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ABSTRACT

Mosquitoes are more sensitive to sound than any
other insect due to the remarkable properties of their
antennae and Johnston’s organ at the base of each
antenna. Male mosquitoes detect and locate female
mosquitoes by hearing the female’s flight tone, but
until recently we had no idea that females also
respond to male flight tones. Our investigation of a
novel mechanism of sex recognition in 7oxorhynchites
brevipalpis revealed that male and female mosquitoes
actively respond to the flight tones of other flying
mosquitoes by altering their own wing-beat frequencies.
Male—female pairs converge on a shared harmonic of
their respective fundamental flight tones, whereas same
sex pairs diverge. Most frequency matching occurs
at frequencies beyond the detection range of the
Johnston’s organ but within the range of mechanical
responsiveness of the antennae. We have shown that this
is possible because the Johnston’s organ is tuned to, and
able to detect difference tones in, the harmonics of
antennal vibrations which are generated by the com-
bined input of flight tones from both mosquitoes.
Acoustic distortion in hearing organs exists usually as
an interesting epiphenomenon. Mosquitoes, however,
appear to use it as a sensory cue that enables male—
female pairs to communicate through a signal that
depends on auditory interactions between them.
Frequency matching may also provide a means of
species recognition. Morphologically identical but
reproductively isolated molecular forms of Anopheles
gambiae fly in the same mating swarms, but rarely
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hybridize. Extended frequency matching occurs almost
exclusively between males and females of the same
molecular form, suggesting that this behavior is associ-
ated with observed assortative mating.
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INTRODUCTION

Anopheles gambiae s.l. has been described as the most
dangerous animal in the world, responsible for the
majority of malaria deaths worldwide, killing 1-2
million people annually and ranked the second high-
est contributor to the global Disability Adjusted Life
Year in Africa (WHO 2002). If we take into account
the populations of all species of mosquito that trans-
mit pathogens and parasites to humans and their
domestic livestock worldwide, mosquitoes easily cause
more human suffering than any other organism.
Their sensory physiology is finely tuned to locate host
animals mainly by olfactory cues, and their visual
system is well adapted to locating hosts mainly in the
dark at times of day when hosts are most quiescent
and least able to defend themselves from bites,
making them one of the few insects that routinely fly
at night (Gibson and Torr 1999; Land et al. 1999). It is
beginning to become apparent that their auditory
system is one of the most highly developed among the
insects.

The males of most mosquito species of medical
importance are known to locate mates by sound;
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males aggregate over conspicuous markers and fly
continuously in swarming flight, keeping station
over the marker. Virgin females are also attracted
to the same markers, which are generally, but not
universally species-specific. When a male detects the
flight tone of a female, he chases her by localizing
the source of her flight tone. This mating chase
normally leads to the formation of a mating copula.
The mechanisms by which male mosquitoes detect
and locate females has been reasonably well under-
stood for many years (Charlwood and Jones 1979;
Belton 1994; Clements 1999). It has been proposed
that the male auditory organ acts as an acoustic
filter for female flight tones, but the evidence so far
suggests that the filter is too broad and flight tone
frequencies alone are not sufficiently species-spe-
cific to be the basis for male identification of con-
species females (Tripet et al. 2001). Audition is,
therefore very important to mosquitoes for sexual
and perhaps species recognition.

In recent years, interest in the mating behavior of
mosquitoes has increased for two key reasons; (1) to
understand the basis of complex patterns of repro-
ductive isolation in sympatric populations of closely
related molecular forms of the malaria mosquito A.
gambiae s.s. that do not hybridize even though they
occur in the same mating swarms (della Torre et al.
2002), and (2) to investigate the likely efficacy of
using genetically modified mosquitoes to control wild
populations. The approach is only possible if we can
ensure that laboratory reared populations will
respond appropriately to the mating behavior of wild
mosquitoes. Hence, we have undertaken an extended
investigation of the auditory behavior of mosquitoes
in relation to mating interactions.

Mosquito Audition

Mosquitoes hear with their antennae (Fig. 1A), each
of which consists of an elongate flagellum and a
chordotonal organ housed within the pedicel at the
base of each antenna called the Johnston’s organ
(JO) after the man who discovered it >150 years ago
(Fig. 1B, Belton 1989). The flagellum vibrates when
stimulated by periodic air displacements (the acoustic
near-field) such as the tones created by wing beats
(Gopfert and Robert 2000). At its base, the flagellum
tapers into a structure of 60-80 prongs (Fig. 1B),
which resemble the spokes of an upturned umbrella.
The prongs are attached to many thousands of
mechanosensory sensillae known as the scolopidia of
the JO (Fig. 1A and B). It is not known precisely how
these mechanosensory cells are stimulated, but it is
likely they detect the rocking action of the prongs
when the flagellum is vibrated through displacement
of air particles.
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In many mosquito species, the antennae are
sexually dimorphic, with males having a greater
number of sensillae in the JO (~14,000 in males,
~7,000 in females, Gopfert et al. 1999) and a greater
number of fibrillae (fine hairlike structures) on the
flagellum (Fig. 1A), which led Johnston to speculate
that for these mosquitoes, mating behavior involved
audition (Johnston 1855). It is likely that the greater
surface area of the male flagellum increases their
responsiveness to particle displacement.

