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Abstract: High oleic acid peanut (HOAP) is extensively embraced in China because of its high
nutritional value and enhanced oxidative stability. However, its dissemination has been severely
constrained in high altitude and high latitude areas due to chilling stress during sowing, resulting in
significant yield loss in these regions. Despite the lack of understanding of the molecular mechanisms
underlying low temperature germination (LTG) in HOAP, discovering the quantitative trait loci (QTL)
that confer this trait will undoubtedly benefit breeding efforts. In the present study, we identified
putative genomic regions and single nucleotide polymorphisms (SNPs) that govern LTG tolerance of
HOAP in an F, population derived from the cross of chilling-tolerant YH65 and chilling-sensitive
FL14 using bulk segregant analysis (BSA). Analysis of ASNP-index and Euclidean distance (ED)
value association pinpointed the overlapped region to a 2.29 Mb interval on chromosome A05. The
candidate interval showed that 122 genes were significantly related to response to abiotic stress and
plant-pathogen interaction. Furthermore, an SNP site associated with LTG tolerance was discovered.
The SNP site was employed as a Kompetitive Allele Specific PCR (KASP) marker and validated in a
universal peanut panel. These findings may provide valuable insight into the molecular mechanism
underpinning LTG tolerance and facilitate marker-assisted selective breeding in HOAP.
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1. Introduction

Peanut (Arachis hypogaea L.) is a globally important economic crop and a valuable
source of vegetable oil and protein for human consumption [1]. It originated from tropical
and subtropical regions and is cultivated in more than 100 countries, with a total production
of 53.6 million tons of pods (with shell) from a global planting area of 31.6 million hectares
in 2020 (FAOSTAT). The quality and nutritional value of peanuts are largely determined
by their fatty acid composition, especially the percentage of oleic acid. Oleic acid accounts
for 48~54% of total fatty acids in conventional peanuts, while it can reach up to 80% in a
high oleic acid peanut (HOAP) germplasm that contains two recessive alleles, ahFAD2A on
linkage group A09 and ahFAD2B on linkage group A19 [2,3]. Compared with conventional
peanut, HOAP and its processed products are endowed with stronger antioxidant capacity
and reduced potential for rancidification, which results in prolonging shelf life for storage.
HOAP is also preferred for its human health benefits, which include selectively reducing
low-density lipoprotein and preventing atherosclerotic cardiovascular and cerebrovascular
diseases [4,5]. The term “HOAP” was coined by Norden et al. in 1987, when the natural
high-oleic peanut mutant line, F435, was identified, which was then incorporated into the
first HOAP breeding line named SunOleic95R in the United States and rapidly spread
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worldwide [6,7]. HOAP breeding in China began relatively late; since the self-selected
HOAP cultivar Huayu32, 187 HOAP cultivars were bred in China by July 2021 [4]. De-
spite the fact that numerous HOAP cultivars have been established, the majority of them
were derived from high-oleic parents that come from a very small genetic pool through
hybridization and pedigree selection [8]. It is undeniable that HOAP breeding has been
severely hampered by the constraints imposed by the narrow genetic grounds of the current
breeding stocks. Recent years have seen a surge in breeding efforts aimed at selecting for
elite HOAP germplasms by introgression of genes imparting favorable traits, such as stress
resilience and high yield, in response to rising consumer awareness of the health benefits
of high-oleic peanuts and the demands of food manufacturers for longer shelf-life peanut
products [9,10].

Peanuts are sensitive to a variety of abiotic stresses, but low temperatures (non-
freezing) are particularly problematic since they adversely affect peanut development
and limit the planting range [11]. Due to adjustment in crop structure and rising con-
sumer demand, there is an impetus to expand peanut growth to high latitude and high
altitude regions [12]. As a result, low temperature has become a common constraint for
peanut production in these areas, which is exacerbated by global climate change [13]. As a
thermophilic crop, peanut requires warm soil environment throughout its development,
especially during the germination phase. The storage lipids, or seed oil, are naturally
intended energy reserve for seed germination, and their amount and fatty acid composi-
tion may have a substantial impact in regulating germination rate and vigor in response
to environmental challenges, particularly low temperature [14]. Jungman and Schubert
found that at low temperatures, the germination rate of high-oleic peanut is lower than
that of conventional peanut with normal oleic acid content [15]. It has been reported that
the optimal stable soil temperature at 5 cm underground needs to be at least 18-19 °C
for sowing HOAP peanuts, in contrast to 12 °C for Spanish market type and 15 °C for
Virginia market type, both with normal oleic acid content [16]. The introduction of HOAP
varieties to the peanut producing regions in the northeast provinces of China, where the
soil temperatures in spring are considerably lower than in northern China, has been met
with concerns about severe cold stress and chilling injury during spring sowing seasons,
resulting in seed rot, germination delay, low seedling emergence, and eventual dwindling
in nut yield [17,18]. Therefore, compared with the control measures including later sowing,
use of seed coating agents, and film-covering, developing new HOAP cultivars with the
trait of low temperature germination (LTG) represents a sustainable and environmentally
friendly strategy for peanut industry development in the northeast provinces in China.

