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Abstract

Harvested fruit and vegetables are perishable, subject to desiccation, show
increased respiration during ripening, and are colonized by postharvest fun-
gal pathogens. Induced resistance is a strategy to control diseases by eliciting
biochemical processes in fruits and vegetables. This is accomplished by
modulating the progress of ripening and senescence, which maintains the
produce in a state of heightened resistance to decay-causing fungi. Utiliza-
tion of induced resistance to protect produce has been improved by scientific
tools that better characterize physiological changes in plants. Induced resis-
tance slows the decline of innate immunity after harvest and increases the
production of defensive responses that directly inhibit plant pathogens. This
increase in defense response in fruits and vegetables contributes to higher
amounts of phenols and antioxidant compounds, improving both the qual-
ity and appearance of the produce. This review summarizes mechanisms
and treatments that induce resistance in harvested fruits and vegetables
to suppress fungal colonization. Moreover, it highlights the importance of
host maturity and stage of ripening as limiting conditions for the improved
expression of induced-resistance processes.
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CURRENT KNOWLEDGE

Postharvest losses have been estimated at 5-25% in developed countries and 20-50% in devel-
oping countries, depending on the commodity, cultivar, and marketing and handling practices
(64). Consequently, the reduction of food loss and food waste is a major societal, economic,
nutritional, and environmental challenge worldwide. The FAO reported that 14% of all food pro-
duced around the world is lost, not including at the retail and consumption levels, where 17% is
wasted (40). Technically, food losses include what occurs from the grower to retail, whereas food
waste begins with the retail market and ends in the consumer home. Food loss and waste can
be caused by senescence, physiological breakdown, mechanical injury, enhanced ripening, sim-
ple water loss to compositional changes, and deterioration of the crop by decay organisms. The
development of innovative, global cultivars with improved color, shape, or taste is of limited com-
mercial value without proper storage conditions that provide improved resistance to postharvest
decay. Moreover, the removal from the market or the limitations on the use of broad-spectrum
synthetic fungicides have increased the incidence of decay-causing fungi previously considered
minor pathogens on most crops (e.g., fungal pathogens in the genera Rbizopus, Mucor, Alternaria,
Aspergillus, and Penicillium) (119).

With the trend toward healthier and widely available supplies of fresh fruits and vegetables, an
ability to suppress postharvest diseases has become one of the most important limiting constraints
to extending the storability of crops. In response, research investigating induced resistance in
stored produce has increased greatly in the past 25 years (Figure 1), which has led to the practical
deployment of induced-resistance technologies as significant alternatives to synthetic fungicides
to control postharvest diseases. The induction of host defenses in fruits and vegetables includes
the application of exogenous physical, chemical, and biological technologies that cause physiolog-
ical changes in the plant to increase defenses against rot-causing fungal pathogens. Importantly,
induced resistance confers protection toward a broad spectrum of postharvest rot pathogens dur-
ing storage and shelf life, which gives it a central role in integrated disease management strategies.
Progress in the development of scientific tools (e.g., molecular biology, genomics, etc.) has allowed
better biological process monitoring than in the previous decades (25). This process monitoring
has increased the holistic understanding of the postharvest quality of fresh fruits and vegeta-
bles, which is influenced by combinations of technologies applied before and during storage (e.g.,
growth regulators and fungicides) as well as storage temperatures, storage atmosphere, and pre-
and postharvest packinghouse protocols. Consequently, holistic tools that can provide an inte-
grated depiction of how a range of biotic and abiotic factors alter host resistance become central
to the improvement of crop quality and consumer health (123). This review highlights how these
tools have allowed the unraveling of effects of host maturity, ripening processes, and senescence
on the mechanism of induced resistance to postharvest disease.

POSTHARVEST PHYSIOLOGY OF FRUITS AND THEIR
SUSCEPTIBILITY TO POSTHARVEST PATHOGENS

Fruits and vegetables require a complex set of interacting genes and signaling pathways for their
proper development. Fruit growth and maturation include three separate stages: (#) fruit set,
(b) development, and (¢) ripening and senescence. Of these, the ripening process triggers a
complex set of biochemical pathways that make fruit attractive, desirable, and edible to consumers
but at the same time susceptible to pre- and postharvest diseases (49, 50, 108). Postharvest
diseases frequently do not show symptoms during the early stages of fruit set and development
but only during the period of ripening. Fungal infections that occur during flowering and early
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Figure 1

Number of articles available through Scopus (https://www.scopus.com/, accessed April 11, 2023) over the past 25 years using the

search keywords of “induced resistance postharvest.” Adapted from Romanazzi et al. (123).

fruit development commonly become quiescent (dormant) until ripening due to fruit’s innate
capacity to resist pathogen challenge (107, 108).

During fruit ripening, components of the plant immune system gradually lose either their
effectiveness or the ability to activate resistance processes, which happens concurrently with a re-
duction of defense hormone production and signaling and downstream transcriptional responses.
Ripening processes lead to cell wall breakdown, simple sugar accumulation, changes in pH and
secondary metabolite composition, and increased production of and sensitivity to the phytohor-
mone ethylene (ET). All these processes can affect the fruit’s capability to respond to the process
of induced resistance and prevention of fungal infection (2, 109). Understanding how physiologi-
cal and biochemical change during ripening and senescence limits elicitation of induced resistance
has become a primary goal of postharvest plant pathology research (123).

