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Abstract

Key message Integrating GAB methods with high-throughput phenotyping, genome editing, and speed breeding hold
great potential in designing future smart peanut cultivars to meet market and food supply demands.

Abstract Cultivated peanut (Arachis hypogaea L.), a legume crop greatly valued for its nourishing food, cooking oil, and
fodder, is extensively grown worldwide. Despite decades of classical breeding efforts, the actual on-farm yield of peanut
remains below its potential productivity due to the complicated interplay of genotype, environment, and management factors,
as well as their intricate interactions. Integrating modern genomics tools into crop breeding is necessary to fast-track breeding
efficiency and rapid progress. When combined with speed breeding methods, this integration can substantially accelerate the
breeding process, leading to faster access of improved varieties to farmers. Availability of high-quality reference genomes for
wild diploid progenitors and cultivated peanuts has accelerated the process of gene/quantitative locus discovery, developing
markers and genotyping assays as well as a few molecular breeding products with improved resistance and oil quality. The
use of new breeding tools, e.g., genomic selection, haplotype-based breeding, speed breeding, high-throughput phenotyp-
ing, and genome editing, is probable to boost genetic gains in peanut. Moreover, renewed attention to efficient selection
and exploitation of targeted genetic resources is also needed to design high-quality and high-yielding peanut cultivars with
main adaptation attributes. In this context, the combination of genomics-assisted breeding (GAB), genome editing, and
speed breeding hold great potential in designing future improved peanut cultivars to meet market and food supply demands.

Introduction

Cultivated peanut or groundnut (Arachis hypogaea L.), is a
highly significant food and oil legume crop grown in > 100
countries worldwide, adapting to a variety of agroecologi-
cal environments (Zhuang et al. 2019). However, most of
the global production is grouped in emerging nations across
Asia and Africa. During the 2021/2022 season, global pea-
nut production reached 50.321 million tons, with China
being the top producer (https://ipad.fas.usda.gov/crope
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xplorer/cropview/commodity View.aspx?cropid=22210
00). In Asia and Africa, peanut production surpasses that
of any other grain legume, including soybean (Zhuang et al.
2019). Peanut is said to have been cultivated approximately
6000 years ago in South America, and subsequently spread
widely during the post-Columbian era (Bertioli et al. 2016a;
Zhuang et al. 2019). Peanut is known as a “longevity fruit”
due to its various health gains, i.e., high levels of heart-
healthy oleic and linoleic acid, fiber, folic acid, and cer-
tainly digested protein, as well as the presence of resvera-
trol (Chen et al. 2016b). It plays a vital role in combatting
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malnutrition and safeguarding food safety due to its high
content of seed oil (46-58%) and protein (22-32%) (Chen
et al. 2016b; Zhuang et al. 2019). Peanut can serve as one
of the vital foods in achieving food safety and sustainable
development goals mainly “zero hunger” (https://www.fao.
org/sustainable-development-goals/en/).

There is a high demand for peanuts and peanut-based
products, especially confectionery items, in the global mar-
ket. Peanuts are a rich source of minerals, vitamins, anti-
oxidants, and various bioactive compounds that offer health
benefits. Due to these characteristics, peanuts are promoted
as a healthy and nutritious food (Variath and Janila 2017).
Peanuts are widely consumed worldwide in various forms,
such as cooked seeds, oil, and candy, and hold different
meanings in different regions of the world (Variath and
Janila 2017). However, peanut production in underdeveloped
countries remains low due to numerous production limita-
tions, including biotic and abiotic stressors, ineffective seed
distribution techniques, lack of scientific knowledge, eco-
nomic growth, low-input utilization, and political and social
facilities (Varshney et al. 2017). Among these limitations,
harmful insects, bacteria, viruses, drought, soil salinity,
extreme temperatures, and nutrient imbalance are the most
critical biotic and abiotic stresses. Small-scale farmers in
underdeveloped countries, who primarily focus on cultivat-
ing peanuts due to their viability in their regions, often face
many challenges due to limited access to crucial resources
and cutting-edge technologies that could significantly impact
their productivity level. Affordable sequencing and precise
trait discovery tools/methods have strengthened the gene
discovery pipeline in peanut, which may become stronger
in the coming years (Varshney et al. 2019). Therefore, it
is imperative for peanut researchers across the globe to
actively incorporate innovative breeding techniques in crop
improvement programs, aiming to design superior peanut
cultivars characterized by enhanced productivity and stress
tolerance that can address the pressing needs of deprived
farmers in underdeveloped countries (Pandey et al. 2020b).
These improved peanut varieties hold tremendous potential
to uplift the socioeconomic conditions of these deprived
agriculture communities.

During the past few decades, breeding tools have been
successful in improving peanut, resulting in the generation
of several varieties that can be cultivated in different agro-
ecological regions (Jonnala et al. 2005; Mora-Escobedo
et al. 2015; Janila et al. 2016b; Yeri and Bhat 2016; Kole-
kar et al. 2017; Gangurde et al. 2019; Pandey et al. 2020b).
The enhancement in yield productivity varied in different
geographical regions, as discussed in some previous work
(Jonnala et al. 2005; Mora-Escobedo et al. 2015; Janila et al.
2016b; Yeri and Bhat 2016; Kolekar et al. 2017; Gangurde
et al. 2019). Nevertheless, it is imperative to differentiate
between the unpredictable yield increase examined across
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growing regions and the yield improvement succeeded
through breeding programs. In the recent past, during the
development of stress/disease-smart cultivars/lines, some
studies have assessed the actual yield enhancement accom-
plished in peanut breeding programs (Jonnala et al. 2005;
Mora-Escobedo et al. 2015; Janila et al. 2016b; Yeri and
Bhat 2016; Kolekar et al. 2017; Liao 2017; Gangurde et al.
2019; Zou et al. 2020). Although climate change is antici-
pated to be a concern in the future, it has already led to
an extensive reduction in the output and quality of peanuts
in certain areas. This can be accredited to the augmented
incidence of climate change events, especially during cru-
cial phases such as flowering and seed expansion (Akbar
et al. 2017; Gangurde et al. 2019). Nevertheless, to ham-
per the adverse impact of climate change, it is crucial to
improve the efficacy of existing breeding methods to ensure
a steady increase in peanut yield. Traditional breeding meth-
ods have been using phenotyping techniques to identify
plants or progenies with required attributes. The conven-
tional breeding strategies include hybridization, selection
based on phenotypic traits, and further selection of poten-
tial breeding lines via yield assessment trials (Pandey et al.
2012; Janila et al. 2013; Gangurde et al. 2019). Although
conventional breeding has been successful, it is a slow and
labor-intensive method, taking approximately 1015 years to
design advanced varieties/lines, which includes a multistep
route with distinctive timeframes. The duration for design-
ing homozygous lines, testing, and variety release can vary
substantially. Normally, the testing phase takes >4 years,
and this interval can vary beyond countries. Designing
homozygous lines implies roughly seven crop seasons,
which could be nearly 3.5 years in a peanut breeding pro-
gram with two seasons per year. However, it is imperative to
note that traditional breeding methods, while not naturally
causing reduced genetic variation, may accidentally lead to
reduced genetic diversity between modern cultivars of the
same species. It is vital to rationalize that the reduction in
genetic variation among modern cultivars of the same spe-
cies is influenced not exclusively by the breeding method
itself but by aspects such as the genetic distance of parent
plants used in hybridization and the degree of selective pres-
sure applied throughout breeding. This reduction in genetic
variation could possibly make these cultivars more vulner-
able to numerous environmental stresses (biotic and abiotic).
Genomic breeding provides ample opportunities for integrat-
ing multiple genomic tools and technologies such as genom-
ics-assisted breeding (GAB), haplotype-based breeding,
gene editing, speed breeding and genomic selection. In case
of peanut, multiple examples are now available for deploy-
ing GAB leading to molecular breeding products; however,
other components of genomic breeding still remain unex-
ploited. Therefore, as we investigate the power of genomic
breeding, more specifically GAB as of now in peanut, it is
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worth considering whether this approach offers schemes to
modernize breeding methods, address possible limitations
in genetic diversity, and improve environmental resilience.
Notably, by exploiting innovative genomic tools, GAB
can guide peanut breeders to make more learned and accu-
rate choices of parent plants for hybridization, including
recognizing favorable alleles and genotypes linked with
necessary traits, even if these are contemporary in less-used
germplasm. In this way, GAB can contribute to retaining
or even increasing genetic variation within the breeding
germplasm pool. In recent years, the utilization of GAB has
enabled peanut scientists to increase the effectiveness of
selecting target traits for future breeding endeavors (Figs. 1
and 2) (Pandey et al. 2012, 2014b, 2020b; Janila et al. 2013,
2016b; Gangurde et al. 2019). Integrating genomic meth-
ods with HTP via molecular markers allows GAB to guide
breeding attempts in forecasting phenotype from genotype
(Figs. 1 and 2). With GAB, it is now possible to integrate
numerous significant traits within a single specific variety.
Most importantly, it can effectively combine and incorporate
desirable characteristics, previously considered as independ-
ent entities, into a single genotype. Moreover, GAB assists in
utilizing modern genome resources and characterizing allelic
variation in advancing germplasm and cultivar advancement
over the past decade. However, in order to sustain the pro-
gress made with GAB, new approaches must be developed
that can quickly and efficiently manipulate allelic varia-
tion to create novel diversity that can be incorporated into
future peanut designing programs (Varshney et al. 2005,
2020, 2021b). In the future, genomic breeding approaches
that focus on optimizing crop genomes by accumulating
favorable alleles and eliminating unfavorable alleles will

Fig.1 An overview of integrat-
ing genomics-assisted breeding
with modern tools to dissect
the genetic basis for design-

ing future peanut cultivars.

By integrating these tools and
methods, peanut breeders can
advance their proficiency in
recognizing necessary traits and
designing new climate change-
smart cultivars (such as abiotic
stress tolerance and biotic stress
resistance) that have improved
agronomic traits (such as supe-
rior yield and other beneficial
properties such as high protein
and oil contents, etc.)
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be essential for designing improved future peanut cultivars
(Varshney et al. 2005, 2020, 2021b; Pandey et al. 2020b).
Therefore, this review presented the recent advancements in
utilizing GAB and the integration of cutting-edge genomic
tools as part of genomic breeding to design and develop
improved future peanut varieties.

Germplasm collection and improvement
for future breeding

The limited use of germplasm collections in breeding efforts
is primarily attributable to the absence of accurate proof of
traits of financial importance, such as yield, quality, toler-
ance to both biotic and abiotic stresses, and other desirable
traits, which frequently exhibit high genotype X environ-
ment conversations that demand duplicated multi-locational
examinations (Holbrook and Dong 2005; Liao 2017; Zhou
et al. 2022b). Complete characterization of the tremendous
scale of the germplasm archives is a costly and resource-
intensive endeavor, which limits its wider usage in breed-
ing. In order to maximize the utilization of germplasm in
crop advancement, the best approach would be to create a
small and effective but diverse core collection that signi-
fies the entire collection and trait diversity keeping in mind
the current as well as future breeding programs (Liao 2017;
Zhou et al. 2022b). This core collection can be significantly
assessed, presenting valuable evidence that can be effec-
tively harnessed to manage more effective functioning and
management of the entire germplasm collection. By lower-
ing the collection size while retaining diversity, resources
can be trained for a more targeted assessment of germplasm,
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Fig.2 A proposed flow diagram delineates the GAB process for
designing future improved peanut cultivars. GAB-driven rational
design approaches can enable the application of stress-smart alleles/
genes, help resolve gene systems to manage response to manifold
environmental factors (such as biotic and abiotic), and eventually help
the designing of breeding systems for the invention of stress-smart
and high-yielding cultivars by harmonizing the balance between grain

leading to more effective and operative crop improvement
efforts (Holbrook and Dong 2005; Liao 2017). Conserva-
tion of conventional landraces is important for the long-
term exploitation of geographically developed germplasm
resources regardless of the expansion and development of
modern peanut cultivars. The International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT) in India, the
United States Department of Agriculture (USDA) in the
USA, Oil Crops Research Institute-Chinese Academy of
Agricultural Sciences (OCRI-CAAS) in China, and Brazil
are the main repositories of Arachis germplasm worldwide.
Yet, lesser collections are also found in several countries,
such as Argentina, Africa, and others (Hui-Fang et al. 2008;
Barkley et al. 2016; Liao 2017). In latest years, researchers
have made significant advances in evaluating the genetic
divergence contained by A. hypogaea, and the credit goes to
extensive peanut germplasm characterization attempts (Liao
2017). Notably, the USA, ICRISAT, and Chinese peanut
breeding programs have made significant progress in this
area since the selection of peanut core- and mini-core collec-
tions (Liao 2017). Through the comprehensive characteriza-
tion of germplasm resources, several elite peanut accessions
with needed traits have been selected for designing future
research and breeding programs.

