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ARTICLE INFO ABSTRACT
Keywords: The bell pepper (Capsicum annuum L.) is a commercially important horticultural crop grown in
Artificial intelligence tropical and sub-tropical areas across the world. Despite this importance, it is a perishable

Edible coating vegetable with a limited shelf life and high disease susceptibility. Bell pepper output has

g;ﬁdlzm:r expanded significantly in recent years. However, this crop is still experiencing close to 40%
Dise:s ep P postharvest losses annually. Chemical fumigation for postharvest disease control of bell pepper

has been shown to be efficient against fungal infections, but environmental impact and con-
sumption hazards limit its full use. Recently, non-chemical techniques including biological and
botanical methods, non-destructive technologies and Artificial intelligence have been demon-
strated to be effective as postharvest management of bell pepper. The paper provides exciting
information on recent and emerging techniques for curtailing these losses in bell pepper,
alongside their mechanism and existing benefits. The current limitations of these techniques as
well as recommendations for potential applications are also addressed.

1. Introduction

Bell pepper (Capsicum annuum L.) is one of the most economically important horticultural crops cultivated in tropical and sub-
tropical parts of the world [1]. Its use and demand have risen in recent years as a result of the significant growth in population and its
usage in various meals. Bell pepper has been receiving a lot of attention recently due to its suspected linkages to cardiovascular disease
prevention, atherosclerosis, cancer, hemorrhage prevention, slowing of the aging process, avoidance of cholesterol, and enhancement
of physical resistance [2]. However, it is a perishable vegetable with a limited shelf life. It is vulnerable to flaccidity, wilting, shriveling,
fungal infections, and deterioration as a result of its short shelf life [3]. These undesirable qualities often affect the consumer
acceptability of the fruit.

The quality of bell pepper has been maintained throughout storage using various postharvest methods such as chemical and non-
chemical treatments [4]. Synthetic compounds have traditionally been used to manage postharvest infections as well as maintain
metabolic processes in bell pepper [5]. With the passage of time, bell pepper postharvest preservation techniques had progressed. For
example, modified atmosphere, hot water dipping, edible coatings, use of essential oil, and other innovative and environmentally
friendly techniques have all been used to help protect bell pepper against spoilage. The use of these treatments has proven to be a
viable technique for improving bell pepper fruit quality and preventing postharvest losses during storage. The desire to create
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acceptable substitutes that can provide safe and premium-quality products has been sparked by a number of factors, including con-
sumer demand for high-quality and safe products, combined with the environmental impact of chemical treatments, and the emer-
gence of resistant pathogens [6]. As a result, the focus of bell pepper postharvest research has lately switched to environmentally
friendly and non-chemical treatments.

Edible coatings and essential oils have evolved as a viable and environmentally acceptable postharvest storage solution for bell
pepper because they provide a moisture and gas barrier while selectively keeping the product’s freshness and quality [6]. Edible
coatings have the benefit of being natural, containing antioxidants and, in certain cases, vitamins that are helpful to consumers [4].
The use of different edible coatings containing functional substances has been shown to minimize microbial population and improve
bell pepper storage quality [7-10]. Non-chemical techniques such as hot water treatment, modified atmosphere, UV-C irradiation,
ozone fumigation, and pulse electric field are some of the current postharvest technologies that have shown positive results in
decreasing physiological changes and microbiological deterioration in bell peppers [11-13]. Recently, non-chemical approaches have
received lots of attention from researchers due to their eco-friendly nature. The ultimate goal of this study is to present a compre-
hensive assessment of some current and emerging postharvest techniques for preserving bell pepper quality during storage, alongside
their mechanism of action on spoilage pathogen, as well as current drawback of these techniques.

2. Economic importance of bell pepper

The bell pepper is one of the vegetables crops with the highest production worldwide [14]. According to 2019’s FOASTAT data as
cited in Ref. [15], the world bell pepper’s area and production has been reported to be 1.99 mha and 38.02 MT respectively. Fresh
pepper is being cultivated in 126 countries of the world, China being the world’s largest producer followed by Mexico [15]. In Mexico
152,772.55 ha of bell peppers were planted, of which a production of 3,238,244.81 tons was gotten, with a yield of 21.65 t ha-1 [16].
Decades ago in India, bell pepper cultivation has gained attention due to suitable growth conditions, with acreage and production
figures of 34,000 ha and 4,87,000 metric tons, respectively [17]. Florida’s bell pepper sector is worth $247.5 million and has 7.3%
growth in value since 2007 [18]. Also, according to the Farmgate survey, bell pepper was also rated 24th among all Georgia agri-
cultural commodities in 2004, generating more than $600 million [19]. Nonetheless, inappropriate post-harvest management tech-
niques have resulted in a considerable decrease in the food value of bell pepper in recent years, resulting in a very significant economic
loss. During the dry and wet seasons, respectively, there were 28.6 and 38.7% post-harvest losses [20]. Food losses in most fresh fruits
and vegetables are greater than 40% over the world, and are mostly caused by inadequate handling and storage after harvest [21-23].
However, a good postharvest handling and storage system eliminates waste, adds value, and improves the product’s quality and
quantity [24].

