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Mosquitoes are vectors of pathogens that cause diseases like malaria, dengue fever, yellow fever, chikungunya and Zika. For mosquito control it is crucial to understand their hearing system, as mosquitoes’ courting behavior is mostly auditory. Many nonlinear characteristics of the mosquito hearing organ have been observed through behavioral studies and neural measurements. These enable mosquitoes to detect and synchronize to other mosquitoes. Many hypotheses concerning the role of the flagellum and the fibrillae of the antenna in mosquito hearing have been made, and neural processes have been considered as the origin of the nonlinearities. In this study we introduce a geometric model based on the morphology of the mosquito antenna base. The model produces many of the observed nonlinear characteristics, providing evidence that the base of the antenna plays a crucial role in mosquito hearing. Even without neural processing, the antenna response to sound produces behaviorally relevant cues that can inform about the presence, location, and sex of other mosquitoes.
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1 Introduction

Mosquitoes are amongst the deadliest animals on earth, as they are vectors of pathogens that cause diseases like malaria, dengue fever, yellow fever, chikungunya and Zika, that cause over 700,000 deaths per year and inflict suffering on more than 50 million people (1, 2). However, out of over 3,500 extant species only around 100 are invasive (3). Still, 40 to 80% of the global population are at risk of one or more major vector-borne diseases (VBD) (2, 4).

When regional proliferation of a dangerous mosquito species has been identified, interventions by means of insecticide spraying, Sterile Insect Technique (SIT) or Incompatible Insect Technique (IIT) can be carried out (5, Chap 20) to protect the population. In the SIT (5), male mosquitoes are sterilized, e.g., by means of x-ray radiation, and then released into the wild. Mating with sterile mosquitoes decrease the females’ reproductive potential, which can ultimately reduce the population. In the IIT male mosquitoes are infected with Wolbachia bacteria that causes cytoplasmic incompatibility, i.e., uninfected females mated to infected males fail to produce viable progeny, leading to an effect similar to SIT. A third option is the release of insects with a dominant lethal (RIDL) gene. This lethal gene is female-specific, so all progenies are male.

In vector surveillance programs the adult occurrence is an important indicator for classifying risk of arbovirus outbreak (6). Here, mosquitoes are trapped and then morphologically identified and counted by trained staff, which is time consuming and labor intensive (2). Acoustical sensors (7–9) offer an efficient alternative. Through acoustic analysis and machine learning they automatically classify, i.e., identify, and count mosquito species and sex. Unfortunately, the transfer from the lab to real world conditions is not robust so far, i.e., environmental sounds impede identification and counting.

As sound is a crucial sexual stimulant in many mosquito species (10, 11), and mosquitoes identify, recognize, localize and approach other mosquitoes “seemingly unerringly” (12) by means of sound (11, 13–19), understanding their auditory system may help us automatically identifying and counting mosquito species and sex in the future and, eventually, understand and control mosquitoes’ acoustic courtship behavior that has been observed, e.g., in Aedes aegypti (10, 14, 16), Anopheles albimanus (12), Anopheles subpictus (13), Culex quinquefasciatus (18, 20) and Toxorhynchites brevipalpis (17), and generalized to “the most intensely studied vector species” (18). Note, however, that some mosquito species, like Sabethes cyaneus (21), do not rely on acoustic communication for mating. Consequently, our model does not generalize to all mosquitoes but rather to those listed above, which exhibit an acoustical mating behavior.

It has been pointed out that there is a need for more detailed biomechanical analyses of mosquito antennae, but that there are technical limitations in deducting knowledge from measurements due to the small size of mosquito antennae (22). In this paper we introduce and evaluate a biologically-inspired model of the mosquito antenna base. The model is an analysis-by-synthesis approach that enables us to find out more about the nonlinear transduction mechanisms inside the mosquito antenna that enables them to detect, identify and localize other mosquitoes of the same and other species. Through this inductive reasoning approach, we induce how mosquito hearing may work, which may be confirmed, complemented, or rejected by deductive measurements in the future.



2 Mosquito Hearing

Mosquitoes are amongst the best-hearing insects (22). The periphery of the mosquito hearing organ is the antenna pair. The morphology of the antenna is described, e.g., in (13, 23–25) and depicted in (19, 23, 26, 27). An antenna consists of a flagellum, the pedicel, and the scape. As can be seen in Figure 1 (left), the flagellum has a shaft (bold black line) to which fibrillae of multiple lengths are attached. The flagellum is deflected by sound waves through viscose drag. The flagellum is suspended by its base in the pedicel (19). In the pedicel, the base of the flagellum shaft is surrounded by a bulb. The bulb is not deflected through sound waves in air. We therefore consider the flagellum and its shaft as motile and the bulb of the pedicel as immotile. The immotile bulb of the pedicel contains the Johnston’s Organ (JO). The lowest segment of the antenna base is the scape. It contains muscles and the nerves that connect the sensory organ with the mosquito brain. The scape is out of scope of the present antenna model and not included in our figures.




