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Preface

Producers worldwide devote significant resources to cultivating crops, with the 
laudable intention of feeding the world’s population. A troubling reality, however, 
is that before they reach customers, almost one-third of these products are lost due 
to postharvest losses. The food supply and agricultural sustainability are seriously 
threatened by this worrying situation, necessitating immediate action to address 
this pressing problem. This edited book, New Advances in Postharvest Technology, was 
painstakingly created in answer to this challenge to share thorough and contemporary 
knowledge on the physiology of postharvest losses and the most recent technological 
developments in postharvest systems.

This book is essential because it places a focus on sustainable practices that can reduce 
postharvest losses while maintaining the inherent freshness and nutritional benefits 
of fresh fruits and vegetables. The need for wholesome food is increasing as a result of 
changing dietary habits and worldwide population expansion. Adopting eco-friendly 
treatments and creative handling techniques that not only reduce post-harvest losses 
but also support food security and improve the livelihoods of smallholder farmers 
become crucial.

Written by experts in postharvest technology from around the world, this book  is 
thoughtfully organized into three sections, each of which focuses on a different aspect 
of environmentally friendly applications and current advancements in postharvest 
management techniques.

A variety of cutting-edge strategies are explored in Section 1, “Eco-Friendly 
Applications in Postharvest Handling”, with the goal of reducing postharvest losses 
and improving the nutritional value of fresh fruit. This section’s chapters examine the 
possibility of extending shelf life and maintaining quality using green technologies, 
enhanced fruit coatings, and innovative postharvest treatments. A closer look at the 
volatile organic chemicals these microorganisms create reveals their importance in 
the control of fruit postharvest illnesses. Additionally, a thorough investigation of the 
use of phyto-hormones, growth regulators, and calcium in both pre and postharvest 
phases sheds light on their favorable effects on fruit quality and storage life.

In Section 2, “Recent Developments in Handling Practices”, handling practices that 
have revolutionized postharvest management are thoroughly discussed. This section’s 
chapters explore a wide range of subjects, from creative ways to use post-harvest 
losses in feed production to an investigation of pre and postharvest elements that 
have a significant impact on the quality of harvested produce. The importance of 
suitable postharvest technologies for biofortified crops is also highlighted, with a 
focus on the part these technologies play in value addition, micronutrient retention, 
and improved utilization of biofortified crops. With a focus on the Indian context, 
a thorough review of food safety traceability systems indicates their crucial impor-
tance in preserving the integrity of postharvest systems. The section also provides a 
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thorough summary of current advancements in the postharvest use of light-emitting 
diodes (LEDs) in horticulture, emphasizing how this technology has the potential to 
completely change the industry. Furthermore, the chapter on 1-MCP (1-methylcyclo-
propene) preharvest application provides insights into its effectiveness in enhancing 
postharvest fruit quality and extending shelf life.

The emphasis is narrowed to just a few fruits, specifically pomegranates and several 
Prunus species, in Section 3, “Special Considerations for Selected Fruits”. The chapters 
in this section explore the postharvest fungal infections that damage pomegranates 
and the cutting-edge techniques used to control them. Moreover, the difficulties 
encountered in preserving the quality of Prunus spp. during postharvest handling 
are examined, along with potential futures that provide creative solutions for these 
difficulties. Additionally, the impact of pre and postharvest treatments on the protein 
patterns and storage behavior of date palm fruit is examined, offering important 
insights for improving postharvest storage conditions. Finally, a thought-provoking 
study on Ugandan smallholder maize farmers’ storage practices highlights the need 
for better storage methods to ensure food security, a problem that is felt all over the 
world.

The authors’ collective efforts have resulted in a thorough body of information that is 
both understandable and illuminating. Each chapter highlights the authors’ expertise. 
This book makes a substantial contribution to the subject of postharvest technology 
and provides scholars, practitioners, and other interested parties with a useful tool 
for managing fresh fruit sustainably. I sincerely thank each one of the chapter authors 
who made a significant contribution to the creation of this book. This volume is a 
monument to the developments in postharvest technology thanks to their commit-
ment and intellectual insights, which have enhanced the contents. 

As the book’s editor, I hope that it will act as a guiding light for future study and 
invention to address the problems caused by postharvest losses. I hope that this 
volume will reignite interest and collaboration among various stakeholders, resulting 
in more environmentally friendly practices and a decline in postharvest losses around 
the world.

İbrahim Kahramanoğlu
European University of Lefke,
 Department of Horticulture,

Gemikonağı, Northern Cyprus, Turkey
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Chapter 1

Green Technology for Reducing 
Postharvest Losses and Improving 
the Nutritional Quality of Fresh 
Horticultural Produce
Apiradee Uthairatanakij, Natta Laohakunjit, 
Pongphen Jitareerat, Chalida Cholmaitri and John Golding

Abstract

Fresh fruits and vegetables provide essential nutrition to the diet, and it is critical 
to maintain product quality and nutrition from harvest through to the consumer. 
Fresh fruit and vegetables are still ‘alive’ even after detached from the plants and 
continue to respire. Besides, the climacteric fruits ripen after harvest. Therefore, it 
is important to manage the ripening process and prevent decay to reduce posthar-
vest losses. In addition, foodborne illnesses are a major public health concern, and 
postharvest practices to improve food safety are essential. While traditional post-
harvest technologies such as synthetic chemicals have been effective at controlling 
postharvest decay and maintaining fruit quality during storage, there is an urgent 
need to develop alternative ‘green technologies’ to maintain product quality through 
to the consumer. Many new innovative green postharvest technologies are being 
developed to delay ripening, reduce pathogenic microorganisms, maintain freshness, 
and improve nutrition. This chapter discusses some new innovative green postharvest 
technologies such as the application of edible coatings and films, light emitting diode 
(LED), ultrasound, UVC irradiation, and plasma technology, which have been shown 
to reduce postharvest losses and improve the nutritional quality of fresh produce.

Keywords: eco-friendly technology, food waste, food safety, nutritional quality, 
postharvest losses, sanitizing

1. Introduction

Fresh produce including fruits and vegetables are perishable crops. The major 
problems are quality degradation, microbial spoilage, and postharvest disease infec-
tion, resulting in quality and nutritional losses and short storage life. Postharvest 
handling is a crucial step to maintain the quality of fresh produces. However, applying 
chemical treatments to reduce microbial growth and inhibit postharvest diseases may 
cause chemical residue when it is overused, and chemical methods cannot apply to 
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organic produce. Therefore, using postharvest green technology such as ultrasound, 
light emitting diode (LED), edible coatings, UVC irradiation, and plasma technology 
to reduce postharvest losses and improve the nutritional quality of fresh horticultural 
produce may be taken into consideration as an alternative treatment for applying after 
harvest.

2. Edible coatings and films

2.1 Edible coatings

Edible coatings are a thin layer (˂0.3 mm) of biodegradable materials wrapped or 
coated around the surface of fruits which act as a barrier for the exchange of moisture 
and gases between fruits and the surrounding environment which can then delay 
fruit respiration, ethylene production, and slow down microbial growth [1–3]. Edible 
coatings are commonly classified into three main groups. Lipid-based materials (such 
as fatty acids and waxes), protein-based materials (such as zein, casein, whey protein, 
soy protein, egg albumin, and gelatin), and polysaccharide-based materials (such as 
starch, cellulose, chitosan, alginate, and gums) or mixtures of them [4]. These edible 
coatings are considered ‘green technologies’ which are simple, safe, and eco-friendly 
and can be applied in liquid form by dipping, spraying, or brushing. The fundamental 
characteristics of edible coatings are that they must be food-safe, tasteless, odorless, 
and flexible [5]. Water loss from harvested fruit and vegetables is primarily through 
transpiration. Edible coatings have been widely reported to reduce weight loss in a 
range of fruit and vegetables such as sweet cherries, peaches, and plums [6–8]. Edible 
coatings primarily reduce quality losses by creating a semipermeable gas barrier 
around the product to restrict transpiration and regulate gaseous (O2 and CO2) 
exchange between the internal atmosphere of fruits and the external environment [9]. 
Therefore, edible coatings can enhance shelf life by decreasing weight loss, retarding 
physicochemical changes, and delaying fruit ripening. Hong et al. [10] reported that 
the use of 2% chitosan in coating guava fruits reduced weight loss, delayed changes 
in total soluble solids (TSS) and titratable acidity (TA), and maintained firmness 
during 12 days of storage at 11°C. Green pepper fruit coated with 2% chitosan exhib-
ited a reduction of weight loss and extend postharvest life for 16 days at 12°C [11]. 
Similarly, Mandal et al. [12] found that 2% chitosan coatings on mango fruits reduced 
weight loss, remained green of color peel, and increased the shelf life compared to 
the untreated fruit at room temperature. Moreover, the application of 1% chitosan 
also delayed changes in weight loss, TSS, TA, and external color compared to the 
untreated fruit [13]. In addition, Ruelas-Chacon et al. [14] suggested that guar gum 
(1.5%) coating had great potential in reducing the respiration rate of tomatoes. Li et 
al. [15] reported that 1% peach gum polysaccharides coating on the surface of cherry 
tomatoes decreased weight loss, reduced respiration rate, maintained firmness, and 
extended the shelf life of cherry tomatoes. Similarly, sweet cherry coated with 5% 
alginate reduced respiration rate and higher in fruit firmness and TA compared to 
untreated fruit [16]. Ratra et al. [17] reported that aloe vera gel (50%) reduced weight 
loss, lower the respiration rate, and increased the shelf life of bananas. Moreover, 
other research confirmed that sweet cherry, pineapple, and apple benefited from aloe 
vera coating with significantly lower weight loss and delayed fruit ripening [18–20]. 
In addition, ‘Alberta’ peaches coated with methyl cellulose and sodium alginate 
reduced respiration rate by 62% and 68%, respectively, during storage at 15°C [21]. 
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The mixture of high concentrations of chitosan and low concentrations of glycerol 
has been reported to decrease the respiration rate and delay the ripening of coated 
tomatoes [22]. Duong et al. [23] demonstrated that sodium alginate solution mixed 
with 40 mL L−1 calcium chloride (CaCl2) significantly reduced the weight loss and 
respiration rate of the rose apple for 10 days at 13°C, while Mandal et al. [24] reported 
that 3% carboxymethyl cellulose blended with 2% chitosan and wax extended the 
shelf life of tomato for 24 days at 20–25°C by delaying the ripening process. These 
numerous examples clearly demonstrate the application of ‘green’ edible coatings to 
improve the shelf life of fresh produce and minimize postharvest losses.

2.2 Edible films

Edible films are usually prepared by dissolving in water, alcohol, or a mixture of 
solvents. A plasticizer is often added to the solution in order to improve flexibility 
and elasticity of film. Other additives, such as antimicrobial agents, colors, and flavor 
can be added to the solution to create specific film properties and functionality [25]. 
Polysaccharide-based edible films such as carrageenan and chitosan can be used as 
a strong barrier to non-polar aroma compounds, reducing aroma loss and oxidation 
[26]. Hydrocolloid-based edible films such as alginate and carboxymethylcellulose 
(CMC) have the potential to prevent moisture losses [27]. Another essential factor to 
contemplate for selecting edible film material is the ability to serve as an effective car-
rier for antimicrobials. Edible chitosan film combined with bioactive compounds and 
essential oils allowed for the reduction of Escherichia coli and Listeria monocytogenes 
and the enhancement of the overall quality of broccoli [28]. Pullulan-based edible 
films combined with antibrowning and antimicrobial agents prevented enzymatic 
browning, delayed tissue softening, decreased weight loss, reduced respiration rates, 
and inhibited the growth of microorganisms in fresh-cut apples [29]. Although edible 
coatings and films are not replacing conventional packaging completely, they can be 
used as alternative packaging. Edible films do not only decrease the postharvest losses 
but also reduce the environmental pollution in long term.

3. Light emitting diode (LED)

3.1 LEDs induce phytonutrients in fresh produces

Light is an important environmental factor that influences plant growth and 
development, as it offers both the source of energy for photosynthesis and the signal 
for a wide range of physiological and biochemical processes. LED technology can 
produce monochromatic light within a narrow wavelength between 400 nm and 
700 nm, where LEDs of different wavelengths (such as red, blue, green, and white 
light) can trigger different responses in plants. The blue and red LED lights are the 
most effective wavelengths for plant photosynthesis, while yellow and green light 
have a negligible effect because the absorption spectra of the photosynthetic pigments 
mainly target blue (400–500 nm) and red (600–700 nm) light spectra [30]. While 
LEDs are used widely in protected cropping, LED lights are becoming widely studied 
for their postharvest applications to extend the shelf life and maintain the posthar-
vest quality of fresh produce due to their wavelength specificity, long lifespan, low 
thermal energy, and non-toxicity [31]. The quality of light has been shown to affect 
the accumulation of phytonutrients and enhance the levels of phytonutrients in plants 
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[32]. Ambient light supplemented with blue, red, green, or blue: red LEDs enhanced 
the total phenolics, flavonoids, anthocyanins, lycopene, α-tocopherol, and other 
compounds in several fruits and vegetables (Table 1).

LEDs’ role in the induction of bioactive compound production in plants seems to 
be associated with phenylalanine ammonia-lyase (PAL) enzyme, which is engaged in 
the initial step of the phenylpropanoid pathway [45]. It has previously been reported 
that LED increased accumulation of primary metabolites in plants and induced the 
suppression of the translocation of photosynthetic products. LEDs also affect the 
signal transduction pathways by inducing the production of secondary metabolites 
in plants [46]. LED lights have a significant effect on the accumulation of phyto-
nutrients and therefore could be used as an alternative technique for enhancing the 
quantity and quality of the phytonutrient profiles linked to nutrition and human 
health. However, the use of single- or combination-spectral light ratios may vary 
effect depending on the plant species or cultivars [47]. Therefore, more investigation 
is required to establish the spectrum qualities that make the best choice for enhancing 
the phytonutrient properties of fresh produce.

3.2 LEDs induce disease resistance in fresh produces

Nowadays, LEDs are becoming increasingly popular as a practical tool for protect-
ing fruits from pathogen attacks. The specific wavelengths of light, especially red and 

LED light Light conditions Fresh produces Phytonutrients References

470 nm, 40 W m−2 Strawberry Total phenolics and 
anthocyanins

[33, 34]

525 nm, 20 W m−2 Broccoli Total phenolics [35]

Blue 436 nm, 1.52 W ‘Dongdori’ 
cabbage

Total phenolics, 
chlorophyll, and 
vitamin C

[36]

400–500 nm, 
80 μmol m−2 s −1

Purple pepper Anthocyanins [37]

625 nm, 12 W Table grapes Total phenolics and 
flavonoids

[38]

663 nm, 1 W Cherry tomato Lycopene and 
β-carotene

[39]

Red 638–nm and 665–nm, 
210 μmol m−2 s−1

Basil and parsley 
microgreens

Total phenolics, 
α-tocopherol, and 
vitamin C

[40]

Green 510 nm, 
30 μmol m−2 s−1

Baby leaf lettuce α-Carotene and 
anthocyanins

[41]

52 μmol m−2 s−1 Chinese cabbage Total polyphenols 
and total flavonoids

[42]

Blue:red Blue (30%) and red 
(70%)

Eggplant Phenolic acid, 
chlorogenic acid, and 
gallic acid

[43]

2016 kJ m−2, 16 h Carrot sprouts Carotenoids [44]

Table 1. 
Effect of LEDs in inducing the levels of phytonutrients on fresh produces.
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blue LEDs, can induce disease resistance in plants against a wide range of microorgan-
isms (Table 2). The mechanism of LED inactivation against pathogens is direct dam-
age to DNA and cell membrane caused by reactive oxygen species (ROS) produced 
by LED light [54]. Blue light enhanced the production of phytoalexin scoparone thus, 
preventing the postharvest decay caused by Penicillium digitatum and P. italicum in 
citrus fruits [55]. Moreover, it was also reported that blue light stimulated the forma-
tion of phospholipase A2 and octanal, which resulted in a reduction of P. digitatum 
and P. italicum activities [50]. Red light inhibited disease development by increasing 
the expression of defense-related genes and promoting the production of phytoalexin 
stilbenenic [56]. LED lights affect the preservation of fresh produce after harvest 
by a dual effect; 1) the inhibition of microbial growth and 2) stimulation of plant 
defense responses. Therefore, further investigation is required to truly understand the 
mechanism, which may potentially lead to the development of LEDs that are effective 
tools for reducing postharvest disease.

4. Ultrasound

Treatment of fruit and vegetables with ultrasound is a relatively new method 
of maintaining fruit and vegetable quality after harvest. Ultrasound is a type of 
vibrational energy in the frequency above 20 kHz, which is higher than the range of 
human hearing. Based on the frequencies, ultrasound waves are divided into three 
categories, including diagnostic ultrasound (1–500 MHz), high-frequency ultrasound 
(100 kHz–1 MHz), and low-frequency ultrasound (20–100 kHz). The applications 
of ultrasound are classified into low and high energy depending on the sound power 
(W), sound intensity (W m−2), or sound energy density (W s m−3). High-energy 
ultrasound with low frequencies (20–100 kHz) refers to as ‘power ultrasound,’ which 
is widely used in the food industry to preserve food quality and provide food safety 

LED light Light conditions Fresh produces Effect on disease References

200 μmol m−2 s−1 Lettuce Induced resistance 
against gray mold by 
Botrytis cinerea

[48]

Blue 50–150 μmol m−2 s−1 Tomato Induced resistance 
against gray mold by B. 
cinerea

[49]

40 μmol m−2 s−1 Tangerine Induced resistance 
against P. digitatum

[50]

8 μmol m−2 s−1 Mandarin Induced resistance 
against P. italicum

[51]

Red 287 μ W cm −2 Bell pepper Induced resistance 
against Phytophthora 
capsici

[52]

80 μmol m−2 s−1 Grapevine leaves Induced resistance 
against gray mold by B. 
cinerea

[53]

Table 2. 
Effect of LEDs in the inducing disease resistance in fresh produces.
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[57]. The principle of ultrasound on microbial inactivation is to produce a cavitation 
phenomenon through the liquid medium. During the sonication process, longitudinal 
ultrasound waves pass through liquid media and produce alternating regions of com-
pression and rarefaction to promote the cavitation phenomenon. A certain amount of 
gas can be trapped in cavities and form cavitation bubbles in the regions of different 
pressure. During rarefaction, the negative pressure increases the bubble volume, 
while the positive pressure decreases the bubble volume as the sound wave changes to 
compression. During treatment, very localized high temperatures (5500 K) and pres-
sures (up to 50–100 MPa) are created by shock waves, which also accelerate bubble 
collapse. When the bubble collapses, the breakdown of water molecules inside the 
bubble explosion produces free radicals such as hydrogen atoms [H+] and hydroxyl 
radicals [OH−]. Hydrogen peroxide [H2O2] is formed when OH radicals combine with 
water [H2O], which is a cause of disruption of the cell wall, thus inhibiting the growth 
of microorganisms [58].

Microbial spoilage is a major cause of postharvest waste and is caused by fungi, 
bacteria, yeast, and molds. Fresh produces are normally protected from microbial 
attack by using synthetic chemicals, but the application of green technologies such 
as ultrasound also reduce postharvest losses. Cao et al. [59] reported that ultrasound 
treatment at 40 kHz and 250 W for 10 min could be applied to reduce mesophilic 
aerobic mold and yeast by 1.49 log CFU g−1 and 1.73 log CFU g−1, respectively, and 
maintain the quality of strawberry at 5°C for 8 days. Birmpa et al. [60] reported that 
ultrasound treatment at 37 kHz and 30 W for 45 min was effective in reducing the 
growth of E. coli, Listeria innocua, Salmonella enteritidis, and Staphylococcus aureus 
inoculated on lettuce and strawberries. Similarly, Alexandre et al. [61] showed that 
the number of L. innocua inoculated on red bell pepper was reduced by 1.9 log CFU 
g−1 after being treated with ultrasound treatment at 35 kHz and 350 W for 2 min. 
Gani et al. [62] observed that the use of ultrasound treatment of strawberries at 
33 kHz and 60 W for 40 min contributed to a reduction in the number of bacterial 
from 5.91 to 3.91 log CFU g−1 and yeast and mold from 4.80 to 3.58 log CFU g−1. 
Supapvanich and Kijka [63] demonstrated that the ultrasound treatment at 40 kHz 
and 150 w for 10 min maintained visual appearance, inhibited decay incidence, and 
reduced weight loss of ‘Kim Ju’ guava fruits during storage at 28 ± 1°C for 6 days. 
Furthermore, Guerrero et al. [64] confirmed that ultrasound treatment damages the 
cell wall and membrane integrity of the microbial pathogen. Thus, the ultrasound 
treatment reduces postharvest microbial growth due to cellular disruption by shear 
force or increasing temperature and pressure during bubble collapse, which creates 
hydroxyl radicals and leads to severe cell wall damage [65]. The produced highly reac-
tive radicals can destroy the cell wall and membrane of microorganisms [66], which 
helps in the prevention of postharvest disease in fresh produces.

While ultrasound treatment has been shown to reduce the levels of microbes in 
fruits and vegetables, its application in combination with other green technology 
treatments, such as sanitizers, organic acids, essential oils, and other antimicrobi-
als, has been studied to enhance the efficiency of this technique. For example, Chen 
and Zhu [67] reported that the combination of ultrasound at 40 kHz and 100 W for 
10 min with chlorine dioxide at 40 mg L−1 reduced initial microflora and maintained 
the quality of Japanese plum. Similarly, the population of Salmonella and E. coli O157: 
H7 contaminated on the surface of apples was reduced by 2 and 1.5 log CFU g−1 in 
combination with ultrasound at 170 kHz and chlorine dioxide at 40 mg L−1 for 10 min 
[68]. Sagong et al. [69] observed that the effect of 2% lactic acid, 2% citric acid, and 
2% malic acid combined with ultrasound treatment at 40 kHz for 5 min was effective 
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to reduce E. coli, S. typhimurium, and L. monocytogenes on organic fresh lettuce. Yang 
et al. [70] also reported that the combination of ultrasound at 40 kHz for 10 min 
with salicylic acid mM could reduce blue mold caused by Penicillium expansum in 
peach fruit. Millan-Sango et al. [71] demonstrated that the combined treatment of 
ultrasound at 26 kHz and 200 W for 5 min with thyme essential oil at 0.018% reduced 
Salmonella enterica in lettuce. These examples demonstrate the effectiveness of 
ultrasonic combination treatments to reduce food safety and fruit pathogens; how-
ever, more work is required to optimize these treatments to kill pathogens and have 
minimal effects on product quality.

5. Ultraviolet (UV) radiation

UV radiation is widely used as a microbial sterilizing treatment in a range of 
diverse applications such as the treatment of wastewater, process water, surface 
disinfection, and air disinfection in food processing, packing, pharmaceuticals, and 
hospitals [72, 73]. In the postharvest treatment of fresh produce, UV radiation has 
been used for more than four decades. The main uses of postharvest UV treatments 
in postharvest include the following: (1) its use as defect sorting, that is, separating 
defective fruit (discolored and wounds) from perfect fruit, (2) control of spoilage 
and pathogenic microorganisms (i.e., Alternaria sp., B. cinerea, Colletotrichum sp., 
Lasiodiplodia theobromea, Monilinia sp., Fusarium sp., Rhizopus sp., and Penicillium 
spp.), (3) enhancement of bioactive compounds, (4) delayed fruit ripening and 
senescence, and (5) control of human pathogens (i.e., E. coli, Salmonella, and 
Listeria) that can contaminate fresh produce [72, 73]. However, this review will focus 
on the application of UV-C in the control of plant pathogens that cause postharvest 
diseases and improving the quality of fresh produce. UV radiation is commonly con-
sidered non-ionizing radiation where the wavelength of UV radiation is 100–400 nm, 
and its light region is between X-ray and visible light spectrum. The electromagnetic 
spectrum of UV is commonly divided into three regions: UV-C is a short wavelength 
of 100–280 nm, UV-B is a medium wavelength of 280–315 nm, and UV-A is a long 
wavelength of 315–400 nm [73]. Among these different UV spectra, UV-C shows the 
highest antimicrobial effect [72]. The most efficient wavelength for damaging genetic 
materials (DNA) of microbial and all biological tissues and eliciting antimicrobial 
compounds is 254 nm [72, 74]. Microbial death caused by UV-C is not only by genetic 
material damage but also by the overproduction of ROS, which can oxidize membrane 
lipids and inactivate the activity of cellular enzymes. It has been shown that gram-
negative bacteria are more sensitive than gram-positive bacteria, followed by yeasts 
and eukaryotic organisms [73].

5.1 UV-C treatment in the control of postharvest disease

Postharvest disease is one of the major economic losses of fresh produce where 
the most postharvest diseases are caused by fungi, yeasts, and bacteria. Synthetic 
fungicides are currently used to prevent disease in fresh fruit and vegetables, but 
consumers and regulators are seeking safe and effective alternative treatments to 
manage postharvest decay. Treatments such as UV-C are ideal alternatives to synthetic 
chemicals as it is a physical treatment and does not leave chemical residues [72]. The 
UV-C desired dose required controlling postharvest diseases, and improving produce 
quality is dependent on a range of factors such as the type of produce, maturity stage, 
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cultivar, and harvest season, but generally ranges between 0.2 kJ m−2 and 20 kJ m−2 
[72, 73].

The antimicrobial effect of UV-C treatment on the control of postharvest diseases 
is thought to occur through two different mechanisms: (1) a direct germicidal effect 
on biomolecules of plant pathogens such as nucleic acid, membrane, and proteins 
[75] and (2) via an indirect effect on plant pathogens through the induction of the 
plant defense mechanisms following UV-C treatment such as plant defense enzymes, 
plant pathogenesis-related proteins (PRs), and secondary metabolite accumulation 
(i.e., antimicrobial agents—phenolic compounds and phytoalexins) [73, 76]. The 
limitation of a direct effect of UV-C treatment against pathogens is the low penetra-
tion of this radiation treatment into plant tissue, where only pathogens present on 
the surface can be killed due to the poor penetration ability of UV-C into the tissue 
(only 50–300 nm) [72]. Thus, to get complete coverage fresh produce must be rotated 
during treatment to ensure that all surfaces are exposed to UV-C light.

In general, plant defense responses can be induced by biotic and abiotic elicitors 
such as pathogens, antagonistic microorganisms, chemical treatments, and physical 
treatments like UV-C irradiation. Several studies have shown that UV-C treatment 
can elicit a range of responses such as the accumulation of antimicrobial compounds, 
the increase in the activities of various enzymes associated with plant defense, and 
plant pathogenesis-related proteins (PRs) such as phenylalanine ammonia-lyase 
(PAL), chitinase (CHI), β-1,3 glucanase (GLU), and peroxidase (POD). PAL is the key 
enzyme that plays a role in the biosynthesis of phenolics and other secondary metabo-
lites phytoalexins (phenol), and even salicylic acid, which is a crucial signal molecule 
involved in plant protection from pathogen attack [75, 77]. UV-C radiation has been 
shown to induce plant defense mechanisms in a range of different fresh produce such 
as strawberry [74], pear [75], mangosteen [76], mango [78], peach [79], tomato [80, 
81], and banana [82], thereby extending the shelf life of these fruits.

5.2 UV-C treatment in postharvest nutritional values

UV-C has been shown to affect a range of postharvest quality attributes including 
changes in plant pigments, antioxidants, nutrition, firmness, flavor, and aroma of 
fresh produce. These physiological changes may be desirable or undesirable depend-
ing on the type of produce as these changes directly affect eating quality. UV-C 
treatment has been shown to enhance antioxidant systems for both antioxidant 
compounds and oxidative enzyme activities in various fresh produce pear [75], man-
gosteen [76], mangoes [78], broccoli [83, 84], leaf vegetables [85], garlic [86], pepino 
fruit [87], and tomato [88, 89]. While many studies have shown that UV-C radiation 
treatment can induce many bioactive compounds, but some studies have shown that 
UV-C treatment did not enhance polyphenols, β-carotene, ascorbic acid, chlorophyll 
contents in persimmon and cucumber [90], and total phenolic content, anthocyanin 
compounds, and antioxidant activity in grape [81].

5.3 Combined UV-C treatment with other postharvest technologies

UV-C treatment can combine with other postharvest treatments such as chemi-
cal, physical, and biological treatments to improve postharvest quality. For example, 
Sripong et al. [78] demonstrated that UV-C irradiation (6.16 kJ m−2) combined with 
hot water treatment at 55°C for 5 min significantly reduced the incidence and severity 
of postharvest anthracnose disease development in mango fruit compared with UV-C 
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or hot water treatment alone. The reduction of disease was related to an increase in 
plant defense-related enzyme activities and their related gene expressions. In addi-
tion, the combined treatments could retard fruit ripening by maintaining firmness, 
slowing color change, retarding the increase of total soluble solids, and the decrease 
of titratable acidity (TA). This result could be explained that the treatments may slow 
down the activity of the enzymes associated with plant cell wall degradation and 
the hydrolysis of starch to sugar. The acidity of fruit has been known that it is used 
as a respiratory substrate. Thus, low respiration rate is a cause of slowing down the 
decrease in TA.

5.4 The advantage and disadvantages of UV-C treatment

As a physical treatment to improve the storage life of fruit produce, UV-C treat-
ment has numerous practical advantages that include the following: (1) fast and 
simple handling, (2) low cost and investment, (3) low maintenance, (4) ability to 
operate at low temperatures and not requiring additional water, (5) less space for 
treatment, (6) it is non-ionizing treatment, (7) it is non-thermal technology which 
does not induce heat in the tissue of fresh produce, (8) fewer regulatory restrictions as 
compared to other irradiation methods such as gamma irradiation, and (9) approved 
by food control agencies [72, 78]. However, the disadvantages of UV-C radiation 
include the following: (1) low penetration power, and the potential penetration 
into plant tissue is only 50–300 nm. Thus, only pathogens on the plant surface are 
inactivated after exposure to this radiation, (2) UV-C rays are dangerous a workplace 
health and safety (WHS) issue and can damage the eyes and skin [72]. Thus, during 
UV-C treatment application even on the laboratory scale and a commercial scale, the 
treatment must be conducted with complete protection to all users, (3) generation 
of ozone gas during the operation with UV radiation, particularly at a wavelength 
below 260 nm, will produce ozone gas. Ozone is hazardous to the human health and 
can cause the air pollution in the working atmosphere, and thus, air ventilation or 
treatment may be necessary. The U.S. Environmental Protection Agency (EPA) states 
that the national ambient air quality standard for ozone is 70 ppb for an 8-hour aver-
age [82]. However, activated carbon filters are being used for ozone removal in the 
atmosphere [83, 84]. In summary, UV-C technology is a potential physical treatment 
that has many benefits for the storage of fresh fruit and vegetables. UV-C treatment 
has been shown to induce defense systems within the fruit through the signaling 
molecules and antimicrobial compounds to protect against plant pathogens, improve 
the nutritional quality of some fresh produce, and delay senescence resulting in 
extending the shelf life of fresh fruit and vegetables.

6. Plasma technology

6.1 Types of plasma and plasma generation

Plasma technology is a novel approach to preserving the quality and inactivat-
ing spoilage microorganisms and pathogens of food processes and maintaining 
the postharvest quality of fresh produce. It is an accepted technology for industry 
because of its relatively low input cost [85]. Plasma is commonly known as the fourth 
state of matter, after gases, liquids, and solids. Plasma is quite like a gas than a solid 
or liquid, but its property differs from solid, liquid, and gas [86]. Two major types 
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of plasma are differentiated based on thermodynamics: thermal plasma and non-
thermal plasma (referred to cold plasma, temperature < 60°C) [86–88]. Thus, cold 
plasma (CP) is selected to apply to various foods including fruit and vegetables to 
avoid the loss of nutrition and sensory contributions. CP can be generated by many 
techniques including corona discharge (CD), dielectric barrier discharge (DBD), 
gliding arc discharge (GAD), microplasma, radio frequency (RF) discharge, plasma 
spray, plasma needle, and atmospheric pressure plasma jet [86, 88]. In all plasma 
techniques, the feed gas is required to energize into plasma [88]. CP is commonly 
generated by energizing matter with an electric current (energy), and the solid state 
of matter changes from liquid to gas and finally to a plasma state, respectively. When 
the initial gas is treated with sufficiently high energy, the structure of molecules and 
intra-atomics is broken resulting in the formation of free electrons, neutrals, and 
other reactive ion species. The initial feed-in gas for plasma generation can be either 
a single gas or a mixture of various gases, i.e., carbon dioxide, oxygen, nitrogen, 
argon, neon, helium, or even air [86, 87]. In addition, moisture can be mixed with the 
feed-in gases [88]. The treatment plasma state consists of a mix of excited atoms and 
molecules (ionization), positive and negative charged particles, UV photons, ozone, 
ROS (such as superoxide [O2

−], hydroxyl [OH˙·], hydroperoxyl [HO2]), hydrogen per-
oxide [H2O2]), and reactive nitrogen species (RNS such as nitric oxide [NO], nitrogen 
dioxide [NO2],  dinitrogen pentoxide [N2O5], nitrate anions [NO3

−], and nitrite anions 
[NO2

−]) [86–88].
Sufficient concentrations of the plasma compositions in the environment 

(atmosphere or liquid plasma) have been shown to inactivate microbes such as 
bacteria, fungi, spores, and viruses without hazardous chemical residues [86, 89]. 
CP can be subdivided into non-thermal atmospheric plasma (NTAP) and plasma-
activated water (PAW). PAW is conducted by applying plasma discharge in water 
(plasma generated directly in the water) or on the water surface (plasma generated 
over the water surface) [90, 91]. An increase in many chemically reactive mol-
ecules (reactive oxygen and nitrogen species, RONS) created in PAW is correlated 
with high oxidation-reduction potential (ORP), electrical conductivity (EC), and 
low acidity pH levels [92] that are considered to have high antimicrobial effects. 
However, the use of some oxidizing chemical solutions instead of water for plasma 
generation is called the plasma-activated solution (PAS) and can be used to increase 
the antimicrobial mechanism of the treatment, as indicated by the increases in ORP 
and EC values [92]. ORP, EC, and low pH values provide synergistic inactivation 
effects along with RONS. In addition to anti-microbial effects, CP can significantly 
slow the loss of fresh produce quality deterioration via the slowdown ripening 
and senescence processes, thereby maintaining the nutrition and organoleptically 
appearance [91].

6.2 Mode of action of cold plasma

There are large numbers of studies examining the mechanisms of CP treatment 
against microbes. It is generally thought that the mode of action of CP involves the 
interaction of the active chemical species, radicals, and reactive molecules gener-
ated by CP with microbial cell membranes and cellular functions through lipid 
peroxidation, protein denaturation, and genetically material degradation leading to 
cell damage, pore formation, cell lysis, and cytoplasm shrinkage [85]. However, the 
long lifespan of RONS such as hydrogen peroxide, nitrate, nitrite, and ozone may 
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help maintaining the inactivation effect on microbial for a longer period than short-
lifespan species such as hydroxyl radicals, superoxide, singlet oxygen, nitric oxide, 
peroxynitrite, and peroxynitric [92].

6.3 Cold plasma for food-borne pathogens

There are many studies on application of cold plasma treatment for inhibiting 
food-borne pathogens contamination, postharvest disease infection, and maintain-
ing the quality of fruit and vegetables. For example, the inactivation effects of cold 
plasma on food-borne pathogens have been reported in a large number of produce 
varieties: Salmonella typhimurium in radish sprouts [93], Salmonella stanley and E. coli 
O157: H7 in apples [94], E. coli O157:H7 Salmonella sp., L. monocytogenes in apples, 
cantaloupe, and lettuce [95], etc.

As a case study, the antimicrobial efficiency of PAS treatment on cell structure 
of the food-borne pathogen and the contaminated fresh lettuce was investigated and 
showed that a 3% (v/v) of H2O2 solution treated with DBD plasma and incubated 
with Staphylococcus aureus for 10–30 min resulted in a decrease in the PAS-treated S. 
aureus population, which was correlated with the increase in PAS incubation time. 
Although the cell wall of gram-positive S. aureus is thick, it is composed of a pepti-
doglycan (PG) layer, which is less sensitive to ROS. It is thought that the high ROS 
formation by PAS attacks the PG layer, membrane, and DNA leading to cell death. 
Higher leakage of intracellular components DNA, proteins, and K+ of PAS-treated 
S. aureus were also found in longer incubation time than in short incubation time. 
In vitro tests where soaking lettuce samples with PAS for 10 min have been shown to 
reduce the total bacteria counts by 1.25 log CFUg−1, and this treatment also retained 
the nutrient quality of lettuce, as indicated by the stability of green color and vitamin 
C and chlorophyll contents when compared with the control (deionized water) [96].

6.4 Cold plasma for postharvest quality and disease control

Postharvest decays caused by microbial contamination and infection are the major 
factors of postharvest deterioration. The effects of plasma treatments against vari-
ous postharvest diseases in a range of different fresh produce have been reported. 
For example, the application of CP treatment on postharvest fungal pathogens and 
spoilage fungi has been reviewed in Aspergillus niger in date palm [97], P. italicum in 
Satsuma mandarins [98], P. digitatum in lemon [99], Alternaria alternata, A. niger, 
and P. italicum in wash water from cherries, grapes, and strawberries [100].

PAW treatment for 45 min has been shown to inhibit postharvest decay of kum-
quat fruit caused by Penicillium italicum and maintained the fruit firmness, while 
color, vitamin C, total flavonoid, and carotenoids were not affected by PAW treat-
ment [101]. The results of decontamination of strawberries inside closed packages 
with different gas mixtures (O2, CO2, and N2), and then treated with DBD plasma at 
the ambient temperature had a similar antimicrobial effect to decontaminate total 
aerobic mesophiles and yeasts and molds by 3.0 log reductions. Strawberry fruit 
treated with plasma at high oxygen gas mixtures (65% O2 + 16% N2 + 19% CO2) had 
lower fruit respiration and higher firmness and brightness than plasma treatment at 
a high nitrogen gas mixture (90% N2 + 10% O2) [102]. The quality of the mushroom 
(Agaricus bisporus) after soaking with PAW for 1, 10, and 15 min showed that PAW 
treatment reduced bacterial and fungal contamination by 1.5 and 0.5 log and also 



New Advances in Postharvest Technology

14

delayed the mushroom softening. In addition, mushroom color, pH, and antioxidant 
properties were not affected [103].

The effects of plasma treatment on either postharvest disease inhibition or quality 
maintenance in tropical fruit have been reported. For example, the plasma-activated 
solution (PAS) obtained by treating with a dielectric barrier discharge (DBD) in 
the phosphate buffer showed a decrease in spore germination and spore viability of 
Colletotrichum asianum, a causal agent of mango anthracnose disease. Indeed, the 
incidence of Colletotrichum in PAS-treated mango fruit was 48% lower than in non-
treated fruit. SEM microstructure of the treated Colletotrichum spores showed that 
the subcellular structure was damaged by plasma treatment [104].

Browning of fresh and minimally processed fresh produce is an undesirable 
characteristic that is involved with two major browning enzymes: polyphenol oxidase 
(PPO) and peroxidase (POD). In postharvest trials with treated banana fruit, the PPO 
and POD activities of the atmospheric plasma-treated banana slices were 70% and 
100%, respectively, lower than untreated fruit. In addition, the levels of phytonutri-
ent compounds (total phenol and flavonoid), antioxidant activity, and vitamin B6 
also increased following treatment. However, the plasma treatment produced porous 
structures in the fruit leading to a decrease in hardness [105]. A similar observation 
resulted in other studies with banana slices has shown that CP treatment inactivated 
the enzymatic browning activities (PPO and POD) resulting in low quinones and less 
browning. However, plasma treatment also induced ROS levels in cells and morpho-
logical surface changes (rougher, fissures, and cracks) with the increase in treatment 
time [106].

The shelf life of fruit and vegetables is usually limited by plant pathogens and 
senescence as indicated by their respiration rate. Cold storage and modified atmo-
sphere packaging (MAP) are commercial preservation technologies, which are 
commercially used to prolong the shelf life of fresh produce [107]. The combined 
effect of cold storage, MAP, and plasma treatments on the safety and quality of cherry 
tomatoes has been studied. Cherry tomatoes treated with PAW and packed in the 
polypropylene (with perforated-oriented polypropylene film to generate the equi-
librium MAP condition) and then stored were found to have reduced the microbial 
load on the surface of the tomato, whereas MAP and low storage temperature could 
prevent water loss and maintain the total soluble solids content resulting in shelf life 
extension [108]. However, there is less information about the effect of cold plasma on 
the activation of the natural defense mechanisms in fresh produce, and more work is 
required in this area.

6.5 Advantages and disadvantages of plasma technology

Cold plasma is heat-free technology that is suitable for fresh produce as it 
prevents postharvest losses by inactivating plant pathogens, reducing microbial 
contamination, slowing the loss of freshness and firmness, and delaying nutritional 
losses: vitamins, colors (i.e., chlorophyll, carotenoids, and anthocyanin), various 
phytochemical compounds, antioxidant properties, without no harmful synthetic 
chemical residues [86]. However, the efficiency of cold plasma technology for 
decontamination and quality maintenance is dependent on the variety of gas, gas 
flow rate, and process time of treatment. Undesirable conditions related to these 
factors may provide negative effects such as loss of color, nutrition, and bioactive 
compounds. For example, the decline in brightness (L* value) of strawberry fruit 
treated with atmospheric cold plasma under a high nitrogen environment is probably 
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due to superficial bleaching [102]. The total color difference (ΔE∗) value of the carrot 
slices treated with atmospheric pressure cold plasma treatment is unacceptable and 
may be caused by high oxidation of the surface carotene and the loss of moisture on 
the surface. A major disadvantage of the use of CP is the high investment in a state-
of-the-art cold plasma system [86].

7. Conclusion

Postharvest losses represent economic losses in fresh food supply chains but can 
be drastically reduced and prevented by using appropriate postharvest technolo-
gies. Reducing postharvest losses have the potential to enhance food availability 
and minimize waste. Green postharvest technologies such as those presented above 
including light emitting diodes, edible coatings, and UV can be applied to fresh 
produce to enhance nutritional values and also maintain postharvest quality. In 
addition, the applications of ultrasound, UV-C, and plasma technology could reduce 
postharvest diseases, eliminate microbial contamination, and improve food safety, 
resulting in reducing food loss and food waste. However, there are still many techni-
cal and commercial challenges that need to be overcome to maintain the quality and 
extend the shelf life of fresh produce for modern trade. Each green technology has 
desirable limitations, and thus, using the hurdle approach to improve its effects on 
the optimization of the combined treatments may be a focus of future research for 
industrial application. For example, the application of ultrasound combined with 
UVC may have synergistic effects on microbial reduction. The combined technologies 
including edible coatings/films together with UVC, LED with UVC-LED, or hot water 
treatments with plant extracts or essential oils can be improved bioactive compounds 
and antioxidant activity. More research is needed to provide efficiency and cost-
effectiveness for industry.
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Abstract

Fruits, particularly tropical fruits, have a high moisture content, distinct 
 morphological characteristics, and physiological changes, all of which contribute 
to their high rate of perishability. Nonetheless, their organoleptic and nutritional 
qualities make them one of the most important horticultural products. Fruit coat-
ing, which imitates natural packaging, is a postharvest solution that is practical and 
cost-effective for a variety of applications, including on-shelf display, transportation, 
and storage in support of the supply chain of fruits and vegetables. Gas and moisture 
permeability, microbiological resistance, and esthetic enhancement are the coating 
functions. Using modified materials and procedures, edible coatings for fresh and 
freshly cut fruits are currently being developed. Edible coatings infused with essential 
oils or volatiles may help to prevent disease resistance while also providing consumers 
with a fragrant preference. When considering how to advance fruit coating tech-
nology when agricultural wastes are the primary source of new coating materials, 
composite coatings, nanoparticles, encapsulation, and multiple-layer coatings all 
hold a great deal of promise. Future research may center on the optimal material for 
particular fruits during the logistics phase.

Keywords: edible coating, modified materials, modified techniques, quality 
maintenance, hypoxia, tropical fruits

1. Introduction

Fruits, especially tropical fruits, are highly perishable and quickly lose their 
quality after being picked. Fruit postharvest loss in tropical areas could be up to 50%. 
The high level of physiological changes that occur in fruit is mostly attributable to the 
high level of moisture content [1]. The amount of water that evaporates from fruit 
is a significant factor in determining both the quality of the fruit and the economic 
quantity losses [2]. As a result, packaging that includes coating has the potential to 
successfully limit the loss of water from the fruit that has been stored. On the other 
hand, standard packaging might not be appropriate for certain fruits or environ-
ments. For instance, the sharp spines of a durian can easily puncture the plastic film, 
or the headspace in the package can accumulate condensed water and cause the fruit 
to rot. Edible coatings are a simple kind of fruit packaging that is applied to individual 
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fruits in order to facilitate easier postharvest handling [3]. However, for fruit coating 
to be successful, it is necessary to consider not just different coating processes but also 
the characteristics of the fruit itself.

2. Background related to fruit-based coatings

The extracellular barrier of cuticles protects the plant’s surface and interior from 
environmental stresses. The cuticle, composed of polysaccharides and a lipid matrix 
termed “cutin” [4], can dramatically transform the epidermis’s outer cell wall. Many 
factors are essential determinants of shelf life and storage capacity, including the 
cuticle’s moderating effect on water transpiration, fruit dehydration, and vulnerabil-
ity to rots, pests, and diseases. Fruit cuticles have been proven to be highly responsive 
to environmental factors, and their quality changes even after harvest. When a fruit 
matures, the cuticle grows thicker [5]. Cutin polymers can be formed from long-chain 
fatty acids (C20-C34) but are typically made up of esterified and oxygenated C16 and 
C18 fatty acids [6]. It may also contain trace amounts of glycerol, phenylpropanoids, 
primary and secondary alkanes, alcohols, aldehydes, ketones, etc. [7]. Fatty acids are 
essential for the biosynthesis of cutin and wax, which occurs primarily in chloroplasts 
[8]. The components of wax extracted from the fruit surface of guavas comprise fatty 
acids and primary alcohols as the major components, followed by sterols, n-alkanes, 
and aldehydes. Interestingly, the wax also contains triterpenoids, a natural pesticide 
against insects and pathogenic fungi [9]. Thus, understanding the components and 
function of the cuticle should be useful in improving the coating materials used in 
fresh fruit markets.

Fresh fruits are perishable due to their quick deterioration due to dehydration, 
softening, discoloration, microbiological decay, disorder, and loss of nutrients [1]. 
These properties result from the metabolic processes occurring within the fruit, 
which are accelerated mainly by an improper relative humidity and gas composition 
in the storage atmosphere. High water loss and rapid metabolic changes associated 
with ripening and senescence are the primary causes of fresh fruit deterioration 
after harvest [10–13]. Artificial coatings mimic the protective properties of the fruit’s 
natural cuticle and can postpone ripening and senescence by acting as a barrier to 
water and gases. Currently, edible coatings that are safe for food or handling provide 
a sustainable and effective solution for preserving the high quality of fruit throughout 
the postharvest value chain [3]. It is generally accepted that edible coatings as a type 
of MAP (modified atmosphere packaging) add value to fruits by shielding them 
from contamination, improving their esthetics, and preventing the loss of flavorful 
volatiles during preparation and storage (Figure 1). For the success of a fruit coating 
business, a thorough understanding of fruit characteristics, nature, respiration, and 
transpiration behavior is essential.

2.1 Fruit types

Three distinct fruit categories can be identified based on their floral structure: 
simple fruit, aggregation fruit, and multiple fruit. Some fruits, like the papaya, the 
rose apple, and the chili, have an internal cavity despite having a variety of mor-
phologies. In addition, some fruits produce an inner supplementary tissue called aril 
(mangosteen, durian). Fruits that are either an aggregate (sugar apple, strawberry) 
or multiple fruit (pineapple, jackfruit) are made up of many fruitlets that have fused 
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together. Variations in fruitlet maturation might cause uncertain ripening of the 
entire fruit [14]. Fruit coating could improve the ripening quality of the uncertain 
ripening by maintaining moisture and gas diffusion in the whole fruit.

2.2 Fruit structure/fruit parts

Dermal tissues (peel), cortical tissues (pulp), vascular bundles (veins), seeds, and 
intercellular spaces make up the anatomy of most fruits. The peel consists primarily 
of parenchyma, of which some are transformed into guard cells (Figure 2A) and the 
lenticular opening channel (Figure 2B). Fruit stomata and lenticels are responsible 
for gas and water vapor exchanges, which could be an issue for fruit coating. In 
rambutan (Nephilium lappaceum L.), the epidermal tissues, spinterns, include up to 
100–200 apertures/mm2 of stomata [10] that are constantly open [15]. Thus, stomata 
on spinterns that connect up to 20 groups of vascular bundles in the mesocarp are pri-
marily responsible for moisture loss from rambutan fruit (Figure 2A). Replacement 
of water lost by spinterns with water from the skin [16]. The aril is still edible, despite 
water loss from the pericarp, producing skin withering, spintern drying, and pericarp 
browning (Figure 3).

Vascular bundles (phloem and xylem tissues) are gathered at the fruit’s stylar end 
(peduncle/pedicel) that connects the fruit to the mother plant. In tangerine fruit, the 
vascular bundles start from the stylar end through the albedo mesocarp flavedo under 
the peel (Figure 4). The maturing fruit’s peel is typically covered with the cuticle. 
Consequently, the cut peduncle is where the fruit quickly loses its moisture to the air 
after being harvested. Fruit edible flesh could be derived from the ovary wall, some 
accessory organs (receptacle and petal), or the unique tissue of “aril” covering the 
seed, which comprises a majority of parenchymal cells carrying high water content, 
stored chemicals, and biological metabolisms. Furthermore, in some fruits, there is a 
fruit cavity (papaya, rose apple) or seed cavity (mango, apple) that is a gas container 
in the fruit. The fruit’s intercellular spaces and cavity (Figure 2B) play crucial roles in 
the fruit’s ability to transpire and respire. The gaseous atmosphere in the intercellular 

Figure 1. 
Fruit coating on mature green “Nam Dok Mai” mango during air drying.
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spaces and cavity can be modified depending on the respiration rate and metabolism 
of the cells. The portions of intercellular spaces in several tropical fruits are shown 
in Table 1. Moreover, in fruit cavities, such as papaya, the different varieties exhibit 
varying volumes of cavities [17]. Intercellular spaces are important for cellular modi-
fication under hypoxic conditions [18]. Thus, the higher portion of intercellular air 
spaces is more tolerant to hypoxic conditions caused by fruit coatings. For example, 
apples and rose apples are tolerant to hypoxia from fruit coatings, in contrast to 
tangerines and guavas, which contain tiny intercellular spaces. Excessive CO2 from 
respiration could accumulate in the room to reduce cellular toxicity, or O2 demand 
can be taken from the portions to delay hypoxic cellular conditions. Coating material 
types and concentrations must be carefully considered. An off-flavor may result if a 
wax coating effectively prevents water loss from fruits with few intercellular spaces, 
such as tangerines. Thus, the modulation of the proper coating formula for each fruit 
depends on the fruit characteristics of each cultivar.

Figure 2. 
Anatomical structure of cross-sectioned rambutan fruit showing spintern stomata and vascular bundle networks 
(A) and cross-sectioned papaya fruit showing lenticel and pericarp tissues (B).

Figure 3. 
Fruit pericarps and arils of ordinary fruit (left) and dehydrated fruit (right).
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2.3 Maturity, respiration, and ethylene production characters

Fruits are classified as climacteric or non-climacteric based on their respiratory and 
ethylene production patterns during maturation. The success of fruit coatings depends 
on the fruit’s maturation, transpiration, and respiration rates. After fruit  setting and 
during fruit growth due to cell division, the respiration rate is at its highest; it then 
gradually decreases to its lowest point during the early stage of fruit maturation. 
During ripening, respiration and ethylene production rates in climacteric fruits rise 
sharply, peak, and drop off, while both rates are not apparent in non- climacteric fruits. 
Storage temperatures play important roles in the respiration (Table 2) and ethylene 
production rates of fruits (Table 3) [19]. When fruit is coated with exogenous waxes, 
natural gases, and humidity, exchanges between the fruit and its respective microcli-
mates are disrupted. The respiration, ethylene production, and gas permeability of 
the coated fruit will alter the gas concentrations within the cellular fruit, decreasing 
O2 and increasing CO2 and C2H4. By measuring the concentration of gases in the fruit’s 
intercellular spaces and/or cavity, the fruit gets into an equilibrium of internal gases 
(Figure 5). Ethylene and CO2 accumulation at different levels in “Solo” papaya during 
on-tree ripening [20] are shown in Table 4.

Many tropical fruits, such as mangosteen, longan, longkong, rambutan, durian, 
and salah, contain two parts: the pericarp (peel) and aril (flesh), which individually 
develop during fruit maturation. The aril of some tropical fruits is derived either 
from the funiculus (durian and lychee) or integument (mangosteen and rambutan) 
of the seed [14]. During maturation and ripening, the pericarp and the aril mature 

Figure 4. 
Fruit structure of tangerine fruit when cross-sectioned (left) and longitudinally sectioned (right).

Commodity Total intercellular air spaces (%)

‘Gala’ apple 1.25

‘Klom Sali’ guava 0.24

‘Phet’ rose apple 3.32

‘Khaew Wan’ tangerine 0.42

Table 1. 
Percentages of intercellular spaces in some tropical fruits (own data).
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independently at different levels. Fruits like the mango, whose flesh develops from 
the ovary wall, soften, change color, and release their natural aromas as they ripen 
regularly and consistently. However, the pericarp (dusk) of the durian fruit releases 
most of the climacteric ethylene during whole fruit ripening, which in turn causes the 
aril to ripen. Double climacteric blooming occurs in several cultivars (fruit ripening 
and dehiscence). The respiration and ethylene production rates of durian pulp during 
ripening are much lower than those from the pericarp [21]. The endogenous ethylene 
produced in the husk is required for whole fruit and pulp ripening [22]. Thus, a coat-
ing of fresh-cut durian must undergo proper ripening before husk removal because 
unripe pulp often fails to ripen regularly [23]. Interestingly, stages of maturity are 
crucial for fruit coating. In “Nam Dok Mai” mango, for example, the mature green 
fruit was induced to get anaerobic conditions and produce off flavor at a high concen-
tration of composite coating, but the treated fruit was typical when the ripe fruit was 
coated at the same concentration [24].

3. Basic materials for fruit coatings

After harvesting, coating fruits with shellac or fat-related substances was a frequent 
procedure in the past. Later, fat-based plant extracts from bananas, pineapple leaves, 

Commodity Ethylene production rates (μL⋅kg−1⋅h−1)

13°C 25°C

“Rongrien” rambutan 0.78 0.66

“Monthong” durian 2.40 9.52

Mangosteen 0.22 3.60

“Nam Dok Mai” mango 0.67 —

Longkong 2.19 1.39

“Khao Pan” pummelo 0.026 0.026

Table 3. 
Ethylene production rates of some tropical fruits at 13°C and 25°C (adopted from Kosiyachinda and 
Tansiriyakul [19]).

Commodity Respiration rates (mL CO2⋅kg−1⋅h−1)

13°C 25°C

Max Min Max Min

“Rongrien” rambutan 20.40 — 48.00 —

“Monthong” durian 58.39 6.72 106.05 28.70

Mangosteen — — 20.50 —

“Nam Dok Mai” mango 26.00 11.00 72.50 17.05

Longkong 36.37 — 81.66 —

“Khao Pan” pummelo 4.00 — 9.25 —

Table 2. 
Respiration rates of some tropical fruits at 13°C and 25°C (adopted from Kosiyachinda and Tansiriyakul [19]).
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and carnauba trees were utilized. In contrast, coating materials often consist of a 
single complex molecule that is effective at preventing water loss but has poor gas 
exchange. Therefore, it is vital to understand the composition before searching for an 
acceptable covering. There are three major chemical properties of edible coatings.

3.1 Polysaccharides

The polysaccharide-based coating comes from modified or extracted polysaccharides 
from natural products, typically including many starches from plants (corn, wheat, 
rice, cassava, and potato), glucomannan, galactomannan, inulin, plant cellulose 
and pectin, plant gum, alginate from brown seaweeds, pullulan from the fungus 
Aureobasidium pullulans, and chitosan from shrimp. The edible film made of polysac-
charides is transparent, strong mechanically, and impervious to lipids. From those 

Figure 5. 
Dynamic and metabolism changes in coated fruits and the surroundings.

Ripening stage Concentrations of gases in the fruit cavity

Carbon dioxide (%) Ethylene (μL⋅L−1)

Mature green 1.8 0

Fully ripe 5.5 2.8

Overripe 5.0 2.3

Table 4. 
Internal CO2 and C2H4 concentrations in the fruit cavity of “solo” papaya during fruit ripening (adopted from 
Akamine and Goo [20]).
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materials, chitosan, a plant disease elicitor, has been studied for coating many fruits. 
With stored longans (Dimocarpus longan Lour. cv. “Daw”), chitosan coating at 1.0% 
and 1.5% revealed a delay in pericarp browning and an effective retardant of disease 
growth with less than 4% disease incidence at 4°C [25]. Gac fruit (Momordica cochi-
nchinensis Spreng) at the yellow stage coated with 0.5%, and 1.0% chitosan delayed 
fungal infection and enhanced fruit appearance [26]. Chitosan coatings have been 
successfully used to maintain the quality of many tropical fruits such as pineapple 
[27], banana [28], and papaya [29].

The polysaccharide-based coating is useful for coating freshly cut fruits because 
it can prevent fat remnants from leaking out. However, the constraint of the polysac-
charide coatings is a lack of control over water loss and O2 and CO2 exchanges [30]. 
Moreover, if the logistics of handling fresh produce involve a high-temperature 
fluctuation, or if the fresh produce is immediately removed from the cold storage and 
placed at room temperature, the coating may be in a reversible phase, resulting in 
the peeling of the coating from condensed water droplets on the surface. Researchers 
have attempted to create an edible polysaccharide coating or film using antioxidants 
from plants. Typically, this is done to enhance the physical and chemical properties of 
the film and coating for safe consumption.

3.2 Proteins/oligo peptides

Proteins from plants, animals, and microorganisms are biopolymers that can 
be utilized to make films with tunable physical and functional properties when 
mixed with plasticizers or other components. The proteins such as gelatin, casein, 
collagen, whey proteins, egg white, etc. have been studied. Covalent unions (side 
chain cross-linking) and electrostatic or ionic interactions between protein chains 
contribute to coating formation [31]. Protein films’ mechanical and hydrophobic 
barrier properties, and hence their suitability for food packaging applications, are 
strongly influenced by the final chain contacts and bonds. The major bonding pro-
cesses are controlled by production conditions such as pH, salt addition, heating, 
enzyme action, drying, and reactions to food-grade chemicals [32]. Protein films 
have been enhanced with antimicrobials and antioxidants, among other active 
compounds. Some protein extracts have been studied for fruit coatings. Park et al. 
[33] used a corn-zein coating to delay fruit ripening in tomato fruit, while Avena-
Bustillos et al. [34] used a casein (milk) protein coating to reduce weight loss in 
zucchini. Furthermore, zein and gelatin coatings could delay ripening in mangoes 
stored at 32°C [35].

Although the protein-based coating belongs to the hydrophilic group, the covalent 
cross-links, and electrostatic networks boost the coating’s structural stability, limiting 
the coating’s reversible phase when droplets condense on the surface during logistics.

3.3 Lipids

Fatty acid derivatives, as a significant component of the natural cuticle, play an 
important role in preventing water loss and gas exchanges in fruits. The properties 
of flexibility, hydrophobicity, and cohesion that edible films require are provided 
by lipids [36]. The quality of fruits can be maintained by edible coatings made of 
lipids, which are effective barriers against moisture, O2, and CO2, but not C2H4. 
Edible coatings such as carnauba wax, shellac, bee wax, and some plant oils based 
on lipids can cover fruits and vegetables. Films and edible coatings made from fat 
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have gained appeal due to their functional and nutritional benefits. Shellac and 
carnauba have long been applied to postharvest fruits. Ten percent shellac coating 
prevented fresh weight loss and disease infection, and reduced the respiration and 
ethylene production rates of gac fruit at 25°C storage, while 15% shellac coating led 
to a high accumulation of acetaldehyde since day nine [37]. Shellac and carnauba 
emulsions were coated on “Nova” mandarins (Citrus reticulata) at 20°C storage. 
The carnauba waxes resulted in minor weight loss compared to the uncoated 
control and shellac coating, but shellac-coated fruit showed the highest fruit shine. 
The highest levels of CO2 and the lowest level of O2 were found in shellac-coated 
fruit, resulting in the highest ethanol content in the juice due to induced anaerobic 
respiration [38].

Many lipid-based coatings can provide the best water transpiration prevention due 
mainly to their strong hydrophobic properties, but for fresh produce, the switch from 
aerobic to anaerobic respiration caused by too low O2 and/or high CO2 in the coated 
fruit must be considered. Although long fatty acid derivatives are the most abundant 
in natural cuticles, attachment to sterols, terpenoids, polysaccharides, and phenolics 
may modify the complex structure, increasing gas exchange permeability.

4.  Recent approaches to enhance the efficiency of coatings for fruit 
preservation

Fruit coatings have been improved and developed, mostly relying on complex 
cuticle structures, fruit types, proposed uses, and raw material availability. Modified 
materials and techniques are elucidated in this chapter.

4.1 Modified materials

4.1.1 Plant residues

Plants are a massive source of fruit-coating materials, particularly from agricul-
tural waste. New materials from plant cell structures, including cell wall components 
and stored chemical substances such as gum, polysaccharides, proteins, and lipids, 
have been extracted and researched for food packaging [39].

Recently, agricultural wastes have been used to produce some coating compo-
nents in carboxymethyl cellulose (CMC). Ketrodsakul [40] developed a process 
to extract crude cellulose from corn stems, an agricultural waste left after corn 
harvesting in central Thailand, and turn them into CMC. To improve the quality of 
CMC from corn stems (Figure 6A), Clorox was used to remove green chlorophylls 
from the samples (Figure 6B). The chemical spectrum analysis using Fourier 
transform infrared spectroscopy (FT-IR) shows that the CMC from corn stem has 
characteristics of sub-residues similar to a commercial CMC (Figure 6C). The 
modified CMC can be used as a material coated on mango fruit surfaces, demon-
strating complete covering over the stomata of mango peel (Figure 7B), compared 
to the uncoated control (Figure 7A).

Supapvanich et al. [41] used Aloe vera gel coatings on fresh-cut “Taaptimjaan”’ 
rose apples stored at 4°C. A. vera coating preserved the white index and slowed the 
browning and chilling injury symptoms, particularly at 75% (v/v). Modified atmo-
sphere coatings by A. vera dips delayed the increases in phenolic concentration and 
polyphenol oxidase (PPO) activity.
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Figure 7. 
Scanning electron microscopes (1500 x) of stomata on uncoated mango peel (A) and 2% corn-CMC coated mango 
peel (B).

Figure 6. 
Visual appearances of CMC from corn stem cellulose, extracted with 1.0 M NaOH (A) and then with Clorox 
treatment for 12 h (B), and the FT-IR spectrums of a commercial CMC compared with the CMC from corn stem 
cellulose extracted with 1.0 M NaOH and bleached with Clorox (C).
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4.1.2 Animal residues

New coating materials derived from animal production waste have been gradually 
discovered. Sericin, for example, a natural protein from silk industry wastewater, is 
hydrolyzed and used for food coatings. The FDA approves sericin and its derivatives 
as “GRAS” substances [42]. Sericin coatings on fresh-cut mango [43] and apples [44] 
had a lower water loss and browning index than the control at low-temperature stor-
age by decreasing the activities of browning-related enzymes, mainly PPO. Because 
sericin hydrolysates contain serine (30–33%), glycine (19%), and aspartic acid 
(17.8%) [45], holding high hydroxyl (–OH) groups that could absorb water, leading to 
a reduction in water loss and inhibiting the browning-related enzymes in the fresh-
cut produce.

4.1.3 Microorganism products

Some bacteria cultivated under specific conditions can produce edible polymers 
as by-products. For instance, Acetobacter can oxidize sugars, sugar alcohols, and 
ethanol and produce acetic acid as the primary end product that generally contains 
bacterial exopolysaccharides. Acetobacter species such as Acetobacter xylinus [46] 
are capable of synthesizing cellulose and have many uses in some fermented food 
products, which produce soluble polystyrene and contain rhamnose, glucose, man-
nose, and glucuronic acid as their acetane-related structures. Bacterial cellulose (BC) 
is one of the promising biomaterials that can be developed as a food packaging plastic 
material and is produced through the fermentation of high carbohydrate-containing 
substrates such as agricultural and industrial waste [46, 47]. Yanti et al. [47] produced 
CMC from a modified BC film and used glycerol as a plasticizer.

There is currently very little information about studying fruit coated with 
BC-based materials. However, an antimicrobial composite edible film from fermented 
cheese whey with Candida tropicalis was found to inhibit Pseudomonas aeruginosa, in 
vitro [48]. Thus, edible BC films can potentially be used for fresh-cut and intact fruit 
coating.

4.1.4 Composite coating materials

Composite coatings consist of two or more biopolymers, which can minimize the 
disadvantages of each component. As a result, composite coatings can contain active 
components such as antibiotics, metal nanoparticles, essential oils, and antioxidants 
to improve the function of coatings in maintaining the quality of fruits. Because 
of differences in the polarities of materials, suitable emulsifiers or plasticizers may 
require a better mixture of the solutions. When compared to chitosan coating alone, 
the layer of chitosan integrated with tiny Tween-20 provides smooth and complete 
coverage on mangoes (Figure 8).

4.1.4.1 Polysaccharide and polysaccharide composite coating

Because of their hydrophilic properties, polysaccharide-based materials for fruit 
coatings, including homopolysaccharides and heteropolysaccharides, have low barrier 
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properties to water vapor, CO2, and O2. It has been demonstrated that combining 
different polysaccharides improves coating functions.

