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Abstract Currently, the only genetic resistance against
root-knot nematodes in the cultivated tomato Solanum
lycopersicum (Lycopersicon esculentum) is due to the
gene Mi-1. Another resistance gene, Mi-3, identified in
the related wild species Solanum peruvianum (Lycopers-
icon peruvianum) confers resistance to nematodes that
are virulent on tomato lines that carry Mi-1, and is
effective at temperatures at which Mi-1 is not effective
(above 30�C). Two S. peruvianum populations segre-
gating for Mi-3 were used to develop a high-resolution
map of the Mi-3 region of chromosome 12. S. lycoper-
sicum BACs carrying flanking markers were identified
and used to construct a contig spanning the Mi-3 region.
Markers generated from BAC-end sequences were
mapped in S. peruvianum plants in which recombination
events had occurred near Mi-3. Comparison of the S.
peruvianum genetic map with the physical map of S.
lycopersicum indicated that marker order is conserved
between S. lycopersicum and S. peruvianum. The 600 kb
contig between Mi-3-flanking markers TG180 and
NR18 corresponds to a genetic distance of about 7.2 cM
in S. peruvianum. We have identified a marker that
completely cosegregates with Mi-3, as well as flanking
markers within 0.25 cM of the gene. These markers can
be used to introduce Mi-3 into cultivated tomato, either
by conventional breeding or cloning strategies.

Keywords BAC contig Æ Chromosome walking Æ
Synteny Æ Meloidogyne Æ Solanum

Introduction

Root-knot nematodes are important pathogens of many
cultivated crops, including tomato (Solanum lycopersi-
cum). All resistance to root-knot nematodes in cultivated
tomato is conditioned by the gene Mi-1, which was
transferred from the related wild species S. peruvianum
to S. lycopersicum by embryo rescue followed by tradi-
tional breeding (Smith 1944; Medina Filho and Stevens
1980). Mi-1 has been cloned and shown to encode a
protein with a nucleotide-binding site and leucine-rich
repeats, which are features characteristic of many other
pathogen resistance proteins (Milligan et al. 1998; Vos
et al. 1998). Mi-1 also confers resistance against the
potato aphid, Macrosiphum euphorbiae (Rossi et al.
1998) and the white fly, Bemisia tabaci (Nombela et al.
2003).

Mi-1-mediated resistance is effective against the three
most economically important root-knot nematode spe-
cies,Meloidogyne incognita,M. javanica, andM. arenaria
and is widely used in modern processing tomato cultivars
to control nematodes (Roberts and Thomason 1986;
Williamson 1998). However, there are natural isolates of
each of these three nematode species that can overcome
the resistance mediated by Mi-1 (Riggs and Winstead
1959; Castagnone-Sereno et al. 1994; Kaloshian et al.
1996). In addition, resistance mediated by the Mi-1 gene
is compromised at soil temperatures above 30�C (Holz-
mann 1965; Dropkin 1969; Ammati et al. 1986). Due to
the increasing importance of host resistance for nema-
tode control, new sources of resistance are needed.

Root-knot nematode resistance has been reported in
several accessions of the diverse wild species S. peru-
vianum (Cap et al. 1993; Yaghoobi et al. 1995; Veremis
and Roberts 1996; Veremis et al. 1999). Some of these
sources carry genes that confer resistance to nematodes
that are virulent on strains carrying Mi-1. Other sources
carry resistance that functions at temperatures above
30�C at which Mi-1 is no longer effective. However, few
of these potential resistance genes have been mapped,
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let alone cloned. Mi-9, which confers heat-stable resis-
tance to a similar set of nematode isolates as Mi-1, is
located on the short arm of chromosome 6 in the same
genetic interval as Mi-1 (Ammiraju et al. 2003). The
resistance gene, Mi-3, which confers resistance to Mi-1-
virulent root-knot nematode strains, has been mapped
to the short arm of chromosome 12 (Yaghoobi et al.
1995; Huang et al. 2004). In addition, Mi-3, or a closely
linked gene, confers resistance at temperatures above
30�C (Yaghoobi et al. 1995; Veremis and Roberts 1996).

