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Abstract: Aedes albopictus is the sole vector for various mosquito-borne viruses, including dengue,
chikungunya, and Zika. Ecofriendly biological agents are required to reduce the spread of these
mosquito-borne infections. Mosquito densoviruses (MDVs) are entomopathogenic mosquito-specific
viruses, which can reduce the capacity of isolated vectors and decrease mosquito-borne viral disease
transmission. However, their variable pathogenicity restricts their commercial use. In the present
study, we developed a series of novel larvicide oil suspensions (denoted Bacillus thuringiensis (Bti)
oil, Ae. albopictus densovirus (AalDV-5) oil, and a mixture of AalDV-5+Bti oil), which were tested
against Ae. albopictus larvae under experimental semi-field and open-field conditions. The effect
of AalDV-5 on non-target species was also evaluated. The combined effect of AalDV-5+Bti was
greater than that of individual toxins and was longer lasting and more persistent compared with
the laboratory AalDV-5 virus strain. The virus was quantified on a weekly basis by quantitative
polymerase chain reaction (qPCR) and was persistently detected in rearing water as well as in dead
larvae. Wildtype densovirus is not pathogenic to non-target organisms. The present findings confirm
the improved effect of a mixed microbial suspension (AalDV-5+Bti oil) larvicide against Ae. albopictus.
The development and testing of these products will enable better control of the vector mosquitoes.

Keywords: Aedes albopictus; densovirus; Bacillus thuringiensis; mosquito vector; larvicide; biological control

1. Introduction

Mosquito-borne pathogens are serious health hazards and continue to affect human
populations globally [1]. The Aedes albopictus mosquito is one of the most invasive mosquito
species on the planet and is also a vector of several arboviruses of public health concern
in the tropics and subtropics, including dengue, chikungunya, and Zika viruses [2–4].
Southern provinces of China such as Guangdong, Guangxi, Fujian, and Yunnan are particu-
larly prone to dengue outbreaks because of their favorable environmental profile [5]. In
Guangzhou, dengue fever can spread for more than seven months every year and it can
spread during the hot summer months even in the northern temperate Beijing zone [6].
Long-term efforts to eradicate the vector have been hampered by the mosquito’s contin-
uous migration and ability to quickly adapt to different environments [7]. The use of
chemical insecticides is a leading approach for controlling vector-borne diseases. However,
their widespread use has resulted in environmental pollution, insecticide resistance, and
the need for new, long-lasting agents to control vector populations [8]. Our laboratory
has previously reported the resistance of Ae. albopictus to several insecticides, including
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dichlorodiphenyltrichloroethane (DDT) and deltamethrin [9]. Mutations in two target
sites, including knockdown resistance (Kdr) and the metabolic detoxification system, are
responsible for insecticide resistance [9], and these mutations have also been observed in
other mosquito species in many other places [10,11]. To reduce the present reliance on
insecticide-based mosquito control, bio-control solutions aim to be long-term control agents
and target a variety of mosquito species [12]. Bacillus thuringiensis (Bti) formulations [13,14],
for example long-lasting Ae. albopictus larvicidal Bti-blocks, are highly effective in vector
control strategies [15] and plant essential oils used for mosquito control [16–18].

Many viruses are pathogenic to mosquitoes [19,20], but their application in biological
control has been limited due to their poor infectivity or difficult manufacturing processes
that are not appropriate for field treatment. However, mosquito densoviruses (MDVs),
which have a limited host range and various transmission patterns, are a possible alterna-
tive [21]. MDVs are highly mosquito-specific, do not infect unrelated organisms [22–24],
and can replicate in numerous tissue types, such as the midgut, anal papillae, malpighian
tubules, nerves, muscle fibers, fat bodies, and salivary glands, thus causing systemic
infection [25]. Ae. albopictus densovirus was identified by our laboratory in wildtype
Ae. albopictus sampled from dengue-endemic sites in Guangzhou, China, where infections
of the first and second instar larvae of Ae. aegypti, Ae. albopictus, and Culex quinquefasciatus
were found [26]. To improve the bio-efficacy of densovirus infection, we developed a
novel biological larvicide, an oil suspension containing a mixture of Ae. albopictus denso-
virus (AalDV-5) and Bti oil toxins, and evaluated its effectiveness and persistence in a
field-based setting.

2. Materials and Methods
2.1. Ethical Statement

The cell lines, including human endothelial cell line (HBMEC), were purchased from
ScienCell (Carlsbad, CA, USA), and human glioma cells (U251), baby hamster kidney
cells (BHK-21), Drosophila melanogester (S2), and Spodoptera frugiperda (Sf9) cell lines were
bought from Sigma-Aldrich (St. Louis, MO, USA). African green monkey kidney (Vero)
and fibroblast cell lines (Cos7) were bought from Thermo Fisher Scientific (Waltham, MA,
USA). The Ae. albopictus C6/36 cell line was kindly provided by Professor Jingqiang
Zhang’s laboratory, School of Life Science at Sun Yat-sen University (Guangzhou, China).
The Ae. aegypti, Aag2 cell line was kindly provided by Professor Gong Chen’s laboratory,
Medical School of Tsinghua University (Beijing, China). The specific growth mediums for
cell lines were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The cell lines
BHK-21, HBMEC, Vero, and U251 were grown in DMEM medium added with 10% FBS
at 37 ◦C. Sf9 cells were cultured in TC-100 medium supplemented with 10% FBS, at 37 ◦C
with 5% CO2. Mosquito cell lines C6/36 and Aag2 were cultured in 1640 RPMI medium at
28 ◦C. The Drosophila S2 cell line was grown in Schneider’s Drosophila medium at 28 ◦C.
The BALB/c suckling mice were obtained from the Animal Experiment Center of Southern
Medical University, Guangdong Province, China. All animal experiments were performed
according to guidelines established by the International Association for Evaluation and
Acceleration of Laboratory Animal Care. Animal testing procedures were approved by the
Office of Laboratory Animal Welfare (approval number: A5867-01) and animal care was
performed according to institutional guidelines.

