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Because  of f ixa t ion  p rob l ems  i t  is d i f f icul t  to  a sce r t a in  
w h e t h e r  t he  f i ne - s t ruc tu ra l  e m p t y n e s s  of t h e  bac t e r i a  
r ep resen t s  t h e  t r ue  his to logical  s t a t e  of t he  s y m b i o n t s  a t  
t h a t  t ime,  or w h e t h e r  th i s  was  caused  a r t e fac tua l ly .  B u t  
i t  seems i m p o r t a n t  t h a t  even  t h o u g h  t he  l igh t  o rgan  h a d  
not b e e n  e m i t t i n g  l igh t  for more  t h a n  1 week,  some bac-  
t e r i a  were sti l l  p resen t .  There  is no  doub t ,  however ,  t h a t  
t he i r  c o n c e n t r a t i o n  if c o m p a r e d  w i t h  e lec t ron  micro-  
g r a p h s  of f resh Anomalops l igh t  o rgan  2 was cons ide rab ly  
reduced.  

The  r e l a t ionsh ip  be t w een  f ish and  b a c t e r i a  is com- 
m o n l y  descr ibed  as a symbios i s  ~-6. Whi le  t he  bac t e r i a  
can  grow in t he  re la t ive  sa fe ty  of the  f ish 's  t issue, t he  f ish 
benef i t s  f rom the  r e l a t ionsh ip  b y  be ing  p rov ided  w i t h  
' to rches ' ,  useful  for f ind ing  food d u r i n g  the  n igh t .  The  
b a c t e r i a  are  t h o u g h t  to  be i n d e p e n d e n t  effectors,  glowing 
con t inous ly  w i th  no  i n t e n s i t y  v a r i a t i o n  s. Our  o b s e r v a t i o n  
of a ' dy ing  l igh t  o rgan '  shows t h a t  over  a per iod  of a mere  
7 days  i n t e n s i t y  changes ,  large enough  to be  de t ec t ed  b y  
t he  h u m a n  eye, occur  in  t h e  bac te r i a l  l i gh t  o rgan  of 
A nomalops. 

Accord ing  to CORMIER et al. 7, t he  bac te r i a l  b io lumines -  
cence s y s t e m  exh ib i t s  4 r e q u i r e m e n t s  for l ight  emiss ion:  
a luciferase,  r educed  f i av in  mononuc leo t ide ,  molecu la r  
oxygen  a n d  long-cha in  a ldehyde .  The  q u a n t u m  yield of 
the  r eac t ion  d e t e r m i n e s  the  t o t a l  o u t p u t  of l igh t  a n d  in 
b a c t e r i a  appea r s  to  be  d e p e n d e n t  upon  t h e  ava i l ab i l i t y  of 
a ldehydeS.  A l t h o u g h  a ldehydes  of va r ious  cha in  l eng ths  
can  be  used, t he  r a t e  of r eac t i on  is v e r y  d e p e n d e n t  u p o n  
wh ich  a ldehyde  is used 7. BeRTELSEN 9 has  sugges ted  t h a t  
bac t e r i a l  luminescence  in the  esca of m i d - w a t e r  angler  
fishes is con t ro l l ed  b y  t he  b lood  flow to  th i s  organ.  

I n  t h e  case of Anomalops i t  seems m o s t  l ikely t h a t  t he  
symbio t i c  b a c t e r i a  receive some v i t a l  subs t ances  f rom the  
f ish v ia  t he  b loods t r eam.  I t  is k n o w n  t h a t  t he  l igh t  o rgan  
in A nomalops is r i ch ly  suppl ied  w i t h  b lood capi l iar ies  
r u n n i n g  para l le l  to  each  o the r  f rom the  p i g m e n t e d  base  
to t he  t i gh t - emi t t i ng  o r g a n <  W h e t h e r  t he  subs t ances  
suppl ied  b y  t h e  f ish are d i rec t ly  i n v o l v e d  in t he  process  
of p roduc ing  l igh t  (like long cha in  a ldehydes  or oxygen,  
for example) ,  or w e t h e r  t h e y  are n u t r i e n t s  enab l ing  the  
b a c t e r i a  to  grow, is no t  exac t ly  clear  a t  th i s  s tage.  The  
fac t  t h a t  n e i t h e r  HARVEY 5 no r  HANEDA and  TSUJI 2 
succeeded in o b t a i n i n g  a cu l tu re  of l uminous  bac t e r i a  
f rom t h e  l igh t  o rgan  ( a l though  l u m i n e s e n t  bac t e r i a  f rom 
o t h e r  fisch grew well  on  t he i r  cu l tu re  media)  and  t he  fac t  
t h a t  fewer b a c t e r i a  were p r e sen t  in  n o n - l u m i n e s c e n t  l ight  
o rgans  of s t a r v e d  Anomalops, suggests  t h a t  the  f ish pro-  
vides  i ts  s y m b i o t i c  b io luminescen t  b a c t e r i a  w i t h  v i t a l  
nu t r i en t s .  The  supp ly  of these  nu t r i en t s ,  however ,  can  no 
longer  be m a i n t a i n e d  if t he  fish is dep r ived  of food for 
l o n g e r  t h a n  a week. As a resu l t  t he  l u m i n e s c e n t  b a c t e r i a  
of Anomalops decrease  in n u m e r  and  cease to p roduce  
l ight.  
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Summary. Elec t ron -dense  depos i t s  were obse rved  a t  the  base  of cilia of Paramecium f ixed in g l u t a r a l d e h y d e  so lu t ion  
c o n t a i n i n g  5 m M  CaC12. The  depos i t s  were p robed  b y  X - r a y  mic roana lyze r  and  i t  was c lear ly  d e m o n s t r a t e d  t h a t  the  
deposi ts  cons is ted  of ca lc ium a n d  phosphorus .  

