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Abstract. Mohanty SK, Nayak Y, Sahoo L. 2024. Comprehensive phytochemical analysis of Momordica charantia ethanol extract:
Insights from Gas Chromatography-Mass Spectroscopy and in-silico ADMET studies. Asian J Agric 8: 1-9. The Momordica charantia
L. plant, also known as bitter gourd or bitter melon, is a crucial herbal remedy with a wide range of medicinal properties. It contains
various essential phytocompounds, which contribute to its anti-inflammatory, antioxidant, and neuroprotective. The study investigates
the phytochemical profile of M. charantia (bitter melon) ethanol extract using Gas Chromatography-Mass Spectrometry (GC-MS)
analysis, coupled with an in-silico ADMET assessment of the identified compounds. GC-MS analysis revealed a diverse range of
phytoconstituents, including bioactive compounds such as Vitamin E, gentisic acid, cucurbitacin B dihydro, and various fatty acid
esters, known for their potential therapeutic benefits. These compounds were further analysed using in-silico ADMET tools to predict
their pharmacokinetic & Physiochemistry profiles. The results indicated that the majority of the identified compounds possess
favourable ADMET properties, including good oral bioavailability and moderate toxicity levels, suggesting their potential as candidates
for drug development. However, certain compounds, such as cucurbitacin, dihydro, and gentesic acid exhibited potential toxicity,
necessitating careful consideration in therapeutic applications. The integration of GC-MS with in-silico ADMET analysis provides a
data of the pharmacological potential and safety of M. charantia ethanol extract, supporting its traditional use and encouraging further
exploration as a source of bioactive compounds for pharmaceutical development.

Keywords: Eco-toxicology, GC-MS analysis, in-silico ADMET, Momordica charantia
Abbreviations: ADMET: Absorption, Distribution, Metabolism, Excretion, and Toxicity, BBB: Blood-Brain Barrier, GC-MS: Gas

Chromatography-Mass Spectrometry, LogP: Logarithm of the partition coefficient (octanol-water), M.C: Momordica charantia, MS:
Mass Spectrometry, MW: Molecular Weight, PDB: Protein Data Bank, TPSA: Topological Polar Surface Area

INTRODUCTION

Momordica charantia L., commonly known as bitter
melon, is a tropical and subtropical vine belonging to the
family Cucurbitaceae (Zhang et al. 2016). This plant is
widely cultivated for its edible fruit, which is notably bitter
and is used both in culinary and traditional medicinal
practices across various cultures, particularly in Asia,
Africa, and the Caribbean (Cicek et al. 2022). The fruit,
leaves, seeds, and roots of M. charantia have been
extensively utilized in traditional medicine to treat a range
of ailments, including diabetes, gastrointestinal disorders,
and infections (Bortolotti et al. 2019). The ethno medicinal
significance of M. charantia has spurred scientific interest,
leading to numerous studies aimed at elucidating the
bioactive compounds responsible for its therapeutic effects
(Thakur et al. 2018).

The plant’s bioactive components include a variety of
phytochemicals, such as alkaloids, glycosides, flavonoids,
triterpenes, and phenolic acids (Saeed et al. 2018). These
compounds are known for their antioxidant, anti-
inflammatory, antidiabetic, and anticancer properties,
which contribute to the plant’s medicinal efficacy

(Bortolotti et al. 2019). Among these, phenolic compounds
and flavonoids are particularly noteworthy due to their
potent antioxidant activity, which plays a crucial role in
neutralizing free radicals and mitigating oxidative stress-
related diseases (Poolperm and Jiraungkoorskul 2017).

In recent years, the extraction and analysis of
phytochemicals from medicinal plants have gained
prominence, with ethanol emerging as a preferred solvent
due to its ability to efficiently extract a broad spectrum of
polar and non-polar compounds (Poolperm and
Jiraungkoorskul 2017). Ethanol extracts of M. charantia
have been the focus of several (Kim et al. 2018) studies
aiming to identify and quantify the phytochemicals present,
given the extract’s potential for pharmaceutical and
nutraceutical applications (Sorifa et al. 2017). The
identification of these compounds is commonly performed
using advanced analytical techniques such as Gas
Chromatography-Mass Spectrometry (GC-MS), which
allows for the separation, identification, and quantification
of volatile and semi-volatile compounds in complex
mixtures (Sun et al. 2021)

GC-MS is a powerful analytical tool that combines the
separation capabilities of gas chromatography with the
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detection power of mass spectrometry (Saeed et al. 2018).
This technique is particularly effective in the analysis of
plant extracts due to its high sensitivity, specificity, and
ability to analyze complex matrices (Barua et al. 2020).
The application of GC-MS in the phytochemical analysis of
M. charantia ethanol extract has revealed a diverse array of
bioactive compounds, including various fatty acids, sterols,
and essential oils. These compounds are known to possess
significant biological activities, which contribute to the
therapeutic potential of the plant (Stettin et al. 2020).

Over the past decade, research on M. charantia has
expanded significantly, driven by the growing interest in
natural products and the quest for novel therapeutic agents
(Mohanty and Nayak 2024). Bitter gourd, also known as M.
charantia, offers numerous health benefits and rich in
essential nutrients like Vitamins C and A, it also provides
powerful antioxidants that help combat oxidative stress and
support immune function. Additionally, bitter gourd's anti-
inflammatory and antimicrobial properties contribute to
improved digestive health and detoxification (Hussain et al.
2018).

Studies  demonstrated the rich  phytochemical
composition of M. charantia and its ethanol extract. For
instance, recent research has highlighted the presence of
key bioactive compounds such as charantin,
momordicoside, and various cucurbitane-type triterpenoids,
which are believed to be responsible for the plant’s
hypoglycemic and anticancer properties (Jia et al. 2017).
Furthermore, the antioxidant potential of M. charantia has
been extensively documented, with ethanol extracts
showing significant free radical scavenging activity, which
is attributed to the presence of phenolic compounds
(Cortez-Navarrete et al. 2021).

Despite the extensive use of M. charantia (bitter melon)
in traditional medicine for its diverse therapeutic
properties, there remains a significant gap in the
comprehensive phytochemical characterization of its
ethanol extract. While previous studies have identified
some bioactive compounds, a detailed analysis using
advanced techniques such as Gas Chromatography-Mass
Spectrometry (GC-MS) has been limited. Moreover, the
pharmacokinetic and toxicity profiles of these compounds,
crucial for understanding their potential therapeutic
applications, have not been thoroughly explored using in-
silico Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) modeling. Addressing these gaps is
critical to advancing the scientific understanding of M.
charantia and optimizing its use in pharmaceutical
applications.

The primary objective of this research is to perform a
comprehensive phytochemical analysis of M. charantia
ethanol extract using GC-MS to identify and quantify its
bioactive constituents. Additionally, the study aims to
predict the pharmacokinetic behavior and toxicity profiles
of the identified compounds through in-silico ADMET
analysis. This dual approach seeks to provide deeper
insights into the therapeutic potential of M. charantia,
facilitating its integration into modern medicinal practices
and guiding future research on its pharmacological
applications..

MATERIALS AND METHODS

Collection of plant materials

About 10 kg unripe fruits of bitter melon were
purchased from the market in Soul Souk Organic Farm
(www.soulsoak.com) in the month of October 2023,
verified by Department of Botany, Centurion University of
Technology and Management Bhubaneswar, Khordha,
District Odisha, India.

Chemical and reagents

All the chemicals and Reagent were purchased from
Sigma Aldrich and Heridity Bio-Academy, Bhubaneswar,
Odisha.

Preparation of plant extract

Ten kg of bitter melon fruit was washed, and then cut
into small slices, and then oven-dried at 50°C for a day. A
dried sample was pulverized to fine powder by an
electronic blender SR no-LAMK1WD184195, which was
kept at 4°C until usage. The pulverized powder (850 g) was
soaked in 90% Ethanol (1 L) and then extracted using a
Soxhlet extractor for 3 days until extraction was completed.
The Wattman No. 1 filter paper was used to filter the exract
and then the filtrate was evaporated by the rotary
evaporator (Yamato, Rotary Evaporator, model-RE 801,
Japan) at 190-220 rpm and 40-50°C for 24 hours under
reduced pressure to get the amorphous solid mass. The
extract yield was 12%. This crude extract was used for the
phytochemical investigation of secondary metabolites, and
GS-MS tests were carried out in triplicate (Nirupama et al.
2018).

Phytochemical screening

The fruit extract was subjected to preliminary
phytochemical screening by following methods as
described by Tupe et al. (2013).

Alkaloids

To screen the alkaloid: 1.0 mL extract was mixed with
5ml diluted hydrochloric, filtered on a steam bath and then
1.0 mL Mayer's reagent (CAS no- 56602-33-6) was added
to 1.0 mL of filtrate into a separate tube. The formation of a
cloudy, faint yellow colour confirmed the presence of
alkaloids

Steroids

The screening for the presence of steroids was carried
out by using M. Liebermann-Burchard's test .in this test 0.5
mL of extract was dissolved in 2.0 mL of acetic anhydride
(CAS n0-285977-80-2) 99% purity and cooled in ice, then
1.0 mL conc. H,SO, was added resulting in the formation
of a blue green ring that indicates the presence of steroids.

Tannins

A volume of 1.0 mL of the plant extract was mixed
with an equal volume of Ferric chloride (CAS no-7705-08-
0) 97% purity, resulting in to the formation of a reddish-
brown precipitate indicating the presence of tannins.
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Flavonoids

Screening of flavonoids was carried out by the Ferric
chloride test in the ethanolic fruit extract of M. charantia.
0.2 mL of the extract was added to 10% FeCls (CAS no-
7705-08-0) and was shaken vigourously. A woody
brownish precipitate formed indicating the presence of
flavonoids..

Saponins

A frothing test was carried out to determine the
presence of saponin in the fruit extract of M. charantia. In
the test, 0.2 mL of the extract was mixed with 5.0 mL of
distilled water and then shaken for 20 min. Formation and
persistence of foams was observed indicating the presence
of saponins.

Cardiac-glycoside

The cardiac-glycoside screening was done using Legal's
method. In this method 1.0 mL of the extract was dissolved
in 5.0 mL pyridine to which 2 drops of 2% Sodium
Nitroprusside (CAS no-13755-38-5) and 2 drops of 20%
NaOH was added. Appearance of deep red colour
appeared, gradually fading to brown, indicating the
presence of cardenolide.

Carbohydrate tests

Extract (1.0 mL) was added to 2.0 mL Fehling's
solution and boiled for 5 min. A red precipitate was
observed indicating the presence of reducing sugars; 1.0
mL extract was added to 2.0 mL Bradford's reagent and
boiled for 1 min resulting in to the formation of red
precipitate  indicating the presence of reducing
monosaccharides; 1.0 mL extract was added to 1.0 mL
Molisch's reagent and 1.0 mL conc. H,SO, was carefully
added. A reddish ring was observed indicating the presence
of carbohydrates.

Anthraquinones

The Borntrager's test screened the anthraquinone. 2.0 g
extract in 10 mL ethanol, steamed for 5 min and filtered,
2.0 mL filtrate was added to 2.0 mL chloroform, shaken
thoroughly. After 5 mins chloroform layer was taken off
and to it 5.0 mL of distilled water was added and then
shaken with 5.0 mL of dilute ammonia solution. Expected
red colour did not appear in ammonia upper phase
indicating the absence of anthraquinones.

GC-MS analysis method

The ethanol extract was subjected to GC-MS analysis
by SHIMADZU QP-2010 Gas-Gas-Chromatography-Mass
Spectroscopy. A fused silica column packed with Elite-5
ms, 5% Diphnvl, 95% Dimethyl polysiloxane (CAS no-
63148-68-9), 30 mm x 0.25 mm x 0.25 um separated the
components. Separation of components was carried out
with helium as the carrier gas at a constant flow of 1
mL/minutes. The sample extract of 2 pL is injected into the
instrument. It was detected by the turbo gold mass detector
with the aid of the Turbo mass 5.2 software. The oven was
maintained at a temperature of 70°C with 2 min holding.
The temperature of the injector was 280°C. The line inlet

was at 260°C, while the source temperature was at 200°C.
Mass spectra were collected at 70 eV, scan interval of 0 S,
and fragment from 45-450 Da. The Mass Spectroscopy
(MS) was scanned in 36 min. The interpretation on mass
spectrum GCMS is based on the database of National
Institute standard and technology, NIST, with more than
62,000 patterns.

Ligand preparation and filtration

Bioactive phytocompounds from M. charantia were
collected from GC-MS analysis of ethanolic extract. The
3D structures of these chemicals were retrieved from the
PubChem database. Using Discovery Studio 4.0's "prepare
ligand" protocol, the ligands were cleaned, their 3D
coordinates computed, and conformations were generated.
These compounds were then filtered based on their
molecular characteristics using Lipinski's "rule of five,"
which assesses bioavailability. This rule states that
compounds should have a molecular mass of less than 500
daltons, no more than 5 hydrogen bond donors, no more
than 10 hydrogen bond acceptors, and a log P (octanol-
water partition coefficient) not greater than 5 (Lipinski
2004).

Drug-likeness property

Drug-likeness is a qualitative seed in drug design to
assess a compound's potential as a drug based on its
molecular properties affecting Absorption, Distribution,
Metabolism, Excretion, and Toxicity (ADMET) (Chan et
al. 2010). These properties are critical, as they account for
nearly 60% of drug failures during clinical phases (Zhang
et al. 2023). Therefore, predicting ADMET characteristics
analysis by “Swiss-ADME” software (Daina et al. 2017) is
essential for discovering new treatments. The compounds
were analyzed for their ADMET properties to ensure they
are quickly absorbed, delivered to their intended site of
action, do not transform into harmful metabolites, and are
efficiently excreted from the body. This analysis helps in
identifying drug-like candidates suitable for further
development.

RESULTS AND DISCUSSION

GC-MS profiling

Phytochemical screening-based test results of the
Ethanolic fruit extract of M. charantia are presented in
Table 1 and Figure 2. The results show the presence of
alkaloids, tannins, steroids, flavonoids, saponins,
phlorotannins, cardiac glycosides, and carbohydrates, while
it does not show the presence of anthraquinones. Table 2
shows the various compounds present in the plant, as
identified by the GC-MS analysis. The major compound
present in the Ethanolic fruit extract of M. charantia as
identified by GCMS was gentisic acid with RT 16.544 and
8.406% relative peak area. The structure of gentisic acid
was given in Figure 1, molecular formula as C7HgO4, molar
mass as 150.12 g/mol and biologically active as antioxidant
(Table 3). Also, results from the fruit extract of M.
charantia identified other compounds such as Vitamin E,
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1- Pentadecyne, Cucurbitacin B Dihydro, Cis-9-
hexadecenal, = Hexadecanoic acid, methyl ester,
Pentadecanoic acid, 14- methyl-, methyl ester, B-sit.
In silico Swiss ADME analysis

The integration of ADMET profiling with

phytochemical analysis provides a robust framework for
evaluating the therapeutic potential of bioactive
compounds. While Gas Chromatography-Mass
Spectroscopy (GC-MS) identifies the chemical constituents
of M. charantia, ADMET analysis offers crucial insights
into the pharmacokinetics and safety of these compounds,
bridging the gap between in vitro findings and potential
clinical applications.

ADMET profiling allows for a comprehensive
understanding of how compounds are absorbed in the body,
distributed through tissues, metabolized by liver enzymes,
excreted, and whether they possess any toxic effects. In
silico ADMET studies are highly significant in this context,
as they provide predictive data on the bioavailability and
safety of compounds prior to in vivo experimentation.
These predictions are critical for the rational design of
future pharmacological studies and drug development
processes. For instance, compounds that exhibit poor
absorption or high toxicity can be flagged early, saving
time and resources in the drug discovery pipeline.

In this particular study, ADMET analysis offers
invaluable  insights into  how the  bioactive
phytoconstituents of M. charantia behave within biological
systems. By simulating interactions with human
physiological pathways, this approach reveals whether
these compounds can effectively reach therapeutic
concentrations in the body, whether they are likely to
accumulate in specific tissues, and how they are
metabolized into active or inactive forms. The toxicity
assessment aspect of ADMET also helps in identifying safe
dosage ranges, which is crucial for avoiding adverse effects
in future preclinical and clinical trials.

The integration of ADMET with phytochemical
analysis not only underscores the therapeutic relevance of

the compounds but also ensures that only those with
favorable pharmacokinetic and toxicity profiles are pursued
further. This approach maximizes the potential for safe,
efficacious use of M. charantia in treating various ailments.

Table 1. The phytochemical screening of Momordica charantia

Phytochemicals Result

Alkaloids +
Steroids

Tannins

Flavonoids
Saponins

Cardiac- glycosides
Carbohydrates
Phlobatinins
Anthraquinone -

+ + + + + + +

Table 3. Properties of gentisic acid

Properties Given as

C7HeO4
150.12 g/mol Antioxidan

Molecular formula Molar mass
Biological property

OH

Figure 1. Structure of gentisic acid

Table 2. The list of chemical compounds from Momordica charantia fruit ethanolic extract

Components R.T". (minutes) % Relative area peak
Vitamin E 14.698 0.331
Gentisic acid 16.544 8.406
1- pentadecyne 17.034 4.976
Cucurbitacin B Dihydro 18.498 1.674
Cis-9-hexadecenal 20.295 5.082
Hexadecanoic acid, methyl ester 20.683 ND
Pentadecanoic acid14-methyl-, methyl ester 21.713 ND
B-sitoserol 21.838 0.618
Stigmasterol 24.811 2.653
Oleic acid 25.156 ND
Stigmastan-3-ol 25.965 0.928
Ethyl-4,5-dimethyl-Phenol 26.565 ND
Linoleic acid 27.355 ND




Table 4. Prediction of the physiochemistry of a few chemicals found in M. charantia

Hydrogen Bond Hydrogen Total Polar Estimated

Molecular Fraction Rotational Metabolic - Lipophilicity
Compound Formula weight Csp3 Bond(RB) A(cheBpX())r Bo?l(_j'EI;:)[c)); or Ratio(MR) S“E?;ggrea sgl;gtglll_t)y Conseco Log p

Vitamin E CsHsO2 117.13 g/mol 0.50 0 2 1 30.14 37.30 Az Soluble 1.38
Gentisic acid C7HeOs4 275.33 g/mol 1.00 9 0 0 59.80 0.00 Az Moderate soluble 5.82
1- pentadecyne CasHzs 201.39 g/mol 1.00 11 0 0 69.41 0.00 A2 Moderate soluble 4.23
Cucurbitacin Cs2H160s8 250.49 g/mol 1.00 15 0 0 88.64 0.00 A2 Poorly soluble 4.23
DihydroCis-9- C32HesNO3 132.42 g/mol 0.45 4 4 1 99.73 45,59 A2 Moderate soluble 4.36
hexadecenal

Hexadecanoic acid, CigH3302 186.45 g/mol 0.50 5 1 1 94.67 20.23 Az Soluble 3.89
Pentadecanoic C15H3002 196.65 g/mol 0.71 5 1 1 129.37 20.23 A2 Moderate soluble 3.00

acid14-methyl-

Note: -shows Fraction Csp3<0.25, permissible range: & It; 500 g/mol Acceptable ranges for HBA and HBD are <10 and <5, respectively, for hydrogen bond acceptors and donors. ESOL stands
for water solubility, Log p for high lipophilicity (recommended range: <5), Molar Refractivity (MR): 40 to 130 is the acceptable range. Topological polar surface area or TPSA

Table 5. Prediction of the pharmacokinetics of pharmacophores obtained from M. charantia

Gastrointestinal  Blood-Brain Barrier  P-glycoprotein Cytochrome  Cytochrome  Cytochrome  Cytochrome  Cytochrome

Compound Absorption Permeability Substrate (CYP1A2) (CYP2C19) (CYP2C9) (CYP2D6) (CYP3A4) Log Kp
(GIA) (BBB P) (P-gpS) Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor

Vitamin E High Yes No No No No No No -6.76 cm/s
Gentisic acid Low No No Yes No No No No -6.01 cm/s
1- pentadecyne Low No No Yes No No No No -2.40 cm/s
Cucurbitacin B Dihydro Low No No Yes No No No No -1.20 cm/s
Cis-9-hexadecenal High Yes No No No No Yes No -4.23 cm/s
Hexadecanoic acid, High Yes No Yes No Yes No No -3.01 cm/s
methyl ester

Pentadecanoic acid14- Low No No No No Yes No No -1.45 cm/s

methyl-, methyl ester
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Figure 2. The GC-MS graph of ethanolic extract of Momordica charantia fruit

Physicochemical properties

Developing a potential drug candidate requires careful
consideration of ethical and physicochemical parameters,
which are crucial for Absorption, Distribution, Metabolism,
and Excretion (ADME). These parameters also impact
other stages in the drug development process. It is essential
to assess how a drug will interact with living organisms,
identifying  desirable and  undesirable  molecular
characteristics.

The molecular weights of all compounds were found to
be under 500 g/mol, as shown in Table 4. Each compound
had no more than ten rotatable bonds, and their molar
refractivity ranged from 40 to 130, also detailed in Table 4.
Topological Polar Surface Area (TPSA) is another critical
factor related to drug bioavailability; compounds that are
highly orally bioavailable and passively absorbed typically
have a TPSA of less than 75 A2 (Johari et al. 2019).
According to Table 4, all selected compounds are polar,
with Vitamin E having the lowest TPSA value. The TPSA
values ranged from 29.54 A2 to 71.69 A2 indicating
potential for good oral bioavailability.

All seven compounds in Table 4 showed good to
moderate water solubility, supporting effective oral
absorption, with Log S/Log P values ranging 5.82. While
most compounds were very soluble, gentisic acid were
soluble, and the remaining compounds were moderately
soluble.

This analysis indicates that the selected phyto-
compounds from M. charantia exhibit favourable
physicochemical properties and ADME profiles, supporting
their potential as effective drug candidates for Anti-
diabetic, anti-inflammatory like properties is showing.

Pharmacokinetics properties

Pharmacokinetics involves the study of drug disposition
within the body, including parameters such as volume of
distribution,  elimination  half-life,  clearance, and
bioavailability. Bioavailability is the proportion of a drug
that reaches the bloodstream after administration,
expressed as a percentage. It also informs the frequency
and duration of drug administration. Cytochrome P450
(CYP) superfamily enzymes play a significant role in drug
metabolism, except for those that can induce transporters.
The permeability of a compound across cell membranes is
another crucial factor, which can be indicated by its
partition coefficient (Kp). A higher Kp value (cm/s)
signifies lower membrane permeability.

Discussion

ADMET profiles and physicochemical properties of
these compounds underscore the importance of
understanding solubility, bioavailability, and toxicity in the
development of effective therapeutic agents. Vitamin E, a
lipid-soluble antioxidant, exhibits good oral bioavailability
due to its hydrophobic nature, although its high molecular
weight may limit aqueous solubility and influence its
absorption. Gentisic acid, on the other hand, is a small
polar molecule with moderate aqueous solubility, likely
leading to good absorption, though its polarity may restrict
its distribution across lipid membranes. This compound’s
structural similarity to salicylic acid suggests potential anti-
inflammatory and antioxidant activities.

1-Pentadecyne, a long-chain alkyne, is highly
hydrophobic, which may allow for good absorption through
lipid membranes, but its poor water solubility could limit
overall bioavailability. The compound’s potential
antimicrobial properties warrant further investigation,
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though its medicinal chemistry remains underexplored.
Cucurbitacin B dihydro, a highly hydrophaobic triterpenoid,
presents challenges in oral administration due to poor
solubility but holds promise in anti-cancer therapy.
However, its potent biological activity raises concerns
about toxicity, emphasizing the need for careful dosing
strategies.

Cis-9-hexadecenal, an unsaturated aldehyde, shows
moderate absorption and distribution, particularly in lipid-
rich tissues, with its reactive aldehyde group influencing
metabolism and excretion pathways. Although primarily
studied in the context of flavoring and pheromone research,
its therapeutic applications are not well established.
Hexadecanoic acid methyl ester and pentadecanoic acid 14-
methyl, methyl ester, both highly hydrophobic esters, are
expected to be we Il absorbed but face challenges in
bioavailability due to poor solubility.

This is based on the presumption that within the fruit of
M. charantia lies a diverse group of biologically active
chemical constituents; hence, a detail phytochemical
screening and GC-MS analysis is done. The present
investigation of phytochemical screening of ethanolic
extracts of MC fruits showed the presence of alkaloids,
steroids, flavonoids, tannins, saponins, cardiac glycosides,
phlorotannins, carbohydrates, and terpenoids. GCMS
analysis confirmed the presence of Vitamin E, gentisic
acid, Stigma sterol, p-sitosterol, and cucurbitacin B, which
are important medicinal compounds. All those compounds
are secondary metabolites and among the important
constituents of medicinal plants. It has been reported that
secondary metabolites of plants exert a wide range of
biochemical activities on  physiological  systems.
Elsewhere, it was reported that the alkaloids, saponins,
glycosides and phenolic constituents are present in M.
charantia.

Apart from Vitamin E, gentisic acid has been also
known as an antioxidant agent acting as free radicals
terminators. gentisic acid is, hence, a pharmaceutical
important compound under physiological functions.
Cucurbitacin B, which exerts ant proliferative activity
against breast cancer, glioblastoma multiform, and myeloid
leukemia cells, was also found. According to Subha et al.
(2021), Saponins are natural surfactants. Saponins are
steroid glycosides with an amphipathic characteristic, a
foaming feature, and strong biological activity. They also
possess fungicidal and bactericidal activities. Flavonoids
are polyphenol compounds, widely distributed in plants and
acting as secondary metabolites, presenting antioxidant
activity. This offers protection against the damage in blood
vessels, reducing the risk of cardiovascular diseases, cancer
prevention, and the improvement of the immune system.
The analysis also revealed the possible anticancer
properties of M. charantia, due to the presence of
cucurbitane-type triterpenoids.

In this study, gentisic acid was identified as a
significant phytocomponents of M. charantia ethanol
extract through comprehensive GC-MS analysis. Gentisic
acid, a known phenolic compound, is recognized for its
potent antioxidant and anti-inflammatory properties. The
presence of this compound within M. charantia adds to the

plant's pharmacological profile, offering insights into its
traditional use in managing various ailments, particularly
those related to oxidative stress and inflammation.
Absorption, distribution, metabolism, excretion, and other
stages of the drug development process are significantly
influenced by the physicochemical characteristics and
ethical considerations of created prospective therapeutic
candidates. It is crucial to assess the ways in which
medicine will interact with biological systems and to
consider the aspects of these disciplines that a molecule
should have and those that it should not have. As seen in
Table 4, the molecular weight of every molecule showed a
value that satisfied the necessary <500 g/mol criteria. Each
chemical under investigation has less than 10 rotatable
bonds. Additionally, Table 4 illustrates that the compounds'
molar refractivity values range from 40 to 130. TPSA
clarified yet another crucial element pertaining to the drug's
bioavailability. TPSA of less than 140 A2 is exhibited by
highly oral accessible and passively absorbed compounds
(Johari et al. 2019). As can be seen in Table 4, every
chemical that was chosen is polar; Vitamin E has the
lowest TPSA value, with values ranging from 0.00 A2 to
4559 A2, Whereas gentisic acid shows high TPSA value,
ranging from 0.00 A2 to 59.80 A2 All seven of the
compounds in Table 4, with Log p values ranging from
1.38 to 5.82, have good to moderate water solubility and
may be useful for oral adsorption. While gentisic acid, 1-
Pentadecyne, DihydroCis-9-hexadecenal, and
Pentadecanoic acidl4-methyl- are moderately soluble,
cucurbitacin is poorly soluble. Vitamin E and hexadecanoic
acid are soluble.

The identification of gentisic acid, along with other
bioactive compounds, is supported by recent research
findings that have highlighted its strong antioxidant, anti-
inflammatory, and neuroprotective activities. Comparing
the current findings with recent reports reveals its distinct
advantages over other phytochemicals in terms of both
efficacy and safety.

A study by Paredes-Lopez et al. (2018) confirmed the
potent antioxidant properties of gentisic acid, which can
effectively neutralize free radicals and protect against
oxidative stress-related damage. When compared to other
well-known antioxidants such as quercetin and Vitamin C,
gentisic acid demonstrated comparable or superior activity
in reducing oxidative stress markers. Its dual function as
both an antioxidant and an anti-inflammatory agent makes
it particularly valuable in addressing chronic diseases
linked to inflammation and oxidative damage, such as
neurodegenerative disorders and cardiovascular diseases
(Sarkar et al. 2020).

