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Abstract The Tm-2 gene and its aleles conferring to-
mato mosaic virus resistance in tomato originate from
Lycopersicon peruvianum, a wild relative of tomato.
DNA fragments of several RAPD markers tightly linked
with the Tm-2 locus in tomato were successfully cloned
and sequenced. Subsequently, the 24-mer oligonucle-
otide primer pairs of the SCAR markers corresponding
to the RAPD markers were designed based on the 5'-
endmost sequences. A fragment of the same size as that
of a SCAR marker was amplified in the ToM V-suscepti-
ble tomato line with no Tm-2, but the digests of the PCR
fragments by Accl exhibited polymorphism in fragment
length between the two lines. We chose three SCAR
markers and three RAPD markers tightly linked with the
Tm-2 locus, and examined whether the same-sized frag-
ments corresponding to these markers were also present
in three other lines carrying Tm-2a or one of the other
Tm-2 aleles. The fragments corresponding to the three
SCAR markers were present in al of the three lines, but
the other markers (three RAPDs ) were absent in one or
two lines, suggesting that the three SCAR markers are
closer to Tm-2 than the other markers. Comparison of the
nucleotide sequences of these fragments revealed that
they are all homologous to the corresponding SCAR
markers.
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Introduction

Tm-2 and Tm-2a are tomato mosaic virus(ToMV) resis-
tance genes that were introgressed from two different
lines of Lycopersicon peruvianum L. into tomato [L. es-
culentum (L.) Mill.] in two independently conducted to-
mato breeding programs in Hawaii (Kikuta and Frazier
1947) and in Florida (Alexander 1963), respectively.
They are alelic, both dominant to an alele (+) for
ToMV susceptibility in L. esculentum and are located in
the heterochromatic region close to the centromere of the
long arm of chromosome 9 (Khush et al. 1964; Pecaut
1965; Tanksley et al. 1992). The phenotypes of ToMV
resistance expressed by the Tm-2 and Tm-2a genes are
similar but can be distinguished by differential responses
to certain ToMV strains (Pelham 1972). It has been sug-
gested that TOMV resistance is expressed as a result of
an inhibition of the virus-encoded function for the cell-
to-cell movement of the virus (Nishiguchi and Mot-
oyoshi 1987; Meshi et al. 1989). On the other hand,
plants carrying Tm-2 or Tm-2a have been observed to
show a hypersensitive response to infection with ToMV
(Cirulli and Alexander 1969; Hall 1980). It remains un-
known whether both the inhibition of the cell-to-cell
movement of the virus and the induction of the hyper-
sensitive response to ToMV infection are controlled by
these genes or whether there are any other genes that are
linked with the Tm-2 locus that control either of the
functions.

Previously (Ohmori et a. 1995), we reported that
13 random amplified polymorphic DNA (RAPD) frag-
ments were linked with the Tm-2 locus and one other lo-
cus in aregion spanning about 5 cM. Of the 13 markers,
10 were in coupling with Tm-2, and 3 were in coupling
with Tm-2a. The markers in coupling with Tm-2 were
further characterized (Ohmori et al. 1995), and some of
them were cloned, sequenced and converted into se-
guence characterized amplified region (SCAR) markers
(Motoyoshi et a. 1996). Of these 10 markers 6 are
linked with the Tm-2 locus more tightly than the other
markers, since they all co-segregated with one another in



133 F, progeny derived from the crosses between a +/+
lineand a Tm-2/Tm-2 line (Ohmori et a. 1995).

For the practical use of these markers, it is desirable
to determine which marker is the closest to the Tm-2 lo-
cus. However, it is difficult to predict how many F,
plants should be analyzed to find recombinants between
these tightly linked markers. As an alternative approach,
we considered that an examination of whether the homo-
logues of these markers are present or not in different to-
mato lines carrying one of the TOMV resistance genes al-
lelic to Tm-2 may permit estimation of the rough order of
the markers with respect to distance to the Tm-2 locus. In
the previous study (Ohmori et a. 1995), we estimated
that 4 RAPD markers are closer to the Tm-2 locus than
the other 2, since the same-sized polymerase chain reac-
tion (PCR) products corresponding to the former mark-
ers were generated in the Tm-2a line, whereas no prod-
ucts corresponding to the latter markers were detected in
thisline.

There are two other Tm-2-like genes alelic to Tm-2.
These genes were introduced from L. peruvianum into
tomato in France and in Japan (Laterrot and Pecaut
1969; Yamakawa and Nagata 1975). The RAPD or
SCAR markers, whose homologues are present in both
tomato lines carrying one of these Tm-2 alleles, would be
candidates for the markers nearest the Tm-2 locus.

