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Abstract: The content of chlorophyll, a fundamental component required for photosynthesis in
plants, has been widely studied across crop species. In this study, we aimed to evaluate the genetic
diversity of 453 peanut accessions. We evaluated the evolutionary relationships using a genome-
wide association study (GWAS) of leaf color data based on chlorophyll content analysis using the
Axiom_Arachis array containing 58K single-nucleotide polymorphisms (SNPs). We identified seven
SNPs as being significantly associated with leaf chlorophyll content on the chromosomes Aradu.A02,
Aradu.A08, Araip.B02, Araip.B05, Araip.B06, and Araip.B08 in a GAPIT analysis. The SNP AX-
176820297 on Araip.B05 was significantly linked with leaf chlorophyll content across the seasons.
The Arahy.SDG4EV gene was detected to be in linkage disequilibrium (LD) with the significant
SNPs, and its expression was significantly correlated with leaf chlorophyll content. The results of the
current study provide useful and fundamental information with which to assess genetic variations
in chlorophyll content and can be utilized for further genetic and genomic studies and breeding
programs in peanuts.

Keywords: peanut; chlorophyll content; genetic diversity; population structure; genome-wide
association study; linkage disequilibrium

1. Introduction

The peanut (Arachis hypogaea L.) is a globally important oil seed and cash crop [1] and
has been cultivated in more than 100 countries [2], including China, India, Nigeria, and the
USA, with a global total production of 53,638,932 metric tons in 2019 (http:/ /www.fao.org)
(accessed on 21 December 2021). Peanut seeds contain high-quality oil, proteins, vitamins,
and minerals and are used for oil extraction or in confectionary [3].

Chlorophyll is the fundamental material of photosynthesis in plant species. As a
high level of photosynthetic efficiency is important for breeding [4], chlorophyll content
has been widely studied in many crop species [5]. The chlorophyll content in leaves is
an important index of photosynthesis, nutrient status, and response to diverse abiotic
stresses, including drought and salinity [6], and is positively related to crop yield [7]; thus,
a high chlorophyll content provides a material basis indicating improvements in the leaf
photosynthetic rate [8]. It has been reported that the chlorophyll content in leaves is closely
related to the photosynthetic capacity in many crops, including wheat [9], and abiotic
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stresses could reduce the chlorophyll content and photosynthetic capacity [10,11]. As leaf
photosynthesis is related to the chlorophyll content per leaf area, the SPAD chlorophyll
meter has been widely used as a tool to screen genotypic variation in photosynthetic
capacity [12].

Measurements of the chlorophyll content in peanut plants have commonly been used
in studies of plant responses to abiotic stresses such as drought tolerance [13]. Previous
studies have shown that there are a number of genetic variations in the chlorophyll content
in legume species. A genome-wide association study (GWAS) using 332 diverse soybean
genotypes identified the genomic regions responsible for diverse chlorophyll traits includ-
ing those for chlorophyll a, chlorophyll b, total chlorophyll content, and chlorophyll a/b
ratio and provided fundamental information about genetic diversity and breeding materials
for soybean breeding programs [14]. Through measurements of the chlorophyll content
in leaves from the seedling to the blooming stage, a total of 20 QTLs were mapped [15].
In addition, eight SNPs linked with a total of 168 soybean genotypes were reported that
were used to detect SNPs associated with chlorophyll content and chlorophyll fluorescence
using a SPAD meter [16].

Until now, few genetic studies on the chlorophyll characteristics of peanut plants have
been reported. Chlorophyll content measurements in the peanut have been used to study
the plant responses to abiotic stresses, such as drought tolerance. The International Crop
Research Institute for the Semiarid Tropics (ICRISAT) assessed 269 wild Arachis species
and identified some specimens with high SPAD chlorophyll meter readings [17]. It has
been reported that genotypes with a high chlorophyll content could be used in further
breeding programs specifically targeted to drought regions [18]. Additionally, studies
on gene-encoding chlorophyll biosynthesis showed that AHGLK]1, a transcription factor,
upregulates the expression of AHPORA, encoding chlorophyll biosynthesis during post-
drought recovery. This suggests that AHGLK1 may be involved in the recovery of peanut
plants after drought stress and is a transcription factor that has a positive effect on growth
during drought recovery by stimulating chlorophyll biosynthesis and photosynthesis [19].

Germplasms with high genetic diversity are fundamental resources for genetic and
genomic research and breeding programs [20]. It has been reported that cultivated peanuts
have a narrow genetic diversity, and most of the genetic resources in peanut germplasm
have not been fully accessed and utilized in peanut breeding programs. Recently, effective
methods for the evaluation and introduction of genetic diversity in germplasm resources
have been applied in divers, and phenotypic information from the collection could thus
be used as a starting point for the efficient use of the entire germplasm collection [21,22].
Establishment of a core or micro-core germplasm in a diverse crop species aims to facilitate e
crop species. A core collection is a subset of the total germplasm resources in which most of
the available genetic diversity in a species is preserved [23,24], and the genetic, genomic the
efficient use of genetic resources and to identify germplasms with desirable characteristics.

Peanut core collections were developed by the US germplasm resource database [25].
The peanut mini-core collection was established by using the stratification strategy of
the peanut germplasm resource center of the United States [26] to promote and improve
the utilization of peanut germplasm resources in peanut breeding projects. Information
about the core collections can be found on the Germplasm Resources Information Network
(GRIN) (https://www.ars-grin.gov) (21 November 2021). Most of the mini-core collection
comprises unrelated individuals that could be effectively used as starting materials for
peanut association studies.

Cultivated peanuts are allotetraploid (2n = 4x = 40, AABB), derived from a relatively
recent hybridization of A. duranensis (2n = 2x = 20, AA) and A. ipaensis (2n = 2x = 20,
BB) [27-30]. Peanut subgenomes are very closely related [31,32], with an estimated repe-
tition rate of 64% [1]. As a result of polyploidization, the genetic diversity of cultivated
peanuts is extremely low [33], which makes the assembly of peanut genome sequences
particularly difficult [1,30,34]. The genome sequences of diploid ancestors (A. duranensis
and A. ipaensis) were reported in 2016 [30], and the cultivated peanut genome was then
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sequenced in 2019 [35]. The genome sequences of cultivated peanut plants have provided
new insights for biology, evolution, and genetic/genome studies on cultivated peanuts [36].

High-density SNP arrays have been used for high-resolution genetic mapping of target
traits, genome selection, and genome-wide association studies (GWAS) [37—40]. In the
case of peanuts, it was necessary to develop SNP chips with high-throughput genotyping
because of the large genome size and low genetic diversity [38]. A total of 58,233 unique
SNPs were selected to construct the Axiom_Arachis array [41]; then, the Axiom Arachis2
array [42] with 48K SNPs [42], including 1674 haplotype-based SNPs, was developed
for Arachis hypogaea. The use of high-density SNP arrays can accelerate the progress of
genetic/genomic studies and breeding programs in peanuts.

