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Abstract

Peanut (Arachis hypogaea) is an important oilseed crop for food and economic security, especially in tropical and subtropical regions.
However, climate change such as rising temperatures, variations in rainfall patterns and increased infection rates of pests and diseases
poses a significant threat to production in many regions, though the degree of impact may vary depending on local conditions.
Advancements in breeding, biotechnology methods and agronomic practices are essential to ensure sustainable peanut cultivation. This
review emphasizes that by utilizing the wild genetic resources with advanced technologies to develop climateresilient peanut varieties.
Traditional breeding methods, including hybridization and mass selection, are integrated with modern approaches like MarkerAssisted
Selection (MAS), Genomic Selection (GS) and High-Throughput Phenotyping (HTP) helps to produce a peanut variety with high yielding
variety with tolerances to biotic and abiotic stress. Additionally, CRISPR-Cas9 and gene-editing tools enable precise improvements for
stress tolerance, paving the way for sustainable groundnut production under changing climatic conditions. Moreover, digital ools such as
remote sensing and predictive climate models help the breeding program to develop a variety to specific agro-climatic zones. By adopting
these innovations, it is possible to enhance the adaptive capacity of groundnut while minimizing resource inputs. Despite these advanced
techniques, challenges remain because groundnut has low genetic diversity and the need for regionspecific solutions. This
comprehensive approach aims to improve peanut production from the adverse effects of climate change, ensure food security and
support the livelihoods of millions of smallholder farmers worldwide.

Keywords: Arachis hypogaea; climate resilience; next generation sequencing; omics techniques; speed breeding

variety that having host specific pathogen interaction to avoid
Aspergillus flavus infection and aflatoxin contamination (5).
This review explores the integration of wild genetic resources
and advanced technologies to develop -climate-resilient
peanut varieties. Traditional breeding methods, such as
hybridization and mass selection, are now augmented by
modern approaches, including Marker-Assisted Selection
(MAS), Genomic Selection (GS), Speed Breeding (SB) and High-
Throughput Phenotyping (HTP). Furthermore, cutting-edge
tools like CRISPR-Cas9 enable precise genetic improvements
for enhanced tolerance to biotic and abiotic stresses. These
strategies collectively address climate challenges, ensuring
sustainable groundnut production and supporting agricultural

Introduction

Climate change is posing a significant threat to global
agricultural production, causing increased pests, diseases and
unpredictability in yield. This, combined with biotic stress and
land loss, can lead to yield losses (1). Heat stress and drought
significantly impact agricultural production by delaying crop
life cycles, altering seed composition and lowering the harvest
index, with severity increasing during reproductive stages (2).
Peanut cultivation in the United States is grown in dry land,
rainfed environments, whereas 90 % of peanuts grown
worldwide are in tropical and semi-arid regions (3). Peanuts
are vulnerable to heat stress and drought during reproductive
periods, with optimal temperature range between 25 °C and 30

°C, with temperatures above 32 °C affecting production and
biomass (4). Understanding heat and drought stress tolerance
is crucial for increasing peanut yield in challenging conditions.
Using available germplasm and breeding strategies, to develop

resilience in the face of global climate change.
Breeding strategies for climatic resilience

Breeders selected individual plants with desired characteristics
from a large population of genotypes in a standardized
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manner to reproduce crops. A cross between two parent plants
is created and the offspring is assessed to find out which is
superior. This process involves putting plants through mult
year testing in replicated field experiments at multiple places
to assess the genetic potential of candidate genotypes under
different conditions. Although significant, this traditional
method of crop breeding is ineffective and slow in producing
the intended results (6) (Fig. 1).

Speed Breeding (SB)

SB is a new approach that rapidly accelerate the breeding
program by manipulating the growth parameters under
controlled environments, accelerating plant development
from the vegetative to the reproductive phase (7). It shortens
generation time by 2.5-5 times, thereby increasing annual
generations under controlled conditions, doubling annual
genetic gain compared to conventional techniques (8-10).
Crops like maize, soybean, canola, wheat and barley need 25
30 °C for growth/blooming and 12-30 °C for seed germination
and a humidity range of 60-70 % is considered optimal for
most crops (7). The Australian Peanut Genetic Improvement
Program (APGIP) is implementing speed breeding to expedite

2

the release of new peanut varieties. This method, which uses
controlled conditions and single seed descent, has reduced full
-season maturity cultivar generation time from 145 to 89 days,
allowing for 3-4 cycles each year, potentially reducing it to
seven years (11) (Fig. 2). SB revolutionizes groundnut breeding
by shortening cycles and boosting genetic gain by integrating
genetic methods like MAS and CRISPR/Cas9, enhancing traits
for food security and climate change (12).

High Throughput Phenotyping (HTP)

Breeding in groundnuts aims to increase yield and
environmental tolerance, but genotype-by-environment
interactions complicate identifying the widely adapted
genotypes, causing delayed cultivar release (13, 14) They
utilized high-throughput phenotyping to screen 20 groundnut
genotypes for tomato spot wilt disease resistance, utilizing
near-infrared spectrometry for oil content and combining it
with high oleic fatty acid (15). Estimates lateral growth and
Leaf Area Index (LAl) in peanuts using high-throughput
phenotyping using RGB leaf reflectance from an unmanned
aerial vehicle. Researchers used conventional and high-
throughput phenotyping approaches to identify desirable
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Fig. 1. Strategies to overcome the stress and improve the trait in groundnut.
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Fig. 2. Speed breeding in groundnut by manipulating the light requirement and temperature (11).
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features from the U S mini-core collection to create superior
cultivars for peanuts in the Virginia-Carolina region. Uganda's
groundnut breeding program is being integrated with HTP-
derived indicators, based on a strong correlation between LLS
visual ratings and NDVI and RGB color space indices (16). They
developed NIRS calibration equations for quick groundnut
kernel character assessment and investigated the inheritance
of high-oleic traits in groundnuts, revealing a duplication
recessive pattern (17). Aerial photography from Unmanned
Aerial Vehicles (UAVs) can accurately identify peanut plant
drought tolerance, indicating potential genetic increases in
drought tolerance (18). Research assessed the effectiveness of
estimating Bambara groundnut canopy status using
Unmanned Aerial System (UAS) in Malaysia during the 2018-
2019 growing season, utilizing machine learning regressions
for variable estimation (19). High-throughput phenotyping
improves gene bank accessions classification accuracy for
Phaseolus and Arachis accessions, while artificial intelligence
algorithms reduce costs and create useful agro-biodiversity
groups (20). They examine the accuracy of UAS data in
phenotyping organic peanut pod and seed production, finding
that all 25 vegetation indices significantly impact genotypic
impacts (21).

High Throughput Genotyping (HTG)

High-throughput technologies such as KASP tests are crucial
for large-scale breeding, ensuring effective multi-trait selection
and resource conservation. In contrast, low-throughput
markers such as allele-specific and SSR are appropriate for
small-scale genotyping (22). Next-generation phenomics
technologies and high-throughput phenotyping, combined
with MAS, could significantly expedite peanut genetic
improvement (23). India has introduced five high-oleic acid
groundnut cultivars using allele-specific markers and high-
throughput KASP tests, while genotyping tests are being
developed for Arachis species characteristics (22). To reduce
the susceptibility of foliar fungal infections and oleic acid, they
created and validated high-throughput KASP tests. This will aid
in the breeding of resistant cultivars in India (24). The
Groundnut Improvement Network for Africa collected 1049
peanut landraces, cultivars and breeding lines from nine
African nations, analysing genetic structure using 8229
polymorphic SNP markers (25). Breeding initiatives aim to
improve groundnut output, quality and disease resistance
through high throughput and screening, using genomic
techniques and omics technology for selection (26). The
International Crops Research Institute for the Semi-Arid
Tropics has refined a single seed chipping procedure for
marker-based generation selection in groundnut breeding
programs, reducing labour, time and costs (27).

Transcriptome

Transcription factors regulate abiotic stress adaptation by
regulating stress-responsive genes. During drought stress, ABA
is produced in plants and help to manage the plant cells to
tolerate the stress through different signalling pathway (28).
Transcriptomics identifies genes and processes involved in
environmental responses, like those in Bambara groundnut,
aiding in understanding plant stress tolerance and developing
climate-adaptive cultivars (29). In summary, drought-tolerant
A. duranensis plants exhibited enhanced DNA methylation,

phytohormone signaling, flavonoid production and ethylene
responses compared to susceptible A. stenosperma plants.
These changes were associated with increased
osmolyte production, reduced oxidative stress and enhanced
resistance to drought overall (30). The transcriptome and
proteome of the "A genome progenitor" (Arachis duranensis)
of grown peanuts were examined in drought circumstances
using a combined omics method (31). Four peanut accessions'
transcriptomics revealed potential genes controlling pod
elongation and size, including those involved in the Mitogen-
Activated Protein Kinase (MAPK) signaling pathways,
phytohormones and plant transcription factors (32). These
studies analyze transcriptome responses to dehydration stress
in two Bambara groundnut landraces, revealing distinct
transcriptional behaviour and elevated gene expression,
providing insights for functional genomics and drought traits
(33). They examine transcriptome responses of vulnerable and
resilient groundnut genotypes for Sclerotium rolfsii disease,
revealing systemic acquired resistance in resistant genotypes
due to 7796 differentially expressed genes (34). They explore
salinity stress effects on groundnut species, revealing
differential gene expression and increased relative water
content in A. duranensis, potentially guiding future research for
salt-tolerant crop production (35). This work utilized
transcriptome and proteome profiling to understand the
molecular processes of peanut stems after Fusarium
oxysporum infection, revealing increased gene and enzyme
expression (36). The researchers analysed the transcriptome of
L14, a cultivar of drought-tolerant peanuts, revealing over
71000 genes and 47820 potential functions (37). Trichoderma
inoculation enhances plant development and prevents illness
by examining the relationship between Trichoderma spp. and
host plants and pathogens, demonstrating its effectiveness
against S. rolfsii (38).

