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Abstract

Single nucleotide polymorphisms (SNPs) are useful for characterizing allelic variation, for genome-wide map-
ping, and as a tool for marker-assisted selection. Discovery of SNPs through de novo sequencing is inefficient
within cultivated tomato (Lycopersicon esculentum Mill.) because the polymorphism rate is more than ten-fold
lower than the sequencing error rate. The availability of expressed sequence tag (EST) data has made it feasible
to discover putative SNPs “in silico” prior to experimental verification. By exploiting redundancy among EST
data available for different varieties among 148,373 tomato ESTs, we have identified candidate SNPs for use
within cultivated germplasm pools. 1,245 contigs having three EST sequences of Rio Grande and three EST
sequences of TA496 were used for SNP discovery. We detected 1 SNP for every 8,500 bases analyzed, with 101
candidate SNPs in 44 genes identified. Sixty-six SNPs could be recognized by restriction enzymes, and subse-
quent experimental verification using restriction digestion or CEL I digestion confirmed 83% of the putative
polymorphisms tested. SNPs between TA496 and Rio Grande have a high probability (53%) of detecting poly-
morphisms between other L. esculentum varieties. Twenty-six SNPs in 18 unigenes were mapped to specific
chromosomes. Two SNPs, LEOH23 and LEOH37, were shown to be linked to quantitative trait loci contributing
to fruit color within elite breeding populations. These results suggest that the growing databases of DNA se-
quence will yield information that facilitates improvement within the germplasm pools that have contributed to
productive modern varieties.

Introduction tion to the practice of breeding tomato varieties is that
the low level of polymorphism between L. esculen-

The use of wide crosses between cultivated varieties tum has precluded map coverage with sufficient den-

of tomato (Lycopersicon esculentum Mill.) and wild
relatives (various Lycopersicon species) maximizes
genetic variation and has lead to the discovery of new
genes. However the emphasis on wide crosses has left
a void in our ability to manipulate many traits of ag-
ricultural importance within elite breeding popula-
tions. A limitation to applying marker-assisted selec-

sity to fully use the power of modern biometrical
techniques for trait discovery, genetic mapping and
breeding. The lack of genetic markers that detect dif-
ferences between elite breeding lines of tomato has
prevented a detailed study of most traits of economic
importance within genetic backgrounds that are rel-
evant to plant breeders, growers, and processors.
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There remains a need for molecular-marker systems
that can exploit all polymorphisms.

Large-scale genome sequencing programs offer a
potential solution to the scarcity of markers that can
be used in elite populations. The tomato microsatel-
lites or simple sequence repeats (SSRs) are an
example of genetic markers that can be mined from
existing sequence data (http://www.sgn.cornell.edu/).
Single nucleotide polymorphisms (SNPs) are a sec-
ond class of genetic markers that can be mined from
sequence data and are useful for characterizing allelic
variation, genome-wide mapping, and as a tool for
marker-assisted selection. In the field of human ge-
netics, SNPs are a major focus of efforts to increase
the efficiency of mapping (International SNP Map
Working Group 2001; Aerts et al. 2002; Balasubra-
manian et al. 2002; Chen et al. 2002) and are already
being used for detection and mapping of a variety of
diseases (Verhage et al. 2002; Sugimoto et al. 2002;
Margiotti et al. 2002). In many crop plants, SNPs are
present with sufficient frequency to offer an alterna-
tive for genetic mapping and marker-assisted selec-
tion. In maize, the frequency of polymorphisms in the
US elite inbred lines is 1 SNP per 31 bp in non-cod-
ing regions, and 1 SNP per 124 bp in the coding re-
gions (Ching et al. 2002). In soybean, a recent study
of sequence diversity in 22 diverse genotypes found
1.64 SNPs per kb in coding regions, and 4.85 SNPs
per kb in non-coding regions (Zhu et al. 2001).
Kanazin et al. (2002) reported a rate of 1 mutation
per 189 bases in barley. SNPs associated with traits
have also been discovered in rice, soybean, and on-
ion (Gupta et al. 2002). An advantage to using SNPs
in plant breeding applications is that genotyping can
be automated using single nucleotide primer exten-
sion assays (Giordano et al. 1999), thus offering a
potential to increase both efficiency and throughput.