Chitosan coatings, cross-linked to hydroxypropyl methylcellulose (HPMC) by 
incorporating neem oil, reduced the number of hydroxyl moieties. Thus, decreasing 
hydrophilic characteristics could improve the moisture barrier of coatings. The emul-
sion of neem oil in chitosan cross-linked to HPMC presented a higher contact angle 
than the chitosan solution on the surface of pitaya, which showed a slight hydropho-
bic characteristic. Composite chitosan coating with HMC reduced weight loss and 
delayed the senescence of pitaya fruit compared to chitosan coating [49]. Chitosan 
combined with A. vera retarded the weight loss of blueberry fruit compared to 
chitosan coating alone due to the hydrophobic character of the A. vera liquid fraction. 
Furthermore, the composite coating based on chitosan and A. vera delayed microbial 
spoilage via the antifungal activity of both chitosan and A. vera. [50]. Furthermore, 
κ-carrageenan has been introduced to improve chitosan-based composite coating 
based on the interaction between oppositely charged polysaccharides. Because of the 
formation of a hydrogen-bond network between chitosan and κ-carrageenan, the 
composite coating has better water vapor barrier properties [51]. The composite coat-
ing reduced the physiological weight loss, improved the accumulation of phenolics, 
and suppressed the activities of the major chlorophyll-degrading enzymes, resulting 
in the retention of chlorophyll content in the bracts of dragon fruit and their green 
color (Figure 9) [52].

On the other hand, sodium alginate combined with hydroxyethyl cellulose 
(HEC) generated a continuous and smooth coating layer on the strawberry fruit 
surface. Meanwhile, sodium alginate alone could not form a continuous film on 
the fruit, and hydroxyethyl cellulose alone displayed a coating layer with wrinkles 
and was multi-porous [53]. The single coatings could not reduce the weight loss 
caused, but the sodium alginate-HEC composite coating significantly decreased the 
weight loss of strawberry fruit. Furthermore, this composite coating was a good gas 
barrier that retarded the loss of phenolics and flavonoids due to the degradation of 
strawberries.

Figure 8. 
Mango fruit coated with chitosan and chitosan+Tween-20.
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4.1.4.2 Polysaccharide and lipid composite coatings

Composite coatings based on polysaccharides and lipids are probably used to 
enhance the moisture and gas barrier properties due to the hydrophobic character-
istic of lipids. Fagundes et al. [54] discovered that a composite coating of HPMC 
and beeswax containing an antifungal compound had 2.5 times lower water vapor 

Figure 9. 
Visual appearance of dragon fruit coated with chitosan- and ĸ carrageenan-based composite coating compared to 
the uncoated control dragon fruit during storage at 10°C.
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permeability than chitosan coating, resulting in effective weight loss and respira-
tion rate reductions in cherry tomatoes. The composite coating on strawberry fruit 
reduced weight loss by 15–20%, while the chitosan coating reduced weight loss by 11% 
compared to uncoated fruit [55]. At 22°C, a composite coating based on wheat straw 
arabinoxylan and oat bran-glucan stearic acid ester applied to apples reduced weight 
loss by 1.2 times, compared to uncoated fruit. Aside from that, arabinoxylan and 
β-glucan in the stearic acid ester composite coating inhibited microbial contamination 
while preserving fruit sensory quality [56].

Plant oils have recently been used to combine with polysaccharides to form complex 
composite coatings. Olive oil, containing high levels of monounsaturated fatty acids 
and antioxidants, was emulsified with chitosan and alginate [57]. Both composite 
coatings of chitosan and alginate emulsions with olive oil reduced the fig fruit’s respira-
tion rate and fungal decay. Furthermore, chitosan-olive oil coating and alginate-olive 
oil coating reduced the weight loss of figs by 15.69% and 22.66%. In addition, 1.0% 
sucrose fatty acid ester (SFE) slightly reduced the fruit softening and respiration rates 
of gac fruit during 16 days of storage at 25°C [58]. The sucrose moieties esterified to the 
fatty acid materials could provide more gas permeability to the SFE coating.

4.1.4.3 Protein and lipid composite coatings

Shellac has been used as a fruit coating for protecting fruits from water 
 transpiration, gas, and microbial spoilage. However, shellac is unstable due to the 
polymerization of the structure’s hydroxyl and carboxyl groups. The electrostatic 
interaction between the negative charge of shellac and the positive charge of gelatin 
could protect the shellac’s active site, thus reducing the esterification process and 
enhancing the shellac’s stability. The composite film based on 60% shellac and 40% 
gelatin acted as an effective barrier to prevent moisture and gas movement, resulting 
in slight decreases in weight loss, firmness, and maintaining the quality of bananas 
at low temperatures for more than 30 days, compared with uncoated fruits [59]. 
Furthermore, the hydrophilic nature of whey protein from flaxseed was used to 
improve the hydrophobic property of bee wax by blending both to form a composite 
coating. The composite coating significantly reduced the water vapor permeability 
but increased the oxygen permeability of the whey protein isolate coating. The 
composite coating reduced the shriveling of the plum due to weight loss and delayed 
the softening of the fruit [60]. The stability of composite coatings depends on the 
amount of lipid added. A whey protein isolate-based composite coating containing 
10% lipid showed fewer defects compared to the coating containing 5% lipid during 
the 15 days of storage at 5°C.

4.1.4.4 Composite coating containing growth regulators and plant extracts

Recently, the incorporation of plant residues and extracts as growth regulators, 
natural antioxidants, and antimicrobials into biopolymers to develop composite 
coatings has been increased to enhance the quality and shelf life of many fruits 
[61]. A pomegranate pericarp extract (PPE), containing enriched phenolics, was 
incorporated with chitosan-pullulan to formulate a composite coating for mangoes in 
cold storage. The chitosan-pullulan composite coating enriched with PPE effectively 
retained the fruit’s phenolic content, flavonoid content, and antioxidant activity due 
to the barrier property of the coating against moisture and gas transference [62]. 
Nguyen et al. [63] developed the composite film of passion fruit peel pectin combined 
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with chitosan and then incorporated Piper betle L. leaf extract (PLE) for the preser-
vation of purple eggplants. Despite the fact that the addition of PLE increased the 
water vapor permeability of the pectin/chitosan composite film due to the increased 
concentration of polar groups, the composite coating outperformed the control film 
against bacteria. Moreover, alginate combined with 0.45 mg.L−1 longkong peel extract 
(LPE)-silver particles coating prevented severe browning, weight loss, and decay 
incidence during storage of longkong fruit during storage at 13°C and 90–95% RH by 
limiting the growth of fruit browning mostly via decreasing peroxidase (POD) and 
PPO activity [64].

The polyphenols in Cleistocalyx operculatus (Roxb.) fruit (CFE) were success-
fully extracted and added to chitosan and gum Arabic edible coatings for banana 
fruit. The chitosan-gum-CFE-based composite coating showed high effectiveness 
in improving the freshness of bananas stored at ambient conditions. The surface 
structure of the banana showed a wrinkle and crack structure (observed by scan-
ning electron microscopy) for uncoated bananas and a smooth surface for bananas 
coated with the composite coating [65]. “Nam Dok Mai” mango (Mangifera indica L.)  
is usually encountered with postharvest decay due to anthracnose’s invasion dur-
ing 25°C storage. Double layers of chitosan, which contains positive charges, and 
sodium alginate, which contains negative charges coated on “Nam Dok Mai” mango 
fruit delayed the peel color changes, and retarded the decay. The untreated control 
developed disease black spots on day six, and the symptoms worsened throughout 
storage. Interestingly, mangoes coated with both materials revealed 12.5% of the 
disease symptoms on day eight and then were steady until day 12 [24]. The chito-
san- and κ-carrageenan-based composite coating was more effective in retaining 
the chlorophyll content and nutritional quality of dragon fruit when combined 
with GA3 or MeJA pretreatment. This composite coating, combined with hot 
water treatment, controlled the diseases by regulating H2O2 accumulation and 
antioxidant enzyme activities and maintained the overall quality of dragon fruit 
[66]. Moreover, fruit dehiscence during ripening is a crucial postharvest problem 
in “Chanthaburi II” durian, a new hybrid cultivar of Thailand. Fruit coating with 
1% chitosan+100 mg⋅L−1 GA3 effectively reduced the dusk dehiscence [67] (Figure 
10). Gibberellic acid induces vegetative development in the plant parts that perform 
against ethylene responses.

Figure 10. 
Fruit dehiscence in “Chanthaburi II” coated with 1% chitosan (B), 100 mg⋅L−1 GA3 (C), or 1% chitosan+100 
mg⋅L−1 GA3, compared to the uncoated control (A) on day eight at 25°C.
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4.2 Modified techniques

4.2.1 Nanotechnology

Nowadays, nanotechnology is considered the most promising innovative  technique 
in food packaging due to its high safety and quality impact. Nanomaterials can be 
prepared using modified techniques. The materials show a higher effect than ordinary 
materials because of their smaller size and adhesive forces [68]. In food packaging, 
nanomaterials can be mixed in the polymer matrix to the increase gas barrier proper-
ties of films and coatings, or designed to be an active component in coatings.

4.2.1.1 Biopolymer nanocomposite coatings

Candeuba wax solid lipid nanoparticles (267–344 nm) were used as coatings on 
guava fruit, compared with xanthan gum coating at a low temperature. The coating 
based on 65 g⋅L−1 solid lipid nanoparticles had lower permeabilities to O2 and CO2, 
responsible for reducing the respiration rate of guava fruit and maintaining the nutri-
tional quality of the fruit for five weeks. Furthermore, 65 g⋅L−1 of solid lipid nanopar-
ticle-based coating retained total phenolic and ascorbic acid content by delaying the 
oxidative reaction in guava fruit. However, the coating based on 75 g⋅L−1 of solid lipid 
nanoparticles resulted in anaerobic respiration, which caused physiological damage to 
the fruit [69].

Chitosan nanoparticles with a low molecular weight were successfully created 
and used as a coating for banana fruit. Cavendish bananas coated with chitosan 
nanoparticles showed uniform and smooth skin. A chitosan nanoparticle-based 
coating delayed the ripening of banana fruit by two to three days, compared to the 
uncoated control [70]. Chitosan nanoparticles added to a Moringa oleifera plant 
extract or aloe vera gel also had a significant impact on the firmness, ethylene rate, 
respiration, and total phenolic content of Cavendish bananas during storage. Banana 
fruit coated with this composite coating showed a lower weight loss and a higher 
score for consumer evaluation compared to the fruit coated with aloe vera or M. 
oleifera plant extract alone [71].

4.2.1.2 Nanoparticles incorporated in coatings

Antibacterial ZnO nanoparticles were combined in a κ-carrageenan solution for 
coating bananas (Musa sp., AAA group) during storage at ambient temperature. 
The nano-ZnO treatment significantly reduced the weight loss of banana fruit, 
while the κ-carrageenan-based coating reduced the fruit’s respiration. Furthermore, 
κ-carrageenan-based coating combined with nano-ZnO delayed peel color changes by 
maintaining chlorophyll content, reduced weight loss, retained firmness, and reduced 
fruit disease incidence [72] (Figure 11). In addition, 500 mg⋅L−1 nano-ZnO was mixed 
in a 10% shellac solution to improve the postharvest quality of gac fruit (M. cochi-
nchinensis Spreng) at 25°C. Throughout the 12 days, the nano-ZnO coating effectively 
inhibited disease infection and severity on fruit [37].

Hmmam et al. [73] developed carboxymethyl cellulose (CMC) and guar gum-
based silver nanoparticles (AgNPs) coatings for “Seddik” mango fruit. Nanoparticles 
were formed at an average size of 84.8 to 213 nm for CMC-AgNPs and 61.7 to 132 nm 
for guar gum-AgNPs. The guar gum-AgNP coating significantly reduced the weight 
loss and respiration rate of mango fruit during storage, compared to the CMC-AgNP 
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coating and uncoated fruit. The application of CMC- or guar gum-based AgNP coat-
ings retarded the ripening and prolonged the postharvest life of mango fruit. Vieira et 
al. [74] fabricated an active coating based on hydroxypropyl methylcellulose (HPMC) 
and silver nanoparticles to extend the papaya’s shelf life. HPMC, glycerol, and silver 
nanoparticles were well dispersed into the nanocomposite film due to the chemical 
bonds between HPMC chains and AgNPs. AgNPs did not affect the water vapor, 
oxygen, or carbon dioxide permeabilities. The coating based on HPMC and 0.25% 
AgNPs retained color and firmness, reduced weight loss, and delayed the change to 
soluble solids of papaya fruit during storage.

4.2.2 Encapsulation

Incorporating bioactive chemicals into food items confers numerous advantages 
for food preservation and the development of functional foods. However, bioactive 
compounds may cause a quick loss of function or be evaporated through the air. 
Encapsulation with edible coatings is a possibly advanced technology that can miti-
gate the disadvantages of employing bioactive chemicals by storing the compounds 
and managing the release control [75]. Depending on the qualities and objectives of 
the bioactive chemical, various encapsulation methods may be utilized. Most of the 
target compounds are volatiles or essential oils. These methods are more successful 
than a direct application on the food surface because edible coatings prevent the 
agents from migrating away from the surface, retaining a high concentration of bioac-
tive compounds where needed. The encapsulators should contain electrostatic charges 
as well as emulsifiers such as dextran, oligosaccharides, oligopeptides, glycerol, 
phospholipids, etc.

Figure 11. 
Appearance of banana fruit treated with various coatings on day 10 at ambient temperature.
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Many reports have studied the encapsulation of active compounds integrated 
into some coatings for fresh produce storage. Cinnamaldehyde exhibits antifungal 
functions but is easily evaporated into the atmosphere. Thus, using an inclusion 
complex method, cinnamaldehyde was encapsulated in β-cyclodextrin to produce a 
complex that can be used to preserve fresh-cut produce. The 25:70 cinnamaldehyde/β-
cyclodextrin ratio demonstrated the highest encapsulation efficiency and capac-
ity, whereas, in the first three hours, the 25:75 ratio had faster control release. 
Antimicrobial activity was tested against two strains of gram-positive (Staphylococcus 
aureus and Bacillus cereus) and two strains of gram-negative (Escherichia coli and P. 
aeruginosa) bacteria. β-cyclodextrin with encapsulated cinnamaldehyde inhibited all 
tested bacterial strains [76]. Much work has been done on encapsulating fruit aroma/
flavor compounds through interactions with some polysaccharides such as starch. 
For example, flavor molecules (aldehydes, alcohols, terpenes, ketones, and fatty 
acids) can be wrapped in a left-handed single helical structure of starch (with high 
linear amylose). Alternatively, the interaction between starch and flavor compounds 
included polar interactions. The hydrogen bonds are formed between the hydroxyl 
groups of starch and flavor compounds [77].

4.2.3 Multilayer coating

Typical coating techniques may not cover the whole fruit correctly, causing improper 
permeability of gases and water vapor between the coated fruit and the atmosphere. 
Thus, efforts are being made to find multi-component edible coatings that are rationally 
developed to boost the overall performance of edible coatings. The technique of multi-
layer coating or layer-by-layer (LBL) electrostatic deposition is one method that uses thin 
multilayers to improve the performance of edible coatings. With the LBL method, coating 
characteristics and functionality may be efficiently controlled by alternating the deposi-
tion of polyelectrolytes with opposite charges onto fruit surfaces [78]. LBL coating forms 
integrated thin films by alternating layers of various materials carrying different charges 
or functional groups. The first layer often holds polyelectrolytes with positive charges; 
thus, the second polyelectrolyte layer should have a negative charge opposite the first 
layer. Each additional layer flips the polarity of the charge on the surface. Repeating these 
steps multiple times creates a multilayered LBL coating (Figure 12).

The method of constructing LBL edible coatings allows for the combination of the 
best characteristics of various coating materials. For example, antibacterial polysac-
charides can be combined with well-adhesive proteins, or active polysaccharides can be 
combined with polysaccharides that improve adhesion and texture. The feasibility of 
using the LBL edible coating method for complete surface coverage is elucidated by the 
contact angles of a coating droplet on the surface (Figure 13). Chitosan holding positive 
charges is in orange, whereas polystyrene sulfonate (PSS) having negative charges is in 
a clear drop. Each coating layer began with chitosan and ended with PSS. The contact 
angle of a chitosan droplet is less than 90° (flat shape) on all surface coatings, indicating 
high adhesive force between the layers. On the other hand, a droplet’s contact angle is 
over 90° (round shape), showing high cohesion between PSS molecules.

Prior to storage at 25°C, a multilayer coating of oppositely charged chitosan (CTS: 
+) and polystyrene sulfonate (PSS: -) was treated on mature green “Nam Dok Mai” 
mangoes. Fruit coated at 3½ layers delayed ripening and reduced disease infection 
without off flavors, whereas fruit coated at 5½ layers had fermentation disorders at the 
end of storage [79]. Subsequently, allyl isothiocyanate (AIT), a natural antifungal com-
pound, was integrated into the first layer of a multilayer coating of 0.5% CTS and 0.5% 
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PSS. The concentrations above 0.15% AIT effectively inhibited, in vitro, the mycelial 
growth of Colletotrichum gloeosporioides. The multicoating delayed changes in weight 
loss, firmness, and antioxidant capacities of mango. Furthermore, mangoes coated with 
0.5% CTS and 0.5% PSS + 0.15% AIT (Figure 14C) significantly reduced anthracnose 
disease severity in C. gloeosporioides-inoculated fruit (Figure 14A and B) [80].

Figure 15A shows an in vitro culture of Colletotrichum gloeosporioides on different 
PDA media with 1% chitosan, 500 mg⋅L−1 prochloraz (a commercial fungicide), and 
some plant extracts. The fungal growth is wholly inhibited by 5000 μL⋅L−1 galangal 
extract or 1000 μL⋅L−1 sweet-flag extract. To reduce anthracnose during 25°C incuba-
tion, “Nam Dok Mai” mango fruit was treated with a double coating plus a sweet flag 
extract [24]. Mango fruit coated with 1% chitosan+3500 μL⋅L−1 sweet flag extract 
for the first layer and 0.1% sodium alginate for the second layer effectively inhibited 
disease infection for nine days at 25°C (Figure 15B) [24].

5. Modulation of fruit coatings: Fields for future research

5.1 Advantages and limitations of fruit coatings

Fruits have a natural cuticle that varies depending on the type and stage of 
development. The lack of protective fruit cuticles is caused by improper maturity [81] 

Figure 12. 
The coating process with layer-by-layer electrostatic of opposite coating materials using a dipping and washing 
procedure (adopted from Costa et al. [78]).

Figure 13. 
Contact angle of a drop of chitosan (orange) and PSS (clear) on different chitosan/PSS coating layers.
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or postharvest handling [82]. Coating as a part of packaging can add a polymer layer 
to the fruit surface. Aside from adding visual luster (Figure 16), fruit coating can 
extend shelf life and days to decay, reduce chilling injury and browning, and delay 
ripening by preventing water loss and creating modified environments inside the 
coated fruits.

Some concerns have been raised, however, about fruit coating. There is a 
possibility that the concentrations and components of coatings cause the fruit 
to undergo anaerobic respiration due to the inefficiency of its respiratory and 

Figure 15. 
In vitro cultures of Colletotrichum gloeosporioides on different chemicals and plant extract PDA media on day 13 
at 25°C (A), and “Nam Dok Mai” mangoes coated with a double coating of 0.5% chitosan+3500 μL⋅L−1 sweet-
flag extract and 0.1% sodium alginate (lower row), compared to the uncoated control (upper row) during 25°C 
storage (B).

Figure 14. 
Disease growth of Colletotrichum gloeosporioides inoculated “Nam Dok Mai” mangoes multilayer-coated with 
0.5% chitosan/ 0.5% PSS (B), and 0.5% chitosan/0.5% PSS + 0.15% AIT (C), compared to the uncoated control 
(A) on day 10 at 25°C storage.
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transpiratory systems [24]. It is possible that the fruit’s failure to ripen was due to 
unsuitable coatings. Some coating materials may cause a “plastic-like” film to form 
on the fruit’s surface (Figure 17A), or they may cause a toxic response in the surface 
tissues of the fruit peel (Figure 17B). In some cases, a combination of postharvest 
treatments is required for effective fruit quality preservation. Coating alone may 
not be sufficient for preventing water loss in the long-term storage of some fresh 
commodities, such as rambutans [83] that contain a high number of spinterns. The 
sucrose fatty acid ester coatings, for example, cannot maintain the buying quality 
of rambutans (Figure 18), so those additional postharvest handlings, such as MAP 
at low-temperature storage, would be intensively required. To effectively reduce 
postharvest disease during low-temperature storage, Nguyen et al. [84] used hot 
water treatment prior to the chitosan- and κ-carrageenan-based composite coating 
of dragon fruit.

Some coating materials, particularly polysaccharide-based coatings, can become 
reversible during temperature fluctuations. Furthermore, in some cases in which the 
internal atmosphere is modified, fruit coating can reduce or inhibit the production of 
natural fragrances such as ester volatile compounds [85].

5.2 Developments in fruit coating research

Fruit coting is a practical method of handling fresh produce after harvest. The coat-
ing material chosen is determined by the intended use, coating types and techniques, 
and fruit types (high or low respiration rates). Nowadays, most fruit coating materials 
are edible and can be directly consumed safely. A trend in the industry is to find new 
coating materials, especially from agricultural waste [39, 86], that are flexible at various 
temperatures (up and down). As a result, advanced polymers should be used to improve 
coating efficiency, particularly in disease prevention. Another interesting issue is 
adding additional volatiles to coating materials, as fruit coating may reduce the release 
of the fruit’s aroma or volatiles. MA or hypoxic conditions could inhibit some volatile 

Figure 16. 
Visual appearances of uncoated gac fruit (left) and fruit coated with 8% shellac+nano-silver particles (right).
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production, particularly ethylene, depending on volatiles such as ester compounds [85]. 
Encapsulating some natural volatiles into the coating could prevent microorganisms 
and entice customers’ aroma preferences as indicated in aroma sensory research [87].

Furthermore, in the final step, the product’s feasibility should be tested prior to 
retailing. Figure 19 from our collaborative research with the Food and Agribusiness, 
Trade, and Investment Queensland shows the cold chain logistics of “Murcott” man-
darins treated with different coatings and MA storage shipped from Queensland, New 
Zealand, to Bangkok, Thailand. The alterations of temperature and relative humidity 
of the atmosphere during cold chain shipping and transport were recorded. The fruit 
quality was monitored in Thailand after arrival and subsequent storage in Bangkok in 
2015, and the merchandise has since been sold on shelves in many modern trade stores 
in Thailand.

Figure 17. 
A “plastic-like” appearance of chili fruit coating (A) and peel toxicity tests of coating materials at different 
concentrations (B).
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6. Conclusions

The effectiveness of fruit coating is correlated with the intended purposes of 
use, which may include improving glossy, disease resistance, gas and moisture 

Figure 18. 
Rambutan fruit coated with different coating materials of sucrose fatty acid esters (sucrose myristate (M-1695), 
sucrose palmitate (P-1670), and sucrose stearate (S-1670)) for 12 days at 13°C.

Figure 19. 
The study of cold chain logistics of coated “Murcott” mandarins shipped from Queensland, New Zealand, to 
Bangkok, Thailand, in 2015.
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permeability, or some combination of these. Furthermore, the fruit’s nature, such as 
structure, types, maturity stages, and physiological metabolism, has different behav-
iors. The information is crucial for formulating the coating for each product. Some 
fruits are not conducive to standard MAP but lend themselves well to fruit coating. 
For instance, durian fruit has many tiny, sharp spines that can pierce plastic wrap-
ping. Even with coating, the shelf life of some fruits, such as rambutan, is limited by 
the presence of many stomata on the peel. Coating materials and processes are now 
being researched to enhance them, including composite combinations, encapsulation 
of nanoparticles, and multilayer coating. Eventually, fruit coating is both environ-
mentally beneficial and economically effective.
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Abstract

Minimally processed fresh produce is ready to eat and subjected to minimal tech-
nology before consumption. Fresh fruits and vegetables (FFVs) are minimally pro-
cessed commodities that are metabolically active and undergo physiological processes 
such as ripening and senescence, reducing their quality and shelf life. Postharvest 
technologies maintain the quality and prolong the shelf life of harvested produce, 
without which the quality deteriorates such that significant economic loss ensues due 
to water and nutrients loss, physiological deterioration, biochemical changes, and 
microbial degeneration. Conventional postharvest treatments such as temperature 
management, and chemical and gaseous treatments are widely known for control-
ling postharvest issues in FFVs. However, there are novel and green alternative safe 
methods that are employed to maintain the postharvest quality and prolong the 
shelf life of FFVs. This chapter focuses on seven common alternative novel and green 
postharvest treatments: nitric oxide, ozone, methyl jasmonate, salicylic acid, oxalic 
acid, calcium, and heat treatments. These treatments are explained and some of their 
current application on FFVs are discussed and tabularized indicating the optimum 
treatment conditions reported in the latest scientific publications.

Keywords: calcium, heat, methyl jasmonate, nitric oxide, oxalic acid, salicylic acid, 
ozone

1. Introduction

Fresh fruits and vegetables (FFVs) are considered minimally processed because 
they are ready to eat and subjected to minimal technology before consumption. FFVs 
are a source of micro- and macronutrients, and secondary metabolites that possess 
antioxidant and reactive oxygen species (ROS) scavenging abilities for good health 
[1–4]. FFVs are living tissues and are metabolically active experiencing senescence, 
and ripening processes that necessitate quality preservation and the reduction of 
storage losses [4–8]. Postharvest technologies control and prolong the shelf life of 
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harvested produce, without which the quality (i.e., nutritional, appearance, and 
pathogenic safety) deteriorates such that significant economic losses ensue [5, 6] 
due to water and nutrient loss, physiological deterioration, biochemical changes, 
and microbial degeneration [6, 9]. Hence, optimum postharvest treatments must 
be employed to impede physiological processes (e.g., senescence and maturation) 
and minimize the occurrence of microbial contamination to preserve quality loss 
[5, 6, 10]. Temperature management, physical (e.g., heat, irradiation, and edible 
coatings) chemical (antimicrobials, antioxidants, and antibrowning), and gaseous 
treatments (e.g., chlorine dioxide) are some conventional postharvest treatments for 
FFVs [5, 9]. Nevertheless, there are currently novel and green postharvest treatments 
that are used to maintain and enhance the quality, and prolong the postharvest shelf 
life of fresh produce.

Novel postharvest treatments are new postharvest treatments that, among other 
functions enhance bioactive molecule contents or compounds, retard senescence 
and ripening, prevent postharvest diseases, prolong shelf life, and ensure the overall 
safety of fresh produce for consumption [6]. On the other hand, green postharvest 
treatments are those that are environmentally friendly, such that their application is 
important and socially acceptable to the industry and consumers at large in maintain-
ing and enhancing the postharvest quality, and prolonging the storage life of fresh 
produce. Green postharvest treatments include non-chemical applications like bio-
logical control agents, natural compounds, biomaterials, irradiation (ultraviolet), and 
heat treatments [6, 11–13]. Therefore, some novel postharvest treatments are green, 
but not all novel treatments are green. The quality attributes (i.e., nutritional value, 
appearance, texture, flavour, and chemical, toxicological, and microbial safety) and 
shelf life of FFVs are maintained via various novel and green postharvest treatments 
[5]. This chapter presents seven postharvest treatments (i.e., nitric oxide, ozone, 
methyl jasmonate, salicylic acid, oxalic acid, calcium, and heat treatment) for FFVs. 
All seven are novel, but four are green (i.e., salicylic acid, oxalic acid, ozone, and heat 
treatments) [6, 8, 13].

2.  Green and novel postharvest treatments and traditional postharvest 
techniques

Novel postharvest treatments are postharvest treatments other than conventional 
or already known postharvest treatments whereas green postharvest treatments are 
those that are environmentally friendly and socially acceptable [6, 12].

Some of the latest novel postharvest treatments include the application of nitric 
oxide, ozone, salicylic acid, oxalic acid, methyl jasmonates, calcium, and heat [6]. 
Notwithstanding, various compounds, including AVG (Aminoethoxyvinylglycine), 
1MCP (1-Methylcyclopropene), and PAs (Polyamines) and other postharvest treat-
ments have been previously used to regulate postharvest quality in some FFVs at 
different degrees of effectiveness. The aforementioned chemicals had limitations, 
such as uneven ripening, post-ripening disorders, and non-viability for commercial 
use. Conventional postharvest harvest techniques that are used to prolong the shelf 
life of fruits and vegetables include cold storage, modified and controlled atmosphere 
storage, suppression of ethylene biosynthesis or ethylene inaction by PAs, AVG, and 
1-MCP application [6].

Green and novel postharvest treatments extend the shelf life of freshly harvested 
produce by maintaining their quality [6]. We focused on the latest applications of 
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nitric oxide, ozone, methyl jasmonate, salicylic acid, oxalic acid, calcium, and heat 
treatments on FFVs, with emphasis on quality and shelf life under storage. The seven 
were chosen because of their extensive use on FFVs [6, 8].

2.1 Nitric oxide (NO)

Nitric oxide (NO) is an important signalling molecule mediating several pre- and 
postharvest developmental and physiological activities in horticultural crops [6, 14].

NO is a bioactive, mobile gaseous molecule that also mediates various abiotic 
and biotic stress responses [15]. NO can protect against various stressful impacts, 
scavenge free oxygen radicals, counteract oxidative damage, inhibit, or suppress 
ethylene biosynthesis, delay ripening and senescence, and enhance the resistance to 
diseases [6, 14–17]. NO has a more profound effect on non-climacteric horticultural 
crops (especially fruits) than climacteric crops. Consequently, the climacteric phase 
(i.e., the surge in ethylene production and an increased respiration rate) of many 
horticultural crops can be impeded by endogenous NO production. Also, endogenous 
NO reduces yellowing, chlorophyll degradation and extends the shelf life of fruits and 
vegetables [6]. Notwithstanding, NO is volatile and exhibits reactive oxygen species 
toxicity. Hence, super-optimal concentrations can be harmful. Thus, it is neces-
sary that the correct threshold levels are employed to obtain the desirable ripening 
modulation and extension of shelf life in FFVs [6]. It is worth noting that NO is more 
effective in its gaseous or donor form in suppressing ethylene production and respira-
tion rate, reducing softness, retarding colour development and metabolism, reducing 
chlorophyll degradation, and delaying senescence [6].

2.1.1 NO treatments of fresh fruits and vegetables

NO is a good alternative for extending the shelf life of fresh horticultural produce. 
The application of optimum levels of NO has been shown to impede senescence and 
ripening processes in many horticultural crops, including FFVs. Donor compounds 
(e.g., sodium nitroprusside (SNP)) can also be incorporated into biological systems 
to release NO gas under controlled environmental conditions [6]. Due to the highly 
diffusible nature of NO, NO was earlier considered an environmental pollutant as it 
caused, among other things the reduction of ozone in the stratosphere [6, 14]. Also, 
the emission of NO is related to the greenhouse effect [6, 14, 18]. Moreover, NO gas 
has a short lifetime, such that in the presence of oxygen (O2), it can be converted 
to the noxious gas nitrogen dioxide (NO2), which can degrade the quality of FFVs. 
Consequently, NO gas should be placed in airtight containers to minimize contact 
with oxygen. Further, NO must be diluted by flushing with nitrogen (N2) after 
fumigation to avoid damage to FFVs [17].

Postharvest immersion of FFVs such as plum, longan, apple, and broccoli in 
NO or SNP impeded internal browning. Also, exogenous application of NO via 
fumigation (In an O2-free environment or NO-releasing agents such as “N-tert-
butyl-α-phenylnitrone” and “3-morpholino sydnonimine”) remarkedly delayed 
maturation and ripening, controlled postharvest pest and prolonged the shelf life of 
FFVs such as apples, bananas, peaches, strawberries, and some other vegetables [6, 
16]. Additionally, NO maintained the levels of polyphenols, soluble solids ascorbic 
acid in sliced apples, longan, fresh-cut apples, litchi, peach, lettuce, and broccoli and 
generally improved the quality and postharvest shelf life of some stored fruits and 
vegetables [6, 17, 19].
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A significant reduction of chlorophyll degradation, delayed postharvest yellowing, 
accumulation of malondialdehyde, and reduced lipid peroxidation were observed 
in broccoli florets [6]. Treatment of cucumber with 25 microlitres per litre NO also 
reduced deterioration and exhibited radical scavenging activities compared to the 
control during storage. Furthermore, NO significantly increased the antioxidative 
process in cucumber fruits. Browning on the cut surfaces of leafy vegetables was 
effectively inhibited by NO treatments [6]. Tables 1 and 2 present treatments of some 
fruits and vegetables with NO or NO donors, respectively.

2.2 Ozone treatments

Ozone is a highly reactive form of oxygen that decomposes easily into diatomic 
oxygen. Ozone can function as a potential oxidant and disinfectant when it reacts 
with targeted organic matter and microorganisms. Historically, it has been used as 
a water disinfectant. Ozone attained “GRAS” (generally regarded as safe) status 
and was approved as an antimicrobial additive by the United States Food and Drug 
Administration (FDA) in 2001 [1, 6, 21].

The influence of ozone on postharvest disease control and storage has been 
investigated in some fruits and vegetables for shelf life extension and preservation 
[1, 6, 13, 21–26]. Ozonated water/aqueous ozone has been used for disinfecting 
vegetables, while gaseous ozone is used for the sanitization and preservation of 
vegetables during storage. Gaseous ozone is a less effective antimicrobial agent than 
aqueous ozone [1, 21]. Moreover, ozone can be potentially used for the decontami-
nation of surfaces of freshly harvested produce, degradation of ethylene, odour 
elimination in mixed storage, spore elimination in storage rooms, and reduction 
of pesticide levels over the fresh produce [1, 6, 13, 21, 25, 26]. Nevertheless, ozone 
should be properly used to avoid negative effects such as loss of sensory quality 
although ozone application is an eco-friendly technology [1, 21]. Consequently, 
ozone treatments are mostly specific for various fresh produce due to the intrinsic 
characteristics of fresh produce and the extrinsic factors that affect ozone efficiency 
[1, 21]. Table 3 provides information on the ozone treatment of some fresh fruits 
and vegetables.

2.3 Salicylic acid treatments

Salicylic acid (SA) is a plant hormone that acts as a signalling molecule against 
environmental and pathogenic stress. SA influences various physiological events 
in plants [6, 34–36]. SA plays a key role in the retardation of fruit ripening, and the 
inhibition of ethylene biosynthesis, promoting pathogen resistance, activating anti-
oxidant systems, consequently, maintaining postharvest quality and prolonging the 
shelf life of fruits and vegetables. Moreover, SA is an effective enhancer of biocontrol 
agents like antagonist yeast in controlling rot and decay [6, 34]. SA and its derivatives 
(particularly Methyl salicylate; MeSA) have been generally recognized as safe (GRAS) 
for fruits and vegetables and are environmentally friendly [34, 35, 37].

Several studies have demonstrated the effect of postharvest SA application 
(exogenous) in fruits and vegetables [3, 6, 34, 38]. The dose of SA for exogenous 
postharvest application is varied for various fruits and vegetables, however a general 
non-toxic range for fruits and vegetables is 0.5–2.0 mM. Higher concentrations can 
damage fruit skin and cause fungal attacks [37]. Table 4 presents information on 
some current applications of SA on some fruits and vegetables.
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2.4 Oxalic acid treatments

Oxalic acid (OA) is a common organic acid found in plants. OA can enhance the 
postharvest life and quality of fruits and vegetables. OA retards ripening and senes-
cence, controls post-harvest diseases, inhibits enzymatic browning, reduces decay, 
and alleviates chilling injury in fruits and vegetables [6, 42]. Exogenous OA induces 
systemic resistance against fungal, bacterial, and viral diseases in plants. Further, 
endogenous OA induces intrinsic heat tolerance and increases antioxidant capacity in 
plants [6]. The recent application of OA for the improvement of postharvest life and 
quality control during storage has been successful for some fruits and vegetables [6]. 
OA is abundant in some plant species, such as beets and beet greens (Beta vulgaris L.), 
bell peppers (Capsicum annuum L.), spinach (Spinacia oleracea L.), swiss chard (Beta 
vulgaris L. cv. Cicla), poppy seeds (Papaver somniferum), purslane (Portulaca oleracea 
L.), sorrel (Oxalis corniculata L.), and rhubarb (Rheum officinale Baill) [6].

Aqueous OA solutions have been applied to fruits and vegetables, including apples, 
banana, kiwi, mango, peach, tomatoes, lettuce, endives, and other vegetables at mil-
limolar concentrations to delay ripening, quality deterioration, control of postharvest 
diseases, and alleviate chilling injuries [6, 43, 44]. In such cases the storage life of the 
various OA treatments were extended [6, 45]. Table 5 shows the effect of OA treat-
ments on the storage life of some fruits and vegetables.

2.5 Calcium Ca2+ treatments

Calcium (Ca2+) delays ripening and senescence-related processes by regulating 
signalling responses and inhibiting ethylene biosynthesis and respiration in fruits 
and vegetables [6, 36]. Ca2+ is also believed to be the most important mineral element 
determining fruit quality [52]. Postharvest Ca2+ treatments prevent loss of flavour 
and nutritional value, enhance antioxidant capacity, reduce physiological disorders 
and decay incidence, and increase cell wall strength, thus prolonging the shelf life of 
FFVs [6, 52, 53]. Fruits and vegetables may be dipped, washed, vacuumed or pressure 
infiltrated, mixed with wax coatings, or electrostatic powder coatings [6, 52].

Optimum Ca2+ application rates either alone or in combination with other tech-
niques may be different for specific fruits and vegetables [6]. Other properties of 
Ca2+, such as the form and source of the application are also based on the interaction 
with the type of fruit or vegetable [6]. For example, pressure infiltration with calcium 
chloride solution is more effective in increasing the calcium concentration of apple 
fruits than vacuum infiltration and dipping. However, excessive Ca2+uptake may 
cause injury [52]. Table 6 provides information on some of the latest applications of 
calcium treatments on fresh fruits and vegetables.

2.6 Heat treatments

Heat or thermal treatment of fresh fruits and vegetables is an efficient, easy, safe, 
and cost-effective method for controlling postharvest decay and maintaining quality 
[7]. Postharvest heat treatment has been used to maintain firmness, preserve colour, 
prevent overripening, alleviate chilling injury, control insect infestation, and improve 
the shelf life of fruits and vegetables [7, 59]. Heat treatments include hot water treat-
ment or dips, short hot water rinsing and brushing, hot air or steam treatments [6, 7, 
11]. These methods retain the quality of fresh produce during prolonged cold storage, 
reduce rot development, and provide security [6, 7, 11, 60, 61]. Heat treatments can 
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also be combined with other methods such as safe GRAS chemicals (e.g., bicarbonate 
salts and ethanol), Modified Atmosphere Packaging (MAP), Controlled Atmosphere 
(CA), microbial biocontrol agents, plant extracts (e.g., leaf extracts of essential oils, 
and edible coatings to provide an effective control system against postharvest decay 
development, chilling injury, and quality loss [6, 7, 61–63].

Hot Water Treatment (HWT) is the simplest among heat treatments, and it has 
three categories: batch, continuous, and drainage systems: Hot water treatment 
may be applied either solely or in combination with other treatments in controlling 
postharvest disease infestation and rot development of FFVs [6, 60]. Several studies 
on hot water treatment have been reported on fruits such as banana, mango, papaya, 
nectarine, peach, papaya, lime, and melon. In these studies, hot water treatments 
were between 42°C and 60°C for a maximum and minimum duration of 30 and six 
(6) minutes, respectively, depending on the type of fruit. These treatments mostly 
controlled disease and rot causing pathogens. Nonetheless, longer exposure times 
caused injuries to some fruits [6]. Generally, fruits and vegetables tolerate water 
temperatures of 50–60°C for a duration of 10 minutes. The duration of dipping and 
immersion can last longer (>1 hour), and temperatures can be less than 50°C for 
insects disinfestation of FFVs. However, for antifungal treatments, temperatures are 
greater than 50°C, and the dipping time is shorter (minutes) [7].

Hot water rinsing and brushing is another heat method that cleans and disinfects 
freshly harvested produce at a relatively high temperature of 45–62°C. The produce is 
passed over revolving brushes for a short time (15–25 seconds). This is a commercial 
method that reduces decay development, maintains fruit quality, and prolongs the 
shelf life of treated fruits and vegetables. Cold storage after hot water rinsing and 
brushing was found to intensify the effect of the treatment [6].

Vapour or moist hot air, is a heat treatment whereby a fine mist and air are 
forced under circulation, which forms heated, vapour-saturated air that raises the 
temperature of the commodity to a required level for a specified duration. By means 
of condensation of vapour on the produce, latent heat is released, resulting in a 
quick but even increase in temperature, thus preventing damage [6]. Temperatures 
normally range from 40 to 50°C [7]. The fresh produce is cooled immediately after 
the treatment to prevent heat injury to the product [6, 7]. This treatment normally 
reduces decay susceptibility by killing insects’ eggs and larvae [6, 7], enabling some 
fresh produce (e.g., basil) to be stored at temperatures that usually result in consider-
able injuries [6].

Steam heating involves a moist hot air treatment that uses water at about 100°C for 
2–3 seconds. Steam-based systems such as steam jets coupled with electrical steam-
drying elements and reflectors produce high-temperature heating above the rotating 
produce for 3 seconds. After the treatment, the produce is hydro-cooled. Cooled 
produce (e.g., carrots) showed a significant reduction in sensitivity to post-storage 
soft rots caused by Sclerotinia sclerotiorum [6]. Information on the effect of some heat 
treatments for FFVs are provided in Table 7.

2.7 Methyl Jasmonates treatments

Methyl Jasmonate (MeJa) is an endogenous phytohormone, a signalling molecule, 
and a volatile compound vital for regulating and mediating various processes and 
defence responses against biotic and abiotic stresses. It is a derivative of jasmonic acid. 
MeJa has been used to prevent postharvest diseases, increase bioactive compounds, 
maintain fruit quality, and prolong the shelf life of fresh produce [6, 59, 69–72].
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Several studies have demonstrated the application of exogenous MeJa on fruits and 
vegetables with regard to postharvest quality, senescence and ripening, chilling stress 
and pathogen infection. These investigations showed that MeJa treatments altered 
the characteristics of harvested fresh produce, largely by enhancing the antioxidant 
capacity, volatiles production, phenolics and flavonoids content, and reduced chilling 
injury, particularly in fruits [59, 69, 71]. Table 8 provides information on the applica-
tion of MeJa on some fresh fruits and vegetables.

3. Conclusion

This chapter provided information on four alternative green (ozone, salicylic acid 
oxalic acid, and heat) and seven novel (nitric oxide, ozone, salicylic acid, oxalic acid, 
methyl jasmonates, calcium, and heat) postharvest treatments. The optimum concen-
trations applied, storage conditions, storage duration, and inferences established by 
some researchers were also provided accordingly. The overall effects of these posthar-
vest treatments were basically to maintain quality, enhance the antioxidant capacity 
by maintaining high levels of bioactive compounds, control postharvest infestations 
and, consequently, prolong the postharvest shelf life of fresh fruits and vegetables. 
Based on the insights obtained from these seven latest novel and green postharvest 
methods, we recommend that the appropriate method of application, concentrations, 
and other critical considerations (e.g., storage duration and conditions) must be 
adhered to when these treatments are applied to specific fresh fruits and vegetables. 
Further, the compiled optimum conditions of these postharvest treatments are a good 
starting point for future studies as well as for commercial applications.
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Abstract

Nutritional security can be achieved only with the proper intake of fruits and 
vegetables. However, on an average 30% of the fruit produce are lost between 
harvest and consumption due to post-harvest spoilage. About 30–40% of total 
fruits production is lost after harvest. Main causes of postharvest loss include lack 
of temperature management, rough handling, poor packaging material, and lack 
of education about the need to maintain quality. There are many ways in which the 
post-harvest spoilage is managed. Use of chemicals in post-harvest management 
has direct effect on the consumers and there is a need for alternative strategies. Use 
of microbial biological control agents have been successfully adopted for soil borne 
diseases. Registration and biosafety issues make it difficult to use them against post-
harvest diseases. Use of volatile organic compounds (VOCs) from bioagents for the 
post-harvest management provides an opportunity to explore the use of bioagents 
without having contact with fruits. Many classes of chemicals are produced as 
volatiles by microbial agents. This chapter describes the potential of VOCs in man-
aging post-harvest diseases, their characterization and identification, biosynthesis, 
volatiles reported from bacterial, fungal and yeast bioagents, success stories of their 
use as potential bioagents.

Keywords: volatile organic compounds, bacteria, yeasts, fungi, fruits, fruit rot,  
post-harvest spoilage

1. Introduction

Fruit farming is one of the most important and long-standing traditions throughout 
the world. The cultivation of fruit crops has a significant impact on the overall  
well-being of humans and the state of the nation. Fruit crop production can be 
viewed as an open and complex system in which factors including the sowing or 
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planting method, environmental conditions, soil type, crop management, and their 
interactions affect the growth, development, and future yield [1].

Fruits and vegetable consumption provides nutritional security and ensures that 
malnutrition is addressed efficiently. However, the entire product produced do not 
reach the table of consumers. Due to delicate nature, the post-harvest loss inter-
rupts the reach of fruits to the consumers. Post-harvest loss (PHL) is defined as a 
measurable quantitative and qualitative loss of an edible food product from harvest to 
consumption. Increasing post-harvest loss has been highlighted as a global problem in 
food industries across nations. Food production would need to expand by 70% from 
present levels by 2050, according to projections, and the situation is significantly 
more dire in developing nations with poor productivity [2, 3]. As per FAO reports, 
approximately 14% of produced food was lost after harvest during storage in 2019 
with a global net worth of approximately one trillion US dollars but at present up to 
30% postharvest loss has been observed in vegetables and fruits.

“An apple a day keeps the doctor away” is a popular saying that emphasizes the 
importance of fruit crops for the human diet. A diet rich in fruits and vegetables and 
low in saturated fats is healthy and protective against cardiovascular diseases and 
certain cancers [4–6]. The World Health Organization (WHO) recommends a daily 
intake of at least 400 g of fruits and vegetables per person [7].

Huge pre– and postharvest losses in fruits are caused by various diseases and unfa-
vorable environment leading to the total failure of the crops. It has been estimated that 
phytopathogenic fungi cause more than 50 per cent of total post-harvest losses. Fruits 
are prone to number of fungal, bacterial and viral diseases which significantly affect its 
quality and production. However, fungal diseases inflict huge losses to the crop. Fruits 
are highly susceptible to postharvest spoilage because of high perishable nature. During 
the storage conditions numbers of fungi are known to cause spoilage of fruits. Under 
storage conditions considerable losses occur due to the rots caused by different species 
belonging to the genera viz., Alternaria, Aspergillus, Bipolaris, Botryodiplodia, Botrytis, 
Colletotrichum, Curvularia, Fusarium, Penicillium, Rhizopus, etc. [8]. Among these 
pathogens, green and blue molds, caused by Penicillium digitatum (Pers.: Fr.) Sacc. and 
P. italicum Wehmer, are the most economically important postharvest diseases of citrus 
in all production areas [9]. The losses due to penicillium decay are variable and depend 
upon climatic conditions, orchard factors, citrus cultivar and the extent of physical 
injury to the fruit during harvest and subsequent handling [10]. It has been estimated 
that fruit rots caused by Penicillium spp. accounted for 55–80% of total postharvest 
decay observed in oranges and mandarins during the entire commercialization season, 
and for 30–55% of decay observed in storage rooms in citrus packing houses [11]. 
Synthetic fungicides are primarily used for the control of postharvest diseases of fruits 
and vegetables [12]. However, the trend around the world is shifting towards reduced 
use of fungicides on produce and thus, there is a strong public and scientific interest 
in safer and eco-friendly alternatives to reduce the high loss due to decay of harvested 
commodities. Furthermore, the growing awareness about health hazards and environ-
mental deterioration due to chemical use has necessitated the switching to new non-
chemical strategies for the control of postharvest diseases of fruits and vegetables [13].

Among the different biological approaches, use of the microbial antagonists are 
quite promising and gaining popularity. Microbial bioagents can be used in manage-
ment of postharvest diseases of fruits and vegetables in two ways. They are use of 
microorganisms which already exist on the produce itself, which can be promoted 
and managed or those that can be artificially introduced against postharvest patho-
gens [12]. Several modes of action have been suggested to explain the biocontrol 
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activity of microbial antagonists, that include competition [14–18] antibiosis, myco-
parasitism, cell wall degrading enzymes, and induced resistance [19–21].

Antibiotics are microbial toxins which at low concentrations can kill other 
microbes. Bacteria produced volatile antibiotics viz. hydrogen cyanide, aldehydes, 
alcohols, ketones, and sulphides and non-volatile antibiotics: polyketides (diacetyl 
phloroglucinol and mupirocin), heterocyclic nitrogenous compounds (phenazine 
derivatives: pyocyanin, phenazine-1-carboxylic acid, and hydroxy phenazines) and 
phenylpyrrole antibiotic (pyrrolnitrin) [22].

There is growing importance for the non-chemical control methods to reduce 
postharvest decay throughout the world. Volatile organic compounds released by 
microbial antagonists have shown greater potential and it substitutes to synthetic 
fungicides for the control of postharvest decay of fruit [23]. Therefore, bioagents have 
gained the considerable attention and emerge to be a promising as well as a viable 
alternative to chemical management practices.

2. Volatile organic compounds (VOCs)

Microorganisms have potential of synthesizing numerous volatile substances called as 
microbial volatile organic compounds (VOCs) with low boiling points, small molecular 
masses (on average 300 Da) that quickly evaporate at normal temperature and pressure 
[24]. Both plants and microorganisms produce VOCs that enable them to communicate 
intra- and inter-specifically. By emitting VOCs, plants defend themselves against her-
bivores and pathogens, compete with other plants, and/or feed microbial populations. 
Microorganisms emit VOCs to communicate or attack each other [25]. Production of 
VOCs with antimicrobial activity has been described in filamentous fungi [26, 27], 
bacteria [28, 29], yeasts [30, 31], Streptomyces spp. [32, 33], and higher plants [34].

The majority of microbial VOCs have distinct smells [35]. Some of them, which 
are found in wine, beer, and other fermented foods, have pleasant flavors preferred by 
people. On the other hand, VOCs are connected to wastelands, deterioration, sewerage 
facilities, dirty socks, and water-damaged structures also. Hundreds of distinct vola-
tiles, including mixtures of alcohols, ketones, esters, tiny alkenes, thiols, monoterpenes, 
and sesquiterpenes, can be released simultaneously by any type of microbe [36].

The most interesting developments encompassing about volatile organic com-
pounds come from the study of endophytes, i.e., the microbe that colonize inside 
the plant tissues without causing any negative effects. Bacterial, fungal and yeast 
endophytes constitute the plant microbiome. Among them, Muscodor albus which 
is a nonsporulating, filamentous and VOC-emitting, endophytic, “stinky white” 
fungus isolated from the spice tree Cinnamomum zeylanicum and was antagonistic to 
pathogenic bacteria and fungi. More than 28 VOCs were identified from the labora-
tory cultures of M. albus, comprising acids, alcohols, esters, ketones, and lipids 
[37]. Therefore, application of these antimicrobial properties of cocktail of VOCs to 
control microbial contamination has been termed Mycofumigation [38].

3. Identification of VOCs

The identification and quantification of VOCs have to overcome many technical 
challenges. As, VOCs are highly evaporative, during sampling, handling and assay 
procedures the chances of occurrence of compound loss is more [39]. In addition to 
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that the VOCs synthesis at low concentrations in complex mixtures. VOCs identifica-
tion, collection and quantification depends on either the compounds of interest, the 
required sensitivity, the intended application, the cost and the ease of use. In classi-
cal work, the extraction, separation, and identification steps were separate. Earlier 
days, the fungal VOCs were identified using the steam distillation method followed 
by liquid extraction and concentration [40, 41]. Present-day use of Solid phase 
microextraction (SPME) based gas chromatography (GC) combined with a mass 
spectrometer (GC–MS) [42], Solvent extraction/liquid–liquid extraction (LLE), stir 
bar sorptive extraction (SBSE), dynamic headspace (DHS) approaches are used for 
separation and identification of compounds [43].

Besides these methods, electronic nose or artificial nose combined with multi-
sensory array, an information-processing unit, pattern recognition software, and 
reference library databases are also used in the identification of VOCs. These resultant 
electronic fingerprints express unique aroma that helps to detect odor profiles with-
out separation of the mixture into its components [44].

4. Biosynthesis of VOCs

Biosynthesis of VOCs mainly depends on the availability of carbon, nitrogen, sulfur 
and energy received from the primary metabolism. Therefore, the primary metabolite 
are considered as a building block of secondary metabolite and exhibits major impact 
on the concentration of any secondary metabolite, including VOCs. This demonstrates 
the high degree of connectivity between primary and secondary metabolism. VOCS are 
divided into different classes based on the biosynthetic origin. The important classes 
include terpenoids phenylpropanoids/ benzenoids, fatty acid derivatives and amino 
acid derivatives in addition to a few species−/genus-specific compounds which may not 
be represented in those major classes. Hence, precursors for VOCs basically originate 
from the primary metabolism (glycolysis, tricarboxylic acid and pentose phosphate 
pathway) which helps in the synthesis of VOCs. The four major VOC biosynthetic path-
ways are the mevalonic acid (MVA), shikimate/phenylalanine, lipoxygenase (LOX) and 
the methylerythritol phosphate (MEP) pathways lead to the emission of benzenoids/
phenylpropanoids, sesquiterpenes, monoterpenes, hemiterpenes, diterpenes, volatile 
carotenoid derivatives and methyl jasmonate/green leaf volatiles [45].

Though VOCs are considered as secondary metabolites, some researchers argue 
that they are degradation products of fatty acids, biotransformation products of 
amino acids, or incidental breakdown products of fungal extracellular enzymes acting 
on exogenous substrates. The biosynthetic pathways for geosmin which is a vital odor 
present in soils produced by many streptomycetes, cyanobacteria and fungi [46] and 
1-octen-3-ol which is a breakdown product of linoleic acid, also known as mushroom 
alcohol [34] have been elucidated. Less is known about the biosynthetic pathways that 
fungi use to produce VOCs [38].

How enzymes are putatively involved in VOCs synthesis has been reported 
utilizing bioinformatic methods using either terpene or alcohol or ester synthases 
as an example. The combination of volatilome data collected at various develop-
mental stages with transcriptional data of selected genes makes an effective method 
for locating enzymes which are likely to be involved in fungal VOC production . 
Representative pathways for different VOCs are given in Figure 1.

The selected references on the identification of VOCs for post-harvest pathogens 
of fruits are listed in Table 1.
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Figure 1. 
Three main pathways required for the production of volatile organic compounds (VOCs). (yellow boxes are the 
volatile organic compounds and blue colored boxes indicate the name of the pathway (Modified figure based on 
Dudareva et al. [47] and Kaddes et al. [45]).

S. No Micro organism VOCs Effect References

1 Bacillus 
amyloliquefaciens

2,5-Dimethyl pyrazine
2-Dodecanone

Antifungal activity 
against Fusarium sp. and 
Colletotrichum gloeosporioides

[48]

Acetoin Antifungal activity against 
Botrytis cinerea, Alternaria 
brassicicola, A. brassicae and 
Sclerotinia sclerotiorum

[49]

1,3 Pentadiene Antifungal activity against 
Monilinia laxa, Monilinia 
fructicola and B. cinerea

[50]

1-(2-Aminophenyl) ethanone Antifungal activity against 
Peronophythora litchi

[51]

Benzothiazole Induction of fruit defenses [51]

Acetic acid 2-phenylether 
ester
oleic acid
styrene

Alternaria alternata,
Colletotrichum gloesporioides,
Penicillium expansum

Patel et al. 
(Unpublished 
data)

2 Bacillus atrophaeus Chloroacetic acid Antifungal activity against C. 
gloeosporioides

[52]

3 Bacillus 
megaterium

Heneicosane and 
Heptacosane

Antifungal activity against B. 
cinerea, F. solani, Rhizoctonia 
solani, S. sclerotiorum and 
Verticillium dahliae

[53]

4 Bacillus mycoides Dimethyl disulfide Antifungal activity against C. 
gloeosporioides

[54]

5 Bacillus subtilis 2,4-Di-tert-butylphenol, 
1-Octanol, Benzothiazole, 
Benzoic acid Benzaldehyde 
3-Methyl butanal

Antifungal activity against B. 
cinerea, C. gloeosporioides, P. 
expansum, M. fructicola and 
A. alternata

[55]
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5. Application of microbial volatile organic compounds

Poveda [25] reviewed the application of microbial volatile organic compounds in 
plants viz. plant growth promotion, tolerance to abiotic stress, induction of defense 
mechanism, anti-microbial activity against phytopathogens, attractants or repellents 
to insect pests and post-harvest disease management.

i. Plant growth promotion: Acetoin which is a MVOCs produced by B. amylolique-
faciens [49] capable of promoting growth in lettuce by an increase in the number 
of lateral roots, dry weight, root growth, shoot length and chlorophyll content. 
MVOC 2,3-butanediol synthesized by B. amyloliquefaciens [47, 61], B. mojavensis 
[62] or B. subtilis [49], have the ability to promote the growth of A. thaliana.
 Other MVOCs produced from different Bacillus sp. such as 2-heptanone 2-ethyl-
1-hexanol and tetrahydrofuran-3-ol promotes A. thaliana by increasing the 
endogenous levels of action of auxins and strigolactones, in tomato [60].
 The fungal origin MVOCs (Trichoderma genus) have also been described with 
the ability to promote plant growth in A. thaliana. By exposure to δ-cadinene 
produced by T. virens [63], leads to an increase in root branching and an increase 
in total biomass, chlorophyll content and acceleration of flowering by isobutyl 
alcohol, isopentyl alcohol and 3-methylbutanal produced from T. viride [64] in 
A. thaliana.

ii. Enhancing tolerance to abiotic stress: The different species of Trichoderma 
are capable of inducing salt tolerance in A. thaliana plants through protection 

S. No Micro organism VOCs Effect References

6 Bacillus velezensis Pyrazine(2,5-dimethyl) 
Benzothiazole 4-Chloro-
3-methyl Phenol-2,4-bis 
(1,1dimethyl ethyl)

Antifungal activity 
against Alternaria solani, 
B. cinerea, Valsa mali, M. 
fructicola, F. oxysporum f. sp. 
capsicum and Colletotrichum 
lindemuthianum

[56]

7 Hanseniaspora 
uvarum

Ethyl caproate
Ethyl acetate

Increase strawberry fruit 
flavor and defense

[57]

8 Hanseniaspora 
opuntiae

acetic acid 2-phenyl ether 
ester
styrene
β- Phyllandrene
thujopsene

A. alternata,
C. gloesporioides,
P. expansum

Patel et al. 
(Unpublished 
data)

9 Muscodor albus Naphthalene Antifungal activity against 
Aspergillus fumigatus and A. 
ochraceus

[58]

10 Muscodor 
brasiliensis

Pogostol
2-Phenyl ethyl acetate
Phenyl ethyl alcohol

Antifungal activity against P. 
digitatum

[59]

11 Trichoderma 
virens

Thujopsene
δ-Cadinene

Induction of resistance 
against B. cinerea

[60]

Table 1. 
Effect of MVOCs against postharvest pathogens.
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against oxidative damage, by reducing the accumulation of H2O2 accumulation 
under salt stress but the exact MVOCs involved have not been determined [65]. 
Under salt stress, myristic acid, phenol-2-methoxy, stearic acid and tetracontane 
emitted by Pseudomonas simiae are capable to reduce Na+, and increase K+ and P, 
content in roots of soybean seedlings, because of an increase in the expression of 
peroxidase, catalase, vegetative storage protein and nitrite reductase genes [66]. 
Increased in tolerance to salinity in A. thaliana by downregulating the expres-
sion of high-affinity K+ transporter 1 in roots and upregulation in shoots by the 
2,3-Butanediol compound released by B. subtilis (Zhang et al. 2008). Acetoin 
released by B. amyloliquefaciens is able to increase tolerance against salinity in 
M. piperita, by increasing SA content [67].

iii. Induction of defense mechanism: MVOCs induces the plant defense by activat-
ing signaling pathways within the plants. Methyl benzoate which is MVOC 
emitted by Cladosporium sp. via JA-signaling pathway and m-cresol VOC from 
Ampelomyces sp. activates SA- and JA-signaling pathways [68]. The MVOCs 
released from Fusarium oxysporum induce systemic resistance in A. thaliana by 
activating SA-signaling pathway against Pseudomonas syringae pv. tomato [69]; 
The MVOC emitted by B. subtilis and B. amyloliquefaciens are capable of activat-
ing a systemic resistance in A. thaliana mediated by ethylene- (ET) signaling 
pathway against Erwinia carotovora subsp. carotovora [70]. Same MVOC from 
Enterobacter aerogenes involved in the induction of plant resistance against the 
Northern corn leaf blight fungus Setosphaeria turcica [71].

iv. Inhibition of phytopathogens: The direct antibiosis of different MVOCs against 
plant pathogens is one of the most studied benefits for plants. The MVOCs 
produced by B. amyloliquefaciens, such as 2-undecanone, 2-tridecanone and 
heptadecane inhibits the mobility, biofilm formation and root colonization of 
pathogenic bacteria. In case of fungi, it inhibits the number of membrane lipids 
present in the mycelium of the pathogen. It causes abnormal morphology of 
appressoria, suppresses the mycelial growth and sporulation [72].
 MVOs released from Pseudomonas putida such as 1-undecene and dimeth-
yldisulfide showed oomicitidal activity against Phytophthora cactorum, P. 
nicotianae and Pythium ultimum in vitro [53], Dimethyl hexadecylamine from 
Arthrobacter agilis is able to inhibit the growth of Phytophthora cinnamomi by 
decreasing the number of membrane lipids present in the mycelium of the 
pathogen [73], Bacteriostatic effect also reported by MVOCs toluene, ethyl 
benzene, m-xylene and benzothiazole from P. fluorescens, restricting the 
growth and virulence [74].

v. Attractant or repellent effect on insect pests: In plants MVOCs against insects 
acts as a direct attractant or repellent of natural enemies. The emission of 
2-methyl-1-butanol and 3-methyl- 1-butanol by the yeast Aureobasidium pul-
lulans causes the active attraction of predatory insect-pest wasps such as the 
western yellowjacket (Vespula pensylvanica) and the German yellowjacket 
(V. germanica) [75] 2,3-butanediol emitted from Enterbacter aerogenes increases 
the attraction of parasitoid insect-pest wasps such as Cotesia marginiventris 
during the interaction with maize roots [70]. MVOCs, such as 1-octen-3-ol and 
3-octanol released by Fusarium verticillioides acts as a repellant against insect-
pest Sitophilus zeamais in stored maize kernels [76].
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6. MVOCs in the management of postharvest diseases of fruits

6.1 VOCs produced by fungi

The use of VOCs for the control of postharvest diseases of fruits is well represented 
by the report [77]. on an endophytic fungus, Muscodor albus, discovered in C. zeyl-
anicum in a Honduras botanical garden. In the late 1990s, an isolate of M. albus was 
identified as a good fungal bioagent for the biofumigation of fruits and vegetables 
after harvest to control apple and peach decay [78], green mold and sour rot of lemon 
[79] and gray mold of table grapes [80]. The ability of M. albus to manage postharvest 
diseases depends on the medium that supports the growth of an endophytic fungus 
which in turn greatly influences the quality, emission and the effectiveness of VOCs. It 
has also been reported that more than 28 VOCs of five groups of organic compounds 
such as acids, alcohols, esters, and lipids was identified through GC/MS analysis from 
an endophytic fungus [37]. About 48.5 per cent of 2-methyl-1-butanol serving a major 
component along with second and third compound as isobutyric acid (14.9%) and ethyl 
propionate (9.63%) were identified from M. albus inoculated in an autoclaved rye [78].

Even though Oxyporus latemarginatus is a plant pathogen affecting trees, an isolate 
of this species EF06 that produced VOCs was isolated from the healthy tissues of 
pepper plants which acts as a potential biological agent [81]. O. latemarginatus EF06 
tested in half-plate divided Petri plates produced VOCs and inhibited the mycelial 
growth of Alternaria alternata, B. cinerea, C. gloeosporioides, Fusarium oxysporum f. 
sp. lycopersici, and R. solani. The gaseous VOCs produced by O. latemarginatus EF069 
multiplied in a wheat bran–rice hull cultures of 50 g upon exposure to apple fruits in 
closed container suppressed 98.4 per cent development of Botrytis lesions at 20°C. The 
hexane extract of wheat bran–rice hull cultures of O. latemarginatus EF069 was used 
for the identification of an antifungal VOCs by repeated silica gel column chroma-
tography and identified as 5-pentyl-2-furaldehyde (PTF). The purified PTF were 
effective against various plant pathogens. The mycofumigation with EF069 was also 
effective in reducing postharvest decay of apple fruits caused by B. cinerea [82].

The most common fungal pathogen during storage conditions is P. expansum [83]. 
But there are few reports of antifungal VOCs extracted from this species. VOCs from 
P. expansum R82 have been used to control postharvest diseases of fruits. P. expansum 
R82 tested in double Petri dish assays was found to be able to inhibit mycelial growth 
of postharvest pathogens viz., B. cinerea, Monilinia spp., C. acutatum and other strains 
of P. expansum by producing VOCs [84]. The SPME-GC analysis revealed the pres-
ence of geosmin and phenethyl alcohol (PEA) as the major terpenoid and alcohol 
VOCs produced respectively by the P. expansum R82. Synthetic PEA does not show 
any inhibitory activity when tested in vitro against the pathogens. Without any direct 
contact of P. expansum to the fruits, the fungus could be grown in a separate chamber 
and the produced VOCs can be transferred to the storage room through pump and 
further can be exposed to fruits to control postharvest diseases [85].

The different VOCs produced by Ceratocystis fimbriata showed strong bioactiv-
ity against a wide range of pathogens including postharvest diseases such as peach 
brown rot and citrus green mold. The volatiles exposure of C. fimbriata in vitro to the 
peach and citrus fruits against M. fructicola and P. digitatum pathogens showed strong 
inhibition towards mycelial growth, conidial production and spore germination and 
the in vivo exposure lead to the reduction of disease over control of 92 and 97 per cent 
respectively. Exposure to VOCs of C. fimbriata lead to misshapen hyphae and conidia 
when observed under scanning electron microscopy also their pathogenicity was 
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greatly reduced. The VOCs were identified as butyl acetate, ethyl acetate and ethanol 
by head space GC–MS [86].

In spite of the fact that the storage temperature may affect either VOC emission or 
control activity, storage at 20°C was effective compared to 5°C then period of expo-
sure of VOCs can increase from 4 to 24 h, obtaining the same level of efficiency [79].

6.2 VOCs produced by bacteria

Different species of Bacillus and Pseudomonas have displayed inhibitory effect 
against the growth of postharvest pathogens of fruits with multiple modes of action, 
including the production of VOCs.

