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Abstract
Background

Sugar content is a critical factor influencing the quality of peanut kernels, determining the sweetness
and taste of peanuts, which in turn affects consumer acceptance and market value. However, the genetic
mechanisms underlying sugar content in peanut kernels remain poorly understood.

Results

In this study, GWAS analysis was conducted using 103 peanut germplasm resources with significant
differences in total sugar content (TSC), soluble sugar content (SSC), and sucrose content (SC). The
variation ranges for the three traits were 6.48%~26.10%, 5.22%~17.29%, and 2.01%~7.97%, respectively.
Based on genome-wide association analysis, 98, 122, and 148 SNPs significantly associated with TSC,
SSC, and SC were identified, respectively. Among them, 42 SNPs on chromosome A0S contributed
9.60%~20.29% phenotypic variance to SC. Further analysis detected 21 pleiotropic SNPs, including 2
SNPs significantly associated with both TSC and SC, and 18 SNPs significantly associated with both SSC
and SC. Among the 21 multi-environment co-localized SNPs, 6 SNPs were consistently detected across
three environments, with phenotypic explanation rates ranging from 10.03% to 20.29%. Based on the
genome-wide association analysis results, within the decay region of two significant SNPs (AX-
176820713 and AX-176816968), one SWEET gene (Arahy.78PEZ2K) and two STP genes (Arahy.KFDF05
and Arahy.IG4CN6) were identified as participating in sugar metabolism. gRT-PCR results showed that
the expression levels of Arahy.78PE2K and Arahy.KFDF05 were significantly upregulated in high-sugar
varieties, while the expression level of Arahy.IG4CN6 was significantly downregulated. The KASP marker
gK-SCB03.1(AX-176816968), developed based on the genome-wide association analysis and qRT-PCR
results, can distinguish germplasm sugar content types, providing an important theoretical basis and
technical support for peanut sugar content improvement and molecular marker-assisted breeding.

Conclusions

This study provides comprehensive insights into the identification and application of SNPs, candidate
genes, and KASP molecular markers associated with peanut sugar content. It offers valuable theoretical
support and genetic resources for molecular breeding projects aimed at improving peanut seed sugar
content and developing high-sugar peanut varieties.

1 Introduction

Peanut (Arachis hypogaea L.), also known as groundnut, is a nutrient-rich oil and cash crop. In addition
to being used for oil extraction, edible peanuts account for 40% of the total peanut production, with this

proportion showing a year-on-year increasing trend [']. The level of cellulose is directly related to the
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texture of peanuts. Soluble sugars are the primary factors influencing the quality and flavor of edible
peanuts. Peanut soluble sugars include sucrose, glucose, fructose, and trehalose 2] Glucose and
fructose, as the predominant monosaccharides in peanut kernels, also play a crucial role in the flavor
development of peanuts. During the peanut roasting process, the Maillard reaction occurring between
these monosaccharides and free amino acids not only generates the characteristic aroma compounds
of roasted peanuts but also imparts their unique nutty flavor profile. This series of complex chemical
reactions and the formation of flavor compounds endow roasted peanuts with a distinct flavor quality
that differentiates them from other processing methods [3-4] Through correlation analysis, it was found
that there exists a significant positive correlation between the sweetness and taste quality of peanuts,
with a correlation coefficient reaching 0.88. This fully illustrates the importance of sucrose content in the
quality evaluation of peanuts [°l. Moreover, when the sucrose content exceeds 6%, peanuts generally
exhibit a superior taste 1.

