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Abstract: The effective management of mosquito vectors is a timely challenge for medical and
veterinary entomology. In this study, we evaluated the acoustic Larvasonic device to control young
instars of the mosquito Aedes aegypti in diverse freshwater environments. Under laboratory conditions,
we investigated the effect of exposure time and distance from the transducer on the mortality of larvae
and pupae of Ae. aegypti. Furthermore, we evaluated the effectiveness of the ultrasound window of
the electromagnetic spectrum under different field conditions. Results showed that first and second
instar larvae were more sensitive to the frequency range of 18-30 kHz of the Larvasonic device.
Ultrasonic waves applied for 180 s at a frequency from 18 to 30 kHz caused 100% larval mortality
at a distance of 60 cm from the transducer. No mortality was observed in the non-target copepod
Megacyclops formosanus. The exposure to the soundwaves produced by the acoustic larvicidal device
over different distances effectively damaged Ae. aegypti through destruction of the larval dorsal
tracheal trunk, thorax and abdomen. Overall, results indicated that the Larvasonic device tested can
provide an alternative tool to reduce young instar populations of Ae. aegypti, without any effects
on non-target aquatic invertebrates like copepods. It turned out to be a useful device for mosquito
biocontrol. This technology has a relevant potential to fight the spread of mosquito-borne diseases.

Keywords: mosquito control; ultrasound; electromagnetic control; biological control; Aedes aegypti;
Megacyclops formosanus; biosafety

1. Introduction

Mosquitoes (Diptera: Culicidae) transmit several of the most relevant life-threatening infectious
diseases worldwide, including malaria, different types of encephalitis, lymphatic filariasis, West Nile
virus, chikungunya, yellow fever, as well as Zika and dengue virus [1-5].

Recently, chikungunya and Zika virus emerged as two mosquito-borne viral diseases of major
public health concern [6-8]. They are vectored by Aedes aegypti (L.) and Aedes albopictus (Skuse).
Besides, a Flavivirus (Flaviviridae) mainly transmitted by the mosquito Ae. aegypti, is causing dengue
fever, with significant human morbidity and mortality worldwide [9-11]. Annually, there are

Appl. Sci. 2020, 10, 3546; d0i:10.3390/app10103546 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-8971-6010
https://orcid.org/0000-0003-4881-1163
http://dx.doi.org/10.3390/app10103546
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/10/3546?type=check_update&version=2

Appl. Sci. 2020, 10, 3546 20f15

about 390 million humans infected with the dengue virus, with 96 million cases resulting in about
21,000 deaths. This worrying scenario urgently requires the development of effective measures for
mosquito control [12,13]. The recent Zika virus outbreaks in many states of Brazil as well as on Pacific
islands provide challenging examples [14-16]. In Brazil, Zika virus was ranked as one of the most
serious public health issues, registering about 1.6 million cases in 2015 [17].

Mosquito vector control has the potential to reduce the impact of several mosquito-borne
diseases [18,19]. Notably, since no effective vaccines against Aedes-vectored arboviruses are currently
available, the control of vector populations at breeding sites remains crucial in urban and adjacent
areas. Chemical insecticides are largely used for the management of mosquito populations, but they
can be toxic to humans and non-target organisms, as well as for the environment [20]. They also led to
the rapid development of insecticide resistance [21]. This situation demands new and safe mosquito
control agents to reduce environmental and human health concerns [22-24]. In this study, we evaluated
the efficacy of the Larvasonic apparatus based on ultrasound technology against Ae. aegypti larval
instars developing in diverse aquatic breeding sites in Taiwan. Indeed, since Ae. aegypti widely exploits
rather small water containers for oviposition and larval breeding, common in urban areas, it represents
a suitable target for the Larvasonic device that was developed for acoustic transmission under water.

