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Abstract Because cultivated tomato (Solanum lycoper-
sicum L.) is low in genetic diversity, public, verified single
nucleotide polymorphism (SNP) markers within the species
are in demand. To promote marker development we rese-
quenced approximately 23 kb in a diverse set of 31 tomato
lines including TA496. Three classes of markers were
sampled: (1) 26 expressed-sequence tag (EST), all of which
were predicted to be polymorphic based on TA496, (2) 14
conserved ortholog set II (COSII) or unigene, and (3) ten
published sequences, composed of nine fruit quality genes
and one anonymous RFLP marker. The latter two types
contained mostly noncoding DNA. In total, 154 SNPs and
34 indels were observed. The distributions of nucleotide
diversity estimates among marker types were not signifi-
cantly different from each other. Ascertainment bias of
SNPs was evaluated for the EST markers. Despite the fact
that the EST markers were developed using SNP prediction
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within a sample consisting of only one TA496 allele and
one additional allele, the majority of polymorphisms in the
26 EST markers were represented among the other 30
tomato lines. Fifteen EST markers with published SNPs
were more closely examined for bias. Mean SNP diversity
observations were not significantly different between the
original discovery sample of two lines (53 SNPs) and the
31 line diversity panel (56 SNPs). Furthermore, TA496
shared its haplotype with at least one other line at 11 of the
15 markers. These data demonstrate that public EST dat-
abases and noncoding regions are a valuable source of
unbiased SNP markers in tomato.

Introduction

The majority of published tomato molecular markers and
maps are based on polymorphisms between domesticated
tomato and wild tomato species rather than within Solanum
lycopersicum (Foolad 2007). Wild species are used exten-
sively in crop improvement, and the ease of crossability for
several species with the cultivar has facilitated saturation of
interspecific genetic linkage maps. Increased efforts are
being made to develop simple sequence repeat (SSR),
insertion/deletion (indel) and single nucleotide polymor-
phism (SNP) markers within S. lycopersicum for marker
assisted breeding, cultivar identification, and diversity
studies (reviewed by Labate et al. 2007). SNP marker
technology is particularly attractive because it overcomes
limitations of SSRs such as inconsistency of scoring across
platforms, irreproducibility due to polymerase chain reac-
tion (PCR) artifacts, and homoplasy of alleles (Jones et al.
2007). Because individual SNPs are biallelic they are
generally less informative than SSRs and must be applied
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in greater numbers to obtain comparable resolution of
polymorphism estimates. However, many nucleotide
markers can in principle be converted into SNP markers,
and SNPs can provide the densest maps within a genome.
SNPs are currently not widely used in marker assisted
breeding for S. lycopersicum intraspecific crosses although
this will change as the opportunities for intraspecific
marker development increase (SolCAP 2008). Small
numbers of confirmed intraspecific SNP markers, on the
order of dozens, are available in the Tomato Mapping
Resource (www.tomatomap.net) (Francis et al. 2006) and
Micro-Tom (MiBase, www.kazusa.or.jp/jsol/microtom/index.
html) (Yamamoto et al. 2005) Databases, and at dbSNP of
the National Center for Biotechnology Information (NCBI)
(ss# 76883011-76883086, 77106585-77106606) (Labate
and Baldo 2005). More recently, a large set (hundreds) of
SNPs and indels was published and is available via FTP at the
Solanaceae Genome Network (SGN, www.sgn.cornell.edu)
(Van Deynze et al. 2007) (see below).

Expressed-sequence tag mining, intron mining, and
oligonucleotide array hybridization are the primary meth-
ods used to predict large numbers (100-1,000s) of SNPs in
the tomato genome. NCBI contains 258,830 ESTs from
multiple cultivars (dbEST release 101708, 17 October
2008). Such sequences can be clustered into unigenes,
aligned, and examined for SNPs using criteria that attempts
to distinguish predicted SNPs from sequencing artifacts.
Cultivars fixed for different alleles can then be targeted for
SNP discovery. Yang et al. (2004) identified 101 candidate
SNPs in 44 genes using this approach, and empirically
verified 83% (43 SNPs) of polymorphisms tested. By
applying a different algorithm to a broader set of cultivars,
Labate and Baldo (2005) predicted 2,527 SNPs in 764
genes. Resequencing of 53 PCR amplicons from line
TA496 and one other cultivar (Rio Grande PI 303784,
Moneymaker PI 286255, or E6203) yielded 62 SNPs (27%
of tested SNPs were verified). Using similar prediction
methods MiBase has reported primer pairs for 1,995
candidate SNPs in 660 unigenes. By resequencing 15
amplicons, 26 SNPs were verified (69% of predicted)
between lines Micro-Tom and E6203 (Yamamoto et al.
2005). This equaled one SNP per 121 bp.

