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Abstract: Climacteric fruits undergo a characteristic ripening process regulated by ethylene, a key
plant hormone. Extending the shelf life of these fruits while preserving their postharvest quality
poses a significant challenge for the food industry. This review provides a comprehensive overview of
physiological and molecular strategies to delay ethylene-mediated ripening in climacteric fruits and
their impact on shelf life, postharvest quality, sensory attributes, and volatile compounds. Addition-
ally, it examines the role of ethylene in fruit ripening, analysing various ethylene managing strategies
including ethylene inhibitors, ethylene adsorbents, and ethylene scavengers by catalytic oxidation.
This review concludes with future research directions including molecular and genetic approaches
for reducing ethylene production or responsiveness in fruits, integrated strategies, environmental
considerations, and commercial applications for improving postharvest handling and fruit quality.

Keywords: delayed ripening; fruit preservation; phytohormone

1. Introduction

Ripening is a complex, genetically programmed, and irreversible phenomenon involv-
ing a series of physiological, biochemical, and organoleptic changes. Since this process is
unstoppable, there is a finite time for commercialization and consumption where the prod-
uct exhibits desirable quality attributes. Once this time has elapsed, ripening becomes an
adversary as it leads to processes such as weight, size, and firmness reduction, organoleptic
degradation, or loss in bioactive compounds, resulting in an inedible and unmarketable
product, leading to economic and environmental losses.

According to the Ministry of Agriculture, Fisheries and Food of the Government of
Spain, in its report entitled “More food, less waste” [1], global food losses and waste in 2020
amounted to one-third of the world’s food production intended for human consumption.
This translates into losses of approximately 1.3 billion tons per year, a quantity sufficient
for feeding 2 billion people. In Europe, this figure stands at 89 million tons and that for
Spain is 7.7 million tons. In economic terms, global food losses and waste would amount to
throwing away more than €782.397 billion (excluding environmental and social costs).

According to De Laurentiis [2], households in the European Union waste about 17 bil-
lion kilograms of fresh fruit and vegetables each year, which is 35.3 kg per person per year.
On average, 29% of fresh fruits and vegetables are wasted in households. Furthermore, ac-
cording to the programme “Informe Semanal: Comer bien, tirar menos” by Radio Televisiéon
Espafiola (RTVE) [3], aired on 11 March 2023, more than two-fifths of all fruit, vegetable,
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and green crops are wasted because they are “ugly”. This subjective criterion prevails over
other objectives such as firmness, flavour, or internal composition of these foods.

Based on the aforementioned, proper management of ripening-related processes
can provide more marketing and consumption time for the customer, thereby avoiding
waste and subsequent economic losses and environmental problems for the entire produc-
tion chain.

1.1. Ethylene: A Ripening Plant Hormone

Ethylene is a plant hormone produced by plants and fruits that remains in gaseous
state under normal conditions (25 °C temperature and 1 atm pressure). It is biologically
active in minimal amounts and its effects are commercially crucial in fruit and vegetable
ripening [4]. The role of ethylene as a potent regulator of plant growth has been established
over the last hundred years, but its effects have been known for several centuries. The
use of ethylene to accelerate fruit ripening has been known since ancient times. Examples
of this phenomenon include the ripening of apples in southern Italy using quinces for
joint preservation or the ripening of mangoes in India using straw combustion. It is even
known that in ancient Egyptian civilization, superficial cuts were made in the skin of figs
to stimulate their ripening. Subsequently, it was discovered that these cuts or scarifications
promote fruit stress, leading to increased respiration and ethylene production [5].

Phytohormones play a role in many aspects of plant development. Ethylene was one
of the first plant hormones discovered. Its discovery arose from a remarkably curious fact.
Although by the mid-19th century it was clear that the presence of gaseous materials in
the air could modify plant growth, it was not until the late 19th century that the Russian
researcher Dimitry Neljubow identified ethylene, an active component of street lamp gas,
as the generator of a strange growth habit in pea seedlings suffering from etiolation [6].
The first evidence that plant material produces a gas that affects the growth of nearby
plants was discovered by Cousins in 1910 [7], who hypothesized that gases emitted by
oranges caused banana ripening in mixed commercial shipments. However, since healthy
oranges produce very little ethylene because they are non-climacteric fruits, the origin of
this ethylene was from oranges infected with fungi. In 1917, Sarah Doubt successfully
correlated the presence of ethylene with the stimulation of leaf and fruit abscission [8].

In 1924, Frank E. Denny [9] observed that farmers cultivating Florida lemons stored
their fruits in sheds with kerosene lamps, thinking that heat caused them to lose their green
colour. Upon investigation, Denny discovered that it was the ethylene produced by those
lamps that induced the colour change in lemons from green to yellow, a process later known
as degreening. Gane [10] demonstrated in 1934 that fruits during ripening synthesize
ethylene. He provided chemical evidence that ethylene was indeed mostly produced
by ripest bananas, demonstrating that plants produce ethylene themselves, confirming
Cousins’ hypothesis. He later found that ethylene was also produced by other fruits and
could promote seed germination [11]. Crocker reported in 1935 [12] that ethylene acts
similarly to auxins, being involved in plant growth and the senescence of vegetative tissues
in Arabidopsis thaliana L. Therefore, it was established that ethylene is a plant hormone.

Subsequently, between the 1940s and the early 1970s, methods for eliminating this
phytohormone to extend the shelf life of plant products began to be proposed [13]. South-
wick & Smock showed in 1943 [14] that by using activated charcoal with bromine as an
adsorbent for ethylene, the shelf life of ‘McIntosh” apples could be extended by a month.
In 1971, Scott and colleagues [15] proposed the use of ultraviolet light to eliminate ethy-
lene and thus extend the shelf life of fruits, although these methods were still far from
industrial application.

In recent years, multiple procedures have been developed to eliminate or inactivate
ethylene and its effects. Among them, oxidative ethylene removers (such as potassium
permanganate or titanium dioxide) and ethylene inhibitors (such as salicylic acid or 1-MCP)
stand out. Currently, this field faces the following challenges:
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1.  Observing the effect of different ethylene removal methods on as many foods

as possible;

Discovering to what extent food quality is maintained through these methods;

3. Establishing which of them are truly applicable on an industrial scale and refining
these methods to make them more effective.

N

Ethylene can be classified according to its origin as endogenous and exogenous.
Endogenous ethylene is produced by a fruit as a result of its internal synthesis. In contrast,
exogenous ethylene is produced by other agents, which can be biological, such as other
adjacent fruits, or of another nature such as the combustion of vegetables like straw or
stubble or combustion in vehicle engines [16].

Regarding the capacity of this gas to act, effects of ethylene have been recorded at
very low concentrations, even below 0.001 uL per litre of air [17]. While it is true that in
the initial stages of fruit development, a high presence of this gas can be beneficial as it
promotes and accelerates their development, in later stages, especially during postharvest,
it can be detrimental by accelerating senescence and reducing their commercial life [18,19].
This rapid ripening favoured by the presence of ethylene affects most of the qualitative
parameters of fruits, from physical parameters such as weight or firmness to biochemical
parameters such as antioxidant capacity, soluble solids, pH, or acidity.

1.2. Scope and Structure of This Review

This review aims to provide a comprehensive examination of the ripening dynamics
of climacteric fruits, with a specific focus on ethylene control and removal. By synthesizing
current research findings, theoretical frameworks, and practical applications, this review
seeks to deepen our understanding of the interplay between ethylene and fruit ripen-
ing processes, elucidating the molecular mechanisms, physiological effects, and practical
implications of ethylene biology in the horticultural industry.

To achieve these objectives, this review will be structured into several interrelated
sections, each addressing specific aspects of climacteric fruit ripening and ethylene biology:

e  Climacteric fruits and ethylene: This section will provide a comprehensive overview
of climacteric fruits and their characteristic ripening process. It will define climacteric
fruits, delineate the stages of their ripening process, and discuss the physiological
changes associated with ripening. Additionally, it will highlight the pivotal role of
ethylene as a master regulator of climacteric fruit ripening, emphasizing its multi-
faceted functions and importance in fruit development and maturation.

e  Regulation of ethylene biosynthesis and signalling: This section will delve into the
molecular mechanisms underlying ethylene biosynthesis, perception, and signal trans-
duction in climacteric fruits. It will explore the regulatory pathways governing ethy-
lene production, receptor-mediated signalling cascades, and downstream responses in
fruit tissues. Additionally, it will discuss the environmental and hormonal factors that
modulate ethylene biosynthesis and signalling pathways, providing insights into the
complexity of ethylene regulation during fruit ripening.

e  Physiological and molecular effects of ethylene on fruit ripening: This section will
examine the specific molecular and physiological effects of ethylene on climacteric
fruit ripening processes. It will elucidate how ethylene influences key ripening-related
events, such as fruit softening, flavour development, colour changes, and aroma
production. By integrating molecular biology, biochemistry, and physiology, this
section will offer a comprehensive understanding of ethylene-mediated ripening
processes at the cellular and tissue levels.

e  Ethylene managing strategies: This section will be destined to go deep in different
strategies to remove, inhibit, or reduce the effect that ethylene could have according to
its interaction with climacteric and non-climacteric fruits.

e  Practical implications and future directions: This final section will discuss the practical
implications of ethylene biology for agricultural practices, postharvest management,
and fruit quality enhancement. It will highlight potential strategies for manipulating
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ethylene levels, optimizing postharvest handling techniques, and improving fruit
quality and shelf life. Additionally, it will identify emerging research trends and future
directions in ethylene research, pointing towards new opportunities for innovation
and advancement in this field.

Overall, this review aims to provide a comprehensive synthesis of current knowledge
on the interrelationship between climacteric fruit ripening and ethylene biology, offering
valuable insights into the mechanisms, regulation, and practical applications of ethylene in
fruit production and postharvest handling.

2. Climacteric Fruits and Ethylene

Fruit ripening has always been the subject of intense study due to its relevance to the
nutritional characteristics that define its quality [20,21]. As mentioned earlier, depending on
the respiration pattern displayed, fruits can be divided into climacteric fruits, which exhibit
an increase in respiration rate mediated by a sudden rise in ethylene, and non-climacteric
fruits, in which there is no increase in respiration rate or accumulation of ethylene [22].

Both climacteric and non-climacteric fruits show common pathways regarding the
signal transduction pathway in response to ethylene [23] and accumulate abscisic acid
(ABA), especially at the beginning of ripening [24,25]. The accumulation of ABA precedes
and, therefore, modulates ethylene production in climacteric fruits and triggers ripening in
non-climacteric ones while they are still in the plant [25,26]. Recently, the fundamental role
of abscisic acid (ABA) in non-climacteric fruits, especially in Fragaria x ananassa, affecting
cell wall modification was demonstrated. This is because ABA suppresses the production of
pectin esterase and polygalacturonase enzymes, which degrade the cell wall and promote
softening of the affected fruits [27,28].

