite.org/meme/meme_5.3.3/tools/meme) was used
for the identification of motifs of 196 R2R3-MYB protein sequences
in peanut. The optimized parameters of MEME were employed as
follows: the number of motifs that MEME find, 10; and the optimum
width of each motif, 6-60 residues (Bailey et al., 2009). The gene
exon-intron pattern and MEME results were also visualized by
CFVisual_V2.1.5 (Chen et al., 2022).

Chromosome localization, duplications, and
evolutionary analysis of AhR2R3-MYBs

The information on chromosome length and R2R3-MYB gene
locations was acquired from the PeanutBase (https://peanutbase.org)
(Supplementary Table 2), and the figure was created by TBtools
(Chen et al,, 2020). The whole-genome sequences and annotation
documents of A. hypogaea were downloaded to PeanutBase (https://
peanutbase.org). Then, the One Step MCScanx program of TBtools
was executed to analyze the synteny relationships of genomes. We
identified gene pairs with physical distance within 100 kb, with no
more than 10 genes spaced in between, and in the same subgroup as
tandem repeat gene pairs according to Hanada et al. (2008). The
duplication pattern of the AhR2R3-MYB genes was visualized by the
Amazing Super Circos package of TBtools. The Ka/Ks value was
completed by the Simple Ka/Ks Calculator program of TBtools.
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Duplication time was calculated by the following formula as
described by Bertioli et al. (2016): T = Ks/2A (A = 8.12 x 107).

Plant material and stress treatment

The peanut (Arachis hypogaea L.) cultivar ‘Changhual8’, a
germplasm resource preserved in our laboratory, was planted in a
pot with a 1:1 mixture of nutrient soil and vermiculite, 450 mm long,
335 mm wide, and 170 mm high. When the plants were grown for
about 8 weeks, the treatment group was subjected to waterlogging
treatment according to Zeng et al. (2021), while the control group was
kept under normal growth conditions. The samples (three seedlings
per repeat) were collected at 0 h, 6 h, 24 h, 3 days, and 5 days after
treatment, respectively. Subsequently, the samples were rapidly frozen
using liquid nitrogen and stored at -80°C for RNAseq.

RNA-seq expression analysis

The raw read counts in Arachis hypogaea RNAseq samples were
downloaded from PeanutBase (https://peanutbase.org). The data
were obtained from 22 tissues at different developmental stages in
peanut with three biological repeats (Clevenger et al., 2016) with all
raw data deposited as BioSamples SAMN03944933-SAMN03944990.
HTSeq was used to generate raw reads that were uniquely mapped on
the Arachis hypogaea genome. StringTie and Ballgown were used for
the FPKM calculation (Pertea et al., 2016). The transcript profiles for
AhR2R3-MYB genes were displayed in TBtools (Chen et al., 2020).

These cDNA libraries generated from the samples were sequenced
by Metware Biotechnology Ltd. on the Illumina sequencing platform.
(Wuhan, China). Download the reference genome and its annotation
files from NCBI (https://ftp.ncbinlm.nih.gov/genomes/), use HISAT
v2.1.0 to construct the index and compare clean reads to the reference
genome. The featureCounts v1.6.2/StringTie v1.3.4d was used to
calculate the gene alignment and FPKM. Gene expression patterns
were also charted by TBtools. Quantitative RT-PCR (qRT-PCR) was
performed to verify the transcriptome data. RNAprep Pure Plant Plus
Kit (Tiangen Biotech, Co., Beijing, China) was utilized to extract RNA
from control and treated peanut samples. The PrimeScrit™™ RT Kit
with gDNA eraser user manual was used to prepare the cDNA
(perfect real-time, Takara Biomedical Technology, Ltd., Beijing,
China). The primers were designed by TBtools and were shown in
Supplementary Table 3. Subsequently, qRT-PCR was performed
using the ABI 7500 qRT-PCR detection system (ABI, United States)
with SYBR Green Kit (Tiangen, Beijing, China). The ABI 7500 real-
time PCR program was 95°C for 15 min, followed by 40 cycles of
95° C for 10 s, and 60°C for 30 s in a 20 pl volume. Three technical
repeats of QRT-PCR were carried out, and the relative expression level

was determined using yALC

technique.The results of differential
expression analysis between homeolog pairs of A and B subgenomes
across tissues and pod developmental stages in Arachis hypogaea were
downloaded from PeanutBase (https://peanutbase.org) (Bertioli et al.,

2019). Differential gene expression analysis was performed using the
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DESeq2 package (v1.14.1) with log, fold change >= 1 and Benjamini-
Hochberg adjusted P-value < 0.05 as the statistical cutoff for
differentially expressed genes. Charts generated by GraphPad Prism 9.

Association analysis of the peanut R2R3-
MYBs with TBN, PL and RS ratio

Total branch number, length of root and shoot, pod size and RS
phenotypes were assessed using a randomized complete block design
and replicated in five environments. SNPs of the R2R3-MYBs were
obtained from transcriptome data set of a peanut germplasm
population with 146 accessions (alleles in each polymorphism with
minor allele frequency >0.05). Association analysis was performed
with TASSEL 3.0 using an MLM Q + K model. Figures were generated
by GraphPad Prism 9.

Results

Identification and conserved DBD analysis of
R2R3-MYB genes in peanut

A total of 196 R2R3-MYB genes were obtained after genome-
wide screening and exclusion in A. hypogaea cv. Tifrunner. The 196
genes were named AhMYB001-AhMYBI96 according to their
physical location on chromosome. The mRNA length of the
AhR2R3-MYBs ranged from 753 to 3712 bps (Supplementary
Table 4); the proteins length ranged from 192 to 916 amino acids,
with predicted molecular weights from 21.95 to 103.72 kDa; the
theoretical isoelectric point (pI) ranged from 4.60 to 10.32.
Furthermore, none of the proteins were predicted to contain
transmembrane domains (Supplementary Table 4).

To investigate the MYB conserved domains of R2R3-MYB
transcription factors in peanut, we performed WebLogo and
multiple alignment (ClustalX) analysis using amino acid sequences
of the R2R3 repeats (Supplementary Figure 1). The results showed
that the R2 and R3 repeat consisted of two repeats of approximately
51 amino acid residues, and all of them contained highly conserved
tryptophan residues (Trp, W) (Supplementary Figure 2). The R2
repeat contains three highly conserved W residues at positions 5, 26,
and 47, while only two highly conserved W residues were uncovered
at positions 24 and 43 in the R3 repeat, and the W residue at position
5 was generally replaced by phenylalanine or isoleucine (Phe, F or Ile,
I). Tryptophan residues formed a hydrophobic core maintaining the
stability of the helix-turn-helix (HTH) structure in the DNA binding
domain, and the basic and polar amino acids adjacent to that
tryptophan were thought to be directly involved in DNA binding
(Saikumar et al,, 1990). Several highly conserved polar amino acid
residues were also found around the third W residue in each repeat,
for example, asparagine (Asn, N), arginine (Arg, R), and lysine (Lys,
K) around the third tryptophan in the R2 repeat, and K and N near
the third W residue in the R3 repeat, which might be directly involved
in binding to DNA. These polar amino acids, which are conserved
around tryptophan, were also highly conserved in different species,
such as Arabidopsis and tomato (Stracke et al., 2001; Li et al., 2016).
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Overall, most of the conserved amino acid residues were mainly
distributed between the second and third conserved tryptophan
residues, with the first tryptophan residue being relatively less
conserved. Therefore, those conserved residues probably maintain
the function of the DNA binding domain together with the
conserved tryptophan.

Phylogenetic analysis of AhR2R3-MYBs in
cultivated peanut and Arabidopsis

To investigate the evolutionary relationship between the R2R3-
MYB genes in peanuts and Arabidopsis, the 196 predicted AhR2R3-
MYB proteins were subjected to multiple sequence alignment along
with 126 Arabidopsis R2ZR3-MYB proteins, and their evolutionary
relationships were inferred by constructing a neighbor-joining
phylogenetic tree. The 322 R2R3-MYB proteins were classified into
48 subgroups based on the topology and bootstrap value of the
phylogenetic tree (Figure 1 and Supplementary Figure 3). Since the
R2R3-MYB genes have been intensively studied in A. thaliana and
most subgroups contained at least one AtR2R3-MYB gene, we named
these subgroups according to the nomenclature of (Kranz et al., 1998)
revised by Stracke et al. (2001) and Dubos et al. (2010). When a
subgroup name was not yet determined in A. thaliana, we named the
subgroup after the member of A. thaliana with the most distinct
functional characteristics. In general, the phylogenetic characteristics
of A. thaliana described in this paper were generally consistent with
those described previously (Stracke et al., 2001; Dubos et al., 2010).
The only exception was the A. thaliana genes of the subgroups 20 and
25, were split in two respectively (S20a and S20b; S25a and S25b), and
the genes from 10 and 24 were merged (S10&24). As shown in
Figure 1, 40 subgroups contained at least one gene from peanut, and
the other eight subgroups contained genes only from peanut, and
they were named as new subgroups 1-8 in this study. The
distribution of AhR2R3-MYBs in the 40 subgroups was biased,
varying from one (NS-8) to 17 members (S14). Notably, the
number of R2R3-MYB genes in almost all subgroups was unbiased
in both subgenomes, revealing a close association between two
subgenomes of cultivated peanut as described by (Bertioli et al,
20165 Bertioli et al., 2019). The topology of the neighbor-joining tree
for AhR2R3-MYB genes was in good agreement with the subgroup
described above (Supplementary Figure 4).

Motif composition and gene structure of the
AhR2R3-MYB genes

To investigate the relationship between subgroup classification
and function of the peanut R2R3-MYBs, 10 conserved motifs were
identified in the AhR2R3-MYBs through MEME program search
(Supplementary Figure 5). The DNA binding domain of AhR2R3-
MYB was represented by motifs 3, 6, 1, 2. Motifs 1 and 2 contained the
amino acid sequence of the third helix forming the MYB domain,
which is involved in the recognition and binding of cis-acting
elements (Ogata et al., 1996; Jia et al., 2004). Motifs 5 and 8 were
only presented in SAtM88, while motif 9 only presented S20a and
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Neighbor-joining phylogenetic tree of R2R3-MYB proteins from peanut (Arachis hypogaea L.) and Arabidopsis. Each triangle represented an R2R3-MYB
subgroup, defined based on the topology of the tree and the bootstrap values. Subgroup names were included next to each clade together with a short
name to simplify the nomenclature. The number of genes of each species for each subgroup was also included. The eight new subgroups in peanut
were marked in yellow or coral, while the other subgroups were in gray and white.

S20b, suggesting potential specific functions of these subgroups
(Figures 2A, B). In general, most of the motif compositions of
members in the same subgroup were similar at N-terminal, but
differ at C-terminal, and the motif compositions of the members in
different subgroups were not identical.

Exon and intron structure analysis showed that all AhR2R3-MYB
genes possessed 1 to 21 exons (Figure 2C). In general, the size of
introns was variable, but the locus and phase of introns were relatively
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conservative among subgroups (Jiang et al., 2004). Most of the R2R3-
MYB genes (77%) contained two conserved introns, 14% contained
one conserved intron, and the rest showed a different number. Genes
in the same subgroup have similar gene structures and highly
conserved in intron phasing (Figures 2A, C). The multiple introns
of a gene provide the opportunity to selectively splice and provide
variant proteins that may play different roles in biological processes
(Min et al.,, 2015). Most members of the subgroups are intron-poor
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FIGURE 2
Phylogenetic relationships, conserved motifs, and gene structure analysis of peanut R2R3-MYBs. (A) The neighbor-joining phylogenetic tree was
constructed by aligning the full-length amino acid sequences of 196 R2R3-MYBs in peanut. Coral and purple colors mark eight new subgroups, while
beige and white indicate other subgroups. (B) The ten conserved motifs were shown in different colors and their specific sequence information was
provided in Supplementary Figure S5. (C) The yellow box, blue box, and black line in the gene structure diagram represented CDS, UTR, and introns,
respectively.

(Contain three or fewer) or intron-less genes. However, we found that
genes in subgroups NS-3, S18, and SAtMS88 possessed an abundant
number of introns, and multiple transcripts were present in all three
subgroups except for AhMYBI77.

Chromosome localization, duplication, and
evolution of the R2R3-MYB genes

Chromosomal localization showed that the A and B subgenomes
contained 99 and 97 R2R3-MYB genes, respectively (Figure 3). This
suggested that the distributions of R2R3-MYB genes between the two
subgenomes were almost not biased. In addition, we found that the
distribution of genes on the corresponding chromosomes was similar
between A and B subgenomes, except for Chr07 and Chrl7, Chr08
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and Chrl8. This was probably the result of the complex
rearrangement event on chromosomes 7, and 8 of two diploid wild
ancestors, and subsequent retention of this rearrangement after
polyploidization (Bertioli et al, 2016; Bertioli et al, 2019). The
R2R3-MYB genes were unevenly distributed among the 20
chromosomes. Chr03 (19), Chr08 (18), Chr13 (18), and Chr18 (15)
contained a larger number of R2R3-MYB genes. Chr02 (5), Chr07 (4),
Chrl0 (4), Chrl7 (4), and Chr20 (4) possessed fewer R2R3-MYB
genes. The density of R2R3-MYB genes on Chr08 was significantly
higher than that on the other 19 chromosomes.

The R2R3-MYB genes were far more abundant in A. hypogaea
than in lower terrestrial plants, suggesting that a large-scale gene
duplication event occurred during the evolution of the plants (Du
etal., 2015). To explore the mechanism of R2R3-MYB gene expansion
in the cultivated peanut, we further analyzed the syntenic
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relationships between the peanut R2R3-MYB genes. Based on synteny
analyses, 45 genes out of the 33 syntenic pairs in the A subgenome
underwent segmental duplication events, while 39 genes out of the 24
syntenic pairs in the B subgenome were undergoing segmental
duplication events (Figure 3 and Supplementary Table 5). 12 and
eight genes in the A and B subgenomes, respectively, experienced
tandem duplication episodes. In addition, significant numbers of
orthologous genes were found between the A, and B subgenomes
(Figure 4 and Supplementary Table 5). Based on synteny analyses, 173
of the 196 AhR2R3-MYBs had syntenic relationships between the two
subgenomes. We found that some subgroups were expanded mainly
by segment duplication, such as subgroups S11, NS-2, NS-4, SAtM85,
S20a, S20b, S13, S1, S10&24, SAtM88, SAtM46, SAtM59, and NS-5,
while tandem duplication occurred mainly in subgroups S5, NS-6,
S20b, and S18 (Figure 3).

To further understand the evolution of R2R3-MYB duplication in
peanut, we analyzed the rate of synonymous (Ks) and nonsynonymous
substitutions (Ka) in gene duplication pairs (Supplementary Table 5).
The Ks values for direct homologous gene pairs between A and B
subgenomes range from 0 to 2.47. The frequency distribution peaks at Ks
= 0.03, indicating a massive duplication event of R2R3-MYB genes 1.85
million years ago (Mya). Segment duplication and tandem duplication
may occur in 147.75-3591 and 163.87-2.20 Mya, respectively. Ka/Ks
ratios for paralogous and orthologous ranged from 0-2.10 with an
average of 0.27, whereas the ratios for tandem duplication ranged from
0.13-1.02 with an average of 0.36. The Ka/Ks analysis showed that the
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orthologous gene pair AhMYB052-AhMYB158 was neutrally selected and
the tandem duplication pair AhMYB173-Arahy.QI53CA and the
orthologous gene pairs AhMYB010-AhMYB108, Arahy.MILASL-
AhMYBI18, and AhMYB031-AhMYB131 were subjected to positive
selection, and all other synteny and tandem duplicated genes were
subjected to purifying selection.

Tissue expression profiles of the R2ZR3-MYBs

To further study the expression pattern of the R2R3-MYB genes in
different tissues and explore its function in peanut growth and
development, the tissue expression profiles of the R2R3-MYB genes
were analyzed by using the transcriptome data of 22 peanut tissues
(AhRMYBO015 and AhMYBI0OO were not detectable in the dataset)
(Figure 5 and Supplementary Table 6). The peanut R2R3-MYBs can
be clustered into 10 groups according to their tissue expression
pattern (Cluster 1-10). Most genes from same phylogenetic
subgroup showed similar tissue expression patterns and were
clustered into the same cluster, such as AhMYB023, AhMYB024,
AhMYB074, AhMYB125, AhMYB126, AhMYBI174,and AhMYBI75 in
NS-6, which highly expressed in fruit and pericarp, were cluster in
cluster 3 (Figure 5). All the members of subgroup SAtM35, for
example, were clustered in cluster 9 (Figure 5). However, a certain
proportion of the AhMYBs from the same phylogenetic subgroup
showed differential tissue expression, such as AhMYB028 and
AhMYBO087 from S5, AhMYB028 was highly expressed in the
reproductive shoot, while AhMYB087 was mostly expressed in seed
(Figure 5), this might be because genes belonging to the same
phylogenetic subgroup exercise similar functions, but in different
tissues responses to different developmental processes or different
environmental stimuli ( (Dubos et al., 2010).

Interestingly, members of the eight peanut specific subgroups
(NS-1 to 8) were distributed in all clusters except 2 and 4.The two NS-
1 members (AhMYB032 and AhMYB132) were strong expressed in
perianth; the two collinear gene pairs (AhMYB005 and AhMYBI104,
AhMYB044 and AhMYBI146) from NS-2 subgroup were highly
expressed in seed and shoot, respectively. AhMYB084 (NS-3) had
significant expression both in leaf and shoot; the three members in
NS-4 (AhMYB010, AhMYB037 and AhMYBI139) expressed mainly in
leaf; AhMYB082 and AhMYBI11 in NS-5 showed higher expression
level in nodule, but AhMYBI50 was enriched in peg tip; most of the
members in NS-6 were clustered in cluster 3 and were highly
expressed in pericarp; members in NS-7 (AhMYB061 and
AhMYBI163) and NS-8 exhibited strong expression in seed. These
subgroups contained totally 30 genes, 21 of which were expressed at
high levels in reproductive organs, especially the 10 genes in NS-6 that
had high transcript abundance in the early pod development stage
after peg tip entry, suggesting an important role of these genes in
peanut reproductive development.

Comparison of R2R3-MYB gene expression
in subgenomes

The expression of homeologous gene pairs from A and B
subgenomes was examined in various tissues and developmental
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phases (Supplementary Table 7 references from (Bertioli et al,
2019)). The total number of homeologous gene pairs with
expression biased towards the A subgenome was similar to the
previously reported it did not differ significantly from the number
with expression biased towards the B subgenome (P = 0.16, binomial
test; n = 47 and 42 for A and B, respectively) (Figure 6) (Chalhoub
et al, 2014; Zhang et al, 2015). In nine tissues (lateral leaf, seeding
leaf, vegetative shoot tip, reproductive shoot tip, perianth, gynoecium,
pattee 6 seed, pattee 7 seed, and pattee 8 seed), of the homologous
pairs, there were more A subgenome-highly expressed genes rather
than B subgenome, whereas the other 10 tissues exhibited the reverse
pattern. These differences were more significant in the four
reproductive tissues (P < 0.05, binomial test). 14 homologous gene
pairs had biased expression in just one tissue whereas 18 homologous
gene pairs exhibited the same bias in several tissues (Supplementary
Table 8). Interestingly, we identified four homologous gene pairs
(AhMYB006 and AhMYBI105, AhMYB0I1 and AhMYBI07,
AhMYB053 and AhMYBI157, AhMYB074 and AhMYBI174) showed
opposite biased expression in specific tissues, such as homolog pair
AhMYBO074 and AhMYB174, AhMYBI174 owned a higher expression
level in lateral leaf {log2FoldChange (B.vs.A homeolog pair
comparison):1.906081616}, while AhMYB074 had a stronger
expression level in perianth {log2FoldChange (B.vs.A homeolog pair
comparison): -2.204691792}.

Expression pattern of R2ZR3-MYB genes in
peanut under waterlogging treatment

We examined the transcript abundance of the R2R3-MYB gene in
peanut seedlings after water logging treatment to further investigate
the function of the genes in water logging response. 90 genes from 24
subgroups (NS-6, S10&24, S11, S13, S14, S2, S20a, S20b, S21, SAtM85,
SAtMSS, etc.) were found response to waterlogging. According to the
chronological order of the respond genes, they were divided into five
categories (Figure 7). 26 genes showed a strong tendency to be down-
regulated following the water logging treatment. Nine genes in the
transitional response group showed strong elevated after 6 hours of
treatment. Three genes (AhMYBI121, AhMYB008, and AhMYB089)
were considerably up-regulated among the 12 early responded genes,
whereas the others showed a tendency of down- and subsequently up-
regulation. At the time point of 3 and 5 days after treatment, a total of
27 and 16 genes were up-regulated, respectively. In addition, the
results of qRT-PCR showed that the expression patterns of the 10
selected genes under water logging treatment were generally
consistent with the transcriptome results (Supplementary Figure 6)
which verified the results based on transcriptome data analysis.

Association analysis of R2R3-MYBs with pod
size, total branch number and root-shoot
ratio of peanut

To determine the role of R2R3-MYB genes in peanut, we
conducted candidate gene association analysis using 59 single-
nucleotide polymorphisms in Ad and AiR2R3-MYBs identified from
transcriptome data of 146 peanut varieties (Supplementary Table 9)
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FIGURE 5

Heat map of the RNAseq transcript abundance pattern of the 194 R2R3-MYB genes in 22 different tissues in 10 expression clusters. For each gene, its
name and the subgroup it belongs to were displayed on the right side of the heatmap. The expression pattern was generated based on the fragments
per kilobase of exon per million fragments (FPKM) and analyzed by heatmap hierarchical clustering. The color scale (representing —2 to 5) was shown.
The meanings of the abbreviations of the 22 tissues were as follows: seedling leaf 10 days post-emergence (leaf 1), main stem leaf (leaf 2), lateral stem
leaf (leaf 3), vegetative shoot tip from the main stem (veg shoot), reproductive shoot tip from first lateral (repr shoot), 10-day roots (root), 25-day nodules
(nodule), perianth, stamen, pistil, aerial gynophore tip (peg tip 1), subterranean peg tip (peg tip 2), Pattee 1 stalk (peg tip Pat. 1), Pattee 1 pod (fruit Pat. 1),
Pattee 3 pod (fruit Pat. 3), Pattee 5 pericarp (pericarp Pat. 5), Pattee 6 pericarp (pericarp Pat. 6), Pat - tee 5 seed (seed Pat. 5), Pattee 6 seed (seed Pat. 6),
Pattee 7 seed (seed Pat. 7), Pattee 8 seed (seed Pat. 8), and Pattee 10 seed (seed Pat. 10).

and phenotype of total branch number (TBN), pod length (PL) and  variation in five environments (P < 0.01) (Supplementary Table 11
root-shoot ratio (RS ratio) variation collected in five environments  and Figure 8A), located in the third exon region of AdMYB03-18
(Supplementary Table 10). One polymorphic site [A03_122181829  (AdMYB03-18) (Figure 8B). A03_122181829 mainly formed three
(C/S/G)] was uncovered highly associated with TBN, PL and RS ratio  haplotypes (A03_122181829 (C/S/G)) in the associated population
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FIGURE 6

RNAseq transcript abundance patterns of 90 R2R3-MYB genes in root and stem tissues in five expression groups during water logging stress are shown
as a heat map. The left and right sides of the heatmap, respectively, showed the names of each gene and the subgroup to which it belonged. Heatmap
hierarchical clustering was used to construct the expression pattern based on the fragments per kilobase of exon per million fragments (FPKM). The
color scale, which ranged from -2.0 to 2.0, was displayed. The labels at the bottom of the heat map indicate, from left to right, the control group, 6 h,

24 h, 3 days, and 5 days after water logging treatment.

(Figure 8C). Analysis results indicated that TBN in haplotype G was
notably higher than those in haplotype C, while PL in haplotype C
was higher than PL in haplotype G and S, RS ratio in haplotype S was
higher than RS ratio in haplotype C and G (Figure 8D).

Discussion

The R2R3-MYB genes have been identified in various species, such as
Arabidopsis, rice, maize, soybean, eucalyptus, tomato, and Chinese
bayberry (Stracke et al., 2001; Jia et al, 2004; Chen et al,, 2006; Du et al,
2012a; Du et al., 2012b; Soler et al., 2015; Li et al., 2016; Cao et al., 2021).
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In this study, 196 R2R3-MYB genes were identified from cultivated
peanut (Arachis hypogaea L.), which were further characterized by co-
phylogenetic analysis with the corresponding genes of A. thaliana.
According to the topology of the resulting tree and the bootstrap
values, a total of 322 R2R3-MYBs were divided into 48 subgroups.
Among these subgroups, the Arabidopsis genes of the subgroups S20 and
S25 were split into two subgroups (S20a and S20b; S25a and S25b), and
the genes from subgroups S10 and S24 were merged (S10&24). The
combination of the two subgroups into one group suggested that the
genes in these subgroups may have close evolutionary relationships, and
there is differentiation in function. In some subgroups (512, S15, S19, S22,
S$23, S25a, SAtM47, AtMYB82), only genes in Arabidopsis were present,
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Differential expression of R2R3-MYB homologous genes in A. hypogaea cv. Tifrunner. To look for variations in the levels of gene expression in 19 distinct
organs, homeologs were compared. Each subgenome was represented by the number of homeologous genes that were more strongly expressed (log2
fold change > 1, Benjamini-Hochberg adjusted P < 0.05; Wald test) in each subgenome is represented. P-value correspond to binomial test with the
odds of A genes being more highly expressed at 0.5 probability. *P < 0.05, others : not significant.
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Association mapping results and the phenotypes of the polymorphic sites of peanut R2R3-MYBs associated with TBN, PL and RS ratio variation.

(A) Association results between TBN/PL/RS ratio and the polymorphisms in AhMYBO033. The vertical and horizontal axes of the scatter plot
indicated the P value and the position of the SNP, respectively, and the phenotypes under different environmental treatments were represented by
various patterns. (B) Gene structure of AWMYB033. The yellow box, blue box, and black line were CDS, UTR, and intron, respectively. (C) Sequences
of three sites were significantly associated with TBN, PL and RS ratio variation. (D) Phenotypic comparison of haplotypes of the three associated
sites with TBN, PL and RS ratio in five environments of the population. Three different colored boxes were used to indicate the phenotypes of the
three haplotypes.
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indicating that after peanut differentiated from Arabidopsis, genes were
either lost in peanut or acquired in Arabidopsis. Moreover, in our results,
there were eight subgroups (NS-1, 2, 3, 4, 5, 6, 7, 8) specific to peanut,
indicating these genes might be newly expanded genes after
differentiation from Arabidopsis. Several other genetic characteristics
must be considered when performing subfamily classifications,
including the presence of highly conserved intron patterns and motif
distribution within each subfamily (Du et al, 2015). In this study, exon-
intron pattern and motif distribution within each subgroup were also
highly conserved, which independently supports our phylogeny analysis
and classification results.

