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Dissection of the Fusarium I2 Gene Cluster in Tomato Reveals
Six Homologs and One Active Gene Copy
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The I2 locus in tomato confers resistance to race 2 of the soil-borne fungus Fusarium oxysporum f sp lycopersici. The
selective restriction fragment amplification (AFLP) positional cloning strategy was used to identify I2 in the tomato genome. A yeast artificial chromosome (YAC) clone covering z750 kb encompassing the I2 locus was isolated, and the
AFLP technique was used to derive tightly linked AFLP markers from this YAC clone. Genetic complementation analysis in transgenic R1 plants using a set of overlapping cosmids covering the I2 locus revealed three cosmids giving full
resistance to F. o. lycopersici race 2. These cosmids shared a 7-kb DNA fragment containing an open reading frame encoding a protein with similarity to the nucleotide binding site leucine-rich repeat family of resistance genes. At the I2
locus, we identified six additional homologs that included the recently identified I2C-1 and I2C-2 genes. However,
cosmids containing the I2C-1 or I2C-2 gene could not confer resistance to plants, indicating that these members are
not the functional resistance genes. Alignments between the various members of the I2 gene family revealed two significant variable regions within the leucine-rich repeat region. They consisted of deletions or duplications of one or
more leucine-rich repeats. We propose that one or both of these leucine-rich repeats are involved in Fusarium wilt resistance with I2 specificity.

INTRODUCTION

Fusarium oxysporum f sp lycopersici is a soil-borne fungus
that causes wilting disease in tomato. The fungus infects
plants through the roots via direct penetration or via
wounds, after which the xylem vascular tissue of the plants
is colonized. Entire plants or plant parts above the point of
vascular invasion of the pathogen may die within a period of
weeks after infection. Until now, three host-specific races
(races 1, 2, and 3) of this pathogen have been identified
(Stevens and Rick, 1986). The dominant I2 gene in tomato
confers resistance against F. o. lycopersici race 2. The gene
has been introgressed from the wild tomato species Lycopersicon pimpinellifolium (Stall and Walter, 1965) and has
been mapped genetically to chromosome 11 (Laterrot, 1976).
Fusarium wilt is an economically important disease of
many agricultural and floricultural crops. Resistant cultivars
are not always available, or the resistance is rapidly overcome by new races of the pathogen. We have been cloning
1 To whom correspondence should be addressed. E-mail keygene@
euronet.nl; fax 31-317-424939.
2 Current address: Agricultural University of Wageningen, Laboratory
of Phytopathology, Binnenhaven 9, 6709 HA Wageningen, The
Netherlands.
3 Current address: PE/Genscope, Drie Eikenstraat 661, 2650 Edegem, Belgium.

the tomato I2 resistance gene and identifying the determinants of specificity as a first step toward developing crops
with durable resistance to F. oxysporum.
Several resistance genes have been cloned in recent
years and have been shown to occur in gene clusters. The
Cf-9, Cf-2, and Pto/Prf loci of tomato (Martin et al., 1993;
Jones et al., 1994; Dixon et al., 1996; Salmeron et al., 1996),
the N locus in tobacco (Whitham et al., 1994), the RPP5 locus in Arabidopsis (Parker et al., 1997), the Xa21 disease resistance gene family in rice (Song et al., 1995, 1997), and the
unlinked L and M loci of flax (Lawrence et al., 1995; Anderson
et al., 1997) are each composed of at least five related genes.
Sequence analysis of an Xa21 gene family (Song et al., 1997)
indicated that evolution followed recombination, duplication,
and transposition events and that not every member of an
evolving gene family is functional in conferring resistance.
Recently, two members of a multigene family, designated
complex I2C, were isolated from the I2 F. o. lycopersici race
2 resistance locus in tomato (Ori et al., 1997). The genes
show similarity to the group of isolated plant resistance
genes that encode cytoplasmic proteins containing a nucleotide binding site motif and leucine-rich repeats (LRRs). The
members of the I2C family were mapped to five genomic
positions. Two of these are clusters of several genes, both
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located on chromosome 11. Only circumstantial evidence
was provided for the involvement of the cloned I2C-1 and
I2C-2 genes in Fusarium resistance.
Here, we report the cloning of the functional I2 resistance
gene using a map-based positional cloning approach. The
selective restriction fragment amplification (AFLP) technique
was used to identify tightly linked markers. The I2 gene is a
member of the tomato I2C multigene family and confers full
resistance to F. o. lycopersici race 2. We also provide evidence that the previously characterized I2C-1 and I2C-2
members of the family (Ori et al., 1997) do not confer resistance to susceptible plants. The I2C gene family on chromosome 11 specifying I2 resistance is composed of seven
members. Alignment studies between members of the I2C
gene family enabled us to determine two regions within the
LRR region of the protein that might be involved in Fusarium
resistance with I2 specificity.

fragments were identified that were present in YAC strain
1⁄ 546 and absent in the yeast acceptor strain AB1380.
These AFLP fragments were subsequently analyzed on the
resistant and susceptible parental lines, which were used in
crosses to identify recombinants. Eighteen polymorphic
AFLP markers, designated EM01 to EM18, were identified.
Subsequently, these 18 AFLP markers were analyzed on the
overlapping YAC clone 1⁄538 (Figure 1B), which has an overlap with YAC 1⁄ 546 of z250 kb. None of the 18 AFLP markers, however, was present on YAC 1⁄ 538, indicating that the
L. pimpinellifolium introgression segment did not extend into
this YAC.

