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Abstract
Background Shell strength is an important trait in peanuts that impacts shell breakage and yield. Despite its 
significance, the genetic basis of shell strength in peanuts remains largely unknown, and the current methods for 
rating this trait are qualitative and subjective. This study aimed to investigate the genetics of shell strength using a 
segregating recombinant-inbred-line (RIL) population derived from the hard-shelled cultivar ‘Hanoch’ and the soft-
shelled cultivar ‘Harari’.

Results Initially, a quantitative method was developed using a texture analyzer, focusing on the proximal part of 
isolated shells with a P/5 punching probe. This method revealed significant differences between Hanoch and Harari. 
Shell strength was then measured in 235 RILs across two distinct environments, revealing a normal distribution with 
some RILs exhibiting shell strength values beyond those of the parental lines, indicating transgressive segregation. 
Analysis of variance indicated significant effects for the RILs, with no effects of block or year, and a broad-sense 
heritability estimate of 0.675, indicating a substantial genetic component. Using an existing genetic map, we 
identified three QTLs for shell strength, with one major QTL (qSSB02) explaining 18.7% of the phenotypic variation. 
The allelic status of qSSB02 corresponded significantly with cultivar designation for in-shell or shelled types over four 
decades of Israeli peanut breeding. Physical and compositional analyses revealed that Hanoch has a higher shell 
density than Harari, rather than any difference in shell thickness, and is associated with increased levels of lignin, 
cellulose, and crude fiber.

Conclusions These findings provide valuable insights into the genetic and compositional factors that influence shell 
strength in peanut, laying a foundation for marker-assisted selection in breeding programs focused on improving pod 
hardness in peanuts.
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Background
Peanut (Arachis hypogaea L.; 2n = 4x = 40) is a distinctive 
leguminous plant with pods that develop underground. 
Upon flowering, the fertilized ovules are buried in the 
soil to facilitate pod maturation. Below ground, the pod 
grows rapidly, forming a large shell wall or pericarp [1]. 
Initially, a succulent pericarp occupies the major part 
of the pod volume and serves as a temporary nutri-
ent source for the developing seed [2]. As development 
progresses, the mesocarp becomes greatly reduced in 
size, while the exocarp undergoes lignification and stiff-
ening [1]. Upon maturation, the pericarp, recognized as 
the iconic peanut shell, accounts for approximately 30% 
of the total pod weight. This pericarp is comprised of 
biopolymers, such as cellulose and lignin, and proteins, 
along with minerals and other bioactive compounds [3, 
4].

The pod shell plays an important role in defending 
against diseases and insect pests during underground 
growth and after harvest [5, 6]. In addition, its mechani-
cal strength reduces the pod’s susceptibility to mechani-
cal damage during harvest, transport, and storage, which 
significantly influences yield and economic returns. This 
issue is particularly significant for the ‘in-shell’ peanut 
industry, in which whole pods are roasted and marketed. 
In that industry, the strength of the shell is vital for miti-
gating shell cracking, to ensure a high-grade marketable 
product and optimize growers’ revenues.

Shell strength (SS) in peanuts has a notable genetic 
component evident by consistent differences between 
varieties [7–10]. While the recognition of the genetic 
basis for SS has been an important factor in the devel-
opment of improved peanut cultivars, few reports have 
addressed the genetic and molecular mechanisms that 
govern peanut pod-shell development, in general, and SS, 
in particular. Molecular mechanisms underlying peanut-
shell development have been described in a few reports 
and shown to involve complex regulatory pathways asso-
ciated with cell-wall synthesis and deposition [11–13]. 
Calcium-signaling pathways are key determinant in shell 
development, as calcium deficiency alter the expression 
of genes related to SS [14]. Understanding of these regu-
latory pathways offer insights into the possible enhance-
ment of peanut SS through molecular breeding.

In addition, marker-assisted selection (MAS) using 
SS linked molecular markers may accelerate breeding 
processes and aid the development of cultivars that are 
resilient to mechanical damage and have improved shelf 
lives. A previous study of 320 peanut accessions led to 
the identification of significant phenotypic variations in 
peanut shell traits, including SS, and found 10 significant 
SNPs related to these traits, situated on the B genome 
[10]. Another study identified significant QTLs linked 
to pod-shell thickness, which, according to the authors, 

is closely correlated with SS [15]. Two major QTLs have 
been identified and mapped on chromosomes A08 and 
B08, explaining 31.1–32.3% and 16.7–16.8% of the phe-
notypic variation, respectively [15].