The physiological and biochemical processes during ripening divide types of fruit into one of
two broadly defined categories, climacteric and non-climacteric, based on their respiratory profile
as well as the way in which they produce and respond to ET (127). Non-climacteric fruits respire
and produce ET at basal levels throughout fruit maturation and senescence. This mode of ET
production is termed System 1 (S1) and includes the autoinhibition of ET production, resulting
in non-climacteric behavior. Non-climacteric fruits, which include cherries, berries, citrus, and
others, are harvested ripe and do not ripen after harvest or exhibit increasing levels of ET produc-
tion during ripening (21). In contrast, ripening in climacteric fruit and vegetables, such as apple,
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Figure 2

Different models of ripening behavior in kiwifruit and tomato, both climacteric fruits. In kiwifruit, the ability
to soften occurs well before ethylene ripening initiation. Ripening initiation and the initial softening period
(ripening phase 1) are accompanied by nonautocatalytic ethylene production (System 1) and are separated
from the late-ripening period (ripening phase 2) that is accompanied by autocatalytic ethylene production
(System 2). In tomato fruit, the ability to soften (responsiveness to exogenous ethylene) coincides with the
mature green (MG) stage and is closely followed by ethylene ripening initiation and autocatalytic ethylene
production. Different stages of fruit development: mature green (MG), breaker (B), orange (O), and red (R).
Adapted from Nieuwenhuizen et al. (93).

pear, banana, papaya, avocado, mango, tomato, and others, is characterized by a burst of respiration
and a substantial increase in E'T biosynthesis as a fruit transitions from System 1 (S1) to System 2
(52) (autoinduction of ET production) (Figure 2) (18,21, 76, 97).

Transcriptional and phytohormonal regulation of ET-dependent ripening of fruits has been
extensively reviewed (21, 23). After the respiratory burst in climacteric fruit, ripening progresses
rapidly and irreversibly to senescence, during which host susceptibility to fungal attack is enhanced
(59, 77). Fruit ripening is genetically modulated with senescence partially overlapping the ripen-
ing process. Attributes of senescence include cell decompartmentalization, membrane weakening,
and demolition of cell functions. Current research is directed at understanding the difference be-
tween the physiological and biochemical processes that modulate the induced resistance during
the preclimacteric, climacteric, and postclimacteric stages. Specifically, why is resistance induc-
tion after initiation of ripening in fruit showing the climacteric phase less efficient in terms of the
magnitude of the defense response than in freshly harvested fruits (Figure 3)?

In the regulatory network involved in non-climacteric ripening, abscisic acid (ABA) and
polyamines, rather than ET, play essential roles (58, 77). Comparative studies with strawberry
and tomato indicate that the split between non-climacteric and climacteric ripening responses lies
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Figure 3

Change of constitutive host resistance in fruit over time and modulation of this response/reactivity following
preharvest and postharvest induced resistance.

in the way that S-adenosyl-L-methionine (SAM) is preferentially utilized as a precursor to ET or
as a substrate for polyamine biosynthesis (72). One question is whether ripening in climacteric
fruit triggers increased susceptibility to fungal infection and disease (80). This is unlikely because
susceptibility to fungal pathogens is also observed in non-climacteric ripening fruit (68, 107).

Consequently, parsing physiological regulation of fruit ripening and a shifting susceptibility to
disease is complex. Results indicate that only selected ripening events and pathways are required
to facilitate pathogen attack and that pathogens may modify their infection strategy as fruit ripens
(10, 11, 15, 16). Fruits and vegetables have a natural defense against postharvest pathogens that
is expressed during early fruit development and changes according to the stage of ripening, i.e.,
higher before harvest and then declining (Figure 3). For example, for fungal pathogens that infect
prior to the ripening phase, it is common for the invader to enter what is termed a quiescent phase,
which becomes activated when natural resistance declines. This decline typically occurs after har-
vest, when the fruits and vegetables are transferred to the shelf or often stored at cool temperatures
for long periods. At this temperature, fungal pathogens (e.g., Botrytis cinerea) continue to progress
slowly, and the fruit is less responsive during senescence (124). To achieve induced resistance, the
magnitude of the response depends on the reactivity (or response) of the fruit, which is highest
before and soon after harvest and in environmental conditions that allow the host to respond be-
fore being shifted to conditions (e.g., long cold storage or shelf life) where the pathogen has an
advantage. Figure 3 highlights the hypothetical physiological factors that determine the magni-
tude and diversity of defense responses to biotic or abiotic stress at the different stages of fruit
ripening.

PHYSIOLOGICAL MECHANISMS OF HOST RESISTANCE
TO PATHOGENS DURING FRUIT RIPENING

"To compare mechanisms of induced resistance in ripening fruit, we have to understand the possible
mechanism(s) that lead to this enhanced state. In tomato, for both decay-resistant and decay-
susceptible cultivars, profiles of host defense gene expression to fungal infection in unripe and ripe
fruit have been identified (128). Genes expressed commonly in all profiles include receptor-like
kinases, the leucine-rich repeat classes, WRKY transcription factors (22) (repressors and activators

www.annualreviews.org » Induced Resistance in Fruit and Vegetables

283



Annu. Rev. Phytopathol. 2023.61:279-300. Downloaded from www.annualreviews.org
Access provided by Universitadegli Studi di Anconaon 09/06/23. See copyright for approved use.