Genetic Mapping of the Tomato I2 Locus

Detailed genetic studies (Segal et al., 1992) have oriented
the I2 resistance gene relative to the neighboring restriction
fragment length polymorphism (RFLP) markers TG36, TG105,
and TG26 on chromosome 11 of tomato. Genetic distances
of 4.1 and 4.4 centimorgans (cM) between I2 and the flanking RFLP markers TG26 and TG36 were determined (Figure
1A). To identify a DNA segment containing the I2 gene, we
screened a 2.2-genome equivalent tomato yeast artificial
chromosome (YAC) library with two sets of polymerase chain
reaction (PCR) primers derived from the RFLP markers
TG36 and TG26. These primer sets generated PCR products of 2.0 and 0.7 kb, respectively, on tomato DNA. A total
of seven YACs, four for TG36 and three for TG26, that varied
in length from 510 to 975 kb were identified. A long-range
physical map was constructed using indirect end-label mapping (Burke et al., 1987), resulting in a YAC contig of 2.5 Mb
(Figure 1B). Hybridization experiments were performed with
RFLP marker TG105 to localize this marker on the physical
map. The I2 gene has been mapped within 0.4 cM of TG105
between TG105 and TGL36 (Sarfatti et al., 1989). TG105 hybridized with YACs 1⁄546, 4⁄645, and 4⁄1045. Because the
overlap between these three YACs was calculated to be
z100 kb, it was concluded that TG105 mapped closely to
the left arm of YAC 1⁄546. The latter YAC (750 kb) also contains the flanking RFLP marker TG36 (Figure 1B).

Resistant tomato lines containing the I2 gene were crossed
with the susceptible tomato lines containing either of the
recessive genes a (for anthocyaninless) or sub (for subtilis)
(Figure 1A) to select for recombinants in the I2 region. The
resulting F2 populations segregated for I2 and for one of the
morphological marker genes. Recombinant plants are either
resistant and anthocyaninless or resistant and subtilis. Of
4500 F2 seeds, a total of 169 resistant anthocyaninless and
18 resistant subtilis were obtained. An AFLP analysis with
the 18 linked I2 markers was performed with these recombinant plants. All recombinant plants, anthocyaninless as well
as subtilis, contained all markers, with the exception of
seven resistant anthocyaninless plants in which AFLP marker
EM18 was lacking. Hence, AFLP marker EM18 flanks the I2
gene on the proximal side in the direction of the a locus. The
resistant subtilis plants appeared not to be informative because the recombination events in these plants had not
taken place between the I2 gene and the AFLP markers.
To postulate a flanking AFLP marker on the other side, we
screened a large number of randomly selected susceptible
F2 plants with the 18 AFLP markers. All markers were absent
in these plants, except for one anthocyaninless plant that
contained markers EM03, EM12, and EM16. The recombination event in this latter plant cannot be between a and I2
because it is anthocyaninless and susceptible. Therefore, in
this plant, the recombination event has to be at the other,
distal side of the I2 locus. From these data, we conclude
that the I2 gene is flanked by marker EM18 at one end of the
DNA segment comprising the I2 resistance gene and on
the other end by the markers EM03, EM12, and EM16. All of
the remaining markers completely cosegregated with the I2
resistance gene based on the analysis of recombinants of
crosses with the recessive morphological markers.

Identification of Linked AFLP Markers

Physical Delineation of the I2 Locus

To identify AFLP markers closely linked to the I2 gene, we
performed AFLP fingerprinting by using the enzyme combination EcoRI and MseI with YAC 1⁄ 546. A total of 120 AFLP

As a first step in constructing an integrated genetic and
physical map around the I2 locus, the AFLP markers were
used as hybridization probes with partial digests of YAC

RESULTS

Yeast Artificial Chromosome 1⁄546 Contains the I2 Gene
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Figure 1. Genetic and Physical Map of the Tomato Genomic Region Containing the I2 Locus.
(A) RFLP map around the I2 locus on chromosome 11 of tomato (Segal et al., 1992). Map distance is indicated in centimorgans (cM). The I2 locus and the recessive morphological markers a and sub are indicated.
(B) Schematic representation of the YAC contig around the I2 locus. The seven YACs are indicated by horizontal lines with arrowheads on both
ends. The circle and arrowhead combination represents the left arm of pYAC4. The lengths of YACs (in kilobases) and the high-resolution physical map of the region around the I2 gene for the enzyme SgrAI are indicated.
(C) Physical fine map of the 225-kb fragment for the enzyme SalI and location of the 18 linked AFLP markers. No further resolution of AFLP
markers 17, 2, 10, 7, 8, and 1 could be accomplished using SalI. The 130-kb DNA region between the flanking AFLP markers EM18 and EM03/
EM16 is indicated as a wide bar. Vertical lines with arrowheads on both sides represent SgrAI sites; vertical lines with one arrowhead represent
SalI sites.

1⁄ 546. It appeared that all of the AFLP markers were located
on one large 225-kb fragment ranging from the left arm of
the YAC to the first SgrAI site. To position the AFLP markers
EM01 to EM18 on the physical map of this 225-kb fragment,
we performed two types of hybridization analysis. First, the
AFLP markers were used as probes on the SalI partial digests. Second, the AFLP markers were used as probes on
DNAs of the cosmid contig (see next section). A high-resolution physical map for the enzyme SalI of the 225-kb fragment and the positions of the 18 AFLP markers EM01 to
EM18 are shown in Figure 1C. The physical distance between the flanking AFLP marker EM18 on one side and
markers EM03 and EM16 on the other side was calculated
to be z130 kb.

with the purified 225-kb fragment as a probe. Approximately
150 hybridizing colonies were identified. A cosmid contig
encompassing the previously identified 130-kb DNA segment was constructed with AFLP fingerprinting using the
enzyme combination EcoRI and MseI and primers without
selective nucleotides. The DNA fingerprints contained z8 to
20 amplified fragments. Sets of DNA samples containing
amplified fragments of identical size were selected and rerun on polyacrylamide gels until a contiguous array of all of
the amplified fragments throughout the 130-kb fragment
(flanked by the AFLP markers EM18 and EM03/EM16) was
obtained. The final fingerprint of the cosmid contig between
the flanking markers is shown in Figure 2.

