
Plant growth regulators including the five classic
hormones, namely, auxins, cytokinins, gibberellins,
abscisic acids and ethylene are known to influence plant
development in general and floral development, fruit set,
fruit ripening and senescence in particular (Ross and
O’Neill 2001; Srivastava and Handa 2005). Other growth
regulators such as brassinosteroids, jasmonic acid,
salicylic acid and polyamines are becoming known as
signaling molecules in diverse plant processes (Walden
et al. 1997; Mattoo and Handa 2004). Much of the 
earlier data with plant growth regulators was of
pharmacological nature but recent biochemical, genetic
and molecular analyses are beginning to reveal the
molecular mode of hormonal regulation of plant
metabolism including fruit development and ripening
(Giovannoni 2004; Mattoo and Handa 2004; Srivastava
and Handa 2005). Polyamines (PAs) are ubiquitous, low
molecular weight polycations that have been implicated

in a number of physiological and developmental
processes in various organisms (Galston and Sawhney
1990; Cohen 1998; Cassol and Mattoo 2003). The most
commonly occurring PAs include the diamine, putrescine
(Put), triamine spermidine (Spd), and tetraamine
spermine (Spm). The diamine Put is synthesized from
basic amino acids, arginine or ornithine by the action 
of enzymes arginine decarboxylase or ornithine
decarboxylase, respectively (Cohen 1998). Both Spm
and Spd are synthesized by sequential addition to Put of
an aminopropyl moiety, provided by decarboxylated 
S-adenosylmethionine (SAM). The enzyme, S-
adenosylmethionine decarboxylase (SAMdc; EC
4.1.1.50), catalyzes the synthesis of decarboxylated SAM
from SAM and is a key step in the regulation of
polyamines (Cohen 1998; Cassol and Mattoo 2003). PAs
are important for fruit development but have also been
implicated as antisenescence factors; in context of fruit,
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the latter is exhibited as delayed ripening responses
(Egea-Cortinez and Mizrahi 1991; Cassol and Mattoo
2003).

The fact that PAs and ethylene share SAM as a
common precursor in their biosynthesis pathways,
prompted investigations to check if the two pathways
compete for this intermediate (Fluhr and Mattoo 1996)
and if a cross talk exists between PAs and ethylene to
regulate fruit ripening (reviewed in Cassol and Mattoo
2003). Cross-talks, both complementary and antagonistic
in nature, are suggested to be the possible modes of
interactive regulation by hormones exerted during
developmental stages of fruit (Ozga and Reinecke 2003;
Mattoo and Handa 2004; Srivastava and Handa 2005). In
view of the observations showing that polyamines have
opposite effects of ethylene, the possible adjustment of
their endogenous levels by expression of heterologous
genes in favor of higher levels of PAs, the anti-
senescence agents, has been attempted with varying
results (Hamill et al. 1990; DeScenzo and Minocha
1993; Noh and Minocha 1994; Kumar et al. 1996;
Watson and Malmberg 1998; Pedros et al. 1999; Mehta
et al. 2002; Kasukabe et al. 2004). Whereas initial
studies involving heterologous expression of various
genes involved in PA biosynthesis demonstrated the
possibility of manipulating Put flux and accumulation
(Hamill et al. 1990; DeScenzo and Minocha 1993; Noh
and Minocha 1994), later studies with sense and
antisense expression of such genes revealed varying
phenotypes and physiological responses. For example,
potato transgenic lines expressing tissue specific SAMdc
showed smaller sized tubers (Kumar et al. 1996; Pedros
et al. 1999). Heterologous, constitutive expression of Spd
synthase in Arabidopsis enhanced the expression of
stress-related genes and led to increased tolerance to
several environmental stresses (Kasukabe et al. 2004).
However, fruit-specific expression of the yeast SAMdc in
transgenic tomatoes exhibited fruits with improved juice
quality and delayed ripening on the vine (Mehta et al.
2002). Surprisingly, ethylene synthesis increased
considerably (Mehta et al. 2002). These data showed that
the biosynthesis of PAs and ethylene could occur
simultaneously, raising further questions about the
existence of a cross talk between these two signaling
molecules. Metabolite profiles of tomato fruit
accumulating higher PAs, Spd and Spm, suggested that
Spd/Spm are sensed as organic nitrogen by the ripening
fruit cells, which leads to the accumulation of specific
metabolites (Mattoo et al. 2006). These results suggest
that PAs initiate anabolic and nitrogen-carbon
interactions.

Regulating endogenous levels of PAs via molecular
engineering provides an excellent genetic system to
study the effects of PAs on gene expression and thereby
explore the possible mode of their regulation on various

physiological aspects. Using cDNA microarrays,
Kasukabe et al. (2004) have shown that many stress-
related genes are up-regulated in a transgenic line of
Arabidopsis over-expressing Spd synthase when grown
at 5°C. Fruits over-accumulating Spd and Spm with
minimum accumulation of Put during ripening (Mehta et
al. 2002; Mattoo et al. 2006) provided us a model system
to define alterations at the transcriptome level and effects
of Spd/Spm on the metabolome. The information thus
generated has enabled synthesis of information about
Spd/Spm-mediated coordination between different levels
of regulation that may eventually impact nutritional
attributes and stress response of the tomato fruit.

Materials and methods

Plant material
Wild type, control tomato plants (Solanum lycopersicum L.) cv.
Ohio 8245 and its isogenic transgenic lines (556HO and
579HO) homozygous for the introduced ySAMdc (Mehta et al.
2002) were grown in the green house under conditions
previously described (Biggs et al. 1986). For ripening stages,
fruits were tagged at the breaker (BR) stage and harvested at
early ripening (BR and BR�3 days) and late ripening stages
(BR�7days and BR�15 days). Also included were pericarps
from green (GR) fruit development stage (25 days after
pollination and the mature green stage when the fruit has
acquired maximal size) from both the wild type and
transgenics.

