
Plant Molecular Biologt 14: 369-379, 1990.
O 1990 Kluwer Academic Publishers. Printed in Belgium. 369

Inheritance and effect on ripening of antisense polygalacturonase genes
in transgenic tomatoes

Christopher J.S. Smith,t Colin F. Watson,l Peter C. Morris,t Colin R. Bird,2 Graham B. Seymour,3
Julie E. Gray,r Christine Arnold,r Gregory A. Tucker,3 Wolfgang Schuch,2 Steven Harding3 and
Donald Griersonr
tDepartment of Physiologlt and Environmental Science, University of Noningham, Faculty of Agicultural
and Food Sciences, Sutton Bonington, Loughborough LE12 5RD, UK;2ICI Seeds, Plant Biotechnology
Section, Jealott's Hill Research Station, Bracknell, Berkshire RG12 6EY, UK:3Department of Applied
Biochemistry and Food Science, University of Nouingham, Faculty of Agricultural and Food Sciences,
Sutton Bonington, Loughborough LEl2 5RD, UK

Received 4 August 1989; accepted in revised version 16 October 1989

Key words: antisense, polygalacturonase, ripening, RNA, tomatoes, transgenic

Abstract

The role of the cell wall hydrolase polygalacturonase (PG) during fruit ripening was investigated using
novel mutant tomato lines in which expression of the PG gene has been down regulated by antiseise
RNA. Tomato plants were transformed with chimaeric genes designed to express anti-PG RNA con-
stitutively. Thirteen transformed lines were obtained of which hve were analysed in detail. All contained
a single PG antisense gene, the expression of which led to a reduction in PG enzyme activity in ripe fruit
to between 5/, and 50/, that of normal. One line, GR16, showed a reduction to L0/, of normal PG
activity. The reduction in activity segregated with the PG antisense gene in selfed progeny of GR16. Plants
homozygous for the antisense gene showed a reduction of PG enzyme expression of greater than 99/..
The PG antisense gene was inherited stably through two generations. In tomato fruit with a residual I /o
PG enzyme activity pectin depolymerisation was inhibited, indicating that PG is involved in pectin
degradation in vivo. Other ripening parameters, such as ethylene production, lycopene accumulation,
polyuronide solubilisation, and invertase activity, together with pectinesterase activity were not aflected
by the expression of the antisense gene.

Introduction

During ripening, fruit undergo changes in physi-
ology and biochemistry that affect colour, flavour,
and texture. In tomatoes these changes include an
increase in ethylene production characteristic of
the ripening of climacteric fruit, and an accumula-
tion of the red pigment lycopene and the cell wall
hydrolase polygalacturonase (PG). PG protein is

not detected in unripe fruit but accumulates dur-
ing ripening due to de novo enzyme synthesis [37].
Current evidence suggests that PG is develop-
mentally regulated at the level of transcription

[28]. PG mRNA is not detected in extracts from
green fruit but the steady-state level increases dur-
ing ripening reaching a peak in orange or early red
fruit before declining 19,20\. Genomic clones
encoding the PG gene of tomato have been iso-



370

lated and characterised [3, 23]. Analysis of these
clones indicates that there is only one pG gene per
haploid genome.

The precise role of PG during ripening is at
present unknown. In tomato PG accumulation is
closely correlated with softening[17,14]. In con-
trast, there is little correlation between softening
and the activities of other cell wall degrading
enzymes such as pectinesterase 16, 24, 25f, or
cellulase [18, 6]. Furthermore, fruit of the rin
mutant do not soften significantly during ripening
and produce little PG [32,34,37J. These observa-
tions have led to the suggestion that pG is pri-
marily responsible for softening during tomato
ripening. However, other enzymes and non-
enzymic processes may also be important in
softening [38].

