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ABSTRACT We have investigated the regulation of gene
expression by the plant hormone ethylene by cloning mRNAs
that accumulate in unripe tomato fruit (Lycopersicon
esculentum) exposed to exogenous ethylene. The response to
exogenous ethylene is rapid; within 30-120 min we detect an
increase in the cloned mRNA concentrations. DNA sequence
analysis indicates that one of the ethylene-inducible genes is
related to a gene encoding wound-inducible proteinase inhib-
itor I. We have measured ethylene production during fruit
development and detect low basal levels in unripe fruit and
much higher levels in ripening fruit. Blot hybridization exper-
iments show that expression of the cloned genes is develop-
mentally regulated by ethylene during fruit ripening: the
mRNAs produced by these genes are more abundant in ripe
fruit than in unripe fruit, and this mRNA accumulation is
repressed by a competitive inhibitor of ethylene action,
norbornadiene. However, during fruit development some of
the cloned mRNAs begin to accumulate when ethylene pro-
duction is at a basal level, whereas other mRNAs begin to
accumulate later when the endogenous ethylene concentration
increases, suggesting that gene expression during fruit devel-
opment can be activated by ethylene in two ways. In some cases
gene expression is primarily activated by an increase in
sensitivity to basal ethylene levels, whereas in other cases it may
be regulated by an increase in ethylene concentration.

The plant hormone ethylene has a profound influence on
plant development. Active in trace amounts, it affects seed
germination, seedling growth, root and leaf growth, many
stress phenomena, plant senescence, and fruit development
(1, 2). In particular, ethylene has been implicated in control-
ling fruit ripening. This is because removal of ethylene from
fruits or exposure of fruits to specific inhibitors of ethylene
biosynthesis greatly retards ripening, and the onset of ripen-
ing is hastened when unripe mature green (MG) fruits are
exposed to exogenous ethylene (3-5). Thus, ethylene induces
a complex ripening process. Associated with ripening is an
accumulation of carotenoid pigments, conversion of chloro-
plasts to chromoplasts, increased expression of genes encod-
ing cell wall degradation enzymes, and an autocatalytic surge
in ethylene biosynthesis (4-8).
Recent efforts to understand the regulatory role of ethylene

during fruit ripening have focused on the activation of gene
expression in unripe fruit exposed to elevated levels of
exogenous ethylene for relatively long periods of time, 10 (8)
to 24 hr (6). However, due to these long time intervals, it is
not known whether such changes in gene expression repre-
sent a primary response to ethylene or are the result of a
complex series of metabolic events initiated by ethylene.
Moreover, these experiments do not address studies showing
that fruits become increasingly responsive to ethylene as they

develop and mature (9). Sensitivity of fruit tissue to ethylene
may be an important factor in the regulation of ripening (10).
To understand the sequence of events linking ethylene to

the onset of fruit ripening, we have analyzed rapid genetic
responses to elevated levels of this hormone. To this end we
have exposed MG tomato fruit to exogenous ethylene for
short periods of time and have cloned mRNAs that increase
in concentration. Our results show that the cloned mRNAs
accumulate rapidly in response to exogenous ethylene. In-
creases in their concentration are detected within 30-120
min. Furthermore, the developmentally regulated expression
of each cloned gene is repressed by exposure to an inhibitor
of ethylene action. However, we find that during fruit
ripening some of the cloned mRNAs begin to accumulate
when ethylene production is at a basal level, whereas others
begin to accumulate later when the ethylene concentration
increases. This suggests that in some cases gene expression
during ripening is primarily activated by increased sensitivity
to basal ethylene levels, while in other instances it may be
regulated by an increase in ethylene concentration.

MATERIALS AND METHODS

Plant Material. Lycopersicon esculentum cv. VFNT Cher-
ry plants were grown under standard greenhouse conditions.
Fruit maturity stage was determined as follows. Immature
fruits were 50% full size. Full size MG stages were identified
by the extent of locular tissue breakdown resulting in the
formation of a viscous gel (7). In MG1 fruit the locular tissue
was firm, in MG2 fruit a small amount ofgel was present, and
in MG3 fruit the formation of the gel was complete. In MG4
fruit pigmentation was just detectable in the interior of the
fruit, whereas later stages of fruit development were defined
by further pigment accumulation.

