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ABSTRACT

The global seafood industry is crucial in food production, providing essential nutrition and contributing to
food security. Beyond its traditional role, the industry holds significant potential for generating high-value
products by utilizing seafood resources. This comprehensive review explores the diverse applications of
seafood resources, focusing on fish, shellfish, and seaweeds, in producing high-value products. The review
examines various technological processes in extracting and purifying bioactive compounds from seafood,
highlighting the advancements in seafood processing areas such as nanoencapsulation, fermentation, and
enzymatic hydrolysis. Furthermore, it also discusses these innovations' economic and environmental
impacts, emphasizing the importance of sustainability and efficiency in utilizing seafood by-products and
waste. The seafood industry can minimize environmental pollution and promote circular economy
principles by repurposing these materials. The review provides a holistic view of the future directions in
this field, advocating for continued research and development efforts to enhance the value and sustainability of
seafood resources. Overall, this review underscores the significance of seafood-derived high-value products in
addressing global challenges while fostering economic growth and environmental stewardship.
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Sustainable Seafood Processing: Reducing Waste and Environmental Impact

1 Introduction

Seafood, encompassing a diverse range of marine organisms such
as fish, shellfish, and seaweeds, has long been integral to human
diets globally (Luo et al. 2024; Martins et al. 2024). Its appeal lies
in its delicious taste and exceptional nutritional value, offering
essential nutrients like high-quality proteins, omega-3 fatty acids,
vitamins, and minerals crucial for maintaining overall health (Tas
and El 2024; Edo et al. 2024). With the global population steadily
increasing, the demand for nutritious food sources is rising,
prompting the seafood industry to explore innovative methods to
utilize seafood resources efficiently and sustainably (Dhandwal et
al. 2024). This exploration is pivotal for enhancing food security,
reducing waste, and adding economic value to the industry.

The significance of seafood in global food security cannot be
overstated. It serves as a primary source of animal protein for over
three billion people worldwide and significantly contributes to the
livelihoods of millions, particularly in coastal communities. Fish
alone provides approximately 17% of the global animal protein
intake and is a vital part of traditional diets in many cultures
(Magbanua and Ragaza 2024). Seafood's rich nutrient profile,
particularly its high content of omega-3 fatty acids, is associated
with numerous health benefits, including improved cardiovascular
health, enhanced cognitive function, and reduced inflammation
(Tacon et al. 2024).

Further, seafood is a rich source of bioactive compounds such as
omega-3 fatty acids, peptides, collagen, and chitin, which have
significant health benefits and are used in formulating dietary
supplements, functional foods, and therapeutic products. For
instance, fish oils rich in omega-3 fatty acids are marketed as
supplements for heart health, while peptides derived from fish
proteins are explored for their antihypertensive and antioxidant
properties (Santos et al. 2020. The cosmetic industry also benefits
from marine-derived ingredients like collagen and alginates, which
are prized for their skin health benefits (Kalasariya et al. 2024).
Collagen from fish skin is used in anti-aging creams and other
skincare products.

The rising demand for seafood has led to overfishing and the
depletion of many fish stocks, raising concern about the long-term
sustainability of marine resources. This scenario necessitates a
paradigm shift towards more sustainable seafood production and
utilization practices. One promising approach is producing high-
value products from seafood resources (Cadena et al. 2024) (Figure
1). These products extend beyond traditional food consumption,
including nutraceuticals, pharmaceuticals, cosmetics, and industrial
products (Zhang et al. 2024). They are often derived from parts of
seafood that are typically considered waste, such as fish skin,
bones, viscera, shellfish exoskeletons, and seaweed biomass
(Naghdi et al. 2024). Beyond health and beauty, seafood resources
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are also utilized in various industrial applications. Chitosan,
derived from chitin in shellfish shells, is used in water treatment,
bioplastics, and as a food preservative due to its biodegradable and
non-toxic properties (Venugopal 2022). Additionally, seaweed
biomass is explored for biofuel production, offering a renewable
energy source that can help reduce reliance on fossil fuels
(Milledge et al. 2014). One key strategy for enhancing the value
derived from seafood resources is the utilization of by-products
and waste. The seafood processing industry generates substantial
by-products, which, if not properly managed, can lead to
environmental pollution. However, these by-products are often rich
in valuable compounds that can be extracted and utilized in high-
value applications. For example, fish processing generates by-
products such as heads, frames, skin, and viscera, which can be
processed into fish protein hydrolysates, fish oil, and collagen
(Vélimaa et al. 2019). Similarly, shellfish shells can be a source of
chitin and chitosan, and seaweed trimmings can extract bioactive
polysaccharides like alginates and carrageenan.

The efficient extraction and utilization of high-value products from
seafood resources require advanced technological processes.
Techniques such as supercritical fluid extraction, enzymatic
hydrolysis, and membrane filtration are employed to isolate and
purify bioactive compounds from seafood by-products (Bruno et
al. 2019). These technologies enhance the yield and quality of the
extracted products and ensure that the processes are
environmentally ~ sustainable. ~ Moreover,  biotechnological
advancements, including fermentation and genetic modification,
are being explored to improve the efficiency and functionality of
seafood-derived products. For instance, fermentation processes can
enhance the bioavailability and health benefits of bioactive
compounds, while genetic modification can increase the
production of desirable compounds in marine organisms.

The shift towards producing high-value products from seafood
resources offers significant economic and environmental benefits
(Verissimo et al. 2021). Economically, it opens up new markets
and revenue streams for the seafood industry, creating job
opportunities and stimulating economic growth, especially in
coastal and rural areas (Burbridge et al. 2021). Environmentally, it
promotes sustainability by reducing waste and minimizing the
ecological footprint of seafood processing activities. This approach
aligns with the principles of a circular economy, where resources
are used efficiently and waste is transformed into valuable
products. Despite the promising potential, several challenges must
be addressed to fully realize the benefits of utilizing seafood
resources for high-value products (Cooney et al. 2023). These
include ensuring sustainable harvesting practices, developing cost-
effective and scalable extraction technologies, and establishing
regulatory frameworks to ensure the safety and efficacy of
seafood-derived products. Additionally, consumer acceptance and
market development for these products are crucial for their
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Figure 1 Seafood product description

successful commercialization. This review article aims to conduct
an in-depth analysis of sustainable seafood processing practices,
focusing on reducing waste and minimizing the environmental
impact on aquatic ecosystems. The study seeks to identify
innovative methods that transform fish by-products, traditionally
discarded as waste, into valuable resources such as fish oils,
proteins, enzymes, and collagen. By improving the efficiency of
seafood processing, the research aims to maximize the use of
harvested fish while significantly reducing the volume of waste
generated. Additionally, the study aims to assess the current
challenges related to quality and safety losses during seafood
processing, which can lead to environmental harm and economic
inefficiencies. By exploring advanced technological solutions, such
as precision processing techniques, water recycling systems, and
closed-loop operations, the research seeks to develop methods that
address these issues while lowering the carbon footprint of the
seafood industry. A core objective is to investigate how integrating
sustainable practices, such as using renewable energy and eco-
friendly packaging materials, can further reduce the environmental
burden associated with seafood processing. The study will also
emphasize the importance of responsible sourcing and traceability
systems to promote sustainable fishing practices and ensure the
long-term health of marine ecosystems. Ultimately, the study also
provides practical recommendations for the seafood industry to

adopt more sustainable processing methods, contributing to
conserving marine biodiversity, protecting aquatic ecosystems, and
achieving global food security. Through these efforts, the research
aspires to align industry practices with environmental sustainability
and the responsible management of marine resources.

2 Importance of seafood in global food security

The efficient use of seafood resources can enhance food security,
reduce waste, and contribute to economic growth, particularly in
coastal communities reliant on fishing industries (Farmery et al.,
2022). Seafood plays a crucial role in global food security, serving
as a primary source of protein for billions of people worldwide.
Omega-3 fatty acids, for instance, are known for their benefits to
cardiovascular health and cognitive function, while the vitamins
and minerals found in seafood contribute to various bodily
functions, including bone health and immune support (Stetkiewicz
et al. 2022). Efficient utilization of seafood resources is important
for nutritional, economic, and environmental reasons. By
optimizing these resources, we can enhance food security by
ensuring a steady and sustainable supply of nutrient-rich food.
Reducing waste through better resource management can also
bring significant economic benefits, especially in coastal
communities that depend heavily on fishing industries.

Journal of Experimental Biology and Agricultural Sciences
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3 Overview of high-value products from seafood
3.1 Bioactive compounds

High-value products derived from seafood include a variety of
bioactive compounds that offer significant health and economic
benefits. Omega-3 fatty acids, primarily found in fish oils, are one
of the most well-known bioactive compounds. These essential fatty
acids, particularly EPA and DHA, are crucial for maintaining
cardiovascular health, supporting brain function, and reducing
inflammation. Omega-3 supplements are widely consumed
globally due to their proven benefits in reducing the risk of heart
disease and improving mental health outcomes (Ozogul et al.
2021). Peptides derived from seafood are another valuable
bioactive compound. These short chains of amino acids, obtained
through the hydrolysis of fish proteins, possess various health-
promoting properties. They have been shown to exhibit
antioxidant, antihypertensive, and antimicrobial activities. Due to
these properties, fish-derived peptides are increasingly used in
functional foods and nutraceuticals to enhance health and
wellbeing (Mutalipassi et al. 2021).

The health and beauty industries extensively utilize collagen
extracted from fish skin, bones, and scales. Marine collagen is
prized for its high bioavailability and efficacy in improving skin
health, reducing wrinkles, and promoting joint health. Its
applications in cosmetic products such as creams, serums, and
supplements have made it a popular ingredient for maintaining
youthful skin and overall physical vitality (Menon and Lele 2015).

Chitin and its derivative, chitosan, are extracted from the
exoskeletons of shellfish like shrimp and crabs. These compounds
are renowned for their versatility and functional properties and are
used in various applications, including biomedical fields for wound
healing and drug delivery systems, due to their biocompatibility
and biodegradability (Hamed et al. 2016). They are also used in
agricultural products, water treatment processes, and as natural
preservatives in food products.

3.2 Pharmaceuticals and nutraceuticals

Seafood is a rich bioactive compound source that has garnered
attention for their potential pharmaceutical and nutraceutical
applications (Ashraf et al. 2020). Seafood-derived antioxidants,
such as astaxanthin in shrimp and krill, exhibit potent antioxidant
properties, making them valuable ingredients in pharmaceutical
formulations and dietary supplements to promote overall health
and wellbeing (Ashraf et al. 2020).

Furthermore, seafood is a reservoir of anti-inflammatory agents,
which have been studied for their therapeutic potential in
managing inflammatory conditions such as arthritis, inflammatory
bowel disease, and asthma (D'Orazio et al. 2012). Compounds like
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omega-3 fatty acids, particularly EPA and DHA found in fish oils,
possess anti-inflammatory properties that can help alleviate
symptoms and reduce the severity of inflammatory diseases
(D'Orazio et al. 2012). As a result, fish oil supplements have
become increasingly popular as adjunctive therapy in managing
inflammatory disorders.

Dietary supplements derived from seafood offer a convenient and
effective means of delivering essential nutrients and bioactive
compounds to consumers (Awuchi et al. 2022). These supplements
may include fish oil capsules rich in omega-3 fatty acids, krill oil
supplements containing astaxanthin and phospholipids, and
collagen supplements derived from fish skin and bones. These
products are marketed for various health benefits, including
cardiovascular support, joint health, cognitive function, and skin
rejuvenation. In addition to traditional pharmaceuticals and
nutraceuticals, seafood-derived compounds are being investigated
for their potential therapeutic applications in areas such as cancer
treatment, wound healing, and immune modulation (Mutalipassi et
al. 2021). The unique composition of bioactive compounds found
in seafood presents exciting opportunities for developing novel
pharmaceuticals and nutraceuticals that can address unmet medical
needs and improve health outcomes for individuals worldwide. As
research in this field advances, seafood is poised to play an
increasingly important role in developing innovative therapies and
preventive healthcare solutions.

3.3 Cosmetics

The cosmetics industry has long recognized the potential of
marine-derived compounds for enhancing skin health and beauty.
Seafood is a rich bioactive compound source that offers various
benefits when incorporated into cosmetic formulations (Siahaan et
al. 2022). One of the most sought-after ingredients is marine-
derived collagen, extracted from fish's skin, bones, and scales.
Marine collagen is prized for its high bioavailability and
compatibility with human skin, making it an ideal ingredient for
anti-aging skincare products. Collagen helps improve skin
elasticity, reduce the appearance of wrinkles and fine lines, and
promote overall skin hydration, resulting in a more youthful and
radiant complexion (Mohiuddin 2019).

Alginates, derived from seaweed, are another valuable ingredient
in cosmetics. These polysaccharides have unique gelling and
hydrating properties, making them ideal for skincare products such
as masks, creams, and serums (Pereira 2018). Alginate-based
formulations help moisturize and soothe the skin, leaving it feeling
soft, smooth, and refreshed. Additionally, alginates have been
shown to have detoxifying and purifying effects, making them
popular in skincare treatments designed to cleanse and rejuvenate
the skin (Lopez-Hortas et al. 2021). Other bioactive compounds
found in seafood, such as astaxanthin and polyphenols, are also
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gaining attention in the cosmetics industry for their antioxidant
properties (Fernandes et al. 2019). Astaxanthin, a carotenoid
pigment found in shrimp, crab, and salmon, is one of the most
powerful antioxidants, neutralizing free radicals and protecting the
skin from oxidative damage caused by environmental stressors
such as UV radiation and pollution. Astaxanthin-based skincare
products help improve skin tone, reduce hyperpigmentation, and
enhance overall skin resilience, providing a natural defence against
premature aging (Fernandes et al. 2019). Incorporating marine-
derived bioactive compounds into cosmetics offers consumers a
natural and sustainable alternative to traditional skincare
ingredients (Fernandes et al. 2019). By harnessing the power of the
ocean, cosmetics companies can develop innovative formulations
that deliver tangible results while minimizing environmental
impact. As consumer demand for clean, eco-friendly beauty
products continues to rise, marine-derived cosmetics are poised to
become increasingly popular in the global market.

3.4 Industrial applications

Seafood resources are valuable for human consumption and
cosmetic purposes and hold immense potential for various
industrial applications (Figure 2). These applications include the
production of biofuels, bioplastics, and enzymes, offering

FISH HARVESTING

sustainable alternatives to conventional materials and processes
(Singh et al. 2022).

Biofuels derived from seafood biomass, particularly seaweeds, are
gaining attention as renewable energy sources. Seaweeds have a
high growth rate and can be cultivated using minimal land and
freshwater resources, making them an attractive option for biofuel
production. Additionally, seaweeds do not compete with food
crops for agricultural land, mitigating concerns about food security
and land use conflicts. Through processes such as fermentation and
anaerobic digestion, seaweed biomass can be converted into
biofuels like bioethanol and biogas, which can be used to power
vehicles, generate electricity, and heat homes, reducing reliance on
fossil fuels and mitigating greenhouse gas emissions (Maneein et
al. 2018).

Bioplastics made from seafood-derived compounds offer a
sustainable alternative to petroleum-based plastics. Chitosan, a
polysaccharide derived from chitin found in shellfish shells, is one
such compound that has garnered interest for its biodegradability,
biocompatibility, and antimicrobial properties. Chitosan-based
bioplastics have applications in packaging, agriculture, and
biomedical fields, providing an eco-friendly solution to plastic
pollution and environmental degradation. By replacing

WASTE REDUCTION

Figure 2 Seafood industrial application overview
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conventional plastics with biodegradable alternatives, seafood-
derived bioplastics contribute to efforts to reduce plastic waste and
promote a circular economy (Maneein et al. 2018).

Enzymes extracted from seafood organisms are valuable catalysts
for various industrial processes. These enzymes exhibit unique
properties such as high specificity, stability, and activity under
extreme conditions, making them suitable for food processing,
textile manufacturing, and wastewater treatment applications. For
example, proteases and lipases from marine organisms are used in
detergent formulations to enhance stain removal and fabric
softening. Additionally, enzymes like cellulases and amylases are
employed in biofuel production to break down biomass into
fermentable sugars, increasing yield and efficiency (Maneein et al.
2018).

In summary, seafood resources offer numerous opportunities for
industrial innovation and sustainability. By harnessing the
biochemical properties of marine organisms, we can develop
renewable energy sources, eco-friendly materials, and efficient
biotechnological processes that contribute to a greener and more
sustainable future. As research in this field continues to advance,
seafood-derived industrial applications have the potential to
revolutionize various sectors and drive positive environmental and
economic outcomes.

4 Utilization of seafood resources
4.1 Application of Fish Resources
4.1.1 Fish ol

Fish is one of the most extensively utilized seafood resources
globally, with applications beyond direct consumption. Various
parts of the fish, such as skin, bones, and viscera, traditionally
discarded as waste, are now repurposed into high-value products.
Among these, fish oils stand out for their rich content of omega-3
fatty acids, particularly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). These essential fatty acids are
widely recognized for their health benefits, especially in
cardiovascular, cognitive, and anti-inflammatory functions. The
oils are primarily extracted from fatty fish species such as
salmon, mackerel, and sardines, rich sources of these bioactive
compounds.

In the commercial sector, fish oils are a key component of dietary
supplements and functional foods that promote heart health and
brain function. The growing awareness of omega-3's health
benefits has led to a significant increase in the demand for fish oil
supplements in the nutraceutical industry. Advanced extraction
techniques, such as supercritical fluid extraction and molecular
distillation, have been developed to enhance these oils' yield,
purity, and stability, ensuring their high quality for commercial
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use. These technologies also reduce contaminants, such as heavy
metals and pollutants, further enhancing product safety. In addition
to human health, fish oils are also used in aquaculture feed to
improve the nutritional profile of farmed fish, thereby contributing
to the sustainability of fish farming practices. The wide-ranging
commercial applications of fish oils underscore their importance as
a by-product of sustainable seafood processing practices.

4.1.2 Collagen and gelatin

Collagen and gelatin, derived from fish skin, scales, and bones,
have gained significant commercial importance in various
industries, including food, cosmetics, and pharmaceuticals.
Collagen, a fibrous protein, is widely used for its health benefits,
particularly in promoting skin elasticity, joint function, and wound
healing. Gelatin, derived from the hydrolysis of collagen, is
utilized as a gelling agent in food products, pharmaceuticals, and
supplements. Fish-derived collagen has become an alternative to
bovine or porcine sources due to its lower allergenicity and
religious acceptability. The enzymatic hydrolysis process allows
the production of collagen peptides, which are bioactive and easily
absorbed by the body, making them a valuable ingredient in anti-
aging and nutraceutical products. Additionally, collagen and
gelatin have applications in regenerative medicine, such as in
wound dressings and tissue scaffolding.

4.1.3 Fish protein hydrolysate

Fish protein hydrolysate (FPH) is produced by breaking fish
proteins into smaller peptides through enzymatic hydrolysis,
making it highly digestible and bioavailable. FPH has gained
significant attention for its wide applications in the food,
nutraceutical, and pharmaceutical industries. Due to its high
nutritional value, FPH is commonly used as a functional ingredient
in food products, offering emulsifying, foaming, and antioxidant
properties. The peptides derived from FPH can also be bioactive
compounds, exhibiting various health benefits such as
antihypertensive, antimicrobial, and antioxidant activities. In the
commercial market, FPH is incorporated into dietary supplements
and specialized food products aimed at improving human health. It
is particularly valuable in medical nutrition, where patients with
compromised digestive systems require easily digestible proteins.
Moreover, FPH is used in animal feed, especially aquaculture, to
enhance farmed fish and shrimp's growth and immune response.
The production of FPH also contributes to the sustainability of the
seafood industry by utilizing fish by-products, which would
otherwise be discarded as waste. Technological advances in the
production of FPH have enabled better control of the degree of
hydrolysis, allowing manufacturers to tailor the functional
properties of the hydrolysates for specific applications. As the
demand for sustainable, protein-rich ingredients grows, FPH
remains a promising human and animal nutrition resource.
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4.1.4 Bioactive Peptides

Bioactive peptides, derived from fish proteins, have emerged as
valuable compounds in the nutraceutical and functional food
industries due to their numerous health benefits. These short chains
of amino acids exhibit various biological activities, including
antioxidant, antimicrobial, antihypertensive, and anti-inflammatory
properties. Bioactive peptides are produced through the enzymatic
hydrolysis of fish proteins and have been shown to play a
significant role in preventing and managing chronic diseases such
as hypertension, cardiovascular disease, and diabetes (Power et al.
2013). Their ability to inhibit enzymes like angiotensin-converting
enzyme (ACE) makes them potent antihypertensive agents. In the
commercial sector, bioactive peptides are integrated into dietary
supplements, functional foods, and beverages to enhance health
and wellness. Additionally, they are being studied for their
potential in cosmetic formulations for skin protection and anti-
aging properties. The growing interest in bioactive peptides
reflects their promising role as natural alternatives to synthetic
compounds, with increasing applications in medical nutrition,
particularly for aging populations. Advances in extraction and
purification techniques, such as membrane filtration and
chromatography, have improved the bioavailability and functionality
of these peptides, further expanding their industrial use.

4.2 Utilization of shellfish resources

Shellfish, including shrimp, crab, and molluscs, are rich in
bioactive compounds and chitin, which can be converted into high-
value products (Azelee et al. 2023). The global shellfish industry
generates large amounts of waste, primarily in exoskeletons and
shells, rich in chitin, a biopolymer that can be converted into high-
value products. Shellfish by-products are increasingly used in
pharmaceuticals, food, and agriculture due to their bioactive
compounds, which exhibit antioxidant, antimicrobial, and anti-
inflammatory activities. These compounds are also used in
cosmetics, contributing to anti-aging and skin health formulations.
The commercial utilization of shellfish by-products helps to
promote sustainability within the seafood industry by reducing
waste and creating value-added products. In the food industry,
shellfish-derived bioactive compounds are incorporated into
functional foods, while in agriculture, they are used as
biopesticides and soil conditioners. Additionally, the shellfish
industry contributes to medical research, where bioactive
compounds are being explored for their potential in drug
development and wound healing applications (Islam et al. 2023).
Recent innovations in processing and extraction technologies have
further expanded the possibilities for utilizing shellfish by-products.

4.2.1 Chitin and chitosan

Chitin, a natural biopolymer found in the exoskeletons of
crustaceans like shrimp and crabs, is one of the most abundant
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biopolymers on earth. Chitin is converted into chitosan, a highly
versatile compound with various industrial applications through
deacetylation. Chitosan's biocompatibility, biodegradability, and
antimicrobial properties make it a valuable material in the
biomedical field, where it is used in wound dressings, drug
delivery systems, and tissue engineering. Chitosan's ability to form
films and gels makes it an ideal candidate for water purification,
agriculture, and food preservation (Azelee et al. 2023).

Commercially, chitosan is utilized in food packaging to extend
shelf life by inhibiting microbial growth and in cosmetics for its
skin-protective properties. In agriculture, chitosan is used as a
natural pesticide and a plant growth enhancer. Its ability to form a
protective barrier against pathogens has led to its use in
biopesticides and seed coatings. The increasing demand for
environmentally friendly and biodegradable materials has driven
the growth of the chitosan industry, with ongoing research into
new applications across various sectors, from pharmaceuticals to
environmental management (Azelee et al. 2023; Akram et al., 2023).

4.2.2 Biomedical applications of chitosan

Chitosan is widely used in wound dressings for its unique
properties that enhance wound healing. Its antimicrobial nature
helps prevent infections, a critical aspect of wound management.
Chitosan promotes hemostasis by aiding blood clotting, which is
particularly beneficial for treating acute wounds. Furthermore, it
facilitates the regeneration of tissues by providing a moist
environment that supports cell proliferation and migration
(Kankariya and Chatterjee 2023). Chitosan-based wound dressings
are available in various forms, including films, hydrogels, and
sponges, catering to different types of wounds and stages of
healing. Chitosan plays a significant role in drug delivery due to its
ability to form hydrogels, nanoparticles, and microspheres, which
can encapsulate drugs and control their release. The
biocompatibility and mucoadhesive properties of chitosan enhance
the bioavailability of drugs, particularly those administered orally
or through mucosal routes. Chitosan can be chemically modified to
alter its solubility and degradation rate, providing customized drug
delivery profiles (Haider et al. 2024). This makes chitosan an
excellent carrier for many pharmaceuticals, including peptides,
proteins, and vaccines, ensuring sustained and targeted drug
release while minimizing side effects. Chitosan is extensively used
in tissue engineering to develop scaffolds that mimic the
extracellular matrix, supporting cell adhesion, proliferation, and
differentiation (Wang et al. 2023). Its structural similarity to
glycosaminoglycans, a component of the natural extracellular
matrix, allows it to interact positively with cells and tissues.
Chitosan scaffolds can be tailored to porosity, mechanical strength,
and degradation rate to suit specific tissue engineering
applications, such as bone, cartilage, skin, and nerve regeneration.
Additionally, chitosan can be combined with other biomaterials
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like collagen or hydroxyapatite to enhance its functionality and
performance in tissue repair and regeneration (Xing et al. 2023).

4.2.3 Agricultural applications of chitosan

Chitosan is widely recognized as an effective biopesticide in
agriculture. Its natural antimicrobial properties help protect plants
from various pathogens, including bacteria, fungi, and viruses.
When applied to crops, chitosan can induce a plant's defence
mechanisms, known as systemic acquired resistance (SAR),
enhancing the plant's ability to resist infections. Chitosan disrupts
the cell walls of pathogens, inhibiting their growth and spread
(Romén-Doval et al. 2023). Unlike chemical pesticides, chitosan is
non-toxic and biodegradable, making it an environmentally
friendly alternative that reduces the chemical load on the
ecosystem and helps maintain soil health and biodiversity (Roméan-
Doval et al. 2023).

In addition to its role as a biopesticide, chitosan also acts as a
potent plant growth enhancer. It promotes seed germination and
improves root development, leading to stronger and more resilient
plants (Sun et al. 2023). Chitosan enhances plant nutrient uptake,
ensuring better growth and higher yields. Its application can
increase chlorophyll production, improving photosynthesis and
overall plant vigour. Moreover, chitosan can stimulate the
production of phytohormones such as auxins and gibberellins,
which play crucial roles in plant growth and development (Islam et
al. 2023). This multifaceted action of chitosan helps farmers
achieve higher productivity and better-quality crops.

4.2.4 Water treatment applications of chitosan

Chitosan is highly effective in removing heavy metals from
wastewater due to its excellent chelating properties. The amino
groups in chitosan's structure can bind with metal ions such as
lead, mercury, cadmium, and arsenic, forming stable complexes
easily separated from the water. This process helps detoxify
industrial effluents and prevent harmful metals' release into natural
water bodies. The efficiency of chitosan in heavy metal removal
can be enhanced by modifying its structure or combining it with
other materials, making it a versatile and powerful tool in water
purification (Bhatt et al. 2023).

In addition to heavy metals, chitosan removes dyes from
wastewater, particularly from textile and dyeing industries. Dyes
are often toxic and resistant to degradation, posing significant
environmental hazards. Chitosan's adsorption capacity effectively
captures and removes various dyes, including acidic, basic, and
reactive dyes (Bhatt et al. 2023). The adsorption process involves
electrostatic interactions, hydrogen bonding, and van der Waals
forces between chitosan and the dye molecules. Chitosan can be
used in different forms, such as beads, flakes, or membranes, to
treat dye-laden wastewater efficiently (Bhatt et al. 2023).
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4.2.5 Other bioactive compounds from shellfish

Shellfish, such as shrimp and crabs, are rich in bioactive
compounds, with astaxanthin being one of the most notable.
Astaxanthin is a powerful antioxidant found in the shells of these
marine creatures, known for its exceptional ability to neutralize
free radicals and protect cells from oxidative damage. This
compound is widely utilized in various industries due to its health
benefits and functional properties (Khursheed et al. 2023). In the
nutraceutical sector, astaxanthin is incorporated into dietary
supplements to support cardiovascular health, enhance immune
function, and reduce inflammation. Its skin-protective and anti-
aging properties make it a valuable ingredient in the cosmetics
industry, where it is used in skincare products to improve skin
elasticity, reduce wrinkles, and protect against UV damage
(Khursheed et al. 2023). Additionally, astaxanthin's vibrant red-
orange color makes it an attractive natural food colorant,
enhancing the appearance of food products and imparting
antioxidant benefits. These diverse applications highlight the
significance of astaxanthin as a multifunctional bioactive
compound derived from shellfish.

4.2.6 Shellfish-derived proteins and enzymes

Due to their functional and bioactive properties, shellfish-derived
proteins and enzymes play crucial roles in various industries.
Enzymes such as proteases and lipases extracted from shellfish are
extensively used in food processing to enhance food products'
texture, flavor, and nutritional value. These enzymes help break
down proteins and fats, facilitating the creation of specialized
products like tenderized meats and improved dairy items (Yang et
al. 2023). In bioremediation, shellfish enzymes contribute to the
degradation of pollutants, offering an environmentally friendly
solution for cleaning up contaminated sites. Additionally,
producing bioactive peptides from shellfish proteins has gained
attention for their health benefits, including antihypertensive,
antioxidant, and antimicrobial properties (Azelee et al. 2023).
These peptides are incorporated into functional foods and
nutraceuticals to promote health and wellness, demonstrating the
diverse and significant applications of shellfish-derived proteins
and enzymes across multiple sectors (Yang et al. 2023).

4.3 Utilization of seaweed resources

Seaweeds, also known as marine macroalgae, hold immense
promise as a renewable resource that yields valuable products
across multiple industries. Their abundant presence in marine
ecosystems and rapid growth rates make them highly sustainable
sources of raw materials. Seaweeds offer a rich biochemical
composition, containing essential nutrients, vitamins, minerals, and
bioactive compounds. This diverse array of compounds opens up
numerous avenues for their utilization in producing high-value
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products (Jiménez-Gonzélez et al. 2023). From food and
nutritional supplements to pharmaceuticals, cosmetics, agricultural
biostimulants, and even industrial materials like biofuels and
bioplastics, seaweeds are being increasingly recognized for their
versatility and potential (Jiménez-Gonzéalez et al. 2023).

4.3.1 Alginates, agar, and carrageenan

Seaweeds serve as a primary source of hydrocolloids, including
alginates, agar, carrageenan, and polysaccharides, and they have
diverse applications across several industries (Lomartire and
Gongalves 2023). In the food industry, these hydrocolloids act as
essential additives, as thickeners, stabilizers, and gelling agents.
Alginates, primarily extracted from brown seaweeds, are valued
for their ability to form gels in the presence of calcium ions,
making them ideal for use in products like dairy desserts, sauces,
and bakery fillings (Lomartire and Gongalves 2023). Agar, also
derived from red seaweeds, forms strong and stable gels at
relatively low concentrations, making it suitable for confectionery,
desserts, and microbiological culture media applications.
Carrageenan, obtained from red seaweeds, is widely used for its
gelling, thickening, and stabilizing properties in various food
products, including dairy, meat, and processed foods. Beyond the
food industry, these seaweed-derived hydrocolloids find
applications in pharmaceuticals, where they are utilized as
excipients and drug delivery systems, and in cosmetics, where they
serve as thickeners, emulsifiers, and moisturizers in various
formulations (Lomartire and Gongalves 2023). The versatility and
functionality of alginates, agar, and carrageenan highlight the
importance of seaweeds as valuable sources of hydrocolloids with
widespread industrial applications.

4.3.2 Bioactive compounds from seaweeds

Seaweeds contain bioactive compounds like phycocyanins and
fucoidans, known for their antioxidant, anti-inflammatory, and
anticancer properties, contributing to their potential applications in
pharmaceuticals, functional foods, and nutraceuticals.

4.3.2.1 Phlorotannins

Seaweeds are reservoirs of bioactive compounds, among which
phlorotannins stand out for their remarkable antioxidant properties.
These polyphenolic compounds are found abundantly in various
species of seaweeds, contributing to their ability to scavenge free
radicals and protect cells from oxidative damage. Phlorotannins
have garnered significant attention due to their potential health
benefits, including anti-inflammatory, anticancer, and antidiabetic
properties (Perez-Vazquez et al. 2023). As potent antioxidants,
they are crucial in maintaining cellular health and reducing the risk
of chronic diseases. The presence of phlorotannins in seaweeds
underscores their significance as valuable sources of natural
antioxidants, with promising applications in pharmaceuticals,
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functional foods, and dietary supplements to promote human
health and wellbeing (Gisbert et al. 2023).

4.3.2.2 Fucoidans

Seaweeds boast a rich repertoire of bioactive compounds,
including fucoidans, renowned for their potent anti-inflammatory
and anticancer activities (Rengasamy et al. 2020). These sulfated
polysaccharides, prevalent in various species of seaweeds, possess
remarkable biological properties that make them valuable in
pharmaceutical and medical applications. Fucoidans exhibit anti-
inflammatory effects by modulating immune responses and
inhibiting inflammatory pathways, offering potential therapeutic
benefits for arthritis and inflammatory bowel diseases.
Additionally, their anticancer properties involve inducing
apoptosis, inhibiting angiogenesis, and suppressing tumor cell
proliferation, making them promising candidates for cancer
prevention and treatment strategies. The multifaceted actions of
fucoidans highlight their importance as natural compounds with
significant health-promoting potential, positioning seaweeds as
valuable resources for developing novel therapeutics and
functional foods (Rengasamy et al. 2020).

4.3.2.3 Laminarins

Seaweeds are abundant sources of bioactive compounds, including
laminarins, which exhibit notable immunomodulatory effects.
Laminarins, a type of B-glucan polysaccharide found in various
seaweed species, have garnered attention for their ability to
regulate the immune system (Ha et al. 2024). These compounds
can modulate immune responses by enhancing the activity of
immune cells such as macrophages, natural Killer cells, and
dendritic cells. Laminarins stimulate the production of cytokines
and other signaling molecules involved in immune regulation,
promoting innate and adaptive immune functions. Their
immunomodulatory properties have implications for health and
disease, including potential applications in boosting immune
function, combating infections, and managing immune-related
disorders (Ha et al. 2024). The presence of laminarins in seaweeds
underscores their significance as natural immunomodulators with
promising therapeutic potential in immune health and disease
management.

4.3.3 Seaweed-based biofuels

Seaweeds are increasingly being recognized as a sustainable and
viable source for biofuel production. Their rapid growth rates and
ability to thrive in marine environments without needing arable
land or freshwater make them a highly eco-friendly alternative to
traditional biofuel crops like corn or sugarcane. Unlike terrestrial
biofuel sources, seaweeds do not compete with food crops for land
and water resources, making them particularly valuable in
addressing energy and food security challenges. Additionally,
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seaweeds can absorb carbon dioxide from the atmosphere, helping
mitigate the effects of climate change by acting as a carbon sink
(Nakhate and Van Der Meer 2021). Seaweed-based biofuels are
primarily produced through anaerobic digestion, fermentation, and
pyrolysis processes. These processes convert the carbohydrate-rich
biomass of seaweeds, including species such as Saccharina and
Laminaria, into biogas, bioethanol, and biodiesel. The bioethanol
production process, for instance, exploits the high carbohydrate
content (e.g., alginate, mannitol, and laminarin) present in certain
seaweeds, making it a promising source of renewable energy
(Kumar et al. 2022). Research is ongoing to improve these
processes' efficiency and make seaweed biofuels commercially
competitive with fossil fuels and other bioenergy sources.
Commercial utilization of seaweed biofuels is still in its early
stages, but several pilot projects and collaborations have been
initiated worldwide. Countries like Japan, Norway, and South
Korea are exploring large-scale seaweed farming for biofuel
production, taking advantage of their extensive coastlines. In
addition to direct energy production, seaweed biomass can be used
in a circular economy model. The by-products of biofuel production,
such as proteins and minerals, can be utilized as animal feed,
fertilizers, or bioplastics, further enhancing the commercial viability
of seaweed cultivation (Nakhate and VVan Der Meer 2021; Kumar et
al. 2022). As seaweed farming requires fewer inputs than land-based
crops, it offers a low-cost, low-impact solution for sustainable
biofuel production, with potential to scale up in the coming decades
as technological advancements continue reducing costs.

5 Technological processes in high-value product production

The production of high-value products from seafood involves
various technological processes, each contributing to the efficiency
and quality of the final product.

5.1 Extraction and purification techniques

Efficient extraction and purification techniques are crucial for
isolating high-value compounds from seafood resources.

5.1.1 Solvent extraction

Solvent extraction is a traditional method widely used for
extracting oils and lipid-rich compounds from seafood, such as fish
and shellfish. In this process, organic solvents like hexane or
ethanol dissolve and extract lipids from the raw material (Caruso et
al. 2020). The solvent extracts are then separated from the solid
residue through filtration or centrifugation, followed by
evaporation to recover the solvent and obtain the desired oil or
lipid fraction (Caruso et al. 2020). Solvent extraction is known for
its simplicity and effectiveness in obtaining oils from seafood,
making it suitable for large-scale industrial applications. However,
concerns about solvent residues and environmental impact have led
to the development of alternative methods (Caruso et al. 2020).
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5.1.2 Supercritical fluid extraction

Supercritical fluid extraction (SFE) is an advanced technique that
utilizes supercritical fluids, typically carbon dioxide (CO,), at
specific temperature and pressure conditions to extract high-purity
compounds from seafood (Wang et al. 2021). In SFE, CO; is
pressurized above its critical point to become a supercritical fluid
exhibiting both liquid and gas-like properties. This supercritical
CO; is then used as a solvent to selectively extract target
compounds, such as omega-3 fatty acids, without leaving behind
solvent residues (Wang et al. 2021). SFE offers advantages such as
high selectivity, low environmental impact, and the ability to
produce extracts with high purity and quality. It is particularly
suitable for extracting thermally sensitive compounds from
delicate seafood matrices (Wang et al. 2021).

5.1.3 Enzymatic hydrolysis

Enzymatic hydrolysis involves using enzymes to break down
complex biomolecules, such as proteins, into smaller peptides and
hydrolysates with specific bioactivities (Cruz-Casas et al. 2021). In
seafood, enzymatic hydrolysis is commonly used to produce
protein hydrolysates from fish or shellfish proteins. Proteolytic
enzymes, such as proteases, are added to the raw material to
catalyze the hydrolysis of proteins into peptides of varying sizes.
The resulting protein hydrolysates exhibit enhanced solubility,
digestibility, and bioavailability compared to the original proteins
(Cruz-Casas et al. 2021). Depending on the source material and
enzyme used, they may possess bioactive properties, such as
antioxidant, antimicrobial, or antihypertensive  activities.
Enzymatic hydrolysis offers precise control over the degree of
hydrolysis and allows the production of tailored peptide mixtures
with specific functional characteristics.

5.1.4 Membrane filtration

Membrane filtration techniques are used to separate and
concentrate bioactive compounds from seafood extracts based on
differences in molecular size, shape, and charge (Abhari and
Mousavi Khaneghah 2021). Common membrane filtration methods
include ultrafiltration, nanofiltration, and reverse osmosis. These
techniques involve passing the seafood extract through a
semipermeable membrane, which selectively allows certain
molecules to pass through while retaining others (Abhari and
Mousavi Khaneghah 2021). Ultrafiltration separates proteins and
peptides from larger molecules and impurities based on their
molecular weight. Nanofiltration and reverse osmosis further
concentrate and purify the desired compounds by removing smaller
molecules and ions. Membrane filtration offers advantages such as
mild processing conditions, scalability, and the ability to retain the
bioactivity of the target compounds. It is often combined with
other extraction methods to achieve higher purity and
concentration of bioactive compounds from seafood resources.
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5.2 Fermentation and biotechnological applications

Fermentation processes harnessing the metabolic activities of
microorganisms are instrumental in improving the bioavailability
and functionality of seafood-derived products (Adegoke and
Tahergorabi ~ 2021).  Through  fermentation,  beneficial
microorganisms such as bacteria, yeasts, and molds transform raw
seafood materials into value-added products with enhanced
nutritional profiles, flavors, and textures. Further, fermentation can
be employed to produce fermented fish sauces, fish pastes, and
seafood-based condiments that not only improve the taste and
aroma but also increase the digestibility and bioavailability of
nutrients  (Adegoke and Tahergorabi 2021). Moreover,
fermentation can lead to the synthesis of bioactive compounds
such as peptides, organic acids, and enzymes, which contribute to
the health-promoting properties of fermented seafood products. In
addition to fermentation, biotechnology plays a pivotal role in
advancing seafood processing and production. Genetic engineering
techniques are utilized to develop genetically modified organisms
(GMOs) with enhanced traits, such as increased yield of desired
compounds, improved resistance to pathogens, and enhanced
nutritional content (Adegoke and Tahergorabi 2021).

5.3 Nanoencapsulation

Nanoencapsulation technology involves encapsulating bioactive
compounds within nanoscale carriers to protect them from
degradation, improve their stability, and enhance their delivery and
absorption in the body. This technology offers numerous benefits
for incorporating sensitive compounds, such as omega-3 fatty
acids, into various food and pharmaceutical products. By
encapsulating these compounds within nano-sized particles,
nanoencapsulation shields them from environmental factors, such
as oxygen, light, and moisture, which can cause degradation and
loss of potency (Pateiro et al. 2021). Additionally,
nanoencapsulation facilitates controlled release of the encapsulated
compounds, ensuring optimal delivery to the target site in the body
and maximizing their bioavailability. This technology enables the
development of functional foods, dietary supplements, and
pharmaceutical formulations with enhanced efficacy and consumer
acceptability. Nanoencapsulation holds great promise for
improving the stability and effectiveness of bioactive compounds,
paving the way for the development of innovative products with
enhanced health benefits and therapeutic potential.

