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S
ignificant progress has been made toward understanding the
physiology and biochemistry of fruit ripening and senescence
in the past 2 decades. Conclusions of molecular biological
experiments are witnessed weekly in scientific journals world-

wide. The enzymes of ethylene biosynthesis—ACC synthase and ACC
oxidase—have been identified, purified, cloned, and characterized and
antibodies have been developed for analytical reagents. Gene expres-
sion studies reveal that development of the ethylene biosynthetic path-
way is transcriptionally regulated through the expression of the respec-
tive mRNAs encoding ACC synthase and ACC oxidase, and that this
process is activated by ethylene. Transgenic tomato plants have been
developed through genetic engineering in which the enzymes of
ethylene biosynthesis and the fruit-softening enzyme endopolygalac-
turonase have been attenuated and, as a consequence, fruit ripening is
delayed. The evolution of molecular biological techniques and experi-
mentation has heralded a renaissance of opportunities for the under-
standing and controlled ripening of climacteric fruits.
Postharvest Physiology Laboratory, Department of Horticulture,
Michigan State University, East Lansing MI 48824.
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“ The
identification
and isolation of
ripening-related
genes and the
introduction of
antisense
mRNA... has
provided
opportunities to
control ripening
of fruits. . . . ”
Progress in plant molecular biology re-
search has contributed significantly toward
the understanding of the molecular basis for
fruit ripening. The identification and isola-
tion of ripening-related genes and the intro-
duction of antisense mRNA for these genes
into various plants by plant transformation
has provided opportunities to control ripen-
ing of fruits and address fundamental ques-
tions of plant biology in novel ways. It has
been shown that ethylene plays an essential
role in fruit ripening by stimulating the ex-
pression of ripening-related genes (Grierson
et al., 1985; Maunders et al., 1987), although
the exact mechanism is not known. Ethylene
biosynthesis and action in fruit ripening are
developmentally regulated and temporally
expressed; these events are modulated by
numerous abiotic and biotic factors of the
environment (Abeles et al., 1992). The key
enzymes ofethylene biosynthesis are 1-amino-
cyclopropane-1-carboxylate (ACC) synthase
and ACC oxidase, which catalyze the conver-
sion of s-adenosylmethionine to ACC and
ACC to ethylene, respectively. Several eth-
ylene-responsive genes also have been isolated
and sequenced. In several instances, the
products encoded by these genes have been
identified as specific mRNAs and/or enzymes
associated with the ripening process (Brady,
1987; Grierson et al., 1986; Lay-Yee et al.,
1990; Olson et al., 1991; Van Der Straeten et
al., 1990). Specific ripening-related DNA
sequences have been expressed in transgenic
plants showing that indeed they are involved
in some of the ethylene-responsive genes and
some genes involved in cell wall softening
(Grierson et al., 1990; Hamilton et al., 1990;
Oeller et al., 1991). Fruits from antisense
transgenic plants have shown (Hamilton et
al., 1991) that the ethylene-forming enzyme
(ACC oxidase) and ethylene are required for
continuation of ripening of tomato fruits.
Moreover, not all of the ripening-related
processes appear to be ethylene-dependent;
e.g., fruits of antisense ACC oxidase tomato
plants soften. Other research with transgenic
tomato plants with greatly reduced poly-
galacturonase (PG) has shown that PG is not
solely responsible for softening and cell wall
degradation.