The sensillae mechanoelectrically transduce and
amplify the nanometer sound-induced vibrations of
the antennal flagellum into electrical signals (Gopfert
and Robert 2000).

The sources of extracellular electrical compound
potentials from the JO of mosquitoes are believed to
be extracellular currents associated with the gener-
ation of receptor potentials and action potentials in
the JO (Fig. 1C-E; Tischner 1953; Keppler 1958;
Wishart et al. 1962; Warren et al. 2009). As with
recordings of the cochlear microphonic from the
round window of the mammalian cochlea (Patuzzi et
al. 1989), these potentials are overwhelmingly domi-
nated by the receptor currents from the sensory cells
closest to the extracellular electrode. Acoustically
elicited receptor potentials recorded from the JO
are composed of a tonic (DC) component, a phasic F1
component, and an F2 component that is twice the
frequency of the applied acoustic stimulus (Fig. 1C
and D). The bandwidth of the F2 component has
been used to determine the frequency limits of
hearing in mosquitoes because it dominates the
electrical response of the JO (Tischner 1953; Keppler
1958; Wishart et al. 1962; Belton 1974; Warren et al.
2009). The frequency doubling of the F2 component
is thought to be due to the summed outputs of the
nonlinear electrical responses of two populations of
sensory cells in the scolopidia with opposite polarities
of morphological and functional symmetry (Tischner
1953; Wishart et al. 1962; Belton 1974; Clements 1999;
Warren et al. 2009), as has also been proposed for the
frequency doubling of the microphonic potential of
the lateral line receptors of fishes (Flock 1965). The
phasic F1 component of the receptor potential
dominates at high frequencies and low sound inten-
sities, probably because potentials from only the
scolopidial population nearest the electrode are
recorded. Potentials from populations of scolopidia
further away from the recording site, that are of
opposite polarity and which would summate to
produce a potential with twice the frequency of the
stimulating frequency, are attenuated before reaching
the electrode. A tonic component or direct current
(DC) shift of the potential occurs upon and during
presentation of a tone (Fig. 1C) but its precise origin
has yet to be determined (Cator et al. 2009).
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FIG. 1. Electrical potentials recorded from the Johnston’s organ and
thorax of mosquitoes. A Head and antennae of male A. gambiae
mosquito with fibrillae extended. B Schematic diagram showing a
cross-section of the antenna of a mosquito with the flagellum of the
antenna (F) inserted into the cup-shaped pedicel that houses the
complex arrangement of cuticular processes (C) and attached,
mechanosensory scolopidia (S) of the Johnston’s organ (JO; Belton
1989). C Receptor potential (gray) with direct current (DC) compo-
nent (red line) from a male A. gambiae with collapsed fibrillae in
response to a 300 Hz tone, particle velocity 0.0011 ms™'. D
Extracellular (double frequency) receptor potential recordings from
the JO of a male Culex pipiens in response to a 300.3 Hz, 36 dB SPL,
0.00405 ms™" tone (command voltage to speaker, lower trace;
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modified from Pennetier et al. 2010, with permission of the
publisher). E Compound voltage responses (upper trace) recorded
from the JO of male M-form A. gambiae mosquito in response to a
300.3 Hz tone, particle velocity 0.56 mms ' (lower trace) before
(black) and after (red) injecting 1 uM tetrodotoxin (TTX, Sigma-
Aldrich) in insect saline into the thorax. Note loss of onset (neural)
potential, but not phasic (2f) component after TTX injection. F
Threshold frequency tuning curves measured from of the F1, F2, and
DC components of the extracellular receptor potential recorded from
the JO of a male C. pipiens and neural motor (M) responses recorded
from the thorax (E and F modified from Warren et al. 2010, with
permission of publisher (all Anopheles figures modified from Warren
et al. 2009, with permission of publisher).
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Efforts to establish the upper frequency limit of
hearing by mosquitoes have led to a wide range of
differing results. Discrepancies in published findings
may be due to the use of the different components of
the extracellular potentials of the JO to assess the
bandwidth of hearing in mosquitoes (Belton 1974;
Clements 1999; Pennetier et al. 2010; Warren et al.
2009; Arthur et al. 2010), and to differences in the
maximum particle velocity level used for acoustic
stimulation, differences in location of the electrode
in the JO and differences in criteria of the thresholds
used to derive tuning curves. Our most recent
approach was to construct a threshold behavioral
audiogram from motor potentials (“M”, Fig. 1F)
recorded from the thorax (Warren et al. 2009), which
we found to be less sensitive than those derived from
the phasic and DC potentials recorded from the JO of
the same mosquito, but its high-frequency limit
corresponded to that set by the F1 phasic receptor
potentials (“F1”, Fig. 1F).

