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ABSTRACT

This review reports some aspects of advances in biotechnology such as tissue culture, genetic engineering, molecular markers, and the
new approach of the “omics” in tomato. /n vitro regeneration has been a subject of research because of the commercial value of the crop
and its amenability for further improvement via genetic manipulation. Numerous studies on plant regeneration from a wide range of
tissues of wild and cultivated tomato germplasm have been conducted. Several genes involved in fruit ripening and others traits have been
characterized and genetically engineered plants were successful obtained. One of the main uses of molecular markers has been the
construction of linkage maps. Linkage maps have been utilized to identify chromosomal regions that contained genes controlling simple
trait and QTL. DNA markers that are tightly linked to important genes are used as molecular tools for marker-assisted-selection (MAS) in
tomato breeding. The latest trend is to combine QTL mapping with methods in functional genomics. There are wide collections of ESTs.
The DNA microarrays analysis is also used to study the expression of many genes. Nowadays the proteomics and metabolomics allow
identifying biochemical factors underlying important traits for tomato breeding programs.
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Abbreviations: AFLP, amplified fragment length polymorphism; EST, expressed sequence tag; PCR, polymerase chain reaction; QTL,
quantitative trait locus; RAPD, random amplified polymorphic DNA; RFLP, restriction fragment length polymorphism; SCAR,
sequence characterized amplified region; SNP, single nucleotide polymorphism; SSR, simple sequence repeat
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INTRODUCTION ceae family. It is one of the most popular and extensively

consumed vegetable crops. Tomatoes are used either as
The cultivated tomato (Lycopersicon esculentum Mill., 2n = fresh fruits or in the form of various processed products
2X = 24) is a dicotyledonous plant belonging to the Solana-  such as paste, whole peeled tomatoes, diced products, and
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various forms of juices and soups. It is not a very energetic
food, since approximately 95% of its weight is water and
nearly 4% are carbohydrates. However, for its high con-
sumption level it is an important source of mineral salts
such as potassium and magnesium as well as vitamins (B,
B,, Bs and C) and carotenoides like the lycopene. In recent
studies, Blum ef al. (2005) have reported that a dietary in-
take of tomatoes and tomato products containing lycopene
is associated with a decreased risk of chronic diseases such
as cancer and cardiovascular disease.

The Lycopersicon genus comprises nine species cross
compatible to varying degrees, of which only L. esculentum
was domesticated. All wild tomato species are native to
western South America. They are distributed along the
coast in the Andes, from Ecuador to northern Chile, and
there are also two endemic species in the Galapagos Islands
(Rick 1973). The small fruit cherry tomato L. esculentum
var. cerasiforme (Dun.) Gray, the putative ancestor of the
cultivated tomato, spread from Mexico to Europe and
through the process of selection eventually led to the large
fruited varieties. Tomato under selection has led to in-
creased productivity, but at the same time it has arrowed its
genetic basis. According to Miller and Tanksley (1990) less
than 5% of the available genetic variation exists in tomato
cultivars and the remainder is found in wild species of the
genus. Related wild species of Lycopersicon, which show a
high degree of homosequentiality in their chromosomes,
were extensively used in tomato breeding for modifying
traits such as insect and pathogen resistance, adverse wea-
ther conditions tolerance and fruit quality (Rick 1982; Za-
mir et al. 1994; Zhang et al. 2002; Rodriguez et al. 2006).

There are great controversy about the number of spe-
cies in the group, their interrelationship and their treatment
in the genus Solanum or Lycopersicon (for a review, see
Spooner et al. 1993). Although the majority of taxonomists
are adopting Solanum as the genus for tomatoes (Spooner et
al. 2005) we will retain the old nomenclature for consis-
tency with our papers and other reviewed ones.

The tomato fruit is a fleshy berry composed of an epi-
dermis, a thick pericarp, and placental tissues surrounding
the seeds. Tomato has emerged as the primary model for
climacteric fruit ripening because this unique aspect of
research can not be afforded by others plant models plant as
Arabidopsis thaliana o rice. The importance of tomato as
an agricultural commodity has resulted in decades of public
and private breeding efforts that have yielded numerous
spontaneous and induced mutations, including many that
affect fruit development and ripening. Moreover, simple
diploid genetics, small genome size, short cycle of crop,
routine in vitro regeneration and transformation technology,
and availability of genetic and genomic resources render
tomato among the most effective model crop systems (Gio-
vannoni et al. 2004).

This review reports some aspects of advances in bio-
technology applied in tomato such as tissue culture, genetic
engineering, molecular markers, and the new approach of
the “omics”.

IN VITRO CULTURE APPROACHES

Like other Solanaceae, such as Nicotiana and petunia, to-
mato is relatively favourable for in vitro culture from vari-
ous types of tissues and organs.

Several empirical parameters are known to be crucial
for successful tissue culture and in vitro plant regeneration.
They include plant species and genotype, age and size of
the explants, and an appropriate definition of culture condi-
tions (e.g., composition of culture medium, type and rela-
tive amounts of growth regulators, temperature, light inten-
sity and photoperiod).

The first report about regeneration of tomato shoots in
cell culture was noticed by Norton and Boll (1954). They
obtained shoots from callus induced from roots cultures of
L. peruvianum (L.) Mill.

Genotypic differences in organogenic competence

Fig. 1 In vitro culture of tomato. (A) Different types of response in to-
mato from leaf explants: callus, shoots and roots. (B) Rescue of immature
embryo from hybrids with unilateral incompatibility.

among Lycopersicon species and genotypes have always
been characterized by growing cultures under defined media
composition including plant growth regulator. Kartha et al.
(1976) studied growth and morphogenetic responses of leaf
sections of the L. esculentum variety Starfire to various indi-
vidual phytohormones and combinations of phytohormones.
Also, Zorzoli et al. (1988) reported the capacity to form
shoots in five Argentinean cultivars of tomato from leaf ex-
plants. These results demonstrated that the in vitro propaga-
tion of these cultivars depended such as the state in which
the explant was removed, the time of seedling and the con-
centration of the growth regulators. Shoot and roots from
leaf explants are shown in Fig. 1A.

Kut and Evans (1982) investigated the regeneration pot-
ential of leaf explants of eight Lycopersicon species and two
closely related Solanum species as compared to cultivated L.
esculetum on a medium supplemented with eight different
hormone combinations. They concluded that all wild species
studied with the exception of L. hirsutum Humb & Bonpl.
and L. pimpinellifolium (Jusl.) Mill. regenerated more effici-
ently than L. esculentum. In addition to this, Pratta et al.
(1997) utilizing cultivars of L. esculentum and accessions of
L. esculentum var. cerasiforme, L. pimpinellifolium and L.
peruvianum found highly significant differences among
genotypes for regeneration capacity.

Recently, Bathia ez al. (2005) demonstrated that the ab-
axial orientation of the explants and entire cotyledons in-
duce better shoot regeneration and produce phenotypically
normal shoots in 10 commercially important cultivars.

Regarding the culture conditions, light quality is one of
the most important environmental signals that might modify
the regeneration response in tissue culture. In these sense,
Pugliese et al. (1999) reported that light is absolutely essen-
tial for regeneration of tomato shoots, as they found no re-
generation in the absence of light. Lercari and Bertram
(2004) compared different genotypes for the in vitro shoot
formation capability of different parts of tomato hypocotyls
obtained from donor seedlings initially grown in the dark or
under continuous red or far-red light and subsequently cul-
tured in vitro under different light qualities. They reported
that the culture of competent hypocotyl segments under red,
far-red or blue light reduced the frequency of explants for-
ming shoots compared to those cultured under white light.

Composition of culture media (basal medium, type and
concentration of phytohormones), culture condition and the
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Table 1 Comparison of different protocols for in vitro culture and their response used by some authors.

