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ABSTRACT

The use of biopesticides in agriculture has grown in recent years, but the effects on non-target species remain insufficiently un-
derstood. We assessed both the lethal (e.g., survival) and sublethal (e.g., fecundity and fertility) effects of Prev-Am Plus, a sweet
orange essential oil-based biopesticide, on the parasitoid Exorista larvarum (L.) (Diptera: Tachinidae). This species was selected
as a model non-target insect due to its dual role as a parasitoid of pest lepidopterans and as a pollinator. Fecundity was expressed
as the number of eggs laid, whereas fertility was expressed as the proportion of eggs developing into puparia. The experimental
techniques were adapted from internationally recognized protocols used for assessing pesticide toxicity on Apis mellifera L., a
reference insect species in environmental risk assessment. Mated E. larvarum females were utilized in the experiments. Both
acute contact (a) and oral (b) toxicity were tested by applying a single 1 uL drop of biopesticide solution onto the fly thorax (a) or
offering 10 uL of biopesticide solution as food to flies (b). Different concentrations (0.25%, 0.5%, 5%, 10%, 20%) of the commercial
product were tested. The results showed that both contact and oral exposure to Prev-Am Plus exhibited a dose-response rela-
tionship, with mortality increasing with concentration. In contact assays, the estimated LC, was 3.93%, while the LC, exceeded
the highest tested concentration (20%). In oral assays, the proportion of females consuming the test solution decreased with
increasing concentration. Among females that ingested more than 50% of the solution, mortality increased with concentration,
with estimated LC,, and LC,, values of 2.5% and 10.8%, respectively. No effects on fecundity or fertility were detected following
either exposure route.

1 | Introduction

The use of biopesticides in agriculture has grown in recent years.
Insecticides based on plant essential oils (EOs) have gained in-
creasing attention as alternatives to synthetic chemicals, due
to their biodegradability, lower environmental impact, and
reduced risk of pest resistance (Assadpour et al. 2024; Pavela
and Benelli 2016). Among these, sweet orange EO [Citrus sin-
ensis (L.) Osbeck], which is primarily composed of d-limonene
(65%-96%, Oyedeji et al. 2020) and acts mainly through contact
and fumigant toxicity (Cardiet et al. 2011), has demonstrated

insecticidal and acaricidal properties (Brito et al. 2021; Campolo
et al. 2017; Kumar et al. 2012). It has also shown oviposition
deterrence and repellent activity against a range of insect pests
and mites (da Camara et al. 2015; Fernando et al. 2024; Heidari
et al. 2017), as well as antifungal effectiveness (Abdel- Fattah
et al. 2015).

Despite their reputation for ecological safety, plant-based EO
products are not free of non-target effects, including those on
beneficial insects, such as pollinators and entomophagous in-
sects (Catania et al. 2023; Giunti et al. 2022). For example,
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oregano EO applied at sublethal doses disrupted the behavior
of honeybee foragers (da Silva et al. 2020). On the other hand,
sweet orange EO used to control Varroa destructor (Anderson
& Trueman) (Acari: Varroidae) did not adversely affect the
survival of Apis mellifera L. (Hymenoptera: Apidae) workers
in either laboratory (Fuselli et al. 2009) or field conditions
(Bakar et al. 2017). Citrus EOs also showed both harmful and
non-harmful effects on entomophagous insects, depending
on concentration, exposure method, and species of the natu-
ral enemy involved, as comprehensively reviewed by Giunti
et al. (2022).

