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Abstract 

Polygalacturonase (PG) is the major cell wall degrading enzyme of  tomato fruit. It is developmentally regulated 
and is synthesised de novo in ripening fruit. Genomic clones encoding a PG gene of  tomato (Lycopersicon 
esculentum Mill cv. Ailsa Craig) have been isolated, mapped and sequenced. The sequence of  the protein-coding 
region is identical to that of  a PG cDNA [20]. Comparison of  the cloned restriction fragments with genomic 
Southern data suggests that there may only be one gene for PG per haploid genome. The PG gene, which covers 
approximately 7 kb, is interrrupted by 8 intervening sequences ranging in size from 99 bp to 953 bp. The tran- 
scription start point was identified by S1 mapping and primer extension analysis. About 1.4 kb of  5' flanking 
DNA has been sequenced. This contains putative TATA and CAAT boxes and also direct repeat sequences. 
A transcriptional fusion has been constructed between the putative 1.4 kb promoter fragment and the chloram- 
phenicol acetyl transferase (CAT) gene. Constructs containing this gene have been transferred to tomato using 
binary vectors. Regenerated transgenic plants express CAT in ripe tomato fruit, but not in unripe tomatoes, 
leaves, or roots. 

Introduction 

Tomato ripening is associated with a number of  
physiological and biochemical changes. These in- 
clude degradation of  chlorophyll, synthesis of  
flavour compounds, a major increase in the synthe- 
sis of  ethylene, cell wall solubilisation and fruit 
softening. The major cell wall hydrolase in ripening 
tomato believed to be responsible for fruit softening 
is polygalacturonase (PG) [18, 22]. PG protein and 

enzyme activity have been shown to increae dramati- 
cally at the onset of  ripening, reaching a maximum 
in the ripe fruit [39, 38]. PG mRNA also increases 
at the onset of  ripening reaching a maximum in or- 
ange or firm red fruit [ll, 28]. PG gene expression 
therefore appears to be regulated at the level of  
mRNA accumulation during fruit ripening. 

PG protein has been isolated from ripe tomatoes 
and shown to be associated with the cell walls of  the 
fruit [38]. There are three isoenzyme forms, (PG1, 
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PG2 (a and b)) which are believed to be structurally 
related [31, 39, 40, 43]. PG1 and a mixture of  PG2a 
and 2b have molecular weights of  100 kDa and 
42 kDa respectively when they are isolated under 
non-denaturing conditions [39]. A mixture of  PG2a 
and 2b can be converted in vitro to a form resembling 
PG1 by a heat-stable non-dialysable factor [40], but 
the exact mechanism is unclear. On SDS-PAGE the 
subunit size of  PG1 and PG2 was identical and was 
estimated to be 46 kDa. This compares with 
41 828 Da for the unglycosylated protein deduced 
from the cDNA sequence [20]. The difference be- 
tween the two isoenzymes of  PG2 is thought to be 
the extent of  glycosylation [43]. Different levels of  
activity during ripening have been observed for the 
PG1 and PG2 (a and b) isoenzymes [39]. The exact 
difference beteen the three isoenzymes is not clear. 
However, they may result from post-translational 
processing of  a single polypeptide. 

PG mRNA is produced in ripening fruit, but not 
in unripe tomatoes, leaves, or roots [28]. Thus, ex- 
pression of  this gene is developmentally regulated. 
PG enzyme activity is also found in flower abscis- 
sion zones in tomato [41]. However, it is not known 
whether this enzyme is related to the PG isoenzymes 
present in fruit tissue. 

We have previously isolated and sequenced a PG 
cDNA clone (pTOM6) [20] from a library prepared 
from ripe tomato mRNA [36]. The clone was identi- 
fied by comparison of  the amino acid sequence 
predicted from the cDNA with the amino acid se- 
quence determined for the isolated PG2a isoenzyme. 
The sequence of  a tomato PG cDNA has subse- 
quently also been reported by Sheehy et al. [35]. The 
sequence of  this clone is identical to pTOM6 apart 
from one base change in the 3' untranslated region. 