As genes in the same subgroup are believed to have relatively similar
roles, sequence-based homology classification is crucial for developing
hypotheses about the functions of R2R3-MYB genes that have not yet
been studied in model species. It is also crucial for defining putative
ortholog relationships with known genes in model species to ascertain the
functions of genes in nonmodal species (Jiang et al., 2004). The function
of novel genes in Arabidopsis and other species can be inferred by protein
structure and expression patterns (Dubos et al., 2010). Arabidopsis
members in subgroup S6 were involved in the phenylpropanoid
pathway, which can activate the late biosynthetic genes (LBGs) leading
to both anthocyanin and PA biosynthesis (Gonzalez et al, 2008),
suggesting a potential regulatory function of the peanut R2R3-MYB
genes in S6 in the phenylpropanoid metabolic pathway. (Zhao et al,
2019) identified the AhTcl gene encoding an R2R3-MYB transcription
factor controlling peanut purple testa color by whole-genome
resequencing-based QTL-seq. In this work, AhTcl was given the name
AhRMYB099 and belongs to subgroup S6. The identification of AhTcl
supports the above hypothesis, suggesting that these theories help to
speculate on unknown gene functions. Similarly, in Arabidopsis, many
studies have shown that members of S18 are involved in abscisic acid-
mediated responses to environmental signals and in promoting anther
and pollen development (Millar and Gubler, 2005; Reyes and Chua,
2007). AtMYB37, AtMYB38, and AtMYB84, members of subgroup S14,
partly redundantly control axillary meristem tissue development in
Arabidopsis (Keller et al., 2006; Muller et al., 2006). Under adverse
circumstances, the root growth-specific regulator AtMYB68 (subgroup
14) has an impact on the development of the entire plant. Members of
subgroup S18 were grouped in gene expression clusters 8, 9, and 10. The
AhR2R3-MYB genes in subgroup S14 were highly expressed in the
subterranean peg tips, roots, and reproductive shoot tips. Therefore, it
can be inferred that these genes perform similar functions as the same
subgroup of Arabidopsis genes.

Gene expression profiles provided important threads for the study of
gene function. In the present study, we also explored the role of the R2R3-
MYB gene in water logging stress. A total of 90 genes from 24 subgroups
responded to water logging stress in roots and stems. However, some of
these 90 genes were not found to be highly expressed in roots and stems
in the previous expression analysis of 22 tissues. For example, AhMYB076
and AhMYBI176 were only expressed at high levels in the pericarp, and
AhMYB071 and AhMYBI71 were expressed at high levels in the
underground part of the peg tip and the early developing pods. This
mi ght be because these genes perform similar functions but have
different expression patterns or all respond to certain environmental
stimuli (Dubos et al., 2010). In addition, the peg tip of the underground
parts becomes more root-like after reaching into the soil, which seems to
explain the presence of these genes in the roots or stems in response to
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water logging stress (Kumar et al., 2019). The important roles of R2R3-
MYBs in response to abiotic stress have been reported several times
before in Arabidopsis, jatropha, sesame and maize (Dubos et al., 2010;
Thirunavukkarasu et al., 2013; Juntawong et al., 2014; Mmadi et al., 2017;
Yu et al,, 2020). For example, AtMYB60 in subgroup S1 is involved in
ABA-mediated control of stomatal opening and closing in response to
drought (Cominelli et al., 2005). AtMYB15 in subgroup S2 is involved in
cold stress response (Agarwal et al,, 2006). AtMYB41 in subgroup S11
probably affects dehydration response after osmotic stress (Cominelli
etal,, 2008; Lippold et al,, 2009). Several MYBs were significantly induced
in jatropha, sesame and maize (Thirunavulkarasu et al,, 2013; Juntawong
etal, 2014; Mmadi et al., 2017; Yu et al,, 2020). However, the expression
pattern of R2R3-MYB genes under water logging stress exhibited
significant temporal specificity. 18 genes showed a continuous down-
regulation after treatment, while the remaining genes showed an up-
regulation after 6 h, 24 h, 3 days, and 5 days after treatment, respectively.
This stress response with a high number of participating genes and a
certain temporal pattern disclosed a complex and ordered regulatory
network involving R2R3-MYB genes in response to water logging stress.

Whole genome duplication or polyploidization occurs frequently in
angiosperms and provides a great deal of material for plant evolution
(Jiao, 2018). Most of the replicated genes from WGD are eventually lost
(Lynch and Conery, 2000; Conant et al., 2014), and those that are
retained are often biased toward certain functional gene taxa (Panchy
et al, 2016). In this research, the R2R3-MYB gene also had a high
homology ratio (88.3 %) between the two subgenomes of tetraploid
peanut (Arachis hypogaea). As previously reported in Arabidopsis and
Brassica, the genes that are typically retained (and therefore enriched) are
kinases, transcriptional proteins, transcription factors, and genes
functioning in transcriptional regulation (Maere et al., 2005; Liu et al.,
2014). High retention of the R2R3-MYB homolog after polyploidization
in peanut reveals functional conservation of the R2R3-MYB gene. Under
natural selection, the ploidized genes experience different fates, such as
partial copy loss and loss of function (pseudogenization), partial copy
gaining new function, or each exercising part of the function of the
ancestral gene (Conant and Wolfe, 2008; Panchy et al., 2016). The results
showed that, in general, the homologous gene pairs were not significantly
biased to be expressed between the two subgenomes. However,
considering only one tissue, homologous pairs showed biased
expression among subgenomes in the four reproductive tissues. A total
of 32 homologous gene pairs exhibited biased expression between
subgenomes in the same or different tissues, suggesting that some
genes in these homologous pairs may be lost in function. More
homologous genes did not have significantly biased expression and
they may have been sub-functionalized, each exercising part of the
function of the ancestral gene. Moreover, we identified four
homologous pairs exhibiting different biases in different tissues, which
reveal a novel functionalization of the R2R3-MYB gene. In conclusion,
these findings revealed the fate of the AhR2R3-MYB genes after
undergoing polyploidization and collectively maintaining a functional
dosage balance.

Conclusion

In this study, 196 R2R3-MYB genes were identified in cultivated
peanut genome. A phylogenetic study with Arabidopsis divided the
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196 genes into 40 subgroups. Motif composition and gene structure
analyses independently confirmed the subgroup delineation.
According to the synteny analysis, polyploidization, facilitated in
the expansion of the AhR2R3-MYB genes. Tissue expression pattern
of R2R3-MYB genes, subgroup functional conservation, and
diversification were discovered using gene expression analysis. The
varied outcomes of homologous genes following polyploidization
were revealed by the biased expression of homologous pairs in the
two sub genomes. 90 genes exhibited a clearly time-specific expression
pattern when stressed by waterlogging and AhMYB33 was identified
by association analysis highly correlated with total branch number
(TBN), pod length (PL) and root-shoot ratio (RS ratio). In conclusion,
our research advances knowledge of the role of R2R3-MYB
transcription factors in cultivated peanut, particularly in response
to waterlogging stress.
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DNAMAN. The shading of the alignment represents different degrees of
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conserved tryptophan residues (W) were indicated by pentacles.
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multiple alignment analyses of 196 typical AhR2R3-MYB domains performed
with ClustalX 2.1. The vertical axis indicated the degree of amino acid
conservation, and the horizontal axis indicated the position of the amino acid
on each repeat. The conserved tryptophan residues (Trp, W) in the MYB domain
were marked with black asterisks. The replaced residues in the R3 repeat were
shown by blue asterisks.
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MYB proteins. Bootstrap values were on the branch node. The subgroup labels
were marked on the right side of the tree.
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values were displayed at the branch nodes. The subgroup labels were labeled
on the right side of the tree.
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qRT-PCR verification of the expression of AhR2R3-MYBs after water logging stress.
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Peanut (Arachis hypogaea L.), one of the leading oilseed crops worldwide, is an
important source of vegetable oil, protein, minerals and vitamins. Peanut is widely
cultivated in Asia, Africa and America, and China is the largest producer and
consumer of peanut. Genetic engineering has shown great potential to alter the
DNA makeup of an organism which is largely hindered by the low transformation
and screening efficiency including in peanut. DsRed?2 is a reporter gene widely
utilized in genetic transformation to facilitate the screening of transformants, but
never used in peanut genetic transformation. In this study, we have demonstrated
the potential of the red fluorescence protein DsRed2 as a visual reporter to
improve screening efficiency in peanut. DsRed2 was firstly expressed in
protoplasts isolated from peanut cultivar Zhonhua 12 by PEG, and red
fluorescence was successfully detected. Then, DsRed2 was expressed in peanut
plants Zhonghua 12 driven by 35S promoter via Agrobacterium tumefaciens-
mediated transformation. Red fluorescence was visually observed in calli and
regenerated shoots, as well as in roots, leaves, flowers, fresh pod shells and
mature seeds, suggesting that transgenic screening could be initiated at the
early stage of transformation, and continued to the progeny. Upon screening
with DsRed?2, the positive plant rate was increased from 56.9% to 100%. The
transgenic line was then used as the male parent to be crossed with Zhonghua 24,
and the hybrid seeds showed red fluorescence as well, indicating that DsRed2
could be applied to hybrid plant identification very efficiently. DsRed2 was also
expressed in hairy roots of Huayu 23 via Agrobacterium rhizogenes-mediated
transformation, and the transgenic roots were easily selected by red fluorescence.
In summary, the DsRed?2 is an ideal reporter to achieve maximum screening
efficiency and accuracy in peanut genetic transformation.
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Introduction

Peanut (Arachis hypogaea L.) is an important legume crop of
the Fabaceae family, and is widely cultivated in tropical and
subtropical regions (Sharma and Bhatnagar-Mathur, 2006).
Peanut seed contains various important components with
superior nutritional value, such as fat, protein, folate, tocopherol,
phytosterols and polyphenolics (Jonnala et al., 2006; De Camargo
and Canniatti-Brazaca, 2014). Apart from serving as an oil crop,
there is a demand of peanut confectionary preparations such as
desserts and snacks (Wang, 2018; Pandey et al., 2020). Therefore,
various cultivars are required for the broad purpose of peanut,
which can be hardly achieved through the narrow genetic base and
conventional breeding methods (Liao, 2017). With the faster
developments in the area of biotechnology, genetic engineering by
plant transformation has shown great advantages in developing
superior cultivars (Krishna et al., 2015). Hence, it is necessary to
develop efficient and stable transformation systems of peanut as a
foundation for its genetic engineering.

Several methods have been developed to generate highly stable
transformed peanut plants, such as particle bombardment, A.
tumefaciens-mediated transformation and pollen tube pathway
system, and the former two methods have achieved relatively
greater successes (Eapen and George, 1994; Deng et al, 2001;
Zhou et al., 2023). For the particle bombardment method, genes
are transferred to embryogenic callus in peanut, and transformed
plants are regenerated from somatic embryogenesis (Krishna et al,,
2015). For A. tumefaciens-mediated transformation, leaflet (Dolce
et al,, 2018), de-embryonated cotyledon (Hoa et al., 2021; Marka
and Nanna, 2021), cotyledonary node (Lamboro et al., 2022) and
hypocotyl (Yan et al., 2015) are the main explants, and transgenic
plants are regenerated from somatic embryogenesis or
organogenesis (Kundu and Gantait, 2018). However, the efficiency
of transformation in peanut is still as low as 0.2%-3.3% (Rohini and
Rao, 2000), which is determined by the regeneration ability of the
explant, host genotype, vectors, screening efficiency and some other
factors (Krishna et al., 2015). The low screening efficiency is mostly
caused by insufficient selection pressure and improper identification
method (Kumar et al., 2011). As a matter of fact, the selection
pressure cannot be too strong to screen transformants due to the
low regenerability of peanut. Since a few non-transgenic plants may
escape and survive, all the regenerated plants need to be further
identified (Tiwari and Tuli, 2012). Recently, the most commonly
used test method is detection of the exogenous genes by PCR
(Marka and Nanna, 2021). However, the accuracy is easily
interfered by chimerism, Agrobacterium-contamination of the
regenerant and aerosol. Therefore, it is significant to find an
effective method to accurately distinguish transgenic and non-
transgenic plants so as to reduce the workload.

Fluorescent proteins (FPs) are reporter genes widely utilized in
genetic transformation of many plant species (Stewart, 2006). Due
to their fluorescence characteristics, FPs can be transformed with
target genes simultaneously to screen the positive transgenic events.
The green fluorescent protein (GFP) isolated from jellyfish
(Aequorea Victoria) is a frequently used reporter gene in the
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genetic transformation in monocot and dicot plants (Chung et al.,
20005 Yang et al., 2005; Cui et al., 2020). However, its application is
largely limited due to the overlapping of its spectral properties with
those of several plant pigments (Yang et al, 2005). The red
fluorescence protein DsRed2 is a modified form of DsRed from
coral (Discosoma sp.), which can be easily distinguished from plant
cell autofluorescence (Baird et al., 2000). DsRed2 has been
successfully used as a visual reporter in numerous plant
transformation studies, such as rice, soybean and cotton
(Nishizawa et al., 2006; Sun et al., 2018; Toda et al., 2019). These
studies have demonstrated that the utilization of FPs can contribute
to rapid and accurate screening of stable transformants, which will
significantly improve the screening efficiency.

In this study, DsRed2 was used as a visual reporter in peanut
genetic transformation, which was delivered into peanut protoplasts
by PEG and peanut plants by A. tumefaciens-mediated and A.
rhizogenes-mediated transformation, respectively. The red
fluorescence was monitored throughout the whole life of
transgenic peanut plants. The screening efficiency with DsRed2
was also investigated. The performance of DsRed2 in transgenic
peanut plants was evaluated to assess its ability to serve as a selective
marker for peanut biotechnology.

Materials and methods
Plant materials

Three peanut cultivars Zhonghua 12 Zhonghua 24 and Huayu 23
were used in this study. Zhonghua 12 (var. vulgaris) and Zhonghua
24 (var. hypogaea) are developed by Oil Crops Research Institute of
the Chinese Academy of Agricultural Sciences, Wuhan, China in
2006 and 2015, respectively. Huayu 23 (var. hypogaea) is developed
by Shandong Peanut Research Institute, Shandong Academy of
Agricultural Sciences, Qingdao, China in 2004.

Vector construction

A cassette comprising a Nos promoter and 3’ UTR flanking
Basta selection marker gene was amplified by PCR from
pBinGlyBarl vector using the following primers with added AscI
restriction sites: 5-CATGGGCGCGCCGCACGCTGCCGCA
AGCAC-3’ and 5-CATGGGCGCGCCCGCGCCGATCTAGTA
ACA-3’ (the added restriction sites are underlined). Then the Ascl
digested fragment was inserted into the binary vector pBinGlyRed2
(Huai et al., 2020) containing a 35S promoter-driven DsRed2 gene
to generate pBinBarRed (Figure S1).

Protoplast isolation and transfection
Protoplasts were isolated from leaves of 14 days old aseptic

seedlings of peanut cultivar Zhonghua 12, which were obtained
from seeds sterilized with 0.1% (w/v) HgCl, and cultured in dark.
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The leaves were cut into 0.5 mm strips, and then dispersed into 30
mL of enzyme solution (2% cellulose R-10, 1% macerozyme R-10,
0.2% pectolase Y-23, 0.1% BSA, 0.6 M mannitol, 10 mM MES (pH
5.7) and 15 mM CaCl,) with gently shaking at 40 rpm for 12 hours.
After digestion, cells were filtered with a 70 um nylon meshes, and
then washed twice by 30 mL W5 solution (154 mM NaCl, 125 mM
CaCl,, 5 mM KCl and 2 mM MES, pH5.8). Protoplasts were
resuspended in 2 mL W5 solution and stored on ice for 30 mins.
Lastly, protoplasts were centrifuged at 100 g for 2 mins, and
resuspended in 2 mL MMG solution (0.6 M mannitol, 15 mM
CaCl, and 4 mM MES). Cell concentration was measured using a
hemocytometer and a light microscope.

Totally 2x10” isolated single protoplasts were suspended in 200
UL MMG solution, and stored on ice for 30 mins. Approximately 20
g plasmid DNA and 220 uL PEG solution (40% PEG4000, 0.6 M
mannitol and 100 mM CaCl,) was added, mixed gently and stored
at room temperature for 20 mins. After incubation, 1 mL W5
solution was added and stored on ice for 5 mins. Then cells were
centrifuged at 100 g for 2 mins, and washed twice by 300 uL W5
solution. The protoplast pellets were resuspended with 1.5 mL W5
solution, and incubated in the dark at room temperature for 48-72
hours. The protoplast pellets were harvested for further analysis.

A. tumefaciens-mediated transformation

The vector pBinBarRed was introduced into Agrobacterium
tumefaciens strain GV3101 by electro-transformation. A single
transformed colony was inoculated into a flask (50 ml) containing
sterile 10 ml LB liquid medium supplemented with 50 mg/L
kanamycin. The flask was incubated at 28°C for 24 h in a shaker
incubator set at 180 rpm until the ODgg reached 0.6-0.8. Bacterial
suspension was pelleted by centrifugation for 10 min at 250 g and
resuspended the cells in the Agrobacterium infection medium (2.2g/
L MS-B5 and 20 g/L sucrose, ODgqg = 0.6-0.8).

The A. tumefaciens-mediated transformation was performed as
described by Sharma and Bhatnagar-Mathur (2006) with some
modifications. Mature seeds from the peanut cultivar Zhonghua
12 were surface sterilized by rinsing in 75% ethanol for 1 min
followed by treatment with 0.1% (w/v) HgCl, for 4 min and then
washed 4-6 times with sterile-distilled water and soaked in sterile
water overnight. After removing the seed coat, the embryo was
removed and each cotyledon was cut into vertical halves which were
used as explants. Explants were immersed in the Agrobacterium
infection medium for 2-5 min, and then transferred onto the Co-
cultivation Medium (4.4 g/L MS-B5, 20 g/L sucrose, 4 mg/L BAP, 1
mg/L 2,4-D and 8 g/L agar, pH=>5.8) maintained in dark for 72
hours at 26°C (Figure 1A). Then explants were transferred onto the
Shoot Induction Medium (4.4 g/L MS-B5, 20 g/L sucrose, 4 mg/L
BAP, 1 mg/L 2,4-D, 300 mg/L Timentin, 1 mg/L Basta and 8 g/L
agar, pH=5.8) and kept at 26°C under 16 h day/8 h dark for 14 days.
The explants were transferred onto a fresh medium every 14 days
until the shoots come out (Figures 1B-D). The shoots were
transferred onto the Shoot Elongation Medium (4.4 g/L MS-B5,
20 g/L sucrose, 2 mg/L BAP, 300 mg/L Timentin and 8 g/L agar,
pH=5.8) and kept at 26 °C under 16 h day/8 h dark for 14 days. The
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shoots were transferred onto a fresh medium every 14 days until the
shoots grew to 3-4 cm high (Figures 1E, F). Subsequently, the
elongated shoots were transferred onto the Root Induction Medium
(4.4 g/L MS-B5, 20 g/L sucrose and 8 g/L agar, pH=5.8) until the
roots grew to 4-5 cm long (Figures 1G, H). The plants were
transplanted into autoclaved sand-soil (1:1) mixture in plastic
pots and maintained in a growth cabinet at 26 °C under 16 h
day/8 h dark until the seeds mature (Figure 1T).

A. rhizogenes-mediated transformation

The vector pBinBarRed was introduced into Agrobacterium
rhizogenes strain K599 by electro-transformation. A single
transformed colony was grown in 10 mL LB liquid medium
containing kanamycin at 50 mg/L and incubated overnight at
28 °C with shaking at 180 rpm until the ODgg, reached 0.6-0.8.
The bacterial cells were collected by centrifugation for 10 min at
250 g and resuspended in the A. rhizogenes solutions (2.2 g/L MS, 20
¢/L sucrose and 100 UM AS, ODgq - 0.6-0.8).

Mature seeds from the peanut cultivar Huayu 23 were surface
sterilized and germinated on %:MS medium (Figures 2A-C). After 1
week, the radicle and hypocotyl were cut from each seedling and the
remaining portion was used as explant. Explants were dipped in the
A. rhizogenes solutions and incubated for 2-5 min, and then
transferred onto the co-cultivation medium (4.4 g/L MS, 20 g/L
sucrose, 50 UM AS and 8 g/L agar, pH=>5.8) maintained in dark at
26°C for 3 days (Figure 2D). Subsequently, explants were
transferred onto the hairy root induction medium (4.4 g/L MS, 20
g/L sucrose, 300 mg/L Timentin and 8 g/L agar, pH=5.8) and kept at
26 °C under 16 h day/8 h dark until the root grow well
(Figures 2E, F).

Fluorescence observation

The fluorescence in protoplast cells was examined under a laser-
scanning confocal microscope (Olympus FV 10-ASW). The
fluorescence in callus and samples form transgenic plants were
observed using a green-light hand-held lamp (LUYOR, China), with
a red camera filter lens.

DNA extraction and PCR analysis

Total genomic DNA was isolated from young leaves of
transgenic plantlets and wild-type peanut plants using a
EasyScript Plant Genomic DNA Kit (Transgen, China). To detect
the presence of DsRed2 gene, the following primers were used for
PCR amplification: 5- TTCAAGGTGCGCATGGAG-3’ and 5-
CGTTGTGGGAGGTGATGT-3". The amplification cycle
consisted of denaturation at 94 °C for 1 min, primer annealing at
58 °C for 1 min, and primer extension at 72 °C for 1 min. After 30
repeats of the thermal cycle and final extension 72 °C for 10 min,
amplification products were analyzed on 1% agarose gels. The
putative PCR product was 577 bp.
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FIGURE 1

Agrobacterium tumefaciens-mediated peanut transformation. (A) Cotyledon explants on the Co-cultivation Medium. (B—D) Explants on the Shoot
Induction Medium after one week (B), two weeks (C) and three weeks (D). (E, F). Induced adventitious shoots on the Shoot Elongation Medium after
two weeks (E) and four weeks (F). (G, H) Induced adventitious roots on the Root Induction Medium after two weeks (G) and four weeks (H). (I) The
plantlet was transplanted into soil and maintained in a growth cabinet.

FIGURE 2
Agrobacterium rhizogenes-mediated peanut transformation. (A) Surface sterilized seeds on ¥2MS medium. (B, C) One-week old seedling for
inoculation. (D) Explants on the co-cultivation medium. (E, F) Induced hairy roots appearing two weeks (E) and four weeks (F) after inoculation.
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RNA extraction and real-time PCR analysis

Total RNA was extracted from young leaves of transgenic
plantlets and wild-type peanut plants using TRIzol reagent (Sigma,
USA). Reverse transcription was implemented using SuperScript IV
First-Strand Synthesis System (Invitrogen, USA). Real time PCRs
were performed on a Bio-Rad CFX96 Real-Time system using SYBR
Green as fluorescent dye. The peanut actin gene was used as internal
control using primers: 5- TAAGAACAATGTTGCCATACAGA-3’
and 5-GTTGCCTTGGATTATGAGC-3". The primers for DsRed2
gene were: 5-GTACGGCTCCAAGGTGTACG-3" and 5’-
TAGATGAAGCAGCCGTCCTG-3'.

Crossing and hybrid identification

A high oleate peanut cultivar Zhonghua 24 was pollinated with the
pollens from transgenic Line 1 (T;), which were developed from
normal oleate cultivar Zhonghua 12. As the difference between the
oleic acid contents in parents were caused by mutations in AhFad2
genes (Chu et al,, 2009; Pandey et al., 2014), primers for AhFad2 genes
were used for hybrid identification: 5- CACTAAGATTGAAGCTC-3’
and 5-CACTAAGATTGAAGCTC -3. A 500 bp fragment was
amplified by PCR and sequenced by Sanger sequencing.

Results

Evaluation of DsRed2 in peanut
protoplast transformation

Firstly, the DsRed2 gene was expressed in protoplasts isolated
from peanut leaves. After transformation, the protoplasts were
centrifuged to the bottom of tubes (Figure 3A). Under green light,
the transformed protoplasts R-1 and R-2 showed bright red
fluorescence compared with CK (Figure 3B). Under a laser
confocal microscope, red fluorescence was detected in R-1 and R-
2, but not in CK (Figure 3C). These results indicated that DsRed2
could be used as a reporter in peanut protoplast transformation.

Evaluation of DsRed2 in A. tumefaciens-
mediated peanut transformation

The DsRed2 gene was constitutively expressed in peanut via A.
tumefaciens-mediated transformation. Under green light, red
fluorescence could be observed at very early stage of callus
formation (Figure 4B), and became increasingly pronounced with
callus age. Upon the emergence of shoots, the transgenic shoots
were selected by red fluorescence (Figure 4D and Figure S2B). The
shoots showing red fluorescence developed into plantlets with red
fluorescence (Figure 4H). The whole plant exhibited bright red
fluorescence under green light at both vegetative and reproductive
stages, including the root (Figure 4F), leaf (Figure 4K), flower
(Figure 4M), pod shell (Figure 40) and seed (Figure 4Q). Under
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white light, after removal of the seed coat, the color of embryo and
cotyledon was red in transgenic seeds, but was white in CK
(Figure 4R), allowing very easy discrimination of the transgenic
seeds with naked eyes. The T, progeny of DsRed2 peanut exhibited
the same morphological characteristics as T, generation, indicating
that the fluorescence can be inherited by subsequent generations.
Hence, DsRed2 can serve as a stable reporter in A. tumefaciens-
mediated peanut transformation.

Molecular analysis of putative
transgenic plants

A total of 52 T, transgenic plantlets were obtained, and 15 of
which were tested by PCR. As shown in Figure 5A, all the 15 lines
harbored the DsRed2 gene. Compared with the transgenic lines
without the DsRed?2 reporter, the positive rate increased from 56.9%
(Figure S3) to 100% (Figure 5A). The expression levels of DsRed2
were detected in leaves of the 15 transgenic lines by qRT-PCR. As
expected, the expression of DsRed2 was not detectable in the non-
transformed control, while was detected in transgenic lines
(Figure 5B). Hence, the application of DsRed2 in peanut
transformation can greatly increase the screening efficiency and
improve the positive rate.

Evaluation of DsRed?2 in
hybrid identification

The transgenic Line 1 with DsRed2 was used as the male parent
(with normal oleate trait) to be crossed with the high-oleate peanut
cultivar Zhonghua 24, and 28 F; hybrid seeds were obtained. The
seed testa color was pink in the female parent Zhonghua 24, while
red in the male parent transgenic Line 1. The seed testa color of
hybrid was pink, suggesting that the F; seeds were obtained from
the female parent instead of mixing with seeds from the male parent
(Figure 6A). The color of embryo and cotyledon was white in the
female parent, red in the male parent, while lightly red in the hybrid
seeds, indicating that the DsRed2 gene was transferred into hybrid
plants (Figure 6C). Furthermore, red fluorescence was detected in
both hybrid seeds and male parent seeds, but not in female parent
seeds under green light (Figures 6B and D). Sanger sequencing
results revealed that the genotypes of AhFAD2 genes controlling the
oleic content in all the 28 red seeds were heterozygous, indicating
that they were true hybrids (Figure S4). All these results suggested
that DsRed2 could be used as a reliable reporter in peanut
hybrid identification.

