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Introgressed and endogenous Mi-1 gene clusters in tomato differ
by complex rearrangements in flanking sequences and show
sequence exchange and diversifying selection among homologues
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Abstract Many plant disease resistance genes (R-
genes) encode proteins characterized by the presence
of a nucleotide-binding site (NBS) and a leucine-rich
repeat (LRR) region and occur in clusters of related
genes in plant genomes. One such gene, Mi-1, confers
isolate-specific resistance against root-knot nematodes,
aphids and whiteflies in cultivated tomato, Solanum
lycopersicon. The DNA region carrying Mi-1 and six
closely related sequences was introgressed into tomato
from Solanum peruvianum in the 1940s. For both sus-
ceptible and resistant tomato, Mi-/ homologues are
present in two clusters with 3 and 4 copies each on the
short arm of chromosome 6. Two homologues from
each source are pseudogenes, and one homologue
from each source encodes a truncated product. DNA
sequence identity among the homologues including the
truncated genes, but excluding the pseudogenes,
ranges from 92.9 to 96.7%. All the non-pseudogene
homologues are transcribed. Comparison of homo-
logues suggests that extensive sequence exchange has
occurred. Regions of diversifying selection are present
in the ARC2 domain of the NBS region and dispersed
throughout the LRR region, suggesting that these
regions are possible locations of specificity determi-
nants. Other sequences in the introgressed region have
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similarity to the Arabidopsis auxin-receptor protein
TIR1, a jumonji-like transcription factor and a
Na*/H* antiporter. Analysis of sequences flanking the
Mi-1-homologues reveals blocks of homology, but
complex differences in arrangement of these blocks
when susceptible and resistant genotypes are com-
pared indicating that the region has undergone consid-
erable rearrangement during evolution, perhaps
contributing to evolution of specificity.

Introduction

Many plant resistance (R) genes encode proteins char-
acterized by the presence of a nucleotide-binding site
(NBS) and a carboxyterminal leucine-rich repeat (LRR)
region (reviewed in Dangl and Jones 2001; Takken et al.
2006). These proteins are distributed across a wide
range of plant taxa and are commonly found in clus-
tered gene families (Hulbert et al. 2001; Cannon et al.
2002; Michelmore and Meyers 1998). One function of
these proteins is to serve as surveillance molecules
that detect infection by specific pathogens and pests
(Chisholm et al. 2006). There has been considerable
speculation about whether the clustered organization
contributes to sequence exchanges among R genes and
whether such exchanges contribute to the evolution of
resistance specificities (Kuang et al. 2004; Mondragon-
Palomino and Gaut 2005; Meyers et al. 2005).

One such NBS-LRR gene, Mi-1, confers resistance
against three species of root-knot nematodes, potato
aphids and whiteflies in cultivated tomato (Milligan
et al. 1998; Rossi et al. 1998; Nombela et al. 2003; Vos
et al. 1998). Mi-Iencodes a protein of 1,257 amino acids
and has been mapped to the short arm of chromosome
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6 (Kaloshian et al. 1998; Milligan et al. 1998). The short
arm of chromosome 6 in various Solanum species car-
ries an impressive collection of R-genes effective
against diverse and economically important crop
pathogens. Rpi-blb2, which confers resistance to the
oomycete Phytophtora infestans, maps to the corre-
sponding region in the diploid potato relative Solanum
bulbocastanum, and the encoded protein is 82% identi-
cal in sequence to Mi-1 (van der Vossen et al. 2005).
Cf2 and Cf5, genes conferring resistance to the fungus
Cladosporium fulvum, encode proteins with a signal
peptide, extracellular LRR region and a C-terminal
membrane anchor, and are telomeric, but tightly
linked, to Mi-1 (Dixon etal. 1995, 1998; Kaloshian
etal. 1998). Several R-genes that have not yet been
cloned also map to the region. An additional root-knot
nematode-resistance gene, Mi-9, which is effective at
higher temperatures than is Mi-I, maps to the same
chromosomal interval as Mi-1 (Ammiraju et al. 2003).
Ol-4 and OI-6, genes for resistance to the fungus Oid-
ium neolycopersici, and Am, which encodes alfalfa
mosaic virus resistance, map to the short arm of chro-
mosome 6 (Bai et al. 2005; Parella et al. 2004). Quanti-
tative resistance traits 7y-I and Bw-5, for tomato
yellow leaf curl virus and bacterial wilt, respectively, as
well as traits for resistance to Erwinia carotova and P.
infestans also map to this chromosomal region (Zamir
et al. 1994; Thoquet et al. 1996; Gebhardt and Valko-
nen 2001). Remarkably, cytological studies and molec-
ular marker analyses indicate that this chromosome
arm may contain only 1.4 Mb of euchromatic DNA
(Zhong et al. 1999).

Many disease resistance genes were bred into crop
plants from a related wild species. Mi-I was introgres-
sed into cultivated tomato, Solanum lycopersicon (pre-
viously Lycopersicon esculentum), from a nematode
resistant accession of the complex species Solanum
peruvianum, using embryo rescue to obtain a hybrid of
these normally incompatible species (Smith 1944). Fol-
lowing extensive breeding, the introgressed region of
the genome was reduced to about 650 kb on the short
arm of chromosome 6. Further attempts to reduce the
size of the introgression were frustrated by repressed
recombination in this area (Ho et al. 1992; Liharska
etal. 1996; Kaloshian etal. 1998). Introgression of
desirable traits from wild relatives is a common prac-
tice, but is often accompanied by reduced recombina-
tion and maintenance of undesirable traits (Ganal and
Tanksley 1996; Schulte et al. 2006; Mondragon-Palo-
mino and Gaut 2005; Moreau et al. 1998).