Molecular biological investigations of
gene expression of ripening in tomato have
been particularly fruitful—literally. Trans-
genic plants have been produced that syn-
thesize antisense RNA, which down-regu-
lates the expression of several specific ripen-
ing-related enzymes, resulting in profound
and specific modifications in ripening be-
havior. In an effort to control the rate or
extent of softening during ripening, the gene
encoding endo-polygalacturonase in tomato
has been identified, sequenced, and down-
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regulated by antisense RNA technology
(Smith et al., 1990). Genes encoding the en-
zymes ofethylene biosynthesis, ACC synthase
(Nakajima et al., 1990; Olson et al., 1991;
Sato et al., 1991), and ACC oxidase (Hamilton
et al., 1991; McGarvey et al., 1990; Ross et
al., 1992) have been isolated and sequenced.
Transgenic tomato plants have been developed
that produce fruits with markedly lower
ethylene production capacity, which ripen
slowly or are dependent upon treatment with
exogenous ethylene to induce ripening
(Hamilton et al., 1990; Klee et al., 1991;
Oeller et al., 1991). Tomato fruits from
transgenic plants in which ACC levels have
been reduced or the conversion of ACC to
ethylene has been reduced eventually ripen
when left attached to the plants; fruits har-
vested when mature green show a recalcitrance
to ripen fully. The developmental aspects of
fruits attached to the parent plant are. still
poorly understood. At equivalent stages of
ripening development the ethylene concen-
tration in fruits from the transgenic plants is
often still more than adequate to initiate the
cascade of events associated with normal rip-
ening. These studies have led to greater
appreciation of the complexity of regulating
ethylene biosynthesis and its role in fruit
ripening. Multigene families are known to be
involved in the expression of ACC synthase
and ACC oxidase. This is also true for the ex-
pression of these proteins in flower senes-
cence (W.R. Woodson, personal communica-
tion).

Whereas tomato ripening has been in-
vestigated intensively in several laboratories,
similar research approaches have been used in
gene expression studies with avocado
(McGarvey et al., 1990) and, more recently,
with apple (Dong et al., 1992; Kuai et al.,
1992a; Lay-Yee et al., 1990; Ross et al.,
1992) and pear (Wilson et al., 1990). These
studies have furthered our understanding of
fruit ripening.

Concepts and Protocols of
Molecular Biology

The methods and procedures involved
in molecular biology investigations are mostly
very explicit and exacting. When the proto-
cols are followed precisely, the results can be
definitive and generally unequivocal. Some
of the concepts, terms, and commonly per-
formed operations employed in molecular
biology are now described briefly to familiar-
ize noninitiated readers of some aspects of
molecular biology as applied in fruit ripening
studies. For a full review of procedures and
approaches, see Berger and Kimmel (1987)
and Sambrook et al. (1989). See Darnell et al.
( 1990) for an overview of molecular biology.
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“Acc oxi-
dase in apple
fruit rises from
nil in immature
apple fruit to
≈5% of the soluble
protein in ripe
fruit in just a
few days”.
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The identification of specific genes re-
lated to a particular cellular process or func-
tion is generally the first step in a molecular
biological investigation of fruit ripening.
Sometimes the gene product is known or, if
unknown, eventually can be identified. The
nucleotide sequence of the DNA that com-
prises the gene contains the code that deter-
mines what, where, when, and how this in-
formation is transcribed, translated, and proc-
essed into gene products. DNA is the tem-
plate for making various forms of RNA, which,
in turn, serve as templates for making proteins.
Gene libraries, a collection of DNAs repre-
senting the genome or a portion of the ge-
nome of an organism, may be prepared from
fragments of the total DNA of the organism,
in which case the library is called a genomic
library. A gene library also may be prepared
from a set of complementary DNA (cDNA)
molecules copied from the mRNAs in a cell at
a particular time. The cDNA library thus rep-
resents only those portions of the total DNA
or the particular genes that are being expressed
actively in the cell. This may be cell- or organ-
specific, temporal in nature, and affected by
biotic and abiotic factors of the cell’s envi-
ronment. The nucleotide sequence of cDNA
is complementary to the mRNA from which
it is derived. Based on the universal genetic
code where a sequence of 3 nucleotides (a
codon) specifies a given amino acid, the
nucleotide sequence of cDNA can be used to
deduce the amino acid sequence of the result-
ant protein.

DNA is cleaved into fragments of dif-
fering lengths by restriction enzymes (endo-
nucleases), which recognize specific sequences
of four to six nucleotides and therefore cut
the DNA molecule into fragments of well-
defined length. Although discovered only 2
decades ago, nearly 1000 different restriction
enzymes are now known. Restriction enzymes
allow for genetic engineering, manipulation,
subcloning, and production of recombinant
genes. Restriction fragments may be rejoined
enzymatically by DNA ligase. When DNA
fragments from two genetically different DNA
molecules are so joined, recombinant DNA is
formed. When recombinant DNA is inserted
into autonomously replicating DNA molecules
called cloning vectors (plasmids or bacterio-
phage l), it may be propagated in a host cell
(e.g., yeast or Escherichia coli bacteria).

