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ABSTRACT

The mode o f  transm ission o f  Myxosoma cerebralis was in vestigated  w ith  
particular referen ce to the recent Wolf and M arkiw hypothesis, w hich  
im plicated  the actinosporean genus Triactinomyxon as an interm ediate stage in 
the l ife  cycle, w ith in  Tubifex worms. Fish farm s in the U.K . and Europe were 
sam pled for both M. cerebralis and A ctinosporea. M. cerebralis was not found  
in the U.K. farm s sam pled and there was no obvious correlation betw een the 
occurrence o f  M. cerebralis and Triactinomyxon.

M. cerebralis spores were added to Tubifex cultures in an attem pt to in itia te  
Triactinomyxon in fection s. In all cases there was no change in the prevalence  
o f Triactinomyxon even after periods o f 6 months. Tubifex worms were 
exam ined h isto log ica lly  and were found  to take up M. cerebralis spores but the 
latter were never seen to show any signs o f m aturation ie. hatching, w ith in  the 
Tubifex gut.

It proved possible to in fect ju ven ile  trout in in fection  system s containing  
Tubifex worms and M. cerebralis spores, in the absence o f Triactinomyxon. Fish  
exposed to Triactinomyxon did not develop any in fection . Fish exposed to 
M. cerebralis spores alone did not develop any in fection . The cross reactiv ity  
o f Triactinomyxon spores w ith anti-A/. cerebralis antiserum  was confirm ed, 
though other actinosporean species also cross reacted w ith this antiserum . 
Taken together these results shed considerable doubt on the W olf and M arkiw  
hypothesis.

In an a tte m p t to a id  f ie ld  d ia g n o s is  o f  M. cerebralis in f e c t io n s ,  v ia  
scrodiagnosis, Enzym e Linked Im m unosorbent Assays (ELISA) were developed. 
Aeromonas salmonicida was used as a test organism  for the antibody detection
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assay and it was possible to m onitor a sign ifican t change in antibody in fish  
inoculated w ith  this bacterium. U sing the ELISA anti-AL cerebralis antibodies  
were only detected in young fish  (6 months) that had been experim entally  
in fected  w hile  older fish  (20 months) were seronegative. M. cerebralis antigens 
could not be detected in the serum o f in fected  fish  o f either age group.

A com bination o f histological and im m unohistochem ical techniques were used 
to id en tify  pre spore stages o f the parasite in damaged cartilage. These were 
further investigated  at the EM level.
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" 44 1 4 m sect ion o f  d a m a g e d  c a r t i l ag e  i n c u b a t e d
w i t h  n o rm a l  mouse  s e ru m  98

" 45 D a m a g e d  c a r t i l a g e  i n c u b a t e d  w i th  n o rm a l
mouse  s c ru m  as a con t ro l  (ou te r  m a rg in  o f  a reas  of  
d a m a g e d  c a r t i l a g e  a r r o w e d )  1 0 7

" 46 I n c u b a t i o n  of  d a m a g e d  c a r t i l ag e  w i th  mouse an t i -
M .  c e r e b r a l i s  an t i s e ru m .  Note  d a r k l y  s t a in e d  
d a m a g e d  a rea  ( a r row ed)

" 47 As fo r  Fig.  45 w i th  s t a in ed  M .  c e r e b r a l i s  spore
(a r row ed)
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1. R E V IE W  O F  T H E  L I T E R A T U R E

1.1. M y x o s o m a  c e r e b r a l i s

1.1.1. D esc r ip t ion  a n d  p a th o g e n ic i ty

M y x o s o m a  c e r e b r a l i s  was f i r s t  d esc r ibed  by H o f e r  (1903), in  r a i n b o w  t ro u t  
f r o m  B a v a r i a ,  a n d  ass igned to the  genus M y x o b o l u s , Butschl i ,  1882. A closely 
r e l a t e d  g e n u s ,  M y x o s o m a , w a s  d e s c r i b e d  by  T h c f lo h a n  ( 1 8 9 2 )  a n d  is 
d i s t i n g u i s h e d  f r o m  M y x o b o l u s  by the absence  o f  an  io doph i lous  vacu o le  in the 
f o r m e r  a n d  its presence  in the  la t te r ,  K u d o ,  1933. Most,  bu t  no t  all  w orkers  
(Wall ikcr ,  1968; Lorn, 1969a), accep t  the two genera  an d  th a t  M .  c e r e b r a l i s  has 
no io d o p h i lo u s  vacuo le  a n d  thus  belongs to M y x o s o m a .  T h e  p a r a s i t e  a t t acks  
the d e v e lo p in g  c a r t i l ag e  of  ju v e n i l e  sa lmon ids ,  p a r t i c u l a r l y  in  the  reg ion  
a r o u n d  the  b r a i n  a n d  gill arches ,  l ead ing  to the  progressive d e s t r u c t io n  of  
c a r t i l a g e  (Bogdanova ,  1961; L ucky ,  1970). As the a rea  a r o u n d  the  otol i ths  is 
d e s t ro y e d ,  i n f e c t e d  f i sh  deve lop  the c h a r a c t e r i s t i c  sym ptom s  o f  w h i r l in g  
disease.  T h i s  is t y p i f i e d  by ta i l  chasing in y oung  f i sh ,  w h ic h  is seen 40 to 60 
days a f t e r  in f e c t i o n  ( H o f f m a n ,  D u n b a r  an d  B ra d f o r d ,  1962). In heav i ly  
i n f e c t e d  f i n g c r l i n g  t ro u t  this  o f t e n  f r a n t i c  w h i r l i n g  b e h a v io u r  progressive ly  
ex h au s t s  the  f i sh  a n d  coup led  w i th  the in a b i l i t y  to f eed  e f f e c t i v e ly ,  leads to 
the  h igh  m o r ta l i t i e s  seen in some o u tb re a k s  (H ofe r ,  1903; Elson,  1969). Ta i l  
b l a c k e n i n g  m a y  also be seen a n d  this,  as wel l as ta i l  chasing,  is m o re  p re v a l e n t  
a t  h ig h e r  w a te r  t e m p e r a tu r e s  (H a l l iday ,  1973a). In older  f i sh  w h ic h  have  
s u r v i v e d  the  i n i t i a l  i n f e c t io n ,  gross morpho log ica l  changes m ay  occur ,  such  as 
sk e le ta l  d e f o r m a t i o n  ( H o f f m a n ,  1970a), th o u g h  these sym ptom s  may  be 
c o n f u s e d  w i th  u n r e l a t e d  syndromes,  such as d i e t a r y  d e f i c i e n c y  (H a l l iday ,
1973b).
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As o ss i f i ca t io n  o f  c a r t i l a g e  proceeds,  invas ion  by the p a ra s i t e  can  no longer  
t a k e  place  a n d  v a r ious  a u t h o r s  h av e  obse rved  th a t ,  once f i sh  a re  older  t h a n  6-9 
m on th s ,  they  a re  no longe r  suscept ib le  to i n fe c t i o n  (Schapcrc laus ,  1954; 
H a l l i d a y ,  1974a). T h e  e x a c t  means  by w h i c h  ca r t i l age  d e s t r u c t io n  a n d  its 
s u b s e q u e n t  r e p l a c e m e n t  w i t h  g r a n u l a t i o n  t issue occurs,  is no t  c lear.  Some 
w o rk e r s ,  eg. S ch ap c rc lau s  (1954) h av e  sp ecu la ted  tha t ,  in a d d i t i o n  to the  d i rec t  
d e s t r u c t i o n  o f  ca r t i l age ,  pa ra s i t e s  also p ro d u c e  toxins  w h ic h  m a y  p lay  a p a r t  
in  th e  d i s r u p t i o n  o f  the  otol i ths .

T h o u g h  the p a ra s i t e  is p r i m a r i l y  local ised w i th in  the ca r t i l a g e  o f  the  head  
reg ion,  M .  c e r e b r a l i s  spores  h av e  been f o u n d  in o the r  a rea s  o f  the  body.  
H a l l i d a y  (1973a) obse rved spores  w i th in  the sp ina l  co lum n  o f  an  i n f e c t e d  f ish,  
w h ic h  w o u ld  be resp onsib le  f o r  the  obse rved  ske leta l  d e f o r m a t io n s ,  wh i le  
U s p e n s k a y a  (1957) f o u n d  spores  t h ro u g h o u t  the  body  of  i n f e c t e d  f ish.

