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Abstract: Understanding the genetic background of elite cultivated tomato germplasm resources in
crossbreeding and revealing the genetic basis of complex traits are vital for better-targeted germplasm
expansion and the creation of strong hybrids. Here, we obtained approximately 21 million single-
nucleotide polymorphisms (SNPs) based on the sequencing of 212 cultivated tomato accessions
and the population structure of which was revealed. More importantly, we found that target genes
distributed on chromosomes 1, 5, 9, and 11 may be actively selected in breeding. In particular, the
significant signals related to soluble sugar content (chrl_94170222, chrl_96273188, chr9_4167512,
and chr11_55592768), fruit firmness (chr5_4384919 and chr5_5111452) and gray leaf spot resistance
(chr11_8935252 and chr11_9707993) were also detected on the corresponding chromosomes, respec-
tively. Overall, we reported 28 significant association signals for nine agronomic traits based on a
mixed linear model (MLM), including 114 genes. Among these signals, 21 contained potential novel
genes for six fruit traits. These novel candidate genes located in genomic regions without previously
known loci or on different chromosomes explained approximately 16% of the phenotypic variance on
average in cultivated tomatoes. These findings could accelerate the identification and validation of
novel and known candidate genes and QTLs, improving the understanding of the genetic structure of
complex quantitative traits. These results also provide a basis for tomato breeding and improvement.
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1. Introduction

Tomatoes (Solanum lycopersicum L.) are a staple vegetable crop with a global distribu-
tion. According to statistics from the Food and Agriculture Organization of the United
Nations (FAO), the global production of tomatoes was more than 189.1 million tons from
5.17 million ha in 2021, which was approximately 4.3 million tons more than in the previous
year (https://www.fao.org/faostat (accessed on 2 February 2023)). Although production is
increasing, crop production is also facing major challenges, including improving the total
quantity of production, optimizing the quality, enhancing resistance (particularly disease
resistance), and coping with instability factors (global climate change)] [1]. It is critical
to breed tomato varieties with a higher yield, more stable production, high nutritional
value, resistance to diseases and insect pests, and greater adaptability to the environment
to satisfy the divergent consumption requirements [2]. However, breeding elite varieties
with multiple favorable characteristics and improved adaptability is a major challenge for
scientists and breeders [3].

The elite commercial tomato cultivars, now widely planted worldwide, are generally
hybrids, because crossbreeding, the most widely used and effective means of genetic im-
provement to select new varieties, can quickly integrate the genes required by multiple
varieties to obtain new varieties with better traits [4,5]. Research has shown that heterosis
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mainly depends on the genetic nature, diversity, and heterogeneity of the parents [6]. There-
fore, as a rich source of natural allelic variants, germplasm is essential for genetic analysis
and subsequent breeding applications. In the process from wild type to large-fruit culti-
vated type, the genetic diversity of modern cultivated tomatoes has relatively progressively
narrowed [7-9]. The continuous occurrence of artificial hybridization and recombination
events, fuzzy division of dominant populations, lack of excellent core germplasm, and
hybridization guidance theory limit the ability of traditional crossbreeding methods to
develop new varieties with aggregated elite traits based primarily on complementary
phenotypic crosses. Breeding practice shows that the location and cloning of numerous
dominant related loci or genes have important guiding significance for the aggregation of
excellent alleles, further improvement of modern elite cultivars, and better breeding of new
varieties. A genome-wide association study (GWAS) combines the analysis of phenotypic
trait data with genome-wide information to identify genes or genetic loci associated with
traits [10]. It was initially applied to maize in plants to reveal the characteristics of candidate
genes [11]. In the last decade, next-generation sequencing technologies (NGS) technologies
have provided a powerful tool to elucidate the breeding history of many crops, such as
grape [12], maize [13], cucumber [14], tomato [8], soybean [15], rice [16], Brassica rapa and
Brassica oleracea [17], and peach [18]. With the development and intense application of NGS,
GWAS has become a recognized strategy for decoding genotype—phenotype associations
in various species [19,20]. Based on single-nucleotide polymorphism (SNP) marker sites,
GWAS has successfully identified the genes and pathways underlying many economically
valuable agronomic traits (particularly yield- and yield-related traits) of crops, including
sorghum [21], rice [22], maize [23], and barley [24]. Currently, this approach is also widely
used in tomatoes to investigate the potential regulatory mechanisms of traits related to
yield [25,26] and quality [27-32]. Flowers and other plant characteristics have also been ex-
amined [3]. The results have shown associations with different traits, proving the potential
of GWAS to reveal the genetic architecture of complex traits [11,33,34]. Although several
loci associated with different traits have been identified in previous studies, these loci are
responsible for only some of the genetic variation in each examined trait in tomatoes [26].
Additionally, previous authors have noted that only a limited portion of the phenotypic
variation of a given trait can be explained in any given GWAS [35]. Hence, more work is
required to reveal the genetic basis of complex traits to better assist molecular breeding.

Here, the population structure relationships in a collection of 212 tomato accessions
representing different genetic backgrounds were revealed. This work reduces random
chance in selecting parents for crosses based solely on phenotype and provides a basis for
the classification and arrangement of germplasm resources and germplasm amplification.
Furthermore, on the basis of the phenotypic identification of nine agronomic traits, GWAS
was performed to identify and mine significant associated loci and candidate genes. These
findings could accelerate the validation of novel and known candidate genes and QTLs,
improving the understanding of the genetic structure of complex quantitative traits. These
results also provide the basis for tomato breeding and improvement.