Specific mRNAs that determine the
amino acid sequence of a particular plant
enzyme or protein are translated into a pro-
tein in vivo or in vitro by a ribosomal system
from the same or another organism, respec-
tively. Transcription of mRNAs is most often
the key step in gene expression, and is a highly
regulated process. Specific segments of DNA
containing most or all of the nucleotide se-
quences to promote and transcribe a particu-
lar mRNA can be inserted into a plasmid or
phage vector and incorporated into yeast or
E. colias hosts to produce a particular enzyme
or protein. Moreover, if the transformed host
cell is provided the appropriate inducing sub-
strate and environment, an enzyme end-
product may be produced. For example, this
has been done for some restriction and cDNA
cloning enzymes and artificial insulin. Another
example is the expression of the gene for ACC
oxidase from apple fruit into yeast as an expres-
sion vector. This was done recently in our
laboratory to produce relatively large quantities
of the enzyme for purification and for X-ray
crystallographic studies of protein structure.
We also will use the yeast expression vector for
site-directed mutagenesis experiments with
ACC oxidase for structure/function studies.
The apple fruit ACC oxidase expressed in
yeast possesses. the same enzyme reaction
characteristics and stereoselectivity for 1 R,2S-
substrate isometry and other properties known
for the enzyme (unpublished data). More-
over, the enzyme expressed in yeast contains
the same epitope(s) as the native and dena-
tured protein from apples, as based upon rec-
ognition by the antibodies we have raised
against ACC oxidase.

Genes to encode the same or function-
ally similar proteins can be present in single or
multiple copies (multigene families) within
the nucleus. A multigene family expressing
structurally related proteins can exist on the
same or different chromosomes. This duplicity
can be responsible for organ-specific and
developmental or temporal regulation of gene
expression. This is seen, for example, in ACC
synthase (Kende, 1989). Different members
may encode related, but not identical, gene
products that bestow slightly different func-
tions. Multiple copies also may support syn-
thesis of massive amounts of a particular pro-
tein at a certain time. For example, ACC oxi-
dase in apple fruit rises from nil in immature
apple fruit to ≈5% of the soluble protein in
ripe fruit in just a few days (Kuai et al.,
1992c).

Specific nucleotide sequences upstream
(5’) from the initiation site, within, or down-
stream (3’) from the transcribed region are
known as promotor and enhancer elements
(&acting elements), which promote tran-
scription in response to the binding of regu-
latory proteins (trans -acting factors). Some
of these proteins (e.g., zinc-finger proteins)
may specifically become targeted for binding
to unique nucleotide sequences by first com-
bining with low molecular weight peptides or
other hormones such as abscisic acid or eth
ylene—definitive evidence for this model is
lacking in plants. These actions thus may
affect binding and activity of RNA poly-
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“ There are at
least five genes
that encode ACC
synthase and
three that are so
far known to
encode ACC
oxidase. ”
merase II, which is responsible for mRNA
synthesis.

If a specific gene product associated with
a particular process or function can be puri-
fied, it may be used as an antigen to prepare
polyclonal or monoclonal antibodies as ana-
lytical reagents. The identity of the antigen
need not be known to accomplish this. If the
nature of the antigen is already known as a
certain protein or enzyme, so much the better.
The antibody may be used as an analytical
reagent to develop an ELISA enzyme-linked
immunosorbant assay (ELISA).