3. Some prevalent postharvest diseases of bell pepper

Bell peppers are susceptible to a variety of postharvest diseases. Alternaria alternate (Black Mold) and Botrytis cinerea (Grey Mold)
are the two most prevalent fungi causing diseases in bell pepper [25]. During harvesting, these pathogens are present on the surface of
the fruit, and they infest the tissue during handling and storage [6]. Internal fruit (IFR) rot is another fungal disease that significantly
affects bell peppers. A complete description of these fungi causing disease in bell pepper, their source of infection, and symptoms of
spoilage are discussed below.

3.1. Grey mold

Grey mold, produced by Botrytis cinereal, is a key limiting factor in postharvest storage and long-distance transportation of peppers
[26]. Botrytis cinereal is the fungus that causes grey mold in bell peppers. It is frequently the second-worst postharvest disease of
peppers. This pathogen is ubiquitous in nature, very aggressive and capable of causing spoilage even when transported and stored in
cold refrigerated conditions [26]. At cold storage temperatures, grey mold can spread quickly from diseased fruit to healthy fruit [27].
Soft, water-soaked sores appear on the fruit, which becomes brown before being coated with powdery, grey spore masses (Fig. 1a)
[28]. Although the disease cycle of Botrytis cinereal which causes postharvest fruit rot of pepper has not been fully investigated but is
believed to be comparable to that of other crops [29].

Fig. 1. (A) Symptoms of Grey mold in Bell pepper (B) Symptoms of Black mold in Bell pepper.
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3.2. Black mold

Alternaria alternate causes black mold in bell peppers. It is a fungus that damages a wide range of crops globally, not only bell
peppers [30]. Due to its polyphagous nature and synthesis of poisonous, carcinogenic, and even teratogenic compounds, it is
considered to be a potentially deadly food-spoiling agent [31]. It is distinguished by dark sunken lesions that are accompanied by white
to grey-green mycelial development and dark green to black conidia (Fig. 1b) [32]. This fungus thrives at cold temperatures and has
been linked to the widespread spoiling of cold-stored fruits and vegetables [33]. Synthetic fungicides are majorly used to combat black
spot rot after harvest [6].

3.3. Internal fruit rot

A dangerous fungus known as bell pepper internal fruit rot develops mycelium and necrosis on the ovary and fruit flesh. Fusarium
lactis species complex (FLASC) members are the primary causes, and it has become a significant global threat to the production of bell
peppers [34]. Internal fruit rot usually manifested itself as whitish-grey hyphal development on the seeds, placenta, and inside the fruit
wall [35]. Infected fruits usually have little or no outward illness indications, such as sunken sores [36]. Only in severe infections can
outward signs appear on the fruit’s exterior surface as greenish to dark brown blemishes [35]. However, due to the fact that this
infection occurs inside the fruit before harvest, standard post-harvest methods such as disinfection with hot water, UV irradiation, or
chlorinated water, are ineffective in preventing internal fruit rot. Because of their interior cavity, non-destructive technologies for
testing internal fruit quality in real-time modes, such as X-ray radiography and VIS/NIR 5 spectroscopy have not been adequate enough
to sort out this disease in bell pepper fruit [37].

4. Recent postharvest disease control of bell pepper
4.1. Chemical methods

Chemical treatment, especially for perishable fruits, is the most common conventional postharvest management strategy [6].
Moreover, the major mechanism of chemical treatment for postharvest disease control could be related to the ability to induce
antioxidant activities and enhance the defense response in the fruit against fungi, however, while this technique has been proven to be
efficient, environmental impact and the emergence of resistance strains limit its full use [6]. Nevertheless, chemical compounds such as
Salicylic acid, Hydrogen peroxide, and 1-Methylcyclopropene have been demonstrated in several studies to enhance bell pepper
storability.

Salicylic Acid (SA) is a plant hormone that controls a variety of physiological processes in plants [38]. SA and its natural analog,
acetylsalicylic acid (ASA), have been shown to have a lot of potential for delaying ripening, improving quality, and reducing post-
harvest losses in fruits and vegetables [39]. The effectiveness of SA in the improvement of bell pepper postharvest quality has been
proven. For example, SA has been shown to be effective in preserving the quality of bell peppers after harvest [40]. SA also preserved
firmness, green color, and total acidity in green bell pepper [41]. Exogenous applications of SA in bulk and nanoscale forms have been
studied for their efficacy in controlling black mold in an investigation, at 1.4 mM, both SA bulk materials & SA nanoparticles (SANPs)
significantly inhibited the growth of A. alternata, but SANPs had a stronger suppressive effect than SA bulk equivalents [42].

