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Characterization of the primary sonic m uscles in 
Carapus acus (Carapidae): a multidisciplinary 
approach
E. P a rm en tier1*, V. G en n otte1, B . F ocan t2, G. G offinet3 and P . V andew alle1
1 Laboratory o f F unctional and  E volu tive M orphology, 2 Cellular and  Tissular Biology, a n d  3 General Biology and  
Ultrastructural M orphology, Institu t de chimie, B â tim en t B 6, U niversity o f Liège, 4000  Liège, Belgium

S o u n d  p ro d u c tio n  in  ca rap id  fishes re su lts  fro m  th e  ac tio n  o f extrinsic  m u sc les  th a t in se rt in to  th e  sw im  
b lad d e r . B iochem ical, h is to ch em ica l an d  m orpho log ica l te c h n iq u e s  w ere  u se d  to  exam ine th e  sonic 
m u sc les  an d  co m p are  th e m  w ith  epaxial m u sc les  in  Carapus acus. S onic  fibres are th ick e r th a n  re d  an d  
th in n e r  th a n  w h ite  epaxial fib res, a n d  son ic  fibres a n d  m yofibrils exh ib it an  u n u su a l he lico idal o rgan iza tion : 
th e  m yofibrils o f th e  cen tre  are in  a s tra igh t line w hereas they  are m ore  a n d  m ore  tw is ted  to w ard s  th e  
p eriphery . S onic  m u sc les  have b o th  fea tu res  o f re d  (n u m e ro u s  m ito ch o n d ria , h igh  g lycogen  c o n te n t)  an d  
w h ite  (alkali-stable A T P ase ) fibres. T h e y  d iffer also in  th e  iso fo rm s o f th e  ligh t ch a in  (L C 3) a n d  heavy 
cha in  (H C ), in  hav ing  T  tu b u le s  a t b o th  th e  Z -line  an d  th e  A -I  ju n c tio n  a n d  in  a u n iq u e  p a rv a lb u m in  
iso fo rm  (PA I) th a t m ay  a id  re laxation . All th ese  fea tu res  lead  to  th e  exp ression  o f  tw o a ssu m p tio n s  ab o u t 
so u n d  g en era tion : th e  son ic  m u sc le  sh o u ld  b e  able to  p e rfo rm  fast a n d  p o w erfu l c o n trac tio n s  th a t p rovoke 
th e  fo rw ard  m o v em en t o f  th e  fo rep a rt o f th e  sw im  b la d d e r  a n d  th e  s tre tch in g  a n d  ‘flap p in g ’ o f  th e  sw im  
b la d d e r  fen es tra ; th e  helico idal o rgan iza tion  allows p rogressive d raw ing  o f th e  sw im  b la d d e r  fen es tra  w h ich  
em its a so u n d  w h en  rap id ly  re leased  in  a spring-like m an n e r .

K eyw ords: son ic  m usc le ; C arap id ae ; helix; p arv a lb u m in ; m yofibrils; A T P ase  activity

1. INTRODUCTION

M an y  fish species have d ev e loped  m ech an ism s allow ing 
th e m  to  em it species-specific  so u n d s  (H aw kins 1993; 
C a rlso n  & B ass 2000; F in e  et al. 2001 ). O n e  o f  these  
so u n d -p ro d u c in g  m ech an ism s is th e  re su lt o f  sw im  b la d ­
d e r  v ib ra tio n  d u e  to  th e  ac tio n  o f  specia lized  m uscles. 
T h e se  m u sc les  are ex trinsic  w h en  they  a tta c h  to  th e  sw im  
b la d d e r  a n d  an  ex te rna l e lem en t p e rta in in g  to  th e  b la d d e r  
in  various O ph id iifo rm es (H ow es 1992), H o lo cen tr id ae  
(C arlso n  & B ass 2000) o r S ciaen idae  (O no  & P oss 1982; 
C o n n a u g h to n  et al. 1997; Sprague 2000 ). T h e  ac tio n  o f 
th ese  m u sc les  in d u c e s  a p ro d u c tio n  o f so u n d s  w ith  a fu n ­
d am en ta l freq u en cy  ran g in g  from  100 to  300 H z . T h is  
value c o rre sp o n d s  to  th e  m u sc u la r  co n tra c tio n  speed , 
p lac ing  th e m  am o n g  th e  fa s test m u sc les  p re se n t in  v e r­
teb ra te s  (L o esse r et al. 1997; F in e  et al. 2001). T h is  
charac te ris tic , co u p led  w ith  th e ir  ability to  su p p o r t activity 
over long  p e rio d s  (F ine  et al. 1990), re su lts  fro m  n u m e r­
ous m orpho log ica l a n d  b io ch em ica l a d ap ta tio n s  su ch  as 
th e  specia liza tion  o f  p ro te in  iso fo rm s (H am o ir & F o c a n t 
1981; H u ria u x  et al. 1983) an d  th e  h igh  c o n c e n tra tio n  o f 
in trace llu la r c o m p o n e n ts  (P en n y p ack er et al. 1985; R o m e 
et al. 1999).

