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ABSTRACT Resistance against the aphid Macrosiphum
euphorbiae previously was observed in tomato and attributed
to a novel gene, designated Meu-1, tightly linked to the
nematode resistance gene, Mi. Recent cloning of Mi allowed us
to determine whether Meu-1 and Mi are the same gene. We
show that Mi is expressed in leaves, that aphid resistance is
isolate-specific, and that susceptible tomato transformed with
Mi is resistant to the same aphid isolates as the original
resistant lines. We conclude that Mi and Meu-1 are the same
gene and that Mi mediates resistance against both aphids and
nematodes, organisms belonging to different phyla. Mi is the
first example of a plant resistance gene active against two such
distantly related organisms. Furthermore, it is the first
isolate-specific insect resistance gene to be cloned and belongs
to the nucleotide-binding, leucine-rich repeat family of resis-
tance genes.

The potato aphid Macrosiphum euphorbiae is an agricultural
pest of several crops, causing direct and indirect damage on
tomato including transmission of phytopathogenic viruses (1,
2). A single locus, named ‘‘Meu-1,’’ that confers resistance
against the potato aphid M. euphorbiae has been described in
tomato as tightly linked to the gene Mi, which confers resis-
tance against Meloidogyne incognita and other species of
root-knot nematode (3). Mi was introduced into cultivated
tomato, Lycopersicon esculentum, from its wild relative L.
peruvianum (4, 5). To date, all tomato lines carrying Mi have
been found to be resistant to specific isolates of the potato
aphid, suggesting that Meu-1 was incorporated into tomato
from L. peruvianum along with Mi and that Meu-1 corre-
sponded to either Mi or a closely linked gene.

Recently, the Mi gene was isolated by a positional cloning
approach (6, 7). Mi was localized to a small region of tomato
chromosome 6 by identification of recombinants, and DNA
sequence analysis was carried out to identify Mi candidates.
Sequencing revealed two genes, Mi-1.1 and Mi-1.2, that were
95% identical to each other and encoded proteins with high
similarity to previously cloned plant resistance genes. Comple-
mentation analysis showed that introduction of Mi-1.2, but not
Mi-1.1, to susceptible tomato was sufficient to confer a nem-
atode-resistant phenotype with the same spectrum of resis-
tance as Mi (7). Mi-1.2 produces a transcript of '4 kb that
encodes a putative protein of 1,257 amino acids (Fig. 1). This
protein is a member of a family of disease resistance-associated
plant proteins characterized by the presence of a nucleotide
binding site and a leucine-rich repeat region (8, 9). Highest
similarity to characterized resistance gene sequences is to the
tomato gene Prf, which, together with Pto, is required for
resistance to P. syringae carrying the avirulence gene avrPto
(10).

The cloning of Mi provided the opportunity to determine
the relationship between Mi and Meu-1. Our results demon-
strate that Mi also is expressed in leaves, that Mi mediates
resistance in an isolate-specific manner, and that Mi and Meu-1
are, in fact, the same gene.

MATERIALS AND METHODS

Plant Materials. Two sets of nearly isogenic tomato lines
were used: CastlerockII and Moneymaker, susceptible to
nematodes and aphids, and the corresponding resistant lines
Sun6082 and Motelle (carrying different length introgressed
regions from L. peruvianum containing Mi), respectively (3).
All plants were grown in a pesticide-free greenhouse (23–25°C,
16:8 LyD). The plants were grown in 1-gallon pots in Redi-Gro
soil mixture amended with slow release fertilizer. Plants were
watered daily with distilled water and fertilized weekly with a
foliar application of Miracle-Gro (Stern’s Miracle-Gro Prod-
ucts, Port Washington, NY).

RNA Gel Blot Analysis. RNA extraction and gel blot analysis
were carried out as described (7). Leaf poly(A)1 RNA was
isolated from 7-week-old plants, and 5 mgylane was fraction-
ated in a denaturing gel. The molecular marker used was the
0.24- to 9.5-kb ladder (GIBCOyBRL).

Rapid Amplification of 5* cDNA Ends. Rapid amplification
of 59 cDNA ends was carried out using a Marathon cDNA
Amplification kit (CLONTECH). First-strand cDNA was syn-
thesized from 1 mg of poly(A)1 RNA isolated from leaves of
7-week-old resistant cultivar Sun6082 by using poly(T) primer.
After second-strand synthesis and adapter ligation, PCR was
carried out with primer SM7, 59-GGTCAAGAGGATCAGT-
GTTCAGATTTCC-39, which hybridizes to a sequence
present in both Mi-1.1 and Mi-1.2 (Fig. 1) and the adapter
primer. The 2-kb PCR product obtained was cloned into the
vector pCR2.1 (Invitrogen).