In comparison with other phytochemicals identified in
this study, such as quercetin and quinine, gentisic acid
presents a unique profile. Quercetin, a flavonoid, is widely
recognized for its antioxidant and anti-inflammatory
activities but often suffers from poor bioavailability,
limiting its clinical effectiveness (Aherne and O'Brien
2002). In contrast, in-silico ADMET analysis for gentisic
acid revealed favorable pharmacokinetic properties,
including high gastrointestinal absorption (GIA) and good
blood-brain barrier permeability (BBB P), making it a more
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viable candidate for oral administration and
neuroprotective applications. Moreover, gentisic acid’s
solubility and low molecular weight provide better
metabolic clearance, reducing potential toxicity risks, as
highlighted in a recent study by Deepa et al. (2021). When
compared to quinine, gentisic acid offers a broader
therapeutic scope. While quinine has well-established
antimalarial properties, its use is limited due to concerns
about side effects such as cardiac arrhythmias and drug
interactions (Pukrittayakamee et al. 2018). Gentisic acid,
on the other hand, exhibits a much safer toxicity profile
with fewer adverse effects, even at higher doses, as
demonstrated in recent toxicity screenings (Pradhan et al.
2022). Additionally, its ability to act as a free radical
scavenger enhances its potential in treating a wide range of
conditions, from inflammation to oxidative stress-induced
cell damage.

In summary, gentisic acid stands out as a promising
phytochemical with superior ADMET characteristics,
antioxidant efficacy, and safety profile when compared to
other bioactive compounds in M. charantia. The results
from this study align with and expand upon recent research,
underscoring gentisic acid’s potential for therapeutic
applications in chronic diseases.

In  conclusion, the study investigates the
physicochemical properties of M. charantia fruit, focusing
on its solubility, bioavailability, and toxicity. It reveals that
Vitamin E, gentisic acid, Stigma sterol, p-sitosterol, and
cucurbitacin B are important medicinal compounds. The
phytochemical screening and GC-MS analysis of the
ethanolic fruit extract of M. charantia revealed various
compounds.  Gentisic acid, an antioxidant, has
physiological functions, while Cucurbitacin B has ant
proliferative activity against breast cancer, glioblastoma
multiform, and myeloid leukemia cells. Saponins are
natural surfactants with strong biological activity. The
comprehensive phytochemical analysis of M. charantia
ethanol extract using Gas Chromatography-Mass
Spectroscopy (GC-MS) and subsequent in-silico ADMET
studies highlighted gentisic acid as a significant
phytocomponents. The identification of gentisic acid within
the extract underscores its potential therapeutic value,
given its well-documented anti-inflammatory, antioxidant,
and analgesic properties. The in-silico ADMET profiling
further corroborated the suitability of gentisic acid for drug
development,  demonstrating  favourable = ADMET
characteristics. These findings suggest that gentisic acid
contributes substantially to the pharmacological effects of
M. charantia and warrants further investigation for its role
in therapeutic applications, particularly in the context of
chronic inflammatory and oxidative stress-related diseases.
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Abstract. Islam MT, Bhuyan MY, Das N, Jahan N, Rahman MM, Jewel MAH, Adham AKM. 2024. Optimizing raised bed dimensions for
enhanced maize yield, water footprint reduction, and improved soil moisture dynamics under furrow irrigation. Asian J Agric 8: 10-22.
Effective water management is crucial for sustainable agriculture, especially in regions facing water scarcity. This study examines the
impact of different Raised Bed (RB) dimensions on maize (Zea mays L.) yield, Water Footprint (WF), and soil water content under
furrow irrigation, with a focus on water conservation. The experiment, conducted at Bangladesh Agricultural University, Bangladesh,
utilized a randomized complete block design featuring four irrigation treatments: the Conventional Method (CM) and three RB
configurations with widths of 25 cm, 65 cm, and 110 cm. The RB65 treatment significantly improved maize yield, achieving 13.1+1.4
t/ha compared to 9.89+1.11 t/ha with CM. Additionally, RB65 peaked in water productivity, reducing irrigation water use by 37.72%,
highlighting its potential for water conservation. Soil moisture retention was consistently higher across all RB treatments, with RB65
showing the greatest retention at depths up to 80 c¢cm. It also recorded the lowest green WF (88.6+£10.07 I/kg) and blue WF (12.63+1.43
I/kg), resulting in the lowest total WF (101.22+11.50 I/kg). These findings suggest that RB systems, particularly the 65 cm
configuration, optimize water usage and enhance maize productivity, making it a viable strategy for resource management in water-
limited areas. The study recommends adopting the RB65 configuration to maximize water efficiency and crop yields, contributing to
food security and sustainable agricultural practices. However, these results are based on specific geographical and climatic conditions,
limiting their generalizability to other regions or crops. Future research should explore long-term studies across diverse agro-ecological
zones and examine various crops to validate the broader utility of the RB65 configuration.

Keywords: Maize yield, raised bed irrigation, soil water content, sustainable agriculture, water footprint, water management

INTRODUCTION

Water is undeniably crucial for the agricultural
industry, serving as the foundation of food production.
Agriculture, as the largest user of global water resources,
accounts for approximately 70% of freshwater
withdrawals, primarily for irrigation (Jeong and Zhang
2020). This heavy reliance places agriculture at the heart of
global water scarcity challenges. While essential for food
production, conventional agricultural practices, particularly
inefficient irrigation methods, contribute significantly to
water depletion, exacerbating the very scarcity upon which
agriculture depends (Roushan et al. 2023). Among surface
irrigation  technologies, furrow irrigation is the most
prevalent due to its simplicity and cost-effectiveness. It is
widely used in water-stressed regions, such as arid and
semi-arid areas, where water management is critical (Akbar
et al. 2016; Mekonnen et al. 2020). Studies in Egypt and
South Asia demonstrate that furrow irrigation can reduce
water use while maintaining or improving crop yields for
staple crops like maize and wheat (Sarker et al. 2020;
Ismail et al. 2021; Yigezu et al. 2021). However, despite its
popularity, furrow irrigation is associated with

inefficiencies such as deep percolation and runoff, leading
to significant water loss (Setu et al. 2023). Thus,
optimizing these systems is vital for sustainable water
management.

The adoption of improved water-saving agricultural
practices, such as enhanced furrow irrigation and Raised
Bed (RB) systems, can have profound socioeconomic
impacts. These methods not only conserve water but also
increase crop yields, thereby promoting food security and
offering economic benefits to smallholder farmers,
especially in developing countries like Bangladesh, where
water scarcity limits agricultural potential (Sarker et al.
2020). Additionally, water-efficient practices reduce
production costs, increase labor efficiency, and enhance
resilience to climate variability, ultimately improving the
livelihoods of rural communities (Yigezu et al. 2021). By
boosting irrigation  efficiency, these technologies
significantly enhance water productivity and enable better
resource management across agricultural systems (Islam et
al. 2022; Rahman et al. 2022). Notably, 97.8% of farmers'
fields are irrigated using surface methods, underscoring the
widespread dependence on traditional systems, despite
their water loss issues (Setu et al. 2023). Therefore, more
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efficient practices like improved furrow irrigation are
critical to addressing these inefficiencies and supporting
sustainable agriculture.

Maize (Zea mays L.), one of the most widely cultivated
crops, is crucial for global food security (Das et al. 2018;
Tizhe et al. 2023; Diri and Kedoneojo 2024). However,
climate-related shocks have caused a 3.8% decline in maize
yields in recent decades, with projections of a 24%
decrease by the end of the 21st century (Markos et al.
2023). This is because of poor soil nutrients, water scarcity,
and soil nitrogen deficiency (Islam et al. 2017). In
developing countries like Bangladesh, water scarcity
hinders agricultural potential (Makate et al. 2019).
Traditional flooding irrigation is inefficient, leading to
significant water loss and reducing aeration and nitrogen
absorption (Majeed et al. 2015; Rahman et al. 2022).

Water Footprints (WFs) are a crucial indicator for
expressing water resources needed for goods and services,
categorized into green, blue, and grey WFs (Khan and Ali
2024). Use of WF in managing limited water resources
among competing sectors is emerging as a highly
promising approach. In particular, agricultural water
management stands to benefit significantly from this
method, as WF variability is strongly influenced by factors
such as climate, soil types, and water management
strategies (Feng et al. 2021). Recent studies focus on the
WEF of specific crops, including maize, across global,
national, and regional scales (Chapagain and Hoekstra
2011; Elbeltagi et al. 2020; Li et al. 2020; Al-Gaadi et al.
2022). These studies highlight the importance of
understanding the spatiotemporal variability of WFs and
their implications for crop production.

Maize requires sufficient water, especially during early
growth, flowering, and seed-filling stages, as water scarcity
at these stages can severely impact production (Muslimah
et al. 2023). Waterlogging during flowering can reduce
grain output by about half (Kaur and Kaur 2022). Thus,
improving water management is vital to boost maize yields
(Muslimah et al. 2023). Planting on RBs is an effective
water-saving technique that mitigates the impact of
flooding  during irrigation and heavy rainfall
(AbdelRahman and Arafat 2020). RB planting enhances
water absorption efficiency and evenly distributes irrigated
water, reducing water usage by up to 50% and increasing
yields by 20-25% compared to traditional irrigation
systems (Verhulst et al. 2011; Rashwan et al. 2024).
However, the effectiveness of RBs depends on factors like
bed size, implementation method, sowing technique, and
seed rates (Akbar et al. 2016; Yigezu et al. 2021). Improper
sizing of RB installation can lower yields (Yigezu et al.
2021).

Furrow-irrigated RB cultivation systems are crucial for
sustainable agriculture, providing efficient water use and
increased yields (Shah et al. 2024). The bed size (i.e.,
width) of an RB can have significant effects on soil
wetness, thereby, influencing crop growth and yield (Pan et
al. 2019; Duan et al. 2021). While the benefits of RB
systems under varied agricultural conditions are well-
documented, the specific effects of different RB
dimensions on maize cultivation remain poorly understood.

Although existing research highlights the water-saving
benefits of RB farming, there is a significant lack of studies
on how varying RB widths affect crop yield and WFs.

This study aims to investigate effects of different
furrow-bed configurations on enhance maize yield, water
productivity, and soil water content. It also seeks to provide
a comprehensive understanding of the WFs associated with
maize cultivation, crucial for developing sustainable
agricultural practices and improving resource management
in regions with limited water availability. The research will
contribute valuable insights to optimize irrigation practices,
ultimately supporting food security and sustainable water
use in agriculture.

MATERIALS AND METHODS

Experimental site with soil and climatic conditions

The experiment was conducted at the Bangladesh
Agricultural University (BAU) farm in the Mymensingh
District, Bangladesh, following the procedures outlined in
Figure 1. The study site is situated in agro-ecological zone
9, at coordinates 24.75° N latitude and 90.50° E longitude,
with an elevation of 18 meters above mean sea level
(Figure 2). A comprehensive analysis of the soil's physical,
chemical, and biological properties was conducted by the
Agri-Varsity Humboldt Soil Testing Laboratory. According
to the Bangladesh Agricultural Research Council (BARC
2005), the soil texture class of the experimental field is silt
loam, underlain by sandy loam, characteristic of the Old
Brahmaputra Floodplain. Key soil characteristics measured
include bulk density (1.31 g/cmd), field capacity (31.33%),
electrical conductivity (250-345 pS/cm), and wilting point
(16.05%).

Study site selection
(Field Irrigation Laboratory, BAU)

Maize cultivation
(5 December, 2023 - 30 April, 2024)
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Figure 1. Flow diagram outlining the methodologies used in this
study. RB denotes the raised bed-based furrow irrigation
technique, implemented with varying bed widths of 25 cm, 65 cm,
and 110 cm
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Table 1. Weather data for the experimental site throughout the maize growing period (from 5 December, 2023 to 30 April, 2024)

Parameters Months

December January February March April
Rainfall (mm) 26.5 0 17.3 72 0.2
Mean maximum air temperature (°C) 24.1 20.1 23.7 27.2 335
Mean minimum air temperature (°C) 18 13.8 17.7 211 26.1
Monthly average relative humidity (%) 84.2 86.5 76.4 76.3 76.5
Mean evaporation (mm) 2.15 1.6 2.63 35 4.79
Mean wind speed (km/h) 0.37 1.71 2.6 4.6 7.63
Mean sun shine (hours) 5.56 3 5.93 6.93 7.19
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Figure 2. Geographical location of the experimental site at the Field Irrigation Laboratory of Bangladesh Agricultural University,
Mymensingh, on the map of Bangladesh

m Mean Air Temperature (°C) ——Average RH (%) = Rainfall (mm) —>Sunshine (hrs)
100

90
80
70
60
50
40
30
20
10

— O « W «H W
N ™~ Q0 0 O O

101
106
111
116
121
126
131
136
141
146

Days after sowing

Figure 3. Weather data recorded at the experimental site during the days following maize sowing
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Figure 4. Layout of the field experiment, illustrating the different irrigation treatments: CM represents the Conventional Method, while
RB110, RB65, and RB25 denote Raised Bed (RB)-based irrigation methods with bed widths of 110 cm, 65 cm, and 25 cm, respectively

Climatic variables, including temperature, sunshine
hours, wind speed, relative humidity, rainfall, and
evaporation, were gathered from the Bangladesh
Agricultural University (BAU) weather station, operated by
the Bangladesh Meteorological Department (Table 1).
Additionally, a plot was created to visualize meteorological
data, such as sunshine, rainfall, relative humidity, and mean
air temperature, illustrating the weather conditions during
the maize growing season (Figure 3).

Experimental setup and irrigation treatments

A randomized complete block design was employed for
the experimental layout, comprising 12 plots, each
measuring 3 meters by 2.5 meters. Four different irrigation
treatments were tested, with each treatment replicated three
times. The treatments included a Conventional Method
(CM) as a control and three irrigation strategies tailored to
different bed widths (25 cm, 65 c¢cm, and 110 cm). In all
treatments, plant spacing within each plot was standardized
to approximately 20 cm between plants to ensure
uniformity. Each plot consisted of six rows, with 13 plants
per row, spread across a 3-meter-wide area with 25-cm
furrows. The row-to-row distance was consistently
maintained at 50 ¢cm across all treatments. For the RB-
based irrigation conservation method with a 25-cm bed size
(RB25), planting was conducted over six beds, with one
row per bed. For the 65-cm bed size (RB65), planting was
arranged over three beds, with two rows per bed, while for
the 110-cm bed size (RB110), planting took place over two
beds, with three rows per bed. Figure 4 illustrates the field
configuration used for this experiment. The specific
treatments with various irrigation techniques and bed sizes
are as follows:

T11, T12 and Ti3 = Conventional Method (CM), i.e.,
flooding irrigation

To1, T22 and To3 = RB-based conserving irrigation with
25 cm bed size (RB25)

Ts1, T3 and T3z = RB-based conserving irrigation with
65 cm bed size (RB65) and

Ta, Ta2 and T43 = RB-based conserving irrigation with
110 cm bed size (RB110)

Field works and data recording

The field was meticulously prepared before the
experiment, involving plowing, harrowing, and planking to
ensure optimal soil conditions. It was cleared of weeds and
crop residues. Fertilizer application followed standard
guidelines (AIS 2019) for hybrid maize production in
Bangladesh, using 550 kg/ha of urea, 250 kg/ha of triple
super phosphate, 200 kg/ha of muriate of potash, and 250
kg/ha of gypsum. Maize seeds (Taj variety) were sown at a
rate of 25 kg/ha. Uniform intercultural practices were
applied to all plots, except for irrigation treatments.
Irrigation management was based on soil moisture content
and key growth stages. Moisture levels were monitored
using a soil moisture profiler (Delta-T Device Co., UK),
and irrigation water was applied into furrows in RB plots
until water level reached the bed level. Rainfall data were
collected from the nearby BAU weather station. Weed
control was conducted twice, and the crop was harvested at
full maturity.

Determination of leaf area and harvest indices of maize
Plant growth dynamics are widely expressed by Leaf
Area Index (LAI), which measures the one-sided leaf area
per unit ground area of a crop field. During the growing
season, leaf area measurements were taken three times: the
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first measurement was taken 34 Days After Sowing (DAS),
followed by subsequent measurements at 40 and 69 DAS,
respectively. A LI-3100 Leaf Area Meter was used to
measure leaf area of collected samples. The LAl was
computed using the following equation (Islam et al. 2022;
Munmun et al. 2024).

Leaf area of the sample mz)
LAI = Pk

~ Area of land covered by the sample (m?)

Crop maturity was determined by observing the
browning of the plant’s husks and leaves. To establish
initial plant density, the number of plants within a square
meter of each plot was counted. Plant height was measured
from the ground to the highest spike, and the number of
ears per plant was recorded. At maturity, a1 m x 1 m area
in the central section of each plot was designated for
harvesting, with the rest of the plot also harvested
separately. The yield from the marked area was collected,
labeled, and sun-dried to gather grain. Yield was estimated
at ~12% of grain moisture content. For calculating harvest
indices, the perimeter and length of each ear were
measured, and the number of rows and grains per ear was
counted. Ears were picked, dried, and shelled plot by plot.
A sample of one thousand clean, dried grains was weighed
to calculate yield, which was extrapolated to estimate the
total plot yield in kilograms per hectare (kg/ha). Straw
yield was determined by drying and weighing straw from
the 1 m2 area, with results also converted to kg/ha. The
biological yield, recorded for each plot in kg/ha, was the
sum of the grain and straw yields. The harvest index (HI)
was calculated using the following formula (Hossain et al.
2019; Islam et al. 2022; Munmun et al. 2024):

A Grain yield
Harvest index (%) =——— x 100
Biological yield

Estimation of water productivity and water footprints

The total crop-water use during the growing season was
calculated by summing the irrigation water applied and the
rainfall received. The seasonal Effective Rainfall (ER) was
calculated according to the methodologies detailed by
Islam et al. (2015). Crop-water use was mathematically
represented as described by Michael (1978):

WU = IR +ER

Where:

WU: Seasonal crop-water use (cm)
IR: Total irrigation water applied (cm)
ER: Seasonal effective rainfall (cm)

Crop-water productivity, also known as Field Water
Use Efficiency (FWUE), is calculated using the ratio of
crop yield to the total amount of water utilized during the
crop's growing cycle (Hossain et al. 2019; Islam et al.
2022; Munmun et al. 2024).

FWUE = —
Wu
Where:

FWUE: Field-water use efficiency or crop-water-
productivity (kg/ha/cm)

WU: Seasonal crop-water use in the crop field (cm)

Y: Grain yield (kg/ha)

The concept of WF, as proposed by Hoekstra and Hung
(2003), is an indicator of water appropriation, indicating
the volume of water used by a crop (Rodriguez et al. 2015).
When discussing WF for crop production, the terms GWF
and BWF refer to the consumption of precipitation and
irrigation water, respectively (Islam et al. 2024). These
metrics enable the assessment of their respective
contributions to the Total Water Footprint (TWF), which is
the sum of GWF and BWF, expressed in liters per kilogram
of maize.

GWU
GWF = Yield
BWU
BWF = Yield
TWF = GWF + BWF

Measurement of soil moisture content

Soil moisture content readings were obtained from the
selected experimental plots three times a day. Due to
restricted access to some plots, measurements were taken
from 4 of the 12 plots, with one plot representing each
technique under investigation. A HH2 moisture meter
(Delta-T Device Co., UK) was used to record soil moisture
content at predetermined depths of 10 cm, 20 cm, 30 cm,
40 cm, and 80 cm.

Statistical analyses

Using the methodology of Gomez and Gomez (1984),
an Analysis of Variance (ANOVA) was conducted to
evaluate the effects of various treatments on the growth,
yield-contributing variables, and FWUE of irrigated maize.
The standard error method was employed to assess the
significance of differences between treatment means.

RESULTS AND DISCUSSION

Growth and yield-contributing attributes of irrigated
maize

The study analyzed various growth and vyield-
contributing attributes of irrigated maize under different
RB dimensions and the CM. Key metrics such as plant
height, ear length, ear perimeter, productive kernel number
per ear, kernel weight per ear, and 1000-kernel weight were
measured (Table 2). The CM treatment resulted in the
tallest plants with an average height of 224.167+38.81 cm,
while the shortest plants were observed in the RB110
treatment, averaging 212.81+31.80 cm. Ear length and ear
perimeter are critical indicators of maize yield potential.
The RB65 treatment outperformed others, achieving the
highest ear length (17.385+0.64 c¢m) and ear perimeter
(12.11+0.38 cm). Significant differences in ear length were
noted between the RB65 and CM treatments, with the
former showing superior results. However, no significant
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differences in ear perimeter were detected among the
treatments. Regarding productive kernel number per ear
and kernel weight per ear, the RB65 treatment again
showed superior performance with 278.98+31.74 kernels
per ear and a kernel weight of 91.22+7.85 g. Additionally,
the highest 1000-kernel weight was observed under the
RB65 treatment (319.33+13.6 g), followed by the RB110
treatment (305.67+2.08 g). Moreover, the analysis of LAI

15

significant variability across different RB treatments
throughout the growing season. The RB110 treatment
consistently demonstrated the highest LAI, reaching its
peak at 69 DAS. Conversely, the RB25 treatment
consistently produced the lowest LAI values across all
growth stages. The LAI values for RB65 and RB110
treatments were relatively close, with RB65 only slightly
lower.

for irrigated maize, as depicted in Figure 5, reveals

Table 2. Growth and yield-contributing characteristics of irrigated maize

. Ear Productive kernel .

Treatment E:I;r)]t height I(Eca;;) length perimeter number Keerrzglr( \;velght \}v%(i)oht( )kernel
(cm) per ear P 9 gt (g

CM 224.167+38.81 16.92+0.75% 12.06+£0.52  263.80+46.86 80.66+7.33 312.67+11.02
RB25 216.53+23.86 16.65 +1.29% 11.82+0.31 262.38+29.23 79.5+10.8 302+23.58
RB65 219.08+29.96 17.385+0.64% 12.11+0.38  278.98+31.74 91.22+7.85 319.33+13.6
RB110 212.81+31.80 15.6+0.46° 11.81+0.28  240.07+25.18 72.04+17.8 305.67+2.08
Significance NS * NS NS NS NS
CV (%) 14.44 24.2 16.47 39.17 15 5.16
LSD 005 0.48 0.22 0.85 0.47 0.32 0.30

Note: Different letters, a and b, in results indicate a significant difference at a level of 0.05; asterisk symbol ‘*’ indicates that the
difference among the data was statistically significant; CV, Coefficient of Variation; LSD, Least Significant Difference; NS, Non-
Significant; CM, Conventional Method, and RB110, RB65, and RB25 denote Raised Bed (RB)-based irrigation methods with bed
widths of 110 cm, 65 cm, and 25 cm, respectively

Table 3. Effect of various irrigation practices on grain yield, harvest index, and water footprints of cultivated maize

Grain yield Straw yield Biological Harvest
Treatment (t/ha) (t/ha) vield (t/ha) index (%) GWEF (I/kg) BWF (I/kg) TWEF (I/kg)
CM 9.89+1.11 21.01+2.16a 30.9+3.27 32.01+0.01b  117.24+13.35  92.45+10.52a 209.7+23.87a
RB25 11.96+1.7 17.545+0.47ab  28.51+2.15 38.31+0.03ab  105.807+15.83  82.7+12.37a  188.51+28.20ab
RB65 13.1+1.4 18.54+2.24ab 31.63+2.4 41.46+0.05a 88.6+10.07 12.63+1.43b 101.22+11.50c
RB110 10.35+3.77 16.06+2.17b 26.4+5.9 38.30+0.06ab  112.119+50.61  12.75845.75h  124.87+56.37hc
Significance NS * NS * NS * *
CV (%) 20.84 13.62 13.1 13.16 25.01 78.58 334
LSD 0.05 0.37 0.06 0.36 0.12 0.47 <0.001 0.016

Note: Different letters, a, b and c, in results indicate a significant difference at a level of 0.05; asterisk symbol ‘*’ indicates that the
difference among the data was statistically significant. CV: Coefficient of Variation, LSD: Least Significant Difference, NS: Non-
Significant, GWF: Green Water Footprint, BWF: Blue Water Footprint, TWF: Total Water Footprint, CM: Conventional Method, and
RB110, RB65, and RB25 denote Raised Bed (RB)-based irrigation methods with bed widths of 110 cm, 65 cm, and 25 cm, respectively
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Figure 5. Comparison of leaf area index values for irrigated
maize across different days after sowing using various irrigation
techniques; error bars represent the standard deviation of the
mean, and different letters (a and b) indicate a significant
difference at the 0.05 significance level

Yield and Harvest Index (HI)

The study examined the impact of different irrigation
methods on maize grain yield and HI, with detailed
findings presented in Table 3. The RB65 method
demonstrated the highest effectiveness, achieving a grain
yield of 13.1+1.4 t/ha, significantly surpassing the yield of
9.89+1.11 t/ha observed with the CM. Additionally, the
RB65 treatment resulted in the highest HI of 41.46+0.05%,
indicating a more efficient conversion of biomass into grain
yield compared to the significantly lower HI of
32.01+0.01% recorded for the CM method. The RB65
treatment also achieved the highest total biological yield at
31.63+2.4 t/ha, further underscoring its effectiveness. In
contrast, the RB110 treatment, which utilized a 110 cm bed
width, recorded the lowest straw yield (16.06+2.17 t/ha)
and biological yield (26.445.9 t/ha). The CM treatment,
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however, showed an increased straw yield of 21.01+2.16
t/ha.

Water footprints of cultivated maize

The WHF analysis presented in Table 3 reveals
significant variations across different irrigation treatments
for maize cultivation, offering valuable insights into WUE.
The CM exhibited the highest TWF of 209.7+23.87 I/kg,
indicating the least efficient water use. In contrast, the RB
treatments showed markedly improved WUE, with RB65
demonstrating the lowest TWF of 101.22+11.50 I/kg,
representing a reduction of over 50% compared to CM. The
BWEF results are particularly noteworthy, with CM showing
the highest value of 92.45+10.52 I/kg, while RB65 and
RB110 demonstrated significantly lower BWFs of
12.63+1.43 I/kg and 12.758%5.75 I/kg, respectively.
Regarding the GWF, the study observed values ranging
from 88.6+10.07 I/kg for RB65 to 117.24+13.35 I/kg for
CM. The RB25 treatment recorded a GWF of
105.807+15.83 I/kg, while RB110 showed a GWF of
112.119+450.61 I/kg.

Water productivity with irrigation water-saving

The data presented in Figure 6 reveals significant
variations in water productivity and irrigation water
savings across different bed widths, emphasizing the
advantages of RB systems. Notably, the RB65 technique
demonstrated the highest water productivity, attributable to
its optimal 65 cm bed width. This configuration improved
water distribution while reducing losses through deep
percolation and runoff. Regarding irrigation water savings,
the RB110 system emerged as the most efficient, achieving
a 37.72% reduction in water usage compared to the CM.
Similarly, the RB65 system saved 36.12% of irrigation
water. Conversely, the RB25 system achieved only a
0.386% water savings.

Relationships between maize productivity parameters
under conventional and RB65 treatments

The RB65 technique has so far shown superior
performance in maize productivity parameters compared to
other RB dimensions. To explore this further, a correlation
analysis was conducted (Table 4) to gain insights into the
relationships between maize growth parameters under both
CM and RB65 treatments. This analysis aimed to identify
the key growth parameters affecting maize productivity in
these treatments. In the CM treatment, plant height, ear

length, and the number of productive kernels per ear
showed strong positive correlations with grain yield and
kernel weight per ear, highlighting their importance in
determining maize productivity. Notably, plant height had
a highly significant correlation with both grain vyield
(r=0.999, p<0.01) and kernel weight per ear (r=0.999,
p<0.05), indicating that taller plants tend to yield more
grain and heavier kernels. Additionally, the number of
productive kernels per ear strongly correlated with grain
yield (r=0.999, p<0.05) and kernel weight per ear (r=0.997,
p<0.05), emphasizing kernel productivity as a crucial factor
in maize yield under conventional irrigation. Under the
RB65 treatment, correlation dynamics shifted due to the
optimized water distribution and soil moisture. Although
plant height still positively correlated with grain yield and
kernel weight per ear, the strength of these correlations
decreased (r=0.679 for grain yield and r=0.923 for kernel
weight). Interestingly, ear length and the number of
productive kernels per ear became more influential in this
treatment. Ear length showed a very high correlation with
grain yield (r=0.997) and straw yield (r=0.991). Moreover,
the number of productive kernels per ear had even stronger
correlations with grain yield (r=0.999) and straw yield
(r=0.999). These results suggest that, under RBG65, ear
length and kernel number are more significant in driving
overall productivity than plant height.

