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Abstract

The efficacy of green nanotechnology in biological control remains uncertain because of a lack of knowledge of side-
effects on natural enemies and sex-dependent effects on target and non-target organisms. To address this issue, we exposed
stored bean pest beetles, Callosobruchus chinensis and C. maculatus (Chrysomelidae: Bruchinae), the former infected by
endosymbiont Wolbachia, and their non-target parasitoid wasp Anisopteromalus calandrae (Pteromalidae) to six types of
fungus-synthesized nanoparticles (NPs): silver (AgNPs), selenium (SeNPs), silicon dioxide (SiO,NPs), copper oxide
(CuONPs), titanium dioxide (TiO,NPs) and zinc oxide (ZnONPs). The nanoparticles were applied directly to the adults or
indirectly via azuki beans, which served as the oviposition medium for female beetles and the sole resource for beetle

larvae.

Susceptibility to the nanoparticles varied across species and between sexes. SENPs decreased the longevity of female A.
calandrae, while both SeNPs and AgNPs decreased the longevity of female C. maculatus. Surprisingly, ZnONPs increased
the adult longevity of C. chinensis, and SeNPs extended the longevity of male C. maculatus. When the bean surface was
treated, SeNPs significantly reduced the fecundity and egg hatchability of C. maculatus, resulting in 35% reduction in
emerged adults, while SiO,NPs reduced egg hatchability in both beetle species. Interestingly, none of the nanoparticles
negatively impacted C. chinensis adults, likely due to the high abundance of the endosymbiont Wolbachia at this life stage.
Overall, our results suggest that biosynthesized SeNPs have potential as an effective alternative insecticide for controlling
C. maculatus in storage. However, the nanoparticles can increase the fitness of Wolbachia-infected pests, and also affect

biocontrol agents like 4. calandrae.

Keywords: Bruchidae, Chalcidoidea, sex difference, lifespan, mortality, nanopesticides, Fusarium
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1. Introduction

UN Sustainable Development Goal (SDG) 2 aims to end hunger and ensure access to ‘safe, nutritious and sufficient food
all year round’ by 2030, as well as to eradicate ‘all forms of malnutrition” (United Nations). Grains, including azuki bean,
cowpea, rice, wheat, and millet as well as groundnut, chickpea, and bambara groundnut, constitute the bulk of food
production and are important sources of carbohydrates and protein in many regions of the world. Two cosmopolitan pests,
the cowpea beetle Callosobruchus maculatus (F.) and the azuki bean beetle Callosobruchus chinensis (L.) (Coleoptera:
Chrysomelidae: Bruchinae), pose a significant threat to postharvest dried legumes in storage, infesting them and reducing
their nutritional quality and germination capacity (Modgil and Mehta, 1996; Elhag, 2000). The former inhabits mainly
tropical areas, while the latter is mainly found in temperate regions (Sharma et al., 2010; Tuda et al., 2006; 2014). They
infest cowpea, garden pea, chickpea, green gram, lentil, black gram, pigeon pea, faba bean and even soybean, all of which
belong to the fabaceous tribes Phaseoleae and Fabeae (Tuda et al., 2005; Tuda, 2007; Sharma et al., 2008; Neog, 2012).

The control of stored product insect pests, especially in developing countries, has heavily relied on conventional
insecticides such as fumigants and dusts (or inert materials, Chiu, 1939; Adarkwah et al., 2022), but these are not suitable
for farmers as their storage facilities are not airtight and it is unacceptable to mix pesticides with stored grain (Bekele et
al., 1995). In response to concerns over the negative effects of chemical-based agriculture on human health and the
environment, there is a growing interest in alternative, biorational strategies for stored product protection, including
biological control with naturally occurring parasitoids and predators (Adarkwah et al., 2019). An example of a successful
natural enemy of numerous species of stored product beetles is the parasitoid Anisopteromalus calandrae (Howard)
(Hymenoptera: Pteromalidae) (Ghani and Sweetman, 1955). This cosmopolitan parasitoid is known for its short
development period, high fecundity, and dispersal ability, making it an effective solution for pest control (Yoon et al.,
2009; Chaisaeng et al., 2010; Ghimire and Phillips, 2007; Guo et al., 2019; 2021; Sola et al., 2020). As a solitary idiobiont,
only one parasitoid larva can successfully develop on a single host, and parasitization immobilizes the host, preventing it
from developing further. A. calandrae is adapted for locating concealed hosts that feed internally within their food source,
and it prefers to parasitize late-instar larvae or pupae (Ghani and Sweetman, 1955; Chaisaeng et al., 2010; Nam et al., 2011;
Belda and Riudavets, 2012; Adarkwah et al., 2014).