Aphid Isolates. Two isolates of the potato aphid M. euphor-
biae were used in the bioassays, WU-3 (a red isolate) and
WU-4 (a green isolate). The colonies were established from
aphids collected from tomato fields on the campus of Univer-
sity of California, Davis in the spring and summer of 1997,
respectively. Isolates were identified as M. euphorbiae by M. G.
Kinsey (Department of Entomology, University of California,
Davis) and were reared in the greenhouse on tomato cultivar
UC82. Type specimens are filed in the Bohart Museum,
University of California, Davis.

Transgenic Plants. The susceptible line Moneymaker was
transformed with a 14.7-kb tomato genomic fragment, includ-
ing the Mi-1.2 coding region and 4.62 kb of the 59 and 4.77 kb
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of the 39 regulatory sequences (Fig. 1 A). Primary transfor-
mants 143–11 and 143–31 carried one copy of the introduced
gene and displayed nematode resistance (7). Progeny of
143–11 segregated for nematode resistance, with resistance
corresponding completely to the presence of the introduced
gene. The presence of Mi-1.2 in progeny of both transgenic
lines was determined by PCR by using primers C1y2 (59-
CAGTGAAGTGGAAGTGATGA-39) and C2S4 (59-CTAA-
GAGGAATCTCATCACAGG-39) (7). The size of the Mi-1.2-
specific product, which corresponded to a portion of the 39
region of the gene, was 1.6 kb.

Aphid Resistance, Survivorship Assay. Apterous aphids of
isolates WU-3 and WU-4 were collected no more than 48 h
after their adult molt and were caged individually on 5-week-
old plants of resistant and susceptible lines. On each plant, 3
aphids were caged on the 4th, 5th, and 6th leaves below the first
fully expanded leaf. There were 4 plants per genotypeyaphid
combination (total of 16 plants). The plants were arranged in
a complete random design in the greenhouse, and aphid
survival was monitored daily until all WU3 aphids on resistant
plants were dead (9 days). For each plant, the average number
of days (up to 9) that the aphids lived was calculated by using
the methods of Carey (11). Data for each aphid isolate were
analyzed separately by using one-way ANOVA and Welch’s
weighted ANOVA (SAS software release ver. 6.12).

Aphid Resistance, Whole Plant Assay. Five 5-week-old
plants of each genotype were tested with aphid isolates as
indicated. Plants were placed in a mesh cage with aphid-
infested plants (WU3 and WU4 were tested in separate cages),
and 13 days later, the number of aphids (all stages of devel-
opment) on the two most infested leaflets per experimental
plant was determined. The average number of aphids per
leaflet per plant was analyzed by using one-way ANOVA (SAS
software release 6.12).

RESULTS

Mi Is Expressed in Leaves. Mi has at least six homologues,
most of which are clustered in a 650-kb region (7). Transcripts
corresponding to Mi-1.1, Mi-1.2, and at least two additional
homologues are present in uninduced roots of resistant tomato
lines. Because potato aphids feed from leaf tissue, we exam-
ined RNA extracted from leaves for the presence of transcripts

corresponding to Mi or any of its homologues. The RNA gel
blot showed that 4-kb transcripts, hybridizing to a probe
derived from Mi-1.1, also are expressed in leaves of resistant
tomato (Fig. 2). However, no transcripts were detected from
leaves of susceptible tomato. To determine whether the leaf
transcripts included Mi-1.1 andyor Mi-1.2, we carried out
amplification of 59 cDNA ends using RNA isolated from
resistant tomato leaves as template and a primer (SM7) whose
sequence is present in both Mi-1.1 and Mi-1.2 (Fig. 1). Eight
clones were partially sequenced and five were found to be
homologous to Mi. Four corresponded to Mi-1.2. The fifth
homologous clone was not identical to either Mi-1.1 or Mi-1.2.
This result demonstrated that Mi-1.2 is expressed in leaves of
resistant tomato, supporting the possibility that Meu-1 corre-
sponds to Mi-1.2 and indicating that there is at least one
additional homologue expressed in leaves whose correspond-
ing gene has not been cloned yet.

Isolate Specificity of Aphid Resistance. The survivorship of
two aphid isolates, WU3 and WU4, was measured on resistant
and susceptible nearly isogenic tomato lines, Sun6082 and
CastlerockII. Survivorship of aphid isolate WU-3 was signif-
icantly lower on resistant plants than on susceptible plants
(Welch’s weighted ANOVA, P 5 0.0402) (Fig. 3A). After 9
days, all of the aphids on the resistant plants were dead
whereas on the susceptible plants 50% were still alive. In
contrast, there was no significant difference in the survivorship
of WU-4 on resistant and susceptible lines (one-way ANOVA,
P 5 0.3626) (Fig. 3B). These data show that the aphid
resistance we describe is isolate-specific and that red aphid
isolate WU-3 is avirulent on the resistant cultivar whereas
green aphid isolate WU-4 is not. Previous field tests showed
that other green aphid populations were avirulent on the
resistant tomato cultivars (3); thus, we cannot conclude that
the aphid color correlates with the response.