Exposure of Fruit to Gasses. One kilogram of mature green
fruit was placed in a 25-liter chamber and exposed to 4.5 liters
per min of humidified ethylene in air (10 tkl per liter) or to air
alone.
mRNA Isolation. Pericarp tissue was frozen in liquid

nitrogen and stored at -80°. Polysomal, poly(A)+ mRNA was
isolated using procedures described elsewhere (11) except
that the EDTA-release step was omitted, and the polysome
extraction buffer was adjusted to 160 mM KCl and 70 mM
MgCl2-

Constructing and Screening an Enriched cDNA Library. A
cDNA library enriched for MG4-specific sequences was
constructed using subtraction hybridization procedures (12).
Seven micrograms of 32P-labeled MG4 cDNA and 70 ,ug of
MG1 mRNA were hybridized for 16.5 hr at 70°C [equivalent
Rot 4000 (13)] in a 12-,d reaction containing 33 mM Pipes, pH
6.9/1 M NaCl/0.2 mM EDTA/0.2% NaDodSO4. Unreacted
cDNA (12% of the total cDNA mass) was isolated by passing
the reaction over a 1-ml hydroxyapatite column at 68°C

Abbreviation: MG, mature green.
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equilibrated in 0.12 M NaH2PO4/0.12 M Na2HPO4/0.2%
NaDodSO4. Enriched for MG4-specific sequences, the un-
reacted cDNA was used to construct a cDNA library (12). To
screen the library, a probe enriched for ethylene-inducible
sequences was isolated. 32P-labeled cDNA was synthesized
using template mRNA isolated from MG1 fruit treated with
exogenous ethylene for 8 hr. Two micrograms of this labeled
cDNA was hybridized for 18 hr (equivalent Rot 3000) to 24 ,ug
of MG1 mRNA in a 6-,/1 reaction, and the unreacted cDNA
(10% of the total cDNA mass) was isolated by hydroxyapatite
chromatography. Although the unreacted cDNA represented
a 10-fold enrichment for ethylene-inducible sequences, it still
contained a substantial amount of nonspecific sequences. We
therefore constructed a control probe that represented only
the nonspecific sequences. Two micrograms of 32P-labeled
MG1 cDNA was hybridized to 24 Ag of its own template
mRNA, and the unreacted cDNA (9% of the total cDNA
mass) was isolated by hydroxyapatite chromatography as
described above. The MG4-enriched library was differential-
ly screened (14) by hybridizing replica clones to both probes.
Ethylene-inducible clones hybridized intensely to the probe
enriched for ethylene-inducible sequences and hybridized
weakly or not at all to the control probe.

RESULTS

Changes in Ethylene Production and Gene Expression Occur
During Tomato Fruit Ripening. Ethylene production at dif-
ferent stages of fruit development was measured. Immature
and early mature green stage (MG1 and MG2) fruit evolved
ethylene at a low, basal rate. At the MG3 stage a small
increase in ethylene evolution rate was detected (data shown
in Fig. 6A). However, at the MG4 stage when overt signs of
ripening were observed, the ethylene evolution rate sharply
increased. As fruit ripening progressed further, the ethylene
evolution continued to increase (data not shown). To deter-
mine whether changes in gene expression occurred at ap-
proximately the same time as the observed increase in
ethylene production rate, mRNAs were isolated from differ-
ent stages of fruit development, translated in vitro, and the
labeled proteins were analyzed by NaDodS.O4/poly-
acrylamide gel electrophoresis. Fig. 1 shows that at least
eight mRNAs were more abundant in MG4 stage fruit than in
MG1 fruit. In contrast, these changes in the mRNA popula-
tion were not evident when MG1 stage fruit were exposed to
exogenous ethylene for 8 hr, but the sensitivity of this
experiment is limited to the detection of mRNAs that are at
least moderately abundant. These findings demonstrate that
tomato fruit ripening is associated with an increase in
ethylene evolution rate and changes in gene expression.

