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ABSTRACT. A diversity panel of 190 National Plant Germplasm System (NPGS) tomato (Solanum lycopersicum) acces-
sions was genotyped using genotyping by sequencing. These originated from 31 countries and included fresh market,
ornamental, processing, breeders’ lines, landraces, and home gardening types, as well as six different accessions of
the economically valuable cultivar San Marzano. Most of the 34,531 discovered single nucleotide polymorphisms
were rare and therefore excluded from downstream analyses. A total of 3713 high-quality, mapped single nucleotide
polymorphisms that were present in at least two accessions were used to estimate genetic distances and population
structure. Results showed that these phenotypically and geographically diverse NPGS tomato accessions were closely
related to each other. However, a subset of divergent genotypes was identified that included landraces from primary
centers of diversity (South America), secondary centers of diversity (Italy, Taiwan, and France), and genotypes that
originated from wild species through 20th century breeding for disease resistance (e.g., ‘VFNT Cherry’). Extreme
variant accessions produce cultivated fruit traits in a background that contains many wild or primitive genes. These
accessions are promising sources of novel genes for continued crop improvement.

Vegetable producers require an abundance of genetic diver-
sity to remain competitive and meet increasing consumer
demands for the beneficial vitamins, minerals, dietary fiber, and
other nutrients provided by these crops. Access to germplasm
for development of improved cultivars is critical given the nar-
row genetic base of some crops and risk of susceptibility to both
recurrent and newly emerging biotic and abiotic stresses.
Tomato (Solanum lycopersicum) constituted a $1.7 billion indus-
try in 2020 in the United States [U.S. Department of Agriculture
(USDA), National Agricultural Statistics Service, 2021] and a
$48 billion industry in 2018 worldwide (Food and Agriculture
Organization of the United Nations, 2020). Production systems
include open-field and protected environments, including high-
tunnel, greenhouse, and hydroponics. Cost of tomato production
is relatively high per unit area and demands intensive agronomic
management and considerable investment (Kelley et al., 2017).

Tomato is classified into one cultivated and 12 wild species
(Peralta et al., 2008). The USDA, Agricultural Research Service
(ARS), Plant Genetic Resources Unit (PGRU) conserves 6610
tomato accessions in the form of publicly available seed stocks
(USDA, ARS, 2021a). These are distributed throughout the
world by the USDA National Plant Germplasm System (NPGS)

for purposes of breeding, research, and higher education.
According to Genesys (2021) this is the second largest tomato
collection in the world, after The World Vegetable Center in
Taiwan.

Primary centers of diversity for cultivated tomato are Chile,
Ecuador, Peru, and Mexico, with secondary centers throughout
the world (Villand et al., 1998). Breeding of cultivated tomato
has emphasized crosses with wild relatives due to its narrow
genetic base, ease of interspecific crossing, production demands
based on growing conditions and market niche, susceptibility to
pests and diseases, and vulnerability to abiotic factors. Twentieth
century breeding using interspecific crosses has increased the
genetic diversity of elite germplasm (Bauchet and Causse,
2012). Recent consumer demand calls for more flavorful, color-
ful, and heirloom types available year-round. But new commer-
cial cultivars will still require the resistances, shelf life, and
durability of standard supermarket choices.

Given the global importance of the crop, large germplasm
collections, and advanced genetic tools, there exists a rich litera-
ture on the subject of tomato genetic diversity (Bauchet and
Causse, 2012; Zhao et al., 2019). Many of these reports have
focused on taxonomy, domestication, and selection hypotheses
(100 Tomato Genome Sequencing Consortium et al., 2014;
Blanca et al., 2012, 2015; Sim et al., 2011, 2015) and trait-
marker associations (Bauchet et al., 2017; Mata-Nicol�as et al.,
2020; Mazzucato et al., 2008; Sauvage et al., 2014). Understand-
ing the patterns of genetic variation among accessions or stocks,
the focus of many studies, is critical for breeders and other scien-
tists to make efficient use of diverse germplasm (Cebolla-Cor-
nejo et al., 2013; de los �Angeles Mart�ınez-V�azquez et al., 2017;
Hanson and Yang, 2016; Jayakodi et al., 2021; Jin et al., 2019;
Kulus, 2018; Mata-Nicol�as et al., 2020).

