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ABSTRACT

A worldwide destructive pest that has an impact on tomato output is the tomato leaf miner, Tuta
absoluta. Biosynthesized nanoparticles and entomopathogenic fungi (EFs) are widely recognized
for their ability to regulate the development and emergence of this insect pest. The goal of the
current investigation was to synthesize, characterize, and evaluate the bio-fabricated silver
nanoparticles from the brown alga, Sargassum muticum extract either singly or combined with the
locally entomopathogenic fungus (EF), Trichoderma harzianum against T. absoluta. A color
change was detected by visual examination of the surface plasmonic band of the biosynthesized
AgNPs capped with S. muticum extract, which peaked at 407 nm using UV-Vis spectroscopy.
Transmission electron microscopy (TEM) revealed that the AgNPs had a spherical, oval, and
hexagonal shape with a nanoscale size of 11 nm. Analysis of fourier transform infrared (FTIR)
spectroscopy revealed that multiple molecules were bonded to AgNPs via CH,, C=0, and C=C
groups. The zeta potential of prepared silver nanoparticle is -20.6 mV. Energy-dispersive X-ray
spectroscopy (EDX) analysis indicate the presence of Ag, C, Oz, k, CI, S, Si, Mg, and Na substances,
and Ag was the main element, accounting for approximately 9.08% of mass, as evidenced by an
intense signal at 2.983 KeV. The isolated fungus was molecularly identified as T. harzianum T1.
The major constituent of the fungal filtrate was 6,8-dibromo-2-(3-pyridyl)-4-phenyl-quinazoline
(70.31%). The results showed an overall good insecticidal activity (39.0-92.0% mortality) of the
compounds tested when applying individually for three days, with a higher mortality on larvae
over pupae. The S. muticum-AgNPs was compatible with conidial suspension or filtrate of T.
harzianum T1 with larval mortality percentage of 96.0 or 85.2% 72 h-post treatments. The data
collected suggest that these compounds, especially when nanoformulated combined with fungal
conidia, could be effectively applied to T. absoluta integrated pest management strategies.

KEYWORDS:
Alga-synthesized silver nanoparticles, Entomopathogenic fungi, GC-MS analysis, Tuta absoluta,
Bioactivity.
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INTRODUCTION

The urgent requirement to improve agricultural sustainability has forced re-
searchers, the agroindustry, farmers, and consumers to look for creative ways to
reduce the need for agrochemicals while maintaining the highest possible crop
yields (Minchev et al., 2024). Global agricultural food production is seriously
threatened by invasive insect pests (Skendzi¢ et al., 2021). The tomato leaf-miner
(TLM), Tuta absoluta (Meyrick, 1917) (Lepidoptera: Gelechiidae) is a highly de-
structive insect pest that attacks tomato plants and other solanaceous crops (Zhang
et al., 2020; Erasmus et al., 2021; Bakheit et al., 2022), causing yield losses of up to
100% estimated at USD 1.1 billion worldwide annually if uncontrolled under both
greenhouse and open-field conditions (Pratt et al., 2017; Biondi et al., 2018; Vi-
vekanandhan et al., 2024). The most popular method of controlling pests among
farmers is the use of chemical insecticides (Tarusikirwa et al., 2020). However,
because of documented resistance, possible negative impacts on the environment
and human health, and indirect effects on natural enemies, this management
strategy can be costly and occasionally ineffectual (Krache et al., 2022). Addi-
tionally, the effectiveness of synthetic pesticides is limited by the mine-feeding
behavior of T. absoluta larvae (Gebremariam, 2015). In addition to being danger-
ous, chemical pesticides' limited effectiveness makes integrated pest management
(IPM) and the application of pest control measures that guarantee favorable soci-
ological, ecological, and economic outcomes necessary. Farmers can reduce T.
absoluta populations by using entomopathogens and nano-based biopesticides
(Abd EI-Ghany et al., 2018).

Numerous specific features of metals, polymers, and metallic alloys—both
natural and synthetic—make them perfect for a range of agricultural and biological
applications (Judith Vijaya et al., 2017; Usman et al., 2020). Several studies have
shown the synthesis of nanoparticles by seaweeds and their biological applications,
as well as cytotoxicity (Ananthi et al., 2010; Arya and Chundawat, 2018; Jeyarani
et al.,, 2020; Usman et al., 2020). Chemical and physical processes are used to
synthesize metal nanoparticles, which allow them to have desired properties. Metal
nanoparticles can be synthesized in a variety of ways, including conventional
heating, anodization, deposition precipitation, oxidation, and hydrothermal pro-
cesses (Badineni et al., 2021). As well, these methods of synthesis are usually la-
bor-intensive, expensive, and dangerous. Compared to physical and chemical
methods, green nanoparticle synthesis is eco-friendly, cost-effective, easy to scale,
doesn't need harmful substances, high temperatures, or energy, and is more effi-
cient. Nanoparticles produced via green synthesis have better influence, stability,
controlled growth, and crystal development (Valsalam et al., 2019; Mani et al.,
2021). The green synthesized nanoparticles have antibacterial, antifungal, cyto-
toxic, and photochemical applications (Sathiyaraj et al., 2021; Bensy et al., 2022;
Viswanathan et al., 2024). Kannan et al. (2013) created silver nanoparticles by the
extract of seaweed (Chaetomorpha linum), and recorded that it has the potential to
be used in biomedicine and agriculture and is safe for the environment. The silver
nanoparticle synthesized from marine algae C. linum was a potent anticancer drug
that may cause colon cancer cells (HCT-116) to apoptosis (Acharya et al., 2021).
Moreover, Somu et al. (2022) produced ZnO nanoparticles using the brown algae
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C. linum as a reductant; the absorption peak maximum was detected at 356.8 nm.
Additionally, the brown seaweed Sargassum muticum extract was found to be a
successful capping agent for creating AgNPs, which can be employed in industry as
an antimicrobial and dye adsorbent agent as well as to prevent dangerous mosquito
vectors (Trivedi et al., 2021). Similarly, Moorthi et al. (2015) used S. muticum
extract to create AgNPs and found that the phytochemicals in S. muticum were a
key precursor for the production of highly efficient nanoparticles against Ergolis
merione insect. Furthermore, S. muticum-mediated nanoparticles and their nano-
composites were proved to be photocatalytic and photoexcited anti-microbial
agents (Harinee et al., 2022). On the other hand, the two red algae, Laurencia
papillosa and Galaxaura rugosa-fabricated silver nanoparticles were successfully
synthesized by a simple and safe reduction method (EIl Shehawy et al., 2023). In the
same context, a marine sponge Carteriospongia foliascens, along with marine
natural extracts of two red algae (Bostrychia tenella and L. obtusa), a green alga
(Halimeda tuna), and a brown alga (S. filipendula), were used to create titanium
dioxide (TiO2) nanoparticles using a novel green chemistry technique, and its ap-
plications as eco-friendly antifouling agents were also recoded (Alarif et al., 2023).
Metallic and non-metallic nanoparticles have shown great promise for lowering
lethal doses and rapidly producing toxicity at various stages of the insect's life cycle
(Esmaeilnejad et al., 2018). Studies have indicated that the superiority of silver
nanoparticles over other nanosized metal particles might give them anti-insect
properties (Norouzi et al., 2019).