Prev-Am Plus (Oro Agri International Ltd.) is a biopesticide
containing ~6% sweet orange EO, salt borax, and biodegrad-
able surfactants, effective as an insecticide, acaricide, and
fungicide (Soares et al. 2019). In Italy, it is authorized for
use in IPM programs, including the control of whiteflies and
mites on tomato crops (Regione Emilia-Romagna 2025). Some
studies have evaluated the non-target effects of this sweet
orange EO-based biopesticide on beneficial arthropods. For
example, Lami et al. (2024) reported that spray applications
of Prev-Am Plus reduced larval survival, whereas no effects
were observed on adults of Propylea quatuordecimpunctata
(L.) (Coleoptera: Coccinellidae). By contrast, residual contact
assays showed no adverse effects on larvae. Sublethal effects,
such as altered foraging behavior and reduced predation rate,
were observed in adult Nepenthes tenuis (Reuter) (Hemiptera:
Miridae) after exposure to dried residues of Prev-Am Plus
on treated leaves (Soares et al. 2020). Conversely, no adverse
effects have been reported on the parasitoid wasp Anagyrus
pseudococci (Girault) (Hymenoptera: Encyrtidae) or on coc-
cinellid and hemipteran predators (Mansour et al. 2011; El
Aalaoui et al. 2019). These contrasting results highlight the
need for further studies focused on detailed, species-specific
risk assessment of EO-based products such as Prev-Am Plus,
considering both lethal and sublethal effects on non-target
organisms that provide key ecosystem services. Within this
framework, the present study aimed to evaluate the acute con-
tact and oral toxicity of Prev-Am Plus on Exorista larvarum
(L.) (Diptera: Tachinidae). This polyphagous, facultatively
gregarious larval parasitoid of pest lepidopterans is wide-
spread in the Palearctic region and now established in North
America following introductions for the classical biological
control of the gypsy moth, Lymantria dispar (L.) (Lepidoptera:
Erebidae) (Cingolani et al. 2025). Although E. larvarum and
other introduced tachinids have likely contributed to the sup-
pression of target pest populations in introduced areas, their
overall impact remains debated (Gray et al. 2008). Moreover,
in Italy, laboratory studies have investigated the potential use
of E. larvarum for the control of selected exotic lepidopteran
pests, suggesting possible applications beyond classical (in-
oculative) biological control. Despite encouraging results,
field applications have not yet been performed (Martini
et al. 2019). Previous studies have reported on the biology and
oviposition strategy of this parasitoid (Dindo et al. 2019, 2021;
Valigurova et al. 2014). Briefly, adult females, which may live
up to 40-41days under both field and laboratory conditions
(Hafez 1953; Dindo et al. 1999), lay macrotype eggs on the host
body, and the newly hatched larvae penetrate the host integ-
ument, build integumental respiratory funnels, and develop
continuously until pupation, which typically occurs outside

the host remains. E. larvarum was selected as a non-target
model insect in the present study due to its dual ecological role
as both a parasitoid (for which it is primarily known) and a pol-
linator, commonly visiting Apiaceae and other crops (Martins
et al. 2024). Adult E. larvarum can be routinely exposed to
pesticides, including Prev-Am Plus, because of their feeding
and flower-visiting activity and, in the case of mated females,
host searching behavior on crop plants. Lethal (e.g., survival)
and sublethal (e.g., fecundity and fertility) effects of this EO-
based biopesticide on mated adult E. larvarum females were
investigated under laboratory conditions. Fecundity was ex-
pressed as the number of eggs laid, and fertility as the pro-
portion of eggs developing into puparia. Mated females were
specifically selected, as they perform both parasitism and pol-
lination and are thus more likely to be exposed to pesticides.
The methodologies were adapted from internationally recog-
nized protocols developed by the Organisation for Economic
Co-operation and Development (OECD), used for assessing
pesticide toxicity on A. mellifera L., a reference insect species
in environmental risk assessment (Arena and Sgolastra 2014;
OECD 1998a, 1998b), and are consistent with recent inves-
tigations on flower-visiting Diptera (Martins et al. 2024).
This study aims to help fill a knowledge gap, as the effects of
Prev-Am Plus and other EO-based biopesticides on non-target
species remain insufficiently understood, highlighting the
need for species-specific ecotoxicological evaluations.

