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Abstract

A genomic DNA sequence (PpACO1) encoding 1-

aminocyclopropane-1-carboxylic acid oxidase (ACO)

from peach (Prunus persica L. Batsch cv. Loring) was

isolated. It has four exons interrupted by three introns

and 2.9 kb of flanking region 59 of the translational start

codon. Previous work with the cDNA demonstrated

that accumulation of the peach ACO message corre-

lated with increasing amounts of ethylene synthesized

by the fruit as they ripened. To identify regulatory

elements in the peach ACC oxidase gene, chimeric

fusions between 403, 610, 901, 1319, 2141, and 2919 bp

of the 59 flanking region of the PpACO1 sequence and

the b-glucuronidase (GUS) coding sequence were con-

structed and used to transform tomato (Lycopersicon

esculentum [Mill] cv. Pixie). Fruits from the various

promoter lines were analysed for GUS expression by

histochemical GUS staining, GUS quantitative enzyme

activity determination, and measuring the relative

amounts of GUS mRNA. Constructs with the smallest

promoter of 403 bp had significant GUS expression in

fruit, but not in other tissues, indicating the presence

of a region that affects tissue-specific expression. An

increase in GUS expression was observed with pro-

moters longer than 901 bp, indicating an enhancer

region between 21319 and 2901. The full-length pro-

moter of 2919 bp directed GUS expression in the green

stage of fruit development, and increased GUS expres-

sion as fruit matured, indicating a regulatory region

between 22919 and 22141 that controls the temporal

expression of the gene in fruit. Only the full-length

promoter sequence demonstrated responsiveness to

ethylene.

Key words: Peach ACC oxidase, promoter analysis, promoter–

GUS fusions, transgenic tomato.

Introduction

The phytohormone ethylene is involved in multiple aspects
of plant growth, development, and stress responses in-

cluding seed germination, cell elongation, fruit ripening,
senescence, abscission, wounding, and defence against

pathogen attack (Abeles et al., 1992; Klee and Tieman,

2002). The role of ethylene in fruit development and
maturation has been intensively studied (Giovannoni,

2001). In climacteric fruits such as peaches and tomato,

ripening is associated with a characteristic burst of respi-
ration which correlates with an increase in ethylene

production. Ethylene is synthesized from S-adenosyl-L-
methionine (SAM) via the intermediate 1-aminocyclopro-
pane-1-carboxylic acid (ACC). The conversion of SAM to

ACC is catalysed by ACC synthase, and the subsequent

oxidation of ACC to ethylene is catalysed by ACC oxidase
(Yang and Hoffman, 1984; Ververidis and John, 1991).

The gene encoding ACC oxidase was first isolated as

a cDNA from tomato based on its increased expression
during fruit ripening and following mechanical wounding

of leaves (Holdsworth et al., 1987). Homologous sequences

have since been isolated from many other plants including
avocado (McGarvey et al., 1990), peach (Callahan et al.,
1992), apple (Ross et al., 1992), petunia (Wang and Wood-

son, 1992), kiwifruit (MacDiarmid and Gardner, 1993), and
melon (Lasserre et al., 1996). Expression of the tomatoACC

oxidase in the antisense orientation in transgenic plants

resulted in the reduction of ethylene biosynthesis, which in
turn delayed ripening of the transgenic fruits and extended

their storage life (Hamilton et al., 1990; Ayub et al., 1996).
The regulation of the softening process in peach fruit is

a key to obtaining higher quality fruit with adequate shelf-

life. The longer the fruit is left on the tree to ripen, the better

the flavor (Do et al., 1969); however, shelf-life is reduced.
Delaying the softening process in peach fruits may allow
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them to be harvested at a time nearer to optimum quality.
Efforts to genetically engineer peach and other fruit crops in
this manner will benefit from the availability of tissue-
specific promoters that control the expression of a transgene
in a tissue- and/or temporal-specific manner. As part of
a project to manipulate the peach ripening process, a peach
cDNA clone encoding an ACC oxidase had previously been
isolated (Callahan et al., 1992). RNA gel blot analyses
demonstrated that ACCoxidase transcripts greatly increased
at late stages of fruit development and were induced in the
leaves at lower levels after wounding. In this work, the
isolation of a corresponding genomic clone, PpACO1, and
partial characterization of its 2.9 kb 59 upstream, non-coding
sequence through fusions of various lengths to the coding
sequence of uidA (b-glucuronidase [GUS]) and subsequent
expression in tomatoes are reported. The goal of this in-
vestigation was to identify regions of the PpACO1 promoter
that affected fruit expression and developmental regulation
in order to design specific promoters in the future.

