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Abstract

Decoding the neural basis of behaviour requires analysing how the nervous system is
organised and how the temporal structure of motor patterns emerges from its activity. The
stereotypical patterns of the calling song behaviour of male crickets, which consists of chirps
and pulses, is an ideal model to study this question. We applied selective lesions to the
abdominal nervous system of field crickets and performed long-term acoustic recordings of
the songs. Specific lesions to connectives or ganglia abolish singing or reliably alter the
temporal features of the chirps and pulses. Singing motor control appears to be organised in a
modular and hierarchically fashion, where more posterior ganglia control the timing of the
chirp pattern and structure and anterior ganglia the timing of the pulses. This modular
organisation may provide the substrate for song variants underlying calling, courtship and

rivalry behaviour and for the species-specific song patterns in extant crickets.

Keywords: cricket; calling song; central pattern generator; abdominal ganglia; modular

organization; temporal patterns
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1. Introduction

Species-specific acoustic signals for mate attraction are used in a wide range of animals like
birds, frogs, fishes and insects [1-3]. These signals are crucial for an individual’s mating
success and play a major role in behavioural isolation and in speciation [4].

In acoustically communicating insects, anurans and fishes, signals are often composed by
stereotypical pulse patterns, which are genetically determined and consistent between
individuals [3, 5]. Sound production is under temporal control of the nervous system by the
activity of central pattern generators (CPGs) [6-9]. The most important properties of the
acoustic signals rely on their temporal features, e.g. rate, duration, amplitude and subdivision
into pulses [10, 11]. This is well exemplified in the acoustic behaviour of the Hawaiian
Laupala crickets [12, 13]. Here pulse rates of male songs of closely related species diverge
remarkably, and in combination with female preferences, support the hypothesis that male
calling songs play a causative role in the rapid speciation of this group [14, 15]. The
importance of temporal cues in species recognition and in the evolution of acoustic
communication systems is also demonstrated in bushcrickets [16], treefrogs [17, 18] and
fishes [19, 20]. Revealing how the temporal properties of the acoustic signals emerge from
the activity of the nervous system is crucial not only to understand the neural organisation of
the behaviour but also to provide new notions for its genetic, molecular biological and
evolutionary analysis [21].

Male crickets rhythmically rub their forewings together to produce species-specific song
patterns, a calling song to attract females, a courtship song before mating and a rivalry song
on encounter with other males. Here we have focused on the calling song of the two-spotted
field cricket Gryllus bimaculatus, which is composed by 3-5 sound pulses grouped in chirps.

Their acoustic signals consist of two rhythms: one slow (3-4 Hz) timing the chirp sequence
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and a fast one (30 Hz) timing the pulses [22-24], however, the neural organization of these
timers is not yet understood.

Initial theories assumed that the mesothoracic ganglion, which houses the forewing
motoneurons [24-26], would also house the CPG for singing [27]. However, males failed to
sing when the connectives behind the thoracic ganglia were cut [7, 28], and differential
heating of the central nervous system (CNS) suggested that the abdominal ganglia play a
crucial role in singing [29]. In line with this, recent electrophysiological recordings have
shown that interneurons of the singing network span from the metathoracic ganglion complex
T3aua2 [30, 31] to at least the first unfused abdominal ganglion A3 [7, 8].

Altogether, this evidence points towards the importance of the abdominal ganglia in the
singing behaviour of crickets. Nonetheless, it is still not clear how the singing network is
organised to control the temporal patterns of chirps and pulses. In order to reveal the
contribution of the abdominal ganglia for calling song generation, we performed selective
lesions in the abdominal ganglia chain of male G. bimaculatus and subsequently followed

their singing behaviour with long-term acoustic recordings.

2. Material and methods
2.1. Experimental animals

Crickets [white-eye strain of Gryllus bimaculaus DeGeer; autosomal recessive, gwhite [32],
European wild-type (WT) G. bimaculatus and Japanese WT G. bimaculatus] were lab-reared
in large communal terraria, until the penultimate instar, after which males were selected and
kept individually in clear 17.5 x 11.5 x 13 cm containers until reaching sexual maturity.
Crickets were housed at 28°C with a 12h light:dark cycle and were provided ad-libitum with a
mixture of muesli, fish food, cat food, and water. Experiments were performed from eight to

eleven days post final ecdysis. The G. bimaculaus gwhite were larger and more robust than
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our European WT colony and were more suitable to study the effect of central nervous
system (CNS) lesions on singing motor activity. All experiments complied with the principles

of Laboratory Animal Care [33].

2.2. Selective lesions to CNS
Male crickets were mounted ventral side up in a Plasticine block on a Peltier element (Peltron
GmbH Peltier-Technik, Furth, Germany) and cooled to 6°C. Two types of lesions were
applied to the CNS (Fig. 1A), either a cut of the connectives between consecutive abdominal
ganglia, or a mediosagittal hemisection of a particular abdominal ganglion, i.e. split. To
expose the target ganglion and/or connective the abdominal intersegmental soft membrane
was incised and the ventral cuticle was folded to one side. Exposed nervous tissue was
perfused in insect saline (in mmol I™: NaCl 140; KCI 10; CaCl, 7; NaHCO; 8; MgCl, 1; N-
trismethyl-2-aminoethanesulfonic acid 5; D-trehalose dehydrate 4) adjusted to pH 7.4. Fat
tissue around the ganglia and connectives was removed. The split of a ganglion was applied
with a blade fragment (8 x 1.5 mm; Geuder AG, Heidelberg, Germany) while connectives
between two ganglia were cut with a fine pair of scissors (3 mm straight blade, Vannas
Scissor, Super Fine; WPI UK, Hertfordshire, UK). After the procedure the ventral cuticle was
folded back, the wound sealed by drying haemolymph and the animals recovered. Following
the acoustic recordings and once the males had died, their nervous system was examined
under a dissecting microscope to confirm the site of the applied lesion. Examination of the
fixed tissue revealed conclusively whether a split was complete; in cases of doubt, data were

discarded.
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2.3. Song and video recordings
Selected males were individually kept in containers at 23-24°C; each fitted with a standard
PC microphone (Omni type; Maplin Electronics, Rotherham, UK). For two or three nights
before and at least for ten nights after the lesion singing activity was recorded each night for
12 hours at a sampling rate of 48 kHz using Cool Edit 2000 software (Syntrillium Software
Corporation, Phoenix, AZ, USA). Each lesioned male was video recorded (Praktica DVC 5.5
HDMI Flash Digital; Pentacon GmbH, Dresden, Germany) at least once during its lifetime.
Males where placed in contact with females, to increase the probability of singing activity

during the video recordings.

2.4. Data analysis
Song recordings were analysed with CED Spike2 software (CED, Cambridge, UK), using the
in-built burst analysis feature, and NEUROLAB [34]. For each male, three 10 min time-
windows at the beginning (1), middle (2) and end (3) of all overnight singing periods were
chosen. These time-windows represent periods of stable singing activity, except where
otherwise stated. The use of such temporally separated sections is sufficient to capture all the
temporal variability of the calling activity produced by acoustic communicating animals [35].

From these time-windows, mean and standard deviation (*+SD) of the chirp duration, the

chirp period, and the interchirp interval, of the sound pulse duration and pulse period (Fig.
1A) were calculated. For this analysis, the following restrictions were applied: the minimum
duration of pulses and the minimum interval between pulses were both set to 5 ms. Two
consecutive pulses were considered to belong to a chirp if the inter-pulse interval was less or
equal 50 ms. Data from single pulses were excluded from this analysis.

For a qualitative analysis of the sound patterns, the beginning of each sound pulse was plotted

in sequential raster plots (symbolized by a +) for the time-windows selected (c.f. Fig. 1B as
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an example). In the raster plot, the 1* pulse of a chirp is aligned at time zero and all preceding
or subsequent pulses within +/- 500 ms are plotted to the left or right, respectively. Each
pulse at time zero represents the start of a chirp, unless otherwise stated. Each row of the
raster plot represents a subsequent chirp. In the normal calling song, chirps represent more
than 99% of data and in the time-windows analysed individual single pulses were not
included. After cutting the A3-A4 connectives or splitting the A4, single pulses occurred
more frequently. Due to their long interpulse interval these pulses were plotted and
quantified, in the raster plot and the corresponding cross-correlogram, as starts of chirps.
Temporal progression during the overnight recording goes from the bottom of time-window 1
to the top of time-window 3. To illustrate the temporal frequency distribution of sound pulses
after each lesion, a cross-correlogram is given for the three time-windows analysed. The
cross-correlogram is aligned to the start of chirps and includes all pulses within +/- 500 ms, in
order to show the frequency distribution of the sound pulses and the chirps. Due to the nature
of the analysis, sound pulses will be evaluated more than once if they occur within the +/-
500 ms around subsequent chirps. The cross-correlogram and its inset have a bin width of
1.75 ms. The y-axis represents the normalized number of events (%) for each bin, 100%
indicates that each event is represented, e.g. the start of the chirps; the inset is set to 10% of
occurrence.

To compare the song parameters between different G. bimaculatus strains (European WT,
Japanese WT and gwhite strain) statistical analysis was carried out using one-way ANOVA.
The reference gwhite strain song parameters used for this analysis are the mean of each
parameter recorded before the lesion. When appropriate, post hoc planned comparisons were
performed contrasting the song parameter between strains.

Song parameters before and after lesions were compared using a two-way ANOVA with

lesion and animal as between-subject main factors. The individual animals were included as a



©CO~NOOOTA~AWNPE

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

factor in the two-way ANOVA to analyse cases where an effect of lesion could occur on just
some of the animals. Unless otherwise stated, only the data of the song parameters 2-3 days
before and for the first 3 days after the recovery of sound production were used. The analysis
was restricted to 3 days after recovery in order to evaluate only acute effects. In locusts
recovery of the flight motor pattern after deafferentation progressively occurred over a period
of 1 to 2 weeks [36, 37]. When appropriate, post hoc planned comparisons were used
contrasting the song parameter before and after the lesion in individual animals. Data were
normally distributed and therefore the post hoc multiple comparisons, in both cases, were
corrected using the Holm-Sidéak test.