Since Mi-3 confers resistance to Mi-1-virulent nem-
atode isolates and may also confer heat-stable resistance,
incorporation of this trait into cultivated tomato is
desirable and is expected to complement the qualities of
Mi-1. Attempts to introduce these traits via traditional
breeding schemes are ongoing (Doganlar et al. 1997;
Moretti et al. 2002). However, another approach is to
isolate the Mi-3 gene from S. peruvianum by a positional
cloning strategy and to introduce the gene into culti-
vated tomato by plant transformation. Both approaches
require additional information on the genetic position of
Mi-3. Here, we report the fine-scale genetic mapping of
Mi-3 and the development of a tomato DNA contig that
spans this locus.

Materials and methods

Plant materials

Two S. peruvianum populations were used in this study.
The S. peruvianum population VWP2·4 consists of
progeny from a cross between two plants VWP2 and
VWP4, which were previously found to have the geno-
types Mi-3/mi-3 and mi-3/mi-3, respectively (Yaghoobi
et al. 1995). Crossing of sibling plants heterozygous for
Mi-3 from the VWP2·4 population produced a second
S. peruvianum population, referred to in this paper as a
pseudo-F2 population. These Mi-3/mi-3 sibling plants
were identified as heterozygotes by testing their resis-
tance to nematodes and by marker analysis and were
crossed to each other. Genotyping of the linked marker
loci NR14 and TG180 on chromosome 12 (Fig. 1), to-
gether with resistance tests on the plants, identified Mi-
3-homozygotes. These homozygotes were crossed to
each other and additional seeds of this genotype were
obtained in fertile combinations.

Nematode assays

M. incognita 557R is a virulent strain that can reproduce
on tomato plants carrying the Mi-1 gene, but does not
reproduce on S. peruvianum plants with Mi-3 (Yaghoobi
et al. 1995). The M. javanica strain VW4 is avirulent on
tomato plants withMi-1. VW4 can reproduce on tomato
lines with Mi-1 at 32�C, but does not reproduce on S.
peruvianum plants carrying the Mi-3 gene at either
temperature.

For nematode resistance assays, six well-rooted cut-
tings were established for each plant in sterile river sand
as previously described (Yaghoobi et al. 1995). Three
cuttings of each plant were infected with M. incognita
557R and maintained for 6 weeks at 27�C in a growth
chamber. The other three rooted cuttings were infected
with M. javanica strain VW4 and were maintained at
32�C in a growth chamber. Each plant was infected with
3,000 second-stage juveniles (VW4) or 10,000 eggs
(557R). After 6 weeks, the plants were uprooted and the
egg masses were stained and counted as previously de-
scribed (Yaghoobi et al. 1995). A plant was designated
as resistant if it harbored 20 or fewer egg masses and as

Fig. 1 Genetic map of the Mi-3 region on the short arm of
Chromosome 12 of tomato. This map is based on the analysis of
181 plants from the S. peruvianum VWP2·4 population. Genetic
distances (cM) were calculated as recombination fractions
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susceptible if more than 20 egg masses were present. The
S. lycopersicum cultivars VFNT cherry (Mi-1/Mi-1) and
UC82 (mi-1/mi-1) were used as controls for nematode
infection.

Marker development and scoring

Different marker types were used to characterize the
VWP2X4 progeny. TG180, TG68 and TG 263 were
scored as RFLP markers and NR14 and NR18 were
scored as CAPS (cleaved amplified polymorphic se-
quence) and RAPD (randomly amplified polymorphic
DNA) markers, respectively (Yaghoobi et al. 1995). To
characterize the pseudo-F2population, key markers were
converted to a format that could be screened by PCR, as
follows (Table 1). The NR18-specific RAPD fragment
was cloned into the TA cloning vector pCR2.1 (Invi-
trogen, Carlsbad, CA) and the sequence of the insert was
determined. Plasmid-bearing clones harboring the
RFLP markers TG180 and TG263 (Tanksley et al. 1992)
were also sequenced. Specific primers were prepared for
all three markers that could amplify DNA of the
parental lines VWP2 and VWP4 (Table 1).

All PCRs were carried out in a GeneAmp PCR sys-
tem 9700 thermocycler (Applied Biosystems, Foster
City, CA). Each reaction contained �50 ng of template
DNA; incubation conditions have been described else-
where (Yaghoobi et al. 1995). Amplification products
were resolved by electrophoresis on 1% agarose gels.

