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On the short arm of tomato chromosome 6, a cluster of
disease resistance (R) genes have evolved harboring the
Mi-1 and Cf genes. The Mi-1 gene confers resistance to
root-knot nematodes, aphids, and whiteflies. Previously,
we mapped two genes, Ol-4 and OI-6, for resistance to
tomato powdery mildew in this cluster. The aim of this
study was to investigate whether OI-4 and OI-6 are homo-
logues of the R genes located in this cluster. We show that
near-isogenic lines (NIL) harboring OI-4 (NIL-Ol-4) and
0l-6 (NIL-Ol-6) are also resistant to nematodes and
aphids. Genetically, the resistance to nematodes cosegre-
gates with Ol-4 and OI-6, which are further fine-mapped
to the Mi-1 cluster. We provide evidence that the composi-
tion of Mi-1 homologues in NIL-OIl-4 and NIL-OI-6 is
different from other nematode-resistant tomato lines,
Motelle and VFNT, harboring the Mi-1 gene. Furthermore,
we demonstrate that the resistance to both nematodes
and tomato powdery mildew in these two NIL is governed
by linked (if not the same) Mi-1 homologues in the Mi-1
gene cluster. Finally, we discuss how Solanum crops exploit
Mi-1 homologues to defend themselves against distinct
pathogens.

A cluster of disease resistance (R) genes has evolved on the
short arm of tomato (Solanum lycopersicum) chromosome 6
(Fig. 1), which harbors R genes (Cf-2, Cf-5, and Mi-1) that me-
diate resistance to distinct pathogens. Cf-2 (originating from S.
pimpinellifolium) and Cf-5 (found in S. lycopersicum var. cera-
siforme) confer resistance to the fungus Cladosporium fulvum.
Mi-1 (originating from S. peruvianum) mediates resistance to
three very different organisms: root-knot nematodes (Meloi-
dogyne incognita, M. arenaria and M. javanica; hereafter refer
to as Meloidogyne spp.), aphids (Macrosiphum euphorbiae),
and whiteflies (Bemisia tabaci) (Dickinson et al. 1993;
Kaloshian et al. 1998). Mi-1 belongs to the largest class of R
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genes that encodes a protein containing a nucleotide-binding
site plus leucine-rich repeats (NBS-LRRs) (Milligan et al.
1998). Cf-2 and Cf-5 encode receptor-like proteins with LRR
and transmembrane domains (Dixon et al. 1996). Cloning of
these R genes uncovered the presence of seven Mi-/ homo-
logues (Seah et al. 2007), three Cf-2 homologues (Dixon et al.
1996), and four Cf-5 homologues (Dixon et al. 1998) in this R
gene cluster. The cluster of Mi-1 homologues spans approxi-
mately 430 kb (Fig. 1B) and consists of two pseudogenes, one
truncated gene, and four intact genes (Seah et al. 2007).
Among these seven Mi-1 homologues, only Mi-1.2 has been
shown to be functional and confer resistance to nematodes
(Milligan et al. 1998), aphids (Rossi et al. 1998), and white-
flies (Nombela et al. 2003).

In addition to the cloned Cf and Mi-1 genes, Mi-9
(Ammiraju et al. 2003), Ty-1 (a locus for resistance to Tomato
vellow leaf curling virus [TYLCV]), and Cm6.1 (Zhang et al.
2002) have been mapped in the Mi-I cluster (Ammiraju et al.
2003; Zhang et al. 2002). Interestingly, Mi-9 in tomato has
been shown to be an Mi-I homologue (Jablonska et al. 2007).
In addition, Mi-I homologues have been identified at syntenic
positions in other solanaceous crops. For example, the potato
Rpi-blb2 gene conferring late blight resistance is an Mi-/
homologue on the short arm of potato chromosome 6 (Vossen
et al. 2005). It is intriguing to investigate whether other resis-
tance genes mapped in this cluster are also homologues of Mi-
1 or Cf genes.

Previously, we mapped two resistance genes—OI-4, origi-
nating from S. peruvianum LA2172, and OI-6, with unknown
origin—on the short arm of tomato chromosome 6 in the Mi-
1 cluster. These Ol genes confer resistance to the fungus
Oidium neolycopersici, causal agent of tomato powdery mil-
dew, by triggering the hypersensitive response (HR) (Bai et
al. 2005). In this study, we show that near-isogenic lines
(NIL) harboring OIl-4 and OI-6 are resistant to O. neoly-
copersici, M. incognita, and Macrosiphum euphorbiae but
not to TYLCV or C. fulvum. We provide the evidence that
resistance to nematodes cosegregates with Ol-4 and OI-6.
Further, we demonstrate that silencing Mi-/ homologues in
these NIL compromises the resistance to both O. neolycoper-
sici and M. incognita, suggesting that Ol-4 and OI-6 are Mi-1
homologues and the resistance to nematodes in these two
NIL is also controlled by Mi-1 homologues.
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RESULTS

NIL-OIl-4 and NIL-OI-6 are resistant to O. neolycopersici,
nematodes, and aphids.

