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Abstract

Tomato is a well-established model organism for studying many biological processes including
resistance and susceptibility to pathogens and the development and ripening of fleshy fruits. The
availability of the complete Arabidopsis genome sequence will expedite map-based cloning in tomato on
the basis of chromosomal synteny between the two species, and will facilitate the functional analysis of

tomato genes.

Arabidopsis thaliana is widely used as a model for the study
of many aspects of plant biology. Because of its small
genome size (125 Mb) it was chosen as the subject of the first
plant genome sequencing project, an effort that was recently
completed [1,2]. The availability of the Arabidopsis genome
sequence will greatly enhance our knowledge of the entire
complement of genes expressed by a typical flowering plant
and will lead to a thorough analysis of the function of these
genes. A comprehensive molecular-marker-based linkage
map exists for Arabidopsis, and the map-based cloning of
genes conferring specific phenotypes will become even easier
with the availability of genomic sequence information [3]. In
addition to map-based cloning, several other approaches for
isolating and determining the function of specific genes are
available in Arabidopsis including T-DNA and activation
tagging, transposon tagging, and various gene silencing
methods [4-9]. The many resources available for the Ara-
bidopsis experimental system also make it an ideal spring-
board for understanding the function of genes in
economically important plants, such as tomato.

Tomato is a member of the Solanaceae family, a widely dis-
tributed group of plants to which many other economically
important species also belong, including potato, pepper,
eggplant, tobacco, and Petunia. In addition to its economic

importance, several features make tomato an excellent
species for understanding basic plant biology. Tomato is
diploid, has a relatively small genome (950 Mb), has a mod-
erately short life cycle, tolerates inbreeding yet is easily
cross-hybridized, and is easy to grow and maintain.
Recently, a miniature tomato variety with an accelerated
life cycle has been developed and is gaining favor among
tomato researchers [10,11]. As a result of intensive breeding
and genetic research over the past 50 years, many resources
are available for tomato studies, including extensive
germplasm collections of wild and cultivated species,
numerous natural, induced, and transgenic mutants and
genetic variants [12], routine transformation [11], a dense
restriction-fragment length polymorphism (RFLP) map
[13], numerous cDNA, yeast artificial chromosome (YAC),
bacterial artificial chromosome (BAC) and other genomic
libraries [14,15], a transposon tagging system [16], a virus-
induced gene silencing system in the related plant Nico-
tiana benthamiana [17,18], and recently an extensive
database of over 100,000 expressed sequence tags (ESTs)
[19]. Because of its experimental tractability, tomato has
been the subject of many fundamental discoveries in plant
biology including, for example, transgenic analysis of genes
that impact fruit development and ripening [20,21], the dis-
covery of a peptide hormone (systemin) [22], and the
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mapping and molecular cloning of many disease-resistance
(R) genes [23,24].

Although many resources are available to study tomato
genes, it remains a daunting prospect, when compared with
Arabidopsis, to assign a function to each tomato gene. The
tomato genome is approximately seven times the size of the
Arabidopsis genome, and that makes gene mapping and
map-based cloning more difficult. In addition, the highly
efficient floral-dip method used for Arabidopsis transforma-
tion [25] has not yet been successfully adapted to tomato
and thus the development of tomato transgenics remains
labor-intensive and inefficient. In this article we discuss
some new approaches being used by labs including our own
that might facilitate the characterization of tomato genes by
using the resources developed for the study of Arabidopsis.

Synteny among Arabidopsis and tomato
chromosomes

The availability of extensive Arabidopsis genome sequence
has stimulated investigations of synteny among the chromo-
somes of Arabidopsis and several other plant species,
including tomato. The exploitation of chromosomal colin-
earity with Arabidopsis can aid high-resolution linkage
mapping and map-based cloning experiments in many plant
species and will be especially helpful in crop plants that have
large genomes. There are several reports of the conservation
of gene repertoire between Arabidopsis and other members
of the Brassica family [26,27]. Remarkably, conservation of
gene order within small chromosomal regions has also been
found between Arabidopsis and distantly related plants such
as rice, sorghum and soybean [28-30].

Recently, Ku et al. [31] reported that colinearity over small
chromosomal segments (‘microsynteny’) exists between
Arabidopsis and tomato. Using sequencing and computa-
tional analysis, they compared the gene content and gene
order of a 105 kb segment of tomato chromosome 2 (TC2) to
its homologs in the Arabidopsis genome. They identified 17
open reading frames (ORFs) in the TC2 segment, of which
four (24%) had no matches with any Arabidopsis BAC at the
established statistical threshold. The remaining 13 ORFs had
significant matches (at the amino-acid level) with ORFs
from the Arabidopsis genome; 12 of these had matches to
one or more of four different Arabidopsis BAC/P1 clones
that correspond to four different chromosomal regions. The
authors suggest that this network of microsynteny between
the TC2 segment and different regions of the Arabidopsis
genome must be due to multiple rounds of duplication in the
Arabidopsis lineage. Although the order of the studied genes
is the same within the Arabidopsis segments and TC2, none
of the Arabidopsis regions contained the full set of 12 match-
ing ORFs. These observations indicate that establishing syn-
tenic relationships between chromosomes of species that
belong to families as divergent as those of Arabidopsis and

tomato is likely to be challenging. Nevertheless, when the
microsynteny that is identified can be coupled with high-res-
olution mapping, it might greatly expedite the cloning of
tomato genes on the basis of their map position.

