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Among piranhas, sound production is known in carnivorous species, whereas herbivorous species were thought to be
mute. Given that these carnivorous sonic species have a complex sonic apparatus, we hypothesize that intermediate
forms could be found in other serrasalmid species. The results highlight the evolutionary transition from a simple
sound-producing mechanism without specialized sonic structures to a sonic mechanism involving large, fast-
contracting sonic muscles. Hypaxial muscles in basal herbivores primarily serve locomotion, but some fibres cause
sound production during swimming accelerations, meaning that these muscles have gained a dual function. Sound
production therefore seems to have been acquired through exaptation, i.e. the development of a new function (sound
production) in existing structures initially shaped for a different purpose (locomotion). In more derived species
(Catoprion and Pygopristis), some fibres are distinguishable from typical hypaxial muscles and insert directly on
the swimbladder. At this stage, the primary function (locomotion) is lost in favour of the secondary function (sound
production). In the last stage, the muscles and insertion sites are larger and the innervation involves more spinal
nerves, improving calling abilities. In serrasalmids, the evolution of acoustic communication is characterized initially
by exaptation followed by adaptive evolution.

ADDITIONAL KEYWORDS: acoustics — piranhas — sonic muscle.

INTRODUCTION can produce different types of sounds with different
sound-producing apparatus (Hallacher, 1974; Rice &
Bass, 2009; Parmentier et al., 2011), which suggests
evolutionary trends within those taxa.

These groups are interesting because they could be
used to define the evolutionary stages leading to the
ability to produce sounds. In some taxa, the evolution
of sonic mechanisms could be the result of exaptation,
by the modification of existing structures that were
initially devoted to other functions (Parmentier et al.,

Numerous teleost fishes are known to produce sounds
during reproductive and agonistic interactions
(Ladich, 1997, 2015; Myrberg & Lugli, 2006). However,
fish sonic mechanisms appear to have evolved
independently in different taxa (Fine & Parmentier,
2015), which makes it difficult to realize comparative
studies based on many taxa, because the origin of the
sonic apparatus may be completely different. Within

some families, such as Pomacentridae (Colleye et al., 9017). T lo. fish K ds b indi
2011), Doradidae (Boyle et al., 2015), Balistidae (Raick ). For example, fish can make sounds by grinding

et al., 2018), Batrachoididae (Rice & Bass, 2009) and their teeth or ﬂapping their fins, which evolv.ed for
other purposes. Evolutionary trends are more difficult

to explain when fishes make sounds with muscles
acting on the swimbladder (Ladich & Fine, 2006; Mok
et al., 2011; Fine & Parmentier, 2015) because their
ancestral conditions have to be identified.

According to the most recent studies on piranha
phylogeny, Serrasalmidae can be divided into three
*Corresponding author. E-mail: parmentier@uliege.be clades (Orti et al., 2008; Thompson et al., 2014): (1)

Sciaenidae (Ramcharitar et al., 2006), species use the
same type of sound-producing mechanism. Given that
the sound-producing mechanism appears to be highly
conserved, it is difficult to understand how acoustic
abilities evolved. In other taxa, closely related species
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the ‘pacu’ clade composed of fruit- and seed-eating
species (Correa et al., 2007; Anderson, 2009); (2) the
‘Myleus’ clade, which feed on plants, fruits and seeds
(Planquette et al., 1996); and (3) the ‘true piranhas’
clade, which are more diverse and include herbivorous,
omnivorous and carnivorous species.

Over the past few decades, sound production has been
described to various extents in only some carnivorous
piranha species, namely those in Serrasalmus and
Pygocentrus (Markl, 1971; Kastberger, 1981a,b; Mélotte
et al.,2016; Rountree & Juanes, 2018). In these species,
extrinsic sonic muscles originate on the base of the
second ribs and insert on a broad tendon surrounding
the ventral surface of the swimbladder (Ladich &
Bass, 2005; Millot et al., 2011; Mélotte et al., 2016). In
herbivorous species, males of Piaractus brachypomus
(Cuvier, 1818) emit a ‘knocking’ sound when females
are ready to spawn, but these have not been described
fully, and the sonic apparatus is unknown (Dabrowski
et al.,2003). No sounds or sonic mechanisms have been
described in other serrasalmids.

Within the piranha clade, given that the carnivorous
sonic species Pygocentrus and Serrasalmus are the most
derived genera and have a complex sonic apparatus
(Markl, 1971; Millot et al., 2011), we hypothesize that
transitional morphologies could be found in other
serrasalmid species. Consequently, we have chosen to
investigate sound production in herbivorous species
(Piaractus brachypomus, Myloplus rubripinnis,
Myloplus schomburgkii, Myloplus rhomboidalis,
Metynnis lippincottianus and Acnodon oligacanthus)
and in species that are closely related to Pygocentrus
and Serrasalmus (Pristobrycon striolatus, Pygopristis
denticulata and Catoprion mento) (Orti et al., 2008;
Thompson et al., 2014). The aim is to form a hypothesis
for the way in which the sonic mechanism has evolved
in Serrasalmidae.