Hydrogen peroxide (H203) possesses a bactericidal, sporicidal, and inhibitory ability, this is due to its ability to operate as an
oxidant and produce other cytotoxic oxidizing species including hydroxyl radicals [43]. Treatment of bell pepper with H2O5 has been
seen to extend its shelf life and reduce natural and pathogenic microbial populations. For instance, HyO5 (5%) was found to provide the
highest reductions of Listeria innocua in bell pepper [44]. Also, 15 mM Hydrogen peroxide treatments significantly reduced weight loss,
rot rate index, and nitrate content of bell pepper as compared with the control treatment [45]. Hydrogen peroxide is widely regarded as
safe for various food uses, although it has not yet been approved as an antimicrobial agent [43]. However, it has a number of
drawbacks, including a long application time and the potential harm to some products.

1-Methylcyclopropene which is a popular ethylene antagonist is being utilized in a variety of fresh horticulture fruits and vege-
tables [4]. The use of 1-MCP in the postharvest treatment of bell pepper cultivars has been thoroughly researched (Table 1). The
Influence of 1-MCP on the Postharvest Storage attribute of Green bell pepper was investigated by Ref. [46], and the outcome shows
that 1-MCP had a great effect on delaying the ripening process, reducing softening, weight loss, and decay development. Despite the
fact that ethylene supplementation did not accelerate ripening [47], discovered that treating ’Aries cultivar’ in the breaker stage with

Table 1
The effect of 1-MCP on postharvest quality of bell pepper fruit.
1-MCP rate Species Key findings Reference
1.0 pl-dm-3, 3.0 pl-dm-3, and 5.0 pl-dm- ‘Yecla F1’ & ‘Roberta F1° softening of pepper strips was slowed down [48]
27 pmol L—1 ‘Selika’ ‘H1530° Rots decreased, color development & weight loss delayed [46]
40 pmol L—1 ‘Setubal’ color development delayed, rots, shriveling & pitting increased [49]
45 pmol L—1 ‘Sujiao 13’ Respiration Reduced, senescence delayed [50]
22 pmol L—1 ‘Aries’ color development delayed [47]
29 pmol L—1 Unspecified chilling injury reduced [51]
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1-MCP slowed ripening by roughly 7 days, indicating that ethylene perception was critical for color change.

4.2. Physical treatments

4.2.1. Heat treatment

The spectrum of non-chemical treatment technologies has increased because of the desire for fresh products of excellent quality and
with minimal chemical residue. The most promising substitute for synthetic fungicides for postharvest disease management has been
seen to be natural and commercially viable methods such as hot water treatment (HWT) [6]. Heat treatment of pepper fruit before
storage can directly inhibit pathogens and improve the fruit’s resistance [52,53]. However, improper temperature and duration of
HWT can have a negative impact on fruit quality [54]. Heat treatment has been extensively studied and documented as an efficient
postharvest treatment for bell pepper fruit (Table 2). For instance, Heat treatments between 45 and 55° Celsius reduce spore
germination and germ tube lengthening [26]. Dipping sweet pepper 'Miogi Cultivar’ in 45 °C hot water for 15 min significantly
increased fruit tolerance to chilling injury at 6 °C cold storage, improved the ascorbate-glutathione cycle, and prolonged storage life
[55]. [56] found that hot water wipping at 40 °C was effective in maintaining bell pepper flexibility, weight loss, decay incidence,
membrane leakage, ascorbic acid content, soluble solids content, & total chlorophyll content. Also, after storing bell pepper in cold
storage of 2 °C for 21 days plus 3 days at 20 °C [market simulation], bell pepper treated with hot water (55 °C for 15s) was reported to
have significantly decreased weight loss, softness, decay, and chilling injury, while maintaining quality [57]. B. cinerea and A. alternate
decay development were totally stopped or greatly decreased by dipping naturally infected or fruits inoculated artificially at 50 °C for
3 min [58]. Besides the efficient and complete microbial eradication by non-chemical treatments, this technology is believed to be
more effective than other postharvest treatments in several aspects such as control efficiency and fruit quality retention. With regard to
the mechanisms of control of postharvest decay by HWT, several studies have indicated that HWT could induce a defense response of
fruit and vegetables, sequentially preventing the pathogen from spreading throughout the tissue [54]. However, when applying this
technique alone, it may only partially be effective in preventing postharvest infections [6].