E Total irrigation Percentage water saving [ Water productivity

40 12
35
30
25
20
15
10

()]
Water productivity (kg/m?3)

Total irrigation (cm); percentage water
saving (%)

RB25

RB65

RB110

Irrigation treatments

Figure 6. Water productivity and percentage of water savings for
different irrigation techniques in maize cultivation; error bars
represent the standard deviation of the mean, and different letters
(a, b, and c) indicate significant differences at a 0.05 significance
level

Table 4. Pearson correlation matrix (r) of maize parameters measured under (2) CM and (b) RB65 treatments

(a) CM treatment

PH EL EP PKNE KWE 1000 KW  GY SY HI
PH 1.000
EL 0.940 1.000
EP 0.731 0.455 1.000
PKNE 0.999* 0.924 0.762 1.000
KWE 0.999* 0.949 0.713 0.997* 1.000
1000 KW  0.950 0.999* 0.481 0.935 0.958 1.000
GY 0.999** 0.936 0.738 0.999* 0.999* 0.946 1.000
SY 0.999* 0.956 0.696 0.995 0.999* 0.965 0.998* 1.000
HI 0.858 0.632 0.978 0.881 0.844 0.655 0.864 0.831 1.000
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(b) RB65 treatment

PH EL EP PKNE KWE 1000 KW  GY SY HI
PH 1.000
EL 0.617 1.000
EP 0.922 0.874 1.000
PKNE 0.697 0.994 0.921 1.000
KWE 0.923 0.872 0.999** 0.919 1.000
1000 KW  0.720 0.990 0.933 0.999* 0.931 1.000
GY 0.679 0.997 0.910 0.999* 0.909 0.998* 1.000
SY 0.719 0.991 0.932 0.999* 0.931 0.999** 0.998* 1.000
HI 0.462 0.983 0.770 0.958 0.768 0.948 0.965 0.949 1.000

Note: *Correlation is significant at the 0.05 level (2-tailed), **Correlation is significant at the 0.01 level (2-tailed), PH: Plant Height,
EL: Ear Length, EP: Ear Perimeter, PKNE: Productive Kernel Number per Ear, KWE: Kernel Weight per Ear, 1000 KW: 1000 Kernel

Weight, GY: Grain Yield, SY: Straw Yield, and HI: Harvest Index
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Figure 7. Comparison of mean soil water content (MSWC) across various irrigation treatments at different soil profile depths of A. 10
c¢m, B. 20 cm, C. 30 cm, D. 40 cm, and E. 80 cm during maize cultivation; error bars indicate the standard deviation of the mean

Effects of treatments on soil moisture content in
irrigated maize field

The analysis of soil moisture dynamics across different
RB treatments reveals significant variations in moisture
retention at various soil depths (Figure 7), which are crucial
for supporting healthy maize growth. At a depth of 10 cm
(Figure 7.A), the RB65 treatment-maintained soil moisture
levels that were sufficiently close to those of the CM

treatment. Among these, the RB110 treatment retained the
most moisture, followed by RB65 and RB25. At a 20 cm
depth (Figure 7.B), the trend of higher soil moisture
content in RB treatments persisted, with RB110 again
showing the highest levels. As the depth increased to 30 cm
(Figure 7.C), RB65 and RB110 demonstrated comparable
soil moisture content, both significantly higher than RB25
and CM. Moreover, at 40 cm depth (Figure 7.D), RB110
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continued to outperform other treatments in moisture
retention, followed by RB65 and RB25. Finally, at 80 cm
depth (Figure 7.E), RB110 maintained its advantage,
retaining the highest soil moisture content among all
treatments. The variation in soil moisture content across
treatments can be partly attributed to the high rainfall
observed during the initial and later stages of the crop
growth period, coupled with uneven distribution
throughout the crop cycle.

Discussion
Growth and yield-contributing attributes

The findings presented in Table 2 indicate that the CM
treatment resulted in the tallest plants, suggesting that
traditional methods may still have advantages in terms of
overall plant height. However, the RB65 treatment's
superior performance in ear length and perimeter highlights
the potential benefits of RB systems in improving yield-
contributing attributes, likely due to enhanced water
management and nutrient availability. This aligns with
findings by He et al. (2015), who noted that RB systems
tend to improve ear length and perimeter. The minimal
variation in plant height across treatments suggests that
irrigation methods may have a limited effect on this
particular growth parameter, as also observed by Brar
(2013). Moreover, the RB65 treatment's superior kernel
number per ear and kernel weight per ear are consistent
with the results reported by Tanveer et al. (2014), who also
found that RB planting systems enhance kernel numbers.
The absence of significant differences in kernel weight
across treatments, as noted by He et al. (2015), suggests a
complex interaction between irrigation methods and yield
attributes. The high 1000-kernel weight observed under the
RB65 treatment corroborates the findings of Mehta et al.
(2011), who reported similar improvements in 1000-kernel
weight under RB planting.

The LAI analysis (Figure 5) reveals that the RB110
treatment's optimal leaf area expansion is likely due to its
ability to retain and evenly distribute water, especially
during critical growth phases. This finding is consistent
with previous studies by Pan et al. (2019) and Duan et al.
(2021). The consistently low LAl values in the RB25
treatment may be attributed to limitations in water and
nutrient distribution, a notion supported by Kashif et al.
(2018). The similarity in LAI between RB65 and RB110
treatments suggests that beyond a certain bed width, the
benefits in LAl may plateau, as noted by Yigezu et al.
(2021). Moreover, the observed increase in LAI during the
final development stage across all treatments may reflect
maize's physiological response to increased water demand
during flowering and grain filling. This phenomenon is
particularly evident in the RB110 treatment, where the
bed's capacity to retain and distribute water contributes to a
late-stage increase in LAI. These findings underscore the
importance of bed width in influencing not only LAI but
also other growth parameters, thereby contributing to
higher yield potential under optimal irrigation
management, as highlighted by Islam et al. (2022) and
Munmun et al. (2024).

Yield and Harvest Index (HI)

The results clearly demonstrate that the RB65 method is
significantly more effective in improving maize grain yield
and HI compared to the CM. The RB65 treatment achieved
a grain yield of 13.1+1.4 t/ha, surpassing the yield observed
under CM. This outcome aligns with studies by Kaur and
Kumar (2018) and Kaur and Kaur (2022), which also
reported increased productivity using optimized RB
methods. Additionally, the higher HI of 41.46+0.05% in
RB65, compared to 32.01+0.01% in CM, indicates more
efficient biomass conversion into grain yield. This finding
is consistent with Mehta et al. (2011) and Tanveer et al.
(2014), who noted substantial improvements in grain yield
and HI with optimized bed dimensions. The RB65
treatment also demonstrated the highest total biological
yield (31.63+2.4 t/ha), reinforcing its superiority in
maximizing maize productivity.

In contrast, the RB110 treatment's lower straw and
biological yields suggest that excessively wide beds may
not be as effective for maize cultivation. Wider beds, while
efficient at reducing water losses through runoff and
evaporation, may disrupt the balance between plant
population density and resource availability, such as water
and nutrients. The RB110 treatment had fewer plants per
unit area compared to RB65, leading to reduced biomass
and grain yield. This supports the findings of Yigezu et al.
(2021), who observed decreased crop productivity with
overly wide beds due to inadequate plant populations and
uneven water distribution. Furthermore, the increased straw
yield in the CM treatment (21.01+2.16 t/ha) may be
attributed to greater plant height under frequent irrigation,
but the trade-off between grain and straw yield highlights
the inefficiency of conventional methods. Overall, the
RB65 treatment emerges as a more sustainable and
productive alternative to CM, optimizing both water use
and crop productivity (Pan et al. 2019; Duan et al. 2021).

Water footprints

The results presented in Table 3 clearly indicate that the
RB65 treatment offers the most efficient water use among
the irrigation methods studied. The substantial decrease in
TWEF for RB65, which reduced water use by over 50%
compared to the CM method, aligns with previous studies
that reported significant water savings through RB systems
(Mekonnen et al. 2020; Chandra et al. 2023). This
efficiency in water use is critical, particularly in regions
facing water scarcity. The dramatic reduction in BWF for
the RB treatments, especially the RB65 configuration,
highlights the method's ability to optimize irrigation water
use. This finding is consistent with research by Akbar et al.
(2016) and Ismail et al. (2021), who reported similar
reductions in water use with RB systems. The lower BWF
observed in RB treatments suggests a more efficient use of
irrigation water, crucial for sustainable agricultural
practices. The variation in GWF across treatments, despite
the assumption of constant green water use, underscores
the importance of yield differences in water footprint
calculations. This finding highlights the need to consider
both water use and crop productivity when assessing the
overall efficiency of irrigation systems, as emphasized by
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Li et al. (2020) and Feng et al. (2021). The RBG65
treatment's superior performance in both BWF and GWF
suggests it offers an optimal balance between water
conservation and yield enhancement, aligning with the
findings of He et al. (2015), Yadav et al. (2018), and
Munmun et al. (2024).

However, it is important to interpret these results within
the study's limitations. The assumption of constant green
water use across treatments may oversimplify the complex
soil-plant-atmosphere interactions inherent in different
irrigation  regimes. Future studies should consider
employing lysimeter experiments to provide more accurate
measurements of crop evapotranspiration, runoff, seepage,
and percolation losses, as suggested by Rodriguez et al.
(2015), Mekonnen et al. (2020), Bhatt et al. (2021). The
variability in WF results across treatments emphasizes the
need for site-specific optimization of irrigation strategies.
As noted by Chapagain and Hoekstra (2011) and Elbeltagi
et al. (2020), factors such as local climate, soil
characteristics, and crop varieties can significantly
influence water footprints. While the RBG65 treatment
showed promising results in this study, its performance
may vary in different agro-ecological contexts.

Water productivity with irrigation water-saving

The results clearly highlight the superior water
productivity of the RB65 technique, which is likely due to
its optimal bed width of 65 cm (Figure 6). This
configuration enhances water distribution and reduces
losses through deep percolation and runoff, aligning with
findings by Akbar et al. (2016), who observed similar
improvements in soil properties and water efficiency under
comparable conditions. The inefficiency of traditional
flood irrigation methods, as demonstrated by the CM's
lowest water productivity, underscores the need for
adopting more efficient irrigation practices, as highlighted
by Islam et al. (2022). Moreover, the RB110 system's
efficiency in achieving a 37.72% reduction in water usage
further underscores the critical role of bed width in water
conservation (Figure 6). The broader beds in the RB110
treatment required less irrigation due to fewer furrows, a
finding that aligns with Yigezu et al. (2021), who
emphasized the effectiveness of wider beds in reducing
water consumption by minimizing uncropped areas.
Similarly, the RB65 system's 36.12% water savings
demonstrate its balance between water use efficiency and
crop yield. On the other hand, the RB25 system's minimal
water savings of 0.386% highlight the limitations of
narrower beds, which require more frequent irrigation due
to faster drying, as supported by Pan et al. (2019).

These findings underscore the effectiveness of wider
RBs, particularly those with bed widths between 65-110
cm, in optimizing water productivity and conserving
irrigation water. This approach represents a valuable
strategy for sustainable agriculture in water-scarce regions.
The results are consistent with studies by Ismail et al.
(2021) and Shah et al. (2024), who reported similar
benefits of RB techniques in enhancing water productivity
and crop yields. Furthermore, Kaur (2011) and Asif et al.
(2022) observed improved grain yield and water

productivity in maize under RB systems, attributing these
outcomes to enhanced root development, nutrient uptake,
and water availability. In conclusion, this study contributes
to the growing body of evidence that RB systems,
particularly those with wider bed dimensions, are highly
effective in improving water productivity and conserving
irrigation water.

Relationships between maize productivity parameters

The correlation patterns in Table 4 indicate that, in the
CM treatment, plant height directly influences grain yield
and kernel weight. This aligns with Tanveer et al. (2014)
and Kaur and Kumar (2018), who identified plant height as
a key determinant of maize productivity under traditional
irrigation. The strong positive correlation between plant
height and grain yield in this study supports this
relationship, suggesting that taller plants are generally more
productive in the CM setup. In contrast, the RB65
treatment shows a different pattern where ear length and
the number of kernels per ear have a greater impact on
yield than plant height. The weaker correlation between
plant height, grain yield, and kernel weight in RBG65
indicates a shift in productivity dynamics. Instead, the
correlation coefficients for ear length and kernel number
per ear highlight their enhanced role in yield under the
RB65 system. This observation aligns with Yigezu et al.
(2021), who found that bed dimensions, particularly in RB
systems, positively affect yield-contributing traits like ear
length and kernel number. The results underscore RB65’s
optimized water distribution, which favors traits that
directly boost vyield. Overall, the analysis shows the
efficacy of RB65 in altering maize productivity: while
plant height is crucial in conventional methods, RB65
prioritizes ear length and kernel productivity for higher
yield. This supports Mehta et al. (2011), emphasizing that
bed dimensions significantly influence crop productivity.
The shift in productivity dynamics suggests that RB65 can
optimize water and nutrient distribution, offering a
promising strategy for maize cultivation, especially in
water-scarce regions. Further research on different RB
dimensions could refine sustainable agricultural practices
across various conditions. The evidence here suggests that
adopting the RB65 method can enhance maize yield and
water use efficiency, providing a significant advantage over
traditional irrigation methods.

Soil moisture dynamics

The results in Figure 7 highlight the superior
performance of RB65 in retaining soil moisture at different
depths, likely due to its optimized bed width, which
promotes water infiltration and minimizes evaporation.
Wider beds, such as RB65, enhance the surface area for
water percolation, leading to greater moisture retention
within the soil profile. This aligns with the findings of
Verhulst et al. (2011), who observed that optimized raised
beds reduce surface runoff and improve infiltration, thus
increasing moisture retention. Research has shown that RB
systems, especially those with intermediate to wider bed
widths like RB65 and RB110, are effective in maintaining
higher soil moisture levels at deeper profiles. Yadav et al.
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(2018) and AbdelRahman and Arafat (2020) similarly
reported that wider beds reduce runoff and enhance water
infiltration, improving soil moisture dynamics. Kaur et al.
(2024) also found that wider bed configurations tend to
retain more moisture compared to narrower ones,
particularly at deeper soil levels. The increased moisture
retention observed in deeper layers, especially at 40 cm and
80 cm, highlights the importance of improved infiltration
and reduced evaporation, a characteristic that wider beds
like RB110 offer. Studies by He et al. (2015) and Munmun
et al. (2024) further support this, demonstrating that wider
beds are more effective in retaining soil moisture, which is
crucial for sustaining crops during periods of water
scarcity. The RB110 system’s ability to retain moisture in
deeper soil layers is especially important for supporting
maize root systems during drought conditions, as also
noted by Duan et al. (2021), who emphasized the role of
wider beds in enhancing crop resilience under water-
limited conditions.

However, the additional moisture retained at deeper
layers in RB110 may not always be advantageous. Maize
typically has a rooting depth of around 60 cm, and thus the
excess water retained at depths beyond this may not be
fully utilized by the plant, especially during critical growth
stages such as flowering and grain filling. As a result, while
RB110 excels in moisture retention, this does not
necessarily translate into better water use efficiency or
higher crop yields. Verhulst et al. (2011) and He et al.
(2015) emphasized that moisture distribution within the
root zone is more critical for crop productivity than the
total amount of water retained in the soil.

In contrast, the RB65 configuration, with its narrower
bed width, offers a more balanced distribution of moisture,
keeping water accessible within the root zone. This
supports better crop growth, particularly during the grain-
filling stages. The RB65 system's ability to retain soil
moisture at optimal levels across various depths ensures
better water distribution and supports higher grain yields
and water use efficiency. Moreover, the reduced efficiency
observed in the narrower RB25 and excessively wide
RB110 treatments suggests that extreme variations in bed
width do not provide the balance necessary for effective
irrigation management. Selecting the appropriate bed
width, such as the RB65 configuration, emerges as a
promising technique for achieving sustainable maize
cultivation, particularly in regions facing water scarcity.
The RB65 system not only optimizes water retention but
also maximizes yield and WUE, presenting a valuable
strategy for sustainable agriculture.

Overall, this study highlights the critical role of RB
dimensions in optimizing maize yield, WF, and soil
moisture content under furrow irrigation. Among the tested
configurations, the RB65 setup emerged as the most
effective, significantly boosting yield and water
productivity while reducing irrigation water use by
37.72%. It also maintained optimal soil moisture at various
depths, ensuring efficient water distribution and
retention—key advantages for regions facing water
scarcity. Although the RB110 treatment demonstrated
superior water retention, it underperformed in yield due to

lower plant density and inefficient water utilization. In
contrast, RB65 achieved a balance between moisture
retention and crop yield by maintaining higher plant
density and improving water distribution within the maize
root zone. These findings emphasize the limitations of
overly wide RB configurations like RB110 and the
importance of carefully selecting bed widths to optimize
water efficiency and crop productivity. The RB65
technique presents a promising solution for enhancing
agricultural efficiency and resilience in water-scarce areas.
For future studies, more precise WF estimations should
incorporate crop evapotranspiration measurements and
lysimeter experiments, and long-term research on different
RB dimensions across various crops and soil conditions
will be essential for refining sustainable agricultural
practices. This research provides valuable insights for
policymakers and farmers aiming to implement water-
saving irrigation techniques to support agricultural
sustainability in water-limited environments.
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Abstract. Emmanuel OE, Nnenna OM, Nkiruka B-CG, Henry AK, Ebuka OJ, Ogbuji EC, Thankgod EK, Chinenyenwa T-AA, Ugochukwu NE,
Jerry UE, Chibueze NF. 2024. Vulnerability determinant of rice farmers to climate change in Ebonyi State, Nigeria. Asian J Agric 8: 23-
30. Climate change has become a reoccurring nightmare regarding agricultural production with negative impacts. The study researched
the vulnerability determinants of rice farmers to climate change in Ebonyi State, Nigeria. Rice farmers numbering 80 were picked using
the purposive sampling method. A structured questionnaire was used for data collection, and mean, frequency counts, percentage, and
probit regression models were employed in data analysis. Results show that the rice farmers were in their productive age, male, married,
experienced, and relatively educated. Late onset of rainfall (98.8%), increased temperature (97.5%), prolonged drought (95.0%), severe
windstorm (95.0%), and high evaporation rate (92.5%) were the most perceived climate change occurrences in the state. The use of
improved varieties of seeds (100%), effective use of pesticides (96.3%), efficient application of fertilizers (95.0%), and diversification of
crops (90.0%) were the primary adaptation measures to climate change. Age, education, access to capital, farming experience, access to
climate change information, gender, and extension contacts were major determinant factors in the climate change vulnerability of rice
farmers. High cost of fertilizer (100%), lack of timely access to inputs (97.5%), inadequate capital (97.5%), poor extension service
(96.3%), and inadequate lands (90%) constrained rice production in the state. Farmers should practice more climate-smart agriculture to
overcome the adverse effects of climate change on rice production.

Keywords: Climate change, determinants, probit model, rice farmers, vulnerability

INTRODUCTION

In Nigeria and other nations worldwide, rice (Oryza
sativa L.) is a crucial crop that contributes significantly to
food security, employment development, and income
generation (FAO 2023). It is the most cereal crop consumed
globally across all continents (Africa, Asia, Europe,
America, etc.) (FAO 2022). Sub-Saharan Africa,
Bangladesh, Cambodia, Myanmar, Laos, and Vietham
consume more than 50% of their calories from rice. In
contrast, Thailand, the Philippines, Malaysia, India, Nepal,
and Sri Lanka consume 20-44% of calories from rice.
Nigeria, Africa's leading rice producer, consumes over 20%
of its calories fromrice intake (FAO 2022). As a staple food,
rice cultivation is significant in African countries, including
Nigeria. Rice cultivation employs unemployed youths, is a
source of household income, food intake, and energy, and
contributes to about 15% of agriculture’s gross domestic
product in Nigeria (NBS 2023). It equally serves as a source
of raw materials for manufacturing industries in Nigeria.
Rice production is predicted to rise in Nigeria due to the

recent government restrictions on cereal imports, including
rice (Bichi et al. 2023). The rules were imposed in good faith
to encourage and boost local rice production in the country
to meet the growing demand for grain foods. However, the
above objective of the Nigerian government is still far-
fetched owing to several factors and climate change issues
that are prevalent in the country with its attendant
consequences (FAOSTAT 2024). Nigeria is particularly
vulnerable to climate change due to its excessive reliance on
rain-fed agriculture, which distorts crop yield and causes
farmer poverty (Onyeneke 2021). Extreme weather events
and climate change negatively impact rice production,
causing poor yields and harvest. Delays in food production
and delivery caused by a rise in the frequency and intensity
of extreme weather events drive food prices (Ho et al. 2022).
Interestingly, food insecurity is rising in Nigeria due to crop
growers' vulnerability and susceptibility to climate change
(FAO 2022). Nigerian rice farmers are currently dealing
with several challenges, including wulnerability to climate
change, which affects crop farming operations and
agricultural productivity. The worrisome development has
decreased rice productivity and vyield, resulting in low
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income, starvation, hunger, and poverty (Van-Oort and
Zwart 2018). Extreme weather events like droughts, floods,
temperature swings, windstorms, rainfall, evaporation,
relative humidity, etc., threaten rice cultivation and result in
significant output losses. High temperature reduces rice
plant yields while simultaneously promoting the growth of
pests, weeds, and insects that prey on rice crops (Onyeneke
et al. 2021). Rising temperature distorts the root and
development of rice, causing poor yields. For instance, a
temperature of 25 to 28°C is ideal for rice seedling growth;
any higher temperature would result in losses for rice
growers. Variations in precipitation trends raise the risk of
short-term crop failure and long-term production drops
(Arifah et al. 2022). High precipitation lowers rice plants'
capacity for photosynthetic activity, leading to low yields.

Consequently, high rains cause flooding of rice fields,
leading to rice seedling erosion and soil nutrient depletion.
As the soil gets hotter, evapotranspiration decreases,
resulting in low moisture levels that impede rice growth and
development (Saud et al. 2022). A high evaporation rate
produces rice of lesser quality and quantity, negatively
impacting yield and market value. During a drought, the rice
field becomes dry, which damages the planted seedlings and
results in vyield losses. Planting rice seedlings in an
environment with high relative humidity hinders their
germination and growth. Elevated relative humidity leads to
a rise in water loss and yellowing of rice plants, which
impacts photosynthetic functions (Tang et al. 2023). In
recent times, rice farmers in Ebonyi State have suffered from
adverse effects of climate change and have become more
vulnerable to the changing climate with attendant evidence
of poor vyield and low economic returns, which have
devastated the farmers and plunged them into abject penury
(Osuji et al. 2023). Before now, the Ebonyi State was
reputed as the rice hub of the nation and in Sub-Saharan
Africa, but surprisingly, its status regarding rice production
is fast declining due to rice farmers’ vulnerability to climate
change and extreme weather conditions (Onyeneke et al.
2021).

Previous studies (Ojo and Baiyegunhi 2020; Sharma et
al. 2022; Habib-Ur-Rahman et al. 2022; Chen et al. 2023a;

Joseph et al. 2023; Dar et al. 2024) have examined the
impacts of climate change on cereal crops such as rice using
both primary and secondary data and these studies focused
mainly on direct and indirect impacts of climate change on
rice crops. However, interestingly, it has yet to explore the
vulnerability determinants of rice farmers to climate change
in Nigeria, thereby making this study the first to consider
and explore this aspect of study in Nigeria's context. The
study considered the socio-economic factors and their
relationship with farmers' wulnerability to climate issues.
The study also contributed to the body of literature by adding
new scientific knowledge to the existing literature, making
the study of greater significance. The study set out to achieve
the following objectives: the socio-economic characteristics
of rice farmers, the perceived climate change occurrences
encountered by rice farmers, the adaptation mechanisms of
rice farmers to climate change, determinants of the
vulnerability of rice farmers to climate change, and factors
impeding rice production of farmers in the State.

MATERIALS AND METHODS

Study area

The research was done in Ebonyi State, Nigeria (Figure
1). The state has its location in South-East region with an
estimated population of 3,242,500 persons (NPC 2023). The
state practice agriculture on large scale and is reputed as the
rice hub of the nation. The state is made up of 13 Local
Government Areas (LGAs) (Abakaliki, lzzi, Ezza-North,
Afikpo-South, Ohaukwu, Ebonyi, Oniocha, Ishielu, Ezza-
South, Ikwo, Afikpo-North, Ohaozara and Ivo) with total
land area of 5,533 km?and Latitude: 6°10' 40.7028"
and Longitude: 7°57' 33.4296". The state experiences two
seasonal vegetation; the rainy and dry seasons which
influence agricultural activities in the state. Rainfall is
around 1200 mm, while temperature ranges between 27°C to
28°C.
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Figure 1. Map of Ebonyi State, Nigeria showing the study locations
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Sampling techniques

A purposive sampling technique was used for this study.
In the first instance, four Local Government Areas (LGAS)
(Ikwo, lzzi, Ezza-North, and Ezza-South) were picked from
the 13 LGAs in the state. These were selected based on their
predominant rice cultivation, which distinguishes them from
other LGAs (ESMANR 2023). The second stage involved
another purposive selection of six communities out of the
four LGAs, resulting in 24 communities. The six
communities were noted for extensive rice cultivation in the
state (ESMANR 2023). From the total registered rice
farmers in the 24 communities, four independent rice
farmers were selected to sum up 96 farmers. The four rice
farmers were selected based on their extensive scale rice
cultivation, primarily for commercial purposes.

Method of data collection

Primary data were collected from the 96 rice farmers
using structured questionnaire designed for the study and out
of the selected 96 rice farmers, only 80 rice farmers provided
useful information for data analysis. Sixteen (16)
questionnaires were dropped due to inconsistent and
incomplete information required for the study.