1.1.2. H o s t  suscept ib i l i ty  a n d  d i s sem ina t ion

T h o u g h  most  o f  the  l i t e r a t u r e  deals w i th  in fe c t io n s  in r a i n b o w  trout ,  14
sa lm o n id  species a rc  k n o w n  to be suscept ibl e  to v a r y in g  degrees  (Lorn and
H o f f m a n ,  1971; C hr i s tensen ,  1972). T h e  disease p rob lem  is t y p ic a l ly  associated  
w i t h  h ig h ly  in ten s iv e  f i sh  cu l tu re ,  a n d  repor t s  of  i n f e c t io n s  in w i ld  s tocks are  
r a r e  ( H o f f m a n ,  1970a; O ’G r o d n ic k ,  1979). M .  c e r e b r a l i s  has  now been fo u n d  

t h r o u g h o u t  E u ro p e ,  ( Johansson ,  1966; Elson,  1969), the  U.S.S.R. (Bogdanova,  
1969), the  U.S.A. ( H o f f m a n ,  1970a) a n d  the s o u th e rn  h e m is p h e re  (V an  Wyk, 
1968). I t  is gene ra l ly  sugges ted t h a t  the  p a ra s i t e  o r ig in a te d  in  E u r o p e  a n d  tha t  
the  n a t i v e  b ro w n  t rou t ,  S a l m o  t r u l t a  was the or ig ina l  host.  T h e  l a t t e r  may
become i n f e c t e d  bu t  is c o ns ide red  to be res i s t an t  to the  disease,  un l ike  the
r a i n b o w  t ro u t ,  w h ic h  has  been im p o r t e d  f r o m  the U.S.A. a n d  w h ic h  is high ly
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suscept ible .  T h e  s p re a d  f r o m  E u ro p e  to o th e r  con t inen t s  w ould  have  occur red  
as a r e su l t  o f  the  t r a n s f e r  o f  f i sh  stocks,  w h ic h  is a f e a t u r e  of  the  d ev e lo p m en t  
o f  t r o u t  c u l t u r e  ( H o f f m a n ,  1970b). S chape rc laus  (1954) f o u n d  t h a t  the  disease 
co u ld  no t  be im p o r t e d  in to  stocks v ia  t r o u t  eggs. It  is more  l ike ly  t h a t  ‘c a r r i e r ’ 
f i sh ,  w h i c h  h a v e  d e v e lo p e d  low level i n f e c t i o n s  a n d  t h e r e f o r e  show no ob v ious 
sym p to m s  o f  the  disease,  a r e  respons ib le  f o r  the  ext ensive  d i s s e m in a t io n  of  
w h i r l i n g  disease.

1.1.3. Diagnosis

T h e  d iagnosi s  o f  the  p a ra s i t e  in i n f e c t e d  f i sh  rel ies p r in c ip a l ly  on i sola t ing the 
spore  s tage (S chapcrc laus ,  1954). T y p ic a l ly  c a r t i l ag e  is r e m o v e d  f r o m  a r o u n d  
the b r a in  a n d  gill  a rches  a n d  in  the s implest  p ro c e d u re  c ru s h e d  a n d  sm eared  
f o r  e x a m in a t io n .  V a r io u s  p u r i f i c a t i o n  reg imes  h av e  been d eve loped ,  designed  
p r i n c i p a l l y  to e n h a n c e  the de tec t ion  o f  spores,  p a r t i c u l a r l y  w h en  large 
n u m b e r s  o f  f i sh  a re  be ing  processed.  E n z y m e  d igest ion o f  sk e le ta l  e lements  
u s ing  t ry p s in  a n d  pepsin,  c o m bined  w i th  ac id  t r e a tm e n t s  h av e  been deve loped 
by M a r k i w  a n d  Wolf (1974), whi le  O ’G r o d n i c k  (1975) suggested  the use of  the  
p l a n k t o n  c e n t r i f u g e  w h e n  e x a m in in g  the hom ogen ized  m a te r i a l  f r o m  whole  
h e a d s .  P h a s e  s e p a r a t i o n  t e c h n i q u e s  h a v e  a l s o  b e e n  u s e d ,  i n v o l v i n g  
p o ly e th y le n e  glycol  a n d  d e x t r a n ,  to w h ich  c a r t i l ag e  deb r i s  is a d d e d  a n d  then 
sp u n  d o w n  (Kozcl ,  L o t t  a n d  T a y lo r ,  1980). Spores s ep a ra te  ou t  into  one of  the 
phases ,  w i t h  the  c a r t i l a g e  deb r i s  in  the  other .  In a d d i t i o n ,  his to log ica l  
e x a m i n a t i o n  o f  ca r t i l age ,  us ing co n v e n t io n a l  p a r a f f i n  w ax  e m b e d d i n g  has 
b een  used,  (L ucky ,  1970; H a l l id a y ,  1973a). His tology has the  a d v a n t a g e  t h a t  it 
is th e o re t i c a l l y  possible  to de tec t  p rcsporc  stages.  Th is  is o f  p a r t i c u l a r  
s i g n i f i c a n c e  in  f i sh  w i t h  low levels o f  i n f e c t i o n  an d  in those w h ic h  have  only 
r e c e n t ly  become in f e c t e d ,  s ince in n e i th e r  case will  spore  s tages be p resen t  or
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easily  id e n tif ie d . I t is th o u g h t th a t  th e  spore stage is on ly  fo u n d  as th e  
c a r tila g e  is o ssified  in  la te r  life . H o ffm a n  (1970a) has d e sc rib ed  tro p h o zo ite s  
o f M .  c e r e b r a l i s  a n d  H a llid a y  (1973a) has observed  a ra n g e  o f stages w ith in  
in fe c te d  c a rtila g e . H ow ever, th e  d e te c tio n  o f  p respo re  stages has g en era lly  
p ro v ed  to be d if f ic u l t ,  b u t th is  p ro b a b ly  re fle c ts  th e  in e f f ic ie n c y  o f  th e  
h is to lo g ica l tec h n iq u e s  em ployed.

1.1.4. D evelopm enta l s tages

It is lik e ly  th a t  M .  c e r e b r a l i s  p resp o re  stages resem ble those  o f  o th e r
9

M yxosporea  w h ich  h av e  been  s tu d ie d  (Lorn an d  de P u y to ra c , 1965; Lom , 
1969b). H a llid a y  (1973a) d is tin g u ish e d  tro p h o zo ite s  as la rg e , m u ltin u c le a te  
o rg an ism s a n d  spo rob lasts , w h ich  a p p e a re d  as sm aller b in u c le a te  stages each  
g iv in g  rise  to tw o spores v ia  the  s e p a ra tio n  o f nuclei. T h e  p resp o re  stages o f 
M .  c e r e b r a l i s  h av e  n o t been observed  a t th e  e lec tro n  m icroscope level, a lth o u g h  
w hole  spores h av e  been exam in ed  (L u n g er, R hoads, W olf a n d  M ark iw , 1975). 
T h e  p resp o re  stages ty p ic a lly  reside  w ith in  a m ass o f tissue  w h ich  has been 
d e s c r ib e d  as g r a n u la t e d  a n d  s o m e tim e s  n e c r o t ic ,  c o n n e c t iv e  m a te r i a l  
(S ch ap erc lau s, 1954). S ince c a rtila g e  is o ssified  fro m  th e  e x te r io r  in w ard s, 
a reas  o f dam ag ed  c a r tila g e  ten d  to becom e localised  as th e  p a ra s ite  is 
p re v e n te d  fro m  m ig ra tin g  to o th e r areas.

