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Multi-locus genome wide association study 2
uncovers genetics of fresh seed dormancy
in groundnut
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Abstract

Pre-harvest sprouting (PHS) in groundnut leads to substantial yield losses and reduced seed quality, resulting in
reduced market value of groundnuts. Breeding cultivars with 14-21 days of fresh seed dormancy (FSD) holds
promise for precisely mitigating the yield and quality deterioration. In view of this, six multi-locus genome-

wide association study (ML-GWAS) models alongside a single-locus GWAS (SL-GWAS) model were employed on

a groundnut mini-core collection using multi season phenotyping and 58 K “Axiom_Arachis” array genotyping

data. A total of 9 significant SNP-trait associations (STAs) for FSD were detected on A0T, A04, A0S, A09, B02, B04,
BO5, BO7 and B09 chromosomes using six ML-GWAS models. Additionally, the SL-GWAS model identified 38 STAs
across 14 chromosomes of groundnut. A single STA on chromosome B02 (gFSD-B02-1) was consistently identified
in both ML-GWAS and SL-GWAS models. Furthermore, candidate gene mining identified nine high confidence
genes viz,, Cytochrome P450 705 A, Dormancy/auxin associated family protein, WRKY family transcription factor, Protein
kinase superfamily protein, serine/threonine protein phosphatase, myb transcription factor, transcriptional requlator
STERILE APETALA-like, ethylene-responsive transcription factor 7-like and F-box protein interaction domain protein as
prime regulators involved in Abscisic acid/Gibberellic acid signaling pathways regulating dormancy/germination.

In addition, three of the allele-specific markers developed from the identified STAs were validated across a diverse
panel. These markers hold potential for increasing dormancy in groundnut through marker-assisted selection (MAS).
Thus, this research offers insights into genetic and molecular mechanisms underlying groundnut seed dormancy in
addition to providing markers and donors for breeding future varieties with 2-3 weeks of FSD.
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Introduction

The physiological states of seed encompassing both
induction of dormancy and germination initiation play
a pivotal role in regulating the success of field establish-
ment of various crop plants after sowing [1]. Dormancy
and germination are primarily governed by various
physiological mechanisms and environmental factors
[2]. Despite their contrasting expressions, both seed dor-
mancy and germination hold equal significance in the
effective management and planning of crop cultivation.
There is considerable diversity in the germination behav-
ior among groundnut germplasm [3]. Typically, bunch
types tend to be non-dormant and may undergo pre-
harvest sprouting (PHS) when sufficient moisture is pres-
ent in the field at the time of maturity or before harvest.
In contrast, spreading and semi-spreading types exhibit
longer seed dormancy [4]. Therefore, Spanish bunch
groundnut varieties with a medium degree of dormancy
are advantageous in preventing in-situ germination/PHS
[5]. Conversely, longer dormancy could delay normal
germination even under favorable conditions, leading to
reduced germination percentage in the field. Previously,
efforts have been undertaken to alleviate seed dormancy
in dormant varieties by employing various growth regu-
lators and chemicals [6].

The sustainable solution to address PHS involves devel-
oping cultivars with 14-21 days of fresh seed dormancy
(FSD), capable of withstanding detrimental impact of rain
between maturity and harvest. However, improving PHS
resistance through phenotypic selection is a challenging
task. Where complicating factors include: (i) the presence
of significant genetic and environmental interactions;
(if) variation in the mechanisms governing dormancy
among different plant materials [4, 7]; (iii) the involve-
ment of multiple genes in controlling seed dormancy [8,
9]; (iv) intergenic/epistatic interactions having predomi-
nant role in governing genetic basis of seed dormancy [8,
10]; and (v) environmental conditions conducive to PHS
may not be always available. Controlled environments
such as rooms with sprinklers or germinators offer ideal
conditions for phenotyping PHS, however, their efficacy
in extensive screening of lines within breeding programs
may be limited.

Genomics-assisted breeding (GAB) is a potential tool
to overcome these constraints. GAB has been effectively
deployed to improve leaf rust and late leaf spot resistance
and high oleic acid content in groundnut [11-16]. How-
ever, the development of highly efficient linked mark-
ers is a pre-requisite for successful deployment of GAB.
Identification of genomic regions and candidate genes
linked to FSD can facilitate marker development, aiding
in the effective transfer of FSD trait into elite ground-
nut cultivars. Significant efforts have been dedicated to
understand the molecular mechanisms of PHS in cereals,
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and several genomic regions and candidate genes have
been identified in rice [17, 18] wheat [19, 20], and bar-
ley; [21, 22]. In rice, GA20-oxidase gene was identified in
the quantitative trait loci (QTL) region controlling PHS
[21]. Similarly, Mitogen-Activated Protein Kinase Kinase
3 (MKK3) and Alanine Aminotransferase (AlaAT) in bar-
ley (23, 24]; mother of FT and TFL1 (MFT) and Phsl in
wheat [25, 26] were identified as underlying genes regu-
lating seed dormancy. Though PHS is a widespread con-
straint in groundnut, only limited efforts were made to
map FSD QTLs so far, mainly using bi-parental popula-
tions [8, 27-30]. In previous reports, only few genes,
viz., zeaxanthin epoxidase, RING-H2 finger protein
[27] and ethylene-responsive transcription factor [63,
29] were identified as candidate genes involved in hor-
monal regulation of dormancy in groundnut. Bi-parental
QTL mapping generally faces limitations due to limited
recombination events taking place during the develop-
ment of recombinant inbred line population, because of
which biological processes governing dormancy remain
not fully understood [31]. Consequently, future efforts
should focus on employing highly efficient and reliable
QTL mapping methods to identify additional novel QTLs
associated with this trait.

