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Reduction of postharvest losses of plant products has been described as the second harvest (Bourne, 1977). These losses are particularly distressing, as all of the production and harvesting inputs have
been made for food that will never provide nourishment. The losses
may be physiological consequences of a response to biotic or abiotic
stress. This article focuses on physiological responses of harvested
products to stress (primarily physical) that result in loss of quality or
acceptability. It argues that lipid peroxidation, generally relegated to
the status of a secondary effect of a primary event responsible for the
degradation process, could actually be a critical, controllable event
common to the mechanism of many of these storage disorders.
STORAGE DISORDERS
A storage disorder of a fresh fruit or vegetable is any adverse
response that results in a detectable loss in quality. Microbial decay
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due to the presence and active growth of plant pathogens is a prevalent
form of storage disorder. Another form is response to stress induced by
the storage environment (low temperature, high temperature, low
relative humidity, high CO2, low O2, or excess light). Much of the
stress induced by storage environment is the result of attempts to
prevent or retard microbial decay and the ultimate storage disorder—
senescence.
Cellular membranes are generally considered the primary locus of
many storage disorders, but the mechanism remains obscure (Marangoni
et al., 1996). The phase transition hypothesis, initially advanced by
Lyons (1973) in connection with chilling injury, has largely been
discredited. The idea that physical properties of membranes are of
critical importance in cell function and that they are a plausible target
for deterioration during cellular response to stress is still widely held
(as reviewed by Shewfelt, 1992). A more recent incarnation of the
phase transition hypothesis proposes that there is a primary event that
is the ultimate cause of membrane disorder, and suggests that any
solution requires the identification and treatment of the primary event
rather than of secondary effects (Raison and Orr, 1990). Potential
candidates for the primary event include:
•
a biophysical change in membranes,
•
alteration of conformation of critical enzymes,
•
modification of the cytoskeleton, and
•
major changes in calcium balance.
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The inability to clearly establish a primary event, the growing interest
in finding molecular solutions to every physiological problem, and the
lack of ready application of current molecular techniques to the study
of lipids has limited pursuit of the role of membranes in the etiology
of storage disorders.
Medical interest in antioxidants in the prevention of human diseases (cancer, diabetes, heart disease, etc.) and the presence of such
antioxidants in fresh fruits and vegetables has rekindled interest in
lipid peroxidation in plant tissue, but the linkages among lipid
peroxidation, membrane deterioration, and plant disorders have not
yet been convincingly demonstrated. The most plausible explanation
for the role of antioxidants in the prevention of human or plant disease
is the prevention of propagation of peroxidation in membrane lipids.
Complete elimination of initiation reactions of lipid peroxidation in
living tissue that encompasses such oxidative processes as respiration,
photosynthesis, and oxidative phosphorylation is impractical. In a
postharvest environment such oxidative processes can be eliminated
by enzyme-inactivation processes, such as heating, freezing, and/or
drying. Unfortunately, such food processes have adverse effects on
flavor, texture, color, and nutritive value in the transition from a fresh
to a processed product. Antioxidants protect membrane lipids of fresh
fruits and vegetables from peroxidative degradation, thus maintaining
physical integrity and providing a healthy environment for membranebound enzymes to function in. Thus, peroxidation is a cellular process
that could be controlled by manipulation of antioxidant concentrations
at critical locations in the cell to prevent or retard the development of
storage disorders. Chemical analysis of gross effects on antioxidant
status and peroxidation at the tissue or whole cell levels is unlikely to
provide useful information in control of membrane peroxidation.
Rather, successful investigation will require an understanding of
effects on specific membranes within the cell in the context of cellular
physiology.
LIPID PEROXIDATION OF PLANT MEMBRANES
Lipid peroxidation can be viewed as a consequence of life.
Peroxidative products increase during plant senescence (Meir et al.,
1992; Pauls and Thompson, 1984; Pogson and Morris, 1997), in
response to temperature extremes (Butow et al., 1998; Dat et al., 1998;
Prasad, 1996; Walker and McKersie, 1993; Wismer et al., 1998) and
in hypersensitive response to microbial attack (Beckman and Ingram,
1994; Legendre et al., 1993). Whether the accumulation of these
products is a cause or an effect of deterioration is not clear (Shewfelt
and Purvis, 1995). Both nonenzymic and enzymic defense compounds
exist to prevent peroxidation or limit adverse effects. Antioxidants
such as β-carotene, lycopene, and α-tocopherol, as well as reducing

agents such as ascorbic acid and glutathione, help limit peroxidative
damage. Enzymes important in protecting membranes from lipid
peroxidation include catalase, peroxidase, and superoxide dismutase.