During ripening significant breakdown of
pectin in tomato pericarp can be observed as an
increase in the amount and a decrease in the
molecular weight of soluble polyuronides
U9,251. PG action has been implicared in this
pectin breakdown, since purified pG degrades
isolated cell walls invitro [31], and induces
changes in cell wall ultrastructure characteristic of
ripening when applied to unripe pericarp [8].
However, polyuronide degradation in vivo is likely
to be much less extensive than that observed
in vitro [25,26] and the relationship between pG
activity and pectin degradation remains unclear.

Recently, work with transgenic plants has led
to the role of PG in softening being questioned
[30, l1]. Fruit of plants engineered to express
antisense PG RNA, have been shown to develop
only l0/. of the normal level of PG during ripen-
ing [30, 28]. Despite this reduction, no difference
in the compressibility of the fruit was observed
[30]. However, PG is produced in large quantities
in ripening fruit and it is possible that an insuf-
ficient reduction in protein was obtained to affect
softening. Giovannoni et al. I I I ] have shown that
in nn fruit transformed with a chimaeric pG gene
under the direction of an ethylene/propylene-
inducible promoter there is no significant effect on
fruit compressibility when PG is induced. How-
ever, since rin is a pleiotropic mutation, several
aspects of fruit ripening are affected. Con-

sequently, the lack of softening in transgenic rin
fruit may be due to the reduced expression of
other genes necessary for PG action.

It has also been suggested that pG may have a
role in the initiation of tomato ripening by induc-
ing changes in compartmentalisation of proteins
[32], or by stimulating ethylene production lead-
ing to ripening [5, 1]. Ethylene appears to have a
co-ordinating role in fruit ripening [39], but the
increase in endogenous ethylene production is
detected prior to that of PG [4, l2].

We have previously described the production
of transgenic tomato plants expressing a pG anti-
sense gene which have reduced levels of pG activ-
ity [30]. In this paper we describe the producrion
of further transgenic plants with reduced pG
activity due to the presence ofthe antisense gene.
We also present a detailed analysis of the fruit
ripening characteristics of the selfed progeny of
one of these plants, some of which produce only
l/, of the normal level of PG. The role of pG in
pectin degradation and fruit ripening is discussed.

Materials and methods

Plant material

Tomato plants (Lycopersicon esculentum Mill cv.
Ailsa Craig) were grown in glasshouses, or in
controlled environment chambers as described
previously [ 13].

Tomato transformation

The PG antisense gene was constructed by
removing a 730 bp Hinf I fragment from the 5,
end of the PG cDNA clone (pTOM6) [15],
including 50 bp of untranslated region, and clon-
ing it in the reverse orientation between cauli-
flower mosaic virus (CaMV) 5' and nopaline
synthase (nos) 3' sequences [30]. It was then
cloned into the plant transformation vector,
Bin 19, which was then mobilised to Agro-
bacterium tumefaciens strain LBA 4404. Trans-
formation of tomato stem segments was per-



formed as described previously [3]. Separate
transformation events were designated 'T' and
numbered sequentially. Individual plants were
designated'GR' and also numbered sequentially.

Genomic Southern bloning

Genomic DNA was extracted from frozen leaves
by the method of Raeder and Broda [221.
Approximately l0 pg DNA was digested with
restriction enzymes, fractionated in a0.8/" agar-
ose gel, and blotted by the method of
Chomczynski and Qasba [7]. Membranes were
prehybrised in 5 x SSPE (0.75 M NaCl, 50 mM
NaHrPOo'HrO,  5  mM EDTA)  l% SDS,
100 ;rg ml - I denatured herring sperm DNA at
65 "C for 4 hours, and hybridized in the same
buffer containing probe for 18 hours at 65'C.
The probe was either nick-translated or oligo-
labelled [10] Pst I insert of pTOM6 (PG cDNA)

[5]. The membranes were washed in 0.1 x SSC,
17" SDS at 65 "C and exposed to X-ray hlm.

Ethylene production

Fruit were placed in gas-tight jars at 20 'C for l-2
hours after which time a 1 ml sample was removed
for ethylene measurement by gas chromatography

[12].