5.4 Waste Reduction

Waste reduction is a key objective in sustainable seafood
processing, as it directly impacts the industry's environmental
footprint and enhances the efficient use of marine resources.
Traditionally, 50-70% of fish biomass, including heads, bones,
skin, and viscera, is considered waste during seafood processing.
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However, with technological advancements and innovative
approaches, these by-products can now be converted into high-
value products such as fish oils, proteins, and collagen,
significantly reducing the waste generated (Nakhate and Van Der
Meer 2021). For instance, FPH, produced by hydrolyzing fish by-
products, has reduced processing waste by 40-60% and provided
functional ingredients used in the food and nutraceutical industries
(Pacheco-Aguilar et al. 2021).

6 Reducing environmental impact

In addition to reducing waste, sustainable seafood processing
minimizes environmental impact by lowering greenhouse gas
emissions and conserving water. By optimizing resource
utilization and adopting energy-efficient technologies, seafood
processing facilities have reduced their overall carbon footprint
by up to 30%. Water consumption, often a major environmental
concern, can be reduced by 20-50% through closed-loop systems
that recycle and purify water used during processing (Shavandi
et al. 2019). Processing plants worldwide increasingly adopt
these systems to conserve resources and improve environmental
sustainability.

7 Case Study — Iceland's circular economy model

A notable example of waste reduction in seafood processing is
Iceland, where strict regulations mandate that almost 100% of the
fish biomass be utilized. This practice has reduced waste while
increasing the economic value derived from fish by-products. By
converting fish waste into valuable products such as fishmeal, oils,
and fertilizers, Iceland has established a circular economy model
that minimizes environmental impact and maximizes resource use
(Kumar et al. 2022).

8 Challenges and future directions

Unlocking the full potential of seafood resources requires
addressing key challenges while advancing sustainable practices.
Sustainable harvesting is critical, necessitating strategies like
quotas, seasonal closures, and marine protected areas to prevent
overfishing and promote species recovery. Collaborative efforts
between governments, industry, and conservation groups are
essential to harmonize sustainable fisheries management.
Simultaneously, technological advancements can maximize
resource utilization by optimizing extraction methods and reducing
waste. Innovations like supercritical fluid extraction and membrane
filtration can enhance the industry's capacity to derive high-value
compounds while minimizing environmental impacts. Strong
regulatory frameworks are needed to ensure product safety, quality
control, and market transparency. Harmonized regulations across
jurisdictions, informed by science and collaboration among
stakeholders, can foster responsible seafood utilization. A
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coordinated, multidisciplinary approach will be vital for ensuring
the seafood industry delivers nutritious and sustainable products
for future generations.

Conclusion

The utilization of seafood resources to produce high-value
products represents a promising pathway toward enhancing the
sustainability and profitability of the seafood industry. Through the
strategic application of advanced technologies and a steadfast
commitment to sustainable practices, stakeholders in the seafood
sector can unlock the full potential of marine resources,
contributing to food security, economic prosperity, and
environmental conservation. Adopting advanced technologies,
such as nanoencapsulation, fermentation, and biotechnological
approaches, offers opportunities to extract, purify, and enhance the
bioavailability —of valuable compounds from seafood.
Nanoencapsulation, in particular, provides a means to protect
sensitive bioactive compounds, such as omega-3 fatty acids, from
degradation and enhance their delivery and absorption in the body,
thereby enriching the functionality of food and pharmaceutical
products. Furthermore, embracing sustainable practices is
paramount to ensuring the long-term viability of seafood resources.
Sustainable harvesting methods, informed by scientific research
and guided by robust regulatory frameworks, are essential to
prevent overfishing and mitigate environmental degradation. By
prioritizing ecosystem health and biodiversity conservation, the
seafood industry can safeguard marine ecosystems for future
generations while maintaining a thriving seafood supply chain.
Moreover, producing high-value products from seafood by-
products and waste streams offers opportunities to minimize
environmental pollution and promote circular economy principles.
Through innovative approaches such as fermentation and
enzymatic hydrolysis, valuable compounds can be extracted from
seafood by-products, transforming waste into useful resources and
reducing reliance on virgin raw materials. As the global demand
for high-value seafood products escalates, the seafood industry
faces challenges and opportunities. Technological advancements,
regulatory frameworks, and collaborative initiatives will be crucial
in navigating these complexities and realizing the full potential of
seafood resources. By embracing innovation, fostering sustainable
practices, and prioritizing environmental stewardship, the seafood
industry can thrive in a rapidly evolving market landscape while
contributing to the wellbeing of ecosystems and communities
worldwide.

In summary, this review underscores the significance of using
seafood resources for high-value products in the context of
sustainability and economic development. By harnessing the
potential of marine resources responsibly and innovatively, the
seafood industry can play a pivotal role in addressing global
challenges while creating opportunities for growth and prosperity.
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ABSTRACT
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Genome Editing Technologies towards Tomato Improvement
1 Introduction

Tomato (Solanum lycopersicon L.) is the second most crucial
agronomic crop grown worldwide. With global production of more
than 182 million metric tons in approximately 50 million hectares,
tomato contributed to a trade value of 19.5 billion USD in 2018
(Khan et al. 2021). In addition to the bioactive compounds, it has
significant ~ physiological  properties like  anti-allergenic,
antithrombotic, anti-inflammatory, antioxidant, antimicrobial, and
vasodilatory (Kumar et al. 2022). However, many environmental
factors highly affect tomato production, affecting global food
security (Mishra et al. 2021). Over the last few decades, research
has been focused on breeding toward tolerance to environmental
stresses. It has resulted in identifying multiple stress-tolerant genes
that can be used for tomato breeding programs (Gupta et al. 2022).
Among the available tools, genetic engineering is the most
important tool for crop improvement. Technological advances in
functional genomics have made it possible to introduce multiple
stress-responsive genes into plants and make them climate
resilient. Although transgenic breeding has been overcome, most
of the bottlenecks related to genetic recombination faced by
traditional approaches, public concerns, and expensive regulatory
processes continue to impede commercialization.

While the acceptance of gene-modified crops is debatable, genome
editing techniques via sequence-specific nucleases (SSNs) have the
potential to resolve these limitations. They could help develop
multi-trait-modified crops. The SSNs cleave the double-stranded
DNA at specific sites, which is healed through the cell's
endogenous repair mechanism, resulting in a precise genetic
mutation. Since 1988, when the first tobacco gene targeting
experiment was conducted, multiple gene targeting tools, including
the meganucleases, ZFNs (Zinc Finger Nucleases), TALENs
(Transcription Activator Like Effector Nucleases), and the
CRISPR system, have been developed and utilized in the
improvement of multiple crop varieties (Ahmar et al. 2020).
Among others, the CRISPR/Cas system has wide acceptance in the
scientific community due to its simplicity, non-requirement of
complex protein chemistry, and the ability for simultaneous
introduction of double-stranded breaks (DSBs) at multiple sites
(Mishra et al. 2019).

Since its implementation in 2014, gene modification has
enormously aided precision breeding in tomato (Brooks et al.
2014). More insight into the intricacies of tomato fruit ripening
genes has been reevaluated using targeted mutagenesis gene-
editing machinery (Wang et al. 2019; Gao et al. 2020).
CRISPR/Cas9 generated knockout mutations of numerous master
regulators of tomato ripening have resulted in reduced ripening
inhibition phenotype as compared to their naturally occurring
mutations or RNAI lines, indicating that the fruit ripening
regulation network is more intriguing than previous knowledge
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(Wang et al. 2021). Genome editing technologies significantly
enhance fruit productivity and quality, stress resistance, and
domestication (Xu et al. 2019; Kwon et al. 2020). Most recently,
the base and prime editors have greatly improved the editing
efficacy, expanding the scope for sustainable agricultural
development (Mishra et al. 2019; Anzalone et al. 2020). In other
words, CRISPR/Cas9 has revolutionized the basic research in
plants for crop improvement. This review attempts to summarize
the genome editing platforms and applications of CRISPR/Cas-
based genome editing tools in tomato improvement, as well as the
future perspectives of the editing approaches concerning basic
research and crop improvement.

2 Advanced gene editing systems applied in tomato

Genome editing helps create a DNA mutation by deletions,
insertions, or base substitutions in the target sequences. Such
modifications can be performed using editing tools like TALENS,
ZFNs, and CRISPR/Cas9 system (Wei and Li 2023). ZFNs and
TALENS are first-generation genome editing tools that are costly,
time-consuming, and difficult to design. In contrast, the
CRISPR/Cas9 system is inexpensive, time-saving, and simple to
build. Over time, several new Cas9 variants, such as SacCas9,
NmCas9, and StCas9, have been discovered, which helped to
improve target specificity and editing efficiency and decreased the
off-target cleavage of this editing platform (D'Ambrosio et al.
2018).

2.1 CRISPR/Cas9

The discovery of CRISPR/Cas9 genome modification in 2012 has
dramatically altered the field of plant science (Jinek et al. 2012).
This tool is based upon the bacterial-acquired immune system
acting upon exogenous invading genes or factors. These foreign
gene fragments are retained as memory as spacer sequences
comprising a CRISPR array (Koonin et al. 2017). The Cas protein
and the spacer sequence are being used as surveillance systems to
recognize and degrade foreign DNA or RNA. Adaptation,
expression, and interference are three major steps in this process.
Casl and Cas2 mediate the adaptation step to integrate foreign
DNA fragments into the CRISPR locus of the host, followed by the
production and maturation of transcribed gRNA by expression
step. The last interference phase is completed by cleaving invaded
DNA by Cas proteins, which are complex with mature gRNA
(Monn et al. 2019).

The two essential elements of the CRISPR/Cas9 system necessary
for genome modification are an adaptable single-stranded RNA
(sgRNA) and the DNA endonuclease (Cas9) protein from
Streptococcus pyogenes (Figure 1a). A sizeable globular
recognition lobe and a tiny nuclease lobe make up the bilobed
Cas9 protein with two nuclease domains, RuvC and HNH, and
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these two domains are specific for each cut in a particular DNA
strand. Effective editing requires a PAM (Protospacer adjacent
motif) sequence close to the target location. For example, Cas9,
derived from S. pyogenes, recognizes 5'-NGG-3' as PAM. Various
types of Cas proteins have been discovered to overcome this
limitation. Furthermore, Cas 12 identifies the sequence 5'-TTTN-3'
or 5-TTN-3' as a PAM. However, additional Cas9 variations
(VOR, EQR, VRER) have been created to recognize different
PAMs. As a result, there will be more opportunities to alter any
target sequence in the genome (Asmamaw and Zawdie 2021).

2.2 CRISPR/Casl2a

CRISPR/Cas12a, formerly  named/called  CRISPR/Cpfl
(Figurela), derived from Prevotella and Francisella 1, is one of
the advanced forms of CRISPR used in plant gene modification
(Endo et al. 2016). A significant difference between
CRISPR/Cas9 and CRISPR/Casl2a is its location and
reorganization sequence of PAM. Various monocot and dicot
plants have been modified/improved using CRISPR/Casl2a.
CRISPR/Cas9 needs a PAM sequence that is rich in G at the 3'
end of the target sequence (5'-NGG-3'), whereas in the case of
CRISPR/Cas12a, it targets the T-rich PAM sequence (5'-TTTN-
3" or 5-TTN-3") at the 5'end which results in high efficiency for
cleavage (Zetsche et al. 2015). CRISPR/Casl2a functions
without a trace RNA for cleavage. The complex of Casl2a-
crRNA can cleave the targeted DNA efficiently. The crRNA
containing the repeat of 40-45 nucleotides long along with the
spacer can edit the genome more effectively when compared
with the sgRNA of CRISPR/Cas9, which contains nearly 100
nucleotides (Zetsche et al. 2015). Casl2a includes dual
enzymatic activity like RNAase and nuclease. The RNAase
activity helps process pre-crRNA into crRNA, and the nuclease
activity helps cleavage dsDNA. CRISPR/Casl2a can generate
multiple crRNAs by the involvement of a single promoter, which
makes it simpler when compared with CRISPR/Cas9. The off-
target cleavage activity of Casl2a is also low compared to
CRISPR/Cas9. Furthermore, the RuvC and Nuc domains cut the
targeted sequence at the 25™ base and the non-targeted sequence
at the 17" base, resulting in cohesive ends with five base-pair
overhangs (Zetsche et al. 2015). Genome editing in the tomato
geminiviral replicon using the CRISPR/Cpfl system was up to
three times more effective than the CRISPR/Cas9 system. A
single replicon system by CRISPR/Cas9 was converted into a
multi-replicon system using CRISPR/LbCas12a-based HDR (Vu
et al. 2020). Three orthologs of Casl2a, namely, the AsCasl2a
from Acidaminococcus sp.BV3L6, FnCasl2a from Francisella
tularensis subs pnovicida U112, and LbCasl2a from
lachnospiraceae bacterium ND2006 are currently in use for
precise modification in Tobacco, Arabidopsis, tomato, cotton,
and rice (Endo et al. 2016; Kim et al. 2017).

Sahu et al.
2.3 Base editing

The base editing system includes two DNA base editors, i.e.,
adenine base editors (ABEs) and cytosine base editors (CBEsS);
these two do not require a double-stranded break or a donor
template for an immediate and irreversible change of one targeted
base pair into another (Komor et al. 2016; Nishida et al. 2016).
These base editors are created by joining a dormant Cas9 domain,
cytosine deaminase domain, and an inhibitor of uracil glycosylase
(Eid et al. 2018) (Figure 1b). Base editors recognize a specific
NGG PAM sequence and function only when the base editing
window adheres to the target region (Komor et al. 2016; Gaudelli
et al. 2017). The utilization of specific PAM sequences lowers
editing efficiency in this system. To overcome this issue, several
base editors with PAM flexibility have been engineered, and novel
ABEs and CBEs have been developed by using variants of Cas9
with recognition of different PAM sequences other than NGG
(Endo et al. 2019; Qin et al. 2019). These enhanced base editors
offer the opportunity to boost base editing's effectiveness and
broaden its use by targeting different plants. The SpCas9 variants
like EQR-BE3, SaKKH-BE3, VQR-BE3, and VRER-BE3 with
target NGCG, NRT, NGAN, and NGCG PAMs, respectively,
increased the efficiency by about 2.5 folds (Kim et al. 2017).

CBEs help in the conversion of Cytosine-Guanine (C-G) base pairs
into Thymine-Adenine (T-A) base pairs (Li et al. 2017; Lu et al.
2017). In 2017, the CBEs were first applied in tomato to edit two
hormone-signaling genes, i.e., ETR1 and DELLA, showing a base
editing efficiency of 26.2% to 53.8% (Shimatani et al. 2017).
Target-AID base editing technology targeted three genes related to
carotenoid accumulation: SIDDB1, SICYC, and SIDET1. It was
observed that allelic variation occurs due to base substitution from
cytidine to thymine, which results in the difference in the
accumulation of carotenoid content (Hunziker et al. 2020). The
branched-chain amino acid biosynthesis pathway includes the
acetolactate synthase (ALS) genes. The mutation of the ALS1 gene
in the tomato plant successfully created resistance towards
chlorsulfuron, and 12.9% of these plants were transgene-free
(Veillet et al. 2019). In the tomato plant, the ALS genes were also
involved in causing mutation of proline 186 residue, and the base
editing efficiency of ALS1 pro-186-residue codon was up to 71.4
%. Three additional tomato genes, viz., mDNA Damage UV
Binding Protein 1, Deetiolated 1, and Lycopene beta cyclase, were
subjected to CBE-mediated nucleotide substitutions, and the results
demonstrated a considerable rise in total lycopene, carotenoid, and
carotene level (Hunziker et al. 2020).

2.4 Prime editing

To improve precision in genome modification, prime editing is the
most recently developed tool implemented for specific mutations
in crop plants (Anzalone et al. 2019). The prime editing system
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comprises three components, including the prime editing guide
RNA (pegRNA), an engineered Moloney murine leukemia virus
(M-MuLV) reverse transcriptase, which fused with the C terminal
end of Cas9 (H840A), and a nickase that helps to avoid double-
stranded break formation (Scholefield and Harrison 2021) (Figure
1c). Cas9 nickase cuts in the non-complimentary strand of DNA
just after three nucleotides upstream to the PAM site. After the cut,
a DNA flap is exposed, generating a 3'OH group that binds with
the primer binding site (PBS) of the RNA template and serves as a
primer for the reverse transcriptase enzyme, which is responsible
for extending the 3' flap by copying the edited sequence of
pegRNA. Comparatively to the unedited 5' flap, it is less preferable
to hybridize with the unedited complementary strand after
extending the 3' flap. The endonuclease FEN1 helps in the excision
of the 5' flap, which favors the hybridization of the edited 3' flap
(Scholefield and Harrison et al. 2021). The PE system has been
tested in several crop species, such as rice (Butt et al. 2020; Xu et
al. 2020a; Li et al. 2020), tomato (Lu et al. 2021), maize (Hua et al.
2020; Jiang et al. 2020), wheat (Lin et al. 2020; 2021; Li et al.
2022a) and potato with promising results (Perroud et al. 2022).

Parameters that define the effectiveness of prime editing include
thermostability, source of reverse transcriptase enzyme, primer

540

binding site sequence length, length of reverse transcriptase template,
and nicking sgRNA in unmodified strand (Lin et al. 2020).
Mutations that make reverse transcriptase more thermostable and
capable of attaching to its target location also increase the editing
efficiency up to 3-fold (Anzalone et al. 2019). Different RT sources
show varying efficiency in editing, such as the Cauliflower Mosaic
Virus (CaMV) derived RT demonstrated low editing compared to
that from Molony Murine Leukemia Virus (MMuLV). Furthermore,
the efficiency of prime editors was strongly affected by the length of
the RT template but not significantly by the primer binding site's size
and the sgRNA nicking site (Anzalone et al. 2019). The pegRNA
secondary structure and the G/C composition of the primer binding
site may impact the effectiveness of prime editing. Prime editors
have low off-target editing frequency compared to the CRISPR/Cas9
system. Its hybridization occurs between the spacer region of
pegRNA and the target DNA, the primer binding site of pegRNA,
and the edited DNA flap (Marzec et al. 2020). In prime editors, the
efficiency of mutation types varies. It was reported recently that the
deletion frequency of 6 bp can be up to 21.8%, insertion of 3 bp
frequency can be up to 19.8%, and the frequency of point mutation
can be up to 0.03-18.75% in rice (Xu et al. 2020b; Lin et al. 2020). In
the case of plants, there is also a decrease in the indels with the
increase of targeted deletions or insertion (Lin et al.2020).
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In plants, prime editing adequacy is usually low compared to
human cells. All the prime editors in plants so far reported using
RNA polymerase 11l promoters like U6 promoter for the
expression of pegRNA. Previous studies in CRISPR/Cas9 systems
use RNA polymerase Il promoters such as CmYLcv to improve
editing efficiency up to 2 folds in plants (Li et al. 2022b). So, an
alternative RNA polymerase like CmYLcv can be used to improve
the efficiency of prime editing, or for the expression of pegRNA
U3 promoter can be used. In another study, by combining different
optimization techniques, such as changing the PE design to PEmax
and expressing engineered pegRNA with a structured motif under
the direction of a composite promoter, the plant prime editor 2
(enpPE2) was created (Li et al. 2022c). The resultant Ty rice plants
exhibited higher editing frequencies (64.58% to 77.08%) than the
unmodified pPE2. The study indicates that the enpPE2 system can
be a solid and effective technique for altering plant genomes
precisely.

3 Impact of CRISPR/Cas9-based genome editing on plant
productivity and stress tolerance

CRISPR/Cas9 Genome editing is a highly efficient tool for
improving tomato varieties concerning biotic and abiotic stresses,
high vyield potential, and enhanced shelf life (Figure 2).
Furthermore, the technology has effectively met demands by
improving fruit quality and yield (Ito et al. 2015; Ueta et al. 2017).

3.1 Yield and quality improvement

Tomatoes are an important agronomic crop, and their productivity
is determined by flowering speed, flowering number, size, and fruit
number. CRISPR/Cas9 induced mutation in the promoter of CLV3
signaling peptide, alteration in COMPOUND INFLORESCENCE
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(S) gene governing inflorescence architecture known as SELF
PRUNING (SP), and cis-regulatory frameshift through
CRISPR/Cas9 has enhanced the number and size of the floral
organs in the fruit, resulting in a boost in tomato yield (Rodriguez-
Leal et al. 2017). Thus, CRISPR/Cas9-induced mutations in the
promoter region can be exploited to develop a new cultivar with
changes in quantitative traits to boost agricultural yield. Color,
shape, size, nutrition, sweetness, scent, acidity, and shelf life are all
fruit-quality components. Consumers increasingly demand higher
fruit quality, and genome engineering has been effectively utilized
to increase tomato fruit quality genetically. Fruit color is due to the
accumulation of pigments such as carotenoids and flavonoids and
the degradation of chlorophyll content during the ripening of fruits.
Since red-colored tomatoes are more prevalent, other hues of
tomatoes are also in demand in the market for different consumer
groups. Furthermore, mutation of multiple genes like PSY1, SGR1,
and MYB12 produced green tomatoes by only affecting the
biosynthesis or accumulation of pigments without affecting the
yield and fruit quality (Yang et al. 2023). Knockout of slsp/sler
and slsp5g multiplex mutation increased the compactness and yield
of tomato plants (Kwon et al. 2020). Likewise, a group of five
genes in the carotenoid metabolism pathway of tomatoes has been
engineered using a multiplex CRISPR/Cas9 system (Li et al.
2018b). Surprisingly, multiplexed tomato fruit shows an increase
in lycopene concentration of 5.1 times. Total carotenoid, lycopene,
and carotene levels also dramatically increased due to CBE-
mediated sequence alterations in three more tomato genes
implicated in the accumulation of carotenoids (Hunziker et al.
2020). NAC transcriptional factors play a critical role in fruit
ripening, and SNAC9 is involved in various metabolic pathways of
ethylene and abscisic acid. CRISPR/Cas9 mutation of SNAC9
affected the carotenoid metabolism, which decreases carotenoid
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Figure 2 CRISPR/Cas9 genome editing of genes involved in tomato improvement.
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and lycopene content as well as degradation of chlorophyll content
and mutant SNAC9 delayed fruit ripening by altering the gene
expression levels responsible for metabolism of pigment PSY1,
PDA, CRTISO, LCYE, Z-ISO, SGR1, DXS2, LCYB and CrtR-b2
genes (Feng et al. 2023).

3.2 Improving nutritional value

Tomato fruit has a high concentration of gamma-aminobutyric acid
(GABA), a human functional component that acts as an inhibitory
neurotransmitter (Bachtiar et al. 2015). Knockout of GABA-TP1,
GABA-TP3, CAT9, and SSADH increased the GABA content by 19
folds in tomato with high oxalic acid content, which has anti-
nutrient metabolite (Li et al. 2018b). It has been proven that
vitamin D3 is more beneficial than vitamin D2, and vitamin D3 is
present in tomato leaves but not in fruits. It is stored as an
intermediate in the form of SGAs in the fruits. Multiplex-editing of
five genes, including three GABA transaminase genes, a cationic
amino acid transporter (CAT9), and a succinate semialdehyde
dehydrogenase (SSADH) gene, led to a significant increase in the
GABA content of tomato (Figure 3) (Li et al. 2018a). A key
enzyme in the synthesis of GABA is glutamate decarboxylase
(GAD), and induced mutations in GAD genes SIGAD2 and
SIGAD3 in tomato increased GABA buildup in tomato fruit by 7 to
15-fold (Nonaka et al. 2017).
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3.3 Production of seedless tomato

Seedless fruit production without fertilization is an important trait
that confers various benefits in agriculture. When compared to the
wild-variety plant, mutations in the auxin/indole-3-acetic acid
(Aux/IAA) producing gene SIIAA9 and two AUXIN RESPONSE
FACTORS (ARFs)-SIARF7 and SIARF5- led to seedless tomato and
morphological alterations in leaves (Ueta et al. 2017). SLAGL6
regulates the change from the ovarian arrest state that prevents
anthesis to the fertilization-triggered fruit set. Parthenocarpic fruit,
a fertilization-independent fruit, can be considered a valuable goal
as problems are faced during fertilization due to global warming.
Even in heat stress, CRISPR/Cas9 mutation of SIAGL6 led to the
formation of parthenocarpic fruit (Klap et al. 2017).

3.4 Genome editing for fruit ripening/fruit quality

Fruit ripening is a complex biological process that involves
multiple biochemical, physiological, organoleptic, and metabolic
changes. Ripening of fruit causes sugar accumulation, softening of
fruits, color and volatile chemical accumulation, and a decrease in
organic acid concentration. Fruit quality and quantity are the two
main important factors for crop improvement. Tomato is one of the
model plants for fruit biology research, and CRISPR/Cas9
knockout technology has been effectively used to study various
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functions regulated by transcriptional factors and signaling
pathways for architecture, growth, development, ripening of fresh
fruits, and for the shelf life of tomato (Wan et al. 2021). Since
2014, genome editing has been used for precision engineering in
tomato (Brooks et al. 2014) and revisiting the earlier work
performed for fruit ripening by RNA silencing. It was noticed that
CRISPR/Cas 9 editing system shows weaker ripening inhibitory
symptoms when compared with wild-type or RNAI plants (Wang
et al. 2020). CRISPR/Cas9 mediated modification of the
RIPENING INHIBITOR (RIN) gene has contributed to the
suppression of fruit ripening in tomatoes (Xu et al. 2020b) (Figure
3). Knock out the polygalacturonase gene in tomato (SIPG), which
is responsible for fruit firmness, and the mutant slug delayed the
softening of tomato fruit (Nie et al. 2022). The sweetness of
tomatoes is essential for providing a saucy taste due to the amount
of fructose, glucose, and TSS content. Gene editing of specific
genes like SIINVINH1 and SIVPE5 improves the sweetness by
increasing the amount of glucose, fructose, and TSS (Wang et al.
2021). Ascorbate is one of the essential products of tomatoes and is
used as a supplement for the human diet. A negative regulator of
the producing gene SIAPX4 was knockout, resulting in high
ascorbate production in ripened tomatoes (Do et al. 2022).
Mutation of SIAS2 or SIAS2L decreased the thickness of the
pericarp by reducing the cell layer and cell area, which decreases
fruit size. Stamens and leaves also exhibited several morphological
defects in single and double mutants (Dong et al. 2023).

3.5 Targeting photoperiodic response

Flowering at the correct time is critical not just for reproductive
potential but also for yield optimization. Different genes are
responsible for regulating tomato flowering in terms of day length.
SP5G, a Blooming LOCUS T-like gene, acts as a flower repressor,
controlling the flowering state for the day. SELF-PRUNING
GENE (SP gene) is an Arabidopsis (TFL1) TERMINAL FLOWER
1 ortholog that encodes for a flowering repressor gene in Tomato.
Double mutations on sp5g sp resulted in early fruit ripening and
flowering bursts (Soyk et al. 2017). Knockout of SP5G shows
quick flowering and increased compact and determinate growth of
tomato (Soyk et al. 2017). Domestication of tomato has been done
by using CRISPR/Cas knock out of specific genes like the Self-
pruning SP gene for determinate plant growth, FAS MULT, and
FW2.2 gene for increasing size, number, and weight of the fruit
(Agustin et al. 2018).

A knockout mutation of HEL via CRISPR/Cas9 generated vine-
like fruits (Yang et al. 2020). In contrast, CRABS CLAW(CRC)
orthologues are crucial in determining floral meristem and
gynoecium formation across angiosperms, which help perfect
flower and fruit formation. So, for a clear understanding of the
mechanism of CRC-mediated flower meristem regulation,
CRISPR/Cas9 mediated knock out of SICRCa was performed, and

Sahu et al.

indeterminate floral meristem was formed, and it was clear that
CRC mediates the floral meristem termination (Castaneda et al.
2022). SIDOF9 negatively modulates the floral differentiation in
tomatoes, and the knockout of SIDOF9 significantly influences the
differentiation of inflorescence and floral meristem (Hu et al.
2022). Additionally, the knockout of a set of kinase-inducible
domain interacting genes, i.e., SIKIX8 and SIKIX9, resulted in
enlarged fruit with increased pericarp due to cell expansion and
dome-shaped leaves (Swinnen et al. 2022). B-box transcription
factor BBXs plays a major role in the development of plants, and
SIBBX4 in tomatoes has a role in photomorphogenesis. Mutation
of slbbx4 resulted in a hypersensitive response towards red light
and a normal response towards far-red, blue, and UV-B light in
hypocotyl length assays. Mutant slbbx4 under long and short-day
conditions delayed flowering (Xu et al. 2023).

3.6 Engineering biotic stress resistance in tomato

Plants are continually assaulted with biotic and abiotic stresses,
and various genes are associated with plant stress responses.
Tomato breeders' primary goal is always to improve tomatoes'
tolerance to environmental stress (Tieman et al. 2017).

3.6.1 Development of bacterial-resistant tomato

The bacterial pathogen Pseudomonas syringae causes a broad
range of diseases in tomatoes. So, it was a great challenge to solve
this problem. P.syringae Pv.tomato DC3000 (PtoDC3000), the
causal agent of bacterial speck disease, helps the pathogen produce
coronatine, which stimulates stomata opening and facilitates the
colonization of bacteria in the leaf. In Arabidopsis, AtJAZ2 acts as
a co-repressor for COR, and the dominant mutation of AtJAZ2 Jas
repressor is resistant to proteasomal degradation and prevents the
opening of stomata by COR. In tomato, an orthologue of AtJAZ2
was identified named SIJAZ2, and CRISPR/Cas9 mutation of
SIJAZ2 (Figure 3) was used for generating JAZ2 repressor, which
lacks the C terminal of JAS and prevents reopening of stomata.
This resulted in the resistance of tomatoes to the pathogen, which
causes bacterial specks. Besides this, grey mold disease remained
unaltered in mutated SIJAZ2 plants and helped in broad-spectrum
resistance in tomatoes (Ortigosa et al. 2019). Clavibacter
michiganensis(Cm) causes bacterial cancer, one of the most
destructive diseases in tomatoes. SIWAT1 showed susceptibility in
tomato, and knockout of SIWAT1 in tomato decreased the free
auxin and ethylene synthesis in the stem of tomato, suppressing the
expression of bacterial virulence factor (Koseoglou et al. 2023).

3.6.2 Tweaking CRISPR/Cas9 to enhance fungal resistance in
tomato

The fungal pathogen has an excessive impact on agricultural fields,
which causes various diseases like Smut, mildew, etc. Powdery
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mildew is a calamitous fungal disease caused by the obligate
biotrophic fungus Oidium neolycopersici that affects tomatoes
worldwide. Susceptible genes are the main factors that cause disease
by responding to pathogens. MILDEW-RESISTANT LOCUS O
(Mlo) is a conserved S gene found in monocots and dicots that
confers susceptibility to powdery mildew fungus (Acevedo-Garcia et
al. 2014). Knockdown of SIMIlol reduced susceptibility to powdery
mildew (Nekrasov et al. 2017). Powdery Mildew Resistant 1 (PMR1
to PMRA4) are four Sgenes in Arabidopsis that confer susceptibility to
the fungus that causes powdery mildew. The orthologue of PMR4
has been identified in tomatoes, and CRISPR/Cas9 modification of
SIPMR4 enhances disease resistance against the powdery mildew
pathogen O. neolycopersici (Santillan Martinez et al. 2020). Another
susceptible gene, DMR6, belongs to the 2-ODDs 2-oxoglutarate
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Fe(ll)-dependent dioxygenases and is upregulated during pathogenic
infection in Arabidopsis thaliana. Orthologous DMR6 has been
found in tomato SIDMR6-1 and SIDMR6-2, of which SIDMR6-1
increased the SA level during pathogen infection, and SIDMR6-2
helped balance SA levels in fruits and flowers. (Table 1, Figure 3)
Knockout of SIDMR6-1 shows resistance toward bacterial spots
(Thomazella et al. 2021). Fusarium wilt caused by Fusarium
oxysporum f. sp. lycopersici (Fol) is one of the destructive diseases.
XSP10 (Xylem sap protein 10) and SISAMT (Salicyclic acid methyl
transferase) are the two susceptible genes for fusarium wilt
(Debbarma et al. 2021). CRISPR/Cas9 mutation of XSP10 and
SISAMT showed high tolerance towards fusarium wilt when dual
editing was performed compared to single gene mutation (Debbarma
etal. 2023).

Table 1 List of Solanum lycopersicum genes targeted for genome modification via CRISPR/Cas9 genome editing
Editing

Traits Target genes Target gene function Strategy Genetic effects References
Yinetal.
SIBZR1 developmental process and stress response ~ CRISPR/Cas9 heat stress tolerance 2018
Multi-stress is tolerant
Heat stress Involved negatively in multi-stress like stress tolerant, high Tran et al
SIHyPRP1 gatively CRISPR/Cas9  quality, high yield, and '
responses . . 2021
susceptible to fusarium
wilt
MAPKSs (Mitogen-activated protein kinases)
SIMAPK3 are the signaling molecule that respondsto ~ CRISPR/Cas9 Induced through drought  Wang et al.
stress 2017
drought stress.
NPR1 is the regulator of plant defense
Drought mechanism towards pathogens and SINPR1 Mutant plant shows Lietal
g SINPR1 P g . CRISPR/Cas9 reduced drought '
stress response towards both biotic as well as 2019
- tolerance
abiotic stress
LBDA40 is involved in jasmonic acid Liu et al
SILBD40 signaling and acts as a negative regulator of ~ CRISPR/Cas9 Boost drought tolerant 2020a '
drought tolerant.
Cold SICBF1 CBFs are highly conserved C-repeat binding CRISPR/Cas9 Reduced chilling Li etal.
stress factors are the cold response components. tolerance 2018a
Targeted salt-tolerant Vu et al
SIHKT1, 2 SIHKT1;2 is a salt tolerant allele. LbCpfl genel;2 and was tolerant 2020 '
Salt stress towards salt tolerance
SIHyPRP1 HyPRP1 is a negative regulator for salt CRISPR/Cas9 Salinity tolerance Tran et al.
stress. 2021
ALS is the key enzyme for the biosynthesis
Herbicide  SIALSL, SIALS2 of am|.n0 acids Ilke_leucme, |so|eucme_, and CBE Herbicide-resistant Veillet et al.
valine, and also it targets commercial 2019
herbicides.
JAZ2 is expressed constitutively on stomata
and hijacked by COR, which is produced by Ortigosa et
SIJAZ2 bacteria that help in the suppression of SA-  CRISPR/Cas9  Bacterial speck resistant ?qﬁg
dependent closure of stomata and promote '
. penetration of bacteria
Bacterial -
Resistance towards
DMR 6-1 gene is upregulated durin bacterial pathogens like Thomazella
SIDMR6-1 g 'p 9 . g CRISPR/Cas9 Xanthomonas spp, P.
pathogen infection. . h et al. 2021
syringes, P. capsicum,
and different oomycete
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. . Editing .
Traits Target genes Target gene function Genetic effects References
Strategy
Resistance towards Santillan
Fungal SIMPR4 MPR4 negatively regulates biotic stress CRISPR/Cas9  powdery mildew fungus Martinez et
Oidium neolycopersi al. 2020
. L . Decrease in disease
SIMYC2 MYC2 is a transcription 'facto.r and a main CRISPR/Cas9 resistance towards B. Shu et al.
regulator of the MeJA signaling pathway . 2020
cinerea
Susceptibility towards
. . . . Tobacco mosaic virus
Viral DCL2b DCL2b is a key player in the biogenesis of - o\ cop/cacg (T, Potato virus X, Vand etal
small RNA and antiviral defense S 2018
Tobacco mosaic virus
(ToMV)
JAZ2 is expressed constitutively on
stomata and hijacked by COR, which is
produced by bacteria that help in the Resistance against Ortigosa et
AZ?2 . RISPR .
J suppression of SA-dependent closure of CRISPR/Cas9 banana streak virus al. 2019
stomata and promote penetration of
bacteria
elF4E and its isoforms are the recessive Resistance towards Yoon et al.
EIF4EL resistance gene for potyviruses CRISPR/Cas9 potyvirus PepMoV 2020
OSCAA4.1 are the key plant drought
resistance regulators involved in pathogen Resistance towards Ruiz-
slosca4.1 infection. SIOSC4.1 contributes to the CRISPR/Cas9 PePMV Ramon et
proper regulation of calcium homeostasis, al. 2023
which is required for PepMV infection
More Axillar MAX1are involved in the synthesis of Resistance towards root Bari et al
Weed y strigolactones, which are the inhibitors of ~ CRISPR/Cas9 parasitic weed '
Growthl . . . . 2021a
branching that are needed for germination Pheliancheaegyotiaca
of root parasitic weed
. . . o Incomplete ripening of lto et al.
Rin RIN has an important role in fruit ripening NHEJ fruit 2015
Self-pruning SP5G is involved in photoperiodic Day-length-sensitive Soyk et al.
5G(SISP5G) sensitivity in plants CRISPR/Cas9 flowering 2017
CRTISO and CRTISO and PSY1 genes are involved in CRISPR/Cas9 Yellow and orange Dahan-Meir
PSY1 the biosynthesis of the carotenoid pathway tomatoes et al. 2018
SIPSY1(Phytoene PSY1 genes are |mportant genes of CRISPR/Cas9 Yellow fresh tomatoes D’ Ambrosi
synthasel) carotenoid biosynthesis oetal. 2018
SIMYBis a transcription factor that is Deng et al
MYB12 involved mainly in the flavonol CRISPR/Cas9 Pink tomatoes 2?)18 '
biosynthesis branch
SIGAD2 and SIGAD3 are the key enzymes
Harv i i i i
a _est in the-blc?sy_/nthesw of _GAB, AC terml.nal Increase of GABA
quality SIGAD2 and auto-inhibitory domain is present, which . Nonaka et
. ) CRISPR/Cas9 accumulation from
SIGAD3 regulates enzymatic function, and al. 2017
: . . . sevenfold to 15-fold
removing this domain regulates enzymatic
function.
NOR NOR gene is mgstl}{ involved in fruit CRISPR/Cas9 The rlpeplng processwas  Wang et al.
ripening partially affected 2019
. Initiated ripening of fruit
AP2a SIAPA2a acts as_ 2 _nega.tlve regulator of CRISPR/Cas9 in early stage but did not Wang et al.
fruit ripening. . 2019
ripen fully
FUL1 and FULZ2 are the transcription
FUL1/EUL? _ factors_ of the MADS-dom_am a_nd are  CRISPR/Cas9 Double m_utants did not Wang et al.
involved in regulating flowering time, fruit show a ripe red color 2019

ripening, and architecture of inflorescence
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Target gene function
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Editing

Strategy References

Genetic effects

BZR1 is the regulator of brassinosteroid . .
. . Loss of Decrease in heat stress Yinetal.
BZR1 and is involved in developmental as .
function tolerance 2018
well as stress tolerance
CBF1 CBF1(C-repeat binding factors) are Loss of Decrease in chilling Lietal.
involved in cold response system function stress tolerance 2018a
MAPK s (Mitogen-activated protein .
. ( 9 - p Loss of Decrease in drought Wang et al.
SIMAPK3 kinases) are the signaling molecules .
. . function stress tolerance 2017
involved in drought stress
Carotenoid CCD8 and MAX1 genes help synthesize
cleavage . . . . . .
. strigolactones, which are branching Loss of Resistance against Bari et al.
dioxygenase8(CCD o . . - .
8) More Auxiliary inhibitory hormones and are required function phelipanche aegytiaca 2021a
Growth1 (MAX1) for germination of root parasitic weed
SIMPK20 regulates the post-meiotic .
. Repression of genes
development of pollen by modulating Loss of . Chen et al.
MPK20 L . controlling sugar and
sugar as well as auxin signaling and function . . 2018
. auxin metabolism
metabolism
Enzymes pectate
lyase (PL), neration of
yase (PL) PL, PG2a, and TBG4 work on separate Generation o . .
polygalacturonase cell wall domains and are involved in a range of Pectin degradation Wang et al.
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Serine/Threonine kinase domain
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SISTK B . .
which is essential for the plant for stress function glucose 2023
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Phospholipase C2 gene SIPLC2 regulates the effect of pathogens in
plants, resulting in resistance or susceptibility of plants towards
different diseases. There are six members of PLC present in tomato
SIPLC1-SIPLC6. CRISPR/Cas9 knockout of the SIPLC2 gene
decreased the production of ROS upon B.cinerea infection, which
increased resistance towards the pathogen by reducing the
pathogen proliferation as proliferation requires the production of
ROS for cell death. Moreover, the SIPLC2 mutant produced small
necrotic areas (Perk et al. 2023). Late blight is one of the fungal
diseases caused by Phytophthora infestans. Knockout of SIMYBS2
reduced the resistance towards P. infestans by increasing the
necrotic cells, disease index, and lesion size and decreasing the
expression of the pathogenesis-related (PR) gene in the mutated
plant, which concluded that SIMYBS2 is a positive regulator for the
P. infestans in tomato (Liu et al. 2021). Besides this, MicroRNA
has a great role in susceptibility by targeting the resistant gene.
CRISPR/Cas9 multiplex knockout of miR482b and miR482C
shows more resistance towards P. infestans than the single
knockout of miR482b (Hong et al. 2021). In potato, mutation of the
PMR4 gene reduced susceptibility to powdery mildew. An
orthologue of the PMR4 gene was found in tomatoes, and four
different guide RNAs were designed to target different regions of
the SIPMR4 gene in two different varieties of tomatoes. Four

sgRNAs successfully knocked out the PMR locus (Figure 3) and
induced resistance towards P.infestans (Li et al. 2022a). Knock out
of NUCLEOREDOXIN gene in tomato SINRX1 and SINRX2
exhibited resistance towards the pathogen Pseudomonas syringae
pv. maculicola (Psm) ES42326, which causes bacterial leaf as well
as towards the fungal pathogen Alternaria brassicicola in mutant
sinrx. However, a mutation in slnrx2 showed no resistance (Cha et
al. 2023). Mutant sInrx1 increased endogenous salicylic acid and
decreased the jasmonic acid level after infection with Psm
compared with sInrx2 and wild-type plants. In the mutant sinrx1,
the SA biosynthesis gene SIICS1(ISOCHORISMATE SYNTHASEL)
and SIEDS5 ENHANCED DISEASE SUSCEPTIBILITY 5 were
upregulated compared to wild type plant. However, the PR1 gene,
a systemic acquired resistance gene, increased in sinrx1 compared
to the wild type (Cha et al. 2023). CRISPR activation of SIPR-1
PATHOGENESIS-RELATED GENE 1 showed enhanced disease
resistance against Clavibacter michiganesis subsp. without
changing their agronomic character (Garcia-Murillo et al. 2023).
PTI (Pattern effector-triggered immunity) and ETI (effector-
triggered immunity) are the two tired immune response systems in
plants towards pests and pathogens. NLR receptor link with PTI
and ETI, which is required for plant immune response. Mutation in
h-NLR SINRC4a and SINCR4b resulted in a gain of constitutive
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function defense activation and broad-spectrum disease resistance.
The double mutant of SINRC4a and SINRC4b increased resistant
against the fungal pathogen compared to a single mutation
(Leibman-Markus et al. 2023). 3-Dehydroquinate
dehydratase/shikimate dehydrogenase(DQD/SDH) is involves in
the synthesis of shikimate. Knock out of SIDQD/SDH2, which is a
ripening associated factor, lowers the content of flavonoids and
shikimate by down-regulating flavonoid biosynthesis genes and
shows resistance towards Botrytis cinerea (Wang et al. 2023).