The focus on the ripening process of climacteric fruits can be divided into several
sequential stages, each characterized by specific physiological and biochemical changes
(Figure 1):

e  Pre-climacteric phase: At the beginning of fruit development, climacteric fruits are in
the pre-climacteric phase. During this stage, ethylene production and respiration rates
are relatively low. The fruits are typically firm, green, and physiologically immature.
Although metabolic processes are occurring, they are not yet at levels indicative
of ripening.

e  Climacteric peak: As fruits reach maturity, they undergo a dramatic increase in ethy-
lene biosynthesis and respiration, marking the climacteric peak. This peak is a pivotal
event in the ripening process and triggers a cascade of biochemical and physiological
changes. One of the most notable transformations is the conversion of starches into
sugars, leading to increased sweetness. Additionally, the fruit softens as cell wall
components break down, resulting in changes in texture and juiciness. Other changes
include alterations in pigmentation, aroma development, and flavour enhancement.

e  Climacteric phase: Following the climacteric peak, fruits enter the climacteric phase,
characterized by sustained ethylene production and ongoing metabolic activity. Ripen-
ing processes initiated during the peak continue, albeit at a slower pace. This phase is
crucial for the completion of ripening, as fruits continue to develop desirable sensory
attributes and undergo structural modifications indicative of ripeness.

e  Post-climacteric phase: Eventually, climacteric fruits enter the post-climacteric phase,
marked by a decline in ethylene production and respiration rates. While fruits remain
physiologically ripe during this phase, they may exhibit signs of senescence, such as
loss in firmness, increased susceptibility to decay, and decline in sensory quality.

The ripening process of climacteric fruits is governed by a complex network of hor-
monal, genetic, and environmental factors. Ethylene, in particular, plays a central role in
coordinating ripening-related processes by regulating gene expression, enzyme activities,
and physiological responses. Additionally, interactions between ethylene and other hor-
mones, such as auxins, abscisic acid, and gibberellins, further modulate ripening dynamics.
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Climateric fruit _—
Non-climateric friit  eeeeeereeeaenes

There are two ethylene production systems according to the developmental stages of
plant tissues and fruits: system I and system II.

e  System I of ethylene production is associated with vegetative tissues and fruits in the
early stages of development and is characterized by low rates of ethylene production,
auto-inhibitory character (a process by which ethylene induces and controls its own
production), and absence of relevant peaks in the production of this phytohormone [29,
30].

e  On the other hand, system II is present in more advanced development processes,
especially in climacteric fruits, and is characterized by high rates of ethylene emission,
feedback (higher ethylene concentration in the environment implies higher production
of the same), and a high peak of ethylene production at the onset of physiological
maturity [29].

The systems I and II of climacteric fruits are identical in the ethylene synthesis pathway.
They exhibit different response patterns to exogenous ethylene, which may be related to
the distinct properties of the ACS and ACO isoenzymes.

Ethvlene
production

Respiration ——
r ate ---------------

Growth —_—

R e RS N Nt Nt e a e

Cell i Physiological - .
differentiation Cell growth ‘ maturity Fully ripe Ageing
4——— Growth and development >+ Ripening ——» Ageing

Figure 1. Respiration rate and ethylene production during postharvest (own source: http://hdl.
handle.net/10952 /6740 (accessed on 20 May 2023)).

As shown in Figure 1, climacteric fruits exhibit a peak in respiration and ethylene
production during the ripening process and are capable of ripening even after harvest,
whereas non-climacteric fruits do not show any peak in respiration and cannot ripen after
harvest [31]. The differences between the two types of fruits are detailed below:

Firstly, climacteric fruits contain both the system I and system II of ethylene production,
whereas non-climacteric fruits only emit ethylene through the so-called system I. This means
that, at the onset of ripening, climacteric fruits experience a peak in respiration, followed
by massive ethylene production [32]. As mentioned earlier, system Il is characterized by
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feedback in ethylene production, where more ethylene in the environment leads to higher
production. This maintains the ethylene peak until reaching an overripe state [30]. In
contrast, for non-climacteric fruits, once the point of physiological maturity is reached,
ethylene production remains, without significant changes, at a basal level [33,34]

Secondly, both climacteric and non-climacteric fruits show little difference during
the developmental phase, as they only produce minimal amounts of ethylene. However,
during the full ripening period, the amount of ethylene produced by climacteric fruits is
much higher than that of non-climacteric fruits.

Thirdly, the application of exogenous ethylene is only effective in the early stages
of development of climacteric fruits on the tree, which can lead to increased respiration
and autocatalysis of endogenous ethylene. This reaction is irreversible because artificially
applying ethylene accelerates the fruit ripening process, and as mentioned earlier, ripening
cannot be stopped.

Finally, increasing the concentration of exogenous ethylene advances the appearance
of the respiratory peak in climacteric fruits, but the intensity of the respiratory peak remains
unchanged. However, for non-climacteric fruits, increasing the concentration of exogenous
ethylene may increase respiratory intensity but not the duration of the respiratory peak [35].

The biochemical changes induced by ethylene, along with the microbiological damage
caused by bacteria or fungi, are the main causes of deterioration in climacteric fruits, even
under low-temperature storage conditions [36,37]. Consequently, an appropriate strategy
must be adopted to prevent ethylene accumulation in order to prolong the postharvest
life of such plant products and thereby reduce losses [38]. The effect of ethylene must be
blocked or eliminated to improve its quality and extend its shelf life. Furthermore, its
application should not only be limited to storage but should also be applied to handling
and all stages after harvest [39]. To effectively eliminate or block the effect of ethylene, a
thorough understanding of available methods, their industrial application, effectiveness,
and cost is necessary.

The physiological maturity or ripening of a fruit is defined, according to the dictionary
of the Royal Spanish Academy as “the state of development in which a fruit meets the
requirements to be consumed or used by the consumer for a particular purpose”. In these
terms, two categories can be distinguished depending on whether, once harvested, they
continue to ripen, known as climacteric fruits, or if their ripening is interrupted, known as
non-climacteric fruits. For climacteric fruits, the ripening process is initiated by changes in
their hormonal composition. It is not a gradual process; there is a peak of ripeness followed
by ageing or overripening [5].

The onset of climacteric ripening is a well-defined process characterized by a rapid
increase in the rate of respiration and ethylene production by the fruit. Climacteric fruits
have the ability to continue ripening even when separated from the mother plant, provided
they have reached a physiological state that ensures ethylene production. Examples of such
fruits include apple, avocado, peach, or tomato [38,40-42].

Conversely, regarding non-climacteric fruits, the ripening process is gradual and
continuous. They lack the ability to continue ripening once separated from the mother
plant, so it must be ensured that they have reached an appropriate state of maturity for
consumption at the time of harvest. Citrus fruits, grapes, pomegranates, or raspberries fall
into this category of non-climacteric fruits [33,43].

About the effect of ethylene on non-climacteric fruits, although they do not show a
clear increase in ethylene production rates during ripening, in certain cases, their exposure
to exogenously applied ethylene can stimulate certain ripening-related processes, such as
the inhibition of senescence, the inhibition of the development of physiological disorders,
and the inhibition of colour changes [44]. Exogenous ethylene can react with ethylene
receptors both in the early and late stages, leading to accelerated ripening. However, in
this case, once exogenous ethylene application is stopped, the fruits will return to their
pretreatment levels of respiration and ethylene production [35,45]. This process is widely
applied in citrus fruits, for example, in lemons. These fruits are harvested without reaching
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their physiological ripeness (colour change from green to yellow). Subsequently, when they
are ready for consumption, they undergo a process called “degreening” in which controlled
ethylene is introduced into lemon storage chambers until they reach their optimal ripeness
for consumption and then return to their pretreatment levels of respiration and ethylene
production [46].

As an example, exposure to 1-MCP had an effect on delaying rachis browning in
table grape varieties (Thompson Seedless’), thus suggesting the possible involvement
of the ethylene signalling pathway in the regulation of the rachis browning process of
non-climacteric fruit [47]. Another example can be found on pomegranates, where the
main problems associated with their postharvest storage are related to weight loss and
shrivelling, as well as peel discolouration. Previous studies indicated that exposure to
ethylene blockers such as 1-MCP reduced skin shrivelling [48] and the incidence of peel
browning [49].

Depending on the type of fruit and the ripening stage it is in, ethylene can have both
positive and negative effects. The beneficial effects of ethylene include stimulating ripening
in climacteric fruits until they reach the optimal consumption stage, developing colour
through pigment synthesis (anthocyanin and lycopene), and chlorophyll degradation (a pro-
cess known as degreening, commonly applied in the case of lemons). The negative effects
of ethylene, especially during the postharvest of climacteric fruits, are numerous. Excessive
softening, weight loss, loss in bioactive compounds, and emission of unpleasant volatile
compounds in fruit [50]; leaf and flower abscission in higher plants; accelerated hardening
of vegetables; increased susceptibility to bacterial or fungal pathogens; stimulation of
sprouting; changes in shape; and appearance of reddish spots are some of them [43,51].
These undesirable changes often occur due to accelerated ripening caused by exposure
to ethylene emitted by adjacent fruits and/or to ethylene generated as a contaminant in
locations where the product is placed, whether in greenhouses, trucks, ships, or airplanes
during storage and transport. Therefore, it is crucial to reduce surrounding ethylene as
well as inhibit ethylene biosynthesis to minimize its impact on the product.

3. Regulation of Ethylene Biosynthesis and Signalling
3.1. Biosynthesis of Ethylene in Climacteric Fruits and the Enzymes Involved

As mentioned earlier, ethylene is involved in many aspects of plant development,
including seed germination, root hair development in roots, seedling growth, leaf and
petal abscission, fruit ripening, and plant organ senescence [4,52]. Ethylene production
is regulated by internal signals during development and in response to biotic (pathogen
attack) and abiotic environmental stimuli, such as wounds, hypoxia, ozone, cold, or freezing.
Regulation can also occur at the level of perception or signal transduction [53,54].

Many plant tissues produce ethylene at concentrations that are mostly low. It was not
until the discovery of gas chromatography that deeper knowledge of ethylene synthesis
and metabolism began [55,56]. Bradford [57] clarified and explained the ethylene synthesis
transduction pathway through a series of experiments in apples, summarizing it as a chain
of reactions starting from the amino acid methionine and ending with ethylene synthesis,
resulting in a series of intermediate products: methionine — S-adenosyl-L-methionine
(SAM) — 1-aminocyclopropane-1-carboxylic acid (ACC) — ethylene.

