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Evolution of a communication system by sensory exploitation of startle behavior

. In one group of crickets (Eneopterinae: Lebinthini), however, males produce exceptionally high-frequency calling songs in the range of bat calls [8], a surprising signal in the context of mate attraction. We found that female lebinthines, instead of approaching singing males, produce vibrational responses after male calls, and males track the source of vibrations to find females. We also demonstrate that field cricket species closely related to the Lebinthini show an acoustic startle response to high-frequency sounds that generates substrate vibrations similar to those produced by female lebinthine crickets.

. In lebinthine crickets, however, we found that auditory ascending neurons are only tuned to high-frequency sounds, and their tuning matches the thresholds for female vibrational signals. Our results demonstrate how sensory exploitation of antipredator behavior can evolve into a communication system that benefits both senders and receivers.

RESULTS

Animals generate signals using a variety of modalities to influence the behavior of receivers, and various mechanisms have been proposed for the evolution of these diverse signals [START_REF] Bradbury | Principles of Animal Communication[END_REF]. In some cases, novel signals evolve because they tap into a pre-existing sensory bias and associated behavioral response in the receiver that is beneficial to the sender of the signal, a process called sensory exploitation [START_REF] Ryan | Sexual selection, receiver biases, and the evolution of sex differences[END_REF][START_REF] Shaw | Phylogenetic tests of the sensory exploitation model of sexual selection[END_REF]. In almost all known cases, mating signals that arise through sensory exploitation capitalize on attractive stimuli, like food cues [START_REF] Fleishman | The influence of the sensory system and the environment on motion patterns in the visual displays of anoline lizards and other vertebrates[END_REF][START_REF] Rodd | A possible nonsexual origin of mate preference: are male guppies mimicking fruit?[END_REF][START_REF] Proctor | Sensory exploitation and the evolution of male mating behaviour: a cladistic test[END_REF][START_REF] Gilg | Isolation and functional expression of an animal geranyl diphosphate synthase and its role in bark beetle pheromone biosynthesis[END_REF] or refuges from predators [START_REF] Christy | Attractiveness of sand hoods built by courting male fiddler crabs, Uca musica: test of a sensory trap hypothesis[END_REF], which increases the likelihood of gaining the receiver's attention and motivating the receiver to approach. In the context of mate attraction, signals that tap into pre-existing sensory specializations for predator defense are, understandably, extremely rare (but see [START_REF] Nakano | Evolution of deceptive and true courtship songs in moths[END_REF]). An important step in determining whether a signal arose through sensory exploitation is demonstrating that the response to the signal preceded the appearance of the signal itself, a step that requires a phylogenetic framework, which is not always available [START_REF] Shaw | Phylogenetic tests of the sensory exploitation model of sexual selection[END_REF]. Furthermore, we seldom understand the neural origins of sensory biases, despite the important role that neural tuning and sensitivity plays in this process (but see [START_REF] Gerhardt | Pre-existing sensory biases in the spectral domain in frogs: empirical results and methodological considerations[END_REF]).

In this study, we combine behavioral and neural data in a phylogenetic context to assess the role of sensory exploitation in the evolution of an unusual communication signal in crickets.