@ Springer
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yield and trait improvement. Abbreviations: Bulked segregant RNA-
sequencing (BSR-seq); genomics-assisted breeding (GAB); genome-
wide association study (GWAS); multi-parent advanced generation
inter-cross (MAGIC); nested association mapping (NAM); quantita-
tive trait locus-seq (QTL-seq); quantitative trait loci (QTL); recombi-
nant inbred line (RIL); specific length amplified fragment-sequencing
(SLAF-seq)

For instance, several core- or mini-core collections have
been established in peanut to facilitate trait advancement
and increased tolerance/resistance to various abiotic/biotic
stresses. For instance, 30 accessions associated with drought
tolerance (Hamidou et al. 2012), 58 accessions connected
with cold stress tolerance (Upadhyaya et al. 2009), 184
accessions associated with abiotic/biotic stress tolerance
and agronomic traits (Upadhyaya et al. 2014), 95 acces-
sions associated with Sclerotinia blight resistance (Dura
et al. 2020), 231 accessions associated with early/late leaf
spot (ELS/LLS) resistance (Shaibu et al. 2020a), 99 acces-
sions (Ding et al. 2022) and 184 accessions (Waliyar et al.
2016) associated with aflatoxin resistance, and 576 core-
and 298 mini-core accessions associated with bacterial wilt
resistance (Jiang et al. 2013), 298 accessions connected
with various agronomic traits (Jiang et al. 2014), 250 acces-
sions linked with six yield-related traits (Zhou et al. 2021),
112 accessions connected with numerous agronomic traits
(Shaibu et al. 2020b), 250 accessions associated with fatty
acid contents (Zhou et al. 2022a), and 120 accessions asso-
ciated with seed quality traits (Patel et al. 2022), and many
collections are available around the world.

To solve the genetic bottlenecks of constrained gene flow,
the improvement/designing of synthetic amphidiploids has
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been practiced as an efficient option to expand the cultivated
gene pool. Previously, several synthetics have been devel-
oped by using different diploid species with high levels of
resistance/tolerance to multiple stresses and other agronomic
traits. For instance, synthetics obtained from wild peanut
species were employed to design chromosome segment sub-
stitution line and manipulated to examine plant morphology
(Fonceka et al. 2012). A group of scientists from ICRISAT,
India, have developed 17 new synthetic amphidiploid and
autotetraploid populations to broaden the genetic base, and
these innovative synthetics were also associated with resist-
ance to LLS and peanut bud necrosis disease (Mallikarjuna
et al. 2012; Shilpa et al. 2013). Two new synthetics (ISATGR
278-18 and ISATGR 5B) were exploited to introduce foliar
disease resistance into five elite Indian peanut varieties using
the backcross breeding method. Besides disease resistance,
these new lines have also displayed diverse adaptations for
other significant morphological and agronomic attributes
(Kumari et al. 2014).

In another study, Mallikarjuna et al. (2012) developed
numerous synthetics (amphidiploids and autotetraploids)
using A- and B-genome accessions showing resistance to
diverse biotic diseases. These synthetic populations pro-
duced introgression lines with hardy resistance to LLS and
rust, indicating genetic diversity in key traits. Genotyping of
these lines revealed putative novel alleles from diverse wild
species, which will be keys for peanut improvement (Mal-
likarjuna et al. 2012). To introduce LLS resistance into the
elite cultivar “ICGS 76,” advanced backcrossing employed
a synthetic amphidiploid (ISATGR 278-18) known for foliar
disease resistance (Kumari et al. 2020). This activity yielded
an AB-QTL population of 164 introgression lines and a link-
age map with 114 SSRs. Moreover, the analysis detected
significant main-effect QTLs for LLS and rust, along with
epistatic-QTLs for foliar diseases and agronomic traits.
Notably, resistance from the wild species (i.e., A. batizocoi)
has proven possibilities in peanut improvement (Kumari
et al. 2020). The designing of a fertile, cross-compatible syn-
thetic amphidiploid (TxAG-6) proposed a novel way forward
to introduce wild alleles for disease and pest resistance into
commercial peanut cultivars (Denwar et al. 2021). Assess-
ment of 27 interspecific lines developed from an advanced
backcross population in Ghana uncovered thriving intro-
gression of ELS resistance. Notably, some lines displayed
decreased leaf spot symptoms and high pod yields, demon-
strating the prospective to overcome yield loss naturally cor-
related with resistance. Nonetheless, the multigenic nature of
resistance led to some awareness, highlighting the necessity
for future QTL analysis to discover and merge resistance
alleles while reducing linkage drag (Denwar et al. 2021).
Altogether, the above-discussed examples suggest that these
lines can assist as donors in future peanut breeding programs
intended to design better-quality cultivars with necessary

agronomic traits such as improved resistance/tolerance to
biotic/abiotic factors and an expanded genetic base.

Based on above-discussion, it can be concluded that the
use of core- and mini-core collection and the development of
synthetic amphidiploid approaches together with advanced
methods have enabled the uniform characterization and
assessment of peanut germplasm to be significantly and
intensively carried out in recent years. These attempts have
significantly aided varietal advancement in peanut, proceed-
ing in enhanced production. Additionally, the application
of genomic techniques in germplasm characterization and
trait innovation has fast-tracked these advancements. As a
result, the discovery and choice of appropriate accessions
or germplasms correlated with particular traits can be effec-
tively employed in the future peanut breeding programs for
designing improved cultivars.

Genome sequencing and molecular marker
technologies

Improvements in peanut genome sequencing
projects

Arabidopsis thaliana was the very first model plant whose
entire genome was sequenced in 2000, marking a significant
milestone in plant genomics research. After that, techno-
logical advancements have made it feasible to sequence the
genomes of thousands of plant species (https://www.ncbi.
nlm.nih.gov/genome/browse#!/overview/). Plant species
are selected for genome sequencing based on specific crite-
ria such as their economic importance, small genome size,
diploid nature, availability of genetic and physical maps,
transcriptomes, and other genomic tools, and presence of a
huge research community (Michael and Jackson 2013; Ber-
tioli et al. 2016b). In 2002, rice (Oryza sativa L.) was the
first crop to be sequenced completely, making available the
reference genome (Goff et al. 2002). Despite the achieve-
ment and improvements in sequencing tools, it undertook
14 years to sequence the complex peanut genome due to the
small research community, lack of funding support and also
the large and complex polyploid genome. Nonetheless, the
peanut research community deployed the modern sequenc-
ing and genome assembly tools for developing high quality
reference genomes, which is now fast-tracking the process of
varietal development in order to contribute toward achieving
global food security.

The US Peanut Genome Initiative (PGI) was revealed
in 2004, and later expanded to the International Peanut
Genome Initiative (IPGI) to coordinate global efforts in
genome research for peanut. In 2010, the Peanut Genome
Consortium (PGC) introduced a peanut genome sequenc-
ing project and published the genome sequences of two
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diploid peanut [A. duranensis (~1.21 Gb) and A. ipaensis
(~1.51 Gb)] progenitors in 2016 (Bertioli et al. 2016a). On
the other hand, IPGI and PGC have been directing and man-
aging revolutions in peanut genome exploration and breed-
ing. The allotetraploid wild peanut (A. monticola) genome
assembly (~2.62 Gb) was made available in 2018 (Yin et al.
2018), providing valuable information for peanut research
community.

The recent improvements in genomics and sequenc-
ing technologies faster the publication of whole-genome
sequences of three cultivated peanuts (A. hypogea) in
2019, including Shitouqi (~2.54 Gb) (Zhuang et al. 2019),
Fuhuasheng (~2.64 Gb) (Chen et al. 2019a), and Tifrun-
ner (~2.54 Gb) (Bertioli et al. 2019). Three-dimensional
chromatin organization of cultivated peanut was released
in 2021 (Zhang et al. 2021b). Genome sequencing of dip-
loid and tetraploid peanuts provides valuable information on
domesticated genes, future breeding targets for improvement
and genome evolution. It also offers a valuable means for
genome-wide marker discovery and re-sequencing. In this
regard, innovations in peanut omics have initiated an inves-
tigation of population genomics in the current fast-forward
breeding era (Bhat et al. 2021b). These omics explorations
have illuminated genome features, origin, domestication,
and the complicated genotype—phenotype alliances, aiding
to a broad understanding (Bhat et al. 2021b). For instance,
Samoluk et al. (2022) stipulated the most widespread look
of the repeatome underlying forces that led to the genome
variation of Arachis species. This study concluded that con-
trasting alterations in the richness of satellite DNA and long-
terminal repeat retroelements are the key players involved in
the difference in genome size and heterochromatin quantity
in Arachis diploids (Samoluk et al. 2022). Another recent
study examined genomic differences between cultivated
peanut subspecies (ssp. hypogaea and ssp. fastigiata) using
genes, repeat elements, and transposable element analysis
(Bhat et al. 2023), considering their importance in gene-
based ground-breaking breeding methods and superior evo-
lutionary assess in the size, structure and function of the host
genomes leading to species diversity. This study exploited a
reference genome, exposing insights into gene distribution,
density, and structure. Particularly, allelic alterations were
monitored in genes and transposable elements, with effects
for the genetic variation of peanut subspecies (Bhat et al.
2023).

Nevertheless, the current single reference genome (mainly
for cultivated peanut) is insufficient to comprehend the vast
genetic variations in the crop germplasm collections that
include its landraces and wild-relatives (Khan et al. 2020a;
Pandey et al. 2020b; Bohra et al. 2022a, b; Raza et al. 2023b,
c¢). With the ongoing advances in sequencing technologies,
the peanut community can now move forward with the
sequencing of multiple peanut genomes (e.g., pan-genome
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and super-pangenome) that could enable intense investiga-
tions on genetic divergence and allelic alteration controlling
important traits and also accelerate the genetics and genom-
ics breeding efforts for designing future peanut cultivars.

Genomic resources help to identify novel gene
families in peanut

The availability of reference peanut genome sequencing pro-
motes the comprehensive utilization of different genomic
resources to identify and characterize novel gene families
in peanut (Bertioli et al. 2019; Zhuang et al. 2019; Chen
et al. 2019a). Recently, different gene families have been
reported to play vital roles in peanut growth and develop-
ment, and stress tolerance. For instance, Song et al. (2016)
discovered 77 and 75 WRKY proteins from A. duranensis
and A. ipaénsis, respectively, and some of the genes were up-
regulated against salicylic acid and jasmonic acid treatments
(Song et al. 2016). After having the sequence of cultivated
varieties, Zhao et al. (2020) identified 158 ARWRKY and
Yan et al. (2022) identified 174 AhWRKY genes in A. hypo-
gea, using two different genome versions. Both studies have
discovered some novel genes that significantly respond to
drought stress and Ralstonia solanacearum infection (Zhao
et al. 2020; Yan et al. 2022). Gao et al. (2017) discovered
132 and 129 bHLH proteins from A. duranensis and A.
ipaensis, respectively, and established that most of the genes
were found to be involved in pod development in peanut.
Another study reported a total of 650 FARI genes from four
Arachis species and its closely related species like Glycine
max (Lu et al. 2022). Among these, A. hypogea was found to
have a maximum number (i.e., 246) of AhFARI genes, and
expression analysis suggested their key role in pod develop-
ment (Lu et al. 2022).

Mou et al. (2022) identified 72 LOX genes in A. hypogea
and the overexpression of one gene “AhLOX29” in Arabi-
dopsis improved the drought stress tolerance by regulating
physio-biochemical traits. Huang et al. (2022) discovered
126 AhLEA genes and most of them were significantly up-
regulated against diverse abiotic stresses. A recent study
identified 29 and 30 ARF genes from A. duranensis and
A. ipaensis, respectively (Tang et al. 2022a). Of these,
Arahy.7DXUOK gene was found to be a prospective target
of miR160. Furthermore, the overexpression of miR160
reduced the expression level of Arahy.7DXUOK gene and
thus improved salinity tolerance in miR1600X transgenic
plants (Tang et al. 2022a). Raza et al. (2022b) discovered
166 AhAPX genes in cultivated peanut and suggested their
vital role against different hormones and abiotic stresses,
and tissue development. Liu et al. (2022b) identified 162
AhSAUR genes in A. hypogea and the functional analysis of
AhSAURS3 suggested its negative role against drought stress
tolerance. Wu et al. (2023) reported 178 AhPP2C genes and
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the expression analysis showed that most of the AhPP2C
genes respond to salinity stress. A recent study discovered
43 AhUDbiA genes in A. hypogea and expression analysis sug-
gested their key role in ABA signaling and cold tolerance
(Yang et al. 2023b). In recent studies, the same group of
authors reported 84 AhGLPs (Yang et al. 2023c) and 116
AhOMT genes (Cai et al. 2023) in A. hypogea and expres-
sion analysis suggested their key role in tissue development
and stress tolerance, i.e., temperature, water, and hormones
(Yang et al. 2023c). Sharif et al. (2023) identified 17 AhAPYs
genes in A. hypogea and the functional characterization of
AhAPY2-1P advocated that this promotor can be employed
to drive the resistance-associated genes to boost the protec-
tive power of the pericarp (Sharif et al. 2023).