Genome-wide association studies (GWAS) have
become increasingly recognized as a potent methodology
to identify QTLs and genes linked with complex traits
based on the historic recombination in a large natural
population [32-35]. GWAS can surpass the limitations
of bi-parental linkage mapping, allowing for the dissec-
tion of complex traits with high mapping resolution [36].
However, so far there are no reports on genome wide
association studies on FSD using diverse germplasm in
groundnut. Further, methods such as mixed linear model
(MLM) [37], implemented in single-locus GWAS (SL-
GWAS), have been extensively utilized to investigate sev-
eral genetic variants linked to complex agronomic traits.
However, SL-GWAS methods face limitations in identi-
fying minimal effect significant SNP-trait associations
(STAs) influenced by the stringent Bonferroni correc-
tion and multigenic background [38]. To overcome these
limitations, development of Multi-Locus GWAS mod-
els (ML-GWAS) has been introduced as a multi-faceted
genome scanning approach, simultaneously estimating
the effect of all the markers [39].

In the view of above gap of the knowledge and advance-
ments in association mapping analysis, in this study, we
utilized association mapping strategies by employing six
ML-GWAS and one SL-GWAS (MLM) models in the
groundnut mini-core collection. We aim to identify all
the possible STAs using multiple methodologies to derive
candidate genes regulating FSD to facilitate marker
development.
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Materials and methods

Plant material

The groundnut mini-core collection, consisting of 184
accessions developed at ICRISAT, Patancheru was used
as association mapping panel [40]. This mini-core rep-
resents the extensive genetic diversity within the entire
ICRISAT groundnut germplasm, collected from 45
countries spanning Asia, Africa, North America and
South America [3]. Encompassing six botanical types
- hypogaea, hirsuta, fastigiata, peruviana, aequatoriana
and vulgaris, the collection provides a comprehensive
resource for groundnut genetic studies and breeding
efforts.

Field experiment and phenotypic evaluation

Phenotyping data on days to 50% germination was
recorded at two locations namely ICRISAT, Hyderabad,
India and Dry land farm of S.V. Agricultural College in
Tirupati, Andhra Pradesh, India. A total of four seasons
(Post-rainy 2018-2019, 2019-2020, 2022-2023 and
Rainy season of 2022) of phenotyping data was gener-
ated at ICRISAT, Patancheru located at 545 m altitude,
17° 31’ 48.00” N latitude and 78° 16’ 12.00” E longitude.
Additionally, all 184 accessions were also grown at Tir-
upati, located at 182.9 m altitude, 13°54’ N latitude and
79°54’ E longitude and phenotyped during season Rainy
2021. Standard agronomic practices for groundnut culti-
vation were followed during all the growing seasons. To
ensure that any differences in dormancy are more likely
due to genetic factors rather than differences in matu-
rity, accessions were categorized into three groups/sets
(early/medium/late maturity) and harvested accordingly.
Matured pods with development of black pigmentation
inside the shell were freshly harvested and selected for
phenotyping using an in-vitro germination assay. Twenty
good-quality and uniformly sized seeds from the two
replicates of each accession were selected, treated with
fungicides (Mancozeb and Carbendazim), and placed on
moist germination paper within petri plates. Petri plates
were kept in complete darkness and watered regularly at
24-hour intervals to maintain moisture conditions [41].
Over the period of 30 days, data was recorded on each
accession on the number of days required to achieve
50% germination, referred as days to 50% germination.
Detailed methodology of which has been explained in
our previous publication [3].

DNA extraction and genotyping using 58 K SNP array

Total genomic DNA was isolated from the tender leaves
of 25-30 day old plants of groundnut mini-core collec-
tion using Nucleospin Plant II kit (Macherey-Nagel,
Diiren, Germany). The purity and concentration of the
isolated genomic DNA samples were assessed by elec-
trophoresis on a 0.8% agarose gel and Thermo Fisher
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Scientific Nanodrop 8000 Spectrophotometer, respec-
tively. Genotyping was carried out with ‘Axiom_Arachis’
SNP array of 58,233 SNP markers derived from DNA re-
sequencing of 41 wild diploid ancestors and tetraploid
accessions of groundnut [42, 43]. The DNA samples from
mini-core accessions were genotyped on the Affyme-
trix GeneTitan platform following previously described
methods [32] and resulting data for each accession in
.CEL file format was generated and stored. Subsequent
SNP calling and data analysis performed using Axiom™
Analysis Suite version 1.0 (Thermo Fisher Scientific,
USA) to implement quality control (QC) measures and
select samples that successfully passed the QC test. Of
the 58,233 SNPs retrieved from Axiom™ analysis suit,
high-quality SNPs were filtered out with minor allele fre-
quency (MAF) of 20.05 and maximum missing sites fixed
to <20% per SNP using Tassel v5.0 software [44]. After
stringent filtration a total of 10,064 high-quality SNPs
were subsequently employed for association mapping
studies.

