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Chapter [

Introduction

1. Tomato
1.1 Economic Importance

Tomatoes are an important source of minerals and vitamins
(Hobson and Davies 1971). Globally it is one of the most
intensively produced vegetables. World tomato yield was more
than 78,282 thousand tones ; the largest producer was the USA
(11,000 kt) followed by China (8,928 kt), Turkey (7,150 kt), Egypt
(5,050 kt) and Italy (4,860 kt) (Japan 760 kt)(FAO 1995). The
yield of tomato production per 1000 m2? was the highest in
Denmark (26.2 t) followed by the Netherlands (24.5 t) and Finland
(20.1 t). The yield per 1000 m? in Japan was 5.2 t (FAO 1986).
Northern European countries have many horticultural facilities so
that tomatoes can be produced in all seasons as they are in Japan.
Most tomatoes that are produced in Japan are eaten fresh.
Japanese tomato consumption was 7.4 kg per person that was
about one eighth in Greek. Tomato consumption is increasing in

Japan because of modern eating habits.

1
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1.2 Taxonomy of tomato

The cultivated tomato originated in the New World. The
Andean area is thought to be the origin of wild tomato species.
However, the domestication of tomatoes occurred in Mexico. The
most likely ancestor of the cultivated tomato is the cherry tomato
(Lycopersicon esculentum var. cerasiforme). Lycopersicon is a
relatively small genus within the extremely large and diverse
family Solanaceae. The genus Lycopersicon consists of 9 species
that are Lycopersicon esculentum Miller, L. pimpinellifolium Mill.,
L. cheesmanii Riley, L. hirsutum Humb. and Bonpl, L.
chmielewskii Rick, Keaicki, Fobes and Holle. and L. parviflorum
Rick, Fob. and Holle (which are included in the “esculentum-
complex”) and L. peruvianum (L.) Mill., L. chilense Dun, and L.
pennellii D’Arcy, which are included in the “peruvianum-complex”
(Rick et al. 1990).

The wild species of the geus Lycopersicon are rich genetic
resources that can assist in the improvement of tomato cultivars
(Rick et al. 1987 ; Daunay et al. 1991 ; Kalloo 1991) . Many useful

and commercial traits have been introduced to tomatoes from wild

species such as Fusarium wilt (Bohn and Tucker 1940) and
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Pseudomonas tomato (Pilowsky 1982) from L. pimpinellifolium,
Jointless from L. cheesmanii (Rick 1967), higher sugar and high
vitamin C contents from L. chmielewskii (Rick 1973, Chmielewski

et al. 1964).

1.3 “peruvianum-complex”

The “peruvianum-complex” is the most variable genetic
resources for the cultivated tomato (Rick 1979a). Researchers have
observed resistance in this species to costly tomato diseases such as
bacterial canker, Corynebacterium michiganensis (Laterrot et al.
1978) ; collar rot, Alternaria solani (Hodosy and Kiss 1975) :
Verticillium wilt, Verticilium dahliae (Saccardo et al. 1981) ;
Cucumber mosaic, cucumber mosaic virus (CMV) (Jacquemond
and Latterot 1981) ; Curly top, Beet curly top virus (Martin 1970) ;
Tomato yellow leaf curl, Tomato yellow leaf curl virus (Pilowsky
and Cohen 1990) ; Tobacco mosaic, tobacco mosaic virus (TMV)
(Alexander 1963) ; Tomato spotted wilt virus (TSWV) (Stevens et al.
1992) ; and Root-knot nematode, Meloidogyne incognita (Gilbert

and McGuire 1956 , Doganlar et al. 1997), Meloidogyne javanica

(Veremis and Roberts 1996) ; Fusarium wilt, Fusarium oxysporum
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f. radicis lycopersici (Yamakawa et al 1987) : Leaf mold,
Cladosporium fulvum (Yamakawa et al 1988) :;: Corky root,
Pyrenochaeta lycopersici (Hogenboom 1970). L. peruvianum is
potentially the richest source for the development of high ascorbic
acid levels, (Rick 1979b) and salt tolerance (Tal 1971) and shoot
regeneration capacity (Koornneef et al. 1989, 1993) in cultivated
tomatoes. Saccardo et al. (1981) found several useful traits in the
progeny between L. esculentum and L. peruvianum, including
dwarf plant habit, large numbers of flowers per inflorescence, male
sterility, high soluble solid content of fruit, uniform ripening, and
brown seeds which is a useful marker for F, hybrid seed

production.