In this paper we describe the isolation and charac- 
terisation of  clones of  tomato genomic DNA which 
encode PG. These data are consistent with the sug- 
gestion that there is only one PG gene in the tomato 
genome. A sequence from the 5' end of  the PG gene 
has been used to construct a transcriptional fusion 
with the CAT reporter gene. Transgenic tomato 
plants containing this hybrid gene have been used to 
test the hypothesis that the 5' sequence is required 
for ripening-specific expression in tomato fruit. 

Materials and methods 

Plant material and extraction o f  plant nucleic 
acids 

Tomato plants (Lycopersicon esculentum Mill cv 
Ailsa Craig) were grown in controlled environment 
chambers as described by Grierson et al. [19]. This 
cultivar was used for all experiments. Genomic DNA 
was extracted from leaves as described by Dellaporta 
et al. [13]. Tomato fruit RNA was isolated as previ- 
ously described [19]. 

Construction and screening o f  genomic library 

Tomato genomic DNA was partially digested with 
Sau 3A and size-fractionated on a 1 0 - 4 0 %  sucrose 
gradient. Fragments of  between 10 and 15 kb were 
ligated into hEMBL3 arms (Stratagene) as described 
in Frischauf et al. [17] and plated on Escherichia coli 
strain K803. Approximately 500 000 plaque-forming 
units (pfu) were screened with the radio-labelled Pst I 
insert of  pTOM6 and the 5' Pst I-Hind III fragment 
of  the cDNA [20]. Hybridising clones were purified 
to single plaques and phage DNA was prepared by 
the method of  Maniatis et al. [27]. 

Restriction mapping and D N A  sequencing 

Restriction digests and Southern blotting of  the 
phage DNA were performed as described in Mania- 
tis et al. [27]. Fragments of  the PG gene were cloned 
into M13 vectors and sequenced by the dideox- 
ynucleotide chain termination method [34]. 

Genomic Southern blotting 

5/zg of  digested genomic DNA were separated on 
agarose gels and blotted according to Chomczynski 
and Qasba [8]. The membranes were prehybridised 
in 5× SSPE (0.9 M NaCI, 0.05 M NaH2PO 4 
pH 7.7, 0.5 mM Na2-EDTA), 1% SDS, 100/~g/ml 
denatured herring sperm DNA at 65 °C for 4 h and 
hybridised with the radio-labelled (Pharmacia 



Oligo-labelling kit) [15] insert of  the PG cDNA 
(pTOM6) in the same buffer for 18 h at 65 °C. The 
membranes were washed in 0.1 x SSC (15 mM NaC1, 
1.5 mM sodium citrate pH 7.0), 1°70 SDS at 65 °C 
and autoradiographed. 

$1 mapping 

Single-stranded probes were prepared by the 'prime- 
cut' method [14] as described by Biggin et al. [3]. The 
ethanol-precipitated probe was dried in vacuo and 
dissolved in 66°/0 formamide, 0.5 M NaCI, 15 mM 
Pipes pH 6.4, 6 mM EDTA, 0.7 mg/ml calf liver 
tRNA. 10/~1 of  probe was mixed with 3/~1 (1 #g) 
poly(A) ÷ RNA from red tomato and placed at 
95 °C for 60 s before being transferred to 52°C for 
18 h. Ice-cold S1 buffer (300 mM NaCI, 30 mM 
NaOAc pH 4.5, 10 mM ZnSo4), was added together 
with 200 U S1 nuclease (Amersham) and incubated 
at 30°C for 30 min. After phenol/chloroform ex- 
traction and ethanol precipitation, the precipitate 
was resuspended in 5/~1TE and 4/zl formamide con- 
taining 0.1070 bromophenol blue and 0.1070 xylene 
cyanol FF. After denaturing at 100 °C for 3 min the 
sample was electrophoresed on a 6% polyacryla- 
mide/8 M urea sequencing gel. A sequence ladder of  
the 1.65kb Hind III fragment from the 5' end of  the 
gene in M13 mpl9 was used as a size marker. 

Primer extension 

Oligonucleotide primer end-labelled with 
3,[32p]ATP (6 ng) in 2/xl 5 mM sodium phosphate 
pH 7.2, 5 mM EDTA was annealed to 1/~g red toma- 
to poly(A) ÷ RNA. Primer extension was performed 
according to Hudson et al. [25]. A sequence ladder 
of  the Hind III fragment from the 5' end of  the gene 
in M13 mp9 was used a a size marker. 

