
Abstract In order to determine how informative a set of
microsatellites from tomato is across the genus Lycoper-
sicon, 17 microsatellite loci, derived from regions in and
around genes, were tested on 31 accessions comprising
the nine species of the genus. The microsatellite polymor-
phisms were used to estimate the distribution of diversity
throughout the genus and to evaluate the efficacy of 
microsatellites for establishing species relationships in
comparison with existing phylogeny reconstructions.
Gene diversity and genetic distances were calculated. A
high level of polymorphism was found, as well as a large
number of alleles unique for species. The level of poly-
morphism detected with the microsatellite loci within and
among species was highly correlated with the respective
mating systems, cross-pollinating species having a signif-
icantly higher gene diversity compared to self-pollinating
species. In general, microsatellite-based trees were con-
sistent with a published RFLP-based dendrogram as well
as with a published classification based on morphology
and the mating system. A tree constructed with low-poly-
morphic loci (gene diversity <0.245) was shown to re-
present a more-reliable topology than a tree constructed
with more-highly polymorphic loci.

Keywords SSR · Tomato · Microsatellites · Genetic 
diversity · Species relationships

Introduction

Cultivated tomato (Lycopersicon esculentum) is a spe-
cies where genetic markers like isozymes (Breto et al.

1993; Foolad et al. 1993) and RFLPs (Miller and 
Tanksley 1990, Foolad et al. 1993; Williams and 
St. Clair 1993) yielded limited information. This lack of
variability is a consequence of its self-pollinating nature
in combination with the narrow genetic base of the mod-
ern cultivars. Van der Beek et al. (1992) using a combi-
nation of 195 probes and six restriction enzymes for
RFLP analysis found that polymorphisms among tomato
cultivars were scarce (e.g. with only three polymor-
phisms between two cultivars that did not contain intro-
gressed areas from wild species). In contrast, Vosman 
et al. (1992) reported high levels of polymorphism in 
L. esculentum cultivars using oligonucleotide finger-
printing with a (GATA)4 hybridization probe. In line
with this, Kaemmer et al. (1995) found that three out of
seven oligonucleotide motifs, (GATA)4, (CCTA)4 and
(GGAT)4, appear suitable for the identification and 
differentiation of cultivars and breeding lines that 
are otherwise difficult to distinguish. Moreover, Rus-
Kortekaas et al. (1994) showed a GACA-containing
probe to be more effective in cultivar identification than
the four most-optimal RAPD primers selected. However,
contrary to the RAPDs, the GACA probe failed to estab-
lish species relationships due to the lack of bands in
common between the species samples.

The genus Lycopersicon is presently recognized as having nine spe-
cies, eight wild ones and one containing both wild and domesticated
material, but there is no general agreement on the phylogeny of the
genus (Warnock 1988). To our knowledge, from the 1980s up till
now, there have been three different approaches to reconstruct phy-
logenetic relationships within the genus with the aid of molecular
tools, two based on organellar DNA and one based on nuclear DNA
(Palmer and Zamir 1982; MacClean and Hanson 1986; Miller and
Tanksley 1990). These studies are not in overall agreement with
each other nor with the taxonomic data based on morphological
traits or based on mating systems as reviewed by Rick (1979).

The informativeness of sequence-tagged microsatellite
sites (STMSs), also called simple sequence repeats
(SSRs), as a genetic marker has already been shown
with great success in several plant species. Germplasm
assessment for the amount of genetic diversity and culti-
var identification have been the main applications in
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crop plant species (for a review see Powell et al. 1996).
In case they are transferable over a set of related spe-
cies, microsatellites might also be useful for establish-
ing species relationships where other commonly used
characteristics, like direct sequencing of selected ge-
nomic regions, may fail to generate sufficient phyloge-
netically informative sites. However, the usually high
variability of microsatellites might lead to inconsisten-
cies due to the high chance of independently arising,
equally sized alleles (homoplasies). At present, a good
set of microsatellite loci in the genus Lycopersicon is
available. Smulders et al. (1997), by screening EMBL
and Genebank databases, identified 36 primer pairs that
yielded well-scorable fragments, or groups of frag-
ments, in L. esculentum cultivars and accessions of
Lycopersicon species. These microsatellites were pres-
ent in, or close to, coding regions and generally consist-
ed of short (less than 12) repeat units. Such STMS
markers may generate polymorphisms useful for the
analysis of genetic diversity and species relationships
within this genus.