T h e  fibres an d  m yofibrils o f  son ic  m u sc les  are th in n e r  
(E vans 1973; F in e  et al. 1993), a n d  p o ssess  a m ore  
d eve loped  sarcop lasm ic  re ticu lu m  (H am o ir et al. 1980; 
H a m o ir  & F o c a n t 1981; F e h e r  et al. 1998) th a n  th e  fast 
w h ite  fibres (E iche lberg  1976). T h is  se t o f  charac te ristics 
co u ld  facilitate rap id  flows o f m etab o lite s  a n d  ca lc ium  
(E iche lberg  1976; F ine  et al. 1990; F e h e r  et al. 1998).

A uthor for correspondence (e.parmentier@ ulg.ac.be).

M o reo v er, a su ffic ien t energe tic  inflow  is su p p lied  by 
a b u n d a n t m ito ch o n d r ia  a n d  a h igh  g lycogen co n te n t 
(O no  & P oss 1982; F in e  et al. 1993; C o n n a u g h to n  et al.
1997). F a s t co n trac tio n s  o f  son ic  m u sc les  co u ld  also b e  
a ssoc ia ted  w ith  th e  pa rv a lb u m in s ac ting  as th e  re leasing  
fac to r th a t b in d s  ca lc ium  ions b efo re  sarcop lasm ic  re tic u ­
lu m  re -a c c u m u la tio n  (G illis 1985). T h e  son ic  m u sc les  o f 
Opsanus tau  co n ta in  th e  h ig h es t p a rv a lb u m in  c o n c e n ­
tra tio n  ever m e a su re d  (H am o ir et al. 1980; F e h e r  et al.
1998).

T h e  in te re s t g en e ra ted  in  pearlfish  (C arap id ae) resu lts  
fro m  th e  ability o f ce rta in  species to  live in s ide  d iffe ren t 
in v e rteb ra te  h o s ts  (P a rm en tie r  et al. 2000). T h e  species 
be lo n g in g  to  th is fam ily p o ssess  extrinsic  m uscles: p rim ary  
an d  seco n d ary  so u n d -p ro d u c in g  m usc les . T h e  first g roup  
o rig inate  o n  th e  o rb ita l ro o f  a n d  in se rt in to  th e  a n te r io r 
w all o f th e  sw im  b lad d e r . T h e  seco n d  g ro u p  o rig inate  on  
th e  ep io tic  a n d  in se rt in to  th e  d is ta l p o rtio n  o f  th e  first an d  
seco n d  ep ip leu ra l ribs (P a rm e n tie r  et al. 2002 ). In  Carapus 
boraborensis, Carapus hom ei a n d  Encheliophis gracilis, th e  
c o n tra c tio n  o f th e  first m u sc le  c rea tes  th e  p ro d u c tio n  o f a 
species-specific  so u n d  (P a rm e n tie r  et al. 2003).

T h is  s tu d y  is in te n d e d  to  d iscover, by  a m u ltid isc ip lin ­
ary ap p ro ach , th e  p ecu liarities o f  th e  p rim ary  so u n d - 
p ro d u c in g  m usc le  in  Carapus acus B m n n ic h  1768. T h re e  
d iffe ren t app ro ach es are u sed , (i) T h e  b iochem ica l 
ap p ro ach  com prises  th e  e lec tro p h o re tic  s tu d y  o f  th e  m y o ­
fibrillar p ro te in s  a n d  pa rv a lb u m in s (PA s). (ii) T h e  h is to ­
chem ical ap p ro ach  aim s a t d e te rm in in g  th e  g lycogen 
c o n te n t a n d  th e  A T P ase  activity, (iii) F inally , th e  te c h ­
n iq u es  o f  op tica l a n d  e lec tron ic  m icro scopy  w ere  u se d  for 
th e  m orpho log ica l ap p ro ach . In  each  o f  th e  th ree  d isci­
p lines , th e  epaxial m u sc les  serve as a co m p ariso n  fo r the  
cha rac te riza tio n  o f  th e  son ic  m uscles.
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Figure 1. E lectrophoretogram  of (a) non-denaturing PA G E 
(glycerol 10%, p H  8.6) o f parvalbum in isoforms and {tí) 
SD S-PA G E  (pH  8.4) o f myofibrillar proteins in white 
epaxial m uscle (W EM ) and sonic m uscle (SM ) in Carapus 
acus.

T a b le t .  Physico-chem ical properties and distribution of the 
parvalbum ins in white epaxial and sonic muscle.
(Air, relative m olecular mass; p i, isoelectric point.)

isoforms quantity (%) A ír P i

white n = 10 n = 6 n = 7
PAH 94.24 ± 1.72 11320 ± 130 4.57 ±0.11
PA M 5.76 ± 1.72 12170 ± 2 6 0

sonic
PAI 68.58 ± 16.34 11630 ± 130 4.62 ± 0.11
PAH 22.03 ± 12.58 11310 ± 260 4.56 (» = 1 )
PA M 9.87 ± 4 .37 12170 ± 160 4.87 (» = 1 )

(i) Preparation and  extraction o f p a n 'album in s
Sarcoplasmic extracts obtained by centrifuging (17 500g  for

20 m in at 4 °C) thawed muscle homogenates in preservative gly­
cerol solution were heated at 100 °C for 4 m in and centrifuged 
at 17 500g for 10 min. The supernatant containing parvalbum­
ins was incubated in 1 vol. of an incubation solution for polyac­
rylamide gel electrophoresis (PAGE) under non-denaturing 
conditions (Focant et al. 1992). A portion of the glycerol sol­
ution was diluted in 1 vol. o f sodium dodecyl sulphate (SDS) 
incubation solution and heated at 100 °C for 2 m in for use in 
electrophoresis in the presence of SDS (Laemmli 1970). A por­
tion o f the glycerol solution was also diluted in 2 vol. o f 8 M  
urea, ampholine pH  4-6 (BIO-RAD) 4%, ampholine pH  3-10 
(BIO-RAD), ß-m ercaptoethanol 0.1% , brom ophenol blue for 
use in an isoelectrofocusing (IEF) system.

