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Abstract

Fruit ripening is a complex biological process regulated by various endoge-
nous and exogenous factors, with ethylene playing a pivotal role as a gase-
ous hormone. Traditionally, ethylene for commercial use has been derived
from environmentally hazardous processes. However, the discovery of eth-
ylene-producing bacteria presents a sustainable alternative for fruit ripen-
ing. This review explores the mechanisms and potential of utilizing ethylene
-producing bacteria in the bio-ripening of fruits. Through an analysis of cur-
rent research, we elucidate the synthesis pathways of ethylene in microor-
ganisms, optimization techniques to enhance ethylene production, and the
compatibility among microbial strains for the development of effective mi-
crobial consortia. Recent studies have demonstrated the efficacy of eth-
ylene-producing bacteria, such as Bacillus and Pseudomonas species, in bio-
ripening fruits like kiwifruit, plums, bananas, and apples. The optimization
of growth conditions and the development of microbial consortia aim to
maximize ethylene production efficiency While minimizing environmental
impacts. This review underscores the importance of ethylene-producing
bacteria in revolutionizing fruit ripening technology and advancing sustain-
able agricultural practices. By providing insights into the opportunities and
challenges associated with bio-ripening fruits by ethylene-producing bacte-
ria, this review seeks to guide future research and innovation in the field.
Ultimately, using ethylene-producing bacteria offers a promising avenue for
achieving safe, environmentally friendly, and efficient fruit ripening meth-
ods in agricultural practices.

Keywords

Bacillus and Pseudomonas ; microbial consortia; compatibility; sustainable

Introduction

Fruit ripening is a complex biological process influenced by numerous inter-
nal and external factors. Ethylene, a gaseous hormone, regulates fruit ripen-
ing, ageing, and stress responses (1). Traditionally, ethylene for commercial
use is obtained through steam cracking, a method linked to environmental
risks and reliance on non-renewable resources. However, ethylene-
producing bacteria have emerged as a safer, eco-friendly alternative for
ripening fruits (2).

Utilizing ethylene-producing bacteria in bio-ripening marks a break-
through in agricultural technology. These bacteria generate ethylene
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through various metabolic processes and offer a sustaina-
ble approach to artificial fruit ripening (3). By optimizing
growth conditions and developing microbial consortia,
researchers are working to enhance ethylene production,
ensuring adequate fruit ripening with reduced environ-
mental impact (4).

This review explores the mechanisms behind fruit
bio-ripening facilitated by ethylene-producing bacteria. It
covers the pathways through which microorganisms syn-
thesize ethylene, techniques for optimizing ethylene pro-
duction, and the compatibility of different microbial
strains to form effective microbial consortia. By reviewing
recent studies and advances, we aim to highlight the po-
tential of ethylene-producing bacteria as a sustainable,
eco-friendly solution for fruit ripening.

Through an in-depth literature analysis, we empha-
size the role of ethylene-producing bacteria in transform-
ing fruit ripening technology and promoting sustainable
agriculture. This review outlines the promising opportuni-
ties and challenges in bio-ripening, paving the way for fu-
ture research and innovation.

Importance of fruits - Current Scenario

Fruits have been a fundamental part of the human diet
since before the development of grain cultivation. They are
rich in phytonutrients like vitamins, polyunsaturated fatty
acids, and carotenoids, all vital to human health (5). With a
deeper understanding of food safety, there is a growing
emphasis on production practices that prioritize physical
and physiological safety (6).

Data from the National Horticulture Board show a
steady increase in fruit production and cultivation area,
with fruits accounting for around 31.5% of all horticultural
crops. This growth highlights concerns about fruit safety
and quality. Artificial ripening methods, while common,
can alter the attributes and quality of fruits, posing health
risks and reducing consumer preference.

Climacteric fruits undergo a sharp rise in respiration
rate during ripening, known as the climacteric rise, which
either coincides with or follows an increase in ethylene
production. These fruits respond to external ethylene ex-
posure with a logarithmic surge in ethylene production.
Conversely, non-climacteric fruits ripen without releasing
ethylene or experiencing respiration spikes and do not
need ethylene to facilitate ripening. The respiration rate of
fruits, measured by tracking CO, concentration changes
over time in a sealed environment, offers insights into their
ripening process (7).

History of the Plant Hormone Ethylene

The discovery of ethylene as a plant hormone dates to
1896, when Dimitry Neljubow observed unique changes in
laboratory-grown pea plants, such as reduced radial swell-
ing, elongated hypocotyls, shorter roots, and enhanced
apical hook formation. In 1934, Richard Gane quantified
and confirmed ethylene production in ripening apples.
Later, Yang and Adams (1980) advanced understanding by
detailing ethylene's biosynthesis and signalling processes.