cDNA subtractive cloning
Total RNA was isolated from the transgenic 556HO and
579HO lines and the wild type/azygous lines (Mehta et al.
2002), as described previously (Li et al. 1992). To clone the
genes differentially expressed between transgenic plants and
non-transgenic plants, cDNA subtraction was performed using
PCR-SelectTM cDNA subtraction kit and SMARTTM PCR
cDNA synthesis kit (Clontech). All the procedures were done
essentially as described in the manufacturer’s manual. Briefly,
first-strand cDNA for the tester and driver was synthesized
from total RNA (10 mg) with MMLV reverse transcriptase
(Superscript II, Gibco BRL) at 42°C for 1 h. Double-stranded
cDNA was synthesized by long-distance PCR using the
Advantage 2 PCR kit in a Perkin-Elmer Thermal Cycler. Tester
and driver cDNAs were separately digested with a restriction
enzyme RsaI to obtain shorter and blunt-ended molecules. Two
tester populations were made with different adaptors (Adaptor
1 and Adaptor 2R) but driver cDNA had no adaptors. After first
hybridization to equalize and enrich the differentially expressed
sequences and second hybridization to generate the templates
for PCR amplification of differentially expressed sequences,
the differentially expressed sequences were amplified through
first PCR and second PCR with specific nested primers. The
subtracted cDNAs were then cloned into the TOPO TA cloning
vector (Invitrogen). All the cloned sequences were determined
by DNA sequencing at University of Maryland and compared
with the genes in the Genbank database using a BLAST
program from NCBI.
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Construction of normalized cDNA library and sequence
analysis
Fruits at the turning stage from Heinz breeding lines 70620 
and 70320 were used for total RNA isolation (Ramakrishna 
et al. 2003). cDNA synthesis and normalization were carried
out by a modification of a previously published method
(Takahashi et al. 1994). Briefly, first cDNA strand was
synthesized using 1 mg of NotI primer (5�-CAATTCGCGGC-
CGCTTTTTTTTTTTTTTTTT-3�) and 200U of Superscript II
RNase H� reverse transcriptase (Gibco BRL, USA) in a 20 m l
reaction mixture following the manufacturer’s instruction.
Twenty microliters of first strand cDNA reaction mixture 
were used for the second strand cDNA synthesis following 
the Clonetech cDNA select subtraction kit method. The 
blunt ended double stranded cDNA was ligated to 2 mg of
phosphorylated lone linker (5�-GAGATATTACCTGCAG-
GTACTC-3� and 3�-TATAATGGACGTCCATGAG-5�) and
then amplified using LLSse8387IA primer (5�

GAGATATTACCTGCAGGTACTC-3�) in a thermal cycler
(Perkin Elmer, Cetus) for 25 cycles at 94°C for 2 min, 50°C for
2 min and 72°C for 4 min. For generating a normalized cDNA
library, equal amounts of amplified cDNA from lines 70620
and 70320 were mixed and referred to as the straight (S) cDNA
mix. Three successive equalization cycles (EC) were carried
out as described (Takahashi et al. 1994). For the first EC, 1.5
mg of pooled cDNAs were dissolved in re-association buffer
[0.3 M sodium phosphate, pH 7.0, 0.4 mM EDTA and 0.04%
SDS], denatured by boiling for 5 min and kept at 65°C for 6 h
for re-association. Separation of single stranded (ssDNA) and
double stranded cDNAs was achieved using a water-jacketed
hydoxyapatite (HPT grade, Biorad, USA) column maintained at
60°C (Sambrook et al. 1989). The ssDNA fraction was
amplified by PCR with LLSse8387IA primer using the same
conditions as above and the resulting double stranded cDNA
was subjected to the second cycle of normalization to obtain
Equalization-II cDNA. Equalization-III cDNA mixture,
obtained after third cycle of normalization of Equalization-II
cDNA, was amplified and digested sequentially with NotI and
Sse8387I, purified and ligated to PstI-and NotI-digested
plasmid vector pBluescript SKII� (Stratagene, La Jolla, USA).
The ligated DNA was electroporated into Escherichia coli
DH5a competent cells (Gibco BRL, USA). Over 5000 white
colonies were randomly picked and grown in a 384-well plate
containing LB broth and 50 mg/ml ampicillin. All colonies were
printed in duplicate on nylon membranes using Biogrid II
robotic workstation (Biorobotics, USA). Individual membranes
were hybridized to 32P-labeled cDNA synthesized to total
RNAs isolated from immature green, mature green, breaker,
turning and red tomato fruits. Expressed Sequence Tags (ESTs)
that exhibited signals significantly above the background were
selected. The inserts from selected clones were sequenced
using ABI prism 3700 sequencer at the Purdue University DNA
Sequencing Facility. Vector sequences were removed and the
edited sequences were compared with those present in the EST
(dbEST), non-redundant nucleotide, and protein databases
(Genbank) at the National Center for Biotechnology
Information (NCBI). The cut-off e-value of 10�4 was used.
Stackpackv2.2 (Electric Genetics PTY Ltd.) was used to
analyze the consensus and unique sequences amongst the
ESTs. All sequences were submitted to the public EST

databases (accession number CN550588-CN550664 and
CD002010-CD003544) at the NCBI.

Construction of cDNA array
A total of 1536 cDNA clones were amplified using T3 and T7
universal primers with the GeneAmp PCR system 9600 (Perkin
Elmer, Foster city, CA). The PCR reaction mix contained 10 m l
of 10X PCR buffer [100 mM Tris-HCl, pH 8.3; 500 mM KCl ],
2 m l of Taq polymerase, 8 m l of 25 mM MgCl2, 2.5 m l (325 ng)
of each T3 and T7 primers and 5 m l of the plasmid DNA with
the final volume made to 100 m l with sterile distilled water. The
PCR cycles consisted of 1 cycle at 94°C for 2 min, 30 cycles at
94°C for 30 s, 50°C for 30 s and 72°C for 1 min, followed by an
extension at 72°C for 5 min. The PCR products were
electrophoresed on 1% agarose gels and visualized. Nucleic
acids were precipitated with 1/10th volume of 3M sodium
acetate and 2.5 volumes of chilled ethanol, kept at �20°C for 2
h, then centrifuged at the maximum speed in Eppendorf
centrifuge for 20 min, air dried and resuspended in 14 m l of
0.1N NaOH containing 0.01% Orange G dye. PCR products (2
m l each) of ESTs were combined, precipitated as above and re-
suspended in 50 m l of the printing solution. A 2-fold dilution
series was printed as a standard on the array (Yang et al. 2002).
Positive controls were: housekeeping tomato ubiquitin,
G3PDH, a and b tubulin, and actin. The negative controls
included the empty vector pBSKSII and ESTs from a pig
cDNA (a gift from Dr. Diane Moody, Purdue University) that
did not hybridize to tomato cDNAs. The total of 1536 cDNAs
including PCR amplified products, positive and negative
controls and standard dilution series were transferred to 384-
well plate. All cDNAs were printed on PerForma II membranes
(Genetix, USA) in duplicates using the 384 pin tool (0.4 mm
pin diameter) in the Biogrid II robotic workstation in a 3X3
format (Biorobotics, USA) at the Purdue Genomic Center.