The synthesis and metabolism of sugar content in peanut kernels are controlled by multiple enzymes,
representing a quantitative trait governed by polygenes 5 1n previous studies, researchers have utilized
recombinant inbred line (RIL) populations in conjunction with BSA-seq (Bulked Segregant Analysis
Sequencing), genetic linkage mapping, and molecular marker techniques to localize quantitative trait
locus (QTL) loci controlling key traits such as sucrose content and soluble sugar metabolism /=91,
Natural populations offer several advantages in plant genetic mapping studies, including high genetic
diversity, the elimination of the need to construct specific populations, broad environmental adaptability,
and significant potential for mining superior alleles. Currently, genome-wide association study (GWAS)
stands as one of the primary strategies for crop breeding improvement and has been applied in crops
such as maize, wheat, and cotton ['9-3 |n the context of peanut trait improvement and breeding, GWAS
has been predominantly employed to identify loci associated with yield traits, plant architecture traits,
and leaf spot disease resistance in peanut 1416l Regarding quality trait improvement, GWAS has been
frequently utilized to identify variant loci linked to oil content and protein traits =18 However, GWAS
studies specifically targeting sugar content in peanuts have been rarely reported.

As a derivative method of fluorescence quantitative PCR, the kompetitive allele specific PCR (KASP)
marker technology demonstrates characteristics of simple operation, rapid reaction, high throughput,
and precise results ['%l. KASP markers associated with sugar content have been developed in soybean,
wheat, and potato 2022 |n the field of crop breeding, the development of KASP markers has also been
applied to distinguish drought tolerance in soybeans, disease resistance in wheat, and bacterial wilt
resistance in cotton (237251 |n peanut research, a series of KASP molecular markers associated with yield

traits, seed weight, and quality have been developed [26-291, Regarding the development of molecular
markers for sugar content in peanuts, Li et al. and Zhang et al. have respectively developed Indel

markers on chromosomes B08 and B06, which are associated with sucrose and soluble sugar content
[30-31]
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This study conducted a genome-wide association analysis on the sugar content of peanut kernels using
103 peanut germplasm resources. The objectives were to elucidate the genetic mechanisms underlying
sugar content in peanut kernels, identify superior variant loci, develop relevant KASP markers, and mine
candidate genes associated with sugar metabolism. These efforts hold significant importance for
breeding peanuts with enhanced sugar content in their kernels.

2 Materials and Methods
2.1 Experimental Materials

The 103 peanut germplasm resources used in this study were sourced from the peanut genetic breeding
innovation team at Hebei Agricultural University. These germplasms were planted in May 2021 and May
2022at the Qingyuan Experimental Base of Hebei Agricultural University in Baoding City, Hebei Province
(E115.48', N38.85"). In May 2023, the germplasms were planted at the Xushui Experimental Base in
Baoding City, Hebei Province (E115°13', N39°06') (designated as 2021BD, 2022BD, and 2023BD). A
completely randomized block design was adopted, with each material replicated twice. Ten hills were
sown per row, with one seed per hill. The row length was 1.5 m, and the row spacing was 40 cm.
Conventional field management practices were followed. Harvesting was conducted based on the
growth periods of each germplasm in September 2021, September 2022, and September 2023,
respectively. The harvested materials were naturally air-dried and subsequently used for the
determination of total sugar content, soluble sugar content, and sucrose content in subsequent genome-
wide association analyses.

In May 2024, the high-sugar variety "Jinongxian 1" and the low-sugar variety "Silihong" were planted at
the Qingyuan Experimental Base in Baoding City, Hebei Province, under conventional field management.
Sampling was performed at 70, 80, 90, and 100 days after flowering (DAF70, DAF80, DAF90, DAF100),
with 10 seeds collected per time point and three replicates per sample. After rapid freezing in liquid
nitrogen, the samples were stored at -80°C for subsequent validation experiments on the expression
levels of candidate genes.

2.2 Phenotypic Data Measurement

The total sugar content, soluble sugar content, and sucrose content in mature peanut kernels were
determined using near-infrared models for these traits, which had been previously established in our
laboratory 32 After warming up the instrument for 30 minutes, mature, plump, and undamaged seeds
from each material were placed into a sample cup, ensuring the surface of the cup was level. Each
sample was scanned three times, and the loading process was repeated three times. The average values
obtained were used for genome-wide association analysis. During peanut development, the soluble
sugar content was measured following Chen's anthrone colorimetric method 32 For sucrose content
determination, a sucrose content detection kit (anthrone colorimetric method) (Tiangen Biotech (Beijing)
Co., Ltd., Catalog No.: G0506W) was employed for extraction.
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2.3 Genome-Wide Association Analysis (GWAS)