Evaluation of DsRed2 in A. rhizogenes-
mediated peanut transformation

The selection effect of DsRed2 in A. rhizogenes-mediated peanut

transformation was also evaluated (Figure 7a). As shown in Figure 7B,
red fluorescence can only be observed in induced hairy roots but not
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Chloroplast

DsRed2 gene expression in peanut protoplast. (A, B) Centrifuged peanut protoplasts at the bottom of Eppendorf tubes under white light (A) and
green light (B). Arrows indicate the centrifuged protoplasts. (C) Characteristic features of organelles in peanut protoplasts. CK, peanut protoplast
transformed with pBinGlyBarl; R-1 and R-2, peanut protoplast transformed with pBinBarRed.

in other parts under green light. Twenty-one plantlets with transgenes
were selected by red fluorescence, and verified by PCR. The positive
rate of transgenic hairy root was also reached to 100% (Figure 7C).
These results also demonstrated that DsRed2 is also an ideal reporter
in A. rhizogenes-mediated peanut transformation.

Discussion

A highly efficient transformation system is critical for the
improvement of crops including peanut. Although several peanut
transformation systems have been established, their transformation
efficiency and reproducibility are still largely inadequate. Hence, it is
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necessary to improve the transformation efficiency by optimizing
the transformation parameters such as plant genotype, inoculation,
co-culture conditions and selective reporters (Krishna et al., 2015).
GFP was used as a reporter in peanut genetic transformation by
particle bombardment. Green fluorescence was observed in somatic
embryo, root and leave, but green fluorescence in shoot tissues was
confounded with fluorescence from chlorophyll (Joshi et al., 2005).
DsRed2 is a red fluorescent protein from corals of the Discosoma
genus, which has been used successfully in research on animals,
fungi and plants (Baird et al., 2000). In this study, DsRed2 was used
as a visible selective reporter and its performance in peanut genetic
transformation was evaluated. DsRed2 was successfully expressed in
peanut protoplasts and plants (Figures 3 and 4), suggesting that it
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CK: wild-type peanut

+: transgenic peanut

FIGURE 4

DsRed2 gene expression in callus, different tissues and organs via A. tumefaciens-mediated peanut transformation. (A, B) DsRed?2 expression in
peanut callus under white light (A) and green light (B). The arrow indicates the transformed callus with red fluorescent. (C, D) DsRed?2 expression in
induced shoots under white light (C) and green light (D). (E, F) DsRed?2 expression in induced roots under white light (E) and green light (F). (G, H)
DsRed?2 expression in transgenic plantlet under white light (G) and green light (H). (I-K) DsRed2 expression in mature leave under white light (I) and
green light (3, K). (L, M) DsRed?2 expression in flower under white light (L) and green light (M). (N, O) DsRed2 expression in pod under white light (N)
and green light (O). (P, Q) DsRed2 expression in seed under white light (P) and green light (Q). (R, S) DsRed?2 expression in seed without testa under
white light (R) and green light (S).

can be steadily expressed and inherited in peanut. Moreover, a red ~ progeny and hybrids. Hence, DsRed2 can serve as an effective visual
color could be clearly observed with naked eyes in embryo and  reporter gene for genetic transformation of peanut.

cotyledon without the help of any instrument (Figures 4R and 6C), Compared with low identification accuracy of transgenic peanut
which can greatly facilitate the screening of transgenic seeds in the  plant is an important factor limiting the screening efficiency in

Frontiers in Plant Science frontiersin.org
105


https://doi.org/10.3389/fpls.2023.1123644
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Huai et al.

A - N © 3T v o o~
@ 2 Py 2 2 2 2
< < = < = < <
M 5 5 5 5 35 3 35
1000 bp.

B 5000

4000 A

3000

Relative Expression

2000

1000

10.3389/fpls.2023.1123644

Line 8

Line9

Line 10
Line 11
Line 12
Line 13
Line 14
Line 15
ddH,0

CK
P

750 bp—|
500 bp.

CK Line1 Line2 Line3 Line4 Line5 Line6 Line7 Line8 Line9 Line 10 Line 11 Line 12 Line 13 Line 14 Line 15

FIGURE 5

PCR and RT-PCR analysis of DsRed2 gene in transgenic plants. (A) PCR amplification of DsRed?2 in transgenic plantlets. (B) The expression level of
DsRed?2 in transgenic plantlets. Lines 1-15, transgenic lines with red fluorescent; CK, wild-type plant; P, plasmid of pBinBarRed.
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FIGURE 6

ZH24 (9

F1 hybrids generated from a cross between DsRed?2 transgenic plants and Zhonghua 24 cultivar. (A, B) Seeds of F; hybrid, the female parent
Zhonghua 24 and the male parent DsRed?2 transgenic Linel under white light (A) and green light (B). (C, D) The embryo and cotyledon of F; hybrid,
the female parent Zhonghua 24 and the male parent DsRed?2 transgenic Linel under white light (C) and green light (D)

addition to resources wastage (Mallikarjuna and Varshney, 2014).
In previous studies, the highest positive rate of peanut
transformation was 90% (Krishna et al, 2015). In this study,
application of DsRed2 significantly increased the screening
efficiency and improved the positive rate from 56.9% to 100%
(Figures 5 and S3), which is the highest score in peanut
transformation. In previous studies, the most common
identification method is detection of the exogenous genes by PCR
and should be performed after acquired regenerated plants (Marka
and Nanna, 2021). In this study, as red fluorescence could be
observed at a very early stage of callus formation (Figure 4B), the
screening could be started very early as well, reducing much labor
and resource consumption. Furthermore, identification with PCR
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requires a special instrument and reagents, but screening with
DsRed2 requires only a lamp and a filter, which is much cheaper
and easy to operate. Therefore, screening with DsRed2 in peanut
transformation can promote the efficiency and save resources to
some extent.

In the present study, the transgenic peanut plants were
generated via organogenesis in the A. tumefaciens-mediated
transformation system. Red fluorescence was detected in all
tissues of transgenic plants at both vegetative and reproductive
stages, including the root (Figure 4F), leaf (Figure 4K), flower
(Figure 4M), pod shell (Figure 40) and seed (Figure 4Q).
Interestingly, no chimera was detected in the transgenic plants.

Relative to somatic embryogenesis, organogenesis protocol is easier
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FIGURE 7

DsRed2 gene expression in hairy roots via A. rhizogenes-mediated peanut transformation.(A, B) DsRed2 expression in hairy roots under white light
(A) and green light (B). (C) PCR amplification of DsRed?2 in transgenic hairy roots. HR-1 to HR-21, transgenic plantlets with red hairy roots; CK, wild-

type plant; P, plasmid of pBinBarRed

to handle and more time-saving, but may lead to the generation of
). The red
fluorescence screening can effectively avoid the occurrence of

chimera in some researches (

chimera. Therefore, application of the DsRed2 reporter in
organogenesis protocol can greatly simplify the operation and
increase the efficiency of peanut transformation.

Genome-editing technologies have revolutionized plant
research and exhibit great potential in the improvement of
crops ( ). In this study, an efficiently and
stable transformation system was successfully established for
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peanut, which may be widely used in metabolic engineering
and genome-editing of peanut and greatly facilitate future
peanut improvement.

The original contributions presented in the study are included
in the article/ . Further inquiries can be

directed to the corresponding authors.
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(B) PCR amplification of Luc gene in transgenic plantlets. +, transgenic line
which harboring both of Bar and Luc genes; -, non-transgenic line which
possessing one or none of Bar and Luc genes. Among 65 putative plants, 37
plants were identified as transgenic plants, so the positive efficiency was
65.9%. 1-65, putative transgenic plants (To); CK, wild-type plant; P, plasmid
of pBinGlyBarl.
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Sequence from a PCR product of AhFAD2 genes in hybrids (F;). The mutant
allele of AhFAD2A had a 1-bp substitution (G:C—A:T) at position 448 after the
start codon; the mutant allele of AhFAD2B had a 1-bp insertion (A:T) at
position 442 after the start codon. The true hybrid (F;) was identified by
containing double peaks (G/A) at position 442 bp (AhFAD2B) and triple peaks
(G/A/C) at position 448 bp (AhFAD2A) after the start codon. A, green; T, red; C,
blue; G, black.
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Cultivated peanut (Arachis hypogaea) is a leading protein and oil-providing crop
and food source in many countries. At the same time, it is affected by a number of
biotic and abiotic stresses. O-methyltransferases (OMTs) play important roles in
secondary metabolism, biotic and abiotic stress tolerance. However, the OMT
genes have not been comprehensively analyzed in peanut. In this study, we
performed a genome-wide investigation of A. hypogaea OMT genes (AhOMTs).
Gene structure, motifs distribution, phylogenetic history, genome collinearity
and duplication of AhOMTs were studied in detail. Promoter cis-elements,
protein-protein interactions, and micro-RNAs targeting AhOMTs were also
predicted. We also comprehensively studied their expression in different
tissues and under different stresses. We identified 116 OMT genes in the
genome of cultivated peanut. Phylogenetically, AhOMTs were divided into
three groups. Tandem and segmental duplication events played a role in the
evolution of AhOMTs, and purifying selection pressure drove the duplication
process. AhOMT promoters were enriched in several key cis-elements involved
in growth and development, hormones, light, and defense-related activities.
Micro-RNAs from 12 different families targeted 35 AhOMTs. GO enrichment
analysis indicated that AhOMTs are highly enriched in transferase and catalytic
activities, cellular metabolic and biosynthesis processes. Transcriptome datasets
revealed that AhOMTs possessed varying expression levels in different tissues and
under hormones, water, and temperature stress. Expression profiling based on
gRT-PCR results also supported the transcriptome results. This study provides

frontiersin.org
110


https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145624/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1145624&domain=pdf&date_stamp=2023-03-31
mailto:weijianz@fafu.edu.cn
https://doi.org/10.3389/fpls.2023.1145624
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1145624
https://www.frontiersin.org/journals/plant-science

Cai et al.

10.3389/fpls.2023.1145624

the theoretical basis for further work on the biological roles of AHOMT genes for
developmental and stress responses.

KEYWORDS

bioinformatics, environmental stress, functional annotation, gene duplication, micro-RNAs,
peanut genomics, phylogenetic tree

Introduction

In Arabidopsis thaliana, O-methyltransferases (OMTs) are
heterogeneous enzymes involved in the flavonoid and lignin
production pathways (Guo et al., 2001). There are three
classes of plant methyltransferases: C- methyltransferases, N-
methyltransferases, and O-methyltransferases (Roje, 2006). In
plants, OMTs assist the transfer of the methyl group of S-
adenosyl-L-methionine (SAM) to the hydroxyl group of numerous
organic chemical compounds, ultimately synthesizing the methyl
ether variants of these substances (Struck et al., 2012). Based on the
molecular weight and bivalent ion dependence, OMTs are divided
into Caffeoyl-CoA OMT (CCoAOMT) and Caffeic acid OMT
(COMT). COMTs are the main representative of type I, and
CCoAOMTs are of type II (Davin and Lewis, 1992). Depending
upon the resemblance in sequence and protein motifs, OMT genes
are further classified into two separate categories: PL-OMT I and
PL-OMT II (CCoAOMT and COMT, respectively) (Joshi and
Chiang, 1998). COMT-type proteins bind to a variety of
substrates, including caffeoyl CoA ester, caffeic acid, chalcones,
myoinositol, scoulerine, 5-hydroxyferuloylester, and 5-
hydroxyferulic acid (Ye et al., 1994; Roje, 2006). CCoAOMT-type
enzymes use a pair of substrates, caffeoyl CoA and 5-
hydroxyferuloyl CoA, to function (Davin and Lewis, 1992).
COMT and CCoAOMT both mediate the lignin biosynthesis
process. The CCoOAOMT enzyme catalyzes an early step in the
pathway by converting caffeoyl CoA to feruloyl CoA (Dudareva and
Pichersky, 2008), despite the fact that sinapyl alcohol, a key
component of S-type lignin, is mostly biosynthesized by COMT
proteins at the end of the biosynthetic pathway (Ye et al., 1994; Buer
et al., 2010).

Lignin is the second most prevalent biopolymer on the planet
and is an essential element of cell walls in certain higher plants
(Ralph et al, 2004). It offers mechanical strength to plants and
assists water movement throughout whole plant tissues (Liu et al.,
2018), and also an excellent barricade for pathogens, fungi, and
insects (Peng et al., 2014), so it helps to improve plant response
toward environmental calamities (Moura et al.,, 2010). To
understand their significance, OMT genes have been extensively
studied in various plants, such as Arabidopsis and rice (Hamberger
et al., 2007), citrus and sorghum (Liu et al., 2016b; Rakoczy et al.,
2018), switchgrass and dove tree (LIU et al., 2016a), tea plant (Lin
et al,, 2021) etc. Concerning wheat, Nguyen and his team analyzed
the expression profiles of lignin biosynthesis-related genes,
including a number of CCoAOMTs, to determine the likely
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mechanisms behind their expression patterns. They discovered
that lignin content was directly linked with lodging resistance,
tolerance to various biotic and abiotic stresses, and quality of
feedstock biomass (Nguyen et al., 2016). TaCCoAOMT1I regulates
lignin biosynthesis (Ma and Luo, 2015); previously, this gene has
been reported as a key stem cell growth regulator (Bi et al., 2011).
Due to their significant roles in secondary metabolism, intensive
work has been done on OMT genes throughout the years (Bout and
Vermerris, 2003; Goujon et al., 2003; Kota et al., 2004; Li et al., 2006;
Lin et al., 2006; Yoshihara et al., 2008; Ma, 2009; Zhou et al., 2009).
A detailed evaluation of the OMT genes in peanut has yet to be
performed, despite the fact that the genes’ well-established role
offers a good foundation for our research.

Therefore, OMT genes were studied at a genome-wide scale in
A. hypogaea and its wild progenitors. One hundred and sixteen
OMT genes were found in the cultivated peanut genome. Further,
we looked into the evolutionary connections of these AhOMT
genes, their conserved domains and motifs, gene structure, and
genomic position. We likewise investigated the AhOMT promoters;
similarly, expression in different organs under various stress
conditions was investigated as well. This study will provide a base
for further research on individual genes in peanut and will aid in
exploring the biological roles of the OMT genes.

Materials and methods

Identification and characterization of OMT
genes in A. hypogaea

OMT genes in the genome of A. hypogaea were comprehensively
searched. The protein sequences of AtOMTs were acquired from the
TAIR database (https://www.arabidopsis.org/) (Lamesch et al., 2012)
and soybean OMTs from Legume Information System (https://
legumeinfo.org/) (Gonzales et al, 2005). A. ipaensis and A.
duranensis OMT sequences were obtained from the PeanutBase
database (https://www.peanutbase.org/home) (Bertioli et al., 2016).
The sequences of whole-genome proteins of A. hypogaea were
obtained from the Peanut Genome Resource database (PGR) (http://
peanutgr.fafu.edu.cn/) (Zhuang et al,, 2019). The protein sequences of
OMTs from A. duranensis, A. ipaensis, A. thaliana, and G. max were
used to search the AhOMTs by BLASTP search with TBtools software
(Chen et al., 2020). Further, the HMM search method was also used to
search the OMT proteins from A. hypogaea genome. The Pfam
database was searched to obtain the HMM files for the OMT family
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(PF08100 and PF00891) (http://pfam.xfam.org/). The identified
proteins were scanned at NCBI and Pfam databases to verify the
OMT domain. ProtParam tool (http://web.expasy.org/protparam/)
determined the physicochemical characteristics of AhOMTs
(Gasteiger et al,, 2005). The subcellular localizations of AhOMT
proteins in different cell organelles were predicted by the CELLO
version v2.5 (http://cellolife.nctuedu.tw/) (Yu et al, 2006). General
Feature Format (GFF3) files were used to view the exon-intron
distribution pattern of AhOMTs through TBtools software.
Conserved motifs of AhOMT proteins were determined by the
MEME database (https://meme-db.org/motifs/) (Bailey et al., 2015).

Phylogenetic and gene duplication analysis
of AhOMTs

A phylogenetic tree comprising A. ipaensis, A. duranensis, G.
max, A. hypogaea, and A. thaliana proteins was constructed to
investigate their phylogenetic connections. Protein sequences were
subjected to multiple sequence alignment by MUSCLE method with
the help of MEGAX software (https://megasoftware.net/home)
(Kumar et al,, 2018). A neighbor-joining tree was generated
through 1,000 bootstraps with the poisson model. MCScanX was
run to identify the duplicated genes. The KaKs Calculator 2.0
program with the MYN approach was used to determine the rates
of synonymous and nonsynonymous substitution (Wang et al,
2010). T = ks/2r was used to compute the divergence time with the
neutral substitution coefficient r=8.12x10 (Bertioli et al., 2016).

Analysis of AhOMT promoters and
miRNAs prediction

Promoter sequences up to 2 kb were used to find different
binding cites and cis-elements through the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
(Lescot et al,, 2002). Coding sequences of AhOMTs were used to
identify putative miRNAs targeting the AhOMT genes through the
psRNATarget database (https://www.zhaolab.org/psRNATarget/
home) (Dai et al., 2018).

Genome collinearity and orthologous
gene clusters

Comparative synteny was analyzed to examine evolutionary
genome conservations between three peanut species and Arabidopsis.
The genome and GFF3 files of all these species were subjected to
McScanX in TBtools software, and the resulting files were used for
multiple synteny analysis. The orthologous OMT proteins were
identified in A. hypogea, A. duranensis, A. ipaensis, and A. thaliana
through OthroVenn2 (https://orthovenn2.bioinfotoolkits.net/home)
(Xu et al, 2019). Protein sequences of Arabidopsis, soybean, and
three peanut species were used to identify orthologous genes. The
peanut species were assessed individually with each other and with
Arabidopsis and soybean to identify orthologous gene clusters.
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Functional annotation and prediction of
protein-protein interactions

For functional annotation prediction (GO and KEGG), AhOMT
proteins were scanned at the EggNOG database (http://eggnog-
mapper.embl.de/) (Huerta-Cepas et al., 2019). Enrichment analyses
were executed in TBtools software from predicted GO and
KEGG annotations.

Protein-protein interactions were predicted based on studied
AtOMTs. STRING 11.5 tool (https://www.string-db.org/cgi/)
(Szklarczyk et al, 2019) was used to construct the interaction
network between peanut and Arabidopsis OMTs. The top 10
interactions were predicted with a medium threshold level (0.4).
MCL clustering with inflation parameter 10 was used, and dotted
lines were used between cluster edges.

Expression profiling of AHOMT Gsenes

Transcriptome expression data were accessed to view the
expression levels of AhOMTs in various organs, phytohormones,
water, and temperature treatments. Transcriptome expression data
for different tissues (leaf, stem, stem tip, fluorescence, root, root and
stem, root tip, root nodule, gynophore/peg, pericarp, testa,
cotyledons, and embryo), hormones (ABA, SA, brassinolide,
paclobutrazol, ethephon, and ddH,O as control), water (drought
and normal irrigation) and temperature treatments (low
temperature and room temperature) were accessed from the PGR
database. The log2 normalization Fragments per kilobase million
(FPKM) of AhOMTs were used to construct the heatmaps.

Stress treatments and gRT-PCR analysis

Seedlings of peanut cultivar Minhua 6 (M-6) were grown in the
greenhouse for stress treatments. Four-leaf old M-6 plants were
subjected to abscisic acid stress (ABA 10 ug/mL) and low
temperature (4°C). Samples were collected before treatment (Oh,
CK) for both ABA and low temperature and 3, 6, 9, and 12 hours
after treatment. RNA was extracted by the CTAB method with
some modifications (Sharif et al., 2022). cDNA was synthesized by
Evo M-MLV RT Kit (Accurate Biotechnology, Hunan, Co., Ltd.
China) following the manufacturer’s protocol. qRT-PCR was
performed following our previous study (Sharif et al., 2022), while
peanut Actin gene was used as the internal control. Data were
analyzed by the 2**“" method (Livak and Schmittgen, 2001).
Expression levels at different time points were subjected to
analysis of variance (ANOVA) and LSD test at a=0.05. Primers
used for qRT-PCR are given in Supplementary Table 1.

Results

Identification and characterization of OMT
genes in A. hypogaea

BLASTP and HMM searches were performed to find out the
AhOMT family genes. Twenty-four genes were found in
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Arabidopsis, 55 in G. max, 58 in A. duranensis, and 68 in A. ipaensis
through a comprehensive search in their respective genome
databases. BLASTP search using these proteins and HMM search
identified 116 OMT genes in the A. hypogaea genome. Table 1
shows the details of all 116 AhOMT genes. Briefly, AhHOMT genes
varied in size, ranging from 57aa (AhOMT84 and AhOMT110) to
449aa (AhOMT63). The same genes possessed the shortest and
longest CDS lengths: (AhOMT84, AhOMT110) with 174bp and
AhOMT63 with 1350bp. The physicochemical properties of these
genes also varied accordingly. The molecular weights were from
6.537 kDa (AhOMT84 and AhOMTI10) to 502.99 kDa
(AhOMT63), and theoretical isoelectric points varied from 4.5
(AhOMT84, AhOMTI110) to 9.06 (AhOMT108). The differences in
isoelectric point (pI) and molecular weights (MW) are attributable
to post-translational modifications and a high concentration of
basic amino acids.

The subcellular localization prediction of AhOMT proteins
showed a diverse kind of localization. The main organelle where
all OMTs were localized was the cytoplasm, while some AhOMTs
were also localized in more than one cell compartment, including
the nucleus, mitochondria, chloroplast, plasma membrane, and
extracellular spaces. The physicochemical properties of AhOMTs
are given in detail in Table 1. Similar patterns of genomic and
physicochemical properties were found in the AdOMTs and
AiOMTs. The shortest of AdOMTs was AdOMT25 and
AdOMT41, with a protein and CDS length of 104 aa and 312 bp,
respectively. While the longest AdAOMT was AdOMT57, with a
protein and CDS length of 1760 aa and 5280 bp, respectively. The
other physiochemical properties also varied, as the molecular
weight ranged from 11.78 kDa for AdAOMT41 to 194.78 kDa for
AdOMT57. The theoretical isoelectric points varied from 4.86 for
AdOMTH43 to 8.51 for AdOMT46. The protein, CDS lengths, and
physiochemical properties of AdOMTs are given in Supplementary
Table 2. OMTs of A. ipaensis also possessed similar protein, CDS
lengths and other properties. Proteins varied from 68 aa
(AiOMT43) to 707 aa (AiOMT63), while CDS lengths from 204
bp (AiOMT43) to 2121 bp (AiOMT63). The expected molecular
weight for AiOMTs ranged from 7.83 kDa (AiOMT43) to 78.87 kDa
(AiOMT63), while the plI varied from 4.56 (AiOMTI19) to 9.08
(AiOMT57). Most AiOMTs were located in the cytoplasm, while
others were located in mitochondria, endoplasmic reticulum, and
nucleus. Supplementary Table 3 shows detailed information
about AiOMTs.

Phylogenetic relations of AhOMT genes

The phylogenetic tree containing A. ipaensis, A. duranensis, G.
max, A. thaliana, and A. hypogaea OMTs divided them into three
main groups (Figure 1). OMTs of all five species were dispersed in
all clades of the phylogenetic tree, indicating that the OMTs genes
diverged before the divergence of ancestral species. The
phylogenetic results revealed that Group I comprised 14 OMT
members (two GmOMTs, one AtOMT, four AiOMTs, six
AhOMTs, and one AdOMT). Group II comprises 146 OMT
members (20 GmOMTs, 21 AtOMT, 31 AiOMTs, 50 AhOMTs,
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and 24 AdOMTs). Group III contains 160 OMTs members (32 from
G. max, two from A. thaliana, 31 from A. ipaensis, 62 from A.
hypogaea, and 33 from A. duranensis). In summary, it can be
hypothesized from the phylogenetic groupings that OMTs from
difterent species with falling in a similar clade will probably perform
similar functions. The greater number of OMTs in cultivated peanut
than in its diploid progenitors and other model plants represent a
high evolutionary rate in A. hypogaea.

Chromosomal locations and
gene duplication

Chromosomal location results revealed that all 116 AhOMT
genes were dispersed on 18 chromosomes. Chromosomes Chr04
and Chr06 did not possess any OMT gene, while one gene was
present on the unassembled genome region (Chr00). Chromosomes
Chr00, Chr08, and Chrl16 possessed one OMT each, while Chr07
possessed the highest genes in the A subgenome (15 genes) and in
the B subgenome on Chr14 (28 genes) and Chr17 (16 genes), and all
other chromosomes possessed varying numbers of OMT genes
(Figure 2). Chromosomes Chr03, Chr09, and Chrl9 had two
genes each. Chr01, Chr05, Chrll, Chrl2, and Chrl8 possessed
three genes each, Chr02 possessed four, and Chrl5 possessed five
AhOMTs. Chr20 is next with six genes, Chr10 with eight genes, and
Chr13 with ten genes (Figure 2). The A. duranensis genome
possessed 58 OMTs (AdOMTs) unevenly distributed on all ten
chromosomes. Only chromosome A09 possessed a single OMT; all
other chromosomes contained multiple copies of AdOMTs ranging
from 2-19. Chromosome A08 possessed two AdOMTs, while the
highest number was present on chromosome A07, which had 19
AdOMTs (Supplementary Figure 1). The genome of A. ipaensis
contained 68 copies of OMT genes (AiOMTs) ranging from 2-16
genes. Chromosome B06 had the least number of AiOMTs (two),
while chromosomes B04 and B07 possessed the highest number of
AiOMTs (16 genes each) (Supplementary Figure 2).

Gene duplication analysis revealed 32 duplicated pairs of
AhOMTs. To estimate the molecular evolution rate, the
synonymous (Ks) and nonsynonymous (Ka) substitutions were
computed for duplicated genes. Positive selection pressure was
assumed when Ka/Ks>1, purifying selection when Ka/Ks<1, and
neutral selection when Ka/Ks=1 (Yang and Bielawski, 2000). Results
showed that mainly purifying selection drove the genome
duplication. Furthermore, the duplicated gene pair divergence
timeframe was estimated as t=ks/2r. The expected divergence
time varied from 1.078 million years ago (mya) for AhOMTI0:
AhOMT50 to 185.317 MYA for AhOMTI10:AhOMT32 (Table 2).
Most genes were segmentally duplicated, but some were tandemly
duplicated (Figure 3).