Ultrasound-based devices are used for other purposes, including microbiological control in
aquaculture facilities, and for water treatment of ornamental water bodies and reservoirs [25].
Ultrasound was tested at strikingly different conditions on aquatic organisms, and effect studies are
available from the earliest days of anti-mosquito ultrasound use [26]. It was observed that ultrasound
can cause ruptures and bubbles that damage animal tissues. Tissue effects by cavitation are related to
the duration, intensity, and frequency of acoustic waves [27]. The available ultrasound literature was
already discussed by Colucci [28] in 2010, who applied ultrasound for algal control in a park pool of
Austin, Texas, USA. Before that, ultrasound was used for wastewater treatment [29], as well as for
anti-biofouling strategies in marine applications [30].

Concerning young instar management of mosquitoes, lower frequencies (20-50 kHz) are generally
more effective in killing mosquito larvae than higher frequencies (>100 kHz), although the latter more
efficiently produce free reactive radicals [31]. In another application, ultrasound-based technology was
applied in the characterization of tissue and to evaluate animal carcass quality for human consumption.
For instance, Morlein et al. [32] measured the intramuscular fat content using spectral analysis echo
signals emitted by ultrasound treatment (at ~3.5 MHz). In pigs, backfat thickness and the length of the
musculus longissimus, as well as fat thickness of the back was measured using an ultrasound scanner
(at 3 MHz), as a prediction of meat quality [33]. In poultry, breast muscle thickness, as determined
by ultrasonography (at 7 MHz), was shown to provide a reliable measurement of meatiness [34].
In addition, body measurements and ultrasound images (at 3-7.5 MHz) were used to classify carcass
traits of ducks [35], sheep [36], cattle [37], and catfish [38].

In the present study, we adopted a technology employing acoustic waves generated by a transducer
to control developmental stages of the mosquito vector Ae. aegypti. Experiments were conducted both in
laboratory conditions and field conditions. Firstly, we assessed whether the Larvasonic exposure times
as well as the distance from the ultrasound source can differentially affect the mortality of young instars
of Ae. aegypti. Furthermore, the mode of action of ultrasound-based technology was investigated,
providing insights on the damages caused by the selected ultrasound frequencies on mosquitoes
exposed to treatment when compared to individuals of the control. Finally, since data about the
non-target impact of ultrasound-based technology against mosquito natural enemies are scarce, herein
the effect of the Larvasonic device on the non-target invertebrate copepod Megacyclops formosanus
(Harada, 1931) was investigated. This cyclopoid copepod is known as one of the most effective
predators of interest for mosquito biological control.
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2. Materials and Methods

2.1. Mosquito Rearing

The Institute of Epidemiology, National Taiwan University, Taipei, Taiwan, provided eggs of
Ae. aegypti. Following Suresh et al. [39], eggs were allowed to hatch in 18 (L) x 13 (W) x 4 (D) cm
enamel trays containing 500 mL of water. Mosquito larvae were subsequently reared at 27 + 2 °C and
75%-85% R.H. at a 14:10 (L:D) photoperiod. Larvae were fed brewer’s yeast (Sigma Aldrich, Germany)
and ground dog biscuits (Pedigree Company, MA, USA) at a 3:1 daily ratio.

2.2. Copepod Culture

Culture of the freshwater cyclopoid copepod M. formosanus was started by transferring 10 gravid
females to a quartz glass aquarium filled with 3 L of culture medium consisting of ciliates, rotifers,
and the alga Chlorella vulgaris Beijerinck 1890 in dechlorinated tap water. Copepods were then
maintained at 27 + 3 °C, pH 7, and a photoperiod of 12:12 h (L:D) in an incubator at the Zooplankton
and Coral Reef Laboratory, Institute of Marine Biology, National Taiwan Ocean University, Taiwan.