Marker Assisted Backcrossing (MABC)

MABC uses three types of markers: foreground selection,
recombinant selection and background selection, each
requiring specific molecular markers to select the target gene
or QTL (39). Three back crossings were used to create "Tifguard
High O/L," a few lines having high and low oil content and
desirable features were selected for further yield assessments
(40). After four back crossings of "huayu22" with donor
"KN176," the high-oleic-acid BCsFs line "YH61" was recently
produced (41). The Indian cultivar ICGV 05141, with a high oil
content, underwent a six-successful MABC attempt, resulting in
an 80 % increase in oleic to acid levels (42). By utilizing allele-
specific and CAPS markers to enhance the oleic acid content of
the Foliar Disease Resistance (FDR) variety, GPBD 4, to 80 % at
the seventh attempt of MABC (43). China's ninth effort
successfully improved four popular groundnut cultivars,
Yuanza 9102, Yuhua 9326, Yuhua 15 and Yuhua 9327, with high
oleic acid content in large growing regions (44). The eleventh
successful MABC project aimed to increase FDR and high oleic
acid content in Indian cultivars GJG 9, GG 20 and GJGHPS 1,
creating over fifty foliar disease resistance lines that were
developed future these lines need validation under different
environmental condition (45). By utilizing the marker-assisted
backcross breeding, QTLs for rust and late leaf spot resistance
were inserted from donor variety GPBD 4 into groundnut
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cultivar ICGV 00350 (46). The well-known groundnut variety
TMV 2 from India was modified to withstand LLS and rust
diseases by MABC breeding and also researchers have
developed indicators for high oleic acid concentration, late leaf
spot and rust in groundnut crop production, widely used in
worldwide breeding programs to increase advantageous allele
frequencies (47). Researchers used wild species from A
stenosperma and A. magna to create agronomically suited
lines with great resistance to fungal diseases, including late
leaf spot and rust. This will produce new wild resistance genes
and increase the genetic diversity of the main gene pool (48). In
UAS Dharwad, India utilized MABC to enhance the resistance of
a common cultivar, JL 24, to two-leaf fungal diseases (49). The
introduction of the high oil content breeding line ICGV06100
led to a 80 % increase in oleic acid content in backcrossing
lines (50). The oleic acid content of TMV 7 was enhanced by
introducing a recessive mutation, resulting in 10 homozygous
plants with higher content, with line IL-23 showing the highest
recovery (51).

Genomic Selection (GS)

GS is a crop enhancement method that divides breeding
populations based on genomewide marker profile
information. The method utilizes multi-season phenotyping
data to estimate Genomic Estimated Breeding Value (GEBV),
which is then used to select suitable parents for the hybridizing
program. GS has implies marker-assisted recurrent selection
and MABC for improving complex traits like yield in drought
prone environments (52). Groundnut breeding strategy utilizes
genomic selection, utilizing mid/high-density genotyping tests
and multi-season phenotyping data. Optimizing suitable GS
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Fig. 3. Genomic selection breeding strategy in groundnut (22).
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models for groundnut breeding (22) (Fig. 3). GS offers
advantages like quick screening, accelerated crop breeding
phases and efficient use of resources, especially for expensive
traits like yield (53).

Genome Wide Association Studies (GWAS)

The research finds prospective heredity and genomic areas
linked to drought tolerance in addition to necessary features for
marker-assisted groundnut variety breeding and gene
introgression. Under drought-stressed and non-stressed
environments, it phenotypes 99 genetically different genotypes,
revealing notable phenotypic differences and the possibility for
faster breeding (54). Through genome-wide association studies,
research identifies 95 genes for high-yielding types of peanuts
and finds 19 SNPs associated with pod maturation and
splitting features in peanuts (55). The investigation focuses on
the genetic foundation of quality characteristics and yield
components of peanuts, which is important for molecular
breeding methods. 374 significant loci linked to these qualities
and 631988 high-quality Single Nucleotide Polymorphisms
(SNPs) are found. The results can help create suitable peanut
germplasm that balances quality and output (56). In Uganda,
the study examined genotypes from the African core collection
for resistance to GRD. It found 32 MTAs and two important
markers on chromosome A04. Additional verification is
required (57). In Ghana's groundnut germplasm, this study
finds SNP markers and putative candidate genes that may be
responsible for the Early Leaf Spot (ELS) and Late Leaf Spot
(LLS) diseases. The findings offer a foundation for
comprehending the genetic makeup of these illnesses and
may be helpful in the development of resistant varieties (58).
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By examining the geometric mean productivity and stress
tolerance index of Bambara accessions, the study makes
predictions about their resistance to drought. The accessions
have been categorized into eight important quantitative trait
loci, divided into two main clusters and five different sub-
clusters. Programs aimed towards drought molecular breeding
may find these loci beneficial (59). The study mapped
quantitative trait loci linked with characteristics relevant to
peanut growing habit using bulked segregant analysis
sequencing and genome-wide association analysis. It found 90
significant and suggestive SNPs linked to the plant type index,
height of the main stem and lateral branches angle (60).

Mutation Breeding

Due to self-pollination, the ploidy barrier and their
monophyletic origin, groundnuts have a narrow genetic basis
(61). Compared to traditional plant breeding, mutation
breeding can enhance genetic diversity and provide targeted
improvements, but unintended phenotypic changes (e.g.,
negative traits) may also occur and require rigorous selection
to avoid undesirable outcomes (62). Two cultivars, Minhua 6
and Minhua 8, were treated with gamma rays and ethyl
methane sulphonate (EMS) in order to vyield high-oleic
groundnuts (44). Using a pedigree technique and induced
mutation, the "Golden" groundnut variety was produced. This
resulted in the development of mutants with a range of traits,
including disease resistance, small seeds, larger pod size and
seed diversity, although many must undergo extensive
selection and testing before meeting commercial standards for
diverse environments (63). The study found negative trends in
seedling length and sought to identify the best gamma
radiation doses for Namibian groundnut farmers using climate
-smart Bambara cultivars (64). Trombay groundnut (TG) 73, a
gamma-ray-based  mutagenesis mutant, has been
commercialized in India for improved pod yields due to its
enhanced pod size and three-seeded pods (65). Using
genotyping tests, it is possible to identify Girnar 4, a groundnut
variety with a high oleic acid content, through substitution and
insertion mutations in the fatty acid desaturase gene (66).

Next-Generation Sequencing (NGS)

NGS has transformed genome sequencing for annotation,
particularly through RNA-seq, improving accuracy for coding
and non-coding genes, especially in complex genomes like
polyploid plants (67). The research employed the ddRAD
library and NGS to efficiently identify many SNPs in cultivated
peanuts, producing a high-density linkage map for A
hypogaea, aiding in molecular marker resources and
compiling a reference genome sequence (68). Many plant
species have produced large amounts of sequence data thanks
to the accessibility of developing genomic technologies,
particularly next-generation sequencing (39). In tests
conducted on legume crops, the CRISPR/Cas9 technology,
used to introduce genetic changes in crops like pigeon pea and
groundnut, achieved efficiency rates of around 20 % for
groundnuts, though this rate can vary depending on genotype,
target gene, delivery method and validation technique. The
goal of the project is to improve legume crop genome editing
technology (69). The quality and health advantages of high-
oleic peanuts have increased, but genome editing can speed

up the process. A simple, genotype-independent technique for
genetic transformation is provided by the node injection
approach, although genetic transformation in legumes like
groundnut is rarely truly genotype-independent due to
regeneration recalcitrance (70). This work describes two
CRISPR/Cas9-based gene editing constructs for peanuts.
Higher editing efficiency was demonstrated by the extended
plus RNA terminator construct, which may lead to improved
peanut lines for farmers, industry and breeders, though it is
likely to take years before these lines are validated, approved
and widely adopted (71) .Two homeologous FAD2 genes were
down regulated in peanuts seeds using a CRISPR/Cas9-based
method, which improved differential editing efficiency and
raised oleic acid levels. This work highlights the promise of
CRISPR/Cas9-based methods for functional genomic research
and fine-tuning gene expression in peanuts (72) Table 1.