FREQUENCY MATCHING AT FUNDAMENTAL
WING-BEAT FREQUENCIES;
TOXORHYNCHITES BREVIPALPIS

Given the extraordinary acoustic sensitivity of both
male and female mosquitoes and the wealth of
evidence that male mosquitoes alter their flight
behavior in response to the flight tone of another
mosquito, we hypothesized that mosquitoes must have
a means of detecting the external sounds of another
mosquito flying nearby against the background
sounds of their own wing beats. Might mosquitoes
alter their own sound production (i.e., change their
own wing-beat frequency) in response to external
sound stimuli to find out more about the external
sound? Hence, we first sought to explore the effects
of an artificial controlled sound stimulus delivered
via a calibrated speaker on the wing-beat behavior of
a tethered-flying mosquito placed ~3 cm away
(Fig. 2A). We chose to work with T. brevipalpis
Theobald, a relatively large (wingspan ~2.5 cm,
compared to <1 cm for the other species referred to
here) and easy-to-handle species. Mosquito wing beats
are complex with many vibration modes that generate
flight tones with multiple harmonics (Fig. 2B and C),
but our analysis of the data in this study was restricted
to the fundamental frequency (arrow, Fig. 2C) since it
is this component that falls within the most sensitive
frequency range of the antenna and the auditory
system of this species, as revealed by behavioral
audiograms obtained for males and females (Fig. 3A,
described below). Unlike most species, the wing-beat
frequencies of male and female T. brevipalpis are
similar. We found that, irrespective of the base-line
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wing-beat frequency of individual mosquitoes, both
sexes responded to a pure-tone sound stimulus by
altering their wing-beat frequencies to converge on
the pure tone, and sustained this near-frequency
matching for the duration of the stimulus tone if the
pure tone was within ~60 Hz of their base-line wing-
beat frequency (i.e., ~350-500 Hz; Fig. 2D). If the
tone was quite different in frequency to their wing
beats (i.e., 200-345 and 500—-800 Hz), however, they
responded with a transient increase in wing-beat
frequency (Fig. 2E).

Behavioral Frequency Tuning Curves

The frequency convergence and transient responses
of the mosquitoes to pure tones enabled us, for the
first time, to derive mosquito behavioral auditory
tuning curves for each sex (Fig. 3A). A response was
scored if the mosquito either altered its wing-beat
frequency upward or downward in response to the
stimulus tone frequency. The overall shape of the
male and female behavioral auditory threshold curves
(Fig. 3A) show that there is a relatively sharp
transition in behavior and sensitivity of response at
~350 and ~500 Hz. At stimulus frequencies between
350-500 Hz (indicated by the blue region in Fig. 3A)
mosquitoes converged on the stimulus tone, even
when it was delivered at remarkably low dB, whereas
for stimulus frequencies outside this range (200-345
and 500-800 Hz), mosquitoes responded with a
transient change in their wing-beat frequencies, but
only if the stimulus was delivered at a relatively high
dB. Mosquitoes appeared to be unable to converge on
stimulus tones outside the 400-500 Hz range.

The behavioral tuning curves of males and females
are similar in shape, most sensitive at frequencies
close to 400 Hz, and show males to be approximately
seven times more sensitive than females, responding
to tone levels which displace their antennae by 0.8 nm
at 400 Hz compared with 5.5 nm for females.

Mechanical Antennal Frequency Tuning

Mechanical tuning curves were constructed from
laser-diode interferometer (Lukashkin et al. 2005)
measurements of the antennal flagellum vibrations,
made close to the pedicel (inset Fig. 3B). We found
that the mechanical frequency tuning of the antennae
of male and female T. brevipalpis (500 and 400 Hz,
respectively; Fig. 3B) are more closely matched than
previously reported (420 Hz and 240 Hz, respectively)
for this species (Gopfert and Robert 2000). The
reasons for the discrepancy between these results are
unknown, but resonance frequency can be influ-
enced, for example, by the size of the antennae and
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FIG. 2. Response of tethered-flying T. brevipalpis mosquitoes to
pure tones and frequency convergence and divergence of flight tones
by pairs of tethered T. brevipalpis. A T. brevipalpis and particle
velocity microphone (largest dimension 5 mm). B Oscillogram
(sound level as a function of time) and C frequency spectrum of the
flight tone of a male showing the multiple harmonics (measured
during the time window indicated by the dotted rectangle in the
oscillogram). Note beating between the flight tone and the first half of
a 450 Hz, 55 dB SPL tone (duration indicated by horizontal black
bar). D-F The spectrograms of mosquitoes (male blue, female red)
show fundamental component of flight tones before, during and after
the pure tone. Numbers alongside the spectrograms refer to flight
tone frequency (Hz) at onset of record, at peak frequency during the
record, and final frequency. Dashed line indicates flight tone in the

by the stiffness of the cuticle, due to factors such as
age, physiological state, and ambient temperature.

Nonetheless, it is interesting to note that our
behavioral tuning curves (Fig. 3A) are more sharply
tuned than our mechanical tuning curves (Fig. 3B).
From our mechanical measurements, the male antenna
is more effectively coupled to particle displacements
than the female antenna by a factor of 2.3, which is in
agreement with previous measurements (Gopfert and
Robert 2000). Thus, behaviorally, males are more
sensitive than females to antennal displacement by a
factor of about 3, which could be related to the
observation that there are about twice as many sensillae
in the JO of males than of females (Boo and Richards
1975), and, of more novel significance, behavioral
thresholds in both sexes are about 10 times more
sensitive than neural thresholds (Gibson and Russell
2006). These differences could be explained by neural
processing (Stumpner and Helversen 2001; Hennig et
al. 2004; Wyttenbach and Farris 2004).