Figure 1 | Mosquito antenna in a sound field (left). The antenna base (center) contains the linear (blue) and curved (red) part of the motile antenna. The curved part contains prongs (green dots) which are connected (green lines) to populations of neurons (purple dots) on the Johnstons’s organ (JO), which is embedded in the immotile pedicel (gray). The model in motion can be seen on https://youtu.be/D4yNbGvX4lU. Most importantly, the model produces a transfer from deflection (blue arrows) over rotation (red arrows) to stretch/compression (green arrows), which produces new frequencies.



In the JO mechanoreceptors sense particle velocities (28). This helps for hearing sound sources. But the JO is also a somatosensory system, as the mosquito may detect wind as well as its own flight tone, which are necessary for navigation. Furthermore, the JO contains thermoreceptors and different types of chemoreceptors. Consequently, the 15,000 neurons in the JO are not exclusively auditory (29).

Auditory neurons in the JO are tuned to frequencies between 85 to 470 Hz (30) and mechano-electrical transduction is limited to frequencies below 400 Hz. This is true for both female and male mosquitoes (18). When flying, the mosquito’s wing beats produce a flight tone, i.e., a harmonic spectrum with a fundamental frequency that roughly lies between 200 Hz and 1200 Hz (9, 31). The fundamental frequency mainly depends on species and sex but can be influenced by flight maneuvers, age, humidity, or temperature (see e.g. [32, p. 299]).

Throughout most species, the male mosquito is considerably smaller, creating a much higher fundamental frequency. Note that mosquitoes are very small compared to the wavelengths that their wing beats produce, so they can be considered as point sources whose sound energy largely remains within their near field rather than propagating to the far field [33, Chap. 5]. Consequently, mosquitoes seem to hear each other only over a range of up to about 10 centimeters (16, 17, 29, 34, 35), even though it has been shown that they can also hear loud sounds from much larger distances (29). The mosquitoes’ frequency tuning implies that many mosquitoes cannot even directly hear male mosquitoes, as males exclusively create inaudibly high frequencies (13). However, during mate attraction, mosquitoes of the same species but opposite sex synchronize (16). Synchronization is also referred to as tune-in (18), harmonic convergence (16) and frequency locking (36) in the mosquito literature, and as lock-in or entrainment in other domains [e.g., (33, 37, 38)]. Every second wing beat of the female mosquito is synchronous to every third wing beat of the male mosquito, so what matches are the second partial of the male mosquito and the third partial of the female mosquito. In musical terms, they produce a fifth, not a unison. Mate attraction is bi-directional, i.e., both male and female mosquitoes modulate their flight tones to create the fifth (16), which tends to lie above 1 kHz. It is assumed that sound is the major sexual stimulant in many mosquito species (10), as courtship and copulation only takes place between flying mosquitoes and not, if either of the mosquitoes is at rest [(5, p. 20, 10, 39, 40, p. 324)]. At the same time, even in absence of female mosquitoes, male mosquitoes have been found to copulate with loudspeakers if they play the right sound (40, p.57). Note that the synchronization alters between perfect and imperfect match, creating beats every now and then.

As mosquitoes tend to synchronize at a frequency that they cannot even hear directly (18), hypothesize a “nonlinear interaction between her own flight tones and those of a nearby male”. This hypothesis is supported by the finding that most auditory neurons in the JO are tuned to 190 to 270 Hz (30) and mosquitoes are most sensitive to frequencies below 200 Hz (18). This frequency region lies below most emitted mosquito sounds but rather covers the difference frequency between the harmonics of two wing beat sounds. We also refer to the difference frequency as the beat frequency. This frequency difference can refer to the fundamental frequency of a male and a female mosquito of the same species. Mosquitoes could hear the fundamental frequency difference of their own and a nearby wing beat. However, it has been found that mosquitoes also synchronize to the recording of an opposite sex mosquito when the fundamental frequency has been removed, and even when only a pure tone near their synchronization frequency is being played (16). So, another reason for the frequency tuning seems to be that it corresponds to the frequency difference of their overtones in the initial state of their synchronization progress during mating, i.e., to the beat frequency (20). During synchronizing, the beat frequency may fluctuate between zero and some hundred Hertz. In both cases nonlinearities in the auditory system are necessary to produce a difference frequency, i.e., to represent the beat frequency.

The fact that mosquitoes approach not only other mosquitoes, but even sound sources that produce an inaudible high pure tone near their preferred synchronization frequency (16) is evidence that the difference frequencies enable mosquitoes to localize sound sources.

Another nonlinearity that has been observed is that periodic oscillations in the JO as well as acoustically evoked field potentials often exhibit a frequency doubling compared with the stimulation frequency (11, 13, 30, 39, 41). The doubled frequency can even be stronger than the original stimulation frequency. The intensity and the number of harmonic frequencies depends on the intensity of the input signal (39). However, the strength of the doubling is different between different prongs (40). So, in addition to difference frequencies, harmonic distortion seems to take place, in which the doubled frequency may dominate the biomechanical and neural response at least at some locations along the JO.

