Theor Appl Genet (2005) 111: 291-312
DOI 10.1007/s00122-005-2023-7

ORIGINAL PAPER

Anne Frary - Yimin Xu - Jiping Liu - Sharon Mitchell
Eloisa Tedeschi - Steven Tanksley

Development of a set of PCR-based anchor markers encompassing
the tomato genome and evaluation of their usefulness for genetics

and breeding experiments

Received: 2 February 2005/ Accepted: 23 March 2005 / Published online: 31 May 2005

© Springer-Verlag 2005

Abstract Tomato and potato expressed sequence tag
(EST) sequences contained in the solanaceae genomics
network (SGN) database were screened for simple
sequence repeat (SSR) motifs. A total of 609 SSRs
were identified and assayed on Solanum lycopersicum
LA925 (formerly Lycopersicon esculentum) and S.
pennellii LAT716 (formerly L. pennellii). The SSRs that
did not amplify, gave multiple band products, or did
not exhibit a polymorphism that could be readily de-
tected on standard agarose gels in either of these spe-
cies were eliminated. A set of 76 SSRs meeting these
criteria was then placed on the S. [ycopersicum
(LA925) x S. pennellii (LA716) high-density map. A set
of 76 selected cleaved amplified polymorphism (CAP)
markers was also developed and mapped onto the same
population. These 152 PCR-based anchor markers are
uniformly distributed and encompass 95% of the gen-
ome with an average spacing of 10.0 cM. These PCR-
based markers were further used to characterize S.
pennellii introgression lines (Eshed and Zamir, Genetics
141:1147-1162, 1995) and should prove helpful in uti-
lizing these stocks for high-resolution mapping experi-
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ments. The majority of these anchor markers also
exhibit polymorphism between S. lycopersicum and two
wild species commonly used as parents for mapping
experiments, S. pimpinellifolium (formerly L. pimpinel-
lifolium) and S. habrochaites (formerly L. hirsutum),
indicating that they will be useful for mapping in other
interspecific populations. Sixty of the mapped SSRs
plus another 49 microsatellites were tested for poly-
morphism in seven tomato cultivars, four S. /ycopersi-
cum var. cerasiforme accessions and eight accessions of
five different wild tomato species. Polymorphism
information content values were highest among the
wild accessions, with as many as 13 alleles detected per
locus over all accessions. Most of the SSRs (90%) had
accession-specific alleles, with the most unique alleles
and heterozygotes usually found in accessions of self-
incompatible species. The markers should be a useful
resource for qualitative and quantitative trait mapping,
marker-assisted selection, germplasm identification, and
genetic diversity studies in tomato. The genetic map
and marker information can be found on SGN (http://
www.sgn.cornell.edu).

Introduction

In addition to its worldwide agricultural and economic
importance as a crop, tomato (Solanum lycopersicum,
formerly Lycopersicon esculentum) is a preeminent
model system for genetic studies in plants. Genetic
mapping of morphological traits began during the first
decades of the last century (Jones 1917) and, by the
1990s, tomato was one of the first plants for which a
high-density DNA-based molecular map was available
(Bernatzky and Tanksley 1986; Tanksley et al. 1992).
This map, consisting primarily of restriction fragment
length polymorphisms (RFLPs), facilitated many other
“firsts” in the species. Extensive mapping of qualitative
traits such as various disease resistances (e.g., Young
et al. 1988; Martin et al. 1991) allowed tomato breeders
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to be among the first to use powerful marker-assisted
selection (MAS) techniques to develop improved plant
cultivars. In addition, tomato was the first species in
which quantitative trait loci (QTLs) mapping for a
complete genome was conducted in a single segregating
population (Paterson et al. 1988). Qualitative and
quantitative trait mapping was further simplified by the
development of a set of genetically fixed, molecularly
characterized, overlapping introgression lines (ILs;
Eshed and Zamir 1995) that are used as a permanent
resource to identify and fine-map genes more rapidly
and at less expense than transient populations. More-
over, the first plant disease resistance gene to be cloned
by a map-based approach, Pto (Martin et al. 1993), as
well as the first plant QTL, fw2.2 (Frary et al. 2000),
were both isolated in tomato.

Since publication of the original high-density RFLP
map (Tanksley et al. 1992), additional types of molecu-
lar markers, including microsatellites (Broun and
Tanksley 1996; Grandillo and Tanksley 1996a; Aresh-
chenkova and Ganal 1999, 2002; Suliman-Pollatschek
et al. 2002), random amplified polymorphic DNA
(RAPDs; Grandillo and Tanksley 1996a), amplified
fragment length polymorphisms (AFLPs; Haanstra et al.
1999; Suliman-Pollatschek et al. 2002) and single
nucleotide polymorphisms (SNPs; Suliman-Pollatschek
et al. 2002) have been utilized in tomato. All of these
alternative markers are based on the PCR; as a result,
many are considered to be cheaper, faster, less labor
intensive, and more widely applicable than RFLPs.
However, with the exception of a combined RFLP-
AFLP map (Haanstra et al. 1999), there has been no
PCR-based map that provides complete coverage of the
tomato genome. The availability of a map containing
highly reproducible, locus-specific, codominant PCR-
based markers would facilitate many types of studies in
tomato (including gene mapping, QTL analysis, and
MAS) particularly in research and breeding programs
with limited resources.