2.2. Mosquito Maintenance

Ae. albopictus (Foshan strain) was collected from Guangdong Province, China, and
established in the laboratory. Briefly, mosquitoes were raised in a well-maintained insectary
at 28 ◦C and 80% relative humidity, with a photoperiod of 12 h light and 12 h dark.
Different stages of larvae were reared in stainless-steel trays (40 × 30 × 8 cm) filled with de-
chlorinated tap water and fed regularly with turtle food (INCH-GOLD, Shenzhen, China).
Adults were kept in BugDorm 30 × 30 × 30 cm cages, covered with a fine-net chiffon mesh,
and fed with a 10% sucrose solution as the carbohydrate source. At five to seven days
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post-emergence, females were fed on mouse blood once per week. Moist filter papers were
used to collect mosquito eggs after blood feeding. Bioassay experiments were performed
with the first instar larvae of Ae. albopictus.

2.3. Study Design

The experimental period was from March to October 2020. We tested oil suspensions
that had been stored for different times (0, 3, 6, and 9 months) to evaluate the efficacy of the
product over time. Larval bioassays were conducted under experimental semi-field and
open-field conditions. Bioassays were performed in plastic water containers. Viral titers
in dead larvae and rearing water were evaluated. A pathogenicity analysis of AalDV-5
on non-target species, including in vitro cultured cells (mammalian and insects) and other
animals, including carp, chickens, and mice, was performed.

2.4. AalDV-5 Formulation Testing

Microbial oil suspensions were developed by Wuhan Baile Health Technology Co. Ltd.
(Wuhan, China). Methyl ester, denoted methyl oleate (9-octa-decenoic acid), was produced
from methanol and oleic acid by esterification. Oleic acid and methanol were mixed and
p-toluenesulfonic acid was added as the catalyst, and heated for reflux for 10 h, followed by
cooling, neutralizing with sodium methoxide to a pH 8.5, washing with water to neutralize,
drying with anhydrous calcium chloride (CaCl2), and performing vacuum distillation
to obtain methyl oleate. The additives used in the oil suspension included castor oil
polyoxyethylene ether, sodium dioctyl sulfosuccinate, polycarboxylate, and EO-PO block
polyether, which make it water-soluble. The emulsified dispersions were thickened by
adding hydrophobic organic soil and silica, which reduced cell clumps, sedimentation, and
improved storage for long periods. The active components in the three test oil suspensions
were: (i) Bti oil 20% w/w (potency: 1400 ITU/mg), (ii) Ae. albopictus densovirus-5 oil
(Aa1DV-5) 0.1% w/w (109 copies/mL), and (iii) mixed oil (AalDV-5+Bti). Commercially
available Bti (7000 ITU/mg) was used in the oil suspension, while the AalDV-5 virus was
obtained from our laboratory and collected according to a previous report [27]. Blank oil
without microbes was used as a negative control. The three oil suspensions were tested at
three-month storage intervals (March–October) to compare their toxicities. Oil suspensions
were stored at 24 ◦C, until use.

2.5. Semi-Field Bioassay

Semi-field trials were performed on the roof-top cage in a well-maintained rectangular
semi-field system (SFS) [28]. The walls and roof of the semi-field hut were made of metal
frames and fiberglass screens, and the roof was made of corrugated iron sheets (Figure 1A).
In the experimental semi-field conditions, the water buckets were not directly exposed to
sunlight, wind, or rain. As a result, water evaporation was minimal. The oil suspensions
were mixed thoroughly, diluted 20 times in water, and stored as stock solutions at 4 ◦C. Viral
concentrations were adjusted to 1 × 10 8 copies/mL as the starting concentration using
quantitative polymerase chain reaction (qPCR), as described before [27]. The AalDNV-F:
AACCGATAGAACGAACAC, AalDNV-R: TTGGAGGACGACTGATTA primer pair was
used for viral quantification. The laboratory strain AalDV-5 was also assessed under both
experimental semi- and open-field conditions to further compare it with the oil suspensions.
Semi-field bioassays were conducted with the first instar larvae (about 18 h after hatching)
of Ae. albopictus in three biological replicates. First instar larvae were preferred for the
bioassay as they are more vulnerable to both Bti and densovirus infection. Briefly, water
buckets (15 cm height, 25 cm diameter) were filled with 4 L of water and batches of
25 first instar larvae were used per treatment (Figure 1B). Three buckets were used for each
treatment. The larvae were infected with 1 × 108 copies/mL of virus, using AalDV-5+Bti oil,
AalDV-5 oil, or Bti oil. Food was not added to the test samples for 24 h post-exposure (pe).
Thereafter, the larvae were provided with turtle food (INCH-GOLD, Shenzhen, China).
When all larvae died in any test sample, the next batch of larvae was introduced. A
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water and blank oil treatment group were included as controls. Cumulative mortality
rates, including dead larvae and pupae, were recorded daily for 32 days post-exposure
(dpe). Dead larvae or pupae were not removed from the tested samples. The cumulative
toxicity of each treatment was determined after every three-month interval under semi-field
conditions. Each treatment was repeated in triplicate.
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2.6. Open-Field Bioassay