To describe genetic diversity patterns of cultivated tomato
germplasm, a phenotypically broad panel of 190 PGRU acces-
sions was assembled for genotyping by sequencing (GBS).
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Types included categories such as home garden, fresh market,
vintage, geodiversity, landraces from primary and secondary
centers of diversity, fruit shape diversity, ornamental, process-
ing, expired Plant Variety Protection (PVP) lines, lines from pri-
vate companies and public breeding programs, lines with
introgressed disease resistance, eight ‘San Marzano’ accessions
(a widely popular commercial cultivar), and one Solanum pimpi-
nellifolium sample. Many of the accessions fit into more than
one of these categories.

The major objectives of this study were to 1) discover and
score a set of high-quality, mapped single nucleotide poly-
morphisms (SNPs) in a diversity panel of tomato; 2) estimate
heterozygosity, relationships, and population structure of the
accessions; and 3) draw conclusions as to which accessions
might harbor sources of novel alleles that could be valuable for
further crop improvement.

Materials and Methods

PLANT MATERIAL. A total of 190 diverse tomato cultivars
(Supplemental Table 1) were sampled from the USDA, ARS,
PGRU germplasm collection. The accessions originated from 31
countries in Africa, Asia, Europe, North America, Central Amer-
ica, and South America, and were originally received by NPGS
between 1932 (PI 97538, ‘Cherry’) and 2002 (PI 647566,
‘Flora-dade’). Seventeen of the accessions were considered
highly unique based on PVP certificates (USDA, Agricultural
Marketing Service, 2021) (Supplemental Table 1) as processing,
fresh market, or breeding types. ‘San Marzano’ accessions origi-
nated from Argentina, Hungary, Italy (two accessions), South
Africa, Spain, and the United States (two accessions). Disease
resistance data from NPGS GRIN-Global (USDA, ARS, 2021b)
and passport data from NPGS GRIN-Global (USDA, ARS,
2021a), the Genebank Information System of the IPK Gatersle-
ben (Genebank Information System of the IPK Gatersleben,
2021), and web resources, such as Vegetable Cultivar Descrip-
tions for North America (Wehner, 2016), were used to annotate
the accessions including their reported disease resistances (Sup-
plemental Table 1).

GENOTYPING BY SEQUENCING. Plants were grown to the seed-
ling stage in a greenhouse in Geneva, NY. One true leaf was
sampled per accession and DNA was extracted using the
DNeasy 96 plant kit (Qiagen, Hilden, Germany). GBS libraries
were prepared at Cornell University’s Genomic Diversity Facil-
ity using the restriction enzyme PstI and the standard barcode
and common adaptor sets (Elshire et al., 2011). GBS was per-
formed using an Illumina HiSEq. 2000 (San Diego, CA). Output
files were analyzed using TASSEL 3.0 and TASSEL 4.0 analy-
sis pipelines (Glaubitz et al., 2014) (Supplemental Table 2).
Briefly, tags were aligned to S. lycopersicum whole genome
assembly build 2.50 (The Tomato Genome Consortium, 2012)
using Burrows-Wheeler Aligner version 0.7.13 software with
default settings (Li and Durbin, 2009). For the DiscoverySNP-
CallerPlugin, parameters were set to retain rare alleles (i.e., mini-
mum minor allele frequency equaled zero and minimum minor
allele count equaled 1). In addition, at least 10% of DNA sam-
ples were required to be scored in order for a site to be retained.
The software VCFtools version 0.1.12a (Danecek et al., 2011)
was used to exclude sites with more than two alleles or an inser-
tion/deletion and to exclude all genotypes with a quality below a
threshold of 98. TASSEL 5 GUI (Bradbury et al., 2007) was

used to filter out poorly performing sites by requiring at least
10% of genotypes for that SNP to be present. Finally, the minor
allele was required to be present in at least two or more indepen-
dent DNA samples. No imputation (prediction) of missing data
were performed. All raw data are available through the National
Center for Biotechnology Information sequence read archive as
study SRP308407, BioProject PRJN705205, and BioSample
numbers SAMN18077515–SAMN18077706.