Understanding the molecular mechanisms and responsive pathways for LTG is a
prerequisite for genetic improvement of peanut chilling tolerance. Multiple intricate mecha-
nisms and metabolic pathways are known to be involved in the modulation and regulation
of cold stress in plants [19,20]. Significant efforts have been made in peanut, including
germplasm screening and evaluation, physiology and metabolite verification, genetic
marker development, and modulated expression analysis of numerous candidate regu-
latory genes [16,17,21-25]. According to these findings, cold stress alters the membrane
lipid phase and enzyme activity in the cells of the imbibed peanut seeds, resulting in
electrolyte leakage, reactive oxygen species (ROS) accumulation, protein denaturation, and
significant disturbance in metabolic homeostasis. In response, peanut plants develop an
eclectic set of cold-induced protection mechanisms that involve transcriptional modulation
and cell structure remodeling, such as activation of Ca?*-related protein kinase pathways
and the expression of the cold-regulated (COR) gene induced by CBF/DREB, along with
the excessive accumulation of specific amino acids, antioxidants, and plant hormones
(abscisic acid and gibberellins). Nevertheless, these investigations focused on the effect
of low temperatures on conventional peanut seedlings. Given the dramatic alteration in
fatty acid composition in HOAP seed oil, it is expected that cellular membrane fluidity and
dynamics at LTG would be potentially distinct from those of conventional peanut varieties;
therefore, research into the specific molecular responses to cold stress in HOAP during seed
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germination is warranted. Furthermore, cold tolerance is a complex quantitative feature
regulated by multiple genes. As a result, investigating candidate genes and diagnostic
markers of cold tolerance, with specific reference to LTG, in HOAP is tremendously relevant
in the era of genomics-assisted breeding (GAB).

Bulk segregant analysis (BSA), pioneered in lettuce and tomato, is an elegant method
for swiftly identifying DNA markers that are tightly linked to the causal gene of a specific
phenotype in polyploid crops [26,27]. With significant advancements in next-generation
sequencing (NGS), the BSA-Seq can be more effective in rapidly locating the candidate
genomic regions and underlying genes based on the sequence data of extreme bulks and
parental genotypes, taking advantage of the drastically reduced sequencing cost [28,29].
This approach has been successfully deployed in locating resistance genes in several crops,
including rice, cucumber, and soybean [30-32]. Cultivated peanut is an allotetraploid
oilseed crop (AABB, 2n = 4 x = 40), with a large genome size and highly repetitive DNA,
rendering the positional cloning of target genes difficult [33]. Benefiting from the publica-
tion of the complete genome sequence of the cultivated peanut, the discovery of candidate
genes and markers by leveraging BSA has become more accurate and reliable [34,35]. Quan-
titative trait loci (QTLs) of bacterial wilt resistance, testa color, and nodulation factors have
been mapped in peanut using BSA-Seq [36-38]. To our knowledge, genomic regions and
diagnostic markers controlling LTG tolerance of HOAP have hitherto not been reported.

In the present study, high-throughput BSA-Seq was performed in an F, segregation
population with 503 individuals, which was derived from a cross between two HOAP
cultivars with a high level of phenotypic heterogeneity in LTG. Candidate genomic re-
gions affecting the LTG of HOAP were identified and diagnostic markers with linked
characteristics were verified in natural populations, which aimed to contribute to a better
understanding of the molecular mechanisms that underpin HOAP’s cold response and
provide the chassis for future efforts to breed HOAP with increased cold tolerance.