Experimental open-field bioassays were performed in parallel with semi-field bioas-
says to determine the change in toxicity of the oil suspensions under different environ-
mental conditions. The testing water buckets were kept in the open air on the roof of the
public health department (Figure 1C), and other treatment parameters were similar to the
semi-field experiments described above. Mortality was recorded daily.

2.7. Water Sampling and AalDV-5 Quantification

The viral titer in the larval rearing water was determined by qPCR analysis. To
quantify the AalDV-5 genome copy number, a standard curve was created using a 10-fold
serial dilution of a linear plasmid at known concentrations [29]. Water samples from both
semi-field and open-field conditions were collected on a weekly basis, while lab strain
AalDV-5 was sampled on a daily basis, and total genomic DNA was extracted using the
MiniBEST Viral DNA Extraction Kit Ver. 5.0 (Takara, China) for qPCR. The primers used
for viral detection and quantitation were based on a previous study by our laboratory [27].
The data were analyzed using Light Cycler 480 software (Roche, France).
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2.8. Viral Detection in Dead Larvae

To determine the viral concentration in the dead larvae, single larvae were collected
from all test samples, including semi-field, open-field, and lab-strain AalDV-5 samples.
The total DNA was extracted. Each larva was homogenized in 100 µL of PBS buffer, and
the homogenate was centrifuged for 5 min at 5000× g prior to DNA extraction. qPCR was
performed as previously described [26].

2.9. Pathogenicity Assessment in Non-Target Species

An extensive pathological assessment of AalDV-5 was performed against non-target
species, including in vitro cultured cells (mammals and insects) and other animal species,
including mice, chickens, and carps. All species were exposed to wildtype AalDV-5, and
total RNA and DNA were isolated and subjected to reverse transcription polymerase chain
reaction (RT-PCR) and PCR to detect the relatively conserved, viral, non-structural (NS)
protein gene. Each species had its own internal control (Table S1). All animal experiments
were conducted with the approval of the Southern Medical University animal ethics board.

2.9.1. Toxicity in Cultured Cells In Vitro

The toxicity of AalDV-5 against various non-target cell lines, including human brain
micro-vascular endothelial cells (HBMEC), human glioma cells (U251), African green
monkey kidney cells (Vero), African green monkey kidney fibroblast cells (Cos7), baby
hamster kidney cells (BHK-21), Drosophila melanogester (S2), Spodoptera frugiperda (Sf9), and
Ae. aegypti (Aag2) cells, was determined. Cells were infected with 200 uL of
1 × 1011 (copies/mL) AalDV-5 in cell culture flasks (25 cm2). A control group without
the virus was included, and the cell growth status was monitored under a microscope.
At four days post-exposure, cells were recovered, and total RNA was extracted using
Trizol reagent according to the manufacturer’s instructions (Thermo Fisher scientific,
Shanghai, China).

2.9.2. Toxicity in Carp (Koi Carp)

To determine the toxicity of AalDV-5 against carp, each group was exposed to water
containing AalDV-5 virus at a concentration of 1 × 1011 copies/mL for 30 min. The
control group was exposed to virus-free tap water. This was repeated for two days,
and morphological characteristics were observed and recorded each day. A pathological
necropsy was performed at 30 days post-exposure according to a previously described
method [30]. Different tissues were collected (including the heart, small intestine, swim
bladder, and muscle tissue), and DNA and RNA were extracted.

2.9.3. Toxicity in Poultry

Twelve broiler chickens were used for toxicity analysis of AalDV-5. The virus AalDV-5
(1 × 1011 copies/mL) was added to chicken drinking water. Chickens were exposed to the
virus three times daily for three days, and thereafter were fed normally. The control group
was exposed to virus-free water. The growth status of the chickens was observed daily, and
a pathological necropsy was performed after 30 days according to a previously published
method [31]. DNA and RNA were extracted from the different tissue samples for analysis
by PCR and RT-PCR.

2.9.4. Toxicity in Mice

A total of 12 Kunming mice at 6–8 weeks old were provided by the Animal Experiment
Center of Southern Medical University. The virus AalDV-5 (1 × 1011 copies/mL) was added
to the drinking water. Infected groups were exposed to the virus three times a day for
three days, followed by normal feeding. A control group without viral exposure was
included. The growth status of the mice was observed daily, and a pathological necropsy
was performed at two weeks according to a previous publication [32]. Different tissues,
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including the small intestine, heart, liver, spleen, lung, kidney, and brain, were dissected
and ground in liquid nitrogen, followed by DNA and RNA extraction.

2.9.5. Acute Toxicity Assays with Mice (Acute Respiratory/Injection Pathogenicity Test)

A total of 16 Kunming mice (8 males and 8 females) at 6–8 weeks old were provided
by the Animal Experiment Center of Southern Medical University. AalDV-5 infection
(1 × 108 copies/animal) was used in an acute respiratory/injection pathology test, and
the volume of toxin in the respiratory tract did not exceed 0.3 mL/100 g body weight.
Furthermore, the post-exposure effects of the virus in both assays were determined in male
and female mice.