Likewise, Wang et al. (2023) detected 46 AhHsf genes
in peanut, and most of the genes were induced by salinity
and drought stress. At the same time, the overexpression of
AhHsf20 gene enhances the salinity tolerance in transgenic
Arabidopsis plants (Wang et al. 2023). A recent study identi-
fied 29 AhNRAMPs genes in A. hypogea and revealed their
role in cadmium tolerance (Yan et al. 2023). Zhang et al.
(2023a) discovered 52 AhPLCP genes in A. hypogea and
evaluated their expression mainly under cold stress. Mean-
while, the functional validation of AhRD21B extensively
improved cold tolerance in transgenic Arabidopsis plants
(Zhang et al. 2023a). These outcomes not only subsidize
our insight into the novel role of genes but also postulate
valuable data for disease resistance, stress tolerance, and
growth and development regulation in peanut. In the future,
these novel genes could be functionally verified using over-
expression or gene editing techniques to fully uncover their
function in designing future improved peanut cultivars.

Progresses in molecular markers development
for genetic linkage mapping

The combination of plant breeding, genetics, and/or genom-
ics can lead to increased productivity and improvements in
traits, and resistance/tolerance to biotic/abiotic stresses in
peanut (Pandey et al. 2020b). In comparison to other major
legume crops, peanut has made slow advancements in
acquiring genomic resources (Pandey et al. 2020b; Bohra
et al. 2022b). Recent innovations have led to the improve-
ment of genomic resources, like molecular markers (includ-
ing simple sequence repeat (SSR) and single nucleotide
polymorphism (SNP) and genetic maps for diploid and
tetraploid peanuts (Pandey et al. 2014b; Zhao et al. 2016;
Ozias-Akins et al. 2017; Choudhary et al. 2019; Zhuang
et al. 2019). Before 2016, some recent publications have
reviewed the progress made with the application of marker-
assisted breeding (MAB) in peanut (Pandey et al. 2014b;
Ozias-Akins et al. 2017). Since the sequencing of diploid
and tetraploid peanuts, momentous advancement has been

made in evolving several thousand markers, genetic maps,
and QTL mapping for molecular breeding of peanut for
agronomically significant traits, and resistance/tolerance to
biotic/abiotic stresses. Genome sequencing not only boosts
our knowledge of genome structure and gene functions, but
also facilitates the discovery of various genome-wide SSR
sites that can have considerable purposes in genetics and
breeding.

The diploid genomes of A. duranensis (A genome) and A.
ipaensis (B genome), led by the IPGI, were used to discover
SSRs, resulting in the discovery of 135,529 and 199,957
SSRs, respectively (Zhao et al. 2017). Comparative analysis
of the diploid genomes of A. duranensis and A. ipaensis
discovered 515,223 InDels (269,973 insertions and 245,250
deletions) by comparing the two genomes (Vishwakarma
et al. 2017). The reference genome sequence can also enable
the discovery of SNPs, which are the utmost prevalent type
of genetic variation throughout the genome.

After 2016, several molecular markers correlated with
numerous traits have been identified using the available
genomic resources (Table 1). For instance, miniature
inverted-repeat transposable elements (MITEs) are non-
autonomous elements and usually of <600 bp in length
(Shirasawa et al. 2012a). In peanut research, the utilization
of AhMITEI markers has seen extensive growth, with their
count approaching 4000 (Shirasawa et al. 2012a, b; Gayathri
et al. 2018). Although quite a novel type of DNA molecular
markers, AhMITE1 markers hold excellent promise, even
though their utilization has not been widespread. Particu-
larly, AAMITE] markers have shown substantial potential,
showing effective effects in diverse domains such as finding
true hybrids, genetic mapping, and studying evolution and
genetic variation (Hake and Bhat 2017; Hake et al. 2017,
Gayathri et al. 2018).

Newly developed SSR markers were employed to geno-
type cultivated peanut germplasm and breeding materials,
showing the power of the 6455 novel SSRs and 11,902
SNPs identified markers (Peng et al. 2016). Three studies
have effectively applied QTL-seq approach to discover SNP
markers connected with disease resistance in peanut. Zhao
et al. (2016) first identified SNP and SSR markers located
within two adjacent QTLs controlling bacterial wilt resist-
ance using SSR joint with resistance-related SNP markers
created by BSA-RAD sequencing. Cui et al. (2020) identi-
fied SNP markers linked with two QTL regions that control
stem rot resistance. While Pandey et al. (2017c) identified
allele-specific diagnostic markers for rust- and LLS-resist-
ance based on whole-genome resequencing (WGR). In a
study by Kim et al. (2017), WGR produced high-throughput
SNPs for two peanut cultivars. A total of 1,954,267 SNPs
for A. duranensis (A) and 353,490 for A. ipaensis (B) were
detected, with nearly 90% of the SNPs being homozygous
for A. duranensis and 43% for A. ipaensis. These numerous

@ Springer



Theoretical and Applied Genetics (2024) 137:66

66 Page 8of 30

Keire INS
SIYODIY WOIXY, (9081SrXx9-L
(1200) T8 10 serg ap oouelsisalnuig STLO WUASISU0D T I8°1€SC SANS 6181 €01 A8y “POELTSD T 4
ooue (S8-SDDDANX 1T
(1207) '8 19 1uese[  -JSISAl SISO100U png STLO Jofewr ¢ rLL6 SUSS 0861 801 S4SS =10) T A
S[PAuI S[eauI (1t
(1207) Te 10 Suelf  QOUBISISAI UIXOJEYY STLO [9A0U 9 C8ELST /SANS S9€°€€T 08¢ /SANS PUB ¥OM  [X9[ enySuoyz) 1y B4
oue Keire
-I9[0) Kouaroyap STLO SYSS SIYODLY WOIXY, (1€098
(1202) 'Te 10 Kopueq uoIT pue JYSNoI(  199j-urewr Iofew 6 £€865C LLI Pu® SANS 8201 60¢ dNS > 8¢ ADDIXHT OVL) T
SYSS (Iouuni
(q0Z07) Te 19 ONT  AOUBISISIIJOI WIS STLO dANIppE €¢ 96'18¢E €L PUBSINS [Sv1 9¢1 Kerre NS M 86 -JILX €€0€ ON) 11 “°4
Joue (yenynx X ¢0683uoyz)
(e0T00) 'Te 10 NI ISISAI YA10]q G STLO 8 16°L181 SIoTeW UIq ¢9¢ (414 dSV>I pue SdNS IR R
(76 nokang x1jo®
(A0T0T) ‘e 10 UBYY  SOUBISISAI UIXOIRYY STLO Jofewr g sTigee SdNSS 220§ vig bas-qv18 -ixnyurx) T ©'d
S19
-jrewr uosodsuern (SZ9T1 HDIIX 01
(6107) 812 DA 20UBISISAI UIXOIRPY STLO TI SL8E0C  TYPUBSYSS CLII orl SUSS enysuoyz) Ty 774
A[oAn)
-0adsar ‘aseasip bos-vNI
ooue)sisarjods Jea]  Uoea 10j souas ajep pue bas-710 ‘bas
(6102) 'Te 32 Suenyz SJe[ pue Jsnljes  -Ipueds [L] pue 9]¢ 19°89%C PUB $$°066C SINS 610S PUe €81/ 94 -AV7IS ‘bes-ysd (v A4dD X ¥ OVI) T
ooue (¥—89 noyznx X016
(Q6107) Te 19 ONT  -ISISAI NI [BLI)ORY TLO ofew | 1°8¢ SAN'S TTS Y91 Sol bas-11.0 ezueng) Iy 4
SnIA (surq CCOVOIN X L6
(6107) Te 10 [emIe3y  J[im panods orewo], STLO € 00T 918S) SANS 901°T1 orl AOM orIOUNS) Y
STLO (S8SD
(6107) T8 19 BIPOQ  9OUBISISIIJOI WA onesside tofew 44 0eve SANS 686 0LC SgD -DDANXVLEDL) T
A[oAn)
-00dsar ‘ooue)sIsar
jsnI pue jods Jea|
9Je[ 10J SQUA3 9
PUE { $90UR)SISI
JSILI 10§ UOI3I | SUSS
(8102) QSEBOSIp ISnI pue jods Jeo[ 9e[ €61 pue ‘suosod AOM
‘[e 19 emeSRIIYS pue jods jeoy je| Joj suor3ar 110 ¢ T°0IST  -Suen 68 SANS ILI 99¢ pue bas-qQvypp (¥ A4dD X T OV.L) T
(8107) Te 10 [eMIeSY  Q0UBISISAI 0SLASI  SLQ) J09)jo-UreW G¢ 0CIE SINS 6988 16 AOM  (0TD-LO X IPuunyry) Ty
JDUEB)SISII/IIUBII[0) ISBISIP/SSANS
(souasd SIoyTew S[enpIAIpul
SQ0UIJOY (s)1remn pareroossy  10) sSTLO JO Ioquiny (AP) 2oueysip dejy  paddew jo roquuny  Surddewr jo roqunn Kesse FurdKjouan suonendog

S)Te) JUIQIP YIIM PAJRIo0sse STLO Pue ‘sIoyiewl Je[ndsjouwl ‘suorgar onuouasd Aynuapt o) synuead ur padoaaap sdew ageyur onouad Aysuop-ysiy jo Isi| dAIsudyaidwod y | ajqer

pringer

AQs



Page90f30 66

Theoretical and Applied Genetics (2024) 137:66

SJUIUOD pIoE AJje] J0J

(4S6 91I0UNS X 0TH90)
SJU2IUOD pue ‘110 10J (0790
(L10D) Sju=3u0d proe K1ej 10§ g ADDIIXB9ELO
‘[e 19 Ieypiseys proe Aney pue [I0  pue [10 10§ STLO § 6981 PUe 97¢E SEYI pue 68 6L1 Pue 8]  bas\11v( pue 11V ADDD ST 4
HA7T10} 9] pue
(L10D) T8 1T TdTPUC HSIN ~ HSIN10J STLO 11 81°606 SYSS 1€C Is1 SUSS  (€68AX99T6L) T °%d
S)IeI) JIOU0I3Y
syren) 1 1oy souog
RIaYIP pue STLO
(Q€207) "Te 19 euirRyS 90URIO[0) JEOH  J09jje-urew Jofew i 6£' 1961 SANS 8Ly 8¢ SaD  (Ler—$Sx+T 1) Td ¥4a
souaS alepIpued (AP SL T9—IAP #L'9%) (suiq
(P€TOT) 'Te 10 Sueyz 0UBIo0) P[0)  GT pue TLO Iofew | WP 109 ¥6¥T) SANS 875 Ly LO8 UOM (b nAenH X T1AQ) T *4
paddew-ouy sem
['Z0VILAYD 110 bos-yN¥  (9enySuoyyz X ¢ renyny)
(€207) ‘[erony  QouUBISISAI UIXOlRPY  Pue STLQ Jofew 4 §6°€90C SANS €81¢ 981 pue YOM bos-TLO 0 4
Jy3rom
Ppaos-parpuny 10
STLO XIS pue
syren pralk pue Q0UB}SISAI UIX0) s[oquL (11
(€207) 'Te 10 UIf  OULISISII UIXOTRPY -epe 10 STLO 11 G8'ELST /SANS S9€°€€T 00T SPQU/SANS X 91 enysuoyz) Ty
Keire
S1YOon4y WOIXY,,
(€200 ooue SVILIN dNS 3 8% X119
Te 0 OpeyNuEAy  -IsIsarjods yea] e 79 Pue STLO 11 - SANS 80L‘ST 009 -wigy saull DIDVIN
Souas3 YT
oue -SEN WS1o pue SIPAUI 81686 (tjoerxmny
(Q€200) '[e 12 Suryyz  -ISISAII[IM [ELIIORY STLO Iofeur omg, YLT91 pue SdN'S Tr9°18¢ 186 bas-110  -urx X g6 nokeng) Iy *'4
(€200
oue Surouonbas Qv yp -601M X 70T 6BZUBNE)
(TT00) TR 10 -ISISAIIIA [eLIdlORg STLO Jofew 6L1¢€ SANS 0T1§ ITS  puv SIBNIRW SV IR
HNDS
9OURIS[O] SISOI IO} T PUB YDA 10§ SHLUV 6¢1 pue (NIN-T
(2TT07) ‘T8 32 dpehe], -o[yo Aoudtoyap uoay  STLY 10xR-urew || T8EYT  SYUSS 8 'SANS €5S (434 VINS AINLXT ANL) Td % °'d
0L~ mdas
10} 6 pue dd Ad 10} SHLUV 6¢1 pue (NIN-C
(2200 T8 19 ysoyn 90URIO[0) JYSNOIT  STLO 109)Je-UTeW ¢ T8EVPT  SYUSS 8 SANS £6S (434 VINS AINLXT AINL) T 64
Q0UR)SISAI PAIRID
-OSse S[9UI/SINS S[edu1 L0Z9 uons9rod
(TT0Q) Te 10 SuIq  Q0UBISISOI UIXOJRPY 9 PI[LAAdI SYMD - pue SANS LET'8E 66 bos-qvy 9103 TUTU-TUTW 9SaUTYY
(souo3 SIoyTew S[enpIAIpul
S90UQISJOY (s)1rem pareroossy  10) sSTLO JO Ioquiny (AP) 2oueysip dejy  paddew jo roquuny  Surddewr jo roqunp Kesse FurdKjouan suoniendog