Explant Basal Phytohormone (uM) Light conditions Response Somaclonal  Reference
medium (Photoperiod: hrs) variation
Leaf MS salts  0.1-10 IAA+ 10 BA 3000 lux (16) C-S(+++)-R - Kartha et al. 1976
+ 0.1-1TIAA+ 1 ZEA C-S(++)-R
B5 5BA C-S(++)-R
vitamins 5 KIN C-S#-R
1 NAA+1BA C
1 NAA+1ZEA C-R
0.1 KIN C
Leaf MS 11AA+ 10 BA 50 umol m™ s (16) C-S(++H)-R - Zorzoli et al. 1988
5BA C-S(+h)
Cotyledon  BS5 15 ZEA 38 pumol m™ s (16) C-S (++) - Bhatia ef al. 2005
Hypocotyl MS Free Darkness No shoot - Pugliese et al. 1999
50 umol m™ s (16) S (+++)
Hypocotyl MS Free White — 50 umol m? s™* (24) S (+++) - Lercari and Bertram 2004
Red, far-red or blue — 5 umol m? s’ No shoot or S (+)
(16)
Leaf MS 22.8 IAA+ 18.6 KIN Not reported C-S(+++) 13 nuclear Evans and Sharp 1983
mutations

MS medium, Murashige and Skoog (1962); BS medium, Gamborg et al. (1968).
TAA, indole-3-acetic acid; BA, benzylaminopurine; ZEA, zeatin; KIN, kinetin.

Calli (C), shoot (S), root (R). Poor response (+), moderate response (++), good response (+++)

in vitro response (calli, shoots and roots) are summarized in
Table 1.

In vitro culture methods have opened the possibilities
for various applications. These can be divided into two
types: those in which stability should be maintained, and
those in which the aim is to achieve some kind of genetic
changes resulting from in vitro culture itself, or from man-
ipulations in vitro.

In vitro culture applications in tomato breeding
Haploid plants from anther or pollen culture

The production of haploid plants from anther or pollen cul-
ture would allow the fixation and analysis of new gene
combinations from hybrid plants in less time than the re-
quired in conventional breeding programs, as well as
allowing the establishment of homozygous true. Haploid
plants were induced from anther callus by Gresshoff and
Doy (1972). Pollen culture is another means of obtaining
haploid plants. Sharp et al. (1972) were the firsts to report
successful cultivation of isolated tomato pollen cells by
nurse culture. No report was made on shoot regeneration,
but haploid callus colonies were obtained. Ziv et al. (1984)
succeeded in regenerating and confirming the identity of
dihaploid homozygous plants employing the ms 10 mut-
ant in a culture system described by Zamir et al. (1980).
Anther or pollen culture in tomato has been frustrated by
an extremely low efficiency of haploid/diploid recovery.
On the other hand, these methodologies have an excessive
cost when is compared to the conventional plant breeding
methods.

Protoplasts and somatic hybridization

Several authors have shown that tomato mesophyll proto-
plast can be regenerated into plants (Koblitz and Koblitz
1982; Wijbrandi et al. 1990). The induced fusion of iso-
lated protoplast followed by the regeneration of plants
constitutes a way of circumventing sexual crossing barriers
and provides approaches to genetic manipulation. The first
somatic hybrid including tomato was described by Mel-
chers et al. (1978), and it was made between tomato and
potato. This success has demonstrated that somatic hybrid-
ization could be of great value for tomato plant breeding.
Later, somatic hybridization between tomato and its wild
relative L. peruvianum was reported (Kinsara et al. 1986).
Asymetric somatic hybrids between L. esculentum and L.
peruvianum have been obtained by the fusion of leaf
protoplasts after irradiation of protoplasts of leaf tissue of
L. peruvianum (Wijbrandi et al. 1990). Lefrangois et al.

(1993) reported that the wild Lycopersicon species are
much easier to regenerate from protoplast than the culti-
vated tomato. The large effort put into somatic hybridiza-
tion experiments with tomato started with the first public-
ation on the production of “pomatoes” as early as 1978, by
Melchers and his associates. Then, the generation of proto-
plast culture and its in vifro regeneration have been im-
proved considerably, which has led to the production of a
large number of both symmetric and asymmetric hybrids
and cybrids between tomato and other Lycopersicon, Sola-
num and even Nicotiana species. The limitation in the use
of somatic hybridization for tomato breeding has been the
difficulty to use the hybrids in backcrossing with diploid to-
matoes (Wolters et al. 1993). The difficulty to obtain hyb-
rids and cybrids between tomato and Solanum or Nicotiana
species, together with the sterility and poor vigour of these
hybrids, indicate the occurrence of strong somatic incon-
gruity. Today, genetic engineering has displaced the inte-
rest in the use of somatic hybridization for tomato breeding
as it will be detailed next.

Rescue of immature embryo

Embryo culture is used to rescue hybrid plants from sexual
crosses blocked by postzygotic barriers. This method is es-
pecially important to achieving interspecific hybridization
which is used for the introduction of new and desirable
traits from wild species into cultivated tomato.

This technique was first studied by Smith (1944), who
crossed L. esculentum var. Michigan State with L. peruvi-
anum P1 128657 with the aim of transferring the wild ne-
matode resistance Mi gene into commercial tomato culti-
vars. In interspecific crosses, hybrids of L. esculentum x L.
peruvianum have been obtained via embryonic calli at 35-
40 days after pollination (Thomas and Pratt 1981). L. escu-
lentum x L. chilense Dun. and L. esculentum x L. peruvi-
anum hybrids were obtained from embryos rescue and in
vitro propagation (Chen and Adachi 1996). In vitro embryo
culture, for tomato, is a useful tool for overcoming the
problems in obtaining hybrids when wild species with uni-
lateral incompatibility are incorporated to breeding prog-
rams (Fig. 1B).

Somaclonal variation - in vitro selection

The exploitation of tissue culture induced variation, also
know as somaclonal variation, as a potential source of agro-
nomically important traits has been studied in many crops.
In very general terms, the variability detected in regene-
rated plants is due to either preexisting genetic variability in
the donor tissue used for regeneration or induced by any of
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the components of the culture medium during in vitro
growth and plant regeneration. For tomato, several regene-
rated plants contain variability that is morphologically visi-
ble, a second commonly observed variation in tomato is
tetraploidy and the third frequent variation among regene-
rated plants is sterility (Evans and Sharp 1983). The gene-
tic variation has been detected both directly in regenerated
plants and more importantly in the self-fertilized progenies
of regenerated plants. For tomato, somaclonal variation has
been studied extensively. For example, Evans and Sharp
(1983) studied the progeny of 230 plants derived from leaf
explants and found 13 nuclear mutations. /n vitro selection
has been used effectively for the isolation of mutants that
are resistant to fungal toxins, salt or herbicides. A large
majority of the mutant cell lines described have been ob-
tained by resistance selection, in which a bulk population is
subjected to a selection pressure (e.g., toxic drug, microbial,
salt), and resistant cell lines recovered from surviving cells.
Successful selection of disease resistant somaclone has
been reported for fungal, viral and bacterial diseases (Bar-
den ef al. 1986; Shahin and Spivey 1986). Generally, the
frequencies of disease resistant variants were very high.
For instance, Barden ef al. (1986) reported the selection of
6 out of 370 tomato somaclones, about 2%, with resistance
to tobacco mosaic virus. In addition, van den Bulk et al.
(1990) evaluated somaclones and their progenies for heri-
table phenotypic traits, e.g., lethality, reduced chlorophyll
content, altered leaf morphology, absence of anthocyanin,
variegation and dwarfing, and the frequency of somaclones
that showed segregation for a particular variant trait was
approximately 1%. A positive correlation between the salt
responses at the cellular and whole plant levels was found
when calli of the first subculture were used for evaluating
the salt tolerance at the cell level (Rus er al. 2000).
Through this technique, a somaclonal variant with high
dried weight fruit content was commercialized by DNA
Plant Technology of New Jersey. In very general terms, the
somaclonal variation were used to development new breed-
ing lines, however there are problems associated with these
variants, e.g., variant plant cell are often found difficult to
regenerate and chromosomal instability can occur in the re-
generated plants.