Analytical PAGE separations of PA isoforms were performed 
in a BIO-RAD M ini-PR O TEA N  II cell (vertical plate 
0.075 cm X 8.3 cm X 6  cm) under three sets o f conditions 
(Focant et al. 1999) : in a non-denaturing system, in the presence 
o f SDS and in an IEF system. Conditions for electrophoresis, 
electrofocusing, staining, densitom etry and estim ation of isoe­
lectric points (pi) are those determ ined by the authors. Isoforms 
were identified by comparing them  with isolated Cyprinus caipio 
PAs and apparent relative m olecular masses (M r) were determ ­
ined by comparison with purified PA of Heterobranchus longifilis 
(Focant et al. 1999).

(ii) Preparation a n d  extraction o f myofibrillar proteins
The preparation was done according to H uriaux et al. (1999). 

Myofibrils were washed in a sucrose solution. Myofibril incu­
bation, electrophoretical analysis and p i determ inations were 
also done according to Huriaux et al. (1999) with slight modifi­
cations. Myosin heavy chain (H C ) separation was perform ed in 
the presence of 50% glycerol at pH  8.4. The apparent relative 
m olecular mass of myofibrillar proteins was estim ated by using 
standard kits covering the range 14.4-97.4 kDa (H uriaux et al. 
1999).

2. MATERIAL AND METHODS

(a) B iologica l m a te r ia l
Twenty-four C. acus (total length of 8-15 cm) were collected 

during the dissection of 182 specimens of Holothuria tubulosa 
obtained in front o f the STA.RE.SO. station (Calvi Bay, 
Corsica). T en  specimens were frozen ( — 20 °C) for the PA and 
myofibril studies. Four were fixed in Bouin for the production 
of serial histological sections. Small samples of the prim ary sonic 
muscle (1 cm 3) were taken from four specimens and fixed in 
glutaraldehyde 2.5% for electronic microscopy (T E M ). Six 
fishes were used for research on myofibrillar ATPase activity: 
blocks of myotomal and sonic muscles were im mersed in isopen- 
tane, cooled to near its freezing point by liquid nitrogen, directly 
after death.

(b) B ioch em ica l m e th o d s
W hite epaxial muscle (20-70 mg) and the two prim ary sound- 

producing muscles (53-227 mg) were dissected out in the 10 
frozen specimens. Samples were weighed and suspended in 
10 vol. of a preservative solution (Tris lO m M , KC1 50 m M , 
D T T  10 m M , N aN 3 0.005% and glycerol 50% ), kept at 4 °C 
for 24 h and stored at — 18 °C.

(c) H istoch em ica l m e th o d s
The ATPase activity was dem onstrated according to the 

m ethod o f Meyer-Rochow et al. (1994). Cross-sections were 
pre-incubated at room  tem perature at 14 different pH  values 
(from 4.35 to 11) for various lengths o f tim e (0-60 m in). Cross- 
sections of 6-7  pm were stained for glycogen using Schiffs per­
iodic acid m ethod (PAS) (Hotchkiss 1948).

(d) M orph ologica l m e th o d s
The general morphology of sonic and epaxial muscles was 

observed on 6-7  pm sections stained using M asson’s trichrom e 
m ethod (G anter & Jollès 1970). The cellular ultrastructure was 
examined on ultrathin sections (60-80 nm) stained with uranyl 
acetate and lead citrate. The sections were viewed with a JEO L 
JEM  100SX electron microscope.

(e) M easu rem en ts
M easurem ents of fibres and myofibrils were accomplished 

with the D esignC aD software. Fibre diam eters were estimated 
from sections stained by ATPase at x200 magnification. Myofib­
rillar diam eters were m easured from electronic sections at 
x20 000 magnification.
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T able 2. Physico-chem ical properties and distribution of the myofibrillar proteins in white epaxial and sonic 
(M r, relative m olecular mass; p i, isoelectric point. Figure in brackets is the num ber o f samples.)

muscle.

white m uscle sonic m uscle

M r Pi Mr Pi

actin 44 780 ± 500 (5) 44 680 ± 3 8 0  (9)
tropom yosin 37 710 ± 580 (6) 4.99 ± 0.03 (4) 37 890 ± 4 8 0  (9) 5.00 ± 0 .0 4  (2)
LC1 27 590 ± 4 7 0  (6) 5.09 ± 0.01 (4) 27 500 ± 4 1 0  (6) 5.10 ± 0 .0 4  (2)
LC2 19 220 ± 3 6 0  (11) 5.05 ± 0.02 (4) 19 460 ± 2 8 0  (11) 5.06 ± 0 .03  (2)
LC3 16 810 ± 1020 (6) 4.52 ± 0.02 (4) 20 670 ± 3 0 0  (10) 4.68 ± 0 .03  (3)
troponin-T 32 450 ± 2 9 0  (6) 32 300 ± 4 6 0  (10)
troponin-I 22 440 ± 290 (6) 21 930 ± 2 4 0  (6)
troponin-C 19 560 ± 4 5 0  (2) 20 220 ± 490 (2) 3.91