Future prospects

Peanut, a beneficial crop for humans, has shown potential in
supporting climate change adaptation efforts through traits
such as nitrogen fixation and resilience to harsh conditions.
However, it faces many challenges, including drought, sudden
rains and heat waves. These factors interfere with the potential
of the plant to photosynthesize, nutrients absorption and
ultimately yield and quality of produce. In addition, peanuts
are vulnerable to pests and diseases, which are expected to
become more challenging in some regions because of climate
change, depending on pest type, local conditions and
management practices. Increased heat and humidity increase
the risk of aflatoxin, which are a serious health hazard. In
addition, peanut crop is highly sensitive to waterlogging due
course of unpredictable rain. To overcome these problems,
researchers are urged to develop heat and drought tolerant
peanut varieties with deep rooting and extra earliness.
Advanced technologies like genetic selection and
manipulation are being used to promote the production of bio-
products by targeting genes related to drought, heat,
waterlogging and disease, although addressing multiple
stresses simultaneously remains scientifically complex due to
challenges in trait stacking and gene environment interactions.
In addition to these scientific advances, sustainable agriculture
has a significant part in improving agricultural livelihoods.
Technologies such as conservation agriculture, rainwater
harvesting and Integrated Pest and Disease Management
(IPDM) improve soil health, conserve moisture and reduce
dependence on external inputs. However, market access and
financial incentives are essential for climate-friendly peanut
varieties to be widely used. Establishing fair pricing practices,
promoting locally appropriate varieties and participating in
drought insurance programs are important steps alongside
considerations like yield performance, input costs, cultural
acceptance and extension support-to encourage farmers to
adopt these resilient crops. By meeting these challenges and
embracing future opportunities, peanuts can become a
cornerstone of food security, especially for smallholder
farmers and vulnerable regions. In the face of climate change,
these resilient crops help safeguard food supply and
strengthen communities.
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Table 1. Details of marker, linkage group, sequencing strategy, flanking marker, QTL and PVE value associated with several traits

. Sequencing 2
Population Type of marker Linkage strategy/ QTL Flanking marker PVE voalue R Reference
group (%)
platform
TG 26 x GPBD 4 SSR LG3 'de”tgiﬁfsthree IPAHM103-PM36 10.2 (73)
Zhonghua 10 x ICG 12625 SSR B3 - qOCB3 125.3-126.7 14.36 (74)
(ICGV07368x ICGV06420) SSR Al0 - qOc-A10 Ah3864 - Ah2573 22.1 (75)
AhMXZ190701-
Xuhual3xZhonghua6 - A08 ddRADseq qOCA08.1 AhEXZ283046 27.19 (76)
Yuhual5 x W1202 SNP LGO5 WGRS gA05.8 bin1802 ~ bin1803 5.23~9.84 (77)
Zho”gh”"z‘éﬁ’s‘)'cmzms SSR BOG - qOCB06 - 22.59 (78)
318 Inbred lines KASP LG05 WGRS gqA05.1 bin1572 ~ bin1581 0.8-27.0 (79)
ZH16xJ11(RIL) - B06 WGRS qOCB06.1 c16b073- c16b075 13.62 (80)
- S12_42838843-
(Valencia-Cx JUG-03) SNP B02 - qOIL12E1 S12_73270208 4.49 (81)
(ICGV 07368 x ICGV 06420) - B09 DArTseq qlLin B09 FAD2B - Ah3931 41.0 (75)
Yuhual5 x W1202 SNP LGO5 WGRS gA05.3 bin1598 ~ bin1600 16.43 (77)
318In bred line KASP LGO5 - gqA05.2 1593-1594 10.4 (79)
. S12_36421620-
(Valencia-C x JUG-03) SNP BO2 - ALINOLEICI2E2 21575053077 5.15 (81)
Chr19.138748208 -
JH5 x KX01-6 SSR LG19 - qFA_19_3 Chr19.156112831 9.14-38.72 (82)
(ICGV 07368 x ICGV 06420) - B09 DArTseq qOle-B09 FAD2B - Ah3931 33.8 (75)
AhTEO0391-
TMV 2 x TMV 2-NLM AhTE markers A09 ddRAD-Seq AhTE0572 21.57-57.11 15.1 (83)
JiHua No.5 (JH5) and Chr09.113696781-
KaiXuan 01-6 (KX01-6) SSR LG9 ; qFA_09.2 Chr09.114431570 ~ ©-37-28.79 (82)
(ICGV 07368 x ICGV 06420) - AO8 DArTseq gPal-A08 Ah4653 - Ah4264 20.1 (75)
TAG 24 x GPBD 4 SSRs ! - QTLus01 PM436-Lec-1% 3.70-6.50 (84)
TAG 249 GPBD 4 (RIL4) and
TG 26 9 GPBD 4 (RIL-5) - AhXV - QTLR4-Rust03 IPAHM103- GM1954 23.12-82.96 (85)
TAG 24 x GPBD 4 SSRs B03 - QTLO1 AhTE0498-GM2009 62.7-70.4 (86)
TAG 24 x GPBD 4 SNP A03 WGRS qRust80D_06 GMRQ517-Seq2B10 83.6 (87)
FRS72-
GJG17 x GPBD4 SSR A03 - RustQTL SSR_G0340445 70.52 (88)
S3_133697495 -
TAG 24 x GPBD 4 KASP A03 - qRust-A03.1 S3. 134897269 87.1 (24)
TAG 24 x GPBD 4 KASP A03 WGRS qRust80D_06 GMRQ517-Seq2B10 83.6 (24)
Tifrunner x GT-C20
population. SSR Ahll - qF2TSWV3 seq5D5-GM2744 34.92 (89)
Florida-EPTM “113” xGeorgia 17.69
Valencia SSR AO01 - - AHGS4584-GM672 (90)
. B09_6739506
Tifrunner x GT-C20 SNP BO9 WGRS qTSW_T10_B09_2 B09_5189475 40.71 (91)
. bin_1_9457148-
Sun Oleic 97R x NC94022 KASP A0l WGRS qTSWV_T13_A01 bin_ 19546698 36.51 (92)
Tifrunner x GT-C20 SSR AhXVIII ; qF2LS11 GNB904-GNB625 27.35 (89)
248 RILs
TAG 249 GPBD 4 SNP AO3 WGRS qRust80D_06 GMRQ517-Seq2B10 83.6 (87)
S1_82874814
TG37-Ax NRCG CS85 SNP AO1 GBS qLS_S1A01.2 S1_89256537 20.6 (93)
S3_133697495 -
TAG 24 x GPBD 4 KASP A03 - qLLS-A03.1 S3. 134897269 69.0 (24)
8 B05_22527171
Tifrunner x GT-C20 SNP BO5 WGRS qELS_T09_B05 BO5_ 20207815 47.42 (91)
Florida-07 x GP-NC WS 16 SNP A03 - qELS2017-A03-2 - 11.67 (94)
. AX-147243156 -
Florida-07 x GP-NC WS16 SNP BO3 WGRS qELS.B03 AX147243220 20 (95)
TAG 24 x GPBD 4 SSR LG1 - QTLus01 PM436-Lec-1%° 3.70-6.50 (84)
TAG 249 GPBD 4 (RIL4) and
TG 26 9 GPBD 4 (RIL-5) SSR AhXV - QTLR4-LLS02 GM2009-GM1536 12.49-67.98 (85)
TAG 24 X GPBD 4 SNP A03 WGRS qLLS90D_08 GMRQ517-Seq2B10 63.1 (87)
. A05_20406182
Tifrunner x GT-C20 SNP A05 WGRS qLLS_T12_A05_3 B05_20992208 47.63 (91)
Florida-07 x GP-NC WS 16 SNP BOS5. WGRS qLLS2016-B05 - 16.6 (94, 96)
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FRS72 -

GJGL7 x GPBD4 SSR A03 , LLSQTLL SR G0340445 47.45 (88)
Xuhua 13 x Zhonghua 6 SNP BO2 WGRS qBWRB02.1 - 13.0240.19  (97)
B03 TC23E04-
TAG 24 & VGI514 SSR - qbeak-B0O3 oPCPace 3510 8.89 (98)
. S18_51822496-

(Valencia-C x JUG-03) SNP BO8 - qPODYLDISEL 2180300 6.87 (81)
Tifrunner x NC 3033 SNP A04 - GPDAO43  AX-147248454_B04  12.4 (99)
Tifrunner x NC 3033 SNP B06_1 - GPABOG_1.3  \y 147226319 A06 262 (99)

. AO5_1_95718594-

Florida-07 X GP-NC WS 16 SNP A05 WGRS gpod_area.A05 AX-147223558 55.0 (100)
Marker9464-

Huayu36 x 6-13 SNP 16 SLAF-seq qSW16b o 21.58 (44)

Tifrunner x NC 3033 SNP B06_1 - qSAWB06_1.3  AX147226313_A06 314 (99)
Marker9444-

Huayu36 x 6-13 SNP 16 SLAF-seq  ql0OSW16b ey 35.39 (44)

