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Polygalacturonase (PG) is the major enzyme responsible for pec-
tin disassembly in ripening fruit. Despite extensive research on the
factors regulating PG gene expression in fruit, there is conflicting
evidence regarding the role of ethylene in mediating its expression.
Transgenic tomato (Lycopersicon esculentum) fruits in which en-
dogenous ethylene production was suppressed by the expression of
an antisense 1-aminocyclopropane-1-carboxylic acid (ACC) syn-
thase gene were used to re-examine the role of ethylene in regulat-
ing the accumulation of PG mRNA, enzyme activity, and protein
during fruit ripening. Treatment of transgenic antisense ACC syn-
thase mature green fruit with ethylene at concentrations as low as
0.1 to 1 mL/L for 24 h induced PG mRNA accumulation, and this
accumulation was higher at concentrations of ethylene up to 100
mL/L. Neither PG enzyme activity nor PG protein accumulated
during this 24-h period of ethylene treatment, indicating that trans-
lation lags at least 24 h behind the accumulation of PG mRNA, even
at high ethylene concentrations. When examined at concentrations
of 10 mL/L, PG mRNA accumulated within 6 h of ethylene treat-
ment, indicating that the PG gene responds rapidly to ethylene.
Treatment of transgenic tomato fruit with a low level of ethylene
(0.1 mL/L) for up to 6 d induced levels of PG mRNA, enzyme
activity, and protein after 6 d, which were comparable to levels
observed in ripening wild-type fruit. A similar level of internal
ethylene (0.15 mL/L) was measured in transgenic antisense ACC
synthase fruit that were held for 28 d after harvest. In these fruit PG
mRNA, enzyme activity, and protein were detected. Collectively,
these results suggest that PG mRNA accumulation is ethylene reg-
ulated, and that the low threshold levels of ethylene required to
promote PG mRNA accumulation may be exceeded, even in trans-
genic antisense ACC synthase tomato fruit.

PG (EC 3.2.1.15) catalyzes the hydrolytic cleavage of
a-(1–4) galacturonan linkages and is a key enzyme in-
volved in the large changes in pectin structure that accom-
pany the ripening of many fruit (Fischer and Bennett,
1991). The tomato (Lycopersicon esculentum L.) fruit PG gene
is one member of a family of PG genes present in tomato,
but its expression is confined to fruit and it is transcrip-
tionally activated during ripening (Bird et al., 1988; Della-
Penna et al., 1989; Montgomery et al., 1993). In spite of
extensive research on the regulation of the tomato fruit PG

gene, the role of ethylene in regulating PG gene expression
remains controversial. Some observations suggest that PG
expression is ethylene regulated. First, treatment of MG
tomato fruit with ethylene induced PG mRNA accumula-
tion (Grierson et al., 1986; Maunders et al., 1987; Bird et al.,
1988). Second, PG mRNA and protein levels were greatly
reduced in tomato fruit of the ripening-impaired mutant
Nr, which contains a mutation that blocks ethylene percep-
tion (Tucker et al., 1980; DellaPenna et al., 1987; Knapp et
al., 1989; Lanahan et al., 1995). Third, analysis of the PG
promoter revealed sequences with similarity to ethylene-
responsive elements identified in the ethylene-regulated E8
and E4 gene promoters (Nicholass et al., 1995). Fourth,
inhibitors of ethylene action, such as silver thiosulfate and
norbornadiene, reduced PG mRNA accumulation during
tomato fruit ripening, suggesting that continuous ethylene
perception is required for PG expression (Lincoln et al.,
1987; Davies et al., 1988). These observations imply that
expression of the PG gene is ethylene regulated.