1.4 Sexual hybridization in the genus Lycopersicon

The wild species of the genus Lycopersicon have the same
number of chromosomes (2n=2x=24) as the cultivated tomato, L.
esculentum. Recently, Tanksley et al. (1992) developed a high

density molecular map from the cross L. esculentum X L.

pennellii LA716. The order of the molecular markers on genetic

maps (which was based on inter- and intra- specific crosses) is
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coliner, which suggests a strong synteny within the genus
Lycopersicon (Grandillo and Tanksley 1996, Lindhout et al. 1994,
Maliepaard et al. 1995, Paterson et al. 1990, Paterson et al. 1991,
Van Heusden et al. 1995, Van Ooijen et al. 1994, Zamir et al. 1994).
This suggests that the fertile hybrids between L. esculentum and
other wild species and their progeny that can improve the tomato
cultivars are not always difficult to develop.

If a tomato is used as the female parent, F; hybrids can be
easily obtained by crossing L. esculentum and wild species L.
pimpinellifolium, L. cheesmanii, L. parviflorum, L. chmielewskii
and L. pennellii (Rick 1979c). F; hybrids between L. esculentum as
a female parent and L. hirsutum are relatively easy to produce ;
the F1 hybrid plants are often sterile but could be backcrossed with
L. esculentum as female parent (Hogenboom 1972).

On the other hand, it is extremely difficult to obtain an
interspecific hybrid between L. esculentum and L. chilense or L.
esculentum and L. peruvianum because the embryos abort during
fruit development (Hogenboom 1972, Barbano and Topoleski

1984). Here, the pollen-tube growth to fertilization is normal, but

post-zygotic congruity appears to be rare (Choudhury 1959).
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Unilateral incompatibility (UI) occurs in the reciprocal crossing.
Many studies have attempted to overcome the breeding barriers
between L. esculentum and L. peruvianum or L. chilense. Bohn
(1948) found that L. esculentum and L. peruvianum were inter-
crossable if 4n L. esculentum was used as the female and 2n L.
peruvianum as the male. Different techniques have been used to
obtain hybrids between L. esculentum and L. peruvianum or L.
chilense as zygote rescue after fertilization : embryo culture (Smith
1944), embryo callus culture (Thomas and Pratt 1981), ovule
selection culture as ovule culture (Imanishi 1988, Chen and
Imanishi 1991) ; improving crossability efficiency : stigma
complementation of bud pollination (Gradzil and Robinson 1991),
use of a bridge line (Poysa 1990), gamma radiation to pollen

(Yamakawa 1971) , use of a self-compatible mutant line (Rick
1982). However, the progeny of the interspecific hybrids between
L. esculentum and L. peruvianum or L. chilense still face the
following breeding barriers : F; hybrids are often sterile (Lesley
1950, Rick 1963) and embryo abortion occurs in the backcrossing

with L. esculentum. In a similar fashion, various researchers have

observed significant variations between wild accessions of
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“peruvianum-complex” in regard to the efficiency of obtaining the
hybrids (Valkova-Achkova and Sotirova 1981, Rick 1983, Poysa
1990, Imanishi et al. 1993). Therefore, a method of production for
interspecific hybrids that can be used for L. esculentum and the
wide accessions of “peruvianum-complex” in order to utilize the
valuable genetic resources of the “peruvianum-complex” that have
not yet been completely utilized in order to improve tomato

cultivars is desirable.

2. Regeneration ability
2.1 Plant regeneration

Plant regeneration from plant tissue cultures have two ways
that are via adventitious shoot and root regenerations and somatic
embryogenesis. They are different in regard to how they form
shoot and root apexes. Somatic embryogenesis is necessary to form
shoot and root apexes on a regular position (polarity) with a close
connection at the same time, however, adventitious shoot and root

regenerations are not necessary. Adventitious shoots are induced

mainly from epidermal cells or the surface of callus ones.
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The technical basis of plant biotechnology is plant tissue
culture. The primary purpose of plant tissue culture is plant
regeneration. Plant regeneration from plant cells, tissue and
organs in vitro is an important phenomenon in regard to its
practical use in agriculture, such as the micro propagation of
seedlings, the production of virus free plants, the production of
inter -specific or -generic hybridization and the production of
transformed plants. In addition, it is a very important topic in
biology in regard to plant differentiation mechanisms such as the
growing point, adventitious shoot and root regeneration, somatic

embryogenesis, and sporophytic embryogenesis.