Frequency Matching

To investigate the auditory interaction between two
flying mosquitoes, we recorded the flight sounds of

o 345

450 Hz tone

200 Hz tone

second before the stimulus. D The spectrogram (fundamental
frequency of the flight tone as a function of time) of the flight tone
in B. Male, flight tone beats and then converges with a 450 Hz,
40 dB SPL stimulus tone. E Female, transient response to 80 dB SPL,
200 Hz stimulus tone. Controls: mean = SD flight tones measured in
the 10 s period before the records shown in D and E are 437+5 Hz
and 469+4 Hz, n=20. F-1 Spectrograms of the fundamental
components of flight tones of opposite (F, G) and same (H, 1) sex
pairs of mosquitoes (male o, blue; female £, red). Numbers
alongside each spectrogram refer to the flight tone frequency of
flying mosquito at onset of record, peak frequency of second
mosquito at take off, and frequency of both mosquitoes at end of
record (from Gibson and Russell 2006, with permission of the
publisher).

pairs of tethered mosquitoes held within acoustic
range of each other (5 cm apart). In the case of
male—female pairs, their wing-beat frequencies con-
verged within a 0.5 s (Fig. 2F and G). The wing-beat
frequencies of the two mosquitoes often exactly
coincided within the resolution of the frequency
spectrum (0.7 Hz), as shown in Figure 2F.

When pairs of the same sex were flown together
(Fig. 2H and I), the wing-beat frequencies of the two
individuals diverged to give frequency separation
between the two flight tones of ~70 Hz (Gibson and
Russell 2006). In free flight, the divergence of their
flight tones would probably lead to spatial separation
because it has been hypothesized that in cruising
insects flight velocity should remain proportional to
wing-beat frequency unless amplitude increases (Taylor
etal. 2003). This auditory behavior of male mosquitoes
is not unlike visual interactions between other male
Diptera during the course of mate-chasing flights such
as the visually driven flight oscillations of male
hoverflies (Syritta pipiens); males repeatedly and rapidly
respond to each other leading to an unstable inter-
action that quickly results in separation (Collett and
Land 1975). The stereotyped frequency separation
behavior observed in same sex pairs is also reminiscent
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FIG. 3. Auditory frequency tuning curves of Toxorhynchites
brevipalpis. A Behavioral threshold tuning curves of males (blue)
and females (red), expressed with respect to sound-evoked displace-
ments of antennae. Data points: mean = SD, n=7 mosquitoes. The
blue area indicates a frequency region where the criterion for
detecting a change in wing-beat frequency was convergence of the
wing-beat frequency with the stimulus tone. Tone frequencies
outside this region elicited a transient increase in wing-beat
frequency when the stimulus reached or exceeded detection thresh-
old. Behavioral tuning curves were calibrated with respect to
antennal displacement by relating stimulus strength to measurements
taken with a laser-diode interferometer of displacement of base of the
antennae by pure tones at 54 dB SPL (0.01 Pa) shown in B. Antennal
displacements of 1 nm were generated by a 400-500 Hz, 30 dB SPL
tone at a distance of 3 cm from the speaker. B Mechanical tuning
curve measured with a laser-diode interferometer (Lukashkin et al.
2005) focused on base of the antenna (insef). Antennal displace-
ments were measured with respect to measured vibrations of the
pedicil, within which the antennae is located. Data points: mean +
SD, n=5 mosquitoes (from Gibson and Russell 2006, with permis-
sion of the publisher).

of the “jamming avoidance response” found in fish
electrolocation and bat echolocation (Heiligenberg
1977; Ulanovsky et al. 2004).

Auditory interaction between the sexes is not
uncommon amongst arthropods, although it is nor-
mally based on sequences of calls and responses
produced for the sole purpose of communication
(Bailey 2003). Our studies of the acoustic-motor
behavior of T. brevipalpis is, however, the first demon-

GiIBSON ET AL.: Sex and Species Recognition by Mosquitoes on the Wing

stration of a mating interaction in flying insects based
on acoustically controlled feedback between sound
input (flight tones of both mosquitoes) and motor
output (changes in wing-beat frequencies) in flight
muscles, which are otherwise also engaged in flight
maneuvers that stabilize flight and bring the two
mosquitoes closer together. It is also the first to
demonstrate auditory behavior by female mosquitoes
and to report a pattern of behavioral responses that
separates the sexes.

FREQUENCY MATCHING AT HIGHER
HARMONICS; CULEX AND ANOPHELES
SPECIES

We have shown that sexual recognition in 7. brevipalpis
can be accomplished through wing-beat frequency
matching between pairs of flying tethered mosquitoes,
where males and females have similar wing-beat
frequencies (Gibson and Russell 2006). Can sexual
recognition be accomplished through a similar mech-
anism in the more common case where the funda-
mental wing-beat frequencies of males and females
differ considerably, as is the case for medically
important species of the genera Culex, Aedes, and
Anopheles? Indeed it can, but the wing-beat frequen-
cies converge not at the fundamental but on the
nearest shared frequency (usually the female’s third
and male’s second harmonic; ~1,000-1,500 Hz), as
demonstrated by pairs of opposite sex, tethered-flying
mosquitoes (Figs. 4A and B, 7A-D, Pennetier et al.
2010; Warren et al. 2009). In Figure 4B, the second
harmonic of the male mosquito’s wing-beat frequency
converges with that of the third harmonic of the
female within 1 s of the beginning of the record and
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FIG. 4. Auditory interactions between tethered-flying mosquitoes.
A Image on left shows arrangement of particle velocity microphone
and tethered Anopheles mosquitoes during sound recordings (Pen-
netier et al. 2010, with permission of the publisher). B Spectrograms
(reconstructed from digitized fundamental frequencies) of flight tones
with harmonics of males (blue) and females (red) of C. pipiens
mosquitoes (Warren et al. 2009, with permission of the publisher).
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they remain within a few hertz of each other for the
rest of the record.

