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HIGHLIGHTS:
Using natural compounds for treating stored grains emerges as an eco-friendly and promising alternative.
The recognized bioactivities of classes of natural compounds can be adapted for application in grain storage.
Research on natural compounds in stored grains is still incipient, requiring more tests to make their application viable.

ABSTRACT: Grain production is steadily increasing; however, the static storage capacity remains inadequate in
Brazil. The lack of proper facilities and the precarious and inadequate storage conditions lead to post-harvest losses
due to factors interacting with the grains, causing their deterioration. Chemical treatments are commonly used to
reverse these effects; however, their replacement with natural substances has been sought due to environmental and
human health concerns. The objective of this review was to discuss a sustainable strategy for treating stored grains,
focusing on the use of natural compounds with bioactive properties, such as antifungal, antioxidant, and insecticidal
activities, with potential for further studies. Natural compounds with useful properties for application in grain storage
were outlined. Research on the use of natural compounds in grain treatment is still in its early stages, requiring
progress in identifying new promising compounds, understanding the mechanisms of action, and developing and
optimizing effective extraction, application, and formulation processes to make the use of these substances viable.
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RESUMO: A produgido de graos apresenta crescimento constante, entretanto, a capacidade estatistica de
armazenamento permanece deficitaria no Brasil. A falta de estruturas e a precariedade e inadequa¢do no
armazenamento ocasionam perdas na pos-colheita, devido agdo de fatores que interagem com os gréos, culminando
na sua deterioracdo. Para reversdo desses efeitos, o tratamento quimico é realizado, contudo, busca-se por sua
substituicao por substancias naturais devido a implicagdes ambientais e medicinais. Objetivou-se com esta revisio,
a discussdo de uma potencial estratégia sustentdvel para o tratamento de graos armazenados, com foco no uso de
compostos naturais com propriedades bioativas como antifingica, antioxidante e inseticida, que os torna potenciais
para serem estudados. Foram delineados compostos naturais que possuem propriedades tteis para aplicagdo no
armazenamento de graos. Pesquisas a respeito do emprego dos compostos naturais no tratamento de graos sdo
incipientes, carecendo de avangos na identificagdo de novos compostos promissores, melhor compreensio dos
mecanismos de a¢io e otimizagdo/desenvolvimento de processos de extragéo, aplicagio e formulagio eficazes que
viabilizem o futuro uso das substancias.
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INTRODUCTION

The grain production sector has been continuously growing
due to advances in research (Ygit, 2019; Ziegler et al., 2021).
However, this increase has accentuated the deficit in static grain
storage capacity, which, combined with improper facilities,
inadequate techniques and lack of management, leads to grain
losses (Silva et al., 2021; Ziegler et al., 2021). This is one of
the major challenges in postharvest management of grains in
Brazil, one of the world’s leading grain-producing countries
(Coradi et al., 2020).

Grains are living organisms and are therefore affected by
the environment, which makes proper storage crucial (Bucklin
et al., 2019). Biotic and abiotic agents interact with grains,
causing their deterioration (Lutz & Coradi, 2022; Sharma et
al., 2023), which makes grain treatment, mainly chemical,
imperative. Phosphide-based fumigants and pyrethroids and
organophosphate insecticides are predominantly used (Agrofit,
2003; Arora et al., 2021). However, these treatments have been
discouraged due to insect resistance and environmental and
health implications (Mir et al., 2023), leading to the search for
alternative treatments.

Storage is essential for increasing profits, reducing losses,
and ensuring food quality and safety (Gaban et al., 2017;
Cafiero & Nord, 2018). However, the highest postharvest grain
losses usually occur during storage, a situation that is even
more significant for small-scale growers due to financial and
technological limitations (Manandhar et al., 2018).

Therefore, information about the storage ecosystem and the
development of new techniques, especially sustainable ones,
are essential to optimize the process and ensure profitability,
nutritional quality, and food safety (Ariong et al., 2023; Tushar
et al., 2023). In this context, the objective aim of this review
was to discuss a sustainable strategy for treating stored grains,
focusing on the use of natural compounds with bioactive
properties, such as antifungal, antioxidant, and insecticidal
activities, with potential for further study.

CHALLENGES IN GRAIN STORAGE:
AN OVERVIEW

Losses of stored grains result from biotic factors, such as
harmful insects, microorganisms, rodents, and birds, and
abiotic factors, including grain moisture content, relative air
humidity, temperature, grain condition at harvest, and storage
conditions and facilities (Sharma et al., 2023).

Insect pests account for a significant portion of both
quantitative and qualitative losses in stored grains (Rizwan et
al., 2022), as they thrive under high humidity and temperature
conditions (Garcia-Cela et al., 2019). Infestation by insect
pests occurs initially through primary infestation, with
insects penetrating, feeding, and completing their lifecycle
within healthy grains; this enables secondary infestation,
characterized by insects feeding on previously damaged or
broken grains (Melo et al., 2018).