Nanotechnology has emerged as a novel management tactic for crop protection and pest control in both agricultural
and urban environments, and, over the past decade, this approach has been gaining attention as a promising solution
(Athanassiou et al., 2018; Jasrotia et al., 2022; El-Wakeil et al., 2017; Lin et al., 2019). Nanoparticles (NPs), which is
smaller than 100 nm, possess unique properties such as a high surface-area-to-volume ratio and high bioreactivity, making
them suitable for a variety of applications, including agriculture (Deka et al., 2021). NPs can pass through epithelial and
endothelial cells using the transcytosis process, enable them to cause oxidative stress in nervous system, circulatory system,
and immune system (Rahman et al., 2022) of a wide range of invertebrates including arthropod pests of economic
importance (Roni et al., 2015; Abduz Zahir et al., 2012).

Metal and non-metal elements can have the following modes of action and entomotoxic effects on insects: Metal (and
metal NPs) can bind to sulfur (S) and phosphorus (P) in proteins and nucleic acids, respectively, leading to a decrease in
membrane permeability, therefore to organelle and enzyme denaturation, followed by cell death (Benelli, 2018).
Specifically, copper (Cu) works as a cofactor of enzymes in insect immune reactions, serves as a micronutrient for

pathogens, and interferes with immune effectors (Hrdina and Iatsenko, 2022). Cu also reduces acetylcholinesterase activity
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required for neurotransmission (Wang et al., 2009). CuNPs exhibit larvicidal and antifeedant effects on Spodoptera
frugiperda (Rahman et al., 2022). Zinc (Zn) is required by a wide range of enzymes for their activity, thus affecting cellular
processes such as DNA replication, signal transduction, and immune responses (Hrdina and latsenko, 2022). Silver (Ag)
NPs have a significant impact on insect antioxidant and detoxifying enzymes, leading to oxidative stress and cell death.
AgNPs also reduce acetylcholinesterase activity (Benelli, 2018). AgNPs reduce protein synthesis, leading to developmental
damages (Basak et al., 2019). Silica (SiOz) NPs bind to the insect cuticle, followed by physico-sorption of waxes and lipids,
leading to insect dehydration (Barik et al., 2008). SiO,NPs can also provide mechanical strength to plants (Golubkina et
al., 2022) and enhance attraction of predators to infested plants via modification of volatile release (Thabet et al., 2021).
Selenium (Se) NPs at low concentrations act as an antioxidant, and have antibacterial, antimicrobial, and plant-growth-
promoting effects in agriculture (Hamza, 2012; Vera et al., 2016; Menon et al., 2019; Nazari et al., 2022). However, since
Se is chemically similar to sulfur (S), it replaces with S, inhibits cell metabolism and changes the structure of proteins,
inducing toxicity at high concentrations (Mechora, 2019). Enzyme activities were reduced in a sex-dependent manner by
Se in diet in the Madagascar hissing cockroach Gromphadorhina portentosa (Nakonieczny, 1993). Recent studies have
shown the insecticidal effect of SeNPs on Spodoptera litura (Arunthirumeni et al., 2021). TiO,NPs exhibit phototoxicity
under UV light by generating reactive oxygen species (ROS) (Jovanovi¢, 2015).

Compared to chemical synthesis, the biological synthesis of nanopesticides using plant and microbe extracts is a more
environmentally friendly and sustainable approach. The resulting nanoparticles are stable and cost-effective, without
requiring high temperature, high pressure, or toxic chemicals, and without generating by-products with mammalian toxicity
(Kapinder and Verma, 2021; Narayanan et al., 2021). Recent studies have examined the efficacy of biosynthesized
nanoparticles on stored product pests, though the number of species tested is limited (Helmy et al., 2023). For instance,
silver (Ag) NPs synthesized using plant extracts have been shown to effectively control the stored product pests Sitophilus
oryzae, Tribolium castaneum, and Rhyzopertha dominica (Vadlapudi and Amanchy, 2017), while zinc oxide (ZnO) NPs
synthesized with an entomopathogenic bacterium (Malaikozhundan et al., 2017), and nickel NPs synthesized using plant
extracts (Elango et al., 2016; Rahman et al., 2021) have shown promise in controlling C. maculatus. SeNPs can be
biosynthesized by microbes such as fungi, Penicillium sp., Mariannaea sp., and Fusarium sp. (Amin et al., 2021; Zhang et
al., 2019; Singh et al., 2015).