2.3. Efficacy of Ultrasonic Treatment at Laboratory Conditions

We adopted a technology employing acoustic waves generated by an ultrasound transducer,
the Larvasonic apparatus (New Mountain Innovations Inc, Old Lyme, NY, USA) [5]. The transducer
distributes acoustic energy uniformly in the horizontal plane and has a 360-degree volume of vertical
coverage. In our study, the tested frequency range was 18-30 kHz. The transducer elements were made
of piezoceramics with an output of 100 W. Experiments were conducted in an open fish tank 87 x 44 X
44 cm? filled with water up to a height of 20 cm, 100 mosquito larvae (instars I, II, III, and IV, or pupae)
were transferred to a net (150 um mesh size; 2.3 x 44 x 44 cm?) and placed inside a fish tank at 13 test
points of distance (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 cm) from the transducer immediately
after starting the exposure to Larvasonic, lasting 30, 60, 90, 120, 150, 180 s. Every experiment was
replicated 5 times with new larvae or pupae. After each replicate, the number of dead mosquito
larvae or pupae was noted. Non-target adults of the cyclopoid copepod M. formosanus were tested
independently at the same distance and exposure time described above for Ae. aegypti larvae.

2.4. Efficacy of Ultrasonic Treatment in the Field

Field experiments were conducted in three selected areas (i.e., vegetable gardens, ditches, and waste
tire stock sites) in Donggan, Nantou, and Keelung, Taiwan (Figure 1). Control samples of Ae. aegypti
larvae were taken before treatment and after treatment by dipper sampling (100 mL), followed by
larval counts. Several key factors that might impact experimental results were considered. These
included the distance between the treatment device and the larvae that were collected in the field,
and the size of the larval habitats. It was assured that the dipper samplings were able to collect larvae
that sunk to the ground. Repeated collections were carried out to determine the differences in larval
instar composition of the three collection sites. The selected environments were exposed to Larvasonic
ultrasound pulses for 30 s. Then, the collected samples were brought back to the laboratory to count
live and dead mosquitoes daily for one week. Three replicates were conducted for each area from
southern to northern Taiwan.

2.5. Statistical Analysis

For statistical analysis, descriptive statistical parameters such as mean and standard deviation
values were calculated. Mortality (%) data were then arcsine transformed to show that the data set
had normality and homogeneity of variances. The effects of distance and period of exposure on each
stage of mosquito larvae were analyzed using a two-way analysis of variance (ANOVA) followed
by Tukey’s honestly significant difference (HSD) test. Furthermore, the relation between mortality
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(%), distance, and exposure time of all mosquito instars to the Larvasonic device were examined by
regression analysis [40]. Distance and exposure time were used as predictors of mortality in a multiple
regression analysis. SPSS software version 17.0 was used for the analysis.
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Figure 1. Map showing the field sample collection and study areas in Taiwan.

3. Results

3.1. Laboratory Experiments

In the laboratory, the effect of the ultrasonic wave spectrum at a frequency of 18 to 30 kHz caused
100% mortality on Ae. aegypti larvae and pupae at 20 cm distance from the transducer after an exposure
of 30 s, and 100% mortality of instars I, II, and III at 35 cm after an exposure of 30 s. It takes 180s to kill
all pupae at a distance of 60 cm (Figure 2). The mortality rates of Ae. aegypti were direct positively
proportional to the exposure time (p < 0.05). All instars and pupae had 100% mortality at 20 cm after
an exposure of 60 s (p < 0.05). With increasing exposure time and fixed distance to the transducer,
the percentage of Ae. aegypti larval mortality also increased (p < 0.05) (Figure 2). Two-way ANOVA
results showed that the distance, exposure time, and their interaction significantly impacted each
young instar stage of Ae. aegypti (p < 0.001, Table 1). Among younger instars of this species, the fitted
regression model revealed that mortality (%) was significantly correlated to distance and exposure
time (p < 0.001, Table 2). The coefficient values of distance were negative and showed a decreasing
trend with extended space, whereas positive coefficient values of time indicated that accumulated
effects increased the control efficiencies.