Pest damage includes quantitative losses such as gran
weight reduction, and qualitative losses such as changes in
chemical composition that affect grain nutritional value,
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contamination with excreta, insect parts, and uric acid, and
aesthetic degradation (Covele et al., 2020; Paul et al., 2020;
Sharma et al., 2023). Additionally, insect infestations can
compromise the germination of stored grains (Mngongbo,
2023). Although grains are not typically used as planting inputs,
these factors are significant in small-scale and family farms,
where grains are often used as seeds.

Moreover, insect infestations can promote pathogenic
microorganisms by creating entry points for colonization,
increasing the grain temperature and damaging storage
facility structures and packaging (Sharma et al., 2023). Thus,
the presence of insects in stored grains, especially at high
infestation levels, compromises profitability and food safety.

The main insect pests of stored grains include: i) Primary
pests, such as Rhyzopertha dominica (Coleoptera: Bostrichidae),
Sitophilus oryzae (Coleoptera: Curculionidae), Sitophilus
zeamais (Coleoptera: Curculionidae), Lasioderma serricorne
(Coleoptera: Anobiidae), Acanthoscelides obtectus (Coleoptera:
Bruchidae), Sitotroga cerealella (Lepidoptera: Gelechiidae),
and Plodia interpunctella (Lepidoptera: Pyralidae); and ii)
Secondary pests, such as Tribolium castaneum (Coleoptera:
Tenebrionidae), Oryzaephilus surinamensis (Coleoptera:
Silvanidae), Cryptolestes ferrugineus (Coleoptera: Cucujidae),
and Ephestia kuehniella (Lepidoptera: Pyralidae) (Lorini et
al., 2015).

Furthermore, microorganisms also pose a threat to stored
grains. Grains can be attacked by bacteria, actinomycetes, and
fungi during storage (Iztayev et al., 2020). However, bacterial
contamination in grains is uncommon during storage due to
unfavorable conditions for their growth; when it does occur,
it typically involves non-harmful bacteria due to poor hygiene
(Briggs & McGuinness, 1993; Laca et al., 2006; Los et al., 2018;
Qi etal,, 2022). Conversely, fungi require more attention due to
their harmful effects on stored products (Jafarzadeh et al., 2023).

Fungi are favored by moisture; fungal colonization
is promoted by water activity in grains above the critical
threshold, causing grain deterioration and potentially leading
to mycotoxin production (Fleurat-Lessard, 2017; Wang et
al., 2019). Mycotoxins are toxic substances produced by
secondary metabolism (Chen et al., 2023) and seriously
threaten food safety due to their high likelihood of causing
acute contaminations (El-Sayed et al., 2022). The main fungi
species in stored belong to the genera Aspergillus, Fusarium,
Cladosporium, Ustilaginoidea, and Wallemia (Qi et al., 2022);
Fusarium and Aspergillus species are the major mycotoxin
producers (Bertuzzi et al., 2019; Aragjo et al., 2021).

Therefore, the primary issue caused by fungi in grain
storage is their ability to produce mycotoxins, which
represent a serious health risk due to their high toxicity even
at low concentrations (Gil-Serna et al., 2019; Gallo et al,,
2020; Qi et al., 2024). Mycotoxin toxicity can cause severe
effects on human and animal health, including liver toxicity,
carcinogenicity, immunosuppression, neurotoxicity, reduced
fertility, endocrine disorders, gastrointestinal illnesses, and
developmental issues (Dai et al., 2019; Gallo et al., 2020; Sun
etal., 2022; Penagos-Tabare et al., 2024; Taroncher et al., 2024).

The most significant mycotoxins for the agricultural sector
are aflatoxins, produced by species of the genus Aspergillus;
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fumonisins, trichothecenes, zearalenone, by species of
Fusarium; ochratoxins and citrinin, by species of Aspergillus
and Penicillium; and patulin, by species of Penicillium
(Munkvold et al., 2021; Ferrara et al., 2022).

Birds and rodents also cause damage stored grains, albeit to
alesser extent (Shah et al., 2023). These organisms contribute to
grain storage losses by consuming grains; however, their greater
concern threat lies in transmitting diseases to humans and
animals as carriers of various pathogens that contaminate the
grain mass through their excreta and feathers, thus promoting
the growth of insects and microbes (Rajendran et al., 2003;
Dubey et al., 2023; Quasim et al., 2023).

Regarding abiotic factors, grain moisture content is one
of the main causes of damage to stored grains (Abdullahi &
Dandago, 2021). The safe moisture content range for stored
grains usually range from 10 to 13%, with higher and lower
levels leading to deterioration of inherent grain properties, such
as changes in chemical and physical composition, favoring pest
and microorganism attacks (Panigrahi et al., 2020; Sharma et
al., 2023). Additionally, relative air humidity can cause damage
through water absorption or loss due to the hygroscopic nature
of grains (Angelovic et al., 2018).

