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Abstract

Soluble sugars, primarily glucose and fructose, are crucial determinants of tomato taste
and flavor. To elucidate the genetic mechanisms regulating soluble sugar content, we
conducted genome-wide association studies (GWAS) on the variations in soluble solids
content (55C), glucose and fructose among 234 tomato germplasms. 4,284,885 high-quality
single-nucleotide polymorphisms (SNPs) were screened for associations with these traits.
Significant loci were predominantly located on chromosomes 1, 3, 6 and 9. Beyond confirm-
ing known genes (SFP5 and Lin5) in these mapped genomic regions, six candidate genes
were newly associated with sugar content based on haplotypes showing significant positive
associations with the traits. Functional predictions suggest these genes are involved in
sugar transport (Solyc01G003192, Solyc01G003198), sugar metabolism (Solyc01G003200,
Solyc01G003201 and Solyc09G000424) and the production of sugar synthesis substrates
(Solyc09G002436), indicating their potential roles in regulating soluble sugar content. The
results expand the molecular basis of sugar accumulation in tomatoes, offering practical
avenues for genetically improving fruit sugar content.

Keywords: tomato; soluble sugar; GWAS; haplotype

1. Introduction

Tomato (Solanum lycopersicum L.) holds a prominent position as one of the highest-
yielding and most widely consumed vegetable crops worldwide. In 2022, the global tomato
cultivation area reached 4.917 million hectares, with a total production of 186 million
tons [1]. Tomatoes are highly favored by consumers for their rich nutritional components
and unique flavor quality. Fruit flavor is primarily determined by the dynamic composition
and concentration of soluble sugars, organic acids, and volatile compounds [2].

Soluble sugar in tomato fruits is predominantly derived from photosynthate assim-
ilation. Approximately 20% is produced by the fruits’” own photosynthesis, while the
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remaining 80% is synthesized by leaves and subsequently transported to the fruits [3]. Su-
crose, a primary photosynthetic product, is the main form of transported photoassimilates.
After being synthesized, it is transported over a long distance through the phloem and then
unloaded into the fruits [4]. By the action of transmembrane transporters and metabolic
enzymes, sucrose is eventually broken down and distributed throughout the fruit tissues
as fructose and glucose. This process promotes the continuous accumulation of sugars in
the fruits [5]. Therefore, identifying key regulatory genes involved in sugar metabolism
and transport is crucial for enhancing sugar accumulation.

Soluble sugar content is a complex quality trait controlled by multiple genes and
affected by various environmental factors. Thus far, numerous genes related to sugar
metabolism and transport during fruit development have been characterized. Gene sucr
encodes a vacuolar invertase, and its heterologous expression in tomato can significantly
increase the contents of sucrose, total sugar and soluble solids in ripe fruits [6]. The
expression level of phosphoenolpyruvate carboxykinase (PEPCK) plays a key role in
regulating the sugar-acid ratio of ripe fruits [7,8]. Invertase inhibitor 1 (INVINH1) and
vacuolar processing enzyme 5 (VEP5) are both involved in the regulation of fruit sugar
accumulation. The content of glucose and fructose is significantly increased in the single-
gene knockout lines of INVINH1 and VPES5 [9,10]. Further studies have confirmed that there
is a synergistic regulatory effect between the two genes, and the soluble sugar content is
significantly increased in the double-gene knockout lines [11]. Sugar transport is also a key
factor regulating fruit sugar accumulation. A portion of soluble sugars is utilized for energy
metabolism, while the remainder is stored in vacuoles and plastids via specific organelle
membrane transporters [12]. A variety of related functional proteins have been reported,
such as sucrose transporters (BvSUTs) [13], vacuolar sugar transporter 1 (CIVST1) [14],
early responsive to dehydration like 6 (MdERDLG6) and tonoplast sugar transporter 1/2
(MdTST1/2) responsible for bidirectional sugar transport across the tonoplast [15]. In
addition, sugar transporter protein 1 (STP1) positively regulates the soluble solids content
(S5C) by modulating the levels of glucose, fructose, and sucrose in tomato fruits [16]. The
SWEET protein family also plays a vital role in sugar transport. In fruits with silenced
SISWEET7a and SISWEET14 genes, the contents of fructose and glucose are increased, along
with the enhanced activity of invertase and the elevated expression of sucrose metabolism-
related genes. In contrast, silencing SISWEET12c promotes sucrose accumulation while
reducing hexose content [17,18]. Elucidating functions of these genes provides new insights
into sugar metabolism and transport.

GWAS offers a powerful tool to unravel the genetic architecture of complex quanti-
tative traits and pinpoint candidate genes at the population level [19]. To date, GWAS
has been widely employed to investigate tomato agronomic traits, such as the response
mechanism of mineral elements [20], stress tolerance [21-23] and fruit quality attributes,
including fruit weight [24], tip morphology [25], firmness [26], organic acid content [27,28],
and sugar content [16,29,30]. In GWAS targeting sugar-related traits, Tieman et al. [29]
collected a total of 398 tomato germplasm resources, including modern cultivars, heirloom
varieties, and wild-type tomatoes. Through metabolome-wide GWAS (mGWAS), two loci
(namely Lin5 and S5C11.1) were found to be significantly associated with glucose and
fructose content. Subsequently, Zhang et al. [30] utilized GWAS to identify a “brake gene”
CDPK27 and its homologous gene CDPK26, which inhibit fruit sugar accumulation. Knock-
out of these genes resulted in a 30% increase in glucose and fructose contents, significantly
enhancing fruit sweetness while maintaining fruit weight and yield.