Female field crickets (Gryllidae: Gryllinae) approach low-frequency sounds typical of male calling song (5 kHz) and avoid high-frequency sounds (>10 kHz) like the echolocation calls of predatory bats [START_REF] Wyttenbach | Categorical perception of sound frequency by crickets[END_REF][START_REF] Weber | Phonotactic behavior of walking crickets[END_REF]. Two ascending auditory interneurons, AN1 and AN2, forward activity from auditory afferents in the thorax to the brain [START_REF] Schildberger | Central auditory pathway: neuronal correlates of phonotactic behavior[END_REF]. AN1 is narrowly tuned to the low frequencies of the calling song, and it initiates positive phonotaxis [START_REF] Schildberger | The function of auditory neurons in cricket phonotaxis. I. Influence of hyperpolarization of identified neurons on sound localization[END_REF]. AN2 is tuned to higher sound frequencies and triggers avoidance behavior in response to bat calls [START_REF] Marsat | Bursting neurons and ultrasound avoidance in crickets[END_REF]. Eneopterine males (Gryllidae: Eneopterinae) are the only crickets known to generate calling songs with intense high-frequency harmonics [START_REF] Robillard | A shift toward harmonics for high-frequency calling shown with phylogenetic study of frequency spectra in Eneopterine crickets (Orthoptera, Grylloidea, Eneopteridae)[END_REF]. In one derived tribe, the Lebinthini, one of the higher-frequency harmonics has become the dominant frequency of the call, and this harmonic is ultrasonic (>20 kHz) in some species [START_REF] Robillard | A shift toward harmonics for high-frequency calling shown with phylogenetic study of frequency spectra in Eneopterine crickets (Orthoptera, Grylloidea, Eneopteridae)[END_REF]. Considering that in closely related field cricket species [START_REF] Chintauan-Marquier | Laying the foundations of evolutionary and systematic studies in crickets (Insecta, Orthoptera): a multilocus phylogenetic analysis[END_REF], high-frequency sounds provoke avoidance behavior [START_REF] Wyttenbach | Categorical perception of sound frequency by crickets[END_REF][START_REF] Thorson | Auditory behavior of the cricket. II. Simplicity of calling-song recognition in Gryllus, and anomalous phonotaxis at abnormal carrier frequencies[END_REF], the use of high-frequency calling songs for mate pairing is surprising.

We considered two hypotheses for the origin of high-frequency calling songs in lebinthine crickets. Most of the energy in male field crickets calls is restricted to a low frequency band, but there is still significant energy in higher frequency harmonics [START_REF] Hung | Is significant acoustic energy found in the audible and ultrasonic harmonics in cricket calling songs?[END_REF]. Although these harmonics are not required for phonotaxis, female crickets of at least one species prefer and can more accurately locate song models when they contain these higher frequency harmonics [START_REF] Latimer | Song harmonic content as a parameter determining acoustic orientation behaviour in the cricket Teleogryllus oceanicus (Le Guillou)[END_REF]. Eneopterine crickets often live on plants instead of on the ground, and increasing the energy in the higher-frequency harmonics of calls might have provided a greater benefit to crickets locating mates in the threedimensional habitat of plants, compared to the less complex two-dimensional habitat of crickets that live on the ground. The high-frequency calls of lebinthine crickets could have been a result of selection for a call feature more suitable for their complex environment. This hypothesis predicts that female lebinthine crickets will preferentially select males with higher frequency calls. Highfrequency calls could have also arisen by sensory exploitation if males were exploiting an antipredator behavior in females. This second hypothesis predicts that female lebinthine crickets demonstrate anti-predator-like behavior in response to male calls.

Female cricket behavior in response to male calling song

To test these hypotheses, we first analyzed and compared female behavior during male calling songs in five cricket species within the family Gryllidae (Figure 1). Two species have lowfrequency calling songs: Gryllus bimaculatus, an outgroup species from the subfamily Gryllinae, and Nisitrus vittatus, from the tribe Nisitrini within the Eneopterinae. Three species have highfrequency songs: Cardiodactylus muria, Agnotecous obscurus, and Lebinthus luae, all from the tribe Lebinthini within the Eneopterinae. Positive phonotaxis to the male calling song is well documented in field crickets (Gryllinae) [START_REF] Wyttenbach | Categorical perception of sound frequency by crickets[END_REF][START_REF] Weber | Phonotactic behavior of walking crickets[END_REF]. In arena experiments, we found that female N. vittatus also demonstrated a positive phonotactic response by walking to a speaker broadcasting the male calling song (Figure 2). Females of the three lebinthine species, however, did not walk at all when presented with the species-specific calling song (Figure 2). Instead, they remained stationary during male calling song but produced a vibrational response by jerking their body after each male call. We also observed female lebinthine crickets producing vibrational responses to male calls in the wild while remaining perched on leaves (Movie S1). We never observed vibrational responses in N. vittatus during playbacks of male calling song (Figure 2).