Ethylene originates from the third and fourth carbon of methionine. During the cycle,
methionine binds to adenosine to form SAM; subsequently, SAM, apart from giving rise to
ACC, can produce 5'-methylthioadenosine (MTA), which, after the cycle repeat reaction and
hydrolysis, regenerates methionine, leading to high rates of ethylene production without
the need for high levels of intracellular methionine [55]. This ensures that the amino acid
content in plants is ready for a new cycle of ethylene production [56-58]. This important
discovery was made thanks to the work of Professor Shan Fa Yang [4]; therefore, this
ethylene production cycle was named the “Yang cycle” (Figure 2).
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Figure 2. Yang cycle (own adaptation: http://hdl.handle.net/10952/6740 (accessed on 20 May
2023)) [4,59].

During ethylene synthesis, the activity of three enzymes is regulated: SAM synthetase
(SAMS), ACC synthase (ACS), and ACC oxidase (ACO). SAM synthesized by the enzyme
SAMS is also involved in other biochemical pathways such as that related to polyamine
synthesis [60-62]. On the other hand, the ACS enzyme catalyses the breakdown of SAM into
ACC and MTA, thus being the key point that limits the speed of the entire pathway. ACS
is present in the cytoplasm forming monomers, dimers, or even trimers, with monomers
exhibiting the highest catalytic activity. In biochemical assays carried out by Yamagami and
colleagues in 2003 [63], the analysis of the amino acid sequence of the enzymes showed that
all ACS isoforms depend on pyridoxal phosphate (PLP) coenzymes. Therefore, inhibitors of
enzymes competing for PLP such as aminoethoxyvinylglycine (AVG) and aminooxyacetic
acid (AOA) can be used to inhibit ethylene synthesis [64]. In addition, cobalt ion and low
oxygen levels can also affect ethylene production by inhibiting the final step of the pathway,
catalysed by ACC oxidase, to finally give ethylene. Finally, ACO forms ethylene, CO,, and
cyanide from ACC. This latter component (cyanide) is detoxified by beta-cyanoalanine
synthase to beta-cyanoalanine to prevent toxicity of accumulated cyanide during high rates
of ethylene biosynthesis [64]. In 2002, Chung and colleagues [65] discovered that the ACO
enzyme is widely distributed in various plant tissues, and its function depends on the
effects of ferrous ion (Fe?*) and oxygen (O,), and therefore various chelating agents can
inhibit its activity. The activity of this enzyme also depends on ascorbic acid or vitamin C as
a co-substrate, establishing a direct relationship between the concentration of this acid and
ethylene production [66]. There is still no clear evidence about the cellular localization of the
ACO enzyme, although several authors indicate that it could be found in the cytosol [67,68],
but this is still unknown [69].

Recent advances have shown that ethylene synthesis and metabolism in plants are
closely correlated with environmental factors such as light and temperature. There are
also other processes in which the three key enzymes mentioned are involved that can
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regulate ethylene production. For example, Argueso and colleagues reported [70] that
the expression of multiple ACS genes (ACS2, ACS4 and ACS5) is induced by wounds,
increasing ethylene synthesis.

3.2. Ethylene Perception and Signalling

Researchers” understanding of the ethylene signal transduction pathways primarily
stems from genetic and molecular biology studies of Arabidopsis thaliana L mutants [71].
The initial step in ethylene perception involves its binding to receptors for this molecule
in plants and fruits. Cells possess a family of five receptors located in the endoplasmic
reticulum (ER) membrane that are homologous to bacterial histidine kinases, namely, ETR1,
ETR2, EIN4, ERS1, and ERS2, corresponding to ethylene receptors 1, 2, ethylene insensitive
4, and ethylene response sensor 1, 2, respectively, which bind to ethylene with the assistance
of a copper cofactor in the transmembrane domain of the protein receptor [71-73].

While some receptor specialization has been recognized, it is believed that they pri-
marily function by modulating the activity of the kinase called CTR1. Inactivation of this
kinase in the presence of ethylene results in decreased levels of phosphorylation of the
transmembrane protein located in the endoplasmic reticulum, EIN2 [74-76]. Two different
responses have been characterized by studying EIN2 activity. On one hand, there is a rapid
growth inhibition once the fruit is harvested, which occurs within minutes of hormone
exposure [76,77]. On the other hand, many other changes, possibly slower, are induced by
this hormone, including alterations at the transcriptional level in hundreds of genes [77,78].
Target genes include those involved in ripening, seed germination, wound response, senes-
cence, and other phenomena whose functions are still unknown. This entire process is
schematically illustrated in Figure 3.
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Despite the growing evidence that CTR1 is directly regulated by ethylene receptors, the
biochemical events controlling such regulation are not well understood. The involvement
of a MAPK cascade and its role in ethylene signal transmission are still unclear, and more
conclusive genetic evidence is needed. Another question to be addressed is the function
of EIN2, a protein that plays an essential role in mediating all known ethylene responses.
Regarding events occurring in the nucleus, determining how ethylene controls the stabil-
ity /activity of primary transcription factors, such as EIN3, EIL1, or EIL2, represents another
challenge, as well as determining the subsequent steps in gene regulation. Experiments us-
ing global gene expression profiling show that hundreds of genes are induced or repressed
by ethylene. In the future, it will be important to discern how many of these genes are
immediate targets of EIN3 and, in the long term, to categorize the transcriptional networks
involved in ethylene responses.

Ethylene receptors, along with other two-component receptors—those having a part
that receives the extracellular stimulus and another part that modifies a transcription
factor regulating gene expression to rapidly adapt to environmental changes (such as
phytochromes and cytokinin receptors)—are believed to have been acquired by plants from
cyanobacteria, which allowed for the contribution of chloroplasts through endosymbiosis,
as they are homologous to some bacterial receptors [79-84].

Data from recent phylogenetic analysis suggest a common origin for the ethylene-
binding domain in cyanobacteria and plants [85]. Therefore, it is interesting to note
that ethylene binding has been observed in at least one cyanobacterium, Synechocys-
tis sp., which has a functional ethylene receptor regulating cell surface properties affecting
biofilm formation and phototaxis, i.e., the ability of cells to orient in response to light
intensity [86-88]. Furthermore, ethylene-binding affinities to some of these cyanobacte-
ria and to the ethylene receptor of Synechocystis sp. are similar to those observed in
plants [89], demonstrating conservation of this domain among these organisms. However,
the primitive prokaryotic organism from which ethylene receptors first emerged remains
unknown [71].

Plants contain multiple isoforms of ethylene receptors. Early studies identified
ethylene-binding sites in plant endoplasmic reticulum (ER) membranes [90,91], a finding
corroborated by subsequent research [92-97]. In Arabidopsis thaliana L., the five afore-
mentioned isoforms (ETR1, ETR2, ERS1, ERS2, and EIN 4) have been identified [55,98-100].
Mutations in any of these receptors prevent ethylene binding to them and lead to a plant
showing ethylene insensitivity [55,86,98,101]. Additionally, some mutations in these re-
ceptors do not affect ethylene binding but prevent signalling through the receptor, also
resulting in ethylene insensitivity [86].

4. Physiological and Molecular Effects of Ethylene on Fruit Ripening

Ethylene-mediated fruit ripening involves a complex interplay of physiological and
biochemical changes that occur in response to ethylene signalling. These changes are crucial
for transforming immature, unripe fruit into fully mature, ripe fruit with desirable sensory
attributes. Understanding the intricate mechanisms underlying ethylene-mediated ripening
provides insights into the regulation of key ripening processes and offers opportunities for
improving postharvest fruit quality and shelf life.

4.1. Effect of Ethylene Over Shelf Life, Quality and Disease Resistance

Phytohormone is also a key player in how long fruits and vegetables stay fresh. For
example, ethylene speeds up the ripening process, which is great for achieving peak flavour
and texture. However, beyond this point, ethylene can cause them to overripen and spoil
much faster [51]. Ethylene also initiates the ageing process in plants, known as senescence,
and induces abscission. Consequently, this results in a decline in the overall quality of the
produce, affecting both its appearance and texture [53]. Another crucial role of the ethylene
is stimulating the production of enzymes that degrade cell wall components, resulting
in the softening of fruit tissue. This softening increases the susceptibility of the fruit to



Horticulturae 2024, 10, 840

11 of 39

mechanical damage and microbial decay [102]. Lastly, ethylene increases the respiration
rate in fruits, leading to a faster depletion of their energy reserves. This elevated metabolic
activity accelerates the loss in firmness, flavour, and nutritional value, thereby contributing
to a reduced shelf life [103].

Ethylene plays a crucial role in impacting the quality of fruits and vegetables, but its
effects can be a double-edged sword if not carefully managed. Firstly, ethylene is known to
induce the production of enzymes that break down cell walls, which leads to the softening
of fruits. While this is essential for ripening, it can also result in a loss in texture and
firmness, qualities highly valued by consumers [104]. Another effect of ethylene is the
degradation of chlorophylls. This process affects the vibrant green colour of many fruits
and vegetables, making them appear less fresh and less appealing. In addition, ethylene
causes overripening, provoking a significant drop in overall quality and visual appeal.
This deterioration can make fresh produce look unappetizing and less desirable [105].
Furthermore, the presence of ethylene during storage and transport is a significant issue. It
can speed up the ripening process before the produce reaches consumers, resulting in a
noticeable decline in quality by the time it reaches the shelves [106].

Ethylene also plays a multifaceted role in fruit disease resistance, acting as both a
promoter and a suppressor depending on the context. Its influence is nuanced and varies
with different factors. On one hand, ethylene can boost the fruit’s defence mechanisms
against pathogens. For example, research on ‘Kyoho’ grapes shows that treating them with
ethephon, a compound that releases ethylene, before ripening can enhance the expression
of genes related to both fruit colouration and disease resistance. This treatment led to
improved resistance against Botrytis cinerea, a common fungal pathogen [107].

Firstly, the ethylene response involves a variety of genes that are differentially ex-
pressed when plants are challenged by pathogens. For instance, in a study on potato, a
total of 1226 ethylene-specific differentially expressed genes (DEGs) were identified, in-
cluding those encoding for transcription factors, kinases, defence enzymes, and disease
resistance-related genes [108]. These genes are part of the plant’s immune system, help-
ing to activate defence responses. Secondly, transcription factors such as those from the
APETALAZ2/ethylene response factor (AP2/ERF) family play a pivotal role in plant disease
resistance. They act downstream of mitogen-activated protein kinase (MAPK) cascades and
regulate the expression of genes associated with hormonal signalling pathways, biosynthe-
sis of secondary metabolites, and formation of physical barriers [109,110]. For example, the
ERF gene from the tomato is known to confer resistance to Pseudomonas syringae pv. tomato
by activating genes encoding antifungal proteins and proteins involved in oxidative burst.
Ethylene’s role in disease resistance is closely linked to its biosynthesis and signalling path-
ways. In terms of disease resistance, the glutathione metabolism pathway, which includes
key enzymes like glutathione S-transferase (GST), plays an important role in response to
ethylene stimulus [111].