284

of plant processes), and the family of ET transcription factors, including ET response factors
(ERFs) (148). ERFs play vital regulatory roles in developmental processes and stress responses in
plants and integrate the salicylic acid (SA) and the ET/jasmonic acid (JA) pathways. Wasternack &
Song (141) also reported the involvement of JA biosynthesis responses that regulate plant growth,
development, secondary metabolism, defense against pathogen infection, and tolerance to abiotic
stresses as well as chitin catabolism (150). These profiles of gene expression are closely related
to those known to be associated with innate immunity (127). For example, genes that appear in
both the resistant and susceptible profile responses of tomato fruit were identified previously as
components of the innate immune response, including the JA biosynthesis gene LoxD (149), the
subtilisin-like protease SBT3 (92), the peroxidase (POD) CEVI-1 (91), and the chitinase (CHT)
CHI9 (31). Given that the responses occur in both resistant and susceptible interactions, it is
likely that host genotypes show differential levels of expression during fungal attack. In contrast,
the gene expression profiles revealed several well-known defense genes, such as WRKY33 and the
ERF PTI5, that were expressed only in susceptible fruit (51, 55, 144). Although the gene profile in
the resistant cultivar did contain some defense genes not present in the susceptible profiles (128),
the findings indicate that many of the genes in the resistant-stage fruit profile response were either
functionally similar to those in the susceptible profile response or expressed at lower levels than in
the susceptible interaction. Therefore, the inability to induce resistance in susceptible fruit or at
susceptible stages of ripening is likely not because the cultivar lacks the genes for pathogen defense.

If the expression of defense genes at resistant and susceptible stages of ripening does not deter-
mine the outcome of the interaction in tomato fruit, the question is what other factors associated
with ripening fruit may instead govern susceptibility (15). Ripening processes in tomato have been
studied using the mutants ripeninginbibitor (rin) and nonripening (nor) and nonripening mutants
with altered cell wall architecture, e.g., Colorless nonripening (Cnr). The rin mutation results in full-
sized firm tomato fruit that remains green, does not produce or ripen in response to ET, and shows
the same susceptibility to B. cinerea as wild-type fruit (139). The nor mutation, which also does not
undergo most of the changes associated with ripening, produces fruits that are entirely resistant
to B. cinerea infection at both the unripe and ripe stages. Unlike 7z and nor fruit, Cnr fruit have
altered cell wall architecture and are susceptible to B. cinerea when both in unripe and ripe stages
(39, 95). Consequently, the Cnr phenotype is evidence that factors that are not ripening-related
contribute to the resistance of the unripe fruits.

Ripening mutants of tomato were utilized by Blanco-Ulate et al. (9) and Silva et al. (127)
to further examine how ripening contributes to susceptibility. Their data indicated that with
ripening, preformed defenses declined and correspondingly, susceptibility factors increased. Most
interestingly, the decline of preformed defenses appeared to be regulated by genes involved in
the mediation of reactive oxygen species (ROS) levels. Host activation of ROS levels at early
stages of fungal penetration is critical for the activation of defense signaling against the pathogen,
whereas detoxification of ROS at later periods of the interaction is important for pathogenicity by
B. cinerea (75, 142). The initial importance of ROS for improved resistance was observed when
B. cinerea was not able to colonize an ABA-deficient tomato mutant. In this case, the controlled
ROS production in the ABA-deficient tomato mutant promotes cell wall fortification, which pre-
vents fungal colonization by B. cinerea (5, 30). In addition, engineered tomato lines with high
amounts of the antioxidant anthocyanin in the fruit are also resistant to gray mold (153). This
may indicate that during ripening, loss of control of ROS levels may represent the reduction of
an important preformed defense.

Some features of ripening have the potential to be affected by a susceptibility factor such
as the ET burst that accompanies ripening in climacteric fruit. Although ET is known for its
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involvement in defense activation toward necrotrophic fungi (135), its induction of the ripening
program catalyzes downstream events of climacteric fruits that also can be favorable to pathogen
invasion. Previous research suggests that blocking of ET receptors in the immature-resistant
fruit stage can increase or decrease resistance to gray mold, depending on the concentration of
the inhibitor used (11). Thus, ET-mediated resistance may be dependent on careful regulation of
ET levels.

In addition to ET; JA is known to mediate resistance to necrotrophic pathogens in plants (98,
140). The enrichment of JA biosynthesis genes is seen in the ripe-susceptible stage response as
well as the response to B. cinerea in all nor, rin, and Cnr mutant fruit at both stages of susceptibility.
Basal levels of JA in healthy fruit are highest in zor fruits at the susceptible stage, where they are
nearly twice as high as levels in wild-type susceptible fruits. Moreover, zor fruits that are resistant
to infection by gray mold at the resistant unripe and susceptible ripe stage (128) are the only fruits
in which JA signaling/response genes are enriched in response to B. cineres infection at both stages.
The interplay between ET and JA and their impact on ripening-associated susceptibility require
further study.