2. Materials and Methods
2.1. Plant Materials

An F; population consisting of 503 individuals was derived from a cross between cold-
tolerant female parent Yuhua65 (YH65) and cold-sensitive male parent FuL14 (FL14) in 2019.
YHG65 is a high-oleic cultivar with 75.30% oleic acid and an LTG rate of 80%, which was
released by Henan Academy of Agricultural Science in 2018. FulL14 is a high-oleic breeding
line selected by the Institute of Sandy Land Management and Utilization of Liaoning,
with 76.50% oleic acid and an LTG rate of 45% [16]. Furthermore, the F, population was
obtained via the self-pollinated of F;. Single plants of parents and F, population were used
for phenotyping. A verification group encompassing 46 different peanut germplasms was
used to ensure the accuracy of the diagnostic markers (Table S1) [39].

2.2. Evaluation of Chilling Tolerance at Germination Stage

The phenotypic evaluation experiment was conducted in the Peanut Key Laboratory of
the Liaoning Institute of Sandy Land Management and Utilization. Both the F, population
and the two parents had their seeds incubated at 38 °C for 24 h to break dormancy and
then the seeds were surface-sterilized with 1% sodium hypochlorite and rinsed three times
with sterile deionized water. Simulating low temperature stress was accomplished in a
constant temperature incubator (2 °C, in the dark), whereas rapid germination and control
cultures were conducted in other incubators (28 °C or 25 °C, in the dark).

After soaking in sterile water at 28 °C for 12 h, all the imbibed seeds of F; individuals
and their two parents were numbered, sown in seed trays, and kept at 2 °C for 6 days before
being transferred to 25 °C incubator for rewarming to begin the germination process. LTG
tolerance was assessed on the 7th day (7 d). In the process, water was regularly replenished
to prevent seed dehydration. According to Yang et al. [40], the appraisal of LTG tolerance
for individual plants was performed based on seed germination rate using a scale from 1 to
5, where 1 = seed normal germination with no damage and radicle length > 2 cm; 2 = seed
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relatively inhibited germination and radicle length > 1 cm; 3 = germination inhibited, but
the tip of radicle ruptured the seed coat > 0.2 cm; 4 = without radicle emergence, but
morphology normal; 5 = nonviable seeds turning soft, even rot.

The parental seeds incubated at 25 °C rewarming for 7 d were scanned using the high-
resolution plant tomography system CTporTable 160.90 (Fraunhofer EZRT, Waischenfeld,
Germany) to observe the internal structure of seeds.

A total of 25 mature, uniform kernels from each accession in the verification group
were spread out on moist filter papers in a petri dish and subjected to the same chilling
treatment described above; germination at 25 °C served as a control. In order to eliminate
the potential influence of genotypic variation, the relative germination energy (RGE) was
calculated. At day 2 of resuming germination, the RGE of the verification group was
evaluated [17]. RGE (%) = germinated seeds mean value of 2 °C/germinated seeds mean
value of 25 °C *100%. Each treatment was repeated three times.

2.3. Construction of Segregating Pools

Genomic DNA was extracted from the seeds using the CTAB method [41], and the
quality of the DNA samples was assessed using a Qubit 4.0 fluorometer in conjunction with
NGS™ ds DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and 1.2%
agarose gel electrophoresis. Tolerant bulk (HT) and sensitive bulk (HS) were developed
from 30 cold-tolerant and 30 cold-sensitive individuals, respectively, based on phenotyping
results from the F, population. Equal amounts of DNA from 30 individuals were then
mixed to generate the two distinct bulks, HT and HS. Further, DNA samples of the parents,
YH65 and FL14, were also prepared.