Macroarray hybridization
Macroarray hybridization experiments were performed in
duplicates with radiolabeled cDNA made to total RNA isolated
in duplicate from all stages of the fruit tissues of transgenic and
control lines. Total RNA (5 mg) from fruit pericarp of the wild
type and transgenic lines was reverse transcribed using
SuperscriptII reverse transcriptase (Invitrogen) and Oligo
(dT)12–18 as primer (0.5 mg) in a reaction mixture containing 
1 mM each of dCTP, dTTP and dGTP along with 50 mCi 
of [∝ 32P]dATP following manufacturer’s instructions.
Unincorporated radioactive nucleotides were removed by
passing the reaction mixture through G-50 Sephadex columns
(Sambrook et al. 1989). The cDNA arrays were washed with
pre-hybridization buffer [0.25 M NaHPO4, pH 7.2, 5 mM
EDTA, 4% SDS, 1X SSC] at 62°C for 2 h. Membranes were
hybridized at 62°C for 18 to 24 h in a solution containing 0.5 M
NaHPO4, pH 7.2, 10 mM EDTA, % SDS and 1�106 to
4�10�6 cpm/ml of probe. Filters were washed twice for 10 min
each with 2X SSC and 0.1% SDS and exposed to phosphor
screens (Molecular Dynamics, Sunnyvale, CA, USA) for 12 h.

Data acquisition and analysis
The phosphor screens were scanned with the Typhoon
Phosphorimager (Amersham Biosciences, Pistacaway, NJ) and
the signal intensities were quantified using Imagene software

A. Srivastava et al. 59



(Biodiscovery). Predefined grids with defined circles were
placed on each image and the spots were manually adjusted to
ensure optimal spot recognition. The mean signal intensities
and the mean background intensities generated by the software
were exported into separate Excel spreadsheets. The local
background was subtracted from each spot. For normalization
of the signal, the signal intensity of each individual,
background-corrected spot was divided with the median signal
intensity value of the standards on each array. Each array had
384 empty spots as blank controls. The normalized signal
intensity of a spot was considered detectable if it was above the
95th percentile of the background-corrected, normalized empty
spots. If 3 out of the 4 replicate spots for a given EST showed
signal intensity below normalized detectable limit, the EST was
considered undetected. We examined 1522 ESTs excluding the
14 arrayed spots as internal standards. To identify genes
differentially expressed in the transgenic fruits compared to the
control wild type fruit, data from green, early ripening (BR and
BR�3 days) and late ripening (BR�7 and BR�15 days) from
the two genotypes were analyzed. The effects of increased Spd
and Spm levels in 556HO and 579HO lines were examined at
three stages of fruit ripening in an analysis of variance
(ANOVA) modeling framework represented by the equation

yijk�m�ti�ti(w)�e ik

in which y is the intensity of the EST as measured on the ith
genotype for the jth stage and kth replicate after correction for
the local background signal and normalization. The parameter
m is the overall mean of the normalized values of that gene.
Fixed effects for genotype (ti), where i is genotype (ySAMDC
transgenic or Ohio wild type cv 8245 line) and interaction
between genotype and stage [ti(w)] (where stage indicates the
tissue examined, namely the fruit tissues at green, early
ripening and late ripening stage) were examined. The error (ekj)
represents random variation for the ith genotype and the kth
replicate (j=1, · · ·, 8 for fruit tissues). The null hypothesis that
the gene’s expression levels were not different between the
transgenic and wild type control lines along with the
interaction between the genotype and the stage was tested by
performing F tests of the effect of the genotype on each gene
and then calculating a P value for each gene. Also examined
was the model for conformation to the assumption of normality
of the residuals by testing the null hypothesis that the residuals
for each gene were normally distributed. We used a Bonferroni
significance level of 0.05/710 or 0.0000704 as a criterion for
rejecting the null hypothesis of significant stage effect
(Benjamini and Hochberg 1995). We also applied a liberal
threshold of 0.05 to account for the inverse relation between
type I (false positives) and type II (false negatives) errors as
well as the over conservativeness of Bonferroni corrections
(Singh et al. 2003). In order to select for significant ESTs, we
color coded ESTs showing P values less than 0.05 but greater
than the Bonferroni correction (0.0000704) and the P value for
normality (Pnorm) of residuals greater than 0.05 as yellow; P
values less than the Bonferroni correction and Pnorm greater
than 0.05 were labeled as red; P values less than 0.005 but
greater than Bonferroni correction and Pnorm greater than 0.05
were labeled orange. P values that were (1) less than 0.05 and
greater than Bonferroni correction, (2) less than Bonferroni, (3)
greater than Bonferroni, but all of which departed from the
normality of the residuals, were labeled as blue green and

beige, respectively. For the analysis presented here, we
considered only the ESTs that fell in the color coding category
of red, yellow and orange as differentially expressed across
stages.

RNA-DNA hybridization
Total RNA (30 mg), isolated from fruits of control, azygous and
transgenic 556HO and 579HO lines at different stages of
ripening as previously described (Li et al. 1992), was
electrophoresed on 1.2% agarose denaturing formaldehyde gels
and blotted (Sambrook et al. 1989) on Hybond-N membrane
(Amersham, UK). Hybridization was carried out with [a-
32P]dCTP (3000Ci/mMol)-labeled probe as indicated (Li et al.
1992) at 42°C in 50% formamide, 5X SSC, 50 mM sodium
phosphate, pH 6.8, 0.1% sodium pyrophosphate, 0.1%SDS, 5X
Denhardt’s solution and 50 mg/ml Herring sperm DNA
(Sambrook et al. 2001). Each DNA probe was purified (Qiagen
kit). Radiolabeling of cDNA inserts from different ESTs was
carried out using a random primer labeling kit (DECA Prime
II, Ambion, Austin, TX), which were then passed through
Sephadex G-50 columns (5.0 cm�1.0 cm). After hybridization,
membranes were washed twice for 15 min each in 2X SSC,
0.1% SDS at 24°C and then twice for 10 min each in 0.2X
SSC, 0.1% SDS at 62°C, and exposed to x-ray films.