Genetic analysis of in vitro culture

Studies on the genetics of regeneration in tomatoes have
demonstrated that is highly heritable with a dominance ef-
fect (Wijbrandi et al. 1988). Model of qualitative inheri-
tance of plant regeneration have been described (Koornneff
et al. 1987; Faria and Illg 1996). It has been know that ex-
plants of some of the other Lycopersicon species, such as L.
peruvianum, have higher regeneration ability than L. escu-
lentum. Koornneef et al. (1987) introduced the superior re-
generation capacity of L. peruvianum into the cultivated to-
mato by backcrossing (BC). The trait was apparently con-
trolled by two loci, named Rg-1 and Rg-2 and the locus ne-
cessary for shoot formation (Rg-1) was mapped on chro-
mosome 3 near the » locus that confers a yellow color to
the fruit (Koornneef ef al. 1993). Takashina ef al. 1998 re-
ported that the shoot regeneration capacity of L. chilense,
which is a species of the “peruvianum complex”, was do-
minant against L. esculentum, similar to that of L. peruvi-
anum. They suggested that at least 2 loci or more may con-
tribute to this capacity of L. chilense P1128644. Faria and
Illg (1996) established a model for the inheritance of the
plant regeneration trait on the basis of the F, F, and BC,
generations obtained from crosses between the wild spe-
cies L. pimpinelllifolium and five cultivars of L. esculentum.
They found an interaction between two dominant genes de-
termined the trait, indicating that the transfer of high plant
regeneration ability from wild to commercial varieties
would be relatively easy since a qualitatively inheritance
pattern was involved. Approaches from quantitative gene-
tics allow to segregate the genetic and environmental fac-
tors affecting the in vitro response, so that the analysis of
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some aspects of gene transmission and regulation becomes
possible (Koornneef ez al. 1987; Pratta et al. 2006). Using
quantitative approaches Koornneef ez al. (1987) found in a
segregating generation of a hybrid between L. esculentum
and L. peruvianum high values of heritability for callus
growth and for the regeneration capacity of plants. Faria et
al. (2002) were able to increase in vitro regeneration by
artificial selection practiced on interspecific crosses. They
obtained genotypes of high and low regeneration capacity
using a genotype of L. pimpinellifolium as source of in-
creasing alleles. Moreover, Pratta et al. (2003) found ad-
ditive variation for callus percentage and regeneration per-
centage, as well as non-additive variation for productivity
rate when evaluating different intra- and inter-specific to-
mato hybrids. Besides, Pratta et al. (2006) evaluated the in
vitro behavior of 16 recombinant lines and these authors
found an important value of narrow sense heritability for
callus percentage as well as for regeneration percentage.
Recently, it were evaluated the components of the genetic
mean values and variances of the in vitro culture response
in a cross between “Caimanta” of L. esculentum as the high
regeneration capacity genotype and accession LA722 of the
exotic L. pimpinellifiolium as the low regeneration capacity
genotype (Marchionni Basté et al. 2007). The results de-
monstrated that in vitro regeneration capacity was con-
trolled by gene action of complete dominance of the culti-
vated genome over the exotic one. Finally, the knowledge
about genetic variation for the in vitro traits facilitates their
genetic improvement to increase the regeneration capacity.
The different composition of the genetic variation deter-
mines the different improvement strategies to be followed.

ABOUT TOMATO TRANSGENIC PLANTS

Transgenic plants and Genetically Modified Organisms
(GMOs) are organism with a segment of foreign DNA in-
corporated into their genome or with any modifications in-
troduced artificially in their genome sequence. The GMOs
have been studied for more than 30 years and a dramatic in-
crease in plant transgenic science is denoted in Asia, during
the past decade, a sustained expansion in North America
and, recently, a slow down in the rest of the world. Publi-
cations focusing on the development of transgenic techno-
logy have been slowing down worldwide, since the early
mid-1990s, a trend that contrasts with the increase in studies
related to crop molecular genetics. Nevertheless, since the
pioneer experience of Smith ez al. (1988), a remarkable pro-
gress has been made to obtain tomato transgenic plants.
These authors obtained a long shelf life tomato, the first
commercialized GMO in the world, by incorporating
through Agrobacterium-mediated transformation the poly-
galacturonase antisense construct. However, the earliest re-
ports of Agrobacterium-mediated transformation in tomato
were by Horsch ef al. (1985) and McCormick et al. (1986).

This review will focus on recent advances in tomato
transgenesis for improving commercial traits and for study-
ing metabolic pathways involved in fruit development. For a
selection of some summarized results, see Table 2.

Improving commercial traits by genetic
engineering

Diseases and pests resistance

The defense responses, which serve to limit growth and
spread of pathogens within plants, include hypersensitive
programmed cell death. Li and Steffens (2002) have pro-
duced transgenic tomato plants constitutively overexpres-
sing a potato PPO (Polyphenol Oxidase) cDNA under con-
trol of the cauliflower mosaic virus (CaMV) 35S promoter.
The transgenic plants were infected with the bacterial patho-
gen Pseudomonas syringae pv. tomato and an increased
plant disease resistance was obtained. Chan et al. (2005)
used systemic acquired resistance related genes to enhance
resistance to multiple diseases in tomato. A successful result
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Table 2 Experimental data about genetic transformation in tomato.

Trait Inserted gene Vector Selector gene ~ Method Reference

Fungal and bacterial diseases Arabidopsis NPRI Ti plasmid Kanamycin Agrobacterium Lin et al. 2004
Carotenoids Erwinia uredovora CrtB pRN, Kanamycin Agrobacterium Fraser et al. 2002
Delayed leaf senescence ipt pSG516 Kanamycin Agrobacterium Luo et al. 2005
Drought tolerance Populus bspA pB1G-HyG GUS Agrobacterium Roy et al. 2006a, 2006b
Antibiotic resistance nptll pBI121] GUS Biolistics van Eck e al. 1995

was the experiment of Lin et al. (2004) to enhanced resis-
tance to a spectrum of fungal and bacterial diseases. The
Arabidopsis NPR1 (nonexpresser of PR genes) gene was
introduced into a tomato cultivar, which possesses heat-
tolerance and resistance to tomato mosaic virus (ToMV).
The transgenic lines expressing NPR1 were normal as re-
gards overall morphology and horticultural traits for at least
four generations. Additionally, these plants showed resis-
tance to several diseases such as bacterial wilt and Fusa-
rium wilt. Recently transgenic tomato plants showing en-
hanced tolerance to the oomycete pathogen Phytophthora
was produced (Sarowar et al. 2006).

An experiment was undertaken to develop tomato
plants with broad resistance to tospoviruses, which are a
major limiting factor to tomato production worldwide. Six
transgenic lines expressing the nucleocapsid protein gene of
the lettuce isolate of tomato spotted wilt virus showed high
levels of resistance when inoculated with the viruses (Gub-
ba et al. 2002). Plants showing resistance to tomato leaf
curl disease were obtained by antisense methodology (Pra-
veen et al. 2005). Progeny analysis of these plants showed
classical Mendelian pattern of inheritance in two of the six
transgenic lines having single transgene insertion.

The goal of the study of Goggin et al. (2004) was to as-
sess the susceptibility of the nematode resistance gene, Mi-
1.2 by transgene inactivation. The stability of Mi-mediated
nematode resistance and Mi-1.2 transcripts levels were ob-
served in two independently transformed tomato lines car-
rying Mi-1.2. In both lines a reduction in resistance was
noted in the T2 generation, and was more pronounced in
the T3 generation. The decrease in resistance varied among
cuttings that were clonally propagated, which suggests that
epigenetic effects influenced resistance levels. However,
the transgenic plants did not show the reduced transcript le-
vels characteristic of gene silencing or negative position ef-
fects.