2.4. Bulked Segregant Analysis (BSA)

Sequencing libraries were constructed using the DNA samples prepared from HT, HS,
YH65, and FL14, with 400 bp insert sizes, by the TruSeq DNA PCR-free prep kit (Illumina,
San Diego, CA, USA). The quality control of the DNA libraries was reconfirmed with
an Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
These four paired-end libraries were then sequenced with the Illumina NovaSeq 6000 NGS
platform (Illumina) by Personal Biotechnology Co., Ltd. (Shanghai, China). Raw data
were processed to obtain high-quality clean reads by removing low-quality and short
reads with the sliding-window method of fastp (v0.20.0) [42]. The DNA samples of the
two parents were re-sequenced for 20x coverage, and two extreme progeny pools were
re-sequenced for 30x coverage. Trimmed reads were aligned to the reference genome
of Arachis hypogaea L. var. Tifrunner version 2 (https://peanutbase.org/peanut_genome,
accessed on 15 November 2022) using the MEM tools in BWA software (v0.7.12) [43]. The
PCR and optical duplicates were eliminated using the MarkDuplicates program in Picard
(http:/ /sourceforge.net/projects/picard/, accessed on 15 November 2022). SNPs and
Insertions/Deletions (InDels) were detected for variant calling with the mutation analysis
software GATK [44]. SNPs were strictly filtered with proper standards: Fisher test of strand
bias (FS) > 60, Mapping Quality (MQ) < 40, Quality Depth (QD) < 2, and the variation sites
were annotated for genes and functions with ANNOVAR [45].

SNP index (at a position) is the ratio of the number of aligned reads with an alternate
base to the total number of reads. Any SNP positions with a read depth <5 and a SNP
index < 0.3 in either of the bulks were removed. SNPs with homozygous alleles in the two
parents’ pools were selected for ASNP-index calculation, and ASNP-index statistics were
used to identify statistically significant differences in genotype frequencies between HT
and HS [46]. The Euclidean distance (ED) algorithm was performed to evaluate candidate
regions associated with LTG tolerance [47]. The overlapping intervals identified by the two
aforementioned approaches were deemed the final genomic regions of interest.
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2.5. Candidate Region Gene Function Annotation

The putative protein-coding genes were annotated via the BLAST software from mul-
tiple databases [48]. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed on all genes present in the candidate interval
to identify critical biological processes and metabolic pathways involved in the LTG process
of HOAP, as previously described [30].

2.6. KASP Marker Development and Validation

KASP markers were designed based on polymorphic SNPs between the two parents in
the target candidate region [49]. The FAM, HEX, and general PCR primers were synthesized
by LGC Biosearch Technologies (Hoddesdon, UK). The KASP genotyping assay of the
verification group was performed on the SNPline LGC platform (LGC) [50].

2.7. Statistical Analysis of Experimental Data

Phenotypic statistics were calculated with Microsoft Excel 2010 and SAS v9.1, and the
data was fitted and plotted using the R package function ggplot2 and Origin 2021.

3. Results
3.1. Phenotypic Analysis of the Parents and F, Population

Parental cultivars and their derivative F, population were evaluated for LTG tolerance at
the 7 d of rewarming germination. As is evident in Figure 1A and Table 1, the cold-tolerant
parent YH65 exhibited greater LTG tolerance than the cold-sensitive parent FL14. This is well
in line with a previous study that reported a significant difference in germination rate between
these two varieties after early sowing [16]. The plant tomography system Ctportable scan of
internal structure revealed no sign of embryo germination, not even slight enlargement of
cotyledons after 7 d of rewarming germination of FL14, which is in stark contrast to YH65,
whose hypocotyls stretched to longer than the length of the seed itself (Figure 1B).

o=

Cold Tolerance Level

T
3 4 5

Figure 1. Phenotypic analysis of LTG at 7 d of rewarming germination. (A), The performance of two
parental lines, YH65 and FL14. (B), Plant tomography system Ctportable scan image of seed internal
structure of two parents. (C), The performance of extreme individuals, HT and HS. (D), Frequency
distribution for LTG tolerance showing phenotypic variation in F, population.
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Table 1. Phenotypic variation analysis of parents and F, population.

It Parents F, Population
em YH65 FL14 Mean Range SD Skewness Kurtosis CV (%)
LTG scale 1 5 3.49 1-5 1.05 0.109 0.217 0.300
Bud length (cm) 5.10 0.00 0.34 0.00-8.30 0.923 0.109 0.217 2.681

In the F, population, bud length following chilling treatment varied continuously
from 0.0 cm to 8.3 cm with mean value of 0.34 cm. The coefficient of variation (CV) and
stander deviation (SD) of bud length was 2.681% and 0.923, respectively. The LTG scale
ranged from 1 to 5 and corresponded to a normal distribution with a skew towards chilling
sensitivity (Figure 1C,D, Table 1 and Table S2). Consequently, 30 individuals with scale
1 and 30 individuals with scale 5 were chosen for the HT-pool and HS-pool, respectively
(Figure 1D).