The majority (35/62) of SNPs reported by Labate and
Baldo (2005) were not predicted from ESTs but were
instead found in unintentionally amplified introns. This
implies that a second approach, intron mining, should be
highly successful in tomato. The method generally applied
is to align EST-derived unigenes or conserved ortholog set
(COS) sequences with Arabidopsis genomic homologs and
to design primers flanking predicted introns. SNPs are then
discovered via resequencing two or more lines. The poten-
tial intron polymorphism (PIP) database has reported 1,003
tomato primer pairs predicted to flank introns (Yang et al.
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2007) and Fukuoka et al. (2007) reported initial work on
similar numbers of markers. To develop the largest con-
firmed set of intraspecific SNP markers to date, a set of 967
COS ESTs (UCD COS) were prescreened for polymor-
phism in pooled DNA representing 12 tomato lines (Van
Deynze et al. 2007). In breeding germplasm 579 SNPs and
206 indels were verified in 162 and 122 loci, respectively. A
set of COSII primer pairs designated as universal primers
for asterid species (UPA) were designed to amplify a broad
range of taxa from the euasterid I clade (Wu et al. 2006).
Intronic UPA (iUPA) were designed to amplify a predicted
intron, ideal markers for application within species or
between closely related species. Currently 2,869 COSII
genes are available on SGN, each of which is assigned as an
Arabidopsis COSII. UPAs have been designed for over
1,600 of these, more than 1,400 of which are iUPAs.

A third approach for SNP prediction and discovery in
tomato is to identify single feature polymorphisms (SFPs)
by hybridization of labeled cDNA to an oligo-based
microarray (Francis et al. 2006; Sim et al. 2007). Detected
SFPs can represent any polymorphism between the target
and probe sequences that affects hybridization. Using this
approach with S. lycopersicum Ohio 7814 or Solanum
pimpinellifolium LA1589 as the target, Francis et al. (2006)
identified 1,296 putative SFPs of which 52% were verified
by resequencing. The majority (86%) were found to be
SNPs with the remaining 14% being indels.

DNA sequencing PCR amplified product of single copy
loci for more than one tomato line, with no a priori
expectation concerning polymorphism, is a direct approach
to SNP detection. A tomato diversity study found only one
SNP in 7 kb of sequence from each of four cultivars
(Nesbitt and Tanksley 2002). This low level of polymor-
phism implies that this method may be cost-prohibitive for
purposes of marker development. However, assembling a
large set of diverse germplasm has contributed to the
success of this approach in recent applications (Ganal et al.
2007; Luerssen et al. 2006; Robbins et al. 2007; Van
Deynze et al. 2007).

Markers can reflect ascertainment bias because of arbi-
trary decisions made during sampling of individuals or loci.
Bias may be inherent if only the most variable loci are
retained, or if only a small panel of individuals is used for
polymorphism discovery (Brumfield et al. 2003). For
example, when confirmed markers are based on a sample of
two individuals, moderate frequency alleles are most likely
to be discovered while rare polymorphisms within the
population can be missed (Clark et al. 2005). Moderate
frequency alleles are potentially valuable, e.g., in backcross
breeding schemes where it is desirable to maximize the
number of polymorphic markers between two parental
lines. However, unassayed, low frequency alleles can lead
to missed lineages in phylogenetic reconstructions,
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overestimates of mean diversity (Schlotterer and Harr
2002), underestimates of differentiation between popula-
tions (Smith et al. 2007), and spurious correlations in
association mapping (Pritchard 2001).

The purpose of this study was to (1) increase the number
of verified, published SNP markers within S. lycopersicum,
(2) compare diversity of three classes of SNP markers—
ESTs with predicted SNPs, COSII containing introns, and
arbitrary genes known to be single copy, (3) test ascer-
tainment bias in a set of previously verified SNP markers
(Labate and Baldo 2005), and (4) obtain multilocus esti-
mates of nucleotide diversity within this species. A set of
germplasm known to be genetically diverse (Villand et al.
1998) was sampled to increase the probability of discov-
ering nucleotide polymorphisms.