Results

Higher polyamines affect gene expression in
ripening fruits
Tomato transgenic fruits overexpressing yeast SAMdc
gene, 556HO and 579HO lines, show several phenotypes
including improved juice attributes, higher ethylene
production and increase in several primary and
secondary metabolites (Mehta et al. 2002; Mattoo et al.
2006) indicating that endogenous increase in PAs results
in significant changes in gene expression patterns. A
comparison of transcript profiles between the fruit from
azygous (556AZ) parental and the two transgenic,
556HO and 579HO lines of tomato was first ascertained
by using cDNA subtraction cloning, sequencing and
BLAST analysis. This screening resulted in isolation of
�15 cDNAs that represented genes from several
different pathways including genes for LeSAMdc (PA
biosynthesis), hsp17.6 (a chaperone protein), CyP
(cyclophilin), ACO1 (ACC oxidase), LHCII (light
harvesting chlorophyll a/b binding protein), LeArcA1 (a
b-subunit-like G protein), CDPK (calcium dependent
protein kinase), and several genes not yet characterized.
Northern analysis of selected cDNA was performed with
total RNAs isolated from mature green (G), breaker (B),
turning (P) and red ripe (R) fruit from transgenic and
556 azygous genotypes to establish the differential gene
regulation by PAs (Figure 1). Among the transcripts that
showed up-regulation, chaperone protein genes, TIP, G-
protein subunit, PME and lycopene cyclase were the
predominant ones. LHCII gene transcripts were abundant
at G and B stages in all the genotypes and their levels
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declined precipitously thereafter in all the genotypes
(data not shown). The enhanced expression pattern of the
indicated genes isolated by subtraction cloning occurred
in parallel with the increases in Spd/Spm especially in P
and R stages of transgenic fruits (Mehta et al. 2002).
These results suggested that the higher transcript levels
of some of the identified cDNAs are a result of higher PA
accumulation (Figure 1).

Higher polyamines regulate expression of about
one-quarter genes in ripening tomato fruits
The above promising results led us to obtain a more
global picture of gene expression using a custom-made
tomato cDNA array since subtraction cloning is limited
to the genes whose expression shows all or none
expression patterns and thus a major proportion of the
genes whose expression is differentially regulated in any
two genotypes are missed. A tomato cDNA array was
custom made at the Purdue genomic center from a
normalized cDNA library made to poly A� RNA from
the turning stage of tomato fruits and contains cDNA
elements from 1066 unigenes and control ESTs
including ESTs from pig that do not hybridize to tomato
cDNA probes (Srivastava and Handa, unpublished
results). The custom-made tomato cDNA array was
employed to examine the effects of increased Spd/Spm
on gene expression in ripening fruits from wild-type and
the 556HO transgenic fruits. Amongst 1066 unigene
cDNAs present on this array, 710 displayed detectable
and quantifiable signal intensities for the transgenic and
the wild-type lines. Expression levels of the remaining
were below the statistically detectable range from the
non-hybridizing control spots. About 22% of these 
(154 ESTs) were found to be differentially expressed
(P�0.05) in the transgenic compared to the control wild-
type fruits (Table 1). Thirtyfive of the 154 ESTs showed
highly significant differential expression as they met very
stringent Bonferroni cut off (7�10�4) and an FDR of
0.001435 (Benjamini and Hocheberg 1995). More than
half of the differentially expressed genes (about 55%)
represented 10 functional categories, and the remaining
45% were novel, unknown or unclassified (Table 1).
Results show that the effect of increased Spd/Spm is
uniform in almost all functional, novel, unclassified and
unknown categories. It ranged between 17 to 28% of the
unique ESTs present on the fruit-ripening gene array
(Table 1). However, a higher percent of genes from the
stress/defense and transcription categories showed over
2-fold induction during ripening in the Spd/Spm
accumulating, transgenic ripe fruits. On the other hand,
majority of the genes in the ethylene responsive and
transport categories showed over 2-fold decrease during
the ripening of transgenic fruits. We interpret these
results to suggest that higher levels of Spd/Spm cause 
a significant and marked shift in gene expression
especially for genes involved in metabolism, energy,
transcription and protein synthesis, signal transduction,
and defense and stress responses in tomato fruit.

Higher polyamines prevent down-regulation of
tomato genes during fruit ripening 
Figure 2 depicts genes showing 2-fold higher or lower
steady state transcript levels in transgenic fruit compared
to the wild-type during ripening. In wild-type fruits, only
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Figure 1. Polyamines regulate accumulation of specific gene
transcripts. Changes in the levels of transcripts of genes cloned by
subtractive cloning are shown during ripening of the azygous (566AZ)
and two transgenic lines (556HO and 579HO) homozygous for the
introduced SAM decarboxylase gene under the control of E8, a
ripening specific promoter. In addition to the introduced transgene
(Spe2, accession M38434) shown are the genes: LeSAMdc (accession
S74514), LeHsp17.6 (accession AF123257), LeArcAI (accession
AB022686), LeACO1 (accession X58273), LeCyp (accession
M55019), and three novel genes Le?-1 (same as EST300801, accession
Aw223990), Le?-2 (a tomato fruit-specific protein gene, accession
X13743) and Le?-3 (same as EST262498, accession AI781619) whose
nucleotide sequences did not match with sequences in databases. 
Also shown is the expression of LePME2 (accession U70675) and a
tomato tonoplast intrinsic protein (similar to accession U86763).
Normalization was carried out by hybridization to a radioactive actin
probe. G, B, P and R represent fruits from mature green, breaker, pink
and red ripe stages, respectively.



a few genes showed up-regulation between green to early
ripening (0–3 d post BR) and early ripening and late
ripening (7–15 d post BR) stages. On the other hand, in
the Spd/Spm fruits, transcript levels of 40 ESTs (35% of
the differentially expressed genes) and 44 ESTs (39% of
the differentially expressed genes) were over 2-fold
higher between green to early ripening and early ripening
and late ripening stages, respectively (Figure 2). Genes
that were �2-fold down regulated were similar for wild-
type (14 ESTs) and transgenic (15 ESTs) fruits between

green to early ripening stages. However, only 3% of the
genes were down regulated between early and late
ripening in the transgenic compared to 13% in wild-type
fruits. These results strongly indicate that Spd/Spm
prevent downward trend of gene expression normally
observed during fruit ripening, which is consistent with
their known role as anti-senescence effectors.