4.2. Effect of Ethylene on the Physical Characteristics of Fruits during Ripening

Ethylene is responsible for a series of physiological changes that transform the physi-
cal characteristics of fruits, directly affecting important physical parameters that impact
their commercial value, such as weight, size, and texture. Controlling the presence of
ethylene has a positive effect on maintaining the physical characteristics of fruits during
postharvest storage.

Fruit weight is an important parameter for fruit producers, especially from an eco-
nomic perspective, making the control of fruit weight loss crucial. This loss is associated
with excessive water loss due to transpiration, which is related to low relative humidity
(RH). Water loss after harvesting is an unavoidable phenomenon, resulting in weight loss,
size reduction, wilting, abnormal textures, and quality degradation. The dehydration of
peaches can be prevented by maintaining a high environment RH (90-95%), while also
controlling air speed and using physical or chemical barriers [112,113].
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Different authors have shown evidence that by controlling and eliminating ethylene,
weight loss during postharvest storage can be reduced. Emadpour and colleagues [42]
observed a weight loss reduction of only 3% during the storage of peaches using an ethylene
eliminator like potassium permanganate. Mansourbahmani and colleagues [41] recorded
a weight loss reduction of only 2% in “Valouro’ tomatoes when ethylene concentration
in the storage chamber was controlled with potassium permanganate mixed with zeolite
after 35 days of storage. Alonso-Salinas and colleagues [114] recorded weight reductions
of between 3% and 7% in pears stored in an atmosphere with ethylene reduction systems,
compared to weight losses of 10% and 17% in pears stored without ethylene control systems
over a 28-day period.

Regarding fruit size during storage, it tends to show a similar trend as fruit weight [115].
These authors also observed that the decrease in the diameter of peaches, compared with
weight loss, was less sensitive to the presence of ethylene in the storage atmosphere. The
presence of ethylene promotes accelerated respiration, which causes a greater decrease in
weight and size due to increased water loss [36]. In a study conducted with pears stored
for 28 days, it was observed that the reduction in size was around 20% when ethylene was
not removed from the storage chamber and between 5% and 10% when different ethylene
removal techniques, such as potassium permanganate filters combined with ultraviolet
light, were used [114].

Firmness is one of the main quality attributes that determine the acceptance of the
product by the consumer. On one hand, weight loss influences firmness in a directly
proportional relationship. On the other hand, ethylene significantly affects fruit firmness
by triggering cell wall hydrolysis, which leads to fruit softening [116,117]. In addition, the
expression of polygalacturonase-related genes is associated with ethylene production [118].
The action of this enzyme is considered key in the softening of fruits, increasing its activity in
those treatments where the exposure to ethylene was higher [119]. Wu and colleagues [113]
demonstrated that the effect of ethylene scavengers on apricots resulted in significantly
higher firmness compared to control fruit.

Alvarez-Hernandez and colleagues [120] showed that apricots with an ethylene re-
moval system based on potassium permanganate and sepiolite sachets recorded 20% more
firmness than the control treatment after 36 days of storage. Mansourbahmani and col-
leagues [41] recorded approximately 15% preservation of firmness on the final day when
applying their ethylene removal method in tomatoes. In a study on peaches stored with and
without an ethylene removal system, Alonso-Salinas and colleagues [115] observed that
the firmness of the fruits from which ethylene was removed from the storage atmosphere
maintained the same firmness during the first 7 days, tending then to equalize with the
texture of the peaches stored without ethylene removers. These same authors observed,
in a trial conducted with pears stored at 1 °C and 8 °C, that removing ethylene from the
storage atmosphere reduced firmness by 10% and 28%, respectively, while not removing
ethylene reduced firmness by 29% (1 °C) and 46% (8 °C) [114].

4.3. Effect of Ethylene on the Biochemical Characteristics of Fruits during Ripening

Ethylene is a crucial plant hormone that plays a significant role in the regulation of
fruit ripening [121]. During ripening, ethylene significantly impacts the biochemical charac-
teristics of fruits, enhancing attributes such as sweetness, maturity index, and antioxidant
capacity, while modulating acidity, pH, and the concentration of bioactive compounds [122].
Understanding these changes during ripening is essential for optimizing postharvest han-
dling and improving consumer satisfaction [123].

Ethylene significantly influences the accumulation of solid soluble content (SSC) in
fruits. During postharvest ripening of climacteric fruits, such as peaches, sugars displace
acids by certain metabolic processes, increasing SSC and giving the fruit a sweet taste.
Therefore, SSC is a key indicator of the ripening stage of the fruit [124,125]. The increase in
SSC primarily comprises an increase in sugars such as glucose, fructose, and sucrose [126].
This process is facilitated by the ethylene-induced activation of enzymes like invertase



Horticulturae 2024, 10, 840

13 of 39

and amylase, which catalyse the breakdown of starches into simpler sugars [127]. Total
acidity (TA) of fruits generally decreases during ethylene-induced ripening. This decline
is attributed to the metabolic conversion of organic acids, such as citric and malic acids,
into sugars and other metabolites [128]. The reduction in acidity not only affects the
taste, making the fruit less sour, but also impacts the overall flavour profile and consumer
preference [129]. The pH of fruits typically rises during ethylene-mediated ripening. This
increase in pH correlates with the decrease in TA, reflecting the metabolic changes occurring
within the fruit tissues. Monitoring pH changes is crucial for understanding the ripening
dynamics and the biochemical environment of the fruit [130].

Maturity index (MI) defined as the ratio of SSC to TA, serves as an indicator of fruit
ripeness. Ethylene accelerates the ripening process, thereby increasing the MI. A higher MI
indicates a more advanced stage of ripeness, characterized by optimal sugar levels and re-
duced acidity, which are desirable traits for market quality and consumer acceptance, [131]
but if the maturity index (MI) becomes too high due to the effect of ethylene, several nega-
tive outcomes can occur: (1) Overripening: Fruits may become too soft and mushy, leading
to a loss in structural integrity and an undesirable texture for consumers [132]. (2) Flavour
deterioration: Overripened fruits often experience changes in flavour, becoming overly
sweet and losing the balance of acidity and sweetness that defines optimal ripeness [133];
(3) nutrient degradation: ascorbic acid (vitamin C), phenolic compounds, and antioxidant
capacity (ORAC) initially can increase with ripening due to ethylene being able to stimulate
the expression of genes involved in the ascorbate biosynthetic pathway and favouring the
activity of phenylalanine ammonia-lyase (PAL), leading to increased synthesis of phenolic
compounds (such as flavonoids and anthocyanins) and contributing to the accumulation of
antioxidant capabilities. On the contrary, excessive ethylene exposure and overripening can
lead to the degradation of these compounds due to oxidative degradation and metabolic
consumption, reducing the fruit’s nutritional value and antioxidant capacity [123,134,135];
(4) Increased susceptibility to diseases and pests: Overripened fruits are more prone to in-
fections and infestations, leading to higher postharvest losses and a decrease in marketable
yield [136]. (5) Economic losses: Fruits that are too ripe may have a shorter shelf life and
become unmarketable, resulting in economic losses for producers and retailers [137,138].

Different studies performed by Alonso et al. in peaches, tomatoes, and
pears [114,115,139] showed favourable responses to the preservation of the quality and
shelf life of these fruits thanks to the different methodologies applied for the elimination of
ethylene through oxidation reactions mediated by KMnO, and UV-C. Other studies have
reported a less successful effect of ethylene scavengers on peach fruit conserved for 36 days
at 0 °C [42,140] or in apricots stored at 15 °C [120].

4.4. Effect of Ethylene on the Organoleptic Characteristics of Fruits during Ripening

Fruit ripening brings out the best taste and scent, which influences the fruit’s flavour.
Fruits go through biochemical changes when they ripen, such as colour breakdown, starch
hydrolysis, sugar and acid metabolism, volatile production, and cell wall disintegration,
all of which affect flavour. These modifications add to the typical aroma of ripe fruits as
well as their sweet and sour taste. Furthermore, when fruit ripens, its texture improves,
becoming crisper, juicier, or melty, intensifying the taste release in the mouth. Ethylene
gas regulates the ripening process and contributes to the softening and flavouring of fruit.
Fruit ripening is an intricate process that involves a range of physiological and biochemical
changes that have a big impact on the fruit’s flavour [141-143].

The flavour changes associated with ethylene involve a network of genes, transcription
factors, and metabolic pathways. Firstly, specific genes responsible for the synthesis of
flavour compounds as genes encoding enzymes like lipoxygenases, hydroperoxide lyases,
and alcohol dehydrogenases are involved in the formation of volatile compounds that con-
tribute to fruit aroma [144]. Additionally, genes related to the biosynthesis of sugars, acids,
and secondary metabolites like carotenoids and flavonoids are also ethylene-responsive
and contribute to flavour [145]. Secondly, transcription factors such as the RIN (RIPENING
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INHIBITOR), NOR (NONRIPENING), and CNR (COLOURLESS NONRIPENING) play
crucial roles in the regulation of ripening-related genes. These factors can directly or indi-
rectly influence the expression of genes involved in flavour compound biosynthesis [144].
For instance, the transcription factor HY5 has been shown to bind to the promoter of
SWEET12c, a gene involved in sugar transport, thereby modulating sugar content and
influencing sweetness in tomato fruit [145]. Finally, ethylene influences several metabolic
pathways that are directly related to flavour development. The Lox pathway is responsible
for the production of volatile compounds that contribute to aroma [146]. The glycolytic
pathway and tricarboxylic acid (TCA) cycle are involved in sugar and acid metabolism,
affecting sweetness and sourness [147]. Ethylene also affects the isoprenoid pathway, which
includes the biosynthesis of carotenoids, contributing to both colour and flavour [145].

Ethylene is a highly volatile substance produced by many fruits during their ripening
process, and it is thus considered a maturation hormone. These fruits ripen due to the
action of ethylene, as increased concentrations accelerate the maturation process, altering
the colour, firmness, flavour, and characteristic aromas of each fruit. During maturation,
the starch in fruits is converted into sugars (fructose and glucose), tannins are reduced—
these are compounds characteristic of unripe fruit that impart a bitter taste—and the pH
increases, decreasing acidity. All these changes lead to modifications in the organoleptic
characteristics of the fruit [148].

Volatile compounds, which undergo modifications during ripening, play a significant
role in the flavour of foods. These compounds belong to various chemical families, with
the most notable being hydrocarbons, aldehydes, ketones, alcohols, carboxylic acids, esters,
and lactones [149,150].