NBS-LRR proteins mediate recognition of pathogen
infection and initiate defense signaling leading to host
resistance (Belkhadir et al. 2004). The NBS in plant
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R-proteins is part of a larger, highly conserved domain
of approximately 320 amino acids that is characteristic
of a large class of proteins widely represented in bacte-
ria, plants and animals and generally involved in signal
transduction associated with large conformational
changes upon NTP hydrolysis (Leipe et al. 2004). In
plant R-genes this domain is referred to as the NB-
ARC, due to conservation of sequence with a group of
nucleotide binding (NB) proteins including plant
R-proteins, animal cell-death effectors such as the
mammalian Apaf-1 and C. elegans CED-4 (van der
Biezen and Jones 1998; Leipe et al. 2004). Several of
these proteins, including Mi-1, have been shown to
bind and hydrolyze ATP (Tameling et al. 2002). In
vitro mutagenesis and immunoprecipitation experi-
ments indicate that NB-ARC domain of at least some
R genes is involved in intramolecular interactions with
other domains of the protein, or interactions with other
proteins (Mestre and Baulcombe 2006; Moffett et al.
2002). LRR regions are found in diverse proteins, and
in several examples have been shown to function as
sites of protein—protein interaction or protein ligand
binding. LRR regions are generally the most variable
regions among closely related R-genes. Comparison of
nucleotide and codon sequences reveals that LRR
regions encoded by closely-related R-genes are subject
to diversifying selection, suggesting that these regions
are under positive selection and may be involved in
recognition of pathogen-derived or pathogen-modified
ligands (Meyers et al. 1998; Dodds et al. 2006; Bergel-
son et al. 2001). There is also evidence that LRRs play
a role in downstream signaling (Warren et al. 1998;
Banerjee et al. 2001; Hwang and Williamson 2003).

NBS-LRR proteins can be divided into two groups,
those that carry a Toll-interleukin (TIR) domain at
their N-terminus and those that do not (Belkhadir
et al. 2004). The latter class is often characterized by
the presence of a predicted coiled-coil domain in the
N-terminal region. Compared to a typical non-TIR
NBS-LRR protein, Mi-1 carries an N-terminal exten-
sion of about 200 amino acids. In vitro mutagenesis
experiments indicate that the N-terminal extension of
Mi-1.2 is a negative regulator of defense signaling by
this gene (Hwang and Williamson 2003; Wrobel,
Telleen and Williamson, unpublished). Related exten-
sions are present on the products of the tomato genes
Sw-5 conferring resistance to spotted wilt virus, Hero,
which encodes resistance to cyst nematodes, and Prf,
which is required for bacterial wilt resistance, as well as
the potato genes RI and Rpi-blb2, which confer resis-
tance to the oomycete Phytophtora infestans (Ernst
etal. 2002; Ballvora et al. 2002; Brommonschenkel
et al. 2000; Salmeron et al. 1996).
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The availability of genomic clones from the corre-
sponding regions of resistant and susceptible tomato
provided an opportunity to compare the structure of
the endogenous locus in susceptible tomato to that of
the S. peruvianum introgression in resistant tomato.
Here we compare the DNA sequences of the Mi-1
homologues as well as their expression, organization,
and flanking sequences. Tomato and potato belong to
closely related but distinct sections (Lycopersicon and
Petola, respectively) of the large genus Solanum (Bohs
and Olmstead 1997). The availability of the sequence
of the MiGH Rpi-blb2 from a potato relative allowed a
broader perspective for comparison of the region.
These comparisons indicate that this region is evolu-
tionarily very dynamic, possibly contributing to devel-
opment of new resistance specificities.

Materials and methods

Sequence determination and assembly of MiGHs
and flanking sequences

BAC clones Ble 2 and Ble 8 that span the MiGH Clus-
ter 2e and le were previously isolated from nematode
susceptible tomato Heinz 1706 (Seah et al. 2004). BAC
B170 is a subclone of YAC clone Y54D9 (Seah et al.
2004) and contains all 4 MiGHs of Cluster 2p from
resistant tomato. DNA was extracted from BAC
clones by alkaline lysis using the CONCERT™ high
purity plasmid midiprep system (Life Technologies,
Rockville, Md, USA). Three strategies were utilized to
obtain plasmid subclones from these BAC clones for
sequencing:

1. Shotgun cloning. 10 ng of DNA was hydrosheared
using a nebulizer (Invitrogen, Carlsbad, CA, USA)
to 0.4-3 kb fragments. The sheared DNA was pre-
cipitated then resuspended in TE and size fraction-
ated using CHROMA SPIN™-400 columns (BD
Biosciences Clontech, Palo Alto, CA, USA) to

remove DNA fragments smaller than 600 bp. The
sheared, fractionated DNA was repaired and
blund-ended using T4 DNA polymerase (Promega,
Madison, WI, USA) and Klenow DNA polymerase
(Promega) then purified and concentrated using
the DNA Clean & Concentrator™-5 kit (Zymo
Research, Orange, CA, USA). The DNA frag-
ments were A-tailed and cloned into the pPGEM®-
T easy vector (Promega).

2. Cloning of BAC DNA fragments. BAC DNA was
digested with BamHI, BstXI, EcoRI, HinDIII,
Kpnl, Sacl or Xbal and purified using the
CHROMA SPIN™-100 columns (BD Biosciences
Clontech). Restriction fragments were cloned into
linearized and dephosphorylated pBluescript®
SK+ vector (Stratagene, La Jolla, CA, USA).

3. PCR amplification. PCR For/Rev primer pairs
from the Mi-I gene sequence, shown in Table 1,
were used in all combinations to amplify Mi-1
homologue sequences directly from the BAC
clones. The amplified sequences were extracted
from gels and purified using the CONCERT™
rapid gel extraction system (Life Technologies)
and cloned into the pPGEM®-T easy vector.

DNA from the subclones was sequenced in both direc-
tions using the M13 For/Rev or the T7/SP6 universal
sequencing primers.

Sequences of larger inserts were completed by
primer walking. Sequencing was performed using the
dye-primer method (CEPRAP, University of Califor-
nia, Davis) or the dye terminator method (UC Davis
Division of Biological Science DNA sequencing facility
or CAES genomics facility). Raw DNA sequence data
were visually inspected and vector sequences removed
manually using the editing program Chromas 1.45
(Technelysium Pty Ltd, Tewantin, QLD, Australia).
The sequence contigs for the three BAC clones were
assembled using the computer program Sequencher™
4.0.5 (Gene Codes Corporation, Ann Arbor, MI,
USA).

