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Introduction 

The tomato, Solanum lycopersicum (Solanaceae, Nightshades family) is one of the most 
widely consumed fruits. The global tomato seed market was valued at $1.45 billion in 2020 
and is expected to reach $2.05 billion by 2026, growing at a Compound Annual Growth 
Rate of 6.2% (1). The tomato market is segmented into hybrid seeds and open-pollinated 
seeds and by market niches. The United States is one of the largest markets for tomato 
seeds globally and is divided into three main segments: field grown Fresh Market and 
greenhouse grown Fresh Market which, as the name implies are primarily used for fresh 
consumption.  
Commercial Processing tomatoes are used for producing products such as salsa, sauces, 
juice, paste, and ketchup. According to a 2020 USDA report, the value of Fresh Market 
Tomato production in the United States was USD 2.21 billion, while the value of processing 
tomatoes was USD 1.07 billion (2). Fresh Market Tomatoes are generally larger, more 
consistent in shape, and have a higher sugar content. Commercial Processing Tomatoes 
have a higher acid content, have thicker skin, and are more viscous making them easier to 
mechanically harvest, peel, and process (3).  

The early domestication of tomato from its wild ancestor, Solanum pimpinellifolium is 
thought to have occurred in South America followed by a secondary event in Mesoamerica 
around 2,500 years ago (4, 5). Archaeological evidence suggests that tomatoes were 
cultivated by the Maya and Aztec civilizations 500 BC, and likely were primarily used for 
medicinal purposes rather than food (3).  Over time, human selection led to the 
development of sweeter, more palatable tomatoes (6, 7). As tomatoes were introduced to 
different parts of the world, they were subjected to different selection regimes. For 
instance, when tomatoes were introduced to Europe in the 16th century, there was a 
preference for larger fruit. In Asia, there was a preference for smaller fruit.  

The domesticated tomato, S. lycopersicum, is a diploid plant species with 2n=24 
chromosomes and a haploid complement genome size of approximately 950 Mb (8). There 
is considerable genetic variation within the tomato clade of the genus Solanum. The wild 
relatives include nine species, which are diploid (2n=24) (9). Tomato has a high degree of 
synteny with other solanaceous crops such as potato, pepper, and eggplant, however, 
tomato has undergone a whole-genome triplication event that is not present in potato or 
pepper (10). The tomato genome also possesses some unique characteristics, such as the 
presence of a high number of genes encoding for cell wall-modifying enzymes, flavor and 
aroma  compounds, and carotenoid biosynthesis enzymes. These characteristics make the 
tomato a valuable model for studying fruit development, ripening, and nutritional traits (11).  
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The first tomato genome sequence was published in 2012 (10). Since then, multiple high 
quality genome assemblies have been developed, including the latest release of the 
reference genome, SL4.0, in 2020 (12). Several other important genomic resources have 
been developed for tomato research, including comprehensive transcriptome databases 
(13, 14), high-density genetic maps (15, 16, 17), and various types of molecular markers 
(18).  

Molecular markers as a technology for interrogating genetic variation have progressed in 
recent decades and many DNA molecular marker systems were developed. Consequently, 
so did the resolution of the genomic picture the markers can depict. Molecular markers 
have been used in tomato breeding starting with Restriction Fragment Length 
Polymorphisms (RFLPs) in the early 1990s (15), and Simple Sequence Repeats (SSRs or 
microsatellites) starting from the late 1990s on (18, 19). In the early 2000s, Single 
Nucleotide Polymorphisms (SNPs) emerged as the ultimate molecular marker, gaining 
popularity in tomato breeding (20).  

SNPs are single nucleotide changes that are heritable, codominant, and distributed at high 
frequency throughout eukaryotic genomes. A SNP can be the causative mutation that 
directly affects a phenotype or can be associated by linkage to a causative mutation. SNPs 
also present the operational advantages of high-throughput genotyping and ease of use. 
These advantages have become more pronounced with the advent of Next Generation 
Sequencing (NGS), which has enabled the identification of large number of SNPs, such as 
the Solanaceae Coordinated Agricultural Project (SolCap) SNP array that is made of more 
than 7000 SNPs. NGS methods have also facilitated the development of high throughput, 
rapid, and economical genotyping platforms such as PlexSeq (see following).  

Both molecular markers in general and SNPs specifically were used by geneticists to 
construct high-density genetic maps (2021), which in turn, were used to identify 
quantitative trait loci (QTLs) associated with important traits such as fruit quality, disease 
resistance, stress tolerance (21) and Enhanced Nutritional Content by increasing lycopene 
content (22, 23).  