The objectives of the present study, therefore, are to
determine how informative a set of microsatellites from
tomato is across the genus Lycopersicon, to establish the
applicability of each microsatellite locus, depending up-
on its degree of polymorphism detected within and
among accessions, to estimate the distribution of genetic
diversity across the genus and to evaluate the feasibility
of using microsatellites for studying species relation-
ships within the genus.

Material and methods

Plant material

Two cultivars of L. esculentum and 29 accessions of the genus
Lycopersicon were obtained from the tomato collection of the
Centre for Genetic Resources (CGN, part of Plant Research Inter-
national), The Netherlands (see Table 1).

DNA extraction

Total genomic DNA was extracted from 2-week-old seedlings.
Each seedling was treated individually. The extraction was per-
formed according to Fulton et al. (1995). The DNA concentration
per sample was measured in a DNA-fluorometer model TKO 100,
Hoefer Scientific instruments, San Francisco.

Microsatellite loci

Seventeen microsatellite loci were selected (see Table 2) out of 44
available (see Smulders et al. 1997). The selection was based on
the scale proposed by Smulders et al. (1997), the loci chosen hav-
ing quality 1 (strong amplification with only two bands, shadow
and stutter bands weak, allele size easy to determine on silver-
stained PAGE) and 2 (as 1 but shadow and stutter bands relatively
strong, but determination of the allele size still possible). Both loci
polymorphic among L. esculentum cultivars and loci not polymor-
phic among cultivars were included.

PCR amplifications

PCR amplifications were carried out in a 15-µl reaction volume: 
6 µl of DNA template (about 1ng/µl ), 1.5 µl of PCR GIBCO 
buffer 10×[200 mM Tris-HCl (pH 8.4), 500 mM KCl, 1.5 mM
MgCl2, 0.05% (v/v) polyoxyethylene ether (W-1)], 2.7 µl of water,
1.5 µl of a deoxyribonucleotides mixture (1 mM) (Life Technolo-
gies), 1.5 µl of forward and reverse primer (20 ng/µl) (Isogen, 
Maarssen, the Netherlands) and 0.3 µl of Taq DNA polymerase
(1U/µl) (Life Technologies). Amplifications were performed in
microtitre plates using a Hybaid Omni Gene thermal cycler. Basi-
cally, the amplification conditions were: 1 cycle of 94°C for 
3 min, 25 to 30 cycles of 50 to 55°C for 45 s, 72°C for 1 min 45 s,
and 94°C for 45 s (the annealing temperature and the number of
cycles employed varied depending on the primer pair used). Last
elongation step: one cycle of 50 or 55°C for 45 s and 72°C for 
3 min (Arens et al. 1995).

Detection of microsatellite polymorphisms

The samples were prepared for PAGE electrophoresis by adding an
equal volume of urea loading-buffer (8 M urea, 10 mM of NaOH
and 0.05% bromophenol blue) to the reaction mixtures. Samples
were denatured at 80°C for 5 min, followed by quenching on ice.
Samples were electrophoresed on 6% denaturing polyacrylamide
sequencing gels (gels were prepared in Tris-borate buffer, pH 8, 8 M
urea,) using a sequencing-gel electrophoresis apparatus (Bio Rad
Sequigen). Each gel was run during 2–3 h at a 110-W constant cur-
rent. The DNA bands were visualized by silver staining according
to the Silver sequence DNA sequencing system (Promega). A per-
manent record of the gels was made using EDF films (Kodak). The
sizes of the PCR products were estimated by comparison to an ac-
companying sequence reaction ladder using plasmid pGEM-3Zf(+)
and the 24-mer pUC forward primer. The allele sizes were recorded
in base pairs. For this, the most intense, upper band was used.

Data analysis

Diversity measure

Gene diversity was calculated per locus, accession and species.
D=1–(1/m) ∑l∑u p2

lu, where plu is the frequency of the uth allele at
the lth locus and m is the number of loci (Weir 1996).

Genetic distance measures

Three different methods for measuring genetic distances were cal-
culated. The proportion of shared alleles distance (Dps) (Bowcock
et al. 1994), measures the similarity between the multiple locus
genotype of two individuals.