Non-selective insecticides can have negative impacts on both pests and beneficial organisms, including natural enemies
that control pest populations. These effects can disrupt the natural balance of ecosystems and reduce the efficiency of
biological control methods. While some studies have found that nanoformulations are harmless to non-target organisms
such as soil microorganisms and honeybees (Pasquoto-Stigliani et al., 2017; Oliveira et al., 2019), only a few safety studies
have been conducted on natural predators and parasitoids (Papanikolaou et al., 2018). Most studies suggest that
nanopesticides are safe for non-target organisms, including predators and insect natural enemies in treated settings (Kojom
Foko et al., 2021; Govindarajan et al., 2016; Rawani et al., 2013). However, some research has shown that AgNPs can
impact Podisus maculiventris (Spined soldier bug), a predator of lepidopteran pests (tobacco hornworm Heliothis virescens
and cabbage looper Trichoplusia ni), whereas impact on the pests were negligible (Afrasiabi et al., 2016).
Nanoformulations of polylactic acid-based abamectin can affect the aphid predator Adalia bipunctata (Sun et al., 2020).
Despite this, there is still a lack of understanding of the side effects of nanopesticides on non-target beneficial insects in
comparison to their target effects on pests.

The aims of this study are to evaluate the efficacy of Ag, CuO, Se, SiO», TiO,, and ZnO NPs synthesized by fungus
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extract as insecticides against two Callosobruchus beetles (C. chinensis and C. maculatus). We also aim to assess the non-
target effects of the nanoparticles on the parasitoid A. calandrae. The seed beetle C. chinensis is infected with the
endosymbiotic bacteria Wolbachia that can mitigate the negative effects of nanoparticles (Miksanek and Tuda, 2023).
Specifically, our hypotheses tested are (1) the biosynthesized nanoparticles will reduce the adult longevity of both sexes of
the pest beetles, as well as their fecundity and immature survival, resulting in a lower number of emerging adults of both
sexes for the two pest beetles, regardless of the infection of C. chinensis by Wolbachia, and (2) the biosynthesized

nanoparticles will also reduce the adult longevity of both sexes of the parasitoid.

2. Materials and Methods

2.1. Biosynthesized nanoparticles by fungi

Nanoparticles of Ag (15.3 = 0.2 nm, mean + SE), CuO (11.7 + 0.3 nm), Se (20.0 = 0.1 nm), SiO, (amorphous; 32.9 + 2.6
x 75.1 + 8.9 nm), TiO; (15.4 + 0.2 nm) and ZnO (8.1 + 0.5 nm) were prepared by adding 500 mg L' solution of AgNO;,
CulISOs, NaxSeOs, SiO,, TiO, and ZnSO47H,0, respectively to cell-free water extract of the isolate of the fungus
Fusarium solani (Hypocreales: Nectriaceae) grown at 25°C under darkness following Dhingra and Sinclair (1995) (Helmy
et al., 2023). The concentration of NPs was chosen because it is slightly higher than the chemically-synthesized NPs that

was effective in controlling other insect pests and also affected their predators (Thabet et al., 2021).

2.2. Efficacy test on pest bean beetles

We used two stored bean pest beetle species: Callosobruchus chinensis (Coleoptera: Chrysomelidae: Bruchinae) strain jC,
which originated from Japan and has been maintained on azuki beans [Vigna angularis var. angularis (Fabaceae)] in the
laboratory condition (30°C) for more than 70 years (Tuda and Shimada, 2005). To confirm that this stock culture is infected
with Wolbachia, it is tested regularly by the polymerase chain reaction (PCR) with primers designed for the Wolbachia
gene wsp (Kondo et al., 2011). The other is Callosobruchus maculatus strain tQ, which originated from the Middle East
and has been maintained on azuki beans in the laboratory at 30°C for more than 30 years (Toquenaga and Fujii, 1991). The
stock culture of tQ was subjected to PCR to confirm that it was uninfected with Wolbachia. We applied each of these NPs
either directly to the adult stage for longevity in the absence of beans or to the stored product (azuki beans) before each
beetle species was allowed to oviposit. Twenty pl of 500 mg L' of either each NP solution synthesized by the fungal isolate
or distilled deionized water as a control was applied to eggs, larvae, or adults of each beetle species, or 30 pl to the beans
before oviposition by the beetles. The following experiments were conducted at 30°C, 60% r.h. and 16L:8D, which was

the same as those used for the laboratory insect cultures.