In contrast, however, tomato fruits expressing an anti-
sense ACC synthase gene that strongly blocked ethylene
production were shown to accumulate PG mRNA (Oeller
et al., 1991; Theologis et al., 1993). In these experiments PG
mRNA accumulated at the appropriate developmental
time, suggesting that transcription of the gene was regu-
lated by factors other than ethylene. However, in the same
fruits PG protein did not accumulate, and treating the
fruits with propylene induced its accumulation. These re-
sults suggested that PG gene transcription is ethylene in-
dependent but that translation of PG mRNA or the stability
of the PG protein is ethylene dependent. Based on these
results and others, it has been proposed that ripening-
associated genes are regulated by two independent path-
ways: one that is ethylene independent and developmen-
tally regulated and another that is ethylene dependent
(Theologis et al., 1993). In the context of this model, PG
gene expression has thus been used as a marker for the
ethylene-independent and developmentally regulated
pathway (Montgomery et al., 1993; Giovannoni, 1997).

Here we have re-examined the role of ethylene in the
regulation of PG mRNA and protein accumulation in trans-
genic tomato fruit expressing an antisense ACC synthase
gene that blocks endogenous ethylene synthesis. Our
data indicate that PG mRNA accumulation is ethylene
regulated in a concentration- and time-dependent manner.
The implications of these results on current models of
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ethylene-dependent and ethylene-independent regulation
of ripening-associated genes are discussed.

MATERIALS AND METHODS

Plant Material and Fruit Treatment

Greenhouse-grown tomato (Lycopersicon esculentum Mill.
cv VF36) fruits expressing an antisense ACC synthase gene
(line A11.1; Oeller et al., 1991; Theologis et al., 1993) were
harvested at the MG stage 37 d after anthesis. Ethylene
production rates of harvested fruit were determined, and
only fruit producing less than 0.1 nL g21 h21 ethylene were
included in the experiments. Fruits were placed in humid-
ified 20-L bottles and subjected to a continuous flow of air
or ethylene at 20°C. The ripening stage of fruit was deter-
mined according to the internal changes associated with
ripening, as described by Su et al. (1984): MG1/2, jelly-like
materials in at least one but not all locules, few seeds are
cut; MG3, jelly-like materials in all locules, seeds not cut;
and MG4, some internal red color in locules.

Fruit internal ethylene concentration was determined by
withdrawing air samples with a hypodermic syringe from
the interior of fruit submerged in water. The air sample
was then transferred to a new syringe to avoid injection of
fruit juices into the gas chromatograph. Immediately after
the air sample was taken the fruits were frozen in liquid
nitrogen for further analysis of mRNA and protein levels.

RNA Analysis

Total RNA was isolated from 5 to 10 g fresh weight of
frozen pericarp as previously described (Lashbrook et al.,
1994). Poly(A1) mRNA was isolated using an Oligotex
mRNA kit (Qiagen, Chatsworth, CA). RNA gel blotting to
nylon membranes (Hybond N, Amersham) was as de-
scribed by the manufacturer. The filters were probed with
the full-length PG cDNA insert of pPG 1.9 radiolabeled
with [32P]dATP (DellaPenna et al., 1987). Hybridization
was for 16 h at 65°C in 10% (w/v) dextran sulfate, 2%
(w/v) SDS, 1 m NaCl, and 100 mg/mL base-denatured
salmon-sperm DNA. The final wash was at 65°C in 0.13
SSC and 0.2% (w/v) SDS for 1 h. Radioactivity in the blot
was quantified by exposure to a phosphor imager plate and
scanning with a phosphor imager (Fujix BAS 1000, Fuji
Medical Systems, Stamford, CT).

Protein Extraction and Enzyme Assay

Protein was extracted from pericarp tissue as previously
described (Moore and Bennett, 1994) with slight modifica-
tions. Following the high-salt extraction, proteins were pre-
cipitated by the addition of ammonium sulfate to 75%
saturation. After the sample was centrifuged, the resulting
protein pellet was resuspended in 20 mm sodium acetate,
pH 4.0, and dialyzed extensively against the same buffer.
The dialyzed extract was clarified by centrifugation, and
aliquots containing 10 mg of proteins were used for the
enzyme assay. The protein content of the extract was de-

termined by the method of Bradford (1976) using BSA as a
standard.

