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Abstract In this study, we developed a total of 37
simple sequence repeat (SSR) markers from 11 bac-
terial artificial chromosome (BAC) clone sequences
anchored on chromosome 12 of tomato available at
Solanaceae Genomics Network. These SSR markers
could group a set of 16 tomato genotypes comprising of
Solanum lycopersicum, S. pimpinellifolium, S. habro-
chaites, and S. pennellii unambiguously according to
their known species status. Clear subgroups of geno-
types within S. lycopersicum were also observed. A
subset of 16 SSR markers representing the 11 BAC
clones was used for developing genetic linkage maps
of three interspecific F, populations produced from the
crosses involving a common S. lycopersicum parent
(CLN2498E) with S. pennellii (LA1940), S. habro-
chaites (LA407) and S. pimpinellifolium (LA1579).
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The length of the genetic linkage maps were 112.5 cM,
109.3 cM and 114.1 cM, respectively. Finally, an
integrated genetic linkage map spanning a total length
of 118.7 cM was developed. The reported SSR mark-
ers are uniformly distributed on chromosome 12 and
would be useful for genetic diversity and mapping
studies in tomato.
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Introduction

Tomato (Solanum lycopersicum) is one of the most
important vegetable crops globally and contributes
significantly to human nutrition. The genetic diversity
present in wild relatives of the Solanum lycopersicum
complex (S. lycopersicum var. cerasiforme, S. pim-
pinellifolium, S. habrochaites, S. pennellii, S. chmei-
lewskii, S. neorickii, and S. cheesmaniae) and the
Solanum peruvianum complex (S. chilense, S. peru-
vianum) has been exploited extensively in genetic
improvement of cultivated tomato (Rick et al. 1987).
Advancements in molecular marker technology have
enhanced the efficiency for trait introgression from
wild species.

A large number of DNA markers have been
developed and are routinely used in molecular
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genetic analyses in tomato. Several molecular marker
based genetic linkage maps have been constructed
using mapping populations derived from interspecific
crosses between cultivated tomato and wild relatives
(Tanksley et al. 1992; Chen and Foolad, 1999; Zhang
et al. 2002; Sharma et al. 2008). Most of these maps
were constructed based on restriction fragment length
polymorphism (RFLP) markers available in the high
density linkage map developed by Tanksley et al.
(1992). However, microsatellites or simple sequence
repeats (SSRs) are more preferred markers because of
their high polymorphism and simplicity (Tautz and
Renz 1984).

In tomato, considerable effort has been made to
develop and map SSRs. Conventionally, SSR markers
were developed by genomic library screening
approach, which is tedious and expensive (Broun and
Tanksley 1996; Areshchenkova and Ganal 1999, 2002;
Suliman-Pollatschek et al. 2002). A more rapid and
economical way to develop SSR markers is to make use
of genomic sequences and expressed sequence tags
(ESTs) available in genome databases such as Euro-
pean Molecular Biology Laboratory (EMBL), Gen-
Bank, and Solanaceae Genomics Network (SGN)
(Arens et al. 1995; Smulders et al. 1997; He et al.
2003; Frary et al. 2005). Recently, Ohyama et al.
(2009) and Shirasawa et al. (2010) developed a large
number of SSR markers using bacterial artificial
chromosome (BAC)-ends, cDNA and EST sequences
from genome databases. Geethanjali et al. (2010)
developed a total of 54 SSR markers from 17 complete
BAC clone sequences on chromosome 6 and mapped
21 of them. Currently, a total of 1707 tomato SSR
markers have been mapped; 1686 of them in high
density linkage map derived from S. Ilycopersi-
cum X S. pennellii cross and 21 of them in the linkage
map derived from West Virginia 700 (S. pimpinellifo-
lium) and Hawaii 7996 (S. lycopersicum) cross.
Information for these SSR markers is available at
SOL Genomics Network (http://www.sgn.cornell.edu),
Vegmarks (http://vegmarks.nivot.affrc.go.jp/) and http://
www.kazusa.or.jp/tomato/, respectively.