2.2.1. Direct application of nanoparticles to adults

Five females and five males that emerged within 24 h were introduced to a Petri dish (6 cm in diameter). A solution of
biosynthesized NPs (20 pl, corresponding to 10 pg of NPs) or a control of distilled deionized water (20 ul) was then applied.
We monitored the number and sex of dead beetles every 24 h. Each treatment was replicated nine times (with one extra
control replicate for C. maculatus) for each species. Therefore, a total of 630 adults for C. chinensis and 640 adults for C.

maculatus were used for this experiment.
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2.2.2. Application of nanoparticles to beans

A pair of adults (one female and one male) that emerged within 24 h was introduced to a Petri dish (6 cm in diameter) with
10 azuki beans (1.8 g) that were treated with 30 pl (15 pg) of biosynthesized NPs (corresponding to 8.3 mg kg™!) or distilled
deionized water. A higher dosage was chosen compared to direct application to compensate for the rapid absorption of the
nanoparticle solution from the bean's surface, which could limit the availability of nanoparticles. 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. Each treatment was replicated for 10 times [+1 for control in C. chinensis
and —2 (1 missing and 1 failed to reproduce) for control in C. maculatus]: A total of 71 pairs for C. chinensis and 68 pairs

for C. maculatus were used for this experiment.

2.3. Non-target effects on adult parasitoid wasps

A culture of Anisopteromalus calandrae (Hymenoptera: Pteromalidae) originating from Japan was used as a parasitoid of
the larvae and pupae of the two Callosobruchus species (Tuda, 2007; Zhang et al. 2021). It has been maintained with C.
chinensis in the laboratory at 30°C (Nakamichi et al., 2020; Zhang et al., 2021). Five females and five males that emerged
within 24 h were introduced to a Petri dish (6 cm in diameter). Twenty pl of biosynthesized NP solution or distilled
deionized water as a 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 nine times. A total of 628 adults were used for this experiment

(two males went missing from a Petri dish for the TiO,NP treatment).

2.4. Data analysis

We tested the effect of NP element (and sex for longevity) on the life history traits of each species studied. The normality
of the data was rejected (Shapiro-Wilk test W = 0.554-0.963, P < 0.041) except for the larval survival of C. chinensis and
C. maculatus and the proportion of female offspring of C. chinensis (W =0.978-0.988, P> 0.259) when beans were treated.
The effect of NPs on the longevity of adults of each species was subjected to a survival analysis with a best-fit Weibull
distribution with NP element, sex, their interaction, and replicates nested within NP element as explanatory variables,
followed by post-hoc comparisons with the control. The effect of NPs on the numbers of laid eggs and emerged adults of
each beetle species 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. Post-hoc tests were performed to compare
with the control. Logistic regression analyses were performed on the effect of NPs on the survival of eggs (hatchability),
larva to adult, and egg to adult, and on the proportion of females in emerged adults of each beetle species, followed by
post-hoc comparisons with the control. Logistic regression was also applied to examine the effect of the number of eggs

on both larva-to-adult and egg-to-adult survival. All statistical tests were performed using JMP 14.2.0.

3. Results

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. LR y?: likelihood ratio y*.
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Callosobruchus Callosobruchus Anisopteromalus
chinensis maculatus calandrae

LR2 df P LRy df P LRy df P

Nanoparticle element 5451 6 <0.001 2.96 6 02814 54.51 6 <0.001
Sex 116.69 1 <0.001 126.15 1 <0.001 116.69 1 <0.001
Nanoparticle element x sex 1620 6 0.749 29.46 6 <0.001 16.20 6 0.013

Replication [nanoparticle element] 9552 56 0.011 75.40 57 0.052 95.52 56 <0.001

3.1. Control efficacy on the pest Callosobruchus chinensis

3.1.1.  Treatment of adult C. chinensis

When adults were treated with NPs, adult longevity was significantly affected by NP element and sex (Table 1); ZnONPs
extended longevity by 13.5% compared to the control (P = 0.008, Fig. 1). The significant main effect of sex showed that
females lived longer than males (when they were not allowed to lay eggs) (Fig. 1). Adult beetles were observed drinking

the solution of nanoparticles.