3.6.3 Harnessing CRISPR/Cas9 to engineer virus resistance in
tomato

Viruses that affect plants are usually obligate parasites that
completely depend upon the host for survival. Moreover, the
susceptible factors, also called recessive genes, present in the plant
are the main factors that regulate viral disease in plants. Tomato
yellow leaf curl virus (TYLCV) is from the Geminiviridae family.
It causes one of the devasting viral diseases for tomatoes. Ty-5
(SIPelo) is one of the susceptibility factors (S gene) for TYLCY.
Knockdown of SIPelo through CRISPR/Cas genome editing
confers host-mediated immunity against the pathogen (Praminik et
al. 2021). Interestingly, a tomato plant with a stably designed
CRISPR/Cas9 platform targeting viral genes encoding coat protein
(CP) or replicase (Rep) demonstrated improved resistance to
TYLCV infection. Translation initiation factor (elF4E), a cap-
binding protein, is one of the prominent susceptible factors to
potyvirus. The recent CRISPR/Cas9-based knockdown of the
elF4E1 gene in tomatoes showed enhanced resistance to multiple
viruses, including the cucumber mosaic virus, the pepper mottle
virus, and the potato virus Y N strain (Yoon et al. 2020; Atarashi et
al. 2020). The Pepino mosaic virus (PepMV) was first identified in
1999 as a tomato pathogen in the Netherlands. Since then, it has
spread worldwide and created a pandemic in tomato crops, causing
great economic loss. SIGSTU38 is the susceptible gene for PepMV
mutation, and this gene triggers the accumulation of oxygen
species in leaves and deregulates stress-responsive genes (Mendez
- Lopez et al. 2023).

3.6.4 Weed control in tomato

The obligate and facultative are the two characterized parasitic
plants that adopt different forms for invading host plants by
attaching them through their roots or shoots. Most economically
significant crops are infected by root parasite weeds, which
reduces yield and yield quality. Important agronomic crops are
severely harmed by the parasitic weeds Orobanche and
Phelipanche spp., which are entirely dependent on the host for
their nutritional value. Strigolactones are plant hormones produced
from plant carotenoids by cleavage of the CCD7 and CCD8
enzymes. These are necessary for germinating parasitic root weeds
and function as a branching inhibitory hormone. CRISPR/Cas9
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genome editing of two homologs of ATP binding cassette
transporter (ABC) genes Solyc08g067610 and Solyc08g067620 in
tomato decreased the growth of parasitic weeds P. aegyptiaca. It
reduced the primary stem length, increased branching, and
increased axillary bud growth. Moreover, the expression of two
strigolactone biosynthetic genes, i.e., CCD8 and MAX1, was
significantly decreased in the ABC mutant lines and resulted in an
alteration in root extract orobanchol (Bari et al. 2019). The mutated
ccd8 in the second exon shows some morphological changes, like
adventitious root formation and increased shoot branching.
Additionally, CCD8 mutants with SL-deficient show reduced
parasite infection. It was observed that in the CCD8 mutation,
orobanchol (SL) content was reduced, and carotenoid and
expression of genes that participate in carotenoid biosynthesis
increased (Bari et al. 2019).

Further, the CRISPR/Cas 9 strategy has been successfully used to
mutate the SL biosynthetic gene More Auxiliary Growthl (MAX1)
(Bari et al. 2021b). Due to lowered orobanchol levels, the Simax1
edited lines showed resistance to P. aegyptiaca. The study offers a
fresh insight into creating an effective management strategy that
might be utilized to prevent the growth of root parasite weeds,
significantly impacting the agricultural economy (Bari et al.
2021a).

3.7 Engineering abiotic stress tolerance in tomato

Abiotic stresses include high or low temperature, excessive or
inadequate water conditions, high salt concentration, accumulation
of heavy metals, etc., affecting the plant's growth and development
(Liu et al. 2022). Modifying the genes involved in the regulatory
pathway of certain stress hormones, reactive oxygen species, etc.,
can create artificially resistant plants. CRISPR/Cas technologies
help understand the crucial role of complex mechanisms of various
abiotic stresses in plants and develop new climate-resilient crop
varieties (lllouz-Eliaz et al. 2020).

3.7.1 Heat stress

Primarily due to global warming, as the temperature increases, it
significantly affects the growth and development of plants. An
increase in the production of ROS, cellular damage, and unwanted
biological compound formation leads to a disturbance in plant
cellular metabolism under heat stress (Chaudhury and Sidhu 2022).
CRISPR/Cas9 strategy has been effectively utilized to tackle the
heat stress response in tomatoes. Knocked out of the SIBZR1 gene
of the tomato showed susceptibility to heat stress by reducing the
quantum efficiency of photosystem Il (Yin et al. 2018). Similarly,
mitogen-activated protein kinases (MAPKs) are involved in
multiple signaling pathways that lead to abiotic stress tolerance
(Yu et al. 2019). CRISPR/Cas9-mediated mutation of SIMAPK3
reported less cell membrane damage and ROS production, less
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wilting, and more expression of heat shock proteins (HSPs) and
heat shock factors (HSFs) (Yu etal. 2019).

3.7.2 Osmotic stress

Most abiotic stress like drought, salinity, and cold stress causes the
plant's osmotic stress, where the water and electrolyte imbalance
occurs. Osmotic stress damages the cellular and DNA labels,
which has a major effect on the physiology of plant cells (Chen et
al. 2021a). The tomato plant requires a lot of water, and any
imbalance limits growth, germination, and elongation (Liu et al.
2018). As per the previous report, auxin response factors (ARFs)
have an influential physiological role in plants (Roosjen et al.
2018). A gene of the ARF family SIARF4, expressed in guard cells
and tomato's vascular bundle, was studied under water deficit
conditions. In a study, it was reported that abscisic acid treatment
and deficiency in water reduced the expression of the SIARF4 gene
(Bouzroud et al. 2018). CRISPR/Cas9 mediated loss of function
mutation of the SIARF4 gene resulted in enhanced tolerance to
water stress and dehydration in the mutated lines (Chen et al.
2021b). This indicates that the SIARF4 gene might be associated
with the ABA signaling pathway by modulating the expression of
SIABI5/ABF and SCL3 genes, helping the tomato plant resist water
deficit conditions (Chen et al. 2021a).

Similarly, in tomatoes, it was found that the PROCERA gene
encodes the DELLA protein (a negative growth regulator)
associated with the tomato resistance towards osmosis stress. Loss
of function mutation of DELLA protein using CRISPR/Cas9 and a
SgRNA provides several dominant dwarf mutations and loss-of-
function mutations (Tomlinson et al. 2019). In 2019, the dominant
dwarf PROCERA allele was first reported, showing partial
responsiveness towards exogenously applied gibberellins. The
intermediate phenotype was observed in heterozygotes at the
seedling stage, but later, during their adult stage, the heterozygotes
were dwarfed as homozygotes (Tomlinson et al. 2019). Based on
these studies, it can be assumed that specific genetic networks
regulate abiotic factors that monitor the osmotic stress in plants
well, and with the advent of gene editing, resistant tomato varieties
can be generated.

3.7.3 Drought stress

Multiple genes control drought stress in tomato CRISPR/Cas9
system was used to edit SINPR1 (Stable tomato NPR1) gene from
tomatoes to study its role in regulating tomato drought tolerance
response (Li et al. 2019). Reduced drought tolerance was evident
in the slnprl mutants, and it was further supported by the
expression of genes associated with drought, such as SIGST,
SIDREB, and SIDHN, being downregulated. SINPR1 mutants, by
reducing the expression of multiple drought tolerance genes, also
concurrently resulted in increased levels of malondialdehyde
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(MDA) and hydrogen peroxide, larger stomatal aperture, higher
electrolytic leakage, and lower activity of antioxidant enzymes in
the mutant lines (Table 1, Figure 3) (Li et al. 2019). In yet another
study, CRISPR/Cas9 mutated SILBD40 knockouts were found to
be less responsive to drought than WT tomato plants by increasing
the water-holding ability (Liu et al. 2020b).

3.7.4 Chilling stress

The tomato plant is sensitive to chilling. In many species, it was
found that highly conserved CBFs (C-repeat binding factors) are
responsible for cold-response systems. The CRISPR-Cas9
generated slcbfl mutant demonstrated a more chilling-injury
response than the wild type with high malondialdehyde and
hydrogen peroxide contents, increased antioxidant enzymes, and
higher electrolyte leakage (Li et al. 2018a). Low temperatures
induce gene expression and protein content of SINPR1. Mutation
of SINPR1 resulted in chilling stress by increasing oxidative
damage and synthesis of ferulic acid (Shu et al. 2023).

4 Challenges and Future prospects of tomato genome editing

Since the last decade, CRISPR/Cas9 genome editing technology
has emerged as an evolutionary tool in agricultural biotechnology
for crop improvement. However, the technology faces some major
challenges that need to be addressed for further improvement and
adoption in crop improvement.

4.1 Overcoming PAM Constraint

Mutation frequency is enhanced by minimalizing the distance
between the cut or PAM sites and the edit sites. To address this
problem, the idea of engineered Cas9 protein free from PAM site
restriction has been developed. Recently developed Cas9 variants,
SpG can efficiently cut at NGN sites where SpRY can act in
almost every location near the target sites. SpRy is designed from
wild variety Cas9 protein by changing 11 amino acids in its
peptide chain. SpRy is potentially more efficient on NRN (R=A,
G) PAM sites than NYN (Y=C, T) PAM sites in human cells.
Genome editing in rice protoplast by SpRY revealed a similar fact
with human cells that SpRy has the potential to edit all NNN PAM
sites as well as a relatively high potential to edit at NRN PAM sites
instead of NYN PAM sites (Ren et al. 2021).

4.2 Delivery Methods

Genome editing in plants has a few constraints, like unwanted
insertion or deletion, off-target activity, sgRNA mismatch, and
overexpression of Cas9 (Shen et al. 2019). Delivering editing
machinery, i.e., gRNA or CRISPR/Cas9 components, into the host
plant is still challenging. The common approaches are floral-dip-
mediated transfer, Particle bombardment, Protoplast
transformation, and Agrobacterium transformation. All these
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methods have particular benefits as well as disadvantages. Dipping
flower buds execute the floral dip method in a buffer containing
Agrobacterium, then collecting seeds and selecting a positive
transformant by growing them in a selection media. Similarly,
Agrobacterium-mediated plant transformation is also executed by
co-cultivating explants followed by positive transformant selection
in a selection media. However, both methods require a thorough
screening for T-DNA and Cas9-free mutant homozygous lines.
Although particle bombardment and PEG-protoplast-mediated
approaches are efficient, they also generate transgenic plants that
must pass through extensive screening.

Viral vectors are most widely used in plant cells for gene silencing
and the expression of inserted foreign proteins. Transgenic plants
have already been edited with the expression of Cas9
nucleoprotein by using a viral vector system (Hu et al. 2019).
However, transgene-free genome editing proves to be complicated
due to certain virus restrictions. DNA and +ve strand RNA viruses
were used in the plant genome for editing but are limited due to
their cargo capacities (Liu et al. 2020a). The use of negative-strand
RNA virus avoided the difficulties faced due to the use of positive-
strand RNA virus as vector due to the large cargo capacity in
negative-strand RNA virus vector. After continued effort, viral
vectors are now intriguing tools for the transgenesis-free genome
editing approach, which uses host machinery for their
multiplication, enabling a broad level of expression (Cody and
Scholthof 2019). Prior endeavors to express sgRNA using plant
RNA virus vectors, such as tobacco mosaic virus, tobacco rattle
virus, barley stripe mosaic virus, beet necrotic yellow vein virus,
pea early browning virus, and foxtail mosaic virus, were successful
in introducing mutations into host genomes (Ellison et al. 2020).
However, due to the massive size of Cas9 and the negative
correlation between the stability of plant viral vectors and the
length of foreign gene insert, expression of virus vector-mediated
Cas9 is difficult. Although the delivery of SYNV vector is
possible, plant regeneration has certain limitations as plant
rhabdoviruses are difficult to invade into plant germline or
meristem cells (Liu et al. 2020b).

4.3 Transgene free genome editing

In conventional genome editing methods, transfer and a
combination of DNA cassettes are needed to modify the host
genome, which causes indels and changes in the DNA sequence
and generates detrimental effects (Kim et al. 2014). However,
transgene-free gene editing is fast and expanding due to its
advantages. This technique targets genome alteration without any
conflict with the gene and creates an opportunity for the delivery
of non-genetically modified organisms (Rather et al. 2022).
However, it has the same issue of transformation as in the
conventional gene editing approach. The transformation approach
mainly includes the invitro RNP complex comprising Cas9 and
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gRNA, which different approaches like microinjection,
electroporation,  particle  bombardment,  protoplast-mediated
transformation, etc, can deliver (Zhang et al. 2021a). The other
approach for transformation includes virus-mediated delivery and
type IV secretory system of A. tumefaciens for Cas/gRNA delivery
into plant cells (Tsanova et al. 2021). Ribonucleoprotein(RNPS)
mediated genome editing is one of the methods for generating
transgene-free genome editing plants in which the RNPs are
composed of Cas9 nuclease protein and sgRNA, which will be
delivered into the plant cell by using protoplast mediated
transformation by using PEG, and calcium in rice and Arabidopsis
(Toda et al. 2019). Particle bombardment was transformed to
transfer the RNP into embryonic maize and wheat (Woo et al.
2015). However, the major disadvantage is full-length plant
regeneration, and the selection process is time-consuming and
expensive. Recently, DNA-free gene editing through protoplast-
mediated transformation was performed in potatoes with 95%
editing efficiency (Rather et al. 2022).

4.4 Grafting-mediated transformation of Cas9 and sgRNA
cassette

Protoplast-mediated transformation is unsuitable in some plant
species, or it takes a long time for a generation to overcome this
problem. Designed Cas9 and gRNA transcripts are transferred
from transgenic roots to shoots of wild-type plants (Scions) (Yang
et al. 2023). Using such grafting, wild-type scions can be
transferred into genome-edited mutants by transferring the gRNA
and Cas9 transcript from the transgenic root. A tRNA-like
sequence or TLS motifs were added along with Cas9 and gRNA
transcript for movement from root to shoot.

4.5 Regulatory aspects of genome-edited tomato

Few nations, such as South and North America, have removed
regulatory barriers to encourage the commercialization of GE
crops. Furthermore, Australia and Japan have reviewed and
updated their normative approval processes for genetically
engineered organisms and goods, including site-directed nuclease 1
(SDN-1) type alteration (Kaul et al. 2020). Genome-edited crops
developed using SDNs are categorized as SDN 1, 2, and 3. Most
countries follow the SDN terminology to categorize the SDN
applications legally. Oligonucleotide-directed mutagenesis (ODM)
is also an alternative approach for targeted mutagenesis, and the
outcome is mainly considered an SDN-2 event. In the last few
years, several countries have adopted legislation and introduced
guidelines for clarifying genome-edited products' legal status
(Menz et al. 2020). CRISPR/Cas9 is subject to strict regulation in
Europe, and the European Court of Justice included genome-edited
crops in the rules governing genetically modified crops.
Meanwhile, Australia allows genome editing without the
involvement of foreign particles (Zhang et al. 2021b). Asia, China,
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and Japan have relaxed restrictions on genome-edited crops, and
there have been reports of such crops being grown in the field. The
first gene-edited food that entered the market was GABA-enriched
tomato. GABA is a health-promoting compound like vitamin C
and a neurotransmitter that helps block impulses between nerve
cells in the brain (Alamgir 2018). Tokyo-based Sanatech Seed has
sold CRISPR/Cas9 genome-edited Sicilian Rouge tomatoes since
September 2021. This genome-edited food contains a high amount
of y-aminobutyric acid (GABA), which helps to lower blood
pressure and promote relaxation (Waltz 2022). A commercialized
startup, Sanatech, from the University of Tsukuba, started sending
free genome-edited tomato seedlings at the request of 4200 home
gardeners in September 2021. More than 400 GABA-enriched
food and beverage items, including chocolates, are already
available in the Japanese market (Milon et al. 2024).

Conclusion

CRISPR/Cas9 is widely used as a promising tool for plant
breeding. Its accuracy, simplicity, and precision make it a versatile
system for modification of a wide range of crop plants. Recently
developed prime editing system has advantages over base
replacement and holds great promise in the precise modification of
crops. Research endeavours must be adapted to successfully
implement the CRISPR/Cas9 genome editing system in crop
improvement, and the grand challenges must be addressed.
Overcoming challenges like off-target activity, PAM constraint,
genotype dependency transformation, and delivery methods can
greatly increase crops' editing efficiency. Furthermore, the
regulatory issues and ethical concerns associated with the
technology must be debated globally, and scientific frameworks
must be developed to widen the acceptance of edited crops.
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ABSTRACT
KEYWORDS

Organic farming has emerged as a sustainable solution to the adverse effects (diminished nutritional
value, compromised food quality, environmental contamination, and public health hazards) that are
usually associated with harmful chemical pesticides. To overcome such loss, one must explore the plant-
associated microbes that are the naturally occurring root commensal and could positively improve crop
Pesticides health. In this review, we highlight the importance of the bacterial genus Rhodococcus, a subset of
Actinobacteria that carries immense potential in enhancing crop yield and is associated with
bioremediation of toxic pesticides and other chemicals to improve soil health. However, it has been
Siderophore noticed that few species of Rhodococcus are pathogenic for the plant (R. fascians) as well as
humans/animals (R. equi). But still, the majority of Rhodococcus isolates are found to be non-
pathogenic and carry substantial beneficial traits. Here, we have attempted to comprise those beneficial
traits of the different members of the genus Rhodococcus. The main emphasis of this review article is to
explore the major areas such as enzyme production, phytohormone synthesis, growth regulation,
siderophore production, bioremediation, organic compound degradation, and environmental pollution
control. Opinions towards the applications of advanced methodologies for utilizing the cumulative
prospective potential of the genus Rhodococcus have also been discussed in the different sections of the
review. Conclusively, this article gathers the scattered information from the past and recent literature
about this bacteria and provides the future direction about how it can improve plant/soil health and
eliminate toxic chemicals and environmental pollutants.
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Rhodococcus in plant and environmental health
1 Introduction

Modern agriculture practices have reached a state where the food
demands are not easy to fulfil due to the increasing global
population and agricultural land crisis. Therefore, no other option
was left to overuse chemical fertilizers and harmful pesticides to
increase crop yield. However, these hazardous chemicals can
adversely affect human and environmental health (Islam and
Karim 2020). Therefore, a pressing need is required to draw
attention to organic farming and put a hold on the over-usage of
these kinds of chemicals. Recent reports have indicated the role of
symbiotic microbes in tackling abiotic and biotic stress in plants
(Sharma et al. 2024) and approaching a healthy environment
(Hartman et al. 2023). The present review has discussed the
diverse roles played by the different members of the genus
Rhodococcus (an aerobic, nonsporulating, nonmotile Gram-
positive bacteria closely related to Mycobacterium and
Corynebacterium) for various applications in the improvement of
plant/soil health as well as biodegradation of toxic chemical
fertilizers, pesticides, and environmental pollutants. Marginal
pathogenicity of certain Rhodococcus species (R. equi and R.
fascians) has also been reported, but predominantly existing
Rhodococcus species are found non-pathogenic (Vazquez-Boland
and Meijer 2019). The major highlights of this review is on (i)
aniline  (hazardous component of chemical pesticides)
bioremediation by the Rhodococcus species (A-deg 1 and A-deg 2)
(Pande et al. 2022), (ii) p-nitrophenol and 2,4-dinitrophenol (2-
DNP) degradation by Rhodococcus RKJ300T strain (Ghosh et al.
2010) as well as 2,4-DNP by the Rhodococcus XM24D strain (Hu
et al. 2021), (iii) Rhodococcus-mediated breakdown of
neonicotinoids, glyphosate, pesticides, and herbicides (Pang et al.
2020), (iv) role in siderophore-mediated metal detoxification, and
role of quorum sensors and quenchers in microbiome (Saeed et al.
2021), and (v) enzymatic degradation of plastic (Zampolli et al.
2022). Conclusively, mechanistic investigation of the role of
different Rhodococcus species in such important microbe-plant as
well as microbe-environmental bio-processes can provide clues
about the better understanding of genetic/molecular counterparts
that will help advance the utility of Rhodococcus in sustainable
agriculture and also in environmental bioremediation. In this
direction, the present review has been written to gather recent and
relevant information about the role of Rhodococcus in these
versatile biological processes involved in maintaining plant health,

bioremediation of toxic chemicals from soil/water, and
environmental eco-balancing.

2 Rhodococcus in pesticide and insecticide degradation
Chemical-derived micronutrients, fertilizers, insecticides, and

pesticides have been used widely to enhance crop productivity and
fulfil the food demands of modern agriculture practices. This over-
usage of such chemical products leads to their bioaccumulation in

558

the plant product, soil, water, and environment, and ultimately
could cause disastrous hazards for the animal kingdom in many
ways. Among these chemicals, aniline is one of them, which is a
breakdown product of several pesticides and herbicides
(Chaturvedi 2022).

2.1 Aniline compounds degradation by Rhodococcus

One must target the utility of Rhodococcus bacteria in microbial
bioremediation, where this bacterium can alternatively use the
aniline as a source of nitrogen and carbon. Two strains of
Rhodococcus (R.A-degll and R.A-deg-2) can degrade aniline, as
summarized in Figure 1 (Krivoruchko et al. 2023). However, the
upper limit of aniline concentrations that Rhodococcus can
detoxify is still unknown, which makes it difficult to use
Rhodococcus strains for microbial-based aniline degradation.
Therefore, we believe targeting the successful application of these
bacteria in the agriculture sector as a set of safety and toxicity
assessments is always necessary.

2.2 Nitro/para-nitro phenols degradation by Rhodococcus

Rhodococcus bacteria can also degrade p-nitrophenol and 4-NP
(Takeo et al. 2018). However, in pesticide-affected areas, R.
imtechensis (RKJ300T) efficiently reduces p-nitrophenol (PNP)
and 2,4-dinitrophenol (2,4-DNP), demonstrating the ability of such
microbes to decontaminate the soil from these toxic chemicals as
shown in Figure 1 (Ghosh et al. 2010). Four enzymes in the R.
imtechensis RKJ300T strain catalyze the conversion of 4-NP to
maleylacetate (Santillan et al. 2020), and R. rhodochrous degrades
malathion, but the involved genes and mechanisms are still
unknown (Wronska et al. 2016). Therefore, a better understanding
of the mechanisms by which R. imtechensis (RKJ300T) degrades
PNP and 2,4-DNP is required (Mawang et al. 2021). 4-nitrophenol
(4-NP) is a chemical which is present in insecticides and
fungicides, can cause headaches, tiredness, nausea, and cyanosis (a
bluish colouring of the lips, ears, and fingernails), and it can irritate
the eyes. The Rhodococcus BUPNP1 strain produces an enzyme
that can break down and utilize 4-NP as a carbon source for its
growth and survival when no carbon and nitrogen source is
available. Bacterial enzymes that can capably degrade the chemical
substances (4-NP, 4-nitrocatechol (4-NC) and 1,2,4-benzenetriol)
as carbon source belongs to the category of monooxygenases
(MO). These MO enzymes in bacteria can capably convert 4-NP
into 4-NC and trigger the release of nitrite ions to initiate the
breakdown of 4-NP. Therefore, bacteria that contain MO can grow
in the presence of 4-NP, 4-NC, and 1,2,4-benzenetriol. A
progressive degradation primarily degrades 4-NP and subsequently
carries out 4-NC degradation (Sengupta et al. 2019a). However,
the cellular enzymes responsible for such processes stepwise have
been identified earlier (Brookbank et al. 2021). But, in a recent
study, MO enzymes have been mentioned as a responsible
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molecule for the conversion of 4-NP into the less toxic, water-
soluble compound (4-NC) and releases nitrite ions via synthesizing
an unstable intermediate, which is essential for the process of 4-NP
breakdown (Hecko et al. 2023). Interestingly, it was reported by
Sengupta et al. (2019a) that the highest activity of MO was
observed during the early exponential growth phase. In contrast,
the abundance of alcohol dehydrogenase (ADH) was observed
during the exponential growth phase of the Rhodococcus BUPNP1
strain, and this enzyme can cause the breakdown of 4-NP.
However, a deep understanding of these enzymes and associated
pathways involved in bacteria-mediated degradation of 4-NP can
be investigated by looking into the protein-protein interactions,
pathway analysis, and conservancy (Kaushik et al. 2022). A better
understanding of the concept of developing microbial consortia to
enhance the potential of the 4-NP degradation can be achieved by
assembling a variety of bacterial strains to break down
contaminants collectively in a much better way (Zhang and Zhang
2022). The degradation of 4-NP by Rhodococcus FXJ9.536 strain
at different temperatures was evaluated, and it was observed that
the degradation was optimal at 28°C but less effective at 10°C.
During the degradation process, intermediates 4-nitrocatechol and
1,2,4-benzenetriol have been identified (Huang et al. 2022). The R.
tibetensis FXJ9.536 genes peg.5460, and peg.3921 were involved
in 4-NP degradation (Figure 1). The lower degradation at 10°C
may be due to decreased enzyme activity. The breakdown of 4-NP

by Rhodococcus bacteria is dependent on temperatures between
28-30°C. The gene encoding 4-hydroxyphenyl acetate 3-
monooxygenase was found in cold-adapted Rhodococcus strains,
including R. erythropolis and R. gingshengii, possibly associated
with the degradation of 4-NP (Bordin et al. 2021).

It has been reported that in the pesticides and industrial waste
polluted areas, two chemical compounds (PNP and 2,4-DNP) are
present predominantly (Hu et al. 2021). The strain Rhodococcus
RKJ300 was isolated from pesticide-laden Punjab State soils at
30°C via a serial dilution plating method. These bacteria grow well
on minimal agar media supplemented with 0.5 mM PNP or 2,4-
DNP as carbon and energy sources, representing that the
Rhodococcus RKJ300 strain can capably degrade PNP and 2,4-
DNP (Ghosh et al. 2006). Compound 2,4-DNP  contains two
nitrogen groups on its benzene ring, the most often used pesticides,
herbicides, and fungicides (Aslam et al. 2023). Meanwhile, the
Rhodococcus XM24D strain utilizes 2,4-DNP as a source of carbon
and nitrogen (Figure 1). Interestingly, the Rhodococcus XM24D
strain can break down 4-PNP and 2C4NP efficiently but is
incapable of degrading 2,6-NP, 2-NP, 3-NP, 4-nitrocatechol,
hydroxyquinol, catechol and hydroquinone (Xiang et al. 2022).
Research on the Rhodococcus XM24D strain that exposed to 2,4-
DNP stress has revealed that 12 out of 17 genes in the relevant
pathway were remain unregulated, including NADPH-dependent
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F420 oxidoreductase (dnpB), hydrolase (dnpC), and coenzyme
F420 biosynthesis pathway genes. The gene cluster comprises five
PNP degradation genes of the Rhodococcus XM24D strain. The PNP
and 2C4ANP degradation pathways predominantly enhance the
expression of these genes. Like the R. imtechensis and R. RKJ300
strains, the R. XM24D strain degrades PNP and mineralizes 2C4NP
(Alam and Saha 2022). Furthermore, the ecological consequences of
R. XM24D must be addressed to ensure its mutually beneficial
coexistence in the environment. In-depth molecular biology studies
may reveal the breakdown processes of 2,4-DNP, PNP, and 2-C-4-
NP to understand and exploit metabolic regulation (Kim et al. 2018;
Swangjang 2022). However, using R. JMCTTKAS8 strain is
promising in approaching the bioremediation of a persistent
insecticide (lambda-cyhalothrin) (Sakr and Rashad 2023). Therefore,
exploring the use of microbes in bioremediation processes under
variable environmental conditions can be approached, which is
certainly achieved by using Rhodococcus bacteria (Raffa and
Chiampo 2021; Thi Mo et al. 2022). However, better utilization of
such chemicals in minimal amounts for pest management can be
achieved by the adoption of a new approach (Yousef et al. 2023),
which can help to synthesize the advanced active formulation of such
chemicals ingredients and thus reduce hazardous effects of chemicals
on the environment (Camara et al. 2019). Conventional pest control
methods are not enough to decompose such chemicals, and the risk
of bioaccumulation in the environment of these chemicals remains
on high alert (Okoye et al. 2022).

2.3 Monocrotophos degradation by Rhodococcus

Neonicotinoids are another popular class of pesticides used in
more than 120 countries globally. They destroy pests by targeting
their central nervous system (Costas-Ferreira and Faro 2021), and
most of the neonicotinoid treatments also protect plant seedlings,
increasing Bt toxin tolerance(D'Ambrosio et al. 2020). According
to Parte and Kharat (2019) imidacloprid and clothianidin have their
respective half-lives of 3000 and 6931 days. Meanwhile,
thiamethoxam and acetamiprid have 353 and 450 days of soil half-
live, respectively (Bhattacherjee et al. 2020). These chemicals
enter the water sources and subsequently enter the food chain. The
long environmental lifespan and negative impacts of these
chemicals on unspecific insects raised concerns about their
applications in the agricultural sector. It also affects the population
of essential pollinators, including bees, butterflies, dragonflies, and
wild bees, which have lost their behaviour, immunity, and survival.
Increased neonicotinoid use has also been connected to bird
population reduction. Only a portion of the active chemical
protects the crops, while the remaining compound is dispersed in
the environment, harming soil microbial populations and their
living creatures, including earthworms, amphibians, and aquatic
insects (Glen-Karolczyk et al. 2021). Recent studies have shown
that certain bacteria can break down the neonicotinoids
(imidacloprid and acetamiprid) (Thi Mo et al. 2022). Bacteria (R.
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phenolicus and R. ruber), isolated from pesticide-contaminated
soils can break down monocrotophos and mineralize acetochlor in
six days (Ahirwar 2023). Acetamiprid biodegradation is efficiently
increased by adding carbon and nitrogen sources (Xu et al. 2020;
Rasool et al. 2022). Rhodococcus bacteria can metabolize chemical
substances such as neonicotinoids. However, the capacity of
Rhodococcus bacteria to break down the pesticides and its
adaptation to the soil environment, as well as its interactions with
other microorganisms in the soil, can only determine its utility for
neonicotinoid bioremediation (Dai et al. 2021).

2.4 Glyphosates degradation by Rhodococcus

Many organophosphate herbicides in agriculture and forestry use
glyphosate to suppress broadleaf weeds and grasses. However,
environmental concerns have been raised because of its impact on
soil health. Response surface methodology (RSM) involves
optimizing glyphosate degradation to decrease environmental and
health issues (Firdous et al. 2020). There are two major pathways
for degrading glyphosate. One of the pathways involves glyphosate
oxidoreductase, which breaks the C-N bond and releases
glyoxylate. The second pathway uses C-P bond lyase to convert
glyphosate into sarcosine and inorganic phosphorus. Sarcosine
oxidase converts it to glycine, an amino acid that can be further
utilized for protein synthesis (Singh et al. 2020). Inorganic
phosphate in the soil can prevent glyphosate's bacterial
degradations and generate toxic aminomethylphosphonic acid
(AMPA) (Sun et al. 2019). Therefore, efforts are required to find
solutions for safe and efficient glyphosate degradation and removal
of AMPA residues (Castrejon-Godinez et al. 2021). Interestingly,
reports have demonstrated that the R. soli G41 strain degraded
42.7% of glyphosate in seven days, and this bacterium can grow
very well and attain maximum optical density at 30°C and pH 7.0.
The R. soli G41 strain reduced glyphosate in nonsterile soil and
enhanced weeds' germination by 10% in contaminated soil, where
weeds have shown soil healing potential (Nguyen et al. 2022).
Another study also revealed that R. soli G41 contains an enzyme
(sarcosine oxidase) and utilizes sarcosine instead of AMPA, which
is more environmentally friendly (Pérez Rodriguez et al. 2019).
Sarcosine oxidase is essential for converting glyphosate to
phosphate by C-P lyase. The soxA gene in R. soli G41 was 98.9%
similar to that in R. opacus and included sarcosine oxidase;
potentially, this newly identified R. soli G41 strain may help
remediate glyphosate-contaminated soil (Pérez Rodriguez et al.
2019).

3 Rhodococcus
quenching

in AHL degradation mediated quorum

In microbes, N-acyl homoserine lactone (AHL) degradation has
been reported as a novel method for quorum quenching (QQ) by
using the enzyme (lactonases and acylases) (Kusada et al. 2017).
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Exploring the QQ pathway in disease-specific pathogenic bacteria
may be beneficial in reducing bacterial resistance. Importantly, the
Rhodococcus bacteria can break down AHL through certain
enzymatic degradative pathways (Figure 2). However, targeting
the QQ employing Rhodococcus enzymes (lactonases and
acylases) may help inhibit the biofilm formation in pathogenic
bacteria (Murugayah and Gerth 2019; Sikdar and Elias 2020). This
strategy has been meaningful for reducing the disease burden
caused by pathogenic microbes and maintaining the balance
between pathogenic and non-pathogenic bacterial populations.
Because biofilms are essential for the colonization and survival of
bacteria, these QQ mechanisms in Rhodococcus species have
demonstrated a great potential for inhibiting biofilm formation
(Paluch et al. 2020). Rhodococcus species enriched with AHL-
degrading enzymes have demonstrated predominant expression of
oxidoreductases (Ryu et al. 2020). AHLs are involved in the
quorum sensing-mediated pathogenicity of certain pathogenic
bacteria and biofilm formation, and the ability of the R.
erythropolis W2 strain to destroy these bacteria depends on the
simultaneous activity of different QQ enzymes (Figure 2)
(Chakraborty et al. 2023). When the production of AHL in a
pathogenic species, such as E. caratovora, is hampered, survival
diminishes,  decreasing its  pathogenicity. Interestingly,
Rhodococcus strains (LS31 and P133) have shown strong inhibitory
effects on OHHL and pectate lyase activity when grown together
with E. carotovora (Sarveswari and Solomon 2019). In the
Rhodococcus strain LS31, one can more clearly understand the

Mohammed et al.

suppression mechanism of quorum sensors by lactonases and
acylases-mediated AHL breakdown (Park et al. 2006). In other
species of Agrobacterium, AHLases such as AttM can digest c-
butyrolactone, but the mechanism is still elusive. Therefore, it was
earlier directed that a deeper mechanistic understanding of the
relationship between lactonase and acylase enzymes must be
explored (Kumar et al. 2022). The ability of the R. erythropolis W2
strain to degrade AHLs reflects the relevance of AHL turnover
under varying environmental conditions where the length of the
acyl chain affects the level of AHL degradation (Utari et al. 2017).
Biochemical pathways analysis of the enzymes produced by
different Rhodococcus strains can develop new approaches to
control the AHL mediated pathogenicity in microbes (Rehman et
al. 2022). However, LC-ESI/MS employed investigations on AHL
degradation by Rhodococcus strains (LS31 and P133) demonstrated
that the Rhodococcus LS31 synthesize several byproducts from N-
hexanoyl-L-homoserine lactone (HHL) more rapidly and enhance
AHL degradation (Tagkan and Tagkan 2021). Such observations
indicated the putative role of AHLases in releasing homoserine
lactone rings that indirectly affect the density of the final product.

On the other side, bioremediation traits of Rhodococcus bacteria
were demonstrated by agar-based immobilization assays carried
out on synthetic polymers where biphenyl metabolization was
mediated with the help of limonene (Tyumina et al. 2023). Cumin
oil containing cumin aldehyde and cumene initiates the co-
metabolization process of trichloroethylene by Rhodococcus strain
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Figure 2 Illustration of the role of the symbiotic bacterium

Rhodococcus in providing plant benefits and eco-protection

via enhanced quorum quenching.
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L4, indicating that one pathway could be targeted for
environmental detoxification (Suttinun et al. 2010). If we overlook
in total, enzymes (lactonases and acylases) have been the key
players in QQ processes (Dubert et al. 2017). The complicated
enzymatic pathways of Rhodococcus strains highlight their
potential in modulating quorum sensing, microbial behaviour, and
responses to environmental stressors (Barbey et al. 2018). The
degradation of AHL has several potential uses, from preventing
disease spread to cleaning polluted areas by Rhodococcus bacteria
(Prazdnova et al. 2022).

4 Rhodococcus as a siderophore producer and metal scavenger

Siderophores are complex molecules with remarkable metal-
binding abilities, and they play a crucial role in many biological
processes, such as metal-ion metabolism and degradation (Gomes
et al. 2024). Siderophore production by different Rhodococcus
species (R. gingshengii, R. erythropolis, and R. jostii) has taken the
lead in revealing the complex gene clusters and metabolic
pathways that could control the metabolism of metal-containing
compounds (Khilyas et al. 2021). The reported literature has
demonstrated that the Rhodococcus metabolites (heterobactins and
rhequichelin) are hydroxamate- and catecholate-type siderophores,
respectively. Two nonribosomal peptide synthases (NRPSs) and
siderophore-producing clusters have sequence homology (da
Silveira et al. 2020). The heterobactin gene clusters of R.
gingshengii BKS 20-40, the Rhodococcus strain ADH, and R.
erythropolis SK121 have 100% identity, while the erythrochelin
gene cluster shares 57%. R. gingshengii S10 produces siderophores
in liqguid M9 medium and on chrome azurol S (CAS) agar under
iron-deficient conditions. The bacteria grow and produce catalase
and urease in the presence of NaCl at pH values ranging from 5 to
9. The R. gingshengii S10 genome contains twelve trehalose-
producing genes that protect against desiccation, temperature
variations, and high salinity (Khilyas et al. 2021). However, a
deeper understanding of the functional differences between these
clusters, especially genes with different sequences, could shed light
on the factors that lead to siderophore diversity and their distinct
roles. Rhodochelin, a principal secondary metabolite, was
identified, and genome analysis revealed the responsible gene
clusters. The rhodochelin-producing cluster (rhc) contains the
entire bimodular NRPS synthetase, rhcB, and genes for export and
import (rhcC, D, F). The crucial enzyme isochorismatase (rhcA) is
in the rhc cluster. In an operon with rhcA, a dhbE-like gene is near
two additional 2,3-DHB-producing genes, dhbC and dhbA. This
operon covers the 2,3-DHB pathway from chorismate to adenylate
(Puja et al. 2023). Siderophore synthesis was reduced in a gene
knockout study targeting key genes in clusters (rhcB, dhbE, rmo,
and rft) (Yin et al. 2023). R. erythropolis B7g has shown promise
in siderophore synthesis and metal interactions (Retamal-Morales
et al. 2018). Genome investigation of R. erythropolis B7g revealed
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two siderophore biosynthesis-related gene clusters. One cluster
produces heterobactins and mixed catecholate-hydroxamate
siderophores, while the other produces requichelin siderophores,
whose nature is unknown. When. R erythropolis B7g was grown in
a specialized medium to produce apo-heterobactin S2 and
heterobactin B as siderophores. Optimizing the growth conditions
with supplementation with glucose, n-hexadecane, and casamino
acids increased the production of siderophores. For instance,
adding 30 mM glucose and 1% casamino acids to 1 L culture
medium increased the siderophore concentration and improved
production efficiency (Srimathi and Suji 2019). Complete genomic
and transcriptomic analyses of both symbiotic partners (plants and
microbes) that take up nutrients via siderophores are necessary
(Hofmann et al. 2021).