Materials and methods

Isolation of a peach ACC oxidase genomic clone

Peach (Prunus persica L. Batsch cv. Loring) genomic DNA was
isolated from leaf nuclei using a modification of the Oncor (Gaithers-
burg, MD) non-organic DNA extraction kit (Scorza et al., 1990). A
combination of Sau3AI and BamHI partially digested DNA was size
fractionated and cloned into the Lambda vector, kDASHII (Strata-
gene, La Jolla, CA). Pools of primary plaques, ranging from2000 to 30
000 plaques were screened by PCR for the presence of ACO-related
sequences using a pair of consensus ACO primers EFE4-59and EFE8-
39 (sequences are shown in Table 1). The screening was done as
described by Amaravadi and King (1994). The final screening for
individual clones used a phage blot assay where plaques were
hybridized with a labelled ACO probe as described earlier (Callahan
et al., 1993). Screening of 87 000 primary clones yielded eight clones
that had ACO-related sequences. These clones could be grouped into
two major classes based on the sizes of the PCR products using prim-
ers EFE4-59 and EFE8-39, the patterns of restriction endonuclease
digestions with EcoRI and BglII, and DNA blot analyses (data not
shown). One clone was chosen from each class for subcloning. The
Lambda DNA clones containing ACO-related sequences were di-
gestedwithEcoRI, and subcloned into pBluescript SK(+) (Stratagene)
that had been digested with EcoRI and phosphatased. The resulting
plasmid DNA was used to transform E. coli DH5a cells (Invitrogen,
Carlsbad, CA) and random clones were isolated. One isolate contain-
ing an insert for each of the predicted size fragments was kept after
confirmation by restriction enzyme digestion of the plasmid DNA.
Inserts containing the ACO coding sequence were identified by DNA
blot hybridizations with the labelled ACO probe. The positive ACO
clone inserts were sequenced in both directions by a combination of
a manual sequencing method using Sequenase 2 (USB, Cleveland,
OH) and an automated DNA sequencer using BigDye (ABI, Foster
City, CA). Sequences were analysed with MacVector (Accelyrs, San
Diego, CA) and PCGENE (Intelligenetics, Mountain View, CA).

Peach ACC oxidase promoter–GUS fusion constructs

The entire 2919 bp of the 59 flanking region of the PpACOI was
considered the full-length promoter in this study and was used to
generate smaller segments, all of which were inserted upstream of the

coding region of the uidA gene in pBI101 (Clontech, Palo Alto, CA)
to make the promoter–GUS fusion constructs. The 2919 bp promoter
was amplified using the high-fidelity Platinum Pfx DNA polymerase
(Life Technologies) with the 2919-59 primer which contained a SalI
site and the 59 end of the 2919 bp promoter,�2919 to�2908, and the
PhACOIR1 primer that represented bases �23 to �1 upstream to
the translational start, ATG, of PpACO1, and a SmaI site (primer
sequences are in Table 1). The amplified PCR product was digested
with SalI and SmaI and inserted upstream of the uidA gene in pBI101
(Clontech) cut with SalI and SmaI. The 2141 bp promoter fragment
was cloned in a similar way using the 2141-59 primer and PhA-
CO1R1 primer. The 1319 bp promoter–GUS fusion construct was
generated by removing 1.6 kb of the 59 region of the promoter from
the 2919 bp promoter–GUS cassette by digestion withHindIII, which
cut in the pBI101 multi-cloning site just upstream from the original
SalI site, and once in the 2919 bp PpACO1 promoter, followed by
religation of the plasmid. The 901 bp fragment of the promoter and
the 610 bp fragment were amplified using Herculase Enhanced DNA
polymerase (Stratagene) with the 901-59 primer and PhACOIR1, and
the 610-59 primer and PhACO1R1 respectively, digested with SalI
and SmaI and inserted into pBI101 predigested with SalI and SmaI.
The 403 bp fragment was amplified using the high-fidelity Platinum
Pfx DNA polymerase (Life Technologies) with 403-59 primer and
the PhACOIR1 primer and similarly cloned into pBI101. All primer
sequences are presented in Table 1. The ACO promoter–GUS fusions
were sequenced to verify the accuracy of the constructs (data not
shown). The constructs were introduced into Agrobacterium tume-
faciens strain EHA105 by electroporation and were selected for
resistance to kanamycin (50 mg l�1).

Tomato transformation

Transformation of tomato (Lycopersicon esculentum Mill. cv. Pixie)
cotyledons was performed following the method of Diana Medrano,
Cornell University (personal communication). Cotyledons were cut
into two or three pieces, precultured for 2 d, inoculated with
Agrobacterium for 15 min, cocultivated for 2–3 d, and regenerated
under selection. Transgenic shoots were selected and rooted on media
containing 100 mg l�1 kanamycin before being transferred to the
greenhouse.

