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Abstract
Whether green nanotechnology can be effectively used with biological control agents in integrated pest
management is currently unknown. We biosynthesized 8–33 nm nanoparticles (NPs) using extracts from
the fungus Fusarium solani: silver (AgNPs), selenium (SeNPs), silicon dioxide (SiO2NPs), copper oxide,
titanium dioxide (TiO2NPs) and zinc oxide (ZnONPs). They were applied to the adult, egg, and larval
stages of Callosobruchus chinensis (Cc) and Callosobruchus maculatus (Cm) directly or via azuki beans
Vigna angularis, and the adult stage of their parasitoid wasp Anisopteromalus calandrae. Susceptibility
to the nanoparticles was species-dependent and differed among developmental stages; adults and eggs
were more susceptible than larvae in the beetles except for Cc adults. Female adult longevity was
shortened by SeNPs in A. calandrae and by SeNPs and AgNPs in Cm. In contrast, ZnONPs elongated Cc
adult longevity and SeNPs elongated male Cm longevity. When eggs were treated, SeNPs and TiO2NPs
reduced Cc egg hatchability and TiO2NPs reduced Cm larva-to-adult survivorship, leading to lower
numbers of emerged adult offspring. When the bean surface was treated, there was a pronounced toxicity
of SeNPs on the fecundity and egg hatchability of Cm and of SiO2NPs on egg hatchability of both beetle
species. When beans containing beetle larvae were treated, no toxicity was detected. Cc adults were not
negatively affected by any of the nanoparticles, which might be the consequence of endosymbiotic
infection by Wolbachia that are abundant in the adults. The biosynthesized SeNPs demonstrated a
strong potential for control of major stored bean pests but can also affect their biocontrol agent.

Key Message
Whether green nanotechnology can be effectively used with parasitoids is unknown 

Six nanoparticles (NPs) were biosynthesized using the extract of the fungus Fusarium solani

The beetle Callosobruchus maculatus was more vulnerable than Wolbachia-infected C. chinensis

Selenium NPs were the most effective NPs on the beetles but also toxic to their parasitoid

Selenium NPs enhanced male C. maculatus longevity and zinc oxide NPs adult C. chinensis
longevity

Introduction
The world’s population will reach 8 billion in 2022 and is projected to reach a peak of 10.4 billion by the
2080s (United Nations Department of Economic and Social Affairs, Population Division, 2022). One of
the most significant crops for the world's population is Vigna beans (cowpeas Vigna unguiculata, mung
beans Vigna radiata, azuki beans Vigna angularis, etc.), but this food supply is impacted by storage
losses caused by insect pests for a number of people (Mesterházy 2020). Callosobruchus beetles,
represented by cowpea beetle C. maculatus in tropical areas and azuki bean beetle C. chinensis in
temperate areas, are important stored product pests with wide host ranges that can cause severe losses
to dried beans (Tuda et al. 2005, Tuda 2007). Although chemical insecticides such as fumigants and
dusts are effective for controlling C. maculatus and C. chinensis, they are not suitable at the farm level
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since farmer’s storage facilities are not airtight, and it is not acceptable to mix pesticides with stored grain
for insect pest prevention (Bekele et al. 1995). To safeguard the environment, animals, and humans,
scientists and governments throughout the world are shifting from chemical-based agriculture to green
agriculture.

Nanotechnology has become one of the most promising new approaches for the control of pests to
protect crops in recent years (Athanassiou et al. 2018). Nanoparticles (NPs) have an atomic or molecular
size of less than 100 nm and possess exceptionally novel properties such as a high surface-area-to-
volume ratio, high reactivity, and enhanced catalytic and biological properties (Ranjani et al. 2020). All
these unique properties make the NPs appropriate for a variety of applications including their usage in
agriculture (Deka et al. 2021; Upadhyay et al. 2020; Yaqoob et al. 2020). Metal and metallic oxide NPs
such as silver (Ag), zinc oxide (ZnO), copper oxide (CuO), silica (silicon dioxide, SiO2), titanium dioxide
(TiO2), gold (Au), and aluminum oxide (Al2O3) are being produced for use in pest and disease control
(Piesik and Wenda-Piesik 2015). Ag, Cu and ZnO NPs have antimicrobial activity. SiO2NPs have been
demonstrated to have physisorption in cuticle lipids of insects which promote insect mortality (Barik et al.
2008) and are promising tools for biological applications owing to their excellent biocompatibility, low
toxicity to humans, and thermal stability. Additional benefits of SiO2NP application were found in
controlling Spodoptera spp.; SiO2NPs promoted volatile emission from infested soybean plants, which
attracted the predator Paederus spp. (Thabet et al. 2021). Selenium nanoparticles (SeNPs) have
antioxidant (Hamza 2012), antibacterial (Vera et al. 2016), anticancer (Zhang et al. 2013), neuroprotective
(Turovsky et al. 2022), antimicrobial (Menon et al. 2019), and plant-growth-promoting (Nazari et al. 2022)
effects and used in the treatment of diabetes, bioremediation, and as a biosensor (Kumar and Prasad
2021). The mode of action of NPs against insects are summarized in Benelli (2018) for Ag, SiO2, and
metal NPs. The insecticidal effect of SeNPs has recently been shown for Spodoptera litura
(Arunthirumeni et al. 2021). SeNPs can be biosynthesized by bacteria (Visha et al. 2015; Menon et al.
2019) and fungi (e.g. Mariannaea sp., Zhang et al. 2019). The fungus Fusarium sp. was used for the
extracellular biosynthesis of AgNPs (Singh et al. 2015).

The application of biosynthesized NPs is expected to transform the field of integrated pest management
(IPM) in future (Bhattacharya et al. 2020; Duhan et al. 2017; Rai et al. 2018) (Supplementary Table S1).
Compared to chemical synthesis, the biological synthesis of nanopesticides using plant extracts and
microbes is greener—environmentally friendly, non-toxic, and inexpensive without using high temperature,
high pressure, high energy, and toxic chemicals and without producing by-products toxic to humans
(Gunalan et al. 2012; Devi et al. 2014; Kapinder and Verma 2021; Selvan et al. 2018; Narayanan et al.
2021).

The have been few studies on the use of NPs in managing stored product pests (Abo-Arab et al. 2014; El-
Naggar et al. 2020; Jasrotia et al. 2022; Supplementary Tables S1, S2). For example, AgNPs synthesized
using the aqueous leaf extracts of Euphorbia prostrata proved to have potential to control adult
Sitophilus oryzae (Zahir et al. 2012). The insecticidal effects of SiO2 and Ag NPs (Rouhani et al. 2013)
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and phyto- (Pongamia pinnata leaf extract) or entomopathogen- (Bacillus thuringiensis) coated ZnONPs
on C. maculatus has been reported (Malaikozhundan et al. 2017; Malaikozhundan and Vinodhini 2018).
Al2O3 and SiO2 NPs are more effective than TiO2 and ZnO NPs in the control of the rice weevil S. oryzae
(Goswami et al. 2010). Green-synthesized Ag and lead (Pb) NPs using mangrove (Avicennia marina)
plant extract also have insecticidal effects against S. oryzae (Sankar and Abideen 2015). Green-
synthesized AgNPs also have more larvicidal effects against Tribolium castaneum and C. maculatus
than pure AgNPs or Nerium oleander leaf extract (Jafer and Annon 2018). AgNPs synthesized using the
leaf extracts of Myriostachya wightiana exhibited insecticidal activity against S. oryzae, T. castaneum,
and Rhyzopertha dominica (Vadlapudi and Amanchy 2017). Rock powder and ZnONPs showed high
efficacy against S. oryzae with respect to mortality rate and progeny of adults (Hamza 2012).