2.10. Statistical Analysis

Graphs were generated using GraphPad Prism 7 software. The error bars indicate the
standard deviations from three independent biological replicates. The significance of the
difference among the oil samples in different weeks was calculated by t-test using IBM
SPSS version 22, and the significant difference is indicated by * (p < 0.05).

3. Results
3.1. Bioactivity of Oil Suspensions under Semi-Field Conditions

The comparative toxicities of three test oil suspensions, AalDV-5 oil, Bti oil, and a mix-
ture comprised of AalDV-5+Bti oil, were examined in the first instar larvae of Ae. albopictus
under semi-field conditions. In addition, their toxicity was assessed during storage at
3 months interval from 0 to 9 months (March–October). During the 4-week semi-field study
of the 0-month sample, AalDV-5+Bti oil was applied to 9 batches of larvae that were added
sequentially to water buckets, with 92% total mortality observed on day 32, whereas Bti
oil was applied to 8 batches of larvae with 18.66% mortality. Two batches of larvae were
added to the AalDV-5 oil group, and we observed a 56% mortality in the second batch on
day 32 (Figures 2A and S1A). The efficacy of the oil suspensions after 3 months of storage
was then determined. Batch 9 larvae were added on day 27 to the AalDV-5+Bti samples,
and the cumulative mortality was 34.66% on day 32, whereas 9.3% mortality in the eight
batch was observed with Bti oil on day 32. The viral suspension, AalDV-5 oil, caused a
49.3% mortality rate in the second batch of larvae (Figures 2B and S1B).

Toxicity analysis after a 6-month storage period showed that the AalDV-5+Bti oil,
which was applied to 6 batches of larvae, resulted in 85.3% total mortality on day 32, but
Bti oil resulted in 2.66% mortality in the sixth batch of larvae. The AalDV-5 oil resulted in
41% mortality in the second batch of larvae (Figures 2C and S1C). The toxicity of the oil
suspensions was also assessed after 9 months of storage, and the fifth batch of larvae, which
were treated with AalDV-5+Bti, showed a 25.3% mortality rate on day 32. Conversely, a
fourth batch of larvae was treated with Bti oil, and a 9.33% mortality rate was observed.
The AalDV-5 oil pathogenicity analysis revealed 38.6% mortality in the second batch of
larvae (Figures 2D and S1D). Control groups, which were treated with water and blank oil,
showed a 10–14% mortality rate in all testing groups and revealed that the blank oil (methyl
oleate) had no toxicity, and toxicity was only induced by the active components of the oil
suspensions. A previous study confirmed that methyl oleate is non-toxic to mosquito larvae
(including Ae. aegypti, Ae. albopictus, and Culex pipiens pallans) [33].

The observed variation in the test suspension’s efficacy might be due to differences in
its active components and mechanisms of action. In the 0–9-month samples, the efficacy of
the mixed suspension (AalDV-5+Bti) was generally greater and longer lasting than that of
AalDV-5 oil or Bti oil. The combination of both mosquito pathogens (bacterial and viral
agents) may explain their improved activity under experimental semi-field conditions.
Among different storage time samples, a slight decrease in efficacy was observed, but
within the same group, the AalDV-5+Bti oil suspension was more effective.
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Figure 2. Comparative bioassay of oil suspensions over different storage times (0–9 months) against
Ae. albopictus larvae in the semi-field condition. (A) Efficacy of oil suspensions on first instar larvae at
0 months, (B) 3 months, (C) 6 months, and (D) 9 months of storage. The bars indicate SDs from three
independent (biological) replicates.
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3.2. Bioactivity of Oil Suspensions under Open-Field Conditions