Genome-wide association analysis for fresh seed
dormancy

Multi-season phenotyping data, along with genotyping
data on 10,064 SNP of the mini-core set was used to per-
form genome-wide association analysis using multi-locus
model. Six ML-GWAS methods, namely Multi-Locus
Random-SNP-Effect Mixed Linear Model (mrMLM)
[38], Fast Multi-Locus Random-SNP-Effect Mixed Lin-
ear Model (FASTmrMLM) [45], Fast Multi-Locus Ran-
dom-SNP-Effect Efficient Mixed-Model Association
(FASTmrEMMA) [46], Polygenic Local-Architecture
Random Mixed Effect Bayesian (pLARmMEB) [47], Poly-
genic Kruskal-Wallis Mixed Linear Model with Bayesian
(pKWmEB) [48] and Iterative Sure Independence Screen-
ing Enhanced by Expectation Maximization and Bayesian
LASSO (ISIS EM-BLASSO [49] in the mrMLM R pack-
age (https://cran.r-project.org/web/packages/mrMLM/i
ndex.html) were implemented. Default parameter values
were utilized, and Logarithm of the Odds (LOD) score
of 3 was set to identify robust STAs. All six methods uti-
lized PCA and kinship matrices.

A single-locus mixed linear model (MLM) was also per-
formed using the Tassel v5.0 software [44]. For correct-
ing population structure and reducing the false-positive
rate, we employed the first three principal components
(PCs) and a kinship matrix as covariates. The associa-
tion threshold to determine significant marker-trait asso-
ciations was computed with Bonferroni correction by
calculating a p-value of 4.9682x107°, derived from the
negative log transformation of a/n (« is the overall sig-
nificance threshold (0.05) and n represents total number
of SNPs (10,064) used for GWAS analysis).
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Identification of candidate genes corresponding to
significant STAs

STAs were further used for finding of candidate genes
in the genomic region of 100 kb upstream and 100 kb
downstream from the identified SNP position using dip-
loid genome assemblies on Peanutbase (www.peanut-
base.org). Based on the previous reports available in the
literature, genes that were reported to regulate ABA/GA
mediated processes were then identified as candidate
genes regulating seed dormancy/germination.

Development and validation of allele specific markers

For designing the allele specific markers, Batch primer
3 software (https://probes.pw.usda.gov/batchprimer3/)
was used. A flanking sequence of 1200 bp (600 bp up
stream and 600 bp downstream) to the identified SNP
positions were used to design the primers. Default
parameters were used to design the primers with prod-
uct size range of 400-600 bp and 50% GC content. These
markers were validated on a diverse set of genotypes.

a)

N
o

Days to 50% Germination (in days)
o
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Results

Phenotyping for fresh seed dormancy on mini-core
collection

In this study, we used number of days required for an
accession to achieve 50% germination as a measure of
dormancy. In the GWAS panel, days to 50% germination
was in the range of 1 to 30 days. Accessions of Virginia
Bunch and Virginia Runner (var. hypogaea) showed a
longer duration (16-30 days) of dormancy compared to
Spanish Bunch (var. vulgaris) and Valencia (var. fastigi-
ata) (1-25 days). The mean performance and phenotypic
distribution of these accessions (from two replications),
screened for days to 50% germination across five seasons
are represented in Fig. 1 & Table S1. For more detailed
information on the phenotyping data, refer to our previ-
ous publication, Bomireddy et al. [3].

4

RTRNE

A
8 Non-dormant Accessions

PR 2019-20 PR 2020-21

R 2021

R 2022 PR 2022-23

Seasons

Fig. 1 Phenotypic variability for fresh seed dormancy in the mini-core accessions. (@) Phenotypic variability, dormant and non-dormant mini-core acces-
sions during in-vitro germination assay (b) Violin plots representing days to 50% germination of the mini-core accessions during Post-rainy 2019-2020,

Post-rainy 2020-2021, Rainy 2021, Rainy 2022 and Post-rainy 2022-23 seasons
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Multi-locus GWAS identified significant STAs associated
with fresh seed dormancy

A total of 9 STAs (LOD2=3) significantly associated
with FSD were identified in six ML-GWAS approaches
(Fig. 2). Of these, seven STAs (gFSD_A04-1, gFSD_A0S-
1, gFSD_A09-1, gFSD_B02-1, gFSD_B05-1, gFSD_BO07-1,
qFSD_B09-1) were consistently identified in at least two
ML-GWAS methods (Fig. 3; Table 1). Notably, STAs on
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chromosomes AQ9 (gFSD_A09-1) and B07 (gFSD_BO07-
1) were consistently identified in all six methods, with
higher LOD score ranging from 11.87 to 61.35 and
4.35-36.85, respectively. The STA gFSD_B05-1 on B05
was identified in four methods with LOD score ranging
from 11.80 to 59.71. Additionally, two STAs (gFSD_A09-
1, gFSD_B02-1) were identified by at least three ML-
GWAS methods, with the LOD score ranging from 3.33
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Fig. 2 Multi-Locus Genome-wide association studies of fresh seed dormancy measured as days to 50% germination using a diverse groundnut mini-core
collection of 184 accessions. Manhattan plots and Quantile-Quantile (QQ) plots for fresh seed dormancy during (a) Post-Rainy 2019-2020 (b) Post-Rainy
2020-2021; () Rainy 2021 (d) Rainy 2022 (e) Post-Rainy 2022-2023. Manhattan plots were created for the genomic regions identified across five seasons,
by at least one model. They displayed SNP associations, with peaks showing potential genomic regions linked to fresh seed dormancy. Names of the as-
sociated genomic regions/QTLs that were used for candidate gene prediction are mentioned near the pointing peak. Q-Q plots displayed that observed
associations are aligned with expected distributions, highlighting true/significant associations
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Fig. 3 Distribution of fresh seed dormancy QTLs measured as Days to 50% germination (D_50%) identified using ML-GWAS in groundnut mini-core col-
lection. QTLs on the right are the ones identified from ML-GWAS. QTLs on the left with different colours represents the genomic regions identified for seed
dormancy from different studies (Light Purple: Kumar et al,, [27] Dark Purple: Zhang et al,, [9] Blue: Wang et al., [29]