Other features of ripening can increase susceptibility to fungal diseases such as the weakening
of plant cell walls leading to fruit softening. Cell wall polysaccharide remodeling, breakdown, and
solubilization in ripening fruit occur as the result of various cell wall-degrading enzymes, par-
ticularly those that act on pectin (12). The cell wall integrity and fortification improve tomato
fruit resistance to infection by B. cinerea and other pathogens (9, 16, 31, 86). Silva et al. (128) de-
scribed remarkable similarities in the cell wall polysaccharide changes caused by both infections
of unripe fruit and ripening of healthy fruit, particularly in the increased accessibility of pectic
polysaccharides. This again raised the question of why the response of the ripening fruit cannot
induce resistance if infected unripe fruit can do it. Their conclusion was that in those cases the
modulation of virulence was closely related to enhanced ripening of the host, the ability to infect
the host, and the capability of pectin degradation. This may indicate that induced resistance de-
pends on the interaction of the fungus with the host’s ability to initially inhibit the degradation of
host pectin. This type of interaction was supported by the development of a clustered regularly
interspaced short palindromic repeat (CRISPR) pectate lyase mutant, where the reduced rate of
softening was accompanied by reduced susceptibility to B. cinerea in ripe susceptible fruit (128).
Furthermore, if B. cinerea double knockout Abc polygalacturonasel-Abc polygalacturonase2 was
inoculated into unripe fruit, the fungus was incapable of emerging from quiescence even after the
fruit was fully ripe (129). This differential fruit response to inoculated tissue may indicate that
the changes in the host following fungal attack are the result of the host’s capability to modulate
factors affecting the softening process. In conditions of delayed ripening of the fruits, a reduced
colonization pattern was observed (129).

When biotrophic Colletotrichum gloeosporioides infects unripe, resistant tomato fruit (3), the fun-
gus breaches the cuticle and remains quiescent until ripening begins. During quiescence, the
pathogen activated chromatin remodeling genes and began to alkalize the surrounding environ-
ment. Host defense reactions were further intensified by activation of pathways involved with
lignification and production of glycoalkaloid components of the phenylalanine pathway and the
activation of preformed defense compounds. Subsequently, initiation of the ripening process (sim-
ilar to the tomato fruit; see Figure 2) also initiated expression of fungal cell wall-depolymerization
enzymes that contribute to fungal hyphae growth.

Conversely, an ET treatment applied to avocado fruits increased both the rate of fruit ripen-
ing and levels of defense compounds but did not result in immediate lesion development by
C. gloeosporioides (45, 112). Alternaria alternata inoculated onto unripe, unharvested mango fruits
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was able to colonize the flesh of peeled fruit (still at a preclimacteric stage) (35), whereas the fungus
did not colonize the peel of the same fruit that contained a high concentration of defense com-
pounds. These results again demonstrate that fruit ripening and susceptibility are not completely
correlated physiological processes. Consequently, the ability of induced resistance during the
ripening of a susceptible host may be dependent on retaining or increasing preformed antifungal
defenses and on slowing the rate of cell wall depolymerization observed in ripening fruits.

COMPARISON OF PHYSIOLOGICAL CONDITIONS OF FRUIT
CONTRIBUTING TO RESISTANCE INDUCTION IN CLIMACTERIC
AND NON-CLIMACTERIC FRUITS

A primary thesis of this review is that although decay development usually occurs during ripening,
how ripening processes specifically influence fruit susceptibility is not always clear (107, 108). For
example, ET is required for ripening but its role in regulating the fruit’s ability to resist pathogen
colonization and/or the induction of resistance or susceptibility has yielded contrasting obser-
vations. Pristijono et al. (106) reported that pathogens isolated from climacteric fruits showed
inhibited growth in the presence of exogenous ET (87). However, most of the fungal pathogens
tested in their study had a very broad host range, including both climacteric and non-climacteric
fruit, indicating that perhaps it is the host that determines the colonization pattern of the pathogen.
In contrast, technologies to suppress respiration and ET production are used widely to delay fruit
senescence and, indirectly, reduce fruit susceptibility to pathogens (80). In avocado, rapid disease
development takes place in harvested fruit after the ET burst, but several other factors affect
susceptibility, including loss of preformed defenses and softening of the fruit (109). A high CO,
storage atmosphere slows respiration, delays the initiation of ET production and fruit ripening,
enhances retention of preformed defense compounds, and retards avocado senescence, enhancing
its resistance (111). This indicates that fruit response to the external environment is a factor that
modulates the elicitation of immune activity against the pathogen. Under high CO; conditions,
the initial colonization of C. gloeosporioides induces a significant increase in ROS (8) and antifun-
gal defenses (111), but these responses become attenuated when the treatment occurs on ripe,
post-climacteric fruit. Similarly, when avocado was treated with 1-methylcyclopropene (1-MCP),
an ET action inhibitor that delays fruit ripening, fruits showed susceptibility to C. gloeosporioides
before full ripening. This contrast, i.e., high CO; delays ET and susceptibility compared to
1-MCP’ inhibition of ET and enhanced susceptibility in unripe fruit, indicates fruit susceptibility
is modulated by different mechanisms that are correlated with ET production but not regulated
by it.