Although a substantial number of loci and genes associated with sugar metabolism
in tomato have been reported, the underlying regulatory pathways and molecular mecha-
nisms remain incompletely elucidated, largely due to interspecific genetic diversity and
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genotype-by-environment interactions. A comprehensive understanding of sugar accumu-
lation requires not only the identification of master regulators but also the characterization
of the direct effectors. These genes encoding enzymes and transporters that execute sugar
metabolism and partitioning within the fruit. The specific roles of many such effector genes
in the natural variation of tomato sugar content remain underexplored at the population
level. To address this gap, we conducted a GWAS for SSC, glucose, and fructose in tomato
fruits using 234 tomato germplasm accessions with 4,284,885 SNPs. Through analysis of
peak SNPs, integrated with functional annotations and haplotype analysis, we pinpointed
key candidate genes involved in sugar accumulation. This research was aimed to expand
the genetic basis of soluble sugar content in tomatoes and provide molecular targets for
precision breeding of high-quality cultivars.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

This study utilized a panel of 234 tomato germplasm accessions for association analysis,
comprising 220 cultivated varieties, 9 modern commercial hybrids and 5 wild accessions.
We planted these materials and conducted trait surveys at the Baima Teaching and Research
Base of Nanjing Agricultural University (Latitude: 31.5696° N, Longitude: 119.1577° E) in
the spring and summer of 2023. Plants were arranged according to a randomized complete
block design with three biological replicates per genotype. Each replicate contained eight
plants spaced at 35 cm x 50 cm. Standard agronomic practices were implemented for field
management throughout the experimental period.

2.2. Determination of SSC

At harvest, tomato fruits were picked at the red-ripe stage, characterized by full
red coloration and firmness, to ensure uniform maturity across all samples for traits
measurement. These three fruits were pooled and homogenized. SSC was measured using
a handheld refractometer (Atago PAL-1, ATAGO, Tokyo, Japan). The refractometer was
zeroed with distilled water. Then, the fruit juice was taken and applied on the measuring
area of the refractometer for reading, and this value was SSC in the fruits. Three biological
replicates were measured per genotype, and the mean of these three values was reported
as the SSC for that variety. At the same time, tomato mesocarp and exocarp were taken and
flash frozen in liquid nitrogen and stored at —80 °C for the next experiment.

2.3. Extraction and Determination of Soluble Sugar

This study aimed to quantify the predominant soluble sugars in ripe tomato fruit:
glucose and fructose. The analysis was performed using ultra-performance liquid chro-
matography coupled with a refractive index detector (UPLC-RID, Waters Corporation,
Milford, MA, USA). Extraction of soluble sugars was performed according to the method de-
scribed by Zhao et al. [31] with slight modifications. After grinding 2 g tomato fruit sample
with liquid nitrogen, 5 mL of 80% ethanol was added, and the mixture was homogenized
for 1 min. The homogenate was centrifuged at 25 °C and 4000 rpm for 10 min to separate
the supernatant, which was transferred into a vial. The residue was further extracted with
5 mL of the same solution. Both supernatants were mixed together, and this liquid was the
extraction liquid. The extraction solution was evaporated in a constant temperature water
bath at 70 °C until all ethanol was removed. The residue was then dissolved in ultra-pure
water and fixed volume to 10mL, and thoroughly mixed. The ImL sample was filtered
through a 0.45 pum filter for ultra-high performance liquid chromatography analysis.

The instrument model was the Ultra-Performance Liquid Chromatography UPLC
ACQUITY H-Class (manufactured by Waters Corporation, Milford, MA, USA) equipped
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with an Evaporative Light Scattering Detector (ELSD). The chromatographic column was
UPLC ACQUITY BEH Amide (100 mm x 2.1 mm X 1.7 um). The column temperature
was 45 °C. Mobile phase was acetonitrile: water (containing 0.2% triethylamine) = 80:20,
delivered at a flow rate of 0.2 mL-min~!. The injection volume was 2 pL, and the total
run time was 10 min. The ELSD conditions were as follows: nitrogen gas pressure, 25 Psi;
drift tube temperature, 55 °C; nebulizer temperature, 25 °C. The contents of fructose and
glucose were calculated according to the measured peak areas of the samples and the
standard curve.