The goals of the present study were to develop a set of
PCR-based anchor markers for research in tomato
genetics and breeding. These markers consist of micro-
satellite and cleaved amplified polymorphism sequence
(CAPs) markers, primarily based on single-copy/coding
regions. These markers encompass the entire tomato
genome, are placed at regular intervals, and are anchored
in the tomato high-density molecular linkage map that
currently comprises 1,579 markers (http://www.sgn.cor-
nell.edu). Moreover, a priority was given to markers for
which polymorphism could be readily detected on stan-
dard agarose gels to facilitate their use in laboratories
throughout the world. Microsatellites or simple sequence
repeats (SSRs) are short (usually two to four nucleotide),
tandemly repeated DNA sequences. Because of their
repetitive nature, the length (i.e., the number of repeat
units) of SSRs are vulnerable to mutation caused by
replication slippage and unequal cross-over during mei-
osis (Valdes et al. 1993). As a result, SSRs are often highly
polymorphic. However, because they represent simple

repeated sequences, SSRs are likely to be located in re-
gions of repetitive DNA, such as centromeres, so that
random selection of SSRs from genomic DNA can result
in a distorted map in which such markers are clustered
around the pericentric heterochromatin (Areshchenkova
and Ganal 1999). By screening for SSRs in and around
coding regions, it is more likely that a set of markers an-
chored in the coding (especially euchromatic) portions of
the chromosome will be identified and fuller genome
coverage will be attained. Full genome coverage of SSRs
can be complemented with CAPs assays to allow uniform
coverage of the entire coding portion of the genome.

In the SSR technique, primers that are complemen-
tary to the conserved regions that flank a microsatellite
are used to amplify the repeat. Length polymorphisms
are then detected by gel electrophoresis using either
standard agarose or sequencing gels (Akkaya et al.
1992). In the CAPs technique, sequence-specific primers
are used to amplify a given region of the genome.
Amplification products are then cleaved with an
appropriate restriction enzyme and separated by elec-
trophoresis to reveal polymorphism among individuals
(Konieczny and Ausubel 1993).

The primary disadvantage of both SSRs and CAPs is
their dependence on a priori DNA sequence informa-
tion, however, a considerable amount of sequence
information currently exists for tomato and the closely
allied species potato. The recent development of an ex-
pressed sequence tags (EST) database containing nearly
300,000 tomato and potato sequences (Van der Hoeven
et al. 2002; http://www.sgn.cornell.edu) has made it
easier to identify and exploit SSRs in the species. In
addition, the sequences of most of the tomato RFLP
markers, the majority of which correspond to coding
regions, are publicly available (http://www.sgn.cor-
nell.edu) and provide an excellent resource for CAPs
development. The current high-density molecular map
of tomato contains more than 1,500 markers, 576 of
which correspond to conserved ortholog set (COS)
markers derived from ESTs that are conserved and
single or low copy in both the tomato and Arabidopsis
genomes as well as a subset of RFLP and other markers
from the first high-density map (Tanksley et al. 1992;
Fulton et al. 2002; http://www.sgn.cornell.edu). The se-
quences of these COS markers provide another source
for CAPs marker development.

In order to be considered for use on the map, the
anchor SSR and CAPs markers had to meet certain
criteria: detection of polymorphism between the parents
of the high-density mapping and IL populations, S. [y-
copersicum and S. pennellii; visualization of the poly-
morphism on standard agarose gels to allow use by as
many laboratories as possible; and placement of the
markers on the map at intervals of less than 20 cM.
Additional SSR markers were genotyped in the mapping
population with a sequencer and are also included on the
map. Moreover, 109 SSR markers were surveyed for
polymorphism on a range of tomato germplasm
including seven cultivated lines, four S. lycopersicum



var. cerasiforme lines, and eight wild accessions. This
information should be of interest for those wishing to
use these SSRs for mapping with other parental lines
and for genetic diversity studies.

Materials and methods
Plant material

An F, population of 83 individuals from the cross
Solanum lycopersicum (LA925) x S. pennellii (LA716)
was used for map construction. This population was
previously used to construct a map containing more
than 1,500 markers derived from genes that are con-
served and single or low copy in both tomato and
Arabidopsis (Fulton et al. 2002). A subset of markers
was also mapped on the S. pennellii 1Ls (Eshed and
Zamir 1995). These lines contain defined introgressions
of S. pennellii (LA716) in a S. lycopersicum cv. M82
background. Nineteen tomato lines were used for the
polymorphism study, including seven cultivated lines (S.
lycopersicum var. esculentum), four accessions of the
putative progenitor of cultivated tomato (S. /ycopersi-
cum var. cerasiforme), and eight accessions of five other
wild species. The tomato lines used in the study are de-
scribed in Table 1. The SSRs were also tested on potato
(Solanum tuberosum B11B), eggplant (S. melongena
MM738) and pepper (Capiscum annuum R Naky). Wild
tomato accessions were provided by the C.M. Rick
Tomato Genetics Resources Center, University of Cali-
fornia, Davis, Calif.,, USA. Other lines were obtained
from D. Zamir, Hebrew University, Jerusalem, Israel
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(TA210); P& P Seed Co., Collins, N.Y., USA (TA1486);
Clause Seed Co., San Juan Bautista, Calif.,, USA
(TA1487); M. Jahn, Cornell University, N.Y., USA (R
Naky); M.-C. Daunay, INRA, Montfavet, France
(MM738). The DNA from single plants of each culti-
vated or wild accession was extracted as described by
Fulton et al. (19995).