Aphid Resistance on Transgenic Lines. To determine
whether the cloned gene Mi-1.2 could confer resistance to
aphids, progeny of the primary transformants 143–11 and
143–31, each carrying one copy of Mi-1.2, were tested in two
independent experiments using the whole plant assay.

Progeny of 143–11 that carried the introduced gene were
challenged with both aphids isolates, WU-3 and WU-4 (Fig.

FIG. 1. Structure of Mi-1.2. (A) The 14.7-kb genomic clone car-
rying the Mi-1.2 primary transcript (cross-hatched bar) and flanking
sequences (line). This fragment is sufficient to confer resistance to
root-knot nematodes to susceptible tomato (7). (B) Mi-1.2 transcript
with exons as solid bars and the two introns as angled lines. The arrow
marked SM7 represents the approximate position of the primer used
to isolate the 59 ends of transcripts expressed in leaves. (C) Predicted
protein structure of Mi-1.2. LZ, the position of a possible leucine
zipper; NBS, a nucleotide binding site; LRR, leucine-rich repeat
region (8, 9). The NBS-containing region that is highly conserved
among many plant resistance-associated proteins is shown in gray.

FIG. 2. Mi expression in leaves. RNA gel blot hybridized with
probe 3–3, which contains the Mi-1.1 nucleotide binding site (7).
Poly(A)1 RNA of aphid-resistant tomato line Sun6082 (R) and
susceptible line CastlerockII (S) was loaded 5 mg per lane.
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4A). The number of WU-3 on 143–11 progeny was significantly
lower than the number on the susceptible line Moneymaker
(one-way ANOVA, P 5 0.0107) and did not differ significantly
from that found on the resistant line Motelle. Isolate WU-4
was found in similar numbers on Moneymaker, Motelle, and
143–11 progeny. There was no significant difference between
aphid number on 143–11 progeny and Moneymaker (one-way
ANOVA, P 5 0.0649). The number of WU-3 aphids on 143–31
progeny carrying the introduced gene was similar to that found
on the resistant line Motelle (Fig. 4B).

Thus, Mi-1.2 is sufficient to confer, to susceptible tomato,
aphid resistance with the same specificity as the putative Meu-1
gene, supporting the conclusion that Mi-1.2 corresponds to
both Mi and Meu-1. Hereafter, we will refer to the gene by its
original name, ‘‘Mi.’’

DISCUSSION

Our results show that Mi is expressed in leaves of resistant
tomato and that this gene mediates aphid resistance in an
isolate-specific manner. We conclude that Mi has dual speci-
ficity, conferring resistance against aphids and nematodes,
organisms in different phyla. This demonstrates that a member

of the nucleotide-binding, leucine-rich repeat family of resis-
tance genes is able to confer isolate-specific resistance against
an insect. Other members of this plant gene family mediate
resistance through direct or indirect recognition of specific
pathogen elicitors or avirulence gene products. These are
referred to as gene-for-gene interactions (8, 9). Our finding
that Mi-mediated aphid resistance is, like nematode resistance
(12, 13), isolate-specific strongly suggests that the resistance we
describe also functions via a gene-for-gene interaction. In this
case, in which a single gene mediates resistance to two such
diverse organisms, intriguing questions arise about the possible
mechanism of recognition. It seems unlikely that the Mi-
encoded protein interacts with identical ligands that are
present in nematodes and aphids, particularly because, for
both M. euphorbiae and root-knot nematodes, there is within-
species variability in effectiveness of Mi-mediated resistance.

There are several other possibilities. First, Mi may be
capable of mediating a response to different ligands. There is
evidence that other R genes respond to more than one
pathogen elicitor. The best studied example is the Arabidopsis
gene RPM1, the encoded protein of which shares the same
sequence motifs and general structure as Mi. This gene confers
resistance to P. syringae strains carrying the unrelated aviru-
lence genes, avrRpm1 and avrB (14, 15). Whether RPM1
physically interacts with each of these avirulence proteins is
still unknown. The finding that Mi mediates resistance against

FIG. 3. Survivorship of aphid isolates WU-3 and WU-4. Compar-
ison of survivorship on a resistant line, Sun6082 (R), and a susceptible
line, CastlerockII (S). (A) For aphid isolate WU-3, the survivorship
was significantly higher on the susceptible than on the resistant tomato
line (P 5 0.0402). (B) For aphid isolate WU-4, there was no significant
difference in survivorship on resistant and susceptible tomato lines
(P 5 0.3626).