In our research, we used different life stages (I-IV larval instars and pupae) of the mosquito
Ae. aegypti, as well as adults of the copepod M. formosanus (Figure 3). No mortality was found on the
non-target copepod M. formosanus, as well as in pretreatments of mosquito larvae. The mortality of
Ae. aegyptilarvae caused by the Larvasonic device probably resulted from the sound energy transmitted
into the water at a high frequency, leading to ruptures of the dorsal tracheal trunk in young mosquito
instars, thus resulting in major tissue damage and death (Figure 4).
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Figure 2. Mosquito mortality (%) achieved by the Larvasonic treatment over different conditions on

Aedes aegypti young instars.

Table 1. Results of two-way ANOVA testing the effect of distance and exposure time on Aedes aegypti
young instars. The values of d.f. = degree of freedom, significance level p < 0.05.

Source Type III Sum of Squares df. Mean Square F p-value
Iinstar larva
Distance (cm) 0.99 12 0.08 18.24 <0.001
Time (s) 0.35 5 0.07 15.36 <0.001
Distance (cm) x Time (s) 1.23 60 0.02 4.54 <0.001
Error 1.41 312 <0.01
Il instar larva
Distance (cm) 1.66 12 0.14 47.86 <0.001
Time (s) 0.76 5 0.15 52.79 <0.001
Distance (cm) x Time (s) 227 60 0.04 13.09 <0.001
Error 0.90 312 <0.01
I instar larva
Distance (cm) 2.29 12 0.19 37.74 <0.001
Time (s) 0.98 5 0.20 38.81 <0.001
Distance (cm) X Time (s) 2.16 60 0.04 7.15 <0.001
Error 1.57 312 0.01

50f 15
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Table 1. Cont.

Source Type III Sum of Squares df. Mean Square F p-value
IV instar larva

Distance (cm) 5.69 12 0.47 68.03 <0.001
Time (s) 1.94 5 0.39 55.75 <0.001
Distance (cm) x Time (s) 3.67 60 0.06 8.78 <0.001

Error 217 312 0.01

Pupa

Distance (cm) 9.06 12 0.76 24.30 <0.001
Time (s) 3.21 5 0.64 20.64 <0.001
Distance (cm) X Time (s) 6.11 60 0.10 3.27 <0.001

Error 9.70 312 0.03

6 of 15

Table 2. Fitted mixed contribution model for mortality (¥) of mosquito young instars (%), evaluating

the effect of the distance from the source of sound waves (cm) and the exposure time (s). The numbers
in parentheses are standard errors of the estimated coefficients shown above. Dist. = distance,

ET = exposure time.

Treatment Group and Fitted Model

y

=98.95 -

Iinstar larva
0.074 (Dist.) + 0.021 (ET)

(0.53) (0.010) (0.004)

<>

II instar larva

=98.31 - 0.104 (Dist.) + 0.032 (ET)
(0.59) (0.011) (0.004)

<>

III instar larva

=98.01 - 0.129 (Dist.) + 0.037 (ET)
(0.62) (0.012) (0.004)

<>

=96.46 -

IV instar larva
0.235 (Dist.) + 0.063 (ET)

(1.00) (0.019) (0.007)

<>

=96.60 -

Pupa
0.377 (Dist.) + 0.070 (ET)

(2.08) (0.040) (0.015)
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Figure 3. Young instars of Aedes aegypti before Larvasonic treatment: (a) I instar, (b) II instar II,
(c) Il instar, (d) IV instar, (e) pupae; and (f) non-target cyclopoid copepod Megacyclops formosanus.
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Figure 4. Post-treatment efficacy of Larvasonic under laboratory conditions against larvae (a—g)
and pupae (h) of Aedes aegypti.

3.2. Field Experiments

In the field among the three selected study sites, the highest population of mosquito larvae was
collected in a vegetable garden pond (42.31%), followed by 38.46% in ditches, and 19.23% in waste tire
sites of Donggan, Nantou, and Keelung (Figure 5a,b). In this research, we analyzed 26 field samples.
Among them, the larval density was lower than 10 (individuals per liter) in 14 samples, followed
by 20 to 40 (individuals per liter) in 3 samples, and 50 to 80 (individuals per liter) in only 1 sample
(Figure 5¢,d). The total sample analysis showed the presence of 21.36% of I instar larvae, 15.43% of 11
instar larvae, 28.62% of Ill instar larvae, 22.21% of IV instar larvae, and 12.36% of pupae. The reduction
of the larval population after treatment was 95%, which was highly significant (p < 0.001) (Figure 6a).
Overall, data collected here showed that the ultrasonic waves at frequencies ranging from 18 to 30 kHz
were effective in controlling larvae and pupae of Ae. aegypti (Figure 6b).
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Figure 5. Number of mosquito larval samplings from different habitats surveyed in Taiwan (a,b).