MATERIAL AND METHODS

All procedures and all methods were approved by the
ethical commission of the University of Liege (ethics
case 1532).

FISH COLLECTION

Fourteen Piaractus brachypomus [36—147 mm (SL)
standard length], ten Metynnis lippincottianus (76—
87 mm SL), three Myloplus rubripinnis (98—108 mm
SL), eight Myloplus schomburgkii (55—82 mm SL),
six Pygopristis denticulata (55-138 mm SL) and five
C. mento (49-100 mm SL) were purchased via the
aquarium trade. These were housed in freshwater
aquaria at 26 + 1 °C and were maintained on a 12
h-12 h light-dark cycle. The tanks were equipped

with an external filter, an internal heater, and
bubblers for aeration. Piaractus brachypomus,
Metynnis lippincottianus, Myloplus rubripinnis and
Myloplus schomburgkii were fed with food granules
three times a week, whereas Pygopristis denticulata
and C. mento were fed with mussels three times a
week. Additionally, ten A. oligacanthus (105-162 mm
SL), eight Myloplus rhomboidalis (76—150 mm SL)
and ten Pristobrycon striolatus (90-130 mm SL) were
caught with gill nets in March 2015 during a field
excursion on the Tampok and Waki rivers in French
Guiana (Guiana Amazonian Park).

SOUND COLLECTION AND ANALYSIS

Sounds were recorded in a tank of ~135 L
(85 cm length x 40 cm width x 40 cm height) using a
hydrophone (HTI-96-MIN Series; High Tech Inc., Long
Beach, MS, USA; sensitivity: —164.4 dB re 1 V/uPa; flat
frequency response range between 2 Hz and 30 kHz)
connected to a portable stereo recorder (Tascam
DR-05). During the recordings, the temperature
was 26 = 1 °C, and the lighting, external filters and
bubblers were turned off to reduce background noise.
At each recording session, the hydrophone was placed
at the centre of the recording tank. The tank contained
a different number of specimens for recording sessions
of Piaractus brachypomus, Metynnis lippincottianus,
Myloplus rubripinnis and Myloplus schomburgkii.
The tank contained two specimens of the same species
for recording sessions of Pygopristis denticulata and
C. mento. Moreover, the individuals of the different
species were recorded when hand-held underwater
(20 cm depth), at a distance of ~5 cm from the
hydrophone. In addition to these recording sessions
in laboratory conditions, A. oligacanthus, Myloplus
rhomboidalis and Pristobrycon striolatus were audio-
recorded in a tank directly placed in the field during
the fishing expedition. The recording material and
the recording conditions were otherwise the same as
described previously for the other species.

Sounds were digitized at 44.1 kHz (16-bit
resolution) and analysed using Avisoft SAS-Lab Pro
v.5.2 software. All recordings were bandpass filtered
(band width, 50-2000 Hz for drumming sounds;
band width, 50-3000 Hz for stridulatory sounds) to
avoid frequency distortion owing to the resonance
of the tank. Temporal features were measured from
oscillograms, and frequency parameters were obtained
from power spectra. Spectrograms of the sounds were
obtained to visualize the frequency components (Fast
Fourier Transfrom length, 256 points; frame size,
100%; window, flat top; time overlap, 98.43%). Given
that different types of sounds were recorded, the sound
parameters that were measured varied according
to the type of sound. For pulsed sounds (type 1), we
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measured the following parameters: sound duration
(in milliseconds); number of pulses in a sound; pulse
duration (measured as the time from the beginning
of one pulse to its end; in milliseconds); pulse
period (measured as the average interval between
consecutive pulses in the sound; in milliseconds); and
dominant frequency (in hertz), which represents the
frequency with the most energy in the power spectrum
of one pulsation. For warning calls (type 2) (Millot
et al., 2011), we measured the following parameters:
sound duration (in milliseconds); number of cycles
in a sound; first cycle period (measured as the peak-
to-peak interval between the first two cycles in the
sound; in milliseconds); cycle period (measured as the
average peak-to-peak interval between consecutive
cycles in the entire sound except the first two cycles; in
milliseconds); and fundamental frequency (in hertz),
which represents the first harmonic in the power
spectrum. Pygopristis denticulata produced two types
of sound. Five Pygopristis denticulata produced 139,
25, 12, ten and seven sounds of type 1. Two Pygopristis
denticulata produced 13 and 14 sounds of type 2. Five
C. mento produced a single type of sound; specimens
made 29, 14, 12, 12 and two sounds, respectively. The
individual means were calculated first and the species
mean was calculated afterwards.