Although SNPs can be identified by sequencing
selected DNA fragments, a practical limitation to this
approach for tomato follows from the fact that the se-
quencing error rate is often higher than the polymor-
phism rate. The cost of SNP discovery through
sequencing amplified fragments is therefore high
even with reductions in the cost of sequencing. The
objectives of the research described in this paper were
to assess the potential of existing public databases for
the discovery of polymorphisms. To date, the tomato
genome project has resulted in a public database of
148,373 ESTs. Of these, 14.4% were derived from the
variety Rio Grande or from Rio Grande X Money-
maker crosses (designated R11-12 and R11-13). Ap-

proximately 78.7% were derived from TA496, which
has a processing tomato pedigree tracing to E6203.
By comparing sequence data from Rio Grande and
TA496 we assessed the potential to identify genetic
differences between elite varieties. Polymorphisms
discovered from this data mining were then applied
to genetic studies within elite breeding populations.

Materials and methods
Identifying single nucleotide polymorphisms (SNPs)

Expressed sequence tags (ESTs) of Lycopersicon es-
culentum were obtained from the National Center for
Biotechnology Information (NCBI) dbEST release
080902. The ESTs were downloaded in FASTA for-
mat as two distinct data sets based on the origin of
varieties: TA496 and Rio Grande (including Rio
Grande PtoR and the progeny of Rio Gande X Mon-
eymaker, R11-12 and R11-13) using the Entrez search
and retrieval system for nucleotide data and phrase
searching (e.g., Lycopersicon esculentum [ORGN]
AND EST AND TA496). FASTA formatted files were
downloaded by directing the cgi text file to be saved
on a local computer.

A set of scripts was written in Perl (version 5.6.0)
to facilitate the manipulation and analysis of the
FASTA sequence files. The EST entries extracted
from the NCBI website were treated as input and
modified by searching the description line for a spe-
cific string of “ESTxxxx” (where xxxx is a number),
retaining only “ESTxxxx” as the entry name and
adding a user-given extension name (TA496 or RioG)
to the end of the entry names in the format of *“ ES-
Txxxx.Extension”. Each EST sequence is therefore
indexed to the NCBI database using ESTxxxx and to
a variety based on the assigned Extension name.

ESTs of Rio Grande were assembled into a unique
gene (unigene) contiguous sequence (contig) set us-
ing Phrap run on a workstation in the Linux operat-
ing environment. The Phrap output file was reduced
to a file containing only contigs having 3 or more
ESTs. These EST names were then re-integrated with
the correct sequence data to form a file consisting of
a contig number (Contigxxx) followed by three
sequence data sets each with the “ESTxxxx.Exten-
sion” name to form a FASTA format sequence file.
Next, a single sequence from each contig was chosen
and searched against the EST database of TA496 us-
ing Basic Local Alignment Search Tool (BLAST).



Three EST sequences from the TA496 data set for
each contig were selected using a program that takes
the output file resulting from the BLAST search as the
input. The top three hits from the BLAST output file
were extracted and the information was stored in one
file. The three TA496 sequences from the BLAST ex-
tractor output file were then combined with three EST
sequences from the Rio Grande contig data set to
create a data set with three EST sequences of Rio
Grande (or related pedigrees) and three EST se-
quences of TA496. The resulting six EST sequences
were aligned using the sequence alignment program
ClustalX (1.8) to identify possible SNPs.

Confirmation of candidate SNPs

The SNPs detected by computer analysis were veri-
fied by PCR with restriction enzymes or by digestion
with CEL I nuclease. Restriction enzyme cleavage
sites at putative SNPs were detected in the sequences
using Webcutter (Version 2.0, http://www.firstmarket-
.com/cutter/cut2.html). Primers were designed using
Primer 3 (Rozen and Skaletsky 2000) with the opti-
mal PCR product length set between 150 and 600 bp.