Also transgenic methodology could be appropriated for
generating plants resistant to insect attack. The transgenic
tomato plants expressing a CrylA(b) protein of Bacillus
thuringiensis suffered significantly lower damage by Heli-
coverpa armigera than the non-transgenic control plants in
the laboratory, greenhouse and field (Kumar and Kumar
2004).

Abiotic stress

Plant biotechnology techniques have been successfully ap-
plied for developing biotic stress resistence plants through
genetic transformation but there have not been great ad-
vances for abiotic stress resistance such as drought, salinity,
chemical toxicity and oxidative stress.

Transgenic tomato plants were generated by introduc-
tion of the yeast trehalose-6-phosphate synthase gene.
These plants under drought, salt and oxidative stress im-
proved tolerance with respect to wild type (Cortina and
Culiafiez Macia 2005). Roy et al. (2006a, 2006b) obtained
transgenic tomato plants showing slightly increased drought
tolerance by incorporating the bspA gene from Populus.

Nutraceutical foods

The trend to view many foods not only as sustenance but
also as medicine, so called functional foods, is nowaday in-
creasing. It is a well known fact that fruits and vegetables
contain an array of phytochemicals that contribute to good
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health. The elevation of carotenoid biosynthesis in plants,
especially the tomato, by genetic manipulation should in-
crease the lycopene and carotene levels and hence improve
the nutritional quality of the crop. Several efforts were made
to improve these traits through the transgenic technology.
Fraser et al. (2002) have shown that the ripening specific
expression of a bacterial phytoene synthase can overcome
previous unintended pleiotropic effects and elevate nutriti-
onally important carotenoids in ripe tomato fruit. The chan-
ges in flux coefficients have revealed a shift in the regula-
tory step of carotenogenesis, which has important implica-
tions on future metabolic engineering strategies. Although
the carotenoids and polyphenols and their bioactive pro-
ducts have been the main areas of focus others such as toco-
pherols, glucosinolates and ascorbate acid for example, have
also attracted considerable attention. Carotenoids, among
the terpenoids, have accessory pigment functions in plants
as well as roles as protectants. D’Ambrosio ef al. (2004)
have also demonstrated the feasibility of engeneering toma-
to to divert carotenoid metabolic flux toward a desired use-
ful product.

Flavonoids are a group of polyphenolic plant secondary
metabolites important for plant biology and human nutrition.
In particular, flavonoids are potent antioxidants and their
dietary intake is correlated with reduced risk cardiovascular
diseases. Muir et al. (2001) have upregulated flavonol bio-
synthesis in tomato in order to generate fruit with increased
antioxidant capacity and a wider range of potential health
benefit properties. This approach involved transformation of
tomato with the Petunia chi-a gene encoding chalcone iso-
merase. This experiment resulted in transgenic tomato lines
producing an increase of up to 78-fold in fruit peel flavonols
without any gross differences between high flavonol trans-
genic and control lines. Also, Bovy et al. (2002) have de-
monstrated that it could be obtained transgenic tomatoes
with a considerable increase of the level of flavonoides. On
the other hand, Enfissi et al. (2006) concluded that the ele-
vation of carotenoids levels in tomato fruit or the formation
of those not normally found in fruit by genetics engineering
clearly showed that this approach is successful although the
increases are relatively modest and rarely above 2-3—fold.

The chlorogenic acid (CGA) acts as an antioxidant in
plants and protects against degenerative, age-related disea-
ses in animals when supplied in their diet. Overexpression
of hydroxycinnamoyl transferasa in tomato caused plants
accumulating higher levels of CGA with no side-effects on
the levels of other soluble phenolics (Niggeweg et al. 2004).
Another experiment (Ralley ez al. 2004) allowed discussing
in terms of metabolic engineering of carotenoids and their
sequestration in higher plant tissues. Recently Long et al.
(2006) showed that a panel of transgenic and mutant tomato
lines has been subjected to metabolite profiling in compare-
son with wild type Ailsa Craig for both carotenoids and phe-
nolics. A range of mutants and transgenic lines were selec-
ted showing a range of phenotypes varying from down-reg-
ulation through to increased levels of lycopene and -caro-
tene. These lines can act as the hosts for further genetic ma-
nipulation for increased antioxidant content.

Studying metabolic paths involved in fruit
development

Tomato is an appropriate model to study metabolic paths
involved in the ripening and the shape of fruit through the
transgenic technology.
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The OVATE gene, conditioning pear shaped tomato,
was recently cloned (Liu et al. 2002). It is expressed early
in flower and fruit development and encodes a previously
uncharacterized hydrophilic protein with a putative bipartite
nuclear localization signal. Moreover, ectopic transgenic
expression of OVATE unevenly reduces the size of floral or-
gans and leaflets, suggesting that OVATE represents a prev-
iously uncharacterized class of negative regulatory proteins
important in plant development.

Another experiments using transgenic plant have pro-
duced a highlight approach about fruit ripening. Climateric
fruit ripening is regulated by the phytohormone ethylene.
Ethylene Insensitive 3 (EIN3) is a transcription factor that
function downstream from the ethylene receptors in the
Arabidopsis ethylene signal transduction pathway. Three
homologous of the Arabidopsis EIN3 gene have been iden-
tified in tomato. Chen et al. (2004) demonstrated that ex-
pressing candidate genes in the Nr (Never ripe) ethylene
insensitive background was a valuable approach for testing
the role of putative downstream components in the ethylene
signaling pathway.

Other ripening related facts were investigated by Wang
et al. (2005). They found that antisense suppression of
deoxyhypusine synthetase delays softening and produces
changes in fruit growth and development. Though polyga-
lacturonase-antisense methodology was developed to obtain
long shelf life tomatoes, recently it has been used in some
experiment in order to investigate changes in other traits
(Orozco-Cardenas and Ryan 2003; Luo et al. 2005), de-
monstrating pleiotropic effects on morphological character-
istics.

Kim and Grierson (2005) have use microprojectile
bombardment in order to learn more about the function of
tomato ripening-associated membrane protein (TRAMP). In
order to learn more about the function of TRAM, the cDNA
was fused to the green fluorescent protein (GFP) coding
region and used to bombard onion cells or generate stably
transformed tomato plants to allow visualisation of the
TRAMP protein within the plant cell. Plants that contained
multiple copies of the transgene frequently exhibited silen-
cing of the endogenous gene and transgene, whereas plants
with low copy number transgenes tended to show overex-
pression of tomato ripening-associated membrane protein.
It was detected predominantly in the plasma membrane
when stably expressed in transgenic tomato fruit.

Another interesting results to study fruit quality were
obtained by Liu ef al. (2004) manipulating light signal
transduction and Giliberto ef al. (2005) altering the blue
light photoreceptor criptochrome 2 (cry2). The cry2 is a
central player in tomato development. Its manipulation
through transgenic overexpression results in an alteration of
a large set of development and biochemical process respon-
ses.

MOLECULAR MARKERS APPLIED TO TOMATO

Molecular markers in basic and applied studies have been
used in the tomato as model species. All kind of molecular
markers were developed for analyzing the tomato genome,
and many saturated maps were obtained in past years
(Haanstra et al. 1999; Zhang et al. 2003). Even map-based
cloning of agronomic valuable genes was attained, while
transformation of genotypes lacking the respective trait
allowed verify the cloned gene (Martin et al. 1993; Frary et
al. 2000).