It has been observed that some axons of the JO sensory unit respond in anti-phase to each other (30). This is likely to happen because mechanical motion of the antenna creates anti-phase excitation at the JO, so the axons respond in anti-phase in order to amplify the excitation.

The origin of such nonlinearities that enable mosquitoes to synchronize is still an open question, but understanding the mechanisms underlying the selection of conspecific mates “(…) could open the door to novel ways of attracting or trapping and killing males or females” (42). Our model sheds light on the nature of the nonlinear interaction in mosquito hearing, beginning in the mosquito antenna base, as “[f]uture research is needed to resolve these questions, but in either case, it seems, the sensory periphery will take a centre-stage role.” (34).

In summary, a number of nonlinearities has been observed in the mosquito antenna:

1. harmonic distortions

(a) that can even be stronger than the input frequency

(b) whose number and intensity depend on the prong location

(c) whose number and intensity depend on the intensity of the input signal

2. anti-phase responses

3. difference frequency between female and male f0

4. difference frequency near the synchronization frequency

5. difference frequencies provide localization information

We use these 5 observations as criteria to evaluate to what degree the antenna base contributes to the nonlinearities that enable mosquitoes to detect, localize and synchronize to other mosquitoes.



3 Related Work

Avitabile et al. (26) model the antenna mechanics as a forced-damped oscillator. However, the model simplifies the curved septa as a straight line instead of sticking to the actual geometry of the mosquito antenna morphology, and it has physically implausible properties (43), so the model needs some further explorations to be explanatory for the nonlinear processing in the mosquito antenna.

Saltin et al. (27) model an antenna flagellum using a finite element method and conclude that the main function of the varying stiffness along the length of the flagellum could serve for mechanical frequency selectivity, i.e., bandpass filtering and amplification of some specific frequencies and attenuation of others. This is in agreement with the observations of (44) who model the flagellum as a damped harmonic oscillator with a series of filters.

Mhatre (45) reviews a number of additional insect ear models that mostly aim at exploring active amplification through biophysical and neurobiological considerations.

All of these models concentrate on physical properties of the flagellum and partly assume additional nonlinearities in the neural mechanisms of mosquito hearing. The model in (39) goes one step back and considers mostly the rotation of the basilar plate relative to the pedicel. With only little additional filtering, their model produces the difference frequency of a two-tone input, as well as harmonic distortions. These are two of the above-listed criteria. Our model does the same but sticks much closer to the morphological geometry of the mosquito antenna to be able to meet all of the above-listed criteria.



4 Mosquito Antenna Model

Our antenna model is a geometric model based on (46). As a simplification we neglect physical properties, like mass, material stiffness, sound impedance, restoring forces, etc. Instead, we consider all parts of the antenna as perfectly rigid and the connection between the motile and immotile part of the antenna as perfectly flexible. This is a reasonable simplification, as the antenna is a structure that is very small compared to the wavelengths that is receives and stiff compared to the surrounding air, so the “flagellum moves like a stiff rod rocking about its socket when stimulated at frequencies below or around the best frequency” (22). The model approximates the morphological relations of the antenna base as described for Culex quinquefasciatus (15, 23), Culex pipiens pipiens (30), Toxorhynchites brevipalpis (17, 19, 26, 27), Aedes aegypti (24), Anopheles subpictus (13), Anopheles arabiensis (27) and Anopheles gambiae (47) (19). examined the auditory system of Toxorhynchites brevipalpis but generalize their findings to mosquito hearing, so this morphology is certainly representative for many mosquito species.

The model is illustrated in Figure 1 (center). It assumes a motile flagellum (blue) whose deflection equals the particle deflection of the incoming sound waves. At the distal end of the scape, the antenna flagellum is extended by the curved septa (s, red)

		

Here, d(t) is the deflection of the antenna, which is proportional to the particle deflection caused by sound waves. Together, the flagellum and the septa comprise the motile antenna part. The flagellum and the septa meet at the socket, the basilar plate at ϕ = π. The motile septa contains 40 prong pairs (green dots) at

 

These are connected to auditory nerve cells of the Johnston’s organ (JO, purple) via the attachment cells of the scolopidia (green lines), which are located at the discrete positions

 

along the immotile pedicel



We consider the pedicel immotile and perfectly rigid, so the rotation of the septa is restricted to  . From a macroscopic viewpoint, our antenna model describes a transform from deflection (blue arrow) to rotation (red arrow) as depicted in Figure 1 (right). However, as illustrated in Figure 1 (center), the model imposes a one-to-many transform: the deflection d(t) of the flagellum creates 80 rotations, one at each prong. These rotations stretch and compress the attachment cells of the scolopidia at 80 locations like



which is the Euclidean distance between the septa and the pedicel at the locations of the 80 prongs. These are functions of time because the septa moves as a function of time.