In this study, we investigated the genetics of SS in ‘Vir-
ginia’ marketing-type peanut cultivars and a recombi-
nant-inbred-line (RIL) population. Virginia-type peanuts 
are primarily used in the in-shell industry, but some are 
also grown for the shelled-peanut market. Initially, quan-
titative and objective method was developed for mea-
suring the mechanical strength of isolated shells using 
a texture analyzer. This method was used to assess SS 
among 235 segregating RILs and to identify new molecu-
lar markers associated with SS. In addition, examinations 
of shell thickness, density, and composition, conducted 
among isolated shells, reveal that shell density, rather 
than shell thickness, is the primary determinant of SS in 
this genetic background. The discussed results offer new 
insights into the factors influencing SS in peanuts and 
provide a foundation for MAS breeding of Virginia-type 
peanuts.

Methods
Plant material and growing conditions
The genetic analysis was based on an advanced RIL pop-
ulation (F7:12) that was developed from a cross between 
two closely related Virginia-type cultivars, ‘Hanoch’ and 
‘Harari’ [16]. Hanoch is a late-maturing cultivar with 
long, smooth, hard pods. These qualities make it popu-
lar in the European in-shell peanut market. Harari is 
an early-maturing cultivar, with a chubby, reticulated, 
soft pod, which is primarily grown for the local shelled-
peanut market. Harari has a bunch-type growth habit; 
whereas Hanoch has a spreading growth habit.

Two hundred and thirty-five RILs were planted in two 
environments: one in 2022 in Halutza, which is in the 
western Negev region of southern Israel (31°22"32.1  N, 
34°46’81.5"E) and the other in 2023 in Kefar Mas-
rik, in the western Galilee region of northern Israel 
(32°53’54.4"N 35°08’44.0"E). The western Negev loca-
tion is characterized by a fine sandy-loam soil and the 
western Galilee site is characterized by heavy black soil. 
Experiments were imbedded within commercial peanut 
growing plots in a completely randomized block design 
with two replicates. Each line was planted manually in a 
double row in a 4-m-long bed with 90 cm gaps between 
rows and 40 cm between plants within each row (total of 
20 plants/plot). The parental genotypes were grown ran-
domly as control plots within the experimental field, with 
three replicates per block. Fields were maintained under 
full-irrigation conditions and all other agronomic prac-
tices were like those used in commercial plots. After har-
vest, the plants were left to naturally dry in the field until 
the seeds reached a moisture content of 12%.
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Calibration of a method for measurement of the 
mechanical strength of shells
Approximately 200 sound and fully matured pods were 
randomly selected from each “plot” (line × block × envi-
ronment). The pods were stored under the same condi-
tions until examination. About 25 super-giant–sized pods 
(5–7 pods per ounce) free of stains or infections (moth 
eggs, mold, or rot) were selected for further analysis. The 
mechanical strength of the pods’ shells was examined 
using the TA1 texture analyzer (Stable Micro Systems) 
and compared with the two parental lines, Hanoch and 
Harari. Several combinations were investigated, using 
different sensors (P/20, P/75, and P/5), base plates (one 
heavy duty platform with 2 cm diameter hole in the mid-
dle, and another one without a hole) and variations in the 
positioning of the sample holder on the base plate. Addi-
tionally, we compared the results obtained when entire 
pods or empty shells were examined. All measurements 
were collected under identical test conditions, involv-
ing a 50-N load cell compressor and a running speed of 
20 mm/min. The proximal portion of the pod was tested 
due to phenotypic instability in the distal part within this 
specific genetic context: In Hanoch, the distal half devel-
ops at a later point in time; whereas in Harari, both pod 

parts develop simultaneously. In the treatment of the 
empty shells, the shell was placed on the device with both 
the convex (Fig. 1d) and the concave (Fig. 1e) sides fac-
ing the sensor. The concave side was used to minimize 
the “dome” effect that may result with a non-direct resis-
tance of the shell. The deformation-force curve was con-
structed using Exponent Connect software, from which 
the parameter peak height was extracted (force; Newton) 
and used as the value for SS.

In parallel with the quantitative testing, a qualitative 
assessment was also conducted by manually shelling an 
additional 25 pods from each parental line and assign-
ing a score of 1–5 for shell strength (blind test). The cor-
relation between the mechanical and the manual tests 
was calculated. Also, to initially inspect the connection 
between the measured SS and the actual pod breakage 
levels in commercially harvested plots, samples of pods 
were taken from four genotypes (Hanoch, Iddo, 22, 23) 
and two commercial plots (Ora, Shahen) in Western 
Negev, Israel. Around 3  kg of commercially harvested 
Super Giant pods (5–7 pods per ounce) were sampled. 
The pod breakage level was measured by counting the 
number of cracked pods in 100 pod sample.