Bacillus subtilis strain CL2 showed antagonistic effect upon producing the VOCs 
in vitro `against wolfberry postharvest pathogens by inhibiting the hyphal growth of 
Mucor circinelloides LB1, Fusarium arcuatisporum LB5, Alternaria iridiaustralis LB7, 
and Colletotrichum fioriniae LB8 using two-sealed-base-plates method. The mycelial 
morphology of the inhibited pathogens were deformed, twisted, folded, and shrunken 
when observed under scanning electron microscope. The VOCs could also reduce the 
weight loss and decay incidence rate of wolfberry fruits infected by the postharvest 
pathogens. The headspace-gas chromatography-ion mobility spectrometry analysis, 
revealed the production of seven VOCs by strain CL2. Among them, 2,3-butanedione 
and 3-methylbutyric acid are the main antifungal active substances [87].

The volatilome produced by three strains of Bacillus velezensis (BUZ-14, I3 and I5) 
displayed inhibitory effect in vitro against B. cinerea, M. fructicola, M. laxa, Penicillium 
italicum, P. digitatum and P. expansum. Among three strains I3 and I5 showed 100 per 
cent inhibition of B. cinerea. The volatile metabolites of I3 also reduced 50 per cent 
inhibition of grapes gray mold and BUZ-14 decreased apricots brown rot severity by 
reducing the M. fructicola infection from 60 to 4 mm. The main volatiles responsible 
for showing its antifungal activity identified from SPME coupled with GC–MS 
ranged from 12 to 15 compounds including 2-nonanone, 2-undecanone, 2-heptanone, 
1-butanol, acetoin, benzaldehyde, butyl formate, diacetyl, nonane, or pyrazine, 
benzaldehyde and diacetyl. Among those VOCs diacetyl was able to control 60 per cent 
infection of gray mold in table grapes and blue rot in mandarins with only 0.02 mL L−1 
concentration. The diacetyl and benzaldehyde VOCs have been identified as promising 
compounds and can be applied in active packaging during the postharvest storage, 
transit and trade of fruit crops. However, prior to the application of any VOCs, it is 
crucial to determine the active dose as well as the phytotoxicity of the volatiles, since 
some of the fruits such as apricots and apples have proven to be highly sensitive [88].

In planta prophylactic fumigation of mango fruits cv. Amrapali with 24 h exposure 
of either endophytic bacteria Pseudomonas putida BP25 or the identified volatile from 
the bacteria i.e., synthetic VOC 2- ethyl-5-methylpyrazine at 25°C showed a reduction 
of more than 76 per cent of anthracnose severity on fruit. Additionally, the physico-
chemical properties of fumigated fruits were also increased representing a new com-
pound for the postharvest management of mango during its commercialization [51].

The downy blight of litchi caused by the oomycete pathogen P. litchii severely 
suppress the production and quality of litchi fruit. Fumigation of litchi fruits with B. 
amyloliquefaciens PP19, Exiguobacterium acetylicum SI17 and B. pumilus PI26 volatiles 
reduced the disease severity of downy blight. The volatile profiles identified from the 
above-mentioned bacterial strains viz., 1-(2-Aminophenyl) ethenone, benzothiazole 
and α-farnesene displayed inhibitory effect against the downy blight and serves as 
promising VOC for the postharvest diseases control of litchi fruits [89].
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The VOCs produced from B. thuringiensis and B. pumilus decreased the mango 
anthracnose infections by 88.5 per cent [90]. When VOCs emitted from B. subtilis 
and B. amyloliquefaciens were assayed alone or in combination for their antifungal 
property against Penicillium infection on citrus, the volatile profiles of B. amyloliq-
uefaciens (8 VOCs) and B. subtilis (21 VOCs) reduced the disease incidence of citrus 
by P. crustosum, but no synergetic effect was exhibited in citrus fruit treated with 
the antagonist combination. The volatile profile included N-containing compounds, 
alcohols and ketones were common in both of them. There were morphological 
abnormalities in P. crustosum when exposed to VOCs. There was a swelling in the 
hyphae, sporangium and conidia [91].

Upon exposure of VOCs produced by the B. subtilis, there was a retraction of 
protoplasm with in the hyphal tips and separation of an empty hyphal segments 
in germinating conidia of B. cinerea. In addition, due to the protoplasm retraction 
pathogen conidia could not germinate, even after the withdrawal of VOCs, indicating 
that the protoplasm damage may be irreversible and lethal for pathogens [28].

Streptomyces spp. is group of actinomycete capable of reducing the growth of 
certain fungal pathogens such as citrus P. italicum [33], gray mold of tomato fruit 
[92] and strawberries [32] caused by B. cinerea due to the ability of emitting VOCs. 
Volatiles of S. platensis F-1 displayed a strong reduction in strawberry gray mold 
incidence by 73 per cent. Among 16 volatiles identified from S. platenesis F-1, VOCs 
phenylethyl alcohol and (+)-epi-bicycle sesquiphellandrene were previously been 
detected in M. albus [37] and in the Kleina odora essential oil [93] respectively. Patel 
et al. (Unpublished data) reported that acetic acid 2-phenylether ester, styrene, 
β-Phyllandrene and thujopsene were most abundant VOCs released from B. amyloliq-
uefaciens against postharvest pathogens of grapes.

6.3 VOCs produced by yeast

Yeasts as bioagents have been extensively studied since they own many features 
that satisfy the requirements for being biocontrol agents in fruits [94, 95]. Yeast 
species usually require a simple nutritional diet, colonizes on dry surfaces for lon-
ger periods and can grow rapidly on less expensive substrates in bioreactors [96]. 
Importantly, they do not produce any kind of allergenic spores or mycotoxins as 
many fungi or antibiotics which might be produced by bacterial antagonists [97, 98]. 
In addition, yeasts are a major constituent of the epiphytic microbial community of 
fruits and vegetables and also phenotypically adapted to this niche.

Candida intermedia 410 inhibited incidence of strawberry gray mold by the 
production of volatiles. It has been confirmed that VOCs production were the only 
probable mechanism against B. cinerera because there was no direct contact between 
the pathogen and yeast cells. The most abundant compounds identified from C. 
intermedia were 1,3,5,7-cyclooctatetraene, 3- methyl-1-butanol, 2-nonanone, and 
phenethyl alcohol and confirmed that yeast can be potentially developed as a biofu-
migant for the control of gray mold of strawberries [99].

Strains belonging to different species of yeasts such as Saccharomyces cerevisiae, 
Wickerhamomyces anomalus and Metschnikowia pulcherrima showed both in vitro 
and in vivo inhibitory effect due to the emission of VOCs on B. cinerea causing post-
harvest bunch rot of table grapes [100].

The VOCs produced by S. cerevisiae inhibited Phyllosticta citricarpa, causing black 
spot of citrus. Individual exposure of 3-methyl-1-butanol and 2-methyl-1-butanol 
controlled the development of new lesions close to 90%, even after removing the 
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fruits from the VOC influence and displayed effective inhibition of mycelial growth, 
appressorium formation and germination of conidia [101].

The psychrotrophic, non-pectinolytic yeast Candida sake grown in apple juice 
act as a potential biocontrol agent. The antifungal volatile organic compounds 
produced by C. sake inhibited the growth of five postharvest pathogens of apple (P. 
expansum, B. cinerea, A. alternata, A. tenuissima and A. arborescens). The VOCs were 
also effective on in vivo assays to control P. expansum in Red Delicious apples [102]. 
Patel et al. (Unpublished data) reported that acetic acid 2-phenylether ester, styrene, 
β-Phyllandrene and thujopsene were most abundant VOCs released Hanseniaspora 
opuntiae against postharvest pathogens of grapes.

7. Safety of microbial volatile organic compounds

The disease control using VOCs from microbes would be safer to human health 
and environment as the yeast and their products are Generally Recognized As Safe 
(GRAS) by the U.S. Food and Drug Administration (FDA), and the yeast is classified 
as Biosafety Level 1 by U.S. Centres of Disease Control and Prevention (CDC/OHS, 
2009), as it is not a human pathogen, it generally does not produce mycotoxins, anti-
biotics, or other molecules that are unacceptable in foods [100]. Many antimicrobial 
VOCs, such as decyl alcohol, nonanal, acetoin and phenylethyl alcohol, are already 
in use as additives in foods and cosmetics and their use can be extended to control 
postharvest diseases in fruits and vegetables [103]. However, they are reports on the 
issues related to safety of these mVOCs to human being. For example some mVOCs 
reported as allergenic and asthmatic agents such as 1-octen-3-ol [104]. Many of the 
reports arise from analysis of environmental samples from moist and damp rooms 
or closed places. As mentioned by Piechulla and Degenhardt [105] the use of these 
compounds in post-harvest disease management depends on their characterization, 
dose and their mode of action. These mVOCs need to be applied in very low con-
centration and they are completely degradable. Compared to synthetic fungicides, 
they are less harmful due to no residual toxicity. To harness the use of mVOCs, a 
prerequisite is the availability of adequate in vitro test systems to generate the data 
to facilitate the legal and regulatory authorities in giving permission for their use in 
agriculture. A review by Ceremi et al. [106] give the list of in vitro systems for the 
evaluation of mVOCs on human being. They reviewed the submerged cultivation, 
air-liquid-interface (ALI), spheroids and organoids as well as their advantages and 
disadvantages. As these mVOCs are suspected to be allergenic, the methods to study 
the effects on human respiratory tract need to be updated. In our work too, (Pooja 
et al. unpublished data) though styrene was abundantly produced by Hanseniaspora 
opuntiae and B. amyloliquefaciens, but we did not use it due its ill effect on human.

8. Conclusion

Microbes are a remarkable source of active chemicals due to their diverse chemi-
cal makeup. VOCs in particular, when compared to traditional products, can offer 
evident environmental benefits due to their nil residual effect, renewability, biode-
gradability, and low toxicity. This makes them an effective aspect of an eco-chemical 
approach in the management of postharvest diseases. As the world is moving towards 
a green economy, with new production chains that begin in agriculture and end by 
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returning back to agriculture. Products and by-products come together to establish 
a sustainable economic system that uses renewable resources. Locally and in many 
agricultural exporting nations, laws to limit chemicals are currently being adopted. 
In order to counteract the negative effects of microorganism infection during storage, 
these non-toxic and GRAS-recognized compounds will be added to the postharvest 
chain. This will improve the protection of human health and the environment. The 
use of mVOCs in disease management is evolving and its beneficial effect without 
harming human health need demonstration after in depth molecular studies to 
confirm their potential use in agriculture. The future thrust areas as suggested by 
Kanchiswamy [54] include application of nanotechnology in delivering these mVOCs, 
expanding the database of mVOCs, studies on mode of action of individual com-
pounds and synergistic effect of cocktail of compounds, non-volatile biodegradable 
precursors of mVOCs and molecular basis of their mode of action.
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Chapter 5

Application of Phytohormones, 
Growth Regulators, and Calcium to 
Preserve Fruit Quality in Pre- and 
Post-Harvest
Ismael Aguilar-Ayala and Diana Herrera-Rojas

Abstract

The technological levels used to reduce fruit losses in post-harvest are closely linked 
to those used in pre-harvest. Applications of phytohormones, growth regulators, and 
calcium to fruit in pre- and post-harvest are viable alternatives to increase and preserve 
quality attributes. Knowledge of the action and response of fruits to the exogenous 
application of different phytohormones, growth regulators, and calcium in pre-harvest 
are fundamental when considering that fruit quality is acquired at this stage and that the 
purpose of post-harvest technology is to preserve fruit quality. This chapter describes 
research carried out to evaluate the response of different fruits to the application of 
phytohormones, phytoregulators, and calcium, which showed favorable responses in 
increasing fruit quality in pre-harvest and preserving quality in post-harvest.

Keywords: auxins, gibberellins, cytokinins, ethylene, calcium, fruit, pre-harvest,  
post-harvest, application, preservation, quality

1. Introduction

Currently, the generation, application, and dissemination of new techniques and 
technologies in the conservation of fruits and vegetables in post-harvest are of vital 
importance when considering that 20–50% of the agricultural production obtained is 
lost [1–4]. The losses of fruits and vegetables are different according to the economic 
development of the countries, in nations considered developed, from 5 to 35% is lost, 
and in developing countries from 20 to 50%. In these regions, it is considered that 
losses of fruits and vegetables occur mainly in the retail and consumption stages, while 
in countries considered poor or low-income, losses of fruits and vegetables are related 
to poor pre-harvest handling where low technological levels are applied, harvesting 
techniques that damage the fruits, poor transport from the orchard to the warehouse, 
packaging without technical design, and the lack and inadequate infrastructure for 
storage [1, 2, 5]. On the other hand, fruit and vegetable losses are generally classi-
fied into five stages: Stage 1: pre-harvest handling. Stage 2: packing process. Stage 3: 
post-harvest handling and storage. Stage 4: distribution from the warehouse to the 
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retail market. Stage 5: consumption [6]. Fruits in post-harvest and without being 
subjected to any industrial process are living organisms with their own metabolism 
and enzymatic action, with high percentages of water content and susceptibility to 
attack by microorganisms, factors that determine the perishability of the fruit, i.e., the 
shelf life under storage conditions that can last from a few days [6] to years. To prolong 
the shelf life of fruits, different technologies have been implemented: use of low and 
high temperatures, refrigeration and freezing, immersion in chemical additives [7], 
controlled and modified atmospheres, vacuum packaging, and edible coatings [8]. The 
purpose of post-harvest handling technologies is to preserve fruit quality and mini-
mize losses caused by transport and handling in storage. The quality of harvested fruit 
is not increased, only preserved; quality attributes are obtained pre-harvest, so it is 
very important to apply optimal technological levels both pre-harvest and post-harvest 
[8]. The application of phytohormones, growth regulators, and various chemical 
 calcium compounds in the pre- and post-harvest handling of the fruit constitutes some 
alternative technologies to increase and preserve fruit quality. In this chapter, pioneer-
ing work and recent research on the application of phytohormones, growth regulators, 
and calcium to pre- and post-harvest fruit will be described in general terms.

2.  Application of phytohormones and growth regulators to pre- and  
post-harvest fruits

Phytohormones are simple organic chemical compounds, without associated 
protein groups, which induce all morphogenic responses during plant ontogeny, and 
participate in most morphogenic responses in growth and development; they are 
synthesized in different plant structures such as shoot and root meristems, leaves, 
fruits, and seeds. Some plant hormones act at the same site of synthesis or have an 
effect on other plant structures and whose physiological response may last for a 
short or medium time. When phytohormones act in conjugation with others, they 
induce different morphogenic expression responses, for example, the formation of 
shoots and alternatively of roots and/or the production of amorphous cell masses 
[9]. Growth regulators are synthetic compounds of a different chemical nature from 
phytohormones, and they can generate similar or different effects to those expected 
and can even elicit more intense responses than plant hormones at the same molar 
concentration [9]. The main phytohormones and growth regulators used in pre- and 
post-harvest fruit management are auxins, gibberellins, cytokinins, and ethylene.

2.1 Auxins

In 1933, Kögl and collaborators synthesized indole-3-acetic acid from the 
amino acid tryptophan, a low-molecular-weight organic acid found in plants, and 
named it auxin, the word auxin comes from the Greek ¨auxein” meaning ¨to grow¨ 
[9]. Auxins synthesized in the vegetative structures of the plant are translocated 
through the phloem in a basipetal and cell-to-cell manner and have been found in 
both algae and fungi [10]. Indole-3-acetic acid elicits plant physiological responses 
when it binds to a receptor and undergoes signal transduction to generate diverse 
responses in plant growth and development (see Table 1). Auxins induce growth 
by cell division and elongation, and cell differentiation of apical, root, and cam-
bium meristematic zones. Endogenous and exogenous auxins generate adventitious 
roots, and promote apical dominance and fruit growth and development [11]. 
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In plant growth and development, auxins act in conjugation with gibberellins, 
cytokinins, and ethylene [12].

Plant growth regulators with auxin effect such as indole-3-propionic acid, naphthale-
neacetic acid, 2,4-dichlorophenoxyacetic acid, and 2,4,5-trichlorophenoxyacetic acid are 
synthetic organic substances considered agrochemicals, and they are used to promote 
seed germination, rooting of cuttings, sprouting of differentiated buds, fruit setting, 
delaying the physiological maturity of fruits, and preserving the quality of some fruits 
in post-harvest [9, 11]. Exogenous application of auxins to plants in high concentrations 
induces vegetative growth by inhibiting flowering, growth, and fruit development [13].

The use of indole-3-butyric acid (IBA) by Solis et al. [14] in red pomegranate 
(Punica granatum L.) ‘Apaseo tardía’ had the purpose of evaluating the effect of 
indole-3-butyric acid on the preservation of fruit quality in post-harvest. The treat-
ments applied were 0, 20, 40, and 80 mg/L−1 of IBA by immersion for 10 minutes, 
and the fruits were stored for 60 days under refrigeration at a temperature of 4 ± 1°C. 
The response variables evaluated were mass (g), size (cm) in diameter and length 
of the fruit, concentration of total anthocyanins, percentage of titratable acidity, 
ascorbic acid concentration, chlorophylls “a,” “b,” and total. The results indicate that 
the 20 mg/L−1 AIB treatment significantly preserved fruit size in length, while, in the 
mass variables, ascorbic acid concentration and anthocyanin concentration did not 
present significant statistical differences compared with the 0 mg/L−1 AIB treatment. 
However, the mass variables, ascorbic acid concentration, and total anthocyanins 
showed statistical trends for the preservation of fruit quality significantly to the 
application of AIB, so it is suggested to increase the immersion time of the fruit.

In another research conducted by Bustamante and Gómez [15], they applied auxins 
and calcium in commercial chemicals products to banana bunches to improve fruit qual-
ity, considering that the mass and size are important for their commercialization. The 
purpose of the research was to generate technology to increase fruit quality in pre-harvest 
with the application of commercial auxin and calcium chemicals. The treatments applied 
were as follows: Basfoliar Kelp (Auxins) + Basfoliar Calcium (Ca) [75 cc + 75 cc /L−1  
water]; Basfoliar Kelp (Auxins) + Basfoliar Calcium (Ca) [100 cc +100 cc /L−1 water]; 
and Basfoliar Kelp (Auxins) + products containing Basfoliar Calcium (Ca) [12.5 cc + 12.5 
cc/L−1 water] and the control and two applications were made, the first at 4 days after the 
beginning of flowering and the second at 10 days after flowering. The results found indi-
cate that all treatments significantly increased fruit mass and size in length and diameter.

With the purpose of delaying fruit senescence and thus preserving the quality 
for a longer time, Da silva et al. [16] applied indole-3-acetic acid to fruits of Spondias 
(Spondias dulcis). The treatments evaluated were 0, 50, 100, 150, and 200 mg L−1 of AIA 
applied by immersion for 20 min, the evaluations were carried out at 5 and 10 days after 
application of AIA, the response variables were pulp firmness, titratable acidity, soluble 
solids, ascorbic acid content, and pulp and peel color. Univariate analysis was applied for 
each variable, and regression analysis was applied to determine the effect of auxin con-
centration. There was no correlation between the concentration of auxins applied on the 
concentration of total soluble solids and flesh color. There were no significant differences 
in the variables of titratable acidity, pH, and skin color. The concentrations of 50 and 100 
mg L−1 of AIA showed the best results in reducing the ripening of Spondia fruits.

2.2 Gibberellins

Gibberellins (GAs) are phytohormones of plant growth and development 
involved in various physiological processes of plants, the fungus was isolated by Eichi 
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Kurosawa in 1926 from cultures of Gibberella fujikoroi, a fungus parasite of rice plants 
causing the ¨bakanae¨ disease, and the attack of the fungus induces excessive growth 
by elongation of stems and shoots and a strong decrease in productivity [17, 18]. 
In 1955, gibberellic acid (Ga3) was isolated from the secreted filtrate of Gibberella 
fujikoroi [19]. The synthesis of gibberellins occurs in various plant structures: buds, 
leaves and fruits, and their movements are basipetal. Endogenous gibberellins mainly 
induce height growth [20], and promote inflorescence development and flowering 
in long-day plants. In association with phytochromes, they induce the differentiation 
of vegetative meristems to reproductive meristems promoting flowering [21]. They 
induce parthenocarpy, and growth and development in many fruits [22]; likewise, 
gibberellins and other phytohormones that synthesize seeds within the fruit largely 
regulate their size. It has also been shown that the number and size of fruits attached 
to the plant correlate with the number of seeds contained in them and the absence 
of pollination causes seed-bearing fruits to drop. Genetically parthenocarpic fruits 
contain normal gibberellin levels [7], seedless fruits with relatively high gibberellin 
concentrations show adequate growth and development [19]. Commercial gibberellic 
acid obtained from extracts of the fungus Gibberella applied exogenously affects the 
growth and development stages of the plant passing from vegetative to intermediate 
stage and vice versa [23]. In long-day plants, it induces flowering [24, 25] and can 
affect sex determination by modifying the floral structure and leading to female or 
male flowers [21]. Gibberellins generate multiple responses when applied at different 
stages of fruit growth and development: It induces bud differentiation, and promotes 
fruit growth and development and parthenocarpy (see Table 1). In apples, it promot 
fruit development after pollination; in citrus, it delays senescence [26]. It is used to 
increase quality in seedless grape fruits, in apples, peaches, apricots, cherries, and in 
citrus fruits, it increases fruit yellowing; in the latter, GAs delay the coloration from 
green to orange and prevent alterations in the rind [27].

On the other hand, there are compounds of different chemical constitution that 
inhibit plant growth known as growth inhibitors or retardants: Chlormequat-Cl, 
Cycocel, AMO-1618, Phosphon-D, Ancymidol, Paclobutrazol, Uniconazole-P that 
reduce meristematic growth mainly by inhibiting cell division by preventing the 
development of the gibberellin synthesis cycle. The application of these chemical 
compounds reduces plant size but does not affect productivity. Plant growth arrest 
generated by the application of these chemicals is reversed if gibberellins are applied, 
even if they are mixed with the inhibitory chemical [28]. Some investigations con-
ducted with applications of gibberellins to different fruits are described below.

The concentration of Mexican plum (Spondias purpurea L.) production causes 
this fruit to have unattractive prices for producers, so research was done [29] to phase 
production. Gibberellic acid was applied to pre-harvest fruit. The treatments were: 
0.0, o.1, 0.2, and 0.4 mM Activol, and the application was made by spraying. The 
response variables evaluated were: blossom to harvest period in days, % bud burst, % 
flower buds, mass (g), size in length and diameter (cm), starch concentration, total 
soluble solids, ascorbic acid, and titratable acidity. The results indicate that produc-
tion was advanced by 36 days with the 0.4 mM treatment, and this same treatment 
significantly induced fruit set with 51.92% with respect to the control treatment that 
achieved 2.67%. The 0.2 mM treatment showed a significant growth of fruit size in 
length with 4.32 cm compared with 3.97 cm of the control treatment, and fruit size 
in diameter was 3.44 cm significantly different from the control treatment with 3.17 
cm; fruit mass(g) was significantly different with the 0.2 mM Activol treatment, 
which was 29.37 (g), and the control treatment was 23.39 (g). In the other evaluated 
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variables such as starch, total soluble solids, total sugars, ascorbic acid, and titratable 
acidity, no significant statistical differences were found between treatments.

The fruit of red pomegranate cv. Apaseo tardía is very susceptible to fruit crack-
ing. In consideration of the above, an investigation was carried out [30] where 
gibberellic acid was applied to fruits of red pomegranate cv, Apaseo tardía in pre-
harvest. Gibberellic acid was used in treatments of 0, 50, 100, and 200 mg/l in three 
direct applications to the fruit at intervals of 15 days each. The results showed that 
the treatments of 50, 100, and 200 mg/l of acigigib showed highly significant dif-
ferences in avoiding 100% of fruit cracking compared with the control treatment, 
which showed 62% of cracked fruit. In the quality variables, the 0 mg/l gibberellic 
acid treatment showed significant statistical differences in the concentration of total 
sugars compared to the other treatments. The concentration of chlorophyll “a” in the 
pericarp of red pomegranate showed significant differences between treatments. As 
for the concentration of chlorophyll “b” in the pericarp of the red pomegranate fruit, 
the control treatment was the only one in which chlorophyll “b” was observed. No 
significant statistical differences were found between treatments in the following 
quality variables: total soluble solids, ascorbic acid, titratable acidity, anthocyanins, 
hydrogen potential, fruit mass (g), size (cm) in length and diameter.

In order to evaluate the effectiveness of a pre-harvest application of gibberellic 
acid to fruits of late red pomegranate cv. Apaseo tardía to prevent fruit cracking and 
conserve fruit quality, treatments of 0 and 50 mg/l of gibberellic acid applied once 
were evaluated. The variables evaluated were the number of uncracked and cracked 
fruit, fruit size in length and diameter, mass (g), total soluble solids, ascorbic acid 
content, total sugars, hydrogen potential, anthocyanin concentration, titratable 
acidity, and fruit maturity index. The results showed that, out of a total of 250 fruits 
evaluated per treatment, the 50 mg/l gibberellic acid treatment showed a statistically 
significant decrease of only 30 cracked fruits against 77 of the control treatment. 
The fruit quality variables, size in length and diameter, mass(g), total soluble solids, 
ascorbic acid, total sugars, anthocyanins, hydrogen potential, titratable acidity and 
maturity index, did not show significant differences between treatments [31].

2.3 Cytokinins

Plant cytokinins were discovered in 1963 by Miller and Letham in corn kernels (Zea 
mays), and the first cytokinin was identified as 6-(4-hydroxy-3-methylbut-trans-2-enyl-
amino) purine called zeatin. Naturally synthesized cytokinins of importance as zeatins 
are benzyladenine and kinetin, and natural plant cytokinins are synthesized at sites of 
continuous cell division such as the root and shoot meristems of the plant. Synthetic 
cytokinins such as benzyladenine (BA) or furfurylaminopurine and thidiazuron 
(TDZ) are more efficient than endogenous hormones because they are not degraded or 
metabolized by the tissue. Cytokinins promote cell division and differentiation, sprout-
ing of axillary buds, delay leaf senescence, induce sprouting of dormant buds and fruit 
growth, stimulate nutrient mobilization, synthesis and degradation of pigments such as 
chlorophyll and protein degradation, and increase the movement of sugars, amino acids, 
and trace elements to developing organs and generate protein synthesis [32, 33].

The application of growth regulators such as cytokinins in the plant has been a 
very important practice for producers, because new production technologies are 
applied in fruit trees and thus ensure the production yield in flowers and fruits, 
inducing flowering and decreasing the number of aborted flowers, being factors that 
affect the production yield of any fruit tree.
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Barbosa [34] used the application of cytokinins to ensure the yield in the produc-
tion of papaya because it is a fruit of great economic importance, and it has a high 
percentage of flower drop during the flowering stage affecting the percentage of fruit 
set. The purpose of the research was to determine the effect of the combination of 
three doses of cytokinins (X-Cyte) and three doses of gibberellins (RyzUp) on fruit 
set, growth and development in a commercial papaya plantation. The treatments 
applied were 2, 7, and 12 ppm concentrations of cytokinins and 5, 10, and 15 ppm 
concentrations of gibberellins. As results, cytokinins (X-Cyte) at a dose of 12 ppm 
obtained the highest papaya production with 13.02 tm ha−1, and gibberellins (Ryz-Up) 
had no effect on papaya production with the exception of the number of fruits har-
vested. Statistical significance was found in the interaction C x G: fruit mass, number 
of fruits tied, and polar diameter, which implies that both factors act jointly on these 
characteristics, stimulating fruit growth. The yield in papaya production was in rela-
tion to the number of fruits harvested, there were significant differences in relation to 
the control in the number of buds and flowers, and the application of gibberellins had 
no effect on the yield of papaya production.

In order to evaluate the effect of cytokinins on blueberry fruit production, Cano 
[35] applied Agrocimax Plus (cytokinin) to blueberry (Vaccinium corimbosum L.) Biloxi 
variety. The treatments consisted of the addition of Agrocimax Plus at concentrations 
of 1.25ml/L, 2.5ml/L, and the control without Agrocimax Plus. Applications were made 
from pre-flowering to fruit ripening. The variables evaluated were productivity, yield, 
and fruit size. The results obtained were that the treatment at a concentration of 1.25 
ml/L obtained a yield of 3.19 kg per plant and a production of 15950 kg per hectare; 
for the 10–17 mm size, the yield was 1.54 kg per plant and a production of 7700 kg per 
hectare. In the 18–28 mm size a yield of 1.65 kg per plant and a production of 8250 kg 
per hectare were obtained. The economic evaluation of the use of Agrocimax Plus on 
the production of blueberry fruit (Vaccinium corimbosum L.) was with the Agrocimax 
Plus treatment (1.25ml/L) with a profitability index of 187% of the production cost.

In the research conducted by Tamalá [36], the inductor effect of cytokinins on 
flowering and fruit setting was determined in a soursop (Annona muricata) crop of 
approximately 2 years and 6 months of age, the treatments were cytokinin 1.5 ml/L 
of water, 1.25 ml/L of water, and the control, with a completely randomized block 
design, and the study variables were days of flowering, total number of flowers, 
aborted flowers, fruit set, and fruit circumference. The results obtained were that the 
concentration of 1.5 ml/L of water accelerated flower production and fruit formation 
compared to the control, because cytokinins increased the number of inflorescences, 
decreased flower drop compared to the other treatments, increased fruit size in length 
and diameter, and increased fruit production.

2.4 Ethylene

Ethylene is a gaseous type phytohormone that is synthesized from the amino 
acid methionine to form S-adenosyl-L-methionine (SAM) catalyzed by the enzyme 
SAM synthetase, to form 1-aminocyclopropane-1-carboxylic acid (ACC) from SAM 
through the participation of the enzyme ACC synthase (ACS) and finally the conver-
sion of ACC to ethylene [37–39]. It is of great importance in physiology and pre- and 
post-harvest technology; it is responsible for various physiological responses in the 
plant and fruit in pre-harvest and in post-harvest it has a decisive influence on fruit 
preservation. Neljubow observed in etiolated plants of Pisum sativum the triple 
response induced by this gas: reduction of growth by elongation, thickening of the 
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hypocotyl, and change in growth orientation. Ethylene has been studied in biological 
models such as Arabidopsis thaliana to know and understand its mode of action and 
effect on growth and development of flowering plants [13, 37].

The application of ethylene known as the plant hormone of fruit ripening provariety 
of different effects; in plants (see Table 1), it induces growth by cell division, causes leaf 
abscission, promotes the sprouting of differentiated buds, and increases fruit quality; 
and when ethylene is applied post-harvest, it modifies the quality of climacteric and non-
climacteric fruits [40]. Climacteric fruits continue with the ripening process after being 
harvested, and increase their respiration rate and synthesize ethylene; non-climacteric 
fruits once harvested do not continue with the ripening process [41]. Ethylene, as a 
growth regulator, is used to modify the ripening of many non-climacteric fruits, since it 
induces the destruction of chlorophylls and facilitates the appearance of pigments that 
give the typical color of these fruits. In general, it causes softening of the epicarp and 
pulp [41]. In climacteric fruits, it increases color, total soluble solids, odor, flavor, and 
sugars, and decreases firmness and acidity, among other quality attributes [42].

“Ethephon” or “Ethrel” (2-chloroethyl phosphonic acid) is a commercial chemical that 
is applied by spraying or dipping. Treated fruits release ethylene in response. In an investi-
gation, 2-chloroethyl phosphonic acid (¨Ethrel¨) was applied at doses of 0, 50, 100, 200, 
and 400 mg/l to fruits of 2 phenotypes of pink and white Ilama (Annona diversfolia Saff) 
in post-harvest. The treatments were by immersion for 5 minutes and subsequent storage 
for 5 days at room temperature at an average of 17 °C. Total soluble solids, fruit mass (g), 
% malic acid, total soluble solids ratio, and total sugar concentration were evaluated. The 
results showed the responses of fruits subjected to different Ethrel concentrations: loss of 
mass, increase in soluble solids, decrease in malic acid, increase in Brix [42].

In saladette tomato (Solanum lycopersicum L.), pre-harvest application of 
Ethephon (Ethrel 240) has been used by Martinez-Damian [43], to determine the 
physicochemical quality of the fruit. The variables evaluated were color, weight, 
equatorial and polar diameter, roundness index, firmness, total soluble solids, titrat-
able acidity, and lycopene concentration. The results of the individual application of 
Ethephon in combination with iodine and/or sodium selenite increased fruit weight, 
firmness, and citric acid with respect to the control.

Currently, there is a need to look for possible solutions that contribute to homogenize 
the ripening of coffee fruits, and for this Alvarado and Vera [44] worked on the proposal 
to evaluate growth regulators and sugar mobilizers in the ripening of Arabica coffee 
fruits. They applied 10 treatments with three replicates per treatment, and the phyto-
regulators applied were Ethefon, Mepiquat Chloride, and the combination of both. The 
treatments consisted of the application of the regulators to pre-harvest fruit and foliage, 
the variables measured were the weight of ripe fruit per plant, % of ripe fruit per plant, 
% of empty fruit, fruit harvested per plant, and number of harvests. The results showed 
significant differences between the treatments in relation to the control.

3. Calcium application to fruits in pre- and post-harvest

Calcium is an essential nutrient for plant growth and development, participates 
in the formation and structuring of the cell wall, provides selective permeability and 
preserves cell membranes, and generates cell signaling responses [45]. Calcium moves 
in the plant by xylem, and in phloem is very little mobile and accumulates during the 
period of fruit growth and development [46, 47]. Calcium deficiency directly affects 
cell wall formation and development, and by causing the cell wall to lose its integrity, 
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physiological disorders are induced by modifying extra- and intracellular processes, 
decreasing fruit firmness, and increasing senescence [48]. In post-harvest, calcium 
applied to fruit promotes tissue firmness and cell turgor, extending the shelf life of 
the fruit [49]; it also minimizes pathogen attack, reduces physiological disorders, 
and reduces mass loss by increasing the stability of the cell wall by presenting greater 
resistance to water leakage [50] (see Table 1).

The calcium application technique in pre-harvest consists of spraying the calcium 
solution directly to the fruits of the plant, the most commonly used calcium salts are 
calcium chloride and calcium nitrate, and in post-harvest the technique of immersing 
the fruits in a calcium solution for a previously established period of time is used; in 
this technique, the fruits must be in constant movement within the solution to avoid 
and prevent oxidation reactions that could generate alterations in the quality of the 
fruit. Different calcium salts are used, such as calcium lactate, calcium chloride, 
calcium phosphate, calcium propionate, and calcium gluconate. The factors to be 
considered for the application of this technique in post-harvest are pH of the solution, 
immersion time, temperature, and concentration [51].

Regarding the results obtained in different investigations with the application of 
calcium in pre- and post-harvest, the one is carried out on Logan cultivar blackberry, 
a very perishable fruit that preserves its post-harvest quality attributes for a maxi-
mum period of 24 hours. The research consisted of 2 experiments in which the treat-
ments applied were obtained from the combination of 1000, 3000, and 5000 mg/l of 
CaCl2 with 0.03% Twinn-20, 1% urea, and 1% starch plus a control treatment: In the 
first experiment, the application of the treatments was carried out in three periods, 
the first consisted of three applications of the treatments to the same fruit, at inter-
vals of 10 days each, starting 25 days after flower opening (anthesis); in the second 
period, the treatments were applied twice to the same fruit at 35 and 45 days after 
anthesis; the third period consisted of a single application at 45 days after anthesis. 
In the second experiment, four epochs were considered, and in the first three epochs, 
the treatments were applied only once at 25, 35, and 45 days after anthesis: The fourth 
epoch consisted of three applications of the treatments mentioned above at 38 days 
after anthesis and two subsequent applications with an interval of 3 days each. The 
evaluation of the quality variables of ‘Logan’ blackberry fruit in post-harvest was 
carried out at 0, 24 and 48 hours after harvest. The results found indicate that the 
variables such as firmness, color, titratable acidity, ascorbic acid, brix/acid ratio, 
calcium content in pulp, and respiration showed significant statistical differences, 
while the variables of total soluble solids and % dry matter did not show significant 
statistical differences [52].

Among other research [53] where calcium was applied to apple fruit in pre-
harvest, it was found that the application of calcium significantly reduced fruit rot in 
post-harvest for 6 months, likewise in calcium nitrate was applied to mango cv. Haden 
in pre-harvest, evaluating treatments of 0, 5, 10, 10, 15, and 29 g/l with 5 sprays of 
calcium nitrate foliar and to the fruit. The results indicate that there was a significant 
increase in the production of the trees that received treatment compared with the 
control treatment, and the mango fruits that were kept at a temperature of 20 ± 2°C 
and 74 ± 4% relative humidity presented significant differences in the following 
response variables: respiration, weight loss, acidity, and total soluble solids as for the 
variables that did not present significant statistical differences were: firmness, color, 
and enzymatic activity of pectin methyl esterase. Other studies showed significant 
inhibition of the presence of fungi and spores and consequently a decrease in fungal 
infections [54].
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4. Conclusion

The application of phytohormones, growth regulators, and calcium to fruit in pre- 
and post-harvest is an important alternative to preserve the shelf life of fruit due to 
the diversity of physiological responses that they induce in the fruit (see Table 1).

Phytohormone, 
growth regulator, 
calcium

Physiological response in 
pre-harvest

Physiological response in post-harvest

Auxin • Promotes fruit growth and 
development [11].

• Delays physiological maturity 
[9, 11].

• Increases mass and size [16].

• Preserves quality [14].

Gibberellin • Induces parthenocarpy [22].

• Promotes growth and 
development [22].

• Promotes bud sprouting [26].

• Increases quality [27].

• Delays senescence in citrus 
[26].

• Advances production by 
reducing the period of  
physiological maturity [28].

• Prevents cracking [29, 30].

Cytokinins • Induce sprouting of axillary 
buds [32, 33].

• Induce fruit growth and 
development [32, 33].

• Increases yield [34, 35].

Ethylene • Increases quality [41].

• Increases mass and size [41].

• Increases color [41].

• Induces respiration in climacteric fruits [41].

• Destroys chlorophylls in non-climacteric  
fruit [41].

• Causes softening of epicarp and pulp in non-
climacteric fruits [41].

• Promotes quality [42].

• Induces loss of mass and size [42].

• Decreases firmness [41].

• Decreases shelf life [41].

Calcium • Promotes firmness [48].

• Preserves quality [48, 52, 53].

• Minimizes pathogen attack [50].

• Decreases physiological disorders [50].

• Reduces loss of mass [52].

• Decreases respiration [52, 53].

Table 1. 
Physiological responses of fruit to the application of phytohormones, growth regulators, and calcium in pre- and 
post-harvest.
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Abstract

Globally agricultural production system generates a substantial proportion 
of postharvest waste that causes environmental pollution resulting in economic 
losses and human health-related problems. It is therefore important to make an 
assessment of this loss and turn it back to the consumption cycle. Processing and 
conversion of by-products, residues, and agricultural wastes and their reuse in 
the production cycle is a suitable solution for the economic use of these types of 
postharvest waste, especially in feeding livestock animals or in related industries. 
This chapter provides an overview of the assessment of the postharvest wastes 
that are generated in the field or on the farm at the time of harvest or processing 
industry. After introducing the potential use of technologies to upgrade posthar-
vest waste for animal feed purposes and briefly discussing livestock performance, 
this review presents the latest and most interesting research on the use of posthar-
vest wastes as feed.

Keywords: plant by-product, postharvest waste, technology, animal feed, livestock 
performance

1. Introduction

Livestock production is rapidly increasing due to population growth, changing 
lifestyles, and dietary habits in developed industrialized countries. It accounts for 
approximately 40% of the gross value of agricultural products. Projections indicate 
that total demand for animal products in developing countries will double by 2030 
[1]. Considering this issue and with the aim of dealing with food insecurity and 
strengthening sustainable agriculture, it is possible to use feeding strategies and 
feedstuffs that are able to increase livestock productivity and have fewer envi-
ronmental effects compared to conventional livestock production [2]. In addition 
to reducing the environmental impacts associated with animal feed production, 
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valorizing plant by-products for feed formulation can maximize resource efficien-
cies and helps the competitiveness of feed manufacturers by making available of 
more sustainable raw materials that could reduce dependence on current raw mate-
rials [3]. Plant by-products (PBP) include a wide range of secondary residues pro-
duced from the industrial processing of plants into valuable commercial products 
[4]. These by-products are considered safe and widely accepted as animal feed [5]. 
These by-products include residues from food factories, fruit and vegetable wastes, 
and grain harvesting by-products. However, the use of plant waste as animal feed 
has limitations arising from the processes of agricultural products transformation 
industries, which can affect the possibility of evaluating its nutritional value. For 
example, its high water content, which is frequently greater than 80%, makes it 
more difficult and can hasten the spread of microbiological contamination [6]. 
On the other hand, the use of PBP in animal nutrition is limited due to restrictions 
such as diversity in nutrient composition and technical requirements for storage, 
which are necessary to stabilize the product and reduce seasonal availability of 
resources. Furthermore, preservation methods such as thermal processing can be 
expensive and diminish the environmental sustainability of PBP feed [5]. Also, 
the lack of efficient storage strategies is a fundamental barrier that limits the use 
of PBP in animal feeding, as their intrinsic instability causes quick quality dete-
rioration and severe changes in nutritional composition [7]. This chapter provides 
information on some agricultural postharvest residues, their chemical composi-
tion, processing methods, nutritional value, and guidelines for including PBP in 
livestock diets. It also covers aspects related to the use of such post-harvest waste 
as a substrate for the production of value-added products. It is expected that this 
chapter will promote conversion of agricultural waste into valuable resources and 
help create opportunities for development. The recycling of these resources saves 
livestock feed and also reduces the environmental pollution associated with the 
disposal of PBP.

2. Grape pomace

Grapes are one of the most widely grown crops in the world, with an expected 
production of more than 79 million tons in 2018 [8]. Grape seeds have a significant 
amount of oil, which contains large amounts of unsaturated fatty acids, more than 
80% of which include linoleic acid (Figure 1) [9].

Due to the presence of antioxidant substances such as flavonoids, grape 
pomace plays an important role in preventing the phenomenon of oxidation by 
removing free radicals produced from the environment under heat stress [10]. 
Proanthocyanidins of grape seed extract act as antioxidants in poultry feed, improve 
the performance of broiler chickens, and treat clinical symptoms caused by oxida-
tive stress caused by Eimeria tenella infection [11]. Grape pomace can be used in 
animal nutrition, so that the use of its extract in amounts of 62 and 92 mg in the diet 
of broiler chickens from the age of 3 to 6 weeks prevented the lipid oxidation of the 
chicken carcasses during their storage in the refrigerator [12]. When grape pomace is 
fed to cattle as a dietary supplement, it can potentially increase the oxidative stabil-
ity of beef products by increasing intestinal absorption and transfer of polyphenolic 
compounds to meat [13]. It has been reported that the use of grape pomace up to 
10% of the ration of fattening lambs has no negative effects on the growth perfor-
mance of lambs (Figures 2 and 3) [15].
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The effects of grape pomace on the quality and characteristics of fatty acids in 
meat samples obtained from lactating lambs were investigated in the ewe’s diet. 
The results revealed that grape pomace incorporation did not have any negative 
effect on the carcasses but improved the water holding capacity [16]. Compared 
to diets lacking naturally occurring antioxidants, adding antioxidants such poly-
phenol-rich grape by-products to animal diets enhances meat quality while also 
preventing oxidation [17]. The appropriate use of grape pomace could increase the 
growth and production rate and reduce the feed conversion ratio (FCR) in Afshari 
fattening lambs [18]. Also, in another report, the use of grape pomace resulted in 
an increase in voluntary feed intake, growth rate, and a decrease in FCR in fatten-
ing lambs [19].

Figure 1. 
Grape plant.

Figure 2. 
Grape pomace.
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3. Pomegranate pomace

Pomegranate (Punica granatum L.) is a member of the Punicaceae family and an 
important native product of subtropical Asia (Figure 4) [20, 21].

Pomegranate fruit has approximately 48% peel and 52% fruit (w/w), which is the 
edible part of fruit and consists of 78% juice and 22% seeds [22, 23]. Pomegranate 
is rich in vitamins A, B, C, and E, minerals potassium, and iron, which have healing 
properties. It is also a rich source of folic acid and antioxidants. This fruit contains 
a significant amount of phenolic compounds such as anthocyanins, punicalin, and 
various flavonols, which have antimicrobial, antibacterial, and anti-inflammatory 
properties and increase the immune system in vitro and in vivo [24]. Pomegranate 
peel contains 55.4% non-fibrous carbohydrates (NFC), 8.4% crude protein (CP), 

Figure 3. 
Components of grape pomace [14].

Figure 4. 
Pomegranate plant.
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16.7% lignin, 34.5% neutral detergent fiber (NDF), and 0.84–1.0% total condensed 
tannins [25]. Pomegranate pomace is a by-product of the pomegranate juice indus-
try, which has strong antioxidant power, anti-inflammatory compounds, vitamin E, 
sterols, phenols, and natural estrogens [26]. Pomegranate by-products offer excel-
lent nutritional value as ruminant feed and can be utilized efficiently to substitute 
grains in ruminant diets. Feeding cattle calves and a fresh pomegranate peel diet 
improved feed intake and plasma alpha-tocopherol amount [27]. The antioxidants in 
pomegranate peel prevent diseases in lambs and have been useful in improving the 
quality of meat [28]. Substitution of a portion of grain in the diet with dry pome-
granate seed pulp had no effect on growth performance, carcass traits, and nutrient 
digestibility, but it reduced the cost of meat production and increased the antioxi-
dant capacity of lambs. As the pomegranate seed pulp was increased in the diet, it 
caused a decrease in kidney fat and a tendency to increase the apparent digestion of 
crude fat [29]. In fattening lambs, it has also been shown that pomegranate pomace 
silage can significantly replace a part of the fodder, which will result in a reduction 
in production costs and saving environment from the waste pollution coming from 
pomegranate processing industries. In another study, dairy goats fed a diet supple-
mented with dry pomace pomegranate seeds at 14% instead of cereal grain with no 
detrimental effects on animals. Therefore, it was suggested that pomegranate seed 
pomace, as a cheap by-product, can be replaced in the diet as an energy source [30]. 
Dairy cows fed diets supplementing with concentrated pomegranate extract at 1 and 
2% based on dry matter, revealed increased the antioxidant activity of milk by 15 
and 17.2%, respectively, and compared to the control group [31]. As a new feed for 
beef cattle, the antioxidant potential and nutrients of fresh and ensiled pomegranate 
by-products (pomegranate peel) were investigated. The results of this experiment 
showed that fresh pomegranate peel caused a significant increase in feed intake and 
alpha-tocopherol concentration in plasma [31]. Inclusion of wet fresh pomegranate 
peels in diets of bull calves promoted an increase in feed intake, with a tendency 
to increased weight gain [27]. In contrast, Oliveira et al. [32] found that feeding 
a pomegranate extract to young calves for the first 70 d of life did not change the 
digestibility of dry matter, organic matter, or starch, but it suppressed the intake of 
grain and whole tract digestibility of fat and crude protein, likely because of its high 
tannin content.

4. Tomato pomace

Tomato (Lycopersicon esculentum) has an annual global production of 170 million 
tons, of which 127.5 million tons are used for fresh consumption and 42.5 million tons 
for industrial processing [33] (Figure 5). Asia produces 61.1% of the world’s tomatoes, 
whereas Europe, the Americas, and Africa provide 13.5, 13.4, and 11.8% of total 
tomato yield, respectively [34].

Tomato pomace is a by-product of tomato processing that refers to the skin 
(peel) and seeds of tomatoes and accounts for 10–40% of all processed tomatoes 
(Figure 6) [35]. Tomato pomace contains approximately 33% seeds, 27% peel, and 
40% pulp, while dry pulp contains approximately 44% seeds and 56% peel and pulp 
[36] which average protein is 21.9% in tomato pomace and 38.7% in fat-free tomato 
seeds [37]. Tomato pulp is a good source of lycopene, carotene, vitamin E, vitamin C 
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and nucleosides [38], carotenoids, lycopene, flavonoids, and soluble dietary fiber 
(Figure 7) [40, 41].

Tomato pomace is used as an ingredient in small ruminant diets due to its chemi-
cal composition and good animal acceptability [42]. In feeding ruminants, tomato 
pomace is sometimes considered as a concentrate due to the high content of nutrients 
and sometimes as forage because of its high content of the cell wall [43].

Recently, studies have been conducted using tomato residues in the form of silage 
and considering tomatoes along with other industrial residues in goat diets [44]. 
Silage of tomato pomace with 10% of wheat straw can be a good quality forage source 
for sheep when the forage is not available [45]. In a research, dietary replacing 10% of 
corn silage with ensiled tomato pomace had a positive effect on the vitamin content of 

Figure 5. 
Tomato plant (fruit).

Figure 6. 
Tomato pomace.
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milk, antioxidant function, and immunity in early lactating cows [46]. Ruminants fed 
diets containing tomato pomace showed higher nutritional intake as well as appar-
ent digestibility, organic matter, dry matter (DM), and crude protein indices [47]. 
Tomato pomace, if properly preserved, can be included in a significant portion of 
animal rations for a longer period of time and can also be used as a protein and energy 
supplement in feeding ruminants [48]. Up to 15% of the diets supplied to sheep can 
be substituted with dried tomato pomace without having any negative impact on 
growth [49]. The substitution of barley grain diet with tomato and cucumber waste 
was studied on rumen fermentation and microbial communities in goats and found 
that up to 250 grams per kilogram of tomato waste can replace the barley grain diet 
[50]. Supplement consumption increased milk quality and fat content by 20 and 40%, 
respectively. This demonstrated that, despite the fact that TP decreased the body 
weight of breastfeeding goats, it might enhance the quality and fat content of their 
milk, which may be related to the TP’s own energy content and fatty acid composition 
[39]. In a study, supplementation of different levels of tomato pomace had no effect 
on the body weight of goats and sheep, carcass length, blood sugar, total protein, 
urea, or cholesterol [51].

Tomato pomace has also been used in poultry diets, so feeding 5% tomato pomace 
to chickens at the age of 1–28 days can increase body weight and production index, 
also increase the activity of superoxide dismutase (SOD) and glutathione peroxidase 
(GSH-Px), and reduce HDL cholesterol and serum triglyceride concentrations [52]. 
The results of another study revealed that dietary inclusion of tomato pomace at 12% 
can significantly improve the immune system function, antioxidant enzymes, and 
digestive enzymes of Japanese quails [53]. The concentrate mixture in the feed of 
male buffaloes can be substituted with sun-dried tomato pomace without having any 
negative effects on urinary purine derivatives, DM intake, nutritional digestibility, 
microbial protein synthesis, or production of volatile fatty acids in the rumen [54].

Figure 7. 
Processing and uses of tomato pomace [39].
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5. Fodder beet pomace

Fodder beetroot belongs to the Chenopdiaceae family, which is native to the tem-
perate region of Europe and was obtained from a cross between white and red garden 
beet [55] (Figure 8). Fodder beet is a plant with tuberous roots and broad leaves in 
some countries and is considered one of the most important winter fodder sources for 
feeding livestock, especially dairy cows [56].

Fodder beet has a high digestibility, so its organic matter digestibility is reported 
to be 87–90%. It has been reported that the net energy of lactation is 7.9 to 8.2 MJ/kg 
of dry matter, which is equal to or even more than cereal grains [57]. In an experiment 
with the substitution of 24% beet pomace with barley in diets based on straw fodder 
in Merino fattening lambs, it was shown that the consumption of concentrate and 
daily weight gain in the control diet (100% barley) was more than the diet containing 
beet pomace [58]. Also, dairy cows fed alfalfa or silage grass had lower milk urea and 
lower urea or creatinine concentrations in their urine when fodder beet was added to 
their diet [59]. During storage, beets continue to decrease in quality and are prone to 
spoilage and decay due to high humidity and sugar. However, in some countries, beets 
are ensiled with other forages to preserve their nutritional value for cattle [60].

6. Olive pomace

Olive (Olea europaea L.) is a small tree of the Oleaceae family, which is widely 
cultivated in the Mediterranean region. After extracting oil from olives, that is used 
in food preparation [61], a significant amount of olive pomace is obtained, which 
includes the peel, fruit, core, fleshy part of the fruit, and the shell of the wooden core 
(about 25% of the weight of the olive product) (Figure 9) [62].

Olive pomace, that is obtained by extracting oil from olive fruit, has a lot of fat 
and moisture, so with the drying process, its moisture content decreases [63]. Olive 

Figure 8. 
Fodder beet plant.
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pomace also has chemical properties in terms of nutrition, with a high percentage of 
cellulose, hemicellulose, and lignin. It is also a good source of fatty acids, minerals, 
and phenolic compounds [64] (Figure 10). Despite having positive impacts, using 
olive waste as animal feed is not commercially viable because of concerns with diges-
tion, taste, and safety [65].

Non-starch polysaccharides (NSP) are among the anti-nutritional factors found in 
olives that negatively affect the digestion and absorption of other nutrients. Soluble 
non-starch polysaccharides increase the viscosity of the contents of the gastrointesti-
nal tract and reduce the digestibility of nutrients, while insoluble NSPs limit enzyme 
access to the substrate by trapping nutrients [66]. Olive pomace is less used by 
ruminants due to its high lignin, low crude protein, and poor digestibility compared 

Figure 9. 
Olive plant.

Figure 10. 
Olive pomace.
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to forage. However, inclusion of olive pomace to the diet had a positive effect on the 
production and fat percentage of cow and sheep milk [67]. Several studies have been 
carried out on the solid-state fermentation of olive pomace using fungal strains, 
which allows its use as a feed additive for ruminants (cows, sheep, goats, and camels) 
and poultry [68, 69].

Studies have shown that the use of olive pomace in the diet of laying hens 
increased egg weight and shell weight, but had no effect on other functional param-
eters and egg quality characteristics [70, 71]. In a research study, olive pulp was 
used at 2.5, 5, 7.5, and 10% in preliminary and final diets of broilers, and the results 
showed a significant reduction in feed intake and conversion rate, which could be 
due to the presence of inhibitory substances in olive pulp [72]. Because of their anti-
bacterial effect against pathogenic intestinal bacteria, phenolic compounds derived 
from olive leaves may be useful to broilers [73]. Additionally, broilers’ digestive 
enzymes that alter nutrient digestibility can be stimulated or inhibited by phenolic 
substances [74].

7. Apple pomace

Apple (Malus domestica Borkh) is one of the earliest known fruits and is com-
monly grown in temperate climates [75] (Figure 11). Apple pomace is a heteroge-
neous mixture consisting of skin, core, seed, calyx, stem, and soft tissue.

Apple pomace is rich in pectin, fermentable carbohydrates, minerals, and crude 
fiber, which increases its use for animal feed [76]. It also contains large amounts of 
sugar and is rich in various sources of carbon [77] (Figure 12).

Aside from its antioxidant characteristics, apple pomace also contains antibacte-
rial, antiviral, and anti-inflammatory capabilities [78, 79]. Figure 13 shows apple 
processing and apple pulp production. When fermented apple pomace is added to 
sheep diets, meat oxidation was decreased during storage without altering other 
aspects of meat quality [81]. Apple pomace dietary supplement improved milk 
production, apparent digestibility of crude protein and neutral detergent fiber, 
decreased rumen pH, and improved milk quality and serum biochemical parameters 

Figure 11. 
Apple plant (fruit).
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in Guanzhong dairy goats [82]. Feeding fermented apple pomace with basic rations 
to dairy cows leads to an average increase in milk production (1.90–1.89 kg per 
cow per day), milk fat, milk protein, and milk solid content, with a decrease in the 
incidence of disease in cows [83].

Moreover, the alfalfa forage in the ration of fattening lambs was replaced with 
ensiled apple pomace in proportions of 20, 40, and 60% and result of the experi-
ment revealed that a diet containing 20% apple pomace silage increased the daily 
feed intake and increased the body weight of the lambs [84]. In another experiment, 
replacing of alfalfa in the diet of Arabian sheep with 30% dry apple pomace improved 
the activity of rumen microbes in digestion and fermentation of diet nutrients by 

Figure 12. 
Apple pomace.

Figure 13. 
Processing of apple and generation of apple pomace [80].
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reducing the duration of rumination and chewing time [85]. The reason for this was 
the probability of the cell wall and the size of the smaller particles in the diet contain-
ing apple pomace. In other words, it has been discovered that increasing the amount 
of cell wall in the diet or the size of the forage particles increases chewing activity 
[86]. However, apple pomace has disadvantages. The main concern of apple pomace is 
related to the environmental pollution caused by its waste accumulation, and it is not 
considered as a high-quality feed for animals due to its low protein content [87].

8. Fruit and vegetable waste

In recent years, the use of agricultural by-products in feeding animals has proven 
to be a successful solution for reducing feed costs, reducing environmental pollution, 
and ensuring the quick and inexpensive return of these materials to the nature cycle 
[88]. Nutrition is thought to be the most important determinant of increasing animal 
output. However, in agriculturally dependent nations, poor nutrition and pricey 
feedstuffs, particularly concentrate feed, are the main obstacles [89]. Dry citrus 
pomace is the best nutritional citrus product for livestock, and it is prepared for feed-
ing all year round. Fresh citrus pomace has a moisture content of 85–88%, so adding 
moisture-absorbing materials in ensiling it can increase the quality of silage produc-
tion [90]. The chemical and physical composition of citrus by-products is different 
depending on the type of fruit and the type of processing in the processing factories 
[91]. Vitamins, polyphenols (particularly anthocyanins), dietary fiber, and important 
unsaturated fatty acids are among the bioactive components found in fruit pulp [92]. 
Citrus pomace, tomato pomace, apple pomace, sugarcane pomace, and pistachio peel 
are among the by-products of agricultural transformation industries that are used 
as potential sources for animal feed [93]. Fruit and vegetable waste (FVW), waste 
from the food industry, vegetable industry, and general markets can be added to 
animal feed without adverse effects due to the presence of nutrients, minerals, fiber, 
vitamins, and bioactive compounds [94]. Considering that the cost of animal feed 
is increasing due to the increase in the cost of fertilizer and unsuitable climate for 
agriculture, therefore, food waste is an alternative source of feed ingredients. It can 
reduce feed and disposal costs and reduce environmental pollution [95]. Fruit and 
vegetable processing industries produce a large amount of waste, which is an excellent 
source of nutrients for livestock [7]. The use of FVW as an animal feed material has 
the potential to assist meet the increasing demand for animal protein as the world’s 
population grows through 2050 [54]. In addition, transferring FVW to livestock feed 
can help sustain livestock production and reduce competition for land and water use 
[96]. In order to grow livestock populations and combat the feed crisis while lowering 
environmental risks and addressing the problems provided by diverse biophysical 
elements, the interaction between waste management and sustainable livestock feed 
production can be crucial [97]. Dairy cows’ diets supplemented with 18% fruit and 
vegetable residues as part of the concentrate resulted in milk with a higher percent-
age of beneficial fatty acids without reducing daily milk production [98]. A mixture 
of waste juices from various fruits and vegetables, such as carrots, apples, mangoes, 
avocados, and oranges, can make up to 20 percent of a broiler’s diet [99]. The main 
limitation of using agricultural waste and products from transformation industries 
as animal feed is the abundance of secondary compounds such as saponins, tannins, 
and essential oils in these products, which can limit the widespread use of these co-
products in animal feed [100].
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Carrot (Ducus carota) is one of the root vegetables that are damaged during 
harvest or discarded due to low quality, which can be a good feed for ruminants. 
Carrot pomace spoils very quickly due to high water activity. Drying carrot pomace 
is considered a suitable solution for maximizing the use of abundant nutrient sources 
in carrot pomace as well as increasing its shelf life. Carrot pomace is rich in insoluble 
fiber such as lignocellulose, which is a combination of pectin polysaccharides, hemi-
cellulose, and cellulose, and these components have favorable physiological proper-
ties. Carrot pomace based on dry matter contains 2.7% crude protein, 24% insoluble 
fiber in neutral detergent, 15% insoluble fiber in acidic detergent, and 4.9% phenolic 
compounds, as well as carotenoids and soluble sugars such as sucrose, fructose, and 
xylose, which can be used in animal feeding [101].

Potato peel is one of the agricultural wastes that can be utilized as an alternative 
feed for animals due to its natural sources of energy and fiber with low protein levels 
[102]. Potato peel as a by-product of the food industry is a completely cheap, valu-
able, and cost-effective raw material for the production of economically important 
materials, added value, and product extraction, including biopolymers, natural 
antioxidants, dietary fiber, and natural food additives [103]. Potato peel contains 
polyphenols and various phenolic acids that are responsible for its antioxidant activi-
ties. Moreover, chemical composition of this by-product consists of 25% starch, 30% 
non-starch polysaccharide, 20% acid-soluble and acid-insoluble lignin, 18% pro-
tein, 6% ash, and 1% fat in dry form [104, 105]. When potato peel with high starch 
concentrations was fed, milk fat content was higher in dairy cows. It seems that the 
slow breakdown of starch from potato peels in the rumen can increase the higher 
transport of precursors of milk fat synthesis in the udder [106]. Also, starch, as one 
of the side products of potatoes, is the most abundant source of energy for the most 
livestock [107].

Another study was conducted on adult rams to determine the chemical composi-
tion, nutrient digestibility, and mineral content of potato compared to alfalfa as a 
forage in ruminants. The findings revealed that potato had much higher mineral, DM, 
and NDF digestibility than alfalfa. It can be stated that potato leaves are a nutritious 
alternative to other types of forages for ruminants because of their high nutritional 
value [108]. In one study, a significant increase in milk production was observed after 
supplementation with 6 kg of potato waste per day [109].

9. Waste and by-products of grain post-harvest

Plant residues are a post-harvest by-product, and the quantity harvested is 
directly related to all the factors that normally affect crop yield. Rice bran is a rice 
processing by-product which accounts for tons of food waste per year. In compari-
son with other grains, rice bran is rich in terms of nutrient density, amino acid, and 
fatty acid characteristics, including 74% unsaturated fatty acids and tocopherol 
content. Both protein and fat in rice bran have relatively high biological values 
[110]. Rice bran can be used up to 10% without any adverse effect on laying per-
formance, digestive organs, and egg quality [111]. The use of fine-grain straw has 
also become common in the diet of dairy cows. There are three primary reasons why 
straw should be included in diets provided to dry and lactating dairy cows or dairy 
heifers [112]: 1) to reduce the density of nutrients (primarily energy) in the diet. For 
dairy heifer diets, straw is usually added to the diet to dilute the energy content. 2) 
For “drying” wet diets. Straw can be added to diets formulated with wet ingredients 
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to increase the amount of dry matter in the ration and make it more suitable for 
dairy cows. 3) Changing the ratio of cation to anion in the diet of dry cows. Straws 
are often low in potassium, and low-potassium forages can help prevent milk fever 
in dairy cows [112].

Grain processing techniques are classified into two groups: physical and chemical 
processing. Physical processing, includes rolling, crimping, and grinding, breaks 
the outer tissues of the grain and provides access to rumen microorganisms and 
digestive enzymes. Chemical treatment with alkalis, for example, sodium hydroxide 
or ammonia, has a similar effect to rolling or crushing on access to rumen microbes 
and digestive enzymes [113]. Attempts have been made to replace concentrate 
feed in traditional animal diets with fermented wheat straw, especially to reduce 
the cost of animal feed. The use of wheat straw as an additive causes the least 
decomposition of dry matter compared to other additives [114]. Using symbiotic 
lignocellulose-decomposing bacteria from termite guts to process agricultural 
by-products can improve their nutritional value by degrading lignin, a component 
resistant to rumen fermentation, and boosting plant cell wall digestibility [115]. For 
6 weeks, lignocellulosic biomass from wheat straw (LBWS) and palm leaf (Phoenix 
dactylifera) (LBDL) were incubated with lignocellulose-degrading bacteria isolated 
from termite gut, which altered their chemical composition and boosted nutrient 
digestibility [116]. Barley straw has a better nutritional value than wheat straw, with 
an average of 90.9% dry matter, 3.8% crude protein, and 6 mega joules of metabo-
lizable energy per kilogram of dry matter. However, it is high in lignocellulose and 
low in calcium and phosphorus. Ruminant animals can be fed with barley straw 
because rumen microorganisms can ferment the cell walls [117]. In addition to the 
physical and biological methods used in straw processing, chemicals can be used 
to break the interpolymeric bonds in the cell wall to release carbohydrates (such 
as hemicelluloses) that are readily fermented by ruminal microorganisms. The use 
of alkaline substances such as NaOH, KOH, Ca(OH)2, wood ash, or urea is mainly 
associated with improved digestibility and may improve the value of low-quality 
feeds [118–120] Corn residue has been used for decades for grazing, bedding, or 
harvesting as supplemental feed for beef and dairy cattle [121]. Corn processing 
methods that economically increase digestibility and acceptability without adversely 
affecting rumen pH or disrupting digestive function include: (1) particle size 
reduction, which results in dry rolled or dry ground grain with or without moisture 
addition (tempering); 2) ensiling with inherent moisture before the grain has dried 
in the field to create high-moisture maize, or reconstituting maize before ensiling 
and/or feeding.; 3) steaming flaking [122] and microwave irradiation [118, 123, 124]. 
Sugarcane bagasse is a fibrous residue from the process of extracting water from 
sugarcane stalks that is available in large quantities and can be used as an alterna-
tive source of forage for ruminant feed. Due to the conversion of agricultural and 
industrial waste into animal feed, sugarcane bagasse is regarded as a tool for achiev-
ing value-added and ecologically responsible activities [125]. The effect of sugar-
cane bagasse on beef cattle has been investigated with the aim of maximizing their 
performance, and it was reported that sugarcane bagasse can be used as an exclusive 
source of forage for beef cattle [126]. However, it has low nutritional value and 
high indigestible fiber content as dry matter (DM), such as ether extract (0.31%), 
protein (2.67%), hemicellulose (51.5%), cellulose (54.61%), and lignin (14.29%), 
which leads to low digestibility (26.7%) and consequently poor animal performance 
[127]. The results of several studies have shown that the pistachio by-product has 
a high nutritional value and has good potential to be used in ruminant diets [128]. 
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The pistachio by-product is high in non-fiber carbohydrates (36.40–9.4%), neutral 
detergent fiber (30.9%), and crude protein (11.4%) [129]. Feeding 21% pistachio 
by-products and palm waste silage to lambs increases their lean meat yield compared 
with control [130].