2. Materials and Methods
2.1. Materials

A set of 212 cultivated tomato accessions were collected and used for association
analysis (Supplementary Materials Table S1). Traits of the set comprised diverse growth
types, fruit colors, fruit sizes, fruit shapes, etc. The seeds of all accessions were selfed
varieties above the 6th generation and were obtained from the Tomato Research Institute,
Northeast Agricultural University, Harbin, Heilongjiang Province, China, which acts as a
national key tomato genetics and breeding unit.

2.2. Field Experiment and Data Collection

Seeds of all accessions were sown at the Horticulture Experimental Station of Northeast
Agricultural University (E 125°42'~130°10", N 44°04'~46°40") on 27 March 2018. The
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seedlings were transplanted to Xiang-yang Farm on 28 April 2018 and field-planted in
plastic greenhouses at the farm on 28 May 2018. To reduce the impact of multiple factors, all
seedlings were planted in the same greenhouses. Each accession was randomly numbered.
Accessions were planted in sequence from L1 to L212. The mode, including ridge farming,
black plastic film mulching, and double-row side-by-side planting, was used. Ridge width
was 80 cm. Each accession was grown in a plot with one row, and each row consisted of
12 plants, with a plant spacing of 40 cm and a row spacing of 30 cm. To reduce deviation
and improve precision in phenotyping, guidelines were fixed on the ground at both ends
of each row, and the seedlings were planted carefully along the lines at the designated
density. During the experiment, normal agronomic field management measures for tomato
production under a shed were applied. The survey and statistics of related traits were
conducted from June to August.

Nine important agronomic traits were comprehensively evaluated and phenotyped to
study the genetic basis of yield, quality, and other related agronomic traits. These traits and
their measuring standards are shown in Table 1.

Table 1. List of 9 agro-morphological traits and their corresponding methods of determination.

Traits

Criteria

Plant height (PH)//cm

At harvest for each accession, a measuring tape was used to measure five consecutive
plants, excluding those at the edges of the plot, and the average of the measurements was
taken. For the indeterminate type, plant height was recorded as the distance from the stem
base to the base of the fourth inflorescence in the upright growth state of the plant; for the
determinate type, it was recorded as the distance from the stem base to the base of the apical
inflorescence in the corresponding stage.

Fruit weight (FW)/ /g

This is the total fruit yield of the plant divided by the total number of fruits for
each accession.

First ripening stage (FRS)//d

This is the number of days from sowing to the maturity of the first ripe fruit on a plant. For
each accession, to ensure the consistency of the ripening fruits harvested, the fruits
harvested 5 days after the breaking color stage were all harvested (Br + 5 days).

Fruit firmness (FF)/ /N

A peel sample of approximately 1 cm? was removed with a blade positioned at a 120° angle
at the shoulder of each fruit. A probe of 1 cm? was selected, and a handheld durometer
(HANAPI, MODEL GY-4) was used to measure hardness according to the manufacturer’s
instructions. For each accession, five complete fruits were randomly selected from each plot,
and the average value was considered the hardness value of the fruit in the plot.

In the full fruit period for each accession, five fruits were randomly chosen from each plot.
Each fruit was cut crosswise; the juice was squeezed out by hand and held in a clean, dry

Soluble sugar content (SSC)/ /% container. Approximately the same amount of liquid was taken from five fruits and mixed

well. The soluble sugar content of the combined juice was determined using a digital
handheld Atago PAL-1 “Pocket” refractometer.

Locule number (LN)

The average locule number was recorded from five fruits selected randomly from each plot
for each accession.

Fruit shape (FS)/ /%

Fruit shape was judged according to the fruit shape index size judge. It was recorded as the
ratio of the longitudinal diameter (H) to the transverse diameter (D). The longitudinal and
horizontal diameters were recorded with a Verniervernier caliper when counting locule
numbers. Flat: H/D < 0.7, oblate: H/D = 0.71~01~0.85, round or nearly round: H/D =
0.86~1.0, oblong: H/D > 1.01.

Green shoulders (GS)

Present or absent.

Gray leaf spot resistance (GLSR) Resistant or nonresistant in the natural state.

2.3. Statistical Analyses

Statistical analysis and processing of raw data, such as phenotypes, were performed us-
ing Excel 2016. Cluster analysis of 212 accessions based on phenotypic data was performed
by the software TBtools (Toolkit for Biologists integrating various big-data handling tools,
http:/ /cj-chen.github.io/tbtools/ (accessed on 5 September 2022)). Pearson’s correlation
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was performed for five fruit traits, including FW, LN, SSC, FF, and FS, by the Origin 2019
software (OriginLab company, Northampton, MA, USA). Histograms and heatmaps were
mainly generated with Origin 2019 software. p-values were analyzed for significance by
one-way ANOVA and the LSD test in Origin 2019.

2.4. Whole Genome Resequencing, Sequence Alignment, and Genotype Calling

Total DNA extraction was performed using the leaf tissues of approximately 4.5-month-
old plants from each of the accessions. First, 848 paired-end sequencing libraries with an
insert size of approximately 300 bp were constructed for the project. After sample QC,
the qualified DNA samples were randomly fragmented by Covaris, and the fragments
were collected using magnetic beads. Adenine was added to end-repaired DNA fragments
before adaptor ligation. The fragments were then bridge amplified, and clusters were
generated. Sequencing of these DNA libraries was performed using the Illumina HiSeq
4000 sequencing platform.