Two NIL were generated with an introgression on the short
arm of tomato chromosome 6 that contains either Ol-4 (NIL-
0l1-4) or OI-6 (NIL-0O1-6) in the genetic background of S. lyco-
persicum cv. Moneymaker (MM) (Bai et al. 2005). In these
two NIL, the introgression resides only on the short arm, in-
cluding at least the chromosomal region between markers
T1198 and cLET-2-H1 (Fig. 1A), which embraces the Mi-1
gene cluster harboring Mi-1, Cf-2, and Cf-5. In addition, Ty-1
is also mapped in this cluster (Zamir et al. 1994). To test
whether NIL-Ol-4 and NIL-OI-6 have functional alleles of
these R genes, these two NIL were challenged with the corre-
sponding pathogens: M. incognita, Macrosiphum euphorbiae,

C. fulvum (race 2, 5, and 2.4.5), and one TYLCYV strain. In the
disease assays with C. fulvum and TYLCYV, the susceptible
control MM as well as NIL-Ol-4 and NIL-OIl-6 were equally
susceptible to the three races of C. fulvum and TYLCYV, except
for an intermediate level of resistance to race 5 of C. fulvum in
NIL-OI-6 (Table 1; Fig. 2). Because C. fulvum race 5 contains
Avr2, the intermediate level of resistance in NIL-OI-6 might
imply that the allele of Cf-2 in NIL-OI-6 is functional to confer
a certain level of resistance.

As to nematode resistance, NIL-Ol-4 and NIL-OIl-6 were as
resistant as Motelle, the resistant control which contains the
Mi-1.2 functional homologue of the Mi-I gene originating
from S. peruvianum PI 128657. No galls or egg masses were
observed on the roots of NIL-OI-4 and NIL-OI-6 plants in con-
trast to more than 50 egg masses observed on the roots of MM
plants. As to the aphid assay, MM and Motelle were used as
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Fig. 1. Genetic and physical maps showing the part of the short arm of tomato chromosome 6 which harbors the Mi-1 gene cluster. The introgression in near-
isogenic lines (NIL)-Ol-4 and NIL-OI-6 is defined on the short arm covering at least the chromosomal region between markers T1198 and cLET-2-H1. A,
Genetic map was based on recombinant screening for the Ol-4 gene by using a BC3S; population derived from interspecific crosses of Solanum lycopersicum
cv. Moneymaker with S. peruvianum LA2172. Genetic distances (centimorgans [cM]) are shown in the lower part, while the number of recombinants ob-
tained in each marker interval is mentioned in the interval. B, Physical map of the same region in tomato (S. lycopersicum) based on whole-genome shotgun
sequencing release 1.05 (Sol Genomics Network website). Distances in 100-kb scale are shown in the lower part. The segment spanning the Mi-/ gene clus-
ter is shown in solid black (1,170 to 1,600 kb) as well as the Cf gene cluster which is located above ct119 (990 to 1,010 kb).

Table 1. Qualitative evaluation of responses of different tomato lines to the tested pathogens and pests?

Cladosporium fulvum race

Lines Oidium neolycopersici Meloidogyne incognita TYLCV 2 5 24.5
Moneymaker S S S S S S
NIL-O1-4 R R S S S S
NIL-O1-6 R R S S IR S
Resistant controls R R R R R R
Plants tested per line 20 20 20 10 10 10

*TYLCV = Tomato yellow leaf curling virus; R stands for resistant, S for susceptible, and IR for intermediate resistant. For disease tests with O.
neolycopersici and C. fulvum, plants with no fungal sporulation were regarded as R, plants with heavy sporulation as S, and plants with weak fungal
sporulation as IR. For the disease assay with M. incognita, plants were scored as resistant if the number of egg masses was less than 10% of the egg masses
on the susceptible control Moneymaker. For the TYLCV test, plants showing symptoms such as curling and yellowing of young leaves (resulting
sometimes in stopping of growth) were scored as S and plants without any symptom as R. Resistant control for the M. incognita disease test was Motelle, a
cultivar carrying the Mi-1 gene. In the disease test with TYLCV, we used a breeding line carrying the 7y-1 gene as a resistant control. A commercial hybrid,
Tradiro, was the resistant control in the C. fulvum disease test.
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susceptible and resistant controls, respectively. Seven days
after confining aphids on the plants with clip cages, the num-
ber of adult aphids was similar among the lines. However, the
number of nymphs was significantly less on Motelle than that
on other lines (Fig. 3A). After the second 7 days, comparable
numbers of adult aphids were found on Motelle and NIL-Ol-4,
which were significantly lower than that on NIL-OIl-6 and MM
(Fig. 3B). Though the number of adults and nymphs on NIL-
Ol-6 was not as low as that on NIL-OIl-4 and Motelle, it was
still significantly lower than that on MM. Similar results were
obtained in another aphid assay without using clip cages (Fig.
3C). Furthermore, an electrical penetration graph (EPG)
(Tjallingii 1988) was applied to monitor the feeding behavior
of aphids as a different method for aphid assay. The proportion
of time (recorded in seconds) that aphids spent ingesting the
phloem sap on MM, NIL-Ol-4, NIL-Ol-6, and Motelle was
10,227, 4,737, 9,534, and 4,324 s, respectively. Comparisons
with MM, Motelle, and NIL-OI-4 but not NIL-OI-6 showed
significant reduction in the proportion of time. Although NIL-
Ol-4 and Motelle showed a comparable level of resistance,
substantial differences were observed between these two lines
in the performance test (Fig. 3A). Thus, the performance and
feeding behavior of aphids showed that these two NIL were
not as resistant as Motelle, suggesting that either the allele of
Mi-1.2 in these two NIL is not as strong as the allele in Mo-
telle or another Mi-I homologue (rather than Mi-1.2) is in-
volved in response to aphids in these two NIL.