Stock solutions of glucose and fructose were prepared at a concentration of 5 mg-mL ™.
These were serially diluted to create a standard curve with concentrations of 0.05, 0.1, 0.15,
0.2, 0.5, and 1 mg-mL~! for both analytes. The calibration curves were constructed by
plotting peak area (y-axis) against concentration (x-axis). The curves demonstrated good
linearity within this range, with correlation coefficients (R?) of 0.997 for glucose and 0.994 for
fructose. The corresponding linear regression equations were y = 789.27x + 320.58 (glucose)
and y = 1540x + 809.6 (fructose). The LOD and LOQ were determined based on a signal-to-
noise ratio (S/N) of 3 and 10, respectively. The LOD was approximately 0.003 mg-mL~'and
the LOQ was 0.01 mg-mL~! for both analytes. The recovery tests were conducted by
spiking tomato homogenate with known quantities of glucose and fructose standards
at three concentration levels, corresponding to ap-proximately 0.5x, 1x, and 2x of the
endogenous content found in the samples. The average recovery rates across low, medium,
and high spiking levels were 96.5% =+ 3.2% (mean =+ SD) for glucose and 97.8% =+ 2.5% for
fructose (n = 9, three levels in triplicate).

2.4. Genome Sequencing and Reference Genome Information

After collecting young leaves of 234 tomato germplasm accessions, the total genomic
DNA of the samples was extracted by Annoroad Gene Technology (Beijing, China). Sub-
sequently, paired-end small-fragment DNA libraries with an insert size of approximately
350 bp were constructed and sequenced on the Illumina platform. The sequencing strategy
was PE150. The average sequencing depth for each material was 12 x, which was used for
the development of SNP markers within populations. To ensure the reliability of the analy-
sis results, strict quality control was performed on the raw sequencing data. High-quality
clean reads were obtained by filtering the raw sequences through the following steps, and
all subsequent analyses were based on this high-quality data: (1) Removal of reads with
severe adapter contamination (overlap with adapter sequence > 5 bp); (2) Removal of low-
quality reads (more than 50% of bases with a quality score below 19); (3) Removal of reads
containing over 5% ‘N’ bases. The high-quality variations were further filtered according
to the following standards: MAF > 0.05, missing rate < 10%. Finally, 4,284,885 SNPs were
obtained from 234 tomato materials for further analysis.

We use the tomato genome SL5.0 as the reference genome [32]. Its download address
is http:/ /solomics.agis.org.cn/tomato/ (accessed on 21 February 2025).

2.5. Genotyping and Genetic Structure Analysis

Plink (version 1.90b6.18) was used to calculate the heterozygosity and minor allele
frequency (MAF) of individuals in the population. The kinship analysis was performed
using Tassel software (version 5.2.89) [33] to obtain the kinship matrix SNP density maps,
and were visualized using the software package in R (version 4.5.0).

2.6. GWAS Analysis

In the process of GWAS analysis, to effectively control population structure and kinship
among individuals and reduce false positive results, we included population structure and
kinship matrix into the model. We used the Compressed Mixed Linear Model (CMLM)
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in the TASSEL software package (version 5.2.89) [34] to evaluate the correlation between
SNPs and glucose and fructose, and used Linear Mixed Model (LMM+QK) in the GEMMA
(genome-wide efficient mixed-model association) software (version 0.98.3) [35] to conduct
association analysis. The formula is as follows: Y = «X + fQ + uK + e, in this equation,
Y, X, Q, and K represent the phenotype, genotype, structure matrix, and relative kinship
matrix, respectively. « represents the fixed effect of SNPs, {3 represents the fixed effect of
population structure, p represents the predicted random individual, and e is the random
residual. To clarify, the Q matrix representing population structure was derived from
Principal Component Analysis (PCA). Specifically, we used Plink (version 1.90b6.18) to
compute the eigenvalues and eigenvectors from the genotype data. The first three principal
components were utilized to construct the principal component matrix for inclusion in the
GWAS model.

In order to avoid losing important loci under strict Bonferroni correction (1/n = 1.27 x 1079,
where n is the effective number of independent SNPs) and to discover more candidate
genes affecting sugar content. We set an empirical threshold of p < 8 x 107° to detect
loci with moderate effect sizes while maintaining a low false discovery rate. In this, the
Genetic Type I error calculator (GEC) [36] was utilized to determine the effective number
of independent SNPs.

The Manhattan plots and Quantile-quantile plots were drawn to visualize the associa-
tion analysis results using R with the package CMplot (version 4.5.1). Linkage disequilib-
rium (LD) patterns and haplotype blocks surrounding significant loci were analyzed using
LDBIlockShow software (version 1.39) [37].

2.7. Identification of Potential Candidate Genes

Candidate genomic regions were initially defined as a 200 kb upstream and down-
stream of the peak SNPs. This broad window was chosen as a conservative first step
to capture all potential causal genes that might be in linkage disequilibrium with the
association signal. To precisely identify the most promising candidates, a two-step pri-
oritization strategy was then applied: Firstly, the potential candidate genes for the three
traits were functionally annotated using the reference genome annotation database and
published literature. Genes implicated in sugar metabolism and transport were prioritized
for further analysis.

Secondly, Annovar [38] was used to annotate the SNP variations within the exon
regions of candidate genes. Significant SNPs located in the 2000 bp upstream and 1000 bp
downstream promoter regions of the candidate genes, along with non-synonymous muta-
tions in the exon regions, were selected for haplotype analysis. Haplotype analysis was
performed using the software package in R. For genes associated with multiple traits,
phenotypic values corresponding to the trait with the greatest number of significant SNPs
were compared. Only genes whose haplotypes showed statistically significant associations
with the sugar traits were considered final candidate genes.