Highly saturated linkage maps with uniformly
distributed markers are essential to identify quantita-
tive trait loci (QTLs) associated with horticultural
traits and to understand the genetic structure and
diversity of germplasm resources. The currently
available linkage maps in tomato show that a large
proportion of SSR markers developed either from
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genomic libraries or BAC-end sequences were
located in heterochromatin regions and clustered
around the centromeres (Areshchenkova and Ganal
2002; Frary et al. 2005; Ohyama et al. 2009;
Shirasawa et al. 2010). Furthermore, saturation of
several intra- and interspecific linkage maps has been
difficult due to the low level of polymorphism within
cultivated tomato and between its closely related wild
species. Randomly distributed cDNA/EST derived
SSRs are much less polymorphic among cultivars
than BAC-end derived SSRs (Ohyama et al. 2009).
Hence, development of more SSR markers in geno-
mic regions lacking adequate markers could comple-
ment the existing marker resources and will be useful
for genetic mapping in multiple mapping populations.
Identifying common polymorphic markers across
multiple mapping populations enables transfer of
linkage information among maps; the markers could
serve as anchors to integrate maps for development of
highly saturated consensus maps (Radhika et al.
2007). For this purpose, BAC sequences anchored on
the genetic and physical maps are more useful for
SSR marker development. The availability of such
anchored BAC clones is increasing as the interna-
tional tomato genome sequencing project progresses
(Mueller et al. 2009).

In this study, our objectives were to develop
uniformly distributed SSR markers from BAC clones
anchored on chromosome 12 of tomato and assess
their usefulness for genetic diversity analysis and
linkage mapping using three different interspecific F,
populations. Development of more uniformly distrib-
uted SSR markers on this chromosome would be very
useful, because many genes and QTLs associated
with economically important traits such as resistance
to black mould (Robert et al., 2001), bacterial wilt
(Wang et al. 2000), cucumber mosaic virus (Stamova
and Chetelat 2000), early blight (Foolad et al. 2002),
powdery mildew (Chungwongse et al. 1994; Bai et al.
2003) and root knot nematode (Yaghoobi et al. 2005)
have been mapped on chromosome 12.

Materials and methods

Plant materials and DNA extraction

A panel of 16 genotypes comprising of cultivated
tomato and its wild relatives were used for genetic
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diversity analysis. The genotypes included were:
S. lycopersicum—CLN2498E, Arka Meghali, CA4,
CLNI1621L, FLA456, CL5915-93D4, Hawaii 7996,
M-82, T4065; S. pimpinellifolium—West Virginia
700, LA1579, L3708; S. habrochaites—IL.A407,
LA1033; S. pennellii—LLA716, LA1940. These geno-
types represented diverse origins and possessed useful
traits such as resistance to biotic and abiotic stresses.
More details of the accessions are available in
Geethanjali et al. (2010). The seeds of these genotypes
were obtained from Genetic Resources and Seed Unit,
AVRDC—The World Vegetable Center (AVRDC),
Taiwan. For genetic mapping, three interspecific F,
populations were developed by crossing a common
S. lycopersicum parent (CLN2498E) with S. pimpinel-
lifolium (LA1579), S. habrochaites (LA407), and
S. pennellii (LA1940). A subset of 94 F, plants from
each cross was used for SSR genotyping. Genomic
DNAs were isolated from the fresh leaf tissues using
the protocol of Fulton et al. (1995).

Database search for SSR motifs and primer
designing

Eleven BAC clones (S. lycopersicum) distributed
uniformly on chromosome 12 of EXPEN2000 genetic
map (http://www.sgn.cornell.edu) were searched for
perfect di-, tri- and tetranucleotide microsatellite
motifs using the simple sequence repeat identification
tool (SSRIT) program (http://www.gramene.org/db/
markers/ssrtool). A length criterion of a minimum of
eight repeat motifs was adopted. Forty-one primer
pairs were designed from sequences flanking the repeat
motifs using PRIMER3.0 (http://www.-genome.wi.
mit.edu/cgi-bin/primer/primer3_www.cgi). The para-
meters of product size 100-300 bp, primer length of
20-24 bp, and melting temperature of 54—64°C and a
GC content of 40-60% were set to design these
primers. The primers were synthesized from Genomics
BioSci & Tech Company, Taiwan (www.genedragon.
com.tw). The details of BAC clones, SSR repeat
motifs, and primers designed are listed in Table 1.