(ponunuoo) | sjqey

pringer

As



Theoretical and Applied Genetics (2024) 137:66

66 Page 100f 30

(T200) Kouew Aesse SurdKiousd (S¥0L6 ADDIX 99720
‘e 30 Appairwiog ~10p Pa3s YsaI] $71.LO Jofew ¢ €6E€T SANS ST€ 091 Aysuap-pru y 6 ADDD T ¥4
Aelre
SWYODLYWOIXY,,
(e2z07) e 10 Suepm Kourwiop paag STLO Jofew g TL6L91 SANS L¥T1 Y91 ANS M 8§ (0TD-1O X IouunyyiL) Ty
(erur3
(2207) Te 30 wyuny| yen Quniely STLO JUBOYIUSIS 9 7086 SANS ¥PLT ¢pz  Aelre-gNS syoery ~TIA X Jouumy) Ty &4
(TH-pPsx9reny
(QTT07) 'Te 30 Suepm yS1om padg STLO LI - SANS T8T 1+S YT 4OM pue bas-1LO -Suoyz) 11y *4
Keire NS S1y0
(1207) Te 1o BIUNy  UOLBINJEW O} SWIL], STLO 0€ SELLT SANS €£81 097 DMy WOIXY, Y [y (WereH XyooueH) I %44
$ASS
sjes) 6 Pue ‘SELYV SYSS (WIN-T
(1207) Te ¥ Aeyper  Ayenb [10 pue pjarx  STLO 10age-urew /i T8EYT €F1 ‘SANS €1L (457 pue ‘gIyv ‘sS40 AWLXT AWL) ¥ *'7'4
SASS (¢ o3
(0Z07) Te 10 Suepm dddad  STLO ueoyiusis ¢ €87C81  0EE PUB SANS 966 8T bas-JyIs  -uourfx Suoyrrs) Ty ''4
(9 eny
(Q0Z0?) ‘Te e 0y JUQUOD 10 ST1LO Jofew /£, 79°S9YT SANSS 7908 981 bes-qvypp  -Suoyzx ¢1 enyny) Iy
SASS (¢ reySuoutf x Suoy
(0207) 'Te 10 Suer] 9jep Surromop [eniuy STLO 61 €8781  0EE PUB SANS 966 8T bos-qv1S -11S) T1d '
L0-epLIOL] LO-BPHOLL INVN
TINVN U STLO LO-BPHOLI INVN  10J SAN'S 098¢ pue LO-EBPHOLI INVN Aerre
0202) s)ySrom €T pue ‘Iouuniyry, 10] $°'€6E pue IouuNI Iouungi] JNVN 10J 96 pue Jouunt SOy WOIXY,, suon
‘[e 30 spin3uen pod pue paag  TINVN UI STLO 61 “JLLTINVN 10§ 6°68ST 10§ SANS ¥28€  -JLL INVN 0§ 185 dANS I8¢  -vndod sy INVN oML
SUSS SYUSS pue Aeire
(020T) 'Te 10 oureAry)  syren pod pue padg STLO 6% 0°Z8EE 001 Pue SANS 8661 9GT dNS S1yovLy woIxy  (£60¢ DN X IouuniyLy) ry
pod STLO @[3uts (SL£9DD1 X Suaysenyeq
(Q6102) T8 30 uay) Jod roquinu p3sg [ pue SOSUISUOD Q7 8%°LSSI SASS 191 881 BN INY uenyond) Ty
(€Y
(6107) Te 1o Suepm pod paas-nuN STLO L TETISI SASS 97T 8¥T SASS -Suour[ X JuoyrIs) Ty
(6107) TR IT  sien JIqey YImoIn STLO 6¢ 0T'80¢€1 SANS 8082 881 bos-qvIS  (0STINX S enyrp) Y ®d
SJUOJUOD (62921 DO1X01
(6107) ‘[eWR T proe Ayey pajeinjes STLO SABIPPE 66 01°6LTT SASS 66€1 ovl sASS enySuoyz) Ty *'*4
JO[0D ©)sa)
JI0J SQUa3 9jepIpued
70T pue $ozIs bos-vNI
S)IeI) AZIS PIds Pa3s 10J sauas ¢ pue bas-11O ‘bas (rjoerxmy
(6107) '[e ¥ Suenyz  XIs pue I0[od elsa],  pue sTLO Jofew © 19°89%C PUB $$°066C SANS 610S Pue €81/ L9T VIS ‘bos-vSg  -urx x g6 nokonx) i ¢4
SJUSJUOD PIOE 1[0 (SANS 9972
(8107) Teyony  -urf pue proe d9[Q STLO urew ¢ LE'98ST  PUE SYSS 89) vEET 9p1  SYSS pue bas-Jv IS (9Ld x gZnAenH) Ty '
(souagd STy TR S[enpIAIpur
SQ0UISJOY (s)1remn pareroossy  10) sSTLO JO Ioquiny (AP) 2oueisip dejy  paddewr jo roquuny  Surddewr jo roquunp Kesse FurdKjouan suoniendog

(ponunuoo) | sjqey

pringer

AQs



Page 11 0f30 66

Theoretical and Applied Genetics (2024) 137:66

J[onIe 9y} Ul 9[qR[IBAR BIEP OU Sueaul (—) Ysep ay [ "(YOM) Surouonbasar swoua3d-ajoym {(YOA) Sunel onoioyd [ensia (bas-Jy1S) Surouanbos juowdery payrjdue
snoof-oy1oads {(YINDS) Surpear 1w [AydoIoryd qvds (0L VIS) SVA 0L e eate jeo[ oyroads ((SINS) swisiydiowAod opriosfonu 9[3uts {(YIAS) SISATeur JoxIew o[3urs (sYSS) opnos[onu
9[Surs () 2uIif paiqul Jueuiquodal {(bas-qyYp) Surousnbas YN PreIoosse-ayIs-uonomsal ((ddAd) uerd 1od praik pod {(HSIA) WSy we)s urew {(QGVIA) Sulssoroyoeq pajsisse-1oyrewt
S(SVLIN) Suoneroosse jren-siaxew (1q1) PSu9] youelq [e1de] (dSVI) ADd 2yr0ads-oe[y sannedwoy (SLgD) Surouanbas ja81e) £q Surdfjousd ((bas-qvypp) Surouanbas YN parero
-0SSEB-9)IS-UOMNILIISAI JSA3IP-9[qnop {(AAdD) 9¥ep FurIamoy JI0f Jo 92130p uonenuaduod ¢(bes-ySg) Surouenbas sisA(eue juedordes-paynqg {(FLYV) Juowole o[qesodsueny vandod y s1yoniy

WSM PIIs-00 |

oSe 10} STLO U0ASS
(€202) -yuoorad Jurffoys pue a3ejuadrad Keire INS (15220
Te 30 opI3uen PUE JyS1om pedg  SuIf[ays 10§ STLO 9 9¢€"80LC SANS 6611 se Kyrsuop-ysty 3 85 ADDIIX031YD) 1Y
sadKyordey saurf 1G] sIoyIeW SV
(e€T0T) T8 30 Suex ozIspod ¢ pue 1O Jofew | 81°S06 SANS 7.1 Pue S[EnpraIpur ozo1  pue ‘bes-ysg YoM (£68AX9976L) 1A &
(€200
(€200) e 10 Sueg  siren Jiqey moIn STLO Jofewr g 6L1¢ SdINS 0CIS 1S bos-qvy  -6014 X Z016eZUENK) I
A[oanoadsar
‘SJUUOD UZ pue
JUAUOd 9] 10 STLO 10910 Kesse NS (0v090
(€£200) T8 10 Tewreq ouIz pue uory  -urew Jofew 4 pue ¢ £€°9¢C1 SANS 8L0S 8I¢C Asuap-ySry [ 6 ADIIX 07700 ADOD T
(su1q 00L2)
$9U93 orepIpuEd SI2QUI T81°8Y (SZ9T1 HDIIX01
(€200) T8 1T JUAU0D ssolong 61 Pue sTLO TI 9'69%1  PUB SANS 695°78¢ OFT  gOM pue bas- L0 enysuoyz) Ty °'
Keire Sur
(PETOT) T8 30 Burx WAUOd 10 STLO WUROYIUSIS ] T8€'90L'E SdNSS 078C t61  -dfiouss xmowkyy  (9-TOXMX SHI) 1Y '
Juerd sASS
(5€207) "Te 10 Sueyz JTod requinu poq STLO dAmIppE [ L899C1 L€ Pue SdNS 678¢ 181 dSvi (€1-9Xx9¢nkeny) Trd
Z1 swosou s[equ (ZHZ pue
(eZC00) T8 30 Sueyz ©1S9) POy -0IYO UO dURT ZIyYY LT6S /SANS ¥L8T1Y 16t bas-vSd  TIHZXT016ZA) T "4
uon (€£200-601 pue
(92207) ‘T8 30 BuryZ  -BUILISZ PIIS Ysal] STLO tT 6L1¢€ SdNS 021§ IZ§  Supuenbas yNA  Z016ZA) 1Y -5
(souo3 SIoyTew S[enpIAIpul
S90UQISJOY (s)1rem pareroossy  10) sSTLO JO Ioquiny (AP) 2oueysip dejy  paddew jo roquuny  Surddewr jo roqunp Kesse FurdKjouan suoniendog

(ponunuoo) | sjqey

pringer

As



66 Page 12 0f 30

Theoretical and Applied Genetics (2024) 137:66

markers can assist as a worthy genetic resource for MAB
programs and germplasm investigation to design improved
peanut cultivars (Kim et al. 2017). Recently, Bhat et al.
(2022) identified 4,309,724 SNPs from WGR data of 178
accessions. Of which, 46,087 had the maximum polymor-
phic information content. Moreover, among the numerous
chromosomal settings, intergenic and intronic regions held
more SNPs than the exonic regions. In short, these structural
and functional landscapes of the SNPs will be of massive
significance for their effectiveness in genetic and genomic
studies in peanut.

The deployment of reference genomes and sequencing-
based trait mapping approach started by using QTL-seq
approach for identifying genes for resistance to rust and
LLS followed by diagnostic marker development (Pandey
et al. 2017c). These reference genomes were further ana-
lyzed, leading to the discovery of 135,529 SSRs from the A
genome and 199,957 from the B genome (Zhao et al. 2017).
Using these markers, two physical maps were created for
each genome, and disease resistance QTLs (gF2TSWV5 for
tomato spotted wilt virus and gF2LS6 for leaf spot virus)
were mapped on a specific region (8.135 Mb) of chromo-
some AO4 of the A genome. From this region, 719 novel
SSRs were obtained, which can aid in fine mapping of these
QTLs (Zhao et al. 2017). Additionally, this region contains
652 genes, including 49 defense-related genes, such as NB-
ARC genes, LRR receptor-like genes, and WRKY TFs. In
short, this study supplies a valuable resource for peanut
genetic map construction, QTL mapping, and molecular
breeding (Zhao et al. 2017). Another genome-wide analysis
discovered a total of 8,329,496 SSRs, which were allotted in
subgenome A (3,772,653), B (4,414,961), and nine scaffolds
(141,882) (Lu et al. 2019), but we believe these should be
evaluated and identified in future works. In addition, 1276
public SSRs were incorporated with the freshly designed
SSRs. Furthermore, the freshly designed SSRs were com-
bined with 1276 public SSRs loci. This study also detected
a previously recognized leaf spot QTL (gLLS_T13_A05_7),
which was located in a 1.448-Mb region on chromosome
AO05. Within this region, a total of 819 freshly established
SSRs and 108 candidate genes were identified. These freshly
designed and public SSRs offer a useful resource for trait
genetic analysis and molecular breeding plans in cultivated
peanut (Lu et al. 2019).