2 | Materials and Methods
2.1 | Insects

A laboratory colony of E. larvarum was established in 1992
and augmented in 2004 and 2010 from adults that emerged
from L. dispar and Hyphantria cunea (Drury) (Lepidoptera:
Erebidae) larvae collected in the field in the provinces
of Modena (44°1049”N,10°38'54” E) and Forli-Cesena
(44°13'21”N, 12°2’27" E) (Emilia-Romagna region, northern
Italy). The colony was maintained using Galleria mellonella
(L.) larvae (Lepidoptera: Pyralidae) as factitious hosts and
following the standard rearing methods described by Dindo
et al. (2021). Namely, adult flies were maintained in Plexiglas
cages (40x30x30cm) (50-70 individuals per cage with a 1:1
sex ratio). Adults were fed sugar cubes and yeast powder, while
distilled water was supplied via drinking troughs with water-
soaked cotton. Parasitization was performed once a week by ex-
posing last instar G. mellonella larvae to E. larvarum. To avoid
excessive superparasitism, as assessed in previous studies (e.g.,
Dindo et al. 2006, 2019), host larvae were provided at a ratio
of 3 larvae per female for 1h. The larvae with eggs were then
removed from the parasitoid cage and transferred to a plastic
box (24x30x8cm) until puparium formation. Newly formed
puparia were collected and transferred to a new cage for emer-
gence. G. mellonella larvae were fed on an artificial diet and kept
at 30°Cx1°C, 65% =+ 5% RH, in complete darkness (Dindo and
Francati 2022).

The parasitoid colony was maintained at 26°C £ 1°C, 65% + 5%
RH, and L16:D8 photoperiod. The experiments were con-
ducted under the same conditions. For the assays, newly
formed E. larvarum puparia (35-55mg) were selected, and
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upon adult emergence, flies were placed for 3days in Plexiglas
cages (40%x30x30cm), of the same size as those used for rou-
tine colony maintenance, with a 1:1 sex ratio to allow mating.
Mated females of the same age were used in the assays de-
scribed below.

2.2 | Acute Contact Toxicity

Prev-am Plus was tested at four concentrations (treatments):
0.5% (the recommended field dose for controlling wheat aphids
or tomato mites; Banca Dati Fitofarmaci 2025), 5%, 10%, and
20%. Distilled water and HPLC-grade acetone were used as
solvents, as described below. Two control groups were also in-
cluded: a negative control (untreated) and a solvent control. For
each treatment and the solvent control, a 10 mL solution was pre-
pared, containing 80% (8 mL) acetone and 20% (2mL) of a mix-
ture of Prev-am Plus and distilled water in different proportions
to achieve the desired concentration. Specifically, the volumes
of biopesticide used were 0.05, 0.5, 1, 2, and OmL for the four
treatments and the solvent control, respectively.

Mated females of the same age were collected from the main
cage and randomly assigned to either a treatment or a con-
trol group. Each female was transferred individually to a
9-cm diameter Petri dish and anesthetized on ice blocks for
2-3min at 4°C-5°C. For each Prev-am Plus concentration and
the solvent control, 1 L of the solution was topically applied
to anesthetized females using a Gilson Repetman automatic
precision micropipette (Middleton, WI USA). The solution
was applied to the dorsal side of the thorax between the neck
and the wing base. In the negative control group, females
were also anesthetized, but the exposure phase was only sim-
ulated without applying any solution. After treatment, both
the treated and control flies were moved to Plexiglas cages
(20cmx20cm x20cm) (3-5 flies per cage) and maintained
under the standard rearing conditions described above.
Grouping females of the same age is an approach used in previ-
ous studies evaluating female fecundity in E. larvarum (Dindo
et al. 1999, 2006; Benelli et al. 2018; Martins et al. 2024).
This method can be used because, as is typical of tachinids
(Mellini 1995; Stireman III 2016), competition among females
has not, to our knowledge, been reported for this species and
has not been observed during our long-term colony mainte-
nance and experimental work. Mortality was recorded at 24,
48, 72, and 96h after exposure. For each treated concentra-
tion, 30 individual females (= replicates) were used to estimate
the concentration-response curve. Forty-six females were
used in the controls.