Method of data analysis and model specification

Data were analyzed using descriptive statistics (mean,
frequency count, and percentage) and the probit regression
model. The probit regression model is a scientific analytical
tool used to model dichotomous dependent variables with
multiple input variables (Ismael and Duleba 2023). It has an
advantage over other analytical tools in that it produces
precise results with good statistical degrees that are not
spurious or erroneous, hence its suitability for the study. The
probit model was used to model the wulnerability
determinants of rice farmers to climate change. Note that the
vulnerability of the rice farmers to climate change was
measured using the climate vulnerability criterion (Kim and
Kwon 2022), which is expressed as climate sensitivity plus
exposure minus adaptation. In this study, the farmers’
susceptibility to climate risks with adaptation equals one and
otherwise equals zero (0). Hence, the probit model
accommodates dichotomous dependent variables (1 and 0)
(Ismael and Duleba 2023).The probit model is explicitly
expressed follows;

Pi =Pr(Y = 1/X) =Pr(Ii< I;) = Pr(Zi< B/X;) = F(BXj)
F()= \/%_nf_Bgi e—z%?dz

Where:

Pi = Pr = {Probability of ith farmers’ climate sensitivity
plus exposure minus adaptation= 1 and otherwise = 0}

F = Standard normal cumulative distributed function

B = Coefficients

X i= represents the independent variables such as;

X, = Age (years)

X, = Education (No. of years spent in school)

X; = Household size (No. of persons)

X, = Farmsize (Ha)

X = Farming experience (No. of years)

X, = Participation in climate change workshops (No. of
times participated)

X, = Access to climate change information {Accessed =
1, otherwise = 0}

X, = Extension contacts (No. of visits)

Xy = Farm income (Naira)

X,o = Adaptation to climate change {Adapted = 1,
otherwise = 0}

RESULTS AND DISCUSSION

Socio-economic characteristics of rice farmers

Table 1 presents the socio-economic characteristics of
rice farmers. The majority of the farmers were within the age
of 41-50 years with a mean age of 48 years. This implies that
the rice farmers were young and in their most productive age
which could enhance rice production in the area. Increase in
age is associated with increase in farm production
experiences which aid farm operations and other related
activities (De-Vos et al. 2023). The majority of the rice
farmers were male (86.3%), in comparison to the female
(13.8%). This implies that rice production was dominated by
the male farmers. This supports the fact that men are
breadwinners and tend to be involved in crop production to
fend for their families (Chen et al. 2023b). The majority of
the farmers were married (51.3%), the singles (26.3%) and
widowed (22.5%). This implies that the married farmers
dominated rice production. The table shows that 32.5% of
the rice farmers had primary education, 11.3% tertiary
education, 15.0% had non-formal education. Thus the
majority of the farmers 41.3% had secondary education.
This implies that the rice farmers were relatively educated to
understand rice cultivation and production principles
(Arifah et al. 2023). The majority of the rice farmers, 63.8%
had household sizes between 5-8 persons with a mean
household size of 7 persons. This implies that the household
size regarding the rice farmers was relatively large and could
support their farming strength and production activities. The
majority of the rice farmers, 73.7% were involved with
farming and other non-farming activities while about 26.3%
of them were fully engaged in farming activities only. This
shows that the rice farmers combined rice cultivation with
other production activities to raise farm income and
livelihood sustenance (Kobayashi et al. 2023). The majority
of the farmers, 47.5% had farm sizes within 1.1-2.0 hectares
with a mean hectare of 1.8. This implies the prevalence of
small farm holdings in rural communities. This is partly due
to land tenure systems and land scarcity which limit large
scale agricultural production. The table shows that about
20% of the rice farmers had extension contacts between 1-2
times, 10% had extension contacts between 3-4 times while
the majority of the rice farmers, 70% had no extension
contacts. The mean extension contact was approximately 2
contacts, which implies that the rice farmers had relatively
low contacts with extension agents, which shows that the
rice farmers did not benefit much from the extension agents
(Chen et al. 2023a). The majority of the farmers, 87.5% do
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not belong to cooperative society while 12.5% belongs to
cooperative societies. This implies that a lower percentage
of the rice farmers benefited from cooperative societies. The
mean participation in workshop/training was 1.3 times per
cropping year. This means that the rice farmers had a low
participation in workshop/training regarding rice cultivation
and production principles. The majority of the rice farmers,
67.5% had farming experience ranging between 11-20 years.
The mean farming experience of the rice farmers was 18
years, proving that the rice farmers had experience in rice
production. Farming experience helps farmers to improve on
their production capacity and overcome inherent farm
problems and challenges besetting farmers (Lansing et al.
2023). Table 1 shows that the rice farmers obtained their
capital from banks (10%), friends/relatives, (41.3%), while
a higher percentage (48.7%) accessed their capital from
personal savings. This shows that majority of the rice
farmers started their rice cultivation from their own personal
savings which is common in rural societies. The table shows
that the land for rice farming was acquired through pledge
(7.5%), purchase (13.8%), through gifts (18.8%), through
lease/rent (23.8%) and majority (36.3%) via inheritance.
This implies that the land used for rice farming was obtained
via inheritance as this is common in rural societies (Yin et
al. 2021). The majority of the farmers (37.5%) made use of
family labour, while (31.2%) made use of hired labourers.
This implies that the labour used in rice cultivation came
majorly from family labour than hired labour. This could be
due to the cheap source of family labour.

Perceived climate change occurrence encountered by
rice farmers

Table 2 presents the perceived climate change
occurrences encountered by rice farmers. The table shows
that 95% of the rice farmers acceded to prolonged drought.
This implies the long absence of water or delayed rainfall,
negatively affecting crop production. Prolonged drought
causes stunted growth in rice farming, affecting yield (Chen
et al. 2023Db). The result shows that 90% indicated increased
rainfall intensity. This implies overbearing rainfall, which
could lead to the erosion of newly planted rice seedlings and
the washing away of soil nutrients and vegetative soil
supports, causing total crop failure and poor performance
(Sharma et al. 2022). About 97.5% of the rice farmers
identified increased temperature; this implies that the rice
farmers experienced increasing temperature, and this could
lead to dryness of the soil moisture contents, which limits
rice production and increases disease and pest infestations,
which attacks rice plants, leading to poor yield and low
harvest (Joseph et al. 2023). High temperatures oppose rice
cultivation by destroying soil microorganisms, which
support soil efficacy and soil-fauna microbial activities.
About 95.0% assented to severe windstorms; severe
windstorm implies fierce, destructive, and unfavorable wind
patterns that cause severe havoc on rice plants (Dar et al.
2024). Excessive wind destroys rice planted in the field,
leading to poor growth and yield performance. In addition,
severe windstorms uproot newly planted and already
growing rice seedlings, causing total crop damage and
failure. High relative humidity was identified by 80% of the

rice farmers. High relative humidity promotes the growth
and emergence of rice pests and diseases that feed on rice
plants, causing crop failure and low yield (Ojo and
Baiyegunhi 2020). It affects the photosynthetic processes of
rice plants, leading to stunted growth and poor root and
shoot development. About 98.8% of the rice farmers
indicated a late onset of rainfall; this implies a delay in
rainfall, which leads to a prolonged drought season, thereby
negatively affecting rice production. Late onset of rainfall
distorts farming activities and the calendar, affecting the
yearly planting of crops—delayed rains cause land dryness,
which does not support rice cultivation (Habib-Ur-Rahman
et al. 2022). Early cessation of rainfall was identified by
87.5% of the rice farmers. This implies the sudden and
unexpected cessation of rainfall which severely affects rice
production. Early rain cessation is inimical to rice
cultivation as it distorts rice growth and overall development
causing poor yield and harvest. It makes already planted rice
seedlings to lose support of soil moisture and causes
yellowing of rice leaves (Bichi et al. 2023). High
evaporation rate was indicated by 92.5% of the farmers.
High evaporation rate implies the quick loss of water to the
atmosphere thereby depleting soil-moisture contents and
soil-water needed for overall growth rice crop growth and
development. The sudden losses of soil-water causes rice
field dryness mostly in the vegetative soil-layers which
debase rice yield. About 81.3% of the rice farmers’
experienced high atmospheric pressure, high atmospheric
pressure prolongs rice crop germination time, delays the
growth rate of young rice plants and impede root and shoot
development in rice plants (Saud et al. 2022). It also affects
soil microbial organisms responsible for soil build-up sand
other soil-activities needed for optimal rice growth. It
equally distorts the photosynthetic activities in rice plants
leading to low yield and economic losses.

Adaptation mechanism of rice farmers to climate
change

Table 3 presents the adaptation mechanisms of rice
farmers to climate change. The table shows 88.8% of rice
farmers adopted the irrigation methods. This implies the
artificial or alternate water provisions during drought
periods. Our agricultural system is dependent on rain fed
agriculture making rice farmers wulnerable to climate
change (Ali et al. (2021). Adoption of irrigation method
substitute for rain absence by providing rice farmers with the
needed water required for rice production throughout the
cropping season and this ensures maximum rice yield. Use
of improved seed varieties was adopted by all the rice
farmers (100%). This implies the use of proven rice
seedlings that is resistant to rice pests and diseases and
adverse climatic and weather conditions (Amadu et al.
2020). These improved rice seedlings ensures improved rice
yield, performance and optimal harvest. Use of developed
farm machineries was adopted by 12.5% of rice farmers.
This implies the deployment of modern farm machines such
as tractors, planters, harrowers, ridgers, etc. in rice
cultivation. These developed implements facilitate rice
cultivation in the face of climate change and adverse weather
conditions (Arifah et al. 2022).Its usage enhances rice yield
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and improved land productivity while displacing the use of
crude implements which retards yield. Effective use of
pesticides on farm was adopted by 96.3% of the rice farmers.
Efficient and effective use of pesticides assists in controlling
rice pests and diseases caused by high temperatures and
frequent rainfalls. Most indigenous rice varieties are
vulnerable to pest infestations and disease and thus the use
of pesticides which should be properly applied based on
specifications (Adekunmi et al. 2022). Efficient application
of fertilizers on farm was adopted by 95.0% of rice farmers.
Due to negative impacts of climate change on rice field,
farmers’ experiences low yields and poor harvest leading to
economic losses and time invested in cultivation. As a result
the use of inorganic fertilizers seems appropriate and
efficient in remedying these ugly impacts of climate change
on rice fields. The use of fertilizers improves rice production
and enhances better performance both in land yield and
productivity (Yakubu et al. 2021). The table further reveals
that 96.3% of the rice farmers adopted the use of crop
rotation. Crop rotation refers to a proven and verified land
management system used to mitigate the negative impacts of
changing climate and ensures sustainable crop yield with
other crops inclusive. It helps to break pest and disease
cycles caused by adverse weather condition and reinforces
nutrient supply required for optimal rice yields. About
88.8% of rice farmers adopted changing of cultivation date.
The change of cultivation dates is necessary considering
climate change negative effects on rice production
(Gbemavo et al. 2022). Changing of cultivation date are
effective strategies in dealing with continued variations of
precipitation and temperature. Change of dates allows
farmers to suit their cropping in respect to variations in
climate change per time. Adoption of plant spacing was
adopted by 81.3% of rice farmers. Crop spacing assist in the
development of rice roots, shoots, and overall crop growth.
It helps in effective distribution of light, water, and nutrients
required in rice plants (Akanbi et al. 2022). Crowding of rice
plants in the face of climate change leads to overall crop
failure and input-resource sabotage. The use of improved
soil conservation methods was adopted by 80% of rice
farmers. This connotes that the rice farmers practiced
improved soil conservation methods such as mulching,
erosion control, use of drainage systems, etc. in mitigating
climate change and improving rice production (Khan et al.
2022a). Improved soil conservation methods helps to
maintain soil fertility, biodiversity and aid in soil
developmental processes and nutrient capacity of soils
leading to improved yields. Diversification was adopted by
90% of the rice farmers. Diversification is a multi-level
processes in which crop farmers engage in other income
yielding occupation to guard against the negative effects of
climate change on agriculture and crop production.
Diversification allows crop farmers to explore other areas
and engage productively should there be any climate
eventualities (Ocheni et al. 2021).

Table 1. Socio-economic characteristics of rice farmers
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Variable Frequency Percentage
Age
20-30 15 18.8
31-40 22 27.5
41-50 35 43.8
51 and above 08 10.0
Mean 48
Sex
Male 69 86.3
Female 11 13.8
Marital status
Single 21 26.3
Married 41 51.3
Widowed 18 22.5
Level of education
Primary 26 32,5
Secondary 33 41.3
Tertiary 09 11.3
Non formal 12 15.0
Household size
1-4 22 275
5-8 51 63.8
9-12 07 8.8
Mean 07
Occupation
Farming only 21 26.3
Farming and others 59 73.7
Farm Size
0.1-1.0 35 43.8
1.1-2.0 38 47,5
2.1-3.0 07 8.7
Mean 1.8
Extension contact
1-2 16 20.0
3-4 08 10.0
None 56 70.0
Mean 1.6
Cooperative membership
Yes 10 12.5
No 70 87.5
Participation in workshop/training
1-2 13 16.3
3-4 06 7.5
None 61 76.2
Mean 1.3
Farming Experience
1-10 18 22.5
11-20 54 67.5
21-30 08 10.0
Mean 18
Source of Capital
Banks 08 10.0
Friends/relatives 33 41.3
personal savings 39 48.7
Source of land
Inheritance 29 36.3
Lease/rent 19 23.8
Gift 15 18.8
Purchase 11 13.8
Pledge 06 75
Source of labour used
Family 30 375
Hired 25 31.2
Both 25 31.2
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Table 2. Perceived climate change occurrence encountered by rice
farmers

Perceived climate change * Percentage
occurrence Frequency (%)
Prolonged drought 76 95.0
Increased intensity of rainfall 72 90.0
Frequent floods 67 83.8
Increased temperature 78 97.5
Severe windstorm 76 95.0
High relative humidity 64 80.0
Late onset of rainfall 79 98.8
Early cessation of rainfall 70 87.5
High evaporation rate 74 92.5
High atmospheric pressure 65 81.3

Note: *Multiple Responses

Table 3. Adaptation mechanism of rice farmers to climate change

Table 5. Identified factors impeding rice production of farmers

Identified factors *Frequency Percentage

Lack of timely access to inputs 78 97.5
Inadequate lands 72 90.0
High cost of fertilizers 80 100.0
Increased water flooding 57 71.3
Incidence of pests and diseases 71 90.0
Inadequate capital 78 97.5
High cost of labor 69 86.3
Poor extension service 77 96.3
Inaccessibility of climate change 66 82.5
information 70 87.5
Poor storage facilities 80 100.0

Crude processing equipment

Adaptation mechanism of rice *Frequency Percentage

farmers

Adoption of irrigation methods 71 88.8
Use of improved varieties of 80 100.0
seeds

Use of developed farm 10 12.5
machineries

Effective use of pesticides on 77 96.3
farm

Efficient application of 76 95.0
fertilizers on farm

Adoption of crop rotation system 77 96.3
Changing of cultivation date 71 88.8
Adoption of plant spacing 65 81.3
Adoption of improved soil 64 80.0
conservation methods

Diversification of crops 72 90.0

Note: *Multiple Responses

Table 4. Determinants of vulnerability of rice farmers to climate
change

Variable Coefficient  t-value S.E
Constant 0.762 1.901** 0.400
Age -6.436 -3.951***  1.629
Education 9.540 3.351*** 2847
Household size -16.853 -0.702ns 24.007
Access to capital -0.967 -2.821**  0.342
Farming experience -3.601 -4.843***  0.743
Farm size 0.841 -0.788ns 1.067
Access to climate -10.421 -3.902*** 2,671
change information

Participation in climate 0.562 -1.001ns 0.561
change workshops

Gender -0.887 -1.990**  0.446
Extension contacts -13.742 -2.002** 6.864
R? 0.881

F-value 42.099

N 80

Note: *** ** indicates significant at 1 and 5% levels

Note: *Multiple responses

Determinants of vulnerability of rice farmers to climate
change

Table 4 presents the determinants of vulnerability of rice
farmers to climate change. The R? value of 0.881 explained
about 88.1% of the total variations in the vulnerability of rice
farmers to climate change. The F value of 42.099 was
significant and further indicates the goodness of fit of the
model used. Age coefficient was negative at 1% and
significant; this implies that aging farmers tend to be more
vulnerable to climate change compared to younger farmers.
This could also mean the inability of aging farmers to access
vital information on climate change ahead of time to
mitigate its negative effects on rice production. Typically
age of a farmer is very important in agricultural production
and climate change mitigation (Khan et al. 2022b).
Education coefficient was significant at 1% and was
statistically positive; indicating that the higher the
educational level of the rice farmers, the less wulnerable they
will be to climate change issues. Education is known to
empower farmers with the requisite knowledge and
understanding of variations in climate and weather
conditions. It exposes farmers in accessing vital information
regarding climate change and its adverse effects (Osuji et al.
2023). Access to capital was significant at 5% and was
negative, indicating that access to capital determines the
vulnerability of rice farmers to climate change. Inability of
the rice farmers to access capital limits the purchase of
planting materials such as improved and resistant seed
varieties, chemicals for pests and disease control, fertilizers,
etc. which is essentially used in mitigating climate change
adverse impacts on crop production. In addition, this further
implies that failure of the rice farmers to access capital
makes them more wulnerable to climate change (Onyeneke
et al. 2021). Farming experience was significant at 1% and
statistically negative. This implies that inexperienced
farmers suffers most from the negative consequences of
climate change and are more vulnerable to climate change
adverse effects. More so, while experienced farmers are
better-off with changes in climate, inexperienced ones are at
a loss and are faced with severe climate change impacts
which affects their crop yield and outputs (FAO 2022).
Access to climate change information was significant at 1%
and statistically negative; indicating that access to climate
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change information could lead to the vulnerability of the rice
farmers to climate change. Inability of the rice farmers to
access climate change information makes them more
vulnerable to climate change negative effects. Failure to
access climate change information exposes farmers to the
dangers associated with climate change which manifests in
crop failures and poor yields (Ho et al. 2022). Gender was
significant and statistically negative at 5%, this implies that
the female farmers are more wulnerable to climate change
than the male farmers. This could be due to their feminine
nature and inability to observe climate change variations and
undue weather conditions per cropping season. This also
could imply inability of the female farmers to take proactive
measures to mitigate negative effects of climate change upon
observations and access to information (Van-Oort and Zwart
2018). Extension contacts was significant and statistically
negative at 5%, indicating that rice farmers with no
extension contacts becomes more wulnerable to climate
change when compared with farmers with good exposure to
extension contacts. Furthermore, poor extension contacts
limits diffusion and accessibility of climate change
information and thus exposes the farmers to vulnerability of
climate change. Extension service is a vital tool in
overcoming climate change incidence and occurrence
regarding crop production (Arifah et al. 2022).

Identified factors impeding rice production of farmers
Table 5 presents the factors impeding rice production of
farmers. The table shows that 97.5% of rice farmers
perceived lack of timely access to inputs to be a limiting
factor in the production of rice. This implies that inability of
the farmers to access farming inputs on time constrained rice
production (Chen et al. 2023a). Inadequate lands were
identified by 90% of the rice farmers. This shows that the
rice farmers cultivated on small portions of lands. This could
be due to land tenure systems and land scarcity which limit
large scale rice production (Sharma et al. 2022). High cost
of fertilizer was indicated by 100% of the rice farmers. This
implies that high cost of fertilizer contributed to low rice
production. Most of the rural farmers are resource poor and
may not be able to afford the high cost of fertilizers, and this
could be a serious challenge for the farmers. Increased water
flooding was identified by 71.3% of rice farmers. This
implies that the issue of climate change contributing to water
flooding of rice field can be devastating leading to total crop
failure (Joseph et al. 2023). About 90% of the rice farmers
indicated incidence of pest and diseases to be a limiting
factor in rice production. This shows the prevalence of pests
and disease attacks on rice plants which reduce rice yields.
Inadequate capital was identified by 97.5% of the rice
farmers. Inadequate capital is a major challenge facing rural
farmers, inability of the farmers to access capital from banks
and other micro-finance institutions limits large scale
production (Dar et al. 2024). High cost of labor was
identified by 86.3% of the rice farmers. This connotes that
inability of the rice farmers to afford high labour fares could
be a huge constraints to rice production. This stems from
rural-urban migration of youths to cities in search of greener
pastures. Poor extension service was identified by 96.3% of
rice farmers. This means that lack of access to extension

services impeded rice production. Poor extension services
limit the dissemination of farm information, innovation and
technical know-how regarding crop production (Ojo and
Baiyegunhi  2020). Inaccessibility of climate change
information was indicated by 82.5% of rice farmers. This
implies that inability of the rice farmers to access climate
change information constrained rice production. Issues of
climate change relating to high temperature, irregular
rainfall, high evaporation rate, relative humidity, etc. are
remarkable impediments to rice production (Habib-Ur-
Rahman et al. 2022). Poor storage facility was indicated by
87.5% of the rice farmers. Issue of storage facilities limits
large scale cultivation of rice, as harvested rice is prone to
grain losses and spoilage and further resulting in economic
losses. Crude processing equipment was identified by 100%
of the rice farmers. This means that the farmers encountered
so many losses during the processing of rice resulting from
the use of crude processing equipments. This further
connotes that value addition in rice processing is jeopardized
via the use of crude processing tools.

In conclusion, the study's findings show that the rice
farmers were more male, married, experienced, and
productive age, with a household size of 7 persons. Notable
perceived climate change occurrences were prolonged
drought, increased intensity of rainfall, frequent floods,
increased temperature, and severe windstorms. To mitigate
climate change, the farmers employed some adaptation
measures such as adopting irrigation methods, improving
varieties of seeds, developing farm machinery, effective use
of pesticides, efficient application of fertilizers, and
adopting a crop rotation system. Age, education, access to
capital, farming experience, access to climate change
information, gender, and extension contacts appeared to be
significant determinants of climate change vulnerability for
rice farmers. Lack of timely access to inputs, inadequate
lands, high cost of fertilizers, increased water flooding, pests
and diseases, and inadequate capital-constrained rice
production of farmers. Farmers should practice more
climate-smart agriculture to overcome the adverse effects of
climate change on rice production. Farmers should seek
early climate change information to mitigate the adverse
effects of climate change on rice production.
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Abstract. Devi NB, Kalpana CA. 2025. Antimicrobial activity and identification of secondary metabolites in summer oyster mushroom
(Pleurotus ostreatus) extracts. Asian J Agric 9: 31-39. Consumption of oyster mushrooms is increasing due to their unique flavor, meaty
taste, and extensive medicinal potential. The main aim of this study is to analyze and compare antimicrobial assays and identify
secondary metabolites present after different drying techniques of oyster mushrooms. Oyster mushrooms were dried three different
ways: Sun-Dried (SD), Cabinet-Dried (CD), and Freeze-Dried (FD). The dried samples were powdered and macerated using ethanol as a
solvent extract and ultrasound treated. An antimicrobial assay was performed for the extracts using two Gram-positive and two Gram-
negative bacteria. Gentamycin was used as a positive control and ethanol as a negative control. Further phytochemical screening was
performed on the extracts to identify secondary metabolites, and other organic and inorganic compounds were identified by Fourier
Transform Infrared Spectroscopy (FTIR) analysis. The study revealed that the mean zone of inhibition by SD, CD and FD oyster
mushroom extracts against Staphylococcus aureus were 15.6 mm, 17.2 mm and 13 mm respectively while against Bacillus cereus were 0
mm, 0 mm and 14 mm respectively. And the mean zone of inhibition by SD, CD and FD oyster mushroom extracts against Escherichia
were 12.6 mm, 7.8 mm and 15.4 mm respectively whereas against Pseudomonas aeruginosa were 1 mm, 0 mm and 11.4 mm respectively.
The study also found that all three samples contained good amounts of alkaloids and carbohydrates, flavonoids, sterols, anthraquinones,
and cardiac glycosides. All the samples showed bands in the IR regions of 400-4000 cm. The study concluded that the FD oyster
mushroom preserved more secondary metabolites that had potential role in antimicrobial activity. The present work extends the finding
of previous work by adopting ultrasonication as an extraction process, to compare the antimicrobial activity and identification of
secondary metabolites of different drying method for summer-grown oyster mushroom cultivated in Coimbatore District of Tamil Nadu,
India.

Keywords: Dhingri, FTIR, lyophilization, phytochemical, ultrasonication

Abbreviations: CD: Cabinet-Dried, FD: Freeze-Dried, FTIR: Fourier Transform Infrared Spectroscopy, SD: Sun-Dried, UAE:
Ultrasonication-Assisted Extraction

INTRODUCTION

Oyster mushrooms (Pleurotus ostreatus), also well
known as dhingri in India, belong to the family
Basidiomycetes and are the second most produced edible
fungus due to their rich nutritional properties and easy
cultivation (El-Razek et al. 2020). The best growing
seasons for mushrooms are March/April (summer
mushrooms) in hilly areas and September/October (winter
mushrooms) in lower regions. The P. ostreatus is one of
the most commercially cultivated Pleurotus species.
Growing Pleurotus species is easy and inexpensive; it can
be grown yearly in under-maintained climate conditions. In
India, oyster mushrooms are mostly cultivated and
produced in eastern regions like Odisha and West Bengal,
most of the northeastern states, southern regions, such as
Karnataka and Andhra Pradesh, and western regions, such
as Maharashtra and Madhya Pradesh in Central India
(National Horticulture Board of India) grey oyster
mushrooms and white oyster mushrooms are suited to
cultivation in Tamil Nadu (TNAU Agritech Portal).

Mushrooms have a long history of consumption and
cultivation around the world because of their unique umami

flavor and meaty taste, as well as their medicinal properties
(Zhou et al. 2024). The P. ostreatus is a rich source of
major nutrients, including protein, carbohydrates, dietary
fiber, minerals, and vitamins, especially Vitamin D (Corréa
et al. 2016) and it is low in fat, calories, and cholesterol
(Fakoya et al. 2020). The Vitamin D content is naturally
undetectable in indoor-cultivated fresh mushrooms unless
irradiated with natural or artificial ultraviolet rays (Hu et al.
2020). Mushrooms are the only vegan source of Vitamin
D2 since the conversion of ergosterol to ergocalciferol
occurs by natural or artificial ultraviolet rays, which
produce adequate Vitamin D in mushrooms (Cardwell et al.
2018). One study on the application of UV-B irradiation
and air-drying club together with oyster mushroom powder
for the production of Vitamin D (ergocalciferol) revealed
that it could be the best strategy to deliver ergocalciferol in
foods (Pedrali et al. 2020). According to the study findings
from NHANES I11, a lower risk of total mortality rate is
associated with the consumption of mushrooms in US
adults (Ba et al. 2021).

Oyster mushrooms are also rich sources of bioactive
compounds that have antioxidant, antimicrobial, antitumor,
and anti-inflammatory effects. A previous study showed


tel:+91-422-2440241
tel:2435550
mailto:beitanong@gmail.com

32 ASIAN JOURNAL OF AGRICULTURE 9 (1): 31-39, June 2025

that aqueous extracts of the fruiting body of FD oyster
mushrooms had the strongest inhibition of the growth of
most fungi, and an alcohol-based extract had less inhibition
of antimicrobial  activity against most tested
microorganisms (Younis et al. 2015). Another study by EI-
Razek et al. (2020) showed that aqueous and ethanol
extracts of oyster mushrooms had significant antibacterial
properties against Salmonella typhimurium, Escherichia
coli, and Staphylococcus aureus.

Oyster mushrooms contain both primary and secondary
metabolites. Primary metabolites are essential for the
growth and development of an organism. In contrast
secondary metabolites are chemical compounds essential
for biological activity that are produced by the organisms
for protection against environmental shocks or predatory
threats (Herawati et al. 2021). Secondary metabolites, also
known as phytochemicals, include alkaloids, flavonoids,
sterols, terpenoids, anthraquinones, and glycosides and are
more concentrated in the fruiting parts of mushrooms (Al
Qutaibi and Kagne 2024). In a previous study by the same
authors (Nongmaithem and Chinnapan 2023) on the effect
of the screening of phytochemical constituents, some oyster
mushrooms were FD, and others were exposed to sunlight
for 30 minutes followed by FD, then extracted into a
powder in different solvents (aqueous, methanol, and
ethanol). The study observed that more secondary
metabolites were found in FD ethanol extracts, while
protein was found in higher quantities in the second
sample. Still, there was no difference in the secondary
metabolites present in the methanol extracts in the samples.

Since mushrooms contain 80-90% moisture, they are
highly perishable (Schill et al. 2021); therefore, it is
necessary to reduce their water content by adopting drying
methods that extend their shelf life (Van Hung et al. 2020).
Sun Drying (SD), Cabinet Drying (CD) and Freeze Drying
(FD) were adopted in the present study. SD is low cost and
traditional method of drying. SD preserved organoleptic
characteristics and physio-chemical properties of oyster
mushroom (Maray et al. 2018). Cabinet Drying (CD) is a
simple and easy method, has been promoted as appropriate
technologies at lower temperature because of low
investment. Freeze Drying (FD) is advanced, costly and
excellent method of drying which retains the color, texture
and nutrients of foods (Shams et al. 2022). No previous
studies have highlighted specifically summer harvested
oyster mushrooms. The present work extends the finding of
previous work by adopting ultrasonication as extraction
process and the comparison of different drying methods of
P. ostreatus in terms of the identification of secondary
metabolites, antibacterial activity from Coimbatore
District, Tamil Nadu, India.

The main goal of this study was to evaluate the
antibacterial activity against two Gram-positive and two
Gram-negative bacteria, identify bioactive compounds, and
screen primary and secondary metabolites
(phytochemicals) from oyster mushroom powder extracts
produced via different drying methods.

MATERIALS AND METHODS

Sample procurement and identification

Fresh oyster mushrooms (P. ostreatus) were purchased
from a farm in Coimbatore, Tamil Nadu, India. They were
grown in a mushroom hut (maintained temperature of 18-
26°C due to the hot climate in Tamil Nadu) and harvested
between April and May (summer mushroom). Sample
identification was carried out at the Centre of Advanced
Studies in Botany, University of Madras, Tamil Nadu.

Sample preparation

Oyster mushrooms were cleaned and washed
thoroughly, and their fruiting parts were separated from
their stalks. They were cut into pieces (1x1 cm?) and
divided into three portions, then dried by the following
methods.