First, the reads with a high proportion of adaptors and unknown or low-quality reads
in the raw data were removed. Here, we used the BGI in-house filter SOAPnuke to eliminate
unwanted reads and bases. Clean data were yielded after three-step raw data filtration.
Next, BWA was used to align filtered reads to the reference sequence (SL3.0) [36,37]. SNP
and indel detection processes were performed with GATK (version 3.36) [38]. We used an
analysis tool developed by BGI to perform SNP annotation and classification. The relevant
steps and parameters were as follows:

1.  Three-step raw data filtration:

1) Adaptor trimming. Any sequencing read with adaptor mapping rate higher
than 50% is removed.

(2)  Low-quality reads trimming. Any sequencing read which consists of more
than 50% of low-quality bases (Q20 < 50%) is removed.

3 Contiguous N bases trimming. Any sequencing read with over 2% of N base
read is removed.

2. The steps of SNP and indel calling:

1) MarkDuplicates (Picard) was used for duplication trimming;

2) GATK was used for indel realignment to avoid calling errors caused by indels;

3) GATK was used for base recalibration;

4) GATK was used for variant, SNP, and indel calling;

5) The data were corrected. The filtration parameters for SNP calling: “QD < 2.0,
FS > 60.0, MQ < 40.0, MQRankSum < —12.5, ReadPosRankSum < —8.0”. The
filtration parameters for indel calling: “QD < 2.0, FS > 200.0, ReadPosRankSum
< —20.0".

2.5. Population Structure Analysis and Linkage Disequilibrium

The population structure was analyzed using the method of maximum likelihood
method in Admixture 3.0 software [39]. Before using Admixture, we used Plink to obtain
the required data files. The input parameter K varied from 2 to 10, which represented the
assumed groups of simulated populations in ancient times. The source of each sample
can be judged by the Bayesian clustering method. For each value of K, we set the burn-in
to 1,000,000 and ran 20 repeats using different random seeds, and reported the lowest
cross-validation score for each repeat. The cross-validation errors of each result were
compared; finally, the appropriate K was selected as the optimal group stratification value
for the GWAS. A neighbor-joining (NJ) tree and a principal component analysis (PCA) plot
were used to infer the population structure. The phylogenetic tree was constructed using
TreeBest software [40,41]. The genetic relatedness between individuals was constructed,
and the PCA was plotted using the GAPIT tool [42].

For linkage disequilibrium analysis, Haploview software [43] (version 4.2) was used
to calculate the correlation coefficients (r?) of different alleles. We calculated the mean r?
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value in each length range and plotted the relationship between r? values and paired SNP
distances using the R language for the whole population.

2.6. Population SNP Filtering and Genotype Filling

Based on the results of data alignment to the reference genome (SL3.0), GATK software
was used to identify the various sample genotypes. Next, the genotype differences between
the samples were combined and integrated to produce a population SNP. Beagle software
was used to predict and fill the site of genotype deletion in each sample, and the results
were used for subsequent analysis. The filtering conditions to identify population SNPs
were as follows:

(1) The genotype of each sample had a quality > 20;

(2) The number of unique reads supported by each genotype was greater than 2;

(3) The genotype copy number of each sample was >1.5;

(4) Each population SNP site was biallelic (including only two alleles). The missing rate
of each population SNP site was >0.4.

2.7. Genome-Wide Association Analysis

Based on the genotype dataset generated after the imputation of the missing genotypes,
association analysis was performed using the general linear model (GLM) and mixed linear
model (MLM) algorithms in Tassel 5.0 software [44]. The Manhattan and Q-Q plots were
plotted in R language.

In the GLM analysis, the equation used was as follows:

Y=Xa+e
In the MLM analysis, the equation used was as follows:
y=Xa+PB+Ku+e.

where y is the phenotype, X is the genotype, P is the Q matrix of the results from the
population structure analysis, and K represents the matrix of the relative kinship. Xa and
Pp are fixed effects, and Ky and e are random effects. The P matrix was built via the top
five principal components to correct the population structure. The K matrix was built via
the simple matching coefficients matrix and then was compressed.

3. Results
3.1. Phenotypic Variation and Correlation Analysis

The agricultural morphological characterization of germplasm provides essential
information for crop breeding. In this study, the phenotypic values of all traits except for
green shoulders and gray leaf spot resistance were approximately normally distributed
(Supplementary Materials Figure S1). Phenotypic variation of the traits among accessions
was characterized by the mean, standard deviation, range, and coefficient of variation
(Table 2). The smallest and largest phenotypic variations were recorded in the first ripening
stage (4.72%) and fruit weight (35.04%), respectively. According to the cluster analysis of the
phenotypic data, the composition of the 212 accessions could be clearly indicated: cherry
type with high soluble sugar content and small fruit weight, Roman type with large fruit
shape, yellowish large-fruited tomato with large first ripening stage and fruit firmness, and
non-yellowish large-fruited tomato (Figure 1A). The interrelationship among fruit-related
traits was complex (Figure 1B). Especially for some antagonistic traits (such as quality and
yield), balancing these relationships is critical to obtain varieties with comprehensive trait
improvements. In summary, these data revealed extensive variation in the traits, suggesting
the suitability of the genotypic panel for association analysis.
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Table 2. Basic statistics of the phenotypic variations observed for 7 quantitative traits.