2.8. Statistical Analyses

Phenotypic data for glucose, fructose, and SSC were initially processed using Mi-
crosoft Excel 2016 (version 16.0). The data are presented throughout the manuscript as
mean = standard deviation (SD) unless otherwise specified. The coefficient of variation
(CV) for each trait was calculated as (SD/mean) x 100%. Origin2024 software (version
SR1. 10.100173) was used for person correlation analysis of the three traits. Histograms
and correlation graphs are also generated by Origin2024 software.
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3. Results
3.1. Population Structure and Phenotypic Analysis

Prior to the GWAS, we assessed the population structure using genotype data from
all 234 accessions. The results of the principal component analysis (PCA) indicated that
the retained samples did not form distinct subpopulations (Figure 1a—c). Phenotyping
revealed phenotypic variations and continuous distributions for fructose, glucose, and
SSC across 234 tomato germplasms (Figure 1d-f, Supplementary Table S1b). Glucose
and fructose exhibited comparable content levels. Fructose content ranged from 3.96 to
30.54 mg/g (mean = 12.85 mg/g), while glucose content ranged from 3.42 to 27.03 mg/g
(mean = 10.51 mg/g). SSC varied from 3.26% to 8.40%, with an average value of 5.14%. The
coefficient of variation (CV) was 39.92% for fructose, 16.27% for glucose, and 19.94% for SSC.
Correlation analysis revealed a strong positive relationship between glucose and fructose
(r = 0.95, Figure 1g). Given that soluble sugars (fructose and glucose) constitute the major
part of SSC, the positive correlations of glucose and fructose with SSC were evident, with
values of 0.56 and 0.46, respectively (Figure 1h,i). These results laid a favorable foundation
for the subsequent GWAS.
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Figure 1. Phenotype view of three traits in 234 tomato accessions. (a-c) 3D sectional PCA plot of
genotypic data from 234 tomato accessions.; (d—f) Frequency distributions of glucose, fructose, and
SSC; (g-i) phenotypic correlations among three traits.
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The number of SNPs within 1Mb window size

3.2. Genetic Structure Analysis

After filtering SNPs with a missing rate < 10% and MAF > 0.05, a final set of
4,284,885 high-quality SNPs was remained. These SNPs were widely distributed across all
12 chromosomes of the tomato reference genome (SL5.0) (Figure 2a). Marker density varied
among chromosomes, with chromosome 9 showing the highest SNP abundance. Among
the 234 tomato germplasms, individual heterozygosity did not exceed 0.6, and most values
fell between 0 and 0.1 (Supplementary Figure S1). The MAF distribution of SNPs was
predominantly between 0.05 to 0.3 (Supplementary Figure 52), which is well within the
acceptable range. Furthermore, kinship analysis revealed weak relatedness among tomato
genotypes, indicating the presence of extensive genetic diversity within the population.
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Figure 2. SNP density and kinship matrix analysis. (a) SNPs density and distribution across 12 tomato
chromosomes. Different colors represent the density of variation of markers within 1 Mb window
size. The density values are represented with the legend color box on the right. (b) A heatmap of the
kinship matrix of the 234 tomato accessions. The color histogram (Kinship) shows the distribution of
coefficients of coancestry values in the whole kinship matrix.

3.3. Genome-Wide Association Analysis

To identify novel alleles regulating soluble sugar content, we performed a GWAS for
glucose, fructose and SSC in 234 tomato accessions. Using the threshold of p < 8 x 107, the
number of significantly associated SNPs varied across traits. The largest number of SNPs
(n = 640) was associated with glucose content, with the majority localized to chromosomes
1 and 9 (Figure 3a). For fructose content, 299 significant SNPs were identified, with distinct
peaks clustering on chromosomes 1, 6, and 9 (Figure 3b). In contrast, SSC exhibited fewer
associated variants, with only 49 SNPs detected, predominantly localized to chromosomes
1, 3, 6, and 9 (Figure 3c). Applying Bonferroni threshold corrections (p < 1.27 x 107°)
reduced the number of significant SNPs to 48 for glucose, 31 for fructose, and 12 for SSC.
These results indicated that the three quantitative traits glucose, fructose, and SSC were
regulated by multiple loci.

Notably, the quantile-quantile (Q-Q) plots revealed a stronger deviation of the ob-
served p-values from the expected null distribution for glucose and fructose compared to
SSC (Figure 3). This pattern suggests a higher proportion of genetic variance explained
by the tested SNPs for the monosaccharide traits, indicating potentially higher heritability
or a stronger polygenic signal for glucose and fructose in this population. In contrast,
SSC, being a composite trait, may be influenced by a more complex mix of genetic and
environmental factors, resulting in a relatively attenuated polygenic signal.
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Figure 3. GWAS of glucose (a), fructose (b), and SSC (c) in tomato fruits. Manhattan plots are shown
on the left, with the x-axis indicating the chromosome number and the y-axis showing the —logoP
value. The black dashed lines represent p = 8 x 10~°. Quantile-quantile plots are shown on the right,
with the x-axis indicating the expected —log;oP value and the y-axis indicating the observed —log;oP
value. The red line represents the expected distribution under the null hypothesis, while the blue line
represents the actual observed p-values.

