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Abstract The tomato gene Mi-1 confers resistance to
three species of root-knot nematodes, Meloidogyne spp.
However, the resistance mediated by Mi-1 is inactive at
soil temperatures above 28 °C. Previously, we identified
and mapped a novel heat-stable nematode resistance
gene from the wild species Lycopersicon peruvianum ac-
cession LA2157 on to chromosome 6. Here we report
further characterization of this heat-stable resistance
against three Mi-1-avirulent biotypes of Meloidogyne ja-
vanica, Meloidogyne arenaria and Meloidogyne incogni-
ta. Screening segregating F2 and F3 progenies, derived
from an intraspecific cross between susceptible LA392
and resistant LA2157, for nematode resistance at 25 °C
and 32 °C, revealed a simple dominant monogenic inher-
itance with all the biotypes tested. We designate this
gene as Mi-9. As a first step towards cloning of Mi-9, we
constructed a linkage map around this gene. A total of
216 F2 progeny from the cross between LA392 and
LA2157 were screened with M. javanica at 32 °C and
with CT119 and Aps-1, markers that flank the genetic in-
terval that contains the Mi-1 gene. DNA marker analysis
indicated that these markers also flank Mi-9. Further
mapping of recombinants with both RFLP and PCR-
based markers localized Mi-9 to the short arm of chro-
mosome 6 and within the same genetic interval that
spans the Mi-1 region.
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Introduction

Root-knot nematodes (Meloidogyne spp.) are important
endoparasitic pests of numerous crop species including
tomato (Lycopersicon esculentum Mill.). They have a
worldwide distribution in warm temperate to tropical re-
gions, and are also prevalent in greenhouse and other
controlled environment production systems. The infec-
tive juveniles penetrate the root and initiate specialized
feeding sites by modifying host cells in the vascular cyl-
inder, from which they withdraw nutrients (Williamson
and Hussey 1996). Nematode feeding results in damage
to tomato plants, including poor fruit yield, stunted
growth, wilting and susceptibility to other pathogens
(Johnson 1998). Comparisons of tomato production be-
tween susceptible cultivars and resistant cultivars carry-
ing gene Mi-1 in the presence and absence of M. incog-
nita revealed about 50% yield loss of susceptible culti-
vars due to nematode infection, while yield of resistant
cultivars was unaffected (Roberts and May 1986).

Gene Mi-1, introgressed from Lycopersicon peruvian-
um L., is the only commercially available source of re-
sistance to root-knot nematodes in tomato. This gene has
been exploited extensively in the last two decades for
modern tomato cultivar development. Mi-1 confers resis-
tance to three species of root-knot nematodes, Meloido-
gyne arenaria, Meloidogyne incognita and Meloidogyne
javanica (Dropkin 1969a), as well as to the potato aphid
(Macrosiphum euphorbiae) (Rossi et al. 1998). Genetic
and physical mapping localized Mi-1 in the introgressed
region on the short arm of chromosome 6. Mi-1 was
cloned and shown to belong to the class of resistance
genes that contains a leucine zipper, nucleotide binding
site and leucine rich repeats (Milligan et al. 1998). Al-
though Mi-1 is a very effective source of root-knot nem-
atode resistance in the field, Mi-1-mediated resistance is
inactive above 28 °C soil temperature (Holtzmann 1965;
Dropkin 1969b). Temperature sensitivity appears to be a
characteristic of several Meloidogyne resistance genes as
this trait is also described in other crop species such as
alfalfa (Griffin 1969), sweet potato (Jatala and Russell
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1972) and cotton (Carter 1982). Break-down of Mi-1
mediated resistance due to high temperature has been re-
ported in both greenhouse and field conditions, for ex-
ample, in Cyprus and Florida (Philis and Vakis 1977;
Tzortzakakis and Gowen 1996; Noling 2000). Therefore,
the incorporation of heat-stable resistance to root-knot
nematodes would be a valuable genetic improvement in
tomato.