Water is a precursor for metabolic reactions; therefore,
high moisture contents accelerate metabolism, increase
the consumption of grain reserves, and decrease the grain
nutritional value (Yubonmbhat et al., 2019; Wang et al. 2020), as
well as favor insect attacks and mainly fungal growth (Garcia-
celaetal., 2019; Sharma et al., 2023). Conversely, low moisture
contents lead to reduced commercial value due to lower grain
weight and can potentially cause physical damage due to grain
dryness (Souza & Ruffato, 2021).

Air and grain temperatures, as well as the temperature
between grains, are also significant for the quality of stored
grains (Sharma et al., 2023). High temperatures accelerate grain
metabolism, leading to the consumption of reserves, favoring
insect-pest infestation and microbial growth, and causing
nutrient degradation (Elias, 2000; Garcia-cela et al., 2019; Gu et
al,, 2019). These stressors increase grain respiration, generating
metabolic heat due to oxidative decomposition, thus causing
further losses (Sharma et al., 2023).

Furthermore, grain conditions at harvest and the storage
conditions and facilities also affect the quality of stored grains.
Intact grains harvested and stored at ideal moisture contents
are less susceptible to damage from these factors; proper
mechanical and structural storage conditions, with durable
facilities, reduce access to harmful insects and microorganisms
and minimize grain deterioration (Abdullahi & Dandago,
2021; Sharma et al., 2023). Additionally, sanitation and hygiene
conditions around storage areas are crucial, as poor hygiene
predispose the grains to more harmful effects (Kuyu et al.,
2022).

USE OF NATURAL COMPOUNDS: ALTERNATIVE
TO CONVENTIONAL TREATMENTS OF STORED
GRAINS

Chemical treatments are the most used method for grain
storage, applied preventively in empty spaces before storage
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or curatively, using insecticides and fumigants (Lorini et al.,
2015; Manandhar et al., 2018; Hamel et al., 2020). Preventive
treatments protect the grains for several months by uniformly
applying chemical insecticides before storing the grains (Lorini
et al., 2015; Hamel et al., 2020). Curative treatments involve
fumigation to eliminate infestations in stored grains (Abdullahi
& Dandago, 2021).

Preventive application of chemical insecticides has a
limited efficacy, as the action of the product is restricted to
insects on the grain surface, making fumigation more effective
(Hamel et al., 2020). The list of chemical pesticides approved
for treating stored grains is limited, with a focus on fumigants
(Agrofit, 2003; Hamel et al., 2020). Currently, the most used
products for grain storage in Brazil are pyrethroids, followed
by organophosphates (Table 1) (Agrofit, 2003). Regarding
fumigation, methyl bromide was largely used worldwide, but
has been banned and replaced by phosphine, sulfuryl fluoride,
and carbon dioxide, the latter considered more environmentally
friendly (Hamel et al., 2020). In Brazil, aluminum phosphide
and magnesium phosphide are the most used for fumigation,
followed by phosphine (Table 1) (Agrofit, 2003).

There are currently no chemical fungicides approved
for controlling fungi in grain storage in Brazil (Agrofit,
2003). Considering the widespread occurrence of fungi in
storage facilities and the significant threat of mycotoxin to
health (Taroncher et al., 2024), seeking solutions, especially
sustainable ones, is imperative to prevent and control the
presence of these organisms in stored grains to ensure food
safety.

Although highly effective, chemical treatments have
drawbacks (Akinneye et al., 2018), including the potential
for residue in food, which can be harmful to human health;
environmental impact, especially when products are
mishandled; the development of resistance in organisms due to
excessive and continuous use of substances; strict regulations;
and health risk to workers exposed to toxic products (Ayalew,
2020; Dias et al., 2020).

Physical treatments involve the manipulation of the
physical environment to control pests and pathogens, including
the use of lethal temperatures that are non-damaging to
grains; reduction of relative air humidity to unfavorable
levels; controlled atmosphere, modifying CO,, O,, or N,
concentrations to harmful levels; use of inert dusts such as
diatomaceous earth for desiccation as an insecticidal method;
physical removal of pests with sieves; exposure of pests
to ionizing radiation for their elimination or sterilization;
application of sound waves at frequencies harmful to insects;
application of radiofrequency and microwave energy for
selective dielectric heating of insects to lethal temperatures;
and use of hermetic packaging (Lorini et al., 2015; Tanguy et
al., 2019; Yanagawa et al., 2020; Abed et al., 2023; Jian, 2024).