SNP verification was based on the ability to detect
expected polymorphisms in the DNA of E6203,
TA496, Rio Grande, and Moneymaker. The con-
firmed polymorphisms were further screened for their
potential in other crosses by testing a larger set of
genotypes. DNA was isolated from 22 tomato variet-
ies and breeding lines, a L. esculentum var cerasifor-
mae plant introduction (PI) and 3 wild species
Lycopersicon accessions (LA) using a modified
CTAB isolation method as described previously (Ka-
belka et al. 2002). The varieties and wild accessions
used were: E6203, TA496, Rio Grande, Moneymaker,
NC84173, Fla7775, Fla7600, Ohio 9242, Ohio 8245,
Ohio 7814, Ohio 88119, M 82, Sun 1642, Banana
Legs, Sausage, Black Plum, Jersey Devil, San Mar-
zano, Roma VF, Howard German, Hawaii 7998, Ha-
waii 7981, PI114490, LA1589, LA407, and LA716.
PCR reactions were conducted in a 20wl reaction
volume. Each reaction consisted of 10 mM Tris-HCI
(pH 9.0 at room temperature), 50 mM KCI, 1.5 mM
MgCl,, 50 puM of each dNTP, 0.3 uM primers, 2 .l
of 5 ng/pl genomic DNA template and 1 unit of Tag
DNA ploymerase. Reactions were heated at 94 °C for
2 min followed by 36 cycles 1- min at 94 °C, 1-min
at the suitable annealing temperature (Table 1), and a
2-min extension at 72 °C. Final reactions were
extended at 72 °C for 5 min. Amplification was per-
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formed in a PTC-100™ programmable Thermal
Controller (MJ Research, Inc. Watertown, MA). The
PCR products detected as cut amplified polymorphic
sequences (CAPS) were digested with specific restric-
tion enzymes according to the manufacturer’s proto-
col (Table 1). Fragments were separated using either
2% or 4% agarose gels (Amresco Biotechnology
Grade 3:1 agarose, Solon, OH, USA), stained with
ethidium bromide, and photographed using Syngene
Biolmaging Systems (Cambridge, UK).

Detection of polymorphisms using CEL I

The CEL I nuclease was partially purified using an
approach modified from that described by Yang et al.
(2000). Briefly, AEBSF replaced PMSF as a protease
inhibitor in our protocol. Clean dry celery was
homogenized at 4 °C using a professional series
model JM211 juicer (Juiceman, Mt. Prospect, IL
60056, USA). One liter of juice was mixed with 30
ml of buffer A (0.1 M Tris-HCI pH 7.7, 100 pM
AEBSF) and filtered through sterile cheesecloth three
times in order to remove debris. All subsequent steps
were performed at 4 °C with pre-chilled buffers, re-
agents and equipment as described by Yang et al
(2000).

Fractions of crudely purified nuclease were assayed
for CEL I activity using a heteroduplex template con-
taining a loop of approximately 20 bp. Digestions
were performed using each fraction from the crude
preparation of CEL I and the heteroduplex template
at 45 °C for 30 min. in 20 mM Tris-HCI pH 7.4, 25
mM KCI, and 10 mM MgCl, (Oleykowski et al.
1998). Digestion products were separated on 10%
TBE-Urea polyacrylamide gels and stained with Sybr
Gold (Molecular Probes, Eugene, OR, USA). Frac-
tions containing the highest CEL I activity and mini-
mal non-specific nuclease activity were retained.

A subset of SNPs (LEOHI, LEOH2, LEOH7,
LEOHS, LEOH9, LEOH21, and LEOH22) were also
confirmed using CEL I digestion of artificial hetero-
duplex templates (Table 1). In addition, primers am-
plifying loci TG23, TG91, TG47, TG134, TG236,
TG242, TG246, TG359, TG609, CTS59, CT93,
CT118, CT167, CT168, CT182, and CT258 were
tested for polymorphism using the CEL I assay. Het-
eroduplexes were formed by mixing equal amounts of
amplified DNA from two tomato geneotypes, heating
the DNA to 95 °C for 5 minutes to denature, and
cooling to 53 °C to allow strands to re-anneal. This
approach formed a mixture of homo and hetero-du-
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plex DNA that served as a template for CEL I
nuclease digestion. Digestion products were separated
on 10% TBE-Urea polyacrylamide gels and stained
with Sybr Gold for visualization.