Nei’s standard genetic distance (Dns) (Nei 1972), is based on
genetic identity (I) which is the ratio of the proportions of alleles
that are alike between and within populations.

The Delta mu-squared distance (Ddm) for microsatellites, pro-
posed by Goldstein et al. (1995), is based on the variance in the re-
peat number (difference between allele size). The genetic diversity
index, genetic distances, and bootstrap re-sampling of 100 repli-
cates were calculated using the computer programme MICROSAT
version 1.5 (Goldstein et al. 1995).

Dendrograms

PHYLIP (Phylogeny Inference Package) Version 3.57c by Felsen-
stein (1995) was used to construct trees from the genetic distances
Dps, Dns and Ddm by the Neighbor-Joining (NJ) method (un-
rooted trees) (Saitou and Nei 1987) using the outgroup option. To
test the robustness of tree topology, the trees were compiled by
CONSENSE (part of the PHYLIP package). Linear regressions
were calculated using SYSTAT.
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Results

Microsatellite amplification across species

A representative set of microsatellite markers that gave
strong amplification products of quality 1 and 2 in L. es-
culentum was selected from the list of Smulders et al.
(1997).

Not all primer sets gave good amplification in all ac-
cessions analysed. In some species, blanks were found
indicating the presence of null-alleles, possibly through
mutations in the primer binding sites. The number of
these null-alleles was dependent on the accession as 
well as on the microsatellite used. Most were found in
accessions of Lycopersicon parviflorum , Lycopersicon
chmielewskii, Lycopersicon hirsutum, Lycopersicon pen-
nellii and Lycopersicon peruvianum from Cajamarca.
The loci LESSRPSPGA and LEATPACAb were most-
prone to giving null-alleles whereas loci like LECHSOD,
LEACC2G, LECHI3 and LEEF1Ab amplified in almost
every plant under the conditions employed (data not
shown).

Microsatellite polymorphism in the genus Lycopersicon

The number of alleles varied widely among the 17 loci
analysed, ranging from 1 to 17 alleles (see Table 2).
Polymorphism was detected in 16 out of the 17 loci anal-
ysed. A total of 144 different alleles were found among
the 31 accessions of Lycopersicon. There was no correla-
tion between the degree of polymorphism (counted as
the absolute number of different alleles per microsatel-
lite) and the total length of the microsatellite repeat (data
not shown).

Five out of 16 polymorphic microsatellites showed 
allele sizes in accordance with the Stepwise Mutation
Model (SMM) (Ohta and Kimura 1973). This model im-
plies that an allele mutates only by losing or gaining a
single tandem repeat. An allele in state i -an allele with 
i repeats, is assumed to mutate to an allele either in 
state i+1 or i–1 with an equal probability. LECHSOD,
LECHI3, LEDIH4RE, LELEUZIP and LECAB9 have
allele sizes that differ by one or more repeat units only.
Locus LEACC2G has most of the alleles with the ex-
pected sizes plus one extra non-fitting allele of 147 bp.
Five microsatellites appeared to have two allele series
(LEGTOM5, LPHFS24, LEATPACAb, LEGAST1 and
LEWIPIG), e.g. the two LEWIPIG series are: 249-251-
253-255-257-259-261-265-269 and 250-252-254-256-
258-260-264-266. The remaining microsatellites had
many alleles of unexpected sizes occurring across the ge-
nus. Thus, 31% of the microsatellites analysed appear to
be concordant with the single-step mutation model and
another 31% possibly follow this model with minor
modification, although the presence of these series by it-
self does not prove that they arose by mutation with one
repeat unit at a time.

Taking into account that five out of nine species of
Lycopersicon are selfing species, the variation in these
species can be expected to be represented by the pres-
ence of different homozygotes rather than heterozygotes.
Therefore, the gene diversity index is a more-sensitive
measure of variability than the heterozygosity index,
which measures the number of heterozygotes observed
(Weir 1996). The microsatellites analysed showed differ-
ent levels of polymorphism, measured as gene diversity
(D) (Table 2). The degree of gene diversity per locus
showed a linear correlation with the number of alleles
(r2=0.53, F=15.83, α=0.001).