For breeders, the use of molecular markers permits accurate and early selection of 
individuals of interest, reduction of the number of selection cycles required (24), 
implementation of new breeding schemes such as marker-assisted selection, background 
genome selection (24, 25, 26), and genomic selection (27, 28). Overall, the utilization of 
molecular markers in breeding reduces the time to market of new lines at a lower cost of 
breeding.   

We describe here a new, mid-density, multiplexed SNP panel designed for various 
research and breeding applications on the PlexSeq NGS genotyping platform.  
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Panel Characterization  

The Initial Fresh Market Tomato Panel  

The Commercial Tomato SNP panel was developed as an extension and update of a Fresh  
Market Tomato (FMT) panel that was created as part of an initiative of the Solanaceae 
Coordinated Agricultural Project (SolCap). This FMT panel contained 384 SNPs. SolCap 
was established with the help of the United States Department of Agriculture (USDA) to 
bridge the gap between breeding and genomics. The project has identified and validated 
7,720 SNPs (Illumina’s Tomato Infinium array) through whole transcriptome sequencing of 
cultivated tomato varieties and two wild species, S. pimpinellifolium and the weedy S. 
lycopersicum var. cerasiforme (https://emea.illumina.com/library-prep-array-kit-
selector/kits-and-arrays/thesolcap-tomato-consortium.html). High density SNP arrays are 
an excessive and expensive genotyping tool for many applications; therefore, two 384 
subsets of SNPs were further selected from the 7K SNP array. Molecular markers for these 
panels were chosen to:   

 Provide coverage of all 12 chromosomes,   

 Maintain a 0.2 cM or 0.2 Mbp distance between adjacent SNPS (corresponding to 
the expected recombination rate),   

 The DNA sequences that are flanking the SNP lend them self to primer design.  

 Include common SNPs between populations but also population specific SNPs.   

One of these 384 SNPs subsets was created for Commercial Processing Tomatoes while 
the other was created for Fresh Market Tomatoes. The 384 SNP Fresh Market Tomato 
subset was introduced by AgriPlex Genomics in early 2018. The SNPs were multiplexed 
and validated as a PlexSeq panel and offered to tomato breeders and researchers since 
June of that year.  

The Mid-Density, Commercial Tomato Panel  

The new Commercial Tomato panel was designed by a consortium of leading tomato 
breeders and geneticists. Marker selection was conducted and lead by Dr. Tong Geon Lee 
of the University of Florida (Currently at Bayer) with contributions from Professor David 
Francis of The Ohio State University.   

The need to expand upon the Fresh Market Tomato panel rose for several reasons:   

 To obtain higher genome coverage by closing gaps of unqueried genomic intervals 
between adjacent markers in the current FMT panel.   
  

 To augment the existing panel with more trait related markers   
  

 To provide one panel that can be utilized by both Commercial Processing and Fresh 
Market Tomato studies and breeding.   
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The Commercial Tomato panel contains 1039 SNPs that span across all 12 tomato 
chromosomes. The additional markers were derived from genotypic datasets of diverse 
cultivated tomato inbreds, wild accessions, and their segregating populations. The various 
sources include (Table 1) transcriptome sequencing of Solanum lycopersicum, S.  
pimpinellifolium, S. pennellii (29, 30), whole genome sequencing of S. lycopersicum (31, 
32, 33) and individual contributions of various tomato researchers.  
 
The improvements in genome coverage of the Commercial Tomato Panel compared to the 
preceding FMT panel are depicted in Figure 1.  The illustration represents the relative 
markers density in both panels. These improvements are further captured in Table 2:  

 The marker density per chromosome has increased on average 2.7-fold, going from 
an average number of 32 markers per chromosome in the FMT panel to an average 
87 SNPs per chromosome for the Commercial Tomato Panel.   
  

 Consequently, the average inter-marker gap decreased to 0.773 Mbp which is a 
64.9% improvement compared to the previous distance between adjacent markers 
in the FMT panel.   

To provide continuity with the widely used 384 SNP FMT panel and to retain its quality in 
capturing the genetic variations within the Fresh Market Tomato class, 360 of the best 
performing SNPs (94%) of the Fresh Market Tomato Panel have been preserved in the 
Commercial Tomato Panel (Figure 1).  