Complementation Analysis in Transgenic Plants
Contig Building Using AFLP
A cosmid library of YAC clone 1⁄ 546 was constructed in the
binary vector pCLD04541 (Jones et al., 1992) to perform genetic complementation analysis in transgenic plants. In colony
hybridization experiments, z10,000 cosmids were screened

Twenty genomic cosmid clones encompassing the 130-kb
DNA segment were introduced into the susceptible tomato line
52201 by Agrobacterium-mediated transformation (Koornneef
et al., 1987). For each cosmid clone, at least 10 independent
transgenic R0 plants were obtained. All R0 plants were selfed
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to obtain R1 seeds. Twenty to 25 seedlings of each R 1 line
were inoculated with F. o. lycopersici race 2. Only three
overlapping cosmids, designated A52, B22, and A55, were
able to complement the susceptible phenotype in transgenic
plants (Table 1). In most cases, a 3:1 segregation of the resistant phenotype was observed. The other 17 cosmids did
not give rise to transformants that exhibited F. o. lycopersici
race 2 resistance.
An illustration of the resistance assay is shown in Figure 3.
After 3 weeks, as shown in Figure 3A, seedlings of the susceptible line 52201 had died, whereas seedlings of a plant
transformed with cosmid B22 and seedlings of a plant transformed with A52 segregated 3:1 or 1:0 (resistant to susceptible), respectively (Figures 3B and 3C). Seedlings of a plant
transformed with cosmid A29 (Figure 3D) all showed disease
symptoms characteristic for Fusarium wilt and were classified as susceptible.
Additional genetic evidence that the I2 gene is present on
cosmids A52, B22, and A55 was obtained in succeeding
generations after the selfing of the resistant R 1 plants or
backcrossing with the susceptible tomato line 52201. Most
R2 lines segregated 3:1 or were completely resistant,
whereas most backcross lines segregated 1:1 or were completely resistant (Table 1). The results obtained indicate that
R1 plants were either heterozygous (segregation ratio of 3:1
or 1:1) or homozygous for I2 (completely resistant).

Structure of the I2 Gene
A high-resolution physical map of the three overlapping
complementing cosmids A52, B22, and A55 was constructed (data not shown). We concluded that the three
cosmids share a DNA segment of z7 kb. This region from
cosmid B22 was subcloned into pBluescript II SK1, and the
DNA sequence was determined. One large open reading
frame consisting of 3801 bp encoding a polypeptide of 1266
amino acid residues with a relative molecular mass of
144.826 kD was deduced. A PCR-based approach was
used to determine whether the I2 sequence contains any
introns. A cDNA library of poly(A)1 RNA isolated from a resistant tomato line was used as a template for PCR amplification. The primers were designed based on the genomic I2
sequence and covered the complete I2 region. In addition,
59 and 39 rapid amplification of cDNA end (RACE) products

Figure 2. Cosmid Contig Building Using AFLP Fingerprinting.

The final AFLP fingerprint of the 20 cosmids located between the
flanking AFLP markers EM18 and EM03/EM16 is shown. The enzyme combination EcoRI and MseI without selective nucleotides
was used. The amplified fragments with identical length between
two cosmids were aligned until a contiguous array of bands was obtained. Cosmid numbers are indicated above the lanes. Length
markers (10-bp ladder) flank the cosmid lanes.
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Table 1. Complementation Data of the Cosmids DD2 through A29 Representing the Most Relevant Part of the Cosmid Contig

Cosmid
DD2
CC14
A52
B22
A55
CC16
A44
A29

No. of
R1 Linesa
11
10
10
11
13
15
10
11

Segregation Ratiob
1:0

1
0
0

3:1

4
8
3

1:1

1
0
2

0:1
11
10
4
3
8
15
10
11

No. of
R2 Linesa

13
14
9

Segregation Ratiob
1:0

3:1

1:1

0:1

2
5
1

3
7
5

8
2
3

0
0
0

No. of
R1BC Linesa

8
9
5

Segregation Ratiob
1:0

3:1

1:1

0:1

1
2
0

3
1
1

3
6
4

1
0
0

a R , R , and R BC progenies of independent transgenic R plants, transformed with one of the cosmid clones, have been tested for resistance
1
2
1
0
against Fusarium oxysporum f sp lycopersici race 2. R1 is the selfed progeny of a primary transformant. R2 is the selfed progeny of a resistant R1
plant. R1BC is the progeny of a resistant R1 plant backcrossed with the susceptible line 52201.
b Of each progeny line, 20 to 25 seedlings were assayed. The segregation ratio for resistant to susceptible plants (R:S) was determined for each
individual line.

was obtained using the Marathon cDNA amplification kit
(Clontech, Palo Alto, CA), cloned into the TA cloning vector
pCRII (Invitrogen), and sequenced. These nucleotide sequences were aligned with the 7-kb genomic sequence, and
we deduced three intron sequences. An intron of 86 nucleotides was located just upstream of the ATG initiation codon,
whereas two other intron sequences of 399 and 82 nucleotides were located in the 39 untranslated region. No introns
were found in the I2 coding region. A schematic representation of the I2 gene is depicted in Figure 4A.

consisting of 17 repeats that fit the proposed consensus for
cytoplasmic LRR regions (Jones and Jones, 1997). The proposed central hydrophilic b-sheet is delimited by vertical
lines. In 13 out of 17 repeats, the residue following this region is a cystein. Within the final four repeats, the most perfect repeat structure was present. Domain f is the C-terminal
region without any homology to known protein regions.