The use of diatomaceous earth stands out among physical
environment treatments. It has been used as an alternative
to conventional insecticides and has shown effectiveness
against various insect-pest species of stored grain (Baliota
& Athanassiou, 2023). Diatomaceous earth is an inert dust
derived from fossilized microscopic algae, containing 60 to
93% amorphous silica, with emphasis on silicon dioxide,
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Table 1. Approved active ingredients for use in storage of grain products in Brazil

Toxicological classification: I - Extremely toxic product; II - Highly toxic product; III - Moderately toxic product; IV - Slightly toxic product; V - Unlikely to cause acute harm.
Environmental classification: I - Highly hazardous to the environment; II - Very hazardous to the environment; III - Hazardous to the environment; IV - Slightly hazardous to the

environment. Source: Agrofit (2003)

which causes insect mortality through desiccation (Baliota &
Athanassiou, 2020).

Some limitations are associated with physical treatments,
including reduced grain quality, especially with temperatures
that degrade chemical compounds, high operational costs
and time, the need for large amounts of material, and limited
efficacy (Souza et al., 2013; Lorini et al., 2015). Despite its
low toxicity to mammals, efficiency, and long-term effect,
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diatomaceous earth has some disadvantages such as effects
on the physical properties of grains, including reduced bulk
density (Rigopoulou et al., 2023), as well as and mechanical
abrasion (Losic & Korunic, 2018), which hinders direct mixing
with grains (Hamel et al., 2020).

Biological pest control in storage facilities is not yet a well-
established method but has been studied as an alternative to
chemical pesticides. These studies have considered the use of
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pathogens, parasitoids, and predators for protecting stored
grains (Hamel et al., 2020; Abdullahi & Dandago, 2021).

Biological treatments are low or non-toxic by nature,
therefore, they have some limitations, mainly related to limited
and variable efficacy, potential contamination of stored grains
with organism fragments (Montoya-Martinez et al., 2024), a
lack of detailed and critical analysis of their use in the field
against specific insect pests in crops, and organizational,
geographical, and methodological biases; these factors hinder
the scientific progress in this area (Wyckhuys et al., 2024).

Currently, innovative approaches for treating stored grains
have emerged driven by the demand for reducing food waste.
Some techniques have shown promise for treating stored
grains, including ozonation for controlling atmosphere with
the potential to reduce mycotoxins and microorganisms,
dielectric heating, non-thermal plasma, high hydrostatic
pressure, microwave energy, ultraviolet light, and the use of
natural compounds, especially essential oils (Schmidt et al.,
2018; Dias et al., 2020; Paul et al., 2020). The use of natural
compounds has stood out among these techniques for their
low-cost and easy availability.

Traditional treatment methods, such as the use of chemical
agents, show efficacy but have disadvantages like environmental
persistence, adverse effects on human and animal health and
the environment, impacts on the nutritional quality of grains,
development of resistance, and commercial limitations due
to restrictions and regulations on synthetic compounds
(Subramanyam et al., 1998; Morrison et al., 2019; Singh et al.,
2021; Sruthi & Rao, 2021). These drawbacks drive the search
for sustainable alternatives.

In this context, natural compounds provide a wide
range of biological activities with the potential to replace
traditional treatments. These substances are derived from
secondary metabolism of organic sources, primarily plants,
but also from animals and microorganisms, and exhibit several
pharmacological and medicinal bioactivities (Bouyahya et
al., 2022). Their potential agricultural applications include
antioxidant, insecticidal, antimicrobial, and nutraceutical
activities.

Research into natural compounds for agricultural use,
particularly in grain storage, is promising as these substances
can potentially replace synthetic inputs. Their advantages
include easy acquisition at low cost due to a wide availability,
absence of residues, and safety due to low toxicity (Sanchez &
Aznar, 2015; Ooi et al., 2018; Atanasov et al., 2021).

Considering the importance of preserving postharvest
products, the search for natural compounds for treating
stored grains is essential for reducing the use of chemical
pesticides and, consequently, their environmental and health
impacts. Therefore, there is a growing need for studies
involving medicinal, aromatic, and forest species to promote
the sustainable use of natural resources and their agricultural
application.

POTENTIAL NATURAL COMPOUNDS

Natural compounds were selected for investigation
based on their relevance for the protection and treatment of
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stored grains, mainly due to their bioactive properties. These
compounds have potential against major storage issues such
as fungal and insect attacks and promote grain preservation
by delaying oxidation and preventing deterioration. Essential
oils have well-documented antimicrobial and antioxidant
properties, including applications in agriculture. Phenolic
compounds are recognized for their high antioxidant and
antimicrobial activities. Alkaloids have antimicrobial and
insecticidal properties, whereas sulfur compounds have
antioxidant, antifungal, and insecticidal activities. Carotenoids
and natural polysaccharides were addressed due to their
antioxidant properties.