Expression of tomato genes in Arabidopsis for
functional studies

Arabidopsis has a very efficient, fast, and high-throughput
transformation system when compared with that available
for tomato [25]. This advantage has prompted some
researchers to express tomato genes in Arabidopsis as a
rapid method of analyzing their potential function. Tieman
and Klee [32] used Arabidopsis to study two tomato genes,
LeETR4 and LeETR35, which encode members of the ethyl-
ene-receptor family. To assess the potential role of LeETR4
and LeETR5 in ethylene perception, they introduced a puta-
tive dominant-negative mutation (Cys65 to serine) into the
membrane-spanning domain of these proteins. They intro-
duced these mutated gene constructs along with the wild-
type genes into Arabidopsis and showed that, as expected,
the mutated tomato genes conferred ethylene insensitivity in
Arabidopsis [32].

Heterologous expression of tomato genes in Arabidopsis
might also facilitate the investigation of plant defense
responses against pathogens that attack both species. For
example, the pathogen Pseudomonas syringae pv. tomato
causes disease in both tomato and Arabidopsis. The tomato
gene Pto confers resistance to strains of Pseudomonas
syringae pv. tomato expressing the corresponding aviru-
lence gene avrPto [23]. Pto encodes a protein kinase that
has been intensively studied [33]. Several genes encoding
Pto-interacting (Pti) proteins have been previously identified
using yeast two-hybrid screens [34,35]: Ptir encodes a
protein kinase that is phosphorylated by the Pto kinase and
appears to play a role in the hypersensitive response.
Although we have been unable to show that expression of
Pto or Pti1 alone in Arabidopsis confers elevated resistance
to Pseudomonas, we have preliminary evidence that when
Pto and Pti1 are co-expressed in Arabidopsis, they do confer
increased resistance to Pseudomonas strain DC3000 when
compared to wild-type Arabidopsis (K.S.M. and G.B.M,
unpublished observations). We are currently investigating
whether this phenotype requires the Pto-AvrPto interaction
or is due to generally enhanced resistance.

Other genes encoding Pto-interacting proteins are Pti4, Pti5
and Pti6, whose products are transcription factors that bind
the GCC-box element present in the promoter of many
pathogenesis-related (PR) genes. We have previously
reported evidence that, in tomato, Pti4, Pti5 and Pti6 form a
direct link between the Pto-mediated pathogen recognition
and activation of several PR genes [36]. We overexpressed
Pti4 and Pti6 in Arabidopsis to test whether this heterolo-
gous expression might be used to efficiently identify possible



target genes of these transcription factors. Of the PR genes
we examined in these lines, we found constitutive expression
of PR1, PR2, PR4, PDF1.2 and Thi2.1 in plants overexpress-
ing Pti4 and of PR1, PR2 and Thi2.1 in plants overexpressing
Pti6 (Y. Gu and G.B.M., unpublished observations).

Heterologous gene expression profiling

We have used serial analysis of gene expression (SAGE)
[37] to investigate differential gene expression patterns
between wild-type Arabidopsis thaliana Col-0 and an iso-
genic transformant overexpressing a heterologous gene,
tomato Pti4 (R.P.T. and G.B.M., unpublished observations).
After construction of SAGE libraries from leaves of both
genotypes and subsequent large-scale sequencing of con-
catenated clones, SAGE tags corresponding to 27,927 tran-
scripts were extracted. When we limited our study to tags
identified at least twice (to reduce the potential for sequenc-
ing errors affecting the analysis), 20,215 tags remained.
These tags included 9,978 from the wild-type Arabidopsis
library and 10,237 from the Ptig-overexpressing library.
The two projects when combined represent 3,312 different
SAGE tags and probably represent that number of different
genes. Figure 1 shows the distribution of the extent of
induction or repression for all the genes identified in this
project. Although 236 out of the 3,312 total genes (7.1%)
were either induced or repressed fourfold or more, overall
comparison of the two libraries revealed surprisingly few
dramatic differences. There were only 25 genes whose tag
abundance varied sevenfold or greater and six genes whose
tag abundance varied tenfold or greater. The great majority
(3,078 or 92.9%) had essentially similar levels of expression
in the two libraries analyzed. Interestingly, this study iden-
tified almost as many genes that are repressed fourfold or
greater (113) as those induced fourfold or greater (123) in
the Pti4 transformant.

We then performed extensive database similarity searches
with the 1,139 most abundant transcripts (those that had an
abundance of at least four SAGE tags in the combined
project). Database searches (National Center for Biotechnol-
ogy Information database searches done in September
2000) yielded four general classes: 340 (29%) matched full-
length genes annotated in GenBank, 506 (44%) matched
ESTs, 256 (23%) matched only genomic sequence, and 37
(3%) had no match in the Arabidopsis sequence databases.
In total, 846 of the 1,139 different genes, or 74%, matched an
Arabidopsis gene or EST sequence in the database. A com-
plete description of the Ptig-overexpressing lines and our
SAGE analysis will be published elsewhere. We plan to use
the Arabidopsis ESTs identified in this study to isolate
orthologs from the tomato EST collection. The correspond-
ing tomato cDNA clones will then be used to develop a tar-
geted microarray for a detailed analysis of changes in PR
gene expression that occur in tomato in response to inocula-
tion by virulent or avirulent Pseudomonas strains.
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Figure |

Histogram showing distribution of genes based on their
‘fold’ induction or repression in Arabidopsis plants over-
expressing Pti4 compared with wild-type plants.

We have discussed several approaches for functional
genomics of tomato that will benefit from the availability of
the completed genome sequence for Arabidopsis. It is also
possible that resources available in the Solanaceae such as
‘fast-forward’ genetics using virus-induced gene silencing
might benefit functional studies of Arabidopsis genes [17].
Clearly, as the number of tomato ESTs continues to increase
and additional resources for genomics approaches become
available for tomato, there will be further opportunities for
cross-feeding of knowledge between tomato and Arabidopsis.
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