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Abstract: Domestication and extensive selection in the development of modern, high-yielding com-
mercial groundnut cultivars have resulted in the selection of an undesirable trait known as in situ
germination, which is also referred to as the pre-harvest sprouting of seeds. This is particularly
prevalent in regions where humid weather coincides with the harvest season. Delayed harvesting
and pre-sprouting can cause production losses and increase the chances of aflatoxin contamination,
thereby impeding the quality and kernel yield. Breeding early maturing groundnut cultivars with
2–3 weeks of fresh seed dormancy, particularly in Spanish-type cultivars, enhances the sustainability
of agriculture. In this context, we conducted a comprehensive evaluation of a groundnut mini-core
collection, a major resource for genetic diversity, for fresh seed dormancy using an in vitro germi-
nation assay for two seasons, viz., rainy 2022 and post-rainy 2022–2023 at ICRISAT (Hyderabad).
To enhance the effectiveness and accuracy of traditional breeding methods via the use of mark-
ers for marker-assisted selection, we performed molecular screening of the mini-core accessions
using two allele-specific markers. The GMFSD1 marker was successfully validated by effectively
differentiating dormant and non-dormant genotypes. By employing phenotypic and marker data,
we identified a set of accessions, viz., ICG 5827 (Virginia Runner), ICG 11457 (Virginia Runner),
ICG 7000 (Virginia Bunch), and ICG 11322 (Virginia Bunch) of sub spp. hypogaea var. hypogaea and
ICG 9809 (Spanish Bunch) of sub spp. fastigiata var. vulgaris that exhibited a fresh seed dormancy
period ranging from 2 to 3 weeks. These identified accessions hold potential as donors in breeding
programs that are designed to address the groundnut production needs in various cropping systems
across different countries. The validated marker, particularly GMFSD1, demonstrated considerable
potential for facilitating faster breeding of groundnut cultivars with the desired dormancy using
marker-assisted selection. This research provides a foundation to expediting groundnut breeding
programs and offers opportunities to mitigate pre-harvest sprouting, ultimately improving seed
quality and productivity in groundnut-producing regions.

Keywords: fresh seed dormancy; in vitro germination; mini-core; pre-harvest sprouting; validation

1. Introduction

Groundnuts (Arachis hypogaea L.) are prominent edible oilseed crops belonging to the
Fabaceae or Leguminosae family, and they are cultivated in over 100 countries worldwide.
Groundnuts gained popularity due to their versatile and multifaceted use in human nutri-
tion, serving purposes such in the manufacture of cooking oil and serving as confectionery
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products, dietary food, and livestock fodder. Based on the branching pattern, flower ar-
rangement, kernel, and pod attributes, cultivated groundnuts have been categorized into
three major market types, i.e., Virginia (subsp. hypogaea var. hypogaea), Spanish (subsp.
fastigiata var. vulgaris), and Valencia (subsp. fastigiata var. fastigiata) [1–3]. Generally,
Virginia genotypes are late-maturing with seeds exhibiting varying durations of dormancy,
whereas the Spanish and Valencia types exhibit shorter maturity durations and lack seed
dormancy [4]. Spanish varieties, which are extensively cultivated in the semi-arid regions
of Asia and Africa, contribute to 60% of the world’s groundnut production [5]. However,
untimely rains before harvest can lead to in situ germination (pre-harvest sprouting) of
seeds, resulting in a 10–20% yield reduction and potentially reaching 50% in Spanish types.
Such losses adversely affect kernel quality, market prices, and increase the susceptibility
to pathogen infection and aflatoxin contamination [5,6]. On the other hand, prolonged
seed dormancy can delay germination when freshly harvested seeds are used for sowing,
affecting the cropping season duration and breeding generations per year [7,8]. It has been
shown that growth inhibitors such as maleic hydrazide can be applied to the leaves of
Spanish-types to increase their dormant [9], but this is not a cost-effective method, es-
pecially for rain-fed farming. A long-term solution to this problem relies on equipping
the early maturing popular groundnut varieties with 2–3 weeks of fresh seed dormancy
to allow tolerance to the detrimental effects of rain between maturity and harvest [5,8].
Farmers greatly benefit from these varieties as they enable delayed crop harvesting in the
scenario of unexpected rainfall, preventing pre-harvest sprouting (PHS) losses.