E v i d e n c e  has  been  a c c u m u l a t i n g  t h a t ,  in  b o t h  p ro to -  
zoan  a n d  m e t a z o a n  animals ,  t he  modi f i ca t ion  of c i l iary 
m o v e m e n t  is ach ieved  b y  t he  change  in c o n c e n t r a t i o n  of 
i n t r ace l lu l a r  free Ca ions 2-4. E x p e r i m e n t s  w i t h  T r i ton -  
e x t r a c t e d  models  of a ci l iate  Paramecium i nd i ca t e  t h a t  
t he  change  in d i r ec t ion  of t h e  effect ive s t roke  of cilia 
(ciliary reversal)  is b r o u g h t  a b o u t  b y  an  increase  in Ca ion 
c o n c e n t r a t i o n 2 , <  I t  st i l l  r emains ,  however ,  to  be  in- 
ve s t i ga t ed  w h e t h e r  in t he  i n w a r d  m o v e m e n t  of ex t ra -  
cel lular  Ca or t h e  release of in t r ace l lu l a r ly  s to red  Ca is t he  
m a i n  i m m e d i a t e  source  for t h e  cause of t he  c i l iary  reversa l  
in  l iv ing Paramecium6-< R e c e n t  e lec t ron  microscopic  
s tudies  on Paramecium f ixed in a g l u t a r a l d e h y d e  so lu t ion  
c o n t a i n i n g  CaCI~ h a v e  shown  t he  local iza t ion of e lec t ron-  
dense  depos i t s  a t  t he  ci l iary base,  sugges t ing  t he  presence  
of i n t r ace l lu l a r  Ca-b ind ing  sitesg, 10. A s  t he  f i rs t  s tep  to 
explore  t he  poss ib i l i ty  t h a t  t he  in t r ace l lu la r  Ca -b ind ing  
si tes are i nvo lved  in t he  con t ro l  of ci l iary m o v e m e n t ,  t he  
p r e sen t  e x p e r i m e n t s  were u n d e r t a k e n  to  d e t e r m i n e  t he  
inorgan ic  c o n s t i t u e n t s  of t h e  e lec t ron-dense  depos i t s  
found  in t h e  cilia of Paramecium b y  ut i l iz ing t e c h n i q u e s  
of e lec t ron  p robe  X - r a y  microanalys is .  

Spec imens  of Paramecium caudatum r ea red  in a h a y  
infus ion were k e p t  in a so lu t ion  c o n t a i n i n g  2 m M  CaCI~ 
and  1 m M  Tris-HC1 buf fe r  (pH 7.2) a n d  pref ixed  in a 
2 .5% g l u t a r a l d e h y d e  so lu t ion  c o n t a i n i n g  5 m M  CaCI~ 
and  80 m M  s-coll idine (pH 7.5). Then ,  t he  spec imens  
were washed  w i t h  a so lu t ion  c o n t a i n i n g  5 m M  CaCI=, 
pos t f ixed  in a 1% OsO 4 so lu t ion  c o n t a i n i n g  5 m M  CaC12 
and  80 m M  s-collidine, d e h y d r a t e d  in e thanol ,  a n d  em- 
b e d d e d  in E p o n  812. B o t h  t he  t h i c k  sect ions  (150 2 0 0 n m  
thick)  for X - r a y  mic roana lys i s  and  t he  t h i n  sec t ions  for 
c o n v e n t i o n a l  e lec t ron  microscopic  o b s e r v a t i o n  were cu t  
on  a P o r t e r - B l u m  MT-2 micro tome.  The  t h i n  sect ions  
were weak ly  s t a ined  w i t h  u r a n y l  ace t a t e  a n d  lead c i t ra te ,  
and  e x a m i n e d  w i t h  a H i t a c h i  HS-9  e lec t ron  microscope,  
whi le  a layer  of c a r b o n  was  e v a p o r a t e d  on  t he  t h i c k  sec- 
t ions  w i t h o u t  s t a in ing  for X - r a y  microanalys i s .  The  X-  
r a y  a n a l y t i c a l  s y s t e m  cons is ted  of a J E M  100C t r a n s -  
miss ion  microscope f i t t ed  w i t h  a J E M  A S I D  scann ing  
a t t a c h m e n t  and  a n  E D A X  707A energy  d ispers ive  spec- 
t r o m e t e r .  The  d i a m e t e r  of X - r a y  b e a m  focused on  t he  
sec t ion  was a b o u t  200 n m  w i t h  a n  acce le ra t ion  vo l t age  of 
40 kV. Analyses  were pe r fo rmed  w i t h  a n  i n t e g r a t e d  de- 
t ec t ing  t ime  of 200 sec. 
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Fig. 1. Tangential section through the cell surface of Paramecium 
caudatum. Many eleetrotl-dense deposits are seen at the inner side 
of the ciliary membrane and a few deposits between outer doublet 
microtubules and the central pairs. Weakly stained with uranyl 
acetate and lead citrate. • 50,000. 