The establishment of biological control methods employing entomopathogenic
fungi (EF) has demonstrated encouraging results as a realistic alternative for the use
of chemical pesticides, since they result in high mortality rates for economically
significant insect pests (Mweke et al., 2018). EFs are useful as mycopesticides for
insects, ticks, mites, and other arthropods of economic, medical, and veterinary
significance. The potential of fungal pathogens to suppress the pest was reported by
Akutse et al. (2020), who further identified three strains of Metarhizium anisopliae
as promising biopesticides that cause mortality rates of 95.0, 87.5, and 86.3%
against the adult stage of Tuta absoluta. Moreover, Beauveria bassiana, Tricho-
derma asperellum, and Hypocrea lixii are three EFs that have the potential of be-
coming endophytic fungal-based biopesticides for the control of T. absoluta
(Agbessenou et al., 2020). Proteases, chitinases, and lipases are among the enzymes
produced by entomopathogenic fungi that break down the proteins, lipids, and
chitin that constitute up the host's cuticle, making it easier for hyphal penetration.
Furthermore, certain EF species can produce poisonous substances such as
destruxin, beauvericin, acids (dipicolinic acid and oxalic acid), lactone compounds
(cepharosporolides), bassianolide terpenes (trichocaranes and fumosorinone), and
others (Wang et al., 2021; Sharma et al., 2023). Noteworthy is the fact that ento-
mopathogenic fungi that are isolated regionally are more suited to the local envi-
ronment (Zeina and Laing, 2022). Consequently, obtaining novel, locally occurring
isolates is crucial, especially from insect destinations. The development of efficient
biocontrol agents for these insects' native species depends on these isolates. Most
likely, it has been observed that M. anisopliae, B. bassiana are both effective
against T. absoluta (Tadele and Emana, 2017; Alikhani et al., 2019).
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Silver nanoparticles, synthesized with algal materials, are considered to be an
emerging field of agriculture for their eco-friendly and outstanding insecticidal
attributes. In addition, the interaction effects of biosynthesized AgNPs with EFs
against T. absoluta have not been studied globally. Therefore, the present study
aimed to bio-fabricate silver nanoparticles by the brown alga, Sargassum muticum,
isolate and identify the fungus Trichoderma harzianum T1 from soil, evaluate the
biocontrol potential of S. muticum-AgNPs and fungal species, both alone and in
combinations, against the tomato leaf miner.

MATERIALS AND METHODS
Materials

The brown alga, Sargassum muticum (Pheophycophyacea) fresh seaweed was
collected in polythene bags from the Red Sea coast of Jeddah, Saudi Arabia, and
brought to the lab. In this study, all the reagents and chemicals related to silver
nanoparticles preparation, fungi isolation, and GC-MS analysis of fungi were of
analytical grade and utilized without extra purification. Distilled deionized water
was used throughout the experiments whenever it is needed. These materials were
purchased from Sigma-Aldrich (Missouri, USA). Reagents used for molecular
identification of fungi were procured from Qiagen (Hilden, Germany).

Silver nanoparticles (AgNPs)
Preparation of extract from S. muticum alga

As described by (Algotiml et al., 2022), the collected seaweed was rinsed in
freshwater to remove impurities. Then, the attached organisms, dust, and epiphytes
were brushed off and the alga was dried in the shade for a week at room temperature
after being cleaned twice with distilled water. With an electric blender
(Conair™7011G, Thermo Fisher Scientific, Massachusetts, USA), the dried
seaweed was chopped into a fine powder, sieved (> 0.5 mm), and stored until
needed at 4 °C. The aqueous extract was prepared by heating 200 ml of deionized
distilled water with 10 g of algal powder to 70 °C for 15 min. Whatman paper No. 1
was used to filter the algal precipitates three times until a clear extract was obtained.
A part of the clear extract was lyophilized to use further in extract characterization,
another part was kept at 4 °C till usage in nanoparticles synthesis.
Synthesis of AgNPs

The algal S. muticum extract was used to biosynthesize silver nanoparticles
(AgNPs) according to the procedure of (Algotiml et al., 2022). In brief, 20 ml of
algal extract was placed inside a conical flask together with 80 ml of a 10 M
silver nitrate (AgNOs, Sigma Aldrich) solution. To decrease the metal ions, the
mixture was agitated on a hot plate at 70 °C for 15 min in a heating mantle. One
millilitre of fresh sodium borohydride (0.03783 g 10 ml™* H.0) was added to
catalyse the reduction reaction. After that, the biosynthesized AgNP solutions
were cooled, carefully mixed, and kept at room temperature until use in
subsequent examinations.
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AgNPs characterization

Thermo-scientific Evolution 220 Spectrophotometer was used to measure the
ultraviolet-visible spectra of the biosynthesized AgNPs capped by algal extract.
The absorption spectra were found to be between 200 and 900 nm. To investigate
the distributions, shapes, and sizes of the nanoparticles, the JEOL JEM-1100
microscope (JEOL Ltd., Tokyo, Japan) was used. After using an ultrasonicator to
disperse the nanoparticles in the solution for approximately five minutes, the
suspension droplet was placed on the copper grid and allowed to dry at room
temperature in order to obtain Transmission Electron Microscope (TEM)
measurements with a homogeneous distribution of colloidal nanoparticles on a
copper grid (El Kassas and Attia, 2014). A disk of 50 mg KBr mixed with 2%
finely dried specimens was prepared for the purpose of detecting the functional
groups involved in AgNPs synthesized from seaweed extract. Next, a Fourier
Transform Infrared Spectrometer (FTIR, Jasco Model 300E) was used to examine
the disk (Verma et al., 2014). To locate relevant functional groups involved in
capping and reducing the extract's biomolecules, the spectra of seaweed extract
and biosynthesized AgNPs were examined in the wavenumber range of 500 to
4000 cm™. The zeta potential was determined by laser Doppler electrophoresis
method. The laser diffraction of nanoparticles was recorded by Zetasizer Nano
Series ZS (MAL1118778), (ELS) (Al-Zahrani et al., 2021). In order to analyze the
particles using energy-dispersive X-ray spectroscopy (EDX), they were dried on a
copper grid covered with carbon and then placed on a SEM device equipped with
a thermal EDaX attachment. Three months following AgNPs preparation, their
stability was confirmed by comparable spectra at room temperature. The absence of
microbiological contamination in the AgNPs solution was verified by tests
conducted on nutrient agar plates. For further studies, the AgNPs were diluted with
distilled water to obtain concentrations of 2.5, 5, 10, 20, and 40 pg/ml.