A genome-wide association study (GWAS) is an observational study of the genome-
wide genetic variation in different individuals that investigates whether any variation
is related to the target trait [40]. Currently, most GWASs have been performed using
SNP arrays with a wide range of allele frequencies. A total of 158 peanut accessions
that do not flower in the main stem or that flower in both the branches and the main
stem were examined for 11 agronomic traits using a GWAS employing the specific-locus
amplified fragment sequencing (SLAF-seq) method. Fifty-one association SNP peaks with
1429 candidate genes were found for marker-assisted selection (MAS) that could be used
in future breeding programs [43]. To identify genomic regions that may be involved in
seven yield-related traits, 195 peanut accessions were collected from 20 provinces in China
for GWAS analysis using the genotyping-by-sequencing method with 13,435 SNPs. The
GWAS analysis identified 93 SNPs that were associated with four yield-related traits [44].
Furthermore, the seed composition traits of 120 peanut mini-core collection accessions from
the US peanut core collection with 13,382 single-nucleotide polymorphisms (SNPs) were
investigated in a two-year genome-wide association study, where a total of 178 quantitative
trait loci (QTLs) associated with seed composition traits were identified [45].

This study aimed to (1) evaluate the population structure and genetic diversity of 453
peanut germplasms using the Axiom_Arachis array with 58K SNPs, (2) conduct a GWAS
of the chlorophyll content in the germplasms, and (3) identify candidate genes associated
with leaf chlorophyll content. This study would provide useful molecular information for
the improvement of peanut varieties with high photosynthetic efficiency.

2. Materials and Methods
2.1. Plant Materials

A total of 453 peanut germplasms were used in the current study (Supplementary
Table S1). Among the germplasms, 353 peanut accessions that were widely distributed
in Asia, Africa, North America (NA), South America (SA), Europe (EU), and the Aus-
tralian continent (AU) were obtained from the core collections of the US Department of
Agriculture (USDA) (Washington, District of Columbia, USA). In addition, 100 peanut
accessions including cultivars, landraces, and breeding lines from the Korean National
Agrobiodiversity Center, Rural Development Administration (RDA) Genebank Information
Center (Wanju-gun, South Korea) were tested in this study. The peanut accessions were
planted in the experimental field of Pusan National University, Miryang, South Korea, on
8 May 2019 (2019 season) and 28 April 2020 (2020 season). Each accession was planted in a
two-row plot of 1 m length with 0.2 m row spacing. Each plot was spaced 0.4 m apart in the
planting route with 0.9 m inter-row spacing to decrease cross-contamination. The seeds
were planted at a density of two seeds/hole at a depth of 2 cm [46]. Conventional tillage,
herbicide, insecticide, and fungicide practices were applied during both seasons.

2.2. DNA Extraction and Genotyping

A total of 453 peanut genomic DNA samples were extracted for each accession using
the cetyltrimethylammonium bromide (CTAB) protocol. The quality and quantity of the
extracted DNA were determined using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific Inc., Wilmington, DE, USA) and 1% agarose gel electrophoresis. The
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high-density SNP array Axiom_Arachis (Thermo Fisher Scientific, Waltham, MA, USA)
with 58K SNPs was used to obtain the genotyping data [37].

2.3. Measurement of Chlorophyll

The leaf chlorophyll content was measured on the third leaf from the top of the peanut
plant using a SPAD-502Plus chlorophyll meter (Konica Minolta, Inc. Kanagawa, Japan) [47,48]
at the early maturing stage on a clear day between 9:00 and 12:00 (Supplementary Table
52). The measurements were performed on three plants of each accession, and the average
of the three values was calculated as the chlorophyll content of each accession. A one-way
analysis of variance (ANOVA) was used to test the phenotypic variance among years.

2.4. Population Structure Analysis

Based on the SNPs derived from the high-density SNP array, the population structure
was analyzed using ADMIXTURE software. Ten potential numbers of populations (K)
were tested using a cross-validation procedure, and the lowest cross-validation error was
chosen as the best K value (http://dalexander.github.io /admixture /admixture-manual.
pdf) (21 November 2021) [49].

2.5. Genome-Wide Association Study (GWAS)

The GAPIT package of R software was used to conduct the GWAS, and the enriched
compressed mixed linear model (ECMLM) was selected to analyze the association between
the SNPs and the data for the phenotype of interest [50]. For single-locus analysis, the
ECMLM involves algorithms to define the kinship between groups and increases statistical
power; it calculates the kinship using several different algorithms and then chooses the
best combination between the kinship algorithms and the grouping algorithms [51].

The suggested p-value threshold of 4.85 x 10~° based on the Bonferroni correction
[(1/20,623 (total SNPs)] [52] was used in the GWAS. The significant SNPs were also found
using FDR-unadjusted p-value < 0.0001 if there were no significant SNPs found using
the suggested p-value threshold. The genotype—-phenotype association of candidate SNPs
was evaluated by OriginPro 2018 C (9.5) software (Version 9.5, OriginLab Corporation,
Northampton, MA, USA) (https:/ /www.originlab.com/) using a total of 392 peanut acces-
sions (21 November 2021).

2.6. Linkage Disequilibrium (LD) Analysis and Candidate Gene Identification

We performed linkage disequilibrium analysis for all possible SNP pairs with a minor
allele frequency (MAF) greater than 0.01 and viewed the LD block with HaploView 4.2,
which uses a permutation test to determine the p-values for each pairwise correlation.
The measure for LD is r2, the square of the correlation coefficient between two indicator
variables [53].

Candidate genes within a 200 kb region upstream or downstream of the peak SNPs
according to the previous linkage disequilibrium (LD) decay results were selected using
the PeanutBase website tool (https://www.peanutbase.org) (21 November 2021) [37].

2.7. RNA Extraction, cDNA Synthesis, and Expression Analysis

Gene expression was assessed in GWP174 (H), with high leaf-chlorophyll content,
and GWP 411 (L), presenting low leaf-chlorophyll content. These two accessions were
selected based on the phenotypic data collected over two years. At 20 and 60 days after
planting, a young leaf—specifically the second leaf on the third branch of the main stem
from each individual accession—was collected to extract RNA. Total RNA was extracted
from fresh peanut leaves using a QIAGEN RNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany) and treated with QIAGEN RNase-Free DNase (QIAGEN, Hilden, Germany)
to remove genomic DNA. The primer pairs for target candidate genes were designed
using the NCBI Primer BLAST design tool (https://www.ncbinlm.nih.gov/tools/primer-
blast/index.cgi? LINK_LOC=BlastHome) (21 November 2021). The SuperScript™ III First-
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Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) was used to synthesize com-
plementary DNA (cDNA), and PowerUp SYBR Green Master Mix (Thermo Fisher Sci-
entific, Vilnius, Lithuania) with the Applied Biosystems QuantStudio 1 Real-Time PCR
System (Applied Biosystems, Singapore) was used for qRT-PCR analysis; biological re-
actions were performed in triplicate. Transcript levels of genes were normalized to
actin [54] (forward primer: 5-TACCAGATGGACAGGTTATCACAAT -3'; reverse primer:
5-TGGAACCACCACTCAAGACAAT -3') for peanuts. The 2~24%t method was used to
calculate relative gene expression, and actin expression was used as the baseline control for
normalization. Amplifications were carried out in 20 puL reaction solutions containing 10 uL
PowerUp SYBR Green Master Mix, 1 uL cDNA, 10 pmol/uL of each specific primer, and
7 uL of water. PCR conditions were 95 °C for 10 min followed by 40 cycles of 95 °C for 15s,
60 °C for 15 s, and 72 °C for 1 min. A melting curve analysis was performed for each pair of
primers at 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. The 2-24Ct method was used
to calculate relative gene expression [55], and actin expression was used as the baseline
control for normalization. The t-test in the Statistical Package for the Social Sciences (SPSS)
15.0 was used to compare the expressions of the target genes between H (GWP174) and L
(GWP 411).

