STUDIA UNIVERSITATIS Agm, i,

BABES-BOLYAI A& BABES-BOLVAL INVERSITAT

BABES-BOLYAI UNIVERSITY

BIOLOGIA

Volume 69 (2024), June, No. 1/2024









mailto:studia.ubb.biologia@gmail.com



https://studiabiologia.reviste.ubbcluj.ro/






















STUDIA UNIVERSITATIS BABES-BOLYAI BIOLOGIA, 69, 1, 2024 (p. 11-32)
doi:10.24193/subbbiol.2024.1.01

Designing a multi-epitope candidate vaccine against
SARS-CoV-2 through in silico approach
for producing in plant systems

Fatemeh Goudarziaslt, Fatemeh Kheiri2, Azam Rahbar3,
Reza Mohammadhassan3™, Javad Mohammadi-Asl4, Arsalan Jalili>8,
Melika Hajkazemian?’

1Department of Biochemistry, Faculty of Biological Science, University of Mazandaran, Mazandaran,
Iran; 2Department of Biotechnology, Faculty of Biological Sciences, Alzahra University, Tehran, Iran;
3Amino Techno Gene Private Virtual Lab (NGO), Tehran, Iran; 4Noorgene Genetic & Clinical

Laboratory, Molecular Research Center, Ahvaz, Iran; SDepartment of Stem Cells and Developmental
Biology, Cell Science Research Center, Royan Institute for Stem Cell Biology and Technology, ACER,
Tehran, Iran; sParvaz Research Ideas Supporter Institute, Tehran, Iran; 7Department of Molecular

Biosciences, Wenner-Gren Institute, Stockholm University, Stockholm, Sweden;
*Corresponding author, E-mail: rezarmhreza22@gmail.com

Article history: Received 04 August 2023; Revised 20 January 2024;
Accepted 25 January 2024; Available online 30 June 2024.

©2024 Studia UBB Biologia. Published by Babes-Bolyai University.

@ ®@@ This work is licensed under a Creative Commons Attribution-
e  NonCommercial-NoDerivatives 4.0 International License.

Abstract. The COVID-19 is considered as a type of severe acute respiratory
syndrome (SARS-CoV-2). The current pandemic causes a vital destruction
in international social and economic systems. Current available vaccines
involve entire viruses; however, peptide-based vaccines could be also
beneficial. In the present study, a computationally candidate vaccine was
designed against SARS-CoV-2. Surface glycoproteins (E, M, and S proteins)
and N protein amino acid sequences were analyzed to predict high score
of the B and T cell epitopes as antigenic proteins of the virus. High score
epitopes, and the B subunit of Vibrio cholerae toxin, as an adjuvant put
together by appropriate linkers to construct a multi-epitope candidate
vaccine. Bioinformatics tools were used to predict the secondary, tertiary
structure and physicochemical properties, such as aliphatic index, theoretical
pH, molecular weight, and estimated half-life of the multi-epitope candidate
vaccine. The interaction of candidate vaccine with TLR2 and TLR4 was
computationally evaluated by molecular docking. Finally, the codon
optimization and the secondary structure of mMRNA were calculated, and
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in silico cloning was performed into plant expression vector by SnapGENE.
This designed candidate vaccine along with the computational results
requires laboratory evaluations to be confirmed as a candidate vaccine
against SARS-COV-2 infection.

Keywords: COVID-19, SARS-CoV-2, in silico, Multi-epitope candidate
vaccine, Plant systems.

Introduction

Since late 2019, the prevalence of the COVID-19, as a viral infection
caused by a novel coronavirus called SARS-CoV-2, has been a vital concern for
human society due to severe acute respiratory syndrome caused by the virus
and rapid worldwide outbreak. Elders, pregnant women, and individuals suffering
an underlying disease such as diabetes and immune deficiency could be less
resistant against COVID-19 (Huang et al., 2020; Zhou et al., 2020). The virus can be
transmitted among people by respiratory droplets and through faecal-oral route
(Dibner, 2021). The droplets can be in different sizes from <5 pm to >5-10 ym
(Boopathi et al., 2020). There is a wide range, from mild to serve, of symptoms
for COVID-19. Symptoms can appear 2-14 days after the virus infects cells. The
symptoms of COVID-19 include fever, cough, chills, shortness of breath or difficult
breathing, fatigue, headache, sore throat, nausea or vomiting, and diarrhea
(Nokhostin et al., 2020).

Coronavirus is an enveloped non-segmented virus containing a positive-
single-strain RNA. The genome of the virus is about 26 to 32 Kbp as one of the
most extended viral RNAs (Fehr and Perlman, 2015). There are four genotypes
and serotypes of coronavirus to classify as a, 3, y, and &. Novel coronavirus-19
belongs to the B-coronavirus genus (Lim et al.,, 2016; Rahbaran, 2021). COVID-19
is the third detected viral infection caused by Coronaviridae family. Previously,
severe acute respiratory syndrome (SARS) and middle east respiratory syndrome
(MERS) diseases have been identified and studied, respectively, as the first and
second viral infections caused by species of the B-coronavirus genus (Amanat
and Krammer, 2020; Yoshimoto, 2020). However, the outbreak of the viral
infection needs to be control by the immunization. There are recently 6 novel
vaccines immunizing individuals against SARS-CoV-2, including Moderna, Johnson
and Johnson (made in the USA), Pfizer-Biontech (made by cooperation of US and
Germany), Astera-Zeneka (made by cooperation of UK and Sweden), Sinopharm
(made in China), and Sputnik V (made by Russia) (Zheng et al., 2022).
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As an insilico approach, immunoinformatics contains various reliable and
precise tools to analyze the new candidate vaccines. In this strategy, the
conserved and effective epitopes, including the smallest part of the antigen’s
protective activity, were used to design a new vaccine instead of using the whole
antigen. The advantages of this approach include low-cost production and a
more specific design of the subunit vaccine. This strategy can be recommended
to manage many epidemics and even pandemics such as COVID-19 (Miles et al.,
2019; Shey et al., 2019; Mohammadhassan et al., 2020). It has been demonstrated
that the in silico designed vaccines against various infections can positively affect
cellular and humoral immunity (Liu and Chen, 2004, Cong et al., 2008, Hajissa
et al., 2019). In the present study, a candidate multi-epitope vaccine against
SARS-CoV-2 was designed and investigated by in silico tools regarding high score
B and T cell epitopes of the structural proteins.

Materials & Methods

Protein selection for preparing multi-epitope protein

The protein database in NCBI (https://www.ncbi.nlm.nih.gov/protein)
was used to access the sequences of the E protein (accession number =
QHD43418.1), M protein (accession number = QHD43419.1), S protein (accession
number = QHD43416.1) and N protein (accession number = QHD43423.2) of
SARS-CoV-2, as FASTA format for further analysis.

Predicting linear B-cell epitopes

BpiPred (http://www.cbs.dtu.dk/services/BepiPred), ABCpred
(http://crdd.osdd.net/raghava/abcpred), and SVMTrip (http://sysbio.unl.edu/
SVMTTiP) were employed for linear B-cell epitopes prediction. Moreover, Vaxilen
v.2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/Vaxilen.html), ToxinPred
(http://crdd.osdd.net/raghava/toxinpred), AllerTOP v.2.0 (https://www.ddg-
pharmfac.net/AllerTOP) and PepCalc (https://pepcalc.com) were respectively
used to evaluate antigenicity, toxicity, allergenicity, and solubility of the high
score predicted linear B-cell epitopes.

Predicting T-cell epitopes

The Immune Epitope Database server (IEBD) was utilized to predict MHC
class | epitopes regarding 9 mer HLA reference alleles. T-cell epitope prediction
was performed on S, E, N, and M proteins. High-score epitopes (regarding
percentile rank and inhibitory concentration (IC50)) were evaluated in the
aspect of antigenicity, toxicity, hydrophobicity, allergenicity, and immunogenicity
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by Vaxilen v.2.0, ToxinPred, Peptide 2.0, AllerTOP v.2.0, immune epitope
(http://tools.immuneepitope.org/mhci/result) servers, respectively. To predict
MHC class Il epitopes, we also used the IEDB server (which was employed
(http://tools.iedb.org/mhcii/) regarding IEDB recommended 2.22 method and
15 mer total HLA reference alleles. Epitopes with low percentile rank and
NetMHClIpan IC50 (nM) were selected, then analyzed by Vaxilen v.2.0, ToxinPred,
Peptide 2.0 (https://www.peptide2.com), and AllerTOP v.2.0 to identify their
antigenicity, toxicity, hydrophobicity, allergenicity, and immunogenicity,
respectively.

Gamma interferon production

To identify regions with the potential gamma interferon production
stimulation in the candidate multi-epitope vaccine, we used the IFNepitope
server (http://crdd.osdd.net/raghava/ifnepitope) by hybrid approaches.

Multi-epitope subunit vaccine design

Nontoxic and non-allergenic high score epitopes with proper antigenicity
and solubility were linked together with the aid of appropriate linkers to
construct a multi-epitope vaccine structure. The B-cell and the T-cell epitopes
were respectively bound GPGPG and the KK linkers. To better stimulate the
immune system by final construction, nontoxic cholera subunit B (CTB) was
used as an adjuvant and linked by EAAAK linker. The final construction was
screened for antigenicity by Vaxilen v 2.0 and ANTIGENpro (http://scratch.
proteomics.ics.uci.edu), respectively. AllerTOP v. 2.0 was used for the
evaluation of allergenicity. For probable trans-membrane regions and signal
peptide, the sequence of the multi-epitopes candidate vaccine was checked by
the TMHMM v.2.0 server (http://www.cbs.dtu.dk/services/TMHMM) and TargetP
5.0 (http://www.cbs.dtu.dk/services/SignalP/index.php), respectively.

Physicochemical properties

The physicochemical properties were evaluated by Expasy ProtParam
tool (https://web.expasy.org/protparam). This server computes parameters
such as amino acid composition, molecular weight, in-vitro and in-vivo half-life,
theoretical isoelectric point (pl), aliphatic index, grand average of hydropathicity
(GRAVY), and instability index. The aliphatic index explains the thermo-stability of
the query protein.
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Secondary and tertiary structure prediction

I-TASSER server (https://zhanggroup.org/I-TASSER/) was employed for
the prediction of Tertiary structure. This server is an online tool for annotating
structure-based function and predicting automated protein structure (Yang
and Zhang, 2015).

Refinement and validation of tertiary structure

ModRefiner server (https://zhanggroup.org/ModRefiner/) was used for
refining and modeling protein structure prediction, and then Prosa-web
(https://prosa.services.came.sbg.ac.at/prosa.php), and Rampage server
(https://zlab.umassmed.edu/bu/rama/) were respectively employed for the
structural validation.

Molecular docking

The HDock online server (https://cluspro.bu.edu) was used for docking
the refined candidate vaccine construction by TLR4. For this purpose, the PDB
structures of TLR 4 (PDB ID: 3FXI) were provided from the RCSB PDB server
(https://www.rcsb.org/). As a receptor, this PDB structure, along with its
ligand, which is our refined constructed protein, were given to the HDock server
(http://hdock.phys.hust.edu.cn/).

Molecular dynamic simulation

iMOD server (https://imods.igfr.csic.es/) was used to explain the stability
of the candidate vaccine-TLR2/TLR4 complexes and perform molecular dynamics
and RMSD calculations.

Predicting codon optimization and mRNA secondary structure

The synthetic construct was codon optimization for expression in the
desired prokaryote (E. coli) and eukaryote (plants) host by different online
software (IDT DNA, optimizer, cool, Jcat, and Genscript). The amino acid sequence of
the candidate vaccine along with the codon usage table was subjected to OPTIMIZER
(http://genomes.urv.es/OPTIMIZER/). The optimized DNA was submitted to
GENScript and some features such as GC content, Codon Adaption Index (CAl),
and Codon Frequency Distribution (CFD) were evaluated. For predicting the mRNA
secondary structure, the optimized DNA sequence was submitted to the RNAfold
server (http://rnatbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). SnapGENE
was also used for the insertion of our construct into the PB1121 vector.
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Results

Linear B-cell epitopes prediction

Full-length S and N proteins were subjected to ABCpred, SVMTrip, and
BepiPred, separately. Regarding these servers, 110 epitopes were predicted.
High score epitopes from each server were analyzed from the aspects of
antigenicity, toxicity, allergenicity, and solubility by Vaxilen v.2.0, ToxinPred,
AllerTOP v.2.0, and PepCalc, respectively. Finally, among 13 non-allergic and
nontoxic epitopes with proper antigenicity and solubility, 4 epitopes with
IFNepitope positive were selected to participate in the multi-epitope candidate
vaccine. Final selected Linear B-cell epitopes which fulfilled all the criteria for
non-allergenicity, antigenicity, non-toxicity, and could also induce the IFN-y
immune response (Tab. 1).

T-cell epitopes prediction

Epitopes with low percentile rank and IC50 have a high affinity with MHCs.
Consequently, antigenic, nontoxic, hydrophobic, and non-allergen epitopes with
low percentile rank and IC50 were selected and participated in the multi-epitope
candidate vaccine (Tab. 2).

Table 1. Linear B-cell epitopes prediction

EPITOPE Protein Stfelft Predicted

name position score

QQQQGQTVTKKSAAEASKKP N protein 239 1.000

RRGPEQTQGNFGDQELIRQG N protein 276 0.865

HGKEDLKFPRGQGVPI N protein 59 0.87

TRRIRGGDGKMKDLSP N protein 91 0.94

Table 2. T-cell epitopes prediction
Epitope PR name Start position MHC binding

VIGFLFLTW M protein 23 MHC-I
KLIFLWLLW M protein 50 MHC-I
TLACFVLAA M protein 61 MHC-I
ACFVLAAVY M protein 63 MHC-I
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Epitope PR name Start position MHC binding
FVLAAVYRI M protein 65 MHC-I
IAIAMACLV M protein 80 MHC-I
SELVIGAVI M protein 136 MHC-I
LVIGAVILR M protein 138 MHC-I
YYKLGASQR M protein 178 MHC-I
RYRIGNYKL M protein 198 MHC-I
LPFNDGVYF S protein 84 MHC-I
GVYFASTEK S protein 89 MHC-I
TLDSKTQSL S protein 109 MHC-I

YYHKNNKSW S protein 144 MHC-I
FEYVSQPFL S protein 168 MHC-I
KIYSKHTPI S protein 202 MHC-I

WTAGAAAYY S protein 258 MHC-I
YYVGYLQPR S protein 265 MHC-I
KSNLKPFER S protein 458 MHC-I
PYRVVVLSF S protein 507 MHC-I

QLTPTWRVY S protein 628 MHC-I
SPRRARSVA S protein 680 MHC-I
LGAENSVAY S protein 699 MHC-I
IAIPTNFTI S protein 712 MHC-I
IPTNFTISV S protein 714 MHC-I
FTISVTTEI S protein 718 MHC-I
LLFNKVTLA S protein 821 MHC-I

HWFVTQRNF S protein 1101 MHC-I

VLKGVKLHY S protein 1264 MHC-I

QIGYYRRATRRIRGG N protein 83 MHC-11
IGYYRRATRRIRGGD N protein 84 MHC-II
DAALALLLLDRLNQL N protein 216 MHC-11
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Epitope PR name Start position MHC binding
AALALLLLDRLNQLE N protein 217 MHC-II
ALALLLLDRLNQLES N protein 218 MHC-11
QIAQFAPSASAFFGM N protein 303 MHC-11
AQFAPSASAFFGMSR N protein 305 MHC-11

Antigenicity and allergenicity prediction, physicochemical properties

The final multi-epitope candidate vaccine comprises 568 amino acids and
consists of three domains, including CTB as adjuvant, linear B-cell epitopes, and
T-cell epitopes. Also, for protein purification and identification, a 6xHis tag was
added at the C-terminal of the multi-epitope construction (Fig. 1). The antigenicity
of the whole multi-epitope structure was calculated to be 0.6633. Furthermore,
the results of the AllerTOP server revealed that our protein is non-allergen.
Molecular weight and theoretical isoelectric point were 64.48 and 10.39 kDa,
respectively. The estimated half-life was 0.8 hours for mammalian reticulocytes,
10 mininyeast,> 10 hours for E.coli, and 8 hours for plant. The instability index,
aliphatic index, and GRAVY were 31.87, 79.89, and -0.5, respectively. According to
these results, our protein is classified as stable, thermostable, and soluble protein.
Connecting selected epitopes by appropriate linkers may form a signal peptide or
transmembrane regions in the constructed structure. According to this possibility,
the amino acid sequence of the multi-epitope candidate vaccine was checked by
TMHMM v.2.0 and TargetP 5.0 online servers. Results did not show any signal-
peptide or trans-membrane region in the protein construction.

B-cell epitopes T-cell epitopes 6xHis tag
I Linker | | Linker I
(GPGPG) (KK)

Figurel. The scheme of the final multi-epitope vaccine peptide. The 568-amino
acid long peptide sequence containing adjuvant (yellow) at both N terminal was
linked with the multi-epitope sequence through an EAAAK linker. HTL epitopes
and B-cell epitopes are linked using GPGPG linkers (green) while the
CTL epitopes are linked with KK linkers (red).
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Secondary and tertiary structure modelling, refinement, and validation

Psipred analyzed secondary structure prediction. The result showed that
44.0, 16.0, and 40.0 of the total 568 amino acids were organized in alpha helix,
extended strand, and random coil, respectively.

I-TASSER web server was employed to predict five tertiary 3D structures
of the designed vaccine, according to ten threading templates, with Z score values
(1.20-2.78) and confidence score (C-score) values (-0.75 to -4.01). Usually, the
C score series is from->5 to 2, with high scores representing high sureness. All
models refined by ModRefiner. The loop and energy were respectively refined
and minimized to achieve the high quality of the predicted structure. The refined
structures were exposed to the Ramachandran plot analysis using the RAMPAGE

web server.

BASD=4,

Refined Wogel
831, TH-score=0.8503 to initlal model
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,,
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¥
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it

571 to Initial medel

o s

Figure 2. Protein 3D modeling and refining. I-TASSER server was used to provide
the 3D model of a multi-epitope vaccine by following homology modeling (left).
The protein was refined by the ModRefiner server of a refined 3D structure (right).
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Between the 5 models generated by this server, model 5 (Fig. 2) was
considered as the best model. For validation of the refined tertiary structures,
PROSA-web, VADAR-web, and Rampage servers were utilized. PROSA-web
calculated the Z-core of -7.34 for the best tertiary structure (Fig. 3a). This number
indicates the tertiary structure of our multi-epitope candidate vaccine is outside
the range of the scores that are determined for native proteins of similar size. The
quality factor was calculated by the PROSA-web server (Fig. 3b), and the analysis
of the Ramachandran plot with the Rampage server indicated that 92.38% of
residues were arranged in favored regions, 6.01% of residues in additional
allowed regions, 1.6% of residues in disallowed regions (Fig. 3c). This model
was selected for an additional study.

A B C

SRR

Figure 3. Protein validation. (A) ProSA-web, with a Z score of-7.34. (B) ProSA-web
with quality input model graph (positive score is related to areas of the input
structure that have low quality. In this model more than 90% of the input structure
are in high areas). (C) Ramachandran plot analysis showing 92.38% in favored,
6.0% in allowed, and 1.6% in disallowed regions of protein residues.

Docking

Ten models were promoted for the structure of the designed candidate
vaccine with TLR 4. According to the lowest energy scores (-291.56 kJ.mol-1),
model 5 was selected for the TLR4-candidate vaccine complex as the best-docked
complex (Fig. 4).

Molecular dynamic simulation of the candidate vaccine-receptor complex

The deformability of each residue in the candidate vaccine-TLR4 complexes
is very low. Therefore, the stability of complex structures is high. Atomic fluctuations
of both complexes also have a minor deviation in the B-factor plot. Consequently,
the interaction between vaccine and receptors is strong (Fig. 5).
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Figure 4. The results of best model molecular docking of vaccine construct (yellow)
and TLR-4 (red and blue). The lowest energy score of this complex model
is -291.56 kcal.mol-1, indicating good binding affinity.
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Figure 5. The results of simulating vaccine construct and TLR-4 docked complex
via molecular dynamics. (A) Deformability. The deformability simulation of main-
chain, the hinges as the regions with high deformability. (B) B-factor values were
calculated by normal mode analysis, quantifying the uncertainty of each atom.
(C) Eigenvalues; showing the energy required to deform the structure. (D) Variance.
The covariance matrix between pairs of residues (white: uncorrelated, red: correlated,
blue: anti-correlated). (Red color indicates individual variances and green color
indicates cumulative variances), (E) co-variance map (correlated (red), uncorrelated
(white) or anti-correlated (blue) motions) and (F) The elastic network model which
is suggesting atom-spring connections. The springs with darker gray elastic network
are more rigid.
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Codon optimization of the vaccine construction and the secondary
structure prediction of the mRNA

After optimization, the length of the optimized DNA sequence of the
candidate vaccine was 1704 nucleotides for plant-based system. CAl of the
optimized nucleotide sequence was 1.00; a number of > 0.8 is considered
suitable for expression in a host, and a lower number indicates that your gene
may be expressed poorly. The optimal percentage range of GC content was
31.9%. The optimal GC content should be from 30% to 70%. The 20% value of
CFD was obtained for our sequence. A value of >30% for CFD may reduce the
transcriptional and translational efficiency. The optimal secondary structure of
mMRNA was predicted with a minimum free energy of -332.97 kcal.mol-. Finally,
the Sacl and Xbal restriction sites were introduced to the N and C-terminals of
the sequence, respectively, and this construction was inserted in the PBI121
vector (Fig. 6).

{14,297) Motl
{13,745 Pasl

{12,636) BStEII EcoNI (1627)

RB T-DMNA repeat

| Pmel (z432)

" |NOS promoter
/_-nptll F (2695 .. 2720)

~— Bsu361 (2700}
~Z_Nhel (z715)
BmtI (2719}

PspOMI ({3599)
- Apal (3903)

~_-NptIl R (4012 .. 4035)
_BspDI - Clal (4537)

pBI121

(10,673) SHI—— 14,393 bp

(10,344) PAMI* — i
Ndel — ) " _[lac promoter
(10,110} e " (lac operatar)
——[M13 rev)
- i ~ HindIIl (4950)
(93301 FspAl . BSIJ{I(M%?)
o sal (5045
((38?5%28)) '.f\flgjl e " Scal (5179)
“Xbal (5815)

LB T-OMA repeat

" EcoRI (6363)
(Z2gz DRl PAMI (6440}
e Mdel (g476)
{7617} EcoRI HindIII {&300)

{73500 Sacl Eco53kI (7343

Figure 6. in silico cloning of the designed candidate vaccine. The yellow long region
represents the codon-optimized candidate vaccine (CanVac) inserted
into the pBI1121 as an effective plant expression vector.
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Discussion

Vaccination could be an appropriate option to manage COVID-19 prevalence
(Le et al,, 2020). Currently, two vaccines against COVID-19, produced by Moderna
and Pfizer, are approved by Food and Drug Administration (FDA). Pfizer and
Moderna require to store at -80 and -20, respectively (Dyer, 2020). Recent
advances in computational biology and bioinformatics tools facilitate accurate
identification of the immunogenic components, such as multi-epitope vaccines
(Kaur et al.,, 2020). Inactive or weak pathogens are not used in multi-epitope
vaccines. They are time-saving, cost-effective, and cross-protective (Mariaet al.,
2017).

According to the available data, SARS-CoV-2 infects cellular and humoral
systems (Grifoni et al., 2020). T-cell response against spike protein of the SARS-
CoV-2 has been significant. There is a high correlation between IgG and IgA
antibody titers in patients (Shrotri et al., 2021; Braun et al., 2020; van Elslande
etal., 2020). Besides, antibodies against N and S proteins have been detected in
seropositive patients (Apasov & Sitkovsky, 2005). At the start of the infection,
the virus binds to the host cell by the interaction of the ACE receptor and S
protein; therefore, this protein is a primary target for neutralizing antibodies
(Grifoni et al., 2020). In this study, several computational tools were used to
design the multi-epitope vaccine against SARS-CoV-2. According to the reports,
the prediction of linear B-cell epitopes was performed on the sequences of S and N
proteins. Some characteristics such as High epitope score, good solubility, antigenic,
nontoxic, and non-allergen were considered to select suitable B-linear epitopes.
On the other hand, M, E, S, and N protein sequences were used for T-cell epitope
prediction. Predicted T-cell epitopes were also filtered according to high epitope
score, high hydrophobicity, antigenicity, non-toxicity, and non-allergenicity. T-cells
are the main components of the adaptive immune system and have a central
role in cell-mediated immunity (Apasov & Sitkovsky, 2005). They control antibody
responses, activation of innate immune cells, and lysis of infected cells (Suarez-
Fueyo et al., 2019). In human and animal models, most of the T-cell epitopes
presented by MHC complexes were derived from structural proteins of the
coronavirus (Shah et al., 2020). Therefore, in this study, the prediction of CTL
and HTL epitopes was performed on structural proteins.

To construct a multi-epitope vaccine, selected B-cell epitopes are adjoined
together with GPGPG linkers and T-cell epitopes with KK linkers. GPGPG and KK
linkers as flexible spacers help the folding of the protein and increase the
accessibility of the immune system to B-cell and T-cells epitopes (Dong et al., 2020).
Cholera toxin subunit B (CTB) was added by EAAAK linker as an adjuvant at the
N-terminal of the chimeric construction. Generally, subunit vaccines alone have
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weak efficiency in stimulating the immune system. Therefore, adjuvants are
used in combination with this type of vaccine (Christensen, 2016). The High
potential of CTB in the activation of dendritic cells, helper T-cells, and IFN-y
secretion makes it a proper choice to use as a mucosal adjuvant in vaccines
(Antonio-Herrera et al., 2018; Wiedinger et al.,, 2017). The Fusion of CTB at the
N-terminal of a chimeric vaccine creates an opportunity for CTB to form a
pentameric structure, consequently binds better to GM1-gangliosids (Lichtenstein &
Hocker, 2018). EAAAK linker is a rigid spacer between the CTB domain from
others and also can form an alpha-helix structure (Caparco et al., 2022). Analysis
by AllerTOP and Vaxijen servers revealed that our design candidate vaccine was
non-allergen and antigenic. ProtParam analysis showed the molecular weight
of the construction was 64.48 kD and instability index was 31.87, which classify
designed candidate vaccine in the stable proteins. If a protein’s instability index
is less than 40, this protein is predicted as a stable protein (Walker, 2005).
According to the results of the ProtParam analysis, the half-life of the candidate
vaccine was evaluated 0.8 h (mammalian reticulocytes, in vitro), >10 min (yeast,
in vitro), >10 h (Escherichia coli, in vivo), and 8 h (Plant, in vitro). GRAVY index
of the candidate vaccine was -0.5. A negative GRAVY score indicates the polarity
nature of a protein and effective interaction with water. Consequently, negative
GRAVY score reflects the solubility of a protein. The aliphatic index of our
construction (aliphatic index =79.89) reflected the thermostability of the protein
(Annunziato, & Costantino, 2020). The structural validation was performed by
ProSA-web, ERRAT and PRECHECK online servers. Z-score (-7.34), calculated
by ProSA-web server, indicates the overall quality for the tertiary structure of
the input protein is outside the range of scores of the native proteins with
similar size, which determined their structures by NMR and X-ray crystallography
experiments (Kar et al., 2020). Ramachandran plot developed by PRECHECK
server indicated that 92.38% of residues were arranged in favored regions, 6.01%
of residues in additional allowed regions, and 1.6% of residues in disallowed
regions. These factors validate the quality of our protein structure.

In the body, strong binding of the vaccine products with immune receptors
leads to immunological responses (Sheik Amamuddy et al.,, 2020). TLRs are
conserved membrane receptors recognizing pathogen-associated molecular
patterns, such as bacterial and fungal patterns, and nucleic acids. Also, TLRs play
the central role in the initiation of cellular innate immune responses (Zaheer et al.,
2020; Eisenbarth et al., 2019; Smith et al,, 2019). TLR2 and TLR4 are present on
the surface of the cells and are triggered by viral structural and non-structural
proteins (Athari, 2019). COVID-19 and SARS have similar clinical symptoms
(Huang et al., 2020); therefore, the mechanism of pathogenesis of SARS-CoV-2
may be similar to SARS-CoV (Zheng et al., 2021). Some studies on SARS-CoV-2
infection suggested that TLR2 and TLR4 have a significant role in immune
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responses (van der Donk et al., 2022). For example, Yao et al. (2022) indicated
that in the infection of SARS-CoV-2, after 24 hours, the expression of TLR4
is upregulated in monocytes. Khan et al. (2021) demonstrated that mice with
deficient TLR4 are more susceptible to SARS-CoV-2 infection than wild-type mice.

In our study, the binding affinity (AG value) of the docked complex was -
332.97 kcal. mol-L. A negative sign in AG value indicates interaction is thermostatically
possible and it can happen in nature (Kakkanas et al., 2022).

A T-cell epitope can stimulate the cellular immune system when represented
on the cell surface and detected by TCRs of T-cells (Siebenmorgen & Zacharias,
2020). MHC molecules bind to peptide fragments derived from a pathogen and
expose them to immune system components (Reynisson et al., 2020). Therefore,
the strong binding of T-cell epitopes with MHCs can be the key feature in the
stimulation of cellular immunity (Peters et al., 2020).

Low deviation in deformability and B-factor plots showed vaccine- receptor
has acceptable stability. The Eigenvalue indicated the vaccine- TLR4 complex is
stable. Finally, the codon adaption and in silico cloning were performed by the
OPTIMER server and SnapGENE, respectively. The optimized DNA had a good
amount of GC content (31.9%) and CAl value (1.00), which indicates that the
DNA sequence has an exact amount of favorable codons; therefore, it is likely to
be expressed in a plant.

Mammalian cell culture and microbial fermentation systems are extensively
used to produce recombinant proteins commercially (Rahbaran et al., 2021).
But there can be found many benefits for molecular farming, using plants to
produce recombinant proteins (Mohammadhassan and Asadishad, 2023). The
costs of pharmaceutical recombinant proteins, for instance, are significantly
lower than other systems, because plants can widely cultivated in greenhouses
and farm without any specific facilities such as bioreactors and fementors
(Chung et al., 2022; Bhat et al., 2022). In contrast to bacterial systems, plants
are capable of producing pharmaceutical medicinal proteins that require post-
translational modifications such as glycosylation and aggregation of different
subunits, because, plant cells, same as mammalian cells, have intracellular eukaryotic
membrane systems, which enables the post-translational modifications (Margolin
et al., 2020a; Ratre et al,, 2023). At contarary to animal system which can
transmits and causes zoonotic diseases (Fallahi and Mohammadhassan, 2020),
there is no common disease between humans and plants (Bhat et al., 2022). An
an example, Margolin et al. (2020b) could produce high level of recombinant
SARS-CoV-2 spike protein, as a vaccine, in Nicotiana benthamiana.

The most widely used plant expression vector for introducing and
expressing recombinant proteins in plants is the pBl121 vector. According to
several publications, pBlI121 was employed in 40% of the 180 papers on
Agrobacterium-mediated transformations (Mohammadhassan et al., 2014).
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Other factors for pBI1121 adoption include its simplicity, the ability to replace
the target gene instead of the GUS gene, and the suitable expression of the
transferred gene via CaMV 35S as an effective promoter (Mohammadhassan et
al., 2018).

Conclusions

According to the COVID-19 prevalence, the development of other
vaccines against the disease is necessary to increase the production capacity of
the vaccine and the diversity of vaccines. Computational approach can be
employed to create an effective vaccine in lesser time. Therefore in this study,
we used bioinformatics tools to design a multi-epitope vaccine against SARS-
CoV-2. The designed vaccine consists of HTL, CTL, and linear B-cell epitopes of
E, M, N, and S proteins of the virus. The results showed the designed vaccine
was antigenic and immunogenic. Molecular docking of the three-dimensional
structural model of the vaccine with TLR2/TLR4 indicated the designed vaccine
could stimulate the innate immune system. Molecular docking of the HTL and
CTL epitopes with their respective MHCs showed the selected epitopes had an
acceptable interaction with MHCs. As a result, cellular immunity is more likely
to develop. However, bioinformatics results suggest that the designed vaccine
may stimulate immunity, but laboratory tests are necessary for final
confirmation.
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Abstract. The objective of this study was to assess the toxicity of two
pesticides (Prosaro® XRT and Decis® EC 25) widely used in the agricultural
region of El-Tarf located in northeastern Algeria, as well as their combinations
on a variety of durum wheat “Triticum durum Desf”. The toxicity of these
products was evaluated using physiological (chlorophyll) and biochemical
parameters (proteins, glutathione, catalase activity and glutathione
S-transferase, acetylcholine esterase, lipoxygenase). The recommended
dose and its double were tested individually and in combination for this.
It should be noted that the protocol used and the initial concentrations
selected are the same as those used in the field. After D7 and D14 of
exposure, all dosages were administered. The results obtained revealed a
decrease in chlorophyll contents and Glutathione levels as well as an
induction of total proteins and the differents enzymatic activity (catalase,
glutathione S-transferase, lipooxygenase) and this for the two root and
leaf compartments. Thus, it turns out that the concentrations used in
open fields are not harmful to the plant but generate free radicals which
are taken care of by the latter's defense system, thus allowing it to
tolerate these stress conditions.

Keywords: toxicity, pesticides, Triticum durum, oxydative stress, stress
biomarkers.
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Introduction

The use of pesticides worldwide has increased dramatically coinciding
with changes in agricultural practices and intensive farming (Konstantinou et al.,
2006). However, these chemical products are not without drawbacks, in particular
by their toxic effects for non-target organisms such as beneficial insects, the
contamination of soils and waterways, the pollution of groundwater as well as
by their harmful effect on human health (Mebdoua et al., 2017). Indeed, fungicides
and insecticides are the most effective means of combating major diseases and
pests of cultivated plants, which are necessary in maintaining or even increasing
agricultural yields. However, most of these molecules are highly toxic and difficult
to biodegrade. Their massive and repeated use can have harmful consequences
for all components of the environment (Hafez et al., 2020).

Application of chemical fungicides has been considered the primary method
of protecting crops from many diseases due to their convenience and low cost
(Xiao et al., 2006). Although the effects of the latter are confirmed in controlling
diseases and increasing crop yields, their toxic effects on crop plants have not
been well studied, on the other hand, some studies have shown that they can affect
plant respiration (Untiedt et al., 2001), the synthesis of secondary metabolites
(Mohamed et al., 2017), the synthesis of plant hormones (Zhang et al., 2020),
chlorophyll synthesis and degradation and photosynthesis (Petit et al., 2008).
Similarly, insecticides have been shown to cause oxidative stress in plant cells,
affecting various metabolic activities and plant growth components (Toscano et al.,
1982; Jones et al., 1986). Several authors have demonstrated that pesticides in
general induce oxidative stress in different species due to the production of
reactive oxygen species (ROS) (Amamra et al., 2014; Saillenfait et al., 2015;
Ferfar et al., 2016; Sbartai and Sbartai, 2021; Belaid and Sbartai, 2021). To repair
the damage induced by these ROS, plants have developed a complicated method
of antioxidant enzyme system (superoxide dismutase (SOD), catalase (CAT),
glutathione reductase (GR) and ascorbate peroxidase (APX)), which can effectively
maintain redox homeostasis in plant cells by removing excess ROS (Apel et al.,
2004).