Several L. peruvianum accessions have been identi-
fied to possess heat-stable resistance (Ammati et al.
1986; Veremis and Roberts 1996b). L. peruvianum is
cross-incompatible with cultivated tomato, L. esculent-
um, thus impeding efforts to introgress the resistance.
However, in some instances these self-incompatible bar-
riers could be overcome either by embryo rescue or
bridge line methods (Ammati et al. 1986; Poysa 1990;
Veremis and Roberts 1996c). In different accessions of
L. peruvianum, several heat-stable resistance genes have
been characterized and their allelic relationships have
been determined (Veremis and Roberts 1996a, b, c). The
accession LA2157, which belongs to the ancient 
Maranon race complex of L. peruvianum from Northern 
Peru, is highly resistant to Mi-1-aviruent root-knot 
nematodes at 25 °C and 32 °C, but does not confer resis-
tance to Mi-1-virulent nematodes (Ammati et al. 1986;
Veremis et al. 1999; Veremis and Roberts 2000). Genetic
analysis using an interspecific population between
LA2157 and cultivated tomato, generated by embryo res-
cue, revealed that the heat-stable resistance in LA2157 is
governed by a single dominant gene. Using molecular
markers this gene was mapped to chromosome 6 
(Veremis et al. 1999). In this paper, we formally desig-
nate this gene Mi-9, due to its distinction from other
named Meloidogyne resistance genes based on recombi-
nation and molecular data and phenotype specificity (see
Veremis and Roberts 2000). The objective of this paper
was to develop a linkage map around Mi-9, which would
serve as a platform for the isolation of this gene and for
understanding the molecular mechanism underlying the
heat-stable resistance.

Materials and methods

Plant material

Plants used in this study were L. peruvianum LA2157 (Tunel Cho-
tano), collected by the Lycopersicon expedition of 1980 in Tunel
Chotano, Cajamarca, in northern Peru, field number SAL 5002,
(Esquinas-Alcazar 1981) and LA392 (Llallan), both obtained from
C.M. Rick, Tomato Genetics Resource Center, University of Cali-
fornia, Davis. Pollen from the parents was collected and stored as
described by McGuire (1952). One day before anthesis, when the
petals changed color from green yellow to light yellow, flowers of
L. peruvianum plants were emasculated and hand-pollinated.
Crosses were made under greenhouse conditions between 11 a.m.
and 1 p.m. Pollinated ovaries were enclosed with paper bags or
gelatin capsules to prevent cross-pollination. Seeds were planted
in seedling trays containing vermiculite at the top and steam-steril-
ized loamy sand at the bottom, and maintained in a mist chamber
for at least 1 week. Clones were obtained agamically by making
cuttings from young stems 3-nodes in length. Stem segments were

dusted with rooting powder containing 2 g/l of 1-naphthaleneacet-
amide, 1 g/l of indole-3-butyric acid, and 4.40 g/l of Thiram. The
dusted cuttings were planted in steam-sterilized loamy sand and
maintained in a mist chamber for at least 1 week.

Nematode cultures

Cultures of M. incognita isolate Project 77, M. arenaria isolate 
W and M. javanica isolate VW4 (VW4 was obtained from V. M.
Williamson, University of California, Davis) were grown on sus-
ceptible tomato cultivars Tropic and UC82B. The identity of the
nematode isolates were confirmed as described previously (Cap
and Roberts 1992). Eggs were extracted from infected roots by
processing in 0.52% Na0Cl in a Waring blender, for 2 min at high
speed (Hussey and Barker 1973). Eggs and root debris were col-
lected on a 500-mesh sieve. Infective stage juveniles (J2s) were
obtained by hatching the eggs in a modified Bearmann funnel,
consisting of a wire mesh basket lined with a layer of paper towel,
set in a glass Petri dish and filled with the egg mixture. The set-up
was incubated at room temperature. Once the J2 hatches, it mi-
grates through the paper towel and into the water in the Petri dish.
Nematodes were collected every 48 h and used immediately or
stored at room temperature for an additional 48 h with aeration.

Resistance screening

Heat-stable resistance screens were carried out in constant envi-
ronment growth chambers where temperature was maintained at
32 °C for 5 days before and 30 days after inoculation, and then
plants were moved to a greenhouse and were maintained at 25 ±
3 °C. The experiments with moderate temperatures were carried
out in a glasshouse at 25 ± 3 °C. Six to eight week-old plants or
well-rooted cuttings, growing in 10-cm pots filled with steam-ster-
ilized loamy sand and fertilized with Osmocote, were inoculated
with 3,000 J2 individuals per plant. Genotypes were tested in 2–4
replications per nematode isolate and were arranged in a com-
pletely randomized design. Screenings of F3 families were made
using from 5 to 20 individuals per F3 family for families derived
from susceptible F2 plants, and from 20–40 individuals per F3
family for families derived from resistant F2 plants. Eight weeks
after inoculation, nematode reproduction was evaluated by stain-
ing roots in 0.001% erioglaucine (Sigma). Plants were classified
as resistant if the individual root system had less than 25 egg
masses, or susceptible if the individual root system had 25 or more
egg masses. Susceptible tomato cultivars UC82B (mi-1/mi-1) or
Moneymaker (mi-1/mi-1) were included as controls for nematode
infectivity, and Mi-1-containing cultivars VFNT (Mi-1/Mi-1) or
Motelle (Mi-1/Mi-1) were included as controls for break-down of
Mi-1-mediated resistance.