  

Commercial Tomato Panel 

Number of SNPs (%)  Species  Source  Reference  

360 (35%)  
Solanum lycopersicum, S.  

pimpinellifolium, S.  
pennellii  

TS  29, 30  

509 (49%)  S. lycopersicum  WGS  31, 32, 33  

170 (16%)  NA  NA  Individual contributions  

Total: 1039        

Table 1.  Summary of the SNP numbers by species and source of the Commercial Tomato Panel. TS, 
transcriptome sequencing, WGS, whole-genome resequencing, NA, not available.  
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Figure 1. Chromosomal distribution of 1,039 SNPs in the Commercial Tomato SNP panel. 
The physical positions of SNPs are indicated by circles to the right of the chromosome. ⅹ 
symbol, left to the chromosome mark the positions of markers that were already included 
in the initial FMT panel. Estimated genetic map lengths (cM) based on contemporary U.S. 
Fresh Market Tomato populations (31,32,33) are indicated immediately below to the 
corresponding chromosome. Courtesy of Tong Geon Lee (University of Florida; Bayer).  
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  Fresh Market Tomato Panel  Commercial Tomato Panel  

Chrom.  N  
Average inter-marker 

distance  
(Mbp)  

N  
Average inter-

marker distance 
(Mbp)  

1  34  2.691719  99  0.924163  
2  25  1.902987  110  0.485786  
3  30  1.960087  99  0.646472  
4  66  0.969940  119  0.544230  
5  37  1.737220  74  0.881625  
6  18  2.378442  60  0.797141  
7  18  3.649099  66  1.021638  
8  22  2.931501  85  0.760103  
9  40  1.733449  95  0.727663  

10  28  2.380937  72  0.905713  
11  21  2.634511  60  0.909432  
12  45  1.466472  100  0.665945  

Total  384    1039     
Average  32  2.2030  87  0.7725  

%CV  43.18  292  23.02  21.30  
Table 2. Number of markers per chromosome, and average distance (Mbp) between adjacent markers in the 
initial Fresh Market Tomato panel and the updated Commercial Tomato Panel.    

 

The Commercial Tomato panel contains 384 trait-associated markers, 274 of which are 
associated with gene coding for major biochemical functions such as transcription and 
replication regulation, cell division and cellular structure proteins, photosynthesis, 
disease resistance to fusarium, late blight resistance, and Verticillium wilt disease 
resistance protein (please see Appendix A for a complete list). The remaining 110 SNPs 
are associated with genes of unknown factors.  

A study was conducted by AgriPlex Genomics and a consortium of tomato researchers and 
breeders to characterize and validate the Commercial Tomato panel; 2726 samples were 
submitted for this purpose from four academic tomato genetics and breeding programs.  

The success rate varied between 76.8 % to 96.2% among the different submissions and 
averaged 86.48%. When addressing the 4 different breeding programs as populations, the 
average % polymorphism of the panel ranged from 62.6% to 75.3%, and averaged 
66.96%, or on the average 696 markers were polymorphic. The Average Minor Allele 
Frequency was 0.19 ± 0.166 (corresponding to a coefficient of variance of 86.5%).  

https://acrobat.adobe.com/link/review?uri=urn:aaid:scds:US:6896daf1-146e-32bb-a13d-8337af152640
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It is important to note that the germplasm used for these experiments consisted of a variety 
of cultivated lines as well as wild tomato species; thus, the observed variation in 
performance parameters is expected for a panel designed to include common SNPs 
between populations as well as population specific SNPs.  
 

PlexSeq™: The mid-density, multiplexed, SNP genotyping platform  
 Several attributes of the PlexSeq™ process contribute to its unique value as a genotyping 
platform:   

 The proprietary multiplexing algorithm, PlexForm™: The software designs all 
possible primers around all requested SNPs. Artificial intelligence algorithms identify 
the optimal sets of primers that can be mixed in one PCR amplification reaction.   
  

 Once the amplifications are completed, the amplicon mixture is equivalent to 
barcoded libraries produced from other NGS methods. The process is unique 
because the samples produce amplicon libraries that are equivalent in 
concentration and do not require any additional equalization steps. A mixture of all 
the libraries is subjected to one bead cleanup and are loaded onto the sequencer. 
The process saves time, plasticware, and expenses.   
  

 The method requires only minute quantities of crude DNA that can be isolated from 
a variety of tissues, enabling a quick and inexpensive DNA isolation process to start 
the genotyping workflow.   