Algeria is ranked among the countries that use a large amount of pesticides
and their use continues to increase in many areas. Thus about 400 phytosanitary
products are approved, of which about forty varieties are widely used by farmers
(Bordjibaetal., 2009). Among them are pyrethroids, which are a class of insecticide
that has recently appeared to replace organophosphates and organochlorines
(Horton et al., 2011; Saillenfait et al., 2015). The latter have a higher toxicity
thanks to their lipophilic nature allowing them to accumulate in fatty tissues.
They are also able to produce ROS during their metabolism, thus altering the
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integrity and the function of the cell and its organelles, particularly the
mitochondria which produces more ROS likely to generate an imbalance in the
redox status causing a respiratory disturbance see even apoptosis or necrosis
(Ambolet-camoit et al., 2012; Hossain et al., 2014). Deltamethrin is frequently
used in our region to protect cereal crops against pests, it is considered among
the most toxic pyrethroids (Tianhuiliaoa et al., 2021). Indeed, the frequent use
of this molecule increases the risk of contamination in humans through the
inhalation of suspended particles as well as through food (Saillenfait et al., 2015).
Following this accumulation, it results in a disruption in the sodium channels of the
axons thus causing irritation of the upper tract, dizziness, vomiting and paresthesia
(Wolansky and Tornero-Vélez, 2013). At the same time, and among the most used
fungicides, we find the triazoles, which have been awell-known family for thirty
years now, having an action that is both preventive and to a certain extent
curative. At the systemic level, the toxic effects of triazoles lead to hormonal
imbalance (Yang et al., 2014), nitrogen imbalance, lower germination rates,
impaired root growth and development (Serra et al., 2013, 2015) and the
appearance of chromosomal abnormalities (Wandscheer et al., 2017).

Countless studies have reported the toxic effects of these xenobiotics and
more particularly tebuconazole and prothioconazole on the defense mechanism
of different species such as tomato, wheat, sweet potato and soybean (Nagajothi
and Jeyakumar, 2016; Maruthaiya Arivalagan and Ramamurthy Somasundaram,
2017; Shishatskaya et al., 2018; Mohsin et al., 2021; Wang et al., 2023). Thus,
the objective of this study consisted in the evaluation of the toxicity of two
pesticides Prosaro® (tebuconazole + prothioconazole) and Decis® (deltamethrine),
frequently used in agriculture, as well as their combinations, at the recommended
doses in open fields, in a variety of durum wheat (Triticum durum). Toxicity was
monitored through the monitoring of certain stress biomarkers in order to
confirm whether these doses are really not harmful and do not affect this plant
and thus highlight the capacity of the latter to tolerate the stress conditions
represented by our pesticides.

Materials and methods

Biological material

The biological material used in our work was a variety of durum wheat:
Triticum durum Desf. The variety chosen is Siméto (Italian variety) from the
Algerian Inter-professional Office of Cereals (O.A.l.C.) of El Hadjar-Annaba. It is
an early variety with average productivity, it is recommended in semi-arid and
intermediate arid zones, resistant to rain and drought and tolerates cold.
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Chemical material

Two pesticides (Prosaro® XRT and Decis® EC 25) commonly used in the
agricultural region of EI-TARF in northeastern Algeria were used for this study.
Prosaro® XRT is a triazole drug that combines the effects of two active ingredients:
prothioconazole and tebuconazole at equal concentration (125gL1). It is a
fungicide known for its high efficiency, versatility, and persistence against various
cereal diseases. Decis® EC 25 (deltamethrin), a pyrethroid insecticide, is used
as an insecticide and snake repellent due to its neurotoxic properties.

Experimental protocol

The wheat seeds used were first disinfected (1mL of 10V hydrogen
peroxide with 9mL of distilled water) for 5 min then rinsed thoroughly with
distilled water. To facilitate and accelerate germination, the seeds are put in
distilled water in the refrigerator for 24 hours (vernalisation). The seeds were
then sown in cells filled with a sand / compost mixture (2 volumes of sand /
1 volume of compost) at the rate of 3 seeds for each cell. It should be noted that the
bottom of the cells is lined with a layer of gravel to ensure drainage. Watering was
carried out twice a week at the rate of 20mL of distilled water per cell until the
development of the seedlings. At the same time, the medium was enriched with
nutrients thanks to a nutrient solution (Hoshang, 1988) added every 15 days
for the various trials. The treatment with the different concentrations of Prosaro®
and Decis® alone as well as their combinations (Prosaro®/Decis®) was carried
out after 4 weeks from sowing at the 2-3 leaf stage. Regarding the combined
treatment, the protocol followed in vitro is identical to that used in the field
where it was a question of applying the Prosaro® first and then the deltamethrin
at an interval of one month. Concerning the concentrations, we have chose
those used by the farmers as well as the double of these. For Prosaro® XRT, the
dose used is 0.8 L h'1 (P1: 0.66mg kg of dry soil) and its double (P2: 1.33mg kg-!
of dry soil), for Decis® EC25 1L/h (D1: 0.83mg kg-* of dry soil) and its double
(D2: 1.66mg kg-! of dry soil). As for the combined treatment, we used: P1/D1
and P2/D2. All assays were performed after 7 and 14 days of treatment.

Studied parameters

Chlorophyll assay

The extraction of chlorophylls was carried out according to the method
of (Holden, 1975), which consisted of macerating the plant in acetone. The samples
were treated as follows: 1g of the leaves of the plant cut into small pieces
and ground with 20ml of 80% acetone and approximately 100mg of calcium
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bicarbonate (CaCos). After total grinding, the solution is then filtered and put in
black boxes to avoid the oxidation of chlorophylls by light. The reading is done
at the two wavelengths 645nm and 663nm, after calibrating the device with the
80% acetone control solution.

Total protein content

Total protein content was determined using Bradford's (1976) method, which
employs Coomassie Brilliant Blue (G250) as a reagent and Bovine Serum Albumin
(BSA 1mg ml2) as a reference standard for a calibration of spectrophotometer at a
wavelength 595nm.

Glutathione levels (GSH)

The GSH level was measured using the Weckberker and Cori (1988) method.
The optical density of 2-nitro-5-mercapturic acid was measured due to the reduction
of 5,5'-dithiol-2-nitrobenzoic acid (Ellman’s reagent or DTNB) by glutathione’s (-SH)
groups. After 5 min of rest, absorbance readings at 412nm were taken for color
stabilization against a blank where the 500uL of the supernatant are replaced
by 500uL of distilled water.

Monitoring of catalase activity (CAT)

The method of Cakmak and Horst (1991) was used to calculate CAT. For
afinal volume of 3mL, the reaction mixture contains: 100pL of the crude enzymatic
extract, 50uL of H»0, at 0.1% and 2850uL of phosphate buffer (50 mM, pH 7.2).
The decrease in absorbance is recorded for one minute for a wavelength of
240nm. The calibration of the device is done in the absence of the enzymatic
extract. The reaction is triggered by the addition of H20..

Monitoring of glutathione S-transferase activity (GST)

GST determination was carried out according to the method of Habig et al.,
(1974). The enzyme source represented the fraction obtained after homogenization
and centrifugation of leaves and roots. A 200uL aliquot of the supernatant was
mixed with 1.2mL phosphate buffer containing 1 mM CDNB (0.1 M, pH 6). At a
wavelength of 340nm, absorbance readings were taken every minute for 5 min.

Monitoring of lipoxygenase activity (LOX)

The method of Axelrod et al., (1981) was used to monitor lipoxygenase
activity. The leaves and roots were ground in the presence of an extraction buffer
composed of 50 mM phosphate buffer (KH2PO4/K>HPQ4; pH 7), 5 mM cysteine
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and 10 mM EDTA. The homogenate obtained was centrifuged at 14000 g for 20
min and the supernatant was recovered for the LOX activity assay. The reaction
medium, with a final volume equal to 1mL, is composed of 0.16% tween-20
(v/v), 0.2 M glycine buffer (pH 10.0), 100 mM linoleic acid and the enzymatic
extract. This activity was determined by measuring the absorbance of the
hydroperoxides at 234nm.

Statistical analysis

The results obtained were statistically analyzed using Minitab software
(Version 14.0). Datawere represented by the mean plus or minus the standard
deviation (m£SD). We used two-way analysis of variance (ANOVA) to evaluate
differences related to the effects of two independent variables (concentration
and time) on a dependent variable (parameter). P<0.05 was established as a
significant difference.

Results

Effects of different treatments on chlorophyll level

According to the table below (Tab. 1), we have noted a slight variation in
the level of chlorophyll a in the leaves treated for 7 days by the low concentrations of
two pesticides P1, D1 (21.20; 19.17) compared to the control leaves (21.71),
while this same rate decreases significantly (p<.0.05) for the leaves treated by
the rest of the concentrations of Prosaro® and Decis® (P2, D2, P1/D1 et P2/D2).

However, the significant decrease (p<0.05) in the level of chlorophyll b
is recorded according to the exposure time and the different treatments
compared to the control leaves except for Prosaro® P1 (18.39) where this
decrease is very low compared to the controls (19.80). As for the values of
chlorophyll (a+b) recorded after 7 days of exposure, they follow the same
direction as for chla and chl b with a reduction of almost half for the combined
treatment Prosaro®/Decis® (P2/D2) with a value of (23.51) compared to
controls (41.51). After 14 days of exposure, there is a significant decrease in chl
a, b, a+b in the leaves treated at the different concentrations where the lowest
levels are recorded for the highest doses of the combined treatment P2/D2.
Regarding the a/b ratio, there is a significant increase as a function of time and
of the concentrations of the different treatments. it is 1.09 in the controls and
reaches the value of 1.26 in the leaves treated after 7 days at the Posaro®/Decis®
concentrations. After 14 days of exposure, this ratio is at most P2/D2 (1.33), D2
(1.32) and P2 (1.28).
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Table 1. Variation in chlorophyll level in weat leaves treated with different
concentrations. Standard deviations are obtained from averages
corresponding to three replicates = SE and significant differences
were established according to a two-way ANOVA (P< 0.05).

Concentrations Chla Chlb Chla+b Chl a/b
(mg kg-idrysoil) 7days 14days 7days l1l4days 7days 14 days 7 days 14 days
2171+ 2201+ 1980+ 19.75+ 4151+ 4176+ 109+ 111+

Control 0012 0315 0037 1028 0717 0201 0011 0208
o1 2120+ 2013+ 1839+ 1671+ 3950+ 3684+ 115+ 120+
0109 0221 0146 0116 0632 0056 0105 0017
o0 1850+ 1552+ 1543+ 1206+ 3393+ 2758+ 110+ 128+
0168 0511 0098 103 0391 1031 0028 0005
o1 1917+ 1694+ 1549+ 1345+ 3466+ 3039+ 123+ 125+
0092 0122 0136 0255 0088 0975 0033 0230
o 1557+ 1333+ 1292+ 1006+ 2849+ 2339+ 120+ 132+
0157 0116 0471 0521 0111 1012 0098 0.102
01/D1 1684+ 1397+ 1358+ 11.04+ 3042+ 2501+ 123+ 126+
009 0344 0160 0219 0320 0058 0066 0.154
52/D2 1313+ 1074+ 1038+ 807+ 2351+ 1881+ 126+ 133+

0.118 0608 0032 0014 0084 0167 0103 0.083

Effect of different treatment on the level of total proteins

According to our results (Fig. 1a, 1b), we have observed a significant
increase (p <0.05) in protein contents in wheat leaves (a) as a function of time
and concentrations used, compared to the controls. The most marked values
were reported after 7 days for the highest concentration of D2 (9.92 ug mg-! of
FM) and for the combination P2/D2 (13.99 ug mg-t of FM) compared to control
values (5.96 pug mg-t of FM). Similarly, after 14 days where the highest protein
levels were reported at D2 (13.63 pg mgt of FM) which is twice the control
(6.72 pg mg-t of FM) and the combination P2/D2 (17.23 ug mg-1 FM) which is
almost three times the control (6.72 pug mg1 FM).

The same observations were retained for the quantity of protein in wheat
roots which increases significantly (p <0.05) as a function of time and the
concentrations used of the two pesticides. This quantity reaches its maximum
after 14 days with a value of 7.54 ug mg-1 FM at P2/D2 which is almost double
the value recorded in control roots (3.55 pg mg- FM).
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Figure 1. Effect of different treatments on the variation of total protein level
in leaves (a) and roots (b) of wheat . Significant differences were established
according to a two-way ANOVA (P<0.05).

Effects of different treatments on glutathione level (GSH)

According to (Fig. 2a, 2b), a significant decrease (p<0.05) in the GSH level
was recorded as a function of the time of exposure of wheat leaves and roots to
different concentrations of the two pesticides as well as the combined
treatment compared to the control. After 7 days of exposure, the greatest
reduction (56%) in the level of GSH was recorded in the leaves treated with
combination P2/D2 (0.059 pmol mg-! of Prot) compared to the control value
(0.135 pmol/mg of Prot). Similarly for the GSH levels recorded after 14 days
where 66% reduction was noted for the combination P2/D2 (0.047 pmol mg-!
of Prot) compared to the control leaves (0.137 pmol mg-1 of Prot). It should be
noted that after 14 days of exposure a strong reduction was also noted in wheat
leaves treated with highest concentration of D2 (0.049 umol mg-! of Prot) which
is almost equivalent to the values found for combination P2/D2. In the roots,
the lowest content (0.016 pmol mg-t of Prot) was reported for P2/D2 after 14
days of exposure compared to the control roots (0.063 pmol mg-! of proteins),
i.e. a reduction of 75%.
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Figure 2. Effect of different treatments on the variation ofGSH level in leaves (a)
and roots (b) of wheat. Significant differences were established according
to a two-way ANOVA (P<0.05).

Effects of different treatments on glutathione S-transferase activity (GST)

According to (Fig. 3a, 3b), we have noted a significant induction (p<0.05)
of GST activity as a function of time and the concentrations of the different
treatments compared to the control leaves and roots. Indeed, GST activity was
at its maximum in the leaves (0.045 and 0.065 umol min-1mg-! of Prot) after 14
days of treatment for D2 and combination (P2/D2) compared to controls (0.019
pmol min-1 mg-! of Prot). The same observations were recorded in wheat roots
but it should be noted that the values recorded in the leaves were higher than
those recorded in the roots.
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Figure 3. Effect of different treatments on the variation of GST activity in leaves (a)
and roots (b) of wheat. Significant differences were established according
to a two-way ANOVA (P<0.05).
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Effects of different treatments on catalase activity (CAT)

According to the results mentioned in (Fig. 4a, 4b), we have observed a
significant increase (p<0.05) in CAT activity as a function of exposure time and

increasing concentrations compared to control leaves and roots.
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Figure 4. Effect of different treatments on the variation of CAT activity in leaves (a)
and roots (b) of wheat. Significant differences were established according
to a two-way ANOVA (P<0.05).

After 7 and 14 days of exposure, the maximum values recorded in the
leaves were reported for concentrations D2, P1/D1 and P2/D2 compared to the
control values (150 umol min-tmg- Prot; 149.8 pmol min-1 mg-1 of Prot). In the
roots, the maximum value was recorded after 14 days of exposure to the
combination P2/D2 (288 umol-t min-1 mg-! of Prot) compared to the control
values (115 pmol min-t mg-1 of Prot).

Effects of different treatments on lipoxygénase activity (LOX)

According to the figure below (Fig. 5a, 5b), wehave observed a significant
increase (P<0.05) in LOX activity as a function of the exposure time of the wheat
leaves to the increasing concentrations of the different treatments compared to
the controls. However, this activity was more stimulated after 14 days than after
7 days of exposure with maximum values reported for the high concentrations of
the different treatments P2, D2, P2/D2 (250 pmol mg-t of Prot; 295 ymol mg-1
of Prot and 390 pmol mgt of Prot) compared to control values which are
equivalent to 171 pmol mg-! of Prot.

In the roots, a significant increase (p<0.05) in this activity was observed
as a function of time and the concentrations of the different treatments where
the maximum values were recorded after 14 days at the combination P2/D2
(381 pmol mg-t of Prot) which represent three times the control value (134
pmol mg-t of Prot).
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Figure 5. Effect of different treatments on the variation of LOX activity in leaves (a)
and roots (b) of wheat. Significant differences were established according
to a two-way ANOVA (P<0.05).

Discussion

The impact of different treatments (Prosaro®, Decis®, Prosaro®/Decis®)
on Triticum durum was evaluated using a biological approach at different scales
of a cellular organization by examining the variations of several physiological
and biochemical parameters. In our work we first tested the level of chlorophyll
which is considered an excellent biomarker of plant toxicity knowing that there
is a strong correlation between cell densities and photosynthetic fluorescence
parameters in environmental pollution (Dewez et al., 2007). Our results clearly
show a decrease in leaf chlorophyll levels. This decrease can be attributed to
the inhibition of its biosynthesis and photo-destruction of pesticides by reducing
the formation of aminolevulinic acid (ALA) as a precursor of plant porphyrin
essential for photosynthesis. Many studies have reported the negative effect of
pesticides on chlorophyll levels in wheat leaves exposed to fungicides (Artea,
Punch and Paclobutrazol) and herbicides (Cossack and Sékator) (Berova et al.,,
2002; Ferfar et al., 2016). Similarly, Liu et al., (2021) showed that foliar
exposure of common wheat (Triticum aestivum L) to difenoconazole induced a
reduction in chlorophyll contents leading to a reduction in photosynthesis and
the subsequent inhibition of plant growth.

At the same time, we focused on the response and regulation of the wheat
defense system to these two xenobiotics. Indeed, the proportional increase in
the total protein level observed as a function of increasing concentrations of the
two pesticides as well as combinations in wheat leaves and roots tells us about
the stress state of the plant. Gardés-Albert et al., (2003) link this increase to the
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fact that the plant seeks to protect its morpho-physiological integrity in response
to damage induced by xenobiotics. In other words, protein accumulation is a
molecular stress tolerance strategy that is directly linked to overproduction of
ROS (Mishra et al., 2006). Thus, oxidative damage can be reduced by activation
of the antioxidant defense system to eliminate these ROS (Pompeu et al., 2017;
Arfaoui et al., 2018) hence the induction of total proteins. Indeed, to deal with the
generation of ROS, plants reinforce their antioxidant action of the enzymatic and
non-enzymatic defense system (Hasanuzzaman et al., 2020). Thus, the decrease
in GSH recorded in both leaf and root compartments of wheat supports the
hypothesis of the induction of the plant’s defense system to allow it to tolerate
this state of stress. GSH, a non-enzymatic antioxidant, is a low molecular weight
thiol involved in a wide range of metabolic processes and constitutes an important
plant defense system against environmental stresses, including pesticides (Hossain
etal,, 2012). GSH is the substrate of GPx which is involved in the elimination of
H20, (Lu, 2013, Mailloux et al.,, 2014). The recycling of GSSG in GSH is catalyzed
by glutathione reductase (GR) using NADPH as an electron donor. NADPH is
indispensable for GSH recycling by GR and high GSH levels can lead to reducing
stress. NAD(P)H and GSH are reducing equivalents essential for the response to
oxidative stress. Paradoxically, excessive accumulation of cellular NAD(P)H
and/or GSH leads to reductive stress and cellular dysfunction. In addition, it is
also involved in the modulation of cellular redox signaling, in the regulation of
proliferation and cell death as well as in the detoxification of xenobiotics and
their metabolites (Fratelli et al.,, 2005; Lu, 2013; Aquilano et al., 2014).

This decrease could be explained by the fact that GSH could establish a
direct bond with pesticides or their metabolites (Galaris et al,, 2002). This
glutathione-pesticide interaction takes place thanks to the intervention of GST
which allows this conjugation during phase Il of metabolism (Belaid and
Sbartai, 2021), this is confirmed by our results which indicate an induction of
GST in the presence of pesticides tested. Indeed, GST is a multifunctional phase 1l
enzyme which plays an essential role in the conjugation of electrophilic compounds
(phase | metabolites) and catalyzes the conjugation of GSH with substances of an
endogenous or exogenous nature. The increase in GST activity indicates both a
high concentration of xenobiotics present in the environment and the induction
of oxidative stress following the increasing production of ROS (Bhagat et al.,
2016). This production of ROS can be favored by the installed reductive stress
which has been proposed according to certain researchers as an inducer of
oxidative stress depending on the redox couples in which these ROS are engaged
(Shen et al.,, 2005; Yan et al., 2014; Korge et al., 2015; Xiao et al., 2019). Much
like oxidative stress, reductive stress also impairs cellular functions (Handy and
Loscalzo, 2016).
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However, and in the case of deltamethrin, tebuconazole and prothioconazole,
metabolism occurs by hydroxylation, oxidation or hydrolysis reactions resulting
in different metabolites followed by conjugation to glucuronic acid or sulfate
(Ruzo et al., 1979; IPCS, 1990) and not to GSH, which implies that GST is not
involved in this biotransformation.Thus, the increase in GST could therefore be
explained by the fact that it is also involved in the transport and elimination of
reactive compounds that perform other antioxidant functions (Sies, 1993;
Livingstone, 2003) such as CAT, GSH and SOD and also in the defense against
oxidative damage to lipids and DNA induced by peroxide products (Van der
Oost et al., 2003). However, it was noted that at the end of treatment, GSH
expression seems to be very sensitive to xenobiotics where it is strongly declined
at high concentrations (D2, P2/D2) compared to controls but which are almost
equivalent thus suggesting that Decis® (deltamethrin) alone has the same effect
as the combined treatment (Prosaro®/Decis®) at these concentrations probably
due to an antagonistic effect between the two pesticides. On the other hand, we
recorded the induction of CAT activity with the different treatments, which
testifies to the state of oxidative stress par excellence. The latter is an important
enzyme in the defense system (antioxidant). It catalyzes, extremely quickly, the
disproportionation of oxygen peroxide (H20.) into oxygen and water, thus
protecting cells from oxidative effects. The change in CAT activity is explained
by cellular damage caused by exposure to contaminants (Shi et al., 2011). Our
results are in agreement with those obtained by Ferfar et al., (2016) who
demonstrated an increase in CAT activity in two varieties of wheat (Simeto and
Cirta) exposed to two sulfonylurea herbicides, in leaves and roots of wheat
“Triticum aestivum L”. Similarly, the results of Belahcene et al,, (2015) which
highlight the influence of oxidative stress caused by a systemic herbicide
Cossack on the CAT activity of three varieties of durum wheat (Sersou, Carioca
and Wersenis) where a variability very important genotypic was noted resulting
from the response of each variety towards the applied stress.

Finally, the increase in LOX activity observed during our study could be
due to the peroxidation of linoleic and linolenic acids. The formation of oxidation
derivatives in the lipid bilayer, such as 4-hydroxy-2-nonenal, malondialdehyde
or phytoprostanes, leads to disturbances in the micro-architecture of membranes,
alters their permeability and can act with amine functions, lipids, proteins and
DNA, as well as with the thiol functions of proteins.Indeed, these lipid peroxidation
products are reactive electrophilic species (RES) which can bind covalently to
proteins and thus damage them (Farmer et al.,, 2007). Lipid peroxidation by
forming aldehydes leads to the destruction of structures, inhibits cellular
functions and potentially accelerates cell senescence (Reich and Amundson,
1985; Dann and Pell, 1989).
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Conclusions

The results obtained in this study clearly revealed the toxicity of the
pesticides (Prosaro®/Decis®) used on Triticum durum even at regulatory
concentrations. Indeed, the application of pesticides (fungicide and insecticide)
directly to durum wheat causes disturbances at the foliar level and indirectly a
negative effect on the chlorophyll and GSH content as well as an accumulation
of total proteins and an induction of enzymatic activities (CAT, GST and LOX).
These physiological and biochemical results thus suggest the establishment of
a defense mechanism in order to neutralize the free radicals generated by the
stress applied to this variety of wheat. In conclusion, the regulatory doses
disturb the plant but the latter manages to overcome this stress, on the other
hand the high concentrations clearly affect the leaves and roots of wheat. Thus,
Decis® (deltamethrin) alone appears more toxic than Prosaro® (prothioconazole/
tebuconazole) and has the same effect as the combined treatment (Prosaro®/
Decis®). All of this information could help us formulate countermeasures to
reduce the risk of pesticide contamination in agricultural production.
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Abstract. Crop productivity may be significantly inhibited by factors,
such as increased temperature, soil erosion, pathogen and pest attacks, and
drought and salt stresses, mostly resulting from global climate change.
However, microorganisms that are found in the rhizosphere can aid in the
mobilization of essential soil nutrients, facilitate plant growth, and reduce
abiotic and biotic stresses of plants. Soil microbes accomplish these beneficial
functions via several mechanisms. Here, an elaborate description of the
molecular mechanisms of plant growth-promotion by soil microbes and the
potential of these organisms to be used as biofertilizers and biopesticides to
improve plant health is provided. In addition, the possible revolution that
could be realized by the synergism of these beneficial microbes with
nanotechnology is discussed. While the use of biofertilizers to enhance
plant growth has been demonstrated to be a beneficial phenomenon, this
approach has often failed to yield the desired result in field applications.
However, identifying microbial species with beneficial attributes and
combining them with nanotechnology tools like nanoencapsulation and
biosensors could lead to the formulation of important agriproducts
(nanobiopesticides and nanobiofertilizers) that will ensure sustained
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delivery of the agriproducts and facilitate early detection and proper
management of plant pests and diseases. It is anticipated that precision
farming will improve agricultural sustainability by increasing crop
production for the steadily increasing world population.

Keywords: biofertilizers, secondary metabolites, nanoencapsulation,
guorum sensing, volatile organic compounds, sustainable agriculture.

Introduction

The world population continues to increase with predictions that it will
reach 8 billion by 2025 and up to 9 billion by 2050, requiring a large increase
in food production to meet the nutritional demand of the growing population
(Mc-Carthy et al., 2018; Meybeck et al.,, 2018; Tripathi et al., 2019). Modern
agriculture is challenged with inadequate/insufficient supply of nutrients for
plant growth, insects and pest attacks, and drought and salt stresses. Another
important issue affecting agricultural productivity is soil erosion in which nutrients
from topsoil are washed into deeper soil layers. Also, the contamination of soils
by heavy metals and chemicals from the excessive use of synthetic fertilizers,
which eventually end up in water bodies, makes it difficult to access good
drinking water (Mc-Carthy et al., 2018; Osman, 2018). Ironically, in an effort to
increase agricultural productivity, farmers have resorted to the excessive use
of synthetic fertilizers to boost the nutrient composition of soils (Shabbir et al.,
2019).

To ensure the maintenance of sustainable agriculture, an increase in crop
productivity is necessary. This can be achieved by the provision of0 essential
nutrients, including nitrogen (N), phosphorus (P), and potassium (K) in the soil
for plant use. Furthermore, certain traits like better nutritional value, drought
and salt tolerance, disease resistance, and heavy metal resistance are required
by food crops to boost their productivity. Sustainable agriculture is achievable
because certain soil microbial communities, often known as plant growth-
promoting microbes (PGPM), assist plants in making the afore-mentioned
attributes available for plant use. The consequences of using soil microbial
biomass are an increase in water use efficiency as well as the nutrient uptake
capacity of plants (Schiitz et al., 2018). These microbial communities colonize
the plant rhizosphere and favor plant growth. They are also essential in the
improvement of plant growth, health, and yield without contaminating the
environment (Odelade & Babalola, 2019).
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The past few decades have seen the application and commercialization of
some plant growth-promoting bacteria (PGPB) strains, including those of Bacillus,
Streptomyces, Pseudomonas, Klebsiella, Serratia, Azotobacter, Enterobacter,
Variovorax, and Azospirillum as biofertilizers (Alori & Babalola, 2018; Reed et al.,
2013). Certain fungi, including arbuscular mycorrhizal fungi (AMF), Trichoderma
(T. viride, T. harzianum, T. polysporum, and T. koningii), Aspergillus niger,
A. fumigatus, Saccharomyces sp. and algae (microalgae) have also been used as
biofertilizers for improvement in crop growth (Abbey et al., 2019; Kamal et al.,
2018; Win et al., 2018). Despite this progress, their universal application in the
agricultural sector represents only a very small fraction of agricultural practice
because of the inconsistency in the growth of plants following inoculation with
PGPM (Macik et al., 2020). To effectively enhance plant growth, PGPM must be
environmentally friendly, exhibit high rhizosphere competence, interact well
with other rhizosphere microbes, and tolerate environmental conditions like
oxidizing agents, UV radiation, and heat (Alori & Babalola, 2018; Babalola,
2010). To facilitate a large increase in agricultural yield and food production
PGPM possessing the above-mentioned qualities are greatly needed.

Recent advancements in PGPM formulations have incorporated technologies
such as biosensors and nanoencapsulation, which are essential for developing
biofertilizers and biopesticides (Gouda et al., 2018). The incorporation of
microbes with plant growth-promoting traits and nanotechnology in the
development of new formulations of biofertilizers can both promote crop
productivity and enhance agricultural sustainability. This review discussed the
various strategies employed by PGPM to enhance plant growth, improve soil
fertility, and control agricultural pests. It also explored the innovative agricultural
products that nanobiotechnology can introduce, which will increase crop
production and promote agricultural sustainability in a changing climate.

Importance of soil microbes on plant growth and health

The rhizosphere microbiome, defined as the entire genome of the microbial
communities in the roots surrounding soils, performs important roles in plants
including facilitating the production of metabolites, uptake of nutrients, as well
as tolerance to both abiotic and biotic stresses (Chukwuneme et al., 2020).
Plants living within an ecosystem exist as colonies, rather than as individual
entities. They live along with the plant microbiota (bacteria, fungi, viruses, protists,
nematodes), working together to influence plant growth and productivity (Glick &
Gamalero, 2021). The current methods of culturing microbes have only been
able to culture about 1% of microorganisms in the soil, thereby underestimating
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the microbial diversity of rhizosphere and soil microbiomes (Devi & Soni, 2020).
The rhizosphere microbiome is composed of beneficial microorganisms, including
the free-living bacteria that facilitate plant growth known as plant growth-
promoting bacteria, the nitrogen fixers, biocontrol agents, and the mycorrhizal
fungi (Ajilogba et al., 2013; Gouda et al., 2018). This microbial habitat is also
inhabited by microbes that exert deleterious effects on plant growth, i.e.,
pathogenic microbes (Orozco-Mosqueda et al., 2018). The use of modern sequencing
technologies has expedited the identification of a large number of soil microbes, most
importantly, bacteria dwelling in the rhizosphere plant microbiome (Mohanram &
Kumar, 2019). The rhizosphere microbiome is dominated by Proteobacteria,
Firmicutes, Bacteroidetes, Acidobacteria, Actinobacteria, Planctomycetes,
Chloroflexi, Verrucomicrobia, Cyanobacteria, Gemmatimonadetes, Ascomycota,
Basidiomycota, Glomeromycota and ectomycorrhizal fungi (Trivedi et al., 2020).
The interactions between plant roots and the rhizosphere microbes enable
plants to cope with environmental disturbances by identifying and reacting to
external stimuli, leading to specific modifications in plant growth and development
(Mohanram & Kumar, 2019). Plant health is highly reliant on the ecological
services of microbes that act in association with the plant, which includes
protecting the plant against disease pathogens, tolerance to environmental
stresses and biofertilization.

Soil microbiome aiding in plant nutrient acquisition

In recent studies, nitrogen-fixing free-living rhizospheric and endophytic
microbes of the genera Azotobacter, Azospirillum, Achromobacter, Bradyrhizobium,
Pseudomonas, Burkholderia, Bacillus, Mycorrhizal fungi, Trichoderma, and
Aspergillus have shown positive effects on crops by increasing above and below
ground biomasses (Abbey et al,, 2019; Igiehon & Babalola, 2018a; Igiehon &
Babalola, 2018b; Kamal et al., 2018). The soil microbiome also consists of several
microbes that aid in the solubilization of inorganic phosphates for plant use
(Babalola, 2010). These microbes include those from the bacterial genera
Aerobacter, Alcaligenes, Pseudomonas, and Bacillus and those from the fungi genera
Fusarium, Penicillium, Chaetomium, Aspergillus, and Cephalosporium (Moharana et
al., 2018). In the soil, inorganic phosphates are often complexed with metal ions
including Fe3+, Al3+, and Ca2+ and can be solubilized into hydroxyl ions (OH-) or
organic acids released by phosphate solubilizing bacteria (Etesami et al., 2021;
Mohanram & Kumar, 2019). Phosphate solubilizing microbes often secrete
various phosphatase enzymes that aid in mineralizing organic P from the soil.
In addition, they secrete protons and organic acid anions like malate, citrate,
and oxalate that assists in solubilizing inorganic P (Moharana et al., 2018).
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Rijavec and Lapanje (2016) proposed that hydrogen cyanide (HCN) increases
the availability of P indirectly by metal chelation.

Some microbes in the rhizosphere microbiome with sequestrating
capabilities participate in the uptake of trace elements like zinc (Zn) and Fe,
whose low concentration in the soil may result in a decrease in crop yields
(Kumar et al,, 2017). An abundance of Fe exists in the soil. However, the
majority of this nutrient occurs in forms that are not readily accessible to plants.
Rhizosphere bacteria like Plantibacter, Streptomyces, Pseudomonas, Curtobacterium,
and Stenotrophomonas have been shown to mobilize Zn by acidifying the medium
through the production of gluconic acid (Costerousse et al., 2018). Their roles
also include the release of organic acid anions known as siderophores that
chelate and transport ferric ion (Fe3+) to plant cell surfaces, where they are
reduced to ferrous ion (Fe2+) (Sabur, 2019). Siderophores also act to deprive
pathogenic microbes of Fe, thereby curtailing their growth (Babalola, 2010).
Some common microbial siderophores include pyoverdine, achromobactin,
citrate, ferrioxamines, pyochelin, enterobactin, ferrichromes, and yersiniabactin
(Aznar & Dellagi, 2015). The promotion of iron nutrition through siderophores
has been successful in dicotyledonous and gramineous plant species by
fluorescent Pseudomonads (Orr & Nelson, 2018). It has also been shown that
certain Zn mobilizing bacterial strains increase the uptake of Zn by plants, and
as a consequence increase the yields of many crops like wheat, soybean (Bhatt &
Maheshwari, 2020), and rice (Vaid et al., 2020). The mechanisms used by these
bacteria in the mobilization of Zn in the root microbiome of plants are not
especially clear. However, their mode of action is analogous to the phosphate
solubilizing microbes and Fe mobilizers, which include the use of organic acids
and chelating agents.