Sun drying

Sliced oyster mushrooms were Sun-Dried (SD) at 30-
35°C, gills up toward the sunlight, for 2-3 days from 11 am
to 3 pm when UV was extreme (10+1) in Coimbatore
District, Tamil Nadu. SD is the traditional and most
convenient method of drying for the removal of moisture
content from the mushrooms.

Cabinet drying

Thinly sliced oyster mushrooms were arranged on a
tray in a single layer. A cabinet dryer was preheated for 15
minutes to obtain a constant temperature of 50-55°C,
sample was kept in the dryer until the moisture was lost
(around 10 hours).

Freeze drying

Sliced mushrooms were kept in a lyophilizer at 45+5°C
with vacuum pressure of about 0.062 mbar for 36 h until
their moisture was lost. Freeze-Dried (FD) is among the
best methods for removing moisture without changing the
color or texture of food products and with minimal volume
change (Bhatta et al. 2020).

Drying extends the shelf life of oyster mushrooms. The
dried oyster mushrooms were powdered finely in a
grinding machine, sieved through a 0.5 mm pore-size sieve,
and kept in an airtight container <2°C for further analysis.
The samples were labeled Sun-Dried (SD), Cabinet-Dried
(CD), and Freeze-Dried (FD) oyster mushroom powder.

Extract preparation from powdered oyster mushrooms

Ultrasonication-Assisted Extraction (UAE) was adopted
for solvent extraction. UAE is a non-conventional method
of solvent extraction from mushroom powder using an
ultrasound device. The UAE method of extraction is
reported to yield high ergosterol and metabolites from
mushrooms in less time than the Soxhlet extraction method
(Papoutsis et al. 2020). The protocol followed for the
extraction of phytochemicals and metabolites was that of
Patil et al. (2018) with some modifications to the solvent
used and time.

Five grams of SD, CD, and FD oyster mushroom
powder were added separately to three 250 mL glass
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beakers and mixed with 100 mL of ethanol (HPLC grade).
Ethanol is Generally Recognized as Safe (GRAS) which
was adopted as a solvent extract other than methanol and
water because of non-toxic and easy to evaporate.
Nutraceutical and food supplements of mushroom extracts,
either aqueous or alcohol-based could be dried or solution,
and are available as powder or tablets form (Radzki et al.
2023). All three samples were covered with aluminum foil
to prevent evaporation during extraction and were
ultrasonicated (Labman digital ultrasonicator cleaner,
100W power rating, 40+3 Khz ultrasonication frequency)
for 30 minutes at 50+5°C. After ultrasonication, the
extracts were centrifuged at 3500 rpm for 15 minutes. The
supernatant was separated and filtered through 211lpm
Whatman filter paper. The extracts were stored at -4°C
until further analysis.

Antimicrobial assay

An antibacterial assay was performed following the
Kirby-Bauer method in accordance with the standards set
by the Advanced Research Laboratory, Avinashilingam
Institute for Home Science and Higher Education for
Women, Coimbatore, India. In brief, 4-5 mL of broth
medium was incubated at 35°C for 2-6 hours to maximize
turbidity. The culture was diluted in sterile saline to 1-2 x
108 CFU/mL for S. aureus (ATCC 6538), B. cereus
(ATCC10987), E. coli (ATCC 25922), and Pseudomonas
aeruginosa (ATCC27853). The medium was punctured to
make a 6 mm diameter well and the extracts were filled in
different concentrations, such as 10 uL, 20 pL, 30 pL, 40
uL, and 50 uL. The Petri plates were inverted for complete
diffusion, and the inhibition zones were examined by
measuring the diameter (in mm) formed around the well
after 24 hours’ of incubation at 37°C. The zones were
measured using a standard (Hi-Media) scale (Witasari et al.
2022). Gentamycin, well established antibiotic was
randomly selected (easily available) as a positive control
and ethanol as a negative control because ethanol was used
as a solvent for extraction of bioactive compounds from
oyster mushrooms. The two Gram-positive bacteria such as
S. aureus and B. cereus, while two Gram-negative bacteria
namely E. coli, and P. aeruginosa were studied against
positive control “Gentamycin ” since there was less reported
of the specific bacteria in different drying of oyster
mushroom extracts.

Phytochemical screening

Identification of the phytochemical constituents in
naturally available food facilitates the finding of potent
pharmacological and therapeutic activity. Conventional
ways of performing phytochemical screening tests are more
economical, easily affordable, and still good choices for
qualitative phytochemical constituents. Phytochemical
constituents were screened as described in Shaikh and Patil
(2020) as follows:

Identification of alkaloids in mushroom extracts by
Mayer’s test and Dragendorff’s test. A color change of
creamy color precipitate and reddish brown precipitate
respectively denoted the presence of alkaloids.

Identification of flavonoids by adding concentrated
H.SO, test. A change in color to reddish orange color
indicated the presence of flavonoids in the extract.
Identification of sterols in the mushroom extracts by
Libermann’s test, the presence of a reddish brown ring
indicated that the extract contained sterols. Anthraquinones
was identified by Borntrager’s test, reddish orange color
indicated the presence of anthraquinones. ldentification of
protein by 2% Ninhydrin reagent, showing a color of
purple indicated the presence of protein in the extracts.
Identification of carbohydrates by Molisch’s test and
Fehling’s test), showing violet ring and red precipitate
indicated the presence of carbohydrates. Identification of
cardiac glycosides by Keller-Killani test, forming of brown
ring indicated the presence of cardiac glycosides in the
mushroom extracts.

Identification of functional groups by FTIR analysis

Fourier Transform Infrared Spectroscopy (FTIR) of the
extracts was performed to identify the presence of
functional groups. FTIR analysis is the most powerful and
fastest tool to detect the functional groups present in a
substance (Mane and Khilare 2021). FTIR (SHIMADZU)
was performed for the liquid extracts in the region between
400-4000 cm'L,

Statistical analysis

Zone of inhibition against S. aureus, B. cereus, E. coli,
and P. aeruginosa in different concentrations of SD, CD, and
FD oyster mushroom extracts were calculated and compared
within the group by one sample t-test at 95% confidence
interval of the difference. A significant 2-tailed was
analysed and p-value of <0.01 and <0.05 are at 99% and
95% significant respectively. It was performed in IBM
SPSS Statistics version 21.

RESULTS AND DISCUSSION

Antimicrobial susceptibility of oyster mushroom
extracts dried with different methods

SD oyster mushroom powder extract, CD oyster
mushroom extract, and FD oyster mushroom powder
extract were subjected to an antimicrobial activity test
(Kirby-Bauer method). Many studies have reported that
Pleurotus spp. has medicinal properties, including
antimicrobial, antioxidant, anti-viral, anti-diabetic, and
anti-inflammatory properties (Masri et al. 2017). A study
on antimicrobial activities in methanol, petroleum ether,
and acetone extracts of agro-waste-produced oyster
mushrooms against five Gram-positive and five Gram-
negative bacteria revealed that methanol extract had a
broader spectrum of inhibition against the bacteria,
followed by acetone extract and petroleum ether (EI-Razek
et al. 2020). In the current study, ethanol extracts of oyster
mushrooms dried with different methods were analyzed for
antimicrobial assays.

The pictorial zone of inhibition against the Gram-
positive and Gram-negative bacteria by different
concentrations of extracts of oyster mushroom dried by
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different methods (10pL, 20uL, 30pL, 40pL, and 50uL)
(Figure 1). The zone of inhibition against Gram-positive
and Gram-negative bacteria by the positive control
(Gentamycin) and negative control (ethanol) (Figure 1.A).
The pictorial zone of inhibition against the two Gram-
positive bacteria (S. aureus and B. cereus) and two Gram-
negative (E. coli and P. aeruginosa) by the SD oyster
mushroom powder extract (Figure 1.B). The zone of
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inhibition against the two Gram-positive bacteria (S. aureus
and B. cereus) and two Gram-negative (E. coli and P.
aeruginosa) bacteria by the CD oyster mushroom powder
extract (Figure 1.C). The pictorial zone of inhibition
against the two Gram-positive bacteria (S. aureus and B.
cereus) and two Gram-negative bacteria (E. coli and P.
aeruginosa) by the FD oyster mushroom powder extract
(Figure 1.D).
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Figure 1. Zone of inhibition against Gram-positive and Gram-negative bacteria by: A. Positive control (Gentamycin) and negative control (ethanol),
B. SD oyster mushroom powder extract, C. CD oyster mushroom powder extract, D. FD oyster mushroom powder extract
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Table 1. Diameter of inhibition against two Gram-positive bacteria (S. aureus and B. cereus) and two Gram-negative bacteria (E. coli
and P. aeruginosa) in different concentrations of SD, CD, and FD oyster mushroom extracts

Zone of Inhibition (mm)

Concentration Gram-positive

Gram-negative

(uL) S. aureus (mm) B. cereus (mm) E. coli (mm) P. aeruginosa (mm)

SD CD FD SD CD FD SD CD FD SD CD FD
10 11 15 9 0 0 9 9 0 14 1 0 8
20 12 18 10 0 0 12 11 8 13 0 0 9
30 18 18 13 0 0 14 15 8 16 4 0 12
40 18 17 14 0 0 17 14 9 16 0 0 13
50 19 18 19 0 0 18 14 14 18 0 0 15
Mean zone of inhibition (mm)  15.6 17.2 13 0 0 14 12.6 7.8 154 1 0 114
p-value 0.001**  0.00** 0.002** NS NS 0.001** 0.000** 0.025* 0.000** 0.266 NS 0.001**
Standard (Gentamycin) 28 mm 35 mm 31 mm 29 mm
Negative control (ethanol) 0 0 0 0

Note: SD: Sun-Dried oyster mushroom extract, CD: Cabinet-Dried oyster mushroom extract, FD: Freeze-Dried oyster mushroom
extract. ** significant level at 99.9%, * significant level at 95%, NS: Not Significant

The zone of inhibition by SD, CD, and FD oyster
mushroom extracts in different concentrations (10 pL, 20
pL, 30 pL, 40 pL, and 50 pL) against two Gram-positive
bacteria (S. aureus and B. cereus) and two Gram-negative
bacteria (E. coli and P. aeruginosa) compared with positive
control  (standard Gentamycin). The higher the
concentration, the greater the zone of inhibition observed,
and the zone of inhibition is denoted in mm. The zone of
inhibition by standard Gentamycin was 28 mm and 35 mm
for the two Gram-positive bacteria (S. aureus and B.
cereus), respectively, and 31 mm and 29 mm for the two
Gram-negative bacteria (E. coli and P. aeruginosa),
respectively. The negative control, ethanol, did not show a
zone of inhibition of either the Gram-positive or Gram-
negative bacteria. The mean zone of inhibition by SD, CD
and FD oyster mushroom extracts against S. aureus were
15.6 mm, 17.2 mm and 13 mm respectively while against
B. cereus were 0 mm, 0 mm and 14 mm respectively. The
average zone of inhibition by SD, CD and FD oyster
mushroom extracts against E. coli were 12.6 mm, 7.8 mm
and 15.4 mm respectively whereas against P. aeruginosa
were 1 mm, 0 mm and 11.4 mm respectively (Table 1).

The CD oyster mushroom extract had a greater ability
to inhibit the growth of the Gram-positive bacteria S.
aureus (p=0.000) followed by SD (p=0.001) and FD
(p=0.002) oyster mushroom extracts, there was no
significantly difference of drying methods against S. aureus
while the FD oyster mushroom extract had more ability to
inhibit the Gram-positive bacteria B. cereus (p=0.001)so,
there was significantly affect by drying method to inhibit
this bacteria, whereas the other two extracts had no zone of
inhibition. The FD oyster mushroom extract had a higher
inhibition zone, followed by the SD and CD oyster
mushroom extracts for the Gram-negative bacteria E. coli,
a non-significant difference was observed within the
samples. The FD oyster mushroom extract had more ability
to inhibit P. aeruginosa (p=0.001) than the SD or CD oyster
mushroom extracts, as either no inhibition zone or much less
inhibition was found for both. So, a significantly difference
was observed. A study has shown the significant impact of

aqueous and ethanol extracts of freeze-dried oyster
mushrooms in antibacterial properties against S.
typhimurium, E. coli, and S. aureus (El-Razek et al. 2020).
In the present study, thermal degradation of bioactive
compounds was observed in SD and CD oyster mushroom
extracts compared to FD. SD and CD oyster mushroom
extracts did not show antimicrobial properties to inhibit
against B. cereus and P. aeruginosa. In contrast FD oyster
mushroom extract showed antimicrobial properties to
inhibit both Gram-positive and Gram-negative, showed
statistically significant. Therefore, the study demonstrated
that different drying methods might affect the bioactive
compounds that are responsible for antimicrobial properties
since FD oyster mushroom extracts preserved bioactive
compounds followed by SD and CD (Table 1).

Phytochemical screening

Phytochemical screening was performed to observe the
secondary metabolites present in extracts of oyster
mushrooms dried using different methods. Studies have
shown that macro-fungi like oyster mushrooms have been
used in the pharmaceutical industry due to the presence of
secondary metabolites (Al Qutaibi and Kagne 2024). One
study by Rahimah et al. (2019) found that 70% ethanol of
oyster mushroom extract contained a total phenolic
compound (6.67 pg/1 mg) equivalent to 1 mg gallic acid.
This same study also confirmed that aqueous was a better
solvent than ethanol or acetone. Another study
(Senthilkumar et al. 2015) demonstrated that major
phytochemical constituents from edible wild P. ostreatus
collected from the Dharmapuri District, Tamil Nadu, were
found to be higher in ethanol extracts than other solvents,
such as ethyl acetate, chloroform, and hexane. Ethanol is
the most common solvent used for extraction other than
water and methanol due to its dissolvability of polar and
non-polar solvents; special techniques to be adopted for
drying by using water for extraction, and the use of
methanol for extraction are limited due to its toxic effect
(Rahimah et al. 2019). Ethanol is also recognized as
Generally Recognized as Safe GRAS by the US Food and
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Drug Administration (FDA 2024). In the present study,
ethanol was used as a solvent extraction to screen for 16
phytochemical constituents, and their presence in the
extracts of oyster mushroom powders dried by different
methods was compared.

Out of 16 phytochemical constituents screened,
alkaloids and carbohydrates were present in high amounts
in all three samples, shown in yellow as oyster mushroom
extract was high in alkaloids, which has the potential role
of  antibacterial  properties.  Flavonoids,  sterols,
anthraquinones, and cardiac glycosides were found
appreciably in all three extracts (shown in light green).
Anthocyanin was found in the FD oyster mushroom extract
in appreciable amounts but not detected in the SD or CD
oyster mushroom extracts. Protein was found in
appreciable quantities in the SD and CD oyster mushroom
extract and high amounts in the FD oyster mushroom
extract. Thus, FD retained more anthocyanin and protein
content in the mushrooms than did other methods of
drying. Terpenoids, phenolic compounds, quinones,
tannins, saponins, lignin, coumarins, and volatile oils were
not detected (shown in green) in any sample. Such
metabolites might be lost during drying or processing. The
potential effect of secondary metabolite content in fungi is
closely related to its growing conditions, the extraction
process, and the solvent used for solvent extraction
(Herawati et al. 2021) (Table 2).

Identification of functional groups by FTIR analysis

Mushrooms naturally contain high amounts of
polysaccharides, high protein, and low fat. The nutritional
quality of mushrooms is closely related to their growing
conditions. Pleurotus spp. cultivated on paddy straw was
found to be abundant in protein and carbohydrates, high in
fiber, and low in fat, so it is an excellent choice for a high-
protein, low-calorie diet (Aswathy et al. 2024). The
functional groups of the SD, CD, and FD oyster mushroom
extracts were identified by FTIR analysis in the region of
400-4000 cm™ (Figure 2). According to a previous study
(Wickramasinghe et al. 2023): The important broadband
lies in the region of 3300 cm™ because the O-H and C—-H
group stretching predicts the availability of moisture. The
band around 2900-2880 cm™ represents the stretching of
CH; and CHjs (fatty acids in the cell walls). The band at
1740 cm™ might be the result of the carbonyl stretching of
alkyl esters, and the band between 1650-1560 cm™ was
determined to be amides of protein. The band between
1500-750 cm™ might be polysaccharide C-O stretching,
which is linked with protein, lipids, and polysaccharides.
The region around 850-750 cm™ has been identified as a
polysaccharide anomeric configuration, the B- glycosides
might be linked to the band at 890 cm, and o- glycosides
might be linked to the band between 860-810 cm™.

The major peaks for all three samples. The consolidated
graph was prepared in Origin software 2024b (learning

version). All three samples (SD, CD, and FD) show three
specific bands in the region 400-4000 cm™. The peaks were
found to be similar, but there were slight quantitative
differences within the bands. SD, CD, and FD were found
at the bands 3341.31 cm?, 3319.76 cm?, and 3338.62 cm™,
respectively, which depict the availability of moisture. The
bands at 2888.62 cm™, 2891.31 cm™, and 2888.23 cm™? for
SD, CD, and FD, respectively, show the stretching of CH;
and CHs; which showed the presence of sterols in
phytochemical screening (Table 2). The bands at 1641.01
cm™? (SD) and 1632.93 cm™* (FD) represent the presence of
proteins (Table 2), while there was no specific band for the
CD extract. Thermal treatment might denatured proteins
present in CD oyster mushroom extract. The bands at
1382.33 cm™, 1385.02 cm™, and 1387.22 cm™ for the SD,
CD, and FD extracts, respectively, show that the presence
of the C-O group belongs only to polysaccharides (Akcay
and Yalcin 2021) which denoted highly presence of
carbohydrates in all the three mushroom extracts (Table 2).
The sharp peaks at 1050.89, 1050.89, and 1053.59,
respectively, might represent the presence of alkaloids,
protein, lipids, and polysaccharide vibration (Table 2). The
bands in the regions 878.44 cm™, 875.74 cm™, and 886.52
cm* respectively represented the presence of B- glycosides
which showed the presence of flavonoids, cardiac
glycosides in the SD, CD, and FD oyster mushroom
extracts (Figure 2). There was a significant difference in
protein content and no other bioactive compounds present
in the three samples.

Table 2. Phytochemical constituents observed in sun-dried,
cabinet-dried, and freeze-dried oyster mushroom extracts

Sun-dried Cabinet-dried Freeze-dried
oyster oyster oyster
mushroom mushroom mushroom

Phytochemical
constituents

Alkaloids
Anthocyanin
Anthraquinone
Carbohydrates
Cardiac glycosides
Coumarins
Flavonoids

Lignin

Phenolic compounds
Protein

Quinones
Saponins

Sterols

Tannin
Terpenoids
Volatile oils

Note: m: Absent, =i: Appreciable amount, = : High amount
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Figure 2. FTIR spectra of sun-dried, cabinet-dried, and freeze-dried oyster mushroom extracts region between 400-4000 cm.*

Discussion

Oyster mushrooms are well known for having
nutraceuticals and pharmaceutical properties in mankind.
They are highly perishable and have a short shelf life of 3-4
days at room temperature because of low ethylene
production and high rate of respiration. Spoilage,
browning, and off-flavor might happen if the mushrooms
are not stored properly. Drying is the best way to extend
the shelf life of mushrooms by removing moisture from
them. There are different drying methods to reduce
moisture content—traditional drying (sun drying) and
advanced drying (cabinet drying and freeze drying) were
adopted in the present experiment to evaluate whether the
different drying methods impact the antimicrobial activity,
content of primary and secondary metabolites as well as
bioactive compounds. However, the practice of Sun Drying
(SD) is affected because of environmental and weather
conditions, and the products may be contaminated by pests,
insects, dirt, etc. But it is still being adopted because of its
convenience and low cost among other drying methods.
Cabinet Drying (CD) is drying in a hot dryer with a high
temperature within a few hours; it does not depend on
weather conditions while Freeze Drying (FD) is an
advanced technology that dries at low temperature, it
retains nutrients more than other drying methods. Dried
and powdered mushrooms can be stored for a year in well
air-sealed conditions; this can be incorporated with food

products and may be an alternate source of meat for the
vegan population (Van Hung et al. 2020).

Ethanol is GRAS which is commonly used as a solvent
extract because of non-toxic and easy to evaporate. UAE is
a non-conventional method of solvent extraction which was
adopted in this experiment because of the less time
consumption as well as yielding more by this extraction
process (Papoutsis et al. 2020). Characterization of
antimicrobial activity, identification of secondary
metabolites and other bioactive compounds of different
drying of oyster mushrooms for various reasons. Primarily,
ethanol extract among the three extracts (SD, CD and FD
mushroom extracts) had maximum inhibition against
Gram-positive and Gram-negative bacteria. Our findings
revealed (shown in Table 1) that FD mushroom extract had
maximum inhibition ability against both the Gram-positive
bacteria and Gram-negative bacteria followed by SD and
CD oyster mushroom extracts. Secondarily, to observe
secondary metabolites from the three different extracts. Our
finding observed that (Table 2) FD retained protein more
than SD and CD; drying techniques did not affect the
presence of secondary metabolites. Finally, to identify and
compare whether drying techniques influenced functional
groups present in all three extracts. The findings showed
that (Figure 2) there was no effect in functional groups by
drying.
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The present study shows that SD, CD, and FD oyster
mushroom extracts had average zones of inhibition against
S. aureus at 15.6 mm, 17.2 mm, and 13 mm respectively,
and the average zone of inhibition against B. cereus at 0
mm, 0 mm, and 14 mm respectively. SD, CD, and FD
oyster mushroom extracts had an average zone of inhibition
against E. coli at 12.6 mm, 7.8 mm, and 154 mm
respectively whereas against P. aeruginosa at 1 mm, 0 mm,
and 11.4 mm respectively. It revealed that the SD and CD
oyster mushroom extracts have the potential role of
inhibiting bacterial growth against one Gram-positive and
one Gram-negative bacteria. In contrast, FD oyster
mushroom extract has the highest ability to inhibit both
Gram-positive and Gram-negative bacteria. Gram-positive
bacteria (B. cereus) strain and Gram-negative bacteria (P.
aeruginosa) were more resistant to SD and CD extracts.
Ahmed et al. (2022) compared the antibacterial activity of
three solvent extracts (methanol, petroleum ether, and
acetone) of oven-dried P. ostreatus against Gram-positive
and Gram-negative bacteria. Methanol extract showed the
average zone of inhibition at 18 mm, 13 mm, 9 mm, and 16
mm against S. aureus, B. cereus, E. coli, and P. aeruginosa
respectively. Petroleum ether extract showed the average
zone of inhibition at 18 mm against S. aureus whereas it
showed negative results for the other three bacteria.
Acetone extract showed the average zone of inhibition at
20 mm, 20 mm, and 15 mm against S. aureus, B. cereus,
and E. coli respectively, and a negative result for P.
aeruginosa. The methanol extract had more antibacterial
activity followed by acetone extract and petroleum ether
extract was least and Gram-negative bacteria strains were
more resistant than Gram-positive bacteria strains.

The phytochemical screening of SD, CD, and FD oyster
mushroom ethanol extracts revealed the presence of high
amounts of alkaloids, and carbohydrates in all three
extracts. It showed a high amount of protein content in FD
oyster mushroom extract whereas there was an appreciable
amount of protein in SD and FD extracts. All three extracts
presented appreciable amounts of flavonoids, sterols,
anthraquinones, and cardiac glycosides. Anthocyanin was
present in FD oyster mushroom extract whereas it was
absent in SD and CD oyster mushroom extracts. A study
was reported by Effiong et al. (2024) on the phytochemical
constituent of five different solvent extracts (ethanol,
methanol, aqueous, chloroform, and n-Hexane) of hot
oven-dried P. ostreatus. All the extracts were qualitatively
present of alkaloids, flavonoids, carbohydrates, tannins,
anthocyanins and  betacyanins, saponins, phenols,
coumarins, quinones, terpenoids, and cardiac glycosides. In
contrast, phlorotannins and betacyanins were absent in
chloroform and n-hexane extracts. Either glycosides or
acids were completely absent in all five extracts. Fakoya et
al. (2020) demonstrated the presence of alkaloids, saponins,
phenols, tannins, protein, carbohydrates and in ethanol and
aqueous extract sun-dried P. ostreatus extract while
triterpenoids and glycosides were found only in ethanol
extract.

From the FTIR analysis, the present study demonstrated
that all the major peaks of the three extracts (SD, CD and
FD oyster mushroom) fell between the regions 400-4000

cm™. The stretching bands fell in the specific regions which
have significantly related to the presence of sterols,
alkaloids, proteins, lipids, carbohydrates, polysaccharide
vibration, - glycosides, flavonoids, and cardiac glycosides
in all three samples. The bands at 1641.01 cm™ (SD) and
1632.93 cm! (FD) represent the presence of proteins while
there was no specific band for the CD extract, it might be
denatured of protein during drying (Figure 2). FTIR
analysis of four different oven-dried mushrooms (Agaricus
bisporous, P. ostreatus, Calocybe species, and Ganoderma
lucidum) powder showed specific regions with little
difference in quantitative. All the bands are shown in IR-
spectra correlated with the oyster mushroom components
of  protein, fat, carbohydrates, moisture, and
polysaccharides including glucans (Wickramasinghe et al.
2023).

In conclusion, oyster mushrooms (P. ostreatus) have
multiple benefits, as shown through the presence of
antimicrobial properties, and they are rich in primary and
secondary metabolites like alkaloids, carbohydrates,
flavonoids, sterols, anthraquinones, and cardiac glycosides
which have a potential role to play in inhibiting Gram-
positive and Gram-negative bacteria, also found as the
presence of bioactive compounds in the extracts from FTIR
analysis. Research on different varieties of oyster
mushroom using different techniques of extraction with
other solvents can be implemented for future aspects to
forge on pharmaceutical and food industries. This study
also recommends fortifying traditional food products with
oyster mushroom powder to improve their nutritional
quality, and it will be therefore necessary to analyze its
bioavailability.
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Abstract. Yudistira DH, Sandi YU, Wirabumi BA, Damayanti A, Wikandari P, Sato S. 2025. Effects of different application doses of
black soldier fly frass Hermetia illucens (Diptera: Stratiomydae) on soybean plant performances and arthropod abundance. Asian J
Agric 9: 40-51. Food waste poses a global challenge, contributing approximately 3.49 billion tons of CO2 to the atmosphere annually.
Recycling this waste into valuable soil nutrients is a viable solution. This study focuses on black soldier fly Hermetia illucens L.
(Diptera: Stratiomydae) larvae, which convert organic waste into protein-rich biomass and frass, a potential soil amendment. However,
the effects of black soldier fly frass on crop performance and biodiversity remain underexplored. We investigated the impact of three
different frass doses (0, 2.5, and 5 tons/ha) on the growth of the Tsuruoka soybean variety (Glycine max L.), dadachamame. Results
showed no significant differences in plant height (p=0.07), but higher doses increased leaf count (p<0.01) and SPAD values
significantly (p<0.001), with 2.5 tons/ha improving leaf count by 26% and SPAD values by 16%. Yield analysis revealed that 2.5
tons/ha increased the number of filled pods by 29% (p<0.05) and reduced empty pods by 52% (p<0.001), thereby enhancing pod quality.
Arthropod analysis indicated that 5 tons/ha significantly increased overall arthropod abundance (p<0.001), particularly predators
(p<0.001) and herbivores (p<0.001), while 2.5 tons/ha balanced predator abundance, thereby controlling herbivores and supporting
biodiversity. These findings suggest that an application dose of 2.5 tons/ha is optimal for improving edamame yield and quality while
maintaining a balanced arthropod ecosystem, demonstrating black soldier fly frass as a nutrient-rich, eco-friendly input that supports
sustainable agriculture.

Keywords: Biodiversity, food waste recycling, organic farming, sustainable agriculture, trophic interaction

Abbreviations: BSF: Black Soldier Fly, WAT: Weeks after treatment

INTRODUCTION

Approximately one-third of the world’s food production
is wasted annually, accounting for roughly 40% of all
waste (FAO 2011). Food waste is estimated to cost the
global economy up to $936 billion and release around 3.49
billion tons of CO; into the environment (FAO 2011). In
some countries, food waste has become a major problem.
For example, food waste has long been an issue in Japan,
where 17 million tons of food were wasted in 2017 alone,
mostly from the retail, food, and wholesale industries
(Oishi 2019).