STATISTICAL ANALYSES. TASSEL 5 GUI (Bradbury et al.,
2007) was used to estimate allele frequencies, proportion miss-
ing data, heterozygosities, and pairwise genetic distances. The
latter was estimated as the proportion of SNPs different between
a pair of samples, ignoring missing data. Population groups were
inferred using STRUCTURE version 2.3.4 (Pritchard et al.,
2000) with 200,000 burn-in iterations followed by 500,000 itera-
tions. Output from three runs for K = 1 to K = 10 clusters were
used as input for Structure Harvester core version A.2 (Earl and
von Holdt, 2012) to find the maximum rate of change in the log
probability of data between successive K values, Delta K
(Evanno et al., 2005). DISTRUCT version 1.1 (Rosenberg,
2004) was used to graph STRUCTURE results. To illustrate
overall genetic similarity among genotypes, Phylip version 3.69
software package was used to generate a genetic distance-based
neighbor-joining (NJ) tree (Saitou and Nei, 1987) based on 100
bootstrap replicates using the procedures outlined in Labate and
Robertson (2015). The resultant majority rule consensus tree
was drawn using FigTree version 1.4 (Rambaut, 2012).

Results

The accessions in this study were not a conventional core col-
lection (Brown, 1995), but rather, a diversity panel intended to
capture genetic variation with an emphasis on germplasm that
may have value for breeding (Hardigan et al., 2015). This global
sample of germplasm was heavily weighted toward accessions
from the United States (n = 80); the second largest number of
accessions originated from Italy (n = 37) (Supplemental Table
1). All other countries were represented by fewer than 10 acces-
sions, and three accessions were of unknown geographical ori-
gin. Primary centers of diversity included a total of 15
accessions originating from Chile, Ecuador, and Peru, and six
accessions from Mexico. The remaining countries were repre-
sented by one to three accessions each, except for Canada (n =
8) and Spain (n = 5). To ensure a broad range of morphological
diversity, 45 accessions that were used in fruit shape research
were part of this panel. These included heirloom and modern
lines; landraces from Italy, Latin America, and Spain; and
mutant stock ‘LA0330’ (Rodriguez et al., 2011). A set of 43 of
the accessions were categorized as heirlooms by the SolCAP
project (SolCap, 2013). Primary, secondary, and countries con-
tiguous with primary centers of diversity were represented by 50
accessions from a geodiversity and landrace set (Baldo et al.,
2011; Villand et al., 1998). One ornamental line, several breed-
ing lines, and many commercially important fresh market and
processing lines were also sampled. These were developed by
private companies, universities, agricultural experiment stations,
and the USDA. The popular ‘San Marzano’ processing cultivar
was represented by eight accessions originating from Argentina,
Hungary, Italy (n = 2), South Africa, Spain, and the United
States (n = 2). The U.S. versions included ‘Pink San Marzano’
(PI 303775) and ‘P.A. Young SV 616C’ (PI 279566); the latter
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being a line bred for resistance to heat sterility. The single S.
pimpinellifolium sample LA2102 was collected from El Lucero,
Loja, Ecuador, in 1981.