Though seed dormancy or germinability are genetically inherited traits, they are also
highly influenced by environmental effects (light, moisture, humidity, temperature) present
during seed development and maturity [10]. Endogenous hormones such as abscisic acid
(ABA) positively regulate dormancy, whereas ethylene and gibberellins (GA) tend to break
seed dormancy. In various segregating populations (F2), the observed inheritance ratio for
dormant to non-dormant lines was documented as 3:1, signifying the dominance of the
dormancy allele with monogenic or qualitative inheritance [3,11]. In contrast, data from var-
ious F2 populations showed a segregation ratio of 15:1 (non-dormant/dormant), indicating
that two duplicate recessive genes quantitatively regulate the trait [4,5]. These discrepant
and conflicting findings make dormancy a complex agronomic trait involving monogenic,
digenic, multigenic, and epistatic effects, and addressing this trait thus requires a clear
understanding [12]. The determination of seed dormancy levels in germplasm accessions,
cultivars, parents, and progenies would be useful in developing a clear understanding of
the trait and for breeding programs. A groundnut mini-core set was developed from the
ICRISAT germplasm collection [13] with a relatively high level of genetic diversity encom-
passing hypogaea, hirsuta, fastigiata, peruviana, vulgaris, and aequatoriana botanical varieties.
A few mini-core accessions have been frequently requested by groundnut breeders for use
in breeding programs. Therefore, the evaluation of a mini-core collection for fresh seed
dormancy will help in identifying useful parents for crop improvement programs with the
enhanced use of genetic resources for improving quantitative traits.

Conventional breeding relies on the visual screening of large segregating populations
and breeding lines for fresh seed dormancy during harvesting. Performing phenotypic se-
lection is often challenging under field conditions, as every selection/breeding cycle might
not receive rain during the maturity/harvesting stages. In practice, breeding materials are
selected and forwarded based on in vitro germination tests carried out under controlled
conditions [14]. Based on the germination test, the chances of rejecting a large number
of lines at advanced stages are higher, leading to wasted resources and time. Moreover,
as this trait is highly influenced by climatic factors, screening and selection of cultivars
based on phenotype is challenging. The availability of genomic resources and advanced
breeding techniques, such as marker-assisted selection (MAS) [15], rapid generation ad-
vancements [16], and genomic selection [17], has accelerated groundnut breeding programs.
Additionally, the availability of reference genome assemblies for diploid progenitors and
tetraploid cultivated groundnuts [18–20] combined with advancements in next-generation
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sequencing, such as genotyping-by-sequencing [21], and the utilization of high-density
‘Axiom_Arachis’ 58 K single-nucleotide polymorphism (SNP) arrays [22] have significantly
reduced the overall cost of sequencing and made candidate gene discovery and marker
development more precise and reliable. A QTL-seq approach was utilized in the RIL pop-
ulation developed from the cross ICGV 00350 (non-dormant) × ICGV 97045 (dormant)
and identified RING-H2 finger protein and zeaxanthin epoxidase as the candidate genes
responsible for inducing fresh seed dormancy [23]. Furthermore, allele-specific markers
were also developed from the identified candidate genomic regions. Deploying these molec-
ular markers associated with fresh seed dormancy in marker-assisted early generation
selection (MEGS) could accelerate the development of improved varieties resistant to
pre-harvest sprouting.

In this study, we aimed to evaluate a groundnut mini-core collection to identify
accessions with 2–3 weeks of fresh seed dormancy and validate two allele-specific markers,
developed and reported by Kumar et al. [23]. This research contributes to the quantitative
improvement of this important trait, enhancing the utilization of genetic resources in crop
improvement programs.