Leveraging 17,223 SNPs obtained from resequencing conducted in our laboratory [33] quality control was
performed on these SNPs using TASSEL 5.0 software. Low-quality SNPs were filtered out based on the
following criteria: call rate < 0.95 and minor allele frequency (MAF) < 0.05. Ultimately, 12,342 high-quality
SNPs were retained for further analysis. Association analysis between the SNPs and the traits of total
sugar content, soluble sugar content, and sucrose content was conducted using the general linear model
(GLM) in TASSEL 5.0 software. SNP loci with a -log10P value > 3 were defined as significantly associated
with the respective traits. Manhattan plots and Q-Q plots were generated using the CMplot package in R

software 134,

2.4 Candidate Gene Identification

Based on the results of the genome-wide association analysis and in accordance with the linkage
disequilibrium (LD) decay distance, candidate genes were screened within a 160kb region upstream and
downstream of the target SNPs from the "Tifrunner" genome sequence (https://peanutbase.org/). The
identified genes were annotated using the "Tifrunner" genome annotation file. Genes involved in sugar
metabolism were defined as candidate genes.

2.5 Real-Time Fluorescence Quantitative PCR Validation

Three genes were validated using real-time quantitative reverse transcription PCR (QRT-PCR). Specific
primers for the DEGs were designed using Primer Premier 5.0 software (Primer, Canada). Alcohol
dehydrogenase (ADH) was used as the internal reference gene, and the relative levels of expression of
the genes were measured. The primer sequences utilized for qRT-PCR are provided in Supplementary
Table 1. The qRT-PCR reactions were conducted using a Fast Real qPCR Premix (SYBR Green) kit
(TIANGEN, Beijing, China). Each RT-qPCR reaction system was composed of a volume of 20 pL, including
0.6 pL of upstream and downstream primers, 4 L of cDNA template, 10 pL of SYBR reagent, and 4.8 pL
of ddH,0. The PCR program included an initial pre-denaturation step at 95 °C for 10 min, followed by
thermal cycling: denaturation at 95 °C for 5 s, annealing at 58 °C for 10 s, and an extension at 72 °C for
15 s, which was repeated for a total of 40 cycles. A LightCycler®96 SW 1.1 (Roche Diagnostics,

Rotkreuz, Switzerland) was used to read the qPCR results, and the relative levels of expression of the

2—AACT

genes were calculated using the method.

2.6 DNA Extraction

Thirty-one peanut germplasms with varying sugar contents were selected from the germplasm
repository maintained by the Peanut Genetic Breeding Innovation Team at Hebei Agricultural University.
These germplasms were cultivated in a greenhouse, and fresh peanut leaves were collected. Genomic
DNA was extracted from the peanut leaves using the CTAB method. The concentration, integrity, and
purity of the DNA were assessed using a NanoDrop spectrophotometer. The DNA was diluted to a
working concentration of approximately 50 ng/pL and stored at -20°C for future use.
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2.7 Development and Validation of KASP Markers

Based on the results of the genome-wide association analysis, KASP molecular markers were developed
for significantly associated SNPs. Sequences spanning 200 bp upstream and 200 bp downstream of the
SNPs were downloaded from the PeanutBase website (https://peanutbase.org/) for KASP primer design.
The primers were designed using Prime 5.0 software. The KASP assay system consisted of the following
components: 0.84 pL of genomic DNA template at a concentration of 50 ng/pL, 5 pyL of 2x AQP master
mix, 0.14 pL of SNP-specific primers, and 4 pL of double-distilled water (ddH,0). The PCR program was

set as follows: initial denaturation at 95°C for 10 minutes; followed by 10 cycles of amplification, with
each cycle consisting of denaturation at 95°C for 20 seconds and annealing/extension at 61°C for 40
seconds, with the annealing temperature decreasing by 0.6°C per cycle; and finally, 31 cycles of
amplification, with each cycle consisting of denaturation at 95°C for 20 seconds and
annealing/extension at 55°C for 40 seconds.