Gene structure and motifs analysis
To better understand the gene structure of AhOMTs, we viewed

their exon-intron distribution patterns. According to the findings,
the introns in AhOMT genes varied from 0 to 5, and exons from 1 to
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TABLE 1 Identified OMT genes in Arachis hypogaea genome and their physicochemical properties.

mRNA ID Renamed Genomic position Protein CDS Exons MW pl Subcellular localization
(CE) (Da)

AHO00G01370.1 | AhOMTI Chr00, 1743491...1746458, + 367 1104 2 41630.02 | 5.82 Cytoplasmic

AHO01G10670.1 | AhOMT2 Chr01, 14636118... 252 759 4 28709.05 | 5.85 Cytoplasmic/Nuclear
14641001, -

AHO1G10690.1 | AhOMT3 Chr01, 14941212... 243 732 4 2765491 529 Cytoplasmic
14944770, +

AHO01G14360.1 | AhOMT4 Chr01, 35441302... 367 1104 1 4011428  5.02 Cytoplasmic
35442524, -

AH02G04460.1 | AhOMTS Chr02, 5569873...5573618, - 386 1161 4 42470.84 | 5.44 Cytoplasmic

AH02G04490.1 | AhOMT6 Chr02, 5589981...5593675, - 385 1158 4 4237564 544 Cytoplasmic

AH02G12590.1 | AhOMT7 Chr02, 32788056... 136 411 3 1583853 | 87 Extracellular
32790140, -

AH02G16370.1 | AhOMTS Chr02, 64332037... 229 690 3 2572155 | 521 Cytoplasmic
64333326, -

AHO03G14330.1 | AhOMT9 Chr03, 20628097... 353 1062 2 393734 | 5.62 Cytoplasmic
20629889, -

AH03G37380.1 | AhOMTIO Chr03, 129298299... 365 1098 1 4101278 | 573 Cytoplasmic
129299491, -

AH05G20880.1 | AhOMTI1 Chr05, 86349327... 370 1113 2 41370.39 534 Cytoplasmic
86352613, +

AHO05G25050.1 | AhOMTI2 Chr05, 93242846... 238 717 5 2661579 | 4.88 Cytoplasmic
93246353, +

AH05G37230.1 | AhOMTI3 Chr05, 113557257... 344 1035 2 3824297 | 578 Cytoplasmic

113558753, +

AH07G11630.1 = AhOMT14 Chr07, 16284062... 121 366 2 13465.62 4.95 PlasmaMembrane
16284768, +

AH07G11650.1 = AhOMTI15 Chr07, 16301351... 366 1101 4 40534.71 5.24 Cytoplasmic
16313771, -

AH07G11670.1 = AhOMTI16 Chr07, 16369775... 200 603 3 22486.09 5.96 Cytoplasmic
16372965, +

AH07G11680.1 = AhOMTI17 Chr07, 16456841... 367 1104 4 40435.58 591 Cytoplasmic
16459427, +

AH07G11850.1 = AhOMTI8 Chr07, 16692680... 365 1098 2 41236.48 5.37 Cytoplasmic
16694596, -

AH07G12680.1 = AhOMTI9 Chr07, 18937780... 280 843 2 31266.38 6.14 Cytoplasmic/Mitochondrial
18939658, +

AH07G12700.1 = AhOMT20 Chr07, 19043156... 360 1083 2 40509.67 5.2 Cytoplasmic
19045086, +

AH07G12730.1 = AhOMT21 Chr07, 19167296... 359 1080 2 40469.82 5.23 Cytoplasmic
19169130, +

AH07G12760.1 = AhOMT22 Chr07, 19308477... 192 579 2 21730.12 7.84 Nuclear
19309711, +

AH07G12770.1 = AhOMT23 Chr07, 19319340... 78 237 1 8935.4 4.86 Cytoplasmic/Nuclear
19319576, +

AH07G12810.1 = AhOMT24 Chr07, 19440775... 365 1098 2 40817.08 5.55 Cytoplasmic
19449768, -

AH07G12840.1 = AhOMT25 Chr07, 19516967... 367 1104 2 41222.72 59 Cytoplasmic
19518887, -
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TABLE 1 Continued

mRNA ID Renamed Genomic position Protein CDS Exons A pl Subcellular localization
(aa) (OF)

AH07G12900.1 = AhOMT26 Chr07, 19764268... 428 1287 3 4797223 | 598 Cytoplasmic
19768113, -

AH07G23120.1 = AhOMT27 Chr07, 76086770... 310 933 5 3436173 | 8.64 Chloroplast
76090019, -

AH07G23750.1 = AhOMT28 Chr07, 78005200... 237 714 4 26289.16 | 7.06 Mitochondrial/Cytoplasmic
78008162, -

AH08G27130.1 = AhOMT29 Chr08, 47394140... 377 1134 2 4288273 | 6.52 Cytoplasmic
47396474, -

AH09G01720.1 = AhOMT30 Chr09, 2012805...2015264, - 367 1104 3 4145075 | 557 Cytoplasmic

AH09G34670.1 = AhOMT31 Chr09, 120176827... 205 618 6 2277835  4.72 PlasmaMembrane/Cytoplasmic
120179854, +

AH10G02290.1 = AhOMT32 Chrl0, 1961715...1962889, + 361 1086 1 4087235 | 5.6 Cytoplasmic

AH10G15020.1 | AhOMT33 Chrl0, 54238111... 248 747 3 27918 5.54 Cytoplasmic
54240140, +

AH10G16660.1 = AhOMT34 Chr10, 74583515... 365 1098 4 40023.61 | 567 Cytoplasmic
74589326, +

AH10G18790.1 = AhOMT35 Chrl0, 88278618... 360 1083 4 40453.18 | 5.59 Cytoplasmic
88281277, -

AH10G18800.1 = AhOMT36 Chr10, 88297763... 366 1101 4 40511.62 | 6.09 Cytoplasmic/Chloroplast/
88305007, - Mitochondrial

AH10G32230.1 = AhOMT37 Chr10, 114148160... 366 1101 2 40547.15 | 5.92 Cytoplasmic
114150510, -

AH10G32240.1 = AhOMT38 Chrl0, 114152916... 365 1098 3 4054223 | 5.66 Cytoplasmic
114155305, -

AH10G32250.1 = AhOMT39 Chrl10, 114157814... 361 1086 2 4040342 | 597 Cytoplasmic
114159860, -

AH11G10250.1 = AhOMT40 Chrll, 18606924. .. 252 759 4 28733.08 | 5.72 Cytoplasmic/Nuclear
18610941, -

AH11G10290.1 = AhOMT41 Chrl1, 18873867... 243 732 4 27629.84 | 5.19 Cytoplasmic
18877209, +

AH11G14590.1 = AhOMT42 Chrl1, 41545738... 368 1107 1 4020038 | 5.07 Cytoplasmic
41546978, +

AH12G04920.1 = AhOMT43 Chrl2, 6605031...6609257, - 386 1161 5 42419.84 | 545 Cytoplasmic

AH12G04930.1 = AhOMT44 Chrl2, 6637640...6658360, - 385 1158 4 42338.6 55 Cytoplasmic

AH12G19430.1 = AhOMT45 Chrl2, 87354252... 229 690 3 2572356 | 5.21 Cytoplasmic
87355625, -

AH13G16990.1 = AhOMT46 Chrl3, 21399995... 360 1083 3 4016233 | 5.62 Cytoplasmic
21403296, -

AH13G18140.1 = AhOMT47 Chrl3, 23575873... 362 1089 2 40791.14 | 6.01 Cytoplasmic/Mitochondrial
23692960, -

AH13G18150.1 = AhOMT48 Chrl3, 23582222... 259 780 1 2880322  5.71 Cytoplasmic
23583001, -

AH13G18180.1 = AhOMT49 Chrl13, 23740970... 362 1089 2 4083695 | 5.62 Cytoplasmic
23743323, -

AH13G40550.1 = AhOMT50 Chrl13, 130194454... 365 1098 1 41041.81  5.66 Cytoplasmic
130195643, -

AH13G54850.1 = AhOMT51 Chrl3, 146141983... 361 1086 4 4044053 | 6.12 Cytoplasmic
146144481, +
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mRNA ID Renamed Genomic position Protein Subcellular localization
(aa)

AH13G54860.1 = AhOMT52 Chr13, 146149238... 367 1104 40773.52 5.81 Cytoplasmic
146151105, +

AH13G54880.1 = AhOMT53 Chrl3, 146162045... 370 1113 41220.02 6.01 Cytoplasmic
146163928, +

AH13G54900.1 = AhOMT54 Chrl3, 146172622... 367 1104 40778.33 5.67 Cytoplasmic
146175803, +

AH13G54910.1 = AhOMT55 Chrl3, 146190691... 367 1104 40907.59 5.92 Cytoplasmic
146192373, +

AH14G35680.1 = AhOMT56 Chrl14, 125806126... 369 1110 41468.64 5.61 Cytoplasmic
125811662, +

AH14G35740.1 = AhOMT57 Chrl4, 125872352... 369 1110 41683.11 5.79 Cytoplasmic
125874795, +

AH14G35970.1 = AhOMT58 Chrl4, 126140382... 367 1104 42115.6 5.55 Cytoplasmic
126143911, -

AH14G35990.1 = AhOMT59 Chrl14, 126193089... 367 1104 42007.48 5.4 Cytoplasmic/PlasmaMembrane
126196501, -

AH14G36310.1 = AhOMT60 Chrl4, 126627551... 293 882 32983.34 5.69 Cytoplasmic
126635090, -

AH14G36320.1 = AhOMT61 Chrl4, 126649959... 363 1092 41410.16 5.6 Cytoplasmic
126651981, +

AH14G36340.1 = AhOMT62 Chrl14, 126673606... 266 801 29884.76 521 Cytoplasmic/PlasmaMembrane/
126675256, - Chloroplast

AH14G36350.1 = AhOMT63 Chrl4, 126701052... 449 1350 50299.16 53 Cytoplasmic
126704074, -

AH14G37140.1 = AhOMT64 Chrl14, 127461985... 357 1074 40448.73 597 Cytoplasmic
127463907, -

AH14G37150.1 = AhOMT65 Chrl4, 127470799... 362 1089 40849.08 521 Cytoplasmic
127472796, -

AH14G37180.1 = AhOMT66 Chrl4, 127485031... 362 1089 40883.95 5.03 Cytoplasmic
127487122, -

AH14G37190.1 = AhOMT67 Chrl4, 127510636... 362 1089 40819.03 5.04 Cytoplasmic
127512447, -

AH14G37200.1 = AhOMT68 Chr14, 127525946... 359 1080 40298.99 6.38 Cytoplasmic
127528357, +

AH14G39080.1 = AhOMT69 Chrl4, 129224323... 212 639 24003.78 6.51 Cytoplasmic
129226281, +

AH14G39130.1 = AhOMT70 Chrl4, 129291044... 265 798 29330.54 6.07 Cytoplasmic
129293057, -

AH14G39140.1 = AhOMT71 Chrl4, 129294783... 311 936 35192.57 5.31 Cytoplasmic
129302994, -

AH14G39150.1 = AhOMT72 Chrl4, 129304986... 311 936 35207.56 5.83 Cytoplasmic
129307172, -

AH14G43190.1 = AhOMT73 Chrl4, 132761740... 359 1080 40177.73 6.37 Cytoplasmic
132764130, -

AH14G43200.1 = AhOMT74 Chrl4, 132775330... 327 984 36928.61 5.51 Cytoplasmic
132777397, +

AH14G43220.1 = AhOMT75 Chrl4, 13279389%... 362 1089 41090.29 4.86 Cytoplasmic
132796027, +
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mRNA ID Renamed Genomic position Protein Subcellular localization
(aa)

AH14G43240.1 =~ AhOMT76 Chrl4, 132813746... 379 1140 428846 528 Cytoplasmic
132815906, +

AH14G43250.1 = AhOMT77 Chr14, 132824810... 289 870 324241 485 Cytoplasmic
132826734, +

AH14G43260.1 | AhOMT78 Chr14, 132831217... 260 783 29079.49  6.03 Extracellular/Cytoplasmic/
132831999, + PlasmaMembrane

AH14G44010.1 |~ AhOMT79 Chr14, 133523795... 369 1110 4161379 5.55 Cytoplasmic
133526394, +

AH14G44020.1 = AhOMTS0 Chrl4, 133543553... 263 792 29659.24 | 527 Cytoplasmic
133545010, +

AH14G44040.1 = AhOMTS81 Chr14, 133578635... 363 1092 4137411 | 583 Cytoplasmic/PlasmaMembrane
133581542, +

AH14G44050.1 | AhOMTS2 Chr14, 133600044. .. 367 1104 419744 | 539 Cytoplasmic
133603205, +

AH14G44230.1 | AhOMTS3 Chr14, 133827191... 369 1110 41590 5.52 Cytoplasmic
133829559, -

AH15G03640.1 | AhOMTS84 Chr15, 5904808...5904981, + 57 174 653749 45 Cytoplasmic/Nuclear

AH15G09730.1 | AhOMTS5 Chr15, 17072781... 80 243 885737  6.38 Cytoplasmic
17073111, -

AH15G09740.1 = AhOMT86 Chr15, 17085732... 232 699 2546392 5.59 Cytoplasmic
17086870, -

AH15G30330.1 = AhOMTS7 Chrl5, 143877154... 231 696 2574382 5.1 Cytoplasmic
143880313, -

AH15G34850.1 | AhOMTSS Chrl5, 149516849... 372 1119 4163372 541 Cytoplasmic
149520694, -

AH16G14480.1 = AhOMT89 Chrl6, 24990946. .. 283 852 3093649 533 Cytoplasmic
24992363, -

AH17G11080.1 | AhOMT90 Chrl7, 17572788... 230 693 2564162 6.7 Cytoplasmic
17574790, +

AH17G11130.1 | AhOMTI1 Chrl7, 17599988... 367 1104 4066691  5.31 Cytoplasmic
17615368, -

AH17G11160.1 | AhOMT92 Chrl7, 17675441... 373 1122 4117451 531 Cytoplasmic
17680659, +

AH17G11170.1 | AhOMT93 Chrl7, 17720906... 373 1122 4115732 | 5.16 Cytoplasmic
17725507, +

AH17G11190.1 | AhOMT94 Chrl7, 17820754... 374 1125 412527 5.62 Cytoplasmic
17838864, +

AH17G11220.1 | AhOMT95 Chrl7, 17982468... 367 1104 4048165 571 Cytoplasmic
17985690, +

AH17G11350.1 = AhOMT96 Chr17, 18600583... 267 804 2946177 543 Cytoplasmic/Chloroplast
18601386, -

AH17G12150.1 = AhOMT97 Chr17, 21159366... 363 1092 4094059 575 Cytoplasmic
21161312, +

AH17G12180.1 | AhOMT98 Chrl7, 21347129... 349 1050 3935841 | 5.19 Cytoplasmic
21349187, +

AH17G12210.1 = AhOMT99 Chr17, 21390326... 363 1092 4092445 553 Cytoplasmic

21393847, +
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AH17G12230.1 = AhOMTI00 Chrl7, 21541743... 259 780 2 29208.88 5.3 Cytoplasmic
21545356, -

AH17G12310.1 | AhOMTI01 Chr17, 21840489... 288 867 2 326356 | 4.87 Cytoplasmic
21842905, -

AH17G12370.1 = AhOMTI102 Chr17, 21929588... 376 1131 2 4271559 5.9 Cytoplasmic
21931865, -

AH17G12380.1 = AhOMTI103 Chr17, 21978612... 384 1155 2 4268846  6.38 PlasmaMembrane/Cytoplasmic
21984311, -

AH17G12420.1 = AhOMTI104 Chr17, 22160786... 352 1059 2 3926549 | 5.16 Cytoplasmic
22163384, -

AH17G12450.1 = AhOMTI05 Chr17, 22249751... 364 1095 2 4070496 53 Cytoplasmic
22251901, -

AH18G08980.1 | AhOMTI06 Chrl8, 10575268... 290 873 3 3243437 | 594 Cytoplasmic
10579544, -

AH18G18630.1 | AhOMTI07 Chr18, 42350728... 357 1074 4 39647.35  6.08 Cytoplasmic
42358246, -

AH18G19640.1 = AhOMTI108 Chr18, 53503322... 311 936 4 3433874 9.06 Chloroplast/Mitochondrial
53506529, +

AH19G00660.1 = AhOMTI109 Chr19, 514524...516286, - 362 1089 3 4036432 5.66 Cytoplasmic

AH19G24900.1 = AhOMTI110 Chr19, 113810989... 57 174 1 653749 45 Cytoplasmic/Nuclear
113811162, -

AH20G07220.1 | AhOMTII1  Chr20, 9290110...9291284, - 361 1086 1 4083325 56 Cytoplasmic

AH20G13670.1 = AhOMTI112 Chr20, 21608191... 248 747 5 27947.09 | 5.83 Cytoplasmic
21610458, +

AH20G19630.1 = AhOMT113 Chr20, 57791932... 248 747 3 27931 5.53 Cytoplasmic
57794102, -

AH20G22290.1 = AhOMT114 Chr20, 99007639... 403 1212 4 4437169 | 6.89 Cytoplasmic
99013440, -

AH20G24820.1 = AhOMT115 Chr20, 114186636... 360 1083 3 40458.19 | 5.68 Cytoplasmic
114189506, -

AH20G24830.1 | AhOMTI16 Chr20, 114193140... 360 1083 4 39987.05  6.16 Cytoplasmic
114198405, -

The + and - represents the positive and negative DNA strands.

6. Many AhOMT genes were composed of a single intron and two
exons. Forty-two out of 116 AhOMTs possessed two exons. Three
and four exons were also common, as 30 genes possessed three
exons while 25 genes had four exons. Thirteen genes were
composed of a single exon, and only AhOMT3I comprised six
exons (Figure 4). EME server identified conserved motifs inside the
full-length protein sequences of AhWOMT genes in order to
determine structural diversification and functional assessment.
Ten conserved motifs were predicted in AhOMT genes (Figure 4).
Conserved motifs varied in length as motif 1 was the most extended
motif with 39 amino acids, while 4"-6"™ and 8"-10™ motifs were the
shortest with 21 amino acid residues (Supplementary Table 4). In a
nutshell, conserved motif, phylogenetic, and gene structure analysis
indicated that AhOMT proteins comprise extremely well-sustained
members of amino acids that remain inside a group. Proteins with
similar motifs and structures can therefore be functionally related.

Frontiers in Plant Science

The motif distribution patterns and gene structure of OMTs of wild
progenitors were as per A. hypogaea OMTs. Information on motifs
and structure of AdOMTs are given in Supplementary Figure 3, and
on AiOMTs is given in Supplementary Figure 4.

Promoter analysis of AhOMTs genes

The cis-elements of any genes’ promoter are responsible for
controlling its expression and functions. We examined cis-acting
regions in the AhOMT promoters to know their functional and
regulatory roles. Predicted cis-elements showed that aside from the
CAAT- and TATA-Box (core promoter elements), a large number
of other key elements were also present (Figure 5). We classified
these cis-regulatory elements into four groups according to their
functions: development and growth-related, hormones-responsive,
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light-responsive, and stress-related elements. All 116 AhOMTs were
enriched with hormones- and light-responsive elements, 108 genes
were enriched with growth and development-related elements, and

94 genes were enriched with stress-responsive elements (Figure 6).
Group1 Elements responsive to light mainly include TCT-motif,
GATA-motif, G-box, Box-4, GT1-motif, GA-motif, chs-CMA
element, I-box, and AT-1 motif. Other light-responsive elements
include 3-AF1 binding site, ATC-motif, AE-box, MRE element, Box
II, CAG-motif, CGTCA-motif ATCT-motif, ACE element, Gap-
box, TCCC-motif, GTGGC-motif, LAMP-element, LS7 element,
and Spl element were also present. Hormones responsive class
includes ABA-responsive (ABRE), auxin-responsive (AuxRE,
AuxRR-core, CGTCA-motif, TGA-box), gibberellins responsive
(GARE motif, P- and TATC-box), MeJA-responsive (CGTCA-
motif, TGACG-motif), SA-responsive (SARE, TCA-element), and
> 4. duranensis ethylene-responsive (ERE) elements. The growth and development

> A. ipaensis

T e category contained anaerobic induction responsive (ARE),
> G. max

meristem expression responsive (CAT-box), endosperm

Group 3

expression related (GCN4-motif, AACA-motif), circadian control
FIGURE 1 . . .
Phylogenetic relationships of O-Methyltransferase genes of (CAAAGATATC), and zein metabolism-related (O2-site)
A. hypogea, A. duranensis, A. ipaensis, A. thaliana, and G. max. The elements. The stress-responsive class further includes defense and

phylogenetic tree dgssiﬁed all OMTs into thr.ee groups, OMTs of all stress response (TC-rich repeats), drought-responsive (MBS), low-
species are present in all clades. Group one is the smallest group as K .
compared to other groups. temperature responsive (LTR), and wound-related (WUN-motif)

elements (Figure 6).
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FIGURE 2
Chromosomal distribution of AHOMTs genes. The highest number of AHOMTs on A-subgenome were present on Chr07 (15 genes) and in
B-subgenome on Chrl4 (28 genes) and Chrl7 (16 genes), and all other chromosomes possessed varying numbers of OMT genes.
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TABLE 2 Calculation of Ka/Ks values and divergence time of duplicated genes.

Seq_1 Seq_2 Ka Ks Ka_Ks Selection Pressure Divergence Time
AhOMT2 AhOMT40 0.006822 0.030554 0.223279 Purifying 1.881
AhOMT5 AhOMT43 0.022377 0.036767 0.608621 Purifying 2.264
AROMTS AhOMT45 0.003812 0.051412 0.074145 Purifying 3.166
AhOMTI10 AhOMT32 0.418478 3.009543 0.13905 Purifying 185.317
AhOMT10 AhOMT50 0.006978 0.017506 0.398609 Purifying 1.078
AhOMTI1 AhOMTS8 0.006941 0.05584 0.124305 Purifying 3.438
AROMTI2 AROMTS7 0.011542 0.030155 0.382771 Purifying 1.857
AhOMTI3 AhOMT109 0.016391 0.026532 0.617772 Purifying 1.634
AhROMTI18 AhOMT96 0.021194 0.046102 0.459725 Purifying 2.839
AhOMTI9 AhOMT97 0.02151 0.107486 0.200115 Purifying 6.619
AhOMTI19 AhOMT102 0.125147 0.476578 0.262594 Purifying 29.346
AhOMT21 AhOMT99 0.0749 0.191072 0.391998 Purifying 11.766
AhOMT21 AhOMT104 0.134389 0.50998 0.263517 Purifying 31.403
AhOMT24 AROMT105 0.186122 0.728876 0.255355 Purifying 44.882
AhOMT25 AhOMT100 0.026577 0.097381 0.272919 Purifying 5.996
AhOMT26 AhOMT102 0.141688 0.460419 0.307738 Purifying 28.351
AhOMT27 AhOMT108 0.008499 0.037275 0.228001 Purifying 2.295
AhOMT29 AhOMTI 0.0036 0.045451 0.079214 Purifying 2.799
AhOMT32 AhOMT50 0.412074 2.671299 0.15426 Purifying 164.489
AhROMT32 AROMTI111 0.005889 0.030978 0.190114 Purifying 1.908
AhOMT33 AhOMT113 0.005231 0.024123 0.216852 Purifying 1.485
AhOMT34 AhOMT114 0.002375 0.024228 0.098039 Purifying 1.492
AhOMT35 AhOMT115 0.004795 0.046675 0.102727 Purifying 2.874
AhOMT37 AhOMT52 0.124998 0.287727 0.434431 Purifying 17.717
AhOMT39 AhOMTS51 0.005973 0.029436 0.202899 Purifying 1.813
AhOMT46 AROMT106 0.125462 1.269437 0.098833 Purifying 78.167
AhOMT57 AhOMTS3 0.018462 0.054159 0.340895 Purifying 3.335
AhOMT58 AhOMT80 0.061586 0.172839 0.356321 Purifying 10.643
AhOMT60 AhOMTS1 0.022063 0.060556 0.364345 Purifying 3.729
AhOMT62 AhOMT80 0.052874 0.129797 0.407362 Purifying 7.992
AhOMTG63 AhOMT79 0.019671 0.086954 0.226226 Purifying 5.354
AhOMT65 AhOMT74 0.034348 0.040983 0.838105 Purifying 2.524

Prediction of miRNAs and synteny analysis

Numerous studies in the last few years have revealed that micro-
RNAs regulate the expression of genes under developmental processes
and stress responses (Chen et al., 2019; Wani et al,, 2020; Raza et al,,
2021a). For this reason, we predicted miRNAs targeting AhOMT genes
sequentially to get more understanding of miRNA-mediated post-
transcriptional regulations of AhOMT genes. Micro RNAs from 12
different families targeted 35 AhOMTs. Supplementary Table 5

Frontiers in Plant Science

contains the complete information on all miRNAs. Two members of
the miR156 family targeted AhOMT34, AhOMT37, AhOMT38,
AhOMT52-AhOMT55, AhOMTS87, and AhOMT114. miR160-3p was
found to target four OMTs. Some of the miRNAs targeting the
AhOMTs with their target sites are shown in Figure 7. More research
for their expression levels and the genes they target is needed to
establish their biological involvement in the peanut genome.
Comparative synteny analysis among A. hypogaea, diploid
peanut species, and A. thaliana represented remarkable
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FIGURE 3

Duplicated gene pairs among AhOMTs. Out of 116 genes, 42 are
duplicated genes. Red lines show the duplicated AhOMT pairs, while
the gray lines in the background show the syntenic blocks
(duplicated pairs) among different chromosomes.

10.3389/fpls.2023.1145624

evolutionary, duplication, expression, and functional relationships.
AhOMTs mainly showed significant syntenic relationships with its
wild progenitors and Arabidopsis; however, the syntenic
relationships of A. hypogaea were closer to wild peanut species
than Arabidopsis. A total of 56 syntenic relationships of A. hypogaea
were found in the genome of A. duranensis and 60 in A. ipaensis. In
contrast, only four syntenic relationships were found among
AhOMTs and AtOMTs. The synteny analysis showed that A.
hypogaea is closer to its wild progenitors than Arabidopsis. The
syntenic relations of these species are shown in Figure 8.

Identification of orthologous gene clusters

Identifying orthologous gene clusters is important to assess the
polyploidization events during a gene family’s evolution. A relative
assessment was developed to identify orthologous gene clusters shared
by A. hypogea, A. duranensis, A. ipaensis, G. max, and A. thaliana. The
detected gene clusters and their respective overlapping regions are
presented in greater detail in Figure 9. A. hypogea recorded maximum
clusters, followed by A. ipaensis, A. duranensis, G. max, and A.
thaliana. Results showed that three gene clusters are shared among
all these species, while 18 gene clusters are solely composed of OMTs
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FIGURE 4

Conserved motifs distribution patterns and gene structure (exons-introns distribution) of AHOMTs genes. Commonly shared motifs among genes

tend to cluster in the same groups, referring to their similar functions.
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FIGURE 5

Cis-regulatory elements of AhOMT promoters. Cis-elements analysis revealed important elements responsive to light, hormones, growth and

development, and stress responsiveness.

found in peanut diploid and tetraploid species, which indicates that
polyploidization has evolved new peanut-specific orthologous OMT
clusters. We also identified orthologous gene clusters among three
peanut species (Supplementary Figure 5). Comparatively, 100, 89, 94,
36, and 21 orthologous OMTs were found in A. hypogea, A. duranensis,
A. ipaensis, G. max, and A. thaliana, respectively. Thirty in-paralogs
were identified in A. hypogea, and only two were found in A. ipaensis. A
duranensis did not show any in-paralogous gene. Surprisingly 32, 14,
and 20 singletons were also found in A. hypogea, A. duranensis, and A.
ipaensis, respectively (Supplementary Table 6). Results demonstrated
that identified orthologous genes decrease with increased
phylogenetic distances.