FIG. 4. Genetic complementation for aphid resistance in suscep-
tible tomato after transformation with Mi-1.2. Comparison of the
mean number of aphids per leaflet in independent experiments
between two transgenic lines, 143–11 (A) and 143–31 (B), and the
control lines Moneymaker (susceptible) and Motelle (resistant). Five
plants per genotype were exposed to each of two different isolates of
M. euphorbiae WU-3 (black bar) and WU-4 (cross-hatched bar).
Significantly different means within each experiment are indicated by
different letters according to Tukey HSD test (P , 0.05).
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pests in two diverse phyla may be a dramatic example of dual
specificity of recognition by a single resistance gene. Second,
Mi may not directly recognize a ligand from either pest but
instead encode a component involved in the signal transduc-
tion cascade between primary receptors and the resistance
response. In this case, specific receptors would trigger the same
signal transduction pathway via Mi. Under this hypothesis, all
components besides Mi would be present in susceptible to-
mato.

Whether the defense response mediated by Mi is the same
for aphids and nematodes is another interesting issue. Super-
ficially, these pests bear little resemblance to each other. One
is an obligate endoparasite of roots; the other is an insect that
feeds from the phloem of leaves. However, on closer exami-
nation, there are similarities in feeding between aphids and
nematodes. Nematodes penetrate roots near the tip and mi-
grate intercellularly to a feeding site in the developing vascular
cylinder (16). Here, the nematodes initiate the formation of
specialized feeder cells in the host from which they derive
nutrients, by removing cytoplasmic fluids through the stylet,
during their development as endoparasites. Aphids feed by
inserting their stylets intercellularly, forming a sheath with
saliva and ultimately penetrating the phloem sieve element and
ingesting plant fluids (17). A mechanism that blocks ingestion
of nutrients by inducing physical or chemical changes in
penetrated cells or sieve elements is an example of a defense
that could function against such diverse pests.

In resistant plants, nematodes do not establish feeding cells;
a localized necrosis or hypersensitive response (HR) is ob-
served near the site where feeding cells would normally be
initiated, and the nematodes die or leave the roots (18–20).
Whether the HR is the direct cause of resistance has not yet
been determined. The mechanism of aphid resistance is un-
known. The presence of Mi correlates with increased aphid
mortality and reduced fecundity on resistant plants (Fig. 3A;
ref. 21). Electronic monitoring experiments indicate that in-
gestion from phloem sieve elements is reduced significantly in
resistant tomato (I.K., unpublished data). No HR has been
described so far for Mi-mediated aphid resistance, but this
could be because of the limited investigation. The predicted
sequence of the protein encoded by Mi suggests a cytoplasmic
location. If this gene product directly recognizes products of
the pathogen, then these products should be present inside the
plant cell, possibly injected via nematode or aphid stylets. For
the aphid, the recognized molecule could be of either aphid or
endosymbiont origin.

Studies of plant resistance against insects have centered
mostly on chemical and morphological defenses (22–25).
General defenses that are induced by previous exposure to
pests and are effective against broad categories of insects
also have been well investigated (26, 27). Fewer studies have
addressed specific defense responses involving gene-for-
gene interactions, which often include a hypersensitive re-
sponse and callose deposition, a frequent mechanism of
plant defense against bacterial, viral, and fungal pathogens
(28). With piercing–sucking insects, in contrast to chewing
insects, there is an intimate and prolonged interaction
between the insect’s stylets and plant cells, providing con-
ditions under which a specific gene-for-gene defense re-
sponse could be highly effective (22).

There is evidence that other sources of resistance to pierc-
ing–sucking insects may be mediated by single resistance genes
of the hostypathogen gene-for-gene resistance type. For ex-
ample, the lettuce gene Nr, for resistance against the aphid
Nasonovia ribisnigri, is effective only against one aphid species
and, like Mi, results in greatly reduced phloem ingestion
(29–31). In another example, the recently mapped gene Sd1
that confers resistance to the rosy leaf curling aphid Dysaphis
devecta in apple is effective against aphids biotypes 1 and 2 but
not to a third biotype (32). Triticum aestivum resistance to

Hessian fly, Mayetiola destructor (Say), also has been demon-
strated to be a gene-for-gene mechanism (33). Although no
genes have been cloned yet, 26 resistance genes have been
described as being effective against 13 biotypes of Hessian fly
(34, 35). The gene-for-gene type of resistance mediated by
NBSyLRR genes in insects may be a widespread and largely
untapped resource for introducing important insect resistance
into plants.
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