. AX-147223267 AX-

Florida-07 X GP-NC WS 16 SNP A05 WGRS q100_seed.A05 147223558 58.0 (100)

gqSW-A03.1 A03_101625507- 15.0
TAG 24 x ICGV 86031 SNP A03 - 03 951era0m (101)
1 (RR)I)L( 5283%2?;}16 (8) SNP & SSR A0S - qHSWAO5  CO5b075-c05b114  29.02 (102)
. $16_2332048-
(Valencia-C x JUG-03) SNP BO6 - qHSW16EL S s 14.65 (81)
BO7 B07_109-
TAG24 &\VG9514 SSR - qHKW-BO7 oPCheGe. SE06 23.88 (98)
Marker938-

Huayu36 x 6-13 SNP 2 SLAF-seq gSL2a Marker893 61.74 (44)

. AX-147249130 AX-

Florida-07 X GP-NC WS 16 SNP BOS WGRS qyld.BO5 LYoo 18 (95)
ICG 12625 (R) X Zhonghua ) GM2444 -
10 (S) RIL population SSR BO6 GAFB2BO6 AGGS0983 21.02 (103)
Xinhuixiaoli (R) x Yueyou 92 Marker8555604-

O R opulation SNP A03 SLAF-Seq qRAF-3-1 e 19.04 (104)
J11 ('E)IE( gg‘;&%?i‘fnle () ; A08 WGRS gPSIA08  C08b121-c08b122  10.87 (105)
JLLRX SQ;S&Q%&‘”M (S) - A0S - GAFTAO5.1  CO5b046-c05b066  11.42 (102)
Zhonghua 6 (R) x Xuhual3 3 NGS based TIF.17:118381-

(S} RIL Population AT QTL Seq GAFTSA07.1 PA11:2103429 13.33 (106)

. $6_1562649-
(Valencia-C x JUG-03) SNP A06 - QHAULMYLDGEL - 2075%) 9.55 (81)
. 8.5
TG37A xNRCG-CS85 SNP B10 - qODAI_S3B10.2  220-62052887 (93)

$20_95957766

ddRADseq double-digest restriction-site-associated DNA sequencing, RADseq restriction site-associated sequencing, GBS genotyping-by-
sequencing, SLAF-seq specific length amplified fragment sequencing, WGRS whole-genome resequencing, eQTLs expression quantitative trait
loci, KASP Kompetitive allele-specific PCR, TSWV tomato spotted wilt virus, SNP single nucleotide polymorphism, SSR single sequence repeat.

Plant Science Today, ISSN 2348-1900 (online)



SAVADAMUTHU ET AL

Conclusion

Climate change poses significant challenges to global
agricultural productivity, particularly for crops like groundnuts
that are highly sensitive to environmental stresses. Leveraging
the genetic diversity of wild progenitors provides a valuable
resource for improving the resilience of cultivated groundnut.
These wild relatives harbor adaptive traits, including tolerance
to drought, heat, salinity and diseases that can be introgressed
into elite cultivars through advanced breeding techniques.
Emerging technologies such as genomic selection, CRISPR/
Cas9-mediated gene editing and multi-omics approaches hold
significant promise for agricultural improvement, although
their real-world impact may be limited by technical, regulatory
and cost related challenges, particularly in developing
countries (transcriptomics, proteomics and metabolomics)
offer transformative potential to accelerate the development
of climate-resilient groundnut varieties. The integration of
these tools with traditional breeding programs and precise
phenotyping can enhance the identification and transfer of
beneficial traits. Furthermore, the adoption of digital agriculture
platforms, including remote sensing and predictive modeling,
can optimize resource use and improve the scalability of climate
-resilient innovations, although challenges related to
infrastructure, accessibility and technical capacity may limit
their widespread implementation. Achieving climate resilience
in groundnut cultivation demands a multi-disciplinary approach
that combines genetic improvement, technological
advancements and sustainable farming practices. Collaborative
efforts among researchers, policymakers and farmers will be
critical in ensuring food security and economic sustainability for
communities that depend on groundnut production. By
addressing these challenges with innovation and collaboration,
the development of climate-resilient groundnut varieties will
significantly contribute to agricultural resilience, particularly in
regions where groundnut is a key crop, in the face of climate
changes.

Acknowledgements

I would like to sincerely thank the Department of Genetics
and Plant Breeding, Tamil Nadu Agricultural University for
their support and guidance throughout my work and express
my heartfelt gratitude to my parents for their unwavering
love and encouragement.

Authors' contributions

SS and US performed the literature collection,
conceptualization and writing the original draft. AK and SN
done the supervision, visualization and critical revision.
The supervision, editing and critical reviewing was
performed by SP. SS, US, AK, SN and SP revised and
finalized the manuscript. All authors read and approved of
the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interest to declare.

Ethical issues: None

References

1

10.

11.

12.

13.

14.

15.

Ceran M, Miladinovi¢ D, Dordevié¢ V, Trkulja D, Radanovi¢ A,
Glogovac S, et al. Genomics-assisted speed breeding for crop
improvement: Present and future. Frontiers in Sustainable Food
Systems. 2024;8:1383302. https://doi.org/10.3389/
fsufs.2024.1383302

Cohen |, Zandalinas SI, Huck C, Fritschi FB, Mittler R. Meta-
analysis of drought and heat stress combination impact on crop
yield and yield components. Physiologia Plantarum. 2021;171
(1):66-76. https://doi.org/10.1111/ppl.13203

Hamidou F, Halilou O, Vadez V. Assessment of groundnut under
combined heat and drought stress. Journal of Agronomy and
Crop Science. 2013;199(1):1-11. https://doi.org/10.1111/j.1439-
037X.2012.00518.x

Vara Prasad P, Boote KJ, Hartwell Allen Jr L, Thomas JM. Super-
optimal temperatures are detrimental to peanut (Arachis
hypogaea L.) reproductive processes and yield at both ambient
and elevated carbon dioxide. Global Change Biology. 2003;9
(12):1775-87. https://doi.org/10.1046/j.1365-2486.2003.00708.x

Hamidou F, Rathore A, Waliyar F, Vadez V. Although drought
intensity increases aflatoxin contamination, drought tolerance does
not lead to less aflatoxin contamination. Field Crops Research.
2014;156:103-10. https://doi.org/10.1016/j.fcr.2013.10.019

Nagqvi RZ, Siddiqui HA, Mahmood MA, Najeebullah S, Ehsan A, Azhar
M, et al. Smart breeding approaches in post-genomics era for
developing climate-resilient food crops. Frontiers in Plant Science.
2022;13:972164. https://doi.org/10.3389/fpls.2022.972164

Ghosh S, Watson A, Gonzalez-Navarro OE, Ramirez-Gonzalez RH,
Yanes L, Mendoza-Sudrez M, et al. Speed breeding in growth
chambers and glasshouses for crop breeding and model plant
research. Nature Protocols. 2018;13(12):2944-63. https://
doi.org/10.1038/s41596-018-0072-z

Jahne F, Hahn V, Wiirschum T, Leiser WL. Speed breeding short-
day crops by LED-controlled light schemes. Theoretical and
Applied Genetics. 2020;133(8):2335-42. https://doi.org/10.1007/
s00122-020-03601-4

Watson A, Ghosh S, Williams MJ, Cuddy WS, Simmonds J, Rey M-D,
et al. Speed breeding is a powerful tool to accelerate crop
research and breeding. Nature Plants. 2018;4(1):23-9. https://
doi.org/10.1038/s41477-017-0083-8

Bhatta M, Sandro P, Smith MR, Delaney O, Voss-Fels KP, Gutierrez
L, et al. Need for speed: manipulating plant growth to accelerate
breeding cycles. Current Opinion in Plant Biology.
2021,60:101986. https://doi.org/10.1016/j.pbi.2020.101986

O'Connor D, Wright G, Dieters M, George D, Hunter M, Tatnell J, et
al. Development and application of speed breeding technologies
in a commercial peanut breeding program. Peanut Science.
2013;40(2):107-14. https://doi.org/10.3146/PS12-12.1

Pawar P, Talekar N, Kumar A, Salunkhe H. Development and
application of speed breeding technologies in groundnut (Arachis
hypogaea L.): An advance approach. International Journal of
Environment and Climate Change. 2023;13(9):1-13.

Luis JM, Ozias-Akins P, Holbrook CC, Kemerait J, Robert C, Snider
JL, et al. Phenotyping peanut genotypes for drought tolerance.
Peanut Science. 2016. https://doi.org/10.3146/PS15-5.1

Patrick A, Pelham S, Culbreath A, Holbrook CC, De Godoy 1J, Li C.
High throughput phenotyping of tomato spot wilt disease in
peanuts using unmanned aerial systems and multispectral
imaging. IEEE Instrumentation & Measurement Magazine. 2017;20
(3):4-12.