Enzyme extraction and assay

Enzymes were extracted as described previously

[341. PG and invertase were assayed in 50 mM
sodium acetate pH 3.8, 150 mM NaCl, 0.5/.
polygalacturonic acid and 50 mM sodium acetate
pH 4.6, 150 mM NaCl, 200 mM sucrose respec-
tively. Reducing groups formed were measured by
the arsenomolybdate method of Nelson [21].
Pectinesterase (PE) was assayed in 150 mM
NaCl, 0.5/, pectin [36]. The level of 5 mM
NaOH required to maintain the pH at 8.0 was
measured using a Radiometer automatic titrator.
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Pigment extraction and assay

Pigment was extracted from pericarp by vigor-
ously homegenising in a 6 :4 mixture of hexane
and acetone and scanned in a spectrophotometer.
Lycopene at I mg ml-r has an absorbanceof320
at 502 nm [33].

RNA extraction and northem bloxing

RNA was extracted from tomato fruit pericarp

I l3] and leaf tissue [29] as described previously.
10 pg samples of glyoxal denatured total RNA
were fractionated in 1.2/" agarose gels prior to
blotting onto nylon membranes (Hybond-N,
Amersham). PG sense- and antisense-specific
probes were synthesised using a TransProbe T kit
(Pharmacia) t301. Hybridization was performed
at-65 "C in l0 x NTE (0.3 M NaCl, 2 mM
EDTA, 60 mM Tris-HCl pH 8.0), l% SDS,
200 pg rnl- I denatured salmon sperrn DNA, 5 x
Denhardt's solution (A.L% Ficoll, 0.1/. poly-
vinylpynolidone, 0.12. BSA). Membranes were
washed at 65 'C in 0.2 x NTE, 0.1% SDS. PG
mRNA was quantified from autoradiographs of
the northern blot using a Joyce Loebl Chromo-
scan densitometer.

Cell wall polyuronide determinations

Tomato acetone-insoluble solids (AIS) were pre-
pared from individual tomato fruit as described by
Seymour et al. [25]. Soluble polyuronides were
extracted from AIS by incubation with constant
stirring in 50 mM sodium acetate pH 4.5,40 mM
EDTA, for 4 hours [27]. After filtration soluble
polyuronides were determined using the m-hy-
droxydiphenol method [2], specific for uronic
acids. The weight-average (apparent) M, values of
these polyuronides were determined by low-speed
sedimentation equilibrium as described previ-
ously [27] except that a 5 mW He-Ne laser light
source was used. At the low loading concentra-
t ions used (0.4mgml-t)  the effects of non-
ideality are likely to be small (see Table 2.2 in
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[16]) and hence the apparent M, values are likely
to be only a few percent underestimates of the true
values. The samples were analysed in a 50 mM
phosphate/chloride buffer pH 6.8, containing
50 mM NaCl, 5 mM EDTA. In an attempt to
exclude the effects of aggregation selected
samples were also analysed in 100 mM phos-
phate/chloride buffer pH 6.8 containing I M
NaCl, 5 mM EDTA. No differences were
observed between the two methods.

Results

Analysis of individual transgenic plants expressing
ANti.PG RNA

Tomato plants were transformed with a pG anti-
sense gene (JRl6.{), designed to express anti-pG
RNA constitutively [30]. Thirteen separate trans-
formants were selected on the basis of kanamycin
resistance, five of which have been grown to
maturity and analysed further. A Southern blot of
Xbal-digested leaf DNA from these transfor-
mants was probed with labelled pG cDNA
(Fig. 1). In addition to the endogenous fragments
(Fig. I, lane 1) a single additional fragment of
varying size was observed in DNA from trans-
formed plants (Fig. I, lanes 2-6). A plant
containing an antisense gene would be expected
to give two additional bands: a fragment larger
than 908 bp, depending on site of insertion, and
a small internal fragmenr of 374 bp. The small
fragment was not detected in this blot. In a sepa-
rate Southern blot of Eco Rl and HindlII
digested DNA probed with pG cDNA, all trans-
genic plants were shown to contain fragments of
1075 bp and 460 bp representing fragments inter-
nal to the inserted DNA (data not shown). Analy-
sis of ripe fruit showed that pG activitv was
reduced in all five antisense transformed olants
and varied from 5/. to 5I/. of normal 1failte t).