Non-selective insecticides can affect not only pests but also their natural enemies. For example, AgNPs
have been demonstrated to impact a predator Podisus maculiventris (spined soldier bug) of lepidopteran
pests (tobacco hornworm Heliothis virescens and cabbage looper Trichoplusia ni), whereas impact on the
pests were negligible (Afrasiabi et al. 2016). Little side-effect on honeybees was confirmed for a botanical
pyrethrum-based nanoinsecticide (Oliveira et al. 2019). However, still, little is known about the non-target
effects of nanopesticides on beneficial insects compared to their target effects on pests. This study
aimed to test the efficacy of biosynthesized NPs of Ag, CuO, Se, SiO2, TiO2, and ZnO by Fusarium solani
extract as insecticides against two Callosobruchus beetle species at different developmental stages and
their non-target effects on their parasitoid. We hypothesized that the biosynthesized nanoparticles
decrease the fecundity and survival of the different developmental stages (and consequently the number
of emerging adults of both sexes) of the two pest beetles, irrespective of direct/indirect application, and
the adult longevity of both sexes of their parasitoid.

Materials And Methods
Fungal culture

Fungal culture used in this study for the biosynthesis of the different NPs were isolated from the soil. An
agricultural soil samples were collected from the potentially contaminated pots used for the experimental
studies at the Laboratory of Insect Natural Enemies, Faculty of Agriculture, Kyushu University. Fungal
strains were isolated by the direct plating method (Dhingra and Sinclair 1995) and morphologically
differentiated according to Smith and Onions (1983). Further molecular classification was performed to
complete the differentiation according to Henry et al (2000) and detailed in the following section.

Biosynthesis of nanoparticles by fungi

To prepare biomass for biosynthesis of metal and non-metal NPs, fungal culture was grown aerobically
in liquid media containing 3.0 g malt extract, 10.0 g glucose, 2.0 g yeast extract, 5.0 g peptone, 20.0 g
agar-agar and 1.0 L distilled water, with pH adjusted to 6.2 as per Helmy and Mekawey (2014). Fungal
culture was filtered aseptically and incubated in sterilized deionized water aerobically for 72 h.
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Silver (Ag) NPs were prepared by adding 500 mg L− 1 of AgNO3 solution to cell-free water extract of the
fungal isolate. The reduction of Ag ions to AgNPs was confirmed by color transformation of the mixture
to brown (El-Naggar et al. 2014) (Fig. 1a). Copper oxide (CuO) NPs were prepared by adding 500 mg L− 1

of CuIISO4 solution to cell-free water extract of the fungal isolate. The reduction of Cu ions to CuONPs
was confirmed by color transformation of the mixture to blue green (Fig. 1b). Selenium (Se) NPs were
prepared by adding 500 mg L− 1 of Na2SeO3 solution to cell-free water extract of the fungal isolate. The
reduction of Se ions to SeNPs was confirmed by color transformation of the mixture to red (Fig. 1c).
Silicon dioxide or silica (SiO2) NPs were prepared by adding 500 mg L− 1 of SiO2 solution to cell-free water
extract of the fungal isolate. No color transformation of the mixture was observed to confirm the
reduction of Si ions to SiO2NPs (Fig. 1d). Titanium dioxide (TiO2) NPs were prepared by adding 500 mg

L− 1 of TiO2 solution to cell-free water extract of the fungal isolate. The reduction of Ti ions to TiO2NPs
was confirmed by color transformation of the mixture to deep white colloidal solution (Fig. 1e). Zinc oxide
(ZnO) NPs were prepared by adding 500 mg L− 1 of ZnSO4.7H2O solution to cell-free water extract of the
fungal isolate. No color transformation of the mixture was observed to confirm the reduction of Zn ions
to ZnONPs (Fig. 1f). The characterization of the resulted NPs produced by the fungal isolate was carried
out using visual observation, transmission electron microscopy (TEM) photographing, electron diffraction
(ED), and energy-dispersive X-ray (EDX) as follows.

Characterization of nanoparticles

Particle size and shape. Size and shape of different NPs produced by the fungal isolate were determined
using TEM (Philips Tecnai-G2 20, Japan). Samples for TEM were prepared by placing a drop of well
dispersed NP solution onto conventional carbon coated copper TEM grids (150 µm meshes, Plano GmbH,
Germany), allowing the drop to dry overnight in a desiccator before imaging. The TEM images of the
samples were obtained using an accelerating voltage of 200 kV. Three images with multiple NPs were
taken to have a clear representation of its morphology and particle size.

Identification of elemental compositions. To examine the elemental chemical composition of the NPs,
surface binding elements of the sample NPs were analyzed with X-ray photoelectron spectroscopy, using
EDX system coupled with the TEM (Tecnai-G2 20). The NPs excited by an electron beam showed the peak
values percentage of elements in comparison to other surface binding elements.

ED coupled with the conventional TEM (ED/TEM) (JEM–2100HCKM, JEOL, Tokyo, Japan) was used to
characterize the diffraction pattern of different NPs produced by the fungal isolate. Samples for ED were
prepared by placing a drop of well dispersed NPs solution separately onto conventional carbon coated
copper TEM grids (150 µm meshes) as described above. Images of the ED analyses of the samples were
obtained using an accelerating voltage of 200 kV.

Molecular identification of fungi
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The fungal isolate was identified based on the ITS rDNA sequence with primers ITS1 and ITS4 (Henry et
al. 2000). First, DNA was extracted by freezing and thawing a small sample of the colony of the fungal
isolate dissolved in TE buffer. PCR was conducted with an annealing at 53°C using KOD One (Toyobo,
Tokyo, Japan), following the manufacturer’s protocol. The PCR products were purified and subjected to
Sanger sequencing. Sequence data were then searched for matches in the database nr using BLASTn
(NCBI, MD, USA).

Toxicity test on parasitoid wasp adults

A culture of Anisopteromalus calandrae (Hymenoptera: Pteromalidae) originating from Japan was used
as a parasitoid of Callosobruchus beetle larvae and pupae (Tuda 2007; Zhang et al. 2021, 2022). It has
been maintained with C. chinensis for more than 70 years in the laboratory at 30°C (Nakamichi et al.
2020; Zhang et al. 2021). Five females and five males emerged within 24 h were introduced to a petri dish
(6 cm diameter). Twenty µl biosynthesized NP solution or distilled deionized water as control was then
applied. We monitored the number and sex of dead wasps every 24 h at 30°C, 60% r.h. and a 16L:8D
photocycle. Each treatment was replicated for nine times. A total of 628 adults were used for this
experiment.