Materials and methods
Plant material

The Plant Genetic Resources Unit (PGRU) conserves
upwards of 6,000 tomato accessions that serve as a
resource to breeders and other researchers. The collections
do not represent elite breeding material, but are often a
source of novel alleles. A diversity panel of 30 PGRU
tomato accessions (Table 1 and Supplementary Table S1)
was assembled based on results of RAPD analyses (Villand
et al. 1998). A highly diverse subset of the Villand et al.
(1998) set, including 14 accessions from the primary center
of diversity and 12 accessions from countries contiguous
with the primary center, was selected for the current study.
Accessions were grown in the field to verify cherry versus
non-cherry tomato phenotype. Only accession PI 127825
was classified as cherry based on the tomato taxonomic key
(Rick et al. 1990). Breeding line TA496, developed by
introgressing Tobacco Mosaic Virus resistance gene Tm-2¢
into line E6203 (Tanksley et al. 1998; Yates et al. 2004)
was also included in our study.

Table 1 S. lycopersicum diversity panel of 30 PGRU accessions that
were assayed using EST, COSII/unigene, and arbitrary markers

Provenance No.
accessions®

Primary center of diversity (Chile, Ecuador, Peru), 14
1932-1974
Regions contiguous with primary center (Argentina, 12

Bolivia, Brazil, Colombia, Costa Rica, Ecuador,
Guatemala, Mexico, Nicaragua, Panama, Venezuela),
1932-1996

Secondary centers of diversity (Afghanistan, China, 4
Cuba, Netherlands), 1932—-1960

 Details on accession identity and provenance are in Supplementary
Table S1

Markers

The 26 EST markers were originally developed at PGRU
by sequencing PCR amplified genomic DNA in TA496 and
one or two of cultivars Rio Grande (PI 303784), Money-
maker (PI 286255), and E6203 (Labate and Baldo 2005;
Supplementary Table S2). All 26 were predicted to contain
at least one SNP based on computational analyses of public
S. lycopersicum unigenes downloaded from NCBI. In 15 of
the markers SNPs were previously verified (175_1, 220_1,
241_2b, 296_1b, 437_2, 1260_2, 1287_1, 1909_2, 2325_3,
2486_1, 2534_1b, 2875_4b, 3155_3, 3300_2, 3332 _3)
while in 11 markers no SNPs were previously observed
(1523_4, 1589_1, 1675_1, 1724_1, 1863_3, 2189_1,
2280_1, 2582_1, 2719_1, 2819_5, 4301_3). In the verified
category four markers (241_2b, 296_1b, 2534_1b,
2875_4b) were redesigned for this experiment to yield
shorter PCR amplicons and five markers (220_1, 437_2,
2325_3, 2486_1, 2534_1R) exhibited highly diverged
alleles that were hypothesized to be introgressions from
wild tomato species (Labate and Baldo 2005).

Ten COSII markers (Wu et al. 2006) (C2_Atlg13380,
C2_Atl1gl4000, C2_At1g20050, C2_Atl1g32130, C2_
At1g44575,C2_At1g50020, C2_At1g73180, C2_At2g15890,
C2_At2g22570, C2_At2g36930) and four markers that
were initially developed as COSII (C2_Atlgl1475,
C2_At2g40600, C2_At2g41170, C2_At4g30950) but later
re-designated as unigene markers (U146140, U221402,
U318882, and U146437, respectively) were sampled for
this study. All were amplified using iUPA and contained
one or more introns.

Ten arbitrary markers were chosen to represent fragments
of characterized, single copy genes in S. lycopersicum
(Table 2). Primers were generally designed to amplify intron
or UTR although some exonic regions were included. All
genes except TG11, an anonymous RFLP marker (Nesbitt
and Tanksley 2002), are known to influence fruit quality in
tomato based on mutated phenotypes (see references in
Table 2).

Sequencing

Seedlings were grown in a greenhouse and DNA was
extracted from 50 mg young leaf tissue of one plant per
accession using a modified CTAB protocol (Colosi and
Schaal 1993). Primers used for PCR amplification were also
used for DNA sequencing in separate forward and reverse
reactions. Negative (no DNA) and positive (TA496) con-
trols were included for every set of PCR reactions. PGRU’s
standard protocol for tomato PCR amplification is reported
in GenBank dbSTS accessions BV448051-BV448073
(Labate and Baldo 2005). Occasionally a primer pair
required minor modification of the thermoprofile for

@ Springer



1008

Theor Appl Genet (2009) 118:1005-1014

Table 2 GenBank accessions used to design primers for arbitrary
(published single-copy gene) tomato markers

Marker Accession Reference

hp2 exon 2 AJ224356 Mustilli et al. (1999)

hp2 3' region AJ224357 Mustilli et al. (1999)

Pds X78271 Aracri et al. (1994)

Psyl X60441 Ray et al. (1992)

fw 2.2 AY097181 Nesbitt and Tanksley (2002)
CRTISO AF416727 Isaacson et al. (2002)
PTOX AF177979 Josse et al. (2000)