PCR amplification of microsatellites

PCR amplifications of SSRs were performed in 15 ul
reactions containing 0.2 uM of each primer, 200 uM
of deoxyribonucleotides, 50 mM KCl, 10 mM Tris
HCI (pH 8.3), 1.5 mM MgCl,, 25 ng of DNA and 0.5

unit of Tag DNA polymerase. The amplifications
were conducted in a PTC 200 DNA engine thermal
cycler (MJ Research, USA). The temperature profile
used for PCR amplification included 94°C for 5 min,
followed by 30 cycles of 94°C for 30 s, 55°C for
45 s, 72°C for 45 s, and finally by 7 min at 72°C for
the final extension. Annealing temperature was
adjusted based on the specific requirement of each
primer pair. PCR products (3 pl) were analyzed on
6% non-denaturing polyacrylamide gel in 0.5x TBE
buffer. After electrophoresis, the gels were stained
with 5 ug/ml™~" ethidium bromide and the bands were
visualized under UV light using the Alpha Imager
3300 system.

Estimation of polymorphic information content
and genetic diversity analysis

Individual SSR alleles observed for the 16 tomato
genotypes were scored as different characters and a
pair-wise dissimilarity matrix was generated. An
allele at a microsatellite locus that consistently failed
to amplify to detected levels via the polymerase chain
reaction was considered as a null allele (Dakin and
Avise 2004). The genetic relatedness among geno-
types was analyzed using Jaccard’s similarity coef-
ficient and tree construction through neighbor-joining
cluster analysis based on the principle of parsimony as
implemented in DARwin (Dissimilarity Analysis and
Representation for windows) V.5.0.158 (Perrier and
Jacquemoud-Collet 2006). To determine the statistical
support for different branch points, the percentage of
bootstrap values were estimated based on 1000 re-
samplings of the data. The polymorphism information
content (PIC) value of each SSR marker was calcu-
lated based on the formula, Hn =1 — Zpiz, where
pi is the allele frequency for the ith allele (Nei 1973).

Linkage map construction

The genotypic data of a subset of 94 F, plants
produced from the crosses of CLN2498E x LA1579,
CLN2498E x LA407, and CLN2498E x LA1940
were used to map the newly developed SSRs and
compare their map distances. The linkage map was
constructed using JoinMap® version 3.0 (van Ooijen
and Voorrips 2001). All the loci were tested for
significant deviation from the expected Mendelian
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for the SSR loci SLM12-31 across 16 genotypes is
shown in Fig. 1. Number of alleles across 16 acces-
sions ranged from 1 (SLM12-7, SLM12-35) to 10
(SLM12-31). Null allele was a common feature in
S. pennellii (29.2%) and S. habrochaites (32.3%)
accessions. The PIC values reflected allele diversity
and frequency among different accessions and ranged
from zero to 0.88 (Table 1). Among the 37 polymor-
phic SSRs, 20 primers showed polymorphism within
S. lycopersicum genotypes with the number of alleles
ranging from 2 to 5 and PIC values ranging from 0.19 to
0.75. SLM12-31 alone was sufficient to differentiate
five out of eight S. lycopersicum genotypes. The
number of polymorphic SSR alleles between
CLN2498E (S. lycopersicum) and other cultivated
and wild tomato genotypes ranged from 4 to 32 and the

M12 3 45 6 78910111213141516 M

Fig. 1 Allelic distribution of SLM12-31 across 16 tomato
genotypes. M 25-bp ladder markers; Lane 1 LA1579 (S. pim-
pinellifolium); 2 LA1940 (S. pennellii); 3 CLN2498E (S. lyco-
persicum); 4 Arka Meghali (S. lycopersicum); 5 CA4 (S.
lycopersicum); 6 CLN1621L (S. lycopersicum); 7 FLA456 (S.
lycopersicum); 8 CL5915-93D4 (S. lycopersicum); 9 Hawaii
7996 (S. lycopersicum); 10 LAT16 (S. pennellii); 11 West
Virginia700 (S. pimpinellifolium); 12 M82 (S. lycopersicum);
13 LA1033 (S. habrochaites), 14 LA3708 (S. pimpinellifoli-
um); 15 LA407 (S. habrochaites); 16 T4065 (S. lycopersicum)

@ Springer

percentage of polymorphism ranged from 11 to 86
(Table 2).