A search for scientific articles using the term “bioactive
natural compounds” in the Web of Science database, filtered
by “entomology,” “mycology,” and “agronomy”, returned a
total of 973 studies conducted between 1976 and 2023, with
861 articles and 112 are review articles; there was a noticeable
increase from 2020 onwards (Figure 1).

Importantly, the extensive search for bioactive natural
compounds can be attributed to their beneficial properties
for grain storage, which makes them as potential options for
integration into pest and disease control during storage.

Essential oils are substances extracted from plants with
a significant relevance in agricultural research due to their
biochemical properties, which confer important biological
functions (Elshafie et al., 2019). Essential oils consist of
a various volatile compounds derived from secondary
metabolism, such as terpenes, the major compounds,
along with those of aromatic and aliphatic groups, such as
aldehydes, alcohols, esters, and ketones; these compounds have
characteristic aromas that provide insecticidal, antimicrobial,
herbivory-protective, and repellent properties (Langenheim,
1994; Tohidi et al., 2019; Falleh et al., 2020).

Essential oils are synthetized in small quantities in various
plant organs, mainly flowers, buds, leaves, seeds, stems,
and fruits (Dhifi et al., 2016). Extraction methods include
conventional techniques such as hydrodistillation, steam
distillation, hydrodiftusion, and solvent extraction (Wang et
al., 2017), as well as innovative methods such as supercritical
fluid extraction, subcritical extraction, solvent-free microwave
extraction, and microwave-assisted hydrodistillation (Aziz
et al., 2018). These processes result in a liquid, volatile,
translucent, colored product with a lower density than
water (Nazzaro et al., 2017). Several studies have confirmed
the potential of essential oils for agricultural applications,
emphasizing their effectiveness as bioinsecticides, biological
antibiotics, and natural antioxidants (Borotova et al., 2021; Loi
et al., 2023; Santos et al., 2023). Additionally, using essential
oils in stored products provides the advantage of preserving
sensory characteristics (Borotova et al., 2021).

Currently, research on essential oils is extensive among
various authors, including Brazilian researchers investigating
their potential as agents to control important storage pests
and fungi, including Callosobruchus chinensis, Callosobruchus
musculatus, Lasioderma serricorne, Tribolium castaneum,
Ephestia kuehniella, Caryedon serratus, and fungal species of
the genera Fusarium, Aspergillus, and Penicillium (Mattos et
al,, 2021; Olinto et al., 2021; Jiang et al., 2022; Luchesi et al,,
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Figure 1. Studies on bioactive natural compounds from 1976 to 2023 in the Web of Science database

2022; Farias et al., 2023; Lopes et al., 2023; Duan et al., 2024;
Gao etal., 2024; Liu et al., 2024; Hamidian et al., 2024; Oliveira
et al., 2023; Paul et al., 2024; Sulhath et al., 2024; Tewari et al.,
2024; Torre et al., 2024).

However, despite many current studies indicating the
promising use of essential oils in agriculture, there is still
a demand for more research regarding standardization of
methods, systematic correlations between various studies,
and conduction of sensory analyses to determine effective
and acceptable rates that do not compromise organoleptic
characteristics of food products (Stfelkova et al., 2024).

Phenolic compounds are secondary metabolites synthesized
by plants that act on physiological processes and defense
systems (Pratyusha, 2022). The main sources of phenolic
compounds are fruit and vegetable species, but woody
vascular plants have gained prominence (Tanase et al., 2019).
These compounds can be extracted using conventional and
unconventional solvents, negative pressure, supercritical CO,
extraction, pressurized liquid extraction, subcritical water
extraction, ultrasound-assisted extraction, and membrane
filtration (Barba et al., 2016).

Phenolic compounds have aromatic rings in their chemical
structure, which enables them to execute biological functions
(Pratyusha, 2022). They are widely recognized in industry
and medicine for their antioxidant, anti-inflammatory,
antimicrobial, antiatherosclerotic, antidiabetic, antiallergic,
prebiotic, and antimutagenic properties (Tanase et al., 2019),
which are advantageous for stored grains.

Alkaloids, synthesized in plants, animals, and microorganisms,
have antioxidant, antimicrobial, anticarcinogenic, and
insecticidal properties (Thawabteh et al., 2019), making them
promising for grain treatment. Chemically, alkaloids are amines
that contain heterocyclic rings and nitrogen derived from amino
acids (Dey et al., 2020).

Sulfur compounds consist of a group of organic compounds
derived from the secondary metabolism of plants, bacteria, and
fungi, characterized by their sulfur-containing structure (Liu
etal., 2022). These compounds are closely related to vegetable
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species of the families Alliaceae, Cruciferae, and Leguminosae;
they exist initially as non-volatile hydrophilic compounds,
which are converted into volatile lipophilic compounds by
enzymes upon tissue damage, thus providing them with aroma
and flavor (Lu et al., 2022).