So, the input of the model is a continuous function d(t) or a discrete time series d[τ] that represents the flagellum deflection caused by an incoming sound wave. Likewise, the output can be the continuous functions ri(t) or discrete time series ri[τ]. We use capital letters to indicate that we are dealing with the frequency spectrum after a Discrete Fourier Transform (DFT), i.e.,



and



In nature, the antenna is deflected by sound waves. The wing beats of the mosquito itself creates a flight tone that propagates to its antenna pair. Furthermore, the flight tones of other mosquitoes travel to the antenna. Consequently, the antenna is deflected by superposition of the mosquito’s own wing beat sound, the wing beat sound of other mosquitoes and additional ambient sounds.

In the mosquito the stretch and compression of the attachment cells open channels that cause neural activity in the auditory part of the antennal nerve (30). However, the neural encoding and further processing is out of scope of this paper.



5 Evaluation

The evaluation of our mosquito antenna model is explorative and qualitative. We examine which of the 5 nonlinear characteristics of mosquito hearing is reproduced by the model.

As the deflection of the antenna D(ω) and the stretch and compression of attachment cells take place at different orders of magnitude, we normalize amplitudes as



and



respectively. Due to this normalization, all amplitudes take values ≤ 0 dB, where D(ω) = 0 dB refers to the loudest input frequency and Ri(ω) = 0 dB to the strongest response frequency at the ith prong.


5.1 Harmonic Distortion

First, we input a pure tone with a frequency of 1200 Hz to the model. Figure 2 illustrates the frequency spectrum of the input signal D(ω) (orange) and the antenna response Ri(ω) (blue) of prongs number 0 (left) and 11 (center). In both cases the antenna responds with the input frequency and additional harmonic overtones, as suggested by criteria 1. Harmonic distortion can be observed at all prongs and always contains even and odd integer multiples of the incoming frequency. However, the amplitude distribution is different for different prongs, as suggested by criteria 1b. At prong 11 the first overtone has an even larger amplitude than the fundamental frequency. This is in agreement with the frequently observed frequency doubling (13, 30, 39) evident at different prongs, and with criteria 1a. As illustrated in Figure 3, the frequency doubling is even clearer visible in the time domain than in frequency domain. Every input cycle the prong output exhibits two cycles.




Figure 2 | Antenna response R0(ω) (blue, left) and R11(ω) (blue, center) to a single frequency of 1200 Hz (orange). The output spectrum either peaks at the input frequency or the double frequency. Additional harmonic overtones are visible. When reducing the amplitude of the input by a factor of 2 (right) the distribution of distortion frequencies in R11(ω) changes and the distortion factor reduces.






Figure 3 | The input signal (orange) and the antenna output signal in the time domain. A frequency doubling similar to Figure 5 can be observed.



When reducing the amplitude of the input spectrum D(ω) by a factor of 2 (center vs. right in Figure 2) the distribution of harmonic distortion frequencies in R11(ω) changes and the overall distortion factor reduces. This is in agreement with criteria 1c.



5.2 Anti-Phase Response

Figure 4 shows the antenna response in time domain at two different prongs. It can be observed that the two prongs respond in anti-phase to each other, as suggested by criteria 2.




Figure 4 | The antenna response in the time domain at prongs 0 and 26, when stimulated with two frequencies of 1200 Hz and 1240 Hz.





5.3 Difference Tones

Note that exciting the antenna with a single frequency simulates a very simple scenario in which a passive mosquito is exposed to a sine wave. To simulate flight, we input a superposition of two proximate pure tones of fint=1200 and fext=1240 Hz to the model. One of these frequencies simulates a frequency from the wing beat of the modeled mosquito (internal) the other, of another mosquito nearby (external). The exemplary result of two different prongs is illustrated in Figure 5. The same behavior concerning the strong representation of the input frequencies in the output time series can be observed. Again, the number and amplitude of distortion products depends on the prong number (cf. R0(ω), left and R13(ω), center). The amplitude of the double frequencies can even be stronger than the amplitude of the two input frequencies.




Figure 5 | Antenna outputs R0(ω) (left) and R13(ω) (center), when evoked by two proximate frequencies of 1200 and 1240 Hz. The highest amplitude can be found at the input frequencies, their octaves, or their difference frequency. Zooming into the low-frequency region (right) shows the beat frequency plus harmonic distortion.



In addition, a low-frequency component is visible at most prongs. In the prong output, these low-frequency components can even be stronger than the amplitudes of the original input frequencies, as illustrated in Figure 5 for R13(ω) (center). As can be seen in Figure 5 (right), the low frequency components are the difference frequency of the two input frequencies, i.e., fbeat = fext−fint=40 Hz, which is in accordance with criteria 4. In addition, harmonic distortion can be observed, i.e., 80 Hz and 120 Hz.