Table 1 The significant STAs for fresh seed dormancy identified using multi-locus GWAS models

SNP Chr  Position (bp) QTLregion Seasons Model name LODscore  R? (%)
AX_147210899  AO1 36,775,841 gFSD_A01-1  Rainy 2021 6 33 2.88
AX_147221160  A04 119,365,410 gFSD_A04-1  Post-rainy 2022-2023 4.6 3.98-4.30 5.81-6.03
AX_147231175  A08 38,560,701 qFSD_A08-1  Post-rainy 2022-2023 24,5 3.33-48.76 70.98-74.50
AX_147233202 A09 29,726,644 gFSD_A09-1  Post-rainy 2020-2021, Post-rainy 2022-2023  1,2,34,56 11.87-61.35 71.75-8454
AX_147240363  B02 3,495,023 qFSD_B02-1  Post-rainy 2020-2021 124 10.13-17.16  74.84-85.07
AX_147247942  B04 105,437,967 gFSD_B04-1  Post-rainy 2022_2023 1 792 70.72
AX_147250106  BO5 112,344,292 gFSD_B05-1  Post-rainy 2020-2021 2,346 11.80-59.71  5344-85.07
AX_147254360 BO7 995,898 gFSD_B07-1  Rainy 2022 123456 4.35-36.85 38.58-84.56
AX_147262364  B09 143,731,363 gFSD_B09-1  Post-rainy 2020-2021 1,6 6.26-7.62 1522-18.74

Chr: Chromosome; Model —1: mrMLM; 2: FASTmrMLM; 3: FASTMrEMMA; 4: pLARMEB; 5: pKWmEB; 6: ISIS EM-BLASSO; LOD: Logorithm of Odds: R%: Coefficient of

Determination/Phenotypic Variation Explained

to 48.76 and 10.13—17.16, respectively. Similarly, the STA
on chromosome AQ9 (gFSD_A09-1) was consistently
detected during the seasons, Post-rainy 2019-2020 and
2022-2023 through ISIS EM-BLASSO approach.

Moreover, MLM or single locus model in Tassel v5.0
identified 38 significant STAs across 14 chromosomes,
with R? values in the range of 3.1-8.9% (Figure S1; Table
S2). Notably, STAs on chromosome A09 and B09 were
consistently identified in all the five seasons, with R?
value of 4.4 and 8.1%, respectively. Additionally, a single
STA on chromosome B02 (gFSD_B02-1) identified in
both ML-GWAS and SL-GWAS approaches.

Candidate genes identified for fresh seed dormancy

Candidate gene search in 200 kb flanking region of the
9 significant STAs identified a total of 134 genes (Table
S3). Of these, previous studies have extensively reported
63 genes as potential regulators in the process of seed
dormancy and/or seed germination regulating via ABA,
GA, and ethylene signaling pathways (Table S4). Among
63 genes, 5 genes unveiled missense variants in the
CDS coding region, 3 genes had downstream gene vari-
ants, 1 gene had 3'_prime_UTR_variants, 2 genes had
5 _prime_UTR_variant and 1 gene had upstream gene
variant, determined by SwmpEff prediction tool (Table
S5). A STA (qFSD-A09-01) identified in all six methods
could be an important genomic region regulating FSD.
Corresponding to the STA (gFSD-A09-01), important
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genes such as dormancy/auxin associated family protein
(Aradu.2Q7VA), DUF223 domain protein (Aradu.XE42X)
and hypoxia-responsive family protein (AraduWAMOA)
were identified with functional relevance to dormancy/
germination. In the genomic region of STA gFSD-
A04-01, multiple copies of protein kinase superfamily
proteins (Aradu.VA4EQ) along with F-box interaction
domain proteins (Aradu.XB89Z), and serine/threonine-
protein phosphatase (Aradu.X6CDT) were identified
to regulate seed dormancy as reported in various crops
[33, 25, 29]. The genes corresponding to the STA on
chromosome A08 (gFSD-A08-01) included RNA meth-
yltransferase (Aradu.3F83L), Pentatricopeptide repeat
(PPR) superfamily protein (Aradu.HIR88), and eukary-
otic aspartyl protease family protein (Aradu.HGTS]).
Similarly, ethylene-responsive transcription factors (Araip.
LL89K; Araip.I6HJK) from qFSD-B04-01 are recognized
as promising genes involved in regulating dormancy. In
the STA ¢gFSD_B07-01, BTB/POZ domain-containing
protein (Araip.JPOWQ), late embryogenesis abundant
(LEA) protein (Araip.SSKEZ) and receptor-like protein
kinases (Araip.RLI4W) from gFSD_B09-01 were promi-
nent genes known for their involvement in regulation of
dormancy/germination.