2.8 Statistical Analysis

All phenotypic data were subjected to descriptive statistical analysis, correlation analysis, normality

tests, and analysis of variance (ANOVA) using IBM® SPSS® Statistics 26 software. Calculation of Broad-
Sense Heritability Using Excel, with the Formula as Follows: h* = o2 / (02 + 0 %,/n + o 2/nr),
where o é, o gg, and o 2 represent the genotypic variance, the interaction between 103 genotypes and
environment variance, and the error (residual) variance component, respectively. r is the number of
environment trials and n is the number of replications in each environment trial 351, The bar charts of
sucrose content and soluble sugar content at different developmental stages, as well as the box plot,

were generated using GraphPad Prism 8.

3 Results

3.1 Phenotypic Variation Analysis of Sugar Content in
Peanut Kernels

In this study, statistical and phenotypic variation analyses were conducted on TSC, SSC, and SC across
103 peanut germplasmes. The distributions of TSC, SSC, and SC exhibited normality (Fig. 1). Among
these traits, TSC demonstrated the widest variation range, spanning from 6.48% to 26.10%, while SC
showed the narrowest range, from 2.01% to 7.97% (Table 1). Correlation analysis revealed significant
positive correlations among TSC, SSC, and SC. Analysis of variance (ANOVA) indicated that TSC, SSC,
and SC were influenced not only by genotype but also by environmental factors and genotype-
environment interactions. The broad-sense heritability (H?) values for TSC, SSC, and SC were estimated
to be 81.37%, 72.89%, and 86.80%, respectively (Table 2). These findings suggest that TSC, SSC, and SC
are primarily genetically controlled quantitative traits with heritable components.
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Table 1 Phenotypic variation of sugar content in 103 peanut germplasms

Trait Name  Environment Range (%) Average (%) SD CV(%) Skewness Kurtosis

TSC 2022BD 6.48-25.34 14.40 400 27.78 0.50 -0.28
2023BD 7.92-26.10 16.11 446 27.68 -0.34 0.53

SSC 2021BD 7.41-14.37 11.32 1.69 1493 -0.08 -0.78
2022BD 5.22-17.29 9.98 2.34 2345 0.36 -0.13
2023BD 5.68-17.05 10.97 247 2252 0.59 -0.06

SC 2021BD 2.31-7.71 5.51 097 17.60 -0.34 0.53
2022BD 2.19-7.68 476 1.17 2458 0.02 -0.36
2023BD 2.01-7.97 5.00 1.34 26.80 0.25 0.50

Note: TSC: total sugar content; SSC: soluble sugar content; SC: sucrose content; SD: Standard Deviation;
CV: Coefficient of Variation

Table 2 Analysis of variance on sugar content of 103 peanut germplasm resources

Trait  Source daf SS MS FValue P-Value HZ(% )
TSC Environment 1 134.36 134.36 55.33 <0.0001 81.37
Genotype 99 4479.64  45.25 18.63 <0.0001

EnvironmentxGenotype 73 1423.07 19.49 8.03 <0.0001

Error 174  422.56 2.436
SSC  Environment 2 135.26 67.63 59.26 <0.0001 72.89
Genotype 102 964.36 9.46 8.28 <0.0001

EnvironmentxGenotype 163 1031.39 6.33 5.54 <0.0001

Error 176  200.85 1.41
SC Environment 2 29.58 14.75 47.74 <0.0001 86.80
Genotype 101 404.11 4.00 12.95 <0.0001