10. Food waste

Food waste can be used to replace some of the grains and vegetable protein sources 
used in animal feed, reducing food competition between humans and animals [131]. 
Food waste continues to be a global problem with negative environmental, economic, 
and social consequences [132]. Recently, FAO [34] defined food waste using two indi-
cators: 1) Food that is lost through production or the supply chain before it reaches 
the retail level 2) Food that is then thrown out by consumers or retailers [133]. As 
“up-cyclers,” livestock may turn inedible items into high-quality protein in the form 
of meat, eggs, and milk, decreasing food loss and waste [134].

The use of food waste in feeding animals has the potential to increase food secu-
rity, reduce the environmental effects of the agro-food system, and reduce the costs of 
producing animal products [135]. Figure 14 illustrates the significance of food waste 
and food loss as ecosystem services connected with animal production.

Some food waste can be used directly as livestock feed, while others must be 
processed further. Food waste, which primarily consists of rice, pasta, and veg-
etables, comprises a high percentage of volatile substances and a high moisture 
level of 74–90%. It is mainly composed of degradable carbohydrates (41–62%), fats 
(13–30%), and proteins (15–25%) [137, 138]. In different feeding experiments, the 
proportion of food waste used in diets varied from 10–100%. Animal weight increase 
and/or feed efficiency responses differed according to animal species and physiologi-
cal stage, period of experimental feeding, and type of food waste [134].

Figure 14. 
Food waste is generated in food processing plants, restaurants, household, and food markets [136].
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A variety of technologies for processing food waste have been documented, which 
can be divided into three groups: Wet-based, dry-based, and ensiling/fermentation 
treatments. Wet-based methods usually involve a simple heating step to sterilize 
the raw material, making it safe for animals. Wet-based feed products are high in 
moisture content (70–80%) with a relatively short storage life. For example, García 
et al. [6] sorted food waste out of municipal solid waste and heated it to 65–80°C 
for 10–60 min and then analyzed for nutrients, microbes, and toxins as potential 
feed. Westendorf et al. [139] heated food waste and food processing by-products at 
100°C for 4 h to be used in pig feeding trials. Dry-based treatment combined with 
heating (sterilization) can produce long shelf life feeds (80–95% DM) that are easier 
to handle. Paek et al. [140] processed household food waste by rinsing, grinding, 
dewatering, and vacuum dehydration. Kim and Kim [141] described conversion 
of residential and restaurant food waste to dry feed by shredding and dewatering, 
heat-sterilizing, further dewatering, and drying. The ensiling/fermentation operation 
usually involves a heating sterilization process followed by the addition of prescribed 
microbial/yeast agents [134]. Procedures and conditions of ensiling/fermentation 
varied depending on individual studies. For example, Moon et al. [142] ground 
household food waste, heated it to 140°C, then aerobically fermented it for 24 h at 
30–40°C with a probiotic microbial mix containing yeast, lactic acid bacteria, and 
E. coli. In another study, Kwak and Kang [143] aerobically fermented ground restau-
rant food waste with a microbial culture and poultry litter at 55–60°C for 4 h, then 
vacuum-dried it. Ensiling/fermentation treatment helps prolong the storage of the 
end product. For instance, Murray Martinez et al. [144] reported that feed produced 
from cafeteria food waste after fermentation was stable for up to 30 days. The primary 
or industrial processing of food intended for human and animal use has produced 
a significant amount of wastes that, despite their potential to cause pollution, have 
nutritional value and can be used to create monogastric meals [145].

11. Animal waste as a source of protein

Animal by-products from slaughtered animals that are not directly consumed by 
humans are commonly used as feed ingredients, for example, meat meal, bone meal, 
feather meal, blood meal, skin, slaughterhouse waste such as rumen content [146]. 
There are two sources of dietary protein, namely animal-based proteins and plant-
based proteins. Plant proteins are usually low in lysine and methionine and have less 
biological value [147]. In the diet of broiler chickens, feather meal, fish meal, poultry 
by-products, and meat and bone meal are mainly used [148]. One of these slaugh-
terhouse wastes is the rumen content, and it is considered as a potential alternative 
protein source [146]. The rumen content is relatively rich in crude protein and other 
microflora such as fungi, protozoa, and bacteria, so they are dried and crushed and 
mixed into animal and poultry diets. Using it as animal feed also increases the eco-
nomic efficiency of slaughterhouse by-products [149].

A good supply of animal fat, protein, calcium, and readily available phosphorus is 
meat and bone meal. However, the results of laboratory tests from different rendering 
plants show a wide variation in crude protein (67.7–38.5%), ash (13–56.5%), crude fat 
(4.3–15.3%), and gross energy showed 9.4 22.3 MJ/kg [150]. Due to the diversity in the 
composition of raw materials and rendering processes, meat and bone meal probably 
has the high diversity in nutrient quality [151]. Poultry waste is high in minerals, total 
digestible nutrients (TDN), and protein (approximately 25% protein equivalent). 
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Feeding ruminants with poultry waste lowers feeding costs and lessens the impact of 
pollution on the environment in places where poultry farming occurs [152]. The use of 
chicken manure as a protein source in feeding ruminants not only reduces environmen-
tal problems, but can also replace part of the protein sources as a valuable food material 
and reduce the total price of the diet [153]. Dried poultry manure is utilized as rumi-
nant feed and can greatly enhance dairy and meat production [154]. Poultry manure 
begins to breakdown quickly after disposal and emits ammonia, which in excessive 
amounts can harm the health and production of animals as well as farm employees’ 
health [155]. Feather meal is rich in amino acids such as serine, proline, glycine, argi-
nine, phenylalanine and threonine [156] which is considered a suitable protein source 
in the case of proper processing and can be used as a substitute for part of the protein 
sources in the diet, especially in monogastric animals [157]. Adding fully hydrolyzed 
feather meal the diet of lactating cows was evaluated to investigate its effects on whole-
body protein digestibility and energy utilization. This experiment showed that fully 

DM CP NDF ADF EE Ash Ca P Reference

Soybean 
meal

86.51 50.19 15.13 9.98 1.78 6.82 — — [161]

Cotton seed 
meal

94.2 29.0 50.0 36.5 6.1 4.0 — — [162]

Guar meal 95.5 49.6 15.1 6.62 4.7 5.1 — — [163]

Sunflower 
meal

88.3 36.5 56.6 35.9 4.1 7.2 — — [164]

Olive meal 91.37 7.61 61.37 52.34 9.11 4.06 0.20 0.16 [165]

Canola meal 94.9 44.0 27.5 20.8 2.4 6.2 — — [162]

Tomato 
pomace

91.54 12.37 55.25 48.18 0.25 4.35 0.34 0.20 [166]

Apple 
pomace

30.70 5.60 45.30 38.0 4.70 2.60 0.11 0.12 [167]

Grape 
pomace

— 13.8 24.3 19.3 3.17 18.9 — — [168]

Lemon 
pomace

32.26 17.52 31.01 25.96 8.11 10.42 — — [169]

Pomegranate 
pomace

33.02 9.2 35.35 30.61 6.33 3.2 — — [170]

Sugarcane 
bagasse

96.1 2.18 85.5 60.0 0.84 2.70 — — [171]

Barley straw 93.1 4.4 77.3 — — 7.7 0.45 0.24 [172]

Oat straw 93.3 4.8 77.0 — — 8.8 0.32 0.22 [172]

Wheat straw 93.6 4.6 77.0 — — 7.7 0.23 0.14 [172]

Rice bran 92.0 15.0 24.0 — — 10.7 1.72 — [172]

Wheat bran 84.82 17.58 49.83 15.13 5.02 6.31 — — [161]

Table 1. 
Chemical compositions (%DM) of some agricultural post-harvesting by-products used as animal feed.
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hydrolyzed feather meal in the diet of dairy cows can replace blood meal and even lead 
to more energy in the diet and the efficiency of energy use for milk production [158]. 
In the pre-starter (1 to 7 days old) and starter (8 to 21 days old) stages, broiler diets 
can contain up to 6% feather and blood meal (FBM) [159]. Feathers have a high crude 
protein content, mainly composed of keratins, simple proteins resistant to proteolytic 
enzymes in the animal’s stomach and intestines [160]. Table 1 provides chemical 
composition of some agricultural post-harvesting by-products.

Using 4% feather meal along with 4% poultry slaughterhouse waste powder in 
the diet of laying hens increased the feed conversion ratio compared to when the 
diet contained 5% feather meal and poultry slaughterhouse waste alone [173]. Fish 
meal is widely used to increase the content of DHA and n-3 unsaturated fatty acids 
in animal products such as chicken meat and eggs [174]. The traditional processing of 
fish meal, including cooking, pressing, drying, and grinding, is expensive and has a 
complex process, and the heat used to dry fish meal leads to a decrease in the digest-
ibility of fish meal [175]. Supplementation with 100 grams of fish meal per cow per 
day resulted in the highest milk production compared to the control [176]. In another 
experiment, the use of fish meal at the level of 5% of the diet of cows with frequent 
estrus can improve the pregnancy condition and increase milk production [177]. 
Ruminal degradable protein supplement, especially fish powder, has a better effect 
than urea in increasing the flow of non-ammonia-N (NAN) from the rumen [178].

12. Conclusion

Animal feeding studies identified in the present chapter suggest that agricultural 
post-harvesting by-products are generally nutritious that can be converted into safe 
animal feed ingredients using advanced technologies. These by-products can be incor-
porated into animal diets without compromising animal health and performance. 
However, animal nutritionists, experts, and farm advisors have the opportunity to 
assist producers in lowering feed costs in certain regions of the country by incorpo-
rating agricultural post-harvest by-products into safe and effective rations. A basic 
understanding of the availability of the waste stream in certain regions and seasons, 
along with the knowledge of production and conversion, sanitary aspects in the 
storage of these by-products are necessary to ensure the absence of mold and bacterial 
contamination and pathogens.
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Chapter 7

Pre-Harvest and Postharvest 
Factors Affecting Quality and Shelf 
Life of Harvested Produce
Oluyinka Benedicta Adewoyin

Abstract

Food security and access to quality food are major challenges in the efforts  
against global hunger. Despite producing a large amount of food each year to  
boost the economy, a significant portion is lost due to pre-harvest and postharvest 
factors affecting produce’s quality and shelf life. Numerous interventions have been 
implemented to address this to improve postharvest management, but there is still an 
urgent need to identify and manage the various factors contributing to postharvest 
losses. Factors contributing to postharvest losses include agents of food deterioration 
inherent in the produce before harvesting, inappropriate cultural practices, genetic 
composition, harvesting methods, quality of water for irrigation, microbial invasion, 
insect pest inoculum remnants and more. Postharvest handling involves interac-
tive activities from harvest to consumer’s final decision to eat or reject the food. 
Produce quality is determined by local conditions, policies, stakeholders’ cultural 
practices, market demand, road condition, handling methods, packaging materials, 
transportation methods and level of knowledge and awareness in that environment. 
This study is to elucidate, through literature, pre-harvest and postharvest factors 
affecting quality of harvested produce. This study showed that understanding and 
appropriate management of pre-harvest and postharvest factors would reduce qual-
ity losses and increase the shelf life of produce.

Keywords: pre-harvest factors, postharvest factors, quality, shelf life, harvested 
produce

1. Introduction

One of the most urgent and essential needs of today is ensuring food security 
for the rapidly growing world population and, at the same time, ensuring long-term 
sustainable development in the reduction of food losses. Postharvest losses signifi-
cantly increase food insecurity, reduce farmer’s income and enhance inefficiency in 
the global food system. The essential elements of postharvest losses challenge include 
problem of multiple points of intervention, multiple technologies, complex value 
chain, and poorly developed food systems [1]. In accordance with projections by FAO, 
food production will need to grow by 70% to feed the world population, which will 
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reach over 10 billion by the year 2050. As efforts are being geared towards increased 
production, there must be corresponding efforts for an integrated and innovative 
approach to the global efforts to ensure sustainable food production, consumption 
and loss reduction [2]. One major way of strengthening food security is by reducing 
losses. Postharvest loss can be defined as degradation in both quantity and quality 
of food from harvest to consumption. Reduction in these losses would increase the 
amount of food available for human consumption and enhance global food security. 
Food losses occur due to poor infrastructure, logistics issues, lack of technology, lack 
of prompt access to markets, insufficient skills, and inadequate knowledge and man-
agement capacity of supply chain actors. Losses also occur at the production, posthar-
vest and processing stages in the food supply chain [3, 4]. Food waste refers to food 
appropriate for human consumption being discarded along the food chain due to con-
sumers’ behaviour [5, 6]. Damage restricts the use of a product, whereas loss makes 
its use impossible. These losses occur because harvested agricultural produce consists 
of living tissues that respire and undergo physiological changes caused by condi-
tions such as high temperature, low atmospheric humidity, physical injury, biotic 
contamination and enzyme actions. Food losses reduce the food available for human 
consumption and incur costs of waste management; loss of scarce resources used in 
crop production generates about 6–10 per cent of human-greenhouse gas emissions in 
the land where food wastes decompose anaerobically [1]. Pre-harvest refers to every 
activity embarked on by the producer in the production of crops before harvest, and 
this includes site selection, land preparations, appropriate planting date, optimum 
seed rate, recommended spacing, appropriate tools and equipment used, proper 
tillage activities and seedbed preparation, pests, disease and weed management, 
irrigation, mulching, staking and use of hormones. An adequate supply of potassium 
nutrition in tomato production enhances titratable acidity and fruit colour quality 
and reduces the incidence of the yellow shoulder [7, 8], while the inadequate applica-
tion of potassium in aqua-phonic tomato production results in ripening disorders [9]. 
An increase in nitrogen supply to tomatoes grown in a controlled environment may 
reduce fruit quality by decreasing the sugar content of the fruits [10]. A high nitrogen 
supply of about 250 kg/ha can impair some important quality traits of tomato fruits, 
such as total soluble solids [11], glucose, fructose, and pH [12]. The addition of 
ammonium in tomato production results in improved fruit flavours [13]. The quality 
of tomato fruit is also affected by the amount of boron used. Lower amounts of boron 
supply reduce fruit firmness [14]. The compositional quality of harvested produce is 
affected by maturity stage; Howard [15] observed that total vitamin C content of red 
pepper was about 30% higher compared to green pepper. Tomato fruits harvested 
green at table ripeness contain less vitamin C than those harvested at the full ripe 
stage. Tomato fruits at the ‘breaker’ stage contained only 69% of their vitamin C 
concentration. Quality refers to the state of excellence of a produce, which may be 
either good or bad. It refers to a property or group of properties that make a produce 
acceptable or desired by a consumer. It is subjective and changes according to culture, 
customs, environment, social status and mindset. These parameters change from one 
food commodity to the other. Several attributes have been used to describe quality: 
size, shape, colour, consistency, flavour or organoleptic properties like texture, smell 
and tastes. Other properties that are used to measure qualities include appearance as 
presentation, nutritive value, dependability and wholesomeness. Higher quality will 
translate to higher prices and more consumers’ satisfaction. Quality can be described 
based on produce usages, such as edible quality, dessert quality, shipping quality, 
table quality, nutritional quality, internal quality and appearance quality. The quality 
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of harvested produce is a combination of characteristics, attributes and properties 
that give the produce value to humans for food. Quality standards are usually sets to 
essentially meet specification and demand of the consumer. Every change in food 
that causes it to lose its desired quality and eventually become unpalatable is called 
food spoilage or rot. Food spoilage is also a metabolic process that causes foods to 
be undesirable or unacceptable for human consumption due to changes in sensory 
characteristics [16]. Quality losses include those that affect the nutrient composition, 
acceptability, and edibility of a given product, while quantity losses refer to those 
that result in the loss of the amount of a product [3]. Reducing food losses requires 
an understanding of pre-harvest and postharvest factors resulting in loses, cultural 
background and economic level of the people involved. It is essential because all food 
losses occur at a particular socio-cultural environment. Reduction of postharvest 
food losses is critical in ensuring future global food security. The issue of food losses 
is of high importance in the efforts to combat hunger, raise income and improve food 
security in the world today. It is very important to know the pattern and scale of these 
losses across the world, especially in developing countries and identify their causes 
and possible solutions.

2. Quality attributes

Appearance: This is the evaluation of quality by sense of sight, shape, wholesome-
ness and pattern. It includes quality traits such as:

Shape: The shape should not deviate from the typical accepted standard set for that 
produce. It must not have any damage or bruise, for example, cucumbers are sup-
posed to be elongated in shape and also robust, not sickle or twisted in shape.

Size: The size of some harvested produce determines their market acceptability. 
Examples of such are plumb, robust banana finger, carrot, okra, plantain are more 
acceptable than a slim one; also in cauliflower, size and compactness of the head are 
quality parameters that determine market acceptability. Matured plants are harvested 
at about 15 cm in diameter, and protruding floral parts indicate over maturity.

Colour: Colour of harvested produce like fruits and vegetables is expressed 
through their various pigments and can be grouped into red: anthocyanin pigments, 
green: chlorophyll and yellow to orange: carotenoids. There are many factors that 
influence colour, such as genetic constitution, maturity, climate, environment, sea-
son, soil type, plant nutrition, plant density and postharvest treatment. Maturity 
is a very important factor in determining the colour of harvested produce. At early 
stages of development, colour is usually green and only attains its characteristic 
colour at full maturity. The chlorophyll colour is important in vegetables, and if 
this is lost, the vegetables are not acceptable. Examples of such green vegetables are 
celery, green bell peppers, chayote squash, cucumbers, collard greens, green beans, 
green onions, green peas, leeks, lettuce, mustard greens, endive, kale, kohlrabi, 
jalapenos, okra, snap peas, snow peas, Swiss chard, watercress and zucchini. It must 
show the true colour of the product in terms of lightness, transparency, turbidity, 
and glossy nature [17, 18].

Wholesomeness: This involves the sanitary factors of the product. It must be clean 
without impurities, extraneous matter, sediments or specks. Also, a product must be a 
whole product, not part of a whole.

Pattern: This also describes shape and size; it should follow the specific pattern 
peculiar to the product.
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Firmness: For cauliflower, a firm and compact head of white to cream-white curds 
surrounded by a crown of well-trimmed, turgid green leaves are required quality 
indices with freedom from severe yellowing, defects due to handling and decay.

Texture: This is the hand and mouth feel, the assessment of quality by the sense of 
touch and taste. It also indicates coarseness or crispness, firmness, turgidity, density, 
viscosity, surface tension, juiciness or dryness, fibrousness or chewiness, softness, 
mildness or stickiness. The texture of tomato is majorly contributed by the insoluble 
solids derived from cell walls which determined the consistency, smoothness and 
juiciness of the fruit [24].

Consistency: This may also be considered by a sense of touch. This refers to visu-
alisation, flow or spread proportion of the produce. Appearance and texture can be 
measured by a team of experts ranging in order of quality importance. It is, therefore, 
a very elusive factor to measure because it depends on individual judgement. This 
means of measurement is usually referred to as organoleptic test [19–22].

Flavour: This is the quality evaluation by the sense of taste or smell. It refers to 
terms such as odour, fragrance, acid, burnt or gutty; taste: sweet, sour, bitter, salty 
or bland, off-flavour, enzymatic reaction, physiological deterioration and chemi-
cal contamination, overcooked or stale. For example, apples should have a crunchy 
texture and a sweet flavour while pomegranates should have a juicy texture and a 
sweet-tart flavour while strawberries should have a juicy texture and a sweet flavour. 
Tomatoes are typically juicy and firm, but can range from soft and mushy to hard and 
crunchy feel. Cucumbers are typically crunchy and juicy; while carrots are typically 
crunchy and sweet. Beetroots are firm and sweet, and cabbage is crunchy and slightly 
bitter while lettuce is crisp and slightly bitter, and ginger and turmeric are fibrous and 
slightly spicy. Enzyme reactions also occur, resulting in desirable flavour. For exam-
ple, hydroperoxide lyase catalyses the production of tomato flavours [23]. To enhance 
sales, these quality factors are essential for market acceptability and consumers’ 
choice to buy or reject the product. Sometimes, initial sales occur based on appear-
ance, but repeated purchases are driven by expected quality factors determined by 
flavour compounds and texture [24, 25].

Nutritional value: This quality attribute is very important in ascertaining produce 
composition. It includes: total protein content, amino acid composition, mineral and 
vitamins, juice content, total soluble solids and vitamin C. Vitamin C content varies in 
fruits and vegetables from one to 150 mg/100 g [26]. In berry fruits, it ranges from 14 
to 103 mg/100 g [27]. Rosehip, jujube, guava, kiwifruit, peppers, citrus fruit, spinach, 
broccoli and cabbage are rich in ascorbic acid. Tomato is about 93–95% water and 
5–7% total solids. The lipids constituent in grapes is 0.1%, in bananas is 0.2% and in 
apple is 0.06%. Lipids content of 35 to 70% of dry mass is obtained in avocados, olives 
and nuts [28]. Fat-rich fruits and nuts include avocado, cauliflower, broccoli, carrots, 
hazelnuts, almond, walnut, Brazil nuts and chestnut [29]. Hazelnuts and almonds 
have flavonoid content of 18 and 15 mg/100 g, respectively [9]. Walnuts and Brazil 
nuts have phenolic acid content of 36 and 11 mg/100 g, respectively [10–14]. Good 
examples of fibre-rich foods are mango, orange, papaya, sweet lime, watermelon and 
apple [30]. Grains, fruits and vegetables are good sources of fibre. Fruits and veg-
etables provide 37% of the fibre in the diet and grains (36%) while legumes supplied 
13% [31, 32]. Pro-vitamin A refers to precursors of vitamin A, obtained from fruits 
and vegetables such as carrot, pumpkin, peach and mango. Riboflavin is the central 
component of flavour proteins. It can be obtained from beans, beetroot, pepper and 
spinach. Niacin is derived from almonds, avocado and cape gooseberries. Vitamin B5 
or pantothenic is obtained from meats, potatoes, oat cereals, tomato products and 
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whole grains. Sources of vitamin B6 include beans, cabbage, cauliflower, spinach, 
sweet potato, grape, avocado and banana. It occurs in peas, beans, nuts, broccoli, 
mushrooms, potatoes, strawberries and sweet potatoes. Folic acid is essential for 
reproduction and normal growth. It is present in strawberry, tomato, avocado, 
spinach, cabbage and other green vegetables [33, 34]. Table 1 showed food sources 
supplying vitamins, carotenoids and phenolic.

2.1 Quality deterioration

This is associated with advance spoilage; any change in food quality, when 
optimum quality is not obtained, is referred to as spoilage. The major causes of food 
deterioration in harvested crops are microorganisms, natural food enzymes, insects, 
rodents and parasites, heat and cold, moisture and dryness, air, for exmaple, O2, light 
and time.

i. Activities of microorganism: Several thousands of microorganisms are useful in 
food processing and fermentation in brewing while many others have undesir-
able changes in produce (referred to as spoilage), thereby reducing the shelf 
life of harvested produce. They are found on plants, in the soil at growth stages 
on the field, distorting roots and leaves, resulting in reduced yield and loss of 
quality. After harvest, microorganism activities continued everywhere: on peels 
of harvested produce in the hands of handlers and in water [35].

ii. Natural Food Enzymes: This is also an important cause of food spoilage. Natural 
food enzymes like microorganism are controlled by heat, cold, dryness, certain 
chemicals and radiation. Treatments applied to inactive microorganism will 
partially or completely destroy the enzyme. Natural enzymes are present in 
harvested food crops, without which germination to fruit maturation would 

Vitamin A Vitamin B Vitamin C Vitamin D Vitamin E Carotenoid Phenolic

Carrot Beans Strawberry Cod liver oil Almond Pineapple Plum

Pumpkin Sunflower 
seed

Black 
currants.

Salmon Corn Carrot Blackberry

Mango Avocado Kiwifruit Sardine Broccoli Tomato Apple

Peach melons, Orange Tuna Fish Spinach Melon Strawberry

Broccoli Broccoli Pepper Beef Liver Peanut Mango Raspberry

Red bell 
pepper

Cabbage Guava Egg yolk Avocado Peach Blueberry

Lettuce Spinach Rosehip Natural Sun Grains Plum Gooseberry

Spinach Peas Persimmon Mushroom Nuts Lemon Soursop

Cantelope Citrus Straw berries Fortified 
food

Leafy 
vegetables

Acerola Curry

Sweet 
potato

Banana Broccoli Oil from 
Sheep wool

Seeds Amta Guava

Source: Adewoyin O.B.

Table 1. 
Food sources supplying vitamins, carotenoids and phenolic.
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not have occurred. These enzymatic reactions persist after maturation. Some 
of these enzymes may be more active in fruit crops such as pepper, tomatoes, 
plantain and banana to cause fruit deterioration. It is not in all cases that low 
temperature is required to preserve most tropical produce. The colder, the worse 
for some produce. For example, if the avocado is stored in a fridge, it turns black 
without ripening because the respiratory pattern is upset and other biological 
processes take place, leading to deterioration. Specific conditions for preserva-
tion must be selected in accordance with the unique spoilage pattern of indi-
vidual harvested produce [35–37].

iii. Insects, rodents and parasites: The effect of insects, rodents and parasites depend 
on the environment. These factors can then be controlled easily by ensuring an 
appropriate environment free from pest invasion compared to microorganisms. 
Insects and rodents do physical damage to harvested produce such as scars, holes 
which provide entry point for secondary infection by microbes [38–40]

iv. Heat and cold: Increase in temperature can double the rate of chemical and  
enzymatic reactions which lead to increase in microorganism invasion, and 
result in an increased loss of vitamins A, C and riboflavin. Under low tempera-
ture, banana, avocado and pear blacken in the freezer and during thawing the 
skin may crack and secondary invasion will set in bananas should be stored 
under conditions where the temperature range is 10–15°C [41].

v. Moisture and dryness: When a produce absorbs water, it losses quality and becomes 
moist. An example of such is caking and lumping in stored grain like soybean, 
rice, maize and beans. Quality changes occur in produce due to moisture pick 
up. Moisture picked up occurs during thawing at low temperatures but without 
control of relative humidity, which allows moisture to dense over the surfaces of 
the produce consequently resulting in the rapid multiplication of microorganism 
[37, 41–43]. Table 2 showed various crops and their safe moisture content.

vi. Air: Oxygen in the air can be destructive due to its high oxidative power, and it 
supports multiplication and optimum living condition and reproductive cycles 
of insect pests, rodents and microorganisms. Off-colour can also occur due to 
oxygen, which is essential for microbial growth, especially mould, which grows 
on the surfaces of produce. Activities of pests and rodents increase rapidly when 
oxygen is adequately available in the storage system. Oxygen can be controlled 
from harvested produce by the waxing of fruits, packaging in O2 impermeable 
skin, tight plastic, vacuum packaging with the removal of oxygen and supple-
menting with nitrogen.

vii. Light: Some vitamins, such as vitamins A, C, and riboflavin, are destroyed by 
light and the only way to control this is to use dark-coloured containers for stor-
age. Vitamins A, C and riboflavin, under light, change the colour of food, and 
react with lipids, fats and oils.

viii. Time: All the above factors are affected by time. All the reactions proceed with 
time. Produce has to be preserved at the peak of quality, which is impossible 
due to time. It is always better to consume food immediately to avoid any loss, 
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but this is not often possible due to time. Microorganisms have plenty of time 
to act and cause deterioration. Time is needed to produce toxic substances, 
exposure of food to cold or heat takes time, and length of time affects dete-
rioration. In some food industry, fermentation may be beneficial in producing 
the required flavour and aroma; this also takes time to develop. All deteriora-
tion takes time, and all processes leading to deterioration must be arrested on 
time [43, 44].

3. Factors influencing quality

3.1 Pre-harvest factors

Site selection: The soil properties of a given site for crop production will deter-
mine the ultimate compositional and physical quality of the harvested produce. 
Appropriate site selection, free from heavy metals, toxic materials and adequate 
fertility level is essential for maximum quality. The soil should be analysed, and the 
soil condition should be determined before planting.

Product Safe moisture content (%)

Maize flour 11.5

Millet 16.0

Rice (milled) 13.0

Rice 15.0

Sorghum 13.5

Wheat 13.5

Wheat flour 12.0

Pulses 15.0

Lentil, pea 14.0

Carrot 12.7

Cabbage 21.6

Banana 9.95

Plantain 9.97

Mango 9.147

Lettuce 12

Spinach 4.7

Guava 6.94

Yellow Yam 59.3

White Yam 64.97

Bitter Yam 64.9

Source: Adewoyin O.B.

Table 2. 
Crops and their safe moisture content.
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Genetic constituent of produce: The potential quality of harvested produce is a factor 
in the genetic constitution of the plant. Varieties with shorter shelf lives have higher 
postharvest losses while those with thick peel, high firmness quality, low respiration 
rate and low ethylene production rates have longer shelf life. Their different quality 
traits characterise each variety; these peculiar genetic quality character traits make 
some varieties more desirable to producers and consumers. The choice of adequate-
yielding crop variety with desired qualities and longer shelf life is a vital decision 
for producers and an important pre-harvest factor that determines the shelf life of 
harvested produce [10]. The varieties that have the potential traits to withstand the 
rigours of marketing and distribution will have reduced losses after harvest. Varieties 
with resistance to low-temperature disorders, pathogens can be stored efficiently for 
longer duration with minimum storage losses. To prolong shelf life, enhance sustain-
able food availability and maintain good quality, producers must choose varieties 
that have inherently good quality and extended storage potential in addition to the 
high yield and pest resistance potentials. Failure to select an appropriate cultivar may 
lead to lower yield, low-quality fruits or less market acceptability. Fruits of different 
cultivars differ in size, colour, texture and flavour as well as storage potential. Getinet 
et al. [45] showed the influence of tomato cultivars on some postharvest qualities 
of tomatoes stored under different conditions, they established that tomato cultivar 
Roma VF has higher sugar content and lower weight loss compared to other cultivars. 
The genetic constituent of a produce is, therefore, critical to the postharvest storage 
life and utilisation qualities of such produce [37].

Planting period: The quality of crops planted during the dry season differ in size, 
firmness, fibre content and nutritional composition compared to those cultivated in 
rainy season when there is adequate water availability for chemical processes neces-
sary for plant growth and development [46].

Irrigation: Some crops are not drought resistant hence, yield decreases in terms 
of size and nutritional quality after short periods of water stress. Proper irrigation 
planning is crucial for optimum crop development and adequate nutritional composi-
tion. Efficient water management scheme is vital to maintaining quality crop and 
maximum yield [47]. It is observed that deficit irrigation reduced fruit water accu-
mulation and fresh fruit yield but increased fruit total soluble solids in tomatoes [48]. 
Mitchell et al. observed that deficit irrigation reduced fruit water accumulation and 
fresh fruit yield but increased fruit total soluble solids in tomato [48]. A higher level 
of moisture stress affects both yield and quality by decreasing cell enlargement. Crops 
which have higher moisture content generally have poorer storage characteristics. 
Some hybrid onions give a high yield of bulbs with low dry matter content and short 
storage life. Fully matured banana harvested soon after rainfall or irrigation may eas-
ily split during handling operations resulting in microorganism infection and rotting. 
If orange is too turgid at harvest, gland in the skin can be ruptured during harvesting, 
releasing phenolic compounds and causing oleocellosis or oil spotting (green spot on 
the yellow/orange coloured citrus fruit after degreening). In green leafy vegetables, 
too much rain or irrigation can make leaves harder and brittle, making them more 
susceptible to damage and decay during handling and transportation. Generally, 
crops with higher moisture or low dry matter content have poorer storage characteris-
tics. Keeping quality of bulb crops like onion and garlic will be poor if irrigation is not 
stopped before 3 weeks of harvesting [11].

Thinning and Pruning: Thinning is a post-planting operation that reduces plant 
population, and competition between plants, increase maximum exposure to light, 
supply adequate water and nutrient to plants, consequently promoting good balance 
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in the vegetative stage during fruit production and also improves the quality of har-
vested produce. It affects fruit texture and size due to inadequate exposure to sunlight. 
Thinning also improves the textural characteristics of harvested produce, which con-
sequently greatly affect firmness. Studies also revealed that fruit firmness positively 
correlated with fruit size, implying that larger fruits were slightly firmer at harvest 
than smaller ones [18]. Appropriate pruning enhances fruit texture characteristics by 
optimise light distribution to all fruit on the tree. Inappropriate pruning may result in 
fruit shading with consequent smaller undesirable under, ripe fruit with a hard and 
grainy texture. Pruning is done to control the number of flowers and fruits by reducing 
the competition between fruits. Pruning, therefore, ensures nutrients are channelled 
to fewer fruits which can lead to increased fruit size [49] and increased sugar content 
of fruits in some cases [50]. On the other hand, the effect of pruning on other quality 
traits of the fruit produced depends on many factors, including the sink developmental 
stage, fruit-to-leaf ratio, truss position, and genetic composition of the plant [51].

Maturity Stage: Fruit maturity stage influences the total antioxidant capacity of 
the produce. These changes are determined by crop type and stage of maturity. For 
example, in tomato, pepper, mango, and prunus species, total antioxidant capacity 
increases as carotenoids and vitamin C accumulate during ripening [52]. Adewoyin 
and Babatola observed that pepper fruits harvested at 10% ripe (breakers stage) 
retained firmness, and weight loss was minimal compared to those harvested at 100% 
ripe stage (fully ripe) in all storage medium studied [53]. Wang and Lin observed that 
the shelf life of all tomatoes is longest when harvested at green mature stage though 
fruit nutritional values and appearance may be affected when harvested green [54]. 
Delays between harvest and consumption or processing can result in losses of flavour 
and nutritional quality. The magnitude of these losses increases with exposure to 
inappropriate temperatures, relative humidity and concentrations of O2, CO2, and 
C2H4 [26]. During berry ripening, anthocyanins accumulate while phenolic acids 
decrease [55] in products in which anthocyanins or chlorophylls dominate, carot-
enoids decrease during development; in cherry, ascorbic acid accumulates during 
ripening [56].

Climatic condition: Many plants are very sensitive to environmental conditions, and 
thus quality will not be optimised when crop is produced under adverse conditions. 
Poor weather at harvesting time affects the operations and functionality of harvesting 
machines or human labour and usually increases the moisture content of the harvested 
products, consequently resulting in loss of quality and reduced shelf life [57].

Heat management: Physiological and biochemical processes involved in plant 
growth, yield and maturation is influenced by temperature. Higher temperature dur-
ing field conditions decreases shelf life and quality of the produce. At high tempera-
tures, plants respire at a faster rate, and stored carbohydrates in harvested produce 
are depleted rapidly during respiration. High temperature during the fruiting season 
of tomato leads to quick ripening of fruits. Orange grown in the tropics have higher 
sugar content and total soluble solids than those grown in the subtropics. Tropically 
grown oranges tend to be green in colour and peel less easily. This is due to the higher 
temperature that occurs in the tropics, which results in rapid maturation of fruit 
which halts the process of the typical temperate orange colour development [58].

Light: Light regulates several physiological processes like chlorophyll synthesis, 
phototropism, respiration and stomatal opening. The duration, intensity and qual-
ity of light affect the quality of fruits and vegetables at harvest. Most of the produce 
needs high light intensity. Absorption of red light through pigments, phytochrome, is 
essential for carbohydrate synthesis, which determines the shelf life of the produce. 



New Advances in Postharvest Technology

164

Citrus and mango fruits produced in full sun generally had thinner skin, a lower 
weight, low juice content and lower acidity but a higher total soluble solid. Citrus 
fruits grown in the shade may be less susceptible to chilling injury when stored in 
cold storage. In tomatoes, leaf shading of fruits produced a deeper red colour dur-
ing the ripening than in the case of those exposed to light. The side of the fruit that 
was exposed to the sun was firmer than those that were not exposed to sunlight, the 
lower the light intensity, the lower the ascorbic acid content of plant tissues. In leafy 
vegetables, leaves are larger for those exposed to adequate light and thinner under 
conditions of low light intensity.

Humidity: High humidity during the growing season results in thin rind and 
increased size in some horticultural produce, and this produce is more prone to a high 
incidence of disease during postharvest period. Humid atmosphere may cause the 
development of fungal and bacterial diseases, which damages produce during stor-
age and transport. Damaged produce removes water very quickly and emits a larger 
ethylene concentration than healthy ones. Low humidity may cause browning of leaf 
edge on plants with thin leaves or leaflets. High humidity can maintain the water-borne 
pollutants in a condition so that they can be more easily absorbed through the cuticles or 
stomata. Reduced transpiration leads to calcium and other elemental deficiency [59].

Rainfall: Rainfall affects the water supply to the plant and influences the composi-
tion of the harvested plant part. This affects its susceptibility to mechanical damage 
and decay during subsequent harvesting and handling operations. Excess water 
supply to plants results in the cracking of fruits such as orange, cherries, plums and 
tomatoes. If root and bulb crops are harvested during heavy rainfall, the storage losses 
will be higher [60].

Seasons: Seasonal fluctuation and time of the day at harvest will greatly affect the 
postharvest quality of produce. Synthesis of higher amount of carbohydrates during 
the day and its utilisation through translocation and respiration at night is responsible 
for the variation in the longevity of some harvested produce. Roses and tuberose have 
been found to show longer keeping quality in the winter under ambient conditions 
than in the summer. Produce harvested early in the morning or in the evening hours 
exhibits longer postharvest life than produce harvested during hot time of the day. If 
long-day onion (temperate) is grown during short-day (tropics) conditions, it will 
result in very poor storage quality [61].

Fertiliser application: Poor fertiliser management will increase physiological 
disorders due to deficiencies of some minerals or increase of others, leading to toxic-
ity. In both cases, quality will be negatively affected. The use of trace elements or the 
practice of soilless tomato production can be made possible during irrigation, where 
fertilisers are added to the irrigation water in a form of solution and administered. 
These trace elements are selected depending on the specific postharvest quality 
traits needed in the fruits. Nutrient balance is crucial for maintaining optimal fruit 
texture and size: fruits from nitrogen deficient trees are usually smaller with firmer 
texture, while excess nitrogen leads to rapid loss of firmness and decreased storability. 
Potassium deficiency also leads to textural changes resulting in small, poorly coloured 
fruit that may not ripen, leaving fruit hard and inedible. A lack of boron can result in 
fruits with a mealy texture [62–64].

Pest and Disease Management: Pathogens and insects have very negative effects 
on quality of harvested produce. The effect of insect is more pronounced on grains 
but can also cause a lot of damages in fruits and vegetables. Nematodes cause vari-
ous injuries to fruits and vegetables and continue the deterioration during storage. 
Parasites are therefore seen to be important in damage to farm produce as well as food 
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preservation. In the case of insects, produce attacked by them in agriculture may 
consume over 50% of the harvest. Insects at times lay eggs in the produce, making it 
almost impossible to eliminate all insects pest in the produce. Parasites like nematodes 
and amoeba may infect the produce, and the same is true when produce comes in 
contact with water; this is very common in Africa. Rodents contaminate food with 
their urine and droppings. They also produce large litter, for example, two rats can 
give up to 30,000 litres per year. Through their contamination, they spread diseases 
like salmonellosis, plague and typhoid fever. Various efforts to control the detrimen-
tal effects of these organisms have resulted in great hazard to human health due to 
misuse of the chemicals [65].

Weed management: Failure to control weeds will result in a lot of damage to crop 
quantity and quality. Weeds harbour diseases and pests that easily infest crops both 
on the field and in the store. Weeds also contaminate harvested produce by mixing 
with the seeds [66].

Presence of heavy metals: The site for crop production must not be just any site or 
dump site which is loaded with heavy metals. Appropriate soil tests should be done to 
ascertain the soil condition because some crops absorb heavy metals, which are easily 
assimilated by human system [66–69].

Harvesting methods and time: The time of the day at which harvesting is done must 
be considered to avoid excessive field heat, which can cause rapid deterioration of the 
harvested produce. Loss is also caused by improper harvesting methods such as rough 
handling, untimely harvesting, lack of appropriate and poorly-designed harvesting 
tools, equipment, and harvesting containers [70].

Method of Processing: Processing can decrease phenolic antioxidants [71]. 
Anthocyanin losses in processed berries are reduced by blanching, indicating enzy-
matic degradation [71]. A study conducted comparing manually tearing lettuce into 
strips to shredding with a sharp knife showed that the retention of ascorbate in lettuce 
sliced by a machine was 25–63% lower than in lettuce shredded by manual tearing 
[72]. Effects of slicing and shredding radishes on quality during storage at 1, 5, and 
10°C were determined [73]; on the 10th day, intact radishes stored at 1°C had the 
lowest respiration rate, while sliced radishes stored at 10°C had the highest. Shredded 
radishes showed the most undesirably low levels soluble solids, higher weight loss, 
ascorbic acid, and lightness as compared to intact or sliced radishes [74].

4. Postharvest factors

Harvested produce are living tissues and subject to continual changes after 
harvest. Such changes cannot be stopped but can be controlled within certain limits 
by using various postharvest procedures. Postharvest factors that affect quality of 
harvested produce include the following: temperature is the most important tool to 
extend shelf life and maintain quality of harvested produce [75]. Delays between 
harvesting and cooling or processing can result in direct loss due to water loss and 
decay; indirect losses such as off-flavour and deterioration in nutritional quality 
can also occur. For instance, the temperature range and the extent of vitamin C loss 
depended on the type of citrus fruit. In general, the extent of loss in ascorbic acid 
(AA) content in response to elevated temperature was greater in vegetables than in 
acidic fruits such as citrus. Ascorbic acid is more stable under acidic conditions [76]. 
Reported that retention of vitamin C ranged from 56 to 98% for six broccoli cultivars 
stored at 2°C for 3 weeks.
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Ethylene management: Ethylene (C2H4) is an odourless and colourless two-carbon 
natural plant hormone which is triggered at maturity in climacteric fruits. It is also 
known as the ‘natural ageing, death or ripening hormone’, it is active at small traces and 
its accumulation can led to fruit decay and waste during postharvest stage of harvested 
produce. It is regulated in various physiological processes of plant growth, germina-
tion, development, ripening, maturity and senescence. It also plays a major role in the 
abscission of plant organs. Several strategies of crop management, coordination of 
postharvest and pre-harvest factors and various techniques of plant breeding have been 
investigated to understand ethylene regulation pathways, biochemical and physiologi-
cal processes in extending produce shelf life and improve the postharvest quality of har-
vested produce [77]. Some fruits are either ethylene producers or absorbers. Fruits such 
as apples, bananas, melons, pears and peaches are ethylene producers, while broccoli, 
cabbage, and cauliflower are ethylene sensitive. The respiration rate of non-climacteric 
crops is not influenced by the presence ethylene. Examples of non-climacteric produce 
are leafy vegetables, watermelon, strawberries and grapes. Non-climacteric crops will 
not respond to ripening with ethylene gas. Exposure of climacteric fruits to ethylene 
will advance the onset of an irreversible rise in respiration rate and rapid ripening. 
Appropriate packaging can delay the onset of climacteric and prolong shelf life of fruits 
by reducing ethylene production and sensitivity [28]. Ethylene production rates is influ-
enced by type of produce, and it increases with maturity at harvest, physical injuries, 
disease incidence, increased temperature up to 30°C and water stress [30]. The response 
of various types of crops to ethylene is shown in Table 3.

Chemical Treatments: Calcium dips may be used to reduce physiological disorders 
and maintain firmness in apples and cherries. Dehydrated pineapples and guava pre-
treated with cysteine hydrochloride had increased vitamin C retention and reduced 
colour change during storage [76, 78].

Irradiation: Ionising radiation may be used for sprout inhibition, insect control or 
delay of ripening of certain fruits and vegetables. Irradiation of horticultural crops 
at relatively low doses of 75–100 krad irreversibly inhibited the sprouting of potatoes 
regardless of storage temperature. Losses in vitamin C were lower in potato irradi-
ated for sprout control and subsequently stored at 15°C than in non-irradiated tubers 
stored at 2–4°C 78].

Class (μl C2H4/kg-h at 20°C (68°F) Commodities

Very low < 0.1 Artichoke, asparagus, cauliflower, leafy 
vegetables, root vegetables, potato, cherry, citrus, 

grape, jujube, strawberry, pomegranate

Low 0.1–1.0 Cucumber, eggplant, okra, watermelon, chilli, 
bell pepper, pumpkin, watermelon, olive, 

pineapple, blueberry, raspberry

Moderate 1.0–10.0 Tomato, banana, fig, guava, honeydew melon, 
mango, plantain

High 10.0–100.0 Apple, passim, apricot, avocado, cantaloupe, 
kiwifruit, nectarine, papaya, peach, pear, plum

Very high > 100.0 Sapota, mammee apple, passion fruit, cherimoya

Source: Adewoyin O.B.

Table 3. 
Classification of crop according to ethylene production.
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Respiration: The respiration rate in harvested produce will influence its metabolic 
activities. High temperatures can hasten the rate of respiration and CO2 production in 
harvested produce. CO2 production in stored climacteric products like tomatoes can 
trigger ethylene production, depending on other factors like O2 or CO2 levels, expo-
sure time, and ripening stage [79].

Relative Humidity: Moisture loss from harvested produce is predominantly caused 
by the amount of moisture present in the air expressed as relative humidity [80]. 
Harvested fruits and vegetables maintain their nutritional quality, appearance, weight 
and flavour at very high relative humidity. On the contrary, this is adverse for grain 
crops such as maize, millet, wheat, rice, beans and soybean. Harvested fruits shrivel 
with little percentage moisture loss while grain crops require low moisture content for 
optimum storage conditions after harvest. The optimal values of relative humidity to 
maintain quality of mature green tomatoes are within the range of 85–95% (v/v) and 
90–95% (v/v) for firmer ripe fruits [81].

Physical Handling: The handling of produce from the moment of detachment 
from the parent plant, packing from the farm gate to the market, and then the final 
consumption of produce are significantly associated with mechanical injuries such as 
bruising, scarring, scuffing, cutting or puncturing. Some of these mechanical injuries 
may result from careless handling, the use of inappropriate harvesting containers, 
inappropriate vehicles, careless loading and unloading and packaging materials. 
According to Miller [82], the consequences of these mechanical injuries are cumula-
tive, leading to a total breakdown of the cell structure accompanied by unwanted 
metabolic activities such as increased ethylene production, accelerated respiration 
rates, and ripening, resulting in either reduced shelf life or poor quality [83]. It is, 
therefore, important to handle harvested produce with care during harvest and 
postharvest activities to minimise mechanical injuries to avoid losses.

Gases: The combination of different gases in a storage environment is very impor-
tant in extending the shelf life of harvested produce. The optimal ambient condition 
required to inhibit senescence in matured harvested produce is very low supply of 
oxygen [84–86]. Carbon monoxide (CO) has been investigated as a gas to speed up 
ripening, and it is therefore necessary to balance the carbon monoxide with low 
oxygen to delay senescence in harvested produce [86].

5. Conclusion

Huge amount of crops are being produced annually, but most is lost at various 
stages of handling due to pre-harvest and postharvest factors affecting quality and 
shelf life of harvested produce. Every unit of produce preserved converts to added 
unit available for productive utilisation and food security. The use of any postharvest 
method or handling practices can only maintain quality. Understanding and con-
trolling the various roles of pre-harvest factors like fertiliser application, pruning, 
maturity stage, cultivar selection, and irrigation can play major role in improving 
quality of harvested produce and prolonging their shelf life after harvest. Using best 
postharvest handling practices or factors such as optimum temperature, right relative 
humidity, right gases in storage and the best physical handling procedures to maintain 
the quality after harvest is also critical. Postharvest factors alone cannot maintain 
quality but the pre-harvest factors during production are also important. Until both 
factors are managed properly, quality loss will still be a major challenge in maintain-
ing quality and prolonging shelf life of harvested produce.
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Chapter 8

Appropriate Post-Harvest 
Technologies for Biofortified 
Crops Pro Enhanced Utilization, 
Value Addition, and Micronutrient 
Retention
Olapeju Phorbee, Ganiyat Olatunde, Dotun Aderonmu, 
Desmond Ikerionwu, Adeola Ojo, Gift Oguzor, Lateef Sanni 
and Adeyinka Onabolu

Abstract

Biofortified cassava and sweet potato, targeted for vitamin A deficiency reduction 
in Sub-Saharan Africa, are highly perishable at post-harvest. Appropriate technolo-
gies for processing these crops should primarily be protective of their micronutrients 
otherwise the purpose of their biofortification is defeated. One of the value-added 
OFSP root products is the puree, which several techniques have been developed for 
its consistent quality, preservation and packaging. However, use of aseptic packaging 
and continuous flow microwave system of rapid sterilization have been reported most 
suitable, for its high temperatures (≥125°C) and short time principle. For biofortified 
cassava varieties, post-harvest advances have been on drying, moving from sun drying 
on bare floor to use of raised platform, solar and mechanical drying. Flash-drying 
technology is an effective and efficient drying technology that uses rapid heat transfer, 
which makes it suitable for biofortified cassava. With these advanced technologies, 
OFSP puree, wet or dried and flash-dried biofortified cassava mash can be targeted for 
diverse end uses in the food industry-baby foods, jam, pastries, and confectionaries. 
These technologies, with increased adoption through favorable policies, can enhance 
availability of diverse nutritious food products, utilization, consumption, and com-
mercialization of locally produced staples, for improved food system transformation.

Keywords: biofortified crops, post-harvest, technologies, value addition, processing

1. Introduction

1.1 Prevalence of malnutrition

The challenge of malnutrition and undernutrition is long-standing globally, with 
slow progress in interventions despite trends of development; 1.2 billion people lack 
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key micronutrients, 151 million children are stunted, 50.5 million children are wasted, 
while an estimated 2 billion and 38.3 million adults and children, respectively, are 
overweight or obese [1].

Similar trend with worse statistics has been reported in Sub-Saharan Africa (SSA) 
as stunted children under 5 years of age increased by just 23% in 24 years (1990–2014) 
[2]. Millions of people in SSA especially women of child-bearing age and children 
under 5 years from poor households are deficient in key micronutrients [3, 4]. An 
estimated 24% of all child deaths are due to vitamin A deficiency, out of which 48% 
are preschool-age children [5].

The consequences of vitamin A deficiency include a high risk of diseases such as 
diarrhea and measles, growth retardation, and premature death for children under 
5 years of age, weakened immune system, visual impairment, and blindness [6].

1.2 Interventions on micronutrient malnutrition

Efforts to address micronutrient malnutrition using both nutrition-specific and 
sensitive interventions have been reported especially in SSA. On nutrition-specific 
interventions, there has been significant support for exclusive breastfeeding (EBF), 
improved Infant and Young Child feeding (IYCF) practices, micronutrient supple-
mentation, treatment of severe malnutrition with Ready-to-Use Therapeutic Foods 
(RUTF), mandatory large-scale fortification of selected foods (salt, sugar, oil, 
and flours), and Home-Grown School Feeding in some developing countries [7]. 
Nutrition-sensitive agriculture, mainly biofortification, and water, sanitation, and 
hygiene (WASH) programs have been appreciably promoted under nutrition-sensitive 
interventions.

However, each of these intervention programs has its limitations, which inhibit 
impact at scale and sustainability. For instance, women have so many reasons for 
not practicing exclusive breastfeeding. Micronutrient supplementation programs 
are mainly funded by external donors with unguaranteed sustainability, and 
so unable to meet the set goals of the international health organizations. Other 
limitations include poor access of the poor people to markets, health-care centers, 
and other places where the supplements are available, as well as lack of public 
enlightenment on the health benefits of these nutrient supplements [8, 9]. For 
large-scale food fortification, being a food-based industrial approach for address-
ing micronutrient malnutrition, and expected to cover a wide population, has so 
far been largely limited in reaching most rural dwellers. The coverage of fortified 
foods is dependent on how developed the market infrastructure is, and most rural 
poor have poor access to market where the fortified foods are [7]. In Nigeria, locally 
processed and unfortified foods are often more readily available and affordable to 
the poor rural dwellers who need fortified foods more because of their poor diets. 
Worst still, some of the industrially produced food vehicles that are expected to 
be adequately fortified are often times either not fortified at all or not adequately 
fortified [10].

Poor knowledge of nutrient contents of many indigenous foods hinders promotion 
and practice of dietary diversification and nutrition-sensitive food production sys-
tem. Nutrition education as a strategy is yet to reach an impactful scale on behavioral 
change [7].

Biofortification, therefore, came up as a sustainable agricultural-base complemen-
tary approach to address micronutrient malnutrition in developing countries, targeting 
the vulnerable populations.
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2. Biofortification

Biofortification is the process of breeding staple crops to have higher contents of 
essential nutrients either through selective breeding or genetic engineering [11]. It 
is a cost-effective, and sustainable technique of delivering essential micronutrients 
to populations whose major food crops are deficient in them, and that have limited 
access to diverse diets and other micronutrient interventions. Biofortification is a 
globally recognized agricultural-based approach to addressing hidden hunger and 
food insecurity, especially in the SSA. Biofortification of staple crops, being within 
the agricultural sector, presents exceptional investment opportunities for addressing 
this national priority through production, processing, and marketing of diverse and 
more nutritious crops that can sustainably improve the nutrition status of vulnerable 
populations. It is cost-effective because the only major cost required is that of initial 
breeding and introduction; once biofortified crops are in the farmer food system, 
they can reach remote, rural populations that are difficult and expensive to reach with 
regular supplementation promotions [12–18]. According to Garg et al. [19], bioforti-
fication delivers food crops with improved key micronutrients—iron, zinc, and provi-
tamin A that are usually lacking in the diets of the developing world. International 
initiatives, such as the HarvestPlus and national programs, are available to achieve 
these targets and so far, they have delivered crops with the potential to increase the 
quantity and quality of essential micronutrients in human diets, especially in staples 
like wheat, maize, cassava, beans, sweet potatoes, and millets [19].

Biofortification has enabled a shift in agricultural system from “increasing crop 
yield and productivity,” which has resulted in a high rise of micronutrient-deficient 
food crops to “producing nutrient-rich crops in sufficient quantities,” which will help 
address micronutrient malnutrition, especially in the developing countries [20].

2.1 Biofortification techniques

Biofortification techniques can be transgenic, conventional, and agronomic 
approaches, using biotechnology, crop breeding, and fertilization strategies, respec-
tively. The three approaches have been targeted for cereals, some legumes, and 
vegetables (rice, wheat, maize, sorghum, common bean, potato, sweet potato, and 
tomato) while some crops could only be achieved by one or two of the techniques. 
However, more crops have been targeted by transgenic approach, but in practice, 
conventional breeding technique has been the highest [19].

To date, more than 400 biofortified varieties of 12 crops have been released in over 
40 countries, facilitated by HarvestPlus and CIP that is exclusively on biofortified 
sweet potato varieties [19]. Table 1 shows biofortified crop varieties of sweet potato 
available in some countries [21].

2.2 Biofortified crops

Some common staples in Africa have been successfully biofortified with provi-
tamin A (cassava, maize, and sweet potato), beans with iron as well as sorghum and 
millet with iron and zinc. Biofortified cassava and sweet potato are gradually growing 
in awareness and adoption in Nigeria and other parts of SSA where they are staples, to 
address vitamin A deficiency. Biofortified crops with increased contents of essential 
micronutrients are delivered to consumers through the same familiar traditional 
practices by the key actors of the value chain, thus reaching the target populations 
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of undernourished and low-income groups that have limited access to diverse diets, 
supplements, and fortified foods [7].

2.2.1 Biofortified versus non-biofortified crop varieties

The principle of biofortification is to nutritionally improve the existing regular 
staple crops without altering the traditionally known identity of the crops. No signifi-
cant differences are expected, rather improvement in all the attributes of biofortified 
cassava, sweet potato, and white maize compared to those of their non-biofortified 
varieties except for orange (sweet potato) or yellow (cassava) color, which is indica-
tive of the beta-carotene present. For biofortified millet and sorghum, which are 
biofortified with iron and zinc, there is no difference in the physical traits between 
the two breeds except that their micronutrient contents, precisely iron, and zinc 
are higher in the biofortified ones. However, biofortified cassava, maize, and sweet 
potato have been reported to have less dry matter (more moisture content) and so 
softer in texture than the non-biofortified varieties. Breeders are working on these so 
that they can match up with the regular non-biofortified varieties, to boost farmers’ 
adoption and consumers’ acceptance. Improvement on biofortified varieties of the 
crops is being geared towards increased dry matter and recently released varieties like 

Countries Orange-fleshed sweet potato Countries Orange-fleshed sweet potato

Uganda Ejumula Tanzania Carrot C

Kakamega Mayai

Vita (Naspot 90) Nigeria UMUSPO3-Mothers Delight

Kabode UMUSPO1-King J

Naspot 12O UMUSPO4-Solo Gold

Naspot 13O Zambia Twatasha

Malawi Zondeni Kokota

Ana Akwanire Chiwoko

Chipika Zambezi

Kadyaubwerere Mozambique Gaba gaba

Kaphulira Persistente

Mathuthu USA Jewel CIP440031

Rwanda Gihingumukungu Resisto CIP440001

Ndamirabana W-151 CIP440005

Vita Caromex CIP440136

Kabode Kandee CIP440140

Terimbere LOS-323 CIP440185

Cacearpedo Cordner

Kenya Kakamega IP441768 W-119

K566632

Source: Kapinga et al. [21]. Catalog of orange-fleshed sweet potato varieties for SSA.

Table 1. 
Orange flesh sweet potato available/released in some African countries and USA.
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“solo gold” variety of OFSP in Nigeria has higher dry matter content. Every new vari-
ety released is an advancement on the former one, based on micronutrient concentra-
tion as well as farmer and consumer-preferred quality traits especially yield, drought 
tolerance, and resistance to pest.

2.2.2 Cassava—overview

Cassava is a major vegetable root staple in several countries of Sub-Saharan 
Africa, Latin America, and Asia. Of all root crops, it is the most important crop in 
Africa [22]. The world production of cassava is estimated at 242 million tons, out 
of which 54% (130 million tons) is produced in Africa, and 52% (68 million tons) 
of it from west Africa alone [23]. Nigeria is the number one producer of cassava 
in the world with an annual production of 59 million tons in 2019, followed by 
the Democratic Republic of Congo, 40 million tons. Ghana is the third African 
producer with an annual production of approximately 22.4 million tons [24, 25]. In 
terms of calorie contribution, cassava is the number three source of calories in the 
tropics [26], with about 500 million people relying on it for at least 10% of their 
daily caloric intake. In West Africa, cassava is a major source of carbohydrates in 
human diet, a well-placed, relatively cheap staple crop in developing countries as 
tpulp is an important source of energy with a calorific value of 250 kcal ha−1 day−1 
[26]. However, cassava, which is mainly grown for its starchy tuberous roots and is 
a valuable source of cheap calories for low-income earners has now gained a stra-
tegic position in world trade. Besides its direct use as food, cassava is also used as 
a livestock feed and a raw material in the production of starch, tapioca, and snack 
foods [27]. As food, it can be boiled or roasted for consumption or can be milled 
into flour and used in making common dishes such as Ugali in East Africa as well 
as garri and fufu in West Africa. Dried cassava chips have varied applications by 
end users like breweries, confectionaries, starch, and flour for food. The crop is 
now produced for food and income, traded in different forms targeting diverse end 
uses; cassava flour, dried cassava chips, and raw cassava. In Uganda, 200,000 MT 
of cassava flour is consumed per annum, with most of it being traded in traditional 
informal markets [28].

2.2.3 Biofortified cassava (yellow cassava or vitamin A cassava)

Cassava is one of the staples targeted for biofortification as it is consumed daily 
by populations in some SSA countries like Nigeria, Ghana, Cameroon, Sierra Leone, 
Uganda, and DR Congo. Biofortified (vitamin A cassava) or yellow cassava is a 
relatively new breed of cassava that is rich in beta-carotene for improved nutrition 
of the consumers. In the African continent, it is being used as a vehicle to alleviate 
vitamin A deficiency through its biofortification with provitamin A (beta-carotene) 
by HarvestPlus in collaboration with International Institute of Tropical Agriculture 
(IITA) [19]. Under these collaborations, six biofortified provitamin A cassava 
varieties have been released in Nigeria namely; TMS 01/1368—UMUCASS 36, TMS 
01/1412—UMUCASS 37 and 2014; TMS 01/1371—UMUCASS 38 and NR 07/0220—
UMUCASS 44, TMS 07/0593—UMUCASS 45, and TMS 07/539—UMUCASS 46) and 
one in the Democratic Republic of Congo (Kindisa [TMS 2001/1661]) [19, 29, 30]. 
The yellow cassava varieties are similar to those of white in all attributes except for 
the color, which is an indication of its biofortification with beta-carotene. They are 
also high-yielding and resistant to many pests and diseases.
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2.2.4 Sweet potato—overview

Sweet potato is an important root crop globally, with an annual production 
of 112.8 million tons in 115 countries in 2017, and China is the leading producer, 
followed by Nigeria with 3.9 million metric tons per year [31], Tanzania, Indonesia, 
and Uganda [32]. In recent times, although SP production and consumption have 
significantly increased in Africa, Asia, South American continents, and Caribbean 
islands, it is more profusely grown in Africa. International Potato Center (CIP) [33] 
reported that sweet potato is the third important food crop in seven central and 
eastern African countries, fourth priority crop in six South African nations, and 
eighth in four West African countries. SP, which is known as a food security crop due 
to its low agriculture input requirements [34], is recently changing to a significant 
cash crop. Sweet potato is a versatile crop that serves the roles of food and nutrition 
security as well as cash crop in both raw and processed forms. SP is an important 
root crop that can thrive in marginal soil with wide agro-ecological adaptability. In 
Nigeria, it can grow in all 36 states of the country plus the federal capital territory. It 
has a short maturity period of 3–4 months while its roots and vines are used for both 
human and animal consumption [35]. Sweet potato roots contain various kinds of 
physiologically functional components such as polyphenolics, anthocyanins, fibers, 
and carotenoids.

Value addition of sweet potato roots with these functions has resulted in their 
commercial utilization as an ingredient in confectioneries, noodles, alcoholic drinks, 
and beverages [36]. All varieties of SP are good sources of vitamins C, E, and K, sev-
eral B vitamins, and the key minerals of magnesium and potassium. The leaves have 
appreciable levels of protein, and are widely used in the dairy industry in East Africa. 
It is a source of livestock feed with great potential as an industrial raw material.

2.2.5 Biofortified sweet potato (orange-fleshed sweet potato)

Orange-Fleshed sweet potato is a breed of sweet potato that is additionally rich in 
beta-carotene, a precursor of vitamin A through biofortification using conventional 
breeding practices, and drawing on the rich genetic diversity of sweet potato. OFSP 
is a proven, effective, and sustainable source of vitamin A, significantly contributing 
to the fight against vitamin A deficiency (VAD) in Africa [37–39]. Just 125 g of boiled 
OFSP roots can meet the daily recommended intake levels of vitamin A for a child. 
The orange color of OFSP shows the concentration of beta-carotene present; the 
deeper the orange color of the root flesh, the more the beta-carotene content pres-
ent. OFSP as a staple food can serve as a cheap and sustainable source of Vitamin A 
in developing countries, where malnutrition is a big problem, and are growing 95% 
of the world’s sweet potato crop. OFSP also contains antioxidants that help prevent 
degeneration of cells, as well as natural sugars, which are slowly released into the 
bloodstream, thus ensuring a balanced source of energy, without spikes in blood 
sugar that is associated with fatigue and weight gain. It again has vital, life-promoting 
phytochemicals that enhance protection from peroxides [40].

HarvestPlus and International Potato Centre (CIP) have developed and released 
several varieties of orange sweet potato with high vitamin A across sub-Saharan 
Africa. In Nigeria, three OFSP varieties are available namely; UMUSPO3-Mothers 
Delight, UMUSPO1-King J, and UMUSPO4-Solo Gold [35]. In Uganda, six variet-
ies have been released, namely; Ejumula, Kakamega, Vita, Kabode, Naspot 12O, 
and Naspot 13O); and three in Zambia (Twatasha, Kokota, and Chiwoko). Zambia 
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Agriculture Research Institute has successfully completed the development of 15 new 
varieties of vitamin A fortified sweet potatoes [41].

OFSP is widely consumed as a vegetable dish (boiled, fried or roasted) as well as 
in different products through processing and value addition for improved household 
food intake. These include pastries, beverages as well as enriching existing indigenous 
foods, which are described in details by Phorbee et al. [35]. OFSP products can also be 
a source of income as they can be commercialized at all levels for income generation, 
job and wealth creation for all especially women and youths.

2.2.6 Carotenoids in biofortified sweet potatoes and cassava

Carotenoids are well known for their health-promoting benefits, which include 
immune boosting and reduced risk of developing some non-communicable degen-
erating diseases like cancers, cardiovascular diseases, cataracts, and mascular 
degeneration [42]. Carotenoids are made up of many other components that result 
in provitamin A activity. These include alpha-carotene (α-carotene), beta-carotene 
(β-carotene), beta-cryptoxanthin, Lutein, zeaxanthin, and lycopene. Among the 
carotenoids, α- and β-carotenes have a high provitamin A activity [42]. Orange 
fleshed varieties are appreciably rich in proVitamin A [43] with some having as much 
as 8000 μg β-carotene per 100 g of fresh weight while some Kenyan varieties have 
reportedly yielded 1240–10,800 μg per 100 g of fresh weight. However, carotenoids 
are known to be thermal and photo sensitive as they undergo degradation when 
exposed to heat and light, [44] and also through some processing techniques like 
cooking [45]. There is, therefore, the need to process OFSP with techniques that 
minimize carotenoid loss, so as to achieve the purpose of its biofortification.

Yellow cassava varieties are being grown and disseminated in many West African 
countries especially Nigeria, for their high concentrations of beta-carotene and being 
used to fight vitamin A deficiency. According to Harvestplus, yellow cassava can 
provide up to 100% of daily recommended vitamin A intake for women of reproduc-
tive age and children when eaten regularly [46]. Since cassava is a major part of many 
people’s diets, introducing cassava bio-fortified with vitamin A is an excellent innova-
tion and a significant contribution towards improving the food system transforma-
tion in the SSA.