Toxicity test on pest bean beetles

We used two stored bean pest beetle species, Callosobruchus chinensis (Coleoptera: Chrysomelidae:
Bruchinae) strain jC that originated from Japan and maintained on azuki beans in the laboratory
condition at 30°C for more than 70 years (Tuda 1993; Tuda and Shimada 2005). The other is
Callosobruchus maculatus strain tQ that originated from the Middle East and maintained on azuki beans
Vigna angularis var. angularis (Fabaceae) in the laboratory condition at 30°C for more than 30 years
(Toquenaga and Fujii 1991). We applied each of these NPs directly to the egg, larva, or adult stage, or
indirectly to the crop (azuki beans) before oviposition of each beetle species. Twenty µl of 500 mg L− 1 of
each NP solution synthesized by the fungal isolate or distilled deionized water as control was applied to
eggs, larvae, or adults of each beetle species or 30 µl to the beans before oviposition by the beetles. Each
treatment was replicated for 9–12 times at 30°C, 60% r.h. and 16L:8D.

Direct application of nanoparticles to adults. Five females and five males emerged within 24 h were
introduced to a petri dish (6 cm diameter). Twenty µl (10 µg) biosynthesized NP solution or distilled
deionized water was then applied. We monitored the number and sex of dead beetles every 24 h. A total
of 630 adults for C. chinensis and 640 adults for C. maculatus were used for this experiment.

Direct application of nanoparticles to eggs. Eggs were deposited for 2 h on azuki beans by females that
emerged within 24 h. Beans with 1–2 eggs were chosen. Seven to eight beans with a total of 10 eggs of
24 h old were introduced to a petri dish (6 cm diameter) and 20 µl (10 µg) biosynthesized NP solution or
distilled deionized water was applied and eggs were reared. After eight days from application, hatched
eggs were counted. Emerged adults were counted after 36 days from egg deposition. A total of 650 eggs
for C. chinensis and 650 eggs for C. maculatus were used for this experiment.
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Application of nanoparticles to larvae. Twenty µl (10 µg) biosynthesized NP solution or distilled deionized
water was applied to seven to eight azuki beans infested by a total of 10 fourth instar larvae (14 days
old) at the density of 1–2 larvae/bean in a petri dish (6 cm diameter). After 23 days under the same
condition, emerged adults were counted. A total of 640 larvae for C. chinensis and 620 larvae for C.
maculatus were used for this experiment.

Application of nanoparticles to beans. A pair of adults (a female and a male) emerged within 24 h was
introduced to a petri dish (6 cm diameter) with 10 azuki beans (1.8 g) that were applied with 30 µl (15 µg)
of biosynthesized NPs (corresponding to 8.3 mg kg− 1) or distilled deionized water. After 14 days from the
NP application (and the introduction of pairs), hatched and unhatched eggs were counted. Emerged
adults were sexed and counted after 37 days from the NP application. A total of 71 pairs for C. chinensis
and 68 pairs for C. maculatus were used for this experiment.

Statistics

The effect of NPs on the longevity of adults was analyzed with a survival analysis with a best-fit Weibull
distribution with NP element, sex, their interaction, and replicates as explanatory variables, followed by
posthoc comparisons with the control. The effect of NPs on the numbers of laid eggs, emerged adults
and emerged females was analyzed with generalized linear models with a Poisson distribution and a log
link function and an overdispersion parameter included with NP element as an explanatory variable.
Posthoc tests were performed to compare with the control. Logistic regression analyses were performed
on the survival rates of eggs (hatchability), larva to adult, and egg to adult, and on sex ratio of emerged
adults, followed by posthoc comparisons with the control. All statistical tests were performed using JMP
14.2.0.

Results
According to morphological differentiation and genotypical identification based on the ITS sequence
obtained, the fungal isolate was identified with 100% certainty as Fusarium solani (Hypocreales:
Nectriaceae). The size and shape of the six types of metal NPs produced by the F. solani isolate were
characterized using TEM (Fig. S1), ED, and EDX (Fig. S2). The diameter of the spherical shaped AgNPs
produced by this fungal extract was 15.3 ± 0.2 nm (mean ± SE). The diameter of the spherical shaped
CuONPs was 11.7 ± 0.3 nm and that of the spherical shaped SeNPs was 20.0 ± 0.1 nm. The size of the
amorphous SiO2NPs was 32.9 ± 2.6 × 75.1 ± 8.9 nm. The diameter of the spherical shaped TiO2NPs was
15.4 ± 0.2 nm and that of the ZnONPs was 8.1 ± 0.5 nm.

Toxicity on parasitoid

When adults were treated with NPs, adult longevity of A. calandrae was significantly affected by the
interaction effect between NP element and sex (Table 1); SeNPs shortened the adult longevity of both
sexes (females by 12.4%, males by 22.6%) (female, P < 0.001; male, P < 0.001) and SiO2NPs reduced the
longevity of only males by 4.2% (P = 0.010, Fig. 2), compared to the control.
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Table 1

Results of survival analysis on adult longevity of the parasitoid Anisopteromalus calandrae and the
beetles Callosobruchus chinensis and Callosobruchus maculatus. Nanoparticle element indicates six

biosynthesized nanoparticles or control. One replicate stands for 10 adults, five individuals of each sex.

  Anisopteromalus
calandrae

Callosobruchus
chinensis

Callosobruchus
maculatus

  χ2 df P χ2 df P χ2 df P

Nanoparticle element 54.51 6 < 
0.001

34.41 6 < 
0.001

2.96 6 0.814

Sex 116.69 1 < 
0.001

301.79 1 < 
0.001

126.15 1 < 
0.001

Nanoparticle element ×
sex

16.20 6 0.013 3.46 6 0.749 29.46 6 < 
0.001

Replication
[nanoparticle element]

95.52 56 < 
0.001

83.11 56 0.011 75.40 57 0.052

Toxicity on pest bean beetle Callosobruchus chinensis

Treatment on adults of C. chinensis. When adults were treated with NPs, adult longevity was significantly
affected by NP element and sex (Table 1); ZnONPs elongated longevity by 13.5% compared to the control
(P = 0.008, Fig. 3). Significant main effect of sex showed that females lived longer than males (when they
were not allowed to lay eggs) (Table 1, Fig. 2).

Treatment on eggs of C. chinensis. When eggs with density per bean controlled were treated, there was a
significant effect of NP element on hatchability of eggs (likelihood ratio χ2

6 = 19.09, P = 0.004); SeNPs
and TiO2NPs reduced the egg hatchability by 22.8% and 17.7%, respectively (posthoc comparison with
the control, SeNPs, P < 0.001; TiO2NPs, P = 0.008, Fig. 3). Larva-to-adult survival rate was not affected by

NP element (likelihood ratio χ2
6 = 5.09, P = 0.533, Fig. 3), while egg-to-adult survival rate was affected

(likelihood ratio χ2
6 = 13.06, P = 0.042); SeNPs reduced egg-to-adult survival rate compared to the control

(P = 0.021). The number of emerging adults was not affected by NP element (likelihood ratio χ2
6 = 0.205)

but the posthoc comparison test indicated that it was reduced by SeNPs by 18.0% (P = 0.047, Fig. 3).