In the study reported here, fragments of the same size
corresponding to three SCAR markers were found in
these lines. We then sequenced these fragments and sub-
sequently compared their sequences with those of the
SCAR markers. Fragments corresponding to the three
SCAR markers were also cloned from a L. peruvianum
line, from which the Tm-2a alele is derived, and se-
guenced. The results revealed that the sequences corre-
sponding to the SCAR markers in the TOMV-resistant to-
mato lines examined are real homologues that originated
from L. peruvianum.

Materials and methods

Plant materials

GCR26 is a tomato var. Craigella, which is susceptible to ToMV.
GCR236 and GCR267 are homozygous for Tm-2 and Tm-2a, re-
spectively, and have a common genetic background with Craigella
(Smith and Ritchie 1983). Perou 2 isaline bred in France and car-
ries a Tm-2-like gene that is derived from aline of L. peruvianum
and is alelic to Tm-2 (Laterrot and Pecaut 1969; Provvidenti and
Schroeder 1969). TMJ54-28, aline bred in Japan, aso has a Tm-
2-like gene allelic to Tm-2 (Yamakawa et al. 1987) that originated
from aline of L. peruvianum (Yamakawa and Nagata 1975). The
line P.I. 128650 of L. peruvianum is the source of Tm-2a that has
been introgressed into tomato (Alexander 1963).

Conversion of RAPD markersinto SCAR markers

PCR-amplification and separation of the PCR products to detect
RAPD markers, and the cloning of the RAPD fragments were car-
ried out as described previously (Ohmori et a. 1996). The RAPD
fragments of OPB12,,,, OPI18yy, OPG10g,, OPN13;yq,,
OPE164y, and OPG09,y, were successfully cloned with blunted
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ends into the Smal site of a pBluescript |1 KS vector (Stratagene).
The identity of these clones with respect to the corresponding
RAPD markers was examined by hybridization with them to
Southern blots of PCR products amplified from the genomic
DNAs of GCR26 and GCR236. The dideoxy nucleotide chain ter-
mination was carried out using oligonucleotide primers and fluo-
rescent dye terminators (Applied Biosystems, Foster City, Calif.).
The sequences were analyzed by an automated DNA sequencer
(377-18, Applied Biosystems).

A pair of 24-mer oligonucleotide primers was designated
based on the sequences of the 5" -endomost 24 bases. PCR and res-
olution of the products in agarose gels were carried out as de-
scribed by Ohmori et a. (1996).

Comparative analysis of SCAR fragments in tomato and L. peruvi-
anumlines

The SCAR fragments amplified from the DNA samples of the to-
mato lines and L. peruvianum P.I. 128650 were cloned and se-
quenced as described above. Nucleotide sequences were analyzed
using the GENETYX software system (Software Development). Up-
dated versions of the GenBank sequence database were searched
using the BLAST algorithm of Altschul et al. (1990).

Results
Conversion of RAPD markersinto SCAR markers

We briefly noted previoudly (Motoyoshi et a. 1996) that we
were successful in converting Tm-2-linked RAPD markers
OPB12; 549, OPI18y,, OPE16y,, and OPG09,,, into SCAR
markers SCB12,,4, SCl184y, SCE164y, and SCG09;,, re-
spectively. These SCAR marker fragments were amplified
from the genomic DNA of GCR236 with each pair of 24-
mer oligonucleotide primers designated based on 5 -end-
most sequences of the cloned RAPD fragments. A pair of
the oligonucleotide primers amplifying a SCAR fragment,
SCG10800, corresponding to OPG10800, however, ampli-
fied a band of the same size from the DNA sample of
GCR26(+/+). The nucleotide sequences of the primer pairs
used for amplifying the SCAR fragments are shown in Ta-
ble 1.

A 24-mer oligonucleotide primer pair newly designed
based on the sequence of a cloned OPN13,,, fragment
(Table 1) also amplified a fragment of the same size
from the GCR26(+/+) DNA sample (Fig. 1A). However,
polymorphism was found in the band patterns between
these tomato lines when the PCR products in both lines
were previously digested with Accl (Fig. 1A). The
SCAR marker, SCN13,, is thus useful as a co-domi-
nant marker for differentiating Tm-2 and + alleles.