3. Results
3.1. SNP Genotyping

Out of the 58K SNPs, a total of 47,837 SNPs presented polymorphisms (Supplementary
Table S3 and Figure 1a). After eliminating SNPs with high levels of missing data (>20%), het-
erozygosity (>20%), or low minor allele frequency (MAF) (<0.01), a total of 20,623 SNPs were
selected for future association analysis [37]. Of the 20,623 SNPs, 9370 and 11,253 SNPs were
derived from subgenomes A and B, respectively. The majority of the SNPs were evenly dis-
tributed across the chromosomes; however, there were some relatively large gaps between
SNPs on the chromosomes Aradu.A03, Aradu.A09, Aradu.A10, Araip.B01, Araip.B02,
Araip.B03, Araip.B05, Araip.B06, Araip.B07, and Araip.B10 (Figure 1b). The overall SNP
density across the chromosomes was 8.68 SNPs/Mb, with Aradu.A09 (5.26 SNPs/Mb)
and Aradu.A08 (14.49 SNPs/Mb) showing the lowest and highest densities, respectively
(Supplementary Table S4).

The number of SNPs within 1Mb window size
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Figure 1. Cont.
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Figure 1. Single nucleotide polymorphisms (SNP) distribution in the 20 chromosomes of the culti-
vated peanut. The horizontal axis shows the chromosome length (Mb); the shades of red represent
SNP density. The vertical axis shows the 20 chromosomes. (a) Polymorphic SNPs (except for scaffold
markers); (b) Polymorphic SNPs (except for scaffold markers) after filtering by GAPIT coding.

3.2. Phenotypic Data Analysis

The minimum and maximum values of leaf chlorophyll content in the 2019 season were
2453 and 5110, respectively, and those in the 2020 season were 2025 and 5100, respectively.
The minimum and maximum values for the combined leaf chlorophyll content across both
seasons were 2425 and 4863, respectively (Figure 2a). The normal distribution test showed
that the scatter points of the quantile-quantile (QQ plot) graph (Figure 2b) were clustered
around the fixed line; therefore, we assumed that the data were normally distributed
(p =0.05). The one-way ANOVA test showed highly significant differences (p-value of
6.36 x 107°) between the 2019, 2020, and the combined phenotypic data, representing that
environmental effects may exist.

3.3. Genetic Structure

The population structure of the peanut accessions was investigated using ADMIX-
TURE 3.1 software. Out of the 10 potential numbers (K: 1-10) of populations tested, K =9
was the most sensible according to the cross-validation error, as it had the lowest value
(Supplementary Figure Sla). The results for genetic structure show that the accessions
from South Korea are genetically different from those found in peanuts from South Amer-
ica, where the cultivated peanut originates, although there are some genome crossover
phenomena among the peanut accessions of different origins (Supplementary Figure S1b).

3.4. Genome-Wide Association Study

The data from the 20,623 filtered polymorphic SNPs and the leaf chlorophyll content
were analyzed in a GWAS using GAPIT Version 3. Across the seasons, five SNPs show-
ing significant associations (p-value threshold of 4.85 x 10~°) with chlorophyll content
were identified on four chromosomes (Aradu.A02, Aradu.A08, Araip.B02, and Araip.B05)
(Table 1). The observed and expected distributions for each SNP in the QQ plot showed
that the population structure and kinship relationship had good correspondence in the
GWAS (Figure 3a). In the 2019 season, three significant SNPs, namely AX-176822908, AX-
176820297, and AX-147230060, were identified. Meanwhile, three significant SNPs, namely
AX-176823290, AX-176820297, and AX-147212224, were detected across the combined sea-
son. The SNP AX-176820297 on the chromosome Araip.B05 was detected in the 2019 season
and the combined season.
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Figure 2. (a) Peanut leaf chlorophyll content histogram using the normal distribution test. The
minimum and maximum values of leaf chlorophyll content in the 2019 season were 2453 and 5110,
respectively, and those in the 2020 season were 2025 and 5100, respectively. The minimum and
maximum values for the combined leaf chlorophyll content across both seasons were 2425 and 4863,
respectively; (b) The normal distribution test showed that the scatter points of the quantile-quantile
(QQ plot) graph were clustered around the fixed line for the 2019, 2020, and the combined leaf
chlorophyll content (p = 0.05).

Table 1. Significant markers associated with the leaf chlorophyll content of peanuts identified using

GAPIT analysis.

Group SNP Chromosome Position (bp) p-Value (p) !

2019 AX-176822908 Araip.B05 114145435 212 x 107°
AX-176820297 Araip.B05 118278277 2.78 x 107°

AX-147230060 Aradu.A08 15123765 3.65 x 107°

2020 AX-177644092 Araip.B08 80072452 6.49 x 107°
AX-176794744 Araip.B06 103047540 6.54 x 107>

Combined AX-176823290 Araip.B02 45735578 1.47 x 107°
AX-176820297 Araip.B05 118278277 2.26 x 107°

AX-147212224 Aradu.A02 533285 252 x 1072

! The significant SNPs were found in the 2019 data and the combined data for 2019 and 2020, with the p value
threshold of 4.85 x 1075 (suggestive threshold). The significant SNPs were found in the 2020 data with p value
thresholds of FDR-unadjusted p-value < 0.0001.
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Figure 3. (a) A Manhattan plot of a genome-wide association analysis using GAPIT and a Q-Q
(quantile-quantile) plot; (b) Genes located at the association regions based on the Arachis hypogaea
Tifrunner 1.0 reference genome; the Arahy.SDG4EV gene is marked in a red square pattern showing
that it was found in both the 2019 and the combined season GWAS results; (c) A linkage disequilibrium
(LD) plot generated using HaploView software showing r2 values for selected AX-176820297 SNP on
chromosome Araip.B05 within diamonds. Significant combined p values are highlighted in red.

To evaluate the genotype—phenotype association of the SNP AX-176820297, we se-
lected the 10 peanut accessions with the highest chlorophyll contents and the 10 with the
lowest chlorophyll contents based on the chlorophyll phenotype data across the seasons.
The results indicated that the accessions with the highest chlorophyll contents showed
a CC genotype, whereas the accessions with the lowest chlorophyll contents had a TT
genotype, presenting a statistically significant difference with a p-value of 5.07 x 1017
(Figure 4a and Supplementary Table S5). Then, a total of 392 peanut accessions were used
to determine the correlation between genotypes (CC or TT) and phenotypes, which was
found to be statistically significant (p < 0.001) (Figure 4b and Supplementary Table 56).
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Figure 4. (a) The genotype—phenotype association of SNP AX-176820297 showing 10 peanut ac-
cessions with the highest chlorophyll content and 10 with the lowest chlorophyll content; (b) The
genotype—phenotype association of SNP AX-176820297 with 392 peanut accessions. The average

value of each set of data is marked in patterns.
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3.5. LD and Candidate Genes Analysis

The pattern of LD across the genome presented a number of haplotype blocks con-
taining SNPs that can be used to determine the range of the candidate gene. The genomic
locations harboring significant SNPs as indicated by the GWAS were investigated to iden-
tify putative candidate genes based on the peanut reference genome (A. hypogaea Tifrunner
1.0). Strong and extensive pairwise LDs were observed among highly significant SNPs
around AX-176820297 on the chromosome Araip.B05, in which 12 varied from 0 to 0.838
(Figure 3c and Supplementary Table S7).