Traits Total Mean SD Min. Max. Mode Range CV (%)
PH//cm 212 124.2 20.61 69.7 177.43 123.9 107.73 16.59
FW//g 194 155.39 54.44 9.21 324.17 176.67 314.96 35.04
FRS//d 194 122.4 5.78 108 137 119 29 4.72
LN 212 4.33 1.17 2 8.5 4 6.5 27.04
SSC/ /% 212 4.8 0.99 3 10.4 43 74 20.71
FF//N 212 32.44 10.35 16.29 78.6 27.78 62.31 31.91
FS 212 091 0.19 0.71 2.49 0.87 1.78 21.38

SD—Standard deviation, CV—Coefficient variation.
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Figure 1. Cluster analysis of 212 accessions based on phenotypic data and correlation analysis among
fruit-related traits. (A) Cluster analysis. To reduce the range of fluctuation of the phenotypic value of
each trait between different accessions, the phenotypic value was Logy (X;/X) normalized, where
X; represents the phenotypic value of each trait, and X represents the mean phenotypic value of
the corresponding trait. The phenotypic levels were color-coded according to the normalized color
scale. The following related parameters were used in clustering: Dist method—Euclidean; Cluster
method—Average; Branch form—Equal. (B) Correlation analysis among fruit-related traits. The
numbers in the top right box represent the p values and significance, and the numbers in the bottom
left box represent the correlation coefficients. The correlation levels were color-coded according to
the color scale in the top right corner. The symbols * and ** indicate significance at the 0.05 and 0.01
probability levels, respectively.

3.2. Resequencing and SNP Marker Statistics

To explore the genetic basis of phenotypic variation, the 212 accessions were rese-
quenced at an average depth of 5x. The average coverage of the reference genome was
above 84%, and the mapping rate of the samples varied from 97.69% to 99.85% (Supplemen-
tary Materials Table S2). In total, we obtained 2021.59 Gbp of clean data (Q20 > 95.06%)
after a three-step raw data filtration (Supplementary Materials Table S3).

After filtering out low-quality reads, 24,428,210 SNPs and indels (including 21,821,893
SNPs and 2,628,210 indels) were selected (Figure 2A). Among these variants, the fewest
SNPs (518,799) were located on chromosome 2, and the largest number of SNPs were located
on chromosome 9 (3,347,461). Among the identified SNPs, 2,701,235 SNPs (12.38%) were
located in the genic region. Of them, a total of 408,807 SNPs (1.91%) were located in the CDS,
including 237,015 non-synonymous and 179,861 synonymous mutations (Figure 2A). The
most and fewest non-synonymous/synonymous mutations were found on chromosomes 1
and 11, respectively (Figure 2B). In the genome, the ratio (non-synonymous/synonymous)
was 1.32 on average. Higher ratios were obtained for chromosomes 11, 5, and 9: 1.54, 1.52,
and 1.51, respectively (Figure 2B). This suggests that amino acids were significantly altered.
The distribution of so-called large-effect SNPs (SNPs representing potentially disabling
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gene functions) was further analyzed (Figure 2A). A total of 7720 SNPs were involved in
the premature termination of codons, 3951 SNPs disrupted a splice donor or acceptor site in
the genome, 8085 SNPs were related to a change in the initial methionine residue, and 1276
SNPs replaced the terminator with certain amino acid residues, resulting in a longer ORF.
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Figure 2. SNP identification and distribution across the genome. (A) SNP identification and annota-
tion across the genome. (B) The statistics of the non-synonymous and synonymous mutations on
each chromosome.

3.3. Analyses of Population Structure and Linkage Disequilibrium

To truly reflect the genetic heterogeneity and evolutionary relationships among acces-
sions, we ran Admixture v3.0 software with K values from 2 to 10 based on the previous
population SNP dataset obtained by population sequencing. We clearly observed that the
population could be divided into three different genetic groups when K = 3 (Figure 3B,C).
Each group comprised cherry tomatoes, Roman tomatoes, and non-yellowish and yellow-
ish large-fruited tomatoes, while cherry, Roman, and large-fruited tomatoes that formed
clusters were not identified (Figure 3A). These results were consistent with those of PCA
(Figure 3D). The results of the kinship analysis also indicated that genetic materials derived
from germplasms of different genetic backgrounds infiltrated each other in the breeding
process, resulting in the narrowing of the genetics of the offspring and the complexity of
kinship (Figure 3E). Among the 212 accessions, 112 were clustered in group I, 82 were
scattered in group II, and the remainder were located within group III. Except for L115,
the largest group I could also be divided into two subgroups, I-1 (57 accessions) and I-2
(54 accessions). Therein, it contains a large number of yellowish late-ripening tomatoes:
L38/1L153/L155/L157/1158/1L165/L166 (I-1) and L201/L205 (I-2); L186/L81/L80 (I-1) and
L175/1L177/L76 (I-2) are cherry tomatoes; and L179/L50 (I-1) and L174/L181/L6 (I-2) are
Roman tomatoes. In group II, L83, L185, L203, and L188 are cherry tomatoes; L172 and L51
are Roman tomatoes; and L116, L154, and L204 are yellowish large-fruited tomatoes. In the
smallest group III, L170 are cherry tomatoes; L169 and L173 are Roman tomatoes; and L156
are yellowish large-fruited tomatoes. The most yellowish late-maturing cultivars existed in
group I-1, which may be related to the excessive selection of late-maturing-related genes



Agronomy 2023, 13,1191 8of 17

for yield and fruit firmness. The measured LD level is the chromosome distance when
the LD coefficient is reduced to half the maximum value. Within 10 kb, a decay distance
of 6.2 kb for the LD coefficient was observed in the population (Figure 3F). This further
indicated that the LD decay distance of the population was relatively larger, likely because
of the decline in the genetic diversity of the population caused by the continuous selection
of some preferred traits in the artificial crossing process.
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Figure 3. Inferred population structure and analyses of linkage disequilibrium in the 212 tomato
accessions. (A) Neighbor-joining tree. (B) Population structure based on K = 2—4 using Admixture. In
the panel, each individual is indicated with a vertical bar partitioned into different colored segments,
whose respective lengths represent the proportion of the individual’s genome in a given group.
(C) Estimated cross-validation error of possible clusters (K) from 2 to 10. (D) PCA of the 212 tomato
accessions. One dot represents each individual. (E) Heatmap of the pairwise kinship matrix of 212
genotypes. (F) Analyses of linkage disequilibrium within the 10 Kbp and 50 Kbp for 212 cultivated
tomato accessions using the SNP data.