Treatment on larvae of C. chinensis. When larvae were treated with NPs, there was no difference among
the NP elements and the control in larva-to-adult survival rate (likelihood ratio χ2

6 = 5.53, P = 0.477, Fig.
S3).

Treatment on beans before oviposition by C. chinensis. When azuki beans were treated a priori with each
of the NPs, the number of laid eggs was not affected by the NP element (likelihood ratio χ2

6 = 2.22, P = 

0.898). Egg hatchability was reduced by SiO2NPs by 10.6% (likelihood ratio χ2
6 = 19.97, P = 0.003;

posthoc comparison with the control, P < 0.001, Fig. 4). Larva-to-adult survival rate was reduced by



Page 9/23

AgNPs by 6.6%, CuONPs by 7.3%, and ZnONPs by 8.0% (likelihood ratio χ2
6 = 9.73, P = 0.136; posthoc

comparison with the control, AgNPs, P = 0.026; CuONPs, P = 0.027; ZnONPs, P = 0.007, Fig. 4).
Consequently, egg-to-adult survival rate was reduced by SiO2NPs and ZnONPs by 15.7% and 9.9%

(likelihood ratio χ2
6 = 15.00, P = 0.020; posthoc comparison with the control, SeNPs, P < 0.001; ZnONPs, P 

= 0.005). The number of emerged adults was not affected by the NP element (likelihood ratio χ2
6 = 1.89,

P = 0.929, Fig. 4). Offspring female ratio was not affected by any of the NPs (likelihood ratio χ2
6 = 8.91, P 

= 0.179).

Toxicity on pest bean beetle Callosobruchus maculatus

Treatment on adults of C. maculatus. When adults were treated with NPs, adult longevity was
significantly affected by the interaction effect between NP element and sex (Table 1); SeNPs shortened
the longevity of female adults by 28.3% of the control, while lengthened the longevity of male adults by
9.1% (posthoc pairwise tests with the control; female, P < 0.001; male, P = 0.016, Fig. 2). TiO2NPs
shortened the longevity of male adults by 6.1% (P = 0.013, Fig. 2). AgNPs shortened the longevity of
female adults by 11.6% (P = 0.036, Fig. 2) but not males’.

Treatment on eggs of C. maculatus. When eggs were treated with NPs, there was no significant effect of
NP element on hatchability of eggs (likelihood ratio χ2

6 = 6.21, P = 0.400), larva-to-adult survival rate (χ2
6 

= 9.56, P = 0.144), egg-to-adult survival rate (χ2
6 = 10.56, P = 0.103) and the number of emerged adults

(χ2
6 = 9.15, P = 0.165) (Fig. 3). However, posthoc tests indicated that larva-to-adult survival rate and egg-

to-adult survival rate were reduced by TiO2NPs by 10.8% and 15.0%, respectively, compared to the control
(larva-to-adult survival, P = 0.011; egg-to-adult survival, P = 0.034; emerged adults, P = 0.021, Fig. 3).

Treatment on larvae of C. maculatus. When larvae were treated with NPs, there was no difference among
the NP elements and the control in larva-adult survival rate (likelihood ratio χ2

6 = 2.64, P = 0.852, Fig. S3).

Treatment on beans before oviposition by C. maculatus. When azuki beans were treated a priori with each
of the NPs, the number of laid eggs was reduced by SeNPs by 32.9% (likelihood ratio χ2

6 = 16.79, P = 
0.010; posthoc comparison with the control, SeNPs, P < 0.001, Fig. 4) and egg hatchability was reduced
by CuO, Se, and SiO2 NPs by 13.9, 11.7, and 11.2% of the control, respectively (likelihood ratio χ2

6 = 22.05,
P = 0.001; posthoc comparison with the control, CuONPs, P < 0.001; SeNP, P = 0.002; SiO2NP, P = 0.005,

Fig. 4). Egg-to-adult survival rate did not differ among NP elements (likelihood ratio χ2
6 = 9.7, P = 0.140)

but was reduced by CuONPs by 14.6% of the control (posthoc comparison with the control, P = 0.024).
The number of emerged adults differed among NP elements (likelihood ratio χ2

6 = 12.76, P = 0.047) and
was reduced by CuONPs by 24.6% and by SeNPs by 37.1% of the control (posthoc comparison with the
control, CuONPs, P = 0.042; SeNPs, P = 0.003, Fig. 4). Larva-to-adult survival rate (likelihood ratio χ2

6 = 

5.26, P = 0.511, Fig. 4) and offspring female ratio (likelihood ratio χ2
6 = 1.32, P = 0.971) were not affected

by any of the NPs.
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Discussion
We hypothesized that nanoparticles biosynthesized by the fungal extract of F. solani decrease the
fecundity and survival of the different developmental stages (and consequently the number of emerging
adults) of C. chinensis and C. maculatus, irrespective of direct/indirect application of the nanoparticles,
as well as the adult longevity of their parasitoid A. calandrae, and that these effects do not differ based
on sex. Overall, susceptibility to the biosynthesized NPs were species-dependent and also differed among
developmental stages and between sexes. The adult beetles and eggs were more susceptible than the
last-instar larvae, which were protected by the seed coat, suggesting that direct contact with
nanopesticides is critical for control. However, adults of C. chinensis were not affected by any of the NPs,
which might be the consequence of endosymbiotic infection by Wolbachia that are most abundant at the
adult stage (Kondo et al. 2011; Ijichi et al. 2002; Miksanek and Tuda, under review). The bacteria may be
able to provide the host resistance against NPs as some symbiotic bacteria and fungi are known to
detoxify/degrade insecticides (Shen and Dowd 1991; Kikuchi et al. 2012; Lauzon et al. 2003; Cheng et al.
2017; Liu and Guo 2019). When female adult longevity was compared, negative effects were found of
SeNPs on A. calandrae and of SeNPs and AgNPs on C. maculatus. A sex-dependent effect of SeNPs was
also detected in the adult longevity of C. maculatus. When beetle eggs were treated, SeNPs and TiO2NPs
reduced either egg hatchability or larva-to-adult survival rate, leading to a reduction in the number of
emerged (survived to adult) offspring by SeNPs in C. chinensis and by TiO2NPs in C. maculatus. When
the bean surface was pretreated, the effects of the different NPs on the two beetle species varied, with
pronounced toxicity of SeNPs and CuONPs on the fecundity and/or egg hatchability of C. maculatus and
toxicity of SiO2NPs on egg hatchability of both beetle species. When beans containing beetle larvae were
treated, no toxicity was detected. The biosynthesized NPs, particularly SeNPs, showed the potential to
control major stored bean pests but also affected their biocontrol agent. The influence of dose
dependency remains to be tested (e.g. Thabet et al. 2019).