The composition of Mi-1 homologues
in NIL-OIl-4 and NIL-OI-6 is different
from other nematode-resistant tomato lines.

The size and sequence of the first intron of Mi-1 is variable
among Mi-1 homologues and has been used to differentiate
Mi-1.2 from other Mi-1 homologues (Seah et al. 2007). To
check the presence or absence of Mi-1.2 in NIL-Ol-4 and NIL-
0Ol-6, the first intron of Mi-I homologues was amplified in
these two NIL. The size of the three easily discernable ampli-
fied introns from NIL-OI-4 and NIL-Ol-6 appeared to be dif-
ferent from those amplified in MM and Motelle (harboring the
functional Mi-1.2 homologue of the Mi-I gene) (Fig. 4A). Fur-
thermore, we sequenced the amplified intron fragments from
these NIL and performed sequence alignment along with avail-
able Mi-1 first intron sequences from VENT cherry tomato
(carrying the Mi-1.2 homologue and, therefore, nematode-
resistant) (Seah et al. 2004), S. arcanum LA2157 (donor of
the nematode resistance gene Mi-9), and LA392 (nematode
susceptible) (Jablonska et al. 2007). The introns of these two

NIL were different from the Mi-1.2 intron and formed two
clades which were clearly distinct from other clades derived
from VENT, S. arcanum LA2157, and LA392 (Fig. 4B). Thus,
we conclude that the Mi-1.2 allele of the Mi-I gene is not
present in NIL-OI-4 and NIL-OI-6. Furthermore, the intron se-
quences were not exactly the same in NIL-Ol-4 and NIL-OI-6,
implying that these two NIL have introgressions from different
donors.

Resistances to root-knot nematodes and
powdery mildew co-segregate.

Thus far, genes conferring resistance to root-knot nematodes
in tomato have been mapped on both chromosome 6 and 12.
Though we were sure that NIL-OI-4 and NIL-OI-6 have intro-
gression on tomato chromosome 6, we could not exclude the
possibility that they also contain introgressions on chromo-
some 12. To verify whether genes for nematode resistance in
these two NIL are located on chromosome 6, two BC;S; popu-
lations (80 individuals each) segregating for Ol-4 and OI-6
were tested for response to both O. neolycopersici and M. incog-
nita. By making cuttings, two disease tests were performed on
the same individual plant (see Materials and Methods). The
nematode resistance segregated in both populations following
a resistant/susceptible (R:S) ratio of 3R:1S (58R:22S with %2 =
0.27 for the OI-4 population, and 64R:16S with y* =1.07 for
the OI-6 population). In addition, the nematode resistance in
these two populations fully cosegregated with the resistance to
0. neolycopersici as well as markers linked to OIl-4 and OI-6
loci (Table 2; Fig. 1A). These results raised the possibility that
Ol-4 and OI-6 govern resistance to both nematodes and O.
neolycopersici or that genes conferring nematode resistance in
these NIL are linked to OI-4 and OI-6.

Ol-4 is located in the Mi-1 gene cluster.

Previously, our mapping results suggested that Ol-4 and OI-
6 are likely allelic variants of the same gene (Bai et al. 2005).
Therefore, we performed fine-mapping only for the Ol-4 gene.
A recombinant screening was carried out in a BC,S; popula-
tion by using markers located on the short arm of chromosome
6 (Table 2; Fig. 1A). From 2,000 plants screened, more than
16 recombinants were found between the OI-4 locus and ct119
marker that is tightly linked to the Cf gene cluster (Fig. 1A),
suggesting that Ol-4 is not located in this cluster. No recombi-
nation events occurred between OI-4 and an interval flanked
by markers 32.5Cla and REX-1, where the Mi-I gene is lo-
cated (Fig. 1A), showing that Ol-4 is located in the Mi-I gene
cluster.