3.2. Whole-Genome Resequencing and Identification of SNPs

Whole-genome resequencing data were acquired by the BSA-Seq approach and the
Illumina NovaSeq high-throughput platform. In total, 55.04, 53.77, 79.26, and 81.00 Gb raw
data were generated for YH65, FL14, HT, and HS sequencing libraries, with subsequent
filtering yielding 332 684 456, 344 017 168, 508 218 616, 494 885 654 clean reads, respectively.
The clean reads of these four samples were aligned to the reference genome of Tifrunner
2.0 with a mean mapping proportion of 99.93%, resulting in 98.95% genome coverage and
19.38 x average coverage depth (Figure S1A,B). The depth was higher in extreme bulks than
the parents, which corroborated the accuracy of the BSA-Seq. The Q30 (base recognition
accuracy ratio > 99.9%) value ranged from 88.2% to 92.58%, and the GC content was over
37.58%. In light of these findings, it was determined that the sequencing data were of
sufficient quality for further analysis (Table 2).

Table 2. Summary of Illumina sequencing of parental lines and bulks for LTG tolerance.

Total Data High-Quality Mapping o o Average Genome
Sample (bp) Reads (%) GC (%) Q30 (%) Depth (x) Coverage (%)
YU65 55,039,185,600 332,684,456 99.96 39.64 88.22 15.23 98.87
Ful14 53,770,119,000 344,017,168 99.88 40.69 92.46 16.26 98.24
HT 79,259,289,000 508,218,616 99.94 37.70 92.58 23.84 99.35
HS 80,996,380,200 494,885,654 99.97 37.58 88.66 222 99.35

Four sample pools generated 532,123 SNPs and 165,692 Indels in total. SNP spectrum
analysis showed that T:A > C:G and C:G > T:A were major variation types (Figure S1C).
InDel type analysis indicated that small fragment insertion was the major variation (Figure
S1D). Further filtering parental homozygous and polymorphic site revealed 157,470 SNPs
and 37,625 InDels of which 3007 SNPs and 310 InDels were identified in exon regions,
including 1960 nonsynonymous SNPs and 195 frameshift InDels (Tables S3 and S4).

3.3. Identification of Candidate Genomic Regions for LTG Tolerance

To identify the genomic region controlling the LTG tolerance, the correlation algorithm
of ASNP-index and ED was performed between the two extreme bulks using high-quality
allele segregation SNPs (Tables S5 and S6). ASNP-index plots with a 95% confidence
interval were analyzed using Sliding window (2 Mb interval and 50 kb increment) analysis
(Figure 2A), and the median of all locus fitting values was used for ED association analysis
with a 99% confidence interval (Figure 2B). As a result, seven putative overlapping regions
for LTG tolerance were located on chromosomes 05, 12, 13, 14, 16, and 17, using these
two different methods. By virtue of the number of high-quality SNPs and peak value, a
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final association interval was identified on Chr.05 (107.3~109.6 Mb) with an overall size of
2.29 Mb, containing a total of 122 genes (Table 3).

A06 AO7TAO08A09 A10 All  AlI2 Al3  Al4

AlS

Al6

Al7  AIlS8

Al19 A20

Al2 Al3  Al4

AlS

Al6

Al7

Al9

Al8

Figure 2. Mapping of genomic regions associated with LTG tolerance based on BSA-Seq fitting and
plotting by Ggplot2. (A), Manhattan plot analysis on distribution of ASNP-index on chromosomes.
(B), The Manhattan plot analysis on distribution of the square of the ED on the chromosomes. The
abscissa indicates the chromosome number, the blue and red lines represent 95% and 99% confidence
intervals, respectively. The candidate association region for LTG tolerance is framed. The data was

fitted and plotted by Ggplot2.

Table 3. Analysis of candidate regions associated with LTG tolerance.