Fig. 1 Differences between the two parental lines, ‘Hanoch’ and ‘Harari’, in terms of shell mechanical strength (force; N), as measured by a texture analyzer. 
(a) Entire pod and p/20 probe. (b) Entire pod and p/75 probe. (c) Entire pod and p/5 probe. (d) Isolated the outer shell and p/5 probe. (e) Isolated the 
inner shell and p/5
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Genetic analysis and trait mapping
In the subsequent step, the calibration method was 
applied to the 235 RILs, to conduct a genetic analy-
sis and map the SS trait. To examine whether the mean 
force values (N) were normally distributed, the Shapiro-
Wilk test was used in JMP. An ANOVA test was per-
formed to examine the effects of the lines and blocks on 
shell strength. Heritability estimates were calculated by 
partitioning the general variance among lines into fixed 
effects (e.g., between parents and between the parents’ 
lines and the population mean) and random effects (dif-
ferences within and between lines). Heritability was cal-
culated as the variance component within and between 
lines. Genetic correlations were computed between shell 
strength and the other traits previously examined among 
this population and are presented in our database [17, 
18]. The traits were maturity index, pod yield, harvest 
index, 50-pod weight (50PW), 50-seed weight (50SW) 
and shelling percentage. In addition, the correlation 
between SS and another important trait, 50-pod shell 
weight (50SHW), which was not previously reported, was 
calculated as well.

Additional categorical traits were recorded in this pop-
ulation, including branching habit (spreading or bunch), 
pod constriction (deep, moderate, or no constriction), 
and pod reticulation (rough or smooth). The correla-
tions between SS indices and the quantitative traits were 
evaluated using the best linear unbiased predictors. 
An ANOVA test was utilized to determine the pheno-
typic effect of the qualitative traits on the shell-strength 
indices.

All SNP genotyping and genetic-map-construction 
procedures used in this study were described in detail 
in a previous report [18] and are summarized here. 
SNP genotyping was performed using the Affymetrix 
Axiom_Arachis2 SNP-array comprising 47,837 SNPs 
[19, 20]. Genotypic data were analyzed using the Axiom 
Analysis Suite 3.1, as previously described [21]. Loci 
positions were confirmed as previously described [22], 
with a few modifications [BLASTN (e-value < 1 × 10− 18) 
and mismatch of less than 2]. Generated genetic linkage 
groups (LGs) were assigned to the pseudo-molecules of 
the tetraploid A. hypogaea cv. Tifrunner [23].

Mapping of SS [represented by average force (N)] on 
the 235 RILs was performed using MapQTL v6 [24]. 
Interval mapping, using the maximum likelihood algo-
rithm with an LOD (logarithm of the odds) score of 2.5 
and 1000 permutations, was used to confirm the pres-
ence of a putative QTL at a 95% significance level. QTLs 
that explained more than 10% of the phenotypic variation 
were defined as major QTLs, according to the criteria set 
out by Collard et al. [25]. The QTL naming follows the 
terminology of q as QTL, followed by an abbreviation of 

the shell-strength trait (SS), ending with the respective 
chromosome.

Validation of qSSB02, qSSB03, and qSSA05 in a collection of 
historic peanut cultivars
The allelic situation of qSSB02, qSSB03, and qSSA05 was 
determined in a series of historic Virginia-type cultivars 
that represents more than 40 years of peanut breed-
ing in Israel. For this investigation, leaves were collected 
from five seedlings of each cultivar. DNA was extracted 
using the GenElute™ Plant Genomic DNA Miniprep Kit 
method. One set of primers was designed for each QTL, 
based on the genomic sequence of the AX-147213175, 
AX-176800560, and AX-176810858 markers for qSSB02, 
qSSB03, and qSSA05, respectively. The primers were as 
follows: for qSSB02, F: 5′- CCT CTT AAG AGT GAT 
GTC AGA ATC − 3′ and R: 5′- GAT GTG ATG TTA 
TGG GGA ACA AAA G -3′; for qSSB03, F: 5′- GCG 
ACC CGA GGG CGT G -3′ and R: 5′- CCC GCG ACA 
TTA AGA CCT AAA A -3′; and for qSSA05, F: 5′- CTC 
TCA TTC TTT TTG CTT CTC − 3′ and R: 5′- CGG 
CAC AAC TTC GAA GAG ATT C -3′. The PCR con-
ditions included 5  min of initial denaturation at 95  C; 
36 cycles of denaturation (30  s at 95  C) and annealing 
(30 s at 62 C, 60.5 C, and 62 C for qSSB02, qSSB03, and 
qSSA05); extension (90  s at 72 C); and a final extension 
at 72 C for 5 min. Hy-Taq Ready Mix (2x)-Hylabs®) was 
used to amplify the PCR product.