Using a density map with 7183 SNP markers, fine-map-
ping was performed for a single dominant gene (Ahwrkyl3)
associated with red testa on a region of 0.905 cM on chro-
mosome 3 (Zhuang et al. 2019). A recent study anticipated
512,900 SSRs from 2556.9-Mb genomic sequences of four
peanut genotypes (Ma et al. 2020). Approximately 60% of
these SSRs were single-locus SSRs, which are limited in
recognizing the alleles of the A and B subgenomes of pea-
nut. This study discovered two markers related to purple

@ Springer

testa color and 27 markers near FAD2 genes that can be
benefited for breeding new varieties with purple testa and
high-oleic acid content. These genomic SSRs will be handy
for diversity assessment, genetic mapping, and functional
genomics investigations in peanut (Ma et al. 2020). Another
study constructed a peanut genetic map using a RIL popu-
lation of 151 individuals, and 231 SSRs and identified 11
and 16 QTLs associated with main stem height and the first
lateral branch length of peanut, respectively (Li et al. 2017).
These findings offer valuable evidence for the fine mapping
of QTLs and breeding optimal plant-types in cultivated pea-
nut (Li et al. 2017).

By finer QTL mapping and BSA together with BSR anal-
ysis using RIL population, a candidate region was identified
on chromosome 07 (0.87—1.95 Mb in contigs 000199F) and
chromosome 12 (4.41-5.91 Mb in 000164F), which include
99 (such as ABC transporters, oligopeptide transporter 5
(OPTY5), histidine kinase 2 (AHK?2), amino acid permease
3 and transcriptional regulator STERILE APETALA-SAP),
and 97 (such as auxin transcription factors-ARF2 and
CYP78A6) candidate genes, respectively, associated with
seed size (Zhuang et al. 2019). This study also noticed that
one SNP and one InDel marker discriminate the promoter
region of CYP78A6 between large and small-seeded par-
ents. In both regions, a total of 248 significant SNPs were
identified (Zhuang et al. 2019). This QTL mapping helped
to discover a total of seven QTL regions associated with five
seed size-related traits (Zhuang et al. 2019). A RIL popula-
tion was created by crossing a cultivar called “Huayu36”
with a germplasm line called “6—13”, which had different
seed weight, size, and shape. A high-density genetic map
was developed using SLAF-seq and SSR markers, includ-
ing a map distance of 1266.87 cM (Zhang et al. 2019). This
new map helped to identify 27 QTLs on chromosome 8 for
various seed-associated traits, which will be useful for addi-
tional functional examination of yield-associated traits in
peanut (Zhang et al. 2019). In another study, a high-density
genetic linkage map of cultivated peanut was improved
using a combination of SLAF-seq and SSR methods to
discover QTLs guiding the concentration degree of floret
flowering date (Wang et al. 2020). The map comprised of
3326 genetic markers (including 2996 SNPs and 330 SSRs)
allocated across 20 linkage groups, covering a total length
of 1822.83 cM. This high-resolution and accurate map will
enable more QTL discoveries associated with agronomic-
and quality-connected attributes in cultivated peanut (Wang
et al. 2020). By combining GWAS and BSA-seq, Li et al.
(2022) discovered 12,342 high-quality SNPs, and found 90
significant SNPs delivered on 15 chromosomes linked with
various peanut plant traits such as lateral branch angle, main
stem height, lateral branch height, extent radius, and the
index of plant type (Li et al. 2022). This study also discov-
ered 597 candidate genes involved in biological processes,
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phytohormone signaling, plant growth and expansion. BSA-
seq combined with SLAF-seq was utilized to discover a
genomic region on BO5 connected with lateral branch angle,
with four candidate genes implicated in peanut growth.
These findings can be useful in MAB for peanut growth
habits (Li et al. 2022).

Pandey et al. (2021) developed a high-density genetic
map with 1205 loci using the 58 K SNP “Axiom_Arachis”
array in the RILs population (TAG 24 XICGV 86031).
QTL analysis for 20 drought tolerance and two iron defi-
ciency tolerance-related traits was accomplished, reveal-
ing numerous QTLs and genes on the recently constructed
genetic map. These genes are implied to be involved in plant
growth, development of seed and pod, and photosynthesis
under stress conditions (such as drought or iron deficiency)
in peanut (Pandey et al. 2021). In a recent study, Ghosh
et al. (2022) identified the genomic regions associated with
drought stress tolerance in peanut using a RIL population
(TMV 2XxTMYV 2-NLM). This study assessed the popula-
tion over six seasons at two locations in India, i.e., Dhar-
wad (non-stress conditions), and Tirupati (water-stress
conditions) (Ghosh et al. 2022). Using 700 SNPs linkage
map, QTLs and candidate genes accompanying drought
stress tolerance were recognized in peanut. These candidate
genes possess high potential in advancing the field of genetic
research and also the linked markers can be employed to
design drought tolerance peanut (Ghosh et al. 2022). Like-
wise, Agarwal et al. (2018) developed a high-density genetic
map using SNP markers derived from WGR methods. The
map comprised of 8869 SNPs circulated across 20 linkage
groups and can enable disease resistance QTL exploration
and candidate gene discovery in peanut (Agarwal et al.
2018). Based on the above-discussed examples, it can be
inferred that peanut has a wealth of SNP molecular markers
available for use in diverse genetic and molecular breeding
applications. The improvement of genomic resources, i.e.,
molecular markers, genetic maps, QTLs identification, and
MAB has assisted advancement in overcoming genetic con-
straints and has the promise to fast-track genetic improve-
ment in peanut.

Marker-assisted breeding for peanut
improvement

MAB (including QTL mapping and GWAS analysis) is a
useful tool for trait discovery in peanut, as it can obtain
historical recombination episodes and allelic variety not
exhibited in structured populations. MAB data also pro-
vide support to further explore other genomics resources.
For instance, technological innovations in sequencing and
high-throughput genotyping methods (such as GBS, SSRs,
QTL-seq, SLAF-seq, ddRAD-seq, RAD-seq, and BSA-seq)

have greatly accelerated trait-finding efforts, enabling high-
resolution mapping and quicker candidate gene detection in
peanut (Table 1) (Pandey et al. 2014b, 2020b; Ozias-Akins
et al. 2017; Zhuang et al. 2019; Zhang et al. 2023b). The
reduced cost of sequencing and accessibility of high-quality
reference genomes has presented marker- and sequence-
based trait mapping as more reasonable and time-effective.

In recent years, MAB has also contributed to the design
and release of improved varieties. The commercialization
of marker-assisted backcrossing (MABC) lines with fungal
foliar disease resistance in India marks an important mile-
stone in peanut breeding. For instance, a rust resistance
major QTL was introgressed using MABC in three popu-
lar Indian peanut cultivars, which resulted in 200 promis-
ing introgression lines with improved rust resistance and
superior yield (Varshney et al. 2014). In another study, 82
introgression lines were developed through MABC and 387
lines through marker-assisted selection (MAS), combining
DNA markers accompanied with higher oleic acid content
(Janila et al. 2016a). High oleic acid alleles from SunOleic
95R were fruitfully introgressed into ICGV 05141 using
MAS, resulting in recombinant lines with improved oleic
acid content, oil quality, pod yield, and necessary pod/seed
traits. These lines economically help Indian farmers and
meet the market’s breeding demand for high oleic peanuts
(Bera et al. 2018). Likewise, (Deshmukh et al. 2020) utilized
MAS to introgress high oleic content, resistance to LLS and
rust qualities into the popular peanut cultivar (Kadiri 6). Six-
teen homozygous plants were recognized with anticipated
qualities in BC,F,, of which three lines demonstrated > 80%
oleic acid, high resistance to LLS and rust, and promising
pod and kernel structures, making them hopeful candidates
for commercial release in India (Deshmukh et al. 2020). The
MABC strategy was used by Kolekar et al. (2017) to gener-
ate a peanut line resistant to LLS, which can be used as a
genetic resources in peanut improvement. They found and
introduced LLS resistance genes into the peanut genome
using molecular markers. The MABC line that resulted from
this breeding protocol, developed by a series of backcrosses
and directed by MAS, has a remarkable level of resistance to
LLS (Kolekar et al. 2017). Similarly, Yeri and Bhat (2016)
developed LLS-resistant peanut lines with MABC. These
lines were further evaluated and released for commercial
use, significantly contributing to combating a critical issue
in peanut crops. This invention can potentially lower the
need for chemical treatments, enhancing crop quality and
production, further contributing to the profitability of peanut
farming in India. These outcomes highlight the real efforts
of GAB in designing improved cultivars, which are readily
available to the farmers. As discussed in the below sections,
several examples have shown the potential of these methods
for fast-tracking MAB-assisted peanut breeding and some
latest examples are also organized in Table 1.
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Insights from QTLs and GWAS analysis

The identification of multiple QTLs that control signifi-
cant quantitative traits in peanut is crucial for MAB (Pan-
dey et al. 2014b; Ozias-Akins et al. 2017; Choudhary et al.
2019). Classical linkage mapping is a trustworthy approach
to examine the genetic basis of these traits, while genome-
wide mapping in huge populations can assist the cloning
of target genes in peanut. The accessibility of high-density
SNPs has allowed the use of GWAS, a natural population-
based method that beats the restrictions of traditional link-
age mapping. Combining phenotypic and genotypic data
using GWAS delivers valuable visions into the complex
genetic architecture of significant traits (Varshney et al.
2005, 2020, 2021b). Prior to the sequencing of diploid and
tetraploid peanuts, limited progress was achieved in GWAS
and QTL mapping for numerous traits and stress tolerance,
as reviewed in some previous publications (Pandey et al.
2014b; Ozias-Akins et al. 2017; Choudhary et al. 2019; Bera
et al. 2022). However, after 2016 and 2019, peanut genetics
and genomics investigation has accelerated to guide future
peanut breeding programs. Despite this progress, abiotic and
biotic stresses continue to influence peanut production and
agronomic traits, highlighting the ought to discover QTLs
or genomic regions that can design future peanut cultivars
under stress conditions. In this context, several studies have
reported many QTLs/regions associated with different abi-
otic/biotic stresses and agronomically important traits.

Abiotic stress

Climate change imposes several abiotic stresses (such as
drought, nutrient imbalance, temperature, soil salinity, etc.)
that significantly impact crop productivity, including pea-
nut (Raza et al. 2021, 2022a, 2023e, d, f, a; Varshney et al.
2021a; Zandalinas et al. 2021; Rivero et al. 2022; Benitez-
Alfonso et al. 2023; Varshney and Bohra 2023). For instance,
widespread phenotyping data from multiple locations and
seasons were used for QTL analysis of drought- and iron
deficiency tolerance-connected attributes in peanut (Pandey
et al. 2021). This genome-wide analysis recognized 19 major
QTLs, explaining up to 33.9% of the PVE. Numerous imper-
ative candidate genes were also discovered in these QTL
regions, possibly involved in plant growth, seed and pod
development, and photosynthesis under stress conditions.
These discoveries could be employed to design molecular
markers for MAB to boost peanut yield under drought and
iron-deficient soil conditions following validation (Pandey
et al. 2021).

In a recent study, Ghosh et al. (2022) utilized a RIL popu-
lation to discover genomic regions allied with drought stress
tolerance in peanut. They discovered three major QTLs for
pod yield per plant, with a PVE of 10.5%, and nine QTLs
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for specific dry weight at 70 days after sowing, with the
highest PVE of 18.4%. Some of these QTLs showed epi-
static interactions and were stable across different locations.
This study also detected candidate genes with SNPs and
ARMITE] insertions in the major QTL regions, including
a rare non-synonymous SNP at Ah02_1558700 within the
gene ArahyW1POUG6 controlling pod yield per plant. These
outcomes offer potential targets for genetic mutation and the
improvement of linked markers to advance drought stress
tolerance in peanut (Ghosh et al. 2022). Previously, 52 QTLs
correlated with nine yield-related traits were discovered
using a combination of phenotyping and genotyping data
under well-watered and water-stress conditions at two loca-
tions in West Africa. Nonetheless, these QTLs had low PVE,
with values of less than 12% (Faye et al. 2015).

Pattanashetti et al. (2020) identified 32 QTLs for iron
deficiency chlorosis tolerance in peanut using an RIL popu-
lation. The QTLs had low PVE for yield-related traits, but
two major QTLs for visual chlorosis rating at 60 and 90 days
were detected. The validated QTLs/markers could be used
for MAB in peanut (Pattanashetti et al. 2020). In another
recent study, 11 and 12 main-effect QTLs were spotted for
visual chlorotic rating and SPAD chlorophyll meter reading,
respectively (Tayade et al. 2022). Three QTLs were major
for visual chlorotic rating and two were major for SPAD
chlorophyll meter reading. A SNP marker was identified for
visual chlorotic rating sited in an influential protein-binding
gene (Arahy.QAOCI). The study discovered new QTLs and
validated QTLs for iron deficiency chlorosis tolerance, deliv-
ering beneficial genomic resources for MAB (Tayade et al.
2022).