Biochemistry and Enzymol-
ogy of Fruit Ripening

Research in our laboratory (Frenkel et
al., 1968) and others (Hulme et al., 1968;
Richmond and Biale, 1966) beginning in the
mid-1960s led to the hypothesis that ripen-
ing-related proteins were synthesized de novo
as ripening proceeded and that this was es-
sential to the ripening process. Eventually
this hypothesis was proven (Brady et al.,
1987). The nature of some of these ripening-
related proteins was determined; e.g.,
endopolygalacturonase, NADP-malic en-
zyme, ACC synthase, and ACC oxidase. We
began developing an ELISA to assess matu-
ration and ripening development of apples in
1990. This led our laboratory into molecular
biological investigations of ripening-related
proteins; more specifically to studies on the
expression of ACC oxidase, the terminal en-
zyme in ethylene biosynthesis. In these stud-
ies, we purified and characterized many of the
properties of ACC oxidase (Kuai and Dilley,
1992; Kuai et al., 1992b) and we currently
are investigating the expression and regula-
tion of this important enzyme in pome fruit
ripening (Kuai et al., 1992a). For a compre-
hensive review ofbiochemistry and molecular
biology of fruit ripening, see Brady (1987).

The Gene Expression of
ACC Oxidase

The diverse manifestations of ethylene
action in plant biology (Abeles, 1973; Abeles
et al., 1992; Mattoo and Suttle, 1991) occur
as a consequence of ethylene’s stimulating or
activating gene expression, but the mechanism
of ethylene action has not been resolved. In
virtually all cases, de novo protein synthesis
appears to be necessary for ethylene action in
the chain of events initiated subsequent to
the plant cell’s sensing that it contains an
active concentration of the gaseous hormone.
It is in this context that a role for ethylene in
redirecting protein synthesis in fruit ripening
was first suggested more than 2 decades ago
(Frenkel et al., 1968). Ethylene plays a car-
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dinal role in accelerating fruit ripening and
plant organ senescence and in numerous
morphogenic effects on plants.

ACC oxidase is expressed in a develop-
mentally regulated manner in fruit ripening
(Dong et al., 1992; Kuai et al., 1992b; Ross
et al., 1992). Ethylene is known to evoke the
ripening response, but the details and ethyl-
ene’s role are not known with certainty. This
probably involves the developmentally regu-
lated transcription of at least one mRNA, but
perhaps more are involved. The translation
of these mRNAs into proteins with perhaps
some post-translational modifications are also
processes in which regulation ofripening may
be involved. Chilling of pears induces the
accumulation of ACC synthase and/or ACC,
while ethylene levels in the fruit remain low
(Wilson et al., 1990). Moreover, fruits from
antisense-ACC synthase tomato plants, which
have much reduced levels of ACC, make
huge amounts of ACC oxidase, yet the eth-
ylene production rate remains low (Grierson
et al., 1990).

There are at least five genes that encode
ACC synthase and three that are so far known
to encode ACC oxidase. The ACC synthase
genes encode proteins that share ≈50% simi-
larity in amino acid sequence. There is higher
similarity in amino acid sequence among the
ACC oxidase-related proteins. Moreover,
the cDNAs described for ACC oxidase pre-
dict one protein that shares nearly 90% simi-
larity in the amino acid sequence for the
enzyme from all of the six different plants
thus far examined. One of the ACC synthase-
related genes (E8) in tomato is thought to
regulate the expression of ACC synthase
(Peñarrubia et al., 1992). Another ethylene-
related gene (E4) bears amino acid sequence
similarity to a putative ethylene-binding pro-
tein thought to be involved in ethylene action
in gene expression. It is already known that
the down-regulation of the expression of the
ripening-related gene ES by antisense tech-
nology effectively enhances ethylene synthe-
sis in ripening fruits (Peñarrubia et al., 1992).
The mRNAs encoded by the E8 and E4 genes
are so far the earliest detectable ripening-
related mRNAs in tomato fruit as they devel-
opmentally prepare to ripen.

In the autocatalytic (final) phase of eth-
ylene production, a continuation of ethylene
synthesis and action is necessary to sustain
expression of the ripening-related enzymes
(proteins) involved to continue ripening once
it has begun (e.g., fruit softening, chlorophyll
degradation, etc.). Cycloheximide, an inhibi-
tor of protein synthesis, reversibly inhibits
continuation of these ripening-related events
(Frenkel et al., 1968) while it invariably in-
duces the formation of ACC synthase mRNA
(A. Theologis, personal communication). The
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“
. . . cooperation