Construction o f  pCB1 

The construction ofpCB1 is shown in Fig. 5. A Spe I 
restriction site was introduced between the transcrip- 
tion and translation start sites by changing the A at 
position 1446 to a T (see Figure 3). Site-directed 
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mutagenesis was performed on a clone of  the 1.65 kb 
Hind III fragment in M13 mp9 by the double primer 
method [44] as described by Carter et al. [7]. After 
transformation into E. coli strain TG-2, 
mutagenised plaques were selected by hybridisation 
with the mutagenic oligonucleotide as described by 
Carter et al. [7]. The nucleotide sequence of  the in- 
sert of  the mutagenised clone was determined to 
check that only the required base change had oc- 
curred. Double-stranded DNA was prepared from 
single-stranded DNA in vitro as described in the M13 
cloning and sequencing handbook (Amersham). 
The double-stranded DNA was digested with 
Hind III and Spe I and the 1.45 kb fragment was 
cloned into Hind III and Xba  I cut pUC19. The 
1.45 kb fragment was removed with Hind III and 
Barn HI and cloned into polyCATer [9]. The com- 
plete hybrid gene was sequenced to confirm the con- 
struct. 

Tomato transformation 

pCB1 was transferred from E. coli strain TG-2 to 
Agrobacterium tumefaciens LBA4404 by triparental 
mating with E. coli HB101 containing pRK2013 [2]. 
Stem internode explants excised from tomato seed- 
lings (cv. Ailsa Craig), 4 - 6  weeks old, grown under 
sterile conditions, were incubated for 30 min in a 
suspension of  A. tumefaciens in MS salts, 3.0°70 su- 
crose. These were transferred to feeder plates [16] of  
Nicotiana tabacum cv. Samsun on 0.8°70 shoot- 
inducing agar containing MS salts, 3.0°70 sucrose, 
1.0 mg/l  thiamine-HCl, 0.5 mg/1 nicotinic acid, 
0.5 mg/l  pyridoxine HC1, 3.0 #M IAA aspartic acid, 
5.0 ttM zeatin riboside. After 2 days explants were 
transferred to the same media supplemented with 
80 mg/l  kanamycin, 500 mg/1 carbenicillin. At in- 
tervals of  3 weeks, explants were subcultured onto 
shoot-inducing agar (0.8°70) containing 80 mg/l  
kanamycin, 200 mg/l  carbenicillin. Shoots were 
rooted on 0.8°70 agar containing MS salts, 3.0°70 su- 
crose, 1.0 mg/l  thiamine-HC1, 0.5 mg/1 nicotinic 
acid, 0.5 mg/1 pyridoxine HC1, 30 mg/l  kanamycin. 
After several cycles of  rooting on agar containing 
kanamycin, to confirm transformation, plants were 
transferred to compost and grown to maturity in 
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growth rooms. The time interval f rom infection of  
tomato  explants with A. tumefaciens to production 
of  ripe fruit was approximately 6 months. 

C A T  assays 

Root, stem, leaf, green and red fruit tissues were 
homogenised in a mor ta r  and pestle (1 g tissue with 
1 m1250 mM Tris-HC1, pH 7.5 and 500 #1 glycerol). 
The homogenate  was centrifuged at 13000 g for 
10 min and the supernatant passed through a Sepha- 
dex G-25 (coarse) column in 250 mM Tris-HCl, 
p H  7.5. Fractions eluting at the void volume were as- 
sayed for protein [4], and protein-containing frac- 
tions were pooled. 15/~g protein aliquots were as- 
sayed for CAT activity by the addition of  10/A of  
10 mM acetyl-CoA and 0.1/zCi 14C- 
chloramphenicol (60 mCi /mMol ;  NEN) with 
250 mM Tris-HC1, pH 7.5 to a final volume of 
200 #I. These samples were incubated at 37 °C for 
30 minutes prior to extraction with two 300/~1 
volumes of  ethyl acetate. The combined ethyl acetate 
phases were dried, the residues taken up in 15/A ethyl 
acetate and subjected to TLC on silica gel plates with 
chloroform:methanol  (95:5) as eluant prior to au- 
toradiography. One unit of  CAT activity (Pharma-  
cia) is defined as catalysing the acetylation of  one 
nanomole  of  chloramphenicol per minute at 37 °C 
and pH 7.8. 