TG11?* AY097137 Nesbitt and Tanksley (2002)
rin ARS580674 Vrebalov et al. (2002)
Cyc-B 5' region” AF254793 Hirschberg et al. (2001);

Ronen et al. (2000)

? Primers from Nesbitt and Tanksley (2002)
® Primers designed based on US Patent 6,252,141

optimization of yield. Big Dye v. 3.1 (Applied Biosystems,
CA, USA) cycle sequencing was used following manufac-
turer’s instructions and data were collected on an ABI
PRISM 3130 Genetic Analyzer. Mutation Surveyor soft-
ware (SoftGenetics, PA, USA) and the phred, phrap, and
Consed suite of software (Ewing and Green 1998; Ewing
et al. 1998) were used to analyze trace files. Any primer pair
that gave multiple PCR products or poor quality sequence in
initial testing of one or two lines was excluded from addi-
tional development (Supplementary Table S2 and
unpublished data). All retained markers were assumed to
represent single loci, 24% of markers designed using EST
databases were rejected during marker development based
on multiple PCR bands or high proportions of heterozygous
sites (Supplementary Table S2). Marker types COSII/uni-
gene and arbitrary loci have been characterized in the
literature and should correspond to single copy genes. Raw
trace files were visually examined by two people indepen-
dently at all polymorphic sites using the Consed graphical
user interface. Results of Mutation Surveyor versus the
Consed suite analysis packages were compared for consis-
tency in scoring and discrepancies were resolved by visual
inspection. Sequence data were trimmed of primer binding
sites and low quality (phred <40) ends and prepared in the
form of one FASTA formatted file containing 31 aligned
genomic sequences for each marker.

Statistical analyses

PHASE v. 2.1 (Stephens and Donnelly 2003; Stephens
et al. 2001) was used to infer probabilities of haplotypes
when any plant was scored as heterozygous at more than
one site within a marker. This occurred for 20 markers.
Parameter default values of number of iterations = 100,
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thinning interval = 1, and burn-in = 100 were used with
the value of the seed varied for each run. Four markers with
P < 0.95 for at least one site were reanalyzed by PHASE
using five runs and number of iterations = 1,000.

Population diversity measures ‘number of SNPs’, = (Nei
1987, equation 10.5), & (Nei 1987, equation 10.3), and
‘number of haplotypes’ were estimated using DNAsp 4.10
(Rozas et al. 2003). Sequence sets were defined with and
without TA496 in order to quantify contribution of this line
to total numbers of SNPs, indels, and haplotypes for each
of marker classes EST, COSIl/unigene, and arbitrary. A
one-way nonparametric ANOVA in the form of a Kruskal-
Wallis test (Sokal and Rohlf 1981) was used to compare
distributions of = and 6 for three groups, i.e., the three
classes of markers.

Principal components analysis of genotypes was per-
formed using GenAlEx (Peakall and Smouse 2006). For
this analysis, data were coded as diploid genotypes with
each unique haplotype at a locus (set of correlated SNPs)
treated as an allele. For 15 EST markers with previously
reported SNPs (Labate and Baldo 2005) we examined
ascertainment bias by comparing mean SNP diversity, &
(Schlétterer and Harr 2002), for the 31 line sample at each
locus by applying either pair-set SNPs (SNPs present using
TA496 plus one other cultivar) or full-set SNPs (SNPs
present using all 31 lines). This is a diversity measure
appropriate for SNP-genotyping estimated as:

h=1/mY 1—(*+y?)
i=1

for m SNPs with allele frequencies x and y. Correction of &
for number of sequenced chromosomes, n, was incorpo-
rated by multiplying by n/(n — 1). A sign test was used to
test whether the median value of SNP diversity was likely
to be greater, smaller, or unchanged in the full-set relative
to the pair-set data. Eleven markers with no previously
observed SNPs were excluded from this analysis because
their / values inherently could not be scored as ‘smaller’.

Annotation

FASTA files were viewed using BioEdit (Hall 1999) and
markers were annotated for exons, introns, 5’ UTR, and 3’
UTR. For the arbitrary markers this was accomplished
through alignment with the original annotated GenBank
accession against which primers were designed (Table 2).