Non-synonymous and synonymous substitution

Non-synonymous and synonymous mutations were
detected within ESTs containing SNPs by scanning
sequences for open reading frames using ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Puta-
tive ORFs were used to search the NCBI data for ho-
mology between amino acid sequences (BLAST-P).
Open reading frames showing a high percentage
match to known genes were assumed to be correct,
and the amino acid sequences within each contig were
then aligned using ClustalX (1.8) to determine
whether substitutions were synonymous or non-syn-
onymous.

Genetic mapping of SNPs

Two populations were used to map the SNPs. The first
population (population 1) was a set of L. pennellii
LA716 introgression lines (ILs). Each line is homozy-
gous for a single chromosome segment derived from
LA716 and delineated by RFLP markers introgressed
from L. pennellii into L. esculentum cultivar M82,
such that the entire wild species genome is repre-
sented in a group of 50 lines (Eshed and Zamir 1995).
The second population was an F, population (Popu-
lation 2) consisting of 46 individuals derived from a
cross of LA1589 (L. pimpinellifolium) and Sun1642
(L. esculentum). The SNP markers were combined
with RFLP markers placed on the same population
(van der Knaap and Tanksley 2001) to construct a
linkage map using the Kosambi mapping function of
Mapmaker (Lander et al. 1987).

Color measurement

Two populations derived from L. esculentumXxL. es-
culentum crosses were analyzed for the association of
SNPs and loci that affect fruit color. The first popu-
lation was derived from Ohio 8245 and Ohio 2349
(Kabelka 2001) and consisted of 160 F, individuals.
The second population consisted of 80 F, individuals
derived from crossing Ohio 1023 and Ohio 7814.
Populations were grown in the field using conven-
tional practices (Precheur 2000), and twenty-four fruit
were harvested from each plant for objective mea-
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surement of color as described by Sacks and Francis
(2001).

Numeric descriptions of the red, green, yellow and
blue components of tomato color were obtained us-
ing the “L*a*b*” CIELAB color space (Commission
Internationale de 1’Eclairage, 1978). The L* coordi-
nate indicates darkness or lightness of color and
ranges from black (0) to white (100). Coordinates, a*
and b*, indicate color directions: +a* is the red di-
rection, — a* is the green direction, +b* is the yel-
low direction and — b* is the blue direction. Chroma
(saturation or vividness of color) and hue (the basic
tint of color) are derived from a* and b*. Chroma is
calculated as (a** + b**)"2 As chromaticity in-
creases, a color becomes more intense; as it decreases
a color becomes duller. A minimum color CIELAB
difference of 1 unit is perceptible to a human observer
depending on the L* value, background color, and
lighting (Berger-Schunn 1994). Hue is an angular
measurement, calculated as (180/m)[cos™ (a*/
chroma)] for positive values of b*, and is defined as
starting at the red +a* axis at 0 degrees. A hue angle
of 45 degrees would be orange-red in color, whereas
90 degrees would be yellow. Perception of hue angle
differences will depend on the chroma with differ-
ences more detectable at higher chroma. In general,
and based on the assumption that there are approxi-
mately 160 distinguishable hues, a hue angle differ-
ence of 2.5 is detectable (Hardin 1990).

Genotyping and statistical analysis for marker-trait
association

All SNPs were examined for polymorphism against
parents of elite breeding populations. A total of nine
PCR-based markers (based on TG and CT sequences)
including three newly identified SNPs were tested in
the OHI1023xXOH7814 population. Sixteen PCR-
based markers including five newly identified SNPs
were tested in the OH8245XOH2349 population.
Genotyping was performed as described above for
SNP verification.