Table 1. Primer sequences

Primer name Sequence

EFE4-59 59-GA(C/T)TGGGA(A/G)AGCAC(C/T)TTCT-39
EFE8-39 59-ACCTTGTCATC(C/T)TGGAA-39
PhACOIR1 59-AATCCCGGGCTCTCTCTCTCTCTTTGTG

TGTG-39
2919 bp 59 59-TTTAAAGCATGCTCGAGGTCGACGGTATC

GATAAG-39
2141 bp 59 59-CCAAGTCGACCTACGTAGACATCTTTCTC

AAAAGCG-39
901 bp 59 59-TTAAGTCGACAATCAAGCATGGAAAGCCG

CCC-39
610 bp 59 59-TATAGTCGACATTTTGTGGTGGAGAGATGC

CGC-39
403 bp 59 59-TTAAGTCGACAAGACACCAAGATGGTGGTG

GTC-39
GUS forward 59-GATCAGCGTTGGTGGGAAAGCGCG-39
GUS reverse 59-CTACACTCCCCTCACACCGAGGAA-39
26S rRNA59 59-GCAGCCAAGCCTTCATAGCG-59
26S rRNA39 59-GTGCGAATCAACGGTTCCTC-39
Tom 541-59 59-GGCTGAGGAGTTACTTGACT-39
Tom 693-39 59-TCCTGCGTCTGTATGAGCGC-39
UidSau-fwd 59-TCAGCGTTGAACTGCGTGAT-39
UidSau-rev 59-TAGTGCCTTGTCCAGTTGCAA-39
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The presence of the promoter–GUS fusions in the transgenic plants
was confirmed by PCR using GUS forward and reverse primers
(Scorza et al., 1994; see Table 1) and promoter-specific primers (used
in cloning the sequences) with genomic DNA extracted from young
leaves as the templates. Only those plants with expected PCR
products (GUS and ACO promoter) were used in the promoter
analyses. Approximately 20 plants were analysed for each construct.
Fruit from 20 of each construct were all tested for GUS expression by
histochemical analyses, and subsets (2–6) of those were analysed
quantitatively by the MUG assay, relative amounts of PpACO1
mRNA, and non-fruit tissue responses.

Extraction of plant DNA and determination of copy number

of insert

Genomic DNA used for PCR was prepared from young leaves of the
transgenic tomato plants using the FastDNA Kit and a FastPrep 101
bead beater (Qbiogene, Inc., Carlsbad, CA) according to the
manufacturer’s protocol with the addition of 1% (w/v) polyvinylpyr-
rolidone-40 and 1% (v/v) b-mercaptoethanol to the extraction buffer.
Genomic DNA used for copy number determination was extracted

as previously described (Callahan et al., 1993) using a CTAB method
(Doyle and Doyle, 1990). The DNAwas subjected to Real-Time PCR
using primer pairs for uidA, UidSau-fwd and UidSau-rev, and for
LeACO1, Tom 541-59 and Tom 693-39 (see Table 1) using SYBR
Green Master Mix (Applied Biosystems, Foster City, CA) according
to the manufacturer’s directions. The ratio of transgene uidA to native
gene LeACO1 was determined for each in order to determine the
number of insertion events (Ingham et al., 2001).

GUS assay of the transgenic tomato tissues

Fruit development was divided into six stages based on colour
according to the United States Standards for Grades of Fresh
Tomatoes (CFR51.1855-51.1877). ‘Green’, the surface of the tomato
is completely green; ‘Breaker’, a definite break in colour from green
to yellow, pink or red but not more than 10% of the surface;
‘Turning’, 10–30% of the surface shows a definite change in colour;
‘Pink’, 30–60% of the surface has changed colour to yellow, pink or
red; ‘Light red’, 60–90% of the surface is red colour; and ‘Red’, more
than 90% of the surface shows red colour. Those fruit picked at the
Green stage were mature green as judged by size and the amount of
locular material around the seeds, and those fruit picked at the Red
stage were not over-ripe as defined by softness. Tomato fruits at each
stage of development were harvested and sliced longitudinally. Only
the middle sections were used for GUS staining and GUS enzyme
activity assay. The whole fruit was processed for RNA extraction.
The GUS histochemical assay was performed by immersing tissues

in the GUS staining solution (Jefferson, 1987) at 37 8C. Following
staining, the samples were fixed in 70% (v/v) ethanol. When the fruit
was incubated for more than 2.5 or 3 h in the GUS staining solution,
blue staining could be observed in fruits from plants transformed with
pBI101 (uidA without a promoter) and non-transgenic plants (data
not shown). To avoid this false-positive response, the fruit were
stained for only 2 h at 37 8C.
GUS activity was determined fluorometrically as described by

Jefferson (1987) with a modification in the extraction buffer. Due to
the acidity of tomato fruits, 100 mM sodium phosphate, pH 8.0 was
used for protein extraction instead of the 50 mM, pH 7.0. The
production of 4-methylumbelliferone (4-MU) was measured using
a fluorometer (CytoFluor, Applied Biosystems). The amount of 4-
MU was determined from a standard curve. Protein concentrations of
the samples were determined using Bradford reagent (Bio-Rad,
Hercules, CA) and BSA as a standard. GUS activity was expressed
as pmol 4-MU min�1 lg�1 protein.