2.2.7 Biofortified maize

Maize is a versatile cash crop grown for food, feed, and industrial purposes (an 
important source of sugar, oil, starch, and ethanol). For example, corn starch is an 
important raw material in pharmaceutical, food, and textile industries. The diverse 
end uses of maize globally have informed the basis for breeding higher yielding 
varieties of maize. Further research on maize has also led to the discovery of varieties 
that are naturally high in beta carotene contents, which HarvestPlus uses to breed 
high-yielding varieties of biofortified maize. These varieties have higher contents of 
provitamin A, which are being used to fight vitamin A deficiency is a major output in 
biofortification. In Zambia, three PVA maize varieties have been commercially grown 
namely, GV662A, GV664A, and GV665A. Also in Nigeria, four varieties have been 
released out of which two are hybrid; Ife maizehyb-3, Ife maizehyb-4, and 2 open pol-
linated varieties-Sammaz 38 and Sammaz 39 while one OPV CSIR-CRI Honampa has 
also been grown in Ghana since 2013 [47]. Malawi, Zimbabwe (ZS242) and Tanzania 
have also released PVA maize recently [48]. In a study conducted among Zambia, 
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an increased pupillary response was observed among children who consumed PVA 
maize [48]. Breeders have also assessed antioxidants like tocochromanols, oryzanol, 
and phenolic compounds in PVA maize, which are health-beneficial [49].

2.2.8 Biofortified sorghum and millet

The prospects of breeding for micronutrients and beta-carotene rich sorghums 
have been discussed by Reddy et al. [50]. ICRISAT has successfully bred and released 
five lines of iron biofortified varieties of sorghum in India and two in Nigeria. Three 
of the Indian lines are hybrids (ICSA 661 × ICSR 196, ICSA 318 × ICSR 94, ICSA 
336 × IS 3760) while two non-hybrid (ICSR 14001, ICSH 14002) and those in Nigeria 
are 12KNICSV-22 and 12KNICSV-188 whose iron content is three times higher than 
typically grown sorghum. The iron biofortified varieties of sorghum are bred and 
targeted at boosting iron intake of the malnourished populations especially north-
ern Nigeria where sorghum is a staple cereal with relatively high production and 
consumption. These new varieties involved crossing local Nigerian germplasm with 
improved lines from ICRISAT (Mali).

Pearl millet is reportedly the cheapest source of iron and zinc [51] and large varia-
tion has been seen in its germplasm for these micronutrients [52]. In India, ICRISAT 
has also released iron and zinc biofortified pearl millet variety “Dhanashakti” and 
a hybrid ICMH 1201 (Shakti-1201). Many other commercial varieties and hybrids 
containing high content of iron and zinc have also been reported [52, 53].

3. Perishability of root and tuber biofortified crops at postharvest

Postharvest losses of food crops are traced to history especially in the tropics 
where the temperature is relatively high. This is a big challenge in the agriculture sec-
tor as over one-third of produce is lost after harvest [54] before they reach consumers. 
The losses, both physical and biological are due to poor management of the produce 
along the value chain, which are poor packaging from field after harvest and use of 
inappropriate packaging materials, transportation, poor handling in marketing and 
display of produce for sale, exposure to heat and sunlight, which subject fruits to 
undue ripening, lack of good storage facilities and conditions prior to sales. Generally, 
the key actors of agricultural produce (producers, wholesalers, and retailers) in the 
SSA lack capacities and facilities to maintain highquality and safe perishable plant 
produce from farm to table [55]. Losses of perishable crops have implications on 
quality, quantity, market value, and safety of the produce. According to RAS (2015), 
insufficient and poorly maintained transport and market infrastructure for handling 
food products in both urban and rural areas have frequently resulted in high level of 
waste and spoilage [56].

OFSP and VAC crops, like the non-biofortified varieties are perishable after 
harvest. Fresh sweet potato having relatively high moisture contents are very sensitive 
to microbial spoilage, even at refrigerated conditions, hence they must be consumed 
within a few weeks after harvest or be processed into various products. Cassava can 
barely stay for 48 hours post-harvest before physiological deteriorations start. Also, 
cassava roots are bulky and therefore transportation from farm to market or other 
destinations within the value chain can be challenging in term of cost and stability, 
thus reduced quality, quantity, and market value. More so, most of the farmers are 
small holders who harvest manually so the roots are at risk of bruises, which stress 
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and damage the roots. Also, during packaging and transportation, skin of the roots 
could remove, causing more bruises to the root and opening them up for rapid spoil-
age [57]. The packing sacks are also often times over filled with the crops, which can 
further impair the roots.

4.  Postharvest technologies for enhanced shelf stability and nutrient 
retention

To manage postharvest losses, processing is very essential to preserve the crops as 
well as add value to the crops for food product diversity and improved commercial 
competitiveness.

4.1 Postharvest utilization and processing of OFSP

4.1.1 Utilization

The high content of provitamin A, which is important to health in OFSP has 
enhanced its utilization in processed forms like diced, mashed, or pureed OFSP. In 
school feeding program, OFSP in puree or other forms has been added to school menu 
in some countries like US, Nigeria, Ghana, etc. to boost the nutritional quality of 
those meals. CIP research has shown the importance of OFSP puree in bakery as it has 
been able to develop an acceptable OFSP puree-wheat flour composite bread in which 
45–50% is OFSP puree. The bread is not just rich in pro-vitamin A but also cut down 
on quantity of sugar and oil in the formula while reducing use and dependence on 
wheat flour, which is often imported in some Africa countries, thus cutting down pro-
duction cost significantly. The OFSP puree-based products are healthier as they retain 
more nutrients especially pro-vitamin A. Sweet potato purees and powders can also be 
used as thickening and gelling agents to impart desired textural properties, and at the 
same time enhance the nutritional values, antioxidant activity as well as natural color 
(e.g., orange and purple) of many food products. With increased urbanization, there 
is growing demand for convenient and healthy foods, which sweet potato purees can 
easily fit in as functional ingredients in processed foods. More so, the novel advance-
ment of processing OFSP puree aseptically with continuous flow microwave heating, 
is an opportunity for industries to produce nutrient-rich and shelf-stable puree for 
institutional use in social protection programs.

Sweet potato is a major root crop utilized widely for diverse food products as well 
as feed and industrial products. As food, sweet potato roots (both orange and white 
fleshed) are mainly consumed domestically as boiled or fried. In Kenya, 90% of the 
sweet potato produced is used domestically as food. Use of vines as fodder and leaves 
as a vegetable is common in some parts of Western Kenya [58].

4.1.2 Processing of OFSP and products

Despite the importance and knowledge of the nutritional benefits of OFSP, it 
remains generally underutilized, possibly because the roots are perishable, which 
reduces their market value. Fresh sweet potato is eaten boiled, steamed, roasted, or 
fried in most African communities [59], so processing OFSP roots into products create 
more options for consumption, improve availability, and reduce losses. The fresh 
roots of sweet potato contain high moisture content (50–70%) and thus relatively low 
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mechanical strength. They also have a very high respiratory rate, which generates heat 
that aids softening of the roots, and eventually leads to damage. The shelf-life of sweet 
potato roots varies from few days to months depending on the cultivar and storage 
conditions [60]. SP storage roots are subject to several forms of postharvest losses 
right from harvesting, transportation from farmers’ field to market and storage. 
These are due to mechanical injuries, weight loss, sprouting, diseases, and pests [61]. 
Since sweet potato does not stay for long after harvest, there is a need for processing 
and value addition. Also, for diversity in use/consumption and commercialization, 
sweet potato is processed in various ways, using various techniques, which include 
cooking, fermentation, and drying. Cooking could be boiling or frying, roasting/bak-
ing of the roots while other techniques, either single or multiple, result in the develop-
ment of other value-added food products for household consumption and/or income 
generation [35].

Processing or value addition, as a way of diversifying utilization of SP is greatly 
dependent on the roots’ cultivars. SP cultivars’ screening, targeting diverse end uses is 
an important activity in processing and value addition because not all SP root varieties 
are suitable for all end products. CIP and other related research institutions nationally 
and internationally test SP cultivars’ suitability for diverse end uses. They develop the 
best food products from different cultivars of SP, promote and transfer the technolo-
gies to local farmers and processors. In some cases, they scale up the technology 
transfer by partnering with selected private companies (medium-large scale).

Postharvest processing of sweet potato involves primarily grading, sorting, peel-
ing, cleaning, etc., and secondarily product making. Sweet potato processing tech-
nologies into puree and other forms are available in various parts of the world so that 
they can be used as functional food ingredients in many food products. The process-
ing operations involved in these technologies and their effect on quality, storability, 
nutritional values and rheological properties of SP purees and powders/flours have 
been reviewed by Truong and Avula [62].

Available processing technologies at all levels are the key drivers of promoting 
SP production and consumption. All parts of SP are useful in product making; the 
roots can be processed into chips, crisps, flakes, flour, granules, starch, and alcoholic 
beverages [63]. Also, the leaves, into powders and used as functional ingredients in 
food products like ice cream, juices, tea drinks, and bread due to their high phenolic 
content and antioxidant activity [64]. In many of the SSA countries, SP has been 
processed into intermediate and/or finished product [63] to make both traditional 
and novel OFSP-based products. Some traditional foods have even been enriched with 
OFSP, because of its high beta-carotene content. In Uganda, an array of novel and tra-
ditional food products has been made from OFSP, namely composite flours, chapatti, 
mandazi, juice, bread, doughnuts, and other confectionary products. Traditional 
ones, which are produced by the local farmers are pit stored tubers, Amukeke (dry 
white slices), Inginyo (dry chips, chunks), Amukeke flour and Inginyo flour [65]. Also 
in Kenya, sweet potato processing is reportedly processed into different traditional 
products like mandazi bhajia, among others [58]. In Nigeria, Phorbee et al., [35] 
produced a recipe book on OFSP and VAC as household guide for processing the two 
biofortified crops into various nutritious foods. OFSP has also been used to improve 
carotenoid contents of some Nigerian indigenous foods. One such is the use of OFSP 
as a functional ingredient in making a local beverage called Kunu (a popular local 
cereal-based beverage) where it serves as both sweetener and nutrient enhancer. 
Others are like OFSP-enriched Amala, fufu, semolina, pap, etc. Although mainly at 
household level and micro/small to medium processing scale, OFSP has also been 
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processed into intermediate products like chips, flour, and puree to make finished 
OFSP-based pastries (chin-chin, puff-puff, doughnuts, buns, etc.) and confectionar-
ies to increase market options for sweet potato products.

The processing technologies are usually developed by the national and interna-
tional institutions, and then transferred for adoption, to local NGOs, community 
health workers, women, and youth groups directly or through training of Trainers.

4.2 Puree overview

Purée is a cooked food, usually from vegetables, fruits, or legumes, that is ground, 
pressed, blended, or sieved to a creamy consistency [66]. It is usually a very smooth 
lump-free food made from a specific food, which the puree is named by, for example, 
applesauce, mashed potatoes, or tomato purée. Pureed foods are easier to digest as 
pureeing is like chewing, with the food partially broken down and easier for the 
system to absorb. Pureeing can be done manually or mechanically. Manual pureeing, 
depending on the food, can be achieved by simmering, boiling, until it is very soft and 
then, mashed with a fork or ladle, for example, potato. It can also be done by push-
ing the food through a strainer, or crushing it in a container until smooth and even 
in consistency, for example, banana. Pureeing can equally be done using a blender, 
food processor, or food mill, for example, tomato. However, purées generally should 
be cooked, either before or after grinding, to remove contaminants, reduce moisture, 
improve flavor and texture.

4.3 OFSP puree

Value addition through processing of agricultural products such as OFSP roots to 
puree is key to ensuring a stable supply of highly nutritious products to consumers. 
OFSP puree is an ingredient in many foods, including baby foods, casseroles, pud-
dings, soups, pies, cakes, ice creams, breads, and other products [36, 67–69]. Sweet 
potato purees are also used in fruit/vegetable-based beverages and restructured 
products as well as commercial ones like jam, ketchup, flakes, and powders while 
various fermented food products have also been explored [36, 70–74].

OFSP is naturally sweet and when used in baked goods and confectionaries, there 
is a reduction in the sugar, fats, and oil used thus more nutritious and healthy foods for 
less cost. With the efforts of CIP in many developing countries, adoption of OFSP puree 
has empowered women and youths in developing new OFSP-based food products and 
created opportunities for income generation along the value chain. Farmers are becom-
ing more confident to grow OFSP because there is market for it while puree processors 
are encouraged to process because there is demand for it. For instance, in Kenya alone, 
demand for OFSP puree is valued at more than USD 5 million annually. Creating 
demand for OFSP has increased the crop’s market value, encouraging more farming 
households to grow and consume it, while making pro-vitamin A products available 
to consumers [75]. Similar trends are found in other African countries like Ghana, 
Tanzania, Rwanda, Nigeria, and Uganda although no available data on the market value.

4.3.1 Puree technology for OFSP processing

Use of puree is growing in bakeries, eateries, and restaurants globally [76] and 
its technology from sweet potato has been developed in industrialized countries like 
USA since the 1960s [77, 78] as well as in developing countries, especially Africa since 
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the 1990s. OFSP puree processing technologies have advanced over the decades from 
traditional methods of manual mashing of cooked roots to highly sophisticated and 
automated systems.

Several techniques have been developed for puree processing in order to produce 
purees with consistent quality, despite variations in carbohydrate content and starch 
degrading enzyme activities due to cultivar differences, and postharvest handling 
practices [67, 79]. Process operations for pureeing of sweet potato include washing, 
peeling, hand-trimming, cutting, grinding, pre-cooking/finish-cooking. The cooking 
temperature-time must be programmed to suit the enzymatic starch conversion in 
order to produce puree with desired maltose levels and viscosities. For SP puree that 
are thermally processed, the starch is gelatinized and produces thick slurry puree with 
cooked feel that may not be acceptable in juicy products. This is a limitation to the 
heat treatment technology of SP puree but fortunately overcome with an alternative 
approach of grinding the raw sweet potato and treating with acid to inactivate oxidiz-
ing enzymes during juice extraction. At the same time, the ungelatinized starch and 
flour with high dietary fiber can be recovered as other by-products from this alterna-
tive process [80]. Figure 1 shows the schematic representation of SP puree processing 
with all the unit operations highlighted for puree preserved by both freezing and use 
of preservative. Raw sweet potato roots are peeled either by abrasive rollers or steam 
flashing, followed by thorough washing, trimming, and cutting into slices, strips, 
chunks, or dices. The cut roots are steam cooked and then passed through a pulp 
finisher to make the purees. The peeled sweet potato roots are cut into desired shapes 
with specific sizes recommended by Walter and Schwartz [81]; For cubes, it is 2 cm; 
strips, 2 × 2 × 6 cm; and slices, 0.5–0.95 cm thickness or mashed using a hammer mill 
with rotating blades to chop and push the materials through a 1.5–2.3 mm mesh screen 
[81]. The cut or mashed roots are then steamed blanched at 65–75°C to activate the 
amylases and gelatinize the starch for hydrolysis. For the sliced, striped, and cubed 
roots, hammer mill is used to pulverize the blanched materials into puree. For puree 
that targets high maltose content, the blanched puree is pushed into a surge tank and 
hold at 65–75°C for more starch hydrolysis [68].

Figure 1. 
Flow chart of OFSP Puree processing. Adapted from Owade et al. [95].
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Hoover and Harmon developed another technique called “enzyme activation 
technique” for processing sweet potato puree [82, 83]. The technique, which is now 
commonly used in food industry uses endogenous amylolytic enzymes to hydrolyze 
starch in sweet potato to process the puree.

SP puree can be further processed and used in other forms for various purposes in 
food industry. SP flour from puree can be made by drying while extrusion technol-
ogy and chemical treatment are explored for specific use of the flour. Drying of SP 
puree can be through high-tech drum or spray drying but in many African countries, 
solar and mechanical drying in cabinets is common in producing sweet potato dried 
chips which are then milled into flours [84, 85]. For OFSP flour from puree, choice 
of drying technology is important, technologies that retain the provitamin A should 
be the priority so as not to defeat the purpose of its biofortification. Change of flour 
color from orange to white after drying is an indication of carotenoid loss to drying, 
which should be avoided as much as possible by choosing technologies that prevent 
prolonged exposure to heat and sunlight. With high level of carbohydrate, B-carotene 
(orange-fleshed varieties), and anthocyanin (purple-fleshed varieties), SP purees 
and dehydrated forms can be used as functional ingredients to impart desired textural 
properties and phytonutrient content in processed food products [62].

Fermentation (bio-processing) of OFSP is another processing technology that can 
produce functional foods and beverages such as sour starch, lacto-pickle, soy-sauce, 
acidophilus milk, etc. through either solid-state or submerged fermentation [86]. 
These foods are opportunities to diversify OFSP utilization options, increase use and 
consumption as well as commercialization for improved health and wealth.

4.3.2 Puree technology for OFSP preservation and packaging

Purees processing technologies go hand in hand with preservation and packaging, 
which are achieved by various methods namely; low temperature storage (refrigera-
tion and freezing), canning, aseptic packaging and chemical treatment of puree for 
prolonged shelf-life over its supply chain.

The finish-cooked puree can be packaged in can to produce a shelf-stable product 
or in plastic containers for a low-temperature storage (refrigeration or freezing) 
[79, 86, 87]. However, each of the two preservation approaches has its constraints in 
puree processing. For canning, in as much as it does not require special storage facilities 
and conditions, the finished product is prone to some sensory (flavor, texture & color) 
and nutrient degradation. This is because the canned SP (a low-acid food, pH 5.8–6.3) 
puree is subjected to high conductive heat treatment for a long time (e.g., 165 minutes 
at 121°C for an institutional #10 can size). On the other hand, if the sterilization is 
done through slow rate of heat transfer from the wall to the center of the can, there is 
a limit to the can size and number that can be produced, which again restricts produc-
tion capacity of the industry and availability of SP puree for use as a food ingredient.

Also freezing, which is a long-known preservation technique with relatively less 
sensory and nutrient degradation is capital intensive in term of energy, storage space, 
distribution logistics. It has restricted product package sizes and above it, the puree 
has to be defrosted before use, which is not user-friendly. With these limitations, few 
food companies are into commercial production of canned and frozen puree even in 
developed countries and almost none in the SSA countries [84].

However, to address the limitations of canning and freezing in producing high 
quality shelf-stable purees, aseptic packaging and continuous flow microwave system 
for rapid sterilization are being used [62].
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Aseptic processing uses the principle of high temperatures (≥125°C) short time 
(HTST) to produce a higher quality puree with comparable level of microbiologi-
cal safety as that of a conventional canning system [88]. Coronel et al. developed 
a process for rapid sterilization and aseptic packaging of OFSP purees using a con-
tinuous flow microwave system operated at 915 MHz [88]. In this process, the SP 
puree is loaded into a hopper, and pumped through the system. Microwaves from a 
generator are delivered to sterilize the puree at 130–135°C, retain in the holding tube 
for 30 seconds, rapidly cool in a tubular heat exchanger, and then aseptically package 
in aluminum polyethylene laminated bags [89]. The process is short and produces at 
least 1 year shelf-stable product, packed in flexible polythene bags, with relatively less 
sensory and nutrient degradation. The process is protective of micronutrients so there 
is the possibility of retaining at least 85% of carotene and anthocyanins in the finished 
puree. Figure 2 shows an overview of typical puree machine with aseptically pack-
aged OFSP puree. CIP has also developed a shelf-stable, vacuum-packed OFSP puree 
that is increasing the supply of OFSP puree and making it available at all seasons.

This process is reportedly suitable for OFSP as well as purple-fleshed sweet potato 
puree processing [90] especially in the developing African countries. It has opened 

Figure 2. 
A typical puree machine with the aseptically packaged OFSP puree. Source: Moyo et al. [93].
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up new market opportunity for the SP industry generally and can also be applied to 
purees from other fruits and vegetables [91].

With the recent commercial development of the microwave-assisted processing 
and aseptic packaging of sweet potato purees, it is expected that more processed 
food products from the puree will be developed. African countries, precisely Kenya, 
Rwanda, Malawi, and Uganda among others, have been growing gradually in the 
commercialization of OFSP puree and the subsequent wheat flour substitution in bak-
ery products. Private companies in Malawi and Kenya are now manufacturing OFSP 
puree and selling it to bakeries that substitute OFSP puree for up to 40% of the white 
wheat flour in bread and other baked goods. Recently, orange-fleshed sweet potato 
puree has replaced 20–50% of wheat flour in cookies, donuts, and breads by some 
commercial bakeries in Ghana, Kenya, Malawi, Rwanda, and Uganda [92]. Some 
processing companies in some African countries have been committed to OFSP pro-
cessing and product development using OFSP puree-Tehila Bakery and Value Addition 
Center in Malawi; Organi Limited and Euro Ingredients Limited in Kenya; Sinagerard 
in Rwanda; Sanavita, SUGECO and Better Markets for Crop Products Limited (BMC) 
in Tanzania; Farmorganics Nigerian Limited in Nigeria. These have resulted in posi-
tive impacts on income generation for small-scale farmers and businesses, employ-
ment opportunities for women and youths, and improved nutritional status of target 
communities are some of the targeted outcomes. With these innovative processing 
technologies and successful piloting of the product, OFSP puree has been described as 
“breakthrough product” for Africa that offers the much-needed nutritious products, 
with consumer accepted organoleptic properties [93]. However, further work needs 
to be done in scaling up through more public awareness and education on its multiple 
health benefits for all, for consumption and commercialization.

4.3.3 OFSP puree in bread bakery

Bread has been an important, common exotic cereal product consumed by most 
individuals in Africa. Incorporating OFSP puree into bread would significantly 
increase the number of OFSP consumers and reduce VAD [94, 95]. According to 
Wanjuu et al., “OFSP puree can replace up to 50% of the wheat flour in bread, while 
reducing sugar (90%), fat (50%) and eliminating artificial colorings (egg yellow). 
The baked bread retains over 50% of the β-carotene, and the OFSP puree improves 
the texture of wheat products, making them easy to chew and digest” [96]. The com-
posite bread has a better sensory quality (flavor, color, and soft texture), which con-
tribute to its acceptability. Other benefits include low production costs and improved 
vitamin A content [97]. The OFSP puree-based bread is commercially available across 
sub-Saharan Africa (SSA) and is being promoted for its added nutritional benefits, 
which is increased β-carotene. This serves as a good medium for intake of β-carotene 
and to alleviate vitamin A deficiency (VAD) especially among the vulnerable popula-
tions in SSA. OFSP puree can replace some of the white, wheat flour in baked and 
fried products especially in the SSA where some of the countries import wheat flour 
at very huge costs. According to Moyo et al., African millers spend millions importing 
wheat, with East African countries being among the top importers. Kenya’s wheat 
import bills are estimated at $250 million, Tanzania’s at $150 million, Uganda’s at $53 
million, and Rwanda’s at $35 million per year [93]. Substitution of wheat flour with 
OFSP puree up to 50% can significantly reduce dependency on imported wheat flour, 
enhance utilization and consumption of locally produced OFSP, create jobs for small-
holder farmers, women and youths, and ultimately contribute to national economy.
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OFSP puree in bread and other baked products makes puree a sustainable solution 
to the perishability and all-year unavailability of the crop [96]. It also encourages 
expanded production, utilization and consumption of OFSP-based baked products as 
well as meeting consumers’ daily requirement of vitamin A either fully or partially. 
According to Wanjuu et al., (2018), bread made with OFSP puree had a longer shelf-life 
than the conventional white bread from 100% wheat flour, probably because of the 
significantly higher water activity in white bread than in the OFSP bread [96]. Using 
OFSP, either as flour or puree in bread making has implications on its sensory charac-
teristics, and quality control of wheat flour-based bread [98]. OFSP pureed bread has 
been described by Olatunde et al. as having deeper brown colored crust, softer crumb, 
more uniform crumb cell, higher loaf volume (872–885 cm3), specific volume (4.59–
4.76 g/cm3), oven spring (0.50–1.00 cm), softness (18.35–20.20 mm), crust moisture 
(18.05–18.17%) and consumer acceptability (7.14–7.50). In terms of consumer accept-
ability, bread from OFSP puree was more acceptable than that of OFSP flour [98].

4.4 VAC processing and products

Like the white varieties of cassava, yellow cassava also starts to spoil within 2 days 
after harvest, hence the need to process the roots into various intermediate and 
finished products through different processing techniques.

Yellow cassava roots can be dried in peeled, cut into chunks/sizes, or grated form 
for different value-added products. As much as possible, drying conditions for yellow 
cassava should be protective of the provitamin A (carotenoid) in it.

Similar to the white varieties, yellow cassava can be processed into traditional 
foods such as gari, fufu, akpu, tapioca, and starch; the only difference is the color of 
the food products, which in this case is the yellow color and it is an indication that 
provitamin A is present in the food. It is an added advantage over the white varieties. 
Figure 3 shows various traditional products from cassava processing-Pupuru, Garri, 

Figure 3. 
Traditional VAC products. Source: Phorbee et al. [35].
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Fufu/Akpu, Abacha, and Tapioca, which are processed through various unit opera-
tions like grating, pressing (dewatering), soaking, fermentation, roasting, etc.

Novel food products like pastries and some confectionaries have also been made 
with yellow cassava through high-quality cassava flour or grated and dewatered fresh 
roots, for both household dietary diversity and income generation/livelihood. Some 
Nigerian recipes have been developed for novel VAC-based foods, which use high-qual-
ity cassava flour for household consumption of carotenoid-rich foods as well as income 
generation at micro scale [35]. These include VAC pastries and snacks, puree, etc.

4.5 Drying technologies of cassava and VAC

Drying is a unit operation aimed at removing nearly all the free water present in a 
food stuff [99]. The commonly used methods of drying cassava in SSA include open 
sun drying on bare ground, raised platforms, road sides, roof tops, and tarpaulins as 
well as use of solar dryers. The selection of an appropriate drying method is necessary 
to ensure good quality products and prolonged shelf life.

4.5.1 Sun-drying of pressed cassava mash

Sun drying is an ancient drying technology of cassava when processing into chips, 
flour, or starch. Fresh cassava roots are highly perishable as they contain 65–70% 
moisture, and take time to sun dry. Prolonged sun drying has implications on the 
product quality as it is prone to spoilage and/or contamination from rain, wind, dust, 
insect infestation, animal attack, and microbes. Reduction of moisture is a key step 
in processing cassava roots into flour and must be done quickly to avoid lowering 
product quality. It is therefore better to remove as much water as possible by grating 
and pressing the cassava mash in a jack press for about 2 hours (dewatering) before 
drying. Sun drying is done by spreading the wet product on a clean concrete drying 
floor or a black plastic sheet laid on top of a concrete drying floor. The wet product 
needs sunlight, dry air (low humidity), and good airflow over it to dry effectively. Sun 
drying, therefore, depends on availability of sunlight and so it is challenging during 
raining season, which limits availability of cassava flour or starch all year round. 
Also, it is best suited for small-scale rural operations where product volumes are low 
(50–100 kg of dry product per day) [100]. Furthermore, sun drying exposes cassava 
to sunlight and so not suitable for biofortified cassava varieties.

Just like white cassava varieties, yellow cassava varieties have been reported to be 
relatively high in moisture content and so prone to deteriorations after harvest [101], 
thus necessitate post-harvest processing. However, yellow cassava being biofortified 
with carotenoid (pro-vitamin A), is thermal and photo sensitive so exposure to sun-
light during drying can lead to significant loss of the carotenoid and therefore defeat 
the purpose of its biofortification.

To preserve the carotenoid content and also process yellow cassava roots into 
chip or flour all year round, alternative drying technologies that are protective of the 
biofortified vitamins in the cassava roots have been exploited over time. These include 
cabinet/tray dryer, drum dryer, solar dryer, and flash dryer.

4.5.2 Flash drying technology

The flash drying technology is a high-precision indoor novel drying technology 
that involves instant drying of a wet material by passing hot air through it, to quickly 
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evaporate free moisture in the material, using rapid heat transfer. Flash drying is 
an efficient and effective drying technology as the process facilitates fast evapora-
tion through speedy heat transfer. The technology can be applied to food, feed, and 
some other industrial materials. The drying process, being rapid makes it a suitable 
technology for nutrient-dense foods as the short exposure to heat favors retention of 
nutrients especially the thermally sensitive micronutrients.

4.5.2.1 Principle of flash drying

The principle of flash drying is instant evaporation of free surface moisture from 
a wet material mixed with hot air. Wet particle material is passed through hot air or 
steam where the particles are dried almost immediately and the gas or steam tempera-
ture decreases due to heat transfer [102]. The wet material, either in paste or cake is 
pulverized into fines and increase the surface area, to hasten the drying process. The 
dried material (usually in powder form) remains suspended in air and conveyed while 
drying [103]. Being a short-time dryer, it is very suitable for biofortified provitamin 
A cassava as it protects the beta carotene in the cassava unlike sun drying with a 
prolonged exposure to sunlight. According to Kuye et al., the output of flash drying 
technology is significantly improved compared to those of general drum or cabinet 
drying. Through it, users can achieve higher economic benefits in the short term.

4.5.3 Flash drying technology for VAC

For cassava, flash drying technology came at an opportune time, using flash dryer, 
which was fabricated and introduced in Nigeria by CAVA-Cassava: Adding Value 
in Africa project in 2016 [28]. Flash drying is achieved with flash dryer, a high-tech 
equipment, designed to dry pressed (dewatered) cassava mash into High Quality 
Cassava Flour (HQCF) within seconds, and can process 3–7 tons of HQCF per day. 
Flash dryers have been reported suitable for drying mash and solids of moisture 
content between 30 and 40% and applicable not just in food industry but also other 
industries like feed, chemical, and pharmaceutical [28]. A flash dryer is generally 
constructed with devices, which can simultaneously dry, pulverize and classify mate-
rials by particle sizes. It is a continuous drying device specially designed for drying 
cake, paste and muddy materials. A flash dryer must be able to resist the intense heat 
and rapid movement required in the drying process, so it must typically be fabricated 
with strong, detailed construction materials and accurate temperature control device. 
While other features of the dryer are specific to intended use, it is usually customized 
for purpose. Flash dryers, although expensive in fabrication, is low in energy con-
sumption, high in thermal efficiency, occupies small area thus saving factory space 
and efficient in continuous mass production.

Specifically for drying cassava and VAC, the flash dryer by feature, typically 
consists of a blower, air pre-heater, feeding mechanism, (hopper, pulverizer, screw 
conveyor, and a rotary air lock), dryer, cyclone, and filter as shown in Figure 4. 
Wet-pressed (dewater) cassava to be dried is loaded into the feed mechanism while 
the air, after passing through an air filter, is heated in a hot air generator (steam can 
also be used). The wet cassava mash is circulated into the hot-air for thorough mixing. 
The pulverized cassava mash and the hot air mixture is conveyed through the dryer 
to the cyclone using pressure from the blower. The cassava mash gets dried through 
quick moisture loss and the moisture absorbed by the hot air, thus lowering the air 
temperature (and increasing the humidity). The mixed air and dried cassava flour 
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are separated in the cyclone, and the flour is let out from the cyclone through the 
discharge valves. Fine cassava flour particles that escape from the cyclone are trapped 
by a bag filter. Kuye et al., gave the specification of all the devices of a typical cassava 
flash dryer [103].

This flash dryer is not only for making high quality cassava flour, but can also be 
used to dry cassava starch and fufu cake for dried cassava starch and instant fufu flour, 
respectively. VAC can also be used to make fufu mash and instant fufu flour, which 
are cooked at home as a meal (“swallow”) and consumed with any choice of soup in 
West Africa. Use of flash dryer is very suitable for VAC as it is a rapid drying process, 
which favors retention of the pro-vitamin A in the biofortified cassava. With flash-
dried cassava flour and fufu from VAC, consumers’ access to vitamin A is guaranteed 
because of high retention of the vitamin after processing. Consumption of instant 
fufu flour is growing in Nigeria and Ghana due to increased urbanization and reliance 
on instant convenient foods. This presents a good opportunity for the consumers to 
be reached with VAC fufu, dried with flash dryer that retains the beta carotene in the 
biofortified cassava and contributes to the fight against vitamin A deficiency in the 
consuming countries of SSA. However, increased consumers’ acceptance and access 
to these products is still necessary.

5. Conclusion

With the advances made so far, on appropriate post-harvest technologies, pro-
cessed biofortified crops have potentials to improve food and nutrition security in 
the sub-Saharan Africa, if fully exploited. Processing the biofortified crops into 
products improve availability, reduce post-harvest losses significantly, and create 
more options for consumption and commercialization, as the crops can be processed 
in various ways, using various techniques of cooking and drying. With these available 

Figure 4. 
Schematic diagram of a Flash Dryer: Source: Kuye et al. [103].
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technologies, the shift from non-biofortified to biofortified food consumption is a 
significant move towards improved food system transformation. OFSP puree with the 
SSA-friendly technology of aseptic packaging and continuous flow microwave system 
of rapid sterilization ensures a stable supply of high-quality shelf-stable nutritious 
product, with minimal carotenoid degradation to consumers. The technologies are 
indeed breakthrough within the biofortification sector in the SSA, leveraging on the 
versatility of the crops especially OFSP, which contains some functional components. 
OFSP puree is an important intermediate product with existing and potentials for 
diverse finished products in the food industry especially confectionaries and bever-
ages. Similarly, biofortified cassava processing into flour, starch, and instant fufu 
flour using the flash drying technology of rapid evaporation through heat transfer, 
produces high-quality products that ensure delivery of pro-vitamin A to consumers. 
With cassava being a key staple in many SSA countries, consumer shift from white to 
yellow cassava will be a major revolution in household reach with vitamin A especially 
the rural consumers who are easily left out of the micronutrient interventions.

The shelf stability of the products from these advanced technologies also favors 
sustainability of consumers’ access to nutritious crops thus realizing the purpose 
of biofortification, which is to contribute to the fight against vitamin A deficiency. 
In response to food insecurity and poor livelihood, the available technologies for 
enhanced biofortified nutritious food product development, present opportunities to 
significantly contribute to improved food system through enhanced utilization and 
consumption of locally produced crops, create jobs for smallholder farmers, women 
and youths, and ultimately contribute to national economy. OFSP puree makes 
consumer-acceptable bread, which compares very well with 100% wheat flour bread 
organoleptically, with increased micronutrients and functional components, reduced 
production cost from reduced use of wheat flour and sugar.

However, there is need for continued research on biofortified crop cultivar screen-
ing targeting more diverse end uses, with technology transferred to the end users 
through private-public engagement. This way, interest of the key actors of the value 
chain (Breeders, Farmers, Processors, and Marketers) will be stimulated towards 
biofortified crops. This is an awareness/adoption strategy, which should also be scaled 
up with favorable polices.
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Chapter 9

Role of Traceability Systems for 
Food Safety within Post-Harvest 
Systems: Indian Context
N. Arunfred and V. Bini Marin

Abstract

The chapter deals with an understanding of the safety and traceability systems 
available for perishable food products in India. It represents various traceability 
standards for production, post-harvesting, pest control and product traceability. 
Moreover, global standards like GAP, GMP and HACCP are explained in the Indian 
context in a detailed way, right from production to post-harvesting of perishable food 
products. The drivers for the traceability system and the lack of infrastructural facili-
ties that drags behind the proper implementation of traceability system in developing 
and vast nation like India has also been discussed. Finally, a recommendation has been 
made to the supply chain players in the food supply chain for the implementation of 
proper safety standards so that traceability and safety guidelines can be followed to 
meet the global standards in the Indian context. The conclusion part explores the digi-
tal advancements in India that are the driving force of the food traceable ecosystem.

Keywords: food safety, traceability, perishable food, distribution chanel, perishable 
food supply chain, responsiveness

1. Introduction

An organized system for tracing food production and improving food safety is the 
need of the hour for a country like India. The focus should be more on the need for 
the system in the perishable channel, board profile, food security act, management 
systems and guidelines to the key players. Consumers, governments and agribusiness 
firms always need a proper system for maintaining food quality. Every consumer 
expects good quality of food for the single rupee he spends [1]. It has been noticed 
that perishable food product meets the risk-based performance and process criteria 
attached to specific hazards, and also it contains hazard at levels that are harmful to 
human health [2].

In the channel of food distribution, traceability is a well-coordinated and well-
documented movement of product and documented activities associated with the 
product, that is, from the producer, through a chain of intermediaries and then to the 
final consumer. As far as proper supply chain management is concerned, food trace-
ability and quality are like its two eyes, as it helps to provide clear and transparent 
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information in the chain. Food quality can be viewed from the availability of food, 
access to food and food absorption aspects. Availability of food deals with production 
and distribution of perishables. Access to food compacts with purchasing power and 
being able to assimilate the food consumed in order to live a healthy and long life; 
which is meant as food absorption. If food is not completely absorbed by the body, 
even if it is readily available and inexpensive, the goal is not served. Thus, the issues 
in food quality are the deficit or surplus of food production in relation to actual and 
expected consumption; which is followed by the level of staple food intake and calorie 
intake at the average level; then comes the effect of urbanization and food deficits on 
the food intake and finally the role of the public distribution system (PDS) in improv-
ing the availability and affordability of food in urban areas, respectively. Vepa et al. 
(2004) [3].

2. Factors affecting the quality of perishable produce

Due to the significance and need of customers for quality consideration of perish-
able produce, traceability issues in the food supply chain occur. This section explains 
the variables that affect the product’s quality [4]. They are

• Bulkiness of products

• Quality variation of products

• Temperature variation

• Usage of pesticides

• Material handling practices

• Post-harvest technique used

• Impact of controlled atmosphere

• Impact of microorganism

• Physiology and Biochemical reactions

• Seasonal variation

• Availability of cold chain channel

• Size of operational holding

3. Drivers of traceability

The drivers of traceability can be broadly classified into two main types – hard 
driver, and soft driver traceability requirements [5]. Hard traceability criteria are 
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those that either local or foreign marketers of perishable goods must adhere to in 
order to fulfill legal or contractual responsibilities under international trade agree-
ments [6]. While soft requirements may not restrict commerce, they can have a big 
impact on the economics of specific supply chains. These can involve enhancing sup-
ply chain efficiency, adapting to shifting consumer demands, or addressing demands 
from other parties like importers or merchants. The following are the key drivers of 
traceability:

A. Production standards: These are standards that are being used as an assurance 
service to customers, and also as competitive points of differentiation. The 
outcome of such activities is the development of minimum production standards 
and good agricultural practice (GAP) protocols, GMP protocols, which are dis-
cussed in detail in the latter part of the chapter. Precision agriculture is another 
standard that involves the capture of spatial, temporal and quantitative informa-
tion on production activities, such as spraying or fertilizer applications as well as 
crop quality and production measurements [7].

B. Quality Assurance: The growing need for secure track-and-trace systems for 
international trade is due to traceability criteria that must be met in order to 
transact business across international borders. Localized or smaller-scale worries 
about various food dangers, such as microbial, physical, and chemical dangers 
in the food supply, further erode consumer and merchant trust. The major 
consumer concern [8] in this area is the use of agrichemicals and the possible 
existence of high levels of pesticides in fruits and vegetables. The Government of 
India has regulated food industries under the Food Security Bill 2006. HACCP is 
also a certification standard which gives quality assurance to customers.

C. Customers: The Urban population is ready to pay more if the perishable product 
they buy is quality assured, safe and sustainable. At this level, individual super-
markets or branded marketers require traceability systems that deliver informa-
tion, and products that support a particular business’ market positioning. The 
information from the customer must be tracked by the retailer and should be 
sent to the producer.

D. Chain communication: Traceability data can be used by supply chains for a 
variety of purposes, one of which is to satisfy internal operational and perfor-
mance improvements, giving them a commercial advantage. As openness rises, 
the many information exchanges between businesses made necessary by some 
traceability regulations may also have positive knock-on effects for the entire 
chain. Transparency improves vertical supply chain integration, which results in 
an effective food supply system [9].

E. Feedback to producers: Systems of traceability exist to give producers feed-
back. Most post-harvest systems entail a grading and sorting procedure. Each 
piece of food is individually measured before being sorted and graded. It is 
possible to give producers feedback on the overall quality, variance in quality, 
and yield across their farm by tying the quality information gained from sorting 
and grading to the individual bin or trailer and going back to a specific orchard 
location.
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4. Safety and traceability standards

The capacity to backtrack and use recorded data to track an entity’s history, 
use, or location based on some special identity within a business entity is known as 
traceability. Van Rijswijk and Frewer (2008) suggested that a useful extension to 
this definition is, to include the movement of products between businesses. Based 
on the demand for quality produce, few standards are followed for the assurance 
of quality to the customers [10]. This section deals with the standards that could be 
implemented in the food supply chain, based on four basic types. They are based on 
the production system, based on the post-harvest system, based on pest control and 
based on product (Figure 1).

4.1 Production system traceability: Gap standard for perishable produce

The traceability of production and post-harvest activities involves, providing 
information on GAP activities, linked to the production process. It also provides 
information on the use of fertilizers, pesticides, and water, as well as social consid-
erations such as labour conditions [11]. Information collection will likely expand to 
include evidence of sustainable production systems and energy efficiency.

Consequently, food retailers and customers have forced growers to follow 
certain growing practices that could lessen the microbial contamination of the 
perishable product. Many farmers in developed and developing countries apply 
GAP through sustainable agricultural methods, such as integrated nutrient man-
agement, conservation agriculture and integrated pest management. According to 
the Food and Agriculture Organization (FAO), Good Agricultural Practices (GAP) 
is the application of available knowledge to address economic, social sustainabil-
ity and environmental [12]. It also emphasizes the need for the development of 
on-farm production and post-production processes, resulting in safe and healthy 
food and non-food agricultural products. The important functions of GAP are as 
follows:

Figure 1. 
Block diagram of different standards to be followed in chain process.
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1. Risk evaluation

2. Guarantee to food safety at verticals

3. Preventing issues before they arise

4. Information sharing along the vertical and horizontal integration

5. Compulsory training at various operational level

6. Sanitation in equipment and in field

7. Pest Control through integrated approach

8. Monitoring and control

9. Verification by unbiased, outside audits

10. Upholding GAP Workbook for Self-Audit

The scope for Good Agricultural Practices starts from the selection of the site by a 
farmer, till the perishable produce is post-harvested. In the following section, a sum-
mary of the rules to be followed by farmers for quality output is listed.

a. Pre-Planting measures: Site selection is the first process in the pre-planting 
measure. Land or site for fruit and vegetable production should be selected on 
the basis of previous manure applications, land history and crop rotation history. 
After the selection of site, manure handling, livestock manure and field applica-
tion are essential to cultivate the soil. Proper and in-depth composting of manure, 
incorporating it into the soil prior to planting, and avoiding top-dressing of plants 
are important steps toward reducing the risk of microbial contamination. Farmers 
should avoid growing root and leafy crops in the year when manure is applied 
to a field. The long period between application and harvest will reduce risks. All 
planned vegetable or fruit acreage should have manure sprayed at the end of the 
season, especially when the soils are warm, not waterlogged, and covered with 
cover crops. When applying manure at the beginning of the season, it should be 
distributed 2 weeks before planting, preferably on fruit and vegetable crops [13].

b. Irrigation water quality: Ideally, water used for irrigation or chemical spray 
should be free from pathogens. Drip irrigation method should be used, when-
ever it is possible to reduce the risk of crop contamination, as the edible parts 
of most crops are not wetted directly. Farmers can filter or use settling ponds, 
to improve the quality of fruit and vegetable crops. If side dressing is required, 
well-composted or well-aged (greater than 1 year) manure should be used for the 
application. Plant disease levels also may be reduced and water use efficiency is 
maximized with this method [14].

c. Harvest: Bins and all crop containers have to be washed and rinsed under high 
pressure. All crop containers should be sanitized before harvest. Bins should be 
properly covered, when not in use, to avoid contamination by birds and animals. 
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Good personal hygiene is particularly important during the harvest of crops. 
Employee awareness, meaningful training and accessible facilities with hand 
wash stations encourage good hygiene [15].

d. Post-harvest: Loading, staging, and all food contact surfaces should be cleaned 
and sanitized at the end of each day. Packaging material should be stored in a 
clean area. Fruits and vegetables should be rapidly cooled after harvesting in 
order to prevent the growth of diseases and preserve quality. The temperature 
of the water bath used for cooling should not be more than 10°F colder than 
the temperature of the produce pulp. The capacity of the refrigeration chamber 
should not be exceeded by overload (Table 1).

4.2 Institutional standards and traceability - GMP for perishable produce

Good Management Practices (GMP), are guidelines, advising producers how to 
manage the water, nutrients, and pesticides they use, in order to minimize agricul-
ture’s impact on the state’s natural resources (Raspor 2008). GMPs were developed 
because the agricultural activity has been linked to the contamination of watersheds 
with nutrients (e.g., nitrogen and phosphorus), pesticides and discharged sediments 
and water. The application of GMP guidelines is listed below.

• Chemical Irrigation means applying fertilizer, pesticide, or other agricultural 
chemicals to cropland through an irrigation system. Chemical irrigation reduces 
the number of passes across a field with tractors, sprayers, fertilizer applicators 
and machinery [16].

• Combining Tractor Operations means performing two or more cultivations, 
tillage, planting, or harvesting operations with a single tractor or harvester 
pass. Combining tractor operations reduces the number of passes or trips that a 
tractor.

Commodity Temperature (°F) Relative humidity (%)

Apple 30.2–37.4 90–98

Beans, green 39.2–44.6 90–95

Cabbage, carrots, brinjal 32–35.6 95–97

Cherries 31.1–32 90–95

Cucumber 44.6–50 90–95

Grapes 30.2–33.8 85–90

Lemons, lime 39.2–59 86–88

Mango 51.8–64.4 85–90

Melon water 35.6–39.2 85–90

Orange 32–50 85–90

Potato 34.7–39.2 90–94

Source: FAO 2011.

Table 1. 
Standards followed in storing major perishable crops.
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• Integrated Pest Management means the use of a combination of techniques 
including organic, conventional and biological farming practices. Integrated 
pest management creates insect habitats that are beneficial and reduce the use of 
herbicides/pesticides, thereby reducing the number of passes for spraying [17]. It 
also reduces soil compaction and the need for additional tillage.

• Watering the soil prior to planting activities is referred to as “Planting Based on 
Soil Moisture.” From the time of planting to crop establishment, planting based 
on soil moisture is successful since it is low during the planting operation.

• Precision Farming” means using GPS to precisely guide farm equipment in the 
field. Precision farming reduces overlap and allows operations to occur during 
inclement weather conditions and at night thereby generating less PM [18].

• Reduced Harvest Activity” refers to fewer mechanical harvest passes that involve 
cutting and removing crops from a field. Anytime work is done in a field, the soil 
structure may change, and some materials may be released into the air [19].

4.3 Product traceability: HACCP

Food safety is managed using the HACCP (Hazard Analysis and Critical Control 
Point) approach, which is recognized globally. The Codex Alimentarius Commission 
has approved it [20]. It is a tool that may be used to methodically identify risks unique 
to particular products and processes and outline ways to control such risks to assure 
the safety of perishable goods [21]. In order for the HACCP Plan to be implemented 
effectively within the industry, Good Manufacturing Practices (GMPs) procedures 
that effectively control general hazards to food safety must be followed. The chain 
must have a structural requirement stated by GMP and operational requirement 
stated by both GAP and GMP. The main purpose of HACCP is to prevent, reduce and 
eliminate hazards in food and to provide a safe product to the end customer.

4.3.1 Principles of HACCP

• Conduct a hazard analysis.

• Identify the critical control points.

• Establish critical limits.

• Establish monitoring procedures.

• Establish corrective actions.

• Establish verification procedures.

• Establish record-keeping and documentation procedures.

The operation of HACCP in the perishable food chain is described with respect to 
different key players of the supply chain in the next section. In India, the aforemen-
tioned Good Agricultural Practices (GAP) are still in their infancy. Due to pressure 
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Figure 2. 
Flowchart showing process HACCP implementation.
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from foreign buyers, only a small number of farmers may be engaging in it. But it 
needs to be clearly stated that every player in the perishable food channel is account-
able for ensuring food safety from farm to fork (Figure 2).

5.  Implementation plan for perishable food supply chain using HACCP in 
developing nations

In order for the HACCP plan to be implemented effectively within the establish-
ment, it must be based on a firm foundation of Good Manufacturing Practices (GMPs) 
and procedures that effectively control the general hazards to food safety The step-by-
step procedure to be followed for the standardized food supply chain is listed above.

5.1 Guidelines for certified growers

Based on the need for quality and safe produce, a few guidelines have been sug-
gested to farmers based on the HACCP standard. The guidelines help farmers to inte-
grate into the channel and help in the transparent flow of information. It also helps 
the farmers to integrate horizontally into the food chain. The following few steps are 
to be followed in order to obtain a traceable chain in the channel [22].

Step 1: Follow the GAP principle: This task involves providing a general descrip-
tion of all fresh produce, ingredients, processes and methods followed by the grower, 
starting from the pre-planting activity till harvesting. In this process, the grower’s 
day-to-day activity must be noted or tabulated on an activity table.

Step 2: Develop a flow diagram: The next process is developing a flow diagram. 
The purpose of the flow diagram is to provide a clear, simple outline of the steps 
involved in the production of the perishable produce. The diagram must cover all 
steps in the growing process. It is the step-by-step procedure followed in the chain, 
starting from the soil selection process till harvesting, followed by a grower according 
to GAP guidelines (Figure 3).

Figure 3. 
Flow diagram for certified grower.
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Step 3: Application of hazard principle: The first step is to identify the list of 
processes involved in growing, and list all the potential hazards that are not already 
controlled through Good Agricultural Practices, including the listing of procedures. 
The hazards should be classified based on three factors – biological, chemical and 
physical [23]. A possible source of hazards also must be tabulated. For example, 
while taking the situation of pest management, wrong sourcing, over usage, usage of 
banned chemicals, and improper dilution of pesticides are the potential hazards to be 
documented.

Step 4: Determine the Critical Control Points and Establish Critical Limits: An 
element, practice, procedure, process, or site is referred to be a critical control point 
(CCP) if it can be managed to prevent, control, eliminate, or decrease a hazard or to 
reduce the risk that it will occur [24]. One method of determining CCPs is to use a 
CCP Decision Tree. A Critical Limit is a limit to which a hazard must be controlled to 
prevent, control, eliminate or reduce the occurrence of the hazard to an acceptable 
level. It needs to be monitored to ensure that limits are met. For example, if over usage 
of pesticides is identified, then that process should be highlighted for critical analysis. 
The critical limit for the usage of pesticides must be found out, based on the scientific 
method and for the main crop to be considered.

Step 5: Establish Corrective Actions, Documentation and Record Keeping: 
Once the critical control point is identified and critical limits are identified, 
Corrective Actions are required. They are required when operations go out of Critical 
Limits, which ensure safety and suitability. Corrective Actions must identify and fix 
the problem, and investigate what can be done to prevent the problem from occurring 
again [25]. Finally, documentation and record keeping is the key to any standardiza-
tion. Accurate record-keeping is essential to the application of a HACCP system, for 
auditing purposes, be it an own internal audit, verification procedures, an AQIS audit, 
or another external audit.

5.2 Guidelines for standardized agribusiness

The activities which are carried out after harvest till it reaches the final customer 
constitute the agribusiness. It is a long chain and the key processes involved are pack-
ing, distribution, transportation, and retailing. Organizing these functions is called 
vertical integration. To have an organized supply chain management in perishable 
produce, the effective implementation of standard process is essential. Following are 
the guidelines for the standardized agribusiness.

Step 1: Follow GMP principle: This task involves providing a general description 
of all fresh produce, ingredients and processes and methods followed by chain players 
starting from post-harvesting till the retail outlet. The process each key player does 
in his day-to-day activity must be noted or tabulated on an activity table. Series of 
product description and processes carried out are

• The source of the raw material

• The preservation method

• The packaging (e.g. vacuum packed, plastic liner in cardboard cartons, etc.)

• Transportation of the product (including the method of transportation)
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• Storage conditions (e.g. frozen, refrigerated, at ambient temperature, etc.)

• The product standards applicable to the product (according to the Food Safety and 
Security Act 2006)

Step 2: Develop a flow diagram: The next process is developing a flow diagram. 
The purpose of the flow diagram is to provide a clear, simple outline of the steps 
involved in the operation of the perishable produce, from the farmer’s farm gate to the 
retailer. The flow diagram must cover all steps in the post-harvest, distribution and 
retailing process. It is a step-by-step procedure followed in the chain starting from the 
soil selection process till harvesting followed by a grower according to GMP guidelines.

Step 3: Application of hazard principle: Here the list of activities involved in 
each functionality must be identified, and all potential hazards in each process must 
be listed. The hazards should be classified based on three factors – biological, chemi-
cal and physical of the product. A possible source of hazards like improper grading, 
unstandardized material handling and over-waxing must also be tabulated (Figure 4).

Step 4: Determine the Critical Control Points and Establish Critical Limits: A 
Critical Control Point (CCP) is arrived based on the requirement of the customer. The 
process which is out of control is listed.

Step 5: Establish Corrective Actions, Documentation and Record Keeping: 
Corrective actions are required, when operations exceed Critical Limits, which ensure 
safety and suitability. Corrective actions must identify and fix the problem. Accurate 
record-keeping makes the HACCP system effective and makes the distribution chan-
nel an efficient and effective one.

6. Conclusion

The purpose of the chapter was to understand the need for security and traceabil-
ity with regard to perishable produce, to establish a proper supply chain management. 
Several standards which exist in the global market that are essential for maintaining 

Figure 4. 
Flowchart showing process in agribusiness.
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the safety of perishable products have been discussed. Several definitions and princi-
ples of traceability and safety of food have been presented. An attempt has been made 
to draw a guideline for farmers (grower) and agribusiness that will help pursue a good 
traceability model. Various technologies like GPS, and RFID, are available that help to 
track the produce from the farm gate till it reaches the final customer, which has been 
briefly presented in this chapter. The traceability implementation in the chain could 
help to improve the quality and reduce hazards in the chain. But the costs involved in 
integration and implementation of technology in the diversified rural background is 
the challenge that exists for the government and private entities. Information system 
is a key driver of effective supply chain management.
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Chapter 10

An Overview of the Recent 
Developments in the Postharvest 
Application of Light-Emitting 
Diodes (LEDs) in Horticulture
Bonga Lewis Ngcobo and Isa Bertling

Abstract

The majority of losses in horticultural produce occur during postharvest storage, 
particularly due to poor handling. Most fruit, especially climacteric fruit, have a short 
postharvest life due to an increase in ethylene synthesis which signals ripening and, 
subsequently, senescence. Traditional practices for preserving the postharvest quality 
of horticultural crops are chemical-based, a practice which has lately received enormous 
criticism. Recently, the use of postharvest illumination with LEDs as a nonchemical and 
environmentally friendly technique to preserve fruit and vegetables has been reported 
by various authors. Unique properties of LEDs such as low radiant heat, monochromatic 
nature and low cost have made this lighting gain popularity in the food industry. This 
paper, therefore, reviews the recent development in the postharvest applications of 
LEDs in horticultural crops, while focusing particularly on physical characteristics, 
nutritional value, and overall quality alterations of fruit and vegetables. According to 
the recently published research, red and blue LED lights are most valuable in terms of 
usage, while other wavelengths such as purple and yellow are slowly gaining attention. 
Furthermore, LEDs have been shown to affect fruit ripening and senescence, enhance 
bioactive compounds and antioxidants in produce, and prevent disease occurrence; 
however, there are some limitations associated with the use of this novel technology.

Keywords: bioactive compounds, irradiation, LED technology, nutrition,  
postharvest preservation, senescence, shelf life

1. Introduction

The worldwide common challenge faced by farmers, especially in developing 
countries, is ensuring food security for a fast-growing world population. Recent 
predictions suggest that the demand for food will increase significantly as the pre-
dicted world population reaches about 9.7 billion people by 2050 [1]. On the other 
hand, about half (50%) of horticultural produce, mainly fruit and vegetables, is 
lost between harvest and consumption (postharvest) [2]. This, therefore, poses a 
threat and brings a serious concern to farmers to establish innovative methods and 
practices to increase the global food supply to provide sustainable living standards 
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for humans by reducing the percentage of food lost in the value chain. Moreover, 
the consumption of fresh fruit and vegetables improves human health and well-
being, because these commodities are rich sources of various vitamins, minerals, 
and antioxidant compounds that can prevent the occurrence of chronic diseases 
[3, 4]. As such, proper handling of horticultural crops is required, pre- and post-
harvest, to improve product quality and yield, thereby ensuring food and nutrient 
security for all humans.

The most reliable techniques that are currently used to preserve fruit and veg-
etables are cold storage and chemical additives. These chemical additives have come 
lately under criticism [5, 6] as consumers are aware of the possible negative implica-
tions these compounds can have on their health; as a result, there are limitations on 
the use of chemical additives for the preservation of horticultural produce. Industries 
in the agricultural sector have, therefore, shifted to nonchemical-based approaches 
such as light-emitting diode (LED) technology [7, 8]. This technology was adopted 
after the use of lights, such as fluorescent, high-pressure sodium, and incandescent 
lights, came under criticism due to their large emission of radiant heat and energy 
inefficiency [9], whereas LEDs could provide several advantages, including durabil-
ity, low emission of radiant heat, adjustable size, and cool emitting surface, resulting 
in an environmentally friendly technology that is also economically favorable [10]. 
Initially, the LEDs were only used in growth chambers and greenhouses, whereas, 
after some time, LED technology improved, as there was an incorporation of the new 
semiconductor materials and improvement of the crystal growth techniques as well 

Figure 1. 
Effect of LEDs on (A) the production of certain bioactive compounds, (B) postharvest quality, and (C) resistance 
to diseases affecting horticultural crops, adopted from] [12].
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as of optics [11], resulting in LEDs being used in postharvest horticulture. Recently, 
research on postharvest preservation of fresh horticultural produce with the use of 
LEDs has gained popularity. Various studies revealed that LEDs have the potential to 
enhance ripening, particularly color development, as well as being able to suppress 
disease occurrence and improve the overall nutritional quality of fruit and vegetables 
exposed to various LED wavelengths [Figure 1] [7, 11, 13, 14]. This review, therefore, 
focuses on the potential of postharvest application of LED technology on horticul-
tural crops, discussing the most significant, recent findings related to this technology. 
The technology and mechanism of action involved in irradiation with LEDs and the 
limitations of postharvest LED lighting will also be discussed.

2. Overview of LED technology used postharvest in horticultural crops

An LED consists of a semiconductor with a positive and negative junction, called 
p- and n-type, respectively. When an LED is connected to a power source, a flow of 
current starts from the positive (p-type) to the negative (n-type) junction, ultimately 
resulting in the flow of electrons, which causes light emission at a certain wavelength 
[7, 15]. The color of light emitted by the LED is determined by the band gap energy 
of the semiconductor material. Figure 2 depicts the LED lighting system. Improved 
technology has enabled LEDs to be used in the postharvest preservation of fruit and 
vegetables. The unique and advantageous properties of LEDs have resulted in their 
use in postharvest storage of fresh fruit and vegetables [16]. The monochromatic 
nature, high photon efficiency, low radiant heat, durability, and prevention of 
thermal degradation of LEDs are favorable characteristics that make them beneficial 
in fruit and vegetable postharvest storage [17]. Moreover, the monochromatic nature 
of LEDs allows horticulturists to select specific wavelengths for the storage and 
preservation of horticultural produce [17]. Furthermore, LEDs operate at low direct 
current voltages and temperature, and their operation does not involve the use of 
toxic, environmentally unfriendly substances. As a result, the postharvest application 
of LEDs in the agricultural sector has expanded over the past years.

Figure 2. 
Emission of photons by light-emitting diodes (LEDs), adopted from [7].
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3. Mechanism of LED irradiation on horticultural crops

As mentioned above, due to their peculiar, distinctive properties, LEDs have gained 
popularity in the postharvest handling of horticultural crops. Even though the effect 
of various wavelengths, irradiation intensity, and exposure time of these LEDs on fresh 
fruit and vegetables has proved to be beneficial in enhancing color, bioactive com-
pounds, antioxidants, shelf life, and overall quality [7, 11, 18–21], the mechanism(s) 
involved in LED irradiation technology is (are) still not clear. It is, however, known 
that the photosynthesis period of postharvest horticultural produce may be extended 
by illumination with LEDs. This can result in the long-term preservation of these 
commodities. The expression of genes and signaling of phytochrome may be inhibited 
or enhanced by irradiation with LED lights; this potentially affects fruit and vegetable 
senescence [22]. LEDs can reduce the breakdown of storage phytochemicals in the 
fruit/vegetable by delaying the emergence of ethylene and the respiratory peak [23]. 
Further, LED exposure can also cause a fluctuation in enzyme activity due to a change 
in the secondary structure of proteins. Other aspects involved in the mechanism of 
action of LED irradiation on fruit and vegetables require further investigations.

4. Postharvest application of LEDs in horticultural crops

The majority of horticultural crops, particularly fruit and vegetables, undergo 
rapid ripening postharvest due to an increase in respiration and metabolic activi-
ties, resulting in the deterioration in quality, softening, rapid water loss, tissue 
destruction, and senescence. This happens more so in climacteric fruit, as they 
continue the ripening process, even if removed from the mother plant. Postponing 
senescence, extending shelf life, and maintaining quality characteristics of horti-
cultural produce are pivotal to reduce postharvest losses and ensure that appeal-
ing, high-quality produce reaches the consumer. This can be achieved by storing 
horticultural produce properly and exposing the produce to effective senescence-
inhibiting treatments [24, 25]. The use of LED lights as a sustainable postharvest 
treatment offers unique opportunities to not only maintain but even improve 
produce characteristics.

The response of fruit and vegetables to irradiation with different spectral lights 
(wavelengths) varies and depends on the absorbing ability of the specific light 
wavelengths [10]. As such, the application of single-wavelength red and blue LEDs 
has been effective in enhancing bioactive compounds, phenolics, flavonoids, and 
other antioxidants in fresh fruits and vegetables, while maintaining their nutritional 
status and overall quality [7, 12] (Table 1). Recently, other wavelengths have started 
to gain interest and are producing promising results as a study by Xie et al. [30] 
demonstrated that purple LED light (40 μmol m−2 s−1) enhances the concentration of 
ascorbic acid and carotenoids of broccoli florets, and a different study by Zhou et al. 
[31] revealed that irradiation with white LED light (10 μmol m−2 s−1) is effective in 
maintaining postharvest quality and delaying senescence of pak choi during storage. 
On the other hand, mixed spectral light ratios, particularly blue:red at different ratios, 
have recently been adopted and proven to increase the efficiency of LED lighting 
[7, 12, 23, 26] (Table 1). Furthermore, research has shown that LED illumination 
can alter carotenoid accumulation and prevent fungal spoilage, which contributes 
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Crop investigated LED 
Wavelength

Light Intensity Effectiveness Reference

Sweet cherries Blue light and a 
ratio of white, 
blue, and green 
lights

— Blue light enhanced the synthesis 
of anthocyanin and improved the 
quality of sweet cherries

[26]

Cherry tomatoes Red and blue 
lights

Red (118 μmol m−2 s−1 
at 638 nm)

Both blue and red lights 
enhanced the health-related 
parameters of cherry tomatoes 
treated at the mature green stage

[20]

Blue LED light 
(118 μmol m−2 s−1 at 
454 nm)

Tomatoes Red light — Continuous red light irradiation 
accelerated ripening of green 
tomatoes. It also significantly 
increased lycopene, β-carotene, 
total phenolic content, and total 
flavonoid concentration

[27]

Tomatoes Red light 113 μmol m−2 s−1 Red light enhanced, color 
development lycopene, 
β-carotene, total phenolic, and 
total flavonoid concentration in 
both the outer and inner parts of 
tomatoes

[21]

Green chili Red and blue 
lights

50 μmol m−2 s−1 Exposure to red light accelerated 
color development and lycopene 
accumulation, whereas blue 
light was effective in enhancing 
vitamin C and total phenolics

[28]

Tomatoes Blue light 100 μmol m−2 s−1 30-min blue light exposure and 
8-min pause enhanced lycopene, 
total phenolic compounds, 
total flavonoids, vitamin C, and 
soluble sugar more than other 
treatments

[29]

Broccoli White, red, 
green, yellow, 
blue, and 
purple lights

40 μmol m−2 s−1 for 
each wavelength

Purple light delayed yellowing 
and maintained and improved 
the nutritional quality of broccoli 
during storage at 20°C.

[30]

Pak choi White light 10 μmol m−2 s−1 The treatment delayed senescence 
and maintained the quality of 
pak choi

[31]

Tomatoes Blue and red 
lights

85.72 μ Einstein 
m−2 s−1 and 102.70 μ 
Einstein m−2 s−1 
respectively

Blue wavelength was effective 
in extending the shelf life of 
tomatoes by delaying fruit 
softening and ripening

[32]

Strawberries Blue light — Blue LED light prevented mold 
spoilage and preserved the 
physicochemical quality of 
strawberries

[33]
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significantly to postharvest losses (Table 1) [11], a study by Dhakal and Baek [32] 
revealed that short-period exposure with blue wavelength to red tomatoes can extend 
the postharvest shelf life of tomatoes by delaying color development, and our recent 
study on cherry tomatoes also achieved the same results and documented improved 
phytochemical concentrations in blue-wavelength-treated tomatoes [20]. The 
postharvest effects of LEDs have also been tested on minimally processed food, and 
promising results have been achieved [35]; however, further research on such com-
modities is required to optimize exposure duration and type (wavelength).

5.  Integration of LEDs with other treatments for postharvest quality 
alteration

The application of LEDs, as an environmentally sustainable and consumer-friendly 
approach, to preserve the quality and enhance the variety and concentration of 
antioxidant compounds in horticultural crops has been extensively investigated 
(Table 1). This technology has, however, some limitations depending on the 
wavelength used. As such, combining LEDs with other environmentally friendly 
treatments has recently gained attention. The aim of such combinations is to further 
improve the efficacy of LED treatments by generating unique properties that prevent 
LED limitations and contribute toward better postharvest preservation of fruit and 
vegetables. Hu et al. [38] investigated the combined effect of LEDs and UV light on 
the postharvest life of sweet oranges and revealed that different treatment combina-
tions accelerated ripening and enhanced the nutritional quality of oranges; the study 
provided a potential regulation method for orange fruit quality. Hyun et al. [39] 
demonstrated that combining antimicrobials or photosensitizers with blue LEDs may 
be applied to extend the shelf life of fresh-cut apples and cherry tomatoes. LEDs can 

Crop investigated LED 
Wavelength

Light Intensity Effectiveness Reference

Tomatoes Blue light 87 W/m2 Blue light potentially maintained 
physicochemical quality and 
controlled mold growth on 
tomatoes during transportation 
and storage

[34]

Minimally 
processed broccoli 
sprouts

Red, blue, and 
far red

35 ± 2.5 μmol m−2 s−1 Improved total antioxidant and 
decreased the microbial growth

[35]

Broccoli heads Red light 50 μmol m−2 s−1 The treatment delayed 
senescence and maintained the 
storage quality

[36]

Three apple 
cultivars: “Idared,” 
“Fuji,” and 
“Carjevič”

Blue light — Irradiation with blue light 
enhanced color development and 
nutritional quality of apples

[37]

Tomato Red:far red 
(R:FR) light 
ratio

— Exposure of tomato fruit to 
LED light with a high R:FR ratio 
enhanced the synthesis of lycopene

[23]

Table 1. 
Postharvest effect of various LED lights on postharvest behavior of horticultural crops.