Table 1 PCR primers used for BAC contig assembly and RT-PCR analysis

Primer? Sequence (5'-3')° Location in Mi-1

Mi-ATG-F ATGGAAAAACGAAAAGATAW Translation start

Mi-PL-F GGTTCGGTAAAACTACTTTG Beginning of NBS region
Mi-PL-R CAAAGTAGTTTTACCTGAACC Beginning of NBS region
Mi-HDL-F ATTTCCAAATTCATGATCTT Between NBS and LRR domains
Mi-HDL-R AAGTCATGCACAAGATCATG Between NBS and LRR domains
Mi-STOP-R CTACTTAAATAAGGGGATAT Translation stop

Mi-intron1-F GCCTSTGTRAAGGTAMCATCTT Spans intron-1 5’ splice site

Mi-intronl-R

GATTCTACTTTTTCTCWAGACC

Spans the intron-1 3’ splice site

# F and R following primer name indicates priming of the sense and antisense strand, respectively
® Some nucleotides are degenerate W = A/T, R = A/G,S=G/C,M = A/C
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RT-PCR detection of Mi-1 homologue transcripts

Leaves and roots were harvested from three plants
each of 2 and 6 week-old tomato plants (cultivars
Motelle and Heinz 1706) grown in sand at 19°C under a
16 h photoperiod. Total RNA was extracted from
pooled, harvested leaves or roots from each growth
period using the RNeasy plant mini kit (Qiagen,
Valencia, CA, USA). The plant tissue was homoge-
nized in at least 10 ml of lysis buffer (from supplier) at
450 pl buffer per 100 mg plant tissue using a rotor-sta-
tor homogenizer. Subsequent steps were as directed by
the supplier. mRNA was purified from the total RNA
mixture using the Biomag® SelectaPure™ mRNA
Purification System (Polysciences Inc., Warrington,
PA, USA). Contaminating DNA was removed by
treating a 23.3 pl aliquot of the mRNA solution with
1 ul of RQ1 RNase-free Dnase (Promega) for 30 min
at 37°C. The reaction was inactivated by the addition
of 3 ul of 10x stop buffer (from the supplier).

Five microliter of each DNA-free mRNA sample
was used for cDNA synthesis with the Superscript™
One-Step RT-PCR with Platinum® Tagqg kit (Invitro-
gen). Expressed Mi-1 transcripts were subsequently
amplified with the primers Mi-ATG-F and Mi-PL-R
(Table 4) under PCR conditions described above. The
amplified RT-PCR products were gel purified, cloned
into the pGEM®-T easy vector, and DNA sequence of
insert was determined.

Sequence analysis

The Wisconsin Genetics Computer Group (Madison,
WI, USA) suite of programs was used for analysis of
contig sequences. The BESTFIT program was used to
determine sequence similarity, the PILEUP program
was used for comparing multiple sequences, and Gene-
doc Version 2.6 was used to visualize the sequence files
generated by the PILEUP program (Nicholas et al.
1997). A nucleic acid dot plot program from the web-
site http://www.vivo.colostate.edu/molkit/dnadot was
used for sequence comparisons. The Synonymous/
Non-synonymous Analysis Program (SNAP) based on
the method of Nei and Gojobori (1986) was used to
calculate the synonymous and non-synonymous substi-
tution rates (Korber 2000; http://www.hcv.lanl.gov/con-
tent/hcv-db/SNAP/SNAP.html).

RFLP analysis
End clones B170-F and B170-R were isolated from

BAC B170 by TAIL-PCR and used as RFLP probes as
described in Seah et al. (2004).
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Results
Comparison of MiGH sequences

Seven Mi-1 gene homologues (MiGHs) are present on
the short arm of chromosome 6 in both susceptible and
resistant tomato (Seah et al. 2004). In resistant tomato,
we refer to the homologues as Mi-1.1 through Mi-1.7,
with Mi-1.2 corresponding to the functional nematode
R-gene. All seven copies in resistant tomato are con-
tained in a contiguous 650-kb region introgressed from
S. peruvianum, and are grouped into two clusters, 1p
and 2p, separated by 300 kb (Fig. 1a). The homologues
in the corresponding region of susceptible tomato are
referred to as Mi-1A through Mi-1G and are also orga-
nized in two clusters, le and 2e (Fig. 1b). Although the
resistant and susceptible tomato loci carry the same
number and distribution of homologues, positions of
molecular markers indicate that the sequences flanked
by the two clusters are inverted on the chromosome in
resistant relative to susceptible tomato (Fig. 1; Seah
et al. 2004).

DNA sequences that span each MiGH in Cluster 2p,
Cluster 2e, and Cluster 1le were obtained from BACs
B170, Ble2 and BleS, respectively (Seah et al. 2004),
and assembled into eight contigs ranging from 13 to
28 kb (Table 2; Fig. 1). The 52 kb BAC clone, BAC3,
which spans Cluster 1p in nematode resistant tomato,
was previously sequenced (Milligan et al. 1998). Based
on contig sequences, we classified four homologues,
Mi-1.3, Mi-1.5, Mi-1A and Mi-1D, as pseudogenes
because they carry large insertions and deletions that
result in lack of a complete ORF compared to Mi-1.2.
In all four cases parts or all of intron 1 and parts of the
N-terminal region are missing. Two additional homo-
logues, Mi-1.6 and Mi-1G, carry single nucleotide
changes that result in a truncated ORF. Mi-1.6 encodes
an OREF of 224 amino acids due to a frameshift muta-
tion. This sequence diverges from that of Mi-1.2 at
position 206 and 18 non-homologous amino acids fol-
low before the stop codon. Mi-1G encodes a truncated
OREF of 996 amino acids due to a 1 bp substitution. For
both Mi-1.6 and Mi-1G, a complete ORF could be
restored by a single nucleotide change. Sequence iden-
tity between the predicted MiGH-coding regions
including the truncated homologues, ranges from 92.8
to 96.8% (Table 3). At the protein level, the similarity
and identity range from 92.6-96.4 to 87.3-93.8%,
respectively.