To evaluate fecundity, 24 h after the treatment, the surviving
E. larvarum females used for the mortality assessment (1-5
individuals per cage, depending on survival in each treat-
ment) were retained (Martins et al. 2024). Three mature G.
mellonella larvae per female were then introduced into each
cage for 1h, as described above for the colony maintenance
and in Martins et al. (2024). Afterward, the larvae were re-
moved from cages, and the overall number of eggs counted
on their body was divided by the number of females in every
cage (each representing a replicate). Subsequently, the larvae
were placed in 9-cm-diameter petri dishes (1 per treatment or

control) until puparium formation. The newly formed para-
sitoid puparia were counted. Fecundity was expressed as the
average number of eggs laid per female in 1h. To evaluate
egg fertility, the percentage of puparia, based on the number
of eggs laid, was calculated (Dindo et al. 2019). The number
of replicates (=cages) was 12 for each control and 8 for each
treatment.

2.3 | Acute Oral Toxicity

Standardized acute oral tests for honeybees and bumblebees
(OECD 1998a; 1998b, 2017), modified by Azpiazu et al. (2021)
for Osmia spp. (Hymenoptera: Megachilidae) with a known
amount of pesticide (“petal method”), were adapted for E.
larvarum. Specifically, cylindrical feeding cages (diameter:
3.5cm; height: 5.5cm) were used, each containing a feeder
made from an Eppendorf cap (diameter: 2.03mm, height:
5mm) filled with solidified hot glue. The feeder had a cen-
tral cavity (volume of 10mm?3), into which each solution was
pipetted. A natural petal (Chrysanthemum, Asteraceae) was
inserted next (Azpiazu et al. 2021). The feeder was designed
to contain 10uL, previously determined to be the optimal
amount of sucrose solution (control) that E. larvarum females
could completely consume in 1h.

Prev-am Plus was tested at five concentrations (treatments):
0.25%, 0.5%, 5%, 10%, and 20%. The solvent was a sucrose solu-
tion in distilled water at a 1:5 ratio (sucrose: water). For each
treatment, 10uL solution was prepared, containing 80% (8 uL)
sucrose solution and 20% (2 uL) of a mixture of Prev-am Plus and
distilled water in different proportions to achieve the desired
concentration. Specifically, the volume of biopesticide used was
0.025, 0.05, 0.5, 1, and 2mL for the five treatments (0.25%, 0.5%,
5%, 10%, 20%), respectively. A control group, containing 8 uL of
sucrose solution and 2 uL of distilled water, without biopesticide,
was maintained.

Mated females of the same age (3days post-emergence; 30 individ-
uals per treatment or control) were collected from the main cage,
randomly placed into smaller Plexiglas cages (20x20X20cm; 5
females per cage) and starved for 16h to promote feeding on the
test solution (Azpiazu et al. 2021). Subsequently, starved females
were individually transferred to the described feeding cages with
feeders and supplied with 10uL of test solution for the assigned
treatment or control. Based on preliminary evaporation exper-
iments, females were exposed to solutions for 1h and 30min.
Feeders were visually inspected after exposure to determine how
many females consumed more than 50% of the test solution. For
each treatment and the control group, the percentage of females
that consumed >50% solution was calculated as an expression
of the repellent effect of different concentrations of Prev-am Plus
on E. larvarum. After being grouped according to their treatment
and the amount of solution consumed, all females were returned
to Plexiglas cages (20cm X 20cm X 20cm) (maximum 5 females per
cage) and fed under standard rearing conditions. As in the previ-
ous experiment, mortality was recorded at 24,48, 72, and 96 h after
exposure. Fecundity and fertility were also assessed as described
for the previous experiment. The number of replicates (= cages) for
the sublethal effects ranged from 3 to 8 per treatment, depending
on the dose.
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2.4 | Statistical Analysis

Data analysis was conducted in R (version 4.5.1) (R Core
Team 2025) to evaluate survival and reproductive outputs from
the acute contact and oral exposure experiments. Both in acute
contact and oral toxicity tests, the mortality curve and LC values
were assessed 96 h after the end of the exposure phase.