Similar peroxidative and antioxidative processes occur in harvested tissue. Many postharvest storage strategies seek to slow the
development of senescence by slowing respiration. Storage at low
temperatures above the freezing point can result in chilling injury in
susceptible plant species. Increased lipid peroxidation has been observed in the development of chilling injury in many crops, such as
cucumber (Cucumis sativus L.) (Hariyadi and Parkin, 1993) and
zucchini squash (Curcurbita sp.) (Wang and Sass, 1994). Lipid
peroxidation has also been associated with the development of UV
damage in spinach (Spinacia oleracea L.) leaves (DeLong and Steffan,
1997) and superficial scald in apples (Malus ×domestica Borkh.) (Du
and Bramlage, 1995; Rao et al., 1998). Senescence and lipid
peroxidation have been linked in broccoli (Brassica oleracea L.
Botrytis Group) buds (Zhuang et al., 1995) and cabbage (Brassica
oleracea L. Capitata Group) leaves (Cheour et al., 1992). Although
most of the research on heat shock has focused on the production of
polypeptides known as heat-shock proteins, lipid peroxidation has
been observed in pea (Pisum sativum L.) chloroplasts subjected to high
temperatures (Basra et al., 1997; Kurganova et al., 1997). Association
of these disorders with peroxidation does not necessarily imply a
cause-effect relationship, but there has been little attempt to understand or explain any potential relationship between the two. Rather,
much of the research has been directed at finding a simple point of
intervention, preferably by identifying a target enzyme amenable to
gene manipulation.
The wide range of symptoms evidenced in different types of plant
tissue for any single type of disorder, such as chilling injury, let alone
for cellular response to a wide range of biotic and abiotic stresses,
indicates that a single all-encompassing mechanism is highly unlikely.
A more likely possibility is a point of commonality within a wide range
of disorders. In a model proposed by Shewfelt and Erickson (1991) and
amplified elsewhere (Erickson et al., 1996; Purvis and Shewfelt, 1993;
Shewfelt, 1992; Shewfelt and Purvis, 1995), lipid peroxidation of
specific susceptible membranes was described as the effect of a
specific response of a plant cell to external stress that could serve as a
point of commonality (Fig. 1). Deterioration of the lipids would lead
to loss of membrane integrity, physical structure, and membrane
fluidity that would in turn affect proper function of proteins either by
direct attack on the proteins by reactive oxygen species or loss of
activity due to an unfavorable lipid environment. Failure of a critical
enzyme within a specific membrane would lead to metabolic imbalances within the cell manifested at the tissue level as visible symptoms
of a disorder. The symptoms would be dependent on the membrane

Fig. 1. Schematic of conceptual model proposed to explain the role of lipid peroxidation in chilling injury and other membrane disorders of plant tissue.
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affected, its role in cell physiology, and the type of tissue affected. If
lipid peroxidation is truly a point of commonality for many plant tissue
disorders, it could also be a point of commonality for controlling these
disorders and minimizing the associated economic losses.
Peroxidation of membranes can proceed through either biochemical (enzymic) or chemical (nonenzymic) processes. Enzymes are
attractive targets for genetic manipulation, and enzymic systems exist
in the cell that both promote and inhibit lipid peroxidation. Primary
enzymic sources of reactive oxygen species in plant cells include
photosystem II (Tijskens et al., 1994) and electron transport (Purvis
and Shewfelt, 1993). Expression of antioxidant enzymes increases at
the early stages of senescence in chrysanthemum (Dendranthema
×grandiflora Kitam.) petals (Bartoli et al., 1995), suggesting the
triggering of a defense response to oxidative attack. Lipoxygenases
can attack membrane lipids, usually preferring free fatty acids and
proceeding through nonradical processes (Gardner, 1995). An enzyme
pathway described by Paliyath and Thompson (1987) forms the free
fatty acids within the membrane. Superoxide dismutase, catalase,
peroxidase, glutathione reductase, and ascorbate peroxidase are enzymes that intervene in the defense against reactive oxygen species,
while the alternative pathway has also been proposed as a means of
reducing production of these reactive compounds (Purvis and
Shewfelt, 1993). Enzymic repair systems can remove peroxidized
fatty acids from the membrane, thus reducing opportunities for propagation.
Numerous studies report changes in activities of specific enzymes
during the development of ripening (Rogiers et al., 1998), senescence
(Bartoli et al., 1995; Lacan and Baccou, 1998; Sung and Chiu, 1995;
Zhuang et al., 1995), or storage disorders (Kurganova et al., 1997;
Pinhero et al., 1997; Prasad, 1997; Rao et al., 1998; Wang, 1996).
Genetic manipulation (Allen et al., 1997) or chemical induction of
these enzymes provide convenient ways of studying stress response,
but the results have been inconsistent and sometimes unexpected.
Multiple antioxidant enzymes have been induced as part of a protective response to salt tolerance in cotton (Gossypium hirsutum L.)