3. RESULTS

(a) B ioch em ica l approach
(i) P arvalbum in identification

PA s fro m  epaxial a n d  son ic  m u sc les  w ere  sep a ra ted  an d  
id en tif ied  by  n o n -d e n a tu r in g  P A G E  (figure 1), S D S -  
P A G E  a n d  IE F -P A G E  (n o t show n). T h e  w h ite  m usc le  o f 
C. acus co n ta in s  tw o P A  isoform s: P A II a n d  P A III; in  the  
son ic  m u sc le  PA I, P A II a n d  P A III are fo u n d . P A II is p re ­
d o m in a n t in  th e  w h ite  m usc le  w hereas P A I is th e  m o s t 
a b u n d a n t fo rm  in  th e  son ic  m uscle .

T h e  apparen t relative m olecu la r m ass an d  th e  isoelectric 
po in ts o f the  various PA s are listed  in  tab le  1. T h e  PA II an d  
PA III isoform s are iden tical in  the  w hite  an d  sonic m uscles.

(ii) M yofibrillar proteins
C o m p a riso n  o f  th e  d iffe ren t e lec tro p h o re to g ram s show s 

th a t th e  m yofibrils o f  th e  w h ite  a n d  sonic  fibres d iffer from  
one  a n o th e r  in  th ree  o f th e ir  co n s titu en ts .

(i) In  th e  th in  f ilam en ts , th e  tro p o n in  I (T N -I) b a n d  o f 
th e  son ic  m u sc les  m igra tes slowly a n d  is less in ten se  
(figure 1) in  S D S -P A G E  (p H  8 .4 ). By co n tra s t, 
ac tin  (A ), tro p o m y o sin  (T M ), tro p o n in  C  (T N -C ) 
a n d  tro p o n in  T  (T N -T )  in  b o th  m u sc les  have the  
sam e m o lecu la r m ass (tab le  2). T M  a n d  T N -C  also 
show  th e  sam e isoelec tric  p o in ts . T N - T  a n d  T N - I  
are h igh-alkali p ro te in s  a n d  c a n n o t b e  d e te c te d  
u n d e r  th e  classical c o n d itio n s  o f IE F -P A G E  
(H u riau x  et al. 1999). T h e  sep a ra tio n  o f T N -C  an d  
T N - I  w as d o n e  o n  u rea  8 M  gel in  th e  absen ce  o f 
C a 2+ ions. T h is  p ro p e rty  allows us to  con fiden tly  
iden tify  th e  T N - C , to  iso late it a n d  to  estab lish  its 
m o lecu la r m ass a n d  p i.

(ii) W hite  a n d  son ic  fibres have d ifferences in  th e  light 
cha in s (L C 3) an d  heavy  chain s (H C ) o f m yosin . T h e  
w h ite  L C 3  m usc le  possesses  a h ig h e r e lec tric  charge, 
a m ore  acid ic p i  a n d  a lig h te r M r c o m p ared  w ith  the  
son ic  m usc le  (tab le  2 ). T h e  L C 1  a n d  L C 2  possess  
th e  sam e M r a n d  p i  in  b o th  m u sc les  (tab le  2).

(iii) T h e  m yosin  H C  o f th e  son ic  m usc le  p re se n ts  a 
m in o r  M r.

(b) H istoch em ica l approach
(i) A T P a se  activity

T h e  h igh ligh ting  o f  th e  m yofibrillar A T P ase  activity  is 
m ain ly  d u e  to  tw o variables: p H  a n d  th e  p re in c u b a tio n

tim e  (P T ). In  th e  tru n k  m u sc u la tu re , a th in  layer o f re d  
fibres lo ca ted  u n d e r  th e  derm is su rro u n d s  th e  w h ite  fibre 
layer. T h e  w h ite  fibres b eco m e  s ta in ed  w h en  p re in c u b a te d  
a t p H  5, w hereas th e ir  o p tim u m  co lo ra tio n  is a t p H  10.4. 
T h e  re d  fibres are optim ally  s ta in ed  a t p H  4 .3 5 . T h e y  are 
lightly s ta in ed  w h e n  th e  p H  ranges from  4 .5  to  10.6 an d  
only  if  th e  P T  d o es n o t exceed  5 m in . S onic  m u sc le  fibres 
are s ta in ed  a t a p H  range b e tw e e n  6 a n d  10.6. T h e ir  m ax i­
m al activity  is a t p H  10.4 w ith  a P T  o f 0 o r  1 m in . H o w ­
ever, th e  d e p th  o f  co lo u r appears ligh te r th a n  in  th e  
w h ite  fibres.

A t p H  10.4 an d  P T  b e tw een  15 a n d  60 m in , all th e  
m u sc u la r  A T P ases  are inactive. H o w ev er, a greyish s ta in ­
ing  is p re s e n t o n  th e  perip h e ry  o f  re d  m u sc le  fib res, c o n ­
c e n tra te d  a t som e p o in ts  o f  th e  c ircu m fe ren ce  in  son ic  
fibres a n d  ab se n t in  w h ite  fibres. T h e se  s ta in ing  p a tte rn s  
co rre sp o n d  to  th e  m ito ch o n d ria l A T P ases  (J o h n s to n  et 
al. 1975).