Recycling food waste offers a cost-effective and
environmentally friendly alternative by repurposing various
nutrients, which aligns with the Sustainable Development
Goals (SDGs) related to responsible consumption and
production (SDG 12), climate action (SDG 13), and life on
land (SDG 15). According to Noor et al. (2014),
composting is an effective method for managing food
waste, significantly reducing the volume of waste requiring

landfill disposal. It also offers numerous benefits, including
enhanced mineralization of plant nutrients, suppression of
plant pests and diseases, and improved soil structure and
stability (Martinez-Blanco et al. 2013; Ayilara et al. 2020).
Advanced technologies have facilitated faster composting,
such as through the use of microorganisms to decompose
complex organic materials (Guanzon and Holmer 1993).
Recently, employing insects for organic material
decomposition has emerged as a global trend. Hermetia
illucens L. (Diptera: Stratiomydae), commonly known as
the black soldier fly (BSF), is recognized for its beneficial
role in reducing organic waste by converting it into
biomass. The treatment of black soldier fly larvae (BSFL)
is being explored as a waste reduction strategy in various
countries (Fischer et al. 2021; Basri et al. 2022) due to the
simplicity, speed, and minimal space requirements for
BSFL rearing (Rummel et al. 2021). Beyond waste
reduction, BSFL offers additional value by bioconverting
low-value food waste into valuable fertilizer and protein-
rich larvae (Basri et al. 2022). The residual material after
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harvesting the larvae, termed “frass”, consists of leftover
BSFL feed, exuviae, feces, and microorganisms (Schmitt
and de Vries 2020).

Organic farming was developed to reduce the impact of
chemical use in conventional agriculture. Organic farming
focuses on a comprehensive strategy that integrates high-
quality output with environmentally friendly methods,
thereby contributing to biodiversity, resource conservation,
and animal welfare (Dinis et al. 2015). Organic yields are
generally lower than conventional yields, but the main goal
is sustainability (Seufert et al. 2012; Muller et al. 2017).
Although vyields may be lower, organic farming
compensates for this by promoting higher biodiversity
(Gong et al. 2022). Organic farming increases species
diversity by approximately 30%, especially in areas with
intensive land use (Tuck et al. 2014). This is due to organic
farming avoids synthetic chemicals, making it safer for
many species (Bengtsson et al. 2005). Organic fertilizer
plays a key role in organic farming by enhancing microbial
activity and improving soil physical properties and fertility
(Chatzistathis et al. 2021). Among the various options,
black soldier fly frass stands out as a promising component
for organic fertilizers.

Black soldier fly frass (BSF frass) enhances soil
quality, fertility, and nutrient content (Klammsteiner et al.
2020; Beesigamukama et al. 2021; Gérttling and Schulz
2022; Gebremikael et al. 2022; Beesigamukama et al.
2022). It is recommended to increase soil organic matter as
well as nitrogen, phosphorus, and potassium levels
(Anyega et al. 2021; Menino et al. 2021). According to
Garttling and Schulz (2022), BSF frass is notably rich in
dry matter nutrients, containing nitrogen, ammonium
nitrogen, phosphate, and potassium totaling over 1% of its
dry weight. Several studies have shown that BSF frass
positively affects plant growth and yield (Agustiyani et al.
2021; Anyega et al. 2021; Borkent and Hodge 2021;
Fischer et al. 2021; Menino et al. 2021). Many studies have
already investigated the effects of BSF frass on plant
performance and soil nutrients. However, there is still
limited information on the optimal application doses and its
impact on organic farming agroecosystems, particularly
concerning the structure of arthropod communities.

Soybean (Glycine max L.) is an important crop,
especially in Japan, where the immature seeds, known as
edamame, are a popular product (Koshika et al. 2022).
Tsuruoka, a city in Japan, is renowned for producing a
local variety of edamame called ‘dadachamame.’ The high-
quality cultivar Shirayama-dadachamame is particularly
well-known for its umami and sweet flavor (Kamimura et
al. 2016). This study aims to investigate the optimal
application dose of BSF frass and its impact on
agroecosystems, specifically focusing on the structure of
arthropod communities. While previous research has
highlighted the positive effects of BSF frass on soil quality,
fertility, and plant growth, there remains a gap in our
understanding of the appropriate amount of BSF frass to
use in edamame crops and its potential effects on the
broader ecosystem, particularly arthropod populations.

In this study, however, we did not include a chemical
fertilizer as a positive control. Although chemical fertilizers
are widely used in conventional farming and serve as a
benchmark for evaluating the effectiveness of alternative
fertilizers, this study focuses exclusively on organic frass
applications. This choice aligns with our objective to
prioritize organic methods; however, it limits the study’s
ability to make broad claims about the efficacy of frass as a
complete substitute for chemical fertilizers. By addressing
this gap, we aim to provide valuable insights into the
sustainable utilization of BSF frass in agriculture while
minimizing any unintended ecological consequences.

MATERIALS AND METHODS

Land preparation and transplanting

The research was conducted on an experimental farm at
the Faculty of Agriculture, Yamagata University,
Tsuruoka, Japan, from May to June 2022. We utilized a
local soybean variety, dadachamame cv. ‘Shirayama’.
Seedlings were raised in a greenhouse using seed trays
filled with commercial seedling soil Kumaya planter soil
(Kumaya, Japan). The experimental field, measuring 13.0 x
15.0 m, was divided into 6.0 x 1.0 m plots (Figure 1). Soil
preparation involved cultivation with a hand tractor two
weeks before planting. Seedlings, approximately 14 days
old, were transplanted into individual holes spaced 50 cm
apart in both directions. The total number of plants in each
plot was 15. The field maintenance was free from chemical
input, including pesticides and chemical fertilizers, to
represent organic field farming.

Frass preparation

Black soldier flies were obtained from the Yamadai
Mizuabu Laboratory, a specialized research facility for
black soldier fly studies within the Faculty of Agriculture
at Yamagata University, Japan. The larvae were fed food
waste collected from Yamagata University Co-op Vert and
Tsuruoka Municipal Shonai Hospital, primarily composed
of noodles, vegetables, bread, and rice, with a smaller
portion of meat. This food waste was processed and
homogenized before being provided to the larvae (Table 1).
Over a 14-day period, approximately 7 kg of food waste
and vegetables in a 5:2 ratio was given to the larvae in a
14-liter container. At the end of this feeding period, frass
and prepupae were manually harvested using a 1 mm sieve.
The frass contained insect skins, which are rich in chitin.
The C/N ratio, total nitrogen (TN), and total carbon (TC) of
the frass were analyzed using a total nitrogen analyzer
(Sumigraph NC-220 F, Sumika Chemical Analysis Service,
Ltd.). Total phosphorus (P) was measured by means of the
vanadomolybdophosphoric acid colorimetric method (Kuo
1996) using UV-visible spectrometry, and total potassium
(K) content was assessed through atomic absorption
spectrometry (Mizuno and Minami 1980) (Table 2).
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Figure 1. The experimental field plot design

Table 1. List of the BSF larvae feed and nutrient content

Nutrient content (g)
Product name Source Carbohydrate Protein Fat Salt
Mini Tempura bowl (3 =& XH) University 75.2 9.4 7.8 2.4
Teriyaki chicken soba bowl (B&fkF ¥ > @ ¢ (3 5 5f) University 79 176 9.6 4.7
Fried rice and fried chicken (2 = F + /\ > & FE#(T) University 63.4 11.9 13.6 1
Ramen (5 - >) University 4538 15.4 8.7 5.4
Beef rib bowl (4 7 /L £ #) University 76.4 8.5 5.3 2.3
Chocolate marble snack (¥ = 3 ¥—7 L) University 41.3 5.2 105 0.8
Fried fish bento (D) #%4 B (B &7 5 1) ) University 89.8 216 30 4
Sandwich (W Ttz T&/NLY > F) University 28.1 10.5 12.7 2.2
Rice ball (&= & 1)) University 32.8 2.9 0.9 0.8
Carrot skin Hospital 9.58 0.93 0.24 -
Raddish skin Hospital 8.36 1.17 0.13 -
Cabbage Hospital 5.58 1.44 0.12 -
Eggplant skin Hospital 5.7 0.19 0.19 -

Note: The nutrient content of the product was provided by the company and is included on the product labels. The nutrient content of
vegetable waste provided is the amount per 100 g of waste

Table 2. The chemical properties of BSF frass Frass application

The experiment involved applying BSF frass across
Chemical properties Concentration (%) different plots one week before transplanting the edamame
Total N 4.16+0.15 plants. Three application dose treatments were applied: (i)
Total P 8.70+0.67 0 tons/ha, (ii) 2.5 tons/ha, and (iii) 5 tons/ha. Each
Total K 4.80+0.27 treatment was replicated six times.

Total C 30.88+3.67
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Plant performance

The characteristics of 20 edamame plants in each
treatment were measured, including plant height (cm),
number of leaves, and leaf color. The leaf color was
measured on the shade of green it was, determined by the
SPAD (soil plant analysis development) meter (SPAD-502,
Konica). Other parameters were observed after the harvest
time. The harvested edamame plants were assessed for
their yield, total number of pods, number of empty pods,
and the dry weight of the seeds. Drying was conducted in a
natural convection oven (DS-64, Yamato) at a temperature
of 70°C for three days.

Arthropod collection and identification

Soil arthropods were collected using pitfall traps made
from 545 mL plastic cups (CP92-545, Daiso Industries Co.,
LTD). Each cup was filled with 200 mL of water and 1 mL
of detergent to instantly kill the trapped arthropods. The
traps were buried approximately 20 cm below the soil
surface and placed in the middle of the experimental plots.
Each plot contained three traps arranged in a straight line,
spaced 15 cm apart. The traps were set for 24 hours and
then collected and inspected. Pitfall traps were deployed
during the 2nd, 3rd, and 4th weeks after transplanting
(WAT). In this experiment, we used only macro-arthropods
due to their measurable impacts on pest dynamics.

Foliar arthropods were collected using yellow sticky
traps (Holiver, Arista Life Sciences). Each trap measured
10 x 10 cm and was mounted on poles 50 cm above the soil
surface. These traps were also left for 24 hours before
being collected and inspected. Yellow traps were set on
July 12, 2022 and August 3, 2022. In each plot, two traps
were placed between plants, with a distance of 50 cm
between traps. Each treatment includes a total of 12 traps.

Collected arthropods were identified to the genus level
in the laboratory at Yamagata University using a stereo
microscope (SMZ800, Nikon). Arthropods were classified
to morpho-genus level according to literature such as
Higley and Boethel (1994) and Borror et al. (1996). The
data on arthropods were then categorized according to their
ecological functions.

Data analysis

All statistical analyses were performed using R version
4.2.1. Before conducting the analyses, the normality of the
data was tested using the Shapiro-Wilk test (p>0.05),
confirming that the data followed a normal distribution.
Plant performance parameters and yield were analyzed
using a one-way analysis of variance (ANOVA), followed
by a post-hoc analysis using the Tukey test at a significance
level of p<0.05. Abundances of soil and foliar arthropods
were analyzed using a likelihood ratio (LR) test in the
Generalized Linear Model (GLM) and implemented using
Poisson error. After this, the deviance from the GLM was
analyzed using the Chi-square test.

The community structure analyzed by the non-metric
multidimensional scaling (NMDS) using the “vegan”
package was performed to generate the visualization of
assemblage composition on a matrix of Bray-Curtis
dissimilarities of abundance data (square root transformed).

To test the null hypothesis of species composition after the
treatments, we applied analysis of similarities (ANOSIM)
on the matrix of Bray-Curtis with 999 permutations. The
Shannon diversity (H”) index were determined using the
following formula (Ludwig and Reynold 1984):

H’ = -3[(ni/N) In (ni/N)]

The Richness (R) index was determined using the
formula:

R=(S-1)/InN

The Evenness (E) index was determined using the
formula:

E=H’/InS

The Simpson dominance (C) index was determined
using the formula:

C =X (ni/N)

Where:

Ni : Total individuals of species i
N : Total individuals found

S : Number of species found.

RESULTS AND DISCUSSION

Effect of different application doses of BSF frass on
edamame plants
Plant performances

The study evaluated the impact of three different
application doses (0, 2.5, and 5 tons/ha) on plant
performance, by measuring plant height, number of leaves,
and SPAD values (Table 3). No significant differences
were found in plant height (df=2, ¥?>=5.39, p=0.07), with a
height average of 63.79+1.04 cm, 70.28+2.72 cm, and
71.18+3.10 cm for the application doses of 0, 2.5, and 5
tons/ha, respectively. However, plant height showed
increases of 10 and 12% for the application doses of 2.5
and 5 tons/ha. The number of leaves was significantly
affected (df=2, yx?>=6.87, p<0.01), with increases of 26%
and 31% for the application doses of 2.5 and 5 tons/ha.
SPAD wvalues, which indicate chlorophyll content,
significantly increased by 16 and 20% for the same
treatments (df=2, ¥?=113.9, p<0.001).

Regarding the yield components, no significant
differences were found in total pod count (df=2, ¥?=1.68,
p=0.43) and pod dry weight (df=2, ¥?=1.18, p=0.55).
However, the average number of empty pods showed
significant differences across treatments (df=2, ¥?=16.63,
p<0.001). The application dose of 2.5 tons/ha significantly
increased the number of filled pods by 29% compared to
the control (df=2, ¥?=5.88, p<0.05) and reduced the number
of empty pods by 52%, indicating improvement of pod
quality (Table 2).
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The results indicate that although higher application
doses did not impact overall yield or seed dry weight, they
improved specific yield components, particularly with the
application dose of 2.5 tons/ha. This application dose
notably enhanced leaf number, chlorophyll content, and
number of seeds, and reduced the number of empty pods.
An application dose of 2.5 tons/ha is recommended to
optimize edamame plant performance and pod quality.

Effects of different application doses of BSF frass on

arthropods in an edamame field, identifying 17 species
across the treatments (Table 4). The results indicated a
significant increase in the total number of arthropods with
the highest dose (Table 4, df=2, ¥>=17.93, p<0.001). To be
specific, the application of 5 tons/ha resulted in a
substantial 313% higher number of arthropods per plot of
about 19.40+8.50 individuals/plot compared to the control
(0 tons/ha), which had the lowest number of arthropods of
about 4.70+1.50 individuals/plot. Additionally, there was a
246% increase in the number of arthropods in the

arthropods application of 2.5 tons/ha, which resulted in about
Soil arthropod abundance 5.60+1.60 individuals/plot.
The study assessed the impacts of three different
application doses of BSF frass on the abundance of soil
Table 3. Plant performances at three different application doses of BSF frass
Application doses
Plant performances 0 tons/ha 2.5 tons/ha 5 tons/ha
Plant growth characteristics
Height (cm) 63.79+1.042 70.28+2.72° 71.18+3.10°
Number of leaves 20.26+1.87 25.58+2.08° 26.59+1.57°
SPAD 38.10+0.69? 44.14+0.31° 45.75+0.53°
Yield attributes
Yield (g/plant) 89.41+7.78° 92.96+6.90° 75.58+11.232
Number of filled pods 58.43+4.282 64.46+2.87° 69.66+9.29b
Number of empty pods 28.83+2.26° 13.90+1.962 20.75+3.352
Seed weight (g) 86.60:+06.532 111.83+04.512 77.400+16.17°

Note: Average + standard error. The same letters after means within the same column indicate there is no significant difference

according to the Tukey test results, with a significance level of 5%

Table 4. The average number of individuals (+ standard error) of soil arthropod species at three different application doses of BSF frass

Application doses of BSF frass

Order Species Role 0tons/ha 2.5 tons/ha 5 tons/ha Notation
Coleoptera (adult) Scarites terricola Bonelli, 1813 PR 0.39+0.13 0.67+0.15 1.17+0.37 *
Harpalus variipes Bates, 1883 PR 0.39+0.09 0.22+0.09 0.22+0.12 N.S.
Tachys laetificus Bates, 1873 PR 0.00+0.00 0.72+0.30 1.56+0.42 falaied
Bembidion spp. PR 0.00£0.00  0.00+0.00 0.61+0.34 faladed
Ectinoides insignitus Lewis, 1894 HV 0.00£0.00 0.11+0.11 0.00£0.00 N.S.
Cardiophorus sp. N 0.03+0.02 0.03+0.02 0.00+0.00 N.S.
Harpalus sp. PR 0.06+0.03  0.00+0.00 0.08+0.04 N.S.
Holotrichia kiotonensis Brenske, 1894 HV 0.03+0.02 0.00£0.00 0.03+0.02 N.S.
Anomala flavipennis Burmeister, 1844 HV 0.06+0.03 0.00£0.00 0.00+0.00 N.S.
Popillia japonica Newman, 1838 HV 0.36+0.16 0.19+0.08 0.22+0.09 N.S.
Orthoptera Gryllus bimaculatus De Geer, 1773 HV 0.22+0.09 0.17+0.07 0.50+0.23 N.S.
Gryllotalpa orientalis Burmeister, 1838 HV 0.06+0.03 0.03+0.02 0.61+0.24 falaied
Isopoda Armadillidium vulgare (Latreille, 1804) N 0.00£0.00  0.08+0.04 0.00£0.00 *
Armadillidium sp. N 0.00£0.00  0.00+0.00 0.06+0.03 N.S.
Lithobiomorpha Lithobius sp. (1) PR 0.03+0.02 0.03+0.02 0.22+0.12 N.S.
Lithobiussp. (2) PR 0.2240.07  0.14+0.08 0.19+0.06 N.S.
Trichoptera Unknown N 0.00+0.00 0.11+0.05 0.00+0.00 N.S.
Lepidoptera (larva) Spodoptera sp. HV 0.03+0.02 0.00+0.00 0.00+0.00 N.S.
Spodoptera litura HV 0.25+0.10 0.08+0.08 0.47+0.32 N.S.
Hymenoptera Tetramorium tsushimae Emery, 1925 PR 0.03+0.02 0.11+0.05 5.39+1.97 falaied
Avrachnida Pardosa astrigera L.Koch, 1878 PR 0.78+0.14 0.69+0.15 1.00+0.21 N.S.
Pardosa agraria Tanaka, 1985 PR 0.08+0.04 0.11+0.05 0.06+0.03 N.S.
Pardosa spp. PR 0.00£0.00 0.06+0.05 0.00£0.00 N.S.
Average 4.70£1.50° 5.60+1.60°  19.40+8.50?

Note: PR: Predator, N: Neutral, HV: Herbivore. Average + standard error. Stars indicate statistical significance based on GLM analysis
with Poisson distribution (*** p<0.001, ** p<0.01, * p<0.05, N.S. p<0.05). The same letters after means within the same column
indicate there is no significant difference according to the Tukey test results, with a significance level of 5%
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Figure 2. The average number of individuals of soil arthropod species according to their trophic groups at three different application
doses of BSF frass at 2, 3, and 4 weeks after treatment (WAT). Significant differences were determined using multiple comparison tests

(Tukey’s test) (* p<0.05, ** p<0.01, *** p<0.001, N.S. p<0.05)

Predators were the dominant trophic group across all
doses, with the 5 tons/ha treatment showing a significant
124% increase in predator abundance compared to the
control (Figure 2, df=2, x?=18.12, p<0.001). The adult
ground beetle was the dominant predator group, comprising
seven species. Among these, the Tetramorium tsushimae
ant was notably abundant in the highest dose treatment,
with a statistically significant increase compared to other
doses (Table 3, df=2, 4?=63.65, p<0.05). Herbivores also
showed increased abundance with the 5 tons/ha dose
(Figure 2, df=2, %?=9.29, p<0.001), with Gryllotalpa
orientalis as the most abundant herbivore, the number of
which was significantly higher in the 5 tons/ha plots than
that of the control (Table 3, df=2, y*=18.73, p<0.05).
Detritivores, however, showed no significant difference
across treatments (Figure 2, df=2, y>=4.21, p=0.12).

As seen in Figure 2, predator abundance at 5 tons/ha
was approximately 433% higher than that of the control
and 282% higher than that of the 2.5 tons/ha dose.
Herbivores also reached peak abundance with the 5 tons/ha
treatment, showing an 83% increase compared to the
control and a 215% increase compared to the 2.5 tons/ha
dose. In contrast, neutral arthropods did not show
significant differences across doses (p<0.05) and displayed
low average counts, suggesting negligible practical impact
of BSF frass on neutral groups. Over time, no significant
differences in trophic group abundances were found
between weeks after application (predator: df=1, x>=1.35,
p=0.244; detritivore: df=1, ¥2=3.92, p=0.4; herbivore: df=1,
¥?=0.0001, p=0.99), though specific weeks did show
notable patterns. At 2 weeks after treatment (WAT), both

predator and herbivore abundances were highest with the 5
tons/ha dose (predator: df=2, 2=217.92, p<0.001;
herbivore: df=2, ¥?=12.43, p<0.001). At 3 WAT, predator
abundance peaked again in the 5 tons/ha dose (df=2,
¥*=13.82, p<0.001). At 4 WAT, predator and herbivore
numbers were significantly higher with the 5 tons/ha dose
(predator: df=2, %*>=83.14, p<0.001; herbivore: df=2,
¥?=22.62, p<0.001).

Considering the results above, the 5 tons/ha dose is
recommended to increase predator and herbivore
abundance, supporting overall arthropod diversity, while
the 2.5 tons/ha dose has a minimal effect on neutral
arthropods due to their low abundance across treatments.

Foliar arthropod abundance

A total of 2,634 foliar arthropods were collected across
three different application doses of BSF frass (0, 2.5, and 5
tons/ha). The results indicated a significant effect of frass
on the abundance of foliar arthropods (Table 5, df=2,
¥*>=100.87, p<0.001). To be specific, the control treatment
(0 tons/ha) had the highest number of arthropods at
105.00+17.80 individuals/plot. The application doses of 2.5
tons/ha resulted in a significantly lower number of
arthropods at 52.00+4.50 individuals/plot, a 50.5%
decrease compared to the control. The application doses of
5 tons/ha had a total number of arthropods at 62.30+17.20
individuals/plot, representing a 40.7% decrease compared
to the control. These results suggest that although the
control plots had the highest abundance of arthropods, the
application doses of BSF frass at both 2.5 and 5 tons/ha
reduced arthropod numbers significantly.
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Table 5. The average number of individuals (+ standard error) of foliar arthropod species at three different application doses of BSF frass

Application doses of BSF frass

Order Species Role 0 tons/ha 2.5tons/ha 5 tons/ha Notation
Diptera Musca domestica Linnaeus, 1758 N 4.50+0.81 0.67+0.14 1.42+0.42 Fxx
(adult) Sarcophaga peregrina (Robineau-Desvoidy, 1830) N 0.00+0.00 0.25+0.25 4.42+0.16 falale
Bradysia sp. (Fungus gnat) N 3.33+1.32 3.58+1.09 9.83+2.90 faleie
Culiseta nipponica LaCasse & Yamaguti, 1950 N 8.00+2.32 0.83+0.30 2.25+0.79 faleie
Dolichopus plumipes (Scopoli, 1763) N 2.00+0.39 0.75+0.30 0.67+0.31 faled
Drosophila sp. N 0.17+0.11 0.00£0.00 0.3310.33 N.S.
Cricotopus sp. N 0.00£0.00 0.17+0.11 0.00£0.00 N.S.
Agromyza wistariae Sasakawa, 1961 HV  0.00£0.00 7.33+£0.92 0.42+0.42 il
Cerodontha denticornis (Panzer, 1806) HV  0.00£0.00 1.67+0.99 0.25+0.25 faleie
Gnoriste mikado Okada, 1939 N 0.00+0.00 0.83+0.21 0.00£0.00 falaied
Dysmachus sp. PR  0.00£0.00 0.17+0.11 0.00£0.00 N.S.
Eupeodes bucculatus Rondani, 1857 PO  0.17+0.11 0.83+0.51 0.00+0.00 wx
Coleoptera Aulacophora sp. HV  0.08+0.08 0.33+0.22 0.33+0.14 N.S.
(adult) Altica cyanea (Weber, 1801) HV  0.00+0.00 0.00+0.00 0.17+0.11 N.S.
Psylliodes sp. HV  0.00+0.00 0.33+0.14 0.17+0.17 *
Phyllotreta cruciferae (Goeze, 1777) HV  0.00+0.00 0.33+0.22 0.00£0.99 N.S.
Chaetocnema sp. HV  0.33%0.22 0.00+0.00 0.17+0.11 N.S.
Tachys sp. PR  0.00+0.00 0.00£0.00 0.1740.11 N.S.
Propylea japonica (Thunberg, 1781) PR  0.33+0.14 0.00£0.00 0.1740.11 N.S.
Coccinella septempunctata Linnaeus, 1758 PR 0.17+#0.11 0.08+0.08 0.50+0.23 N.S.
Ectinoides insignitus (Lewis, 1894) PR  0.17£0.11 0.08+0.08 0.17+0.11 N.S.
Hymenoptera  Pemphredon spp. PR  0.25+0.18 0.42+0.19 0.42+0.19 N.S.
(adult) Xiphozele compressiventris Cameron, 1906 PR 0.00+0.00 0.17+0.11 0.00+0.00 Fhk
Cotesia plutellae (Kurdjumov, 1912) PR  6.00+1.11 0.1740.11 0.8310.32 falaied
Synopeas sp. PR  0.50+0.23 12.08+1.53  3.67+1.79 falaied
Pachyneuron formosum Walker, 1833 PR 0.00+0.00 0.00+0.00 0.17+0.17 N.S.
Brachyponera chinensis (Emery, 1895) PR  1.67+0.45 0.25+0.13 0.50+0.23 **
Hemiptera Acyrthosiphon pisum (Harris, 1776) HV  8.17%£155 8.67+0.47 5.50+1.60 **
Macrosteles quadrilineatus (Forbes, 1885) HV  13.00+1.87  3.17+0.75 11.834£3.65  ***
Geocoris sp. HV  0.33x0.14 0.25+0.13 0.83+£0.44 N.S.
Lepidoptera Lycaena sp. HV  0.00£0.00 0.17+0.11 0.42+0.15 *
(adult) Colias philodice Godart, 1819 HV  0.00+0.00 1.00+0.30 0.17+£0.11 el
Unknown HV  0.08+0.08 0.1740.11 0.00£0.00 N.S.
Spodoptera sp. HV  0.17+0.11 0.17+0.11 0.17+0.17 N.S.
Orthoptera Conocephalus longipennis (Haan, 1843) HV  0.75+0.43 0.08+0.08 0.83+0.37 faied
Gryllus bimaculatus De Geer, 1773 HV  0.67+£0.43 0.08+0.08 0.67+0.36 *
Chorthippus latipennis (Bolivar, 1898) HV  0.00+0.00 0.08+0.08 0.00£0.00 N.S.
Thysanoptera  Thrips sp. HV  54.33+14.60 6.83£1.22 14.92+9.55  ***
Average 105+17.82 52+4.5P 62.3+17.2°

Note: PR: Predator, HV: Herbivore, N: Neutral, PO: Pollinator. Average + standard error. Stars indicate statistical significance based on
GLM analysis with Poisson distribution (*** p<0.001, ** p<0.01, * p<0.05, N.S. p<0.05). The same letters after means within the same
column indicate there is no significant difference according to the Tukey test results, with a significance level of 5%

The absence of BSF frass led to the highest overall
arthropod abundance with  herbivores particularly
dominant. Thrips were significantly more abundant without
BSF frass, constituting about 86% of their total population
(Table 5, df=2, ?7588.47, p<0.001). The application doses
of 2.5 tons/ha supported the highest abundance of
predatory arthropods, which represented about 58% of the
predator total, notably Synopeas sp. (Table 5, df=2,
F=19.11, p<0.05). Neutral insects were most abundant in
the application doses of 5 tons/ha, making up 38% of the
total neutral population, but this difference was not
statistically significant (df=2, ¥?=67.41, p=0.174). The
Fungus gnat showed a significant increase at 5 tons/ha,
comprising about 58% of their total (Table 5, df=2,
v?=554.16, p<0.001). According to Figure 3, predators
were significantly more abundant at 2.5 tons/ha,

representing approximately 53% of the predator total (df=2,
¥?=29.48, p<0.001), and this dose also supported a diverse
range of other beneficial insects.