Entomopathogenic fungi (EPF)
Trichoderma isolation

Trichoderma strains were isolated using the dilution plate method (Hassan
and El-Awady, 2011) from soil samples taken from the rhizosphere of healthy
potato plants in the Abha governorate of the West-North region of Saudi Arabia.
The grown fungi were cultivated in pure culture on Potato Dextrose Agar (PDA)
slants for further identification. These strains' stock cultures were deep-frozen in
glycerol at -80 °C until they were needed.
DNA extraction

For DNA extraction, Trichoderma mycelia were cultivated for five days after
being inoculated into Potato Dextrose Broth (PDB). Following that, each
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Trichoderma strain's genomic DNA was extracted using a DNeasy® Plant Mini
Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's
instructions.
Trichoderma identification

Based on (Hassan et al., 2019), the internal transcribed spacer 1 and 2 (ITS1
and 1TS2) regions of the ribosomal RNA gene cluster sequences were used to
identify the strain. All of the sequences obtained by PCR, and Macrogen Co. in
South Korea used a 3130 Genetic Analyzer (Applied Biosystems, Waltham, MA,
USA) to perform direct amplicon sequencing from the 5" and 3’ ends. To find
homology between the PCR fragments and sequences in the GenBank database,
the nucleotide BLAST software was used to compare the sequencing data with the
GenBank database (http://www.nchi.nlm.nih.gov/BLAST/). The sequences were
added to the GenBank database of the National Center for Biotechnology
Information (NCBI) with accession number P\VV335541.
Production and collection of Trichoderma conidia

Ten milliliters of solid Sabouraud's Dextrose Agar (SDA) medium (40 g
dextrose, 10 g agar, 10 g peptone, and 60 mg CTAB/I) were placed on a 60 mm
petri dish centered with a 10 mm actively growing pure culture of T. harzianum T1
(Senthamizhlselvan et al., 2010). The inoculation plates were incubated for seven
days at 28 °C. Following the addition of 10 ml of sterile Tween 80 (0.05%) to the
dishes, the isolates' conidial suspension was made using sterile glass rods to softly
scrape the agar surface. Then, the suspension was gathered in 250 mL sterile
beakers. After adjusting the suspension to 50 mL and separating and dispersing
the conidia with a hand mixer, a hemocytometer was used to determine the
conidial density, which was 1.5x10° conidia per mL (Zhang et al., 2014).
Dilutions were carried out by adding 10 mL of the conidial suspension to the
required amount of sterile distilled water, resulting in the final concentrations of
1.5x10% 1.5x10°% 1.5x108, 1.5x107, and 1.5%108 conidia per ml for the fungal
isolate. Before preparing the suspension, the viability of the conidia was assessed
using a germination test in liquid CDB with 1% (w/v) yeast extract medium
(CDBYEM) to harvest the conidia, and the conidial viability exceeded 97% for the
fungal isolate.
Extraction of spore-free filtrate

The fungus was used to obtain the spore-free culture filtrate using the
following procedures. The fungus was first transferred from SDA plates to flasks
filled with media made of PDB. The fungal isolate was grown separately in flasks
and kept for seven days at 25 °C without light in a shaker incubator. The flasks were
shaken at 130 rpm to promote metabolite synthesis and fungal growth. For 15 min,
the fungal broth culture was centrifuged at 4,000 rpm and -4 °C after being
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incubated for seven days. This process made it easier to extract the mycelia and
fungal cells from the growing media. To eliminate of any remaining debris or large
particles, Whatman No. 1 paper was then used to gently filter the supernatant.
Fungal metabolites free of spores were obtained by filtering the purified fungal
culture via syringe-driven filters with a pore size of 0.45 m. Any remaining spores
in the culture were efficiently removed during this filtering step, producing
spore-free culture filtration. The purpose of this procedure was to create a pure
culture free of fungus spores (Wadaan et al., 2023). To confirm the spore-free
culture's purity, SDA plates were re-injected with each culture filtrate. After that,
these plates were incubated at 25 °C for five days. The absence of fungal colonies
on the plates following the incubation period demonstrated the actual purity of the
spore-free culture. Fungal cultures that were 100 % spore-free were utilized to
prepare the various concentrations by adding distilled water to be adjusted at 5, 10,
20, 40, and 60 % fungal filtrates.
Gas chromatography-mass spectrometry (GC-MS) analysis of fungal filtrate

The chemical components of the fungal isolate's filtrate were identified
utilizing an Agilent Model 7890A-5975B GC-MS [Column, DB 5 ms, Agilent
form (0.25 pm x 250 pum x 30 m)]. Initially the column remained at 40 °C for two
min. Next, it was raised to 50 °C at an interval of 4 °C per min and held for three
min. Afterwards, it was raised to 150 °C at a rate of 10 °C per min and maintained
for three min. Subsequently it was raised to 220 °C at (10 °C/min) and held for six
min. Lastly, it was raised to 280 °C at a rate of 15 °C per min and held for ten min.
The carrier gas used in this column was pure Helium (99.999 %) for 10.9 min
with a flow rate of 0.5 ml/min, then 1 ml/min per min to 1 ml/min for 30 min.
Neither internal nor external chemical standards were wused in this
chromatographic analysis. To identify the chemical components of fungal filtrates,
the mass spectrum data for each chromatograph peak were analyzed using a
computerized library-searching tool (Willey 9 and NIST library).

Insects

For the establishment of a Tuta absoluta colony to be used in the bioassays,
infested tomato leaves were collected from plants grown in unsprayed farm, kept
in plastic boxes measuring 20 x 20 cm and transported to the Entomology labora-
tory. Infested leaves were positioned above healthy one-month-old potted tomato
plants (cv. Super Strain B) on a plastic mesh with a hole width of 2 cm that was
suspended from the roof of an insect rearing polyvinyl chloride cage measuring 60
x 60 x 80 cm. According to Erasmus et al. (2021) rearing method, this enabled the
larvae to go from the sampled leaves onto the potted tomato plants to allow them
completing their life cycle. When T. absoluta moths appeared, they were moved to
oviposition cages with four potted healthy tomato plants (80 x 80 x 80 cm) for adult
mass-rearing and were allowed to lay eggs. Adults were nutrituned with 10%
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honey solution that was placed on the upper edge of each cage (Agbessenou et al.,
2020). Plants were removed every two days and transferred to the other cages
measuring 60 x 60 x 80 cm to confirm that the eggs that were collected from these
plants were identical in age and would hatch around the same time. Three days after
the larvae hatched, the leaves holding the larvae were taken off the plants and put
in clear plastic containers with ventilation (20 x 20 x 7 cm) packed with tissue
paper to absorb any extra moisture. Until pupation, new tomato leaves were fed to
the larvae every day. Using a fine camel hair brush, the pupae were removed from
the plastic containers and put into a new plastic container to emerge as adults. The
oviposition and rearing cages were kept at a photoperiod of 14:10 h L:D, 65%
relative humidity, and 27 £ 1 °C. Mass rearing of T. absoluta colony was
rejuvenated every three months for several generations prior to bioassays as de-
scribed above.

Bioassays
Insecticidal activity of biosynthesized AgNPs against T. absoluta

The efficacy of algal-biosynthesized AgNPs against larvae and pupae of the
tomato leaf miner was evaluated in 24-well plates (surface area/well: 3.14 cm?,
Greiner Bio-One CELLSTAR, Vilvorde, Belgium). The third-instar larvae were
carefully taken out from their mines by using zero brush as well as the newly
emerged pupae were collected from soil of previously cultured infested tomato
plants. Ten healthy larvae or pupae per replication/concentration (n=50) were
transferred to cheesecloth and dipped into five concentrations (10 ml) of AgNPs
(2.5, 5, 10, 20, and 40 pg/ml) for 5 s. They were then dropped on two paper towel
sheets to absorb the excess liquid. Afterward, one larva was transferred to each well
lined with 2 moistened circular filter papers (diameter = 13 mm), whereas pupa was
added to well filled with 5 g moistened sterile sandy soil. Control insects were only
dipped in sterilized distilled water, and then transferred individually into a well.
The trays were closed with the lid, arranged with five replications in a completely
randomized design (CRD); ten wells were used for each replication, representing
either the control or the concentration of AgNPs. All plates were incubated in a
growth chamber for 3 days at 25+2 °C in dark. Dead insects were recognized 24, 48,
and 72 h after the AgNPs treatment by having no response to camel's hair brush tip
probing or stereoscopic light (Van Damme et al., 2016). Corrected mortality (CM)
percentages were determined using the Schneider-Orellis formula to precisely
evaluate the insecticidal effect while taking the control groups' natural mortality
into consideration (Puntener, 1981) as follows:
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% MT - % MC
CM (%) = ( ) x 100
100 - % MC
Where MT: Mortality in Treatment, MC: Mortality in Control

LCso and LCgo values, which represent the concentrations of the lethal
substance needed to induce mortality in 50% and 90% of the exposed population,
respectively, are used to assess the effectiveness of a toxic agent. The corrected
mortality data's regression analysis provided these values. The computation is
usually carried out using the Probit method, which reliably and precisely estimates
lethal concentrations by converting mortality percentages into a linear relationship
(Finney, 2004).