Isozymes as molecular markers

Isozymes were the first type of molecular markers applied
to tomato. They were early used by to quantify and study
genetic variation both within and between populations of
cultivated and wild tomato species (Rick 1973). The set of
treatises produced during this period (1970s and early
1980s) is now the definitive source of taxonomy and gene-
tic variation for species in this genus. This resulted in the
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first molecular linkage map and was the predecessor of the
DNA linkage maps that are so commonly used in plant
genetic, molecular, and breeding studies today.

Rick and Fobes (1974) were ones of the first people to
recognize the potential of molecular breeding. During one
of the systematic studies of genetic variation in cultivated
tomato accessions, highly significant linkage disequilibrium
was discovered between a rare isozyme allele and resistance
to nematodes. These authors went on to show that the nema-
tode resistance gene was tightly linked to the isozyme gene
and that breeders had introduced the rare allele together
with the resistance gene from a wild species. It was con-
cluded that the rare isozyme allele would provide a faster
and more accurate screen for resistance than nematode ino-
culations.

Also, the 1-3 gene for Fusarium wilt resistance was in-
trogressed from L. pennelli LA716 in assisted breeding pro-
grams using the Got-2 (glutamate oxaloacetate transami-
nase-2) isozyme marker. Nowadays, efforts were made to
develop PCR-markers from sequences of this isozyme an-
notated in the SOL Genomics Network unigenes database as
a means of revitalizing old isozymes markers and recruiting
new ones (Wang et al. 2007). The development of PCR-
based markers from multigene families, exemplified by this
Got marker, serves to anchor their associated unigene se-
quences to specific subregions of the tomato genome and
these in turn can be used to underpin the development of
new markers tailor-made for marker-assisted breeding of
traits of interest in these subregions.

DNA markers

DNA markers offer great potential uses in plant breeding
and pre-breeding. As shown in Table 3, the tomato genome
was characterized by a wide kind of molecular markers, in-
cluding RFLP, RAPD, SSR, AFLP, SCAR, SNP, and dif-
ferential display (Kardolus et al. 1998; Frary et al. 2005;
Primieri Carelli ef al. 2006). Additionally, all kind of plant
populations (homozygous lines, hybrids, F, and backcross
generation with different degree of homozygocity, near iso-
genic lines, recombinant inbred lines, wild accessions, etc.)
were well characterized by molecular markers. In general,
these studies pointed that genetic variation is low among the
cultivated varieties, but it could be highly widen by incur-
porating wild species to breeding program. As mentioned in
the Introduction, less than the 5% of the total variation is
present within the cultivated tomato, while the rest is spread
in the wild germplasm (Miller and Tanksley 1990).

Application in taxonomic studies

In studies of the Solanaceae taxonomy, Kardolus et al.
(1998) were able to distinguish L. esculentum from other
Solanum species by applying AFLP markers. In spite of the
low genetic variation within the cultivated tomato, cultivars
were differentiated by using SSR markers by He et al.
(2003).

Application in tomato breeding

Identification of genes associated to agronomic traits (Foo-
lad 2004; Lecomte et al. 2004; Rousseaux et al. 2005), mar-
ker assisted selection (Robert ez al. 2001; Chaib et al. 2006),
supporting in choosing the adequate parent and determi-
nation of heterosis (Monforte et al. 2001; Semel et al. 2006),
among other application, were achieved in tomato.

Anatomical traits such as stem morphology and vascular
development were associated to a QTL in a cross among L.
esculentum and L. hirsutum by Coaker et al. (2002). Geno-
types carrying the LA407 (L. hirsutum) markers on chromo-
some 2 had larger primary vascular bundles, more deve-
loped secondary vascular tissue, and a triangular vascular
shape.

Fruit traits including soluble solids content, weight,
shape, size, acidity, antioxidants content, firmness, ripening



Biotechnology in tomato. Zorzoli et al.

Table 3 Selection of DNA marker protocols reported in this review

DNA marker Primer sequence (5'-3')

Amplification conditions

Reference

One cycle of 94°C for 5 min at 94°C; 35 cycles of 94°C for 30
s, 50°C or 55°C (according to the primer composition) for 45 s
and 72°C for 45 s; and one cycle of 72°C for 5 min

One cycle of 94°C for 5 min; 35 cycles of 94°C for 1 min, 55°C
for 1 min and 72°C for 1 min; and one cycle of 72°C for 5 min

One cycle of 94°C for 1 min; 45 cycles of 94°C for 1 min, 40°C
for 1 min and 72°C for 2 min; and one cycle of 72°C for 3 min

Preamplification: 30 cycles of 94°C for 30 s, 56°C for 1 min
and 72°C for 1 min. Selective Amplification: PCR touch down,
denaturation: 94°C for 30 s, annealing starts at 62°C for 30 s
with temperature diminishing in 0.5°C during 12 cycles,
extension: 72°C for 1 min; then 20 cycles of 94°C for 30 s,
56°C for 1 min and 72°C for 1 min

One cycle of 94°C for 2 min; 35 cycles of 94°C for 25 s, 45 or
50°C (according to the primer composition) for 25 s and 68°C

Frary et al. 2005

Wang et al. 2007

Primieri Carelli et al.
2006

Pratta et al. 2006

He et al. 2002

TGS8 F TGTGATACGGAACTTTGAACCTCC
R CCTGGATTTGGTCAGCTCCTTAG
TG83 F TTATGGCACTCAGGATGGTG
R AGGCATGAAAACCACAAAGG
SSR117 FAATTCACCTTTCTTCCGTCG
R GCCCTCGAATCTGGTAGCTT
SSR156 F CACGCCTATGCACCTTTCTT
R CTTCAAGGCTAAACCTCCGA
cLEC7P21 F TGAACAGAAAGCACGAGTGG
R GACAGTTCTTCGAAGCGTTTG
GOT-A F AGGATAAAGAGTGTGAGACAGAAGC
RAGAAATTGTCAAAATCTGCTTCATAC
GOT-B FAGTGGCAGTGAAAAGTCAGTTG
R CCAAGTAACCAACATTTCCAGTAG
GOT-D F AGAGATGATAAAGGAAAACCAGTAAC
R TATGAGCGCAAGGATGAAGTAAG
OPX-01 CTGGGCACGA
OPX-03 TGGCGCAGTG
OPX-12 TCGCCAGCCA
OPX-14 TGGCGCAGTG
OPX-17 GACACGGACC
OPX-18 GACTAGGTGG
OPX-19 TGGCAAGGCA
A8 Msel +3 GATGAGTCCTGAGTAACTA
EcoRI+3 GACTGCGTACCAATTCAGA
N14 Msel +3 GATGAGTCCTGAGTAACAT
EcoRI +3 GACTGCGTACCAATTCATC
B16 Msel +3: GATGAGTCCTGAGTAACAT
EcoRI +3: GACTGCGTACCAATTCAGC
715141 F: CCAAATACTGCAGCGGAAAG
R: TTCTAAATGGGCATACAGAATC
AWO032445  F TGATTCAAGGTACAAGTAGTAGTGC for25s
R GGAGGAGGGTGAATAATCG
AW033091 FTTCTCACACCTGCACACACC
R AGCGGGATGATTACAGAAATG
AW037257 F CCGGTGAAGGTGAGTCTGAG