Results 

Isolation o f  genomic clones encoding P G  

Southern hybridisation of  tomato  genomic DNA to 
the insert f rom the PG cDNA (pTOM6) shows a sim- 
ple restriction pattern when stringent hybridisation 
conditions are used (Figure 1). No additional bands 
are seen when less stringent (2× SSC, 1°70 SDS, 
65 °C) hybridisation conditions are used (data not 
shown). A library of  tomato  genomic DNA was con- 
structed by cloning size fractionated partial Sau3A 
digested fragments into kEMBL3. Approximately 
500000 plaques were screened with the insert f rom 
pTOM6. Three hybridising clones were isolated and 

Fig. 1. Southern blot hybridisation of tomato genomic DNA 
probed with the PG cDNA clone, pTOM6. 5 #g aliquots of DNA 
were digested with: Lane 1 Hind III and Barn HI; Lane 2 
Bam HI; Lane 3 Hind III. The membrane was washed in 0.1 × 
SSC, 1% SDS at 65 °C. 

purified to single plaques (GTOM6.2, GTOM6.4 and 
GTOM6.16). These clones hybridise to a 15 base 
oligonucleotide from the 3 '  end of the cDNA posi- 
tion 1205-1219 [20] but not to a 25 base 
oligonucleotide from the 5'  end of  the cDNA posi- 
tion 5 9 -  83 [20]. In order to isolate clones for the 5'  
end of  the PG gene, the library was rescreened with 
the 200 bp 5'  Pst I-Hind III  fragment from 
pTOM6. Two additional clones were isolated 
(GTOM6.23 and GTOM6.30). Restriction analysis 
combined with Southern hybridisations using the 
4 kb Hind I I I  fragment from GTOM6.30 as a probe 
showed that these clones overlap with the initial 
three clones. Figure 2A shows the structure of  these 
clones and the overlap between the restriction maps 
of  the five clones. The combined restriction map of  
the PG gene represented by these five clones covers 
over 30 kb of  tomato  genomic DNA. A region of less 
than 10 kb hybridises to the PG cDNA (Figure 2B). 
GTOM6.23 contains a complete PG gene. All of  the 
fragments that hybridise on the genomic Southern 
are represented in these clones. 

Structure o f  the P G  gene 

The nucleotide sequence of  7.45 kb of  the genomic 
clones has been determined (Fig. 3). The structure 
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Fig. 2. Structure of  the PG gene. A. Restriction map of the PG gene and its surrounding regions derived from five overlapping clones. 

B. Structure of  the PG gene as determined by comparison to the sequence of  pTOM6, a PG cDNA. Shaded boxes indicate exons. Open 

box indicates the open reading frame of  the PG cDNA, pTOM6; S = Sal I (cloning site of XEMBL3). H = Hind III, R = Eco RI, 
B = Bam HI, Bg = Bgl II. 
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Fig. 3. Nucleotide sequence of  7456 bases of  tomato genomic DNA containing the PG gene. The deduced amino acid sequence of the 
open reading frame corresponding to pTOM6 is shown. (The intron-exon boundaries  are indicated). 1 and  4 are potential TATA box se- 

quences; 2 and 3 are potential CAAT sequences; 5 is the major  transcription start site (see text); 6 is the first base o f  the cDNA clone 
pTOM6; 7 is the presumed polyadenylation site. A 28 bp direct repeat sequence is overlined with arrows. 

of  the PG gene (Fig. 2B) was deduced by comparing 
it to the PG cDNA sequence [20]. The sequence of  
the protein coding region is identical to that of  the 
cDNA. It is apparently divided into 9 exons ranging 
in size from 21 to 460 bp separated by 8 A/T-rich in- 
tervening sequences ranging in size from 99 to 
953 bp. The boundary sequences between the in- 
trons and the exons are similar to the consensus se- 
quences for plant genes [6] and animal genes [30]. 

The sequenced region extends 1428 bp 5' and 
212 bp 3' of  the ends of  the region represented by 
the cDNA. 