MORPHOLOGICAL STUDY

To observe and describe the morphological structures
that might be involved in sound production, two
specimens per species were dissected. The individuals
were euthanized with tricaine methanesulfonate
(MS-222) and fixed in 7% formalin for ~2 weeks
before being transferred to 70% ethanol for storage.
Specimens were dissected at the level of the anterior
sac of the swimbladder and examined with a Wild
M10 (Leica) binocular microscope equipped with a
camera lucida.

According to the sound-production ability of the
species investigated, different muscle samples were
fixed for 48 h in 2.5% glutaraldehyde for observation
with an optical microscope (Leica MD 1000). After
glutaraldehyde fixation, muscle samples were
dehydrated in an ethanol-propylene oxide series and
embedded in epoxy resin. Muscular fibre morphology
was observed in semi-thin sections stained with
Toluidine Blue. The diameter of intercostal/extrinsic
and epaxial fibres was calculated using Imaged
software. Muscles included the first epaxial muscles in
Pygopristis denticulata (55 mm SL), C. mento (58 mm
SL), Piaractus brachypomus (36 mm SL), Myloplus
schomburgkii (82 mm SL) and Serrasalmus spilopleura
(98 mm SL). Additional samples were taken from the
same individuals: intercostal muscle (between ribs
1 and 2) in Piaractus brachypomus (36 mm SL) and

Myloplus schomburgkii (82 mm SL); and extrinsic
muscle (associated with the anterior chamber of the
swimbladder) in Pygopristis denticulata (55 mm SL),
C. mento (58 mm SL) and S. spilopleura (98 mm SL).

ELECTROSTIMULATION

In order to localize the body part(s) involved in
sound production in Piaractus brachypomus,
three specimens (124, 141 and 147 mm SL)
were used for an electrostimulation experiment.
Each fish was placed in an experimental tank
(98 cm length x 33 cm width x 28 cm height). Fish
were put in a custom-made harness to prevent body
movements while allowing normal breathing. The
harness was closed dorsally and caudally with clamps
attached to a steel frame and placed into the tank. Two
subdermal stainless-steel needle electrodes (Rochester
Electro-Medical, Lutz, FL, USA) were used to induce
electrical stimulation. Different body muscles
(anterior hypaxial musculature and posterior epaxial
musculature) that surround the swimbladder were
then stimulated with both electrodes placed in the
same muscle ~5 mm below the skin. Simultaneously,
the hydrophone was placed in the centre of the
experimental tank to record the sounds produced
during electrical stimulations. The electrostimulator
(HSE Stimulator Type 215/T; Hugo Sachs Elektronik,
March-Hugstetten, Germany) was set to induce a direct
current stimulation of 1 V lasting 15 ms every 3 s.
Sounds elicited by electrical stimulation were digitized
at 44.1 kHz (16 bit-resolution) and analysed using
Avisoft SAS-Lab Pro v.5.2 software. Sound duration
(in milliseconds) was measured from oscillograms
and dominant frequency (in hertz) was obtained from
power spectra (Fast Fourier Transfrom length, 256
points; frame size, 100%; window, flat top; and time
overlap, 98.43%). All recordings were bandpass filtered
(band width, 50—-2000 Hz) to eliminate the resonant
frequency of the experimental tank.

STATISTICAL ANALYSIS

Descriptive statistics were calculated for each temporal
and frequency variable of the sounds produced by the
different species.

Natural sounds of Piaractus brachypomus were
compared with sounds obtained by electrical
stimulation of the body areas. The Shapiro—Wilk
normality test was used to test the normality of
the data. Wilcoxon signed rank tests were used to
compare sound characteristics amongst the different
sound types.

Linear regressions were performed to examine
the relationship between fish size (SL) and acoustic
features in Pygopristis denticulata and C. mento.
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Depending on the Shapiro—Wilk normality test
results, intercostal/extrinsic and epaxial fibre diameters
were compared with Student’s paired ¢-test or a
Wilcoxon signed rank test in the species investigated.
We did not compare fibre diameters between the
different species because it was shown previously in
Pygocentrus nattereri that muscular fibre diameters
vary according to fish size (Millot & Parmentier, 2014).

Statistical analyses were performed with Statistica
v.12 and GraphPad Prism v.5.0. Results are presented
as means + SD. Significance level was determined at
P <0.05.