Ethylene induction and wounding

Leaflets were harvested and dipped in either a control solution
containing 0.05% Triton X-100 (v/v) or an ethrel (Rhone-Poulanc,
EPA number 264-267) solution containing 0.05% Triton X-100 and
0.282% ethrel (v/v). The control leaves were placed on damp
Whatman 3MM paper in a large vacuum jar and sealed, and the
ethrel-treated leaves were likewise placed in a separate sealed
vacuum jar. The vacuum jars were placed in the greenhouse for 24
h. A 1 ml sample of the head space was analysed for ethylene prior to
removing the leaves to verify that only the ethrel treatment initiated
ethylene production. Approximately 10 ppm of ethylene was present.
The leaves were then stained with GUS solution for 24 h and the
reaction stopped by 70% ethanol.
For the wounding experiments, old and young leaves were de-

tached from each plant and wounded by cutting them into 1 cm2

pieces, which were then placed on damp paper towels and incubated
at room temperature. At various time points, leaves were placed into
the GUS histochemical stain for 24 h as described above, or proteins
were extracted and MUG assays were performed as above. Ethylene
measurements were also recorded by placing the leaves in a stoppered
flask and sampling headspace at various times in order to verify that
the wounding had been enough to generate wound response ethylene.

RNA extraction and Real-Time PCR

RNA was extracted from lyophilized tissue as described earlier
(Callahan et al., 1992). Prior to Real-Time PCR, the RNA was
DNased using DNA-free kit (Ambion, Austin, TX) according to the
manufacturer’s directions. RNAs were subjected to Real-Time PCR
using the SYBR Green Master Mix kit and reverse transcriptase
(Applied Biosystems, Foster City, CA) according to the manufac-
turer’s directions using 1–3 ll of RNA in a 10 ll reaction. RNA was
diluted to 0.0005 lg ll�1 for the 26S rRNA detection and RNA for
determining uidA and tomato ACO1 amounts was used at 0.1 lg
ll�1. The reactions were run on an ABI 7900 sequence detection ma-
chine (Applied Biosystems) programmed to heat for 30 min at 45 8C
then 10 min at 95 8C, followed by 40 cycles of 1 min at 60 8C and
30 s at 95 8C. This was followed by a denaturation step to determine
the melting point of the products formed to verify that a single
identical product was formed. All reactions were done in triplicate
and the results were averaged. Standard curves for each primer pair
were derived from dilution series, and the relative amount of RNA in
each sample was determined from the standard curves. The amounts
of the uidA and tomato ACO1 RNA were adjusted by the differences
in the amount of 26S rRNA to account for any variation in
concentrations of the total RNA in each reaction.

Results

Genomic sequence of PpACO1

A 5201 bp cloned fragment of the peach ACO1 gene
(PpACO1) was sequenced and found to have a 2919 bp 59
flanking region, a 1273 bp open reading frame interspersed
with introns, and a 1009 bp 39 flanking region (Fig. 1A).
The PpACO1 coding sequence matched the original ACO
cDNA sequence (Callahan et al., 1992), and the first 798
bases of sequence 59 to the ATG translational start were
nearly identical to the 798 bases of an existing peach ACO1
promoter sequence (Ruperti et al., 2001) with only 20 base
differences (data not presented). The nucleotide sequence
of the clone was deposited in GenBank as accession
number AF532976.
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A sequence comparison of the genomic clone with its
cDNA (Callahan et al., 1992) revealed four exons inter-
rupted by three introns of 118 bp, 117bp, and 78 bp. The 59
2919 bases upstream of the start codon were analysed for
potential cis-acting transcription factor binding sites using
the PLACE program (http://www.dna.affrc.go.jp/htdocs/

PLACE/ ) (Higo et al., 1999). An AGC box (AGCCGCC)
was found between 886 and 892 bp upstream of the
translation start site which has been shown in other
ethylene-responsive PR genes to be a binding site for
ethylene-responsive binding factor proteins (ERF proteins)
(Ohme-Takagi and Shinshi, 1995; Sato et al., 1996; Jia and
Martin, 1999; Fujimoto et al., 2000). No other ethylene-
associated sequences were found, although there were areas
of similarity to binding sites for different types of ERFs as
well as similarities to other ethylene-induced gene and fruit-
related gene promoter sequences. A summary of potential
sites is shown in Fig. 1B.

In a comparison of ACO promoter sequences, the only
region of high similarity was that of a predicted TATA box
as well as the predicted transcriptional and translation start
sites (data not shown). Those promoter sequences were also
analysed with the PLACE program (Higo et al., 1999) and,
again, there was no pattern of similar sites with the
exception of at least one ERE or ethylene-responsive
element site (AWTTCAAA) found in all the promoters
except PpACO1 (Montgomery et al., 1993; Itzhaki et al.,
1994) (data not shown). There was no similarity in the
location of those sites.

GUS staining of ripening transgenic tomato fruit

Tomato fruit from plants transformed with progressively
longer lengths of the PpACO1 gene promoter fused to the
GUS gene (Fig. 1C) were subjected to GUS histochemical
staining. GUS staining in fruit first appeared in vascular
bundles, regardless of developmental stage. In the low
expression lines, staining was confined to the vascular
bundles and the collumella, whereas in the high expressers,
staining was extended to the placental tissue and the
pericarp. The locular tissue was never stained as much as
the rest of the fruit tissues and no staining was visible in the
epidermis. There were no differences in the localization of
GUS staining related to the different length promoters.