GBS in two 96-plex runs yielded more than 225 � 106 and
192 � 106 good, barcoded reads per run (Supplemental Table
2). The requirement of tags to appear at least five times across
190 barcoded samples yielded 981,444 tags, of which 793,018
aligned to unique positions in the genome. Initially, 34,531
mapped, high-quality sites were identified. However, many of
the minor alleles in this data set were very rare (only one or two
observations). Therefore, a minimum requirement of at least
three counts for an allele was applied to ensure that at least two
DNA samples were scored for all minor alleles. This gave a total
of 3713 high-quality mapped SNP sites in 190 DNA samples.
Proportion of missing data were 0.33 in this set of 1.41 � 106

diploid genotype data points. Average heterozygosity equaled
0.08 and ranged from 0.03 in ‘Mataverde’ (PI 505317), a culti-
var collected in Colombia in 1986 to 0.28 in ‘422’ (PI 128586),
a landrace collected in Chile in 1938. Heterozygosity of the sin-
gle S. pimpinellifolium sample equaled 0.19. The maximum
genetic distance between the 17,766 pairs of S. lycopersicum
samples was 0.37 for ‘T932’ (G 33075) vs. ‘LYC449’ (G
33061), the minimum was 0.018 for ‘San Marzano’ (PI 262910)
and ‘Pomodoro San Marzano-Lampadina’ (PI 647487), and the
mean genetic distance between all pairs was 0.11 (Supplemental
Table 3). Approximately 50% of the pairwise genetic distances
were#0.10.

Structure Harvester showed the optimal number of clusters
was k = 3 for the 190 sampled accessions based on maximum
Delta K (Evanno et al., 2005) (Supplemental Fig. 1). Accessions
were sorted and plotted based on membership coefficients
(Fig. 1, Supplemental Table 4) with S. pimpinellifolium placed at
the origin of the x-axis with membership coefficients of 0.6663,
0.3333, and 0.0004 in clusters one, two, and three, respectively.
An Italian landrace with obovoid fruit shape fell at the opposite
extreme of the x-axis with membership coefficients of 0.1298,
0.2593, and 0.6109 in clusters one, two, and three, respectively.
The graph showed a steep slope close to the x-origin that indi-
cated a large (>40%) but decreasing proportion of cluster one in
14 samples (sample numbers 650 through 678 in Fig. 1, Supple-
mental Table 4). The graph was then relatively flat with the pre-
dominance of cluster two (mean = 65%). Moving along the x-

axis, cluster three gradually increased to its maximum proportion
of 0.6109. The NJ tree (Fig. 2) showed similar results with S.
pimpinellifolium being the most divergent and clustering with
the identical group of 12 samples with the omission of number
780 PI 647523 ‘VFNT Cherry’. The fruits of these 12 samples
were either small cherry or grape types, or highly fasciated in
their appearance (USDA, ARS, 2021a). Although ‘VFNT
Cherry’ was a divergent genotype in the NJ tree, it did not clus-
ter with S. pimpinellifolium. Similarly, the divergent cluster
described as traditional Italian landraces in the NJ tree (sample
numbers 630, 632, and 640 in Fig. 2, Supplemental Table 4) and
close samples 614, 617, 620, 623, and 639 (Italian origin plus
the Polish heirloom G 33045 ‘Opalka’) were grouped together at
the right end in Fig. 1.

The NJ tree drawn as a bifurcating cladogram with bootstrap
values showed very little support for genetic structure in the sam-
ple of 190 accessions with a few exceptions (Supplemental Fig.
2). First, there was 85% bootstrap support for the split between
the root of the tree and the majority of accessions. The group at
the root consisted of S. pimpinellifolium and landraces 646
(‘T932’ from Italy), 683 (‘LA0394’ from Peru), and 720 (‘W-C
1050’ from Ecuador). A group of 15 accessions, which included
12 processing lines and 11 lines categorized as PVP, were sup-
ported with 92% bootstrap value (Supplemental Fig. 2). Four of
the eight ‘San Marzano’ accessions clustered together with 95%
bootstrap support (785 ‘San Marzano’ from Italy, 790 ‘Pomodoro
San Marzano-Lampadina’ from Italy, 786 ‘San Marzano’ from
Spain, and 667 ‘San Marzano’ from Argentina) with the other
four ‘San Marzano’ accessions dispersed throughout the NJ tree
(Supplemental Fig. 2). The only additional clusters with >90%
bootstrap support were four pairs of accessions, namely, {669,
682} both from Ecuador; {651, 762} ‘LA0330’, ‘Burbank’; {606,
778} ‘Costoluto Genovese’, ‘Pomodoro Superselezione di Mar-
mande’; and {694, 767} ‘Manalucie’, ‘Venus’ from Florida and
North Carolina agricultural experiment stations, respectively.