Analysis of the I2 Protein

Recently, four members of the multigene I2C family, designated I2C-1, I2C-2, I2C-3, and I2C-4, were characterized
(Ori et al., 1997). It was shown that the cosmid containing
the I2C-1 gene partially complements F. o. lycopersici race
2 susceptibility in only two transgenic plants tested (Ori et
al., 1997). Because we identified overlapping cosmids that
fully complement the susceptible phenotype, we compared
the predicted I2 protein sequence encoded by the overlapping DNA fragment with the other members of the I2C gene
family as a first step to unravel the I2 specificity. The I2 protein sequence was 82 and 88% identical to the I2C-1 and
I2C-2 protein sequences, respectively. A comparative analysis among these three members of the I2C gene family
showed three major differences (deletions/insertions; Figure
5, boxes 1, 2, and 3). The first difference (box 1) represents a
12– to 14–amino acid deletion in I2 and I2C-2 compared
with I2C-1 and is located in the NBS domain. A second deletion of 28 amino acids (box 2, residue positions 887 to
914) was observed in the I2C-1 protein sequence but not in
I2C-2. At the C-terminal end at residues 1191 to 1213 within
the I2 protein, a 23–amino acid deletion (box 3) in the I2C-1
and I2C-2 protein sequences was found. Deletion of the 28
or 23 amino acids results in the removal of one complete

Computer analysis of the I2 protein with proteins in the GenBank database showed homology to the nucleotide binding
site (NBS)-LRR–containing type of R genes (reviewed in
Baker et al., 1997). The I2 protein can be subdivided into six
structural domains (a through f) and are outlined in Figure
4B. Domain a is a hydrophobic region without a cleavable
signal sequence. It contains two overlapping potential
myristoylation sites (GLAVGG and GAFLSS). Domain b harbors a stretch of basic residues embedding a potential nuclear localization signal (RKHK). The remaining part is rich in
acidic residues (20% aspartic acid and glutamic acid). Domain c contains a putative NBS. Of the motifs comprising
this predicted NBS, the P loop (GMGGQGKT T) occurs at
residues 203 to 209, followed by the kinase 2 (KFLIVLDDV)
and 3a (GSKIIVT TRKDSV) regions and the two conserved
regions 2 (CKGLPLALKTLAG) and 3 (LKRCFSFC). Domain d
starts at residue 499 and is a leucine-rich region with a leucine zipper (LZ) motif LPDSICGLYNLETLLLSSCADL (underlined residues indicate the motif). This part of the protein
also contains two potential tyrosine phosphorylation sites
(KKVEISGY and RVVTEEFY). Domain e is the LRR region

Homology of the I2 Protein Sequence to Members of the
I2C Gene Family
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LRR from the protein sequence. Hence, the LRR regions of
I2C-1 and I2C-2 consist of 15 or 16 repeats, respectively,
compared with the 17 LRRs of the I2 protein sequence.
In addition, we compared the LRRs of the I2 protein sequence with the LRR region of two partial cDNA clones from
the I2C family, designated I2C-3 and I2C-4 (Ori et al., 1997).
Major differences (deletions and insertions) were detected in
the same regions as where the previous 23– and 28–amino
acid deletions were found in the I2C-1/I2C-2 protein sequences. The 28–amino acid deletion at nucleotide positions 887 to 914 was also found in the I2C-3 cDNA protein
sequence but not in I2C-4. More striking is the situation at
the C-terminal end of the LRR around the 23–amino acid deletion in the I2C-1 and I2C-2 protein sequence compared
with the I2 protein sequence, as shown in Figure 6. The conserved 23–amino acid sequence NLQSLAESALPSSLSHLEIDDCP is present in three tandemly oriented copies
within the I2 protein sequence and in two copies within the
I2C-1 and I2C-2 sequence. In the I2C-3 and I2C-4 protein
sequence, five or six copies, respectively, of this 23–amino
acid sequence are present, which is indicative of the variability of this region among the various members of the I2-C
gene family.

The I2C Gene Family at Chromosome 11 Is Composed of
Seven Members
PCR using primers adjacent to the two variable regions in
domain e and primers in domain d were analyzed on the
complete cosmid contig to determine the number of I2C
copies at the I2 locus at chromosome 11 (Figure 7). No PCR
products could be detected with cosmids E15 through AA2
(Figure 7, lanes 16 to 20), indicating that cosmid E4 (lane 15)
represents the right border of the I2C gene family. Only
small differences in the size of the PCR products could be
detected with the primer set located in domain d of the I2
protein sequence (Figure 7, top). Two different PCR products spanning the 28–amino acid variable region were detected with primer set B (Figure 7, middle), whereas three
different PCR products were obtained with primer set C
spanning the 23–amino acid variable region (Figure 7, bottom). The sizes of the various PCR products using primer
set B or C were in agreement with a deletion or insertion of a