Functional attributes of genes up-or down-
regulated in high Spd/Spm fruits
Genes expressed differentially between the high
Spd/Spm transgenic fruit compared to the parental wild-
type using the DNA macroarray are listed in Tables 1–3.
These ESTs encompass most of the functional categories
with a large number yet to be functionally characterized
and classified. Many of the genes have been isolated for
the first time in our studies and thus have been
designated as ‘novel’. Over 54% of defense/stress
response related and 57% of transcription related ESTs
showed higher accumulation of their transcripts during
ripening of Spd/Spm tomatoes while only 8% of the
stress/defense related and none of the transcription
related ESTs showed a decline in their transcript levels
during the same ripening period (Table 1). Similar
patterns were observed for the ESTs related to
metabolism and protein synthesis/degradation. Up-
regulated genes were four times as much those that were
down regulated. This ratio was 6 : 1 for the protein
synthesis and degradation related ESTs. The ratio of up
and down regulated ESTs from the signal transduction
category was 2 : 1 (Table 1). Only 8 ethylene response
ESTs were present in the array and those showing at
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Table 1. Distribution of unique ESTs on the tomato fruit array into functional categories and percent differentially expressed genes that are 2-fold
up-or down-regulated in high Spd/Spm transgenic fruit compared to parental wild-type fruit 

Classification

Unique ESTs
Differentially % of differentially 

Expressed ESTs expressed ESTs

Total no. Detectable no. no. % detectable
2-fold 2-fold down 

up-regulated regulated

Cell structure and 16 9 0 0 0 0
maintenance

Cell wall 21 14 4 22 0 0
Defense/stress response 61 48 13 28 54 8
DNA replication repair 11 9 2 22 0 0

recombination
Energy 33 26 6 24 33 33
Ethylene response 11 8 3 25 0 67
Metabolism 117 85 22 26 36 9
Protein 88 69 16 25 38 6

biosynthesis/degradation
Signal transduction 59 35 10 29 20 10
Transcription 42 25 7 28 57 0
Transport 44 27 6 23 0 67
Unclassified 240 146 24 17 25 13
Unknown 235 160 34 22 35 18
Novel 88 49 10 21 10 10

Total 1066 710 157

Figure 2. Genes up-and down-regulated between successive fruit
ripening stages in high PA and wild-type fruits. Shown are number of
genes up and down regulated (positive and negative values on y-axis,
respectively) between green (G) to early ripening (ER, Breaker to
Breaker �3 days) and early ripening to late ripening (LR, Breaker 7d
to breaker 15d) stages in wild type (open bars) and 556HO (closed
bars) based on analysis of arrays containing 1066 fruit unigene. The
genes included are those that showed significant differential expression
between wild-type and transgenic fruit and exhibited at least two-fold
change in the transcript levels between the successive ripening stages.
G to ER or ER to LR) stages of ripening. The positive and negative
values on the y axis indicate up-and down-regulated unigenes,
respectively.
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Table 2. Accession numbers and identity of genes showing up-regulation in the transgenic fruit at late ripening stages as compared to parental
wild-type control fruit

Accession Identity

Defense related
CD003445 Hsp90 (17.6)
CD003281 Probable chaperonin 60 beta chain precursor, chloroplast
CD003468 Chaperonin CPN60-2, mitochondrial precursor (HSP60-2)
CD002142 SLT1 protein
CD003207 Metallothionein-like protein type 2
CD003053 Heat shock cognate 70 kD Protein
CD002117 70 kD peptidylprolyl isomerase
CD002740 Avr9/Cf-9 rapidly elicited protein 194
CD003093 70kD heat shock protein
CD002613 Glutathione S-transferase

Metabolism related
CD002501 Cinnamic acid 4-hydroxylase
CD002405 Lipoxygenase A
CD002479 CDP-alcohol phosphatidyltransferase family protein
CD003193 Flavonol synthase
CD003247 Phytoene synthase
CD002285 Alcohol oxidase related
CD003472 Mutant phytoene synthase
CD003203 S-adenosylmethionine decarboxylase
CD002724 Lipoxygenase C
CD002862 Similar to chalcone-flavonone isomerase
CD003079 Putative cytidine deaminase
CD002917 Putative pyruvate kinase
CD002030 Selenocysteine methyltransferase
CD003316 Putative amine oxidase
CD002802 2-isopropylmalate synthase A
CD002892 dTDP-glucose 4-6-dehydratase-like protein
CD002343 Isopentenyl/dimethylallyl diphosphate synthase

Transport
CD002692 Putative vesicle transport protein

Transcription
CD002344 Zinc finger (C3HC4-type RING finger) family
CD002497 Nuclear cap-binding protein CBP80
CD002126 Putative small nuclear ribonucleoprotein E
CD002910 RING-finger protein
CD002100 ABI3-interacting protein 2, AIP2

Protein biosynthesis and degradation
CD003399 Putative N-myristoyl transferase
CD002923 Oligouridylate binding protein
CN550628 E2, ubiquitin-conjugating enzyme
CD003016 60S ribosomal protein L4
CD002897 50S ribosomal protein L15, chloroplast precursor
CD002079 Probable 26S proteasome non-ATPase regulatory subunit 3
CD002957 Chloroplast elongation factor
CD002468 Probable peptidylprolyl isomerase
CD002803 40S Ribosomal protein S9 (S4)

Energy/redox related
CD003254 Cytochrome b5
CD002021 Subunit A of ferredoxin-thioredoxin-reductase
CD003414 Thioredoxin m2

Signal transduction
CD002421 Serine/threonine protein phosphatase PP2A
CD002887 Phytochrome B2
CD002796 Putative phosphatidylinositol-4-phosphate 5-kinase
CD003467 ADP-ribosylation factor 1
CD002480 PutativeGTP-binding protein
CD003230 LeArcA2 protein
CD002295 ADP-ribosylation factor 1

Ethylene response
CD002173 1-Aminocyclopropane-1-carboxylate oxidase homolog



least 2-fold difference were mostly down regulated in the
transgenic fruits. However, ACC oxidase 1 was 1.8-fold
up-regulated, which is consistent with the results shown
in Figure 1 with subtraction-derived genes. Although
array contained 44 unique ESTs from the transport
functional category, only a small number of them were
differentially regulated between the wild-type and
transgenic fruits (Tables 1–3). Among the unclassified
and unknown categories, ratio of up and down regulated
ESTs was 2 : 1. Ratio for the ‘novel’ ESTs was 1 : 1.
Taken together these results support earlier observations
that indicate involvement of higher endogenous PA levels
in either up-regulating transcription or stabilizing
transcripts for a large number of genes, which are
representative of most of the functional categories.