Organosulfur compounds are reactive and can donate
hydrogen sulfide (H,S); this may be due to their antioxidants,
anti-inflammatory, antibacterial, antifungal, and insecticidal
activities (Shang et al., 2019; Lu et al., 2022), which make them
potential alternatives for use in grain treatment.

Carotenoids are lipophilic pigments (yellow, red, and
orange) found in plants predominantly, and in microorganisms
(Amengual, 2019; Wang et al., 2021). They belong to the
chemical class of terpenes, which are hydrocarbons produced
by plants and composed of isoprene units, associated with
several biological activities (Cox-Georgian, 2019).

The chemical structure of carotenoids consists mainly
of unsaturated polyene chains, containing a high number
of conjugated double bonds (Wang et al., 2021). They are
classified into carotenes and xanthophylls, the latter containing
oxygen atoms in addition to carbon and hydrogen (Amengual,
2019). Recognized carotenoids for pharmacological purposes
include B-carotene, lycopene, astaxanthin, lutein, zeaxanthin,
B-cryptoxanthin, and fucoxanthin, which differ mainly in their
chemical structure (Honda, 2020).

Carotenoids have potential for stored grain treatment
because they are precursors of vitamin A (Bezerra et al,,
2019), which improves nutritional value and provides high
antioxidant properties, especially against peroxyl and singlet
oxygen radicals (Moreira et al., 2018; Honda, 2020).

Natural polysaccharides are bioactive compounds obtained
in large quantities from plants, animals, microorganisms, and
algae, widely used in the food and pharmaceutical industries
(Tudu & Samantha, 2023). They can be extracted using
methods such as hot water extraction method, dimethyl
sulfoxide, methoxyethanol, acidic aqueous solution, lithium
chloride, dilution, alkaline water, and enzymolysis (Hasnain
etal.,, 2019).



Natural compounds and their potential use in stored grain treatment: A review

The chemical structure of polysaccharides contains
monosaccharides linked to peptides, amino acids, and/or
lipids through glycosidic or covalent bonds (Tudu & Samantha,
2023). They are useful for use for improving formulations and
have antioxidant activity, a characteristic of interest for grain
storage (Xie et al., 2016; Tudu & Samantha, 2023).

Considering the bioactive properties of the natural
compounds mentioned, they are promising alternatives to
replace chemical fumigants (the main chemical products used)
and insecticides, which is a significant current environmental
concern worldwide, along with an increasingly demanding
consumer market regarding food consumption due to greater
health concerns post-Covid-19 pandemic (Oliveira et al.,
2021). Furthermore, the incorporation of natural compounds
contributes to the achievement of the United Nations (UN)
Sustainable Development Goals, especially those related
to health, environmental protection, sustainability, and
responsible production (Brasil, 2024).

Additionally, some of chemical pesticides, mainly
fumigants, are classified as extremely toxic and hazardous to
the environment; therefore, studying alternative methods is
essential due to the risks of these classes of pesticides pose
to human health and wildlife, causing acute intoxications to
chronic damage, and to the environment through terrestrial
and aquatic contamination, even in the short term, thus
harming biodiversity (Agrofit, 2003). Substituting them with
sustainable practices, including the use of natural compounds,
is crucial to ensure increasingly responsible agriculture.

Natural compounds have become increasingly important
due to their antifungal properties, which can highly benefit
the management of grain storage due to issues related to the
presence of fungi and mycotoxin development (Taroncher
et al., 2024). This is even more significant when considering
the lack of approved chemical pesticides for controlling fungi
in grain storage and the limited efficacy and high costs of
available treatments, such as irradiation (Ferreira et al., 2021;
Agrofit, 2003).

Integrated Pest Management (IPM) is the most important
technology available for pest and disease prevention
and control in agriculture (Grijalva et al., 2024). Natural
compounds can integrate IPM as a relevant sustainable
strategy for pest and disease control due to their antifungal and
insecticidal properties (Bouyahya et al., 2022). This integration
can help balance pest control and environmental conservation
by reducing the use of chemical pesticides and their impacts
(Hazra et al., 2024).

Natural compounds stand out for their low toxicity
and potential selective based on according their chemical
properties and mechanisms of action, thus posing a lower
risk of adverse impacts on non-target organisms (Ooi et al,,
2018; Atanasov et al., 2021; Upmanyu et al., 2022). They also
have low environmental persistence, promoting conservation
(Barba-Ostria et al., 2022).