Sarkar S. Development of high-throughput phenotyping methods
and evaluation of morphological and physiological

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.3389/fsufs.2024.1383302
https://doi.org/10.3389/fsufs.2024.1383302
https://doi.org/10.1111/ppl.13203
https://doi.org/10.1111/j.1439-037X.2012.00518.x
https://doi.org/10.1111/j.1439-037X.2012.00518.x
https://doi.org/10.1046/j.1365-2486.2003.00708.x
https://doi.org/10.1016/j.fcr.2013.10.019
https://doi.org/10.3389/fpls.2022.972164
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1007/s00122-020-03601-4
https://doi.org/10.1007/s00122-020-03601-4
https://doi.org/10.1038/s41477-017-0083-8
https://doi.org/10.1038/s41477-017-0083-8
https://doi.org/10.1016/j.pbi.2020.101986
https://doi.org/10.3146/PS12-12.1
https://doi.org/10.3146/PS15-5.1

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

characteristics of peanut in a sub-humid environment. 2021.
http://hdl.handle.net/10919/111060

Chapu I, Okello DK, Okello RCO, Odong TL, Sarkar S, Balota M.
Exploration of alternative approaches to phenotyping of late leaf
spot and groundnut rosette virus disease for groundnut breeding.
Frontiers in Plant Science. 2022;13:912332. https://doi.org/10.3389/
fpls.2022.912332

Deshmukh DB, Variath MT, Patne N, Kona P, Marathi B, Pasupuleti
J. Inheritance of oleic acid trait and high throughput non-
destructive phenotyping for nutritional traits in groundnut
kernels. Indian Journal of Genetics and Plant Breeding. 2021;81
(04):72-80. https://doi.org/10.31742/1JGPB.81.4.9

Balota M, Sarkar S, Bennett RS, Burow MD. Phenotyping peanut
drought stress with aerial remote-sensing and crop index data.
Agriculture. 2024;14(4):565. https://doi.org/10.3390/
agriculture14040565

Jewan SYY, Singh A, Billa L, Sparkes D, Murchie E, Gautam D, et al.
Can multi-temporal vegetation indices and machine learning
algorithms be used for estimation of groundnut canopy state
variables? Horticulturae. 2024;10(7):748. https://doi.org/10.3390/
horticulturae10070748

Conejo-Rodriguez DF, Gonzalez-Guzman JJ, Ramirez-Gil JG,
Wenzl P, Urban MO. Digital descriptors sharpen classical
descriptors, for improving genebank accession management: A
case study on Arachis spp. and Phaseolus spp. Plos One. 2024;19
(5):€0302158. https://doi.org/10.1371/journal.pone.0302158

Manley A, Ravelombola W, Cason J, Bennett B, Pham H, Kimura E,
et al. Use of unmanned aerial system (UAS) phenotyping to
predict pod and seed yield in organic peanuts. American Journal
of Plant Sciences. 2023;14(3):415-26. https://doi.org/10.4236/
ajps.2023.143027

Pandey MK, Pandey AK, Kumar R, Nwosu CV, Guo B, Wright GC, et
al. Translational genomics for achieving higher genetic gains in
groundnut. Theoretical and Applied Genetics. 2020;133:1679-702.
https://doi.org/10.1007/s00122-020-03592-2

Kassie FC, Nguepjop JR, Ngalle HB, Assaha DV, Gessese MK, Abtew
WG, et al. An overview of mapping quantitative trait loci in peanut
(Arachis  hypogaea L.). Genes. 2023;14(6):1176. https://
doi.org/10.3390/genes14061176

Pandey MK, Gangurde SS, Shasidhar Y, Sharma V, Kale SM, Khan
AW, et al. High-throughput diagnostic markers for foliar fungal
disease resistance and high oleic acid content in groundnut. BMC
Plant Biology. 2024;24(1):262. https://doi.org/10.1186/s12870-024
-04987-9

Conde S, Rami J-F, Okello DK, Sambou A, Muitia A, Oteng-Frimpong
R, et al. The groundnut improvement network for Africa (GINA)
germplasm collection: A unique genetic resource for breeding and
gene discovery. G3: Genes, Genomes, Genetics. 2024;14(1).

Bangaru K, Mathew A, Bagudam R, Wankhade AP, Purohit A,
Yohane EN, et al. Next-generation crop breeding approaches for
improving disease resistance in groundnut (Arachis hypogaea L.).
Diseases in legume crops: Next generation breeding approaches
for resistant legume crops: Springer. 2023:195-232. https://
doi.org/10.1007/978-981-99-3358-7_9

Parmar S, Deshmukh DB, Kumar R, Manohar SS, Joshi P, Sharma
V, et al. Single seed-based high-throughput genotyping and rapid
generation advancement for accelerated groundnut genetics and
breeding research. Agronomy. 2021;11(6):1226. https://
doi.org/10.3390/agronomy11061226

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R. Reactive oxygen
species homeostasis and signalling during drought and salinity
stresses. Plant, cell & environment. 2010;33(4):453-67. https://
doi.org/10.1111/j.1365-3040.2009.02041.x

Salazar-Licea L, Mateva Kl, Gao X, Azman Halimi R andrés-
Hernandez L, Chai HH, et al. The bambara groundnut genome:

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

From the crop to the genome: The progress and constraints of
genome-related studies in bambara groundnut. Underutilised crop
genomes: Springer. 2022:189-215. https://doi.org/10.1007/978-3-
031-00848-1_11

Thoppurathu FJ, Ghorbanzadeh Z, Vala AK, Hamid R, Joshi M.
Unravelling the treasure trove of drought-responsive genes in
wild-type peanut through transcriptomics and physiological
analyses of root. Functional & Integrative Genomics. 2022;22
(2):215-33. https://doi.org/10.1007/s10142-022-00833-z

Carmo LS, Martins AC, Martins CC, Passos MA, Silva LP, Araujo AC,
et al. Comparative proteomics and gene expression analysis in
Arachis duranensis reveal stress response proteins associated to
drought tolerance. Journal of Proteomics. 2019;192:299-310.
https://doi.org/10.1016/j.jprot.2018.09.011

Wu Y, Sun Z, Qi F, Tian M, Wang J, Zhao R, et al. Comparative
transcriptomics analysis of developing peanut (Arachis hypogaea
L) pods reveals candidate genes affecting peanut seed size.
Frontiers in  Plant  Science. 2022;13:958808.  https://
doi.org/10.3389/fpls.2022.958808

Khan F, Chai HH, Ajmera I, Hodgman C, Mayes S, Lu C. A
transcriptomic comparison of two bambara groundnut landraces
under dehydration stress. Genes. 2017;8(4):121. https://
doi.org/10.3390/genes8040121

Tatmiya RN, Padhiyar SM, Chandramohan S, Bera SK, Bhatt SB,
Iquebal MA, et al. Comparative transcriptome profiling of
resistant and susceptible groundnut (Arachis hypogaeaq)
genotypes in response to stem rot infection caused by Sclerotium
rolfsii. Plant Pathology. https://doi.org/10.1111/ppa.13987

Joshi MK, Marviya GV, Jacob F, Kandoliya UK, Pandya PM, Vala AG.
System-wide analysis of groundnut's salinity resilience: Integrating
plant-cell interactions with environmental stress dynamics through
cutting-edge transcriptomics. Journal of Biotechnology. 2024.
https://doi.org/10.1016/j.jbiotec.2024.07.023

Wang M, Zhu L, Zhang C, Zhou H, Tang Y, Cao S, et al
Transcriptomic-proteomic analysis revealed the regulatory
mechanism of peanut in response to Fusarium oxysporum.
International Journal of Molecular Sciences. 2024;25(1):619. https://
doi.org/10.3390/ijms25010619

Tien NQD, Kha H, Loc NH. Transcriptome assembly, gene
expression and SSR marker analysis in drought-tolerant peanut
cultivar L14. 2024. https://doi.org/10.21203/rs.3.rs-4861859/v1

Wang X, Zhao Z, Li H, Wei Y, Hu J, Yang H, et al. The growth-
promoting and disease-suppressing mechanisms of Trichoderma
inoculation on peanut seedlings. Frontiers in Plant Science.
2024;15:1414193. https://doi.org/10.3389/fpls.2024.1414193

Varshney RK, Dubey A. Novel genomic tools and modern genetic
and breeding approaches for crop improvement. Journal of Plant
Biochemistry and Biotechnology. 2009;18:127-38. https://
doi.org/10.1007/BF03263311

Janila P, Pandey MK, Shasidhar Y, Variath MT, Sriswathi M, Khera P,
et al. Molecular breeding for introgression of fatty acid desaturase
mutant alleles (ahFAD2A and ahFAD2B) enhances oil quality in high
and low oil containing peanut genotypes. Plant Science.
2016;242:203-13. https://doi.org/10.1016/j.plantsci.2015.08.013

Tang Y, Qiu X, Hu C, Li J, Wu L, Wang W, et al. Breeding of a new
variety of peanut with high-oleic-acid content and high-yield by
marker-assisted backcrossing. Molecular Breeding. 2022;42(7):42.
https://doi.org/10.1007/s11032-022-01313-9

Bera SK, Kamdar JH, Kasundra SV, Dash P, Maurya AK, Jasani MD,
et al. Improving oil quality by altering levels of fatty acids through
marker-assisted selection of ahfad2 alleles in peanut (Arachis
hypogaea L.). Euphytica. 2018;214:1-15. https://doi.org/10.1007/
s10681-018-2241-0

Nawade B, Mishra GP, Radhakrishnan T, Sangh C, Dobariya J,
Kundu R. Development of high oleic peanut lines through marker-