In qSSB02, the PCR product from each parental 
line was polymorphic due to a 230-bp indel that exists 
between the two lines. Therefore, for this QTL, the 
PCR products were run on an 1% agarose gel. The PCR 
products of qSSB03 and qSSA05 were sent for Sanger 
sequencing at HyLabs Ltd., Israel.

Thickness, density, and compositional characterization of 
isolated shells
Three replicates of 300 g of peanut shells were collected 
from cultivars Hanoch and Harari grown in the Halutza 
plot (2022). The shells were cut in half and only the 
proximal half was retained for physical and general shell-
composition analysis. Shell discs of 7-mm diameter were 
prepared using a cork-borer (CBSTO6-VWR). Each iso-
lated disc was measured for shell thickness using a caliper 
(ABSOLUTE AOS Series 500, Mitutoyo). Subsequently, 
20 discs were bulked together and weighed using an ana-
lytical scale to determine density (weight/area) values.

Compositional characterization was conducted at the 
Field Service Laboratory in Neve-Ya’ar Center, Israel, 
using an ANKOM 200 Fiber Analyzer. Three replicates 
of 150  g of peanut shells were examined. The relative 
amounts of crude fiber, lignin, hemicellulose, and cellu-
lose were measured.
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Gene ontology analysis
Gene ontology (GO) annotations for all protein coding 
genes were downloaded from the Legume information 
system database  (   h t  t p s  : / / m  i n  e s . l e g u m e i n f o . o r g / a r a c h i s 
m i n e / b e g i n . d o     ) . Enrichment analysis was generated with 
Blast2Go [version 5.2.5] using Fisher’s exact test. The test 
was performed for each of the two gene sets separately, 
the GO annotations of all A. hypogaea [genome build 1] 
protein coding genes served as background vs. GO anno-
tations of proteins within the major QTL. GO annotation 
with p-value < 0.05 was considered significant.

Results
Calibration of a method for measuring the mechanical 
strength of shells
Mature pods were sampled from two Virginia-type cul-
tivars differing in SS (i.e., Hanoch and Harari) and the 
mechanical strength of their shells was compared using 
a texture analyzer. Five combinations of sensor configu-
rations and sample preparations were tested. The results 
are presented in Fig.  1. Among the five methods inves-
tigated, the combination of employing the p/5 probe 
and using isolated shells and a plate with a hole on the 
center revealed the most significant difference in SS 
between Hanoch and Harari (prob[t] < 0.0001; R2 = 0.62). 
Consequently, this method was chosen as the preferred 
approach for measuring SS in other experiments within 
this study.

Initially, to validate its reliability, the mechanical 
method was compared with a qualitative assessment, 
where pods from each parental line were manually 
shelled and assigned a shell strength score (blind test). 

The correlation between the mechanical test values and 
the manual test scores was found to be very high and 
significant (R = 0.856; Supplementary Fig.  1). Addition-
ally, the relationship between the selected mechanical 
method for measuring SS and actual pod breakage levels 
in several commercially harvested plots was examined. 
A significant negative correlation (-0.72) was observed 
between the mechanical method and the level of pod 
breakage in the field (Supplementary Fig.  2), indicat-
ing the method’s effectiveness in predicting pod damage 
resulting from external forces.

Phenotyping of the parents and the RIL population
SS was examined in a RIL population derived from a 
cross between Hanoch and Harari. Samples were col-
lected from field experiments conducted in two different 
environments. SS was found to be normally distributed 
among the RIL population in both environments (Fig. 2; 
Table  1). SS values were collected from the two paren-
tal lines as well. As expected from the calibration trial, 
a highly significant difference in N-force was found 
between the parental lines (P = < 0.0001), with averages 
of 52.06 N and 38.70 N for Hanoch and Harari, respec-
tively. Parental values were within the range of the RIL 
population, with some RILs exhibiting SS values beyond 
the parental values at each end of the curve in both years, 
suggesting transgressive segregation (Fig.  2). ANOVA 
revealed a significant effect for the RILs, but no signifi-
cant effects for the block, year, or RIL × year interac-
tion (Table  2). Therefore, QTL analysis was performed 
using the average values for both years. The broad-sense 

Table 1 Summary statistics of SS among parents and RILs in two field experiments
Parents RILs

Variables Hanoch Harari Student’s t- test Mean ± SD Minimum Maximum Sig. of A-D testa

2022 SS (N) 52.29 38.73 0.0002 45.51 ± 7.67 25.59 58.92 0.384
2023 SS (N) 51.83 38.66 < 0.0001 45.25 ± 7.28 31.32 60.383 0.225
Two-year avg. SS (N) 52.06 38.70 < 0.0001 45.38 ± 7.22 29.09 59.27 0.426
aThe Anderson-Darling test was used to check whether the samples represented a population with a normal distribution

Fig. 2 Phenotypic distribution of SS in two different environments, represented by consecutive years (2022 and 2023). The y-axis corresponds to the RIL 
population density and the x-axis shows the amount of force (N) that the shells could withstand, based on the average values of two replicates. Arrows 
indicate the N-force values for ‘Hanoch’ (red) and ‘Harari’ (green). A normal distribution curve is indicated in green
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heritability for SS was 0.675, indicating that this trait has 
a moderate-to-high genetic component.