For statistical analysis, we used GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,

USA) and Matlab (MathWorks, Inc., Natick, MA, USA).

3. Results

Long-term overnight sound recordings of the control and experimental crickets generated a
data set of more than 1 million chirps. For each recording three 10-minute time-windows of
stable singing activity, from the beginning, middle and end of the night [35], were analysed to
provide reference data for the calling song and to scrutinize the effect of selective lesion in
the abdominal ganglia chain (Fig. 1A). Experiments were performed on a white-eyed mutant
Gryllus bimaculatus, gwhite, isolated from a wild-type lab colony [32]. Since gwhite males

were slightly bigger, it was easier to perform the lesions of the abdominal ganglia chain.

3.1. Normal singing pattern of G. bimaculatus
In preparation to sound production, male crickets lift their front-wings and perform rhythmic

opening and closing movements, with each closing movement producing a loud sound pulse
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[27]. Low amplitude sound pulses also occur whenever the front-wings are lowered into
resting position after singing.

As a reference, we recorded the singing activity of each gwhite male before any lesion was
applied. During each overnight recording of a male normal calling song (Fig. 1A) an average

of 28907114813 chirps occurred (x+SD; N=30; range 7995-59437 chirps). For the three

analysed time-windows, the raster plot and corresponding cross-correlogram (Fig. 1B, see 2.
Methods) show the high robustness of the pulse pattern constituting the chirps. The raster plot
also demonstrates that the chirp period considerably varied during the three-time windows
(1% time window: 323+75 ms; 2" 411+114 ms and in 3": 294+45 ms), however, this did not
alter the robustness of the pulse pattern. Within a chirp the timing of the pulses gradually
becomes less precise, in Fig. 1B the SD for the start of the sound pulses increases from 1.1
ms for the 2" pulse, to 1.9 ms in the 4" pulse.

Based on the analysis of 30 gwhite males (2569+1283 chirps/animal) the following reference
data were obtained. Chirps have a mean duration of 124+12 ms and a mean period of 37360
ms; the average number of sound pulses per chirp is 4.5£0.4; sound pulses have a mean
duration of 17.9£2.0 ms and occur with a mean period of 30.2£2.2 ms (Table 1; Video 1).
The chirp duration and the average number of sound pulses per chirp describe the chirp
structure, and the chirp pattern is reflected by the chirp period.

The calling song parameters were compared between three different G. bimaculatus strains,
European wild type (WT), Japanese WT and gwhite (Table 1). G. bimaculatus strains differed
in the average pulse number per chirp (F[2,47]=11.3, p <0.001) and in the sound pulse period
(F[2,47]=45.5, p <0.001). Pairwise comparisons revealed that European WT and gwhite
differed in the average pulse number per chirp (p < 0.001) and sound pulse period (p<0.001).
Importantly, no significant differences were found between the Japanese strains (Table 1),

showing that the gwhite mutation thus does not affect singing behaviour.
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3.2. General effects of the lesions

Two types of lesions were applied, either cutting both connectives between adjacent ganglia,
referred to as e.g. A5-AG6 cut, or a mediosagittal hemisection of a ganglion, referred to as e.g.
Ab5 split.

The mean survival rate after lesions was 46% (N=101), ranging from 30% after cutting the
connectives between T3aya2 and A3 (T3-A3 cut), to 75% after splitting the A4. Survival
times ranged between 10 and 48 days (median 19.5 days). The males showed no noticeable
locomotor defects and could raise the front-wings in a normal way. The median recovery
time of sound production after the lesion was 4.5 days, ranging from 1 day to 16 days, in an
animal where both A3 and A4 were split. Recordings over three consecutive nights after the
animals had recovered sound production were analysed and showed an overall reduction in
calling song activity. In sham-operated animals, where the entire abdominal cavity was
opened but no lesion applied, males recovered on the day of the procedure with a 12-20%
reduced singing activity. On subsequent days, their singing activity was similar to the period
before the procedure (data not shown). Previously, Jacob and Hedwig [38] showed that
cutting the connectives between A6 and the terminal ganglion had no effect on the calling
song pattern of the European WT G. bimaculatus. Therefore, this lesion was not repeated in

this study.

3.3. Singing pattern after cutting the connectives between A5 and A6
After the A5-A6 cut males continued to sing (Fig. 2A), however singing activity was
decreased by 28% in the first 3 days of recovery (before: 27887+12247 chirps/night; after:
1995142144 chirps/night; N=5). The raster plot and the corresponding cross-correlogram
(Fig. 2B) reveal that this lesion did not have a major effect on the pulse pattern that composed

the chirps.

10
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Comparing the behaviour before (2649+£1163 chirps/animal) and after the lesion (2382+776
chirps/animal) shows a marginally non-significant change in mean chirp duration (before:
117+7 ms and after: 123+10 ms; F[1,18]=4.41, p=0.0501; Fig. 2C and Table 1). A significant
increase in the chirp period from 358+59 ms to 517+108 ms (F[1,18]=15.7, p=0.001)
occurred, with an increase in the interchirp interval from 263+102 ms to 402+104 ms.

The average number of pulses per chirp did not change after the lesion (F[1,18]=2.74,
p=0.115; Fig. 2C and Table 2). This parameter, however became more broadly distributed as
mirrored in the increase of chirps with 2-3 sound pulses from 1.9% to 9.8%, and chirps with
more than 6 sound pulses from 1% to 8.1% (Fig. S1, Supplementary Materials). Neither the
sound pulse duration (F[1,18]=2.06, p=0.168;) nor pulse period (F[1,18]=3.97, p=0.062;

changed after the lesion.

3.4. Singing pattern after cutting the connectives between A4 and A5

After the A4-A5 cut, singing activity was reduced by 57%, from 35976+12377 chirps/night
to 15564+3574 chirps/night (N=6) and became highly irregular (Fig. 3A,B). The most
obvious effect, as demonstrated in the raster plot, is the loss of a stable chirp structure
normally composed of 4-5 pulses per chirp. In this example, the number of sound pulses per
chirp was considerably increased, up to 20 pulses per chirp occurred, and the interchirp
interval became variable (Fig. 3A; Video 2). In time-window two, the chirp structure extends
beyond five pulses and the interchirp interval is not clearly expressed. Additionally, the
cross-correlogram shows an increasing temporal jitter of the sound pulses within the chirps in
comparison to the intact animal (cf. Fig. 1B). Here, the SD for the start of the pulses
increased from 1.2 ms, for the 2™ pulse, to 3.5 ms for the 4™ pulse.

Further analysis (before: 3418+1176 and after: 2479+340 chirps/animal analysed; Fig. 3C

and Table 3 and Fig. S2 and Table S1, Supplementary Materials) showed that the chirp

11
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duration significantly increased from 126+13 ms to 21644 ms (F[1,21]=169, p<0.001. The
chirp period also increased from 358+54 ms to 567+134 ms (F[1,21]=75.1, p<0.001) and the
interchirp interval from 23254 ms to 351+112 ms.

After the lesion the number of pulses per chirp increased from 4.5+0.5 to 6.7+1.5 (up to 71
sound pulses per chirp occurred in some animals; F[1,21]=154, p<0.0001). Once again, the
distribution of sound pulses per chirp was broader after the lesion, with an increase in the
percentage of 2-3 sound pulses from 1% to 16% and in the percentage of six or more pulses
from 6% to 49% (Fig. S2). After the lesion the pulse pattern changed, the mean pulse
duration decreased from 18.2+1.5 ms to 16.8+1.7 ms (F [1,21]=9.26, p=0.006) and the mean
pulse period increased from 30.6+2.8 ms to 34.0+3.3 ms (F[1,21]=53.4, p<0.001; Fig. 3C and

Table 3).

3.5. Singing pattern after cutting the connectives between A3 and A4

After cutting the A3-A4 connectives (Fig. 4A) 10 out of 17 animals survived, but only four
continued to produce sound pulses. The pulses were shorter and the normal chirp structure
was almost completely abolished (Fig. 4A,B). The production of chirps was reduced by 87%,
from 21974+11090 chirps/night (range 11798 to 48108 chirps) to 3362+470 chirps/night
(range 77 to 7995 chirps). Due to the drastic reduction in singing activity appropriate 10 min
time-windows could not be selected, the raster plot and corresponding cross-correlogram
were therefore generated for all pulses of a 12-hour recording. Note that after the lesion,
single pulses with a pulse interval considerably larger than the normal pulse period (see 2.
Methods) were very frequent. These were included in these diagrams and they represent the
majority of pulses aligned at time zero (Fig. 4B).

Further analysis (before: 2521+1861 and after: 3362+5649 chirps/animal analysed; Fig. 4C

and Table 4 and Fig. S3 and Table S2, Supplementary Materials) showed that the chirp

12
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duration was reduced from 133+16 ms to 8312 ms (F[1,15]=107, p<0.001; Fig. 4C and
Table 4) and an extensive increase of the chirp period from 380%26 ms to 25011909 ms

(F[1,15]=8.82, p<0.01) occurred.

A reduction in the average pulse number per chirp from 4.7+£0.3 to 2.6+0.3 (F[1,15]=1131,
p<0.001) occurred. Furthermore, there was an increase in the percentage of single sound
pulses from 0.5+0.5% to 73+10%, and an overall reduction of the percentage of chirps with 2
or more pulses (Fig. S3). The pulse duration decreased from 18.9+2.4 ms to 6.2+2.4 ms
(F[1,15]=331, p<0.001) and the pulse period increased from 30.6+2 ms to 42.8+3.8 ms

(F[1,15]=67.4, p < 0.001).