2.2 Genetic analysis of regeneration ability

The genetic analysis of plant regeneration began in the 1970’s.
High regeneration ability was introduced to a variety with lower
regeneration ability in alfalfa (Bingham et al 1975) by
backcrossing and selection. Since the late 1980’s, wvarious
researchers used statistical genetic analysis with diallel analysis

in regard to regeneration ability of many plants (Keyes et al. 1980,

Frankenberger et al. 1981, Beckert and Qing 1984, Tomes and
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Smith 1985, Willman et al. 1989, Chu and Croughan 1990). They
found that there were some genes which controlled regeneration
ability and these genes indicated additive effects (summarized by
Henry et al. 1994).

There are two strategies most often used to approach the
redifferentiation mechanism : one is to directly isolate the genes
from the specific molecular products which are related to
redifferentiation, and the other is to identify the location of the
genes on the chomosomes which are related to redifferentiation by
genetic analysis. Utilizing the former, some cDNA clones were
isolated that preferentially accumulate in a young embryo :
Daucus carota L. (Sato et al 1995), Solanum melongena L.
(Momiyama et al. 1995), Brassica nupus L. (Heck et al. 1995),
Hordeum vulgare L. (Heck et al. 1993). In the tomato, Torelli et al.
(1996) isolated specifically expressed mRNA (G36) during shoot
regeneration using a differential display method ; the function of
this gene, however was unknown.

On the other hand, using the latter strategy, some genes were

located on the high density genetic map of advanced analyzed

crops as a single gene or QTL (Quantitative Trait Loci) : immature
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barley embryo, Komatsuda et al. 1993, 1995, Mano et al. 1996 :
immature corn embryo, Armstrong et al. 1992 : corn anther,
Cowen et al. 1992, Murigneux et al. 1994, Beaumont et al. 1995 :
rice seed, Taguchi-Shiobara et al. 1997 ; tomato roots, Koornneef et
al. 1993; alfalfa petioles, Yu and Pauls 1993. Sugiyama (1997)
proposed a genetic model by mapping the genes (SRD1, 2 and 3)
that control the callus formations and adventitious shoot and root
formation in Arabidopsis thaliana on the chromosome 1 by using

temperature-sensitive mutants.

2.3 Genetic study of regeneration in Tomato

Tomatoes are also one of the plants in which the highest
density genetic map was constructed. Koornneef et al (1993)
reported that, using the backcrossing progeny of the hybrids
between L. esculentum and L. peruvianum, the superior
regeneration capacity that was derived from the L. peruvianum of
a self-compatible mutant could be controlled by a combination
between a major dominant gene (Rg-1) that was located on
chromosome 3 and other 1 or 2 genes that originated from L.

peruvianum or L. esculentum. However, the genes in neither of

10
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these plants have been isolated.

2.4 Problems of genetic study

To date, the plant regeneration mechanism has not been
elucidated. Therefore, in order to understand it clearly, it is
necessary to make a higher density genetic map of regeneration
genes for map-based cloning and/or to integrate the isolated genes
that were related to plant regeneration. Genetic research has only
shown allelic differences between two genotypes, which does not
exclude the possibility that more genes are involved in other
genotypes. Therefore, it is crucial when chosing the experimental
materials to select parents that have 1) genotypes with winder
genetic distance in regard to regeneration capacity , 2) many
molecular markers which indicate polymorphism, 3) germ-fertility

and also in their hybrid progeny.

3. Content of the present study
Therefore, in Chapter I, we evaluated ovule selection culture
(Imanishi 1988) (which is relatively easy to obtain their I,

hybrids) in regard to producing F; hybrids and BC, generations,

11
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which have not yet been observed between L. esculentum and the
wide accessions of the “peruvianum-complex”.