A study investigated siderophore production by the bacterium R.
jostii RHAL under various growth conditions revealed. It was
observed that R. jostii RHA1 produced siderophores in response to
iron deficiency, as demonstrated by a positive CAS assay (Srimathi
and Suji 2019). In the subsequent step, CAS-positive supernatant
was purified using ion exchange chromatography to identify
siderophores. These iron-chelating chemical peaks were observed
in the HPLC chromatogram. These peaks were misplaced under
iron-rich growth conditions, confirming their association with iron
scarcity. Liquid chromatography-mass spectrometry (LC-MS)
revealed the behaviours of these peaks and their expression
patterns. One peak resembled that of rhodochelin (a secretory
bacterial siderophore), whereas a companion peak resembled that
of rhodochelin, which lacked a modified ornithine residue (Pathak
et al. 2024). Thus, Rhodococcus bacteria play a pivotal role in
sustainable agriculture through siderophore production. The
siderophore activity of R. jostii was enhanced by its interaction
with 4HBA (Yasin et al. 2023). R. rhodochorus GDO02 can produce
siderophores essential for iron uptake and metabolism.
Interestingly, enzyme 4HBA plays a significant role in siderophore
synthesis, particularly under iron-limited conditions. When iron is
abundantly available, siderophore production is inhibited (Pathak
et al. 2024). It was also evident that the R. jostii RHAL gene,
which produces rhodochelin, was similar to the gene cluster that
produces 2,3-DHB in R. rhodochorus GDO02 but had different
siderophore expression profiles. NRPS genes, which are important
for siderophore production, were identified in R. rhodochorus
GDO02 but are poorly characterized. Additionally, anti-SMASH
analysis could identify secondary metabolite biosynthesis-related
gene clusters, which seem to be involved in metallophore synthesis
and could also be responsible for synthesizing other compounds,
such as siderophores. This suggests that R. rhodochorus GD02 has
a complex genetic landscape related to siderophores that needs to
be studied in more depth to understand siderophore production
fully (Ward et al. 2018). One must target the recent approaches of
OMICs that include transcriptomics, proteomics, metabolomics
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and integrative bioinformatics platforms for elucidation of
pathways, protein-protein interaction and other metabolites cross-
talk for a thorough investigation of siderophore production as well
as respective metabolic processes.

5 Rhodococcus and plastic degradation

Rhodococcus bacteria also have a peculiar ability to degrade
plastic material and offer hope to solve the non-degradable plastic
burden-related environmental issues (Bacha et al. 2023). In a
comparative bioinformatics study, analysis of 669 Rhodococcus
genomes revealed genetic components involved in plastic and
polymer breakdown, where 24% of bacteria target the CC
backbone and 18% target heteroatomic polymer degradation, with
57% of these bacteria possessing enzymes for degrading poly-3
hydroxybutyrate (PHB) and polybutylene adipate-co-terephthalate
(PBAT). Further in-depth analysis showed that R. pyridinivorans,
R. gingshengii, and R. hoagii degraded the CC backbone of the
plastic (Figure 3) (Zampolli et al. 2023). Rhodococcus species with
enzymes (multicopper oxidases, alkane monooxygenases, and
cytochrome P450 hydroxylases) may break down plastic
(Mohanan et al. 2020). Initial studies suggested that extracellular
secretion signals and enzyme types such as cutinase and PU
esterase degrade heteroatomic backbone plastic. Polyester
breakdown enzymes (carboxylesterase, PLA-depolymerase, and
PHB-depolymerase) were consistently prevalent in R. triamomae
(Ke et al. 2017). Understanding the molecular mechanisms
underlying the degradation of various polymers is essential, as
elucidating the biochemical pathways and enzymatic reactions can
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provide insights into the substrate selectivity, kinetics, and
structural characteristics of these enzymes and elucidate the
molecular basis of the plastic-degrading capabilities of the genus
Rhodococcus (Cai et al. 2023). A study showed that the textile,
pesticide, and fertilizer industries waste materials in waste
materials that are enriched in anthraquinone (AC) compounds,
which are ultimately deposited gradually in agricultural land.
Unfortunately, these ACs contain an anthraquinone ring that harms
microbes, plants, and animals (Safiarian et al. 2023). The R.
pyridinivorans GF3 strain degrades AC by breaking the
anthraquinone ring into catechol and salicylic acid. However, the
enzymes and genes that drive this process remain elusive and must
be investigated in detail. So far, R. pyridinivorans GF3 strain has
been tested for the capacity to degrade 1-aminoanthraquinone-2-
sulfonic acid (ASA-2) (Wang et al. 2022). ASA-2 breakdown
produced catechol, 3-amino-4-sulfophthalic acid, salicylic acid,
and 3-amino-4-sulfosalicylic acid. Gene analysis revealed that
CYP450 and short-chain dehydrogenase/reductase are upregulated
in R. pyridinivorans GF3 during ASA-2 exposure, demonstrating
their roles in AC oxidation and hydroxylation. The expression of
catechol metabolism genes, which break down the AC compound
and produce ATP through the TCA cycle, was upregulated (Figure
3) (Wang et al. 2022). The strains R. pyridinivorans X1 and X2
exhibited enhanced tolerance to phenolic contaminants, attributed
to mutations identified through genome sequencing. These
mutations  were detected in genes associated  with
phosphotransferase, MFS transporter, AcrR regulator, and GlpD
regulator, which collectively contribute to increased phenol
tolerance and degradation capabilities in the transformed strains
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Figure 3 Highlights the roles of the bacterium Rhodococcus in plastics and toxin degradation.
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(Wang et al. 2022). Notably, bacteria's polyethylene (PE)
degradation can be influenced by acidity, photooxidation, and heat
(Ghatge et al. 2020). The R. ruber C208 strain mineralizes PE
without external stimuli, and bacterial laccase-like multicopper
oxidase (LMCO) decreases the molecular weight of PE (Zampolli
et al. 2024). Similar to R. ruber C208, another strain, R. opacus
R7, exhibit growth and survival capabilities by degrading PE and
using it as a carbon source. R. opacus R7 RNA sequencing
revealed elevated expression of genes responsible for
oxidoreductase activity, hydrocarbon catabolism type and other
activities (Figure 3). The overexpression of three LMCO genes
(LMCO1, 2, 3) suggested that these genes play an important role in
early PE oxidation. The highly expressed alkB gene degrades
medium-chain n-alkanes and shows that R. opacus R7 can degrade
PE (Zampolli et al. 2021). The R. tibetensis FXJ9.536 strain was
discovered on the Qinghai-Tibet Plateau (QTP). This strain
degrades QTP organic pollutants such as polychlorinated biphenyl
(PCBs) and polyaromatic hydrocarbons (PAHSs) (Huang et al. 2022).
Our attention must be directed towards approaches which help
identify new plastic-degrading enzymes from Rhodococcus bacteria.
One must explore global proteomics analysis to discover the
uncharacterized unique enzymes from the Rhodococcus bacteria.

6 Rhodococcus and environmental stress adaptation

Rhodococcus bacteria can also encounter environmental stressors
that result in adaptation and resilience against abiotic stress (Kuhl
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et al. 2021). A mechanistic study between the fungal pathogen,
abscisic acid (ABA) levels in sugar beet plants, and counter-
current mechanisms of Rhodococcus have been investigated in the
past (Rangel et al. 2020). C. beticola is a pathogenic fungus that
can elevate the ABA levels in the sugar beet plants during the
infection cycle. This ABA level enhancement in sugar beet can
make plants more susceptible to other pathogens. Because ABA
hampers the immune system of plants, excess ABA leaches into
the soil through dead shoot tissues and root turnover, thus
changing the amount of ABA in the soil (Figure 4) (Brookbank et
al. 2021). This delicate equilibrium between ABA synthesis and
breakdown contributes to oxidative changes within the system,
with CYP707A2 monooxygenase emerging as a crucial player in
this cyclic process (Rai et al. 2021). Therefore, a deep
understanding of the modulating interactions between plants and
fungi and their respective resultant effects on the ABA availability
in the soil has been important while considering plant health and
resistance to pathogenic diseases (Begum et al. 2019).

The Rhodococcus P1Y strain uses ABA as a carbon and energy
source (Yuzikhin et al. 2021). Phaseic and dehydrophaseic acids
are predominantly derived from the modification of cyclohexene
by ABA. Researchers have shown that the Rhodococcus P1Y strain
can degrade ABA to dehydrovomifoliol in a synthetic nutrient
medium using ABA as the sole carbon and energy source (Bordin et
al. 2021). However, the process of converting ABA to
dehydrovomifoliol is still unknown. By analyzing the genome of the
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Figure 4 Explaining the Rhodococcus sp.-mediated stress adaptation and resilience mechanisms to establish healthy symbioses
between plants and soil microbes
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Table 1 Different roles of Rhodococcus species in the bioremediation and metabolism processes
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Strain Application Mechanism Reference
Rhodococcus sp. - Degradation of aniline and consumption as a single Krivoruchko
1 Degrade aniline .
A-deg 1 and A-deg 2 carbon source. Mechanism unknown et al. 2023
R. imtechensis . Degrade Degradation of PNP and 2,4-DNP by consuming as a Ghosh et al.
2 RKJ300T strain p-nitrophenol (PNP) and single carbon source. Mechanism unknown 2006
2,4-dinitrophenol (2,4-DNP) g '
s Rhodococaus Degrace ovproducts s major souce ofsvry. Mchanigm DIowEkact
JMCTTKAS strain Lambda cyhalothrin (pesticide) P ) o¥- al. 2018
unknown
4 R. phenolicus Degrade monocrotophos and Monocrotophos (MCP-1 and MCP-2) degradation Srinivasulu
and R. ruber mineralized acetochlor and acetochlor mineralization by a known mechanism et al. 2017
5 Rhodococcus 4-NP metabolization h:lgn(;%zyf Znisgjnezz(;ne(:fir;tl (tjs%r:: :zl(;innoreﬂfc-e'jr&)ﬁ- Sengupta et
BUPNPLstrain anaLes, 15 85 Sing al. 2019b
source and release nitite ions.
Rhodococeus RKJ300 Degradation via oxidative .and reductive processes Ghosh et al.
6 strain Degrade PNP or 2,4-DNP creates chlorohydroquinone and generates 2010
hydroquinone as an intermediate.
. . . Glyphosate degradation via sarcosine oxidase and C-  Nguyen et al.
7 R. soli G41 strain Glyphosate degradation P lysis turns glyphosate into phosphate. 2022
Rhodococcus XM24D Degrade 2,4-DNP and its Biosynthetic genes involved in 2,4-DNP degradation o\ )
8 . include dnpB and dnpC, F420 oxidoreductases, and
strain analogue 2021
F420 coenzyme
. Quenching of quorum sensing by N-acylhomoserine
R. erythropolisw2 . A . roz et al.
9 ent OPO s Quorum quencher lactone (AHL) degradation and inhibiting bacterial Uroz eta
strain 2005
cross-talk.
10 Rhodococcus strain Inhibition of AHLs type OHHL OXIB?]‘;\:;:]ZQ I(;ff ;'cl)_:ﬂ;oesie?‘ierféallz:)c/tgr:? i|;1 (ENr;/\(/:i;r;ia Park et al.
(LS31 and PI133I) and Pectate lysin Y . L 2006
carotovora via pectate lyase activity.
1 Rhodococcus L4 strain Metabolize trichloroethylene TCE degradation via enzyme cumene aldehyde and Suttinun et
(TCE) cumene. al. 2010
12 R. pyridinivorans, R. Degrade plastic Enzymatic degradation of C-C backbone by para- Mohanan et
gingshengii, and R. hoagii C-C backbone of plastics nitrobenzylesterase and carboxylesterase. al. 2020
Polyester degradation mediated by enzymes: Zamoolli et
13 R. triatomae Polyester breakdown Carboxylesterase, PLA-depolymerase, and PHB- al 2022
depolymerase '
14 R. pyridinivorans GF3 Degrade anthraquinone Breakdown of anthraquinone compounds by Wang et al.
strain compounds enzymatic cleavage of anthraquinone ring. 2022
R. pyridinivorans X1 Phenol tolerance and Enzymatic metabolization of phenol by Peng et al.
15 . . phosphotransferase, MFS transporter, AcrR regulator,
and X2 strain degradation 2022
and GIpD regulator.
Polyethylene (PE) Mineralizes of PE without external stimuli where the Zamoolli et
16 R. ruber C208 strain yetnyrene | bacterial laccase-like multicopper oxidase (LMCO) P
mineralization . al. 2021
decreases the PE molecular weight.
. . Degrade polyaromatic hydrocarbon  Breakdown of organic pollutants such as PCBs and
17 R tlbeter;tsrl:ierJ9.536 (PAH) polychlorinated biphenyl PAHSs by generating intermediates (4-nitrocatechol Huaznogzgt al,
(PCB) sand and 1,2,4-benzenetriol).
L ABA s utili its only carbon sour nd enert I
RhodococcusP1Y Degrade excess Abscisic acid . Is utilized a_ts Its 0 YFa bo soq ce, and energy Yuzikhin et
18 : is converted into specific metabolites, such as
strain (ABA) L al. 2021
dehydrophaseic acid.
Removal of harmful compounds from the
environment. Such as quorum-quenching, mercury
19 Rhodococcus RL1 Stress tolerance resistance, high-salt, extreme pH, osmotic stress Kuhl et al.
strain resilience, biofilm formation, and the production of 2021
compounds that help plants grow and the soil stay
fertile. Mechanisms Unknown
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Rhodococcus RL1 strain, scientists have identified a large
number of genes related to stress tolerance, bioremediation of
toxic compounds, and colonization of rhizospheric biota to
ensure the establishment of beneficial interactions between
plants and microbes (Figure 4) (Kuhl et al. 2021). This genetic
profile suggests that the Rhodococcus RL1 strain is a tool
required for interactions with other organisms, including plants,
and can survive in various abiotic stress situations. In vitro tests
were performed to analyze the practical implications of the
genomic potential of the Rhodococcus RL1 strain. The
Rhodococcs RL1 strain broke down quorum-quenching signals
(important for bacterial cross-talk) and tolerated mercury stress.
The Rhodococcus RL1 strain contains genes encoding an enzyme
(alkyl-mercury lyase) and a DNA-binding protein (merR family),
which allows it to grow quickly in the presence of mercury (Kuhl
et al. 2019). Rhodococcs RL1 was also reported to be resistant to
high salt levels (up to 7.5% NaCl), extreme acidic pH ranges (pH
2-5), and osmotic stress conditions. The strain Rhodococcs RL1
can also form biofilms, which are important for initiating many
microbial interactions (Kuhl et al. 2021). The ability of R.
cholerae RL1 to produce IAA and siderophores that collect iron
from the environment helps improve soil fertility and helps in
healthy plant growth. A summary of the prospective
contributions of the genus Rhodococcus to the phytoremediation
and metabolism of complex environmental pollutants is provided
in Table 1.

Conclusions And Future Prospectus

The multifaceted capabilities of the bacterium Rhodococcus have
suggested that it is an important microbe for improving plant and
soil health and balancing the ecological environment. By
harnessing their diverse enzymatic pathways and genetic traits,
one can look forward to their respective synchronized
coexistence between the agriculture sector and environmental
pollution control, which could help us achieve sustainable
development goals. However, through bioremediation and eco-
friendly pest control, the genus Rhodococcus also contributes to
mitigating the adverse effects of chemical toxic materials and
promoting a healthy ecosystem. Concurrently, because of their
ability to degrade hazardous pollutants and plastics by
modulating quorum sensing ability and assisting in plant-fungal
interactions, Rhodococcus species have been highlighted as a
combination of beneficial traits because of their remarkable
adaptability and resilience for improving the health of soils,
plants and ecosystems. However, to gain more knowledge about
the molecular mechanism, biological pathways, and protein-
protein interactions responsible for such unusual traits of genus
Rhodococcus, a detailed study will be required by employing
diverse OMICs platforms. One must plan the genomics,
transcriptomics, proteomics, and metabolomics investigations
about the above-discussed Rhodococcus strains to get deeper
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insight into exclusive properties of genus Rhodococcus, and
should integrate the independent outcomes by in-depth
bioinformatics analysis to get more holistic bio-molecular view
of multidisciplinary functional traits of genus Rhodococcus.
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ABSTRACT

Soil pH is crucial to soil health, influencing nutrient availability, microbial activity, and plant growth.
This review aims to assess the adaptability of soil pH under changing soil conditions by analyzing
natural and human factors. Information was gathered from various sources, including peer-reviewed
articles, field studies, and recent advances in soil science. The study explores how natural factors such as
parent material, climate, and vegetation establish baseline soil pH, while human activities such as intensive
farming and land-use changes further modify it, often leading to soil acidification or alkalinization.
Traditional management methods like lime application, organic amendments, and crop rotation are
reviewed for their effectiveness in stabilizing soil pH and their limitations under varying soil conditions.
The review also explores modern technological innovations like precision agriculture, which uses soil
sensors and variable rate technology for targeted pH management, and biological approaches, such as
microbial inoculants, to enhance nutrient cycling and organic matter decomposition. Integrating these
traditional and contemporary approaches is essential for sustainable soil pH management and long-term

* Corresponding author

E-mail: russbeltyauliz4@gmail.com (Russbelt Yaulilahua-Huacho)

Peer review under responsibility of Journal of Experimental Biology and

Agricultural Sciences.

All the articles published by Journal of Experimental
Biology and Agricultural Sciences are licensed under a
Creative Commons  Attribution-NonCommercial 4.0
International License Based on a work at www.jebas.org.

(http://www.horizonpublisherindia.in/).
All rights reserved.

Production and Hosting by Horizon Publisher India [HPI] @ @



http://www.jebas.org/
https://orcid.org/0000-0002-7007-3059
https://orcid.org/0000-0002-6128-3089
https://orcid.org/0000-0001-6745-5921
https://orcid.org/0000-0002-3705-9909
https://orcid.org/0000-0003-3370-7558
https://orcid.org/0000-0002-3114-8134
https://orcid.org/0000-0003-3933-3964
https://orcid.org/0009-0004-2168-6010
https://orcid.org/0000-0001-7444-4681
https://orcid.org/0000-0001-9646-2573
https://orcid.org/0000-0002-8232-1136
https://orcid.org/0000-0002-8735-4105
http://www.jebas.org/
http://www.jebas.org/
http://www.jebas.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.18006/2024.12(4).573.587&domain=pdf&date_stamp=2024-09-25

Examining the adaptability of soil pH to soil dynamics using different methodologies

574

productivity. The findings highlight the need for a holistic approach that combines historical
knowledge with emerging technologies to promote sustainable agricultural practices and

environmental conservation.

1 Introduction

The pH of the soil is a crucial factor that significantly affects its
chemical, biological, and physical properties, ultimately
determining its suitability for plant growth and overall ecosystem
health. Soil comprises mineral particles, organic matter, water, and
air, varying proportions based on the type of rock beneath the soil,
climate, and land use. The mineral fraction consists of sand, silt,
and clay, which determine the soil's texture and affect water
retention and nutrient availability. Organic matter, which comes
from decomposed plant and animal material, enriches the soil with
essential nutrients and improves its structure. The soil's pH is
influenced by the interactions among these components and their
reaction with various natural and human-induced factors, such as
the breakdown of minerals, decomposition of organic matter, and
farming practices. Understanding the basic composition of soil and
its pH dynamics is essential for effective soil management and
sustainable agricultural practices.

A combination of natural and human factors influences soil pH.
The type of rock beneath the soil, climate, local vegetation, and
farming practices significantly affect soil pH. Additionally,
changes in land use, such as urbanization, deforestation, and
mining, disrupt the natural soil formation processes and introduce
pollutants, altering the soil pH. Understanding these interconnected
factors is crucial for effective soil management and sustainable
agricultural practices.

The importance of soil pH lies in its direct impact on nutrient
availability (Neina 2019). Most essential nutrients are accessible to
plants within specific pH ranges (Melese et al. 2015). For example,
macronutrients such as nitrogen, phosphorus, and potassium are
highly available in soils with a pH range of 6 to 7.5. In contrast, in
highly acidic soils (pH < 5.5), the availability of phosphorus and
other essential nutrients decreases significantly, leading to nutrient
deficiencies that can hinder plant growth and reduce crop yields
(Brady and Weil 2008). Conversely, in alkaline soils (pH >7.5),
micronutrients such as iron, manganese, and zinc become less
available, adversely affecting plant health and productivity
(Schmidt and Ellsworth 2000).

Traditional methods for managing soil pH include the application
of lime to neutralize acidity and organic amendments like compost
and manure to stabilize pH fluctuations (Yenesew et al. 2024).
Crop rotation and cover crops can also help maintain balanced soil
pH by improving soil structure and increasing organic matter
content (Johnston and Goulding 1990; Head 2024). These practices

have been used for centuries and are effective in many agricultural
systems.

Recent technological innovations have introduced more precise
and efficient soil pH management methods. Precision agriculture
techniques such as soil sensors and variable rate technology (VRT)
enable real-time monitoring and targeted application of soil
amendments, which help optimize pH management (Brady and
Weil 2008). Biological approaches, including microbial inoculants,
are also gaining attention due to their potential to enhance soil
health and regulate pH by improving nutrient cycling and organic
matter decomposition (McCauley and Jacobsen 2009).

This review aims to comprehensively outline the strategies for
effectively managing soil pH under changing environmental and
agricultural conditions. It emphasizes combining traditional
methods such as lime application, organic amendments, and crop
rotation with modern technologies like precision agriculture, soil
sensors, and biological interventions. By examining the strengths
and limitations of these diverse approaches, the study aims to
provide insights into how integrated soil pH management can
enhance soil health, optimize plant growth, and contribute to
sustainable agricultural practices and environmental conservation.
The goal is to equip stakeholders with a nuanced understanding of
adaptive soil pH management strategies responsive to natural and
human-induced changes, ensuring long-term soil productivity and
ecosystem stability.

2 Importance of soil pH

It's crucial to emphasize the significance of soil pH, as it directly
influences the availability of vital nutrients for plant growth and their
chemical form and solubility. In highly acidic soils with a pH below
5.5, the availability of important nutrients such as phosphorus
decreases significantly (Brady and Weil 2008; McCauley and
Jacobsen 2009). Additionally, acidic soils can release harmful
elements like aluminium and manganese, damaging plant roots and
hindering nutrient absorption (Sparks 2003).

The availability of key nutrients such as nitrogen, phosphorus,
potassium, iron, manganese, zinc, and copper varies with soil pH
(Figure 1). Each nutrient has an optimal pH range where it is most
available to plants (Toor and Naeem 2023). Similarly, microbial
activity is also affected by pH, being highest around a neutral pH
(7.0), indicating that soil microbes are most active and beneficial at
this pH level. The shaded area between pH 6 and 7 indicates the
optimal pH range for most plant growth, where nutrient availability
and microbial activity are generally balanced and favourable
(Figure 1).

Journal of Experimental Biology and Agricultural Sciences
http://www.jebas.org



575

On the other end of the spectrum, alkaline soils (pH above 7.5) can
result in deficiencies of essential micronutrients such as iron,
manganese, zinc, and copper. These micronutrients are crucial for
various physiological functions in plants, including enzyme
activation, chlorophyll synthesis, and maintaining cellular
integrity. In alkaline conditions, these nutrients become less
soluble and, therefore, less available to plants, leading to
symptoms such as chlorosis (yellowing of leaves), reduced growth,
and lower crop quality (Schmidt and Ellsworth 2000).

The optimal pH range for most crops lies between 6.0 and 7.5,
where the availability of most essential nutrients is maximized, and
toxic elements remain insoluble. This range also optimizes
microbial activity, which is crucial for organic matter
decomposition, nitrogen fixation, and nutrient cycling processes.
Microorganisms, like nitrifying bacteria, are also sensitive to pH
changes and perform best in slightly acidic to neutral soils. Hence,
maintaining soil pH within this optimal range is crucial for
sustaining soil fertility and promoting healthy plant growth (Wei et
al. 2024).

3 Natural Factors Affecting Soil pH

Several natural factors determine the initial pH of the soil and its
changes over time. These include the parent material, climate, and
vegetation type. Each factor plays a critical role in shaping the
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soil's chemical environment and influences its suitability for
various plant species and agricultural practices (Wang et al. 2024).

3.1 Parent Material

The mineral composition of the parent material from which soil is
formed significantly impacts its pH. Parent material is the
underlying geological material (generally bedrock or a superficial
or drift deposit) forming soil horizons (Whiteman 2024). The type
of minerals present in the parent material largely dictates the initial
chemical characteristics of the soil, including its pH. For example,
soils that develop from limestone or other calcareous rocks tend to
be more alkaline due to calcium carbonate. This compound reacts
with water and carbon dioxide to form bicarbonate, which raises
the soil pH (Brady and Weil 2008). Conversely, soils derived from
acidic parent materials like granite or sandstone typically have a
lower pH. Granite, rich in quartz and feldspar, contributes to the
formation of acidic soils due to the lack of basic cations like
calcium, magnesium, potassium, and sodium (Jing et al. 2024;
Subramani et al. 2024). These acidic parent materials make soils
more prone to leaching, enhancing their acidity (Sparks 2003).
Additionally, the rate of weathering of parent material also
influences soil pH. Rapid weathering of certain minerals can
release ions that alter the soil's acidity or alkalinity. For instance,
the weathering of feldspar minerals releases potassium ions,
increasing soil pH, while the breakdown of sulfide minerals can
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Figure 1 This graph illustrates how soil pH impacts soil health and plant productivity (Based on information from Brady and Weil 2008).
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release sulfuric acid, contributing to soil acidity (McCauley and
Jacobsen 2009).

3.2 Climatic Conditions

Climatic conditions are another significant factor affecting soil
pH, primarily through its influence on weathering processes,
leaching, and decomposition of organic matter (Philippot et al.
2024). In regions with high rainfall, acidic conditions are often
prevalent. This might be due to the excessive precipitations that
lead to leaching, where water percolates through the soil profile
and carries away the basic cations such as calcium, magnesium,
and potassium. As these cations are leached out, they are
replaced by hydrogen ions and aluminium, leading to increased
soil acidity (Chatterjee et al. 2024). In contrast, arid and semi-
arid regions tend to have more alkaline soils. Limited rainfall
reduces leaching, allowing salts and basic cations to accumulate
in the soil. These conditions favour the formation of alkaline
soils, often characterized by high sodium, calcium, and
magnesium carbonate levels. Additionally, the evaporation rate
in these regions often exceeds precipitation, concentrating these
basic cations in the soil and further increasing alkalinity (Si and
Li 2024).

In addition to rain, temperature plays a pivotal role in soil pH
dynamics. Warmer temperatures generally enhance the rate of
organic matter decomposition and their release, ultimately
lowering the soil's pH (Galluzzi et al. 2024). However, in colder
climates, slower decomposition rates result in the accumulation of
organic matter, which can produce organic acids and contribute to
soil acidity over time (Brady and Weil 2008).
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3.3 Vegetation Type

The type of vegetation growing on the soil significantly influences
its pH through organic matter deposition, root exudation, and
nutrient uptake. Different plant species contribute varying amounts
and types of organic matter to the soil, and decomposition of these
organic matters can raise or lower the soil pH (Yuan et al. 2024).
For instance, coniferous forests tend to produce more acidic soils.
The needles of coniferous trees, such as pines and spruces,
decompose slowly and release organic acids into the soil. These
acids contribute to the acidification of the soil, leading to lower pH
levels (Mueller et al. 2024). Additionally, the deep root systems of
conifers can bring up acidic compounds from deeper soil layers,
further contributing to surface soil acidity (Sparks 2003). In
contrast, deciduous forests, composed of trees like oaks and
maples, lead to the formation of more neutral or slightly acidic
soils. The leaf litter from deciduous trees decomposes rapidly and
releases fewer organic acids than coniferous needles. This reduces
acidification and often more balanced soil pH levels (Joshi et al.
2024).

Grasslands and prairies also impact soil pH differently. The dense
root systems of grasses contribute substantial organic matter to the
soil, which helps buffer pH changes. Grassland soils often
maintain a relatively neutral pH due to the rapid decomposition of
organic matter and the cycling of nutrients within the root zone
(McCauley and Jacobsen 2009).

4 Anthropogenic factors affecting soil pH

Human activities influence soil pH through agricultural practices,
land use changes, and pollution (Figure 2).
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Figure 2 illustrates how each human-induced factor can influence soil pH, leading to either acidity or alkalinity.
This figure was created for the current manuscript using data from Brady and Weil (2008).
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4.1 Agricultural practices

Agricultural practices such as fertilization, crop rotation, and
tillage techniques greatly influence soil pH. Nitrogen fertilizers,
especially those containing ammonium, are known for their soil
acidification properties. These fertilizers release hydrogen ions
during nitrification, lowering soil pH levels (Toor and Ramzan
2023). On the other hand, lime application is a common method to
counteract soil acidity and increase pH levels. Lime, usually in
calcium carbonate or hydroxide, reacts with hydrogen ions and
helps neutralize acidity, promoting a more alkaline soil
environment. Crop rotation also plays a significant role in
managing soil pH. Certain crops, such as legumes, can fix
atmospheric nitrogen through symbiotic relationships with
nitrogen-fixing bacteria. This reduces the need for nitrogen
fertilizers, thus reducing the risk of soil acidification (Akram et al.
2023). Additionally, tillage practices can impact soil pH by
influencing factors such as soil aeration and mixing (Liu et al.
2023; Akram et al. 2023). While these agricultural practices are
essential for maintaining soil fertility and crop productivity, careful
management is crucial to prevent adverse pH shifts and sustain soil
health in the long term.

4.2 Land use changes

Land use changes, including urbanization, deforestation, and mining,
disrupt natural soil-forming processes and introduce pollutants that
can alter soil pH levels. Urban expansion often results in soil sealing,
limiting water infiltration and disrupting soil microbial activity,
which affects soil pH (Abakumov et al. 2023). Soil sealing through
pavement and construction can lead to localized changes in soil pH,
often contributing to increased acidity (Akram et al. 2023).
Deforestation reduces organic matter inputs, leading to soil
degradation and potential acidification, while mining activities can
induce severe soil acidification by releasing acidic compounds such
as sulfuric acid. Removing vegetative cover reduces organic matter
inputs into the soil and diminishes its buffering capacity against
acidity. Additionally, deforestation increases the risk of soil erosion,
which can expose acidic subsoil layers, further contributing to soil
acidification. The disturbance of soil microbiota and nutrient cycling
processes due to forest removal can also impact soil pH dynamics
(Tsegaye et al. 2023). Pollution from various sources, including
industrial activities and improper waste disposal, can directly
contaminate soils with acidic substances, further exacerbating pH
imbalances (Wen et al. 2023). Urban areas are sources of various
pollutants, including heavy metals and industrial emissions, which
can directly acidify the soil or induce chemical reactions leading to
pH alterations (Franco-Pesantez and Torres 2023). Mining activities,
particularly surface and open-pit mining, also profoundly affect soil
pH. Soil disturbance during mining operations exposes acidic subsoil
and bedrock materials to the surface, leading to significant soil
acidification. Moreover, mining activities often result in acid mine
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drainage, where sulfuric acid is generated through sulfide minerals
oxidizing surrounding soils and waterways (Cao et al. 2024).
Chemicals used in mining processes can also contribute to soil
acidification through direct contamination and alteration of soil
chemistry. Therefore, understanding and mitigating the impacts of
these human-induced factors are essential for maintaining soil health
and sustaining agricultural productivity in the face of environmental
challenges.

5 Approaches to manage soil pH

Various approaches can be used to manage and adjust soil pH
under changing conditions, ensuring optimal soil health and
productivity (Figure 3).

5.1 Lime application

Lime application is crucial for managing soil pH and creating the
best conditions for crop growth. Calcium carbonate (CaCOs3) is a
commonly used lime source due to its effectiveness in neutralizing
soil acidity. Another form of lime, calcium hydroxide (Ca(OH),),
has similar benefits but reacts more quickly with soil acidity,
leading to faster increases in pH levels (Charak et al. 2024). This
rapid response can be advantageous for crops needing immediate
pH adjustments. However, calcium hydroxide is often pricier than
calcium carbonate, and its use may result in temporary pH spikes if
overused. Careful management is essential to prevent excessive pH
fluctuations and maximize its benefits.

Dolomitic lime containing magnesium and calcium carbonate is an
effective solution in magnesium-deficient soils. Dolomitic lime
raises soil pH and corrects magnesium deficiencies, promoting
balanced nutrient availability for plants (Cano-Franco et al. 2024).
Overall, lime application, whether in the form of calcium
carbonate, calcium hydroxide, or dolomitic lime, is a valuable tool
for maintaining soil pH within optimal ranges for crop production.
However, proper application rates, timing, and considerations for
soil type and crop requirements are essential to maximize its
effectiveness while minimizing potential drawbacks.

5.2 Application of appropriate fertilizers

Proper management of fertilizers is crucial for maintaining soil pH
balance. Ammonium-based nitrogen fertilizers, commonly used in
agriculture, can contribute to soil acidification due to nitrification.
During nitrification, soil bacteria convert ammonium (NH4") into
nitrate (NO3"), releasing hydrogen ions (H*) in the process, which
lowers soil pH (Akram et al. 2023). The following methods can be
used to manage the acidifying effects of nitrogen fertilizers: (i)
Properly managing the application rates and timing of nitrogen
fertilizers is crucial. Avoiding excessive nitrogen applications
helps minimize the accumulation of ammonium in the soil,
reducing the potential for soil acidification, (ii) Utilizing
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Effect of Different Soil Amendments on Soil pH Over Time
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Figure 3 The different approaches can manage soil pH, comparing their effects over one year.

nitrification inhibitors such as nitrapyrin, dicyandiamide (DCD), or
3,4-dimethylpyrazole phosphate (DMPP) can be an effective
strategy to slow down the conversion of ammonium to nitrate.
These inhibitors work by inhibiting the activity of nitrifying
bacteria, thereby reducing the release of hydrogen ions and
mitigating soil acidification (Chen et al. 2008), (iii) Choosing
nitrogen fertilizers with a higher proportion of ammonium over
nitrate can also help minimize soil acidification. Ammonium-based
fertilizers release fewer hydrogen ions during nitrification
compared to nitrate-based fertilizers, thereby exerting less
acidifying pressure on the soil (Chen et al. 2008), (iv) Sulfur-
containing fertilizers, such as ammonium sulfate, elemental sulfur,
or sulfur-coated urea, can contribute to soil acidification over time
through the oxidation of sulfur compounds. Sulfur oxidation
produces sulfuric acid, which lowers soil pH. To manage the
acidifying effects of sulfur-based fertilizers (Akram et al. 2023),
Regularly monitoring soil pH levels helps farmers assess changes
over time and detect signs of soil acidification. Timely adjustments
to fertilizer management practices can help to prevent or mitigate
soil pH imbalances (Lashari 2022), and (vi) Soil buffering capacity
should also be considered when using sulfur-based fertilizers. Soils
with higher buffering capacity can resist pH changes more
effectively, whereas soils with lower buffering capacity are more
susceptible to pH fluctuations in response to fertilizer applications
(Akram et al. 2023).

5.3 Proper selection of crops and their rotation

Crop selection and rotation strategies are crucial for managing soil
pH and promoting overall soil health. By carefully choosing and
rotating crops, farmers can enhance nutrient cycling, reduce
dependence on fertilizers, and mitigate soil acidification (Mohanty
et al. 2024). Two key approaches to crop selection and soil pH
rotation incorporate leguminous and deep-rooted crops.

5.3.1 Leguminous crops

Legume crops such as beans, peas, clover, and alfalfa have a
special ability to form partnerships with nitrogen-fixing bacteria
called rhizobia (Chakraborty 2023). These bacteria live in nodules
on the roots of leguminous plants and convert atmospheric
nitrogen (N2) into ammonia (NHs), which the plants can easily
absorb. Farmers can effectively "fix" atmospheric nitrogen by
including leguminous crops in crop rotations, reducing the need for
synthetic nitrogen fertilizers. This is important because nitrogen
fertilizers, especially those containing ammonium, can contribute
to soil acidification. Farmers can reduce their reliance on these
fertilizers by wusing legume crops and help mitigate soil
acidification (Chakraborty 2023). Additionally, when leguminous
crops decompose, they add organic matter to the soil, which
improves soil structure and microbial activity, helping to manage pH.
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5.3.2 Deep-rooted crops

Certain grasses, grains, and some vegetables have deep root
systems that reach into the soil to access nutrients and moisture
from lower soil layers (Sharma et al. 2024). These deep-rooted
crops can affect soil pH at different depths by reaching deeper soil
layers. They play a crucial role in redistributing nutrients,
especially those that may have leached below the root zone of
shallow-rooted crops. Incorporating deep-rooted crops into crop
rotations can help maintain more balanced soil pH profiles
throughout the root zone. Additionally, deep-rooted crops
contribute to the accumulation of soil organic matter through root
turnover and residue deposition, which enhances soil fertility and
its ability to resist pH fluctuations (Kumar and Hegde 2023).

5.3.3 Cover crops and Organic amendments

Planting cover crops during fallow periods or between cash crop
rotations is an effective strategy for managing organic matter and
stabilizing soil pH. Cover crops, such as legumes, grasses, or
brassicas, contribute to soil organic matter accumulation through
root exudates, root turnover, and aboveground biomass production.
As these cover crops decompose, organic matter is incorporated
into the soil, enriching soil organic carbon content and enhancing
pH buffering capacity (Fageria et al. 2005). Cover crops also play
a vital role in nutrient cycling, scavenging residual nutrients from
the soil and recycling them upon decomposition. By maintaining
soil cover and promoting biological activity, cover crops help
sustain soil pH stability, reduce erosion, suppress weeds, and
improve soil health (Fageria et al. 2005).

Adding organic materials such as compost, manure, or crop
residues to the soil is widely practised to improve soil structure,
fertility, and pH buffering capacity. These organic amendments
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contain various organic compounds that undergo decomposition
and release organic acids, which act as buffers against soil acidity,
helping to neutralize excess hydrogen ions and mitigate pH
fluctuations (Bolan et al. 2023).

Additionally, incorporating organic matter enhances soil
aggregation and porosity, improving water retention, nutrient
availability, and root penetration. Soils amended with organic
matter exhibit greater resilience to pH changes and provide a more
favourable environment for plant growth and microbial activity.
Soils amended with organic matter can either increase or decrease
soil pH, depending on the type of organic matter used and the
initial soil conditions. Organic matter, such as compost, manure, or
plant residues, generally helps buffer soil pH, making it more
resistant to rapid changes. If the organic matter has a high pH (e.g.,
wood ash), it can increase soil pH, making it more alkaline.
Conversely, if the organic matter is more acidic (e.g., peat or
certain composts), it can lower the pH, making the soil more
acidic. Therefore, the effect on soil pH depends on the specific
properties of the organic matter being applied.

Overall, organic matter management through adding organic
amendments and using cover crops is essential for maintaining soil
pH stability and fertility in agricultural systems (Singh et al. 2024).
These practices contribute to long-term soil sustainability by
enhancing soil structure, nutrient cycling, and microbial diversity,
supporting resilient and productive crop production systems.

6 Technologies used for real-time pH monitoring and management
6.1 Precision agriculture technologies

Precision agriculture technologies provide advanced tools for
efficiently and effectively managing soil pH. These technologies

Precision Agriculture Technologies for Managing Soil pH
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Figure 4 illustrates the progression of precision agriculture technologies from initial soil sampling to optimized crop productivity,
showcasing effectiveness and adoption rates at each stage.
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optimize crop productivity while minimizing environmental
impacts. Two key precision agriculture technologies for soil pH
management are Variable Rate Application (VRA) and Soil
Sensors and Monitoring Systems (Figure 4).

6.1.1 Variable rate application

The VRA technology allows farmers to apply inputs such as lime
and fertilizers at variable rates across fields based on specific soil
conditions. This is determined by soil pH maps generated through
soil testing (Pawase et al. 2023). By integrating soil pH data into
precision agriculture systems, farmers can accurately identify field
areas with pH imbalances and adjust lime and fertilizer application
rates accordingly. In regions where soil pH varies spatially, VRA
ensures that inputs are applied where needed, optimizing pH
management, reducing input costs, and minimizing environmental
impacts. This targeted approach to soil pH management enhances
nutrient use efficiency, reduces the risk of overapplication or
underapplication, and promotes more uniform crop growth and
yield across fields.

6.1.2 Soil sensors and monitoring systems

Continuous monitoring of soil pH using sensors and monitoring
systems provides real-time data on soil pH levels. This enables
timely interventions to adjust pH to maintain optimal crop growing
conditions (Das et al. 2024). Soil pH sensors can be installed at
various depths in the soil profile to monitor changes in pH over
time and detect trends or anomalies that may require management
action. Additionally, soil pH monitoring systems can be integrated
with other precision agriculture technologies, such as automated
irrigation systems or crop management software, to facilitate data-
driven decision-making and optimize pH management practices
(Soussi et al. 2024). By providing insights into soil pH dynamics
and trends, soil sensors and monitoring systems empower farmers
to implement proactive strategies for pH management, ensuring
that crops receive the appropriate pH conditions for optimal
growth and productivity.

6.2 Water management

Effective water management, especially irrigation, is essential for
regulating soil pH, particularly in areas where water quality can
impact pH levels.

6.2.1 Irrigation water quality influence

The quality of irrigation water, including its pH, mineral content,
and salinity, can directly influence soil pH. In areas with alkaline
water sources, irrigation water may naturally have a high pH due to
high concentrations of dissolved minerals such as calcium
carbonate or bicarbonates. When alkaline irrigation water is used
on soils, it can lead to soil alkalinity and increased soil pH levels
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over time. This effect is especially common in dry and semi-dry
regions where water sources often come from limestone aquifers or
contain high levels of dissolved carbonates (Benadela et al. 2022).

6.2.2 Appropriate Irrigation Practices

Appropriate irrigation practices are crucial for managing soil pH
and minimizing the potential impacts of alkaline irrigation water.
In the following sections, we will look in-depth at irrigation
practices and their effect on soil pH.

6.2.2.1 Leaching

Leaching uses excess water to flush out salts and alkaline
compounds from the root zone, preventing them from building up
in the soil. During leaching, soluble salts and alkaline minerals are
carried downward and removed from the root zone, which helps
maintain optimal soil pH levels. This process is especially
important in saline or sodic soils, where excessive salt accumulation
can cause soil alkalinity and pH imbalances (Osman 2018).