A comparison was made between repeat length and
the degree of polymorphism. Most of the micro-
satellite loci were polymorphic between accessions of
S. lycopersicum and wild relatives irrespective of the
length of repeat motif. However, the degree of
polymorphism increased with the total length of the
repeat within the cultivars of S. lycopersicum. The
average PIC values of class I and II type SSRs
were 0.64 and 0.38, respectively.

Genetic diversity analysis

Based on 37 SSR markers specific to chromosome 12,
the 16 tomato genotypes were grouped into four major
clusters (Fig. 2). The wild genotypes were well
separated from the cultivated species, and three distinct
groups were observed, i.e. S. pennellii (LA716 and
LA1940), S. habrochaites (LA407 and LA1033) and
S. pimpinellifolium (LA3708, LA1579). West Virginia
700 (S. pimpinellifolium) grouped separately but
more closely related to S. pimpinellifolium genotypes.
The cultivated genotypes were grouped into two sub-
clusters. However, the bootstrap values were much
lower at the nodes, except two, in these two clusters.
This indicated the relatively higher genetic similarity
among the cultivated accessions.

Genetic mapping of chromosome 12

The SSR markers developed in the present study were
polymorphic in one or more of the three mapping
populations. Parental screening identified 32 poly-
morphic loci between CLN2498E and LA1940, 32
between CLN2498E and LLA407, and 21 between
CLN2498E and LA1579. SLM12-37 developed from
the BAC clone C12HBa0021L02 was found to be
polymorphic only between CLN2498E and LA1579.
A subset of 16 polymorphic markers with one to two
markers representing each of the 11 BAC clones was
selected for genotyping. All 16 markers were not
commonly polymorphic across three mapping popu-
lations. The number of polymorphic markers was 13,
12 and 14 for S. pennellii, S. habrochaites and
S. pimpinellifolium populations, respectively. Those
SSR loci producing null alleles in LA1940 and
LA407 were scored as dominant markers. The rest of
the markers were scored as co-dominant markers.
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Table 2 Polymorphism
rate of SSR markers in
tomato genotypes compared
with S. lycopersicum
genotype CLN2498E

% Value in parenthesis
indicates the number of null
alleles obse

Fig. 2 The topology of the
UPGMA dendrogram for
individual tomato
accessions based on 37 SSR
markers. Numbers at nodes
indicate bootstrap values
(percentage of 1000
bootstrap re-sampling)

The segregation of the markers significantly devi-
ated from Mendelian ratios (3:1 for dominant markers
or 1:2:1 for co-dominant markers) in all three
populations. The extent of skewed segregation was

289
Genotype Species Number of polymorphic Percentage of
SSR alleles® polymorphism
CLN1621L S. lycopersicum 4 11
CL5915-93D4 S. lycopersicum 7 19
Hawaii7996 S. lycopersicum 9 24
FLA456 S. lycopersicum 11 30
CA4 S. lycopersicum 13 35
Arka Meghali S. lycopersicum 14 38
M82 S. lycopersicum 15 40
T4065 S. lycopersicum 19(1) 51
West Virginia 700 S. pimpinellifolium 18 49
LA1579 S. pimpinellifolium 21(1) 57
L3708 S. pimpinellifolium 25(3) 68
LA716 S. pennellii 31(10) 84
LA1940 S. pennellii 32(9) 86
LA1033 S. habrochaites 31(13) 84
LA407 S. habrochaites 32(11) 86
*Lh407
—81—
LR 1033
100
“LR716
100
47 “LR 1940
“LR3708
—1 {— il
*LA1579
W est Vigina 700
———FLR 456
-
4 ‘—Ch4
“Rxka M eghal
L1 g
+T4065
4
—a{ 82
amm— ST LT
4
——————sC L5915-93D4
—8]
——CLN1621L
—
‘———————————C LN2498E
0+ 40 .2

higher in S. lycopersicum x S. pennellii cross. Out of
13 marker loci surveyed, eight exhibited significant
deviation from the expected segregation ratios. In
S. lycopersicum x S. habrochaites cross, four out of
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Fig. 3 SSR linkage maps A

of chromosome 12 for the o~

inter-specific crosses in

tomato.