1.1.5. D isease C o n tro l

C o n tro l o f  M .  c e r e b r a l i s  in fe c tio n s  has re lied  la rg e ly  on d is in fe c tio n  o f sites 
w h ere  th e  p a ra s ite  has been  fo u n d , a n d  a n u m b er o f  ch em ica l ag en ts  have  
been  used in  th is  co n tex t. H o ffm a n  a n d  H o ffm a n  (1972) fo u n d  th a t  h y d ra te d  
lim e w as an  e f fe c tiv e  d is in fe c ta n t, w h ile  H o ffm a n  an d  O ’G ro d n ic k  (1977)
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fo u n d  th a t  c h lo r in e  d id  n o t k ill  a ll th e  M .  c e r e b r a l i s  spores used  in  th e ir  tests. 
T h e  a p p lic a tio n  o f  c a lc iu m  c y a n a m id e  to d ra in e d  co n c re te  ponds a n d  racew ay s 
h as  been  reco m m en d ed  (S ch ap erc lau s, 1954). T h e  e f f ic a c y  o f  v a rio u s  ag en ts  
su ch  as u l tra v io le t  ra d ia t io n  a g a in s t th e  spores (H o ffm a n , 1975), has also been  
e v a lu a te d , th o u g h  i t  is u n lik e ly  th a t  th is  co u ld  p rove  co m m erc ia lly  p ra c tic a b le  
fo r  d isease  c o n tro l on f ish  fa rm s.

H o w ev er, c o n tro l m e th o d s a re  c o m p lica ted  by th e  a p p a re n t re s is tan ce  o f  th e  
p a ra s ite . I t  has been  show n th a t  th e  p a ra s ite  re ta in s  its  in f c c t iv i ty  a f te r  
f re e z in g . H o ffm a n  a n d  P u tz , (1969) fo u n d  th a t  M .  c e r e b r a l i s  spores su rv iv e  a t 
-20 °C fo r  a t least 18 days. E v id en ce  also  suggests th a t  spo re  v ia b il i ty  is 
r e ta in e d  fo r  se v e ra l yea rs  in  in fe c te d  sites  w h ich  a re  n o t d is in fe c te d ; B auer 
(1959) suggested  th a t  spores re ta in e d  in fc c t iv i ty  fo r  up  to 1 2  years.

I t is possib le  to p re v e n t in fe c tio n  by m a in ta in in g  f ry  in c o n c re te  racew ay s fed  
by sp rin g  w a te r , u n t i l  th ey  re a c h  an  age a t  w h ich  th ey  a re  no longer 
su sc e p tib le  (S ch ap erc lau s, 1954). S hou ld  in fe c tio n  o ccu r, th e  use o f d ru g s to 
t r e a t  d iseased  f is h  is possible: S co la ri (1954) fo u n d  A cc ta rso n c  (S tovarso l) to be 
som e use in  su p p ress in g  th e  d isease , w h ile  T a y lo r , C oli an d  Ju n c ll (1973) 
sug g ested  th a t  F u ra z o lid o n e  m ig h t be e f fe c tiv e . A g ain , as in the  case of 
d is in fe c ta n t  ag en ts  such  as U.V. ra d ia t io n , i t  u n lik e ly  th a t  d ru g  th e ra p y  can  be 
co m m erc ia lly  ap p lied .

1.1.6. T ran sm iss io n

U n ti l  re c e n tly  i t  has been th o u g h t th a t  tra n sm iss io n  o f M .  c e r e b r a l i s  is d ire c t. 
H o w ev er, th e  ex ac t m echan ism s in v o lv ed  a re  poo rly  u n d e rs to o d  as is also th e  
case w ith  o th e r  M yxosporca. A ttem p ts  to in fe c t  tro u t w ith  f re sh ly  iso la ted



17

spores h av e  n o t been  su ccessfu l (H o ffm a n  an d  P u tz , 1969). H ow ever, w h en  3-4 
m o n th s b e fo re  th e  f ish  w ere  exposed  th e  spores w ere  a d d e d  to ta n k s  c o n ta in in g  
m ud , in fe c tio n s  w ere  in i t ia te d  (H o ffm a n  an d  P u tz , 1969; H o ffm a n  a n d  P u tz , 
1971). T h is  gave  rise  to th e  su g g estio n  th a t  an  ‘a g e in g ’ p e rio d  o f  sev e ra l 
m o n th s d u ra t io n  is necessa ry  b e fo re  spores becom e in fe c tiv e . T h e  e x a c t n a tu re  
o f  th e  p rocess w as n o t d e f in e d  th o u g h  S ch ap c rc lau s  (1954) in v e s tig a te d ,
w ith o u t success, th e  p o ss ib ility  th a t  v a rio u s  in v e r te b ra te s  m ig h t Serve c ith e r  as

\' ’c a r r ie rs  o r in te rm e d ia te  hosts. T h e  sam e a u th o r  d e te c te d  spores in  th e  fa e c a l 
m a te r ia l o f  f is h -e a tin g  b ird s  a n d  sug g ested  th a t  these  b ird s  m ig h t p lay  a p a r t 
in  th e  d is se m in a tio n  o f  th e  d isease .

U sp e n sk a y a  (1957) re p o rte d  tra n sm iss io n  v ia  th e  a lim e n ta ry  c a n a l, a n d  m ost 
w o rk e rs  h a v e  assum ed  th a t  th is  is th e  ro u te  o f in fe c tio n  (S ch ap erc lau s, 1931; 
N ob le , 1944). H ow ever, spores do n o t a p p a re n tly  d isc h a rg e  th e ir  p o la r 
f i la m e n ts  (w h ich  is p resu m ed  to be a p re re q u is ite  fo r  h a tc h in g )  in  th e  ac id  
c o n d itio n  o f  th e  sto m ach  (P lch n , 1924). O b se rv a tio n s  th a t  th e  p o la r f ila m e n ts  
a re  d isc h a rg e d  in  a lk a lin e  c o n d itio n s  (U sp en sk ay a , 1957) has led to the  
h y p o th e s is  th a t  th e  spores h a tc h  in  th e  in te s tin e  ra th e r  th a n  th e  s tom ach . I t is 
f u r th e r  p resu m ed  th a t  th e  sp o ro p lasm  is re leased , m ig ra te s  th ro u g h  th e  gu t 
m ucosa a n d  th e n  m oves th ro u g h  th e  body  v ia  an  u n k n o w n  ro u te  to the  
d e v e lo p in g  c a r t i la g e  in  th e  h ead  reg io n . H ow ever, D an ie ls , H erm an  an d  B urke 
(1976) fo u n d  w h a t th ey  d e sc rib ed  as an  u n id e n tif ie d  p ro to z o a n  p e n e tra tin g  the 
sk in  o f  th e  h e a d  reg io n  o f  ra in b o w  tro u t exposed  to w a te r  c o n ta in in g  
M .  c e r e b r c i l i s \  th is  ra ise d  th e  p o ss ib ility  th a t  th is  was an  in v a s iv e  stag e  o f the 
p a ra s ite . T h ese  o b se rv a tio n s  w ere  n o t fo llo w ed  up.
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A m u ch  m ore ra d ic a l  tra n sm iss io n  m ech an ism  fo r  M. cerebralis w as suggested  
by W olf a n d  M ark iw  (1981, 1984). T h e ir  re su lts  in d ic a te d  th a t  M. cerebralis 
spores pass in to  o lig o ch ae te  w orm s o f  th e  genus Tubifex a n d  th e re  d ev e lo p  in to  
an  a c tin o sp o re a n  in te rm e d ia te  stage  in  th e  l i fe  cycle , w h ich  th e y  h av e  
d e sc rib e d  as Triactinomyxon gyrosalmo. Triactinomyxon spores a re  re leased  
fro m  th e  w orm  a n d  in fe c t  ju v e n ile  t ro u t  to co m p le te  th e  l i fe  cycle . In  th e ir  
system  M. cerebralis spores w ere  n o t d ire c tly  in fe c tiv e  to tro u t in  th e  absence  
o f Tubifex w orm s. T h e  ‘a g e in g ’ process d esc rib e d  by p rev io u s  a u th o rs  cou ld  
now  be in te rp re te d  as th e  p e rio d  re q u ire d  fo r  th e  Triactinomyxon stag e  to 
d eve lop . S u b se q u e n tly , W olf, M ark iw  an d  H iltu n e n  (1986) re p o rte d  th a t,  on 
a d d it io n  o f  M. cerebralis spores to Tubifex, th e  p re v a le n c e  o f Triactinomyxon 
rose m a rk e d ly  a f te r  se v e ra l m onths. T h is  w as in te rp re te d  as ev id en ce  fo r  th e  
in v o lv e m e n t o f Triactinomyxon in  th e  life  cycle  o f  M. cerebralis. M ark iw  
(1986), has g iv en  f u r th e r  d e ta ils  on th e  d y n am ics  o f th e  p ro d u c tio n  o f the  
Triactinomyxon stage.