Fungal activity against T. absoluta

The same procedure was followed for bioassays with fungal conidia suspen-
sion of EPF, T. harzianum T1 and its spore-free liquid filtrate against larvae and
pupae of T. absoluta. Conidial suspension of EPF was applied at 1.5x10%, 1.5x105,
1.5x108, 1.5x107, and 1.5x108 conidia per ml, whereas fungal filtrate was used at 5,
10, 20, 40, and 60 %.
Synergistic effect of AgNPs and fungal conidia/filtrate on T. absoluta larvae

To evaluate the efficacy of the S. muticum-biosynthesized AgNPs integrated
with either fungal conidial or filtrate suspensions, tomato leaves infested with third
instar larvae of the moth were employed in the leaf-petri plate trial as described by
El Aimani et al. (2021) with little modification. Lethal concentrations (LCso) of
AgNPs (42.7 pg/ml), conidial suspension (1.03x107 conidia/ml), and filtrate
(55.7%) that have been calculated from the previous experiments were applied for
single or dual treatments in this experiment. In brief, young tomato infested leaves
(cv. Super Strain B) were collected from the infested-cultured plants as previously
mentioned. The number of larvae per leaf was recorded, ranging from one to five.
In combined treatments, each infested leaf was first immersed in the AgNPs solu-
tion (10 ml) for 5 s, it was then dipped in the 10 ml solution of fungal conidia or
filtrate for another 5 s, or it was immersed in fungal conidia for 5 s then fungal
filtrate for another 5 s, whereas in the individual applications, leaves were dipped in
each treatment for only 5 s. The leaves were then dropped on two paper towel
sheets to absorb the excess liquid, however, the leaves that serve as controls were
only immersed in sterilized distilled water. Each treated leaf was transferred in a
filter paper-lined Petri dish with a diameter of 9 cm with the leaf’s edge in contact
with wet cotton to prevent bursting, sealed with parafilm to keep T. absoluta larvae
from escaping and stored at 25+2 °C. T. absoluta larval mortality (inside or outside
of the leaf mines) was recorded and verified 72 h after the application as mentioned
before in topic 2.5.1. For each treatment, the experimental set consisted of 10 rep-
licate plates and repeated twice.
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Statistical analysis

The SPSS software (Version 23) was used to assess the data for normality
before statistical analysis by the square root transformation. The effects of three
factors of substance, concentration, and exposure time were subjected to
tri-factorial ANOVA using COSTAT (Version 6.400) program, with a significance
level of p < 0.05. The means were separated using Duncan's multiple range (DMR)
test.

RESULTS AND DISCUSSION
Characterization of AgNPs
UV-vis spectroscopy

After 48 h, there was a noticeable change in the reaction mixture's color from
brownish to yellow due to the reduction of AgNO3z by S. muticum. The incubation
time was directly related to the brown color's intensity (Fig. 1A). The Fig. 1B
displayed the UV-vis spectrum of AgNPs produced by the S. muticum alga extract.
AgNPs absorption peaks capped by alga appeared at 407 nm. The surface
plasmonic band resonance (SPR) is this peak, which is broad and less apparent
because of the samples' polydispersity (Murugesan et al., 2015). The wavelength of
absorbed light is strongly influenced by the size and aspect ratio of NPs. Different
hues are developed by the changes in particle size in the solutions. A particular light
wavelength causes the conduction electrons on the surface of the nanoparticle to
vibrate, creating a variety of vivid colors. Depending on the size and structure of the
particles, these vibrations result in incredibly bright hues (Al-Rubaye et al., 2020).
This also is may be due to the change chemical structures which mean it has a more
functional group (sterol, cholestrol, fucosterol, polar fractions, volatile fractions,
aromatic esters, terpenoids, fatty acid, benzyl alcohol, benzyl dehydepremdnated,
phenols, and sulfur containing compounds) (Kamenarska et al., 2002). This
functional group allowed to may increase the particles size during AgNPs
formation. To the AgNPs these functional groups the lower wavelength to the
AgNPs capped by Laurncia nangii prepared at 410 nm the functional groups (poly
saccharides, B-d-galactose, galactans, pyruvic acid, complex sulfated agarans)
(Kamada and Vairappan, 2012). The difference between our results and the results
above studied is due to of a different study area and the collection of sampling
season.
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Figure 1. AgNP biosynthesis employing S. muticum marine algal extract as a capping and
reducing agent. The reaction mixture's color changed to a brownish-yellow, indicating that the
algal extract had reduced AgNOs after 48 h (A). UV-vis spectra of the biosynthesized AgNPs
capped by S. muticum (B).

TEM analysis

Fig. 2A displays the TEM image of AgNPs capped by S. muticum. It can
observe that the AgNPs was formed a dark point with spherical in shape, oval and
hexagonal. The average particle size of 11 nm was estimated from the opposite
Gaussian distribution of Fig. 2B.

Sargassum AgNPs)

Size distribution(%)

perator

Mic HVY  Mag O Date
JEM 101180 kV 150000 x Mukhtar 02/04/20, 10:39 50 nm 3 @ 5 8 L 8. 9110 4% 12 13 114, 1818 47 18

Particle size (nm)

Figure 2. TEM image (A) and particle distribution (B) of AgNPs capped by S. muticum.