In Chapters Il and [V, we focused on one of the useful traits

of the wild species L. chilense PI1128644 which has superior shoot
regeneration capacity. L. chilense P1128644 indicated that the
highest level of shoot regeneration capacity was contained in the
wild accessions of the “peruvianum-complex” that were used in
Chapter Il . This superior shoot regeneration capacity was
designed to introduce from L. chilense into L. esculentum .. L.
chilense P1128644 is considered to be a valuable resource that can
improve the regeneration ability of tomatoes. The regeneration
mechanism in the genus Lycopersicon is not yet clearly undrestood,
and the regeneration capacity of L. chilense has not yet been
analyzed genetically.

In Chapter [lI, we evaluated the segregation of PCR-based
markers and shoot regeneration capacity and we detected the
molecular markers that are linked with the shoot regeneration
capacity of L. chilense PI1128644 using BC:F-44-15 generation

which was obtained by the ovule selection method, which was

described in Chapter 1II.
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In Chapter IV, we proposed a genetic regeneration capacity
model and we made the linkage map of the genes that are related
to regeneration capacity using BC;Fs-44-15 generation. We
characterized a BCiFi-44-15 with self-compatibility and the

superior shoot regeneration capacity that was derived from L.

chilense P1128644.
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Chapter 11

Evaluation of the Cross-incompatibility of “peruvianum-
complex” Lines with Lycopersicon esculentum Mill. by the

Ovule Selection Method

Key Words : ovule selection method, Lycopersicon esculentum, L.
peruvianum, L. chilense, L. peruvianum var. humifusum, F,

hybrid, BC,Fi, cross-incompatibility.

1. Introduction

The green fruited wild species group, “peruvianum-complex” is
very rich in genetic resources (Allen and Rick 1986). It has many
useful characteristics in regards to disease resistance as well as
other agronomically important traits in regards to tomato breeding
(Rick et al. 1987, Rick and Yoder 1988). An analysis of these
characteristics and their incorporation into a cultivated tomato (L.
esculentum) have been hampered by the strict cross-
incompatibility barriers that exist between the cultivated tomato

and the “peruvianum-complex” (Hogenboom 1972). There are

14
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differences among the lines of the “peruvianum-complex” in
regards to cross-incompatibility, which is assessed by the ratio of
the hybrids that are obtained by using the ovule selection method
(Imanishi 1991, Imanishi et al. 1993). The “peruvianum-complex”
is a large and genetically diverse population which contains, on
one side, a species, L. pennelliii, which has a high -cross-
compatibility with L. esculentum and produces a hybrid with L.
esculentum with no help from either the embryo or the ovule
culture (Rick 1960, Hardon 1967) and, on the other side, a species
(L. peruvianum var. humifusum) which has a strict cross-
incompatibility barrier with L. esculentum due to disruption in the
earlier stage of a hybrid embryo (Taylor 1986). Not only the hybrid
embryo but also the first backcross hybrid embryo to L. esculentum
are unable to develop into normal seeds (Thomas and Pratt 1981).

In the Chapter I , we discusses the cross-incompatibility

relationship between F; and BC1F when they are obtained by the

ovule selection method.
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2. Materials and Methods

L. esculentum c.v. ‘Kyoryoku Ogata Toko and ‘Early Pink’
were used as seed parents. The ‘Early Pink’ that was used in the
present study was provided by the Department of Genetic
Resources (NIAR MAFF), Tsukuba, in 1992. Nine lines which
belong to a “peruvianum-complex” were used as pollen parents as
follows: L. peruvianum var. humifusum (LA2153, LA2334), L.
peruvianum (LA1554, LA1722, LA2575, P1270435, P1126944), L.
chilense (P1128644, P1128652). Wild species with an LA number
were kindly provided by Dr. C. M. Rick (The C. M. Rick Tomato
Genetic Resource Center, University of California). The PI
numbers were provided by the Institute of Radiation Breeding
(NIAR MAFF) in 1977.