EnvironmentxGenotype 173  168.33 0.97 3.15 <0.0001
Error 174  54.39 0.31

Notes: df. degree of freedom; SS: sum of squares; MS: mean square

3.2 Genome-Wide Association Analysis
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Association analysis was performed on 103 peanut accessions using the general linear model (GLM +
PCA) in TASSEL 5.0 software. A total of 320 significantly associated SNPs were identified, with
phenotypic contribution rates ranging from 9.60% to 20.55%, distributed across all 20 chromosomes.
Under two environmental conditions, 98 SNPs significantly associated with total sugar content (TSC)
were detected, spanning 14 chromosomes (A02, A03, A04, A05, A06, A07, A10, B03, B04, BO5, B06, BO7,
B08, and B10), with phenotypic contribution rates ranging from 10.84% to 20.55%. Under three
environmental conditions, 122 SNPs significantly associated with soluble sugar content (SSC) were
identified, primarily located on chromosomes AQ09, B03, and B08, with phenotypic contribution rates
ranging from 9.54% to 16.94%. Among these, 11 SNPs were located on chromosome A09, with
phenotypic contribution rates ranging from 10.22% to 12.97%. Additionally, 148 SNPs significantly
associated with sucrose content (SC) were detected under three environmental conditions, distributed
across 19 chromosomes (excluding A08), with phenotypic contribution rates ranging from 9.60% to
20.29% (Fig. 2, Table S1).

In this study, 21 pleiotropic SNPs were identified, all detected under the same environmental conditions.
Two SNPs, located on chromosomes A02 and B08, were significantly associated with both TSC and SC,
with phenotypic contribution rates ranging from 10.84% to 14.24%. Nineteen SNPs were significantly
associated with both SSC and SC, distributed on chromosomes A01, A03, A04, A09, B03, and B06, with
phenotypic contribution rates ranging from 10.18% to 17.49%. Among these, 11 SNPs significantly
associated with both SSC and SC were located on chromosome B03, with phenotypic contribution rates
ranging from 12.50% to 16.17%. Two closely located SNPs, AX-176805505 and AX-176805573, were
found within the 108820416 bp—-108848601 bp interval on chromosome B03, with phenotypic
contribution rates ranging from 12.54% to 15.09% (Table S2).

Furthermore, 21 multi-environment co-localized SNPs were identified, all significantly associated with
SC, distributed on chromosomes A01, A05, A07, A10, BO5, B08, B09, and B10, with phenotypic
explanation rates ranging from 10.03% to 20.29%. Among these, six SNPs were consistently detected
across all three environments, with phenotypic contribution rates ranging from 10.03% to 20.29%. On
chromosomes A0S and B08, five and eight multi-environment co-localized significant SNPs were
detected, respectively, with phenotypic contribution rates ranging from 10.35% to 20.29% and 10.19% to
18.56%. Notably, the SNP AX-177642263 on chromosome B08 was both a pleiotropic and multi-
environment co-localized significant SNP, with phenotypic contribution rates ranging from 10.84% to
12.25% (Table S3).

3.3 Candidate Gene Identification

Based on the results of the genome-wide association study (GWAS) and the linkage disequilibrium (LD)
decay region, candidate genes were screened within a 160 kb region flanking 21 SNPs significantly
associated with pleiotropic effects and 21 SNPs significantly co-localized across multiple environments.
All genes within these intervals were searched using the PeanutBase database. Among them, 12 genes
were closely related to sugar metabolism processes (Table 3).
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Table 3
Candidate gene information table

Gene ID Chromosome  Position(bp) Function Annotation
Arahy.1BTX43  A05 90381350-90392960 Beta glucosidase
Arahy.JGCP84 A0S 90361118-90361498 Beta glucosidase
Arahy.USS8HBC A0S 89909000-89917250 a-galactosidase

Arahy. BSGWAG  A07 6623190-6625824 Galactosyltransferase protein
Arahy.VSC23Z  B03 112236549-112240021  Glucose dehydrogenase
Arahy.IG4CN6 BO3 108190615-108192754  Sugar transporter
Arahy.KFDF05 BO3 108361004-108363118  Sugar transporter
Arahy.78PE2K BOS 139799001-139802016  SWEET sugar transporter
Arahy.0OATABD  B08 117873277-117883963  Glucose dehydrogenase
Arahy.0AYOZE B08 28509472-28509678 Galactosyltransferase protein
Arahy.CNB6AU  BO08 26964142-26964932 Starch branching enzyme
Arahy.44QEU2 B0O8 27791257-27797548 Sodium/calcium exchanger protein