NIL-Ol-6 |

Tradiro

| NIL-Ol-4

Fig. 2. Abaxial side of leaves of different tomato lines inoculated with Cladosporium fulvum race 5. No symptoms of fungal infection were visible on the
resistant control Tradiro, whereas heavy sporulation was detected on susceptible control Moneymaker (MM) and near-isogenic line (NIL)-Ol-4. Slight fungal
sporulation was visible on NIL-Ol-6, suggesting an intermediate level of resistance in this line.
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0Ol-4 and OI-6 are homologues of Mi-1.

In addition to seven Mi-I homologues, several other genes,
including transport inhibitor response-1 (TIR-1), jumonji tran-
scription factors, Na+/H+ antiporter, transposase, and genes
with unknown function, are present in the Mi-/ gene cluster
(Seah et al. 2007). Considering that Ol-4 and OI-6 are located
in the Mi-1 gene cluster, the first possibility would be that the
Ol-4 and OI-6 genes are Mi-1 homologues. To test this possi-
bility, transient silencing of Mi-I homologues was carried out
through virus-induced gene silencing (VIGS). A conserved do-
main of Mi-I homologues was used for VIGS, which had been
utilized previously to silence successfully all the Mi-1 homo-

O Adult W Nymph

>

16

14

12

10

Adult/Nymph aphid number

o N A O @

v y)

18

-
o]

-
B

Y
]

-
o

Adult/Nymph aphid number
@
—

(=
I
w
[7]

18 |
k
5 16
o
514-—
=

- 44—
E12 |
o {
o 40 +— |
=
g |
E 8 1T
g .8 12
.8 % Lp

Ny lTI .

a a a
o 4

MM NIL-Ol-4 NIL-OI-6 Motelle

Fig. 3. Aphid tests on near-isogenic lines (NIL)-Ol-4 and NIL-OI-6 com-
pared with Moneymaker (MM susceptible control) and Motelle (resistant
control). Mean value per line is presented and means with a different letter
show significance at 5% level (P < 0.05). A and B, Performance of aphids
within clip cages. On each plant (four plant per line in total), 10 aphids
were mounted with a clip cage. After 7 days, the number of aphids (adults
and nymphs) was counted and then adults were removed. Seven days later
(14-day time point) counting was repeated. C, Performance of aphids
without clip cage. Data were collected 10 days after placing 10 aphids on
the abaxial leaf surface of each plant (three plants per line).
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logues on tomato chromosome 6 (Jablonska et al. 2007; Li et
al. 2006). Upon inoculation with O. neolycopersici, all MM
plants infiltrated with the empty vector showed heavy fungal
sporulation, suggesting that VIGS did not influence the sus-
ceptibility of tomato to O. neolycopersici (Fig. 5A). No fungal
sporulation was observed on NIL-Ol-4 and NIL-Ol-6 plants
infiltrated with the empty vector (Fig. 5SA). In contrast, clear
fungal sporulation was observed on plants which were infil-
trated with the Mi-1 silencing construct (Fig. 5A). We ex-
tracted RNA from the leaves of these infected plants and moni-
tored the Mi-1 homologues transcript level. In these Mi-silenced
plants, up to a fourfold reduction of Mi-1 transcript level was
detected by quantitative reverse-transcription polymerase
chain reaction (PCR) (Fig. 5B). Similar results were obtained
in three independent experiments. Thus, silencing Mi-/ homo-
logues compromised resistance to O. neolycopersici in NIL-
Ol-4 and NIL-OI-6, demonstrating that at least one of the Mi-1
homologues in the Mi-1 gene cluster is required for resistance
to O. neolycopersici.

The same Mi-1-silencing constructs were used to infiltrate
another set of MM, NIL-Ol-4, and NIL-Ol-6 plants to test
whether silencing Mi-I homologues could also compromise
resistance to root-knot nematodes in these NIL. More than 200
egg masses appeared on the roots of the susceptible MM plants
and almost no egg masses on the roots of the two resistant NIL
infiltrated with the empty vector (Fig. 6). However, half of the
Mi-silenced NIL plants showed egg masses: 10 to 50 for NIL-
Ol-4 and 10 to 100 for NIL-OI-6 (Fig. 6). Because the nema-
tode resistance in these two NIL is complete, the presence of
more than 10 egg masses was a clear indication that resistance
was compromised by silencing Mi-1 homologues. Thus, resis-
tance to both O. neolycopersici and root-knot nematodes in
these two NIL is conferred by Mi-1 homologues.