Chromosome Overlapping Region (bp) Size (Mb) HQ_SNP No. of Gene

05 107,340,001~109,630,000 2.29 9 122
12 109,310,001~111,950,000 2.64 6 135
13 21,530,001~24,620,000 3.09 5 116
14 118,310,001~120,570,000 2.26 2 84
16 54,260,001~56,260,000 2.00 1 7

16 85,540,001~88,220,000 2.68 2 13
17 122,360,001~124,460,000 2.1 0 6

3.4. Functional Enrichment Analysis of Genes in Candidate Region

Using the BLAST (v2.2.23) algorithm, all encoding genes in the candidate genomic
interval were aligned with the NR, Swissprot, GO, and KEGG databases. NR and Swissprot
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databases yielded 120 and 90 annotated genes, respectively (Table S7). GO classification
analysis revealed that 87 annotated genes were siloed into 39 known GO terms, including
20 “biological process”, ten “cellular component”, and 9 “molecular function” categories
(Table S8 and Figure 3A). Similar to previous findings, the significantly enriched terms
in three categories included cellular process, metabolic process, response to stimulus,
catalytic activity, antioxidant activity, cell, and membrane [30,51,52]. Furthermore, among
the “response stimulus” terms, four genes were identified as trehalose phosphate synthase
(Arahy.PWAA2D), DNA]J heat shock N-terminal domain-containing protein (Arahy.10ECP5),
ubiquitin-protein ligase cullin 4 (Arahy. LN6NXX), and betaine aldehyde dehydrogenase
(Arahy.QCS9HL) all of which have been reportedly associated with plant tolerance to abiotic
stresses, including chilling [53-56].

Level2 GO terms of out B

Top 20 of KEGG Enrichment
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Glycerophospholipid metabolism { .un 12)

RNA degradation - 2(013)
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Proteasome | .un:z) 02

Ribosome biogenesis in eukaryotes

pyalue
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I
]
.
|
> |
|
. I
" |
]
Ly,
Pathway

Plant hormone signal transduction - 2(045)
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Figure 3. Enrichment analysis of 122 genes in candidate region for LTG tolerance. (A), GO classifica-
tion. (B), KEGG pathway enrichment analysis.

A total of 15 annotated genes were subjected to KEGG pathway enrichment analysis
in order to gain more insight into the metabolic processes involved in cold stress regulation
during peanut seed germination (Table S9 and Figure 3B). The significantly enriched
pathway “plant-pathogen interaction” has been known as an important pathway involved
in chilling response mechanisms of peanut and other crops [12,57-59]. Four genes in
this pathway, encoding calcium-dependent protein kinase 1 (Arahy.961PRY) and three
enhanced disease susceptibility proteins (Arahy. AOTJ2P, Arahy.R5RNXS8, Arahy.VGZ3RK),
were upregulated by cold stress [60,61]. Nevertheless, it remains to be determined to what
extent these genes and pathways may contribute to peanut LTG tolerance.

3.5. Validation of SNPs in Candidate Region with Different Germplasm Resources

To validate the putative genomic region for cold tolerance in HOAP, we investigated
the polymorphism of high-quality SNPs between two parents in the genomic interval
covering Arahy.A05:107340001 and Arahy.A05:109630000 using resequencing data (Table
510). Two SNPs (Arahy.A05:107485885 and Arahy.A(05:108044810) with the highest ASNP-
index and ED value were chosen as candidate SNPs for the development of KASP markers
(Table 4). Using the newly developed KASP markers, we genotyped 46 peanut germplasms
from the verification group, which included 2 BSA-Seq parents with contrasting LTG tol-
erances. The genotypes were classified into two types, G:G (YH65 type) and A:A (FL14
type) represented the genotypes at Arahy.A05:107485885, C:C (YH65 type) and T:T (FL14
type) represented the genotypes at Arahy.A05:108044810 (Table 4). The mean RGE for the
verification lines carrying G was 57.5%, which was significantly greater than that for those
carrying A with a RGE of 2.1% at Arahy.A05:107485885, while most verification lines carry-
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ing C and the mean RGE of them were 35.2% at Arahy.A05:108044810, (Table S1). According
to the phenotypic and genotypic results of the verification group, Arahy.A05:107485885
was shown to be significantly associated with LTG tolerance and may therefore be used
as the diagnostic marker to predict cold tolerance (Figure 4A,B). The candidate SNP site
was located in the intergenic region between the genes Arahy. PWAA2D and Arahy.470PAV,
which encode trehalose phosphate synthase and receptor-like kinase 1, respectively (Table
57). In addition, the marker-trait association verified the validity of the identified candidate
genomic region harboring the governing alleles for LTG tolerance.