(ii) Glycogen
T h e  re d  fibres are h ighly  s ta in ed . T h e  w h ite  fibres have 

a light sta in ing , co n fin ed  to  th e  ce llu lar perip h ery . T h e  
co lo u r d e p th  is in te rm ed ia te  in  th e  son ic  m usc le  fibres.

(c) M orph ologica l approach
(i) Gross morphology

In  C. acus, th e  o rien ta tio n  o f th e  epaxial m u scu la tu re  
fibres a n d  o f th e ir  m yofibrils are classical— th ey  are pa ra l­
lel a n d  in  a s tra igh t line.

T h e  s itu a tio n  ap p ears  to  b e  d iffe ren t in  th e  p rim ary  
son ic  m usc le . T h e  m yofibrils th a t lim it th e  c ircu m feren ce  
o f  th e  fibre have an  ob lique  d isp o sitio n  w hereas th e  m yofi­
brils  o f  th e  m id d le  o f th e  cell are in  a s tra igh t line (figure
2). In  e lec tron ic  m icro scopy  c ro ss-sec tio n s , th e  cen tra l 
m yofibrils show  irregu la r sec tio n s w ith  th e  typical o rgan i­
z a tio n  o f  th e  co n trac tile  filam en ts: one  m yosin  filam en t 
su rro u n d e d  by  six a c tin  filam en ts (figure 2). T h e  sec tions 
b eco m e  m ore  a n d  m ore  ob lique  to w ard s th e  p e rip h e ry  an d  
th e  filam en t show s th e  p rogressive s tr ia tio n  usually  
observed  in  lo n g itu d in a l sec tions. In  th e  lo n g itu d in a l sec­
tio n s , th e  cen tra l m yofibrils are th e  only o n es to  b e  longi­
tud in a lly  cu t, th e  m yofibril sec tio n  area d im in ishes 
to w ard s  th e  ce llu lar perip h e ry  b ecau se  th e  m yofibrils are 
m o re  a n d  m o re  tw is ted  a n d  th u s  m o re  a n d  m o re  ob lique 
w ith  reg ard  to  th e  p la n  sec tion .
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Figure 2. (Caption overleaf.) 
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Figure 2. Sonic fibre in Carapus acus. (a) Longitudinal 
(x i 500) and (b) transverse (x2000) section o f the sonic 
m uscles section, (c) Transverse section in the periphery of 
the fibres, the myofibrils are obliquely cut (x3000). (d ) 
Transverse section in a myofibril in the centre o f the fibre 
(x40 000). Longitudinal section showing (e) the straight 
myofibrils (white arrows) in the centre o f the fibres w ith the 
surrounding external tw isted myofibrils (black arrows) and 
(ƒ) the tw isted myofibril in the periphery; grey arrow: edge 
of individual fibres (scale bar, 20 pm), (g) D iagram  of the 
helicoidal disposition form ulated based on the previous 
figures. A lower num ber of myofibril bundles are used to  
simplify the figures.

(ii) Cellular content
T h e  m yofibrils o f  th e  son ic  fibres have a m ore  

d eve loped  m em b ran e  system  th a n  th a t o f  th e  w h ite  fibres 
(figure 3). In  th e  w h ite  m u sc le , th e  T  system /sarcop lasm ic  
re ticu lu m  (SR ) (1 T  tu b u le  +  2 te rm in a l system  o f  th e  
sarcop lasm ic  re ticu lu m ) only  su r ro u n d  th e  sa rco m ere  at 
th e  Z -line  level. In  th e  son ic  m u sc le , th e  T  sy s tem /S R  are 
fo u n d  a t th e  Z -line  level a n d  a t th e  A /I ju n c tio n s . T h e ir  
sarcop lasm ic  re ticu lae  are also w id e r (figure 3).

T h e  m ito ch o n d r ia  are m o re  n u m e ro u s  in  th e  sonic 
fibres th a n  in  th e  w h ite  fibres. In  th e  son ic  m u sc le , they  
are c o n c e n tra te d  in  packs u n d e r  th e  sa rco lem  (figure 3), 
close to  th e  b lo o d  capillary. T h is  s itu a tio n  c o rre sp o n d s  to  
th e  d e te c tio n  o f m ito ch o n d r ia  by  A T P ase  activity  (figure
3). In  th e  w h ite  m u sc le , they  are less n u m e ro u s  an d  
m ore  iso la ted .

T h e  son ic  fibre d iam e te r (37 + 10 p m , n = 160) is 1.3 
(A N O V A , p  <  0 .05 ) tim es larger th a n  th e  re d  fibres 
(28 + 1 0  p m , n = 45) b u t  it is 2 .5  tim es th in n e r  (A N O V A , 
p  <  0 .05 ) th a n  th e  w h ite  fibres (88 + 19 p m , n = 57). T h e  
d iam e te r o f  th e  b u n d le  o f  m yofibrils in  th e  son ic  fibres is 
0 .6 3 4  p m  (+ 0 .1 3 , n = 60) o r  1.7 (S tu d e n t t- te s t, p <  
0 .05 ) tim es th in n e r  th a n  th e  w h ite  fibres (1 .08  + 0 .19  p m , 
n = 60).