Among the identified SNPs, chr01_83596516 exhibited strong associations with both
glucose and fructose with p-values of 3.20 x 1077 and 2.45 x 10~7, respectively (Figure 4ab).
The CMLM revealed that this locus accounted for 11.12% of the phenotypic variation in
glucose and 12.24% in fructose, suggesting it as a major locus for sugar content. Notably, the
peak SNP locus chr01_83660949 (with a p-value of 2.75 x 10~°) in SSC was 64 kb away from
chr01_83596516 (Figure 4c). LD analysis revealed that these two peak SNPs were located in
the same haplotype block (ranging from 83.25 Mb to 83.71 Mb with an interval of 192 kb)
(Supplementary Tables S2 and S4). Similarly, on chromosome 9, the glucose-associated
SNP chr(09_65656451 and the fructose-associated SNP chr09_65648958 were very close with
a distance of only approximately 7 kb. These results indicated that glucose and fructose
content may be regulated by the same candidate genes. From all SNPs with p-values above
the empirical significance threshold (p < 8 x 107°), we selected 11 representative peak
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SNPs based on the criterion of having the smallest p-value within each distinct association
signal peak region. Four of them are associated with SSC, four with fructose content, and
three with glucose content. These SNPs were distributed across chromosomes 1, 3, 6, and 9.
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Figure 4. Analysis of major locus on chromosome 1 for glucose (a), fructose (b), and SSC (c). Local
Manhattan plot (top panels) and LD heatmap (bottom panels) showed the 83.42-83.72 Mb region of
chromosome 1. The red dashed lines in top panels indicate the significance threshold with the p-value
of 1 x 1075. Red dots represent SNPs significantly associated with the trait, and blue dots represent
SNPs that did not reach the significance threshold. LD blocks in bottom panels are indicated by a
black border. The R? value is represented by the color scale.

3.4. Prediction of Candidate Genes

We identified 250 functionally annotated genes within 200 kb upstream and down-
stream of 11 peak SNPs. Among these, 94 near the glucose-associated loci (Supplementary
Table 52), 122 genes were located near the fructose-associated loci (Supplementary Table S3)
and 143 near the SSC-associated loci (Supplementary Table S4). Due to the close spatial
proximity of certain peak SNP loci, particularly on chromosomes 1 and 9, some genes were
associated with multiple loci, resulting in overlap between these gene sets.

Since sugar metabolism and transport are critical for fruit sugar accumulation, genes
associated with these biological pathways were prioritized as candidate genes. Based on
the gene annotation information, we initially identified twelve candidate genes influencing
sugar content across three traits. Among these genes, two previously characterized genes,
Solyc01G003193 (annotated as sugar-porter family protein 5, SFP5) and Solyc09G00412
(annotated as beta-fructofuranosidase, LIN5), were localized on chromosomes 1 and 9,
respectively. In the remaining ten candidate genes (Table 1), six were related to sugar trans-
porters, while four to sugar metabolism. Notably, four potential key genes, Solyc01G003192,
Solyc01G003198, Solyc01G003200, and Solyc01G003201, were co-localized with the peak
SNPs chr01_83660949 (SSC) and chr01_83596516 (glucose). Functional annotation revealed
that Solyc01G003192 and Solyc01G003198 encode early responsive to dehydration like 6
(ERDLS6) protein. Importantly, Solyc01G003192 was located in the same haplotype block
as Solyc01G003193, suggesting it might also play an important role in the transmembrane
transporter of carbohydrates. Furthermore, Solyc01G003200 and Solyc01G003201 encode for
phosphoglycerate mutase family proteins, which are critical enzymes in glycolysis. On chro-
mosome 9, Solyc09G002436 was associated with both fructose and glucose, and annotated
as a pyruvate kinase involved in glycolysis. Solyc09G000424, located downstream region of
the peak SNP chr09_3570443 of SSC, was predicted to encode endoglucanase, potentially
participating in cellulose hydrolysis. Besides, Solyc03G002229 and Solyc06G002582 on other
chromosomes were annotated as a Vacuolar ATP synthase and a UDP-xylose transporter
3-like, respectively. Within fructose-associated loci on chromosome 6, Solyc06G001947 and
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Solyc06G001978 were identified, encoding plasma membrane ATPase and bidirectional
sugar transporter, respectively.

Table 1. Information on proposed candidate genes for sugar-related traits identified by GWAS.