Inheitqnce of the antisense gene

Eleven progeny produced by selfirng one individ-
ual transformant, GR16, were studied. A

kbp

2 1 . 2  >

5 - 1  >

3 - 5  >

2 . O  >

1 . 6  >

1 . O  >

0 .6  >

^Frg. /. Genomic Southern blot of DNA lrom 5 individual
primary transformants containing the JR l6,4 antisense con_
struct. Approximately l0pg of genomic DNA was digested
with Xba I and probed with the psr I insert of pTOM6 (pG
cDNA). Lane l, untransfiormed plant; lane 2, T30; lane 3,
T26;lane 4,T27; lane 5, T29; lane 6, T4l. In addition to the
endogenous bands lanes 2 to 5 each contain a single addi_

tional hybridizing lragment.

Southern blot of .Eco RI and Hind III digested
leaf DNA from each plant was probed with
labelled PG cDNA. Plants wirh inserted anri-
sense genes contained two additional bands
(1075 bp and 460 bp) that were not present in
those of untransformed plants. The size of the
larger fragment was reported previousiy as
1230 bp on the basis of restriction analysis of the

Table l. PG activity in ripe lruit of JRI6A transformants.r

Transformed
plant
l ine

Number
plants
assayed

of mean /o normal
PG activity

J

J

2
I

T26
T27
^r29

T30
T4l

l 0
JO

5
J O

5 l

I Separate transformation events were designated T and
numbered sequentially. PG activity is the mean from
between 2 and 4 fruit per plant, extracted and assayed
individually.
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Table 2. PG activity in ripe lruit of GRl6 (T26) progeny.'CaMV promoter [30]. This has been corrected to
1075 bp following sequencing. Plants were allo-
cated to three groups on the basis of intensity of
the antisense bands in comparison with the endo-
genous PG bands in the same track: those
without antisense fragments, those with low
hybridisation and those with high hybridisation to
the antisense gene (Fig. 2A). These groups corre-

Kbp

4 . 0  >

1 . 9  >

0 . 6  >

0 .78  >

0.40 >

Frg.2. Inheritance and expression of antisense genes ln
GRl6 selled progeny. A. Genomic DNA was extracted lrom
1l F, plants. Data from a representative plant expressing
normal (GR I 06), 20% (GRl04), or I % (GR I 03) PG activity
is presented here. Approximately l0pg DNA was digested
with Eco RI and Ilnd III and probed with the Pst I insert of
pTOM6 (PG cDNA). Lane I,  GRl06; lane 2, GRl04; lane 3,
GR 103. DNA from plants containing the antisense gene have
additional fragments (indicated by arrow) of 1075 bp and
460 bp. B. Total leaf RNA (10pg) from l l  F, plants was
analysed by northern blot probed with an antisense strand-
specific probe. Data from GR106, GRl04, and GRl03 are

Dresented.

Plant Mean lo normal
PG activity

Antisense gene
copy number (estimated
from Southern blot)

GRl00 r  l  I
GRl02 86
GR106 I  r  I
GR95 20
GR96 26

GR10 l  16
GRl04 27
GR98 <0.5
GR99 0.85

GR103 r .3
GRl05 0.85

0
0
0

A

B

L

2
z

2

t Individual transformed plants were designated GR and
numbered sequentially. PG activity is the mean from 2lruit
per plant harvested at 7 days post breaker, extracted and
assayed individually.

sponded to three classes of plant identified on the
basis of PG activity in ripe fruit (Table 2). Selfed
progeny without inserted DNA had normal PG
activity, those with low-intensity hybridisation
had approximately 20/, of normal PG activity,
and those with high hybridisation had about 1/.
of PG activity. This demonstrates that the anti-
sense gene segregated with the reduced PG
phenotype in the F, generation. Futhermore,
plants with 1% PG activity may be homozygous
for the PG antisense gene, those with 20% PG
activity hemizygous and those with normal PG
activity have not inherited the antisense gene. Ten
selfed progeny of a l% PG plant, GR98, also
produced fruit that had a I % PG phenotype con-
firming it as homozygous for the inserted anti-
sense gene.