1.2. A c tin o sp o rea

1.2.1. A c tin o sp o rea ; d e f in itio n  of th e  group

T h e  c la s s  A c t in o s p o r c a  is  a p a r a s i t i c  g ro u p  f o u n d  in  a n n e l id  w o rm s , 
p a r t ic u la r ly  o lig o ch ae tes. T h ey  h av e  been  re la tiv e ly  l i t t le  s tu d ie d , th o u g h  
W olf a n d  M a rk iw ’s w o rk  (1984, 1986) has o b v io u sly  s tim u la te d  in te re s t. T h e ir  
d isc o v e re r , S to ic (1899) d e f in e d  th em  as tw o la y e re d  an im a ls  or M csozoa, and  
he n o te d  th e ir  re scm b len ce  to th e  M yxosporea. T h is  s im ila r i ty  w as em phasised  
b y  o th e r  w o r k e r s  w h o  s u g g e s te d  t h a t  th e  g r o u p ,  th e n  te r m e d  th e  
A c tin o m y x id ia , h ad  close a f f in i t ie s  w ith  the  C n id o sp o rid ia , th a t  is Sporozoa 
c h a ra c te r is e d  by th e  possession o f p o la r capsu les (M rifzck, 1900; L cgcr, 1904). 
T h is  v iew  w as su b se q u e n tly  re in fo rc e d  by Ik cd a  (1912) an d  th e  g ro u p  was
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p laced  in  th e  p ro to zo an  subclass C n id o sp o rid a , a long  w ith  tw o o th e r  o rd e rs , 
th e  M y x o sp o rid ia  a n d  th e  M ic ro sp o rid ia , by D o fle in  an d  R e ich en o w  (1927 /8 ) 
a n d  H y m an  (1940). M ore re c e n tly  th e  g ro u p  has been  re c la s s if ie d  a n d  it  is 
now  d esc rib e d  as a c lass a lo n g  w ith  th e  M yxosporea  w ith in  th e  new  p h y lu m  
M yxozoa (G rasse , 1970; L ev in e , C orliss, C ox, D cro u x , G ra in , H o n ig b erg , 
L eed a le , L o eb lick , Lorn, L y n n , M e rin f ic ld , Page, P o ljan sk y , S p rag u e , V av ra  
a n d  W allace, 1980).

1.2.2. M orpho logy

T h e  A c tin o sp o rc a  a re  c h a ra c te r is t ic a l ly  t r i r a d ia l  w ith  th re e  p o la r  capsu les, 
each  w ith  an  ev e rs ib le  p o la r  f ila m e n t. W ith in  th e  apex  o f  th e  spo re  is a 
sp o ro p lasm  c o n ta in in g  bod ies w h ich  h av e  been  v a rio u s ly  te rm ed  gam on ts or 
sp o ro zo ite s  (H y m an , 1940; Jan isz c w sk a , 1955a), s u rro u n d e d  by an  in n e r 
cn d o sp o rc  a n d  an  o u te r  cp ispo re . T h e  re m a in d e r  o f  the  cp isp o rc  is ex ten d ed  
in to  a n u m b e r o f  processes, ty p ic a lly  th re e , th e  sh ap e  an d  fo rm  o f  w h ich  
p r o v id e  o n e  o f  th e  p r i n c i p l e  d ia g n o s t i c  c h a r a c t e r i s t i c s  o f  th e  g e n e ra  
(Ja n isz e w sk a , 1953; Ja n isz e w sk a , 1955b; M arques a n d  O rm ie rcs , 1982).

1.2.3. P rev a len ce , lo c a lisa tio n  w ith in  th e  h o st an d  p a th o g e n ic ity

P re v io u s  s tu d ie s  h av e  show n  th a t  th e  p re v a le n c e  o f a c tin o sp o rc a n  in fe c tio n s  in 
n a tu ra l  p o p u la tio n s  is v e ry  low; Ik cd a  (1912) fo u n d  1 in  400 w orm s w ere 
in fe c te d , w h ile  M a c k in n o n  a n d  A d am  (1924) fo u n d  a p re v a le n c e  o f 5 in  1250. 
H o w ev er, N a v ille  (1930) fo u n d  a m uch  g re a te r  p re v a le n c e  in  th e  case o f 
G u y e n o t i a  s p h a e r u l o s a  o f b e tw een  30% a n d  50%.
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W here in fe c tio n s  o ccu r th e y  te n d  to be h eav y  (G ra n a ta , 1922a; N av illc , 1930) 
w h ich  has led  v a rio u s  a u th o rs  to suggest th a t  som e type  o f  a u to in fc c tio n  is 
o c c u rr in g  v ia  th e  re in v a s io n  o f  m a tu re  p a ra s it ic  stages w ith in  in fe c te d  w orm s 
(M ack in n o n  a n d  A dam , 1924; Jan iszew sk a , 1955a). T y p ic a lly , th e  p a ra s ite s  a re  
fo u n d  e i th e r  in  th e  in te s t in a l  e p ith e liu m  or its  lum en , a n d  a re  som etim es 
lo c a lise d  in  a p a r t ic u la r  reg io n  o f  th e  w orm  (Jan iszew sk a , 1953). W olf, 
M a rk iw  a n d  H u ltu n e n  (1986) re p o rte d  th a t  th e  in fe c tio n  is v is ib le  in  w orm s 
c o n ta in in g  Triaclinomyxon gyrosalmo, as a g e n e ra lise d  a n te r io r  sw e llin g  a n d  an  
o p a q u e  o u te r  lay e r. G ra n a ta  (1922b) o b se rv ed  Tricictinomyxon magnum f i l l in g  
p ra c t ic a l ly  a ll th e  body  c a v ity  in  a specim en  o f  Limnodrilus.

In fe c t io n  m ay cause e x te n s iv e  d am ag e  to th e  g u t e p ith e liu m  o f th e  w orm , even 
e v e n tu a lly  cau s in g  th e  co m p le te  o cclusion  o f th e  lum en  (G ra n a ta , 1922a; 
Ja n isz e w sk a , 1955a). T h e re  ap p e a rs  to be a d e te c ta b le  host re a c tio n , as 
Ja n isz e w sk a  (1955b) o b serv ed  host ly m p h o cy tes  s u r ro u n d in g  th e  e a r lie s t stages 
o f  p a ra s ite  d ev e lo p m en t.