Prediction of protein-protein
interaction network

The Functions of AhOMTs could be speculated based on well-
studied Arabidopsis OMTs. Using the STRING database, we
performed the interaction network analysis of cultivated peanut
OMT proteins relative to orthologues in Arabidopsis to understand
their functions. Protein interaction network prediction showed that
AhOMT116 has functions related to C4H that regulate carbon flux
to essential pigments for pollination or UV protection. AhOMT7
and AhOMTII11 may function as Cinnamoyl-CoA reductase 1
(IRX4) involved in lignin biosynthesis at the latter stages.
AhOMT87 has CCOAMT-like functions, a putative caffeoyl-CoA
O-methyltransferase of Arabidopsis that helps in the biosynthesis of
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feruloylated polysaccharides. AhOMT?77 has 4CL1-related functions
(4-coumarate-CoA ligase 1), involved in the later phase of the
general phenylpropanoid pathway. AhOMT31 may function as
SNC1, a putative disease-resistance protein of the TIR-NB-LRR-
type. The interaction network of AhOMTs with well-studied
Arabidopsis proteins is given in Figure 10. Some OMTs did not
show interactions with reported Arabidopsis proteins, and there is a
possibility that these proteins have some other functions yet to
be reported.

Functional annotation analysis of AhOMTs

GO annotation analysis of AhOMTs was performed to view
their possible roles in biological processes (BP), molecular functions
(MF), and cellular components (CC). GO enrichment results
provided highly enriched terms related to BP, MF, and CC
(Figure 11). AhOMTs were mainly involved in MF and BP
categories. AhOMTs were highly enriched in transferase activity
(GO:0016740), catalytic activities (GO:0003824), methyltransferase
activity (G0O:0008168, GO:0008171, GO:0042409), and S-
adenosylmethionine-dependent methyltransferase activity
(GO:0008757) in MF category. In the BP category, AhOMTs were
highly enriched in methylation (GO:0032259), biosynthetic process
(GO:0009058, GO:0044249), cellular metabolic processes
(G0O:0044237, GO:0008152), and aromatic compound metabolism
(GO:0006725). The KEGG enrichment analysis showed that
AhOMTs are mainly involved in metabolic processes, including
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01058 acridone alkaloid biosynthesis, 00943 isoflavonoid
biosynthesis, B 09110 secondary metabolites biosynthesis, 00380
tryptophan metabolism, 00941 flavonoid production, and amino
acid B 09105 metabolism (Figure 11). Collectively, it is evident from
functional annotation analysis that AhOMTs play key roles in
several cellular, biological, and molecular functions.

Expression profiling of AHOMTs in
different organs

AhOMT genes’ expression levels in different organs/tissues,
containing leaf, stem, flower, root, root nodule, peg, pericarp,
testa, cotyledon, embryo, etc., was determined using the peanut
RNA-seq datasets. According to the expression profiling results,
there was a noticeable variance in the expression of various tissues.
Transcriptome expression results showed that AhOMT32-
AhOMT35, AhOMT45, AhOMT71, AhOMT106, AhOMTI113,
AhOMTI114, and AhOMTI116 genes showed relatively higher
levels of transcriptional abundance in the leaf, stem, flower, root,
root nodule, peg, pericarp, testa, cotyledon, and embryo. These

Frontiers in Plant Science

genes can be suitable candidates for improving peanut growth and
yield. AhOMT9 and AhOMT46 specifically showed high expression
in root nodules (Figure 12). It can be speculated that these two genes
are good targets to improve nitrogen fixation that can provide
good crops by effectively fixing the soil nitrogen. FPKM
values of transcriptome expression of AhOMTs are given in
Supplementary Table 6.

Expression profiling of AhOMTs
under hormones, drought, and
temperature stress

Transcriptome data provided the expression patterns of 116
AhOMTs for different phytohormones (ABA, SA, Brassinolide,
Paclobutrazol, and Ethephon) treatment, water stress (drought
and regular irrigation), temperature stress (4°C and 28°C). Under
temperature stress, the AhOMTI106 gene was highly active, while
AhOMT35, AhOMT71, and AhOMT113 were also expressed in
most cases, but AhHOMT35 did not show expression under drought
stress. Almost 16 genes showed expression in response to ABA and

frontiersin.org


https://doi.org/10.3389/fpls.2023.1145624
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

10.3389/fpls.2023.1145624

+ ahy-miR408-5p

AhOMT80

CUUGUALALCLCCAGUGGUUG

HGAC GATATTCUG ahy-miR3518

Cai et al.

AhOMTS
AhOMT46

anomrst fumt——fheH—lll

ahy-miR3513-5p T
[___1l
AROMTI14
Gcac ahy-miR156¢
FIGURE 7

Predicted miRNAs targeting AhOMTs. Schematic representation of some miRNAs targeting AhOMTs, and their target sites.

SA, 14 genes responded to brassinolide, and 12 genes were
responsive to ethephone. Thirteen genes were expressed under
decreased temperature, and almost 11 genes were responsive to
drought stress (Figure 13). Many genes were non-responsive to the
hormones, water and temperature treatments.

Quantitative expression profiling under
ABA and low-temperature treatment

For real-time expression profiling by qRT-PCR, 12 AhOMT
genes were randomly selected. These genes included AhOMT-7,

AhOMT-18, AhOMT-33, AhOMT-34, AhOMT-35, AhOMT-46,
AhMT-61, AhOMT-71, AhOMT-93, AhOMT-106, AhOMT-113,

A. hypogaea

A. duranensis

A. ipaensis

A. thaliana

FIGURE 8
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and AhOMT-116. These genes were selected based on their
response to hormones, water and temperature stress, while genes
with higher and lower expression were considered. Under ABA
treatment, the expression of all selected genes corresponds to their
transcriptome expression. For instance, AhOMT-7, AhOMT-33,
AhOMT-34, AhOMT-35, AhOMT-71, AhOMT-93, AhOMT-106,
AhOMT-113, and AhOMT-116 were upregulated under ABA stress,
while AhOMT-18, AhOMT-46, and AhOMT-61 were downregulated
(Figure 14). Under low temperature, a similar expression was found
as of ABA treatment. Although there were some deviations in
transcriptome expression and qRT-PCR expression, overall, the
expression pattern of all selected genes is in accordance with
transcriptome expression (Figure 15). The results of qRT-PCR
represent the reliability of transcriptome datasets.

AhO3 Ah14 Ah06 Ah17 AhO5 Ah16 AhO8 Ah19 AhO7 Ah18 Ah09
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Synteny analysis among A. hypogea, A. duranensis, A. ipaensis, and A. thaliana. Synteny analysis showed key evolutionary relationships of OMTs in diploid and
tetraploid peanut species. AhOMTs possessed highly conserved syntenic relationships with other peanut species as compared to Arabidopsis.
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Orthologous genes’ clusters among A. hypogea, A. duranensis,

A. ipaensis, A. thaliana, and G. max. A. hypogea recorded maximum
clustered. Eighteen gene clusters are solely composed of OMTs
found in peanut diploid and tetraploid species, indicating that
polyploidization has evolved new peanut-specific orthologous OMT
gene clusters.

Discussion

Several plants, including A. thaliana, B. distachyon, B. napus, P.
trichocarpa, O. sativa, and others, have been studied at the whole-
genome level to determine the presence and possible roles of OMT
family genes. Because of their importance for synthesizing S-type
lignin, the roles of OMTs have been well established. Lignin is the
cell wall’s most important component to cope with environmental
and biological stress (Boerjan et al., 2003). Reduced lignin
production poses the plant to a lodging state (Hu et al., 2015).
Reduced lignin concentration in legumes reduces stalk strength
which ultimately reduces diseases and pathogens resistance
(Bellaloui, 2012). Genome size, genome duplication, and gene
distribution all have a significant influence on genetic diversity.
Genetic duplication has been recognized for years as a source of the
expression, originality, and variety found in gene families across
species (Wang et al., 2012). Additionally, some AhOMT
duplications may be crucial to their multiplication as they can
bring neofunctionalization and diversity in gene families (Lavin
et al., 2005; Chapman et al., 2008).

Some gene families have originated and extended due to tandem
or segmental duplications. Gene family’s evolution in this manner is
crucial for their diversification (Cannon et al., 2004). The opposite
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FIGURE 10

The predicted protein—protein interaction network of AhOMTs using
STRING database. Putative protein functions of AhOMTs are
predicted on well-studied OMT orthologues in Arabidopsis.

is also true: gene function may have an impact on copy number and
genome structure, resulting in widely disparate patterns of
segmental or tandem duplication (Cannon et al, 2004). After
tandem duplication, genes occur in clusters (Savard et al., 2011).
It is important to understand the evolution of gene clusters to
provide updated information on evolutionary history. Previously
occurrence of tandem duplication was confirmed in pomegranates
by gene mapping by Yuan and coworkers. They identified three
OMT genes (PgOMTOI to PgOMTO03). Relatively large scale
duplication of the pomegranate genome resulted in forming the
PgOMT tandem duplications (Yuan et al, 2018). To a certain
extent, tandem duplication has evolved the PgAOMT family.

Exon numbers and distribution patterns have a key role in the
expression of any gene (Kolkman and Stemmer, 2001). In our
investigation, most AhOMTs had fewer introns, and members of the
same evolutionary group tended to have exon-intron patterns
comparable. For instance, the presence of two or more introns in
AhOMT genes demonstrates that the OMT gene development may be
directly tied to the diversity of gene architectures. A similar set of
findings has also been observed for the OMT gene family in Chinese
jujube (Song et al., 2017). Several studies have found that genes with
lesser introns expressed rapidly as introns can influence expression by
delayed transcript synthesis in three different means, by (1) splicing, (2)
increasing the length of the growing transcript, or (3) increasing the
energy requirement of the transcript of lengthy transcripts (Jeffares
et al, 2008). Less number of introns in most AhOMTs than its
progenitors indicates a possible quicker response to induction;
however, additional research is required to confirm this hypothesis.
OMT proteins from five species used in this study were clustered into
three phylogenetic groups. Conferring to the phylogenetic tree, three
unique groups represents substrate specificity according to their
functional traits (Joshi and Chiang, 1998).
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analysis showed that AhOMTs are involved in molecular function (MF),

and biological processes (BP). The KEGG enrichment analysis showed that AhOMTs are mainly involved in metabolic processes.

To control gene transcription, various proteins must bind to cis-
regions of the promoter. GT1-motif (Gao et al., 2004), GATA-motif
(Argtello-Astorga and Herrera-Estrella, 1998), I-box (Donald and
Cashmore, 1990), and G-box (Giuliano et al.,, 1988), are cis-regions
needed for light-mediated transcription. According to our findings,
S-type lignin may be controlled by AhOMT genes, which may
interact with light-induced proteins and have circadian patterns in
their gene promoters. The circadian rhythm regulates many genes
in higher plants, including those involved in photosynthesis and
starch mobilization. Hormones highly influence plant growth and
development. According to Kim and coworkers, the kenaf OMT
gene (Hibiscus cannabinus) is expressed after six hours of SA, ABA,
auxin, ethylene, and GA treatment (Kim et al., 2013). Their findings
also support our results, as AhOMT genes were generally influenced
by hormone treatments. With this, SA-related factors were
discovered in the AhOMT promoters, implying their key function
in the hormonal regulation of AhOMT. When they studied the
OMT gene, they observed that it could be stimulated by H,0,, cold,
and salt, which showed that hormonal and abiotic stimuli might
affect the OMT genes’ transcription. We also found similar findings
for cold stress, as AhHOMTs were highly influenced (up- and down-
regulated). Another study indicated that Brassica napus OMT
family genes were more highly expressed under drought-stressed
circumstances than in regular irrigation (Li et al., 2016). The cold
and drought have been shown to significantly increase the
expression of an OMT gene in Ligusticum chuanxiong (Li et al,
2015). Some OMT promoter sequences included stress-related
motifs such as ARE, LTR, and MBS. OMT genes are influenced
by salt, and cold stress (Kim et al., 2013) and the presence of stress-
responsive elements suggests that OMT genes might play a role in
neutralizing the abiotic stresses. Some AROMT gene promoters
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were revealed to have heat-responsive and MBS sights that can
collectively induce drought tolerance. In addition to these CREs,
stress response involves TC-rich repeats, W1-BOx, ARE, and LTR
(Zhang et al,, 2015). In light of these studies, it could be speculated
that abiotic stress may promote AhOMT genes's expression,
although more work is required for its confirmation. Micro-RNAs
have got wide attention for their developmental and stress-tolerance
roles. We identified miRNAs ahy-miR156a, ahy-miR167-3p, ahy-
miR3513-5p, ahy-miR3521, ahy-miR156a, ahy-miR160-3p, ahy-
miR3508, ahy-miR3513-3p, ahy-miR3518, ahy-miR3519 etc.,
targeting AhOMTs (Supplementary Table 5). ahy-miR3521 have
been reported to target the AhOPT3.2, this gene is also targeted by
ahy-miR156a. additionally ahy-miR156a also targets and down-
regulates the AhOPT3.3 and AhOPT3.4. ahy-miR167-3p targets
AhYSL3.2, AhYSL3.4, and AhYSL3.7. all of these miRNAs
downregulates their corresponding genes by mRNA cleavage
(Wang et al,, 2022). Our miRNAs prediction results also revealed
their cleaving activity.

The OMT genes in plants have earlier been shown to be vital
genes that regulate the expression of a protein necessary for
development and growth (Zhang et al., 2021). Gene expression in
different organs and tissues was investigated in this research.
AhOMTs demonstrated diverse expressions in time- and space-
defined manners. The expression differences in different tissues
indicate the functional differences between OMT genes (Zhang
et al,, 2021). This research also demonstrated that the expression
of these genes might be triggered by a certain environment or may
be highly unique to a particular organ or developmental stage.
Among various abiotic stresses, low temperature and drought stress
significantly impair the plant growth and production (Raza et al.,
2021b; Raza et al., 2022a; Raza et al., 2022b; Raza et al., 2023) Owing
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FIGURE 12

Transcriptome expression of AWOMTs in different tissues. AHOMTs possessed varying expression matrix in different tissues. All genes possessed

varying levels of expression in different tissues.

when exposed to low temperatures and hormones treatment. Under

to this, the OMT expression under these stressful environments

drought stress, some AhOMTs were up-regulated, and others were

was investigated. According to our findings, the expression of
AhOMT-7, AhOMT-33, AhOMT-34, AhOM-35, AhOMT-71,

regulated. Our findings are in agreement with previous

down-

reports such as OMTs were upregulated in response to drought

AhOM-93, AhOMT106, AhOMT-113, and AhOMT116 increased
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Transcriptome expression of AhOMTs under different hormones and stress conditions. Under the stress conditions, the AhOMT106 gene was most
active, while AHOMT35, AHOMT71, AhOMT113 were also expressed in most of cases.

stress in grape barriers (Giordano et al,, 2016) and down-regulated
in Brassica napus (Li et al., 2016). In terms of the mechanism of this
event, further research is needed in this area as well. In the near
future, the integration of genomics and genome editing
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technologies could be coupled to improve the production of
orphan crops including peanut (Yaqoob et al., 2023). As a result,
evolutionary links, structure, and expression of AWOMT genes were
thoroughly investigated in this work, revealing that these genes
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FIGURE 14
Expression profiling of AhOMT genes in response to ABA treatment. Mainly AWOMT genes recorded increased expression under ABA stress, while
some genes were down-regulated. a, b, and ¢ represents the significance levels among expression at different time points.

played a critical role in peanut stress tolerance and offered a  conducted a wide range of genomic analyses, including
theoretical basis for peanut breeding efforts. evolutionary and genomic characterization, genes structural
analysis, cis-acting regions, prediction of miRNAs, and

conserved motifs analysis. A combination of gene structure and

Conclusion phylogenetic analysis revealed three main groups of AhOMTs. In
addition, these genes’ expression was profiled across different

This study identified 116 OMT genes in cultivated peanut.  tissues against low temperature, hormones, and drought stress.
Sequentially to get well perceptive of the AhOMT genes, we  Furthermore, the AhOMT genes expression demonstrated
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FIGURE 15
Expression profiling of AhOMT genes in response to cold stress. Mainly AhOMT genes recorded increased expression under cold stress, while some
genes were down-regulated. a, b, and c represents the significance levels among expression at different time points.

that AhOMT-7, AhOMT-33, AhOMT-34, AhOM-35, AhOMT-71,  [Datag ava|lab|[|ty statement

AhOM-93, AhOMT106, AhOMT-113, and AhOMT116 played a

vital role against low temperature, hormones, and drought The datasets presented in this study can be found in online
treatments. This study establishes the framework for future  repositories. The names of the repository/repositories and accession
work into the functional study of AhOMT in peanut number(s) can be found below: https://www.ncbinlm.nih.gov/
breeding programs. bioproject/PRINA480120.
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Low temperatures significantly affect the growth and yield of peanuts.
Temperatures lower than 12 °C are generally detrimental for the germination
of peanuts. To date, there has been no report on precise information on the
quantitative trait loci (QTL) for cold tolerance during the germination in peanuts.
In this study, we developed a recombinant inbred line (RIL) population
comprising 807 RILs by tolerant and sensitive parents. Phenotypic frequencies
of germination rate low-temperature conditions among RIL population showed
normally distributed in five environments. Then, we constructed a high density
SNP-based genetic linkage map through whole genome re-sequencing (WGRS)
technique and identified a major quantitative trait locus (QTL), gRGRB09, on
chromosome B09. The cold tolerance-related QTLs were repeatedly detected in
all five environments, and the genetic distance was 6.01 cM (46.74 cM - 61.75 cM)
after taking a union set. To further confirm that gRGRB0O9 was located on
chromosome B09, we developed Kompetitive Allele Specific PCR (KASP)
markers for the corresponding QTL regions. A regional QTL mapping analysis,
which was conducted after taking the intersection of QTL intervals of all
environments into account, confirmed that gRGRB09 was between the KASP
markers, G22096 and G220967 (chrB09:155637831-155854093), and this
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region was 216.26 kb in size, wherein a total of 15 annotated genes were
detected. This study illustrates the relevance of WGRS-based genetic maps for
QTL mapping and KASP genotyping that facilitated QTL fine mapping of peanuts.
The results of our study also provided useful information on the genetic
architecture underlying cold tolerance during germination in peanuts, which in
turn may be useful for those engaged in molecular studies as well as crop
improvement in the cold-stressed environment.

KEYWORDS

peanut, whole genome re-sequencing, cold tolerance, germination, QTL,

candidate genes

1 Introduction

Peanut crops (Arachis hypogaea L.), which are cultivated for
their usefulness as oil plants and cash crops, play an essential role as
a source of edible vegetable oil as well as a leisure food. However, in
high-latitude or high-altitude areas, also termed “cold areas,”
coldness is an important stressor that limits the growth as well as
yield of crops, including peanuts. Reportedly, global agricultural
production, with the exception of typically tropical areas, may be
affected by various cold-induced adverse effects, that may limit the
planting range of crops, reduce crop yield and quality, and even
cause crop failure. Annually estimated worldwide crop losses caused
by cold stress amount to hundreds of billions of dollars (Jeon and
Kim, 2013; Barrero-Gil and Salinas, 2018). Therefore, improving
cold tolerance in peanuts for the betterment of peanut crops
deserves to be considered as an urgent issue that requires a
rapid resolution.

As thermophilic crops, peanuts require relatively high
temperatures throughout their development (Wang et al., 2003).
Cold injury causes different degrees of damage to peanuts during
germination, seedling emergence, flowering, maturity, and other
key growth stages (Zhang X, et al., 2022). Among these, damage at
the germination stage is known to be a common occurrence. Shorter
durations of cold stress delay the emergence of seedlings, while
slightly longer durations may seriously damage the viability of
germinated seeds, causing mold invasion, necrosis, and seed
rotting, resulting in a lack of seedlings and ridge cutting, which
seriously affects yield and quality (Bai et al,, 2018). In view of the
harmful effects exerted by cold stress on peanuts, with particular
reference to peanut cultivation in cold regions, developing high-
yielding peanut varieties with strong cold tolerance may help
broaden planting areas, improve yield per unit area, and ensure
product quality.

Cold tolerance of crops refers to the adaptability of crops to low-
temperature environments, including tolerance to cold stress and
the ability to quickly resume growth, once cold stress is removed. At
present, studies investigating cold tolerance in germinating peanuts
are mainly focused on the identification and screening of different
germplasms for cold tolerance, differential physio-biochemical
changes, and the metabolic response of peanuts to cold stress
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(Upadhyaya et al., 2009; Bai et al., 2018; Patel et al., 2022). The
research methods used by these studies are mainly centered on
phenotype identification as well as physiological and biochemical
analysis. However, the advances in molecular biology-related
technologies have caused some studies to shift their focus onto
preliminary research on peanut cold tolerance at the molecular
level. Wang et al. (2013) analyzed differentially expressed genes
(DEGs) in peanuts subjected to normal and low-temperature
treatments and obtained two genes that are specifically expressed
in relation to cold tolerance at the germination stage. Bai et al.
(2018) used 90 pairs of simple sequence repeat (SSR) polymorphic
primers to evaluate the cold tolerance of 72 peanut varieties at the
germination stage and found a wide variety of variations. Chang
et al. (2019) screened four cold-tolerant and four cold-susceptible
cultivars, for indicators of seed germination and physiological
indices of seedlings at 4 °C and found that the contents of soluble
sugar, soluble protein, and free proline were mildly reduced in
cultivars with strong cold tolerance. However, elucidation of peanut
cold tolerance is easily affected by identification methods,
environment, season, climate, and other factors. In general,
existing research, which is centered on germplasm exploration
and genetic traits associated with cold tolerance at the
germination stage, appears to lack systematism, and has failed to
either produce any breakthroughs, or fine map quantitative trait
locus (QTLs), or identify candidate genes, thereby severely limiting
the progress of cold tolerance breeding in peanuts.

Effective molecular marker-assisted breeding for cold tolerance
in peanuts involves identifying QTLs closely linked to target traits.
At present, some progress has been made in QTL mapping of cold
tolerance during the germination stage, in crops such as rice
(Shakiba et al., 2017; Yang et al., 2020), maize (Hu et al., 2016; Li
et al, 2018), and sorghum (Knoll et al., 2008; Upadhyaya et al,
2016). Continuous and rapid improvements in high-throughput
sequencing technology have resulted in peanut genomic research
making rapid progress. Genome sequence analysis of two wild
diploid peanuts (A. duranensis and A. ipaensis) was completed in
2016 (Bertioli et al., 2016; Chen et al,, 2016). In 2018, the genome
sequencing analysis of A. monticola, an allotetraploid wild peanut,
was completed (Yin et al,, 2018); In 2019, a major breakthrough was
made in the genome sequencing of cultivated heterotetraploid
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peanuts. Genomic data of the Chinese peanut varieties, A. hypogaea
cv. Shitouqi (Zhuang et al,, 2019) and A. hypogaea cv. Fuhuasheng
(Chen et al., 2019), and the American peanut variety, A. hypogaea
cv. Tifrinner (Bertioli et al., 2019) have been published, and these
are widely used in relevant research. These advances have greatly
enriched genomic information pertaining to peanuts, and
moreover, various high-throughput genotyping techniques
(Semagn et al., 2014; Clevenger et al., 2017; Guo et al., 2019) have
made continuous progress by effectively promoting the discovery
and localization of QTLs of several peanut traits. Liu et al. (2020)
identified three main QTLs that regulate oil content. Khedikar et al.
(2017) obtained the main QTL related to the fruit-setting number
per plant, productivity, 100 fruit weight and other traits. Luo et al.
(2018) successively detected major QTLs with stable pod size and
kernel yield using a recombinant inbred line (RIL) population, and
subsequently developed efficient Kompetitive Allele Specific PCR
(KASP) markers. Huang et al. (2016) used SSR and transposon
markers to map the main QTL related to aflatoxin resistance. Luo
et al. (2019) identified the main QTL associated with bacterial wilt
resistance in multiple environments. Han S, et al. (2018)
successfully identified QTLs regulating resistance to early and late
leaf spot diseases, while Agarwal et al. (2019) identified a major QTL
associated with resistance to the tomato spotted wilt virus in
peanuts. Thus, current progress in the development of molecular
markers for important peanut traits, mentioned above, has provided
a theoretical basis as well as a technical guarantee for those
exploring QTLs associated with cold tolerance in peanuts.
Further, RIL populations may be a better option for generating
replicated and multi-environmental phenotyping data in variable
space and time, that may help decipher environmental effects on
target traits. Such phenotyping data may enable the detection of
stable and consistent QTLs, as well as the subsequent detection of
linked markers that may be useful for breeding purposes. Based on
the above considerations, this study describes the development of a
RIL population that can be utilized for genotyping and multi-
environment phenotyping data linked to cold tolerance during
germination in peanuts. The results of our study may expectedly
help develop a better understanding of trait locus mapping, leading
to the successful identification of genomic regions regulating
cold tolerance.

2 Materials and methods

2.1 Plant materials and development of RIL
population for cold tolerance

The RIL population developed from DF12 (cold-susceptible,
male parents) x Huayu 44 (cold-resistant, female parents) at the
Institute of Industrial Crops, Shanxi Agricultural University,
Taiyuan, China, comprised 807 individuals RILs. Huayu 44, an
inter-group hybrid cultivar of the peanut genus, was bred by
Shandong Peanut Research Institute (CAAS) using the
incompatible wild species Arachis glablata Benth. DF12 is a
breeding line with high oleic acid content and derived from
Kainongxuan 01-6 and Baisha 1016 cross and was bred by the
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Industrial Crops Research Institute of the Henan Academy of
Agricultural Sciences. The single seed descent (SSD) method was
used until the Fg generation to develop the RIL population. The
entire RIL population and their parents were planted in five
different environments. Those grown at the Le-Dong (LD)
experimental station (N1843" and E10900’) in 2019 and 2021
were referred to as E1 and E2, respectively. In 2020, those used
for the experiment conducted at the Fen-Yang (FY) experimental
station (N3742’ and E11179’), were referred to as E3. In 2021, the
experiments were conducted at the FY and Nan-Bin (NB)
experimental stations (N1838" and E10921’), and those grown
there were referred to as E4 and E5, respectively (Figure 1).

2.2 Phenotyping for cold
tolerance-related traits

Based on previous identification techniques and standards for
peanut cold tolerance at the germination stage established by us (Bai
et al., 2022), surface-sterilized seeds were incubated in water-soaked
filter paper in Petri dishes, each of which contained 20 seeds.
Germination experiments were performed in a growth chamber
at a relative humidity of 70% and a temperature of 12°C for 3 d, then
at 2°C for 3 d, and finally at 25°C for 3 d to recovery treatment.
Another set was grown in a growth chamber at 25°C, as a control.
The seeds were tested three times each time for replication
purposes. The average value of three replicates was used as the
statistical unit. The factors measured were defined as follows:

Germination standard

= radicle length equal to or greater than seed length; (1)

Germination rate (GR) (2)
= the number of normally germinated seeds on day 4 at 25°C

number of tested seeds x 100 %;
/

Relative germination rate (RGR)
= germination rate after low temperature treatment ~ (3)
/control germination rate x 100 % .

SPSS 25.0 was used to analyze each variation coefficient and
descriptive statistics.