RESULTS

No sounds were recorded for the species Metynnis
lippincottianus, Pristobrycon striolatus, Myloplus
rhomboidalis, Myloplus rubripinnis and
A. oligacanthus, whatever the recording conditions
(i.e. when hand-held or when swimming freely in
the recording tank). However, we cannot conclude
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definitively that these fish are incapable of sound
production.

PROPERTIES OF PRODUCED SOUNDS

When freely swimming, the herbivorous Piaractus
brachypomus produced sounds consisting of a single
pulse (Fig. 1A). The sound waveform was composed
of several cycles, with the initial cycles having the
greatest amplitude (Fig. 1A). The sound duration
averaged 175 + 65 ms (N = 48), with a dominant
frequency of 77 + 43 Hz (INV = 48). In the tank, sound
emission was accompanied by the sudden and fast
swimming movement of the calling fish. The role of
sounds could not be determined. No sounds were
recorded when Piaractus brachypomus was held in
the hand.

Myloplus schomburgkii also produced sounds
consisting of a single pulse (Supporting Information,
Fig. S1) during swimming acceleration. It is hard
to determine whether these sounds were merely
by-products of movements or used for social
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Figure 1. Waveform, spectrogram and power spectrum of the sounds produced by Piaractus brachypomus in natural and
electrostimulation situations. A, waveform and spectrogram of a natural sound. B, power spectrum of a natural sound. C,
waveform and spectrogram of a sound produced by the stimulation of the anterior hypaxial musculature. D, power spectrum
of a sound produced by the stimulation of the anterior hypaxial musculature. The first cycle (indicated by a black arrow) in
panel C corresponds to the electrical stimulation. B, D, graphs illustrate the congruence between the main frequency peaks
composing the spectra of the natural and electrostimulated sounds. No sound was produced when the posterior epaxial
musculature was electrostimulated. Sounds were recorded at 44.1 kHz.
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communication. As was the case in Piaractus
brachypomus, this sound was composed of several
cycles, with the initial cycles having the greatest
amplitude. Sound duration was 26 + 44 ms, and
dominant frequency averaged 77 + 20 Hz. No sound
was recorded when Myloplus schomburgkii was held
in the hand.

Pygopristis denticulata made pulsed sounds emitted
in trains. Pygopristis denticulata produced two types

muscle

Sonic muscle

of sounds (Fig. 2B; Supporting Information, Fig. S2).
The first type (Fig. 2B) consisted of trains of a varying
number of pulses (from one to 13) produced at a
period of 225 ms (Table 1). Sound duration averaged
800 ms, whereas pulse duration and period were ~19
and ~226 ms (Table 1), respectively. The dominant
frequency had a mean of 90 Hz (Table 1). Sound
duration and pulse period were characterized by high
SDs (e.g. pulse period varying from 29 to 598 ms).
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Figure 2. Left lateral view of the sound-producing apparatus and sound waveforms and spectrograms in Pygopristis
denticulata, Catoprion mento and Serrasalmus rhombeus. A, B, sound-producing apparatus (A) and pulsed sound (B) of
Pygopristis denticulata. C-E, sound-producing apparatus (C), tonal sound (D) and pulsed sound (E) of C. mento. F, G, sound-
producing apparatus (F) and tonal sound (G) of S. rhombeus. Roman numbers on the drawings refer to vertebra positions.
Note that some ossicles of the Weberian apparatus (tripus, intercalarium and claustrum) were removed for greater clarity.
Note also that data concerning S. rhombeus were extracted from Mélotte et al. (2016).
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Table 1. Mean values and standard deviations for the six acoustic variables of the pulsed sounds produced by Pygopristis
denticulata (128 £ 11 mm SL) and Catoprion mento (67 £ 20 mm SL)

Species (IV) Number of Sound Number of Pulse Pulse Peak
sounds duration pulses per duration period frequency
analysed (ms) sound (ms) (ms) (Hz)
Pygopristis denticulata 193 800 + 520 45+24 19.1+6.4 225 + 116 91 + 38
(5); sound type 1

Pygopristis denticulata 27 688 + 504 10.0 £ 6.0 148 +5.6 75 £ 25 2440 + 170
(2); sound type 2

Catoprion mento (5) 69 348 + 324 1.9+0.8 12.6 + 4.8 368 + 154 109 + 47

Abbreviations: N, number of individuals recorded; SL, standard length.

This first sound type was emitted in an agonistic
context, when the sound-producing fish was chasing
another fish. The second type of sound was produced
in trains of pulses (from 3 to 22 pulses; Supporting
Information, Fig. S2) that were produced over a period
of 75 ms (Table 1). This sound type was characterized
by the presence of two peaks in the spectrogram
(~185 and ~2440 Hz). Sound production was always
accompanied by a trembling movement. In both types
of sounds, sound duration showed a highly positive
correlation with the number of pulses (sound type 1,
R?=0.65; P <0.001; sound type 2, R? = 0.98; P < 0.001).
No sound was recorded when Pygopristis denticulata
was held in the hand.