4.2.2. Edible coatings

In the past two decades, studies have focused on edible coating application on fruits and vegetables [65]. Edible coatings increase
the storage life of fruits and vegetables while also being environmentally friendly at the same time [66]. They are a semipermeable
barrier on the fruit’s surface that modifies the inside environment, reducing respiration rate & moisture loss [67]. They are usually
made from lipids, proteins, polysaccharides, and resins [68], and they re safe to eat as part of the product because they don’t add any
undesirable properties [69]. Edible coatings are proving to be a relatively novel and simple innovation [70]. Their films help to
maintain antioxidant activity, extend shelf life, reduce respiration rate, and mass loss, and maintain color and firmness in treated fruits
[4]. Many edible coatings have demonstrated desired results after treating with bell pepper (Table 3). For instance, Aloe vera displays
excellent inhibitory properties against several bacteria and fungi in green capsicum [71]. Chitosan or Aloe vera inhibits the mycelium
growth of Colletotrichum capsici in bell pepper fruit [8]. Bell pepper fruits immersed in a chitosan solution with a concentration of 2%
had greater levels of total soluble solids, ascorbic acid, total chlorophyll & phenolic compounds [72]. Aloe vera gel coating decreased
respiration rate, weight loss, degradation, and color retention while maintaining firmness, ascorbic acid content, and other quality
metrics [73]. The mechanism of edible coatings on fruit preservation has been ascribed to their excellent gas and moisture barrier
properties (Fig. 2) [6]. However, some edible coatings have limited antimicrobial effects on postharvest diseases when used alone [6].

4.2.3. Nano-based formulations

The application of nano-based formulations for bell pepper fruit is an area of research that has gained considerable attention in
recent years. Nano-based formulations are composed of nanoparticles that are designed to enhance the bioavailability and efficacy of
active compounds in plants. Several studies have investigated the effectiveness of nano-based formulations in improving the quality
and nutritional content of bell peppers. For instance, a study by Ref. [77] reported that the use of chitosan nanoparticles coatings could
represent a good alternative for the protection of bell pepper against the pathogenic bacteria P. carotovorum. Similarly, another study
by Ref. [78] found that the application of the combined use of grafting and zinc oxide nanoparticles increased the nutritional quality of
the levels of nutraceutical components of bell pepper fruit. Likewise [79], also conducted a study on the application of Chitosan
nanoparticles as an edible surface coating agent to preserve the fresh-cut bell pepper. The experimental results showed that the

Table 2

Bell pepper fruit quality as influenced by Hot Water Treatment.
Treatments protocol Key findings Reference
45 °C for 15 min Reduced chilling injury [59]
53 °C, 1 to 3 min Induced chilling injury tolerance [60]
53 °C, 1 to 3 min Reduced decay and chilling injury indexes, maintained quality parameters, ascorbic acid, and total phenolics content [61]
55°C for 15 s softening, decay incidence, and chilling injury [57]
40, 50, 60°C for 2 min soluble solids content, weight loss, decay incidence, ascorbic acid content, total chlorophyll content, and membrane [56]

leakage

53°C for 4 min Reduced weight loss and chilling injury [62]
4 min dip at 53C Inhibited respiration rate, reduced decay, retained turgidity and green color, and maintained excellent overall quality [63]
55+ 1°Cfor12 +2s Improved the general appearance of the fruit, reduced decay incidence, and maintained fruit firmness [64]
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Table 3
The effects of edible coatings and essential oil on bell pepper postharvest quality.
Edible films Formulation Storage regime Key findings Reference
gum arabic or Aloe vera gel or  Aloe vera gel [4%, 5%, 6%], 8 + 1 °C with antioxidant enzyme activities significantly [7]
cinnamon oil gum arabic [6%, 9%, 12%] and 80-85% higher
cinnamon oil [0.5%, 0.75%, activities of browning and fruit softening
1%] enzymes inhibited
Chitosan or A. vera chitosan [1, 1.5, and 2%] and A. - mycelium growth of Colletotrichum capsici [8]
vera [5 and 10%] inhibited
Chitosan and pullulan Chitosan [50%]-pullulan [50%]  room [23 + 3 °C,RH:  physiological loss in weight & color browning [74]
enriched with 40-45%] and cold [4 reduced
pomegranate peel extract + 3 °C, RH: 90-95%] total soluble solids, titratable acidity, pH
phenolic content, flavonoid content, antioxidant
activity, firmness, and sensorial attributes
maintained
starlight wax emulsion or Aloe  Garlic extract [10, 20 and 30%], 10+ 2°C metabolic activities restricted and senescence [75]
vera or garlic or mint leaf  Aloe vera gel [5, 10 and 15%] delayed
extract and starlight wax [10, 25 and
50%]
Guar gum 0.2%, 0.3%, 0.4%, 0.5%, 0.6% 2°C, 6°C, 10 °C, weight loss, firmness, total soluble sugar and [9]
14°C carotenoid maintained
Chitosan or Aloe vera gel 1.5% and 2% 25 +2°Cand 55 + weight loss, respiration rate, decay reduced [73]
5% RH colors, firmness, ascorbic acid content, and other
quality parameters preserved
gum Arabic or Aloe veragel or gum arabic [6, 9, and 12%], 8 + 1 °C with membrane leakage, weight loss, chilling injury, [3]
cinnamon oil Aloe veragel [4, 5, and 6%],and ~ 90-95% RH and decay incidence reduced
cinnamon oil [0.5, 0.75, and Less increased in pH, sugar percentage, total
1%] soluble solids, appealing fruit color, ascorbic
acid, titratable acidity, and firmness, were higher
in treated fruits
ethanolic extracted propolis 0.25%, 0.50% and 0.75% 10 °C and 90% RH incidence of disease reduced [76]