2

Ethylene plays a crucial role in fruit ripening and the
withering of vegetative tissue (8). The degreening effect,
noted in citrus fruits exposed to warm, enclosed environ-
ments with kerosene heaters (9), was later linked to eth-
ylene gas. By the 1920s, ethylene, already produced com-
mercially for other uses, was identified as the agent caus-
ing this ripening effect. Studies in the 1930s confirmed that
plants naturally produced ethylene, which matched the
composition of ethylene emitted by kerosene heaters (1).

Further research showed that ethylene influences
plants in multiple ways and is classified as a plant hor-
mone or growth regulator. Additionally, it was discovered
that fruit exposed to ethylene displayed similar quality and
health benefits as fruit that ripened naturally (10). This
occurs because ethylene induces ripening changes in both
naturally ripened and ethylene-treated fruit, with the fruit
needing to reach its physiological green maturity stage
before responding to external ethylene.

Ripening Physiology

Fruit ripening is a multifaceted process that involves alter-
ations in colour, texture, flavour, aroma, and nutrient com-
position (11). The cell walls of fruits, rich in cellulose, hemi-
celluloses, and pectin, are typically less lignified (12). Cel-
lulose polymers are connected by B-1,4 glucose bonds,
much like hemicelluloses such as homogalacturonan
(HMG), rhamnogalacturonan | (Rhal), and rhamnogalac-
turonan Il (Rha-I1). The Rhal polymer, composed of 12 sug-
ars and approximately 20 glucosidic linkages, is a crucial
component. Nearly all fruits contain the pectin polymer
xylogalacturonan (13).

Ethylene plays a central role in regulating fruit de-
velopment and the stages of plant growth. It controls tran-
scriptional changes in both climacteric and non-
climacteric fruits. Climacteric fruits, such as tomatoes,
bananas, and mangoes, undergo ripening triggered by
ethylene, which activates the expression of ripening-
related genes. In contrast, non-climacteric fruits like citrus,
grapes, and strawberries do not depend on transcriptional
factors for ripening, although external ethylene can influ-
ence their environmental response (14).

The fruit life cycle consists of three stages: fruit set,
fruit development, and fruit ripening. Ripening marks the
beginning of fruit senescence, a genetically programmed
process that transitions the fruit from an unripe to a ripe
state, resulting in a visually appealing and edible fruit (15).
This irreversible process involves physiological, biochemi-
cal, and organoleptic changes (16), including shifts in car-
bohydrate content, increased sugar levels, and alterations
in colour, texture, aroma, flavour, phenolic compounds,
and organic acids.

Respiration, the process of breaking down complex
substances into simpler molecules for energy and cellular
functions, indicates metabolic activity in cells. The pat-
terns of respiration change throughout fruit development,
ripening, and senescence (17). Ethylene, closely linked to
fruit ripening, triggers ripening and senescence processes.
Fruits are categorized as climacteric or non-climacteric
based on how their ripening is regulated.
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Climacteric fruits experience a marked increase in
respiration and ethylene production during ripening. In
contrast, non-climacteric fruits show stable or decreasing
respiration rates leading upto senescence, with only mini-
mal ethylene production (18). While climacteric fruits can
continue to ripen after being harvested with exogenous
ethylene, non-climacteric fruits generally mature while still
attached to the parent plant (19). Contrary to traditional
views, studies suggest that some ripening changes in cli-
macteric fruits can occur independently of ethylene, and
some non-climacteric fruits may also undergo ethylene-
dependent changes.

Ethylene biosynthesis occurs in two distinct sys-
tems: System 1 produces ethylene during the pre-clima-
cteric phase and throughout the ripening of non-clima-
cteric fruits, while System 2, which is auto-stimu-lated,
generates high levels of ethylene during the ripening of
climacteric fruits (20).

Global Scenario of Ethylene Production

The U.S. Energy Information Administration (EIA) project-
ed in its 2018 Annual Energy Outlook (AEO2018) that natu-
ral gas production from shale resources would more than
double over the coming decades. While natural gas pro-
duction demand remained relatively low until 2011, it has
experienced a substantial rise, increasing from 2% in 2000
to a peak of 27%.