In  a lmos t  all the  cilia examined,  e lec t ron-dense  de- 
posi ts  were observed  a t  t he  basa l  por t ion,  t h o u g h  the  
a m o u n t  of the  depos i t  var ied f rom cilium to cilium (Figure 
1). The deposi ts  were mos t  f r equen t ly  seen a t  the  inner  
side of ciliary m e m b r a n e  jus t  above the  'ci l iary necklace ' ,  
and also found be tween  the  outer  and  cent ra l  micro tu-  
bules. N o  depos i t s  were p re sen t  in t he  cilia of the  speci-  
mens  f ixed in a g lu ta ra ldehyde  solut ion w i t h o u t  CaCI~. 
The deposi ts  a t  the  basal  p a r t  of the  cilia a lmos t  com- 
ple te ly  d isappeared ,  if the  sect ions were t r ea t ed  wi th  
5 m M  EGTA. Detai led descr ip t ion  of t h e  deposi ts  will be 
given elsewhere ~- 

E lec t ron  probe  microanalys is  of the  e lectron dense 
deposi te  clearly d e m o n s t r a t e d  the  presence  of Ca and P as 
shown in Figure  "2. W h e n  the  probe  was placed on the  
basal  region of the  cilium wi th  the  deposits ,  the  energy  
spec t rum showed dis t inc t  peaks  a t  energy  levels corres- 
pond ing  to Ca IKs (3.69 keV), Ca Kfl (4.01 keV) C1 IKs 1 
(2.62 keV), Si Ka  (1.74 keV) lines; the  peak  near  (2.0 keV 
appeared  to  resul t  f rom s u m m a t i o n  of P Kcq 2.01 keV) 
and  Os Ms (1.91 keV) lines (Figure 2A). If, on the  o ther  
h a n d ,  the  dis ta l  region of the  cilium w i t h o u t  the  deposi ts  
was probed,  the  energy  s p ec t ru m showed C1 Ks1, Os Ms  
and Si K s  lines, bu t  no t  Ca Ka,  Ca Kfl, and P Ka 1 lines 
(Figure 2 B) . . I n  Figure 2B, t he  energy  s p ec t ru m of the  
cil ium wi th  the  deposi ts  is also shown by  dots  for com- 
parison,  clearly showing t h a t  Ca and P are p resen t  only  
in the  deposi ts .  The Si K s  and C1 K s  1 lines observed in all 
the  sect ions m a y  be ascribed to E p o n  embedd ing  the  
specimen.  

The presence  of Ca and P in the  e lec t ron-dense  de- 
posi ts  suggests  t h a t  the  deposi ts  conta in  calcium phos-  
phate .  In  th is  connect ion,  i t  is of in te res t  t h a t  the  d e -  
posi ts  in the  t r i chocys t s  and the  ciliary granular  p laques  
of P a r a m e c i u m  also con ta in  Ca, P and  S n,  t h o u g h  the  
presence of S was no t  de tec ted  in the  p resen t  s tudy.  The 
e lec t ron-opaque  deposi ts  along the  p lasma  m e m b r a n e  of 
squid g iant  axon are also shown to con ta in  Ca and p~2. 
Al though  the  p resen t  resul ts  have  clearly shown the  
exis tence of Ca-binding si tes in t he  cilia of Paramecium,  
the i r  role in the  contro l  of ci l iary mot ion  is no t  clear. The  
localization of t he  deposi ts  jus t  above the  'cil iary neck-  
lace' l inking the  ciliary m e m b r a n e  and the  outer  double t  
micro tubules  13 suggests  the  poss ibi l i ty  t h a t  Ca ions m a y  
be released f rom the  int racelhf lar  b inding  si tes dur ing  
exc i ta t ion  of the  ciliary m e m b r a n e  to inf luence the  ciliary 
movemen t .  

Fig. 2. A) X-ray energy spectrum obtained in the Cilium containing 
the electron-dense deposits. Ca Kc~ (3.69 keV), Ca Kfl (4.01 keV) 
lines are seen. The peak at about 2.0 keV is the summation of P Ks1 
(2.01 keV3 and Os Ms (1.91 keV) lines. CI Kr (2.62 keV) and Si Ks 
(1.74 keV) lines are attributed to the resin. B) X-ray energy spectrum 
in the cilium without the deposit. The spectrum in the cilium with 
the deposits are shown by dots for comparison. The absence of Ca 
and P lines is clearly seen in the cilium without deposit. 
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