5.4 Real Mosquitoes

As it has been shown that mosquito hearing is limited to frequencies below 470 Hz it has been deduced that mosquitoes respond to the frequency difference of overtones when performing the synchronization. To verify this, we simulated the synchronization experiment of (16) who observed the synchronization behavior of a male Aedes aegypti when exposed to a simulated female Aedes aegypti’s flight tones. We insert the flight tone of a modeled male Aedes aegypti mint superimposed with the flight tone of a female Aedes aegypti mext (internal vs. external) to deflect the flagellum. The model output is 40 different time series that represent the stretch and compression of attachment cells at the individual prongs.

At first, we approximate the natural male mosquito (mint) wing beat sound with a fundamental frequency of 636 Hz and its J = 2 multiples 1272 Hz and 1908 Hz. We observed that the amplitudes of overtones of natural mosquitoes decrease. We simulated this property by reducing the amplitude g0 = 1 of the first overtone to g1 = 0.95 and the second overtone to g2 = 0.8

 

This equation represents the sound input to the antenna in time domain, i.e., d(t), when a mosquito flies. Figure 6 illustrates the sound input in frequency domain, i.e., D(ω), together with the response R0(ω). With only the input of the flying mosquito itself, the response only contains the input frequencies plus harmonic distortion. No excitation inside the audible frequency region < 470 Hz can be observed.




Figure 6 | Spectrum of an artificially created mosquito signal with frequencies of 636 Hz, 1272 Hz, 1908 Hz and the reaction of its antenna. The orange signal describes the input signal, while the blue signal describes the reaction of the antenna.



In the next step we simulate two Aedes Aegypti mosquitoes trying to synchronize with each other. This is illustrated in Figure 7. The harmonic spectrum of the male mosquito (green) is represented by the harmonic series of 636 Hz, 1272 and 1908 Hz. The harmonic spectrum of the female mosquito is represented by frequencies of 400 Hz, 800 Hz and 1200 Hz. The male’s first harmonic overtone at 1272 Hz is close to the female’s second harmonic overtone at 1200 Hz, similar to the pure tone example in Figure 5. The purple signal represents the antenna output R1(ω). Again, the antenna output contains all input frequencies. In addition, all difference frequencies can be found, most importantly 1272 Hz – 1200 Hz = 72 Hz, 800 Hz – 636 Hz = 164 Hz and 636 Hz – 400 Hz = 236 Hz, which lie well inside the audible frequency region of mosquitoes. This is in agreement with criteria 3 and 4.




Figure 7 | Two virtual mosquitoes with fundamental frequencies of 400 Hz (red) and 636 Hz (green) serve as an input spectrum D(ω), which creates the output spectrum R1(ω) (purple) that contains the input frequencies plus difference frequencies and harmonic distortion.



We reduced the fundamental frequency of the simulated male in steps of 6 Hz down to the perfect synchronization ratio of 600 Hz. As expected, the output continues to show the input frequencies, harmonic distortion, and all frequency differences. The perfectly synchronized mosquito spectra are illustrated in Figure 8. As can be seen, all low-frequency components vanished, except for the difference between the fundamental frequencies, i.e., 600 Hz – 400 Hz = 200 Hz.




Figure 8 | Perfectly synchronized male (green) and female mosquito (red) frequencies. Again, the input frequencies, harmonic distortion and the difference frequency are visible in the output R1(ω) (purple).



As a next step, we analyzed a recording of real mosquitoes during their synchronization process. The recorded spectrum and the response at prong 0 are illustrated in Figure 9. We used a bandpass filter between 550 and 1700 Hz to eliminate the noise outside the relevant frequency region of mosquito mating. As can be seen, the signal-to-noise ratio lies in the order of 25 dB. The model output exhibits the same characteristics as observed with artificial mosquito spectra: Over a wide frequency range, the model output resembles the model input. In addition, the output contains harmonic distortion, i.e., high-frequency peaks on the right of the original input spectrum. Most importantly, the antenna response contains the difference frequencies. The broad low-frequency peaks I, II and III correspond to the difference frequencies I=f2-f1, the proximate frequencies II=f4-f3 and f5-f4, and III=f2-f2.




Figure 9 | Spectrum of two synchronizing mosquitoes (orange) and response at prong 0 (blue). The female frequencies are f1=555 Hz, f3=1112 Hz and f5=1665 Hz, the male frequencies are f2=688 Hz and f4=1383 Hz. Their difference frequencies I=f2-f1=133 Hz, the broad peak II=f4-f3 = 271.



Note that the peaks at f1 to f5 are no distinct peaks, but rather double or even quadruple peaks, as both mosquitoes altered their wing beat rate during the recording. The difference frequencies of such double peaks are also represented near the lower end of the output spectrum, like the peaks near 0 Hz and 25 Hz. These may provide valuable synchronization information for the mosquito.

Hz and f5-f4 =282 Hz and III=f3-f2 =424 Hz are clearly visible.