This is one of the first demonstrations of the insecticidal effects of SeNPs (Arunthirumeni et al. 2021).
The reduced egg-to-adult survival may be due to cumulative stress during long exposure, which appeared
at a later developmental stage. Additionally, the biosynthesized SeNPs may have attractive properties
because the solution had a characteristic odor and adult beetles were observed drinking the solution
(M.T., personal observation). Since Se is known for its toxicity against insects (Mechora 2019), our results
demonstrating sex-specific differences in resistance and elongation of male longevity in C. maculatus is
a novel finding (c.f. Miksanek and Tuda, under review). The mode of action of Se is a chemical form and
positive and negative effects are observed dose dependently (Wrobel et al. 2016). An optimal
concentration range of Se for its positive effects is narrow (Wrobel et al. 2016). Se-based organic
molecules can produce reactive oxygen species (ROS) and trigger apoptosis or autophagy of cancer cells
(Zhang et al. 2021). The mechanism of the antimicrobial effect of SeNPs still remains largely unexplored
(Huang et al. 2021). Spherical SeNPs coated with chitosan killed the nematode Bursaphelenchus
xylophilus with ROS by effectively penetrating the pine tree to the nematode at an LC50 of 15.6 mg L− 1

(Shang et al. 2022). Sodium selenite induced dose-dependent mortality and dose-dependent
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accumulation of selenium in the Malpighian tubules of the mealworm beetle Tenebrio molitor but was
not observed in the digestive and reproductive organs (Hogan and Razniak 1991).

The biosynthesized NPs of Se, TiO2, SiO2, CuO and Ag with a diameter less than 50 nm can be used as
insecticides against C. maculatus (Se and Ag NPs on adults, TiO2NPs on eggs, and Se and CuO NPs for
pretreating beans) and C. chinensis (Se and TiO2 NPs on eggs), as the increased mortality of one or more
developmental stages was observed at the tested concentration. However, the following effects must be
taken into consideration in biological control practice: the positive effects of ZnONPs on the adult
longevity C. chinensis and of SeNPs on the longevity of male C. maculatus, and the negative effects of
SeNPs on the adult longevity of the parasitoid A. calandrae. These positive effects might be attributed to
hormesis, i.e., the beneficial or stimulatory effects of low doses of stressors such as chemicals or
radiation (Cutler et al. 2022). Current results and earlier investigations of SiO2NPs (Rouhani et al. 2013;
Arumugam et al. 2016) and AgNPs (Rouhani et al. 2013) demonstrate that the application of NPs to
beans, adults, or eggs (or 1st instar larvae) could increase mortality and reduce fecundity for C.
maculatus. The egg mortality caused by SiO2NPs might be attributed to the dehydration of eggs.
Possible mechanisms of the toxic action of Ag and CuO NPs are documented by Athanassiou et al.
(2018), Benelli (2018) and Duhan et al. (2017). The activity of these NPs also depends on the
morphology, structure, size, and other properties of the particles. NPs that are smaller in size and more
spherical in shape tend to be more effective and have superior properties than larger ones, in terms of
antimicrobial, cytotoxic, larvicidal, and antioxidant activity (Salem and Fouda 2021) and thus there is a
greater number of potential applications (Shaheen and Fouda 2018).

The biosynthesized NPs demonstrated and compared in the current study can be used as an alternative
to the more lethal insecticides in controlling both species of beetles as had been shown for other
biosynthesis/application methods and target stored product insect pests (Supplementary Table S1).
Although the environmental effects and phytotoxicity to plants of our NPs should be studied further, our
findings suggest that SeNPs can reduce the fecundity and survival of female C. maculatus and egg
hatchability of C. chinensis. Used at the correct concentrations and targeting developmental stages of the
pest, we believe that the biosynthesized NPs can help maintain the densities of bean beetles below
damaging levels and without significantly disrupting biological control.

Declarations
Acknowledgments

We thank O. Nishi (Institute of Biological Control, Kyushu University) for advice on fungal DNA analysis, Y.
Fukunaga (Ultra-microscopy Research Center, Kyushu University) for technical support, J. R. Miksanek for
insightful comments, and the Ultra-microscopy Research Center.

Ethical Approval 



Page 12/23

Not applicable.

Competing interests 

No conflicts of interest or competing interests. 

Authors' contributions 

EAMH and MT conceived the idea and design of the study; YZZ, PPS, EAMH and MT performed the
experiment; EAMH and MT performed data analyses and wrote the original draft; MT and CA reviewed
and edited the manuscript. All authors read and approved the final manuscript.

Funding 

This study was supported by KAKENHI (19K06840) from JSPS (Japan Society for the Promotion of
Science) and Initiative for Realizing Diversity in the Research Environment from MEXT (Ministry of
Education, Science and Technology) to MT, JSPS Invitational Fellowship (L22516) to CA, and JDS
(Project for Human Resource Development Scholarship by Japanese Grant Aid) to PPS.

Availability of data and materials 

The datasets associated with the current study are available from the primary corresponding author
(M.T.) on reasonable request.

References
1. Abel S, Tesfaye JL, Shanmugam R, Dwarampudi LP, Lamessa G, Nagaprasad N, Benti M, Krishnaraj

R (2021) Green synthesis and characterizations of zinc oxide (ZnO) nanoparticles using aqueous
leaf extracts of coffee (Coffea arabica) and its application in environmental toxicity reduction. J
Nanomater 2021:3413350

2. Abo-Arab RB, Amal MH, Hashem AS (2014) Comparative bioactivity of Aluminum Oxide (Al2O3),
Titanium dioxide (TiO2) nanoparticles and malathion on Sitophilus oryzae L. and Sitophilus zeamais
(Motsch.). Glob J Agric Food Saf Sci 1:25–37

3. Afrasiabi Z, Popham HJR, Stanley D, Suresh D, Finley K, Campbell J, Kannan R, Upendran A (2016)
Dietary silver nanoparticles reduce fitness in a beneficial, but not pest, insect species. Arch Insect
Biochem Physiol 93:190–201

4. Arumugam G, Velayutham V, Shanmugavel S, Sundaram J (2016) Efficacy of nanostructured silica
as a stored pulse protector against the infestation of bruchid beetle, Callosobruchus maculatus
(Coleoptera: Bruchidae). Appl Nanosci 6(3):445–450, https://doi.org/10.1007/s13204-015-0446-2

5. Arunthirumeni M, Veerammal V, Shivakumar MS (2021) Biocontrol efficacy of mycosynthesized
selenium nanoparticle using Trichoderma sp. on insect pest Spodoptera litura. J Clust Sci 33:1645–
1653. https://doi.org/10.1007/s10876-021-02095-4



Page 13/23

6. Athanassiou CG, Kavallieratos NG, Benelli G, Losic D, Usha Rani P, Desneux N (2018) Nanoparticles
for pest control: Current status and future perspectives. J Pest Sci 91:1–15,
https://doi.org/10.1007/s10340-017-0898-0

7. Baharara J, Namvar F, Ramezani, T, Hosseini MR (2014) Green synthesis of silver nanoparticles
using Achillea biebersteinii flower extract and its anti-angiogenic properties in the rat aortic ring
model. Molecule 19(4):4624–4634. https://doi.org/10.3390/molecules19044624