A CLN2498E x LA1940 125 SUM2-17

(S. lycopersicum x 163 SUM12-15

S. pennellii);

B CLN2498E x LA407 x4 SUM2:20 +—
(S. lycopersicum x

S. habrochaites);,

C CLN2498E x LA1579 23 b gmg%

(S. lycopersicum x ~NT £yt

S. pimpinellifolium). The ®3 = SLM12:01" *—
arrow mark indicates the 546 SLMIZ- 41" &
SSR markers that are 08 SLMI2- 317

common across linkage
maps
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12 markers exhibited skewness, while in S. lycoper-
sicum x S. pimpinellifolium cross, only one out of 14
markers exhibited skewness.

The total length of linkage map of chromosome 12
was 112.5 cM, 109.3 cM, and 114.1 cM for the
S. lycopersicum x S. pennellii, S. lycopersicum x
S. habrochaites, and S. lycopersicum x S. pimpinel-
lifolium populations, respectively (Fig. 3). The interval
distance between markers developed from adjacent
BAC clones in CLN2498E x LA1940 (S. pennellii)
map were similar to the map distance between
the actual BAC clones anchored on the tomato-
EXPEN2000 map in SGN. However, contraction of
marker intervals (between SLM12-41 and SLM12-
38) near the centromeric region was observed in
CLN2498E x LA407 (S. habrochaites) map. These
markers were derived from three BAC clones
viz., C12HBa0009J11, CI12HBa0165B12, and
C12HBa0193C03. In CLN2498E x LA1579 (S. pim-
pinellifolium) map, a contraction between the
SLM12-20 and SLM12-17 as well as an expansion
between SLM12-36 and SLM12-24 were observed.
The differences in the distance between marker
intervals contributed to the slight changes in the total
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length of linkage map of chromosome 12 between the
three populations.

An integrated linkage map was built by combining
the genotypic data from all three mapping populations
(Fig. 4). Because Join Map uses the regression map-
ping algorithm for map integration, distances between
the common markers in all three mapping populations
were averaged. Based on the mean recombination
frequencies and LOD score, map distance was calcu-
lated to obtain the integrated map. The integrated map
comprised of 16 markers spanning a total length of
118.7 c¢M and had two large gaps of 15-20 cM.

Discussion

With progress in the tomato genome sequencing
project, about 50 percent of chromosome 12 has been
sequenced and 82 BAC clones are available. Of these,
17 BAC clones have been anchored on the high
density genetic map of S. lycopersicum x S. pennellii
as on date (http://www.sgn.cornell.edu). Although
these anchored BAC clones cannot provide complete
coverage of the chromosome, their uniform distribu-
tion at an interval of 10-20 cM from each other still
serves as a useful resource for marker development.
This would particularly complement the high level of
clustering in the centromeric region among the
available SSR markers of this chromosome.

SSR markers identified in the BAC clones were
characterized for the type and number of repeat units.
AT motifs accounted for a majority of the dinucle-
otide repeats. This is consistent with previous studies
in tomato (Areshchenkova and Ganal 2002; He et al.
2003; Frary et al. 2005; Ohyama et al. 2009). There
was no predominant trinucleotide motifs observed in
this study, although ATT, AAT, and CTT motifs
were found to be more frequently reported by
Smulders et al. (1997), He et al. (2003), and Frary
et al. (2005), respectively. SSR marker alleles were
detected in almost all the tested accessions of
S. Iycopersicum and S. pimpinellifolium. However
null alleles were a common feature of S. pennellii and
S. habrochaites. In a study by Areshchenkova and
Ganal (2002) about 50% of SSR markers yielded null
alleles in S. pennellii. Such high frequencies of null
alleles in distantly related accessions reveals a high
amount of sequence diversity in the microsatellite
flanking regions, thereby preventing primer binding.