Isolation of cDNA Clones. We initially attempted to isolate
mRNAs that accumulate in response to exogenous ethylene
by constructing a cDNA library derived from MG1 fruit
exposed to ethylene for 8 hr. The library was differentially
screened with labeled mRNA probes isolated from MG1,
MG1 fruit treated with ethylene for 8 hr, and MG4 fruit. We
found a homologous class ofcDNA clones represented by J49
hybridized more intensely to the latter two probes. In order
to isolate additional ethylene-induced mRNAs, a cDNA
library enriched for MG4-specific sequences was construct-
ed. The library was then screened with a probe enriched for
sequences that accumulate when MG1 fruit are exposed to
ethylene for 8 hr (see Materials and Methods). Using these
procedures we obtained three additional classes of ethylene-
induced cDNA clones represented by E4, E8, and E17. In
addition, we also selected from the MG4-enriched library a
control cDNA clone, E41, that did not hybridize to the probe
enriched for ethylene-inducible sequences. Fig. 2 shows that
each cDNA clone represents a distinct size mRNA. These
results indicate that exposing MG1 tomato fruit to exogenous
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FIG. 1. In vitro translation of mRNA isolated from fruits at
different stages of development. Polysomal, poly(A)+ mRNA was
isolated, translated in vitro using a wheat germ extract containing
3"S-labeled methionine, and the labeled proteins were fractionated by
NaDodSO4/polyacrylamide gradient (12-16%) gel electrophoresis
(15). Molecular masses of proteins are expressed in kDa. Proteins
encoded by mRNAs that display changes in abundance during fruit
development are indicated. Fruit used for mRNA isolation were
immature (lane A), MG1 (lane B), MG1 exposed to 10 /.l of ethylene
per liter for 8 hr (lane C), MG4 (lane D), 50% red (lane E), and red
(lane F).

ethylene for 8 hr induces the expression of at least four
different genes.

Proteins Encoded by Cloned mRNAs. To identify proteins
encoded by the cloned genes, we compared characteristics of
the cloned mRNAs and their in vitro translated polypeptides
to those of known plant genes. The molecular mass of the in
vitro translated polypeptides encoded by the cloned mRNAs
is shown in Fig. 3. The size of the E41 mRNA and its in vitro
translated polypeptide suggested that it might encode poly-
galacturonase (17, 18), an important cell wall degradation
enzyme that accumulates during fruit ripening (10). This was
confirmed by demonstrating that E41 mRNA hybridized with
a polygalacturonase cDNA clone (17) and that the E41
mRNA and polygalacturonase DNA sequences (19) were
99% homologous (data not shown). The small size of the E17
mRNA (Fig. 2) suggested that it might encode a protein
related to the proteinase inhibitors, a diverse class of low
molecular weight proteins that accumulate in wounded leaves
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FIG. 2. Size of mRNAs encoded by ethylene-inducible genes.
MG4 polysomal poly(A)+ mRNA was denatured with glyoxyl,
subjected to agarose gel electrophoresis, blotted, and hybridized to
the "P-labeled DNAs designated at the top ofeach lane. mRNA sizes
are expressed in kilobases (kb) and were calculated relative to RNA
standards.
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FIG. 3. In vitro translation of mRNAs that accumulate in re-
sponse to ethylene. Specific mRNAs were purified by hybridizing
MG4 mRNA to plasmids bound to nitrocellulose filters (16), trans-
lated in vitro using a wheat germ extract, and subjected to NaDod-
S04/polyacrylamide gel electrophoresis as described in Fig. 1. In
lane A no mRNA was added to the wheat germ extract. The plasmid
DNA used to purify mRNAs: B, pUC9 vector control; C, E41; D,
J49; E, E8; F, E4. In lane G MG4 mRNA was translated in vitro.