Natural gas, which consists of various hydrocar-
bons, shows significant variation in composition, particu-
larly in shale-derived sources. Among the natural gas lig-
uids (NGs') found, such as pentane, ethane, propane, bu-
tane, and isobutene, ethane is primarily used as a feed-
stock in ethylene production. The EIA notes that global
ethane cracking typically requires about 90,000 barrels per
day for ethylene production. In Saudi Arabia, ethane ac-
counts for approximately 62% of ethylene production,
with propane contributing 25% and naphtha 10.8%. Pro-
jections indicate global ethylene consumption will reach
300 million metric tons by 2038. Between 2008 and 2017,
global ethylene production capacity grew by 31%, from
130 million to over 170 million metric tons. Northeast Asia
and the Asia-Pacific regions are expected to play a signifi-
cant role in this growth (21).

Ethylene Cycle in Plant

The biosynthesis of ethylene, a crucial plant hormone,
originates from L-methionine and progresses to methyl-
thio-butyric acid. The Yang cycle of ethylene production
revealed the intricate ethylene cycle in plants. The enzyme
ACS (Amino Cyclo Propane Carboxylase Synthase) signifi-
cantly enhances ethylene production within this cycle.
Initially, S-adenosyl methionine synthase catalyzes the
conversion of methionine and adenosine triphosphate into
S-adenosyl-methionine, initiating the cycle. Subsequently,
S-adenosyl-L-methionine cleavage produces 5-methylthio-
adenosine and 1-Amino- cyclopropane-carboxylate (ACC).
ACC serves as the direct precursor for ethylene synthesis,
yielding ethylene along with CO,, HCN, and H,0, catalyzed
by the enzyme ACC oxidase.

Further extension of the cycle involves the synthesis
of 5-methylthioribose from 5-methylthioadenosine, medi-
ated by methylthio nucleosidase. The subsequent synthe-
sis of 5'- Methylthio-ribose-1-phosphate, catalyzed by me-
thylthioribose kinase, ultimately produces a keto-y-me-
thylthio butyric acid, facilitated by transaminase.
N-malonyl transferase inhibits ACC's ethylene production
by malonylating ACC to malonyl-ACC.

The Role of Ethylene in Ripening

Ethylene is an essential hydrocarbon in agriculture, play-
ing three critical roles in plant systems: ripening, senes-
cence, and stress response. During ripening, ethylene pro-
motes fruit softening, triggers colour changes, and primari-
ly converts stored starches and acids into sugars, which
boosts the fruit's sweetness. Senescence refers to the nat-
ural cell death process that leads to abscission. In re-
sponse to stress, plants increase ethylene production to
manage environmental challenges (22).

The Role of Ethylene in Plants

Ethylene is a crucial plant hormone that regulates various
processes such as growth, flowering, senescence, ageing,
fruiting, and ripening (23). It is known to improve plant
yields, though its effects on growth are complex and de-
pend on its concentration.

Ethylenes' impact on leaf growth and development

Ethylene, in combination with transcriptional regulators
and other phytohormones, plays a role in leaf growth (24).
Ethylene response factors are vital for plant growth and
their response to ethylene, with much of this research fo-
cused on Arabidopsis (25). The concentration of ethylene
influences how leaves respond, with both auxin and eth-
ylene being essential for initiating leaf growth in plants
(26). Ethylene exposure in plants, such as potatoes, can
cause symptoms like yellowing and chlorophyll loss (27).

Ethylene in flower development

Ethylene is crucial for floral initiation, signalling the plant's
transition from vegetative to reproductive (28). During
flower development in Arabidopsis, genes such as eto 1,
etr 1, ein 2-1, and ein 3-1 become active, highlighting eth-
ylene's regulatory role.

Ethylene signal transduction in fruit ripening

Ethylene receptors (ETR) on the endoplasmic reticulum
membrane detect ethylene and rely on their interaction
with the Green-ripe (GR) protein. In the absence of eth-
ylene, ETRs act as negative regulators of ethylene respons-
es by activating constitutive triple-response 1 (CTR1),
which keeps ethylene insensitive 2 (EIN2) inactive. As a
result, EIN2 cannot stabilize EIN3/ethylene insensitive
3-like (EIN3/EIL) transcription factors, which are degraded
by EBF proteins, thus inhibiting the transcription of eth-
ylene-responsive genes. When ethylene binds to ETRs, it
deactivates the receptors and inhibits CTR1. This leads to
EIN2 activation, stabilizing EIL transcription factors and
triggering the expression of ethylene-responsive genes,
including ethylene response factors (ERF), critical regula-
tors of ethylene-related gene expression (29).
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Ethylene in fruit development and senescence

Fruit development, a fundamental physiological process,
involves the growth of the ovary after fertilization and the
formation of seeds within the fruit. Ethylene, a volatile
organic compound, is crucial in promoting fruit develop-
ment. The biochemical changes in fruit, such as sugar
breakdown and alterations in colour and aroma, become
more pronounced with increased ethylene production.
Fruits are categorized as climacteric or non-climacteric
based on their responses to ethylene. Climacteric fruits
undergo autocatalytic ripening, characterized by a peak in
ethylene production during the early stages of ripening.