PCR-based markers

PCR was performed on DNA extracted from a single leaf accord-
ing to Edwards et al. (1991) or from DNA preparation according
to Williamson and Colwell (1991). The PCR reactions and thermal
cycling conditions for the codominant CAPs marker Aps-1 and the
STS marker C8B were described previously (Kaloshian et al.
1998). The PCR reaction and thermal cycling conditions for STS
markers REX-1 and CT119 were according to Williamson et al.
(1994) and Dixon et al. (1995), respectively. Briefly, reactions
were carried out in 25 µl volume in the presence of 0.5 µM of
each of the primers, 0.2 mM dNTPs (Promega) in a buffer provid-
ed by the manufacturer, 1.5 mM MgCl2, and 1.25–2.5 U of Taq
polymerase (Promega). The Aps-1 primer sequences were: APSF1
5′-GGAACGTGGGTAGCATATGA-3′ and APSR2 5′-GCCAAT-
GCTCATCAATGTGA-3′. The C8B primer sequences were: C8BF
5′-TACCCACGCCCCATCAATG-3′ and C8BR 5′-TGCAAGAG-
GGTGAATATT-GAGTGC-3′. The REX-1 primer sequences were:
REXF 5′-TCGGAGCCTTGGTCTGAATT-3′ and REXR 5′-GCC-



AGAGATGATTCGTGA-GA-3′. CT119 primer sequences were:
CT119F 5′-TCAGGTATCGAACCAAAC-3′ and CT119R 5′-TA-
AAAGGTTCATCCTAATA-3′.

When the PCR did not reveal polymorphisms, amplified reac-
tions were restricted with six, 4-base-pair, cutting restriction en-
zymes, TaqI, HaeIII, BstNI, MseI, Sau3AI, HindIII (Promega).
Ten microliters of PCR products with equal volume of 1 × restric-
tion buffer (supplied by the enzyme manufacturer) were digested
with 5 U of the respective enzyme. After incubation at appropriate
temperature for 2 h, the reactions were resolved on 1.5–2% agaro-
se gels and visualized on a UV box after staining with ethidium
bromide.

RFLP analysis

DNA extractions were done according to Williamson and Colwell
(1991). Five to ten Micrograms of total DNA were digested with
six restriction enzymes (EcoR1, EcoRV, HindIII, DraI, HaeIII 
and TaqI), that previously were found to generate polymorphisms
in L. peruvianum accessions (Kaloshian et al. 1998). Procedures
for restriction digestions and DNA blotting were according to 
Kaloshian et al. (1998). Probes were prepared from inserts ampli-
fied from plasmid DNA using PCR and labeled with alpha 32P
dCTP by the random priming method (Feinberg and Vogelstein
1983) using a rediprime II kit (Amersham). Hybridization was car-
ried out overnight in 50% formamide at 42 °C and final washes
were done in 0.5 × SSC, 0.1% SDS at 55–60 °C.

Mapping

MapMaker version 3.0 (Lander et al. 1987) was used to analyze
the segregation data and to establish a linkage map around Mi-9
(LOD 3.0).