Statistical analyses were performed using the GLM
procedure of SAS (Statistical Analysis System ver-
sion 8.1, SAS Institute, Cary, NC). The statistical
models and the rationale for these models have been
described in detail previously (Sacks and Francis
2001; Kabelka et al. 2002). Linkage relationships be-
tween the genotypic classes of each molecular marker
with hue, L, and chroma within populations were de-
termined with molecular marker considered as a fixed
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Table 2. Distribution of substitution types among confirmed SNPs.

Substitution type Base No. of Percentage
substitution occurrence

Transition A/G 5 11.6
G/A 9 20.9
C/T 8 18.6
T/C 3 7.0

Sub-total 25 58.1

Transvertion A/T 1 2.3
A/C 6 14.0
C/G 3 7.0
G/C 1 2.3
G/T 1 2.3
T/G 1 2.3
T/A 4 9.3

Sub-total 17 39.5

Insertion/ G 1 2.3

deletion

Total 43 100

effect whereas replicated measurements of fruit color
and genotypes were considered as random effects.
The statistical model tested accounted for variation
within fruit and within F, plant, degrees of freedom
were calculated via the Satterthwaite approximation,
and the genotype within marker variation was speci-
fied as the error term for the F-statistic. The marker-
trait analysis was therefore more conservative than
statistical approaches that rely only on the mean fruit
color for each F, plant (Sacks and Francis 2001; Ka-
belka et al. 2002). Significant (p < 0.05) differences
in marker class means were interpreted as evidence
for linkage of a marker to a locus controlling hue, L,
or chroma. Because our model for marker-trait analy-
sis accounts for within fruit and within plant varia-
tion, total phenotypic variation explained by each
marker was calculated by partitioning variance com-
ponents using the VARCOMP procedure of SAS and
restricted maximum likelihood (REML).

Results

SNPs between TA496 and Rio Grande

A total of 138,093 EST sequences derived from dif-
ferent tissues of either TA496 or Rio Grande includ-

ing the progeny of a cross between Rio Grande and
Moneymaker (R11-12 and R11-13) were obtained

from the NCBI. 21,382 (14.4% of the total and 15.5%
of the downloaded sequences) ESTs of Rio Grande,
R11-12 and R11-13 were assembled into 2,635 uni-
genes. Applying a cut-off of at least three sequences
for each contig resulted in a data-set consisting of
1,504 contigs that provided the basis for further
analysis. The automated and random selection of a
single sequence from each contig for BLAST against
the EST database of TA496 identified 1,245 contigs
with three or more sequences common to the two sets
of sequence data. The 138,093 ESTs were therefore
reduced to 1,245 contigs for use in identifying poten-
tial SNPs. Among these sequences, forty-four uni-
genes showed 101 potential polymorphisms, two of
which were putative insertion/deletions (indel) muta-
tions.

Sixty-six candidate SNPs could be recognized by
available restriction enzymes. Fifty-two SNPs in 33
unigenes were selected for PCR and restriction diges-
tion analysis. For initial verification four varieties,
TA496, Rio Grande, E6203, and Moneymaker, were
used for PCR and the products were digested by the
appropriate restriction enzyme. Forty-three (82.7%)
candidate SNPs (including 1 indel) in 24 unigenes
were confirmed (Table 1). The distribution of genetic
changes was: 58.1% transitions, 39.5% transversions
and 2.3% indels (Table 2). Seventeen out of 23 SNPs
were confirmed using CEL I digestion (Figure 1).
Using a subset of SNPs verified in this work and
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Figure 1. Example of SNP detection with CEL I digestion of PCR-
amplified DNA of LA1589 and 86120 (L. esculentum). C: control
consisting of undigested heteroduplex; H: Heteroduplex DNA
treated with CEL I. The heteroduplex DNA template is formed
from denaturation and renaturation of two distinct genotypes and
consists of a mixture of homoduplex DNA and heteroduplex DNA.
CEL I treatment results in digestion of only the heteroduplex por-
tion of the template leaving homoduplex DNA undigested (top ar-
row). Digestion products of expected size are indicated by the
lower two arrows.

known SNPs in TG and CT sequences as a basis of
comparison, we estimate that the CEL I assay
detected 74% of true SNPs under the conditions em-
ployed (data not shown).