Figure 3. Resistance Assay.
Each picture shows a tray with 25 seedlings 3 weeks after inoculation with F. o. lycopersici race 2. At the right of each panel are three

uninoculated seedlings that serve as controls. Each tray contains
one tomato line.
(A) Susceptible line 52201.
(B) Transgenic R1 line transformed with cosmid B22 and segregating 3:1.
(C) Transgenic R1 line transformed with cosmid A52 and segregating 1:0.
(D) Transgenic R1 line transformed with cosmid A29 and segregating 0:1.
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DNA fragment encoding the 28– or 23–amino acid protein
sequence. Using primer set C, we identified no PCR products encompassing five or six copies of the 23–amino acid
sequence that correspond to the C-terminal region of I2C-3
or I2C-4. Amplification on genomic DNA did produce fragments of this size, indicating that these members are located elsewhere in the genome.
Subsequently, the nucleotide sequences of all of the PCR
products generated with primer set C (Figure 7, bottom) on
cosmid B56 through E4 were determined. Seven different
sequences were obtained and assigned to the various
cosmids. For instance, the DNA sequences of the 240-bp
PCR product present in cosmids B56, A31, and B38 (Figure
7, lanes 1 to 3) were identical, and therefore, it represents one
member of the gene family. Moreover, several additional selected primer sets originating from domains a to f of the I2
protein (Figure 4) were analyzed on the cosmid contig. Even
using low annealing temperatures (458C) and allowing mismatching, no additional PCR products appeared in the region between cosmids B56 and E4, and no PCR products
could be detected in the region upstream of cosmid B56
and downstream of E4. Because no PCR products were
generated with these additional primer sets, we conclude
that the I2 locus is composed of seven members.

Location of I2, I2C-1, and I2C-2 on the Cosmid Contig
The 310-bp PCR product generated with primer set C (Figure 7, bottom) and present in cosmids A52, B22, A55,
CC16, and A44 was identical to the C-terminal part of the I2
gene. This sequence encodes a polypeptide composed of
three copies of the NLQSLAESALPSSLSHLEIDDCP repeat,
and such a structure is present only in the I2 gene sequence
and is absent in I2C-1, I2C-2, I2C-3, and I2C-4 (Figure 6).
This PCR product is unique throughout the cosmid contig
and present in the three complementing cosmids A52, B22,
and A55 and the two downstream-located cosmids CC16
and A44 (Figure 7, bottom). The latter two cosmids, however, contain an incomplete I2 gene (the 59 end is missing)
and are unable to complement the susceptible phenotype.
The sequence of the PCR product with a length of z240 bp

Figure 4. Structure of the I2 Gene and the I2 Protein.
(A) Schematic representation of the physical structure of the I2
gene. The diagram represents the I2 transcript, with three introns in-

dicated by lines angled into vees. The initiation (ATG) and termination (TAA) codons are indicated.
(B) The amino acid sequence predicted from the DNA sequence of
the I2 gene is shown divided into six domains (a to f), as described in
the text. Relevant sites are underlined. The two overlapping potential
myristoylation sites are in domain a; the potential nuclear localization signal is in domain b; the P loop, kinases 2 and 3a, and the two
conserved regions 2 and 3, respectively, are in domain c; the LZ motif
(LPDSICGLYNLETLLLSSCADL) and the two potential tyrosine phosphorylation sites are in domain d. The LRR alignment is represented
in domain e. Domain f is the C-terminal region of the protein. The
numbers to the right of domain e refer to the specific LRR number.
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Figure 5. Comparison of the I2, I2C-1, and I2C-2 Protein Sequences.
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Figure 6. The C-Terminal Parts of the I2, I2C-1, I2C-2, I2C-3, and I2C-4 Homologs Contain Distinct Numbers of an LRR Unit.
Alignment of the C-terminal parts was as described in the legend to Figure 4. The 23–amino acid repeat sequence unit is indicated with a bar.
Asterisks indicate identical residues, dots represent similar amino acids, and dashes indicate deletions.

and present in cosmids CC16, A44, A29, and E4 (Figure 7,
bottom, open circles) completely matches the C-terminal
part of the I2C-1 sequence. Hence, we conclude that the
I2C-1 gene is located on cosmids CC16, A44, and A29 and
partially on cosmid E4 because no PCR product was generated with primer set A on this cosmid (Figure 7, top).
The nucleotide sequence of the 240-bp PCR product generated by primer set C and present in cosmids DD2, CC14,
A52, and B22 (Figure 7, bottom, asterisks) was identical to
the C-terminal part of the I2C-2 sequence. Based on the
physical map of these cosmids, the I2C-2 gene could be assigned to a DNA segment z8 kb upstream of the I2 gene
shared by cosmids A52, B22, and A55.

I2 Specificity
In our complementation analysis, cosmids DD2 and CC14,
containing the complete I2C-2 gene, and cosmids CC16,
A44, and A29, containing the complete I2C-1 gene, did not
reveal any increased resistance level compared with control
52201 plants in progeny tests after inoculation with F. o. lycopersici race 2. Only the I2 gene located on the 7-kb DNA
segment shared by cosmids A52, B22, and A55 was able to
complement the susceptible phenotype. This member of the
I2C gene family (designated I2 gene) contains three in-tandem
copies of the NLQSLAESALPSSLSHLEIDDCP repeat. Because
the remaining six members located on the cosmid contig

and the two cDNA members located on another locus do
not possess the three in-tandem copies of the NLQSLAESALPSSLSHLEIDDCP repeat but instead harbor either two
or more than three copies of this repeat, we postulate that
the capability of disease resistance with the I2 specificity is
likely to be determined by the number of these repeats
present in the C-terminal region of the protein.