2. Materials and Methods
2.1. Plant Materials

The experimental material consisted of 184 accessions of a groundnut mini-core
collection developed at ICRISAT, Hyderabad [13]. The mini-core collection included six
botanical varieties, viz., hypogaea, fastigiata, hirsuta, peruviana, vulgaris, and aequatoriana
with varying maturity durations. Seeds from all 184 accessions were obtained from
the Genebank of ICRISAT, and detailed information was provided in Table S1 and at
http://genebank.icrisat.org/IND/Minicore?Crop=Groundnut (accessed on 21 Septem-
ber 2023). The experiment was conducted during rainy 2022 and post-rainy 2022–2023
seasons (in the same experimental field) at ICRISAT, Hyderabad (17◦31′48.00′′ N latitude,
78◦16′12.00′′ E longitude, and 545 m altitude) with 184 accessions laid out in a randomized
block design (RBD) with two replications. Each accession was planted in a 4 m row plot
with a plant-to-plant spacing of 10 cm and a row-to-row spacing of 60 cm. The experiment
was conducted in red soils with pH values ranging from 6.0 to 6.3. The weather conditions
were recorded for both years; in the rainy 2022 season, the maximum temperature was
31.26 ◦C, the minimum temperature was 20.38 ◦C, and there was 198.2 mm of rainfall with
154.24 mm evaporation and 87.60% relative humidity. In the post-rainy 2022–2023 season,
the maximum temperature was 33.25 ◦C, the minimum temperature was 18.61 ◦C, and
there was 65.5 mm of rainfall with 98.75 mm evaporation and 82.70% relative humidity.
Standard agronomical practices for groundnut cultivation were followed during both the
growing seasons.

2.2. Phenotyping Protocol and Parameters Estimated for Fresh Seed Dormancy

Based on the maturity duration, accessions of the mini-core collection were categorized
as early, mid-, and late-maturing types and harvested in three sets (95–105; 110–120; and
120–135 days after sowing). The maturity of the pods was determined according to the
development of black pigmentation inside the shell [24]. Freshly harvested mature seeds
were used for phenotyping via an in vitro germination assay [3]. 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. The Petri plates were kept in complete darkness and watered regularly at 24 h
intervals to maintain moisture conditions. The number of germinated seeds was recorded
daily for a period of 30 days (Figure 1a).

Following the method of Kumar et al. [25], fresh seed dormancy was characterized
by its intensity and duration. The number of days needed for an accession to achieve 50%
germination was used to calculate the duration of dormancy. At seven days following
sowing, the percentage of non-germinated seeds was used to measure the intensity of fresh
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seed dormancy. The percentage of germinated seeds for each accession was calculated
using the following formula:

Germination percentage (%) =
Number of germinated seeds
Total number of seeds plated

(1)
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Figure 1. The phenotyping protocol and phenotypic variation for fresh seed dormancy. (a) The
phenotyping protocol followed for the screening of the groundnut mini-core accessions for fresh
seed dormancy. (b) The phenotypic variation in the mini-core accessions for seed dormancy traits:
Boxplots for (I) the duration of dormancy (days); (II) the germination percentage (%); and (III) the
intensity of dormancy across the seasons (Rainy 2022 and Post-Rainy 2022–2023). Box plots represent
the interquartile range; the thick line in the middle of each box represents the median; and the
whiskers represent 1.5 times the interquartile range.

2.3. Statistical Analysis

The replicated data collected on germination percentage, days to 50% germination
(dormancy duration), and intensity of dormancy from both seasons were analyzed and
subjected to statistical analysis following a randomized block design (RBD) as per the
method described by Wang et al. [26]. An analysis of variance was performed using the
statistical package ‘variability’ (v.0.1.0) of R programming.

2.4. Validation of Allele-Specific Markers Associated with Fresh Seed Dormancy

Tender leaf samples from 25-day-old plants of the groundnut mini-core accessions
(comprising the hypogaea, fastigiata, hirsuta, peruviana, vulgaris, and aequatoriana botanical
varieties) were collected for DNA isolation. The DNA was extracted using the Nucleospin
Plant II kit (Macherey-Nagel, Duren, Germany). DNA quality and quantity were assessed
using 0.8% agarose gel and a Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA), respectively. Two allele-specific markers developed from the
A09 and B05 chromosomes, previously reported in a QTL-seq study on the RIL population
(ICGV 00350 × ICGV 97045) [23], were used to validate the marker efficacy for fresh
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seed dormancy in the mini-core accessions. PCR amplification was carried out using the
procedure described in Kumar et al. [23]. The 15 µL PCR mixture included 1X PCR buffer,
5 ng of DNA template, 2.5 mM of each dNTP, 3 pmoles each of forward and reverse primers,
and 0.12 µL of Taq polymerase. The PCR amplification cycling conditions were as follows:
initial denaturation at 94 ◦C for 4 min, followed by 5 cycles of denaturation at 94 ◦C for
20 s, annealing at 62 ◦C for 30 s, and extension at 72 ◦C for 30 s. This was followed by
30–35 cycles of denaturation at 94 ◦C for 20 s, annealing at 58 ◦C for 30 s, extension at 72 ◦C
for 30 s, and a final extension at 72 ◦C. After PCR amplification, alleles were scored based
on the presence or absence of bands on 2% agarose gel.