Prior to formal modeling, exploratory analyses were performed
and control validity was assessed by verifying that mortality did
not exceed 20% within 96 h. For the contact exposure assay, neg-
ative and solvent controls were compared using a log-rank test
from the Survival package (Therneau 2020). Because no signif-
icant difference was detected between these groups, they were
pooled for subsequent analyses.

Different model structures were initially evaluated for LCx es-
timation, and generalized linear mixed models (GLMMs) were
selected for the final analyses because they best accounted for
the hierarchical structure of the experimental design. Survival
responses were analyzed using a binomial error distribution
and logit link function. Cage was included as a random intercept
to account for non-independence among individuals from the
same cage. For contact exposure, survival models included all
observations using In(concentration+1) as the predictor vari-
able. Lethal concentrations were estimated from the fitted mod-
els using parametric bootstrap confidence intervals.

For oral exposure, we first assessed whether EO concentration
influenced feeding behavior. The proportion of individuals con-
suming more than 50% of the food provided was analyzed using
a generalized linear model (GLM) with binomial error distribu-
tion and logit link function. Subsequently, because variation in
ingestion level could potentially mask the concentration effects
of acute exposure, the main conclusions were based on models
fitted with individuals that consumed more than 50% of the
food, while results obtained with the complete dataset are pre-
sented in the Supporting Information and in Figures S1 and S2.
As mortality in the control group was zero at the 96-h endpoint,
LCx estimation was based on GLMM models fitted to positive
concentrations only using In(concentration).

Reproductive outputs (number of eggs and number of pupae per
cage) were analyzed using GLMMs and GLMs. Models were fit-
ted using a Poisson error distribution or a negative binomial error
distribution when overdispersion was detected. For the number
of eggs laid, the log-transformed number of adult females per
cage was included as an offset term to account for differences in
reproductive potential among cages. For pupal production, the
log-transformed number of eggs was included as an offset term to
account for variation in initial reproductive output. Biopesticide
exposure was initially tested both as a continuous predictor (con-
centration) and as a categorical factor (treatment level). For con-
tact exposure, treatment was retained as a fixed factor in the final
model, and the overall effect of Treatment on egg number and
pupation rate was evaluated using a likelihood ratio test compar-
ing the full model to a null model with only the offset. For oral
exposure, concentration was retained as a continuous predictor
when supported by model selection. For all the analyses described
above, model selection was performed using Akaike's Information
Criterion (AIC), and the most parsimonious model was retained.

Model assumptions were evaluated using the DHARMa package
by simulating scaled residuals (Hartig 2022). Residual diagnostics
included visual inspection of residual plots, tests for uniformity,
dispersion, and zero-inflation. No substantial deviations from
model assumptions were detected in the final models.

3 | Results
3.1 | Acute Contact Toxicity

No difference was observed between the mortality of negative
control (10.87% +4.64 SE) and solvent control (17.39% + 5.65 SE;
x?=0.9,df=1, p=0.3), indicating the absence of solvent effects.

Biopesticide concentration increased the mortality of E. lar-
varum after contact exposure (=0.6443+0.2126 SE, z=3.031,
p=0.0024), Figure 1. The estimated random intercept variance
was 1.107, indicating substantial heterogeneity among cages.
The model included 212 observations across 56 cages. The es-
timated LC,, was 3.93% (95% CI: 1.13-18.83) of the EO-based
biopesticide. The LC,, could not be estimated within the tested
concentration range, as model predictions indicated a median
lethal concentration above 20%.