Several authors have investigated the control of ethylene synthesis on the production
of volatile compounds during fruit ripening. These changes in the aromatic profile have
led to greater sensory acceptance by consumers of the final product [151,152].

Moreover, if ethylene control, through its inhibitors, is combined with other evalua-
tive parameters such as different storage conditions—controlled or dynamic atmospheres,
partial oxygen pressure, temperature, or fruit CO, production—it could offer commer-
cial benefits. These conditions can slow down the respiration rate of the fruit, partially
inhibit ethylene synthesis, and result in improvements in sensory parameters such as
acidity and firmness, while also enhancing aroma formation and the synthesis of aromatic
compounds [114,139,151,153-155].

Another crucial parameter in the sensory evaluation of fruits is colour, which influ-
ences flavour perception and is affected by ethylene synthesis and the presence of its
inhibitors. This has led to positive evaluations from consumer panels analysing these
products [29,105,153,156].

5. Ethylene Managing Strategies

Given that fruits and vegetables ripen faster regardless of whether ethylene exposure
is exogenous or endogenous, it is essential to eliminate both types [51,157,158]. Therefore,
strategies that allow for controlling ethylene levels in storage environments of climac-
teric fruits are crucial for reducing postharvest losses of products and maintaining the
organoleptic quality of fruits [159].

Over the past two decades, various methods for ethylene control have been developed,
becoming increasingly effective in achieving minimal ethylene concentrations in fruit
storage and transportation environments. These methods can be classified into three
well-defined categories:

e  Ethylene inhibitors:
O 1-MCP: 1-methylcyclopropene;
O SA: salicylic acid;
O AVG: aminoethoxyvinylglycine;
O AOA: amino-oxyacetic acid.

e  Ethylene adsorbents:
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Zeolite;

Activated carbon;
Metal-organic frameworks;
Silica gel.

OO0O0O0

e  Ethylene scavengers by catalytic oxidation:

KMnOQOy: potassium permanganate;
UV radiation;

TiO,: titanium dioxide;

Oj3: ozone;

Palladium;

Cold plasma and other technologies.

OO0OO0O0O0O0

5.1. Ethylene Inhibitors

Ethylene inhibitors act at some point in the biosynthesis, signalling, or perception path-
ways of ethylene as previously developed. By delaying or slowing down these metabolic
processes, they hinder the natural progression of product ripening.

5.1.1. 1-Methylcyclopropene (1-MCP)

1-MCP is a chemically synthesized molecule belonging to the family of small-ring
hydrocarbons (Figure 4). Under normal environmental conditions (25 °C and 1 atm), 1-
MCP is gaseous; therefore, in its commercial form, it is encapsulated in y-cyclodextrins that
dissolve with the relative humidity of the environment, releasing this gas [160,161].

/

CH

3

Figure 4. 1-MCP molecular structure.

This molecule is characterized by having a molecular structure similar to ethylene.
This causes it to compete with this phytohormone for the ethylene membrane receptors
(ETR1, ERS], and EIN4) located on the plasma membranes of plant cells, inhibiting the
ethylene response [29]. This mechanism can be observed in Figure 5.

Additionally, 1-MCP interacts with ethylene transmembrane receptors in a more in-
tense and rapid manner than ethylene itself, facilitating the binding of 1-MCP to these
receptors [162]. Other studies have shown that 1-MCP has other functions besides compet-
ing for ethylene reception; however, these mechanisms have not yet been discovered [163].
The effects of applying this molecule have been widely studied in the last 15 years (Table 1).

However, 1-MCP shows lower effectiveness than other ethylene scavengers or deacti-
vators such as palladium compounds or the use of potassium permanganate as ethylene
oxidants [29,41]. The reason for this is that 1-MCP is limited to competing with ethylene for
cellular receptors, thereby partially preventing its reactivation but not eliminating it. Addi-
tionally, 1-MCP does not block all ethylene receptors in plant cells, thus its effectiveness is
lower than expected [164].
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Figure 5. Ethylene perception and signalling with 1-MCP (own source:
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Table 1. Studies on the application of 1-MCP in different formats and concentrations on the preserva-

tion of various fruits.

Format Concentration Fruit

Conditions

Significative Results Reference

Gas 0.5 uL L1 ‘Raf’ Tomato

10 °C, 90% RH, 7 days
20 °C, 90% RH, 4 days

It reduces both ethylene production and
respiration rate and, in turn, delays
weight, soluble solids content, and total
acidity changes.

[165]

Pear cv:
‘Gorham’
‘Gran Champion’
‘La France’
‘Gold La France’

Gas 1uLL™?

20 °C, 25 days

Reduction in ethylene production,
significant delay in the expression of
genes related to the change in skin
colour of pears, and preservation of
chlorophyll and fruit firmness.

[166]

Gas
Gas

01uLL"?

0.035 uL L1 ‘Unicorn’ Tomato

10 °C, 85% RH, 15 days

The treatment using a higher
concentration of 1-MCP showed a
higher conservation of lycopene and
weight.

[167]

Gas 09 uLL! ‘Hayward’ Kiwi

20 °C, 95% RH, 20 days

Inhibition of ethylene production and
respiration rate, delay of rot incidence,
weight loss, increase in soluble solids
content and total bacterial count.
Improved preservation of firmness,
chlorophyll, total acidity, ascorbic acid,
and antioxidant capacity.

[168]

Micro-bubbles 100400 ppb ‘Khai’ Banana

25 °C, 85% RH, 12 days

Reduced respiration rate and ethylene
production. Higher preservation of total
chlorophyll content, colour, firmness,
total soluble solids, antioxidant capacity,
and total phenolic compounds.

[169]

‘Gold’ and ‘Rainbow’

100 nL L1
Papaya

Gas

22 °C, 85% RH, 25 days
10 °C, 85% RH, 25 days

Fruits treated with high concentrations
of 1-MCP showed increased firmness
and delayed colour variation, meaning
delayed ripening. The authors claim
that commercial application could lead
to a 30% reduction in papaya ripening.

[170]
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5.1.2. Salicylic Acid (SA)

Salicylic acid (SA) (Figure 6) is a phenolic compound found in plants that is currently
considered an endogenous plant hormone [171]. This molecule regulates many processes
such as stress response, plant development, thermogenesis, photosynthesis, stomatal
behaviour, transpiration, ion absorption and transport, seed germination, and glycolysis,
among others [172,173].

o]

OH

OH

Figure 6. SA molecular structure.

It acts as an antagonist of ACC oxidase (ACO), inhibiting its action; this enzyme is
crucial in the process of ethylene production. ACO oxidizes ACC to ethylene in its final
stage [174]. It has been demonstrated that SA inhibits ethylene production in various plants.
Leslie and Romani in 1988 [175] observed that applying a concentration of 80 M of SA
during washing of pears (Pyrus communis L.) reduced the ethylene production rate by 80%
after 24 h. Srivastava & Dwivedi in 2000 [176] applied 100 uM of SA to bananas, achieving,
approximately, a 50% reduction in respiration rate. These authors also observed a reduction
in the activity of cellulase and polygalacturonase enzymes after SA application. Babalar
and colleagues [173] applied SA at a concentration of 2 mM, achieving effective reduction
in both fungal rot and respiration rate in ‘Selva’ variety strawberries. In ‘Canino’ apricots,
Elmenofy et al. in 2021 [177] compared the application of two ethylene inhibitors such as SA
(4 mM) and AVG (150 mg LY, recommending the application of SA (4 mM) which yielded
optimal yield, quality, and preservation of this apricot variety when grown under Egyptian
environmental conditions, where the research was conducted. Lastly, Mansourbahmani
and colleagues [41] compared different ethylene removal methods, including SA. These
authors concluded that applying a 1% SA solution to “Valouro’ variety tomatoes reduced
ethylene production by 25%, which was lower than other investigated methods such as 1-
MCP application or ethylene oxidation via the use of palladium, potassium permanganate,
or UV-C radiation.

Recently, applications of SA as an elicitor have been discovered. It refers to a substance
or signal that triggers a specific response in a cell, organism, or system. In plants, elicitors
can be molecules like phytohormones, which activate specific receptors on the surface of
cells, leading to a cascade of intracellular signalling events ultimately resulting in a cellular
response. Gong and colleagues [178] reported in their review that SA application during
fruit formation (lemon, pomegranate, mango, and strawberry among others) improved
phenylpropanoid metabolism and carotenoid biosynthesis, increasing accumulation of
flavonoids, ascorbic acid, and carotenoids, thereby enhancing antioxidant activity in the
subsequently harvested fruit.

5.1.3. Aminoethoxyvinylglycine (AVG)

Similar to SA, aminoethoxyvinylglycine (AVG) (Figure 7) is a compound that inhibits
ethylene production by intervening at some point in the metabolic pathways that leads
to its production. Specifically, AVG is an inhibitor of ACC synthase (ACS) as it binds to
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its coenzyme, pyridoxal phosphate (PLP), preventing the conversion of SAM to ACC and
thereby affecting the subsequent production of ethylene [179-181].

6]

o

/

H,N OH
Figure 7. AVG molecular structure.

The postharvest application of AVG has been studied in various fruits: Salveit [182]
applied a 10 mM solution of AVG in tomatoes (Lycopersicon esculentum Mill.) of the ‘Castle-
mart” variety, resulting in a 30% reduction in respiration rate and a 70% reduction in
ethylene production rate of the fruits. Ozturk and colleagues [183] applied 200 mg L~ of
AVG in plums two weeks before harvest in the ‘Black Beauty’, ‘Black Amber’, and ‘Fibre’
plum varieties. Results showed a 60% reduction in ethylene production and respiration
rate. They also observed a delay in the colour change from green to red and prevented
firmness loss (70% firmer fruits in treated fruits) and weight loss (15% more weight in
treated fruits). The same author in 2019 applied 225 mg L~! of AVG in kiwifruits (Actinia
deliciosa L.) of the ‘Hayward’ variety, observing similar results, but no differences were
observed with the control in the analysis of ascorbic acid and total flavonoids with the
application of AVG [184]. Similar effects were observed by Yuan & Carbaugh [185] in
apples of the ‘Golden Supreme’” and ‘Golden Delicious’ varieties, Mufioz-Robredo and
colleagues [186] in apricots of the ‘Patterson’ variety, Xie and colleagues [187] in pears of
the ‘Starkrimson’ variety, Kim and colleagues [188] in plums of the ‘Formosa’ variety, and
Win and colleagues [189] in persimmons of the ‘Sangjudungsi’ variety.

However, possible negative effects on fruit aroma development have been reported,
resulting in loss in intensity [190,191]. Additionally, its cost is too high for industrial
application [180].