3. Results and Discussion
3.1. Analysis of Variance

The analysis of variance revealed highly significant differences among the accessions
for days to 50% germination (dormancy duration), germination percentage, and intensity
of dormancy (Table 1). However, no significant difference between the two replications
was observed. A similar study that evaluated a U.S. groundnut mini-core collection for
seed dormancy also identified significant variability among the accessions [27]. Although a
plant’s genetic makeup primarily determines the depth of its dormancy, environmental fac-
tors also play a role during seed development and maturation [10]. The high F values and
very low p-values (*** < 2 × 10−16) of the “Genotype” factor showed that genetic variation
among different accessions significantly contributed to the observed differences in the traits.
The multi-location evaluation of the Spanish-type groundnut genotypes for dormancy
duration and intensity under field conditions revealed highly significant variations in the
G × E interaction [28]. In support of this, the present study also revealed the existence of
highly significant genotype × year interaction differences for all the measured traits except
for days to 50% germination. The existence of an interaction effect suggests that the germi-
nation percentage varies from year to year, which could be due to environmental factors
such as temperature, rainfall, humidity, solar radiation, and other non-genetic variables.
This explains the need for evaluating accessions of different botanical groups in multiple
locations to conclude the impact of environmental conditions in inducing dormancy.

Table 1. ANOVA of the mini-core accessions phenotyped for fresh seed dormancy during the rainy
2022 and post-rainy 2022–2023 seasons at ICRISAT.

Traits Source Df Sum Sq Mean Sq F Value Pr(>F) Significance

Days to 50%
germination

Genotype 183 107,874 589.5 18.299 <2 × 10−16 ***
Replication 1 12 12.1 0.376 0.5398
Season 1 118 117.7 3.652 0.0565
Residuals 535 17,234 32.2

Germination
Percentage

Genotype 183 946,243 5171 13.382 <2 × 10−16 ***
Replication 1 41 41 0.105 0.746
Season 1 4735 4735 12.255 0.000503 ***
Residuals 535 206,716 206,716

Intensity of
dormancy

Genotype 183 946,243 5171 13.382 <2 × 10−16 ***
Replication 1 41 41 0.105 0.746
Season 1 4735 4735 12.255 0.000503 ***
Residuals 535 206,716 206,716

Df: degrees of freedom; Sum Sq: sum of Squares; Mean Sq: mean sum of squares. Significant codes: 0 ‘***’.

3.2. Germination Percentage, Duration, and Intensity of Dormancy

At the end of the experiment, i.e., after 30 days, no germination was observed in
28 accessions, followed by 7 accessions with 5–10 percent germination; all of these be-
longed to the hypogaea subspecies, except for ICG 6654. The highest germination percentage
(95–100) was observed in 11 accessions of the fastigiata subspecies during both seasons.
The average germination percentage of the mini-core accessions ranged from 0 to 100%



Agronomy 2024, 14, 112 6 of 11

during both the rainy 2022 and post-rainy 2022–2023 seasons. This large variation in the
germination percentage could be due to genotypic differences among the accessions and
the environmental factors present during seed maturation. Similar findings were reported
earlier on groundnut seed germination [25,29–32].