Seventy-six annotated genes at the associated regions flanked by five SNPs were identi-
fied within the estimated £200 kb window based on the reference genome
(Figure 3b and Supplementary Table S8).

3.6. Gene Expression Analysis by gRT-PCR

After a series of comparisons of candidate genes with each gene annotation, referring
to the published orthologous genes in the Arabidopsis genome, we selected two candidate
genes, Arahy.X7LG4K and Arahy.SDG4EV, potentially associated with leaf chlorophyll
content from 76 candidate genes (Supplementary Table S8) within a 200 kb region upstream
or downstream of the peak SNPs. No statistical difference was detected in the expression
levels of Arahy. X7LG4K between H (GWP174) and L (GWP 411) (Figure 5a). However, the
expression level of Arahy.SDG4EV was statistically significant (p < 0.05) at two different
time points (20 and 60 days) (Figure 5b). H (GWP174) presented a more than three-fold
lower expression than L (GWP 411) (Supplementary Table S9).

Arahy. X7LG4K relative expression

1.200

l 000
0.800

= H _20 days
0.600

8] 20 days
0.400 ®H 60 days
0.200 mL 60days
0.000

_20 days _20 days H _60 days L _60 days

Relative qn.mlu\

Sample name

(a)
Arahy.SDG4EV relative expression
6.000

5.000

4.000

®H 20 days
3.000

mL 20 days
2.000 mH _60 days
1.000 ﬁ ﬁ EL 60 days
0.000

_20 days L _20days H _60 days L _60 days
Sample name

Relative quantity

(b)

Figure 5. Gene Expression Analysis by qRT-PCR. Peanut accession H (GWP174) exhibiting high
leaf-chlorophyll content and peanut accession L (GWP 411) showing low leaf-chlorophyll content at
two different time points, 20 and 60 days. (a) Gene relative expression levels of Arahy.X7LG4K in H
(GWP174) and L (GWP 411); (b) Gene relative expression levels of Arahy.SDG4EV in H (GWP174)
and L (GWP 411). * Represents a significant difference in the two expression levels (p < 0.05).
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4. Discussion

Genotypic data from the Axiom_Arachis array chip with 58K SNPs have played a
pivotal role in understanding the evolutionary history and domestication of peanuts [56].
Applications of the array chip have also demonstrated that it is a powerful and reliable
tool for the selection of peanut germplasm backgrounds [57]. Our efforts in finding genes
associated with chlorophyll content were greatly assisted by the availability of the high-
density SNP array chip and the publicly available peanut reference genome. A total of
20,623 SNPs derived from the 58K SNP array were used to perform the GWAS in the
current research. The genome size of the cultivated peanut is estimated to be approximately
2.54 Gb [58], and the estimated LD decay distance of the 453 peanut accessions in our
study was approximately 150-200 kb according to the applied options. Therefore, when
calculated arithmetically, approximately 12,700-17,000 markers would be required for a
GWAS analysis in peanuts, which is lower than the number of markers used in our GWAS
analysis. Although it might not be perfect, there would likely be no major problem with
performing a GWAS analysis with the number of SNPs used in the current study. In
addition to high-density SNP markers, the use of two-year field phenotype data could also
have played an important role in identifying candidate genes of interest and evaluating
the effects of the candidate genes on the investigated phenotypes. False positives that
are caused by population structure and family relatedness are a major issue in GWAS
analysis, thus MLM-based methods have been developed to control false positives [59,60].
For the same reason, the ECMLM was used to identify the association between SNPs and
phenotype data of interest in this study.

Of the 453 peanut germplasms used in the current study, the accessions from South
Korea were genetically very different from those obtained from South America, where
cultivated peanuts originated. The Korean accessions were also genetically independent
from a large number of peanut accessions from the core collection. However, the Korean
peanut accessions presented great genetic similarity with the exception of only two peanut
accessions, which means that the Korean peanut accessions have very narrow genetic
diversity. Therefore, to expand on genetic diversity, it would be necessary to introduce
useful germplasms and traits from the core collection to develop new peanut cultivars
in Korea.

Several studies have been performed to find genomic regions associated with chloro-
phyll content under different environmental conditions. For example, GWASs of PSII
chlorophyll fluorescence in 283 rice accessions were conducted in multiple environments.
One QTL on chromosome 9 was identified for photosynthetic parameter analysis, where
energy absorption performance indicator (Plabs) phenotypes showed unique associations
in the CH environment, and additional QTLs were identified in the ER environment [61].
In another study, QTL mapping was performed using 120 recombinant inbred lines (RILs)
from two Chinese wheat cultivars (Longjian 19 x Q9086) in Lanzhou, China, from 2012 to
2014 under both drought stress and well-watered conditions. A total of 22 additive QTLs
(A-QTLs) and 25 pairs of epistatic QTLs (AA-QTLs) were detected at different growth
stages, and QTL expressions for the greenness of the flag leaf (a surrogate measure of leaf
chlorophyll content) were assessed. Overall, 34 of 50 A-QTLs were identified at only one
specific stage, but the remaining 16 loci were detectable at other stages [62]. Furthermore,
several studies have shown that the traits that determine chlorophyll content are regulated
by environmental factors such as the planting season or year, the cultivation site, and
environmental stress in legume plants. Wang et al. [63] reported a total of 16 QTL hotspots
for traits determining chlorophyll content and found that leaf chlorophyll content traits
could be largely affected by environmental factors. Additionally, evaluations of 135 pea
accessions, tested at multiple locations and in multiple years, yielded results revealing
that the detection of significant SNPs/QTLs varied according to the environment [64].
The chlorophyll content in the peanut plants from the two seasons tested in the current
study were somewhat different, and different significant SNPs were identified between
the years despite the location being the same. Two significant SNPs, namely AX-177644092
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and AX-176794744, were identified using an FDR-unadjusted p-value of 0.0001 [65] in the
2020 season, whereas we did not find any significant SNPs using the Bonferroni-corrected
p-value threshold in the 2020 season (Table 1). Additionally, we identified the SNP AX-
176820297 with a p-value of 0.0009 in 2020, which was already significant in 2019 and in
the combination of seasons. As plants adjust their own physiological characteristics to
adapt to different environments, climate and soil conditions may play an important role
in regulating chlorophyll traits on a large scale [66]. It has been reported that chlorophyll
synthesis requires many elements in the soil, such as nitrogen and phosphorus [67]. In
addition, the synthesis of chlorophyll could also be affected by abnormal temperature, since
a series of enzymatic reactions is involved in this process [68]. Therefore, extremely high or
low temperatures can inhibit the enzyme reactions. Nevertheless, we found common SNPs
between the 2019 and the combined seasons and also detected an SNP (AX-176820297) that
was highly significant for each season alone and when combined.

Chlorophyll is a type of photosynthetic pigment, and it is an essential element in plant
photosynthesis that converts solar energy into chemical energy, which results in carbohy-
drate production [69]. As its level is positively associated with photosynthetic capacity, an
increase in chlorophyll content in crop species might be an effective way to elevate grain
yield and biomass production [70]. Among the two genes, only Arahy.SDG4EV showed
a significant difference in the gene expression analysis, revealing a negative correlation
with chlorophyll content. In a previous study in Arabidopsis thaliana, the PHYTOCHROME-
INTERACTING FACTOR 1 (PIF1) gene, which is likely associated with the Arahy.SDG4EV
gene, has been shown to directly or indirectly negatively regulate the expression of a series
of genes involved in controlling the chlorophyll biosynthetic pathway [71]. Moreover, the
PIF1 gene interacts with the photoactivated conformation of phytochromes A and B to
control the rate of chlorophyll biosynthesis and prevent photooxidative damage caused by
excess free protochlorophyll exposed to light [72].