FTIR analysis

The functional groups present in the wavenumber range (4000 cm™ - 400 cm™)
are identified by using FTIR spectroscopy to investigate the surface chemistry of
AgNPs and the S. muticum extract (Fig. 3). The spectrum of S. muticum aqueous
extract was illustrated in Fig. 3A. It was found that the absorbance band at about
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3440 cm™ is represents the stretching vibration of the hydroxyl group in water
molecule that absorbed from the air during measurement the sample and the
hydroxyl group in the chemical structure carbohydrate, lipid, protein and sterol.
The N-H stretching vibration in the protein of structure of S. muticum explains the
band at about 3275 cm™. At 2927 cm™ and 2857 cm, the two peaks correspond
to symmetric and asymmetric stretching vibrations of (CH.) in carbohydrate and
cholesterol, methylene cholesterol in the structure of S. muticum. The peak at
about 1750 cm* corresponding to (C=C) stretching vibration in all content group
except carbohydrate for structure in S. muticum. The band's clarification at about
1640 cm? is interpreted to the (C=0) in carbohydrate, lipid, protein. The peak at
1456 cm™ is discus the stretching vibrations of (C-O-) and (C-C). These two
groups are found in the structure of S. muticum. The band at about 1036 cm™ is
determined the rocking bending vibrations CH3 in cholesterol. The bands at 636
cm is characteristic the structure of (C-H) in the structure of alga. The chemical
content of S. muticum was previously interpreted (Hamdy and Dawes, 1988). The
infrared of S. muticum-AgNPs was discussed by comparing their spectra with the
spectra of S. muticum extract. It was shown that absorption band appeared at 3440
cm?, for the S. muticum extract was shifted to higher and lower wavenumbers
show in Fig. 3B at 3426 cm™, to AgNPs capped by S. muticum. The shift in
Pheophycophyacea may be owing to the change of the structure after AgNPs
sterilized. The absorption bands appear at 3275 cm™ of S. muticum, for N-H
stretching vibrations was shifted to higher and lower wavenumber of AgNPs
surrounding by S. muticum at 3250 cm™. This change in frequency can be
explained by the electrostatic or chemical coordination between the AgNPs and
nitrogen atom in N-H group. The band at 1640 cm™, that was recommended to
C=0 in structure of different genera of Pheophycophyacea turned to higher and
lower wavenumber at 1634 cm™ in the alga. This alteration in the number of
AgNPs and oxygen atom electrostatic interactions in C=0. This is because the
AgNPs may be coordinate with be atom in P=0, which is explained by C-O
bending vibrations. According to Fig. 3B, the AgNPs capped by S. muticum were
approximately 1413 cm™. The bands at 1036 cm™ that was represented to (CHy)
bending vibrations group of Pheophycophyacea genera during the addition of
AgNPs assigned 1053 cm™. The band at 811 cm™ of the S. muticum shifted at 884
cm™ in AgNPs capped by S. muticum. This change in the band positions is due to
the effect of AgNPs coordinated with N, O, P, and S which affect all chemical
structure of S. muticum. The chemical groups of structure for different genera of
Pheophycophyacea may be involved in metal complexation. The results of the
present study on S. muticum are consistent with the results obtained by (Azizi et
al., 2013).
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Figure 3. FTIR spectra of S. muticum aqueous extract (A) and biosynthesized AgNPs capped by S.
muticum (B).

Zeta analysis
The electrical potential created at the solid-liquid interface as a result of the

relative movement of the solvent and the nanoparticle is known as the zeta-potential.

The manufactured silver nanoparticles were dissolved in double-distilled water to
investigate the zeta potential. It is important to understand surface charge and
electrical potential since they affect the stability of nanoparticles. When the zeta

potential increases, it increases as well the surface potential of charged particle. Fig.

4 demonstrates that the produced silver nanoparticle's zeta potential is -20.6 mV.
These outcomes are consistent with those previously documented by several
researchers on Chaetomorpha algae (Renuka et al., 2020; Nagasundari et al., 2021).
The measured negative zeta potential affirms the presence of electrically stabilized
AgNPs, and thus, the nanoparticles tend to be more within the suspension. In
general, zeta potential stability ranges between -20 and 30 mV. Similarly, C.
antennina-Ag nanoparticles with a zeta potential value of -27.4 mV exhibited
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similar results (Kingslin et al., 2022). This suggests that SNPs are extremely stable;
this could be because of the stronger attraction and repelling force that exists
between nanoparticles. Moreover, ELS analysis of Chaetomorpha ligustica-AgNPs
showed the zeta potential of 2.36 mV indicating aggregation of nanoparticles
(Al-Zahrani et al., 2021). Because the bioactive ingredients in the seaweed extract
might have been adsorbed to the surface of the synthesized nanoparticles, a
negative surface charge was detected. If the zeta potentials of the particles in
suspension are significantly negative or positive, respectively, they will be more
likely to reject one another and less likely to combine (Tavakol et al., 2017). Stable
synthesized nanoparticles are defined by achieving zeta potential values greater
than —20 mV or more than +20 mV. According to a previous study (Fatima et al.,
2020), elements with a zeta balance potential of + 30 mV have difficulty
aggregating nanoparticles due to electron-fixed revulsion. The surface charge of the
biosynthesized Cp-AgNPs was -35.2 mV, indicating that they were highly stable by
electrostatic mean (Viswanathan et al., 2024).

Zeta Potential Distribution

300000 1

200000
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-100 0 100 200
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[ Cowntratetrops) | ZPotentl @) | Mean () | Awea(®) | St Dev uv) | 7 Deviaton (V) | Condustviy Gnsiem |
| 2063 | 206 ‘ 206 ‘ 100.0 ‘ 648 | 643 ‘ 101 |

Figure 4. Characterization of biologically synthesized S. muticum-AgNPs using zeta potential
distribution — ELS.

EDX analysis

The basis of pure AgNPs may be identified in the energy-dispersive X-ray
spectroscopy profile of the biosynthesized S. muticum-AgNPs powder if it shows
strong Ag signals in contrast to loose carbon peaks (Fig. 5). Additionally, the
presence of Ag, C, 02, k, Cl, S, Si, Mg, and Na compounds in examined samples is
authorized by visible peaks. According to the surface plasmon-resistance, an
intense signal was detected at 2.983 KeV, revealing that Ag was the predominant
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element, accounting for approximately 9.08% of mass. These findings are agreed
with the results of (Khan et al., 2013; Rajivgandhi et al., 2020).

JED-2200 Series

Camts
8

Figure 5. EDX of biosynthesized S. muticum-silver nanoparticles.

Identification of the fungus

After the ITS regions were amplified in several strains, PCR products totaling
roughly 600 base pairs (bp) were immediately sequenced. BLAST analysis was
performed on the sequences in comparison to the NCBI database. We identified the
strains as T. harzianum T1 (Fig. 6A). The similarity among T. harzianum T1, T.
harzianum MF780850 and T. afroharzianum MT102402 was ranged from 99 and
100%. Applying MEGA 5.1 software, the phylogenetic tree was created with the
nucleotide sequences of the eight Trichoderma strains' cloned ITS regions. There
were two different phylogenetic sub-clades formed by the strains (Fig. 6B). Isolates
of T. harzianum T1, T. harzianum MF780850, and T. afroharzianum MT102402
were included in Group 1 with about 100% similarity; it included also, T.
aureoviride MZ769130, T. virens LT707586 and T. longibrachiatum OP710044.
The second main clade included T. koningiopsis KP340272 and T. asperellum
MH259829 with about 65% similarity. A significant phylogenetic space of almost
100% was found when the nucleotide sequences of all ITS fragments were
subjected to joint phylogenetic analysis. As a result, the seven species were
distinguished from each other by the ITS analysis. Similar to this, Kuhls et al. (1997)
differentiated between T. reesei and T. longibrachiatum via sequence analysis.
Other researchers have identified T. harzianum using ITS sequences (Fahmi et al.,
2016). Several Trichoderma species' ITS sequences were aligned multiple times,
indicating nucleotide sequence differences that might be used to separate between
them (Hassan et al., 2019). The genus Trichoderma is commonly found as
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wood-decomposing or soil-borne fungi. Certain species are commercially
significant due to their production of industrial enzymes (chitinase, cellulase, and
hemicellulase), biocontrol agents and antibiotics (Hassan, 2014; Fahmi et al.,

2016).
A B Trichoderma harzianum T1
Trichoderma harzianum MF780850
—ﬂ Trichoderma afroharzianum MT102402
Trichoderma aureoviride MZ769130
Trichoderma virens LT707586
Trichoderma longibrachiatum OP710044

— Trichoderma koningiopsis KP340272
L Trichoderma asperellum MH259829

Figure 6. T. harzianum T1 growing on SDA medium 7 days after inoculation (a). The GenBank
database's neighbor-joining tree displays the genetic diversity of the T. harzianum strain together
with associated sequences of a few similar fungal strains based on the sequence analysis of the ITS
region (b).