Comparison of the homologue sequences suggested
that a patchwork of sequence exchanges had occurred.
For example, short insertions or deletions (indels) of
3-20 nucleotides are present between homologues, but
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Fig.1 Comparison of the Mi-1 locus in resistant and susceptible
tomato. Thick horizontal lines represent the region of the short
arm chromosome 6 in nematode resistant tomato that was intro-
gressed from S. peruvianum (Lp) (a) and the corresponding se-
quence from susceptible tomato (b). Red boxes indicate
approximate positions of Mi-I homologues. Homologues are
present in two clusters in both resistant tomato (Clusters 1p and
2p) and susceptible tomato (Clusters le and 2e). Positions of
BAC clones BAC3, B170, Ble2, and Ble8 spanning the homo-
logue clusters and of key RFLP markers are indicated. Expanded
regions correspond to the sequenced contigs (Table 2). For con-
tigs in brackets, the orientation of the contig on the chromosome
could not be determined. The Mi-I homologues are shown as red

Table 2 MiGHs and other putative genes on contigs
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triangles with the point directed to the 3’ end. An ‘X’ is marked
below Mi-1 pseudogene sequences and truncated homologues are
indicated by ‘T.” The numbers in box-arrows correspond to the
putative genes listed in Table 2 (‘1’ resembles TIR-1; 2,” jumonji
family transcription factor; ‘3, transposase; ‘4,” Na*/H" trans-
porter) with the point indicating the predicted transcript direc-
tion. Boxed segments of the same color are highly similar in
sequence (yellow blocks are ~7 kb and are 94-97% identical to
each other; green blocks are ~5 kb and are 97-99 % identical; blue
blocks, ~3kb, are 94-97% identical). The green sequence
between Mi-1A and Mi-1B is in opposite orientation relative to
the chromosome compared to the corresponding block between
Mi-1.2 and Mi-1.3 on BAC3

Sequence contig

Other gene homologues on contig

Name Size (nt) Accession no. MiGHs Name and accession number of related gene E value
BAC3 51,953  US81378 Mi-1.1, Mi-1.2 Mi-1.3 Transcription factor, jumonji family Arabidopsis, NP_172338 2e-20
Tam3 transposase Anthirrhinum majus, BAB20481 6e-39
Transport inhibitor response-1 Arabidopsis, NP_567135 4e-109
B170a 14,431 DQ863286 Mi-1.5, Mi-1.7 None -
B170b 13,888  DQ863287 Mi-1.4 None -
B170c 21,744  DQ863288 Mi-1.6 Transcription factor, jumonji family Arabidopsis, NP_172338 9e-28
Ble2a 21,466 DQ863289 Mi-1A, Mi-1B None -
Ble2b 13,249  DQ863290 Mi-1C None -
Ble2c 17,118 DQ863291 Mil-D Transport inhibitor response-1 Arabidopsis, NP_567135 8e-96
Ble 8a 28,152  DQ863292 Mi-1E, Mi-1F Transport inhibitor response-1 Arabidopsis, NP_567135 2e-107
Ble 8b 18,285  DQ863293 Mi-1G Transport inhibitor response-1 Arabidopsis, NP_567135 2e-80

Na+/H+ antiporter, isoform 1 Lycopersicon esculentum, CAC84522 7e-22

comparison of their locations among homologues does
not reveal a clear evolutionary relationship either
within or between loci (Fig.2a). Also, the distance
trees produced for N-terminus, NBS, and LRR regions
using Rpi-blb2 as an outgroup are incongruent, consis-
tent with the occurrence of frequent sequence
exchanges among the homologues (Fig.2b). Thus,
sequence comparisons could not identify orthologous

relationships of homologues between genotypes or
infer evolutionary relationships between paralogs in
the same background.

Each intact MiGH contains two introns. Intron 1 is
upstream of the start codon and ranges in length from
556 to 2,199 bp for the S. peruvianum-derived paralogs
and from 630 to 1,287 bp for those in S. lycopersicon.
For comparison among homologues, we divided intron
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Table 3 Comparison of sequences of MiGH ORFs

Mi-1.1 Mi-1.2 Mi-1.4 Mi-1.6° Mi-1.7 Mi-1B Mi-1C Mi-1E Mi-1F Mi-1G*

Mi-1.1 95.3 94.8 94.8 94.7 94.3 95.1 94.9 93.2 95.0
Mi-1.2  95.1/91.4 95.6 95.0 95.6 95.0 95.8 96.0 92.9 96.2
Mi-1.4  93.6/90.1  95.0/91.4 95.0 96.7 95.5 96.8 96.6 93.4 96.4
Mi-1.6  94.4/904  95.1/90.9  94.0/90.3 95.4 94.6 94.7 95.4 93.5 95.2
Mi-1.7  94.0/90.7  95.7/91.7  96.2/93.3  95.6/91.5 95.4 96.6 96.1 94.6 96.4
Mi-1B 93.8/89.4  95.0/90.5 94.6/912  94.7/90.4  95.4/91.6 96.2 96.0 92.8 95.8
Mi-IC  94.9/91.4  95.8/92.1  96.2/93.7  94.5/80.9  96.4/93.4  95.5/92.7 96.3 93.4 96.2
Mi-1E ~ 94.4/90.8  95.6/92.1  96.2/93.7  94.8/91.5  96.2/92.9  95.6/92.4  95.9/92.8 93.6 96.6
Mi-1F  92.6/88.0 93.4/87.8  93.1/882  93.9/88.4  94.4/90.3  92.9/87.3  93.4/88.6  93.8/89.5 93.5
Mi-1G ~ 94.4/90.7  96.0/92.7  95.7/929  94.9/91.2  96.2/93.4  95.2/921  96.0/93.0  96.0/93.7  93.8/89.5