R TTTATGCACCGCGACTCG

F: forward primer R: reverse primer

time and vitamins content were currently associated to
molecular markers (Monforte et al. 2001; Lecomte et al.
2004; Rosseaux et al. 2005). All of these researches pointed
out that wild germplasm contributes to an increase in inter-
nal fruit quality (as measured by an increment in soluble
solids, vitamins and antioxidants content) but they reduce
fruit weight. In an effort to identify the chromosomal regi-
ons that affect the last trait, the fw2.2 QTL was identified
on tomato chromosome 2 (Frary et al. 2000). This QTL was
conserved in a wide range of wild species, whose alleles
cause a reduction in fruit weight. It was the first plant QTL
to be cloned by map-based approaches, and plant transfor-
med with different artificial dosage the L. esculentum allele
showed a corresponding increase in fruit weight (Liu et al.
2003). The cloned gene appears to encode for an ovary
early expressed protein that affects the final number of fruit
locules. Other conclusions of these studies suggest that it is
frequent that wild germplasm could increase a given trait
even that it is not expressed, since recombination of wild
and cultivated genes in the hybrid genotypes could create
new phenotypes that did not appear in the parents, a phe-
nomenon known as transgression. Particular molecular
markers were associated to transgressive variation for many
traits (de Vicente and Tanksley 1993). Recombinant inbred
lines (RILs) were characterize by AFLP with the goal of de-
tecting molecular markers associated to morphological and
fruit quality traits (Fig. 2). Such RILs were derived from a
cross among the Argentinean cultivar ‘Caimanta’ (L. escu-
lentum) and LA722 (L. pimpinellifolium). AFLP associated
to the number of flower per cluster, fruit weight, and solu-
ble solid contents were detected. Also, it was demonstrated
that the wild accession carry genes that prolong fruit shelf
life. Phenotypic observations had pointed out a transgres-
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Fig. 2 Each line shows the AFLP profile for recombinant inbred lines
(RILS). Arrow indicates an associated fragment to fruit weight.
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Fig. 2 Protein profiles for the accession LA1385 of L. esculentum var.
cerasiforme, the accession 804627 of L. esculentum (a homozygous
genotype for the nor mutant) and the F; between them at mature
green (MG), breaker (BR) and red ripe (RR) ripening stage. Circles
and arrows indicate polypeptide differences among stages and between
genotypes at each ripening stages, respectively.

sive variation for the shelf life among some RILs. In-
terestingly, a fragment carried by the shorter shelf life pa-
rent also accounted for the transgressive variation. This re-
sults indicate that recombination among genes from the two
parents broadened the genetic variation available in the
crop. The association between this AFLP marker and the
shelf life was conserved across years of evaluation (Pratta
et al. unpublished results). Molecular characterization of
the ripening stages mature green, breaker and red vine of
the tomato fruit were carried out by Rodriguez et al. (2007)
in F, population derived from crosses among a mutant for
ripening genotype (nor/nor), a normal for ripening geno-
type (nor+/nor+) and LA1385 of L. esculentum var. cerasi-
Jorme (Fig. 3). It was possible to identify each one of these
stages by means of the total protein of the pericarp tissue.
Interestingly, the protein profile of the mutant genotype did
not change along ripening. Association of polymorphic pro-
teins with fruit traits such as weight, soluble solid content,
firmness, color, pH and shelf life could be established.

Resistances to biological and environment factor were
identified in wild tomato germplasm and transferred to the
cultivated species by marker assisted approaches. Many ne-
matode resistance genes (Mi-1, Mi-3) were identified in L.
peruvianum. Mi-1 was associated to an inverted segment in
chromosome 6 (Seah et al. 2004), while Mi-3 was located
on chromosome 12. It was finely mapped, and a L. esculen-
tum DNA contig spanning this locus was constructed in an
effort to clone the gene (Yaghoobi et al. 2005). It is worthy
to note that the first plant disease resistance gene that was
cloned by a map-based approach, Pfo that confers resis-
tance to the bacteria Pseudomonas, was isolated in tomato
(Martin et al. 1993). Marker-assisted introgression of
blackmold resistance QTL alleles from wild L. cheesmanii
Riley to cultivated tomato and evaluation of QTL phenoty-
pic effects were achieved by Robert ez al. (2001). A molec-
ular linkage map of tomato displaying chromosomal loca-
tions of resistance gene analogs based on a L. esculentum X
L. hirsutum cross was developed by Zhang et al. (2002).
These authors were able to map some QTLs conferring
early blight (4lter-naria solani) resistance in a similar cross
by selective geno-typing (Zhang et al. 2003). QTLs for Ral-
stonia solanacearum race 3-phylotype II resistance were
identified in crosses to L. pimpinellifolium by Carmeille et
al. (2006).

On the other hand, the inheritance of several tolerance-
related traits has been determined and QTLs associated
with tolerance at individual developmental stages have
been identified and characterized. It has been determined
that at each stage salt tolerance is largely controlled by a
few QTLs with major effects and several QTLs with small-
ler effects. Different QTLs have been identified at different
developmental stages, suggesting the absence of genetic re-
lationships among stages in tolerance to salinity. Further-
more, it has been determined that in addition to QTLs
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which are population-specific, several QTLs for salt toler-
ance are conserved across populations and species. Re-
search is currently underway to develop tomatoes with im-
proved salt tolerance throughout the ontogeny of the plant
by pyramiding QTLs through marker-assisted selection (for
a review, see Foolad 2003).

Others traits of direct or indirect interest in plant breed-
ing were characterized by molecular markers in tomato. For
instance, the nuclear male sterile locus, ms-10, was reported
to be linked with two enzyme marker loci (Est-1 and Prx-2)
located on chromosome 2 (Tanksley ef al. 1983). The levels
and synthesis of proteins during the ontogeny of normal and
male sterile stamenless-2 (s/-2/s/-2) mutant stamens of to-
mato were examined by Bhadula and Sawhney (1991). The
mutant stamens contained low levels of soluble protein
which were related to reduction in protein synthesis. Stoeva-
Popova et al. (2007) found PCR products with primer com-
bination atp9/rpsi2 that are suitable as a marker for early
selection of plants with different phenotypes: cytoplasm
male sterile plants or plants with restored fertility in the
hybrid progenies.

Reports on molecular markers associated to the tomato
in vitro culture responses are scarcer. Koornneef ef al.
(1993) mapped a high regeneration QTL to chromosome III
in an interspecific tomato cross by RFLP analysis. Torelli et
al. (1996) detected by the differential display technique,
some specific mRNA transcripts expressed during the ear-
lier incubation period of tomato explants that were associ-
ated to the shoot formation capacity, while Takashina et al.
(1998) found at least two RAPD and one isoenzymatic mar-
kers linked to the high regeneration capacity of the wild L.
chilense. AFLP markers associated to in vitro regeneration
capacity were also detected in a set of tomato genotypes by
Pratta et al. (2006).

Cytoplasmic DNA markers

Molecular analysis at the mithocondrial and chloroplastic
DNA were made (McClean and Hanson 1986; Daniell et al.
2006). These studies evidenced about the taxonomic status
of the tomato among the Solanaceae family, and have im-
portant implications on transplastomic engineering.
Construction of genomic and cDNA libraries were cur-
rently achieved in tomato (Alpert and Tanksley 1996; Budi-
man ef al. 2000) and large collections of ESTs are currently
available, which will be pointed out in next sections.

GENOMIC AND POST-GENOMIC ADVANCES IN
TOMATO

Following analysis of complete genome sequences in seve-
ral organisms, much of the attention in the genome sciences
is shifting towards functional studies of the gene products.
In this way, the post-genomic focuses not only on the study
of the genome but also on their products, and it essentially
follows the central dogma of molecular biology proposed by
Watson and Crick 50 years ago, with the addition of
enzymes and metabolism (Fig. 4). Thus, the genome (all
DNA) gives rise to the transcriptome (complete transcripts
produced by an organism), the proteome (protein comple-
ment expressed by a genome) and the metabolome (entire
complement of all the low molecular weight metabolites).
Each step in the flow of the genetic information is accom-
panied by recent technological innovations also called
“omics” technologies that allow genome-wide analysis.
These technologies, as a part of functional genomics ap-
proaches, can be used to dissect biological systems. Accor-
ding to Fukusaki and Kobayashi (2005), proteomic and
transcriptomic are both considered to be a flow of media
concerning genetic information. In contrast, metabolomic
should be thought as being concerned with phenotype. In
the following section, this paper reviews the advances made
by these technological innovations in tomato.
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Fig. 4 The modern “omics” technologies follow the pattern established by the central dogma of biology, with the addition of active enzymes and

metabolities, which taken together reflect tomato phenotypes.