between growers,
physiologists,
biochemists,
molecular
biologists, and
plant breeders/
geneticists has
been, and still is,
extemely
important.”
inability of cycloheximide to block transcrip-
tion of ACC synthase suggests that trans-
acting proteins are present before the fruit
shows a visible symptom of the onset of ripen-
ing. These may act on the cis- elements of the
promoter sequence for ACC synthase. These
proteins may become activated by an elicitor
yet to be identified. A model for this cyclo-
heximide-insensitive transcriptional activation
was recently described by Schindler et al.
(1992) for interon-dependent tyrosine phos-
phorylation of a latent cytoplasmic transcrip-
tion factor. This was also found by David and
Larner (1992). This mechanism of transcrip-
tional activation was found to be independent
of second messengers in the cell such as Ca2+-
calmodulin (Schindler et al., 1992). Similar
studies with known elicitors of transcriptional-
activation in plants should be given high
priority in future research. Among the elici-
tors known to activate transcription are: the
pathogenesis-related elicitors (Spanu et al.,
1992); the wound-induced systemin (McGurl
et al., 1992); and several of the already known
plant hormones (abscisic acid, auxin, gib-
berellin, and salicylic acid). Inhibition of
ethylene action by Ag+ and other ethylene-
action inhibitors prevents initiation of ripen-
ing and also prevents continuation of these
processes once begun (Saltveit et al., 1978).

Future Prospects for Mo-
lecular Biological Studies of
Gene Expression of Ripening

Some of the promises of molecular biol-
ogy heralded 2 decades ago are now coming
to fruition in animal and plant biology. Nu-
merous examples can be cited where molecu-
lar biology research has yielded definitive and
fundamental knowledge of enzyme reaction
mechanism, protein structure, and site and
action ofhormones. Specific genes have been
genetically engineered. Genes from one or-
ganism have been incorporated into the DNA
of another. Transgenic plants have been
developed with a wide range of attributes of
potential commercial importance to agricul-
ture, such as resistance to or tolerance to
insects, diseases, and herbicides. Transgenic
plants also have been developed employing
antisense RNA, in which their ability to
produce a normal complement of a specific
enzyme has been reduced. Yeasts, bacteria,
and some plants have been transformed to
become “factories” to produce specific en-
zymes and products. Calgene, Inc., a Califor-
nia-based biotech company, was given ap-
proval in the United States in May 1992 to
commercialize a genetically engineered to-
mato with delayed cell wall softening charac-
teristics.

It has been more than 30 years since
Steward (1958) first demonstrated the toti-
potency of plant cells and proposed that the
expression of plant genes is temporally and
developmentally regulated. Since then, the
molecular biology of plant cells has become a
complicated scientific research area. Over the
past decade, numerous DNA sequences asso-
ciated with the temporal, developmental, and
organ-specific regulation of particular sub-
sets of genes have been isolated. As such, the
techniques are now available whereby specific
phenotypic traits can be characterized and
altered by genetic engineering. However, of
the multitude of physiological processes that
lend themselves to this manipulation, relatively
few have been examined in depth. At this
point, research is conducted mainly on genes
with high levels of expression. There are, of
course, exceptions, with fruit ripening being
the most obvious. If we examine why this
particular area of research has been so suc-
cessful it becomes obvious that the coopera-
tion between growers, physiologists, bio-
chemists, molecular biologists, and plant
breeders/geneticists has been, and still is,
extremely important. In light of the present
economic constraints, the movement towards
commercially oriented science is likely to
continue, if not accelerate. The resultant re-
ality is that, in order to survive, individual
researchers in all the fields must cooperatively
coordinate their experience, expertise, and
ambitions. Almost traditionally, the different
research fields have become exclusive. Re-
searchers are trained in their specific fields, and
for numerous reasons find it difficult to com-
municate outside of their specialties. One rea-
son for this is that scientists tend to specialize in
limited research areas to become successful.
Such exclusivity is no longer the route by which
progress can be achieved. Plant science has
moved to the point that it is now possible to
determine the molecular processes underlying
the gross morphological and physiological ef-
fects that may result when plants are grown
under specific environmental conditions. That
is not to say that physiologists have become
obsolete. They now have the golden oppor-
tunity to explore the reasons behind the phe-
nomena that they observe and can more ef-
fectively manipulate the traits of interest. In-
deed, cooperative ventures initiated by fruit
growers, physiologists, and industries may lead
to exciting new discoveries that not only benefit
science as a whole, but may further the careers
and opportunities of all the individuals involved.