Discussion

In this study, there were several sources of potential bias in
the SNP data. The GBS method will under-call heterozygotes
due to low sequencing coverage. Accordingly, the proportion of
missing data across the samples in this study was negatively cor-
related with the proportion of heterozygous sites (r2 = 0.2119).
Additional inherent error associated with GBS is irregular PCR
amplification with a bias toward certain alleles or loci. Restric-
tion enzyme biases include mutation in a restriction site prevent-
ing digestion, and methylation sensitivity; the latter can
introduce bias against intergenic regions (Scheben et al., 2017).
However, the results supported several previous observations
such as the prevalence of rare alleles, genetic similarity between
accessions based on shared pedigrees, and the admixture of cer-
tain accessions with S. pimpinellifolium (Blanca et al., 2015, see
below). Therefore, the first objective to discover and score a set
of high-quality, mapped tomato SNPs was met.

A long-recognized problem in developing improved cultivars
has been how to efficiently exploit novel variation for traits of
interest from gene banks (Corak et al., 2019; Reeves et al.,
2012). Recommendations have been made to NPGS to broaden
crop core collections to develop sets that are more representative
of the whole, and to increase the number of SNPs to facilitate
Genome Wide Association Studies (Kuzay et al., 2020). Reeves

Fig. 1. Population structure of 190 tomato samples for K = 3 groups based on
3713 single nucleotide polymorphisms. Results were sorted with Solanum
pimpinellifolium at the x-origin. Identities of the 190 accessions along the
x-axis are reported in Supplemental Tables 1 and 4.
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et al. (2012) warned against applying neutral marker loci as pre-
dictive tools to estimate the diversity of agronomically important
loci. This is because natural or artificial selection will shift allele
frequencies of the latter away from neutral distributions. This
raises the question of how to capture valuable functional diver-
sity from germplasm collections. Geographic origins and genetic
relatedness are not reliable predictors of shared traits (Corak
et al., 2019, and references therein). By comparing various meth-
ods to construct core subsets to maximize phenotypes and minor
alleles, an in-depth analysis showed that inclusion of accessions
based on random sampling was largely as effective as selecting
accessions based on molecular markers (Corak et al., 2019). In
contrast, SNPs did support a priori groups in common bean [Pha-
seolus vulgaris (Kuzay et al., 2020)], sorghum [Sorghum bicolor
(Cuevas and Prom, 2020)], walnut [Juglans regia (Bernard et al.,
2020)], and 21 potato species [Solanum section Petota (Hardigan
et al., 2015)]. An amplified fragment length polymorphisms
(AFLP) core set captured most desirable traits in wild potato spe-
cies Solanum microdontum (Bamberg and del Rio, 2014) and
Solanum demissum (del Rio and Bamberg, 2020).