DISCUSSION

Mapping of the tomato genes OIl-4 and OI-6 in the Mi-1
gene cluster and cosegregation of resistance to tomato pow-
dery mildew with resistance to root-knot nematodes put for-
ward the hypothesis that Ol-4 and OI-6 are homologues of the
Mi-1 gene. Indeed, transient silencing of Mi-I homologues on
tomato chromosome 6 compromised both powdery mildew
(Fig. 5) and nematode (Fig. 6) resistance in NIL-Ol-4 and
NIL-OI1-6, supporting our hypothesis. Analysis of the first in-
tron of Mi-1 homologues showed that the composition of the
Mi-1 gene cluster in NIL-Ol-4 and NIL-OI-6 is different from
the cluster in MM (nematode susceptible), Motelle, and VFTN
(nematode resistant) (Fig. 4). This difference in the Mi-I1 gene
cluster was also reflected by the response of NIL-OI-4 and
NIL-OI1-6 to aphids (Macrosiphum euphorbiae). These two
lines were not as resistant as Motelle (Fig. 3). It is worthwhile
to mention that the aphid clone (the same clone used by
Kaloshian and associates [1998]) was not very well adapted to
MM in this study when clip cages were applied (Fig. 3A and
B). A high number of adult aphids were observed without
using clip cages (Fig. 3C). Nevertheless, performance and
multiple EPG showed distinct differences between plant geno-
types. Therefore, we conclude that the Mi-1.2 allele in NIL-Ol-
4 and NIL-OI-6 is different from that in Motelle.

It remains to be answered whether, in NIL-Ol-4 or NIL-Ol-
6, the same Mi-1 homologue on the short arm of tomato chro-
mosome 6 governs resistance to root-knot nematodes and to-
mato powdery mildew, and partial resistance to aphid. It has
been suggested that, though many homologues of a specific R
gene are located in a cluster, usually only one of the homo-
logues is functional (Michelmore and Meyers 1998). For ex-
ample, in S. peruvianum Pl 128657, the donor of the Mi-1
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gene, only one (Mi-1.2) of seven homologues has been shown
to be functional and confer resistance to three different patho-
gens, including nematodes, aphids, and whiteflies (Williamson
and Kumar 2006). Currently, we are in the progress of cloning
of Ol-4 and OI-6, which will reveal the identities of these two
genes and also shed light on the genome structure and organi-
zation of related homologues in the Mi-1 gene cluster.

Because the donor of the OI-6 gene is unknown, it is unclear
whether Ol-4 and OI-6 are alleles of the same Mi-/ homologue
or are different homologues of Mi-I. Though the marker pat-
tern and resistance spectrum to O. neolycopersici indicate that
OI-6 is possibly identical or allelic to OI-4, differences be-
tween these two genes have been observed in the level of resis-
tance to tomato powdery mildew (Bai et al. 2005) and aphids
(Fig. 3). Furthermore, the Mi-1 first intron sequences were not

exactly the same in NIL-Ol-4 and NIL-Ol-6 (Fig. 4), suggest-
ing that the Mi-1 gene cluster composition is different in these
two lines. Therefore, we conclude that Ol-4 and OI-6 are not
identical but are allelic variants, although we could not ex-
clude the possibility that they are different Mi-/ homologues.
The Mi-1 gene triggers HR to root-knot nematodes (Dropkin
et al. 1969; Roberts and Thomason 1986) but not to aphids (de
Ilarduya et al. 2003). Interestingly, Ol-4 and OI-6 also mediate
HR in response to powdery mildew (Bai et al. 2005; Li et al.
2007). HR is a hallmark of R-gene-mediated response (Nimchuk
et al. 2003) to biotrophic pathogens (Glazebrook 2005). There-
fore, it is not a surprise to observe HR in the resistance medi-
ated by Mi-1 homologues to powdery mildew and nematodes.
No HR has been detected in the Mi-I-mediated resistance to
potato aphids (de Ilarduya et al. 2003). Data from previous
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Fig. 4. Analysis of the sequence of first intron of the Mi-/ gene. A, First-intron pattern of the Mi-/ gene in Moneymaker (MM), near-isogenic lines (NIL)-Ol-
4, NIL-OI-6, and Motelle (from left to right, respectively). Polymerase chain reaction fragments indicated by arrows were sequenced. B, Similarity tree was
constructed based on Mi-1 first intron sequences in susceptible cv. Heinz1706 (assigned as Mi-1B, Mi-1C, Mi-1E, Mi-1F, and Mi-1G), VENT (Mi-1.1, Mi-
1.2, Mi-1.4, Mi-1.6, and Mi-1.7), Solanum arcanum LA2157 (RH1, RH2, RH3, and RH4), S. arcanum LA392 (SH1-SH2, SH3, and SH4), NIL-OI-6 (Mint-
016S1, Mint-016S2, and Mint-Ol6M), and NIL-OI-4 (Mint-O14S, Mint-Ol-4M, and Mint-Ol4L). The size of each intron is mentioned in the bracket. The
introns from NIL-OI1-4 and NIL-Ol-6 are indicated by dots. Bootstrap values are shown. The intron from the potato Rpi-blb2 gene (referred to as Mint-Rpi-
blb2) was used as the outgroup sequence. Motelle and VENT both carry introgression from S. peruvianum PI 128657, the donor of the Mi-1 gene. Therefore,

