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Non-biased distribution of tomato genes with no counterparts in
Arabidopsis thaliana in expression patterns during fruit
maturation
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Abstract We prepared DNA array nylon filters using 10,905 cDNA clones selected from fruit and leaf cDNA libraries of
the miniature tomato (Solanum lycopersicum) cultivar, Micro-Tom, as being representative of non-redundant sequences of
37,972 Micro-Tom expressed sequence tags (ESTs). Tomato gene expression during fruit maturation was analyzed using the
array filters. Graphs of gene expression patterns were arranged into a 4X4 array using a self-organizing map algorithm.
Using non-redundant sequences generated from 188,024 tomato ESTs, we assigned the cDNA clones on the array filters to
1151 genes that had no counterparts in the Arabidopsis thaliana genome using stringent conditions for e-values of BLAST
searching. We found that the expression patterns of these non-Arabidopsis genes were evenly distributed in the self-
organizing map, with no statistically significant difference with the distributions of whole genes. These findings suggested

that the non-Arabidopsis genes participate in a wide variety of diverse functions during fruit maturation.
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Accumulation of genomic information from a number of
plant species has facilitated searches for genes that have
no sequence similarity with any Arabidopsis thaliana
genes. Comparative sequence analyses between different
species including rice, legume, spruce, pine, and
Solanaceae species have demonstrated that 25 to 38% of
the genes in each species exhibit no sequence similarity
to Arabidopsis genes (Van der Hoeven et al. 2002; The
Rice Full-Length cDNA Consortium 2003; Rensink et al.
2005; Pavy et al. 2005a, 2005b). The functions of these
genes, hereafter referred to as non-Arabidopsis genes,
remain to be elucidated. While analyses of gene
expression have facilitated functional comparisons of
genes across species (Ogihara et al. 2003; Fei et al.
2004), comprehensive expression analysis of the non-
Arabidopsis gene set, to our knowledge, has not yet been
undertaken.

In this study, we prepared a set of DNA array filters
spotted with tomato cDNA clones and examined gene
expression during fruit maturation, focusing specifically
on the non-Arabidopsis gene set. DNA macroarray filters
were prepared using cDNA clones selected from fruit
and leaf cDNA libraries of the miniature tomato cultivar,
Micro-Tom. Of the 37,972 Micro-Tom EST sequences,

10,905 non-redundant sequence groups composed of
5307 singlets and 5598 contigs were generated using the
PHRAP program (http://www.phrap.org). The clones
that had the 5’-ends of the consensus sequences
in each group were selected for array spotting. Inserts
of 10,905 cDNA clones were amplified by PCR in
20 ul of the standard reaction mixture using y Taq
polymerase (Takara Bio Inc., Ohtsu, Japan) and
T7 (5'- GTAATACGACTCACTATAGGG-3") and T3
(5'- AATTAACCCTCACTAAAGGG-3") primers. The
reaction solutions were then dried under vacuum before
being dissolved in 10 ul of 80% (v/v) formamide, 0.05%
(w/v) xylene cyanol and 20 mM EDTA. Spotting of the
DNA solutions on 8X12 c¢m nylon filters (Biodyne Plus,
PALL Inc., Ann Arbor, MI, US.A.) at a density of
100 spots cm 2 was done using a MicroGrid IT (Genomic
Solutions Inc., Ann Arbor, MI, U.S.A.). Approximately
10nl of the solutions was placed on single spots. The
filters were treated with 0.2 M NaOH and 1.5 M NacCl for
2 min for denaturing DNA before being neutralized with
0.2M Tris-HCI buffer (pH 7.0). The DNA molecules
were fixed on the filter by UV cross-linking
(120,000 Joules cm?). As a negative control, 96 spots of
lambda-DNA were distributed evenly on the filters.

Abbreviations: CDS, coding sequence; EST, expressed sequence tag; SOM, self-organizing map.
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We prepared total RNA from four developmental
stages of Micro-Tom fruit. Micro-Toms were grown at
25°C with a 12h light/12h dark photocycle under
fluorescent light. The pericarps of fruit were collected at
the immature green stage, the mature green stage, the
light red stage, and the red ripe stage, which were frozen
immediately in liquid nitrogen. The tissues were ground
to powder in liquid nitrogen using a mortar and pestle.
The ground tissue was mixed with RNA extraction
buffer (4.2M guanidine thiocyanate, 17mM Sarcosyl,
25mM trisodium citrate, and 0.1% (v/v) Antifoam),
and incubated with acid phenol at 80°C for 10min.
After phenol/chloroform extraction, total RNA was
precipitated by 2 M LiCl.