8. Barik TK, Sahu, B, Swain V (2008) Nanosilica- from medicine to pest control. Parasitol Res 103:253–
258

9. Bekele AJ, Obeng-Ofori, D, Hassanali A (1995) Products derived from the leaves of Ocimum
kilimandscharicum (Labiatae) as post-harvest grain protectants against the infestation of three
major stored product insect pests. Bul Entomol Res 85:361–367.
https://doi.org/10.1017/S0007485300036099

10. Benelli G (2018) Mode of action of nanoparticles against insects. Environ Sci Pollut Res 25:12329–
12341. https://doi.org/10.1007/s11356-018-1850-4

11. Bhattacharya A, Epidi TT, Kannan M (2020) Nano-technology Applications in Pest Management. In:
Chakravarthy A (ed) Innovative Pest Management Approaches for the 21st Century. Springer,
Singapore, pp 391–401. https://doi.org/10.1007/978-981-15-0794-6_19

12. Cheng D, Guo Z, Riegler M, Xi Z, Liang G, Xu Y (2017) Gut symbiont enhances insecticide resistance
in a significant pest, the oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome 5:13

13. Cutler GC, Amichot M, Benelli G, Guedes RNC, Qu YY, Rix RR, Ullah F, Desneux N (2022) Hormesis and
insects: Effects and interactions in agroecosystems. Sci Tot Environ 825:153899.
Doi:10.1016/j.scitotenv.2022.153899

14. Debnath N, Das S, Seth D (2011) Entomotoxic effect of silica nanoparticles against Sitophilus oryzae
(L.). J Pest Sci 84:99–105, https://doi.org/10.1007/s10340-010-0332-

15. Deka B, Babu A, Baruah C, Barthakur M (2021) Nanopesticides: A systematic review of their
prospects with special reference to tea pest management. Front Nutr 8:686131.
https://doi.org/10.3389/fnut.2021.686131

16. Devi GD, Murugan K, Panneerselvam C (2014) Green synthesis of silver nanoparticles using
Euphorbia hirta (Euphorbiaceae) leaf extract against crop pest of cotton bollworm, Helicoverpa
armigera (Lepidoptera:Noctuidae). J Biopestic 7:54–66

17. Dhingra OD, Sinclair JB (1995) Basic Plant Pathology Methods. 2nd edn, CRC Press, Boca Raton,
ISBN 9780367449155

18. Duhan JS, KumarR, Kumar N, Kaur P, Nehra K, Duhan S (2017) Nanotechnology: The new perspective
in precision agriculture. Biotechnol Rep 15:11–23. https://doi:10.1016/j.btre.2017.03.002

19. El-Naggar ME, Abdelsalam NR, Moustafa, Fouda MGM, Mackled MI, Al-Jaddadi MAM, Ali HA,
Siddiqui MH, Kandil EE (2020) Soil application of nano silica on maize yield and its insecticidal
activity against some stored insects after the post-harvest. Nanomaterials 10:739.
https://doi.org/10.3390/nano10040739



Page 14/23

20. El-Naggar NE, Abdelwahed NAM, Darwesh OMM (2014) Fabrication of biogenic antimicrobial silver
nanoparticles by Streptomyces aegyptia NEAE 102 as eco-friendly nanofactory. J Microbiol
Biotechnol 244:453–464, https://doi.org/10.4014/jmb.1310.10095

21. El-Saadony MT, El-Hack MEA, Taha AE, Fouda MMG, Ajarem JS, Maodaa SN, Allam AA, Elshaer N
(2020) Ecofriendly synthesis and insecticidal application of copper nanoparticles against the storage
pest Tribolium castaneum, Nanomaterials 10:587, https://doi.org/10.3390/nano10030587

22. Goswami A, Roy I, Sengupta S, Debnath N (2010) Novel applications of solid and liquid formulations
of nanoparticles against insect pests and pathogens. Thin Solid Films 519:1252–1257.
https://doi.org/10.1016/j.tsf.2010.08.079

23. Gunalan S, Sivaraj R, Venckatesh R (2012) Aloe barbadensis Miller mediated green synthesis of
mono-disperse copper oxide nanoparticles: Optical properties. Spectrochim Acta Part A: Mold Biomol
97:1140–1144. https://doi.org/10.1016/j.saa.2012.07.096

24. Hamza AM (2012) Efficacy and safety of non-traditional methods as alternatives for control of
Sitophilus oryzae (L.) (Coleoptera: Curculionidae) in rice grains. Egypt J Biol Pest Control 22(2):103,
https://doi.org/10.3923/je.2012.57.67

25. Helmy EA, Mekawey AA (2014) Envision of the microbial contact with mycosynthesized silver
nanoparticles. Res J Pharmac Biol Chem Sci 5:344–354, ISSN: 0975–8585

26. Henry T, Peter CI, Steven HH (2000) Identification of Aspergillus species using internal transcribed
spacer regions 1 and 2. J Clinic Microbiol 38:1510–1515. https://doi.org/10.1128/JCM.38.4.1510-
1515.2000

27. Hogan GR, Razniak HG (1991) Selenium-induced mortality and Tissue Distribution Studies in
Tenebrio molitor (Coleoptera: Tenebrionidae). Environ Entomol 20:790–794.
https://doi.org10.1093/ee/20.3.790

28. Huang YY, Su EZ, Ren JS, Qu XG (2021) The recent biological applications of selenium-based
nanomaterials. Nano Today 38:101205. https://doi.org/10.1016/j.nantod.2021.101205

29. Ijichi N, Kondo N, Matsumoto R, Shimada M, Ishikawa H, Fukatsu T (2002) Internal spatiotemporal
population dynamics of infection with three Wolbachia strains in the adzuki bean beetle,
Callosobruchus chinensis (Coleoptera: Bruchidae). Appl Environ Microbiol 68:4074–4080. doi:
10.1128/AEM.68.8.4074–4080

30. Jafer FS, Annon MR (2018) Larvicidal effect of pure and green-synthesized silver nanoparticles
against Tribolium castaneum (Herb.) and Callosobruchus maculatus (Fab.). J Glob Pharma Technol
10 (3):448–454

31. Jasrotia P, Nagpal M, Mishra CN, Sharma AK, Kumar S, Kamble U, Bhardwaj AK, Kashyap PL, Kumar
S and Singh GP (2022) Nanomaterials for postharvest management of insect pests: Current state
and future perspectives. Front Nanotechnol 3:811056. doi: 10.3389/fnano.2021.811056

32. Kapinder DK, Verma AK (2021) Efficient and eco-friendly smart nano-pesticides: Emerging prospects
for agriculture. Mater Today Proc 45:3819–3824. https://doi.org/10.1016/j.matpr.2021.03.211



Page 15/23

33. Kikuchi Y, Hayatsu M, Hosokawa T, Nagayama A, Tago K, Fukatsu T (2012) Symbiont-mediated
insecticide resistance. PNAS 109:8618–8622