Experimental open-field trials in a small-scale area were conducted in water buckets
to determine the efficacy and residual activity of oil suspensions. The efficiency of three test
oil suspensions (AalDV-5+Bti oil, Bti oil, and AalDV-5 oil) was evaluated after each 3-month
storage interval, up to 9 months. During the four-week open-field study of the 0-month
group, we observed 100% mortality for the first five days for both mixed oil (AalDV-5+Bti)
and Bti oil treatments (Figure 3A,B). Subsequently, the survival rate of larvae increased
in the Bti oil treatment group compared with the AalDV-5+Bti oil treatment group. The
AalDV-5+Bti oil-treated ninth batch of larvae had a 45.3% mortality rate on day 32, and we
observed a 13.3% mortality rate in the eighth batch of larvae treated with Bti oil. AalDV-5
oil treatment of two batches of larvae resulted in a 42.6% mortality rate in the second batch
(Figures 3A and S2A). The 3-month test suspension resulted in a 100% mortality rate for the
first five days in the AalDV-5+Bti treatment group and for four days in the Bti oil treatment
group. Afterward, the mortality rate declined for seven batches of larvae treated with Bti
oil, with 42.6% mortality observed, although eight batches of larvae were added to the
AalDV-5+Bti treatment group and a 14.66% mortality rate was observed on day 32. AalDV-5
oil caused 38.6% total mortality in the second batch of larvae (Figures 3B and S2B). After
six months of storage, AalDV-5+Bti treatment caused 100% mortality for the first two days,
and a total of six batches of larvae were treated with AalDV-5+Bti, resulting in a 10.66%
mortality rate on day thirty-two. Five batches of larvae were treated with Bti oil, resulting
in a 52% mortality rate. The activity of the only AalDV-5 oil samples decreased after three
months. In the second batch of larvae treated with AalDV-5 oil, a 30.6% mortality rate was
observed on day 32 (Figures 3C and S2C). Toxicity assessments after 9 months revealed
that that a total of 4 batches of larvae were added to AalDV-5+Bti oil samples with 84%
mortality on day 32, whereas a reduction of Bti oil efficacy was observed for the 3 batches
of larvae with 65.3% mortality. We observed a 28% mortality rate in the second batch of
larvae treated with AalDV-5 oil (Figures 3D and S2D). Greater than 84–86% survival was
observed for both water and blank-oil control treatments in each group. The efficacy of
the AalDV-5+Bti suspension lasts for longer than that of Bti oil or AalDV-5 oil alone in
both semi-field and open-field environments. During the experimental period in semi-
and open-field, the average temperature (March–October) ranged from 22 to 29 ◦C. The
reduced efficacy of oil suspensions in experimental open-field environments may reflect the
addition of dust particles and organic materials in the water buckets as a result of wind and
rain, which may affect Bti and viral activity. Water evaporation due to sunlight exposure
might be another factor that affects the overall stability of the microbes and their toxicity
over time. These results indicate that the AalDV-5+Bti oil suspension mixture has potential
for the development of an environmentally friendly, safe, and effective biological larvicide
for Ae. albopictus control in the field.

3.3. Accumulation of the AalDV-5 in Larval Rearing Water

First-instar larvae of Ae. albopictus were infected with a viral dose of 1 × 108 copies/mL
in a final volume of 4 L of water in both experimental semi- and open-field conditions. Once
all the larvae died in any test sample, another group of 25 first instar larvae was placed into
the bucket. Quantification of the AalDV-5 titer in larval rearing water exposed to AalDV-
5+Bti and AalDV-5 oil suspensions was performed (Figure 4A,B, Tables S2 and S3). AalDV-5
was consistently detected in both semi- and open-field water samples (Figure 4A,B). The
AalDV-5 titers in the larval rearing water exposed to AalDV-5+Bti oil (0–9 months) were
significantly higher (p < 0.05) than those in the water exposed to only AalDV-5 oil from
day 7 to day 28 post-exposure both in semi- and open-field conditions (Tables S2 and S3).
Larval mortality was higher in the AalDV-5+Bti oil treatment groups as compared to only
AalDV-5 oil in both semi- and open-fields. Storage time affected the overall efficacy of the
oil suspensions. The viral titer was more stable in 0–3-month AalDV-5+Bti than in 6- or
9-month oil samples. The toxicity of the 6- and 9-month AalDV-5+Bti samples was relatively
lower than that of the fresher suspensions, but was still significantly higher than that of the
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AalDV-5 oil suspension of 6 and 9 months. The decrease in viral titer observed during the
second to fourth week may be related to different groups of new larvae entering the water
bucket, larval food availability, and a decrease in water volume due to water evaporation,
which could enhance the overall efficacy of the treatment. In both semi- and open-field
conditions, environmental factors have the potential to influence viral replication. This
could also be due to the virus being attached to the side of the bucket, the presence of larval
food, or mosquito larvae taking up the virus [34].
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Figure 4. AalDV-5 quantification in larval rearing water. First instar Ae. albopictus larvae were
exposed with AalDV-5 oil and AalDV-5+Bti oil (1 × 108 copies/mL) in 4 L of water, and virus titer in
rearing water was determined on a weekly basis in semi-field and open-field conditions. (A) AalDV-5
viral titer in semi-field conditions. Virus titer was determined on days 7, 14, 21, and 28. (B) AalDV-5
viral titer in open-field conditions. AalDV-5 titer was determined on days 7, 14, 21, and 28. The
error bars indicate SDs from three independent (biological) replicates (n = 25 per replicate). The
significance of the difference among the oil samples in different weeks was calculated by t-test using
IBM SPSS (A,B), and the significant difference is indicated by * (p < 0.05).

3.4. Accumulation of AalDV-5 in Dead Larvae

Ae. albopictus first instar larvae were exposed to AalDV-5+Bti and AalDV-5 oil sus-
pensions. Viral concentrations of 1 × 108 copies/mL were used in a final volume of 4 L of
water in experimental semi- and open-field conditions. We added 25 larvae per batch to
each treatment group. As before, a new batch of larvae was added to the bucket when all
the larvae or pupae had died. Single dead larvae (fourth instar) were collected on a weekly
basis and analyzed by qPCR for detection and quantification of AalDV-5 viral yields in
both semi- and open-field environments (Figure 5A,B).