Hybridization of the DNA array filters with labeled
cDNA targets prepared from total RNA was carried out
as described previously (Ishihara et al. 2004) with minor
modifications. Total RNA (5 ug) was suspended in 8.8 ul
of deionized distilled water and mixed with 1 ul of
0.5 ug ul™" oligo(dT),, ;. Following a heat denaturing
step at 65°C for Smin, 2.5 ul of 10XcDNA synthesis
buffer (Invitrogen, Carlsbad, CA, U.S.A.), 2.5 ul of 0.1 M
DTT, 0.7 ul of dNTP mixture (20mM dGTP, 20 mM
dATP, 20 mM dTTP and 0.125 mM dCTP each), 2.5 ul of
[o?°P]dCTP (Amersham Biosciences, Buckinghamshire,
UK.), 1 ul of 40 U ul~! RNaseOUT (Invitrogen) and 1 ul
of 50 U ul~! SuperScript II (Invitrogen) were added. The
mixture was incubated at 42°C for 50min. After
terminating the reaction by heating at 70°C for 15 min,
2U of RNase H was added, and the solution was
incubated at 37°C for 20min. The synthesized cDNA
was purified using QIAquick PCR purification kit
(QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. One set of DNA array filters
(two filters) was prehybridized with 10ml of 0.5M
Church phosphate buffer (Church and Gilbert 1984)
containing 1 mM EDTA, 7% (w/v) SDS and 10 ug of
oligo(dA),s in a hybridization bag at 65°C for 3 h. Heat-
denatured **P-labeled cDNA was mixed with 1 ml of the
Church phosphate buffer, and then added to the
hybridization bag. After incubation at 65°C for 16h,
filters were washed once with 1 XSSC containing 0.1%
(w/v) SDS at 65°C for 1min, once with 1XSSC
containing 0.1% (w/v) SDS at 65°C for 15min, and
twice with 0.1 XSSC containing 0.1% (w/v) SDS at 65°C
for 15 min. The filters were wrapped in plastic film and
exposed to an IP image plate (Fuji Photo Film, Tokyo,
Japan) for 24h. Signals on the IP image plates were
scanned using STORM 830 analyzer (Molecular
Dynamics, Sunnyvale, CA, U.S.A.) and quantified using
Array Vision 5.1 software (Imaging Research Inc.,
Ontario, Canada). The median value of signal intensities
in each nylon filter was calculated. Normalized signal
intensity in nylon filters was calculated by dividing the
signal intensity by the median value. For each gene, the

average of the normalized signal intensities across three
replications was taken as the expression value. For the 96
lambda probes on each filter, the sum of the mean and
two-fold standard deviation of the expression values
were used to define the threshold value. The expression
values of the genes greater than the highest threshold
value of the threshold values obtained from these three
replicates were employed for further analysis since such
genes were regarded as being genes that are actually
expressed.

To analyze the expression of the non-Arabidopsis gene
set during fruit maturation by DNA array hybridization,
we identified the non-Arabidopsis gene set in the list of
the genes spotted on the DNA array filters. The 10,905
cDNA inserts spotted on the macroarray were assigned
to 10,176 non-redundant sequences assembled from
tomato 186,405 ESTs and 1619 Micro-Tom ESTs that
had not been deposited in public databases. Using these
non-redundant sequences, the non-Arabidopsis gene
set was identified as follows: (1) To eliminate short
and uncertain sequences, the 10,176 non-redundant
sequences were searched against the TIGR Tomato Gene
Index database (Lee et al. 2005). Using parameters for
the BLASTN program (Altschul et al. 1990) of e-value<<
le-30, identity=98%, score=300 and alignment
length=300 bp, we obtained 6432 hit sequences. (2) Of
these 6432 hits, we searched for the sequences that
shared no sequence similarity with Arabidopsis genes.
This search was performed using the BLASTN and
BLASTX programs, with an e-value threshold<le-30
against the TAIR Arabidopsis DNA and protein
databases that include coding sequences (CDS), cDNA
and genomic sequences (Rhee et al. 2003). As a
consequence, we obtained 1186 sequences that did not
correspond with any Arabidopsis sequences. (3) We then
obtained a set of tomato protein sequences from NCBI
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=
Protein) and UniProt (Bairoch et al. 2005) which
consisted of 3362 tomato protein sequences. We then
produced another set of tomato protein sequences that
exhibited sequence similarity to Arabidopsis protein
sequences by searching for sequence similarity between
the 3362 tomato protein sequences and Arabidopsis
proteins (BLASTP with e-value<<le-30). This search
yielded a set of 2672 tomato protein sequences that
exhibited sequence similarity with Arabidopsis proteins.
(4) Finally, the 1186 resulting non-redundant sequences
from the macroarray were compared with the 2672
tomato proteins having sequence similarity to
Arabidopsis sequences (BLASTX with e-value<<le-30).
We obtained 1151 tomato genes that had no sequence
similarity with Arabidopsis genes. The 1151 consensus
sequences of non-Arabidopsis genes corresponded to
1176 probes on the DNA array filters due to clone
redundancy on the filters.
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To test the stringency of the sequence similarity search
on the selection of the non-Arabidopsis gene set, we used
a different cut-off setting for the e-value threshold.
Under more stringent conditions using cut-off e-
values<<le-10, 431 non-redundant sequences were
identified as being non-Arabidopsis genes. These 431
non-redundant sequences corresponded to 440 probes on
the DNA array filters.