Plant growth-promoting microbes can reduce the inorganic fertilizer
requirement of various plants by facilitating nutrient acquisition. The study of
Ye et al. (2020) demonstrated that 75% of inorganic fertilizer application
combined with bioorganic fertilizer increased the yields of tomato plants to the
same extent as those plants treated with 100% inorganic fertilizer application.
In another study, soil nutrient status and the growth of wheat plants were
improved by the combined application of bacterial consortia with 75% of the
(previously determined) optimal amount of chemical fertilizer (Wang et al.,
2020). The results showed that inoculation of wheat plants with bacterial
consortia resulted in increased N, P, and K contents by 97.7, 96.4, and 42.1%,
respectively. According to the authors, plant height, fresh and dry weight, tiller
counts, and N, P, and K contents of soils were the same in the treatment with
combined PGPB and 75% fertilizer and that with 100% fertilizer treatment.
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Similarly, the combination of nitrogen-fixing and phosphate-solubilizing
bacterial strains with a half dose of urea (nitrogen) and di-ammonium phosphate
(DAP, phosphorus) fertilizers enhanced the growth and yield of Brassica juncea
plants (Maheshwari et al., 2010). Also, the addition of urea and DAP granules
with a mixture of Bacillus sp. KAP6 slurry and compost improved the nutrient
use efficiency (NUE), photosynthetic rate, growth, and yield of wheat (Ahmad
et al., 2017). Moreover, the nutritional quality of organic fertilizers, such as
farmyard manure and composts, can be improved by inoculation with beneficial
microbial strains. For instance, the application of an integrated organo-mineral
fertilizer composed of farmyard manure and compost, inoculated with a microbial
consortium consisting of several phosphorus-solubilizing bacteria, i.e., Azotobacter,
and Rhizobium sp., in soybean and fenugreek fields resulted in increased nutrient
content, yield, and biomass of the plants (Biswas & Anusuya, 2014). The combined
application of biogas slurry, humic acid, arbuscular mycorrhizal fungi (AMF), B.
ciculans, and Azotobacter chrocoocum on maize seeds resulted in increased
growth, yield, and nutrient uptake of the plants as well as increased microbial
activity by improving the levels of mycorrhizal colonization, increasing the
dehydrogenase and phosphatase enzymes, and bacterial count (Gao et al.,
2020).

Plant productivity enhancement is another function of the rhizosphere
microbiome. The organisms in the plant rhizosphere help to decompose organic
matter, which eventually results in a positive increment in soil fertility. Some
bacterial species, including Cellulomonas sp., Sporocytophaga sp., Pseudomonas
sp., Streptomyces sp., Cytophaga sp., and Chryseobacterium gleum, can degrade
plant biomass and, as a result, release nutrients for plants to absorb (Ahmed et al.,
2018). Thus, rhizosphere microbes can facilitate plant growth even in soils with
inadequate nutrients.

Signaling events in the plant microbiome

Soil microbiome and production of plant hormones

The major drivers in the regulation of plant growth and development are
phytohormones, which also participate in molecular signaling in reaction to
abiotic conditions that either curtail plant growth or develop into poisonous
substances when uncontrolled (Caddell et al., 2019). Several microbes have
been recognized to release hormones for uptake by plant roots. Several other
groups have been manipulated in such a way as to maintain hormonal balance
in plants for growth promotion and stress response. Many PGPM are capable of
producing auxins that strongly promote root architecture and growth (Duca et al.,
2014; Kour et al., 2019; Subrahmanyam et al., 2020). Indole-3-acetic acid (IAA) is
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the most widely used and studied auxin produced by PGPM (Afzal et al., 2015).
The role played by external IAA depends on the levels of internal IAA in plants.
Therefore, when the IAA concentration in plants is high, the application of
microbial IAA may cause positive, negative, or even neutral effects on plant
growth (Wenz et al., 2019). In a study, auxin-producing PGPB were reported to
induce transcriptional changes in defense, hormone biosynthesis, and genes
that were related to the cell wall of the plant (Kandaswamy et al., 2019). These
organisms have also been reported to induce longer roots (Tsukanova et al.,
2017), increase root weight, and reduce stomatal density and size (Llorente et al.,
2016). They also aid in the activation of genes involved in auxin response that
enhance plant growth (Ruzzi & Aroca, 2015).

Moreover, in salt affected soils, the application of halotolerant PGPM
typically give a much improved stimulatory effect, because they produce higher
IAA under salinity conditions to significantly facilitate the growth of plants
(Zhao et al., 2016). Furthermore, Fukami et al. (2018) showed that through leaf
spraying of hormonal mixtures of bacterial cultures of A. brasilense maize
growth could be improved. A study by Zhou et al. (2017) demonstrated that the
microbial strains Planococcus rifietoensis, Micrococcus yunnanensis, and
Variovorax paradoxus, with multiple PGP capabilities isolated from halophytes
planted in high salt environments, improved the tolerance of sugar beet plants
exposed to salt stress by improving the plant photosynthetic capability, seed
germination, and biomass. The inoculation of halotolerant IAA-producing bacterial
strains, Brachybacterium saurashtrense strain JG-O6, Brevibacterium casei strain
JG-08, and Haererohalobacter strain JG-11 from Salicornia brachiata improved
Arachis hypogaea growth under salt stress by increasing root and shoot length,
dry root and shoot weight, total biomass, and plant height (Zhou et al., 2017).
The results of these experiments indicated the presence of reduced proline and
soluble sugar contents as well as enhanced amino acid, auxin, and total protein
content in inoculated Arachis hypogaea plants compared to uninoculated plants
under salt stressed conditions (Zhou et al., 2017).

Several PGPM have been reported to produce the phytohormones,
gibberellins, and cytokinins (Backer et al., 2018; Gupta et al., 2015), even though
their mechanisms of production and synthesis are still poorly understood
(Frankenberger Jr & Arshad, 2020). Plant growth-promoting microbes can
support the production of large amounts of gibberellins, resulting in improved
shoot growth in plants (Gouda et al,, 2018). These hormones can alter the
architecture of plant roots by interacting with auxins (Gouda et al., 2018). The
production of root exudates by plants could also be a result of cytokinin
production by PGPM, which significantly increases the plant-associated microbial
communities (Olanrewaju et al., 2019).
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Another plant hormone whose level is modulated by PGPM is ethylene.
This hormone is gaseous, often active at concentrations of about 0.05 ml per
liter. This stress hormone is often activated when plants are exposed to either
abiotic or biotic stress. Ethylene buildup as a consequence of stress may either
contribute to an increase in plant tolerance to stress (low levels of ethylene) or
aggravate the stress reaction symptoms and aging in plants (high levels of
ethylene) (Backer et al., 2018). The function of ethylene production by PGPM
has been examined in both stressed and unstressed environments, while most
of the studies have reported the stimulation of plant growth to a greater extent
under stressed conditions, such as salt stress and water deficit (Forni et al,,
2017; Gepstein & Glick, 2013; Rubin et al., 2017). Some PGPM in the plant
rhizosphere produce the enzyme, 1-aminocyclopropane-1-carboxylase (ACC)
deaminase, which decreases the production of ethylene in plants (Bakka &
Challabathula, 2020; Glick et al., 2007). Numerous studies have reported improved
tolerance to abiotic and biotic stresses by inoculating plants with ACC deaminase
producing PGPM. This group of microorganisms helps to regulate plant ethylene
levels, so as not to get to the levels where they become unfavorable to plant
growth (Afridi et al., 2019; Khan et al., 2020).

Soil microbes and the production of volatile organic compounds (VOCs)
and secondary metabolites

Some plant-associate microorganisms produce various secondary metabolites
and VOCs that can increase plant growth and their ability to withstand stress.
For example, polyamines are essential for modifying the physiological properties
of plants and providing defense against environmental stressors. The bacterium;
B. megaterium BOFC15 releases the polyamine spermidine, which causes the
production of polyamine in the plant Arabidopsis, bringing about an increase in
biomass production, higher photosynthetic capacity, and a change in the root
architecture. The results obtained showed that the addition of polyethylene
glycol (PEG) induced water-deficit conditions, the inoculated plants displayed
greater tolerance to drought stress and abscisic acid (ABA) content (Zhou et al.,
2016). Hydrogen cyanide production by some PGPM facilitates the control of
pathogenic microbes in the rhizosphere (Suresh & Abraham, 2019). The
production of VOCs by PGPM may enhance plant growth by increasing shoot
biomass and improving stress resistance in plants (Etesami, 2020).

Soil microbes and quorum sensing (QS) molecules

Often, the interactions in the plant rhizosphere occur when plants
communicate with microbes in the form of signals to recruit beneficial organisms
for their growth and maintenance. In this regard, the plants release roots exudates
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consisting of a carbon source, which only the microbes of interest can recognize
and respond to. The secretion of root exudates in the plant rhizosphere enables
the plant to have control over its inhabiting microbes (Berendsen et al,, 2012).
Also, the tunable and diverse nature of the chemical composition of plant root
exudates help plants to select and recruit the microbes they desire. Quorum
sensing (QS), also known as auto-inducers is a form of inter- and intra-species
signaling in the rhizosphere that allows soil microbes to communicate and
interact with one another by the detection, production, and release of chemical
signals (Bukhat et al., 2020; Seneviratne et al., 2017).

Cell to cell communication via QS occurs when PGPM colonize plant roots
after receiving a cognate signal. This interaction is subsequently accompanied
by alteration of gene expression due to the density of the microbial communities
(Helman & Chernin, 2015; Hong et al., 2012). The QS signals control several
microbial phenotypes including rhizosphere competence, virulence, the production
of secondary metabolites and hydrolytic enzymes, conjugation, biofilm formation,
adhesion, motility, coordination of microbial activities in the rhizosphere, and
microbial population density (An et al., 2014; Chu et al., 2011).

Recently, plants have started to respond to QS signal molecules used by
soil microbes. Plant growth can be enhanced as a result of the release of QS signal
molecules, which alters both plants immune responses as well as hormone
profiles (Hartmann et al., 2014). One of the key signaling molecules used for
communication among microbes for QS are the N-Acyl homoserine lactones
(AHLs). Many soil organisms have been reported to produce and respond to QS
signaling molecules including those from the bacterial genera: Pseudomonas,
Bacillus, Burkholderia, Ochrobacterium, Ralstonia, Erwinia, and Serratia (Imran
etal, 2014, Lietal., 2015). Studies have reported the roles of AHLs in promoting the
growth of plant species including Hordeum vulgare, Vigna radiata, Medicago
truncatula, and Arabidopsis thaliana. In these plant species, AHLs were reported
to have enhanced the formation of root hairs and adventitious roots, root
branching, number of nodules, and lateral root hair primordia, and also induced
lateral root growth and elongation of roots (Chagas et al., 2018; Ortiz-Castro et
al., 2009; Ortiz-Castro & Lépez-Bucio, 2019; Rosier et al., 2018). Furthermore,
AHLs may increase a plant’s ability to obtain water and nutrients from soil by
improving transpiration rates and stomatal conductance (Ortiz-Castro et al.,
2009). N-Acyl homoserine lactones also regulate gene expression responsible
for stress response, regulation of metabolism, the development of roots, balancing
of hormones, stimulation of plant defense, and activation of host symbiotic
interactions (Ali et al., 2016; Hassan et al., 2016; Imran et al., 2014; Schikora et al.,
2016). Another important type of QS signaling molecule is the diffusible-signal
factor (DSF; also known as cis2 unsaturated fatty acids) that is produced by
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certain Gram-negative bacteria including Burkholderia sp. and Stenotrophomona
smaltophilia (Ryan et al., 2015). Antibiotics are also important QS signaling
molecules produced by bacteria that may play significant roles in inter and
intra-species signaling at very low and non-inhibitory concentrations (Andersson &
Hughes, 2014). The various mechanisms of plant growth enhancement by
PGPM are illustrated in Fig. 1.

Improvement of stress tolerance by PGPM

Conventional means of imparting stress tolerance in plants including
genetic engineering and breeding have major drawbacks. For instance, the
process of breeding requires the allocation of huge capital and time. On the
other hand, the issue of public acceptance in some countries (especially in
Europe) limits the process of genetic engineering. This has resulted in increased
importance in the role played by beneficial microbes in the management of
plant stress as well as in the development of climate-resilient agriculture.
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Figure 1. Mechanisms of growth enhancement by plant growth-promoting microbes.
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Abiotic stress responses in the rhizosphere microbiome

The potential of soil microbes to mitigate abiotic stressor of plants have
been highlighted in many studies. Prudent et al. (2015) reported that the use of
the small peptide bacteriocin thuricin 17 produced by the bacterium B.
thuringiensis NEB17 on soybean plants under drought-stressed conditions led
to an adjustment in the root structures, increased biomass of the plant’s roots
and nodules, total nitrogen content, root ABA, and root length. The findings of
Chukwuneme et al. (2020) on drought tolerance confirmed an improvement in
plant dry root and shoot weights, root and shoot length, number of leaves, and
the chlorophyll contents of plants inoculated with S. pseudovenezuelae and A.
arilaitensis compared to uninoculated plants. Plants can also cope with flooding
stress through the help of beneficial microbes. The ACC deaminase producing
Streptomyces sp. GMKU 336 inoculated in mung bean (Vigna radiata) plant led
to increases in plant height, biomass, adventitious roots, leaf area, chlorophyll
content, leaf color, and also decreased the plant ethylene level under conditions
of flood (Jaemsaeng et al., 2018). Moreover, salt stress in plants can be managed
by the activity of ACC deaminase (Cheng et al., 2007; Mayak et al., 2004). Under
in vitro and greenhouse conditions, the ACC deaminase producing Bacillus
strains, Bacillus safensis NBRI 12 M, B. subtilis NBRI 33 N, and B. subtilis NBRI
28B enhanced tolerance to salt stress by decreasing the level of stress ethylene
in maize plants (Misra & Chauhan, 2020).

Host immunity and protection of plants from pathogens

Many soil microbes have biocontrol effects on plants protecting them
from pathogen attacks. They do this by competing for space and nutrients and
by producing hydrolytic enzymes or antibiotics (Glick, 2020; Vermaet al., 2019).
These microbes produce antimicrobial metabolites, such as butyrolactones,
ammonia, olygomycin A, pyoluterin, phenazine-1-carboxylic acid (PCA),
pyrrolnitrin, etc. (Mohanram & Kumar, 2019; Patel et al., 2020). In a study by
Meyer et al. (2016), it was found that P. fluorescens suppressed the soil pathogens
Fusarium oxysporum and Meloidogyne incognita by producing the antibiotic
24 -diacetylphloroglucinol (DAPG). Several rhizosphere microbes with biocontrol
ability produce multiple antibiotics with differing magnitudes of antimicrobial
activity. Fluorescent Pseudomonas strains isolated from plant roots, identified
as Pseudomonas protegens and P. chlororaphis, exhibited the presence of multiple
antibiotics biosynthetic genes (Someyaet al., 2020). From the above-mentioned
study, 4 antibiotic genes were observed in P. protegens, including genes encoding
hydrogen cyanide (HCN), pyoluteorin, pyrrolnitrin, and 2 4-diacetylphloroglucinol
whereas, 3 antibiotic genes, including those encoding pyrrolnitrin, HCN, and
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phenazine, were found in Pseudomonas chlororaphis. These bacterial strains
observed to have antibiotics biosynthesis genes also exhibited antimicrobial
activity against the fungal pathogen Rhizoctonia solani that caused damping-off
disease in cabbage plants. The spray application of chitinase and 3-1-3-glucanse-
producing microbial consortia (Penicillium sp. B. subtilis and B. velezensis) around
the rhizosphere of banana plantlets under greenhouse conditions resulted in
60% reduction in disease severity of both Alternaria sp. and F. oxysporum (Win
etal, 2021).

An experiment with different B. amyloliquefaciens strains showed an increase
in the production of fengycins and iturins (both antimicrobial lipopeptides) as a
response mechanism to the plant pathogens, Botrytis cinerea and F. oxysporum
(Cawoy et al., 2015). The production, in situ, of secondary metabolites by B.
amyloliquefaciens FZB42 in the lettuce rhizosphere revealed the presence of the
lipopolypetides surfactin, bacillomycin D, and fengycin that acted against
Rhizoctania solani (Chowdhury et al., 2015). The study reported an increased
production of bacillomycin and surfactin by the bacterium in the presence of R.
solani, which was attributed to the effect of antibiosis and the recognition of the
FZB42 response to fungal attack. In addition, some rhizosphere bacteria known
as bacterial iron chelators are capable of restricting the growth of pathogenic
microbes by sequestering the available iron in the soil, thereby making iron less
available to pathogenic microbes. Zhu et al. (2020) reported that the siderophore-
producing B. substilis IBCBF-4 significantly controlled the proliferation of the fungal
infection, Fusarium wilt of watermelon plants, caused by the pathogen F. oxysporum.

Certain microorganisms are capable of reducing diseases in plants by the
activation of a resistance mechanism known as microbial-mediated induced
systemic resistance (ISR). These microbes can protect plants from pathogenic
attacks by triggering molecular and biochemical defense responses inside the
plant (Khan et al., 2019). The elicitation of ISR by PGPM is capable of activating
the genes associated with pathogenesis, which are controlled by phytohormone
signaling pathways as well as proteins that attack plant pathogens (NA et al.,
2020; Wilkinson et al., 2019). Microbe-associated molecular elicitors and signal
compounds from bacteria, including chitin oligomers, have been reported to
regulate the induction of ISR in plants. The cell-surface factors of pathogens like
the O-antigen of lipopolysaccharides and flagellins trigger ISR while the analogs
of jasmonic and salicylic acids are responsible for triggering ethylene to stimulate
non-expresser pathogenesis-related gene 1 (NPR1) that controls systemic acquired
resistance (SAR) in plants (Nadarajah, 2017). A graphical representation of the
different methods of stress tolerance in plants facilitated by PGPR is shown in
Fig. 2.
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—

Figure 2. Methods of plant stress tolerance by plant growth-promoting microbes.

Precision agriculture by incorporating PGPM and nanotechnology

Although significant progress has been made in agricultural sector in
recent decades, the sector continues to face multiple challenges regarding food
crop production sufficient for the constantly increasing world population.
Climate change has contributed to a decrease in agricultural products due to
increased evapotranspiration rates, temperatures, rainfall intensity, drought, and
spread of plant diseases. Plant growth-promoting microbes has successfully
been applied as inoculants to boost crop production. However, effective crop
improvement by PGPM is determined by factors, such as weather conditions,
climate, soil characteristics, and microbial activities in bulk soils (Mukherjee,
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2019). Moreover, the effectiveness of PGPM in promoting plant growth can
be limited by disease infestation, weeds, and herbicide application. Recent
advancements in agriculture have involved the development and use of modern
technologies, such as biosensors, nanomaterials, and nanofertilizers. Nanotchnology
has achieved great success in various scientifc fields, including chemistry, material
sciences, physics, medicine, and pharmacy. Considering these achievements,
nanotechnology has the potential to improve agriculture and aid in the realization
of precision agriculture. Therefore, integrating PGPM with nanotechnolgoy can
help to achieve a greater agricultural productivity and address some of the most
persistent challenges facing agriculture.

Nanotechnology in biofertilizers production

Success in the application of biofertilizers in agriculture depends on how
they were prepared, the method used in the application process, and the storage
system used (Duhan et al.,, 2017). The major pitfall of fertilizers of microbial
origins is inconsistency in their performances when applied to different fields,
whereas, factors such as sensitivity to temperature, short shelf-life, storage, and
dehydration can dramatically affect the field performance of biofertilizers. The
use of polymeric nanoparticles as coats on prepared biofertilizers to produce
biofertilizer formulations that are desiccation-resistant has been reported (Eleni &
Krokida, 2017). An example is a water-in-oil emulsion, a method that is used to
disperse and distribute microbes in liquid formulations to the intended sites
(Acharya & Pal, 2020). This method helps microbes that dehydrate easily and
thereby aids in the improvement of cell viability. Upon application of the
polymeric coated nanoparticles, the core ingredient (biofertilizer) is slowly
released into the targeted sites (soils) without the contents being inactivated.

Gold and silver nanoparticles may be effective in enhancing the growth of
horticultural crops such as peas and legumes (Zulfigar et al., 2019). Under in
vitro conditions, these nanoparticles, in combination with natural biofertilizers
like Paenibacillus elgi, P. fluorescens, and Bacillus subtilis, have been successfully
used to promote plant growth. The advantage of nanobiofertilizers over other
fertilizers is that they are needed in very low amounts and are relatively
inexpensive. For instance, a liter of nanobiofertilizer is sufficient for application
on several hectares of crop grown lands. When the effects of gold nanoparticles
on PGPB, including P. putida, P. elgii, P. fluorescens, and B. subtilis were examined,
the findings revealed a significant increase in plant growth for P. elgii,
P. fluorescens, and B. subtilis, while no impact was observed for P. putida (Shukla
etal, 2015).
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Improving plant-microbe interactions through nanotechnology

As discussed, quorum sensing molecules released by various soil
microbes play important roles in plant health by aiding in the alleviation of
plant stresses, stimulating plant defense systems, and producing antibiotics.
Quorum sensing microbes or the molecules that they produce may be very
useful resources in agriculture e.g., to formulate and commercialize products
from QS signal molecules that stimulate plant growth or to commercialize the
microbes that produce QS signal molecules for use in agriculture. The processes
that could be adopted for the identification of these molecules have previously
been described (Antar et al, 2021; Gray & Smith, 2005). However, it is
important that further research be conducted to determine whether the use of
microbes that produce these signals will be better for applications in fields or
the direct use of the signal molecules. If the signal molecules are used directly,
then the problem of inoculum viability is eliminated. On the other hand, the
application of microbes that produce these signals will ensure the long-lasting
secretion of these molecules in the environment compared to when the signal
molecules were used (Antar et al., 2021). To ensure the persistence of signal
molecules applied in soils for plant growth enhancement, signal molecules
could be encapsulated to allow their slow release into the environment. Itis also
important to optimize the concentration of QS signal molecules during product
formulation. When larger concentrations of genistein were applied to soybean,
improved growth and nodulation were observed in the plants while the stress
of suboptimal root zone temperatures was minimal (Zhang & Smith, 1995).

Nanobiotechnology for controlling insect pests of plants

Nanotechnology is a promising tool for the control and management of
insect pests of crop plants. Das et al. (2019) studied the effects of zinc oxide,
aluminum oxide, and titanium dioxide nanoparticles application in the
management of rice weevil (Sitophilus oryzae). Iron nanoparticles developed
using extracts from Eucalyptus plant displayed antifeedant activity against
diamondback moth (Plutella xylostella), indicating that the Eucalyptus plant
extract acted in synergy with the iron nanoparticles (Chhipa & Kaushik, 2015).
Bacillus thuringiensis synthesized ZnO nanoparticles (Bt-ZnO) acted against
pulse beetles (Callosobruchus maculatus) and reduced their hatchability and
productiveness. Bt-ZnO also decreased the activities of the gut digestive
enzymes of this pest including the glutathione S-transferase, a-amylase, o-
glucosidase, and cysteine protease (Malaikozhundan et al., 2017). Nanoparticles
prepared with a cell-free supernatant from Photorhabdus luminescens were
used against the cotton insect pests, Aphis gossypii and Tetranychus macfarlanei.
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Results revealed a lower 50% lethal concentration (LCso) of the cell-free
supernatant nanoparticle than the normal cell-free supernatant (Kulkarni et al.,
2017). The effectiveness of the formulation was attributed to the multistage
process involved in the preparation of the nanoparticles, indicating that the
methods of delivery of nanoparticles is a vital factor that should be considered
when formulating the products. Nanoencapsulation of biopesticides protects
the active substances against unfavorable environmental conditions while
ensuring a targeted and controlled release of the substances to the target pests
(Rodriguez etal., 2016). Unlike conventional agrochemicals, nanoencapsulation of
pesticides enables the chemicals to be properly absorbed by plants because
they are gradually and continuously released into the soil, and because their
effect on pests is more long-lasting and persistent (Djiwanti & Kaushik, 2019;
Duhanetal., 2017; Eleni & Krokida, 2017). Therefore, nanobiotechnology presents
an innovative system of controlling insect pests, providing an opportunity for
increased plant production.

Bioherbicide production through nanotechnology

The major threat facing agricultural production, which substantially reduces
crop production, are weeds. Weed pests compete with crop plants for available
nutrients. Traditional methods of controlling weeds have been effective; however,
the challenges of their use in agriculture include huge time consumption, soil
pollution, reduction in soil fertility, and destruction of cultivated plants. The
application of a specific herbicide for a long time causes the weed to develop
resistance to that particular herbicide. In addition, damages are inflicted on
succeeding crops due to continuous and prolonged use of herbicides, which leaves
residues in soil. Recently, an ecofriendly approach of weed control, involving the
use of microbes or other biotic agents to decrease the impact, reproductive
capability, vigor, and density of weeds in an agricultural environment has
emerged (Kremer, 2019). The products resulting from this approach, known as
bioherbicides (for biocontrol of weeds) is effective in the control and
suppression of economically important and persistent weeds. Bioherbicides
also efficiently control herbicide-resistant weeds resulting from long-term use
of conventional herbicides on plants (Abbas et al., 2018; Hershenhorn et al., 2016).
The main constraint towards successful commercialization of bioherbicides is
ensuring that the appropriate formulation is available and the method of
application is convenient enough to allow a uniform distribution of the biological
agent at the targeted site (Hershenhorn et al., 2016).
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The control of weeds using nanotechnology is still at its early stage of
development. Here, we employ ideas from other studies on nanoformulations
to suggest the possibilities of applying nanotechnology in the development of
bioherbicides. Viruses are naturally occurring nanoparticles with an outer and
a core coating. The size of the viral protein coats of DNA or RNA plant viruses
ranges from 10 — 1000 nm, making them suitable as vectors for transmitting
substances that are disease-inducible in weeds (Pérez-de-Luque & Hermosin,
2013). The tobacco mild green mosaic virus (TMGMV) is an example of a
bioherbicide that was patented for use in the biological control of perennial
pasture weed, tropical soda apple (Solanum viarum) in the United States
(Charudattan & Hiebert, 2007). This virus is extremely effective and could serve
as a template for the discovery and formulation of similar biological agents
(Charudattan, 2010).

The use of microbial metabolites and other biological products to develop
effective bioherbicides has become the focus of researchers in search of
alternative means of weed control for sustainable agriculture (Duke et al., 2014;
Radhakrishnan etal., 2018). The development of resistance in weeds previously
exposed to herbicides could be overcome by the use of microbial metabolites
(Duke et al., 2014). However, only a few microbial metabolites are currently being
studied for their potential as biochemical bioherbicides. The future development
of biochemically formulated bioherbicides needs to mimic the currently
developed nanoformulations that enhance the slow or controlled release of
agrochemicals into target weeds. Biochemically formulated nanobioherbicides
could increase biocontrol because nanoparticles have a large surface area,
therefore, only a small quantity of bioherbicide will be needed. This will reduce
costs, as a smaller package will contain a higher concentration of the bioherbicide
(Pallavi et al., 2017). The small nature of the particles reduces to a large extent;
their susceptibility to environmental conditions, such as UV radiation, heat, and
desiccation resulting from application, delivery, and storage (Kremer, 2019). The
effectiveness of the metabolites of Photorhabdus luminescens, an endosymbiotic
bacterium that colonizes the parasitic nematode Heterorhabditis indica, which
acts against arthropod pests of crops, was improved using nanotechnology
(Kulkarni et al., 2017). The formulation was prepared using a cell-free supernatant
of the bacterium cultures and mixed with gum arabic, which served as a binder.
The formulated product was sprayed onto target insects, resulting in a rapid
and high rate of death of the pests due to the greater penetration power of the
particle that carries the toxins into the insects (Kulkarni et al., 2017). The foliar
application of F. oxysporum metabolites coated with chitosan nanoparticles on
the weed; Ninidam theenjan resulted in leaf necrosis, indicating the possibility
of the nanobioformulation to effectively control agricultural economically
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important weeds (Namasivayam et al., 2015). Notwithstanding the above-
mentioned preliminary results, itis important that additional studies be conducted
to demonstrate the efficacy of this formulation in field conditions.

Microencapsulation of biological agents, which assures the intactness of
the natural phytotoxic metabolites of microbes with herbicidal attributes (Rojas-
Sanchez et al., 2022), is promising for potentially effective nanobioherbicides. The
nanocapsules are usually organic polymers, in the form of shells carrying the
bioherbicide, which open to release their contents under specific conditions
such as a change in pH (Pérez-de-Luque & Hermosin, 2013). The encapsulation
of biopesticides is an attractive approach for controlling agricultural pests because
it makes them efficient, stable, and safe to use (Nuruzzaman et al., 2016). This
approach could also be adapted for the formulation of biological agents that can
be applied on agricultural weeds. The successful use of nanobiotechnology has
the potential to dramatically alter the area of agricultural pest management
including the management of agricultural weeds.

Production of biofungicides using nanotechnology

Most of the losses in agricultural production result from fungal attacks on
crop plants. Globally, approximately $45 billion in crop productivity is lost yearly
due to pathogenic fungi (Fernandez Acero et al., 2011). However, an increase in
agricultural production may be achieved if plant pathogenic fungi are effectively
managed (Fisher et al, 2012). While several fungicides are commercially
available, their application impacts negatively on plants. Fungicides may inhibit
photosynthesis, which decreases plant growth and yield (Geetha, 2019; Petitet al.,
2012). Also, conventional fungicides form residues; cause the development of
resistance by pathogens, and several health problems to man, animals, plants,
and microbial communities (Aguilar-Marcelino et al., 2021; Panth et al., 2020).
Nanobiotechnology has helped to increase the nutrient-use efficiency of plants
through the application of nanoformulations of fertilizers and overcoming the
barriers in yield and nutritional quality of plants (Abd-Elsalam et al., 2019).
Besides the use of OMICs tool in understanding the mechanisms of host-parasite
interactions, nanobiotechnology can assist in investigating and managing diseases
and plant pests. The antifungal activities of nanobiofungicides towards many
pathogenic fungi have been tested (Ingle et al., 2014; Singh et al., 2015; Yadav et
al., 2015). It is expected that, in the near future, the production of nanobiofungicides,
with better solubility, specificity, and stable dispersal, will be available for the
control of plant diseases. Silver nanoparticles (AgNPs) have potentially significant
impact in their use in agriculture (Krishnaraj et al., 2012). The control of
B. sorokiniana infection that causes spot blotch disease in wheat was investigated
using biosynthesized AgNPs. The study, which was conducted both in vitro-and,
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in a greenhouse, revealed strong antifungal activity against B. sorokiniana and its
infection on the wheat plant. The antifungal activity of biosynthesized AgNPs from
a cell-free extract of Penicillium chrysogenum was also tested against Trichophyton
rubrum, which resulted in a large antifungal effect against the pathogen
(Pereira et al., 2014). Another study investigated the biocontrol of Sclerotium
rolfsii, the cause of collar rot of chickpea, by AgNPs synthesized from pelleted
Stenotrophomonas sp. BHU-S7. In this case, it was reported that the biosynthesized
AgNPs exhibited inhibitory effects on the pathogenic propagules by reducing
their germination and eliminating their ability to cause disease in the plant
(Mishraetal., 2017; Mishraetal., 2014). Sustainable agriculture requires a reduced
use of agrochemicals to ensure environmental safety. Nanobiofungicides have
shown their ability to be used in the control of plant diseases, enhancement of plant
growth, and antifungal activity. For optimum performance, nanobiofungicides can
be encapsulated to ensure better penetration and a slow and sustained release
of the active ingredients. This technology can provide an efficient, cheap, and
ecofriendly means of controlling agricultural pests and ensures less environmental
contamination and safe handling.

Benefits of nanobiotechnology in the production of agricultural
products

The use of nanoformulations ensures a slow and controlled release of
phytotoxic metabolites or the microbes attached to a non-carrier into the target
pests. This system reduces the loss of the active ingredients in the formulation
by ensuring they stay within the roots or aerial parts of the plant (Fadiji et al.,
2022b). The non-carrier will also protect the formulated agriproduct from
degradation (Hershenhorn et al., 2016). The mode of delivery of the products
helps to ensure environmental safety by reducing environmental toxicity. The
products obtained are soluble, highly specific, and stable in dispersal.

The use of nanobiosensors in agriculture

The development of smart biosensors that detect the presence of nutrients
and contaminants can greatly affect precision farming. Precision farming uses
highly efficient global positioning systems (GPS), computers, and remote sensing
devices to identify the nature and locations of problems, measure environmental
conditions of a certain location, and use resources with maximum efficiency
(Gouda et al., 2018). This type of farming has a long-sought objective of reducing
the input of fertilizers, herbicides, and pesticides while improving crop yields
through the observation of environmental variables and the application of
directed action (Bhattacharyya et al., 2016).

69



C.F. CHUKWUNEME, A.S. AYANGBENRO, V. VENTURI, B.R. GLICK, 0.0. BABALOLA

In agriculture, nanobiosensors can be used to detect a range of agricultural
inputs like fertilizers, pesticides, herbicides, and soil characteristics including
pH and moisture content. They inhance sustainable agriculture because an
increase in agricultural productivity can be achieved with biosensors. Smart
biosensors as a key component of precision farming ensure better management
of fertilizers, reduce the cost of inputs, and are ecofriendly, therefore improving
productivity. Through precision farming, smart application systems based on
nanosensors can aid in the management of raw materials such as nutrients,
agrochemicals, and water (Anjum & Pradhan, 2018; Duhan et al., 2017; Fadiji
et al., 2022b). For increments in crop productivity, monitoring of agricultural
contaminants, and assessing their impacts on plant health, metal oxide nanoparticles
such as the electrochemically controlled single-walled carbon nanotubes (SWCNTS)
can be used (Deshpande, 2019). Nanosensors can be applied to spot the incidence
of plant pathogens as well as the level of soil nutrients (Kaushal & Wani, 2017).
The use of nanobiosensors in agriculture and food industries enables prompt,
real time, and site-specific sensing of pathogens in plants and food products, real
time crop monitoring, and predicting the field and environmental conditions,
thus ensuring food safety (Singhal & Rana, 2019).

' Improved nutrient and water-use efficiency of plants

Potential features of smart
agriculture through
nanobiotechnology

Figure 3. Potential benefits of the application of nanobiotechnology in agriculture.
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Nanosensors, such as quantum dots (QDs), are used to sense the presence
of pathogens. For instance, the sensor, based on fluorescence resonance energy
transfer, can sense a disease affecting lime known as witches’ broom, caused
by Candidatus Phytoplasma aurantifolia (Ca. P. aurantifolia). The developed
immunosensor exhibited 100% sensitivity and specificity with a detection limit
of 5 ca of P. aurantofolia per pL (Rad et al., 2012). Several microorganisms have
been successfully used to synthesize cadmium quantum dots (Yadav et al., 2015).
Fusarium oxysporum in combination with tritellurium dichloride (TesCl;) and
cadmium dichloride (CdCl) was used in the biosynthesis of fluorescent cadmium
telluride (CdTe) quantum dots (Alghuthaymi et al., 2015). The presence of
deltamethrin in vegetable and fruit samples was detected using the biosensors,
highly fluorescent silica nanospheres embedded with CdTe, and water-soluble
CdTe quantum dots (Arora, 2018; Ojha et al., 2018). Fig. 3 shows the different
features of nanobiotechnology in agriculture.

Major concerns about the use of nanotechnology in agriculture

Although the combination of nanotechnology and plant growth-promoting
microbes present a promising approach to curb the growth of many economically
important weeds, extensive research needs to be performed to determine host
specificity and to ascertain how compatible these nanoparticles are with other
microbial agents. Some nanoparticles could have detrimental effects on soil
microbial processes and communities (Eivazi et al,, 2018), therefore, before
considering the adoption of this approach, it is necessary to determine the
activity of nanoparticles in the food chain and the environment.