Viral titer was significantly higher in AalDV-5+Bti oil-treated larvae (0–9 months)
from day 7 to day 28 compared to that in the AalDV-5 oil-treated larvae (0–9 months) in
both semi- and open-field conditions (Tables S4 and S5). The lower viral titers observed
under the experimental open-field conditions may be related to environmental factors
such as sunlight, wind, and the presence of decaying leaves and soil particles in the
water buckets. Among the AalDV-5+Bti oil suspensions that had been stored for different
durations (0, 3, 6, and 9 months) both in semi- and open-field conditions, the 0-month
(freshly prepared) and 3-month oil suspensions were more effective and persisted for longer
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than the 6- and 9-month suspensions. The viral titer decreased slightly with increasing
storage time, but it was higher in the AalDV-5+Bti suspension-exposed larvae compared to
in the AalDV-5 suspension-exposed larvae in both semi- and open-field conditions (Tables
S4 and S5). Mixtures of different microbial pathogens may enhance the larvicidal action of
the suspension and increase its stability over time compared to single toxin suspensions.
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Figure 5. AalDV-5 quantification in larvae. First instar Ae. albopictus larvae were exposed with
AalDV-5 oil and AalDV-5+Bti oil (1 × 108 copies/mL) in 4 L of water, and virus titer in fourth instar
single larvae was determined on a weekly basis in semi- and open-field conditions. (A) AalDV-5 viral
titer in semi-field conditions. Virus titer was determined on days 7, 14, 21, and 28. (B) AalDV-5 viral
titer in open-field conditions. AalDV-5 titer was determined on days 7, 14, 21, and 28, on a weekly
basis. The error bars indicate SDs from three independent (biological) replicates (n = 25 per replicate).
The significance of the difference among the oil samples in different weeks was calculated by t-test
using IBM SPSS (A,B), and the significant difference is indicated by * (p < 0.05).

3.5. Bioactivity of Laboratory Strain AalDV-5 and Viral Quantification

The larvicidal activity of the laboratory strain AalDV-5 was further assessed under
both experimental semi- and open-field conditions. Three replicates of 25 first instar
Ae. albopictus larvae were exposed to AalDV-5 (1 × 108 copies/mL) in a final volume
of 4 L of water. The semi-field bioassay resulted in 100% mortality in the first batch
of larvae (Figure 6A). The activity of AalDV-5 quickly declined in the second batch of
larvae, with 13.3% mortality observed on day 20 post-exposure. In the experimental open-
field bioassay, 100% larval and pupal mortality occurred on day 14 post-exposure. In
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the second batch of larvae, the survival rate was higher, with 5% mortality on 20 dpe
(Figure 6B). These results suggest that the residual activity of laboratory strain AalDV-5 was
low in both semi- and open-field conditions compared to the oil suspension of AalDV-5.
Furthermore, the AalDV-5 viral titer in the rearing water and larvae was quantified in
both semi- and open-field environments (Figure 6C,D). The viral titers in both conditions
were consistent (approximately 108 copies/mL from 0–6 days post-exposure in the larval
rearing water). Thereafter, the viral loads started to decline from day 7 (107 copies/mL)
and day 9 (106 copies/mL) post-exposure. The lowest titer observed was 10 4 copies/mL
on days 13 and 15 post-exposure (Table S6). In addition, the viral titer in the larval bodies
was quantified, and the maximum larval yield was at 4 dpe, with 4.84 × 108 copies/larvae
in the semi-field and 2.34 × 108 copies/larvae in the open-field environment (Figure 6D,
Table S6). Larval bodies had the highest viral yield of 108 copies/larvae from 3 to 7 dpe.
The viral titer dropped to 107 at 7 dpe under open-field conditions. The lowest viral yield
in the larval bodies was 104 copies/larvae at 13–15 dpe under both semi- and open-field
conditions (Table S6). The laboratory strain AalDV-5 displayed robust activity, which
was not long-lasting compared with the oil suspension of AalDV-5. A decrease in viral
concentration in the larvae exposed to the AalDV-5 lab strain may be linked with DNA
extraction from different stages of larvae, which may correspond to varying DNA extraction
efficiencies. Future studies should attempt to standardize DNA extraction across different
larval stages, as well as using a parallel method to determine viral titer. On the other hand,
water evaporation reduces the water volume and may affect viral replication. However,
it is difficult to compare data from different studies because of differences in infection
techniques, ambient conditions, viral titers, and stages of larval infection.

3.6. Safety Assessment of AalDV-5 on Non-Target Species

An extensive pathological assessment of AalDV-5 was performed on different species,
including in vitro cultured cell lines, broiler chickens, mice, and carp (Figure S3, Table S7).
NS1 viral gene transcription was not detected in human cells HBMEC and U251, in monkey
cells Vero and Cos-7, or in BHK-21 murine cells (Figure S3A-i). The NS1 gene was also
not detected in Drosophila S2 and S. frugiperda (Sf9) cells. However, NS1 transcription was
detected in Ae. aegypti (Aag2) cells, confirming the specificity of the virus. The internal
organs of the control and test groups of carp (heart, small intestine, liver, gills, swim
bladder, and muscle tissues), mice (heart, small intestine, liver, lung, kidney, spleen, and
testis), and chickens were dissected. DNA and total RNA were extracted to confirm the
expression of the conserved viral gene NS1 after infection. NS1 was not detected by PCR
and RT-PCR (Figure S3) in the tissue of the inoculated or blank groups, indicating that there
was no viral infection or replication. No acute respiratory toxicity was observed in any
of the tested male or female mice nor was NS1 detected in any of the acute-infected mice
tissues (Figure S4, Tables S8 and S9). In contrast, NS1 was detected in the infected positive
control Ae. albopictus larvae, indicating that carp, chicken, and mice are non-target species
for densovirus AalDV-5 infection (Table 1) and are not infected after ingesting the virus.
Detailed results of each species tested were added to the Supplementary Materials.