# Percentage nucleotide sequence identity is indicated above the shaded boxes, and percentage protein sequence similarity/identity is

below

® The Mi-1.6 (G deletion at position 619) and Mi-1G (T to C at position 2989) sequence have been artificially corrected to produce com-
plete ORFs. Pseudogenes Mi-1.3, Mi-1.5, Mi-1A, and Mi-1D are not included in this table
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Fig. 2 Evidence for gene conversion among MiGHs. a Positions
of indels, designated by brackets are compared for Mi-1
homologues. If nucleotides are numbered based on the longest
concensus sequence, starting with the start codon, the indel
positions would be deletions at the following positions: A 320-331;
B 603-617; B’ 605-634; C 661-669; D 1,296-1,298; E 2,635-2,646;
E' 2,635-2,643, E'' 2,626-2,643; F 2,740-2,751; G 2,804-2,8009.

1 of Mi-1.2 into 6 segments with Segment I most distal
and Segment VI most proximal to the coding region
(Fig. 3). Each homologue is missing one or more of
these segments compared to Mi-1.2. Segment VI is
present in all intron 1 sequences and is highly con-
served (95.1-98.4% nt identity). Segment II is also
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Asterisk indicates positions of stop codons caused by deletion b’
in Mi-1.6 or single base pair substitution for Mi-1G. b Compari-
son of distance trees of NT, NBS and LRR regions of MiGHs.
The S. bulbocastanum gene Rpi-blb2 was used as an outgroup.
Trees were produced with AlignX from Vector NTI Advance
(Invitrogen) using the Neighbor Joining method of Saitou and
Nei (1987). The value in parentheses is the calculated distance

present in all the intron 1 sequences, however the
sequences within this segment are more variable
(68.4-92.8% nt identity). Intron 1 of Mi-1.7 contains a
large insertion within segment II that is also present in
Mi-1B and there is a smaller insertion in region VI of
the Mi-1.6. Intron 2, which is located within the coding
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Fig. 3 Dot plot comparison of deduced intron-1 sequences of
Mi-1.2 to each of the other Mi-1 homologue intron-1 sequences.
The numbers in parentheses indicate the length of the intron. The
horizontal axis represents intron 1 of Mi-1.2 and is divided into
segments I through VI, 5’ to 3'. The size of each segment in nu-
cleotides is indicated. Window size = 15; Mismatch limit = 1.
*The sequence of the upstream junction of intron-1 of Mi-1B was
not determined

region near the N-terminus, is 75 bp in all homologues
and is highly conserved in sequence. Sequence varia-
tion is limited to 8 bp with at most three differences
from Mi-1.2. Analysis of introns also failed to reveal
orthologous relationships between the homologues.

2, NT1 NT2 1

A strong preference for non-synonymous compared
to synonymous codon substitutions has been noted in
the LRR region of other R-gene families (Bittner-
Eddy et al. 2000; Dodds et al. 2001; Meyers et al. 1998;
Sun et al. 2006). To investigate whether MiGHs exhib-
ited diversifying selection, codon-aligned nucleotide
sequences of the MiGHs were compared using a SNAP
(Korber 2000). A strong bias toward diversifying
nucleotide changes is apparent in the LRR region and
also in the 3’ region of the NB-ARC domain (Fig. 4).

The Mi-1 homologue clusters are in inverted
orientation relative to each other in both resistant
and susceptible tomato

The three Mi-1 homologues in Cluster 1p were previ-
ously determined to be in the same orientation with
predicted transcription direction from telomeric to
centromeric (Fig. 1) (Milligan etal. 1998). Contigs
B170a, B170b, and B170c span the MiGHs in Cluster
2p. Contig B170a contains Mi-1.7 and Mi-1.5, which are
2 kb apart with ORFs oriented in the same direction
(Fig. 1). By probing a DNA blot of YAC clones,
Y1172, Y54D9, and Y1256, which span the Mi-I locus
(Vos etal. 1998; Seah etal. 2004), with BAC-end
probes B170F and B170R, we determined that B170F
is telomeric and B170R is centromeric to Cluster 2p on
chromosome 6 (data not shown). Sequence of contig
B170a places BAC end clone B170F downstream of

NB-ARC 2 3 LRR

Avg, substitutions

2, NT1 NT2

101 151 201 251 301 351 401 451 501 551 601

113 k. I ®

il I

A ! i H |
651 701 751 BO1 851 801 951 1001 1051 1101 1151 1201 1251
Coden

NB-ARC 2 3 LRR

186 1 § _
141l S lycopersicon |-

12 4

vg. substitutions

Fig. 4 Synonymous and non-synonymous nucleotide substitu-
tions in coding regions of MiGHs. The N-Terminal (NT), nucleo-
tide binding site (NB-ARC) and leucine-rich repeat (LRR)
domains that span the Mi-/ gene are depicted by horizontal bars.
Two highly conserved regions required for nucleotide binding
(I P-loop; 2 GxP region) and a region of ARC2 (3) displaying a

101 151 201 251 301 351 401 451 501 551 BO1 651 701 751 B0O1 851 801 851 1001 1051 1101 1151 1201 1251

Codon

high level of non-synonymous substitutions are indicted. Rates
were calculated based on codon-aligned nucleotide sequences
consisting of the full-length sequences and the truncated MiGHs.
Homologues in Solanum lycopersicon and in the introgressed
region from S. peruvianum were calculated separately
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Table 4 MiGH transcripts in resistant and susceptible tomato

Cluster Homologue = ORF Matching transcripts®
2 week-old leaves ~ 2-week old roots 6 week-old leaves 6 week-old roots ~ Expressed