The measurements of the relative chlorophyll content were consistent with the ob-
served gene expression level, and the gene of interest exhibited the same negative regulatory
function as the known PIF gene; therefore, we can infer that the Arahy.SDG4EV gene may
play a negative role in peanut chlorophyll biosynthesis. Furthermore, the Arahy.SDG4EV
gene was located at 128,144-128,146 kb on the peanut chromosome Arahy.15, and the
candidate SNP AX-176820297 was located at 128,030 kb on the same chromosome. The
distance between the Arahy.SDG4EV gene and the candidate SNP is very close, indicating
that they may be closely linked or that the SNP is within this gene. The SNP genotypes
of the peanut accessions with the highest and lowest chlorophyll contents showed that
the SNP AX-176820297 was significantly related to leaf chlorophyll content and could be
used as a selection marker for chlorophyll content in peanuts. We are currently conducting
ongoing studies to clone the candidate gene. Transformation of the gene from H to L, as
well as genome editing of the gene in L according to the SNP information, might be needed
to investigate the functions of the candidate gene and the interaction of the gene with other
chromosome regions.

5. Conclusions

Since the peanut is one of the most important commercial crops, improving the
quality and yield potential of the peanut plant is an important challenge and goal in
breeding programs. Our study demonstrated the feasibility of GWAS analysis using the
core germplasm and a high-density array chip to study leaf chlorophyll content in the
peanut (Supplementary Figure 52). Five SNP markers that are significantly correlated with
chlorophyll content in the peanut were identified, establishing a foundation for further
research. The Arahy.SDG4EV gene is a promising candidate gene involved in chlorophyll
biosynthesis and the photosynthesis processes. The results of the current study provide
valuable and fundamental information on MAS for the development of cultivars with a
high chlorophyll content as well as for the functional study and cloning of the candidate
gene in the peanut.



Agronomy 2022,12,152 12 of 15

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12010152/s1; Figure Sla: Cross-validation error with K value; Figure S1b: ADMIX-
TURE subpopulations structure analysis of the genotype data from 453 peanuts; Figure S2: A study
design flow chart; Table S1: Information on the 453 peanut accessions; Table S2: The leaf chlorophyll
content of the 453 peanut accessions; Table S3: A high-density SNP array using Axiom_Arachis with
58 K SNPs; Table S4: Information on the peanut genome from the 58K SNP array chip; Table S5: The
evaluation of the genotype frequencies of SNP AX-176820297 with 20 peanut accessions; Table S6: The
evaluation of the genotype frequencies of SNP AX-176820297 with 392 peanut accessions; Table S7:
Pairwise LD measurements on chromosome Araip.B05; Table S8: A list of genes in the significant
region, with annotations, identified by the Arachis hypogaea Tifrunner 1.0 reference; Table S9: The
expression level and correlation of the Arahy. SDG4EV and Arahy.X7LG4K genes.

Author Contributions: Conceptualization, T.-H.J., K.Z., and J.-K.M.; methodology, T.-H.]. and K.Z,;
software, K.Z. and D.K,; formal analysis, K.Z., M.-C.K,, and T.-HJ.; investigation, K.Z., M.-C.K.,
D.K,; resources, T.-H.J.; data curation, ].H. and K.-S.K.; writing—original draft preparation, K.Z. and
K.-S.K,; writing—review and editing, T.-H.J., ].-K.M., ].H., and K.-S.K.; funding acquisition, T.-F.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was carried out with the support of the Cooperative Research Program for
Agriculture Science and Technology Development (Project No. PJ016273022021), Rural Development
Administration, Republic of Korea. This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korean government (MSIT) (No. 2019R1F1A1062618).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: MDPI Research Data Policies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dhillon, S.S.; Rake, A.V,; Miksche, ].P. Reassociation kinetics and cytophotometric characterization of peanut (Arachis hypogaea L.)
DNA. Plant Physiol. 1980, 65, 1121-1127. [CrossRef]

2. Barkley, N.L,; Isleib, A.T.; Culbreath, A. Why preserve and evaluate genetic resources in peanut? Meet. Abstr. 2013, 11. Available
online: https://www.ars.usda.gov/research/publications/publication/?seqNo115=293128 (accessed on 21 December 2021).

3. Taru, V.B.; Kyagya, 1.Z.; Mshelia, S.I. Profitability of groundnut production in Michika local government area of Adamawa state,
Nigeria. J. Agric. Sci. 2010, 1, 25-29. [CrossRef]

4. Yang, L.; Han, R; Sun, Y. Effects of exogenous nitric oxide on wheat exposed to enhanced ultraviolet-B radiation. Am. J. Plant Sci.
2013, 4, 1285. [CrossRef]

5. Qi, H.; Zhu, B.; Kong, L.; Yang, W.; Zou, J.; Lan, Y.; Zhang, L. Hyperspectral inversion model of chlorophyll content in peanut
leaves. Appl. Sci. 2020, 10, 2259. [CrossRef]

6. Xie, M.; Wang, Z.; Huete, A.; Brown, L.A.; Wang, H.; Xie, Q.; Ding, Y. Estimating peanut leaf chlorophyll content with dorsiventral
leaf adjusted indices: Minimizing the impact of spectral differences between adaxial and abaxial leaf surfaces. Remote Sens. 2019,
11, 2148. [CrossRef]

7. Peng, S.; Khush, G.S,; Virk, P; Tang, Q.; Zou, Y. Progress in ideotype breeding to increase rice yield potential. Field Crops Res. 2008,
108, 32-38. [CrossRef]

8. Sayed, O.H. Chlorophyll fluorescence as a tool in cereal research. Photosynthetica 2003, 41, 321-330. [CrossRef]

9.  Sarker, AM.; Rahman, M.S.; Paul, N.K. Effect of soil moisture on relative leaf water content, chlorophyll, proline and sugar
accumulation in wheat. J. Agron. Crop Sci. 1999, 183, 225-229. [CrossRef]

10. Epron, D.; Dreyer, E. Long-term effects of drought on photosynthesis of adult oak trees [Quercus petraea (Matt.) Liebl. and Quercus
robur L.] in a natural stand. New Phytol. 1993, 125, 381-389. [CrossRef]

11.  Sankar, B.; Karthishwaran, K.; Somasundaram, R. Photosynthetic pigment content alterations in Arachis hypogaea L. in relation to
varied irrigation levels with growth hormone and triazoles. J. Ecobiotechnol. 2016, 5, 7-13.