(20). This was confirmed by determining 132 nucleotides of
DNA coding sequence from the 3' portion of the E17 cDNA
clone. As shown in Fig. 4, the sequence is 67% homologous
to the DNA sequence of a proteinase inhibitor I cDNA clone
isolated by Graham et al. (20).
A Subset of the Developmentally Regulated Fruit Ripening

Genes Responds Rapidly to Exogenous Ethylene. To determine
how rapidly the cloned mRNAs accumulate in ethylene-
treated fruit, we hybridized the labeled cDNA clones to
mRNA isolated from MG1 fruit exposed to either ethylene or
air for 0.5-8 hr. As shown in Fig. 5, mRNAs represented by
E4, E8, E17, and J49 accumulated rapidly following exposure
to ethylene. Within 2 hr the level of each mRNA had
increased significantly over that of the air control. In con-
trast, the mRNA encoded by the control EM gene did not
accumulate in response to ethylene for up to 8 hr. As shown
in Figs. 5 and 6, expression of the ethylene-inducible genes
and the control E41 gene was developmentally regulated
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FIG. 4. DNA sequence homology between E17 cDNA and a
proteinase inhibitor I gene. E17 DNA was subcloned into the M13
phage vector mpl9 (21) and a portion of its DNA sequence was
determined using the dideoxy chain-termination method (22). Nu-
cleotides and amino acids identical to those of the proteinase
inhibitor I gene (20) are uppercase, whereas divergent sequences are
lowercase. Amino acids conserved during the evolution ofproteinase
inhibitor I proteins are underlined. Numbers refer to the position of
proteinase inhibitor I amino acids (20).

during fruit ripening. That is, their mRNAs were more
abundant in ripe fruit than in unripe fruit. Taken together,
these results indicate that some, but not all, of the develop-
mentally regulated fruit ripening genes respond rapidly when
MG1 fruit are exposed to exogenous ethylene.

Activation of Gene Expression and Ethylene Production
During Fruit Development. The ethylene evolution rate and
the concentration of each cloned mRNA were measured at
different stages of fruit development. As shown in Fig. 6, the
E4, E8, and the control E41 mRNAs began to accumulate at
the MG3 stage, coincident with the increase in ethylene
production. In contrast, increases in J49 and E17 mRNA
concentration were detected at the MG1 and MG2 stages,
respectively, when low basal levels of ethylene production
were detected. Because the activation of E17 and J49 gene
expression preceded the increase in ethylene biosynthesis,
we conclude that their expression is not primarily regulated
by an increase in ethylene concentration during fruit ripening.

Repression of Gene Expression by an Inhibitor of Ethylene
Action. We reasoned that ifE17 and J49 gene expression was
not regulated by an increase in ethylene concentration, then
perhaps their expression was activated by an increased

B

Time, hr

FIG. 5. Accumulation of specific mRNAs in fruit exposed to ethylene. mRNA was isolated from MG1 fruit treated with either ethylene (e)
or air (o) for the indicated period of time, or from MG4 fruit. One microgram of each mRNA was then dotted (23) onto nitrocellulose and
hybridized to the indicated 32P-labeled DNA probes. Following autoradiography (B), each dot was excised, and the extent of hybridization was
determined by liquid scintillation spectrometry (A).
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FIG. 6. Ethylene production rate and the accumulation of specific
mRNAs during fruit development. (A) Individual fruits were placed
in 50-ml containers that were sealed and incubated 1 hr. A 1-ml
sample from the closed atmosphere was removed, and the ethylene
content was determined by gas chromatography (Varian 500). Re-
sults represent the mean ± SD. Sample size for each group was as
follows: immature (Imm), 5; MG1, 39; MG2, 57; MG3, 15; MG4, 26.
(B) One microgram of mRNA isolated from fruit at the indicated
stages was dotted onto nitrocellulose filters and hybridized to the
cloned 32P-labeled DNA probes. Following autoradiography, each
dot was excised, and the extent of hybridization was determined by
liquid scintillation spectrometry. Maximum cpm hybridized for each

_2Plabeled DNA probe are as follows: E4 (0), 6625 cpm at red stage;
E8 (e), 2876 cpm at 50% red stage; E17 (A), 559 cpm at MG4 stage;
J49 (A), 3848 cpm at MG4 stage; and E41 (in), 12,352 cpm at red stage;
results are reported as the fraction of that maximum hybridization.