225

An Overview of the Recent Developments in the Postharvest Application of Light-Emitting…
DOI: http://dx.doi.org/10.5772/intechopen.109764

also be beneficial by reducing the occurrence of postharvest pathogens, and research 
conducted by [40] highlights two important mechanisms of controlling postharvest 
pathogens using LEDSs: one of these mechanisms is inducing the biosynthesis of 
specific secondary plant metabolites in fruit tissues, thereby improving the fruit/tissue 
resistance against pathogens, while also preventing pathogen or spore development due 
to the presence of photosensitizers in their cells. Zhang et al. [41] further revealed that 
combining blue light exposure and salicylic acid application maintained the sensory and 
nutritional quality of strawberries by maintaining bioactive component concentrations. 
Other studies also explored the effects of combining LEDs with other innovative and 
nonchemical-based treatments, such as heat and ethylene treatments [42–44].

6. Challenges and limitations associated with the postharvest use of LEDs

The postharvest use of LEDs has various benefits in maintaining and preserving 
the quality of horticultural crops (Table 1). However, some negative impacts are 
aligned with the use of this technology. Irradiation with LED lights has been reported 
to slightly reduce the mass of fruit and vegetables due to enhanced moisture loss [45]. 
The reason behind this moisture loss could be the selection of a specific, harmful 
wavelength and long duration or exposure of LEDs to horticultural crops. The open-
ing of stomata can also be induced by postharvest irradiation with LED lights, and 
that may result in treated fruit and vegetables losing moisture. Most studies, including 
our recent ones, have demonstrated that postharvest application of either red or blue 
LED lights can improve nutritional quality and preserve the quality of horticultural 
crops without negatively affecting their mass [19, 20, 46]. The higher intensity, longer 
daily exposure, and continuous illumination have been reported to cause abiotic 
stress, resulting in higher mass loss; this, however, depends on the wavelength or LED 
light spectra used [47]. It is, therefore, very important to pay special attention when 
selecting the intensity, duration of exposure and spectral composition, or wavelength 
of LEDs to apply to a specific horticultural crop.

7. Conclusions

This review has demonstrated why LEDs are considered a novel technology in the 
food industry. This technology is constantly improving, and its application holds great 
potential in horticulture for food preservation. Importantly, LEDs are cost-effective 
and environmentally friendly, release minimal radiant heat, and have a monochro-
matic nature, which allows the selection of specific wavelengths, while excluding 
unwanted wavelengths that sometimes result in producing radiant heat. The applica-
tion of LEDs postharvest has been shown to accelerate or delay ripening, improve 
color development, enhance the phytochemical concentration, improve nutritional 
quality, extend shelf life, and prevent fungal spoilage of various horticultural crops. 
It has, however, been noted that the recent research is focusing only on carotenoid-
accumulating crops, such as pepper and tomato, with minimal focus on other crops. 
A deeper understanding of how various light spectra affect various crops and how the 
intensity of light and the duration of illumination affect various fruit and vegetables, 
especially highly perishable ones, is required. Merging of certain wavelengths still 
requires serious attention; it is also important to investigate the response of various 
crops to various ratios of wavelengths to decide on the combination that yields better 
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results. Further studies are required to reduce moisture loss as a result of LED illumi-
nation; in this case, the application of edible coatings in different formulations after 
LED illumination may potentially mitigate this effect. The sensory acceptability of 
fruit and vegetables treated with LEDs postharvest, as well as a deeper understanding 
of the mechanism involved in the postharvest irradiation of LED lights, still needs 
to be further investigated. Lastly, research revealed that LEDs can enhance health-
related compounds present in fruit and vegetables; however, further studies need to 
be conducted to determine optimal ratios or combinations of LEDs and investigate 
which one achieves this optimally without negatively affecting other quality param-
eters of these commodities.

Acknowledgements

None.

Conflict of interest

The authors declare no conflict of interest.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



An Overview of the Recent Developments in the Postharvest Application of Light-Emitting…
DOI: http://dx.doi.org/10.5772/intechopen.109764

227

References

[1] Duro JA, Lauk C, Kastner T, Erb KH, 
Haberl H. Global inequalities in food 
consumption, cropland demand and 
land-use efficiency: A decomposition 
analysis. Global Environmental Change. 
2020;64:102124. DOI: 10.1016/j.
gloenvcha.2020.102124

[2] Lufu R, Ambaw A, Opara UL. Water 
loss of fresh fruit: Influencing pre-
harvest, harvest and postharvest factors. 
Scientia Horticulturae. 2020;272:109519. 
DOI: 10.1016/j.scienta.2020.109519

[3] Slavin JL, Lloyd B. Health benefits 
of fruits and vegetables. Advances 
in Nutrition. 2012;3(4):506-516. 
DOI: 10.3945/an.112.002154

[4] More AS, Ranadheera CS, Fang Z, 
Warner R, Ajlouni S. Biomarkers associated 
with quality and safety of fresh-cut 
produce. Food Bioscience. 2020;34:100524. 
DOI: 10.1016/j.fbio.2019.100524

[5] Warra AA, Prasad MNV. African 
perspective of chemical usage in 
agriculture and horticulture-their impact 
on human health and environment. In: 
Agrochemicals Detection, Treatment 
and Remediation. Oxford, United 
Kingdom: Butterworth-Heinemann; 
2020. pp. 401-436. DOI: 10.1016/
B978-0-08-103017-2.00016-7

[6] Margenat A, Matamoros V, 
Díez S, Cañameras N, Comas J, 
Bayona JM. Occurrence and human 
health implications of chemical 
contaminants in vegetables grown in 
peri-urban agriculture. Environment 
International. 2019;124:49-57. 
DOI: 10.1016/j.envint.2018.12.013

[7] Nassarawa SS, Abdelshafy AM, Xu Y, 
Li L, Luo Z. Effect of light-emitting 
diodes (LEDs) on the quality of fruits 

and vegetables during postharvest 
period: A review. Food and Bioprocess 
Technology. 2021;14(3):388-414. 
DOI: 10.1007/s11947-020-02534-6

[8] Zhang X, Zhang M, Xu B, 
Mujumdar AS, Guo Z. Light-emitting 
diodes (below 700 nm): Improving 
the preservation of fresh foods during 
postharvest handling, storage, and 
transportation. Comprehensive 
Reviews in Food Science and 
Food Safety. 2022;21(1):106-126. 
DOI: 10.1111/1541-4337.12887

[9] Ngcobo BL, Bertling I, Clulow AD. 
Artificial daylength enhancement 
(pre-sunrise and post-sunset) with blue 
and red led lights affects tomato plant 
development, yield, and fruit nutritional 
quality. Horticulture, Environment, and 
Biotechnology. 2022:1-10. DOI: 10.1007/
s13580-022-00447-1

[10] Mandal D. Light emitting 
diode and its application in pre and 
postharvest horticulture: A Review. 
Crop Research. 2021;56(6):388-401. 
DOI: 10.31830/2454-1761.2021.061

[11] D'Souza C, Yuk HG, Khoo GH, 
Zhou W. Application of light-emitting 
diodes in food production, postharvest 
preservation, and microbiological food 
safety. Comprehensive Reviews in Food 
Science and Food Safety. 2015;14(6): 
719-740. DOI: 10.1111/1541-4337.12155

[12] Hasan MM, Bashir T, Ghosh R, 
Lee SK, Bae H. An overview of LEDs’ 
effects on the production of bioactive 
compounds and crop quality. Molecules. 
2017;22(9):1420. DOI: 10.3390/
molecules22091420

[13] Perera WPTD, Navaratne S, 
Wickramasinghe I. Impact of spectral 



New Advances in Postharvest Technology

228

composition of light from light-emitting 
diodes (LEDs) on postharvest quality of 
vegetables: A review. Postharvest Biology 
and Technology. 2022;191:111955. 
DOI: 10.1016/j.postharvbio.2022.111955

[14] Poonia A, Pandey S. Application of 
light emitting diodes (LEDs) for food 
preservation, post-harvest losses and 
production of bioactive compounds: A 
review. Food Production, Processing and 
Nutrition. 2022;4(1):1-10. DOI: 10.1186/
s43014-022-00086-0

[15] Ngcobo BL. Potential of pre-and 
postharvest illumination of cherry 
tomato, a climacteric fruit, to reduce 
the ripening period and enhance yield 
and quality while maintaining shelf life 
[Master’s dissertation]. 2017. Available 
from: https://ukzn-dspace.ukzn.ac.za/
handle/10413/16741

[16] Bantis F, Smirnakou S, Ouzounis T, 
Koukounaras A, Ntagkas N, Radoglou K. 
Current status and recent achievements 
in the field of horticulture with the 
use of light-emitting diodes (LEDs). 
Scientia Horticulturae. 2018;235:437-451. 
DOI: 10.1016/j.scienta.2018.02.058

[17] Yu W, Liu Y, Song L, Jacobs DF, Du X, 
Ying Y, et al. Effect of differential light 
quality on morphology, photosynthesis, 
and antioxidant enzyme activity in 
Camptotheca acuminata seedlings. 
Journal of Plant Growth Regulation. 
2017;36(1):148-160. DOI: 10.1007/
s00344-016-9625-y

[18] Loi M, Liuzzi VC, Fanelli F, De 
Leonardis S, Creanza TM, Ancona N, 
et al. Effect of different light-emitting 
diode (LED) irradiation on the shelf life 
and phytonutrient content of broccoli 
(Brassica oleracea L. var. italica). Food 
Chemistry;283:206-214 DOI: 10.1016/j.
foodchem.2019.01.021

[19] Ngcobo BL, Bertling I. Effect of 
light combined with heat treatment on 

colour development and fruit quality of 
cherry tomato (Solanum lycopersicum). 
Acta Horticulturae. 2021;1329:149-156. 
DOI: 10.17660/ActaHortic.2021.1329.18

[20] Ngcobo BL, Bertling I, Clulow AD. 
Post-harvest alterations in quality 
and health-related parameters of 
cherry tomatoes at different maturity 
stages following irradiation with 
red and blue LED lights. Journal 
of Horticultural Science and 
Biotechnology. 2021;96(3):383-391. 
DOI: 10.1080/14620316.2020.1847696

[21] Panjai L, Röhlen-Schmittgen S,  
Ellenberger J, Noga G, Hunsche M,  
Fiebig A. Effect of postharvest 
irradiation with red light on epidermal 
color and carotenoid concentration 
in different parts of tomatoes. 
Journal of Food Measurement and 
Characterization. 2021;15(2):1737-1746. 
DOI: 10.1007/s11694-020-00770-0

[22] Zhan L, Hu J, Pang L, Li Y, 
Shao J. Light exposure reduced browning 
enzyme activity and accumulated total 
phenols in cauliflower heads during 
cool storage. Postharvest Biology 
and Technology. 2014;88:17-20. 
DOI: 10.1016/j.postharvbio.2013. 
09.006

[23] Nájera C, Guil-Guerrero JL, 
Enríquez LJ, Álvaro JE, Urrestarazu M. 
LED-enhanced dietary and organoleptic 
qualities in postharvest tomato fruit. 
Postharvest Biology and Technology. 
2018;145:151-156. DOI: 10.1016/j.
postharvbio.2018.07.008

[24] Pinela J, Ferreira IC. Nonthermal 
physical technologies to decontaminate 
and extend the shelf-life of fruits 
and vegetables: Trends aiming at 
quality and safety. Critical Reviews 
in Food Science and Nutrition. 
2017;57(10):2095-2111. DOI: 10.1080/ 
10408398.2015.1046547



An Overview of the Recent Developments in the Postharvest Application of Light-Emitting…
DOI: http://dx.doi.org/10.5772/intechopen.109764

229

[25] Sharma S, Pareek S, Sagar NA, 
Valero D, Serrano M. Modulatory effects 
of exogenously applied polyamines on 
postharvest physiology, antioxidant 
system and shelf life of fruits: A review. 
International Journal of Molecular 
Sciences. 2017;18(8):1789. DOI: 10.3390/
ijms18081789

[26] Kokalj D, Zlatić E, Cigić B, 
Vidrih R. Postharvest light-emitting diode 
irradiation of sweet cherries (Prunus 
avium L.) promotes accumulation of 
anthocyanins. Postharvest Biology 
and Technology. 2019;148:192-199. 
DOI: 10.1016/j.postharvbio.2018.11.011

[27] Panjai L, Noga G, Hunsche M, 
Fiebig A. Optimal red light irradiation 
time to increase health-promoting 
compounds in tomato fruit postharvest. 
Scientia Horticulturae. 2019;251:189-196. 
DOI: 10.1016/j.scienta.2019.03.019

[28] Pola W, Sugaya S, Photchanachai S. 
Color development and phytochemical 
changes in mature green chili (Capsicum 
annuum L.) exposed to red and blue light-
emitting diodes. Journal of Agricultural 
and Food Chemistry. 2019;68(1):59-66. 
DOI: 10.1021/acs.jafc.9b04918

[29] He R, Wei J, Zhang J, Tan X, 
Li Y, Gao M, et al. Supplemental blue 
light frequencies improve ripening 
and nutritional qualities of tomato 
fruits. Frontiers in Plant Science. 
2022;13:888976. DOI: 10.3389/
fpls.2022.888976

[30] Xie C, Tang J, Xiao J, Geng X, 
Guo L. Purple light-emitting diode 
(LED) lights controls chlorophyll 
degradation and enhances nutraceutical 
quality of postharvest broccoli florets. 
Scientia Horticulturae. 2022;294:110768. 
DOI: 10.1016/j.scienta.2021.110768

[31] Zhou F, Zuo J, Xu D, Gao L, Wang 
Q , Jiang A. Low intensity white 

light-emitting diodes (LED) application 
to delay senescence and maintain 
quality of postharvest pakchoi (Brassica 
campestris L. ssp. chinensis (L.) Makino 
var. communis Tsen et Lee). Scientia 
Horticulturae. 2020;262:109060. 
DOI: 10.1016/j.scienta.2019.109060

[32] Dhakal R, Baek KH. Short period 
irradiation of single blue wavelength 
light extends the storage period of 
mature green tomatoes. Postharvest 
Biology and Technology. 2014;90:73-77. 
DOI: 10.1016/j.postharvbio.2013.12.007

[33] Chong L, Ghate V, Zhou W, Yuk HG. 
Developing an LED preservation 
technology to minimize strawberry 
quality deterioration during distribution. 
Food Chemistry. 2022;366:130566. 
DOI: 10.1016/j.foodchem.2021.130566

[34] Chua A, Chong L, Ghate V, Yuk HG, 
Zhou W. Antifungal action of 405 nm 
light emitting diodes on tomatoes in 
a meso-scale system and their effect 
on the physicochemical properties. 
Postharvest Biology and Technology. 
2021;172:111366. DOI: 10.1016/j.
postharvbio.2020.111366

[35] Castillejo N, Martínez-Zamora L, 
Gómez PA, Pennisi G, Crepaldi A, 
Fernández JA, et al. Postharvest LED 
lighting: Effect of red, blue and far red on 
quality of minimally processed broccoli 
sprouts. Journal of the Science of Food 
and Agriculture. 2021;101(1):44-53. 
DOI: 10.1002/jsfa.10820

[36] Jiang A, Zuo J, Zheng Q , Guo L, 
Gao L, Zhao S, et al. Red LED irradiation 
maintains the postharvest quality 
of broccoli by elevating antioxidant 
enzyme activity and reducing the 
expression of senescence-related genes. 
Scientia Horticulturae. 2019;251:73-79. 
DOI: 10.1016/j.scienta.2019.03.016

[37] Kokalj D, Zlatić E, Cigić B, 
Kobav MB, Vidrih R. Postharvest 



New Advances in Postharvest Technology

230

flavonol and anthocyanin accumulation 
in three apple cultivars in response 
to blue-light-emitting diode light. 
Scientia Horticulturae. 2019;257:108711. 
DOI: 10.1016/j.scienta.2019.108711

[38] Hu L, Yang C, Zhang L, Feng J, 
Xi W. Effect of light-emitting diodes 
and ultraviolet irradiation on the soluble 
sugar, organic acid, and carotenoid 
content of postharvest sweet oranges 
(Citrus sinensis (L.) Osbeck). Molecules. 
2019;24(19):3440. DOI: 10.3390/
molecules24193440

[39] Hyun JE, Moon SK, Lee SY. 
Application of blue light-emitting diode 
in combination with antimicrobials 
or photosensitizers to inactivate 
Escherichia coli O157: H7 on fresh-cut 
apples and cherry tomatoes. Food 
Control. 2022;131:108453. DOI: 10.1016/j.
foodcont.2021.108453

[40] Kahramanoğlu İ, Nisar MF, 
Chen C, Usanmaz S, Chen J, Wan C. 
Light: An alternative method for physical 
control of postharvest rotting caused 
by fungi of citrus fruit. Journal of 
Food Quality. 2020;2020:8821346. 
DOI: 10.1155/2020/8821346

[41] Zhang Y, Li S, Deng M, Gui R, Liu Y, 
Chen X, et al. Blue light combined with 
salicylic acid treatment maintained 
the postharvest quality of strawberry 
fruit during refrigerated storage. 
Food Chemistry: X. 2022;15:100384. 
DOI: 10.1016/j.fochx.2022.100384

[42] Martínez-Zamora L, Castillejo N, 
Artés-Hernández F. Postharvest UV-B 
and photoperiod with blue+ red LEDs as 
strategies to stimulate carotenogenesis 
in bell peppers. Applied Sciences. 
2021;11(9):3736. DOI: 10.3390/
app11093736

[43] Ma G, Zhang L, Kato M, 
Yamawaki K, Kiriiwa Y, Yahata M, et al. 

Effect of the combination of ethylene and 
red LED light irradiation on carotenoid 
accumulation and carotenogenic gene 
expression in the flavedo of citrus fruit. 
Postharvest Biology and Technology. 
2015;99:99-104. DOI: 10.1016/j.
postharvbio.2014.08.002

[44] Azuma A, Yakushiji H, 
Sato A. Postharvest light irradiation 
and appropriate temperature treatment 
increase anthocyanin accumulation in 
grape berry skin. Postharvest Biology 
and Technology. 2019;147:89-99. 
DOI: 10.1016/j.postharvbio.2018.09.008

[45] D’Souza C, Yuk HG, Khoo GH, 
Zhou W. Light-emitting diodes in 
postharvest quality preservation and 
microbiological food safety. In: Light 
Emitting Diodes for Agriculture. 
Singapore: Springer; 2017. pp. 191-235. 
DOI: 10.1007/978-981-10-5807-3_9

[46] Maroga GM, Soundy P, Sivakumar D. 
Different postharvest responses of fresh-
cut sweet peppers related to quality 
and antioxidant and phenylalanine 
ammonia lyase activities during exposure 
to light-emitting diode treatments. 
Food. 2019;8(9):359. DOI: 10.3390/
foods8090359

[47] Pennisi G, Orsini F, Castillejo N, 
Gómez PA, Crepaldi A, Fernández JA, et al. 
Spectral composition from led lighting 
during storage affects nutraceuticals and 
safety attributes of fresh-cut red chard 
(Beta vulgaris) and rocket (Diplotaxis 
tenuifolia) leaves. Postharvest Biology 
and Technology. 2021;175:111500. 
DOI: 10.1016/j.postharvbio.2021.111500



231

Chapter 11

Recent Development in the 
Preharvest 1-MCP Application to 
Improve Postharvest Fruit Quality
Nariane Q. Vilhena, Lourdes Cervera-Chiner, Ana Moreno  
and Alejandra Salvador

Abstract

1-Methylcyclopropene (1-MCP), an ethylene action inhibitor, is routinely applied 
to fruit as a postharvest treatment prior to cold storage to extend fruit storability and 
posterior shelf life. Nevertheless, preharvest 1-MCP applied as a liquid spray to trees 
is a novel treatment for maintaining fruit quality throughout the postharvest in some 
crops and can be a very useful tool for improving handling operations in packing 
houses. This chapter aims to provide an overview of not only employing 1-MCP as 
a preharvest treatment in different crops, but also of its effect on the biochemical 
and physico-chemical parameters that influence fruit postharvest quality, storage 
capacity, and chilling injury development. It also intends to address the main factors 
related to the preharvest 1-MCP application effect, such as application time, optimum 
concentrations, and its combination with other preharvest treatments.

Keywords: 1-methylcyclopropene, Harvista, fruit storage, field treatment, ethylene

1. Introduction

Ethylene is the simplest natural plant ripening hormone that is involved in the 
regulation of many growth and development processes of horticultural crops. This 
hormone acts by linking itself to its action site in the cell to promote a succession of 
events, such as leaf abscission, fruit maturation, and the ripening process [1–3].

Fruits are generally divided into two categories: climacteric and non-climacteric 
[4]. It has been clearly established that all fruits produce minimal amounts of ethylene 
during their development. However, the ripening of climacteric fruit is characterized 
by an increased respiration rate and a burst of ethylene biosynthesis. Non-climacteric 
fruits have a different ripening pattern. They do not show a drastic change in respira-
tion rate and the ethylene production remains at a very low level. Climacteric and 
non-climacteric fruits can be differentiated by not only their pattern of ethylene 
production during ripening but also by their response to exogenous ethylene.

The postharvest quality of horticultural crops is also influenced by ethylene, 
whose effect can be beneficial or detrimental depending on a number of factors like 
fruit type (climacteric or non-climacteric), ripening stage, and intended use [5]. 
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The application of exogenous ethylene is often used to promote uniform ripening 
in climacteric fruits like bananas or apples [6, 7]. Ethylene is also applied on non-
climacteric fruits to bring about certain different effects, such as accelerating citrus 
fruits color change (degreening) [8]. However, ethylene can negatively influence the 
quality of both climacteric and non-climacteric fruits by inducing the development of 
physiological disorders or accelerating senescence processes, especially during storage 
and shelf life.

Therefore, many strategies have been studied to control ethylene production or its 
action during the postharvest life of fruits and vegetables. Of the available methods, 
1-methylcyclopropene (1-MCP) is a competitive inhibitor of ethylene perception 
that prevents ethylene binding and the eliciting of subsequent signal transduc-
tion and translation. As a consequence, 1-MCP applied at very low concentrations 
(0.5–1.0 μL L−1) can delay ripening and senescence events of horticultural products 
that are mediated by ethylene [9–11].

Postharvest 1-MCP application has become a successful technology for controlling 
ripening and senescence processes to maintain fruit quality and to reduce differ-
ent postharvest physiological disorders in many climacteric and non-climacteric 
horticultural products [9, 12]. 1-MCP is also used as an excellent tool to explore 
ethylene-mediated responses of plant systems, especially those involved in ripening 
and senescence processes.

It is known that 1-MCP lowers the highest peak value of respiration and ethylene 
production and delays their emergence during storage [1]. There are two known 
systems for regulating ethylene production in higher plants: system-1 and system-2. 
Auto-inhibitory system-1 functions during normal vegetative growth and is responsi-
ble for producing the basal ethylene levels detectable in all tissues in both climacteric 
and non-climacteric fruits. Autostimulatory system-2 is responsible for the upsurge of 
ethylene production that occurs during the ripening of climacteric fruits [13, 14]. The 
transition from system-1 to system-2 is believed to be an important step during fruit 
ripening [3]. For different fruits, such as apples, bananas, and tomatoes [13, 15, 16], 
there are reports that the expression of the genes responsible for the transition from 
system-1 to system-2 can be blocked by postharvest 1-MCP application.

To date, a large amount of information has been acquired about the effect of 
postharvest treatment with 1-MCP on many fruits and vegetables. Protocols have 
been developed to optimize the benefits of 1-MCP for different horticultural products 
because its effect depends on factors like concentration, exposure time, or application 
time after harvest.

Some commercial names of 1-MCP are EthylBloc®, SmartFresh®, SmartTabs®, 
and EthylBloc® Sachet, which contain different 1-MCP concentrations. When the 
product is mixed with water or buffer solution, 1-MCP gas is released to the chambers 
where it is applied. 1-MCP is used in combination with proper temperature and 
relative humidity management and can replace or be utilized in combination with 
controlled atmospheres.

Despite postharvest 1-MCP application being able to present lots of benefits in many 
fruits and vegetables, preharvest 1-MCP treatment emerges as a novel option, and 
one that has been tested in several crops with different effects, for example, reducing 
fruit drop, delaying color development and softening, ethylene production, ripening, 
maintaining fruit quality throughout the postharvest, and replacing the postharvest 
treatment in some crops [9, 17, 18].

Preharvest 1-MCP treatments can offer some advantages over conventional 
postharvest exposure. Besides, treatments allow a more flexible harvesting time to be 
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obtained for some apple cultivars and might be a good option because they respond 
poorly or inconsistently to 1-MCP gas exposure as a postharvest treatment [19, 20].

As the preharvest 1-MCP application is considerably limited, a sprayable 
formulation has been developed for its utilization that facilitates its field applica-
tion and is marketed as Harvista® (AgroFresh Solutions Inc., Philadelphia, PA, 
USA). This product allows 1-MCP to be dissolved in water and applied as a fumiga-
tion product. Today, it is the only 1-MCP formulation available for preharvest use 
purposes.

In some cases like bananas, the preharvest 1-MCP treatment has been tested by 
submerging the stem of the bunch still attached to trees in 1-MCP aqueous solution 
[21]. In another study conducted with figs, preharvest treatment was applied through 
a plastic bag with gaseous 1-MCP [22]. Despite having positive effects, these applica-
tion modes would be very limited for commercial use.

Relatively few reports exist about the preharvest 1-MCP treatment effect on fruits. 
Most studies have focused mainly on apples and pears, since Harvista® treatment is 
authorized for these fruits in some countries. However, the interest generated by this 
treatment has led to further studies being conducted in recent years to search for a 
possible benefit on other fruits [23]. This chapter reports a review of the main find-
ings of the preharvest 1-MCP application on different fruits.

2. Climacteric fruit

Increased respiration in climacteric fruit is associated with autocatalytic ethylene 
production, which mediates fruit ripening processes [24]. As 1-MCP inhibits ethylene 
perception, its field application in climacteric fruits affects fruit ripening and senes-
cence processes, mainly by delaying harvest time and prolonging postharvest fruit 
quality [9]. However, effects vary according to different aspects, such as fruit cultivar, 
application time, and concentration.

2.1 Apple (Malus domestica Borkh)

1-MCP is commonly used as a postharvest treatment to prolong apple eating 
quality by maintaining fruit firmness, crispness, sweetness, acidity, and juiciness 
of cold-stored fruits. It is a proven effective treatment in many cultivars [25–27]. In 
recent years, and as a novel application method, numerous studies have been con-
ducted on the effect of 1-MCP applied at preharvest on delaying maturation on trees 
and to maintain postharvest quality in different scenarios.

Most studies generally suggest that the preharvest 1-MCP treatment positively 
influences apple quality attributes. The differences observed in fruits response may 
vary among cultivars, mostly in relation to the ability of some cultivars to rapidly 
generate new ethylene receptors when fruits remain attached to trees [17, 28, 29].

Recent studies have demonstrated that preharvest 1-MCP can retard the activation 
of system-2 ethylene biosynthesis in apples [14]. The MdACS1 gene is necessary for 
system-2 activation during apple climacteric ripening. The molecular mechanisms 
that control the delay and suppression of the expression of MdACS1 and receptor 
genes after regular postharvest 1-MCP treatment are not well defined. However, 
the preharvest 1-MCP application is effective in suppressing its expression in the 
“Delicious” and “Golden Delicious” varieties, which results in the delayed activation 
of system-2 ethylene biosynthesis [1, 6, 14].
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One effect of 1-MCP applied in the preharvest has been reported on fruit cuticular 
wax biosynthesis and regulation, composition, and structure for regulating ethylene 
biosynthesis and signaling [1]. The preharvest 1-MCP application at 150 g hm2 lowers 
the contents of alcohols, acids, and esters in apple cuticular wax by reducing fruit 
superficial scald and decay and by maintaining fruit cuticular wax functions, such as 
disease resistance and water retention, after 1 cold storage month.

The preharvest 1-MCP effect on carbohydrate metabolism in apples has also been 
studied at harvest and during cold storage. The authors observed that the treatment 
at 150 g AI ha−1 applied 7 days before harvest inhibited starch degradation, retarded 
soluble sugar increase, and reduced sucrose, glucose, and fructose in “Starkrimson” 
apples. This was related to the ethylene regulation of related gene expressions and 
enzyme activities during cold storage [30].

The combined application of pre- and postharvest 1-MCP treatments has also 
been evaluated in apples. In this case, Harvista® was applied 10 days before harvest at 
60 mg L−1 and, 1 day after harvest, fruits were subjected to the Smartfresh® treat-
ment at 1 μL L−1. This combination resulted in greater fruit firmness retention and 
longer ethylene suppression in “Golden Delicious” apples throughout cold storage 
[14]. The preharvest or postharvest 1-MCP treatment application led to different 
expression patterns of ethylene biosynthesis genes (MdACS3 and MdACS1) and 
receptor genes, which could result in differential effects by 1-MCP treatments.

A common preharvest treatment for apples is to apply ethephon to accelerate matu-
rity to bring forward the harvest period and to improve color development [31, 32]. 
However, ethephon application leads to the activation of ethylene autocatalysis in fruit 
tissues, which is reflected as a drastically shortened harvest period and reduced stor-
ability. It can also lead to undesired fruit abscission before harvest and accelerated flesh 
firmness loss during the commercialization period [30, 33, 34]. Nevertheless in “Anna” 
apples treated with ethephon (50 ppm), preharvest 1-MCP treatment (1–2 mM) in 
the mature green stage reduced preharvest abscission and preserved fruit firmness. 
This treatment also mitigated the adverse influence of ethephon on flesh firmness loss 
during fruit cold storage at 1°C.

In order to delay fruit ripening and preharvest drop in apple, treatments with 
naphthaleneacetic acid (NAA), a synthetic auxin, and aminoethoxyvinylglycine 
(AVG), an inhibitor of ethylene biosynthesis, are applied in some production areas. 
Comparative studies have been conducted on the application of these treatments and 
the preharvest 1-MCP application [6]. In this way, sprayable 1-MCP at 396 mg L−1 
applied 1 week before harvest to “Golden Delicious” apples had a stronger effect 
on delayed fruit drop than AVG or NAA [24]. Similarly with “Delicious” apples, 
the application of 1-MCP 15 or 7 days before harvest at a concentration of 160 or 
320 mg L−1 delayed preharvest fruit drop more effectively than AVG or NAA used 
alone and had a similar effect compared to the fruit to which both AVG and NAA had 
been applied. In that study, the best results were obtained when 1-MCP was applied 
15 days before harvest and the concentration did not affect its efficacy in reducing 
fruit drop [6].

Scolaro et al. [35] also compared preharvest treatments with 1-MCP or AGV on 
“Royal Gala” apples. They observed that the 1-MCP application had similar effects to 
the AVG treatment on delaying fruit ripening and also on decreasing ethylene pro-
duction, starch degradation, loss of flesh firmness and acidity, epidermal yellowing, 
soluble solid accumulation, and red color development. The authors concluded that 
preharvest 1-MCP can be an alternative method to the commonly applied AVG for 
fruit maturation and harvest management purposes.
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With “Golden Delicious” and “Law Rome” apples, 1-MCP applied 7 days or 1 day 
before harvest at concentrations between 75 and 155 mg L−1 has also been reported as 
an effective emergency stop treatment, similarly to NAA, and without the potential 
loss of firmness caused by NAA [20].

Preharvest 1-MCP application, used as a treatment to reduce the incidence of differ-
ent disorders during storage, has been reported for some apple cultivars [20, 27, 36, 37]. 
In “Honeycrisp” apples, preharvest 1-MCP sprays reduced the incidence of both soft 
scald, a skin disorder characterized by brown lesions, and soggy breakdown, a flesh 
disorder characterized by brown and soft internal tissue [36]. In “Law Rome” apples, 
preharvest 1-MCP application also lowered the superficial scald incidence during 
prolonged cold storage (up to 120 days) [20].

Stem-end flesh browning, another disorder that develops around the shoulders of 
apples, is frequently manifested in some cultivars during storage. In cv. Gala, post-
harvest 1-MCP treatment had no effect on this disorder, while the preharvest 1-MCP 
application significantly reduced it, but did not prevent its development [37].

In “Fuji” apples at harvest, watercore incidence and severity, besides starch pattern 
indices, were lower in the fruits that underwent the preharvest 1-MCP treatment [27]. 
This study also evaluated the combined application of preharvest and postharvest 
1-MCP treatments on fruit quality and the incidence of disorders. The incidences 
of flesh greasiness and watercore diminished more when the combination of both 
treatments was applied than by either treatment alone. Besides, preharvest and 
postharvest 1-MCP applications contribute to maintain fruit quality attributes during 
cold storage and at 20°C. The effects of preharvest 1-MCP were more consistent when 
the interval between spraying and harvest was 10 days compared to its application at 
4 days before harvest.

The traditional postharvest 1-MCP treatment has been reported to increase the 
risk of certain stress-related storage disorders in apples, such as CO2 injury, a physi-
ological disorder that can be manifested externally and/or internally, and both injury 
type and susceptibility were strongly affected by apple cultivar and growing condi-
tions [38]. A study carried out with the cv. McIntosh and cv. Empire revealed that 40 
to 160 mg L−1 of preharvest 1-MCP applied 7 or 11 days before harvest also increased 
the development of external CO2 injury during storage in a controlled atmosphere.

2.2 Pear (Pyrus communis L.)

Similarly to apples, in pears the effect of the sprayable preharvest 1-MCP application 
has been studied mainly on fruit drop, extension of the harvest window, quality mainte-
nance during cold storage, and reduction of the incidence of different disorders [39–41].

Prevention of fruit drop with the preharvest 1-MCP application has been reported 
in “Santa Maria” pears, but the effect on fields was dose-dependent [40]. The most 
effective treatment was achieved at 150 and 200 g ha−1. In this cultivar, the ripening 
period could be prolonged up to 4 weeks.

A similar preharvest 1-MCP treatment effect on fruit drop has been reported for 
“Barlett” pears [42]. In this study, the 1-MCP application was as effective as NAA in 
reducing premature fruit drop. 1-MCP significantly delayed ripening immediately 
after harvest, but this effect diminished after storing fruit at −1°C for 3.5 months. 
No differences in pear fruit maturity were found between the highest (100 mg L−1) 
and the lowest (28 mg L−1) applied doses. The strongest 1-MCP effect occurred when 
fruits were harvested soon after treatment (7 days after application). The 1-MCP 
preharvest application also lowered internal browning incidence during storage.
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A recent study performed with the “Bartlett” and “d ‘Anjou” cultivars found that 
the preharvest 1-MCP treatment extended the harvest window by 3–4 days without 
reducing the storage potential or eating quality [41]. This treatment also lowered 
ethylene synthesis and respiration rates, maintained fruit firmness and green color 
during cold storage, and retarded melting texture development in both cultivars. 
1-MCP also reduced the incidence of flesh disorders by alleviating membrane lipid 
peroxidation, maintaining antioxidant capacity, and enhancing superoxide dis-
mutase, catalase, and ascorbate peroxidase activity in both cultivars.

When combining the effect of the pre- and postharvest 1-MCP treatments on 
“Barlett” pears, the applications of 160 μL L−1 of Harvista® and 0.15 μL L−1 of 
Smartfresh® were capable of extending the melting texture life of pears up to 
5 months of cold storage [43]. When the effects of Harvista® and Smarfresh® were 
compared in relation to the fruit firmness maintenance during the cold storage of 
“Abate Feel” pears, a positive result of both treatments was obtained, but the posthar-
vest application was more effective [44]. The Harvista® application time influenced 
its effect on fruit firmness, since applying Harvista® 7 days before the commercial 
harvest time was more effective in maintaining fruit firmness after harvest than when 
applied before.

In “Chuhwangbae” pears, the preharvest 1-MCP application had no effect on 
postharvest quality attributes during cold storage and shelf life because most fruit 
quality attributes and specific targeted metabolites were not affected by preharvest 
1-MCP application, but by storage duration [19]. Nevertheless, the sprayable prehar-
vest 1-MCP treatment enhanced the incidence of physiological disorders compared to 
that of the untreated fruits.

2.3 Persimmon (Diospyros kaki Thunb)

The postharvest 1-MCP (Smartfresh®) application is routinely performed to 
allow persimmon cold storage, since it has been widely reported that it reduces flesh 
firmness loss as the main chilling injury symptom [45, 46]. Nevertheless, very little 
information is available on the preharvest 1-MCP application effect on persimmon.

In cv. Rojo Brillante, the preharvest 1-MCP application effect has been evaluated 
on maintaining flesh firmness in two different scenarios: 1) early in the season on the 
fruit treated with ethephon to advance maturity; and 2) at the end of the season on 
the fruit destined for cold storage, treated with gibberellic acid to delay fruit ripening 
[18]. The preharvest 1-MCP treatment (22 g L−1) delayed fruit firmness loss induced 
by ethephon, extending the harvest window, and proved to be the most effective 
treatment when 1-MCP was applied 1 day after ethephon treatment. The preharvest 
1-MCP application also maintained fruit firmness during the marketing period and 
applying the postharvest 1-MCP treatment was not necessary. Nevertheless, the pre- 
and postharvest 1-MCP combination maintained greater flesh firmness during the 
commercialization period than the single postharvest application.

In the fruit treated with gibberellic acid at the end of the season, the 1-MCP appli-
cation performed 3 days before harvest maintained fruit firmness during cold storage 
to the same extent as the traditional postharvest 1-MCP application [18]. Hence in this 
situation, replacing the postharvest 1-MCP application with preharvest treatment can 
be a very useful alternative.

A positive preharvest 1-MCP treatment effect has also been observed on “Fuyu” 
persimmon [47]. Spraying 150 mg L−1 of 1-MCP in the first commercial harvest week 
reduced not only premature flesh softening but also the occurrence of the translucent 
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stain disorder at postharvest without altering fruit maturation on trees. Better results 
were found on fruit harvest 1 day after 1-MCP treatment, when similar efficacy of the 
pre- or postharvest application on both fruit firmness and the incidence of disorders 
was observed during storage.

2.4 Banana (Musa spp.)

The main postharvest banana losses are due to a short postharvest life, which is 
the main problem in the banana industry. The postharvest 1-MCP application has 
been well studied in this fruit to delay the ripening process and maintain postharvest 
quality [21]. Numerous studies have reported that 1-MCP applied at the 5–500 nL L−1 
and 0.1 μL L−1 concentrations delays fruit ripening and skin color change during the 
postharvest life [48–50].

The postharvest 1-MCP treatment regulates ethylene synthesis by inhibiting the 
genes that regulate the aminocyclopropane-1-carboxylic acid synthase (ACS) and 
aminocyclopropane carboxylate oxidase (ACO) enzymes [51, 52]. The inhibition of 
these enzymes results in reduced fruit softening, which extends green life. Moreover, 
1-MCP enhances superoxide dismutase and catalase activities and inhibits peroxidase 
activity, playing an important role in growth and plant development and disease resis-
tance [11, 53]. It is noteworthy that the postharvest 1-MCP treatment effect depends 
on different factors such as cultivar, maturity stage, previous ethylene exposures, crop 
conditions, and the part of the bunch [21].

Negative 1-MCP postharvest application effects have also been reported in 
bananas such as irregular peel coloration, reduced volatile compound production, 
and delayed sugar accumulation [21, 50]. 1-MCP treatment in bananas can increase 
the development of chilling-related disorders, which can be trigged by the inhibi-
tion of ethylene production [10, 54]. These negative effects limit its commercial 
application [11].

To date, very few studies on preharvest 1-MCP applications in bananas exist. 
Only Manigo et al. [55] has studied the effect of preharvest 1-MCP treatment with 
“Cavendish” on postharvest fruit quality to identify the best and most cost-efficient 
application method. Three preharvest 1-MCP application methods have been evalu-
ated: Stalk End Immersion (SEI), where the edge of bunch stalks is immersed in 
an aqueous solution of 1-MCP; bunch spraying (BS); and the combination of both 
methods (SEI-BS). In all cases, the applied dose was 400 nL L−1. These treatments 
had a significant effect on delaying fruit ripening, retarding peel color change and 
fruit softening, and maintaining visual quality during storage. The fruit treated 
with 1-MCP by the SEI-BS method displayed lesser accumulated weight loss, and the 
degree of shriveling and the finger drop incidence were lower compared to the BS and 
SEI methods followed separately. The combined method is useful for prolonging the 
banana shelf life up to 19 days.

2.5 Stone fruits

Stone fruits are a diverse group, mostly of the genus Prunus, that includes peach, 
apricot, among others. This group is characterized by a lignified endocarp, a fleshy 
mesocarp and a thin exocarp or skin [56]. In “Madoka” peach (Prunus persica L.), 
the 1-MCP application in fields has been investigated with regard to fruit physiologi-
cal and biochemical responses and quality attributes. Lee et al. [57] have observed 
not only delayed firmness loss but also an inhibition of ethylene production and 
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respiration during the storage of the peach fruit preharvest-treated with 1-MCP. The 
inhibition of the expression of the genes related to sugar accumulation and cell wall 
softening, and of the genes responsive to ethylene receptors, has also been found. 
These findings suggest that the preharvest 1-MCP application can extend the shelf life 
of peaches by the inhibition of ethylene production and respiration.

Another assay, which compared the effect of preharvest sprayable 1-MCP 
(Harvista®) or postharvest fumigable 1-MCP (Smartfresh®) treatments on the qual-
ity attributes and enzymatic activities of cell wall hydrolases during the cold storage 
of “Hetsal Haunkeybee” peaches, has reported that fruit flesh firmness was signifi-
cantly enhanced by SmartFresh®, but not by Harvista® [58]. The SmartFresh® 
treatment significantly reduced the enzymatic activities of α-galactosidase, 
β-galactosidase, β-glucosidase, β-arabinosidase, β- xylosidase, and α-mannosidase 
during cold storage compared to the untreated and Harvista-treated fruits.

A study on apricot (Prunus armeniaca L.) cv. Canino has been conducted to evalu-
ate the effect of preharvest 1-MCP and other field treatments (CaCl2 and AGV), and 
their combination, on fruit quality parameters during cold storage. This study showed 
that treatment not only improved fruit postharvest quality but also lowered the inci-
dence of disorders throughout storage. The combination of the three compounds was 
the most effective treatment in maintaining fruit quality and prolonging storability 
up to 30 days [2].

2.6 Other fruits

With mango (Mangifera indica L.), the postharvest 1-MCP treatment is necessary 
for delaying the fast ripening that initiates before fruit harvest maturity. In this situ-
ation, preharvest treatment would be a good option for prolonging fruit storability 
and allow exportation [59]. In mango cv. “Carabao,” the preharvest 1-MCP treatment 
at 10 ppm is effective in slowing external color evolution, delaying ethylene peak, 
and controlling both ripening and deteriorated visual quality at harvest and during 
storage at 13°C. However, fruit firmness does not significantly vary among treatments 
[60]. The fruits treated twice with 1-MCP (10 and 5 days before harvest) obtain the 
best results than those treated once. The authors concluded that the second applica-
tion time is crucial because of the variation in the biochemical composition of fruit 
tissues.

Application time is also critical for the proper response of preharvest 1-MCP in 
Mangosteen (Garcinia mangostana L.). Lerslerwong et al. [61] observed that when 
treatment was applied in the fruit climacteric stage, it delayed the ripening process 
by about 1 week. This shows its potential use to retard the harvest period. However, 
treatment had no effect on fruit ripening when applied before the climacteric peak.

Figs (Ficus carica L.) are a postharvest technology challenge because of their very 
short shelf life and high susceptibility to diseases. The fig ripening process is classified 
as climacteric, with higher respiration rates and ethylene production at the beginning 
of the ripening phase. Yet unlike most climacteric fruits harvested before ripening 
onset, it does not ripen after harvest [62]. The postharvest 1-MCP treatment does not 
affect the ripening parameters of treated fruits (unlike other climacteric fruits), but 
applications to fruit on trees improve fruit storage capacity by inhibiting deteriora-
tion with minor effects on fruit growth and ripening [63, 64]. The 1-MCP application 
before or after harvest has also been used as a tool for studying the ethylene-related 
genes involved in the natural ripening process of attached fruit [22], and a possible 
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feedback reaction has been proposed. This downstream component of ethylene signal 
transduction can play a role in regulating ethylene synthesis during the reaction to 
1-MCP, which causes the non-climacteric behavior of fig ethylene production.

The preharvest 1-MCP influence on the development of fruit on trees and storage 
capacity has been studied in “Brown Turkey” figs [22]. Treatment was applied as 
gas in plastic bags 3 days before harvest at preclimacteric stage, which delayed fruit 
senescence and improved storage life up to 7 days as manifested by fruit color, firm-
ness, internal texture, weight, size, shriveling, and decay.

Yellow pitahaya (Selenicereus megalanthus Haw) is a tropical fruit that undergoes 
physiological damage associated with cold storage, including peel browning and 
necrosis [65, 66]. In addition, fruit quality loss during storage has been associated 
with ethylene production and fruit respiration. Therefore, postharvest 1-MCP 
applications are done to extend fruit shelf life. Cock et al. [65] observed that the 
1-MCP application 15 days before harvest in yellow pitahaya produced significant 
beneficial effects on chemical, physical, and sensory properties and extended fruit 
shelf life by 5 days with no large differences between treatment concentrations 
(200 or 400 μg L−1). Another study conducted with yellow pitahaya under the same 
preharvest 1-MCP conditions showed that treatment accelerated epicarp coloration, 
maintained firmness, and delayed weight loss and the maturity index [66]. However, 
the higher applied concentration led fruit to show undesirable signs of senescence. 
The authors suggested that the preharvest 1-MCP application in this fruit could 
trigger the metabolic processes responsible for shortening fruit preservation, which 
has been related to both the magnitude and sensitivity to ethylene rises because fewer 
receptors are evaluable, and effects depend on the compound concentration, applica-
tion time, and storage time.

Melon (Cucumis melo L.) presents a high diversity of ripening behaviors, includ-
ing climacteric and non-climacteric genotypes [67, 68]. Cantaloupe melons possess 
typical climacteric behavior with ethylene playing a major role in the regulation 
of the ripening process and by affecting the ripening rate. Nevertheless, Pech et 
al. [3] have reported that climacteric (ethylene-dependent) and non-climacteric 
(ethylene-independent) regulation coexist during climacteric fruits ripening. In 
two cantaloupe melon cultivars (cv. Caravelle and cv. Mission), the effect of the 
preharvest 1-MCP application was evaluated in relation to fruit quality, harvest syn-
chrony, and maturity [69]. Treatment was applied at a concentration between 5 and 
25 g ha−1 and from 22 to 7 days before harvest. It presented very little or no effect on 
fruit quality at harvest or after cold storage. Only the cv. Mission treated with the 
highest concentration presented greater firmness than the other treatments after 9 
storage days.

Despite most studies on preharvest and postharvest 1-MCP applications show-
ing positive beneficial effects on maintaining fruit firmness and overall postharvest 
quality, in blueberry (Vaccinium corymbosum L.) the 1-MCP treatment applied at both 
the pre- and postharvests had negative effects on fruit firmness at harvest and during 
storage. Previous studies have demonstrated that the postharvest 1-MCP application 
to “Rabbiteye” blueberry led to increased ethylene production, which caused fruit 
softening [70]. On to the preharvest treatment, Blaker and Olmstead [71] observed 
in cv. ‘Star” and “Sweetcrisp” that the 1-MCP application 5 days prior to harvest 
decreased fruit firmness, while the fruit treated 9 days before harvest did not differ 
from the control. However, the authors are still unclear why the preharvest treatment 
could result in firmness loss.
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3. Non-climacteric fruits

As opposed to climacteric fruits, non-climacteric fruits are characterized by 
ripening transitions that do not strictly depend on a significant increase in ethylene 
production and an associated rise in the respiration rate [72, 73]. Although the 
ripening process of climacteric fruits is well documented, it is not very accurate 
for non-climacteric fruits. Recent studies using metabolomics, proteomics, and 
transcriptomics have significantly increased knowledge about molecular processes 
during non-climacteric fruits ripening [72]. These studies have demonstrated the 
involvement of different hormones, such as abscisic acid (ABA), auxin, gibberellins, 
among others. However, the complex mechanisms underlying the regulation and 
crosstalk between these hormones during fruit development and ripening require 
further research.

In non-climacteric fruits, applying 1-MCP at the postharvest for ripening control 
does not make sense because these fruits do not have a response to ethylene for matu-
ration. However, 1-MCP has been applied to some non-climacteric fruits for other 
purposes to, for instance, provide insights into the occurrence of ethylene-dependent 
and ethylene-independent events during ripening, including changes in genes expres-
sion [10]. A positive effect of the postharvest 1-MCP application on the inhibition of 
senescence processes has been reported in some non-climacteric fruits, such as reduc-
ing rachis browning in grapes and delaying leaf senescence in “Shatangju” mandarins 
marketed with attached leaves [74, 75].

The postharvest 1-MCP treatment has also been reported to inhibit the develop-
ment of some physiological disorders, such as scald development in pomegranate, 
pericarp browning in litchi, water soaking in watermelon, internal browning in 
loquat, and internal flesh browning of pineapple [76, 77]. Inhibition of degreening 
and color change are observed in several citrus fruits, strawberry, and olive when 
1-MCP has been applied [76].

Very few studies report the preharvest effects of 1-MCP applications on non-
climacteric fruits. In citrus fruits (Citrus spp.), the preharvest 1-MCP treatment 
has been reported to result in reduced undesirable tree defoliation when ethephon 
is applied to diminish fruit removal force [22, 78]. In “Washington” navel oranges, 
a higher yield per tree and increased fruit elongation have been found when a 
combination of preharvest 1-MCP and gibberellic acid (GA3) was applied [79]. 
Besides, fruit drop considerably reduced when fruits were treated with 1-MCP 
alone or combined with either NAA or GA3. The combination of 1-MCP with 
either NAA or GA3 also enhanced the maturity index compared to untreated 
fruits.

In “Bing” sweet cherry (Prunus avium L.), reduced flesh firmness during post-
harvest life occurred when ethephon was applied to stimulate fruit abscission during 
mechanical harvest. The 1-MCP treatment performed 3 days after the ethephon 
application counteracted ethephon-induced flesh firmness loss without inhibiting 
fruit removal force reduction [80].

4.  Summary of the effect of preharvest 1-MCP application on different 
fruits

See Table 1
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5. Future research trends and new perspectives

The preharvest 1-MCP treatment has shown remarkable benefits for different 
fruit crops, which clearly come over for apples. Further research is needed to allow its 
application to a larger number of climacteric fruits, mainly those for which the post-
harvest 1-MCP treatment has a positive effect on delaying ripening and maintaining 
fruit quality. In these cases, replacing the postharvest treatment with the preharvest 
1-MCP application would be a very useful tool for improving handling operations in 
packing houses.

In non-climacteric fruits, further studies are necessary to elucidate the role of the 
preharvest 1-MCP treatment in maintaining or improving different fruits quality 
aspects.

Besides, continued research is required on metabolic paths, gene expression, and 
enzyme activities on the preharvest effects of 1-MCP on fruit metabolism.

Fruits Effect of preharvest 1-MCP application References

Apple Reduce fruit drop
Delay color development and flesh softening
Retard starch degradation
Delay ethylene production and ripening
Maintain soluble solids and titratable acidity
Reduce disorders incidence during cold storage

[1, 6, 14, 17, 20, 24–38]

Pear Reduce fruit drop
Extend the harvest window
Reduce ethylene production
Maintain firmness and color during cold storage

[19, 39–44]

Persimmon Extend the harvest window
Maintain firmness and color during cold storage
Reduce disorders incidence during cold storage

[18, 47]

Banana Delay ripening, color change, softening, weight loss, and finger 
drop during storage

[55]

Peach Retard flesh softening
Reduce ethylene production and ripening
Extend shelf life

[57, 58]

Apricot Maintain quality and prolong storability
Reduce disorders incidence during cold storage

[2]

Mango Delay ripening and peel color change
Reduce ethylene production

[60]

Mangosteen Delay ripening and extend the harvest window [61]

Fig Delay fruit senescence and improved storability [22]

Pitahaya Extend shelf life [65, 66]

Melon Maintain firmness during storage [69]

Blueberry Decrease firmness [71]

Citrus Reduce fruit and leaves abscission [22, 78, 79]

Cherry Reduce flesh firmness during postharvest life [80]

Table 1. 
Summary of different fruits in which 1-MCP has been applied as a preharvest treatment.
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Pomegranate: Postharvest  
Fungal Diseases and Control
Annamaria Mincuzzi and Antonio Ippolito

Abstract

Due to well-known nutraceutical properties, pomegranate (Punica granatum L.) 
cultivation is recently increasing in various areas of the world including Italy. Fungal 
diseases are the major causes of postharvest yield and economic losses. Most of the 
fungi infect pomegranates in the field during the blooming stage remaining latent 
until fruit ripening, others infect fruit during harvest and postharvest handling 
through rind injuries. Main postharvest fungal diseases of pomegranates are gray 
and blue molds caused by Botrytis spp. and Penicillium spp., respectively, black heart 
and black spot due to Alternaria spp., anthracnose related to species ascribable to 
Colletotrichum genus, and Coniella rot, due to Coniella granati. Few fungicides are 
allowed for pre- and postharvest treatments, making it extremely difficult to control 
fungal infections. In this scenario, especially in organic fruit production, alternative 
control means may be a desirable solution to reduce pomegranate losses during the 
production chain. This chapter focuses on the most important postharvest diseases of 
pomegranates and possible strategies and means to reduce spoilage.

Keywords: balausta, Aspergillus, Talaromyces, chitosan, seaweed extract, Pilidiella, 
minor crop, pomegranate loss, pomegranate market, fludioxonil

1. Introduction

Pomegranate (Punica granatum L.) belongs to the order of Myrtales, but the family  
type is uncertain between Punicaceae and Lythraceae [1]. Regarding the binomial 
name, the genus Punica reflects the feminized Roman name of Chartage, instead the 
species epithet granatum referred to the seeded arils; the common English name “pome-
granate” describe its anatomical features of “grainy apple” [2, 3]. The Transcaucasian-
Caspian region [4] is the center of diffusion of pomegranate shrubs, which early 
spread in the Mediterranean basin and then gradually reach the New World. Being a 
heliophilous plant, pomegranates tolerate temperature until 45–48°C with hot wind, 
even though temperatures below −18°C are harmful [1]. Pomegranate cultivation is 
promoted by the cool winter and hot summer; these features match with Mediterranean 
climate, although these shrubs are fully spread in tropical and sub-tropical areas too [2].
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1.1 An outline of botanical features

Some botanical features of pomegranate plants are relevant in plant pathology. 
First and foremost, flower biology. Being an andromonoecy shrub, it brings both 
hermaphroditic and functionally male flowers to the same plant [5]. Male flowers 
bloom earlier than bisexual ones and have a vexillum function attracting insects, and 
a selective advantage improving the genetic variability related to cross-pollination 
instead of self-pollination [5]. Fertile hermaphrodite flowers have well-developed 
gynoecium and androecium, urceolate vase-shaped calyx, and prominent U-shaped 
ovary; often they show big ovary and long style, the stigma emerges at the same height 
as the anthers or above them. On the other hand, male flowers are smaller, since the 
androecium is well-developed, but the gynoecium (including ovary and ovules) is 
rudimental: the style is shorter than anthers; the calyx is bell-shaped and the ovary is 
V-shaped. Furthermore, several intermediate flower forms exist that may be more or 
less close to the chief sexual forms showing different degrees of anatomical function-
ality [1, 4, 5]. Usually, hermaphroditic flowers (and occasionally a few intermediate 
forms) are fertilized [1, 5]. This is a delicate phase because latent fungal pathogens 
infect fruit during this stage passing through the open connection with the ovary [6]. 
According to the cultivar, between 5 and 8 months after fertilization and fruit set, 
pomegranate fruit, named balausta, ripen [4]. The most significant morphological 
feature of this berry-like and fleshy fruit is the persistence of the residues of the thick 
floral calyx [1] creating optimal ecological niche for fungal settlement and growth. 
In addition, the persistence of necrotic stamens acts as secondary source chiefly for 
wound fungal pathogens [6]. The leathery and woody rind and the richness in poly-
phenolic compounds guarantee physical and chemical protection from pathogenic 
fungi to a certain degree [1]. Internally, the carpel, made of light yellow and spongy 
tissue, as the mesocarp, acts as preferential way for latent fungi diffusion. Internally 
the balausta is reparteed in asymmetrical chambers, called “locules,” by membranes 
made of papery tissue [1, 2, 4]. Arils, attached to the carpel and wrapped by mem-
branes, are the edible portion of pomegranates, constitute 40–60% of fruit weight, 
and are the most susceptible part of the fruit. Over time, pathogen diffusion happens 
chamber by chamber. Pomegranate is a non-climacteric fruit, so it must be harvested 
at the optimum maturity stage [4].

1.2 An outline of horticultural features and disorder prevention

Few horticultural characteristics are important to control disorders, improve 
disease resistance, and enhance healthy fruit production which is the key point for 
extended storage. Pomegranates could grow in different soils but prefer fertile and 
humus-rich ones with a medium-deep density and well-drained avoiding water 
stagnation [1]. During the dry season, especially in arid and semi-arid environ-
ments, pomegranate plants need a regular daily irrigation to prevent water stress; 
also considering reduction of groundwater resources, drip irrigation is one of the 
favorite techniques [7]. Furthermore, within 0.5% of soil mass, pomegranate is 
a saline-tolerant plant: sodium, chlorine, and potassium are accumulated in root 
tissues, preventing diffusion of toxic salts [1, 4]. Also, fertilization is important 
to prevent both pomegranate disorders, like cracking, and related diseases due to 
wound pathogens; nitrogen and calcium are the most involved chemical elements. 
Soil application of watery nitrogen enhances vegetative growth, fruit size, and 
yield; in addition, foliar application of potassium chloride, potassium sulfate, and 
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microelements improves both yield and growth of pomegranate [4, 8]. Among foliar 
treatments, calcium application is the most significant; it induces physiological 
resistance and stabilization of the cell membrane, preventing low-quality produc-
tion and supporting postharvest storage [9]; in addition, if applied at the blooming 
stage and 1 month later, it prevents fruit cracking [10]. Indeed, nitrogen and cal-
cium are key chemical elements for disease prevention; also pruning practices may 
influence disorder and disease development. In some parts of the world, multiple 
trunk method is the traditional growing practice for pomegranates, from three to 
five main trunks are developed and branches are open-vase pruned. This favors the 
branch maintenance year-after-year and allows the replacement of diseased one 
[4]. The single stem method provides a single trunk of up to 30 cm in height, after 
which divided into three or four main branches; this way ensures better vase-shape 
maintenance and adequate penetration of light that is fundamental for pomegranate 
veraison [4]. However, sunrays surplus could cause sunburn damaging fruit, indeed 
the perfect light balance is noticeable [1].

1.3 An outline of pomegranate trade

In the last decades, pomegranate cultivation increased worldwide to face con-
sumer requests; pomegranates display nutraceutical properties due to the high 
content of active secondary metabolites (i.e., alkaloids, terpenoids, and polyphenols). 
These compounds are well-known for both antimicrobial and antioxidant properties, 
and therapeutic ones that feed this trade [11]. Consequently, the request for fresh 
fruit and related processed products is rapidly growing reaching a global production 
of about 8.1 million tons [12]. In the world, the chief producers are India, China, 
and Iran which produced 70% of pomegranates [12], although official data are not 
available. Particularly, Indian production represents 41% of the global trade having 
288,000 ha of pomegranate orchards and producing 3,256,000 tons of fruit gathered 
in the Maharashtra state and in the Solapur district [13]. In India, the most spread 
cultivars are Bhagwa and Arakta available throughout the year; these pomegranates 
support export to European, Middle East, and Asian countries, especially during 
the production gap (December, January, and March) [14]. Even though China is the 
second worldwide producer, 70% of produced soft-seeded ‘Tunisia” pomegranates 
are headed to the national markets [14]. A similar scenario distinguishes the Iran 
market, which mainly aspires to internal commerce of “Malas Yazdi” pomegranates 
due to export troubles [14]. Regarding Europe, the main producers are Spain and 
Italy, detailing Spanish production aims at export, instead Italian is not enough to 
satisfy internal requests [12]; indeed, Italy imports 4% of the global production of 
pomegranates. Being high-quality, flavorful, and royalty-free cultivars [15], chiefly 
cultivated plants belong to the Israeli “Akko,” the American “Wonderful” and the 
Spanish “Mollar de Elche,” this last is featured by sweetness and herbaceous seeds. 
These cultivars, such as their wide-spread clones, sequentially ripening in September 
and October, so are available almost till January [4, 16]. Most updated Italian data 
referred to 2021 when pomegranate orchards are 1420 ha and have a total produc-
tion of 192,485 [17]. As displayed in Table 1, comparing 2011 and 2019 production 
years, the present production is about 800- and 3600-fold increased, respectively. 
Almost the entire production happens in southern Italy, especially in Apulia and Sicily 
regions, where the Mediterranean climate is favorable. Pomegranate cultivation is 
promoted by the cool winter and hot summer, although these shrubs are spread in 
tropical and sub-tropical areas too [2]. Being a minor crop, worldwide analysis of 
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pomegranate market is lacking due to both the absence of consistent and updated data 
and grouping within a single Harmonized Code1 (HS code) [18].

1.4 An outline of yield and economic losses

Yield losses caused by fungal postharvest rots may significantly reduce pomegran-
ate production [19] partially justifying differences between produced and harvested 
amount of fruit (Table 1). Yield losses are reflected in economic ones. Particularly, 
fruit losses are distributed among the field, wholesale, and retail sites referring to 
related transportation too; similar data are obtained for Indian [20, 21] and South 
African markets [22, 23]. In the field importance of injuries, cracking, and fungal 
infections is highlighted rather than secondary infections and physical damages 
(dehydration, overripening, etc.) mainly involved during the other phases [20, 21]. 
In India, 10% of yield losses occur in the field and wholesale and 15% are in retail 
[20, 21], whereas, in South Africa, the percentages involved are 18, 23, and 21%, 
respectively [22, 23].

2. Postharvest pomegranate diseases

A careful eye in presenting postharvest fungal diseases of pomegranates is 
needed, according to the mode of infection that gives rise to “latent” infections 
and “wound” ones. In the field, latent pathogens infect the future fruit during the 
blooming stage and remain latent until environmental and physiological optimal 
conditions let them to develop; usually, this happens during postharvest stages. 
Chief diseases ascribable to this group are gray mold, black heart and black rot, 
soft rot, and anthracnose, which represent around 65% of total infections [6]. The 
remaining percentage belongs to wound pathogens that penetrate pomegranate 
rind and infect fruit following traumatic events caused by bad handling (i.e., no 
close-cropped peduncle), pests (i.e., borers), weathering (i.e., hail and rain), and 
abiotic damages (i.e., cracking) occurring from the field till the retail. Blue mold 
and aspergillosis are the main diseases related to these events [6]. Both groups of 
pathogens may be responsible also for secondary infections, generally related to 
nesting or infected stamens. Treatments to control primary and secondary infec-
tions, as well as good agronomical practices (i.e., debris and mummy removal) are 
needed to reduce yield and economic losses [19]. To this aim, a reliable identifica-
tion of the chief genera and species of fungi is needed to face them with specific/
effective substances. Pathogen/disease characterization is primarily based on fruit 
symptom evaluation, followed by pathogen isolation and observation of their 

Measured parameters 2011 2016 2021

Total surface (ha) 62 622 1420

Productive surface (ha) 60 402 1249

Total production (q) 5131 46,343 192,485

Harvested production (q) 4968 45,717 186,972

Table 1. 
Pomegranate Italian production. Pomegranate surface (ha) and fruit production (q) are compared in different 
years.
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specific macroscopic/microscopic structures on a broad spectrum medium, such as 
potato dextrose agar (PDA). Finally, molecular analyses are applied to univocally 
confirm their identity.

2.1 Latent infections

2.1.1 Alternariosis

Alternaria genus is the etiological agent of black spot and black heart diseases, 
even though the latter is more hazardous to human health. Indeed, Alternaria spp. 
produce more than 30 mutagenic or genotoxic mycotoxins, among which the most 
relevant are alternariol, alternariol monomethyl ether, altenuene, altertoxins, tent-
oxin, and tenuazonic acid [24]. Distinguishable symptoms feature both diseases. 
Black spot symptoms are necrotic areas in pomegranate rind, which appear as small 
circular black blotches, reddish-black in the middle, and surrounded by yellowish-
green halos. Internally fruit are healthy and edible (Figure 1A). On the other hand, 
pomegranates affected by black heart are apparently asymptomatic, but the inner 
part is rotted. Often, black-heart alternariosis is related to darker rind color and/
or lighter weight due to dehydration and aril disintegration; occasionally fruit may 
appear asymmetric and irregularly shaped. Internally, brown and soft-rotted arils 
become grayish-black in color (Figure 1B,C). Infection symptoms spread from the 
calyx area (crown) to the entire fruit along the carpel via; this diffusion pathway is 
shared by all latent fungal pathogens. Alternariosis is one of the most widespread 
pomegranate diseases, and these have been reported all over the world: Italy, Israel, 

Figure 1. 
External symptoms of (A) black spot and (B) black heart caused by Alternaria spp. (C) Close-up on heart rot 
showing mycelium growth. Colonies on PDA of Alternaria alternata: (D) dark and (E) whitish strains.  
(F) Colony of Alternaria arborescens on PDA [6].
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Greece, California, Spain, and India. Species involved in Alternaria diseases belong 
to A. alternata and A. arborescens species-complex, their distribution is about over-
lapped; in addition, just in India is recorded A. burnsii [13, 25–29]. Although, within 
this genus conidial morphology is easily recognizable, the sporulation pattern is 
different among species and/or morphotypes, but intraspecific variability of colony 
morphology is high (Figure 1C-E). Colonies varied both in color (whitish, brown, 
deep green, and/or black) and texture (flat, fluffy, and/or wooly); sometimes 
Alternaria colonies grown on artificial media display typical patterns including 
different colors and textures. Within A. alternata complex, alternata is the most 
spread morphotype that has dark brown conidia (20 ± 10 μm in diameter), oval-
ellipsoidal shaped, with 4 ± 1 transverse septa; conidia are arranged in branched 
chains. Colonies belonging to morphotype tenuissima are greenish with white 
margins; their conidia are elongated with a long-tapered beak. A. alternata mor-
photype limoniasperae is less common but observed as pomegranate pathogen too; 
colonies are flat, light brown, and granulated with undulating edges, while conidia 
are long, ellipsoidal, and display 1–3 transverse septa. The second Alternaria species 
recorded on pomegranate fruit is A. arborescens [26] whose colonies are greenish-
gray or brown in color, characterized by a slow growth rate; conidia shape ranges 
from oval to ellipsoidal, with 1–4 transverse and 1–2 longitudinal septa. Being erect 
and straight, branched, bended, and geniculate, A. burnsii conidiophores are typical 
whereas conidia are ununiformly slight but featured by a short beak [30]. Due to 
morphological heterogeneity, molecular approach is useful to identify species and 
morphotypes, particularly it may be advantageous using OPA 1–3 or OPA 10–2 
barcoding regions [31] and/or a multilocus approach as described by Aloi et al. [26].