Figure 3 showed there were no statistically significant
differences in the abundance of all trophic groups between
months (predator df=1, ¥?=1.24, p=0.26; neutral df=1,
¥?=3.03, p=0.08; herbivore df=1, ¥>=1.60, p =0.20) in all
treatments (i.e., plots with 0, 2.5 and 5 tons/ha of BSF
frass). However, predators were abundant in July (df=1,
x2=8.03, p<0.001) only, and herbivores were abundant in
July and August (Figure 3: July df=1, ¥?=109.95, p<0.001;
August df=1, ¢?=102.07, p<0.001). Given these findings,
the application dose of 2.5 tons/ha of BSF frass is
recommended as it optimally balances the promotion of
beneficial predators while controlling the overall
abundance of herbivores and neutral insects.
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Soil arthropod community structure

The study analyzed the diversity of soil arthropods in
edamame fields treated with different doses of BSF frass
using various diversity indices. In Table 6, the diversity
index (H’) indicated a slightly higher diversity index at 2.5
tons/ha compared to O tons/ha, and lower diversity at 5
tons/ha, suggesting that moderate dose frass application
promotes higher species diversity. The Richness (R’) index
was highest at 2.5 tons/ha, indicating the presence of more
species in this treatment. The Evenness (E’) index showed
that species were more evenly distributed at lower doses,
implying a balanced community structure. Simpson
dominance (C’) index was higher at 5 tons/ha, suggesting
that a few species dominated the community at this higher
dose. Given the Bray-Curtis similarity coefficient, NMDS
(Figure 4) was conducted on the community structure of
soil arthropods. NMDS analysis showed a good fit
(stress=0.08) and an overlap between treatments, indicating
similar community structures across different frass
applications. This was supported by ANOSIM results
(R=0.03, p=0.0014), indicating statistically significant
differences in arthropod communities among treatments,
with an even distribution of high and low ranks within and

between groups. Given these findings, an application dose
of 2.5 tons/ha of BSF frass is recommended for edamame
fields, as it optimally enhances species diversity and
maintains a balanced arthropod community without the
dominance issues observed at higher doses.

Table 6. Diversity, Richness, Evenness, and Simpson Dominance
indices of soil and foliar arthropods at different application doses
of BSF frass

Application doses

Indices 0 tons/ha 2.5 tons/ha 5 tons/ha
Soil arthropods
H’ 2.26 2.34 1.97
R’ 5.41 5.64 5.41
E’ 0.81 0.82 0.71
(0% 0.13 0.13 0.22
Foliar arthropods
H’ 1.76 2.43 2.39
R’ 7.01 8.94 8.52
E’ 0.56 0.70 0.70
C 0.30 0.13 0.13

Note: H’: Diversity indices, R’: Richness indices, E’: Evenness
indices, and C’: Simpson dominance
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Foliar arthropod community structure

The study analyzed the diversity of foliar arthropods in
edamame fields treated with different doses of BSF frass
using various diversity indices. In Table 6, the Shannon
diversity (H”) indices were higher at both 2.5 tons/ha and 5
tons/ha compared to the control (0 tons/ha), suggesting that
frass application enhances species diversity. The Richness
(R’) index was highest at 2.5 tons/ha, indicating a greater
number of species in this treatment. The Evenness (E’)
index showed that species were more evenly distributed at
25 tons/ha and 5 tons/ha, suggesting a balanced
community structure at these doses. The Simpson
dominance (C’) index was highest at 0 tons/ha, indicating
that a few species dominated the community without frass.
The NMDS (Figure 4) analysis showed a good fit
(stress=0.11) and an overlap existed between plots treated
with 5 tons/ha and those with 0 tons/ha. However, this
overlap was supported by ANOSIM results (R=0.59,
p<0.001), indicating a significant difference in arthropod
communities among treatments, with  substantial
differentiation between groups. Given these findings, an
application dose of 25 tons/ha of BSF frass is
recommended for edamame fields, as it optimally enhances
species diversity and maintains a balanced arthropod
community without the dominance issues observed at
higher or zero doses.

Discussion

This study demonstrated the impact of different
application doses of BSF frass on the performance and
yield of edamame plants and on the abundance of soil and
foliar arthropods. The results revealed varied effects,
providing insights into optimal dose recommendations for
maximizing plant growth, yield, and insect diversity. Plant
performance data indicated that an application dose of 2.5
tons/ha was optimal. These findings are consistent with a
previous study on lettuce, which revealed that higher
concentrations of BSF frass led to stunted plant growth
(Chiam et al. 2021). A previous study by Beesigamukama
et al. (2021) also indicated that 2.5 tons/ha is sufficient for
plant performance and yield. Similarly, Kawasaki et al.
(2020) noted that a high dose of BSF frass could cause
damage. However, these findings differ from other studies,
which observed increased plant height with high
applications of BSF frass on mustard, kale, swiss chard,
and maize (Abiya et al. 2022; Tanga et al. 2022). This
suggests that each plant has different requirements for BSF
frass dose, with edamame needing only 2.5 tons/ha.

The edamame yield study further illustrated the specific
effects of different application doses of BSF frass. It
increased plant nitrogen (N) uptake by up to 23% and had
higher nitrogen recovery efficiencies than those of other
organic fertilizers (Beesigamukama et al. 2020). The
quality of the frass also plays a crucial role in influencing
soil nitrogen availability and subsequent plant growth
(Kagata and Ohgushi 2012). The enhanced nitrogen levels
in the soil are particularly beneficial for soybean pod
filling, given soybeans’ high nitrogen requirement (Serafin-
Andrzejewska et al. 2024). These findings highlight the
efficacy of using 2.5 tons/ha of BSF frass to optimize

edamame yield through improved nitrogen management

and pod filling, thereby enhancing overall plant
productivity.
Furthermore, the study explored the community

structure and abundance of soil and foliar arthropods in
response to different application doses of BSF frass. Given
the study’s findings, an application dose of 2.5 tons/ha of
BSF frass is recommended for edamame fields. This dose
optimally enhances soil and foliar arthropod diversity,
maintains a balanced arthropod community, and supports
the highest abundance of beneficial predatory arthropods
while controlling herbivore populations. The mechanism
behind these changes likely involves multiple factors, one
of which is the nutrient enrichment in the soil resulting
from treatment with BSF frass (Hasibuan et al. 2022;
Shahbuddin et al. 2023). Increased plant biomass offers
more foliage for herbivores to feed on, supporting larger
herbivore populations (Bonser and Reader 1995; Katz
2016). Predators, benefiting from the larger prey base, also
increase in number, contributing to a more balanced and
dynamic ecosystem (Snyder and Evans 2006).

The results showed that higher doses of organic
fertilizer can increase the population of soil arthropods (Lin
et al. 2013; Wang et al. 2015). In this research, BSF frass
increased organic matter and nutrients in the soil, which
can create a more favorable environment for soil
arthropods. This is also consistent with studies that found
that the high content of organic matter enhances arthropod
abundance (Gunadi et al. 2002; Kautz et al. 2006; Salah et
al. 2018; Viketoft et al. 2021). BSF frass contains nitrogen,
phosphorus, potassium, micronutrients, and beneficial
microbes that enhance soil health (Watson et al. 2021;
Boudabbous et al. 2023). Research by Peng et al. (2023)
found that insect frass improves soil structure by forming
aggregates, enhancing aeration and root penetration. This
improved structure also retains moisture longer, benefiting
plants and soil organisms (Beesigamukama et al. 2021).
The microbes in BSF frass increase microbial activity,
which is crucial for nutrient cycling (Houben et al. 2020;
Poveda 2021; Gebremikael et al. 2022), and can work
synergistically with plant growth-promoting rhizobacteria
(PGPR) (Fuertes-Mendizabal et al. 2023). Additionally,
nutrients such as calcium and magnesium in BSF frass play
key roles in plant physiology and soil pH regulation,
promoting a balanced soil environment (Gérttling and
Schulz 2022; Lopes et al. 2022). The results showed that
ants dominate in the highest doses. Ants thrive in soil with
high nutrient content (Farji-Brener and Werenkraut 2017;
Vaidya and Vandermeer 2021), which is supported by
Vaidya and Vandermeer (2021), who found that ants prefer
plants with higher fertilizer levels. These findings highlight
the positive impact of high organic matter and nutrient
content on predator populations, particularly ground beetles
and ants, in agricultural fields. The organic material might
change the environmental condition of the soil. In the soil
that was treated with organic fertilizer, the number of
microorganisms was higher by 7% compared to the soil
without any application of fertilization (Bebber and
Richards 2022). The soil microorganisms are highly likely
to become the source of food for microfauna such as
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detritivores and indirectly increase the predator presence.
In other words, organic fertilization enhances the
complexity of ecological relationships between microbes
and microfauna, impacting food web dynamics and
predator-prey interactions (Suleiman et al. 2019). This
combination supports soil-dwelling arthropods,
contributing to pest control and nutrient cycling, which
enhances overall soil health and plant productivity
(Kutakova et al. 2018).

The application of high doses of BSF frass decreased
the number of herbivores. This condition is in contrast with
the application of other types of fertilizer that result in
herbivores having the highest abundance in the higher
doses (Chen et al. 2008; Trisnawati et al. 2015; Rashid et
al. 2017). The nutrient enrichment of the soil from fertilizer
enhances plant growth, providing more food and habitat
resources for arthropods (Hasibuan et al. 2022; Shahbuddin
et al. 2023). However, BSF frass potentially decreases the
herbivore population by increasing the plant defense
mechanism (Lopes et al. 2022). Plants grown with organic
fertilizer often have higher concentrations of plant defense
chemical compounds than they do if grown with synthetic
fertilizers (Staley et al. 2011). In addition to enhancing
plant resilience to herbivores, organic fertilizers can
support biocontrol activities. Through bottom-up impacts,
herbivore abundance is decreased and parasitism rates are
increased due to better soil nutrient content and plant
metabolism (Gu et al. 2022).

In conclusion, the study provides valuable insights into
the multifaceted effects of different application doses of
BSF frass on edamame plant performance, yield, and
arthropod communities. Given these findings, an
application dose of 2.5 tons/ha of BSF frass is optimal for
edamame fields, resulting in enhanced plant performance,
yield, and arthropod diversity. The findings align with
previous studies indicating that moderate dose frass
applications improve plant growth and soil health, driven
by nutrient enrichment and improved soil structure.
However, further research is warranted to elucidate the
long-term effects of BSF frass on plant-soil-arthropod
interactions and its broader implications for sustainable
agriculture.
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Abstract. Al-Garory NH, Al-Musa RS, Al-Hashimi AG. 2025. Effect of selenium and zinc fortification on the physiochemical and
sensory properties of Iraqi soft cheese. Asian J Agric 9: 52-59. Food industries, including the dairy industry, have developed to improve
the health condition as they are the foods that provide the body with important nutritional components such as minerals, whose levels
decrease after industrialization processes. This study aimed to evaluate the impact of fortifying Iraqgi soft cheese with zinc and selenium. The
study focused on the physicochemical properties, rheological behavior and sensory characteristics of the cheese along with peroxide value
as an indicator of oxidative stability. Zinc and selenium elements were added at a concentration of 200 mg/L to milk for cheese making. The
result showed that an increase in peroxide value with increasing storage time and a decrease in fat oxidation for zinc and selenium were
noted in treatments compared to the control treatments made from buffalo milk (T1) and cow's milk (T2). This may be due to the presence
of selenium and zinc, which reduce fat oxidation, and lower pH values after storage. No effect of selenium and zinc fortification was
observed on the acidity values of cheese, while the chemical composition values varied as selenium fortification did not affect the
percentage of fat and protein. Microbial tests also showed an increase in bacteria number after 10 days of storage compared to the samples
after manufacturing, as well as increase in total bacterial number after fortification. The hardness and consistency of cheese increased during
storage and after addition of minerals compared to control samples. Cheese flexibility decreased after storage and fortification. The sensory

indicators were almost similar in control and fortified samples.

Keywords: Buffalo milk, cow milk, functional foods, Iraqi soft cheese, microbial counts, peroxide value, rheological properties

INTRODUCTION

In recent years, new methods and practices have been
developed to improve the nutritional value and therapeutic
benefits of food as well as maintain quality and safety
standards in accordance with globally accepted laws (Terry
and Diamond 2018). This has led to increased interest in
functional foods, including fortified foods, especially with
increased consumer awareness to maintain health and get
rid of diseases as they do not cause side effects like
synthetic drugs (Reuben et al. 2023). Functional food
science arose from the link between food science and
medical science, as researchers studied food components
and their health effects by studying changes in health
behavior and the balance of health indicators in the body
(Lubna and Ahmad 2023). Such studies led to determining
the health effects and safe doses of functional foods, which
is basically a global marketing term for food if it is proven
to have a beneficial effect on body functions in health and
disease (Fawi and Salman 2023). The dairy industry is one
of the most functional industries in the world due to the use
of probiotics in its manufacture (Uzunsoy 2024). One of
these foods is cheese, which is made from coagulating milk
caseins and separating it from the whey using microbial
starters that modify the appearance, texture, odor, nutrient
composition, improve quality and extend shelf life (Reuben
et al. 2023). Essential trace elements play an important role
as cofactors for some enzymes involved in cellular
metabolism and growth and most of them are involved in

protein, carbohydrate, lipid, and energy metabolism (Fawi
and Salman 2023). They are essential for human growth
and development, muscle and nerve function, normal
cellular functioning, and the synthesis of certain hormones
and connective tissues (Reuben et al. 2023). The role of
trace elements in bioprocessing may provide the key to
understanding the etiology of certain diseases such as
cancer (Celebi et al. 2023). In the last decade, studies have
focused intensively on determining the levels of trace
elements in cancer patients to understand the nature of the
relationships between cancer and trace elements (Naumova
et al. 2020). The expected role of trace elements will enable
us to understand the causes of cancer, provide a rapid
diagnostic method and establish effective treatment
methods (Al-Fartusie and Mohssan 2017). Recently, the
use of cheeses fortified with minerals has increased due to
their important benefits, Milk contains small amounts of
zinc and selenium, estimated at less than 1 mg per cup and
among these minerals is selenium, which has a role in the
balance of the human body and the work of the immune
system, as well as being an antioxidant and a cofactor for
many enzymes (Batool et al. 2018). It also affects the redox
balance and metabolism for hormones, including thyroid
hormone and protecting the body from infections (Uzunsoy
2024). Its deficiency can lead to cardiovascular diseases,
neuromuscular diseases, cancer, infertility, diabetes,
depression, immune diseases, and increased intake causes
poisoning, liver disease, deterioration of blood
composition, bone tissue deformation, neurological
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disorders, and type 2 diabetes (Terry and Diamond 2018).
Zinc and selenium are an essential element in food and are
the second most abundant elements after iron (Celebi et al.
2023). It is used as an antioxidant and anti-inflammatory,
as well as essential for liver function and metabolism, and
its lack of dietary intake or increased elimination through
excretion or abnormal metabolism causes liver disease
(Lubna and Ahmad 2023). Zinc is essential for the catalytic
activity of about 100 enzymes and has a role in immune
function, protein synthesis, wound healing, DNA synthesis
and cell division (Maret and Sandstead 2015). Human lack
a specific storage system for zinc, so its intake is necessary
to maintain its viability, its deficiency leads to growth
retardation, loss of appetite and impotence in men (Mostafa
2022). The aim of this study was to evaluate the effect of
fortifying Iragi soft cheese with zinc and selenium of these
products, or the bacterial strains used, and to optimize the
daily Se and Zn requirements of the consumer. The result
of this study may be beneficial to people, especially those
with zinc and selenium deficiency, or vegetarians who do
not consume meat, as well as its nutritional value and its
therapeutic and health benefits.

MATERIALS AND METHODS

Experimental design

The present study was conducted in the Department of
Food Science, Faculty of Agriculture, University of Basrah,
Irag. The cow's milk was obtained from the Agricultural
Research Station, and Iragi buffalo milk from a breeder in
the Garma area in Basra. The fungal microbial rennet
Rhizomucor pusillus used was produced by the Japanese
company Meito Sangyo Co, Ltd, within the validity period
and according to the manufacturer's recommendations. The
selenium and zinc were purchased from the British
company BDH.

Cheese manufacturing

Soft cheese was made according to the method of
Fasale et al. (2017) after pasteurizing the milk at 65°C for
15 minutes and cooling to 45°C. Zinc and selenium
elements were added at a concentration of 200 pg/L. The
rennet was used according to the manufacturer's
instructions. Samples made from buffalo milk (T1) and
cow's milk (T2) were considered as control treatments,
while buffalo milk cheese treatments with added zinc and
selenium were T3 and T4, and cow's milk cheese
treatments were (T5) and (T6). Three replicates were made
for each concentration which were left for 30 minutes at
45°C. The curd was cut into cubes, filtered and stored at
4°C. The peroxide value, physicochemical, microbial,
rheological, and sensory properties of soft cheese were
calculated over three storage periods of 0, 3, 7 and 10 days.

Cheese analysis
Peroxide value estimation

The peroxide value was estimated based on (AOAC
2008). 0.5 g of Buffalo and cow cheese oil were dissolved
in 10 mL of chloroform, after that 15 mL of acetic acid,

and saturated 1 mL of potassium iodide were added. Each
of these solutions was gently stirred and incubated in the
dark for 10 minutes. After incubation, 20 mL of distilled
water and 0.3 mL of (1%) starch was added to the solution
and mixed. The solutions were then titrated with
thiosulphate 0.01 N till the color was transparent.

Physiochemical tests

pH was estimated using a Sartorius pH meter
(Germany) and acidity by titration with 0.1 N NaOH. The
percentage of protein was evaluated by Kjeldahl's method
to estimate total nitrogen and multiplied by the protein
factor 6.38. The percentage of fat was determined by
Kerber's method, while moisture and ash were estimated by
burning method (AOAC 2008).

Microbial test

Plate count agar technique was used to determine the
total viable microbial count in the samples (Ali et al. 2020).
Serial dilutions of the samples were prepared up to 10° and
10°. From each dilution, 1 mL aliquots were plated on Plate
count agar medium and incubated in an incubator at
32+1°C for 48 hours. Petri dishes were placed upside-down
to prevent condensation from dripping onto the agar
surface. After incubation, plates were placed on a colony
counter to enumerate the bacterial colonies. Total bacterial
counts in soft cheese were estimated using nutrient agar
medium (Oxoid) and Escherichia coli using MaConkey
agar medium (Holland) according to the manufacturer's
recommendations.

Rheological tests

Tissue properties, such as elasticity, cohesion, and
stiffness were estimated using a Testometric Texture
Analyzer M350-10CT (AOAC 2008).

Sensory tests

Sensory evaluation of soft cheese parameters was
performed by 10 specialized evaluators from the
Department of Food Science, College of Agriculture, Basra
University. The test, included flavor, texture, and
appearance qualities (EI-Desoki and Hamed 2022).

Data analysis

The data was statistically analyzed using CRD,
ANOVA and LSD tests to calculate significant differences
between the mean coefficients at a probability level of 0.05
using Genstat software 12.1 (Schmuller 2017).

RESULTS AND DISCUSSION

Peroxide value

The peroxide value is an indicator of fat oxidation and
product spoilage. The peroxide values for both control
cheese (T1 and T2) and fortified cheese (T3, T4, T5 and
T6) are presented in Figure 1. The results of statistical
analysis showed that there were significant differences
(P<0.05) in the peroxide value of the buffalo milk cheese
samples T3 and T4 compared to the cow's milk cheese
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samples. This may be due to higher fat percentage in
buffalo milk compared to cow milk, the peroxide value of
buffalo milk cheese increased compared to cow milk
cheese. The results also showed that there were significant
differences (P<0.05) in the peroxide value with increasing
storage periods. The peroxide value increased as the
storage periods progressed, at storage time 0 it was 0.32,
0.25, 0.32, 0.30, 0.25 and 0.22 MeqO/kg respectively,
which increased to 0.88, 0.66, 0.58, 0.54, 0.51 and 0.52
MeqO./kg at the storage period of 10 days. The antioxidant
activity of cheese is due to the degradation of proteins by
proteolytic enzymes and the production of bioactive
peptides with the ability to inhibit lipid peroxidation due to
their content of the amino acids histidine, methionine,
cystine and tryptophan which possess antioxidant activity
by capturing free radicals, inhibiting peroxides and binding
to metal ions (Uzunsoy 2024). A decrease in lipid
oxidation was observed for zinc and selenium treatments
(T3, T4, T5 and T6) compared to control treatments T1 and
T2. The presence of selenium and zinc reduces lipid
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oxidation, free radical formation, and metallic taste
production (Batool et al. 2018).

pH and acidity

Figures 2.A and 2.B exhibit the pH wvalues and
percentage of acidity of control cheese treatments (T1 and
T2) and buffalo and cow milk cheese fortified with zinc
and selenium (T3, T4, T5 and T6) during storage periods of
0, 3, 7 and 10 days. The results showed that significant
differences were observed at a probability level of P<0.05
for pH but there was no difference for acidity values in all
treatments. The pH values of (T1) and (T2) immediately
after manufacturing were 6.23 and 6.25, and for (T3, T4,
T5 and T6) were 6.21, 6.22, 6.4 and 6.25, respectively. The
post-storage values decreased in all treatments, reaching
5.61, 5.64, 5.61, 5.63, 5.63 and 5.64% after the 10" day of
storage at 4°C (in refrigerator). This can be attributed to the
continued activity of starter bacteria during storage to
produce lactic acid, reducing pH and raising acidity.
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Figure 1. Peroxide value (MegO2/kg) of soft cheeses made from buffalo and cow milk fortified with zinc and selenium during different
storage periods. *Different letters indicate the presence of significant differences, and similar letters indicate no significant differences

between the treatments at the level of probability (P<0.05)
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Figure 2. A. pH and B. Acidity of soft cheeses made from buffalo and cow milk fortified with zinc and selenium during different
storage periods. *Different letters indicate the presence of significant differences, and similar letters indicate no significant differences

between the treatments at the level of probability (P<0.05)
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Table 1. Chemical composition of soft cheese made from buffalo and cow's milk fortified with zinc and selenium during different storage periods

Treatments Storage periods/days Ash % Moisture % Fat % Protein %
T1 0 3.68° 59.702 15.682 20.982
3 3.812 59.522 15.69° 21.128
7 3.83 59.322 15.75° 21.16°
10 3.83 59.092 15.80° 21.20°
T2 0 3.617 62.40? 14.402 19.612
3 3.742 62.30? 14.442 19.672
7 3.752 62.222 14.482 19.732
10 3.772 62.122 14.562 20.772
T3 0 3.78° 59.572 15.682 20.972
3 3.80? 59.462 15.69° 21.15°
7 3.832 59.222 15.732 21.178
10 3.85% 59.052 15.812 21.218
T4 0 3.75° 59.572 15.65° 20.952
3 3.78° 59.452 15.672 21.13®
7 3.80? 59.202 15.702 21.19°
10 3.842 59.102 15.832 21.228
T5 0 3.702 62.30% 14.40° 19.60°
3 3.73 62.28% 14.43? 19.66°
7 3.75% 62.182 14.452 19.722
10 3.782 61.078 14.532 20.75?
T6 0 3.69° 62.30% 14.35° 19.60°
3 3.702 62.26% 14.40° 19.672
7 3.742 62.142 14.432 19.752
10 3.79° 61.022 14.54° 20.762

Note: *Different letters indicate the presence of significant differences, and similar letters indicate no significant differences between the

treatments at the level of probability (P<0.05)

Similar results were found by EI-Desoki and Hamed
(2022) who observed a decrease in pH of selenium-fortified
cheese after 60 days, which amounted to 4.43 compared to
the values on the first day of manufacture of 6.71. This can
be explained by continuous activity of starter bacteria
during the storage process without the effect of selenium
and zinc on bacterial activity. No effect of selenium and
zinc fortification was observed on the acidity values
calculated on the basis of lactic acidity of the cheese, as the
percentage of acidity immediately after processing for (T1)
and (T2) (0.59 and 0.62%). For fortified cheese (T3, T4, T5
and T6), pH was 0.57, 0.58, 0.62 and 0.63%, respectively.
The results also show that pH for all treatments increased
with storage, so the values after 10 days were 0.65, 0.64,
0.67, 0.67, 0.62 and 0.62%, respectively. These results are
consistent with El-Desoki and Hamed (2022) who found
that acidity at the end of storage period after 60 days
increased to 1.38% compared to 0.21% immediately after
manufacturing.

Chemical composition

Table 1 shows the percentages of protein, fat, moisture
and ash content of (T1, T2, T3, T4, T5 and T6) during a
storage of 0, 3, 7 and 10 days. The results of statistical
analysis indicate that there were no significant differences
in the values of protein, fat, moisture and ash at a
probability level of P<0.05. Protein content increased with
increasing storage time in all treatments (T1, T2, T3, T4,

T5 and T6) 21.20, 20.77, 21.21, 21.22, 20.75 and 20.76
after 10 days of storage. The increase in protein content as
the storage period increases is due to the decrease in
moisture content and the increase in solids content,
including protein (Batool et al. 2018). The percentage of fat
increased with storage periods, and varied between the
control and the zinc and selenium-fortified treatments. Zinc
fortification had no significant effect on it. The fat
percentage at day 0 was 15.85, 14.40, 15.68, 15.68, 14.40
and 14.35% for (T1, T2, T3, T4, T5 and T6), which
increased after 10 days to 15.85, 14.56, 15.81, 15.83, 14.53
and 14.54%. According to Batool et al. (2018), selenium
fortification did not influence the fat and protein content of
cheese. The reduction in fat percentage observed during
cheese production was primarily due to the fermentation
process. Furthermore, decrease in fat percentage during
storage was attributed to the progressive degradation of fat
components over time. A decrease in the percentage of
moisture was observed for all samples as the storage time
progressed. The moisture in day 0 decreased from 59.70,
62.40, 59.57, 59,57, 62.30, 62.30% to 59.09, 62.12, 59.05,
59.10, 61.07 and 62.02% after 10 days. The ash content
increased during storage for all treatments and the values
after 10 days were 3,83, 3.77, 3.85, 3.84, 3.78, and 3.75%.
The values also increased after zinc and selenium
fortification where the ash content in T1 and T2 reached
3.68 and 3.61%. The values of treatments (T3, T4, T5 and
T6) also increased after fortification to 3.78, 3.75, 3.70 and
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3.69%, respectively. The reason for the high percentage of
total solids, including proteins and fats, is due to
evaporation and low moisture content in storage and
consolidation, which increases the percentage of solids (Al-
Shaikh and Doosh 2018). About 32% of the zinc in cow's
milk is bound to casein and about 63% is bound to
colloidal calcium phosphate, so casein has a greater ability
to bind to zinc. It is about 32% of the zinc in cow's milk is
bound to casein and about 63% is bound to colloidal
calcium phosphate, so casein has a higher ability to bind
zinc, while lactoferrin has a low ability to bind to zinc. This
minimizes zinc loss in whey, enhances its retention in the
cheese, and consequently increases the ash content in the
final product (lanni et al. 2020; Sorice et al. 2024)

Microbial test
Total bacterial count

The logarithm of total bacterial counts and coliform
counts (cfu/gm) for treatments (T1, T2, T3, T4, T5 and T6)
during storage for 0, 3, 7 and 10 days are presented in
Figures 3.A and 3.B. Statistical analysis revealed that there
were no significant differences at a probability level of
P<0.05 between all treatments. Higher total number of
bacteria was observed with increasing zinc and selenium
fortification, and higher number was observed upon storage
periods. The number in cheese treatments made from cow's
milk was higher than that of buffalo milk treatments, as
total number (T1, T2, T3, T4, T5 and T6 at O time were
45, 4.9, 4.8, 4.9, 5.3 and 5.4 cfu/gm, respectively. These
number increased after 10 days to 5.0, 5.4, 5.5, 5.6, 6.2 and

6.4. Low number of coliform bacteria in (T1) and (T2)
increased after storage and fortification, where after 10
days reached 2.0, 2.5, 2.3, 2.4, 2.6, and 2.9 cfu/gm in
comparison to 1.2, 1.5, 1.4, 1.5, 1.7 and 1.9 cfu/gm at 0
day. Inadequate manufacturing or pasteurization processes
add additional bacterial populations to the naturally
occurring lactic acid bacteria in dairy products. Selenium
fortification does not reduce these populations, which are
caused by contamination after cheese manufacturing and
increase during storage, while a decrease in coliform
bacteria populations can be observed due to the presence of
lactic acid bacteria that work to eliminate spoilage
pathogens (Naumova et al. 2020). Aquilanti et al. (2012)
found that zinc fortification of cheese reduces the growth
of different types of bacteria, and mentioned that 25 ppm is
capable of inhibiting Lactobacillus arabinosus, and
positive ions Mn, Ca, Mg and Sr counteract the inhibition
of zinc by removing cations from proteins when they bind
to zinc. The toxicity of zinc to bacteria was observed to
decrease with decreasing pH due to the interaction of
Gram-positive bacterial cell components such as lactic acid
bacteria with zinc. El-Desoki and Hamed (2022) mentioned
that fortification of cheese with selenium increases the
number of Lactobacilli and Streptococcus bacteria, as the
total number of bacteria immediately after manufacture in
control samples and samples fortified with different
percentages of selenium 0.5, 0.8 and 1.0 ppm (NazSeOs)
reached 5.5, 6.2, 6.5 and 7.1 cfu/gm, which increased to
8.2, 8.6, 9.0 and 9.3 cfu/gm, respectively after 60 days
storage at a refrigerator.
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Figure 3. Microbial tests of soft cheeses made from buffalo and cow's milk fortified with zinc and selenium during different storage

periods. A. Total count and B. Coliform counts
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Rheological tests

The rheological test is an important test to determine
the characteristics of food products and is one of the main
factors, along with flavor and appearance, that determines
the sensory acceptance of that food by the consumer (Dos
Santos Rocha et al. 2022). Table 2 shows the rheological
tests of soft cheese made from buffalo and cow's milk and
fortified with zinc and selenium during different storage
periods. Statistical analysis indicates that there were
significant differences in the wvalues of rigidity and
flexibility and no differences in the values of cohesion at a
probability level of P<0.05. Higher hardness and firmness
were observed in the cheese during storage and
mineralization compared to the control sample, while lower
elasticity values were observed during storage and
fortification. At O day hardness value of samples (T1, T2,
T3, T4, T5 and T6) were 38.3, 35.2, 47.6, 38.0, 64.8 and
53.2 g, which increased after 10 days to 45.3, 40.9, 57.7,
68.6, 68.3 and 59.9 g. Cohesion values at the beginning of
storage were 0.45, 0.43, 0.50, 0.59, 0.64 and 0.63%,
increased to 0.65, 0.55, 0.63, 0.70, 0.75 and 0.71% after 10
days storage. The reason for the increase in hardness upon
storage is due to the decrease in moisture upon evaporation,
and the higher hardness in the mineralized samples
compared to the control samples is due to the higher
proportion of solids, and this is directly proportional to the
cohesiveness of the samples (Liu et al. 2015). The results
showed that after 10 days elasticity decreased to 2.0, 3.5,

1.2, 3.0, 3.2 and 3.0 mm. Loss of elasticity after storage is
due to increase in proteolysis or reduction in moisture
content, which reduces its elasticity (Picciotti et al. 2022;
Azorin et al. 2024).