Tomato genome sequencing

As mentioned in the introduction, although genome sequen-
cing of Arabidopsis thaliana and rice has been completed,
several aspects of plant biology cannot be studied in those
model plants; e.g., climacteric fruit ripening. On the other
hand, tomato will provide necessary diversity to reinforce
findings based on the most informative model plant, 4ra-
bidopsis, because these two plants diverged from their com-
mon ancestor early in the radiation of dicots. An interna-
tional initiative entitled the “SOL - International Solanaceae
Genome Project” which has as one of the main goals to ob-
tain high quality sequence of the tomato genome as a refe-
rence for solanaceous plants as well as plants from other
related taxa has begun in 2003. The International Tomato
Genome Sequencing Project (http://www.sgn.cornell.edu/
about/tomato_sequencing.pl) aims to sequence the gene-
rich euchromatic portions of the tomato chromosomes. The
tomato genome, comprising 12 chromosomes, contains 950
Mb of DNA (Arumuganathan and Earle 1991). The strategy
of the SOL consortium is to sequence the approximately
220 Mb of euchromatin that contains the majority of the
genes (~35,000), rather than to sequence the entire tomato
genome. As part of the Tomato Genome Sequencing project
the tomato FISH map (Fluorescence In-Situ Hybridization)
is being generated. The aim is to verify the genetic and
physical maps and to explore the extent of the euchromatin,
and to more precisely locate the euchromatin/heterochro-
matin boundary on tomato chromosomes.

Analysis of a collection of ESTs (expressed sequence
tag), derived from 26 different tomato cDNA libraries re-
vealed that 70% of the unigenes have identifiable homologs
in the Arabidopsis genome and the majority of the about
30% of the tomato genes that did not significantly match
any Arabidopsis genes have unknown functions (van der
Hoeven ef al. 2002). According to this, reverse genetics ap-
proaches have been conduced to identified some gene func-
tions (for a review, see Shibata 2005).

Transcriptomics

Several methods have been developed for quantifying
mRNA abundance in plant tissues ranging from traditional
RNA gel-blot analysis to those providing a more global
view that include differential display, cDNA-AFLP and
microarrays.

Differential display has important advantages when
compared with scale-limited approaches such as RNA gel-
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blot analysis. However, the main disadvantage of this tech-
nique is that the quantity of individual amplification pro-
ducts is not only a function of the initial concentration of
that cDNA, but also is dependent upon the quality of a par-
ticular match between primer and template. Despite this dis-
advantage some genes differentially expressed, involved in
synthesis and ethylene response, ripening, chilling injury
response and regeneration capacity has been reported (Barry
et al. 1996; Kadyrzhanova et al. 1998; Zegzouti et al. 1999;
Torelli et al. 2004). The cDNA-AFLP method relies on the
selective amplification of a subset of DNA molecules from a
more complex pool. The main advantage that offers this
technique is that poorly characterized genomes can be in-
vestigated in a high-throughput manner. In addition, it al-
lows much greater confidence in acquired data and dif-
ferences in the intensities of amplified products. As with the
other profiling methods described here, the sensitivity of
cDNA-AFLP is only limited by the ability of cDNA libra-
ries to capture low-abundance transcripts. The technique has
been mainly used to study tomato defense to biotic stress
(Rowland et al. 2005; Li et al. 2006).

Microarray techniques are based on the capacity to bind
either DNA fragments or previously characterized oligonu-
cleotides on a microscope slide. The plates are built by de-
positing specific DNA fragments at indexed positions using
a computer controlled high speed robot with the specific
DNA fragment sequences determined from any database
originated including: cDNA clones, EST clones, anonymous
genomic clones or DNA amplified from open reading
frames (ORFs). This technique for gene expression profiling
has important advantages when compared with the previ-
ously detailed ones. According to Alba er al. (2004) the
most important advantage in this technology is that it can
measure tens-of-thousands of different mRNA transcripts in
parallel, it is semi-quantitative, and it is sensitive to low-
abundance transcripts that are represented on a given array.
A tomato microarray with 12,899 ESTs clones (TOM1 mi-
croarray) representing 8500 independent tomato genes has
been developed from a large collection of tomato ESTs
(>150,000 entries). These unigenes have been selected at
random from different cDNA libraries made from a range of
tissue including leaf, root, fruit and flowers (van der Hoeven
et al. 2002). Transcriptome profiling via TOM1 microarray
has been focused in studying the development and ripening
tomato fruit as well as response to environmental and biotic
stress. Fei et al. (2004) studying different ripening stages of
tomato fruit have reported a total of 333 ripening induced
genes (greater expression at breaker stage) and 185 ripening
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repressed genes (greater expression at mature green stage).
Interestingly, they have found 36 genes related to ripening
that encode putative transcription factors including three
MADS box (a highly conserved sequence motif). In ad-
dition, when EST collections from ripening grape and to-
mato fruits were compared three common transcription fac-
tors, including a MADS box were found. These results have
suggested that a conserved mechanism of ripening control
transcending climacteric or non-climacteric distinctions.
Climacteric fruits are distinguished from non climacteric by
their increased respiration and ethylene biosynthesis rates
during ripening. According to this, it was demonstrated that
the mutation of an ethylene receptor (Nr, never ripe) alters
the expression of many genes involved in fruit morphology,
seed number, ascorbate accumulation, carotenoid synthesis
and ethylene evolution indicating that ethylene governs
multiple aspects of development both prior and during fruit
ripening in tomato (Alba et al. 2005). Besides, there are
others works in which TOM1 microarray has been used to
analyze the plant response to environmental and biotic
stress (Gibly et al. 2004; Sagi et al. 2004; Bonshtein et al.
2005; Carbone et al. 2005).

Proteomics

Proteomic is the large-scale study of proteins from a given
cell or organism. It can be divided into three main areas: (1)
protein micro-characterization for large-scale identification
of proteins and their post-translational modifications; (2)
‘differential display’ proteomic for comparison of protein

levels such as two genotypes, environmental conditions, etc.

and (3) studies of protein-protein interactions (Pandey and
Mann 2000). Various approaches are possible, including 1-
D dimensional polyacrilamide gels. Pratta et al. (2004)
have found different pattern of expression for GS (gluta-
mine synthetase) and GDH (glutamate dehydrogenase) at
the green mature and the ripe stages of the pericarp of fruit
from different genotypes of tomato (Fig. 5). However, there
is still no widely available technology that surpasses 2-D

GS GDH

MG RR MG RR MG RR MG RR MG RR MG RR

-

- R b LA
Cai F,(CaixN) N Cai F, (Cai x N) N

w -

W W v ih -
N F.(NxR) R N F.(NxR) R

- - A o e o

Cai F,(CaixCe) Ce Cai F.(CaixCe) Ce
-
ST Y vaid gy S e e
N F.(NxCe) Ce N F.(NxCe) Ce

Fig. 5 Changes in polypeptide pattern of glutamine synthetase (GS)
and glutamate dehydrogenase (GDH) in fruits at the mature-green
(MG) and red ripe (RR) stages in different groups of tomato geno-
types formed by a given hybrid and its parents (the pistillate parent is
placed at the left). Parental genotypes: Cai: standard ripening cultivar of
L. esculentum, N: homozygote for the mutant nor (L. esculentum), R:
homozygote for the mutant rin (L. esculentum), Ce: sampled accession of
L. esculentum var. cerasiforme.
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dimensional polyacrilamide gels for quantitative compara-
tive proteomic analysis. Once a set of differential expressed
polypeptide has been found from, a series of 1-D or 2-D
gels, the next step is identified the proteins and genes. Since
the 1990s, biological mass spectrometry emerged as a
powerful analytical method that removed most of the limi-
tations of protein analysis. There are two main approaches
to mass spectrometric protein identification: MALDI-TOF
(matrix-assisted laser desorption-ionization-time of flight)
and ESI-MS/MS (electrospray ionization tandem mass spec-
trometry). For details, see Zivy and de Vienne (2000).