Based on the number of repeat units, SSRs are
classified as class I (>10 repeat units) and class II
(<10 repeat units) markers (Shultz et al. 2007).
Areshchenkova and Ganal (1999, 2002) and Ohyama
et al. (2009) developed SSR markers by isolating
only class I SSRs from genomic libraries and BAC-
end sequences. This may result in a potential loss of
polymorphic markers being identified. Hence we
developed SSR markers comprising of both class I
and class II types with the length of repeat motifs
ranging from 16 to 78 nucleotides. Several studies
have reported that PIC values are positively influ-
enced by the length of repeat motif of SSR markers in
different species (Grist et al. 1993; Thomas and Scott
1993; Minamiyama et al. 2006; Yi et al. 2006). A
comparison between repeat length and the degree of
polymorphism in this study showed that, irrespective
of the length, both class I and class II SSRs were
polymorphic between species. Class I SSRs had
higher PIC values compared to class II SSRs and
were more useful in differentiating genotypes among
S. lycopersicum. Similar observations were made by
Smulders et al. (1997) and Frary et al. (2005)
indicating that longer tomato microsatellites gener-
ated polymorphisms within cultivated tomato, while
shorter microsatellites could only produce polymor-
phism between species. However, no relationship
between repeat length and PIC also has been reported
in pepper (Sanwen et al. 2000) and potato (Milbourne
et al. 1998). Although class I SSRs may be preferred
for their higher polymorphic values within cultivated
genotypes, our results suggest that class II SSRs
should be useful to detect species level polymor-
phisms and to saturate various interspecific linkage
maps.

Diversity analysis showed that use of SSR markers
from a single chromosome was effective in revealing
genetic diversity within both wild and cultivated
genotypes of tomato. In this study, West Virginia 700
(S. pimpinellifolium) was grouped separately but
more closely related to S. pimpinellifolium. Earlier,
Olivier et al. (1995) reported that West Virginia 700
did not considerably differ from S. lycopersicum
genotypes based on RFLP polymorphisms. And later
studies indicated low polymorphism between West
Virginia 700 and Hawaii 7996 (S. lycopersicum)
(Thoquet et al. 1996; Wang et al. 2000). Using
chromosome 6 specific SSR markers, West Virgina
700 was separated from both S. pimpinellifolium and
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S. lycopersicum (Geethanjali et al. 2010). There
might be a possibility that it could be a derivative
of both the species. The varieties, CLN2498E,
CLN1621L and CL5915-93D4 bred at AVRDC were
grouped together. This was expected, as they possibly
could share a close pedigree. For example, these
varieties possess moderate to high level of resistance
to bacterial wilt (P. Hanson, AVRDC; personal
communication) and, a major QTL associated with
resistance to bacterial wilt has been mapped on
chromosome 12 (Thoquet et al. 1996; Wang et al.
2000).

Segregation distortion is a common phenomenon
in interspecific mapping populations, particularly in
more distantly related crosses. Our results showed
that skewed segregation was more pronounced in the
crosses with S. pennellii, followed by S. habrocha-
ites, and was the least in S. pimpinellifolium. These
are consistent with previous reports on the extent of
skewness in various interspecific crosses. deVicente
and Tanksley (1993) observed about 80% skewed
segregation in a F, population derived from S.
lycopersicum x S. pennellii cross. Shirasawa et al.
(2010) reported segregation distortion for 38.2% of
the mapped SSR marker loci in the EXPEN2000
genetic map (S. lycopersicum x S. pennellii); the
distortion ratios varied from chromosome to chro-
mosome and in chromosome 12, less than 10% of
SSR marker loci showed distortion. Zhang et al.
(2002) reported 62% skewed segregation in back-
cross populations derived from S. lycopersicum x
S. habrochaites crosses. The skewed segregation of
markers was relatively lower in S. lycopersicum and
S. pimpinellifolium crosses (Chen and Foolad 1999).
Skewed segregation in interspecific crosses of tomato
has been attributed to several factors such as self
incompatibility, unilateral incompatibility and game-
tophytic selection (Trognitz and Schmiediche 1993;
Foolad 1996; Bernacchi and Tanksley 1997). Shiras-
awa et al. (2010) suggested that the bias of segrega-
tion distortion can result from the presence of more
transmission ratio distortion (TRD) factors (Harushi-
ma et al. 2001) on certain chromosomes, and the
number of markers linked to those TRD. For
example, self-incompatibility locus (SI), which is
the major control for unilateral incompatibility in
tomato, has been located on chromosome 1 and two
additional QTLs enhancing unilateral incompatibility
mapped on chromosome 3 and 12 (Bernacchi and