Identification and amplification of microsatellites

In May 2001, tomato and potato EST sequences con-
tained in the Solanaceae Genomics Network (SGN;
http://www.sgn.cornell.edu) were screened for SSR mo-
tifs of two to six nucleotides with a total repeat length of
at least 18 nucleotides using analytical tools developed
by Genomics Edge Technologies (St. Louis, Mo.). In
addition to perfect SSRs, the program also identified
imperfect and compound repeats. Thus, 609 candidate
SSRs were selected for further analysis. Primer pairs for
each SSR were designed using the PRIMER3 program
(Rozen and Skaletsky 1997). Primer sequences and re-
peat motifs for SSR markers mapped on agarose gels are
listed in Table 2 and are available from SGN (http://
www.sgn.cornell.edu). One previously published tomato
microsatellite, SSR638, was also used in the analysis
(Areshchenkova and Ganal 1999).

The DNA from TA209 and LA716 was tested for
amplification from each primer pair using the MJ Re-
search Research Peltier Thermal Cycler (PTC-225;
Waltham, Mass.). Each 25-ul reaction mixture con-
tained 30-50 ng of template DNA, 1 pmol of each for-
ward and reverse primer, 1xX PCR buffer (50 m M KClI,

Table 1 Description of plant material used and number of accession-specific alleles identified for each line

Species® Accession Name Type/origin Mating system® Number of
Unique alleles®
S. lycopersicum var. TA209 E6203 Processing inbred Autogamous SC 2
esculentum TA210 Freshmarket inbred 3
TA491 Sunpear Freshmarket variety 2
TAS503 Yellow Pear Freshmarket variety 0
TA1143 MS82 Processing variety 1
TA1486 Monster (Giant Red) Freshmarket variety 1
Tomato
TA1487 Freshmarket inbred 3
S. lycopersicum var. LA1226 Morona-Santiago, Chile Autogamous SC 5
cerasiforme LA1388 Junin, Peru 8
LA1455 Nuevo Leon, Mexico 7
LA1574 Lima, Peru 6
S. pimpinellifolium LA373 Ancash, Peru Autogamous SC 25
LA411 Los Rios, Ecuador 28
LA1246 Loja, Ecuador 22
LA1589 La Libertad, Peru 19
S. neorickii LA2133 Azuay, Ecuador Autogamous SC 34
S. habrochaites LA1777 Ancash, Peru Allogamous SI 54
S. pennellii LA716 Arequipa, Peru Facultative SC 61
S. peruvianum LA1708 Cajamarca, Peru Allogamous SI 30

% Formerly L. esculentum var. esculentum, L. esculentum var.
cerasiforme, L. pimpinellifolium, L. parviflorum, L. hirsutum, L.
pennellii, and L. peruvianum, respectively

bgC, Self-compatible; SI, self-incompatible
¢ Number of unique (accession-specific) alleles identified in each
line
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10 m M Tris-HCI, pH 8.3, 1.5 m M MgCl,), 0.2 m M
dNTPs, and 0.5 U Taq polymerase. Amplification con-
sisted of an initial denaturation for 5 min at 94°C, fol-
lowed by 35 cycles of amplification with denaturation at
94°C for 30 s, annealing at 50°C or 55°C for 45 s, and
extension at 72°C for 45 s, with a final cycle of 72°C for
5 min. Following amplification, products were separated
on 2-3% agarose gels in 1x TAE buffer for 3-5 h at
100 V and 4°C.

Mapping of microsatellites

The 89 SSRs showing single-band polymorphism be-
tween TA209 and LA716 on regular agarose gels were
then mapped on the 83 individuals of the F, mapping
population. The same population was also used to
map an additional 51 SSRs that could only be dis-
criminated on the sequencer. The methods used for
amplification, separation, and data analysis of these
SSRs are described below. Sequence, polymorphism
and other information for these markers can be found
on the SGN website (http://www.sgn.cornell.edu).
Linkage analysis was performed using MaP-
MAKER ver. 2.0 software (Lander et al. 1987). The
GrROUP and ORDER commands were used to define
linkage groups and the linear order of markers within
groups. The RrRiPPLE command was used to confirm
marker orders at LOD>3.0. Genetic distances were
calculated using the Kosambi mapping function
(Kosambi 1944).

Development and mapping of CAPs markers

Newly developed CAPs and CAPs for a known QTL
and its homolog (fw2.2, Nesbitt and Tanksley 2002;
fw7, unpublished) were used to fill the gaps between
SSRs. Thus, previously mapped tomato RFLP and
EST markers (Fulton et al. 2002) were selected at
intervals of 20 cM or less between SSRs to be con-
verted into CAPs assays. Primers for the markers were
designed using PRIMER3 (Rozen and Skaletsky 1997)
and synthesized by Integrated DNA Technologies
(Coralville, Towa). The PCR of each marker was per-
formed on both parents (TA209 and LA716) in 100-ul
reactions containing 100 ng DNA, 10 pmol of each
forward and reverse primer, 1x PCR buffer (50 m M
KCl, 10 m M Tris-HCI, pH 8.3, 1.5 m M MgCl,),
0.2m M dNTPs, and 1 U Taqg polymerase. Thermo-
cycling was as described for the microsatellites. The
PCR products of the parent lines were digested with
different restriction enzymes including Alul, EcoRI,
EcoRV, Dral, Haelll, Rsal, Hinfl, Mspl, Kpnl, Taql,
Dpnll, and Tsp5091 and electrophoresed through 2%
agarose to identify polymorphisms. The CAPs markers
were then assayed on the mapping population as de-
scribed for the SSRs. Sequences of the primers used
for the CAPs assays are listed in Table 2 and are
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available on the SGN website (http://www.sgn.cor-
nell.edu).