3.6. Disconnecting the free abdominal ganglia, cutting connectives between T3a1/a2 and
A3

To test the effect of a complete removal of the abdominal ganglia chain (Fig. 5A), the
connectives between the T3apa2 and A3 were cut (T3-A3 cut) in 23 males. The procedure
had a survival rate of 30% (N=7) and the recovery took from 7 to 14 days. Sound production
was characterized by very low amplitude “scratchy” sounds of 1-3 ms duration (Fig. 5B,
arrowhead) and occasional low amplitude sound pulses of 6-10 ms duration (Fig. 5B, arrow).
None of the overnight recordings demonstrated a structured chirp pattern. Video recordings
(Video 3) revealed that the males could raise the front-wings for several seconds as normal
males do for singing, however rhythmic opening and closing movements did not occur. Low
amplitude sounds were produced when the wings “quivered slightly” or when they were
lowered to resting position. This behaviour observed in the video could be the basis for the

sounds in the overnight audio recordings.

13
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3.7. Contributions of different abdominal ganglia
The connective lesions clearly indicated the important role of the abdominal ganglia for
singing motor pattern generation. As the lesions destroyed the flow of intersegmental activity,
always more than one ganglion was disconnected from the remaining nerve cord. To gain
further insight into the organisation of the singing network the functional removal of single
ganglia was performed [30, 39, 40]. All interneurons in the singing network described so far,
cross the ganglion midline with their main neurites or have their arborisation along the
midline [8, 31]. We therefore split each ganglion from A5 to A3 along its midline, destroying

any bilateral crossing neurites but leaving the connectives intact.

3.8. Splitting the A5 ganglion

After splitting the A5, singing activity was reduced by 48%, from 36389124013 chirps/night
to 19001+14542 chirps/night (N=5), and the chirp pattern was similar to the normal one (Fig.
6A,B). However, the cross-correlogram demonstrates a gradually increasing jitter in the
timing of pulses within the chirps. The SD for the start of the 2" pulse was 2.0 ms, whereas
the start of the 4™ pulse had a SD of 3.5 ms.

Detailed analysis (before: 3518+2439 and after: 2468+1751 chirps/animal analysed; Fig. 6C,
Table 5 and Fig. S4 and Table S3, Supplementary Materials) showed that the chirp duration
increased from 127+16 ms to 14519 ms (F[1,16]=51.8, p< 0.001). A marginal non-
significant increase in the chirp period occurred from 360+26 ms to 386+46 ms
(F[1,16]=4.14, p=0.059; Fig. 6C and Table 5), with a similar interchirp interval before and
after the lesion, 259+41 and 261+27 ms, respectively.

Overall, the number of pulses per chirp increased from 4.3+0.3 to 4.8+0.4 (F[1,16]=36.35,
p<0.001). The pooled data revealed a broader distribution in the number of pulses per chirp

(Fig. S4); chirps with 2-3 pulses increased from 1.7% to 9.3% and chirps with more than 6

14
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pulses from 2.2% to 18.5%. Neither the pulse duration (F[1,16]=0.14, p=0.714) nor the pulse

period (F[1,16]=3.82, p=0.067) were affected by the lesion.

3.9. Splitting the A4 ganglion

After splitting the A4 ganglion (Fig. 7A), singing activity was reduced by 83%, from
24526x13321 chirps/night to 42562616 chirps/night (N=5). Single pulses now were very
frequent, and made a significant contribution to the pattern displayed in the raster plot and the
corresponding cross—correlogram (Fig. 7B; Video 4). The sound recording and the raster plot
show the robust chirp structure of normal singing was abolished and there was no clear
interchirp interval. After a sound pulse a second or third pulse was generated but these were
not precisely timed and the SD for the start of the 2™ pulse was 7.0 ms.

Statistical analysis (before: 2207+1199 and after: 20061038 chirps/animal analysed; Fig. 7C
and Table 6 and Fig. S5 and Table S4, Supplementary Materials) revealed that the mean chirp
duration decreased from 117+6.6 ms to 81+16 ms (F[1,16]=144, p<0.001). The chirp period
was similar before and after the lesion (F[1,16]=2.24, p=0.154; Fig. 7C and Table 6),
whereas the interchirp interval increased from 265+38 ms to 345+39 ms.

A reduction in the average number of pulses per chirp from 4.4+£0.4 to 2.6+0.3 occurred
(F[1,16]=872, p<0.001). Additionally, the percentage of single pulses increased from
0.4+0.7% to 37£14% (Fig. S5). The sound pulse duration significantly decreased from
17.3£1.5 ms to 14.1+2.8 ms (F[1,16]=27.5, p<0.001) and the pulse period increased from

29.2+1.7 ms to 42.5+8.6 ms (F[1,16]=731, p<0.001).

3.10. Splitting the A3 ganglion
After this split (Fig. 8A), singing activity decreased by 67%, from 2490311630 chirp/night

to 8195+11091 chirps/night (N=5). The sound recording and the raster plot demonstrated that
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singing was clearly structured in chirps, but the temporal precision of sound pulses within a
chirp was altered (Fig. 8A,B). This was characterized by the broader distribution of the timing
of each sound pulse within a chirp, this effect occurred already from the 2™ sound pulse
onwards and was strongest for the 4™ pulse, as seen in time-windows 2 and 3. The SD for the
start of the pulses increased from 2.2 ms for the 2" pulse to 4.5 ms for the 4™ pulse.

Detailed analysis (before: 2741+1170 and after: 2486+829 chirps/animal analysed; Fig. 8C
and Table 7 and Fig. S6 and Table S5, Supplementary Material) showed that the chirp
duration did not change after the lesion (F[1,15]=3.04, p=0.102). The chirp period
significantly increased from 383+90 ms to 45687 ms (F[1,15]=4.57, p=0.049), with an
increase in the interchirp interval from 258+84 ms to 338+94 ms.

A significant reduction in the average number of pulses per chirp occurred from 4.6£0.5 to
4.0£0.3 (F[1,15]=31.0, p<0.001). The sound pulse duration did not change after the split
(F[1,15]=0.79, p=0.389), however the sound pulse period significantly increased from

29.4+1.6 ms to 34.1+3.4 ms (F[1,15]=64.7, p<0.001; Fig. 8C and Table 7).

3.11. Combined splitting of the A3 and A4 ganglia
To identify and isolate the possible contribution of the A5 and A6 ganglia for singing pattern
generation, a combined splitting of the A3 and A4 ganglia was performed (N=5; Fig. 9A).
This double split caused a complete loss of structured singing activity, like cutting the
T3a1a2-A3 connectives. After 3 days, the sound production was characterized by occasional
low amplitude single sound pulses with a duration ranging from 7 to 14 ms (Fig. 9B, arrow).
These pulses were rare and less than 50 pulses occurred per night; they were never grouped in
chirps and even after 16 days the behaviour did not change. Video recordings (Video 5)

showed that the males raised their wings and kept them risen for several seconds as in normal
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singing behaviour. The lowering or the quivering of the wings generated low amplitude

sound pulses.

3.12. Comparing cutting the connectives between ganglia and the split experiments
Splitting ganglia and cutting connectives have different impacts on the remaining structure of
the nervous system. However, both types of experiments revealed similar effects (Fig.
10A,B). When compared to the normal song pattern, procedures that affected ganglia A5 and
A6 most obviously caused an increase in the chirp period, the chirp duration and could
increase the number of pulses per chirp. They had only small effects on the sound pulse
parameters like the pulse period and pulse duration (Fig. 10B). When ganglion A4 was split
and/or removed with the other posterior abdominal ganglia, the normal chirp structure was
strongly altered by a reduction in the number of pulses per chirp, and an increase in the pulse
period occurred. When only the A3 ganglion was functionally removed the chirp structure
was still retained although the pulse pattern changed as the pulse period increased and
became more variable. Combined splitting of ganglia A3 and A4 had the same effect as
removing the whole abdominal ganglion chain (T3-A3 cut), the chirp structure and pattern
was completely abolished and males could only produce occasional low amplitude sound

pulses.

4. Discussion

The organisation of the pattern-generating network underlying singing is a long-standing
question in cricket neurobiology and was addressed in several studies [7, 8, 27-30]. Our
systematic lesions in the abdominal nerve cord reveal the specific functional importance of
the different abdominal ganglia. The calling song apparently results from the activities of

two-timer networks, one for chirps at 3-4 Hz and one for sound pulses at about 30 Hz as
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proposed by Bentley [24]. These are housed in the abdominal ganglia chain as suggested by

experiments of Pires and Hoy [29].

4.1. Methodological considerations

Before this study, the calling song of G. bimaculatus was documented by short recording
sequences only [30, 41, 42]. Here we generated a comprehensive large-scale data set with
long-term recordings, capturing more than 1 million chirps of the singing males as the basis
for the behavioural analysis.

Lesion experiments are an important approach to study the organisation of neural circuits
underlying behaviour and have been successfully applied in different invertebrate systems,
e.g. crickets [27, 30], grasshoppers [39, 40, 43], leeches [44] and locusts [45, 46]. Whereas
connective cuts are unambiguous, splits cannot be as precisely controlled when separating a
ganglion along its midline, where interneurons of the singing network cross over or have their
main arborisations [8, 31]. Inter-individual differences in neuronal network organisation can
occur [47], however these were not controlled and may have contributed to slightly different
effects of the procedures in individual males (see Fig. 3C,6C,7C, open circles).

In lesion experiments, conclusions can only be drawn from any resultant changes in
behaviour. However, each experimental animal group demonstrated normal locomotor
activity like running and fighting and yet very characteristic changes in singing behaviour.
Therefore, any lack of singing activity was not related to general motor deficits. As functional
reorganisation of the CNS may occur within 1-2 weeks after lesions [36, 37], we focussed on
acute behavioural effects, within the first week after the lesion, before a major reorganisation
could have occurred. Thus, in experimental males any singing activity was due to the

remaining acute capabilities of the lesioned CNS.
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With these considerations in mind, emphasis is laid on developing a consistent hypothesis for
the functional contribution of different abdominal ganglia to the generation of chirps and

sound pulses.