In non-climacteric fruits such as strawberries, ET is generally considered to have little or no
effect on ripening (101). Nonetheless, a short-term hypobaric treatment (0.5 atm for 4 h) reduced
gray mold of strawberry; this result was interpreted as the hypobaric treatment having an effect
on the host through a decrease in ET concentration in fruit tissues, which delayed ripening and
made the fruit more resistant to disease (80, 121). This interpretation was confirmed by exposing
the strawberry fruit to exogenous ET, which decreased fruit firmness and enhanced gray mold
development (38). In other cases, as with climacteric avocado fruit, disease development was en-
hanced by treatment with 1-MCP. Also, in non-climacteric citrus and grapes, a 1-MCP treatment
increased susceptibility to blue and gray mold, respectively (105). This effect in avocado was the
result of the need for low concentrations of ET to induce the preformed compounds, and in grapes,
it was the result of the inhibited accumulation of anthocyanins associated with ripening of berries
(24,42, 53). These examples indicate the complex behavior of ET in the modulation of inducible
factors modulating fruit resistance.
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MECHANISMS OF RESISTANCE INDUCTION IN FRUIT: TREATMENT
TARGETS AND HOST RESPONSES

Various biotic inducers (e.g., fungi, bacteria, viruses, phytoplasma, pests) and abiotic stresses (e.g.,
chemical and physical treatments) can trigger induced resistance in plants (1, 104, 137), causing
rapid expression of defense responses (27, 46, 71) and limiting fruit colonization after harvest.
Two types of mechanisms of induced resistance in plants are systemic acquired resistance (SAR)
and induced systemic resistance (ISR). Both these mechanisms can induce defenses that confer
long-lasting protection against a broad spectrum of microorganisms and are mediated by phyto-
hormones, such as SA in SAR and JA and ET in ISR (133). ISR occurs following an application of a
biocontrol agent or other microorganism (e.g., mycorrhizal fungi) to the roots (133), and its effects
on postharvest decay have not been extensively investigated. SAR is associated with accumulation
of pathogenesis-related (PR) proteins, which contribute to resistance (36). Induced resistance does
not always directly activate plant defense responses but can place the plant in a state of alertness
such that a future pathogen attack will be strongly and efficiently responded to. This phenomenon
is known as the priming effect (26, 63). This response is the result of the capacity to sensitize the
plant immune system for a better expression of induced defense mechanisms (26). Priming can be
first established by stimuli that have environmental, biological, or chemical origins. After percep-
tion, fruit maintain a priming phase in which molecular and biochemical changes occur but where
there is not a direct activation of defense mechanisms (89).

On table grape berries, chitosan treatment showed a priming effect, because by itself the com-
pound did not increase the amount of #7ans-resveratrol in the berries, but when applied prior to
exposure of UVc irradiation, it increased the content of this compound as compared to the UVe
alone (117). Priming, theoretically, may divert part of the resources of the plant from primary
(growth and production) to secondary metabolism (defense). This may generate a potential fit-
ness cost; however, in practice, it is not very costly to fruit undergoing maturation (14, 90, 120,
133). The priming response phase has been shown to be short- to long-lasting, and in some ex-
amples, it has been transmitted to subsequent generations, meaning that plants exposed to stress
stimuli produce progeny that display sensitized defense mechanisms (120, 133). Upon subsequent
attack, priming allows a faster and stronger activation of defense mechanisms, which results in
broad-spectrum disease protection.

Activation of SAR also involves cellular redox modification in the host tissues. Both primary
and secondary oxidative bursts are required for the onset of SAR (4). SAR is predominantly
dependent on the activity of NPR1 (nonexpressor of PR gene 1) (126). NPR1 confers resistance
through a transcriptional cascade, which includes transcription activators and repressors, lead-
ing to the massive induction of antimicrobial genes. Upon pathogen challenge, the NPR1 is
phosphorylated and degraded and its turnover appears to be required for its full transcriptional
activity and the activation of SA-mediated defense, which results in the expression of a battery of
PR genes (130). The transcription factor NPR1 and the activated SA-mediated defense response
result in SAR and the activation of approximately 10% of the plant transcriptome (46). Several
studies suggested the requirement of lipid signals such as JA-derived molecules for SAR (46,
81) and a putative lipid transfer protein in challenged tissue to initiate translocation of the
SAR mobile signal. Because SA is light sensitive, several stable and more efficient structural
and functional analogs of SA have been synthesized to induce resistance [e.g., benzothiadiazole
(BTH)] (44, 69, 78, 120). The involvement of different mechanisms of resistance was reported
in some cases. For example, f-aminobutyric acid (BABA)-induced resistance involves both SA-
dependent and ABA-dependent defense mechanisms (13, 103). The relative importance of these
phytohormone-dependent defenses varies according to the nature of the challenge pathogen.
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Indeed, BABA-induced resistance against B. cinerea resembles SAR and requires SA accumulation
(154), whereas the ABA-dependent pathway, which is associated with callose deposition, is neces-
sary against other pathogens (132, 154). The expression of defense-related genes correlates with
the reduction of disease incidence and/or severity, demonstrating the contribution of induced
resistance to postharvest disease management (123). However, it is clear that the mechanism(s)
of response can be affected by maturity and degree of ripening of fruit.