Survey of SSR polymorphism in tomato
and wild relatives

The SSRs that amplified single bands for both TA209
and LA716, including all of the loci mapped on agarose
gels, were surveyed for polymorphism on the 19 culti-
vated and wild tomato accessions as described by
Matsuoka et al. (2002). Forward primers were labeled
with HEX, FAM, or TET fluorescent tags (ABI Bio-
systems, Foster City, Calif.). After amplification, 0.5-ul
samples of PCR product were mixed with 0.1 pl Gene-
Scan 500XL size standard (PE Biosystems, Foster City,
Calif.) and 1.0 pl loading buffer, heated at 92°C for
5 min, then placed on ice. The denatured samples
(0.6 pl) were loaded on 5% denaturing (6 M urea) 36-cm
LongRanger (FMC BioProducts, Rockland, Me. ) gels
in 1x TBE buffer and electrophoresed for 3 h at 3,000 V
on an automated PE Biosystems, model 377 DNA Se-
quencer. Fragment sizes were determined based on
migration relative to the size standards using GENE-
SCAN ver. 2.1 software. Data were scored and compiled
using GENOTYPER ver. 3.0 (PE Biosystems). For each
SSR marker, fragments were classified into bins repre-
senting different alleles using the method of Matsuoka
et al. (2002). In general, fragments differing by 1 bp or
more in length were considered to be distinct alleles.
Heterozygous individuals were characterized by the
presence of two distinct amplification products. The
polymorphism information content (PIC) value for each
marker was determined for the cultivars (S. lycopersicum
var. esculentum), for the S. lycopersicum var. cerasiforme
accessions, for the wild species, and for all 19 accessions
combined. These values were calculated as previously
described (Saal and Wricke 1999):

k
PIC=1-) p
i=1

where p; is the frequency of the /th allele, and & is the
total number of different alleles for the locus. Statistical
analyses were performed with sTaTVIEW software for
Maclntosh (SAS Institute, Raleigh, N.C.).

Results
Genetic map

A total of 152 PCR-based markers were mapped on
83 F, individuals from the cross S. [ycopersicum
LA925 x S. pennelli LAT16 using standard agarose
gels. An additional 51 SSRs were also mapped in the
population using the sequencer. These markers are
shown in Fig. 1, which also includes a framework of
markers from the high-density map developed from
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the same population (http://www.sgn.cornell.edu). In-
cluded among the agarose gel-based PCR markers
were 76 SSRs and 76 CAPs. Sixty-nine of these SSRs
were identified from tomato ESTs and seven from
potato. Forty-two of the CAPs were based on EST
markers, 32 were derived from RFLP markers (29
derived from genomic DNA and three from cDNAs),
and two were for a known QTL and its homolog:
fw2.2 on chromosome 2 and fw7 on chromosome 7.
Most of the mapped SSRs were trinucleotide repeats
(47%), with fewer dinucleotide (26%) and compound
(24%) repeats and only two tetranucleotide repeats.
All but two of the dinucleotide repeats (90%) had the
AT motif, whereas both ATT (33%) and CTT (30%)
motifs comprised the majority of the trinucleotide re-
peats. Different repeat motifs appeared to be ran-
domly distributed across chromosomes with no
obvious clustering of particular motifs.

The resulting map covered 1,397 cM, which corre-
sponds to 95% of the total distance encompassed by the
high-density map (Fulton et al. 2002). When compared
with this previous map, marker coverage on each chro-
mosome ranged from 86% for chromosome 7 to 100%
for chromosomes 1, 4, and 10. Each chromosome con-
tained from 9 (chromosomes 5 and 6) to 18 (chromo-
some 3) agarose gel-based PCR markers, with an
average genetic distance of 10.0 cM between these
markers. Overall, 84% (128) of the markers were 20 cM
or less apart, and 70% (106) were 15 ¢cM or less apart.
The largest gap between markers was the 33.5 cM be-
tween SSR146 and SSR188 on chromosome 4. A total
of 122 of the agarose gel-based PCR markers were also
mapped on the S. pennelli ILs (Eshed and Zamir 1995;
Fig. 1).

With the exception of 13 SSRs that gave unclear re-
sults on the polymorphism survey, all of the mapped
markers were also checked for polymorphism between
S. lycopersicum E6203 and the closely related species S.
pimpinellifolium LA1589. S. lycopersicum X S. pimpinel-
lifolium 1LA1589 is a common cross used for mapping of
both major genes and QTLs (Grandillo and Tanksley
1996b; Tanksley et al. 1996; Bernacchi et al. 1998b; Ku
et al. 1999; van der Knapp and Tanksley 2001; Doganlar
et al. 2002; van der Knapp et al. 2002). In all, 46 (73%)
of the SSRs and 28 (37%) of the CAPs showed poly-
morphism for this species combination (includes the
underlined markers in Fig. 1). Of the 46 polymorphic
SSR markers, ten had null genotypes in LA1589 and one
had a null phenotype in E6203. The SSR markers were
also examined for polymorphism between E6203 and S.
habrochaites LA1777, another wild species that has been
the subject of many mapping and QTL studies (Ber-
nacchi et al. 1998a, b; Monforte and Tanksley 2000a, b).
Fifty-nine (94%) of the markers were polymorphic,
including nine markers with null genotypes in LA1777
and one with a null genotype in E6203. In addition, 57
of the CAPs markers were surveyed on S. lycopersicum
and S. habrochaites LA1721, and 48 (84%) were poly-
morphic.