1.2.4. D evelopm ent

C a u llc ry  a n d  M csnil (1905) w ere  th e  f i r s t  to in v e s tig a te  th e  d e v e lo p m en t o f the  
A c tin o sp o rc a  w h ile  s tu d y in g  th e  new  genus Sphaeractinomyxon, a n d  th e ir  w ork  
w as fo llo w e d  by th e  o b se rv a tio n s  o f  Ik e d a  (1912), G ra n a ta  (1922a, 1922b) and  
M a c k in n o n  a n d  A dam  (1924), on a ran g e  o f  o th e r  g en era . T hese  s tu d ie s  w ere 
a id e d  by th e  s im u lta n e o u s  o c c u rre n ce  o f d i f f e r e n t  d e v e lo p m e n ta l stages w ith in  
in fe c te d  w orm s. M ore re c e n tly  Jan iszew sk a  (1955a) an d  M arq u es (1984) have 
p ro v id e d  d e ta ile d  su m m aries  o f th e  l i te r a tu re  on th is  su b jec t.
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O f th e  d e v e lo p m e n ta l phases s tu d ie d , gam etogenesis an d  spo rogcncsis have  
been  m ost c le a rly  d esc rib ed . T y p ic a lly , gam etogenesis  is tra c e d  b ack  to a 
s in g le  b in u c lc a tc  b ody  (L eger, 1904; G ra n a ta , 1922; M ack in n o n  a n d  A dam , 
1924). G eorgev ic  (1940a) tra c e d  th e  o rig in  o f  th is  stage  to sch izogony  o f 
m o n o n u c le a r  cells w h ic h  w ere  them se lv es d e r iv e d  fro m  g lo b u la r  e lem en ts 
co rre sp o n d in g  to spo ro zo ites. T h e  b in u c le a te  b ody  d iv id es  to g ive  tw o som atic  
cells a n d  tw o p ro p a g a tiv e  cells; th e  la t te r  in  tu rn  d iv id e  p ro g ress iv e ly  to g ive a 
se ries  o f  gam etes te rm e d  an d  £  cells. A t th e  sam e tim e  th e  so m atic  cells  give 
rise  to th e  p an sp o ro c y s t in  w h ich  th e  gam etes lie. T h e  o< a n d  &  gam etes then  
fo rm  8 zygotes or sp o ro b lasts , w h ich  e v e n tu a lly  fo rm  spores, v ia  a com plex  
se rie s  o f  steps w h ich  a p p a re n tly  v a rie s  in  f in e  d e ta il  b e tw een  gen era  (Stoic, 
1899; L eger, 1904; G ra n a ta , 1924; Jan isz c w sk a , 1955a). T h e  en d  re su lt  is a 
p an sp o ro c y s t c o n ta in in g  8 fu lly  d ev e lo p ed  spo res, each  w ith  th e ir  d is tin c tiv e  
e p isp o ra l processes. A f te r  d isch a rg e  fro m  th e  p an sp o ro cy st th e  cp isp o ra l 
p rocesses sw ell up  a n d  assum e th e ir  c h a ra c te r is t ic  shape  (Jan iszcw sk a , 1955b; 
M arq u es an d  O rm ic res , 1982).

1.2.5. D issem in a tio n

Ja n isz e w sk a  (1955a) suggested  th a t  th e  p an sp o ro cy sts  o f  species p a ra s itiz in g  
th e  g u t e p ith e liu m  leav e  the  w orm  a lo n g  w ith  the  faeces , w h ile  those 
p a ra s i t iz in g  th e  body  c a v ity  a rc  re leased  o n ly  on the d e a th  o f  th e  host. She 
also  d rew  a tte n t io n  to th e  s t ru c tu ra l  re sem b lan ce  b e tw een  th e  e x p an d ed  
processes o f  m a tu re  spores and  th e  a d a p ta tio n s  fo u n d  in  p la n k to n ic  organ ism s. 
O rm ie rc s  an d  F rc z il  (1969) an d  M arques a n d  O rm iirc s  (1981), a lso n o ted  the  
re sem b lan ce . M arq u es an d  O rm iercs  (1982) c o n firm e d  th e  o b se rv a tio n s  o f 
Ja n isz c w sk a  (1955b) th a t  th e  e ig h t spores fro m  a p a n sp o ro cy st m ay lin k  
to g e th e r  by m eans o f  th e  tip s  o f th e  e p isp o ra l p rocesses to fo rm  an e x ten d ed
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f lo a t ,  so th a t  spores e m itte d  s im u lta n e o u s ly  a rc  k ep t to g e th e r.

S ev era l w o rk ers  h av e  n o ted  th e  am o eb o id  n a tu re  o f  th e  sp o ro p lasm  w ith in  th e  
w orm  host (M ack in n o n  a n d  A dam , 1924; Ja n iszew sk a , 1955b), a n d  M arques an d  
O rm ie re s  (1982) a n d  M arq u es (1984) h av e  o b se rv ed  th e  re lease  o f  th e  
sp o ro p lasm  fro m  f re e  spores. T hese  w o rk e rs  o b serv ed  th e  sp o ro p lasm  ch a n g in g  
its  p o s itio n  in  th e  w a te r  by v e r tic a l  am o eb o id  m ovem ents, fo r  up to one h o ur.

1.2.6. T ran sm iss io n

T h e  m ode o f tra n sm iss io n  o f  th e  p a ra s ite s  b e tw een  w orm s is u n k n o w n . 
G ra n a ta  (1922b) fo u n d  f re e  spores in  th e  in te s tin a l  lu m en  o f  w orm s an d  
su rm ise d  th a t  in fe c t io n  o c c u rre d  by th is  ro u te . S u b se q u e n tly , G ra n a ta  (1924) 
su g g ested  th a t  spo res h a d  to reach  a s ta te  o f  m a tu r ity  b e fo re  in fe c tio n  cou ld  
o c cu r a n d  th a t  th e re  w as a p o ss ib ility  o f  a re s tin g  phase  b e tw een  the re lease  o f 
p a n sp o ro cy sts , a n d  hence  spores a n d  su b seq u en t re - in fe c tio n . Jan iszew sk a  
(1955a) sp e c u la te d  th a t  th e  p la n k to n ic  spo re  e v e n tu a lly  s in k s  a n d  th en  in it ia te s  
in fe c t io n  by an  u n d e te rm in e d  ro u te . A tte m p ts  to in fe c t  w orm s w ith  
a c tin o sp o re a n  spores h av e  been u n su c c e ss fu l (C a u llc ry  a n d  M csnil, 1905; 
G ra n a ta ,  1922b; M arq u es, 1984).

1.2.7. G enus T r i a c t i n o m y x o n

T h e  g enus T r i a c t i n o m y x o n , one o f  th e  13 kn o w n  a c tin o sp o rc a n  gen era , 
a c c o rd in g  to th e  m ost re c e n t rev iew  o f th e  su b je c t (M arques, 1984), w as f i r s t  
d e sc rib e d  by S to ic (1899), th e  ty p e  species b e ing  T .  i g n o t u m .  S u b seq u en tly  a 
ra n g e  o f  o th e r  species w ere fo u n d  (M ack in n o n  a n d  A dam , 1924; G corgcv ic , 
1940a,b). M arq u es (1984) p ro v id e d  a fu l l  lis t o f  th e  k n o w n  species. T h e re  a re  
9 T r i a c t i n o m y x o n  species o u t o f a to ta l o f 37 id e n tif ie d  a c tin o sp o rc a n  species.



23

T h e genus is ty p if ie d  by an  a n c h o r sh ap ed  cp isp o re  w ith  th re e  long  ta p e r in g  
ex ten sio n s, w ith  an  e lo n g a ted  sp o ro p lasm  c o n ta in in g  b e tw een  2  a n d  1 0 0  

spo rozo ites. W olf a n d  M ark iw  (1984) a n d  W olf, M ark iw  a n d  H iltu n c n  (1986) 
d e sc rib ed  th e  a c tin o sp o rc a n  w h ich  th ey  b e liev ed  w as th e  in te rm e d ia te  stage  in  
th e  l i fe  cycle  o f M. cerebralis a n d  n am ed  it  T .  gyrosalmo. O f th e  p rev io u s ly  
d e sc rib ed  species th is  m ost c losely  resem bles T .  dubium (G ra n a ta , 1924) w h ich  
has 32 sp o ro zo ite s  in  th e  spo rop lasm . W olf a n d  M ark iw  gave th e  n u m b e r o f 
sp o ro zo ites in  T .  gyrosalmo as 32-50. In  o th e r  resp ec ts  ie. in  size a n d  sh ap e , the  
spo re  o f  th e  tw o fo rm s a re  id e n tic a l. I f  these  species a re  in  f a c t  id e n tic a l  th en  
T .  gyrosalmo becom es a ju n io r  sy n o n y m  o f T .  dubium.