To determine how male and female lebinthine crickets find each other, we made observations of couples (one male and one female) for two species (C. muria and A. obscurus) in a cylindrical mesh arena. Observation sessions were conducted under red light and lasted for 20 minutes from the time that the male started calling. For C. muria, 10 of 13 couples tested located each other, and for A. obscurus, 3 of 5 couples located each other. In all cases, the behavior of males and females were consistent. The male lebinthine crickets produced calls and then walked a short distance in the arena before producing another call. Females did not walk, but remained stationary and produced vibrational signals. For communicating couples, it was always the calling male that walked to the stationary female. This is different from other species of crickets in which males remain stationary while calling and are approached by females [START_REF] Latimer | Song harmonic content as a parameter determining acoustic orientation behaviour in the cricket Teleogryllus oceanicus (Le Guillou)[END_REF][START_REF] Brown | Mate choice in tree crickets and their kin[END_REF][START_REF] Loher | Reproductive behavior[END_REF][START_REF] Shaw | Acoustic preference functions and song variability in the Hawaiian cricket Laupala cerasina[END_REF][START_REF] Forrest | Phonotaxis and calling in Puerto Rican mole crickets (Orthoptera: Gryllotalpidae)[END_REF]. We also observed male lebinthine crickets in the wild alternating between singing and walking and eventually tracking down a nearby stationary female producing vibrational signals in response to his calls (Movies S2, S3).

We then assessed the frequency tuning and timing of the female response relative to the male call. When song models that contained only one of the harmonics of the male call (6, 12, or 18 kHz) were broadcast, females of the low-frequency eneopterine species N. vittatus only showed phonotaxis to the 6 kHz song model, but not to the 12 or 18 kHz song models (arena tests; N=2).

The vibrational signals produced by female lebinthine crickets in response to computer generated male calls were broadly tuned to high frequencies (10-20 kHz; Figure 2) and the tuning was similar to that of the AN2 neuron and negative phonotaxis in G. bimaculatus and other field cricket species [START_REF] Schildberger | Temporal selectivity of identified auditory neurons in the cricket brain[END_REF][START_REF] Boyd | Two-tone suppression and song coding by ascending neurones in the cricket Gryllus campestris L[END_REF][START_REF] Jeffery | Selective processing of calling songs by auditory interneurons in the female cricket, Gryllus pennsylvanicus: possible roles in behavior[END_REF]. The females responded within a narrow range of latencies after the end of each male call, and the latency differed between species (Table 1).

The acoustic startle reflex in crickets

We hypothesized that the origin of the female vibrational response could be a startle reflex, a rapid jerking and freezing movement in response to a sudden stimulus, that is ubiquitous in many animals [START_REF] Koch | The neurobiology of startle[END_REF] including insects [START_REF] Werner | Responses of non-flying moths to ultrasound: the threat of gleaning bats[END_REF][START_REF] Friedel | The vibrational startle response of the desert locust Schistocerca gregaria[END_REF]. To test if the acoustic startle response preceded the appearance of the vibrational reply, a condition required for sensory exploitation, we measured the behavioral responses of four species of field crickets (Gryllinae) and two species of eneopterines to a high-amplitude (90 dB SPL) sound pulse at two frequencies: 6 kHz (similar to the dominant frequency in the calls of most field crickets) and 14 kHz (similar to the dominant frequency in the calls of many lebinthine species) (Table 1). All four field cricket species reliably generated short-latency substrate vibrations in response to the 14 kHz stimulus, indicating an acoustic startle reflex (ASR), but never in response to the 6 kHz stimulus. The latencies between the onset of sound and the onset of the ASR in these four species are similar to the latencies recorded for the bat-avoidance response by flying crickets (35-66 ms) [START_REF] Nolen | Phonotaxis in flying crickets. I. Attraction to the calling song and avoidance of bat-like ultrasound are discrete behaviors[END_REF], a behavior known to be triggered by AN2 [START_REF] Marsat | Bursting neurons and ultrasound avoidance in crickets[END_REF]. In contrast, the lebinthine species C. muria did not show any vibrational response (ASR) to these sound stimuli (Table 1); instead, tests using different durations and repetition rates of highfrequency sound pulses indicate that they require the species-specific male calling pattern to produce a vibrational reply (Figure S1). The latencies for the vibrational reply in lebinthine species are also considerably longer than what is typical for acoustic startle (Table 1).