In the present study, SNP markers were not good predictors of
phenotypes or geographic origins. Despite the range of fruit diver-
sity and country of origin, pairwise genetic distances were low.
This is understandable because differences across a small number
of loci can impart large differences in fruit morphology (Snouffer
et al., 2020). Geographic originwas applied successfully to develop
core subsets of potato landraces (Solanum tuberosum) held at the
International Potato Center (CIP) (Gopal et al., 2013; Huam�an
et al., 2000); however, tomato germplasm can disperse rapidly on a
global scale due to its popularity and broad adaptation, and the con-
cept of geographic origin becomes obfuscated. Surprisingly, the
two most distantly related accessions in this study (excluding S.
pimpinellifolium) were both described as landraces originating
from Italy. The mean pairwise genetic distance of 0.11 in this
tomato panel was similar to the value of#0.10, which was consid-
ered to be a threshold for redundancy in a sorghum core collection
(Cuevas and Prom, 2020). Redundant samples of ‘San Marzano’

were more closely related than this
by an order of magnitude. Clearly,
documentation of phenotypic traits
and their underlying genetic archi-
tecture should receive high priority
in this and other tomato germplasm
collections.

A challenge for plant genetic
resource managers and breeders is
to anticipate target phenotypes for
crop improvement. Increased pest,
pathogen, and weed pressures, tem-
perature and rainfall fluctuations,
drought, salinization of soils, and
human encroachment of agricultural
lands are all seen as impending
threats to crop production (Ceccar-
elli and Grando, 2020). Whatever
breeding strategies are used, the
understanding of natural genetic
variation and its partitioning remains
crucial for success (Ebert, 2020).

For the second objective of this
study, namely, to estimate relation-

ships and population structure, overall results showed a lack of
clear-cut genetic distinctions among types; fresh market, orna-
mental, processing, breeders’ lines, landraces, and home garden-
ing types were not genetically distinct as categories. Rather, the
NJ tree showed many short branches connected at the internal
node (star-like tree) which is the signal of a founder effect. This
supported longstanding observations of the relatively low genetic
diversity within cultivated tomato due to its mating system and
natural history (Miller and Tanksley, 1990; Rick and Fobes,
1975). This lack of diversity has led to an emphasis in using
wild species relatives for crop improvement, especially for early
sources of disease resistance (Rick, 1982).

The third major objective of this study was to draw conclu-
sions as to which accessions might harbor sources of novel
alleles that could be valuable for further crop improvement.
Three Italian landraces, ‘VFNT Cherry’, and a dozen cherry or
highly fasciated types, showed genetic divergence from most
accessions. These small islands of diversity were not predicted
based on passport data, usage type, or phenotype. Several of
these accessions were classified as “mixture” between S. lyco-
persicum and S. pimpinellifolium by Blanca et al. (2015). The
authors discussed the possibility of natural gene flow between
northern Ecuadorian S. pimpinellifolium and Ecuadorian S. lyco-
persicum cherry tomato due to dispersal by animals or humans.
Large flattened, fasciated fruit resulting from the fusion of multi-
ple ovaries (example shown in Supplemental Fig. 3) may have
been a consequence of interspecific incompatibility, and this for-
tuitously generated a larger fruited phenotype for humans to
select. Several of the accessions in the current study supported
this scenario. For example, PI 129026, PI 129033, and PI
129084 were all collected in 1938 and have either retained some
of the diversity of S. pimpinellifolium based on shared ancestry
or originated from recent interspecific hybridization in nature.
This implies that NPGS accessions that were collected during
the same expedition, originally 287 S. lycopersicum accessions
collected by H.L. Blood (USDA, ARS, 2021a) could also be
sources of diverse alleles. The finding of extensive novel genomic

Fig. 2. Neighbor-joining tree of 190 tomato samples based on 3713 single nucleotide polymorphisms. Fifteen
genetically divergent accessions are labeled with country of origin; ‘VFNT Cherry’ contains multiple interspe-
cific introgressions for disease resistances.
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and morphological variation in cherry tomato accessions from
Ecuador and Peru suggested their untapped potential as breeding
material (Mata-Nicol�as et al., 2020). In comparison with the
Heinz 1706 reference genome, 1.2 to 1.9 million mutations were
identified in four cherry tomato accessions (Gramazio et al.,
2020). The complex genetic relationships among large-fruited cul-
tivated tomatoes, S. pimpinellifolium, and cherry tomato also sup-
ported the assertion that unmined alleles for crop improvement
are available from the latter two taxa, which will easily cross-fer-
tilize with modern cultivars (Razifard et al., 2020).