Impacts of nanotechnology on microbial diversity

Microbial communities can serve as models to ascertain the environmental
impacts of nanoparticles. Therefore, determining the effects of nanoparticles on the
diversity of soil microbial communities is essential. Using different quantitative
and qualitative parameters such as metabolic fingerprinting, fatty acid methyl
ester analyses, and colony forming units, the short-term effects of gold, silica,
copper, and palladium nanoparticles on soil microbial communities were
evaluated and it was found that the influence of the nanoparticles on microbial
diversity was statistically insignificant (Shah & Belozerova, 2009). Simonin and
Richaume (2015) reported that organic nanoparticles including carbon
nanotubes and fullerenes exhibited lower toxicity at >250 mg/kg of soil to
microbial communities compared to metal and metal oxide nanoparticles
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whose toxicity level was 1 mg/kg of soil. The effect of silver sulfide nanoparticles
on soil microbiota, particularly those that take part in nitrification processes, was
evaluated using metagenomics (Doolette et al.,, 2016). In this study, a combination
of methods including 16S rRNA amplicon sequencing, quantitative PCR, and
bacterial sensitivity distribution were used, and a different method to determine
the toxicity thresholds of silver nanoparticles on specific members of a microbial
community was suggested. One limitation of the study was soil specificity, implying
that the method needs to be standardized for each soil type.

In another study, a decline was observed in bacterial communities involved
in the fixation of atmospheric nitrogen and the oxidation of methane after these
communities were exposed to zinc oxide (ZnO) and titanium oxide (TiO2)
nanoparticles. However, the nanoparticles reacted positively with the bacterial
taxa involved in the breakdown of biopolymers and organic contaminants (Ge et
al,, 2012). Maruyama et al. (2016) reported that herbicides, such as imazapyr and
imazapic, encapsulated with chitosan/tripolyphosphate (Ch/Tpp) and alginate/
chitosan (Alg/Ch), affect bacterial diversity. The study revealed that the microbial
profiles of soils treated with encapsulated nanoparticles were different from
those treated with only herbicides. The effect of encapsulated and non-encapsulated
herbicides on bacterial communities was ascertained using bacterial genes
involved in nitrogen cycling viz., nitrification, denitrification, and nitrogen fixation.
Encapsulation with Alg/Ch increased the proportion of bacteria that contain
nitrate reductase genes, while increases in the proportion of nitrogen-fixing
bacteriawere observed in Ch/Tpp encapsulated treatments due to the presence
of nitrogenase reductase genes.

The mechanism of interaction between soil microbes and nanoparticles
involves the direct absorption of nanoparticles by microbes where the nanoparticles
immediately penetrate the microbial cells, affecting cytoplasm conductivity when
the nanoparticle size is ~50 nm (Samanta & Mandal, 2017; Singh et al., 2019). Most
metal and metal oxide nanoparticles exhibit antimicrobial activity through
mechanisms such as accumulation of ROS, formation of pores in microbial cell
membranes, DNA damage, endocytosis, release of metal ions, membrane attachment
and cell growth inhibition (Abd-Elsalam et al., 2019; Singh et al., 2019). The
interaction of nanoparticles with microbial diversity may interfere with the
mechanisms of plant nutrition in several ways. However, studies have demonstrated
a positive interaction between carbon nanotubes and the communities of
microarthropods beneath turf grass (Bai et al., 2017). In this study, the effect of
three types of carbon nanomaterials namely, carbon nanotubes (CNTS), graphene,
and graphene oxide on soil microarthropod communities was studied, with the
results suggesting that carbon nanoparticles increased all soil microarthropods.

72



BENEFICIAL MICROORGANISMS IN SUSTAINABLE AGRICULTURE

Recommendation and prospects

Developing novel PGPB strains capable of being used as biofertilizers,
biopesticides, and biofungicides is possible by genetic manipulation of such
strains (Gouda et al., 2018). The process of improving agricultural productivity
with soil microorganisms can be a cost-effective, environmentally friendly, and
sustainable tool that both increases plant productivity and manages stresses in
plants. Nanotechnology and nano-based products are currently used to improve
agricultural productivity in several countries including China, France, the United
States, Germany, Switzerland, South Korea, and Japan (Gouda et al., 2018;
Mukherjee et al., 2019). In sub-Saharan Africa, this technology is still very new
and its use is limited to very few crops, partly due to lack of awareness of this
technology by farmers or lack of support from the government. Therefore,
increasing efforts towards commercializing nanobioproducts, ensuring their
availability at affordable prices, and enabling easy access to farmers should be
encouraged. In this way, farmers will embrace and incorporate the technology
into agricultural practice for the purpose of improving plant growth, crop yield,
and ensuring agricultural sustainability.

Agglomeration, the tendency of grouping together to form large particles
is @ major issue that raises serious concerns that may result from the use of
nanoparticles. In producing nanoparticles, post-synthetic methods, including the
use of surface modifiers and chemicals are used to inhibit particle aggregation.
Such practices can negatively impact the toxicity and safety of the nanomaterial
(Hegde et al., 2016), which makes it imperative to perform ecotoxicity studies
to ascertain the effect of edaphic factors on the bioavailability as well as the
natural mechanisms of nanoparticle uptake. There is also a need to assess the
impact of engineered nanomaterials in agriculture (Fadiji et al.,, 2022a), as the
human abdomen is its end destination. Increased bioaccumulation of nanoparticles
in the food chain may be detrimental to the environment (Gardea-Torresdey et al.,
2014; Ma et al, 2018). The most important task is determining the right
concentration at which engineered nanoparticles can be applied without
inflicting harm and to ascertain at what concentrations they can become toxic
to plants, the environment, and man. Nanoparticles applied to the soil can interact
with soil microbial communities, thereby affecting the soil ecosystem, the
sequestration of carbon, and soil microbial dynamics. Other functions in the
soil, including mycorrhizal associations, organic matter decomposition, and the
transformation of nitrogen can also be affected due to the application of engineered
nanoparticles on soils. However, published literature on the interaction of
nanoparticles with soil microbiota and transmission of nanoparticles from plants
to man is limited. Therefore, additional knowledge is needed on the interaction
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of plant microbiomes with nanoparticles as well as the safety of food and
agricultural products that originate from plants grown in soils where nano-
based products were applied.

Conclusion

The practice of agriculture has been an important aspect of human lives
for thousands of years as it provides a means of sustenance to humankind.
However, the exploitation of global resources by human activities has severely
reduced agricultural productivity, resulting in a search for better ways to improve
agricultural yields to satisfy the increasing human demand for food. Plant growth-
promoting microbes have been shown to be effective in improving plant growth by
providing nutrients, acting as biofertilizers, biopesticides, controlling pathogenic
attacks on plants, and recycling of nutrients. They have also played major roles
in managing and controlling abiotic stresses like drought, high salt, pesticide
and heavy metal pollution, cold, and flooding. For decades, farmers have relied
heavily on the use of chemical-based fertilizers and pesticides that have resulted
in the distribution of chemicals that are ultimately detrimental to human lives.
These chemicals are not just poisonous upon consumption by humans but often
exhibit adverse effects on soil microorganisms and the environment (Baweja et
al., 2020). The modifications resulting from the spread of these chemicals can
change the present plant-microbe interactions existing in the soil by modifying
the biogeochemical cycles as well as microbial biology. A crucial step towards
the development of sustainable agriculture that will aid the improvement of soil
fertility, crop productivity, balanced nutrient cycling, and plant stress tolerance
would be through the application of modern tools and practices that incorporate
PGPM. Signal compounds, such as phytohormones (auxins, cytokinins, and
gibberellins), quorum sensing molecules (including AHLs, DSFs, antibiotics,
pheromones, peptides, tyrosol, and y-butyrolactone) and various secondary
metabolites may improve plant growth and health by ensuring the availability
of nutrients and their acquisition by plants, decreasing the effects of abiotic
stresses, as well as suppressing certain plant biotic stresses. Moreover, selecting
the appropriate microbes for plant growth enhancement and the incorporation of
technologies that bring together the applications of nanotechnology, biotechnology,
and agro-biotechnology facilitate the development of novel products with potential
to increase production in agriculture. Certain soil microbes can produce QS signal
molecules that improve plant growth and yield, and so could play significant
roles in marginal land reclamation and sustainable agriculture, especially now
that agricultural land is expected to be lost as a result of the growing global
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urbanization. In addition, the use of nanobiosensors in agriculture could encourage
innovative farming practices, as they aid in the management of nutrients, water,
and fertilizers. They also control plant stresses (biotic and abiotic) and detect
the presence of pollutants in the soil. However, the commercialization of nano-
derived products for agricultural use requires a thorough assessment of its
impacts on soil, microbial community, plants, and human endeavors to prevent
any unwanted side effects.
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Abstract. Plant-based nanoparticles offer sustainable, eco-friendly alternatives
to conventional methods, promising antibacterial properties in the face
of antibiotic resistance and addressing global health concerns. Five urine
and stool samples were collected from the Benin Medical Centre in Benin
City, Edo State, and sent to the Wellspring University Research Laboratory
for microbiological analysis. Carica papaya and Bryophyllum pinnatum
were used for fresh utilization by washing, weighing, and crushing their
leaves, then mixing them with distilled water and heating at 85 °C and 60 °C
for 60 minutes. Silver and copper nanoparticles (AgNPs and CuNPs) were
synthesized using standard procedures. The NPs were preliminary validated
by visual detection of color changes and characterized using a UV-visible
spectrophotometer at 300 nm and Fourier transform infrared. The in vitro
antimicrobial activity of plant-mediated NPs was investigated using five
isolates: S. aureus, B. alvei, H. pylori, P. aeruginosa, and E. coli. The in vitro
antimicrobial activity of plant-mediated NPs was investigated using five
clinical strains displaying multiple resistance to antibiotics: S. aureus,
B. alvei, H. pylori, P. aeruginosa, and E. coli. The agar-well diffusion method
showed inhibition of the isolates by plant-mediated NPs but no inhibition
by the plant extract alone. The study indicates that plant-mediated NPs
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exhibit promising antimicrobial activity, promoting sustainability and
eco-friendliness, but further research is needed to assess their safety and
efficacy in clinical settings.

Keywords: nanoparticles, resistant, antimicrobial, plant-mediated,
MAR index.

Introduction

Plant-based nanoparticles are the green synthesis of nanoparticles (NPs)
mediated by plant leaves, stems, soot, fruits, and roots (Ikhajiagbe et al., 2021;
Igiebor et al., 2023). These NPs offer a sustainable and eco-friendly alternative
to conventional methods of synthesis (Igiebor et al., 2023). By harnessing the
natural compounds present in plants, such as flavonoids, phenols, and terpenoids,
researchers can create NPs with unique properties and applications (Marslin et al.,
2018). The versatility of these NPs is remarkable, as they can be tailored for
various purposes, including drug delivery systems, water purification, catalysis,
and even solar cells (Gupta and Xie, 2018; Joseph et al., 2023; Yusuf et al., 2023).
Moreover, the abundance and diversity of plant sources make this approach
highly scalable and cost-effective. With ongoing advancements in this field,
plant-based nanoparticles hold great promise for revolutionizing numerous
industries while minimizing environmental impact.

NPs are classified based on their physical and chemical properties. Different
types of nanoparticles are carbon-based NPs, metal NPs, semi-conductor NPs,
lipid-based NPs, ceramic NPs, and polymeric NPs (Troncarelli et al,, 2013; Igiebor
etal., 2023). Under the category of metal NPs, silver (Ag), copper (Cu), zinc (Zn),
iron (Fe), and gold (Au) are currently used NPs with great antibacterial properties
(Sanchez-Lépez et al., 2020; Sktodowski et al., 2023).

According to Kuppusamy et al. (2016), plant-based NPs have excellent
antibacterial activity against organisms that are resistant to antibiotics. The great
stability and quick rate of plant-based NPs generated interest in understanding
and describing the mechanisms of metal ion absorption and bioreduction by
plants as a result of the biosynthesis of metal NPs. In this way, numerous
investigations have supported this. As a result, a number of plant-based NPs
have been successfully synthesized (Ikhajiagbe et al., 2021; Igiebor et al., 2023).
Plants such as Brassica juncea (mustard greens, Brassicaceae), Medicago sativa
(alfalfa, Fabaceae), and Helianthus annuus (sunflower, Asteraceae) can accumulate a
significant amount of silver when it is present in the substrate (Aswini et al., 2021).
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The most researched plant-based NPs are silver nanoparticles (AgNPs),
which have mainly been linked to the production of powerful antibacterial and
antifungal capabilities. In order to synthesize silver nanoparticles (AgNPs),
Malabadi et al. (2012) employed cell cultures from the leaves, callus, and roots
of Catharanthus roseus (Apocynaceae). The maximum antimicrobial activity of
stabilized AgNPs against all pathogens tested has been demonstrated, demonstrating
the efficacy, affordability, and environmental friendliness of nanoparticles with
the desired features. It has also been reported that AgNPs can be synthesized
quickly, in just 5 hours, by reducing aqueous Ag* ions with Dioscorea bulbifera
tuber extract (Dioscoreaceae). The resulting AgNPs have potent antibacterial
properties against both Gram-negative and Gram-positive bacteria. Due to its
distinctive phytochemistry, this plant species also has significant therapeutic
potential (Ghosh et al., 2012).

Moreover, copper nanoparticles (CuNPs) have also shown promising
antimicrobial properties. These NPs have been synthesized using various
methods, including chemical reduction and green synthesis approaches. In
other studies (Ali et al,, 2021; Ahmed et al., 2023), CuNPs were successfully
prepared using the leaf extract of Azadirachta indica (Neem). The synthesized
CuNPs exhibited potent antibacterial activity against both Gram-positive and
Gram-negative bacteria, making them a potential candidate for combating
microbial infections. Also, CUNPs have been found to possess antifungal properties,
as demonstrated in a study by Singh et al. (2020). They reported that CuNPs
synthesized using the fruit extract of Syzygium cumini showed significant inhibition
of fungal growth, highlighting their potential as an alternative treatment for
fungal infections. Therefore, the development of silver and copper nanoparticles
offers a promising avenue for the production of effective antimicrobial agents
with broad-spectrum activity against bacteria.

Materials and methods

Sample collection

A total of five (5) samples were obtained from the Benin Medical Centre
(BMC), Benin City, Edo State. The samples were immediately transported to the
laboratory for microbiological analysis. Fresh leaves of Carica papaya and
Bryophyllum pinnatum were obtained from the agricultural farm at Wellspring
University, Benin City, Edo State.
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Preparation of leaves extract

Carica papaya leaves were washed with distilled water to remove dust
and dirt on the surface of the leaves and to leave no impurities. For fresh use,
20g of the leaves was weighed using the weighing balance, and thereafter
transferred into mortar and pestle, the leaves were carefully crushed and
transferred into a beaker containing 100 ml of distilled water. The mixture was
heated in a water bath at 85 °C for 60 minutes, and then kept to cool at room
temperature. The mixture was filtered using whatman filter paper.

The surface Bryophyllum pinnatum leaves were washed with distilled
water and crushed into tiny pieces on a foil paper and was placed into the oven
at 60 °C until fully dried, the dried plant leaves was grinded to fine powder using a
dry electrical blender, 5 g of the plant powder was dissolved into 50 ml of distilled
water and was placed in the water bath at 60 °C for 60 minutes, when it cooled
to room temperature, the plant extract was filtered using whatman filter paper.

Synthesis of silver nanoparticles (AgNPs) using plant extracts

For the synthesis of silver nanoparticles, 1.7 g of AQNOs salt was dissolved
in 1000 ml of distilled water to prepare 10 mM of AgNOs stock solution.
Thereafter, 45 ml of precursor AgNOs solution was measured in a measuring
cylinder and poured into a beaker covered in foil paper and labelled for each
plant extract, 5 ml of the aqueous extract of Carica papaya filtrate is dropped
(using dropping pipette) into the beaker containing silver nitrate (AgNOs),
while stirring using magnetic stirrer for an hour, during this synthesis the lights
in the laboratory was switched off. There was an observation for change in colour.
The same procedure was done for Bryophyllum pinnatum filtrate, 5 ml of the
plant extract filtrate of Bryophyllum pinnatum was dropped into the beaker (the
beaker was also wrapped in foil paper) containing 45 ml of silver nitrate, while
stirring on the magnetic stirrer, during this synthesis the lights in the laboratory
was also switched off, there was an observation for colour change. The
formation of AgNPs was characterized with the development of colour, which
was produced as a result of the reduction of silver ion by biomolecules present
in the plant extract. The colour of the solute changed (Melkamu and Bitew,
2021; Asif et al., 2022).

Synthesis of copper nanoparticles (CuNPs) using plant extract

The synthesis was done according to the method of Rajesh et al. (2018).
24.9 g of copper sulphate (CuSO4) was dissolved in 1000 ml distilled water to
prepare 10 Mm of CuSO, stock solution. CuNPs were produced by dropping
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1 ml (using a dropping pipette) of Bryophyllum pinnatum extract into a beaker
(the beaker was wrapped in foil paper and labelled), containing 20 ml of the
precursor CuSO4, while stirring using the magnetic stirrer for an hour, there
was an observation for change in colour. The same procedure was done for
Carica papaya leave extract filtrate, 1ml of the leave extract filtrate was poured
into a beaker (the beaker was labelled and wrapped in foil paper) containing
20 ml of precursor CuSO4, while stirring on the magnetic stirrer, an observation
of colour change was expressed.

Antibacterial activity of AgNPs and CuNPs on the selected pathogens

The in vitro antimicrobial activity of AQNPs and CuNPs was investigated
using the method of Balouiri et al. (2016). Filter paper disc diffusion and Agar
wells methods were used to test the antibacterial capabilities of CuNPs and
AgNPs, to test if silver nitrate (AgNO3) and copper sulphate (CuSO,) has inhibitory
effects, as well as compare the nanoparticles synthesised from each plant
(Bryophyllum pinnatum and Carica papaya) for their inhibition activities.

Filter paper disc diffusion test

This was carried out using the methods of Zia et al. (2018). A 3.8 g of
Mueller Hinton agar was dissolved in 100 ml of distilled water and autoclaved
at 121 °C for 25 minutes. After sterilization the medium was kept to cool, then
poured into sterile Petri plates/dish (one dish for each isolate) to solidify.
Sterile swab sticks were used to collect an inoculum and spread evenly on the
surface of Mueller Hinton agar plates, filter papers were carefully cut to small
circular pieces and soaked with CuNPs, AgNPs, plant extract, CuSO4, and AgNOs
separately. The filter paper discs loaded with CuNPs, AgNPs, plant extract, CuSQOa,
and AgNO3 was placed on the surface of the inoculated plates (each solute was
placed according the label at the back of the plates). Before incubation, the
plates were kept at room temperature for few minutes to allow the diffusion of
the solutions, and then afterwards placed at 37 °C for 24 hours. The zones of
inhibition was measured (diameter in mm). This procedure was done for each
extract solution; this implies the nanoparticles synthesized from each plant
extract followed this filter disc diffusion step.

Agar wells diffusion method

Zia et al. (2018) protocol was adopted with few modifications. A 9.5 g of
Mueller Hinton agar to 250 ml of distilled water was prepared and sterilized
using the autoclave at 121 °C. The medium was transferred to Petri plates and
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allowed to solidify. A sterile swab stick was used to collect an inoculum and
spread evenly on the surface of the agar plates. After some time, five wells were
punched into the inoculated Mueller Hinton agar plates that was well separated
using 6 mm cork borer, thereafter 10 uL (using a micropipette) of CuNPs,
AgNPs, CuSO4, AgNO3 and plant extract solution are poured into each well, the
samples were allowed to diffuse into the agar by keeping them under room
temperature for few minutes, before proceeding to keep in the incubator, after
24 hours of incubation, the diameter of the zone of inhibition was evaluated and
measured in mm. the inhibition zone of the different nanoparticles (CuNPs and
AgNPs) that was gotten from the two plants (Bryophyllum pinnatum and Carica
papya) used was compared and recorded.

Nanoparticles characterization

UV-visible characterization

UV-Visible spectroscopy analysis was carried out on a UV Visible absorption
spectrophotometer. Equal amounts of the suspension were taken and analysed
at room temperature. The progress of the reaction between metal ions and the
leaf extract was monitored at different wavelength, between spectra ranges of
300 to 800 nm.

Fourier Transform Infrared (FT-IR) characterization

This technique is a powerful tool used to identify the chemical bonds in a
molecule by producing an IR spectrum that is similar to a molecular fingerprint.
FT-IR characterization was also done to analyse the functional groups of
samples. About 1-2 mg of powdered leaves samples were mixed with potassium
bromide, pressed into a pellet (KBr pellet) and placed in the machine. The FT-
IR instrument sent infrared radiation of about 10,000 t0100 cm® through the
sample, with some radiation absorbed and some passed through. The absorbed
radiation was converted into rotational and vibrational energy by the sample
molecules. The resulting signal at the detector presents as a spectrum, typically
from 4000 cm® to 400 cm't, representing a molecular fingerprint of the sample.
Each molecule or chemical structure thus produces a unique spectral finger
print (Wang and Weller, 2006).

Identification of the isolates collected

Isolates were identified following the procedure of Cheesbrough (2006).
The colony morphology of the isolates were observed and recorded. Gram
staining of the isolates was carried out. The biochemical tests used to confirm
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the collected isolates were oxidase, citrate, catalase, motility, sugar fermentation,
indole, urease, coagulase (Maduka et al., 2022).

Antimicrobial Susceptibility Test (AST)

Antimicrobial susceptibility test was carried out on each isolate using the
disc diffusion method, to evaluate the sensitivity of test organisms to various
antibiotics. Mueller hinton agar was used for this medium, 3.8 g of Mueller
Hinton agar was dissolved in 100 ml of distilled water, an sterilized in the
autoclave at 121 °C for 25 minutes, the medium was poured into petri
plates/dish to solidify, using a sterile swab the test organism was carefully
spread on the agar plate, waited for few seconds before placing the discs, the
discs was placed on the surface of the inoculated Mueller Hinton agar plate
(using a sterile forceps) then placed inside the incubator 37 °C for 24 hrs. After
incubation, diameters (measured in mm) of zones of inhibition were measured
using a ruler, the results for sensitivity and resistance was evaluated using
Clinical Laboratory Standard Institute (CLSI, 2020).

Multiple antibiotic resistance (MAR) index

The MAR was determined for each isolate by dividing the number of
antibiotics the isolate was resistant to by the total number of antibiotics tested
(Ehiaghe et al., 2022).

a
MAR index = 3

Key: a =the number of antibiotics which the test isolate showed resistance; b = the total
number of antibiotics used in subjecting the isolates to susceptibility test.

Results

Table 1 shows the qualitative phytochemical screening of Bryophyllum
pinnatum and Carica papaya leaves. The content of cardiac glycosides was very
high in Bryophyllum pinnatum but high in Carica papaya. Flavonoids, tannins,
saponin, steroids, phenols, alkaloids and terpenoids contents were present in
both plants, whereas phlabotannins, coumarin and anthraquinone contents
were absent.
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Table 1. Qualitative phytochemical screening
of Bryophyllum pinnatum and Carica papaya leaves

Active ingredients Bryophyllum pinnatum Carica papaya
Flavonoids ++ ++
Tannins ++ ++
Cardiac glycosides +++ ++
Saponin - +
Steroids ++ +
Phenols ++ ++

Phlabotannins - -
Coumarin - -
Alkaloids + ++

Anthraquinone - -

Terpenoids + ++

Key: - Negative (Absent); + Positive (Present) But low; ++ (High); +++ (Very high)

Table 2 shows the results of the antibiotics susceptibility test for Gram-
positive bacteria. Two clinical isolates were tested against twelve antibiotics,
Staphylococcus aureus was resistant to ten antibiotics and sensitive to only two
antibiotucs. However, Bacillus alvei was resistant to all the twelve antibiotics.

Table 3 shows the results of the antibiotics susceptibility test for Gram-
negative bacteria. Three clinical isolates were tested against twelve antibiotics.
Pseudomonas aeruginosa and Helicobacter pylori were resistant to all the twelve
antibiotics. However, Escherichia coli was only sentivie to only one antibiotic
(ofloxacin), but resistant to eleven antibiotics.

Table 4 shows the multiple antibiotic resistance (MAR) index of the
isolates. It was observed that the isolates MAR index was greater than 0.2 signified
that the organisms have originated from high- risk sources of contamination,
where antibiotics are often used.
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Table 2. Antibiotics susceptibility test for Gram-positive bacteria

Inhibition zone diameter **CLSI
Antibiotic disks (meanzxstandard deviation, standard
mm) (mm)
Test/ Antimicrobial Disk  **Staphylococcus *Bacillus S R
Report group agent content aureus alvei > <
Aminoglycosides Gentamicin 10ug R R 15 12
) Azithromycin  15pg R 11.67+208 18 13
Macrolides )
Erythromycin  15ug R R 23 13
) Ciprofloxacin 5ug 14.67+1.33 13.67+145 21 15
Quinolones & )
] Levofloxacin 5ug R R 19 15
Fluoroquinolones .
Ofloxacin 5ug R R 18 14
Carbapenems Imipenem 5ug 20.67+1.76 11.00+058 19 15
o Amoxicillin-
B-lactam combinations 30ug 19.00+1.53 1533+1.76 18 13
clavulanate
Cefotaxime 25ug R R 26 22
Cephems (parenteral)  Ceftriaxone 45ug 11.00+0.58 R 23 19
Cefuroxime 30ug R 14.00£2.00 18 14
Cephems (oral) Cefixime 5ug R R 19 15

*CLSI standard for Bacillus alvei could not be determined;

**CLSI standard for Staphylococcus aureus

Key: S = Sensitive; | = Intermediate; R = Resistant.

Figure 1 shows the absorbance spectrum of plant-mediated nanoparticles. It
was observed that Carica papaya-mediated AgNPs and Bryophyllum pinnatum-
mediated CuNPs had the highest absorbance, of 1.9 at 300 nm. Bryophyllum
pinnatum-mediated AgNPs had absorbance of 1.6 and Carica papaya-mediated
CuNPs had absorbance of 1.3 at 300 nm.
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Table 3. Antibiotics susceptibility test for Gram-negative bacteria

Inhibition zone diameter CLSI
Antibiotic disks . standard
(meanzstandard deviation, mm) (mm)

Test/Report  Antimicrobial Disk **Pseudomonas *Helicobacter **Escherichia S R
group agent content aeruginosa pylori coli > <

Aminoglycosides  Gentamicin 10ug 13.33+£1.76 12.00+1.15 1267+1.76 15 12
Levofloxacin 5ug 14.00+£2.31 14.00+2.31 16.00+231 22 14

Quinolones & .
) Ofloxacin 5ug R R 2333+1.76 16 12
Fluoroquinolones o
Nalidixicacid ~ 30ug R R 1333+1.76 19 13
Carbapenems Imipenem 10pg R R R 19 15
[-lactam Amoxicillin-
o 30pg R R R 18 13
combinations clavulanate
Cefotaxime 25ug R R 1333+240 26 22
Cephems )
Ceftriaxone  45ug 11.33+1.33 14.00+1.15 R 23 19
(parenteral) .
Cefuroxime 30pg R 10.67+0.67 R 18 14
Cephems (oral) Cefixime 5ug R 12.00+1.15 1467+291 18 14
Nitrofurans  Nitrofurantoin 300ug 14.00+1.15 10.00+0.00 R 17 14
Penicillins Ampiclox 10ug R R 1333+1.76 17 13

*CLSI standard for Helicobacter pylori could not be determined;

**CLSI standard for Pseudomonas aeruginosa and Escherichia coli

Key: S = Sensitive; | = Intermediate; R = Resistant.

Table 4. Multiple antibiotic resistance (MAR) index of the isolates

Isolates Sample MAR index Standard (<0.2)
Staphylococcus aureus Urine 0.83

Escherichia coli Urine 092

Pseudomonas aeruginosa Urine 1.00 High risk
Helicobacter pylori Stool 1.00

Bacillus alvei Stool 1.00
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Figure 1. UV-VIS absorbance spectrum of P CuNPs (Carica papaya copper
nanoparticles), P AgNPs (Carica papaya silver nanoparticles), B CUNPs
(Bryophyllum pinnatum), B AgNPs (Bryophyllum pinnatum silver
nanoparticles), at room temperature.

It is evident that the major peak positions (Figure 2) for B. pinnatum-
mediated AgNPs were observed at 3,464.18 and 1,640.57 cm-, while for
B. pinnatum-mediated CuNPs, the peaks were found at 3,437.41 and 1,643.49
cm-. Similarly, C. papaya-mediated AgNPs exhibited peaks at 3,439.28 and
1,643.73 cm-1, whereas C. papaya-mediated CuNPs displayed peaks at 3,438.82
and 1,643.78 cm-1,

These results demonstrate that there are slight variations in peak
positions among the different plant extracts used, indicating the presence of
residual plant extract as a capping agent for both AgNPs and CuNPs. The
similarities observed in the spectra further support this conclusion, as they
suggest a common mechanism of nanoparticle synthesis involving the plant
extracts as stabilizing agents.
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Figure 2. FT-IR spectrum of synthesized nanoparticles
(a) B. pinnatum-mediated AgNPs (b) B. pinnatum-mediated CuNPs
(c) C. papaya-mediated AgNPs (d) C. papaya-mediated CuNPs

Table 5 shows the antimicrobial activities of copper sulphate (CuSO4) and
silver nitrate (AgNO3). The results revealed that there were high inhibitory
activity of Escherichia coli, Pseudomonas aeruginosa, Helicobacter pylori and
Bacillus alvei in CuSO4 and AgNOs ranging from 7 — 24 mm using the filter and
Agar-well diffusion methods. However, there was no activity of inhibition of
Staphylococcus aureus by AgNOs. Generally, CuSO4 had a better inhibition in
both filter discs and agar wells methods.

Table 6 shows the antimicrobial test using filter paper discs diffusion
method. The result showed that Carica papaya and Bryophyllum pinnatum-
mediated CuNPs and AgNPs inhibited the activity of the Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, Helicobacter pylori and Bacillus alvei
However, Carica papaya-mediated AgNPs could not inhibit the activity of
Pseudomonas aeruginosa and Helicobacter pylori. Similarly, the plant extracts
alone could not inhibit the activity of the isolates. Interestingly, Carica papaya-
mediated CuNPs and Bryophyllum pinnatum-mediated AgNPs had better
inhibition levels.
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Table 5. Antimicrobial activities of CuSO4 and AgNOs

Filter disc

Inhibition zone diameter
(meanzxstandard deviation,

Agar wells
Inhibition zone diameter

Isolates (meanzstandard deviation,
mm) mm)
AgNO3 CuSOa4 AgNO3 CuSO4
Staphylococcus aureus NA 20.33+1.53 6.67£1.53 21.67+1.53
Escherichia coli 19.33t1.53 22.00+1.00 9.33+2.08 20.33+2.08
Pseudomonas aeruginosa 2333153 16.67+1.53 6.33£2.08 13.00+£2.64
Helicobacter pylori 24.67+2.08 17.00£2.64 7.00+2.64 18.00+2.64
Bacillus alvei 23.00+2.64 25.33+153 6.33+2.08 1767153

MeanzStandard error values in triplicate

Key: NA = No activity

Table 6. Antimicrobial activity using filter paper method

Carica papaya
Inhibition zone diameter

Bryophyllum pinnatum
Inhibition zone diameter
(meanzxstandard deviation, mm) (meanzstandard deviation, mm)

AgNPs  CA extract

CuNPs

AgNPs  BP extract

Isolates
CuNPs
S. aureus 20.67£1.53
E. coli
31.00+2.00

P.aeruginosa 26.67+1.53
H. pylori 17.00+2.00

B. alvei
30.00+2.00

5.67+1.53
20.33+15

NA
NA
20.00+2.0

NA 17.00+£2.00 12.67+2.52 NA

13.00+2.00 19.67+3.06 NA

NA 13.67+1.53 19.67+1.53 NA
NA 17.00+2.00 30.00+3.00 NA

NA 21674252 19.67+2.52 NA

MeanzStandard error values in triplicate

Key: NA = No activity; CUNPs = copper nanoparticles; AgNPs = silver nanoparticles;
CA extract = Carica papaya; BP extract = Bryophyllum pinnatum.
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Table 7 shows the antimicrobial test using agar wells diffusion method.
The result reveals 100 % inhibition of the isolates by Carica papaya and
Bryophyllum pinnatum-mediated copper and silver nanoparticles. However,
there no inhibition of isolates by the plant extract alone.

Table 7. Antimicrobial activity using agar wells diffusion method

Carica papaya Bryophyllum pinnatum
Inhibition zone diameter Inhibition zone diameter
Isolates  (mean+standard deviation,mm)  (meanzstandard deviation, mm)
CuNPs AgNPs  CA extract CuNPs AgNPs  BP extract
S. aureus 21.33+1.04 6.00+2.00 NA 24.00+2.00 9.83+2.25 NA
E. coli 18.33+2.52 6.00+1.00 NA 12674153 4.33+0.58 NA
P.aeruginosa 3483+ 52 6.50+1.32 NA 11.33+1.15 18.33+0.58 NA
H. pylori 18.17+0.76 15.83+0.76 NA 14.83+£1.26 15.17+0.76 NA
B. alvei 20.33+1.52 6.83+1.26 NA 17.83+1.26 19.17+0.76 NA

MeanzStandard error values in triplicate

Key: NA = No activity; CuNPs = copper nanoparticles; AgNPs = silver nanopatrticles;
CA extract = Carica papaya; BP extract = Bryophyllum pinnatum.

Discussion

The impact of plant-based nanoparticles synthesized from Carica papaya
and Bryophyllum pinnatum against selected microorganisms has been investigated.
The time of addition of the plant extracts to the metal ion solution was considered
the start of the reaction. It is well known that silver nanoparticles exhibit a
yellowish-brown colour in aqueous solutions due to the excitation of surface
plasmon vibrations in silver nanoparticles (Sulochana et al., 2012). The colour
change of the solution to green after the reaction of plant extract with copper
ions can be used to illustrate the synthesis of copper nanoparticles (Gebremedhn
etal, 2019).

The phytochemical constituents of Bryophyllum pinnatum and Carica papaya
are known for their diverse biological activities and potential health benefits.
However, it is worth noting that phlabotannins, coumarin, and anthraquinone
were not detected in either Bryophyllum pinnatum or Carica papaya. This
information sheds light on the unique chemical profiles of these two plants and
underscores their potential applications in various fields, such as medicine and
nutrition. According to Ahmad et al. (2010), flavonoids, which were one of the
phytochemicals detected in this study, contain various functional groups that
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have an enhanced ability to reduce metal ions. The reactive hydrogen atom is
released due to tautomeric trans-formations in flavonoids, through which the
enol-form is converted into the keto-form. This process is realised by the
reduction of metal ions into metal nanoparticles.

The absorbance spectrum in this study reveals that Carica papaya-mediated
AgNPs and Bryophyllum pinnatum-mediated CuNPs exhibit the highest absorption
at 300 nm, reaching an impressive value of 1.9. On the other hand, Bryophyllum
pinnatum-mediated AgNPs display a slightly lower absorbance of 1.6, while
Carica papaya-mediated CuNPs exhibit a comparatively lower absorbance of
1.3 at the same wavelength. These findings indicate that both Carica papaya and
Bryophyllum pinnatum have the ability to synthesize nanoparticles with significant
absorbance properties, thus making them promising candidates for various
applications in fields such as medicine, catalysis, and environmental remediation.