The frequency of polymorphisms between TA496
and Rio Grande is 1 SNP in approximately 8,500
bases. We detected an average of 1 SNP per 15 genes
(based on an estimate of 83 confirmed SNPs per
1,245 unique genes). However, the average number of
SNPs per polymorphic EST was 1.79; 43.2 % of
polymorphic ESTs had only one SNP, 34.1 % had
two, 6.8% had three, 4.5% had four, and five ESTs
(11.4%) had 5 or more SNPs. Given the distribution
of SNPs per gene, an estimation of the number of
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polymorphisms between TA496 and Rio Grande is 1
SNP for every 28 genes.

Of the 43 SNPs confirmed by restriction digestion,
23 are non-synonymous substitutions and 16 are syn-
onymous substitutions. The remaining 4 SNPs ap-
peared to be in regions of the EST sequence that are
not translated (Table 1).

The presence of confirmed SNPs in other tomato
germplasm

To test if the SNPs identified between TA496 and Rio
Grande are also polymorphic among other L. esculen-
tum varieties, an additional 19 varieties representing
fresh market varieties, processing varieties, heirloom
varieties, and breeding lines were compared. Of the
43 SNPs between TA496 and Rio Grande that were
confirmed with restriction digest, 23 also showed
polymorphisms among other L. esculentum varieties
(data not show). This indicated that the SNPs discov-
ered between Rio Grande and TA496 had a high
probability (53.5%) of detecting SNPs between other
L. esculentum varieties.

SNPs identified in L. esculentum were also
observed in the three wild species: LA716 (L. pen-
nellii), LA407 (L. hirsutum), and LA1589 (L. pimp-
inellifolium). SNPs present between TA496 and Rio
Grande had 82.5% polymorphism rate with LA716,
80% with LA407, and 67.5% with LA1589. Occa-
sionally polymorphisms were detected between L. es-
culentum and the wild species that were not detected
based on the computer analysis. For example, an in-
del polymorphism was detected with LEOH7 be-
tween L. esculentum and LA1589 and a SNP was
detected with LEOH2 between L. esculentum and
LA716 (Table 1).

Map position of SNPs

Of the 43 confirmed SNPs, 12 showed specific poly-
morphisms between LA716 and M82, 4 showed spe-
cific polymorphisms between LA1589 and Sun1642,
and 10 showed polymorphisms in both populations.
These 26 SNPs belonged to 18 unigenes, and 16 were
mapped to a specific chromosome (Table 1, Figure 2).
Map positions of most SNPs in common to both
populations were consistent, e.g., LEOH37 was
mapped to IL4-3 using population 1 and mapped to
chromosome 4 using the population 2. LEOH16
mapped between markers CT93 and TG96 on chro-
mosome 5 using population 2 but none of the IL lines
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Figure 2. Map position of SNPs. SNPs mapped in the F, population derived from a cross of LA1589 (L. pimpinellifolium) and Sun1642 (L.
esculentum) are indicated relative to framework markers on chromosomes. Bold lines to the right of each chromosome indicate the positions
of L. pennellii LAT16 introgression lines (ILs). SNP markers only mapped to ILs are indicated to the right. SNP markers with an asterisk (*)
indicate multiple map positions. Markers mapped with LOD < 3.0 are indicated.
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Table 3. SNPs associated with lightness-darkness of color (L) and intensity of color (Chroma) in two elite breeding populations.

L Chroma
Marker Population Genotypic Class Mean p Vp Mean P Vp
LEOH23 OH1023x0OH7814 0.022 0.146 ns ns
OH1023 42.87 36.58
OH7814 40.72 37.32
Heteroz. 41.78 36.93
LEOH37 OHS8245x0H2349 ns ns < 0.0001 0.216
OH8245 40.16 39.04
OH2349 40.11 36.49
Heteroz. 39.77 38.37

Significance (p) of single marker-trait analysis is based on an F-test using Gen(marker) variation as the error term; proportion of total phe-
notypic variance explained is indicated by Vp; ns=not significant at 0.05.