In the 200 kb genomic region around the identified
significant STAs by SL-GWAS methods, a total of 346
genes were retrieved (Table S6). Potential genes among
these included auxin transport protein (Aradu.05XZ1),

’
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E3 ubiquitin-protein ligase (Aradu.7Y7X]), WRKY fam-
ily transcription factor family protein (Aradu.76148),
serine/threonine protein phosphatase (Aradu.25KN6),
cytochrome P450 (Aradu.FN562), abscisic acid recep-
tor (Aradu.640E1), eukaryotic aspartyl protease family
protein (Araip.2P2KT) etc.., which were identified as the
prominent regulators of dormancy/germination (Table
S7).

To elucidate the molecular mechanisms governing dor-
mancy and germination, we conducted a comprehensive
investigation to understand the functional involvement
of the identified candidate genes in the ABA and GA
biosynthesis and or signaling pathways. Among these
candidate genes, cytochrome P450 705 A (Aradu.FN562)
was distinctly discerned for its involvement in ABA
catabolism. Dormancy/auxin associated family protein
(ARF) (Aradu.2Q7VA), WRKY family transcription fac-
tor (Aradu.76148), Protein kinase superfamily protein
(AraduVA4EQ), serine/threonine protein phosphatase
(PP2C) (Aradu.25KN6) and MYB transcription factor
(Aradu.GFS4B) were observed as key players participat-
ing in ABA signaling. Transcriptional regulator of STER-
ILE APETALA-like (Araip.14WNT) was known for its
involvement in GA catabolism, while ethylene-responsive
transcription factors (Araip.LL89K) and F-box protein
interaction domain protein (Aradu.XB89Z) emerged as a
noteworthy participant in GA signaling (Fig. 4).
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Based on the phenotyping data, a representative panel
comprising of mini-core accessions with varied dormancy
durations were selected to assess the efficacy of the iden-
tified STAs. Allele calls of the selected accessions for nine
significantly associated SNP markers (identified from
ML-GWAS models) were used from ‘Axiom_Arachis’
58K SNP array genotyping data. There was no polymor-
phism between non-dormant and dormant mini-core
accessions for AX_ 147210899 and AX_ 147221160 mark-
ers from A0l and A04 chromosomes (Fig. 5). However,
AX 147233202 from AQ09 chromosome differentiated
between dormant and non-dormant genotypes. Acces-
sions with all favorable dormant alleles for the other 6
significant SNPs exhibited longer dormancy durations
(require=30 days for 50% germination). Conversely, an
increase in the number of unfavorable non-dormant
alleles corresponded to a decreased dormancy duration.
Therefore, these markers can be used for development
of allele specific or KASP assays for their deployment
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in marker-assisted selection (MAS) to improve popular
groundnut cultivars with 14—21 days of dormancy.

Allele specific markers developed and validated for fresh
seed dormancy

Of the nine STAs (identified from ML-GWAS models),
seven were shortlisted based on clear polymorphism
between non-dormant and dormant accessions. How-
ever, the remaining two markers AX-147,210,899 (A01)
and AX-147,221,160 (A04) were dropped due to large
proportion of heterozygous calls. Of the seven mark-
ers, AX-147,233,202 from A09 showed clear polymor-
phism between dormant and non-dormant lines, while
the other six had one or two ambiguous calls between
them. Based on the allelic combinations, four markers
were selected to develop allele-specific primers. During
validation, three out of the four primers successfully dis-
tinguished between dormant and non-dormant lines by
showing clear bands. Using these three markers, entire

Associated Markers

1CG10092 Valencia Bunch |AG AG 1
ICG397 Valencia Bunch | AG AG 2
1CG442 Spanish Bunch |AG AG 3

1CG5221 Valencia Bunch | AG AG 3
1CG5195 Spanish Bunch | AG AG 4

1CG14985 Spanish Bunch |AG AG 8

1CG15042 Valencia Bunch |AG AG 9

ICG15419 | Peruvinia Runner | AG AG 16
1ICG721 Virginia Bunch |AG AG 30

1CG4156 Virginia Runner |AG AG 30

1CG11457 Virginia Runner |AG AG 29

1CG11322 Virginia Bunch |AG AG 29

1CG14705 Virginia Bunch | AG 25
1CG6057 Virginia Bunch |AG AG 24
1CG5827 Virginia Runner AG 22

1CG11426 Virginia Bunch |AG AG 22

Fig. 5 Validation of the significantly associated markers with allele calls of the representative panel of mini-core accessions. Accessions with all favor-
able dormant alleles exhibited longer dormancy durations. Whereas, an increase in the number of unfavorable non-dormant alleles exhibited reduced

dormancy duration
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mini-core set was genotyped along with the non-dor-
mant (ICGV 02266) and dormant (ICGV 97045) parents
of a RIL population, developed at ICRISAT [8]. ICGV
02266 is a non-dormant genotype Among these markers,
GMFSD2, GMFSD3, and GMFSD4 successfully differen-
tiated between dormant and non-dormant lines (Table 2;
Fig. 6). As depicted in the gel images, Virginia runner and
Virginia bunch lines predominantly exhibited dormancy,
with a dormancy period of 23-30 days. In contrast,
Valencia bunch and Spanish bunch lines are non-dor-
mant, germinating within 1-2 days. However, ICG 118,
a Spanish bunch line, did not germinate until 30 days and
exhibited dormancy.