12.  Nageswara Rao, R.C.; Talwar, H.S.; Wright, G.C. Rapid assessment of specific leaf area and leaf nitrogen in peanut (Arachis
hypogaea L.) using a chlorophyll meter. J. Agron. Crop Sci. 2001, 186, 175-182. [CrossRef]

13. Arunyanark, A ; Jogloy, S.; Akkasaeng, C.; Vorasoot, N.; Kesmala, T.; Nageswara Rao, R.C.; Patanothai, A. Chlorophyll stability is
an indicator of drought tolerance in peanut. J. Agron. Crop Sci. 2008, 194, 113-125. [CrossRef]

14. Dhanapal, A.P; Ray, ].D.; Singh, S.K.; Hoyos-Villegas, V.; Smith, J.R.; Purcell, L.C.; Fritschi, E.B. Genome-wide association mapping

of soybean chlorophyll traits based on canopy spectral reflectance and leaf extracts. BMC Plant Biol. 2016, 16, 174. [CrossRef]
[PubMed]


https://www.mdpi.com/article/10.3390/agronomy12010152/s1
https://www.mdpi.com/article/10.3390/agronomy12010152/s1
http://doi.org/10.1104/pp.65.6.1121
https://www.ars.usda.gov/research/publications/publication/?seqNo115=293128
http://doi.org/10.1080/09766898.2010.11884650
http://doi.org/10.4236/ajps.2013.46159
http://doi.org/10.3390/app10072259
http://doi.org/10.3390/rs11182148
http://doi.org/10.1016/j.fcr.2008.04.001
http://doi.org/10.1023/B:PHOT.0000015454.36367.e2
http://doi.org/10.1046/j.1439-037x.1999.00339.x
http://doi.org/10.1111/j.1469-8137.1993.tb03890.x
http://doi.org/10.1046/j.1439-037X.2001.00472.x
http://doi.org/10.1111/j.1439-037X.2008.00299.x
http://doi.org/10.1186/s12870-016-0861-x
http://www.ncbi.nlm.nih.gov/pubmed/27488358

Agronomy 2022,12,152 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Guang-Jun, L.I; He-Nan, L.I; Cheng, L.G.; Zhang, Y M. QTL analysis for dynamic expression of chlorophyll content in soybean
(Glycine max L. Merr.). Acta Agron. Sin. 2010, 36, 242-248. [CrossRef]

Hao, D.; Chao, M,; Yin, Z.; Yu, D. Genome-wide association analysis detecting significant single nucleotide polymorphisms for
chlorophyll and chlorophyll fluorescence parameters in soybean (Glycine max) landraces. Euphytica 2012, 186, 919-931. [CrossRef]
Upadhyaya, H.D.; Dwivedi, S.L.; Nadaf, H.L.; Singh, S. Phenotypic diversity and identification of wild Arachis accessions with
useful agronomic and nutritional traits. Euphytica 2011, 182, 103-115. [CrossRef]

Shaibu, A.S.; Motagi, B.N.; Muhammad, K.S. Peanut genotypes with high chlorophyll content and low leaf temperature are
preferred in breeding program for drought prone areas. Legume Res. -Int. ]. 2019, 42, 763-767. [CrossRef]

Liu, X,; Li, L.; Li, M,; Su, L.; Lian, S.; Zhang, B.; Li, L. AhGLK1 affects chlorophyll biosynthesis and photosynthesis in peanut
leaves during recovery from drought. Sci. Rep. 2018, 8, 2250. [CrossRef]

Zhao, Z.; Tseng, Y.C.; Peng, Z.; Lopez, Y.; Chen, C.Y,; Tillman, B.L.; Dang, P.; Wang, ]. Refining a major QTL controlling spotted
wilt disease resistance in cultivated peanut (Arachis hypogaea L.) and evaluating its contribution to the resistance variations in
peanut germplasm. BMC Genet. 2018, 19, 17. [CrossRef]

Brown, A.H.D. The case for core collections. In The Use of Plant Genetic Resources; 1989; Cambridge University Press:
Cambridge, UK; pp. 136-156.

Tohme, ].M.; Beebe, S.E.; Iwanaga, M. The Combined Use of Agroecological and Characterisation Data to Establish the CIAT Phaseolus
Vulgaris Core Collection; John Wiley and Sons: Chichester, UK, 1995; pp. 95-107.

Brown, A.H.D. Core collections: A practical approach to genetic resources management. Genome 1989, 31, 818-824. [CrossRef]
Upadhyaya, H.D.; Bramel, PJ.; Ortiz, R; Singh, S. Developing a mini core of peanut for utilization of genetic resources. Crop. Sci.
2002, 42, 2150-2156. [CrossRef]

Holbrook, C.C.; Anderson, W.E,; Pittman, R.N. Selection of a core collection from the US germplasm collection of peanut. Crop.
Sci. 1993, 33, 859-861. [CrossRef]

Jiang, H.F;; Ren, X.P.; Huang, ].Q.; Liao, B.S; Lei, Y. Establishment of peanut mini core collection in China and exploration of new
resource with high oleat. Chin. J. Oil Crop. Sci. 2008, 30, 294-299.

Smartt, J.; Gregory, W.C.; Gregory, M.P. The genomes of Arachis hypogaea. 1. Cytogenetic studies of putative genome donors.
Euphytica 1978, 27, 665-675. [CrossRef]

Seijo, G.; Lavia, G.I; Fernandez, A.; Krapovickas, A.; Ducasse, D.A.; Bertioli, D.J.; Moscone, E.A. Genomic relationships between
the cultivated peanut (Arachis hypogaea, L.) and its close relatives revealed by double GISH. Am. ]. Bot. 2007, 94, 1963-1971.
[CrossRef] [PubMed]

Robledo, G.; Lavia, G.L; Seijo, G. Species relations among wild Arachis species with the A genome as revealed by FISH mapping
of rDNA loci and heterochromatin detection. Theor. Appl. Genet. 2009, 118, 1295-1307. [CrossRef]

Bertioli, D.J.; Cannon, S.B.; Froenicke, L.; Huang, G.; Farmer, A.D.; Cannon, E.K,; Liu, X.; Gao, D.; Clevenger, J.; Dash, S.; et al.
The genome sequences of Arachis duranensis and Arachis ipaensis, the diploid ancestors of cultivated peanut. Nat. Genet. 2016, 48,
438-446. [CrossRef]

Moretzsohn, M.C.; Gouvea, E.G.; Inglis, PW.; Leal-Bertioli, S.C.; Valls, ].E.; Bertioli, D.J. A study of the relationships of cultivated
peanut (Arachis hypogaea) and its most closely related wild species using intron sequences and microsatellite markers. Ann. Bot.
2012, 111, 113-126. [CrossRef]

Nielen, S.; Vidigal, B.S.; Leal-Bertioli, S.C.; Ratnaparkhe, M.; Paterson, A.H.; Garsmeur, O.; D’'Hont, A.; Guimaraes, PM,;
Bertioli, D.]. Matita, a new retroelement from peanut: Characterization and evolutionary context in the light of the Arachis A-B
genome divergence. Mol. Genet. Genom. 2012, 287, 21-38. [CrossRef]

Kim, K.S;; Lee, D.; Bae, S.B.; Kim, Y.C.; Choi, I.S.; Kim, S.T.; Lee, T.H.; Jun, T.H. Development of SNP-Based Molecular Markers by
Re-Sequencing Strategy in Peanut. Plant Breed. Biotechnol. 2017, 5, 325-333. [CrossRef]

Temsch, E.M.; Greilhuber, J. Genome size variation in Arachis hypogaea and A. monticola re-evaluated. Genome 2000, 43, 449-451.
[CrossRef]