Catoprion mento was also able to produce two types
of acoustic sounds (Fig. 2D, E). The first type of sound
(Fig. 2E) was characterized by a low number of pulses
(Table 1), emitted during chasing. Sound duration
showed a significant positive correlation with the
number of pulses (R? = 0.73; P < 0.001). The dominant
frequency averaged 110 Hz (Table 1). Catoprion mento
produced a second type of sound when hand-held
and during frontal display between conspecifics (Fig.
2D). This consisted of a number of repeated cycles
(18.7 + 8.3, N = 18) having a period of 7 + 1 ms (N = 18).
Sound duration was 150 ms (148 + 67, N = 18), and
the number of cycles was 19 + 8 (IV = 18). Sound
duration showed a strong positive correlation with the
number of cycles (R? = 0.92; P < 0.001). The first cycle
period was not statistically different from the mean
cycle period (Wilcoxon signed-rank test; Z = 1.94,
P =0.056). The fundamental frequency had a mean of
130 = 18 Hz (IV = 18), and the frequency spectrum was
characterized by the presence of harmonics (Fig. 2D).

VARIATION IN MORPHOLOGY OF THE SOUND-
PRODUCING APPARATUS

As is the case in all serrasalmid species, the
swimbladder of the nine species was divided into an
anterior and a posterior chamber (Markl, 1971). In the

five species that did not produce sound, and in Piaractus
brachypomus and Myloplus schomburgkii, dissections
at the level of the anterior part of the swimbladder
revealed no particular morphological structures that
could be associated with sound production. They all
possess the muscles that are classically found in the
hypaxial musculature of teleost fishes (Winterbottom,
1974).

In contrast, Pygopristis denticulata and C. mento
produce sounds and possess extrinsic sonic
muscles associated with the anterior chamber of
the swimbladder (Fig. 2A, C). The sonic muscle of
Pygopristis denticulata might be homologous to
an intercostal muscle. It originates on the anterior
proximal surface of the second rib and inserts on the
first rib, approximately at the level of the ventral
margin of the swimbladder. A tendon originates from
the first rib and extends anterodorsally to insert on the
ventral face of the first vertebra (Fig. 2A). In C. mento,
the sonic muscle is digastric (meaning that it is made
of two bellies). The dorsal part of the sonic muscle
originates on the anterior proximal surface of the
second rib and joins the ventral part of the muscle at
about the middle of the lateral surface of the anterior
swimbladder. The lower part of the muscle passes
under the first rib and inserts on the anteroventral
surface of the swimbladder (Fig. 2C). In both species,
muscles are innervated by the fifth spinal nerve, which
is the spinal nerve of the intercostal space between
ribs 1 and 2.

Epaxial muscles are usually used as the control
in muscle fibre comparison (Parmentier & Diogo,
2006). The comparison between epaxial and extrinsic
muscle fibre diameters in Pygopristis denticulata,
C. mento and S. spilopleura showed that extrinsic
muscle fibres are more slender than epaxial fibres in
these three species that make complex sounds (Table
2). In the other sonic species, Piaractus brachypomus
and Myloplus schomburgkii, no difference was noted
between the diameters of epaxial and intercostal
fibres.

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, XX, 1-12

610z AN gL uo aq-oe'BiN@Januswied g ‘euinapaly op oe4 anbayionqgig Aq /YEEESS/S01ZIG/UBBUUIOIG/SE0L 0 L /I0P/10BIISqE-8]01lIB-90UBAPR/UBSUUI0IG/WO0 dNO"OIWSPEIE//:SANY WO} POPEOJUMO(]


http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blz105#supplementary-data