Pearson correlations were calculated between the aver-
age SS values and a set of agricultural and marketing-
related traits. (Table  3). SS was significantly negatively 
correlated with maturity index and shelling percentage. 
In contrast, SS was significantly and positively correlated 
with 50SW, 50PW, and 50SHW. Small, but significant 
negative correlations were found between SS and pod 
yield, and between SS and harvest index. The effects of 
the categorical traits on SS were examined using ANOVA 

(Table  4). Pod reticulation was found to have a signifi-
cant, but small effect on SS, with lines with smooth shells 
exhibiting higher SS values than lines with rough shells. 
Neither branching habit nor pod constriction was found 
to have any significant effect on SS.

QTL identification for SS
QTL mapping of the SS resulted in the identification of 
three QTLs with LOD scores ranging from 2.51 to 10.57 
(Fig. 3; Table 5). One major QTL, qSSB02, was observed 
on LG B02 between AX-176816518_B2-AX-176804012_
B2, spanning 15.41 Mbp, with a %PVE value of 18.7. 
Another minor QTL, qSSB03, was observed on LG 
B03 between AX-176796644_B3-147243220_B3, span-
ning 0.21 Mbp, with a %PVE value of 6.6. In these two 
QTLs, the allele that provided higher SS came from the 
Hanoch parental line. The third observed QTL, qSSA05, 
was found on LG A05 between AX-176802416_A5-AX-
176809615_A5, spanning 0.09 Mbp, with a %PVE value of 
4.8. In this QTL, the ‘Harari’ parent (with a weaker shell) 
contributed the allele for higher SS.

The genetic relationship between the three QTLs was 
analyzed by using ANOVA to compare different QTL 
combinations in the RIL population (Fig.  4). A general 
additive effect was found. The major effect of qSSB02 
was observed throughout the analysis (the first four vs. 
the last four genotypic groups in Fig. 4). In addition, the 
HHR combination (i.e., Hanoch-like allele at qSSB02 and 
qSSB03 and Harari-like allele at qSSA05; Fig.  4), which 
had a positive effect in all loci, had the highest SS values; 

Table 2 Analysis of variance and heritability for SS in the Hanoch × Harari RIL population over two years. Block [Year] indicates the 
nested effect of the blocks within each year
Trait Variables df Mean square F-ratio P-value H(b)2 a

SS Block [Year] 2 23.25 2.3841 0.933 0.675
Year 1 33.85 3.47 0.631
RIL 234 95.51 9.79 < 0.0001
RIL × Year 220 11.47 1.17 0.775
Error 454 9.75

a Broad-sense heritability

Table 3 Summary of Pearson correlations and probability 
figures for SS and quantitative traits in the Hanoch × Harari RIL 
population
Trait Correlation Probability
Maturity index (%) -0.2311 0.0003
Pod yield (g) -0.1409 0.0302
Harvest index -0.1514 0.0197
50PW (g) 0.4207 < 0.0001
50SW (g) 0.1965 0.0024
Shelling (seed) percentage (%) -0.4197 < 0.0001
50SHW (g) 0.5412 < 0.0001
50PW, 50-pod weight; 50SW, 50-seed weight; 50SHW, 50-pod shell weight

Table 4 Summary of F-test results for the effects of categorical 
traits on SS among the Hanoch × Harari RIL population
Trait F-ratio P-value
Branching habit 0.0005 0.9825
Pod constriction 1.32 0.2692
Pod reticulation 4.169 0.0423

Fig. 3 Whole-genome QTL analysis for the SS trait among the Hanoch × Harari RIL population. % PVE, percentage of phenotypic variance explained. 
%PVE was derived from the marker with the highest value within each QTL, as follows: qSSB02 - marker AX-147,213,175; qSSB03 - marker AX-176,800,560; 
and qSSA05 - marker: AX-176,810,858
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whereas the RRH genotype, which had a negative effect 
in all three loci, had the lowest SS value. The HHR com-
bination (with a Harari allele on A05) had higher SS val-
ues than HHH (with a Hanoch allele at all three loci), 
showing again the positive effect of ‘Harari’ at qSSA05, 
although this difference was not statistically significant.