Results

Nematode resistance in L. peruvianum accessions
LA2157, LA392 and F1 plants derived from the cross
LA392 × LA2157 were tested for resistance to Mi-1-
avirulent biotypes of M. incognita, M. arenaria and M.
javanica at 25 °C and 32 °C. All F1 individuals were re-
sistant to Mi-1-avirulent Meloidogyne spp. at 32 °C, con-
firming that LA2157 is homozygous for the heat-stable
resistance. The L. peruvianum LA392 was homozygous
susceptible, with all entries testing susceptible (Veremis
and Roberts 2000). The inheritance of the heat-stable re-
sistance from LA2157 was evaluated with F2 and F3
progenies. Screening the F2 population for heat-stable re-
sistance at 32 °C with M. javanica isolate VW4 resulted
in 162 resistant and 54 susceptible individuals, indicat-
ing a 3:1 segregation ratio(x2 = 0), confirming the mono-
genic dominant inheritance of Mi-9 (Veremis et al. 1999;
Veremis and Roberts 2000). The number of egg masses
per root system on resistant F2 plants ranged between 
0 and 15, while on susceptible F2 plants the range was
between 40 and 150 egg masses. Individual plants scored
as resistant at 25 °C were also scored as resistant at
32 °C. Similarly, plants scored as susceptible at 25 °C
were also scored as susceptible at 32 °C indicating either
linkage of an Mi-1 like gene (i.e., heat-unstable) to Mi-9
or more likely that Mi-9 confers resistance at both tem-
peratures.

Subsets of this F2 population were also screened with
Mi-1-avirulent biotypes of M. arenaria and M. incognita
at 32 °C. In these tests, a 3:1 segregation ratio for heat-
stable resistance was also observed in the F2 progeny to
M. arenaria isolate W (59R:16S x2 = 1.17) and M. in-
cognita isolate Project 77 (123R:39S x2 = 0.06). All F2
individuals with heat-stable resistance to M. javanica
were also scored as resistant to M. arenaria and M. in-
cognita at high temperature, indicating that Mi-9 confers
heat-stable resistance to all three species.

A subset of 61 F3 families derived from single F2
plants were screened for heat-stable resistance at 32 °C
with M. javanica isolate VW4. The F3 families con-
formed closely to an expected 1:2:1 segregation ratio
characteristic of a single dominant gene (16 all resistant:
30 segregating: 15 all susceptible). An example of a seg-
regating F3 family was F3-99, that segregated 31R:11S.
The high level of reproduction (more than 100 egg mass-
es per root system) of Mi-1-avirulent biotypes on Mo-
telle and VFNT (both carrying Mi-1) at 32 °C, compared
to the resistance response at 25 °C (0–2 egg masses per
root system), confirmed the high temperature inactiva-
tion of Mi-1-mediated resistance. High numbers (more
than 100 per root system) of egg masses were observed
on line Pixie and UC82B with all three species tested at
both 25 °C and 32 °C, as expected in the absence of a re-
sistance gene.

Polymorphisms generated by DNA markers

The marker CT119 produced a fragment of approximate-
ly 450 bp in both LA2157 and LA392. This marker re-
vealed polymorphism between the two accessions after
cleaving with restriction enzyme MseI, distinguishing
homozygous resistant (280 bp and 170 bp) and suscepti-
ble (250 bp and 170 bp), as well as heterozygous resis-
tant individuals (280 bp, 250 bp, 170 bp), thus behaving
as a codominant marker. Both REX-1 and Aps-1 also be-
haved as codominant markers. PCR amplification of
REX-1 resulted in a 750-bp fragment in both LA2157
and LA392. Upon restriction with the TaqI enzyme, the
fragment in LA2157 was cleaved into two fragments of
570 bp and 162 bp in size, whereas the fragment in
LA392 was not cleaved. Aps-1 generated a 1.6-kb frag-
ment in both LA2157 and LA392. Upon digestion with
the TaqI enzyme, the fragment in LA2157 cleaved into
two fragments of 1.0 kb and 0.6 kb in size, and the frag-
ment in LA392 remained uncleaved. C8B produced a
fragment of approximately 360 bp in LA392 and two
fragments of 400 bp and 360 bp in LA2157, thus behav-
ing as a dominant marker.

Most of the restriction enzymes used to prepare the
DNA blots were able to generate polymorphisms be-
tween the parental accessions when tested with RFLP
markers C264.2 and C32.1 (Table 1). The enzyme EcoRI
was chosen for the DNA blot analysis of the progeny.
Both C264.2 and C32.1 behaved as dominant markers in
this L. peruvianum population. C264.2 produced 3.8-kb,
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2.5-kb and 1.25-kb fragments in LA2157, and 3.8-kb and
1.25-kb fragments in LA392, the 2.5-kb fragment coseg-
regating with resistance. The RFLP marker C32.1 pro-
duced 4.5-kb and 2.0-kb fragments in LA2157, and 
4.5-kb, 3.0-kb and 2.0-kb fragments in LA392. The 
3.0-kb fragment in LA392 cosegregated with homozy-
gous susceptible and heterozygous individuals. 