DISCUSSION

Isolation and Structure of the I2 Gene
Here, we report the cloning of the I2 gene of tomato conferring resistance to race 2 of the fungus F. o. lycopersici. Eighteen AFLP markers delineating the I2 locus were derived
from a 750-kb YAC clone. These markers span a DNA region of z130 kb, corresponding to one marker every 10 kb.
A set of 20 overlapping cosmids originating from this region
was selected for complementation studies. Cosmid contig
building was performed using AFLP fingerprinting without
selective nucleotides.
Stable transformants conferring full resistance to race 2 of
the fungus were obtained with three overlapping cosmids.
None of the 20 cosmids, however, conferred resistance to
race 1 of the fungus (G. Simons and J. Wijbrandi, unpublished data), thereby confirming the race-specific nature of
the I2 resistance gene. The I2 gene encodes a polypeptide

Figure 5. (continued).
The I2, I2C-1, and I2C-2 amino acid sequences were aligned using the sequence comparison program CLUSTAL W (Higgins and Sharp, 1989).
Numbers at right indicate the positions of the residues in the protein sequence. Box 1 represents a deletion in the NBS domain; boxes 2 and 3
represent deletions in the LRR region of the protein. Asterisks indicate identical residues, dots represent similar amino acids, and dashes indicate deletions.
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Figure 7. A Gene Cluster of I2 Homologs.
Ethidium bromide–stained agarose gel of PCR products generated using primer set A, primer set B, and primer set C. Primer set A originates
from domain d, whereas primer sets B and C are derived from domain e and encompass repeats 3 and 16 of the I2 LRR region. The 20 cosmids
spanning the region between the flanking AFLP markers are represented by lanes 1 to 20. The sizes of the PCR markers are indicated on the
right. The cosmids containing the complete or part of the I2 gene are indicated with arrows, the cosmids containing the I2C-2 gene with asterisks, and the cosmids containing the I2C-1 gene with open circles. The complementation data of these cosmids are given at the bottom of the
figure (1, resistant; 2, susceptible).

of 1266 amino acids, and comparison with the GenBank database sequences showed that it belongs to the NBS-LRR–
containing type of R genes (Baker et al., 1997). In addition,
the I2 gene contains an LZ. This LZ lies between the NBS
and the LRR domain. In the RPS2 type of LZ-NBS-LRR–
containing type of R genes, the LZ is located in the NH2-terminal region of the protein. The aberrant location of the LZ in
the I2 gene might suggest another subclass of R genes. It is
predicted that the I2 gene encodes a cytoplasmic protein.
The C-terminal LRR domain spans 17 repeats after the consensus LRR sequence. These 17 repeats are in contrast to
the 27 LRRs postulated by Ori et al. (1997). However, they
applied a less strict LRR rule than we did. Ori et al. allowed
longer LRRs (up to 29 amino acids) and introduced gaps for
better alignment (eight in the first 10 LRRs). Moreover, the
cystein consensus is lost in the first 10 LRRs of the 27-LRR
alignment.

Only the I2 Gene Confers Full Resistance
The I2 gene product described in this study is highly homologous to members of the I2C family that have been characterized recently by Ori et al. (1997). Two members of this
family, I2C-1 and I2C-2, map at the same locus and were
found to be 82 and 88% identical, respectively, to I2. The I2
gene product fully complements the susceptible phenotype,
whereas Ori et al. found only circumstantial evidence for the
involvement of I2C-1 and I2C-2 in race 2 resistance. Expression of partial gene fragments of I2C-1 and I2C-3 in a sense
or antisense orientation abrogated immunity to F. o. lycopersici race 2, and transgenic plants containing the I2C-1 gene
did not confer complete resistance that would be expected
for a dominant gene. Only partial resistance was accomplished by the I2C-1 gene. Making use of the sequence differences between I2 and I2C-1/I2C-2, we were able to

The I2 Disease Resistance Gene Family

1065

data). Moreover, we can exclude the possibility that resistance necessitates the concerted action of the I2 gene and
an additional member of the gene family, because sequence
analysis showed that cosmid B22 contains the full-length I2
gene but only the C-terminal part of the I2C-2 gene.

I2 Gene Family
The I2 locus on chromosome 11 is composed of seven homologs. These seven homologs span a region of z90 kb.
The intergenic region between homologs of the gene family
was calculated to be z8 to 10 kb. The genetic organization
of the seven homologs, designated A through G, is depicted
schematically in Figure 8. All homologs could be assigned to
specific cosmids on the contig. The functional I2 gene, homolog E, is flanked on one side by I2C-2 (homolog D) and
on the other side by I2C-1 (homolog G) separated by an additional gene copy (homolog F). The orientation of homolog
A is opposite to that of homologs D, E, and G, whereas the
orientation of the other homologs is not known. PCR and sequence analysis have clearly demonstrated differences in
the LRR region at approximately repeat 16 among the various homologs of the gene family. Sequencing of the complete I2 locus and characterization of all homologs of the
gene family are now in progress.
Figure 8. I2 Locus on Chromosome 11.
Open squares represent the I2 homologs, designated A through G.
Horizontal lines represent noncoding regions. The size of the DNA
segment containing the homologs and the position of the flanking
AFLP markers are indicated. Arrows indicate the direction of the
open reading frames. In the lower part, the cosmid contig comprising the seven homologs is given.

position the latter genes on the cosmid contig. These genes
map proximal and distal of I2, and cosmids containing these
genes scored susceptible in our disease assay. Hence, we
conclude that the I2C-1 and I2C-2 genes are not essential
for resistance to F. o. lycopersici race 2. These data are in
contrast to the data obtained by Ori et al., who claim that the
I2C-1 gene confers partial resistance to race 2 of the fungus.
The I2C-1 gene is located on cosmid A29, and as shown
in Figure 3D, plants transformed with this cosmid all score
susceptible. To account for this discrepancy, we compared
the two disease assays with regard to the fungal isolate
used, the method applied, and the genetic background of
the susceptible host. The major difference consists of the
genetic background of the susceptible host: Ori et al. (1997)
used tomato line VF36, which is resistant to F. o. lycopersici
race 1, whereas tomato line 52201 is susceptible to both
races 1 and 2. Tomato lines carrying race 1 resistance are
known to show less severe disease symptoms when infected with race 2 (G. Simons and J. Wijbrandi, unpublished