4.2. Evidence for the localisation of the chirp timer network

The most dramatic effect on the chirp structure occurred after cutting the connectives
between A3 and A4. Crickets after this lesion generated mainly single pulses, with chirps
occurring only rarely. These chirps were composed of only two to three pulses, and had a
considerable extension and variation of the pulse period (Fig. 10A,B). This lesion therefore
indicates that the normal chirp structure and pattern cannot be generated when ganglia A4,
A5 and A6 are functionally removed from the CNS.

When cutting the connectives between A4 and A5 the chirp pattern and structure still
occurred but both were severely altered. The change in chirp pattern reflected here by an
increase in chirp period, was mainly due to changes in chirp structure, like the increase in
chirp duration, the number of pulses per chirp and the pulse period. The data indicate that A4
is sufficient to generate a chirp pattern. However, when A4 was split, chirps with a normal
chirp period still occurred, yet the number of pulses per chirp was reduced to 2-3. Thus,
although A4 can generate the chirp pattern, posterior ganglia may contribute as well. When
A4 was intact and A5 was split, a clear chirp pattern was still observed, however its structure
was altered, with an increase in chirp duration and in the average number of pulses/chirp. We
conclude that at least A4 and A5 house a separate chirp CPG network, which together interact
in a stabilising manner during singing. Cutting the connectives between A5 and A6 had no
impact on the overall chirp structure, but significantly increased the chirp period.

The lesions indicate that networks for organizing the chirp pattern, i.e. chirp period, and

structure, i.e. chirp duration and number of pulses per chirp, cannot be assigned to a single
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abdominal ganglion. For the correct organization of chirps with 4-5 sound pulses rather the
interaction of ganglia A4 and A5 seems to be necessary, whereas the generation of the normal

chirp period needs the contribution of A5 and A6 (Fig. 10C).

4.3. Evidence for the localisation of the pulse timer network

The abdominal ganglia also control the timing of the sound pulse pattern (Fig. 10). After
cutting the connectives between A3 and A4, calling song activity was abolished, but animals
consistently generated sound pulses of normal amplitude. These were of shorter duration,
likely due to improper opening and closing wing movements. After both A3 and A4 were
split, crickets would only very rarely generate low amplitude sound pulses, while the wings
were quivering or lowered into resting position.

Splitting the A3 ganglion and functionally removing the A3 ascending opener-interneuron
(A3-A0), which is a crucial element to generate the pulse pattern [8], only increased the
pulse period on average by 4.7 ms. The effect on the pulse period was stronger when cutting
the connectives between A3 and A4 or splitting A4. After these experiments, the pulse period
increased 12 and 13 ms, respectively (Fig. 10). The contribution of A4 is also evident in
fictive singing animals, where after cutting the connectives between A3 and A4 the pulse
pattern became increasingly distorted [7].

Together, these data indicate that in addition to the pulse timer network in A3, ganglion A4
importantly contributes to the generation of a normal sound pulse pattern and that both might
be functionally coupled (Fig. 10C). An additional functional contribution of A5 and A6 to the
pulse pattern is indicated, since disconnecting the ganglia posterior to A4 increased the pulse

period by 3.4 ms.

4.4. Interaction of chirp and pulse networks
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The functions of the different abdominal ganglia seem to overlap in respect to the control of
the calling song parameters (Fig. 10C). Two independent timing networks housed in the
abdominal nerve cord control the singing activity, one for the chirp and another for the pulses
[24]. The independence of the two-timer networks is suggested by the fact that the pulse
pattern of subsequent chirps is not temporally coupled, but rather is restarted with each chirp.
In addition, the interneurons of the singing network that mirror the pulse pattern, are not
active during the interchirp interval [8]. Our data also demonstrate that the A4 ganglion has a
crucial role in the neural network underlying singing. In this ganglion the two-timer networks
seem to interact to combine the timing of the chirps and the timing of pulses of the calling
song (Fig. 10C). Additionally, our video recordings indicate that courtship and rivalry
singing are also impeded, when the abdominal ganglia are disconnected.

Given the central importance of the chirp and pulse structure and pattern in species
recognition [11, 48, 49], the distributed organisation of distinct but functionally coupled
networks along the abdominal ganglia, may ensure the temporal robustness of the singing
motor system. This might be an example of degeneracy in the nervous system, where

structurally different components of a network perform very similar functions [50-52].

4.5. Contribution of T2 and T3a1a2 to the generation of the chirp and pulse pattern
When the connectives between T3a1/a2 and A3 were cut singing stopped, as reported before
[28]. Even several days after the lesion, in front of females, these males lifted the front wings
but only produced low amplitude sounds, due to quivering or lowering of the wings.
Therefore, the cricket central nervous system from the brain to T3aya2 does not have the
ability to generate the sequential and coordinated rhythmic neural activity underlying the
front-wing opener- and closer-movements, characteristic of the calling song behaviour.

Instead, it requires a patterned input from the abdominal ganglia as indicated by lesioning the
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connectives anterior to A3 [7, 28] and by manipulating the body temperature in singing
crickets [29].

Based on lesion experiments in G. campestris, Huber [27] proposed that ganglion T2 houses
the CPG for singing. Unfortunately, the precise localizations of the cuts in the abdominal
chain were not reported, although it is noted that these males sang less frequently. Here we
show that the effects on singing behaviour depend on the specific site of the lesions (Fig. 10).
Hennig and Otto [30] showed that splitting the T3a1/a2 ganglion complex impaired the ability
of males to raise the front wings and to coordinate their movements, and concluded that the
singing CPG would be housed in T3a1a2. However, these males had an intact abdominal
chain; electromyograms of the wing muscles showed a normal chirp motor pattern, but as the
wings were not raised sound production would have been impeded.

Besides housing the motoneurons that drive the wing muscles, the role of the thoracic ganglia
might be more related to the preparation for singing. This also evident after disconnecting the
abdominal chain as males will not sing but still lift their wings into singing position. This
organisation is similar to the motor control of the pulse-song in Drosophila, where separate
types of thoracic interneurons control either wing extension in preparation to sing, or the

generation of the pulse-song [53].

4.6. Speculations on the neural organization of singing behaviour
Our results indicate that a distributed network in the abdominal chain controls the temporal
features of the crickets’ calling song, the sound pulses at 30 Hz and chirps at 3-4 Hz (Fig.
10C).
Singing activity is still maintained even when one of the abdominal ganglia is eliminated by
splitting. We expect that singing-interneurons in the different abdominal ganglia project

anteriorly in a parallel manner and that there is a sequential integration of the ascending
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information related to the chirp pattern from the posterior ganglia (A5-A6) to the anterior one
(A4). In A4, the chirp structure and pattern appear to be integrated with the pulse timer
network, with the pulse pattern being further refined in the A3 ganglion, as the A3-AO
interneuron activity reflects the complete final singing motor pattern [7, 8]. From the A3 and
A4 ganglia, the activity of the chirp and pulse pattern might finally be carried forward to the
T2 wing motoneurons (Fig. 10C). The distributed organization of the network is also
supported by the fact that a descending T3 interneuron of the singing network [8], and a
corollary discharge interneuron [54], which are rhythmically active during singing, have their
axonal projections across all the abdominal ganglia. Also the activity of the descending
calling song command neuron [55] may be integrated in the pattern generating networks
distributed along the A3-A6 ganglia (Fig. 10C).

Our data indicate a form of spatial hierarchical organization from the posterior ganglia to the
anterior ganglia of the abdominal nerve cord. This is functionally similar to acoustically
communicating fish where the hindbrain nucleus controlling call duration projects to the
nuclei setting the fundamental frequency/pulse repetition rate, which finally provide inputs to
the vocal motoneurons [56-58]. Furthermore, the apparent distributed and interconnected
nature of the singing network suggests that its elements are organized as modules that

implement specific identifiable features of the final output [59].

4.7. Evolutionary implications
The presence of interneurons belonging to the singing CPG in the T3a1/a2 ganglion complex
[8, 31] is similar to the segmental organisation of the locust flight system [46, 60, 61] and the
singing network of grasshoppers [40]. However, our lesion experiments confirmed the spatial
separation of the CPG timer networks for chirps and pulses from the thoracic segments [7, 8]

and extended the organization of CPG network for singing from A3 to the remaining
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abdominal ganglia. This may reflect a prior evolutionary stage, where the pattern generator
circuits for ventilation or locomotion might have provided the precursor networks [62]. There
is evidence of some coupling between ventilation and singing in crickets [63-65], and
although, the use of the same motoneurons to play different roles in different motor networks
is commonly observed in insects, as in singing and flying [31, 66], the dedicated CPG
networks for the two behaviours are distinct in crickets [31].

Extant cricket species exhibit a wide diversity of species-specific patterns of calling,
courtship or rivalry songs [22, 67, 68]. A phylogenetic analysis of the calling song of
different species of North American field cricket suggests that the song parameters have
evolved separately in Gryllus species [69]. The described modular organization of the singing
network could be suited to explain species-specific differences in song patterns and that
changes in the pulse timer network can occur independently of changes in the chirp timer
network. At the level of a modular neural circuit, the modulation of the connectivity and/or
synaptic strength of its different components [70-72] may allow the generation of different
motor patterns and that specific changes in some elements of a network occur without
affecting other parameters of the same network [52, 73]. Further studies comparing the
neuronal organisation underlying singing, by either lesions or electrophysiology in closely
related species with different song patterns, may reveal the functional species-specific
adaptations in the neural networks.

This study demonstrates how the different timescales of chirps (3-4 Hz) and pulses (30 Hz)
for acoustic communication can be organized in the CNS. This problem has been explored in
several systems across the animal kingdom (flies [74], grasshoppers [39], fishes [56, 57],
anurans [75] and birds [76]). Detailed comparative studies may allow the identification of
possible shared functional features between different species [77]. Furthermore, combining

the neurophysiological data in Gryllus and the knowledge on the genetics of male song
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production and female preference like in the Laupala crickets [78-80] may be fundamental to
understand the genetic basis and the transcriptome profile of species-specific singing and

phonotaxis behaviour.