[EEP]

Pectin or Arabic or xanthan
gums with candelilla wax,
jojoba oil, and extract of
polyphenols

[25+2°C

moisture retained

quality physicochemical parameters of green bell ~ [10]
peppers such as appearance, weight loss, color
changes, total soluble solids pH, and texture

were maintained in treated fruits

Protective coating layer

' CO. &H,;0
0. '

Fig. 2. Action of edible coatings on the storage quality of bell pepper.

application of chitosan nano-coating maintained the FCP for 12 days at 5 °C without loss of weight, and sensory quality. In another
study reported by Ref. [80], chitosan nanoparticles inhibited A. alternata during the cold storage period of bell pepper and preserved
the physicochemical quality. Other similar studies on bell pepper fruit have also been reported [81-83]. Overall, the use of nano-based
formulations for bell pepper fruit holds great promise in improving the nutritional value and yield of this important crop. However,
combining Nano-based formulations with other technologies, such as microencapsulation, could lead to further improvements in the
delivery and efficacy of bioactive compounds in bell peppers.

4.2.4. Ozone (O3)

O3 is an oxidizing agent that has been shown to be effective in preventing weight loss, degradation of firmness, and microbial
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assault in a variety of fresh food [84,85]. The use of ozone as a postharvest treatment for fruits and vegetables has lately grown in
popularity due to its ability to minimize microbial contamination while leaving no chemical residues and having no negative impact on
the product’s quality [11]. Os is a naturally occurring gas that is one of the most effective sanitizers against many food bacteria, and it
is also employed in fruits and vegetables [86]. A number of writers [87-91] have studied the efficacy of O3 in lowering microbial
counts on bell pepper and few of them have [90-92] also assessed its effect on physicochemical properties. Based on these findings, O3
appears to be a potential method for improving bell pepper postharvest quality. For example, continuous ozone treatment of red bell
peppers at 0.1 and 0.3 mol mol-1 showed no impact on weight loss, texture, or color, but continuous ozone exposure at 0.1 mol mol-1
makes fructose and glucose levels increase, as well as total phenolics in red bell peppers [90]. [93] also found that 2 ppm ozone is
effective in suppressing respiration rate and weight losses of peppers compared to control groups was decreased and maintained green
color of bell peppers. Recent studies of ozone treatment on bell pepper and their key findings were presented in (Table 4). Commercial
application of ozone among farmers and processors has been further expanded by the quick on-site ozone generation and their
non-toxic waste output [94]. The mechanism of ozone against diseases could be ascribed to its penetrability, oxidizing ability, and
spontaneous decomposition of the pathogen [84]. However, ozone has some limitations when used on food. Complex processes are
needed to decompose ozone based on the radical types that form in solution and the different forms of organic materials in the medium
that either initiate, enhance, or impede the reaction chain [95]. Low doses of ozone, which can inactivate pure microbial cultures, may
be inefficient against viruses, spores, and cysts [96].