Identification and analysis of recombinants in the
pseudo F2 population

Seeds of the pseudo-F2 population were subjected to a
2–3 day cold shock to overcome dormancy, then placed
in 10% bleach for 15 min and washed five to six times
with sterile water. Individual seeds were germinated in
small plastic pots containing greenhouse potting soil
covered with a layer of vermiculite. Two leaves were
taken from young seedlings for DNA extraction fol-
lowing the rapid method described by Edwards et al.
(1991). The DNA was resuspended in 30 ll of 1·TE
buffer and 2.5 ll of a 1/10 dilution was used in a PCR
assay. DNA samples were screened for theMi-3 flanking
markers TG180 and TG263 to identify plants in which
recombination events had occurred. Recombinant indi-
viduals were transferred into larger pots and large-scale
DNA preparations were carried out as described previ-
ously (Yaghoobi et al. 1995).

S. lycopersicum library screening and contig
construction

Seven high-density filters corresponding to clones in a
BAC library of the S. lycopersicum cultivar Heinz 1706
were obtained from the Clemson University Genomics

Institute (CUGI, Clemson, SC). This library represents
approximately15 genome equivalents and has an average
insert size of about 114 kb (Budiman et al. 2000). The
probes used to screen the BAC library were created and
used as follows. Using PCR primers for a marker of
interest, a fragment was amplified from homozygous
Mi-3 plant DNA, gel purified using either Prep-a-Gene
DNA purification kit (Bio-Rad, Hercules, CA) or QIA-
quickGel Extraction kit (Qiagen, Valencia, CA) and used
to probe the filters. The probe DNA was labeled with 32P
using a mega-prime DNA labeling kit (Amersham Phar-
macia Biotech, Piscataway, NJ). Hybridization, washing
and clone identification were carried out as described in
Budiman et al. (2000). In most cases only a subset of the
high-density filters was screened with each probe. BAC
clones identified by the probe were obtained from CUGI
and BAC DNA was prepared following an alkaline-lysis
protocol (Budiman et al. 2000) using Qiagen plasmid
preparation kits. NotI-digested DNA from the positive
BACs was analyzed on a CHEF Mapper apparatus
(Bio-Rad) to determine insert sizes. HindIII-digested
DNA from positive BACswas fractionated on an agarose
gel for fingerprinting and determination of overlaps.
Southern hybridization was used to examine the overlaps
and to develop the contig.

BAC-ends were isolated as PCR fragments essentially
as described by Marek and Shoemaker (1997), then gel
purified and sub-cloned into the Topo-TA cloning
vector (Invitrogen). DNA sequences of the BAC-ends
were used to develop specific oligonucleotide primers
(Table 2). DNA fragments were amplified from VWP2,
VWP4 and a plant homozygous for Mi3/Mi3 with these
primers. If a size polymorphism was observed between
parental lines, primers were used to directly score
recombinants in the pseudo-F2 population. If amplified
fragments were monomorphic in size, they were digested
with an array of restriction enzymes to identify any
polymorphism (Table 1).

Results

Analysis of the VWP2·4 population

In our previous analysis of 48 progeny of the S. peru-
vianum population VWP2·4, we were not able to
genetically separate the Mi-3 locus from the markers
TG180 and NR14 (Yaghoobi et al. 1995). The closest
markers toMi-3 on one side were the unresolved markers
TG263 and NR18, and no closely linked markers were
identified on the other side. To increase the resolution of
our map and to identify Mi-3-flanking markers, we
examined 133 additional plants from the VWP2·4
population. Plants were assayed both for resistance to
the Mi-1-virulent nematode strain 557R at 27�C and
for resistance to the Mi-1-avirulent strain VW4 at 32�C.
In most cases, resistance and susceptibility were corre-
lated in the two assays. In the few cases where the scoring
differed between the two assays, the discrepancy could be
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explained by a small or unhealthy root system on plants in
one assay but not the other. Thus certain plants appeared
resistant, even though our genetic markers and the other

assay predicted a susceptible response. Additional cut-
tings of these plants were re-tested and found to be sus-
ceptible. We therefore concluded that the two resistance