GC-MS analysis of fungal filtrate

In this study, GC-MS analysis was performed on the filtrate of the target fungal isolate.
Ten different chemical substances were identified in the fungal filtrate (Table 1). The
results showed that T. harzianum T1 contained the most bioactive substance with large
amount, which was 6,8-dibromo-2-(3-pyridyl)-4-phenyl-quinazoline representing 70.31%
at retention time 424 min. The other main abundantly constituents were
3',4'-dihydro-2'-(morpholin-4-yl)-5',7'-dinitrospir o[cyclopentane-1,3'-quinazoline] (5.98%)
at 18.8 min, Docosane (5.46%) at 14.8 min, 3-Ethyl-5-(2-ethylbutyl)octadecane (4.71%) at
19.5 min, and Palmitic acid (4.29%) at 22.8 min. On the other hand, a small amount of
Boric acid, ethyl-, didecyl ester (1.93%), Eicosane (1.57%), and Phytane (0.45%) have
been detected. The compounds found in the filtrate of the fungal isolate T. harzianum T1
were classified as belonging to the following groups: ketones, chlorinated hydrocarbon,
carboxylic acid, heterocyclic amine, aromatic hydrocarbon, aliphatic hydrocarbon,
alkaloid, fatty acid, and alkane hydrocarbon. Many heterocyclic compounds with nitrogen
as quinazolinone derivatives have been shown to possess a broad range of biological
activity. In the current investigation, high percentage of the bioactive compound
6,8-dibromo-2-(3-pyridyl)-4-phenyl-quinazoline was detected in T. harzianum filtrate
which had nematicidal, insecticidal, and antimicrobial properties (Zheng et al., 2012;
Baazeem et al., 2022). Although the biological activity of fungal filtrates is typically
caused by major components, the impact of minor ones cannot be ignored. Our findings
were also confirmed with the record of Oliveira et al. (2009) who reported that many
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nematode species are known to be extremely killed by palmitic acid. Other compounds
with minor content were Boric acid, ethyl-, didecyl ester, Eicosane, and Phytane that had
been classified as keto acid and alkanes, respectively and have been used as biocides (Bhat
et al., 2024; Wang et al., 2024).

Table 1. GC-MS analysis of the filtrate of T. harzianum T1.

Active compounds Rt. (min) Relative Content (%)
2-Methylhexacosane 22.2 2.35
3',4'-dihydro-2'-(morpholin-4-yl)-5', 7'-dinitrospir
0[cyclo;:/entane—(lﬁ'—(:)uinazoli:e; i 188 >98
3-Ethyl-5-(2-ethylbutyl)octadecane 19.5 4.71
6,8-dibromo-2-(3-pyridyl)-4-phenyl-quinazoline 424 70.31
9-n-Butyldocosane 15.7 2.95
Boric acid, ethyl-, didecyl ester 21.6 1.93
Docosane 14.8 5.46
Eicosane 24.0 1.57
Palmitic acid 22.8 4.29
Phytane 21.7 0.45

Rt. = Retention time.

Insecticidal activity

Biosynthesized-AgNPs

The toxicity of S. muticum-AgNPs to T. absoluta larvae and pupae was
investigated (Fig. 7, Table 2). Significant differences (p < 0.05) observed in the
mortality % of T. absoluta larvae throughout exposure times and S.
muticum-AgNP concentrations (Fig. 7A). Corrected mortality percentages of
caterpillars ranging from 2.0 to 46.0% were recorded 24 h post treatment. The
mortality rates from the different alga-AgNP concentrations after two days ranged
from 8.8 to 57.2%. S. muticum-AgNPs attained 64.8% mortality at the maximum
concentration (40 pg/ml) on the third day of the experiment. Nevertheless, 17.2%,
24.8%, 31.2%, and 51.2% mortality percentages were recorded with 2.5, 5, 10,
and 20 pg/ml concentrations, respectively (Fig. 7A). The toxicity of S.
muticum-AgNPs against T. absoluta pupae was considerable (Fig. 7B). Pupal
mortality rates after applying nanoparticles for 24 h varied from 0.0 to 23.2%.
While the highest concentration (40 pg/ml) and lowest concentration (2.5 pg/ml)

BRADLEYA

67




ISSN:0265-086X

Vol. 43 (n. 8, 2025)

resulted in mortality percentages of 39.6% and 5.2%, respectively, 72 h-post
application. The 95% confidence intervals of the mortality percentage showed a
significant difference (p < 0.05) between the calculated LCso and LCyo values of
the S. muticum-AgNPs (Table 2). The LCsoand LCgo values of the algal-AgNPs
on larvae were significantly lower compared to pupae. At 72 h of exposure, the S.
muticum-AgNPs was the most toxic against larvae and pupae with estimated LCso
and LCgo values of 25.4 and 63.6, and 45.9 and 92.7 pg/ml, respectively. At p <
0.05, the reactions of T. absoluta larvae and pupae to the nanoparticles matched
the log (concentration)/probit (mortality) model (Table 2). With slope coefficients
ranging from 1.17 to 2.27, the S. muticum-AgNPs appeared to respond
homogeneously to the varying concentration. Since brown algae species are
known to contain chemicals with biological characteristics, there is plenty of S.
muticum material that is not currently being used but may have significant
potential (Silva et al., 2024). Additionally, there is a greater search for natural
resources due to the growing interest in eco-friendly materials, and S. muticum has
been found to be a rich source of bioactive substances, particularly polyphenols
with antiproliferation, antidiabetic, antioxidant, anti-inflammatory, antitumor,
antimicrobial and insecticidal activities (Zheng et al., 2024; Mardani-Talaee et al.,
2025). Only marine algae contain the naturally occurring seaweed polyphenolic
molecules tannins and flavonoids (Li et al., 2010). The literature survey estimated
that AgNP is very effective against Liriomyza trifolii more than T. absoluta and
Spodoptera litoralis with LCso averaged 7.41, 7.72 and 9.93 ppm, respectively, in
laboratory, however in the field, reduction percentages were 73.5, 65.1 and 54.8%
for L. trifolii, T. absoluta and S. litoralis (Marouf and Abd-Allah, 2021). Our
finding meet with Zayed (2021) who indicated that chitosan nanoparticles had a
potent insecticidal activity against 2™ larval instar and eggs deposited/female of T.
absoluta whereas, chitosan hydroxyapatite nanoparticles was the highest effective
treatment on antifeedant and growth inhibition. Also, Hany et al. (2016)
confirmed the effectiveness of nano silica on larvae of T. absoluta. Our findings
are consistent with the documented insecticidal properties of biogenic iron oxide
nanoparticles (FeNPs) of Ulva lactuca against T. absoluta (Ramya et al., 2023).
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Figure 7. Insecticidal activity of S. muticum-AgNPs on T. absoluta larvae (A) and pupae (B).
According to the DMR test, bars that have the same letter labeled are not statistically different (p <

0.05).

Table 2. LCsp and LCq of S. muticum-AgNPs against T. absoluta larvae and pupae.