@ Springer

Tanksley 1997), and the SSR markers mapped on
these chromosomes showed skewed segregation.
Although several SSR based linkage maps are
available in tomato, comparison of these maps has
not yet been done. This was due to the absence of
adequate polymorphic SSR markers segregating in
multiple mapping populations. Our strategy to
develop as many SSR markers as possible from each
BAC clone was aimed to identify more markers that
would segregate in multiple mapping populations for
the same genomic region. The common SSRs
mapped on the three interspecific genetic linkage
maps enabled us to compare these maps in terms of
marker order, marker interval, and map distance. The
marker order among the three maps was in good
agreement, and was in the linear order of the BAC
clones. The length of linkage maps developed in this
study was also comparable with the other published
linkage maps. For instance, the total length of linkage
map of S. Ilycopersicum x S. pennelli (LA1940)
population was 112.5 cM based on 13 SSR markers
in this study. Shirasawa et al. (2010) reported that the
total length of linkage map of chromosome 12 of the
S. Iycopersicum x S. pennelli (LA716) population
was about 120.4 cM based on 164 markers. Slight
differences were observed in the total length of
linkage maps of chromosome 12 between three
interspecific populations as a result of contractions
and expansions in certain marker intervals. As the
mapping populations used in this study had a
common S. lycopersicum parent, differences in the
total length of linkage maps might have resulted from
differences in the recombination rate contributed by
the wild species. Furthermore, SSRs derived from
three BAC clones (C12HBa0009J11, CI12HBa
0165B12 and C12HBa0193CO03) clustered around
the centromere in the CLN2498E x LA407 F, map,
but not in the other two maps. Reduced recombina-
tion in the centromeric regions of tomato chromo-
somes has been observed previously from F,
populations of S. lycopersicum x S. pennellii and
S. lycopersicum x S. pimpinellifolium crosses (Frary
et al. 1996). Such a centromeric suppression of
recombination, if present, could have been accounted
for in the EXPEN2000 map. As the positions of
BAC clones were inferred based on the EXPEN 2000
map, SSRs derived from these BAC clones also
showed similar marker intervals to adjacent BAC
clones placed on EXPEN 2000 map without much
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contraction and expansion in the CLN2498E x
LA1940 (S. pennellii) map. The contraction of marker
intervals (between SLM12-41 and SLM12-38) near
the centromeric region in CLN2498E x LA407
(S. habrochaites) map and a contraction (between
the SLM12-20 and SLM12-17) as well as an expan-
sion (between SLM12-36 and SLM12-24) of marker
intervals in CLN2498E x LA1579 (S. pimpinellifoli-
um) suggest the cross-specific hotspots of depressed or
increased recombination along chromosomes as
reported in the earlier studies (Grandillo and Tanksley
1996; Bernacchi and Tanksley 1997). The differences
in map distance also could be due in part to the smaller
population size, chance recombination, and dominant
microsatellite markers affecting mapping accuracy.

As all the markers did not segregate in a single
mapping population, we constructed an integrated
linkage map of chromosome 12 by combining markers
from all three interspecific linkage maps. Integrated
linkage maps, once saturated with more markers,
would be useful for tagging genes/QTLs and finding
markers for marker assisted selection. However,
ambiguities in marker order were observed in inte-
grated SSR maps of grapevine (Doligez et al. 2006),
soybean (Radhika et al. 2007), and pepper (Lee et al.
2009). Such ambiguities were not observed in the
present integrated linkage map of chromosome 12. The
marker order in the integrated linkage map was
consistent with the individual linkage maps. The total
length of integrated linkage map (118.7 cM) was closer
to the total length of linkage map of chromosome 12
(120.4 cM) reported by Shirasawa et al. (2010). When
more BAC clone sequences become available, devel-
opment of additional SSR markers and integration with
other published SSRs on this chromosome would help
to develop highly saturated linkage map.

In conclusion, 37 SSR markers specific to chro-
mosome 12 were developed from anchored BAC
clone sequences available in the Solanaceae Genom-
ics Network. These SSR markers add to the present
repository of molecular markers available for chro-
mosome 12 in tomato and have potential use in
genetic diversity analysis and mapping studies.
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