1.3. F ish  im m unology 

1.3.1. G e n e ra l in tro d u c tio n

T h e  a b i l i ty  o f  te lco sts  to m o u n t an  im m u n e  response  a g a in s t fo re ig n  an tig e n s  
w as f i r s t  reco g n ised  by M e tc h n ik o ff  (1892, 1901). S u b seq u en t l i te r a tu re  has 
te n d e d  to d ea l w ith  a tte m p ts  to in d u c e  im m u n ity  a g a in s t in fe c tiv e  ag en ts  in 
eco n o m ica lly  im p o r ta n t f ish  species. A g re a t d ea l o f th is  w o rk  has c e n tre d  on 
th e  b a c t e r i a l  p a th o g e n  Aeromonas salmonicida, th e  c a u s a t iv e  a g e n t  o f 
fu ru n c u lo s is  in  fa rm e d  tro u t (S nieszko  an d  F r id d lc , 1949; IClontz and  
A n d erso n , 1970; P a te rso n , 1981; C ip ria n o , 1982). V acc in es a g a in s t th is  d isease  
h av e  been  d ev e lo p ed  an d  th is  has n e c e ss ita te d  th e  use o f  te c h n iq u e s  to m o n ito r 

th e  p ro d u c tio n  o f  p ro te c tiv e  an tib o d ie s .

1.3.2. T h e  n a tu re  of th e  im m une response

T h e re  is also  a la rg e  body  o f w o rk  on th e  m echan ism s by w h ich  f ish  m ount 
b o th  c e llu la r  an d  h u m o ra l im m u n e  responses. It is a p p a re n t fro m  these  s tu d ies
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th a t  th e  im m u n e  response  o f  tc leo st f ish  is fu n c tio n a lly  e q u iv a le n t to th a t  seen 
in  h ig h e r  v e r te b ra te s . H ence , tc lcosts show  b o th  p r im a ry  an d  se c o n d a ry  
responses (T ru m p  a n d  H ild e rm a n , 1970; D csvaux  a n d  C h arlem ag n e , 1981), 
a p p e a r  to h av e  cells e q u iv a le n t to m am m alian  T  a n d  B cells (C u ch en s an d  
C lem , 1977) a n d  can  e lic i t  m ix ed  ly m p h o cy te  responses (E tlin g e r, H odg ins, 
C h ille r , 1977). T h e  h u m o ra l resp o n se  rece iv ed  m ost o f th e  ea rly  a t te n t io n  as 
th e  rev iew s o f  C o rb c ll (1975) a n d  A n d erso n  (1974) in d ic a te , th o u g h  the  
e lu c id a tio n  o f cell m e d ia te d  responses, w ith  p a r t ic u la r  re g a rd  to p a ra s it ic  
d iseases, has m ore re c e n tly  been  u n d e r ta k e n  (H oolc a n d  A rm c, 1982; G raves, 
E v a n s  a n d  D aw e, 1985). O f p a r t ic u la r  s ig n if ic a n c e  has been  th e  o b se rv a tio n  
th a t  th e  tc leo st im m u n e  response  is v ery  m uch  a te m p e ra tu re  d e p e n d e n t 
process. P a te rso n  an d  F ry e r  (1974) fo u n d  th a t  an  a n tib o d y  response  in  Coho 
sa lm on  ( O n c o r h y n c h u s  k i s u l c h ) in o c u la te d  w ith  A .  s a l m o n i c i d a  e n d o x in  was 
d e te c ta b le  a f te r  1 w eek  a t 17.8 °C w h ile  f ish  h e ld  a t 6 °C took  4 w eeks to 
m o u n t a s im ila r  response. Such  o b se rv a tio n s  h av e  led  to th e  v iew  th a t  
p a r t ic u la r ly  in  w in te r , w h en  w a te r  te m p e ra tu re s  a rc  a t  th e ir  low est, tc lcosts 
a re  sev ere ly  re s tr ic te d  in  th e ir  a b il i ty  to m o u n t an  im m u n e  response.

1.3.3. S e ro d iag n o sis  of f ish  d iseases

S c ro d ia g n o s tic  tests d ev e lo p ed  fo r  h u m an  an d  v e te r in a ry  m ed ic in e  a rc  also 
a p p lic a b le  to c u ltu re d  f ish  stocks a n d  ro u tin e  use has been m ade o f  te c h n iq u es , 
su ch  as m ic ro f i l te r  a g g lu tin a tio n  (K ra n tz  an d  H eist, 1970; P a te rso n  a n d  F ry e r, 
1974). M ost re c e n tly  th e  h ig h ly  se n s itiv e  E nzym e L in k e d  Im m u n o so rb en t 
A ssay  (E L ISA ) (V o lle r, B id w ell & B a rtle tt , 1979) has p ro v ed  su ita b le  in  
d e te c tin g  a n tib o d y  responses in  in fe c te d  fish . C h a rt, P earso n  an d  T ru s t  (1984) 
used  an  in h ib i t io n  ELISA  fo r  th e  d e te c tio n  o f sp e c if ic  a n tib o d y  ag a in s t 
A .  s a l m o n i c i d a  a n d  V i b r i o  a n g u i l l a r u m  w h ile  B ortz , K en n y , P au ley , G arc ia - 
O rtig o z a  an d  A n d erso n  (1984) d e te c te d  an  a n tib o d y  response in tro u t in fe c te d
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w ith  th e  h e lm in th  Diplostomum spcithaceum. T h e  la t te r  a u th o rs  s tre ssed  th e  
a d v a n ta g e s  o f  th e  EL ISA  as se n s itiv ity , re p ro d u c ib il i ty , low  cost, ra p id  
d e te c tio n  a n d  th e  need  fo r  o n ly  sm all am o u n ts  o f  p a ra s ite  a n tig e n  a n d  f ish  
serum .

1.3.4. S e ro d iag n o sis  of M. cerebralis an d  th e  o ccu rren ce  o f cell m e d ia te d  
re a c tio n s

As re g a rd s  M. cerebralis, Lorn (1969c) sug g ested  th a t  f ish  g e n e ra lly  d id  no t 
m o u n t a n  im m u n e  response  a g a in s t m e tazo an  p a ra s ite s . H a llid a y  (1974b), 
u sing  an  In d ire c t  F lu o rescen ce  A n tib o d y  T es t (IF A T ), co u ld  n o t d e te c t 
a n tib o d ie s  to M. cerebralis in  ra in b o w  tro u t, th a t  w ere  c ith e r  n a tu ra l ly  in fe c te d  
or in o c u la te d  w ith  M. cerebralis spores, th o u g h  in th e  la t te r  case the  
e x p e r im e n ta l f ish  w ere  in  a poor c o n d itio n . S tress o f an y  type  is kno w n  to 
h av e  a d e p re ssa n t e f f e c t  on th e  im m u n e  system  in  f is h  (R oalcs a n d  P c r lm u ttc r , 
1977), a n d  th is  m ay e x p la in  th e  lack  o f  a n tib o d y  response  in  these  fish . 
P au ley  (1974) also cou ld  n o t d e te c t an  im m u n e  response  a g a in s t M. cerebralis 
a n d  he su g g ested  th a t  th e  p a ra s ite  a n tig e n s  m im ick ed  those o f ra in b o w  tro u t 
c a r tila g e . I t  w as also suggested  th a t  sin ce  th e  p a ra s ite s  w ere  lo ca lised  w ith in  
c a r t i la g e , w h ich  is p ro g ressiv e ly  o ss ified , th ey  becam e e f fe c tiv e ly  sca led  o f f  
f ro m  th e  f ish  im m u n e  system  a n d  th u s d ev e lo p ed  in an  im m u n o p riv ile d g e d  
s ite  (H a llid a y , 1974b).

H o w ev er, G r i f f in  a n d  D av is (1978) d e te c te d  a n tib o d ie s  a g a in s t M. cerebralis in 
i n f e c t e d  y o u n g  f i s h  (6  m o n th s )  u s in g  a n  IF A T . G r i f f i n  ( p e r s o n a l  
c o m m u n ic a tio n ) s tre ssed  th e  need  fo r  spo re  a n tig e n  in te g r ity  to be m a in ta in e d  
a n d  su g g ested  th a t  e n z y m a tic  tre a tm e n t d u r in g  e x tra c tio n  fro m  th e  host, 
w h ic h  som e a u th o rs  h av e  used , (P au ley , 1974; M ark iw  a n d  W olf, 1980) shou ld
be av o id e d .
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As re g a rd  cell m e d ia te d  re a c tio n s , L u ck y  (1970) id e n tif ie d  g ra n u la tio n  tissue  
6-12 m o n th s a f te r  in fe c t io n , w h ile  T a y lo r  a n d  H ab e r (1974) id e n t i f ie d  a ran g e  
o f  in f la m m a to ry  cells in  th e  reg io n  o f  d am ag ed  o p e rc u la r  c a r tila g e . H o w ev er, 
R o b e rts  a n d  E lson  (1970) d id  n o t id e n t i fy  a n y  c e llu la r  host re a c tio n  in  sev era l 
f is h  w h ic h  w ere  k n o w n  to be in fe c te d .