Putative linear order relationship of certain markers
tightly linked with the Tm-2 locus

In the previous study (Ohmori et a. 1995), the primers
for OPD20,4,, and OPG10gy, in GCR236 were found to
amplify none of the fragments of the same size in
GCR267, while those for OPE16¢y;, OPN13, 50, OPG09;,
and OPHQ9,,, in GCR236 amplified the fragments of the
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Table 1 Nucleotide sequences of primers (24-mers) used for the SCAR markers converted from the RAPD markers linked to the Tm-2

locus
SCAR marker Primer Sequence? Phenotype
SCB12;,q OPB12U 54 ccttgacgcaGATAATGTGATGTC Dominant
OPB12T 5, ccttgacgcal TGAAAGAAATCAA
SCE164q, OPE16Ugq, gotgactgtgTAATTATGTTGTGC Dominant
OPE16Tgy, gotgactgtgGTGGAAAATGCAAA
SCG09,¢4 OPGO09T ¢, ctgacgtcacCTTGTTGGTCTTTA Dominant
OPGO09T g, ctgacgtcacTTAGCTTTGTAAAC
SCG10gy OPG10Ugy, agggccgtctACGTGTGTTTGAAT No polymorphism
OPG10Tgy, agggccgtctATTGGATCAGAGAA
SCl184y, OPI18Ugq, tgceccagcctAATTGTCCCTAGGC Dominant
OPI18T gy, tgcccagcct TGGAAAAAAAAGAT
SCN13;000 OPN13U ;009 agegtcactcCATACTTGGAATAA Co-dominant after Accl
OPN13T ;509 agcgtcactcAAAATGTACCCAAA digestion
aThe sequences of corresponding RAPD marker are represented in lowercase
Tomato line
A GCR GCR GCR TMJ- Perou2

Fig. 1A-C Electrophoretic patterns of the fragments amplified by
PCR from genomic DNAs of GCR26 (+/+) and the TOMV-resis-
tant tomato or L. peruvianum lines using the primer pairs for
SCAR markers. A PCR products amplified using the primer pair
for SCN13,4,. The products were electrophoresed before and af-
ter digestion with Accl. Lanes 1 and 2 PCR products from DNAs
of GCR26 and GCR236 before Accl digestion, lanes 3-8 the Accl-
digested PCR products from DNAs of GCR26, GCR236,
GCR267, TMJ54-28, Perou 2 and L. peruvianum P.I.128650, re-
spectively. B PCR products amplified using the primer pair for
SCE16gy,. Lanes 1-6 PCR products from DNAs of GCR26,
GCR236, GCR267, TMJ54-28, Perou 2 and L. peruvianum
P.1.128650, respectively. C PCR products amplified using the
primer pair for SCG09,,. Lanes 1-6 PCR products from DNAs of
GCR26, GCR236, GCR267, TMJ54—28, Perou 2 and L. peruvian-
um P1.128650, respectively. M (A—C) DNA size markers
(@X174/Haelll digest)

Marker

26 236

267 -28

OPD201s00
OPG10s00

SCN131000
SCE16900
SCG09700

OPHO091000

Fig. 2 Putative order of the tightly linked SCAR or RAPD mark-
ersin the region surrounding the Tm-2 locus. The columns repres-
ent the region surrounding the Tm-2 locus. The black areas are the
putative parts originating from L. peruvianum, and the white areas
are those from L. esculentum. The Tm-2 locus is putatively located
within the parts shown by the hatched background

same size also in GCR267. This suggests that OPE16,
OPN13,;500, OPG09;o, and OPHO09,,, are closer to the
Tm-2 locus than either OPD20; g5, or OPG10gy,. In further
andytical studies, we used SCAR markers, SCN13,,,
SCE164y, and SCG09;, (Fig 1 A—C) instead of the corre-
sponding RAPD markers. RAPD markers, OPD20;g,,
OPG10gy, and OPHO09; 4y, Were continuously used, since
we could not convert them into SCAR markers.

To classify these markers with respect to distance to the
Tm-2 locus, we examined whether the fragments of the
same size as those of the RAPD or SCAR markers were
present or not in each of the ToMV-resistant tomato lines.
Fragments of the same size corresponding to OPD20,4,,
and OPG10800 were detected in TMJ54—28 and Perou 2,
but not in GCR267. Conversaly, OPH09,,, was detected
in GCR267, but not in TMJ54-28 and Perou 2. Fragments
corresponding to SCN13;495, SCE16yy, and SCG09,,
could be clearly demonstrated in GCR267, TM J54-28 and
Perou 2, suggesting that these three SCAR markers are
closer to the Tm-2 locus than the other markers examined.
The putative linear order relationship between these mark-
ersisillustrated in Fig. 2.
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Table 2 Percentage homo-