Mapping of the transcription start point 

The transcription start site of  the PG gene was deter- 
mined by SI mapping and primer extension experi- 
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ments (Fig. 4). A 32p-labelled single-stranded 
'prime cut' probe was prepared from the 5' 1.6 kb 
Hind III fragment cloned into M13 mp19. After 
synthesis of  a labelled second strand, the DNA was 
digested with Eco 0109, which cuts at position 156, 
and a 1541 base single-stranded fragment which in- 
cludes the universal sequencing primer was reco- 

vered from a preparative denaturing acrylamide gel. 
This probe was hybridised to poly(A) + RNA from 
ripe tomato and digested with S1 nuclease. A frag- 
ment of 218/219 bases was the most intense band on 
a denaturing polyacrylamide gel (Fig. 4A). This cor- 
responds to a transcription start site at position 
1411/1412 (Fig. 3). Three fainter bands represent 

Fig. 4. Determination o f  the transcription start site o f  the PG gene. A. SI mapping.  The preparation o f  the 1541 bp probe is described 
in the text. Lane 1, probe without treatment with S1 nuclease. Lane 2, digestion of  probe with 200 U S1 nuclease without hybridisation 
to RNA. Lane 3, digestion o f  probe with 100 U S1 nuclease without hybridisation to RNA. Lane 4, poly(A) + RNA (1 #g) from orange 
tomato fruit hybridized to the probe and subsequently digested with 200 U S1 nuclease. The length o f  the labelled fragments is indicated 
adjacent  to the autoradiograph of  the gel. The posit ion o f  the transcription start sites on the gene sequence are indicated in the diagram. 
B. Primer extension. Lanes 5 and 6, 25 bp oligonucleotide primer (see text for sequence) was annealed to 1 #g orange tomato fruit 
poly(A) + RNA and extended with reverse transcriptase. The length o f  the labelled fragments is indicated adjacent to the autoradiograph 
of  the gel. The determined position o f  the transcription start sites on the gene sequence are indiated in the diagram. 
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fragments of  approximately 212/213, 273 and 281 
bases. These correspond to potential transcription 
start points close to positions 1417/1418, 1356 and 
1348. A synthetic oligonucleotide primer 5 ' -  
GAGAAGGAGAATACTATTCCTTTGG- 3 ' com- 
plementary to the PG mRNA at a position cor- 
responding to 1487 and 1511 on the gene sequence 
was hybridised to poly(A) ÷ RNA from ripe tomato 
and extended with reverse transcriptase. A fragment 
of  100 or 101 bases was the longest heavily labelled 
band detected on a denaturing polyacrylamide gel 
(Fig. 4B). This corresponds to a transcription start 
site at position 1411/1412. This is the same position 
as that predicted from the most intense band ob- 
tianed by the S1 mapping. Three fainter bands repre- 
sent fragments of  approximately 95, 157 and 162 
bases. These correspond to transcription start points 
close to position 1417, 1353 and 1349 which are simi- 
lar positions to those predicted by S1 mapping. 

Ripening specific expression in transgenic 
tomatoes 

A transcriptional fusion, pCB1, of  1.45 kb of  DNA 

from the 5' end of  the PG gene plus the CAT report- 
er gene was constructed in the binary plant transfor- 
mation vector Binl9 (Bevan, 1984) (Fig. 5). Tomato 
stem segments were transformed with A. tumefa- 
ciens containing pCB1. Transformed shoots were 
selected by their ability to grow and root on 
kanamycin-containing media. After several rounds 
of  selection in tissue culture, plants were transferred 
to compost and grown to maturity in the growth 
room. Eleven independently transformed 
kanamycin-resistant plants were regenerated. 
Genomic Southern analysis of  Eco RI/Hind III- 
digested DNA indicated that the intact chimaeric 
CAT gene was present in all of  these plants (data not 
shown). CAT activity was detected in ripening fruit 
from three of  these plants, two of  which (GR19 and 
GR87) were selected for more detailed analysis. 
Tomato fruit, leaf, stem and root material from these 
transformed and control untransformed plants were 
assayed for CAT enzyme activity. The results from 
GR19 are presented in Fig. 6. Similar results were ob- 
tained for GR87 (data not shown). Reconstruction 
experiments using CAT enzyme and extracts from 
untransformed plant material were also carried out. 
Exogenous CAT enzyme was partially inhibited by 
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Fig. 5. Construction of the transcriptional fusion vector pCB1. Step 1: site-directed mutagenesis to introduce a Spe I site into a clone 
of the 1.65 kb Hind III fragment in MI3 mpl9 (see Materials and methods). Step 2: cloning of the 1.45 kb Hind III/Spe I fragment into 
pUCI9 cut with Hind III and Xba I. Step 3: Cloning of the 1.45 kb Hind llI/Bam HI fragment into polyCATer [9] cut with Hind III 
and Bam HI, containing the CAT gene and the nopaline synthase (NOS) polyadenylation sequence in Binl9. ATG: translation start; P: tran- 
scription start point; H" Hind III; S/X: Spe I ends cloned into Xba I site; b: Bam HI; R: Eco RI. 