Mechanical and Electrical Johnston’s Organ
Tuning Curves

There is now evidence for three species of mosquito,
Culex quinquefasciatus Say (Warren et al. 2009), Aedes
aegypti L. (Cator et al. 2009) and A. gambiae Giles s.s.
(Pennetier et al. 2010), that frequency matching of
flight tones occurs at frequencies that are about three
times higher than the fundamental wing-beat fre-
quencies of females. How do these frequencies
compare with the frequency bandwidth and tuning
of the flagellum and the JO? Mechanical tuning
curves were constructed for both male and female C.
quinquefasciatus and A. gambiae mosquitoes. Male A.
gambiae mosquitoes hydraulically extend and collapse
the fibrillae of their antennae (Nijhout and Sheffield
1979; Fig. 5A) on a diurnal cycle linked to their
swarming periods at dusk and dawn when mating
occurs (Nijhout 1977; Clements 1999). These
mechanical changes in the antennae alter the
response characteristics of the JO (Keppler 1958).
Accordingly, we obtained antennal-mechanical and
JO-receptor-potential frequency tuning curves for
male A. gambiae mosquitoes both during their diurnal
phase of inactivity, when the fibrillae were collapsed
and at dusk when they were extended. As can be seen
from Figures 5B and C, the mechanical tuning curves
resemble low-pass filters where the minima of the
tuning curves of female A. gambiae mosquitoes are
similar to those of the males, when the fibrillae of the
male antennae are collapsed. With fibrillae extended
(open symbols), however, the frequency of the
minima of the male tuning curve more than doubles,
but at the expense of low-frequency mechanical
sensitivity. The sensitivity and tuning of the female
flagellum had noticeable and repeatable notches of
sensitivity around the first and second harmonics of
the male’s flight tone (arrows, Fig. 5B), similar to that
reported for A. aegypti (Gopfert et al. 1999). Similar
tuning curves were obtained for C. quinquefasciatus
mosquitoes, although the flagellum of the male does
not undergo diurnal changes and the minima of the
tuning curves measured from female C. quinquefascia-
tus mosquitoes remain below the frequency of that
obtained from the males of the same species (Warren
et al. 2009). Accordingly, it can be observed from
Figure 3B that the frequencies at which mosquitoes
frequency-match are within the frequency range of
the vibrations of the flagellum (i.e., up to ~2,000 Hz
at the particle velocity expected of mosquito wings
beating 2 cm away (Warren, unpublished). Thus,
frequency matching of harmonic components is
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achieved within the bandwidth of the mechanical
responses of the flagellum.

The minima of the receptor potential tuning
curves are similar to those of the mechanical tuning
curves but the low- and high-frequency slopes of
receptor potential tuning curves are steeper than
those of the mechanical tuning curves. Accordingly,
the receptor potential tuning curves appear more
narrowly tuned with band-pass characteristics
(Fig. 5C). The rapid decrease in sensitivity above the
minima of the receptor potential tuning curves means
that, by contrast with mechanical frequency range of
the flagellum, the frequencies at which the mosqui-
toes match their flight tones is outside the bandwidth
of the JO phasic receptor potentials and thus outside
the auditory range of C. quinquefasciatus and A.
gambiae mosquitoes. It has been reported for A. aegypti
(Cator et al. 2009) that the auditory range of the DC
component of the JO receptor potential extends far
above that of the phasic response and encompasses
the frequency matching range. We measured DC
components of the receptor potential and plotted
DC frequency tuning curves (insets to Fig. 5C for A.
gambiae and Fig. 1F for C. quinquefasciatus). It is clear
from our findings that DC component frequency
tuning curves are bounded by the phasic receptor
potential tuning and do not extend the auditory
range of the JO.

Changes in the frequency tuning and sensitivity of
the JO during extension of fibrillae are complex and
may not entirely be due to mechanical changes in the
flagellum. The electrical responses of the JO and
mechanical responses of the flagellum are metabol-
ically vulnerable when the fibrillae are extended, and
can collapse within 5 min when disturbed by exper-
imental procedures. It would be interesting to dis-
cover if there is metabolic enhancement of the
sensitivity of the JO during the increased hydrostatic
pressure that causes erection of the fibrillae.

We conclude that C. quinquefasciatus and A. gambiae
match their flight tones at frequencies that are
outside the bandwidth of the JO’s phasic responses
to acoustic stimulation but within the frequency
response of the vibrations of the antennal flagellum.