Other divergent accessions in this study, such as ‘AVRDC
#6’, which was collected in Taiwan from Tainan Agricultural
Experiment Station in 2001, and ‘VFNT Cherry’ with a pedigree
tracing to the University of California breeding program, are bet-
ter explained by intentional interspecific breeding. Variation
found in nature and residual linkage drag from cultivar develop-
ment can both provide potential sources of new alleles (Labate
and Robertson, 2012).

Fifteen accessions formed a cluster of which 12 were known
processing types, whereas many additional accessions classified
as processing fell outside of this cluster and were broadly scat-
tered throughout the cladogram. The cluster of 15 closely related
accessions included 10 PVP cultivars that shared UC-82 in their
pedigrees. This demonstrated that the novel horticultural traits of
PVP cultivars are not good indicators of their underlying genetic
backgrounds, and the traits likely arise from a particular novel
combination of a few common alleles. In the absence of detailed
pedigree data, other passport information, such as the year col-
lected or the year developed, could be useful to identify potential
sources of diverse germplasm in processing types.

The authentic ‘San Marzano’ cultivar originated as a local Ital-
ian cultivar and is highly renowned for its commercial significance
(Loiudice et al., 1995). Although our study did not attempt to verify
a true ‘San Marzano’ based on known molecular markers (Cara-
mante et al., 2009; Rao et al., 2006), four of the accessions were
strong candidates to be representative of the original genotype. This
set included two Italian accessions, one donated from an experi-
ment station and the other from a seed company, as well as two
accessions collected in 1938 in Argentina and 1960 from Spain,
respectively. The provenances and close relatedness among these
accessions suggest that this genotype is authentic. The other four
versions of ‘San Marzano’ in this study (from the United States,
Hungary, and South Africa) are likely to be somewhat similar in
phenotype but not representative in their genetic background.
Because tomato seed is efficient to store due to its small size, and is
long-lived under repository conditions, there is no impetus to elimi-
nate this small degree of redundancy in name or genotype of an
accession. However, such genotypic details should be made readily
apparent for users deciding on which accessions to request from the
repository. These principles can be applied to similar occurrences
in the NPGS tomato collection as well as other crops with small,
long-lived seed.

Conclusions

GBS has proven to be a valuable technique to apply to crop
germplasm collections, with or without a reference genome
(Egea et al., 2017; Lee et al., 2020; Niu et al., 2019; Pavan et al.,
2019; Shi et al., 2017). SNP genotypes provide a robust founda-
tion with which to interpret and complement passport, pedigree,
and phenotypic trait data. Rather than using molecular markers

as a basis with which to assemble a core subset (van Hintum
et al., 2000), the PGRU tomato diversity panel was developed
based on passport data and subsequently analyzed with molecu-
lar markers. This showed that the genotypes were not largely
associated with a priori groupings.

A recent study (Alfonso and Bamberg, 2020) demonstrated
improved discriminating power among wild potato (Solanum
fendleri) populations by use of adaptive loci identified using FST

outlier tests (Foll and Gaggiotti, 2008). These adaptive loci
revealed associations between the populations and natural habi-
tats including climate variables, and will be valuable to construct
core subsets for mining certain traits such as drought tolerance.
A similar approach would be appropriate for wild tomato species
[e.g., Solanum chilense (B€ondel et al., 2015)] or feral and land-
race populations of cultivated tomato. Metabolomics represents
another method to characterize germplasm based on functional
diversity (Reeves et al., 2020). Many hundreds of tomato quanti-
tative metabolic loci for fruit and yield traits have been docu-
mented (Schauer et al., 2006; Tohge et al., 2020). Adaptive loci
or metabolic loci may confer greater power to discern groups
and assemble core subsets for domesticated tomato compared
with random, anonymous SNPs.
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