The allelic status of selected markers from the three 
SS QTLs was evaluated in a group of 19 breeding lines 
and commercial varieties, spanning over 40 years of pea-
nut breeding history in Israel (Table 6; Fig. 5). An almost 
perfect match was observed between the major QTL, 
qSSB02, and the market designation of the varieties (i.e., 
in-shell or shelled). Specifically, in 17 of the 19 exam-
ined cultivars, the marker accurately predicted the final 
market designation. In the other two QTLs, qSSB03 and 
qSSA05, the association between the selected marker and 
the market designation was less strong (13/19 and 15/19, 
respectively).

Thickness, density, and compositional characterization of 
shells
Physical and general-composition analyses were per-
formed to better understand the differences in SS 
between the parental lines, Hanoch and Harari. Shell 
discs isolated from the two genotypes were extracted 
and their thickness and density were measured (Fig.  6). 
No significant difference was found between Hanoch 
and Harari in terms of pod thickness (Fig.  6a). In con-
trast, a significant difference was found in pod density; 
Hanoch had significantly greater pod density than Harari 
(prob[t] < 0.0001; R2 = 0.849; Fig. 6b).

To compare the levels of cell-wall components between 
Hanoch and Harari, a general cell-wall composition 
analysis was conducted (Fig.  7). Based on shell weight 
(Fig.  7a), no significant differences were found between 
the genotypes in terms of lignin, hemicellulose, or cellu-
lose level. However, Harari had a slightly, but significantly 

Table 5 QTLs identified for SS in the Hanoch × Harari RIL population
Trait Year QTL LGa Posi-

tion 
(cM)

Marker Physical 
position 
(marker; 
Mbp)

Flanking markers Physical position 
range (Mbp)

LOD PVEb 
(%)

ADDc

SS 22/23 qSS
B02

B02 21.62 AX-147,213,175 9.84 AX-176816518_B2-
AX-176804012_B2

3.88–19.29 10.57 18.7 2.88

SS 22/23 qSS
B03

B03 12.64 AX-176,800,560 4.51 AX- 147243220_B3-
AX- 176796644_B3

4.46–4.67 3.48 6.6 1.30

SS 22/23 qSS
A05

A05 49.536 AX-176,810,858 115.78 AX-176802416_A5-
AX-176809615_A5

115.72-115.81 2.51 4.8 -1.11

aLG, linkage group; bPVE, phenotypic variance explained; cADD, additive effect (negative values correspond to the ‘Harari’ parental line). 22/23, average value for 
2022 and 2023

Fig. 4 Marker combination analysis of three QTLs among the Hanoch × Harari RIL population. H, Hanoch allele; R, Harari allele. In each column, the left-
most position of H/R is for qSSB02 (marker AX-147213175), the middle position is for qSSB03 (marker AX-176800560), and the right-most position is for 
qSSA05 (marker AX-176810858). Groups that are labelled with different letters are statistically different at p(F) < 0.05
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higher level of crude fiber. However, when the results 
were calculate based on shell density instead of shell 
weight, significantly higher levels of lignin, cellulose, and 
crude fiber amount per density were found in Hanoch 
(Fig. 7b).

Functional annotation of the qSSB02 QTL region
To identify genes and genetic pathways potentially asso-
ciated with SS, 360 genes within the qSSB02 QTL region 
were extracted from the Tifrunner reference genome 
annotation and analyzed against the entire gene set in the 
genome. Gene Ontology (GO) annotation showed that 
the majority of enriched genes had specific functional 
assignments: in the cellular component category, terms 
included cell periphery, external encapsulating structure, 
and cell wall; in the molecular function category, relevant 
terms included binding, oxidoreductase activity, and pec-
tinesterase activity; and in the biological process cate-
gory, terms included response to stimulus stress, defense, 
cell wall organization, and cell wall modification (Fig. 8).

Discussion
Yield loss due to weak pod shells is a significant con-
cern in the Virginia-type in-shell peanut market. 
Therefore, there is great interest in developing new vari-
eties with stronger SS. While SS of peanuts is known to 
have a genetic basis, the specific genetic mechanisms 

Table 6 The allelic status of representative markers from the 
three QTLs identified for SS in a set of 19 historical peanut 
breeding line and commercial varieties. Highlighted in bold are 
genotypes with discrepancy between the allelic situation of B02 
and the target market
Line AX-

147,213,175 
(B02)

AX-
176,800,560 
(B03)

AX-
176,810,858 
(A05)

Target 
market

Hanoch 400 bp C A in-shell
Harari 640 bp T G Shelled
Mona 640 bp T G Shelled
Orit 400 bp T A in-shell
Iddo 400 bp C A in-shell
IS-23 400 bp T G in-shell
IS-22 400 bp C G in-shell
Einat 640 bp T G Shelled
Hila 640 bp T G Shelled
Shulamit 400 bp T A in-shell
Shosh 640 bp T G Shelled
Rabin\ IS-57 400 bp T A in-shell
205 400 bp C A in-shell
B65 400 bp C A in-shell
GK7 400 bp T G Shelled
IS-52 640 bp T G Shelled
A76 640 bp T G Shelled
IS-51 640 bp T G Shelled
A89 400 bp C A Shelled