Sun et al. (2023) used BSA-seq to identify genomic
regions and SNPs linked with low temperature tolerance in
high oleic acid peanut. They identified a 2.29 Mb interval
on chromosome AQS5 that restrained 122 genes associated
to abiotic stress and plant-pathogen interaction, deliver-
ing comprehension into the molecular mechanisms of low
temperature tolerance and potential for future MAB (Sun
et al. 2023). Zou et al. (2020) conducted GWAS analysis
using the 58 K SNP Axiom_Arachis array to identify SNPs
associated with salinity tolerance and radical root length in
peanut. They found three putative SNPs located on chro-
mosomes Aradu.A03, Araip.BO1, and Araip.BO5 that were
significantly related to the salinity tolerance and radical root
length (Zou et al. 2020). More studies on different abiotic
stresses in peanut are expected to be conducted in the future
to design the climate-smart future peanut cultivars.

Biotic stress
Like abiotic stress, various biotic stresses also negatively

impact peanut growth and production (Gangurde et al. 2019;
Huang et al. 2023; Lokya et al. 2023). Using RAD-seq along
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with SSRs and linked SNPs, Zhao et al. (2016) identified
two major QTLs (gBW-1 consistent in F2 and F8 generation
and gBW-2 in F2) for bacterial wilt resistance in cultivated
peanut and found all linked SNP makers for gBW-1 region
located at the chromosome B02 of A. ipaensis, provided
basic foundations for functional studies to enhance disease
resistance in peanut (Zhao et al. 2016). Further studies by
linkage mapping with SSRs or SNPs in other crosses of dif-
ferent resistance origins or resources obtained similar map-
ping regions on chromosome 12 (or B02) (Wang et al. 2018;
Luo et al. 2019b, 2020a; Qi et al. 2022). Using QTL-seq led
to design of closely linked KASP markers within R genes,
which can be used for resistance varieties enhancement by
MAB (Luo et al. 2019b, 2020a; Qi et al. 2022; Zhang et al.
2023b). This work has led to functionally characterizing key
genes that can be used as precision breeding for bacterial
wilt resistance in cultivated peanut. Agarwal et al. (2018)
used WGR to identify 35 main-effect QTLs for disease
resistance in peanut, including two QTLs for early leaf spot,
two for LLS, and one for Tomato spotted wilt virus. They
also detected QTL regions having disease-resistance genes
(such as R-genes) and transcription factors. The authors
developed KASP markers for these QTLs and validated
them in a population that can contribute to design the GAB-
mediated disease resistant peanut cultivars (Agarwal et al.
2018). In another study, Agmon et al. (2022) performed QTL
mapping for stem rot resistance in peanut, and identified 20
significant QTLs in four locations. The BO5 QTL was the
strongest, with a PVE of 11.6-21.7%. Interestingly, this QTL
was found to be colocalized with a major locus for branch-
ing habit, indicating that plant architecture can induce the
disease rate of Sclerotium rolfsii in the peanut field (Agmon
et al. 2022).

Aflatoxins are highly lethal mycotoxins delivered by
Aspergillus fungi in peanuts. DNA markers related with
aflatoxin production can aid in designing resistant peanut
cultivars via molecular breeding methods. In this context,
Yu et al. (2019) recognized four major- and six minor-QTLs
associated with aflatoxin resistance using a genetic linkage
map created by SSRs. However, due to the map’s low reso-
lution, related candidate genes could not be identified. To
overcome this constraint, in the next study, Yu et al. (2020)
conducted a GWAS analysis on 99 peanut accessions using
RAD-seq and identified 60 SNP markers linked with afla-
toxin resistance, explaining 16.87-31.70% of PVE. Of these,
two SNPs, SNP02686 and SNP19994, had the highest PVE
of 31.70 and 28.91%, respectively (Yu et al. 2020). These
resistant accessions and SNPs may facilitate peanut breeding
for resistant to aflatoxin. In another study, authors utilized
the SLAF-seq method to create high-density genetic linkage
maps and discover QTLs associated with aflatoxin resistance
in peanut (Khan et al. 2020b). Two consistent QTLs (gRAF-
3-1 and gRAF-14-1) were identified on chromosomes A03

and B04, respectively, with gRAF-3-1 having more than 19%
PVE. The mapped QTLs were positioned inside a physi-
cal gap of 1.44 and 2.22 Mbp, possessing several candidate
genes, including RPP13, lox, WRKY, and cytochrome P450
71B34. These QTLs and/or candidate genes will enable
marker improvement and validation for exploitation in
MAB programs to design aflatoxin-resistant peanut cultivars
(Khan et al. 2020b).

A GWAS study using Affymetrix version 2.0 SNP array
identified 46 QTLs associated with resistance to ELS and
LLS in peanuts (Zhang et al. 2020). Among these, four and
two major QTLs were identified for ELS and LLS resist-
ance, respectively, and two genomic regions on chromo-
some B09 provided resistance to both diseases. Moreover,
74 non-redundant resistance genes were discovered, with 12
candidate genes in noteworthy genomic regions. The identi-
fied QTLs and candidate genes will aid in the breeding of
resistant peanut cultivars (Zhang et al. 2020). GBS-based
sequencing method was used to develop three dense genetic
maps and identify genomic regions and candidate genes
for rust and LLS resistance in TAG 24 x GPBD 4 (Pandey
et al. 2017a) as well as for stem rot disease resistance in
peanut (Dodia et al. 2019). By QTLseq based on STQ ref-
erence genome unexpectedly found that the rust and LLS
resistances derived from wild peanut AO3 had now been
transferred onto chromosome 13 in cultivated peanut as
result of mutual chromosomes translocation, indicating
cultivated peanut genome was able to provide accurate
traits mapping and genes discovery (Zhuang et al. 2019).
Using GBS method, Dodia et al. (2019) identified 44 major
epistatic QTLs for resistance to stem rot disease in peanut.
They found a QTL on B04 comprising 170 genes. Another
study by Han et al. (2018) also utilized GBS to identify
major QTLs for resistance to LLS and ELS in peanut. They
identified a major QTL on BOS5 anchored by two NBS-LRR
resistance genes and two QTLs on A0O3 and B04 correlated
with resistance genes for ELS. Sequences within the identi-
fied intervals could aid in discovering resistance genes and
executing MAB for designing disease-resistant peanut (Han
et al. 2018). In summary, the categorized genomic regions
and candidate genes will enable marker development for
designing disease-resistant peanut varieties using GAB.

Agronomic traits

Several QTL mapping studies have spotted substantial locus
associated with different agronomic and quality traits in cul-
tivated peanut (Table 1). For instance, SLAF-seq was used to
discover 27 QTLs related to 100-seed weight, length, width,
and length-to-width ratio, on 8 chromosomes with LOD val-
ues of 3.16-31.55 and PVE ranging from 0.74 to 83.23%
(Zhang et al. 2019). Interestingly, two constant QTL regions
were found on chromosomes 2 and 16, with gene content
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providing significant knowledge for designing modern pea-
nut cultivars with improved seed size by molecular breeding
(Zhang et al. 2019). Pandey et al. (2014c) performed GWAS
using 300 peanut genotypes and detected nine loci linked
with seed length, three with seed width, and five with 100
seed weight. On the other hand, Huang et al. (2015) carried
out QTL mapping for these traits in an F, population and
also successfully identified genetic regions explaining PVE
from 1.69 to 17.88%. Additionally, another study utilizing
two F,.; populations distinguished 10 QTLs for seed length
and 7 for seed width, with the PVE up to 20.80 and 14.43%,
respectively (Chen et al. 2016a). These studies deliver useful
evidence for peanut breeding programs to design innovative
cultivars with advanced seed traits.

Chen et al. (2017) performed QTL mapping and meta-
analysis using an RIL population and found 83 QTLs associ-
ated with pod- and seed-related traits. While Li et al. (2022)
conducted a combined analysis of GWAS and BSA-seq to
discover candidate genes related to lateral branch angle in
peanut. They found three candidate genes associated with
F-box family proteins (Araip. E64SW, Araip.YGILK, and
Araip.JJ6RA) and one target gene linked to PPP family
protein (Araip.YU281) that are essential for plant growth
and development. These genes could be used as molecular
breeding targets in MAB to improve peanut growth habits
(Li et al. 2022). Another study used GWAS to analyze 11
agronomically important traits in 158 peanut accessions and
identified 1429 genes in a 200 K genomic region related to
domestication (Zhang et al. 2017).

In another study, QTL-seq approach discovered five
genomic regions for seed weight, and these regions were
found to have 182 SNPs in genic and intergenic regions (Gan-
gurde et al. 2022). Of these, 11 non-synonymous SNPs in the
genomic regions had ten candidate genes containing Ulp pro-
teases and BIG SEED locus genes. Moreover, KASP mark-
ers for 14 SNPs were cultivated, among which four markers
(snpAHO0031, snpAHO0033, snpAHO0037, and snpAH0038)
were effectively validated, contributing to breeding large-
seeded peanut varieties (Gangurde et al. 2022). In a study, Luo
et al. (2019a) used the QTL-seq approach to enhance shelling
percentage in cultivated peanut. This study discovered two
overlapping genomic regions (2.75 Mb on A09 and 1.1 Mb
on B02) linked with shelling percentage. Nine candidate genes
affected by SNPs were identified, heading to the advancement
of KASP markers. These outcomes pose valuable insights for
gene cloning and the utilization of diagnostic markers, assist-
ing the designing of superior peanut varieties with increased
shelling percentage (Luo et al. 2019a). Using the BSA-seq and
QTL mapping methods, Pan et al. (2022) fine-mapped a can-
didate gene (AhLBAI) on 136.65 kb physical region on chro-
mosome 15, controlling lateral branch angel. This study will
promote an explanation of the genetic mechanism of lateral
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branch angels in peanut and assist MAS in future breeding
programs (Pan et al. 2022).

Wang et al. (2020) used a combination of SLAF-seq and
SSRs methods to identify 15 QTLs connected with concentra-
tion degree of floret flowering date, including a major QTL
found on chromosome 6 (Wang et al. 2020). Huang et al.
(2015) discovered 12 QTLs for eight diverse quality-related
traits using SSR markers. While Hake et al. (2017) detected a
major effect QTL for days to 50% flowering on linkage group
AO03. Khedikar and coauthors identified three minor-effect
QTLs associated with days to flowering and 62 main-effect
QTLs for morphological and yield-associated traits (Khedikar
et al. 2018). Recently, Sun et al. (2022) used WGR to create a
high-density linkage map and identified 110 QTLs for peanut
quality traits. One major QTL (gA05.1) on chromosome A0S
was detected in multiple environments and was found to affect
oil, protein, and six fatty acids. Two SNPs in the genomic
region of gA05.1 may be useful for MAB (Sun et al. 2022).
Previously, another group of authors discovered two major
QTLs on chromosomes A02 and A10, and 20. These QTLs
were found to be associated with oil content and fatty acid
organizations on other chromosomes using DArT markers in
two F2 populations (Shasidhar et al. 2017). These findings
are providing beneficial information for fast-tracking peanut
breeding and trait improvement.

A study using ddRAD-seq, mapped a major and stable QTL
(qOCA08.1) to a genomic region possessing two annotated
genes that affect oil biosynthesis (Liu et al. 2020b). Another
study by Zhang et al. (2018) performed GWAS by using 268
lines and 120 markers to discover genetic markers connected
with key agronomic traits, i.e., protein, oleic acid, and linoleic
acid Zhang et al. (2018). A total of 2559 genes implicated in
fatty acid metabolism and lipid storage were identified through
genomic analysis of peanut (Chen et al. 2019a). These findings
indicate that further study of major and stable QTLs could lead
to gene discovery for peanut breeding. Additionally, strictly
linked molecular markers and genes correlated with yield-
related traits and oil content could be valuable in MAB for
peanut improvement.

The above-discussed studies demonstrate the successful
use of various sequencing-based methods for trait mapping in
peanut, leading to the finding of significant genomic regions,
candidate genes, and molecular markers related to required
traits such as yield, quality, stress tolerance and disease resist-
ance. In short, these new sources can be used for MAB to
fast-track the breeding procedure and design improved peanut
cultivars with desired traits.
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Genomic selection: a modern molecular
breeding method to fast-track peanut
breeding program

Genomic selection (GS) is a modern molecular breed-
ing method that promises to improve complex traits
with greater accuracy and precision in less time (Crossa
et al. 2017; Xu et al. 2020; Anilkumar et al. 2022). In
GS, precise multilocation phenotyping data and optimum
genotyping density are essential to designing training and
testing populations for adjusting genomic prediction by
different GS models. The benefit of GS is the decrease of
the selection cycle and avoidance of broad phenotyping
across the collection of greater lines based on the estimate
of genomic-estimated breeding values (GEBV) (Fig. 3)
(Crossa et al. 2017; Xu et al. 2020; Anilkumar et al. 2022).
Nevertheless, estimate accuracy in GS is influenced by
numerous factors, including training population size and
constitution/structure, accurate and superiority phenotyp-
ing, marker density, and attribute heritability (Xu et al.
2020; Anilkumar et al. 2022). In contrary to QTLs and
GWAS, GS utilizes all DNA markers for genomic-ena-
bled estimation of the implementation of the candidates
for selection, targeting to estimate breeding and/or genetic
values (Crossa et al. 2017).