The interspecific hybrids were obtained in 1992 and the first
backcrossing into a recurrent parent (a cultivated tomato) was
carried out in 1994 and 1995. The seeds of both parents were sown
in late March and grown in pots in a glasshouse. The cultivated
tomatoes of the seed parents were transplanted into an
experimental field after the flowering of the first inflorescence and

were grown in a commonly used cultivation. The wild species of the

16
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pollen parents were grown in pots in the glasshouse. The F; hybrid
plants for the first backcrossing were maintained in vitro during
the winter and were grown in pots after acclimatization in March.
Five of the flowers in the second, third, and fourth inflorescences of
the cultivated tomatoes were pollinated with collected pollen from
approximately 5 plants in each wild species, according to Imanishi
(1988). Reddish fruit that was just maturing was harvested and
immature ovules that were capable of germination were selected
and cultured in a MS medium (Murashige and Skoog 1962)
without any phytohormone according to the ovule selection
method (Imanishi 1988, Chen and Imanishi 1991). About 100 to
200 ovules were selected to be cultured in a cross combination in
which there were many estimated ovules capable of germination.
However, no more than 50 ovules were selected in a cross

combination which had less viable ovules.

3. Results and Discussion
In each of the cross combinations, approximately 20% of the
putative F; plants (shown below as ;1 and BC;F)) failed to grow

during in vitro cutting maintenance and subsequent

17
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acclimatization in pots. The F; plants which flowered in pots were
able to identify their hybridity because the F; plants between L.
esculentum and a “peruvianum-complex” resembled a wild species
as a pollen parent (Nagata and Imanishi 1984). All the F, plants
were hybrids between the cultivated tomatoes and the
“peruvianum-complex” that was used for this study. As shown in
Table 2-1, the I plants in each combination were classified as
follows : (LA2153, LA2334), (LA1554), (LA2575), (LA1722),
(P1126944, PI270435, PI128644, PI128652). This indicates
possible classification among the parentheses. Both the F; plants of
LA2153 and LLA2334 were distinguished from the others by the
scent of Japanese pepper. Distinguishing between LA2153 and
LA2334 or among P1126944, P1270435, P1128644, and P1128652
was found to be difficult unless a molecular marker was used. For
example, all the F plants of LA1554 or LA2575 were found to be
true hybrids in regards to physiological and morphological
identification because they had a distinguishing trait (Table 2-1).
From this, it can be inferred that no pollen contamination occurred
among LLA2153 and LLA2334 plants or among those of P1126944,

PI1270435, PI128644, and PI128652. The identification of

18
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segregated BC;F plants among different cross combinations was
more difficult than was that of F, plants. The backcrossing of F
plants into cultivated tomatoes requires stricter pollen control in
order to prevent pollen contamination than the development of a
F1 hybrid does.

Tables 2-2 and 2-3 show the results of interspecific
hybridization and backcrossing as the number of germinated
ovules in a fruit (GOF). Table 2-4 shows 3 correlation coefficients
between ‘Kyoryoku Ogata Toko and ‘Early Pink’ in which the
correlation coefficients in F; in 1992 and BC;F; in 1995 were not
significant but that in BC:F; in 1994 were highly significant. A
significant, combined correlation coefficient was then obtained
from the 3 coefficients according to the statistical method (Snedecor
1956). These results indicated that both of the cultivated tomatoes
that were used as seed parents were generally similar in regards to
cross-incompatibility expression with the lines of the
“peruvianum-complex”. However, ‘Kyoryoku Ogata Toko’ showed
a relatively high GOF and ‘Early Pink’ showed a low GOF when
LLA1722 and PI1126944 were used as pollen parents in order to

obtain a F; hybrid, as shown in Table 2-2. Similarly, when LA2575

19
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was used as pollen parents, ‘Kyoryoku Ogata Toko showed a
relatively high GOF and ‘Early Pink’ a low GOF in BC,F;, as
shown in Table 2-3. This suggests that a given line as a pollen
parent may have different cross-incompatibilities with different
cultivated tomatoes that are serving as seed parents.

There was a highly significant, combined correlation
(r=0.907*%,d.f.=3 ) between the two years (1994 and 1995) in the
GOF of BCiF; (Table 2-4). Two high correlation coefficients
between 1994 and 1995 in both ‘Kyoryoku Ogata Toko' and ‘Early
Pink’ were obtained from the development of BC:F; and then the
combined correlation coefficient was highly significant. This
suggests that there was less environmental effect on the cross-
incompatibility of a line belonging to “peruvianum-complex”.