the Mi-1 gene cluster in these two cultivars is the same.
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Fig. 5. Silencing of Mi homologues compromised resistance to Oidium neolycopersici in near-isogenic lines (NIL)-Ol-4 and NIL-Ol1-6. A, NIL-Ol-4, NIL-
0Ol-6, and Moneymaker (MM) were infiltrated with empty vector (TRV) or Mi-silencing constructs (TRV-Mi) that silence all seven Mi-I homologues on
tomato chromosome 6. Pictures were taken of the fourth leaves 14 days after fungal inoculation. B, Association of Mi-I transcript levels with O.
neolycopersici sporulation on the same NIL-OI-4 and NIL-OI-6 plants. White bars show the disease index (scale from O to 3: O = no sporulation to 3 = heavy
sporulation). Black bars show the relative abundance of the Mi-1 transcripts as measured by the normalized fold expression of the Mi-1 transcript. TRV
plants (three replicates, TRV-1 to TRV-3) were infiltrated with an empty vector and TRV-Mi plants (seven replicates, TRV-Mi-1 to TRV-Mi-7) were
infiltrated with a TRV-Mi construct. As is shown on the graph, the disease index for TRV-1 to TRV-3 is zero.
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EPG studies on feeding behavior indicated that aphids ingested
only limited amounts of vascular fluids from resistant tomato
plants carrying the Mi-1 gene (Kaloshian et al. 2000). In agree-
ment with this, our results showed that the proportion of time
that aphids spent ingesting the phloem sap was significantly
reduced on NIL-OIl-4 and Motelle. Further experiments are
needed to study the non-HR-based mechanism associated with
resistance to potato aphids mediated by different Mi-1 homo-
logues. Moreover, the Mi-1 gene fails to confer resistance to
nematodes at higher temperatures (above 28°C), which is a
well-documented phenomenon for NBS-LRR proteins (Wang
et al. 2009; Whitham et al. 1996; Yang and Hua 2004). An-
other Mi-1 homologue, Mi-9, that is also located in the Mi-1I
gene cluster, confers heat-stable resistance to nematodes
(Jablonska et al. 2007). It would be interesting to test the heat
stability of nematode resistance in NIL-OI1-4 and NIL-OI-6.
The most intriguing question is how Mi-I homologues can
recognize different pathogens. In addition to tomato powdery

Table 2. Information of polymerase chain reaction markers

mildew, Mi-1 homologues can confer resistance to a wide
range of pathogens, including root-knot nematodes (Meloi-
dogyne spp.), insects (Macrosiphum euphorbiae and Bemisia
tabaci), and oomycetes (Phytophthora infestans). Dual or mul-
tiple specificities of R genes can be explained by the guard
hypothesis (Dangl and Jones 2001) that an R gene guards one
single virulence target which is modified by multiple effectors.
Examples are Rpml in Arabidopsis (Bisgrove et al. 1994) and
Pto in tomato (Kim et al. 2002) that recognize different effec-
tors of the same bacterial pathogen. Also, the RRSI gene in
Arabidopsis confers resistance to two different pathogens (bac-
teria and fungus) by interacting with another R gene, RPS4
(Narusaka et al. 2009). The finding that Mi-1 homologues in
Solanum spp. recognize a wide array of pathogen and pest spe-
cies may suggest that they guard a common or structurally
similar virulence target. On the other hand, embedding several
homologues in an R gene cluster could be a mechanism of
making a haplotype of R genes to give resistance to several dif-

Marker Primer sequence(5'-3")

Annealing temperature (°C)

Enzyme-produced polymorphism Reference

T1198 Forward: tagtgggtatggtggctcaatg 56
Reverse: gatggcttccgatggtaggtg
Forward: cactcaatgggggaagcaac 53
Reverse: aatggtaaacgagcgggact
Forward: ctattctcacgtaaggggacac 60
Reverse: gtgtacatgtatgaaactctagc
Forward: tcggagccttggtctgaatt 55
Reverse: gccagagatgattcgtgaga
Forward: acacgaaacaaagtgccaag 56
Reverse: caccaccaaacaggagtgtg
24L Forward: tctggggaaggtagtatgtatge 64
Reverse: aagccggggegtggtte
Forward:cttcttcttcttcaccctaacaca 56
Reverse: ctcgetgetgeactegtctctte
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Fig. 6. Silencing Mi-1 homologues compromised resistance to Meloidogyne incognita in near-isogenic lines (NIL)-Ol-4 and NIL-Ol-6. Number of egg
masses of M. incognita on the roots of NIL-Ol-4 and NIL-OI-6 plants and susceptible control Moneymaker (MM) plants. For MM, NIL-Ol-4-Mi-silenced,
NIL-Ol-6-Mi-silenced, NIL-Ol-4-EV, and NIL-OI-6-EV, 12, 25, 30, 12, and 12 plants were tested, respectively. EV plants were infiltrated with the empty
vector and Mi-silenced plants were infiltrated with a construct which silences all seven Mi homologues on tomato chromosome 6. Horizontal bar indicates