5.1.4. Aminooxyacetic Acid (AOA)

Unlike the compounds mentioned earlier (1-MCP, SA, and AVG), AOA (Figure 8) is a
nonspecific inhibitor of all enzymes that use PLP as a coenzyme, including ACC synthase,
so its application could decrease ethylene synthesis [180,192,193]. Due to its nonspecificity,
it may interfere with other enzymatic reactions, negatively affecting other physiological
processes [194].
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Figure 8. AOA molecular structure.
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Bulantseva and colleagues [195] applied a solution of AOA at 10 mg L~! to bananas
harvested at three different ripening stages (green, green-yellow, and bright yellow). Those
treated and harvested in the green and green-yellow stages had ethylene production rates
about 30% lower than controls at the same ripening stages. Lima and colleagues [196]
immersed the roots of sweet potatoes of the ‘BRS Rubissol’ variety in 1 mg L~ of AOA,
resulting in better preservation of weight, total sugars, and pH and a reduction in sprouting
compared to untreated potatoes, thereby extending the shelf life of treated potatoes.

To date, the application of this compound has been mainly limited to the preservation
of harvested flowers [197], while its application in fruits and vegetables has not been
sufficiently tested.

5.2. Ethylene Adsorbents

Methods for trapping ethylene and minimizing its action are based on two physical
phenomena: adsorption and absorption. Adsorption occurs when a particle adheres to the
surface of a solid material. On the other hand, in absorption, the particle remains within
the solid material. Many materials are capable of carrying out adsorption/absorption
processes of ethylene, and they have been used to develop ethylene scavengers. Among
them, zeolites, activated carbon, and metal-organic frameworks stand out.

5.2.1. Zeolite

Zeolites (Figure 9) [198] are three-dimensional microporous structures of crystalline
aluminosilicates. Zeolites have negative charges in their structure that are balanced with
alkali or alkaline earth ions [199]. The pore size of zeolites ranges from 3 to 12 A, which
gives them the capacity to adsorb many chemical substances with a certain degree of
specificity, including ethylene [18].

Cubeoctahedro

Hexagonal
prism

Figure 9. Zeolite typical structure (own adaptation from [199]).

Ethylene can be absorbed within the structure of zeolite and adsorbed on the surface
of the zeolite structure [200]. In the case of natural zeolites, a large pore diameter (12 A)
favours ethylene (diameter 3.9 A) to pass through the pore openings and be absorbed into
the interior of the zeolite [201]. There are two theories for explaining this phenomenon. The
first refers to a cation— interaction (non-covalent molecular interaction between a cation
and an electron-rich system) between the double-bond electrons of ethylene and metallic
cations of the zeolite. The second theory involves a resulting CH-O interaction between the
hydrogen atoms of ethylene and oxygen atoms on the surface of the zeolite [18,199,202].

De Bruijin and colleagues [203] applied zeolites (composed of 53% clinoptilolite, 40%
mordenite, and 7% quartz) as adsorbents in the conservation of tomatoes of the ‘Medano’
variety and observed a 50% reduction in ethylene concentration measurements up to day
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10 of storage at 10 °C. From that point on, ethylene levels between the control treatment
and the treatment with zeolite adsorbents equalized. These authors concluded that it may
be an effective method for ethylene capture but that it alone is not highly effective. Mariah
and colleagues [204] reached a similar conclusion in their review work.

However, despite the fact that zeolites do not cause a significant environmental
impact and are non-toxic, their ethylene retention capacity is low and nonspecific for this
molecule [112].

5.2.2. Activated Carbon

The use of activated carbon dates back to 1940. Southwick and Smock as early as
in 1943 [14] used brominated charcoal to remove ethylene from the storage atmosphere
of ‘McIntosh” apples, which allowed for a considerable extension of the fruit’s life in that
controlled atmosphere for a period of 2 to 3 months.

Activated carbon traps ethylene by adsorption (Figure 10) [205]. Its effectiveness
depends on factors such as the contact surface, pore size, temperature, and relative humidity
of the environment [193]. Granular powder activated carbon is the most common form used
for ethylene capture with this methodology. Bailén and colleagues [206] confirmed that at
an ethylene concentration ranging from 1 to 7.5 pL. L1 in the air, granular activated carbon
of 20 to 60 meshes (a unit of measure for the pore diameter of a sieve in particle size analysis,
in this case between 0.841 and 0.177 mm) could adsorb 70% of the available ethylene, while
powdered activated carbon of 100 to 400 meshes (between 0.149 and 0.037 mm) could only
adsorb 40%.

Ethylene
C

<

‘w

Activated carbon Depleted activated
granules before use carbon granules

Figure 10. Active carbon acts as an ethylene adsorbent. When this phytohormone penetrates through
the structural cracks in the active carbon, it remains adhered to the walls, thus preventing its effect
(own adaptation from [205]).

Jaimun and Sabgsywan [207] applied activated carbon to chitosan-coated papers
(aminopolysaccharide biopolymer) and vanillin to compare its effect with other ethylene
scavengers such as zeolite in the transport boxes of ‘Nam Dok Mai’ mangoes preserved for
30 days at 13 °C. In their results, they observed that the application of zeolite in this context
was more effective than activated carbon for ethylene adsorption, although the differences
between these treatments were low (1.91 mL L~! of ethylene for zeolite, 2.31 mL L~! of
ethylene for activated carbon, and 3.21 mL L~! of ethylene for the control treatment at
28 days of trial). No differences were observed between applying activated carbon or
zeolite in the rest of the analysed parameters (weight, firmness, titratable acidity, and
soluble solids), but differences were observed with the control treatment, thus maintaining
the quality of mangoes treated with both adsorbent substances during the storage time.
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The main advantages of activated carbon as an ethylene remover are its environmental
friendliness due to its carbon composition, low toxicity, availability, and low cost. However,
its nonspecific adsorption nature is a significant limitation for its widespread use as an
ethylene adsorbent alone, so it is usually used as an adjunct along with other ethylene
scavengers and removers such as potassium permanganate (KMnOy) or palladium [18,29].

5.2.3. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a type of synthetic porous material formed
by metal ions or groups of ions bonded to organic molecules. The combination of dif-
ferent organic and inorganic molecules provides flexibility in terms of pore size, shape,
and structure [208]. MOFs have an exceptionally high adsorption surface area (from
1000 to 3000 m? g~!), greater than zeolites (320 m? g~!') and activated carbon
(827 to 1120 m? g~1) [209]. MOFs can selectively adsorb volatile compounds such as
ethylene [208,210].

Awalgaonkar [164] found that MOFs had better ethylene inactivation capacity than
potassium permanganate under low and controlled relative humidity conditions. Chopra
and colleagues [210] reported that MOFs do not adsorb ethylene as efficiently when there
is water in the storage environment. This is indeed a problem for its implementation at an
industrial level since the storage environments of plant products typically have relative
humidity values between 90 and 95%. Although this method is effective for ethylene
capture, it has not yet been approved by the U.S. Food and Drug Administration for use in
the food industry [18]. Further research and development of this product are necessary to
enable its application.

As seen thus far, ethylene traps, while effective at “capturing” ethylene, are not
efficient at preventing its action. Some of the main drawbacks of these technologies are
as follows:

1.  Ethyleneis only adsorbed on the surface or absorbed into the interior of these materials
but cannot be decomposed.

2. Desorption phenomena (the opposite process of adsorption/absorption) may occur,
whereby a substance is released from or through a surface.

3. Over time, the effectiveness of adsorption/absorption tends to decrease as these
materials easily become saturated and require replacement.

5.3. Ethylene Removal by Catalytic Oxidation

This method of ethylene elimination relies on chemical oxidation-reduction reactions
in which ethylene irreversibly dissociates into CO; and water. The effectiveness of this
method depends on the oxidizing capacity of the various compounds that can be used for
this purpose.

5.3.1. Potassium Permanganate (KMnOy)

Potassium permanganate acts on the double bond of the ethylene molecule to oxidize
it in the presence of water. Ethylene, when oxidized by potassium permanganate, initially
forms acetaldehyde, which is subsequently oxidized to acetic acid and then to carbon
dioxide and water.

The redox reaction caused by potassium permanganate results in a colour change in
the permanganate itself, shifting from purple (MnOy ions) to brown (MnO;). The studies
conducted using potassium permanganate as an ethylene remover are quite diverse. Its
effects have been tested in various applications involving apples [211], apricots [120],
blueberries [212], tomatoes [41,139,213], pears [114,214], and peaches [42,115], among
others. Many studies conducted with this molecule aim to enhance ethylene removal by
increasing the contact surface of potassium permanganate with this phytohormone. This is
achieved by mixing it with inert materials such as zeolites or activated carbon mentioned
earlier, compounds that also aid in the absorption and adsorption of ethylene (see Table 2).
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Table 2. Some studies on the application of potassium permanganate, in different formats, in the

preservation of fruits.

Format Concentration Fruit Conditions Significative results Reference
Reduction in CO, and C,Hy
Saturated and dried concentrations in the packaging.
KMnOj solution Maintained good visual quality.
LDPE Sachet (50 mL) together with  ‘Pollock’ Avocado 12°C, 94% RH, Inhibited disease incidence and [215]
natural clays and 21 days reduced chilling damage. Delayed
activated carbon weight and firmness losses. Soluble
solid content and flesh colour were
not significantly affected.
Delayed yellowing of the skin.
ve5r ri Eﬁﬁ?eo;;?;ire 18 °C. 70-80% RH Slower increase in CSS and decrease
LDPE Sachet td £15 and 1% ‘Musa’ Banana ’1 6d o in AT. Reduced loss in firmness and [216]
atdoses 2] /z;) a ’ ays weight. Minimal increase in the
SSC/TA ratio.
Mixture of natural Delayed firmness. Reduction in the
Sachet clays and KMnO4 ‘Hayward' Kiwi 0°C, 85-95% RH, increase in SSC and decrease in TA. [217]
(9 g per kg of fruit) 200 days Reduction in total chlorophyll and
&P ascorbic acid degradation.
Delayed yellowing. Decrease in
208 K MnO, t ogether e 1 e 0°C,90% RH, CyHy levels and respiration rate.
LDPE Sachet with aluminium Nijisseiki’ Pear . . [218]
oxide 252 days Reduced severity of disorders
(browning of flesh and heart).
Reduction in C,Hy. Delayed
softening of the fruit. Minimization
. f the rate of decrease in phenol
20% KMnOy in o oo © cree o
Sachet bentonite zeolite ‘Valouro” Tomato 7°C,90% RH, content and antioxidant activity. [41]

(2:1w/w)

35 days

Decreased ascorbic content and

increased lycopene content.
Delayed water weight loss and
reduced severity of rotting.

This molecule has significant industrial applications due to its low production cost,
ease of incorporation into storage and transportation systems, and high effectiveness in
ethylene removal. The main drawback lies in its rapid consumption and potential toxicity
upon contact with food. However, it is worth mentioning that this issue has been addressed
by presenting it (in most of its commercial forms) in easily replaceable sachets when they
become saturated.