Aedes aegypti larval density over different samplings (c,d).
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Figure 6. (a) Aedes aegypti larval mortality after of Larvasonic treatment. Asterisks indicate significant
differences between control and treatment mortalities (ANOVA, Tukey’s honestly significant difference
(HSD) test, p < 0.05). (b) Total mosquito larval mortality and survival after Larvasonic treatments.

Data and statistical analysis consider the proportion of larvae/pupae killed or surviving and not
absolute numbers that were killed.

4. Discussion

Ultrasound-based devices have been tested in a number of pest control attempts, developing
several tools that provide sounds aiming to repel, deter, or kill unwanted animals such as arthropods,
birds, rodents, and even larger mammals [41]. In particular, acoustic devices of various sizes and power
levels were used successfully for insect pest management [42]. In our experiments, the morphological
analysis of treated and killed Ae. aegypti larvae confirmed our hypothesis that the acoustic energy from
the transducer broke the mosquito tracheal trunk in this species (Figure 4). It should also be noted that
no matter the source and visibility by their avoidance, mosquitoes are able to detect ultrasound at a
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wavelength range of 38-44 kHz [43]. In agreement with our findings, Fredregill et al. [44] recently
reported the efficacy of a Larvasonic Field Arm Mobile Wetlands Unit and SD-Mini in controlling
Culex spp. mosquito populations, without any harmful effect on non-target organisms, including
damselflies and dragonflies. Furthermore, Quraishi et al. [45] highlighted that ultrasonic waves at a
frequency of 0.5 mc/s effectively inhibited the egg hatchability in Ae. aegypti. Also, Britch et al. [46]
noticed that the Larvasonic SD-Mini acoustic larvicide achieved 90% mortality against Ae. aegypti.
Besides, Foster and Lutes [47] reported that five ultrasonic waves at frequencies of 20-70 kHz were
effective in repelling mosquitoes.

From a mechanistic point of view at the cellular level, ultrasounds can cause membrane blubbing,
shrinkage of cells, fragmentation of nuclei, chromatin condensation, and the fragmentation of apoptotic
bodies [48-50]. Mehier-Humbert et al. [51] observed cuticle holes that were likely caused by ultrasound
cavitation. Such porations can damage or kill mosquito larvae if the tissue holes are too large or if the
tissues cannot reseal fast enough. In our research, we noticed that the tested sound waves resonate
at the frequency of mosquito larva internal air volume, causing the larvae to burst. As a result, 98%
of larvae and pupae were dead and the remaining 2% were alive with morphological deformation,
ultimately resulting in their mortality within a short span of time. Concerning the impact of ultrasound
on non-target organisms, we observed that ultrasonic waves employed at a frequency of 18 to 30 kHz
did not exhibit noticeable harmful effects on the copepod M. formosanus, which is a useful natural
predator of mosquito young instars [52-54].

Vibrations caused by sound waves lead to the formation of gas vesicles that then resonate
within and among the cells. Bubbles develop within cells, expand, and contract in a process of
cavitational extension. Ultrasonic treatment leads to ruptures of the bubbles that are damaging the
cells. Cavitational extension and with it the damaging effect on cells, is regulated by the frequency,
intensity, and duration of sound waves [27]. These effects of ultrasonic waves do not only hold for
mosquito young instar management but also for algal control. Other effects of ultrasonic waves include
additional damage of cell membranes due to lipid peroxidation, and effects on the cell division cycle as
evidenced from cyanobacteria [55,56]. Ma et al. [57] investigated the dynamics of microcystin release
and degradation when Microcystis suspensions were treated with different ultrasound intensities
and frequencies. Donskoy and Ludiyanskiy [58] showed that ultrasound can induce cavitation and
mortality in veliger, juvenile, and adults of the invasive zebra mussel, applying 20-380 kHz.