1p Mi-1.1 1,255aa  0/1 172 0/11 0/5 Yes
1p Mi-1.2 1,257aa  0/1 02 3/11 1/5 Yes
2p Mi-1.4 1248aa 1/1 02 3/11 1/5 Yes
2p Mi-1.6 224 aa® 0/1 172 511 1/5 Yes
2p Mi-1.7 1252aa 0/1 02 011 2/5 Yes
2e Mi-1B 1251aa  0/11 177 0/8 111 Yes
2e Mi-1C 1251aa 711 1/7 7/8 1/11 Yes
le Mi-1E 1244aa 0/11 2/7 1/8 111 Yes
le Mi-1F 1249 aa  0/11 177 0/8 2/11 Yes
le Mi-1G 996 aa® 411 217 0/8 6/11 Yes

 Transcript matches among RT PCR products using primers Mi-ATG-F and Mi-PL-R and mRNA from resistant tomato cv. Motelle,
which carries the L. peruvianum introgression carrying the Mi-1 locus or from the susceptible tomato line Heinz 1906. The numerator
indicates the number of times the sequence was detected and the denominator the total number of clones in each category sequenced;

® Due to frameshift mutation
¢ Due to 1 bp substitution

Mi-1.5; therefore, we can conclude that the ORFs of
both Mi-1.5 and Mi-1.7 are oriented centromeric to
telomeric, the opposite orientation from the Mi-I
homologues in Cluster 1p (Fig. 1). The orientation and
order of homologues Mi-1.4 and Mi-1.6 could not be
determined from available data.

Comparison of hybridization patterns of overlap-
ping susceptible tomato BAC clones, including Ble2
and Ble8, using flanking markers allowed us to deter-
mine relative orientation and position of some paralogs
(Seah et al. 2004). In Cluster 2e, Mi-1A is most telo-
meric followed by Mi-1B, but we could not determine
the relative order of Mi-1C and Mi-1D. In Cluster le
Mi-1F is centromeric to Mi-1 E and telomeric to Mi-1G.
Mi-1A and Mi-1B are both present on contig Ble2a and
are in the same orientation. Likewise, Mi-1E and
Mi-1F are in the same orientation on contig Ble8a.
From this information, we can conclude that Mi-1A
and Mi-1B are oriented in the centromeric to telomeric
direction whereas Mi-1E and Mi-1F are oriented from
telomeric to centromeric direction. We have not been
able to deduce the orientation of Mi-1C, Mi-1D and
Mi-1G on chromosome 6. In summary, the homologues
for which it was possible to determine the orientation
are present in clusters that are inverted relative to each
other in both the susceptible tomato locus and the
S. peruvianum introgression in nematode resistant
tomato (Fig. 1).

Expression patterns of MiGHs
Since several of the MiGHs appear to be intact genes,

it was of interest to determine whether they are
expressed. We extracted RNA from leaves and roots of
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2- and 6-week-old resistant and susceptible plants, then
cloned and sequenced RT-PCR products using primers
that span intron-2. The primers were designed to be
able to amplify cDNA from all of the homologues
except for the four pseudogenes, which lack the trans-
lation start codon. Sequence analysis identified prod-
ucts corresponding to each of the homologues,
including Mi-1.6 and Mi-1G, which do not contain a
complete OREF, in at least one of the samples tested
indicating that all are expressed (Table 4). Due to the
small number of transcript clones sequenced (1-11
from each tissue and age type), the absence of
sequence corresponding to a certain homologue in a
particular tissue/time does not mean that that homo-
logue is not expressed. For example, although we did
not identify Mi-1.2 transcripts in our sampling of clones
from 2-week-old roots of Motelle, it is known from
previous work that Mi-1.2 is expressed in roots of this
age (Goggin et al. 2004; Martinez de Ilarduya et al.
2001).

Characterization of MiGH-flanking sequences

In addition to the 14 MiGHs, other sequences with
similarity to known protein-coding genes were identi-
fied on the contigs by BLASTX searches (Table 2).
Most notable are several regions of sequence with
similarity to the Arabidopsis transport inhibitor
response-1 (TIR-1) gene. TIR-1 encodes an E3 ubiqu-
itin ligase SCF complex F-box protein in Arabidopsis
and has recently been identified as the primary auxin
receptor (Ruegger et al. 1998; Dharmasiri et al. 2005).
TIR-1-related sequences are present just downstream
from Mi-1.1, Mi-1D, Mi-1E and Mi-1G, and, if expressed,
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would be transcribed on the opposite strand from the
MiGHs (Fig. 1). Although these sequences are related
to TIR-1, analysis of exon-intron structure and
searches against solanaceous ESTs suggest that they
are not the tomato 77R-1 homologues but may encode
F-box/LRR proteins with another function (data not
shown). Two contigs derived from resistant tomato
encode a putative protein with similarity to an Arabid-
opsis transcription factor (jumonji) family protein, and
similarity to a tomato Na*/H* antiporter was identified
downstream from Mi-1G (Table 2; Fig. 1).

Comparison of the sequence of BAC3, which carries
the functional nematode resistance gene Mi-1.2, to
other contigs revealed blocks of synteny. For example,
an ~5 kb region (yellow block in Fig. 1) is duplicated in
Cluster 2p and Cluster 2e (>94% sequence identity).
This block also includes a 382 nt terminal-repeat retro-
transposon in miniature (TRIM) element (Witte et al.
2001) on both contigs BAC3 and B170c. A TRIM ele-
ment was also identified on Ble2, but not joined to the
contig Ble2C (data not shown). The ~5 kb block of
non-coding sequence between Mi-1.2 and Mi-1.3
(green block in Fig. 1a) is >97% identical to a block of
sequence between Mi-1A and Mi-1B (Fig. 1b). Addi-
tional small regions of homology to BAC3 are dis-
persed among the contigs, including short stretches of
sequence (200-500 nt) with high similarity to Mi-I cod-
ing region or the 3’ end of intron 1. The microsatellite
(AT),, was also found dispersed through several of the
BAC:.