There were variations in terms of the intensity of the
GUS staining among individual transgenic plants (i.e. high
and low expressers). The number of insertion events was
approximated to determine if the higher levels of GUS
staining resulted from higher copy number. Three lines for
each construct were chosen, one high expresser, one
medium and one low expressor. Most of the lines tested
had approximately one copy of the GUS gene for every
two copies of the tomato ACO1 gene (17/21), which would
be equivalent to one insertion event (data not shown).
There was no correlation of expression level with copy
number.

There were differences in the amount of GUS staining
resulting from the different lengths of promoters in fruit
ripening series. The GUS expression patterns of the
different lines suggested that there were three regions of
the promoter that had specific properties in fruit ripening.
The first region was contained within the first 403 bases 59

Fig. 1. Schematic representation of the PpACO1 genomic clone and the
subsequent promoter fusions. (A) Presentation of the organization of the
PpACO1 gene based on sequence comparisons with a cDNA clone of
ACO. The numbers in parentheses represent the distance from the
translation start of the coding sequence. The shaded areas represent intron
sequences. Restriction sites are indicated when they were used in cloning
different promoter lengths. (B) Schematic drawing of the promoter region
of PpACO1 with potential cis-acting factor binding sites (as defined in
Higo et al., 1999) marked on the segments used in the promoter analyses.
W represents part of a WRKY transcription factor binding site (Rushton
et al., 2002); DRE/LTRE represents a binding site for factors involved in
the response to drought and low temperature (Baker et al., 1994; Dunn
et al., 1998); Saur represents a binding site for factors involved in auxin
responses (Xu et al., 1997); ACGT represents a binding site for factors
involved in sugar repression (Toyofuku et al., 1998); 2S represents a site
found in 2S protein storage genes that enhances their transcription
(Stalberg et al., 1996); AGC is a binding site for factors responding to
pathogen attacks (Ohme-Takagi et al., 2000); CArG represents a binding
site for MADS transcription factors involved in flowering (Tilly et al.,
1998); DPBF represents a binding site for a ZIP transcription factor
involved in ABA responses (Kim et al., 1997); and CAAT and TATA
represent consensus boxes for eukaryotic promoters. (C) Schematic of the
different promoter fusions that were used to analyse the activity of
different regions of the PpACO1 promoter. The first line represents the
promoter region and the number indicates the base that the promoter
region begins at. All the constructs contain the sequence from �403 to
�1, which does not include the translational start. The GUS–NOS line
represents the complete coding sequence of the uidA gene beginning
at the translational start ATG, and the nopaline synthase terminator
sequence (Jefferson, 1987). CaMV35S is the pBI121 plasmid containing
a 35S-containing promoter, and the no promoter line is the pBI101
plasmid (Jefferson, 1987).
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to the translational start. This promoter length was suffi-
cient to direct GUS expression in fruit tissue although the
levels of the expression were generally low (Fig. 2A).
Fourteen of the 22 lines analysed had detectable GUS
histochemical expression. Among them, two lines showed
GUS expression significantly higher than the rest of the
�403 lines.

The next significant region was between 901 and 1319
bases 59 to the translational start. The lines with the longer
promoter showed elevated GUS expression suggesting
either that there was an enhancer element in the 418 bases
in between, or that some type of negative regulation was
overcome by those 418 bases (Fig. 2B).

The last significant change in GUS expression came in
the longest promoter length, 2919 bases. This was the only
promoter length that resulted in a consistent increase in

expression from the green to the red fruit stages, as
demonstrated by histochemical staining of GUS (Fig.
2C). There was lower expression in the green fruit than in
the ripe fruit for all the �2919 lines.

GUS staining in non-fruit tissue

GUS histochemical staining of vegetative, root, and floral
tissue was done for 24 h because of the lower level of
staining in non-fruit tissue. At 24 h, staining was detected in
leaves, stems, petals, sepals, and stigmas from most of the
plants tested and in the roots of only the highest expressing
lines (data summarized in Table 2). There was nearly
undetectable staining in all non-fruit tissues of the �403
lines, including the two with high expression in fruit (Fig.
2D). Low levels of staining were detected in the�610 lines
and �901 lines, and slightly higher levels were detected in
the �1319 and �2141 lines and still higher in the �2919
full-length lines (Table 2; Fig. 2D).

No increase in GUS histochemical staining was detected
from any leaf tissue 1, 2, 3, 4, or 5 h following wounding
(data summarized in Table 2). In an independent series of
woundings, the GUS activity was measured using the MUG
assay and, again, no increase in activity was detected (data
not shown). When leaf tissues were exposed to ethrel-
induced ethylene for 24 h, only the full-length promoter
lines consistently had enhanced GUS staining following
exposure to ethylene (Table 2).