>

Fig. 1 Molecular linkage map of the tomato genome showing the
positions of the PCR-based markers in bold within the framework
of the high-density map (http://www.sgn.cornell.edu). The PCR-
based markers to the right of each chromosome were distinguished
on agarose gels, those to the left were distinguished on a sequencer.
Underlined markers are polymorphic between Solanum lycopersi-
cum and S. pimpinellifolium. Underlined markers that are not in
bold are PCR markers developed especially for mapping in S.
lycopersicum x S. pimpinellifolium (LA1589) populations and were
not mapped in the S. pennelli F, population. (Primer sequences and
other information for these markers can be found on the SGN
website.) Vertical lines drawn to the right of each chromosome
show the positions of introgressions contained in the S. pennelli
introgression lines (IL). Dashed horizontal lines indicate which
markers were mapped in the ILs. Microsatellite markers are
prefixed SSR. The CAPs markers are named according to the
RFLP marker or gene from which they were derived. Map scale is
in centiMorgans (cM), and approximate positions of the centro-
meres are indicated by gray bars

Characterization of SSRs

A total of 122 microsatellites were surveyed for poly-
morphism on seven tomato cultivars and 12 accessions
of six different wild species using the automated se-
quencer (Table 1). This set of SSRs included the 76
markers mapped on agarose gels, 22 of the markers
mapped using the sequencer, and an additional 24
unmapped markers. As indicated above, 13 of the
mapped SSRs gave unclear results in the polymorphism
study and were eliminated from the analysis. Of the
109 microsatellites that were analyzed, most (46%)
were trinucleotide repeats, with nearly equal numbers
of dinucleotide repeats (27%) and repeats containing
more than one motif (compound repeats, 25%). Less
than 3% of the SSRs were tetranucleotide repeats. The
majority (83%) of dinucleotide microsatellites consisted
of the TA/AT motif, with the remainder as TC/CT
repeats. Similarly, among the loci with trinucleotide
repeats, AAT/ATA and CTT/TCT were the most
common motifs (24 and 26%, respectively), followed
by TTG/TGT repeats (16%). The remaining trinu-
cleotide motifs each comprised less than 8% of the
total.

The total length of the SSR repeats ranged from 18
to 84 nucleotides, with an average length of 27 nu-
cleotides. Most of the longest repeats were compound
or AT repeats. For example, the longest locus used in
the polymorphism study, SSR638, had the motif
(GT)o(AT)s(AC)13(GA) > (Areshchenkova and Ganal
1999). The longest dinucleotide repeat, (AT)s9, was 78
nucleotides long (SSR63), while the longest trinucleo-
tide repeat, (AAT)4, was 42 nucleotides long (SSR45).

SSR polymorphism and allelic variation among tomato
accessions

Mean PIC values and number of alleles were calcu-
lated for the cultivars, cerasiforme lines, wild species
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accessions, and for all 19 lines combined (Tables 1, 3).
The PIC values were lowest when comparisons were
limited to S. [lycopersicum var. esculentum or var.
cerasiforme lines (0.17 and 0.25, respectively) and
highest for the wild species (0.64). In fact, only 44%
(61) of the SSRs were polymorphic among cultivars,
whereas 99% of the loci were polymorphic among the
wild species. Because many of the markers used for
the polymorphism study were chosen for mapping,
most (92%) exhibited polymorphism between S. pen-
nellii and two standard S. lycopersicum var. esculentum
lines, TA209 and TA1143. In addition, 88% of the
SSRs exhibited polymorphism between the S. [lyco-
persicum lines and S. pimpinellifolium LA1589 and
between S. lycopersicum and S. habrochaites LA1777.

Overall, the 109 SSRs identified 172 different alleles
in the cultivated species, thus giving an average of 1.6
alleles per locus with most SSRs having only one allele
per locus (the mode; Table 3). Similarly, 186 alleles were
identified in the cerasiforme accessions, with an average
of 1.7 alleles per locus (mode = 1). In contrast, 501
alleles were detected in the wild accessions, which is an
average of 4.6 alleles per locus (mode = 4); and 602
alleles were identified in all accessions combined, with an
average of 5.5 alleles per locus (mode = 6). Within the
cultivars, between one and four alleles were detected per
locus, while as many as 13 alleles were detected for the
comparisons across all species (Table 3). Forty-three
(39%) of the loci had null alleles (i.e., no amplification in
at least one accession), with a combined total of 92 null
alleles in the 19 lines, representing 15% of the total
number of alleles.

Most of the SSR loci (90%) had at least one
accession-specific allele for the tested lines, with a total
of 310 unique alleles identified for the 109 loci. This
value corresponds to 16% of the total number of al-
leles sampled in the study and 51% of the different
alleles identified in the 19 lines. In general, the wild
species’ accessions had the greatest number of unique
alleles. Only 2% of the alleles detected in the cultivars
(12 of 602 alleles in total) were unique, while 45% of
those detected in the wild species (273 of 602) were
unique. A portion of this difference may be attributed
to the fact that fewer cultivars than wild accessions
were sampled in the study. The S. pennellii accession
had the greatest number of unique alleles—61 (Ta-
ble 1). Overall, 59% of the alleles identified in this
species were accession-specific (Fig. 2a) with S. pen-
nellii accounting for 20% of the unique alleles identi-
fied in this study (Fig. 2b). S. habrochaites LA1777
had 54 accession-specific alleles, corresponding to 47%
of the alleles identified in this species and 17% of the
total number of unique alleles identified in all 19
accessions. S. neorickii and S. peruvianum had similar
numbers of accession-specific alleles, with each
accounting for approximately 23% of the alleles
identified in each species and approximately 9% of the
total number of unique alleles. Cultivars such as Yel-
low Pear, M82, and Monster (Giant Red) Tomato had

Table 3 Mean PIC values and numbers of alleles per locus (+
standard error) for each of the comparisons

Sample Mean PIC?* (range) Mean no. alleles?
(range; mode)
Cultivars 0.17£0.02 a (0-0.72) 1.6+£0.1a (1-4; 1)
cerasiforme 0.25+0.03 b (0-0.75) 1.7£0.1a (1-4; 1)
Wild accessions  0.64+0.02 ¢ (0-0.91) 4.6+0.2 b (1-10; 4)
All lines 0.54£0.02 d (0.05-0.90) 5.5+0.2 ¢ (2-13; 6)

“Values that are followed by a different letter are significantly
different at P < 0.05 as determined by Fisher’s least significant
difference procedure

very few unique alleles. Only 2% of the alleles iden-
tified in the cultivars were unique, with the cultivars
contributing only 1% of the unique alleles identified in
the study.