Table 1 Markers used for fine mapping of Mi-3 and for contig assembly

Marker Primers (5¢ to 3¢) Restriction enzymea Expected fragment size (kb)b

Allele 1c Allele 2

TG180 ATACTTCTTTGCAGGAACAGCTCAC – 1.2 0.9
CACATTAGTGATCATAAAGTACCAG

TG263 GCTGAGAAATAAAGCTCTTGAGG – 0.9 0.75
TACCCTTAATGCTTCGGCAGTGG

NR18 GAGACATTAGCATTCACCTCCC Bsu36I 1.2 0.6
AACAAGAGAAATATGTGTACAGATTG

E15L GCTATTGTGAGGACCAAGCACG HinfI 0.7 1.0
ACGTGCATTTCCAAGATCTGGG

H3L CACATATCGCCAAGCTTCCTC HaeIII 0.5 0.4
GAGCACGAGGATTTGTAGTATTGG

F20R AGATTGAGTTTATGGGGCC HinfI 0.7 0.9
GCGGACTGTGTTATTTACGAAGAGGG

E15R GGGGCCTCGTTTCATTAGTG HinfI 0.75 0.95
TTATGAAGTTCAGTGGGCGG

E21R GGCATCCTTACCGACGGTG EcoRV 1.6 1.4
CCATGATTACGCCAAGCTT

P18L ACCATTACCTCTCTCCCTGCCC HinfI 1.1 0.5
CCTAACTTTCTCCTCTCCTCC

D9L CACTTCTTTCATGCACCC HinfI 1.2 0.5
CCTAACTTTCTCCTCTCCTCCACC

P22L CCCTCACTTGAAAAAATATCACCC – 2.0 0.5
CCTGTTCCAAATTGCTGCTGAA

N22R CGAGCTCGGTACCACCACTACC – 1.2 1.3
TTATAAGCCCAACTAGACCC

E21L CCGTGGTCTATTTATTCC – 0.9 0.5
CAGCGATTGCTATTCACTTAC

F6L GGAACATCTATGGTCATTGGTG HaeIII 1.3 0.9
GAGGGATGTGATATAGACAG

L14R GAGGATTGTAAGAAGTGTG NT 0.7 0.7
TCGCGATCTCTCCTCCCTG

L14L ATTTAGGGTGTATTTGGTGG NT 0.7 0.7
TTGTCAAATAAATACCGTCG

K13R GAAGGTGGAAGAGTTAGTGG NT 1.5 1.5
GGCTGTCGTATGGGTGGATGC

L16R CAGGATTATTGTGGCTTGC NT 0.5 0.5
ATAGTTTTATGAACTTTTTCC

L16L ATAGTGTCTACTTCAGGG NT 0.9 0.9
CCATCAAACAGTTCTCT

DH8R TAGAGAGACTATCCTTTA NT 0.45 0.45
CACATTCAGTGATGGCGTT

P13L TGCTCCATCTTTTTATTGCC RsaI 0.9 0.7
CTCTCTCCCTCCTTAATAGGC

D1R GGGGTCCTACATACATAAAAGG AluI 0.8 0.5
GCCTCGGGAGATTTGGAAGATG

I24R CTACATAAATTGGCCGTC AseI 0.9 0.6
GGAGGCAGCATCCATTCTTGAGG

J18L ATTTTCCCTCTCCCCCCTTCC HinfI 1.3 0.9
CCTGAGACCTCGTGATTCTCC

J5R GGAATGAAATCAATGAGCACGGGG AccI 1.3 0.9
CGTCATCGTTTCACCGTCC

J18R CGTTTTGACTCCCTTTCCACCTTCC MspI 1.6 1.3
TAGAAGCAGCGCAATGGAACC

K24R ATGCGTAGTTCGAACATGGAGG NlaIV 0.8 0.6
CAGATAGTGAGGAACGATAACACC

I2R GGAAATGAGTTTACTCGG NlaIV 0.8 0.6
AACAGATAGTGAGGAACG

aNT, not tested
bSize of largest diagnostic fragment
cAllele 1 is associated with the resistant phenotype
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assays were correlated for all samples, which is consistent
with the interpretation that a single, dominant gene con-
trols resistance to the Mi-1-infecting nematode strain
557R at 27�C and the resistance to strain VW4 at 32�C.
Out of 133 plants tested from the VWP2·4 population, 69
were scored as resistant and 64 as susceptible, in agree-
ment with the expected 1:1 segregation ratio based on chi-
square statistics (0.70>P>0.50). The same 133 plants
were scored with the DNA markers TG180, TG263,
TG68, NR18 and NR14 (Table 2). Segregation ratios for
these loci were in agreement with the expected 1:1 ratios
(0.90>P>0.70 for TG180, NR18 and NR14, and
0.95>P>0.90 for TG263 andTG68). Recombinants that
separatedmarkersNR14 andTG180 from each other and
from Mi-3 resistance were identified, and the most likely
map order placed these markers telomeric to Mi-3 . By
combining the data for our previous sample of 48 plants
with those for the 133 plants in this study, we produced a
genetic map of the Mi-3 region with closely linked flank-
ing markers (Fig. 1).