1.3.5. Im m unology  o f M .  c e r e b r a l i s

H a llid a y  (1974b) show ed  th a t  i t  was possib le  to ra ise  an  e f fe c t iv e  ra b b it  a n ti-  
M .  c e r e b r a l i s  a n tis e ru m  fo r  use in  an  IF A T , w h ils t M ark iw  an d  W olf (1978) 
u sed  b o th  in d ire c t  a n d  d ire c t  im m u n o flu o re sc e n c e  tests in  s tu d y in g  th e  cross 
r e a c t iv i ty  o f M .  c e r e b r a l i s  w ith  o th e r  M yxosporca. W olf an d  M ark iw  (1984) 
m ad e  use o f th is  test to d e te c t cross r e a c t iv i ty  be tw een  M .  c e r e b r a l i s  an d  
T r i a c l i n o m y x o n  spores a n d  suggested  th a t  th e  sh a red  an tig e n s  reco g n ised  by the 
p o ly c lo n a l sera  p ro v id e d  ev id en ce  fo r  th e ir  in te rp re ta t io n  o f  th e  M .  c e r e b r a l i s  

l i f e  cycle  i e .  th a t  M .  c e r e b r a l i s  an d  T .  g y r o s a l m o  a rc  s tages o f  one p a ra s ite . 
B oth  im m u n o flu o re sc e n c e  a n d  im m u n o p ero x id ase  lab e llin g  h av e  been used to 
s tu d y  th e  o cc u rre n ce  o f  a ran g e  o f  p a ra s ite s . K ro to sk i, G a rn h a m , B ray, 
K r o to s k i ,  K i l l i c k - K c n d r i c k ,  D r a p e r ,  T a r g e t t  a n d  G u y  (1 9 8 2 ) u se d  
im m u n o flu o rc sc e n t la b e llin g  to d e te c t th e  h y p n o zo itc  stag e  o f  P l a s m o d i u m  

c y n o m o l g i  in  sec tio n s o f in fe c te d  tissue , a n d  im m u n o p ero x id ase  s ta in in g  has 

b een  used  to e lu c id a te  th e  e x o e ry th ro c y tic  stages o f P l a s m o d i u m  b e r g h e i  

(H o llin g d a l a n d  L c lan d , 1982). B oth tec h n iq u e s  a re  a p p lic a b le  to the 
lo c a lisa tio n  o f p rcsp o rc  stages in  sec tio n s o f  dam ag ed  c a r t i la g e  in fe c te d  w ith
M .  c e r e b r a l i s .
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2. M A T E R IA L S AND M E T H O D S

2.1. L o c a tio n  of o u tb re a k s  of M .  c e r e b r a l i s

2.1.1. U n ite d  K ingdom

T ro u t  fa rm s , in  w h ich  M .  c e r e b r a l i s  h ad  p re v io u s ly  been reco g n ised  a t  h igh  
p re v a le n c e , w ere  sam p led  on th e  a d v ic e  o f  th e  M in is try  o f  A g ric u ltu re , 
F ish e r ie s  a n d  F ood  (M .A.F.F.) in sp ec to rs  a n d /o r  ad v iso rs  w ith in  th e  T ham es 
W ater A u th o r ity . W here c irc u m sta n c e s  p e rm itte d , sam ples o f  up  to 150 f ish , o f 
an  a p p ro p r ia te  age (3-6 m o n th s), w ere  p rocessed  acc o rd in g  to th e  c o n v e n tio n a l 
m e th o d o lo g y  fo r  sp o re  e x tra c tio n : c a r t i la g e  w as rem oved  f ro m  a ro u n d  the  
b ra in , p a r t ic u la r ly  f ro m  th e  o to lith  reg io n  a n d  th e  gill a rch es , a n d  w as th en  
m e c h a n ic a lly  d is ru p te d  b e fo re  f i l t r a t io n  in  P h o sp h a te  B u ffe re d  S a lin e  (PBS), 
(8.0g N aC l, 0.2g K H 2P 0 4, 2.4g N a 2H P 0 4.12H 20 ,  0.2g KC1/1) th ro u g h  a 64 urn 
m esh (G ille sp ie , E v e ly n , F ra n ts i ,  M acK clv ic  an d  N c u f ic ld , 1974). T he 
m a c e ra te d  c a r tila g e  w as th e n  sm eared  on m icroscope slides fo r  ex a m in a tio n . 
M ec h a n ic a l se p a ra tio n  w as fo llo w ed  by p u r if ic a t io n  on P crco ll g ra d ie n ts  in  the  
case o f  a n tig e n  p re p a ra t io n  (Section  2.7.1). T h e  enzym e tre a tm e n ts  suggested  
by som e a u th o rs  (M ark iw  a n d  W olf, 1974), w ere  av o id ed  in  o rd e r  to m ax im ise  
sp o re  v ia b il i ty .

M ud  sam ples w ere  ta k e n  fro m  th e  sam e h a b ita ts  w h ere  possib le , in o rd e r  to 
re c o rd  th e  p resen ce  o r o th e rw ise  o f  A c tin o sp o rc a  in fe c tin g  T u b i f e x  w orm s. 
T h e  f is h  fa rm s  sam p led  w ere:

1. C a m b ria n , n e a r  C acrw y s, C lw yd  (M ay, 1984)
2. H am m er, L ip h o o k , H a m p sh ire  ( J a n u a ry , 1984)
3. A m p n ey , C ire n c e s te r , G lo u c e s te rsh ire  (M arch , 1984)
4. W an d sfo rd , n e a r  G re a t D r if f ie ld ,  H u m b e rs id e  (Ju ly , 1984)
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2.1.2. E urope

In  A u g u st 1984, th e  h ead s  o f  10 ra in b o w  tro u t  in fe c te d  w ith  M . c e r e b r a l i s  w ere  
sen t f ro m  an  o u tb re a k  o f  w h ir lin g  d isease  in  B ritta n y , F ra n c e . In  J a n u a ry  
1985 I v is ite d  th is  in fe c te d  fa rm  a n d  b ro u g h t b ack  a f u r th e r  45 su sp ec t f ish  
h e ad s  a lo n g  w ith  m ud  sam ples. S erum  sam ples w ere  also ta k e n  fro m  these  f ish  
fo r  use in  im m u n o lo g ica l s tu d ies . In  S ep tem b er 1984 an d  M arch  1985, ra in b o w  
tro u t  h ead s w ere  sen t fro m  w h ir lin g  d isease  o u tb re a k s  in  M u n ich  an d  
H a n n o v e r , West G erm an y . A ll m a te r ia l o f  th is  ty p e  w as s im p ly  k ep t cool in  
t r a n s i t  a n d  w as n o t c h em ica lly  tre a te d . O n re a c h in g  th e  la b o ra to ry , heads 
w ere  k e p t a t 4 ° C  fo r  p e rio d s  up to 35 d ay s b e fo re  use.

In  a d d it io n  to th e  m ud  ta k e n  fro m  th e  in fe c te d  fish  fa rm s  in  th e  U.IC. and  
F ra n c e , sam ples w ere  also  co llec ted  fro m  w h ir l in g  d isease  in fe c tio n  tan k s a t 
th e  M .A .F.F. F ish  D isease  L a b o ra to ry , W eym outh , a n d  fro m  th e  S tra tf ic ld  Sayc 
f is h  fa rm , n e a r  R e a d in g , B erks.