5.5 Localization Cues

As mosquitoes are very small compared to the wavelengths that their wing beats produce, we model them as point source (48). Here, the inverse distance law is valid for sound pressure, i.e., the amplitude is proportional to the inverse of the distance r, like

 

We simulated a male mosquito (mext) with three partials as before, and a female mosquito (mint) with the different partials. This yields six input frequencies, three of which are produced by the modeled mosquito, three, by the other mosquito. Following (48) the input spectra at one antenna are calculated by superposition of the propagated spectrum of the female mosquito with the spectrum of the male mosquito like

 

where e ≈ 2.718 is Euler’s number, i is the imaginary unit defined as i2 = -1 and r is the Euclidean distance between sound source and each antenna.

We modeled two antennae 0.125 mm apart from each other, which is a typical antenna distance (19). Then, we put the external mosquito at three different angles of 30°, 60° and 90° at two different distances, namely 1.5 cm and 3 cm away from the center of the antennae. The results of this simulation are summarized in Table 1.


Table 1 | Strongest inter antennal amplitude difference per angle calculated for the three difference tones between two flying mosquitoes. Especially near the most sensitive frequency region the difference offers a robust localization cue.



The amplitudes of the input spectra   as well as the Inter antennal Amplitude Differences (IAD) of the input spectra IADfin, are determined by Eq. 12. When doubling the distance of the sound source, the amplitude reduces by approximately 6 dB. In motion, this is a distance cue that is also utilized by humans and other animals (49, chap. 4). The IAD of the input frequencies depends on distance and angle. As can be seen in the Table 1, it may lie in a range below 0.072 dB. In humans and other animals, Inter aural Level Differences (ILD) inform about the direction of a sound source (49, chap. 4).

So, the relationship between   and distance as well as the relationship between IAD and angle should provide mosquitoes with localization cues. However, in order to be utilizable by a mosquito, these relationships need to take place at frequencies below 470 Hz. Our virtual male mosquito does not produce a single frequency inside the audible hearing range of the modeled female mosquito. But as could be seen already in Figure 7, the superposition of the female and male flight tones produces three difference frequencies fout, namely 72 Hz, 164 Hz and 236 Hz, in addition to the three frequencies fin from the male mosquito mext. In Table 1 we provide the   and IAD of ftout together with those of fin. It can be seen that the localization cues are almost equal, i.e., they are perfectly transferred to the difference frequencies that lie below 470 Hz. This fulfills criteria 5, i.e., the antenna produces audible sound source localization cues due to the nonlinearities that produce difference frequencies.




6 Discussion

Our model is based on the geometry of the mosquito antenna morphology. The fact that this model is able to produce all 5 observations that have been made in real mosquitoes provides evidence that many of the complicated nonlinearities can be attributed already to the periphery of mosquito hearing, i.e., the antenna base, rather than to purely neural processing. This has many implications. Most importantly, the model allows us to reflect findings from a new perspective and to approach answers to open questions on the basis of antenna base morphology, rather than on the basis of flagellum mechanics or neural efferents.

For example (16) carried out synchronization experiments between real mosquito pairs and the synchronization of a mosquito to artificial sounds played through an ear bud speaker and measured neural responses in the JO of a male mosquito. They conclude that the upper limit of hearing in mosquitoes is 2000 Hz and not the widely accepted 470 Hz, because responses were even measurable when the artificial sound contained only frequencies above 800 Hz. Naturally, the flight tone of the male mosquito, whose neural response to stimuli has been measured, contains no frequencies below the 470 Hz either. However, they mention that they were able to detect neural response to high-frequency inputs, when setting their high-pass filter down to 1 or less Hz, but not when choosing 100 Hz, i.e., they detected low-frequency neural activity as a response to a superposition of high-frequency sounds. Our model suggests that the auditory neurons in mosquitoes do not directly respond to such high frequencies, but rather to the frequency differences produced by the antenna as shown in our model. Only through the interplay of the male mosquito flight tone and the artificial signal, the antenna produces motions with frequency components below 100 Hz that excite the neurons. Consequently, the neural activity is not a response to high-frequency input, but to the frequency difference between multiple high-frequency inputs that create a low-frequency response (<100 Hz) already in the antenna. The neuronal low-frequency response simply represents the low-frequency motion that is mechanically induced by the nonlinear transform from deflection to rotation inside the antenna base. Mosquitoes detect the frequency difference and either try to minimize it, to ensure that the external harmonic series contains integer multiples of their self-produced frequencies, or they try to adjust their wing-beat rate in such manner that a species-specific low-frequency peak emerges. This low-frequency peak would be the difference in fundamental frequency during perfect synchronization. This frequency could correspond with a resonance frequency of the flagellum and the best frequency of a number of auditory neurons, so that the mosquito is extraordinary sensitive to it.

Lapshin and Vorontsov (30) found anti-phase responses in electrical measurements inside the JO and already speculated that the mechanical motion of the antenna may cause them. Our model supports this speculation and provides evidence that these anti-phase responses result from the geometry of the antenna base morphology, namely the curved septa.