Identification of recombinants in a pseudo-F2
population

To aid in screening for additional recombinants, the
markers TG180, TG263 and NR18 were converted to a
PCR format (Table 1). TG180 and TG263 showed a
length polymorphism between the parental lines, and
progeny could be scored directly with these codominant
markers (Fig. 2). NR18 was monomorphic between the
two parental lines, but was converted into a polymorphic
CAPS marker with the restriction enzyme Bsu36I and
used in this manner to genotype the progeny (Fig. 2).

We were not able to generate a true F2 population
due to the complex incompatibility system in S. peru-
vianum (Rivers et al. 1993; Kowyama et al. 1994).
However, by crossing heterozygous (Mi-3/mi3) sib

plants from the VWP2·4 population, we produced a
pseudo-F2 population. We screened 390 individuals
from this population with the flanking markers TG180
and TG263 to identify plants with recombination events
near Mi-3. Sixty-nine recombinant plants were identified
and scored for alleles of the marker NR18 (Table 3). Of
these, 48 had undergone a recombination event between
markers TG180 and NR18, while 23 plants had a
recombination event between NR18 and TG263,
including two double recombinants. Three cuttings
each of the 69 plants were tested for Mi-3 resistance
(Table 3). Plants scored as resistance had egg mass
numbers ranging from 0 to 15, while susceptible plant
roots all had >58 egg masses. The ratio of resistant to
susceptible plants was consistent with 3:1 segregation
(0.90>P>0.70).

We produced seeds from plants that were homozygous
for the marker alleles flanking Mi-3, and thus were pre-
sumably homozygous forMi-3 as well. Forty of theseMi-
3-homozygotes were tested for resistance to strain 557R
at 27�C and for resistance to M. javanica strain VW4 at
32�C. No egg masses were found on any of these plants,
indicating a high level of resistance. In comparison the
average egg mass number on forty individual heterozy-
gous (Mi-3/mi-3) plants from the VWP2·4 population
was 1.8 (range 0–20) with strain 557R at 27�C and 4.4
(range 0–20) for the same plants tested with VW4 at
32�C. The observed copy number effect for this gene
suggests that the Mi-3 allele is incompletely dominant.

Chromosome walking and BAC contig construction

A S. lycopersicum BAC library was screened with the
markers NR14, TG180, and NR18 and hybridizing
clones were identified. Since these markers had previ-
ously been shown in RFLP analyses to hybridize to
more than one genetic locus, it was expected that some

Table 2 Segregation of Mi-3 and linked markers in the VWP2·4 population

Plants Number of plants Mi-3 phenotypea Markerb

NR14 TG180 NR18 TG263 TG68

Parental lines
VWP2 (Mi3/mi3) 1 R 1/2 1/2 1/2 1/2 1/2
VWP4 (mi3/mi3) 1 S 2/2 2/2 2/2 2/2 2/2
Progeny classes
Parental class I 56 R 1/2 1/2 1/2 1/2 1/2
Parental class II 58 S 2/2 2/2 2/2 2/2 2/2
Recombinant class 1 1 R 2/2 1/2 1/2 1/2 1/2
Recombinant class 2 1 S 1/2 2/2 2/2 2/2 2/2
Recombinant class 3 3 R 1/2 1/2 1/2 2/2 2/2
Recombinant class 4 4 R 1/2 1/2 2/2 2/2 2/2
Recombinant class 5 2 R 2/2 2/2 1/2 1/2 1/2
Recombinant class 6 4 S 2/2 2/2 2/2 1/2 1/2
Recombinant class 7 2 S 2/2 2/2 1/2 1/2 1/2
Recombinant class 8 1 R 1/2 1/2 1/2 1/2 2/2
Recombinant class 9 1 S 2/2 2/2 2/2 2/2 1/2

aResistance (R) or susceptibility (S) to nematode strain 557R at 27�C and to nematode strain VW4 at 32�C
bAllele 1 is associated with resistance (Mi-3) and allele 2 with the susceptible locus (mi-3)
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of the BAC clones would not be linked to the Mi-3 lo-
cus. BAC clones were tested for PCR amplification with
locus-specific primers corresponding to each marker.
Positive BACs were digested with HindIII, and digestion
patterns were compared to those of genomic DNA after
hybridization with each marker. The markers TG180
and NR14 identified three BACs (224E15, 193F20 and
206H3) with the expected hybridization patterns, and
each of these BACs carried both NR14 and TG180
(Fig. 3). The marker NR18 identified BAC 276B2 from
the library.