Expression patterns of differentially regulated
ESTs
Figure 3 shows the log2 expression ratio of transcript
levels of ESTs in transgenic and wild-type fruits during
fruit ripening from various ‘functional’ categories.
Although levels and patterns of induction were
somewhat unique for each up-regulated EST (Tables 
2 and 3, Figure 3), higher accumulations of their
transcripts were observed in red ripe fruits (7 to 15 d post

BR stage). Interestingly, many of the ESTs that were
classified as down regulated (Table 3, Figure 3) also
showed higher transcript levels in ripe fruit than at the
earlier stages of fruit development and ripening. These
patterns are consistent with the accumulation of
Spd/Spm late in ripening in transgenic fruits (Mehta et
al. 2002) and the hypothesis that PAs generally have a
stimulatory effect on the steady state levels of transcript.

Effects of Spd/Spm on various functional classes
of genes
Among the defense/stress response related genes, a
glutathione S-transferase like gene (CD002613) showed
over 20-fold increase in the transgenic 556HO fruit
compared to the wild-type. Other stress/defense related
genes that were expressed in high abundance were 
SLT1 protein (CD002142), metallothionin-like protein
type 2 (CD003207), HSP70 cognate (CD003053),
peptidylprolyl isomerase (CD002117), Avr9/Cf-9 rapidly
elicited protein 194 (CD002740) and 70kD HSP
(CD003093). Notably, [Cu–Zn] superoxide dismutase
(CD002121) exhibited about 10-fold reduction early
during ripening of transgenic versus wild-type fruit
(Figure 3). Among the metabolism related genes,
isopentenyl/dimethylallyl diphosphate synthase
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Table 3. Accession numbers and identity of genes down-regulated in the high Spd/Spm transgenic fruit at late ripening stage as compared to that
from parental wild-type control

Accession Identity

Defense related
CD002121 Superoxide dismutase [Cu–Zn], chloroplast precursor
CD002708 Pathogenesis-related protein STH-4
CD003004 Lipid transfer protein 2 

Metabolism related
CD002990 Adenylosuccinate synthetase 
CD002753 Expressed protein; protein id: At5g56260.1 
CD002471 Acetolactate synthase I, chloroplast precursor 
CD003273 Putative dTDP-glucose 4-6-dehydratase
CN550640 Non-photosynthetic ferredoxin 
CD003100 Photosystem II 10 KD protein

Transport
CD002573 Hexose transporter 
CD002346 Af10-protein
CD002450 Putative clathrin-associated protein
CD003372 Pto kinase interactor 1

Transcription
CD002586 Zinc finger protein
CD002210 Putative zinc finger protein

Protein biosynthesis and degradtion 
CN550622 CP12 protein, chloroplast precursor 
CD002846 Cysteine proteinase inhibitor B 
CD003357 Asparatic endopeptidase
CD002141 Methionine sulfoxide reductase domain containing protein
CD002784 RUB1 conjugating enzyme
CD002422 Ribosomal protein S19

Signal transduction
CD002435 Kinase-like protein
CD002762 Putative leucine-rich repeat protein

Ethylene response
CD003361 Ethylene receptor



(CD002892) and dTDP-glucose 4-6-dehydratase-like
protein (CD002343) were markedly up-regulated in 
the high Spd/Spm transgenic fruit. Additionally, 2-
isopropylmalate synthase (CD002802), a putative amine
oxidase (CD003316), selenocysteine methyltransferase
(CD002030), a putative pyruvate kinase (CD002917), a
putative cytidine deaminase (CD003079) and a putative
chalcone-flavonone isomerase (CD002862) were over 2-
fold up-regulated in the transgenic fruit. The two ESTs
CD002990 and CD002753 encoding an adenylosuccinate
synthetase and a protein similar to At5g56260.1 were
down regulated 2-fold (Figure 3).

Consistent with the anti-senescence attributes of PAs,
several transcription and translation related genes were
up regulated in transgenic fruits (Figure 3). Among the
transcription related genes, ABI3-interacting protein 2
(CD002100) and a RING-finger protein (CD002910)
were over 4-fold and a putative small nuclear
ribonucleoprotein E (CD002126) and a nuclear cap-
binding protein CBP80 (CD002497) were over 2-fold up
regulated in the transgenic fruit. Among the protein
synthesis category, a 40S RIBOSOMAL PROTEIN S9
(CD002803) and a probable peptidylprolyl isomerase
(CD002468) were considerably up regulated while
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Figure 3. Up-and down-regulated transcript levels of the differentially-expressed unigenes in high PA and wild-type fruits from different functional
classes. Only genes that exhibited at least two-fold difference between the transgenic (556HO) and wild-type fruit at any ripening stage are included.
Shown are the log2 of the ratio of transcript levels between transgenic and wild-type fruits at green (open bars), early ripening (gray bars) and fully
ripened red (black bars) stages for the indicated unigene. Only the last 4 digits of accession numbers from Tables 2 and 3 are shown.



several others including a chloroplast elongation factor
(CD002957), a probable 26S proteasome non-ATPase
regulatory subunit 3 (CD002079), 50S ribosomal protein
L15 chloroplast precursor (CD002897) and 60S
ribosomal protein L4 (CD003016) exhibited over 2-fold
induction. None of the transcription related ESTs showed
down regulation. However, CP12 protein, a chloroplast
precursor (CN550622) did exhibit decrease in its
transcripts levels in the transgenic fruit.

Thioredoxin m2 (CD003414), a redox and energy
related EST, showed about 14 to 23-fold increases in
transcript levels throughout ripening of transgenic fruit
whereas the subunit A of ferredoxin-thioredoxin-
reductase (CD00202) exhibited between 4-5-fold
increase (Figure 3). However, photosystem II 10 kD
protein (CD003100) and non-photosynthetic ferredoxin
(CN550640) showed more than 2-fold decrease in the
ripening transgenic fruit (Figure 2E). ADP-ribosylation
factor 1 (CD002295) and LeArcA2 (CD003230), two
proteins implicated in signal transduction, showed at
least 2-fold increase in their transcripts in transgenic
fruits. Interestingly, a kinase-like protein (CD002435)
exhibited over 10-fold reduction in the Spd/Spm
transgenic fruit (Figure 3).