4.2.5. Modified atmosphere packaging (MAP)

MAP is the process of sealing actively respiring products in polymeric film packages to vary the composition of internal atmo-
spheres within the container [100]. Microbial growth is suppressed, respiration, ripening, and senescence are delayed, and oxidative
processes that need free oxygen are inhibited in sealed packaging such as MAP [101]. MAP has been used to extend the shelf life and
keep the quality attribute of various horticultural crops after harvest [4], including bell pepper. The fundamental idea of MAP is to
create a gaseous equilibrium between the product and the sealed environment, resulting in lower O and higher CO, levels, so as to
extend their shelf life, and improve their quality [100]. [37] found that MAP storage of bell peppers in 60 m low-density polyethylene
(LDPE) 429 pouches can significantly reduce visible post-harvest internal rotting caused by Fusarium spp., at the end of 14 days at
20 °C. Bell pepper stored in perforated LDPE packets exhibited reduced weight loss, increased shelf life, and higher vitamin C content
compared to fruits kept in an open tray [100]. An extensive overview on the influence of MAP on bell pepper was presented below
(Table 5). The use of MAP in conjunction with low temperatures is critical for lowering respiration rates and other metabolic processes
that might degrade fruit quality during postharvest storage and shelf life [4]. However, the advantages of this method are lost when the
package is opened, and also, different items require different gas formulations [102].

4.2.6. Elicitors

Elicitors are substances that can trigger the plant’s defense mechanisms against diseases. Elicitors may be biological, chemical or
physical and may induce local acquired resistance, systemic acquired resistance or induced systemic resistance [108]. The mechanism
of elicitor action in fruits and vegetables preservation involves the activation of the plant’s defense responses. This, in turn, results in
the production of various defense molecules, such as phytochemicals, antioxidants, and enzymes, which help to protect the fruits and
vegetables from microbial and oxidative degradation. Several studies have investigated the use of elicitors in the control of postharvest
diseases in bell peppers. For example [109], reported that the application of mixed of Jasmonic acid, hydrogen peroxide, and chitosan
to fruits and plants of bell pepper induced an increase in bioactive compounds in mature sweet bell peppers. Similarly [110], reported
that the application of combined salicylic acid and Hydrogen peroxide elicitor were capable to improve sensory quality and shelf life of
bell peppers. Overall, the use of elicitors as a natural alternative to chemical fungicides shows potential in the control of postharvest
diseases in bell peppers. Further studies are needed to optimize the application methods and concentrations of the elicitors and to
assess their safety for human consumption. Researchers can also explore the potential of integrating elicitors with other management
strategies, such as biological control agents and cultural practices, to enhance the overall effectiveness of pest and disease
management.

4.3. Biological and botanical treatments

Due to growing concerns on the health effects of chemical residues, biological and botanical treatments are becoming an alternative
to chemical treatments. The use of biological and botanical treatments offers many advantages such as reduced health risk, non-

Table 4

Influenced of ozone treatment on bell pepper’s fruit quality.
Concentration Key findings Reference
2 ppm respiration rate suppressed, weight losses decreased, and green color of peppers maintained [93]
3mgL™! fungicide residues efficiently removed and quality of the fruit preserved [97]
1-3 mg/L microbial load reduced, ascorbic acid, firmness, color and overall acceptability retained [98]
1, 3,5,7, and 9 ppm ascorbic acid content was increased, disease incidence was reduced and Physico-chemical quality maintained [99]
0.1 and 0.3 pmol mol—1 Sugars and phenolics content Increased, vitamin C content enhanced, and total phenolics content increased [90]
0.45, 0.9 and 2 pmol mol—1 disease incidence, antioxidant activity and weight loss during storage reduced, firmness improved [11]
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Table 5

Bell pepper fruit quality as influenced by MAP.
Storage condition Atmospheric condition Key findings Reference
22°C Not reported reduced weight loss and retained pericarp firmness [103]
50C 10% 02 and 45% CO2 Retained quality characteristics [104]
20 °C Not reported ameliorate internal fruit rot development during post-harvest storage [37]
95 + 5% RHand 10 + 1 °C 5% 02 + 5% CO2 maintained the physicochemical quality [105]
5,10, and 15 °Cand RH of 85 + 5%  4.8% O, and 7.1% CO,  Retarded senescence & extended the shelf life. [106]
10°C and 5°C Not reported There is better visual fruits quality with less leaked juice and higher firmness  [107]

environmentally persistent, site specific action, cost effective and less prone to resistance [111]. The biological postharvest man-
agement involves the use of living organisms such as bacteria, fungi, and yeasts to control the growth of harmful microorganisms. For
instance, Compost bacteria provide antifungal activity against grey mold andAlternaria rot on bell pepper fruit [112]. Likewise, olive
oil mill wastewater was reported to inhibits the growth of B. cinerea mycelium and significantly decreased fungus mold formation in
red bell pepper [113]. Similarly, isolates of three Bacillus spp. Has also reported to inhibit P. capsicimycelial growth invitro bell pepper
fruits [114].