3.4 Expression Analysis of Candidate Genes

Expression analysis of candidate genes was conducted using four seed developmental stages from the
high-sugar cultivar "Jinongxian1" and the low-sugar cultivar "Silihong" to investigate their functional roles
in sugar synthesis. Soluble sugar content (SSC) and sucrose content (SC) were measured during the
DAF70-DAF100 (Days After Flower) period in both cultivars. Significant differences in SSC and SC were
detected between the two cultivars, though their temporal variation patterns differed. Specifically, in
"Jinongxian 1", SSC reached its maximum at DAF70 and minimum at DAF100, while in "Silihong", SSC
was highest at DAF100 and lowest at DAF90. For SC, " Jinongxian 1" exhibited the highest levels at
DAF70 and the lowest at DAF90, whereas "Silihong" showed the highest SC at DAF100 and the lowest at
DAF70 (Fig. 3).

Significant differential expression between cultivars was observed for the SWEET-encoding gene
Arahy.78PE2K and two STP-encoding genes (Arahy.KFDF05 and Arahy. 1G4CN6). Arahy.78PE2K
exhibited higher expression in the high-sugar cultivar " Jinongxian 1" compared to "Silihong" across most
development stages (Fig. 6). This trend was consistent except at DAF90, where expression was lower in
the high-sugar cultivar. Arahy. KFDF05 exhibited elevated expression in the low-sugar cultivar "Silihong"
relative to " Jinongxian 1" at all stages except DAF100. Conversely, Arahy.1G4CN6 showed reduced
expression in " Jinongxian 1" compared to "Silihong", with statistically significant differences observed at
all stages except DAF80(Fig. 4).
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3.5 KASP Molecular Marker Development

Based on genome-wide association analysis and qRT-PCR results, two SNPs (AX-176820713 and AX-
176816968) were ultimately identified. Specifically, AX-176820713 represents a stably inherited SNP
locus significantly associated with seed sucrose content (SC), while AX-176816968 is a co-localized SNP
locus demonstrating significant association with both seed sugar content (SSC) and seed sucrose
content (SC) under the 2023BD environmental condition. To facilitate functional validation, these two
SNP loci were used to design primers targeting for experimental verification.

Among these, AX-176816968 exhibited robust genotyping performance and was formally designated as
gK-SCBO03.1. As illustrated in Fig. 5A, fluorescence-based genotyping revealed AA genotype in blue-
labeled materials and GG genotype in red-labeled materials. Boxplot analysis further confirmed that AA
genotype materials exhibit significantly higher sucrose content compared to GG genotype
materials(Fig. 5B). Quantitative analysis showed that kernel sucrose content in AA genotype materials
ranged from 5.45% to 7.82% (mean: 6.37%), whereas GG genotype materials displayed a range of 2.03%
to 3.67% (mean: 3.19%). These findings provide critical molecular markers for precision breeding
strategies aimed at optimizing sugar content in peanut cultivars(Table S4).

4 Discussion

4.1 Abundant Variation in Sugar Content of Peanut
Germplasm in Natural Populations

Peanut kernel sweetness is a heritable quantitative trait %], primarily derived from soluble sugars
(sucrose, glucose, fructose) that exhibit substantial variation across germplasm. As a core resource for
dissecting complex trait genetics, GWAS populations derive their value from extensive genetic diversity
accumulated through natural selection and artificial domestication. Such populations typically
encompass wild relatives, landraces, and commercial inbred lines, providing unparalleled advantages for
association mapping. Significant phenotypic variation in sugar content (> 3-fold) has been documented
in natural populations of crops like soybean, sugarcane, and vegetable soybean [36-38] Similarly, sucrose
content in peanut natural populations shows considerable variation 9. In this study, a natural population
of 103 peanut accessions was employed to quantify total sugars, soluble sugars, and sucrose content
across three environments. The phenotypic ranges were 6.48%~26.10% for TSC, 5.22%~17.29% for SSC,
and 2.01%~7.97% for SC, indicating substantial variation. This broad phenotypic spectrum not only
enhances statistical power for GWAS but also underscores the critical role of genetic diversity in
elucidating the genetic architecture of complex traits.