A chromosome-walking strategy was followed to
develop a complete DNA contig spanning the Mi-3
region between the markers NR14/TG180 and NR18.

Fig. 2 a, b Co-dominant PCR-based markers used to identify
recombinants. The numbers 1 and 2 on the left (arrowheads)
indicate the fragment position for each marker allele. For each
marker the allele associated with resistance (Mi-3) is designated
Allele 1 and that associated with the susceptible locus (mi-3) is
designated Allele 2. a Fragment length polymorphisms detected
after amplification with primers for TG180 and TG263 (Table 1).
Each lane contains DNA from a separate, representative plant in
the F2 population. b Patterns obtained from selected recombinants
between markers TG180 and TG263 after amplification using PCR
primers developed from RAPD marker NR18 (Table 1). The first
lane shows the undigested 1.2 kb PCR fragment. The remaining
lanes show Bsu36I-digested PCR products. The fragment derived
from allele 2 is cleaved once by this enzyme (giving 0.65- and 0.55-
kb products) whereas allele 1 is not cut (1.2 kb). The lane marked
M contained a 1 kb ladder DNA marker (Invitrogen)

Table 3 Segregation of Mi-3 and linked markers in the pseudo-F2 population

F2 progeny types Number of plants Mi-3 phenotype Markera

TG180 NR18 TG263

Parental class I 155 ND 1/2 ND 1/2
Parental class II 90 ND 2/2 ND 2/2
Parental class III 76 ND 1/1 ND 1/1
Recombinant class 1 13 R 1/1 1/2 1/2
Recombinant class 2 10 R 1/2 1/1 1/1
Recombinant class 3 9 R 1/2 2/2 2/2
Recombinant class 4 7 S 2/2 1/2 1/2
Recombinant class 5 4 R 2/2 1/2 1/2
Recombinant class 6 3 S 1/2 2/2 2/2
Recombinant class 7 7 R 1/2 1/2 2/2
Recombinant class 8 2 R 1/1 1/1 1/2
Recombinant class 9 5 R 1/2 1/2 1/1
Recombinant class 10 7 S 2/2 2/2 1/2
Recombinant class 11 1 S 2/2 1/2 1/1
Recombinant class 12 1 R 1/1 1/2 2/2
VWP2 (Mi3/mi3) R 1/2 1/2 1/2
VWP4 (mi3/mi3) S 2/2 2/2 2/2
Mi3/Mi3 R 1/1 1/1 1/1

aAllele 1 is associated with resistance (Mi-3) and allele 2 with the susceptible locus (mi-3)
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DNA sequence from cloned BAC-insert ends was used
to develop markers for re-screening the library. Marker
order and genetic distances were determined with rec-
ombinants from theVWP2·4 and pseudo-F2 popula-
tions. The BAC-end marker E15R mapped centromeric
to TG180 and closer to Mi-3, while E15L mapped
telomeric to TG180 and NR14, allowing us to orient the
BAC (Fig. 3). Marker E15R was used to re-screen the
library and identified three BACs, 95D9, 48P18 and
45N22. PCR analysis, HindIII fingerprinting and
Southern analyses were carried out to determine the
extent of overlap of the BACs. The BAC-ends D9L,
P18L and N22R all mapped centromeric to E15R.
N22R co-segregated with Mi-3 in all 181 progenies of
the segregating VWP2·4 population. We were not able
to genetically map the BAC-end markers H3L and F20R
due to a lack of polymorphism, but we were able to
determine their relative positions based on overlap
analysis.

On the centromeric side, B2L mapped closer to Mi-3
locus than did NR18 (Fig. 3), and this probe identified
four BACs: 55I2, 90K24, 57J5 and 228J18. The markers

J5R and J18L both mapped telomeric to B2L and both
identified BAC 179I24. The BAC-end I24R mapped clo-
ser to Mi-3 and was used to identify BACs 274D1 and
271P13. The BAC-end D1R could not be resolved from
I24R by recombinants, while P13L mapped closer to the
Mi-3 locus. P13L identified BAC 175H8. H8L hybridized
toBACs 271P13, 274D1 and 179I24, indicating that it was
farther from the Mi-3 locus. We were not able to geneti-
cally map the right end of 175H8 due to a lack of poly-
morphism, but an H8R probe identified BAC 265L16
(Fig. 3).