Plant Science Today, ISSN 2348-1900 (online)


http://hdl.handle.net/10919/111060
https://doi.org/10.3389/fpls.2022.912332
https://doi.org/10.3389/fpls.2022.912332
https://doi.org/10.31742/IJGPB.81.4.9
https://doi.org/10.3390/horticulturae10070748
https://doi.org/10.3390/horticulturae10070748
https://doi.org/10.1371/journal.pone.0302158
https://doi.org/10.4236/ajps.2023.143027
https://doi.org/10.4236/ajps.2023.143027
https://doi.org/10.1007/s00122-020-03592-2
https://doi.org/10.3390/genes14061176
https://doi.org/10.3390/genes14061176
https://doi.org/10.1186/s12870-024-04987-9
https://doi.org/10.1186/s12870-024-04987-9
https://doi.org/10.1007/978-981-99-3358-7_9
https://doi.org/10.1007/978-981-99-3358-7_9
https://doi.org/10.3390/agronomy11061226
https://doi.org/10.3390/agronomy11061226
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1007/978-3-031-00848-1_11
https://doi.org/10.1007/978-3-031-00848-1_11
https://doi.org/10.1007/s10142-022-00833-z
https://doi.org/10.1016/j.jprot.2018.09.011
https://doi.org/10.3389/fpls.2022.958808
https://doi.org/10.3389/fpls.2022.958808
https://doi.org/10.3390/genes8040121
https://doi.org/10.3390/genes8040121
https://doi.org/10.1111/ppa.13987
https://doi.org/10.1016/j.jbiotec.2024.07.023
https://doi.org/10.3390/ijms25010619
https://doi.org/10.3390/ijms25010619
https://doi.org/10.21203/rs.3.rs-4861859/v1
https://doi.org/10.3389/fpls.2024.1414193
https://doi.org/10.1007/BF03263311
https://doi.org/10.1007/BF03263311
https://doi.org/10.1016/j.plantsci.2015.08.013
https://doi.org/10.1007/s11032-022-01313-9
https://doi.org/10.1007/s10681-018-2241-0
https://doi.org/10.1007/s10681-018-2241-0

SAVADAMUTHU ET AL

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

assisted introgression of mutant ahFAD2 alleles and its fatty acid
profiles under open-field and controlled conditions. 3 Biotech.
2019;9:1-16. https://doi.org/10.1007/s13205-019-1774-9

Zhuang W, Chen H, Yang M, Wang J, Pandey MK, Zhang C, et al.
The genome of cultivated peanut provides insight into legume
karyotypes, polyploid evolution and crop domestication. Nature
Genetics. 2019;51(5):865-76. https://doi.org/10.1038/s41588-019-
0402-2

Shasidhar Y, Variath MT, Vishwakarma MK, Manohar SS, Gangurde
SS, Sriswathi M, et al. Improvement of three popular Indian
groundnut varieties for foliar disease resistance and high oleic
acid using SSR markers and SNP array in marker-assisted
backcrossing. The Crop Journal. 2020;8(1):1-15. https://
doi.org/10.1016/j.¢j.2019.07.001

Rajarathinam P, Palanisamy G, P R, Narayana M, Alagirisamy M.
Marker assisted backcross to introgress late leaf spot and rust
resistance in groundnut (Arachis hypogaea L.). Molecular Biology
Reports. 2023;50(3):2411-19. https://doi.org/10.1007/s11033-022-
08234-y

Pandey MK, Gangurde SS, Shasidhar Y, Sharma V, Kale SM, Khan
AW, et al. Diagnostic markers for foliar fungal disease resistance
and high oleic acid in groundnut. 2023. https://doi.org/10.21203/
rs.3.rs-3423370/v1

Moretzsohn MdC, Santos JFd, Moraes ARA, Custddio AR,
Michelotto MD, Mahrajan N, et al. Marker-assisted introgression of
wild chromosome segments conferring resistance to fungal foliar
diseases into peanut (Arachis hypogaea L.). Frontiers in Plant
Science. 2023;14:1139361. https://doi.org/10.3389/
fpls.2023.1139361

Yeri SB, Bhat RS. Development of late leaf spot and rust resistant
backcross lines in JL 24 variety of groundnut (Arachis hypogaea
L.). Electronic Journal of Plant Breeding. 2016;7(1):37-41. https://
doi.org/10.5958/0975-928X.2016.00005.3

Bera SK, Kamdar JH, Kasundra SV, Patel SV, Jasani MD, Maurya A,
et al. Steady expression of high oleic acid in peanut bred by
marker-assisted backcrossing for fatty acid desaturase mutant
alleles and its effect on seed germination along with other
seedling traits. PloS One. 2019;14(12):€0226252. https://
doi.org/10.1371/journal.pone.0226252

Vargheese RL, Saravanan S, Hepziba SJ, Kumari SMP, Pushpam
AK, Kanagarajan S, et al. Marker-assisted introgression to improve
the oleic acid content in the TMV 7 groundnut (Arachis hypogaea
L.) variety suitable for the oil industry. BMC Plant Biology. 2024;24
(1):733. https://doi.org/10.1186/s12870-024-05387-9

Krishnappa G, Savadi S, Tyagi BS, Singh SK, Mamrutha HM, Kumar
S, et al. Integrated genomic selection for rapid improvement of
crops. Genomics. 2021;113(3):1070-86. https://doi.org/10.1016/
j.ygeno.2021.02.007

Pordevi¢ V, Ceran M, Miladinovi¢ J, Bale$evié¢-Tubi¢ S, Petrovi¢ K,
Miladinov Z, et al. Exploring the performance of genomic
prediction models for soybean yield using different validation
approaches. Molecular Breeding. 2019;39:1-15.  https://
doi.org/10.1007/511032-019-0983-6

Abady S, Shimelis H, Janila P, Wankhade A, Chimote VP. Genome-
wide association analysis for drought tolerance and component
traits in groundnut gene pool. Euphytica. 2024;220(5):76. https://
doi.org/10.1007/s10681-024-03324-3

Chen W, Yue Y, Chen C, Yang J, Chen Y, Zhang H. Genome-wide
association studies revealed genetic loci and candidate genes for
pod-related traits in peanut. Plant Molecular Biology Reporter.
2024. https://doi.org/10.1007/s11105-024-01507-9

Guo M, Deng L, Gu J, Miao J, Yin J, Li Y, et al. Genome-wide
association study and development of molecular markers for
yield and quality traits in peanut (Arachis hypogaea L.). BMC Plant

5T7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

10

Biology.  2024;24(1):244.

04937-5

https://doi.org/10.1186/512870-024-

Achola E, Wasswa P, Fonceka D, Clevenger JP, Bajaj P, Ozias-Akins
P, et al. Genome-wide association studies reveal novel loci for
resistance to groundnut rosette disease in the African core
groundnut collection. Theoretical and Applied Genetics. 2023;136
(3):35. https://doi.org/10.1007/s00122-023-04259-4

Oteng-Frimpong R, Karikari B, Sie EK, Kassim YB, Puozaa DK,
Rasheed MA, et al. 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. Frontiers in Plant Science. 2023;13:1076744. https://
doi.org/10.3389/fpls.2022.1076744

Odesola KA, Olawuyi 0J, Paliwal R, Oyatomi OA, Abberton MT.
Genome-wide association analysis of phenotypic traits in
Bambara groundnut under drought-stressed and non-stressed
conditions based on DArTseq SNP. Frontiers in Plant Science.
2023;14:1104417. https://doi.org/10.3389/fpls.2023.1104417

Li L, Cui S, Dang P, Yang X, Wei X, Chen K, et al. GWAS and bulked
segregant analysis reveal the Loci controlling growth habit-
related traits in cultivated Peanut (Arachis hypogaea L.). BMC
genomics. 2022;23(1):403. https://doi.org/10.1186/5s12864-022-
08640-3

Yusuf Z, Zeleke H, Mohammed W, Hussein S, Hugo A. Estimate of
genetic variability parameters among groundnut (Arachis
hypogaea L.) genotypes in Ethiopia. Int J Plant Breed Crop Sci.
2017;4(2):225-30.

Kulthe MP, Kothekar VS. Effects of sodium azide on vyield
parameters of chickpea (Cicer arietinum L.). Journal of Phytology.
2011;3(1).

Alemu GT, Berhanie Ayele Z, Abelieneh Berhanu A. Effects of land
fragmentation on productivity in Northwestern Ethiopia.
Advances in  Agriculture. 2017;2017(1):4509605. https://
doi.org/10.1155/2017/4509605

Wanga MA, Ithete RN, Hukununa R-mK, Kangumba A, Hangula
MN, Hasheela EB, et al. Optimum gamma irradiation doses for
mutagenesis in Bambara groundnut (Vigna subterranean L.)
genotypes. Reproduction and Breeding. 2024;4(2):88-94. https://
doi.org/10.1016/j.repbre.2024.01.002

Badigannavar AM, Mondal S, Bhad PG. A new gamma ray-induced
mutant variety of groundnut for cultivation in Gujarat and
Maharashtra. BARC newsletter. 2024.