2.3 DNA extraction and whole
genome re-sequencing

Seed buds of the RIL population were collected and used to extract
high-quality genomic DNA using the CTAB method with some
modifications (Tamari et al,, 2013). DNA quality and quantity were
checked on 0.8% agarose using a Qubit 2.0 fluorometer (Thermo
Fisher, USA). Whole genome re-sequencing (WGRS) was performed
for two hundred RILs randomly selected from the 807 individuals for
simultaneous single nucleotide polymorphisms (SNPs) discovery and
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genotyping of the mapping population. For this purpose, the DNA of
each sample was fragmented into approximately 350 bp DNA
fragments using a Covaris S2/E210 focused ultrasonicator (Covaris,
Woburn, MA, United States). Sheared DNA was end-repaired and a
single nucleotide (A) overhang was subsequently added to the repaired
fragments using Klenow Fragment (3'— 5" exo-) (NEB, United
States) and dATP at 37°C, following which barcodes and Illumina
sequencing adapters were ligated to the A-tailed fragments using T4
DNA ligase (Thermo Fisher Scientific, Inc., USA). Sequence depth of
the two parents was approximately 20X, while that of 200 RIL was
approximately 5X on average. Polymerase chain reaction (PCR) was
performed using diluted shearing-ligation DNA samples, dNTP, Q®
High-Fidelity DNA Polymerase, and PCR primers. The PCR products
were then purified using Agencourt AMPure XP beads (Beckman
Coulter, High Wycombe, UK) and pooled. Next, the pooled samples
were separated using 2% agarose gel electrophoresis. Fragments of 350
bp (with barcodes and adaptors) were excised and purified using a
QIAquick gel extraction kit (Qiagen, Hilden, Germany). The gel-
purified products were then diluted for pair-end sequencing (each
end 150 bp) on an Illumina Novaseq 6000 system using a standard
protocol (Illumina, Inc., San Diego, CA, USA).

2.4 SNP identification and genotyping
Low-quality reads (quality score< 20e) were filtered out, and

raw reads were sorted into each progeny according to barcode
sequences. After the barcodes were trimmed from each high-quality
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read, clean reads from the same sample were mapped to the
cultivated peanut genome sequence (A. hypogaea cv. Tifrunner;
https://peanutbase.org/) using Burrows-Wheeler Aligner software
v.0.6.1 (Li et al., 2009). Samtools v.1.15.1 (Li and Durbin, 2009) was
used for mark duplicates, while GATK v.4.1.9 (McKenna et al,
2010) was used for local realignment and base recalibration. An
SNP set was formed by combining GATK and Samtools (Li and
Durbin, 2009) SNP calling analysis with default parameters. SNPs
identified between parents were homozygous, and only biallelic
SNPs were regarded as polymorphic, and the marker integrity over
80% was maintained for bin calling later. Genotypes of the RIL were
recognized at this SNP site.

2.5 Bin map and linkage map construction

Based on the SNP VCF matrix, SNPBinner v.0.1.1 software
(Gonda et al., 2019) which uses the Hidden Markov Model (HMM)
method to calculate recombination breakpoints, was employed to
build co-separation bin markers. Based on their location in the
peanut genome, marker loci were partitioned primarily into linkage
groups (LGs). The linkage map was constructed from
recombination bins serving as genetic markers using Icimapping
v.4.1 using model 2-opt, and window size=5 for rippling (Meng
et al, 2015). Map distances were estimated using the Kosambi
mapping function (Kosambi, 2012). The genetic linkage map, based
on the reference genome, was visualized using the R package in
LinkageMapView v.2.1.2 (Ouellette et al., 2018). All sequences of
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bin markers that were constructed in the linkage map were aligned
back to the physical genome sequence of Tifrunner using BLAT
software v.36x5 (Kent, 2002) to confirm their physical positions in
the genome. The Spearman correlation coefficient was calculated in
order to evaluate the collinearity between the genetic map and the
reference genome.

2.6 QTL analysis and fine mapping via
KASP-based genotyping

QTLs were identified using an interval mapping model
implemented via the Complex interval mapping (CIM) in R/qtl
package (Arends et al, 2010). The logarithm of odds (LOD)
threshold was determined by applying 1000 permutation tests
with 1% probability for each trait. Subsequently, KASP
genotyping was performed, and 10 SNP markers were developed
inside the main QTL as well as on its sides. Two hundred RILs from
807 lines that did not participate in WGRS were randomly selected
and genotyped. Based on genotyping results and their
corresponding RGR phenotypes, a regional genetic map and QTL
analysis were performed using IciMapping v.4.1 (https://
www.isbreeding.net/), according to Liu’s method (Liu et al.,, 2019).

3 Results

3.1 Phenotypic variation of cold tolerance-
related traits in the RILs and their parents

The relative germination rates of two hundred RILs and their
parents from five environments were tested, respectively. The

10.3389/fpls.2023.1153293

parents “Huayu 44” and “DF12” showed distinct differences in
cold tolerance (Figure 2A; Table S1). The radicle lengths of almost
all tested Huayu 44’s seeds were greater than their seed lengths. By
contrast, the radicle lengths of most DF12’s seeds were either equal
to or less than their seed lengths, while some seeds failed to
germinate. The average relative germination rates of Huayu 44
and DF12 were 97.42%, and 38.63%, respectively. The range of
variation in the relative germination rates of the RIL populations
was large (0-96.55%) (Table S1). The types of population variation
were relatively rich, with a coefficient of variation of more than 33%.
Instrument-measured traits in all five environments followed
normally distributed (Figure 2B; Table S2).

3.2 Variation calling and annotation

Whole genome re-sequencing of the female parent, male parent
and all the two hundred individuals generated a total 47.50, 56.57,
and 2925.99 Gb of clean data with Q30 > 84%, representing, on
average, sequencing depths of 18.70%, 22.27x, and 5.76x,
respectively (Figure 1; Table S3). All clean reads were mapped to
the genome of the cultivated peanut Tifrunner, where the mapping
rates were 99.07% for Huayu 44, 98.80% for DF12 and 99.35% for
the offspring on average. A total of 447,528 SNPs and 220,443
InDels were called between the parents (Figure 3A). Most SNPs
(88.57%) were annotated in the intergenic regions, whereas 1.52%
were annotated in the exon regions (Figure 3B). With respect to
InDels, 77.41% were annotated in intergenic regions while 0.61%
were located in exon regions (Figure 3C). This map lays a
foundation for further bin establishment and candidate
genes speculation.

A
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B
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FIGURE 2

Phenotypic variation of cold tolerance-related Traits in RILs and their parents. (A) Germination experiments were performed in a growth chamber at
a relative humidity of 70% and a temperature of 12 °C for 3 d, then at 2 °C for 3 d, and finally at 25 °C for 3 d to recovery treatment. The parents

showed distinct differences in cold tolerance. The radicle

lengths of almost all tested Huayu 44's seeds were greater than their seed lengths. By

contrast, the radicle lengths of most DF12's seeds were either equal to or less than their seed lengths, while some seeds failed to germinate. R,
female parent Huayu 44; S, male parent DF12. (B) Frequency distribution for relative germination rate in RIL population at E1, E2, E3, E4 and E5.
Instrument-measured traits in all five environments followed normally distributed
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Genome variations and annotations. (A) Circos plot of SNP and InDel distributions. The outer ring indicates the SNP distribution, whereas the inner
ring indicates the InDel distribution. (B) Pie charts of SNP annotations. (C) Pie charts of InDel annotation information.

3.3 Bin map and genetic map construction

Among all the SNPs, 166,274 are parental polymorphic and
homozygous (aaxbb), and these SNPs are used for bin calling. Based
on the NMM method, a bin map representing recombination
intervals was generated, and 2494 bins were obtained on 20
chromosomes (Figure 4A; Table S4). The mean bin number was
approximately 125, with the highest number being approximately
194 on chromosome B03 and the lowest number being
approximately 34 on chromosome A04. The basic information
statistics of the number of bins, distance, MaxGap, and Spearman
of each LG are shown (Tables S5 and 56). The largest and minimum
bin MaxGap belonged to chromosomes B07 (18.9 cM) and B06
(1.99 cM), respectively. On average, there were 67 SNPs within a
bin. This set of bin markers was used to construct a high-density
genetic map including 20 linkage groups (Figure 5). LG8 had the
largest genetic distance (110.90 ¢cM), while the smallest genetic
distance (21.08 cM) was observed for LG4. For LGS, the largest gap
stretched across 36 cM. The ratio of the genetic distances between
adjacent markers< 5 ¢M across all LGs approached 93% (Table S5).
Moreover, collinearity was high between the genetic map and the
reference genome (Table S6; Figure S1). The recombination hotspot
(RH) analysis revealed most RHs were unequally distributed across
all 20 LGs, most of which were located on the arm of corresponding
chromosomes (Figure 4B). The sources of the larger segments in
each individual were consistent, indicating that the quality of the
genetic map was very high. The evaluation of the linkage
relationship showed that the linkage relationship between
adjacent markers on each LG was very strong. With the increase
of distance, the linkage relationship between markers as well as that
between distant markers gradually weakened, indicating that the
sequence of markers was correct (Figure SI). These genomic and
genetic indicators indicated that a high-resolution and high-quality
genetic map had been constructed for QTL identification.
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3.4 QTL identification for cold tolerance-
related traits

QTL mapping was performed using CIM in R/qtl software, while
ggplot® was used to map LOD linkage distribution. The LOD
significance threshold (p< 0.01) was calculated using a Permutation
Test (1000 times), and gRGRB09 on chromosome B09 was stably
detected in all five environments after taking a union set, with a LOD
ranging from 4.99 to 11.96, a phenotypic variation explained (PVE)
ranging from 10.85 to 24.07%, and an additive effect value ranging
from 6.26 to 10.27. The maximum phenotypic variation contribution
rate and additive effect value were 24.07% and 10.27, respectively.
According to the regional linkage analysis, the five QTLs were located
between 49.70-61.75 cM (4.23 Mb), 54.23-61.75 cM (3.81 Mb), 54.77-
5637 cM (755.85 kb), 50.78-61.75 cM (4.07 Mb), and 46.74-61.75 cM
(6.01 Mb) in El, E2, E3, E4, and E5, respectively (Figure 6; Table 1).
The physical distance of gRGRB09 was 6.01 Mb (46.74-61.75 cM) after
taking a union set. This indicated that, JRGRB09 was a major QTL site
that was not sensitive to the environment and regulated cold tolerance
during germination in peanuts. These findings suggested that
qRGRB09 may be useful for determining the KASP mark for
interval design.

3.5 Fine mapping and prediction of
candidate genes on chromosome B09

We found 64 SNP sites suitable for KASP and then developed 10
evenly distributed KASP markers (Table 57) covering the QTL regions
(chrB09:152644698-156822195) detected in the RIL population, to
further confirm and narrow the gRGRB09 on chromosome B09. Eight
of the 10 markers were successfully genotyped (Figure S2). When
intersection of QTL intervals of all environments was taken into
account, the regional QTL mapping analysis placed gqRGRB09
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Bin map and heatmap of the RIL population. (A) A total of 2494 bins wer

background, and blue indicates Huayu 44's background. Yellow indicates heterozygous genotypes and missed genotypes. (B) Genome-wide

recombination hotspots in the 20 peanut chromosomes.

between KASP markers G22096 (P16) and G22097 (P17)
(chrB09:155637831-155854093) spaced 14.57-16.35 cM apart, with a
6.10 LOD and 11.55% PVE and a physical length of 216.26 kb
(Figure 7A; Table S8). Annotation information was obtained to mine
causal genes in the above mentioned 216.26 kb region. Fifteen
annotated genes, including Arahy.GJ31ZB, Arahy.RK8HN4,
Arahy. VKDO7K, Arahy.YV67XB, Arahy.9KP105, Arahy.A245T],
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e inferred from resequencing-based high-quality SNPs. Red indicates DF12’s

Arahy.28TJ89, Arahy.NA36PT, Arahy.MQZQIl1, Arahy.12LLDS,
Arahy.Z64X3Y, Arahy.GW3QL7, Arahy.HNK57V, Arahy.H4INY2,
and Arahy.2U2D57, were observed (Figure 7B; Table S9). These
candidate genes encoded receptor-like protein kinases (RLKs), tRNA
ligase, MYB transcription factor, BAX inhibitor motif-containing
protein (BI1) -like protein, Chaperone DnaJ-domain superfamily
protein (Dna]J), serine/threonine-protein kinase, and some
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High-density genetic map. A high-resolution and high-quality genetic map had been constructed for QTL mapping. The short black lines on linkage

groups mean the locus of bin markers.

uncharacterized proteins. Importantly, homologs of some candidate
genes have been shown to be involved in cold tolerance (Shakiba et al.,
2017; Davik et al., 2021; Han et al.,, 2022; Li et al., 2022). Then, we
examined the expression levels of RLK, MYB and DnaJ in two parents,
respectively. The three candidate genes demonstrated uniformly
increased expression level in Huayu44, while hardly any noticeable
change was observed in DF12 (Figure S3). Further exploitation and
functional investigation of these genes may contribute to a better
understanding of the cold-tolerance domestication process in peanuts.

4 Discussion

Cold tolerance is vital for the sustainability of peanut production in
cold areas. However, dedicated trait mapping or marker discovery
studies aimed at elucidating the genetic basis underlying cold tolerance
during peanut germination appear to be lacking. The current study,
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which was conducted in the above context, generated data pertaining to
multi-environment phenotyping, high-quality genetic maps, QTLs,
and linked markers, all of which were linked to cold tolerance during
germination. The information generated by this study may provide the
groundwork for the establishment of projects aimed at facilitating fine
mapping, gene discovery, and marker development associated with
cold tolerance in peanuts.

4.1 |deal simulation condition was
constructed for cold stress at the
germination stage

To simulate the field conditions, the alternating low temperature
regime (12°C, 3 d; 2°C, 3 d; and 25°C, 3 d recovery) was adopted during

seed germination in our study. The parents showed distinct differences
in cold tolerance across all five environments. In the RIL populations,
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FIGURE 6

The germination stage cold-related QTL gRGRBO9 is located on chromosome B09. gRGRB0O9 on chromosome B0O9 was stably detected in all

five environments.
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FIGURE 7

Fine mapping of cold-related QTLs and candidate genes screen. (A) KASP-based regional linkage analysis to narrow the region QTL (QRGRB09) using
IciMapping V4.1 in the RIL population (black curve). P16, KASP marker G22096; P17, KASP marker G22097. (B) Candidate genes identified in 216.26
Kb QTL region mapped on chromosome B09. This region was rich in RLKs, tRNA ligase, MYB, Bl1-like protein, DnaJ, serine/threonine-protein kinase,

and other uncharacterized proteins.

the variation range of relative germination rate was large, 0.00-94.83%
in E1(2019LD), 3.77-92.45% in E2 (2021LD), 7.27-94.83% in E3
(2020FY), 12.07-96.55% in E4 (2021FY), and 8.93-94.83% in E5
(2021NB) (Table S1), all of which were normally distributed. Types
of population variation were relatively rich, with a coefficient of
variation of more than 33%. The current experiments confirmed the
feasibility of simulating conditions as well as constructing successful
RIL populations. Therefore, the above-stated simulation conditions at
the germination stage should provide the ideal stage for phenotyping
for the purpose of genetic mapping and for making reliable selections
in breeding programs aimed at developing tolerant varieties.

4.2 Re-sequencing-based bin map strategy
facilitated the mapping resolution

WGRS has accelerated the process of gene mapping and cloning
in crops. The high-density genetic maps based on re-sequencing
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constructed by bin markers have shown that continuous SNPs
without recombination in one bin marker have been realized in
many crops (Li et al., 2016; Lu et al., 2017; Han K, et al., 2018; Tong
et al., 2020), including leguminous species (Agarwal et al., 2018;
Agarwal et al., 2019; Garg et al., 2022). In General, a population
containing 100-400 individuals harbors 1000-4000 bins (Zhang H,
et al, 2022), indicating that the QTL mapping resolution for a
species with a genome size above 2 Gb may approximate hundreds
of kilobases (Zhang et al., 2022). We obtained 2494 bins in total
with 1008 kb per bin on average (Figure 4A; Table 54), where four
out of five QTL regions were under 5 Mb (Table 1), indicating that a
high mapping resolution had been achieved. Moreover, we believe
that sequencing-based genotyping also enhances mapping
resolution and facilitates the development of high-quality genetic
maps. The present study developed a high-quality genetic map with
447,528 SNP loci. The tetraploid genome of cultivated peanuts with
a narrow genetic base poses a challenge when attempting to achieve
optimum genetic density. High-marker density genetic maps are
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essential for high-resolution genetic mapping and
marker discovery.

4.3 A novel and consistent fundamental
QTL for further fine mapping

Following the release of peanut genome assemblies, many studies
have reported quantitative variations in a diverse range of traits
(Agarwal et al,, 2018; Luo et al., 2018; Agarwal et al., 2019; Luo et al.,
2019). Cold tolerance during germination is important for many
plants. At present, many studies focused on the QTL mapping of
this trait have been conducted. In rice, a high-density genetic map
detected six QTLs, which explained 5.13-9.42% of the total PVE during
the germination stage and different genetic loci that regulated cold
tolerance at germination and bud stages (Yang et al., 2020). Thapa et al.
(2020) identified 31 distinct QTL regions and 13 QTL regions in the
japonica subset, and 7 distinct QTL regions in the indica subset,
underlying cold tolerance during germination in rice. Hu et al
(2016) performed QTL analysis using 243 IBM Syn4 RILs and
detected six QTLs associated with a low-temperature germination
rate. Li et al. (2018) generated three connected F,; populations to
detect QTLs related to seed germination ability at low temperatures
and found 43 QTLs and three mQTL regions. Interestingly, our study
revealed only one average region QTL (qRGRB09) with a high LOD
(13.44) and PVE (26.61%) for cold tolerance traits, which were
continuously mapped using the phenotypic data from five
environments. The different results comparing the previous studies
and ours might be caused by different testing conditions, such as type
and number of molecular markers, mapping populations, as well as
temperature simulation conditions. Anyway, our results clearly
identified the B09 genome as the source of tolerance that hosted the
main-effect QTL for cold tolerance, indicating that the cold tolerance
mechanism for peanuts may be different from that of other crops.

4.4 |dentification of candidate genes for
cold tolerance

Using SNP-derived KASP markers, a regional genetic map rapidly
mapped gRGRB09 to a shared region of 216.26kb (chr:155637831-
155854093) on chromosome B09 (Figure 7A; Table S8). The physical
length of the region was slightly smaller than that of the preliminary
mapping. In preliminary mapping, the physical length of QTLs was
4.23 Mb, 3.81 Mb, 755.85 kb, 4.07 Mb, and 6.01 Mb in E1, E2, E3, E4,
and E5, respectively. This shows that we had successfully performed
fine mapping using KASP. Based on the results of QTL analysis and the
evaluation of this region with the peanut genome assembly, followed by
genome annotation, identified a total of 15 genes (Figure 7B; Table 59).
This region was rich in RLKs, tRNA ligase, MYB, Bll-like protein,
Dnaj, serine/threonine-protein kinase, and other uncharacterized
proteins. The leucine-rich repeat receptor-like protein kinase (LRR-
RLK) gene family, which is the largest family of the receptor-like
protein kinase (RLKs) superfamily in higher plants, regulates plant
growth, stress responses, and signal transduction (Cheng et al., 2021).
Interestingly, we identified four isoforms of RLK proteins in the
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TABLE 1 QTLs detected in the RILs population using the high-resolution genetic map.
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216.26Kb region which may be key candidate genes for cold tolerance.
In addition, the region also contained a serine/threonine protein kinase,
the homolog of which is LRKIOLI.2, reported to be a good candidate
for regulating the effects of freezing tolerance at the QTL identified in
Fragaria vesca L. (Davik et al., 2021). MYB transcription factors are
associated with the mechanism of cold tolerance in other plants
(Shakiba et al,, 2017; Han et al,, 2022; Li et al, 2022). Reportedly,
DnaJ co-chaperons also play a vital role in stress response and have
been found to be involved in the maintenance of PSII under chilling
stress and the enhancement of drought tolerance in tomato (Kong
etal, 2014; Wang et al., 2014). Bax inhibitor is a conserved protein that
suppresses the pro-apoptotic protein Bax and eventually inhibits cell
death in plants (Huckelhoven, 2004). Some studies have shown that
Bax inhibitor, a cytoprotective protein, is involved in the response to
heat stress by plants and fungi (Chen et al,, 2015; Lu et al., 2018). Heat-
stress-induced upregulation of the Bax inhibitor leads to the
upregulation of heat-response genes, such as sHSP, HSP70B, and
HSP90.1, which enhance thermotolerance in wheat (Lu et al., 2018).
These studies indicate that the BIl-like protein deserves to be
considered as an important temperature-response protein, which
may contribute to cold tolerance. that is, comparable expression in
wild type and dcll, but measurably reduced level in dcl4 mutant
(Figure 4A). Our qRT results also confirm that these candidate gene,
such as RLK, MYB and DnaJ, may be key candidate genes for future
genomics-assisted improvement for cold tolerance.

5 Conclusion

In summary, this study successfully performed WGRS-based
genotyping, leading to the creation of a high-quality genetic map for
cold tolerance during peanut germination for the first time. This data
was used in multi-environment phenotyping, which helped dissect the
polymorphic nature of this important stress factor and facilitated the
identification of one pivotal genomic region corresponding to cold
tolerance in peanuts. Most importantly, a 216.26 kb QTL region on
chromosome B09 comprising 15 genes, including potential cold-
tolerant genes, such as RLKs, MYB and DnaJ, among others, was
also discovered. However, further exploration aimed at dissecting the
216.26 kb region via constructing secondary mapping populations and
assessing the potential of identified candidate genes and genetic
markers that can be used in breeding via next-generation sequencing
technologies, are felt to be warranted.
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Peanut growth, development, and eventual production are constrained by biotic
and abiotic stresses resulting in serious economic losses. To understand the
response and tolerance mechanism of peanut to biotic and abiotic stresses,
high-throughput Omics approaches have been applied in peanut research.
Integrated Omics approaches are essential for elucidating the temporal and
spatial changes that occur in peanut facing different stresses. The integration of
functional genomics with other Omics highlights the relationships between
peanut genomes and phenotypes under specific stress conditions. In this
review, we focus on research on peanut biotic stresses. Here we review the
primary types of biotic stresses that threaten sustainable peanut production, the
multi-Omics technologies for peanut research and breeding, and the recent
advances in various peanut Omics under biotic stresses, including genomics,
transcriptomics, proteomics, metabolomics, miRNAomics, epigenomics and
phenomics, for identification of biotic stress-related genes, proteins,
metabolites and their networks as well as the development of potential traits.
We also discuss the challenges, opportunities, and future directions for peanut
Omics under biotic stresses, aiming sustainable food production. The Omics
knowledge is instrumental for improving peanut tolerance to cope with various
biotic stresses and for meeting the food demands of the exponentially growing
global population.

KEYWORDS

Arachis, omics, pest, pathogen, fungi, virus, bacterial

1 Introduction

Arachis hypogaea (peanut or groundnut) is among the most important oil and food
legumes with annual production of ~46 million tons (http://www.fao.org/faostat/en/
#home). It is cultivated in more than 100 countries around the world in tropical and
subtropical regions, and is the principal source of digestible protein, cooking oil and
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vitamins in development and developing regions of Asia, Africa and
America for fighting malnutrition and ensuring food security (Arya
et al,, 2015). Productivity levels of peanut in most of the developing
countries have remained low due to several production constraints
which include biotic and abiotic stresses. Breeding new cultivars to
improve productivity is the best way to meet the needs of the
producers, consumers and industry. As an allotetraploid species in
the Arachis genus, peanut has extremely low genetic diversity
because most of the other species in the genus are diploid
(Bertioli et al., 2019). Peanut is particularly susceptible to a
number of pest and pathogens due in part to the lack of gene
exchange with its diploid wild ancestors that have resistance genes
(Bertioli et al., 2016; Moretzsohn et al., 2013). The limited genetic
diversity and the tetraploid complexity of cultivated gene pool is a
barrier and challenge to create cultivars with broad resistance,
excellent quality and high yield (Pandey et al, 2020). On the
other hand, diploid wild relatives (Arachis spp.) with a larger
genetic diversity evolving in a variety of habitats and biotic
challenges are significant sources of resistance genes and a rich
source of novel alleles that can be introduced into the cultivated
species by unconventional method (Leal-Bertioli et al., 2009).
Therefore, there is an urgent need to exploit gene resources in
diploid species by using Omics methods.

Plant genome research has facilitated gene discovery and gene
functional elucidation. With Omics, scientists can manage the
intricate global biological systems based on advances in Omics
technology (Mochida and Shinozaki, 2010). Recent advances in
DNA sequencing technology have promoted the rapid development
of science and made any other new applications beyond genome
sequencing possible (Lister et al., 2009). Particularly, the emergence
of next-generation sequencing makes whole-genome resequencing
for variant discovery, transcriptional regulatory networks analysis,
RNA sequencing analysis (RNA-seq) for transcriptome and
noncoding RNAome, quantitative detection analysis (Chip-seq)
for epigenome dynamics and DNA-protein interactions become
viable applications (Lister et al., 2009). Other techniques, including
interactomic analysis for protein-protein interactions, hormonomic
analysis for plant hormone signaling, and metabolomic analysis of
metabolic products, have been developed (Kojima et al., 2009; Saito
and Matsuda, 2010). The omics technologies will help researchers to
mine and screen specific genes involved in crop improvement. In
addition, integrated network analysis reveals molecular connections

TABLE 1 Impact of insect pests on peanut.
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between genes and metabolites, boots our understanding the
relationships between phenotypic and genotype (Shinozaki and
Sakakibara, 2009; Vadivel, 2015; Kumar et al., 2017). Over the
past few decades, advances in genomics, transcriptomics,
metabolomics, and proteomic analysis with the development of
cutting-edge technologies have greatly facilitated the increase in the
study of molecular aspects of peanut-biotic factor interactions.
Therefore, different omics-based studies have attempted to
decipher the molecular pathways that contribute to crop defenses
against diseases and pests. In this review, we mainly retrospect the
studies on the basic of vary Omics analyses concentrating mainly on
those with relevant data on peanut defense responses and resistance
to biotic stresses including insect pests, pathogen and bacteria.

2 Biotic stresses on peanut
2.1 Insect pests of peanut

In the semi-arid tropical regions, peanut is a significant crop
and is a key component of the diets of both developed and emerging
nations. Despite having a high potential for output, farmer’s fields
typically yield very little due to insect pests and diseases pressure.
The peanut crop is infringed by a large number of insects, which
lead to disastrous consequences ranging from incidental feeding to
almost whole plant destruction and finally yield loss (Wightman
and Rao, 1994). According to Stalker and Campbell (1983), peanut
is harmed by more than 350 kinds of insects, the most harmful of
which are root-knot nematodes, Aphis craccivora, Helicoverpa
armigera, and Spodoptera litura (Table 1).

The root-knot nematode (RKN) Meloidogyne arenaria is a
significant danger to peanut yield particularly in India, China,
and the United States (Dong et al., 2008). The RKNs are obligate
endoparasites of the Meloidogyne genus, with about 100 species
described (Decraemer and Hunt, 2006), and the most destructive
plant-parasitic nematodes worldwide (Jones et al., 2013), which can
infest almost all cultivated plant species (Trudgill and Blok, 2001).
The four most common RKN species causing most yield losses in
crops are Meloidogyne incognita, M. arenaria, M. javanica, and M.
hapla (Agrios, 2005). Plants infected by nematodes exhibit
symptoms like reduced growth, withering, as well as increased
sensitivity to other infections (Mota et al., 2018).