Distribution of genetic diversity across the genus

Among the 16 polymorphic microsatellites, 14 had at
least one allele unique to a species (see Table 2). In some
cases, all the individuals within a species had the same
unique allele, whereas in other cases an allele was spe-
cific to a particular accession within the species. Sixty
six alleles (46%) were found to be specific to a certain
species, 35 of which (24%) were specific to a certain ac-
cession within the species. All the species, except L. es-
culentum, had at least one unique allele. L. pennellii, L.
peruvianum and Lycopersicon chilense were the species
with the highest proportion of unique alleles (Table 3).

The average gene diversity of species within the
Lycopersicon genus, calculated with microsatellite data
(see Table 3), is in agreement with the description 
of their respective mating systems (Rick 1979). The 
self-compatible species (L. esculentum, Lycopersicon
cheesmanii, L. parviflorum and L. chmielewskii) had in
general a lower gene diversity than the outcrossing spe-
cies, reflecting their autogamous mode of reproduction.
The accessions of Lycopersicon pimpinellifolium, treated
separately, had diversity ”0”, but when the accessions are
pooled together the diversity went up to 0.197 for the
species (see Table 3). Thus, for this species the diversity
was found exclusively between accessions. The average
diversity of L. pimpinellifolium was the highest of any of
the self-compatible species. This is important for breed-
ing, because L. pimpinellifolium is closely related to the
cultivated tomato; therefore, the genetic variation found
in this species is easily accessible for L. esculentum. 
This result is in agreement with previous RFLP studies
(Miller and Tanksley 1990). The low values of L. pen-
nellii and L. hirsutum compared to L. chilense and L. pe-
ruvianum can be due to the fact that some biotypes of
these species are self-compatible. The outcrossing, self-
incompatible species, L. chilense and L. peruvianum, had
the highest gene-diversity value. These species contrib-
ute a substantial amount of genetic variation to the ge-
nus. The L. peruvianum accessions from Cajamarca have
less genetic diversity than the rest of L. peruvianum,
which may be due to the presence of some self-compati-
ble accessions within this group. Rick (1982) also report-
ed a northern race of L. peruvianum which was self-com-
patible and appears to be naturally inbreeding.
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Relationships among accessions

Dendrograms based on three different methods of mea-
suring genetic distance, will be confronted here with pre-
vious biosystematic studies of the genus Lycopersicon
and with previous dendrograms reconstructed from mo-
lecular-genetic analyses. The dendrograms drawn from
the genetic distances among accessions, using the pro-
portion of shared alleles (Fig. 1a) and the Nei standard
genetic index (data not shown), have similar topologies.
Most of the accessions clustered in groups corresponding
to previously established species, although often with
low bootstrap values (Fig. 1a). The highest bootstrap
values were shown by the group containing all the acces-
sions that belong to the closely related and self-compati-
ble species, L. esculentum, L. cheesmanii and L. pimpi-
nellifolium (supported by 92% bootstrap re-sampling),
and the group containing all accessions from L. hirsutum
(supported by 86% bootstrap re-sampling). The acces-
sions of L. esculentum, L. cheesmanii and L. pimpinelli-

folium were not well-differentiated into species, which
may be explained by introgression between these closely
related species (Rick 1979). The L. peruvianum var. 
humifusum accession (CGN 923453) and three acces-
sions of L. peruvianum (CGN 15392, 15798 and 15801),
which all came from the Cajamarca region in northern
Peru, clustered closer to the L. esculentum, L. chees-
manii and L. pimpinellifolium group and to L. parviflo-
rum and L. chmielewskii than to the rest of L. peruvian-
um, which come from southern Peru and northern Chile.
Miller and Tanksley (1990) found the same relationship
with an accession belonging to L. peruvianum var. hu-
mifusum using RFLP data. Rick (1963) found a complete
barrier between var. humifusum and most of the other 
L. peruvianum in hybridization experiments.

A dendrogram reconstructed for accessions with a dis-
tance measure specifically developed for microsatellite 
data, the Delta mu-squared distance (Ddm) (Fig. 1b),
shows differences with the former tree and failed in group-
ing accessions from some of the species, e.g. the three self-
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Table 3 Diversity (D) per accession and per species. Number of
specific alleles that are present only in one accession within a spe-
cies (A), number of specific alleles that are present in more than

one accession within a species (B) and the proportional number of
specific alleles relative to the number of individuals analyzed per
species (C)

Species Accession No. D per Average No. specific alleles Proportion of specific 
(CGN) accession D per species alleles per species (C)