The neural basis for mate pairing behavior in lebinthine crickets

If the female behavior evolved from a startle response, we would expect the lebinthine AN2 to have the same frequency tuning as the female vibrational reply. We recorded the spike activity of ascending auditory neurons (ANs) in the lebinthine C. muria and in the field cricket G. bimaculatus (Figure 3). Extracellular recordings from the connectives between the prothoracic and the subesophageal ganglia in G. bimaculatus showed similar activity levels in response to 5 and 14 kHz sound pulses due to AN1 and AN2 activity, respectively (Figure 3A). Connective recordings in the lebinthine species, however, showed no neural activity in response to 5 kHz pulses and a high level of activity in response to 14 kHz pulses (Figure 3A). Therefore, there is no lowfrequency sound response forwarded to the brain in C. muria that corresponds with the narrow AN1 tuning known from field crickets [START_REF] Schildberger | Central auditory pathway: neuronal correlates of phonotactic behavior[END_REF]. Intracellular recordings and staining experiments were conducted to reveal the tuning of individual auditory interneurons in the brains of these two cricket species (Figure 3B, Figure S2, Figure S3). In G. bimaculatus, we could unambiguously discriminate between AN1 (N=20) and AN2 (N=20) based on their characteristic frequency tuning and morphology. All ascending (N=11) and local (N=6) auditory interneurons recorded in 11 C. muria, however, were only sensitive to high-frequency sounds with a threshold curve similar to AN2 of G. bimaculatus. The threshold curves of ANs in C. muria were consistent between animals and closely matched the thresholdtuning curve for the female vibrational response (Figure 3B). Thus, both the extracellular and intracellular recordings demonstrate that the ascending auditory neurons in C. muria only respond to high-frequency sounds. Successful intracellular stainings of ANs in the brains of four C. muria did not show a clear AN1-like or AN2-like morphology as in Gryllus (Figure 3C). Therefore we speculate that either the AN1 has been lost in the lebinthine species or its frequency tuning has shifted to that of the AN2.

DISCUSSION

Our results support the hypothesis that sensory exploitation in the communication system of lebinthine crickets led to the transformation of a startle response to a mate-pairing signal (Figure S4). This hypothesis suggests that, starting with mate pairing typical for field crickets in which females approach singing males, the high-frequency components of the calling songs in eneopterine crickets increased over evolutionary time until the male song triggered an ASR in females of the ancestral lebinthine crickets. Male lebinthine crickets that followed substrate vibrations generated by the female had the advantage of finding mates without waiting to be selected by one and possibly reducing their risk from acoustically orienting predators and parasitoids [START_REF] Sakaluk | Gecko phonotaxis to cricket calling song: a case of satellite predation[END_REF][START_REF] Müller | Death comes suddenly to the unprepared: singing crickets, call fragmentation, and parasitoid flies[END_REF]. Likewise, females potentially reduced their risk of predation by remaining stationary. Potential costs to lebinthine females producing ASRs, such as attracting vibration-sensing predators [START_REF] Barth | Spiders of the genus Cupiennius Simon 1891 (Araneae, Ctenidae). II. On the vibratory environment of a wandering spider[END_REF], might have selected for females that responded to a narrower range of highfrequency stimuli (i.e. only the calls of conspecific males) as opposed to any high-frequency sound.

As the vibrational response was co-opted into a true communication signal, individuals of lebinthine species lost the typical cricket ASR to any high-frequency sound pulse. Thus, what started as sensory exploitation by males of a startle reflex (ASR) in females evolved into a new auditory-vibratory communication system with females selectively producing vibrational signals in response to the calls of conspecific males.

The behavior seen in lebinthine females and the presence of phonotaxis in ancestral taxa suggests that female phonotaxis has been lost in the Lebinthini. Female phonotaxis to male calls has been documented in three of seven cricket families, including one of the most basal groups (the Gryllotalpidae) and three subfamilies within the family Gryllidae (Fig. 1A). Because of the lack of knowledge about the character state in some families, it is difficult to assess if phonotaxis is the ancestral condition for all crickets. However, the most parsimonious explanation for the taxa included in this study (Gryllinae and Eneopterinae) is that the ancestral condition of female phonotaxis was lost once in the ancestor of the Lebinthini, as opposed to female phonotaxis evolving twice independently in the Gryllinae and Nisitrini.