Conserved ortholog set II annotations were based on
reference peptides reported in SGN which originated using
alignments with Arabidopsis coding sequences. For anno-
tating unigenes ESTScan (Iseli et al. 1999; Lottaz et al.
2003) results reported on SGN were used to predict peptide
sequence.
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Expressed-sequence tag markers were annotated using
several software tools. NCBI’s Spidey (http://www.
ncbi.nlm.nih.gov) mRNA-to-genomic alignment program
was used to identify introns and putative splice junctions.
Genomic sequences were further annotated by (1)
BLASTX searches of GenBank for protein-encoding
homologs using our marker sequence as query, (2) paired
alignment of our BLASTX query sequence to nucleic acid
sequence of significant hit (subject), (3) alignment among
query, subject, and amino acid sequence, and (4) applica-
tion of splice site rules to intron/exon junctions using visual
inspection. Alignment with amino acid sequences occa-
sionally detected base-calling errors that caused a frame
shift, observed when a site was dropped near sequence ends
or within a short run of bases. When no protein-encoding
homologs were found GeneSeqger (Usuka and Brendel
2000; Usuka et al. 2000) was used to predict exons based
on plant EST databases.

TA496 genomic sequences for all markers are available
in GenBank wunder accessions EU797528-EU797577.
Observed polymorphisms and primer sequences for all
markers are described in NCBI dbSNP accessions ss#
107751597-107751940.

Results

Scoring nucleotide polymorphisms by two independent
methods gave a high degree of confidence to the data.
Because Mutation Surveyor and phred use different base-
calling algorithms they complement each other. In our
experience this efficiently flagged base-calling errors made
by one or the other program, or by human error in
recording data, that were easily resolved by visual
inspection of trace files. In 31 DNAs there were 188
polymorphisms (Table 3) for a total of 5,828 independent
data points. The two methods were initially 99% congruent

in the results; 60 discrepancies were observed and resolved
to reach 100% congruity.

Inferring haplotypes

Of 20 markers where at least one plant was heterozygous at
multiple sites, 14 markers gave P = 1.0 and two markers
gave 1.0 > P > 0.95 for inferred haplotypes at all poly-
morphic sites using PHASE software (Stephens and
Donnelly 2003; Stephens et al. 2001). Markers 296_1,
1724_1, C2_At2g22570, and rin gave P < 0.95 for one to
two heterozygous sites in one to two plants. Increased
number of iterations did not improve P-values although the
ranges of P-values were slightly tighter. The final range of
P-values for the five plants involved were from 0.50 to 0.81
with results consistent across multiple runs. The uncer-
tainty of these haplotypes did not affect results.

Diversity

Overall we observed 154 SNPs and 34 indels in 23,113
nucleotides, for a mean of one polymorphism per 125
nucleotides among the 31 tomato lines (Table 3). This raw
estimate of variation was slightly higher in EST (99
polymorphisms in 9,187 bp, 1/93) relative to COSII/uni-
gene (55 polymorphisms in 9,121 bp, 1/166) and arbitrary
(34 polymorphisms in 4,805 bp, 1/141) markers. Of the 11
EST markers that had not previously contained a confirmed
coding or discovered intronic SNP, six contained a SNP in
the 31 line panel. This included three markers (1724_1,
2189_1, 4301_3) for which the original target SNP was
verified.

Population parameters 6 and 7 can be interpreted as SNP
diversity per site (Nei 1987); the former is based on the
number of sampled SNPs while the latter takes SNP fre-
quency into account (i.e. expected heterozygosity). Similar
mean values of 7, 0, and number of haplotypes per locus

Table 3 Polymorphism in fragments from 50 loci resequenced in 31 S. lycopersicum lines

Marker class No. Regions Mean no. of Nucleotides SNPs” Indels® Mean 7 Mean 6 Mean no. SNP
sampled® sequences (maximum) (maximum) haplotypes per

sampled locus® (maximum)
per locus

EST® 26 e, i,u 31.8 9,187 85; 62 14;9  0.0017 (0.0066) 0.0021 (0.0064) 2.4;2.2(5;5)

COSII/unigene 14  Mostly i 31.7 9,121 40; 38 15; 15 0.0012 (0.0092) 0.0015 (0.0086) 2.6; 2.5 (6; 5)

Arbitrary 10 Mostly i, u 32.4 4,805 29; 29 55 0.0010 (0.0021) 0.0015 (0.0044) 2.8; 2.8 (5;5)

Total 50 23,113 154; 129 34; 29

Mean 0.00130 0.00170 2.6;25(53;5)

# Annotations for all 50 markers are available in supplementary file sequences.fas.txt, e exon, i intron, u UTR

® First value includes TA496, second value excludes TA496

¢ All were predicted to contain SNPs based on public tomato unigene data (Labate and Baldo 2005)
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were observed across the three marker classes with maxi-
mum values in the COSIl/unigene class (Table 3). EST,
COSII/unigene, and arbitrary markers had six, one, and one
monomorphic markers respectively (1260_2, 1523_4,
1589_1, 1675_1, 2280_1, 2582_1, U146140, Cyc-B). A
Kruskal-Wallis test statistic, H, showed that the distribu-
tion of diversity estimates was not significantly different
across marker classes for n (H = 2.37, df = 2, P = 0.306)
or 0 (H=1.99,df=2,P=0.371).