logies of the nucleotide se- Line2 GCR236 GCR267 TMJ54-28 Perou2 PI.128650 GCR26
quences of SCN13,,, and its
corresponding fragmentsin to- GCR236 - 99.20 99.80 99.50 99.20 92.98
mato linesand L. peruvianum (1001 bp)
Pl 128650 GCR267 - 99.40 9930  100.00 92.89
(1004 bp)
TMJ54-28 - 99.70 99.40 93.08
(1002 bp)
Perou2 - 99.30 92.99
(1004 bp)
. P1.128650 - 92.89
2 Number of the nucleotideres- (1004 pp)
idues of the sequencesin the GCR26 _
lines of tomato or L. peruvian- (1007 bp)
um are shown in parenthesis
I%ﬁ"eg 3 Percentage homo- Linea GCR236  GCR267  TMJ4-28  Perou2 P1. 128650
e i fia o . GCR236 - 98.80 98.69 99.35 98.80
- : (919 bp)
male esand L. peruvianum - Gepos7 - 99.24 99.24 100.00
- (918 bp)
TMJ54-28 — 99.35 99.24
(918 bp)
aNumber of the nucleotide res- (Pée{gubzp) a 99.24
idues of the sequencesin the P1.128650 _
lines of tomato or L. peruvian- (§i8 bp)
um are shown in parenthesis
e of Ty Linea GCR236  GCR267  TMJ4-28  Perou2 P, 128650
f SCG09 dit
ggrernecs:)%gm ng frag?%oeﬁ?s ilns'[o_ GCR236 - 98.88 97.50 98.61 98.88
ato i dL. i (716 bp)
B oaag e r PEIVIENUM 5 opo67 - 97.49 98.61 99.72
(716 bp)
TMJ54-28 — 97.360 97.49
(716 bp)
aNumber of the nucleotide res- (P{e{gubzp) - 98.61
idues of the sequences inthe P1.128650 _
lines of tomato or L. peruvian- ('71'6 bp)

um are shown in parenthesis

Sequence analysis of the SCAR markers tightly linked
with the Tm-2 locus

To determine whether the fragments of the same-size
found in different lines are real homologues of the markers
linked to Tm-2, we cloned and sequenced the SCN13,,
SCE164y, and SCG09,y, fragments in GCR236 and the
same-sized fragmentsin GCR267, TM J54—28 and Perou 2.
Fragments corresponding to these markersin L. peruvian-
um PI. 128650 were also sequenced to estimate whether
these fragments had originated from L. peruvianum. The
fragment in GCR26 generated with the primer pair for
SCN 13,49, Was also cloned and sequenced to compare its
sequence to those of SCN13,,,, and the corresponding
fragments in the other lines. No open reading frame-like
sequences were found in these fragments. The numbers of
the nucleotide residues of these SCAR markers and per-
centage homologies between their nuclectide sequences
areshownin Tables 2, 3and 4.

SCN13,90 @nd its corresponding fragments (Table 2)

SCN13,9 in GCR236 consisted of 1001 nucleotides,
while the corresponding sequences in GCR267, Perou 2,
TMJ54-28 and L. peruvianum PI. 128650 had 1004,
1002, 1002 and 1004 nucleotides, respectively. The se-
guence of the fragment in GCR26 was 1007 nucleotides
long. SCN13,y,, had high homologies ranging from
99.20% to 99.80% with the corresponding sequences in
GCR267, Perou 2, TMJ54-28 and L. peruvianum PlI.
128650. The sequence of the 1004-bp fragment in
GCR267 was identical to that of L. peruvianum PI.
128650, suggesting that this fragment in GCR267 had
been introgressed together with Tm-2a into tomato. The
1007-bp fragment in GCR26 became distinguishable
from SCN13,4y, in GCR236 after the PCR products are
digested with Accl; in addition to a common 420-kb
fragment, the former exhibited a 360-kb and a 220-kb
fragment and the latter a 580-kb fragment (Figs. 1A and
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Accl
|

GCR236 '

580 bp 420 bp

Accl Accl
| |

GCR26 l
360 bp 220bp |

420 bp

Fig. 3 The Accl sites identified in the nucleotide sequences of
SCN13, 45, and of its homologue in GCR26 (+/+)

3). The GCR26 fragment still had considerably high ho-
mologies up to 93.08% with SCN13,,,, and the corre-
sponding sequences in the other TOMV resistant lines.
This result suggests that the sequence in GCR26 is de-
rived from a common ancestral species of L. esculentum
and L. peruvianum.