I2 Specificity Determinants
Examination of the LRR region of three members at the I2
locus and two (cDNA) members not located at the I2 locus
revealed, besides amino acid substitutions, three sites with
a large deletion or insertion. The insertion highlighted in box
1 (Figure 5) is in the NBS domain. Potentially, this insertion
could influence the functionality of the I2C-1 gene; however,
there are two deletions (Figure 5, boxes 2 and 3) in the LRR
domain to be taken into account. These deletions involve a
28– or 23–complete amino acid repeat unit giving rise to a
deletion of one single LRR unit. The I2 gene product possesses three tandemly oriented copies of a 23–amino acid
repeat unit, whereas I2C-1 and I2C-2 contain only two and
I2C-3 and I2C-4 contain five or six copies, respectively, of
this repeat. The number of this LRR unit at the C terminus of
the protein could be crucial for the expression of I2 resistance.
These deletions and duplications might arise through
DNA rearrangements, such as intragenic recombinations or
slipped alignment during replication, as postulated for the
flax rust resistance gene M (Anderson et al., 1997). Three
mutants involving two direct repeats in the 39 end of the
coding region were identified for this gene. The mutants encode an internally deleted M protein containing a single repeat unit. The mutants lost M resistance, indicating that the
double repeat structure is essential for resistance gene
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function or specificity. Other examples of DNA rearrangements within R genes themselves are given by the Cf-2 and
RPP5 genes. The alternating pattern of A- and B-type LRRs
of Cf-2 (Dixon et al., 1996) is consistent with an increase in
LRR numbers by intragenic unequal crossing over. A mutant
allele for RPP5 was identified with an in-frame intragenic duplication of 270 bp encoding 90 amino acids, giving rise to
four additional LRRs in the open reading frame (Parker et al.,
1997).
These examples clearly show the capacity of the LRR domain to evolve new configurations and potentially novel
specificities. In the case of the I2 gene, the new configuration could be pinpointed to a 23–amino acid repeat unit corresponding to one LRR at the C terminus of the protein. We
propose that within the I2C gene family, evolution of specificities is ruled by the number of the 23–amino acid repeat
unit, although we cannot exclude that the 28–amino acid repeat at the N terminus of the LRR is involved as well. Sequence data of all of the homologs of this family and
additional domain swaps should give us insight into the
structure and evolution of this locus to resolve the underlying mechanisms by which new specificities arise.

METHODS

Plant Material and Genetic Crosses
Tomato (Lycopersicon esculentum) lines RZ5, DR9, and E22, homozygous for the I2 gene, and tomato line 52201, which does not
contain the I2 gene, were obtained from the following seed companies: Rijk Zwaan Zaadteelt en Zaadhandel (De Lier, The Netherlands),
De Ruiter Seeds (Bergschenhoek, The Netherlands), and Enza Zaden
(Enkhuizen, The Netherlands). The susceptible tomato line GCR210,
which is homozygous for the recessive morphological marker gene a
(for anthocyaninless), and the susceptible line GCR508, which is homozygous for the recessive morphological marker gene sub (for subtilis) (Stevens and Rick, 1986), were used in crosses with the resistant
tomato lines RZ5 and DR9. Both susceptible lines were obtained
from the Institute of Horticultural Research (Littlehampton, UK). The
dominant I2 gene maps at position 85 of chromosome 11, whereas
the recessive genes a and sub map at position 68 (17 centimorgans
[cM] from I2) and at position 89 (4 cM from I2). F2 seedlings were
scored for purple-colored hypocotyls (wild type) or green hypocotyls
(anthocyaninless; homozygous a). Four-week-old F2 plants were
scored for growth habit: normal (wild type) or small with short internodes (subtilis; homozygous sub). The same F2 plants were tested
for resistance to Fusarium oxysporum f sp lycopersici race 2.

Disease Assay
F. o. lycopersici race 2 was maintained on Czapek Dox Agar (Difco
Laboratories, Detroit, MI). Conidial suspensions were obtained by
culturing the fungus in Czapek Dox Broth (Difco Laboratories) on a
reciprocal shaker for 4 to 7 days at 258C. The conidia were separated
from mycelium fragments by filtration through a stainless steel filter

with a pore size of 50 mm. The suspensions were adjusted to a concentration of 2 3 106 conidia per mL by diluting with water.
Tomato seeds were germinated in soil in the greenhouse at 258C.
Ten- to 14-day-old seedlings were used for inoculation with the fungus. The seedlings were carefully pulled out of the soil, and the roots
were dipped in water to remove most of the adhering soil. Subsequently, the roots were immersed in the conidial suspension for 2
min, and then the plants were repotted in soil. The plantlets were
grown in the greenhouse at 258C during the day (16 hr) and 228C at
night (8 hr). After 3 to 4 weeks, the plants were scored for disease
symptoms. Susceptible plants were small with yellow, wilting leaves
and severe browning of stem tissue, and they were often dead. Resistant plants had no such symptoms.