Natural compounds are found in a wide variety in nature,
indicating diverse chemical properties and distinct mechanisms
of action; therefore, advances in research can improve their
effectiveness within IPM (Barba-Ostria et al., 2022).
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Furthermore, natural compounds can be used as a
complement to control methods, thus optimizing pest and
disease control while reducing dependence on chemical
products ant the associate risks of chemical residues in food
and the environment (Leach et al., 2022; Hazra et al., 2024).
However, integrating natural compounds into IPM requires
advances in research, which is still in its early stages (Barba-
Ostria et al., 2022).

Table 2 presents, as an example of the mentioned natural
compounds, studies related to the use of natural compounds
with antioxidant, antifungal, and insecticidal properties in
storage. In this context, essential oils have a greater number of
studies conducted, which may be linked to the fact that they
are a mix of bioactive compounds and may even contain other
so-called promising components. The other components are
studied in other areas, showing potential to also be explored
for the treatment of stored grains.

MECHANISMS OF ACTION OF NATURAL
COMPOUNDS

Currently, there are no approved natural compounds for use
in grain storage in Brazil as in field production; consequently,
these products are not found in the market (Agrofit, 2003).
Natural compounds have been used empirically for grain
conservation during storage, primarily in research studies,
and in small-scale, family, and organic production farms
(Chunarkar-Patil et al., 2024).

Information on the biological action mechanisms of natural
compounds is essential for their use in the grain treatment;
however, research is still incipient, although significant
progress has been made in studies on antioxidant activity
(Ootani et al., 2013).

Natural compounds promote biological homeostasis by
preventing free radical action, which inhibits oxidation chain
reactions (Ferreira et al., 2009).

The antioxidant action of natural compounds has been
well-documented. It can be primary, delaying or inhibiting the
activity of components involved in the initiation or propagation
of the oxidative process; or it can be secondary, neutralizing or
scavenging free radicals, transforming them into less reactive
substances, and enhancing the primary action by donating
hydrogen (Boulebd & Spiegel, 2023).

Distinct mechanisms of antioxidant action involve the
modulation of the activity of reactive oxygen species (ROS)
and protein-coding genes active in the defense system, redox
reactions that neutralize and stabilize free radicals, stimulation
of endogenous antioxidants such as enzymes, chelation of pro-
oxidant metal ions, and competition for active sites (Ferreira
et al., 2009; Lichota et al., 2019).

The antimicrobial activity of natural compounds occurs
by disturbing cell membrane permeability and inhibiting
respiration, resulting in coagulation of vital cellular components
and destabilization of the lipid bilayer due to disruption of
bonds, ultimately resulting cell death (Hassan et al., 2020;
Radunz et al., 2020). Membrane damage can also compromise
the electrical gradients of cells, which affect energy generation
and cellular homeostasis (Nourbakhsh et al., 2022).
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Table 2. Promising natural compounds for treating stored grains: bioactive properties and relevant studies
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Natural compounds can be used as insecticides due to their
toxic and repellent effects and inhibition of feeding, growth,
and reproduction of organisms (Hammoud et al., 2022). One
of their insecticidal mechanisms of action is neurotoxicity,
which may occur through the induction of nerve impulses
due to changes in the permeability of sodium-excited nerve
cells, disturbances in food-related neurotransmitters and
chemosensors, and activation of neurotransmitter receptors,
which alter cellular functions and block essential ions (Lee et
al., 2019; Vanegas-Estévez et al., 2024).

Additionally, natural insecticides induce deterrence,
altering insect behavior through anti-feeding effects and
hormonal changes, mainly juvenile and ecdysteroid hormones,
which affects insect growth and development and directly
damages tissue structure (Mordue & Blackwell, 1993; Mossa,
2016)

Some natural compounds also function as repellents, with
effective effects on grain-damaging insects, or as attractants,
mainly as pheromones and alarm synomones for pest
monitoring and control (Luu-dam et al., 2021; Hammoud et
al,, 2022).

Another insecticidal mechanism of action of natural
compounds is stomach damage, where toxins introduced
damage the epithelial cells of the insect’s stomach, preventing
feeding (Ibrahim et al., 2010). Furthermore, some natural
compounds have ovicidal activity by affecting gas exchange
and water balance, causing hormonal and enzymatic changes,
coagulation of protoplasm, and damage to the egg’s outer
structure, which will prevent the hatching of new individuals
(Smith, 1952).

Chemical active ingredients approved for use in stored
grains in Brazil have three distinct action mechanisms:
modulation of sodium channels, inhibition of complex IV in
the mitochondria electron transport chain, and inhibition of
acetylcholinesterase/modulation of sodium channels (Agrofit,
2003).

Despite the efficacy of chemical pesticides, the number of
approved active ingredients and their associated mechanisms
of action is limited, which challenges pest control in grain
storage facilities and contributes to the emergence of resistance
due to excessive use of insecticides and fumigants with similar
mechanisms of action (Agrofit, 2003; Li et al., 2024). Moreover,
some natural compounds share similar mechanisms of action
with approved insecticides (Peng et al., 2023; Vanegas-Estévez
et al., 2024; Wang et al., 2024). These factors underscore
the potential of natural compounds in replacing chemical
pesticides for controlling pests in stored grains, mainly in
the absence of approved fungicides, and the benefits of using
natural antioxidants over synthetic ones.