Five clinical isolates were tested against 12 antibiotics, B. alvei, P. aeruginosa
and H. pylori showed resistance to 12 antibiotics, whereas E. coli and S. aureus
showed resistance to 11 and 10 antibiotics respectively, indicating a significant
challenge in managing infections caused by these pathogens as well. The consistent
presence of multidrug-resistant P. aeruginosa and S. aureus isolates reported by
Ehiaghe et al. (2022) and H. pylori reported by Wang et al. (2019)reinforces the
notion that this bacterium poses a persistent threat to patient health in Medicare
facilities. The collective evidence from these studies highlights the urgent need
for comprehensive infection control measures, including prudent antibiotics.

In this study, the multiple antibiotic resistances (MAR) index of all the
isolates was greater than 0.2, indicating they likely originated from high-risk
sources of contamination. This is similar to the study by Ayandele et al. (2020),
Serwecinska (2020) and Ehiaghe et al. (2022), who also found a high MAR index
inisolates from hospitals. The presence of multidrug resistance in these isolates
highlights the urgent need for effective surveillance and control measures to
prevent the spread of resistant bacteria. Furthermore, it emphasises the importance
of prudent antibiotic use in both human and veterinary medicine to minimise
the selection pressure for resistance.

This study revealed that copper sulphate (CuSO.) and silver nitrate (AgNO3)
showed high antimicrobial activity against E. coli, P. aeruginosa, H. pylori, and
B. alvei using filter and agar-well diffusion methods. However, there was no
inhibitory activity against S. aureus by the plant extracts; this is similar to the
report of Ahmed et al. (2016) who reported that the plant extract showed no
antimicrobial activity.

Interestingly, Carica papaya and Bryophyllum pinnatum-mediated CuNPs
and AgNPs effectively inhibited the activity of S. aureus, E. coli, P. aeruginosa,
H. pylori, and B. alvei, demonstrating their broad-spectrum antimicrobial potential.
These findings suggest that the combination of metal salts with plant-mediated
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nanoparticles could be a promising approach for combating bacterial infections.
The result of this study is in agreement with the report by Anandalakshmire et al.
(2016) and Bhat et al. (2021), who reported that plant-mediated nanoparticles
showed significant antimicrobial activity against a range of bacterial strains.
Also, Ahmed et al. (2016) reported that the produced NPs displayed equal efficacy
against E. coli and S. aureus, while the plant extract showed no antimicrobial
activity.

The mechanisms by which AgNPs and CuNPs exert their antimicrobial
effects are multifaceted and involve various mechanisms. AgNPs and CuNPs
have been shown to disrupt bacterial cell membranes, leading to leakage of
intracellular components and subsequent cell death (Bruna et al., 2021; Lai et al.,
2022). They can interact with bacterial DNA, inhibiting replication and causing
genetic damage. Furthermore, these nanoparticles can generate reactive oxygen
species (ROS), which induce oxidative stress in bacteria and impair their vital
cellular processes (Manke et al., 2013; Mammari et al., 2022). CuNPs have the
ability to interfere with bacterial enzyme systems, disrupting crucial metabolic
pathways necessary for bacterial survival (Kaur et al., 2023). Moreover, copper
ions released from CuNPs can generate ROS within bacterial cells, causing
oxidative damage and inhibiting microbial growth (Orta-Rivera et al., 2023).
Moreover, the use of Carica papaya and Bryophyllumpinnatum as green synthesis
agents offers a sustainable and eco-friendly alternative to conventional chemical
methods (Ikhajiagbe et al., 2022).

Conclusions

The use of Carica papaya and Bryophyllum pinnatum-mediated copper
and silver nanoparticles has demonstrated promising results in terms of their
antimicrobial activity against various bacterial strains. This approach not only
provides an effective alternative to conventional chemical methods but also
promotes sustainability and eco-friendliness. It is crucial to evaluate their
safety and efficacy in clinical settings to ensure their suitability for practical
applications. By continuing to explore these aspects, this will help to unlock the
full potential of these green synthesis agents and pave the way for a safer and
more sustainable future in antimicrobial research..
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Abstract. This study focused on characterizing the seed oil of Thapsia
garganica (Apiaceae), a medicinal plant native to Laghouat, Algeria, and
evaluating its antioxidant properties. Various solvent systems were employed
to extract and fractionate the lipid content of T. garganica seeds oil. Chemical
indices were determined, and fatty acids methyl esters were analyzed using
GC/MS. Tocopherol composition was assessed via HPLC, and antioxidant
activity was evaluated using the 2,2-diphényl 1-picrylhydrazyle (DPPH)
method. The GC/MS analysis revealed distinct fatty acid profiles across
various fractions, highlighting a notable presence of petroselinic acid and
higher-than-usual levels of pentadecanoic acid in all fractions. T. garganica oil
exhibited richness in tocopherols, particularly with a-tocopherol being
the predominant homolog. The antioxidant activity assessment of different
lipid fractions indicated potent activity within polar lipids (glycolipids and
phospholipids). Furthermore, T. garganica oil was abundant in unsaturated
fatty acids, notably petroselinic acid, displaying significant radical scavenging
activity in its polar fractions.

Keywords: T. garganica, petroselinic acid, pentadecanoic acid, tocopherols,
antioxidant activity.
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Introduction

The Apiaceae family distinguishes itself among plant families with its
umbel inflorescence and singular-seeded fruits. Comprising species native to
temperate regions, they have garnered extensive use as spices or medicines due
to their abundant secondary metabolites (Heywood, 1971). Numerous plants
within the Apiaceae family, particularly those belonging to the genus Thapsia,
are recognized for their significant concentration of petroselinic acid (cis-6
18:1) found in their seed oil (Avato et al., 2001; Ngo-Duyet al., 2009). Because of
the unsaturation at carbon 6, this fatty acid has potential industrial significance
(Cahoon, 1992).

T. garganica L. stands as a significant medicinal plant, the subject of
numerous scientific studies (Makungaet al., 2003; Nebeg et al., 2019). Historically,
this ancient medicinal herb featured in various European remedies until 1937
(Jager et al., 1993). Widely distributed across several regions of Algeria, T. garganica
has been traditionally employed to alleviate rheumatism (Ait Youssef, 2006).
Notably, original data on the lipid fraction isolated from its seeds are lacking.
Our study aims to characterize the lipid fraction of T. garganica seed oil, contributing
to a deeper understanding and valorization of this medicinal species.

Materials and methods

Sample preparation

The fruits of T. garganica were collected from the Sidi Makhlouf region in
Laghouat, Algeria. Professor Yousfi Mohamed identified the T. garganica plant,
and a voucher has been deposited in the herbarium of the Laboratoire des Sciences
Fondamentales at Laghouat University (voucher number: Tg-s 2022). These
fruits exhibit an elliptical shape, ranging from 1 to 2 cm in length and nearly 1 cmin
width, characterized by strongly winged margins. The wings, finely striated and
bright yellow in color, adorn the green-hued fruit. Following collection, the fruits
were air-dried at room temperature. Subsequently, the seeds were separated
from the umbels and wings, then pulverized using a mortar in preparation for
the extraction procedure.

Chemical reagents

All chemicals were purchased from Sigma (USA), Aldrich (Milwaukee, USA),
FlukaChem (Buchs, Switzerland) and Merck (Germany).
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Lipid quantification

The powdered seeds of T. garganica underwent maceration with petroleum
ether as the extraction solvent for 24 hours, shielded from light. Following
maceration, the extract underwent filtration and drying with an excess of
anhydrous sodium sulfate. Subsequently, the petroleum ether extract was
evaporated under reduced pressure at 40°C and then stored at 6°C.

Lipids were extracted using Folch’s method (Folch et al., 1957) from T.
garganica seeds. The lipid fraction was obtained by macerating and mixing the
seeds at room temperature in chloroform:methanol (2:1) for 24 hours. After
extraction, the mixture underwent filtration, and the recovered solution was
washed with a 9% NaCl solution. The chloroform fraction, containing the total
lipids, was then filtered and dried with an excess of anhydrous sodium sulfate
before being evaporated under vacuum at 40°C. The resulting oil was stored at
6°C. Subsequently, the crude Thapsia oil was fractionated using silica gel
column chromatography (Rouser et al., 1967). For this, 9 g of the lipid extract
were added to the column along with 10 g of activated silica gel. Elution was
carried out successively using chloroform, acetone, and methanol as eluents to
separate neutral lipids, glycolipids, and phospholipids, respectively.

Determination of chemical indices

The acid value (AV), saponification value (SV), and iodine value (IV) were
determined following the protocols outlined in the French norm AFNOR (1984),
specifically AFNOR NFT 60-204, AFNOR NF T 60-206, and AFNOR NF T 60-203,
respectively. AFNOR standards encompass a wide range of topics including
analysis methods, quality standards, good manufacturing practices, and regulatory
requirements. These standards play a crucial role in ensuring methodological
consistency and quality control. Additionally, they establish a framework for
assessing the safety, purity, and nutritional content of fats and oilseeds, thereby
facilitating evidence-based research and informed decision-making across various
disciplines such as nutrition, food science, agriculture, and biochemistry.

GC-MS analysis of fatty acids methyl esters

The fatty acid methyl esters (FAMES) of total lipids, neutral lipids, glycolipids,
and phospholipids were prepared using the standard boron trifluoride procedure
BF3. Initially, the oil underwent hydrolysis in the presence of methanolic potassium,
followed by esterification in the presence of a 10% w/v boron trifluoride-methanol
complex. Subsequently, the methyl esters were recovered through liquid-liquid
extraction using hexane after the addition of water. Fatty acid analysis was
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conducted by Gas Chromatography/Mass Spectrometry (GC/MS) using a 1 HP
5890 Series Il chromatograph. Separation was achieved using a silica gel
capillary column (60 m x 0.25 mm) grafted with a DB-Wax stationary phase of
0.2 ym thickness. The analysis involved temperature programming and the use
of hydrogen as the carrier gas. Identification of FAMEs was facilitated by comparing
retention indices and mass spectra with reference standards.

Tocopherol content

The tocopherol composition was analyzed using a Waters HPLC system
equipped with a nonpolar reversed-phase (RP18) column and a fluorescent
detector. A diluted sample of twenty microliters in pentane (representing
neutral lipids of Thapsia oil) was isocratically eluted with HPLC-grade methanol
and water (92:8 v/v). Tocopherols were detected using fluorimetry, with
excitation at 290 nm and emission at 330 nm. By comparing peak areas, the
relative contents of tocopherols in the extract were determined using external
standards for q, 3, y, and d-tocopherol.

Antioxidant activity analysis using DPPH radical scavenging test

The antiradical activity of various lipid classes was assessed using the
DPPH method (Molyneux, 2004). Different concentrations of the analyzed fraction
were prepared, and each dilution (100 uL) was added to 1 mL of a 250 uM ethanolic
solution of DPPH. After 30 minutes, the absorbance at 517 nm was measured.
The following equation was utilized to determine the DPPH radical scavenging
capacity:

Inhibition (%) =[1 - (Test sample absorbance/Control absorbance )]x 100

The EC50 value represents the concentration of substrate needed to
reduce DPPH activity by 50% (Molyneux, 2004). Graphical analysis of inhibition
percentage variation against concentration curves for each oil fraction was used to
derive the EC50 value. This process was repeated three times for each lipid
fraction, and the EC50 value was determined as the average of three repetitions.

Statistical analysis

Hierarchical Cluster analysis (HCA) of chemical data was performed with
XlIStat 2014.5.03. Ward'’s linkage method was used to determine the distance
between clusters and Euclidean distance for their agglomeration. Differences
between means were assessed by one-way ANOVA using Fisher's test at a level
of 0.001 with Origin b9.3.226.
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Results

Lipid quantification

The crude fat content extracted using petroleum ether 9.45%. Conversely, a
mixture of two solvents (chloroform:methanol) extracted 22.4% of the weight of
T. garganica seeds. Significantly divergent extraction performances were observed
between petroleum ether and the solvent mixture (chloroform:methanol). This
variation stems from the differing polarities of the solvents used; petroleum
ether, being nonpolar, may not efficiently extract all lipids, primarily targeting
neutral lipids such as triglycerides. Conversely, miscible solvents like methanol and
chloroform have the capacity to extract a broader spectrum of lipids, particularly
polar lipids like glycolipids and phospholipids. Additionally, differences in extraction
rates may also be influenced by sample type variability. Similar to many other
plant species, T. garganica crude oil exhibited a high proportion of neutral
lipids, constituting 83.37% of the total, in contrast to minor lipids represented
by modest levels of glycolipids (5.82%) and phospholipids (1.93%).

Determination of chemical indices

Assessing the quality and structural stability of the oil can be achieved
through the examination of its acid value (AV), saponification value (SV), and
iodine value (1V), as detailed in Table 1.

Table 1. Chemical characterization of T. garganica oil

AV (mg KOH/g) SV (mg KOH/q) IV (Wijs)

8.16+0.3 206.04+0.8 87.65+0.5

AV: acid value, SV: saponification value, 1V: iodine value; SD: standard deviation.

Analysis of fatty acids methyl esters

Table 2 illustrates the relative proportions of various FAMEs found in
crude oil and across different lipid classes. It highlights a prevalent presence of
unsaturated fatty acids with diverse profiles within these classes. Specifically,
total lipids, neutral lipids, and phospholipids exhibit notable concentrations of
linoleic acid (41.37%, 40.32%, and 35.353%, respectively). Conversely, the
glycolipid fraction demonstrates a higher abundance of linolenic acid (73.35%)
and encompasses a broad spectrum of fatty acids, including short-chain (C8:0,
C14:0), as well as an unusual fatty acid, pentadecanoic acid (C15:0).

111



H. NEBEG, F. EL-HOUITI, D. TAHRI, C. HAMIA, M. YOUSFI

In our investigation, we observed the presence of two isomers of C18:1 in
the phospholipids chromatogram, manifested as two distinct peaks with respective
retention times of 46.8 and 46.9 minutes. Upon analyzing chromatograms of total
lipids, neutral lipids, and glycolipids, we identified peaks at 46.8, 46.7, and 46.7
minutes, respectively, corresponding to petroselinic acid. However, in the case
of phospholipids, the ratio of C18:1 acid was calculated by summing the ratios
of the two peaks representing the two isomers: petroselinic (C18:1w6) and
oleic (C18:1w9) acids.

Multivariate analysis was employed to compare the fatty acid profiles of
T. garganica oil with those of other species within the Thapsia genus and certain
seed oils from the Apiaceae family (Avato et al., 2001; Ngo-Duy et al., 2009).
This analytical approach helps to simplify the graphical representation of complex
multivariate data and illustrate their underlying patterns.

As depicted in Fig. 1, notable differences in fatty acid levels are evident
between the studied T. garganica (1) and the five species within the Thapsia
genus, including T. garganica (2), as reported by Avato et al. (2001), who noted
a very similar composition among these five species. To enable a meaningful
comparison of this oil with other vegetable oils, a similar statistical analysis was
conducted, as depicted in Fig. 2.

Table 2. The relative proportions on various fatty acids of crude oil
and the various classes of lipids

Sample
Fatty acid
TL NL GL PL
C8:0 - - 14.458 -
C14:.0 - - 0.695 -
C15:0 - - 0.336 -
C16:0 19.499 18.908 18.023 27.064
Cl6:1 - - 0.808 -
C18:0 5971 5.069 1585 2425
C18:1 28.364 33.911 31813 32.801
C18:2 41.368 40.315 23.893 35.353
C18:3 2612 1.069 7.335 2.07
C20:0 1.318 0.727 0.480 0.287
C22:0 0573 - 0.573 -
C24:0 0.294 - - -

TL: total lipids, NL: neutral lipids, GL: glycolipids, PL: phospholipids.
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Tocopherol content

The total tocopherol content in T. garganica oil measured 940.62 mg/kg
(Table 3). Comparatively, vitamin E-active compound levels in other plants
range from 430 to 2680 mg/kg in rapeseed oil and 600 to 3370 mg/kg in
soybean oil (Matthaus and Ozcan, 2015). Consequently, T. garganica seed oil
emerges as a potential source of antioxidants. The primary tocopherol compounds
in T. garganica seed oil were a-tocopherol homologs, followed by (3+y)-tocopherol.
Notably, all obtained contents exhibited significant differences at P<0.001. The
o-tocopherol content (516.84 mg/kg), boasting the highest vitamin E concentration,
aligns with ranges observed in corn (23-573 mg/kg) (Rossell and Pritchard, 1991),
golden apple (514 mg/kg), starking apple (544 mg/kg), quince (496 mg/kg),
and chufa (685 mg/kg) (Matthius and Ozcan, 2015).

Table 3. Tocopherol content of T. garganica oil (ug/g of oil)

a-tocopherol [B+y]-tocopherols o-tocopherol Total tocopherols
516.84 394.49 29.29 940.62
Antioxidant activity

Table 4 presents the results of the DPPH test. Each lipid fraction displayed
distinct inhibition potentials, with lower EC50 values indicative of higher
antioxidant activity. Significantly divergent activities were observed among the
lipid fractions (P<0.001), as well as in comparison with Vit E and Vit C. Notably,
the difference between the latter two was insignificant at this same significance
level.

Table 4. The results of DPPH test

Lipid fractions IC50 (g/1)8
NL 5.38+0.28
TL 241+0.042
PL 144+0.12
GL 0976+0.1
VitE 0.026 £0.001
Vit C 0.008 £ 0.002

TL: total lipids, NL: neutral lipids, GL: glycolipids, PL: phospholipids, Vit-E: vitamin E,
Vit-C: vitamin C.8 The values are significantly different at P<0.001 according to Fisher's
test except for Vit-E and Vit-C which are not significantly different at this level.

114



LIPID CLASSES AND FATTY ACIDS OF T. GARGANICA SEEDS OIL

Discussion

The seeds of T. garganica cannot be classified as oleaginous akin to
peanut, olive, and sunflower seeds, which typically contain 30-40% oil
(Karleskind, 1992). The elevated acidity value suggests a significant presence
of free fatty acids, likely stemming from either grain maturity or inadequate oil
preservation. A high iodine value may indicate a substantial quantity of
unsaturated bonds (unsaturated fatty acids). According to our analysis, the
saponification number (206.04 mg KOH/g) closely resembles that of date seed
oil (207.8 mg KOH/q) (Boukouada et al., 2014) and is relatively comparable to
those of olive (184-196 mg KOH/qg), corn (187-195 mg KOH/qg), and cottonseed
(189-198 mg KOH/qg) oils (Rossell and Pritchard, 1991). Additionally, T. garganica
oil is characterized by medium chain-length and unsaturated fatty acids, as
inferred from the inverse relationship between saponification value and fatty
acids weight.

In this study, a comparison was made with several other investigations
focusing on oils within the Apiaceae family, revealing the abundant presence of
petroselinic acid, an isomer of oleic acid, among its members (Avato et al., 2001;
Ngo-Duy et al., 2009). Chromatographic separation of oleic and petroselinic
acids indicates that these two isomers possess similar chain lengths (LCE) on a
polar stationary phase, differing by approximately 0.04 to 0.06 carbon units.
Theoretically, this slight difference enables some separation between the two
fatty acids, although resolution largely depends on operational conditions
(Wolff, 1995). Furthermore, a multivariate analysis was employed to compare
the fatty acid profiles of T. garganica oil with those of other Thapsia genus species
and selected seed oils within the Apiaceae family (Avato et al.,, 2001; Ngo-Duy
etal, 2009).

The multivariate analysis reveals that this dissimilarity stems from
variations in the percentages of C18:1 acid isomers, likely influenced by differences
in sample variety and origin. Within the same cluster, T. garganica oil exhibits a
comparable fatty acid profile to that of caraway seeds (carrot, celery, and parsley).
The hierarchical cluster analysis (Fig. 2) delineates three structures, segmented
into two levels. T. garganica is positioned at the second level, clustering with corn
rather than sunflower, forming a unified class with similar fatty acid profiles
(Pinzietal, 2011).

Despite its lower concentration, d-tocopherol exhibits greater antioxidant
potency in the oil compared to other tocopherols. Notably, its concentration
surpasses that found in other oils such as coconut (ND-2 mg/kg), cottonseed
(ND-17 mg/kg), groundnut (ND-3-22 mg/kg), and sunflower (ND-7 mg/kg)
(Rossell and Pritchard, 1991). Glycolipids and phospholipids emerged as more
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effective DPPH radical scavengers, representing a promising finding given their
significantly lower EC50 values compared to standards (vitamin E and vitamin C).
While phospholipids are recognized natural antioxidants, further research is
warranted to elucidate the mechanism behind the radical scavenging activity of
these two fractions from T. garganica oil. The antioxidant activity of total lipids
exceeded that of neutral lipids, likely attributed to the presence of various
molecules such as tocopherols, glycolipids, phospholipids, and other polar active
compounds present in the crude oil, which are retained in the polar mixture of
two solvents (chloroform/methanol).

Conclusion

Describing the seeds of T. garganica as oil-bearing would be inaccurate,
given the relatively low oil content obtained using non-polar solvents (9.45%).
However, this oil is notable for its richness in unsaturated fatty acids, particularly
with a significant presence of petroselinic acid. Moreover, its tocopherol content,
primarily consisting of a-tocopherol, along with the pronounced radical scavenging
activity of its polar fractions (PL and GI), positions T. garganica oil within the
realm of other plant materials sought after for their bioactive components or
pharmaceutical applications.
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Abstract. Celosia argentea is an annual leafy vegetable popularly known
for its dietary and medicinal values. Hence, it is important to preserve and
further improve this vegetable to enhance its numerous benefits. This study
therefore investigated the genetic variability among different genotypes
of C. argentea using ISSR primers. A total of 15 C. argentea genotypes were
sourced from National Centre for Genetic Resources and Biotechnology
(NACGRAB) in Ibadan, Nigeria and 10 genotypes sourced from different
markets. The open field experiment was set up in a completely randomized
design. Seeds of each cultivar were grown and seedlings transplanted. Fresh
young apical leaves were harvested. DNA was extracted from young frozen
apical leaves. Six ISSR primers were optimized and used in PCR with a
touch-down procedure in a thermocycler. Agarose gel electrophoresis was
performed, and bands were visualized. Molecular data was analyzed for
total gene diversity, while morphological data was analyzed using ANOVA.
The genotypes of NGB recorded the highest mean performance for plant
height, leaf biomass and seed weight, while the AOO genotypes were
observed to have higher values of leaf length, leaf area and root biomass. The
principal component analysis showed that the first component accounted
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for 42% of the total variation. The correlation matrix for growth, agronomic
and yield characters show highly significant positive relationship among the
growth characters at P<0.05. Primer UBC-866(CTC)s was highly polymorphic.
Genotype A005 performed best for growth characters while NGB00182
performed best for yield characters. Genetic assessment and improvements
in C. argenta germplasm play key role in future studies and improvements of
vegetable crop.

Keywords: Celosia argentea, germplasm, genomic DNA, ISSR primers.

Introduction

Celosia argentea L. is an annual leafy vegetable of the genus Celosia, order
Caryophyllales and family Amaranthaceae which shares features with members
of the genus Amaranthus (Thorat, 2018). It is one of the leading vegetables in
South-Western Nigeria, it is propagated by seed and grows up to 200 cm (6.5 feet)
in height. The plant produces globular fruits, black seeds, and simple, spirally
arranged leaves. Italso frequently exhibits pink or white flowers (Ejoh et al., 2021).

Celosia argentea is a tetraploid species (2n=36), though some varieties
were found to be octaploid (Olawuyi et al.,, 2016; Hussain et al., 2024). The
commonly cultivated C. argentea are the green broad-leaved cultivars (soko green),
the broad-leaved cultivars with anthocyanin pigmentation of the leaf blades and
part of the stem (soko pupa-red soko) and cultivars with deep green narrow leaves
with a hard texture and early flowering (Grubben and Denton, 2004; Falodun et al.,
2022). The leaves and stems are prepared as soups, sauces or stew which could be
consumed with food items such as maize, rice, yam and cassava (Bamigbegbin
et al., 2016). Medicinally, the stems and leaves are applied as poultice smeared
in honey as treatment for infected sores, wounds and abscesses. Leaf concussions
are used to relieve gastrointestinal disorders. Finely powdered or decocted seeds
are considered antidiarrhoeal or aphrodisiac. Furthermore, the plant root is used
for abdominal colic, gonorrhea and eczema while the whole plant serves as
antidote for snake poison (Nahida et al., 2012; Stuart, 2016).

Molecular markers are used to assess the influence of various factors on
genetic diversity (Zhao et al.,, 2023). Inter-Simple Sequence Repeats (ISSRs) are DNA
fragments about 100 - 3000 bp in length which are located between flanking
microsatellite regions. The ISSR technique is a PCR based technique involving
the amplification of DNA segments present between two identical microsatellite
regions that are oppositely oriented to each other. The technique uses single
microsatellite primers ISSRs of different sizes usually 16-25 bp long amplifying
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in a PCR reaction to target multiple genomic loci. Thus, fragments of several loci
are generated at once, separated by gel electrophoresis and scored for presence
or absence (Omondi et al., 2016; Contescu and Anton, 2023). In spite of this, there
are limited information on the characterization of C. argentea using ISSR primers.
Therefore the study was carried out to investigate the molecular characterization
of C. argentea genotypes.

Materials and methods

Sample collection and study location

Twenty-five genotypes of Celosia argentea were used for this research. The
C. argentea genotypes were sourced from National Centre for Genetic Resources
and Biotechnology (NACGRAB) in Ibadan and ten (10) selected markets from ten
local governments in Ibadan, Nigeria shown in Table 1. An open field experiment
was conducted between June and September 2018 at the research farm of the
Department of Botany, University of Ibadan, Ibadan (7.4417° N; 3.9000°E) located
in the rainforest area of Southwestern Nigeria (Table 1). The molecular studies were
carried out at the Department of Virology, University College Hospital, Ibadan.

Experimental design, method of planting, cultural practices and storage

Atotal of one hundred perforated polythene bags were each filled with 8 kg of
sandy-loamy soil and arranged in a completely randomized design, with four
replicates, spaced at 0.75 m within the row and column. The genotypes were
raised for 2 weeks in the nursery bags before transplanting into polythene bags.
The crop was raised following good agronomic practices according to standard
procedures of FAO (2004). The weeds were removed manually weekly whenever it
appears and watering was done on daily basis till the rainy period started. Two
plants were transferred into polythene bags and thinned to a plant per bag after two
weeks. Fresh young apical leaves were collected randomly for each genotype early
inthe morning, preserved in ice bags before being transported to the laboratory
where it was stored in the refrigerator at -20°C prior to molecular studies.

Data collection

A total of 20 morphological characters comprising 15 quantitative and
5 qualitative traits were evaluated on the cultivated C. argentea genotypes according
to the method described by IPGRI (2006). Data collection on growth characters
of C. argentea genotypes commenced after transplanting at four weeks after planting
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(WAP). This was carried out continuously every week till the 13th week after
planting. Data collected were: growth habit, leaf shape, leaf color, color of flower,
petiole pigmentation, plant height (cm), leaf length (cm), leaf width (cm), leaf
area (cm2), petiole length (cm), number of internodes on stem, number of leaves
per plant, plant height at flowering (cm), number of days to flowering, fruit length at
maturity (cm), number of flowers per plant. Harvesting was done at fourteen
weeks after planting and data collected on yield related characters were: leaf
biomass (g), root biomass (g), seed weight (g) and shoot weight (g).

Table 1. Celosia argentea genotypes and their location

S/N Genotype name Location Local government
1 A001 Mapo Ibadan South East
2 A002 Agbowo Ibadan North West
3 A003 Bodija Ibadan North

4 A004 Iwo road Egbeda

5 A005 New garage Oluyole

6 A006 Apata Ido

7 A007 Olodo Lagelu

8 A008 Oja Oba Ibadan South West
9 A009 Amuloko Onaara

10 A0010 Moniya Akinyele

11 NGB00126 NACGRAB Ibadan

12 NGB00128 NACGRAB Ibadan

13 NGB00129 NACGRAB Ibadan

14 NGB00133 NACGRAB Ibadan

15 NGB00136 NACGRAB Ibadan

16 NGB00137 NACGRAB Ibadan

17 NGB00138 NACGRAB Ibadan

18 NGB00151 NACGRAB Ibadan

19 NGB00155 NACGRAB Ibadan

20 NGB00170 NACGRAB Ibadan

21 NGB00172 NACGRAB Ibadan

22 NGB00177 NACGRAB Ibadan

23 NGB00179 NACGRAB Ibadan

24 NGB00182 NACGRAB Ibadan

25 NGB00183 NACGRAB Ibadan
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DNA extraction

DNA was extracted from young frozen apical leaves of twenty-five
C. argentea samples using the ISSR technique following the protocol outlined in
the Jena Bioscience Plant DNA extraction kit. Fresh frozen tissue was macerated
in a mortar and homogenized with a pestle, followed by the addition of 1 ml of
phosphate buffer saline (PBS). In a 2 ml Eppendorf tube, 300 ul of cell lysis
solution was added, followed by 500 pl of ground sample. The solution was then
incubated at 65°C for 60 minutes, with occasional inversion during incubation,
and subsequently allowed to cool at room temperature (25°C). After the addition
of 100 pl of protein precipitation solution, the cell lysate was vortexed, and the
solution was centrifuged at 15,000 rpm for three minutes. The DNA-containing
supernatant was carefully transferred into a clean 2 ml Eppendorf tube containing
300 pl of isopropanol. The mixture was vortexed for 2 seconds and then centrifuged
at 15,000 rpm for 1 minute. The supernatant was discarded, and the tube was
drained on a clean absorbent paper. Subsequently, 500 pl of buffer was added,
and the tube was inverted multiple times to create the DNA pellet. The solution was
then centrifuged for one minute at 15,000 rpm, and the supernatant was gently
discarded. The DNA pellets were air-dried at room temperature. Finally, 50-100 pul
of DNA hydration solution was added to the dried pellets, and the samples were
stored in the refrigerator for PCR analysis.

DNA amplification

Six Inter Simple Sequence Repeat (ISSR) primers were optimized and
utilized in Polymerase Chain Reactions (PCR) (Table 2). Each locus was amplified
within a 10 pl PCR cocktail reaction mixture comprising 2 pul of each primer, 1 pl of
PCR buffer, 0.8 mM dNTPs, 0.4 mM MgCI2, 0.06 units of Tag polymerase, 0.8 ul of
DMSO, 3 ul of PCR-grade H20, and 2 pl of total genomic DNA. DNA amplification
was conducted using a touch-down PCR procedure in a thermocycler. The PCR
protocol included the initial denaturation at 95°C for 2 minutes, followed by 10
cycles of touch-down cycling comprising of denaturation at 95°C for 30 seconds,
annealing starting at 65°C and decreasing by 1°C each cycle until reaching 55°C,
for 30 seconds per cycle, and extension at 72°C for 1 minute. This was followed by
25 cycles of standard PCR with denaturation at 95°C for 30 seconds, annealing
at 55°C for 30 seconds, and extension at 72°C for 1 minute. The final extension
step lasted five minutes at 72°C, followed by indefinite maintenance at 4°C until
further analysis.
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Table 2. Oligonucleotide primers and their sequences

S/N Primers Nucleotide sequence 5’-3’
1 UBC-866 (CTC)s CTCCTCCTCCTCCTCCTC

2. ISSCR-2 (CA)s AG CACACACACACACACAAG
3. ISSCR-3 (CA)s CG CACACACACACACACACG
4. ISSCR-4 (CT)s TG CACACACACACACACATG
5. ISSCR- 5 (CA)s AC CACACACACACACACAAC
6. ISLA- (AGC)4 G AGC AGC AGC AGC G

Agarose gel electrophoresis

Agarose gel electrophoresis was performed to detect the presence of DNA
amplicons after PCR. To prepare the gel, 1 g of agarose was dissolved in 100 mL
of 0.5xTBE buffer using a microwave for 3 minutes. The solution was then
allowed to cool before casting the gel. Once solidified, the gel was placed in the
electrophoresis tank and covered with 0.5xTBE buffer. Each DNA sample was
mixed with loading dye and then loaded into the wells of the prepared gel in the
electrophoresis tank. The electrophoresis was run for 30 minutes at 100 volts.
A negative control, lacking a DNA template, was included. After electrophoresis,
the gel was stained with SYBR Green and the separated amplified fragments were
visualized under UV transilluminator light to observe the formation of bands.

Statistical analysis and data interpretation

Morphological data was subjected to Analysis of Variance (ANOVA) using
SAS 9.1 software (2003 version), with differences in means determined through
the Duncan Multiple Range Test (DMRT). Relationships among growth and
yield characteristics were assessed using dendrograms, Pearson correlation
coefficients, and Principal Component Analysis (PCA).

Molecular data was analyzed to elucidate total gene diversity using the
NTSYS-pc version 2.02e package and PowerMarker version 3.25 software. Amplified
fragments were scored as 1 for present and 0 for absent according to Liu and
Muse (2005). These scores were then utilized to construct a dendrogram
employing the Unweighted Pair Group Method with Arithmetic Average (UPGMA)
cluster analysis, as outlined by Sneath and Sokal (1973), to elucidate the genetic
relationships among C. argentea genotypes.

124



CHARACTERIZATION OF CELOSIA ARGENTEA LINN. GERMPLASM

Results

The results obtained in this study indicate great morphological and molecular
variability among the investigated genotypes. Due to the high polymorphism level
detected by the primers, the study validates ISSR markers as useful tools to
assess the C. argentega genotypes.

Mean square effect of location and growth stages on growth characters of
C. argentea

The analysis of variance of morphological traits (Table 3) shows that
there is significant variation in all the samples of C. argentea for growth
characters (P<0.05). The growth characters of C. argentea are significantly
affected by the age of the plant (weeks).

Table 3. Mean square effect of genotypes and growth stages
on growth characters of Celosia argentea

SOV DF PH(cm) LL(cm) LW(cm) LA(cm?) PL(cm) NOI NOLPP  PHF (cm)

Genotypes 24  1561.32** 3035 2480** 763573  1062** 40548 288796**  430.20**

Weeks 9 9247468 27529* 8722**  37756.66** 13291* 10897.30** 33312.93** 39110.86**

Replicates 3 82.13m 8.64* 6.04** 1449.31* 383  103.07ns 891.96* 10.06rs

Error

923 12928 287 0.96 391.46 148 4276 174.86 107.67

Corrected

total

9 996819 583542 226007 872953 2799.02 147652 527048 454761

Note: ** P<0.01 highly significant, * P<0.05 significant, ns=not significant; KEYS: SOV:
sources of variation, DF: degree of freedom, PH: plant height, LL: leaf length, LW: leaf width,
LA: leaf area, PL: petiole length, NOI: no. of internodes on main stem, NOLPP: no. of leaves
per plant, PHF: plant height at flowering.