The correlation coefficients between F; and BC,F; in Table 2-4
are 0.324 in ‘Kyoryoku Ogata Toko’, 0.587 in ‘Early Pink’, and
0.433 in a combined one. These results by themselves are not
significant. It is believed that LA2575 and LLA1722 differed from
each other as regards their cross-incompatibility with the seed
parent, ‘Kyoryoku Ogata Toko’, as shown in Tables 2-2 and 2-3. In

addition, LA2575 showed a different GOF between F; and BCF,
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in ‘Early Pink’. Those correlation coefficients between F; and
BCiF:1 that excluded LA2575 are highly significant: r=0.754*
(d.£=5) in ‘Kyoryoku Ogata Toko and 0.924*(d.f.=3) in ‘Early
Pink’.

The authors investigated the GOF of the F; hybrids between a
cultivated tomato (‘Early Pink’) and four lines: LA2153, P1128644,
PI128652 and PI270435 (Imanishi 1991), out of those used in the
present study. GOF was assessed by the ovule selection method.
The resulting GOF was 0.34, 2.00, 1.00 and 1.04 for 1.LA2153,
PI128644, PI128652 and PI270435, respectively. These results
were almost similar to those in the present study. The correlation
coefficient between them was high (r=0.9216, d.f.=2), although it
was not significant. The GOFs of BC;F: which the authors
obtained in the previous experiment were 0.15, 0.76 and 1.55 for
LLA2153, P1128644 and PI1128652, respectively (Imanishi 1991).
These relative values paralleled the results of the present study.

The significant correlation coefficients between the two years
in BCiFi, between ‘Kyoryoku Ogata Toko and ‘Early Pink’, and
between F; and BCiF: (excluding LA2575) as well as the

comparison of the present results with our previous ones indicate
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the differences among the lines of “peruvianum-complex” as
regards the cross-incompatibility with a cultivated tomato. The
Iines of the “peruvianum-complex” that were used in the present
study could be classified by the differences in cross-incompatibility
(as assessed by the GOF) as follows : the highest cross-
incompatibility group is LA2153, LLA2334 and PI270435. the next
group i1s LA1554, LA1722, LA2575 and PI1126944 anci the least
cross-incompatibility group is P1128644 and P1128652.

The alternative relationship between F; and BCF; in regards
to GOF is shown as a linear regression in (F; : X, BCiF; : Y). The
linear regressions are Y=0.108X + 0.336 and Y=0.105X + 0.037 for
‘Kyoryoku Ogata Toko’, and ‘Early Pink’, respectively. These
regressions suggest a much larger GOF for F, than for BC,F,.

There are very few papers that describe the efficiency of
obtaining BC,F; plants in the first backcrossing of F; plants
between “peruvianum-complex” and cultivated tomato to recurrent
parent. Yamakawa et al (1978) obtained 84 BC:F; plants from
3301 fruits in the first backcrossing of 3 F; plants between a
cultivated tomato (‘Syugyoku’) and L. peruvianum PI1126944 into

a male sterile line of ‘Syugyoku’. The GOF of the BC,F; plants is
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0.025, which is lower than the GOF of the F; plants (Yamakawa
1971). Imanishi (1988, 1991) obtained a higher GOF for BC,F;
and BCqFy plants than F plants in a cross combination of a
cultivated tomato and the L. chilense lines. However, a BC1F; from
a cross combination of a cultivated tomato and L. peruvianum var.
humifusum was more difficult to obtain than was F; (Imanishi et al.
1996). In summary, the GOF of BC,F; is not always larger than
that of Fi. This suggests that the development of BCiF; in a cross
combination of a cultivated tomato and a “peruvianum-complex” is
as difficult as it isin Fi. The F2 population that is derived from the
cross between Fi plants is as self-incompatible as F; and the wild
species populations are. The F: plants are usually cross-
incompatible with a cultivated tomato. The incorporation of a
useful trait of the “peruvianum-complex” into a cultivated tomato
requires many BC;F; plants due to the segregating generation of
BCF; while a minimum number of F; plants are required. The
ovule selection method is effective for interspecific hybridization

between a cultivated tomato and a “peruvianum-complex” because

of the feasibility of many hybrid fruits.
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