Some aquatic insects are known to communicate by ultrasounds. Water boatmen (Hemiptera:
Corixidae: Micronecta), for example, produce courtship songs which are partially in the ultrasonic
range (about 522 kHz) [59]. Therefore, further research is required to understand the impact of
ultrasound-based mosquito larvicidal treatments on the mating outcomes of aquatic Hemiptera.
It should be noted that ultrasound may cause negative effects on some amphibians, since
Pashovkin et al. [60] tested a variety of frequencies inducing striking mortality of Rana temporaria L.
embryos after 5 to 15 min at 0.88 MHz and 0.2-0.7 W/cm?2. However, compared to the latter, our results
are highly promising, since the Larvasonic device tested in this study at a frequency range of 18-36 kHz
did not lead to noticeable mortality on non-target cyclopoid crustaceans, which are also of interest for
mosquito biocontrol [61].

Overall, in the present work we presented selected ultrasonic frequencies from 18 to 30 kHz leading
to high mortality of different young instars of Ae. aegypti. This supports the approach using acoustic
waves for the management of mosquito larval populations. The present results showed that mosquito
mortality is related to exposure time and distance from the transducer. The chemical and physical
forces provided by ultrasonic cavitation lead to severe damage to cell membranes that subsequently
kills developmental instars of the targeted mosquito species. Based on our results, ultrasound-based
devices can be considered as a viable technology for mosquito control. Ecofriendly characteristics
include that they are harmless to non-target invertebrates, such as the copepod M. formosanus. This
particular copepod species could be used as an additional biocontrol agent, since we preliminarily also
observed that its predation rates against mosquito larvae were not affected in our trials.
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5. Conclusions and Challenges for Future Research

This study provided three main results achieved through the employment of the Larvasonic
device against Ae. aegypti young instars: (i) both the distance from the source of acoustic waves and
the exposure time significantly affected mosquito larval mortality; (ii) the efficacy of the Larvasonic
device was high even in the field over various Aedes breeding sites; and (iii) we did not detect negative
impacts on the non-target copepod species M. formosanus, which is of interest for providing additional
biological predatory control of mosquito larvae. The application of this method is particularly suitable
for small urban and peri-urban water bodies where young instars of Ae. aegypti may develop at high
densities. Therefore, the size of the experimental setup can be increased in future applications and
research to assess the efficacy of this tool in large-scale real-world scenarios. Our laboratory and field
studies suggest that an ultrasound-based technology has a good potential for future applications for
mosquito larval control. Therefore, can be considered among integrated vector management tools to
manage mosquito-borne diseases in an ecofriendly way.

As recommended by the World Health Organization in 2005, tests with new products and
technologies should follow standard methodologies and should be carried out mainly with third and
fourth instar mosquito larvae. In relation to the field experiment, another important factor affecting the
efficacy of this tool is the volume of water at breeding sites, as already stressed in earlier researches [5].
Depending on the volume of water in the container, the effect can vary, thus decreasing larval mortality.
Another factor is the timing of mortality after larval exposure in respective treatments. In addition,
field tests should be carried out at larger scale.

The applied technology should be improved to minimize side effects on non-target species in
aquatic ecosystems. In this framework, further research is still needed to assess the impact of the
Larvasonic device on other aquatic non-target organisms. In addition, future in situ applications
could include ultrasonic devices integrated in a remotely operating vehicle with a function similar
to a vacuum cleaner. Furthermore, artificial intelligence could integrate signals of a laser sensor that
would automatically detect and target mosquito larvae and pupae. This application would successfully
manage mosquito populations, reducing environmental pollution and non-target effects of still widely
used chemical insecticides.
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