6.2.2.2 Water pH adjustment

Adjusting the pH of irrigation water on a large scale is feasible and
has been used in various agricultural practices, especially in
regions with high water alkalinity or soils prone to becoming
overly alkaline. By using acidifying agents such as sulfuric acid or
citric acid in irrigation water, alkaline compounds can be
neutralized, thus reducing their impact on soil pH when applied to
the field (Neupane and Guo 2019; Rakibuzzaman et al. 2024).
Precision water management systems, which include pH
adjustment, are increasingly being adopted to improve water use
efficiency and prevent soil degradation in large-scale farming
operations (Neupane and Guo 2019; Rakibuzzaman et al. 2024).

6.2.2.3 Selection of Water Source

When possible, choosing irrigation water sources with lower
alkalinity and mineral content can help reduce the risk of soil pH
increase. Assessing water quality parameters such as pH, electrical
conductivity (EC), and bicarbonate concentrations before irrigation
can provide valuable information for water management decisions
and help prevent potential soil pH problems (Rakibuzzaman et al.
2024).

6.3 Integration with Soil Management Practices

Combining effective irrigation management with soil management
practices is crucial for achieving optimal soil pH levels and
enhancing crop productivity. Soil testing and monitoring can help
evaluate soil pH status and guide irrigation scheduling and water
management decisions. In addition, soil amendments such as
gypsum or elemental sulfur can help reduce soil alkalinity and
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maintain soil pH within the desired range. Moreover, pH-adjusting
fertilizers, including controlled-release fertilizers (CRFs) and pH-
balanced fertilizers, provide innovative solutions for managing soil
pH while supplying essential nutrients to crops. These fertilizers
are designed to release nutrients slowly and steadily over time,
which helps maintain optimal soil pH levels and nutrient
availability. The controlled release of nutrients aligns more closely
with the plant's uptake needs, reducing nutrient losses and
minimizing environmental impacts. This is particularly beneficial
in managing soil pH as it prevents sudden changes in pH levels
that could negatively impact soil health and crop productivity
(Babadi et al. 2021; Li and Li 2024).

6.3.1 Controlled-release fertilizers

Controlled-release fertilizers (CRF) such as polymer-coated urea,
sulfur-coated urea, polymer-sulfur-coated urea (PSCU), urea-
formaldehyde (UF), isobutylidene diurea (IBDU), biochar-based
coated fertilizers, and starch-based coated fertilizers are formulated
with coated or encapsulated nutrient granules. These granules
release nutrients slowly and continuously over an extended period.
The release rate of nutrients from CRFs is controlled by factors
such as temperature, moisture, and microbial activity in the soil.
By providing a steady supply of nutrients to crops over time, CRFs
help optimize nutrient uptake efficiency and reduce nutrient losses
through leaching or volatilization. Additionally, the gradual release
of nutrients from CRFs minimizes the risk of rapid pH changes in
the soil, promoting more stable soil pH conditions conducive to
optimal crop growth (Greenhouse Grower 2024).

6.3.2 pH-balanced fertilizers

pH-balanced fertilizers are specially formulated to provide essential
nutrients without significantly altering soil pH levels. For example,
calcium nitrate supplies calcium and nitrogen while maintaining a
neutral to slightly alkaline pH, and potassium nitrate offers
potassium and nitrogen without impacting soil acidity. Another pH-
neutral option is magnesium sulfate, or Epsom salt, which provides
magnesium and sulfur. Monoammonium phosphate (MAP) is
frequently used for its balanced pH effect, making it ideal for crops
with moderate pH requirements. While not a traditional fertilizer,
gypsum adds calcium and sulfur without altering soil pH, making it
useful for neutralizing excess sodium in soils. These pH-balanced
fertilizers are suitable for sensitive crops and soils, helping to
maintain optimal growing conditions (Warner et al. 2023).

These fertilizers typically contain buffering agents or additives that
help stabilize soil pH and prevent pH fluctuations caused by
nutrient applications. By balancing nutrient delivery with pH
management, these fertilizers ensure that crops receive adequate
nutrition while promoting soil health and fertility (Rahmat et al.
2023). Additionally, pH-balanced fertilizers are compatible with
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various soil types and cropping systems, providing flexibility and
convenience for farmers in managing soil pH. Some of the most
common benefits of using these fertilizers are given in the
subsequent section of this article.

6.3.2.1 Optimized nutrient availability

Utilizing pH-adjusting fertilizers can help ensure that crops receive
a consistent and balanced supply of nutrients, thus optimizing
nutrient uptake and utilization. This is particularly crucial as soil
pH significantly affects the availability of essential nutrients such
as nitrogen, phosphorus, and potassium. Maintaining an optimal
pH range enables plants to more effectively absorb these nutrients,
leading to healthier growth and higher yields (Miller 2021).

6.3.2.2 Stable soil pH

pH-adjusting fertilizers help to maintain stable soil pH levels by
incorporating pH-buffering agents and releasing nutrients
gradually. This reduces the risk of pH imbalances, which can have
a negative impact on crop productivity and soil health. The
stability in soil pH provided by these fertilizers is crucial for
sustaining long-term soil fertility and avoiding the problems
associated with rapid pH changes, such as nutrient lock-up or
toxicity (Potash Development Association 2021).

6.3.2.3 Reduced environmental impact

The controlled-release fertilizers (CRFs) in pH-adjusting
formulations help minimize nutrient leaching and runoff,
significantly contributing to water pollution. By slowly releasing
nutrients, these fertilizers reduce the potential for nitrogen and
phosphorus to enter water bodies, promoting environmental
sustainability and protecting aquatic ecosystems (Oshunsanya
2019).

6.4 Technological innovations
6.4.1 Soil sensors and monitoring systems

Continuous monitoring of soil pH using sensors and monitoring
systems provides real-time data on pH levels. This enables timely
interventions to adjust pH as needed (Narayana et al. 2024),
ensuring optimal crop growing conditions and facilitating data-
driven decision-making in soil management.

6.4.2 Remote sensing and GIS technologies

6.4.2.1 Satellite imagery

Remote sensing technologies offer valuable insights into soil
characteristics, including pH levels, across extensive agricultural
landscapes. Satellite imagery can delineate spatial variations in soil
pH, enabling targeted management interventions.
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6.4.2.2 GIS mapping

Geographic Information Systems (GIS) allow for integrating soil
pH data with other spatial information, including topography, land
use, and weather patterns. This integration helps identify the
factors that influence soil pH variability and enables the
development of customized management strategies

6.5 Smart farming solutions
6.5.1 10T and cloud computing

Integrating 10T and cloud computing in agriculture has
transformed traditional farming methods by enabling real-time
monitoring, data-driven decision-making, and automation. loT
devices such as sensors and drones continuously monitor soil
moisture, temperature, humidity, and crop health. This data is then
transmitted to cloud-based platforms, processed and analyzed to
provide actionable insights for optimizing resource use, such as
water and fertilizers. For instance, smart irrigation systems can
automatically adjust water levels based on real-time soil moisture
data, reducing water wastage and ensuring crops receive the
optimal amount of water (Friha et al. 2021; Randazzo et al. 2022).

In precision farming, 10T and cloud computing allow farmers to
apply inputs like fertilizers and pesticides with pinpoint accuracy
tailored to the needs of individual crops or specific field areas. This
targeted approach minimizes input use and maximizes yield,
contributing to more sustainable agricultural practices (Mohammed
et al. 2021). Additionally, cloud computing facilitates the
processing of large datasets from multiple sources, such as weather
forecasts and satellite imagery, to provide farmers with
recommendations on planting and harvesting times, helping them
adapt to changing climatic conditions and mitigate risks associated
with unpredictable weather (Hori et al. 2010; Thilakarathne et al.
2023).

Studies have shown the effectiveness of these technologies in
improving operational efficiency and productivity in agriculture.
Friha et al. (2021) reviewed various loT-based applications,
including smart water management and disease management, and
highlighted the potential of cloud and fog computing for real-time
data processing. Similarly, Randazzo et al. (2022) explored the
architecture of loT-enabled smart agriculture, identifying
opportunities for integrating big data and cloud computing to
enhance agricultural sustainability. These advancements pave the
way for more efficient, resilient, and sustainable farming practices
(Friha et al. 2021; Randazzo et al. 2022; Thilakarathne et al. 2023).

6.5.2 Machine learning and Al

Machine learning (ML) and artificial intelligence (Al) are
increasingly used in agriculture to enhance productivity, optimize
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resource utilization, and promote sustainable farming practices.
These technologies are applied in various areas, including crop
management, soil health monitoring, and predictive analytics for
weather and pest control. For example, ML algorithms analyze
data from sensors and drones to monitor crop health, detect
diseases, and assess soil conditions in real-time. This allows
farmers to make well-informed decisions regarding irrigation,
fertilization, and pest management, ultimately leading to improved
yields and reduced environmental impact (Benos et al. 2021). Al
and ML are also employed in automated machinery and robotics in
agriculture. Autonomous tractors and harvesters equipped with Al
can perform tasks such as planting, weeding, and harvesting with
minimal human intervention. This reduces labour costs and ensures
precision in farming activities, resulting in higher efficiency and
productivity (Jha et al. 2018). Additionally, Al-driven platforms
are being developed for supply chain management to help predict
market demands, optimize logistics, and reduce food wastage.
These platforms use predictive analytics to anticipate supply and
demand trends, enabling better planning and distribution of
agricultural products (Hassan et al. 2021). These technologies hold
great potential for transforming traditional farming into a more
data-driven, precise, and sustainable system. The adoption of Al
and ML in agriculture is expected to grow as new applications and
technologies emerge, further enhancing agricultural productivity
and sustainability (Pallathadka et al. 2023).

6.6 Advanced soil amendments
6.6.1 Nano- and microscale amendments

Nano- and microscale amendments, such as nanofertilizers and
nanopesticides, offer significant agricultural productivity and
sustainability advancements. These amendments are designed to
improve nutrient use efficiency, reduce environmental impacts,
enhance plant resilience to stress conditions, and help maintain soil
pH. Nanofertilizers are engineered to deliver nutrients more
effectively to plants by utilizing nanoparticles that provide a larger
surface area and improved solubility than traditional fertilizers.
This leads to more efficient nutrient uptake and reduced losses due
to leaching or volatilization, indirectly affecting soil pH. These
nanomaterials ensure a controlled release of active ingredients,
enhancing their effectiveness while lowering environmental risks
associated with pH change (Victoria et al. 2023). The application
of these nano- and microscale technologies is not limited to
nutrient delivery and pest control. They also play a role in soil and
water remediation, helping to remove contaminants and improve
soil health (Behera et al. 2022). These innovative solutions are part
of a broader move towards sustainable agriculture, where precision
and efficiency are prioritized to meet the growing global food
demand without compromising environmental integrity (Akhtar et
al. 2022).

Journal of Experimental Biology and Agricultural Sciences
http://www.jebas.org



583
6.6.2 Biochar and soil conditioners

Biochar is a carbon-rich product made from the pyrolysis of
organic materials like agricultural waste and biomass. It is
increasingly recognized as an effective soil conditioner in
sustainable agriculture. Its application offers multiple benefits,
including improved soil fertility, enhanced nutrient retention,
increased water-holding capacity, long-term carbon sequestration,
and pH maintenance. Biochar's porous structure allows it to retain
nutrients and water, making it more available to plants and
reducing nutrient leaching. This can significantly improve crop
yields, especially in degraded soils or areas with poor soil fertility
(Alotaibi and Schoenau 2019). Additionally, biochar's ability to act
as a habitat for beneficial soil microbes promotes a healthy soil
ecosystem, indirectly affecting soil pH, which enhances the soil's
capacity to support plant growth and resist diseases. Moreover,
biochar is highly stable and potentially sequesters carbon.
However, the effectiveness of biochar can vary based on factors
such as the type of feedstock used, the pyrolysis process, and the
specific soil and climatic conditions. While biochar generally
improves soil properties and crop yields, some studies have
reported inconsistent results in different environmental settings,
emphasizing more region-specific research and long-term field
trials to understand better its impacts (Galinato et al. 2011; Pandit
et al. 2018). In addition to biochar, other soil conditioners such as
gypsum, lime, and organic amendments enhance soil structure, pH
balance, and nutrient availability. Integrating biochar with these
conditioners can offer synergistic benefits, improving soil health
and agricultural productivity (Anawar et al. 2015).

6.6.3 Biological approaches

Microbial inoculants, such as specific bacteria and fungi, can
help regulate soil pH by enhancing organic matter decomposition
and nutrient cycling. These biological approaches offer
sustainable solutions for long-term soil health (Johnston and
Goulding 1990).

Conclusion and Future Prospects

It is crucial to manage soil pH for sustainable agriculture and
ecosystem health. Soil pH directly affects nutrient availability,
microbial activity, and soil fertility, influencing crop growth and
productivity. Farmers can maintain soil pH balance and fertility
using traditional methods like liming, crop selection and rotation,
and organic matter management. Modern technological
innovations, such as precision agriculture technologies and
biological approaches like microbial inoculants and plant-microbe
interactions, offer efficient ways to manage soil pH at a finer
spatial scale. Future research should focus on creating integrated
approaches that combine these strategies to maximize soil
resilience, productivity, and sustainability.

Yaulilahua-Huacho et al.

The biochar and soil conditioners study shows significant potential
for enhancing soil health and sustainable agricultural practices.
Biochar, a carbon-rich material produced through the pyrolysis of
organic waste, has shown promise in improving soil properties
such as fertility, water retention, and nutrient availability. Future
studies should focus on large-scale, long-term field trials to better
understand the interactions between biochar, soil, and crops over
time. It is also important to explore the integration of biochar with
other soil conditioners, such as compost and gypsum, to assess
their synergistic effects on soil health and productivity.
Furthermore, research should address biochar production's
economic and environmental feasibility, considering cost,
scalability, and potential carbon sequestration benefits.
Understanding the role of biochar in mitigating climate change by
capturing atmospheric carbon and reducing greenhouse gas
emissions from agriculture is crucial for developing sustainable
farming practices. Addressing these research gaps will contribute
to formulating effective biochar-based strategies for improving soil
management and ensuring long-term agricultural sustainability.
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ABSTRACT
KEYWORDS

Wild legumes are widely dispersed and can survive in challenging environments as bacteria dwell in
Hie s their nodules and help each other. Although Nagaland is home to many wild legume varieties, research
Nodules on the microbial diversity that goes along with them is still in its infancy. This work aimed to

characterize several wild legume root nodules and distinguish possible rhizobial isolates using RAPD
Rhizobia and nif-directed RPO1 primer. Nodule bacteria were isolated in Yeast extract culture media. Based on
their colony morphology, 150 isolates were selected for performing RAPD with nif-directed RPO1

R primer. Eighty-four isolates were bonded with RPO1 primer, and a few biochemical tests were
RAPD conducted on RPO1-positive isolates. Activities that promoted plant development were also investigated
for these isolates. Of all the isolates, 18 exhibited phosphate solubilization capacity, while 38 isolates
Symbiotic association were found to produce IAA. This study entails a large variety of rhizobia in the nodules, which were
able to promote growth. Hence, these isolates promise to be bio-fertilizers that could improve
agricultural operations.
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Potential Nitrogen Fixing Rhizobia Isolated from Some Wild Legumes of Nagaland

1 Introduction

Microbes are cosmopolitan and found in almost every region of the
world. Soil is considered one of the greatest reservoirs for
microbial biodiversity, predominated by bacteria and fungi
followed by Archaea and about 107-109 virus particles per gram
(Banerjee and Van Der Heijden 2023). A single gram of soil is
estimated to harbour up to 8 million microbial species, which are
responsible for pollutant degradation, nutrient transformation, litter
decomposition, and biosynthetic reactions (Jia et al. 2020;
Rossell6-Mora and Stackebrandt 2021). Soil microbial diversity is
prevalently studied because of its role in crop productivity and
improving soil quality. Soil microbial communities represent
probably the most known biological diversity reservoirs
(Labouyrie et al. 2023). Microorganisms are quite inactive in bulk
soil but show increased activities in the rhizosphere, a microbial
soil hot spot, especially during the plant developmental stages
(Schloter et al. 2018). Free-living soil bacteria beneficial for plant
growth are typically called 'Plant Growth Promoting Rhizobacteria'
(PGPR) as they can promote plant growth by colonizing the plant
root (Tatung and Deb 2023). The PGPR is divided into two groups
based on their residing hubs: (i) intracellular PGPR (iPGPR) (i.e.,
symbiotic bacteria), which live inside the plant cells and are
localized inside the specialized structures called nodules and (ii)
extracellular PGPR (ePGPR) (i.e., free-living rhizobacteria), which
live outside the plant cells and do not form nodules, but they still
prompt plant growth (Giannelli et al. 2023). Rhizobia that infects
legumes produces nodules and develops a symbiotic relationship
with the host, making legume-rhizobia interaction a prime example
of iIPGPR. Legume-Rhizobium symbiosis is the most economical
and environment-friendly method and results in the incorporation of
atmospheric N into organic compounds, which is thought to account
for around 200 Tg of organic N per year (Peoples et al. 2009). It is
generally acknowledged that interactions between legumes and
rhizobia fix more nitrogen than free-living bacteria. Typically, their
connection fixes 25-60 kg of N, per year, whereas non-symbiotic
species fix less than 5 kg ha™ (Hopkins and Hiiner 2014).

Over 17,000 legume species have been reported, of which 20% were
found to form nodules (Hopkins and Hiiner 2014). A nodule is an
integral structure formed due to the exchange of signals between the
host legume and compatible rhizobia. It is the site where rhizobia
fixes nitrogen after differentiating into bacteriods. Nodules are
morphologically categorized into two types: determinate and
indeterminate. Determinate nodules are spherical because of their
loss of meristematic activity. Indeterminate nodules have an active
meristematic activity and are found in most legumes (Green et al.
2019). They are cylindrical and are branched. Rhizobia are one of the
many PGP microbes that are vital for enriching soil to enhance plant
growth and yield, which will help to cope with the growing demands
of food of the increasing population in a sustainable way (Dabo et al.
2019; lbny et al. 2019). Colony morphology and molecular
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techniques like Randomly Amplified Polymorphic DNA (RAPD) are
generally applied to preliminary screening potential Rhizobial
isolates. Williams et al. (1991) performed an initial study on
Rhizobia with a gene-directed primer RPO1. Gene-directed RAPD
primers are not random and bind to a specific sequence adjacent to a
particular locus of the primer, such as RPO1 RAPD primer
selectively binds to a sequence adjacent to the nif gene locus of
bacteria if present. Based on the absence or presence of band(s),
Rhizobial and non-rhizobial isolates can be distinguished. Different
isolates exhibit different banding patterns; based on that, similar
isolates of Rhizobia can be grouped. The homology in the banding
patterns of the isolates indicates its primer annealing sites and
similarity in the length of the amplified region. This provides a
preliminary genetic fingerprint of the target gene and aids in
distinguishing the genomes of a wide range of bacterial strains
(Bassam et al. 1992), including Rhizobium (Richardson et al. 1995).

Nagaland is a part of the North-eastern region of India situated
between 93°20"E - 95°5”E and 25°12'N-26°3'N. With 8,633,000
hectares of forest cover, the state occupies 16,579 Km? (Ritse et al.
2020). It is a state rich in biodiversity, with sub-tropical and
tropical evergreen forests predominating (Achumi et al. 2014).
Much research hasn't been done on Rhizobia in this state despite its
diverse agroclimatic zones supporting enormous biodiversity,
particularly in the flora (Chouhan et al. 2022; Megu et al. 2024).
The fact that rhizospheric bacteria have been shown to support host
survival in various environmental conditions is evidence of this.
The present study aimed to isolate and differentiate potential
rhizobial isolates from some wild legumes from Nagaland based
on their RAPD fingerprints. The study also aimed to record the
morphological structures of nodules and perform some
biochemical tests on bacteria isolated from them.

2 Materials and Methods
2.1 Sampling sites

Nodules of wild legumes were collected from six sites in
Zunheboto district, Nagaland, India: Alaphumi, Akuluto, Lumami,
Sumi Setsii, Zaphumi and Zunhebhoto town. The details of the
sites are given in Table 1.

2.2 Soil characterization

Basic soil properties were tested at different sampling sites (Table 1).
One g of soil was suspended in 100ml distilled water, and the
suspension was allowed to settle down for 3-4 h, and then pH was
recorded. The widely used wet combustion method of rapid titration
protocol by Walkley Blake (Anantha et al. 2020) was used with
standard protocols for organic carbon estimation. To determine soil
phosphorus, Bray's no 1 extraction method was followed by using a
UV-Vis spectrophotometer (Bray and Kurtz 1945). Available
potassium was estimated using the atomic absorption photometric
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Table 1 Sampling sites and their soil characterization

S.N. Collection Sites pH Phosphorus (Kg/ha) Potassium (Kg/ha) Organic Carbon (%) N (Kg/Ha)
1 Sumi Setsu 6.66 11.854 106.265 6.18% 87.44
2 Alaphumi 6.23 10.612 103.110 6.03% 94.03
3 Zaphumi 5.92 12.158 172.102 7.20% 96.21
4 Lumami 6.00 13.251 149.430 8.32% 101.46
5 Akuluto 5.78 10.215 130.112 5.89% 95.71
6 Zunhebhoto 5.81 14.394 134.848 7.32% 97.056

method using a flame photometer (Trivedy and Goel 1984). The
Kjeldahl Nitrogen Analyzer (Kelplus Nitrogen Estimation system)
estimated soil nitrogen using the Kjeldahl method (Kjeldahl 1883).

2.3 Collection of legumes and root nodule characterization

The native wild legumes from the different collection sites were
carefully uprooted, and nodules were collected. An average of 5-6
plants of each legume species were collected from the sites for
nodule characterization. They were then taken to the laboratory,
washed, and photographed. The number of nodules was counted
and recorded for each plant. Nodulation types in collected legumes
were recorded as well. Nodule characteristics were recorded and
presented in Table 2.

2.4 Isolation of root nodulating bacteria

About 8-10 pink and healthy nodules of each sample were surface
sterilized and considered for bacteria isolation. The protocols
followed were as given by Somasegaran and Hoben (1985). The
nodules were washed with pure water followed by 70% (v/v)
ethanol for 2-3 min. The nodules were washed with 1% (w/v)
Bavistin (anti-fungal agent) for 2-3 minutes, followed by 0.1%
HgCl, for 5-8 min. This was followed by washing with pure water
5-6 times to remove the traces of HgCl,. The Nodules were then
placed on a sterile glass Petri plate, and 2-3 drops of distilled water
were added. The nodules were then crushed with a pair of sterile
forceps and streaked on Yeast Extract Mannitol Agar (YEMA)
media plates [Yeast extract (0.5gL™), Mannitol (10gL™), K.HPO,
(0.5gL™), MgSO, (0.2gL™), NaCl (0.1gL™) and agar (15gL™)].
Congo red dye was used as an indicator, as Rhizobia does not tend
to take the dye during the initial stage of culture. The plates were
then incubated at 28°C -30°C for 8-10 days. Repeated streaking of
isolates was done to obtain pure cultures and for further study.

2.5 DNA extraction of bacterial isolates

Bulky, white, and translucent colonies were preliminary and
phenotypically selected as Rhizobia. DNA of the selected isolates
was extracted by following the protocol of Sambrook and Russell
(2001). The quality of DNA was then checked by running it in 1%
(w/v) agarose gel electrophoresis.

2.6 RAPD analysis

For nodule screening, 12 wild legumes were collected from the six
sampling sites (Alaphumi, Akuluto, Lumami, Sumi Setsii,
Zaphumi, and Zunhebhoto) of Zunheboto district, Nagaland. One
hundred fifty bacterial strains in total were isolated from the root
nodules. The RAPD analysis of the isolated bacterial isolates was
carried out using nif-directed RPO1 primer
5'AATTTTCAACGCTCGTGCCA 3' (Richardson et al. 1995).
The PCR mixture was made up of 2.5ul 10X TE buffer, 2.5ul of
dNTPs, 5ul of RPO1 primer, 0.2ul of Taq polymerase, 2ul of
template, and 13.8ul dH,O. For the PCR cycle, the denaturation
temperature was set at 94°C, annealing at 54°C, and elongation at
72°C for 30 cycles (BIO-RAD T100™ Thermal cycler). The PCR
product was subjected to 1.5% (w/v) agarose gel electrophoresis,
and the banding pattern was visualized in Bio-RadChemi Doc.

2.7 Biochemical characterization of root nodulating bacteria

Biochemical characterization of bacterial isolates was done based
on their plant growth-promoting activities and biochemical
characterization. Only fresh cultures (24-48 h old) were used to
perform the tests.

2.7.1 Plant growth promoting (PGP) activities

2.7.1.1 Phosphate solubilization activity

For qualitative phosphate solubilizing activity assay, fresh culture
was spot inoculated in Pikovskaya agar medium. The plates were
then incubated at 28-30°C for 2-3 days. The occurrence of a halo
zone around the spot indicates phosphate solubilizing activity.

2.7.1.2 1AA production

The protocol given by Gang et al. (2019) was used for the 1AA
test. Fresh cultures were inoculated in Tryptone-Yeast broth with
added tryptophan as a precursor and incubated for 24-48 h. In a
clean 2ml centrifuge tube, 500(1 of Salkowski reagent and 50(1)
fresh cultures were added. The tube was incubated in the dark for
30 min. The change of the reagent colour to pink indicates IAA
production by the isolates.
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Table 2 Wild legumes collected with their nodule characters and cultures isolated

Nodule Characteristics

Total

Wild legumes Isolates RPOL1 Positive Unique Isolates
Avg. Nodule Number of
. . Nodule
Nodule Type Size (Ixwin nodules per
colour
mm) plant
Determinate, stem and AIS1, AIS3, AIS4, AIS5, AIS6, AIS7, AIS1, AIS3, AIS5, AIS7, AISS,
A. americana L. root, small sized and 3x2 Pink 20-30 11 AIS8, AIS9, AlS10, AIS12, AIR14 AIS9, AIS10, 1S12, AIR14
many nodules (Total positive isolates 11) (Total Unique Isolates 9)

LUMAC1, LUMAC?2, LUMACS,

Determinate, primary and LUMACS, LUMAC?, LUMACS,

A. chinensis secondary root, small and

LUMAC1, LUMACS,
LUMACS6, LUMACY, LUMACI0,

(Osbeck) Merr. medium-sized nodules, 31 Pink 36 13 ::BMQSZ LUMACTO, LUMACLL, LUMAC11, LUMAC12
few nodules (Total positive isolates 10) (Total Unique Isolates 7)
Unbranched LUMCF1, LUMCF2, LUMCF3, LUMCF5, LUMCF1, LUMCF2, LUMCF3,
C. mysorensis Indeterminate, primary 3x2 Pink 15-20 8 LUMCF7, LUMCF10, LUMCF11, LUMCF7, LUMCF10, LUMCF11,
Roth roots, medium-sized LUMCF12) LUMCF12
nodules, high in number (Total positive isolates 8) (Total Unique Isolates 7)
D. Determinate, small LUMDes1, LUMDes3, LUMDes4, LUMDes1, LUMDes3, LUMDes5,

nodules, primary and LUMDes5, LUMDes6, LUMDes9,

het(ech;cngpum secondary roots, many 2x1 Pink 20-30 12 LUMDes10, LUMDes11) I("TLilt\g:D Si? LIJ_eUI':(I)i(:Zi)
' ' nodules (Total positive isolates 8) g
Di i i LUMDT?2 LUMDT LUMDT!
. eterminate, primary and U , U 3, U 6, LUMDT2, LUMDT3, LUMDTO,
D. triflorum (L.) secondary roots, small- . LUMDTY, LUMDT11, LUMDT12,
. 1x1 Pink 5-8 9 LUMDT11, LUMDT16
DC. sized nodules, few LUMDT16 (Total Unigue Isolates 5)
nodules (Total positive isolates 7) g
Determinate, primary LUMESA, LUMESB, LUMES1, LUMES3, LUMESA, LUMESB, LUMES4,
E. stricta Roxb. roots, medium-sized 4x3 Pink 6-8 7 LUMES4, LUMESS5 LUMES5
nodules, few nodules (Total positive isolates 6) (Total Unique Isolates 4)

LUMLLY, LUMLL2, LUMLL3, LUMLLS,

Indeterminate and LUMLLS,  LUMLLY,  LUMLLIO,

LUMLL1, LIMLL2, LUMLLS,

L. leucocephala unbranched, large . LUMLLS, LUMLL9, LUMLL11,
P . . 9 3x2 Pink 2-4 15 LUMLL11, LUMLL12, LUMLL13,
(Lam.) de Wit nodules, primary roots, LUMLL12, LUMLL13
LUMLL14, LUMLL15 .
few nodules. (Total Unique Isolates 8)

(Total positive isolates 12)
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Wild legumes

Nodule Type

Nodule Characteristics

Avg. Nodule
Size (Ixwin
mm)

Nodule
colour

Number of

nodules per

plant

Total
Isolates

RPOL1 Positive

Megu et al.

Unique Isolates

A. Rich

primary roots, several
nodules

LUMMD?2, LUMMD3, LUMMDS5, LUMMD2, LUMMD3, LUMMDS5,
Branched Indeterminate LUMMDS, LUMMDS, LUMMD12, LUMMDS, LUMMDS,
M. dinlotricha rimary and secondar ' LUMMD13, LUMMD15, LUMMDI16, LUMMDI12
. \F/’Vri - pmot Xnedium Sizedy 2x1 Pink 7-10 15 LUMMD18, LUMMDa, LUMMDb, LUMMDIS3, LUMMDI5,
' g nodule; several nodules LUMMDc, LUMMDd, LUMMDG, LUMMD1S, LUMMDDb,
' LUMMDm LUMMDc, LUMMDd, LUMMDm
(Total positive isolates 14) (Total Unique Isolates 13)
Indeterminate, primary LUMMP1, LUMMP2, LUMMP4, LUMMPL, LUMMP2, LUMMP4,
. and secondary roots, . LUMMP10, LUMMP16, LUMMP1Y,
M. pudica L. . . 3x1 Pink 10-15 15 LUMMP10, LUMMPF
medium-sized, several LUMMPF, LUMMPO (Total Unique Isolates 5)
nodules (Total positive isolates 8) g
LUMTC1, LUMTC3, LUMTC4, LUMTCY,
Indeterminate globular LUMTCS, LUMTCY, LUMTC10, LUMTC1, LUMTC3, LUMTC11,
T. candida DC. nodules, primary roots, 4x2 Pink 3-5 16 LUMTC11, LUMTC12, LUMTC13, LUMTCI15, LUMTCA
few nodules LUMTC14, LUMTC15, LUMTCA (Total Unique Isolates 5)
(Total positive isolates 13)
LUMVRW1, LUMVRW2, LUMVRWS3,
. Determinate, small-sized LUMVRWS5, LUMVRWS6, LUMVRW?7, LUMVRWI, LUMVRW2,
V. nepaensis nodules, primary and LUMVRWE, LUMVRWS, LUMVRw10, -UMVRWS, LUMVRWS,
Tateishi & > primary 2x1 Pink 30-50 18 ’ ' ' LUMVRWI10,  LUMVRWII,
secondary roots, many LUMVRWI11, LUMVRW12,
Maxted LUMVRW12
nodules LUMVRW13) (Total Unique Isolates 7)
(Total positive isolates 12) g
Determinate, medium- LUMVV1, LUMVV2, LUMVV4, ::Bmxx; LUMVVZ’LbL,iA'\C/\\//\S’
V. vexillata (L.) sized, globular nodules, 30 Pink 10-12 1 LUMVV9, LUMVV10, LUMVV11, LUMVVIL, LUMVV13,

LUMVV13, LUMVVO, LUMVVX)
(Total positive isolates 9)

LUMVVO, LUMVVx
(Total Unique Isolates 9)

B. variegate L.

Non-nodulating

C. pulcherrima
(L)) Sw.

Non-nodulating

P. speciosa
Hassk.

Non-nodulating
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2.7.2 Biochemical characterization
2.7.2.1 Catalase test

A colony from fresh culture was picked and then smeared on a
glass slide. 2-3 drops of 0.5% (v/v) H202 were added to the smear.
The appearance of bubbles on the smear marks positive catalase
activity (Shoaib et al. 2020).

2.7.2.2 Citrate test

The test was performed by streaking the pure and fresh colony on
Simmon's citrate agar slants and incubated for 24-48 h at 28°C -
30°C. Positive results showed a change of colour from green to
blue (Shoaib et al. 2020).

2.7.2.3 Carbon utilization test

Carbon utilization or fermentation tests of six sugars, namely
dextrose, fructose, glucose, maltose, mannitol, and sucrose were
performed. Respective sugar broths (peptone, sugar, NaCl, water)
were made with phenol red as an indicator, and a fresh colony was
inoculated in each sugar broth. Broths were then inoculated with
fresh cultures and incubated at 28°C for 18-24 h. All of the tests
were performed in triplicates. The carbon broth is usually pink in
colour because of the phenol indicator. The broth changes colour
from pink to yellow as a sign of positive fermentation of the
respective sugar (Shoaib et al. 2020).

2.7.2.4 Starch hydrolysis

Starch hydrolysis was done to assay the amylase production
activity by isolates. The bacterial isolates were spot inoculated on
starch agar medium [Beef extract (3 gL™), peptone (5 gL™),
soluble starch (2 gL™), agar (15 gL™)] plates and incubated at 30°C
for 48 h. The plates were flooded with freshly prepared grams of
iodine solution, kept for a minute and then poured off the excess
iodine solution. lodine reacts with starch to form a blue colour
compound. This blue colour fades rapidly. Hence, the colourless
zone resembling a halo surrounding colonies indicates amylase
production (Shoaib et al. 2020).

2.7.3 Stress tolerant properties
2.7.3.1 pH tolerance test

Tolerance to acidic or alkaline media was assessed by spot
inoculating fresh cultures in YEMA plates with varying pH 3, 5, 9,
and 11. The pH of the media was taken using a pH meter before
adding agar. The media was then boiled, autoclaved for 15
minutes, and poured into Petri plates in the laminar hood. These
experiments were performed in triplicates for each isolate for the
respective pH. The plates were then incubated at 28-30°C, and the
growth of cultures was checked after 3 days (Bissa et al. 2020).
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2.7.3.2 Salinity tolerance test

For the salt tolerance study, YEMA media without salt was
prepared, and varying salt concentrations (w/v), i.e., 1-4%, were
added to each medium and autoclaved for 15 min. Media was
poured into Petri plates in the laminar chamber, cooled, and treated
with UV for 15 min. Salt tolerance of the bacterial isolates was
determined by spot-inoculating fresh cultures in YEMA plates
supplemented with different concentrations of NaCl. The
experiment was performed in triplicates for each isolate in each
NaCl concentration. The inoculated plates were incubated at 28°C
for 3 days, and growth was checked (Bissa et al. 2020).

2.7.3.3 Temperature tolerance

The ability of bacterial isolates to survive in different temperatures
was assessed by inoculating fresh cultures and incubating them in
different temperatures (10, 20, 30, 40, and 50°C) for 3 days. Fresh
YEMA media was prepared, and in the laminar hood, the media
plates were spot inoculated with isolates in triplicates for each
temperature at which they would be incubated. The growth
chambers were adjusted at different temperatures, and the plates
were incubated (Bissa et al. 2020). The results were then recorded
for their survivability.

3 Results

3.1 Collection of legumes and their nodule characteristics

A total of 15 legume species were identified and collected (Figure
1). Wild legumes are notably diverse, and some of them, such as
Mimosa pudica, Desmodium heterocarpum, Tephrosia candida,
Albizia chinensis, Mimosa diplotricha, Leucaena leucocephala,
were found to be extensively cosmopolitan and are found in almost
all the sites like higher altitude, temperature, and other abiotic
conditions. Crotalaria mysorensis, recorded as native to India
(POWO 2024), was found in the Lumami of Zunhebhoto district.
Further, Desmodium species, D. heterocarpum and D. triflorum
were of sub-shrub habit and commonly found in all the sites.
Erythrina stricta, a deciduous tree legume, was also recorded in
Lumami. Vigna species, V. vexillata and V. nepalensis were
commonly found in all surveyed sites. Further, determinate and
indeterminate nodule types commonly occur in wild legumes
(Figure 2). Seven legumes formed determinate nodules, while five
were formed indeterminate type (Table 2). The nodules of some
leguminous species like Albizia chinensis (Figure 2b) and Vigna
vexillata (Figure 2i) had nodules with rough outer texture, which
may protect against microbes or pests.

3.2 Isolation of root nodulating bacteria

A total of 150 bacteria were isolated from root nodules of different
legumes. The isolates took 3-8 days to grow in the YEM medium,
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Figure 1 Wild legumes collected from Zunheboto district, a. Aeschynomene indica, b. Albizia chinensis, c. Crotalaria mysorensis,

d. Desmodium heterocarpum, e. Desmodium triflorum, f. Erythrina stricta, g. Leucaena leucocephala, h. Mimosa diplotricha, i. Mimosa
pudica, j. Tephrosia candida, k. Vigna vexillata, I. Vigna nepalensis, m. Bauhinia variegata, n. Caesalpinia pulcherrima, o. Parkia speciosa.

d. Desmodium heterocarpum, e. Desmodium triflorum, f. Erytherina stricta, g. Leucaena leucocephala, h. Mimosa diplotricha,
i. Mimosa pudica, j. Tephrosia candida, k. Vigna nepalensis, I. Vigna vexillata.
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Figure 3 Some root nodulating bacterial endophytes isolated from wild legumes in YEMA-CR medium. A. LUMMi, b. DOYMi7,
¢. LUMES20, d. LUMAI4, e. LUMDTF1, f. AKUTC1, g. LUMAI3, h. LUMES12, i. LUMAIS5, j. LUMAIL, k. DOYMi13, |. LUMAIS,
m. AIS9, n. LUMAIL, o. LUMAIG.

showing that some were fast and slow-growing. Some pure
cultures obtained were observed to be translucent white, while
some were opaque. The cultures were predominantly white, but
some tended to be pink after absorbing the Congo red dye and
incubating for longer days. Bacterial colonies were also observed
to be bulky, raised, and creamy. Excretion of exopolysaccharides
was also recorded from some bacteria due to their mucus colony
and sticky nature. The colonies were commonly observed to have
irregular and continuous borders (Figure 3).

3.3 RAPD analysis of the isolates
Potential rhizobia at the molecular level was identified through

RAPD analysis. RAPD was performed on 150 isolates, and among
these, 119 isolates confirmed the presence of nif-gene by binding

to the RPO1 primer. The gel image showed various banding
patterns, indicating that some isolates have the nif gene (Figure 4).
Some isolates from the same host showed similar banding patterns
in RAPD when visualizing the gel image. For instance, when
RAPD was performed on isolates from Aeschynomene indica, band
patterns in Lane 4 (L4) and Lane 5 (L5) were similar, possibly due
to the genetic similarities between these two strains. Hence, they
were considered the same species, and one was chosen to represent
that group. It was helpful to group similar bacterial isolates and
chose a representative to minimize the possibility of attaining
repeated strains. A similar situation has been reported for
Desmodium triflorum, where the prominent bands in L3, L5, and
L9 are similar. A total of 11 isolates from Aeschynomene indica
bound with RPO1 primer, and on excluding the occurrence of
common bands in the banding pattern of isolates, nine of them
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Figure 4 Gel images of RAPD of isolates with RPO1nif- directed primer, a. Aeschynomene indica, b. Albizia chinensis, c. Crotalaria
mysorensis, d. Desmodium heterocarpum, e. Desmodium triflorum, f. Erytherina stricta, g. Leucaena leucocephala, h-i. Mimosa diplotricha,

j. Mimosa pudica, k. Tephrosia candida, I.

were found to be unique, which were L2, L3, L4, L6, L7, L8, L9,
L10 and L11 (Figure 4a). From the nodules of Albizia chinensis, a
total of 13 isolates were cultured, of which 10 were RPO1 positive
and seven lanes, namely L2, L3, L5, L6, L7, L9, and L11 showed
unique banding patterns (Figure 4b). Crotalaria mysorensis also
showed unique banding patterns in seven of its isolates. L2, L3 and
L4 were considered similar, while L5, L6, L7, L8 and L9 were
observed to be unique (Figure 4c). Desmodium heterocarpum
showed unique banding patterns in five isolates (L2, L3, L4, L5
and L8) out of eight (Figure 4d) and in Desmodium triflorum L2,
L3 (similar to L5 and L9), L5, L6 and L8 were unique (Figure 4e).
A total of six isolates were RPO1 positive from Erythrina stricta,
of which four were unique (Figure 4f), namely L2, L3, L5, and L7.
In the case of Leucaena leucocephala, 12 isolates bound with
RPOL1 primer, of which eight unique banding patterns in lanes L2,
L3, L4, L5, L6, L7, L8, and L10 were observed in the gel images
(Figure 4g). Mimosa diplotrica showed the highest Rhizobial
diversity in isolates, with 13 out of 16 isolates showing unique
RAPD banding patterns (Figure 4h-i). Lanes 5 and 6 had the same
bandings; similarly, Lanes 11 and 12 showed similar patterns, as
did Lanes 15 and 16. Five isolates were unique in Mimosa pudica
(Figure 4j), which were L2, L4, L5, L6, and L8 out of eight. In
Tephrosia candida, 7 isolates in lanes L2, L5, L6, L7, L8, L9 and
L11 were deemed unique from 11 RPO1 positive bacterial isolates
(Figure 4k). From wild Vigna nepalensis legume species, 13 RPO1
positive isolates were cultured, out of which seven unique band

Vigna nepalensis, m. Vigna vexillata.

patterns (L1, L5, L6, L7, L9, L10, and L11) were observed (Figure
41). Nine RPO1 positive isolates were isolated from Vigna
vexillata, and all nine had unique bands (Figure 4m). On excluding
similar banding patterns in the isolates, 84 unique Rhizobial
isolates were deduced and considered diverse.