Discussion

Groundnut or peanut is a major oilseed and grain legume
mainly cultivated under rainfed regions of tropical, sub-
tropical and temperate countries worldwide. Unlike
the Virginia genotypes, the widely grown Spanish culti-
vars have lost the dormancy trait during domestication
and selective breeding, and resulted in introduction of
PHS trait in cultivated groundnut. Developing commer-
cial Spanish cultivars with 14-21 days of dormancy can
prevent yield losses due to PHS. Utilizing GAB offers a
distinct advantage over conventional breeding by facili-
tating efficient tracking of alleles among segregating lines
through the use of trait-linked markers [15]. In this con-
text, the present investigation employed multi-model
genome wide association analysis on mini-core collection
using genotyping data generated from “Axiom_Arachis”
58 K SNP array and multi-environment phenotyping data
to identify the genomic regions and candidate genes reg-
ulating dormancy/germination.

Conventional single-locus methods like Generalized
Linear Model (GLM) and Mixed Linear Model (MLM)
have been frequently deployed for identifying genetic
variants in several crops [51]. However, these methods
have limitations as they neglect combined effects of mul-
tiple loci and face issues with multiple test corrections
to determine critical values [52]. ML-GWAS methods,
however, addresses these challenges [53]. Comparative
studies indicated that ML-GWAS has higher statistical
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power and lower false-positive errors as compared to SL-
GWAS methods [54, 55]. Investigators typically integrate
the strengths of various ML-GWAS algorithms to iden-
tify target loci/QTL associated with complex traits, as
each algorithm possesses unique characteristics and QTL
detection capabilities [56].

A total of 9 significant STAs using ML-GWAS were
identified for FSD trait using mini-core collection asso-
ciation panel. Previously, a QTL-Seq study reported
two genomic regions on B05 and A09 chromosomes for
FSD and also developed a potential marker on chromo-
some B05, GMFSDI1 [27]. In this study we have devel-
oped three more allele specific markers namely, GMFSD2
(A09), GMFSD3 (B05) and GMFSD4 (B09). High-density
genetic mapping for FSD identified two dormancy QTLs
on chromosomes A04 and A05 [29]. Similarly, a major
stable QTL associated with fresh seed germination was
identified on chromosome A04 [9]. Moreover, our pre-
vious FSD study used a 5 K SNP assay based bi-parental
genetic mapping and identified five major QTLs on AhO1,
AhO6 Ahll, Ahl6 and Ahl7 chromosomes and two
minor QTLs on Ah04 and Ah15 chromosomes [8]. Addi-
tionally, gFSD_A04-1 (119 Mb) on chromosome A04 was
found to be located in the close proximity of gPD_A04-2
[29], while the location of gFSD_B05-1 (112 Mb) on chro-
mosome B05 was physically close to the genomic region
identified by Kumar et al. [27]. Thus, the identification
of significant STAs around previously reported genomic
regions using multi-locus GWAS underscores the meth-
od’s reliability. In addition to ML-GWAS, our study has
also identified 38 significant STAs on 14 chromosomes of
cultivated groundnut by SL-GWAS revealing all the pos-
sible genomic regions associated with FSD.

Differences in the mapping results from various stud-
ies can be attributed to the factors such as seed devel-
opment stage, population composition or the pedigree
of the parents used in the population development and
the prevailing environment during crop growth period
[57, 58]. Comparable results were also documented in
association mapping studies on wheat and rice seed dor-
mancy [59, 31]. Because of genome similarity between
the homeologous chromosomes of diploid progenitor

Table 2 Primers sequences for three allele specific markers validated on diverse germplasm lines of groundnut

SN ProbelD Chr  Pos Marker name  Dormant F/R  Primer sequence Melting Product
Alleles temperature  size (bp)
(Tm)
1. AX_147233202  A09 29,726,644 GMFSD?2 T F AACTTGAACTTTCCTGGGAT 48 472
R TCCTGACTTCCCTGATGTTG 52
2. AX_147250106  BO5 112,344,292  GMFSD3 G F TATTTGGTCTGCTCCGCTCT 52 286
R TCTACAAACTTCTCTCCGGTCC 55
3. AX_147262364 B09 143,731,363 GMFSD4 G F AACCAAGGGAAGGATCAACC 52 265
R TCAAGACTGTTCCCGAATGAC 52

Chr: Chromosome; Pos: Position
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Fig. 6 Three allele specific markers were validated in diverse mini-core collection. (@) GMFSD2 (AX_147233202) on A09; (b) GMFSD3 (AX_147250106)
on BO5 and (c) GMFSD4 (AX_147262364) on B0O9 chromosomes. These three markers differentiated non-dormant lines of Spanish Bunch (SP B); Valencia
Bunch (VL B) from dormant lines of Virginia Runner (VR R); Virginia Bunch (VR B)

genomes (A and B genome), homeologous associations
on both sub-genomes of groundnut were identified.
Nested association mapping for seed and pod weight
in groundnut identified associations on homeologous
chromosomes A05/B05, A06/B06 [12, 32]. Similarly, in
other allopolyploids such as wheat, seed dormancy QTLs
were detected on homeologous 3 A/3B [60], 4 A/4B and
5 A/5B [61] chromosomes.