Mythili S, Manivannan N, Kalaimagal T, Paranidharan V, Janaki P.
Identification of an effective genotyping assay for marker assisted
selection of high oleic acid content trait in groundnut (Arachis
hypogea L.). Electronic Journal of Plant Breeding. 2023;14(4):1285
-92. https://doi.org/10.37992/2023.1404.147

Salzberg SL. Next-generation genome annotation: we still
struggle to get it right. Genome biology. 2019;20(1):92. https://
doi.org/10.1186/s13059-019-1715-2

Zhou X, XiaY, Ren X, Chen Y, Huang L, Huang S, et al. Construction of
a SNP-based genetic linkage map in cultivated peanut based on
large scale marker development using next-generation double-
digest restriction-site-associated DNA sequencing (ddRADseq). BMC
Genomics. 2014;15:1-14. https://doi.org/10.1186/1471-2164-15-351

Prasad K, Gadeela H, Bommineni PR, Reddy PS, Tyagi W,
Yogendra K. CRISPR/Cas9-mediated mutagenesis of phytoene
desaturase in pigeonpea and groundnut. Functional & Integrative
Genomics.  2024;24(2):57. https://doi.org/10.1007/s10142-024-
01336-9

Han HW, Yu ST, Wang ZW, Yang Z, Jiang CJ, Wang XZ, et al. In
planta genetic transformation to produce CRISPRed high-oleic
peanut. Plant Growth Regulation. 2023;101(2):443-51. https://
doi.org/10.1007/s10725-023-01031-y

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/s13205-019-1774-9
https://doi.org/10.1038/s41588-019-0402-2
https://doi.org/10.1038/s41588-019-0402-2
https://doi.org/10.1016/j.cj.2019.07.001
https://doi.org/10.1016/j.cj.2019.07.001
https://doi.org/10.1007/s11033-022-08234-y
https://doi.org/10.1007/s11033-022-08234-y
https://doi.org/10.21203/rs.3.rs-3423370/v1
https://doi.org/10.21203/rs.3.rs-3423370/v1
https://doi.org/10.3389/fpls.2023.1139361
https://doi.org/10.3389/fpls.2023.1139361
file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Fast/8662/%20https:/doi.org/10.5958/0975-928X.2016.00005.3
file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Fast/8662/%20https:/doi.org/10.5958/0975-928X.2016.00005.3
https://doi.org/10.1371/journal.pone.0226252
https://doi.org/10.1371/journal.pone.0226252
https://doi.org/10.1186/s12870-024-05387-9
https://doi.org/10.1016/j.ygeno.2021.02.007
https://doi.org/10.1016/j.ygeno.2021.02.007
https://doi.org/10.1007/s11032-019-0983-6
https://doi.org/10.1007/s11032-019-0983-6
https://doi.org/10.1007/s10681-024-03324-3
https://doi.org/10.1007/s10681-024-03324-3
https://doi.org/10.1007/s11105-024-01507-9
https://doi.org/10.1186/s12870-024-04937-5
https://doi.org/10.1186/s12870-024-04937-5
https://doi.org/10.1007/s00122-023-04259-4
https://doi.org/10.3389/fpls.2022.1076744
https://doi.org/10.3389/fpls.2022.1076744
https://doi.org/10.3389/fpls.2023.1104417
https://doi.org/10.1186/s12864-022-08640-3
https://doi.org/10.1186/s12864-022-08640-3
https://doi.org/10.1155/2017/4509605
https://doi.org/10.1155/2017/4509605
https://doi.org/10.1016/j.repbre.2024.01.002
https://doi.org/10.1016/j.repbre.2024.01.002
https://doi.org/10.37992/2023.1404.147
https://doi.org/10.1186/s13059-019-1715-2
https://doi.org/10.1186/s13059-019-1715-2
https://doi.org/10.1186/1471-2164-15-351
https://doi.org/10.1007/s10142-024-01336-9
https://doi.org/10.1007/s10142-024-01336-9
https://doi.org/10.1007/s10725-023-01031-y
https://doi.org/10.1007/s10725-023-01031-y

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

83.

84.

85.

Neelakandan AK, Wright DA, Traore SM, Ma X, Subedi B,
Veeramasu S, et al. Application of CRISPR/Cas9 system for
efficient gene editing in peanut. Plants. 2022;11(10):1361.

Neelakandan AK, Wright DA, Traore SM, Chen X, Spalding MH, He
G. CRISPR/Cas9 based site-specific modification of FAD2 cis-
regulatory motifs in peanut (Arachis hypogaea L). Frontiers in
Genetics. 2022;13:849961. https://doi.org/10.3389/
fgene.2022.849961

Sarvamangala C, Gowda M, Varshney R. Identification of
quantitative trait loci for protein content, oil content and oil
quality for groundnut (Arachis hypogaea L.). Field crops research.
2011;122(1):49-59. https://doi.org/10.1016/j.fcr.2011.02.010

Huang L, He H, Chen W, Ren X, Chen Y, Zhou X, et al. Quantitative
trait locus analysis of agronomic and quality-related traits in
cultivated peanut (Arachis hypogaea L.). Theoretical and Applied
Genetics. 2015;128:1103-15. https://doi.org/10.1007/s00122-015-
2493-1

Shasidhar Y, Vishwakarma MK, Pandey MK, Janila P, Variath MT,
Manohar SS, et al. Molecular mapping of oil content and fatty
acids using dense genetic maps in groundnut (Arachis hypogaea
L.). Frontiers in Plant Science. 2017;8:794. https://doi.org/10.3389/
fpls.2017.00794

Liu N, Guo J, Zhou X, Wu B, Huang L, Luo H, et al. 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 L.). Theoretical and Applied Genetics.
2020;133:37-49. https://doi.org/10.1007/s00122-019-03438-6

Sun Z, Qi F, Liu H, Qin L, Xu J, Shi L, et al. QTL Mapping of quality
related traits in peanut using whole-genome resequencing. 2021.
https://doi.org/10.21203/rs.3.rs-138961/v1

Guo J, Liu N, Li W, Wu B, Chen H, Huang L, et al. Identification of
two major loci and linked marker for oil content in peanut
(Arachis  hypogaea L.). Euphytica. 2021;217:1-11. https://
doi.org/10.1007/s10681-021-02765-4

Sun Z, Qi F, Liu H, Qin L, Xu J, Shi L, et al. QTL mapping of quality
traits in peanut using whole-genome resequencing. The Crop
Journal. 2022;10(1):177-84. https://doi.org/10.1016/
j.€j.2021.04.008

Liu N, Luo H, Huang L, Zhou X, Chen W, Wu B, et al. High-
resolution mapping through whole-genome resequencing
identifies two novel QTLs controlling oil content in peanut.
Journal of Integrative Agriculture. 2024. https://doi.org/10.1016/
jjia.2024.08.028

Joshi P, Soni P, Sharma V, Manohar SS, Kumar S, Sharma S, et al.
Genome-wide mapping of quantitative trait loci for yield-
attributing traits of peanut. Genes. 2024;15(2):140. https://
doi.org/10.3390/genes15020140

Hu P, Zhang J, Song Y, Zhao X, Jin X, Su Q, et al. Identification of
putative quantitative trait loci for improved seed oil quality in
peanuts.  Genes.  2024;15(1):75.  https://doi.org/10.3390/
genes15010075

Hake A, Shirasawa K, Yadawad A, Nayak S, Mondal S,
Badigannavar A, et al. Identification of transposable element
markers associated with yield and quality traits from an
association panel of independent mutants in peanut (Arachis
hypogaea L.). Euphytica. 2017;213:1-13. https://doi.org/10.1007/
$10681-017-2070-6

Khedikar Y, Gowda M, Sarvamangala C, Patgar K, Upadhyaya H,
Varshney R. A QTL study on late leaf spot and rust revealed one
major QTL for molecular breeding for rust resistance in groundnut
(Arachis hypogaea L.). Theoretical and Applied Genetics.
2010;121:971-84. https://doi.org/10.1007/s00122-010-1366-x

Sujay V, Gowda M, Pandey M, Bhat R, Khedikar Y, Nadaf H, et al.
Quantitative trait locus analysis and construction of consensus
genetic map for foliar disease resistance based on two
recombinant inbred line populations in cultivated groundnut

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

11

(Arachis hypogaea L.). Molecular Breeding. 2012;30:773-88.
https://doi.org/10.1007/s11032-011-9661-z

Kolekar R, Sujay V, Shirasawa K, Sukruth M, Khedikar Y, Gowda M,
et al. QTL mapping for late leaf spot and rust resistance using an
improved genetic map and extensive phenotypic data on a
recombinant inbred line population in peanut (Arachis hypogaea
L.). Euphytica. 2016;209:147-56. https://doi.org/10.1007/s10681-
016-1651-0

Pandey MK, Khan AW, Singh VK, Vishwakarma MK, Shasidhar Y,
Kumar V, et al. QTL-seq approach identified genomic regions and
diagnostic markers for rust and late leaf spot resistance in
groundnut (Arachis hypogaea L.). Plant Biotechnology Journal.
2017;15(8):927-41. https://doi.org/10.1111/pbi.12686