Name Distribution Symptom Severity Yield loss Reference
Root-Knot US, Africa and Asia reduced growth and withering most damaging plant- annual billion Mota et al,, 2018
Nematode parasitic nematodes dollar

Aphis worldwide wilt, become yellow or brown, serious around 20% Blackman and Eastop, 2007
craccivora and eventually die

Koch
Helicoverpa Asia, Africa, southern Feeding on plant’s flowering destructive over $US 2 McGahan et al., 1991; Sharma,

armigera Europe, and Australia and fruiting bodies billion annually 2005; Tay et al., 2013
Spodoptera Asia severely defoliating destructive 35-55% Prasad and Gowda, 2006;

litura Srinivasa et al., 2012
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Aphis craccivora is an important group of insects with
worldwide distribution. Most aphid species comprise a group of
closely related populations which may have genetic divergence so
that they could be considered as host races, nascent or sister species
(or subspecies) (Blackman and Eastop, 2007). Aphid makes
approximately 20% peanut yield loss, and causes damage on
peanut from seedling to whole mature green plants (Blackman
and Eastop, 2007). The Aphid causes both direct and indirect harm
to peanut by removing the sap, causing irritation and toxicity,
depositing honeydew, growing sooty mold, and spreading the
rosette virus, e.g. at least seven viruses utilized Aphid as their
vector to damage groundnuts, of which the Peanut Stripe Virus
(PStV) and the Groundnut Rosette Virus (GRV) are the most
significant (Blount et al., 2002). When Aphid infestation is severe,
the plants may begin to wilt, become yellow or brown, and
eventually die and peanut yields are significantly decreased
(Blount et al., 2002).

Helicoverpa armigera, one of the most destructive agricultural
pests, is thought to cost the US economy $2 billion annually (Tay
et al., 2013). Asia, Africa, southern Europe, and Australia all have a
significant population of H. armigera (Sharma, 2005). More than
200 plant species are impacted, including peanut (Pratissoli et al.,
2015). Peanut yield is substantially impacted by H. armigera. The
direct feeding behavior of H. armigera larvae on the plant’s
flowering and fruiting bodies is one of the main explanations for
a significant decline in agricultural productivity (McGahan
et al., 1991).

Spodoptera litura is one of the most destructive species that
larvae eat voraciously on leaves, severely defoliating the plant and
only leaving the midrib veins, which can result in yield losses of 35—
55% (Srinivasa et al., 2012). S. litura causes maximum damage at the
stages during flowering and fruiting (Prasad and Gowda, 2006).

2.2 Microbial pathogen on peanut

2.2.1 Fungi

Peanut growth and development is threatened by a variety of
biotic stresses, of which the four fungal diseases leaf spot, rust, stem
rot and Aspergillus flavus are predominate (Table 2).

Leaf spot includes the Cercospora arachidicola-caused early leaf
spot (ELS) and the Phaeoisariopsis personata-caused late leaf spot
(LLS). Both leaf spot diseases can occur on the leaves, petioles,

TABLE 2 Impact of microbial pathogen on peanut.
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stems, and pegs of peanut and produce lesions up to 1 centimeter in
diameter (McDonald et al., 1985). Leaves infected with ELS
generally show brown lesions around with a yellow ring on the
upper side (Tshilenge-Lukanda et al., 2012), while LLS fungal
disease usually exhibit dark brown to black spots (Tshilenge-
Lukanda et al., 2012). ELS and LLS are destructive fungal diseases
of cultivated peanut, causing yield losses of up to 70% under
favorable conditions in the United States and around the world
(Anco et al., 2020).

Rust, caused by Puccinia arachidis Speg. (Subrahmanyam et al.,
1993), is another major fungal diseases restricting peanut yield in
countries with warm, tropical climates, with losses as high as 50%
reported in India (Varshney et al, 2014). Due to the tendency of
rust-infected leaves to stay attached to the plant and the pathogen’s
short life cycle, the disease can spread quickly and prodigiously.
More seriously, rust-infected peanut reduce agricultural
productivity, affects the seed oil quality, the haulm and the odder
yield (Leal-Bertioli et al., 2015).

Stem rot is the deadliest disease in peanuts and produce
markedly yields loss to peanut (Punja, 1985). Four myecelial
compatibility groups (MCG) S. rolfsii were found among a total
of 132 isolates from peanut fields in Ibaraki (Japan) and many
isolates were clonal (Okabe and Matsumoto, 2000). This disease is
widespread in peanut-growing areas (Thiessen and Woodward,
2012), and caused by Sclerotium rolfsii with thick, white hyphae
that resemble silk in growth (Ma et al., 2022). Peanut infected with
S. rolfsii generally exhibits the dark-brown lesions on the stem at
soil surface or below the soil surface, followed by gradually
yellowing and wilting of leaves (Termorshuizen, 2007). Peanut
infect with S. rolfsii can produce rot on stem, peg and pod, and
up to 80% yield loss (Mehan et al., 1994). Pessimistically, S. rolfsii is
hard to control because sclerotia derived from S. rolfsii overwinter
in the soil and attack peanut in the following season (Mayee et al.,
1988; Le et al,, 2012). After being infected with S. rolfsii, peanut
plants may experience branch withering and perhaps complete
plant wilting (Mayee et al.,, 1988; Le et al,, 2012).

Aspergillus flavus fungus can produce Aflatoxin that threatens
to the peanut industry (Krishna et al., 2015). Aflatoxin
contaminated peanuts affect human and animal health when
consumed (Pittet, 1998; Kew, 2013). Agonizingly, peanut pods
and seeds can be infected and Aflatoxin is produced before
harvest as well as during the steps of drying, storing, and
transportation after harvest (Torres et al., 2014).

Name  Distribution Symptom Severity Yield loss Reference

Leaf spot worldwide brown lesions around with a yellow ring destructive disease up to 70% Tshilenge-Lukanda et al., 2012;

(ELS),dark brown to black spots(LLS) Grichar et al., 1998

Rust worldwide reduced seed size, and low seed oil content major fungal diseases up to 70% Subrahmanyam et al., 1993

Stem rot widespread Feeding on plant’s flowering and fruiting destructivedisease 80% yield loss Thiessen and Woodward, 2012;
bodies Mehan et al., 1994; Punja, 1985

Aspergillus globally induce aflatoxins The major yield Does not reduce Krishna et al,, 2015

flavus limiting biotic stress yield directly
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2.2.2 Viruses

Peanuts are infected by various viruses, including tomato
spotted wilt virus (TSWV), cucumber mosaic virus (CMV), peanut
stripe virus (PStV), peanut stunt virus (PSV), peanut bud necrosis
virus (PBNV), peanut mottle virus (PeMoV), peanut ringspot virus
(PRSV) in the growth and development (Table 3).

TSWYV, a propagative and single-stranded RNA virus, is one of the
most important pathogenic virus that attacks peanut in the
southeastern United States (Culbreath and Srinivasan, 2011;
Culbreath, et al., 2003; Garcia et al.,, 2000). TSWYV is transmitted by
at least 10 thrips species with a sustained and reproductive manner
(Pappu et al,, 2009; Riley et al,, 2011), of which Frankliniella fusca and
F. occidentalis are predominant (Riley et al,, 2011). Peanut attacked by
TSWYV generally exhibit stunting phenotype particularly when TSWV
infects peanut plant at an early stage of growth and development
(Culbreath et al., 2003). Beyond that, peanut infected by TSWV also
exhibits chlorosis, necrosis or ring spots in peanut leaves (Culbreath
et al., 2003). It was reported that TSWV disease alone is estimated to
cost US $12.3 million annually loss (Riley et al,, 2011).

PStV is one of the most prevalent plant-infecting viruses, a
member of the genus Potyvirus, and one of the largest groups of
viruses that infect plants (Singh et al., 2009). PStV viruses have a
350-kD polyprotein that is translated by a single open reading
frame, which are roughly 10 kb in length and carry a single positive-
strand RNA (Urcuqui-Inchima et al., 2001; Wei et al., 2010). PStV is
one of the most universal distributed peanut viruses limiting peanut
yield by losing around 20%. A number of nations, including China,
the US, the Philippines, Thailand, Indonesia, Malaysia, and Korea
have reported PStV (Xu et al., 1983; Demski and Lovell, 1985; Saleh
et al,, 1989; Choi et al., 2001; Choi et al., 2006). PStV can be spread
by aphids in a non-sustained manner. In addition, PStV was 10-
100% prevalent in the fields and 1-50% in peanut seeds (Chen et al.,
19905 Xu et al, 1991; Bi et al,, 1999; Xu, 2002). The principal
infection source in the field is the infected peanut seeds. On peanut,
PStV can induce a number of symptoms, including stripes, light
mottle, and blotches that is occasionally encircled by necrotic or
chlorotic ringspots (Middleton and Saleh, 1988).

2.2.3 Bacterial

Many bacterial diseases occur in peanuts grown in tropical and
subtropical areas because of the warm and wet weather, of which
bacterial wilt is predominant (Jiang et al., 2017).

Peanut bacterial wilt, caused by the soil-borne bacterium
Ralstonia solanacearum, is one of the most devastating diseases in

TABLE 3 Impact of Viruses and Bacterial on peanut.

Name Distribution Symptom

southeastern United
States

Tomato Spotted
Wilt Virus

stunting phenotype

Severity

destructive disease

10.3389/fpls.2023.1101994

peanut (Salanoubat et al., 2002). R. solanacearum ranked second
among the top 10 pathogenic bacteria in plant pathology because it
spread worldwide and could survive many years in soils (Hayward,
1991; Mansfield et al,, 2012). R. solanacearum attacks peanut generally
through the root system and then spreads to the aboveground parts
through the vascular system. If the bacteria breed up to high levels, the
plant will show signs of wilting and die (Genin, 2010). In addition,
Bacterial wilt disease can lead to 10-30% yield losses and 50-100% in
severe circumstances (Jiang et al., 2017) (Table 3).

3 Importance and types of omics
approaches for peanut science

The advancement of biotechnology to address plant productivity
and stress tolerance has been sparked by the emergence of
contemporary genetic engineering methodologies and high
throughput biological research tools. Plant biotechnology combined
with Omics has the potential to solve a number of issues that
currently hinder agriculture, such as diseases and pests, pressures
from the environment and climate change (Pérez-Clemente et al,
2013). Omics include but are not limited to genomics,
transcriptomics, proteomics, epigenetics, metabolomics,
miRNAomics, epigenomics and phenomics (Haas et al., 2017), all
were used to improve the peanut cultivars (Figure 1). Genomics-
assisted breeding (GAB) has demonstrated great potential for
improving peanut varieties. High-quality genome assembly and
well-annotated genome are very crucial for GAB. The succeed
genome sequence assemblies of wild diploid progenitors, wild
tetraploid and both the subspecies of cultivated tetraploids (Bertioli
et al,, 2016; Bertioli et al,, 2019; Zhuang et al., 2019), providing a
cornerstone for functional genomics and peanut improvement. Based
on the availability of reference genome for both the diploid
progenitors, genome-wide simple sequence repeat (SSR) markers
were discovered (Zhao et al., 2017). Moreover, whole-genome
resequencing (WGRS) of mapping populations has facilitated
development of high-density single nucleotide polymorphism
(SNP)-based genetic map and genome-wide SNP genotyping array,
which were developed for fine mapping and candidate gene discovery
for disease resistance in peanut (Clevenger et al., 2017; Pandey et al,,
2017¢; Agarwal et al, 2018). Although marker-assisted selection
approaches have been used to develop superior peanut lines,
technological advancements in sequencing and high-throughput
genotyping can enhance genetic diversity and forward generation

Yield loss Reference

annual $12.3
million

Garcia et al., 2000;
Culbreath et al., 2003;
Riley et al., 2011

Stripe Virus Asian country and

United States

stripes, light mottle,
and blotches
Bacterial wilt

globally wilting and die
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and genomic selection, as well as faster candidate gene discovery in
the peanut breeding program (Varshney et al., 2019). For example,
RNA sequencing (RNA-seq), which belongs to the transcriptomic
approach, can improve the genome annotation and gene discovery
especially for the genes which encodes for proteins and non-coding
RNAs. Understanding the full metabolic networks involving genes,
transcripts, proteins, and metabolites in biological systems is
currently crucial because it is extremely difficult to succeed with
the strategy of expression of a few single genes in peanut. In this
regard, it becomes important to conduct a comprehensive analysis
using functional genomics tools such as transcriptomics, proteomics,
and metabolomics to characterize plant-pathogen interactions in
order to unveil the genetic and metabolic responses of a specific
plant species to infection (Pandey et al., 2020).

4 Omics advances in understanding
peanut responses to biotic stress
4.1 Peanut responses to pests

4.1.1 Root-knot nematodes

Most peanut cultivars are susceptible to the root-knot nematode
(RKN) M. arenaria, while the wild diploid Arachis species exhibit

TABLE 4 QTL associated with Peanut responses to Root-knot nematodes.

Location

Population

high resistance (Holbrook and Stalker, 2003). Thus, many gene(s)/
QTLs sources linked to RKN resistance were identified in different
wild Arachis germplasm (Table 4). The interspecific Arachis hybrid
TxAG-6 ([A. batizocoi x (A. cardenasii x A. diogoi)]4x) was the
source of ELS and LLS resistance and the donor parent to introgress
resistance into commercial cultivar. In order to improve peanut
resistance to RKN, gene segments from wild TxAG-6 were
introduced into peanut cultivars through an interspecific
hybridization backcrossing scheme, and the root-knot nematode-
resistant varieties, COAN and NemaTAM were developed with
marker-assisted backcrossing is in the USA (Garcia et al., 1995;
Simpson and Starr, 2001; Stalker et al., 2002; Simpson et al., 2003).
Previously, the RKN resistance of the cultivated peanut is derived
from introgression of a large segment on chromosome A09 from
the wild species A. cardenasii (Nagy et al., 2010). A. stenosperma has
high potential in peanut breeding as it owns strong RKN resistance
(Ballen-Taborda et al,, 2019). Three quantitative trait loci (QTL)
were genetically mapped to strongly influence nematode root
galling and egg production by using 93 recombinant inbred lines
(RILs) developed from a cross between A. duranensis and A.
stenosperma (Leal-Bertioli et al., 2016). Two loci controlling the
resistance on chromosomes A02 and A09 have been validated in
cultivar peanut to reduce nematode reproduction by up to 98%, and
the large-effect QTL on A02 is enriched for genes encoding TIR-

Reference

Root-knot A.  duranensis x

nematodes

chromosomes 02, 04 and

09 A. stenosperma

(A.batizocoi x A.stenorperma)

chromosomes A02 and
xA.hypogaea

A09

chromosomes A09 ‘ A.cardnesii
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Bertioli et al., 2016
Ballén-Taborda et al., 2019; Ballén-Taborda et al., 2021; Balléen-Taborda
et al., 2022

Nagy et al., 2010
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NBS-LRR proteins (Ballen-Taborda et al., 2019; Ballen-Taborda
et al.,, 2021; Ballén-Taborda et al., 2022).

To understand the molecular components underlying RKN
resistance, researchers took advantage of genomics and
transcriptomics to demonstrated that wild Arachis species A.
stenosperma harbors high levels of resistance to RKN infection
through the onset of hypersensitive response (HR), which is usually
caused by resistance genes (R) (Proite et al., 2010; Dang et al., 2013;
Guimaraes et al,, 2015). As we all know, the majority of plant R
genes are the NBS-LRR type genes (Meyers et al., 1999).
Transcriptome analysis of two peanut wild relatives, A.
stenosperma representing the highly RKN resistant and A.
duranensis as the moderately susceptible, during early stages of
RKN infection, found that resistance genes against root-knot
nematode infection were NBS-LRR class of plant disease
resistance (R) genes. Two decades ago, 78 NBS-LRR coding
sequences with unknown functions were identified in wild
Arachis species A. stenosperma by resistance gene analogues
(RGAs) targeting degenerate primers in the NBS domain (Bertioli
et al,, 2003). Furthermore, over 300 representative genes segmented
into four NBS-LRR family types were isolated from the genome-
wide analysis in the wild peanut species (Bertioli et al., 2016; Song
et al, 2017). Similarly, hundreds of RGAs were identified from
several peanut cultivars (Yuksel et al., 2005; Ratnaparkhe et al,
2011; Wang et al, 2012). Suppression subtractive hybridization
(SSH) revealed that pathogenesis related (PR) protein, patatin-like
protein and universal stress related protein (USPs) genes, which
related to the resistance operative against invading nematodes, were
expressed in the early stages of RKN-infected NemaTAM roots
(Tirumalaraju et al., 2011). In addition, seven genes including one
gene encoding a resistance protein MG13, were differentially
expressed in RKN-infected wild Arachis (Morgante et al., 2013).
Comparative genomics combining with differential gene expression
analysis in 22 plant species including peanuts revealed the
conserved immune response genes triggered by RKN infection.
The core genes include plant defense and secondary metabolite
production (Mota et al, 2020). In addition, genes involved in
hormone signaling and secondary metabolites production may be
involved in RKN resistance (Mota et al., 2018). Consistently, genes
engaged in salicylic and jasmonic acids signaling pathways as well as
genes in auxin balance regulation were found in the transcriptome
analysis of RKN-resistant Arachis genotypes (Guimaraes et al,
2015). These results suggest the role of phytohormones in root-
knot nematode resistance.

In addition to transcriptomics and genomics, metabolomics and
miRNAomics are also making important contributions to peanut
RKN research. The miRNAomics with whole-transcriptome RNA-
seq revealed that 430 mRNAs, 111 miRNAs, 4453 IncRNAs, and
123 circRNAs were differentially expressed upon RKN infection,
among which a total number of 10 IncRNAs, 4 circRNAs, 5
miRNAs, and 13 mRNAs involved in the oxidation reduction
process and biological metabolism processes in RKN infected
peanuts (Xu et al., 2022). Furthermore, proteome combining with
transcriptome analysis identified differentially expressed proteins
and genes during root-knot nematode infection (Martins et al.,
2020). Most of the differentially expressed proteins are related to
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plant responses to pathogens. And the plant defense related genes
encoding the ADH (alcohol dehydrogenase), CCRI1 (cinnamoyl-
CoA reductase 1), ENO (enolase), eIF5A (eukaryotic translation
initiation factor 5A) and MLP34 (MLP-like protein 34) were found
during peanut RKN infection, and the AsMLP34 was considered as
a candidate in peanut RKN resistance (Martins et al., 2020).

4.1.2 Aphis craccivora

To prevent Aphis craccivora infestation in peanut, resistance
lines were first identified using phenomics (Padgham et al., 1990).
Genomic analysis by Merwe et al. (2001) revealed that Aphis
craccivora resistance was regulated by a single recessive gene.
DNA markers linked to aphid resistance and a partial genetic
linkage map were developed by bulk segregate analysis (BSA) and
amplified fragment length polymorphism (AFLP) (Herselman et al.,
2004). The F2:3 population derived from a cross with the aphid-
resistant parent ICG 12991 were examined using a total of 308
AFLP primer combinations to find markers linked to aphid
resistance. Twelve of the twenty putative markers were mapped to
five linkage groups, spanned a map distance of 139.4 cM
(Herselman et al., 2004). Recently, metabolomics with high
performance liquid chromatography (HPLC) was employed to
analyze the phenols fingerprinting of peanut plants with different
resistance levels to aphid infestation, and common compounds such
as the chlorogenic, syringic, quercetin, and ferulic acids were
identified during aphid infestation (War et al, 2016). The
quantities of the identified compounds are depending on
genotypes and modes of aphids feeding.

4.1.3 Helicoverpa armigera

In an effort to identify potential defense strategy, the
biochemical basis of H. armigera infestation in peanut was
analyzed with protein electrophoretic analysis and enzymatic
assays (Harsulkar et al, 1999). Non-host peanut containing
proteinase inhibitors (PIs) effectively inhibited the gut proteinases
(HGPs) activity of H. armigera and larval growth (Harsulkar et al.,
1999). Morphological traits were linked to resistance to H. armigera
and can be used as markers of resistance selection. Significant
correlations were found between main stem thickness, leaflet
shape and length, hypanthium length, number of hairs on leaves,
standard petal length and petal pattern, basal leaflet width, number
of hairs, adherent length and width of stipules, plug length and H.
armigera infestation (Sharma et al., 2003). Twelve resistance lines
were selected under field and greenhouse conditions by screening
30 Arachis spp. (Sharma et al., 2003).

Salicylic acid (SA) and Jasmonic acid (JA) were also identified to
induce defensive responses in peanut against H. armigera
infestation. JA pretreatment markedly increases peroxidase (POD)
and polyphenol oxidase (PPO) activities and high level total
phenols, hydrogen peroxide (H,0O,) and malondialdehyde (MDA)
in peanut, and different levels of H. armigera resistance were
recorded (War et al., 2011). Exogenous application of JA and SA
induced resistance to H. armigera. Susceptible peanut and
genotypes with different levels of H. armigera resistance showed
higher amounts of secondary metabolites and levels enzymatic

frontiersin.org


https://doi.org/10.3389/fpls.2023.1101994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Huang et al.

activities, and reduced H. armigera growth and development when
pretreated with JA and SA in the green house (War et al., 2011).
Recently, metabolomics with high performance liquid
chromatography (HPLC) were employed to analyze the phenols
fingerprinting of peanut plants with different resistance levels to H.
armigera infestation (War et al, 2016). The observed common
compounds were chlorogen, clove, quercetin and ferulic acid during
H. armigera infestation (War et al., 2016).

4.1.4 Spodoptera litura

Scientists have been trying to study the resistance of peanut to S.
litura over the past few decades (Sharma et al., 2003). Some peanut
morphological characteristics showed markedly correlation and/or
regression coefficients with S. litura damage under field and
greenhouse conditions, and were used as markers of selection for
resistance to S. litura infection (Sharma et al., 2003). In addition,
peanut grown under elevated carbon dioxide (CO,) level showed
higher level carbon and polyphenols content, which reduced insect
digestion efficiency, slowed down the growth of individual pest and
reduced the S. litura pupation (Srinivasa et al., 2012). Furthermore,
JA application can also boost the resistance to S. litura (War
et al.,, 2011).

Genetic engineering has been proven to be effective in
controlling insect pest. Ectopically expressing AhMPK3A, an
Arabidopsis AtMPK3 gene homology in peanut, showed
resistance to the first and second instar larvae of S. litura and
generated higher expression levels of defense response genes such as
PR1a, PR1b and LOX1 (Kumar et al,, 2009). A chimeric Bt toxin
protein cryl AcF with crylAc (domain I & II) and crylF (domain
I1I) was also employed to develop resistance peanut to S. litura. The
crylAcF transgenic peanut showed that crylAcF significantly
increased the mortality of S. litura larvae, and was effective
against S. litura (Keshavareddy et al., 2013).

TABLE 5 QTL associated with Peanut responses to Leaf Spot.

Location
Leaf Spot chromosomes B10 and A03
chromosome B06
chromosome 3 and 5
chromosome B06
chromosome B09
chromosome 3 and 5
chromosome B09
A02 and A03

chromosome A03

on linkage group AhXV

10.3389/fpls.2023.1101994

4.2 Peanut responses to
microbial pathogens

4.2.1 Fungi
4.2.1.1 Leaf spot

For the past decades, many works have been done focusing on
uncovering major gene for peanut leaf spot resistance, and masses
of QTLs were identified (Table 5). The wild species accession, A.
cardenasii GKP10017, is an important donor of leaf spot resistance
to the peanut crop, because the segments from chromosome A02
and A03 correspond to some very strong QTLs that confer
resistance to rust and LLS (Bertioli et al., 2021). Chu et al. (2019)
discovered four leaf spot diseases resistance QTLs on both
chromosome 3 and 5 in the Florida-07x GP-NC WS16
population. Zhang et al. (2020) identified two QTLs closely
associating with resistance to ELS and LLS on chromosome B09
in the US mini-core peanut collection. In peanuts, many markers
were recently found to be associated with QTLs for leaf spot disease
resistance. Recent developments in mapping technologies for
peanuts have identified of large numbers of QTL-associated
polymorphic markers involved in peanuts ELS and LLS
resistance. Eleven QTLs were found on a genetic map containing
56 microsatellites, or simple sequence repeat (SSR) marker loci
through genetic mapping of GPBD4 (resistant varieties) derived a
recombinant inbred line (RIL) population for LLS resistance
(Khedikar et al., 2010), and 28 QTLs were identified on an
improved genetic map with 260 SSR loci in the same RIL (Sujay
et al,, 2012). Two major QTLs for LLS resistance on chromosomes
B10 and A03 were characterized based on mapping with 139
additional SSR and transposable element markers (Pandey et al,
2016). Nine QTLs involved in ELS resistance and 22 QTLs involved
in LLS resistance were discovered and used in marker-assisted
breeding (Pandey et al., 2017a). Khera et al. (2016) found 22 and

Population Reference
Zhonghua 5 x ICGV 86699 Zhang et al., 2017
Zhonghua 5 x ICGV 86699 Zhang et al., 2017
Florida-07x GP-NC WS16 Khera et al., 2016

Zhonghua 5 ICGV 86699 Zhou et al,, 2016

GJG17 xGPBD4 Zhang et al., 2017

Florida-07x GP-NC WS16 Chu et al. (2019)
US mini-core peanut collection Zhang et al. (2020)
TAG 24x GPBD 4 Shirasawa et al., 2018
GJG17 x GPBD4 Ahmad et al., 2020

TAG 24 x GPBD 4 Sujay et al., 2012

A sub-genome
chromosomeA02, B04, B06, B09, and B10

chromosomes A03, B04 and B05
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Tifrunner x GT-C20 Pandey et al,, 2017a

Tamrun OL07 x Tx964117 Liang et al., 2017

Yuanza 9102 Han et al. (2017)
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20 QTLs for ELS and LLS respectively, with a SSR-based map
containing 248 loci in a population derived from SunOleic-97R x
N(C94022. QTLs for ELS and LLS were also recovered by utilizing
single nucleotide polymorphism (SNP) linkage map, and identified
a major QTL for late leaf spot resistance via analysis of interval
sequences in peanut (Han et al., 2018). Zhou et al. (2016) used the
Zhonghua 5 ICGV 86699 population for genetic mapping with 1685
SNPs from double-digested restriction-site associated DNA
(ddRAD) sequences, and detected 20 LLS QTLs, among which 5
of the 6 major QTLs were located on chromosome B06. Liang et al.
(2017) reported six QTLs on different chromosomes of ELS
resistant parent Tx964117 were found using ddRAD-seq markers
with 1211 loci developed from Tamrun OL07 x Tx964117
population. In a region harboring major QTLs for LLS and rust
diseases, seven novel candidate expressed sequence tag-derived
simple sequence repeat markers (EST-SSRs) related to stress were
mapped using the F2 mapping population (GJG17 x GPBD4), and
two major QTLs for LLS were found (Ahmad et al, 2020). In
marker-assisted selection, the consensus QTLs across different
genetic backgrounds are important and necessary. Shirasawa et al.
(2018) pinpointed QTL candidates for LLS in a 1.4-Mb genome
regions on A02, and selected four resistance-related genes as
candidates for LLS in this region. Lu et al. (2018) identified one
major Meta-QTL harboring 26 candidate genes for LLS in a region
of about 0.38 cM. Moreover, QTL-seq approach was used to identify
diagnostic markers and genomic regions for LLS resistance in
peanut, and nine candidate genes with 17 SNPs were identified
and one of these SNPs could serve as an allele-specific diagnostic
marker (Pandey et al., 2017b). These delimited candidate genes-
containing genomic regions will be valuable in uncovering the key
resistant genes and in the development of LLS disease resistance in
peanut breeding.