Discussion

Comparison of MiGH sequences reveals active gene
conversion among copies

Nucleotide sequence identity among the MiGHs in
nematode-susceptible tomato and in the S. peruvianum
introgression in resistant tomato lines, including the
truncated genes, ranges from 92.9 to 96.7%. Two lines
of evidence indicate that considerable sequence
exchange has occurred between homologues. Positions
of indels in the MiGHs do not reveal a simple path of
evolution and distance trees derived from different
domains of the coding sequences are incongruent. Sim-
ilar evidence for sequence exchange has been obtained
for clusters of R-genes in diverse plant species (cf.,
Ellis et al. 2000; Meyers et al. 1998; Kuang et al. 2004,
2005). However, other R-genes do not appear to
actively exchange sequences. Based on this, R-genes
have been divided into two types: fast evolving type I
genes are characterized by frequent sequence

exchange among members, whereas slowly evolving
type II R-genes appear to have little exchange between
paralogous sequences (Kuang et al. 2004, 2006). By
these criteria, the MiGH families in both genotypes
analyzed here would be classified as type 1.

A strong preference for non-synonymous compared
to synonymous nucleic acid changes has been observed
in the LRR region of several NBS-LRR gene families
and non-synonymous nucleotide substitutions also
dominate in the LRR region of MiGHs. This prefer-
ence is indicative of diversifying selection and may refl-
ect evolution of novel interaction specificities for
proteins involved in ligand binding or signaling (Holt
et al. 2003; Kuang et al. 2004). However, we see no
change in LRR copy number or insertions/deletions in
this region in contrast to what has been observed with
the nearby Cf-2 and Cf-5 genes (Dixon et al. 1998).
Other groups have suggested that the positively
selected positions in the LRR were highest in the pre-
dicted B-strand submotif that is likely to be solvent
exposed (Meyers etal. 1998; Mondragon-Palomono
et al. 2002; Ayliffe et al. 2000). However, due to the
degenerate nature of the LRRs in Mi-1 and its homo-
logues, we feel that it is premature to make such a
determination for the MiGH family. High non-synony-
mous substitution rates are also present in part of the
central NB-ARC region of MiGHs (Fig. 4). Compari-
son to related proteins for which crystal structure has
been solved suggests that the NB-ARC domain of R-
proteins can be divided into three subdomains: NB,
ARCI1, and ARC2 (Albrecht and Takken 2006). The
diversifying selection is localized to the ARC2 domain
suggesting that this region is involved in specific inter-
or intramolecular interactions. Positive selection in a
similar region has previously been noted in a subset of
groups of Arabidopsis R-gene homologues (Mon-
dragon-Palomino etal. 2002). Interestingly, recent
molecular studies with potato R-genes Rx and Gpa2
have indicated that the ARC2 region may be crucial
for maintaining the auto-inhibited state of NBS-LRR
proteins by interaction with its cognate LRR region as
well as for activation (Rairdan and Moffett 2006).

MiGHs have two introns in conserved positions,
intron 1 in the 5'UTR and intron 2 in the coding
region. Intron 2 is highly conserved in size and
sequence among the MiGHs in resistant and suscepti-
ble tomato. Interestingly, intron 2 of Rbi-blb2 from S.
bulbocastanum differs from that of Mi-1.2 by only 4 nt
and 2 small insertions of 3 and 8 nt. This conservation
could reflect a role in regulation of expression of the R
gene. Alternatively, the sequence conservation could
be due to gene conversion between homologues as has
been suggested to explain homogenization of introns in
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Dm3 gene family (Kuang et al. 2004). For intron 1,
only the segment proximal to the gene is highly con-
served among the tomato homologues. In fact, the 80
nt at the 3’ end of intron 1 of Mi-1.2 differ from those
of the potato gene Rbi-blb2 by only 8%. In contrast,
the size and sequence of the remainder of intron 1 var-
ies among the homologues (Fig. 3) and no clear simi-
larity was seen for Rbi-blb2 sequences. The greater
divergence in intron 1 may indicate that there is less
selective pressure on this sequence, or, alternatively,
that this sequence is outside the region targeted for
gene conversion in the plant.

Function of MiGHs

So far the function, if any, of the sequenced MiGHs
other than Mi-1.2 and Rpi-blb2 is not known. Sequence
analysis of RT-PCR products indicates that all homo-
logues that contain an intact N-terminus, whether with
full-length or truncated coding regions, are expressed.
In addition, all indels except one are in multiples of
three and thus maintain the reading frame. Sequences
that are required for nucleotide binding in NB-ARC
proteins such as the P-loop and GxP motifs are highly
conserved in MiGHs (Fig. 4) suggesting that the
encoded proteins are able to bind nucleotides. Silenc-
ing using RNAi may be a useful strategy to investigate
function of MiGHs, and, in tomato roots, this strategy
has been demonstrated to result in loss of nematode
resistance (Collier et al. 2005; Valentine et al. 2004).
Silencing may allow us to determine whether other
R-genes that map to this region are, in fact, encoded by
MiGHs. However, for those homologues not associ-
ated with a segregating phenotype, it may be difficult to
identify a clear function, and it is possible that the pri-
mary function of some homologues is not related to
disease or pest resistance. In addition, the sequence
similarity between homologues makes it likely that
non-target homologues will also be silenced leading to
ambiguity regarding the role of specific MiGHs with-
out coupling to a forward genetic approach.

While sequence analysis indicates that two of the
homologues from each background are clearly pseud-
ogenes, one homologue from S. peruvianum and one
from S. lycopersicon encode truncated reading frames
of 224 and 996 amino acids, respectively. These trun-
cated genes are expressed, and appear to be competent
to produce a translation product corresponding to the
N-terminal region of the protein. Previous work
showed that when the N-terminal region of Mi-1.2 was
co-expressed with a constitutively lethal mutant of
Mi-1.2, this region was able to repress the lethality
(Hwang and Williamson 2003). In addition, in vitro
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mutagenesis has identified several single amino acid
substitutions in the N-terminal 161 amino acids of
Mi-1.2 that confer a lethal phenotype upon transient
expression in Nicotiana benthamiana leaves (Wrobel,
Telleen, and Williamson unpublished). These results
suggest that the N-terminal regions of the truncated
genes—or perhaps the full-length genes—may be
translated and their products may function in trans to
regulate Mi-1.2 or other R-gene products. As prece-
dent for such a regulatory mechanism, the NBS-LRR
protein Prf is required for function of the R gene prod-
uct Pto and the NBS-LRR gene NRG1I is required for
resistance mediated by the tobacco mosaic virus resis-
tance gene N (Salmeron et al. 1996; Peart et al. 2005).
Also, an alternatively spliced, truncated transcript of
the N gene has also been shown to be required along
with the full length version for complete TMV resis-
tance further supporting the possibility that truncated
NBS-LRR gene products may play an as yet unknown
role in resistance (Dinesh-Kumar and Baker 2000).