As discussed earlier, identification of candidate genes
underlying the QTLs/STAs provide insights for bet-
ter understanding of the trait. As ABA, GA and ethyl-
ene have been demonstrated to be associated with seed
dormancy and germination regulation in many crops,
identifying genes involved in the regulation of their
metabolic pathways is of major interest. The involve-
ment of ABA signaling and, its interaction with GAs/

ethylene tends to modulate seed dormancy and ger-
mination initiation. Therefore, the genes retrieved in
this study from both ML-GWAS and SL-GWAS mod-
els were thoroughly reviewed in previous literature for
assessing their functional role in ABA and GA signaling
pathways. Cytochrome P450 705 A (Aradu.FN562) was
identified as an important participant in ABA catabo-
lism. A cytochrome P450 superfamily protein (CYP707A)
in Arabidopsis encodes ABA 8’-hydroxylases, an enzyme
involved in ABA 8’-hydroxylation pre-dominant for ABA
catabolism. Expression profiling indicated that cyp707a2
mutant displayed six times higher ABA levels, resulting
in hyper seed dormancy compared to wild types [62]. It
indicated that CYP707A2 negatively regulates seed dor-
mancy by declining ABA levels during seed imbibition.
Supporting this, cytochrome P450 superfamily protein
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gene copies displayed high transcript abundance in ICGV
91114 (non-dormant) gene expression atlas, indicating
their positive role in regulating germination [8].

WRKY family transcription factor family protein
(Aradu.76148) identified in this study is known to be
involved in ABA signaling. Lack of WRKY transcrip-
tion factor 41 (WRKY4I) in imbibed seeds of Arabidop-
sis resulted in decreased ABI3 (play crucial role in seed
dormancy) expression, while overexpressing transgenic
WRKY41 lines increased ABI3 expression [63]. Exami-
nation of the double mutant wrky41 aba?2 revealed that
the regulation of ABI3 expression and seed dormancy is
a combined effect between WRKY4I and ABA. There-
fore, WRKY41 acts as a key regulator of ABI3 expres-
sion, thereby influencing seed dormancy. The identified
protein kinase superfamily protein (Aradu.VA4EQ) in
this study is known for its positive role in ABA signaling.
In Arabidopsis, SNFI-RELATED PROTEIN KINASE 2.2
(SnRK2.2) and SnRK2.3, were reported to regulate ABA
responses in seed dormancy and germination by medi-
ating ABA signaling [64]. Double mutants of surk2.2
and snrk2.3 exhibited decreased expression of several
ABA-induced genes, demonstrating their positive role
in ABA signaling. Similarly, in Arabidopsis, redundant
ABA-activated SnRK2s were identified as prominent
regulators of seed maturation and dormancy [65]. Dor-
mancy/auxin associated family protein (Aradu.2Q7VA)
or Auxin responsive factors (ARF) identified in this study
were reported to stimulate ABA signaling to induce seed
dormancy [66]. Defects in auxin signaling of MIRI60-
overexpressing plants and auxin receptor mutants sig-
nificantly reduce dormancy, while increase in auxin
biosynthesis prolong dormancy.

Serine/threonine-protein phosphatase 7 long form
homolog (Aradu.25KN6) and myb transcription fac-
tor (Aradu.GFS4B) identified in this study are known
for their role in ABA signaling. In Arabidopsis, loss of
ABSCISIC ACID-INSENSITIVEI (ABI1) which encodes
2 C class of serine/threonine phosphatases (PP2C), leads
to enhanced ABA responsiveness, indicating its negative
role in ABA signaling [67]. Further, overexpressing HON
(Protein Phosphatase 2 C family group) lines revealed that
it suppresses dormancy by impeding ABA signaling [68].
However, some PP2Cs like HIGHLY ABA-INDUCED
PP2C GENEI1 (HAII) were reported to promote ABA
signaling [69]. MYB transcription factor 96 (MYB96) was
presumed to fine tune seed dormancy as it enhances ABA
biosynthetic NCED genes and down regulate GA biosyn-
thetic GA20ox1, GA30x1 genes in Arabidopsis [70]. The
myb96-1 mutant seeds exhibited germination earlier than
the wild MYB96-1, while activation-tagging of myb96-1D
seeds delayed the germination process. Differential gene
expression analysis identified MYB60 as the promising
candidate regulating dormancy with higher transcript
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abundance observed in the dormant var. ‘Tifrunner’ gene
expression atlas [8].