GUS activity in ripening fruit

The histochemical staining results were corroborated by
activity data. Figure 3 presents the activity of the GUS
enzyme from three to six lines at varying stages of fruit
ripening for each promoter line. As expected, the untrans-
formed ‘Pixie’ and the no-promoter lines, 101 (pBI101),

Fig. 2. GUS histochemical staining identified three segments of the
PpACO1 promoter that affected expression in ripening tomato fruit and
the relative tissue specificity of expression. (A) Fruit expression: fruit
from the constitutive promoter lines, 35S, is compared with fruit from the
shortest promoter, 403 bp. (B) Enhanced expression: fruit from a 901 bp
promoter line is compared with fruit from the 1319 promoter line. (C)
Developmental expression: fruit from the longest promoter, 2919 bp, had
a consistent increase of GUS expression during tomato fruit ripening.
(D) Tissue expression: leaf, flower, stem, and roots were stained for 24 h
to detect GUS expression. The full-length promoter, 2929 bp, had
significant staining detected, but at apparently lower levels than in the
fruit tissue. G, B, T, P, LR, and R represent the different stages of
ripeness: green, breaker, turning, pink, light-red, and red, respectively.
Pixie is the untransformed control line that does not contain a gene
expressing GUS. The lines with representative patterns of expression and
the highest levels of expression are presented.

Table 2. Relative amount of GUS expression as determined
histochemically in various tissues and in response to induction

Promoter Fruita Leaf Stem Flower Wounded
leaf

Ethrel-
treated
leaf

Roots

None �(4)b �(2) �(2) �(2) �(2) �(4) �(4)
35S +(5) +(3) +(4) ++(4) �(2) �(3) �(3)
403 bp +(22) �(4) �(3) �(3) �(2) �(4) �(4)
610 bp +(10) Faint(4) +(4) ++(5) �(2) �(5) +c(5)
901 bp +(15) Faint(5) +(5) ++(5) �(2) �d(5) +c(5)
1319 bp +++(27) Faint(5) +(5) +(5) �(2) �(5) +c(5)
2141 bp +++(21) +(5) +(5) +(5) �(2) �(5) +c(5)
2919 bp +++(11) +(3) +(3) ++(3) �(2) +(3) +e(3)

a Fruit tissue was stained for 2 h while all the other tissues were stained
for 24 h.

b Number in parentheses represents the number of independent lines
tested.

c Detected only in the highest expressing lines.
d Variable by lines; most were negative, some are induced, while some

are repressed.
e Detected in all lines.
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had nearly undetectable activity (Fig. 3A). The shortest
promoter lines, �403, had significant activities and the
�901 lines had a decrease in overall activity (Fig. 3B). As
in the histochemical assays an increase in activity can be
seen with promoters longer than 901 bp and again only the
longest length, 2919 bp, had a developmentally regulated
pattern of the GUS enzyme activity (Fig. 3C).

RNA expression during tomato fruit development

Real-Time PCR was used to analyse the amount of native
tomato ACO RNA and transgenic GUS RNA in fruit of
different stages from each length promoter. The relative
levels of tomato ACO RNA were lowest in green fruit for
all the transgenic lines and increased during the ‘Turning’,
‘Pink’ and ‘Light Red’ ripening periods (Fig. 4A). By
comparison, the levels of the transgene GUS RNA were
very low in the transgenic plants with the three shortest
promoter lengths, with only a slight increase detected in the
�610 line (Fig. 4B). There was a significant increase in
the amount of mRNA detected in the transgenic plants with
the three longer promoters (Fig. 4B), but only the full-
length promoter line, �2919, had an accumulation pattern
similar to that of the native tomato ACO RNA. It was
lowest in the green fruit, highest in the ‘Turning’ to ‘Pink’
stages, and decreased in the ripest stages.

Fig. 4. Relative quantification of transgene RNA (GUS) and native
tomato ACO1 RNA during fruit ripening in lines containing different
lengths of peach ACO promoter–GUS fusions, and comparative amounts
of transgene RNA in leaf, flower, and fruit from the same lines. A series
from one line from each promoter length was analysed. (A) Relative
amount of native tomato ACO1 RNA present in a ripening series from
each of the transgenic lines. A significant increase in the amount of
tomato ACOI RNA is detected during fruit ripening as expected. (B)
Relative amount of transgene (GUS) RNA detected in each the lines
carrying different lengths of PpACO1 promoter fused to the GUS gene.
The RNA analysed is the same RNA as in (A). The stages of fruit ripening
are represented by G, B, T, P, Lr, and R, which are described in the Fig. 2
legend. (C) Relative amount of transgene (GUS) RNA detected in each
line in leaf, flower, and the fruit stage with the highest level. Lf, Fl, and Fr
represent the leaf, flower, and fruit tissue, respectively.

Fig. 3. Quantitative measurement of the GUS enzyme activity in the fruit
of different transgenic lines carrying different lengths of the PpACO1
promoter fused to GUS. Each bar represents the value of a single fruit.
Fruit from the same line have the same shading. The different stages of
fruit ripening are as in Fig. 2 except that Lr now represents the light red
stage. ‘Pixie’ is an untransformed cultivar, None represents a promoterless
line, 121 is the 35S promoter line and the rest, 403, 610, 901, 1319, 2149,
and 2919 are the different lengths of PpACO1 promoter fused to the uidA
gene (GUS).
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Comparative levels of RNA expression of leaf, flower
and fruit

Real-Time PCR was used to determine relative amounts of
transgene expressed RNA in leaf, flower, and fruit tissue
relative to the amount of 26S rRNA. As expected from the
histochemical staining, expression in leaves and flowers
was much lower than in fruit. In most lines it was un-
detectable (Fig. 4C). Only in the longest length promoters,
as well as the constitutive 35S promoter, were RNA levels
above the background levels.