The probe D9L identified BAC 260P22. The BAC-
end P22L was separated from Mi-3 by only three
recombination events. N22R, the marker cosegregating
with Mi-3, identified BAC 127E21 from the library
(Fig. 3). E21R mapped 1.85 cM telomeric toMi-3, while
E21L mapped about 0.175 cM centromeric from theMi-
3 locus. Therefore, the ends of BAC 127E21 flank the
Mi-3 locus (Fig. 3). The marker E21L identified BACs
234F6 and 248K13 (not shown in Fig. 3). The BAC-end
F6L mapped centromeric to both Mi-3 locus and E21L.
We identified another BAC, 81L14, using F6L as a
probe. BACs 81L14 and 265L16 overlapped and com-
pleted the DNA contig spanning the region from TG180
to NR18. Using both PCR and Southern hybridization
analysis it was determined that L16R is on BAC 81L14
and L14L is on BAC 265L16 (Fig. 3).

Discussion

Our data indicate that a single locus, Mi-3, confers
resistance to Mi-1-virulent nematodes at 27�C and to

Fig. 3 S. lycopersicum BAC contig spanning the Mi-3 region. The
thick horizontal line represents the region of chromosome 12
spanning the Mi-3 gene in S. peruvianum. The telomer is to the left
and the centromere to the right, as indicated by the arrows.
Markers listed below the thick line are from BAC-end probes
(except for TG180, NR14 and NR18). The numbers indicated
above the line are the numbers of recombinants from the pseudo-F2

population in each interval. The thin horizontal lines represent
BACs spanning the Mi-3 region with left (L) and right (R) ends
indicated. Numbers in parentheses are estimates of BAC-insert size
as determined on a CHEF gel system. The six BACs marked with
asterisks were used to estimate contig length
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Mi-1-avirulent nematode strains at 32�C (heat-stable
resistance). However, Veremis and Roberts (1996) sug-
gested that the two phenotypes were controlled by linked
genes, Mi-3 and Mi-5. Possible explanations for the
discrepancy with our results include differences in the
backgrounds of the parental lines or resistance assay
procedures. Whereas our cross involved resistant and
susceptible S. peruvianum plants, Veremis and Roberts
(1996) used a bridge line, EPP-1, which is a complex
hybrid of S. peruvianum and S. lycopersicum, as their
susceptible parent. Segregation of modifiers of Mi-3
activity, possibly due to S. lycopersicum genes, may ex-
plain the discrepancies between their results and ours.
Our assays also suggest that nematode resistance is more
effective in plants that are homozygous for Mi-3 than in
heterozygotes, though both homozygotes and hetero-
zygotes display strong resistance.

We present here a fine-scale map of the Mi-3 gene in
S. peruvianum. The flanking markers TG180 and NR18
define a genetic distance of about 6.07 cM. We identified
48 recombinants in this region in the pseudo-F2 popu-
lation and 12 recombinants from the VWP2·4 popula-
tion, yielding an average resolution of about 0.1 cM per
recombination event. We have identified a marker that
cosegregates with Mi-3 and flanking markers within 0.1–
0.2 cM on either side. S. peruvianum is the most variable
of the Lycopersicon section of Solanum species in terms
of both DNA polymorphisms and phenotype variability,
and it is also in a distinct clade from S. lycopersicum
(Miller and Tanksley 1990; Marshal et al. 2001). In
contrast to S. lycopersicum, S. peruvianum is self
incompatible and green-fruited (Rick and Yoder 1988;
Parokonny et al. 1997). However, a comparison of the
two maps indicates that the marker order is conserved.
The genomes of Lycopersicon species are in general
highly syntenic (van Ooijen et al. 1994). However, Van
Ooijen et al. (1994) have postulated an inversion span-
ning the region TG180–TG68 in their S. peruvianum
cross compared to the S. lycopersicum gene order, al-
though the evidence for this inversion is fairly weak.
However, if such an inversion does exist, it may present
a problem in introgressing Mi-3 into tomato using
conventional breeding.