The identified Transcriptional regulator of STERILE
APETALA-like (Araip.14WNT) is particularly known
to be involved in GA catabolism. APETALA 2 (AP2)-
domain-containing transcription factors (ATFs), includ-
ing OsAP2-39 in rice and ABI4 in Arabidopsis, were
reported to play a prominent role in ABA and GA antag-
onistic crosstalk [71, 72]. The AP2/ethylene-responsive
element binding factor (AP2/ERF) family constitutes a
substantial group of plant transcription factors, play-
ing diverse roles at various plant developmental stages.
In rice, transcriptome analysis of OsAP2-39 overexpres-
sion lines unveiled upregulation of OsNCED-I (ABA
biosynthesis gene), increasing endogenous ABA levels,
and enhanced GA-inactivating gene OsEUI, resulting in
reduced GA content [72]. OsAP2-39 directly governs the
expression of OsNCED-I and OsEUI, elucidating a novel
mechanism regulating ABA/GA balance and ultimately
influencing rice growth.

Ethylene-responsive transcription factors (Araip.LL89K)
and F-box protein interaction domain protein (Aradu.
XB89Z) identified in this study are the significant con-
tributors for GA signaling. Ethylene (ET) was reported
to break seed dormancy by antagonizing ABA biosyn-
thesis and signaling, thereby promoting seed germina-
tion [73]. In Arabidopsis, Delay of Germinationl (DOGI)
interacts with ethylene responsive factor 12 (ERF12) and
co-regulate seed dormancy [74]. High transcript lev-
els of ethylene-responsive transcription factors in seed
and embryo of ICGV 91114 (Arachis hypogaea sub
spp. fastigiata) gene expression atlas revealed its func-
tional relevance in seed germination [8, 75]. In plants,
F-box proteins regulate various physiological processes
in various ways. Song et al. [76] had isolated OsFbx352
gene (encoding for F-box domain protein) from rice to
characterize its role in germination. Overexpression of
OsFbx352, (a F-box protein in rice) demonstrated lower
ABA contents by reduced expression of ABA synthesis
genes (OsNced2, OsNced3) and increased ABA catabo-
lism gene expression (OsAba-ox2, OsAba-ox3) leading
to seed germination. Whereas, knockdown of OsFbx352
led to higher ABA contents and suppressed seed germi-
nation, revealing its regulatory role in modulating ABA
metabolism. In groundnut, high gene expression value of
F-box/RNI-like superfamily protein (Arahy.LZ56CD) in
all the six selected tissues of seed and pod of non-dor-
mant ICGV 91114 also indicated its positive regulatory
role in germination [8]. In Arabidopsis, transgenic plants
overexpressing for AtTLP9 (Tubby-F-box like protein)
also demonstrated hypersensitiveness to ABA [77]. As
all these genes were explored for their involvement in
ABA/GA/Ethylene signaling pathways, and identified as
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promising candidates in the hormonal regulation of dor-
mancy and germination.

The allele calls of the representative panel of mini-core
accessions for the identified significant STAs revealed
that presence of all favorable dormant alleles in an acces-
sion result in increased dormancy duration. Conversely,
an increase in the number of unfavorable non-dormant
alleles corresponded to a decreased dormancy duration.
Based on this, allele-specific markers were developed for
these STAs, where three of them could successfully dif-
ferentiate dormant and non-dormant genotypes. These
markers can be validated on much larger panel of breed-
ing material to confirm its efficacy to use in MAS for
cultivar development. Additionally, these STAs show
potential for developing Kompetitive allele specific PCR
(KASP) assays, and accessions with all the favorable dor-
mant alleles can be used as donors in marker-assisted
back-cross (MABC) programs aiming for dormancy of
230 days. However, if the goal is to achieve FSD of 14-21
days, accessions with a combination of dormant and non-
dormant alleles for these markers can be utilized. Thus,
these assays could play a crucial role in future molecular
breeding programs, offering targeted and efficient means
to select lines with 2—3 weeks of dormancy.

Conclusion

With a diverse panel of 184 groundnut mini-core acces-
sions, this study employed a combined approach of
ML-GWAS and SL-GWAS models and identified 9 and
38 STAs for ESD, respectively. Examining the vicinity
of these STAs revealed potential candidate genes; Cyto-
chrome P450 705 A, Dormancy/auxin associated family
protein, WRKY family transcription factor, Protein kinase
superfamily protein, serine/threonine protein phospha-
tase, myb transcription factor, transcriptional regulator
STERILE APETALA-like, ethylene-responsive transcrip-
tion factor 7-like and F-box protein interaction domain
protein to be involved in ABA/GA associated pathways.
This investigation underscores dormancy as a com-
plex trait controlled by multiple genes, highlighting the
importance of understanding gene interactions across
multiple biological pathways. Furthermore, examination
of allelic calls in the mini-core accessions for the identi-
fied STAs revealed the intricate regulation of dormancy
and germination through the expression and suppression
of multiple genes in diverse combinations, affecting dor-
mancy duration. This suggests that successful molecular
breeding strategies must incorporate multiple genes from
various biological pathways. Further characterization
of the candidate genes identified in this study is recom-
mended through overexpression studies and the CRISPR/
Cas9 approach, which may provide more insights on pre-
cise function of these candidate genes in FSD. Addition-
ally, haplotype analysis for the identified candidate genes
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can aid in identifying superior haplotypes for FSD trait,
which could be utilized in haplotype-based breeding.
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