Based on larval mortality and viral titer quantification in dead larvae and larval
rearing water in experimental semi-field and open-field conditions, along with biosafety
tests on non-target species, we showed that the mixture of densovirus and Bti oil suspension
resulted in increased toxicity and improved bio-efficacy against Ae. albopictus. This product
has excellent potential for application as a bio-control solution with minimal negative
impact on the environment and the ability to effectively reduce the population of this
mosquito vector, thus reducing the mosquito-borne diseases.
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Figure 6. Bioassay of AalDV-5 against Ae. albopictus larvae. First instar larvae were treated with
the AalDV-5 lab strain (1 × 108 copies/mL) in (A) semi-field and (B) open-field environments;
furthermore, the mortality rate of mosquito larvae were recorded for 20 days post-exposure with
3 biological replicates. The error bars indicate SDs from three biological replicates (n = 25 per replicate).
(C) Virus quantification in larval rearing water and (D) larvae bodies in both semi-field and open-field
conditions were evaluated (0–15 dpe), with the respective standard deviations from three biological
replicates (n = 25 per replicate).

Table 1. The infection and pathogenicity of AalDV-5 on non-target species.

Type Test Species AalDV-5 Concentration
Used (Copies/mL) Application PCR Detection Pathological Changes Target Species Non-Target Species

Mammal

Mice 1 × 108 Respiratory toxicity Not detected Not observed _ +

Mice
1 × 108 Injection _ _ _ +
1 × 1011 Oral _ _ _ +

Bird Chicken 1 × 1011 Oral _ _ _ +

Aquatic Carp 1 × 1011 Oral _ _ _ +

Cell lines

HBMEC 1 × 1011 Inoculation _ _ _ +
U251 1 × 1011 Inoculation _ _ _ +
Vero 1 × 1011 Inoculation _ _ _ +
Cos-7 1 × 1011 Inoculation _ _ _ +

BHK-21 1 × 1011 Inoculation _ _ _ +
S2 1 × 1011 Inoculation _ _ _ +
Sf9 1 × 1011 Inoculation _ _ _ +

C6/36 1 × 1011 Inoculation + + + _
Aag2 1 × 1011 Inoculation + + + _

4. Discussion

MDVs are emerging as a promising tool for the control of Aedes mosquito popu-
lations. However, there are many limitations to the use of wildtype MDV insecticides
because of their restricted commercial use. The major disadvantage of MDVs is their
varying pathogenicity and slow activity, which tends to increase in a dose-dependent
manner, depending on the viral titer and stage of infection [26,35]. MDVs have been
isolated from many important mosquito species that are responsible for disease trans-
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mission, including Ae. aegypti, Ae. albopictus, An. gambiae, An. sinensis, Cx. pipiens, and
Cx. pipiens pallens [25,26,36]. Larvicides are a key element of mosquito control, especially
for targeting Aedes mosquitoes for integrated control and disease prevention. Natural
organisms and their products have great potential as environmentally friendly tools for
arthropod control and can be effectively used for vector control management [37].

In the present study, we developed a highly efficient mixed oil (AalDV-5+Bti) suspension
larvicide under both experimental semi- and open-field conditions. The oil is composed of 80%
methyl esters (methyl oleate), which were previously reported to be ineffective against mosquitoes,
including Ae. aegypti, Ae. albopictus, and Culex.pipiens pallens [33]. The bioassays were carried
out in plastic water containers that serve as Aedes breeding sites and were previously
identified in a container survey for mosquito breeding sites [38]. The oil suspension
protects the microbes against environmental conditions in experimental semi- and open-
field settings, and the suspension had highly effective and long-lasting larvicidal activity
against Ae. albopictus larvae. A previous semi-field study observed high larvicidal activity
of bacterial formulations containing a mixture of bacterial insecticides (Bactimos briquettes)
and two insect growth regulators (Altosid or Dudim) against Ae. aegypti [39]. Similarly,
a binary mixture of a medicinal plant (Carica papaya) leaf extract and the bacterial toxin
spinosad showed larvicidal and pupicidal activities against the mosquito Ae. aegypti under
laboratory conditions [40]. The present semi-field study showed that the mixed larvicidal
formulation AalDV-5+Bti provides long-lasting control of Ae. albopictus larvae in water
buckets under semi- and open-field experimental conditions, compared with Bti oil or
AlaDV-5 oil alone. Similar results were previously obtained with a combination of Bti and
Lysinibacillus sphaericus (Lsph), which increased the residual activity against mosquitoes
compared with the toxin components alone, probably due to the synergistic effects of
the toxins [41]. Another previous study also described the combined synergistic effect
of the herbicide glyphosate mixed with L. sphaericus against the third instar larvae of
Ae. aegypti [42]. The active components in the test formulations have different modes of
action. VectoBac Bti is a gut toxin that lyses and creates pores in the midgut epithelial cells of
afflicted larvae [43], whereas MDV infection can occur in any larval tissue, including muscle
fibers, the midgut, salivary glands, neurons, malpighian tubule, foregut, and hindgut [44].
Based on our findings, the combined effect of these microbes is that of a highly effective
larvicidal agent.