Agronomy 2023, 13,1191

90f17

1)
=)

3.4. Genome-Wide Association Studies of Nine Agronomic Traits

After obtaining population analysis, the phenotypic data for nine agronomic traits
were called. We performed GWAS via the GLM and MLM algorithms using the high-
confidence SNP dataset obtained from the sequencing-based genotype dataset to uncover
the most significant marker-trait associations. Next, the Q-Q and Manhattan plots were
evaluated for evidence of p value inflation. The MLM approach, which considered genome-
wide patterns of genetic relatedness, substantially reduced false positives, as shown in
the Q-Q plots (Figures 4 and S2-S8). After multiple tests using standard methods, we
selected a high threshold of —logjg (P) > 8 as a parameter to avoid excessive false positives
and false negatives, and obtain more significant associated loci. A total of 28 significant
signals related to nine agronomic traits of interest were trapped via the MLM based on a
significance threshold of —logg (P) > 8 significant thresholds (Table 3). Although we also
identified many associated signals via the GLM using the same threshold criteria, all were
discarded because they were complex and likely had too many false positives. Finally, we
focused on 28 significant association signals of the nine agronomic traits from the MLM.
These signal regions contained a total of 114 genes, explaining approximately 16% (from 3%
to 66% for different traits) of the observed phenotypic variance on average (Supplementary
Materials Table S4).
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Figure 4. Genome-wide association studies of plant height and fruit weight. (A,B) Manhattan
and Q-Q plots of the simple model for plant height. (C,D) Manhattan and Q-Q plots of the com-
pressed MLM for plant height. (E,F) Manhattan and Q-Q plots of the simple model for fruit weight.
(G,H) Manhattan and Q-Q plots of the compressed MLM for fruit weight. Chr 00 represents unan-
chored scaffolds. The red horizontal dashed line indicates the genome-wide significance threshold.
Gene numbers in red represent the known genes in the peak region, while gene numbers in black
represent the top four unknown genes with a large phenotypic interpretation rate detected in the
region. The yellow dotted line indicates the peak region where the labeled gene was located.
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Table 3. Genome-wide significant association signals of 9 agronomic traits from the compressed
mixed linear model (MLM).

Trait Chr. Position ,IZIIZ (1): Irlllrel;): MAF. ,(’I\XE;L/}? 2
Plant height 6 46353169 A T 0.12 6.44 x 10~ 1 0.24
Fruit weight 2 47694175 T C 0.13 4.06 x 10710 0.25
Green shoulder 10 2013127 A G 0.14 344 x 10713 0.32
Green shoulder 10 2604503 A G 0.13 143 x 1071 0.27
Locule number 2 47985032 A T 0.21 1.66 x 10710 0.21
Soluble sugar content 1 94170222 G A 0.12 2.27 x 10710 0.24
Soluble sugar content 1 96273188 C T 0.1 7.58 x 1079 0.19
Soluble sugar content 9 4167512 G C 0.1 7.76 x 1070 0.19
Soluble sugar content 11 55592768 A G 0.1 418 x 1079 0.20
Fruit firmness 5 4384919 A G 0.11 9.80 x 10710 0.22
Fruit firmness 5 5111452 A T 0.15 8.25 x 10713 0.31
Fruit shape 1 2890288 A G 0.12 3.72 x 10710 0.23
Fruit shape 2 47951509 C T 0.2 1.57 x 10712 0.21
Fruit shape 3 62092567 T A 0.19 3.08 x 10~ 1 0.38
Fruit shape 9 67683800 C T 0.09 1.25 x 1077 0.16
Fruit shape 11 25414107 A G 0.16 7.09 x 10719 0.32
First ripening stage 1 85862723 T A 0.2 7.15 x 10722 0.66
First ripening stage 3 64663939 G A 0.22 2,97 x 102 0.67
First ripening stage 5 64226376 T C 0.33 442 x 10722 0.67
First ripening stage 12 7013308 G T 0.33 7.06 x 102 0.66
First ripening stage 12 17004519 A G 0.33 6.96 x 10722 0.66
First ripening stage 12 34197328 A G 0.33 7.12 x 10722 0.66
First ripening stage 12 48122820 T A 0.33 6.96 x 1022 0.66
First ripening stage 12 58807917 T C 0.33 7.09 x 10722 0.66
First ripening stage 12 61166133 A G 0.33 5.86 x 1022 0.66
First ripening stage 12 61727125 A G 0.34 6.67 x 10722 0.67
Gray leaf spot resistance 11 8935252 G C 0.21 415 x 10710 0.21
Gray leaf spot resistance 11 9707993 G T 0.11 9.82 x 10710 0.22

Chr—Chromosome; MAF.—Minor allele freq.