Yeast Artificial Chromosome Library Construction
and Screening
The tomato line L. esculentum E22 (Enza Zaden), homozygous for
the I2 locus, was used as source material to construct a yeast artificial chromosome (YAC) library. Protoplasts were isolated from the
leaves of in vitro–grown shoots, which were 2 to 3 weeks old, as described by Van Daelen et al. (1989). Viable protoplasts (concentration
of 50 million protoplasts per mL) were collected and mixed with an
equal volume of agarose (1%, Seaplaque; FMC Bioproducts, Rockland, ME) to form a plug. The protoplasts embedded into the plugs
were lysed with lysis mix (0.5 M EDTA, 1% N-laurylsarcosinate, and
1 mg/mL proteinase K, pH 8.0). After lysis, the plugs were stored at
48C in storage buffer (fresh lysis mix) until used. Plasmid pYAC4 containing a unique EcoRI cloning site was used as cloning vector, and
the yeast strain AB1380 was used as a host (Burke et al., 1987). High
molecular weight DNA isolation, partial digestion with EcoRI in the
presence of EcoRI methylase, ligation of vector arms to genomic
DNA, size selection by pulsed-field gel electrophoresis, and transformation of the yeast host were performed as described by Burke et al.
(1987) and Larin et al. (1991). We finally obtained 3840 clones with an
average insert size of 520 kb, which corresponds to 2.2 genome
equivalents, and the individual clones were stored in 40 96-well microtiter plates containing 75 mL of YPD solution (1% yeast extract,
2% peptone, and 2% dextrose).
To retrieve YAC clones that are positive for the restriction fragment
length polymorphism (RFLP) markers TG26 or TG36 (Segal et al.,
1992), we arranged the clones in a three-dimensional matrix (cube)
and pooled them according to the rows, columns, and plates (X, Y,
and Z coordinates, respectively). The library was divided into 4 3
3-dimensional cubes. Each cube consisted of 960 clones (Z 5 10).
Every matrix contained 8(X) 1 12(Y) 1 10(Z) 5 30 DNAs, and a total
of 120 DNAs were screened.

Selective Restriction Fragment Amplification Screening for
Linked Markers
The selective restriction fragment amplification (AFLP) technique
(AFLP is a trademark filed by Keygene N.V.) is based on the amplification of subsets of genomic fragments by using polymerase chain
reaction (PCR) and has recently been described in detail by Vos et al.
(1995). To identify polymorphic markers linked to the I2 gene, amplification reactions were performed using DNA templates for the enzyme combination EcoRI/MseI. Total YAC clone DNA was analyzed
by AFLP fingerprinting, using all 64 11/12 primer combinations
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(Büschges et al., 1997; Simons et al., 1997). Additional selective nucleotides at the EcoRI and MseI site were determined in a stepwise
approach using the four different nucleotides. AFLP fingerprinting
with tomato lines was performed with three selective nucleotides at
the rare as well as frequent cutter sites. After amplification reactions,
the samples were analyzed on a 5% denaturating polyacrylamide gel
(Vos et al., 1995). Fingerprint patterns were visualized using a Fuji
BAS-2000 PhosphorImager analysis system (Fuji Photo Film Company Ltd., Tokyo, Japan).

Cosmid Library
Total DNA of the Saccharomyces cerevisae AB1380 containing YAC
1/546 was isolated using zymolyase to make protoplasts, according
to Green and Olsen (1990). DNA was partially digested with Sau3Agenerating molecules with an average size of 15 to 25 kb. After centrifugation through a 10 to 35% sucrose gradient at 22,000 rpm for
22 hr at 208C in a rotor (model SW41; Beckman Instruments, Palo
Alto, CA), the fractions containing DNA molecules with a size of z20
kb were pooled and concentrated by ethanol precipitation. The cohesive ends were partially filled in with dATP and dGTP, using the
strategy of partial filling of 59 extensions of DNA produced by type II
restriction endonuclease, as described by Korch (1987) and Loftus et
al. (1992). The binary T-DNA cosmid vector pCLD04541 (derivative of
pJJ1881; Jones et al., 1992) was digested completely with XhoI, and
the linear fragment was partially filled in with dTTP and dCTP, as described by Korch (1987). The 20-kb fragments were ligated to the
cosmid vector and transduced to Escherichia coli strain XL1-Blue
MR (Stratagene, La Jolla, CA) by using phage l Gigapack II XL packaging extracts (Stratagene), as recommended by the manufacturer.
Selection was performed on Luria-Bertani (1% bacto-tryptone, 0.5%
bacto-yeast extract, and 1% NaCl, pH 7.5) agar plates containing 10
mg/L of tetracyclin.
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PCR Analysis, DNA Sequencing, and Computer Analysis
For PCR analysis of the cosmid contig, we used the following primers: primer set A (sense, 59-GGTGTTGCATAACATACTGCC-39; antisense, 59-TCAACCTGCTCAGATGTAGTGG-39), primer set B (sense,
59-TGGAGAGTTCCCTACACTTGAG-39; antisense, 59-TTCTCTTCAAGGTAGTTGGCAG-39), and primer set C (sense, 5 9-CCTCCTTTTCTCACCTCACTTCGC-39; antisense, 59-ATTTGTGGCCAGTATTCCCC-39). To determine the sequence of the DNA segment
containing the I2 gene, we subcloned fragments of cosmid B22 in
pBluescript II SK1 (Stratagene). Double-stranded DNA sequencing
was performed using the Autoread Sequencing Kit and the A.L.F.
DNA Sequencer device (Pharmacia LKB, Uppsala, Sweden). All sequencing was conducted on both strands. The data were assembled
using the Staden sequence and analysis program (Dear and Staden,
1991). Multiple sequence alignments were performed using Clustal
W (1.60) software (Higgins and Sharp, 1989).
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