Table 4. Nucleotide types of candidate SNP and KASP primer sequences.

ID BSA-Seq Data Primer Type Primer Sequence Allele Parent
. GAAGGTGACCAAGTTCA
?fé\]i' 0.3272 Aue(lgggaﬁc TGCTGGTCAGTAATCAAGCTA G YH65
€ GAATAAAAATTGG
Arahy.A05_10 - GAAGGTCGGAGTCAACG
7485885 ED 0.2141 A“e(llﬁ :&‘;ﬂﬁc GATTGTCAGTAATCAA A FL14
GCTAGAATAAAAATTGA
Common ATTATCCTGGCAATATA
ATTCTTTGTAGTATTTC
. GAAGGTGACCAAGTTC
?:ii’ 0.5926 Aue(lgg’(e)aﬁc ATGCTGATGGATTGATTTT C YH65
TATTTTTTGTC
Arahy.A05_10 T GAAGGTCGGAGTCAA
8044810 ED 0.7023 Aue(llf ;&‘;ﬂﬁc CGGATTGATGGATTGATTT T FL14
TTATTTTTTGTT
Common TTAAGCCAATTTTTTTTGC
ommo TAATGATATCAT
A B S °a
Arahy05:107485885 oo °°°
cAQ 0 %
100+ vy
Ne@Q L O
[ s -
751 " oes
sno;::: o 5 5}
over)
QY Fosiaoie |
~ ‘hecked [
QLB] I portFail EZ
& 259 it
. Submit {4
O- Pass [2 o
Unseen [ - ‘
9 o0
=25 0.85811 ° b 000%
A:A G:G 0.7647 2023691 1.9368

Figure 4. Validation of markers for LTG tolerance. (A), Relative germination energy difference
between two genotypes in verification group at the Arahy05:107485885. The boxplots were drawn
using software of Origin 2021. (B), KASP marker genotyping for the candidate SNP site.

4. Discussion

Peanuts with high oleic acid content are preferred by both the seed industry and
consumers. One of the most prominent peanut breeding goals worldwide has been to
increase the oleic acid content of peanuts in pursuit of greater antioxidant capability and
improved nutritional properties [14]. Chilling injury occurrences in the spring sowing
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season have been frequently observed in northeast China over the past few years [62];
therefore, in-depth research on specific mechanisms regulating LTG tolerance is particularly
important for maintaining HOAP productivity and quality for overall popularization at
high latitudes. Owing to the fact that germination is the most vulnerable period in plant
development, research has been done to identify peanut germplasm with cold tolerance
at the germination stage [17,21,63-66]. However, in comparison to other agronomic traits,
chilling tolerance is an excessively complex trait, making its characterization more chal-
lenging. Furthermore, most studies on low temperature stress have focused on the seed
imbibition period, but the cold tolerance shown between imbibition and germination has
greater practical significance. In the present study, peanut seeds were exposed to cold
stress after being soaked at 28 °C for 12 h, which better simulates the field conditions when
an unexpected and abrupt temperature drop occurs in peanut production during sowing
season. In our indoor investigation of the F, population and the verification group, the
cold stress treatment was 2 °C, which was proved to be reliable through consistency with
prior studies [57]. This allowed us to apply the more stringent selection pressure needed
for screening the extreme phenotype. In addition, there were few studies on HOAP chilling
tolerance, and only a small number of germplasms have been examined for cold tolerance.
In this study, we developed a large enough population with HOAP parents to accurately
identify LTG-tolerant genotypes, hence laying a solid foundation for BSA-Seq.