Plant height revealed associations with two genes located on chromosome 6, explain-
ing 23.5-24.1% of the phenotypic variance (Figure 4C and Supplementary Materials Table
54). A novel candidate gene, solyc06g074670.3, encoding UDP-apiose/xylose synthase,
was detected in the region of the known gene solyc06g074350.3 (self-pruning/SP) [45]. Fruit
weight showed 15 associated genes on chromosome 2, explaining approximately 7.9%
(5.5-13%) of the phenotypic variance on average (Figure 4G and Supplementary Materials
Table S4). Within this region, in addition to the known gene solyc02g083950.3 (wuschel) [46],
the protein kinase superfamily protein-encoding gene solyc02¢084290.2 may also play an
important role in phenotypic variance in this study. For the green shoulder, the 16 genes
originating from two regions on chromosome 10 explained, on average, 18.9% (8.9-25.2%)
of the phenotypic variance (Supplementary Materials Figure S2C and Table S4). Outside the
region of the known gene solyc10g008160.3 (U) [47], a novel candidate gene solyc10¢007158.1,
encoding the transcription factor GTE4, was examined.

The 11 associated genes related to locule number on chromosome 2 explained 4.5-12.7%
(average of 7.7%) of phenotypic variation (Supplementary Materials Figure S3C and
Table 54). We found that these genes and the regions in which they were located were
consistent with the fruit weight. It also indicates that the locule number was a major
factor causing the change in fruit weight. Regarding the soluble sugar content, a total of
22 genes were identified on chromosomes 1, 9, and 11, explaining approximately 11.2%
(7.8-16.9%) of the phenotypic variance on average (Supplementary Materials Figure S4C
and Table 54). The 14 genes originating from two regions of chromosome 1 explained,
on average, 11.8% of the phenotypic variance. Outside the region of the known gene
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solyc01¢109790.3 (AgpL1) [48], a novel candidate gene, solyc10g007158.1, putatively encod-
ing an HXXXD-type acyl-transferase family protein, was examined. The two genes on
chromosome 9 explained, on average, 11% of the phenotypic variance. The six genes on
chromosome 11 explained, on average, 10.7% of the phenotypic variance. Interestingly, the
gene solyc11g071810.2 (fasciated), which is associated with increased fruit size due to an
increase in locules [49], may also have played an important role in the phenotypic variance
in this study. Four associated genes related to fruit firmness located in two regions of
chromosome 5 explained 6.4-11.8% of the phenotypic variation, with an average of 8.6%
(Supplementary Materials Figure S5C and Table S4). Of these genes, solyc05¢011830.3 may
also have played an important role in the phenotypic variance in this study.

Regarding fruit shape, 16 association genes on chromosomes 1, 2, 3, 9, and 11 explained
approximately 15.7% of the phenotypic variance on average (Supplementary Materials
Figure S6C and Table S4). Two genes on chromosome 1 explained, on average, 12.8%
of the phenotypic variance. Five genes on chromosome 2 explained, on average, 10.7%
of the phenotypic variance. Of them, solyc02g083950.3 (wuschel) [46] plays an important
role in phenotypic variance. Five genes on chromosome 3 explained, on average, 28%
of the phenotypic variance. A novel candidate gene solyc01¢107080.3, encoding a Myb
transcription factor, may also have played an important role in phenotypic variance in
this study. Three genes on chromosome 9 explained, on average, 12.1% of the phenotypic
variance. A novel candidate gene solyc11g032160.1 on chromosome 11, putatively encoding
Gamma-irradiation and mitomycin ¢ induced 1, may also have played an important role in
phenotypic variance. The first ripening stage revealed associations with 18 genes located on
chromosomes 1, 3, 5, and 12, explaining approximately 36.3% (5-66.2%) of the phenotypic
variance on average (Supplementary Materials Figure S7C and Table 54). A novel candidate
gene 50lyc01g094550.3 on chromosome 1, putatively encoding acyl-CoA thioesterase, may
also have played an important role in phenotypic variance. Two genes on chromosome 3
explained, on average, 5.1% of the phenotypic variance. A gene on chromosome 5, encod-
ing an MYB transcription factor, explained, on average, 7.1% of the phenotypic variance.
Fourteen genes in seven regions of chromosome 12 explained 8.8-66.2% of the phenotypic
variation, with an average of 40.7%. The genes solyc12g049100.2, solyc12¢049160.1, and
solyc12g049300.2 may also have played an important role in the phenotypic variance. Re-
garding gray leaf spot resistance, the 10 genes originating from two regions on chromosome
11 explained approximately 11.2% (4.3—-17%) of the phenotypic variance on average (Sup-
plementary Materials Figure S8C and Table S4). Two genes encoded disease resistance
proteins, solyc11g020080.2 and solyc11g020100.2. The gene solyc11g018660.2, putatively
encoding NAC domain-containing protein, may have played an important role in the
phenotypic variance in this study. Here, we revalidated known locus and identified novel
candidate locus, the latter of which will be attractive candidates for follow-up studies to
advance our understanding of the genetic architecture of these traits.