PG enzyme activity was assayed as described by Gross
(1982) following the modifications by Moore and Bennett
(1994). Enzyme samples were incubated at 37°C for 16 h
with 0.01% (w/v) sodium azide to prevent microbial
growth.

PAGE and Western Blots

Protein (10 mg) of the preparation described above was
separated by SDS-PAGE (10%, w/v), transferred to a PVDF
membrane (Millipore), and incubated with PG antiserum
as previously described (DellaPenna et al., 1986). Detection
of the PG protein-antibody complex was carried out using
a chemiluminescence western blotting kit (Boehringer
Mannheim) according to the manufacturer’s instructions.

RESULTS

Concentration Dependence of PG mRNA Accumulation in
Response to Ethylene

To minimize the effects of endogenous ethylene produc-
tion in MG fruit, we examined the response of PG mRNA
accumulation to exogenous ethylene in tomato fruit in
which ethylene production was suppressed by more then
99% by the action of an ACC synthase antisense transgene
(Oeller et al., 1991; Theologis et al., 1993). Fruits at the MG
stage were treated with different ethylene concentrations
for 24 h and then PG mRNA accumulation was deter-
mined. The results shown in Figure 1A indicate that 0.1 to
1 mL/L ethylene was sufficient to induce accumulation of
PG mRNA, whereas none was detected in untreated fruit.
Increasing the ethylene concentration to 10 and 100 mL/L
induced higher levels of PG mRNA accumulation. Al-
though the time used in this study was substantially longer
than that typically used (24 versus 8 h) to characterize
ethylene-responsive genes, the ethylene concentration de-
pendence of PG mRNA accumulation was similar to that
found in other ethylene-inducible genes (Lincoln et al.,
1987; Giovannoni, 1997). After 24 h of exposure to 100
mL/L ethylene, PG mRNA levels were comparable to those
found during ripening of normal fruits. In contrast to the
effects of ethylene on PG mRNA accumulation, PG enzyme
activity was very low and did not change appreciably
during 24-h ethylene treatments (Fig. 1B). This observation
is consistent with the inability to detect immunologically
PG protein in the same protein samples extracted from
ethylene-treated fruit (Fig. 1C).

Time Dependence of PG mRNA Accumulation in
Response to Ethylene

The time dependence of PG mRNA accumulation in
response to ethylene was also examined. MG transgenic
antisense ACC synthase fruits were treated with 10 mL/L
ethylene for periods up to 24 h, and the levels of PG mRNA
and protein were determined. Accumulation of PG mRNA
was first detected clearly after 6 h of exposure to ethylene,
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and at this time PG mRNA levels were approximately
12-fold higher than the basal level of PG mRNA detected at
0 and 3 h (Fig. 2A). At 6 to 12 h of exposure to ethylene, the
PG mRNA level increased by an additional 3-fold and
remained approximately constant at 12 to 24 h (Fig. 2A).
PG enzyme activity increased slightly during the first 3 h of
ethylene treatment and stayed at a similar level during the
24 h of exposure to ethylene (Fig. 2B). It should be noted
that the levels of PG enzyme activity detected in this ex-
periment are very low, amounting to approximately 15% of
enzyme activity levels detected in wild-type ripe fruit
(compare with Fig. 4B). Immunoblot analysis indicated the

presence of extremely low levels of PG protein after 3 h of
exposure to ethylene, which did not increase during the
24 h of ethylene treatment, despite the large increase in PG
mRNA during this same period (Fig. 2C). The results
shown in Figures 1 and 2 indicate that PG mRNA accumu-
lation is not tightly coupled to PG translation, and that
there is a time lag of at least 24 h between PG mRNA
accumulation and the accumulation of significant levels of
PG protein or PG enzyme activity.