capacity of fruit tissue to respond to low basal levels of
ethylene. Alternatively, it was possible that El17 and J49 gene
expression during fruit ripening was not regulated by
ethylene. To investigate the role played by ethylene in
regulating their expression, fruit were exposed to norbor-
nadiene, a highly specific competitive inhibitor of ethylene
action (24). As shown in Fig. 7, a population ofMG fruit was
treated with either norbornadiene or air for 12 days. As an
additional control, a portion of the fruit was immediately
harvested (0 day). Because mature green substages could
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FIG. 7. Expression of cloned genes in the presence of an inhibitor

of ethylene action, norbornadiene. One hundred and forty mature

green fruit were divided into three groups. One group was immedi-

ately harvested. The other two groups were put in 60-liter chambers

for 12 days. One chamber contained air plus 1000 of norbornadiene

per liter, and the other contained only air. Ripening (accumulation of

carotenoid pigments) was observed in the air controls, but not in the

norbornadiene-treated fruit. One microgram ofmRNA isolated from

each group was dotted and hybridized to the indicated 32P-labeled

probes.-

only be determined by examining internal morphological
markers (see Materials and Methods) initially the population
was a mixture ofMG1 and MG2 fruit. As a result, J49, a gene
activated at the MG1 stage (Fig. 6), was expressed in the
untreated (0 day) control fruit. However, as expected,
expression of all the other cloned genes was low in the
untreated control fruit. Fruit treated with air for 12 days
began to ripen, and the concentration of the cloned mRNAs
dramatically increased. Treatment with norbornadiene inhib-
ited both ripening and the expression of the cloned genes
when compared with the control fruit exposed to air. The
norbornadiene did not affect the concentration of an addi-
tional cloned mRNA encoded by a gene expressed constitu-
tively throughout fruit development (data not shown).
These results show that ethylene is needed for the maximal

accumulation of all of the cloned mRNAs, and, in particular,
they suggest that low basal levels of ethylene play a role in
regulating El17 and J49 gene expression. These results sup-
port the hypothesis that E17 and J49 gene expression is
activated by an increase in sensitivity to low basal levels of
ethylene.

DISCUSSION

Ethylene has been shown to be intimately involved in the
initiation of ripening of tomatoes and many other fruits (1, 4,
5, 10). For this reason, tomato fruit ripening represents an
excellent paradigm for studying the effect of ethylene on
plant development. In order to better understand the rela-
tionship between ethylene, gene expression, and the onset of
fruit ripening, we have studied an early set of genetic
responses to this important plant hormone.
Exogenous Ethylene Rapidly Induces Gene Expression.

Others have shown that prolonged exposure (10-24 hr) to
exogenous ethylene induces the expression of developmen-
tally regulated fruit ripening genes (6, 8). We find, however,
that ethylene affects gene expression in fruits earlier. As
shown in Fig. 5, specific mRNAs rapidly accumulate in
ethylene-treated fruit. Within 0.5-2 hr we detect increases in
the concentration of four different mRNAs. A similar rapid
induction has been observed when soybean hypocotyls were
exposed to ethylene (25). Adjusting for the time it takes for
ethylene gas to diffuse into fruit [at least 15 min for the
internal ethylene concentration to achieve 50% of its final
steady-state level (26)], ethylene-induced gene expression is
nearly as rapid as auxin-induced gene expression that has
been demonstrated in pea epicotyls and soybean hypocotyls
(27, 28). These results suggest that plant hormones such as
auxin and ethylene are capable of inducing changes in-the
physiology of plants by rapidly altering patterns of gene
expression.