4. Discussion

As shown in this study, there are obvious differences and complex correlations among
phenotypes, and even the group division of phenotypes does not truly reflect the interindi-
vidual heterogeneity in the population structure. Although heterosis depends on the
genetic nature, diversity, and heterogeneity of the parent [6], phenotypic heterogeneity
complementarity is the principle applied in traditional hybrid breeding. This may be one of
the factors contributing to the low efficiency and high random chance of traditional cross-
breeding in production practice [50]. The ambiguity of the genetic background limit better
breed improvement. Studies in maize have indicated that the magnitude of heterosis is cor-
related with the genetic distance among the parental inbred lines [51], and that intergroup
hybrids from different heterotic groups are more vigorous [1]. For maize, the genetically
different heterosis groups can be classified by genotype. The division of heterotic groups
has significantly improved the breeding efficiencies in maize, rice, and other crops [52,53].
Although a few studies are being attempted in this field [54,55], representational heterotic
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groups characterized at the genetic and phenotypic levels have not been established in
tomatoes. This topic will be the focus of future research emphasis to accelerate the breed-
ing progress. Overall, the work reduces the blindness reduced in selecting cross-parents
based solely on phenotype, and provides a basis for the classification and arrangement of
germplasm resources, construction of dominant populations, and germplasm amplification
and improvement.

Analyses of population structure and the genetic nature of traits help to accelerate the
breeding process. So far, GWAS has become a recognized strategy to decode genotype—
phenotype associations in species [19,20]. The main prerequisites for its success are the
population size, differences in sample abundance, and marker density [10,29,30]. Hence,
the establishment and adoption of large-scale heterotic groups may be more conducive to
the discovery of significant loci regulating important agronomic traits. Compared with
previous studies [56-58], a collection of 212 tomato accessions was used in this study, and
our relatively large sample collection comprised only modern accessions, excluding types
such as heirlooms and wild accessions. Although these conditions reduce the genetic
diversity of the set, given the population size and wide variability among sample traits
(Table 2), we believe that this collection was adequate for GWAS. A total of 28 significant
signals related to nine agronomic traits of interest were recorded (Table 3). Of these, seven
likely represent previously known loci for seven traits other than fruit firmness and the
first ripening stage, respectively. These results demonstrate the feasibility and effectiveness
of employing this collection to perform GWAS. The specific loci identified may also be
related to the fact that large-effect QTLs regulating the corresponding traits are commonly
stably selected in breeding and are easily detected in the population of modern cultivated
tomatoes. We found that these known loci were not the most prominent in the association
peak, which is consistent with previous findings that the peak signals of association loci
often appeared near known genes [59]. For a known peak signal region of a related
functional gene that has not been cloned, the true functional gene may be located near
the peak. For instance, the previously reported gene solyc11g018743.1 plays an important
role in the resistance to gray leaf spots [60], but we did not clone the resistance gene
in the corresponding position, and in subsequent verification, the gene solyc11¢020100.2
encoding the resistance protein was found and cloned in the region near the peak signal
of this gene [61]. This also suggests that GWAS is a preliminary and reliable approach for
identifying the locations of QTLs, and this phenomenon may provide insight helping us to
verify and clone target functional genes.

Differences in the genetic background of the collection, year, environment and method
of phenotyping and the analysis model used may influence the intensity of associated peak
signals and the extent to which the signal peak deviates from target genes and allow the
identification of new QTLs for the traits under study [26]. In contrast to previous studies,
21 significant association signals were identified in genomic regions without previously
known loci for six traits (except plant height, fruit weight, and locule number), suggesting
the discovery of novel potential QTLs. For five of these signals, candidate genes related
to fruit quality (soluble sugar content and fruit firmness) and resistance were found on
chromosomes 1, 5,9, and 11. There were higher rates of non-synonymous and synonymous
mutations in coding regions on chromosomes 5, 9, and 11 during SNP detection (Figure 3),
indicating that target genes distributed on these chromosomes may be retained during
breeding due to the active selection of related traits. Previous breeding goals have usually
focused on traits such as resistance, yield, and fruit firmness, which also significantly affect
tomato flavor [3]. Hence, the detection of a large number of QTLs related to fruit quality
(soluble sugar content and fruit firmness) and resistance on these chromosomes may be a
result of such positive selection. For instance, the previously known fruit firmness-related
genes were 50lyc10g080210 [62], solyc06g051800 [63], and solyc03g111690 [64]. Currently,
we detected novel association signals on chromosome 5. Additionally, previous studies
have shown that the gene AGPL1 (95773188-96773188) can increase the starch content of
immature fruits and the soluble solid content of mature fruits [48]. In genomic regions
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without previously known loci on chromosome 1 (93670222-94670222), we found a novel
gene s0lyc01g107080.3, which was predicted to encode an HXXXD-type acyl-transferase
family protein. Studies have shown that genes encoding this type of protein play an
important role in the corresponding various chilling effects [65]. We speculated that
the gene may function in regulating the accumulation of soluble sugar contents. These
candidate loci explained >10% of the phenotypic variation in the two traits (Table 3). Thus,
these genes may play an important role in regulating the corresponding traits.

Although fruit weight is one of the main factors affecting yield, the fruit weights and
soluble sugar contents were significantly negatively correlated (Figure 2B). Improvements
in yield frequently result in quality penalties, and there is thus considered to be a trade-off
between quality and yield. Therefore, the coordination of these traits is critical for the
integration of cultivars with overall excellent traits [66]. Currently, very little is known
about the intrinsic regulatory mechanism of this coordinated relationship. Although many
main effect sites that regulate fruit weight have been identified, such as fw1.1, fwl.2, fw2.1,
fw2.2, fw2.3, fw3.1, fwi.2, fw4.1, fw9.1, fwll.3, Ic, fas, FAB, and FIN, only four of these sites
have been cloned: fw2.2, fw3.2, Ic, and fas [67]. In this study, we only detected the Ic gene,
likely because of the selected population composition and differences in how these genes
regulate fruit development. The gene Ic showed associations with fruit weight, fruit shape,
and locule number. Because the present and previous studies have reported phenotypic
correlations among tomato fruit traits [58,68], the identification of QTLs with pleiotropic
effects is expected. Interestingly, we found that fas, regulating the locule number, could
explain 10.3% of the phenotypic variation in soluble sugar contents. Given the phenotypic
relationship between the two traits, this gene may be used as a negative regulator of soluble
sugar content. However, determining how it functions will certainly require follow-up
research. In addition, although the traits were correlated, we found no other multipotent
QTLs among fruit weight, first ripening stage, soluble sugar content, and fruit firmness,
possibly due to the small number of association signals for these traits in our study. This
result may be due to a small number of association signals for these traits in our study.
Overall, we reported 28 significant association signals for nine traits. Of these, 21 represent
potential novel QTLs for six fruit traits. Although further validation evidence is lacking,
the mining of numerous yield- and quality-related genes provides useful information and
insight for high-yield and high-quality tomato breeding.