Difference Tone Generation by the Johnston’s
Organ

So what is the mechanism by which Anopheles and
Culex spp. frequency-match the harmonics of their
flight tones outside the frequency range of their
auditory system? The secret may lie in the properties
of the Johnston’s organ which shares a characteristic
of the majority of hearing organs, including the
cochlea, in that it is a nonlinear transducer (Kemp
1979; Kossl et al. 2008). The nonlinearity is such that
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FIG. 5. Mechanical and receptor potential tuning curves from the
flagellum and Johnston’s organ of A. gambiae M-form mosquitoes. A
Photomontage of male A. gambiae mosquito head, with fibrillae
collapsed at left (inactive phase) and extended at right (active phase;
dusk). B Mechanical threshold frequency tuning curve (mean + SD,
vertical bars) measured from base of flagellum in male mosquitoes
(blue symbols) with collapsed (filled symbols) and extended (open
symbols) fibrillae and in female mosquitoes (red symbols). Arrows
indicate sensitivity peaks at 700 and 1400 Hz. Dotted lines indicate
flight tone at the highest frequency that mosquitoes are likely to

the flagellum of the antenna, which responds to the
near-field sound vibrations, appears to become stiffer
with increasing stimulus level (Fig. 6A; Warren et al.
2009). This type of quadratic nonlinearity has the
potential to generate difference tones (Lukashkin and
Russell 1999) in the vibrations of the antenna due to
the mixing of the male and female flight tones. We
have shown that indeed, it is the case that the antenna
produces robust difference tones in response to

Frequency kHz

encounter and to which antennae can respond. C Main panel:
compound phasic (2f) receptor potential frequency tuning curves
(mean = SD, vertical bars) measured from JO of male mosquito with
collapsed (filled circles) and extended (open circles) fibrillae. Inset
receptor potential (gray) with direct current (DC) component (red
line) from a male with collapsed fibrillae in response to a 300 Hz
tone, particle velocity 0.0011 ms™'. Right receptor potential tuning
curves derived from the 2f component (black) and DC component
(red) of the receptor potential (from Pennetier et al. 2010, with
permission of the publisher).

stimulation by two tones, providing they are both
within the frequency response range of the antenna
(Pennetier et al. 2010; Warren et al. 2009; Fig. 6D and
F). These difference tones elicit receptor potentials
(Pennetier et al. 2010; Warren et al. 2009; Fig. 6B)
and neural motor activity (Warren et al. 2009;
Fig. 6C), providing the frequency of the difference
tones are within the frequency range of the phasic
electrical responses of the JO that detect the vibra-
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difference tones generated in the vibrations of the flagellum and
detected in the receptor potentials of the Johnston’s organ. A
Mechanical (male, blue; female, red) and 2f receptor potential (male,
black) isolevel frequency tuning curves measured from the flagellum
and Johnston’s organs of C. quinquefasciatus in response to pure
tones at the levels indicated. Vertical dashed lines and arrows
indicate the downward frequency shift of the electrical tuning curve
and upward frequency shift of the mechanical tuning curve with
increasing level. B Receptor potentials (upper trace) recorded from
the JO of a male C. quinquefasciatus to a combination of 1,001 Hz
and 1,061 Hz tones at a particle velocity of 0.1895 mms™' (lower
trace). C Compound neural motor response recorded at the
prothoracic joint of the left foreleg in response to a pair of tones at
1,001 Hz and —1,021 Hz (DT=20 Hz), both at a particle velocity of
0.1895 mm s '. D Recordings from male A. gambiae of amplitude
spectra of flagellum vibrations and E JO compound receptor
potentials (lower) in response to a pair of tones at 1,399 Hz (f1)

tions of the antenna. Thus, responses are not elicited
from the JO in response to primary tones that are
delivered at the frequencies of the male’s first and
female’s second harmonic component of their flight
tones, because they are out of the frequency range of
the phasic electrical responses of the JO, but phasic
electrical potentials are recorded from the JO in
response to the difference tone generated to these
primary tones by the nonlinearity of the antenna,
because these frequencies fall within the scope of the
JO (Fig. 6E). Interestingly, distortion products are also
generated through the interaction between flight
tones and the dynein-mediated (Warren et al. 2010)
spontaneous oscillations of the flagellum, although
the functional significance of these nonlinear inter-
actions has yet to be determined.

Responses to the primary tones (f1 and 2) are seen in the mechanical
but not in the electrical responses. LDifference tone (f2-f1) and
spontaneous oscillation (SO) responses are seen in both the mechanical
and electrical spectra. The tones f1 and f2 also interact with the SOs to
produce further distortion products. F Elements of a scheme to generate
difference tones (DT) through mechanical nonlinear interaction of flight
tones at the antenna flagellum of a mosquito. Flight tones interact at the
level of the flagellum, which has displacement-dependent, nonlinear
stiffening characteristics. Interaction of two flight tones (f1 and f2) at the
level of the flagellum will occur if they are within its frequency and
sensitivity range (blue). The frequency difference between them (AT)
will generate a difference tone (DT) response in the receptor potential of
the JO, providing the DT falls within the frequency and sensitivity range
of the JO (red). JO responses to f1 and f2 will not be detected if they fall
outside of the JO response range. Figures modified from Warren et al.
2009 (A, B, C, F) and Pennetier et al. 2010 (D, E) with permission of the
publisher.

Frequency matching of flight tones between pairs
of flying, tethered, opposite sex mosquitoes has now
been demonstrated in four genera, including 7oxor-
ynchites (Gibson and Russell 2006), Culex (Warren et
al. 2009), Anopheles (Pennetier et al. 2010) and Aedes
(Cator et al. 2009) species. We suggest that mosqui-
toes detect the beat frequencies or difference tones
between their respective wing-beat frequencies, and
use these to maintain a relatively fixed ratio of wing-
beat frequencies. The auditory information provided
by the difference tone informs a mosquito not only
that another mosquito is nearby, but provides exact
information (an error signal) about the relative
frequency ratio of their respective wing-beat frequen-
cies. If both mosquitoes maintain a ratio that keeps
them near a common frequency, then the pair are
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certain to be of opposite sex and the male has a
means of tracking the position of the female, while
frequency avoiding other males that may be nearby.
The female may exert a degree of mate choice by
changing her flight tone to see how well the male
follows her, or change frequencies if she wants to
“lose” him.