For the reproductive responses, the treatments did not influence
the number of laid eggs (y*=8.50, df=5, p=0.131; Figure 2a),
nor the pupation rate (y>=2.79, df =5, p=0.732; Figure 2b).

3.2 | Acute Oral Toxicity

The proportion of insects that consumed more than 50% of the
test solution decreased with increasing biopesticide concentration
(8=-0.6113+0.1139 SE, z=—5.365, p <0.001; Figure 3a). Among
females that consumed more than 50% of the test solution, mortal-
ity increased with biopesticide concentration (8=0.9576 +0.3854
SE, z=2.484, p=0.013; Figure 3b). The random intercept variance

60% 1

40%

ity

Mortal

20%

0% A

0 5 10 15 20
Concentration (%)

* ACT * NC * Biopesticide

FIGURE 1 | Mortality curve for E. larvarum adult females follow-
ing contact exposure to oil-based biopesticide. Points represent cage-
level mortality observations and are displayed with slight vertical jitter.
The shaded gray area indicates the 95% confidence interval of the fitted
model (red line). The dashed line indicates LC,,. The dose-response
curve was fitted using individual-level binary data of mortality and cage
as random effect. NC, negative control; ACT, acetone solvent control;
Biopesticide, tested concentrations of the oil-based biopesticide.
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associated with cage was 1.198, indicating considerable between-
cage variability. The model included 70 observations across 21
cages. The estimated LC,, was 2.5% (95% CI: 0.97-12.4). The
estimated LC,, was 10.8%, but its confidence interval was wide
and extended beyond the tested concentration range (95% CI:
3.7-138.1), indicating considerable uncertainty in this estimate.

For the reproductive responses, the concentration of biopesticide
did not influence the number of laid eggs (8=-0.0029 +0.0218
SE, z=-0.133, p=0.894; Figure 4a), nor the pupation rate
(8=0.0147+0.0227 SE, z=0.656, p=0.512; Figure 4b).

(@) 55

N
o

b1ty

o

Number of eggs per female
(4.}

4 | Discussion

Tachinid flies are ecologically important insects, functioning
both as parasitoids of phytophagous insect pests (Cingolani
et al. 2025) and as pollinators, since adults primarily feed on
floral nectar and honeydew (Al-Dobai et al. 2012). Parasitism
represents the primary and best-established ecological function
among tachinids, whereas their role as pollinators remains rel-
atively overlooked (Martins et al. 2024). However, both ecolog-
ical roles are often underestimated (Dindo and Grenier 2022),
and the potential side effects of EO-based biopesticides on
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FIGURE2 | Reproductive responses of E. larvarum after contact exposure of mated females. Dots represent the raw data per cage, and black error
bars indicate the model-estimated means +95% confidence intervals. (a) Number of eggs laid per female; (b) Proportion of eggs reaching the pupal

stage. NC, negative control; ACT, acetone solvent control.
(a)
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FIGURE 3 | Behavior and survival response of E. larvarum adult females following oral exposure to oil-based biopesticide. The blue line rep-