EVOLUTION OF ACOUSTIC BEHAVIOUR IN PIRANHAS 7

o YS .’3 o o *S ELECTROSTIMULATION
g T:; 883 %3 In Piaractus brachypomus, electrostimulation of the
B ‘.: AV anterior hypaxial musculature resulted in sound
> emission, whereas electrostimulation of the posterior
i 2 epaxial musculature did not produce any sound. Like
§ o - ﬁ SR the natural sound, the sound pulses produced by
3 g 2E 8838 electrostimulation were composed of several cycles
%‘ 8 oo g attenuating over time (Fig. 1C), and did not differ in
S g3 & a EEE terms of sound duration (Wilcoxon signed rank test,
o S| =* 82888 Z =1.94, P = 0.053). The dominant frequency (Fig. 1)
g 8|8 2 g :2 32 :2 of the pulses elicited by electrical stimulation of the
§ E :‘é ,§ § 289 anterior hypaxial musculature (mean value 55 + 5 Hz,
& % % % E 55 55 55 N =66) was significantly lower than the peak frequency
§ of the natural sounds (mean value 77 + 43 Hz, N = 48;
3 _ Wilcoxon signed rank test, Z = 3.81, P = 0.002).
s, < g °
18| ei|9T539 3 DISCUSSION
g g F&‘S ':g FRD>R33 :g The comparison between morphology and sound
~§ E - g production in the framework of known phylogenetic
8 E <) 3 data allows an interesting hypothesis to be constructed
§ % o % *q:j describing the origin and evolution of sound-producing
2 % | x g 5 abilities among serrasalmid fishes.
2 % g 2 2 Species belonging to the genera Pygopristis,
é’; = ZS :’: Taeoeg| 2 Catoprion, Pygocentrus and Serrasalmus all
& - g have extrinsic sonic muscles that have common
£ . § characteristics. Firstly, all these muscles originate
2 g 2 on the second rib. Secondly, their fibre diameter is
% ‘3 b significantly thinner than corresponding epaxial
£ sl ¥grax]| @ fibres. It has been pointed out that sonic muscles
s g g HoH H HH 2 in Pygocentrus nattereri could simply be neotenic
E ES | RTS8 ¢ skeletal muscles (Millot & Parmentier, 2014). The
& - *qi delay in development would explain their smaller
@ < @ %: size, their restricted quantity of myofibrils, and
'é é o z §§n their increased space devoted to the sarcoplasmic
° - | 5 é’ —;ﬁ reticulum, characteristics that are usually found in
% 'E g @ E 5 muscular fibres that have invested in high-speed
Q s = Lg . .
S S Z:‘z £lzggen| 28 contractions %nstead of forcg developmept (Rome
% e et al., 1996; Millot & Parmentier, 2014). Thirdly, they
Z s s 2"; are innervated by spinal nerves, which therefore
g § g @ § support the argument that they are derived from body
) N% 3 o % © o o § ? musculatl%re. Mo?eover, these nerves are all fqund in'a
g E 0 R AN E segment-like region across the most caudal hindbrain
o 2 g3 and rostral spinal cord, a region that is known to
gfg § _ g"‘; house vocal circuits (Bass et al., 2008). Therefore, the
B E a 8ac fg modified muscles derived from hypaxial musculature
2 g E % i3 § 29 are postulated to be the sonic muscles.
§ 3 \‘3 = 5 %:o 3, £8 Observations made on the herbivorous species
E =i 23 5 2 2 § Eg Piaractus brachypomus and Myloplus schomburgkii
g = § 5 "§ g & igé support the hypothesis that the sound-producing
S = 2 £ 5 §; § % g% mechanism in serrasalmids finds its origin in the
o E = g ,§ § é” S g % § modification of the hypaxial musculature. These fish lack
L8 2 233 3 BEE the sonic muscles closely associated with the anterior sac
S g <5 Ni | 225 of the swimbladder. Electrostimulation experiments on
ShE o I CSESS | £28 ‘ P
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hypaxial muscles in pacu Piaractus brachypomus, in
addition to the observation that sounds were emitted
simultaneously with a fast swimming movement in
both herbivorous species (Piaractus brachypomus and
Myloplus schomburgkii), suggest that pulse emission
results from the contraction of the anterior hypaxial
musculature. Histological cross-sections failed to show
smaller fibres in these hypaxial muscles. This unmodified
muscle might produce sounds that are restricted to
single pulses because they are not able to sustain
fast contractions in order to develop a train of pulsed
sounds. The hypothesis that these anterior hypaxial
bundles are the precursor to the drumming muscles
found in carnivorous species is also reinforced by sound-
production abilities in at least some prochilodontids
(e.g. Semaprochilodus insignis, Prochilodus argenteus,
Prochilodus costatus, Prochilodus lineatus) (Godinho
et al., 2017; Smith et al., 2018; Borie et al., 2019) and
anostomids (e.g. Megaleporinus muwyscorum, Leporinus
microcephalus) (Reynalte-Tataje et al., 2013; Ramirez
et al., 2017). Both of these families are in the same
monophyletic clade (Anostomoidea), which is thought
to be the sister group of Serrasalmidae (Calcagnotto
et al., 2005). In Anostomoidea, known sound-producing
taxa, sounds appear to be made by intercostal muscles
associated with the first four ribs (Schaller, 1971;
Ramirez et al., 2017). The muscles are dark red in colour
in reproductive males, suggestive of a high concentration
of myoglobin. This shows that these muscles are fatigue
resistant (Ordway & Garry, 2004) and able to produce
long trains of pulses (Godinho et al., 2017; Smith et al.,
2018). Note that sonic muscles in Prochilodontidae,
Anostomidae and Serrasalmidae are all from the same
body part: hypaxial muscles related to the first ribs.
Animal communication theory holds that many
signals evolved from non-signalling behaviours through
the process of ritualization: activities not associated
with communication, such as locomotory movements or
breathing, are co-opted to create new communication
signals (Tinbergen, 1952; Randall, 2001; Scott et al.,
2010). The evolutionary transition from a simple
sound-producing mechanism without specialized sonic
structures in Piaractus brachypomus and Myloplus
schomburgkii to a sonic mechanism involving, e.g.
large fast-contracting sonic muscles, in the genera
Pygocentrus and Serrasalmus allows a hypothesis to be
proposed concerning the evolution of sound production
within the serrasalmids. Hypaxial muscles in Piaractus
brachypomus and Myloplus schomburgkii primarily
serve locomotion, but some bundles were co-opted
to sound production, thus gaining a dual function.
Sound-production capabilities therefore seem to have
been acquired through exaptation (Parmentier et al.,
2017), i.e. the development of a new function (sound
production) in existing structures initially shaped for
a particular purpose (locomotion). Sounds in Piaractus