The PlexSeq™ workflow consists of:   

 Crude DNA isolation   

 Primary PCR: highly multiplexed, low volume (3ul) PCR amplifications   

 Secondary, barcoding PCR amplifications   

 Pooling: barcoded amplicons are combined into one tube, purified, and quantitated   

 Sequencing on an NGS sequencer   

 This relatively simple workflow is amenable to automation; all steps can be carried 

out on liquid handlers and high-capacity thermocyclers. This enables high 
throughput genotyping.   

Once the sequencing is complete, a proprietary allele frequency-based genotype calling 
analysis software, PlexCall™, provides an automated sequencer to data workflow. This 
Java- based software is tuned for each assay and is fully automated based on only the 
sequencing output files and a sample sheet indicating sample location on the plate.   

Two other features make PlexSeq™ a unique fit for molecular breeding and seed QA. 
These applications typically require the genotyping of a large number of individuals. 
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AgriPlex Genomics’ extensive collection of unique barcode combinations allows for the 
simultaneous sequencing of thousands of individuals, limited only by the sequencer’s 
capacity. Similarly, molecular breeding may require the addition or substitution of only 
some of the SNP markers as the individual breeding program advances or among 
programs as the parental-lines genetic makeup evolves. Those changes in SNP 
composition are also required for Quality Assurance (QA) applications as the diversity of 
the germplasm changes. The panel, being a collection of PCR primers not tethered to a 
surface (e.g.: chips) provides the flexibility to dynamically customize and alter the 
composition of the markers in the panel so it best fits the germplasm or the application. 
The Commercial Tomato Panel is available as a service from AgriPlex Genomics and is 
also available as a kit to be used by in-house genotyping laboratories.  

  

Applications  

Genomic selection:   

The Commercial Tomato SNP panel will enable genomic selection; the level of 
polymorphism observed indicates that there is a high likelihood of obtaining sufficient 
polymorphic markers.   

for imputation to a higher marker density level. The average Genomic Selection predictive 
ability will vary for different combinations of parental lines and in different years.  

The combination of rapid, cost-effective genotyping of a prediction population during the 
last generation of line fixation saves expenses on the cost of field space for seed 
increase and allows rapid recycling of progeny as parents.   
 

Marker-assisted backcrossing:   

The Commercial Tomato SNP panel can be used for background recovery estimates in 
marker assisted backcrossing programs. The combination of informative background 
markers and a selection of trait markers allows for the accurate estimation of background 
recovery, ensures recovery of valuable genes from the recipient line, and can provide 
additional confirmation that a target gene is carried by the selected progeny. Background 
selection can reduce by 2 or more the number of backcross generations required to 
achieve >95% recipient parent recovery.   
 

QTL mapping:  

While not the primary target application, the Commercial Tomato SNP panel can be used 
for biparental mapping purposes. The density of polymorphic markers may, in some 
cases, be lower than what is desirable (largely dependent on the parents involved), 
which may lead to gaps in the linkage map. However, the panel does provide an option 
for genotyping much of the genome. Any remaining gaps could then be filled in with 
other marker systems or by further panel customization.   
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Trait profiling:   

The Commercial Tomato SNP panel contains high-value trait markers (Appendix A), 
covering a range of traits related to disease resistance, enzymatic profile, abiotic stress 
tolerance, taste, and others. These markers are designed to characterize the targeted 
genes and QTLs across different Solanum species and accessions including some wild 
relatives and are highly informative within the larger tomato U.S. germplasm, enabling 
interrogation of traits from/into lines of interest.   

 

Seed purity and hybridity:   

The genome coverage of the Commercial Tomato SNP panel includes the number of 
markers that will allow for the identification of diagnostic marker subsets for seed quality 
applications such as genetic purity testing (uniformity) and varietal identification in 
commercial production operations.  

  

Conclusions  

AgriPlex Genomics’ implementation of the Commercial Tomato SNP panel is providing an 
excellent, cost-effective alternative for applications requiring mid-density SNP numbers 
over any number of sample throughput. The panel fits with rapid line fixation protocols due 
to its  low cost-per-sample and rapid turnaround time. This panel will allow for major-locus 
selection as part of genomic selection, or backcross introgressions amongst tomato 
accessions, or the   

transfer of genes and QTLs of interest from wild tomato species into cultivated germplasm.  
The panel presents a valuable tool for saving critical time, expenses, and shortening the 
“time to market.” The panel primarily enables molecular breeding applications. However, 
the suite of trait markers and genome coverage expands its usefulness in a range of other 
research applications.  

The flexibility of the PlexSeq platform permits continual revision and upgrading of the 
panel, ensuring the process keeps pace with the current breeding and seed production 
needs of the tomato breeding and research communities.  
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