Traits Chr Peak SNP Allele Gene ID Gene Start (bp)  Gene End (bp) Gene Annotation
Solyc01G003192 83,674,140 83,678,463 Sugar transporter ERD6-like
Glucose and 1 Chr01_83596516 G/A Solyc01G003198 83,733,070 83,736,738 Sugar transporter ERD6-like
SSC Chr01_83660949 T/C Solyc01G003200 83,749,936 83,753,298 Phosphoglycerate mutase
Solyc01G003201 83,756,640 83,757,809 Phosphoglycerate mutase
Clcoseand g O eoe  G/% Soly09G002436 65573111 65,581,604 Pyruvate Kinase
C 7 737 Chr03.56356066  G/A  Solyc03G002229 56,241,021 56,253,046  Vacuolar ATP synthase
SSC 6 Chr06_50659801 C/T Solyc06G002582 50,679,314 50,684,723 UDP-xylose transporter 3-like
9 Chr09_3570443 A/G Solyc09G000424 3,689,633 3,694,758 Endoglucanase
T Solyc06G001947 46,137,814 46,144,982  Plasma membrane ATPase
Fructose 6 Chr06.46286129  C/T  g106G001978 46,396,846 46,399,113 Bldl{gfg‘g’rlts;‘gar

3.5. Haplotype Analysis

Following statistical analysis of significant SNPs located in promoter regions and
non-synonymous SNPs in exon regions, six genes were screened as final candidates based
on their significant haplotype differences in fruit soluble sugar.

Solyc01G003192 was associated with both glucose and SSC. We analyzed the significant
SNPs of these traits, and found that glucose contained more significant SNPs (glucose:
n = 640, SSC: n = 299). Consequently, glucose was selected for haplotype analysis. The
result showed that seven significant SNPs were identified in the promoter region. One
non-synonymous SNP was present in the exon region, which caused the amino acid at
position 87 of the protein sequence to change from alanine to valine. Four haplotypes were
defined based on these variations: Hap1 (n = 175), Hap2 (n = 22), Hap3 (n = 15), and Hap4
(n =2, Figure 5a). Glucose content did not show clear differences between Hap2 and Hap1
or Hap3, but it was significantly different between Hapl and Hap3 (p = 0.0019, Figure 5a).
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Figure 5. The haplotype diagrams display the combination of alleles at significant SNP loci for each
candidate gene. (a) Solyc01G003192, (b) Solyc01G003198, (c) Solyc01G003200, (d) Solyc01G003201,
(e) Solyc09G000424, (f) Solyc09G002436. Each column represents a specific SNP position (genomic
coordinates are indicated at the top). The letters A (Adenine), T (Thymine), C (Cytosine), and G
(Guanine) denote the nucleotide identity at each polymorphic site. For a given locus, e.g., A/G,
the first letter (A) represents the reference allele from the SL5.0 genome, while the second letter (G)
indicates the alternative allele identified in the population. Each colored cell indicates the specific
allele carried by a haplotype at the corresponding SNP position. The “freq” column on the right
shows the frequency of each haplotype in the studied population. The distinct combinations of these
alleles define the haplotypes associated with significant differences in sugar content. *: Significant
differences (p < 0.05); **: Extremely significant differences (p < 0.01); ns: No significant differences.
Left panels show haplotype information of the gene, right panels show the result of student’s t-test
of major haplotypes. The solid lines in the right panel represent the median, and the dashed lines
represent the mean.
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Solyc01G003198 exhibited two significant SNPs in its promoter region. Within the
exon region, five SNPs were identified, comprising three synonymous mutations and
two non-synonymous mutations. The SNP chr01_83733295 caused an amino acid change
from phenylalanine to cysteine at position 34 of the encoded protein, while the SNP
chr01_83735033 caused an amino acid change from glutamine to histidine at position 225.
Based on these four variations, three major haplotypes were defined Hap1 (n = 182), Hap2
(n =17), and Hap3 (n = 15, Figure 5b). The glucose content of Hap3 was significantly
increased compared to Hap1 (p = 0.0031) and Hap2 (p = 0.033, Figure 5b).

Solyc01G003200 exhibited two significant SNPs in its promoter region but no variants in
the exon. Based on these promoter SNPs, haplotype analysis defined two major haplotypes.
Frequency analysis revealed that there were 210 and 15 germplasms for Hap1 and Hap2,
respectively (Figure 5¢). Comparative analysis revealed a significant difference in glucose
content between Hap2 and Hap1 (p = 0.0013, Figure 5c¢).

Solyc01G003201 exhibited two synonymous SNPs in the exon region, meaning that no
amino acid change and the function of the Solyc01G003201 protein remained unchanged.
Five significant SNPs in the promoter region defined two major haplotypes (Figure 5d).
Among them, Hap1 and Hap2 had 210 and 15 germplasms, respectively. Compared to
Hap1, Hap2 showed a significant increase in glucose content (p = 0.0014, Figure 5d).

In Solyc09G000424 (Figure 5e), three exon SNPs were identified, with one synonymous
and two non-synonymous. The SNPs chr09_3690351 and chr09_3693428 caused valine-to-
isoleucine (position 186) and alanine-to-valine (position 306) substitutions, respectively.
Haplotype analysis of these non-synonymous SNPs classified the accessions into three
haplotypes: Hap1 (n = 171), Hap2 (n = 44), and Hap3 (n = 7). Significant differences in
SSC were detected between Hapl and Hap3 (p = 0.0038) and between Hap2 and Hap3
(p =0.013).