Fig. 5 The history of peanut breeding in Israel. Each level represents a hybridization that was performed by s breeder (the name of the breeder and the 
year are presented on the right column). Historic cultivars are color-coded according to their main target market; blue, red, and green represent shelled, 
in-shell, and unknown marketing types, respectively
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Fig. 7 Differences between Hanoch and Harari in terms of cell-wall components: (a) based on shell weight and (b) shell density. *Significant at p < 0.05

 

Fig. 6 Differences between Hanoch and Harari in terms of (a) shell thickness and (b) shell density
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controlling it remain largely unknown. Most genetic 
studies of peanut have traditionally focused on traits like 
disease resistance, yield, and seed quality, often overlook-
ing the important issue of shell mechanical strength. In 
this study, we aimed to explore the genetics of SS using 
a RIL population that segregates for this trait. This study 
represents the first attempt to genetically analyze and 
map shell strength in a biparental genetic structure in 
peanut. By utilizing closely related, elite varieties of Vir-
ginia-type peanuts as parents, we ensured that our find-
ings would have direct relevance and significance for 
breeding efforts.

SS was found to be a stable trait within the inspected 
genetic background, as indicated by its relatively high 
heritability estimate (0.675) and significant differences 
and high R2 values among lines (averaging 0.38), as well 
as consistency across different environments and blocks. 
Similar to other pod characteristics like pod weight, seed 
number per pod, and pod constriction [22, 26, 27], SS 
showed relatively high heritability and minimal sensitiv-
ity to environmental conditions.

Our comprehensive genetic analysis identified three 
significant and consistent QTLs associated with SS, with 
a major QTL located on chromosome B02 explaining an 
average of 18.7% of the total phenotypic variation. This 
major QTL on B02 was very stable among environments 
(data is not shown), and it is reported here for the first 
time in relation to SS of peanut. In a genome-wide asso-
ciation study involving 320 peanut genotypes, Cui et al. 
[10] identified another QTL for SS on chromosome B08 
that explained 12.5% of the total variation. Interestingly, 
in our previous study [18], when SS was manually ranked 
(on a scale of 0–2) within the same genetic population, 
neither the qSSB02 QTL nor any of the other QTLs were 
found to be significant. This underscores the importance 

of robust quantitative and subjective phenotyping meth-
ods to accurately identify QTLs with significant effects. 
Unfortunately, the qSSB02 QTL identified in our study is 
large in size (spanning 15.41 Mbp), due to sparse genetic 
markers and low recombination rates in this genomic 
region, which complicates the identification of promising 
candidate genes. Nonetheless, this QTL holds potential 
as a valuable marker for MAS breeding programs aimed 
at enhancing SS in Virginia-type peanuts.

Analysis of the allelic status of qSSB02 among a group 
of historical breeding lines and commercial varieties in 
Israel revealed an almost perfect match with market des-
ignation (i.e., in-shell or shelled). This suggests that indi-
rect selection of qSSB02 has played a significant role in 
shaping Israel’s in-shell and shelled peanut industries. A 
review of Israeli peanut-breeding history (Fig. 5) revealed 
an interesting finding. All of the original American lines 
used as a source germplasm for the local breeding pro-
gram (e.g., Fluranner and Florispan in 1965 by Goldin, 
GK3 by Wallerstein in 1980, and GK7-OL by Hovav in 
2014) carried the Hanoch-like allele at qSSB02, despite 
not being Virginia-type varieties. Additionally, Line 113, 
a Virginia-type used by Yitzhak Wallerstein in the 1980s, 
a line of unknown origin, is probably the donor of the 
‘Harari’-like undesirable allele. Therefore, we infer that 
the Hanoch-like allele of qSSB02, which is associated 
with the positive effect, represents the original condi-
tion; whereas the Harari-like allele associated with the 
negative effect was introduced later. This deduction was 
confirmed by a screen of the allelic status of qSSB02 in 
a collection of 64 American peanut genotypes [28], in 
which the Hanoch-like allele was found to be present 
across all four peanut marketing types (Virginia, Run-
ner, Spanish, and Valencia); whereas the Harari-like allele 
was found to be present in a small subset of genotypes 

Fig. 8 Enrichment analysis of GO terms in the qSSB02 QTL region. Three component were analyzed: (a) Biological processes; (b) Molecular function; (c) 
Cellular component
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that is predominated by Virginia-type genotypes, such as 
N080820IJCT, ‘Gregory’, and ‘Jenkins Jumbo’.