Proteomic offers the opportunity to examine simultane-
ous changes and to classify temporal patterns of protein ac-
cumulation occurring in complex developmental processes.
However, not many data on fruit development proteomic are
yet available in tomato. As an example, fruit of cv. ‘Cervil’
(L. esculentum var. cerasiforme) were evaluated during fruit
development by Faurobert ef al. (2007). They found a total
of 148 spots differentially expressed which are mainly in-
volved in stress response, carbon compounds and carbohy-
drate, amino acid metabolism, electron transport, photosyn-
thesis and respiration. The developmental stage effect was
the main factor to explain spot variation when a cluster ana-
lysis was performed. Similar results were found by Rocco et
al. (2006) when compared two tomato genotypes regard to
the role of differentially expressed protein. Between geno-
types, almost 57% of protein presented overlapping gel co-
ordinates.

Some discrepancies between proteins and their specific
mRNA can exist since post-transcriptional modifications of
proteins can be result in a dramatic increase in protein com-
plexity without a concomitant increase in gene expression
(Rose et al. 2004). Thus, coupling transcriptomic with pro-
teomic studies will lead to a better knowledge of gene net-
works (Faurobert et al. 2007). Moreover, it is necessary to
include the metabolome level to achieve an overall compre-
hensive of complex biological systems.

Metabolomics

Numerous analyses of tomato metabolites, especially of ri-
pening and matured fruits have been reported. For example,
Pratta et al. (2004) evaluated free amino acids composition
and glutamate dehydrogenase and glutamine synthetase le-
vels in fruits of genotypes differing in fruit shelf life. They
concluded that, the relative glutamate content of ripe mature
fruits differed considerably among lines and negative cor-
relation between the relative glutamate content and fruit
shelf life was found. However, metabolomic approaches to
analyze metabolites comprehensively have begun for toma-
to. As a first experiment in this direction, an established me-
tabolic profiling method using GS-MS (gas chromatography
coupled to mass spectrometry) was optimized for tomato
tissues (Roessner et al. 2001). Then, new analytical tech-
nologies were developed such as LC-MS (liquid chromato-
graphy coupled to mass spectrometry) and NMR (nuclear
magnetic resonance). Significant advances describing com-
plex biological systems have been made by metabolomic.
Through the analysis of metabolite profile in leaves and
fruits from six tomato species it was determined that a tre-
mendous variance it has not been exploited yet from the
wild species (Schauer ef al. 2005). This methodology also
has been used to analyze the effects of modifications intro-
duced by transgenesis upon the fruit metabolic profiles
(Carrari et al. 2003; Roessner et al. 2003). Besides, modi-
fications in fruit metabolite composition were found when
an hp (light-hyperresponsive high-pigment) tomato mutant
and isogenic non-mutant plants were compared. The 4p mu-
tant fruits were characterized by overproduction of many
metabolites, several of which are known for their antioxi-
dant or photoprotective activities (Bino et al. 2005). An area
where metabolomic approaches will likely prove indispen-
sable in the coming year’s concerns the need both to define
better plant genotypes and to relate observations to pheno-
type. Recently, it was phenotyped a tomato near isogenic
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lines population in which genomic regions of the wild spe-
cies L. pennelli were replaced with homologous intervals of
a cultivated variety to explore the genetic basis underlying
of tomato fruit biochemistry (Schauer ef al. 2006). They
identified both metabolite associate and independent to
whole plant phenotype and concluded that plant morpho-
logy is a major factor affecting fruit metabolic profiles. A
significant number of these studies have, been dedicated to
metabolic profiling specifically of the nonvolatile com-
pounds involved in primary plant metabolism using GC-
MS. Another significant part of the plant metabolome, com-
prising the volatile metabolites, is of a particular interest,
since they play an important role in fundamental processes
such as signaling mechanisms and interorganism interac-
tions. Solid phase microextraction (SPME-GC-MS) is an
analytical approach that is suitable for metabolomic studies
of volatiles. This methodology was used for a comparative
multivariate analysis of a set of 94 contrasting tomato geno-
types (including cherry, round and beef tomatoes) covering
the variation in the germplasm of commercial tomato vari-
eties (Tikunov e al. 2005). The analysis revealed a total of
322 different compounds in the entire genotype set cover-
ing approximately 80% of the more than 400 tomato vola-
tile compounds. Cherry tomatoes could be distinguished
from round and beef by a relatively high accumulation of
phenolic-derived volatiles. On the other hand, the NMR
technology has been used to determine metabolic changes
in transgenic tomatoes (Le Gall e al. 2003) as well as to
compare the content of soluble substances in the pulp and
juice of tomato (Sobolev et al. 2003). Recently, a total of 92
metabolites comprising sugars, sugar alcohols, organic
acids, amino acids, vitamins, and a select few secondary
metabolites in addition to pigments and the monosaccharide
composition of the cell wall, in parallel to transcript levels
were analyzed (Carrari ef al. 2006) resulting in a integrated
analysis of metabolite and transcript levels via TOM1 mi-
croarray. These experiments revealed several aspects of the
regulation of metabolism during fruit ripening: transcript
abundance was less strictly coordinated by functional group
than metabolite abundance, there were some correlations
between specific transcripts and metabolites and there was
a strong relationship between ripening associated trans-
cripts and specific metabolite groups.

BIOINFORMATICS

Bioinformatic is a necessary complement of “omics”. The
enormous quantity of biological data that has become avail-
able sine the early 1990s has made computational methodo-

logies in the life sciences increasingly important in research.

Scientists with interdisciplinary skills in computational sci-
ence and biology have led to the emergence of bioinforma-
tics as a distinct field. In this direction, the long term goal
of the SOL Consortium (http://www.sgn.cornell.edu) is to
build a network of resources and information dedicated to
the biology of the Solanaceae family. Today, there are vari-
ous software and tools available for making searches, algo-
rithms analysis, modeling and the computer graphics of the
databases to analyze genomic and post-genomic data (for a
review, see Edwards and Batley 2004). However, a dare of
this field is to be able to integrate the data generated by the
expanding “omics” technologies to elucidate the functional
relationships between genotype and observed phenotype.

FUTURE PROSPECTS

It has been widely demonstrated in this review that tomato
is a successful plant model system to apply different bio-
technologies. Trends in in vitro culture are focused to eluci-
date the genetic basis of the tomato regeneration ability and
to manipulate it in order to more efficiently apply other bio-
technologies. Regarding to genetic engineering a great ef-
fort must be done to choose the appropriate combinations
of gene(s) of interest with efficient promoters. Besides, fu-
ture studies will focus upon signaling mechanism and trans-
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criptional regulators to modify metabolic pathways involved
in fruit quality and other physiological traits. In addition,
tomato has been an appropriate model to use molecular mar-
kers in basic and applied studies. Present studies are cur-
rently being made to clone and characterize the candidate
genes that were identified by means of molecular markers.
A broad stage is nowadays focusing in the “omics”. These
exciting technologies need to reach a higher integrative
level of analysis to elucidate the functional relationship be-
tween genotype and observed phenotype. The “omics” have
been mainly used for physiological studies in inbreed geno-
types but its application in genetic population will allow de-
velop a map of expressed genes. Another important step will
be the knowledge about the genome sequence that will
allow both develop molecular marker directly correspond-
ding to the gene and understand their functions. Moreover,
RNA interference (RNAi) methodology will be a powerful
tool to search for genetic and physiological pathways in
tomato.
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