In the 431 non-Arabidopsis gene set, 237 genes did
not have any functional annotations. Of 194 genes with
annotations, 18 were assigned to the category of
transcription factors and 14 were assigned to cell wall-
related proteins. However, more than 40% of the 194
genes had annotations such as “expressed protein” or
“unknown protein” in databases.

The gene expression during fruit maturation was
analyzed using the macroarray. Using the self-organizing
map (SOM) program shipped with the GeneSpring DNA
array analysis package (Agilent Inc., Foster City, CA,
U.S.A)), the patterns of gene expression were pursed and
grouped into classes arranged in a 4X4 array (Figure
1A). This arrangement allowed us to have an image of
gene expression for the whole genes.
For example, the genes responsible for carotenoid
biosynthesis, phytoene synthase 1, phytoene desaturase,
zeta-carotene desaturase and carotenoid isomerase, could
be presented in a few classes, indicating the coordinated
expression of the carotenoid biosynthesis genes during
fruit maturation (data not shown).

We examined the distributions of the non-redundant
Arabidopsis gene sets on the SOM (Figure 1B). The
distribution patterns of the genes in both the 1151
and 431 non-Arabidopsis gene sets appeared to be
comparable to that obtained using all of the probes,
except for slight differences that appeared in classes
(1,1), (3,1), (2,4), and (4,4) (Figure 1C). To determine
whether these differences were statistically significant,
we performed a y” test to assess goodness of fit at the 1%
level. The results showed that there were no statistically
significant differences between the patterns obtained for
all probes and non-Arabidopsis gene sets. We therefore
concluded that there was no statistically biased
distribution of the non-Arabidopsis gene set with respect
to the gene expression patterns during fruit ripening.

Transcriptome analyses of tomato fruit during
maturation have been reported recently (Alba et al. 2004;
Alba et al. 2005). These studies have provided detailed
descriptions of the expression profiles of the genes
related to physiological processes such as photosynthesis
(Alba et al. 2004), and ethylene and carotenoid
biosynthesis (Alba et al. 2005). The expression profiles
of carotenoid biosynthetic genes were relatively similar
to those observed in Micro-Tom fruit. In addition to the
enzymes, the dynamic characteristics associated with the
expression of numerous transcription and signal
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Self-organizing map analysis for gene expression during

fruit maturation. Only gene patterns with significant expression levels
were represented. (A) Expression patterns of 9929 non-redundant
sequences at four stages of fruit maturation arranged in a 4X4 matrix.
(B) Expression patterns of the 1100 non-Arabidopsis genes that were
selected with cut-off value of e-values<<le-30 were extracted from (A).
(C) Comparison of the percentage of genes in each class in the matrix.
Total: 9929 non-redundant sequences, le-30: 1100 non-Arabidopsis
genes, le-10: 431 non-Arabidopsis genes.
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transduction factors during fruit ripening implied the
presence of multiple regulatory points during fruit
development and ripening, clearly demonstrating the
utility of expression analyses in elucidating gene
functions.

A similar approach was adopted to gain new insights
into the functions of the non-Arabidopsis gene set in the
Micro-Tom cultivar. Interestingly, results of expression
analysis have suggested that the functions of the non-
Arabidopsis gene set are distributed among various
processes associated with fruit maturation. Detailed
analysis of expression patterns for each individual gene
may therefore be required for assigning functions to
respective non-Arabidopsis genes. Graham et al. (2004)
have searched for conserved motifs of legume-specific
genes to predict their functions. They have successfully
identified novel gene families including F-box proteins,
proline-rich proteins, and cysteine-cluster proteins. This
alternate approach might facilitate the assignment of
functions to the non-Arabidopsis gene set of the tomato.
Analyses of these non-Arabidopsis genes could therefore
serve as a basis for understanding the genetic diversity of
the tomato.
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