Solyc09G002436 contained one synonymous exon SNP and two significant promoter
SNPs. Haplotype analysis of the promoter SNPs resolved two haplotypes, with 205 of Hap1
and 21 of Hap2 (Figure 5f). Glucose content of Hapl was remarkably decreased compared
to Hap2 (p = 0.009, Figure 5f).

4. Discussion

4.1. GWAS Reveals Eight Genes in Sugar Metabolism: Two Known and Six Newly
Associated Candidates

In this study, implementation of a GWAS strategy on a diverse panel of 234 tomato
accessions identified several candidate genes implicated in sugar metabolism and trans-
port. By analyzing associations with soluble solids content (SSC), glucose, and fructose,
and prioritizing candidates through integrated annotation and haplotype analysis, we
pinpointed key genes regulating these traits. This strategy helps mitigate potential false
positives from the use of a moderate significance threshold. Our approach confirmed the
presence of known genes such as Solyc01G003193 (SFP5) and Solyc09G000412 (Lin5) within
the associated loci and, more importantly, led to the identification of six candidate genes not
previously established as regulators of natural variation in tomato sugar content, providing
an expanded molecular understanding of sugar accumulation in tomato fruits.

4.2. Six Candidate Genes Showed Significant Haplotype-Trait Correlations

In breeding research and commercial production, soluble solids content (SSC) is a
common metric for sugar content, as sugars account for 55-65% of SSC [39]. GWAS for
SSC have been conducted in various fruits including watermelon [40], tomato [14,41],
melon [42], and peach [43]. In contrast, studies on GWAS analysis of monosaccharide
content (such as glucose and fructose) to explore sugar-related genes are still rarely re-
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ported. In this study, genes involved in sugar metabolism and transport were priori-
tized as candidate genes regulating SSC, glucose, and fructose. Fruit sugar accumulation
constitutes a complex physiological process, requiring the involvement of various sugar
transporters and sugar metabolism genes, which jointly determines the sugar content of
fruits [44]. According to the gene annotation information, we initially identified twelve
potential candidate genes. Among these, Solyc01G003192, Solyc01G003193, Solyc01G003200,
Solyc01G003201, and Solyc09G002436 were detected across multiple traits. Mutations
located within the promoter region might lead to changes in its promoter activity, subse-
quently affecting the expression level of the genes. Non-synonymous mutations in exons
would result in differences in amino acid sequences among varieties, while mutations in
introns generally do not cause differences among varieties [45]. To further evaluate the
potential role of these candidate genes in regulating sugar content, we examined the associ-
ations between specific SNPs (located in their promoter or coding regions) and the target
traits. Based on this analysis, six genes (Solyc01G003192, Solyc01G003198, Solyc01G003200,
Solyc01G003201, Solyc09G002436, and Solyc09G000424) were identified as having signifi-
cant haplotype-trait correlations, supporting their candidacy as key regulators. The Hap3
of Solyc01G003192, the Hap3 of Solyc01G003198, the Hap?2 of Solyc01G003200, the Hap2
of Solyc01G003201, the Hap1 of Solyc09G000424, and the Hap?2 of Solyc09G002436 were
identified as the dominant haplotypes.

4.3. The Functions of Key Candidate Genes and Their Potential Roles in Sugar Metabolism
and Transport

Based on haplotype analysis and integrated gene annotation, we identified three genes
involved in sugar transport processes, one of which corresponds to gene Solyc01G003193
(SFP5) whose down-regulation by RNAI strategy has been reported to lead to significantly
lower SSC content in the fruits, associated with significant reduction of glucose, sucrose, and
fructose content [46]. Phloem unloading and post-phloem transport, critical for fruit sugar
accumulation, involve transporters such as SUTs, MSTs, and SWEETs [47-49]. In addition,
two candidate genes (Solyc01G003192 and Solyc01G003198) are functionally annotated as
ERDé-like sugar transport-related protein. The ERLD6 transporter, a member of the MSTs
family is located on the vacuolar membrane, and acts as an H+/glucose symporter to
promote the glucose efflux from the vacuole to the cytoplasm and regulate glucose under
various stress conditions [50]. Studies have shown that overexpression of MAERDL6-1
increases the glucose concentration in the cytoplasm, demonstrating its role in exporting
glucose from the vacuole. Further research has found that the glucose exported to the
cytoplasm induces the expression of sugar transporters MdTST1 and MdTST2 by generating
glucose signals, thereby promoting sugar accumulation [15]. This study identified two
candidate ERD6-like genes that showed significant haplotype-trait correlations, suggesting
their potential involvement in sugar accumulation.