3.1.2.  Treatment of 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
(LR y% = 2.22, P = 0.898). Egg hatchability was reduced by SiO,NPs by 10.6% (LR y% = 19.97, P = 0.003; post-hoc
comparison with the control, P <0.001, Fig. 2). Larva-to-adult survival was reduced by AgNPs by 6.6%, CuONPs by 7.3%,
and ZnONPs by 8.0% (LR y% = 9.73, P = 0.136; post-hoc comparison with the control, AgNPs, P =0.026; CuONPs, P =
0.027; ZnONPs, P =0.007, Fig. 2). Consequently, egg-to-adult survival was reduced by SiO,NPs and ZnONPs by 15.7%
and 9.9%, respectively (LR y* = 15.00, P = 0.020; post-hoc comparison with the control, SiO,NPs, P < 0.001; ZnONPs,
P =0.005, Fig. 2). The number of emerged adults was not affected by the NP element (LR y% = 1.89, P = 0.929, Fig. 2,
Table 2). Proportion of females was not affected by any of the NPs (LR y% = 8.91, P = 0.179, Table 2).
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209  Fig. 1. Adult longevity (mean + SE) (days) of two Callosobruchus beetle species (C. chinensis and C. maculatus) and the
210  parasitoid Anisopteromalus calandrae when adults were treated with different biosynthesized nanoparticles. *: P < 0.05,

211 **: P<0.01 compared to the control.

212

213

214 Additionally, there were a positive relationship between the number of eggs and egg hatchability (LR y? = 49.58,
215 P < 0.001) and negative relationships between the number of eggs and larva-to-adult survival (LR y? = 60.58, P < 0.001)
216 and between the number of eggs and egg-to-adult survival (LR y?* =5.88, P =0.015).

217
218  3.2. Control efficacy on the pest Callosobruchus maculatus

219  3.2.1. Treatment of adult C. maculatus

220 When adults were treated with NPs, adult longevity was significantly affected by the interaction effect between NP element
221  and sex (Table 1); SeNPs shortened the longevity of female adults by 28.3% of the control, while lengthened the longevity
222 of male adults by 9.1% (post-hoc pairwise tests with the control; female, P < 0.001; male, P = 0.016, Fig. 1). TiO,NPs
223 shortened the longevity of male adults by 6.1% (P = 0.013, Fig. 1). AgNPs shortened the longevity of female adults by
224 11.6% (P = 0.036, Fig. 1) but not that of males. Adult beetles were observed drinking the solution of nanoparticles.

225

226 3.2.2. Treatment of beans before oviposition by C. maculatus

227 When azuki beans were treated a priori with each of the NPs, the number of laid eggs was reduced by SeNPs by 32.9%
228 (LR 4% = 16.79, P = 0.010; post-hoc comparison with the control, SeNPs, P < 0.001, Fig. 2) and egg hatchability was
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reduced by CuO, Se, and SiO, NPs by 13.9, 11.7, and 11.2% of the control, respectively (LR y% = 22.05, P = 0.001; post-
hoc comparison with the control, CuONPs, P < 0.001; SeNP, P =0.002; SiO,NP, P = 0.005, Fig. 2). Egg-to-adult survival
did not differ among NP elements (LR y% = 9.7, P = 0.140) but was reduced by CuONPs by 14.6% of the control (post-
hoc comparison with the control, P = 0.024, Fig. 2). The number of emerged adults differed among NP elements (LR y% =
12.76, P = 0.047) and was reduced by CuONPs by 24.5%, and by SeNPs by 35.0% of the control (post-hoc comparison
with the control, CUONPs, P = 0.042; SeNPs, P=0.003, Fig. 2, Table 2). Larva-to-adult survival (LR y% = 5.26, P =0.511,
Fig. 2) and proportion of females (LR y% = 1.32, P = 0.971, Table 2) were not affected by any of the NPs.

In addition, there were a positive relationship between the number of eggs and egg hatchability (LR y? = 52.18,
P <0.001) and a negative relationship between the number of eggs and larva-to-adult survival (LR y% = 8.51, P = 0.004).
Consequently, these led to a positive relationship between the number of eggs and egg-to-adult survival (LR | = 5.64, P
=0.018).