Induction of PG mRNA Accumulation by Low
Ethylene Concentration

Tomato fruits expressing an antisense ACC synthase
antisense gene have been shown to be suppressed in eth-
ylene production by approximately 99%, but ethylene is
still produced at a level of , 0.1 nL g21 h21 (Oeller et al.,
1991; Theologis et al., 1993). To determine whether long-
term exposure to low levels of endogenous ethylene may
be sufficient to induce PG mRNA and protein accumula-
tion, MG transgenic antisense ACC synthase fruits were
treated with 0.1 mL/L ethylene. PG mRNA was readily
detected after 4 d and PG enzyme activity increased ap-

Figure 1. Regulation of PG mRNA, enzyme activity, and protein
accumulation by different ethylene concentrations. MG transgenic
ACC synthase antisense tomato fruit were treated with different
ethylene concentrations for 24 h, and PG mRNA, enzyme activity,
and protein levels were determined. A, mRNA gel-blot hybridization
analysis showing the accumulation of PG mRNA. Each lane con-
tained 4.6 mg of poly(A1) mRNA. Blots were hybridized with a
radiolabeled full-length PG cDNA probe. Washes were carried out at
high stringency (0.13 SSC and 0.2% [w/v] SDS at 65°C for 1 h).
Radioactivity in the blot was estimated with a phosphor imager and
plotted as a histogram above the gel blot. B, PG enzyme assays were
performed by incubating 10 mg of crude cell wall protein extracts
with polygalacturonic acid, and PG activity was determined by a
reducing sugar assay. C, Immunoblot of cell wall protein extracts.
Each lane contained 10 mg of protein, and PG protein was detected
with antibody by using a chemiluminescence kit. PG2 indicates the
mobility of purified PG.

Figure 2. Regulation of PG mRNA, enzyme activity, and protein
accumulation by time of ethylene treatment. MG transgenic ACC
synthase antisense tomato fruits were treated with 10 mL/L ethylene
for the indicated times, and PG mRNA, enzyme activity, and protein
levels were determined. A, mRNA-hybridization analysis. Each lane
contained 3 mg of poly(A1) mRNA. B, PG enzyme assays were
performed by incubating 10 mg of crude cell wall protein extracts
with polygalacturonic acid, and PG activity was determined by a
reducing sugar assay. C, Immunoblot of cell wall protein extracts.
Each lane contained 10 mg of protein, and PG protein was detected
with antibody by using a chemiluminescence kit. PG2 indicates the
mobility of purified PG.
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proximately 5-fold compared with air-treated fruits (Fig. 3,
A and B). PG protein was also immunologically detected
after 4 d of ethylene treatment (Fig. 3C). At this stage the
fruit locules had jellied and fruit color had advanced to
faint yellow. After 6 d of exposure to ethylene, the levels of
PG mRNA, enzyme activity, and immunologically detected
protein increased further and were similar to those found
in wild-type fruits at the beginning of the breaker stage
(Fig. 3). At this stage the inner pericarp and locules had
turned to light pink. Fruits treated with air for 6 d did not
contain any PG mRNA, and PG activity and protein levels
were similar to the level detected at the beginning of the
experiment (Fig. 3). These results indicated that PG mRNA
and protein accumulation are induced by ethylene, and
that this process is responsive to low levels of ethylene
when present for several days. The results also indicate
that during the time frame of several days, both PG mRNA
and protein are induced to accumulate by the same low
ethylene concentration.

PG mRNA Enzyme Activity, and Protein Accumulation
during Ripening of Transgenic Tomato Fruit

Although ethylene production in the ACC synthase an-
tisense fruit is severely blocked, the fruits eventually ripen
and soften. We therefore examined these fruit over a long
period to assess whether they accumulated low levels of

ethylene, which might be sufficient to induce PG expres-
sion. Since the color change accompanying ripening of
transgenic antisense ACC synthase fruit is strongly inhib-
ited, ripening stages were determined according to the
texture and color of locules and seed maturity, as judged
by their ability to be cut (Su et al., 1984).