in population 1 showed the polymorphism that was
detected between LA716 and MS82. Likewise, LE-
OH40 mapped on chromosome 7 in population 2, but
the polymorphism detected between parents was not
found in the segregating IL population. Two unigenes,
LEOHI15 and LEOH17, detected multiple gene fami-
lies and could not be mapped to a specific chromo-
some. LEOH15 amplified a CAB gene with family
members that were mapped to chromosomes 2 and 3,
consistent with the location of CAB1 and CAB3 re-
spectively. LEOH17 amplified an Adh gene that was
mapped to 5 chromosomes in the IL population and
only chromosome 1 using population 2. Map posi-
tions were consistent with the location of Adhl and
Adh2 (Tanksley and Jones 1981). Although the map
positions of a subset of the CAB and Adh genes were
consistent with reference maps, it is also possible that
the few inconsistent results between the two mapping
populations are due to IL lines containing small in-
trogressions from other chromosomes and or small
gaps from the introgressed L. pennellii genome (Bon-
nema, et al., 2002). The mapped SNPs cover 9 of 12
tomato chromosomes, with half of them placed on
chromosome 9.

Identifying SNPs associated with fruit color

Single marker-trait analysis of the F, populations in-
volving elite breeding lines revealed that polymor-
phisms detected by LEOH37 and LEOH23 were
significantly associated with loci that affect compo-
nents of tomato fruit color (Table 3). F, plants with
the Ohio 8245 allele marked by LEOH37 showed an
increase in chroma that corresponds to twice the level
detectable by an average observer. This locus

explained 21.3% of the total phenotypic variation for
chroma and probably corresponds to the locus on
chromosome 4 described based on a RAPD polymor-
phism detected by OPBB-09 (Kabelka 2001). F,
plants with the Ohio 7814 allele of LEOH23 showed
decreasing L values and explained 14.6% of the total
phenotypic variation for L. Again, this change in L
corresponds to two-fold the difference perceptible to
a human observer (Berger-Schunn, 1994; Hardin,
1990). Thus, the SNPs were useful for detecting two
QTL for color and may have applications for marker-
assisted selection within populations derived from
elite L. esculentum varieties.

Discussion

Large-scale sequencing of Expressed Sequence Tags
and complete genomes offers information of use to
plant breeding programs. With the completion of the
first crop genome sequencing projects (Goff et al.
2002; Yu et al. 2002) the potential for plant breeding
to be impacted by new technology has never been
greater. In tomato, sequencing projects offer a poten-
tial solution to the scarcity of markers that can be
used in elite breeding populations. Of special interest
is the ability to discover DNA polymorphisms by
mining sequence data (Smulders et al. 1997; Brede-
meijer et al. 2002).

The frequency of single nucleotide polymorphisms
that we detected is considerably lower than reported
for maize, wheat, barley, and soybean. Not surpris-
ingly it is also lower than the one SNP per approxi-
mately 100 bases that was detected between L.
pennellii and L. esculentum (Suliman-Pollatschek et
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al. 2002). However, this result must be interpreted
with care as TA496 and Rio Grande are both deter-
minate “roma” style tomatoes and therefore do not
fully represent the diversity within cultivated germ-
plasm. Based on SSR markers, TA496 and Rio
Grande represent less than 37% of the genetic varia-
tion in cultivated tomato (unpublished data). In con-
trast, soybean and maize studies examined SNPs in
germplasm from more diverse populations (Zhu et al.
2001, Ching et al. 2002). Based on the frequency of
SNPs that we detected and considering the estimate
of 35,000 genes in tomato (Van der Hoeven et al.
2002), we may expect as many as 2,300 polymor-
phisms between genes of these two L. esculentum va-
rieties. Given the average of 1.79 SNP per gene, we
expect as many as 1,284 unique genes could be poly-
morphic between TA496 and Rio Grande.