PG antisense gene expression

In order to determine whether or not the level of
antisense PG RNA was correlated with the
degree of reduction of PG activity, leaf RNA was
extracted from I I F, plants of GR16 and investi-
gated by northern analysis. When probed with an
antisense-specific probe no relationship between
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the amount of antisense PG RNA in leaves and
the reduction in PG activity in fruit was observed
(Fig. 2B). However, plants with 1/o of normal
PG activity appeared to contain at least one addi-
tional low molecular weight band on northern
blots. The exact identity or significance of this
band is not yet clear.

Biochemical ipening characteristics

Representatives of each of the three groups of
GR16 progeny (GR102: 100% PG; GR95:20/"
PG and GRl05: l% PG) were selected for more
detailed study and their ripening behaviour com-
pared to that of normal fruit. The presence of an
active antisense PG gene was found to have no
effect on ethylene production (Fig. 3A), lycopene
accumulation (Fig. 3B), invertase activity
(Fig. 3C), or pectinesterase activity (Fig. 3D) dur-
ing ripening. In contrast, a reduction in PG activ-
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ity was apparent throughout ripening of GR95
and GR105 fruit (Fig.4A).

PG nRNA analysis

The amount of PG mRNA present in normal fruit
and the three types of GR16 progeny was deter-
mined by northern analysis. RNA samples
extracted at various stages of ripening were
probed with a strand-specific probe and the inten-
sity of a band corresponding to PG mRNA was
quantified (Fig. aB). [n normal fruit PG mRNA
was not detected in green pericarp but increased
during ripening, reaching a peak seven days after
the breaker stage before declining. In GR105 fruit
a similar prof,rle was obtained but the peak PG
mRNA level was only I.5/" that of normal fruit.
In separate experiments measurements of RNA
from GRl02 and GR95 lruit at selected points
during ripening indicated that in GR102 the
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Fig.4. PG activity and mRNA content during ripening of selected GRl6 progeny containing 0, l, or 2 antisense genes. Fruit
were tagged at the first visible sign of ripening and samples picked at various stages during ripening. Untransformed (o ); GRl02
(100% PG) (o) ;  GR95 (20% PG) (n) ;  GRl05 ( l  % PG) ( I ) .  A.  PG act iv i ty  in cel l  wal l  protein extracts.  B.  PG mRNA content

of pericarp tissue. MG: mature green.
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amount of PG mRNA was the same as that in
untransformed fruit, whereas in GR95 maximum
expression was 10 to 20/" of the untransformed
level (data not shown). Thus the reduction in PG
activity during ripening of antisense fruit is a
reflection of a reduction in the steady-state level
of PG mRNA.

PG isoenzyme analysis

There are three isoenzyme forms of PG (PGl,
PGZa, and PG2b) that are structurally related
[34,35,40]. In normal fruit PGI is the dominant
form during early stages of ripening (Fig. 5,
lane 1), but accounts for only about l0/" oftotal
PG in ripe fruit (Fig. 5, lane 2). However, in
GR95 and GR105 fruit the majority of PG was in
the PGI isoenzyme form throughout ripening
(Fig. 5, lanes 5 to 8).