4.2 SNP variations related to sugar content lead to differences in the sugar content of peanut kernels.

SNPs, as the most prevalent form of genetic variation in the genome, exert significant impacts on gene
function and phenotypic traits, occupying a pivotal position in crop trait improvement and gene
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functional research 1%, When SNPs induce base alterations in coding regions, they may lead to amino
acid substitutions (e.g., synonymous mutations) or translation termination (e.g., frameshift mutations).
The AG deletion in the third exon of the wheat FT-D7 ¥ induces protein dysfunction, resulting in
increased spikelet number and delayed heading. In tomato, a single-base mutation in the W-box motif of
the WRKY33 promoter disrupts the low-temperature response element, leading to reduced cold tolerance
in cultivated varieties 2. The mechanism underlying the first high oleic acid peanut mutant F435

involves the regulation of A12 fatty acid desaturase (FAD2) [43] Specifically, a G:C/A:T mutation at
position 448 bp in the ahFAD2A gene causes a D150N missense mutation, while an A:T insertion at

position 442 bp in the ahFAD2B gene triggers a frameshift mutation and premature stop codont#4-

43 These findings underscore the central role of identifying key SNPs in elucidating the regulatory
mechanisms of complex traits, with systematic functional SNP identification serving as a fundamental
basis for advancing crop genetic improvement. In this study, the SNP AX-177638808, which is
significantly associated with soluble sugar content and exhibits a G/A mutation, co-localizes with the
major sucrose-related QTL gSUCAO08.1 reported by Li [301, Similarly, the SNP AX-176802474, associated
with total sugar content and also showing a G/A mutation, aligns with the sucrose-related gSCA06.2
identified by Wang (8. Additionally, novel SNP such as AX-177642263, AX-176820713, and AX-
176816968 were newly characterized in this study, and their functional roles in peanut sugar metabolism
warrant further investigation. Our results demonstrate that the GWAS panel used in this study harbors
abundant genetic variants related to sugar content, confirming its suitability for sugar-related GWAS
analyses.

4.3 Expression of AhSTP and AhSWEET Influences Sugar
Content in Peanut Kernels

The expression of transport and translocation-related genes significantly impacts sugar content in
peanut kernels. In plants, sucrose serves as the primary photosynthetic assimilate, providing substrates

for the accumulation of storage substances like proteins and lipids 461 After phloem transport to sink
tissues, sucrose enters parenchyma cells via sucrose transporters (SUT) on the cell membrane. In the
cytoplasm, it is hydrolyzed to hexoses (glucose and fructose) by sucrose synthase (SUS) and neutral
invertase (NINV). Alternatively, sucrose can be cleaved extracellularly by cell wall invertase (CWINV),

with the resulting hexoses transported into cells via hexose transporters (STP) [47-50] SWEET proteins, a
novel class of sugar transporters facilitating passive diffusion along concentration gradients, mediate

transmembrane transport of various sugars including sucrose, fructose, and glucose 5] 1n Arabidopsis,
AtSWEETT11 and AtSWEET12 cooperate with AtSUTT in phloem loading 152, while AtSWEET16 and
AtSWEET17 regulate vacuolar fructose storage 53] STPs, specialized hexose transporters with high
substrate affinity, are subject to glucose-mediated repression of AtSTP7 expression in Arabidopsis ®4. In
tomato, silencing three SIHT genes identified via QTL mapping reduced fruit hexose concentrations by