Five genes (Solyc09G000412, Solyc01G003200, Solyc01G003201, Solyc09G000424, and
Solyc09G002436) were identified in the sugar metabolic pathway, among which only
Solyc09G00412 (Lin5) has been previously reported. Gene Solyc09G000412 (Lin5) encodes a
cell wall invertase on chromosome 9 responsible for hydrolyzing sucrose into glucose and
fructose. It has been shown that the base polymorphism at this locus can increase the glu-
cose and fructose content of fruits without affecting yield, whereas silencing Solyc09G00412
(Linb) significantly reduces soluble sugar content [51,52]. During fruit development and
ripening, sugar metabolism roughly goes through three stages: starch accumulation
and degradation, sucrose accumulation and degradation, and hexose accumulation and
reuse [53]. The changes in sugar content during these three stages are closely related to the
regulation of metabolic enzymes. The coordinated action of metabolic enzymes in fruits ulti-
mately regulates soluble sugar levels and flavor. Our results showed that the four potential
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candidate genes, Solyc01G003200, Solyc01G003201, Solyc09G000424, and Solyc09G002436,
affect the changes in sugar content by participating in the sugar metabolism pathway.
Specifically, Solyc09G002436 encodes pyruvate kinase (PK), a key glycolytic enzyme that
catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate while generating
ATP [54]. The product pyruvate is then used as a substrate in the tricarboxylic acid cycle
(TCA cycle), thus affecting the interconversion of soluble sugars and organic acids. Sup-
porting this, upregulation of EjPK in loquat halts acid accumulation and increases soluble
sugars 4-5 folds [55], while an OsPK3 mutation in rice reduces PK activity and impairs
sucrose transport, affecting grain filling [56]. These studies indicated that activating or
inhibiting the expression of certain enzymes or genes related to sugar metabolism can
regulate the overall level of sugar metabolism and transport. In addition, Solyc01G003200
and Solyc01G003201 encode phosphoglycerate mutase family proteins, which catalyze the
mutual conversion between 3-phosphoglycerate and 2-phosphoglycerate [57]. Glycolysis is
an important branch pathway of sugar metabolism. Phosphoglycerate mutase and pyru-
vate kinase work together to complete energy production and substance conversion in the
glycolytic process. It is plausible that altering their expression levels would affect the rate of
sugar metabolism and consequently influence sugar content. After sucrose reaches the sink
cells, it will be hydrolyzed into glucose and fructose by sucrose synthase or invertase [49],
and then participate in the generation of carbohydrates such as cellulose to build new cell
walls. Moreover, Solyc09G000424 encodes an endoglucanase, a key enzyme regulating fruit
softening in fruit growth and ripening [58]. However, its potential role in sugar metabolism
is not yet defined. This enzyme catalyzes the hydrolysis of cellulose into dextrins, which
undergo subsequent enzymatic conversion to glucose, as demonstrated in recent work [59].
We hypothesize that the glucose generated through this reaction may partially re-enter the
glycolytic pathway and be integrated into central carbon metabolism, thereby contributing
to sugar metabolic cycling.

Although mechanistic understanding of sugar accumulation in tomato has advanced,
identifying new genetic regulators and their genetic mechanisms remains vital for breeding
progress. In this work, we have identified six candidate genes whose natural allelic varia-
tion is significantly associated with fruit soluble sugar through GWAS. While this study
provides robust statistical evidence and prioritizes targets for breeding, definitive proof
of function requires direct experimental validation. Therefore, functional characterization
of these candidates using transgenic (overexpression) and gene-editing (CRISPR-Cas9)
approaches in tomato is a primary objective of our ongoing research. This work establishes
a critical foundation for these future mechanistic studies aimed at precisely understanding
and manipulating sugar metabolism for fruit quality improvement. These efforts will be
fundamental to developing targeted breeding strategies for superior fruit quality. Further-
more, the intriguing pattern of both shared and trait-specific loci identified for SSC and
monosaccharides merits further investigation. Future studies integrating multi-omics data
and functional genomics will be essential to dissect the distinct and overlapping genetic
pathways governing soluble solid composition and hexose accumulation in tomato fruits.

5. Conclusions

GWAS analysis of 234 tomato accessions identified 4,284,885 high-quality SNPs asso-
ciated with soluble solid content (SSC), glucose, and fructose levels. The associated loci
were predominantly located on chromosomes 1, 3, 6 and 9. While these genomic regions
contained previously characterized genes like Solyc01G003193 (SFP5) and Solyc09G00412
(Lin5), our haplotype analysis prioritized six additional genes as key candidates. The
genes Solyc01G003192 and Solyc01G003198 (ERD6-like sugar transporters) are involved
in sugar transport processes; Solyc01G003200 and Solyc01G003201 (hosphoglycerate mu-
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tases), Solyc09G000424 (endoglucanase), and Solyc09G002436 (pyruvate kinase) partici-
pate in sugar metabolism pathways; and Solyc09G002436 affects the production of sugar
synthesis substrates.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae12030267/s1, Table Sla: Phenotypic data of 234 ma-
terials used in the study; Table S1b: statistical analysis and variation of glucose (mg/g), fructose
(mg/g) and soluble solid content (SSC, %); Table S2: Functional annotated genes adjacent to glucose-
associated loci; Table S3: Functional annotated genes adjacent to fructose-associated loci; Table S4:
Functional annotated genes adjacent to soluble solids content-associated loci; Table S5: The exact
positions and mutations in the 6 most interesting genes described in Figure 5; Table S6: Haplotypes
of the six candidate genes and their corresponding SSC, fructose, and glucose contents. Figure S1:
The heterozygosity rate of 234 tomato germplasms; Figure S2: The MAF distribution of SNPs.
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