3.3 Non-target effects on adult parasitoid Anisopteromalus calandrae

When adult 4. calandrae were treated with NPs, longevity 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 SiO,NPs reduced the longevity of only males by 4.2% (P = 0.010, Fig. 1), compared to

the control.
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Fig. 2. Deposited eggs, survival and emerged adults (mean + SE) of the two Callosobruchus beetle species (C. chinensis

and C. maculatus) when provided with beans treated with different biosynthesized nanoparticles. *: P < 0.05, **: P <

0.01 compared to the control.

Table 2. Number of emerged adults and proportion of females (mean + SE) of the Callosobruchus beetles (C. chinensis

and C. maculatus) when provided with beans treated with different biosynthesized nanoparticles. *: P <0.05, **: P <0.01

compared to the control.
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Callosobruchus chinensis Callosobruchus maculatus

emerged adults proportion of females emerged adults proportion of females

mean SE mean SE mean SE mean SE
control 40.64 1.90 0.495 0.029 33.25 2.12 0.520 0.027
Ag 35.80 4.48 0.520 0.042 29.40 2.00 0.521 0.029
CuO 39.10 2.00 0.462 0.025 25.10% 3.24 0.519 0.046
Se 37.80 2.47 0.497 0.016 21.60** 2.36 0.494 0.031
Si0; 36.70 4.35 0.503 0.039 27.80 3.48 0.520 0.026
TiO, 37.70 1.97 0.439 0.026 29.70 2.25 0.525 0.024
ZnO 39.10 1.70 0.518 0.034 31.20 2.34 0.508 0.029

4. Discussion

The present study investigated six types of NPs synthesized by the fungus F. solani by testing (1) the direct target effects
of these NPs on the longevity of male and female pest beetles (C. chinensis and C. maculatus), and the effects of NP-treated
beans on the fecundity and survival rates of both beetles, with C. chinensis infected by Wolbachia, and (2) the non-target
effects of these NPs on the longevity of male and female parasitoid 4. calandrae. Our results revealed that susceptibility
to the nanomaterials varied between species and sexes. The biosynthesized nanoparticles can be used as insecticides against
C. maculatus (SeNPs on adults, and SeNPs and CuONPs for pretreating beans), because reduced fecundity (and female
longevity) and/or increased egg mortality were observed at the tested concentration.

In contrast, the longevity and fecundity of adult C. chinensis remained unaffected by all tested nanomaterials. As
Wolbachia have been shown to detoxify/degrade certain insecticides (Liu and Guo, 2019) and mitigate nanoparticle effects
(Miksanek and Tuda, 2023), we suggest that this outcome may be due, in part, to the endosymbiotic bacteria Wolbachia,
which are abundant in adult C. chinensis (Kondo et al., 2011; ljichi et al., 2002). Conversely, negative effects on female
adult longevity were observed for SeNPs in 4. calandrae and SeNPs and AgNPs in C. maculatus. We also found sex-
dependent effects of SeNPs on the longevity of C. maculatus, consistent with previous findings in C. chinensis exposed to
chemically-produced SeNPs (Miksanek and Tuda, 2023). The observed extension of male longevity may reflect a trade-
off effect resulting from a reduction in male reproductive activity at the tested dose of SeNPs (Miksanek and Tuda, 2023).
In line with our results of sex-dependent SeNP effects, dietary sodium selenite extends the longevity of males more and
enhances glutathione peroxidase activity more in males compared to females in Drosophila (Zhang et al., 2000). Basic sex
differences in physiology could be responsible for the sex difference in the effect of SeNPs on the activity of digestive and
cytoplasmic enzymes (Nakonieczny, 1993). A reduction in adult longevity is known to be a chronic effect of dietary AgNPs
in Drosophila that are exposed as larvae (Mao et al., 2018). In contrast, we showed an acute effect of AgNPs on adult
longevity only in female C. maculatus. The chronic effect of AgNPs is attributed to ROS-mediated stress (Mao et al., 2018).
ROS-mediated stress may also be responsible for the acute sex-dependent effect of AgNPs we observed.