Acknowledgments

We are grateful to Inés Mares for the help in the design of the Matlab scripts used in this
work; Andreas Stumpner and Tim Bayley for constructive comments on the manuscript; and
Taro Mito for providing the gwhite cricket line. We thank Nigel Hall and E. Julieta
Sarmiento-Ponce for technical support in rearing the crickets. PFJ was supported by the

Fundacéo para a Ciéncia e a Tecnologia, Portugal (SFRH/BD/51901/2012).

Competing Interests

The authors declare no competing interest for this work.

Author Contributions
P.F.J. and B.H. conceptualised and designed the experiments. P.F.J. performed the
experiments and analysed the data. P.F.J. prepared the figures and drafted the manuscript.

P.FJ. and B.H. revised and approved the final version of the manuscript.

25



©CO~NOOOTA~AWNPE

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

References

[1] AH. Bass, J.R. McKibben, Neural mechanisms and behaviors for acoustic
communication in teleost fish, Prog. Neurobiol. 69(1) (2003) 1-26. doi:10.1016/S0301-
0082(03)00004-2

[2] AJ. Doupe, P.K. Kuhl, Birdsong and human speech: Common Themes and Mechanisms,
Annu. Rev. Neurosci. 22(1) (1999) 567-631. doi:10.1146/annurev.neuro.22.1.567

[3] H.C. Gerhardt, F. Huber, Acoustic communication in insects and anurans: common
problems and diverse solutions, University of Chicago Press, 2002.

[4] M.G. Ritchie, Sexual Selection and Speciation, Annu. Rev. Ecol. Evol. Syst. 38(1) (2007)
79-102. doi:10.1146/annurev.ecolsys.38.091206.095733

[5] A.H. Bass, L. Remage-Healey, Central pattern generators for social vocalization:
Androgen-dependent neurophysiological mechanisms, Horm. Behav. 53(5) (2008) 659-672.
doi:10.1016/j.yhbeh.2007.12.010

[6] J.L. Goodson, A.H. Bass, Vocal-acoustic circuitry and descending vocal pathways in
teleost fish: Convergence with terrestrial vertebrates reveals conserved traits, J. Comp.
Neurol. 448(3) (2002) 298-322. doi:10.1002/cne.10258

[7] S. Schoneich, B. Hedwig, Neural basis of singing in crickets: central pattern generation in
abdominal ganglia, Naturwissenschaften 98(12) (2011) 1069-1073. doi:10.1007/s00114-011-
0857-1

[8] S. Schoneich, B. Hedwig, Cellular basis for singing motor pattern generation in the field
cricket (Gryllus bimaculatus DeGeer), Brain Behav 2(6) (2012) 707-725.
doi:10.1002/brb3.89

[9] D.M. Wetzel, U.L. Haerter, D.B. Kelley, A proposed neural pathway for vocalization in
South African clawed frogs, Xenopus laevis, J. Comp. Physiol. 157(6) (1985) 749-761.

doi:10.1007/BF01350072

26



©CO~NOOOTA~AWNPE

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

[10] R.R. Capranica, The untuning of the tuning curve: is it time?, Sem. Neurosci. 4(6)
(1992) 401-408. doi:10.1016/1044-5765(92)90048-7

[11] R.M. Hennig, K.-G. Heller, J. Clemens, Time and timing in the acoustic recognition
system of crickets, Front. Physiol. 5 (2014). doi:10.3389/fphys.2014.00286

[12] T.C. Mendelson, K.L. Shaw, Genetic and behavioral components of the cryptic species
boundary between Laupala cerasina and L. kohalensis (Orthoptera: Gryllidae), in: W.J.
Etges, M.A.F. Noor (Eds.), Genetics of Mate Choice: From Sexual Selection to Sexual
Isolation, Springer Netherlands, Dordrecht, 2002, pp. 301-310.

[13] K.L. Shaw, Polygenic Inheritance of a Behavioral Phenotype: Interspecific Genetics of
Song in the Hawaiian Cricket Genus Laupala, Evolution 50(1) (1996) 256-266. doi:
10.2307/2410797

[14] T.C. Mendelson, K.L. Shaw, Sexual behaviour: Rapid speciation in an arthropod, Nature
433(7024) (2005) 375-376. doi:10.1038/433375a

[15] K.L. Shaw, S.C. Lesnick, Genomic linkage of male song and female acoustic preference
QTL underlying a rapid species radiation, Proc. Natl. Acad. Sci. USA 106(24) (2009) 9737-
9742. doi:10.2307/2410797

[16] J. Schul, Song recognition by temporal cues in a group of closely related bushcricket
species  (genus  Tettigonia), J. Comp. Physiol. 183(3) (1998) 401-410.
doi:10.1007/s003590050266S

[17] H.C. Gerhardt, Advertisement-Call Preferences in Diploid-Tetraploid Treefrogs (Hyla
chrysoscelis and Hyla versicolor): Implications for Mate Choice and the Evolution of
Communication  Systems, Evolution 59(2) (2005) 395-408. doi:0.1111/j.0014-

3820.2005.tb00998.x

27



©CO~NOOOTA~AWNPE

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

[18] J. Schul, S.L. Bush, Non-Parallel Coevolution of Sender and Receiver in the Acoustic
Communication System of Treefrogs, Proc. Biol. Sci. 269(1502) (2002) 1847-1852.
d0i:10.1098/rspb.2002.2092

[19] S. Malavasi, S. Collatuzzo, P. Torricelli, Interspecific variation of acoustic signals in
Mediterranean gobies (Perciformes, Gobiidae): comparative analysis and evolutionary
outlook, Biol. J. Linnean Soc. 93(4) (2008) 763-778. doi:10.1111/j.1095-8312.2008.00947.x
[20] J.R. McKibben, A.H. Bass, Behavioral assessment of acoustic parameters relevant to
signal recognition and preference in a vocal fish, J. Acoust. Soc. Am. 104(6) (1998) 3520-
3533. d0i:10.1121/1.423938

[21] P.S. Katz, Neural mechanisms underlying the evolvability of behaviour, Philos. Trans.
R. Soc. Lond. B Biol. Sci. 366(1574) (2011) 2086-2099. doi:10.1098/rsth.2010.0336

[22] R.D. Alexander, Aggressiveness, Territoriality, and Sexual Behavior in Field Crickets
(Orthoptera: Gryllidae), Behaviour 17(2/3) (1961) 130-223. doi:10.2307/4532972

[23] D.R. Bentley, R.R. Hoy, Genetic control of the neuronal network generating cricket
(Teleogryllus  gryllus) song patterns, Anim. Behav. 20(3) (1972) 478-492.
doi:10.1016/S0003-3472(72)80012-5

[24] D.R. Bentley, Intracellular activity in cricket neurons during generation of song patterns,
Z. Vergl. Physiol. 62(3) (1969) 267-283. doi:10.1007/BF00395740

[25] R.M. Hennig, Neuromuscular activity during stridulation in the cricket Teleogryllus
commodus, J. Comp. Physiol. 165(6) (1989) 837-846. doi:10.1007/BF00610882

[26] H. Pfau, U. Koch, The function morphology of singing in the cricket, J. Exp. Biol.
195(1) (1994) 147-67.

[27] F. Huber, The role of the central nervous system in orthoptera during the co-ordination
and control of stridulation, in: R.G. Busnel (Ed.), Acoustic behaviour of animals, Elsevier

Publishing Company, Amsterdam London New York, 1963, pp. 440-488.

28



©CO~NOOOTA~AWNPE

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

[28] W. Kutsch, D. Otto, Evidence for spontaneous song production independent of head
ganglia in Gryllus campestris L, J. Comp. Physiol. 81(1) (1972) 115-1109.
doi:10.1007/BF00693554

[29] A. Pires, R. Hoy, Temperature coupling in cricket acoustic communication, J. Comp.
Physiol. 171(1) (1992) 79-92. doi:10.1007/BF00195963

[30] R.M. Hennig, D. Otto, Distributed control of song pattern generation in crickets revealed
by lesions to the thoracic ganglia, ZACS 99 (1996) 268-276.

[31] R.M. Hennig, Neuronal control of the forewings in two different behaviours:
Stridulation and flight in the cricket, Teleogryllus commodus, J. Comp. Physiol. 167(5)
(1990) 617-627. doi:10.1007/BF00192655

[32] N. Niwa, M. Saitoh, H. Ohuchi, H. Yoshioka, S. Noji, Correlation between Distal-less
Expression Patterns and Structures of Appendages in Development of the Two-Spotted
Cricket, Gryllus bimaculatus, Zoolog. Sci. 14(1) (1997) 115-125. doi:10.2108/zsj.14.115

[33] ASAB Ethics Committee, Guidelines for the treatment of animals in behavioural
research and teaching, Anim. Behav. 71(1) (2006) 245-253.
doi:10.1016/j.anbehav.2005.10.001

[34] M. Knepper, B. Hedwig, NEUROLAB, a PC-program for the processing of
neurobiological data, Comput. Methods Programs Biomed. 52(1) (1997) 75-77.
doi:10.1016/S0169-2607(96)01781-6

[35] T. Lengagne, D. Gomez, R. Josserand, Y. Voituron, Long Recording Sequences: How to
Track the Intra-Individual Variability of Acoustic Signals, PLoS ONE 10(5) (2015)
e0123828. doi:10.1371/journal.pone.0123828

[36] A. Bischges, J.-M. Ramirez, R. Driesang, K.G. Pearson, Connections of the forewing
tegulae in the locust flight system and their modification following partial deafferentation, J.

Neurobiol. 23(1) (1992) 44-60. doi: 10.1002/neu.480230106

29



©CO~NOOOTA~AWNPE

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

[37] A. Bischges, K.G. Pearson, Adaptive modifications in the flight system of the locust
after the removal of wing proprioceptors, J. Exp. Biol. 157(1) (1991) 313-333.