34. Kondo NI, Tuda M, Toquenaga Y, Lan Y-C, Buranapanichpan S, Horng S-B, Shimada M, Fukatsu T
(2011) Wolbachia infections in world populations of bean beetles (Coleoptera: Chrysomelidae:
Bruchinae) infesting cultivated and wild legumes. Zool Sci 28(7):501–508. DOI: 10.2108/zsj.28.501

35. Kumar A, Prasad KS (2021) Role of nano-selenium in health and environment. J Biotechnol
325:152–163.

36. Kumar S, Nehra M, Dilbaghi N, Marrazza G, Hassan AA, Kim K-H (2019) Nano-based smart pesticide
formulations: Emerging opportunities for agriculture. J Contr Release 294:131–153.
https://doi.org/10.1016/j.jconrel.2018.12.012

37. Lauzon CR, Potter S, Prokopy RJ (2003) Degradation and detoxification of the dihydrochalcone
phloridzin by Enterobacter agglomerans, a bacterium associated with the apple pest, Rhagoletis
pomonella (Walsh) (Diptera: Tephritidae). Environ Entomol 32:953–962

38. Liu X-D, Guo H-F (2019) Importance of endosymbionts Wolbachia and Rickettsia in insect resistance
development. Curr Opin Insect Sci 33:84–90

39. Malaikozhundan, B, Vinodhini J (2018) Nanopesticidal effects of Pongamia pinnata leaf extract
coated zinc oxide nanoparticle against the pulse beetle, Callosobruchus maculatus. Mater Today
Comm 14:106–115. https://doi.org/10.1016/j.mtcomm.2017.12.015

40. Malaikozhundan B, Vaseeharan B, Vijayakumar S, Thangaraj MP (2017) Bacillus thuringiensis
coated zinc oxide nanoparticle and its biopesticidal effects on the pulse beetle, Callosobruchus
maculatus. J Photochem Photobiol B: Biol 174:306–314.
https://doi.org/10.1016/j.jphotobiol.2017.08.014

41. Manjari G, Saran S, Arun T, Rao AVB, Devipriya SP (2017) Catalytic and recyclability properties of
phytogenic copper oxide nanoparticles derived from Aglaia elaeagnoidea flower extract. J Saudi
Chem Soc 21(5):610–618. https://doi.org/10.1016/j.jscs.2017.02.004

42. Mechora, S (2019) Selenium as a protective agent against pests: a review. Plants 8:262

43. Mekawey AAI, Helmy EA (2017) Elucidative physiological optimization of silver nanospheres
biogenesis by molds. Int J Nanotechnol Allied Sci 1:30–44

44. Menon S, Shrudhi SD, Agarwal H, Shanmugam VK (2019) Efficacy of biogenic selenium
nanoparticles from an extract of ginger towards evaluation on anti-microbial and anti-oxidant
activities. Colloid Interf Sci Comm 29:1–8. https://doi.org/10.1016/j.colcom.2018.12.004.

45. Mesterhazy A (2020) Updating the breeding philosophy of wheat to Fusarium head blight (FHB):
Resistance components, QTL identification, and phenotyping-A review. Plants 9:1702.
https://doi.org/10.3390/plants9121702

46. Nakamichi Y, Tuda M, Wajnberg E (2020) Intraspecific interference between native parasitoids
modified by a non-native parasitoid and its consequence on population dynamics. Ecol Entomol
45:1263–1271. DOI: 10.1111/een.12909



Page 16/23

47. Narayanan M, Vigneshwari P, Natarajan D, Kandasamy S, Alsehli M, Elfasakhany A, Pugazhendhi A
(2021) Synthesis and characterization of TiO2 NPs by aqueous leaf extract of Coleus aromaticus
and assess their antibacterial, larvicidal, and anticancer potential. Environ Res 200:111335.
https://doi.org/10.1016/j.envres.2021.111335

48. Nazari MR, Abdossi V, Hargalani FZ et al. (2022) Antioxidant potential and essential oil properties of
Hypericum perforatum L. assessed by application of selenite and nano-selenium. Sci Rep 12:6156.
https://doi.org/10.1038/s41598-022-10109-y

49. Oliveira CR, Domingues CEC, de Melo NFS, Roat TC, Malaspina O, Jones-Costa M, Silva-Zacarin ECM
(2019) Nanopesticide based on botanical insecticide pyrethrum and its potential effects on
honeybees. Chemosphere 236:124282. https://doi.org/10.1016/j.chemosphere.2019.07.013

50. Piesik D, Wenda-Piesik A (2015) Sitophilus granarius responses to blends of five groups of cereal
kernels and one group of plant volatiles. J Stored Prod Res 62:36–39.
https://doi.org/10.1016/j.jspr.2015.03.007

51. Rai M, Ingle AP, Paralikar P, Anasane N, Gade R, Ingle P (2018) Effective management of soft rot of
ginger caused by Pythium spp. and Fusarium spp.: emerging role of nanotechnology. Appl Microbiol
Biotechnol 102(16):6827–6839. https://doi.org/10.1007/s00253-018-9145-8

52. Ranjani S, Tamanna, K, Hemalatha S (2020) Triphala green nano colloids: synthesis, characterization
and screening biomarkers. Appl Nanosci 10(4):1269–1279. https://doi.org/10.1007/s13204-019-
01208-w

53. Rouhani M, Samih MA, Kalantari S (2013) Insecticidal effect of silica and silver nanoparticles on the
cowpea seed beetle, Callosobruchus maculatus F. (Col.: Bruchidae). J Entomol Res 4:297–305

54. Salem S S, Fouda A (2021) Green synthesis of metallic nanoparticles and their prospective
biotechnological applications: an overview. Biol Trace Elem Res 199(1):344–370,
https://doi.org/10.1007/s12011-020-02138-3

55. Sankar MV, Abideen S (2015) Pesticidal effect of Green synthesized silver and lead nanoparticles
using Avicennia marina against grain storage pest Sitophilus oryzae. Int J Nanomater Biostr 5:32–39

56. Selvan,SM, Anand KV, Govindaraju K, Tamilselvan S, Kumar VG, Subramanian KS, Kannan M, Raja K
(2018) Green synthesis of copper oxide nanoparticles and mosquito larvicidal activity against
dengue, zika and chikungunya causing vector Aedes aegypti. IET Nanobiotechnol 12:1042–1046.
https://doi.org/10.1049/iet-nbt.2018.5083

57. Shaheen TI, Fouda A (2018) Green approach for one-pot synthesis of silver nanorod using cellulose
nanocrystal and their cytotoxicity and antibacterial assessment. Int J Biol Macromol 106:784–792.
https://doi.org/10.1016/j.ijbiomac.2017.08.070

58. Shen SK, Dowd PF (1991) Detoxification spectrum of the cigarette beetle symbiont Symbiotaphrina
kochii in culture. Entomol Exp Appl 60:51–59

59. Singh AK, Rathod V, Singh D, Ninganagouda S, Kulkarni P, Mathew J, Haq M (2015) Bioactive silver
nanoparticles from endophytic fungus Fusarium sp. isolated from an ethanomedicinal plant
Withania somnifera (Ashwagandha) and its antibacterial activity. Int J Nanomater Biostr 5:15–19