ZnONPs extended the adult longevity of Wolbachia-infected C. chinensis, but not of uninfected C. maculatus. As
disinfection of the endosymbiotic bacteria with antibiotics was found to extend the longevity of C. chinensis (San, 2022),
the observed effect of ZnONPs on C. chinensis may be due to a reduction in Wolbachia caused by the antimicrobial

properties of zinc. However, this proposed mechanism requires further investigation.
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The male-specific reduction in A. calandrae longevity caused by SiO,NPs and in C. maculatus longevity caused by
TiO,NPs might be attributed, in part, to sexual dimorphism in body size, as males have a higher surface area to volume
ratio (or relatively more "cuticle” than "guts") compared to females. The effects of dehydration caused by SiO>NPs and
phototoxicity generated by TiO>NPs may have been greater in males because males are smaller than females and their body
surface relative to body mass is larger. In addition, male A. calandrae have a less sclerotized white area on the abdomen
that may be more vulnerable to desiccation caused by SiO,NPs. Sex-specific differences in physiology might also be
responsible.

Pretreatment of the bean surface with different NPs resulted in varying effects on the two beetle species. SeNPs and
CuONPs showed pronounced control efficacy on the fecundity and/or egg hatchability of C. maculatus, while SiO,NPs
had control efficacy on the egg hatchability of both beetle species. Higher doses of SiO,NP dust applied to Vigna beans
could further reduce the fecundity and offspring survival as shown in C. maculatus (Arumugam et al., 2016). The observed
egg mortality in both Callosobruchus species caused by SiO:;NPs is likely due to dehydration. The biosynthesized NPs,
particularly SeNPs, showed potential for controlling the major stored bean pest but also affected their biocontrol agent.
Notably, in C. chinensis, there was no discernible difference in the number of emerged adults compared to the control group.
This is due, in part, to the pronounced negative density dependence (due to the intraspecific competition over the resource,
azuki bean) in the larva-to-adult survival at higher egg densities (corresponding to higher early larval densities) observed
in this species [see also Tuda (1993)] compared to C. maculatus: Although ZnNP and SiO,NP treatments increased the
fecundity of certain females relative to the control, subsequent density-dependent larval and pupal mortality offset the
increase, resulting in no net change in the final number of emerging adults. Alternatively, the reduction of larval density
during the early stages through the application of nanoparticles could mitigate the mortality in subsequent stages.

This study represents one of the earliest demonstrations of the insecticidal potential of SeNPs (Arunthirumeni et al.,
2021). Notably, biosynthesized SeNPs may be absorbed not only via insects' body surface but also through their digestive
systems, as adult beetles were observed drinking the solution. The mode of action of Se is dependent on its chemical form
and dosage, with both positive and negative effects observed, with a narrow optimal concentration range of Se for its
positive effects (Wrobel et al., 2016; Miksanek and Tuda, 2023). In Tenebrio molitor, sodium selenite induced dose-
dependent mortality and accumulation of selenium varied across organs (Hogan and Razniak, 1991). The influence of these
parameters and their species dependency require further careful investigation with controlled parameters (So et al., 2023).

In conclusion, our findings suggest that SeNPs applied to adults and the bean surface have a potential to control C.
maculatus, resulting in a 35% decrease in emerged adults compared to the control. However, the concurrent introduction
of the larval/pupal parasitoid A. calandrae should be avoided, as our results indicate a negative impact on the adult
longevity of the parasitoid. Later release of adult parasitoids or concurrent release of immature parasitoids parasitizing
alternative hosts may improve the overall efficacy of IPM without the non-target effects of NPs on the parasitoid.
Additionally, endosymbiotic infection of target pests may reduce the efficacy of NPs, particularly when targeting their adult
stage. Pre- or concurrent treatment of infected pests with antibiotics might improve NP efficacy but poses other risks
(discussed by Miksanek and Tuda, 2023). In the future, quantitative studies are needed to evaluate the impact of NPs on
parasitism and to determine the optimal dosages for effective pest control that also maintains optimal parasitism levels and
reduces negative side effects on plants (Thabet et al., 2019, 2021; Rahman et al., 2021). There is also a need for comparisons
with both conventional analogues and other sustainable materials, including botanical extracts. It is essential to develop a

practical standard guideline for the evaluation of nanochemicals on pest insects, including their behavior, efficacy, toxicity,
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physicochemical properties, and impacts on environments and ecosystem services, including biological control. This study
highlights the need for caution when using NPs to control pest insects, as they may also affect natural enemies, with

potential variation between sexes.
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