There is also extensive synteny between the genomes
of tomato, potato and pepper (Tanksley et al. 1992;
Livingstone et al. 1999; Grube et al. 2000). Several other
disease resistance genes have been mapped to chromo-
some 12 of solanaceous plants, including Lv, which
confers resistance to powdery mildew in tomato (Chu-
nwongse et al. 1994), Gpa-2, a cyst nematode resistance
gene in potato (Roupe van der Voort et al. 1997b), Rx, a
virus resistance gene in potato (Ritter et al. 1991), CMV,
a virus resistance gene in tomato (Stamova and Chetelat
2000), andMe3 andMe4, which are root-knot nematode
resistance genes in pepper (Djian-Caporalino et al.
2001). The potato nematode resistance gene Gpa2 maps
10 cM away from the marker NR14, suggesting that
neither Gpa2 nor Rx1, which is in the same gene cluster
as Gpa2, is allelic to Mi-3 (Roupe van der Voort et al.

1997b; van der Vossen et al. 2000). However, few com-
mon markers have been used to map the R-genes on
chromosome 12, and the information available is
insufficient to allow us to ascertain whether Mi-3 is
allelic to any of these other genes (Grube et al. 2000).
Like Mi-3, the Me3 gene of pepper confers resistance
againstMi-1-virulent nematode strains and is effective at
elevated temperatures (Djian-Caporalino et al. 2001). It
will be particularly interesting to determine the posi-
tional and genetic relationship between Mi-3 and Me3
once clones of one or both genes are available.

The six overlapping BACs 224E15, 127E21, 81L14,
265L16, 271P13 and 276B2 form a DNA contig span-
ning the region between the markers NR14 and NR18
that flank theMi-3 gene (Fig. 3). Taking into account an
approximation of the extent of overlaps based on the
fingerprinting gels, we estimate that these BACs span a
region of about 600 kb. The genetic distance between
these markers is about 7.2 cM. From this we can cal-
culate a physical to genetic distance ratio of about
83 kb/cM for the region. However, it should be noted
that the physical distance was obtained from a BAC
carrying S. lycopersicum DNA, while the genetic dis-
tance was obtained from recombination within S. peru-
vianum. In the current study we found that the markers
NR14 and TG180 are 1.1 cM apart in S. peruvianum.
Our earlier work indicated that the markers NR14 and
TG180 were 6.4 cM apart in an S. lycopersicum·S.
pennellii mapping population (Yaghoobi et al. 1995),
suggesting an even higher recombination rate. Since, on
average, 1 cM in tomato corresponds to about 750 kb
(Tanksley et al. 1992), the Mi-3 region appears to lie in
an area of the genome with a high recombination rate.
The physical to genetic distance ratio varies greatly in
different regions of the tomato genome. For example, a
ratio of 25 Mb/cM was found for the jointless-2 region,
which maps near the centromere of chromosome 12,
probably due to the heterochromatic nature of the
genomic environment (Budiman et al. 2004), whereas for
jointless the corresponding value is <50 kb/cM (Mao
et al. 2001). Interestingly, high recombination frequency
is also observed near the Cf-4/Cf-9 resistance gene
cluster on chromosome 1 (Bonnema et al. 1997).

Although the BAC library used in the construction of
the contig is derived from S. lycopersicum and does not
contain the resistance allele of the Mi-3 gene, it allowed
us to produce new molecular markers and a detailed
map of the Mi-3 region in S. peruvianum. The fine ge-
netic map and tightly linked markers identified in this
work should be useful to for incorporating Mi-3 by
marker-assisted selection. The high recombination rates
in the Mi-3 region suggest that linkage drag will not be a
serious problem, but that tightly linked markers must be
used to monitor introgression. The marker N22R, which
cosegregates with Mi-3, and the markers P22L and
E21L, which flank Mi-3 and are less than 0.25 cM away,
should be suitable markers. Within our S. peruvianum
cross, the PCR amplification products differ in size
between the parents, allowing the markers to be scored
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directly without restriction digestion (Table 2). In order
to monitor the introgression, it will be necessary to test
primers for their ability to distinguish S. peruvianum
from S. lycopersicum alleles.

Based on our estimate of physical to genetic distance
of 83 kb/cM for this region of the chromosome, we have
delimited Mi-3 to a 25–30-kb region. We are now in a
very good position to isolate the gene. However, for this
we will need to produce a S. peruvianum library con-
taining the Mi-3 gene.
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