5.3.2. UV Radiation

Short-wave UV radiation between 100 and 280 nm (UV-C) is also capable of acting
on the double bond of ethylene, generating oxidizing radicals that ultimately produce
CO; and water in the reaction process, a phenomenon known as photocatalysis [219,220].
Additionally, this radiation can produce small amounts of ozone at these wavelengths, a
molecule that also acts on ethylene, as will be discussed in the following points.

Bu and colleagues [221] applied UV-C radiation at 254 nm to tomatoes of the ‘Zhenzhu
variety. Despite the direct impact of UV radiation on the fruit potentially causing adverse
effects, these researchers observed a significant 20% reduction in the ethylene production
rate. Mabusela and colleagues [222] in their review article studied ultraviolet radiation at
254 nm and 185 nm in a vacuum environment. At both wavelengths, ethylene elimination
was observed through two pathways: firstly, the direct action of UV-C radiation on the
double bond of ethylene and, secondly, by producing ROS by reacting with water and
oxygen from the environment (considering that the relative humidity of fruit storage
environments shows values around 90% and 21% for oxygen). These ROS then react with
ethylene, producing CO, and water (Figure 11).

7
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Figure 11. How two different wavelengths of UV-C radiation affect ethylene removal. The first one,
at 254 nm, produces an indirect ethylene elimination by producing free radicals that act on ethylene.
The second wavelength works directly on the ethylene molecules (own adaptation from [222]).

The effectiveness of the treatments studied by Mabusela and colleagues [222] depends
on numerous factors that greatly influence the ethylene removal rate. One example is
relative humidity. Water is the main source of ROS when attacked by radiation; therefore,
low relative humidity significantly affects ethylene removal using this method. Currently,
there is no consensus on the performance of this ethylene oxidation technique.

Additionally, UV-C radiation has been extensively studied for its ability to eliminate
spores of microorganisms present in fruit storage environments [223]. This is an effect that
must be considered, as fungal and bacterial diseases, among many other effects, increase
the ethylene production rate in infected fruits [222].

This method has numerous advantages, such as ease of implementation, low energy
consumption, effective ethylene removal under optimal conditions, and the elimination of
spores, minimizing fungal and bacterial infections. However, it has several disadvantages
that, if not considered, would reduce its effectiveness:

e  Relative humidity: As mentioned earlier, environmental water is the main source of
certain ROS, crucial for the efficacy of this method. The lower the relative humidity,
the lower the ethylene removal achievable with UV-C radiation [224].

e Initial ethylene concentration: Increasing the initial concentration of ethylene, while
keeping the photon energy constant, reduces the energy received by a greater number
of ethylene molecules, thus reducing ethylene removal [157,225].

e  Oxygen concentration: Oxygen is the precursor of certain ROS and ozone that facilitate
this process. A low concentration of this gas will hinder ethylene removal [225].

e  Direct incidence on fruits: When UV-C radiation is directly targeted at fruits, it causes
structural changes that negatively affect their quality [222].
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5.3.3. Titanium Dioxide (TiO,)

Photocatalysis is another approach for eliminating ethylene [16,219,226]. Titanium
dioxide (TiO,) is a semiconductor material and one of the most frequently employed
photocatalysts for ethylene degradation, a capacity primarily attributed to its unique
photochemical reactivity and physical properties, which include high brightness (due to
high refractive index) and resistance to discolouration [29].

The complete mechanism of organic compound oxidation by UV light radiation on
titanium dioxide is described by Pathak and colleagues [225]. In summary, the reaction
is based on the irradiation with UV wavelengths (hv) (around 240-380 nm) which causes
titanium dioxide to generate electrons (e-) and other effects (reaction 1). These, when
acting on the water in the environment, produce highly reactive hydroxyl radicals (-OH)
(reaction 2). These radicals then react with organic compounds, resulting in CO, and water
(reaction 3) [219,220].

- Reaction 1: TiO, + hv (UV energy/radiation) — TiO, + e— + h+
- Reaction 2: H,O + h+ — -OH + H+
- Reaction 3: -OH + Organic compound (ethylene) — CO, + H,O

Although the mechanism of photocatalytic oxidation has been described [225], the
exact mechanism of reaction with ethylene remains a topic of debate due to the presence of
various reaction intermediates that have not been fully elucidated [157].

Numerous studies have been conducted on the application of this ethylene elimination
technology. Alves and colleagues [227] applied it to cherry tomatoes stored at 18 °C with a
relative humidity of 85%. The treatment involved passing a constant airflow through the
titanium dioxide and UV light system. During the storage period, cherry tomatoes treated
with titanium dioxide irradiated with UV light showed a lower concentration of ethylene,
lower respiration rate, lower total soluble solids content, and higher concentrations of
lycopene and titratable acidity compared to the control, demonstrating that fruits treated
with photocatalysis did not reach full ripeness. Li and colleagues [228] obtained similar
results using the same tomato variety for their study.

In recent years, many studies on the effect of titanium dioxide-UV on ethylene have
focused on its application as a component of films or fruit packaging. Among them,
Fonseca and colleagues [229] evaluated the efficacy of polyethylene foam nets coated with
a photocatalytic nanocomposite composed of gelatine and titanium dioxide for degrading
the ethylene produced by papayas (Carica papaya L.) of the ‘Golden’ variety. The fruits
treated with gelatine—titanium dioxide and irradiated with UV light showed a 60% lower
ethylene accumulation than the fruit in the control group after four days of storage, as well
as higher firmness and lower ripening index (soluble solids/titratable acidity ratio). Ghosh
and colleagues [230] applied photoactivated titanium dioxide and chitosan to form a film
to cover peppers of the “Tejaswani’ variety stored at room temperature (25 °C). The treated
peppers maintained CSS and had higher firmness, cell integrity, hydration, and colour. De
Chiara and colleagues [231] applied a powder composed of titanium dioxide and silicon
dioxide in different proportions for the preservation of ‘Camone’ tomatoes. In tomatoes
treated with an 80-20 ratio (TiO,-SiO,), ethylene completely degraded after 14 days of
study. However, the fruits in this treatment did not reach the red colouration stage.

Titanium dioxide is categorized as a food additive by the U.S. Food and Drug Ad-
ministration under code 21CFR73.575 and is inexpensive. This makes it cost-effective for
application in fruit storage and transportation. However, there are some drawbacks to
consider for its implementation:

e Itrequires very controlled storage conditions as the effectiveness of titanium dioxide
depends on numerous variables such as humidity, temperature, or UV light inten-
sity [157,193,206].

e It is not a selective method, as seen in the summary of the reaction triggered by
titanium dioxide and UV radiation. In addition to ethylene, it acts on other organic
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compounds such as aromatic compounds, which can affect the organoleptic quality of
the fruits [232].

It can increase the storage temperature, which may lead to fruit damage [233].

If UV radiation, essential for this method to be effective, directly impacts the fruits, it
can lead to negative consequences such as loss in aroma, rupture of cell membranes,
and degradation of structures [234].

5.3.4. Ozone (O3)

Ozone, typically produced with UV lamps, is a strongly oxidizing molecule that can
also be used as an ethylene eliminator [219]. Ozone, being a highly reactive gas, acts on
the double bond of ethylene, breaking it and dissociating this phytohormone into CO,
and water according to the following reaction: O3 + C;Hy — CO;, + H;O. The application
of this method is straightforward. It involves passing a flow of air from fruit storage
facilities (rich in ethylene) through an ozone generator and returning it to the warehouse
free of ethylene [235]. Liang and colleagues [236] analysed ethylene production, firmness,
vitamin C content, malondialdehyde content, levels of ascorbate peroxidase, peroxidase,
and aromatic compound contents of ‘Hard Pink’ tomatoes stored for 25 days at 10 °C
and treated with 17.14 mg (m3)~! of ozone for 1 h at the start of the study. The results
showed that ozone treatment delayed the loss in firmness, bioactive compounds, and
aromatic compounds and reduced the ethylene production rate by 50% during the first
15 days. Toti and colleagues [237] treated ‘Cantaloupe’ melons with 0.3 ppm of ozone
at 6 °C for 13 days. Their results indicated that ozone treatment reduced the activity of
cell wall enzymes (x-arabinopyranosidase, 3-galactopyranosidase, and polygalacturonase)
responsible for their degradation and hence the softening of melons. Ethylene concentration
was also reduced. With all this, the quality of the treated melons was maintained for a
longer period. More recently, Gao and colleagues [238] treated ‘Muscat Hamburg’ grapes,
despite being non-climacteric fruits, with 14.98 mg (m3)~! of ozone. The results revealed
a reduction in ethylene production close to 30% in the fruits subjected to the treatment.
Additionally, there was maintenance of antioxidant capacity with higher concentrations
of enzymes such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and
polyphenol oxidase (PPO), capable of removing reactive oxygen species (ROS) from plant
tissues. Furthermore, a lower incidence of fungal diseases was observed in the treated
fruits. Although considered safe by the FDA (U.S. Food and Drug Administration) and not
complicated for industrial implementation, ozone presents several drawbacks:

Handling is very challenging due to its easy decomposition into oxygen [159].
If certain levels are exceeded, ozone shifts from offering significant improvements to
being harmful as it can destroy tissues, leading to wounds that can promote ethylene
production due to stress [219].

e Even though it is safe at low concentrations, ozone begins to have harmful effects on
human health from 5 ppm onwards, including vision problems, sensation of asphyxia,
headaches, pulmonary oedema, and coma when concentrations reach 50 ppm [239].

5.3.5. Palladium

Palladium is a scarce metal with numerous applications, including its use as a catalyst
in chemical reactions and in medicine for surgical material production. It also has the ability
to absorb hydrogen into its metallic structure and purify hydrocarbons in the automotive
industry. This latter application prompted its use as a potential ethylene eliminator through
catalysis. Similar to other ethylene oxidants, palladium irreversibly decomposes ethylene
into CO, and water.

Bailén and colleagues [206] employed a mixture of granulated (20-60 mesh) activated
carbon with 1% palladium on three tomato varieties, ‘Beef’, ‘Mendez’, and ‘Raf’. Within
the first 50 h, nearly 60% ethylene elimination was achieved in all three varieties, along
with better preservation of firmness and colour, both internally and externally. Mok and
colleagues [240] applied a mixture of ZSM-5 zeolite and 0.36% palladium in the conservation
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of ‘Fuji” apples, introduced into quartz tubes through which air from the storage chamber
passed. The results showed nearly 100% ethylene elimination after 40 days of storage.
Tzeng and colleagues [241] observed a 99% ethylene removal in banana preservation using
a similar mixture and application method.