The mini-core accessions showed different durations of dormancy ranging from 1 to
>30 days. Sixty-three accessions from sub spp. hypogaea var. hypogaea and ICG 118 and
ICG 6654 from sub spp. fastigiata var. vulgaris displayed dormancy durations of more
than 30 days during the rainy 2022 and post-rainy 2022–2023 seasons. ICG 9809 of sub
spp. fastigiata var. vulgaris, ICG 11457, and ICG 14705 of sub spp. hypogaea var. hypogaea
had 2–3 weeks of dormancy during both seasons. During the post-rainy 2022–2023 season,
ICG 9809, ICG 7000, and ICG 11322 of sub spp. hypogaea var. hypogaea had 2–3 weeks
of dormancy, whereas these accessions exhibited more than 30 days of dormancy dur-
ing the rainy 2022 season. Similarly, ICG 12879 and ICG 12921 of sub spp. fastigiata var.
vulgaris and ICG 11426 of sub spp. hypogaea var. hypogaea, which were observed to be
non-dormant during the rainy 2022 season, had 2–3 weeks of dormancy in the post-rainy
2022–2023 season. Ninety-three accessions of the mini-core set showed no signs of dor-
mancy and germinated within 1–14 days during both seasons, with most of them belonging
to the fastigiata subspecies, except ICG 188, ICG 6402, ICG 6703, ICG 7963, ICG 3982, and
ICG 14710 from the hypogaea subspecies.

According to Kumar et al. [25], the intensity of dormancy is defined as the percentage
of seeds that are not germinated even after seven days of harvest. The intensity of dormancy
ranged from 0% to 100% during the rainy 2022 and post-rainy 2022–2023 seasons. The re-
sults showed that around 37 accessions belonging to the hypogaea and fastigiata sub-species
had 100% intensity of dormancy followed by 3 accessions with 90–95% during both seasons.
From a practical standpoint, the genotypes with a higher intensity (>90%) of dormancy
coupled with a 2–3-week duration are more effective in regions with erratic rainfall patterns
during crop maturity [4]. Moreover, a prolonged seed dormancy of more than 3 weeks
is undesirable in India, where the crop is cultivated during the rainy/post-rainy seasons
as well. The results showed that ICG 5827, ICG 7000, and ICG 11322 had an average
of 90–100% intensity of dormancy, with around 3 weeks of dormancy during the post-
rainy 2022–2023 season but more than 30 days of dormancy during the rainy 2022 season.
However, ICG 9809, ICG 11426, ICG 11457, ICG 12879, ICG 12921, and ICG 14705, which
were noticed to have a dormancy duration of 2–3 weeks, had an intensity of dormancy
in the range of 62.5–90%. Genetic variation among the accessions of the mini-core and
environmental factors could be the reasons for this significant variation in the intensity
of dormancy. These findings are consistent with those of Kumar et al. [25] and Kumar
et al. [30], who also noted significant genetic variations in the intensity of dormancy. The
box plots for the three traits, i.e., duration of dormancy, germination percentage, and
intensity of dormancy, in the two rainy 2022 and post-rainy 2022–2023 seasons, are pre-
sented in Figure 1b. The season-wise mean values of all these three traits are presented
in Table S2. On average, the accessions of Virginia Runner and Virginia Bunch (sub spp.
hypogaea var. hypogaea) were observed to have higher intensity and duration of dormancy
than the accessions from Valencia (sub spp. fastigiata var. fastigiata) and Spanish Bunch
(sub spp. fastigiata var. vulgaris) (Figure 2). Among the various botanical varieties studied,
the highest intensity of dormancy was observed among the accessions of sub spp. hypogaea
var. hypogaea followed by sub spp. hypogaea var. hirsuta. The lowest intensity of dormancy
was observed among the accessions of the sub spp. fastigiata var. fastigiata, followed by sub
spp. fastigiata var. peruviana, sub spp. fastigiata var. aequatoriana, and sub spp. fastigiata
var. vulgaris. Similar results were reported by Kumar et al. [27] when phenotyping U.S.
mini-core accessions of groundnuts for fresh seed dormancy. The average germination
percentage and intensity of dormancy of the mini-core accessions from various botanical
varieties are presented in Figure 3a.



Agronomy 2024, 14, 112 7 of 11

Agronomy 2024, 14, x FOR PEER REVIEW 7 of 12 
 

 

mini-core accessions of groundnuts for fresh seed dormancy. The average germination 
percentage and intensity of dormancy of the mini-core accessions from various botanical 
varieties are presented in Figure 3a.  