INDUCED RESISTANCE BY POSTHARVEST TREATMENTS

Various treatments that have proved to induce resistance in plants following infection by a
pathogen have been applied to harvested fruits and vegetables (Figure 4; Tables 1 and 2) (123).
The application of these physical, natural, and synthetic chemicals induces physiological changes
strongly linked to defense mechanisms in the host tissues. These responses influence fruit re-
sistance or susceptibility and are dependent on the level of response in the interaction with
the pathogen. They can be characterized into key groups: (#) accumulation of PR proteins and
hormone-dependent signaling; () decrease in membrane lipid metabolism and improvement in
ROS scavenging ability by activation of the antioxidant machinery, including enzymes such as
catalase (CAT), POD, ascorbate peroxidase (APX), and superoxide dismutase (SOD); and (¢) syn-
thesis of antimicrobial enzymatic activity of fruit-phenolic compounds, lignin, and enzymes such
as CHT, glucanases (GLU), and phenylalanine ammonia-lyase (PAL). Host defense responses that
limit pathogen colonization also affect several critical physiological processes; for example, they
retard ripening and senescence, which affects fruit taste and rate of softening (80, 123).
Chitosan, which is a biopolymer produced in crab shells, is one of the main resistance inducers,
and it has a threefold property that includes antimicrobial, eliciting, and film-forming activities

How long will the |
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Figure 4

The dynamic balance of induced host resistance and progress of fungal decay in harvested fruits and vegetables. Abbreviations:
BABA-IR, B-aminobutyric acid-induced resistance; BCA, biocontrol agents; BTH, benzothiadiazole; CWDE, cell wall-degrading
enzyme; ISR, induced systemic resistance; ROS, reactive oxygen species; SAR, systemic acquired resistance; UV, ultraviolet C.
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Table 1 Examples of differential gene expression or enzyme activities in response to physical treatment applied to fruit

to delay ripening and/or suppress postharvest diseases

Genes and/or enzymes
Treatment PAL CHT CAT POD SOD PPO Reference(s)
UV irradiation NA NA + NA + NA 152
Ozone + + NA NA NA NA see 1237
Electrolyzed water + +++ NA + NA NA see 1237
Heat treatment +/— — NA NA NA NA see 1232
Hypobaric treatment + + NA + + + 145; see 123*

aReferences therein and tables 2 and 4.

Abbreviations: +, overexpressed up to threefold; ++, overexpressed from fourfold to tenfold; +++, overexpressed more than tenfold; —, downregulated

up to threefold; CAT, catalase; CHT, chitinase; NA, not applicable; PAL, phenylalanine ammonia-lyase; POD, peroxidase; PPO, polyphenol oxidase; SOD,

superoxide dismutase.

(116, 122). The eliciting activity is produced in host-pathogen interactions when the enzymes of
the pathogens attack the host cell wall and are then considered endogenous elicitors that cause

plants to perceive them as a signal of pathogen infection and therefore raise defenses (115). The

biopolymer can directly induce plant defense enzymes and synthesis of secondary metabolites,

such as polyphenolic compounds, lignin, flavonoids, and phytoalexins, in several plant species (28,
85, 119) as well as increase the antioxidant capacity (17, 71, 102, 114, 116). In addition to being
a priming agent, chitosan produces a coating on the treated surface that preserves fruit freshness

by reducing gas exchange and slowing respiration and the ripening process, slowing the fruit’s

Table2 Examples of differential gene expression or enzyme activities in response to application of natural and synthetic

chemicals that are involved with resistance induction in fruits

Genes and/or enzymes

Treatment SOD | CAT POD APX CHT PAL GLU PPO Reference(s)
Methyl salicylic + ++ ++ + NA NA NA NA see 1232
acid
Benzothiadiazole NA NA +/++ ++ + NA +/4+++ + 69; see 1232
Chitosan + —/+ + + | 4+ | A | + 69,71, 94,96,
125; see 1232
Ruta graveolens NA NA NA NA +/++ +/++ +/++ NA 71
essential oil
Calcium and NA NA NA + +/+++ ++ ++ NA see 1232
organic acids
Sodium carbonate NA NA ++ NA — 44 ++ NA see 1232
Chitosan + NA NA NA NA +/+++ | A+ | NA 71
R. graveolens
essential oil
Chitosan + NA NA +/4+++ NA NA NA NA +/4+++ | 29
potassium
sorbate

2References therein and table 3.

Abbreviations: +, overexpressed up to threefold; ++, overexpressed from fourfold to tenfold; +++, overexpressed more than tenfold; —, downregulated
up to threefold; APX, ascorbate peroxidase; CAT, catalase; CHT, chitinase; GLU, B-1,3-glucanase; NA, not applicable; PAL, phenylalanine ammonia-lyase;

POD, peroxidase; PPO, polyphenol oxidase; SOD, superoxide dismutase.

www.annualreviews.org o Induced Resistance in Fruit and Vegetables

289



Annu. Rev. Phytopathol. 2023.61:279-300. Downloaded from www.annualreviews.org
Access provided by Universitadegli Studi di Anconaon 09/06/23. See copyright for approved use.

290

physiological metabolism (118, 119). To these two actions (induction of defenses and increases of
antioxidant activities) chitosan showed antimicrobial activity toward a list of decay-causing fungi,
reducing decay development on a list of crops and extending their shelf life (113).