Linkage map surrounding Mi-9

In our previous study we mapped Mi-9 to chromosome 6
using an interspecific F2 population of 61 plants derived
from a cross between LA2157 and Solentos using RFLP
markers (Veremis et al. 1999). The closest linked mark-
ers were TG178 and TG118, located on the long arm of
chromosome 6 (Messeguer et al. 1991) and over 20 cM
from the gene. In order to identify markers closely
linked to Mi-9, we initiated DNA marker analysis using
existing markers located near TG178 and TG118 on
chromosome 6 (Ho et al. 1992; Dixon et al. 1995). Ini-
tially we used Aps-1 and CT119 markers located at the
centromeric end of the long arm and the telomeric end of
the short arm of chromosome 6, respectively (Fig. 1). 
It should be noted that Aps-1 and CT119 flank the 
Mi-1 gene in the L. peruvianum introgressed region in
nematode-resistant L. esculentum genotypes (Fig. 1B)
(Kaloshian et al. 1998). A total of 216 individuals were
analyzed and 18 individuals were identified as carrying
recombination events between CT119 and Aps-1 (Table 2).
Three recombinants (172, 228 and 259) were identified
between Aps-1 and the heat-stable resistance phenotype,
indicating that Mi-9 is above Aps-1 (Table 2). Similarly,
at least five plants (170, 210, 211, 212 and 213) were
identified with recombination between CT119 and the
heat-stable resistance phenotype. The identification of
the recombination break points between the flanking
markers and the phenotype indicated the presence of 
Mi-9 in the genetic interval of CT119-Aps-1 (Fig. 1C).
All 18 recombinants were further analyzed with markers

located between CT119 and Aps-1 (Fig. 1B). Out of
these, 11 recombinants were found between CT119 and
REX-1 compared to seven recombinants between all oth-
er markers (Table 2). Both RFLP markers C264.2 and
C32.1, as well as the STS marker C8B, behaved as dom-
inant markers in this cross, making our analysis difficult
to precisely identify the recombination break points.
Based on F3 progeny tests, there were two recombinants
(108 and 228) between C32.1 and C8B. F2 plant 228 was
also a recombinant between C8B and heat-stable resis-
tance, indicating that Mi-9 is located above C8B
(Fig. 1C). There were at least three recombinants (136,
172, 259) between C8B and Aps-1 with the possibility
for additional two recombinants (165 and 181) (Table 2).
In F2 plants 165 and 181, the recombination could be on
either side of C8B and it was not possible to confirm ge-
notypes in F3 progeny because these plants died before
setting fruit. All recombinants showed single cross-over
events and we did not find any double recombinants. In
this cross all markers segregated according to Mendelian
expectations, contrary to our earlier study in which we
found segregation distortion and skewing towards one of
the parental alleles. In addition, the recombinant analysis
indicated that the order of the markers in this region was
consistent with previous reports (Dixon et al. 1995; 
Kaloshian et al. 1998) and suggested that Mi-9 is in close
physical linkage with geneMi-1. 

Table 1 RFLP, CAP, and STS markers used for fine scale map-
ping of Mi-9

Marker Source Restriction enzymes used to 
reveal polymorphisma

RFLP
C32.1 Kaloshian et al. All
C264.2 Kaloshian et al. EcoRI, EcoRV, HindIII, DraI

PCR-based markers
CT119 Dixon et al. MseI (this study)
REX-1 Williamson et al. TaqI
Aps-1 Kaloshian et al. TaqI
C8B Kaloshian et al.

a L. peruvianum parental DNA was digested with the restriction
enzymes EcoRI, DraI, EcoRV, HindIII, TaqI and HaeIII. Those
enzymes that gave clearest polymorphism are listed. ‘All’ indi-
cates that all enzymes tested gave clear polymorphism.