 
Figure 2. Average germination percentage, intensity, and duration of dormancy of (a) groundnut 
mini-core accessions from the rainy 2022 and post-rainy 2022–2023 seasons; (b) the set of mini-core 
accessions from various botanical varieties differing in germination percentage, intensity, and 
duration of dormancy. 

Figure 2. Average germination percentage, intensity, and duration of dormancy of (a) groundnut
mini-core accessions from the rainy 2022 and post-rainy 2022–2023 seasons; (b) the set of mini-
core accessions from various botanical varieties differing in germination percentage, intensity, and
duration of dormancy.

3.3. The Validation of Mini-Core Accessions with Allele-Specific Markers Associated with Fresh
Seed Dormancy

As the mini-core collection acts as the representative for most of the genetic diversity
available in the germplasm, multi-season/location evaluation of the mini-core accessions
will help in identifying stable accessions across the environments. However, the high
influence of climatic cues and the selection of cultivars based on visual screening make
fresh seed dormancy a difficult trait. Therefore, the use of molecular markers associated
with fresh seed dormancy in marker-assisted selection can facilitate the development of
cultivars with pre-harvest sprouting resistance. From this perspective, an evaluation of the
mini-core collection via marker-assisted screening in addition to phenotypic screening were
also performed in this study to identify accessions with 2–3 weeks of dormancy. Two allele-
specific markers reported from an earlier QTL-Seq analysis [23] were employed to validate
the accessions of the mini-core set for fresh seed dormancy. These markers, A09_115175289
and B05_111598196, were developed from the chromosomes A09 and B05, respectively
(Table 2). The A09_115175289 marker failed to distinguish between the dormant and
non-dormant accessions used in the validation panel, whereas the B05_111598196 marker,
designated as GMFSD1, exhibited remarkable efficiency in distinguishing between non-
dormant (Spanish bunch- subsp. fastigiata var. vulgaris; Valencia bunch- subsp. fastigiata
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var. fastigiata) and dormant Virginia runner and Virginia bunch (subsp. hypogaea var.
hypogaea). However, there were a few exceptions (16 accessions) wherein the marker data
were not in accordance with the phenotyping data. The details of the dormancy status of
the 184 accessions of mini-core based on both the phenotyping and GMFSD1 marker data
along with their deviations and SNP alleles are mentioned in Table S3. The representation
of the GMFSD1 marker differentiating a few dormant and non-dormant accessions of mini-
core is demonstrated in Figure 3b, while others are provided in Figure S1. In confirmation
with the marker data, ICG 5827 (Virginia Runner), ICG 7000 (Virginia Bunch), ICG 11457
(Virginia Runner), ICG 11322 (Virginia Bunch) of sub spp. hypogaea var. hypogaea, and
ICG 9809 (Spanish Bunch) of sub spp. fastigiata var. vulgaris were identified as dormant
accessions with 2–3 weeks of dormancy; therefore, they are desirable for use as donors in
the breeding programs (Table 3). They can also be used to develop lines with the desired
level of dormancy, high yields, and acceptable consumer quality by designing appropriate
breeding strategies for the successful development and release of varieties.
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available in the germplasm, multi-season/location evaluation of the mini-core accessions 
will help in identifying stable accessions across the environments. However, the high in-
fluence of climatic cues and the selection of cultivars based on visual screening make fresh 
seed dormancy a difficult trait. Therefore, the use of molecular markers associated with 
fresh seed dormancy in marker-assisted selection can facilitate the development of culti-
vars with pre-harvest sprouting resistance. From this perspective, an evaluation of the 
mini-core collection via marker-assisted screening in addition to phenotypic screening 
were also performed in this study to identify accessions with 2–3 weeks of dormancy. Two 
allele-specific markers reported from an earlier QTL-Seq analysis [23] were employed to 
validate the accessions of the mini-core set for fresh seed dormancy. These markers, 
A09_115175289 and B05_111598196, were developed from the chromosomes A09 and B05, 
respectively (Table 2). The A09_115175289 marker failed to distinguish between the 

Figure 3. Comparison and validation of the groundnut mini-core accessions. (a) Average germination
percentage and intensity of dormancy of groundnut mini-core accessions from various botanical vari-
eties. (b) GMFSD1 marker-differentiated non-dormant Valencia Bunch (VB) and Spanish Bunch (SB)
from dormant Virginia Runner (VR) and Virginia Bunch (VB) of the groundnut mini-core accessions.
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Table 2. Details of the allele-specific markers used for validating diverse germplasm.