SCE164,, and its corresponding fragments (Table 3)

SCE164,, consisted of 919 nucleotide residues, and was
one nucleotide longer than its corresponding fragments
in the other three TOMV resistant lines. The sequence of
SCE164,, had 98.80% homology with both of the frag-
ments in GCR267 and L. peruvianum P..128650, and
98.69% and 99.35% homology with those in TM J54-28
and Perou2, respectively. The sequences of the frag-
ments in TMJ54-28 and Perou 2 were completely identi-
cal. A complete identity was also found between the se-
guences of the fragments in GCR267 and L. peruvianum
P.I. 128650, suggesting that the sequence in the L. peru-
vianum line had been introgressed in tomato with no nu-
cleotide substitutions.

SCG09,,, and its corresponding fragments (Table 4)

SCG09;,, and its corresponding fragments in GCR267,
TMJ54-28 and L. peruvianum P.I. 128650 consisted of
716 nucleotides, 1 nucleotide longer than that in Perou 2.
The percentage homologies of the sequence of SCG09;,
were 98.88% with both sequences in GCR267 and L. pe-
ruvianum PJ1. 128650 and 97.50% and 98.61% with those
in TMJ54-28 and Perou 2, respectively. The sequences of
the fragments in GCR267 and L. peruvianum PI. 128650
were not completely identical, but they were highly ho-
mologous.

Discussion

No fragments of the same size as those corresponding
to the four SCAR markers, SCB12,y,, SCI18yy,
SCE164,, and SCG09,y, linked to the Tm-2 locus in
GCR236 (Tm-2/Tm-2) were found in GCR26 (+/+), indi-
cating that these makers can be used as dominant mark-
ers. The SCAR primers for SCG10g,, and SCN13;4
were different in that they amplified fragments of the
same size in GCR26. This implies that sequences of the

same size as that of to the RAPD markers OPG10gy, and
OPN13, are present in GCR26 but are not amplified
or are too poorly amplified to be detected, and that they
become exclusively amplified using the 24-mer primer
pairs with increased specificity. When the SCN13,4
and the corresponding PCR product from GCR26 were
initially digested with Accl, polymorphic bands became
discernible in an agarose gel between the two tomato
lines, indicating that SCN13,, is useful as a co-domi-
nant marker tightly linked to the Tm-2 allele.

The main use of these SCAR markers may be to mark
the Tm-2 locus for facilitating the breeding of ToMV re-
sistant tomatoes. In this respect, SCN13,,,, SCE164y,
and SCG09,, are most specific and convenient markers
known so far to be the most closely linked to the
Tm-2 locus. In general, SCAR markers are more easily
detected than restriction fragment length polymorphism
(RFLP) markers and are more distinct than RAPD mark-
ers (Paran and Michelmore 1993). The sequences ampli-
fied in the other tomato lines with the primers for
SCN 13,490, SCE164y, or SCG09;, are al highly homol-
ogous to one another. These SCAR primers can be used
to mark not only the origina Tm-2 gene, but also the
Tm-2a and the other two Tm-2 aleles, al of which are
being widely used in the breeding of various tomato
varieties.

These markers may be especially useful for selecting
an individual whose chromosomal segment surrounding
the Tm-2 locus that is derived from the L. peruvianum
chromosome has been mostly replaced with that from L.
esculentum by a recombination event. Such a recombi-
nant may be a useful source of genetic materia for
breeding varieties homozygous for a limited region sur-
rounding a Tm-2 allele, since most of the unfavorable
genes introgressed from this wild species may be exclud-
ed together with the L. peruvianum chromosome region
to be replaced. In addition, it is also advantageous that
the homozygous Tm-2 (Tm-2/Tm-2) confers stronger re-
sistance than the heterozygous Tm-2 (Tm-2/+).

In the early stage of infection of tomato leaf tissues
with awild type of ToMV, resistance conferred by Tm-2
and Tm-2a is expressed as an inhibition of virus move-
ment from a primary infected cell to neighboring cells
(Nishiguchi and Motoyoshi 1987). On the other hand,
Tm:-2 and Tm-2a are known as the genes involved in ex-
pressing a hypersensitive reaction in response to ToMV
infection (Cirulli and Alexander 1969; Hall 1980). In ad-
dition, we observed that plants whose genotype is Tm-
2a/Tm-2 were severely infected with Ltbl, a mutant
ToMV which overcomes the resistance conferred by Tm-
2 but not the resistance conferred by Tm-2a (Motoyoshi
et al. 1996). This finding suggests the possibility that
there is another gene that is linked with Tm-2 and Tm-2a
and interacts with them for the resistance to be ex-
pressed. In order to elucidate the mechanism of the resis-
tance in which Tm-2 and Tm-2a are involved, we need to
select various recombinants in the limited chromosomal
region using DNA markers most closely linked with the
Tm-2 locus and to characterize the phenotypes in detail.
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