Fig. 1A–C Map of the Mi-1 and Mi-9 region of chromosome 
6 of tomato. A Position of Mi-1 and flanking markers on chromo-
some 6. The thick bar represents the introgressed region from L.
peruvianum in the tomato line Motelle. B Expanded view
of the introgressed Mi-1 region with PCR-based (CT119, REX-1,
C8B, Aps-1) or RFLP (C264.2, C32.1, TG178) markers (Dixon et
al. 1995; Kaloshian et al. 1998). C Genetic map of Mi- 9 shown
in genetic distances in cM derived from the cross between L. peru-
vianum LA392 and LA2157. CEN = centromere



nematode species showed exactly the same pattern of
segregation with each species, in that all resistant plants
were resistant to all species, and all susceptible plants
were susceptible to all three species. Earlier work has
also shown that Mi-9 is not effective against Meloido-
gyne hapla and biotypes of Meloidogyne species that can
parasitize tomato carrying the Mi-1 gene (Veremis and
Roberts 2000). Thus far, we can conclude that Mi-9 has
the same phenotypic expression as Mi-1 in terms of Mel-
oidogyne species and biotype specificity, and differs
phenotypically from Mi-1 only in the stability of the re-
sistance at high temperature. There was no evidence of
recombination between heat-stable and heat-sensitive re-
sistance in F2 and F3 screens, suggesting that Mi-9 con-
fers resistance at both temperatures. However, the
screening protocols do not allow us to detect the pres-
ence of an expressed Mi-1-like resistance gene also be-
ing present in LA2157 in the same region of chromo-
some 6 and in close linkage to Mi-9. Such a tightly
linked gene could be present and expressed at moderate
temperature, but because Mi-9 is expressed at moderate
and high temperature, it is difficult at this time to detect
the phenotypic expression of a Mi-1-like gene. Cloning
of Mi-9 and its transfer into susceptible tomato will pro-
vide definite answers as to any pleiotropic role of this
gene.

Our mapping analysis has revealed that Mi-9 maps on
the short arm of chromosome 6. The L. peruvianum in-
traspecific cross used here was useful in generating re-
combination in the region of Mi-9. A 4.16% recombina-
tion frequency was observed in the Mi-9 region in this
intraspecific population, with 18 of 216 individuals pro-
ducing recombination between markers or between
markers and the resistance phenotype. The recombina-
tion frequency in this region was comparable to that ob-
served by Kaloshian et al. (1998) and significantly less
than that observed by Ganal and Tanksley (1996) using
different L. peruvianum intraspecific crosses. Also, in
this cross, we did not observe suppression of recombina-
tion in a similar genomic location, the short arm of chro-
mosome 6, as was reported in previous studies using 
L. esculentum crosses carrying introgressed genomic
segments from L. peruvianum (Kaloshian et al. 1998; Ho
et al. 1994; Ganal and Tanksley 1996). A strategy based
on a L. peruvianum intraspecific cross was helpful in de-
veloping a high-resolution linkage map during the isola-
tion of the Mi-1 gene (Kaloshian et al. 1998).

Based on our recombination analysis the marker order
in this region in LA2157 and LA392 was similar to what
was reported in L. esculentum. The CT119-REX-1 inter-
val was found to be highly recombinogenic in these ac-
cessions. It is possible that the distance between these
markers is large in this particular cross or that a recombi-
nation hot spot is present at this genetic interval. Similar-
ly, several recombinants were found between C8B and
Aps-1. Differences in the genetic map distances between
DNA markers in different L. peruvianum crosses were
reported by Ganal and Tanksley (1996). No recombina-
tion was found between REX-1, C264.2, C32.1 and Mi-9
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Discussion

The fine-scale mapping of the gene in L. peruvianum
LA2157 that confers heat-stable resistance to root-knot
nematodes represents an important step toward develop-
ing markers useful in marker-assisted selection and
breeding, and toward cloning the gene. Previously, using
progeny from a L. esculentum × LA2157 interspecific
cross, segregation for resistance in F2 and F5 families in-
dicated that the resistance was inherited as a single dom-
inant gene although a distorted F3 segregation with fewer
than expected heterozygous families was found (Veremis
et al. 1999). Here, additional analysis of the phenotypic
expression of this heat-stable resistance through screen-
ing F2 and F3 progenies from a L. peruvianum intraspe-
cific cross at both moderate (25 °C) and high (32 °C)
temperature, confirmed that this trait is inherited inde-
pendently as a single dominant gene. There was no evi-
dence of distorted segregation for resistance within this
intraspecific cross. We designate this gene as Mi-9 based
on its distinction from other named Meloidogyne resis-
tance genes according to recombination and molecular
data, and phenotype specificity (see Veremis and Roberts
2000).