Fig. 6. Chloramphenicol acetyl transferase activity in different 
organs of the transgenic tomato plant (GR19). CAT assays were 
carried out on 15/~g aliquots of protein extracted as described in 
Materials and methods, the reaction products separated by thin- 
layer chromatography and detected by autoradiography. Protein 
extracts were from roots (Lanes 1, 10), stems (Lanes 2, 9), leaves 
(Lanes 3, 8), green fruit (Lanes 4, 7) and red fruit (Lanes 5, 6). 
The activity of pure CAT enzyme (Pharmacia) is also shown. 
(Lane 11, 0 units; Lane 12, 0.01 units; Lane 13, 0.02 units) CAP: 
14chloramphenicol; 1-CAP: 1-acetyl chloramphenicol; 3-CAP: 3- 
acetyl chloramphenicol. Similar results were obtained from plant 
GR87. 

tomato extracts. The degree of  inhibition varied de- 
pending on the tissue, but was greatly reduced by 
passing extracts through a Sephadex G-25 column 
before assay. In plants GR19 and GR87, high levels 
of  CAT activity (greater than 66 units/mg protein) 
were detectable in the red tomato fruit extracts. Red 
fruit from untransformed plants showed negligible 
levels of  CAT activity. Similarly, no significant CAT 
activity was detectable in green fruit, root, leaf or 
stem material from either GR19, GR87 or untrans- 
formed plants (Fig. 6). 

Discussion 

A tomato polygalacturonase gene was identified on 
a group of  overlapping clones of  genomic DNA. The 
structure of  the gene has been determined by DNA 
sequence analysis and comparison with the se- 
quence of  a near-full-length cDNA. The regions of  
the gene that correspond to the cDNA have identical 
sequence. All of  the fragments hybridising to the PG 
cDNA on a genomic Southern are attributable to the 
tomato DNA that is represented in the overlapping 
genomic clones. This data is consistent with the sug- 
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gestion that there may be only one PG gene in toma- 
to per haploid genome. This conclusion is supported 
by the fact that only one gene has been isolated and 
that the PG gene has been mapped to a single locus 
on chromosome I0 (M. Mutschler et  al., unpub- 
lished). Bernatzky and Tanksley [1] have found that 
the majority of  a selection of  unique random cDNA 
clones correspond to single loci in the tomato ge- 
home. 

Another  tomato ripening-related cDNA, 
pTOM13, has at least three genes per haploid genome 
[23]. These genes are differentially expressed in 
ripening fruit and wounded tissue. A third ripening- 
related cDNA, pTOM5, has at least two genes per 
haploid genome, one of  which is a pseudogene (P. 
Moureau et  al., unpublished). 

There are several implications if there is only one 
PG gene. Firstly, the three isoforms of  PG (PG-1, 
PG-2a, PG-2b) have been shown to be structurally 
and immunologically related [39, 43]. All isoforms 
are glycosylated [43] and the mixture of  PG2a and 
2b can be converted into a form resembling PG1 in 
vi tro [40]. It has not been clear whether the isoen- 
zymes are products of  separate genes or are formed 
by post-translational modification of  a single poly- 
peptide [18]. The evidence presented here suggests 
that there is only one PG gene, which implies that 
the isoenzymes are the result of  post-translational 
modification of  the product of  this gene. Thus, the 
sequential appearance of  PG-1 and PG-2 during 
ripening [39] is unlikely to be due to the differential 
expression of  two PG genes. Secondly, PG activity 
is found in flower abscission zones as well as ripen- 
ing tomatoes [41]. There may be two PG genes that 
are so divergent in sequence that the one expressed 
in abscission zones does not cross-hybridise with the 
one expressed in fruit. Alternatively, the enzyme ac- 
tivities found in ripening fruit and abscission zones 
could also be the products of  a single gene, which is 
regulated by tissue-specific control systems in each 
developmental situation. This possibility is particu- 
larly intriguing in view of  the evidence from studies 
on the rin ripening mutant of  tomato. This mutant 
contains the PG gene described in this paper but 
fruit fail to ripen and the PG mRNA only accumu- 
lates to about 0.5% of  normal levels (J. Knapp et  al., 

unpublished) [12]. In contrast, normal levels of  PG 
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activity are detectable in the flower abscission zones 
of  the rin mutant [33]. 