the mean.
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ferent pathogens simultaneously. One example is the Rx/Gpa2
R gene cluster, in which two homologues confer resistance to
two distinct pathogens, a virus and a nematode (van der Vossen
et al. 2000). The distinct functionality of R gene homologues
could be explained by amplification or reduction in the num-
ber of LRR motifs in LRR domains that could modify R gene
recognition specificity (Staskawicz et al. 1995). For instance,
10 of the 11 alleles that express different rust resistance speci-
ficities showed large variation in the LRR domain (Ellis et al.
1999). Comparing different Mi-1 homologues in the Mi-1 gene
cluster revealed diversifying nucleotide changes in the LRR
domain of these homologues (Seah et al. 2007), which sup-
ports the possibility that different homologues in the Mi-1I
cluster could be involved in recognition of different effectors.
Isolation and functional characterization of pathogen effectors
or their virulence targets interacting with homologues of the
Mi-1 gene family in Solanum spp. will deepen our understand-
ing on how Solanum crops exploit Mi-1 homologues to defend
themselves against distinct pathogens.

MATERIALS AND METHODS

Plant material.

Plant material used for mapping and disease tests were de-
scribed previously (Bai et al. 2005). In short, backcross selfing
populations (BC,S; and BC;S;) and NIL harboring OI-4 and
0I-6 (NIL-O1-4 and NIL-OI-6) were derived from interspecific
crosses of S. lycopersicum MM with S. peruvianum LA2172
and an advanced breeding line, respectively. MM was used as
the recurrent parent. Motelle, harboring the Mi-I gene intro-
gressed from S. peruvianum PI128657 (Ho et al. 1992), was
kindly provided by the Laboratory of Cell Biology of Wagen-
ingen University, the Netherlands.

Disease test.

Leaf mold assay. Plants were inoculated with C. fulvum iso-
late 2 (containing Avr4, 5, and 9), isolate 5 (containing Avr2,
4, and 9), and isolate 2.4.5 (containing Avr9). MM was used as
susceptible control and the commercial hybrid Tradiro (resis-
tant to these three races) as resistant control. Leaflets were
inoculated as described by Lindhout and associates (1993).

TYLCYV test. Agroinoculation was done using an Agrobacte-
rium clone (Agroclone) with 1.8 copy of the TYLCV virus
(Israel strain) cloned in Ti plasmid. To prepare the inoculum,
Agroclone was first grown for 48 h at 28°C in Luria-Bertani
medium with antibiotics (kanamycin and rifampicin, both at
100 pg/ml); then, the culture was washed three times with
water to remove culture media; and finally, the bacterium was
dissolved in water (30 ml of culture was dissolved in 3 ml of
water). The plants were inoculated at the two- to three-true-
leaf stage by infiltrating the inoculum using a syringe with
needle. After inoculation, plants were grown in 16 h of light at
25°C and, after 14 to 20 days, were evaluated for TYLCV
symptoms, including curling and yellowing of the young
leaves and, in the extreme situation, stopping of growth. MM
was used as the susceptible control and a breeding line carry-
ing the Ty-1 gene originating from S. chilense LA1969 (Zamir
et al. 1994) as the resistant control.

Nematode assay. Nematode (M. incognita, Laboratory of
Nematology, Wageningen University) inoculation was per-
formed on 2-month-old plants by injecting nematode suspen-
sion (second-stage juveniles 300 to 350/ml and 3 ml/plant)
into the sand around the roots. The second inoculation was fol-
lowed 1 week later to ensure successful infection. Plants were
grown in silver sand and maintained at 25°C. One day before
the inoculation, watering of the plants was stopped. Inoculated
plants were watered from the tray under the pots for at least 1
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week, in order to prevent washing nematodes away. The phlox-
ine-B staining (10 ng per 100 ml) was used to visualize the
nematode egg masses on the roots 60 days after inoculation.
Plants were scored as resistant if the mean number of egg
masses was less than 10% of the susceptible controls (Veremis
et al. 1999). For nematode inoculation in VIGS experiments,
each plant was inoculated once with 10,000 juveniles.

Powdery mildew assay. Wageningen isolate of O. neolycoper-
sici was used (Bai et al. 2005). Fungal spores were washed
from heavily infected tomato leaves and diluted to a concentra-
tion of 2.5 x 10* spores/ml. The inoculum was evenly sprayed
on the 4-weak-old plants.

Cosegregation test. Two BC,S, populations (80 individuals
each) segregating for Ol-4 and OI-6 were tested with O. neoly-
copersici and M. incognita. Plants were first tested with nema-
todes. Then, a cutting of each individual was made and chal-
lenged with O. neolycopersici. Tomato cultivars MM, Motelle
(carrying the Mi-1 gene), and Poldje (resistant to nematodes)
as well as NIL-Ol-4 and NIL-OI-6 were used as controls.