3.4 Biochemical characterization
3.4.1 Catalase test

A catalase test is done to screen the catalase enzyme. On adding
drops of 0.5% (v/v) H,0O, to the bacterial smear, bubbles were
formed for 28 isolates isolated from A. americana, D.
heterocarpum, A. chinensis, Crotalaria, Erytherina, Leucaena,
Mimosa species, Tephrosia and Vigna species confirming their
ability to produce catalase enzyme (Table 3).

3.4.2 Citrate test

When pure cultures were streaked on Simon's citrate agar slants,
out of 84 isolates tested, 23 were able to change the colour of
media from green to blue, which included 1 each from A.
americana and A. chinensis, 3 from D. heterocarpum, 5 from D.
triflorum, 2 from L. leucocephala, 8 and 2 isolated from M.
diplotricha and M. pudica respectively, 5 from T. candida and 6
from V. nepalensis. Colour change confirmed the activity of the
citrate enzyme in those isolates (Table 3).
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Table 3 Biochemical activities of isolates from root nodules of wild legumes

PGP Biocontrol and .
Host Isolates Activities* Biochemical Analysis* Sugar Fermentation™

Species IAA° PSB Catalase Citrate Starch Dextrose Fructose Glucose Maltose Mannitol — Sucrose

AIS1 + + + + - + + + + + +

AIS3 + - - - - + + + + + -

AIS5 - - - - - - - - - - -

A AIS7 - - - - - + + + + + +

americana AlS8 - - - - = + + + + + +

L AIS9 + - + - . + + + + . .

AIS10 - - - - - + + + + + +

AIS12 + - i . . . i + + _ _

AlIR14 + - - - - + + + + - +

LUMAC1 + - - - - + + + + - +

LUMACS - - - - - + + + + - +

A. LUMACS6 - - + - + + + + + + +

((:glgljencslg LUMACY + - - - - + + + + - -

Merr. LUMAC10 - + + + - + + + + + +

LUMAC11 - - - - i + - N + _ _

LUMAC12 - - - - - + + - - - -

LUMCF1 - + - - - + + + + + +

LUMCF2 + + - - - + + + + + +

C. LUMCF3 - - - - + - + + + + +

mysorensis LUMCF7 + - + - - + + + + + +

Roth LUMCF10 - N N - - N + + N N N

LUMCF11 - - - - - - - - - - -

LUMCF12 - + - - - + ¥ . B + +

LUMDes1 + + - - + + + + + + +

D. LUMDes3 + + - + + + + + + + +

he:‘:(ﬁrp LUMDes5s  +  + - + - N N N N N N

DC. LUMDes9 - - - + - + + + + 4 +

LUMDes11 + - - - - + + + + + +

LUMDT?2 - + - + - + + + + + +

D. LUMDT3  + + + + - + + + + + +

triflorum LUMDT9 + + + + - + + + + + +

(L) DC. LUMDTI11 - - - + + + + + + + +

LUMDT16 + + + + - - + + + + -

LUMESA - - + - - + + + + - -

E.stricta ~ LUMESB + - - - - - - - - -

Roxb LUMES4 + - + - - + + + + - -

LUMESS + - + - . + + + N - i
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PGP Biocontrol and .
Host Isolates Activities* Biochemical Analysis* Sugar Fermentation™

Species IAA° PSB Catalase Citrate Starch Dextrose Fructose Glucose Maltose Mannitol — Sucrose

LUMLL1 - - - - - - - - - - -

LIMLL2 - - - - - - - - - - -

LUMLLG - + - - - + + + + + +

Ieuclc;;:eph LUMLLS - - - - + + + + + +

ala (Lam.) LUMLLY + - + + - + + + + + +

de Wit

LUMLL11 + - - + - + + + + + ¥

LUMLL12 + - - - - + + + - - -

LUMLL13 + - - - - + ¥ ¥ + + +

LUMMD2 - - - - - + . + + + _

LUMMD3 + + + + + - + + - +

LUMMDS5 + + + + + - - + - - -

LUMMDG6 - - - + - - + + - - -

LUMMDS9 - + - - - + + - + + +

M. LUMMD12  + - - + . . i + + - +

diplotricha LUMMD13 + - + + + + + + + + +

C.Wright ™ jvmp1s - - - - - - - - - : ;

LUMMD16  + - - + + . + + . B +

LUMMDDb - - - - - + + + + - +

LUMMDc - - - - + + - + + + R

LUMMDd - - - + + + - + + + -

LUMMDmM - - - + - + + + + - +

LUMMP1 - - - - + - + + + - -

LUMMP2 - - - - - - + + - - -

M. pL“dica LUMMPA  +  + ¥ - - ¥ + N N N N

. LUMMP10 - - - + - + + + + + +

LUMMPF - - - + - - + + + - -

LUMTC1 + - + + + + + - + - +

LUMTC3 + - + + - + i + + B +

T cgrg'da LUMTC1L  + - N N - N : : N } N

LUMTC15 - - + + - + + + + - +

LUMTCA + - + + - + + + + - +

LUMVRW1 + - + - - - + - + - _

LUMVRW2 + - + + - - - - + - -

V. LUMVRW8 - - - + - - - + - -

:'Z?;Isehr}sz LUMVRWO - - - ¥ - : - - ) : )

Maxted LUMVRW10 - - - + - - - - - - -

LUMVRWI11 + - + + - - - - - - -

LUMVRW12 - - - + - - - - - - -
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PGP Biocontrol and .
Hos.t Isolates Activities* Biochemical Analysis* Sugar Fermentation™

Species IAA PSB Catalase Citrate Starch Dextrose Fructose Glucose Maltose Mannitol — Sucrose

LUMVV1 - - - - + + + ¥ + _ _

LUMVV2 - - - - - + + + + _ _

LUMVV4 - - - - + + + + + - +

V. LUMVV9 - - + - + + + + + + +

Vfl)_(.i)"aAt‘a LUMWI0  + - - - - - - - - ) :

Rich LUMVV11 + - + - = - - - - - -

LUMVV13 - - + - = - - - - - -

LUMVVO - - - - + - + - - - -

LUMVVX - - - - + - + + + - -

* Note: +: Positive activity; -: Negative activity.

3.4.3 Starch hydrolysis tests

For screening the biocontrol properties of the 84 isolates, an
amylase production or starch hydrolysis test was done. A halo zone
was formed by 19 isolates, of which 1 was from A. chinensis, D.
triflorum, M. pudica and T. candida, 2 from C. mysorensis and D.
heterocarpum, 5 from M. diplotricha, and 5 from V. vexillata
confirming amylase production by them (Table 3).

3.4.4 Sugar fermentation tests

Sugar fermentation tests were done to screen the isolates based on
their ability to form organic compounds after metabolizing the
carbohydrates. Six sugars were used as carbon sources: dextrose,
fructose, glucose, maltose, mannitol, and sucrose. Positive sugar
fermentation was confirmed after the colour change of media from
pink to yellow. On testing 119 strains, dextrose was fermented by
56 isolates, fructose by 60 isolates, 63 isolates fermented glucose,
62 maltose, 38 fermented mannitol, and 46 isolates that could
ferment sucrose. It was found that the isolates from E. stricta could
not ferment mannitol and sucrose, bacterial isolates from T.

candida failed to ferment mannitol and isolates from V. nepalensis
could not hydrolyze dextrose, mannitol and sucrose sugars (Table 3).

3.5 PGPR activities

The nif gene-positive isolates were screened for plant growth-
promoting traits like phosphate solubilization and IAA production.
Out of 84 bacterial strains tested, 38 isolates showed IAA
production activity. These isolates include 5 from A. americana
and M. diplotricha, 2 each from A. chinensis, C. mysorensis, and V.
vexillata, 3 each from D. triflorum, E. stricta and V. nepalensis, 4
from D. heterocarpum, L. leucocephala and T. candida. Further,
18 isolates showed phosphate solubilizing activities forming a halo
zone a, which included 1 each from A. americana, A. chinensis, L.
leucocephala and M. pudica, 3 from D. heterocarpum and M.
diplotricha and 4 from C. mysorensis and D. triflorum (Table 3).

3.6 Abiotic stress tolerance

The abiotic stress tolerant ability of the 84 isolates was based on
pH, salt, and temperature tolerance (Table 4). To check for acidic

Table 4 Stress tolerance tests of bacteria isolated from root nodules of wild legumes.

pH Tolerance

Temperature Tolerance (°C)  Salinity Tolerance (NaCl, %)

Host Species Isolates
20
AIS1 + + + + + + + + + + + -
AIS3 - - + + - - + + + + + -
AIS5 - + + + + + + + + + + +
AIS7 - - + + - - + + + + + +
A. americana L. AIS8 - - + - - + + + + + + +
AIS9 - - + + - + + + + + + +
AIS10 - - + - - - + + + + + +
AIS12 - - + - - + + + + + + +
AlIR14 - - + + - + + + + + + +
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pH Tolerance Temperature Tolerance (°C)  Salinity Tolerance (NaCl, %)
Host Species Isolates
20 40 50
LUMAC1 - + - - - + + + + + +
LUMACS5 - + - + - " + + + N +
LUMACS - + - + ¥ " + + + N +
A. Chine:;:—,—(_OSbECk) LUMACY N R - N N N N " " " "
LUMAC10 - + - + - + + + + + +
LUMAC11 - + - - - + + + + + +
LUMAC12 - + - - - + + + + + +
LUMCF1 - + - - - + + + + - -
LUMCF2 - + - - + + + + + + +
LUMCF3 - + + + + + + + + + +
C .mysorensis Roth LUMCF7 - + + - - + + + + R R
LUMCF10 - + - + + + + + + - -
LUMCF11 - + - - + + + + + + +
LUMCF12 - + . . + + + . + + +
LUMDes1 - + - - + + + + + + +
LUMDes3 - + - + + + + + + + +
D. heterc:)cgltpum (L) LUMDes5 i N - N - N + " " " "
LUMDes9 - + - - + + + + + +
LUMDes11 - + - - + ¥ + + + + N
LUMDT2 - + + y + + + + + + +
LUMDT3 - + + + + + + + + +
D. triflorum (L.) DC. LUMDT9 - + + + + + + + + + +
LUMDTI11 - + + + - + + + + - +
LUMDT16 + + + - + + + + + - +
LUMESA + + - . . + + N + + +
LUMESB - + - - + ¥ + + + + N
E. stricta Roxb
LUMES4 - + - + i + + + + + +
LUMES5 - + - + - + + + + + +
LUMLL1 - + - - + ¥ + + + j _
LIMLL2 - + - - + + + + + + +
LUMLLG6 - + + - + + + + + + +
L. leucocephala LUMLL8 - + + - - + + + + + +
(Lam.) de Wit LUMLLO - + + + - + + + + + +
LUMLL11 - + + - + + + + + + +
LUMLL12 - + + - + + + + + + +
LUMLL13 - + + - + + ¥ + + + ¥
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] pH Tolerance Temperature Tolerance (°C)  Salinity Tolerance (NaCl, %)
Host Species Isolates
20 3 4
LUMMD?2 - - + - + + + + + + + -
LUMMD3 - - + + + + + + + + + -
LUMMD5 - - + - + + + + + + + +
LUMMDS6 - - + - i i + + + + + +
LUMMD?9 - - + - i i + + + + + +
LUMMD12 - - + - + + + + + + + +
M‘Céis\llc:itghctha LUMMD13 A - + r + 1+ 1 . n
LUMMD15 - - + - + + + + + + + +
LUMMD16 - - + - + + + + + + + +
LUMMDb - - + - - - + + + + - +
LUMMDc - - + - - + + + + + + +
LUMMDd - - + - - i + + + + + +
LUMMDmM - - + - - + + + + + + -
LUMMP1 + - + - + - + + + + + -
LUMMP2 - - + - + + + + + + + +
M. pudica L. LUMMP4 - - + - + + + + + + + +
LUMMP10 - - + + + + + + + + +
LUMMPF - - + + - + + ¥ + + + +
LUMTC1 - - + - - ¥ - ¥ + + _ .
LUMTC3 - - + - + + + + + + +
T. candida DC. LUMTC11 - - + - - + + + + + + -
LUMTC15 - - + - + + + + + + + +
LUMTCA - - + - - + + + + + + +
LUMVRW1 - - + - + + + + + + + +
LUMVRW?2 - - + - + + + ¥ + + + +
LUMVRW3 - - + - + + + ¥ + + + +
V. nepalensis Tateishi LUMVRW9 i i N - - N N " " " " "
& Maxted
LUMVRW10 - - + - - + + + + + +
LUMVRW11 - - + - - + + + + + + +
LUMVRW12 - - + - - + + + + + _
LUMVV1 - - + - + + + + + + + -
LUMVV2 - - + - + + + + + + + -
LUMVV4 - - + - + + + + + + - -
V. vexillata (L.) LUMVV9 - - + - + + + + + + + +
A. Rich LUMVV10 - - + - - + + + + + - -
LUMVV11 - - + - + + + + + + + +
LUMVV13 - - + - + + + + + + + +
LUMVVO - - + - + + + + + + + +

Journal of Experimental Biology and Agricultural Sciences
http://www.jebas.org




602

tolerance, isolates were grown in media with pH 3 and 5, and for
alkaline tolerance, they were incubated in media adjusted with pH
9 and 11. Of all the strains tested, 17 survived at pH 3 media,
except 2 isolates survived in acidic pH of 5. All the isolates could
thrive in media with an alkaline pH of 9, while 22 could grow in a
pH11 medium. At lower temperatures 10°C, 36 isolates could
grow and at 20°C growth, 60 isolates could survive. All the
isolates survived at 40°C and 50°C, except 6 isolates that did not
grow at 50 °C. All the isolates thrived at NaCl concentrations of
1% and 2%. In the salt concentration of 3%, 12 were unable to
thrive, and in 4% salt concentration, 17 could not grow.

4 Discussions

Nagaland, home to numerous legume types, has long understood
the value of legumes. Wild legumes have been traditionally
utilized as medicines in several Nagaland districts due to their
widespread prevalence. In the six sites explored, the distribution of
legumes was mostly similar. It is to the findings by Rathi et al.
(2018) and Pires et al. (2018) that the soil pH and other ecological
factors play a significant role in the biogeography of rhizobial
microsymbionts and influence the selection of them by the host in
a particular ecological region hence deciding the diversity of
legumes in that area.

Trap experiments are performed when nodules are not collected at
the site. It was observed that some legumes did not form nodules in
greenhouse conditions, although they formed nodules naturally.
This might imply that even if the growth conditions are favourable
for the host, it might not be true for rhizobia, hence the lack of
nodules. It illustrates that environmental conditions play an
important role in both the growth and efficient nodulation of
legumes, and the present findings are in agreement with
Choudhary et al. (2020), who argued that the biogeography of
rhizobia is a result of interactions among the host legumes, the
genomic backgrounds of compatible bacterial partners and their
environments leading to co-evolution of the legume hosts and
compatible rhizobia.

The nodules uprooted were found to be mainly of two common
types, determinate and indeterminate, e.g., Mimosa species. The
size of the nodules also varied from very small, like that of
Desmodium triflorum, to large, like that of Tephrosia candida.
When dissected and observed, the nodules were mostly pink due to
leghaemoglobin indicating active nitrogen fixation, as described by
Aung and Oo (2020).

Streaking of the root exudates of healthy and pink nodules
produced cultures with varying phenotypic characteristics. Most of
them were regular, raised, and bulky. Some isolates were slow
growing and took 5-7 days to grow; these were probably
Bradyrhizobia (Dinkwar et al. 2020; Padukkage et al. 2021). The

Megu et al.

slow-growing character of Bradyrhizobium was attributed to its
distinct cell physiology that includes the display of cell
aggregation rather than cell division during the lag and initial
exponential growth phase, hindrance in their growth due to an
increase in specific nutrient concentration (Medici et al. 2024). The
culture obtained had varying morphological characteristics.
Cultures obtained were pink, white, creamy, translucent, and
sometimes yellow. Since wild legumes are infected by various
symbionts with varying degrees of nodulation and nitrogen fixation
efficiency, DNA fingerprinting could be an essential method for
studying their microbial diversity. Further, performing RAPD is a
vital method to assess their genetic diversity. A similar opinion
was also expressed by Aoki et al. (2010), as the similarity in the
banding patterns obtained after amplification indicated
homogenous isolates.

Biochemical tests are performed when it is difficult to distinguish
bacteria morphologically; hence, they are identified by differences
in their metabolic activities. Various biochemical tests were
performed to determine their biocontrol, enzyme activities, plant
growth promoting, sugar fermentation, and stress-tolerant
activities. Biochemical characterization of isolates suggested that
starch hydrolysis was negative for most of the isolates, similar to
the results obtained by Singha et al. (2015).

In the present study, out of 84 isolates, 18 showed phosphate
solubilizing activity, and 38 were able to produce IAA. Sijilmassi
et al. (2020) and Oparah et al. (2024) reported that Rhizobium was
good for the solubilization of phosphate. Similar findings have
been recorded by Sijilmassi et al. (2020) and Sharma and Goswami
(2020) in Rhizobial species to produce IAA.

Growth of rhizobia in soils is sensitive to pH, and it has been
shown to limit survival and persistence in soils (Kapembwa et al.
2016). The isolates obtained were all able to grow in an acidic
medium (pH 3 to 5), who reported that the tested isolates
exhibited very poor growth at acidic pH. Rhizobial cultures
isolated in this study showed normal growth at pH 6.8. These
results are similar to those of Jain et al. (2020), who reported the
best rhizobial growth in media with a pH around neutral.
LUMMP4, LUMTC4, LUMCF10, LUMAC1, AIS6, and
LUMDes5 were some isolates out of 22 that could thrive in
extremely alkaline pH11.

Several studies reported that most rhizobia are salt tolerant (Bissa
et al. 2020; Oparah et al. 2024). In the present study, some isolates
like LUMMD3, LUMESA, and LUMDes11l were able to grow
profusely after 24h of spot inoculation, while colonies of other
isolates like AIS9, LUMCF3, LUMCF11, LUMMDa, LUMMDc,
LUMMPO were seen after 32h of inoculation in the varying salt
concentrations. The isolates differed in their growth rate but were
able to thrive in all salt concentrations irrespective of salt
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concentration, which is in contrast to the reports of Ali et al. (2009)
and Thrall et al. (2008), who reported that with increasing salt
concentration there was a decrease in growth of rhizobial isolates.
It has been stated that Salinization/ alkalization is known to limit
nodulation and nitrogen fixation. Response of legumes varies
greatly; some legumes, e.g., Vicia faba and Phaseolus vulgaris, are
more salt tolerant than others, such as Pisum sativum. Other
legumes like Prosopis, Acacia, and Medicago sativa are sensitive
to high salt, but their rhizobia is more salt tolerant than the host
plants (Zahran 1999).

Sugar fermentation tests are performed to investigate if the
bacterial isolates can ferment different carbohydrates and form
organic compounds. Six sugars were used: Dextrose, Fructose,
Glucose, Maltose, Mannitol, and Sucrose. There was diversity in
the ability of isolates to ferment different carbon sources because
both fast and slow-growing Rhizobia were isolated. This
corroborates with the study by Kapembwa et al. (2016), which
found that fast-growing Rhizobia has a wider range for carbon
utilization while slow-growing Rhizobia has a narrow range.
Further, 63 isolates were able to ferment glucose, which is a
confirmatory test for Rhizobium, as given by Rai and Sen (2015).
Twenty-eight isolates were able to ferment all the carbohydrate
sources, assuring their identity to be Rhizobia, as per Hossain et al.
(2019).

Conclusions

This study uncovered the vast microbial diversity present in the
nodules of wild legumes, positively asserting the wide scope of
bacterial diversity study possible from legumes of Nagaland. Out
of 150 isolates, 119 were bound with RPOL1 primer preliminary,
confirming their identity as nitrogen-fixing rhizobia. RAPD band
polymorphisms among the isolates were observed, which indicated
the huge bacterial diversity in the nodules. It affirms that nif-
directed RAPD is beneficial in giving a Head Start for subsequent
molecular works on the isolates. The present work also observed
11 isolates that could solubilize phosphate and produce IAA,
certifying their ability to benefit plants. Remarkably, most of the
isolates were also tolerant towards abiotic stress, which was
considered in our study. Thus, the current research findings offer
the initial examination of the phylogenetic diversity of native
Rhizobia that nodulates several significant wild legumes in
Nagaland. Research on native rhizobia in the wild without a
history of rhizobial inoculation could be crucial for the selection of
novel strains suitable for the regional environment. Also, since the
rhizobial diversity of Nagaland is vast and still unexplored, there is
a possibility of obtaining novel strains since PCR methods are
designed to amplify only the target regions, and the known primers
might not be applicable for the novel strains. Further molecular
work with nitrogen fixation genes and other housekeeping genes is
recommended to solidify the identity of rhizobia.
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ABSTRACT

The economic and social impact of the Russian-Ukrainian war was the focus of this study, which aimed
to assess its effect on the food security of the Kingdom of Saudi Arabia. To achieve its objectives, the
study utilized published data, food security index measures, and standard economic analysis. The
findings revealed that the Kingdom's food security environment index increased from 58.1% in 2012 to
69.9% in 2022, indicating moderate food security throughout this period. The index was lower than the
estimated counterpart for the rest of the Gulf Cooperation Council countries but exceeded the global
average (113 countries) by 12.38% in 2022. Furthermore, the study demonstrated that a 10% increase in
the estimated food production index and real per capita income led to a 2.72% and 6.55% increase in the
food security index, respectively. Conversely, a 10% rise in the estimated consumer price index for
foodstuffs resulted in a 1.74% decrease in the food security index. Despite the challenges posed by the
Russian-Ukrainian war, the food security index is projected to improve for the Kingdom of Saudi
Arabia, expected to increase from 72.4% in 2024 to 75.6% in 2030, attributed to the country's policy of
investing in agriculture abroad and focusing on local agricultural investments such as vertical expansion,
protected agriculture, and agricultural practices. This strategic approach ensures high-quality produce
and facilitates significant financial surpluses, enhancing the country's capacity to import goods from
overseas.
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The impact of the Russian-Ukrainian War on the food security of Kingdom of Saudi Arabia

1 Introduction

Due to the outbreak of the Russian-Ukrainian war on February 24,
2022, there have been significant impacts on growth rates,
economic development, and the prices of goods and services.
Inflationary pressures have intensified in the Middle East and
North Africa region, mainly due to the impact of the war on the
quantity and value of food imports, leading to higher prices in
international markets. In 2021, the inflation rate in the Middle East
and North Africa reached 14.8%. Countries such as Iran, Lebanon,
and Yemen are experiencing concerning inflation levels, with rates
reaching 43%, 154%, and 30%, respectively (Acevedo et al. 2022).
According to a study by the Ministry of Planning and International
Cooperation, Republic of Yemen (2022), the Russian-Ukrainian
war increased the inflation rate to 45% in 2022, possibly driven by
the rise in oil and food prices. The high food prices and the risk of
food insecurity are particularly harmful to low-income families, as
they spend a significant portion of their income on food and
energy, unlike wealthier families. The FAO Food Price Index for
cereals, vegetable oils, sugar, meat, and dairy products has
significantly increased. Specifically, the FAO Food Price Index
rose from 135.8 in January 2022 to 160.3 in March 2022, then
declined to 117.3 in February 2024 (Figure 1).

The data in Figure 1 shows that the Russian-Ukrainian war has
significantly impacted foreign trade and supply chains for food
commodities. This is a major concern for global food security
because Russia is the world's largest wheat exporter. Russia and
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Ukraine account for over a third of global grain exports (FAO
2024). More than 50 countries, including Saudi Arabia, Libya,
Djibouti, Yemen, Lebanon, and Tunisia, rely on Russia and
Ukraine for at least 30% of their wheat imports. As a result of the
war, food prices have risen by 40 to 60 percent. Global supplies of
food products such as wheat, barley, corn, and sunflower oil are
anticipated to decrease by 10-50% (Abdel Shafi 2022). The war
has also led to a decline in foreign trade for Central Asian
countries with Russia and Ukraine, exacerbating the deficit in their
trade balance. Additionally, the war has posed challenges for these
countries regarding benefiting from their natural and petroleum
resources (Abdel Nabi 2022).

Some economic studies have focused on the impact of the Russian-
Ukrainian war on the Kingdom of Saudi Arabia. For instance, a
study by Ghanem et al. (2023a) measured the impact of the war on
consumer prices for food products. This study showed an increase
in the world food price index and total population of Saudi Arabia
by 10%, leading to a 1.22% and 4.95% increase in the consumer
price index for food products, respectively. The consumer price
index for food products is expected to continue to increase,
reaching 137.7 in 2022, which is 12.2% higher than the 122.78
index in 2021.

In a study by Ghanem et al. (2023b), the impact of the Russian-
Ukrainian war on the value of imports and the food trade balance
of the Kingdom of Saudi Arabia was examined. The study found
that a 10% increase in the world food price index leads to a 6.98%
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Figure 1 Food and Agriculture Organization food price index from January 2022 - February 2024
(Source: Food and Agriculture Organization (FAO), March 8, 2024).
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rise in the value of food imports and a 7.87% increase in the food
trade deficit. Additionally, a 10% increase in the food production
index results in a 1.88% decrease in the value of food imports.
Furthermore, increasing the value of food exports by 10% reduces
the food trade deficit by 5.24%. With the food price index reaching
145.8, the value of food imports and the food trade deficit have
increased by 37.1% and 44.5%, respectively, compared to the
current situation in 2021. Al-Bashabsheh (2023) also highlighted
that the COVID-19 pandemic and the conflict in Ukraine have
reduced global food supply and increased food prices. The conflict
in Ukraine has particularly impacted European countries that rely
on Russian gas passing through Ukraine. Furthermore, in a study
by Meligi and Salem (2023), it was revealed that the Russian-
Ukrainian war has had negative repercussions on the Arab
Republic of Egypt, and it is expected that the value of the food
security index will decline by about 24% between 2022 and 2027.

Despite the positive outlook for producing basic food
commodities, climate change, increasing geopolitical tensions, and
sudden policy changes pose risks to global food production
systems. These risks could upset the balance of supply and demand
and weaken the expected performance of foreign trade and food
security. The foreign trade volume in coarse grains, rice, vegetable
oils, fats, sugar, milk products, meat, and fish is expected to
decrease between 2023 and 2024. Additionally, the value of global
food imports is expected to increase to $2 trillion in 2023, which is
a $35.3 hillion, or 1.8%, increase over its 2022 level (FAO, 2023).

Alrwis et al.

The continuation of the Russian-Ukrainian war has impacted the
supply of food commodities, leading to increased costs of
obtaining them. As a result, the periods of production adequacy
and import coverage for domestic consumption decrease, reducing
the surplus directed to developing strategic stocks and food
security factors. Maintaining a safe strategic stock that allows the
continued flow of food commodities to local markets can help the
state control inflation and rising prices for food commodities. This
study uses an econometric methodology to estimate the impact of
the Russian-Ukrainian war on the future of food security for the
Kingdom of Saudi Arabia. The research also includes a
comparative economic analysis of the food security index between
the Kingdom of Saudi Arabia and the rest of the Gulf Cooperation
Council countries and the global average. Furthermore, the study
estimates the proposed model to assess the impact of the Russian-
Ukrainian war on the level of food security in the Kingdom of
Saudi Arabia from 2000-2022 and predicts the future of food
security for the Kingdom of Saudi Arabia until 2030.

2 Materials and Methods

To achieve the objectives of this study, we relied on published data
from the Food and Agriculture Organization (FAO) and the
General Authority for Statistics in Saudi Arabia. We also used data
from the Global Food Security Environment Index (GFSI) issued
by the Economist Impact Foundation in England. This index
depends on several metrics, including:

Table 1 The relative weight of the criteria for measuring the food security environment index.

Measure

Relative weight%

Measure Relative weight%

Affordability: 30.00 Food security and access obligations 12.61
Change in average food cost 23.85 Quality and safety: 225
Percentage of population below the global poverty line 19.23 Dietary diversity 19.50
Inequality-adjusted income index 16.92 Nutritional standards 20.33
Agricultural trade 19.23 Auvailability of micronutrients 19.51
Food safety net program 20.77 Protein Quality 20.33
Auvailability: 25.0 Food Safety 20.33
Access to agricultural inputs 11.71 Sustainability and resilience: 225
Agricultural research and development 11.71 Exposure to risks 17.00
Farm infrastructure 9.01 water 16.50
Agricultural production fluctuation 11.26 land 16.50
Food loss 11.26 Oceans, rivers and lakes 15.50
Supply chain infrastructure 9.91 Political commitment to resilience 19.00
Adequacy of supply 11.71 Disaster risk management 15.50

Political and social barriers to access 10.81

Source: Economist Impact (2023), Global Food Security Index (2023), and the GFSI website navigation guide
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Table 2 The range used to describe the food security situation.

Describe the food security situation

80- 100 Very Good
70-79.9 Good
55- 69.9 Moderate
40-54.9 Weak
0-39.9 Very Weak

Source: Economist Impact (2023), Global Food Security Index (2023), the GFSI website navigation guide

1. Affordability: Measures the ability of consumers to purchase
food, exposure to rising prices, and the availability of programs
and public policies to control prices.

2. Availability: Measures the adequacy of national food supplies,
the risk of supply disruption, and the country's ability to
provide food and support scientific research efforts to expand
production.

3. Quality and Safety: Measures the variety and quality of diets
and food safety.

4. Natural Resource Sustainability and Resilience: Measures the
country's exposure to the impact of climate change and natural
resource risks and its ability to adapt to them.

The Food Security Environment Index is calculated based on the
relative weight of the metrics mentioned above, as represented in
Table 1. The food security situation is described in Table 2.

This study also relied on the proposed model consisting of three
behavioural equations, which can be expressed as follows:

Y1 =ag + ale + 32X2 + a3X3 + a4X4 F e s (1)
Yz = bg + bl?l + b2X5 + b3X6 + €2 viiii i i s s (2)
Y3 = ¢y + Cl?l + CZ’Y\Z + C3X7 F 3 (3)

The model we're proposing includes the following variables:

I.  Endogenous Variables: These depend on three variables
indicating the country's ability to produce food. They are
expressed by the food production index (Y1), the consumer
price index for food commodities (Y2), and the global food
security index for the Kingdom of Saudi Arabia (Y3).

Il.  Exogenous Variables: There are seven of these: cropped area
in thousand hectares (X1), agricultural labour in thousand

workers (X2), amount of water used for agricultural purposes
in billion m3 (X3), value of agricultural investments in
million riyals (X4), World Food Price Index (X5), total
population in million people (X6), and real per capita income
in thousand riyals (X7).

The proposed model was estimated using the ordinary least squares
method. This was chosen because the matrix of internal variables
has a diameter of one, and all numbers above this diagonal take the
number zero as shown in below table (Gujarati, translated and
reviewed by Odeh 2015).

Since the model used is based on time series data, the problem of
autocorrelation of the residuals may arise. It is detected using
several tests, and the most important of which are: (i) the Durbin-
Watson test, whose value ranges between zero and four (0 < DW <
4), (ii) the Breusch- Godfrey Serial Correlation LM test, if the
probability value (P-value) is greater than the level of significance
(a), this indicates that there is no autocorrelation between the
random errors, but if the probability value is less than the level of
significance, this indicates the presence of autocorrelation between
the random errors.

3 Results and Discussion

3.1 The disparity in the level of food security between the KSA
and the rest of the Gulf Cooperation Council countries and the
global average

The Global Food Security Index (GFSI) has been published by
Economist Impact for 113 countries worldwide since 2012. The
index considers factors such as food costs, availability, quality, and
safety, natural resources, and resilience. Analyzing the food
security level in the Kingdom of Saudi Arabia from 2012 to 2022,

External variables Internal variables

X, Xq Xs X, X3 X, X, Ys Y, Y,
0 0 0 -ay -az -a, -a; 0 0 1
0 -bs -b, 0 0 0 0 0 1 -b;

- C3 0 0 0 0 0 0 1 -Cy -Cq
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(Source: Economist Impact, Global Food Security Index: Country Ranking 2021, Retrieved on June 3, 2022, from
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Figure 3 Global food security index for the Kingdom of Saudi Arabia during the period 2012- 2022
(Source: Data contained in Figure 2).

we can see that the ability to afford food ranged from a low of
79.2% in 2021 to a high of 90.0% in 2017, averaging 84.9%. Food
availability ranged from a low of 52.0% in 2012 to a high of 68.0%
in 2020, averaging at 60.7% annually. The measure of food quality
and safety ranged from a low of 57.3% in 2022 to a high of 78.1%
in 2015, with an average of 71.6% annually. The measure of
natural resources sustainability and resilience ranged from 33.3%

between 2012 and 2019 to a high of 53.7% in 2022, averaging
37.6% annually. Overall, the food security environment index for
the Kingdom of Saudi Arabia ranged from a low of 58.1% in 2012
to a high of 69.9% in 2022, with an average of 65.2% from 2012 to
2022. This data reveals disparities in food security levels between
Saudi Arabia and other Gulf Cooperation Council countries and
the global average.
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By comparing the measures of the Food Security Environment
index for the Kingdom of Saudi Arabia with the global average
(113 countries) in 2022, it is clear from the data presented in
Figure 4 that the measure of food affordability, food availability,
quality and food safety for the Kingdom of Saudi Arabia exceeds
the global average (113 countries), at rates of 20.58%, 16.26%, and
8.65% for each of them, respectively, in 2022. The measure of
natural resource sustainability and resilience for the Kingdom of
Saudi Arabia falls short of the global average by a small rate of
0.74% in 2022. Finally, the Global Food Security Environment
index for the Kingdom of Saudi Arabia exceeds the global average
(113 countries), with a rate of 12.38% in 2022.

An economic analysis of the global food security environment index
was conducted for the Gulf Cooperation Council (GCC) countries.
The data in Table 3 shows that the United Arab Emirates had a
moderate level of food security from 2012 to 2017, which improved
to a good level by 2022. Qatar's food security situation was moderate
in 2012 and became good from 2013 to 2022. The Sultanate of
Oman had moderate food security from 2012 to 2015, which
improved to a good level from 2016 onwards. Bahrain, Saudi Arabia,
and Kuwait had moderate food security from 2012 to 2022, except
for Bahrain, which had a neutral food security situation in 2022.

On average, the Global Food Security Environment Index ranked
Qatar first among the GCC countries, followed by Oman, the
UAE, Bahrain, Kuwait, and Saudi Arabia. In 2022, the United
Arab Emirates ranked 23rd, Qatar 30th, Oman 35th, and Bahrain
38th globally, according to the Global Food Security Index. Saudi
Arabia ranked 41st, and Kuwait ranked 50th. The food security
situation in the GCC was relatively stable, with low variation in the
Food Security Environment Index scores during the study period.
The coefficient of variation ranged from 2.8% for Kuwait to 9.0%
for the United Arab Emirates.

The data in Table 4 shows that the Global Food Security Index
scores for the Gulf Cooperation Council countries in 2022
compared to 2012-2021 have changed. The scores remained
positive for the United Arab Emirates, Kingdom of Saudi Arabia,
and Babhrain, indicating an improvement in global food security
for these countries in 2022. However, the score for the State of
Qatar decreased to 72.4 in 2022 from its previous score between
2014 and 2017-2021. Similarly, the global food security index
for the Sultanate of Oman decreased to 71.2 in 2022 from its
score between 2017-2021. Kuwait's global food security index
declined to 65.2 in 2022 from its score between 2012-2014 and
2018-2021.
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Table 3 Global food security environment index of the Gulf Cooperation Council during the period 2012-2022

Alrwis et al.

United Arab Emirates Qatar Oman Bahrain Saudi Arabia Kuwait
2012 63.2 69.9 574 64.7 58.1 65.7
2013 61.4 70.1 59.4 64.5 61.0 66.7
2014 62.1 72.8 64.6 65.9 62.9 67.2
2015 61.5 72.0 64.4 65.2 65.3 64.5
2016 60.3 72.0 70.1 65.5 64.5 63.1
2017 63.9 73.0 713 66.1 66.1 64.7
2018 71.6 73.0 733 69.5 67.3 68.0
2019 729 73.8 722 69.4 65.0 68.7
2020 73.7 74.0 72.0 68.6 69.1 68.4
2021 73.6 74.6 72.3 69.3 68.2 68.0
2022 75.2 72.4 71.2 70.3 69.9 65.2
average 67.22 72.51 68.02 67.18 65.22 66.38
Standard deviation 6.05 1.48 5.63 2.22 3.54 1.86
Coefficient of variation(%) 9.00 2.04 8.27 331 5.43 2.80
Rank among 113 countries in 2022 23 30 35 38 41 50

Source: Economist Impact, Global Food Security Index: Country Ranking 2021, Retrieved on June 3, 2022, from https://impact

economist.com/sustainability/project/food-security-index/index.

Table 4 The food security index score change for the Gulf Cooperation Council countries in 2022 compared to 2012-2021.

United Arab Emirates Bahrain Saudi Arabia
2012 12.0 25 13.8 5.6 11.8 -0.5
2013 13.8 23 11.8 5.8 8.9 -1.5
2014 131 -0.4 6.6 4.4 7.0 -2.0
2015 13.7 0.4 6.8 51 4.6 0.7
2016 14.9 0.4 11 4.8 54 21
2017 11.3 -0.6 -0.1 4.2 3.8 0.5
2018 3.6 -0.6 -2.1 0.8 26 -2.8
2019 2.3 -1.4 -1.0 0.9 49 -3.5
2020 15 -1.6 -0.8 1.7 0.8 -3.2
2021 16 -2.2 -1.1 1.0 1.7 -2.8

Source: Data in Table 3

3.2 Estimating the proposed model to measure the impact of
the Russian-Ukrainian War on food security

The proposed model aims to analyze the impact of the Russian-
Ukrainian war on food security in the Kingdom of Saudi Arabia
from 2000 to 2022. The study used stepwise multiple regression
analysis in both linear and double logarithmic forms, and the results
indicated the superiority of the logarithmic equations presented in
Table 5 (Gujarati, translated and reviewed by Odeh 2015).

It is evident from the estimated behavioural equations of the

proposed model that:

1. A 10% change in each of the following factors: cropped area
(X1), agricultural labour (X2), agricultural loans (X3), and the
amount of water used for agricultural purposes (X4) results in
a corresponding change in the Kingdom of Saudi Arabia's
ability to produce food (food production index) by 1.95%,
3.41%, 1.24%, and 2.04% respectively.
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Table 5 Estimated behavioural equations for the proposed model during the period 2000-2022

LnY; = 0.595 + 0.195LnX; + 0.341LnX, + 0.124 Ln X; + 0.204 Ln X, (2.45)*(3.82)**(3.59)**(2.43)*(4.85)*
R? = 0.95,F = 85.50,D.W = 1.46, Arch test = 0.01

LnY, = 1.853 — 0.294 LnY, + 0.265LnXs + 0.915Ln X, + 0.559AR(1)(6.20)"* (—2.47)*(2.85)*(5.75)**(3.89)**
R? = 0.91,F = 64.04 D.W = 1.63, Arch test = 0.16

Ln¥; = 0.703 + 0.272LnY; — 0.174Ln¥, + 0.655Ln X, + 0.432AR(1) (2.45)*(2.38)"(—4.16)(3.49)™ (2.21)""

Source: Statistical analysis of the data used in this study.

Table 6 Indicators measuring the efficiency of the estimated equations of the proposed model during the period 2000-2022.

Indicator First Second Third

Root Mean Squared Error 0.081 0.131 0.043
Mean Absolute Error 0.052 0.108 0.032
Mean Abs. Percent Error 0.562 2.930 0.762
Theil Inequality Coef. 0.009 0.051 0.008

Source: Equations of the model estimated in this study.

2. Increasing the estimated food production index (Y1) by 10%
leads to a 2.94% decrease in the consumer price index for food
in the Kingdom of Saudi Arabia. Additionally, a 10% change
in the world food price index (X5) and the total population of
the Kingdom of Saudi Arabia (X6) results in a corresponding
change in the consumer price index for food by 2.65% and
9.15%, respectively.

3. A 10% change in the country's food production capacity (the
estimated food production index) and the real per capita
income (X7) leads to a corresponding change in the food
security index by 2.72% and 6.55%, respectively. An increase
in the estimated food consumer price index (Y2) by 10% leads
to a 1.74% decrease in the food security index.

According to the D.W test, the behavioural equations of the
proposed model are free from the problem of autocorrelation of the
residuals. Furthermore, according to the Arch Test, there is no

autocorrelation in the series variance. The estimated model is also
characterized by efficiency in representing the data used in the
estimation, based on indicators measuring the efficiency of the
models, including the U-Theil inequality coefficient, whose value
is close to zero (Table 6).

3.3 Predicting the future of food security in the Kingdom of
Saudi Arabia until 2030

The future of food security for the Kingdom of Saudi Arabia until
2030 was forecasted by analyzing internal and external variables in
a proposed model to measure the impact of the Russian-Ukrainian
war on food security. General trend equations were utilized to
predict the external variables in Table 7, and their predictive ability
was evaluated using the indicators listed in Table 8. It's important
to note that the Ministry of Environment, Water and Agriculture
has restructured the crop composition, excluding water-depleting

Table 7 Estimated general trend equations for the explanatory variables included in the proposed model from 2000-2022.

variable F R? equation
Cropped area 27.29 057 Lrg(; ;875.)1*3(1_—5 (;;))24T
Agriculture labor 24.52 0.71 X, (:8.?:8611;2‘(}64,—5 E;>)17(7_T6—9 i)ZZTZ

Agriculture loans 10.27 0.51 X5 = (149(?(?)25(:22;57)84(2291)404T2

Water quantity used for irrigation 9.53 031 Lné‘gz:)oifi;&gzyf

World food price index 31.29 0.60 L“X(Z ;641-;’*8*?52 8)035T

Total population 349.36 0.94 Lr‘éfb ;32-?3?&25){?