On the other hand, non-climacteric fruits are less
responsive to external ethylene exposure. The ripening
process is regulated by ACO and ACS genes, with the eth-
ylene-dependent tomato serving as a model plant for
study (30). The polygalacturonase enzyme helps break
down cell wall components, while phytoene synthase con-
tributes to pigment development in flowers and other es-
sential plant organs, such as fruits (31). Fruit firmness,
which affects its appearance during senescence, is influ-
enced by ethylene concentration and autocatalytic eth-
ylene biosynthesis. Enzymes like pectate lyase (PL), B-
galactosidase, polygalacturonase (PG), and expandins
(EXP) play a role in fruit softening and the eventual process
of senescence. The levels of ethylene in various fruit crops
are detailed in the Table 1.

Table 1. Based on the level of ethylene production in fruit crops (32).

Level of Rate
ethylene u:{:f)g/ Example

Very low <0.1 Grape, citrus (0.1-2.0)

Low 0.1-1.0 Pineapple (0.2-0.4)
Medium 1-10 Mango, Banana (3), Guava, Fig (1-10) Litchi (1-5)
. ) Apple, Papaya, Avacado, Plum, Ber (100), Pear
High 10-100 (75-100)
Very high >100 Passion fruit, Sapota, Apple, cherimoya (219)

Applications of Bio-ripening
Traditional techniques

Various traditional techniques have been used to induce
ripening in unripe fruits since the inception of commercial
fruit cultivation. One standard method for ripening bana-
nas in Maharashtra and Tamil Nadu is smoke treatment. In
this process, straw, leaves, and cow dung are burned in a
closed chamber, with banana bunches arranged in a heap.
The treatment lasts 18-24 hours in summer and 48 hours in
winter. This smoke treatment method is widely used for
ripening bananas and mangoes (33). The smoke in the
chamber releases ethylene, acetylene, and other gases,
which trigger the ripening process and cause the fruit's
surface colour to change. Many fruit traders use this tech-
nique to achieve more uniform ripening, particularly for
bananas and mangoes. However, a significant disad-
vantage of this method is that the fruits often fail to devel-
op a consistent colour and flavour. Additionally, the linger-
ing smoky odour on the fruit negatively affects its quality.
The key drawbacks of this technique are the lack of

uniformity in colour and flavour, along with the persistent
smoky odour that diminishes the fruit's overall quality
(34).

Paddy straw and banana leaves are commonly used
for fruit ripening in rural areas where commercial ripening
facilities are unavailable. Bananas and mangoes are typi-
cal fruits that are ripened using this method. In this pro-
cess, cushioning and wrapping materials help to trap heat
and ethylene produced by the fruits. Fruits are often
placed in wheat, paddy straw, or similar materials to en-
courage ripening (35). Arranging unripe fruits in layers over
paddy husk or wheat straw allows them to ripen within a
week (34). To reduce the cost of chemicals, some ethylene-
releasing fruits like papayas and bananas can be stored
together in the same room. Since ethrel, a plant hormone
accelerates the ripening process by releasing ethylene into
the atmosphere, this practice is considered one of the saf-
est methods (36).

Treated banana fruits with Adhatoda vasica
(basooti) leaves and observed that the fruits began to
soften within five days. They reported that using these in-
digenous plant materials could extend the shelf life of ba-
nanas by 2-3 days compared to those treated with
ethephon (37). Farmers in the Mandi district (H.P.) use
twigs of basooti to ripen bananas. The bananas are
wrapped in basooti foliage and placed in bamboo baskets
in a dry area. This method is believed to generate heat,
which accelerates ripening, typically within 3-4 days. To
further speed up the ripening process, farmers in Kerala
use the leaves of Kanikonna (Cassia fistula). By placing the
leaves between the banana bunches, the fruits ripen with-
in a day (38).

Effect of ethylene

Ethylene is a simple gaseous plant hormone that plays a
crucial role in various physiological processes in plants,
including fruit ripening (39). Fruit ripening is a complex,
genetically programmed event that significantly changes
the fruits' fleshs' colour, flavor, aroma, texture, and nutri-
tional value (40). Ethylene gas activates a range of en-
zymes in banana fruits, leading to alterations in colour,
texture, and flavour (41). It is believed to regulate ripening
by coordinating the expression of genes involved in pro-
cesses such as increased respiration rate, ethylene produc-
tion, chlorophyll breakdown, carotene synthesis, starch
conversion to sugar, and the activity of enzymes that de-
grade the cell wall. Ethylene is also naturally emitted by
fruits and other plant tissues when injured during han-
dling. In addition, it is artificially applied to ripen and col-
our various fruits, including bananas, pears, mangoes, to-
matoes, and citrus fruits (42).