5. Conclusions

Collectively, this work provides a molecular theoretical basis for the targeted expansion
and improvement of excellent cultivated tomato germplasm resources used to breed strong
hybrids. This work also highlighted the mining of yield- and quality-related genes. The
identification of numerous novel major loci controlling fruit firmness, shape, weight,
soluble sugar content, and maturity provides useful information and insight for breeding
and reveals further opportunities for in-depth studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13051191/s1, Figure S1: Frequency distribution of vari-
ation of nice traits in 212 cultivated tomato accessions.; Figure S2: Genome wide association studies
for green shoulder. (A) Manhattan plots of the simple model. Chr00 represents unanchored scaffolds.
Red horizontal dashed line indicates the genome-wide significance threshold. (B) Q-Q plot of the
simple model. (C) Manhattan plots of compressed MLM, as in A. (D) Q-Q plot of compressed MLM.
Gene number in red represent known gene in the peak region, while gene number in black represent
top four unknown genes with a large phenotypic interpretation rate detected in the region. The yellow
dotted line indicates the peak region where the labeled gene was located.; Figure S3: Genome wide
association studies for locule number. (A) Manhattan plots of the simple model. Chr00 represents
unanchored scaffolds. Red horizontal dashed line indicates the genome-wide significance threshold.
(B) Q-Q plot of the simple model. (C) Manhattan plots of compressed MLM, as in A. (D) Q-Q plot
of compressed MLM. Gene number in red represent known genes in the peak region, while gene
number in black represent top four unknown genes with a large phenotypic interpretation rate
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detected in the region. The yellow dotted line indicates the peak region where the labeled gene was
located.; Figure S4: Genome wide association studies for soluble sugar content. (A) Manhattan plots
of the simple model. Chr00 represents unanchored scaffolds. Red horizontal dashed line indicates
the genome-wide significance threshold. (B) Q-Q plot of the simple model. (C) Manhattan plots of
compressed MLM, as in A. (D) Q-Q plot of compressed MLM. Gene numbers in red represent known
genes in the peak region, while gene number in black represent top four unknown gene with a large
phenotypic interpretation rate detected in the region. Gene number in blue font indicate gene known
to have other functions. The yellow dotted line indicates the peak region where the labeled gene
was located.; Figure S5: Genome wide association studies for fruit firmness. (A) Manhattan plots
of the simple model. Chr00 represents unanchored scaffolds. Red horizontal dashed line indicates
the genome-wide significance threshold. (B) Q-Q plot of the simple model. (C) Manhattan plots
of compressed MLM, as in A. (D) Q-Q plot of compressed MLM. Gene number in red represent
known gene in the peak region, while gene number in black represent top four unknown genes with
a large phenotypic interpretation rate detected in the region. The yellow dotted line indicates the
peak region where the labeled gene was located.; Figure S6: Genome wide association studies for
fruit shape. (A) Manhattan plots of the simple model. Chr00 represents unanchored scaffolds. Red
horizontal dashed line indicates the genome-wide significance threshold. (B) Q-Q plot of the simple
model. (C) Manhattan plots of compressed MLM, as in A. (D) Q-Q plot of compressed MLM. Gene
number in red represent known genes in the peak region, while gene number in black represent
top four unknown genes with a large phenotypic interpretation rate detected in the region. The
yellow dotted line indicates the peak region where the labeled gene was located.; Figure S7: Genome
wide association studies for first ripening stage. (A) Manhattan plots of the simple model. Chr00
represents unanchored scaffolds. Red horizontal dashed line indicates the genome-wide significance
threshold. (B) Q-Q plot of the simple model. (C) Manhattan plots of compressed MLM, as in A.
(D) Q-Q plot of compressed MLM. Gene number in red represent known gene in the peak region,
while gene number in black represent top four unknown genes with a large phenotypic interpretation
rate detected in the region. The yellow dotted line indicates the peak region where the labeled gene
was located.; Figure S8: Genome wide association studies for gray leaf spot. (A) Manhattan plots
of the simple model. Chr00 represents unanchored scaffolds. Red horizontal dashed line indicates
the genome-wide significance threshold. (B) Q-Q plot of the simple model. (C) Manhattan plots of
compressed MLM, as in A. (D) Q-Q plot of compressed MLM. Gene number in red represent known
gene in the peak region, while gene number in black represent top four unknown genes with a large
phenotypic interpretation rate detected in the region. The yellow dotted line indicates the peak region
where the labeled gene was located.; Table S1: List of tomato samples with diverse traits; Table S2:
The resequencing depth and mapping rate of sample; Table S3: Data quality of clean data; Table S4:
Associated loci and candidate genes according to gene annotation.
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