Sensory tests

Table 3 exhibits the sensory tests of soft cheese made
from buffalo and cow's milk fortified with zinc and
selenium during different storage periods. The results
showed that there were significant differences in the values
of sensory characteristics at a probability level of P<0.05.
Lower quality indicators for flavor, appearance, and texture
were observed for (T1) and (T2) compared to (T3, T4, T5
and T6) samples, where the flavor values were 47.9, 47.5,
47.5, 47.3, 47.2 and 47.4 immediately after manufacturing.
Similarly, appearance values were 8.5, 8.4, 8.2, 8.4, 8.2 and
8.3. All values increased after storage at 4°C, and the
control samples were slightly higher for all treatments. The
sensory quality indicators of cheese play an important role
for the consumer compared to its chemical composition,
which decreases after storage and expiration, resulting in
discoloration and flavor changes due to high acidity
(Naumova et al. 2020). The texture is directly proportional
to the amount of added minerals, which leads to an increase
in hardness after fortification with metals such as zinc
(Sorice et al. 2024).

Table 2. Rheological tests of soft cheeses made from buffalo and cow's milk fortified with zinc and selenium during different storage

periods.
Treatments Storage periods/days Elasticity/mm Cohesion % Hardness/gm
T1 0 4.0 0.45° 38.3¢
3 3.7 0.49° 40.1¢
7 3.2° 0.55% 43.9°
10 2.0° 0.65° 4532
T2 0 4.6° 0.43* 35.2¢
3 4.3 0.45° 37.5¢
7 3.8 0.48° 39.3°
10 3.5 0.55% 40.9°
T3 0 3.59 0.50? 47.64
3 3.18 0.542 49.0¢
7 2.9 0.60? 53.4°
10 1.2¢ 0.63? 57.78
T4 0 4.0 0.59° 38.0¢
3 3.9 0.60? 41.4¢
7 3.7 0.672 45.1°
10 3.0 0.70? 68.6°
T5 0 4.2 0.642 64.8°
3 3.9 0.69? 66.5°
7 3.7 0.722 67.2°
10 3.20 0.75% 68.3°
T6 0 4.8 0.63? 53.2¢
3 3.9 0.66° 55.0°
7 3.3 0.68? 56.2°
10 3.0 0.718 59.92

Note: *Different letters indicate the presence of significant differences, and similar letters indicate no significant differences between the

treatments at the level of probability (P<0.05)
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Table 3. Sensory tests of soft cheeses made from buffalo and cow's milk fortified with zinc and selenium during different storage

periods
T Storage
reatments periods/days Appearance (10) Texture (40) Flavor (50) Total (100)

T1 0 8.52 35.28 47.92 91.6
3 8.0 34.52 46.72 89.2
7 7.6° 32.8 445 84.9
10 6.4¢ 30.9¢ 42.6° 79.9

T2 0 8.42 34.82 47.52 90.7
3 8.0 34.0° 46.32 88.3
7 7.3 32.1° 44.2° 83.6
10 6.2° 30.5° 41.7° 78.4

T3 0 8.22 36.78 47,52 90.4
3 7.6 35.5° 46.2% 87.3
7 7.0° 33.8¢ 43.6° 82.4
10 6.1° 31.0¢ 41.7° 77.8

T4 0 8.42 36.5° 47.32 90.2
3 8.22 35.3° 46.32 87.8
7 7.5° 33.9¢ 43,5 81.9
10 6.5° 31.0¢ 41.4° 77.9

T5 0 8.22 35.72 47.28 90.1
3 7.8 35.32 46.52 88.6
7 7.0 32.0 44.0° 83
10 6.0° 30.2°¢ 41.5° 7.7

T6 0 8.3% 35.52 47.42 90.2
3 7.5% 35.22 46.42 88.1
7 7.3% 32.0° 44.2° 83.5
10 6.5 30.5° 41.4° 78.4

Note: *Different letters indicate the presence of significant differences, and similar letters indicate no significant differences between the

treatments at the level of probability (P<0.05)

In conclusion, the results of fortification of Iragi soft
cheese resulted in a decrease in the peroxide value after the
addition of zinc and selenium compared to the control
samples manufactured from buffalo and cow milk and a
reduction in pH by a small ratio. The variation of chemical
composition values and high bacterial growth were
observed after the fortification of these metals. Rheological
test results showed that hardness and cohesion values
increased, leading to reduced elasticity of the cheese. There
was no significant variation in sensory quality indicators
for flavor, texture, and appearance. The result enables the
fortification of dairy products with zinc and selenium
elements to offset the shortage of these minerals in food,
especially for vegetarians who do not consume meat but
consume dairy products.

ACKNOWLEDGEMENTS
We would like to gratitude to the Department of Food

Science, College of Agriculture, University of Basrah, Iraq
for supporting this research work.

REFERENCES

Al-Fartusie FS, Mohssan SN. 2017. Essential trace elements and their
vital roles in human body. Indian J Adv Chem Sci 5 (3): 127-136.
DOI: 10.22607/1JACS.2017.503003.

Ali D, Jarjees K, Jarjees R. 2020. Microbial and physicochemical quality
of Kurdish soft cheese in retail markets in Erbil. Tikrit J Agric Sci 20
(1): 58-67. DOI: 10.25130/tjas.20.1.6.

Al-Shaikh AHS, Abbas Doosh KS. 2018. Study the effect of fortifying
with selenium or physiochemical and sensory properties of the
functional yogurt process. J Kerbala Agric Sci 5 (2): 72-90. DOI:
10.59658/jkas.v5i2.318.

Aquilanti L, Kahraman O, Zannini E, Osimani A, Silvestri G, Ciarrocchi
F, Clementi F. 2012. Response of lactic acid bacteria to milk
fortification with dietary zinc salts. Intl Dairy J 25 (1): 52-59. DOI:
10.1016/j.idairyj.2011.12.006.

AOAC. Association of Official Analytical Chemists. 2008. Official
Methods of Analysis 16th ed. Association of Official Analytical
Chemists International Arlington, Virginia, USA.

Azorin |, Madrid J, Martinez-Mir6 S, Lopez M, Lopez MB, Lbpez MJ,
Hernandez F. 2024. Combined supplementation of two selenium
forms (organic and inorganic) and iodine in dairy cows’ diet to obtain
enriched milk, cheese, and yogurt. Animals 14 (9): 1373. DOI:
10.3390/ani14091373.

Batool M, Nadeem M, Imran M, Gulzar N, Shahid M Q, Shahbaz M,
Khan IT. 2018. Impact of vitamin E and selenium on antioxidant
capacity and lipid oxidation of cheddar cheese in accelerated ripening.
Lipids Health Dis 17 (1): 79. DOI: 10.1186/s12944-018-0735-3.



AL-GARORY et al. —Selenium and zinc effect on the physiochemical and sensory properties 59

Celebi S, Dumlu B, Ozdemir V. 2023. Some properties of selenium and
its effects on human health. Food Sci Eng Res 2 (1): 6-10. DOI:
10.5152/FSER.2023.1220194.

Dos Santos Rocha C, Magnani M, Ramos GLDPA, Bezerril FF, Freitas
MQ, Cruz AG, Pimentel TC. 2022. Emerging technologies in food
processing: Impacts on sensory characteristics and consumer
perception. Curr Opin Food Sci 47: 100892. DOI:
10.1016/j.cofs.2022.100892.

El-Desoki W, Hamed MA. 2022. Impact of selenium on functional
properties of white soft cheese. J Food Dairy Sci 13 (4): 51-57. DOI:
10.21608/jfds.2022.131733.1046.

Fasale AB, Patil VS, Bornare DT. 2017. Process optimization for
mozzarella cheese from cow and buffalo milk. Intl J Food Ferment
Technol 7 (1): 165-173. DOI: 10.5958/2277-9396.2017.00018.6.

Fawi NT, Salman AM. 2023. Functional food market opportunities in
Sudan. Intl J Modern Pharm Res 7 (4): 5-13. DOl
10.3390/ijerph8093637.

lanni A, Martino C, Innosa D, Bennato F, Grotta L, Martino G. 2020. Zinc
supplementation of lactating dairy cows: Effects on chemical-
nutritional quality and volatile profile of Caciocavallo cheese. Asian-
Australas J Anim Sci 33 (5): 825. DOI: 10.5713/ajas.19.0155.

Liu HY, Zhu WZ, Lu BY, Wei ZH, Ren DX. 2015. Effect of feed
selenium supplementation on milk selenium distribution and
mozzarella quality. J Dairy Sci 98 (12): 8359-8367. DOI
:10.3168/jds.2015-9676.

Lubna S, Ahmad R. 2023. Clinical and biochemical understanding of zinc
interaction during liver diseases: A paradigm shift. J Trace Elem Med
Biol 127130. DOI: 10.1016/j.jtemb.2023.127130.

Maret W, Sandstead HH. 2015. Zinc requirements and the risks and
benefits of zinc supplementation. J Trace Elem Med Biol 20: 3-18.
DOI: 10.1016/j.jtemb.2006.01.006.

Mostafa AE. 2022. Chemical and biological evaluation of fortified
biscuits with different concentrations of zinc or selenium. Bull Natl
Nutr Inst Arab Repub Egypt 59 (1): 105-129. DOI:
10.21608/bnni.2022.247917.

Naumova N, Burmistrova O, Burmistrov E. 2020. Influence of enriching
additives on farmer's cheese formation and its functional properties.
Songklanakarin J Sci Technol 42 (2): 353-358.

Picciotti U, Massaro A, Galiano A, Garganese F. 2022. Cheese
fortification: Review and possible improvements. Food Rev Intl 38
(1): 474-500. DOI: 10.1080/87559129.2021.1874411.

Reuben RC, Langer D, Eisenhauer N, Jurburg SD. 2023. Universal drivers
of cheese microbiomes. IScience 26 (1): 105744. DOI: 10.1016/j.isci.
2022.105744.

Schmuller J. 2017. Statistical Analysis with R For Dummies. John Wiley
and Sons.111, River Street, Hoboken, Canada.

Sorice C, lanni A, Bennato F, Bellocci M, Pavone V, Grotta L, Martino G.
2024. Zinc supplementation improves texture, oxidative stability of
caciotta cheese and reduces bhiogenic amines production. Animals 14
(11): 1642. DOI: 10.3390/ani14111642.

Terry EN, Diamond AM. 2018. Selenium. In: Erdman JW, Macdonald 1A,
Zeisel SH (eds.). Present Knowledge in Nutrition, 10th ed. Wiley-
Blackwell, Washington, DC.

Uzunsoy I. 2024. Antimicrobial and antioxidant activities of water-soluble
extracts of Camis cheeses produced by different traditional
methods. Food Sci Nutr 12 (9): 6699-6710. DOI: 10.1002/fsn3.430.



ASIAN JOURNAL OF AGRICULTURE
Volume 9, Number 1, June 2025
Pages: 60-67

E-ISSN: 2580-4537
DOI: 10.13057/asianjagric/g090107

Potentiality of Eichhornia crassipes as partial bovine feed: A step
towards managing its invasiveness

SHAMIK GUCHHAIT?, DIPANWITA SARKAR PARIA?, RIVA SHRESTHA®, PRAKASH PRADHAN?,
ANIRBAN ROY?®"
west Bengal Biodiversity Board, Department of Environment, Government of West Bengal. Prani Sampad Bhavan, 5™ Floor, Salt Lake City, Sector-Iil,
Kolkata, PIN-700 106, West Bengal, India. Tel.: +91-9433493857, Yemail: aroy.wbhbb@gmail.com
2Department of Zoology, Chandernagore College. Chandernagore, Hooghly 712134, West Bengal, India
3University of Wisconsin-Madison. 500 Lincoln Dr, Madison, Wisconsin 53706, USA

Manuscript received: 21 June 2024. Revision accepted: 5 December 2024.

Abstract. Guchhait S, Paria DS, Shrestha R, Pradhan P, Roy A. 2025. Potentiality of Eichhornia crassipes as partial bovine feed: A step
towards managing its invasiveness. Asian J Agric 9: 60-67. Menace of invasive species is rampant in tropical and subtropical areas and
is a threat to the integrity of regional aquatic ecosystems. Bio-utilization has been suggested as one of the means of controlling the
populations of invasive species. However, invasive plants such as Water Hyacinth (WH) (Eichhornia crassipes) are also known to
accumulate heavy metals. From the literature survey, the young leaves of WH collected from freshwater ponds were found to have the
lowest amounts of heavy metals in comparison to the roots as well as other fodder plants for bovines. This study aims to determine the
effects of substituting common traditional bovine feed used in Eastern India with young leaves of the invasive plant WH collected from
freshwater ponds on milk production, cow health, and its economic aspect. Eight cows aged between 3.7 to 6.7 years were considered
for the study. In the control (0%) collection, they were fed with partial replacement feed composed of 5%, 10%, 15%, 20%, and 25% of
total cow feed with young WH leaves. During the investigation, we assessed feed replacement-dependent changes in milk production
and cow health to determine the ECso, the optimal replacement level, and the efficacy of partial feed replacement with WH. From the
study, it was known that an increase in WH% in the partially replaced feed had a positive effect on milk production while it had an
adverse effect on health (stomach upset). Further, replacement feed with the range of 12.19-14.89% WH (maximum 15%) was identified
to be optimum in terms of both milk production, cow health, and monetary contribution from milk output. So, the idea may be

considered a step towards controlling the population of WH.

Keywords: Aquatic invasive plant, bio-utilization, cow health, milk production, tolindex, TPR-FPR

INTRODUCTION

Eichhornia crassipes (Mart.) Solms, commonly known
as Water Hyacinth (WH), is native to the Amazon basin
(Eckert et al. 2016). Originally valued for its ornamental
beauty, WH was introduced to many tropical and
subtropical regions (Bakrim et al. 2022). However, its high
proliferation rate and competitiveness have rated it among
the top 10 most invasive weeds (Narayanan et al. 2017;
Yan and Guo 2017), and it is included in the IUCN's list of
the 100 most dangerous invasive species (Bakrim et al. 2022).

Introduced to India during the British period, WH has
become a common nuisance in the country's freshwater
bodies. The plant has broad, thick, glossy, ovate leaves,
long, spongy stalks, and blackish-purple roots, sometimes
rising to one meter above water (Heuzé et al. 2015). Its
seeds remain viable for up to 28 years (Sullivan and Wood
2012), and its runners can double its population in just two
weeks (Gettys et al. 2014; Punitha et al. 2015; Rezania et
al. 2015). This plant causes navigation interference,
obstruction to water flow, evapotranspiration, and poses
risks to hydroelectric and irrigation systems (Gettys et al.
2014; Dersseh et al. 2019). It adversely affects water
quality, reducing dissolved oxygen, nutrient level, and pH
(Gopal 1987; Rezania et al. 2015), leading to drastic

changes in freshwater ecosystems and fish mortality and
impacting fisheries (Datta et al. 2021). Infested areas face
significant environmental challenges and socio-economic
loss (Rezania et al. 2015; Basaula et al. 2021).

Controlling WH is a global challenge. Common
methods include chemical control (non-ecofriendly
herbicides), physical control (non-cost-effective mowers
and dredgers), and biological control (specific insects and
fungi), with each method having their own merits and
constraints (Greenfield et al. 2006). Reducing nutrient
runoff from catchment areas can also help control WH
(Pullen et al. 2014; Dersseh et al. 2019). While these
methods aim to destroy WH in the populations, utilization
offers another solution. Water hyacinth can be converted
into enriched vermicompost (Sridevi et al. 2016) and used
as animal feed (Tham 2015). However, eradicating WH is
difficult, and most efforts focus on minimizing economic
costs and ecological damage (Villamagna and Murphy
2010). Studies suggest that current WH management
practices have not been fully successful in long-term
control (Rezania et al. 2015).

Water hyacinth is known to accumulate heavy metals,
but young leaves collected from freshwater ponds are
reported to have negligible heavy metal content (As 2.58
ppm, Pb 2.976 ppm, Zn 31.15 ppm, Cu 9.08 ppm, Cr 2.19



ppm) (Chaudhuri et al. 2008), and at least 18% crude
protein making them suitable as fodder (Nyman et al. 2015;
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87.526306°E; rural area), Sarada (21.798556°N,
87.760306°E; rural area) and Kanthi (21.791333°N,
87.763944°E; semi-rural area), located in the East

Indulekha et al. 2019). Young leaves have been utilized as
a partial replacement for para-grass (Brachiaria mutica
(Forssk.) Stapf) in ruminant diets (Tham 2012;
Wimalarathne 2019). Tham (2015) used various forms of
WH (fresh, wilted, pelleted, boiled, chopped, ground) as
partial replacement in diets for ruminants, pigs, rabbits,
fish, ducks, and geese with consistently positive results,
reassuring the effectiveness of this method. WH also has
high cellulose (36.5£0.9) and hemicellulose (22+0.5)
levels, serving as energy sources for ruminants (Oyeoka et
al. 2021). Therefore, to avoid bloat, studies recommend not
exceeding 30% WH replacement for growing cattle
(Greenfield et al. 2006) and 50% for sheep (llo et al. 2020).

The author's group has studied the plant diversity of
freshwater lakes, estuaries, as well as coasts, along with
their economic contributions (Manna et al. 2019; Roy et al.
2016; 2022). The present work aims to identify the
potential of young WH leaves as a partial feed replacement
for domestic lactating cows, calculate the optimum level of
WH partial replacement, and assess its role in milk
production and animal health. Additionally, the study
discusses strategies for bio-utilization and WH population
control in freshwater ponds of West Bengal, India, which
involves replacing traditional feed with the WH partial
replacement methods.

MATERIALS AND METHODS
Study region and selection of cows

The study was conducted in the fall of 2020 in the
tropical coastal villages of Kotbarh (21.966556°N,

Medinipur District of West Bengal, India. These areas
primarily derive their income from agriculture and animal
husbandry. The study selected eight cows of a common
indigenous breed, each in mid-lactation, and the cows were
aged between 3.7 and 6.7 years, each accompanied by one
calf aged between 7 and 9 months.

Preparation of fodder

In the control set, the cows were fed the traditional
fodder used in the plains of West Bengal, India. This diet
included paddy straw, starchy decoction derived from
boiling rice, vegetable wastage, rice polish, and green
grasses. For the experimental set, we introduced a unique
feeding method. Fresh, young, unfurling leaves of the WH
with minimally developed swollen petioles (Burke et al.
2014) were collected from the local wetlands situated 500
m to 1.5 km from nearby households. The collected leaves
were manually chopped into small pieces (Mani 2018) and
were boiled thoroughly for 20-25 minutes in unleaded
earthen pots, with edible salt (NaCl) added according to the
cow's requirements. After boiling, the broth was discarded
(Masifwa et al. 2001), and freshwater was added. The diet
was then carefully adjusted, ensuring that 5% to 25% of the
total feed was replaced with boiled young leaves of WH
(Table 1). Additionally, 3 to 5 L of starchy decoction
derived from boiling rice (Bhaat”er Fan; Bhaat=Boiled
Rice, Fan=sieved off starchy decoction in Bengali) were
collected from households and added to the mixture. No
commercial cow feed was used for either the control or
experimental set.

Table 1. The feed chart for control (0% WH) and experiment (5-25% WH) sets for eight cows, each receiving 5 L of water daily

% and corresponding weight (g)

Set of cows of WH replacement in the feed Rice polish (g) Paddy straw (g)  Vegetable waste (g)  Total fodder (g)
Cow land2 0% (Control) 350 5,500 1,750 7,600
5%; 380 g 3325 5,225 1,662.5
10%; 760 g 315 4,950 1,575
15%; 1140 g 2975 4,675 1,487.5
20%; 1520 g 280 4,400 1,400
25%; 1900 g 2625 4,125 1,312.5
Cow 3 and 8 0% (Control) 500 5,000 1,750 7,250
5%; 362.5 g 475 4,750 1,662.5
10%; 725 g 450 4,500 1,575
15%; 1087.5 g 425 4,250 1,487.5
20%; 1450 g 400 4,000 1,400
25%; 1812.5¢g 375 3,750 1,312.5
Cow 4 and 5 0% (Control) 667 6,800 1,750 9,217
5%; 460.85 g 633.65 6,460 1,662.5
10%; 921.7 g 600.3 6,120 1,575
15%; 1382.55 g 566.95 5,780 1,487.5
20%; 1843.4 g 533.6 5,440 1,400
25%; 2304.25 g 500.25 5,100 1,312.5
Cow 6 and 7 0% (Control) 250 7,000 1,750 9,000
5%; 450 g 2375 6,650 1,662.5
10%; 900 g 225 6,300 1,575
15%; 1350 g 2125 5,950 1,487.5
20%; 1800 g 200 5,600 1,400
25%; 2250 g 1875 5,250 1,312.5
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Control readings for milk production and cow health
were recorded for three consecutive days. Standard milking
techniques were consistently applied throughout the study,
with cows milked twice daily at fixed times each morning
and evening to maintain uniformity in data collection.
From the 4™ day to the 10" day, 5% of each cow's total
feed was replaced with boiled young leaves of WH, and
milk production readings were taken from both morning
and evening milkings on the 8" to 10" days. On the 11%
day, the feed replacement percentage was increased to
10%, with production readings again recorded during both
morning and evening sessions on the 15" to 17" days. This
incremental replacement continued, reaching up to 25% by
the 22" day. Final milk production readings were collected
from the morning and evening milkings on the 36" to 38™"
day. The detailed feed chart is presented in Table 1.
Standard weighing machines were used to measure both
traditional feeds and young leaves of WH, while standard
measuring cylinders were employed for precise milk
production measurements.

Statistical analysis

Results were analyzed using Anova: Two-Factor
without replication in MS Excel, and percentage-wise
results for WH were graphically plotted using a box plot in
OriginPro 2018. The analysis focused on three main
aspects: (i) Determining the optimum WH percentage by
calculating the True Positive Rate (TPR) and False Positive
Rate (FPR) for both productivity and health effects and
deriving the trend line intersection; (ii) Calculating the
optimum WH percentage using tolerance index, with
calculations performed in R (ver 4.0.3) using tolindex
package (Ver.0.1.0) (Pradhan and Guchhait 2019); and (iii)
Calculating ECso, which represents the concentration at
which the replacement feed exerts half of its maximal
‘complementary’ effect, and identifying the optimal
percentage by finding the crossover point where the
complementation trend line intersects the health trend line.

The literature review suggested that incorporating WH
into animal feed could increase milk production
(production factor) (Sayanthan et al. 2024). However, our
research has revealed the potential for feed replacement-
dependent negative health impacts due to changes in
traditional feed diets (health factor) (Abdelhamid and Gabr
1991; Tham 2012; Wimalarathne 2019; Oyeoka et al.
2021). These findings have significant implications for the
animal nutrition and veterinary science field. The Receiver
Operating Characteristic (ROC) analysis, a popular tool for
clinical dose identification, was employed to predict
efficacy from a given drug concentration and to identify
optimal cut-off for a test, combining the highest true
positive rate with the lowest false positive rate (Clements et
al. 2018). To determine the appropriate cut-off for both
production and health factors, proportions of Sensitivity/
True Positive Rate (TPR) and Specificity/ False Positive
Rate (FPR) were plotted in an efficiency plot following
Clements et al. (2018). TPR and FPR for WH
concentrations ranging from 5% to 25% were calculated in
MS Excel with the following formula:

TPR (Production Factor) 5~25 /
INC 25 )/SUM(INC 5: INC 25)

FPR (Production Factor) 5~25/
DEC 25)/SUM(DEC 5 : DEC25)

TPR (Health Factor) 5~25/ =
unhlty25)/SUM(unhlty5 : unhlty25)

SUM(INC 5~25 :

SUM(DEC5~25 :

SUM(unhlty5~25

FPR(Health  factor)5~25/ = SUM(hlty5~25
hlty25)/SUM(hIty5 : hity25)

Where:

Inc: Number of cases with an increase in milk
production

dec: Number of cases with a decrease in milk

production
unhlty: Number of cases with unhealthy cows
htly: Number of cases with healthy cows

The tolerance index for individual replacement feed
concentrations ranging from 5% to 25% was calculated to
determine the ideal feed tolerance (Clements et al. 2018).
These calculations were performed in the R Program,
identifying the highest TAvg as the ideal % of feed
replacement. For this purpose, individual WH%
replacement sets were assessed using two tolerance indices
(T1 and T2) with the following formulas:

T = ((Cstep x (1/Dstep+Hstep)) / ((lstep+Nstep) X 1000)) X
|step)

T2 = ((Cdirect X (1/Ddirect+Hairect)) / ((IdirecttNdirect) X
1000)) X |direct)

Where:

Cstep: Stepwise sum of increase or decrease in milk
produced by eight cows e.g., cumulative WH5% milk
output of all cows (increase and decrease) compared to
cumulative control output and henceforth

Cuirect: Comparison of the sum of increase or decrease in
milk produced by eight cows in various treatments (5% to
25%) directly with control output (0%)

Dstep: Proportion of the decrease in milk production at a
particular concentration evident from Cetep

Duirect: Proportion of decrease in milk production at a
particular concentration evident from Ciirect

H: Proportion of cows without stomach upset at a
particular concentration

Istep: Proportion of the increase in milk production at a
particular concentration evident from Cstep

lairect: Proportion of the increase in milk production at a
particular concentration evident from Cjrect

Nsep:  Proportion of neutral/ no change in milk
production at a particular concentration evident from Cetep

Nairect:  Proportion of neutral/ no change in milk
production at a particular concentration evident from Cirect.

The ECsp was calculated from the plot of the
concentration-wise ratio of Effect (E)/Concentration (C) %
(or % response) on the y-axis plotted against concentration
in the