The behavioral pattern seen in female lebinthine crickets is typical of insects that communicate with acoustic duets in which the male call is followed by a female reply in a species-specific time window [START_REF] Bailey | Insect duets: underlying mechanisms and their evolution[END_REF]. In lebinthines, however, males and females use different modalities and communication channels (acoustic and vibrational signals, respectively). Vibration-based communication through plant substrates is widespread across many insect groups, including the Orthoptera [START_REF] Cocroft | The behavioral ecology of insect vibrational communication[END_REF]. The dominant frequencies of the vibrational reply produced by lebinthine crickets (C. muria: 38 ± 3 Hz; A. obscurus: 48 ± 5 Hz; L. luae: 84 ± 4 Hz; mean ± SEM) are in the range of those produced by non-acoustic crickets for vibrational communication [START_REF] Stritih | The role of frequency in vibrational communication of Orthoptera[END_REF] and activate the vibration-sensitive subgenual organ in the legs of crickets [START_REF] Dambach | The sense of vibration in crickets. I. Threshold measurements from the leg nerves of freely-moving animals[END_REF]. Furthermore, plants transmit vibrations very well compared to the ground substrate of field crickets [START_REF] Cocroft | The behavioral ecology of insect vibrational communication[END_REF]. Therefore, these vibrational signals are well suited for detection by eneopterine crickets.

Females of some field cricket species can more accurately locate male song that includes highfrequency harmonics [START_REF] Latimer | Song harmonic content as a parameter determining acoustic orientation behaviour in the cricket Teleogryllus oceanicus (Le Guillou)[END_REF], and this could have selected for greater energy in higher frequency harmonics in eneopterines due to their tendency to live on the more complex environment of plants rather than the ground. Because vibratory cues can accompany male singing [START_REF] Weideman | Influence of vibratory signals on the phonotaxis of the gryllid Gryllus bimaculatus DeGeer (Ensifera: Gryllidae)[END_REF] and courtship behavior [START_REF] Bell | Multimodal communication by the black-horned tree cricket, Oecanthus nigricornis (Walker) (Orthoptera: Gryllidae)[END_REF] in crickets, and male field crickets are known to phonotactically approach other singing males [START_REF] Mccarthy | Phonotactic behavior of male field crickets (Gryllus texensis) in response to acoustic calls from conspecific males[END_REF], territoriality or competition might have been the original impetus for males to approach the vibrations produced by startled females.

The function of the high-frequency ASR in perched insects is unknown because it provides no protection against attacking bats. It is possible that it is a by-product of the bat avoidance response during flight and has no adaptive function or significant cost in this context. Both the ASR in crickets and vibrational signal in female lebinthines are most likely mediated by activity in the AN2 interneuron, which triggers cricket avoidance steering in flight. The latencies of the vibrational reply in female lebinthines, however, are significantly longer than what is observed for ASRs (Table 1), and the vibrational replies are tuned to the temporal pattern of the species-specific male call, as is seen in other duetting insects [START_REF] Bailey | Insect duets: underlying mechanisms and their evolution[END_REF]. As AN1 is crucial for calling song pattern recognition in field crickets [START_REF] Schöneich | An auditory feature detection circuit for sound pattern recognition[END_REF][START_REF] Kostarakos | Calling song recognition in female crickets: temporal tuning of identified brain neurons matches behavior[END_REF], its tuning in lebinthine crickets might have shifted to higher frequencies to support pattern recognition. Further experiments are needed on the tuning, morphology, and targets of the auditory ANs and local brain neurons across eneopterine cricket species with established phylogenetic relationships to assess in more detail how the function of these neurons changed over evolutionary time in the eneopterine clade.

The origins of communication signals have long fascinated evolutionary biologists, and