Transgenic MG fruit were harvested and maintained at
20°C for 28 d, the ripening stage of each individual fruit
was determined by locular and seed maturity criteria, and
PG mRNA levels were determined. PG mRNA was first
detectable at the late MG2 stage and continued to increase
through the breaker and turning stages of these slowly
ripening transgenic fruit (Fig. 4A). PG enzyme activity was
slightly higher in MG2 than in the MG stage and increased
progressively, reaching its highest level at the turning stage
(Fig. 4B). PG protein remained below the limits of detection
throughout the MG4 stage but was readily detected at the
breaker stage and continued to accumulate through the
turning stage (Fig. 4D).

The internal ethylene concentration in these fruits was
also measured and found to be similar during the first
three ripening stages but increased significantly at the
breaker stage (Fig. 4C). This pattern of ethylene production

Figure 3. Regulation of PG mRNA, enzyme activity, and protein
accumulation by prolonged treatment with a low ethylene concen-
tration. MG transgenic ACC synthase antisense tomato fruits were
treated with 0.1 mL/L ethylene, and PG mRNA, activity, and protein
accumulation were determined. A, mRNA-hybridization analysis.
Each lane contained 3 mg of poly(A1) mRNA. B, PG enzyme assays
were performed by incubating 10 mg of crude cell wall protein
extracts with polygalacturonic acid and PG activity was determined
by a reducing sugar assay. C, Immunoblot of cell wall protein ex-
tracts. Each lane contained 10 mg of protein, and PG protein was
detected with antibody by using a chemiluminescence kit. PG2
indicates the mobility of purified PG.

Figure 4. Accumulation of PG mRNA, enzyme activity, and protein
during ripening of transgenic ACC synthase antisense tomato fruits.
MG fruits were harvested and maintained under a constant flow of
humidified air at 25°C for 28 d. During this period some fruit began
to slowly ripen. The ripening stage of each fruit was determined (see
“Materials and Methods”), and accumulation of PG mRNA, activity,
and protein was analyzed in fruit that had attained a ripening stage
defined by the physical state of the locule and seed maturity. A,
mRNA-hybridization analysis. Each lane contained 3.2 mg of
poly(A1) mRNA. B, PG enzyme assays were performed by incubating
10 mg of crude cell wall protein extracts with polygalacturonic acid,
and PG activity was determined by a reducing sugar assay. C,
Internal ethylene concentration (microliters/liter). D, Immunoblot of
cell wall protein extracts. Each lane contained 10 mg of protein, and
PG protein was detected with antibody by using a chemilumines-
cence kit. PG2 indicates the mobility of purified PG.
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with a peak at the breaker stage is typical of ripening in
wild-type fruit, although the levels of ethylene observed in
these transgenic antisense ACC synthase fruit were vastly
reduced relative to wild-type fruit. The concentration of
internal ethylene (0.15 mL/L) measured in these fruits was
similar to levels that induced PG mRNA and protein accu-
mulation when applied for several days (Fig. 3).

DISCUSSION

The current model describing the regulation of tomato
fruit ripening is based on the action of at least two signal
transduction pathways: one that is ethylene independent
and developmentally regulated and another that is ethyl-
ene dependent (Theologis et al., 1993). According to this
model, it has been suggested that PG expression is devel-
opmentally regulated through the ethylene-independent
signal transduction pathway but that translatability of PG
mRNA or the stability of the PG protein may be ethylene
dependent. However, the data presented here indicate that
PG mRNA accumulation is ethylene regulated (Figs. 1–3).
Two criteria have been used to establish the role of ethyl-
ene in regulating specific gene expression: (a) mRNA ac-
cumulation should be induced at physiologically active
concentrations of ethylene and (b) the response to ethylene
should be fast (Lincoln et al., 1987; Harpham et al., 1996).
Ethylene-regulated genes in ripening tomatoes have been
arbitrarily defined to show a response at the level of in-
creased mRNA accumulation within 8 h after ethylene
treatment (Lincoln et al., 1987; Giovannoni, 1997).