Bti blocks were developed by our laboratory and have a high residual activity of at
least 6 months against Ae. albopictus larvae in both the laboratory and open-field environ-
ments [15]. However, storage time affects the efficacy of the oil suspension. The toxicity
of the suspensions decreased from 0 to 9 months, but the bioactivity of AalDV-5+Bti was
significantly higher than that of the individual test suspensions in each group. The decrease
in Bti oil efficacy is closely linked to abiotic factors in the open-field environment, such as
contact with organic matter (leaf litter). Bti loses toxicity dramatically under open-field
conditions, accounting for a portion of the observed loss in toxicity of the oil suspensions,
which primarily affects bottom-feeding mosquitoes such as Aedes larvae [45]. Similarly,
another study observed a decrease in the residual activity of Bti in a field environment, and
the authors related the viability of Bti spores to the water temperature and the presence of
a substrate. They determined that the toxicity remained stable in cold water for 21 days,
whereas the toxicity of Bti in warm water decreased after just a few days [46].

Once mosquitoes become infected with mosquito-specific viruses, they are transferred
to the aquatic environment during oviposition and replicate in the larval bodies. MDVs
actively replicate in the larval bodies [47] and larvae shed viral particles through excretion
in the aquatic environment [48]. The AalDV-5 viral titer in the AalDV-5+Bti-exposed larvae
and larval rearing water remained high for a longer time than that of the AalDV-5 oil
in both semi- and open-field conditions. Combining two insecticides can improve the
treatment effectiveness. However, the viral titers under open-field conditions were lower
than those under semi-field conditions for both the suspensions, but the larvicidal activity
of AalDV-5+Bti oil was significantly higher than that of the AalDV-5 oil suspension. Under
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open-air treatment conditions, direct exposure to sunlight, rain, and organic matter consid-
erably reduces the residual effectiveness of pesticides [49–53]. Temperature affects viral
susceptibility, larval survival, lifespan, fertility, and fecundity, as well as other biological
characteristics in insects [54–58]. This could also be due to the virus becoming attached to
the sides of the bucket, or being absorbed by mosquito larvae [34]. We observed higher
viral titers in the bodies of larvae treated with AlaDV-5+Bti compared to in the larval
rearing water, suggesting that the virus was actively taken up by the larvae [47,59]. On the
other hand, Bti is a gut poison producing many kinds of insecticidal proteins during its
growth phase [60]. Bti facilitates gut damage, favoring MDV infection in AlaDV-5+Bti oil
suspension. The bioactivity of the oil suspensions and laboratory strain AalDV-5 was ob-
served for four weeks, and the laboratory strain AalDV-5 could not be detected after some
time, unlike the AalDV-5 or AalDV-5+Bti oil suspensions. The oil therefore protected the
microbes for an extended period of time, which is a promising finding for the application
of this larvicidal agent.

Combinations of different pathogens in mixed oil may have synergistic interactions
that improve the bioactivity of the oil suspension. Safety assessments of AalDV-5 revealed
the absence of toxicity in all tested species. MDVs are highly host-specific and not infectious
to unrelated organisms, such as bees, butterflies, crustaceans, or worms, as well as birds,
fish, rats, rabbits, hamsters, or other mammals [22,23,61–63]. In addition, as densovirus is
non-pathogenic towards mammals, there are no concerns about public safety and health
issues in humans. These characteristics make the densovirus research an eco-friendly and
safe mode for pest control and management. However, the toxicity of oil suspensions
in other mosquito species and in the natural environment is yet to be determined. The
development and testing of these products will help to reduce the population of vector
mosquitoes and provide a theoretical basis for further studies to improve the toxicity and
decrease the larval resistance for more effective vector control strategies.

5. Conclusions

Our findings shed light on the importance of using microbial toxin mixtures (AalDV-
5+Bti) for improved efficacy against mosquitoes. The mixed oil (AalDV-5+Bti) suspension
showed good residual efficiency for Ae. albopictus larvae in widely used plastic water
container habitats in both experimental semi- and open-field trials. The oil form protects
microbes in mixed samples for a long time and maintains bioactivity over time. Fur-
thermore, the virus titer was found to be more persistent and long-lasting in mixed oil
suspensions as compared to the AalDV-5 oil and laboratory strain. The dual approach in
the mixed oil (AalDV-5+Bti) could be useful for mosquito control as well as for elucidating
future vector control and management directions. It is possible that a single application
of mixed oil suspensions in mosquito breeding sites such as ditches, ponds, and artificial
containers could provide long-term effective control of Ae. albopictus. Long-term follow-up
trials in a large-scale natural environment are required to determine the long-term conse-
quences of such formulations. Future studies are needed to elucidate the activity of such
products in other mosquito species in natural habitats.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v14030475/s1, Figure S1: Rate of pupation in the semi-field bioassay.
Figure S2: Rate of pupation in an open-field bioassay. Figure S3: Effect of AalDV-5 on non-target
species. Figure S4: Acute respiratory toxicity and injection pathogenicity test in male/female mice.
Table S1: The internal control used for RT-PCR and PCR. Table S2 AalDV-5 titer in the larval rearing
water in semi-field environment. Table S3: AalDV-5 titer in the larval rearing water in open-field
environment. Table S4: The AalDV-5 viral accumulation in larvae in semi-field condition. Table S5:
The AalDV-5 viral accumulation in larvae in open-field condition. Table S6: Lab-strain AalDV-5
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