GAB is a perfect integration of genomics tools and conventional breeding approaches;
thus, it would be the ideal option to accelerate genetic gains and the breeding process
for developing elite cultivars with desirable attributes [67,68]. GAB can be used to de-
velop peanut cultivars with enhanced tolerance to abiotic stresses more efficiently than
conventional breeding alone since it requires less labor and budgetary resources. Notably,
effective GAB involves the identification of QTLs that are closely associated with the trait(s)
of interest. However, the cultivated peanut’s allotetraploid nature coupled with narrow
genetic variation has severely hindered QTL mapping for desirable features. In particular,
the current limited number of released HOAP cultivars is the outcome of targeted breeding,
which has narrowed their genetic background [69]. With the currently available QTLs, it
is technically difficult to perform cold tolerance GAB in HOAP. Consequently, the iden-
tification of pertinent QTLs is a prerequisite for GAB deployment in plant breeding [70].
BSA-Seq is an efficient breeding approach for rapid mapping of candidate regions by whole-
genome resequencing, as compared to traditional QTL analysis dependent on advanced
generation [71]. Because this approach analyzes the genetic segregation of DNA pools with
extreme traits, it is both cost-effective as it requires fewer samples for resequencing and
time-efficient as peanuts have a low reproduction coefficient. At present, an eclectic array
of NGS-based BSA+ strategies (BSA-seq, BSR-seq, MutMup, etc.) have been effectively
established in a variety of crops in order to select candidate intervals and improve the
efficiency of gene mapping [30,36,72].

In order to locate the major QTLs of LTG tolerance in HOAP, BSA-Seq was performed
by leveraging a 503-individual F, population to screen 30 strictly differential phenotypes
for each bulk (HT and HS), prediction intervals were identified by two bioinformatic
approaches, ASNP-index and ED, to improve reliability, and one overlapping significant
peak was identified on chromosome A05 with a span of 2.29 Mb, which has been linked to
cold tolerance at the germination stage. Moreover, the number of individual samples in
the two pools for comparison was higher in our research than in previous studies [73,74].
Increasing the number of samples for pooling can improve the accuracy of SNP predictions,
indicating that the findings of this research are credible. To our knowledge, this study
represents the first report on the identification of a genomic region associated with LTG
tolerance in HOAP, highlighting the molecular mechanism underlying cold tolerance
during seed germination.

Numerous studies have shown that genes and transcription factors (TFs) involved in
cold tolerance can be dichotomized into two distinct types: signaling components for stress
responses and regulatory pathway participants for defense against cold stress [75]. The
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aforementioned genes and TFs interact to form intricate networks of systemic metabolism.
In our result of gene functional enrichment analysis, it seemed that after sustaining a
chilling injury, the HOAP defense system may respond to abiotic stress stimuli by en-
hancing catalytic and antioxidant activities and remodeling cell and membrane structure,
in order to improve cold tolerance. Three putative GST-encoding genes (Arahy.41Y8SN,
Arahy.06E]88, and Arahy.28]7Y2) may be the hub genes controlling peanut seedling cold
tolerance [24]. Although equivalent genes were not found in our candidate region, nu-
merous genes have been implicated in cold tolerance in other crop species (Table S7). For
instance, (1) Arahy. PWAA2D encodes trehalose phosphate synthase. Trehalose serves as
a protector of the osmolyte and membrane system, which is extensively used to improve
plant tolerance to multiple abiotic stresses [76]. It has been demonstrated that exogenous
trehalose bolsters cold tolerance in rapeseed seedlings via modulating antioxidant and
osmotic homeostasis [53]. (2) Arahy.470PAV encodes receptor-like kinase 1, which has
been validated by RT-PCR as a differentially abundant membrane protein triggered by
cold in the early phase of plant development in Dajiao [77]. (3) Arahy.QW591P encodes
a cytochrome P450 protein that imparts cold tolerance in rice via a MYBS3-dependent
pathway [78]. Interestingly, these three cold-related genes were found adjacent to each
other on chromosome A05, spanning nucleotides 107,455,962 and 107,507,715. Therefore, a
KASP marker was developed from an SNP site in this interval and successfully genotyped
for a universal verification group comprised of vastly distinct peanut germplasms with
LTG tolerance. Given the quantitative nature of cold tolerance, it is not possible to attribute
a discrete cold-tolerant phenotype to a single SNP, which warrants further exploration for
additional molecular markers.

5. Conclusions

Chilling injury during spring sowing has become the most significant barrier to
widespread adoption of HOAP in northeast China. Through BSA-Seq, we were able
to identify a large candidate genomic region for LTG tolerance in HOAP, and one SNP
(Arahy.05:107485885) site within this region was chosen to develop the KASP marker, which
was validated through genotyping in the verification group. These findings hold promise
for further research towards genetically improving LTG tolerance via GAB in HOAP.
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regions identified for LTG tolerance by ASNP-index; Table S6: Candidate regions identified for LTG
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variation in candidate region.
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