Mean square effect of genotypes and growth stages on yield characters
of C. argentea

The results in Table 4 show that the agronomic and yield characters of
C. argentea highly vary with genotypes, being significantly affected by the age
of the plant (weeks), but the observed variation among replicates for these
characters are not statistically significant.
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Table 4. Mean square effect of genotypes and growth stages
on yield characters of Celosia argentea

SOV DF NDF FLM (cm)  NFPP LB (g) RB(g) SW(g)  SHW (g)

Genotypes 24  429.33** 3.99** 175.84** 328.72* 367.80* 43.81** 1948.20*

Weeks 9 32381.24** 205.96** 5238.92** 37807.57** 23251.55** 1075.47** 124956.35**

Replicates 3 7.62ns 0.05ns 19.14ns 243.22ns 188.10ms 10.88ns 203.68ns
Error 923 97.78 1.08 59.17 191.43 176.19 15.29 821.77
Corrected

total 959 38398.3 2889.74 104279 525531 377789 24668.1 1904906
Oota

Note: ** P<0.01 highly significant, * P<0.05 significant, ns=not significant; KEYS: SOV:
sources of variation, DF: degree of freedom, NDF: no. of days to flowering, FLM: fruit length
at maturity, NFPP: no. of flowers per plant, LB: leaf biomass, RB: root biomass, SW: Seed
weight, SHW: shoot weight.

Mean square effect of genotypes on growth and yield of C. argentea

Plant height ranged from 35.22 cm in NGB00133 to 62.08 cm in
NGB00151. The height of 50.22 cm recorded in AO01 did not differ significantly
from genotypes A002, A003, A010, NGB00137, NGB00155, NGB00170,
NGB00172 and NGB00182, with respective heights of 46.10, 51.24, 50.12, 47.50,
4713, 51.24, 51.68 and 49.3 cm. Similarly, genotypes NGB00126, NGB00128,
NGB00138, NGB00151, NGB00177 and NGB00183 with heights 61.30, 57.85,
62.08, 56.68, 61.15 and 58.76 cm did not vary significantly from one another,
but they were significantly taller than all other genotypes studied (Table 5).

The leaf parameters (leaf length, leaf width and leaf area) recorded the
greatest values in AO05, NGB00177 and AOQ5 respectively, while the lowest
values were recorded in NGB00151, NGB00183 and NGB00183 respectively
(Table 6). Plant height at flowering, number of days to flowering and the root
biomass did not differ significantly across all the genotypes, except for A001,
with a value of 0.00 in each character state. Also, NGB00182 produced the
highest leaf biomass. Generally, it was observed that the highest mean
performance for plant height, leaf biomass and seed weight are found in the
NGB genotypes while the AOO genotypes were observed to have remarkably
higher values in terms of leaf length, leaf area and root biomass.
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Table 5. Mean square effect of genotypes on growth and yield characters of C. argentea

GN PH (cm) LL (cm) LW (cm) LA(cm2)  PL(cm) NOI
A001 50.22¢foh  10.85¢fghi  5.80Nii 66.08¢f9 4.99cde 16.33defg
A002 46.19ni 11.850c 6.46¢de 79.79cd 5.80ab 18.67defgn
A003 51.24defg 1] 53bcde G 4(Qcdef 75.91cd 5.36abcd 22.31abc
A004 44 53i 10.12hiik 5.67hi 60.550hi 4.66¢de 14.75m
A005 45.07hi 12.892 6.85b¢ 94.79a 5.49abcd 21.64bcde
A006 54 52¢cde 11.90v 7.03a 84.21bc 5.952 20.19¢cdefg
A007 38.12k 10.24gnik  5,830hii 63.11fhi 5 5]abc 14.86Km
A008 4243 10.35¢ghik  5,78hij 61.969Ni 5.962 12.08m
A009 55.06bede  11.02¢cdefy  6.35def 72.81fe 5.5]abc 18.28fanii
A010 50.12¢foh  10.07ik 5.54ii 59.469hi 4.89cde 17.78ghiik
NGB00126  61.302 12.18v 6.60cd 83.82¢ 5.43abcd 23.70ab
NGB00128  57.85abc 10.92defgh  6,11efoh 68.78¢f9 5.12cde 20.9Qpbedef
NGB00129  54.85bcde  9.97ik 5.68hi 58.73hi 5.13cde 15.08ikim
NGB00133  35.22k 10.49¢nii 5.54i 63.64fah 5.1]cde 13.60m
NGB00136  52.32def 10.479nik 5 57ii 61.129ni 4.97cde 21.85abcd
NGB00137  47.50fshi 977k 5.55ii 54 95 4.60e 16.20i
NGB00138  62.082 10.69fghi 5.909Mij 65.64f 4.84de 20.50bedefg
NGB00151  56.68abcd  10.69efohi  6.00efehi 66.54¢f9 5.3 abcd 19.23cdefgh
NGB00155  47.13ghi 9.57k 5.45i 52.81i 4.97cde 17.25hijk
NGB00170  51.24efy 11.02defs  5,98fohij 67.40¢f 5.4 6abcd 17.90fghiik
NGB00172  51.68dfs  10.33¢hik  5.65ii 63.030¢hi 5.53abc 18.48fgni
NGB00177  61.152 11.980 7.302 90.11b 5.36abcd 20.33cdefg
NGB00179  56.57bcd 11 37cdef  § 3]defy 74.950 5.80ab 24.28a
NGB00182  49.32fh 11.61bcd 6.16defoh 73.26%f 5.22cde 19.00defgh
NGB00183  58.76 9.60k 3.06k 28.85i 5.63f 13.40m

Note: Mean with the same letter in the same column are not significantly different at
P=0.05 according to DMRT; KEYS: GN: genotype, PH: plant height, LL: leaf length, LW:
leaf width, LA: leaf area, PL: petiole length, NOI: no. of internodes on main stem.
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Table 6. Genotypic effect on agronomic and yield characters of Celosia argentea

GN NOLPP PHF(cm) NDF FLM(cm) NFPP LB(g) RB(g) SW(g) SHW (g)
A001 34.86¢efs 0,000 0.00>  0.00¢ 000¢ 000¢ 000> 000c  0.00¢
A002 4233 7.41a 7082 054abcd  308ebcd 4.69bcd 353 (08lc  11.08bc
A003 49332 572a 5892 0.64ac  406%cd 2194  311ab 189  7.22bc
A004 36.69df 5752 6502 041bd  1.83bcd 5QPabed §67ab 067  15.14abc
A005 47.92% 4,64 558 0.92a 425%cd 3Qcd 308 217abc 9720
A006 33.72¢fh 4,95 7.14a  0.63ebc 1.81bcd  7.11abcd 8282 061  16.33%
A007 2250k 8622 7342 056ecd  26Qabcd 628abcd 8752 100  16.92a
A008 22474 7.38a 7532 0.64ac  203bd 383bcd 272ab  070c 9,720
A009 28.78hik  7.43a 7472 0442cd 40942 258d 331ab  103bc 134420
A010 30970 7.40a 6752 05labed  3Q7abed 356cd  3.83a 136bc  11.8labc

NGB00126 38.83cde 6.112 5902 0.64abc 2.10bcd  223cd 1750  0.09¢  6.95¢
NGB00128 32.90fthi 8.47a 6.952 0.84ab 4.78abc  9.9labc  816a  2.17bc  15.82abc

NGB00129 26.33k 8.87a 6.302  (0.54abcd 3.93abed 7 57abc 7522 3072  1552abc
NGB00133 22.25! 8.392 6.752  (0.54abcd 3.90abcd 953abc  561ab  129bc  14.70abe
NGB00136 38.33cde  4.20b 5952 0.15d 0.48d  6.71abed 313ab  Q.11c 9.71bc
NGB00137 26.50ik 7.722 7.132  (0.54abcd 2.38bcd  823abc 8382  0.58¢ 12.70abe
NGB00138 37.98cde  6.74a 7.082 0.28cd 1.43bcd  7.26abed 47420 (Q.55¢ 9.72bc

NGB00151 29.30¢hi 7.462 4,982  0.80ap 6.682  59labed 398ab 4072  12.09abc
NGB00155 27.73ik 8.332 7.102  0.63abc 2.90abcd 9 20abc 7562  0.76¢ 16.12abc
NGB00170 26.45ik 7.962 8.032  (0.43abcd 0.73cd  592abcd 5492 026¢  9.85bc

NGB00172 40.13cd 856 8.182  (.42abcd 0.60cd  §.32abcd 39620  (0.28¢ 10.23bc
NGB00177 38.53cde  7.40a 6.852  (0.46abcd 1.93bed  7.96abc  550ab  128bc  15.32abc
NGB00179 46.58>  7.832 5982 0.71abc 2.56bcd  10.7820 8.062  1.20bc  13.54abc
NGB00182 30.98fshi 7.552 6.452  (0.54abcd 4,05abcd 11742 7.29ab  172bc 26,792

NGB00183 19.53! 8.342 8.002  (0.49abcd 1.20bcd  6.69abed 73320 (0.56¢ 13.18abe

Note: Mean with the same letter in the same column are not significantly different at
P=>0.05 according to DMRT; KEYS: GN: Genotype, NOLPP: no. of leaves per plant, PHF:
plant height at flowering, NDF: no. of days to flowering, FLM: fruit length at maturity,
NFPP: no. of flowers per plant, LB: leaf biomass, RB: root biomass, SW: Seed weight,
SHW: shoot weight.
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PCA of growth and yield characters of C. argentea

The result of the PCA analysis reveals that the quantitative characters of
C. argentea are delineated into nine different principal component axes (Table 7).
78% of the total variation is explained by the first three components (prin 1,
prin 2 and prin 3) with Eigen values 6.3, 3.89 and 1.49 respectively. The first
component, prin 1, is a measure of the agronomic and yield characters of
C. argentea. It captures 42% of the total variation and shows that plant height
(0.37) at flowering is closely related with number of days to flowering (0.36),
fruit length at maturity (0.36), number of flowers per plant (0.34), leaf biomass
(0.35), root biomass (0.35), seed weight (0.31) and shoot weight (0.37). Itis an
indication that these eight characters vary together.

Table 7. PCA of growth and yield characters of C. argentea

Characters Prinl Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 Prin8 Prin9

PH -002 0.23 05 0.1 0.77 0.15 0.25 01 0.04
LL -007 043 -026  0.03 0.14 0.03 -025 019 -0.69
LW -007 044 -027 0 0.1 0 -016 -021 0.64
LA -006 0.46 -026  0.03 0.09 0.03 -028 -001 0.08
PL -005 0.38 -022 -004 -027 0.09 0.85 0.08 -0.04
NOI 0.03 0.33 05 -011 -027 -001 -005 07 -0.2
NOLPP -001 032 0.49 -013 -039 -022 -017 061 0.18
PHF 0.37 0.02 0 -01 0.03 044 -0.03 0.05 01
NDF 0.36 0.02 0 -018 -004 053 -008 0.05 0.03
FLM 0.36 0.05 0.03 0.17 -015 031 -0.07  0.08 -0.06
NFPP 0.34 0.06 0 0.48 -006 -016 -001 -012 -0.05
LB 0.35 0.04 -008 -035 012 -0.32 004 0.02 -0.04
RB 0.35 0.02 -007 -032 014 -0.32 0.08 0 0
SW 031 0.06 0 0.63 -0.04 -023 0.06 0.06 0.08
SHW 0.37 0.03 -006 -02 0.13 -0.27  0.03 -0.03 -0.03

Eigenvalue 6.3 3.89 1.49 0.81 0.64 0.48 043 0.27 0.21
Proportion 0.42 0.68 0.78 0.83 0.88 091 0.94 0.95 0.97
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Prin 2, accounting for a little above a quarter of the total variation, gives
ameasure of the growth characters of C. argentea. It shows the closeness of leaf
length (0.43), leaf width (0.44) and leaf area (0.46) and number of leaves per
plant (0.49) while petiole length (0.38), number of internodes on stem (0.33)
and number of leaves per plant (0.32) are related to one another. This means
genotypes with large leaf length are likely to have large leaf width and leaf area
while genotypes with petiole length have similar characteristics with number
of internodes on main stem and number of leaves per plant. The third component
shows that plants height (0.50) is similar to number of internodes on main stem
(0.50). This implies that closeness of these traits could be used as a predictor
for the other. Overall, the observation from the PCA analysis confirms the result
of the correlation matrix which shows that the growth characters of C. argentea
are not significantly associated its agronomic and yield characters.

Correlation matrix among growth and yield characters of C. argentea

Correlation matrix for growth, agronomic and yield characters (Table 8)
show a highly significant positive relationship among the growth characters;
although, no significant correlation existed between the growth characters and any
of the agronomic and yield characters, it was observed that the agronomic and yield
characters are well related to one another. This suggests that the variation in
the growth characters does not affect the agronomic and yield characters.

Plant height had a positive correlation with leaf width (r = 0.5) and a
strong positive association with leaf length (r =0.63), leaf area (r =0.62), petiole
length (r = 0.61), number of internodes on main stem (r = 0.85), number of
leaves per plant (r = 0.79) at p<0.01. Leaf length is positive and strongly related
to leaf width (r = 0.86), leaf area (r = 0.94), petiole length (r = 0.77), number of
internodes on main stem (r = 0.65), number of leaves per plant (r = 0.64).
Likewise, leaf width is positive and strongly correlated with respect to leaf area
(r=0.95), petiole length (r = 0.77), number of internodes on main stem (r = 0.61)
and number of leaves per plant (r = 0.60). A positive and strong correlation exist
between leaf area and petiole length (r = 0.79), number of internodes on main
stem (r = 0.66) and number of leaves per plant (r = 0.68). Petiole length has a
strong positive correlation with number of internodes on main stem (r = 0.66)
and number of leaves per plant (r = 0.64). A positive and strong association also
exists between number of internodes on main stem and number of leaves per
plant (r = 0.68). Furthermore, plant height at flowering has strong positive
correlation with number of days to flowering (r = 0.97), fruit length at maturity
(r=0.90), number of flowers per plant (0.77), leaf biomass (r = 0.82), root biomass
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(r = 0.81), seed weight (r = 0.69) and shoot weight (r = 0.85). A strong positive
correlation was observed for number of days to flowering with fruit length at
maturity (r = 0.89), number of flowers per plant (r = 0.72), leaf biomass (r = 0.88),
root biomass (r = 0.81), seed weight (r = 0.63) and shoot weight (r =0.83). Fruit
length at maturity had strong and positive relationship with number of flowers
per plant (r =0.84), leaf biomass (r = 0.75), root biomass (r = 0.76), seed weight
(0.78) and shoot weight (r = 0.81). Number of flowers per plant had strong and
positive relationship with leaf biomass (r = 0.69), root biomass (r = 0.70), seed
weight (r=0.89) and shoot weight (r =0.77). Leaf biomass had strong and positive
correlation with root biomass (r = 0.92), seed weight (r = 0.61) and shoot
weight (r = 0.93). Root biomass also had strong and positive relationship with
seed weight (r = 0.62) and shoot weight (r = 0.92) while strong and positive
association existed between seed weight and shoot weight (r = 0.69) (Table 8).

Frequency, diversity of alleles and PIC of C. argentea genotypes using
ISSR markers

A total of six polymorphic primers of ISSR markers were used to investigate
the genetic diversity and molecular relationship of C. argentea genotypes (Figure 1,
Table 2). The percentage gene diversity recorded 80% while the polymorphism
in the population was diverse at 78%. The number of allele ranges from 4.0 to
15.0 with a mean of 10.50. Major allele frequency ranges from 0.24 to 0.48, with
amean of 0.35. Gene diversity and PIC varied from 0.67 to 0.87 and 0.61 to 0.85
with means of 0.80 and 0.78 respectively. There was variation in major allele
frequency, number of alleles, gene diversity and PIC. Primer ISSCR3 had the
highest major allele frequency at 0.48 and primer UBC866 had the lowest major
allele frequency at 0.24. Primers ISLA, ISSCR-2, ISSCR-4, and ISSCR-5 had major
allele frequencies of 0.28, 0.32, 0.36 and 0.44 respectively. Primer ISSCR2 had
the highest number of alleles at 15.0, primer ISSCR5 had the lowest number of
alleles at 4.0, primers ISLA and ISSCR3 had the same numbers of allele at 12.0,
while primers UBC866 and ISSCR4 had allele numbers of 11.0 and 9.0 respectively.
Primer UBC866 had the highest value for gene diversity at 0.87, the lowest
value of gene diversity was found in primer ISSCR5, primers ISSCR2 and ISLA
had gene diversity values of 0.86 while primers ISSCR3 and ISSCR4 had gene
diversity values of 0.74 and 0.81 respectively. PIC was highest in primers
UBC866 with 85.40% followed by ISLA with 85.22% and ISSCR2 with a value
85.21%. Primer ISSCR5 had the lowest PIC value at 60.61%, while primers
ISSCR4 and ISSCR3 had PIC values of 77.67 and 72.45 respectively (Table 9).
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Table 8. Correlation matrix among growth and yield characters of Celosia argentea

characer P LW LA PL o o P e M 1BRB W sy

PH

LL 063**

LW 057* 086*

LA 062** 094** 095

PL 061** 077* 077** 079

NOI 085 065 061* 066™ 066

NOLPP 079** 064** 060** 065** 064** 088*

PHF 045s 022, 019 023 026/ 045 036m

NDF 046n  024n 019 024n 0260 0460 037 097*

FLM 043r 025 020 0260 027s 046 039s 090 089**

NFPP 037rs  022rs 019 024 0220 039 031s 077 072 084**

LB 038s 022 019s 0220 023 039s 031s 082 080 0.75** 069**

RB 037 019 016~ 019 022 037 030 081* 080 076 070" 092**

SW 035s 021s 018 022s 022s 034s 029s 069* 063* 078 089* 061** 062**

SHW 040s 022 019s 022 023 039s 032 085** 083* 081** 077** 093* 092** 069**

ACC 008» -008s -016™ -014m -008= 002 -008= 005 003 000s -002 008s 005 001 004

WK 092** 061 054* 059 062~ 081* 074 050* 051* 048 040 043 042 036 044 007

REP 000 005s 008s 006% -004r -000 -007s 001 -000™ -000 001 -002r -003r 0Q00™ -001rs -000m -000ms
Note: * P<0.05 significant, ** P<0.01 highly significant, ns=not significant; KEYS: PH:

Plant Height, LL: leaf length, LW: leaf width, LA: leaf area, PL: petiole length, NOI: no. of
internodes on main stem, NOLPP: no. of leaves per plant, PHF: plant height at flowering,
NDF: no. of days to flowering, FLM: fruit length at maturity, NFPP: no. of flowers
per plant, LB: leaf biomass, RB: root biomass, SW: Seed weight, SHW: shoot weight,

SOV: sources of variation, ACC: Genotypes, WK: Weeks, REP: Replicates.
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Figure 1: Gel Photograph showing 25 Celosia argentea genotypes with primers:
a. (ISSCR-2 (CA)s AG), b. (ISSCR-3 (CA)s CG), c. (ISSCR- 4 (CT)s TG),
d. (ISSCR- 5 (CA)s AC), e. (ISLA- (AGC)4 G) and f. (UBC-866 (CTC)s).

Note: Order of loading gel from well 1-27: NGB00129, A006, NGB00155, NGB00182,
A005, NGB00128, NGB00183, NGB00179, NGB00151, NGB00138, A003, NGB00126,
A002, NGB00172, A001, NGB00170, A004, A008, NGB00136, NGB00137, control,
ladder, AO0O7, A010, NGB00177, AO09, NGBO0133 and ladder.
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Table 9. Frequency, diversity of alleles and PIC of Celosia argentea
genotypes using ISSR markers

Marker I\:‘I?ggzglr:g/e obsengl-acgons Allele No disgrseity PIC (%)
UBC-866 0.24 25.00 11.00 0.87 85.40
ISSCR-2 0.32 25.00 15.00 0.86 85.21
ISLA 0.28 25.00 12.00 0.86 85.22
ISSCR-3 0.48 25.00 12.00 0.74 72.45
ISSCR-4 0.36 25.00 9.00 0.81 78.67
ISSCR-5 0.44 25.00 4.00 0.67 60.61
Mean 0.35 25.00 10.50 0.80 7793

Dendogram showing qualitative characters of C. argentea genotypes

The result of the cluster analysis in Figure 2 shows that C. argentea
genotypes clustered into six main groups based on their qualitative characters.
Groups 1, 4 and 6 are groups comprising of single genotypes each namely
NGB00128, NGB00179 and NGB00126 respectively. Group 2 composed of
A010,NGB00136, A005, A006, A0O07, A008, NGB00183, A0O04, NGB00137, A001
and A003. Group 3 contains NGB00177, NGB00182, NGB00138, NGB00170,
A009, NGB00172, and A002 while group 5 contains the remaining genotypes.
The clustering indicates that NGB00128, NGB00179 and NGB00126 are more
distantly related to each other than any of the other NGB genotypes but are
more related to the market accessions.
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Figure 2. Dendogram showing qualitative characters of Celosia argentea genotypes

Dendogram showing genetic relatedness of C. argentea genotypes

The dendogram in Figure 3 consist of five clusters and two monolifolious
groups (A003 and A005). Cluster 1 had the highest number of genotypes (12),
while clusters 2 and 3 had each at least 2 genotypes. NGB00182 and NGB00172,
as well as NGB00128 and NGB00177 are closely related. Also, NGB00126
and NGB00137 are genetically related as compared to NGB00179. Meanwhile
NGB00151 and NGB00136 are related and A0O04 and A010 are closely related in
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cluster 2 and 3. In cluster 4, AO0O2 and NGB00156 are closely related to each
other while in cluster 5, AO0O6 and A0OQ7 are closely related to each other, and
also A0O1 and NGB00137 (Figure 3). The result in Figure 4 depicts that the
growth habit, leaf shape and leaf color are more closely related than petiole
pigmentation and colour of flowers across the qualitative character studied in
all twenty-five genotypes of C. argentea.
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Figure 3. Dendogram showing genetic relatedness of Celosia argentea genotypes
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Figure 4. Scattered diagram of qualitative characters of Celosia argentea genotypes

Discussion

The information on genetic variability of morphological characters is of
economic importance and pre-requisite for studies on any plant species
(Olawuyi and Fawole 2005; Begna and Begna, 2021), it as well enables effective
conservation and utilization of crop germplasm. Variations observed in the
mean performance of the growth and yield characters of C. argentea across the
accessions are in line with the findings of Olawuyi et al., (2015). The plant height
among growth characters exhibited positive and significant relationship with
other characters studied as similarly observed by Nwangburuka et al., (2012).
However, genotype A005 from Oluyole Local government performed best for
growth and NGB00182 performed best for yield related characters. The findings
from correlation matrix shows that plant height shows a highly significant
positive relationship among the growth characters as similarly observed by
Nwangburukaet al., (2012) and Olawuyi et al., (2014). The correlation between
plant height and growth characters is an implication that selection based on
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plant height will favour the growth characters and does not affect those of the
agronomic and yield characters (Balbaa et al., 2022). Likewise, plant height at
flowering shows a positive and significant correlation with number of days to
flowering, fruit length at maturity, number of flowers per plant, leaf biomass,
root biomass, seed weight and shoot weight.

The PCA from Prin.1 which accounted for the highest variation conformed
to the findings made by Olawuyi et al., (2016), previously observed by Olakojo
etal,, (2005), and Olowe et al., (2013). The principal component analysis reveals
the variation patterns among the assessed characters and primarily accounts
for the variation within a group of entries (Aremu et al.,, 2007). This method
supplements the insights gained from cluster analysis techniques as it provides
more detailed information regarding distances among major groups (Taran
et al., 2005). This suggests that significant characters converging in specific
components, contributing to variability, tend to be associated together. This
presents an opportunity for their utilization in crop improvement strategies.
Overall, the observation from the PCA analysis confirms the result of the
correlation matrix and shows that the growth characters of C. argentea are not
significantly correlated to its yield characters. In this study, cluster analysis and
dendrogram show that cluster groups consist of genotype from different
geographical locations with diverse variability, these may be due to cultivation
approach and genetic makeup of individual genotype. This agrees with the
findings by Ganapathy et al., (2011) who accounted that wide adaptability of
different genotype has been attributed to population genetic architecture,
selection history and approach under domestic cultivation and developmental
traits. The relationships that exist among the genotypes in the clusters show
that there were genetic similarities which were similarly reported by Bamgbegbin
et al, (2016). This indicates these genotypes could be useful as breeding material
in the improvement of this crop.

Christopoulos et al. (2010) demonstrated the utility of ISSR markers
across various domains including genetic diversity assessment, phylogenetic
studies, gene tagging, genome mapping, and evolutionary biology in numerous
plant species. Moreover, Mariana et al. (2012) highlighted that ISSR markers
effectively delineate high genetic variation among genotypes, facilitating their
unambiguous identification. In this study, ISSR markers were employed to
evaluate the level and distribution of genetic diversity in 25 accessions of Celosia
argentea. The markers revealed over 85% polymorphism, indicating extensive
genetic variability. The substantial polymorphism observed with the utilized
primers aligns with the findings of Rakoczy-Trojanowska and Bolibok (2004),
who noted a similarly highly polymorphic pattern when employing microsatellite
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sequence-based reaction primers in plants. Also, amplification with the ISSR
primers yielded highly informative patterns supporting the reports of Basel (2011).
The differences in major allele frequency, number of allele and gene diversity
accounted for variations in the population. This is supported by the reports of
Denton (2004), Bamigbegbin et al., (2016) and Oduwaye et al. (2014).

Conclusion and recommendation

Genetic evaluation and enhancement of Celosia argentea germplasm
will be pivotal in future studies and the improvement of vegetable crops. The
findings indicate that certain traits, including plant height, leaf length, leaf
width, leaf area, petiole length, number of internodes on the main stem, and
number of leaves per plant, exhibit strong linear relationships and could serve
as selection criteria for enhancing other vegetable crops. Genotype A005
displayed superior performance for growth traits, whereas NGB00182 excelled
inyield-related characteristics. The primer UBC-866 (CTC)s demonstrated high
polymorphism and gene diversity. Generally, all AOO market genotypes exhibited
early emergence, while NGB genotypes showed elevated values for plant height,
leaf biomass, and seed weight. Conversely, AOO genotypes exhibited notably
higher values in terms of leaf length, leaf area, and root biomass.
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Abstract. Diaphonization is a technique used in developmental biology,
anatomy, and comparative morphology to visualize and study the internal
structures of small organisms. In this study, we used diaphonization to
visualize the development of chicken embryos (Gallus gallus). Diaphonization
was performed on chicken eggs at different stages of development, from
10 to 13 days of incubation, and the resulting specimens were analyzed
using microscopy. The results suggest that for embryos older than 14
days, a longer storage time in 1% KOH is recommended (approximately
30% longer incubation time compared to the original protocol). In the
case of more developed chicken embryaos, itis also recommended to carry
out evisceration. These results provide insight into the early stages of avian
development and may have applications in the fields of developmental
biology and anatomy.

Keywords: diaphonization protocol, chicken embryo development, skeletal
visualization, developmental biology, avian skeletal adaptation.

Introduction

Diaphonization, also known as “clearing and staining”, is a staining technique
used to prepare wet specimens, typically animal embryos or small vertebrates
(Liutenko et al., 2023). The process involves making the tissues of the specimen
transparent while staining cartilage and bone to make them more visible (Chitra
and Sharon, 2020; Vovk et al.,2022).
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In the past, this technique has been used primarily for anatomical studies,
scientific research and educational purposes. It allows for a detailed examination
of internal structures, particularly skeletal and soft tissues, aiding in the
understanding of anatomical features, their development, and variations among
different species (Atanasoff et al., 2018). The resulting specimens can be further
used for scientific purposes or as an educational tool in universities or public
museums (Liutenko et al., 2023). Moreover, by making internal structures visible,
diaphonization aids in the comparison of anatomical features between different
species, contributing to the understanding of evolutionary relationships and
adaptations (Khan et al., 2015; Tsandev et al., 2020).

While newer imaging technologies have advanced in recent years, providing
non-destructive ways to visualize internal structures, diaphonization continues
to be used due to its ability to provide detailed, three-dimensional insights into
anatomical structures, especially bones and cartilage, which some imaging
technologies like X-ray microtomography or magnetic resonance microscopy
may not capture as comprehensively. Additionally, this technique is crucial
nowadays in the field of developmental biology because it allows for the
visualization of embryos and their developmental stages in intricate detail
(Stern, 2022). This leads to researchers being able to study how skeletal elements
and organs form and change during development, identify abnormalities or
variations in development and understand evolutionary relationships and
adaptations across different taxa (Atanasoff et al., 2018).

The diaphonization protocol used on rat embryos (see materials and
methods section) was tested on chicken embryos and optimized in order to
obtain viable wet specimens. The modifications were mandatory since the chicken
embryo is significantly larger than the rat embryo after twelve days of incubation
(Hamburger and Hamilton, 1951). The specific stage of embryonic development
is an important element in adapting the diaphonization protocol. Late-stage
embryos, from the 15t day of incubation, have some internal organs, such as air
sacs and guts, much more developed than mid-stage embryos, from the 10th day
of incubation, which need to be taken into consideration when using this technique
(Chatterjee, 2015). While rat embryos follow mammalian developmental patterns,
chicken embryos show avian developmental characteristics such as feathering
(Sullivan et al., 2017). Those feathers are a hindrance to the staining process,
making them also a thing to consider when working with chicken embryos
(Gofur, 2020).

In this context the main objectives of this study were to optimize the
diaphonization protocol, making it viable for chicken embryos; and to highlight
skeletal structures in upper limb, lower limb and tail.

144



DIAPHONIZATION IN CHICKEN EMBRYOS

Materials and methods

The diaphonization protocol was completed two times. For each attempt,
20 chicken eggs of farm origin were incubated at 37°C in a manual, still-air mini-
incubator, and turned daily. The eggs were evenly taken out of incubation after
10, 11, 12 and 13 days, following this, the protocol was applied. The experiment
was performed in duplicate during a two month period. During the second
experiment, the eggs were removed from the incubator two days earlier
compared to the first batch. Details of the experimental design are presented in
Table 1.

Table 1. Steps of the diaphonization protocol performed
on chicken (Gallus gallus) embryos.

Day Number of eggs Steps _ Number of
sampled viable embryos
1 20 Start of incubation i
2-11 Manual egg turning
Embryo extraction, washing in tap
12 3 water and fixation in 35mL ethanol 3
96%
Embryo extraction, washing in tap
13 6 water and fixation in 35mL ethanol 5
96%
Embryo extraction, washing in tap
14 11 water and fixation in 35mL ethanol 3
96%
11 embryos were used for the rest of the experiment
15 Staining with Alcian blue solution for 24 hours
16 Washing twice in 35mL ethanol 96% for 5 minutes each

and store in 35mL ethanol 96% for 24 hours
Clarification with 35 mL KOH solution (1%) for 6 hours
17 Staining with Alizarin red solution for 3 hours
Clarification with 35 mL KOH solution (2%) for 2 days
Washing in 35 mL of 80/20 solution made of KOH (2%)

18 and glycerin for 5 hours

19 Washing in 35 mL of 60/40_ solutior_1 made of KOH (2%)
and glycerin overnight

20 Storage for unlimited time in 35 mL of 20/80 solution

made of KOH (2%) and glycerin
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The experimental design was adapted after the diaphonization protocol
for rat embryos (provided courtesy of Prof. Dr. lacob Checiu, not published):

1) Fixation using 35mL of 96% ethanol for 3-5 days;

2) Staining for 24 hours. using Alcian blue (final concentration 0.15 mg/mL)
dissolved in a solution consisting of 80 mL of 96% ethanol and 20 mL of
glacial acetic acid;

3) Washing twice using 35mL of 96% ethanol for 5 minutes each;

4) Storage of the resulting embryos for 24 hours. in 35 mL of 96% ethanol;

5) Carification using 35 mL of KOH solution (1%) for 2-6 hours;

6) Staining for 1-3 hours. using Alizarin red (final concentration 0.05 mg/mL)
dissolved in 1L of KOH solution (2%);

7) Clarification using 35mL of KOH solution (2%) for 4 hours. to 3 days;

8) Washing the embryos twice after clarification with 35 mL of KOH(2%)/
glycerin solution with a ratio of 4:1 and 3:2 for 24 hours each.

9) Storage the embryos for unlimited time in 35 mL of 1:4 solution made of
KOH (2%) and glycerin.

Results and discussions

The protocol was successfully implemented for chicken embryos between
10 and 13 days of incubation. As embryos approach the late-stage of development,
their bones and cartilages are much more matured and well-defined, making the
12t and 13t day embryos the most successful in terms of staining from our
batch (Figure 1).

Figure 1. Chicken (Gallus gallus) embryos from the 12th day of incubation.
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Highlighted structures

The skeleton of birds is particularly adapted to flight. Both limbs and
girdles have been modified during evolution to make this type of movement
more effective (Chatterjee, 2015; Gofur, 2020). These changes can be observed
during the development stages of the embryos (Hamburger and Hamilton,
1951, Nambaet al., 2010), the most important and significant ones, captured by
us are described below.

Upper limb. Inthe upper limb of the 10th day chicken embryo (Figure 2A)
the staining observed is predominantly Alcian blue, with little to no red, due to the
coloring agent’s action on the polysaccharides, specifically on the glycosaminoglycans
present in cartilages (Liutenko et al., 2023). It allows for the differentiation of
the structures constituting the wing, such as the humerus, radius, ulna, carpals,
metacarpals and phalanges. Embryos from the 11t day of incubation (Figure 2B)
present a more intense Alizarin red staining compared to the embryos on the
10th day. The phalanges are more clearly defined, and due to the staining, we
can observe the metacarpals, which will later fuse. Fingers 3 and 4 display Alizarin
red staining, while finger 2 only shows Alcian blue staining. This finger displays

Figure 2. Upper limb of the chicken embryo from the 10t (A), 11t (B),
12t (C) and 13t (D) day of incubation.
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Alizarin red staining for the first time in the specimens from the 12th day (Figure
2C), those also having the radius, ulna, and the metacarpal of finger 3 wider
compared to the previous embryos. On day 13 (Figure 2D), the carpal and wrist
bones are clearly visible. Additionally, the dilation of the phalange in finger 3
increases while the metacarpal of finger 4 becomes thinner.

Table 2. Summary of observations for the upper limb of chicken embryos.

Day of incubation Observations
The structures constituting the upper limb, such as the
10th day humerus, radius, ulna, carpal bones, metacarpal bones, and
of incubation phalanges, are differentiated. The predominant staining is
Alcian blue.

Alizarin red staining appears in the humerus, radius, ulna,
carpal bones, metacarpal bones, and phalanges, except for the
phalanges of finger 2.

11t day
of incubation

The more intense Alizarin red staining is due to osteogenesis,
12th day which also appears in the phalanges of finger 2. There isa
of incubation dilation observed in the phalanx of finger 3. The radius, ulna,
and metacarpal of finger 3 are wider.

The carpal and the wrist bones are visible. The dilation of the
phalanx in finger 3 increases, while the metacarpal bone of
finger 4 becomes thinner.

13th day
of incubation

Lower limb. On the 10t day of incubation we observe the femur, tibia,
and fibula very clearly (Figure 3). Between the tibia and the phalanges, which
only have an Alcian blue staining, are the three bones that, through fusion, will
form the tarsometatarsal bone. On the 11th day of incubation, the phalanges are
more developed, the fibula differentiates more slowly compared to the tibia,
and the Alizarin red staining is more pronounced due to the presence of
osteocytes containing calcium. The embryo on the 12th day of incubation shows
Alizarin red staining on the phalanges, except for the posteriorly positioned
digit 1, which changes its shape by narrowing the areas where osteocytes are
present. The Alcian blue staining is only found at the knee and heel levels,
otherwise, Alizarin red is predominant. On the 13t day of incubation, osteocytes are
present even in digit 1, evidenced by the Alizarin red staining. The three bones
forming the tarsometatarsal are close but not yet fused. The claw-like shape of
the distal phalanges in all digits is very distinct (Table 3).
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Figure 3. Lower limb of the chicken embryo from the 10th (A),
11t (B), 12t (C) and 13t (D) day of incubation.