Pectin analysis

The level of soluble polyuronides (recovered from
acetone-insoluble solids) during tomato ripening
were unaffected by the antisense RNA induced
reduction in PG enzyme activity (Fig. 64). In
order to determine the effect of substantially
reduced PG activity on pectin depolymerisation,

PG1 >

PG2 (a +b) >

Fig.5. PG isoenzyme content during ripening of selected
GRl6 progeny containing 0. 1, or 2 antisense genes. Fruit
were tagged at the hrst visible sign of ripening and samples
picked at 2 and l0 days postbreaker. Cell wall proreins were
separated in a non-denaturing polyacrylamide gel and
stained for PG activity. Lane l, 1.5 prg protein from untrans-
formed day 2 fruit;lane 2,0.5 pgprotein lrom untransformed
day l0 fruit; lane 3, 1.5 pg protein from GRl02 day 2 fruit;
lane 4,0.5 pg protein from GRl02 day l0 fruit; lane 5,4.0 pg
protein from GR95 day 2 fruit; lane 6, 4.0 pg protein from
GR95 day l0 fruit; lane 7, 50 pg protein lrom GRl05 day 2

fruit; lane 8, 50 pg prorein from GRl05 day l0 fruit.

1 2 3 4
Fig. 6. Polyuronide solubilisation and weight-average M,
during ripening of selected GRl6 progeny containing 0, l, or
2 antisense genes. A. Soluble polyuronide content ofacetone
insoluble pericarp extracts during ripening of untransformed
(o), and GRl05 ( l  % PG) (o). Each point is rhe mean lrom
3 lruit assayed individually. B. Weight-average M. ol soluble
polyuronides lrom antisense and untransformed unripe fruit,
and from l4 day post breaker untransformed lruit and fruit
containing l (GR95), or 2 (GR 105) antisense genes.
l, untranslormed and antisense unripe lruit; 2, untrans-
formed ripe fruit, 3, GRl05 ripe fruit (l/. pG);4, GR95 ripe
fruit (20l, PG). Each point is the mean from j fruit assayed

individually.
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the weight-average M, of pectin fragments was
determined (Fig. 68). Samples from green fruit of
antisense and normal plants had a similar M.
average of 158 000. As ripening progressed pectin
breakdown occurred resulting in an increase in
amount (Fig. 6.4.), but a decrease in size (Fig. 68)
of soluble polyuronide fragments. In normal and
GRl02 fruit 14 days after the breaker stage the
polyuronide fragment size had fallen to a M,
average of 80000. By contrast, after 14 days the
M, average was 95000 in GR95 and 135000 in
GR105 fruit. These results show that whilst the
in vivo solubilisation of pectin was unaffected by
substantially reduced PG levels, depolymerisa-
tion of pectin was largely prevented.

Discussion

We have previously reported the analysis of a
transgenic tomato plant in which PG expression
had been down-regulated using antisense RNA
[30]. We have now extended our investigations
and shown that the down regulation observed
previously is a general feature of plants containing
this antisense gene. In five independent trans-
formants we have observed a significant down-
regulation of PG enzyme activity, ranging from
50/. to 95l" inhibition. The variation in effec-
tiveness of antisense RNA in different trans-
formants may be due to differences associated
with the site of insertion of the antisense gene. It
was not due to the copy number of the gene in
different transformants since we have shown that
it was present as a single copy per diploid genome
in the five plants examined. When the antisense
gene copy number was doubled by selfrng the
original GR16 transformant a 99/" reduction in
the endogenous PG expression was achieved
(Fie. a).

The inheritance of the antisense gene has been
observed through two generations. The gene is
stable over this time, and more importantly, the
antisense RNA effect in progeny plants is highly
reproducible. [n future experiments we will anal-
yse the stability and effect of the antisense gene in
succeeding generalions in order to test the utility

) t t

of this approach for the modification of crop
plants.

With the exception of substantially reduced PG
activity the antisense fruit apparently developed
and ripened normally. There was no deviation
from the normal change in activity of invertase,
which increases during ripening (Fig. 3C), or
pectinesterase (Fig. 3D), which is also involved in
cell wall metabolism [38]. In addition there was
no alteration in ethylene production (the earliest
detectable sign of ripening) or the rate of lycopene
accumulation. This argues against PG having a
role co-ordinating ripening possibly by stimulat-
ing ethylene production [32,l]. However, this
possibility cannot be excluded entirely because of
the residual I% PG that persists in these fruit.