A B

Lycopersicon esculentum (cultivars) Money maker 0.0000 0
Calypso 0.0313 0.0343 0 0 0

Lycopersicon esculentum var. cerasiforme 922421 0.0263 0

Lycopersicon cheesmanii 923679 0.0200 0
927134 0.1456 0.1122 0 2 0.13
15916 0.0000 0

Lycopersicon pimpinellifolium 923479 0.0000 0
927148 0.0000 0.1968 2 0 0.18
18401 0.0000 1

Lycopersicon parviflorum 923492 0.0665 0.0665 * 2 0.22

Lycopersicon chmielewskii var. minutum 15816 0.0571 0.0571 * 2 0.20

Lycopersicon hirsutum 923544 0.0000 0
923673 0.0625 0.1697 2 3 0.29
15370 0.0113 0

Lycopersicon pennellii 927171 0.0700 1
Lycopersicon pennellii var. puberulum 923549 0.1440 0.2401 1 7 0.65

15819 0.1334 2

Lycopersicon peruvianum var. humifusum 923453 0.1680 2
Lycopersicon peruvianum 15392 0.1303 0.3631 1 2 0.25
(called L. per/Caj in this study) 15798 0.1129 0

15801 0.0583 0

Lycopersicon peruvianum 17046 0.3525 3
17047 0.3630 2
17048 0.2156 0
17049 0.3277 0.5685 1 10 0.69
17050 0.3728 4
17051 0.2888 3
17052 0.2171 1

Lycopersicon chilense 15530 0.4367 4
15531 0.3475 0.5172 1 3 0.80
15532 0.4252 4



incompatible L. chilense accessions were scattered across
separate clusters. One of these accessions, L. chilense
CGN15532, was grouped even far more closely with the
self-compatible species L. parviflorum than the latter’s
self-compatible sibling species, L. chmielewskii (cf. Rick
1979), is (Fig. 1b). Also the bootstrap re-sampling values
were generally smaller than in the Dps tree, indicating a
less-reliable tree topology (compare Fig. 1a with b).

Relationships among species

Species dendrograms were made by pooling the data
from the accessions into species. Based on the accession 
trees in Figs. 1a and b and evidence from other sources
(Miller and Tanksley 1990; Rick 1963, as discussed in
the previous paragraph), the four L. peruvianum acces-
sions from Cajamarca were treated as a separate taxon
named L. peruvianum/Caj.The bootstrap percentage val-
ues for the species tree were generally higher than when
treating the accessions individually.

1289

Fig. 1a, b Neighbor-Joining (NJ) dendrograms of Lycopersicon
accessions based on 16 microsatellites. L. pennellii accession
number 927171 was used as an outgroup option. a Using a Propor-
tion of shared-alleles (Dps) matrix; b Using a Delta mu-squared
distance (Ddm) matrix. The numbers at the nodes are bootstrap
values for 100 bootstrap re-samplings. *L. peruvianum accessions
from Cajamarca, Peru

Dps and Dns (the latter not shown) trees showed a 
major division of the genus into two clusters (Fig. 2a).
One major cluster grouped the self-compatible species, 
L. pimpinellifolium, L. cheesmanii, L. esculentum, L. parvi-
florum and L. chmielewskii (49% of bootstrap re-sam-
pling). Within this cluster of selfing species, the red-fruit-
ed species, L. pimpinellifolium, L. cheesmanii and L. escu-
lentum, were subsequently separated from the green-fruit-
ed L. parviflorum and L. chmielewskii. The combination
of the red-fruited species was even supported by 100% of
bootstraps. The other major cluster consisted of the self-
incompatible species L. peruvianum, L. chilense and L.
peruvianum/Caj. Within this group, L. peruvianum was
more closely related to L. chilense (the two grouped with
99% of bootstrap re-sampling) than to L. peruvianum/Caj.
By and large, the tree topology is also congruent with the
main division in crossability groups, which shows a major
split between the self-incompatible species, on the one
hand, and the self-compatible species together with L. hir-
sutum and L. pennellii, on the other (Rick 1979). In com-
parison, the Ddm tree (Fig. 2b) clustered the red-fruited
self-compatible species L. esculentum, L. pimpinellifolium
and L. cheesmanii too, but with a bootstrap support of 
only 77%. The closely related sibling species L. chmielew-
skii and L. parviflorum show a less closer relationship
than in the Dps tree. As in the accession trees (Fig. 1a and
b), the Ddm species tree showed lower bootstrap support
than the Dps species tree (compare Fig. 2a and b).