Percentage variation explained by the first three axes
was 37.4, 16.2, and 13.4%, respectively, in PCoA of
genotypes. Results supported Villand et al.’s (1998)
observations that outliers in the scattergram originated
from primary centers of diversity and occasionally from
countries contiguous with primary centers (Supplementary
Fig. S1). TA496 was moderately divergent from many
accessions, falling within the larger cluster from primary
centers and adjacent to clusters from contiguous countries
and secondary centers.

Assuming our panel represents the broad diversity
within the species, grand mean values of 0, 7, and number
of haplotypes per locus (Table 3) summarize multilocus
estimates of available intraspecific polymorphism. Values
of 6 and = imply that approximately one to two SNPs per
kb of sequence will be observed between a diverse pair of
S. lycopersicum lines, on average.

Examination of ascertainment bias

Three of 15 EST markers with a priori observed SNPs
(241_2, 2875_4, 3155_3) showed one, two, or one addi-
tional SNPs, respectively, in the 31 line panel relative to
the original discovery pair of lines. For the other 12 EST
markers with a priori observed SNPs no additional SNPs
were found. For marker 1260_2 the single SNP in the pair-
set was not observed among the 31 lines. This gain of four
and loss of one SNP yielded totals of 56 and 53 SNPs in the
full-set and pair-set datasets, respectively. A sign test was
used to test the probability that the median value of SNP
diversity would change if the full-set versus the pair-set
SNPs had been genotyped in the panel. SNP diversity
would be greater using the full-set SNPs if moderate fre-
quency alleles were discovered, and smaller using the full-
set SNPs if rare alleles were discovered. Loss of a SNP in
marker 1260_2 in the full-set did not alter SNP diversity by
resequencing versus SNP-genotyping, this marker is
monomorphic in the panel using both methods. Therefore,
it did not affect the sign test.

All four additional SNPs had a sample frequency of one
(i.e., were singletons), so SNP diversity decreased for
markers 241_2, 2875_4, 3155_3 in the full-set. This did not
significantly alter the median value of SNP diversity as
demonstrated by a sign test (n — 3, n + 0, P < 0.25).
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Because line TA496 was specifically used to develop
EST markers (Labate and Baldo 2005), its unique contri-
bution to polymorphism was compared among the three
marker classes. TA496 contributed proportionally more to
total numbers of SNPs (27%), indels (26%), and haplotypes
(8%) for the EST markers compared to the other two
marker types (Table 3). No unique polymorphisms or
haplotypes were observed in TA496 for the arbitrary
markers, and 5, 0, and 4% of SNPs, indels, and haplotypes
were uniquely contributed by TA496 to the COSII/unigene
markers.

Annotation

For each EST marker annotation (Supplementary file
sequences.fas.txt) we used the full-length tomato unigene
subcluster sequence (Labate and Baldo 2005) to obtain
better BLASTX matches compared to using the marker
amplicon alone. Only EST marker 1287_1 did not give a
significant match by our criterion (E < 1 x 107%°) to any
GenBank NR protein. BLASTN found significant matches
to tomato- and potato-specific expressed sequences (E
values = 0.0-2 x 10~*?). For this marker the longest open
reading frame that maximized the number of synonymous,
conservative polymorphisms was assumed for annotation.
Marker TG11 was originally developed from a genomic
DNA library. It did not significantly match any plant EST
or peptide sequence so we did not assume it to be expressed
and did not annotate it.

Discussion

Pioneering studies using restriction fragment length poly-
morphisms (RFLPs) (Miller and Tanksley 1990) and SNPs
(Nesbitt and Tanksley 2002) showed domesticated tomato
to be relatively low in nucleotide diversity. These obser-
vations supported a documented history of genetic
bottlenecks, founder events, and directional selection
within the species. Since expeditions by the US Depart-
ment of Agriculture (USDA) to collect landraces and wild
tomato species from centers of diversity in South America
and Mexico beginning in the 1930s, wild species have been
valuable sources of alleles for crop improvement (Stevens
and Rick 1986). This has been especially true for various
disease resistances. More recently it was demonstrated that
favorable alleles for traits such as increased fruit size can
be mined from wild germplasm (Tanksley et al. 1996) and
techniques with which to incorporate wild alleles into
modern cultivars continue to be refined (Monforte et al.
2001; Foolad 2007). Marker assisted breeding in tomato is
greatly facilitated by high density genetic linkage maps
such as an S. lycopersicum x Solanum pennellii F, map
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(Fulton et al. 2002) that continues to be saturated with
markers (Tomato-EXPEN 2000, SGN). There are increas-
ing demands for intraspecific markers and maps of the S.
lycopersicum genome for application in breeding and
germplasm management (Baldo et al. 2007; Saliba-Co-
lombani et al. 2000; Sim et al. 2007; Van Deynze et al.
2007). Substantive efforts are being directed towards con-
firmation of SNPs and small indels in S. lycopersicum and
their subsequent mapping (SolCAP 2008; Ganal et al.
2007; Van Deynze et al. 2007).