PG mRNA accumulates to l-2/" of the total
poly(A)+ RNA in normal fruit pericarp during
ripening [91. It is surprising how effectively anti-
sense RNA controlled the expression of this abun-
dant transcript. The mechanism by which inhi-
bition of gene expression was achieved is not yet
clear. One possibility is that transcription was
inhibited. However, Sheehy et al. [28] have con-
cluded that the rate of transcription of the PG
gene was unaltered in plants in which another
antisense construct was successfully used to con-
trol PG gene expression. Alternatively, antisense
RNA may interfere with nuclear RNA processing
or transport to the cytoplasm or may increase
mRNA instability. A reduction in the level of PG
mRNA accompanies reduced PG activity. This
indicates that antisense RNA does not simply
inhibit mRNA translation. No correlation was
observed between the level of antisense transcript
in leaves and the reduction of PG activity in the
fruit, although there was clearly an effect of gene
dosage on reduced activity in the hemizygous and
homozygous plants (Table 2,Fig.4). The multiple
antisense transcripts may be due to premature
termination as suggested previously [30].

Attempts to understand the role of PG in fruit
ripening and softening have been hampered by the
lack of single-gene PG mutants in tomato stocks.
Mutants exhibiting reduced PG levels are availa-
ble but are pleiotropic. Using the antisense RNA
approach, we have generated reduced PG
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mutants, in which other aspects of ripening are
not affected. In these plants the major difference
is the amount of depolymerisation of the soluble
pectin produced in ripening fruit (Fig. 6). tt is
apparent therefore that one of the biochemical
roles of PG during fruit ripening is to depoly-
merise pectic substances solubilised during ripen-
ing. The significance of depolymerisation of pectin
in relation to fruit softeningis unclear. No obvious
differences in compressibility were found in fruit
expressing l0% [30] or I/, PG levels. However,
compressibility is only one aspect of softening.
Changes in other physical parameters may also be
involved in this complex process.

Our experiments indicate that the reduction in
PG does not aflect the total EDTA-soluble uronic
acid levels (Fig. 6,{). This.suggests either that pG
does not play a role in polyuronide solubilisation,
or that the low PG levels present are sufficient to
achieve normal levels of soluble polyuronides.
The results of Giovannoni et al. Il I ] support the
Iatter interpretation. In their experiments, nn fruit
expressing 60'7" of normal levels of pG accumu-
late EDTA-soluble uronic acid comparable to
those found in normal fruit. However, it is diflicult
to exclude the possibility that in their experiments
the presence of considerable amounts of pG
enzyme has led to in vitro solubilisation of pectin
during the preparation of cell wall lractions
[19,25]. This point could be resolved by analys-
ing the molecular weight distribution of the solu-
ble polyuronide [25].

In the early stages of ripening pGl is the domi_
nant isoform that accumulates but it accounts for
only about l0/, of the total pG in fully ripe fruit.
In antisense plants expressing l/. of normal
activity, PG accumulated almost exclusively in
the PG1 form throughout ripening. The antisense
gene inhibited the formarion of both pGl (by
approx. 90%), and PGs 2a and 2b (almost com_
pletely). This is consistent with the suggestion that
the three isoenzymes result from post-transla_
tional modification of a polypeptide encoded by a
single PG gene [3]. If PG has a role ro play in the
solubilisation of cell wall pectin, the observation
that only the PG 1 isoform was detected in GR 105
suggests that a change from pGl to pG2 isoforms

may be a critical event in the switching between
the solubilisation and depolymerisation
functions. The presence of pGl throughout ripen_
ing, although at a low level, may indicate that pGl
is required for solubilisation of pectin, whereas
PG2, which is almost completely inhibited, may
be responsible for pectin depolymerisation.
Experiments using antisense fruit could clarify the
role of PG in fruit cell wall metabolism if the
amount of enzyme could be reduced further.
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