In peanut research, GS breeding is a rapidly progressing
field, driven by advances in genomics. A study investigated
genotyping data on 2356 DArT markers and six seasons
of phenotyping data on the ICRISAT mini-core collection

Fig.3 Simplified design
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for days to flowering, seed weight, and pod yield (Pandey
et al. 2014a, 2015). Higher prediction precisions were per-
ceived with connected markers than with total markers in
the whole mini-core collection. Conversely, this was not
seen when a lesser set of lines were counted as the training
population. Regardless of the training and validation set
size, there was a positive association between high trait
heritability and estimate accuracy. To facilitate GS breed-
ing, a high-density genotyping assay was developed and
validated using the 58 K Axiom_Arachis SNP array (Pan-
dey et al. 2017b; Clevenger et al. 2017). This assay has
helped to identify 13,355 genome-wide polymorphic SNPs
for performing GS analysis in peanuts (Chaudhari et al.
2019). This study also phenotyped a training population of
340 elite peanut lines for 11 agronomic, seven quality, and
six foliar disease resistance traits (such as LLS and rust
resistance) at four locations (Chaudhari et al. 2019). The
resulting phenotypic and genomic data can be managed
to design GS estimate models for future breeding efforts
(Chaudhari et al. 2019). A training population of 340 elite
peanut lines was genotyped using a 58 K “Axiom_Arachis”
SNP array and phenotyped for key agronomic attributes
across three Indian locations (Pandey et al. 2020a). The
comparative analysis uncovered that naive interaction
models and naive and informed interaction GS models
successfully improved prediction accuracy, counting the
complex genotype X environment interaction in peanut.
This evaluation gave valuable insights into the possible
application of GS breeding, specifically for untested geno-
types and overlooked environments (Pandey et al. 2020a).
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In a recent study, the infusion of exotic germplasm via a
multistage breeding method improves the sustained devel-
opment of polygenic traits. This can create a pre-breeding
strategy with response mechanisms to adjust recurrent
GS in peanut breeding programs (Breider et al. 2022). In
short, this multistage breeding method can upgrade long-
term genetic gain for polygenic traits and potentially par-
ticipate in future food security.

In current years, the genomics era has viewed a para-
digm shift in modern breeding approaches with the appear-
ance of allele mining (Varshney et al. 2021b; Tripodi et al.
2023). This pioneering approach implies the systematic
evaluation and deployment of genetic diversity existing
within a species, providing a treasure trove of untapped
genetic potential (Varshney et al. 2018, 2021b; Sharwood
et al. 2022; Tripodi et al. 2023). By tapping into the treas-
ure of genetic diversity, breeders gain access to a pool of
unique alleles, permitting the designing of new, improved
cultivars with enhanced yield, resilience to stresses, and
nutritional satisfaction (Sharwood et al. 2022; Tripodi et al.
2023). In this GAB era, the importance of allele mining
cannot be inflated, as it supplies a central tool in forming
the future of peanut improvement. For instance, a recent
study examined the genome-wide DNA methylation pattern,
and the results showed that CHG regions had the maximum
(30,537,376) DNA methylation after CpG (30,356,066) and
CHH (15,993,361) through 11 genotypes (Bhat et al. 2020).
Sub-genome B displayed superior DNA methylation sites
(46,294,063) compared to the sub-genome A (30,415,166).
The genes illustrating changed methylation and expression
were recognized between the parent (TMV2) and its EMS-
derived mutant (TMV2-NLM). Notably, foliar disease-
resistant genotypes confirmed substantial distinction DNA
methylation at 766 sites corresponding to 25 genes. In short,
this study specified the alteration in the DNA methylation
design among the different genotypes and its impact on gene
expression (Bhat et al. 2020), which could be utilized during
future breeding design.

Recently, Liu et al. (2022a) used genetic diversity and
genomic scan analysis to discover selective loci for GS
breeding in peanut. They obtained large-scale SNPs from
WGR of 203 cultivated peanut accessions and discovered
selective sweeps underlying QTL and genes associated with
seed size, plant architecture, and disease resistance. Two
genes implied in seed weight and length regulation were
also recognized via GWAS testing with functional investiga-
tion. Overall, this study provides new genetic information
for innovative peanut breeding (Liu et al. 2022a). In another
study, Ravelombola et al. (2022) identified SNPs correlated
with sting nematode resistance in cultivated peanut and
reviewed the precision of GS in calculating resistance. Using
13,306 filtered SNPs and phenotyping for sting nematode
resistance, the authors discovered numerous SNPs connected

@ Springer

with resistance using distinct regression models. GS preci-
sion was higher when using SNPs from GWAS. Notably, this
is the first study on SNPs correlated with resistance and GS
for sting nematode resistance in peanuts. This study specifies
essential information to design a molecular breeding strategy
to choose for sting nematode resistance in peanuts during
GAB/MAB breeding (Ravelombola et al. 2022). In the near
future, more of such efforts are required to fully explore the
potential of GS that can help to fast-track and design future
peanut breeding programs.

In modern agriculture, the haplotype-based breeding
(HBB) approach has emerged as a potential approach for
accelerating the generation of crop varieties with improved
traits (Bhat et al. 2021a). HBB approach, centered on hap-
lotypes, holds significant promise for enhancing peanut
hybrid breeding efforts. Its key benefit is the careful selec-
tion of parent plants based on the existence of superior and
diversified haplotypes (Bhat et al. 2021a). A key challenge
for breeders is cultivating climate-smart crop varieties with
increased yield potential, particularly in global climate
change (Zandalinas et al. 2021; Rivero et al. 2022). Promot-
ing the utilization of haplotypes in GS is championed as a
potential approach to enhance the precision and effectiveness
of trait prediction and offer more precise and efficient crop
improvement. This is because extensive haplotype maps ena-
ble more accurate identification and utilization of genomic
regions associated with specific traits prominently in popu-
lations characterized by prominent linkage disequilibrium
structures (Varshney et al. 2005, 2021b; Bhat et al. 2021a).
Additionally, the use of haplotypes streamlines the process
of trait prediction in populations with strong LD structures.
HBB speeds up traditional breeding operations by making
picking individuals with desired haplotypes easier. As a
result, the time necessary to produce superior crop variety
is reduced (Won et al. 2020; Bhat et al. 2021a; Zhang et al.
2021a). Haplotypes has allowed for higher accuracy in trait
selection, resulting in crop varieties with more uniformity
and predictability in trait expression (Houston et al. 2020;
Bhat et al. 2021a; Varshney et al. 2021b).

For instance, a significant QTL for seed weight in peanut
was fine-mapped using haplotype-based association analysis
in this work (Chu et al. 2020). This study showed how HBB
has been utilized in peanut to enhance trait improvement.
The researchers were able to gain a more accurate grasp of
the genetic basis of this crucial feature by concentrating on
haplotypes (Chu et al. 2020). Recently, Liu et al. (2022a)
identified different haplotypes associated with seed traits
in cultivated peanuts. The authors carried out transgenic
experimentations in Arabidopsis to confirm the function of
the candidate gene (i.e., AhFAX]I). In comparison to WT
plants, both overexpression lines, AhFAX1 with haplotype
G (35S:AhFAX1hapG) and AhFAXI with haplotype A
(358:AhFAX1hapA), had greater seed size and seed weights
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in transgenic Arabidopsis (Liu et al. 2022a), suggesting the
key role of these haplotypes in seed trait improvement in
peanut. In a recent study, diverse RILs and peanut varieties
were employed to examine the major haplotype of a candi-
date gene (i.e., PSWI) associated with pod size in peanut
(Zhao et al. 2023). The authors showed that a natural allele
(i.e., PSWI1"ry conversed higher expression patter of PSW1
and a robust kinship of PSW1 for its co-receptor (AhBAK]I)
to up-regulate PSWI-based pathways, suggesting the con-
tribution of haplotype II (PSW1l in regulating pod size
and potential for peanut advancement. This outcome fea-
tures the relationship among natural deviation in PSWI and
phenotypic variety, explaining a modern way for variety
advancement in several crop species (Zhao et al. 2023). The
continuous efforts in haplotype breeding highlight its poten-
tial to transform agricultural development. In conclusion,
HBB, within the context of GS, focuses on genetic data and
precise trait mapping and offers the potential to produce crop
varieties that are superior in both yield and adaptability to
shifting environmental conditions, thus playing a pivotal role
in enhancing global food security.

High-throughput phenotyping: a bridge
between genotype and phenotype

Functional exploration of plant genomes has progressed
to a high-throughput point, but modern plant breeding still
faces a major challenge in plant high-throughput pheno-
typing (HTP). Conventional phenotyping is insufficient to
estimate complex quantitative traits accurately (Araus et al.
2018; GroBkinsky et al. 2015; Yang et al. 2020; Van Tas-
sel et al. 2022). Consequently, plant HTP based on non-
destructive phenotyping and high-capacity data recording
and processing demands to be recognized for plant phenom-
ics (Fig. 3) (Van Tassel et al. 2022). Technological develop-
ments in computing, robotics, light detection and ranging,
and unmanned aerial vehicle remote sensing have assisted
rapid advancement in plant HTP (GroBkinsky et al. 2015;
Araus et al. 2018; Yang et al. 2020; Hall et al. 2022). How-
ever, plant HTP still lags far behind the power to character-
ize whole genomes. Even though physiological components
are vital in forecasting gene-to-phenotype associations for
crop innovations. Notably, most presently used HTP only
ultimately assess physiological activities despite being indi-
cated as “high-throughput plant physiology” (Furbank and
Tester 2011).

Despite technological advancements in recent decades,
there has been little progress in achieving genetic gains in
major crops (Li et al. 2018; Voss-Fels et al. 2019; Varsh-
ney et al. 2020). This has created an urgent need to expand
breeding efficiency. The efficiency of phenotyping is seen
as a major limitation to genetic development in breeding

programs (Araus and Cairns 2014; Tardieu et al. 2017;
Araus et al. 2018), predominantly in the field of plant HTP,
which is a bottleneck in conventional breeding, MAB, or
GS (Desta and Ortiz 2014; Crossa et al. 2017). Quality
plant phenotyping is also necessary for evaluating the
findings of genetic modifications. This observation has
prompted national, regional, and international programs
to advance plant phenotyping resources. The development
of more reliable, accurate, and inexpensive plant HTP will
aid in forecasting the performance of peanut genotypes
under complex field conditions and can guide future pea-
nut breeding directions.

To associate markers with traits, it is crucial to develop
and evaluate peanut RIL populations using molecular gen-
otyping. A structured 16 RIL population was previously
established, and a selected list of populations and traits
was designed for beginning high-resolution phenotyping
in peanut (Holbrook et al. 2013). In-depth HTP and geno-
types can lead to the identification of several key mark-
ers that can guide future peanut breeding (Holbrook et al.
2013). Through the pool of complementary phenotypic
data from plant morphology and disease resistance to pod
and seed traits, Chu et al. (2018) identified up to 79,000
SNPs among the parental genotypes of the NAM popu-
lation, which were further genotyped using Affymetrix
SNP arrays to assemble high-density genetic maps (Chu
et al. 2018). Genetic mapping will assist the invention of
genomic regions, manipulating phenotypic differences
between peanut lines (Chu et al. 2018). In a recent study,
Pandey et al. (2019) used a monoclonal antibody-based
ELISA protocol to measure five major allergens in an
extremely different peanut germplasm pool. The conclu-
sions showed a wide phenotypic deviation for all five aller-
gens studied, covering the avenue for using hypoallergenic
peanut genotypes in breeding and genomics investigations.
Furthermore, these hypoallergenic genotypes are presented
for cultivation and industry, opening up new prospects to
fight peanut allergies globally (Pandey et al. 2019).