Exposure

LCso (ng/ml)

LCgo (ng/ml)

T. absoluta Time (h)  (95% LCL-UCL) (95% LCL-UCL) Slope = SE Intercept X?>  p-value
24 40.8 (27.9-90.3) 74.1 (50.1-119.7) 2.27£0.15 -1.49 9.2 0.023

Larvae 48 31.2 (21.2-67.5) 67.3 (45.5-153.6) 1.360.11 -1.12 9.3 0.026
72 25.4 (21.7-30.4) 63.6 (53.5-80.3) 1.87+0.12 -0.85 51 0.168

24 62.2 (39.2-153.1) 107.0 (63.1-223.2)  1.55+0.15 -1.78 82 0.042

Pupae 48 50.9 (42.1-67.2) 95.5 (76.4-132.6) 1.29+0.13 -146 7.8 0.050
72 45.9 (28.8-71.5) 92.7 (55.0-189.9) 1.17+0.14 -1.25 9.9 0.019

Lethal concentrations that Kill 50 and 90 % of larvae or pupae (LCso, LCq0), Lower confidence limit

(LCL), upper confidence limit (UCL), chi-squared value (X?), standard error (SE), and probability

(p-value).

T. harzianum T1 fungus

The effect of treatment (conidial suspension concentrations and exposure
times) significantly influenced larval and pupal mortalities (p < 0.05) as shown in
Fig. 8 and Table 3. In addition, the larvae were more susceptible than the pupae to
different concentrations. The mortality percentages increased with the extension of
exposure time. Across all concentrations, 1.5x10% conidia/ml was reported to
exhibit the highest mortality rate of 92.0 and 80% in larvae and pupae, respectively
by 72 h (Fig. 8). Regarding 24 and 48 h exposure, median (1.5x10° conidia/ml) and
lower concentrations (1.5x10° conidia/ml) caused not significantly different
mortality percentages, ranging from 20.8 to 34.4% for larvae (Fig. 8A) and 18.8 to
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29.6% for pupae (Fig. 8B). The calculated LCso and LCgo values for fungus
conidial suspension varied from lowest to highest as follows: 8.9x10° to 1.6x10%
conidia/ml and 3.8x10° to 3.7x10%" conidia/ml for larvae and pupae, respectively
(Table 3). Due to the concentrations under investigation, the T. absoluta larvae and
pupae displayed various degrees of homogeneity, with slope values ranging from
1.76 to 3.44 (Table 3). The data in Fig. 9 and Table 4 represent the toxicity of
fungal filtrate against T. absoluta larvae and pupae under laboratory conditions. As
exposure time and fungal filtrate concentration increased, the percentage of larval
and pupal mortalities increased dramatically (p < 0.05). The EPF conidial-free
filtrate at higher concentration (60%) significantly affected larval and pupal
mortalities (p < 0.05) among all three days (Fig. 9). At 72 h exposure, the
percentage of mortality caused to larvae (70.0%) (Fig. 9A) was significantly higher
than that caused to pupae (59.2%) (Fig. 9B). The lowest mortality percentages (4.0
and 2.8%) were recorded in the plates where the larvae and pupae were exposed to
T. harzianum T1 filtrate at the rate of 5% after 24 h application. Likewise, Table 4
shows that the fungal isolate filtrate was more potent against larvae than pupae,
with LCsg values for the former being 63.9, 51.5, and 36.8% at 24, 48, and 72 h after
treatment, and for the latter being 70.4, 63.2, and 48.1% at the same times. The
same results appeared for the LCq values, that were significantly lower for larvae
than for pupae. In addition, the data in Table 4 demonstrate that the T. absoluta
larval response exhibited the highest degree of homogeneity following exposure to
the filtrate, with a slope value of 2.65 at 72 h following treatment.

1009 A a
80 T. harzianum conidia
2 4
3 1.5x10* conidia/ml
60 2 2 s
" &3 1.5x10° conidia/ml
<
404 S i od == 1.5x10° conidia/ml
- £ 4 =3 1.5%107 conidia/mi
— d
20 ’ I'"'I |-7-||J-‘ ﬂ == 1 .5x10° conidia/ml
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Figure 8. Corrected mortality percentages of T. absoluta (mean * SE) subjected to five
concentrations of T. harzianum T1 conidial suspension, for larvae (A) and pupae (B) after 24, 48
and 72 h. Mean values of concentrations with the same letter(s) do not differ statistically
significantly according to DMR test, (p < 0.05).
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Table 3. LCso and LCg of T. harzianum T1 conidial suspension against T. absoluta larvae and

pupae.

T. absoluta

Exposure  LCsp (conidia/ml) LCq (conidia/ml)
Time (h)  (95% LCL-UCL) (95% LCL-UCL)

Slope + SE Intercept X2 p-value

Larvae

Pupae

24 79x107(7.3-87)° 16x104(11.9-19.1) 263011 -2.82 51 0.168
48 9.5x10°(6.6-7.5)  6.3x109(9.8-12.4) 2.35#0.16 -2.34 2.0 0.580
72 8.9x10°(45-74)  6.8x10°(7.4-17.2) 3.44+0.13 -2.64 156 0.001
24 3.3x10%(7.9-9.6) 3.7x10Y (13.7-27.8) 2.08+021 -2.62 3.41 0.169
48 9.3x107(7.3-9.3)  2.8x10%2(10.9-15.3) 1.76:0.15 -2.16 198 0.577
72 3.8x10°(5.4-9.1)  1.2x10¥(8.2-22.9) 2.6520.22 -2.40 12.05 0.007

Lethal concentrations that kill 50 and 90 % of larvae or pupae (LCso, LCqo), Lower confidence limit

(LCL), upper confidence limit (UCL), chi-squared value (X?), standard error (SE), and probability

(p-value). * Parenthesized figures are given as powers of 10.
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Figure 9. Percentage of larval (A) and pupal (B) mortalities of T. absoluta exposed for 1, 2 and 3
days to T. harzianum T1 filtrate. The statistical significance (DMR test, p < 0.05) is indicated by
different letters above the bars (mean + SE).
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Table 4. LCso and LCy of T. harzianum T1 filtrate against T. absoluta larvae and pupae.

Exposure LCso (%) LCqo (%)

T-absoluta o h)  (95% LCL-UCL)  (95% LCL-UCL)

Slope + SE Intercept X2 p-value

24 63.9(44.7-853)  83.2(74.6-1205) 221015 -1.35 8.36 0.039
Larvae 48 515(44.3-62.7)  75.4(64.2-96.8) 2.1620.12 -1.04 1.81 0.613
72 36.8(31.8-43.0)  62.4(51.7-71.2) 2.65:0.20 -0.86 252 0.043
24 70.4(49.1-126.5)  92.8(64.9-186.1) 1.61+0.17 -145 3.64 0.049
Pupae 48 632 (53.0-815)  84.7(70.1-113.2) 1.78+0.18 -1.12 2.17 0538
72 48.1(415-58.0)  73.7(62.7-92.3) 1.80+0.14 -0.99 1.70 0.036

Lethal concentrations that kill 50 and 90 % of larvae or pupae (LCso, LCqg0), Lower confidence limit
(LCL), upper confidence limit (UCL), chi-squared value (X?), standard error (SE), and probability
(p-value).