In the experiments presented here, PG mRNA accumu-
lation was induced by physiologically active ethylene lev-
els (0.1–1 mL/L). Ethylene-induced PG mRNA accumula-
tion exhibited a typical concentration dependence, initiated
at a threshold between 0.1 and 1 mL/L and a saturation
greater than 100 mL/L ethylene. This type of response
indicates a high sensitivity to ethylene, as well as a re-
sponse that does not reach saturation under physiological
conditions (Fig. 1). The accumulation of PG mRNA was
also detected within 6 h following ethylene treatment at a
concentration similar to that used in other studies of
ethylene-regulated gene expression (10 mL/L), although
the levels detected at 6 h were very low relative to the
maximal levels observed after 12 to 24 h of ethylene treat-
ment (Fig. 2). Thus, both criteria required to establish the
role of ethylene in PG mRNA accumulation were met.
Comparing the data shown in Figures 1 and 2 with those of
other ethylene-regulated genes suggests that PG should
also be classified as an ethylene-regulated gene (Lincoln et
al., 1987; Montgomery et al., 1993; Harpham et al., 1996).

The observation that PG mRNA, but not PG protein,
accumulated during development of transgenic ACC syn-
thase antisense fruit suggested the hypothesis that ethylene
may exert translational control over expression of this
mRNA (Theologis et al., 1993). Our results indicate that,
although PG mRNA translation lags behind the accumula-
tion of PG mRNA by at least 24 h, there was no evidence
that this lag was shortened by exposure to higher levels of
ethylene. A significant lag in PG mRNA translation was
previously reported by Biggs and Handa (1988), who ob-

served that during ripening of normal tomato fruit the
maximum accumulation of PG mRNA usually preceded
the peak of PG protein by about 3 d.

Lincoln et al. (1987) investigated ethylene-regulated gene
expression during ripening by cloning mRNAs that accu-
mulated in ethylene-treated unripe tomato fruit. They ob-
served that during wild-type fruit development some of
the cloned mRNAs begin to accumulate when ethylene
production is at a basal level, whereas other mRNAs begin
to accumulate later, after endogenous ethylene levels in-
crease. These data suggested that gene expression during
fruit development could be activated in two ways: by an
increase in sensitivity to basal ethylene levels or by an
increase in ethylene concentration. Theologis et al. (1993)
examined the expression of the same genes (Lincoln et al.,
1987) in normal and transgenic ACC synthase antisense
fruits and concluded that only one of five ripening-
regulated genes (E4) was ethylene regulated. Among the
five ripening-related genes examined, PG has been previ-
ously shown to be the least sensitive to ethylene (Lincoln et
al., 1987; Lincoln and Fischer, 1988a, 1988b). Nevertheless,
our results indicate that transgenic ACC antisense fruit are
not ethylene free, and suggest that the accumulation of PG
mRNA in these fruits is responsive to the low level of
endogenous ethylene that accumulates (Fig. 4). Thus, the
group of genes (including PG) that have been proposed to
be ethylene independent based on their expression in
transgenic ACC synthase antisense fruit may actually rep-
resent a group of genes that are most sensitive to ethylene
and are thus responsive to the very low levels of ethylene
present in these transgenic fruits.

The results presented here do not question the model of
dual regulatory pathways contributing to fruit ripening. It
is likely that both ethylene-independent and ethylene-
dependent pathways are operative in climacteric fruit and
that developmental signals play an important role in the
activation of ethylene production and in changing the sen-
sitivity of climacteric fruit tissue to ethylene. However, the
results presented here suggest that PG gene expression is a
component of the ethylene-dependent pathway and should
not be assumed to be a reliable marker for an ethylene-
independent developmental pathway that may be opera-
tive in climacteric fruit ripening.
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