Physical treatments also showed significant induction of fruit resistance. Heat-stress-exposed
peach, strawberry, and mango fruit showed the induction of transcription factors that enhance fruit
resistance (60, 84) and delay fruit ripening. Heat-treated strawberries directly triggered plant de-
fenses with the accumulation of PAL, CHT, CAT, APX, and SOD, which reduced the size of gray
mold lesions (60). Strawberry fruit exposed to a hypobaric atmosphere were shown to express in-
duced resistance to B. cinerea and Rbizopus stolonifer, which was linked to increased CHT, PAL,
and POD activity and improved fruit storability (54). The application of short-term hypobaric
treatments can inhibit the senescence of table grapes, strawberries, and sweet cherries (121). In
inoculated table grapes, this treatment reduced gray mold lesions compared to an inoculated con-
trol maintained at room pressure (Figure 5). In addition to direct physiological effects (e.g., less
ET in hypobaric-treated tissues), physical treatments have been linked to the activation of SAR
(26, 90). Therefore, findings indicate that the defense responses induced by biotic and/or abiotic
agents that protect against pathogen development can be accompanied by critical physiological
effects on the host that improve fruit storability (34, 121, 123).

What is more difficult to explain is the fact that resistance induction to prevent fungal col-
onization can be long-lasting (82, 83) and perhaps even transmitted to subsequent generations
(138). Preharvest treatments with SA and BABA have been shown to reduce disease incidence of
Penicillium digitatum and B. cinerea in orange and tomato fruit, respectively, affecting colony initi-
ation by 3-5 days followed by a 50% inhibition in colony growth (56, 143). In the case of BABA,
the long-lasting induced-resistance response correlated with the delay of fruit maturation (red
fruit per plant) and with differential accumulation of metabolites putatively identified as lipids,
alkaloids, terpenoids, and the plant hormone ABA (143).

The long-lasting nature of induced resistance in fruit also has been linked to epigenetic mech-
anisms that could fine-tune the expression of defense responses over longer periods or from one

Figure 5

Table grape bunches exposed to hypobaric treatment at 0.05 atm for 24 h (/ef?) or kept at room temperature
(right) after inoculation with a conidial suspension (10* spores/mL) of Botrytis cinerea and incubated for
5 days at 20°C.
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generation to the next (82, 83). Fruit development and ripening are influenced by chromatin mod-
ifications and changes in DNA methylation (41, 47, 67, 147). Considering that fruit are mostly
maternal tissues and that some preharvest treatments trigger long-lasting induced resistance, sev-
eral research groups have attempted to link this induction with epigenetic change. Certainly, it
is plausible that intergenerational epigenetic mechanisms could play certain roles in the prim-
ing processes of fruit produced from true seed (57). A recent investigation indicated that potato
seeds obtained from primed potato plants have shown higher levels of induced wound healing and
resistance to dry rot in the subsequent crop (48).

In summary, different classes of chemicals ranging from naturally occurring metabolites, in-
organic compounds, and synthetic chemicals, together with several physical treatments (123),
serve as examples of abiotic agents that act as resistance inducers. Chemical inducers can
trigger defense responses locally in fruits and can also induce the production of mobile im-
mune signals, including SA, methyl salicylate (MeSA), azelaic acid, glycerol 3-phosphate, and
abietane-diterpenoid-dehydroabietinal (20, 62, 99).

INDUCED RESISTANCE IN NON-CLIMACTERIC FRUITS

A preharvest spray treatment of SA onto non-climacteric, unripe pepper fruit inhibited anthrac-
nose in harvested fruit by inhibition of appressoria formation in C. gloeosporioides (73). Genetic
analysis indicated that the responsive genes in pepper were regulated solely by SA and not by JA
or ET. Interestingly, most of those genes were preferentially expressed in the ripe fruit, suggesting
that SA-mediated transcriptional regulation modulates anthracnose development independently
of ET (74). A similar response was observed in oranges, where blue mold, caused by P. digita-
tum, was inhibited by exogenous SA treatments. SA treatment of P. digitatum—colonized fruits
enhanced expression of CsWRKY70 and genes related to MeSA biosynthesis, including the salicy-
late carboxymethyltransferase (33). These results indicate that non-climacteric fruits may respond
positively to SAR-inducing treatments. The mechanism of induced resistance in several commodi-
ties, such as bell pepper and strawberry fruit (37, 43, 70, 114, 116), is accompanied by the delay
of ripening and senescence. Physiological responses, including delay of ripening and senescence,
seem to be critical for the postponement of fungal colonization when resistance is induced by the
different biotic and abiotic treatments.

INDUCED RESISTANCE IN CLIMACTERIC FRUITS

Induced resistance in freshly harvested avocado fruits was reported following the application of
chitosan in combination with the amino acid phenylalanine (125). The treatment delayed de-
cay development by C. gloeosporioides and enhanced the expression of heat-shock proteins, fatty
acid desaturases that contribute to the synthesis of antifungal defenses, and genes involved in
the biosynthesis of phenylpropanoids and PR proteins. These specific responses contributed to
suppression of rot development and were accompanied by a delay in fruit ripening (110, 125,
146). This delay in the initiation of fungal attack accompanied by the inhibition of fruit ripening
represents the normal way of delaying decay in climacteric fruits. In banana fruit, resistance to
postharvest diseases induced by SA treatment was also accompanied by retardation of ripening
(129). This retardation also suppresses ET production and may further extend the shelf life of
fruit, thereby delaying the development of disease symptoms that normally develop as climacteric
fruit ripen (151). In the case of banana, the degree of induction may also depend on the timing of
pre- and/or postharvest elicitor treatment (61) (Figure 3), where levels of induction of the anti-
fungal phytoalexin hydroxyanigorufone are higher in unripe fruit than in ripe fruit exposed to ET
(65, 66).
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Induced resistance of peach to brown rot can be affected by the level of ET, which is determined
by the degree of fruit maturity (6). At early stages of fruit maturity, the presence of Monilinia laxa
induces only low levels of ET insufficient to activate carbohydrate-active enzymes for cell macera-
tion (32, 52, 88). Under these conditions, the fruit was able to suppress disease development via an
oxidative burst and SAR induction that challenged the pathogen’s survival (88, 134). SAR-activated
enzymes act as antimicrobials in peaches by targeting p-1,3/1,6-glucans and chitin present in fun-
gal cell walls or membranes (19, 79, 100, 131, 136). The induction of the hydroxyproline-rich
glycoprotein-encoding transcripts in young peach fruit may also explain disease resistance in un-
ripe fruits, given the lower concentration of induced hydroxycinnamates in ripe fruit that may not
be sufficient to confine the disease, explaining the enhanced susceptibility to brown rot as the fruit
mature (7).