[38] P.F. Jacob, B. Hedwig, The impact of cercal air currents on singing motor pattern
generation in the cricket (Gryllus bimaculatus DeGeer), J. Neurophysiol. 114(5) (2015) 2649-
2660. doi:10.1152/jn.00669.2015

[39] B. Ronacher, Stridulation of acridid grasshoppers after hemisection of thoracic ganglia:
evidence for hemiganglionic oscillators, J. Comp. Physiol. 164(6) (1989) 723-736.
doi:10.1007/BF00616745

[40] B. Ronacher, Contribution of abdominal commissures in the bilateral coordination of the
hindlegs during stridulation in the grasshopper Chorthippus dorsatus, J. Comp. Physiol.
169(2) (1991) 191-200. doi:10.1007/BF00215866

[41] J.A. Doherty, Temperature Coupling and ‘Trade-Off” Phenomena in the Acoustic
Communication System of the Cricket, Gryllus Bimaculatus De Geer (Gryllidae), J. Exp.
Biol. 114(1) (1985) 17-35.

[42] L. Verburgt, M. Ferreira, J.W.H. Ferguson, Male field cricket song reflects age, allowing
females to prefer young males, Anim. Behav. 81(1) (2011) 19-29.
doi:10.1016/j.anbehav.2010.09.010

[43] G. Fries, N. Elsner, Transection of intraganglionic connections causes synchrony of
hindleg stridulation in the Gomphocerine grasshopper Stenobothrus lineatus,
Naturwissenschaften 83(6) (1996) 284-287. doi:10.1007/BF01149605

[44] J.C. Weeks, Neuronal basis of leech swimming: separation of swim initiation, pattern
generation, and intersegmental coordination by selective lesions, J. Neurophysiol. 45(4)

(1981) 698-723.

30



©CO~NOOOTA~AWNPE

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

[45] B. Ronacher, H. Wolf, H. Reichert, Locust flight behavior after hemisection of
individual thoracic ganglia: evidence for hemiganglionic premotor centers, J. Comp. Physiol.
163(6) (1988) 749-759. doi:10.1007/BF00604052

[46] H. Wolf, K. Pearson, Flight motor patterns recorded in surgically isolated sections of the
ventral nerve cord ofLocusta migratoria, J. Comp. Physiol. 161(1) (1987) 103-114.
doi:10.1007/BF00609459

[47] A. Sakurai, A.N. Tamvacakis, P.S. Katz, Hidden synaptic differences in a neural circuit
underlie differential behavioral susceptibility to a neural injury, eLife  (2014).
doi:10.7554/eLife.02598

[48] S. Schoneich, K. Kostarakos, B. Hedwig, An auditory feature detection circuit for sound
pattern recognition, Sci Adv. 1(8) (2015). doi:10.1126/sciadv.1500325

[49] K. Kostarakos, B. Hedwig, Calling song recognition in female crickets: temporal tuning
of identified brain neurons matches behavior, J Neurosci 32(28) (2012) 9601-9612.
doi:10.1523/JNEUROSCI.1170-12.2012

[50] G. Tononi, O. Sporns, G.M. Edelman, Measures of degeneracy and redundancy in
biological networks, Proc. Natl. Acad. Sci. USA 96(6) (1999) 3257-3262.
doi:10.1073/pnas.96.6.3257

[51] G.M. Edelman, J.A. Gally, Degeneracy and complexity in biological systems, Proc.
Natl. Acad. Sci. USA 98(24) (2001) 13763-13768. doi:10.1073/pnas.231499798

[52] E. Marder, A.L. Taylor, Multiple models to capture the variability in biological neurons
and networks, Nat. Neurosci. 14(2) (2011) 133-138. doi:10.1038/nn.2735

[53] A.C. von Philipsborn, T. Liu, J.Y. Yu, C. Masser, S.S. Bidaye, B.J. Dickson, Neuronal
Control of Drosophila  Courtship  Song, Neuron 69(3) (2011) 509-522.

doi:10.1016/j.neuron.2011.01.011

31



©CO~NOOOTA~AWNPE

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

[54] J.F.A. Poulet, B. Hedwig, The Cellular Basis of a Corollary Discharge, Science
311(5760) (2006) 518-522. doi:10.1126/science.1120847

[55] B. Hedwig, Control of Cricket Stridulation by a Command Neuron: Efficacy Depends on
the Behavioral State, J. Neurophysiol. 83(2) (2000) 712-722.

[56] B.P. Chagnaud, A.H. Bass, Vocal Behavior and Vocal Central Pattern Generator
Organization Diverge among Toadfishes, Brain. Behav. Evol. 84(1) (2014) 51-65.
d0i:10.1038/ncomms1349

[57] B.P. Chagnaud, R. Baker, A.H. Bass, Vocalization frequency and duration are coded in
separate hindbrain nuclei, Nat. Commun. 2 (2011) 346. doi:10.1159/000362916

[58] L.S. Demski, J.W. Gerald, A.N. Popper, Central and Peripheral Mechanisms of Teleost
Sound Production, Amer. Zool. 13(4) (1973) 1141-1167.

[59] S. Grillner, Neurobiological bases of rhythmic motor acts in vertebrates, Science
228(4696) (1985) 143-149. doi:10.1126/science.3975635

[60] R.M. Robertson, K.G. Pearson, H. Reichert, Flight Interneurons in the Locust and the
Origin of Insect Wings, Science 217(4555) (1982) 177-179.
doi:10.1126/science.217.4555.177

[61] R.M. Robertson, K.G. Pearson, Interneuronal organization in the flight system of the
locust, J. Insect Physiol. 30(1) (1984) 95-101. doi:10.1016/0022-1910(84)90110-0

[62] J. Kukalova-Peck, Origin and evolution of insect wings and their relation to
metamorphosis, as documented by the fossil record, J. Morphol. 156(1) (1978) 53-125.
doi:10.1002/jmor.1051560104

[63] I. Paripovic, R.M. Hennig, D. Otto, Abdominal ventilatory pattern in crickets depends on
the stridulatory motor pattern, Physiol. Entomol. 21(3) (1996) 223-230. d0i:10.1111/j.1365-

3032.1996.tb00859.x

32



©CO~NOOOTA~AWNPE

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

[64] D. Otto, T. Weber, Interneurons descending from the cricket cephalic ganglia that
discharge in the pattern of two motor rhythms, J. Comp. Physiol. 148(2) (1982) 209-219. doi:
10.1007/BF00619127

[65] D. Otto, R.M. Hennig, Interneurons descending from the cricket subesophageal ganglion
control stridulation and ventilation, Naturwissenschaften 80(1) (1993) 36-38. doi:
0.1007/bf01139757

[66] N. Elsner, Neural economy: Bifunctional muscles and common central pattern elements
in leg and wing stridulation of the grasshopper Stenobothrus rubicundus Germ. (Orthoptera:
Acrididae), J. Comp. Physiol. 89(3) (1974) 227-236. doi:10.1007/BF01149605

[67] R.D. Alexander, Evolutionary Change in Cricket Acoustical Communication, Evolution
16(4) (1962) 443-467. doi:10.2307/2406178

[68] D. Otte, Evolution of Cricket Songs, J. Orthoptera Res. (1) (1992) 25-49.
doi:10.2307/3503559

[69] L. Desutter-Grandcolas, T. Robillard, Phylogeny and the evolution of calling songs in
Gryllus  (Insecta, Orthoptera, Gryllidae), Zool. Scr. 32(2) (2003) 173-183.
doi:10.1046/j.1463-6409.2003.00107.x

[70] P.S. Katz, Intrinsic and extrinsic neuromodulation of motor circuits, Curr. Opin.
Neurobiol. 5(6) (1995) 799-808. doi:10.1098/rsth.2010.0336

[71] E. Marder, V. Thirumalai, Cellular, synaptic and network effects of neuromodulation,
Neural Net. 15(4-6) (2002) 479-493. doi:10.1016/S0893-6080(02)00043-6

[72] E. Marder, R.L. Calabrese, Principles of rhythmic motor pattern generation, Physiol.
Rev. 76(3) (1996) 687-717.

[73] P.S. Katz, R.M. Harris-Warrick, The evolution of neuronal circuits underlying species-
specific behavior, Curr. Opin. Neurobiol. 9(5) (1999) 628-633. do0i:10.1016/S0959-

4388(99)00012-4

33



©CO~NOOOTA~AWNPE

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

[74] J.D. Clyne, G. Miesenbdck, Sex-Specific Control and Tuning of the Pattern Generator
for  Courtship  Song in Drosophila, Cell 133(2) (2008) 354-363.
doi:10.1016/j.cell.2008.01.050

[75] E. Zornik, A. Yamaguchi, Coding Rate and Duration of Vocalizations of the Frog,
Xenopus laevis, J Neurosci 32(35) (2012) 12102-12114. doi:10.1523/jneurosci.2450-12.2012
[76] C.M. Glaze, T.W. Troyer, Temporal Structure in Zebra Finch Song: Implications for
Motor Coding, J. Neurosci. 26(3) (2006) 991-1005. doi:10.1523/JNEUROSCI.3387-05.2006
[77] A.H. Bass, Central pattern generator for vocalization: is there a vertebrate morphotype?,
Curr. Opin. Neurobiol. 28 (2014) 94-100. doi:10.1016/j.conb.2014.06.012

[78] P.D. Danley, S.P. Mullen, F. Liu, V. Nene, J. Quackenbush, K.L. Shaw, A cricket Gene
Index: a genomic resource for studying neurobiology, speciation, and molecular evolution,
BMC Genomics 8(1) (2007) 1-16. doi:10.1186/1471-2164-8-109

[79] C. Wiley, K.L. Shaw, Multiple genetic linkages between female preference and male
signal in rapidly speciating Hawaiian crickets, Evolution 64(8) (2010) 2238-2245.
doi:10.1111/j.1558-5646.2010.01007.x

[80] C. Wiley, C.K. Ellison, K.L. Shaw, Widespread genetic linkage of mating signals and
preferences in the Hawaiian cricket Laupala, Proc. Biol. Sci. 279(1731) (2012) 1203-1209.

d0i:10.1098/rspb.2011.1740

34



©CO~NOOOTA~AWNPE

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

Figure Legends

Fig. 1. Calling song of G. bimaculatus (gwhite) with intact central nervous system.