LIMITATIONS OF THE USE OF NATURAL
COMPOUNDS

Natural compounds shown promise across various sectors;
however, gaps remain in their utilization. Limited availability
of studies in the literature remains a key constraint in their
application for treating stored grains. Furthermore, it is
important to emphasize the lack of approved natural products
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specifically for use in grain storage in Brazil (Agrofit, 2003),
which makes the use of natural compounds an empirical
approach (Chunarkar-Patil et al., 2024).

Essential oils are the most widely researched natural
compounds for insect pest control, which is attributed to their
complex composition rich in diverse bioactive substances
rather than single isolated substance (Giunti et al., 2019;
Kavallieratos et al., 2021; Remesh & Babu, 2023). Despite initial
research progress, challenges persist in their identification,
extraction, and application, including difficulties in isolation,
extraction efficiency, low concentrations (especially in plants),
stability, bioavailability, and legal considerations (Albuquerque
et al., 2021).

Limitations in selecting the source matrix arise from the
inability to cultivate organisms and the reduced production
of target compounds outside their natural habitats (Atanasov
et al,, 2021). Therefore, exploring genetic manipulation and
gene expression related to compound synthesis is necessary
for cultivating organisms and inducing substance biosynthesis
outside their natural habitats (Atanasov et al., 2021).

Natural compounds from non-abundant sources often
result in limited availability, which hinders their industrial
applicability (Yang et al., 2020), as overexploitation is not
sustainable and threatens species survival.

Several methods, such as elicitation and metabolic
engineering, have been investigated to increase compound
concentration in organisms (Albuquerque et al., 2021).
Elicitation boosts the production of bioactive compounds in
plant secondary metabolism under stress conditions (Zlotek
et al,, 2019). Metabolic engineering stimulates compound
production in microorganisms via de novo biosynthesis
(Albuquerque et al., 2021).

Concerning stability, natural compounds are generally
less stable than synthetic counterparts (Lourenco et al., 2019),
requiring careful storage and potentially shorter shelf life.

Most natural compounds show low bioavailability
and bioaccessibility, which results in reduced activity
(Albuquerque et al., 2021; Rodrigues et al., 2022). Influencing
factors include chemical structure, solubility, processing,
synergistic/antagonistic effects with other compounds, and
biotransformation (Dominguez-Avila et al., 2017).

Research into natural compound applications for treating
stored grains remains at an empirical stage, lacking standardized
methods, which limits their effectiveness. Variations in
application methods can yield inconsistent results and hinder
replications and widespread implementation, requiring further
research. Researchers have achieved promising results by
incorporating these compounds to packaging (Feng et al,,
2019; Bocate et al., 2021); however, this applicability in broader
spaces remains unverified.

Legal considerations also challenge natural compound
application studies. Patent acquisition can be complex,
especially in some countries that do not grant intellectual
property rights to natural products in their origin forms
(Burton & Evans-Illidge, 2014; Harrison, 2014; Atanasov et
al., 2021). This complexity extends to patent registration in
Brazil (INPI, 2020).
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Considering these challenges, finding effective solutions
for studying the application of natural compounds in stored
grains is crucial. Biotechnology and nanotechnology provide
potential pathways for sustainable exploration, addressing
agricultural demands and consumer needs.

FUTURE PERSPECTIVES ON THE USE OF
NATURAL COMPOUNDS IN STORED GRAINS

The integration of natural compounds into available
methods for treating stored grains holds promise due to their
potential benefits, low toxicity, and minimal environmental
impact, despite some limitations. The growing demand for
sustainable alternatives, especially following the development
of the UN Sustainable Development Goals, stimulates research
into effective and stable production, extraction methods,
and formulations. Genetic improvement, encapsulation,
and controlled release of natural compounds are promising
technologies and strategies to enhance the efficacy of these
substances in protecting stored grains.

Furthermore, advancements in regulations and certifications
for natural products, along with their added value, can contribute
to the standardization and widespread adoption of these
compounds in agriculture. Additionally, Collaboration among
stakeholders—from producers and consumers to the private
sector and regulatory bodies—is essential for promoting these
biological solutions within the sustainable agriculture context.

CONCLUSIONS

1. The study of natural compounds for treatments of stored
grains offers promising new sustainable approaches for grain
storage management.

2. There is a demand for further research to identify new
useful natural compounds, enhance the understanding of their
mechanisms of action and safety, as well as the extraction,
application, and formulation processes that enable the use of
these substances as a method for treating stored grains.
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