Ahmad S, Nawade B, Sangh C, Mishra GP, Bosamia TC, Kumar N, et
al. Identification of novel QTLs for late leaf spot resistance and
validation of a major rust QTL in peanut (Arachis hypogaea L.). 3
Biotech. 2020;10:1-13. https://doi.org/10.1007/s13205-020-02446-4

Wang H, Pandey MK, Qiao L, Qin H, Culbreath AK, He G, et al.
Genetic mapping and quantitative trait loci analysis for disease
resistance using F2 and F5 generation-based genetic maps
derived from ‘Tifrunner'x‘GT-C20’in peanut. The Plant Genome.
2013;6(3). https://doi.org/10.3835/plantgenome2013.05.0018

Tseng Y-C, Tillman BL, Peng Z, Wang J. Identification of major
QTLs underlying tomato spotted wilt virus resistance in peanut
cultivar Florida-EP TM ‘113’. BMC genetics. 2016;17:1-14. https://
doi.org/10.1186/512863-016-0435-9

Agarwal G, Clevenger J, Pandey MK, Wang H, Shasidhar Y, Chu Y,
et al. High-density genetic map using whole-genome
resequencing for fine mapping and candidate gene discovery for
disease resistance in peanut. Plant Biotechnology Journal.
2018;16(11):1954-67. https://doi.org/10.1111/pbi.12930

Agarwal G, Clevenger J, Kale SM, Wang H, Pandey MK, Choudhary
D, et al. A recombination bin-map identified a major QTL for
resistance to Tomato Spotted Wilt Virus in peanut (Arachis
hypogaea).  Scientific Reports.  2019;9(1):18246.  https://
doi.org/10.1038/s41598-019-54747-1

Dodia SM, Joshi B, Gangurde SS, Thirumalaisamy PP, Mishra GP,
Narandrakumar D, et al. Genotyping-by-sequencing based genetic
mapping reveals large number of epistatic interactions for stem rot
resistance in groundnut. Theoretical and Applied Genetics.
2019;132:1001-16. https://doi.org/10.1007/s00122-018-3255-7

Han S, Yuan M, Clevenger JP, Li C, Hagan A, Zhang X, et al. A SNP-
based linkage map revealed QTLs for resistance to early and late
leaf spot diseases in peanut (Arachis hypogaea L.). Frontiers in
Plant Science. 2018;9:1012. https://doi.org/10.3389/
fpls.2018.01012

ChuY, Chee P, Culbreath A, Isleib TG, Holbrook CC, Ozias-Akins P.
Major QTLs for resistance to early and late leaf spot diseases are
identified on chromosomes 3 and 5 in peanut (Arachis hypogaea).
Frontiers in Plant Science. 2019;10:883. https://doi.org/10.3389/
fpls.2019.00883

Clevenger J, Chu Y, Chavarro C, Botton S, Culbreath A, Isleib TG, et
al. Mapping late leaf spot resistance in peanut (Arachis hypogaea)
using QTL-seq reveals markers for marker-assisted selection.
Frontiers in Plant Science. 2018;9:83. https://doi.org/10.3389/
fpls.2018.00083

Luo H, Pandey MK, Khan AW, Guo J, Wu B, Cai Y, et al. Discovery of
genomic regions and candidate genes controlling shelling
percentage using QTL-seq approach in cultivated peanut (Arachis
hypogaea L.). Plant Biotechnology Journal. 2019;17(7):1248-60.
https://doi.org/10.1111/pbi.13050

Mondal S, Badigannavar AM. Identification of major consensus
QTLs for seed size and minor QTLs for pod traits in cultivated
groundnut (Arachis hypogaea L.). 3 Biotech. 2019;9(9):347. https://
doi.org/10.1007/s13205-019-1881-7

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3389/fgene.2022.849961
https://doi.org/10.3389/fgene.2022.849961
https://doi.org/10.1016/j.fcr.2011.02.010
https://doi.org/10.1007/s00122-015-2493-1
https://doi.org/10.1007/s00122-015-2493-1
https://doi.org/10.3389/fpls.2017.00794
https://doi.org/10.3389/fpls.2017.00794
https://doi.org/10.1007/s00122-019-03438-6
https://doi.org/10.21203/rs.3.rs-138961/v1
https://doi.org/10.1007/s10681-021-02765-4
https://doi.org/10.1007/s10681-021-02765-4
https://doi.org/10.1016/j.cj.2021.04.008
https://doi.org/10.1016/j.cj.2021.04.008
https://doi.org/10.1016/j.jia.2024.08.028
https://doi.org/10.1016/j.jia.2024.08.028
https://doi.org/10.3390/genes15020140
https://doi.org/10.3390/genes15020140
https://doi.org/10.3390/genes15010075
https://doi.org/10.3390/genes15010075
https://doi.org/10.1007/s10681-017-2070-6
https://doi.org/10.1007/s10681-017-2070-6
https://doi.org/10.1007/s00122-010-1366-x
https://doi.org/10.1007/s11032-011-9661-z
https://doi.org/10.1007/s10681-016-1651-0
https://doi.org/10.1007/s10681-016-1651-0
https://doi.org/10.1111/pbi.12686
https://doi.org/10.1007/s13205-020-02446-4
https://doi.org/10.3835/plantgenome2013.05.0018
https://doi.org/10.1186/s12863-016-0435-9
https://doi.org/10.1186/s12863-016-0435-9
https://doi.org/10.1111/pbi.12930
https://doi.org/10.1038/s41598-019-54747-1
https://doi.org/10.1038/s41598-019-54747-1
https://doi.org/10.1007/s00122-018-3255-7
https://doi.org/10.3389/fpls.2018.01012
https://doi.org/10.3389/fpls.2018.01012
https://doi.org/10.3389/fpls.2019.00883
https://doi.org/10.3389/fpls.2019.00883
https://doi.org/10.3389/fpls.2018.00083
https://doi.org/10.3389/fpls.2018.00083
https://doi.org/10.1111/pbi.13050
https://doi.org/10.1007/s13205-019-1881-7
https://doi.org/10.1007/s13205-019-1881-7

SAVADAMUTHU ET AL

99.

100.

101.

102.

103.

104.

Chavarro C, Chu Y, Holbrook C, Isleib T, Bertioli D, Hovav R, et al.
Pod and seed trait QTL identification to assist breeding for peanut
market preferences. G3: Genes, Genomes, Genetics. 2020;10
(7):2297-315. https://doi.org/10.1534/g3.120.401147

Chu, Chee P, Isleib TG, Holbrook CC, Ozias-Akins P. Major seed size
QTL on chromosome A05 of peanut (Arachis hypogaea) is conserved
in the US mini core germplasm collection. Molecular Breeding.
2020;40:1-16. https://doi.org/10.1007/s11032-019-1082-4

Pandey MK, Gangurde SS, Sharma V, Pattanashetti SK, Naidu GK,
Faye I, et al. Improved genetic map identified major QTLs for
drought tolerance-and iron deficiency tolerance-related traits in
groundnut.  Genes.  2020;12(1):37.  https://doi.org/10.3390/
genes12010037

Jin G, Liu N, Yu B, Jiang Y, Luo H, Huang L, et al. Identification and
pyramiding major QTL loci for simultaneously enhancing
Aflatoxin resistance and yield components in peanut. Genes.
2023;14(3):625. https://doi.org/10.3390/genes14030625

Yu B, Huai D, Huang L, Kang Y, Ren X, Chen Y, et al. Identification
of genomic regions and diagnostic markers for resistance to
aflatoxin contamination in peanut (Arachis hypogaea L.). BMC
genetics. 2019;20:1-13. https://doi.org/10.1186/512863-019-0734-z

Khan SA, Chen H, Deng Y, Chen Y, Zhang C, Cai T, et al. High-
density SNP map facilitates fine mapping of QTLs and candidate
genes discovery for Aspergillus flavus resistance in peanut (Arachis
hypogaea). Theoretical and Applied Genetics. 2020;133:2239-57.
https://doi.org/10.1007/s00122-020-03594-0

12

105. Jiang Y, Luo H, Yu B, Ding Y, Kang Y, Huang L, et al. High-density
genetic linkage map construction using whole-genome
resequencing for mapping QTLs of resistance to Aspergillus flavus
infection in peanut. Frontiers in Plant Science. 2021;12:745408.
https://doi.org/10.3389/fpls.2021.745408

Yu B, Liu N, Huang L, Luo H, Zhou X, Lei Y, et al. Identification and
application of a candidate gene AhAftrl for aflatoxin production
resistance in peanut seed (Arachis hypogaea L.). Journal of
Advanced Research. 2024;62:15-26. https://doi.org/10.1016/
j.jare.2023.09.014

106.

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1534/g3.120.401147
https://doi.org/10.1007/s11032-019-1082-4
https://doi.org/10.3390/genes12010037
https://doi.org/10.3390/genes12010037
https://doi.org/10.3390/genes14030625
https://doi.org/10.1186/s12863-019-0734-z
https://doi.org/10.1007/s00122-020-03594-0
https://doi.org/10.3389/fpls.2021.745408
https://doi.org/10.1016/j.jare.2023.09.014
https://doi.org/10.1016/j.jare.2023.09.014
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