Bananas are typically harvested at the mature-
green stage for transportation to non-banana-producing
countries. Due to their early harvest at this green stage,
bananas often lose their ability to ripen naturally or exhibit
uneven ripening. Commercial ripening using ethylene in
storage rooms is a common practice to ensure uniform
ripening before distribution to the consumer market. Eth-
ylene plays a crucial role in various physiological and
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developmental processes, including germination, growth,
flower initiation and opening, senescence of leaves and
flowers, organ abscission, and fruit ripening (43).

Ethylene exposure leads to several changes in fruits,
including the loss of chlorophyll, colour development,
softening of tissues, removal of tannins, flavour enhance-
ment, increased sweetness, and early activation of proteo-
lytic enzymes. Ethaphon is one of the most used chemicals
for generating ethylene in postharvest treatments. It pro-
motes pre-harvest ripening in crops such as top fruit, soft
fruit, tomatoes, sugar beet, fodder beet, coffee, and many
others. Additionally, it aids in fruit and berry harvests, ac-
celerates postharvest ripening (e.g., bananas), and pre-
vents lodging in cereals, maize, and flax (44).

The effects of ethrel in aqueous solutions at concen-
trations of 250, 500, and 1000 ppm, as well as the ethylene
released from three at these concentrations, on the ripen-
ing of white and pink-fleshed guavas. They found that rip-
ening was accelerated in all treated fruits of both guava
types at all concentrations. The ripening rate increased
progressively with higher concentrations. They also ob-
served that ethyl released from ethrel was more effective
in triggering ripening than dipping the fruits in an aqueous
ethrel solution. Depending on the concentration, ripening
occurred 2-6 days faster in fruits treated with Ethrel solu-
tion and 6-9 days earlier in fruits treated with ethylene
released from Ethrel, compared to untreated fruits. The
ripening effect was indicated by an enhanced climacteric
peak in respiration, improved peel colour, increased total
soluble solids, and reduced flesh firmness (45).

One batch of banana fruits was exposed to 100 ppm
ethylene gas for 24 hours, while another batch was treated
with an aqueous ethephon solution at concentrations of
250, 500, 750, and 1000 ppm for 5 minutes. The fruits were
packed in plastic crates and stored in a ripening chamber
at 16-18°C and 90-95% relative humidity. They found that
bananas treated with 100 ppm ethylene gas and 500 ppm
ethephon ripened adequately within 4 days, displaying
uniform colour, pleasant flavour, desirable firmness, ac-
ceptable quality, and improved shelf life. In contrast, un-
treated control fruits remained hard, with poor colour and
quality (46).

Dipping banana fruits in 1000 ppm ethephon for
5 minutes was highly effective for ripening, with fruits be-
ginning to soften within 3 days and becoming ready to eat
in 5 days, with a shelf life of up to 8 days (33). Treated Ro-
busta bananas harvested at 75-80% maturity with various
ethrel concentrations (250-1000 ppm) for 5 minutes (47).
They observed that bananas treated with 500 ppm ethrel
ripened uniformly without affecting taste or flavour. At the
same time, untreated control fruits remained shrivelled
green and did not ripen evenly after 8 days in storage. Ba-
nanas treated with 500 ppm ethrel ripened fully in 6 days
at 20+1°C. Treated mango fruits with different concentra-
tions of ethrel (100, 200, and 300 ppm), while other man-
goes were left in the laboratory for natural ripening. They
noted that untreated fruits showed incomplete ripening,
resulting in sourness and making them unsuitable for

consumption. Conversely, mangoes treated with 100, 200,
and 300 ppm ethrel ripened on the 13th, 11th, and 9th
days, respectively, with a uniform colour, whereas the con-
trol fruits were poor in colour and quality (48).

Effect of calcium carbide

Calcium carbide is an organic compound widely used to
ripen fruits such as bananas, mangoes, papayas, apples,
peaches, pears, avocados, and sapodillas, often known by
the trade name "masala." Upon hydrolysis, calcium car-
bide releases acetylene gas, which has a ripening effect
like ethylene (49). Ripening is a natural process that makes
fruit edible and nutritious after a certain period of undis-
turbed development (50). Today, many fruits are ripened
with calcium carbide to achieve faster and more uniform
ripening (51,52). However, calcium carbide negatively im-
pacts fruit quality and leaves toxic residues that pose
health risks to consumers. Despite a long-standing ban
under the PFA Act of 1955, traders still use calcium carbide
due to its low cost, availability, and ease of use.