Most individuals were homozygous for SSR alleles,
however, there were some exceptions. For example, the
S. habrochaites accession was heterozygous for 22 SSRs
(20%), and S. peruvianum LA1708 was heterozygous for
17 loci (16%) (data not shown). In all, 41 (38%) of the
SSRs displayed heterozygous genotypes in at least one
accession.

Predictors of SSR polymorphism

Based on Anova analysis, it was found that the num-
ber of nucleotides in the SSR repeat motif had a
significant effect on PIC value (Table 4). Thus, loci
with dinucleotide repeats had significantly higher PIC
values than the trinucleotide SSRs for all four com-
parisons. However, the decrease in PIC value between
the trinucleotide and tetranucleotide repeats (e.g., from
0.50 to 0.30 from the comparison across all lines) was
not significant, perhaps because only three tetranucle-
otide SSRs were assayed. There was a significant
negative correlation (P<0.0001, r = —0.42 to —0.55)
between the number of nucleotides per repeat unit and
PIC value. The number of repeats and total length of
the SSRs also had significant effects on PIC values. A
greater number of repeat units was positively corre-
lated with higher PIC values (P<0.0001, r=0.42—
0.52). Similarly, longer SSRs tended to have higher
PIC wvalues for all three comparisons (P=0.001,
r=0.30-0.38). No significant differences among PIC
values were identified when SSRs were categorized
based on motif (AT- or CT-based) or between PIC
values for simple versus compound repeats (data not
shown).

In addition to PIC value, the number of nucleotides
in the repeat motif also had a significant effect on the
number of alleles for a given locus. For all comparisons,
dinucleotide SSRs had significantly more alleles than
trinucleotide and tetranucleotide repeats (Table 5). The
number of repeats and total length of the SSRs also had
significant effects on the number of alleles identified.
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Fig. 2 Allelic variation of the 109 surveyed SSRs. a Percentage of
the alleles identified for each species that were unique (accession-
specific). Values were averaged across accessions for species that
had multiple accessions sampled. b Contribution of each species to
the total number of unique (accession-specific) alleles detected in
this study. Values were averaged for species that had multiple
accessions sampled

Thus, there were strong positive correlations between
the number of alleles and the number of repeat units per
locus (P < 0.0001, r = 0.39-0.54) and total length of the

SSR (P <0.001, r=0.31-0.35). No significant differ-
ences among numbers of alleles were identified when
SSRs were classed by motif or for simple versus com-
pound repeats (data not shown).

Regression analysis indicated a highly significant,
positive (P<0.0001, r =0.44) correlation between the
PIC values for the cultivated and cerasiforme lines.
However, there was no significant correlation between
PIC values for the cultivated and wild accessions. The
mapped markers were also classified based on genomic
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Table 4 Relationship between number of nucleotides per repeat motif and PIC values

Repeat PIC values®

Cultivars cerasiforme Wild accessions All accessions
Dinucleotide 0.30£0.04 a 0.38+0.05 a 0.74+0.03 a 0.68+0.03 a
Trinucleotide 0.12+0.03 b 0.194+0.03 b 0.59+0.03 b 0.50+£0.03 b
Tetranucleotide 0£0b 0+0b 0.53+0.16 a,b 0.30+0.10 b

*Within comparisons, PIC values (+standard error) that are followed by a different letter are significantly different at P < 0.05 as

determined by Fisher’s least significant difference procedure

Table 5 Relationship between number of nucleotides per repeat motif and number of alleles

Repeat Number of alleles®

Cultivars cerasiforme Wild accessions All accessions
Dinucleotide 2.0+0.1 a 2.1+02a 57+03 a 7.4+0.5a
Trinucleotide 1.4+0.1Db 1.5£0.1b 42+02Db 48+0.3b
Tetranucleotide 1.0+0.0b 1.0£0.0b 33+£0.7b 33+£0.7b

*Within comparisons, PIC values (+standard error) that are followed by a different letter are significantly different at P < 0.05 as

determined by Fisher’s least significant difference procedure

location as proximal to the centromere (within 10 cM
of each side of the centromere) or telomere (within
10 cM of the chromosome ends) and interstitial. To-
gether, the centromeric and telomeric locations were
likely to contain heterochromatic DNA, while the
interstitial regions were likely to contain euchromatic
DNA. Based on anova, mean PIC values for these
different classes of markers were only significantly dif-
ferent for the comparison among cultivars. This com-
parison gave means of 0.10, 0.21, and 0.30 for
interstitial, centromeric, and telomeric markers,
respectively, with a significant difference (P=0.01) be-
tween the PIC values for the interstitial and telomeric
markers only.