brachypomus were observed to be a by-product of
swimming movements in the present study but were
also reported to be produced by the male during
spawning activities (Dabrowski et al., 2003).

In the piranha Pygopristis denticulata, the sonic
muscle does not attach to the swimbladder, it joins
the first rib to the second rib (Fig. 2A). We postulate
that these sonic muscles are derived from fibres of the
intercostal obliquus inferioris muscle, because they pass
from anteroventral to posterodorsal (Winterbottom,
1974). This observation reinforces a previous hypothesis
about the localization of the sound-producing muscle in
some herbivorous species. It is suggested that by using
these muscles, Pygopristis denticulata is able to produce
isolated pulses only. Interestingly, trembling movements
of Pygopristis denticulata could also testify to the dual
function of the muscle during fish communication.
In other piranha species, sound-producing muscles
attach to the swimbladder either directly (C. mento) or
indirectly (Pygocentrus spp. and Serrasalmus spp.) (Fig.
2A, C, F). The close association of sonic muscles with
the anterior chamber of the swimbladder in Catoprion,
Pygocentrus and Serrasalmus might be necessary to
produce the more complex vocalizations (Fig. 2D, G). In
addition, the sonic muscles in all these species show a
significant reduction in fibre diameter in comparison
to white epaxial fibres, supporting modification at the
level of the muscle ultrastructure and the development
of fast-contracting muscles (Table 2) usually found in
calling species. The genera Pygocentrus and Serrasalmus
are characterized by a broader sonic muscle and the
correspondingly important basal plate developed on the
ventral surface of the proximal part of the second rib
(Nelson, 1961). Sonic muscles of Pygopristis denticulata
and C. mento are innervated only by branches of the fifth
spinal nerve, i.e. the spinal nerve of the intercostal space
between ribs 1 and 2. In contrast, these sonic muscles
are innervated by the third and fourth spinal nerves in
Serrasalmus rhombeus and by the third, fourth and fifth
spinal nerves in Pygocentrus nattereri (Ladich & Bass,
2005; Onuki et al., 2006; Onuki & Somiya, 2007). The
greater size and differences in innervation pattern of
sonic muscles observed in the genera Pygocentrus and
Serrasalmus do not seem to be related to the emission of
more specialized types of sound, because C. mento is able
to produce the same types of signals as Pygocentrus and
Serrasalmus. Larger sonic muscles would contain more
lipids and glycogen, which are important for sustaining
high calling rates (Fine et al., 1986; Connaughton et al.,
1997; Mitchell et al., 2008). One hypothesis is that
larger muscles should allow fish to increase their calling
amplitude and the ability to sustain sounds for longer
periods of time.