The effects of calcium carbide at varying doses
(0-0.7 g) on kiwifruit ripened at room temperature (22°C)
over 7 days (53). They observed a decrease in titratable
acidity and vitamin C content, while fruit juice's and water-
soluble solids' pH increased during ripening. Additionally,
studies showed that treating bananas and mangoes with
calcium carbide at 2-4 g/kg of fruit resulted in accelerated
and uniform ripening (54-63). Papaya developed a flavour
when ripened with calcium carbide, unlike when treated
with Ethrel or ethylene (64). Calcium carbide poses several
health risks and has carcinogenic effects due to trace
amounts of arsenic and phosphine (65). Optimized calcium
carbide doses for ripening mature green mangoes, where
fruits packed with calcium carbide and moistened with
water were sealed with newspaper to prevent acetylene
leakage. These mangoes ripened within eight days, and
fruits (4-5 kg) ripened with 2g of calcium carbide were
found to have the most desirable taste and flavour (56).

Potential Health Risks

Calcium carbide, which releases acetylene like ethylene,
poses health risks such as reduced oxygen supply to the
brain and gastrointestinal irritation (66, 51). Direct expo-
sure to industrial-grade calcium carbide can lead to skin
damage, weakness, nausea, vomiting, and respiratory is-
sues (51).

Significance of Food Safety

Artificial ripening agents like calcium carbide (CaC) re-
lease acetylene, a harmful gas that can cause neurological
disorders and other health problems in humans. Calcium
carbide also contains traces of arsenic and phosphorus.
Fruits ripened with calcium carbide lose their natural anti-
oxidant properties, nutritional value, and ability to absorb
iron (67). According to the Food Safety and Standards Act
of 2013, regulations were implemented to control food
processing and ensure access to safe food. The Prevention
of Food Adulteration (PFA) Act of 1954 and its 1955 regula-
tions prohibit using artificial ripening agents. Finding safer,
physiologically acceptable methods for artificially ripening
fruits is crucial.
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Microorganisms Producing Ethylene

Considering the health hazards associated with artificial
ripening chemicals, eco-friendly approaches involve the
utilization of ethylene-producing microorganisms. It is well
-established that ethylene is a byproduct of the metabo-
lism of certain organisms. For instance, Penicillium digita-
tum utilizes the a-ketoglutarate route to synthesize eth-
ylene. Several bacterial strains belonging to genera such
as Azotobacter, Bacillus, and Pseudomonas have been
identified for their ethylenogenic characteristics, convert-
ing methionine into ethylene (68). Previous studies have
demonstrated that Aeromonas hydrophila can produce up
to 10,320 nmol of ethylene per litre of media (69). It has
been identified various bacteria capable of ethylene pro-
duction, including Enterobacter cloacae (142 nmol/66h),
Pseudomonas indigofera (6,195 nmol/66h) and Arthrobac-
ter sp. (800 nmol/66h) (51). Therefore, microbes have the
potential to produce ethylene in significant quantities,
which could be applied in various agricultural contexts
(Tables 2 and 3).

Table 2. List of bacteria, yeast and moulds producing ethylene Bacteria
(68,69).

Bacteria

Micrococcus luteus Enterobacter aerogene

Acinetobacter calcoaceticus Chromobacteriu violaceum
Klebsiella pneumonia Corynebacterium aquaticum
Aeromonas hydrophila Citrobacter sp.
Escherichia coli Pseudomonas syringae pv. glycinea
Arthrobacter sp. Xanthomonas campestris
Erwinia herbicola Pseudomonas syringae pv. mori
acillus mycoides Pseudomonas syringae pv. phaseolicola
Bacillus subtilis Pseudomonas solanacearum
Enterobacter cloaceae Thiobacillus ferroxidans
Brevibacterium linens Rhizobium trifoli
Serratia liquefaciens Serratia marcesens

Staphylococcus aureus Thiobacillus novellus

Yeast

Schizosaccharomyces octosporus Cryptococcus laurentii

Saccharomyces cerevisiae Cryptococcus albidys

Moulds

Tyromyces palustris Botrytis spectabilis

Thielavia alata Aspergillus ustus
Agarius bisporus Gloeophyllum trabeum
Alternaria solani Hirshioporus abietinus
Sclerotinia laxa Aspergillus variecolor

Aspergillus flavus Penicillum digitatum

Importance of Microbial Ethylene

The technique of producing ethylene using E. coli cell-free
extracts (70). Certain ethylene-producing strains have
been shown to synthesize ethylene from L-methionine
(71). Investigated the growth and ethylene production ca-
pacity of ethylenogenic microorganisms when fed with 2-
Keto-4-methylthiobutyric acid (KMBA) and L-methionine (72).