(A) Schematic diagram of the cricket CNS (i), modified after Huber (1963). SOG: subesophageal
ganglion, T1: prothoracic ganglion, T2: mesothoracic ganglion, T3aya2: Metathoracic ganglion
complex, TAG: terminal abdominal ganglion. A sequence and a schematic representation of the
calling song is shown (ii); the song parameters analysed i.e. chirp period; chirp duration, interchirp
interval, sound pulse period, and sound pulse duration are indicated. Arrow in the recording sequence,
represent the sound pulse at the start of a chirp, these are aligned to time zero in the raster plot and
cross-correlogram. The grey area represents a +/- 500 ms time-window aligned to the 9™ chirp from
the left (asterisk). (B) Raster plot and cross-correlogram of the three selected time-windows for one
animal (3724 chirps). For each chirp the start of the pulses are plotted within a time-window of +/-
500 ms. The cross-correlogram and the inset, showing a higher amplitude resolution of the cross-
correlogram, have a bin width of 1.75 ms. The y-axis indicates the normalized number of events for
each time bin (see 2.4 Data Analysis for details). The description given here pertains to the following

figures Fig. 2, Fig. 3, Fig. 4, Fig. 6, Fig. 7 and Fig.8, unless otherwise stated.

Fig. 2. Effect on sound production after cutting the connectives between A5 and A6.

(A) Schematic representation of the lesion (i) and a sequence of the song pattern after the lesion (ii).
(B) Raster plot and cross-correlogram of the time-windows for one animal (3008 chirps). (C) Analysis
of song parameters before (x-axis) and after (y-axis) the lesion (N=5), each symbol represents the
mean for one individual. The line through the origin indicates where pre- and post- would have the

same mean parameter value.

Fig. 3. Effect on sound production after cutting the connectives between AA and A5.
(A) Schematic representation of the lesion (i) and a sequence of the song pattern after the lesion (ii).
(B) Raster plot and cross-correlogram of pulses within the time-windows for one animal (2630

chirps). (C) Analysis of the song parameters before (x-axis) and after (y-axis) the lesion (N=6), each
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symbol represents the mean for one individual animal. Open circles represent a song parameter, in one
animal, that statistically differs from the remaining values in that group, revealed by the two-way

ANOVA interaction between lesion and animal factors (cf. Table S1, Supplementary Materials).

Fig. 4. Effect on sound production after cutting the connectives between A3 and A4. (A)
Schematic representation of the lesion (i) and a sequence of the song pattern after the lesion (ii). Note
the presence of single pulses with an inter-pulse interval greater than 50 ms, this data was included in
the raster plot and in the cross-correlogram. (B) Raster plot and cross-correlogram of a continuous 12
h recording. Of all pulses generated 69% were single pulses (2458 chirps and 5533 singles pulses).
(C) Analysis of song parameters before (x-axis) and after (y-axis) the lesion (N=4), each symbol

represents the mean for one animal.

Fig. 5. Effect on sound production after removing the abdominal ganglion chain by cutting
connectives between T3aya; and A3

(A) Schematic representation of the lesion. (B) Sequences of sounds produced before (left) and after
the lesion (right), the scale bars are the same for the two sequences. The inset shows two types of
signals, low amplitude sound pulses (arrow) and “scratchy” sounds of very low amplitude

(arrowhead).

Fig. 6. Effect on sound production after splitting A5 along the midline.

(A) Schematic representation of the split (i) and a sequence of the song pattern after the split (ii). (B)
Raster plot and cross-correlogram of the selected time-windows for one animal (3411 chirps). (C)
Analysis of song parameters, before (x-axis) and after (y-axis) the split (N=5) with each symbol
representing the mean for one individual animal. Open circles represent a song parameter that
statistically differs from the remaining values in that group, revealed by the two-way ANOVA

interaction between split and animal factors (cf. Table S3, Supplementary Materials).
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Fig. 7. Effect on sound production after splitting A4 along the midline.

(A) Schematic representation of the split (i) and a sequence of the song pattern after the split (ii). Note
the presence of single pulses with an inter-pulse interval greater than 50 ms, this data was included in
the raster plot and in the cross-correlogram. (B) Raster plot and cross-correlogram of the selected
time-windows for one animal, from which 34% were single pulses (2084 pulses in chirps and 1073
single pulses). (C) Analysis of song parameters before (x-axis) and after (y-axis) the split (N=5), with
each symbol representing the mean for one individual animal. Open circles represent a song parameter
that statistically differs from the remaining values in that group, revealed by the two-way ANOVA

interaction between split and animal factors (cf. Table S4, Supplementary Materials).

Fig. 8. Effect on sound production after splitting A3 along the midline.

(A) Schematic representation of the split (i) and a sequence of the song pattern after the split (ii). (B).
Raster plot and cross-correlogram of the selected time-windows for one animal (3371 chirps). (C).
Analysis of song parameters before (x-axis) and after (y-axis) the split (N=5), each symbol represents

the mean for one animal.

Fig. 9. Effect on sound production after splitting A3 and A4 along their midlines.
(A) Schematic representation of the splits. (B) Sequences of sounds produced before (left) and after
(right) the splits, the scale bars are the same for two main sequences, low amplitude sound pulses are

represented by an arrow.

Fig. 10. Summary of the effects on the song parameters in the different experimental procedures
and putative organization of the singing network in crickets.

(A) Schematic representation of the sound production in intact (black) and in experimental animals
(coloured). The diagram represents the group mean of each song parameter, chirp duration and period,
average pulse number per chirp, and pulse duration and period. (B) Relative value for each song

parameter in each group, normalized to the normal calling song pattern (Mean of parameter ager tesion /
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Mean of parameter nomal patern). Stippled lines at 1, represent the value for the normal pattern; rel.
Units, relative units; n.p., indicates that the specific song parameter was absent. The colour scheme is
the same as in (A), and qualitatively represents changes in the chirp structure and pattern (blue
colours) and changes pulse pattern (red colours). (C) Representation of the cricket CNS from T2 to
the TAG, and putative neural organization underlying the singing behaviour in crickets. The stippled
line on the left indicates a subset of regions along the abdominal ganglia chain where the brain
command neuron for singing may project. Blue ellipse represents the putative regions for the location
of the chirp timer network, and the red ellipse represents the putative regions for the location of the

pulse timer network. The arrows show the direction of information flow.
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Tables

Table 1. Statistical comparison of the song parameters in three G. bimaculatus strains, European
wild-type (WT), Japanese WT and gwhite

European  Japanese

white (3 ANOVA Holm-Sidik

Song WT (1) wr@e 9 & Groups  Post hoc

Parameter %+ 5D ¥+5D T+ 5D = p p-value
. 1vs2 0.7176

Chirp 13024 124+21 123+10 066 0521  1lvs3 0.5879
Duration (ms) 2vs 3 0.7997
_ 1vs2 0.6426
Peﬁ:c'jr(ﬁns) 40851 397440 372458 211 0123  1lvs3 0.1905
2vs3 0.3622
Average Pulse Lvs2 0.062
Number per 3.8£0.5 4.1+0.2 4.5+0.4 11.3  <0.001 lvs3 <0.001
Chirp 2vs3 0.062
lvs?2 0.969
Dsfﬁargfos‘#;i) 18.6+¢32  18.3t15  18.0+20 033 0719 1lvs3 0.728
2vs3 0.885

1vs2 <0.001

SoundPulse 389432 320826  302#22 455 <0001 1vs3  <0.001
Period (ms) 2vs3 0.060

(Note: data shown in bold are significant at p<0.05)

Table 2. Statistical analysis of the effect of cutting the connectives A5-A6 on the song parameters of
G. bimaculatus

917
. . . . Average Pulse Sound Pulse  Sound P,
Chirp Duration Chirp Period Number per Chirp Duration Perio%lisg
F p F P F p F p F p
Main Effect J1J

of Lesion 441 0.0501 15.7 0.001 2.74 0.115 206 0168 3.97 09(568

Main Effect =, 23 5000 138 0282 689 0.002 380 0021 7.26 0.001
of Animal

Lesion by 922
Animal 1.64 0.209 2.74 0.063 2.73 0.062 0.43 0.782 2.06 (1_9]22:@
Interaction

(Note: data shown in bold are significant at p<0.05)
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Table 3. Statistical analysis of the effect of cutting the connectives A4-A5 on the song parameters of
G. bimaculatus

. . . . Average Pulse Sound Pulse Sound Pulse
Chirp Duration Chirp Period Number per Chirp Duration Period
F p F p F p F p F P
MainEffect ;60 9001 751 <0001 154 <0001 926 0006 534  <0.001
of Lesion
Main Effect g 55 9001 101 <0001 158 <0.001 155 0219 264 <0.001
of Animal
Lesion by

Animal 6.30 0.001 3.09 0.003 9.90 <0.001 6.44 <0.001 2.56 0.058
Interaction
(Notes: data shown in bold are significant at p<0.05. Planned comparisons for the significant two-way interactions
are presented in Table S1)

Table 4. Statistical analysis of the effect of cutting the connectives A3-A4 on the song parameters of
G. bimaculatus

. . . . Average Pulse Sound Pulse Sound Pulse
Chirp Duration  Chirp Period Number per Chirp Duration Period
F p F p F p F p F P

MainEffect ;0 5001 882 001 1131 <0001 331 <0001 674  <0.001
of Lesion
Main Effect  ,., (003 185 0182 547 <0001 593 0007 332  0.049
of Animal

Lesion by

Animal 151 0.253 180 0190 157 <0.001 4.09 0.026 1.24 0.329
Interaction
(Notes: data shown in bold are significant at p<0.05. Planned comparisons for the significant two-way interactions are
presented in Table S2)
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Table 5. Statistical analysis of the effect of splitting A5 on the song parameters of G. bimaculatus