Gene ID SNP_Position Function F/R Allele-Specific Primer Sequence Length (bp)

Aradu.D94AQ.1 A09_115175289 Zeaxanthin
epoxidase F CACATCTTCTAGTGAAAGCGGA 22

R CCATCTTTCTGATGGAACAACC 22

Intergenic B05_111598196 F TTTTCCTTAATATTTGAAAAATTATCCTAA 30

R CGTCTTTGCCAATTGTGTATAAC 23

Table 3. Details of the mini-core accessions with 2–3 weeks of fresh seed dormancy.

Rainy 2022 Post Rainy 2022–2023

S. No. Accessions Agronomic Type DG GP DI DG GP DI

1 ICG 5827 Virginia Runner 30 0 100 23 35 90

2 ICG 7000 Virginia Bunch 30 10 100 22 35 100

3 ICG 9809 Spanish Bunch 16 35 65 25 55 95

4 ICG 11322 Virginia Bunch 30 15 95 23 35 100

5 ICG 11457 Virginia Runner 23 30 80 30 0 100

DG—duration of dormancy; GP—germination percentage; DI—intensity of dormancy.

This marker can be validated on a much larger panel of breeding material to confirm
its efficacy for use in marker-assisted selection (MAS) for cultivar development. Deploying
this marker in MAS helps in identifying appropriate parental lines to be crossed and
improves precision and selection efficiency through the reduction of labor-intensive and
error-prone screening procedures. Moreover, the screening of these accessions with more
gene-based dormancy markers will give an idea of the gene combinations required to
maintain a variable degree of dormancy and will eventually assist in the molecular breeding
of groundnut cultivars with the desired level of dormancy. Furthermore, the utilization of
MAS with a speed breeding approach expedites the breeding procedure for developing
new Spanish lines with 2–3 weeks of fresh seed dormancy. Nevertheless, proficiency in the
field of technology, coupled with adequately equipped and complementing phenomics
facilities, appropriate infrastructure, and continuous financial support for research and
development are the essential factors for the implementation of speed-breeding techniques.

4. Conclusions

A short period of seed dormancy (2–3 weeks), specifically in the Spanish bunch type,
is crucial for the mitigation of in situ germination losses resulting from unexpected rain-
fall during harvest or delayed harvesting. This study evaluated the ICRISAT mini-core
collection of groundnuts over two seasons to investigate the genetic variability among the
accessions for fresh seed dormancy. Notably, significant genetic variability was observed
among the mini-core accessions for days to 50% germination, germination percentage, and
intensity of dormancy. Utilizing two allele-specific markers used for molecular screening
of the germplasm, the GMFSD1 marker successfully validated dormant and non-dormant
genotypes. The identified accessions, with 2–3 weeks of dormancy, hold promise for breed-
ing commercial groundnut cultivars resistant to pre-harvest sprouting, thereby minimizing
losses attributed to untimely rainfall. Although dormancy is a genetically controlled trait,
it is also influenced by external factors such as rainfall, humidity, temperature, light, and
other environmental factors present during crop maturity. Consequently, a multi-location
evaluation of a mini-core collection for fresh seed dormancy helped in identifying useful
donors for crop improvement programs with enhanced utilization of genetic resources for
quantitative trait improvement. The present study not only highlighted the significance of
seed dormancy but also emphasized the potential of the identified accessions for focused
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breeding programs that aim to improve resistance to pre-harvest sprouting in commercially
cultivated varieties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14010112/s1, Table S1. Details of mini-core accessions
used in the study. Table S2. Season-wise mean values of mini-core accessions for fresh seed dormancy
traits. Table S3. The details of the dormancy status of mini-core accessions based on phenotyping and
marker data. Figure S1. Gel images of GMFSD1 marker differentiating dormant and non-dormant
accessions of the mini-core set.
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