The coding region of  the PG gene is interrupted 
by eight introns all of  which have boundary se- 
quences that conform to consensus sequences [6]. 
The exons range in size from 21 to 460 bp. S1 map- 
ping and primer extension experiments indicated 
several transcriptional start sites. The site at position 
1411 or 1412 corresponds to the most intense bands 
from both the S1 mapping and primer extension ex- 
periments. This is probably the major transcription 
start site in ripening fruit. It is possible that the mul- 
tiple transcription start sites are utilised differential- 
ly in different developmental situations. At the end 
of  the gene there is a potential polyadenylation sig- 
nal sequence AATAATAAA [32, 10] 172 nucleotides 
downstream of  the UAA stop codon and 14 bp 5' 
of  the polyadenylation site. This sequence is identi- 
cal to that found in another tomato ripening gene, 
pTOM13 [24]. 

1.4 kb of  DNA 5' of  the transcription start was se- 
quenced as a prelude to further work on the regula- 
tion of  expression of  the PG gene. The sequence is 
very A/T-rich (75 %) and contains several sequences 
that may have a role in controlling expression. At po- 
sition 1381 the sequence TATAA resembles a TATA 
box, 31 bases 5' of  the major transcription start. Two 
sequences CAATT (1341) and CCAT (1350) are puta- 
tive CAAT boxes [5] 69 and 62 bases respectively 5' 
o f  the major transcription start. The sequence 
TAATATAATA (1326) may include TATA boxes for 
the minor transcription start points. Between posi- 
tions 877 and 935 (535 bases 5' of  the major tran- 
scription start) there is a 28 bp almost perfect direct 
repeat which is separated by 3 nucleotides. Se- 
quences either side of  this direct repeat have some 
limited similarity with the repeat sequence. There is 
little obvious homology between these direct repeats 
and those preceeding other developmentally regulat- 
ed plant genes (e.g. Rubisco small subunit [29]; su- 
crose synthase [42]; zein [26]; and chalcone synthase 
[37]). The possible role of  the 5' sequence as a pro- 
moter for regulating polygalacturonase gene expres- 
sion in ripening tomatoes was investigated in trans- 
genic tomato plants using chimaeric gene constructs 
containing a CAT reporter gene. 

There is now considerable evidence that ripening 
of  tomatoes requires the expression of  new genes 

that encode enzymes catalysing different aspects of  
ripening. Furthermore, the existence of  a group of  
developmentally regulated genes may well be a 
general feature of  the ripening process in all fruits 
[18]. The gene for PG is the first ripening-related 
genomic sequence to be characterised. Expression of  
the PG gene is stimulated by C2H4 [20, 28] but the 
mechanism is unknown. We have begun a 
programme to analyse in detail cis- and trans-acting 
factors governing the regulation of  its expression us- 
ing a homologous transformation system. This may 
allow a better quantitative assessment of  the relative 
importance of  specific control regions than a heter- 
ologous transformation system. The results ob- 
tained with transgenic tomato plants containing the 
pCB1 construct show that the 1.4 kb 5' fragment of  
the PG gene (Fig. 5) is sufficient to cause the bacteri- 
al CAT gene to be expressed in an organ-specific and 
developmentally regulated manner. Deletion analy- 
sis will be required in order to locate precisely the se- 
quences confering ripening-specific gene expres- 
sion. In addition, further work will be necessary in 
order to establish whether there are other cis-acting 
control signals, located elsewhere, that are also in- 
volved in qualitative or quantiative aspects of  gene 
expression during ripening, or other developmental 
situations. The ability to obtain specific expression 
of  foreign genes in ripening tomatoes opens up the 
possibility of  genetic manipulation of  this impor- 
tant crop. 
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