Many exciting, worthwhile, and poten-
tially feasible objectives may be envisioned
where molecular biology may be employed to
modify or improve diverse pre- and posthar-
vest attributes of fruits. These may relate to:
control ofpreharvest drop of fruits; improved
quality in terms of size, color, flavor and
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“Implementing
of the cost-
effective results of
these endeavors
will depend on
viable
industries. . . ”
nutritive value; control ofripening in its many
manifestations; control of physiological dis-
orders such as apple scald and other chilling-
related disorders; and improved disease resis-
tance.

Studies of the influence of chilling or low
temperature storage of fruits is a good ex-
ample of how molecular biology research
may provide improved postharvest charac-
teristics of some fruits. The pre- and posthar-
vest handling of pome fruits is linked inte-
grally with exposure to and the use ofreduced
temperatures. While fruit harvested in the
correct physiological condition can be stored
for extensive periods at reduced temperatures,
there are still problems. A sudden preharvest
decline in the environmental temperature can
result in premature fruit drop, a particular
problem of ‘Bartlett’ pears (Hansen, 1961;
Ing, 1968; Wang et al., 1971) that limits the
northern or southern latitude or elevation at
which these fruits may be grown successfully.
Furthermore, fruit exposed to preharvest
chilling temperatures often store poorly un-
der refrigeration, with the resultant loss of
marketable quality (Porritt, 1964). Much
work has demonstrated that the effect of
periods ofchilling temperature on pome fruits
is the induction ofripening and the associated
synthesis of ethylene (Blankenship and
Richardson, 1985; Jobling et al., 1991; Knee,
1987; Sfakiotakis and Dilley, 1974; Wang et
al., 1971). It is accepted generally that many
pear and some apple cultivars actually require
a period of chilling exposure in order to ripen
subsequent to returning them to ambient
temperatures. This suggests the existence of
a genetically controlled system of cold-regu-
lated gene expression for the ripening of
some pome fruits. The identification of cold-
regulated DNA sequences from pears and
apples would allow significant modification
ofexisting cultivars. For example, the cold in-
duction of ethylene synthesis by mature fruit
could be down-regulated in an organ-specific
fashion by antisense technology. This would
suppress the normal cold-induction of fruit
ripening, alleviate the problem of premature
fruit drop, facilitate the cold storage of fruit
and allow the manipulation of fruit ripening
by the application of exogenous ethylene.

Down-regulating ethylene production of
selected cultivars of apples and pears, thereby
making ripening dependent on exogenous eth-
ylene treatment, could also be an important
achievement. This could make their handling,
storage, and ripening regimens much like that
employed currently for ‘Valery’ bananas. Post-
harvest preservation technologies could be
employed that are much less sophisticated and
energy-intensive.

Many of the objectives of molecular
biological investigations have important im-
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plications related to contemporary concerns,
such as reducing the dependence on the use
of pesticide chemicals and energy consump-
tion in the production and postharvest con-
servation of fruits. Significant progress to-
wards these objectives will depend on col-
laboration between horticulturists, geneti-
cists, plant physiologists, and molecular bi-
ologists. Important problems, constraints,
and opportunities must be identified; re-
sources must be assessed; costs and benefits
appraised; environmental and food safety risks
assessed; appropriate research approaches
must be outlined, experimentation conducted,
and results assessed. Future achievement of
the researchable and worthwhile objectives
will be fostered by a team approach. Imple-
mentation of the cost-effective results of these
endeavors will depend on viable industries to
employ them; other industries to market the
technologies; and wise and prescient persons
in governmental and regulatory agencies to
assure safety of the foods and to protect the
environment. Questions about the safety of
the foods and feeds produced from transgenic
plants have not been fully resolved. More-
over, the genetic interactions of transgenic
plants with the genomes of the native species
that have evolved over eons of time remain to
be determined in the future.
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