One limitation to detecting SNPs is the need to se-
quence alleles from both parents. With the occurrence
of SNPs falling below the sequence error rate, this
approach is potentially costly. A second approach is
to use the CEL I assay to detect SNPs. This approach
will miss as many as 25% of SNPs, but may offer a
high-throughput option. Preliminary results using
CEL I suggest that SNP detection in non-coding DNA
will be considerably more efficient than SNP detec-
tion in coding regions(data not shown). Thus, it is not
unreasonable to assume that marker coverage based
on SNPs and appropriate for interval mapping could
be achieved for crosses within cultivated germplasm.

Several factors that affected the success of “in
silico” polymorphism detection could be addressed
with further analysis or experimentation. First, the
sequencing error was approximately 0.2% in our data
set which excluded the extreme 5° and 3’ portions of
sequence runs. Thus the sequence error was roughly
17 fold higher than the true polymorphism rate. Pub-
lic access to EST sequence trace files or Phred qual-
ity scores may allow for more efficient SNP discovery
by permitting the use of quality information as a sub-
stitute for sequence redundancy. Second, the current
EST data set is heavily skewed towards TA496
sequences thus restricting the data set available for
comparisons to 15.5% of sequence. Sequencing
efforts aimed at obtaining a more balanced data set
based on variety of origin will permit more effective
discovery of polymorphisms. Finally, although we re-
lied on three-fold redundancy there were still 17% of
candidate SNPs that could not be confirmed. We be-
lieve that either shared sequencing error, closely re-
lated multi-gene families, intron disruption of restric-

tion sites in the EST, or variety source differences
contributed to the detection of SNPs “in silico” that
could not be confirmed. The successful identification
of markers that are polymorphic within cultivated
germplasm and the potential for many more suggests
that continued mining of sequence data for SNPs will
be productive.

It is possible to interpret the sequence and mapping
data in light of the role that selection may play in
maintaining SNPs within the germplasm pool of cul-
tivated tomato. Although the mapping of SNPs iden-
tified markers on nine of the twelve tomato chromo-
somes, many SNPs mapped to chromosome 9. The
clustered distribution may reflect selection pressure
on chromosome 9 that differentiates TA496 and Rio
Grande. It is entirely possible that the introgression
of Tm-2 on chromosome 9 of TA496 carried a linked
block of genes from the wild species donor of resis-
tance. In support of this hypothesis, only one of the
eight genes that map to chromosome 9 was polymor-
phic between other L. esculentum varieties (exclud-
ing Fla 7775 which also contains Tm-2). Of the
remaining ten markers that were mapped, dispersed
regions of the genome were covered and nine were
polymorphic in other L. esculentum varieties. These
results suggest that further SNP identification will not
only tag introgressions, but also provide distribution
across the genome.

The utility of the L. esculentum SNPs for breeding
and genetic applications is validated by the demon-
stration that LEOH23 and LEOH37 are associated
with QTL contributing to fruit color within breeding
populations of tomato. We had previously shown that
genetic variation for color exists within such elite
breeding populations and that this variation could not
be explained based on known genes (Sacks and Fran-
cis, 2001). The amino acid sequence and map posi-
tion on chromosome 4 demonstrate that LEOH37 is
LeMT3, a member of the type II metallothionein gene
family in tomato (Giritch et al. 1998). A QTL linked
to LeMT3 explained 21.6% of the total phenotypic
variation for chroma, the intensity of color, and does
not correspond to previously described genes known
to affect color in tomato. A second SNP, LEOH23, is
associated with a locus that affects 14.6% of the phe-
notypic variation for the lightness to darkness of to-
mato fruit. LEOH23 maps to chromosome 2, the same
chromosome that contains PSY2 (Bartley and
Scolnik, 1993) and PHYE (van Tuinen et al, 1997).
The function of PSY2 and PHYE are sufficient to
consider these genes as “candidate loci” for QTL that



contribute to fruit color. However, the transcripts of
the PSY2 phytoene desaturase are more abundant in
mature leaves than fruit (Bartley and Scolnik, 1993),
and this gene has not been considered an important
contributor to carotenoids in the fruit. Most impor-
tantly, chromosome 2 has not previously been associ-
ated with loci that influence color and has not been
actively targeted by plant breeders seeking to improve
fruit quality. The SNP markers identified in this study
will therefore be useful in marker-assisted selection
for color.
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