The botanical postharvest management involves the use of plant-derived substances such as essential oils and plant extracts to
control pests and diseases. Numerous plant oils and extracts have been developed as bio-fungicides as a result of a strong desire to find
chemicals that are safe for people and the environment [26]. Essential oils are plant extracts produced by aromatic plants as secondary
metabolites that have potent antifungal and antioxidant properties [115]. A unique method for making up for biopolymers’ unstable
and volatile properties and enhancing coating functionality is to add essential oils and plant extracts to them [116]. Essential oils have
been researched widely for activity against Black mold disease and other pathogens in Bell pepper. “Hinokitiol” which is an oil extract
from Japanese Cyprus, provided prevention against grey mold on bell peppers that were dipped in a solution at 750 pL/L [117]. Vapors
from sage essential oils lowered postharvest pepper rot [118]. Clove and olive oil [0.125-0.5%] have also been investigated and found
to reduce fungal growth on bell peppers when applied as a pre-harvest spray [119]. Compost water extracts and olive oil mill
wastewater are examples of natural agricultural byproducts that can suppress pepper grey mold, although formulations must be
improved for practical application [26]. In general, the usage of agrochemicals and other synthetic substances for postharvest fruit
disease prevention can be decreased with the promotion of plant extracts and essential oils due to their numerous benefits [6].

4.4. Non-destructive technologies

4.4.1. UV irradiation

UV Irradiation is a non-thermal innovation that has a wavelength of 190-280 nm [120]. UV Irradiation exposes food to radiant
energy from rays and e-beam (high-energy electrons) that penetrate substances and disrupt chemical bonds, including the DNA of
living organisms. Postharvest irradiation is used to improve fruit quality and increase the storage life of fresh food commodities [4].
Numerous investigations have been recently made on the effect of irradiation on bell peppers (Table 6), and this technique has proven
to be effective [121]. investigated the effects of UV-C irradiation on postharvest characteristics and bioactive compounds of yellow
capsicum during refrigerated storage and found that UV-C illumination at 6.6 kJ m-2 had the best outcome in keeping the firmness and
limiting weight loss and electrolyte leakage throughout storage. UV-C and UV-B enhanced biosynthesis of flavonoids and carotenes in
bell peppers (Fig. 3) [122]. Chilling damage is a catastrophic postharvest condition that can arise following low-temperature storage
and cause fruit to be downgraded or rejected in the market [123]. investigated the effect of UV-C on bell pepper chilling damage and
found that brief UV-C treatments can lower the incidence and severity of bell pepper chilling injury. The pace at which microbiological
activity such as bacteria develops in the food is also a major indicator of food quality during storage. UV-C irradiation reduced the
number of mesophile bacteria and molds but had no effect on bell pepper acidity or sugars [13]. It is notable that the primary
mechanism of irradiation technology for the treatment of postharvest diseases is the development of fruit resistance and the pene-
tration of phytopathogen cell components [6]. However, fruit’s sensory and edible properties could be harmed by unregulated and
repeated usage of this treatment. Additionally, repeated exposure to radiation may weaken its impact on infections due to the
emergence of resistant strains [124].

Table 6
Effects of UV irradiation bell pepper postharvest quality.
Treatments  Formulation Key findings Reference
Uv-C 6 kJm— 2 biosynthesis of carotenes and flavonoids in bell peppers enhanced [122]
UV-B 6 kJ m— 2 biosynthesis of carotenes and flavonoids enhanced [122]
UV-B 9kJm 2 Total antioxidant capacity [TAC] increased [125]
UV-C 3 and 5 min at 254 nm changes in titratable acidity [TA], firmness, levels of ascorbic acid, fruit color development, and [126]
soluble solids content [SSC] delayed
Uv-C 0,1, 3,5, 10, and 20 min at Rhizopusand decay reduced in all cultivars [127]
254 nm
108 + 10 mW cm 2
Uv-C 1.3, 2.4, and 3.6 kJ.m-2 storage decays controlled [128]
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Harvest Washed UV Treatment

17.5 cm @ @o @ CTRL: NO UV
UVC: 6 KT m?2 UV-C

UVE: 6 kI m? UV-B
17.5 cm UVE+C: 6 kT m? UV-B + 6 kI m? UV-C

7°C + 18°C

Fig. 3. UV Irradiation Schematic representation of an experimental design for bell pepper [122].