Table 3. Summary of observations for the lower limb of chicken embryos.

Day of incubation Observations

The femur, tibia, fibula, and the bones that will form the
tarsometatarsal exhibit Alizarin red staining in addition to Alcian
blue staining. The phalanges only have blue alcian staining.

The phalanges are more developed and the fibula differentiates
more slowly compared to the tibia. The Alizarin red staining is
more pronounced.

All phalanges, except those of digit 1, show Alizarin red staining,
and the areas where it appears are narrower. Alcian blue staining
is present around the phalanges only at the knee and heel level.

The phalanges of digit 1 exhibit Alizarin red staining; the three
bones forming the tarsometatarsal are close but not fused. The
distal phalanges of all digits have a claw-like shape.

10th day
of incubation

11t day
of incubation

12th day
of incubation

13th day
of incubation
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Tail and pygostyle. The vertebrae that will contribute to the formation
of the tail are spaced and decrease in length up to the last coccygeal vertebrae
in the embryo on the 10t day of incubation (Figure 4). The structure is entirely
Alcian blue. Condensed areas of Alcian blue staining are observed on the sides
of the vertebrae in the embryo on the 11t day of incubation, and the last
vertebrae are getting closer to each other. The vertebra from the embryo in the
12th day of incubation are larger and closer to each other in order to form the
pygostyle. The last ones are going to partake in the process of fusion. In the 13th day
of incubation, the developing pygostyle is very well observed. All vertebrae are
closer and interconnected, and the coccygeal ones are partially fused or in the
process of fusion. Alizarin red staining is absent in this case as well (Table 4).

J

4t ,ﬁh

Figure 4. Tail of the chicken embryo from the 10t (A), 11t (B),
12th (C) and 13t (D) day of incubation.

These findings underscore the intricate process of skeletal development
in chicken embryos, offering a detailed timeline of bone and cartilage formation.
This knowledge is pivotal for developmental biology, providing a framework
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for studying skeletal abnormalities and evolutionary biology. One example of
evolutionary study is the tarsometatarsal bone, which in the chicken embryo is
made up of three bones unfused, meaning that it has the structure closely
related to that of reptiles, such as Archaeopteryx.

Table 4. Summary of observations for the tail of chicken embryos.

Day of incubation Observations
10th day The staining is entirely Alcian blue. The vertebrae are
of incubation consistently spaced and naturally decrease in length.

Distinct areas of condensed Alcian blue staining are
observed on the sides of the vertebrae. The last vertebrae
are getting closer to each other.

11th day
of incubation

12th day The proximity of the vertebrae intensifies. They are wider
of incubation and narrower, and the last ones are in the process of fusion.

The developing pygostyle can be observed. All vertebrae
are close and interconnected, and the coccygeal ones are
partially fused or in the process of fusion.

13th day
of incubation

Protocol improvements

The improvements made to the diaphonization protocol are targeted
towards embryos with darker skin pigmentation or those that have surpassed
14 days of incubation and are more developed. Since the staining shows lower
efficiency and clarity in these cases, we recommend a longer storage in 1% KOH,
approximately 30% more than the initially mentioned time. The clarification
stage being extended by almost two hours allows the KOH to chemically break
down more soft tissue. Another suggestion would be to add an evisceration step
before fixation, ensuring that the stains in bones and cartilages are more
distinct and clear.

Such improvements can be applied for staining other organisms as well,
but further research needs to be done. The size and complexity of organs or
specific features, such as feathers in our case, contribute to the list of factors
needed to be taken into account for a successful staining.
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Conclusions

The protocol was successfully applied for chicken embryos up to the 13th
day of incubation, those being also the best specimens obtained. Due to the
reduced efficiency and clarity of staining the embryos older than 14 days of
incubation or with darker skin pigmentation, we propose the following
modifications to the protocol: extending the clarification step and performing
an evisceration. Firstly, by extending the clarification stage by 30% beyond the
initial time, we allow the 1% KOH to chemically decompose more soft tissue.
Secondly, through evisceration, we remove internal organs and facilitate the
staining of the structures of interest.

Highlighted structures that are closely linked to phylogenetic evolution
are the upper limbs, the lower limbs, and the tail and pygostyle. In embryos
from days 10-13 of incubation, the upper limb undergoes significant changes at
the wing tip level. Alizarin red staining appears later in the wing tip compared
to the humerus, radius, or ulna. Digit 4’s metacarpal thins to fuse with digit 3's
metacarpal, which dilates at the penultimate phalanx. Digit 2 remains less
developed, maintaining a consistent size. The lower limb shows notable changes at
the terminal segment, where phalanges enlarge, thin medially, and take on a claw-
like shape. The three bones forming the tarsometatarsal bone remain unfused, a
trait seen in reptiles, particularly Archaeopteryx. In the tail, caudal vertebrae
converge, with the last four fusing to form the pygostyle, and the beginning of
the fusion of the first caudal vertebrae is also clearly observed to form the sacral
bone. This region is entirely stained with Alcian blue, with no Alizarin red
staining observed.

Further exploration with this staining technique will most likely lead to
advances in the quality of the protocol for a broader range or organisms. With
this development, more progress can be made in the field of developmental
biology and anatomy by using diaphonization for comparative analysis between
different species, embryonic studies or even for educational purposes in universities
of public museums.
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Abstract. Olea europaea L. 1753, is one of the oldest and most distinctive
trees in the Mediterranean region. Its nutritional, social, cultural, and
economic value is very important for populations in arid regions, where
it is widely distributed. A sign of a sustainable environment in many
agricultural regions is the existence of a wide variety and abundance of
arthropod groups. The main objective of the study is to evaluate the diversity
of arthropods subservientin in olive agro-systems in the arid region by using
several sampling techniques, namely classic sight hunting, visual inspection,
Barber pots, and yellow traps. The inventory is carried out over a period
of 5 months, from February to June 2023, in three stations in M’Sila
(northeastern Algeria). Three classes of arthropods were found: Insecta,
Arachnida, and Malacostraca. Captures were numerically dominated by
Insecta, representing 96.88% of total captures. Arachnida and Malacostraca
classes represented about 2.74 and 0.38%, respectively. During this
research, a total of 1861 arthropod individuals were collected and identified
into 83 species, 79 genera, 53 families, and 15 orders. The most abundant
orders were: Diptera (42.56%), Hymenoptera (28.11%), and Coleoptera
(7.32%). However, we found a significant difference in species composition
according to habitat (P < 0.01). The species were determined, and the
ecological indices were calculated (Shannon Value, Evenness values and
Simpson reciprocal index). The dominant functional feeding groups were
phytophages (41.91 %), predators (32.94%), and polyphages (22.14%).
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The arthropods included several olive pests such as Euphyllura olivina (Costa)
(Hemiptera: Liviidae), Bactrocera oleae (Rossi) (Diptera: Tephritidae), Prays
oleae (Bernard) (Lepidoptera: Praydidae), Liothrips oleae Costa (Thysanoptera:
Phlaeothripidae), and Oxycenus maxwelli (Keifer) (Arachnida: Eriophyidae).

Keywords: diversity, arthropods, pests, olive grove, species richness, arid
land.

Introduction

The olive tree (Olea europaea L. 1753) is among the most ancient and
distinctive trees, holding significant historical and regional importance, particularly
in the Mediterranean area. It is widely dispersed, and its nutritional, social,
cultural, and economic value to the communities in this region is immense, as
noted by Claridge and Walton in 1992. Olives, which are small trees belonging
to the Oleaceae family, are indigenous to tropical and warm temperate zones
worldwide.

Olives are grown in a variety of agroecological zones, mostly in plain and
hilly areas (Gkisakis et al, 2014). These agroecological zones differ in terms of
elevation, biotic factors, pedoclimatic conditions, and landscape structure. In
Algeria, the olive tree is a major element of the agricultural economy. The areas
cultivated for olive growing in Algeria reach 450,000 hectares, with an olive
number reaching 6.2 million trees and a production of 7 million quintals of
olives and nearly 70,000 tons of olive oil (DSASI, 2018; Amrouni Sais et al.,, 2021).
M'Sila province occupies the most important rank in Algeria, with an established
area of 11500 hectares (DSA, 2023). The irrigated areas have become widespread
in the interior department due to rain deficiency and climate change. Olive
production faces threats from various arthropods and pathogens that affect
olive trees. Despite the hardiness and adaptability of the olive tree, enabling it
to thrive and produce even in difficult ecological conditions, most olive plantations
in Algeria are marked by either aging trees or a lack of proper cultural care
(Chafaa, 2013).

Large populations of arthropods are present in the agroecosystem, and
these populations are impacted by agronomic techniques, temperature, humidity,
rainfall, and the surrounding crop (Divya Sri et al, 2023). A few are harmful, such
as agriculture pests and disease vectors whereas, others are beneficial, such
as decomposers, seed dispersers, pollinators, and natural enemies of pests
(Deghiche-Diab et al, 2021). Numerous pest species cause significant harm to
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the olive tree and its yield by growing on its fruit, foliage, flowers, and timber
(Chafaaetal, 2019a). Itis noteworthy to mention that climate is the main driver
that controls the distribution range of arthropods as well as the seasonal
variation in their community composition (Chenchouni et al, 2015; Chafaa et al,
2019a). Few studies have investigated the biodiversity of arthropods subservient
to olive groves under arid and semiarid conditions carried out in Algeria
(Chafaa et al, 2019a, Deghiche-Diab et al, 2021).

The main objective of this study is to assess the diversity of arthropods
subservient to the agro-systems of olive plantations grown in three arid zones
in M’Sila province (north-eastern Algeria).

Materials and methods

Study area

M'Sila is located in northeastern Algeria. Overall, it is part of the region
of the East Highlands and extends over an area of 18 718 km?. It is composed
of 47 municipalities grouped into 15 dairas. The area is characterised by a
Mediterranean arid bioclimatic stage with a mild winter (Q. = 17.02 - 19.84,
m = 3.37 to 4.10°C, M = 38.87 to 40.06°C, P = 182.94 to 201.86 mm) based in
weather data from nearby meteorological stations (Zedam et al, 2022). The
rainy season spans from October to May, while the dry season typically persists
until August. The region’s Mediterranean climate is influenced by the Sahara
(Mimeche and Oliva-Paterna, 2018). Hydrologically, this environment is linked
to a rainfall regime marked by pronounced irregularities leading to the absence
of permanent flows from most watercourses (Mimeche, 2014). Agriculture,
still the primary occupation in the M’sila region, focuses on the production of
vegetables, cereals (barley and corn) and olive orchard, adapting to the available
water supplies. The arable land area covers an area of 50,000 ha, with 50% of
it under irrigation (Abdesselam et al, 2013). The majority of the groundwater
in the M'Sila region is situated below 125 m.

Sample collection

The research was conducted from February to June 2023, in three pilot
orchards located at different sites in M'Sila: Ouled Mansour (S1), Ouled Sidi
Amor (S2) and District Ksob (S3) (Tab. 1). This period was chosen as it corresponds
to the peak activity of many arthropods, and abundances exhibits the most
significant differences across farming systems (Cotes et al, 2011).
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To prevent the edge effect, all samplings were carried out more than 30
meters from the olive grove's edge (Carpio et al, 2019). It is important to
combine different sample techniques since prior research has demonstrated
that some sampling strategies might lead to a significant bias towards specific
species. In this study, we used three sampling methods-pan traps, bait traps,
and sweep nets - following the methodology outlined by Castro et al. in 2017.

The traps were placed above the ground and between olive trees to
enhance visibility to arthropods; they were set at each study site for two weeks
using different technics. We employed a combination of qualitative sampling
(classical hunting) (Colas, 1974), and a quantitative sampling using different
methods including trapping (colored traps, Barber pots, fly gobbles), and mowing
(Benkhelil, 1991), as well as striking (Fauvel et al, 1981).

The sampled species were taken to the laboratory and preserved in tubes
filled with 70% alcohol. Each tube was labeled with essential information, including
the date of collection, the type of traps used, and the specific site. In the laboratory,
the collected insects were sorted, counted, and finally identified using specialized
identification keys.

Table 1. Characteristics of studied Stations.

Site Ouled Mansour Ouled Sidi Amor District KSob
(51) (52) (53)
Latitude 35°48’59”N 35°56'51”N 35°49'07”"N
Longitude 4°27°07"E 4°22’58"E 4°33’55”E
Altitude (m) 504 828 556
Vegetation Olive tree, pistachio tree, Olive tree Olive tree,
eggplant and Grenadine
chili pepper
Number and 160 chemlal, 140 sigoise 95 chemlal 105 chemlal
variety of and 150 different variety and 50 Azeradj
olive tree
Irrigation by channel by drip by drip
Implantation 2002 2009 2010
date
Treatments do not benefit from phytosanitary treatments
Statistical analysis

Diversity parameters of arthropods, diversity in each region of olive
orchards were evaluated by calculating: (i) the relative frequency (RF) of each
arthropod order (RF= percentage of the number of individuals of a species on
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the total number N in each station); (ii) species richness (S), which represents
the total number of species identified; (iii) the N/S ratio; (iv) Shannon diversity
index (H): H=-X((ni/ N )x log2( ni N )), with ni represents the abundance of
speciesiand N is the total number of individuals of a given sample; (v) evenness
(E) with E = H/H max, where H max= log2 S (Magurran 2004); (vi) Simpson
reciprocal index, SRI = (1/D ), with D=X(ni(ni-1)/N(N-1)); and (vii) the SRI/S
ratio, which varies between 0 and 1. Some diversity parameters (N, S, RF) were
expressed at the level of taxonomic orders to facilitate comparisons with
previous studies (Chenchouni, 2017; Chafaa et al, 2019a).

We used Kruskal-Wallis to assess impacts of habitat (grouping factors)
on biodiversity and species abundances. All of these analyzes were developed
using PAST 4.16. 2024.

Results

Abundances and relative frequency of arthropods

A taxonomic composition analysis of the species identified in the study
area revealed the presence of 83 species from 1861 individuals in 3 classes, 15
orders, 53 families, and 79 genera. In the M’Sila region, three classes of arthropods
were found: Insecta, Arachnida, and Malacostraca.

Insecta accounted for 96.88% of all captures, while Arachnida and
Malacostraca classes represented approximately 2.74 and 0.38%, respectively.
At the Ouled Mansour station, 65 species belonged to 14 orders; Ouled Sidi
Amor station had 57 species belonged to 14 orders, and in the Ksob district
station, insects included 54 species in 13 orders (Tab. 2). The Kruskal-Wallis
test revealed a significant variation in arthropods abundances between the
three stations (x*= 10.28, P < 0.01).

Out of a total of 1,861 individuals collected during the sampling period
in three olive grove, the most abundant species were from Diptera order;
Bactrocera oleae (7.52%) and Musca domestica (6.99%). In Ouled Mansour
station, the most abundant species was Bactrocera oleae (Diptera) (10.27%);
Musca domestica (9.53%), Apis mellifera (8.39%), Chlorops sp, and Halictuss
cabiosae (5.83%) in OuledSidi Amor station. In the district Ksob, the most
abundant species were from Diptera order Bactrocera oleae (10.55%) and Musca
domestica (8.97%), Blattodea order; Blatta orientalis (8.44%), and Hymenoptera
order; Aphaenogaster rupestris (5.28%).
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Arthropods families with high capture frequency included Thephritidae
(18.49%), Formicidae (11.04%), and Syrphidae (7.06%) in Ouled Mansour
station; in Ouled Sidi Amor Apidae (14.94%), Formicidae (13.51%), Syrphidae
(9.67%), Muscidae (9.53%) and Calliphoridae (7.82%); in the district Ksob
olive grove Thephritidae (13.46%), Formicidae (11.35%), Blattidae (10.82%),
Syrphidae (5.54) and Myrmicinae (5.28%). The abundance of other orders was
<5% in all three stations of olive groves (Tab. 3). The Kruskal-Wallis test
showed a significant relationship between the abundances of arthropods
families in the three stations (x*= 6.20, P < 0.01).

Arthropods orders with high capture frequencies were Diptera (42.88%),
Hymenoptera (21.05%), Coleoptera (6.68%), and Hemiptera (5.91%) in Ouled
Mansour station; in the second station Ouled Sidi Amor, Diptera (45.95%),
Hymenoptera (37.98%), Coleoptera (5.83%), and Homoptera (5.12%). In the
district Ksob olive grove; Diptera (35.62%), Hymenoptera (37.98%), and
Blattodea (10.82). The abundance of other orders was <5% in all three olive
groves (Tab. 4). Overall, there was no difference in the frequency of abundance,
as indicated by the non-significant variation in abundances between stations
(Kruskal-Wallis test, P> 0.05).

Table 2. Systematic list of the relative frequency (RF)
of arthropods and functional feeding group recorded
in olive groves at three stations in M’Sila, Algeria.

. . RF (%)
Class Order Family Species s1 2 s3 Overall
L Locusta migratoria 0.13 0.14 3.69 0.86 Phy
Acrididae — -
Orthoptera Anacridium aegyptium 244 000 079 1.18 Phy
Gryllidae Gryllus campestris 0.00 0.28 1.32 0.38 Phy
Myzus sp. 0.26 0.00 0.26 0.16 Phy
Aphididae Aphis gossypii 0.51 0.00 0.26 0.27 Phy
Homoptera Aphis fabae 0.64 0.00 0.00 0.27 Phy
Psyllidae Euphyllura olivina 1.54 441 2.64 2.85 Phy
Insecta Pentatomidae ~ Palomena sp 0.13 0.71 0.00 0.32 Phy
. Coccinella algerica 0.64 0.14 2.37 0.81 Pre
Coccinellidae - - -
Hippodamia variegata 0.26 0.43 0.00 0.27 Pre
Chrysomelidae Longitarsus sp 0.00 0.43 0.00 0.16 Phy
Coleoptera Anobiidae Lasioderma sp 0.13 0.00  0.00 0.05 Phy
Phl i
Curculionidae - Hoeotribus 000 071 026 032 Phy
scarabeoides
Melyridae Psilothrix sp 0.39 0.00 0.00 0.16 Phy
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Class

. . RF (%

Order Family Species 1 2 ( )S 3 Overall
Cryptophagidae Cryptophagus sp 0.26 0.00 0.26 0.16 Phy
Geotrupidae Geotrupessp 0.00 0.28 0.00 0.11 Cop
Scarabaeidae  Phyllognathus excavatus ~ 1.67 028 1.06 1.02 Sap
Tenebrionidae Omophlus sp 0.00 0.43 0.26 0.21 Pre

Tenebrio molitor 0.26 0.00 0.00 011 Pol
Melolonthidae ~ Amphimallonsolsticialis 0.00 000 211 043 Phy

Amara sp 0.13 0.00 1.58 038 Pre

Calathus fuxipes 141 028  0.00 0.70 Pre

. Chlaenius spoliatus 0.00 0.28 0.00 0.11 Pre

Carabidae -

Badister sp 0.00 0.00 0.79 0.16 Pre

Harpalussp 0.13 0.00 0.53 0.16 Pre

Carabusfami ninumidus 0.00 1.56 0.00 0.59 Pre
Staphylinidae ~ Tachyporus hypnorum 0.00 0.57 0.00 0.21 Pre
Cleridae Trichodes alvearius 141 0.43 211 1.18 Pre

. Eupeodes corollae 3.34 484 317 3.87 Pre

Syrphidae -

Toxomerus marginatus 3.72 484 237 3.87 Pre
Muscidae Musca domestica 3.72 953 897 6.99 Pol
Drosophilidae  Drosophila melanogaster ~ 1.54 299 0.53 188 Sap

Calliphora 154 484 237 296 Pol
Calliphoridae erythrocephala

Calliphora vicina 2.18 1.14 1.32 1.61 Pol

Chloroprocta sp 0.77 1.85 0.00 1.02  Pol

Diptera . Chlorops sp 3.98 654 290 473 Phy
Chloropidae -

Thaumatomyiaglabra 0.26 2.70 0.00 113 Pre
Sarcophagidae  Sarcophaga sp 0.51 0.00 0.00 0.21 Pre
Bactrocera oleae 1027 284 1055 752 Phy
Tephritis postica 1.80 0.28 0.00 0.86 Phy
Tephritidae Tephritis praecox 141 0.00 0.79 0.75 Phy
Ceratitis capitata 4.62 213 2.11 3.17 Pol
Trupanea guimari 0.39 0.00 0.00 0.16 Phy
Tachinidae Phryxe vulgaris 2.82 142 053 1.83 Pol
Camponotus sp 3.34 2.99 0.00 2.53 Pre
Monomorium salomonis ~ 1.54 2.28 211 193 Pre
Cataglyphis bicolor 193 2.56 2.64 231 Pre
Hymenoptera Formicidae ~  |coomorium 000 000 396 081 Pre
lanuginosum
Tapinoma 218 384 053 247 Pre
melanocephalum
Tapinoma nigerrimum 2.05 185 211 199 Pre
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. . RF (%)
Class Order Family Species 1 2 S3 Overall
Myrmicinae Aphaenogaster rupestris ~ 0.00 000 528 1.07 Pre
Halictidae Halictus scabiosae 2.70 5.83 0.53 344 Phy
Scoliidae Scolia sp 0.39 0.71 0.00 043 Pre
. Anthidium laterale 1.54 1.71 0.79 145 Phy
Megachilidae — -
Hoplitis anthocopoides 0.51 000 237 0.70 Phy
Vespidae Polistes gallicus 0.64 000 026 032 Pre
Nomada cinnabarina 0.00 384 026 1.50 Phy
Andrena bicolor 0.39 114 132 0.86 Phy
Apidae Eucera oraniensis 0.00 0.43 1.06 0.38 Phy
Bombus terrestris 0.26 114  0.00 0.54 Phy
Apis mellifera 2.70 839 053 441 Phy
Braconidae Psyttalia concolor 0.90 1.28 0.26 091 Pre
Aeolothripidae  Aeolothrips sp 0.64 0.00 0.00 0.27 Pre
Thysanoptera — - -
Phlaeothripidae Liothrips oleae 0.26 0.57 0.00 032 Phy
Ectobiidae Dziriblatta stenoptera 0.00 014  0.00 0.05 Phy
Blattodea . Periplaneta americana 1.93 0.28 2.37 1.40 Pol
Blattidae - -
Blatta orientalis 1.54 000 844 236 Phy
D " Forficulidae Forficula auricularia 141 0.28 1.06 091 Pol
CTMAPTEA Anisolabididae  Anisolabis maritima 000 071 000 027 Pol
Coniopterygidae Conwentzia psociformis 1.80 000 132 1.02 Pre
Neuroptera -
Chrysopidae Chrysoperla carnea 2.82 0.28 1.06 1.50 Pre
) Noctuiidae Agrotis segetum 0.39 0.00 0.26 0.21 Phy
Lepidoptera -
Praydidae Prays oleae 1.16 0.57 0.00 0.70 Phy
Lyctocoridae Lyctocoris sp 0.77 0.00 0.00 032 Pre
Hemiptera Pentatomidae = Nezara viridula 2.82 0.43 2.64 1.88 Pol
Lygaeidae Spilostethus pandurus 2.31 0.28 0.26 113 Phy
Mantodea Mantidae Mantis religiosa 0.00 0.57 0.53 032 Pre
Agelenidae Lycosoides coarctata 0.00 000 026 0.05 Pre
Aranea Lycosidae Trochosa sp 0.26 0.00 0.00 011 Pre
Arachnida Dysderidae Dysdera crocata 1.16 0.43 0.26 0.70 Pre
Aculops | ici 244 000 0.00 1.02 Ph
Trombidiformes Eriophyidae cuops ycoperszczl Y
Oxycenus maxwelli 1.16 0.14 1.58 0.86 Phy
Malacostraca Isopoda Agnaridae Hemilepistus sp 0.90 0.00 0.00 0.38 Phy

FFG, functional feeding group; Phy, phytophagous species; Pre, predatory species; Cop,
coprophagous species; Sap, saprophagous specie; Pol, polyphagous species.
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Table 3. Summarisation of species richness (S) and relative frequency (RF)

for arthropods family recorded in olive groves, M’Sila (Algeria).

Family S1 S2 S3 Overall
S RF (%) S RF (%) S RF (%) S RF (%)
Acrididae 2 2.57 1 0.14 2 4.49 2 2.04
Gryllidae 0 0.00 1 0.28 1 1.32 1 0.38
Aphididae 3 1.41 0 0.00 2 0.53 3 0.70
Psyllidae 1 1.54 1 4.41 1 2.64 1 2.85
Pentatomidae 1 0.13 1 0.71 0 0.00 1 0.32
Coccinellidae 2 0.90 2 0.57 1 2.37 2 1.07
Chrysomelidae 0 0.00 1 0.43 0 0.00 1 0.16
Anobiidae 1 0.13 0 0.00 0 0.00 1 0.05
Curculionidae 0 0.00 1 0.71 1 0.26 1 0.32
Melyridae 1 0.39 0 0.00 0 0.00 1 0.16
Cryptophagidae 1 0.26 0 0.00 1 0.26 1 0.16
Geotrupidae 0 0.00 1 0.28 0 0.00 1 0.11
Scarabaeidae 1 1.67 1 0.28 1 1.06 1 1.02
Tenebrionidae 1 0.26 1 0.43 1 0.26 2 0.32
Melolonthidae 0 0.00 0 0.00 1 2.11 1 0.43
Carabidae 3 1.67 3 2.13 3 2.90 6 2.10
Staphylinidae 0 0.00 1 0.57 0 0.00 1 0.21
Cleridae 1 1.41 1 0.43 1 2.11 1 1.18
Syrphidae 2 7.06 2 9.67 2 5.54 2 7.74
Muscidae 1 3.72 1 9.53 1 8.97 1 6.99
Drosophilidae 1 1.54 1 2.99 1 0.53 1 1.88
Calliphoridae 3 4.49 3 7.82 2 3.69 3 5.59
Chloropidae 2 4.24 2 9.25 1 2.90 2 5.86
Sarcophagidae 1 0.51 0 0.00 0 0.00 1 0.21
Tephritidae 5 18.49 3 5.26 3 13.46 5 12.47
Tachinidae 1 2.82 1 1.42 1 0.53 1 1.83
Formicidae 5 11.04 5 13.51 5 11.35 6 12.04
Myrmicinae 0 0.00 0 0.00 1 5.28 1 1.07
Halictidae 1 2.70 1 5.83 1 0.53 1 3.44
Scoliidae 1 0.39 1 0.71 0 0.00 1 0.43
Megachilidae 2 2.05 1 1.71 1 3.17 2 2.15
Vespidae 1 0.64 0 0.00 1 0.26 1 0.32
Apidae 3 3.34 5 14.94 4 3.17 5 7.68
Braconidae 1 0.90 1 1.28 1 0.26 1 091
Aeolothripidae 1 0.64 0 0.00 0 0.00 1 0.27
Phlaeothripidae 1 0.26 1 0.57 0 0.00 1 0.32
Ectobiidae 0 0.00 1 0.14 0 0.00 1 0.05
Blattidae 2 3.47 1 0.28 2 10.82 2 3.76
Forficulidae 1 1.41 1 0.28 1 1.06 1 0.91
Anisolabididae 0 0.00 1 0.71 0 0.00 1 0.27
Coniopterygidae 1 1.80 0 0.00 1 1.32 1 1.02
Chrysopidae 1 2.82 1 0.28 1 1.06 1 1.50
Noctuiidae 1 0.39 0 0.00 1 0.26 1 0.21
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Family S1 S2 S3 Overall
S RF (%) S RF (%) S RF (%) S RF (%)
Praydidae 1 1.16 1 0.57 0 0.00 1 0.70
Lyctocoridae 1 0.77 0 0.00 0 0.00 1 0.32
Pentatomidae 1 2.82 1 0.43 1 2.64 1 1.88
Lygaeidae 1 2.31 1 0.28 1 0.26 1 1.13
Mantidae 0 0.00 1 0.57 1 0.53 1 0.32
Agelenidae 0 0.00 0 0.00 1 0.26 1 0.05
Lycosidae 1 0.26 0 0.00 0 0.00 1 0.11
Dysderidae 1 1.16 1 0.43 1 0.26 1 0.70
Eriophyidae 2 3.59 1 0.14 1 1.58 2 1.88
Agnaridae 1 0.90 0 0.00 0 0.00 1 0.38
Total 65 100 55 100 53 100 83 100

Table 4. Summarisation of species richness (S), relative frequency (RF) and variation
of diversity indices for arthropods orders recorded in olive groves, M’Sila (Algeria).

order S1 S2 S3 Overall
S RF (%) S RF (%) S RF (%) S RF (%)

Orthoptera 2 2.57 2 0.43 3 5.80 3 2.42
Homoptera 5 3.08 2 5.12 2 3.17 5 3.87
Coleoptera 11 6.68 12 5.83 10 11.35 20 7.31
Diptera 16 42.88 14 45.95 11 35.62 16 42.56
Hymenoptera 14 21.05 14 37.98 15 24.01 18 28.05
Thysanoptera 2 0.90 1 0.57 0 0 2 0.59
Blattodea 2 3.47 2 0.43 2 10.82 3 3.82
Dermaptera 1 1.41 2 1.00 1 1.06 2 1.18
Neuroptera 2 4.62 1 0.28 2 2.37 2 2.53
Lepidoptera 2 1.54 1 0.57 1 0.26 2 0.91
Hemiptera 3 591 2 0.71 2 2.90 3 3.33
Mantodea 0 0 1 0.57 1 0.53 1 0.32
Aranea 2 1.41 1 0.43 2 0.53 3 0.86
Trombidiformes 2 3.59 1 0.14 1 1.58 2 1.88
Isopoda 1 0.90 0 0 0 0 1 0.38
S 65 57 54 83
N 779 703 379 1861
Ratio N/S 11.98 12.33 7.02 22.42
Shannon_H 3.195 2.83 3.069 3.213
Evenness e"H/S 0.581 0.446 0.5815 0.4687
Simpson 1-D 0.9336 0.917 0.9348 0.9396
Ratio SRI /S 0.0144 0.0161 0.0173 0.0113

164


https://fr.wikipedia.org/wiki/Mantidae

DIVERSITY OF ARTHROPODS IN OLIVE GROVES (ALGERIA)

Variation of insect diversity parameters

The variation in insect diversity parameters was evident across the olive
groves, particularly between Ouled Mansour and district Ksob stations. The
insects spices richness recorded in Ouled Mansour station was notably higher
(65 species), compared to Ouled Sidi Amor, and district Ksob station, which
recorded 57 and 54 species respectively (Tab. 4). The average number of
individuals per species (ratio N/S) was higher in Ouled Sidi Amor station
(12.33) compared to the other stations (11.98 in Ouled Mansour. and 7.02 in
district Ksob). However, the values of Shannon diversity index and evenness
were very close between Ouled Mansour and district Ksob olive groves (H' =
3.19; E=0.5and H' = 3.07; E = 0.58 respectively). Both stations showed greater
diversity compared to Ouled Sidi Amor (H' = 2.83. E = 0. 44). In addition, the
values of Simpson reciprocal index (SRI) and SRI/S very close across all olive
groves in M’Sila region.

Functional diversity

In all three olive groves stations, phytophagous, predators and polyphagous
arthropods were the most frequently captured (Tab. 5). In terms of the number of
species. phytophagous arthropods were the most abundant, totaling 36 species
across the entire M'Sila region, followed by predators arthropods with 33
species. Polyphagous arthropods, on the other hand, exhibited a species richness
of 11 species across all olive groves. Other functional groups displayed lower
numbers and richness (Tab. 5).

Table 5. Species richness (S) and relative frequency (RF in %) for the functional
feeding groups of arthropods captured in olive groves located in M’Sila (Algeria).

S1 S2 S3 Overall
Trophic status
S RF (%) S RF (%) S RF(%) S RF(%)

Coprophages 0 0 1 0.28 0 0 1 0.11
Phytophages 30 42.49 21 40.54 23 4327 36 4191
Polyphages 10 22.08 10 22.62 8 2137 11 22.14
Predators 24 32.22 21 33.29 21 33.77 33 32.94
Saprophages 2 3.21 2 3.27 2 1.58 2 2.90
Total 66 100 55 100 54 100 83 100
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Discussion

Arthropods play a crucial role in the food web as herbivores, predators,
parasitoids, and detritivores, thus making significant contribution to biodiversity.
This study was designed to gather information about arthropod biodiversity in
olive groves. Throughout all the olive groves, a diverse range of specimens from
various taxa was discovered, with insects particularly dominating the captures
in terms of numbers. During the present study a total of 1861arthropods
belonging to 83 species were recorded from three olive groves: Ouled Mansour
station, Ouled Sidi Amor, and district Ksob. Comparing these results with those
of other inventories conducted in Algeria and various countries, we find that
they have relatively significant importance. Chafaa et al. (2019a) used the same
trapping technique in Batna region and reported the presence of 1325 individuals
distributed among 15 species. In a study by Deghiche-Diab et al. (2021), 725
individuals belonging to 69 taxa of arthropods were caught in olive grove in
Biskra, (Algeria). Jiménez-Garcia et al. (2019) reported 2275 individuals distributed
among 25 families, with species trapped belonging to the classes of Arachnida and
Insecta in vineyard agroecosystems in La Rioja (Spain). The presence of some
spontaneous plants adapted to the climate conditions of the region attracts
more phytophagous and pollinating insects mainly during the spring (Chafaa
et al, 2019a; Deghiche-Diab et al, 2021).

The Tephritidae family, consisting of fruit flies, was the most abundant
family of the Diptera order, that was collected mainly from yellow sticky traps
(Ullah et al, 2023). These flies are widely recognized across the world as major
pests of economically valuable fruits in gardens and orchards (Courtney et al,
2017; Ullah et al, 2023). Within the Diptera order, O. europea flowers attracted
various number of different Syrphidae species (Canale and Loni, 2010).
According to Santos et al. (2007) and Cotes et al. (2011), the most prevalent
taxon in olive orchard soil is Formicidae. It is commonly known that Formicidae
play a significant role in agricultural ecosystems. They actively contribute to soil
improvement, pollination, natural control, and nutrient management (Gongalves
and Pereira, 2012).

Sampled arthropods belonged to 12 insect orders, 2 Arachnida orders,
and 1 Isopoda. Diptera, Hymenoptera, and Coleoptera are the three most dominant
arthropod taxa in our study region. Happe et al. (2019) reported, the coleopteran
and dipteran were more common in organic than in integrated pest management
(IPM) orchards. Hymenoptera dominated below-ground arthropod groups, as
revealed by a comprehensive analysis of terrestrial arthropod populations in
dry areas of southeast Spain (Pifiero et al., 2011). Hymenoptera are important
in terms of abundance in the arid area as they find ideal ecological conditions
to thrive (Chafaa et al, 2019a).
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The Shannon diversity index, Evenness and Simpson reciprocal index
offer a comprehensive overview of the diversity across all populations. These
indices take into account the number of individuals from various populations,
including different stand and trophic groups, in addition to the number of
species (Chafaa et al., 2019b).Importantly, these diversity indices provide more
information than simply counting the numbers of species present (Drouai et al.,
2018).