Transcriptome analysis was also performed in peanut leaf spot
diseases. Cyclophilin gene with potential roles in peanut first line of
defense are characterized using differential gene expression analysis
following infection with the peanut late spot pathogen (Kumar and
Kirti, 2011). Han et al. (2017) developed a highly susceptible M14
mutant to LLS derived from Yuanza 9102 cultivar. RNA-Seq
analysis in M14 and the wild type Yuanza 9102 (resistant to
several fungal diseases) leaf tissues under LLS pathogen challenge
showed 2219 differentially expressed genes including 1317 up- and
902 down-regulated genes, including up-regulated pathogenesis-
related (PR) protein genes, WRKY transcription factor genes,
down-regulated chloroplast genes and depressed plant hormones
in the M14 mutant. Furthermore, genes possibly involved in
recognition events and early signaling responses to the pathogen,
including resistance related proteins, hypersensitive cell death, cell
wall strengthening and metabolism and signal transduction, were
identified by transcriptomic and proteomic analyze (Kumar and
Kirti, 2015). Dang et al. (2019) verified a group of 214 R-genes
expressed in peanut leaves induced with leaf spot pathogen
infection. Gong et al. (2020) identified 133 differentially expressed
genes (DEGs) between ELS resistant and ELS susceptible peanut
lines by transcriptome analysis, including leucine rich repeat (NLR)
type resistance genes on the chromosome B2, peanut phytoalexin
deficient 4 (PAD4) gene involved in NLR resistance proteins
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mediated immunity, and polyphenol oxidase (PPO) genes crucial
to early leaf spot resistance in peanut. In a comparative
transcriptome analysis from resistant line (GPBD 4), resistant
introgression line (ICGV 13208) and a susceptible line (TAG 24),
the resistance genes for LLS resistance, Aradu.P20JR and
Aradu.Z87]B, were revealed on chromosome A02 and A03,
respectively (Gangurde et al, 2021). Dang et al. (2021) reported
36 R-genes were markedly correlated with and differentially
expressed in resistant lines. Most of the R-genes are receptor like
kinases (RLKs) and receptor like proteins (RLPs) that function in
precepting the presence of pathogen at the cell surface and initiating
protection response.

In addition, metabolomics has also been applied to explore the
mechanism of peanut response to LLS. LLS resistant peanut
genotypes has higher levels secondary metabolites including but
not limited to phenolic acid, flavanols, stilbenes and terpenoids
(Mahatma et al., 2021).

4.2.1.2 Rust

Mapping efforts have been concentrated on genomic sequence-
based analysis and SNP enrichment mapping so as to define
interested regions and identify candidate genes. Twelve QTLs for
rust were identified by QTL analysis of 268 recombinant inbred
lines from the rust segregation mapping population TAG 24 x
GPBD 4. Interestingly a major QTL associated with rust resistance,
as well as a candidate SSR marker (IPAHM 103) linked to this QTL,
was identified and validated by both composite interval mapping
and single-marker analysis using a broad range of resistant/
susceptible breeding lines and progeny lines from another
mapping population (TG 26 x GPBD 4) (Khedikar et al., 2010).
Pasupuleti et al. (2016) used a marker-assisted backcross (MABC)
method to import the major QTL accounting for 80% of the
phenotypic variation (PV) in rust resistance. Nine candidate
genes for rust resistance on chromosomes A03 spreading on a
3.06-Mb region were discovered with a QTL-Seq approach
employed numerous resistance and susceptible lines from TAG
24 x GPBD 4 population (Pandey et al., 2017a). Five candidate
genes for rust resistance within a 1.2 cM fragment on chromosomes
A03 flanked by two SSR markers SSR_GO340445 and FRS 72 were
also found with the help of mapping on the VG 9514 x TAG 24
population (Mondal and Badigannavar, 2018). A 2.7-Mb genome
location of the rust resistance genes in the same genomic region of
chromosome A03 was confirmed with the help of ddRAD-Seq and
whole-genome resequencing for the population derived from
hybrid between TAG 24 and GPBD 4 (Shirasawa et al, 2018).
Recently, a major rust QTL containing resistance-related genes and
R-genes functioning in inducing hypersensitive response (HR)
during rust infection were validated by mapping with seven novel
stress-related candidate EST-SSRs using 328 individuals from the
F2 (GJG17xGPBD4) mapping population (Ahmad et al., 2020)
(Table 6). In addition, nine rust resistant genotypes showed a 77%
to 120% increase in pod yield under rust disease pressure over
control, revealing significant environment (E) and genotype x
environment (GXE) interactions (Chaudhari et al., 2019). QTL-
Seq approach has been deployed to identify genomic regions and
diagnostic markers for rust resistance in peanut, and 30
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TABLE 6 QTL associated with Peanut responses to Rust.

Location
Rust chromosomes A03
chromosomes A03
chromosomes A03
chromosomes A03

chromosomes A06

10.3389/fpls.2023.1101994

Population Reference

TAG 24 x GPBD 4 Pandey et al., 2017a

VG 9514 x TAG 24 Mondal and Badigannavar, 2018

TAG 24 and GPBD 4 Shirasawa et al., 2018
Ahmad et al., 2020

GJG17xGPBD4

TG 26 x GPBD 4

Khedikar et al., 2010

nonsynonymous SNPs affecting 25 candidate genes, and three
allele-specific SNP diagnostic markers for rust resistance were
identified (Pandey et al., 2017b). QTLs for rust resistance in the
peanut wild species A. magna were developed using single-
nucleotide polymorphism competitive allele-specific polymerase
chain reaction markers and the marker function was validated in
both diploid and tetraploid peanuts (Leal-Bertioli et al., 2015).

RNA-Seq data from susceptible peanut genotype JL-24 and
resistant peanut genotype GPBD-4 revealed differentially expressed
genes included pathogenesis-related (PR) proteins, ethylene-
responsive factor, thaumatin, and F-box as well as R genes such
as NBS-LRR upregulated in resistant genotype, whereas
transcription factors such as WRKY, MYB, bZIP family down-
regulated in susceptible genotype (Rathod et al., 2020). Using map-
based cloning, a dominant rust resistance gene VG 9514-R located
between FRS 72 and SSR_GO340445 markers in arahy03
chromosome was isolated and shown non-synonymous mutations
in different protein domains (Mondal et al., 2022).

4.2.1.3 Stem rot

By far, the QTLs and markers for have not discovered enough
for peanut resistance to S. rolfsii. Utilizing QTL analysis with multi-
season phenotyping and genotyping data from a TG37AXNRCG-
CS85 population, 44 major epistatic QTLs explained phenotypic
variation ranging from 14.32 to 67.95% were found (Dodia et al,
2019). Molecular mechanisms of peanuts resistant to S. rolfsii have
been studied mostly with transcriptomic tools. The salicylic acid,
defense-related signal molecule, peroxidase, marker enzymes,
polymer lignin as well as the phenylalanine ammonia lyase-1,3-
glucanase, all which related to the systemic acquired resistance and
were observed could be induced by S. rolfsii derived elicitors
(Nandini et al., 2010). RNA-Seq from infected peanut tissue
found 12 differentially expressed genes including 7 genes related
to defense in the plants and 3 genes related to virulence in the fungi
(Jogi et al,, 2016). Bosamia et al. (2020) unraveled genes encoding
jasmonic acid pathway enzymes, receptor-like kinases, and
transcription factors (TFs) including Zinc finger protein, WRKY,
and C2-H2 zinc finger with high level expression in resistant peanut
genotypes by RNA sequencing approaches. The pathogen-
associated molecular patterns (PAMP)-triggered immunity was
considered as a potential mechanism of stem rot resistance, while
the jasmonic acid signaling pathway was deemed to a potential
defense mechanism in peanut. There is also evidence of different
enzymes activity in the crosstalk between peanut and S. rolfsii
(Bosamia et al., 2020). De-novo genome sequencing of two
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distinct pathogen strains ZY and GP3 with high and weak
aggressiveness respectively revealed the genomic basis for vary
aggressiveness of S. rolfsii (Yan et al, 2021). The poll of
pathogenicity-associated gene relate to aggressiveness were
differed between GP3 and ZY based on comparative genomic
analysis. GP3 and ZY possessed 58 and 45 unique pathogen-host
interaction (PHI) genes, respectively. In addition, compared with
GP3, ZY strain had more carbohydrateactive enzymes (CAZymes)
in its secretome, especially the carbohydrate esterase (CBM), the
polysaccharide lyase (PL) and the glycoside hydrolase (GH) family
(Yan et al., 2021).

4.2.1.4 Aspergillus flavus

Recently, series of QTLs in peanuts about resistance to A. flavus
infection were successfully identified by QTL mapping (Table 7). Yu
et al. (2019) identified two QTLs with 7.96 and 12.16% phenotypic
variation explained (PVE) on chromosomes A03 and A1l0,
respectively by constructing a genetic map with 1,219 SSR loci
and a recombinant inbred line (RIL) population resulted from
crossing ICG12625 with susceptible cultivar Zhonghua 10. Khan
et al. (2020) identified a major QTL with a PVE of 18.11% on A03
and a minor QTL with a PVE of 4.4% on B04 by utilizing SNP based
genetic map using specific length amplified fragment sequencing
(SLAF-Seq). Based on 200 recombinant inbred lines (RILs)
mapping population from a hybrid of a susceptible variety
Zhonghua 16 with resistant germplasm J11; Jiang et al. (2021)
reported six novel resistant QTLs on chromosomes A05, A08, BO1,
B03, and B10 with 5.03-10.87% PVE, respectively.

The molecular mechanisms of peanut-A. flavus interactions
and peanut resistance to aflatoxin generation need to be studied to
create effective countermeasures against postharvest aflatoxin
contamination. A great number of transcriptome analysis gave
hints and information to this aspect. Guo et al. (2008)
constructed ¢cDNA libraries from the seeds of peanut resistant
cultivars (GT-C20) and susceptible cultivars (Tifrunner) with
21777 EST sequences. Using two-dimensional electrophoresis,
mass spectrometry and real-time RT-PCR; Wang et al. (2010)
reported the identification of twelve potentially differentially
expressed proteins between resistant peanut variety YJ-1 and
susceptible peanut variety Yueyou 7 under conditions of sufficient
water, drought stress and flavus infection with drought stress.
According to a peanut oligonucleotide microarray chip analysis,
62 genes with upregulated expression in resistant cultivar and 22
putative Aspergillus-resistance genes with high level expression in
the resistant cultivar were determined (Guo et al., 2011). In
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TABLE 7 QTL associated with Peanut responses to Aspergillus flavus..

Location

Aspergillus chromosomes A03 and A10

Sflavus
chromosomes A03 and B04

chromosomes A05, A0S, BO1, B03, and B10

addition, a series of aflatoxins-responsive proteins, including those
involved in immune signaling and innate immunity, induction of
defense, PAMP perception, penetration resistance, hypersensitive
response, DNA and RNA stabilization, biosynthesis of phytoalexins,
condensed tannin synthesis, cell wall responses, peptidoglycan
assembly, detoxification and metabolic regulation, were identified
in peanut cotyledons infected with aflatoxin-producing (toxigenic)
but not non-aflatoxinogenic (toxigenic) A. flavus strains, using a
differential proteomics approach (Wang et al, 2012). Global
transcriptome analysis of post-harvest peanut seeds of susceptible
(Zhonghua 12) and resistant (Zhonghua 6) peanut genotypes
undergoing fungal infection and aflatoxin production revealed
128, 725 unigenes, of which 30, 143 were differentially expressed,
and 842 are potential defense-related genes, including pathogenesis-
related proteins, leucine-rich repeat receptor-like kinases,
transcription factors, mitogen-activated protein kinase, nucleotide
binding site-leucine-rich repeat proteins, polygalacturonase
inhibitor proteins, ADP-ribosylation factors and other defense-
related crucial factors (Wang et al, 2016). Transcriptomic and
proteomic analyses identified 663 DEGs and 314 differentially
expressed proteins during the infection of J11 peanut by A. flavus
(Zhao et al, 2019). Transcriptomic network analysis from the
publically available RNA-seq datasets of resistant and susceptible
peanut cultivars infected with A. flavus revealed a series of
candidate genes involved in resistance response against A. flavus,
including genes encoding R proteins, pattern recognition receptor
genes, protein P21, laccase, thaumatin-like protein 1b and
pectinesterases (Jayaprakash et al, 2021). Core genes positively
associated with peanut resistance to A. flavus were determined by
weighted gene coexpression network analysis (WGCNA) and
comparative transcriptome approach (Cui et al., 2022). About 18
genes encoding pattern recognition receptors (PRRs), MAPK
kinase, serine/threonine kinase (STK), 1 aminocyclopropane-1-
carboxylate oxidase (ACO1), pathogenesis related proteins
(PR10), phosphatidylinositol transfer protein, SNARE protein
SYP121, cytochrome P450, pentatricopeptide repeat (PPR)
protein and pectinesterase, might contribute to peanut resistance
to A. flavus (Cui et al., 2022).

Metabolite and miRNA profiling work for A. flavus resistance
were also reported in peanut. Sharma et al. (2021) found that the
pipecolic acid (Pip) was a key component of peanut resistance to A.
flavus by performing untargeted metabolite profiling. And the
function of Pip against A. flavus was validated by employing
multiple resistant and susceptible peanut cultivars. Correlation
analysis of small RNAs, transcriptomes and degradomes revealed
a total number of 447 genes, 30 miRNAs and 21 potential miRNA/
mRNA pairs showing significantly differential expression when
resistant cultivar (GT-C20) and susceptible cultivar (Tifrunner)
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Population Reference
ICG12625% Zhonghua 10 ‘ Yu et al,, 2019
Zhonghua 16 x J11 ‘ Khan et al., 2020

Zhonghua 16 x J11 ‘ Jiang et al., 2021

were treated with A. flavus. The accumulation of flavonoids in
resistant and susceptible genotypes might be regulated by miR156/
SPL pairs and the NBS-LRR gene expression level in resistant
genotype might be regulated by miR482/2118 family (Zhao
et al., 2020).

4.2.2 Viruses

TSWYV, a single-stranded RNA virus, is one of the most
pathogenic viruses in peanut. TSWV not only caused spotted wilt
disease but also constrain peanut yield (Garcia et al., 2000). To
better understand the mechanisms of peanut-TSWYV interactions
and peanut resistance to TSWV, QTL mapping was used to locate
QTL for TSWYV resistance (Table 8). The first genetic linkage map
based on NC94022-derived population was constructed and a
substantial QTL with a PVE of 35.8% associated with resistance
to TSWV on linkage group A01 was identified (Qin et al., 2012). An
enhanced genetic map from the same population was constructed
and the QTLs related to multi-year TSWV phenotypic data on
chromosome A01 were identified (Khera et al., 2016). About 48
QTLs with phenotypic variance explained (PVE) ranging from 3.88
t0 29.14% and six QTLs associated with spotted wilt resistance were
identified, among which five QTLs were found on the AO1 and the
other one located on A09 chromosome (Khera et al., 2016). A major
QTL on chromosome A0l flanked by marker AHGS4584 and
GM672, associated with spotted wilt disease with up to 22.7%
PVE in a spotted wilt resistant cultivar Florida-EP"™ 113 was
identified based on phenotypic data, and 2,431 SSR markers were
screened from the two parental lines whole peanut genome (T'seng
et al., 2016). Three QTLs on chromosome A01 of RIL derived from
peanut lines of SunOleic 97R and NC94022 were identified using
the whole genome re-sequencing approach, among which one QTL
had the greatest impact on phenotypic variation, reaching 36.51%,
including one 89.5 Kb genomic region with a set of genes coding for
NBS-LRR proteins, strictosidine synthase-like, and chitinases
(Agarwal et al, 2019). Recently, 11 QTLs for TSWV resistance
were discovered using the recombinant inbred line (RIL) mapping
population of “Tifrunner x GT-C20” (Pandey et al., 2017a). Zhao
et al. (2018) refined the resistance QTL to a 0.8 Mb region on A0l
chromosome with SSR markers.

PStV and other viruses may also infect peanut (Singh et al,
2009). However, studies on the mechanism of peanut response to
various viruses using Omics technology are very few. Some reports
indicate that transgenic peanuts carrying viral gene fragments can
improve their antiviral ability. For example, peanut lines carrying
viral coat protein gene sequences, exhibited high resistance levels to
PStV (Higgins et al.,, 2004). Genetic engineering of peanut using
genes encoding the nucleocapsid protein (N gene) of peanut bud
necrosis virus was also tested against bud necrosis disease in peanut,

frontiersin.org


https://doi.org/10.3389/fpls.2023.1101994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Huang et al.

TABLE 8 QTL associated with Peanut responses to TSWV.

Location
tomato spotted wilt virus(TSWV) chromosome A01
chromosome A01

chromosomeA09 and A01

chromosome A01

10.3389/fpls.2023.1101994

Population Reference
NC94022 Qin et al., 2012
NC94022 Khera et al., 2016

SunOleic 97R x NC94022 Khera et al., 2016

Florida-EP™ Tseng et al., 2016

chromosome A01

SunOleic 97RxNC94022 Agarwal et al., 2019

chromosome A01

a disease for which no persistent resistance in the existing
germplasm (Rao et al, 2013). Recent research found that
PeaelF4E and PeaelF(is0)4E, the eukaryotic translation initiation
factors played important roles in PStV infection, and the silencing
of PeaelF4E and PeaelF(iso)4E genes significantly weakened PStV
accumulation in peanut (Xu et al.,, 2017).

4.2.3 Bacterial

R. solanacearum has a wide host range and strong long-term
survival ability, making it very difficult to eradicate. In the past decade,
progress has been made in the genetic behavior, trait mapping, gene
discovery and diagnostic markers of peanut bacterial wilt resistance.
Based on SSR and AFLP analyses, the genetic relationships of 31
peanut genotypes with different resistance levels to R. solanacearum
were assessed, and four SSR primers and one AFLP primer were found
to be effective (Jiang et al., 2007). Linkage map analysis using SSR and
SNP markers found two major QTLs associated with R. solanacearum
resistance on linkage groups LGO1 and LG10 with PVE of 12 to 21%
(Zhao et al., 2016). A major and stable QTL for bacterial wilt resistance
(qBWBO02.1) on chromosome B02 was validated by a high-density
SNP map with a RIL population from the hybrid Yuanza YZ9012 with
Xuzhou68-4 (Wang et al., 2018). Meanwhile, a QTL in the same
linkage region was confirmed by BSA based on sequencing-based trait
mapping approach and QTL-seq for recombinant inbred line (RIL)
derived from a cross between cultivars Yuanza 9102 and Xuzhou 68-4
(Luo et al,, 2019). In addition, two major QTLs on chromosome B02
were verified through linkage mapping and QTL-seq on the basic of a
RIL population produced from the hybrid between peanut cultivars
Zhonghua6 and Xuhual3 and were further validated by two
diagnostic markers (Luo et al, 2020). This same major QTL on
chromosome B02 was repeatedly identified with different methods
and RIL populations (Wang et al., 2018; Luo et al., 2020), suggesting
that it is the main QTL for peanut resistance to bacterial wilt. By
applying KASP markers that were polymorphic between the two
parents, the major QTL qBWAI2, for resistance of peanut against

TABLE 9 QTL associated with Peanut responses to Bacterial wilt.

Location

Tifrunner x GT-C20 Pandey et al,, 2017a

bacterial, was fine mapped to a 216.7 kb region based on whole-
genome resequencing data (Qi et al., 2022) (Table 9).

Beside the QTLs and markers, a number of peanut genes
associated with R. solanacearum interactions were also reported.
Using complementary DNA amplified length polymorphism
(cDNA-AFLP) technique; Peng et al. (2011) studied a BW-
sensitive cultivar, ‘Zhonghua 12°, and a BW-resistant one,
“Yuanza 9102 upon R. solanacearum infection, analyzed
differential expression of genes associated to BW-resistance, and
found 40 transcript-derived fragments (TDFs) closely related to BW
resistance, which encode proteins associated with cell structure or/
and protein synthesis, defense, energy, signal transduction,
metabolism, cell growth and transcription,. Huang et al. (2012)
screened differentially expressed genes, including those involved in
jasmonic acid and ethylene signal transduction, from peanut cDNA
libraries of R. solanacearum challenged roots and leaves. Chen et al.
(2014) performed global transcriptome profiling on the R.
solanacearum-infected roots of peanut susceptible (S) and
resistant (R) genotypes, and found that the down-regulation of
primary metabolism and the genotype-specific expression pattern
of defense related DEGs (R gene, cell wall genes, LRR-RLK, etc.)
contributing to the resistance difference between S and R genotypes.
Recently, 174 WRKY genes (AhWRKY) were identified from the
cultivated peanut genome, their differential expression patterns
were analyzed in sensitive and resistant peanut genotypes infected
with the R. solanacearum, and the possible roles of candidate
WRKY genes were identified in peanut resistance against R.
solanacearum infection (Yan et al, 2022). A series of candidate
genes with possible bacterial wilt resistance were directly cloned
from peanut and functionally studied. Overexpression of the peanut
AhRRS5 (a novel peanut NBS-LRR gene) or the AhRLKI1
(CLAVATA1-like leucine-rich repeat receptor-like kinase) or the
AhGLKI1b (GOLDEN2-like Transcription Factor) enhanced plant
disease resistance to R. solanacearum (Zhang et al., 2017; Zhang
et al., 2019; Ali et al., 2020).

Reference

Population

Bacterial chromosome B02

wilt
chromosome B02

mapped to a 216.68 kb physical region
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Yuanza YZ9012 x Xuzhou68-4 Wang et al,, 2018

Zhonghua6 and Xuhual3 ‘ Luo et al., 2020

A. hypogaea ‘ Qi et al., 2022
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5 Application of omics research in
breeding program

In the last two decades, using the most successful approach
namely marker-assisted selection (MAS) or marker-assisted
backcrossing (MABC), diagnostic markers have successfully been
developed in groundnut for resistance to nematode, rust and LLS.
The first excellent example is the marker-assisted improvement of
popular cultivar for nematode resistance in USA. The discovery of
resistance to M. arenaria in wild Arachis species and the
interspecific hybrid, TxAG-6, allowed the development of the first
peanut cultivar resistant to M. arenaria (Simpson and Starr, 2001).
The interspecific Arachis hybrid TxAG-6 was the source of this
resistance and the donor parent in a backcross breeding program to
introgress resistance into cultivated peanut. Gene segments with
resistance from TxAG-6 were introduced into peanut cultivars
through an interspecific hybridization backcrossing, two root-
knot nematode-resistant varieties, COAN and NemaTAM were
first developed with marker-assisted backcrossing is in the USA
(Simpson and Starr, 2001; Simpson et al., 2003; Church et al., 2005).
By far, at least other four commercial nematode-resistant cultivars
(Tifguard, Webb, TifN/V OL, and Georgia 14N) resulting from this
cross have been released (Denwar et al., 2021).

The major peanut rust resistance-related QTLs and markers
were almost mapped from two recombinant inbred line (RIL)
mapping populations, namely “TAG 24’ (susceptible) x ‘GPBD 4’
(resistant) and ‘TG 26 (susceptible) x ‘GPBD 4’ (Khedikar et al.,
2010; Sujay et al,, 2012). The QTL region controlling rust
resistance, including the disease resistance-linked markers
(IPAHM103, GM2079, GM1536 and GM2301) from the
disease-resistant donor GPBD 4, were introgressed into two elite
peanut varieties (‘TAG 24" and ICGV 91114°) and one old but
popular variety (‘JL 24’) through MABC in India. The backcrossed
homozygous lines (BC3F2) were obtained in just three years of
time and shown significant increase in rust resistance (Varshney
et al,, 2014). In addition, TMV2 is a very popular groundnut
variety among the Indian farmers but is highly susceptible to LLS
and rust. The LLS and rust resistance linked markers (GM2009,
GM2079, GM2301, GM1839 and IPAHM103) from the disease-
resistant donor GPBD 4 were introgressed into TMV2 using
MABC approach, and two homozygous backcross lines, namely
TMG-29 and TMG-46, were obtained which showed resistance to
rust and LLS (Kolekar et al., 2017). Recently, the above linked and
validated markers for resistance to rust and LLS were used to
improve three popular Indian cultivars (GJG 9, GG 20, and
GJGHPS 1) using MABC, and the Phenotyping of the ILs, using
the 58 K SNP array for assessing background genome recovery
across the chromosomes (Pandey et al., 2017¢), revealed their
disease resistance scores comparable to the resistant parent GPBD
4 (Shasidhar et al., 2020).
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6 Conclusion and perspective

This review summarizes various omics studies in peanut biotic
stress in the past two decades emphasizing on peanut resistance to
various biotic pests and pathogens. Progresses in the field of peanut
responding to biotic stress are accumulating, and large amount of
omics data have been produced to decipher the molecule clues
between peanut and the infesting agents. In the implementation of
marker-assisted selection, the first step is the identification of
genomic regions conferring disease resistance in wild species,
which can speed up the introgression of wild disease resistance
genes with less linkage drag. Also, the identified disease resistance
genes can be deployed in biotechnology and genomics-assisted
breeding for the development of disease resistant cultivars to
reduce the yield loss in peanut production. However, the
accumulated data over the past years are intertwined and
disorganized, and have not been rationally sorted out. The
technology that produces large amount of Omics data has
surpassed our ability to analyze and utilize them. Big data is a
common phenomenon of this era, but it is extremely urgent to
develop technology in dealing with the Omics data, and most
importantly to use the Omics data in crop breeding for better
resistance to biotic and abiotic stresses.

Due to the peanut genome complexity, research on peanut
Omics are relatively lagged as compared with other crops as well as
with the model plant species. Not many results are obtained from
peanut biotic stresses by using the Omics tools such as
transcriptomics, proteomics and other technologies. For the
major peanut pests and pathogens, efforts are mostly on the most
important pests and diseases such as the root-knot nematodes,
insects and fungi, while less attention is paid to the viral and
bacterial pathogens. Thus, more efforts are needed in future
Omics research on biotic stresses affecting peanuts.

In addition, results from Omics data including putative QTLs,
molecular markers, candidate genes, metabolites, proteins, etc.,
need to be cross tested with wet lab research before they can be
reliably used in scientific research and commercial breeding. For
those coarsely mapped QTLs, other technologies may be needed to
precisely map them to a smaller region on the corresponding
chromosome, and eventually clone them. Candidate genes that
may play a role in peanut disease and insect resistance, functional
genetics are needed to overexpress them in transgenic research or
their mutations need to be created by CRISPR genome editing
technology to verify their related functions. On the other hand,
Omics data are valuable in genome editing to design efficient
CRISPR targets, with reduced off-target mutations in crop
breeding. With the success of peanut genome editing with the
CRISPR technology, it is possible to use Omics data in peanut
molecular breeding for pest and disease resistance (Zhang
et al,, 2021).
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