Mosquitoes are unusual, and perhaps unique
(Gerhardt and Huber 2002; Kossl et al. 2008) in that
they make use of their ability to detect low-frequency
distortion products, to bring behavior that is played
out at frequencies beyond the range of the phasic
responses of their auditory receptors to within the
scope of their hearing organ. This represents the first
demonstration of an insect exploiting and responding
to distortion products generated by its own auditory
system for eliciting auditory behavior. There is also
recent evidence that neurons in the midbrains of
mammals respond to acoustic distortion products
(Holmstrom et al. 2010; McAlpine 2004; Abel and
Kossl 2009; Portfors et al. 2009), and that they may
have a role in perceiving important characteristics of a
complex tone, such as the pitch (Smoorenburg 1970;
Goldstein et al. 1978). Portfors and her colleagues in
their studies on the central processing and signifi-
cance of ultrasonic vocalizations by mice discovered
that many of the vocalization responsive neurons
that they recorded in the inferior colliculus did not
respond to the individual ultrasonic frequencies
contained within the vocalizations, but they did
respond to combinations of ultrasonic tones if the
difference between the tones was within the excita-
tory frequency tuning curve (Portfors et al. 2009). As
with the mosquito hearing organ, nonlinear inter-
actions of frequencies, due at least in the mosquito
JO to distortions in the system, may be used to
mediate, or to enhance sensitivity to behaviorally
important stimuli.

SPECIES RECOGNITION IN A. GAMBIAE S.S.

Given the novel nature of the physiological mecha-
nism by which mosquitoes harmonize, what can be
said about the significance of this unusual form of
communication in the wider context of mosquito
behavior? Does it enable mosquitoes to identify more
than just the sex of the other mosquito? In the case of
the malarial mosquito A. gambiae s.s., it appears that
frequency matching may provide a breakthrough in
the long-standing mystery as to how new species can
arise out of sympatric populations of cryptic sub-
species (Ritchie and Immonen 2010).

A. gambiae s.s. is a member of a species complex
that consists of seven morphologically identical, yet
reproductively isolated, species and several chromo-
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somal/molecular forms, thought to be incipient
species. The complexity of malaria epidemiology and
the extreme resilience with which malaria has estab-
lished itself in human populations is due, in part at
least, to the remarkable genetic plasticity of certain
members of species complex, enabling them to adapt
rapidly to an ever widening range of human-influ-
enced habitats. This leads to rapid ecological speci-
ation when reproductive isolation mechanisms
develop (Coluzzi 1982; Powell et al. 1999; della Torre
et al. 2001; 2002; Ayala and Coluzzi 2005; Costantini et
al. 2009). Although reproductive isolation is essential
for speciation, little is known about how it occurs in
sympatric populations of incipient species (Costantini
et al. 2009).

The A. gambiae s.l. complex has become a focus of
research on the evolution of species complexes to
understand how populations diverge and become
distinct species (Ayala and Coluzzi 2005). Within the
A. gambiae complex, several degrees of reproductive
isolation among its members can be observed in field
populations. On one hand, formally recognized species
such as A. gambiae s.s. and Anopheles arabiensis have
evolved strong reproductive isolation, although a
permeable species barrier still exists leading to a small
degree of introgressive hybridization (Powell et al.
1999; Besansky et al. 2003). On the other hand, within
A. gambiae s.s. cryptic incipient speciation has led to the
recognition of several genotypic forms, which are
distinguishable only on the basis of molecular markers
and/or differences in chromosomal banding patterns.
Two molecular forms, named “M” and “S” (della Torre
et al. 2001), hybridize at different frequencies across
different eco-geographical settings due to differing
degrees of reproductive isolation (Tripet et al. 2001;
della Torre et al. 2002; Caputo et al. 2008). These two
forms are thought to have evolved through selection
for populations adapted to different types of breeding
site, e.g., rain-fed pools v. impounded irrigation ponds.

Although it is possible to distinguish particular
molecular/chromosomal forms phenotypically by their
association with one or another type of breeding water,
there is no clear understanding as to how local
sympatric forms became reproductively isolated in the
first instance, although different patterns of mating
behavior have been observed locally. In Mali, for
example, unknown behavioral cues used by the two
forms to identify mating swarm sites have diverged and,
since they mate in segregated swarms, hybrids are
rarely produced (Diabate et al. 2009); in effect, these
forms are (locally) geographically separated with
respect to mating behavior. However, in Burkina Faso,
only 500 km away, M and S form mosquitoes can be
found in the same swarm (della Torre et al. 2001;
Tripet et al. 2001; Diabate et al. 2004; Diabate et al.
2006) and yet hybrids are notably rare, indicating the
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potential existence of a close-range barrier to inter-
breeding. There are no published reports of close-
range mechanisms of mate recognition, and attempts
to demonstrate mate recognition in the field with
volatile pheromones have not been successful (JD
Charlwood, personal communication, 2009). We have
discovered, however, that the sexual recognition mech-
anism described above, also confers the capability of
form-specific mate recognition (Pennetier et al. 2010).