Page 17/23

60. Smith, D, Onions AH (1983) A comparison of some preservation techniques for fungi. Trans Brit
Mycol Soc 81:535–540

61. Thabet AF, Boraei HA, Galal OA, El-Samahy MFM, Mousa KM, Zhang YZ, Tuda M, Helmy EA, Wen J,
Nozaki T (2021) Silica nanoparticles as pesticide against insects of different feeding types and their
non-target attraction of predators. Sci Rep 11:14484. https://doi.org/10.1038/s41598-021-93518-9

62. Thabet AF, Galal OA, El–Samahy MFM, Tuda M (2019) Higher toxicity of nano-scale TiO2 and dose-
dependent genotoxicity of nano-scale SiO2 on the cytology and seedling development of broad bean
Vicia faba. SN Appl Sci 1:956. https://doi.org/10.1007/s42452-019-0960-z

63. Toquenaga Y, Fujii K (1991) Contest and scramble competition in Callosobruchus maculatus
(Coleoptera, Bruchidae). 1. larval competition curves and resource sharing patterns. Res Popul Ecol
33:199–211

64. Tuda M (1993) Density dependence depends on scale; at larval resource patch and at whole
population. Res Popul Ecol 35:261–271

65. Tuda M (2007) Applied evolutionary ecology of insects of the subfamily Bruchinae (Coleoptera:
Chrysomelidae). Appl Entomol Zool 42(3):337–346

66. Tuda M, Chou L-Y, Niyomdham C, Buranapanichpan S, Tateishi Y (2005) Ecological factors
associated with pest status in Callosobruchus (Coleoptera: Bruchidae): high host specificity of non-
pests to Cajaninae (Fabaceae). J Stored Prod Res 41(1):31–45.
https://doi.org/10.1016/j.jspr.2003.09.003

67. Tuda M, Shimada M (2005) Complexity, evolution and persistence in host-parasitoid experimental
systems, with Callosobruchus beetles as the host. Adv Ecol Res 37:37–75.
https://doi.org/10.1016/S0065-2504(04)37002-9

68. Turovsky EA, Mal’tseva VN, Sarimov RM et al. (2022) Features of the cytoprotective effect of
selenium nanoparticles on primary cortical neurons and astrocytes during oxygen–glucose
deprivation and reoxygenation. Sci Rep 12:1710. https://doi.org/10.1038/s41598-022-05674-1

69. United Nations Department of Economic and Social Affairs, Population Division (2022) World
Population Prospects 2022: Summary of Results. UN DESA/POP/2022/TR/NO. 3

70. Upadhyay PK, Jain VK, Sharma, K, Sharma R (2020) Synthesis and applications of ZnO
nanoparticles in biomedicine. Res J Pharm Technol 13:1636. https://doi.org/10.5958/0974-
360X.2020.00297.8

71. Vadlapudi V, Amanchy R (2017) Phytofabrication of silver nanoparticles using Myriostachya
wightiana as a novel bioresource, and evaluation of their biological activities. Braz Arch Biol Technol
60, https://doi.org/10.1590/1678-4324-2017160329

72. Vera P, Echegoyen Y, Canellas E, Nerín C, Palomo M, Madrid Y, Cámara C (2016) Nano selenium as
antioxidant agent in a multilayer food packaging material. Anal Bioanal Chem 408:6659–6670. doi:
10.1007/s00216-016-9780-9

73. Visha P, Nanjappan K, Selvaraj P, Jayachandran S, Elango A, Kumaresan G (2015) Biosynthesis and
structural characteristics of selenium nanoparticles using Lactobacillus acidophilus bacteria by wet



Page 18/23

sterilization process. Int J Adv Vet Sci Technol 4:178–183

74. Wrobel JK, Power R, Toborek M (2016) Biological activity of selenium: revisited. IUBMB Life
68(2):97–105. https://doi.org/10.1002/iub.1466

75. Yaqoob AA, Ahmad H, Parveen T, Ahmad A, Oves M, Ismail IM, Mohamad Ibrahim MN (2020) Recent
advances in metal decorated nanomaterials and their various biological applications: a review. Front
Chem 8:341, https://doi.org/10.3389/fchem.2020.00341

76. Zahir AA, Bagavan A, Kamaraj C, Elango G, Rahuman AA (2012) Efficacy of plant-mediated
synthesized silver nanoparticles against Sitophilus oryzae. J Biopest 5:95–102.
https://doi.org/10.3389/fchem.2020.00341

77. Zhang H, Zhou H, Bai J, Li Y, Yang J, Ma Q, Qu Y (2019) Biosynthesis of selenium nanoparticles
mediated by fungus Mariannaea sp. HJ and their characterization. Colloids Surf A Physicochem Eng
Asp 571:9–16. https://doi.org/10.1016/j.colsurfa.2019.02.070

78. Zhang Y, Li X, Huang Z, Zheng W, Fan C, Chen T (2013) Enhancement of cell permeabilization
apoptosis-inducing activity of selenium nanoparticles by ATP surface decoration. Nanomedicine
9:74–84. https://doi.org/10.1016/j. nano.2012.04.002

79. Zhang Y, Yu F, Wu L, Dai R, Yang H, Zhang X, Hu D (2022) Life history traits of the parasitoid
Anisopteromalus calandrae (Hymenoptera: Pteromalidae) on three beetle hosts. J Stored Prod Res
97:101973. https://doi.org/10.1016/j.jspr.2022.101973

80. Zhang YZ, Jin Z, Miksanek JR, Tuda M (2021) Impact of a nonnative parasitoid species on
intraspecific interference and offspring sex ratio. Sci Rep 11:23215. https://doi.org/10.1038/s41598-
021-02713-1

Figures



Page 19/23

Figure 1

Synthesis using the extract from the fungus Fusarium solani of (a) Ag nanoparticles, (b) CuO
nanoparticles, (c) Se nanoparticles, (d) SiO2 nanoparticles, (e) TiO2nanoparticles and (f) ZnO
nanoparticles. Left bottles: before the synthesis of nanoparticles. Right bottles: after the synthesis.
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Figure 2

Adult longevity (mean ± SE) (days) of the parasitoid Anisopteromalus calandrae and the Callosobruchus
beetles when adults were treated with different biosynthesized nanoparticles. The numbers on the bar
indicate the mean values. Horizontal broken lines: the control means in females and males. *: P < 0.05, **:
P < 0.01.
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Figure 3

Survival rates and emerged adults (mean ± SE) of the Callosobruchus beetles when eggs were treated
with different biosynthesized nanoparticles. The numbers on the bar indicate the mean values. Horizontal
broken lines: the control means. *: P< 0.05, **: P < 0.01.
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Figure 4

Deposited eggs, survival rates and emerged adults (mean ± SE) of the Callosobruchus beetles when
provided with beans treated with different biosynthesized nanoparticles. The numbers on the bar indicate
the mean values. Horizontal broken lines: the control means. *: P < 0.05, **: P < 0.01.
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