4.4.2. Pulse electric field (PEF)

Another new storage method that is widely employed in the preservation of food and microbial inactivation is the pulsed electric
field [129]. It is a non-thermal technique that involves passing brief high-voltage pulses across a food product [usually in semi-solid to
liquid form] between two electrodes [130]. PEF technology has been widely researched as a food preservation method [131]. The
usage of PEF has been connected to a reduction in the rate of respiration as well as the conservation of nutritional quality traits such as
antioxidants & ascorbic acid [129]. The application of very brief, high-voltage pulses to food put between electrodes causes elec-
troporation, which results in the development of new and expansion of existing membrane holes, rupture of the cell membrane, and
intracellular content leakage [132]. PEF treatment with fluences greater than 4 J/cm2 has been proven to be effective in decon-
taminating red bell peppers without affecting their chemical qualities [12]. PEF, or a combination of PEF and ultrasounds [US], also
suppresses the bioactive component in bell pepper and improves its quality [133]. PEF is also capable of retaining the chemical content
of fruits. Freeze-dried bell pepper exposed to non-thermal pretreatment had greater vitamin C carotenoids content and total phenolic
more than blanched material [134]. The mechanism of action in postharvest bell pepper disease control has not been well understood
due to limited studies [6]. However, the current challenges of this technology include high capital cost, Inefficient in spore inacti-
vation, Unavailability of commercial units in many regions of the world, presence of bubbles may lead to non-uniform treatment as
well as operational problems, and limited economic and engineering studies for up-scaled continuous [135].

4.5. Artificial Intelligence as postharvest technology for bell pepper

In recent years, the integration of Artificial Intelligence (AI) in various agricultural processes has shown great potential for
revolutionizing the way we grow, harvest, and store crops. One area where Al can make a significant impact is postharvest storage and
management of crops. With the help of Al-powered tools and techniques, farmers and agribusinesses can optimize their postharvest
management processes to minimize losses, improve crop quality, and reduce waste. Lately, the application of Al as bell pepper’s
postharvest practices has attracted some interests in the field of research. For instance, [136], reported “visible to near-infrared”
(VIS-NIR) hyperspectral imaging as a reliable option for identifying early incidence of Chilling injury in bell pepper fruits [137], also
applied Image Features and Machine Learning in distinguishing fresh and lacto-fermented red bell pepper samples. Grading and
sorting are essential processes in postharvest handling of bell peppers. Traditional methods are time-consuming and labor-intensive.
Al-based systems have been developed to automate these processes, leading to increased efficiency and accuracy. Machine Vision
intelligent modelling have been applied to grade bell peppers based on their sizes and colors [138]. Similarly [139], also develop an
in-line sorting system using a deep convolutional neural network (DCNN) for grading bell peppers based on maturity stage and size.
Likewise, red and yellow sweet peppers were classified into immature and mature classes on the basis of color and morphological
features using machine learning algorithms [140]. Nevertheless, Al is an emerging technology for postharvest management, thus,
studies on the application of Al in postharvest practices of bell pepper are still very scanty. Future studies are still highly required in
this area.
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3. Conclusion and recommendations

Bell pepper is an important crop that suffers significant postharvest losses, but recent advancements in postharvest technology offer
solutions to these challenges. This review paper provides an overview of the effects of recent and emerging postharvest techniques to
preserve the high nutritional value and safety of bell pepper fruits. The use of non-chemical techniques such as modified atmosphere
packaging, hot water treatment, edible coatings and others have shown promising results in improving the shelf life of bell pepper. The
literature also provides exciting findings on non-destructive technologies such as Pulse electric field and UV radiation. However, while
the use of such postharvest treatment has yielded exciting results, their commercial adoption is still falling short. Machine learning and
other Al tools such as hyperspectral imaging, deep convolutional neural network are emerging postharvest technology that have
display impressive findings for bell pepper with great future potentials.

Overall, while those postharvest techniques have yielded amazing results for bell peppers, some crucial observations and rec-
ommendations have been pointed out regarding their prospect applications in the following paragraphs.

> Recent investigations of these postharvest techniques on bell peppers were mainly based on a laboratory scale. More investigations
are therefore needed to be piloted commercially in order to gather adequate information regarding their commercial viability.

> The mechanism of some of these postharvest techniques are not yet understood well. Further researches are needed to deeply
investigate the mechanisms underlying their resistance to diseases. This will enhance the knowledge on their formulation, opti-
mization, and application.

> Though utilization of a single treatment techniques has shown some positive results, however, as reported by various researchers,
combination of some of these techniques often yield a more effective result. Thus, researchers should explore the potential of
integrating these postharvest technologies with one another or with other proven methods to enhance their overall effectiveness on
bell pepper disease control.

> Further research is needed to better understand the potential health risks associated with the use of nanoparticles in food systems,
including Nano-based formulations for bell peppers. This can help inform the development of safer and more effective nanoparticle
formulations.

> Since the internal fruit rot disease often attack bell pepper before the harvest, it is highly recommended that more researches should
be focused on the use of non-destructive technologies such as X-ray radiography and VIS/NIR spectroscopy which can detect
diseases in real-time mode, in order sort out this disease in bell pepper fruit before storage.
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