2.1.2 Gray mold

Gray mold is among the main postharvest diseases of pomegranates all over the 
world [32–34]. As proved by Testempasis and colleagues [35], gray mold is caused by 
species belonging to B. cinerea complex as B. cinerea s.s., B. pseudocinerea, and B. cine-
rea group S., being the former two the most spread etiological agents. The infection 
starts in the crown area showing small tan-colored spots, which rapidly spread to the 
whole fruit (Figure 2A-C). Developing, spots became darker and softer until causing 
rind collapse; finally, gray fluffy mycelium and black sclerotia grow (Figure 2D). 
Internally, softening and browning of the arils and the development of gray mycelium 
feature this infection. Aiming to control postharvest losses, nesting among contigu-
ous fruit is important because this significantly enhances pathogen diffusion. Early, 
colonies are whitish (Figure 2E, F), then become brownish-gray, and finally covered 
by sclerotia circle-arranged. Lemon-like conidia measure 7.7 ± 2.4 × 6.8 ± 2.5 μm on 
average, while sclerotia are 2.9 ± 1.5 × 2.1 ± 0.6 mm. Morphological identification 
within the species complex is not possible, therefore a duplex PCR assay to evaluate 
indels in the mrr1 gene is the optimal solution; suggested primer pairs are BcinN-in-F/
BcinN-in-R and Mrr1-spez-F/Mrr1-spez-R [35].

2.1.3 Coniella rot

Considering symptoms, especially at early stage, Coniella fruit rot resembles 
gray mold. Hence, specific features must be considered. Coniella rot is caused by 
Coniella granati which is synonymized with Pilidiella granati; this host-specific 
fungus is well-known since the end of the nineteenth century when it was isolated 
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in Italy [36]. Nowadays, it is worldwide spread from Spain and Greece till Tunisia 
and South Africa causing both shoot blight and canker disease and the above-
mentioned crown rot [37–40]. Crown rot symptoms consist of small circular 
rind spots, spread around the calyx area; these rapidly broaden and make lesions 
softer and darker till reaching brown color (Figure 3A). At maturity, a thin 
 whitish mycelium with spherical pycnidia, ranging between dark brown and black 
in color, covers the lesions. Internally fruit decay is soft and brown and involves 
arils too (Figure 3B,C). Usually, due to softness, decayed part of each fruit splits. 
PDA colony ranges between white and creamy in color, texture is leathery and 
covered by abundant dark pycnidia (110 ± 30 μm in diameter, Figure 3D)  
with thin membranous walls. In addition, hyphae are septate and conidia 
(13.75 ± 3.750 × 3.5 ± 1.5 μm) are unicellular and hyaline, ellipsoid to fusiform in 
shape, straight or slightly curved. Even though morphological identification is 
relevant, molecular confirmation based on Internal Transcribed Spacer ITS5/ITS4 
is useful [6].

2.1.4 Anthracnose

Anthracnose is increasingly widespread, especially in tropical and subtropi-
cal areas where rainfall and damp wind could enhance its dissemination when 
temperatures increase [41]; although climate change is favoring its diffusion in 
the Mediterranean region, it is retained as a minor disease. Species belonging to 
Colletotrichum species-complex are the etiological agents; usually, pomegranate fruit 
symptoms are superimposable among different species displaying typical anthrac-
nose (Figure 4A). Both species-complex and species are differently distributed in 
the world, indeed in the southeastern United States C. theobromicola, C. siamense, 

Figure 2. 
Gray mold caused by Botrytis cinerea. (A) Early stage of rot. (B) Close-up image of sporulated gray mycelium, 
(C) infected stamens, and (D) black sclerotia. (E) B. cinerea young colony on PDA. (F) Nesting secondary 
infection among fruit [6].
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C. gloeosporioides, C. nymphaeae, C. fiorinae, and C. simmondsii are common post-
harvest pathogens of pomegranates [42]. Similarly, in Brazil, C. theobromicola, C. 
siamense, C. gloeosporioides, and C. tropicale are recorded [43, 44], instead in the old 
countries most widespread species belong to C. acutatum complex and C. gloeospo-
rioides complex. For instance, C. gloeospo rioides is recorded in Turkey and in Albania 
[44] and C. acutatum is registered in Italy [6]. Generally, anthracnose causes the 
typical soft sunken lesions, which merge as they grow; progressively, white mycelium 
develops onto and lesions become circular, concentric, and brown with darker spots 
(Figure 4B). On PDA, strains of C. acutatum appear fluffy, early white with a reverse 
ranging from salmon till grayish color, then peachy-pink with pinkish-salmon conid-
ial masses (Figure 4C). On the other hand, mycelium of C. gloeosporioides displays 
a texture ranging from faintly aerial to dense cottony; color of colonies ranges from 
white to pale-olivaceous reaching gray. Acervuli are abundant, small dark-based with 
sprinkled setae. Meanly, conidia of C. acutatum s.s. and C. gloeosporioides s.s. measure 
11.3 ± 2.8 × 4.2 ± 1.1 μm and 12 ± 2.9 × 4.9 ± 2.1 μm, respectively, although, generally, 
the size is host specific (Figure 4C). Both chief species are one-celled, but the first 
has elliptical-fusiform conidia, instead the last shows oval to oblong, end-pointed 
conidia. Being species-complex, morphological features are not enough to identify 
each species within the complex, therefore is needed a molecular multilocus approach 
according to species-complex they belong [45].

Figure 3. 
Coniella granati rot. (A) External symptoms. (B) View of internal decay. (C) Close-up of the soft rot.  
(D) Colony on PDA plate [6].
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2.2 Wound infections

2.2.1 Blue-green mold

The main fungal group involved in pomegranate wound infections belong to 
Penicillium sensu lato (s.l.) that includes Penicillium s.s. and Talaromyces genera; within this 
last genus, just T. albobivertillius species is recorded, which results spread both in Italy 
and China [46, 47]. In Penicillium s.s. group, the most abundant species are P. glabrum, P. 
adametzioides, and P. brevicompactum. Minor species belonging to this genus are P. jhonk-
rugii, P. pagulum, and P. citrinum. Among these, being not pathogenic for pomegranate 
fruit, P. brevicompactum and P. jhonkrugii are not relevant; however, producing cytotoxic 
compounds named brevianamide A and mycophenolic acid [48], P. brevicompactum is 
putatively hazardous for human health. P. glabrum has been reported with high incidence 
also in Greece, Spain, Uzbekistan, and Slovak Republic [37, 49–52], while P. adametzioides 
has been isolated in Israel [53] too. Although in Italy is believed a minor species, P. citrinum 
(synonymized with P. implicatum) is spread in Slovak Republic [51] and Pakistan [53]; 
being widespread and a citrinin producer [54], its presence is relevant; indeed, citrinin is 
a nephrotoxic mycotoxin [55, 56]. According to most up-date literature, other Penicillium 
species involved as postharvest pathogens of pomegranate fruit are P. expansum, P. 
sclerotiorum, and P. minioluteum, the last being synonymized with Talaromyces minioluteus 
and re-arranged in T. minioluteus-complex, that includes eight species [57].

Figure 4. 
Anthracnose caused by Colletotrichum acutatum s.s. Artificial (A) and natural (B) infections. (C) 
Colletotrichum acutatum s.s. colony grown on PDA plate and (D) conidia [6].
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Usually, lesions due to these fungi appear as brownish and circular necrotic areas, 
which became darker, deeper, and occasionally irregularly shaped until reach and 
infect arils. Finally, blue-green sporification grow inside or onto infected pomegran-
ates. Infected stamens can serve as source of secondary inoculum increasing fungal 
diffusion (Figure 5A-D). Cultured colonies of Penicillium s.l. display different 
textures, from powdery to crustose or velvety; in general, they are blue-green colored 
and rounded by concentric whitish margins of different thicknesses and/or rough-
ness. The reverse side of each colony has different colors according to pigments and/
or metabolites produced, although, often, shades range between white-yellow or 
red-brownish. Due to species-specificity of produced metabolites, the metabolomic 
profile is useful for species identification. Regarding micromorphology, features vary 
based on species, although typical brush-like conidiophores have spherical and uni-
cellular conidia and are arranged as unbranching chains on the top of the phialides. 
Conidia diameter, which meanly ranges between 2.5 and 5 μm, and wall ornamenta-
tion should be useful for species identification. However, morphological identifica-
tion of Penicillium s.l. species is complex; indeed, molecular confirmation by PCR is 
needed. Bt2a/Bt2b primer pair is used to identify Penicillium s.l. species amplifying a 
portion of the β-tubulin gene [48].

2.2.2 Aspergillosis

Often, aspergillosis of pomegranates is caused by species of Aspergillus belonging to 
the section nigri, also called “black aspergilli.” Almost 27 species belong to this section, 
displaying high inter- and intra-specificity genomic variability; their taxonomy is really 

Figure 5. 
Penicillium s.l. decay. (A) Necrotic lesion covered with blue-greenish sporification. (B) Cracking, (C) wound, 
and (D) infected stamens [6].
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complicated and not completely solved [58, 59]. Species may be misidentified, and it is 
not easy evaluating the incidence of each species within the section [59]; furthermore, 
species identification is relevant especially from a sanitary point of view since some 
species are potential mycotoxin producers [59]. In general, black aspergilli are well-known 
as wound pathogens but they could cause internal decay too [6, 60]. A. niger, the most 
spread species within this genus, is recorded in Turkey, Greece, India, Pakistan, and 
China [61–64], but no evidence of its presence in Italy, where black aspergilli isolated 
from pomegranate belong to the species A. tubingensis, A. welwitschiae, A. uvarum, 
and A. japonicus [6], being the first identified also in China [65]. A. niger and its sister 
species A. welwitschiae are the most hazardous species since they are putative produc-
ers of ochratoxin A (OTA) and fumonisins. According to IARC classification, these last 
are nephrotoxic and hepatotoxic with potential carcinogenic effects on rat and mice; 
instead, OTA has nephrotoxic and teratogenic, carcinogenic, and immunotoxic prop-
erties in rats and possibly in humans [59]. Unfortunately, regulations still do not report 
limits for mycotoxin amount in fresh pomegranates and their derivatives. Regarding 
distinctive symptoms, early stage of infection is featured by rind concentric discolor-
ation, from yellow to red-brownish colored (Figure 6A-C). Internally, pomegranates 
show a soft brownish-black rot of the arils that may be covered by black powdery 
sporulation (Figure 6D). Black aspergilli cultures appear cottony or velvet-like in tex-
ture (Figure 6E). Hyphae are septate and hyaline, and mycelium is whitish, but spore 
development leads to a black appearance; in general, yellow and white shades charac-
terize colony reverse. Characteristic conidiophores are aspergillum-shaped; metulae 
maintain the phialides and related vesicles. Conidia (2–5 μm in diameter) are arranged 
in radial chains that give it the characteristic shape. As in the case of Penicillium s.l., 

Figure 6. 
Aspergillus sect. Nigri rot. (A) Early and (B) advanced stages of the disease. (C) Rind cracking of diseased fruit. 
(D) View of internal decay; significant is the soft texture of the tissues. (E) Front of a PDA plate of Aspergillus 
spp. [6].
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species identification according to macro- and micromorphology is very difficult, 
requesting molecular confirmation by PCR amplification of a calmodulin portion with 
CMD5/CMD6 primer pair [48].

2.3 Other fungal diseases

Among fungi involved in pomegranate diseases, there is Cytospora spp., which 
can cause wood canker, branch dieback, and postharvest fruit rot. Although in Spain 
has been reported C. annulata [32], the most widespread species is C. punicae. This 
latter has been reported in various pomegranate cultivation areas such as United 
States, South Africa, Greece, Cyprus, and Italy [6, 66–69]. Postharvest fruit decay 
is identifiable by circular soft lesions of the rind, creamy-brownish colored, and 
centrally darker; related subcutaneous area shows a yellowish and corky appearance. 
In culture, colonies are whitish, then become olive green; at maturity, colonies are 
dark brown and covered by globose pycnidia (375 ± 125 μm). Allantoid, aseptate, and 
hyaline conidia meanly measure 5 ± 1 × 1.5 ± 0.5 μm. Finally, are occasionally identi-
fied fungal pathogens belonging to Fusarium genus in Egypt and Tunisia [70–72]; 
being a mycotoxigenic genus that potentially produces deoxynivalenol, 3-acetyl 
deoxynivalenol, 15-acetyl deoxynivalenol, nivalenol, fusarenon X, T-2 toxin, HT-2 
toxin, neosolaniol, diacetoxyscirpenol; zearalenone, fumonisin B1, fumonisin B2, and 
fusaric acid [73], fusariosis presence needs to be monitored. Also, Cladosporium spp. 
is described as the etiological agent of fruit rots both in Spain and in China [32, 74].

3. Disease control

Obtaining healthy pomegranates is the early step to ensure an extended post-
harvest life, so fruit sorting during the production chain is relevant. Cold-storage 
temperature significantly influences the incidence of postharvest diseases and related 
storage life. Although optimal cold-storage temperature slightly changes among 
cultivars, in general, 6.5 ± 1°C is fine for most of them in presence of 90–95% relative 
humidity (RH). Weight loss and decay incidence are increased by higher tempera-
tures, instead chilling injuries are enhanced by lower temperatures; similarly, higher 
RH favors fungal growth and lower one causes weight loss [75]. In addition, arranging 
pomegranates in microperforated plastic bags can reduce fruit dehydration allowing 
transpiration and minimizing condensation, indeed it is possible to further extend 
the storage life of fruit. These bags create a modified atmosphere [76].

Latent and wound pathogens display different modes of infection, so it is impor-
tant to take action otherwise; particularly, to control postharvest latent pathogens is 
needed preharvest application of fungicides during the blooming stage; instead to 
reduce infections caused by wound pathogens during postharvest processing is useful 
to act on harvested pomegranates. However, good agronomical practices based on 
pruning, mummy and debris removal, adequate irrigation, and fertilization are key 
steps in fungal disease prevention. Nevertheless, in general, fruit are just postharvest 
treated [77], also because often are no chemical fungicides labeled for preharvest 
application, like happen in Florida and Italy [6, 77] except for temporary emergency 
registration. In agreement with the United Nations Priorities, disease prevention is 
basic to reduce food waste from 30 to 15% and discarded fruit by 20%; finally, UNO 
requests the reduction of postharvest pesticides by 20% by 2030. This “One Health” 
approach is useful to reduce fruit-waste and economic losses, defend human health 
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by reducing exposure to chemical fungicides, and decrease fungal resistance to 
chemical molecules. Regardless of cultivar susceptibility and conventional/alternative 
nature of the treatment, fungicide application timing is significant to nip-in-the-bud 
infections.

Tested chemical fungicides aim to stroke main pomegranate postharvest fungal 
pathogens, such as B. cinerea, A. alternata, C. granati, and C. gloeosporioides. In addi-
tion, being a minor crop, no fungicides are fully registered in most of the producer 
countries, such as Italy, where regulations change year by year. As an example, in this 
country in 2019 and in 2020, to reduce gray mold incidence, fludioxonil posthar-
vest application was allowed, and in 2021 preharvest employment of the beneficial 
microorganism Bacillus amyloliquefaciens sbs. plantarum, strain D747, was temporarily 
approved in addition to sulfur and copper. Particularly, since 2021 employment of 
copper, well-known for its broad-spectrum anti-bacterial properties, has been banned 
due to toxicity to the whole ecosystem (humans, animals, plants, and environment). 
Therefore, the already allowed microorganism, together with boscalid, fludioxonil, 
commercial formulates based on Trichoderma asperellum or Trichoderma atroviridae 
strain T11, and essential oils (geraniol, thymol, and eugenol) have been temporar-
ily approved for 2022. Finally, for treatments on leaves, Coniothyrium minitans is 
temporarily allowed as well as dazomet, metam-potassium, and metam-sodium for 
treatment in soil.

Fludioxonil belongs to phenylpyrroles that originated from pyrrolnitrin antibiotic, 
which is produced by different species within the Pseudomonas genus [78]. It is a non-
systemic fungicide, exploitable both pre- and postharvest, and broad-spectrum; it is 
effective against B. cinerea and other fungal pathogens, such as Alternaria spp. and 
Aspergillus spp. [75, 79]. Although its mode of action is not fully understood, fludiox-
onil inhibits spore germination, germ tube elongation, and mycelium growth of B. 
cinerea. Its mode of action involves the hyperactivation of the high osmolarity glycerol 
(HOG) signaling pathway through group III hybrid histidine kinases (HK). Being 
part of the multistep phosphorelay systems (MSP), HKs of group III are needed for 
the variability of cellular signal transduction in eukaryotic organisms. These signaling 
systems allow interaction and response between microorganisms and environments 
through cellular homeostasis regulation, but HOG is responsible for fungicide action 
also. In the HisKA domain, the histidine H736 is the putative signaling switch [80]. 
As argued by Xavier and colleagues [77] treating fungicide effectiveness, almost two 
treatments during the blooming stage are enough to significantly reduce gray mold 
incidence; in addition, he suggests to alternatively use different active molecules to 
avoid fungal resistance.

Concerning boscalid, it strikes different stages of fungal development from germ 
tube elongation and spore germination till appressoria formation or mycelial growth; 
in addition, during absorption through leaf surface, it is translaminarily and acrop-
etally transported and distributed. Boscalid is a carboxamide fungicide that blocks 
fungal respiration inhibiting succinate dehydrogenase (SDH) activity. It acts by 
binding itself to the ubiquinone reduction site within complex II of the mitochondrial 
electron transport chain. Its site-specific mode of action makes boscalid a broad-
spectrum fungicide, but this implies high risk to develop resistant fungal strains also 
[81]. Generally, these resistant strains are related to point mutations that reach to the 
substitution of histidine to arginine (H272R) or tyrosine (H272Y) within SDH.

The US Environment Protection Agency classified fludioxonil as reduced-risk 
compound, but some researchers described its potentially hazardous effects due to 
mitochondrial oxidative damages that are reflected in organ-specific responses and 
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diseases acting as comorbid factors. Indeed, European Union (EU) set a maximum 
residue limit (MRL) of 3 ppm within 7 days after pomegranate treatment [82, 83]. 
However, fludioxonil residues half from the 7th till the 30th day after application 
[75] and, as observed by Usanmaz et al., fludioxonil concentration decreases below 
0.25 ppm after 7 days from the application [79]. Similar considerations concern 
boscalid that is considered a new-generation fungicide; as other members belonging 
to SDH inhibitors, it is considered safe. Although, due to its brief lifetime (it is tuned 
in 2003), EU set 2 mg/kg as MRL value for pomegranate [84].

Hence, in this scenario, the balance of advantages and disadvantages should be 
considered when choosing the chemical fungicides employment. Therefore, alternative 
control means may be the safe solution to control postharvest losses caused by fungal 
pathogens, reducing putative mycotoxin contamination, and avoiding health hazard-
ous compounds like chemical fungicide residues. As stated above, among approved 
and commercially available microorganisms, there is B. amyloliquefaciens. Its efficacy is 
related to competition for space and nutrients, induction of resistance, and antibiosis. 
Lipopeptides, such as iturines, fengycin, and surfactine, are produced by B. amylolique-
faciens to control gray mold [85]. During the blooming stage, in the field application of 
B. amyloliquefaciens significantly allows controlling postharvest losses caused by Botrytis 
spp.; treated pomegranates enhance the activity of enzymes involved in defense mecha-
nisms, like polyphenol oxidase, peroxidase, phenylalanine ammonia lyase, superoxide 
dismutase, and catalase (86). By these defense mechanisms, substances (i.e., quinones, 
reactive oxygen species) and lignin, which are active against fungi, are produced [86]. 
Furthermore, being elicitors of the induced systemic resistance, chitinase and β-1,3-
glucanase are enhanced and boosted by iturin A and surfactine [87]. Repeated treat-
ments during the blooming stage should improve B. amyloliquefaciens efficacy due to 
gradual physiological reduction of defense mechanisms during fruit ripening [88, 89].

Among EU-approved basic substances there is chitosan hydrochloride. Basic sub-
stances are “active substances, not predominantly used as plant protection products 
but which may be of value for plant protection and for which the economic interest 
of applying for approval may be limited” [https://www.efsa.europa.eu/en/support-
ing/pub/en-1900]. Chitosan is a d-glucosamine linear polymer available in several 
commercial formulates differing in composition. It acts in three different ways: it 
elicits host defense mechanisms, it discloses antimicrobial activity, and it has coat-
ing properties [90]. Its effectiveness changes based on the origin (it can be obtained 
by exoskeleton of crustaceans or insects or fungal mycelium), deacetylation degree 
(from 60 to 100%), molecular weight (between 3800 and 20,000 Da), production 
process (chemical or biological synthesis), environmental features (like pH and 
temperature), and not least sensitivity of fungal species [90–92]. Its water solubility, 
bio-adhesive properties, and related user-friendliness depend on just mentioned 
parameters and hydrochloride. Antifungal properties are also highly influenced by 
its composition [92], although its effectiveness in controlling postharvest rots of 
pomegranates is proven. Therefore, chitosan hydrochloride display both direct and 
undirect antifungal effects as described by Munhuweyi et al. [78]: halving of mycelial 
growth of C. granati, Botrytis sp., and Penicillium sp. is validated by in vitro trial; in 
vivo assay displays a reduction by 18–66% of rot incidence caused by the same fungi. 
Main postharvest fungal pathogens of pomegranates, such as Botrytis spp., Penicillium 
spp., and C. granati, are controlled by using chitosan concentration between 0.5 and 
2.2 g/L, with an efficacy comparable to fludioxonil chemical control [78]. Chitosan 
could be applied as fruit coating also. It changes respiration and transpiration rate, so 
delaying ripening, reducing decay incidence, and maintaining qualitative parameters 
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till 6 months [93]. However, its employment is more popular regarding fresh arils. 
Often chitosan effectiveness is improved by combination with essential oils for both 
whole fruit and arils [78, 94]. On the other hand, geraniol, thymol, and eugenol have 
recently been approved, indeed no reliable data are available, although preliminary in 
vitro trials regarding their efficacy is in progress [95].

Chitosan is also usable combined with sulfur nanoparticles, this element is histori-
cally known for its antifungal properties: Greek and Romans used it as drug and 
disinfectant [96, 97]. Its broad-spectrum efficacy contributed to sulfur success, which 
over time has been included in other fungicide formulations, such as nanoparticles 
and dots, often displaying stronger antimicrobial activity and greater environmental 
friendliness [96, 98, 99]. Sulfur success is related to wide efficacy, high sensitivity, 
and selectivity to fungi, in addition, fungal resistance due to its employment is lim-
ited. Based on low toxicity to humans and animals and rapid dissipation, elemental 
sulfur is safe enough also, but hydrogen sulfide and sulfur dioxide are hazardous to 
humans and animals [97]. Common sulfur mode of action is not clearly understood; 
the most popular theory suggests involvement of sulfur permeability of fungal cell 
walls due to ergosterol content. Hence, sulfur passes into the cell cytoplasm and 
damages both cytochrome b and c and the proteic and non-proteic sulfhydryl groups 
implicated in the mitochondrial electron transport chain [97].

4. Conclusions

Although in recent years pomegranate is worldwide spreading due to high market 
value and nutraceutical properties, it is still considered a minor crop, so conventional 
and alternative fungicides registered for this crop are scarce. This entails important 
postharvest yield and economic losses mainly related to fungal diseases. Albeit losses 
are evident in the post-harvest phase, most of the infections start in the field during 
the blooming stage, so preharvest treatments are needed to control them. Remaining 
infections are caused by wound pathogens that attack fruit through injuries; these 
infections being reparteed along the whole processing chain imply a particular care of 
fruit from harvest to the retail. The effects of good agronomical practices, preharvest 
treatments during the blooming stage, fruit sorting along the production chain, optimal 
storage conditions, and good hygiene conditions decrease the incidence of postharvest 
pomegranate rots and extend commercial pomegranate availability. Alternative control 
means deeply supporting the reduction of postharvest pomegranate disease incidence 
defending human and animal health by both fungicide residues and fungal mycotoxins 
and ensuring a One Health approach to saving food waste production.
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Abstract

Prunus is a genus of trees and shrubs that date to the Eocene. Some species 
are known for their health benefits and for their exceptional role in international 
trade. Several Prunus species are widely cultivated all over the world, such as sweet 
cherry (Prunus avium L.), sour cherry (Prunus cerasus L.), plums (Prunus salicina 
L.), prunes (Prunus domestica L.), peaches (Prunus persica L.) or almonds (Prunus 
amygdalus, syn. Prunus dulcis). In this work, we review the most important quality 
parameters and sensory attributes for the abovementioned main Prunus species. 
Moreover, we focus on the postharvest challenges that are posed today to produc-
ers and retailers, as well as on consumer preferences. Finally, we discuss some new 
commercialization perspectives considering that the final aim agronomic activity 
is to produce fruits of good nutritional and sensory quality, with the least environ-
mental impact possible and in a sustainable manner, according to the Sustainable 
Development Goals (SDGs) of 2030 Agenda of the United Nations.

Keywords: stone fruits, quality, shelf-life, consumers, trade

1. Introduction

Peaches (Prunus persica L.), Japanese plums (Prunus salicina Lindl), prunes 
(Prunus domestica L.), apricots (Prunus armeniaca L.), sweet (Prunus avium L.) and 
sour (Prunus cerasus L.) cherry fruits, and even some well-known varieties such as 
flat peach (Prunus persica var. platycarpa, also called var. compressa) and nectarines 
(Prunus persica var. nucipersica or var. nectarina Batsch), are fleshy fruits from the 
Prunus genus, whose culture is widespread, and these fruits are broadly consumed 
and appreciated all over the world. Within this genus, almonds (Prunus amygda-
lus Batsch) are an exception because they are a dry fruit, whose production and 
 consumption have great expression.

Drupes can be of two types, namely dry or fleshy and succulent fruits. Drupes 
or stone fruits usually have one seed per carpel [1]. Fleshy or succulent fruits have a 
fleshy and thick pericarp, with three layers, an exterior protective epicarp, a fleshy 
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and edible mesocarp and woody inner stony endocarp, which adhere to the seed [1]. 
On the other hand, dry fruits have an entire pericarp with enclosed seeds, which is 
dry stony at full maturity [1].

2. Respiratory pattern and maturity

The fruits continue metabolic processes such as respiration, transpiration, 
ethylene biosynthesis, carbohydrate metabolism, among others, even after being 
harvested and end up rotting naturally. The detachment from the mother plant speeds 
up all those processes. In the fruit respiration processes, oxygen is absorbed, and 
carbon dioxide is released using the accumulated carbohydrates (starch and sugars). 
The ultimate goal of this reaction is energy production. Respiration is a continuous 
process that takes place in fruits both in the field and after harvesting [1]. When the 
fruit is separated from the mother plant, it cannot replace carbohydrates and water. 
Therefore, respirations stops when the reserves of carbohydrates and water are 
depleted, followed by fruit senescence.

Considering the physiological behaviour of fruits during ripening, and from the 
practical point of view, fruits have been classified into two groups: climacteric and 
non-climacteric [2, 3].

Climacteric fruits are characterised by a marked increase in respiration and 
ethylene production at the beginning of ripening, while non-climacteric fruits do 
not exhibit such respiratory behaviour [4, 5]. It has been known for a long time that 
climacteric fruits have in common the presence of ethylene to regulate maturation in 
[1]. Moreover, the production of ethylene in climacteric fruits is autocatalytic, and 
the application of exogenous ethylene is able to ripe climacteric fruits [6]. On the 
contrary, the absence of ethylene can effectively stop their ripening. Already in 1934, 
Franklin Kidd [7] explained the climacteric ripening process of fruits and the exis-
tence of a climacteric peak.

Therefore, the non-climacteric fruits must be ripe at harvest. Non-climacteric 
fruits have a quite different ripening behaviour, without a peak of respiration or of 
ethylene production [5]. The behaviour and key regulators for non-climacteric fruits 
are poorly understood until today. Abscisic acid (ABA) has been suggested as one 
of the potential key regulators in ripening process of non-climacteric fruits [5]. In 
short, climacteric fruits can ripen after harvest, where non-climacteric fruits cannot 
do that.

This classification, although oversimplified, is very useful for practical reasons. 
Nevertheless, analyses of ripening and related changes in CO2 and ethylene levels, at dif-
ferent fruit growth and maturation stages, have challenged this basic classification [4].

According to Cambridge dictionary, ripeness is the quality of being ready to be 
collected or eaten [8]. This is the popular concept that does not reflect the physiologi-
cal knowledge of fruit ripening.

The knowledge of respiration and ripening pattern of each fruit is determinant to 
choose optimum harvest date, proper management strategies and storage practices, to 
achieve good nutritional and sensory quality, as well as decrease loss and waste [1].

Storage strategies involve temperature control, to decrease respiration rates and 
humidity control, to avoid transpiration, and eventually to control gases such as CO2 
and O2 and eliminate ethylene in the atmosphere of the storage chambers [9].

Non-climacteric fruits should be kept away from any ethylene source to avoid 
the possible adverse effects on their ripening and/or quality, until more detailed 
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information on the role of ethylene in these fruits is available. Moreover, the coexis-
tence of ethylene-dependent and ethylene-independent pathways in climacteric and 
non-climacteric fruits has been described [4].

The mechanical or physiological damage, during harvest or storage, will cause an 
increase in respiration and consequently shorten shelf-life. Inappropriate tempera-
tures (high temperatures and freezing) and lack of humidity may also cause physi-
ological damages or disorders and an undesirable boosting of ripening [10].

Finally, it has been clearly demonstrated that many regulators of fruit ripening are 
common to both climacteric and non-climacteric fruits; namely, low O2 and high CO2 
in the fruit microenvironment can delay the increase in ethylene and respiration, and 
consequently fruit ripening [5].

2.1 Ripening of Prunus species

Considering the wide and diversified range of fruits included in the genus Prunus, 
apricot, peach, plum, nectarine and durian are climacteric, whereas sweet and sour 
cherry are non-climacteric fruits. However, it is far too simplistic [4].

Plums are generally classified as climacteric fruits, but some cultivars vary mark-
edly in there ripening behaviour. Some cultivars are known for their rapid softening, 
while others remain firm enough for commercial purposes, exhibiting a longer shelf-
life. Actually, there are two distinct patterns of ripening, with some cultivars behave 
typically as climacteric fruits and others showing a suppressed-climacteric behaviour 
due to their reduced capacity of converting 1-aminocyclopropane-1-carboxylic acid 
(ACC) to ethylene [11, 12]. El-Sharkawy and colleagues [6, 13–15] studied cultivars of 
Japanese plums that show different patterns: ‘Early Golden’ behaves as a climacteric 
fruit, and ‘Shiro’ presents a suppressed climacteric pattern. These differences can 
be caused by a wide range of factors such as different ethylene receptors [15], in the 
ACC-synthase genes [13], and in the role of auxins in mediating gene expression for 
ethylene-responsive transcriptional factors (ERFs) [6, 14].

Peaches are clearly classified as climacteric fruits, so the ripening process is 
controlled by ethylene. Moreover, an increase in auxins production in the fruits leads 
to the induce expression of the ACC-synthase [16, 17]. Additionally, Trainotti and co-
workers [18] used a genomic approach and reported that there is a cross-talk between 
auxins and ethylene; that is, auxin genes are regulated by ethylene and vice versa, 
which confirm the role of auxins in regulating the ripening of peaches was confirmed.

2.2 Development, ripening and quality of Prunus spp.

Since the work of Chalmers et al. [19], it is assumed that a double sigmoid curve 
characterises the development and growth of some fruits, such as Prunus drupes 
(Figure 1).

Stage I is an initial exponential phase, from the fecundation of ovary throughout 
the morphological changes that occur until the formation of the fruit. During the 
first half of stage I, an increase in the number of cells is observed, while in the last 
part of that stage there is an increase in cell size. In cherries, the cuticle reaches its full 
thickness. Stage II corresponds to a plateau, characterised by no cell division and by 
a slight tangential elongation of cells, cell wall thickening and endocarp lignification. 
Stage III corresponds to the second exponential growth phase, when cells start to 
enlarge to the final fruit size, and it ends with the complete and mature fruit. Finally, 
stage IV corresponds to the physiological ripening of drupes, so that fruits achieve a 
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high nutritional and organoleptic value, and are appropriate for human consumption, 
reflected in their economic valorisation.

During ripening, the morphological and physiological changes occur at dif-
ferent levels, the more evident being changes in colour, texture and biochemical 
composition [20]. Colour changes due to the degradation of chlorophylls, reflected 
in the loss of green colour, and the increase in anthocyanins and carotenoids, non-
photosynthetic pigments, which confer a reddish and/or orange pigmentation to 
the fruits [21]. The decrease in fruit firmness that occurs throughout the ripening 
is a very complex process, which involves the breakdown of complex carbohydrates 
into sugars, and the activity of cell wall-modifying enzymes, causing reduc-
tion in intercellular adhesion, depolymerization and solubilisation of pectins, 
depolymerization of hemicelluloses, and loss of pectic galactose side chains [20]. 
All the aforementioned factors are responsible for the loss of firmness and the 
consequent increase in succulence of ripe fruits [22–24]. Changes in taste are very 
important for consumers’ acceptance, and generally correspond to an increase in 
perceived sweetness, caused by a decrease in acidity and increase in sugar con-
tent. Moreover, in many fruits, the aroma becomes exquisite due to the release of 
volatile compounds, very appealing to the consumer. Carbohydrates, amino acids 
and fatty acids are the major fruit flavour precursors. The biosynthesis of volatile 
compounds is related to metabolic changes that occur during fruit ripening and 
have different profiles in the different ripening stages, and in different cultivars. 
Mihaylova and colleagues [25] studied the volatile compounds of eight peach vari-
eties (Prunus persica L.) and identified 65 volatile compounds (aldehydes, esters 
and fatty acids), in different relative quantities depending on the variety.

The adequate ripening refers to fruits that present the best sensory and nutritional 
characteristics for consumers, and simultaneously allow the proper harvest manage-
ment, storage and transport minimising loss and waste.

Figure 1. 
Generalisation of the double-sigmoid growth curve typical of fruits of the genus Prunus.
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This concept of ripening, and consequently quality, although seemingly simple is, 
in fact, very complex and variable, depending among others, on consumer profile, 
agronomical practices, and the available facilities, and obviously on the fruit species.

The health-promoting properties of stone fruits also contribute to their quality 
and are due to the presence of vitamins, namely A, C, E, and folates, dietary fibres, 
and phenolic compounds, mostly flavonoids [26]. Phenolics display antimicrobial 
properties that are important in the preservation of fresh fruits [26]. Moreover, flavo-
noids may protect against chronic diseases and play a preventive role in neurological 
disorders [27, 28].

All fleshy fruits of the genus Prunus share their short shelf-life. The use of cold 
storage is undoubtedly mandatory. There are many variations of cold storage and 
many methods that can be applied to maintain quality and increase shelf-life in a 
sustainable way. It should be remembered that fruits are complex and dynamic bio-
logical systems, whose thermophysical properties vary with numerous factors, such 
as temperature, moisture content, species and even cultivar. These data are essential 
for the study and optimization of postharvest handling processes, such as pre-cooling 
and cold storage, predicting practical situations, namely cooling rate, cooling time, 
cooling uniformity and cooling energy utilisation, and allowing the monitoring of 
temperature-induced changes in fruit quality [28].

3. Some facts about the international trade of stone fruits

According to a recent report published by the United States Department of 
Agriculture (USDA), the production of peach and nectarine in 2022/23 will increase 
by 1 million tonnes, reaching 23.7 million tonnes [29]. This forecast is justified by the 
expected increase in production in China, the European Union and Turkey, which are 
the largest producers in the world.

China’s peach production is expected to rise to 16.8 million due to higher yields 
despite area declines, because growers are switching to currently more profitable 
crops, such as cherries.

Russia lifted restrictions in February 2022, so exports are expected to increase. 
Remarkable is the investment of the China government in new smart farm tools, 
namely online selling. However, the political instability that is being witnessed at the 
moment, due to the invasion of Ukraine, leads to fears of some unexpected embar-
goes with unpredictable consequences on the international market. EU production 
is expected to improve to 3.1 million tonnes, with a significant recovery in French 
and Greek production. However, Spain has suffered a cold spring this year, reducing 
production, and this will have a negative effect. As most EU exports come from Spain, 
EU shipments are also expected to decrease.

Turkey is the world’s third largest producer of peaches and nectarines. The invest-
ment of government programs in these commodities is remarkable. Turkey’s produc-
tion is expected to reach a record 940,000 tonnes, with nectarine supply increasing 
steadily. Exports decreased slightly due to the reduction of shipments to Russia.

According to the 2021 statistical data of the Food and Agriculture Organisation of 
the United Nations (FAO) [30], the world production of peaches and nectarines was 
of 1504682.00 ha of harvested area, with a yield of 166110.00 hg ha−1, correspond-
ing to 24994352.05 tonnes, whereas the harvested area for the European Union is 
194050.00 ha, with a yield of 157908.00 hg ha−1, corresponding to 3064200.00 tonnes.
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Plums are one of the most important commodities in Prunus genus, occupying the 
second place and evidencing rapid worldwide growth in popularity [31]. According 
to FAO, the world’s plum production reached 12 million tons in 2021, and the leading 
producer being China (5 million tons per year), followed by Romania and USA [30].

Sweet cherry (Prunus avium L.) is a highly valued fruit, with a large international 
market. In 2021, the top exporters of fresh cherries were Chile, Hong Kong, USA, 
Turkey and Spain [30].

Almonds are in high demand around the world and their long shelf-life makes 
them easy to store and transport. Increasingly health-conscious consumers are driv-
ing the rise in demand for almonds. According to the FAO 2021 statistical data, there 
is an harvested area of 2,283,414 ha for almonds that correspond to a yield of 17,491 hg 
ha−1 [30]. The top three producer are the United States, Spain and Australia [30]. The 
United States is undoubtedly largest producer and marketer of almonds, with a cur-
rent production figure of 2 M million tonnes that remain stable since 2019 [32]. For 
the first time in more than a quarter century in California almond area has declined 
in 2022, due to a faster rhythm of orchard removals than new planting grow, with a 
drop of 1.2% relative to 2021. There appears to be a declining trend in the area under 
almond cultivation in California [32]. A 10% decrease is expected for the 2022/2023 
season, around 1.5 million tonnes, without the shell. Even so, the USA is by far the 
largest producer with 79% of the world production, followed far behind by Australia, 
with 7% and Spain with 4% of the world production. Iran, Morocco, Syria and Turkey 
are traditional producers of almond. The large increase of areas cultivated with 
almonds in Turkey and Portugal is remarkable. The consumption is increasing all over 
the world, with a special reference to the new Asian markets.

4. Quality and postharvest of selected stone fruits

4.1 Peaches (Prunus persica L.)

Peaches or Prunus persica L. are stone fruits rich in ascorbic acid (vitamin C), 
carotenoids (provitamin A), minerals, fibre and antioxidant compounds, namely 
phenolics [33].

Distinct peach varieties were developed and are cultivated in different countries to 
meet different demands, namely higher yield, disease resistance and higher post-
harvest quality, among others [34]. This is possible, because of the high metabolic 
diversity of peaches, which is responsible for the variability in fruit size, texture, 
flavour, sweetness/acidity ratios and/or skin and flesh colour [33].

Begheldo and co-workers [35] have classified peach cultivars into three different 
categories according to their fruit texture and firmness, namely: (1) melting flesh, 
showing soft and juicy fruit when fully ripe; (2) non-melting flesh; and (3) stony 
hard fruits, which remain firm after harvest.

Peach is a climacteric fruit, meaning that it can ripen fully upon harvest, its ripen-
ing being regulated by the production of ethylene. This influences the postharvest 
strategy of peaches, which must combine maturity with storage conditions [36].

The following ripening parameters are usually considered in peaches: firmness 
(measured in Newton, as the maximum force needed to penetrate the fruit), skin 
colour, soluble solids content (SSC), (measured in °Brix), titratable acidity (TA) 
(measured in %) and the ratio SSC/TA, which is sometimes used as a maturity index 
[36, 37]. The criteria used for quality evaluation of peaches take into account the 
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satisfaction of consumers. Therefore, the postharvest quality criteria include appear-
ance, firmness and flavour, as well as safety and nutritional value.

Additionally, phenolic compounds can be used to evaluate the postharvest quality 
of peaches, due to different reasons [26]: (a) they are the main source of antioxidants 
in peaches [38]; (b) they contribute to the browning of peaches [39]; and (3) they 
contribute to taste and may be responsible for astringency in peaches [40].

Peaches, as other stone fruits, have a short shelf-life, and thus, both consumers 
and producers have long been interested in identifying effective measures that can 
extend peach storage life [41].

Ripening at harvest, storage temperature and postharvest treatment are factors that 
influence postharvest quality of peaches and their attractiveness to consumers [36].

Cold storage is the most common method employed to delay ripening and increase 
the postharvest life of peaches [42]. Peaches are ideally kept at around 0°C, but a 
range of −1 to 1°C is acceptable for up to 2 to 3 weeks [37, 43]. However, prolonged 
storage at low temperatures may change the ripening processes and result in lack of 
juice and woolly texture [42].

Chilling injury is a physiological disorder caused by prolonged exposure to the low 
storage temperatures, triggered at room temperature [43]. It may reduce the ethylene 
release, and lead to abnormal ripening, causing changes in aroma volatiles (flavour 
loss), colour changes (flesh browning and flesh bleeding), and changes in texture, 
namely flesh mealiness, and leatheriness [44].

A recent study evaluated the transcriptomic profile of peaches upon postharvest 
cold storage [37]. Expression levels of ethylene related genes are correlated with 
genes involved in cell wall modification, membrane composition, pathogen and stress 
response, which are all involved in the development of chilling injury [37]. Moreover, 
early transcriptomic responses to chilling are detectable well before the onset of chill-
ing injury symptoms. Genes that are activated early upon cold storage may provide 
markers for detecting chilling injury before it can be perceived visually [37].

Several innovative techniques are used to improve the quality of peaches for a 
long period of time, namely controlled atmosphere storage, modified atmosphere 
packaging, heat treatment, and use of nanocomposite packaging material and edible 
coatings [45–49].

It should also be noted that peaches are very susceptible to phytopathogenic fungi, 
such as Monilinia laxa, Monilinia fructicola and Rhizopus stolonifer [50]. These moulds 
are the main cause of high postharvest losses in fully mature and ripe peaches [50].

4.2 Plums (Prunus domestica L. and P. salicina Lindl.)

There are thousands of plums cultivars, and the most commercially important 
species of plums are generally classified into two groups: European (Prunus domestica 
L.) and Japanese (Prunus salicina Lindl.) plums [1, 45]. Plums can be cultivated in 
a wide range of climatic conditions if cold-hour requirements are suppressed. The 
Japanese plum has cold-hour requirements in the range of 550 to 800 h, while the 
requirements in the European plum are higher than 800 h [45].

Plums present an huge diversity of flavour, aroma, texture, colour, form and size 
[46]. Producers should be encouraged to harvest the fruit at the partial to full ripe stage 
because the consumers appreciate attributes such as colour, flavour and aroma [47].

The plums maturation leads to an increase in weight, soluble solids content (SSC), 
sugars and anthocyanins, as well as a decrease in firmness and a darkening of colour. 
Establishing the ideal ripeness stage at harvest is of extreme importance as it ensures 
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good fruit quality, for both purposes of consumption, fresh or processed. Considering 
the high variability among plum cultivars, it is necessary to define maturity param-
eters for each cultivar [47].

The assessment of the correct stage and time-to-harvest plums is based on physi-
cal and chemical, methods, physiological evaluation or combinations of them, which 
allows monitoring the maturation advance by producers [47]. The most common 
maturation parameters used in plums are fruit exterior colour, pulp firmness, SSC, 
titratable acidity (TA) and the ratio between the last two [1, 47, 48].

Skin colour is one of the criteria commonly used to determine the ripeness of 
the plum; however, it should not be used exclusively, as many cultivars develop a 
misleading pigmentation, while the fruit is still developing [47]. Regarding firmness, 
an important quality parameter closely related to fruit ripeness is frequently a good 
indicator of shelf-life potential [47].

Fruit softening is a natural occurrence during storage and radically compromises 
the market potential, with large volumes of these fruits often being rejected from the 
market because the firmness values are below acceptable retail standards [47, 49].

In the last years, several works have been developed in plums, employing NIR 
technology for the rapid evaluation of quality parameters, among them the detection 
of Monilia contamination and prediction of quality parameters (SSC, TA, ratio SSC/
TA and firmness) [50, 51].

Plums’ quality is rapidly lost after harvest. The high respiratory rates that occur 
during the transport and marketing process are the main reason why plums do not 
reach the consumer with the required characteristics [52].

The ideal storage conditions for plums are 0 to 5°C of temperature and 90–95% 
of relative humidity [53, 54]. However, plums are very sensitive to low temperatures, 
which cause severe chilling injury, internal browning, translucence of the flesh, 
loss of flavour and bleeding after being subjected to room temperature [49, 54]. 
Several research studies have been conducted to improve the postharvest shelf-life. 
Technologies such as modified atmosphere packaging (MAP), fumigation with ethyl-
ene antagonists such as 1-MCP and salicylic acid treatment have been tested in plums 
[49]. Applications related to prediction and monitoring of temperature induced fruit 
quality changes. According to Martínez-Romero and colleagues [55], forced air could 
be a good solution to prevent mechanical damage in plums, and extend shelf-life, 
specifically if pre-cooling plums immediately after harvest and before moving on 
to usual handling processes. More recently, new methodologies have emerged. The 
application of edible coatings of natural origin, such as proteins and polysaccharides, 
or the use of biodegradable materials, such as starch, has proven to be effective in 
improving the plum postharvest characteristics [49, 52, 56, 57]. These coating materi-
als are safe and without implications for human health or negative influence on the 
environment, allowing the preservation of fruit with good quality characteristics for 
a longer storage period, reduce food waste and offer consumers high-quality plums 
with a longer shelf-life.

Japanese plums cultivars are used for fresh consumption because they have lower 
SSC values than European plums [45]. In contrast, most cultivars of European plums 
are typically used for drying due to high soluble solid content and are usually clas-
sified in four groups: Prunes, Reine Claude, Yellow Egg and Lombard with the most 
commercially important group being Prunes. According to Bahrin et al. [31], ‘All 
prunes are plums, but not all plums are prunes’. The term ‘prunes’ is commonly used 
when the plum is dried without removing the stone, while if the stone is removed 
before product drying is called dried plum [31]. The term ‘plums’ include every 
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variety and can be considered for fresh consumption, but also for canning, freezing 
and making jams and jellies [1].

Japanese plums are available on the market in the summer and autumn months, 
while the European plums are usually processed into dried fruit and can be consumed 
throughout the year [58].

Plums have a high nutritive value, being rich in vitamins A, B1, riboflavin and are 
a good source in diet of sugars, proteins, carbohydrates and minerals, such as calcium, 
phosphorus and iron. It has multiple benefits for human health, presenting anti-
inflammatory, antioxidant properties, and may be related to the control of jaundice 
and can reduce the risk of cardiovascular diseases or cancer [31, 58, 59].

4.3 Sweet cherries (Prunus avium L.)

At first glance, consumers look for cherries with a good calibre, attached green 
stems, shiny, with unblemished skin, and a typical colour [60]. The cherry colour 
depends on the chosen cultivar: from dark red to mahogany for dark-sweet cher-
ries and in opposition some cherry cultivar should have a yellow background with 
a slight to full red blush [60]. The firmness is another important quality attribute 
for cherries. It is desirable that fruits are firm to the touch. At last, when eating 
cherries consumers valorise flavour, sugar acidity rate and firm flesh with smooth 
skin. Zoffoli [61] resumed the quality of sweet cherry by referring large fruit size, 
bright colour, fruit skin without signs of pitting and cracking, firm texture, and 
high total soluble solids.

The market requires fruits resistant to cracking and diseases, and with an 
extended ripening season that allows cherries to be available to the consumer for a 
long period of time. As a particular case of cherry commercialised without stalk, 
there are ‘Picotas’, which present lower labour costs in harvesting, less loss of appear-
ance, namely due to dehydration and blackening of the stalk, and less aggression on 
adjacent fruits, avoiding perforation damage. These varieties of cherry are native to 
the Valley of Jerte, in northern Extremadura, in Spain where they are highly praised 
by consumers since the XVII century.

Cherry is a non-climacteric fruit, so it is necessary to harvest the fruit as nearly 
ripe as possible, because they will not ripe after harvest. Harvest operation generally 
is spread over 2 weeks and is manually made. After harvest, cherries present a moder-
ate-to-high respiratory activity, and some physical changes occur due to transpiration 
[62]. Empirically cherries were always harvested according to their external colour. 
That’s why there are so many quality standards for cherry colour, which can vary 
from light red to black depending on the ripeness stage and variety. But the texture is 
also considered to define fruit quality and determine storability, taking into account 
that mechanical resistance of the skin decreases with ripening. A high soluble solid 
content with minimum softening are the capital conditions used to define perfect 
time for harvest, considering fruit storage life, fruit quality and acceptability when 
reaching consumers final fruit value [61].

The respiratory rate is determinant to the longevity of cherry and depends mainly 
on genetic factors, such as cultivar. Alique et al. [63] evaluated the respiratory rate of 
‘Ambrunes’ and ‘Burlat’ and found values of 20 to 25 mg CO2 kg−1 h−1 and 45 to 50 mg 
CO2 kg −1 h−1, respectively.

Toivonen and Hampson [64] found that at 0°C there were no differences in the 
postharvest respiration rate among cultivars, but at higher temperature the cultivars 
presented different behaviour.
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While respiration and transpiration cause loss of quality, the enzymatic changes 
cause the firmness reducing and so increase the possibility of the invasion of fungus 
and bacterial diseases. But unfortunately, it is known that more mature fruit is more 
susceptible to these fungal and bacterial rots.

Generally, sweet cherry presents a short shelf-life, due to severe weight loss, brown-
ing, and drying of stems, changes in external colour, pitting, and also softening, with 
dramatic consequences for stakeholders and consumers. To extend the storage period, 
the main factor is low temperature, which in cherry should be around 0°C, reducing the 
physiological activity of the fruit tissues and the growth of microorganisms [65]. The 
high relative humidity avoids weight loss due to reduced transpiration and maintain tur-
gidity [66]. A period of 15 days is generally considered as the best time to store cherries 
[67], which limits the commercial aspects and encourages the search for different storage 
methodologies that can increase this period of time. However, recent technologies used 
during postharvest period may optimise fruit quality for 45 days at 0°C.

Zoffoli [61] recommend the use of Near Freezing Temperatures (NFT) to store 
sweet cherries with the goal of maximise storage time. This researcher states that 
comparing with storage at 0°C, senescence was slowed by reducing the rate of respi-
ration, softening and malondialdehyde accumulation, and so the rate of decay was 
decreased. Considering that there are a relationship between soluble solids and the 
freezing temperature, for example cherries with SSC around 22.5% present the freez-
ing temperature at −2.5°C, and those with values of SSC near 16.7% have the freezing 
point at −1.8°C [68, 69]. For harvesting and handling, the recommended temperature 
is between 10 and 20°C. A rapid decrease of temperature during the operations is 
important to slow down fruit respiration rate and stem dehydration and maintain 
fruit firmness that minimises impact damages [70].

González-Gómez and co-workers [71] tested different postharvest storage 
conditions in order to find the most appropriate to preserve the overall quality 
of ‘Sweetheart’ cherries, harvested in the south of Portugal and Spain. Modified 
atmosphere (MAP) at 1°C, 95% RH using micro-perforated bags of polypropylene 
(PPlus® Sidlaw Packaging, Bristol, UK) bags, allows the most appropriate conditions 
to maintain and the amount of the predominant bioactive compounds such as pheno-
lic compounds doubled their concentration comparing with the amount after harvest.

Nowadays, the use of plastic obtained for petroleum is recognised as an enormous 
and urgent environmental problem. Therefore, the search for friendly materials 
for packaging fruits is an update issue. Koutsimanis et al. [72] tested a biomaterial, 
polylactic acid (PLA) and clamshell containers with a microperforated film, with 
cherries at 1°C. They found that cherries store in those biodegradable packages, when 
compared with control with perforated bag, increase their storability up to 27 days, 
and exhibit less weight loss and higher acceptability.

The use of edible coating is another possible approach to increase shelf-life of 
fruits mainly cherries. Several studies using Aloe Vera gel to enhance the quality and 
the shelf-life of cherries demonstrated promising results in reducing respiration rate 
and decreasing weight loss of coated fruits [73–75].

To take profit of the microbial effect of some natural composts is another line of 
study to enhance better shelf-life. Afonso et al. [76] found that the use of extracts of 
Satureja montana L. and Thymus vulgaris L. could preserve sweet cherry physical and 
chemical characteristics during 14 days of postharvest storage at 2 ± 1°C and 95% rela-
tive humidity in the darkness. Before this, Maghenzani et al. [77] demonstrated that 
the vapour phase of those essential oils have the ability of controlling some posthar-
vest pathogens.
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Tragacanth gum and Eremurus extract were used to made edible coating treat-
ments and being used in cherry ‘Takdaneh Mashhad’. The trial was conducted until 
the 45th days of storage and it was found that the quality was improved allowing 
larger marketability. One of the treatments (12.5 g L−1of tragacanth and eremurus) 
shows the ability of maintaining fruit firmness and less colour change, and SSC 
increase and maintain acidity, and simultaneously decrease weight loss [78].

The advances observed in last times in the technologies to avoid decay an enlarge 
shelf-life are important do reduce waste, and to benefit all, from producers to con-
sumers, and improve a better environmental situation.

4.4  Almonds (Prunus dulcis (mill.) D. A. Webb), Prunus amygdalus batch, or 
Amygdalus communis L.

Almond trees require a warm climate, such as the one in the Mediterranean region, 
but also large quantities of water. Water scarcity, a major environmental problem 
nowadays, could be a limitation for the new intensive almond orchards. Another big 
environmental problem is the amount of residues produced during the process of 
peeling almonds [79].

Increasingly health-conscious consumers are driving the rise in demand for 
almonds [80]. The long shelf-life of the almond itself, with or without shell, along 
with the various processed products, such as smooth drinks, snacks and toasted 
almonds, makes its trade reach very important values. Almonds are in high demand 
around the world and their long shelf-life makes them easy to store and transport.

The almond (Amygdalus communis L.) is a drupe, composed by the exocarp, com-
monly called skin, an outer layer covering its thick, leathery and grey-green coloured 
mesocarp, called the hull [80]. In the interior of the hull is the endocarp, hoody and 
reticulated, whose hard shell is called pyrena. Finally, the shell contains the edible 
part, and the seed, usually called nut. The ripening process can be identified by the 
natural separation of the hull from the shell when fruits can fall from the tree due to 
the formation of an abscission layer between the stem and the fruit.

The specific quality parameters for dry fruits, almonds included, are size, colour, 
texture, flavour (be attentive to the development of stiffness and rancidity), moisture 
content, and incidence of damaging fungi and insects.

To reach good levels of quality, some storage factors should be considered: con-
trolled moisture content, relative humidity and temperature, oxygen concentration 
and insect control [81].

The control of water content is essential for the proper storage of dry fruits. For 
the storage of almonds, the moisture content at harvest based on fresh weight is 
usually between 5 and 15%. The drying methods used to decrease the value of water 
activity are sun drying, ambient air drying, two stage drying (first heated-air dry-
ing to about 12% moisture and second ambient-air drying to 5–6% moisture), and 
heated-air drying.

Storage occurs usually at temperatures between 0 and 10°C and low RH, depend-
ing on the humidity of the almond, which has normally a low water content. Various 
potential damages can occur during storage. Loss of quality can be due to darkening 
of nuts and absorption of off flavours. Wu et al. [82] reported moisture changes 
during storage, and Kazantzis et al. [83] described that the moisture loss on almonds 
during 6 months of storage at 20 and 5°C was responsible for their weight loss. The 
same researchers also reported that storage temperature and relative humidity are 
determinant for moisture changes during storage [83]. Weight loss was higher at 20°C 
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and 60% RH than at 5 and 80%. Wu et al. [82] affirm that shelled almonds can be 
stored with good quality at 0°C for 1 year, or at higher temperatures (17.8°C) with a 
relative humidity between 60 and 75%.

Pleasance et al. [84] found that almonds stored in polypropylene bags had and 
extended shelf-life, and García-Pascual et al. [81] also showed that the use of plastic 
bags during storage limits moisture changes. Wu et al. [82] tested roasted and raw 
almonds for 2 years and observed stabilisation of the measured values (moisture 
content, firmness and sensory characteristics) with the use of PE film packaging and 
RH above 50% and temperature above 25°C.

One major problem is rancidification. The controlled atmosphere with O2 concen-
trations below 1% delays rancidification and other deterioration symptoms. Hard-
shelled varieties are less susceptible to rancidity than soft-shelled varieties [81].

Raise et al. [85] studied the effect of modified atmosphere packaging under 
vacuum and CO2 and found that those conditions can allow a shelf-life of at least 
10 months for the tested almond kernels, regardless of storage temperature and 
physical shape of the almonds. To study the oxidation progress, peroxide value (PV) 
and conjugated trienes (K268) were measured, and sensory evaluation was also 
performed considering odour and flavour.

Empirical observation has shown that nuts in shell are easier to storage than 
shelled nuts because shell acts as a protective layer and shelled almonds can absorb 
odours during storage period. Moreover, according to some producers, whole 
kernels and halves are easier to storage than broken pieces (F. Galvão, personal 
communication).

Despite their long shelf-life as a dry fruit, it is important to systematise the avail-
able information on the storage of almonds, since there is only limited accessible 
literature on the topic.

5. Mycotoxins in Prunus fruits: a serious health risk

Fungi are the microorganisms that cause the greatest postharvest losses in 
Prunus spp. Penicillium, Botrytis, Rhizopus, Mucor, Alternaria, Cladosporium and 
Monilia are among the most hazardous genera. Additionally, some undesirable 
bacteria, such as Erwinia and Pseudomonas, are also responsible for postharvest 
losses in stone fruits.

Another noteworthy problem is the presence of mycotoxins. Mycotoxins are 
secondary metabolites produced by filamentous fungi, mainly Aspergillus, Fusarium, 
Penicillium and Alternaria gender [86–88], and may be present in a large number of 
substrates, such as nuts, cereals, vegetables, fruits, milk and oilseeds [89, 90].

According to Liu et al. [91], approximately 500 mycotoxins have been identified, 
and among these, aflatoxins, ochratoxins, fumonisins, patulin, trichothecenes and 
zearalenone are the more frequent in agricultural goods and those with more adverse 
health effects on humans [92–94]. Excluding trichothecenes, all abovementioned 
mycotoxins are carcinogenic [89]. Other adverse health effects of mycotoxin include 
their teratogenicity, liver and kidney toxicity, neural-tube defects, genotoxicity, 
immunotoxicity, immunosuppression and cytotoxicity [95–101]. These effects depend 
on the extent of exposure, amount ingested and sensitivity of the consumer [96]. 
Nazhand et al. [102] reported that around the world, 4.8 billion people are exposed 
to mycotoxins at levels that significantly increase morbidity and mortality. Ingestion, 
inhalation and cutaneous contact can all lead to mycotoxin exposure [89].
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Some technics, most of them using thermal mechanisms, have been developed to 
reduce mycotoxins from food [87]; however, in general, mycotoxins are stable includ-
ing at temperatures of thermal operations (80–121°C). More recently, non-thermal 
techniques (cold plasma, pulsed light, pulsed electric fields, high pressure processing, 
electron beam irradiation) have being studied [87, 93, 94, 103–108].

Among stone fruits, almond has been mostly associated with the presence of 
mycotoxins [109, 110]. Rodrigues et al. [111] informed about the presence of afla-
toxins in almonds, Hidalgo-Ruiz et al. [112] found aflatoxins and zearalenone in 
almonds, and Ünüsan [113] reported the presence of aflatoxin B1 in almonds. Sadok 
et al. [110] made reference to the presence of patulin in stone fruits. Suman [87] 
reported the presence of putalin on olives, and Azaiez et al. [114] the presence of 
diacetoxyscirpenol in prune samples, while Iqbal et al. [115] showed the presence 
of ochratoxin A in apricots and plum, and Ünüsan [113] mentioned the presence of 
patulin in peaches, and the presence of ochratoxins in apricots. Additionally, Vidal 
et al. [86] mentioned the presence of patulin in apricots, peaches and peach juice, and 
Sadok et al. [110] reported the presence of patulin in cherries, peaches and plums.

Considering the long-term presence of mycotoxins in foods, also after the 
elimination of the fungi, an effective control of production, transport and stor-
age conditions is required, as well as the monitorization of the presence of those 
substances in foods, mainly in fruits and vegetables, which should be both legally 
enforced and controlled.

6. Conclusions

Prunus is a huge genus of trees and shrubs that comprises the production of dif-
ferent types of stone fleshy fruits, drupes, such as peaches, plums, cherries, among 
others, and dry fruits as almonds. Some of these drupes are climacteric, while others 
are non-climacteric fruits. This knowledge is of vital importance for defining the 
ideal stage of ripeness for harvesting and to take the best decisions about postharvest 
storage.

Prunus fruits have great relevance in world trade markets. An overall analysis of 
world production and trade highlights the general increase in prunus production, 
with emphasis on the increase in areas and the upgrading of production techniques 
for fleshy fruits observed in China and Turkey, while the USA remains a key player in 
almond production, despite some decline.

The consumers are fond of good quality, which they evaluate looking at fruit size, 
form, skin and flesh colour, texture, taste, aroma, sweetness, acidity and sometimes 
easy peeling.

A huge number of new varieties that appear on the market are often very well 
received by consumers, which justifies the dynamism of this market.

In general, these fleshy fruits present a short shelf-life, and some of them suffer 
from chilling injury, or other physiological disorders. The emphasis is therefore put on 
developing new storage technologies that can extend the selling period and increase 
the distribution distance of the products. The morphological and physiological 
diversity of fleshy fruits of the Prunus genus and the distinct trade requirements have 
led to the development and implementation of various methods for improving the 
shelf-life of different species, which cannot be generalised. Ensuring effective storage 
methods to extend fruit shelf-life, without compromising consumers health and the 
environment, remains a vital area for future research.
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The Role of Some Pre
and Postharvest Applications on
Storage Behavior and Protein
Pattern of Date Palm Fruits Phoenix
dactylifera L. cvs. Berhi and Breim
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Abstract

Storage experiment was conducted to study the effect of some pre and
postharvest natural control treatments which include ultraviolet light (UV) at the
concentration of 1KGY for periods of (0, 5, 10) minutes, 1-MCP at the concentration
of (0,0.5,1) ppm for 24 hour at 0°c, ozone (O3) at the concentration of 5 ppm for the
periods of (0, 0.5, 1) hour, soaking in chitosan at the concentratons of (0,1,2) % and
control treatment in addition to field-treated chitosan at the concentrations of 0%, 1%,
and 2% by the aim of improving storage behavior of date palm fruits cvs. Berhi and
Breim and determination the protein pattern of fruits after six months of storage at
�10� 2°C. Results of the protein pattern showed that protein bundles on polyacryl-
amide gel differed by their molecular weights, the number of protein bundles, and
Breim cultivar fruits treated with chitosan recorded the highest number of bundles of
seven bundles and the highest molecular weight of (173.857) kDa for the first bundle.

Keywords: date palm fruits, Berhi and Breim, chitosan, ultraviolet light (UV),
ozone (O3)

1. Introduction

The date palm, Phoenix dactylifera L., belongs to the family Arecaceae and is one of
the subtropical fruit trees cultivated and spread in Iraq and some regions of the Middle
East [1]. It is considered one of the most important fruit trees in Iraq because of its
great nutritional and economic value. It is a sacred tree mentioned in all monotheistic
religions. The evidence available at present indicates that the Sumerians were the first
to be interested in the cultivation of the date palm, and used its fruits as basic food in
the Tigris and Euphrates valleys for more than four thousand years BC [2].

The number of date palms in Iraq has decreased significantly in recent years due to
the wars, the high salinity rate in soil and irrigation water, and the problem of the
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housing crisis that led to the bulldozing of many palm orchards, which led to a severe
shortage of dates production. Therefore, it is important to take the necessary measures
to develop the production of dates by increasing the number of planted palm trees, as
well as increasing the yield, improving the qualities of fruits, and reducing the per-
centage of spoilage, especially the desired cultivars, such as Berhi and Breim, through
conducting some of the pre- and post-harvest treatments and avoiding treatment of
fruits with chemicals that have negative impact on consumer health, as consumer
demand has increased recently for fruits whose production has bio-safety
factors [3, 4].

Chitosan is a vital polymer, the second largest biomaterial after cellulose, which is
found in the outer structure of crustaceans, insects, and fungal cell walls. It is also
characterized by no toxicity and biological decay and has no local effects on living
tissue. It is a compound with vital functions [5], which has attracted the interest of
researchers in the last few years for its commercial uses. Chitosan is composed of
glucosamine units, which are associated with each other with a type of beta-type (1–4)
cyclic bonds. It possesses many free hydroxyl and amino acids that enable it to form
ionic, hydrogen, and hydrofluidic bonds with other molecules such as fats and
proteins [6, 7].