Windmill et al. (41) wrote that “The presence of a strong frequency doubled component in an otherwise undistorted signal reinforces the hypothesis that, rather than a by-product of some unknown mechanical property, this effect is strongly correlated with the active neuromechanical amplification produced by the Johnston’s organ’s neurons.” Even though active neuromechanical amplification is likely to happen, our model sheds light on the “unknown mechanical property”, indicating that the transfer from deflection to rotation in the antenna base may cause the frequency doubling at some prong locations.

The antenna model from (39) is illustrated in Figure 10. The model simplifies the basilar plate and septa as a line rather than a curve. Here, the authors connect the septa to the JO in the pedicel by pairs of attachment cells above and below the septa. This symmetry creates anti-phase responses, as the attachment cells above the basilar plate are compressed when the attachment cells below the basilar plate are stretched and vice versa. However, the actual mosquito antenna does not exhibit this symmetry of attachment cells, as can be seen in illustrations in (13, 15, 17, 23, 24, 26, 27). In contrast, the geometry in our model is in accordance with these illustrations and descriptions of the mosquito antenna but still produces anti-phase responses.




Figure 10 | Antenna model by (39): symmetric attachment cells create anti-phase responses.



The model in (26) looks very similar but lacks the pairwise attachment cells. The authors had to add a neural model to produce nonlinearities. Our model produces such nonlinearities already without including neural afferents or efferents. It could therefore be a more realistic pre-processor for neural mosquito hearing models.

Roth (50) assumed that the long fibrillae in male mosquito antennas resonate with female wing beat frequencies, enabling them to detect females. This assumption seems plausible, as male mosquitoes have a much bushier antenna than female mosquitoes. However, this assumption does not sufficiently explain how female mosquitoes are able to synchronize to male mosquitoes at inaudibly high frequencies. Our model does not support or contradict the assumption of resonating fibrillae, but it provides evidence that even in the absence of fibrillae, the antenna clearly indicates the presence and even the location of a mosquito through nonlinear interplay of two flight sounds. This means the model explains – in a reasonable, morphologically plausible way – how both male and female mosquitoes are able to detect the presence and location of one another.

From acoustical and mechanical considerations (13) derived that a direction-dependent distortion factor enables mosquitoes to localize sound sources. This hypothesis was supported by electrode measurements inside the pedicel during magnetic antenna stimulation (51). Our model exhibits harmonic distortions whose intensity depends on distance rather than on direction. However, as harmonic distortion only produces frequencies outside the hearing range of mosquitoes, it is unlikely that mosquitoes can actually make use of such cues. Instead, our model indicates that the nonlinear transform from deflection to rotation inside the antenna base produces difference frequencies in the most-sensitive frequency region of mosquitoes. Furthermore, inter antennal amplitude differences have been observed. These are angle dependent and provide the mosquito with a localization cue for source direction, just as inter aural level differences in human hearing. The existence of inter antennal cues in our antenna base model may explain why mosquitoes have an antenna pair and not just one single antenna. Consequently, our model suggests that localization may be realized through a combination of mono antennal and biantennal cues, just as the monaural and binaural cues in human sound source localization.

Lapshin (11) measured neural responses to single frequencies using glass electrodes in the JO. They compared the threshold for passive mosquitoes with the threshold during simulated mosquito flight. They observed that the threshold of neural response typically dropped by 8 dB within the frequency region from 80 to 120 Hz for flying mosquitoes compared to resting mosquitoes. One exception was a frequency around 40 Hz. Here, the threshold dropped on average by 26 dB (maximum by 56 dB ()!). Our model provides evidence that this low-frequency component is prominently created through the nonlinear combination of internal and external mosquito wingbeat sounds inside the antenna base during courtship. This explains how this amazing amplification can be achieved through mechanical pre-processing. Furthermore, our model yields a possible explanation why this frequency is amplified so much: It appears that mosquitoes synchronize by minimizing the low-frequency component. Consequently, the beat frequency that results from proximate frequencies near the synchronization frequency (roughly in the order ≤72 Hz) has to be amplified much stronger than the other beat frequencies, like the difference between the fundamental frequencies, e.g., 636 Hz–400 Hz = 236 Hz.

Furthermore (11), could show that the acoustic sensitivity of both female and male mosquitoes increased considerably during simulated flight, even though females exhibit much fewer fibrillae and auditory neurons. Our model provides evidence that a lot of the nonlinear processing during flight results from the transformation of deflection to rotation inside the antenna base, rather than at the level of the fibrillar or neural processing: In contrast to the sexually dimorphic flagellum, the antenna base is morphological similar in female and male mosquitoes.

Koch (52) modeled the mechanics of two mosquito flagellum shafts as rigid beams with one free and one clamped end. She could show that magnitude and phase relationship between both antenna deflections provides a strong and unique directional cue. She derived this from simulations with an inaudibly high frequency of an external male, in absence of an internal female sound. However, our model provides evidence that the deflections stay represented in the low-frequency domain when adding an internal female sound. The combination of her physical flagellum shaft model and our antenna base model could provide stronger and more plausible sound source localization cues than each of the individual models.