The dominance of phytophagous arthropods in the studied groves in
M’Sila region can be attributed to the permanent presence of water in olive
orchards and the high specific diversity of herbaceous plants in the olive grove
understory, which provides abundant food resources (Chafaa et al, 2019a).
According to Haddad et al, (2009), the low plant diversity can lead to a decrease
in arthropod diversity and a shift in trophic structure. Phytophagous insects
exhibit a high degree of selectivity for plant species that they prefer (Chafaa
et al, 2019b). The phytophagous species represented by pollinators from bees
(Apis mellifera; Bombus terrestris; Halictus scabiosae) and ants (three species of
Tapinoma), are related to the flowering period of olive trees and the presence
of weeds in and around field (Deghiche-Diab et al, 2021). Nectar from flowers
likely serves as a significant food source for species within the Tapinoma genera
(Seifert, 2016). We have recorded five phytophagous arthropods considered
serious pests in olive cultivation. These includes four species belonging to the
insect class: Euphyllura olivina (Homoptera), Bactrocera oleae (Diptera), Liothrips
oleae (Thysanoptera), Prays oleae (Lepidoptera), as well as one species in the
arachnida class: Oxycenus maxwelli (Arachnida). Several studies have mentioned
the presence of certain olive tree pests in Algeria, E. olivina (Chafaa et al, 2019a;
Chabaane et al,, 2023), B oleae and L. oleae (Chafaa et al, 2019a; Deghiche-Diab
etal, 2021), P.oleae (Nichane and Khelil, 2015; Ilias et al, 2017), and olive bud
mite Oxycenus maxwelli (Arachnida) (Smith Meyer, 1990). The abundance of
phytophagous arthropods has a positive impact on the evolution of natural
predators, as arthropods serve as a food source for predators (Susanti et al, 2022).

In the study region, predators constitute the second most diverse group
after phytophagous arthropods. Predators play a vital role in agroecosystems
by controlling the populations of arthropod pests (Chafaa et al, 2019a). In fact,
the three stations do not undergo any phytosanitary treatment. The four most
important predators identified are: Psyttalia concolor, Chrysoper lacarnea, Coccinella
algerica, and Hippodamia variegata. This predatory parasite complex contribute to
the regulation of olive tree. The polyphagous are the third group. Numerous
polyphagous species reside in plants, and these species can act as alternate
hosts or prey for many entomophagous species. Due to their polyphagous nature,
entomophagous species interact with phytophagous species specifically linked to
olive trees (Gonzalez-Ruiz et al,, 2023).
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Conclusions

In conclusion, our results reveal that the dominant arthropods in our
olives groves belong to the following orders and families: Diptera (Tephritidae,
Muscidae, Syrphidae, and Chloropidae), Hymenoptera (Formicidae and Apidae),
Coleoptera (Carabidae, Cleridae, Coccinellidae, and Scarabaeidae). The dominant
functional feeding groups were phytophagous and predators. We recorded five
phytophagous arthropods, identified as serious pests in the olive grove of M'Sila
(Euphyllura olivina, Bactrocera oleae, Liothrips oleae, Prays oleae and Oxycenus
maxwelli). Many natural enemies were supported by pest populations as a source of
food. These results provide a fundamental tool for directing prevention and control
efforts against the primary pests of olive trees.
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Abstract. Malocclusion, characterized by its diverse phenotypic expression,
significantly impacts patients’ quality of life. Over recent years, extensive
attention has been directed towards the genetic basis of this condition,
particularly focusing on various polymorphisms of the MATN1 gene.
Among these, the rs1065755 polymorphism has emerged as particularly
relevant, associated with an elevated risk of mandibular prognathism. In
this study, employing DNA sequencing, we investigated the extent of
association between the rs1065755 SNP and malocclusion risk within the
Romanian population. Our approach concentrated on assessing continuous
phenotypic variation through four cephalometric measurements, aiming
for a comprehensive understanding beyond categorical phenotypes. The
findings shed light on the relationship between the MATN1 rs1065755 SNP
and the investigated dentofacial disorder, revealing a positive association
between TT homozygous individuals and Class Il skeletal malocclusion.
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However, further investigations employing larger sample sizes are
necessary to validate these findings conclusively.

Keywords: malocclusion, MATN1, rs1065755, cephalometric measurements.

Introduction

Malocclusion represents a multifaceted oro-facial anomaly, exhibiting
complexity both in its phenotypic expression and genetic underpinnings. It
manifests as a disharmony in growth between the maxillary and mandibular
structures, resulting in an improper relationship between the two dental arches
(Nishio and Huynh, 2016, Weaver et al., 2017). The growth and development of
the mandible are influenced by a combination of environmental factors and
genetically predetermined intrinsic factors. According to Angle’s classification
system, based on the relative position of the Maxillary First Molar, malocclusion is
categorized into three classes: Class |, Class I, and Class Il (Yadav et al., 2014).

Class I malocclusions represent one of the most common conditions in the
daily clinical practice, being more common than normal occlusion. Individuals
exhibiting Class | malocclusion typically demonstrate normal molar relationships,
yet their teeth are misaligned within the occlusal line due to malpositioned teeth,
rotations, spacing, overbites, open bites, posterior crossbites, or anterior crossbites
(Buschang, 2014). When the patient exhibits a phenotype characterized by a maxilla
protruding relative to the mandible (or a mandible retruded), accompanied by a
convex facial profile, the condition is classified as Class Il. Conversely, Class Il
malocclusion is characterized by a protruded mandible relative to the maxilla
(or amaxilla retruded), resulting in a concave facial profile. Class 11l encompasses a
wide spectrum of phenotypic variations, with mandibular prognathism being
the most well-known (Liu et al., 2009, Li et al, 2010, Hardy et al, 2012,
Doraczynska-Kowalik et al., 2017).

These latter two types of malocclusions (11 and 111) are frequently encountered
among orthodontic patients and significantly impact both their masticatory
functions and aesthetic appearance, as well as their mental well-being, leading
to a diminished quality of life (Graber et al., 2017, Ma et al., 2019, Liu et al.,
2009). Hence, acomprehensive understanding of the genetic factors underlying
this complex trait is imperative to facilitate accurate diagnosis and effective
treatment by orthodontists (Zabrina et al., 2021, Weaver et al., 2017).

172



MATN1 GENE’S ROLE IN MALOCCLUSION

Among the candidate genes implicated in malocclusion, the MATN1
(matrilin-1) gene situated on chromosome 1p35.2 (GRCh38.p14; NCBI accession
number: NC_000001.11) is of particular interest in this study. MATN1 encodes a
cartilage extracellular matrix protein pivotal in enhancing and sustaining the
chondrogenesis process upon stimulation by TGFb1 (Moreno Uribe and Miller,
2015, Pei et al, 2008). Notably, MATN1 is markedly upregulated during
chondrogenesis (Stokes et al., 2002). Given the correlation of multiple single
nucleotide polymorphisms (SNPs) with malocclusion, this paper focuses on the
rs1065755 polymorphism (8572 C>T), which has been associated with an
elevated risk of mandibular prognathism in Korean population (Jang et al.,
2010). Other studies address the potential genetic predisposition linked to the
MATNL1 gene in various dental conditions across populations primarily from
India (Rathod et al., 2023, Balkhande et al,, 2018), Korea (Yamaguchi et al.,, 2005),
and Indonesia (Laviana et al., 2021), leaving the European space a less explored
territory.

In this frame, this research work aims to identify the connection between
mutation in gene encoding MATRILIN-1 (rs1065755) and the risk of various
malocclusion types in the Romanian population, with specific consideration to
continuous phenotypic variation as demonstrated by four different cephalometric
measurements.

Materials and methods

The experimental sample comprises a total of 78 Romanian patients of
both genders (50 females and 28 males) with an average age of 21.8 years. The
sample set originated from the records of a private clinic and were included in
this study only after an informed consent was obtained from the patients who
volunteered for the study. Exclusion criteria involved instances of growth
disturbances, syndromes, cleft lip and palate, missing teeth, inadequate quality
of radiographic records, unsigned consent forms, and trauma. The patients
were categorized into study (skeletal class Il and 111) and control groups based
on the cephalometric morphology. The studied cephalometric measurements
included ANB (Point A-Nasion-Point B), SNA (Sella-Nasion-Point A), SNB (Sella-
Nasion-Point B) angles, as well as the Wits appraisal (AoBo). The SNA angle
denotes the maxillary position, where values exceeding the mean (82°) indicate
maxillary prognathism, while values below the mean suggest maxillary
retrognathism. The SNB angle assesses mandibular position relative to the
cranial base, with values surpassing the mean (80°) indicating mandibular
prognathism and values lower than the mean suggesting mandibular retrognathism.
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Jaw disparity is evaluated through ANB (mean of 0-2°) and AoBo (mean of 0-2 mm)
angles. Elevated values relative to the mean signify a Class Il tendency, while
values below the mean indicate a Class Il trend (Ghergie et al.,, 2013a). Based
on these parameters, the analyzed sample set consists of 37 patients classified
under class Il anomalies, 25 categorized with class 11l malocclusion, and 16
belonging to the control group.

Buccal swabs were obtained from all patients for molecular investigations and
promptly transported on ice to the genetic laboratory for DNA isolations and
amplification. Genomic DNA was extracted from oral mucosa cells using the
Animal and Fungi DNA Preparation (Jena Bioscience, Germany) following the
manufacturer’s guidelines. After the quality and quantity of genomic DNA was
evaluated using NanoDrop 1000 Spectrophotometer (ThermoFischer Scientific,
US), the gene fragment containing the target SNP (rs1065755) was amplified.
A 330 bp segment of MATN1 gene was amplified using the forward 5'-
CACCTTCTGGTTCTGCCAACT-3' and reverse 5’-CATCCCCATGTCCAGCCTTAC-3’
primers (Jang et al,, 2010). The PCR reaction was optimized and consistent
results were obtained when using the following reaction mixture: 1x Reaction
Buffer, 2.5 mM MgCl;, 0.2 mM each dNTP, 0.5 uM of each primer, 1.25 units/
reaction of MangoTaq polymerase (Bioline, Meridian Bioscience, USA), and 1 pl
of DNA template. The standard amplification conditions were initial denaturation
at 95°C for 5 minutes, followed by 35 cycles of 95°C for 30 seconds (denaturation),
62°C for 30 seconds (annealing), 72°C for 30 seconds (extension), and a final
extension of 72°C for 5 minutes. The PCR products were visualized on a 1.5%
agarose electrophoresis gel (Cleaver Scientific Ltd, Warwickshire, United Kingdom).
The expected amplicons were purified from the agarose gel using FavorPrep
GEL/ PCR Purification Kit (Favorgen Biotech Corp., Pingtung, Taiwan), and
subjected to Sanger sequencing at Macrogen Europe (The Netherlands). To
screen for the rs1065755 C>T MATN1 polymorphism the obtained sequences
were aligned in BioEdit Sequence Alignment Editor v. 7.2.5.0 (Hall, 1999) along
with the reference sequence deposited in NCBI (NC_000001.11).

Frequencies of alleles and genotypes between malocclusion cases and
control individuals were analyzed. To assess the associations between MATN1
gene polymorphisms and mandibular prognathism, the Pearson Chi-square test
was performed, and the standardized residuals were visualized using the corrplot
package, available with R 4.1.1 (R Core, 2020). A p -value of less than 0.05 was
considered statistically significant (p <0.05). Furthermore, to evaluate the
relationship between the cephalometric parameters and the genetic variability
at the investigated locus a principal component analysis (PCA) was computed
using the prcomp function of R and visualized in a two-dimensional space using
ggplot2 package.
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Results

Of the total number of selected individuals, the SNP of MATN1 gene
(rs1065755) was successfully genotyped in 75 instances. Overall, the wildtype
allele (C) exhibited a frequency of 64.67%, while the alternate variant (T) appeared
with a frequency of 35.33%. Remarkably, the observed allele frequencies within
the Romanian population closely align with global frequencies, with a minor
difference of 1.87. This discrepancy becomes even more negligible when comparing
allele frequencies with those of the European population, reveled by the ALFA
project (Phan et al., 2020). The heterozygous were dominant (54.67%), followed
by wildtype homozygous (37.33%), and a smaller proportion of homozygous
for the mutant allele (8%).

While there is only a slight variation in terms of allelic frequency among
the investigated categories (mandibular retrognathism, prognathism and controls
having orthognathic mandible) (Fig. 1a), there is a sizeable difference exists in
genotypic composition among malocclusion types (Fig. 1b). The highest frequency
of mutant homozygous (TT) is observed in Class Il individuals (11.76%), it
decreases to 8.33% in Class Il and it is completely absent from the control group,
inwhich the T allele is exclusively present in heterozygous individuals, constituting
the most frequent genotype (64.71%).
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Figure 1. Allelic (a) and genotypic (b) frequencies
in the investigated malocclusion types.

Moreover, the Pearson’s Chi-squared test for each allele in a category of
individuals (chi-squared = 0.45, p-value = 0.7984) indicated that there is not
enough evidence to suggest an association between allele type and a class of
orthodontic deformity. On the other hand, the correlation plot for the Pearson’s
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chi squared test residuals for each genotype in a class (chi-squared = 13.056, p-
value = 0.01082) showed a positive association between TT homozygotes and
Class Il malocclusion, as well as a negative correlation between this genotype
and the control group (Fig. 2). At the same time, the heterozygotes show an
opposite pattern.
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Figure 2. Correlation plot for the Pearson’s chi squared test residuals
for each genotype in a class (p-value = 0.01082).

The PCA performed based on four cephalometric measurements (Fig. 3)
shows a clear division between the Class Il malocclusion and Class 11l cases
along the PC1 and PC2 components, capturing 80.57% of the variance is
displayed. Samples from the control group are dispersed along a diagonal
between these categories, except for one outlier (the farthest heterozygous on
the PC1 component). However, there is no evident clustering of the samples
based on the identified genotype. The PCA analysis was performed exclusively
on individuals with complete records, encompassing a total of 47 samples with
both genetic and cephalometric measurements available.
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Figure 3. Principal Component Analysis (PCA) performed based on
four cephalometric measurements.

Discussion

Class Il and 11l malocclusion are recognized as complex dentofacial anomalies,
with varied prevalence across ethnic groups and geographic areas, and as such a
comprehensive understanding of the genetic basis is crucial for the development of

innovative, personalized therapies, as well as more effective preventive strategies
(Dehesa-Santos et al., 2021, Moreno Uribe and Miller, 2015). Research into
hereditary factors as the root cause of mandibular deformities such as mandibular
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prognathism and advancements in genetics highlight the quest for gene candidates
associated with mandibular prognathism (Zohud et al., 2023). It has been
suggested that genetic investigations concerning Class Il and | malocclusion are
scarce and characterized by small sample sizes, uncertainty regarding the
generalizability of findings to populations of diverse ancestries, and narrow
trait definitions that overlook the intricate phenotypic spectrum of malocclusion
(George et al,, 2021). Previous studies have identified several gene candidates
as genetic contributors to skeletal malocclusion class Il and 111 (some reviewed in:
(Subono et al., 2021, Doraczynska-Kowalik et al., 2017, Mokhtar et al., 2020)).
Across various ethnicities, studies have suggested that genes correlated with
mandibular prognathism are situated in different loci.

The MATNL1 gene, located on chromosome 1p35.2, is involved in the
regulation of matrilin-1 synthesis in endochondral skeletal growth and has
been identified as a candidate gene that could serve as a biological marker in
mandibular prognathism (Jang et al., 2010). The majority of studies examining
the association between matrilin-1 gene polymorphisms and craniofacial issues
have concentrated on East Asian populations. This is likely due to the higher
prevalence of dental malocclusion in this region compared to other ethnicities
(Lone et al., 2023). Through the examination of three MATN1 polymorphisms
(-158 T>C, 7987 G>A, 8572 C>T) in the Korean population, Jang et al. (2010)
demonstrated that the 8572 C>T polymorphism is associated with an elevated
risk of mandibular prognathism, whereas the 7987 G>A polymorphism exhibits
a protective effect. Although demonstrating comparable minor allele frequencies of
rs1065755 C>T between Koreans and Indians, the latter population did not
exhibit a significant association with mandibular retrognathism at either the
genotype or allele level (Balkhande et al., 2018). In contrast, the frequencies
observed in the Romanian population differ and the TT genotypes are positively
correlated with Class Il malocclusion (Fig. 2). In a different study (Kulkarni et al,,
2020), albeit somewhat constrained by a small sample size, rs20566 and
frameshift variants at rs1065755 exhibited notably higher frequencies in 35
skeletal Class Il patients with mandibular prognathism compared to 30 control
individuals from an Indian population. By studying the MATN1 gene’s association
with mandibular prognathism in the Deutero-Malay race in Indonesian subjects,
Laviana et al. (2021) indicate that polymorphism of exon 5 regions of the MATN1
gene, 354 T>C (rs20566) CC genotype, is the risk factor of such craniofacial disorder.
In this case no CC genotype was identified in the control group. Similarly, our study
reveals an absence of TT genotype at rs1065755 in the control group.

This preliminary study sheds light on the influence of MATN1 polymorphism
depicted by sequence variation at rs1065755 on skeletal malocclusion class Il and
Il in Romanian population. For this ethnic group, only a limited number of
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genes including MYO1H (Ghergie et al.,, 2013a), VDR (Ghergie et al., 2013b), and
COL1al (Toparcean et al., 2021) have been investigated for their role in dental
anomalies.

Conclusions

Overall, our study contributes to understanding the genetic basis of skeletal
malocclusion Class Il and 1ll, particularly within the Romanian population. Our
findings underscore the potential role of MATN1 polymorphisms, specifically
rs1065755, as a genetic marker for mandibular prognathism. However, further
research with larger sample sizes is warranted to validate these findings and
explore additional genetic factors contributing to malocclusion.
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RHIZOBACTERIA MANAGEMENT OF FUNGAL PATHOGENS OF MAIZE

Evaluation of the antifungal potentials of bacteria species. A line of
bacteria culture was streaked on the solidified Potato Dextrose Agar (PDA) at
3 cm from the edge of 9 cm diameter Petri-dishes. A point inoculation of fungi
was made at a distance of 4 cm away from the streaked bacteria (Fig. 1).

/ m\\ Bacterium streak

[ \l
\ ) Fungus inoculation

N A

Figure 1. Bacteria streak and fungal inoculation on a PDA plate

A total of 7 bacterial isolates were assessed against 3 pathogenic fungal
species, with fungal plates serving as the control. The experiment was
replicated 3 times and incubated at 25+ 2 °C for 7 days. The radius of mycelia
growths was measured at two days intervals. The percentage rate of mycelia
inhibition was calculated as:

Rc — Rt
% Growth =

x 100

R: = radius of the fungi when inoculated in a plate with bacteria
R¢ = radius of the fungi when inoculated alone (control).

Statistical analysis. The data collected from each replicate were
subjected to Analysis of Variance (ANOVA) using Statistical Analysis Software
(version 9.8). Post hoc analysis was performed using Duncan’s Multiple Range
Test to separate mean values. All statistical analyses were executed at a significance
level of 5% (p < 0.05).
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Results

The isolated bacteria species were categorized into seven distinct groups
based on their morphological characterization i.e. color, shape and growth
patterns. All seven bacteria isolates tested positive for ammonia, phosphate
siderophore and ACC (l-aminocyclopropane-1-carboxylate) deaminase tests.
Isolate B5 demonstrated higher phosphatase potentials compared to other
isolates. More so, isolate B1 showed no growths with (NH4)2SO4 treatments in
the ACC deaminase test (Tab. 2).

Table 2. PGPR screening of bacteria isolates

Ammonia  Phosphate Siderophore ACC deaminase test

Isolate production solubilization production ACC_ (NH2)2504
(mg/L) (mg/L) (pg/mL) (pmol/ml_n / (mg/L) Control
mg protein)

Bl + ++ + + - +
B2 + ++ + + + +
B3 + ++ + + + +
B4 + ++ + + + +
B5 + +++ + + + +
B6 + ++ + + + +
B7 + ++ + + + +

Note: For phosphate solubilization and siderophore production, the clear zones were:
(+)=0.10t0 0.50 cm; (++) =0.60 t0 1.00 cm; (+++) =1.10 to 1.50 cm.

Sequences of the isolated bacteria strains were aligned with those earlier
documented on the NCBI platform. The phylogenetic relationship tree of the
isolates revealed B1, B4, B6 and B7 clustered into a distinct, well-supported
clade with Bacillus siamensis OP904261, Priestia arybhattai 0Q519933, Preistia
megatarium OM033601, and Priestia megaterium MT827122 (Fig. 2a). Similarly,
the phylogenetic relationship between B2 and B3 was observed in their cluster
to a distinct clade with Enterobacter asburiae OP986762 and Enterobacter
chengduensis OP811866 (Fig. 2b), while a separate phylogenetic tree, B5 clustered
with Burkholderia sp. MW930845 (Fig. 2¢).
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Figure 2. The phylogenetic relationships between the bacteria species and
selected database relatives on the NCBI generated through transcribed spacer 16s
rRNA genes, analyzed via Kimura’'s two-parameter models. Bootstrap support
values higher than 50% from 1000 replicates are shown at the nodes. Priestia
aryabhattai (0Q519933) (a) Burkholderia arboris (KT372897) (b) and Enterobacter
asburiae OP986762 (c) were used as the out-group.

The morphological overview of the experimental set-up on day 4 showed
varying rates of bacteria inhibition of the fungi mycelia growth, as compared to
the control was demonstrated in Fig. 3. The evaluation of the antagonistic
potentials of seven bacteria species against the fungal pathogens associated
with foliar diseases of maize showed no significant (p>0.05) difference in their
individual effects on mycelial inhibition of Enterobacter chengduensis, Priestia
aryabhattai, Burkholderia sp, Priestia megaterium strain AOA6 and Priestia
megaterium strain AOA7 against the fungi; Nigrospora sphaerica, Alternaria
alternata and Fusarium equiseti, as observed at the 3rd, 5th and 7th days of
observation. However, Bacillus siamensis showed the most significant inhibition
of the mycelia growth of A. alternata on the 3rd day. In contrast, no significant
difference was recorded across the fungal species on the 5t and 7t days.
Similarly, Enterobacter asburiae recorded a similar level of significance across
the fungal species at the 3rd day of evaluation. At the same time, it only showed
significant (p<0.05) influence on N. sphaerica on the 5th and 7th days (Tab. 3).
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Figure 3. Culture plates of three fungi species challenged with seven bacteria species

taken at day 4 of the experiment

Table 3. Antagonistic potentials of bacteria against
Nigrospora sphaerica, Alternaria alternata and Fusarium equiseti

Bacterial

Nigrospora

Alternaria

Fusarium

. Days . . LSD
isolates sphaerica alternata equiseti

3 4.90b +3.98 2544a+429 1397b+242 10.18
Bacillus siamensis 5 51.08a+1851 2574a+7.01 32.01a+9.46 51.58
7 66.02a+15.78 5753a+1229 4530at1144 2954
Enterobacter 3 16.78a+5.28 357a+2.06 9.86a+1.76 13.65
asburiae 5 6220a+17.09 1653b+821 19.60b+3.65 39.18
7 6756a+14.71 46.31lab+387 2961lab+9.97 31.66
Enterobacter 3 3.79a+3.79 5.63a+3.66 6.19a + 3.07 13.16
chengduensis 5 14.92a+5.85 5.09a+225 259a+0.49 12.05
7 24.30a+8.22 34.06a+16.41 1.10a+0.73 3344
Priestia 3 21.26a+3.39 1472a+7.78 11.92a+1.95 18.26
aryabhattai 5 26.00a+15.79 18.00a+464 10.75a+247 37.03
7 3094a+7.71 26.64a+7.31 10.09a+3.00 2174
3 7.65a+7.65 1294a+861 85la+4.17 2181
Burkholderiasp. 5 46.64a+14.72 2393a+1099 31.92a+299 26.28
7 56.47a+11.82 6358a+1266 47.55a+6.86 33.02

Priestia 3 11.93a+3.61 18.13a+4.31 1512a+2.87 14.8
megaterium 5 30.02a+1211 3322a+453 16.15a+1.11 2343
strain AOA6 7 3834a+1212 5588a+1048 28.0lat4.66 33.72
Priestia 3 17.78a+6.22 0.22a+2.74 13.35a+5.43 19.71
megaterium 5 6340a+£1958 2099a+755 2850a+747 42.05
strain AOA7 7 100.00a+39.99 43.73a+553 51.24a+1167 6940

Note: Each value represents the mean of four replicates + standard error. Means with
different letters across the row are significantly (p<0.05) different.
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The antagonistic effect of the bacteria species on the fungi Nigrospora
sphaerica, Alternaria alternata and Fusarium equiseti showed similar significance
levels at the 3rd day of observation. The mycelial growth of N. sphaerica (42.04%,
54.82%) was the most significantly inhibited on the 5t day, and together with
A alternata (46.53%) on the 7t day recorded a similar level of significance, while
F. equiseti (30.41%) was the least inhibited (Fig. 4). However, the pooled effects
of days of observation revealed N. sphaerica (36.29%) as the most significantly
inhibited, followed by A. alternata (26.19%) and F. equiseti (20.63%) (Fig. 5).
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Figure 4. The percentage mycelia inhibition across different fungal species.
Each value represents the mean of four replicates + standard deviation
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Figure 5. The pooled effects of days on the mycelia inhibition by the bacteria species
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Bacillus siamensis (14.77%), Priestia aryabhattai (15.97%) and Priestia
megaterium strain AOA6 (15.06%), which showed a similar level of significance
at p<0.05 expressed the mostly inhibition of the fungal species at day 3 of the
observation. On the 5t day, B. siamensis (36.28%) and P. megatarium strain
AOA7 (37.63%) showed the most significant inhibition, with P. megatarium
strain AOA7 (65.02%) consistency as the most significant on the 7t day of
observation. However, Enterobacter chengduensis (5.20%, 7.53% and 19.82%)
recorded the least inhibition on days 3, 5, and 7 of the observation, respectively
(Tab. 4). The antagonistic effects of bacteria against the pooled fungal species
showed E. asburiae (35.96%) and P. megatarium strain AOA7 (34.65%), as
causing the most significant inhibition of fungal mycelia growth. This result was
followed by B. siamensis (30.60%), P. aryabhattai (27.35%), E. chengduensis
(23.01%), and Bulkholderia sp. (21.23%), while P. megaterium strain AOA6
(21.13%) showed the least mycelia inhibition (Fig. 6).

Table 4. Pooled percentage mycelia inhibition by each bacteria species

Bacteria Day 3 Day 5 Day 7

Bacillus siamensis 14.77a+3.17 36.28a+7.37 56.28ab+7.41
Enterobacter asburiae 10.07ab +2.42 32.78ab + 8,57 47.83ab+7.21
Enterobacter chengduensis 5.20b +1.86 7.53c+249 19.82d £ 6.93
Priestia aryabhattai 15.97a+2.90 18.25bc + 5.36 21.87cd £4.25
Burkholderia sp. 9.68ab £ 3.12 34.16ab + 6.29 55.87ab +5.96
Priestia megaterium strain AOA6 15.06a + 2.05 26.46ab + 4.51 40.74bc £ 6.11
Priestia megaterium strain AOA7 10.45ab + 3.45 37.63a+8.73 65.02a+14.74
LSD 7.80 1543 19.71

Note: Each value represents the mean of four replicates + standard error. Means with
the different letters across the column are significantly (p<0.05) different.

Priestia megaterium strain AOA7 _—| 34.65a
Priestia megaterium strain AOAG6 _ 21.13b
Burkholderia sp. _—!21‘2313
Priestia aryabhattai _—| 27.35ab
Enterobacter chengduensis _—| 23.01b

Bacillus siamensis | —— 30-60ab

(o] 5 10 15 20 25 30 35 40 45
Mycelia inhibition (%)

Figure 6. The antagonistic potentials of each bacterium against
the mycelia growth of fungal species (LSD = 10.23)
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Discussion

The positive tests of the seven bacteria isolates in this study to ammonium,
ACC deaminase, phosphate and siderophore production indicate the capability
of each of the isolates to suppress the soilborne fungal pathogens of maize. The
isolates demonstrated the potential to sequestrate iron thereby limiting the
nutrient availability to fungal pathogens as revealed by the siderophore
production (Tripathi et al., 2020). Bacteria species that solubilize phosphate
also produces secondary metabolites with antifungal properties, thereby
enhancing plant defense responses (Fasusi et al., 2021; Wei et al., 2024). Also,
the ACC results indicated the potential of bacteria in ethylene modulation which
aids in the suppression of fungal pathogenicity (Jha et al., 2021). Furthermore,
the ammonium production recorded revealed the potential of the bacteria to
compete for nitrogen sources in the surrounding environment, and limiting its
availability to fungal pathogens (Lau et al., 2020).

The BLAST search on the NCBI based on the seven bacteria species found
associated with diseased maize rhizosphere and characterized in this study
using 16S rRNA gene, revealed the organisms as Bacillus siamensis strain AOAL
(B1), Enterobacter asburiae strain AOA2 (B2), Enterobacter chengduensis strain
AOAS3 (B3), Priestia aryabhattai strain AOA4 (B4), Burkholderia sp. strain AOA5
(B5), Priestia megaterium strain AOA6 (B6) and Priestia megaterium strain
AOQAT (B7). This validates the earlier claim that bacteria are major microbiome
domain that is commonly associated with plant rhizosphere (Babalola, 2010;
Saqib et al., 2020). Bacteria species have been reported to perform varying
roles, especially in plant-microbe relationships, where they aid in plant growth
promotions, health, stress and drought management, as well as phytoremediation
(Dlamini et al., 2022; Fadiji et al., 2022b; Kabeer et al., 2022), among many
others. Bacillus siamensis, is a gram-positive bacterium in the phylum Firmicutes
and class Bacilli. It is commonly isolated from soil, especially in the tropical
regions. The organism has been found to produce enzymes such as amylases,
proteases, and lipases, which contribute to its ability to degrade complex organic
compounds. Furthermore, as a result of the antimicrobial compounds it secretes,
it has been found effective against plant pathogens, as evident in its significant
inhibition of mycelia growths of some pathogenic fungi i.e. Rhizoctonia solani
and Botrytis cinerea (Jeong et al., 2012). It has also been reported as effective
against the brown spot disease of tobacco caused by Alternaria alternata (Xie
et al.,, 2021), Pestalotiopsis versicolour causing bayberry twig blight of sweet
potato (Ali et al., 2020) and soybean root rot disease (He et al.,, 2023) among
many studies.
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Two strains of Prestia megaterium, which is a new separate genus from
Bacillus, previously known as Bacillus megaterium (Liu et al,, 2023). This
ubiquitous environmental bacterium was initially identified by Anton De Bary
in 1884. It has been reported as important in biotechnology for the synthesis of
enzymes, recombinant proteins, and vitamins as well as for bioremediation
activities (Vary et al., 2007). Its role from simple soil bacterium to industrial
protein production host has been further enumerated (Biedendieck etal., 2021;
Vary et al., 2007). Also, P. megaterium has been isolated from different plants,
including pepper, cucumber, wheat, Alfalfa, carrot, black, clover etc. (Rajan et
al., 2021). P. megaterium is categorized as a potential biocontrol agent for plant
diseases due to its antimicrobial activities (Jayakumar et al., 2021). As indicated
in previous investigations, three main mechanisms by which P. megaterium
promotes plant growth include the secretion of organic acids which provides
the template for phosphate solubilization. The organisms also cause variations
in the concentration of phytohormone and other plant growth regulators, while
they also can function as a biocontrol or biopesticide agent (Liu et al., 2023).
However, Priestia aryabhattai, which is another Priestia specie isolated in this
study, has earlier been described as a stress-tolerant bacterium with the capability
of enhancing salt tolerance in wheat (Shahid et al., 2022), the organisms
similarly showed the potential of degrading aromatic compounds, and as well
antagonized both the fungal and bacterial phytopathogens (Esikova et al., 2021).

In addition, the isolated Enterobacter species are Gram-negative bacteria in
the family Enterobacteriaceae. Some genera within the family Enterobacteriaceae,
such as Enterobacter, Pantoea, Serratia and certain species of Klebsiella, have
been classified as Plant Growth Promoting Bacteria (PGPB). However, some of
the genera have also been found to contain species, which are plant pathogens
causing varying diseases of crops such as wilting, galls, necrosis and soft rot
diseases (Walterson & Stavrinides, 2015). Enterobacter asburiae and Enterobacter
chengduensis were isolated from diseased maize rhizosphere in this study,
while earlier research had isolated a strain of E. chengduensis from blood in
China (Wu et al., 2019), indicating the diverse host of this member, as including
plants, animals, humans and water (Fadiji et al., 2022a). Furthermore, E. asburiae
has been implicated with rice bacterial blight disease in China (Xue et al., 2021),
while another strain of E. asburiae was reported as a plant growth-promoting
rhizobacteria in the study conducted by Saikia et al. (2023). Similarly to Enterobacter,
Burkholderia are also versatile microorganisms that have been recovered from a
wide range of ecological niches. Many of the species have been effective in plant
growth promotion, biocontrol of plant pathogens and bioremediation purposes
(Coenye & Vandamme, 2003). However, some Burkholderia species demonstrate
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a twist of activities, such as the case of Burkholderia cepacia, which is a known
plant pathogen and multiresistant pathogen in patients suffering from cystic
fibrosis, yet this organism is still an efficient biological fertilizer and pesticide
of a range of plant pathogens, including bacteria, fungi, and nematodes (Govan
et al.,, 1996; Parke and Gurian-Sherman, 2001; Vandamme et al., 2003).

The fungi species; Nigrospora sphaerica, Alternaria alternata, and Fusarium
equiseti are some of the commonly reported pathogens of maize (Akanmu et al.,
2023b; Aveling et al., 2020). This study revealed N. sphaerica (36.29%) as the
most inhibited by the antagonist bacteria species, followed by A. alternata
(26.19%) and F. equiseti (20.63%). Thereby validating the earlier report on the
antifungal potentials of bacteria species in the management of fungal diseases
of maize as earlier reported (Fasusi et al., 2021; Orole et al., 2023; Tagele et al.,
2019). Furthermore, E. asburiae > P. megatarium strain AOA7 > B. siamensis >
P. aryabhattai > E. chengduensis > Bulkholderia sp. were the order of the antifungal
efficacy of the bacteria species evaluated. This result is consistent with the
earlier characteristics of each of the isolates discussed. Thus, the presence of
bacteria with biocontrol potentials in the rhizosphere soil of maize plants
examined in this study signifies the natural potential of plant root architecture
and exudation to modulate the rhizosphere microbiome, as to function based
on the plant’s requirement (Dlamini et al., 2023a; Marco et al., 2022).

Conclusion

In conclusion, F. equiseti (20.63%), A. alternata (26.19%) and N. sphaerica
(36.29%) were the order of susceptibility of the pathogenic fungi to the
biocontrol potentials of the bacteria evaluated. More so, the efficacy of E.
asburiae, P. megatarium strain AOA7, and B. siamensis over a range of fungal
pathogens justifies their further investigation, formulation and deployment as
biofungicide in the management of foliar diseases of maize.
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