The findings of this study demonstrate that when used as an immersion
solution, T. harzianum T1 may efficiently kill a significant percentage of T.
absoluta larvae and pupae. This was particularly true for the conidial suspension,
which not only had the lowest estimated LCso and LCgo values against larvae and
pupae but also displayed fast-acting properties by causing an approximate 86%
mortality rate in larvae and pupae after three days of exposure. Mkiga et al. (2020)
examined the significance of body surface availability for attachment of
Metarhizium anisopliae conidia in females Thaumatotibia leucotreta (Lepidoptera:
Tortricidae). The dose-responses noticed by Contreras et al. (2014), who
investigated a liquid formulation of M. anisopliae conidia against T. absoluta pupae,
were analogous to those reported in the current investigation. It just took a single
day for conidia to germinate and pierce the larval and pupal cuticles. Thus, a faster
conidial germination rate and cuticle penetrating capacity of the T. harzianum T1
may be responsible for the observed variations in toxicity between the conidia and
filtrate (Erasmus et al., 2021). Abdel-Raheem et al. (2015) conducted laboratory
bioassays and concluded that when T. absoluta eggs were exposed to M. anisopliae
and Beauveria bassiana, there was 100% mortality at 1x107 conidia ml™. Similar to
the obtained results, it was evident that the larval stage was extremely vulnerable to
isolates of both B. bassiana and M. anisopliae, with mortalities surpassing 90%
(Tadele and Emana, 2017). According to (Abebe (2019), the mortality rates of T.
absoluta larvae in field and pot trials caused by the application of B. bassiana were
61.8 and 67.8%, respectively.

Synergistic effect of S. muticum-AgNPs and T. harzianum T1

As shown in Fig. 10, the average corrected mortality percentages for larvae of
T. absoluta treated with separate or joint treatments for 72 h ranged from 47.6 to
96.0%. When S. muticum-AgNPs were used in combination with conidial
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suspension, larval mortality increased significantly (96.0%, p < 0.05) in
comparison to all other treatments. AgNPs + filtrate suspension and fungal conidia
+ filtrate treatments, on the other hand, killed 85.2 and 91.2% of T. absoluta
larvae without significant differences between them. Additionally, applying
fungal conidia alone caused 68% mortality, and filtrate alone recorded 56.4% that
was statistically significant. By 47.6%, the least significant mortality value was
obtained when S. muticum-AgNPs were applied alone. For the first time, this study
explores, the fabrication of indigenous alga, and evaluates the separate and
combined effects of the biosynthesized S. muticum-AgNPs with the conidia or
filtrate of local T. harzianum T1 fungus against T. absoluta larvae and pupae.
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Figure 10. Percentage of larval mortality of T. absoluta exposed for 3 days to S. muticum-AgNPs
integrated with either conidia or filtrate suspension of T. harzianum T1. FC=fungal conidia,
FF=fungal filtrate. Different letters above bars (mean + SE) indicate statistical significance (DMR
test, p < 0.05).

Increasing biological activity against the target organism and lowering
participant concentration are the two primary goals of employing synergistic
combinations. Additionally, the possibility of resistance selection and the ensuing
generation of resistant populations are reduced by combinations with higher
chemical complexity (Kucharska et al., 2011). Extensive experiments using target
host time- and concentration-dependent mortality response and toxin-pathogen
compatibility are necessary to produce a stable and successful pest management
strategy. This investigation definitively demonstrated that applying T. harzianum
T1 alone or combined with S. muticum-AgNPs was lethal to larval and pupal
stages of tomato leafminer. Moreover, the fungus was shown to be compatible with
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the addition of AgNPs, and their dual application was determined to be a desirable
strategy to get over the slow mortality assessment by creating a powerful additive
or synergistic interaction that eventually improves the mortality of T. absoluta.
Thus, the use of bio-synthesized AgNPs in IPM programs that also employ fungus
biological control agents offers a number of important challenges, as this study
demonstrate. Feng et al. (2004) demonstrated that the toxicological interaction of
specific compounds with fungal candidates might result in either a decrease in
toxicity (antagonism), increase toxicity additively, or the mixture's ideal toxicity
increasing (synergism). Consequently, in the present work, three days following
treatment, the tested EPF's interaction with AgNPs seems to have a synergistic or
additive effect on T. absoluta mortality. T. harzianum T1 used here either by
conidial suspensions or filtrates was able to kill larvae, when either applied
individually or concomitantly. Synthesized zinc oxide nanoparticles' larvicidal
action against Culex quinquefasciatus and Anopheles subpictus, showed an
increase in mortality with increasing concentration; additionally, when the ideal

time for ZnO nanoparticles' lethal effects was taken into consideration, it was 100 %

proven after 24 h (Kirthi et al., 2011). Similarly, (Hersanti et al., 2020) found that
the application of a B. bassiana + silica NPs 5 % + carbon fiber mixture resulted in
the highest mortality rate of Spodoptera litura larvae (53.3 %), as versus 6.7 %
mortality when B. bassiana was employed alone. The rapid mortality response that
the fungal conidial suspensions in this investigation demonstrated is consistent with
earlier research that aimed to screen the most virulent isolate against a range of pest
species (Hussain, 2021). By penetrating the insect's cuticle, the T. harzianum can
release hydrolytic enzymes known as cuticle-degrading enzymes, which include
lipases, proteinases, and chitinases (Lakhdari et al., 2023). Although the
insecticidal activity of the AgNPs alone was only moderately efficient in this
investigation, the addition of EPF may increase their effectiveness. When
individuals exposed to conidial suspension integrated with AgNPs, T. absoluta
larvae showed higher mortality than pupae, indicating strong the sensitivity to this
treatment in the current investigation. This observation may be explained by the

pupae’ higher chitinized cuticle area relative to the larvae's less chitinized body area.

Applying S. muticum-AgNPs in combination with T. harzianum T1 promises to be
more effective against insects, according to the outcomes of the current preliminary
data. However, more research focusing on other economically significant insect
species is required to elucidate their formulation development, adverse effects, and
mode of action in order to validate the method's effectiveness.

BRADLEYA

74



ISSN:0265-086X

Vol. 43 (n. 8, 2025)

CONCLUSIONS

There are numerous secondary metabolites generated by algae. These compounds
are promising as environmentally friendly methods for preventing the serious
damage that pests in agroecosystems do. Furthermore, entomopathognic fungi have
been shown to be significant in protecting plants from insect attacks. Aadaptability
and resistance of tomato leaf miner, T. absoluta to chemical insecticides have
necessitated integrated pest management (IPM) strategies prioritizing sustainable
alternatives.

In the present study, we successfully synthesized the AgNPs using S. muticum
algal extract with a straight forward repeatable methodology. UV-Vis, TEM, FTIR,
zeta potential, and XRD analyses were used to characterize the biosynthesized
AgNPs. We also successfully isolated and molecularly identified the native fungus
T. harzianum T1 as well as subjected the fungal filtrate to GC-MS analysis.
Furthermore, the insecticidal effect of S. muticum-AgNPs either individually or
integrated with T. harzianum T1 conidial/filtrate suspension against larvae and
pupae of the tomato leaf miner, T. absoluta was evaluated, indicating that the
larvicidal activity of all tested compounds was better than pupicidal activity. S.
muticum-AgNPs together with the T. harzianum T1 conidial suspension has a
greatest insecticidal impact on T. absoluta larvae which can be widely used in
tomato production. This study demonstrates the suppressive ability of EPF conidia
in disrupting the life cycle of T. absoluta for use in IPM programs, ideally in
conjunction with algal-AgNPs for larval and pupal control. However, more
research should be carried out on the effectiveness and durability of EPFs or other
bio-agents, as well as biosynthesized nanoparticles, in both field and greenhouse
settings, in soil types with various characteristics. While examining the genetic
heterogeneity of T. absoluta responses across various geographic populations and
crop varieties, it would also be pertinent to describe the lethal effects of tested
components on pest growth, reproduction, and behavior. Finally, it is important to
investigate how these materials affect non-target biodiversity in the environment
and how various nanotechnological formulations might be developed to increase
their stability and controlled release in agricultural applications.
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