Mansourbahmani and colleagues [41] employed palladium with nano zeolites in
various concentrations (0%, 1%, 2.5%, and 5%) and compared this ethylene removal method
with other ethylene eliminators or inhibitors such as potassium permanganate, 1-MCP, and
UV-C, concluding that the palladium method was the most effective.

Although this method does not have many drawbacks, its industrial application
proves to be very complicated due to palladium being a very scarce and difficult-to-extract
metal and consequently extremely expensive. Additionally, the country with the highest
production of this element worldwide is the Russian Federation, which is currently subject
to numerous economic and commercial sanctions (due to the invasion of Ukraine), further
increasing its price.

5.3.6. Cold Plasma and Other Technologies

Cold plasma technology has emerged as a promising method for ethylene scavenging,
offering a non-thermal and eco-friendly approach to extend the shelf life and maintain
the quality of fresh produce. This promising and novel method stands out (1) for being
a non-thermal technology, which means it does not rely on heat to achieve its effects,
and is particularly beneficial for ethylene scavenging as it avoids thermal damage to the
produce, maintaining its nutritional and sensory properties; (2) as favouring microbial
decontamination where cold plasma has shown effectiveness in microbial decontamination,
enzyme denaturation, and pesticide degradation, which are all crucial for preserving the
quality and safety of food products; and (3) for its versatility and applications where cold
plasma technology allows for its application in various forms, such as direct treatment,
plasma-treated water, and functional coatings. This flexibility makes it suitable for a wide
range of uses in the food industry [242]. In addition, cold plasma is considered an eco-
friendly technology due to its low energy requirements and minimal environmental impact.
It represents a sustainable option for ethylene scavenging and food preservation [243].
The potential of cold plasma technology in food processing is vast, with ongoing research
exploring its scalability and commercial viability. Future advancements are expected to
further enhance its effectiveness and applicability in the food industry [242].

Other novel advances and developments in ethylene scavenging beyond cold plasma
technology are as follows: (1) The first is nanotechnology, where the incorporation of
nanoparticles into polymer matrices has been shown to play a major role in reducing the
permeability of gases and the absorption of ethylene. This approach enhances the effective-
ness of packaging materials in controlling ethylene levels around fresh produce [105]. For
this reason, nanotechnology is at the forefront of advancing ethylene scavenging techniques
to maintain the quality and extend the shelf life of fruits and vegetables. For example,
nanosilica has been isolated from rice straw and used in a polyvinyl alcohol (PVA) for-
mulation to coat paperboard, which showed improved barrier, mechanical, and surface
properties, along with higher ethylene scavenging activity compared to uncoated paper-
board [244]. Also, palladium encapsulated nanofibres has been developed for ethylene
scavenging. Encapsulation of 1-2% PdC]2 in nanomats has increased the ethylene scaveng-
ing capacity significantly, proving to be effective in the presence of fruits like sapota [245].
(2) The second is mechanochemical synthesis, where recent studies have investigated the
use of mechanochemically synthesized absorbents for ethylene removal. These materials
have shown promising ethylene scavenging activity and offer a safer, innovative, and
eco-friendlier approach to active packaging [246]. This process involves the use of me-
chanical force to induce chemical reactions, which can be used to synthesize metal-organic
frameworks (MOFs) that are effective in ethylene scavenging [247].
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6. Practical Implications and Future Directions
6.1. Energy Consumption

Controlled atmosphere storage or refrigeration require significant energy inputs
to maintain optimal storage conditions. High energy consumption associated with re-
frigeration systems contributes to greenhouse gas emissions and environmental foot-
print, highlighting the need for energy-efficient technologies and alternative cooling
methods [248-250].

6.2. Food, Microbiological, and Chemical Safety

Ensuring the safety of ethylene inhibition strategies involves addressing potential
risks to human health, worker safety, and food quality: On one hand, workers involved
in handling ethylene inhibition chemicals or applying postharvest treatments may be
exposed to potential health hazards, such as respiratory irritation or skin sensitization.
Proper training, personal protective equipment (PPE), and adherence to safety protocols
are essential for minimizing chemical exposure risks and ensuring worker safety. On the
other hand, ethylene inhibition treatments and packaging materials must comply with
regulatory standards and food safety guidelines to prevent contamination and ensure
consumer protection. Residual chemicals or contaminants from postharvest treatments or
packaging materials should be carefully monitored and controlled to maintain food safety
and quality throughout the supply chain. In addition, improper handling or storage of fruits
treated with ethylene inhibition strategies may increase the risk of microbial contamination
and foodborne illness. Effective sanitation practices, temperature control, and hygienic
handling procedures are essential for minimizing microbial risks and ensuring food safety
from farm to fork [160,251-254].

6.3. Exploring Sustainable and Eco-Friendly Alternatives

Packaging plays a critical role in maintaining fruit quality and extending shelf life by
creating protective barriers against external factors, including ethylene exposure, phys-
ical damage, and microbial contamination. Increased adoption of single-use plastics in
packaging can exacerbate plastic pollution and waste management issues, necessitating
the adoption of recyclable or biodegradable packaging alternatives and promoting circular
economy initiatives. Utilizing biodegradable or compostable packaging materials derived
from renewable sources, such as bioplastics or cellulose-based films, can help to reduce
plastic waste and promote circular economy principles, in addition to exploring innovative
packaging designs and technologies that enhance gas barrier properties, extend shelf life,
and minimize resource consumption throughout the packaging lifecycle. Innovation of
smart packaging solutions equipped with sensors, indicators, and active components for
real-time monitoring and control of ethylene levels, fruit quality, and storage conditions en-
hances supply chain transparency, traceability, and product integrity, ensuring end-to-end
quality assurance and consumer confidence [255-263].

6.4. Biocontrol Agents

Biocontrol agents offer sustainable alternatives to chemical treatments, providing
effective control of postharvest pathogens and decay while promoting environmental
sustainability and food safety. Implementing integrated pest management (IPM) strategies
that incorporate biocontrol agents can reduce reliance on synthetic pesticides and minimize
environmental contamination risks [264,265].

6.5. Commercial and Industrial Applications

The implementation of ethylene inhibition strategies in the fruit industry encompasses
various postharvest handling and storage practices aimed at extending shelf life, preserving
quality, and ensuring market competitiveness.

Pretreatments and harvest treatments may be employed to mitigate ethylene produc-
tion and enhance fruit quality. Techniques such as preharvest stress conditioning, including
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deficit irrigation or exposure to plant growth regulators, can modulate ethylene biosynthe-
sis and improve fruit firmness, colour development, and flavour. Additionally, preharvest
application of natural or bio-based ethylene inhibitors may offer sustainable alternatives to
synthetic chemicals, reducing environmental impacts and chemical residues. Harvesting
fruits at the appropriate stage of maturity, using sharp tools to prevent mechanical damage,
and handling fruits gently to avoid bruising or injury are essential considerations. Prompt
removal of harvested fruits from the field and rapid cooling to reduce respiration rates and
ethylene production are key steps in preserving postharvest quality and extending shelf
life [266-269].

Efficient transportation and distribution networks are essential for minimizing posthar-
vest losses and ensuring timely delivery of fresh fruits to markets. Temperature-controlled
transport vehicles, such as refrigerated trucks or containers, maintain optimal storage
conditions throughout transit, preventing temperature fluctuations and ethylene build-up.
Monitoring devices and data loggers enable real-time tracking of environmental parameters,
ensuring compliance with quality standards and regulatory requirements [270,271].

Proper handling and display practices at retail outlets are crucial for preserving fruit
quality and enhancing consumer appeal. Temperature-controlled display cases, ethylene
filters, and airflow management systems help minimize ethylene exposure and maintain
freshness. Training retail staff on proper handling techniques, including gentle handling,
regular rotation of stock, and removal of damaged or overripe fruits, ensures optimal
product presentation and reduces waste [272].

Finally, as for consumer education and behaviour change, it is possible to promote
eco-friendly alternatives, sustainable consumption behaviours, and waste reduction strate-
gies through education campaigns, labelling initiatives, and consumer engagement pro-
grammes [273,274].

7. Conclusions

In conclusion, this review provides a comprehensive examination of ethylene-mediated
ripening in climacteric fruits and the strategies employed to delay this process, thereby
enhancing postharvest quality. Beginning with an introduction to climacteric fruits and the
pivotal role of ethylene in their ripening, this review delineated the scope and structure
of the discussion. Ethylene, as a plant hormone, plays a fundamental role in initiating
and coordinating fruit ripening, orchestrating a cascade of physiological and biochemical
changes. Various ethylene inhibition strategies were explored, encompassing chemical
inhibitors, temperature control, modified atmospheres, and controlled atmosphere storage.
These strategies act by reducing ethylene levels or its effects, thereby extending shelf life
and preserving fruit quality. Understanding ethylene production and receptor mechanisms
is crucial for effective inhibition strategies. Insights into ethylene biosynthesis, enzyme
regulation, and receptor targeting were discussed to elucidate the underlying processes.

This review highlighted the significant impact of ethylene inhibition on shelf life
extension and postharvest quality. Examples and case studies underscored the efficacy
of these strategies in maintaining firmness, colour, sugar content, and nutritional value
while reducing decay and pathogen development. Sensory quality, including flavour,
aroma, and texture, emerged as a key consideration in ethylene inhibition. Examination
of sensory attributes and consumer preferences emphasized the importance of treated
fruits in meeting market demands. Furthermore, alterations in volatile compounds due to
ethylene inhibition were investigated, shedding light on aroma profiles and the potential
for off-flavours. Molecular and genetic approaches offered promising avenues for reducing
ethylene responsiveness and developing genetically modified varieties with improved
shelf life. Integrated approaches, combining multiple inhibition strategies, demonstrated
enhanced efficacy and synergy between postharvest treatments and packaging techniques.
Commercial and industrial applications showcased success stories and economic bene-
fits, illustrating the real-world impact of ethylene inhibition strategies. Looking ahead,
future directions in ethylene inhibition encompass emerging research areas and technologi-
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cal advancements, including nanomaterials and precision agriculture. Leveraging these
innovations holds the promise of further enhancing efficacy, sustainability, and market
competitiveness in the fruit industry. Finally, environmental and safety considerations un-
derscored the importance of exploring sustainable and eco-friendly alternatives, ensuring
responsible stewardship of resources and minimizing adverse impacts on the environment
and human health. In essence, this review underscores the critical role of ethylene inhi-
bition in preserving postharvest quality, driving innovation, and shaping the future of
the fruit industry. By embracing emerging technologies, advancing scientific knowledge,
and fostering collaborative efforts, stakeholders can continue to unlock new opportunities
and address challenges in ethylene-mediated ripening, ultimately benefiting producers,
consumers, and the environment.
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