Lapshin and Vorontsov (30) observed that many auditory neurons in the JO are tuned to frequencies between 190 to 270 Hz, which corresponds to the f0 difference of male and female mosquitoes (20). already stated that “(t)his difference is generated in the JO responses as a result of intermodulation distortion products (DPs) caused by non-linear interaction between male–female flight tones in the vibrations of the antenna”. Our model provides evidence where and how the antenna produces these distortion products, namely inside the antenna base through the transfer from deflection of the flagellum over rotation of the curved septa to stretch/compression of the attachment cells. Moreover, other difference frequencies fall into this region, too, especially during the act of synchronization. Our localization experiment adds another possible explanation for the high number of neurons that are tuned to this frequency region: inter antennal amplitude differences are most prominent in this frequency region, so it is likely that not only neurons responsible for frequency detection but also for source localization are tuned to these frequencies.

Lapshin (11) found the frequency deviation and twice the frequency deviation neurally represented during simulated flight experiments. Our model suggests that these deviations are already produced mechanically in the antenna base and only passively represented or actively amplified through auditory neurons.

In contrast to many mosquito species — like Aedes aegpti and Aedes albopictus, Anopheles dirus and Anopheles minimus and Culex quinquefasciatus (9) — the fundamental frequency of male and female Tachina brevipalpis is similar. Still (17), observed that mosquitoes of both sexes would alter their wing beat frequency to synchronize with a pure tone as long as its frequency deviated less that 60 Hz from their own fundamental frequency. They conclude that mosquitoes can detect many frequency deviations, i.e., beat frequencies between many frequency pairs, to synchronize. Our model supports this assumption, as not only the beat frequency of overtones near the typical synchronization frequency of 1200 Hz is represented by the antenna response, but also the deviation between fundamental frequencies and between proximate partials. It appears that mosquitoes’ strategy during synchronization is either to minimize the lowest frequency component, which appears to be difference between the frequencies that lie closest to the favored synchronization frequency, or to produce a certain low-frequency distortion product that is typical for the conspecific mating procedure. However, as communication may be much more complex than that, it is even possible that mosquitoes do not aim at producing a single low-frequency distortion product, but a certain pattern or sequence of patterns. This would explain why in synchronization experiments only 22 to 39% of all males and 30 to 35% of all females approached and synchronized to static, generated sound (16). Maybe static sounds produce the right low-frequency distortion products, but not the right progression over time.

Given these results, we suggest using an antenna model with a curved septa as a biologically-inspired pre-processor rather than using the raw audio as an input to neural models of mosquito hearing. Furthermore, we suggest not to underestimate the importance of the antenna base in addition to investigations that concentrate on flagellum mechanics and auditory efferents. Our model provides evidence that the mosquito antenna base delivers reliable cues that enable mosquitoes to detect the presence of other mosquitoes, to localize them, and to synchronize by means of minimizing the lowest frequency represented in the antenna response.

As acoustics seem to be an important sexual stimulant in many mosquito species, understanding their hearing system may be helpful in the future to support the fight against vector-borne diseases, like malaria, dengue fever and yellow fever by means of:

•  automatic acoustic identification of mating swarm sites

•  acoustically dispelling mosquitoes

•  species- and sex-specific luring into traps for

 - manual or

 - automatic mosquito monitoring (recognition and counting of vector species)

 - SIT and IIT preparation



7 Conclusion

In this paper we introduced a biologically inspired mosquito antenna model. The model exhibits many of the characteristics that have been observed through neural and behavioral studies of real mosquitoes: The model produces harmonic distortions whose number and intensity depend on the intensity of the input signal and the location of the prong. Some prongs exhibit an anti-phase response, which has been observed in neural measurements of real mosquitoes. The model produces the difference frequencies between the fundamental frequency of the male and female mosquito as well as the frequency difference between overtones. These frequency differences lie well inside the hearing range of a mosquito, even if the input signal lies outside their hearing range. The intensity of the difference frequencies is distance-dependent, providing a source distance cue. When modeling two antennae, the model produces inter-antennal level differences at the beat frequency, providing localization cues comparable to the inter-aural level differences of humans and other animals with paired ears.

The fact that our geometric model meets all of the 5 above-mentioned criteria that have been observed in real mosquitoes is evidence that the geometry of the antenna morphology plays a crucial role in mosquito hearing. Already the periphery produces many of the observations that had been attributed to neural activity and efferents [see e.g., (14), (15) and (19)]. These nonlinearities enable mosquitoes to detect, localize, and synchronize to one another, i.e., to carry out their courtship behavior which is mandatory for mating. The model made the important role of the antenna base evident, which is underestimated, or at least underrepresented in the study of mosquito hearing and courtship behavior.

The current state of the model neglects physical properties which may be included as filters in the future. Adding physical properties will certainly make the model even more explanatory. Neurally, the stretch and compression of the attachment cells, as calculated in our model, is neurally encoded and processed further inside the mosquito’s auditory system. This processing has to be implemented in the future to gain an even deeper understanding of mosquito hearing and courtship behavior.
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