4. DISCUSSION

In  th e  C arap id a e , th e  so u n d  p ro d u c tio n  resu lts  fro m  the  
ac tio n  o f  ex trinsic  m u sc les  in se rte d  in to  th e  an te r io r  p a rt 
o f th e  sw im  b lad d e r . T h e  fast fo rw ard  m o v em en t o f  the  
sw im  b la d d e r  sh o u ld  re su lt in  v ib ra tio n  o f  its th in n e r  zone 
(P a rm en tie r  et al. 2003). T h e  m u sc le  is a m ach in e  in  
w h ich  th e  co n trac tio n /re lax a tio n  p ro p e rtie s  d e p e n d  o n  its 
s tru c tu ra l c o m p o n e n ts  a n d  on  th e  efficiency o f  its e n e r­
getic m etabo lism .

(a) B ioch em ica l approach
T h is  s tu d y  c o rre sp o n d s  w ith  th e  p a tte rn  o f  u n d e rs ta n d ­

ing  o f  so u n d  p ro d u c tio n  in  te leo sts , as th e  only  species in  
w h ich  th e  m usc le  PA s have b e e n  b iochem ically  ch a rac ­
te r ized  is Opsanus tau  (H am o ir et al. 1980; H a m o ir  & 
F o c a n t 1981; A p p e li et al. 1991).

(i) Parvalbum ins
In  C. acus, th e  d ifferences in  PA s b e tw een  th e  w h ite  an d  

th e  son ic  m usc le  are p rincipally  qualita tive. P A I is p re se n t 
in  only  th e  son ic  m u sc le , w here  it is p re s e n t in  a g rea te r 
a m o u n t th a n  P A II a n d  P A III, b o th  fo u n d  in  th e  w hite  
m uscles. T h e se  d ifferences co u ld  b e  th e  orig in  o f  d iffe ren t

co n trac tile  p ro p e rtie s  b e tw e e n  b o th  m u sc les  b ecau se  th e  
exp ression  o f  p ecu lia r  iso fo rm s in  a type  o f  m u sc le  w o u ld  
co rre sp o n d  to  its fu n c tio n a l req u irem en ts  (G erd ay  1982; 
H u ria u x  et al. 1997; F o c a n t et al. 2000 ). T h e  son ic  
m u sc les  o f O. tau  co n ta in  th e  sam e th ree  iso fo rm s o f PA  
as th e  w h ite  m usc les , b u t  th e  to ta l c o n c e n tra tio n  in  PA s 
is th ree  tim es h ig h e r in  th e  son ic  m u sc le , w h ich  co u ld  be  
re la ted  to  th e  h igh  re laxation  ra te  (H am o ir et al. 1980; 
G illis 1985). T h e  relatively h igh  a m o u n t o f  PA I is also 
strik ing  b ecau se  th is iso fo rm  is usually  only p re s e n t in  h igh  
levels in  th e  re d  m usc le  o f  ad u lt te leo sts  (G erd ay  1982) 
o r  in  th e  w h ite  m usc le  o f  larvae (H u riau x  et al. 1996; F o c ­
a n t et al. 1999).

(ii) M yofibrillar proteins
T h e  ac tin , tro p o m y o sin , L C 1 , L C 2 , T N - T  a n d  T N -C  

are id en tica l in  b o th  m usc les . By c o n tra s t, d ifferences are 
n o tic e d  a t th e  level o f  th e  L C 3 , th e  T N - I  a n d  in  th e  H C s  
o f  m yosin . T h e se  resu lts  d iffer fro m  th o se  o f  O. tau  in  
w h ich  L C 2  is d iffe ren t in  th e  tw o types o f  m usc le  (H am o ir 
et al. 1980). In  C. acus, th e  b io ch em ica l d ifferences a t th e  
level o f  th e  L C 3  are particu la rly  in te res tin g  b ecau se  th ese  
L C s  are involved in  th e  A T P ase  activity  o f th e  m yosin  
(P e tte  & S ta ro n  1990), th e  la t te r  b e in g  co rre la ted  w ith  th e  
m u sc u la r  co n tra c tio n  sp eed  (e.g. Jo h n s to n  et al. 1975). 
T h e  p re sen ce  o f  a special L C 3  in  th e  son ic  m usc le  co u ld  
th u s  re p re se n t an  a d a p ta tio n  to  sw ift c o n trac tio n s . T h e  
d ifference  in  m o lecu la r m ass in  th e  H C  c o rre sp o n d s  to  
its co m p o s itio n  in  am ino  acids th a t co u ld  also affect th e  
enzym atic  activity  o f th e  m yosin  a n d  th e re fo re  th e  c o n ­
tra c tio n  sp eed  (P e tte  & S ta ro n  1990). T h e  T N - I  iso fo rm  
o f  th e  son ic  m usc le  m ig h t also affect th e  m usc le  co n tra c ­
tio n  req u irem en ts  (H u riau x  et al. 1999).