Comparison between trees based on high-polymorphic
microsatellites and those based on low-polymorphic 
microsatellites

In an attempt to verify the efficiency of microsatellites in
studying species relationships according to their differ-
ences in polymorphism rate all over the genus, the mi-
crosatellites were classified into two groups based on the
gene diversity index (D) (see Table 2). A Dps matrix was
constructed using data from microsatellites with a high
degree of polymorphism (hp.stms, microsatellites with
D>0.245), and one using data from microsatellites with a
lower degree of polymorphism (lp.stms, microsatelles
with D<0.245). The lp.stms tree (Fig. 3a) showed one
main group consisting of a cluster containing L. chees-
manii, L. esculentum and L. pimpinellifolium (96% boot-
strap support) together with a cluster containing L. 
chmielewskii and L. parviflorum (88% bootstrap sup-
port); L. peruvianum from Cajamarca, Peru, was added
to this main group at 75% bootstrap value. Another clus-
ter relates L. chilense with L. peruvianum (supported by
88% bootstrap re-sampling).

In general, the tree based on lp.stms showed higher
values for bootstrap re-sampling (with just one value be-
low 50) than the hp.stms tree. Moreover, the tree based
on hp.stms clustered L. parviflorum most closely to 
L. hirsutum (see Fig. 3b), whereas L. parviflorum was

reported to be most closely related to L. chmielewskii on
the grounds of mating system and morphological charac-
ters (Rick 1979). The close relationship of L. chmielew-
skii and L. parviflorum was also reflected in the results
based on the RFLPs of Miller and Tanksley (1990). In
the lp.stms tree, on the other hand, L. hirsutum had a
more-separate position closer to L. pennellii, which is
also more in accord with the RFLP tree from Miller and
Tanksley (1990). Taken together, these observations sug-
gest that a tree based on low-polymorphic microsatellites
shows a more-reliable topology than a tree based on
high-polymorphic microsatellites.

Discussion

Microsatellites were used to evaluate genetic diversity
and species relationships within the genus Lycopersicon.
In the following, the feasibility of using microsatellites
for these two purposes is discussed under separate head-
ings.

Genetic diversity

The 17 microsatellite primer sets analysed gave good
amplification across the nine species of Lycopersicon
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Fig. 2a, b NJ dendrograms of Lycopersicon species based on 16
microsatellites. L. pennellii was used as an outgroup option; 
a Using a Proportion of shared-alleles (Dps) matrix, b Using 
a Delta mu-squared distance (Ddm) matrix. The numbers at 
the nodes are bootstrap values for 100 bootstrap re-samplings. 
L. per/caj: L. peruvianum accessions from Cajamarca, Peru

Fig. 3a, b NJ dendrograms of Lycopersicon species based on mi-
crosatellites differing in polymorphism rate. L. pennellii was used
as an outgroup option; a Tree made with low-polymorphic
(D<0.245) microsatellites (lp.ms), b Tree made with highly poly-
morphic (D>0.245) microsatellites (hp.ms). The numbers at the
nodes are bootstrap values for 100 bootstrap re-samplings.
L.per/Caj: L. peruvianum accessions from Cajamarca, Peru



with 16 microsatellites being polymorphic, leading to an
average of eight alleles per microsatellite. Null-alleles
appeared in some accessions, that is the microsatellite
did not amplify from all the plants in a particular species,
but nevertheless information could be extracted from the
greater part of the microsatellites from all species. The
locus LEATPACAb, which was the most prone to give
null-alleles, still amplified in 26 out of 31 accessions.
This is relatively favourable, since the transferability of
microsatellites across species is often quite low; for in-
stance, in the reasonably intercrossable species group of
Lactuca sativa/Lactuca serriola, Lactuca saligna and
Lactuca virosa only half of the microsatellite PCR prim-
er sets developed for L. sativa amplified a product in the
latter two species (Van de Wiel et al. 1999). The amount
of variation found in Lycopersicon (counted as the num-
ber of polymorphic microsatellites between species)
ranged from 29% of microsatellites being polymorphic
between L. esculentum and L. cheesmanii to 94% of mi-
crosatellites being polymorphic between L. esculentum
and L. peruvianum. Variation within species ranged from
1 microsatellite out of the 16 showing polymorphisms
between two L. esculentum cultivars to 15 out of 16 mi-
crosatellites showing polymorphisms between L. peruvi-
anum accessions. Thus, this set of microsatellites ap-
pears to be suitable for use as genetic markers across the
genus Lycopersicon for several purposes. For instance,
the large amount of variation exemplified by the com-
mon occurrence of alleles unique to accessions (24% of
the alleles) and to species (46% of the alleles) makes the
microsatellites a versatile tool for germplasm manage-
ment, with some microsatellites being useful for the
identification of accessions and others for the identifica-
tion of (sub)species. The usefulness for studying species
relationships is discussed in the next section.