Table 3. Ethylene production by soil-borne bacteria (68).

Organism ] No of Ethylene produ_ced in_n mol
isolates (mg dry wt? 66 h?)
Citrobacter sp. 02 045-082
Enterobacter cloacae 04 111-142
Escherichia coli 06 091-374
Klebsiella pneumoniae 13 043-546
pneumoniae subsp. oxytoca 01 341
Klebsiella ozaenae 01 146
Serratia liquefaciens 01 078
Aeromonas hydrophilra 12 040-722
Pseudomonas sp. 10 600-1095
Pseudomonas indigofera 02 650-6195
Arthrobacter sp. 04 082-800

The ethylene production system purified the ethylene-
forming enzyme in vitro from P. syringae pv. phaseolicola
PK2. Fruit ripening can be effectively achieved through the
ethylene-forming mechanism of microorganisms. This ap-
proach holds promise as a source of bioethylene and as a
substitute for chemically produced ethylene (73).

Ethylene is a well-known exogenous plant hormone
that plays a role in various physiological processes in
plants, such as fruit ripening. Even at low concentrations
(10 to 100 nl/L), ethylene is active and effective (1). Tradi-
tionally, most commercial ethylene is produced through
hazardous steam cracking, which relies on non-renewable
energy sources. In contrast, microbial ethylene production
is safe and advantageous for fruit ripening. For bio-
ripening fruits like kiwifruit, plums, bananas, and apples, E.
coli engineered with the ethylene-forming enzyme system
from Pseudomonas syringae pv. phaseolicola has been
used (74).

Ethylene Synthesis Cycles in Microorganisms

Microorganisms employ distinct pathways for ethylene
synthesis, differing from those in plants. The two primary
mechanisms involved in ethylene production as a byprod-
uct of microbial metabolism are the 2-keto-4-methyl-
thiobutyric acid pathway and the 2- oxoglutarate process.

Ethylene formation from the 2-keto-4-methylthiobuty-
ric acid (KMBA) pathway

Two pathways for ethylene biosynthesis, highlighting
KMBA as a potential intermediate in E. coli ethylene pro-
duction (75). The KMBA pathway involves the formation of
keto-4-methylthibutyric acid, an intermediate molecule
synthesized in methionine-supplied microorganisms like
E. coli (72). The mechanism of ethylene formation, as de-
scribed by (76), relies on NADH and involves the conver-
sion of Fe* to Fe* via NADH. Molecular O, oxidizes Fe?*
EDTA, while anion superoxide prevents a reaction with Fe?
that produces hydroxyl radical (OH). Hydroxyl radicals
then convert KMBA oxidizer to ethylene. Conducted inves-
tigations into transaminases in bacteria, providing further
insights (28). Underscored the methionine dependency of
the ethylene-forming system in ethylogenic microorgan-
isms.
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The 2-oxoglutarate pathway in microorganisms

The anaerobic methionine salvage pathway (MSP), de-
scribed by (77), utilizes the available sulfur supply to pro-
duce ethylene. This pathway, typically employed by anaer-
obic microorganisms like Rhodospirillum rubrum and Rho-
dopseudomonas palustris, requires oxygen for ethylene
production at the end of the cycle. The cycle of metabolite
events in the oxoglutarate pathway involves several steps,
starting with 5 methylthioadenosine and culminating in
ethylene production from 5 methylthioadenosine. En-
zymes such as methylthiophosphorylase (mtnp), MTRU-IP
isomerase (mtnA), 5-(methylthio) ribose-IP aldolase (ald2),
and probable alcohol dehydrogenase catalyze this cycle of
events.

Anaerobic genes like rip 1 and met 17 are implicat-
ed in this route of ethylene synthesis, highlighting the
complexity of microbial ethylene production.

Optimization of Media for Improved Ethylene Production

Optimizing the variables in enhancing ethylene production
is crucial, and response surface methodology (RSM) is an
effective tool for this purpose (78). utilized central compo-
site design and response surface approach to process
wastewater, indicating its applicability in optimization
studies (79). In a survey of P.digitatum, ethylene genera-
tion increased by approximately 60 nl/g/h under optimal
conditions. This highlights the potential for significant im-
provement in ethylene production through proper variable
optimization. Applying response surface methodology
allows for systematically exploring the interaction be-
tween variables, leading to enhanced ethylene yields.