(b) H istoch em ica l approach
T h e  w h ite  fibres in  C. acus p o ssess  a h igh  A T P ase  

activity, are a lkali-stable a n d  have a low  glycogen an d  
m ito ch o n d r ia  co n te n t. T h e  re d  fibres have a low er 
A T P ase  activity, are ac id -stab le  a n d  have a h ig h e r glyco­
g en  a n d  m ito ch o n d r ia  c o n te n t (M ey er-R o ch o w  et al. 
1994; C h e n  & H u a n g  2000; D ev in cen ti et al. 2000). 
T h e se  d a ta  co rre sp o n d  to  th e  m etab o lism s assigned  to  
th e se  fibres: fa s t-tw itch  c o n tra c tio n  w ith  an  anaerob ic  
m e tab o lism  fo r th e  w h ite  fibres a n d  slow -tw itch  co n tra c ­
tio n  w ith  an  aerob ic  m e tab o lism  fo r th e  re d  fibres (te 
K ro n n ie  et al. 1983; C h e n  et al. 1998). T h e  h is to ch em ica l 
fea tu res  o f  th e  son ic  m u sc les  in  C. acus sh o u ld  b e  re la ted  
to  th e  u n u su a l co n trac tile  p ro p e rtie s ; they  have ch a rac te r­
istics o f  b o th  re d  a n d  w hites fibres. A s fo r th e  w h ite  fibres, 
son ic  m u sc le  A T P ase  is a lkali-stable. H o w ev er, th e  s ta in ­
ing  o f th e  son ic  m usc le  A T P ase  is less m a rk ed  th a n  in  the  
w h ite  fibres in  each  o f  th e  ex p erim en ta l assays, w h ich  
co u ld  b e  re la ted  to  th e  p re sen ce  o f th e  L C 3  iso fo rm  o r  o f 
th e  H C . O n  th e  o th e r  h a n d , th e  fibres o f th e  son ic  m uscle  
com e c loser to  th e  re d  fibres w ith  th e  h ig h e r a m o u n t o f 
g lycogen  a n d  th e  p re sen ce  o f  m o re  n u m e ro u s  m ito c h o n ­
dria  th a n  in  th e  w h ite  m usc le . T h e se  fea tu res  sh o u ld  allow  
a b e tte r  res is tan ce  to  fa tigue in  th e  son ic  m u sc les  th a n  in  
th e  w h ite  fibres (A kster 1981). T h is  h is to ch em ica l 
ap p ro ach  allows u s to  reaso n ab ly  su p p o se  th a t th e  son ic  
m u sc les  in  C. acus are able to  c o n tra c t in  a fast a n d  su s­
ta in e d  m an n e r . W h e th e r  th e  m u sc les  are in trin sic  as in  O. 
tau, o r  extrinsic  su ch  as in  Terapon jarbua  o r  Cynoscion
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Figure 3. Transverse section in the periphery of the epaxial fibre (a) and in the sonic fibres (b) showing the mitochondria 
(xlO 000). Longitudinal section in the epaxial fibre (c) and in the sonic fibres (d) (x20 000). Abbreviations: T , tubule; SR, 
sarcoplasm ic reticulum ; Z, Z-line.

regalis, th e  fibres o f th e  son ic  m u sc le  are alkali-stab le  an d  
p re s e n t a h ig h e r a m o u n t o f g lycogen  a n d  m ito ch o n d ria  
th a n  in  th e ir  respective  w h ite  m u sc les  (O no  & P oss 1982; 
F ine  et al. 1990, 1993; C h e n  et al. 1998). M o reo v er, th e  
d isp o sitio n  o f  th e  n u m e ro u s  m ito c h o n d r ia  looks m o re  like 
th a t o f th e  son ic  m u sc le  in  Porichthys notatus m ales, a fish 
th a t is able to  g en era te  so u n d  fo r long  p e rio d s  o f  tim e 
(B ass & M arc h a te rre  1989).

(c) M orph olog ica l approach
In  te leo sts , th e  son ic  m u sc le  seem s to  b e  c o n s tru c te d  to 

increase  th e  exchange surfaces a n d  to  re d u c e  th e  d iffusion  
d is tan ces b e tw e e n  th e  d iffe ren t p a rts  in te rv en in g  in  m u s ­
cu la r co n trac tio n .

A s in  C. acus, th e  fibres an d  th e  m yofibrils o f fas t-tw itch  
son ic  m u sc les  o f te leo sts  are ch a rac te rized  by a sm aller 
d iam e te r c o m p a red  w ith  th e  w h ite  m usc les (E vans 1973; 
O no  & P oss 1982; F in e  e t al. 1990, 1993; C o n n a u g h to n  
et al. 1997; L o esse r et al. 1997). T h is  fea tu re  gives th em  
a h ig h er surface  : vo lum e ratio  th a t w o u ld  facilitate fast 
flows o f  m etab o lites  (F ine  et al. 1990).

T h e  p o sitio n , th e  n u m b e r  a n d  th e  size o f  th e  T  tu b u les  
an d  th e  sarcop lasm ic  c is tem ae  w o u ld  also be  d iffe ren t fac­
to rs  lim iting  th e  d iffu sion  d is tan ce . T h e  T  sy s tem /S R  o f 
the  w hite  fibres are typically a t th e  Z -line  level (A kster 
1981). In  th e  son ic  m usc les  o f O. tau  an d  T. ja rb u a , they  
are a t th e  A /I ju n c tio n ’s level, w h ich  allow s a re d u c tio n  o f 
th e  d iffu sion  tim e  o f  ca lc ium  (E iche lberg  1976; L o e sse r  et. 
al. 1997). In  th e  son ic  m u sc les  o f  C. acus th e se  p ro p ertie s  
are particu la rly  w ell d ev e loped  b ecau se  th e  T  system /S R  
are a t th e  level o f b o th  th e  Z -lines an d  A /I ju n c tio n s . T o  
the  b e s t o f  o u r  know ledge, th is a d a p ta tio n  is u n iq u e  in

v e rteb ra te  m usc le  a n d  sh o u ld  acce le ra te  th e  d iffu sion  tim e 
o f  calc ium . M o reo v er, th is son ic  m usc le  also differs from  
o th e r  typical son ic  m u sc les  in  n o t hav ing  a cen tra l sarco- 
p la sm  core a n d  a rad ia l a rran g em en t in  cro ss-sec tio n s 
(O no  & P oss 1982; F in e  et al. 1993). I t  co u ld  b e  linked  
w ith  th e  helico idal o rgan iza tion  p rocess.