(Gossett et al., 1994), paraquat resistance (Ye and Gressel, 1994), and
drought resistance in maize (Zea mays L.) (Li and van Staden, 1998).
In less definitive results, decreased lipoxygenase activity in soybean
(Glycine max L.) seeds (Wang et al., 1990), and jasmonic acid–
induced lipoxygenase activity in wheat (Triticum aestivum L.) leaf
segments (Rafi et al., 1996) accelerated senescence. Increased activity
of superoxide dismutase did not protect tobacco (Nicotiana sp.),
tomato (Lycopersicon esculentum L.) (Tepperman and Dunsmuir,
1990), or cotton plants (Payton et al., 1997) from increased production
of superoxide, while increases in the enzyme increased chilling
tolerance in maize seedlings (Polodorios and Scandalios, 1997; Zhang
et al., 1995) and freezing tolerance in alfalfa (Medicago sativa L.)
(McKersie et al., 1993). Differences in response appear to be related
to the isozyme of the enzyme modified, the organellar location, and
accompanying activities of catalase. Decreased catalase activity was
associated with an increase in thermotolerance of mustard (Brassica
sp.) seedlings (Dat et al., 1998). Acclimation of maize seedlings
increased both levels of catalase and glutathione reductase and tolerance to chilling stress (Prasad, 1996). Tobacco seedlings transformed
to overexpress glutathione peroxidase and glutathione transferase
were more resistant to chilling and salt stress (Roxas et al., 1997).
Elevated levels of ascorbate peroxidase activity were associated with
chilling tolerance in maize but glutathione reductase activity was not
affected (Hull et al., 1997). These results suggest that study of lipid
peroxidation, defense mechanisms, and their relationship to stress
response must not be confined to the tissue and cellular levels but must
proceed to a study of organelles and their membranes.
In a quest for biochemical explanations, strictly chemical (nonenzymic) interactions that also occur within plant cells have frequently
been overlooked. Reactive oxygen species attack the nearest susceptible molecule based on chemical kinetics (Buettner, 1993). These
species can be generated within membranes in the presence of minerals, and kinetics favor reaction with polyunsaturated lipids. Just as
free-radical scavengers, singlet-oxygen quenchers, and chain-reaction
breakers protect polyunsaturated lipids from reactive oxygen species,
lipids are preferentially oxidized to protect proteins and nucleic acids.
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Static depictions of membrane bilayers tend to obscure the importance of biophysical properties of membrane lipids and proteins
(Leshem, 1992; Silver, 1985). The concentration of polyunsaturated
fatty acids in plant membranes, their orientation in membrane phospholipids, and their rapid translational and rotational mobility favor
propagation of lipid peroxyl free-radicals. Each point of initiation can
result in the formation of 10 to 100 free-radicals prior to termination.
α-Tocopherol is a very effective breaker of these propagation chain
reactions and can be regenerated through the reducing equivalents
provided by ascorbic acid. Disappearance of α-tocopherol within a
specific membrane is the first sign of oxidative degradation of that
membrane. As described above, repair mechanisms remove lipid
hydroperoxides. While the magnitude of oxidation-reduction reactions occurring in the cell preclude control of the initiation of lipid
peroxidation in membranes, control of propagation within membranes
appears to be more achievable and more promising (Shewfelt and
Erickson, 1991).
While a role for lipid peroxidation as a mediating factor in plant
stress response provides a potential common linkage in mechanisms
for various symptoms resulting from response to a wide range of biotic
and abiotic stresses (Shewfelt and Purvis, 1995), it is still too early to
anoint peroxidation as a universal explanation (Marangoni et al.,
1996). While some studies have been able to directly link an increase
in lipid peroxidation in whole tissue to chilling injury in maize
seedlings (Prasad, 1996), bean (Phaseolus vulgaris L.) plants (Zhang
et al., 1994), and soybean seeds (Roskruge and Smith, 1997) as well
as senescence of soybean seeds (Sung, 1996) and chrysanthemum
petals (Bartoli et al., 1995), the evidence is mixed (as reviewed by
Shewfelt and Purvis, 1995). One study was able to isolate oxidized
proteins as well as oxidized lipids (Prasad, 1996). Few studies have
actually examined the effect of peroxidation on specific subcellular
membrane fractions, with peroxidation of thylakoids implicated in
chilling injury of cucumber seedlings (Hariyadi and Parkin, 1993) but
not in loss of photosynthetic function in response of spinach leaves to
ultraviolet light (DeLong and Steffen, 1997). Deterioration of the
plasma membrane was more pronounced in chilling-resistant bell
pepper (Capsicum annuum L.) fruits than in their sensitive counterparts, leading to reduced H+ATPase attributed to increased oxidative
stress (Lurie et al., 1994b).