multiple potential mechanisms for these origins have been proposed [START_REF] Bradbury | Principles of Animal Communication[END_REF][START_REF] Darwin | The expression of the emotions in man and animals[END_REF]. Evidence from many well-documented cases over the past 25 years suggest that sensory biases in receivers is a relatively common origin for novel communication signals [START_REF] Fleishman | The influence of the sensory system and the environment on motion patterns in the visual displays of anoline lizards and other vertebrates[END_REF][START_REF] Rodd | A possible nonsexual origin of mate preference: are male guppies mimicking fruit?[END_REF][START_REF] Proctor | Sensory exploitation and the evolution of male mating behaviour: a cladistic test[END_REF][START_REF] Gilg | Isolation and functional expression of an animal geranyl diphosphate synthase and its role in bark beetle pheromone biosynthesis[END_REF][START_REF] Christy | Attractiveness of sand hoods built by courting male fiddler crabs, Uca musica: test of a sensory trap hypothesis[END_REF]. In almost all cases of exploitation of sensory biases for mate finding, senders converge on properties of environmental cues that are attractive to receivers due to the clear benefits this has for the sender. A particularly interesting aspect of the lebinthine communication system is that, unlike other examples in which senders increase the probability that receivers will move towards them, male lebinthine crickets induced a response in females (the ASR) that then evolved into a new communication signal itself (the vibrational reply). Our phylogenetic, behavioral, and neurophysiological evidence demonstrates that sensory exploitation of an aversive cue can also evolve into a classic communication system in which both senders and receivers benefit, and that this unexpected origin might be more common than previously appreciated.
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FIGURES Figure 1. Phylogenetic relationships, male calling song features, and female behavior in five cricket species.

(A) Inferred phylogenetic tree of cricket families and subfamilies with a simplified topology, based on a large-scale analysis (205 species) using seven nuclear and mitochondrial molecular markers [START_REF] Chintauan-Marquier | Laying the foundations of evolutionary and systematic studies in crickets (Insecta, Orthoptera): a multilocus phylogenetic analysis[END_REF] showing Bayesian posterior probabilities corresponding to each node. Families and subfamilies in which female phonotaxis to male calls has been documented are given in green [20-24; this study], families and subfamilies in which it is unknown if females perform phonotaxis to male calls are given in grey with dashed lines, families in which acoustic communication has been lost are given in orange [START_REF] Henderson | Biology of the myrmecophilous cricket, Myrmecophila manni (Orthoptera: Gryllidae)[END_REF], and the subfamilies which have acoustic 

bimaculatus) and a lebinthine species (C. muria).

(A) Standardized relative neural activity in response to sound measured by extracellular recordings at the neck connective (see Supplemental Experimental Procedures for an explanation of the measurement of neural activity, a.u. = arbitrary units; mean + SD, N = 6 for each species, ***: p<0.001, student t-test).

(B) Threshold tuning curves for ascending neurons measured using intracellular recording methods (mean -SD; N=20 for Gryllus AN1 and AN2, N=11 for Cardiodactylus ANs). For comparison of thresholds, the black line represents thresholds for female vibrational responses to Cardiodactylus male call models. See Figure S2 for example recordings and Figure S3 for individual tuning curves.

(C) Axonal branches of ascending auditory neurons in the brain, reconstructed from intracellular stainings.

Table 1. Behavioral responses to sound stimuli of females in eight cricket species.

Latency values are means ± SEM and different letters (superscript) indicate significantly different groups (Kruskal-Wallis test, Bonferroni correction for post hoc tests; G. rubens and A. domesticus were excluded from statistical analysis due to small sample sizes). See Figure S4 for a hypothesized sequence of events leading to the evolution of vibrational signaling in lebinthine crickets from an ASR precursor. The average values for pulse duration, pulse period (time from the start of one pulse to the start of the next), and call duration (time from the start of the first pulse to the end of the last pulse) were used as a guide to generate calling song models at single frequencies. The C. muria call model consisted of a single 50 ms pulse repeated every 5 s (Fig. 1). The L. luae call model had two parts separated by 380 ms of silence: 1) a series of fifteen 20 ms pulses with a pulse period of 200 ms, and 2) a series of twenty-five 15 ms pulses with a pulse period of 25 ms. Total call duration was thus 3.815 s and calls were repeated every 15 s. The A. obscurus call model consisted of a single chirp containing fifty 16 ms pulses with a pulse period of 30 ms. Total call duration was thus 1.486 s and calls were repeated every 6.5 s.