(i) Helicoidal organization
T h e  helix  o rgan iza tion  o f  th e  m yofibrils in  th e  son ic  

m u sc le  fibres in  C. acus is striking. M an y  hy p o th eses  m ay 
b e  fo rm u la ted  fo r its fu n c tio n a l significance. T h e  helix  
allow s a h ig h er serial sa rcom ere  d isp o sitio n  fo r a given 
leng th . I t sh o u ld  resu lt in  a g rea te r n u m b e r  o f  a c tin -m y o - 
sin  links an d  th u s  a g rea te r fo rce involved  (W alker & L iem  
1994). H o w ev er, no  m u sc le  fo rce can  b e  g en era ted  at 
ex trem e sh o r ten in g  (H erre i et al. 2002 ). T h e  helico idal 
o rgan iza tion  co u ld  allow  th e  sa rcom eres to  co n tra c t a t d if­
fe ren t m o m en ts  a n d  progressively  s tre tch  th e  sw im  b la d ­
d e r  fen estra , w h ich  beg ins to  v ib rate . T h e  sw im  b la d d e r  
fen es tra  is a th in n e r  zone in  fro n t o f th e  sw im  b lad d e r , 
ju s t b e h in d  th e  in se rtio n  o f  th e  son ic  m uscle . I t  is covered  
by an  o sseous p la te  th a t co u ld  be  an  am p lifica tion  system  
o f  th e  so u n d  (P a rm en tie r  et al. 2003 ). In  o th e r  te leo sts , 
th e  son ic  m usc les ac t in  su ch  a w ay th a t th ey  d e fo rm  all 
th e  tissues o f  th e  sw im  b la d d e r  (D em sk i et al. 1973). In  
C. acus, all th e  w ork  o f  th e  son ic  m usc le  m u s t b e  app lied  
to  a single zone .

A seco n d  hy p o th es is  fo r th e  g en e ra tio n  o f so u n d s  is th a t 
th e  rap id  re laxa tion  o f  the  m usc le  co u ld  v ib ra te  th e  
s tre tc h e d  sw im  b la d d e r  fen es tra  like a g u ita r string . T h e  
m yofibrillar helix  sh o u ld  c o n s titu te  an  adv an tag eo u s sys­
te m  d u rin g  re laxa tion  b ecau se  it m ay p rov ide  th e  m usc le
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w ith  spring-like m ech an ica l p ro p ertie s . T h e  son ic  m usc le  
does n o t have an  a n tag o n is t m u sc le . T h e  force allow ing it 
to  re tu rn  to  th e  original len g th  arises from  th e  elasticity  o f 
th e  sw im  b la d d e r  an d  fro m  th e  gas p re ssu re  existing  inside 
th e  sw im  b lad d e r . W h e n  co n trac tin g , th e  m yofibrils 
sh o rten  a n d  th e  helix  s tep  is re d u c e d . T h e  helix  co u ld  th e n  
in crease  th e  efficiency o f th e  re laxation  by  u n co ilin g , like 
a spring.

5. CONCLUSIONS

T h e  helico idal o rgan iza tion  o f  m yofibrils o f th e  son ic  
m u sc les  allow s a relative increase  o f  th e  to ta l fo rce an d  o f 
th e  sh o rten in g  velocity  o f th e  w ho le  m usc le . M o reo v er, 
th e  sm all d ia m e te r  o f th e  fibres an d  m yofibrils lin k ed  w ith  
an  in crease  o f  th e  exchange su rface , d u e  to  a m ore  
d eve loped  sarcop lasm ic  re tic u lu m  a n d  T  system , sh o u ld  
en su re  a fa s te r d iffu sion  o f  th e  m e tab o lite s  invo lved  in  th e  
c o n tra c tio n  an d  th e  re laxation .

T h e  p re sen ce  o f m ore  m ito c h o n d r ia  a n d  a m ore  
im p o rta n t g lycogen c o n c e n tra tio n  th a n  in  th e  w h ite  fibres 
in d ica te s , in  th e  son ic  m u sc le , th e  ability to  m a in ta in  su s­
ta in e d  w ork.

A lth o u g h  th is m u ltid isc ip linary  ap p ro ach  p rov ides 
n u m e ro u s  e lem en ts  a b o u t th e  ch a rac te riza tio n  o f  th e  sonic 
m u sc les  in  C. acus, it sh o u ld  b e  co m p le m e n te d  by  o th e r 
s tu d ies  to  d escrib e , in  g rea te r de ta il, th e  aerob ic  o r  an a e r­
ob ic  fu n c tio n in g  o f th e  m usc le . T h e  reco rd in g  o f C. acus 
so u n d s  a n d  e lec trom yograph ic  s tu d ies  w ill also p rove  valu ­
able in  th e  investiga tion  o f th e  c o n tra c tio n  sp eed  o f the  
son ic  m u sc les  in  C. acus an d  to  te s t th e  tw o h y p o theses  
o f so u n d  gen e ra tio n .
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