55% (557561 |n this study, two STP genes (Arahy.KFDFO5 and Arahy.1G4CN6) and one SWEET gene
(Arahy.78PEZ2K) were identified within candidate loci. Previous studies confirmed differential expression
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of Arahy.78PEZ2K between high- and low-sugar peanut cultivars during development [57], Cis-element
analysis revealed that these genes contain not only light and stress-responsive elements but also
hormone-responsive motifs (e.g., TCA element for salicylic acid, ABRE for abscisic acid) and MYB
transcription factor binding sites. This suggests their involvement in regulating cytoplasmic sugar levels
through light, stress, and hormonal signaling, thereby influencing vacuolar sugar storage. RT-qPCR
analysis demonstrated cultivar-specific expression patterns: Arahy.KFDF05 showed significantly higher
expression in the high-sugar cultivar "Jinongxian 1" than in "Silihong" across four developmental stages,
while Arahy.1G4CN6 exhibited the opposite pattern with significant differences at all stages except
DAF80. Arahy. 78PE2K displayed consistently higher expression in the high-sugar cultivar. These findings
indicate that Arahy. 1G4CN6 negatively regulates sugar accumulation in kernels, whereas Arahy.78PE2K
and Arahy.KFDF05 act as positive regulators. The three genes are located within the attenuation regions
of significant SNPs AX-176820713 and AX-176816968, exhibiting germline variation among
germplasms. These loci serve as pivotal targets for investigating sugar content variation across
germplasms. Further in-depth studies are warranted to elucidate their haplotypic patterns and the
regulatory mechanisms governing sugar content.

4.4 gK-SCB03.1 Enables Genotyping of Sucrose Content in
Peanut

KASP technology, optimized for detecting Indels or SNPs, enables efficient multiplex SNP genotyping
across diverse samples. Currently, only one indel marker associated with sucrose content has been
developed in peanut B0 1n this study, GWAS was performed on a peanut population to identify SNPs
significantly associated with kernel sugar content. A KASP marker, gk-SCB03. 1, was developed based on
these associations. Genotyping results revealed that peanut accessions with the AA genotype generally
exhibited higher sucrose content than those with the GG genotype. This molecular marker is anticipated
to facilitate marker-assisted selection for breeding peanut varieties with optimized sucrose content.
Furthermore, this locus not only shows significant association with sucrose but also with soluble sugar
content, indicating its pleiotropic effect. Thus, gk-SCB03.17 holds potential for selecting peanut
germplasm with varying soluble sugar contents, providing a valuable tool for targeted breeding
strategies.

Conclusions

In this study, we conducted a genome-wide association study (GWAS) using 103 peanut germplasm
accessions, identifying 98 SNPs significantly associated with total sugar content, 122 SNPs significantly
associated with soluble sugar content, and 148 SNPs significantly associated with sucrose content. A
total of 21 pleiotropic SNPs and 21 stable genetic SNPs significantly associated with sucrose were
detected. Three candidate genes related to sucrose were screened. Furthermore, based on GWAS results
and gRT-PCR validation, a KASP molecular marker (gK-SCB03.17) associated with sucrose content in
peanut kernels was developed. This work provides theoretical support for peanut sugar content research
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and holds significant importance for improving peanut kernel sugar content and breeding high-sugar
peanut varieties.
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Figure 1

Histogram of frequency distribution for three traits
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Differences in soluble sugars and sucrose content during the four stages of seed development between
“Jinongxian 1” and “Silihong” peanut varieties
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Figure 4

Expression differences of three genes during the four stages of seed development in “Jinongxian 1” and
“Silihong”peanut varieties

Page 20/22



qK-SCB03.1
” >
28
0
3 v
1.0
: ° e®
e o o ¥
=02 0.0 02 04 08 l:'rE 1.0 1.2 1.4 18 1.8 20
GG
® A ® GG @ No Ampiification
B
gK-SCB03.1
100-
i 80-
=
E
s X
[T 60=
= ——
=
[+]
2 40~
:
(=]
7 i
20—
0 T T
AA GG
Figure 5

Typing results (A) and sucrose differences(B) of 31 germplasm resources in gk-SCB03.1
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