In vitro studies of specific membrane fractions have tested specific
aspects of the proposed model. A microsomal fraction from bell
pepper fruits exhibited different sensitivities to different challenging
systems (Cowart et al., 1995), suggesting that susceptibility of a
specific membrane to peroxidation depends on the source of initiation
and the specific antioxidant defenses associated with the membrane.
Microsomes from cauliflower (Brassica oleracea L. Botrytis Group)
florets were found to be more susceptible to peroxidative challenge
than those from cowpea [Vigna unguiculata (L.) Walp.] seeds, with the
presence of free fatty acids having no effect on susceptibility of the
membranes from either tissue (Shewfelt et al., 1994). Mitochondrial
and microsomal membranes isolated from bell pepper fruit exhibited
different levels of susceptibility to peroxidative challenge (Erickson et
al., 1996). That study clearly demonstrated that α-tocopherol degradation within a membrane preceded lipid peroxidation, which in turn
preceded loss of enzyme function. These results emphasize the importance of understanding the localized response within the cell. Mitochondria are an important source of superoxide in chilling-sensitive
bell pepper fruit (Purvis et al., 1995) while the alternative oxidase can
limit superoxide production (Purvis, 1997), thus conferring protection
to low-temperature exposure.
IMPLICATIONS FOR POSTHARVEST RESEARCH
Science works best when basic principles can be translated into
practical technological solutions. Current technological approaches to
minimizing storage disorders in fresh fruits and vegetables tend to
focus on manipulation of storage conditions because there is no clear
understanding of biochemical control of senescence, chilling injury,
and other associated disorders. Response to one type of stress tends to
ameliorate response to other types of stress. If cellular membranes do
indeed provide a link between storage disorders, study of lipid
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peroxidation provides a potential linkage of these disorders and a
means of explaining interrelatedness.
The lack of a linkage between the physiology and technology of
postharvest storage disorders may be the result of the lack of a credible
theoretical base. The phase transition hypothesis and its incarnations
are of little use until a “primary event” can be established.
Genetic manipulation of plant tissue requires targets, preferably
enzymes that can be directly linked to cause and effect. If, as we
propose, the disorders are primarily chemical consequences of necessary biochemical processes in the cell, then prevention requires
intervention at common points of secondary response. Also, if membrane-lipid peroxidation is a point of commonality in a mechanism of
many storage disorders, then it could be caused by a number of
different stresses and manifest itself in a number of different external
symptoms. The simplicity of a common point in the mechanism is
obscured, however, by the complexity of membrane response as
affected by composition of lipids and antioxidants, function of key
enzymes, and their sensitivity to the physical environment of the
membrane. The prevalence of lipid peroxidation in membranes during
the development of storage disorders demands a rigorous pursuit of its
role in the cause and its potential for prevention.
Amelioration of one stress response by another has been observed,
but the physiological mechanism is not clear (Lurie et al., 1994a).
Conditioning involves a sublethal dose of a stress, to ameliorate
response at higher levels of the same stress as has been demonstrated
for chilling of grapefruit (Citrus ×paradisi Macfady.) (McDonald et
al., 1993) and zucchini squash (Wang, 1995). Chilling injury is
decreased by modified atmospheres (Pesis et al., 1994), cutting during
fresh-cut operations (O’Connor-Shaw et al., 1994), and high temperatures (McDonald et al., 1996; Sabehat et al., 1996, 1998). As described
above, lipid peroxidation of membranes has been observed in each of
these disorders. Elicitation of antioxidants and defense or repair
systems in response to an initial stress could limit the peroxidation
normally elicited in unconditioned tissue or in response to a subsequent stress. Necrotic regions are observed in the epidermis of some
plant tissues during hypersensitive response and chilling injury. A
similar second-messenger response from stressed tissue is probably
responsible for limiting necrosis to selected cells while neighboring
cells remain healthy. Glutathione and hydrogen peroxide have been
suggested as signaling molecules in response to biotic and abiotic
stresses (Foyer et al., 1997). If peroxidation is the mediating response
between stress-to-stress interaction, application of sublethal and asymptomatic levels of stress to elicit protection in the cell could provide a
relatively simple and effective alternative to conditioning.
Empirical studies on optimizing storage conditions have been
remarkably effective at extending shelf life of fresh fruits and vegetables while minimizing storage disorders. Major breakthroughs in
refrigeration or storage technology that will significantly improve
quality or extend shelf life of intact items beyond current expectations
are hard to imagine. Fresh-cut products have presented new problems
that are primarily attributed to poor temperature control during distribution. Genetic manipulation has not yet proved effective in successfully modifying complex processes like senescence and chilling injury. Future advances in the prevention of storage disorders will
probably stem from advances in a basic understanding of cellular
metabolism. Lipid peroxidation of plant membranes is a natural
consequence of metabolic processes and may be a mediator of critical
events during postharvest storage. It represents a potentially critical
means of preventing or controlling plant storage disorders.
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