Chen, X.; Lu, Q.; Liu, H.; Zhang, J.; Hong, Y,; Lan, H.; Li, H.; Wang, J.; Liu, H.; Li, S.; et al. Sequencing of cultivated peanut,
Arachis hypogaea, yields insights into genome evolution and oil improvement. Mol. Plant 2019, 12, 920-934. [CrossRef] [PubMed]
Chen, X; Li, H.; Pandey, M.K.; Yang, Q.; Wang, X.; Garg, V.; Li, H.; Chi, X.; Doddamani, D.; Hong, Y.; et al. Draft genome of the
peanut A-genome progenitor (Arachis duranensis) provides insights into geocarpy, oil biosynthesis, and allergens. Proc. Natl. Acad.
Sci. USA 2016, 113, 6785-6790. [CrossRef]

Zou, K,; Kim, K.S,; Kim, K.; Kang, D.; Park, YH.; Sun, H.; Jun, T.H. Genetic Diversity and Genome-Wide Association Study of
Seed Aspect Ratio Using a High-Density SNP Array in Peanut (Arachis hypogaea L.). Genes 2021, 12, 2. [CrossRef]

Pandey, M.K,; Monyo, E.; Ozias-Akins, P; Liang, X.; Guimaraes, P.; Nigam, S.N.; Upadhyaya, H.D,; Janila, P.; Zhang, X.; Guo, B,;
et al. Advances in Arachis genomics for peanut improvement. Biotechnol. Adv. 2012, 30, 639-651. [CrossRef] [PubMed]
Varshney, R.K.; Mohan, S.M.; Gaur, PM.; Gangarao, N.V.PR; Pandey, M.K,; Bohra, A.; Sawargaonkar, S.L.; Chitikineni, A.;
Kimurto, PK,; Janila, P; et al. Achievements and prospects of genomics-assisted breeding in three legume crops of the semi-arid
tropics. Biotechnol. Adv. 2013, 31, 1120-1134. [CrossRef]

Pandey, M.K.; Roorkiwal, M.; Singh, V.K.; Ramalingam, A.; Kudapa, H.; Thudi, M.; Chitikineni, A.; Rathore, A.; Varshney, R.K.
Emerging genomic tools for legume breeding: Current status and future prospects. Front. Plant Sci. 2016, 7, 455. [CrossRef]
[PubMed]


http://doi.org/10.1016/S1875-2780(09)60033-X
http://doi.org/10.1007/s10681-012-0697-x
http://doi.org/10.1007/s10681-011-0518-7
http://doi.org/10.18805/A-302
http://doi.org/10.1038/s41598-018-20542-7
http://doi.org/10.1186/s12863-018-0601-3
http://doi.org/10.1139/g89-144
http://doi.org/10.2135/cropsci2002.2150
http://doi.org/10.2135/cropsci1993.0011183X003300040044x
http://doi.org/10.1007/BF00023701
http://doi.org/10.3732/ajb.94.12.1963
http://www.ncbi.nlm.nih.gov/pubmed/21636391
http://doi.org/10.1007/s00122-009-0981-x
http://doi.org/10.1038/ng.3517
http://doi.org/10.1093/aob/mcs237
http://doi.org/10.1007/s00438-011-0656-6
http://doi.org/10.9787/PBB.2017.5.4.325
http://doi.org/10.1139/g99-130
http://doi.org/10.1016/j.molp.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30902685
http://doi.org/10.1073/pnas.1600899113
http://doi.org/10.3390/genes12010002
http://doi.org/10.1016/j.biotechadv.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22094114
http://doi.org/10.1016/j.biotechadv.2013.01.001
http://doi.org/10.3389/fpls.2016.00455
http://www.ncbi.nlm.nih.gov/pubmed/27199998

Agronomy 2022,12,152 14 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Pandey, M.K.; Agarwal, G.; Kale, SM.; Clevenger, J.; Nayak, S.N.; Sriswathi, M.; Chitikineni, A.; Chavarro, C.; Chen, X,;
Upadhyaya, H.D; et al. Development and evaluation of a high density genotyping ‘Axiom_Arachis” array with 58 K SNPs for
accelerating genetics and breeding in groundnut. Sci. Rep. 2017, 7, 40577. [CrossRef]

Clevenger, J.P.; Korani, W.; Ozias-Akins, P,; Jackson, S. Haplotype-based genotyping in polyploids. Front. Plant Sci. 2018, 9, 564.
[CrossRef]

Zhang, X.; Zhang, J.; He, X,; Wang, Y.; Ma, X,; Yin, D. Genome-wide association study of major agronomic traits related to
domestication in peanut. Front. Plant Sci. 2017, 8, 1611. [CrossRef]

Wang, J.; Yan, C,; Li, Y.; Li, C.; Zhao, X.; Yuan, C.; Shan, S. GWAS discovery of candidate genes for yield-related traits in peanut
and support from earlier QTL mapping studies. Genes 2019, 10, 803. [CrossRef] [PubMed]

Zhang, H.; Wang, M.L.; Dang, P; Jiang, T.; Zhao, S.; Lamb, M.; Chen, C. Identification of potential QTLs and genes associated with
seed composition traits in peanut (Arachis hypogaea L.) using GWAS and RNA-Seq analysis. Gene 2021, 769, 145215. [CrossRef]
Otyama, PI; Wilkey, A.; Kulkarni, R.; Assefa, T.; Chu, Y.; Clevenger, J.; Cannon, S.B. Evaluation of linkage disequilibrium,
population structure, and genetic diversity in the US peanut mini core collection. BMC Genom. 2019, 20, 481. [CrossRef] [PubMed]
Samdur, M.Y,; Singh, A.L.; Mathur, R K.; Manivel, P.; Chikani, B.M.; Gor, H.K.; Khan, M.A. Field evaluation of chlorophyll meter
for screening groundnut (Arachis hypogaea L.) genotypes tolerant to iron-deficiency chlorosis. Curr. Sci. 2000, 79, 211-214.
Akkasaeng, C.; Vorasoot, N.; Jogloy, S.; Patanotai, A. Relationship between SPAD readings and chlorophyll contents in leaves of
peanut (Arachis hypogaea L.). Thai ]. Agric. Sci. 2003, 36, 279-284.

Alexander, D.H.; Novembre, J.; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009, 19,
1655-1664. [CrossRef] [PubMed]

Tang, Y.; Liu, X.; Wang, J.; Li, M.; Wang, Q.; Tian, F; Buckler, E.S. GAPIT version 2: An enhanced integrated tool for genomic
association and prediction. Plant Genome 2016, 9. [CrossRef]

Li, M; Liu, X.; Bradbury, P; Yu, J.; Zhang, YM.; Todhunter, R.J.; Zhang, Z. Enrichment of statistical power for genome-wide
association studies. BMC Biol. 2014, 12, 73. [CrossRef] [PubMed]

Yang, W.; Guo, Z.; Huang, C.; Duan, L.; Chen, G,; Jiang, N.; Xiong, L. Combining high-throughput phenotyping and genome-wide
association studies to reveal natural genetic variation in rice. Nat. Commun. 2014, 5, 5087. [CrossRef] [PubMed]

Hill, W.G.; Robertson, A. Linkage disequilibrium in finite populations. Theor. Appl. Genet. 1968, 38, 226-231. [CrossRef] [PubMed]
Jiang, S.; Sun, Y.; Wang, S. Selection of reference genes in peanut seed by real-time quantitative polymerase chain reaction. Int. J.
Food Sci. Technol. 2011, 46, 2191-2196. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2—AACT method.
Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Bertioli, D.J.; Jenkins, J.; Clevenger, J.; Dudchenko, O.; Gao, D.; Samoluk, S.S. The genome sequence of segmental allotetraploid
peanut Arachis hypogaea. Nat. Genet. 2019, 51, 877-884. [CrossRef]