Subfamily

Observations of female behavior in response to male calling song: We observed cricket behavior under red light in a cylindrical fiberglass mesh arena (47 x 33 cm, L x D) placed in an anechoic chamber lined with sound attenuating foam. For phonotaxis trials, two speakers were placed in the anechoic chamber, one on each end of the cylindrical cage. Virgin female crickets were placed individually in the cage (N. vittatus, N=4; C. muria, N=8; A. obscurus, N=7; L. luae, N=9). A recording of species-specific male calling song was broadcast at 65 and 75 dB peSPL at the center of the arena for 20 minutes each from different ends of the cage, during which time the behavior of the cricket was observed. Behavior was scored as phonotaxis if the female walked within 5 cm of the end of the cage during playback of male calling song. Interactions between male and female lebinthine crickets were observed under red light in the same cylindrical arena described above (C. muria, N=13 pairs; A obscurus, N=5 pairs). We waited for males to start singing or we stimulated male calling by broadcasting species-specific male song, and observed the couple for at least 20 minutes, or until the male and female found each other in the cage. During this time, we made detailed observations of the behavior of the male (calls, direction of walking behavior) and female (vibrational replies, walking behavior). and 3) staggered frequencies [START_REF] Shaw | Phylogenetic tests of the sensory exploitation model of sexual selection[END_REF][START_REF] Robillard | A shift toward harmonics for high-frequency calling shown with phylogenetic study of frequency spectra in Eneopterine crickets (Orthoptera, Grylloidea, Eneopteridae)[END_REF][START_REF] Gerhardt | Pre-existing sensory biases in the spectral domain in frogs: empirical results and methodological considerations[END_REF][START_REF] Latimer | Song harmonic content as a parameter determining acoustic orientation behaviour in the cricket Teleogryllus oceanicus (Le Guillou)[END_REF][START_REF] Rodd | A possible nonsexual origin of mate preference: are male guppies mimicking fruit?[END_REF][START_REF] Marsat | Bursting neurons and ultrasound avoidance in crickets[END_REF][START_REF] Schildberger | The function of auditory neurons in cricket phonotaxis. I. Influence of hyperpolarization of identified neurons on sound localization[END_REF]12 and 18 kHz). The order for these three trials was randomized for each cricket.

Measuring vibrational response tuning

The threshold for the female vibrational response to male calls was measured as the lowest sound level at which vibrations were registered by the accelerometer. The threshold reported for each animal was the minimum threshold of these three trials. Response latency was measured as the time from the start of the last pulse in the male call to the start of the female vibrational signal. The frequency with the most energy in the vibrational reply was measured from power spectra generated in SASLabPro software (Avisoft Bioacoustics, Berlin, Germany).

Measuring acoustic startle responses: Female crickets were placed individually in a cylindrical metal mesh cage (17 x 9 cm, L x D).

The cage was placed between a speaker and a 1/2" microphone and sound pulse amplitude was calibrated at the center of the cage. Puretone sound pulses of 100 ms duration (with 5 ms rising and falling ramps) and 90 dB SPL at the position of the cricket were presented at 6 or 14 kHz sound frequency. Sound stimuli were broadcast in random order for each cricket with 5 minutes of silence between stimuli. The beam of a Laser Doppler Vibrometer (PSV-400; Polytec, Waldbronn, Germany) was focused onto a piece of reflective foil on the cage, allowing for the detection of low amplitude vibrations in the cage generated by small movements of the cricket in response to sound. The presence or absence of vibrations within 500 ms following the stimulus was recorded, and the latency of the response was measured as the time from the start of the sound stimulus to the start of the vibration signal. 

  communication but lack phonotaxis are given in magenta [this study]. (B) Cricket species investigated in this study and photographs of males. (C) Oscillograms of complete male calling song (upper panel) and oscillograms of individual sound pulses (middle panel) with power spectra (left lower panel) and spectrograms (right lower panel) for each species. Stars highlight the dominant frequency of the call. (D) Category of female behavioral responses (phonotaxis or vibrational response) to conspecific male calling song. See Movies S1, S2, and S3 for examples of the lebinthine male calling and searching behavior and female vibrational replies.

Figure 2 .

 2 Figure 2. Female behavioral responses to male calls in four cricket species.

Figure 3 .

 3 Figure 3. Neural response of ascending interneurons to sound for a field cricket (G.

Figure S1, related to Figure 2 .