Real per capita income 84.59 0.80 Ln)(A(IBT)g;)%(;zOO()nST

**Significant at the 1% probability level (Source: Data contained in this study)
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Table 8 Indicators for measuring the efficiency of the general trend equations estimated for the explanatory variables
included in the proposed model.

Root Mean

variable

Squared Error

Mean Abs.
Percent Error

Mean Absolute
Error

Theil Inequality
Coef.

Cropped area 0.139 0.115 1.72 0.010
Agriculture labor 56.48 43.73 7.79 0.049
Agriculture loans 66.77 46.51 461 0.022

Water quantity used for irrigation 0.229 0.185 7.05 0.041
World food price index 0.190 0.168 3.71 0.021
Total population 0.033 0.028 0.863 0.005

Real per capita income 0.051 0.041 0.935 0.006

Source: equations listed in table 7

Table 9 Predictive values of the internal and external variables of the proposed model until 2030

Variable 2025 2026 2027

Cropped area in thousand hectares 534.5 534.5 534.5 534.5 534.5 534.5 534.5
Agriculture labour in thousand 400.0 400.0 400.0 400.0 400.0 400.0 400.0
Agriculture loans in a million riyals 3788.3 4226.4 4692.7 5187.1 5709.5 6260.1 6838.7
The amount of ‘évfl‘ltfgn“;fg in imigation in 7.24 7.06 6.89 6.72 6.55 6.37 6.20
World food price index 142.3 147.4 152.6 158.1 163.7 169.5 175.6

Total population in millions of people 34.92 35.66 36.42 37.19 37.98 38.78 39.61
Real individual income in thousand riyals 95.68 97.13 98.59 100.08 101.60 103.13 104.69
Food production index 198.0 199.7 201.3 202.8 204.2 205.3 206.5
Consumer price index for food 129.4 132.8 136.4 140.0 143.7 147.6 151.7

Food security index 724 73.0 735 74.1 74.6 75.1 75.6

Source: Equations in tables 5, 7
crops, with the most significant being green fodder. As a result, the  Conclusion

cropped area decreased to 534.5 thousand hectares in 2022.
Therefore, it was assumed that the cropped area and agricultural
labour would remain unchanged from 2022 until 2030.

The endogenous variables were predicted by substituting the
exogenous variables' predictive values into the proposed model's
equations. According to the model, real per capita income is
expected to increase from 95.68 thousand riyals in 2024 to 104.69
thousand riyals in 2030. Despite the decline in crop area, which
reached 534.5 thousand hectares in 2022 and led to a decrease in
the plant production index, it is anticipated that the estimated index
for food production will increase from 198.0 in 2024 to 206.5 in
2030. This is due to the state's efforts to develop livestock and
increase the animal production index. Despite the impact of the
Russian-Ukrainian war on the internal and external variables of the
proposed model, the food security index is expected to improve for
the Kingdom of Saudi Arabia, increasing from 72.4 in 2024 to 75.6
in 2030 (Table 9).

Due to the outbreak of the Russian-Ukrainian war on February 24,
2022, global and local prices of food products such as meat, dairy,
grains, vegetable oils, and sugar have increased. A study of the
current food security situation in the Kingdom of Saudi Arabia
revealed that the food security environment index increased from
58.1% in 2012 to 69.9% in 2022, with an annual average of 65.2%.
This indicates that the food security situation remained moderate
during 2012-2022. When comparing the food security environment
index among the Gulf Cooperation Council countries, it was found
that the State of Qatar ranked first, followed by the Sultanate of
Oman, United Arab Emirates, Bahrain, Kuwait, and the Kingdom
of Saudi Arabia. The lower level of food security in the Kingdom
of Saudi Arabia, compared to the rest of the Gulf Cooperation
Council countries, can be attributed to several factors, the most
important of which are: (i) the Kingdom of Saudi Arabia has the
largest population among the Gulf countries, (ii) a decrease in the
average real per capita income of 92.75 thousand riyals compared
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to its counterparts in the other Gulf Cooperation Council countries
in 2022, (iii) a decrease in the food affordability index of 83.2%
compared to its estimated counterpart in the other Gulf
Cooperation Council countries, except for the State of Kuwait in
2022, (iv) A decrease in the food availability index of 67.2%
compared to its estimated counterpart in the States of Qatar and
United Arab Emirates in 2022, (v) a decrease in the food quality
and safety index of 71.6% compared to its estimated counterpart in
the other Gulf Cooperation Council countries, except for the State
of Kuwait in 2022, and (vi) a decrease in the natural resources
sustainability and resilience index of 53.7% compared to its
estimated counterpart in the United Arab Emirates at 55.2% in
2022. Despite the impact of the Russian-Ukrainian war on the
internal and external variables of the proposed model, the food
security index is projected to improve for the Kingdom of Saudi
Arabia. It is expected to increase from 72.4 in 2024 to 75.6 in 2030
due to the state adopting the Saudi agricultural investment policy
abroad and directing local agricultural investments towards vertical
expansion, protected agriculture, and good agricultural practices, in
addition to achieving significant financial surpluses, leading to an
increase in the state's ability to import from abroad.
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ABSTRACT

The parasitic plant Macrosolen cochinchinensis (Lour.) VAN Tiegh, commonly found parasitizing
mango trees, contains flavonoid compounds with potential anticancer properties. This study aims to
optimize the extraction of flavonoids from M. cochinchinensis using the Ultrasonic Assisted Extraction
(UAE) method. Three extraction parameters were investigated to determine the best conditions for
maximizing extract yield and flavonoid concentration. The parameters considered for the UAE
technique were different ethanol concentrations (30%, 70%, and 96%), extraction times (15, 30, and 45
minutes), and solvent-to-sample ratios (1:10, 1:20, and 1:30). The study used Response Surface
Methodology (RSM) to identify the optimal extraction conditions. The analysis using RSM indicated
that the highest extraction yield (10%) was achieved with a sample-to-solvent ratio of 1:30, 30% ethanol
concentration, and an extraction time of 45 minutes. The highest flavonoid content (457.96 mg QE/g
extract) was obtained with a solid-to-liquid ratio between 1:20 and 1:30, using 65 to 80% ethanol
solvent and an extraction time of 45 minutes. These results suggest that these parameters extract
flavonoid compounds from M. cochinchinensis leaves.

* Corresponding author

E-mail: yayuevary7@gmail.com (Yayu Mulsiani Evary)

Peer review under responsibility of Journal of Experimental Biology and

Agricultural Sciences.

All the articles published by Journal of Experimental
Biology and Agricultural Sciences are licensed under a
Creative Commons  Attribution-NonCommercial 4.0
International License Based on a work at www.jebas.org.

All rights reserved.

Production and Hosting by Horizon Publisher India [HPI] @
(http://www.horizonpublisherindia.in/).



http://www.jebas.org/
http://www.jebas.org/
http://www.jebas.org/
http://www.jebas.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.18006/2024.12(4).616.624&domain=pdf&date_stamp=2024-09-25

Extraction of Flavonoids from Parasitic plant Macrosolen cochinchinensis using Ultrasound-Assisted Extraction

1 Introduction

Mistletoe (Macrosolen cochinchinensis) is a hemiparasitic plant
from the Loranthaceae Family known for its various bioactivities,
including antioxidant, antidiabetic, anticancer, and
antihyperglycemic properties (Mutiah et al. 2018; Shin and Lee
2018; Firmata Sari 2020; Kumal et al. 2021). This plant commonly
parasitizes trees such as jackfruit (Artocarpus heterophyllus),
sapodilla (Manilkara zapota), and mango (Mangifera indica)
(Nigam 2022). Previous research focused on four fractions of M.
cochinchinensis ethyl acetate extracted and isolated from the
jackfruit host plant for their anticancer properties. The study
revealed that the ethyl acetate extract of M. cochinchinensis
possesses anticancer activity against the T47D breast cancer cell
line, with an ICsp of 314.8 pg/mL (Indradmojo 2016). Although a
relatively high concentration is required for the anticancer effect,
the study suggested that the mechanism involves inhibiting cell
cycle phases. The M. cochinchinensis extract also induced early
apoptosis and disrupted the proliferation of cancer cells
(Indradmojo 2016). Further research showed that a combination of
Eleutherine palmifolia (L.) Merr and M. cochinchinensis (Lour.)
inhibited cell cycle progression and increased Hela cell apoptosis
(Mutiah et al. 2018). Another study compared the total phenolic
and flavonoid compounds in several M. cochinchinensis species
and reported that this extract contains a total flavonoid content of
249 + 2.3 mg QE/g and a phenolic content exceeding 30 mg
GAE/qg in the methanolic extract. Additionally, they found that M.
cochinchinensis exhibits significant DPPH radical inhibition with
an IC50 of 65.9 + 2.8 ug/mL (Kumal et al. 2021).

The interactions between plant parasites and different host species
can directly affect the performance of both the host and the
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parasite. M. cochinchinensis contains phytochemical compounds
such as terpenoids and flavonoids. Specifically, the terpenoids
found in M. cochinchinensis are identified as thymol, while the
flavonoids are identified as rutin, quercetin, and quercitrin (Santosa
et al. 2022).

Flavonoids are a group of secondary metabolites characterized by a
three-ring structure responsible for many herbal medicines' colour
and therapeutic effects (lwashina 2000; Samanta et al. 2011). The
extraction of flavonoids is challenging due to their wide range of
medicinal properties. Several factors, such as the duration of
extraction, type and pH of solvents, particle size of the materials,
and the selection of extraction methods, may significantly affect
the level of obtained flavonoids. Flavonoids possess
physicochemical properties that range from polar to nonpolar;
therefore, various types of solvents (e.g., water, acetone, methanol,
ethanol, or their water mixtures) have been reported for their
extraction (Sharma and Janmeda 2017; Chaves et al. 2020). One
advanced extraction technique used to extract flavonoids is
Ultrasound-assisted extraction. This technique allows researchers
to extract flavonoids quickly and with relatively few solvents.
Furthermore, it is known to produce higher yields by the capability
of ultrasound to induce the breaking of cell walls, enabling the
movement of phytochemical compounds from the cell to the
solvents. The sound vibration and bubbling during extraction
prevent the early saturation of soluble compounds in the solvent,
allowing for more compounds to be extracted (Pico 2013; Chemat
et al. 2017; Medina-Torres et al. 2017).

Several studies have investigated the best ways to extract
flavonoids from plants. For example, Azahar et al. (2017) studied
the extraction of flavonoids from Curcuma zedoaria using the
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o
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Figure 1 Some flavonoid derivatives reported to be found in M. cochinchinensis (Santosa et al. 2022)

Quercetin
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reflux method to find the best time and temperature for the process.
The results showed that the best conditions for flavonoid extraction
were using 90% ethanol at a temperature of 75°C for 92 minutes
(Azahar et al. 2017). Similarly, another study found that the best
way to extract phenolic, flavonoid and antioxidant compounds
from Clitoria ternatea was through maceration at 45°C, combined
with agitation using 37% ethanol for 90 minutes (Jaafar et al.
2020). These studies demonstrate that the best extraction
conditions depend on the plant species, likely due to plant
flavonoid composition differences. Therefore, studying the ideal
extraction process to maximize flavonoid yield from different
plants is important. The present research aims to investigate the
best extraction conditions for flavonoids from M. cochinchinensis
(MC) using a response surface methodology to analyze three
parameters: ethanol concentration, extraction time, and sample-to-
solvent ratio in the solid state.

2 Materials and Methods
2.1 Plant material

The plant material was gathered from the mango tree, which was
the host. The leaves of M. cochinchinensis (MC) were dried in an
oven for three days, and the resulting dried material was then
stored in a tightly sealed container.

2.2 Experimental Design

Respond Surface Methodology (RSM) using Design Expert 7.1.5
and a three-level factorial Box Behnken Design (BBD) was used to
find the best extraction conditions for MC. Three independent
variables (ethanol concentration, extraction time, and sample-to-
solvent ratios) were tested to determine the total flavonoid content
(TFC) in M. cochinchinensis plant extract. Graphical and
numerical optimization techniques were applied to identify the
ideal extraction condition. The complete design, with a rotatable
alpha, included 20 experimental runs. Six replicate runs were
performed at the centre points of the design to estimate the pure
error. All experiments were randomly conducted to minimize the
influence of unexplained variability in the observed responses due
to systematic errors.

2.3 Extraction

The mistletoe leaves, weighing 10 grams, were ground and then
extracted with 100 mL of ethanol using the ultrasound-assisted
extraction method. Three different concentrations of ethanol (30%,
70%, and 96%) in water were used for the extraction, with three
different extraction times (15, 30, and 45 minutes) and three
different solid-to-liquid ratios (1:10, 1:20, and 1:30). The extracts
were filtered through Whatman no. 40 filter paper. The filtrates
were concentrated using a rotary evaporator until a thick extract
was obtained (Pan et al. 2012).

Evary et al.
2.4 Spectrophotometric determination of total flavonoids

The extracts' total flavonoid content (TFC) was determined using a
modified spectrophotometric method with aluminum chloride
reagent. The technique was calibrated against quercetin, which
served as the reference standard. The TFC was quantified based on
a calibration curve prepared by diluting a quercetin stock standard
with ethanol p.a to obtain concentrations of 2, 4, 6, 8, and 10
pg/mL. The results were calculated using the calibration curves for
quercetin, and the total flavonoids were expressed as milligrams of
quercetin equivalents (QE) per 100 grams of extract based on
duplicate analysis. The values were reported as means (N=3) +
standard deviations (S.D.).

2.5 Statistical analysis

All analyses were conducted twice, and the results were presented
as means + standard deviation. This study examined the
significance of the quadratic model and the interactions between
the independent variables using analysis of variance (ANOVA) in
the RSM, with a significance level set at p<0.05. The experimental
R2 assessed in the laboratory was compared to the predicted
models.

3 Results and Discussion
3.1 Influence of Different Extraction condition on total yield

Three independent variables, sample-to-solvent ratio, extraction
time, and ethanol concentration, were assessed and optimized
using the Box-Behnken Design (BBD) to determine the best
extraction conditions for maximizing yield and flavonoid content
(Table 1). The yield of MC extracts ranged from 1.45% to 8.50%,
while the flavonoid content varied from 161.18 mg/g to 430.79
mg/g QE. This study investigated the impact of three independent
variables on the total yield and flavonoid content extracted from
MC leaves: ethanol concentration, extraction time, and sample-to-
solvent ratio. Maximizing extraction yield is essential to meet the
standards of Indonesian traditional medicine. Furthermore,
optimizing these factors is important for increasing flavonoid
content, as different types of flavonoids offer various
pharmacological benefits, including cancer prevention, diabetes
management, and potent antioxidant properties (Mohan and
Nandha Kumar 2014; Batra and Sharma 2013; Abotaleb et al.
2018; Manavi et al. 2021). The models assessed in this study were
created using the Box-Behnken Design in MINITAB 18. This
software generated 15 models to analyze the effects of ethanol
concentration, extraction time, and sample-to-solvent ratio as
independent variables. The results of these models are presented in
Table 1.

The results in Table 1 indicate that the highest yield achieved was
8.50%. This was obtained under the following conditions: simplicial-
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Table 1 The mass fraction of TFC extracted from MC using an Ultrasound-assisted extraction method under different conditions

Extract weight Average of Yield Average of Flavonoid
@ (%) content (mg/g)
Al -1 1 0 0.66
1 6.75 341.26+1.45
A2 -1 1 0 0.69
Bl 1 0 1 0.27
2 2.75 427.37+£8.21
B2 1 0 1 0.28
C1 0 0 -1 0.26
3 2.35 429.77 £11.59
Cc2 0 0 -1 0.21
D1 0 -1 -1 0.20
4 1.90 327.59 + 23.68
D2 0 -1 -1 0.18
El 0 0 -1 0.22
5 2.15 42293 +8.70
E2 0 0 -1 0.21
F1 1 1 0 0.44
6 4.25 333.74 £0.48
F2 1 1 -1 0.41
Gl -1 0 -1 0.61
7 6.45 293.76 + 33.83
G2 -1 0 -1 0.68
H1 0 1 -1 0.34
8 3.50 402.43 £7.73
H2 0 1 -1 0.36
11 1 0 -1 0.36
9 3.35 396.62 +0.48
12 1 0 -1 0.31
J1 0 -1 1 0.19
10 1.65 429.08 + 26.09
J2 0 -1 1 0.14
K1 0 0 0 0.28
11 2.55 430.79 £10.15
K2 0 0 0 0.23
L1 0 -1 0 0.16
12 1.75 161.18 + 15.46
L2 0 -1 0 0.19
M1 0 0 1 0.82
13 8.50 252.07 +12.56
M2 0 0 1 0.88
N1 0 1 1 0.56
14 5.60 419.86 +2.42
N2 0 1 1 0.56
o1 1 -1 -1 0.18
15 145 316.66 £ 7.25
02 1 -1 -1 0.11
Coded Variable Level
Independent Variables Coqe
Unit -1 0 1
Ethanol Concentration (%) X1 30 70 90
Ratio of simplicial to solvent X2 01:10 01:20 01:30
Time (minutes) X3 15 30 45
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Figure 2 Pareto chart on the effect of ethanol concentration, extraction time, and simplicial: solvents ratio to % yield of MC leaves

solvent ratio of 1:20, 45-minute extraction time, and 30% ethanol
concentration as the solvent. This suggests that the extract contains
a significant number of hydrophilic compounds that are highly
soluble in solvents with a higher water concentration. On the other
hand, the lowest yield was 1.45%, obtained from the model with a
simplicial-solvent ratio of 1:10, 30-minute extraction time, and
96% ethanol as the solvent. This result shows that a low solid-
liquid ratio and a high ethanol concentration produced less extract.

The yield data was analyzed using the MINITAB application to
assess the impact of the simplicial-solvent ratio, extraction time,
and ethanol concentration on the yield percentage. The resulting
Pareto chart is depicted in Figure 2.

Figure 2 indicates that the solid-liquid ratio and ethanol
concentration parameters have a standardized effect value of 2.571,
suggesting that they significantly influence the yield percentage
from MC leaf extraction.

The relationship between the independent variables and the yield
was shown in contour plots created by the model (Figure 3). The
dark green colour on the plot indicates the interactions between the

variables being tested. Figure 3a presents the impact of the solid-
liquid ratio and ethanol concentration on the yield of MC extracts.
It was observed that an increase in the solid-liquid ratio and the
water content of the solvent (30% ethanol) led to a rise in yield,
indicated by the dark green region. This result is consistent with
Prasad et al. (2012), who found that a higher yield is achieved with
a higher solid-to-liquid ratio and water concentration in ethanol. A
solid-liquid ratio between 1:20 to 1:30 and 30% ethanol
concentration resulted in a 6-7% yield range. Additionally, Figure
3b demonstrates the effect of extraction time and ethanol
concentration on MC extract yield. It can be seen that a longer
extraction time and higher water content of the solvent (30%
ethanol) increased yield. Extraction times exceeding 40 minutes
and using 30% ethanol as the solvent led to a 6-7% yield range.
This finding aligns with other research that reported that more
polar solvents and longer extraction times result in an optimal yield
(Nawaz et al. 2018). Furthermore, Figure 3c shows the correlation
between extraction time, solid-liquid ratio, and the yield of MC
extract. This figure illustrates that increased extraction time and
solid-liquid ratio led to a higher extract yield. The results confirm
an increased contact period between the sample and solvents leads
to more compounds being extracted.
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Figure 3 Counterplots of the correlation between the independent variables (including solid-liquid ratio, extraction time,
and ethanol concentration) and MC extracts yield

3.2 Influence of different extraction conditions on total
flavonoids

The ultrasonic-assisted extraction method successfully extracted a
high concentration of flavonoids from MC. However, the flavonoid
content varied in each extract due to different extraction
conditions, such as ethanol concentration, extraction time, and
solvent ratios. To improve extraction efficiency, in this study,
different ethanol concentrations (30%, 70%, and 95%), extraction
times (15, 30, and 45 minutes), and solvent ratios (1:10, 1:20, and
1:30) have been used. Furthermore, Response Surface
Methodology (RSM) was used to evaluate the total flavonoids of
MC and fitted all the independent variables into a second-order
model equation.

Flavonoid content = -403 + 13.21 X1 + 33.67 X2 — 1.95X3 —
0.0814 X1X1 — 0.437 X2X2 + 0.0470 X3X3 — 0.1311 X1 X2 +
0.0426 X1 X3 —0.140 X2 X3

Where X1 is the ethanol concentration, X2 is the solid-to-liquid
ratio, and X3 is the extraction time.

The model was found to be significant, with a p-value of 0.01. The
lack of fit value was 0.011 (p < 0.05), indicating significance. The
significant models included X1, X2, X1X2, X1X1, and X2X2 with
p-values < 0.05.

Furthermore, the concentration data for flavonoids was analyzed
using the MINITAB application to assess the impact of solid-to-
liquid ratio, extraction time, and ethanol concentration on flavonoid
content. The Pareto chart obtained is depicted in Figure 4.

In Figure 4, it is evident that the interactions between ethanol
concentration and solid-liquid ratio, and ethanol concentration and
extraction time, as well as solid-liquid ratio and extraction time,
substantially affect the flavonoid content extracted from MC. The
reported value of 2.571 confirms the significant impact of these
parameter interactions. However, it was observed that the
extraction time does not significantly impact the flavonoid content.

The study investigated the relationship between the independent
variables and the flavonoid content of MC extract using surface
and contour plots generated by the model (Figure 5). The contour
plot shapes (ellipse or round) indicated the significance of
interactions between the variables being tested. Figure 5a
illustrates the effect of solid-to-liquid ratio and ethanol
concentration on the flavonoid content of MC extracts. The round
shape in green indicates that solid-to-liquid ratios between 1:20 to
1:30 and ethanol concentrations between 50% to 90% resulted in a
high flavonoid content (400 - 450 mg/g QE). This finding is
consistent with Prasad et al. (2012), who reported that a 68% ethanol
concentration and a liquid-to-solid ratio of 20.2 mL/g resulted in
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Figure 4 Pareto chart on the effect of ethanol concentration, extraction time, and solid-to-liquid ratio on flavonoid content of MC leaves
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Figure 5 Counter plots of the correlation between the independent variables (including solid-to-liquid ratio, extraction time and ethanol
concentration) and the flavonoid content of MC extracts
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optimal flavonoid content. Additionally, Figure 5b shows the effect
of extraction time and ethanol concentration on the flavonoid
content of MC extract. This figure indicates that ethanol
concentrations between 65% and 80% and extraction times
exceeding 40 minutes resulted in a flavonoid content of more than
450 mg/g QE. This confirms that prolonged extraction time and a
mixture of ethanol and water as the solvent increase the flavonoid
content of the extract. This result is in line with Pan et al. (2012),
who reported that 72% ethanol and 1.5 hours of extraction time
resulted in the optimal extraction of flavonoid content from
hawthorn seed extract. Figure 5c demonstrates the effect of
extraction time and solid-to-liquid ratio on the flavonoid content of
MC extract. This figure indicates that increasing the solid-to-liquid
ratio (1:20 to 1:30) resulted in a higher flavonoid content (400-450
mg/g QE). The result confirms that increasing the solid-to-liquid
ratio increases the amount of compound extracted. However,
further confirmation experiments of these optimal parameters are
still needed to understand the actual results better and achieve the
optimum conditions for flavonoid extraction from MC leaves.

Conclusion

The study found that Ultrasound-assisted extraction (UAE) was
effective and cost-effective in increasing the extract yield and
flavonoid content from MC leaves. The optimal conditions for UAE
of flavonoid content from MC leaves, as determined by Response
Surface Methodology (RSM), were a solid-to-liquid ratio of 1:20 to
1:30, an ethanol concentration of 65-80%, and an extraction time of
more than 45 minutes. This research also highlighted that MC can be
considered one of the best sources of flavonoids.
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ABSTRACT

Nowadays, dental cavities caused by Streptococcus mutans are a major focus of research in Indonesia.
While several antibiotics are available to combat this bacterium, concerns about antibiotic resistance
have prompted researchers to explore natural remedies. Clove (Syzigium aromaticum) is a commonly
studied natural remedy against dental cavities and S. mutans. Among the different parts of the clove
plant, clove bud is the most widely used against dental cavities or S. mutans, and the potential of other
clove parts has not been thoroughly explored. Identifying which parts of the clove plant have higher
concentrations of active ingredients and exhibit the strongest antibacterial activity is important.
Therefore, this study evaluated the antibacterial activity of three different parts, i.e., leaf, stems, and
buds of the clove plant ethanolic extracts against S. mutans. The ethanolic extracts of clove leaf, stems,
and buds were prepared using the maceration method with 70% ethanol, and their activity against S.
mutans was tested using the disc diffusion method at three different concentrations (10%, 5%, 2.5%
b/v). Fractionation was carried out using hexane and water to obtain two fractions: hexane and water
fraction. These fractions were then subjected to antibacterial assays. The ethanolic leaf, stems, and bud
extracts exhibited varying antibacterial activity levels. The best activity was observed with the 10%
clove bud ethanolic extract, which produced an inhibition zone of 20.83 + 0.77 mm. The leaf and stem
extracts showed inhibition zones of 16.38 + 3.84 mm and 17.95 + 5.15 mm, respectively. Furthermore,
the hexane-soluble fraction of the clove bud displayed the highest activity with an inhibition zone
diameter of 23.7 £ 3.21 mm at 10%. This activity was twice as high as ampicillin, used as the positive
control. In conclusion, clove bud remains the best source of antibacterial compounds against S. mutans.
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Fractionation of the bud extract using hexane can significantly enhance its activity. Further
investigation should be conducted to optimize the effectiveness of this active fraction for use as
an anti-dental caries treatment.

1 Introduction

Dental caries (DC) is an oral infection characterized by tooth
decay, primarily caused by S. mutans, and is a highly prevalent
disease among children. According to the International Caries
Detection and Assessment System (ICDAS), the prevalence of
caries exceeds 90% among children aged 6-12 years (Aripin et al.
2024). DC affects both children and adults, targeting primary and
permanent teeth. The starch and sugar residue around teeth are
fermented by microorganisms, forming acids that cause the
decalcification of enamel and dentin, ultimately resulting in caries
(Sivapathasundharam and Raghu, 2020).

Pharmacological treatment and prevention of dental caries range
from the use of anti-cariogenic compounds such as fluoride,
chlorhexidine, or xylitol to antibiotics such as amoxicillin,
amoxicillin-clavulanate, clindamycin, cephalexin, and
metronidazole (Cui et al. 2019; Qiu et al. 2020; Ahmadi et al.
2021). However, several studies have reported the development of
resistance in S. mutans to various anti-cariogenic compounds (Lee
et al. 2012; Liao et al. 2017; Cieplik et al. 2019), as well as
resistance to most commonly used antibiotics (Haque et al. 2019).
Furthermore, antibiotics might disrupt the balance of the oral
microflora community or cause side effects such as allergies,
nephritis, and gastrointestinal disorders (Cheng et al. 2022; Heta
and Robo 2018).

When treating dental cavities, natural compounds could be used as
an alternative to antibiotics. Several studies have demonstrated that
a wide range of natural compounds exhibit antibacterial activity
against the growth of S. mutans (Dwivedi and Singh 2015; Jacob
and Nivedhitha 2018; Folliero et al. 2022). The essential oil from
the clove plant S. aromaticum is often empirically and clinically
used. A previous study by Moon et al. (2011) combined ampicillin
and clove oil and found that the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) values
were decreased approximately fourfold against S. mutans, resulting
in a synergistic influence which accounted for a fractional
inhibitory concentration index (FICI) of less than 0.5. Another
study revealed a synergistic activity of eugenol, clove oil, and
clove methanol extract in combination with azithromycin to inhibit
biofilm formation resulting from the growth of S. mutans (Jafri et
al. 2021). Clove oil showed a strong inhibitory effect as fluoride-
free toothpaste against S. mutans and its biofilm (Dhamodhar et al.
2014; de Oliveira Carvalho et al. 2020).

Nurdjannah et al. (2016) evaluated phytochemical research on
the clove plant and found that the highest concentrations of clove

essential oil were found in clove buds (10-20%), followed by the
stems (5-10%) and leaf (1-4%). In another study, steam
distillation of clove resulted in different concentrations of
phytochemical compounds from buds, leaf, and stem parts, and it
was found that the clove leaf contained a higher percentage of
eugenol (82.97%) than the buds (75.30%). However, stems
contain the highest amount of eugenol (97.75%). Furthermore,
the antibacterial activity test of those three parts showed that the
stem possesses the highest inhibitory zone (15.05+ 0.200) against
Escherichia coli, followed by Salmonella typhimurium (13.67 +
0.764) (Sohilait et al. 2018; Mak et al. 2019). The results indicate
the potential for other parts of the clove plant to be utilized since
clove buds take about four years to grow (Cortés-Rojas et al.
2014). Therefore, this research was carried out to evaluate the
potential activity of stems, leaves, and buds extracted from clove
plants.

Additionally, the most active part of the plant extract will be
subjected to fractionation to separate the polar and nonpolar
compounds. This process aims to obtain the most active
fraction. In a previous study, Mann (2012) described three
different fractions (hexane, chloroform, and methanol fraction)
of clove basil (Ocimum gratissimum) and revealed varying
antimicrobial activities. The hexane soluble fraction exhibited
the highest inhibitory activity against Niesseria gonorrheae,
Salmonella typhi, Pseudomonas aeruginosa, Klebsiella
penumoniae, and Vibrio cholerae compared to the other
fractions. This demonstrates the significant benefits of
fractionating and separating an active extract to explore the
more concentrated active compounds from the plant extract
(Silvestre et al. 2009).

This study compared the antibacterial activity of a 70% ethanol
extract of clove leaves, stems, and buds against S. mutans.
Subsequently, the active extract was fractionated, and its
antibacterial activity against S. mutans was investigated. The
results of this study were expected to address the need for active
fractions in treating diseases caused by resistant microorganisms,
such as dental caries.

2 Materials and Methods

2.1 Sample Preparation

The cloves used in this study were obtained from Sadar Village,
Bone Regency, South Sulawesi, Indonesia (Figure 1). The buds,
leaf, and stems were dried in an oven at 60°C for three days and
then crushed using a blender to obtain the samples.
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Figure 1 Figure illustrates Different Parts of the Clove Plant

2.2 Sample Extraction

Two hundred grams of coarse powder from clove buds, leaves, and
stems were soaked in 70% ethanol (1:10 ratio). The soaking lasted
three days with occasional stirring, and then the mixture was
filtered through filter paper. The residue underwent two additional
soaking processes. The resulting extracts were evaporated using a
Buchi® rotary evaporator until they became thick and viscous. The
extracts were then stored in separate amber vials and weighed to
determine their yield percentage (Rasul 2018).

2.3 Antibacterial Assay of Clove Extracts

The antibacterial assay was conducted using the agar diffusion
method outlined in CLSIM100-S22 (Clinical Laboratory Standard
Institute 2012) with some adjustments. Before the assay, S. mutans
ATCC®25175 was cultured for 24 hours in a Nutrient Agar
medium (Merck®). Afterwards, the bacteria were suspended in
saline solution and adjusted to the turbidity of the McFarland 0.5
standard (Himedia®) (equivalent to approximately 1.5x10°
CFU/mL). Ethanol extracts of clove buds, leaves, and stems were
dissolved in 10% DMSO (Merck®) and diluted to obtain various
concentrations (10%, 5%, 2.5% v/v). Twenty microliters of the
extracts were transferred onto blank disks (Oxoid®) and then dried
in a desiccator for 15-30 minutes. A swab of bacterial suspension
was spread on the surface of the Mueller Hinton Agar medium
(Merck®), followed by the placement of the extract-containing
disks. An Ampicillin disk (Oxoid®) served as the positive control,
while a disk containing 10% DMSO was used as the negative
control. Each assay was carried out in triplicate. The plates were
then incubated at 37°C for 24 hours, and the diameter of the
inhibition zone was observed and measured using a calliper
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(Krishow®). The extract demonstrating the highest activity was
subjected to liquid-liquid extraction.

2.4 Liquid-liquid Extraction and Antimicrobial Assay of
Fractions

Based on the results of the antibacterial assay, the ethanol extract
of clove bud exhibited the most potent activity in inhibiting the
growth of S. mutans. As a result, this extract underwent further
fractionation to separate the polar and nonpolar compounds.
Hexane and water (1:1) were solvents to obtain the hexane and
water fractions. The obtained fractions were concentrated using a
rotary evaporator and air-drying using a fan and water bath
(Abubakar and Haque 2020). The dried extract was then subjected
to an antibacterial assay using the same method as described in the
previous section

2.5 Qualitative Screening of Phytochemical Compounds of
Clove Extracts and Fractions

A small quantity of clove extracts, fractions, and eugenol marker
was placed into vials, dissolved using acetone, and then spotted on
a silica (Merck®) thin-layer chromatography plate. The TLC plate
was placed as the eluent in a toluene acetone chamber (3:1). After
elution, the plate was dried and observed under a 254 nm UV
lamp. The spots were visible after spraying with an anisaldehyde-
sulfuric acid reagent (Kumar et al. 2010).

2.6 Statistical analysis

All assays were performed in triplicate, and the data was presented
as the mean of three independent experiments + standard deviation
(SD). One-way analysis of variance (ANOVA) was used to
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Table 1 Extraction Result of Various Clove Plant Pats

Sample Sample (g) Average of Extract (g) Average of %Yield
Buds 200 19.3+£0.04 9.65
Leaf 200 18.9+0.08 9.45
Stems 200 17.8+0.122 8.9
Data are the mean of three replicates, + Standard Deviation
£ * * *
£ 25= Bl Ampicillin
(]
g 20— } D Buds
N T ] Leaves
[*]
S 15+ | 1 Stems
2
=
£ 104 4
[T
o
| 5-
3
£
& 0= 1 T T
(a] 2.5% concentration 5% concentration 10% concentration

Concentration

Figure 2 Correlation between plant parts and antibacterial activity of its extracts (mean + SD, n = 3), significance levels are
conceived by stars: * = significant (P <0.05)

compare the antibacterial activities of individual extracts and
fractions, followed by the Tukey HSD test.

3 Results
3.1 Extracted Sample Yield

The quantification results for the extract weight and vyield
percentage are outlined in Table 1. The findings indicated that the
highest extract amount was obtained from clove buds (9.65%),
followed by the leaf (18.9%) and stem (17.8%) extract. However,
this difference was not significant (Table 1).

3.2 Antibacterial Assay of Clove Extracts

The disk diffusion method is commonly used to test the
antibacterial activity of plant extracts. This method measures the
diameter of the clear zone that forms around a sample after it has
been incubated with bacteria. Different plant extracts may inhibit
bacterial growth to varying degrees.

The study found that the bud extract of clove at a concentration of
10% showed the highest activity, with an inhibition zone diameter of
20.83 + 0.77 mm. This was followed by the clove leaf extract (16.38
+ 3.84 mm) and the stem extract (17.95 + 5.15 mm). The activity of
these extracts varied at different concentrations (Figure 2).

Different plant parts may possess different antibacterial potency.
Figure 3 shows the difference in the clear zone size of each plant
part of the clove. It can be observed that clove bud extract
possesses the widest clear zone compared to positive control
(ampicillin), stem extract, and leaf extract.

3.3 Liquid-liquid Extraction and Antimicrobial Assay of
Fractions

Out of the three tested extracts, the clove bud extract exhibited the
highest inhibitory activities and was thus selected for further
fractionation using the liquid-liquid extraction (LLE) method. This
process resulted in two fractions: water and hexane. Both fractions
underwent antibacterial assays to confirm their potency in inhibiting
the growth of S. mutans. The results of the antibacterial activity test
revealed a significant difference between the two fractions (p-value <
0.001), with the hexane fraction exhibiting the highest inhibitory
activity (23.70+3.22 mm). This indicates that the nonpolar
compounds in the clove bud have a strong activity in inhibiting the
growth of S. mutans. When the concentration of the hexane fraction
was increased from 2.5% to 5% and 10%, the diameter of the clear
zone also increased to 9.66 + 0.9 mm, 134 + 4.28 mm, and
20.83+0.77 mm, respectively. Figure 4 illustrates the significant
difference in antibacterial activity between each experiment.
Notably, at a concentration of 10%, the hexane fraction exhibited
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Inhibitory Activity of Clove Plant
Parts

2.5% concentration
of each sample

Inhibition
Zone of

A: Leaf

B: Stem

C: Bud

D: Negative

control
(DMSQO)

E: Positive
control

(Ampicilin)

Figure 3 Inhibition activities of different extracts against S. mutans
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Figure 4 Correlation between plant parts and antibacterial activity of its extracts (mean + SD, n = 3), the Significance grade obtained from
two-tailed t-tests are conceived by stars: * = significant (P <0.05), ** = highly significant (P <0.01), *** = very high significant (P <0.001).

higher activity compared to the water fraction and the positive
control (ampicillin) with p< 0.001 and p< 0.01, respectively.

3.4 Qualitative Screening of Phytochemical Compounds of
Clove Extracts and Fractions

The results of the phytochemical screening using TLC (thin-layer
chromatography) showed that the extracts and fractions contained
eugenol. This was indicated by a dark blue spot at a similar Rf

value with eugenol when observed at UV 254 (Figure 5). All
extracts and fractions contain eugenol with an Rf value of 0.8,
which aligns with the eugenol standard. This finding is supported
by Pathak et al. (2004), who reported that eugenol was detected
with TLC densitometry using toluene: ethyl acetate: formic acid
(3:2:0.4) with an Rf value of 0.77. However, in the hexane fraction
of clove bud extract, a prominent spot was observed under the
eugenol marker, indicating the presence of compounds other than
eugenol in the extract with high concentrations.
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Figure 5 Chromatogram of S. aromaticum plant part extracts: (a) eugenol, (b) hexane fraction of clove bud extract,
(c) clove leaf extract, (d) clove stem extract, (e) clove bud extract, (f) water fraction of clove bud extract

4 Discussion
4.1 Sample Extraction

This study used the maceration method to extract substances from
the cloves plant's buds, leaves and stems. Maceration is an
extraction process that dissolves plant substances into solvents. It
has several advantages: it is easy to do, requires simple equipment,
and can safely extract thermolabile compounds (Rasul 2018). The
early extraction process used 70% ethanol to obtain polar and
nonpolar compounds from clove plant parts (Sucipto et al. 2022).
Ethanol was chosen because it is self-preservative at a
concentration above 20%, nontoxic at low concentrations, and
requires minimal heat to concentrate the extract (Abubakar and
Haque 2020). Additionally, ethanol can prevent the growth of
fungi and bacteria in the extract and has an excellent performance
of diffusing into plant cell walls and dissolving almost all
phytochemical compounds (Utami and Putri 2020). Previous
research suggested that the eugenol content in clove extract with
ethanol was approximately 87.18%, higher than in clove extracted
with n-hexane solvent (76.30%). This study obtained the highest
extract yield (9.65%) from the clove bud. The percentage of extract
yield can be influenced by the extraction method and the timing of
harvesting plant parts (Sulaiman et al. 2015).

4.2 Antibacterial Assay of Clove Extracts

The clove bud extract exhibited the highest inhibition zone against
S. mutans growth at a concentration of 10%, with a diameter
exceeding 20 mm, indicating strong antibacterial activity. There

was a significant difference (p < 0.05) in the diameter of the
inhibition zone between ampicillin (used as the positive control)
and the clove bud extract, suggesting that the clove bud extract was
highly effective in inhibiting the growth of S. mutans bacteria and
could be a potential antibacterial agent. The positive control
showed a zone of inhibition of less than 14 mm, indicating that the
bacteria likely developed resistance to ampicillin (Clinical
Laboratory Standard Institute 2012).

While there was no significant difference in the clove plant part at
a concentration of 10%, a significant difference was observed
between the clove bud and leaf extract at a concentration of 5%.
Previous research has shown that 1% essential oil of clove leaf
possesses inhibition against S. mutans (22.1 £ 1.55 mm). Various
studies have reported that the clove bud of S. aromaticum has
antibacterial and antibiofilm activity against S. mutans. Gupta and
Prakash (2021) reported intense activity of clove flower extract
and clove oil (15-17 mm) against S. mutans. In another study,
clove bud extract inhibited the growth of multi-drug-resistant S.
mutans isolated from dental plaque, with an inhibition zone
diameter of > 20 mm (Gupta and Prakash 2021). Specifically, the
clove extract was reported to be able to damage the cell membrane
of S. mutans (Suhendar and Sogandi 2019).

4.3 Liquid-liquid Extraction and Antibacterial Assay of
Fractions

In this study, clove bud extract was fractionated using the liquid-
liquid extraction method and then subjected to an antibacterial
activity assay to determine whether the active compound was polar
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or nonpolar. The results showed that the compound of clove bud
dissolved in the hexane fraction had higher antibacterial activity
and was reported to be twice as high as ampicillin. Statistical
analysis showed that the hexane fraction significantly differs from
ampicillin (p < 0.05). Furthermore, the hexane fraction expresses
significantly different activity (p < 0.001) from the water extract.
In previous research, the hexane extract of Zanthoxylum piperitum
seed also expressed antibacterial activity against S. mutans with an
inhibitory zone of 15.6 mm. This is higher than the methanol and
ethyl acetate extracts, which had 11.6 mm and 13.2 mm,
respectively (Park et al. 2008). Based on phytochemical
compounds, the major phytochemical constituents of clove were
eugenol, eugenyl acetate, caryophyllene, and pyrogallol
(Hemalatha et al. 2016). In a review, Hiwandika et al. (2021)
reported that the hexane extract contains eugenol, eugenol acetate,
B-caryophyllene, and flavonoids. Furthermore, it has been reported
that eugenol inhibits the growth of S. mutans by preventing
bacterial adhesion and biofilm formation. Apart from eugenol, this
high activity could also be due to the presence of B-caryophyllene,
a nonpolar sesquiterpene compound, which has been reported to
have antibacterial activity against S. mutans (Pieri et al. 2016).