We compared two approaches for SNP discovery in
tomato—mining noncoding regions such as introns, and
mining amplicons with predicted SNPs based on ESTs.
Noncoding regions of fruit quality genes were largely
chosen to represent arbitrary, single-copy sequences in
order to potentially increase the utility of discovered
polymorphisms. These ‘arbitrary’ markers were least var-
iable in terms of mean and maximum values of population
parameters 7 and 0, although they showed slightly more
haplotypes per locus.

COSII containing introns are attractive markers for
intraspecific or closely related species. The iUPA primer
pairs are predicted to robustly amplify single copy loci
across a range of taxa as diverse as tobacco, petunia, sweet
potato, coffee, olive, mint, sesame, Mimulus, and Antir-
rhinum (Wu et al. 2006). Application of COSII markers
rather than tomato-specific markers can allow a more
comprehensive interpretation of data across disparate taxa
when the same markers are applied. COSII markers are
quickly being adopted for phylogenetic (Rodriguez et al.
2006), mapping (Crouzillat et al. 2006; Moncada et al.
2006) and diversity (Labate et al. 2006; Olarte et al. 2006)
studies. Given the evolutionary conservation of COSII
genes, we wanted to know if COSII intron mining would
yield ample numbers of polymorphisms within S. lyco-
persicum to make SNP discovery efficient. We found the
iUPA amplified COSII markers to be a rich source of
polymorphisms within domesticated tomato even though
they are under strong selection pressure for conservation of
exons. An additional, nonoverlapping set of COS markers
spanning introns (Van Deynze et al. 2007) supports this.
Assays of ten lines representing US fresh market, pro-
cessing, and heirloom tomatoes yielded one SNP per
1,647 bp and one indel per 4,624 bp in the UCD COS (Van
Deynze et al. 2007).

Expressed-sequence tag libraries can be a valuable
resource for SNP mining (Cogan et al. 2007; Hayes et al.
2007) even though they are generally not created for this
purpose. When algorithms were applied to distinguish
sequencing artifacts from true SNPs, many predicted
polymorphisms were verified in tomato (Labate and Baldo
2005; Yang et al. 2004). Two factors seemingly contrib-
uted to more SNPs per bp in the EST markers relative to

the other two marker classes in our study (1) PCR primers
were designed to amplify regions with predicted SNPs in
exons, (2) ten of the markers had previously observed
SNPs in exons and introns, and (3) five of the markers were
a priori known to be highly variable (possibly wild species’
alleles) (Labate and Baldo 2005). However, the most var-
iable marker in our study was C2_Atlg73180 with nine
SNPs and two indels in 266 bp. Five SNPs and both indels
were in the 86 bp intron, while four SNPs were exonic.
This level of variation may also be indicative of a wild
tomato species allele.

Many statistical genetic properties of populations rely
on SNP frequency, e.g., nucleotide diversity (w), popula-
tion structure (Fgr), neutrality tests, and linkage
disequilibrium (Clark et al. 2005). Development of
molecular markers carries a risk of biasing these estimates
in ways that can mimic selection or demographic (e.g.,
bottlenecks) scenarios (Chikhi 2008). Bias can stem from
marker type, the ascertainment panel, or both. For
example, a study comparing an array of available marker
types (e.g., RFLPs, SSRs, SNPs) across autosomes, sex-
chromosomes, and mitochondrial DNA in human popu-
lations found broad congruency in diversity measures
(Jorde et al. 2000). However, autosomal RFLPs showed
ascertainment bias, probably because they were originally
developed based on heterozygosity in European individ-
uals. Similarly, Smith et al. (2007) found concordance in
results of estimates of Chinook salmon (Oncorhynchus
tshawytsscha) broad-scale population structure in com-
paring SNPs, SSRs, and allozymes. In spite of this, bias
was evident in comparing within-population diversity
estimates; SNP diversities were relatively low for samples
originating from outside the geographic range of the SNP
ascertainment panel.