Differential Response of Fruit Ripening Genes to Exogenous
Ethylene. As shown in Fig. 7, the expression of each cloned
gene is inhibited by norbornadiene, suggesting that ethylene
is required for their normal expression during fruit ripening.
However, when fruit are' exposed to exogenous ethylene for
periods of time <8 hr, not all of the cloned genes are
expressed (Fig. 5). Specifically, E4, E8, E17, and J49 gene
expression is activated by ethylene while E41 (polygalactu-
ronase) gene expression is not. The difference in the capacity
of MG1 stage tomato fruit to rapidly respond to exogenous
ethylene may reflect differences in the mechanism of ethy-
lene-induced gene expression. That is, perhaps relatively few
events catalyzed by ethylene result in rapid E4, E8, El17, and
J49 'gene expression, whereas a greater number of events
following ethylene exposure are required for polygalactu-
ronase gene expression. Accordingly, others have shown (6)
that polygalacturonase gene expression is detected only after
exposure of fruit to ethylene for several days. Alternatively,
ethylene-responsiveness may be a reflection of developmen-
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tal state. That is, perhaps exogenous ethylene rapidly induces
polygalacturonase gene expression, but only at a later stage
of fruit ripening. The effect of exogenous ethylene on gene
expression at both earlier and later stages of fruit develop-
ment deserves further examination.

Function of Ethylene-Inducible Genes During Fruit Ripen-
ing. The function of the E4, E8, and J49 gene products is not
yet known. Hybridization experiments and DNA sequence
analysis (data not shown) indicate that they are not homol-
ogous to other ethylene-inducible genes, cellulase (8) or
chitinase (29). Recently it has been shown that the exposure
of unripe fruits to exogenous ethylene rapidly increases the
activity of enzymes that are involved in ethylene production
(30, 31), and it is possible that the cloned ethylene-responsive
genes encode these enzymes.
As shown in Fig. 4, the E17 gene is related to a tomato

proteinase inhibitor I gene. Comparing the partial E17 DNA
sequence to that of the proteinase inhibitor I gene reveals that
approximately 67% of the nucleic acids and 50% of the amino
acids are identical. Moreover, many of the amino acids that
are conserved during the evolution of proteinase inhibitor I
genes are present in the E17 gene. These results suggest that
the El 7 and proteinase inhibitor I genes may represent
distantly related members of a multigene family. Proteinase
inhibitor I is a powerful inhibitor of animal and microbial
endopeptidases and is thought to defend plant tissue from
insect predators. It is possible that the E17-encoding protein
performs a similar function in tomato fruit.

Regulation of Gene Expression by Changes in Ethylene
Concentration and by Changes in Sensitivity to Ethylene. Our
results suggest that changes in ethylene concentration can
activate gene expression. As shown in Fig. 5, exposure of
fruits to elevated levels of exogenous ethylene activates E4,
E8, E17, and J49 gene expression. Furthermore, the onset of
E4 and E8 gene expression is approximately coincident with
the increase in ethylene evolution rate during fruit ripening
(Fig. 6). These results are consistent with the idea that
increasing ethylene concentration leads to the onset of gene
expression. Similar results have been obtained in studies of
the regulation of cellulase gene expression during avocado
fruit ripening (8).
Our results also suggest that during development gene

expression may be activated by an increased capacity of
tissue to respond to low levels of ethylene. As shown in Figs.
6 and 7, E17 and J49 mRNAs accumulate before the increase
in ethylene production, and these low levels of ethylene
appear to be required for maximal gene expression. These
results suggest that during fruit development E17 and J49
gene expression is activated by an increase in sensitivity to
basal, low levels of ethylene. This is consistent with physi-
ological evidence that most fruits become more sensitive to
ethylene as they mature and approach the onset of ripening
(9, 24). Furthermore, it has been shown that other important
ethylene-mediated processes such as leaf abscission (32) and
flower senescence (33) involve changes in sensitivity to
ethylene. Thus, activation of gene expression by changes in
sensitivity to ethylene may be an important general phenom-
enon during plant development.
The interaction between a growth substance and plant

tissue has been expressed (34) by the relationship:

growth substance + receptor active complex>
biological response.

In this case the growth substance is ethylene, and the

limiting, the relationship predicts that activation of gene
expression may result from increasing ethylene concentra-
tion, by a change in receptor concentration, or by a change
in receptor activity. It is possible that activation ofE4 and E8
gene expression results from changes in ethylene concentra-
tion, whereas activation of E17 and J49 gene expression
results from a change in receptor concentration or activity.
This information underscores the importance of identifying
the cellular factors that regulate ethylene-inducible gene
expression during plant development.
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