To summarize, using diverse peanut germplasm esti-
mated in multiple locations and with accurate phenotyping
data is valuable for marker detection and crop breeding.
Re-sequencing whole germplasm pools can also assist
in discovering diversity sets for numerous applications
in peanut exploration and genetic improvement. In addi-
tion, GS can be used as a substitution for phenotype-based
selection for quicker and more cost-effective breeding
(Fig. 3) (Desta and Ortiz 2014; Crossa et al. 2017; Van
Tassel et al. 2022). The challenge is to design low-cost and
available data management techniques that can bridge the
gap between genotype and phenotype (gene to field). With
the advancement of HTP, peanut breeders can benefit from
the new and advanced cultivars via GAB/MAB.
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Nonetheless, it is vital to differentiate between the uses
of HTP in QTL/gene finding and its practice for making
selection choices in breeding programs. While HTP may
not continually supply favorably accurate information due
to model-based expectations, it can yet play a vital role
in adjusting selection practices by supporting breeders in
decision-making. The value of HTP remains in its power to
direct which individuals in a population should continue to
the next generation, which can efficiently reduce the popula-
tion size while retaining genetic gains.

Genome editing for advancing future
peanut cultivars

The precise and efficient CRISPR/Cas9-based gene-editing
tools have become a promising complementary for plant
breeding to generate proposed traits. This high-throughput
technology offers a highly precise and efficient tool that
holds immense promise as a complementary approach to
generate desired traits in crops, enabling researchers to
manipulate specific genes and introduce targeted modifica-
tions in a controlled manner (Tariq et al. 2023; Tuncel et al.
2023; Zaman et al. 2023b). With adaptable gene-editing
methods established, this technology has been employed in
a variety of plant species for crop improvement, including
maize, orange, potato, rice, sorghum, tobacco, tomato, rape-
seed, and wheat (Yin et al. 2017; Moradpour and Abdulah
2020; McCarty et al. 2020; Zhu et al. 2020; Liu et al. 2023;
Tariq et al. 2023; Tuncel et al. 2023; Wang and Doudna
2023; Yaqoob et al. 2023; Zaman et al. 2023a). One rel-
evance of CRISPR/Cas9 is to alter a gene via the loss-of-
function mutation by informing small indels that affect in
frame-shift mutations or untimely stop codons. Interrupt-
ing genes is effective for gene function assessment and trait
amendment, specifically for engineering quantitative fea-
tures. Though it can be more challenging to engineer quali-
tative traits with interference; hence, accurate base editing
may deliver an effective path to amend such traits (Yin et al.
2017; Moradpour and Abdulah 2020; McCarty et al. 2020;
Zhu et al. 2020; Liu et al. 2023; Tariq et al. 2023; Tuncel
et al. 2023; Wang and Doudna 2023; Yaqoob et al. 2023;
Zaman et al. 2023b). The CRISPR/Cas tool has stipulated
a new breeding method for producing genetic adaptability
in plants, compelling it to complement classical breeding
tremendously. Nevertheless, its application to peanuts is still
limited.

Recently, CRISPR/Cas9 technology has been applied to
peanut research for targeted gene modification. For instance,
the fatty acid desaturase 2 (FAD2) gene, which controls oleic
acid content in peanut seeds, was effectively mutated utiliz-
ing the CRISPR/Cas9 technique in a proof-of-concept study
(Yuan et al. 2019). The resultant mutants have high oleic
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acid content in peanut seeds with high nutritional and prof-
itable values. Even though the efficiency of the CRISPR
system in peanuts needs improvement, this study confirmed
that the method can produce mutations at the same hotspots
as real mutations (Yuan et al. 2019). Another study by Shu
et al. (2020) used the CRISPR/Cas9 system in peanut hairy
root transformation system to investigate the role of NFR
genes involved in nitrogen fixation. The authors positively
designed knock-out mutants of AANFRI and AhNFR5 genes,
exhibiting the effectiveness of CRISPR for targeted muta-
tion in cultivated peanut. By using CRISPR/Cas9 system to
target peanut AZNFR genes in the hairy root transformation
system, for the first time the authors confirmed the role of
ARNFR)5 genes in nodule development in cultivated peanut
(Shu et al. 2020).

In a recent study by Neelakandan et al. (2022b), two
diverse constructs were designed to induce insertion/dele-
tion mutations in targeted genes for loss-of-function studies
in peanut. The efficiency of these constructs was confirmed
using the hairy root transformation system, and both con-
structs demonstrated insertions and deletions as types of
edits. The construct with the enlarged plus gRNA termi-
nator exhibited extraordinary editing efficacy compared to
the regular scaffold for monoallelic and biallelic mutations.
This tool could theoretically be used to enhance peanut lines
for the gain of peanut breeders, growers, and trade (Neela-
kandan et al. 2022b). In another study, the same group of
authors used CRISPR/Cas9-mediated gene-editing to alter
cis-regulatory elements in the 5' UTR and intron of FAD2
genes to possibly produce seeds with improved oleic acid
content deprived of disturbing the fatty acid arrangement in
other plant tissues (Neelakandan et al. 2022a). These out-
comes confirmed the power of CRISPR/Cas9-based meth-
ods to attain high-frequency focused edits in controlling
sequences for the production of new transcriptional alleles,
leading to adjustment of gene expression and functional
genomic investigations in peanut (Neelakandan et al. 2022a).
In another study, the CRISPR/Cas9 system was exploited
to design two sgRNAs to edit the two homologs of AhFatB
gene (Arahy.4E7QKU and Arahy.L4EP3N) in peanut (Tang
et al. 2022b). The authors discovered a variety of mutations,
and mutations in the Arahy.4E7QKU homolog demonstrated
lower palmitic acid and higher oleic acid phenotypes. The
achieved peanut mutants with transformed saturated fatty
acid contents have the power to enhance peanut oil excel-
lence for human health. These reports explain the promise of
CRISPR/Cas9 gene-editing technology for enhancing peanut
quality and nutrition.

The use of CRISPR/Cas9 in improving disease resist-
ance, abiotic stress tolerance, and other agronomic- and
yield-associated attributes in peanut has not been reported.
This can be accredited to the challenges linked with pea-
nut genetic transformation and the complexity of the peanut
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genome. The polyploidy of the peanut genome poses chal-
lenges in designing specific gRNAs for targeted/desired
genome editing. Peanut researchers need to discover diverse
approaches to overcome these challenges, including enlight-
ening protocols for genetic transformation and tissue culture
in peanut, as well as evolving new delivery methods, such as
the use of nanoparticles or virus-like particles. With persis-
tent research and improvement of new methods and tools, it
is assumed that these bottlenecks can be overcome to har-
ness the potential of CRISPR/Cas9 in peanut genome edit-
ing. CRISPR system could also be used to introduce help-
ful traits from peanut wild relatives to cultivated peanut to
design future smart cultivars.

Furthermore, GAB can be augmented with CRISPR/Cas9
genome editing to improve peanut production. This implies
recognizing key genes correlated with desirable traits using
genomic information and using gene editing to alter these
genes. By doing so, the time and assets needed to design
new peanut varieties with increased traits can be decreased.
CRISPR/Cas system has the potential to design peanut cul-
tivars that are better adapted to changing environmental con-
ditions, more resistant to biotic diseases, and have higher
yields and nutritional value.

Contribution of speed breeding
for developing rapid generations

Conventional crop breeding is time-consuming and
resource-intensive owing to the lengthy seed-to-seed cycle.
Speed breeding, which uses procedures such as photoperiod
extension and temperature control to expedite plant growth
and development, has appeared as a promising tool for fast-
tracking the breeding process (Watson et al. 2018; Chiu-
rugwi et al. 2019; Wanga et al. 2021; Samantara et al. 2022;
Pandey et al. 2022; Sharma et al. 2023a). Speed breeding has
been successful in major crops like wheat, barley, pigeon-
pea, chickpea, rapeseed, pea (Christopher et al. 2015; Hickey
et al. 2017; Watson et al. 2018, 2019; Alahmad et al. 2018;
Saxena et al. 2019; Chiurugwi et al. 2019; Cazzola et al.
2020; Fikre et al. 2021), as well as orphan crops such as
peanut (Chiurugwi et al. 2019). Speed breeding can facilitate
the production of crosses, mapping populations, and assess-
ment of agronomically important attributes of interest.
Speed breeding has the potential to substantially decrease
the time mandatory to develop new peanut cultivars with
anticipated traits. By using controlled environments with
optimal conditions, multiple generations of peanut can be
generated in a single year (O’Connor et al. 2013; Chiu-
rugwi et al. 2019). This can fast-track the growth of new
cultivars with higher yield, better quality, and resistance/
tolerance to biotic/abiotic stresses. For example, speed
breeding decreased the generation speed of full-season

maturity cultivars from 145 to 89 days. It can also acceler-
ate the inbreeding of F,, F;, and F, generations to less than
12 months, and theoretically decrease the time to release
first cross to industrial release from 10—15 years to 67 years
(O’Connor et al. 2013). However, to take full vantage of this,
more resources and possessions may be needed to accept
elite lines from speed breeding to appear in the next phase
of the breeding or research cycle, which can be achieved
within one month for peanut (O’Connor et al. 2013) by mod-
ernizing the assessment and selection methods, e.g., effec-
tive selection methods, fast data analysis, and policymak-
ing protocols to instantly recognize and proceed the elite
lines. Furthermore, effective organization and distribution
of resources, such as devoted services and workers, can
guarantee a uniform and accelerated transition within the
stipulated time.

Combining speed breeding with GAB and genome edit-
ing can advance peanut breeding effectiveness (Pandey et al.
2022). GAB identifies genes linked to desirable traits, such
as yield, disease resistance, and stress tolerance. Genome
editing can then modify these genes completely. Speed
breeding can confirm genome editing results in a quicker
time frame, resulting in more competent and targeted breed-
ing. Overall, the coupling of GAB, HTP, genome editing,
and speed breeding holds great promise for fast-tracking
the breeding of peanut. This innovative approach to peanut
breeding can lead to the designing of new cultivars with
higher yields, improved quality, and enhanced resistance/
tolerance to biotic/abiotic stresses. The impact on global
food security could be noteworthy by offering farmers with
new means to boost peanut productivity under harsh envi-
ronmental conditions.

Concluding remarks and future outlooks

To achieve sustainable food development in a changing
climate, it is crucial to improve the proficiency of peanut
breeding for higher-yield and stress tolerance. Innovative
breeding designs, along with appropriate genomic tech-
nologies, will modernize breeding programs. Plant genome
information has facilitated many NGS methods for allele
mining and candidate gene discovery. High-throughput trait-
related markers development, economical genotyping proce-
dures, and precise HTP programs enable the fast utilization
of GAB. Although recently renovated genetic and genomic
approaches can boost conventional breeding and assessment
activities, but cannot replace conventional breeding. In the
future, the vast utilization of MAB and GS (alone or in inte-
gration with other approaches) will further enhance peanut
breeding efforts at the genomics level.

While GAB has a significant prospective, there are still
numerous challenges that hinder its speedy application, such
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as climate volatility, yield phases, linking genotype to phe-
notype, and the need for advanced plant HTP approaches.
Nevertheless, groundbreaking tools and expertise have been
influential in advancing our interpretation of genome struc-
ture and function, delivering the genetic foundations of key
attribute designs. Despite climate change, we predict sus-
tained advancement in the speed of genetic gains in peanut
breeding globally as our ability to assess and manipulate
quantitative attribute adaptation in elite varieties raises.
Though, reaching anticipated phenotypic appearances and
enhanced plant performance by targeted management of a
substantial quantity of QTLs also requires a whole system
biology technique, where peanut breeders prerequisite to
sensibly arrange attributes for a quantified target pool of
milieus. Additionally, the challenge of HTP is to be focused
on advancing the genetic gain in peanut breeding. To reach
this goal, equal importance should be targeted on interpret-
ing trait architectures in grouping with GS that does not
essentially depend on the science of target attributes. The
power of GAB will be executed during the progress of the
approaches of manipulating crop genome data for sustain-
able crop advancement, which expects repeated revolutions
in modern breeding techniques developing from new learn-
ing and advanced tools.

The challenge for higher yield, enriched nutritional
value, and developed resilience/tolerance to biotic/abiotic
stresses in peanuts demands the integration of diverse meth-
ods such as NGS, MAB, QTLs, GS, HTP, speed breeding,
and genome editing. To enable the discovery and utiliza-
tion of mysterious trait alteration attributable to a variety of
minor QTLs, competent breeding approaches are required.
Consequently, modern breeding techniques, such as GS,
which use genome-wide marker data, are becoming pro-
gressively appropriate for constant population advancement
and increasing the speed of genetic gain. Furthermore, the
optimization and acceptance of methods that fast-track the
group yield by controlling the plant growth conditions is also
important in peanut breeding. Advances in genome editing
have also substantially boosted the power for fast and pre-
cise amendments of plant genomes. To design future peanut
cultivars, we believe that a combination of GAB methods
such as GS, speed breeding, HTP, and genome editing can
be employed to fast-track the designing of new cultivars in a
shorter period. Also, targeted gene-editing or introgression
breeding can assist in retrieving domesticated characteris-
tics while maintaining helpful exceptional traits via de novo
domestication.
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