Quantitative of Ethylene Production

The quantification of ethylene production will be carried
out by gas chromatography, and a syringe will be used to
collect approximately 1 millilitre of gas from the air-sealed
serum vial. The sample was then analyzed using a Thermo
Scientific Gas Chromatogram 700 equipped with a flame
ionization detector and a porapak Q column. The injector
port will be kept at 80 °C, while the temperature of the col-
umn and detector will be kept at 200 °C. As fuel gas, hydro-
gen flow rate is 45 millilitres per minute, while nitrogen gas
flow rate is 30 millilitres per minute as the carrier gas. This
will allow for the determination of ethylene gas presence in
the sample. A standard injection of 0.5 ml of 99.95% pure
ethylene gas will be made, and the corresponding peak
retention duration will be noted. The gas evolved will be
given in terms of n moles per litre of the medium, and the
ethylene synthesis by the bacterial isolates will be meas-
ured every 24 hours up to 96 hours. To calculate the quan-
tity of ethylene, the Response factor (RF) has to be calcu-
lated, then the amount of ethylene is calculated.

R Peak Area of Analyte
"~ Concentration of analyte
) Peak Area of Analyte
Concentration = RF

7

The bacteria Bacillus mycodies, Aeromonas culicicol,
Bacillus subtilis sp. Subtitles, Lactobacillus pentoses, Pseu-
domonas syringae pv. tomato produces 254.45 n mol/l,
322.12 n mol/l, 461.63 n mol [, 512.45 n mol/l and
436.78 n mol/l(80).

Compatibility of Ethylene-Producing Microorganisms

When developing an effective ethylene-producing microbi-
al consortium, assessing the compatibility among different
isolates is crucial. The cross-streak method is a proven and
efficient technique for evaluating the compatibility of mi-
crobial strains. For example, the cross-streak method was
used to examine the compatibility of Bacillus species in
probiotic development (81). Similarly, it has been applied
to investigate the ability of Streptomyces species to pro-
duce bioactive compounds (82). By utilizing the cross-
streak method, researchers can systematically assess how
different ethylene-producing microorganisms interact with
each other. This approach provides valuable information
on the synergies and interactions between microbial
strains, aiding in creating effective and robust ethylene-
producing consortia for fruit bio-ripening applications.

Ethylene-Producing Microbial Consortium for Bioripening
of Fruits

The efficacy of utilizing two distinct species of microorgan-
isms, Bacillus and Pseudomonas, effectively degrading
diesel-contaminated soil (83). Their study thoroughly in-
vestigated the efficiency of combined strains, highlighting
the significant role of microbial consortia in achieving syn-
ergistic effects. The advantages of microbial consortia in-
clude shared metabolic activities, enhanced benefits when
cultivated together, and product creation (83). The micro-
bial consortia employed in fermentation contribute to in-
creased hydrogen generation (84). As ethylene gas remains
the sole naturally occurring method of fruit ripening, mi-
crobial ethylene presents the safest and most environmen-
tally friendly approach (2). Reports of aerobic heterotrophs
capable of producing ethylene date back to 1940 (85). Fur-
thermore, microorganisms utilizing precursors such as
L-methionine and 2-keto-4- methylthiobutyric acid have
been identified to possess ethylenogenic properties (75).

Conclusion

The bio-ripening of fruits through ethylene-producing bac-
teria offers a promising and environmentally sustainable
approach to fruit ripening. Through a comprehensive liter-
ature review, we have highlighted the various mechanisms
by which ethylene-producing microorganisms contribute
to fruit ripening, including the synthesis pathways, optimi-
zation techniques, and microbial consortia. Ethylene, a
natural plant hormone, plays a pivotal role in fruit ripen-
ing, senescence, and stress response. Using ethylene-
producing bacteria is a safe and efficient alternative to
traditional chemical methods, minimizing artificial ripen-
ing agents' health risks and environmental impacts. More-
over, the compatibility among microbial strains and the
optimization of growth conditions are crucial factors for
enhancing ethylene production and ensuring adequate
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fruit ripening. Developing microbial consortia and utilizing
advanced techniques such as response surface methodol-
ogy contribute to maximizing ethylene production efficien-
cy.

By harnessing the potential of ethylene-producing
bacteria, we can achieve an ideal for fruit ripening and
contribute to sustainable agricultural practices and food
security. Further research in this field promises to unlock
new insights and innovations in fruit ripening technology,
paving the way for a healthier and more environmentally
conscious approach to food production and consumption.
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