Aphid assay. Two different methods, performance assay and
monitoring aphid feeding behavior by EPG, were used to com-
pare response of different tomato lines to aphid (Macrosiphum
euphorbiae). For the performance assay, two experiments were
carried out on 6-week-old plants of MM, Motelle, NIL-Ol-4,
and NIL-OI-6. In the first one, a randomized block design was
used with four replications (four plants per line in total). On
each plant, a clip cage with 10 aphids was mounted on the
fully expended youngest leaf. After 7 days, the number of
aphids (adults and nymphs) was counted and then adults were
removed. After another 7 days, aphids were counted again. In
the second performance test, three plants per line were placed
in one tray containing water to prevent the movement of
aphids from one plant to another. Ten adults were placed on
the abaxial leaf surface of the fully expanded young leaf of
each plant. Data was taken 10 days after infestation by count-
ing surviving adults and nymphs. For both experiments, the
data was transformed to (X + 0.5)*° and then used for analysis
of variance. Means of all four lines were compared by using
Duncan’s multiple range tests. For the EPG experiment, aphids
were tested on young, almost fully expanded leaves of 6-week-
old plants (four plants per line and two aphids per plant) and
EPG recording was carried out for 10 h based on the standard
procedure (Tjallingii 1988). By using the nonparametric
Mann-Whitney test, data were analyzed separately for the first
4, 6, 8, and total 10 h of the recordings. The analysis of the
first 6 h provided the best distinction between genotypes and is
presented here.

VIGS.

The TRV construct and method that have been successfully
used to silence Mi-1 homologues in tomato (Li et al. 2006) and
S. arcanum LA2157 (Jablonska et al. 2007) were used for si-
lencing Mi-1 homologues in NIL-Ol-4 and NIL-Ol-6. In brief,
the TRV vector carrying a 300-bp fragment of the 3’ end of
Mi-1 cDNA was transformed into Agrobacterium tumefaciens
GV3101. For VIGS with powdery mildew assay, agroinfiltra-
tion was done on cotyledons of 10-day-old seedlings using a
needleless syringe and plants were maintained at 21 and 19°C
(day and night, respectively). After 21 days, the plants were
inoculated with tomato powdery mildew. For VIGS with nema-
tode assay, agroinfiltration was done on 20-day-old seedlings
using a needleless syringe and plants were maintained at 21
and 19°C (day and night, respectively). After 27 days, each
plant was inoculated with 10,000 juveniles of M. incognita.
Then, plants were maintained at 26 and 24°C (day and night,
respectively) and evaluated for the presence or absence of egg
masses 12 weeks after nematode inoculation.



Quantitative real-time PCR.

Total RNA was extracted from the leaves of the Mi-silenced
and TRV-inoculated plants by using the RNeasy Plant RNA
extraction kit (Invitrogen). Total RNA (1 to 3 pg) was used for
cDNA synthesis using the Superscritp III first-strand cDNA
synthesis kit (Invitrogen). Real-time PCR was done by using
iQ SYBR Green Supermix (Bio-Rad). The fold change of the
target genes were normalized to elongation factor 1-o (the
internal control gene). Data was analyzed using the 2744¢
method (Livak and Schmittgen 2001) and reported as normal-
ized fold expression.

Mi-1 gene first intron analysis.

NIL-OI-4 and NIL-OI-6 genomic DNA was used as the tem-
plate to amplify the first intron of Mi-I using primers 5'-
TTCTCTAGCTAAACTTCAGCC-3’ and 5'-TTTTCGTTTTT
CCATGATTCTAC-3' (Jablonska et al. 2007), at 50°C as anneal-
ing temperature. The amplified fragments were gel-purified
and cloned into pGEM-T-Easy vector (Promega Corp.). Three
clones per fragment were sequenced. In NIL-Ol-4, we named
these fragments Mint-Ol4S, Mint-Ol-4M, and Mint-Ol-4L, re-
ferring to short (S), medium (M), and long (L) fragments, re-
spectively. In NIL-Ol-6, we only sequenced short and medium
fragments, named Mint-Ol-6S1, Mint-O1-6S2, and Mint-Ol6M
(there are two short fragments in NIL-Ol1-6). These sequences
were deposited in GenBank under the following accession
numbers: HQ259295 (Mint-O14S), HQ259296 (Mint-Ol4M),
HQ259297 (Mint-Ol4L), HQ259298 (Mint-O16S1), HQ259299
(Mint-016S2), and HQ259300 (Mint-Ol6M). Intron sequences
from VFNT, Heinz 1706 (similar to MM in response to nema-
tode and powdery mildew), S. arcanum LA1257, and LA392
were downloaded from GenBank. By using Mega4 software
(Tamura et al. 2007), alignment and construction of a similarity
tree were performed. The neighbor-joining method (Saitou and
Nei 1987) was used to obtain the optimal tree with the sum of
branch length = 1.99122550. The distances were computed
using the maximum composite likelihood method (Tamura et al.
2004) in the units of the number of base substitutions per site.
All positions containing gaps were eliminated from the dataset
(complete deletion option). The intron from potato Rpi-blb2
gene (a homologue of Mi-1, referred to as Mint-Rpi-blb2) was
used as the outgroup in this analysis.
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