resents the fitted model, and the shaded gray area indicates the 95% confidence interval. (a) Proportion of females that consumed more than 50% of
the test solution with biopesticide. Points represent cage-level observations. (b) Mortality curve estimated using individual-level binary mortality
data with cage included as a random effect. Only females that consumed > 50% of the test solution were included. Points represent cage-level mortal-
ity observations and are displayed with slight vertical jitter. The dashed line indicates LC,.
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FIGURE 4 | Reproductive responses of E. larvarum after oral exposure of mated females. Only females that consumed > 50% of the test solution were
included. Color dots represent the raw data per cage at each different concentration, and black error bars indicate the model-estimated means +95% con-
fidence intervals. (a) Number of eggs laid per female; (b) Proportion of eggs reaching the pupal stage. NC, negative control; ACT, acetone solvent control.
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these beneficial insects remain insufficiently investigated.
To the best of our knowledge, only one previous work has
investigated the effects of an EO on a tachinid fly, namely E.
larvarum (the focus of the present study), and reported no de-
tectable impact on adult survival or reproduction when flies
were supplied with sugar cubes treated with 0.01% Monarda
fistulosa L. (Lamiaceae) EO (Francati and Gualandi 2017). In
our experiments, mortality of E. larvarum after contact expo-
sure increased in a dose-dependent manner with increasing
concentrations of the sweet orange EO-based product Prev-Am
Plus. At the recommended field concentration (0.5%; equivalent
to 5pg/uL per individual), mortality remained low, whereas
higher concentrations produced progressively greater mortal-
ity responses. The fitted dose-response models estimated LC,,
values for both oral and contact exposure above the recom-
mended field rate, suggesting low acute toxicity of the biope-
sticide to this parasitoid species under the tested conditions.
Residual exposure on treated surfaces, which may occur under
field conditions when flies walk across contaminated leaves
(Giunti et al. 2022), was not addressed in the present study and
deserves further investigation.

Prev-Am Plus showed lethal toxicity when fed to E. larvarum fe-
male flies only at the highest concentrations tested, with survival
declining to 60% and 40% at concentrations of 10% and 20% of
Prev-Am Plus, respectively, indicating a dose-dependent effect.
However, the repellent effect on E. larvarum increased with bio-
pesticide concentration, with less than 20% of females consuming
more than half of the solution at 20% concentration. Repellent ef-
fects have also been reported in honeybees exposed to different
EOs, such as garlic and eucalyptus (Catania et al. 2023). While
repellency observed at high concentrations in E. larvarum may
reduce the probability of direct exposure to potentially harmful
doses, it should also be considered a sublethal effect, as it may limit
the access of beneficial insects to treated resources, potentially
leading to starvation and thereby affecting the ecosystem services
they provide. Notably, these effects were observed at concentra-
tions far exceeding the field-dose considered in this study (0.5%),
suggesting that their ecological relevance under realistic applica-
tion conditions may be limited. These higher concentrations were
included to explore a worst-case scenario, such as accidental over-
application, and to establish a safety margin, rather than to rep-
resent realistic field exposure conditions. The LC,, value (10.8%
of the Prev-Am Plus) corresponds to an estimated dose ingestion
(LDy,) ranging from 540 to 1080 ug of the formulated product per
insect, depending on the volume consumed (> 50% of the solution
offered). This is equivalent to approximately 32.4-64.8ug of the
active ingredient (sweet orange EO). Importantly, the strong re-
duction in feeding at the highest concentrations also reduced the
number of individuals effectively exposed to the treatment, par-
ticularly at 10% and 20% concentrations. Consequently, the low
number of females consuming more than 50% of the offered solu-
tion at these concentrations increased uncertainty in LC and re-
productive estimates, limiting the strength of the conclusions from
our results regarding oral toxicity at the highest exposure levels.

Under contact exposure (1pL per insect), the LC,, (3.93%) cor-
responds to an estimated dose (LD,,) of approximately 39ug of
Prev-Am Plus per insect, equivalent to about 2.4pg of active in-
gredient. The topical LD, could not be determined within the
tested range but is estimated to exceed 200ug of formulation per