Opverall, the induction of defense responses in fruit aims to delay the onset and spread of fungal
infections. However, the coordinated balance of responses among the multiple substances that
account for enhanced resistance responses by the host may change according to the pathosystem
and the physiological stage of fruit development (immature and mature fruit). This coordinated
balance of response(s) may determine the fruit’s resistance or susceptibility depending on the level
of this response in the interaction with the pathogen (Figure 4). The differential responses in
immature and ripening fruits are in dynamic equilibrium that can evolve toward resistance or
susceptibility to postharvest decay; this differential requires further study (Figure 4).

If climacteric and non-climacteric fruits are responding similarly to a variety of exogenic treat-
ments that induce resistance, and ET is not always involved in the induction process, a question is
why crop losses during senescence cannot be prevented by induced resistance. Most of the pub-
lished reports showing suppression of decay development by different biotic, abiotic, and physical
treatments in fruit (73, 84) have also reported a corresponding delay in ripening and senescence.
The possible factors affecting the responses to the induction process are likely related to the im-
portance of (#) physiological maturity of the fruits, i.e., overmature fruit does not show the same
response as immature fruit; (b)) unripe fruit stored for long periods does not respond to the same
degree as freshly harvested fruit; and (c) post-climacteric fruit does not respond to the same degree
as preclimacteric fruit. Future research to address these hypotheses will have both commercial and
theoretical significance to disease development in fruit.

CONCLUSIONS

Induced resistance in fruit and vegetable tissues is a tool to confer enhanced protection against
postharvest decay during storage and shelf life. Application of diverse abiotic and biotic stimuli
triggers physiological host responses, inducing accumulation of defense compounds that limit
fungal growth, delaying fruit senescence, preserving the physiological youth of fruit for longer
periods, and enhancing the plant’s ability to defend itself from invading pathogens.

Therefore, induced resistance can () offer a defense strategy against many plant pathogens
that are difficult to control by single resistance genes; (b) result in specific mechanism(s) of acti-
vation of defense responses; (¢) modulate mechanisms that are widely present in many fruit crops;
(d) activate mechanisms in the fruits that are considered safe and may even increase the quality of
the fruits through the increase of beneficial compounds (phenols with antioxidant activity); and
(e) be active throughout plant—fruit development, opening possibilities for both pre- and
postharvest disease control (123).

We discussed optimal timings of induction of plant response to the different inducers. Har-
vested fruits and vegetables show a decline in responsiveness to resistance induction with the
progression of ripening and senescence. Current research is focused on the discovery of new re-
sistance inducers and understanding their mechanisms of action to apply them at the proper time.

Prusky o Romanazzi



Annu. Rev. Phytopathol. 2023.61:279-300. Downloaded from www.annualreviews.org
Access provided by Universitadegli Studi di Anconaon 09/06/23. See copyright for approved use.

Future research should also examine atmospheric modifications that can induce resistance by in-
fluencing host physiology and ripening. The study of biochemical mechanisms involved in the
host response will benefit from technological innovations to monitor gene expression. Future ef-
forts should also try to understand the contribution of the microbial populations (as a microbiome)
to the host and pathogen interactions and verify their possible effects in induced resistance and,
if positive, optimize the timing of preharvest and postharvest applications. Increasing the imple-
mentation of induced-resistance technologies will reduce the application of synthetic pesticides,
moving toward a desirable sustainable approach in plant production and protection.

1. Induced resistance reduces disease incidence by postharvest fungal pathogens by modu-
lating the progression of ripening and senescence and by limiting the pathogen’s ability
to invade plant tissue.

2. Induced resistance was observed in both climacteric and non-climacteric fruits.
3. The process of induced resistance in disease-susceptible fruit is most strongly observed
in conditions that delay ripening.

4. The interaction of constitutive resistance with induced resistance creates a fulcrum
against pathogenesis that is affected by the physiological stage of the fruit and its
response.

1. Research should search for new stimuli of diverse origins to trigger physiological host
responses that keep the produce physiologically younger for longer with a higher
accumulation of nutraceutical compounds.

2. Efforts should be driven to discover new resistance inducers as compounds that improve
the quality of fruits and vegetables (e.g., biostimulants) and the understanding of their
possible effects on postharvest diseases.

3. Efforts should be invested to better understand the effect of the resistance-inducing po-
tential of microbial populations on the host—pathogen interactions as possible factors
that modulate fruit resistance.

4. We should characterize new induced secondary metabolites in treated fruits and
vegetables, as they may affect taste and nutritional quality.
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