Cold storage of date palm fruits is one of the important means at present, which is
used to try to keep those fruits in the rutab phase as long as possible, thus prolonging
the display period of those fruits in the local markets in the rutab phase, as cold
storage reduces pathogens and the vital activities of the fruits, especially the process of
respiration and the production of ethylene [8]. The activity of ethylene can also be
inhibited through the use of the compound 1-methylcyclopropene, which symbolizes
(1-MCP) commercially called smart fresh, which is in the form of a white powder that
can be dissolved with water and releases the active substance 1-methylcyclopropene in
the form of gas, which prevents contact ethylene with its receptors in the cells, which
leads to inhibiting the formation of ethylene, and this, in turn, delays the natural
ripening processes in the fruit, which keeps it fresh and of good quality for a longer
time [9]. Studies have shown that treatment with the compound (1-MCP) limits the
rate of ethylene production in fruits, reduces their respiration rate, and delays their
entry into the ripening phase compared to untreated fruits [10–13].

Ultraviolet treatment is one of the alternative methods that has spread to be
effective in inactivating bacteria, protozoa, algae, and viruses. Ultraviolet rays have
the ability to destroy microorganisms, as is the case with heat treatment, but it has
better advantages than heat treatment, as it does not affect the sensory properties of
fruits, and it has a lower cost than heat treatment from an economic point of view.
The radiation treatment process makes foods free of dangerous substances that are
commonly used to kill insects by fumigation, such as ethyl dibromide, methyl bro-
mide, and phosphine. Ultraviolet radiation in the range of 250–260nm is lethal to most
microorganisms and acts as a strong bactericide [14], in addition that the treatment is
certified and approved by various international health organizations.

Ozone (O3) is one of the powerful disinfectants against a wide range of microor-
ganisms [15]. Ozone has number of features that make it suitable as an ideal post-
harvest treatment, quickly decomposes into oxygen without leaving any residue and is
applied either as a gas or it is soluble in water, so it can effectively reduce post-harvest
losses during storage for several crops [16–18].

The current study aims to improve the storage behavior of date palm fruits cvs.
Berhi and Breim and determination the protein pattern of fruits after six months of
storage at �10 � 2°C. Increasing the display period of the fruits of the two cultivars in
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the rutab phase for the longest possible period and improving their storage qualities
and marketable of fruits through the use of some natural control treatments before
and after harvest, especially chitosan, which is used according to the available refer-
ences for the first time in the field of improving the yield, qualitative characteristics,
and storage ability of the fruits of the two date palm cultivars. In addition to treat the
fruits with some post-harvest treatments, which include the use of 1-MCP, ozone, and
ultraviolet rays, and studying the physical and chemical changes of fruits during
storage under the influence of these treatments.

2. Materials and methods

The storage experiment which was conducted, where the fruits of Berhi and Breim
cultivars that treated with chitosan at the concentration of (0, 1, 2%) could be sum-
marized as follows:

2.1 Chitosan extraction process

The shrimps were obtained from the local fish market in Basrah and the crusts
were washed with water and dried by leaving them exposed to the sun. The method
mentioned in [19], was followed for the extraction of chitin from the shrimp. The
shrimp crust was crushed into small pieces using an electric mill then, the process of
removal of the proteins (deprotienization) has been done by treating the crusts with
sodium hydroxide solution at a concentration of 3.5% for two hours at a temperature
of 65°c. by 1:10 (weight/volume). The mineral elements are removed in the process
called demineralization by using a solution of hydrochloric acid at the concentration
of 1 N for 1/2hour at room temperature by 1:15 (weight/volume). Crusts were washed
well with water several times, then the pigment was removed by acetone and then by
sodium hypochlorite solution at 0.315% for 5 minutes at room temperature by 1:10
(weight/volume). Finally, the white product was washed with distilled water and
dried in an oven at 60° C for 24 hours to obtain the chitin.

Chitosan was prepared according to the method mentioned by [20] by removing
the acetyl groups (Deacetylation) by treating with 50% sodium hydroxide at 1:10
(weight/volume) at 100°C for 20 hours to obtain chitosan with low molecular weight,
and then dried at 110° C for 6 hours. The resulting chitosan is a white powder.

The viscosity was determined by the use of the Ostwald viscometer. After the
preparation of the solution, the amount of time required to flow it at a certain distance
at 25°. Molecular weight was determined depending on the viscosity of the solution
according to [21]. The degree of removal of acetyl groups was determined by mixing
40 mg chitosan with 120 mg potassium bromide and then pressing and dried, then
determined by using the Fourier Transform Infrared Spectroscopy (FTIR) Instrument.

The parameters of the product were measured as follows: Viscosity = 64.16 Centi
Boyz, molecular weight 720 K, dalton, and the degree of removal of acetyl groups 87.6%.

Fruits have been brought after 18 weeks of pollination to the cold store in the early
morning immediately after picking, then cleaned and each part of the three parts was
divided into four parts for each cv. The first part was treated with ultraviolet rays at
an amount of 1 kgY at intervals (0, 5, 10) minutes, and the second part was treated
with ozone at 5 ppm at intervals of (0, 0.5, 1) an hour, and the third part was treated
with the compound (1-MCP) at a concentration of (0, 0.5, 1) ppm for 24 hours under
0°C, and the fourth part was immersed in chitosan at the three concentrations (0, 1,
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2%). Fruits were packed in the transparent plastic container automatically with six
replicates for each concentration, then three replicates were stored at a temperature of
�10� 2°C for six months and after that, the following characteristics were determined:

2.2 The protein pattern was determined according to the following method

Electrophoresis for proteins

1.Lyophilization of samples

The samples were lyophilized by the freeze-dryer lyophilization technique,
where the samples to be lyophilized were placed in plastic containers and then
placed in a lyophilization device at a temperature of �26°C until almost most of
the water was removed, after which powdered was used in protein
electrophoresis on polyacrylamide gel in the presence of sodium dodecyle sulfate
(SDS) by SDS-PAGE method according to [22].

2. Identification and quantification of proteins:

A. Sample preparation:

2g of lyophilized samples were crushed with 14 ml of cooled acetone three
times, then the powder was thoroughly mixed with the extraction solution
consisting of 0.2M sodium phosphate, 5% SDS, and 4 molar urea pH 7.0. The
extraction solution was prepared by dissolving 3.12g sodium phosphate
dissolving NaH2PO4, 5 g SDS, and 24.024 g urea in a volume of distilled
water, the pH was adjusted to 7.0 and the volume was filled to 100 ml with
distilled water, and then centrifuged at 4000 cycles min-1 for 15 min. The
protein was precipitated using acetone in a ratio of 1:4 (volume:volume) and
centrifuged at a speed of 10,000 cycles min-1, the filter was neglected, and
the precipitate was taken and dissolved in the buffer solution of the sample.

B. Electrophoresis: Protein electrophoresis was carried out on a
Polyacrylamide gel using the Slab–electrophoresis method in the presence
of SDS according to the method of [23] and described by [24].

3.The solutions used:

A.Resolving gel buffer prepared at a concentration of 1.5 M by dissolving
18.2 g of Tris (hydroxymethyl) methylamine in 80 ml of distilled water, the
pH adjusted to 8.8 using 1 M of hydrochloric acid and the volume
completed to 100 ml with distilled water.

B. Stacking gel buffer (pH = 6.8) was prepared at 0.5 M concentration by
dissolving 6 g of Tris (hydroxymethyl) methylamine in 40 ml of distilled
water, the pH adjusted to 6.8 using 1 M HCl, and the volume completed to
100 ml with distilled water.

C. 10% SDS solution was prepared by dissolving 10 g of sodium dodecyl
sulfate in a volume of distilled water and then, the volume completed to
100 ml with distilled water.

302

New Advances in Postharvest Technology



D.Electrode buffer was Prepared by dissolving 1.5 g of Tris (hydroxymethyl)
methylamine and 2.7 g of glycine in an amount of distilled water and the
volume completed to 500 ml with distilled water with the addition of 5 ml
of 10% SDS solution.

E. Acryl amide stock solution was prepared by adding 29.2 g of acrylamide
with 0.8 g of Bis-acryl amide in 60 ml of distilled water and the volume
completed to 100 ml with distilled water. The solution is filtered through
filter paper no. 1 and 4 ml of a 10% SDS solution is added to it.

F. Ammonium persulfate (Aps) solution was prepared immediately at a
concentration of 1.5% by dissolving 0.15 g of Ammonium Persulfate (Aps)
in 10 ml of distilled water.

G.TEMED (N,N,N,N-tetra methyl ethylene diamine).

H.Staining Solution (0.1) was prepared by dissolving 0.25 g of Coomassie
brilliant blue R-250 in 250 ml of a mixture consisting of acetic acid: methyl
alcohol: distilled water in a 1:4:5 ratio, respectively.

I. Detaining solution consisted of a mixture of acetic acid: methyl alcohol: and
distilled water in a ratio of 1:4:5, respectively.

J. A solution of bromophenol blue (0.25%) was prepared by dissolving 0.25 g
of bromophenol blue dye in a 50% solution of glycerol.

K. sample buffer consisted of SDS at a concentration of 10%, bromophenol
blue at a concentration of 0.5%, bromoethanol at a concentration of 0.5%,
and sucrose at 20%.

4.Method

A.Sample preparation: It was prepared by dissolving the precipitated
protein after the precipitation treatment in the buffer solution of the
sample, and then it was placed in a water bath for 5 minutes at the
boiling point and left to cool to the laboratory temperature to transfer the
sample later.

B. Preparation of the gel:

1.Preparation of the separation gel: Separation gel 7.5% acrylamide was
prepared by mixing 14.55 ml of distilled water, 7.5 ml of acrylamide
solution, 7.5 ml of buffer solution for separation gel, 0.3 ml of SDS
solution, 150 μl of ammonium persulfate solution, and 15 μl of
TEMED, leave to harden for an hour and a half.

Finally, removal of the gel: Carefully remove the gel from the two
glass plates by adding a little water with a syringe to avoid tearing the
gel. Then, the dyeing solution was added and left for a whole day.
After that, the gel was removed from the dyeing basin and the dye
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removal solution was added to it, and the process of washing the gel
continued until the bands appeared. It was photographed with an
English-origin Gel Documentation Device.

2.Total soluble solids (T.S.S.) were measured by hand refractometer and
the results were corrected to 20°C according to [25].

3.Total and reducing sugars (%) of fruits were determined according to
Lane and Eynon method outlined in [26].

4.Total titratable acidity%): Total titratable acidity was determined
according to the method outlined in [26].

2.3 Statistical analysis

A completely randomized design (CRD) was used for a factorial storage experiment
with three factors: the first factor is field-treated with chitosan, the second factor is
storage treatments with three concentrations for each treatment, and the third factor is
different storage periods that include six months at�10°C. The analysis was done using
the statistical program (SPSS), and the mean values were compared using the least
significant difference test (R.L.S.D) at the level of significance (5%) [27].

3. Results and discussion

3.1 The protein pattern

As shown in Figure 1, the electrophoresis in acrylamide gel of fruits proteins of
Berhi and Breim cultivars field-treated with 2% chitosan and postharvest treated with
UV rays for 10 minutes, 1-MCP at a concentration of 1 ppm, ozone for 1 hour, and
chitosan at a concentration of 2% in addition to control treatment, respectively.

Breim cultivar treated with chitosan recorded the highest height of bundle (180)
for the second bundle, while Berhi cultivar treated with the compound (1-MCP)
recorded the lowest bundle height of (104) for the first bundle. Berhi cultivar treated
with the compound (1-MCP) recorded the largest bundle area of (14,112) for the
fourth bundle, while Breim cultivar treated with ultraviolet rays recorded the smallest
bundle area of (48) for the first bundle (Figure 2 a–d).

As shown in Figure 3, the number and sites of protein bundles and Table 2 showed
the changes in the number of protein bundles and their molecular weights
(kilodalton). It is clear that Breim cultivar fruits treated with chitosan recorded the
highest number of bundles of seven bundles, while the control treatments of the two
cultivars as well as Breim cultivar fruits treated with ultraviolet rays recorded five
bundles each, while all treatments of Berhi cultivar except the control treatment
recorded four bundles, as well as the ozone-treated Breim cv. fruits, while the Breim
cv. fruits treated with the compound (1-MCP) recorded the lowest number of bun-
dles, which amounted to only three bundles.

The Breim cultivar treated with chitosan recorded the highest molecular weight of
(173.857) kDa for the first bundle, while the lowest molecular weight was (32.00) kDa
for the Breim dipped in chitosan for the seventh bundle, see Table 1.

304

New Advances in Postharvest Technology



Through the results obtained from the gel-electrophoresis of the proteins of the
date palm fruits of the Berhi and Breim cultivars, it is noted that there are significant
differences in the number of protein bundles as well as the sites of their appearance
between the control treatment and other treatments. There is no doubt that the
dependence on the physical and chemical characteristics of the fruits is no longer
sufficient to identify and distinguish among date cultivars and to detect commercial
fraud for dates, especially after the processes of pressing them. Therefore, the recent
trend is to use techniques such as electrophoresis to identify the protein patterns of
dates and determine their behavior during storage. These differences in the protein
pattern of the fruits mean that the fruits have differed in the process of gene
expression.

It is well known in recent years that changes in the process of gene expression
played an important role in regulating the process of fruit growth and ripening, and
scientific development in the field of molecular biology has led to a significant
increase in our knowledge of the mechanisms in which the genes responsible for the
ripening of fruits are regulated, and thus, there may be gene expression of heat shock
proteins made fruits to bear low temperatures when freezing [28].

Figure 1.
The electrophoresis.
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3.2 Total soluble solids

The results of Tables 2 and 3 showed the effect of spraying chitosan, storage
treatments, and storage periods, and the interaction among them on the percentage of
total soluble solids in the fruits of the Berhi and Breim cultivars stored at a tempera-
ture of (�10 � 2) °C for the two seasons 2014 and 2015. It is noted that spraying
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chitosan had a significant effect in decreasing the percentage of total soluble solids,
the lowest percentage of total soluble solids was (36.12 and 35.72), (33.61 and 33.48)%
for the fruits of the Berhi and Breim cultivars treated in the field with 2%chitosan for

Figure 2.
a-d. some specifications of protein bundles for study parameters.
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the two seasons, respectively, with a significant difference from the rest of the treat-
ments, while it reached the highest percentage of total soluble solids (42.06 and
41.93)% and (37.38 and 44.98)% for the control fruits of Berhi and Breim cultivars for
the two seasons, respectively. The results are consistent with [29], which referred to
the effect of pre-harvest chitosan treatment in decreasing the percentage of soluble
solids, and the untreated fruits had a higher percentage of soluble solids.

As for the effect of 1-MCP at a concentration of 1 ppm, it caused a reduction in the
percentage of total soluble solids, which amounted to (37.64 and 37.38), (34.67 and
34.36)% for the fruits of Berhi and Breim cultivars for the two seasons, respectively,
with a significant difference from the untreated fruits of the two cvs. For the same
seasons, which amounted to (39.94 and 39.85), (36.24 and 35.87)%.

It was noted from the same table that the percentage of total soluble solids mild
increased with the increment of the storage periods reached (42.03 and 41.89), (37.19
and 37.00)% for the fruits of the two cvs. For the two seasons, respectively after six
months of storage, while the lowest percentage of total soluble solids was (35.55 and
34.88), (34.15 and 33.94%) for the fruits of the two cvs. For the two seasons, respec-
tively, after one week of storage. This is may be due to that, the percentage of total
soluble solids increasing by decreasing the percentage of the water content of the fruits.

As for the interaction effect between spraying chitosan and storage treatments, the
results indicated that the fruits treated with 2% chitosan and (1-MCP) at a

Figure 3.
The number and sites of protein bundles for the study parameters.
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concentration of 1 ppm significantly decreased the percentage of total soluble solids,
as it was the lowest percentage of total soluble solids (34.90 and 34. 67), (32.98 and
32.83%) was in the fruits of the Berhi and Breim cultivars for the two seasons,
respectively, while the highest percentage of total soluble solids was (43.47 and
43.72%) and (38.47 and 38.13%) for the untreated fruits of the two seasons, respec-
tively and this is in the same line with [30]. The results also showed that the effect of
the interaction between spraying with chitosan and the storage periods had a signifi-
cant effect, as the lowest percentage of total soluble solids was (38.57 and 38.43),
(35.04 and (34.85%) for the fruits of the two cultivars treated with chitosan at a
concentration of 2% at the end of the storage period for the two seasons, respectively.
The highest percentage of total soluble solids was (46.73 and 46.62), (40.16 and
39.95%) for the untreated fruits of the two cultivars for the two seasons, respectively,
at the end of the storage periods. Findings are in agreement with the results obtained
by [8].

The interaction between storage treatments and storage periods had a significant
effect, as the lowest percentage of total soluble solids was (41.01 and 40.70), (36.11
and 35.75%) for the fruits of the Berhi and Breim treated with (1-MCP) at a concen-
tration of 1 ppm at the end of the storage periods for the two seasons, respectively.
The highest percentage of total soluble solids was (43.80 and 43.33%) and (39.38 and
39.05%) for the control fruits of the Berhi and Breim cultivars at the end of the storage
periods for the two seasons, respectively. Regarding the effect of the interaction
among the spraying chitosan, postharvest treatments, and storage periods, the lowest
percentage of total soluble solids was (37.66 and 36.96), (33.93 and 33.50%) for the
Berhi fruits sprayed with 2% chitosan and dipped in 2% chitosan and for the Breim
fruits treated with (1-MCP) at a concentration of 1 ppm for the two seasons at the end
of the storage period of (six months), respectively, while, the highest percentage of
total soluble solids was (49.00 and 48.26%) and (42.76 and 42.43)% in the fruits of the
two cultivars sprayed with 0% chitosan and control treatment at the end of the storage
period, respectively.

3.3 Total sugars

The results of Tables 4 and 5 showed the effect of spraying chitosan in the field,
storage treatments and storage period, and the interaction between them on the
percentage of total sugars in the fruits of the Berhi and Breim cultivars stored at a
temperature of (�10 � 2) °C for the two seasons 2014 and 2015. It is noted that
spraying with field chitosan had a significant effect in reducing the percentage of total
sugars where the lowest percentage of total sugars was (49.92 and 49.49), (47.21 and
47.07%) for the fruits of the mentioned cultivars that were field-treated with 2%
chitosan for the two seasons, respectively, with a significant difference from the rest
of the treatments, while the highest percentages of total sugars were (55.86 and 55.73),
(50.98 and 50.70%) in the control fruits of mentioned cultivars for the two seasons,
respectively. As for the effect of storage treatments, it was noted that it worked to
reducetotal sugars percentage, which reached (51.44 and 51.18), (48.27 and 47.96%)
for the fruits of the Berhi cultivar for the first season and Breim cultivar for the two
seasons treated with the compound 1-MCP at a concentration of 1 ppm and at a
concentration of 0.5 ppm for the Berhi cv. in the second season, respectively, with a
significant difference from the control treatment, which amounted to (53.65 and
53.56%), (49.73 and 52.65%)for Berhi and Breim cultivars for the two seasons,
respectively.
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The storage period had a clear effect, as it was noted from the two mentioned
tables that the percentage of total sugars increases with the increment in the storage
period, where the highest percentages of total sugars reached (55.83 and 55.69), (50.79
and 50.60%) for the fruits of the two seasons after six months of storage, while the
lowest percentages of total sugars were (49.35 and 48.68), (47.75 and 47.54%) for the
fruits of the mentioned cultivars for the two seasons, respectively, after one week of
storage. The reason may be due to that the percentage of total sugars increases by
decreasing the percentage of water content in the fruits [31]. As for the effect of the
interaction between spraying with chitosan in the field and storage treatments, the
results indicated that the fruits treated with 2% chitosan and stored with the com-
pound (1-MCP) at a concentration of 1 ppm worked significantly in reducing the
percentage of total sugars, where it was the lowest percentage of total sugars (48.70
and 48.47), (46.58 and 46.22%) for the fruits of the studied cultivars for the two
seasons respectively, while the highest percentages of total sugars were (57.52 and
57.52), (52.07 and 51.73%) for the control fruits of the studied cultivars.

The results also showed that the interaction between spraying chitosan in the field
and the storage period had a significant effect, as the lowest percentage of total sugars
was (52.37 and 52.23), (48.64 and 48.45%) for the fruits of the Berhi and Breim
cultivars treated in the field with 2% chitosan at the end of the storage period for the
two seasons respectively. The highest percentage of total sugars was (60.53 and 60.42)
(53.76 and 53.55%) for the control fruits of the two cultivars for the two seasons,
respectively after six months of storage. The results showed that the interaction
between storage treatments and storage period had a significant effect, as the lowest
percentage of total sugars reached (54.81 and 54.50), (49.71 and 49.35%) for the fruits
of the studied cultivars treated with the compound (1-MCP) at a concentration of
1 ppm at the end of the storage period for the two seasons respectively. The highest
percentage of total sugars was (57.60 and 57.13%) and (52.81 and 52.65%) for the
control fruits of the studied cultivars, for the two seasons, respectively after six
months of the storage.

The interaction among the three factors (spraying chitosan in the field, storage
treatments, and storage period) had a significant effect. It was noted that the highest
percentage of total sugars were (62.06 and 62.06%), (56.36 and 56.03%) in the pre
and post-untreated fruits of the Berhi and Breim cultivars after six months of storage
for the two seasons respectively.

3.4 Total titratable acidity

The results of Tables 6 and 7 showed the effect of spraying chitosan in the field,
storage treatments and storage period, and the interaction among them on the per-
centage of total titratable acidity in the fruits of the Berhi and Breim cultivars stored at
a temperature of �10 � 2°C for the two seasons 2014 and 2015. It is noted that field
chitosan spraying had a significant effect on the preservation of the total titratable
acidity percentage, where the highest percentage of total titratable acidity was (0.293
and 0.275), (0.287 and 0.313)% for the fruits of the two cultivars Berhi and Breim,
field-treated with 2% chitosan for the two seasons, respectively, with a significant
difference from the rest of the treatments, while the lowest percentage reached to
(0.244 and 0.230), (0.246 and 0.246%) in the control fruits of Berhi and Breim
cultivars for the two seasons, respectively. The results are consistent with [29], which
indicated that the effect of pre-harvest chitosan spraying in all treatments led to an
increase in acidity compared to the control treatment, except for the concentration of
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1% chitosan, which decreased this treatment with no significant differences in both
seasons. Li and Yu (2000) found a decrease in the acidity of peach fruits during the
storage period and at the end of the storage period, and an increase in acidity on fruits
treated with chitosan, while in other fruits such as mango, the acidity decreased
slowly, and linked this decrease with loss of quality [32, 33].

As for the effect of storage treatments, the highest value of acidity percentage was
(0.311 and 0.3931), (0.287 and 0.327%) for the fruits of the two cultivars Berhi and
Breim treated with the compound (1-MCP) at a concentration of 1 ppm for the two
seasons respectively with a significant difference from the control treatment which
amounted to (0.213, 0.161%) and (0.247, 0.222%) for Berhi and Breim cultivars for
the two seasons respectively, except for Breim cultivar for the second season. The
storage period had a clear effect, as it was noted from the mentioned table that the
percentage of total titratable acidity decreased, with the increment of the storage
period, where the lowest percentage of total titratable acidity reached (0.222, 0.219)
and (0.227, 0.248%) for Berhi and Breim fruits after 5 months of storage for the two
seasons, respectively. As for the effect of the interaction between spraying chitosan in
the field and storage treatments, the results indicated that the fruits treated in the field
with 2% chitosan and stored with the compound (1-MCP) at a concentration of 1 ppm
have worked to maintain the highest percentage of total titratable acidity (0.317,
0.337) and (0.317, 0.357%), while the lowest percentage of total titratable acidity was
(0.196, 0.157) and (0.226, 0.213)% for the fruits of the Berhi cultivar treated with 0%
chitosan in the field for the control treatment for the two seasons and for the fruits of
the Breim cultivar treated with ultraviolet rays for (5) minutes for the first season and
with the compound (1-MCP) at a concentration of 1 ppm for the second season
respectively.

The results also showed that the effect of the interaction between spraying
chitosan in the field and the storage period had a significant effect, as the highest
percentage of total titratable acidity reached (0.260, 0.287) and (0.267, 0.249%) for
the fruits of the Berhi and Breim cultivars treated in the field with 2% chitosan at the
end of the storage period for the two seasons respectively. As for the lowest percent-
age of total acidity, it was (0.222, 0.227) and (0.211, 0.194%) for the fruits of the Berhi
cultivar field-treated with chitosan at a concentration of 1% and for the fruits of the
Breim cultivar for the comparison treatment at the end of the storage period. The
results also showed that the effect of the interaction between the storage treatments
and the storage period had a significant effect, as the highest percentage of total
titratable acidity was (0.253, 0.273) and (0.253, 0.293%) for the fruits of the Berhi
cultivar treated with the compound (1-MCP) at a concentration of 1 ppm at the end of
the storage period for the two seasons, respectively.

The effect of the interaction between the three factors was spraying chitosan in the
field, storage treatments, and storage period. It was noted that the highest percentage
of total titratable acidity was (0.290, 0.310) and (0.290, 0.330%) for the fruits of the
Berhi and Breim cultivars treated with 2% chitosan and with the compound 1-MCP0
at a concentration of 0.5 ppm at the end of the storage period for the two seasons
respectively, while the lowest percentage of total acidity was (0.186, 0.146) for the
fruits of the Berhi cultivar treated in the field with chitosan at a concentration of 0%
for the comparison treatment at the end of the storage period for the two seasons
respectively, and (0.180, 0.176%) for the fruits of Breim cultivar treated in the field
with chitosan at a concentration of 1% and UV rays for 10 minutes for the first season
and field treated with chitosan at a concentration of 1% and ozone for one hour for the
second season at the end of the storage period.
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The results of the present study indicate the role of the treatments in improving
the qualitative characteristics of date palm fruits of the two cultivars, Berhi and Breim,
which were stored by freezing. No doubt that preserving the palm fruits in the rutab
stage (fresh stage) after harvesting is one of the priorities of the technology of storing
these fruits, especially the soft ones such as Berhi and Breim, which are characterized
by an excellent flavor as well as price is higher compared to other cultivars. Refriger-
ated storage of fruits, in principle, aims to reduce the vital activities that occur [31] in
fruits, especially the process of respiration [2]. In addition to limit the growth of
microorganisms, especially fungi. The studies showed that the high temperatures after
harvesting, and during storage lead to an acceleration of physiological processes,
increase affection of pathogens, and the speed of consumption of food stored in the
fruis, thus storage ability decreases.

The process of ripening fruits as mentioned by [8] is a series of changes in the
color, taste, and composition making fruits in an edible state, as is known, the process

Figure 4.
(a, b) Berhi fruits after six months of storage at �10 � 2 °C.
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of ripening is a complex process in which many factors interaction, making the fruits
finally edible. Concerning the date palm fruits, the changes that occur at maturity are
identical to those that occur in the climacteric fruits, which is closely related to
changes in respiratory rate. Khalal stage has been considered as the maturity stage
(completeness of growth, while the rutab stage is the stage of ripening. Undoubtedly,
controlling the ripening process requires first lowering the temperature, as low tem-
peratures slow down respiration, ethylene production, and vital activity of fruits,
especially the enzymatic activity [2]. Results in the same line with [34] who men-
tioned that the low temperature (0 °C) led to a decrease in the respiration rate of date
palm fruits, cv. Breim, and no climacteric rise was observed in them climatically,
while it was observed in the stored fruits at room storage temperature.

Figure 5.
(c, d). Breim fruits after six months of storage at �10 � 2 °C.
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4. Conclusions and recommendations

1.The spraying of pre-harvest chitosan improved the storage ability of the Berhi
and Breim fruits.

2.The storage treatments (ultraviolet rays, ozone, 1-MCP and immersion in
chitosan) improved the storage ability of the fruits.

3.Through the study of the protein pattern, new proteins were identified during
storage, as well as a distinction between the two cultivars after pressing and
packing the fruits, so we recommend using this technique for the purpose of
detecting fraud cases in palm fruits of different cultivars, especially after
pressing and packing dates.

4.The treatments that were used in the experiment are considered natural
alternatives, so we recommend using them before and after harvest to increase
the yield, improve its qualitative characteristics, and improve the storage ability
of the fruits, as shown in Figures 4 and 5.
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Chapter 15

Smallholder Maize Farmers Need 
Better Storage for Food Security: 
An Exploratory Study over the 
Storage Types Used in Uganda
Anthony Tibaingana, Godswill Makombe and Tumo Kele

Abstract

Storage is a crucial link in the food supply chain. It helps to even-out fluctuations 
in food demand and supply. This ensures food availability during the lean periods. 
Despite the immense contribution of storage, a knowledge gap exists on the storage 
types used by smallholder maize farmers, how they are acquired, used, and their cost 
in Uganda. Storage affects the social and economic well-being of smallholder maize 
farmers. In this study, smallholder maize farmers in three districts of eastern Uganda 
(Iganga, Manafwa, and Katakwi) were interviewed during the maize storage season 
of 2014/2015. The aim was to: describe the different storage types; find out how they 
were acquired and used; the length of storage and the cost. The findings show that 
sacks were the most used storage type. Storage types were acquired through purchase; 
however, some were constructed by the smallholder maize farmers. Affordability 
and accessibility determined the storage type used. Some storage types were not 
used across all the districts; for example, the granary was used in two out of the 
three sampled districts. Thus, the findings show that maize storage is a challenge. We 
recommend that maize storage facilities should be improved with affordable to the 
farmers.

Keywords: maize, storage, storage characteristics, smallholder maize farmers

1. Introduction

Maize (Zea mays L.) is among the most important cereal crops produced in the 
world [1–3]. Maize is the most popular temporary crops grown in Uganda besides, 
beans and cassava, with more than 50% of the agricultural households involved in their 
cultivation. Small scale farmers who constitute the bulk (80%) of the rural poor also 
account for the largest share of maize production. It is grown in every part of the coun-
try and a direct source of livelihood to over 2 million households. It is the most popular 
contributor to income and food for smallholder farmers and for institutions like the 
police, the army, prisons, schools, and hospitals. Thus, maize act as the main source 
of food for such institutions and contributes over 11% of the caloric intake [4–6]. 
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In sub-Saharan Africa (SSA), maize forms an important part of the staple food supplies 
[3, 7]. In this regard, maize is a strategic crop [8]. Although important, its production 
is dominated by smallholder farmers [9]. As a popular food, maize is eaten by humans 
as well as used to brew local alcohol, used as feeds for animals, and birds, it is prudent 
that we understand its storage. Storage has been a challenge to smallholder farmers and 
greatly impacts on their income and food security. Hence, its storage becomes crucial. 
Therefore, the core of the thesis of this chapter stems from the dearth of descriptions 
of storage systems used by smallholder maize farmers, how they are acquired and used, 
and at what cost [10].

Udo and Vorotnikova [11, 12] argue that the challenge of grain storage affects 
farmers and merchants simultaneously. Consequently, grain storage is among the 
key constraints to food and income security in SSA [13]. These challenges sometimes 
compel smallholder maize farmers to harvest late [8]. After harvest, maize is dried 
and stored at the household level to provide food, cash, and seed for the next planting 
season [14].

Although maize is a subsistence crop which is produced seasonally, its demand 
is throughout the year [15]. Moreover, in some seasons, the harvest is poor because 
production in the tropics depends mainly on climatic conditions [16]. As a result, maize 
supply fluctuates widely and production hardly meets the high demand [9]. In some 
parts of the tropics, there is only one production season, which makes storage impor-
tant for ensuring food supply during the off-season [17]. Maize storage at household 
level is critical due to its dual purpose of food and income security [18, 19]. Because 
little is written about the maize storage types in SSA, it became paramount to describe 
them [20]. This exploration was therefore necessitated by the need to describe the stor-
age types used, how they are acquired, and why they are used in the Ugandan context.

Brennan [21] posits that “since production is not stable for all commodities, 
consumers demand that the storage function be performed so that the flow of com-
modities for sale will be made relatively stable”. Wright [22] argues that storage is 
important in balancing consumption, supply and stock. In other words, storage 
occupies a crucial position in the socio-economic development of smallholder maize 
farmers. Therefore, maize storage is desired in guaranteeing domestic income and 
food supply [23].

In Uganda, as in other SSA countries, maize is a staple food [24] whose storage 
greatly moderates supply fluctuations from one season to another [8]. In addition, 
it makes a considerable input to diets of many rural and urban populations [25]. 
Govender et al. [23] posit that maize is a major source of energy and protein in the 
human diet. Therefore, maize needs to be stored well to preserve it against thieves, 
pests and diseases. Storage may, therefore, lead to quantity equalisation and market 
stabilisation [26]. Moreover, good storage of the seeds is critical to smallholder maize 
farmers because it determines the quality and quantity of maize to be produced in the 
subsequent seasons.

However, when maize is improperly stored, numerous challenges are encoun-
tered; for example, it can be destroyed by pests such as Sitophiluszeamais, it can rot 
due to rat damage, or it can be stolen. Maize storage among smallholder farmers is 
affected by temperature, moisture, carbon dioxide, oxygen, grain characteristics, 
micro-organisms, insects, mites, rodents, birds, geographical location, and the 
storage structure [23]. Consequently, smallholder farmers are often forced to sell 
off their maize immediately after harvest and later buy it back at higher prices 
for household consumption because of the lack of adequate and effective storage 
facilities [27].
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All such risks affect the quality and quantity of maize produced. Prevention of 
pest damage during storage is critical for the availability of maize and its continued 
supply during the off-season [3]. Therefore, smallholder maize farmers struggle to 
ensure that maize is kept well for future use [26]. Proctor [15] argues that the only 
way the costs of storage may be reduced is by having a full understanding of the dif-
ferent storage types.

Although maize storage has evolved over the years and is considered a key 
component of economic development, storage is still poor and traditional in 
most developing countries [13]. Consequently, insect pests like Sitrotogacerealella 
(Olivier), Plodiainterpunctella (Hübner, 1813), Sitophiluszeamais (Motschulsky), 
Rhyzoperthadominica (F.) and larger grain borer, Prostephanustruncatus (Horn), cause 
enormous maize loss during storage. The same consequences are also reported by 
[8, 25]. The poor storage exacerbates post-harvest maize losses to levels that require 
attention [28]. The losses lead to a reduction in the quantity and quality of maize 
available on the market [29]. Maize scarcity is therefore not caused by low production 
per say, but mainly by wastage during storage.

Although smallholder farmers are the main producers of maize, they still use 
traditional storage methods. Hence, it is not always economically feasible for them 
to keep their maize long enough and in sufficient quantities to take full advantage of 
price changes in the marketplace [28]. Indeed, [25, 30] estimated that post-harvest 
loss due to pests in three months of storage stands at 20–30% in SSA. While fulfilling 
food demand is a global challenge, the loss in storage is still very high and has made 
it harder to meet the demand [7]. In Uganda, 63% of post-harvest maize losses are 
related to storage [31].

The losses of maize grain have far-reaching effects on the smallholder farmers 
leading to reduction in maize available for family consumption, deterioration in 
nutritional maize quality, and disruption of maize supply at household level, thus 
forcing farmers to buy maize later at higher prices. It also impacts on local maize 
processing and cross-border trade, leading to losses in food, revenue and profit, 
especially in rural areas. A study conducted in Uganda by [32] established that 83% 
of smallholder maize farmers sell off their maize within two months after harvest. 
This has forced some smallholder farmers in Katakwi district to eat tree leaves due to 
famine.

Although evidence of maize losses is glaring, little is known of the storage types, 
acquisition processes, and the reasons for use of particular storage methods among 
smallholder maize farmers. Indeed, in spite of the unprecedented contribution of 
storage, the description of storage types used has received little attention. No study so 
far has described the storage types used by smallholder maize farmers in Uganda. This 
is the void that this study intends to fill.

2. Types of maize storage

Globally, smallholder maize farmers use different storage methods. Post-harvest 
losses resulting from poor storage are considered highest in grain [2]. In a bid to 
address the loss of maize due to poor storage, smallholder maize farmers have adopted 
different storage methods. Across the African continent, storage methods tend to 
vary even within the same country [28, 33]. Specifically, the variation in storage types 
among smallholder maize farmers are due to social and economic conditions, cultural 
traditions, production scale, and climatic zones [28]. The preference of one storage 
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type over another is based on the perceived relative safety of the storage type. Safety 
means that the storage system is capable of preserving the quality and quantity of the 
grain against damage by pests and by poor storage conditions [34].

In this study, some storage types are considered traditional, while others are seen 
as modern. Traditional storage is the predominant type used by smallholder maize 
farmers [15, 34, 35]. These traditional methods include the granary, the basket, the 
crib, the house roof, the house corner, above-the-fire, clay pots, old jerry-cans, tins, 
and sacks. However, some smallholder maize farmers who are slightly better-off 
financially have adopted modern storage types such as metal silos, triple bags, modern 
cribs, and warehouses.

Stored maize is used for various purposes: selling, domestic consumption, plant-
ing, and brewing beer which is consumed by the household or sold. Of all the storage 
types used, sacks were predominantly found to be used for storage of maize for 
consumption and selling, while above-the-fire storage was mainly used for storage 
of maize seed for planting (because above-the-fire maize does not get weevilled). 
However, the effectiveness of storage depends on various ecological conditions of 
the storage, the nature and structure of the storage facility, how long the maize will 
stay in storage, the pesticides used (if any), and the characteristics of the maize to be 
stored [17].

Despite the various efforts directed towards storage, smallholder maize farmers 
still face significant losses resulting from inappropriate and/or ineffective storage 
practices [2]. Coupled with the inappropriate and or ineffective storage practices is 
the high cost of pesticides, which are necessary for the protection of maize from dam-
age. In most developing countries, pesticides, besides being potentially adulterated, 
are prohibitively expensive for smallholders, most of whom earn less than USD1.00 
per day, the internationally accepted minimum to keep one above the poverty line 
[36]. Unfortunately, solutions to post-harvest losses require modest financial invest-
ment, which the majority of smallholder maize farmers cannot afford [7].

There is a dearth of literature describing the storage types used by smallholder 
maize farmers [20]. However, some studies show that the dominant form of storage 
used by smallholder maize farmers include: baskets, clay pots, jute bags, polyethyl-
ene bags, open and closed cribs, house corners, tins, open-fields, platforms, trees, 
jerry-cans, granaries, and roofs of houses [2, 13, 25, 26, 32, 33]. The storage types used 
by most smallholder farmers in SSA are traditional and crude; they cannot enable 
smallholder maize farmers to store and then sell when prices are most attractive [26].

Maximum losses in maize are known to occur during storage due to inappropriate 
storage infrastructure [7]. Moreover, good hygiene in storage is known to limit insect 
infestation [8]. Although in the studies mentioned above some storage types are 
identified, there was no attempt to describe how they are made and/or acquired. Also, 
the reasons for the preference of one storage type over another were not reported, and 
yet it is pertinent.

Indeed, post-harvest maize storage losses resulting from traditional storage types 
is reported to range between 9% and 40% globally and 20% and 40% in Africa 
[2]. The storage structures used are susceptible to damage by natural calamities 
thereby causing considerable loss every season. When maize is lost in storage, other 
resources such as water, land, nutrients, inputs and labour that were used to produce 
the maize are lost too [7]. Therefore, [2] argue that effective storage is critical in 
order to keep adequate quantities of good quality maize grain until the next harvest. 
Accordingly, it is important for us to understand the characteristics of the storage 
types if we are to improve on maize storage by smallholder farmers in Uganda. It is 
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envisaged that reduced post-harvest grain losses could increase smallholder food 
availability, subdue pressure on natural resources, and improve smallholder maize 
farmers’ livelihoods [7].

More important to note is the fact that as food becomes scarce due to global 
warming, deliberate effort should be directed to storage if we are to reduce excessive 
losses. For example, the Famine Early Warning System Network (FEWS NET) in its 
report on Uganda’s food security outlook June 2016 to January 2017, indicated that 
poor households would spend nearly 100% of their income on food, compared to 55% 
spent in the previous year.

2.1 Justification of the study

Knowledge about the characteristics of storage types is still limited specifically in 
Uganda and generally in SSA. This study focused on household storage because it is 
what most smallholder maize farmers in Uganda practice. In addition, there are very 
few studies on storage and only 5% of research funding in the previous years has been 
directed to post-harvest storage [7]. Moreover, about USD one trillion is lost in post-
harvest food losses every year globally, while about USD four billion is lost in SSA. 
In east and southern Africa, the postharvest grain loss are valued at US$1.6 billion/
year, or about 13.56% of the total value of grain production in the region. This could 
potentially reach nearly US$4 billion/year in SSA out of an estimated annual value of 
US$27 billion. Also, most studies on post-harvest storage have focused on losses and 
the issues and challenges surrounding the processes; only few studies have focused on 
describing storage characteristics.

Hence, the working hypothesis is that this knowledge is required to develop 
strategies that will improve maize storage at the household level. Therefore, the aim 
of this study is to describe the storage types used with the view of creating a clear 
understanding of the different storage characteristics. The central argument is that 
despite the importance of storage as a basis of food and income security for small-
holder maize farmers, the storage structures used have not received the attention they 
deserve as shown by the few studies have attempted to describe them [20]. The dearth 
of information on the description, acquisition and why, how often and for how long 
the particular storage types are used, merits investigation in the Ugandan context.

3. Material and methods

3.1 Study area

Uganda is divided into four administrative regions, namely: Northern, Eastern, 
Western and Central [37]. The study was conducted in three districts of Eastern 
Uganda between January and May 2014/2015. The area covers the major maize 
producing region of Uganda.

3.2 Sampling

In a cross-sectional survey, interviews were conducted to collect comprehensive 
data on maize storage among smallholder maize farmers in three districts of Eastern 
Uganda. The Eastern region was purposively selected because, based on Uganda 
Census of Agriculture (UCA) 2008/2009 [38], it produces the highest volume of 
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maize in the country. Three high (Iganga), medium (Manafwa) and low (Katakwi) 
ranking maize producing districts were selected for the study based on national rank-
ing of maize production by volume (see coloured areas in Figure 1). While the highest 
and lowest maize producing districts were easily identified, for the medium produc-
ing district we chose the one whose production volume was closest to the average 
production of all the districts in the region.

Using maize production volume, we selected three sub-counties from each 
district. Thereafter, we contacted agricultural extension workers from each 
sub-county to provide registers of all smallholder maize farmers in their respec-
tive sub-counties. For the purpose of achieving gender balance in the sample, 
the lists were rewritten separating male from female smallholder maize farmers 
in each sub-county. Thereafter, the names were written on small pieces of paper 
which were then folded and put into two separate containers for each sub-county 

Figure 1. 
Map of eastern region showing sampled districts.
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containing names of male and female smallholder maize farmers. These were 
shaken to ensure proper mix. Then the researcher closed his eyes and used his hand 
to randomly pick a folded paper from each of the containers. This was done several 
times to align the respondents with the sample. Then the papers picked from the 
two containers were unfolded and the names were read to identify the respondents. 
Upon completing the reading of the names, the agriculture extension worker for 
each sub-county was asked for their contacts. The key respondents were later 
called, and appointments were fixed for interviews. This was done to avoid selec-
tion bias for interviewees.

In total, there were twenty-four interviews: six per district, and two per sub-
county. Since there is no agreed sample size for qualitative data collection [39], the 
study adopted [40] view of 12-and-above participants. These were contacted for 
appointment and later briefed about the aim of the study and consent sought for 
their participation. The interviews were conducted at the smallholder maize farmers’ 
homes. Where a farmer scheduled for an interview was absent from his or her home, 
the interview was rescheduled to another agreed day and time. This was important for 
courtesy and to increase the response rate.

3.3 Data collection procedure

Prior to the interview, each respondent was given a consent form to complete 
to confirm their willingness to participate in the interview [41]. Permission to 
record the conversation was sought and obtained. Respondents were also informed 
that they could stop the interview if they felt uncomfortable with the questions 
being asked. Each interview session started with an interviewee confirming that 
the respondent was responsible for maize storage in the household. An interview 
guide with open-ended questions was used, in order to avoid limiting the farmer’s 
response and to stimulate the discussion [42]. The interviews were conducted in 
English and, where it became complicated, respondents were free to talk in their 
local languages. The researcher or a research assistant would then translate and 
record the responses in English. This was crucial if farmers were to adequately 
express their views. All translations were cross-checked with a language expert to 
ensure accuracy. However, most of the time, the researcher’s translations accurately 
captured the meaning. Responses were voice-recorded and notes taken simultane-
ously. Information sought included farmers’ demographic characteristics, charac-
teristics of storage types used, process of acquisition and durability of the storage 
type.

3.4 Data analysis

This started in the field where quotes that were clearly stated were recorded 
verbatim. Themes were identified using Nvivo software. This helped to organise the 
data. Then, a Microsoft Word Document file was created. Codes were generated by 
reading each excerpt several times to ensure familiarity with the content [42, 43]. 
Content analysis was done based on the identified themes [41]. The themes were 
based on the different storage types because we needed to describe them. Descriptive 
analysis was done by gleaning from the interviews and recording the quotes. To 
understand the storage types and their cost, farmers were asked to describe how they 
were acquired and to give their local names. Pictures of the storage types were also 
taken.
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4. Results

4.1 Social-economic characteristic of smallholder maize farmers

The farmer’s ages ranged from 16 to 90 years with an average age of 41 years. Over 
half of the smallholder maize farmers interviewed had attained formal primary level 
of education. Many farmers were growing more than one crop and keeping a few 
domesticated animals. All of them depended on agriculture for their livelihood, and 
mainly employed family labour. The famers interviewed mainly used rudimentary 
tools such as hand hoes. Many farmers owned the land, and a few were renting. The 
majority of the families, which were extended, lived in small mud-and-wattle grass-
thatched huts. Some families had six to ten members in the household.

4.2 Perception of the smallholder farmers of storage types

The study captured smallholder maize farmers’ general experience of storage. 
The study was carried out in the second harvest season of 2014/2015. All respondents 
stated that they experienced storage challenges arising from the storage methods they 
used. Since the majority of them rely on the maize produced for food and income, 
storage challenges affected their food and income security. The poor nature of storage 
negatively affected the quantity and quality of the maize. Sadly, the smallholder 
maize farmers reported that when they ran out of maize for food, they were forced to 
buy back at inflated prices the maize that they had sold off cheaply earlier in the year.

Table 1 shows the different storage types used by smallholder maize farmers.
The findings show that ten different storage types were used by smallholder maize 

farmers in the sampled districts of Eastern Uganda. As can be seen from Table 1, stor-
age types have different names in the different dialects. Sometimes, even within the 
same district they are referred to differently; for example, edula and etuuja to mean 
granary in Katakwi. Some storage types like the jerry-can had no local name in Ateso 
because it was not made locally. Respondents explained that some storage types were 
not used in their districts for various reasons. For example, while the granary stor-
age type was common in Manafwa and Katakwi districts, it was not used in Iganga 
because of the local people had limited knowledge of how to construct it; and the 
materials used for making it were also scarce.

4.3 Description, acquisition and usage of storage types

In SSA, post-harvest losses contribute substantially to the total crop losses 
incurred by smallholder maize farmers. Most often, maize prices are very low just 
after the harvest, when there is plenty of maize on sale. Thus, farmers have to store 
grain for family consumption, for sale, and for seed in the next planting season. 
These, and many more factors, call for proper storage in order to serve these purposes 
when there is no production. The subsequent paragraphs present the description of 
the different storage types, how they are acquired, and why they are used.

4.3.1 Granary storage type

The granary has a conical roof made of poles, reeds, and grass, and the bottom 
is round and made of mud. It is normally raised above the ground to avoid damage 
from termites, rats, and ground moisture. Granaries are built for specific crops. For 
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example, a maize granary is different from a millet granary. Although at first glance 
it seems easy to construct, some smallholder maize farmers admitted that they do not 
use granaries because they are hard to construct and require expertise. The granary 
has an advantage of being cheap and made from locally available materials and can 
store relatively large amount of grain. However the disadvantage of such storage is 
that they are prone to fires and rodent attack which may destroy the stored maize 
grain (Figure 2).

On the construction of the granary, one participant had this to say:

Depending on where one gets the materials for granary construction from, one may 
not need money to construct it because all the materials are locally available free of 
charge in some villages. However, if a farmer lacks the skills for granary construction, 
he/she has to hire someone to construct it. Since granaries are constructed outside the 
house one, must choose a strategic place where water flow is limited to protect it from 
floods. More so, the location should be safe to prevent easy access by thieves. Thus, 
granaries are normally constructed close to the main house for security purposes and 
are mainly used by male farmers (Male respondent, Omodoi sub-county, Katakwi 
district).

The cost of a granary varies from farmer to farmer, village to village and district to 
district. This is because most smallholder maize farmers use locally available materi-
als for construction (where these exist). The cost is difficult to estimate because the 
owners hardly know how to monetise the materials used. This is because materials are 

Storage 
type 
used

Local names for the different storage types in the sample districts Percentage usage of 
each storage type1

Lusoga in Iganga Lumasaba in 
Manafwa

Ateso in Katakwi

Granary Ekyagi Sirara Edula/Etuuja 9.9

Cribs Ekyagi Hayu Etekati 4.4

Tins Endebe Kolokolo Edebe 0.3

Basket Ekibo Sisibbo Edita 0.4

Above 
fire

Ekibanyi Inunga Aitoola/Aruodo 0.4

House 
corner

Munsonda Mukona Esoodaloekai 8.9

Jerry-
can (old 
used)

Ekidomola Kupila Jerikan 0.1

House 
roof

Akasolya Sisoli Atuluru/Ebibiru 0.7

Sacks Ekutiya/Kavera Isawu Ipukoi 74.4

Pot Ensuwa Inyungu Amot 0.5

Total 100
1The percentages are calculated to give the extent of use within the sample. However, because of the small sample size, this 
does not reflect the prevalence of the storage type.

Table 1. 
Name in local dialect and percentage usage by storage type.
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obtained freely from within their surroundings. In addition, the cost also varies with 
the size, shape and with the season. During dry spells, the grass and water become 
scarce, which increases the cost. However, by triangulating information from differ-
ent farmers, the granary was estimated to cost on average about 67 USD.

A granary built for maize is not smeared with mud to allow for continuous flow of 
air, which is useful in maize drying, while the one for millet must be smeared because 
the grain is tiny. One participant had this to say:

When making a granary, one starts by creating a sign of plus {+} by joining two short 
sticks of the desired bottom size which are either tied or nailed to keep them stuck 
together. Here, you start making it with small sticks or reeds. The length is determined 
by the size, in that if it is very tall and big, the granary can easily collapse. The 
granary is normally placed on four stones to prevent damage by flooding water. The 
stones help in raising the granary above the ground. The stones must be at the same 
level to avoid tilting the granary. The poles are supposed to support the granary and 

Figure 2. 
A farmer explaining why maize granary is never smeared with mud.
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the roof. Stones are used to prevent storm water from damaging the stored maize 
(Male farmer, Butiru sub-county, Manafwa district).

If the granary is well-kept, it can be used for two or more years, but it must be 
roofed properly and protected from termites. The main reason for using the granary 
is that it can keep a lot of maize outside the house, which reduces inconvenience to the 
inhabitants. However, the demerit of using the granary is its susceptibility to pests, 
floods, rats and thieves.

The use of traditional granaries to store maize is attributed to inadequate 
resources; even farmers who knew about modern storage types said their price was 
prohibitive. Besides, the modern storage types are scarce.

4.3.2 Sack storage type

Sacks were the most commonly used storage type (Figure 3).
From Table 1, 74.4% of the sampled smallholder maize farmers stored their 

maize in sacks. Even where a farmer used more than one storage type, a sack would 
be among them. Farmers used sacks because of their affordability, accessibility, and 
flexibility. Sacks were bought from the shops around the villages. They cost between 
0.27USD and 0.40USD. The capacity of each sack is 100 kilogrammes. The advantages 
of this method is quick access and it could easily be re-used if it is not destroyed by 
rats. A participant said:

Sacks can also keep the maize in one place and enable lifting for sun-drying easily. 
One would also know how much maize he/she has by just counting the sacks. The 
drawback of sacks is that it is susceptible to mould, pests, rats and termites (Female 
farmer, Ibulanku sub-county, Iganga district).

Although sacks are used by the majority of the farmers, they absorb moisture 
when put on bare ground and offer little protection against pests. If they are not 

Figure 3. 
Maize stored in sack.
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damaged by rats, sacks can be used for one year. Well-to-do farmers have started 
adopting modern sacks referred to as hermetic triple bags, which are airtight [8]. 
However, they are expensive; each costs 1.88 USD to 2.14 USD, hence few smallholder 
maize farmers can afford them. Therefore, they are very scarce. This is demonstrated 
by the fact that it took 18 years for hermetic bags that were used in central America in 
1990 to reach Africa in 2008 [10].

4.3.3 Pot storage type

Pots are made of clay and are burnt to make them strong and impermeable. Large 
and small pots with storage capacities ranging from 5 to 20 kilogrammes were used. 
The maize stored in pots would remain clean and safe, but it requires regular sun-
drying to kill off the pests and to avoid mould. One participant noted that:

The challenges of using pots are that they are fragile, require continuous sun-drying, 
have limited capacity, and are very difficult to make. Pots are either purchased or 
made locally. Smallholder maize farmers with pot-making skills would make them 
for either home use or sell (Female farmer, Katakwi sub-county, Katakwi district).

A big pot as shown in Figure 4 costs 10.72 USD. The maize kept in a pot cannot be 
attacked by rats and other pests.

The top of the big pot is covered with small pot. Cow-dung mixed with soil or ash 
is used to seal off the top, thus preventing access by rats and other pests as shown in 
Figure 4. Air permeation is limited, but in case of excessive moisture around the pot, 
the maize may start to germinate. This is an ancient traditional storage type which is 
slowly getting extinct. However, smallholder maize farmers who use pots said that 
they did so for ancestral attachment. Pots are safe and can be stored in the house, are 
locally available, and are relatively cheap compared to cribs. Due to its fragile nature, 
the pot can be easily damaged, even by children. Hence, their durability depends on 
how careful the users are.

4.3.4 Above-the-fire storage type

This storage type was used by few of the smallholder maize farmers. Above-the-
fire storage type takes various forms. Some farmers use strings, while others use 
ropes or wire to tie the maize together. The tied maize cobs are then hung above the 
cooking fireplace. However, some farmers construct platforms above the cooking 
fireplace. The platform raised above the cooking fireplace is constructed by use of 
poles, nails and ropes. After harvest, maize is placed on this platform. When maize 
is off-season the platform may be used to keep other household items like firewood 
(Figure 5).

When ropes and wires are used, the maize is tied on the rope or wire and is hung 
above the cooking fireplace. The rope or wire is hung above the fire, which makes it 
very difficult for rats to attack the maize. The smoke from the cooking fireplace helps 
to protect the maize from damage by insects and rodents. This storage type is cheap 
and is easy to use, provided the cooking fireplace is safe. It also enables continuous 
drying of the maize. The maize kept above the fireplace was reported to germinate 
easily. Generally, this storage type is used mainly to preserve the seeds. A participant 
stated that:
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The disadvantage with this storage type is that it cannot store big amounts of maize. 
Hence, it stores mainly for planting. The use of smoke makes our maize to turn brown 
or black and so we cannot eat it because it looks dirty (Male farmer, Omodoi sub-
county, Katakwi district).

The storage type is constructed with poles, strings, and nails, which are locally 
available. Smallholder maize farmers with cooking fire places do not incur extra cost 
in acquiring this storage type. It is a storage type that has been used for a long time 
and those who use it copied it from past generations. A participant noted that:

Another important advantage of this storage type is that it can be used for many 
things in that when maize is not available it can store other household items (Female 
farmer, Ngariam sub-county, Katakwi district).

Figure 4. 
Pot used to keep maize.
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This storage type was very difficult to monetise because the users normally got the 
materials free and used their own labour to construct it. Nevertheless, the estimated 
cost is about 26.81 USD.

4.3.5 Basket storage type

A basket is the other type of storage used by smallholder maize farmers in Uganda 
(Figure 6).

These are mainly used to store maize temporarily during transitory periods. Table 1 
showed that few of smallholder maize farmers used baskets. It is a round-shaped open 
bowl made locally with banana and papyrus fibre. This storage type has ancestral attach-
ments. Baskets are made locally and are affordable. They vary in size and may keep 
between five and twenty kilogrammes of maize. A participant noted that:

Those who cannot make the baskets buy them from the communities because some 
experts make baskets for sell. They are less expensive compared to granaries and cribs. 
The maize is kept clean as it undergoes drying. The basket is durable in that it can 
last for two or more years if properly kept. The danger with basket storage is that it is 
highly susceptible to pests, rats, and mould, which cause high losses. When purchased, 
baskets cost between 2.68 UDS and 5.36 USD depending on the size (Female farmer, 
Bubutu sub-county, Manafwa district).

Respondents explained that the baskets are normally used every season but for 
a short period because, like sacks, they are easy to carry around when sun-drying 
maize.

4.3.6 The jerry-can storage type

Although jerry-cans are bought to fetch water, they have a dual purpose among 
smallholder maize farmers (Figure 7). When the jerry-cans get old, they are turned 

Figure 5. 
Above-the-fire storage type.
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into maize storage containers. Unlike other storage types, this particular one is not 
locally made. In this storage type, maize is put into the jerry-can and then sealed with 
a lid. One participant noted that:

This storage type is better because the maize is protected from rats, pests and birds. 
When the jerry-can is put in a dry place, the maize can stay safe for one to two 
months. The jerry-can should not be placed on the cold wet ground because it will 
mould. The challenge with this kind of storage is that it cannot store maize for long 
and stores little in quantities. You also have to keep sun-drying (Female farmer, 
Makuutu sub-county, Iganga district).

Figure 6. 
Basket storage type.

Figure 7. 
Jerry-can storage type.
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Although jerry-cans are readily available, they are not cheap. A new one costs 
about 1.88 USD; hence, farmers have to find damaged ones that can no longer be used 
to fetch water.

4.3.7 The crib storage type

Cribs are either open or closed. During the interview, smallholder maize farmers 
explained that cribs are constructed using locally available materials. They are built 
like a house, roofed with iron sheets, or thatched with grass. Figure 8 shows a crib 
made of eucalyptus tree poles, timber, nails and iron sheet without wire mesh.

The well-to-do farmers use iron sheets, timber, nails and wire mesh to construct 
the crib. However, the poor farmers (unfortunately the majority) use grass, papyrus, 
tarpaulins, reeds, poles and nails to construct cribs. A participant noted that:

To protect maize from pilferage, we add chicken mesh on the crib, which makes 
it impossible for one to pick the maize cob. Sometimes we do not put a door but 
just leave a space towards the roof and use a ladder to put and remove the maize. 
Smallholder maize farmers construct cribs with doors when one has security in the 
home (Male farmer, Butiru sub-county, Manafwa district).

This storage type is important because it enables continuous drying of maize and 
offers a large storage capacity compared to granaries. Farmers with no expertise in 
crib-making hire experts to undertake the construction. A crib is the most expensive 
storage type costing approximately 268.06 USD.

The crib may be made with two small doors to aid in adding new stock or taking 
out the maize. If the first part of the crib up to the first door level is full, the farmer 
uses the higher door to put in more maize. Similarly, in removing the maize one can 
use the first-in first-out (FIFO) method.

The use of crib storage type depends on the amount of maize produced. 
Smallholder maize farmers producing less than one tonne can hardly ever use 
them. The nature or type of a crib depends on the farmer’s financial ability and 
expertise. Besides being expensive, the cribs are susceptible to attack by rats, pests, 
birds and thieves.

Figure 8. 
Traditional crib.
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4.3.8 The plastic bucket and iron container storage type

Another storage type used by smallholder maize farmers is the plastic bucket and 
iron container. This storage type is an open round- or square-shaped container made 
of plastic or iron. The iron containers today are quite rare because plastic containers 
are more available. Plastic buckets are more common today. Buckets are either bought 
directly from the market for storage or obtained after emptying buckets containing 
products like washing detergent packaged in these containers. Buckets are hermetic 
(airtight) and limit many pests. However, they are susceptible to fire, besides being 
more expensive than sacks (Figure 9).

However, to prevent moulding, the container must be kept in a dry place and the 
maize must be clean and dry. The tins are of varying capacities ranging from two 
kilogrammes to 20 kilogrammes of grain. Tins are not locally made and hence have to 
be purchased at 0.54 USD for five kilogrammes to 8.04 USD for twenty kilogrammes. 
Thus, the majority of smallholder maize farmers find them expensive compared to 
sacks.

4.3.9 The house-corner storage type

The house-corner is another storage type used by smallholder maize farm-
ers. Quite often, the farmers spread their harvested maize in the house-corners. 
Depending on whether the house is cemented or not, they turn one corner of the 
house into a storage place. This space is normally in their sitting room because it 
enables them to easily take the maize out for sun-drying.

However, the drawback with this storage type is that maize is susceptible to 
destruction by rats, birds and pests, which exacerbates grain losses. A participant 
noted that:

This storage type is acquired through house construction. Once one has built a house 
then the maize seeds are just spread in one of the house corners. (Female farmer, 
Bulamagi sub-county, Iganga district).

This storage was very difficult to monetise. Nevertheless, in this study, it is treated 
as a zero cost because the house is built for accommodation and not for storage.

Figure 9. 
Sample of plastic bucket.
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4.3.10 The house-roof storage type

This storage type is transitional in that it does not keep maize for long. When 
maize is harvested, it can be stored on the rooftop of the house to help with continued 
drying. Maize cobs with or without husks are deposited on rooftops. It prevents 
domestic birds from destroying the maize because they cannot easily climb to the roof 
of the house. This storage type also limits pilferage and rat damage but is susceptible 
to mould and pests. One participant said:

When the roof is thatched with grass, then the maize remains on the cob and with 
husks; but for an iron-roofed house, the maize may be removed from the cob (Female 
farmer, Ibulanku sub-county, Iganga district).

House-rooftops store maize for a short period. They are also affected by weather 
changes, particularly during the rainy season. The storage type is difficult to 
monetise; first, because some rooftops are made of grass and others of iron sheets. 
Secondly, because the rooftops are part-and-parcel of their accommodation, farmers 
did not see it as an extra cost to acquire the storage type and hence it was difficult for 
them to monetize it.

5. Discussion

Household storage presents complex challenges for smallholder maize famers 
in Uganda. It leads to loss of grain in storage [11]. The description of the various 
storage types used reveals that there is an urgent need to tackle storage inadequa-
cies among smallholder maize farmers [12]. This study concurs with [33] findings 
in his study of grain storage in Africa. He revealed that storage methods differ 
even within the same country. This study shows that, to a large extent, all the 
storage types described present a degree of risk. And yet maize has the potential 
of expanding the income and food security of the smallholder maize farmers 
in Uganda [19, 23, 24]. The storage challenge has contributed to escalating food 
and income insecurity, thereby condemning many smallholder maize farmers to 
perpetual poverty and famine [31, 33, 34].

Some storage types, such as sacks, are susceptible to pests and yet cribs that are 
less susceptible are quite expensive to construct. The findings show that smallholder 
maize farmers are still trapped in the traditional storage types that alarmingly exac-
erbate their income and food insecurity (Table 1). In developing countries, losses in 
traditional storage facilities account for a significant proportion of all post-harvest 
losses in cereals [7, 30]. In Uganda, storage losses of maize after harvest are about 6% 
of the quantity harvested, on average [31]. The findings lend some credence on how 
storage types are acquired and used and the reason for their use. This is pertinent to 
researchers and policy-makers because it adds anecdotal evidence on the description 
of storage types. This is crucial for policy formulation in the fight against food and 
income insecurity.

Purchasing was the most common method of acquiring the storage facilities used. 
However, while some farmers would construct their storage structures, others hired 
experts to construct the storage facilities for them. Given the limited financial ability 
of most smallholder maize farmers, it is hard for them to acquire better storage types. 
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This, therefore, constrains their effort to increase food supply since much is lost dur-
ing storage. Farmers purchase the storage types that are available and affordable, but 
also remain committed to traditional attachments.

Taking the examples of the storage types used by smallholder maize farmers, 
the findings demonstrate that storage requires urgent attention because it impacts 
negatively on food and income security of the farmers. It is safe to say that deliber-
ate efforts need to be directed towards improving maize storage at household level. 
Attention should be directed towards improving the existing storage technologies at 
household level, improving the storage efficiency, facilitating more storage capacity 
and perhaps extending the storage length, which is critical for income and food secu-
rity. The emphasis on household storage is premised on the dire need for safe storage 
and the fact that much of the grain produced is for human consumption. Given the 
level at which the storage types currently operate, it seems the gains from such an 
approach would be high.

It is arguable that the current state of storage at household level cannot eradicate 
food and income insecurity. The storage types elucidated above clearly demonstrate 
the urgent need to improve on the structures if safety of the grain is to be achieved. 
When safety is threatened, smallholder maize farmers’ participation in economic 
activity through the sale of maize is compromised. Unfortunately, the farmers’ 
ability to improve the storage on their own seems limited given their continued use 
of traditional storage methods, despite the losses experienced. This has left them in a 
predicament because the rate of damage to the grain in storage by rats and other pests 
is alarming.

Consequently, this limits economic development because the majority of the farm-
ers derive their livelihood from agriculture. And yet protection of the grains in the 
current storage types is almost impossible [25]. Besides, smallholder maize farmers 
predominantly use traditional protection methods like neem tree leaves, sun-drying, 
and smoking, which are not very effective in protecting the grains.

In conclusion, despite the predominant use of traditional storage types among 
smallholder maize farmers in Uganda, its safety is still very poor. It also causes 
high losses to the farmers. Clearly, these storage types need urgent improvement 
to enable the famers to become food and incomes secure [28]. Overall, the present 
storage types described suggest a need for change, which must be integrated in the 
way maize is stored at smallholder level. Apart from being traditional, the storage 
types have no ability to protect the maize from waste and, therefore, the farmers will 
certainly continue to suffer if no change is instituted. As a key component of family 
security, every effort should be directed at improving storage for better income and 
food security.

It can also be seen that farmers use different types of storage. Two aspects that 
need further research are:

1. Farmers were not asked their preferred storage type (irrespective of cost or local 
material availability, but just based on their perceptions of storage efficiency). 
Such knowledge would assist in directing the efforts to improve local storage 
performance.

2. The variation and prevalence of storage types in Uganda and indeed in SSA 
needs to be established. The effort to improve storage efficiency can be directed 
based on farmer efficiency perceptions and prevalence.
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6. Conclusions

This book chapter is novel in that it explicates an important aspect of maize 
storage and acquisition among the vulnerable smallholder farmers. It is demonstrated 
that they use rudimentary that cannot protect their maize grain from damage by 
rodents, insects, rats etc. that greatly affects their ability to be income and food secure 
moreover maize is a duo purpose crop for these smallholder.
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