Discussion

Promoter sequences that confer tissue specificity, temporal
or developmental specificity, inducibility, and alternative
levels of activity are needed to regulate transgene expres-
sion finely. A number of promoters have been characterized
that are related to the fruit ripening process, such as the E4
and E8 genes from tomato (Deikman and Fischer, 1988;
Cordes et al., 1989), the polygalacturonase promoter from
tomato (Bird et al., 1988), the 2A11 promoter from tomato
(Van Haaren and Houck, 1993), and a number of ACO
promoters from tomato, apple, and melon (Blume and
Grierson, 1997; Bouquin et al., 1997; Atkinson et al.,
1998). Earlier work with peach fruit on the accumulation of
ACO1 mRNA showed they were detectable at low levels
in immature fruit and increased during the fruit softening
process (Callahan et al., 1992; Tonutti et al., 1997). A
similar transcript detected in leaf tissue at low levels was
observed to increase following wounding (Callahan et al.,
1992). This ACO gene, PpACO1, provided the template for
isolating a fruit-regulated peach promoter.

The genomicACO1 clone isolated from peachwas nearly
identical to the sequence for an ACO1 clone isolated by
Ruperti et al. (2001); except that the clone reported here has
2919 bp of sequence upstream of the translational start for
ACO1 compared with 798 bp in the Ruperti et al. (2001)
clone. By analysing various lengths of this 2919 upstream
sequence fused to the promoterless uidA sequence, three
major regulating regions were detected by differences in
GUS expression. The stability of GUS protein is well known
and can often give misleading results when examining
expression over time because of the long turn-over time
(Taylor, 1997). For this reason the levels of GUS expression
were also measured by quantifying the mRNA with ‘Real-
Time’ PCR to confirm the initial enzyme activity mea-
surements and histochemical staining. The sequence from
�2919 to �2141 is apparently needed to regulate the
increase in expression from green to ripening fruit (Figs
2C, 3C, 4B) and to respond to ethylene (Table 2); the
sequence from �1319 to �901 has a positive effect on the
amount of expression in fruit (Figs 2B, 3C, 4B); and the first
403 bases are enough to drive GUS expression in fruit with
little or no expression in other tissues (Figs 2A, D, 3B, Table
2). All the PpACO1 promoter sequences, from 403 bp to

2919 bp, resulted in higher expression in fruit tissue (which
only needed a 2 h stain) compared with leaf, stem, or flower
(Figs 2, 4C; Table 2), and none of the promoters responded
to wounding in leaf tissue (Table 2). The 901 bp promoter
sequence resulted in variable responses to the ethrel-induced
ethylene treatment suggesting those responses were more
dependent upon where the construct had inserted into the
genome. As this was the minimal fragment containing an
ethylene-responsive AGC box, it may be that the preceding
upstream region affects whether there will be a negative
effect or a positive effect in response to ethylene.

There are suggestions that other areas of the promoter
sequence are important. The �403 high expressing line has
less expression in leaf, flower or stem than any of the other
lines suggesting a very strong fruit tissue element or lacking
a sequence for expression in other tissues. The �610 lines
have very high expression in flower parts relative to all the
other lines and even relative to other tissues (Table 2). This
suggests that somewhere between �610 and �403 there
may be a strong flower-specific enhancer. The levels of
expression in the ripest fruit of the �901 lines decrease
relative to the shorter promoter lines. This suggests there
may be some negative regulatory elements between �901
and �610, even though the �901 lines have a putative
ethylene responsive site (AGC box).

Deletion analyses of other ACO promoters have been
reported (Blume and Grierson, 1997; Bouquin et al., 1997;
Atkinson et al., 1998). They looked primarily for regions
that respond to fruit ripening, wounding, ethylene, and
senescence. The proximal upstream 450 bp of an apple
ACO1 were able to direct fruit GUS expression in trans-
formed tomato, but 1159 or 1966 bp of the upstream
sequence were needed for ripening specificity (Atkinson
et al., 1998). In tomato, the upstream 221 bp from the
translational start of LeACO1 were enough to confer fruit
ripening GUS activity. Longer sequences had stronger
expression and conferred responsiveness to ethylene and
senescence (Blume and Grierson, 1997). Bouquin et al.
(1997), showed that when tested in tobacco, an upstream
726 bp of melon ACO1 conferred wound-inducible ex-
pression and ethylene responsiveness while the first 476 bp
sequence had only ethylene responsiveness.