The average gene diversity per species of the 
Lycopersicon genus calculated with microsatellite 
data matches the description of the mating systems 
by Rick (1979). As expected, most of the variation 
was found in the outcrossing species, L. peruvianum
being the species with the highest genetic variation, fol-
lowed by L. chilense and L. pennellii. L. pimpinellifoli-
um showed the highest genetic variation among the
selfing species. These results are in line with previous
RFLP-based results published by Miller and Tanksley
(1990).

Species relationships

In the present study, the proportion of shared alleles dis-
tance (Dps) and the Nei’s standard distances (Dns)
(based on the variance in allele frequencies) calculated
from 16 microsatellites produced similar dendrograms,
which matched previous RFLP-based dendrograms pub-
lished by Miller and Tanksley (1990) and the biosys-
tematics of the genus Lycopersicon based on crossability,
mating system and morphological characters published
by Rick (1979). As with these authors, the results deviat-

ed from organellar DNA-based trees (Palmer and Zamir
1982; MacClean and Hanson 1986). Organellar intro-
gression is one of the possible explanations for this
(Miller and Tanksley 1990).

The bootstrap support of Dps trees was generally
higher than the trees made with a distance measure that
was specifically designed for microsatellites, the delta
mu-squared distance (Ddm). The Ddm is based on a
step-wise mutation model (SMM) for microsatellite
variation and thus produces an ordering of alleles ac-
cording to size between two populations; i.e. the dis-
tance is based on the variance in repeat number (differ-
ence between allele sizes). In contrast, Dps and Dns
distances are based on the variance in allele frequencies
and assume an infinite-allele mutation model (IAM) in
which a mutation can involve any number of tandem
repeats and always results in an allele not encountered
before in the population. In the case studied here,
where 69% of the loci analyzed did not strictly follow
the predictions from the SMM, i.e. the allele size varia-
tion was not in accord with variation being limited to
the basic repeat number, the Ddm can be expected to
perform poorly. By using only the loci behaving ac-
cording to the SSM, a better result might be obtained,
but in this case the number of microsatellites left (5 out
of 16) would be too small to make reliable tree recon-
structions. According to Goldstein et al. (1995), dis-
tances like Ddm will do progressively worse as the mu-
tation model becomes more like the infinite alleles’
model. For a mixed model the proportion of single-step
mutations is reduced (and the proportion of arbitrary
sizes goes up) so the performance of this distance will
decline. Takezaki and Nei (1996), using computer sim-
ulation, investigated the efficiencies of different dis-
tance measures in obtaining the correct tree topology
using microsatellite data. These authors demonstrated
that the Ddm distance is generally less useful than tra-
ditional distance measures for phylogenetic inference
even for microsatellites, for which this distance mea-
sure was specifically designed.

Since this study shows sizeable variation in the vari-
ability of individual microsatellites, it can be hypothe-
sized that not all of them might be equally valuable for
reconstructing species relationships. Low-polymorphic
microsatellites will have a lower mutation rate and be
more stable over longer periods of time, i.e. show less
homoplasies and therefore may contain more phyloge-
netic information at the species level. Indeed in this
study, a tree based on relatively low polymorphic micro-
satellites (lp.stms) has been shown to have a generally
higher bootstrap support than one based on relatively
highly polymorphic microsatellites (hp.stms). The lp.stms
tree also showed a topology more in line with trees based
on previous biosystematic studies (Rick 1979) and RFLP
data (Miller and Tanksley 1990). Taken together, this im-
plies that microsatellites can be used for establishing re-
lationships between related species, but that taking into
account their level of variability may improve their 
effectiveness.
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