Amplification of microsatellites in other solanaceous
species

A set of 121 SSRs was tested for amplification in the
related species potato, eggplant, and pepper. Most
(92%) of the markers amplified a product in potato,
while 58% and 34% amplified products in eggplant and
pepper, respectively. Included among these markers
were 68 of the SSRs that were mapped on agarose gels.
The results of these amplifications are provided in Ta-
ble 2. Of this subset of markers, 38% amplified products
in all three species, while 60% amplified products in at
least two species. The success of amplification appeared
to be related to the genetic/phylogenetic distance be-
tween tomato and each of the other species. Thus, SSRs
that did not amplify a product in potato, the closest
relative of tomato, never amplified a product in either
eggplant or pepper. Similarly, only one marker that

amplified a product in pepper gave unsuccessful ampli-
fication in eggplant.

Discussion
PCR-based anchor map of tomato

The SSR and CAPs markers were used to develop a
PCR-based anchor map of tomato using the same S.
lycopersicum (LA925) x S. pennellii (LA716) F, popu-
lation that was used to create the most recent high-
density molecular map of tomato (http://www.sgn.cor-
nell.edu). As compared to the high-density map, the
PCR-anchor map, containing 152 markers, provides
coverage of 95% of the genome, with a nearly uniform
spacing of one marker every 10.0 cM and a maximum
interval distance of 33.5 cM. These PCR-anchor mark-
ers are codominant, locus-specific, and highly repro-
ducible. Moreover, they provide a faster, easier, and
cheaper alternative to other types of markers because
they are based on PCR, require little template DNA,
and polymorphisms can be distinguished on ordinary
agarose gels. Thus, they are economical and practical for
use in a wide variety of research laboratories. Of these
PCR-anchor markers, 122 were also used to characterize
the S. pennellii IL lines (Eshed and Zamir 1995) that are
now widely used in genetic mapping in tomato (e.g.,
Fridman et al. 2000, 2002; Ronen et al. 2000; Sela et al.
2001; Tadmor et al. 2002). Placement of the PCR-an-
chor markers on these IL lines should further facilitate
their use in tomato genetics research. For example, the
PCR-anchor markers can be used to verify the intro-
gression contained in each of these stocks and as



flanking markers to select recombinants in fine-mapping
studies.

In addition to their usefulness for mapping in popu-
lations derived from crosses between cultivated tomato
and S. pennelli, many of the markers are also polymor-
phic for other wild species. For example, 44 of the
agarose gel-based markers (16 SSRs and 28 CAPs) and
16 sequencer-distinguished SSRs have also been mapped
in a S. Ilycopersicum E6203 x S. pimpinellifoliu m
LA1589 population (underlined markers in bold in
Fig. 1). An additional 15 CAPs markers have also been
especially developed for this population (underlined
markers in Fig. 1; primer sequence available on the
SGN website). Although some of the SSR polymor-
phisms are due to null alleles and are therefore domi-
nant, most (75%) are codominant and can be easily
applied to fixed populations such as the S. pimpinel-
lifolium inbred backcross lines developed by Doganlar
et al. (2002). Similarly, 89% of the tested loci were
polymorphic between S. [ycopersicum and S. habrocha-
ites and can be used for mapping in the S. habrochaites
near-isogenic and inbred backcross lines described by
Monforte and Tanksley (2000a). The null genotypes
(presence/absence polymorphisms) were probably due to
primer mismatch, especially in the wild species. It is
possible that alternative primers could be designed to
amplify both alleles of these markers, thereby rendering
them codominant. A set of the SSR markers was also
tested in the related solanaceous crop species, potato,
eggplant and pepper. As expected, the proportion of
markers that successfully amplified products in these
species decreased with increasing evolutionary distance.
Thus, potato gave the highest percentage of amplifica-
tion, while pepper gave the lowest. These preliminary
results suggest that a considerable portion of the SSR
markers developed for tomato will be useful in related
species.

Previous mapping of SSRs in tomato suggested that
microsatellites, especially those with longer repeat and
GATA motifs, tended to cluster at the centromeres
(Broun and Tanksley 1996; Grandillo and Tanksley
1996a, b; Areshchenkova and Ganal 1999, 2002; Suli-
man-Pollatschek et al. 2002). Such clustering was not
apparent in the present study. Different repeat motifs
and lengths appeared to be randomly distributed along
the chromosomes. This was not surprising because the
SSRs used in this work were identified from ESTs and,
therefore, many are associated with expressed genes,
which are primarily found in euchromatin. In contrast,
most of the previous mapping of SSRs in the tomato
genome used markers that were identified from geno-
mic DNA. Interestingly, however, it was found that,
among the cultivars, markers that mapped to telomere
proximal regions had significantly higher PIC values
than those that mapped in interstitial regions
(P=0.01). This difference was not apparent in the
wider cross-species comparisons and may reflect the
greater homogenity of euchromatin in cultivated
material relative to wild species.
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Given their ease of use and adaptability to other to-
mato populations and solanaceous species, the PCR-
anchor markers are ideal for various types of genetic
studies, including qualitative and quantitative trait
mapping. In addition, they are a valuable resource for
breeding programs using marker-assisted selection. Be-
cause the map is set within a framework of COS and
RFLP markers from the high-density map, chromo-
somal locations can be extrapolated between the two
maps, thereby allowing the ready identification of
additional markers for finer mapping of any gene of
interest.

Survey of SSRs for polymorphism across tomato
varieties and species

Of the 109 SSRs that were selected for the polymor-
phism study, TA/AT (22%) was the most frequent
type of repeat, followed by CTT/TCT (12%) and
AAT/ATA (11%). Several other studies have also re-
ported the high incidence of AT-based repeats in to-
mato (Smulders et al. 1997; Areshchenkova and Ganal
2002; Suliman-Pollatschek et al. 2002; He et al. 2003),
potato (Ashkenazi et al. 2001), and other plants
(Morgante and Olivieri 1993; Wang et al. 1994). In
addition, the present study identified a considerable
proportion (25%) of compound or mixed repeats.
Even higher percentages of compound SSRs were
isolated when markers were preferentially selected to
contain more than 30 repeat units (Areshchenkova and
Ganal 1999).