insect (>12ug of active ingredient). Conventionally, a product is
considered safe for A. mellifera when the LD, exceeds 100 ug per
insect (Lewis et al. 2016). Since A. mellifera serves as a reference
insect species in environmental risk assessment for pollinators
(OECD 1998a; 1998b), the results of the present study suggest that
Prev-Am Plus poses a low risk for E. larvarum by both contact and
ingestion under the tested conditions. EFSA conclusion on orange
oil (EFSA 2013) reported an acute oral and contact LD, of >100
and >200pug of Prev-Am per bee in A. mellifera, respectively, in-
dicating that this product poses low risk also for honeybees.
However, when comparing the toxicity of this product among dif-
ferent pollinator species, Catania et al. (2025) reported higher tox-
icity in bees than what we observed for E. larvarum. This finding is
consistent with Martins et al. (2024), who found E. larvarum to be
less sensitive than A. mellifera to a conventional insecticide (e.g.,
imidacloprid). In this context, extended observation periods (up
to 96h), compared to shorter assessment times such as those ad-
opted in Martins et al. (2024), may allow the detection of delayed
lethal effects and could contribute to improving current OECD-
based protocols. The relatively low sensitivity of E. larvarum
compared to A. mellifera may reflect species-specific differences
in physiology and exposure pathways. Potential factors include
differences in cuticular permeability, detoxification capacity, and
metabolic processes, as well as behavioral and ecological traits in-
fluencing contact with treated surfaces. Differences in sensitivity
among flower-visiting Diptera and bees have also been reported
for other species (Martins et al. 2024). However, the mechanisms
underlying these differences remain unclear and warrant further
investigation.

Regarding sub-lethal effects, no differences were observed
among concentrations in either the contact or oral toxicity tests
concerning the number of eggs laid by E. larvarum females or the
percentage of puparia obtained from eggs (reflecting fecundity
and fertility, respectively). Sublethal effects may also include be-
havioral alterations, such as changes in foraging activity, as well
as potential transgenerational effects. These aspects were only
partially addressed in the present study through the assessment
of egg fertility and deserve further investigation. The relatively
short observation period adopted in the present study provides
a standardized evaluation at a defined time point; however, lon-
ger observation periods and larger sample sizes may improve the
detection of delayed sublethal effects on reproduction and repre-
sent a relevant direction for future research.

The overall results suggest that Prev-Am Plus may pose a lim-
ited risk to E. larvarum under the tested conditions, although
additional studies are required to confirm its effects under
different scenarios, including in the field. However, studies in-
vestigating the side effects of EO-based products, including the
present one, have notable limitations. In particular, the lack of
detailed information on co-formulants limits the interpretation
of their potential contribution to the observed effects. They often
focus on single species, overlooking natural ecological interac-
tions, and are mostly conducted under laboratory conditions.
Moreover, in the present study, only female flies were tested,
whereas males may differ in their sensitivity to the tested bio-
pesticide. Including both sexes in future investigations would
improve the ecological relevance and robustness of toxicity
assessments. More realistic assessments should also consider
broader invertebrate communities to evaluate both biopesticide
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efficacy and potential non-target impacts, from directly exposed
targets to indirectly affected species (Giunti et al. 2022). In this
context, while the present study focuses on endpoints related
to the parasitoid function of E. larvarum, dedicated behavioral
investigations are needed to evaluate potential effects on its
flower-visiting activity. Additionally, the compatibility of EOs
with other biological control agents, such as Bacillus thuringien-
sis or entomopathogenic viruses and fungi, remains poorly in-
vestigated and merits further study, particularly to better assess
their use across diverse ecological contexts.
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The shaded gray area indicates the 95% confidence interval of the fitted
model (blue line). Dots represent the raw data per cage. The dashed line
indicates LC,,. The dose-response curve was fitted using individual-
level binary data of mortality for all individuals and cage as random
effect. Figure S2: Reproductive responses of E. larvarum after oral ex-
posure of mated females. All females were included. Dots represent the
raw data per cage, black error bars indicate the model-estimated means
+95% confidence intervals, and colors represent the ingestion level of
the offered solution: 1=consumed < 50% of the volume, 2 =consumed
>50%, and 3=consumed 100% of the offered solution. (a) Number of
eggs laid per female; (b) Proportion of eggs reaching the pupal stage.
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