4.4 Qualitative Screening of Phytochemical Compounds of
Clove Extracts and Fractions

The thin layer chromatography method was used to qualitatively
analyze phytochemical compounds in clove extract and fractions.
It was found that all extracts and fractions contain eugenol, as
indicated by a spot with an Rf value of about 0.8, which
corresponds to the eugenol spot. This finding is consistent with the
results of Pathak et al. (2004), who detected eugenol using TLC
densitometry with toluene:ethyl acetate:formic acid (3:2:0.4) and
an Rf value of 0.77. Another study identified eugenol and f-
caryophyllene in clove acetonic and ethanolic extracts. The
different polarity of compounds in the extracts or fractions may
result in different spots being observed under UV light. This is due
to the flow rate of the spot along the silica plate being dependent
on the polarity of the compounds in the extracts or fractions and
the polarity of the eluent (Pathak et al. 2004; Hemalatha et al.
2016; Hiwandika et al. 2021; Mostafa et al. 2023).

Conclusion

According to the results of this study, it can be concluded that the
clove bud extract showed the highest inhibitory activity against S.
mutans (p < 0.05) compared to the leaf extract, stem extract, and
the positive control (ampicillin). Additionally, the activity of the
hexane and water fractions against S. mutans growth was
significantly different (p < 0.001). Clove bud is the best source of
antibacterial compounds against S. mutans. Fractionation of the
ethanol extract using hexane can substantially enhance its activity
more than ampicillin as the positive control. This suggests that the

Evary et al.

hexane fraction could be a promising source for treating diseases
caused by S. mutans infection.
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ABSTRACT

Chemical fertilizers have been extensively used for growing crops and controlling plant diseases, but
they pose potential hazards to the environment, soil health, plants, and people. The current world
situation highlights the need to implement eco-friendly agricultural practices for sustainable crop
production. Using environmentally friendly manure, such as biogas slurry, can help reduce the negative
effects of chemical fertilizers. Biogas slurry is an efficient waste material and organic fertilizer, making
it an ideal supplement for sustainable crop production and waste management. An experiment was
conducted at IARI, New Delhi, to explore the nutrient potential of biogas slurry. The main objective of
this study was to assess biogas slurry's physico-chemical characteristics and nutrient contents. Samples
of biogas slurry were collected in three replications and analyzed using standard methods for macro and
micronutrients. The data revealed that biogas slurry has a pH of 7.2-8.5, EC of 1.06 to 1.12 dS/m, and
organic carbon content of 41.7 to 45.8%. In terms of fertility, it contains significant amounts of nitrogen
(1.98-2.17%), phosphorus (0.97 to 1.15%), and potassium (1.98 to 2.17%). Additionally, biogas slurry
contains micronutrients such as Zn (0.023-0.027 ppm), Cu (0.005-0.009 ppm), Fe (0.32-0.38 ppm), and
Mn (0.089-0.094 ppm). Statistical analysis using ANOVA and Post Hoc tests indicated that the mean
data values among all three replications do not differ significantly. Therefore, it can be concluded that
the nutritive value of biogas slurry is sufficient to reduce the reliance on chemical fertilizers in
agriculture. It represents an optimal long-term organic remedy for developing fertile soil, ensuring
enduring agricultural productivity, and mitigating the negative environmental impacts associated with
waste management.
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1 Introduction

The agriculture sector plays a significant role in India's economy
and significantly impacts the country's GDP. According to the
Food and Agriculture Organization (FAO), there is projected to be
a 60% increase in the demand for agricultural commodities by
2030, with over 85% of this increase attributed to developing
economies (Mia and Shamsuddin 2010). The use of chemical
fertilizers has increased globally, leading to higher farm
productivity but also posing environmental challenges (Faheed and
Abd-El Fattah 2008; Thorat and More 2022). In India, the use of
chemical fertilizers significantly rose in the 1960s following the
introduction of high-yielding crop varieties. However, the
excessive use of chemical fertilizers can lead to soil degradation,
such as acidification and reduced fertility, impacting crop yields
over time (Yadav et al. 2023).

Nitrogen (N) fertilizers are the main source of N,O emissions from
agricultural soil, with the agricultural sector contributing 65-80%
of the world's N,O emissions (Ghosh et al. 2022; Mosier and
Kroeze 2000; IPCC 2007). Overusing nitrogen-based fertilizers
can lead to nitrate leaching, contaminating groundwater and
causing adverse effects on the ecosystem (Sharma et al. 2022).
This can result in nitrate and phosphate runoff from agricultural
fields, leading to eutrophication in nearby water bodies, harming
fish populations and posing health risks to humans and animals
(Agarwal et al. 2010; Rahman et al. 2008).

Inorganic fertilizers contain poisonous elements that plants
absorb, pass through to vegetables and grains, and enter the food
chain. This can result in financial losses and environmental harm
(Tirado and Allsopp 2012). Fertilizers include various heavy
metals such as lead, mercury, uranium, and cadmium, which can
severely damage the kidneys, lungs, and liver and, at higher
concentrations, can be a cause of cancer (WHO 1992). A higher
dose of potassium may cause kidney dysfunction, diabetes,
hypertension, heart disease, coronary artery disease, adrenal
insufficiency, and pre-existing hyperkalemia (APHA 1998).
Cadmium toxicity, known as "ltai-Itai", was first identified in
Japan in 1912. When associated with human tissues, cadmium
may cause harm, especially to kidneys, bones, and lungs.
Therefore, if chemical fertilizer is not handled properly, it can
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put farmers at risk for poisoning, and straw made from crops
fertilized with chemical fertilizer can cause animals to grow thin
(Berihu 2012).

The shift towards environmentally sustainable practices is crucial,
moving away from conventional methods and prioritizing organic
farming over chemical fertilizers to improve soil quality and
ecological well-being. Organic farming differs significantly from
chemical fertilizers by reducing nutrient loss, enhancing soil
fertility (Gattinger et al. 2012), lowering global warming potential
(Cavigelli et al. 2013), and increasing crop yields (Seufert et al.
2012). Organic residues are key to soil fertility (Ayuso et al. 1996).
While inorganic fertilizers contain higher levels of plant nutrients
than organic fertilizers, including organic fertilizers is essential for
improving soil fertility and agricultural productivity (Sanwal et al.
2007; Adeleye et al. 2010). Organic agriculture, a sustainable
farming method, has gained global interest, but specific challenges
must be addressed to expand these practices (Kumar et al. 2023).
The utilization of organic residues, especially biogas slurry (BGS),
may provide a potential solution (Malav et al. 2015) and serve as a
viable alternative to synthetic fertilizers for ecologically
sustainable agricultural practices (Tang et al. 2022).

Anaerobic digestion of crop residues and animal manure
produces biogas slurry, often used as a substitute to reduce
mineral fertilizer input (Sun et al. 2024). Cow dung (CD) is
commonly used as a feedstock for biogas production and a
source of BGS (Younessi et al. 2023). The discharge of biosolids
(BS) currently presents significant environmental challenges.
Therefore, it is crucial to explore alternative strategies for the
effective utilization of biosolids (Wang et al. 2023). Biogas
slurry, a byproduct of the anaerobic digestion of livestock
manure, is a highly efficient method for the management and
disposal of livestock manure and agricultural byproducts (Kang
et al. 2020; Ferdous et al. 2020; Liang et al. 2023; He et al.
2024). It contains significant nutrients compared to other organic
manures, such as farmyard manure (FYM) and composts (Table
1). Due to its high nutrient content, the use of biogas slurry as a
fertilizer has significantly increased in China and many other
Asian nations (Gupta et al. 2016). In India, the generation of
biogas slurry has increased, leading to significant environmental
disposal issues (Khan et al. 2015).

Table 1 Nutritional comparison of biogas slurry and other compost

Farmyard manure

Slurry Oven-dried slurry  Slurry compost Biogas effluent ~ Ordinary compost ~ Biogas sludge (FYM)
Nitrogen % 16-37 0.57-2.23 0.03-0.08 05-1.0 08-15 0.3-05
Phosphorus % 16-22 0.072-2.11 0.02 - 0.06 0.1-0.3 04-06 01-02
Potassium % 0.8-3.6 0.0-5.1 0.5-0.10 05-0.7 0.6 -0.12 05-07
. Vaidya Warnars and Meena and Yakout Bandyopadhyay
References Karki 2004 etal. 2007  Oppenoorth 2014  Biswas 2013 etal. 2014 et al. 2010

(Source: Mukhtiar et al.2024)
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The government of India has recently implemented substantial
measures to promote the utilization of biogas slurry as an organic
fertilizer. The livestock population in India is estimated to be
512.05 million (Dikshit and Pratap 2010). Each year, 76.8 million
tons of slurry and approximately 1.15 metric tons of nitrogen are
produced in India (Kumar et al. 2015). It has been estimated that
using slurry instead of chemical fertilizer can reduce nitrogen use
by around 8.78%, phosphorus use by about 11.01%, and potassium
use consumption by roughly 14% (Devarenjan et al. 2019). By
using biogas slurry, farmers can lower their production costs and
increase soil fertility and productivity while reducing the use of
chemical fertilizers.

Biogas slurry is a product of the anaerobic digestion of organic
material, primarily used for cooking, lighting, and running
machinery (Kamp and Forn 2016). It is a low-cost,
environmentally friendly, and safe option for people and animals
(Islam et al. 2016). According to Devarenjan et al. (2019), biogas
slurry consists of 93 percent water, 4.50 percent dry matter, and
2.50 percent inorganic matter. It contains significant levels of
macronutrients (N, P, K) and micronutrients (Zn, Mn, B) essential
for plant growth, making it a valuable source of organic fertilizer
(Alam 2006). The biogas slurry contains 1.50 percent nitrogen,
1.10 percent phosphorus, and 1.0 percent potassium. Additionally,
Vinh (2010) suggested that one cubic meter of biogas slurry
contains 0.16 to 1.05 kg of nitrogen, equivalent to 0.35 to 2.5 kg of
urea. The growth rate of crops can be significantly improved by
using biogas slurry (Ahmad and Jabeen 2009) and enhancing the
nutrient content in crops (Vishwakarma et al. 2023). Most research
has shown that using biogas slurry resulted in maximum crop
yields. For example, the anaerobic digestate from beef cows
increased nitrogen and phosphorus intake in barley fodder (Tang et
al. 2021). Jothi et al. (2023) also found a significant enhancement
in tomato yield and the number of fruits produced per plant when
they utilized biogas slurry obtained through an anaerobic digestion
process. Similarly, optimal rice and rapeseed production levels
were achieved by applying biogas slurry at 165.10 and 182.10 t

Figure 1 Biogas sllurfy sample collection and preparation

Nagdev et al.

ha™ (Zhang et al. 2022). Garg et al. (2005) reported an increase in
maize grain yields (6.21 Mg ha ~) and an enhancement of root
length density (1.10 cm cm ™) by using biogas slurry at the rate of
15 Mg ha *. Kumar et al. (2015) and Feng et al. (2024) reported
that biogas slurry can reduce chemical fertilizer use by 15% to
20%. These studies suggest that the efficient use of organic
fertilizers promotes economic development, improves agricultural
sustainability, and positively affects the environment by reducing
reliance on imported chemical fertilizers. This information was
gathered during a study conducted at the Indian Agricultural
Research Institute (IARI), New Delhi, to explore the benefits of
biogas slurry in agriculture and to estimate its physico-chemical
characteristics and nutrient contents.

2 Materials and Methods
2.1 Biogas sample collection, preparation and analysis

The experiment occurred at CESCRA, ICAR-Indian Agricultural
Research Institute (IARI) in New Delhi, India. Biogas slurry
samples were collected from biogas plants at the IFS Agronomy
Division of IARI farm in New Delhi. The collected samples, with a
volume of 1 L and containing between 92 and 93% water content,
underwent a 15-day sun-drying process. After drying, the samples
were crushed and sieved through a 2 mm sieve (Figure 1).
Subsequently, the biogas slurry was analyzed at the Laboratory of
CESCRA, ICAR-IARI, in New Delhi to determine various
parameters using standard methods (Table 2).

The biogas slurry samples were analyzed for their physicochemical
parameters. Each analysis was conducted in three replications. To
determine the total solids content in the biogas slurry, the samples
were subjected to oven drying at 105°C until a consistent weight
was achieved, and then the weight of the dried residue was
calculated. The pH and electrical conductivity are important for
characterizing biogas slurry, so they were measured in fresh
samples using a pH meter and an electrical conductivity meter.
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Table 2 Physico-chemical parameters and their estimation methods

Parameter Methods

Soil pH (1:2.5 soil: water)

Piper1966

Electrical conductivity (dS/m)

Jackson1967

Organic carbon (%)

Walkley and Black1934

Nitrogen (%)

Kjeldahl 1883

Phosphorus (%)

Vanado molybdate phosphoric yellow colour method,
Jackson 1973

Potassium (%)

Flame photometer method, Jackson 1973

Micronutrients (Zinc, Copper, Iron and Manganese)

Lindsay and Norvell 1978

Table 3 Physico-chemical characterization of biogas slurry

Nutrient content in biogas slurry

Parameters Total solids (%)
Range 5.2-6.5
Average + Stand. dev. 5.83+0.651
Parameters pH Electric conductivity (dS/m) Organic Carbon (%)
Range 7.2-8.5 1.06-1.12 41.7-45.8
Average + Stand. dev. 7.80 £0.656 1.09 +0.030 43.80 £2.052
Macronutrients (%)
Parameters Nitrogen Phosphorus Potassium
Range 1.98-2.17 0.99-1.15 0.91-1.16
Average + Stand. dev. 2.09£0.100 1.07 £ 0.091 1.03+0.126
Micronutrients (ppm)
Parameters Zinc Copper Iron Manganese
Range 0.023-0.027 0.005-0.009 0.32-0.38 0.089-0.094
Average + Stand. dev. 0.03 +0.002 0.01 +0.002 0.36+0.032 0.09 +0.003

2.2 Statistical analysis

The data obtained from three replications of biogas slurry were
analyzed using statistical methods. The statistical technique used
for this analysis was an analysis of variance (ANOVA) and a Post
Hoc test. These tests were used to identify any significant
differences between the means of the three replications (Zheng et
al. 2017; Xu et al. 2021). In this study, each parameter represents a
dependent group, and the replications of biogas slurry (R-1, R-II,
R-111) are the independent groups. The Null Hypothesis (Ho) in the
analysis of variance states that the means of the total composition
of biogas slurry for the three replications are equal, while the
Alternative Hypothesis (H1) states that at least one of the means is
different among all the replications.

3 Results and Discussion

3.1 Physico-chemical characteristics of biogas slurry

The biogas slurry samples were collected and taken to the
laboratory for analysis. The nutrient components of biogas slurry
can vary depending on factors such as the constituents of the
feedstock, efficiency of the digestion process, any additives or
treatments used, etc. The physico-chemical factors that determine
whether biogas slurry is suitable to use as manure for crops include
total solids, pH, electrical conductivity, organic carbon, nitrogen,
phosphorus, potassium, and micronutrients (such as Zn, Cu, Fe,
and Mn). Three replications of biogas slurry have been analyzed
for their physico-chemical properties (Table 3).
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3.1.1 Total solids

The amount of solid materials present in biogas slurry can vary
depending on the specific sample and the type of feedstock used in
biogas production and digestion. According to the current study,
the total solids content ranges from 5.2 to 6.5 percent (Figure 2).
These findings are consistent with the results reported by Barasa et
al. (2020), who indicated that a total solids concentration of 6 to 8
percent is beneficial for stabilizing anaerobic digestion processes.
Research on biogas production from bovine excreta has explored a
wide range of dilutions (2:1-1:19) and associated total solids
concentrations (ranging from 1% to 13.5%), as well as extremely
low total solids levels (TS < 4%) (Jeppu et al. 2022).

3.1.2 pH and Electric conductivity

Monitoring and controlling the pH of biogas slurry is crucial to
maintaining optimal conditions for the microbial activity
responsible for biogas production. However, this range can
fluctuate due to the specific conditions of the biogas reactor and

the quality of the feedstock being processed. The pH level in the
soil directly impacts the availability of the nutrients required for
plant growth. The data related to pH monitoring revealed that the
pH of the biogas slurry ranges from 7.2 to 8.5 (Figure 3). These
results are consistent with earlier findings that the pH value of
biogas slurry falls within the range of 7.69 to 8.29 (Malav et al.
2015; Naihui et al. 2023). Studies have indicated that different pH
levels can influence biogas production from bovine excreta, with a
pH of about 8.52, resulting in an alkaline condition (Bahira et al.
2018). Additionally, biogas slurry can neutralize acidic soils and
improve soil pH (Feng et al. 2024).

It is crucial to regularly monitor and manage the electrical
conductivity to maintain the stability and efficiency of biogas
production processes. The biogas slurry's electric conductivity
(EC) ranged from 1.06 to 1.12 dS/m, as shown in Figure 4. The
concentration of electric conductivity is dependent on the
concentrations of dissolved ions and salts. In a previous
experiment, Yadav et al. (2023) demonstrated that the electric
conductivity of biogas slurry ranged between 1.72 and 1.83.
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3.1.3 Organic carbon

The biogas slurry samples were analyzed for their organic carbon
content, crucial for determining their nutrient value and potential
use as a nutrient-rich fertilizer for agriculture or soil improvement.
The study showed that the biogas slurry contains approximately
41.7 to 45.8 percent organic carbon (Figure 5). Biogas slurry (BS)
is widely acknowledged as a significant source of organic matter
and essential nutrients for enriching soil organic carbon (Chen et
al. 2024).

The organic carbon in biogas slurry is crucial for maintaining
microorganism stability, which in turn sustains continuous
decomposition activity and enhances the nutritional dynamics of
the digestate.

3.1.4 Nitrogen, Phosphorus and potassium (NPK)

The anaerobic breakdown of cow excrement leads to elevated
levels of ammonium nitrogen while also increasing the durability

of organic compounds. However, this process also significantly
reduces the carbon-nitrogen ratio, leading to a higher presence of
Nitrogen (Gutser et al. 2005). Given the high costs associated with
phosphorus and potassium, which are important environmental
concerns, using bio-slurry as an alternative source is expected to
reduce agricultural production costs substantially. Data shows that
biogas slurry's nitrogen, phosphorus, and potassium content ranges
from 1.98 to 2.17 percent, 0.97 to 1.15 percent, and 0.91 to 1.16
percent, respectively (Figure 6). With its NPK content, biogas
slurry can be used as a nutrient-rich organic fertilizer due to its three
essential nutrients for plant growth. The current study indicates
slightly higher NPK values than those of Skrzypczak et al. (2023),
who reported approximately 2.55 percent nitrogen, 0.57 percent
phosphorus, and 1.77 percent potassium. Some research findings
suggest that the combined use of liquid bio-slurry (20.6 mha™) and
nitrogen (41 kg N ha™) has the potential to improve the physico-
chemical characteristics of soil (Musse et al. 2020). This study is
supported by research indicating that biogas slurry has a higher NPK
content than chemical fertilizers (Vishwakarma et al. 2023).
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3.1.5 Micronutrients

Plant growth is heavily dependent on micronutrients. Plants require
a precise balance of essential nutrients for optimal development
and productivity. As a result, the micronutrient content in biogas
slurry has been analyzed using AAS. The study data revealed that
the micronutrients zinc, copper, iron, and manganese range from
0.023-0.027 ppm, 0.005-0.009 ppm, 0.32-0.38 ppm, and 0.089-
0.094 ppm, respectively (Figure 7). Previous research has also
confirmed that biogas slurry provides a rich supply of
micronutrients essential for plant growth, including Zn, Cu, Fe,
and Mn (Liu et al. 2023). Malav et al. (2015) reported that biogas
slurry contains Zn (0.023 ppm), Cu (0.004 ppm), Fe (0.34 ppm),

and Mn (0.088 ppm). Therefore, the results of the current study are
consistent with those of these researchers.

3.2 Statistical analysis

3.2.1 Analysis of variance (ANOVA) among three replications
of biogas slurry

The results from the physicochemical analysis of three sets of
biogas slurry were statistically interpreted using the ANOVA
method. This statistical approach will help identify significant
differences in the parameter means across all three sets (Table 4).
The P value was greater than 0.05, indicating no significant
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Table 4 ANOVA test among three replications of biogas slurry
Sum of the squares df Mean of the square F Sig.
Between the Groups 1.770 2 0.885 0.005 0.995
Within the Groups 4983.173 30 166.106
Total 4984.943 32

Table 5 Post Hoc Tests among three replications of biogas slurry

95% Confidence Interval

Replications Mean Differences (1-J) Standard Errors Sig.
Lower Bound Upper Bound

R-1I -0.551364 5.495548 0.994 -14.09938 12.99665

i R-111 -0.391182 5.495548 0.997 -13.93920 13.15684
R-1 0.551364 5.495548 0.994 -12.99665 14.09938

Rl R-111 0.160182 5.495548 1.000 -13.38784 13.70820
R-1 0.391182 5.495548 0.997 -13.15684 13.93920

Rl R-111 -0.160182 5.495548 1.000 -13.70820 13.38784

difference between all three replications of biogas slurry. The
composition of parameters in each replication is equally impacted.
This study demonstrates that there is no significant difference
among the replications.

3.2.2 Comparison of replications of biogas slurry through Post
Hoc Test

The data from all three replications were analyzed using a post hoc
test to gain a better understanding of the differences among them.
This test is done after an ANOVA to compare the means of the
different replications and identify where the significant differences
are. After comparing the treatment replications, it was found that
there were no significant differences among the different
replications of biogas slurry (Table 5).

In this experiment, the biogas slurry was considered the dependent
variable, while the nutrients in the biogas slurry were treated as the
independent variable. The null hypothesis (Ho) suggests no
significant difference between the means of the replications, whereas
the alternative hypothesis (Hi) indicates that the means of at least one
replication significantly differ from the others. The means of the
three biogas slurry replications do not vary significantly, as indicated
by a P value greater than 0.05. The correlations among pH, electric
conductivity, organic carbon, nitrogen, phosphorus, potassium, and
micronutrients were positive and statistically significant. The results
of this investigation suggest that biogas slurry has the potential to be
an effective soil amendment compared to cow dung, as it can
regulate soil pH, enhance nutrient accessibility, and gradually release
phosphorus fertilizer according to specific plant requirements. The
nutrients in the biogas slurry were statistically insignificant (>0.05),
indicating that biogas slurry is a superior organic fertilizer for soil
amendment compared to other organic fertilizers. In addition to

significant amounts of organic matter, the biogas slurry under
investigation contains sufficient macro and micronutrients crucial for
plant development.

Conclusion

The study of biogas slurry in three replications showed that this
organic manure contains a significant amount of macro and
micronutrients. Statistical techniques such as ANOVA and Post
Hoc tests were used to validate these results. The results indicated
no significant difference in the mean values of any physico-
chemical parameters of the biogas slurry between the three
replications, with a P value larger than 0.05. This suggests that
biogas slurry can provide enough nutrients to reduce India's
reliance on chemical fertilizers, which benefits the country's
economy and ecology. Farmers are encouraged to incorporate
biogas slurry into their agricultural practices for environmentally
friendly crop development and sustained crop growth.
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ABSTRACT

Desalted anchovy bones (Engraulis encrasicolus) and argan cake are important sources of minerals and
animal proteins. The objective of this study was to analyze the respective consequences of their addition
to the diet of broiler chickens (Gallus gallus). Four groups, each containing 15 chickens, were organized
according to the following factorial scheme: four feed treatments (including a control group) x five
chickens per treatment x three repetitions (4x5x3). The groups were fed four different feed rations
containing varying proportions of desalted anchovy bones (DAB) and argan cake (AC): T
(0%DAB/0%AC), L01 (1%DAB/1%AC), L02 (2%DAB/2%AC), and L03 (3%DAB/3%AC). Results of
the study revealed a significant difference (p>0.05) in weight gain during the start and end of the study
for LO2 (2144.46g), which was higher compared to the control T (2140.56g). Regarding the feed
conversion ratio, L02 (1.54) was lower than the control T (1.65). Conversely, the other feed
combinations, including 1% (L01) and 3% (L03), negatively affected weight gain and feed conversion
ratio due to the addition of DAB and AC. From the results of the study, it can be concluded that at a low
rate of 2% (L02: 2%DAB/2%AC), both desalted anchovy bones and argan cake appear to be effective
substitutes for other fish meals and soybean cake in the diet of broiler chickens.
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Impact of Argan Cake and Desalted Anchovy Waste on the Productive Performance of Broiler Chickens

1 Introduction

Poultry production has grown significantly globally, increasing
from 101 million tonnes in 2014 to 133 million tonnes by 2021
(FAO 2021). The broiler poultry sector provides more than 98,000
direct and 225,000 indirect jobs (Abdelmajid et al. 2021). Poultry
meat production has experienced an annual growth rate of more
than 4% in recent years (Govoni et al. 2021). Poultry is one of the
most consumed animal products in the world and plays a crucial
role in guaranteeing food security and nutrition (Mottet and
Tempio 2017). Current estimates suggest that by 2025, poultry
meat production and consumption will surpass that of beef, pork,
and mutton (Belkhanchi et al. 2023). Global poultry meat
production is projected to reach 331 million tons by 2028
(Oladokun and Adewole 2020). The growing consumption of
poultry can be attributed to its affordability and accessibility as a
protein source (Belkhanchi et al. 2023). The poultry sector remains
crucial as a provider of high-quality proteins, vitamins, and
micronutrients essential for human consumption (Oladokun and
Adewole 2020). The increased production of white meat demands
a significant quantity of feed (Govoni et al. 2021).

Animal feed manufacturing has undergone  numerous
advancements, transitioning from simple manual formulations to
computerized formulations (Alhotan 2021). Animal feed
formulations are evidence to trace quality or address consumer
claims (Bouchand et al. 2020). Plant by-products are increasingly
considered nutrient-rich sources with useful compounds, offering
cost-effectiveness and versatility (Taarji et al. 2018). Argan cake
(Argania spinosa L.) is commonly used in the agri-food sector
(Mirpoor et al. 2022). In Morocco, argan cake is indispensable to
meet the protein requirements of livestock (Lakram et al. 2019).
The argan forest in Morocco covers approximately 800,000
hectares and contains over 20 million trees (Sinsin et al. 2020).
Meanwhile, argan oil production volume reached 5,640 tons in
2019 (MAMFRDWEF 2020), with exports experiencing a nearly
55% increase from 871 tons in 2012 to 1,348 tons in 2019
(MAMFRDWEF 2020). Traditionally, argan cake is used by the
Berber community to feed and warm livestock (Mechqgoq et al.
2022), including lambs (Moutik et al. 2021). Due to its nutritional
properties, the argan tree is highly valued (Koufan et al. 2020) but
rarely used in poultry feed. It is proposed that incorporating argan
cake could improve the quality of chicken meat while reducing
production costs (Boumendil et al. 2023). Therefore, it will be
used as an ingredient in our broiler chicken formulation.

On the other hand, desalted anchovy bones present a significant
mineral source that can also be repurposed as another ingredient in
innovative broiler chicken formulations (Boumendil et al. 2023).
National fishery production recorded a volume increase of more
than 10% compared to 2021 (Driouichi 2023), with anchovy being
one of the most frequently caught species worldwide (Fernandez et
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al. 2018). In-depth studies on the use of salted fish meal in poultry
have not yet been conducted (Hasan et al. 2019). These local
resources used in broiler chicken formulations are tested on three
groups with 1%, 2%, and 3% ratios.

The composition of poultry feed is determined by several factors,
including the nutritional needs of birds at different stages of their
lives, available ingredients, costs, and production goals
(Belkhanchi et al. 2023). The success of quality feed formulation
heavily depends on a good understanding of the physicochemical
characteristics of raw materials (Hertrampf and Piedad-Pascual
2012). It is necessary to know the chemical composition, physical
characteristics, and digestibility of ingredients used in animal feed.
However, the raw materials used for feed formulation depend on
the country or region and their potential (Brah et al. 2015). It is
recommended that each formulator build their database based on
available local or natural feed resources (Burel et al. 2000). The
number of nutrients to be considered for formulation varies. Still,
the most commonly used for formulation are metabolizable energy,
crude protein (Brah et al. 2015), amino acids (Sterling et al. 2005),
fatty acids, calcium, and phosphorus (Burel et al. 2000). The
maximum and minimum limits of each ingredient must be known
to avoid toxicity (Brah et al. 2015). Determining nutrient
requirements, including metabolizable energy, crude protein,
amino acids, calcium, and phosphorus of poultry feed, is essential
for its successful formulation (Belkhanchi et al. 2023). Further,
poorly adjusted feed formulation can negate the profit margin of
chicken production. It is thus necessary to optimize the feed
contents of each essential amino acid (methionine, lysine,
threonine, tryptophan) (Alagawany et al. 2021). This step involves
calculations to determine the combination of different ingredients
that cover the recommended needs for poultry.

Previously, formulation techniques such as empirical and manual
methods (Chiba 2009; Omidiora et al. 2013) were employed.
Mathematical programming techniques such as linear, nonlinear,
multiobjective, and quadratic programming are also employed
(Pefia et al. 2009; Heydari 2014; Brah et al. 2015). The objective
of this study was to meet the nutritional needs of broilers (Gallus
gallus) and improve production performance using local and
natural resources: desalted anchovy bones (E. encrasicolus) and
argan cake, following a profitable, practical, and less expensive
formulation.

2 Materials and Methods

The study was conducted on a certified farm located in the Tnine
Chtouka region, El Jadida province, Morocco (N°295
23/VV/09/EL/POU/Ch). Sixty (ROSS 308) broiler chickens (n =
60) were randomly divided into 4 groups according to a factorial
design: 4 dietary treatments (including a control group), 5 chickens
per treatment, and 3 repetitions (4x5x3). The chickens, selected
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from a hatchery at one day old with an initial weight of
approximately 40 grams, were fed with starter and grower feed.

The feed used as the control (T) was a commercial feed produced
by OMNIA INTAJ, which specializes in manufacturing compound
feed for poultry. The poultry houses had ventilation and lighting
systems provided by mesh-covered wall openings placed 60 cm
above the ground. Temperature and humidity were regularly
monitored to ensure an optimal environment for the chickens.
Nipple drinkers, brooders, and feeders were installed to provide the
chickens with ad libitum feeding and continuous access to drinking
water. Unconsumed feed was collected and weighed at regular
intervals.

The formulation of the diets was developed using the ALLIX?
software in collaboration with the CCPA GROUP, a French
company specializing in animal nutrition and health. The
experimental diets included standard components such as corn and
soybean meal, different levels of desalted anchovy bone waste
(DAB) and argan cake (AC). The feed rations prepared for the
experiment were control T (0% DAB/0% AC), LO1 (1% DAB/1%
AC), L02 (2% DAB/2% AC), and L03 (3% DAB/3% AC). The
chemical compositions of the DAB, AC, and the experimental
diets calculated in this study are presented in Tables 1 and 2.

Statistical analysis was performed using IBM SPSS.21 software.
Analysis of variance (ANOVA) was conducted to assess
zootechnical performance, and differences were considered
significant at p< 0.05.

Boumendil et al.
3 Results and Discussion

3.1 Composition of the Ingredients Used in This Study

The argan tree, Argania spinosa (L.) Skeels, is an endemic forest
species in Morocco, widely cultivated for the significant nutritional
qualities of its oil (Chakhchar et al. 2022). However, argan cake, a
by-product of oil extraction, remains underutilized by farmers
despite its nutrient richness. The biochemical composition of argan
cake, rich in protein, essential amino acids, and other nutritional
elements, makes it a valuable feed ingredient in poultry diets
(Lakram et al. 2019).

Broiler chicken farming has experienced significant growth, which
affects the birds' skeletal development and leads to leg disorders,
resulting in economic losses. Calcium and phosphorus are essential
components of chicken bones, and their presence in the diet is
crucial, with recommended amounts of 6 to 6.5 g/kg for calcium
and 2 to 3.5 g/kg for phosphate (Matuszewski et al. 2020).
Anchovy bones are considered an excellent source of organic
minerals, particularly calcium at 7.07% and phosphorus at 3.65%
(Table 1). Therefore, introducing anchovy bones into broiler
chicken diets could improve skeletal health and reduce economic
losses related to leg disorders (Savitri et al. 2021).

To evaluate their effectiveness as poultry feed, it is imperative to
conduct rigorous experimental studies to determine their impact on
poultry growth. The results of these studies will provide precise
recommendations regarding the optimal proportions of argan cake

Table 1 Chemical Composition of Various Ingredients Used in the Diets

Compositions Nutrients DAB AC

Crude protein (%) 34.50 39.50
Dry matter (%) 90.90 89.90
Total phosphorus (%) 03.65 00.65

Chemical (%)
Fat (%) 16.10 17.00
Ash (%) 24.80 04.00
Crude fiber (%) 00.00 17.20
Potassium(%) 01.20 01.00
Phosphorus(%) 03.65 00.65

Mineral (%)
Calcium (%) 07.07 00.50
Sodium chloride (%) 04.70 00.30
Digestible isoleucine (%) 01.33 00.98
Digestible lysine (%) 02.37 01.26

Amino acid (%)

Digestible threonine (%) 01.30 01.04
Digestible valine (%) 01.56 01.49

DAB: Desalted Anchovy Bones, AC: Argan cake
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(AC) and desalted anchovy bones (DAB) to include in broiler
chicken diets. The chemical compositions of AC and DAB used in
this study are presented in Table 1.

3.2 Formulation and Composition of the Experimental Diets

Formulation software is crucial to optimize the use of raw materials
and ensure better incorporation of new ingredients. In this study, a
linear program was deemed essential to formulate balanced diets
regarding essential nutrients, aiming to improve zootechnical
performance and reduce economic losses (Mallick et al. 2020). The
design of the feed formulas was carried out using the ALLIX 3
software, developed in collaboration with the CCPA GROUP, a
French company specializing in animal nutrition and health.

The formulation results highlighted the variations between the
different prepared diets, ensuring that these diets were isocaloric,
thereby emphasizing the importance of maintaining consistent
energy while optimizing ingredient combinations. Table 2 details
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the different feed compositions for each phase of broiler chicken
production (Gallus gallus).

This research indicates that the protein concentration increases
from 17.5% in the control group to 17.80% for L01, 19.32% for
L02, and 20.52% for LO3. In the starter phase, the protein
concentration is 20.8% in the control group, while it is 21.2%,
23%, and 23% for groups LO1, LO2, and LO3, respectively. The
increase in AC concentration in the diets can also raise the levels
of essential minerals, such as calcium, from 0.57% in the control
group to 0.62% in the three groups. Potassium levels, however, are
0.817% for LO1, 0.806% for L02, and 0.726% for L03, remaining
lower than the control group in the growth phase at 0.823%.

In summary, increasing the AC concentration appears to positively
impact protein concentration, while calcium levels increase and
potassium levels slightly decrease. Based on these observations, it
is possible that increasing the AC concentration has distinct effects
on the various nutrients present in the diets.

Table 2 Chemical composition of the diets

Period

Composition

Startup Composition

Crude protein (%) 20.80 21.20 23.00 23.00

Total phosphorus (%) 0.636 0.602 0.599 0.562

Chemical (%) Crude fat (%) 3.00 3.231 3.562 2.944

Ash (%) 5.981 5.806 6.149 6,061

5 Crude fiber (%) 4.829 3.063 3.238 2.573

g Calcium (%) 0.970 0.970 0.970 0.970
Mineral (%)

Sodium chloride (%) 0.150 0.150 0.150 0.150

Digestible lysine (%) 1.060 1.100 1.100 1.207

Aminoacid (%) Digestiblemethionine(%) 0.483 0.508 2.400 30.826

Digestible valine (%) 0.868 0.902 0.969 0.978

Crude protein (%) 17.50 17.801 19.321 20.527

Total phosphorus (%) 0.509 0.468 0.474 0.500

Chemicals (%) Crude fat (%) 3.044 2773 3.385 2.593

Ash (%) 4522 4.294 4561 4172

- Crude fiber (%) 4.299 3.437 3.861 2.451

é Calcium (%) 0.570 0.620 0.620 0.620

© Minerals (%) Potassium (%) 0.823 0.817 0.806 0.726

Sodium chloride (%) 0.162 0.140 0.140 0.140

Digestible lysine (%) 0.910 0.910 0.968 0.910

Amino acids (%) Digestible methionine (%) 0.408 0.401 0.385 0.382

Digestible valine (%) 0.717 0.735 0.814 0.840

T: 0% DAB/0% AC, L01:1% DAB/1% AC, L02: 2% DAB/2%AC, L03: 3% DAB3%AC
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3.3 Analysis of Broiler Chicken (Gallus gallus) Zootechnical
Performance

Broiler chickens were monitored for 35 days. Figures 1 (initial
stage of broilers) and 2 (growth stage of broilers) show the
progression of parameters (weight, weight gain, feed consumption,
and feed conversion ratio). The results of this study, illustrated by
Figure 1, show that the initial average weight of L03 (926.06 g) is
almost identical to that of the control group T (926.70 g), unlike
L01 (925.70 g), which is slightly lower. However, the average
weight of L02 (929.78 g) exceeds the standard value of T (926.70
g). On the 35th day (Figure 2), it was observed that the average
weight of chickens in LO1 (2137.58 g) and L03 (2137.23 g) was
lower than that of chickens in T (2140.56 g). In contrast, the
average weight of chickens in L02 at the end of the experiment
was higher (2144.46 g) than that of chickens in T (2140.56 g).
These results indicate that incorporating DAB and AC into broiler
chicken diets in a proportion of L02 (2% DAB/2% AC) can
increase chicken weight.

The results of this study show that the total feed consumption
during the starter phase varies from 1215.07 g to 1242.44 g. Feed
consumption ranges from 3386.05 g to 3443.97 g during the
growth phase. Chickens fed with LO1 (3386.05 g) and LO3
(3443.97 g) had the highest consumption compared to LO2
(3304.43 g), which was lower than the control group T (3333.30
g). These results suggest that chickens fed with the L02 diet can
grow normally compared to control chickens (T).

Weight
Weight (g)
10004 . T
800 wz 101
600+ = 02
” %% L03
- %
400 é
200 é
7
0
w2 w3 Time (Week)
Feed Intake
Weight (g)
15007
1000 Z wEE
7
Z %
Z
500 Z
i =7
o]

w3

Time (Week)

Boumendil et al.

Regarding the feed conversion ratio of the three studied groups,
L02 (1.54) has the lowest conversion ratio compared to L01 (1.58)
and LO3 (1.61) and is close to the standard T (1.56). These results
are positive, as the weight of L02 is higher than that of the control
group T, with a lower feed conversion ratio than the other two
diets (LO1 and L0O3).

The obtained results showed that a balanced diet with proteins,
essential amino acids, and minerals has a greater advantage in
achieving better results than diets with amounts below or above the
standards. This can be explained by further research conducted by
Aftab et al. (2006), showing that protein percentage is always closely
related to the composition of essential amino acids. The same
observation was made by Garcia Neto et al. (2000), who found that a
diet with 17% protein instead of 24% over 21 days led to a decline in
zootechnical performance. This observation is consistent with the
composition of our diets, as L02 has the best protein percentage in
the starter phase at 23% compared to the control group at 20.8% and
LO1 at 21.2%. Similarly, in the growth phase, L02's protein
percentage (19.32%) is higher than that of the control group and L01,
which have 17.05% and 17.8% protein percentages, respectively.
Following the recommendations of the producers of the strain used
in this investigation(ROSS308 2022), L02 remains within the
acceptable protein percentage range, as they recommend 22% in the
starter phase and 19-20% in the growth phase (ROSS308 2022).

On the other hand, the desalination method used for DAB allowed
the detoxification of argan cake from 4.56 to 0.4 mg/g (reduction
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Figure 1 Initial stage of broilers (G. gallus)
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Figure 2 Growth stage of broilers (G. gallus)

of antinutritional substances such as saponins)(Lakram et al. 2019).
The study of the physicochemical parameters of the by-products
and the method of preserving semi-finished fish bones also show
that our product meets the poultry needs according to the studied
parameters (Boumendil et al. 2019). Indeed, the analyses
conducted have demonstrated that our product meets the essential
nutritional criteria for poultry growth and health.

Conclusion

The results of this study show that chickens fed diets enriched with
AC and DAB at 1% (L01), 2% (L02), and 3% (L03) achieved
notable outcomes. The 1% (LO1) and 3% (LO3) ratios, however,
were negatively affected by the addition of DAB and AC, with the
average weights of LO1 (2137.58 g) and L03 (2137.23 g) being
lower than that of the control group T (2140.56 g). In contrast, L02
showed two positive outcomes: an average weight of 2144.46 g,
higher than T (2140.56 g), and a lower feed conversion ratio of
1.54 compared to the control group's ratio of 1.56. These results
suggest that LO2 chickens have better feed conversion efficiency,
indicating improved utilization of the nutrients in their diet. Based
on these findings, continuing studies exploring the effects of
different proportions of DAB and AC in broiler chicken diets
would be valuable. Further research could also focus on assessing
the nutritional quality of the produced meat.
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