Behavioral Interactions

We recorded the flight tones and flight tone interac-
tions produced by tethered wild male and virgin female
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M and S form mosquitoes, individually and in same-
and mixed-form pairs under semi-natural conditions in
Bobo Dioulasso, Burkina Faso (Fig. 4A inset). Individ-
ual male and female mosquitoes flew at mean funda-
mental wing-beat frequencies similar to those reported
by others (Tripet et al. 2004), with males flying at
significantly higher frequencies (~700 Hz) than their
conspecific females (~460 Hz). When male—female
pairs of same-form and mixed-form were flown within
auditory range (~2 cm) of each other’s flight tones
frequency matching occurred significantly more often
in same-form pairs (14 out of 24 pairs) than in mixed-
form pairs (2 out of 20 pairs; Pennetier et al. 2010).
Frequency matching is defined here as the mainte-
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FIG. 7. Auditory interactions between
tethered-flying A. gambiae mosquitoes.
A-F Spectrograms (reconstructed from
digitized fundamental frequencies) of
flight tones with harmonics of males
(blue) and females (red) and periods of
frequency matching (gray male, green
female). A and B Same-form pairs of M-
form (A) and S-form (B) mosquitoes,
showing extended frequency matching
when the female’s third and the male’s
second harmonics converge, at a ratio
between their fundamental wing-beat fre-
quencies of 3:2 (i.e.,, 1.5, a harmonic-
based ratio). C and D Expanded views of
4 s of the spectrograms of A and b,
respectively, showing periods of fre-
quency matching between the female’s
third and the male’s second harmonics of
their flight tones. E and F Mixed-form
pairs of S female and M male (E) and M
male and S female (F), showing only brief
periods of frequency matching between
harmonics. The ratio between their fun-
damental wing-beat frequencies does not
stabilize at a harmonic-based value (from
Pennetier et al. 2010, with permission of
the publisher).
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nance of a constant ratio between the fundamental
wing-beat frequencies of two mosquitoes (i.e., within
1% of ratio=1.5) for>20 % of a record and for a
duration >1 s (Fig. 7A and B). On the basis of our
definition for frequency matching, matching pairs
remained within 22 Hz of each other (see discussion
of “difference tones” above). Figure 7E and F show
examples of mixed-form pairs that fail to frequency
match by these criteria.

This is the first report of a phenotypic difference in
close-range mating behavior between M and S form A.
gambiae s.s., and on the basis of these findings, we
conclude that M and S form mosquitoes can discrim-
inate between mosquitoes of the “same” and “other”
form.

Previous attempts to detect potential mate recog-
nition characteristics in the mean wing-beat frequency
characteristics mosquito species may have failed
because wing-beat frequencies have always been
measured only in solo flying mosquitoes. Our findings
demonstrate that the mean wing-beat frequency and
its variance alter significantly when a mosquito detects
the flight tones of another mosquito, and hence
assessing wing-beat frequency in solo mosquitoes
provides misleading and unreliable information about
their flight tone characteristics. Also, the potential
significance of the relative wing-beat frequencies of
males and females at higher harmonic ratios had not
yet been appreciated (Clements 1999; Tripet et al.
2004).

It is striking that this form of communication is
based on no fixed ‘“signal” and “response”. The
absolute mean matching frequency is variable, unique
to each interaction, and can change during a match-
ing sequence with one mosquito frequency tracking
the other. For example, in Figure 7A and B the pairs
of mosquitoes frequency-match at a ratio of 3:2 for a
few seconds at a time (light-colored regions), reduc-
ing the variability in their respective WBFs when the
ratio between them is close to 1.5, but when they
come back together after breaking apart, the mean
matching frequency has generally changed. Fine time-
scale interactions are shown in Figure 7C and D to
illustrate the ability of mosquitoes to respond to
changes in each other’s wing-beat frequency on a
moment-to-moment basis with a brief (~50—-60 ms)
delay. It is worth noting that both males and females
actively respond to the other during these interac-
tions, a finding that overturns the “accepted wisdom”
that males only respond to the flight tones of females
by chasing them, and that females are generally
passive during these chases (Clements 1999).

The interactive aspect of frequency matching
appears to be essential; presentation of pure tones
or pre-recorded mosquito flight tones to individual
tethered-flying Anopheles mosquitoes did not elicit
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frequency matching in either form, unlike the case
of courtship song in Drosophila melanogaster, a dipteran
species for which courtship song is well documented
(Ritchie et al 1999; Ritchie and Immonen 2010).
Analysis of factors controlling frequency matching
and subsequent mating behavior must now be under-
taken in free-flight experiments.

Frequency matching may have evolved due to a
selected advantage of mating in free flight; frequency
matching at close-range would enable the relatively
small male to form a copula with the larger female in
mid-flight by synchronizing with the potentially turbu-
lent air stream generated by her wing beats (Sane
2003; Lehmann 2008). Our findings represent the
first breakthrough in furthering our understanding of
mosquito mating interactions since Belton’s analysis
of male mate localisation by sound >35 years ago
(Belton 1974). They are also the first documentation
of form-specific close-range interactions related to
mating behavior since Coluzzi first put forward his
theory of the evolution of reproductive isolation in
diverging populations (Coluzzi 1982; Ayala and
Coluzzi 2005).
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