The resistance screens showed that Mi-9 confers re-
sistance to all three common warm-climate root-knot
nematode species. Although the levels of reproduction of
M. arenaria, M. incognita, and M. javanica differed
slightly on resistant plants, the reactions were all classi-
fied as resistant. All the F2 plants screened with the three

Table 2 Mapping of recombinants in the Mi-9 region with mark-
ers flanking Mi-1 gene

F2 Pheno- CT119b REX -1 C264.2 C32.1 C8-B Aps-1
plant # typea

8 R 1 3 n n 1/3 3
108 R 1 1 1/3 1 3c 3
136 R 3 3 1/3 3c 3c 1
144 R 1 3 n 2/3 1/3 3
165d R 3 3 1/3 2/3 1/3 1
168 R 1 3 1/3 2/3 1/3 3
170 R 2 1 1/3 1 1/3 1
172 S 2 2 2 2/3 2 3
173 R 3 1 1/3 1 1/3 1
181d R 3 3 n 2/3 1/3 1
188 R 1 3 n 2/3 1/3 3
208 R 1 3 1/3 2/3 1/3 3
210 R 2 3 1/3 2/3 1/3 3
211 S 3 2 2 2/3 2 2
212 R 2 3 n 2/3 1/3 3
213 S 3 2 n 2/3 2 2
228 S 2 2 2 2c 3c 3
259 S 2 2 2 n 2 3
LA2157 R 1 1 1/3 1 1/3 1
LA392 S 2 2 2 2/3 2 2

a R, resistant; S, susceptible
b 1, homozygous resistant marker locus; 2, homozygous suscepti-
ble marker locus; 3, heterozygous marker locus; n, not determined
c Allele designation is based on F3 progeny testing
d Plant died before setting fruit



indicating that these markers are in close proximity to
the gene (Fig. 1C). In the introgressed region of Mi-1,
the distance between REX-1 and the gene was approxi-
mately 300 kb while the distance between C32.1 and the
gene was 15 kb (Fig. 1B) (Kaloshian et al. 1998). Al-
though we have not studied the physical distance in 
the intervals co-segregating with and adjacent to the 
Mi-1/Mi-9 cluster in this mapping population, it appears
that intervals closer to the Mi-1/Mi-9 cluster (interval
spanning REX-1–C32.1) undergo less recombination
than adjacent intervals (between CT119 and REX-1 or
C8B and Aps-1). Such regional differences in recombi-
nation frequencies were observed in L. peruvianum
crosses where some regions showed significantly higher
levels of recombination (Bonnema et al. 1997; Kaloshian
et al. 1998).

Most disease resistance genes are members of multi-
gene families and seem to be clustered in the plant ge-
nome. Duplication and subsequent divergence seem to
be a common process in plant gene evolution. Such is
the case of the Mi-1 locus where two highly homologous
genes were identified, Mi-1.1 and Mi-1.2, but only 
Mi-1.2 conferred resistance to root-knot nematodes
(Milligan et al. 1998). On the other hand, two functional
sequences encoding the same specificity were isolated
from tomato; the Cf2 locus contained two members of
this gene family recognizing the same avirulence factor
from the fungus Cladosporium fulvum (Dixon et al.
1996). Our work indicated that Mi-9 mapped to a region
in very close proximity to the Mi-1 locus. We have iden-
tified several Mi-1 homologues in this region (Kaloshian
et al., unpublished), therefore it is possible that Mi-9 is a
member of the Mi-1 family and that this member has
evolved to confer heat-stable resistance. Future studies
will shed light on the genetic organization of this com-
plex disease resistance gene family.

There are many useful nematode resistance specifici-
ties available for tomato and most of these have been
identified in the wild tomato L. peruvianum (Veremis
and Roberts 1996a, b, 2000). A current challenge is to
dissect these complex family members, at the molecular
level, and access the useful variation either by conven-
tional breeding approaches or transgenically. Markers
like REX1 and C8B can be used to select the Mi-9 trait
and will be valuable for incorporating Mi-9 into cultivat-
ed tomato using conventional breeding approaches, since
phenotyping for nematode resistance is labor intensive
and time consuming. It is now possible to pyramid Mi-9
in a single genetic background along with other resis-
tance specificities for durable resistance. Attempts have
already been made to introgress Mi-9 in to cultivated to-
mato (Veremis et al. 1999). Also, when we can under-
stand the mechanisms generating new resistance speci-
ficities, we can attempt to emulate them ex planta to
evolve genes with altered ligand binding characteristics
and provide more effective resistance or new specifici-
ties. We have already identified four homologues of Mi-1
that cosegregate with Mi-9 and currently we are in the
process of cloning these homologues.
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