 2 Figure S1, related to Figure 2. Specificity of the Cardiodactylus muria female vibrational reply to call duration and call interval. All sound stimuli were 13 kHz sound pulses broadcast at 75 dB peak-equivalent SPL at the center of the cage. (A) Percentage of females producing a vibrational reply to sound pulses of varying durations repeated every 4 s (average male call duration: 44.8 ± 1.5 ms, N=6). (B) Percentage of sound pulses eliciting a female vibrational response for six 50 ms sound pulses repeated at different periods (average male calling song period: 5.6 ± 0.6 s, N=6). Black bars are median values; grey boxes are 10-90% percentiles ranges.

Figure S2, related to Figure 3 .

 3 Figure S2, related to Figure 3. Tuning curves and intracellular recordings of auditory ascending neurons in three cricket species. (A) Tuning curves showing the average number of action potentials produced in response to a 20 ms sound pulse at a range of frequencies and amplitudes (N = number of animals, n = number of sound presentations). (B) Examples of intracellular recordings of ascending neurons during playback of 5 kHz and 14 kHz sound pulses with increasing amplitude.

Figure S3, related to Figure 3 .

 3 Figure S3, related to Figure 3. Threshold tuning curves for auditory neurons based on intracellular recordings in the brains of three cricket species. (A) Ascending interneurons. (B) Brain neurons. For Gryllus and Cardiodactylus, each line is a recording from a different animal, for Lebinthus each line is a different recording from the same animal. Threshold was defined as an average response of at least one action potential. The decrease in threshold at ca. 4 kHz seen in L. luae is a feature that is also observed in recordings of AN2 neurons from several field cricket species (Gryllus campestris [S1], Gryllus pennsylvanicus [S2], Teleogryllus commodus [S3]).

Figure S4, related to Table 1 .

 1 Figure S4, related to Table 1. Hypothesized evolutionary sequence of events leading from an acoustic startle response to a vibrational signal in lebinthine crickets. Arrows indicate the direction of cricket movement, tildes indicates the production of substrate vibrations.

:

  Unmated females of three eneopterine cricket species (C. muria, A. obscurus, L. luae) were placed in a vertically oriented cylindrical metal mesh cage (17 x 9 cm, L x D). Females of these species always perched on the vertical wall of the cage. An accelerometer (type 4393V, Brüel and Kjaer, Naerum, Denmark) was attached to the side of the cage and the cage was placed in the same sound-attenuating chamber described above. Accelerometer signals were amplified (Nexus Conditioning Amplifier, Brüel & Kjaer, Naerum, Denmark) and recorded using a National Instruments AD board (PCI-MIO-16E4; NI, Austin, TX, USA) and Labview software. Song models for each species were generated at 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 kHz. For each frequency, the call model was broadcast at 21 amplitudes (40-80 dB peSPL increasing in 2 dB steps). Each female was tested three times over three days with different orders for the frequencies: 1) increasing frequencies (2-20 kHz), 2) decreasing frequencies (20-2 kHz),

Extracellular neural recordings :

 recordings Extracellular neural recordings were made with a double-hook electrode on the connective ipsilateral to the sound source and anterior to the prothoracic ganglion [S5]. The crickets were fixed ventral side up to a metal base and the front legs were waxed to wires holding them in a natural position [S6]. To reduce any neural activity unrelated to sound stimuli, both connectives posterior to the prothoracic ganglion and the contralateral connective anterior to the prothoracic ganglion were cut, and the ipsilateral connective was pinched with forceps anterior to the recording electrode. Sound stimuli were 50 ms pulses (with 5 ms rising and falling ramps) at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, and 20 kHz with 200 ms silence between pulses, adjusted to 80 dB peSPL at the position of the cricket. The stimulation sequence was repeated 1000-2000 times for each cricket. Neural signals were amplified (DC amplifier BA-01X; NPI, Tamm, Germany) and digitally recorded with a National Instruments AD board (PCI-MIO-16E4; NI, Austin,
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TX, USA) for storage and off-line analysis with Neurolab software [S7]. To extract the responses to sound from background neural activity, the absolute value of the voltage signal was used and averaged for each stimulus. The background activity was set to zero and the area under the neural response was calculated as a measure of overall neural activity in response to a sound pulse [S6]. To standardize the data across individual crickets, neural activity is presented as a relative response (area for the frequency divided by the mean area across all frequencies) (Fig. 3). We used t-tests to assess differences in neural activity between 5 and 14 kHz because these are frequencies that stimulate activity almost exclusively in AN1 and AN2, respectively.