To understand what sequences might be involved in
these responses, the ACO promoter sequences were sub-
jected to analyses for potential cis-regulatory regions as
predicted by the PLACE web site (Higo et al., 1999) with
special interest in ethylene-responsive element (ERE)
binding sites due to the autocatalytic nature of ethylene
(Abeles et al., 1992). All the ACO promoters except
PpACO1 have at least one perfect copy of the ethylene-
responsive element (ERE, consensus AT/ATTCAA) bind-
ing site that is found in the promoters of both the GST1 and
E4 genes, and is assumed to be a binding site for ethylene-
responsive transcription factors involved in fruit ripening
and senescence (Montgomery et al., 1993; Itzhaki et al.,
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1994). There are, however, numerous partial consensus
ERE sites in PpACO1 fairly evenly distributed throughout
the 2919 bases upstream to the translational start site. The
peach ACO1 does have an AGC box that has been found to
bind ethylene responsive elements in response to pathogen
infections (Ohme-Takagi et al., 2000; Rushton et al.,
2002). Only the apple ACO1 also contains this sequence.
In addition, both PpACO1 and the apple ACO1 have
a MADS box transcription factor binding site (CarG) (Tilly
et al., 1998), but none of the other ACO genes do. These are
the only cis-acting elements in PpACO1 predicted to show
some relationship with expression in fruit.
In trying to relate the placement of these cis-regulatory

regions with the activity and responsiveness of the different
promoter lengths, there was very little sequence information
found in common among the various ACO promoters. One
of the strongest determinants in this analysis was the region
between�2919 and�2141 that appeared to confer ripening
enhanced expression. In that region, there were sequences
identified by the PLACEweb site predicted to be responsive
to auxin regulation and abiotic stress responses such as low
temperature and drought responses (W, Saur, DRE/LTRE,
Fig. 1B). These binding site sequences are found in some of
the other ACO genes, but not in the regions defined by the
GUS fusion experiments as conferring fruit ripening spec-
ificity. The relationship of those stresseswith fruit ripening is
not thoroughly understood even though many of the genes
induced during abiotic stress responses are members of
families of genes also induced during fruit ripening (Frenkel
and Callahan, 1996/97).
The second region identified in these studies, �1319 to

�901, enhances expression. The only transcription factor
binding sequence identified is that with homology to the 2S
promoter for seed storage protein expression, which has
been associated with increased expression (Stalberg et al.,
1996). None of the other ACO genes contain a homologous
region.
The region with an ERE binding site AGC, from �901 to

�610, appears to have a negative expression when added to
the minimal promoter. This region contains the MADS box
transcription factor site, aswell as a low temperature inducible
site, a Zip factor binding site (DPBF) and an ACGT-sugar
repression site (Baker et al., 1994; Kim et al., 1997; Dunn
et al., 1998; Tilly et al., 1998; Toyofuku et al., 1998). The
minimal promoter length of 403 bp that is able to confer GUS
expression in a fruit-specific manner contains only a consen-
sus TATA box and a potential ZIP factor binding site, which
again is not shared by other ACO promoter regions.
The four different plant systems with dissection of the

ACO promoters appear to have certain elements in com-
mon, in that a short upstream region of the promoter is able
to confer GUS expression in fruit, but that longer lengths
are needed for stronger expression and for fruit develop-
mental or ethylene responsiveness. The regions having
already defined ERE binding sites do not appear to correlate

with these expression patterns. This underlines the lack of
knowledge that exists on the particular regulation of the
ethylene biosynthetic pathway. More careful dissections
of the promoter regions are needed rather than sequence
comparisons, to elucidate the exact regulatory sequences.
The comparison of potential cis-acting sites with the
activity of the different promoter regions only suggests
some areas of importance, and the comparison with other
ACO promoters yielded no regions in common.

In plant systems that have long generation times such as
apple and peach, it is hard to test promoter fusions that have
expected expression in fruit because of the extensive time
to fruiting. By using an alternate system such as tomato,
problems may arise due to differences in the systems such
as in trans-acting transcription factors and developmental
processes. Yet, the longest peach ACO1 promoter se-
quence, 2919 bp, was able to express GUS in a very similar
pattern in ripening tomato fruit to that of the native tomato
ACO1 promoter, rather than the ACO1 pattern seen in
peach. In tomato, as in peach, the accumulation of the
LeACO1, the major ACC oxidase gene expressed during
fruit ripening in tomato, was very low in green fruit (Barry
et al., 1996). However, unlike in peach where the accu-
mulation of the ACO1 transcript occurred at mature stages
and continued to increase as the fruit softened, the LeACO1
message in tomato peaked at turning stage (breaker +3)
and then declined subsequently (Barry et al., 1996). This
suggests that although the overall ripening process is
different in tomato and peach, specific aspects regarding
regulation of the two ACO genes could still be very similar.

In conclusion, a genomic DNA encoding an ACC
oxidase (PpACO1) has been isolated from peach. Its
sequence is comprised of a 2.9 kb 59 flanking region,
a 1.3 kb open reading frame, and a 1 kb 39 flanking
sequence. The open reading frame has 4 exons interrupted
by 3 introns. The 2.9 kb promoter of the PpACO1 drove the
expression of a GUS reporter gene in transgenic tomato
fruit in a manner similar to the native tomato ACO gene.
Promoter deletion analysis revealed three putative positive
regulatory regions (�2919 to �2141, �1319 to �901, and
the first 403 bp) that affect gene expression during fruit
ripening in transgenic tomato.
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