Similar to previous studies, a high percentage (99%)
of the SSRs was found to be polymorphic across all
seven species, while only 44% were polymorphic
within cultivated tomato (Suliman-Pollatschek et al.
2002; He et al. 2003). This level of genetic variation
among tomato cultivars is quite high compared with
other types of markers like RFLPs and RAPDs. For
example, Miller and Tanksley (1990) found that only
20% of the RFLP markers were polymorphic among
nine tomato cultivars. In addition, most of the SSR
loci reported herein (88-92%) were polymorphic be-
tween S. [ycopersicum and three wild species that have
been widely exploited for mapping and QTL studies:
S. pennellii (LA716), S. pimpinellifolium (LA1589,
LA1246, LA411, and LA373) and S. habrochaites
(LA1777). Such high levels of polymorphism have not
been previously reported in tomato; however, the
current data are somewhat biased because the initial
selection criterion for 76 of the loci (i.e., the mapped
SSRs) was polymorphism between S. [ycopersicum and
S. pennellii. Despite this caveat, the results suggest that
many of the SSRs that have not already been mapped
on the F, population may be useful PCR-based
markers for the S. pennellii and other wild species-
derived populations.

The PIC value of a marker is a measure of its infor-
mativeness for genetic studies. In this study, PIC values
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for each marker were calculated among cultivars, among
cerasiforme accessions, among wild species, and for all
19 accessions. In general, PIC values for the cultivars
were quite low, with an average PIC of only 0.17.
However, if only the 48 SSRs that were polymorphic
among cultivars were considered, the average PIC value
rose to 0.39. This value is comparable to that obtained
by He et al. (2003), who obtained a PIC of 0.37 for 65
polymorphic loci tested on 19 tomato cultivars. Simi-
larly, although the cultivars were chosen to represent
diverse processing and freshmarket germplasm, the
number of alleles detected among cultivars was low
(1.6). This value rose to 2.3 alleles per locus when non-
polymorphic markers were excluded. This result is quite
similar to previously reported values of 2.5 and 2.7 al-
leles per locus (Areshchenkova and Ganal 2002; He et al.
2003). The PIC values for the comparisons across
cerasiforme lines, wild species, and all accessions were
significantly higher as were the numbers of alleles per
locus. On average, 5.5 alleles per SSR were detected for
the seven different species examined. In similar studies,
three (Smulders et al. 1997; Suliman-Pollatschek et al.
2002) and 8.5 (Alvarez et al. 2001) alleles per locus were
identified in four and ten different tomato species,
respectively. Thus, the present results are within the
range expected for such a comparison. Despite this
general concurrence, our value is probably an underes-
timate for outcrossing species such as S. habrochaites
and S. peruvianum, because only one individual for each
accession was sampled. Surveying of multiple individu-
als in these species would undoubtedly reveal additional
alleles.

The number of nucleotides in the repeat motif
(dinucleotide and trinucleotide) was significantly cor-
related with both the PIC value and the number of
alleles per locus such that SSRs consisting of dinucle-
otide repeats had significantly higher PIC values and
numbers of alleles. Although such correlations have
been reported in rice (Blair et al. 1999) and ryegrass
(Jones et al. 2001), previous studies in tomato did not
detect such a relationship (Smulders et al. 1997; Suli-
man-Pollatschek et al. 2002; He et al. 2003). Total
number of repeats and total length of the SSRs were
significantly and positively correlated with both PIC
value and number of alleles per locus. This association
between longer microsatellites and greater polymor-
phism has also been noted by several other researchers
(Smulders et al. 1997; Areshchenkova and Ganal 1999;
He et al. 2003). Because of their higher polymorphism,
longer SSRs may be preferable for mapping studies.
Although Areshchenkova and Ganal (1999) found that
long (>30 repeat units) dinucleotide SSRs were clus-
tered at the centromere, no relationship between mi-
crosatellite length and map location was detected in the
present study.

A high proportion of the SSRs had accession-specific
alleles, suggesting that these loci may be useful for
germplasm identification. As expected, the species-mat-
ing system was a fairly good predictor of allelic diversity.

Thus, allogamous, self-incompatible (S. habrochaites
and S. peruvianum) and facultative self-compatible (S.
pennellii) species had the highest numbers of unique al-
leles. Similarly, the two self-incompatible species were
found to have the most heterozygous loci. With the
notable exception of S. neorickii, which ranked third in
total number of unique alleles, autogamous self-com-
patible species had fewer unique alleles and were rarely
heterozygous. This relationship between mating system
and genetic diversity of microsatellites was also reported
by Alvarez et al. (2001).

Conclusions

We have developed a set of PCR-anchor markers,
based on SSRs and CAPs, that covers the entire to-
mato genome at regular intervals and can be readily
analyzed on standard agarose gels. This resource
should be valuable for those wishing to map genes
quickly, easily, and cheaply. Because the map is an-
chored in a high-density map containing more than
1,500 markers, identification of markers for fine map-
ping is also facilitated. In addition, we have surveyed
109 EST-derived SSRs for polymorphism in cultivated
tomato and other species in the genus Solanum. The
results indicate that many of the loci will be useful for
mapping in wild species-derived populations and sug-
gest that the markers may also be appropriate for
germplasm fingerprinting/identification, studies of spe-
cies relationships, taxonomy, and breeding. The data
generated by this work, including an interactive map
and primer sequences, are available on the SGN web-
site (http://www.sgn.cornell.edu).
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