Otyama, PI; Kulkarni, R.; Chamberlin, K.; Ozias-Akins, PK.; Chu, J.; Fernandez-Baca, D.F. Genotypic characterization of the US
peanut core collection. BioRxiv 2020, 10, 4013-4026. [CrossRef]

Zhuang, W.; Chen, H.; Yang, M.; Wang, J.; Pandey, M.K.; Zhang, C.; Varshney, R K. The genome of cultivated peanut provides
insight into legume karyotypes, polyploid evolution and crop domestication. Nat. Genet. 2019, 51, 865-876. [CrossRef]

Kaler, A.S.; Purcell, L.C. Estimation of a significance threshold for genome-wide association studies. BMC Genom. 2019, 20, 618.
[CrossRef] [PubMed]

Yu, J.; Pressoir, G.; Briggs, W.H.; Bi, L.V.; Yamasaki, M.; Doebley, ].F.;, McMullen, M.D.; Gaut, B.S.; Nielsen, D.M.; Holland, ].B.; et al.
A unified mixed-model method for association mapping that accounts for multiple levels of relatedness. Nat. Genet. 2006, 38,
203-208. [CrossRef]

Vilas, ].M.; Burgos, E.; Puig, M.L.; Colazo, ].; Livore, A.; Ruiz, O.A.; Maiale, S.J. Genetic structure of Photosystem II functionality
in rice unraveled by GWAS analysis. BioRxiv 2020. [CrossRef]

Yang, D.; Li, M,; Liu, Y.; Chang, L.; Cheng, H.; Chen, J.; Chai, S. Identification of quantitative trait loci and water environmental
interactions for developmental behaviors of leaf greenness in wheat. Front. Plant Sci. 2016, 7, 273. [CrossRef]

Wang, L.; Conteh, B.; Fang, L.; Xia, Q.; Nian, H. QTL mapping for soybean (Glycine max L.) leaf chlorophyll-content traits in a
genotyped RIL population by using RAD-seq based high-density linkage map. BMC Genom. 2020, 21, 739. [CrossRef]

Tafesse, E.G.; Gali, K.K.; Lachagari, V.B.; Bueckert, R.; Warkentin, T.D. Genome-wide association mapping for heat stress
responsive traits in field pea. Int. J. Mol. Sci. 2020, 21, 2043. [CrossRef]

Lee, T,; Kim, K.D.; Kim, ].M,; Shin, I.; Heo, ].; Jung, J.; Kang, S. Genome-Wide Association Study for Ultraviolet-B Resistance in
Soybean (Glycine max L.). Plants 2021, 10, 1335. [CrossRef]

Li, Y;; He, N.; Hou, J.; Xu, L.; Liu, C.; Zhang, J.; Wu, X. Factors influencing leaf chlorophyll content in natural forests at the biome
scale. Front. Ecol. Evol. 2018, 6, 64. [CrossRef]

Fredeen, A.L.; Raab, T.K,; Rao, LM.; Terry, N. Effects of phosphorus nutrition on photosynthesis in Glycine max (L.). Merr. Planta
1990, 181, 399-405. [CrossRef]

Wolken, ].J.; Mellon, A.D.; Greenblatt, C.L. Environmental Factors Affecting Growth and Chlorophyll Synthesis in Euglena.* L.
Physical and Chemical. II. The Effectiveness of the Spectrum for Chlorophyll Synthesis. J. Protozool. 1955, 2, 89-96. [CrossRef]
Krause, G.H.; Weis, E. Chlorophyll fluorescence and photosynthesis: The basics. Annu. Rev. Plant Biol. 1991, 42, 313-349.
[CrossRef]


http://doi.org/10.1038/srep40577
http://doi.org/10.3389/fpls.2018.00564
http://doi.org/10.3389/fpls.2017.01611
http://doi.org/10.3390/genes10100803
http://www.ncbi.nlm.nih.gov/pubmed/31614874
http://doi.org/10.1016/j.gene.2020.145215
http://doi.org/10.1186/s12864-019-5824-9
http://www.ncbi.nlm.nih.gov/pubmed/31185892
http://doi.org/10.1101/gr.094052.109
http://www.ncbi.nlm.nih.gov/pubmed/19648217
http://doi.org/10.3835/plantgenome2015.11.0120
http://doi.org/10.1186/s12915-014-0073-5
http://www.ncbi.nlm.nih.gov/pubmed/25322753
http://doi.org/10.1038/ncomms6087
http://www.ncbi.nlm.nih.gov/pubmed/25295980
http://doi.org/10.1007/BF01245622
http://www.ncbi.nlm.nih.gov/pubmed/24442307
http://doi.org/10.1111/j.1365-2621.2011.02735.x
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1038/s41588-019-0405-z
http://doi.org/10.1101/2020.04.17.047019
http://doi.org/10.1038/s41588-019-0402-2
http://doi.org/10.1186/s12864-019-5992-7
http://www.ncbi.nlm.nih.gov/pubmed/31357925
http://doi.org/10.1038/ng1702
http://doi.org/10.1101/2020.09.28.317479
http://doi.org/10.3389/fpls.2016.00273
http://doi.org/10.1186/s12864-020-07150-4
http://doi.org/10.3390/ijms21062043
http://doi.org/10.3390/plants10071335
http://doi.org/10.3389/fevo.2018.00064
http://doi.org/10.1007/BF00195894
http://doi.org/10.1111/j.1550-7408.1955.tb02407.x
http://doi.org/10.1146/annurev.pp.42.060191.001525

Agronomy 2022,12,152 15 of 15

70. Wang, F; Wang, G.; Li, X;; Huang, J.; Zheng, J. Heredity, physiology and mapping of a chlorophyll content gene of rice (Oryza
sativa L.). |. Plant Physiol. 2008, 165, 324-330. [CrossRef]

71. Moon, J.; Zhu, L.; Shen, H.; Huq, E. PIF1 directly and indirectly regulates chlorophyll biosynthesis to optimize the greening
process in Arabidopsis. Proc. Natl. Acad. Sci. USA 2008, 105, 9433-9438. [CrossRef] [PubMed]

72. Hugq, E.; Al-Sady, B.; Hudson, M.; Kim, C.; Apel, K.; Quail, P.H. Phytochrome-interacting factor 1 is a critical bHLH regulator of
chlorophyll biosynthesis. Science 2004, 305, 1937-1941. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jplph.2006.11.006
http://doi.org/10.1073/pnas.0803611105
http://www.ncbi.nlm.nih.gov/pubmed/18591656
http://doi.org/10.1126/science.1099728
http://www.ncbi.nlm.nih.gov/pubmed/15448264

	Introduction 
	Materials and Methods 
	Plant Materials 
	DNA Extraction and Genotyping 
	Measurement of Chlorophyll 
	Population Structure Analysis 
	Genome-Wide Association Study (GWAS) 
	Linkage Disequilibrium (LD) Analysis and Candidate Gene Identification 
	RNA Extraction, cDNA Synthesis, and Expression Analysis 

	Results 
	SNP Genotyping 
	Phenotypic Data Analysis 
	Genetic Structure 
	Genome-Wide Association Study 
	LD and Candidate Genes Analysis 
	Gene Expression Analysis by qRT-PCR 

	Discussion 
	Conclusions 
	References