Figure 3 shows the expression patterns of genes from
the ethylene response and transport related ESTs. As
stated earlier (Table 1), very few genes from the ethylene
biosynthesis and action categories were represented in
the array. Included among these was an ACC oxidase
(CD002173) that was up regulated and an ethylene
receptor like gene (CD003361) that was down regulated
in transgenic fruits. Since most of the genes in ethylene
biosynthesis and response in tomato are known, more
work is needed to further characterize the effect of
increased Spd/Spm on these pathways. In the category of
‘transport’ most exhibited �2 to 4-fold reduction in the
transgenic fruit.

Table 4 shows the expression patterns of ESTs for
which homologous sequences have not been reported or
which are not as yet functionally characterized. Patterns
of these genes were also similar to those classified with
biological functions, with most showing higher transcript
levels in the late ripening stages. Transcript levels for
some of these genes (for example, ESTs CD002619,
CD003397, CD002983 and CD003373) were over 4-fold
higher in transgenic compared to wild-type parental
ripening fruit. Others (CD002552, CD002952 and
CD002382) showed almost complete inhibition to over
100-fold reduction in their transcripts in the ripe
transgenic fruits. It will be of interest to identify these
genes and to understand how and why PAs lead to a
drastic reduction in their transcripts.

Metabolite profiles of Spd/Spm tomatoes are
consistent with effects on the transcriptome
From the above results on Spd/Spm modulated gene
expression one can predict that a number of metabolic
pathways are impacted. Interestingly, metabolite profiles
of the Spd/Spm accumulating transgenic fruit have
indeed shown that metabolism of these fruit is
considerably modulated as compared to that of the wild-
type/azygous, control fruit (Mattoo et al. 2006). For
instance, the pathways predicted by the metabolite
profiles to be the targets of PA action include glycolysis,
Krebs cycle, amino acid metabolism, lipid biosynthesis,
and ethylene biosynthesis (Table 5). Therefore, PA
mediated effects are coordinated at the transcriptional
and posttranscriptional levels. Moreover, while some of
the transcriptional changes are validated by parallel
changes in the metabolite profiles, the latter also predict
an impact on additional genes that are likely missing
from the 1066 unigene macroarray used in this
investigation. These predicted gene or protein targets of
PA action include: invertase, asparagine and glutamine

66 Polyamines as anabolic growth regulators

Table 4. Expression patterns of unknown, unclassified and novel
differentially expressed unigenes

Accession No./
Log2 of transgenic to wild-type 

transcripts ratio
Ripening stage

Green Early Ripening Late Ripening

Unknown protein
CD002619 �1.97 �0.13 2.98
CD003397 �2.86 �1.50 2.56
CD002983 �1.23 �0.42 2.23
CD002202 �4.32 �0.88 1.71
CN550588 �0.46 0.31 1.58
CD002308 �3.30 �2.29 1.52
CN550659 �4.21 �3.54 1.44
CD002852 �2.42 �0.64 1.39
CD003121 �1.46 �1.25 1.21
CD002446 �4.01 �0.99 1.16
CD003278 �2.04 �1.58 1.03
CN550592 �2.69 1.16 1.01
CD002989 �2.01 0.52 �0.98
CD002866 �6.17 �2.72 �1.21
CD002498 �1.60 �0.58 �1.36
CD002953 �4.02 �3.47 �1.75
CD003037 �2.64 �1.82 �2.52
CD002382 �2.51 0.05 �4.09
CD002952 �3.72 �1.05 �7.53

Unclassified protein
CD003373 �3.14 �1.06 2.25
CD002840 �2.35 0.25 1.14
CD003258 �1.63 �3.49 1.14
CD002389 �4.60 �0.25 1.12
CD002868 0.86 0.89 1.07
CD002514 �2.29 �4.25 1.01
CD002596 �1.78 �1.09 �1.00
CD002056 �3.69 �4.40 �1.49
CD002552 �2.08 �4.39 �8.13

Novel
CD002420 �3.48 �2.83 1.21
CD002494 �0.79 �1.19 �1.22



synthetases, aminotransferases, malic enzyme, Spd/Spm
synthetases, phospholipases, methylation reactions, and
key enzymes in the Krebs cycle. Flavonoids and
nitrogen-sensing metabolites are among the metabolites
that are predicted to be increased in the high PA
transgenic fruit because of the transcriptional changes
(Table 5).

Discussion

We present molecular analysis of tomato fruits
engineered to accumulate higher PAs, Spd and Spm, and
demonstrate that PAs act as anabolic growth regulators.
This is illustrated in Figure 4 by the vast number of
anabolic pathways that are impacted in the high Spd/Spm
transgenic fruit. By overexpressing yeast SAMdc under
the control of a ripening regulated promoter E8 we have
generated a tomato genotype in which Spd/Spm increase
by 3-to 4 fold during ripening of the fruits. This is in
contrast to the wild type or azygous fruits in which the
levels of both Spd and Spm decline during ripening
(Mehta et al., 2002). This model system was used to
address the role of PAs in tomato fruit metabolism.
Subtractive cloning provided the first evidence that the
increased Spd/Spm in the SAMdc transgenic genotypes
results in regulation of several gene transcripts including
those that represent the following functional groups:
chaperone family (LeHsp 17.6 and cyclophilin LeCyP),
signal transduction (G protein, LeArcA1), fruit ripening
(ACC oxidase, LeACO1; ethylene receptor Etr5;
LeSAMdc), vacuolar function (LeTIP), and cell wall

metabolism (pectinmethylesterase, LePME). Four other
unknown genes were also isolated. These data were
further confirmed and a more global picture of changes
in the transcriptome of the PA-accumulating fruit
obtained by using a custom made array of over 1,000
unique tomato cDNAs. About 25% of the total genes
present on the cDNA array are differentially regulated in
the transgenic fruit. The genes whose expression
increased in the transgenic fruit during ripening belong
to a wide range of functional categories, some of these
already unveiled by the subtractive cloning as described
above: transcription, translation, signal transduction,
chaperone family, stress related, amino acid biosynthesis,
ethylene biosynthesis and action, PA biosynthesis,
isoprenoid biosynthesis, carotenoids and flavonoid
biosynthesis. Additionally, a number of cDNA whose
encoded products are yet to be classified for functional
attributes were isolated. Among the down-regulated
genes in the transgenic compared to the wild-type
included genes involved in transport and ethylene
signaling. These global changes in the transcript
accumulation are likely a result of transcriptional
activity; however, it is yet to be determined whether
increased levels of PAs also affect the stability of specific
gene transcripts. Our conclusion that PAs act as anabolic
growth regulators is further supported by data on
metabolite profiles of the transgenic fruit versus the wild
type/azygous controls. The pathways involved in the
nitrogen sensing/signaling and carbon metabolism are
preferentially activated in the high Spd/Spm transgenics.
We suggest that higher PAs are perceived as nitrogenous
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Table 5. Concurrence between metabolic pathways and genes affected in tomato fruit in response to higher endogenous spermidine and spermine