Evolutionary rearrangements in the MiGH region

In this paper, we show that MiGH-flanking sequences
in both susceptible tomato and the introgression in
resistant tomato include duplicated blocks of highly
conserved sequences in addition to MiGHs. For exam-
ple, a sequence block carrying an MiGH and a down-
stream sequence similar to Arabidopsis auxin receptor
TIR-1 (blue box in Fig. 1) appears to be duplicated in
several locations in the MiGH region of S. lycopersicon.
Blocks of highly homologous, non-coding sequences
(yellow and green blocks in Fig. 1) are present in the
clusters, but in relatively different positions in suscepti-
ble and resistant tomato genotypes. Smaller blocks of
homology and fragments of Mi-I-like sequence are also
scattered throughout the region. The varying positions
of these sequence blocks indicate that considerable
rearrangements have occurred during evolution. In
both nematode-susceptible tomato and tomato with the
introgressed Mi-1 locus, MiGHs occur in two clusters in
inverted repeat orientation. Intrachromosomal recipro-
cal recombination within inverted MiGH sequences
would be predicted to lead to an inversion of the inter-
vening sequence. By comparing markers flanking each
cluster, we previously deduced that there had been an
inversion of the DNA between the two clusters in S.
lycopersicon compared to the S. peruvianum derived
sequences at the Mi-1 locus (Seah et al. 2004). While a
single inversion between homologues could have
resulted in the exchange of specific sequence blocks, the
complex sequence differences between the two geno-
types cannot be explained by only one inversion event.
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Several events including intra- and interchromosomal
recombination and/or gene conversion likely distin-
guish the regions possibly including inversions originat-
ing within the R-gene paralogs. The RI (late-blight
resistance) cluster also displays rearrangements and low
level of colinearity between Solanum demissum haplo-
types (Kuang et al. 2005).

The existence of two clusters of genes in inverted
orientation likely predates speciation of S. lycopersicon
and S. peruvianum. In fact, a similar arrangement of
homologue sequences is apparent for the correspond-
ing region in the more distantly related species S.
bulbocastanum although the number of copies is
expanded from 7 to 15 (van der Vossen et al. 2005). A
DNA blot survey of solanacous species using the Mi-
12 NT and NBS regions as probe indicates that
MiGHs are broadly present throughout this group but
that the copy number varies considerably between spe-
cies (Seah and Williamson, unpublished). However,
DNA blots and comparison to available genomic
sequence do not reveal similar genes in Arabidopsis or
rice. Intrachromosomal recombination could lead to
cycles of expansion and contraction of copy number as
well as scrambled arrangement of flanking sequences.
However, due to the complexity of the sequence order
differences, understanding the evolutionary history will
require extensive analysis of additional solanaceous
genomes. An appropriate group for analysis may be
the diverse and complex accessions of S. peruvianum in
which many resistance traits have been mapped to the
region and for which RFLPs in Mi-/ and flanking
markers are abundant (Kaloshian etal. 1998;
Ammiraju et al. 2003).

There is a sequence with similarity to a transposase
upsteam from Mi-I.] and we have noted TRIM ele-
ments in the MiGH region. Transposons have been
postulated to have a role in R-gene evolution (Wei
et al. 2002;Witte et al. 2001) and their presence could
have played a role in MiGH evolution.

Introgressed regions and plant breeding

Recombination is severely repressed in the Mi-1 region
in crosses between susceptible tomato and lines carry-
ing the introgressed region. By searching for recombi-
nation events using flanking markers, several
recombination points were identified flanking, but not
within the 650 kb region carrying the two clusters. The
likely lethality of recombination events within the
inverted region may be a partial explanation for this
repression. However, even for intraspecific S. peruvia-
num crosses where recombination is approximately
eight fold higher, events are not uniformly distributed

in the region and there is repression of recombination
(Kaloshian et al. 1998). The MiGH region in S. bulbo-
castanum carrying Rpi-blb2 also displays repressed
recombination in wide crosses (van der Voosen et al.
2005). The Mi-1 region borders the centromeric het-
erochromatin of chromosome 6 and is part of the lim-
ited (1.4 Mb) euchromatic region on this short
chromosomal arm (Zhong et al. 1999). This region is
highly enriched in R genes and it is tempting to specu-
late that some feature of the chromosome structure
may facilitate complex exchanges among paralogs.

Many R-genes or other agronomically important
traits are introgressed into elite cultivars after wide
crosses. For Mi-1.2, due to repressed recombination, at
least 600 kb of continguous S. peruvianum sequence
remains in even the most advanced resistant lines. This
region could contain wild species alleles of other traits
capable of affecting agronomic properties. For exam-
ple, several sequences in the MiGH region bear coding
regions with significant similarity to that of TIRI,
which encodes the auxin receptor of Arabidopsis.
While these sequences may not correspond to auxin
receptors in tomato, members of this family of proteins
interacts with specific proteins and target them for
destruction by the proteosome (Gagne et al. 2002). It is
conceivable that different alleles of such genes would
contribute to agronomic differences between cultivars
with or without the introgressed region. Alleles of the
transcription factor gene and a putative Na*/H" anti-
porter is also in the introgressed region and could also
contribute to phenotype differences observed between
nematode resistant and susceptible tomato. Other
MiGHs in the cluster may also contribute to other sub-
tle differences in phenotype.
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