An interesting finding from the QTL analysis con-
cerns the role of the qSSA05 locus from Harari in influ-
encing the SS phenotype. Generally, lines carrying the 
Hanoch genotype at the qSSB02 and qSSB03 loci, as well 
as the Harari genotype at qSSA05, exhibited the high-
est SS levels in the population. However, the difference 
between those lines and lines with the Hanoch genotype 
at all three QTLs was not statistically significant. Some 
lines with this HHR combination, such as HH115, con-
sistently showed exceptionally high SS values across dif-
ferent environments and blocks. On the other hand, the 
HHR combination did not guarantee high SS, as seen 
in breeding line IS-22, which also possesses this combi-
nation but displays low SS (not shown). IS-22 has been 
excluded from commercial cultivation due to its ten-
dency for pod breakage and seed-shattering. Together, 
these three QTLs contributed about 46% of the genetic 
variation (considering heritability rates). This suggests 
that there are likely additional genetic factors influenc-
ing SS that were not captured in our analysis. Nonethe-
less, our findings indicate that incorporating qSSA05 into 
MAS strategies could potentially improve SS in current 
peanut cultivars.

Another important finding of the current study is that 
the higher SS levels in Hanoch as compared to Harari 
are associated with shell density rather than shell thick-
ness. This finding is substantially different from those of 
other studies that have reported a significant association 
between shell thickness and SS in peanut [10, 15, 29], as 
well as in other crops [30, 31]. The higher levels of shell 
density are evidenced by the significantly negative corre-
lation of SS with shelling percentage and the significantly 
positive correlation between SS and 50SW, 50PW, and 
50SHW. In peanut, similar correlations were previously 
found between shell thickness and pod size and between 
shell thickness and shelling percentage [29, 32], indicat-
ing that these relationships are not unique to shell den-
sity. Furthermore, our composition analysis revealed 
that this additional shell weight may not arise from the 
accumulation of a specific substance, but rather from the 
accumulation of lignin, cellulose, and crude fiber within 
this structure. Interestingly, we identified a strong nega-
tive association between SS and pod reticulation, with 
pods with smoother shells (lower pod reticulation) exhib-
iting higher SS levels. This suggests that both SS and 
pod reticulation may be regulated by the deposition of 
cell-wall components embedded within the “bowls” of 
the peanut shell. This process likely contributes to the 
smoother appearance of the shell without significantly 
affecting its overall thickness, as measured from one side 
to another. Several GO terms that were significant in 
the enrichment analysis of the qSSB02 QTL, such as cell 

periphery, external encapsulating structure, and cell wall 
(cellular component category) and cell wall organization/
modification (biological process category) support this 
hypothesis.

Another important parameter influencing the plant 
biomechanics is water content. Therefore, the QTL could 
be potentially also related with water metabolism dur-
ing maturing, not the “direct” shell strength QTLs. This 
assumption is unlikely to be the reason in our system, 
since the plants in our study were allowed to dry in the 
sun, and threshing was not conducted until the aver-
age seed moisture content is below 12%. While we did 
not directly measure shell water content, previous stud-
ies indicate a correlation between the water content of 
peanut seeds and shells [33]. Given that our shell mate-
rial was dry at the time of harvest and stored under very 
dry conditions, we believe this mitigates concerns about 
water content affecting our results. Moreover, the high 
heritability rates and the presence of redundant QTLs 
across both years demonstrate the robustness of the find-
ings regardless varying experimental and storage condi-
tions. Nevertheless, we cannot completely rule out water 
content as a potential contributing factor, highlighting 
the need for further investigation in future studies.

Conclusions
Our study highlights the critical importance of SS in 
addressing yield losses due to weak pod shells in the Vir-
ginia-type in-shell peanut market. Through genetic anal-
ysis using a RIL population, we identified QTLs that are 
significantly associated with SS, underscoring the com-
plex genetic basis of SS in peanuts, which is influenced 
by both major and minor QTLs across different genetic 
backgrounds. Our results suggest that incorporating 
qSSA05 into MAS programs could potentially enhance 
peanut SS. In addition, this study reveals insights into 
the composition of peanut shells, indicating that higher 
SS may be associated with shell density rather than thick-
ness and is influenced by the accumulation of lignin, 
cellulose, and crude fiber. Understanding these genetic 
and compositional issues is crucial for the development 
of new peanut varieties with improved shell strength, to 
address the industry’s pressing concerns regarding pod 
integrity and market preferences.

Abbreviations
SS  Shell strength
RIL  Recombinant inbred line
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50SW  50-seed weight
50SHW  50-pod shell weight
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