Modulated Metabolite* �/� Potential Gene Targets Biochemical Pathway

Sucrose � INVERTASE Glycolysis/Transport
Glucose � Hexose Transporter**
Asparagine � ASN SYNTHETASE, AMINOTRANSFERASES, Amino acid biosynthesis
Glutamine � GLN SYNTHETASE, GDEHYDROGENASE Amino acid biosynthesis
Citrate � Pyruvate kinase** Krebs cycle
Fumarate � Adenylosuccinate synthetase** Krebs cycle
Malate � MALIC ENZYME Krebs cycle
Lycopene � Phytoene synthase**, LYCOPENE CYCLASE Carotenoid pathway
Respiration � KREBS CYCLE ENZYMES Krebs cycle
Spermidine/Spermine � S-adenosylmethionine decarboxylase**; Polyamine biosynthesis

SPD/SPM SYNTHETASE
Choline � Phosphatidylinositol-4-phosphate kinase**; Lipid metabolism; methylation reactions

Lipid transfer protein 2**; Selenocysteine
methyltransferase**, PHOSPHOLIPASES

Ethylene � 1-Aminocyclopropane-1-carboxylate oxidase homolog**, Ethylene biosynthesis and perception
Ethylene receptor ETR5** perception 

FLAVONOIDS ? Flavonol synthase/Chalcone Flavonoid biosynthesis
flavonone isomerase** (similar)

LePEPC2 and � AIP2, ring finger protein**, Transcription
LeICDH transcript nCBP80**,
levels Ser/thr protein phosphatase**

* Metabolites that were up (�) or down (�) regulated in ripening transgenic compared to wild type fruit (Mattoo et al, 2006)
** Based on transcriptome analysis (present investigation).
Uppercase letters: Predictions not yet validated



metabolites by the fruit cells, which in turn causes the
stimulation of carbon sequestration (Mattoo et al., 2006).
The transgenic fruits show increased respiration during
fruit ripening which is accompanied by upregulation of
phosphoenolpyruvate carboxylase and NADP-dependent
isocitrate dehydrogenase transcripts in the transgenic
compared to controls fruits (Mattoo et al. 2006),
indicating that PAs enhance metabolic status of the
transgenics even late in fruit ripening. Taken together
these results provide strong evidence that PAs enhance
metabolic status, especially the anabolic metabolism in
fruit cells, which may play significant roles in
maintaining homeostasis in the ripening fruits.

The observed changes in the cellular metabolism in
the transgenic tomato fruit are obviously not a result of 
a single mode of action. However, it is clear that
transcription/translation of a number of genes is
coordinated with Spd/Spm-mediated changes in the
metabolite profiles in the transgenic tomato fruit,
suggesting that activation and sustenance of transcription
is one means by which Spd/Spm regulate fruit
metabolism. In animal cells, higher PAs regulate
transcription by acting as a switch between different
coactivators without altering the state of the chromatin
(Maeda et al. 2002) or by affecting histone
acetylation/deacetylation (Hobbs and Gilmour 2000).
Also, a posttranscriptional role for PAs has been shown
in down-regulating animal genes (Li et al. 2001) while a

certain group of Escherichia coli genes is controlled by
the diamine putrescine at the translational level (Yoshida
et al. 2004). In the latter case, it was suggested that
putrescine enhances transcription of a group of genes by
increasing the level of transcription factors. PA-mediated
modulation of protein synthesis may involve, among
other things, structural changes in RNA, stimulation of
30S ribosomal assembly, tRNA formation (Igarashi and
Kashiwagi 2000) or a frameshift during translation into
protein which is dependent on a Shine-Dalgarno-like
sequence in E. coli (Higashi et al. 2006). Regulation of
gene expression by PAs can also occur via an effect on
the structure of eIF5A or oligomerization of nucleosomal
arrays (Childs et al. 2003). It is of interest to note here
that the levels of eIF5A transcripts increase during
tomato fruit ripening and the introduction of the yeast
SAMdc transgene has no effect on this increase (S-H.
Chung and A.K. Mattoo, unpublished data).

One of the mechanisms of PA-mediated effects on
transcription leading to protein synthesis involves
binding of trans-acting factors to PA-responsive, cis-
element (PRE) identified in human Spd/Spm N1-
acetyltransferase (SSAT) gene (Chen et al. 1997; Wang
et al. 1998, 2001). The sequence 5�-TATGACTAA-3�

represents the PRE in human SSAT. Since we found that
a substantial number of genes are modulated in the
tomato fruit engineered to accumulate Spd/Spm in a
ripening-specific manner, we looked for PRE sequences
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Figure 4. Polyamine regulated metabolic pathways and other processes in ripening tomato fruits. Concurrence between regulated genes (this study;
filled arrows) and metabolite profiles (Mehta et al. 2002, Mattoo et al. 2006; open arrows). In addition, signaling and interdependent interactions are
indicated that likely are a result of cross-talk between different processes mediated by Spd and Spm.



in some of the candidate, up-regulated fruit genes. Our
preliminary analysis indicated the presence of similar but
not identical PRE’s in only a few genes, including the
lipoxygenase (LOX) gene (B. Karakas and A.K. Mattoo,
unpublished data), which is up-regulated in the higher PA
accumulating transgenic tomatoes. Further, we have
found that tomato fruit contain nuclear proteins that are
able to retard the mobility of a LOX sequence harboring
a putative PRE using gel-shift assays (B. Karakas and
A.K. Mattoo, unpublished data). These data together
with the transcriptome analysis and the metabolite
profiles support a role of transcriptional activators for
Spd/Spm in plants. 
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