950
. . . . Average Pulse Sound Pulse Sound P

Chirp Duration Chirp Period Number per Chirp Duration Perio gel

F p F P F p F P F £5

- JL

Main Effect oo 0001 414 0059 364 <0001 014 0714 382  0.067

of Lesion 953

'\g]‘f‘ﬁnﬂg‘ft 286 <0001 424 0016 120 <0001 235 0098 182  <0.001

Lesion by 954

Animal 10.4 <0.001 285 0.058 4.2 0.002 0.86 0511 6.13 0.003

Interaction 955
(Notes: data shown in bold are significant at p<0.05. Planned comparisons for the significant two-way

interactions are presented in Table S3) 956
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Table 6. Statistical analysis of the effect of splitting A4 on the song parameters of G. bimaculatus

971
. . . . Average Pulse Sound Pulse Sound Pulse
Chirp Duration  Chirp Period Number per Chirp Duration Periody72
F P F p F p F p F p
MainEffect /) 5001 224 0154 872 <0001 275 <0001 731 <0003
of Lesion
Main Effect 5., 007 042 0789 179 <0001 611 0004 593 <obf
of Animal
Lesion by 975
Animal 9.02 <0.001 0.81 0538 8.67 <0.001 5.46 0.006 68.8 <0.001
Interaction

(Notes: data shown in bold are significant at p<0.05. Planned comparisons for the significant two-way interacgc;rgs

are presented in Table S4)

Table 7. Statistical analysis of the effect of splitting A3 on the song parameters of G. bimaculatus

978

. . . . Average Pulse Sound Pulse Sound Pulse
Chirp Duration  Chirp Period Number per Chirp Duration Period

F P F p F p F p F p value

MainEffect 50, 0102 457 0049 310 <0001  0.79 0.389 647  <0.001
of Lesion

Main Effect 35 0283 491 001 663 0003 58 0005 137 <0001
of Animal
Lesion by

Animal 3.92 0.023 0.45 0.772 2.03 0.141 0.82 0.534 3.00 0.053
Interaction

(Notes: data shown in bold are significant at p<0.05. Planned comparisons for the significant two-way interactions are

presented in Table S5)
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Supplementary Materials

Supplementary Figures Legends
Fig. S1. Percentage of single pulses and of chirps with 2 to >10 pulses before (Pre; black) and
after (Post; grey) cutting the connectives between A5 and A6. Data were pooled from all

animals (N=5).

Fig. S2. Percentage of single pulses and of chirps with 2 to >15 pulses before (Pre; black) and
after (Post; grey) cutting the connectives between A4 and A5. Data were pooled from all

animals (N=6).

Fig. S3. Percentage of single pulses and of chirps with 2 to 10 pulses before (Pre; black) and
after (Post; grey) cutting the connectives between A3 and A4. Data were pooled from all

animals (N=4).

Fig. S4. Percentage single pulses and of chirps with 2 to >10 pulses before (Pre; black) and

after (Post; grey) splitting the A5 along its midline. Data were pooled from all animals (N=5).

Fig. S5. Percentage of single pulses and of chirps with 2 up to 10 pulses before (Pre; black)

and after (Post; grey) splitting the A4 along its midline. Data were pooled from all animals

(N=5).

Fig. S6. Percentage of single pulses and of chirps with 2 to 10 pulses before (Pre; black) and

after (Post; grey) splitting the A3 along its midline. Data were pooled from all animals (N=5).
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21013  Supplementary Tables

41014  Table S1. Planned comparisons per animal for significant two-way interactions of cutting the connectives
61015  A4-ASon the song parameters of G. bimaculatus

7 1016

8 . . . . Average Pulse Sound Pulse

9 Chirp Duration (ms) Chirp Period (ms) Number per Chirp Duration (ms)
10 Before After p Before After p Before After b Before After b
11 ¥+50 X+5D T+ 5D T+ 5D ¥+5D0 T+5D X+ 5D X+ 5D
12 1 151+311 224430 <0.001 379+#30 603+125 0.003 5.1+0.1 6.8+0.8 0.002 21.1+0.6 15.3+0.9 <0.001
13 2 11632 142+8.3 0.541 299+18 311%16 >0.999 4.0+0.1 3.9+06 0.814 17.3x1.6 19.2+1.8 0.417

3 120495 195+34 <0.001 399448 685+84 <0.001 4.5+0.4 7.0+1.0 <0.001 17.9+0.5 155+1.1 0.234

14 4 118475 239+4.3 <0.001 430+124 67350 0.005 4.3+0.2 7.24¢0.5 <0.001 17.2+1.9 18.6+1.8 0.830
15 5 126+0.1 221+15 <0.001 301+18 556495 0.003 5.0+0.1 7.5+0.5 <0.001 185+0.6 16.3x1.4 0.412
16 6 125+4.6 273+39 <0.001 338+13 570451 0.007 4.1+0.2 8.0+0.4 <0.001 17.5+0.3 15.8+1.8 0.702
17 (Note: data shown in bold are significant at p<0.05)
181017
19

201018  Table S2. Planned comparisons per animal for significant two-way interactions of cutting the connectives
g; 1019  A3-A4 on the song parameters of G. bimaculatus

23 1020

24 Average Pulse Sound Pulse

25 Number per Chirp Duration (ms)

26 Before After P Before After p

27 I+t5D X X5D value TX5D I +5D  value

28 1  49+02 22401 <0.001 16.9+3.1 54+0.6  <0.001

29 2 4501 2.6+0.3 <0.001 21.8+0.4 8.6+1.8 <0.001

30 3 5001 2.7+0.2 <0.001 20.0+0.5 3.8£0.3  <0.001

31 4 4502 2.9+0.1 <0.001 16.9£1.0 7.1+2.4  <0.001
(Note: data shown in bold are significant at p<0.05)

32 075

33

341027

35

361028  Table S3. Planned comparisons per animal for significant two-way interactions of splitting A5 on the song
371029 parameters of G. bimaculatus
381030

. . Average Pulse Sound Pulse
jg Chirp Duration (ms) Number per Chirp Period (ms)

Before After P Before After p Before After p
42 T+SD X+SD value X+SD T+SD  value X+SD T+SD  vale

ji 124+6.3 139+3.3 0.048 4.1+01 4.5+0.2 0.046 345+25 35.0+1.1 0.934

109+3.8 127+4.4 0.028 4.1+0.1 4.6+0.1 0.015 29.4+0.5 29.3%x1.2 0.970
45 151+5.6 168+7.1 0.028 4.7+0.1 5.3£0.2 0.007 35.4+0.9 34.0+05 0.604
46 118+8.6 163+7.8 <0.001 4.2+0.3 5.0£0.2 <0.001 30.4+0.4 35.3+0.4 <0.001
a7 134+6.4 130+6.1 0.559 4.5+0.1 4.4+0.3 0.475 32.9+1.2 33.2+1.6 0.941
48 (Note: data shown in bold are significant at p<0.05)
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Table S4. Planned comparisons per animal for significant two-way interactions of splitting A4 on the

song parameters of G. bimaculatus

Chirp Duration (ms) Average Pulse Sound Pulse Sound Pulse
Number per Chirp Duration (ms) Period (ms)
Before  After Before After Before  After Before  After
X+5D X+5D X+5D T +5D X+5D xX+5D X+5D T+5D P
1 125#75 88.7+3.6 <0.001 4.9+0.3 3.0+0.2 <0.001 15.6+1.4 16.6+2.0 0.962 28.1+0.6 34.7+1.6 <0.001
2 111+27 88.8+7.1 0.023 4.2+0.1 25+0.2 <0.001 17.1+0.2 13.0£1.5 0.052 29.3+0.2 50.3+1.2 <0.001
3 11022 97.8+10 0.285  4.0+0.1 26:0.2 <0.001 19.4+0.9 17.3+1.4 0482 30.0+1.1 50.3+0.6 <0.001
4 122465 75.7+14 <0.001 4.9+01 24#02 <0.001 165+0.1 13.4+29 0201 27.0+14 452+2.1 <0.001
118459 557+#2.7 <0.001 4.2+0.1 24+01 <0001 18.2+0.2 10.3+0.6 <0.001 315+0.7 32.1x1.0 0.991

5
(Note: data shown in bold are significant at p<0.05)

Table S5. Planned comparisons per animal for significant two-way interactions of splitting A3 on the

song parameters of G. bimaculatus

Chirp Duration (ms)

Before

After p
x50 XX5D value
1 132+10 114+39 0.177
2 118+14 12013 0.999
3 113x19 13113 0.201
4 124+10 104+6.2 0.137
5 134+1.1 120+3.7 0.452
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Video Legends

Video 1. Calling song of a gwhite G. bimaculatus male, with a European WT female.

The male holds it wings well raised and generates the rhythmic calling song pattern.

Video 2. Singing behaviour of a gwhite male 4 days after cutting connectives between
A4-A5.

The video shows a gwhite male and a European WT female. The male raises its wings as
normal crickets but a slightly different song pattern is produced, with longer chirps and with

more variable interchirp intervals.

Video 3. Behaviour of a gwhite male 11 days after cutting the connectives between
T3a1a2-A3.

The video shows a gwhite male and a European WT female. The male responds to the
aggressive female, it walks normally and finally raises its wings into singing position,
however only low amplitude sounds are generated, when the wings quiver or are lowered into

resting position.

Video 4. Behaviour of a gwhite male, 4 days after splitting A4.

The video shows a gwhite male and a European WT female. The male raises its wings into
singing position, but does not generate coordinated opening and closing-movements of the
wings. This is noticeable from time point 00:10 min, when its body shakes like during

courtship behaviour. At time 01:25 min a series of low amplitude sound pulses are generated.
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1073  Video 5. Behaviour of a gwhite male 4 days after the combined split of A3 and A4.
1

51074 The video shows a gwhite male and a European WT female. The male raises its wings,

4
51075  however only low amplitude sound pulses are produced.
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