In the current study, marker bias was examined either
indirectly, through comparing population diversity esti-
mates among three marker classes, or directly, by
analyzing pair-set versus full-set SNPs. The former
examined marker type bias, while the latter pertained to the
EST SNP ascertainment panel. There were compelling
reasons to hypothesize bias among SNP markers from
various classes. For example, all of the assayed EST
markers were predicted to contain SNPs based on com-
putational analysis (Labate and Baldo 2005). COSII
primers were designed to amplify a broad range of taxa
based on tomato, potato, pepper, and coffee orthologous
sequences. Highly conserved sequences are under selec-
tion. Even neutral regions (i.e., introns) in such genes may
have reduced variation within species due to ‘background
selection’, a combination of purifying selection and
hitchhiking of linked neutral regions (Andolfatto 2001).
Alternatively, genes influencing fruit quality may have
experienced fixation of alleles due to directional selection.

@ Springer



1012

Theor Appl Genet (2009) 118:1005-1014

Such selective sweeps can reduce variation at linked neu-
tral sites. These scenarios particularly apply to inbreeding
species such as domesticated tomato, where opportunities
for recombination are reduced (Charlesworth 2003) and
linkage disequilibrium may be extensive. A high variance
of polymorphism estimates was evident for all three groups
of markers, which, when tested using a Kruskal-Wallis
statistic, showed that differences among groups were not
statistically significant. However, it cannot be ruled out that
relatively small numbers of markers within groups, in
conjunction with relatively low polymorphism, resulted in
low statistical power.

To examine ascertainment panel bias, we asked whether
ESTs with predicted SNPs based on tomato line TA496
showed evidence of bias. First, for the EST markers, what
if we had performed genotyping using only the original
pair-validated SNPs (for n = 15 loci) instead of rese-
quencing the 31 line diversity panel? Remarkably, all
informative SNPs were present in the discovery sample of
two lines; four additional discovered SNPs were at a fre-
quency of 1/31 lines (singletons). A sign test showed that
SNP diversity estimates in the panel would not have been
biased if we had SNP genotyped only known SNPs. This
may simply reflect that there was no bias towards predis-
covery of moderate frequency alleles in our study. The
majority of minor alleles (defined as <0.50) at polymorphic
sites were at rare frequencies (defined as <0.10) in the
sample, even when TA496 was excluded. Only 12 of 129
SNPs (excludes TA496) were at moderate frequencies, i.e.,
>0.20 (results not shown). However, we did see a pre-
ponderance of singletons in the EST markers when TA496
was included versus excluded in the data set. EST mining
predicted SNPs using S. [lycopersicum ESTs deviated
towards the identification of singletons. Singletons exert a
small influence on population diversity parameters and are
uninformative for taxonomic studies. The practical result of
using SNPs based on TA496 ESTs may be that upwards of
27% of polymorphic sites will be monomorphic in a
sample that does not include this line.

This raises the question as to whether TA496 should be
avoided in SNP discovery panels. The pedigree of TA496
can be directly traced to processing-type E6203 (synony-
mous with FM6203 developed by Ferry Morris) (Tanksley
et al. 1998; Yates et al. 2004). E6203 contains multiple
disease resistance introgressions from wild tomato (see
Labate and Baldo 2005 for references), as do most modern
cultivars. This can inflate diversity of modern germplasm
(Park et al. 2004). On the other hand, TA496 was not an
extreme outlier and fell well within the range of our
S. lycopersicum panel according to PCoA (Supplementary
Fig. S1). In comparing SNP diversity among three
S. lycopersicum types, processing tomato was the least
variable, followed by fresh market, then cherry (M. Ganal,

@ Springer

personal communication 2008). TA496 and E6203 should
be particularly attractive for SNP mining in processing
germplasm given their high representation in public EST
databases (such as SGN, GenBank, MiBASE).

The final objective of our study was to obtain multilocus
estimates of S. lycopersicum polymorphism. Our panel of
31 S. lycopersicum lines was approximately as polymor-
phic as one population of S. pimpinellifolium (mean
0=1.6 x 10_3), the closest wild relative (Roselius et al.
2005). Ten of the 50 loci in our study contained no SNPs,
versus two of 15 loci in S. pimpinellifolium (Roselius et al.
2005). We conclude that there is a high variance in
nucleotide diversity among S. lycopersicum loci. This
includes a skewness towards low frequency SNPs, a
moderate proportion of monomorphic loci, and some
highly diverged (rare, possibly introgressed) alleles.
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