Our hypothesis of the evolutionary history of sound
production (Fig. 3) assumes that sound-producing
abilities were initially the result of an exaptation
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Figure 3. Diagram summarizing data on sound production in the three groups (piranhas, Myleus and pacu) of Serrasalmidae.
Pictures of the fish are shown if at least one species of the genus has been tested for sound production. In the tree, red
colours correspond to carnivorous species and green colours to herbivorous species. Note that the genus Metynnis is part of
the ‘true piranhas’ clade. The position of the Acnodon and the relationships within the Myleus group are still debated. The
tree is based on the studies of Thompson et al. (2014) and Machado et al. (2018).

process. In the second step, structures involved in
sound production have been adapted and become
more specialized. The anatomy of the sonic apparatus
in C. mento and Pygopristis denticulata shows that
different mechanisms are used and how a more complex
system evolved and has been selected in Serrasalmus
and Pygocentrus species. This evolutionary history also
involves a transition from a simple pulsation (Piaractus
brachypomus and Myloplus schomburgkii) to a more
complex vocalization, which has a tonal-like pattern
(genera Catoprion, Pygocentrus and Serrasalmus).
This pattern of pulse fusion and development of tonal
sounds has also been observed in gobies (Malavasi et al.,
2008), although the evolution of the sound-producing
apparatus is not known in this group. In Serrasalmidae,
the species that have sonic muscles in close contact
with the swimbladder (C. mento, Pygocentrus spp. and
Serrasalmus spp.) are able to produce complex calls
(sounds composed of several pulses having a tonal-
like pattern). However, the genera Catoprion and
Pygopristis comprise only one species each, whereas
the genera of Pygocentrus and Serrasalmus contain

four and 31 species, respectively (Froese & Pauly,
2019). This higher specific diversity suggests that
the morphological configuration found in these taxa,
especially Serrasalmus, might provide them with
significant advantages in their environment. Moreover,
the presence of putative sonic muscles is correlated with
tonal-like vocalizations and appears to be parallel to the
evolution of predatory (Huby et al., 2019) and aggressive
behaviour in piranhas, with acoustic communication
being of possible importance during confrontations
between conspecifics (Ladich, 1997). The diversification
event of piranhas is indeed the most important reported
to date for large carnivorous Characiformes (Hubert
et al., 2007). The development of sonic muscles and
acoustic communication in these fish could potentially
be the origin of the evolutionary success of this
clade. The diversification process corresponds to the
development of the typical sound-producing apparatus
of these species. However, the relationship between the
ability to produce sounds and the carnivorous lifestyle
of these fish remains to be established. Interestingly,
the same type of phenomenon has been highlighted
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in a non-phylogenetically related vocal fish taxon.
Carapini pearlfish (Carapidae) live in association with
echinoderms. In this taxon, a modification in the way of
life, from commensal feeding on elusive prey outside of
the host to parasitic feeding on host tissue (Parmentier
& Das, 2004), is also related to modifications in both the
sound-producing mechanism and the buccal apparatus
(Parmentier et al., 2016).

CONCLUSION

In all existing phylogenetic trees on serrasalmids
(Freeman et al., 2007; Hubert et al., 2007; Thompson
et al., 2014; Machado et al., 2018) and in a previous
study on the evolution of these taxa (Nelson, 1961),
herbivorous species have always been placed in a basal
position, and carnivorous species are the most derived
species (Fig. 3). The acoustic communication supports
this point of view. Firstly, herbivorous species lack
specialized sonic muscles, but some species are able to
produce isolated pulses using anterior hypaxial bundles
close to the anterior swimbladder. Secondly, in the
carnivorous species Pygopristis, Catoprion, Pygocentrus
and Serrasalmus, specialized sound-producing muscles
have been acquired, which appear to be derived from the
intercostal musculature related to the second rib and
are all innervated by spinal nerves. All these features
support a common origin. However, the smaller size of
the muscle in Pygopristis and Catoprion associated with
less complex sounds would confirm their more basal
position than Pygocentrus and Serrasalmus (Fig. 3).

The evolutionary history hypothesis of the sound
production in piranhas can be explained in a few steps
resulting from both exaptation and adaptation. Firstly,
during the exaptation event, some hypaxial muscle
fibres, inserted between two first ribs, which primarily
served locomotion, were co-opted to sound production.
The next steps concern adaptation events (Piaractus and
Myloplus). Secodly, some intercostal muscle fibres of the
first two ribs have changed their orientation and have
lengthened, with the caudal insertion moving dorsally
towards the rib insertion (Pygopristis). Thirdly, the rostral
insertion of the sonic muscles is not on the first rib but has
moved on the swimbladder (Catoprion). Fourthly, in more
derived forms, the left and right sonic muscles possess a
vertical orientation and are both connected ventrally by a
common tendon (Serrasalmus and Pygocentrus). All these
modifications in muscle insertions appear to have been
accompanied by an increase in the innervation network,
muscle thickening and sound complexity.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Figure S1. Waveform (above) and spectrogram (below) of the sound produced by Myloplus schomburgkii. Sounds

were recorded at 44.1 kHz.

Figure S2. Waveform (above) and spectrogram (below) of the second type of sound produced by Pygopristis

denticulata. Sounds were recorded at 44.1 kHz.
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