2.2. D e tec tio n  of A c tin o sp o rean s

M ud c o n ta in in g  o lig o ch ae tcs  w as f i l te re d  th ro u g h  a 56 qm  m esh. Worms w ere 
re ta in e d  a n d  rem o v ed  fro m  th e  sieve w ith  f in e  fo rcep s a n d  p laced  in  tap  
w a te r  fo r  su b se q u e n t e x a m in a tio n . P re lim in a ry  id e n tif ic a t io n  o f  th e  w orm s 
w as m ad e  u sin g  subsam plcs o f 50 w orm s, a c c o rd in g  to th e  m e th o d  a n d  key o f 
B r in k h u rs t ,  1971, v ia  th e  use o f  A m m an ’s lac to p h en o l as a f ix a t iv e  (see 
a p p e n d ix  1). To d e te c t ac tin o sp o rc a n s , w orm s w ere  th e n  p laced  in d iv id u a lly  
on  a m icro sco p e  s lid e  w ith  a d ro p  o f  w a te r , a n d  a sm ear w as p re p a re d  by 
c ru sh in g  th e  w orm  w ith  a n o th e r  slide . Sm ears w ere  o b se rv ed  u n d e r  b rig h t 
f ie ld  il lu m in a tio n  a t xlOO m a g n if ic a tio n . I f  a n  a c tin o sp o rc a n  species was 
p re se n t, som e o f th e  sm ear w as t r a n s fe r re d  to a n o th e r  s lid e  u n d e r  a coverslip ,
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f o r  o b se rv a tio n  a t h ig h e r  m a g n if ic a tio n  an d  by phase  c o n tra s t illu m in a tio n . 
P h o to g ra p h s  w ere  ta k e n  as a p p ro p r ia te , a n d  the  species w as id e n tif ie d  w ith  
re fe re n c e  to th e  e x is tin g  l i te r a tu re  (Jan iszcw sk a , 1955a, 1957; M arques, 1984). 
Som e m e th a n o l f ix e d  slides w ere  s ta in e d  w ith  G iem sa (2-10 m in u te s  a c c o rd in g  
to th e  species o f  a c tin o sp o re a n  p re se n t)  a n d  th en  m o u n ted  in  C a n a d a  B alsam .

2.3. T u b i f e x  in fe c tio n  ex p e rim en ts

A su ita b le  system  fo r  th e  c u ltu re  o f  T u b i f e x  w orm s w as set up  u sin g  T .  t u b i f e x  

o r ig in a lly  d e r iv e d  f ro m  a local sew age fa rm . Subsam plcs o f  th e  p o p u la tio n  
w e re  i d e n t i f i e d  ( B r i n k h u r s t ,  1971) a n d  e x a m in e d  f o r  th e  p re s e n c e  o f  
A c tin o sp o rea . P e rsp ex  ta n k s  o f 15 li tre s  c a p a c ity  w ere used  as c u ltu re  vessels. 
A 3:1 m ix tu re  o f  h e a t s te r ilise d  soil a n d  san d  (120 °C fo r  48 ho u rs) w as ad d e d  
to th e  b o tto m  o f each  ta n k  to a d e p th  o f  30 mm, an d  5 li tre s  o f  h e a t s te r ilise d  
w a te r  w as th e n  p o u re d  in . N u tr ie n t  a g a r (O xoid), a t  a c o n c e n tra tio n  of 
50 g /L , w as in tro d u c e d  p e r io d ic a lly  to p ro v id e  an  o rg an ic  in p u t. T h is  m ud 
w as s t i r re d  a t w eek ly  in te rv a ls  d u r in g  th e  cou rse  o f th e  e x p e rim e n t. E ach  
ta n k  w as th e n  seeded  w ith  a p p ro x im a te ly  1000 T .  t u b i f e x .

H ead s o f  in fe c te d  ra in b o w  tro u t, d e r iv e d  fro m  the  B r it ta n y  o u tb re a k  of 
w h ir lin g  d isease , w ere  f i r s t ly  w ashed  in  PBS, an d  th en  th o ro u g h ly  m a c e ra ted  
in  10 ml o f  PBS. T h e  n u m b er o f spo res p re se n t w as th e n  e s tim a te d  usin g  a 
h ae m o c y to m e tc r, a n d  in  excess o f  1 0 6  M .  c e r e b r a l i s  spores, in  c ru d e  suspension , 
w ere  a d d e d  to each  e x p e r im e n ta l c u ltu re . A t no p o in t w ere  th e  spores exposed 
to c h em ica l o r e n z y m a tic  tre a tm e n ts . C u ltu re s  to w h ich  no spores h ad  been 
a d d e d  se rv ed  as n e g a tiv e  con tro ls .
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In i t ia l ly  3 p a irs  o f  tan k s , to w h ich  spores h ad  been  a d d e d , w ere  m a in ta in e d  a t 
w a te r  te m p e ra tu re s  o f  10, 15 a n d  20 °C re sp ec tiv e ly , a n d  each  p a ir  h a d  a 
c o rre sp o n d in g  n e g a tiv e  co n tro l c u ltu re . T h e  p resen ce  o f  A c tin o sp o rca  w ith in  
th e  T u b i f e x  w orm s w as th e n  m o n ito re d  a t in te rv a ls  o f 2, 3.5, 6 , 7 a n d  8 m o n th s 
a f te r  a d d it io n  o f  spores.

T h e  in i t ia l  e x p e r im e n t w as e x te n s iv e ly  re p lic a te d  using  th e  sam e te c h n iq u e s ; 
ov er a p e r io d  o f  20 m o n th s, a to ta l  o f  14 T u b i f e x  c u ltu re s  w ere  exposed  to 
M .  c e r e b r a l i s  spo res, a t  5, 10, 15 or 2 0 °C , w ith  th e  a p p ro p r ia te  co n tro ls . T hese  
system s w ere  sam p led  a t c i th e r  3 or 6 m o n th ly  in te rv a ls .

2.4.1. F ish  keep in g  fa c il i t ie s

N o p re -e x is tin g  fa c i l i t ie s  fo r  th e  c u ltu re  o f ra in b o w  tro u t  or T u b i f e x  u n d e r 
c o n tro lle d  te m p e ra tu re  reg im es e x is ted  in  th e  d e p a r tm e n t. T h e  system  (show n 
in  F ig . 1) w as e v e n tu a lly  c o n s tru c te d  using  c o m m c rc ia lly -a v a ila b lc  tro u t-  
r e a r i n g  e q u ip m e n t  a n d  s t a n d a r d  a q u a r iu m  a c c e s s o r ie s .  E a c h  o f  th r e e  
re c ta n g u la r  ta n k s  (P u rew c ll P105 h a tc h in g  tro u g h s) w ere co n n ec ted  by 3 in le t  
a n d  3 o u tle t p ipes to a c h ille r  th c rm o c irc u la to r  (C h u rc h ill T h c rm o c irc u la to r , 
W15082). W ater te m p e ra tu re  w as k e p t a t b e tw een  10 a n d  12 °C d u r in g  the  
co u rse  o f  p a ra s ite  l i fe  cycle  s tu d ie s  u sing  2-5 m on ths old  tro u t,  a n d  a t  15 °C 
w h en  o ld e r  f is h  w ere  used  in  im m u n o lo g ica l w ork  in v o lv in g  A e r o m o n a s  

s a l m o n i c i d c i .  E ach  tro u g h  c o n ta in e d  6 p e rsp ex  a q u a r iu m  ta n k s  (15 1 c a p a c ity ) , 
w ith  in d e p e n d e n t c h a rc o a l f i l t e r  pum ps (E heim  2007), a n d  a i r  su p p ly  (W hisper 
600 A ir  Pum ps). A c tiv a te d  c h a rc o a l (E lga B1720) in  th e  f i l t e r  pum ps w as 
in i t ia l ly  ch a n g e d  a t 3 w eek ly  in te rv a ls , th o u g h  su b se q u e n tly  th e  f i l t e r  pum ps 
w ere  d isp en sed  w ith . A ll ta n k s  w ere  p a in te d  b lack  on th e  o u ts id e  an d  w ere 
co v ered  w ith  close f i t t in g  b lack  p e rsp ex  lids. W ater w as f i r s t  d e c h lo r in a te d  
a n d  th en  h e a t s te r ilise d  b e fo re  b e in g  used in the  tan k s  (E lga S p ec tru m  SC6



A : Churchill Thirmocirculator W15082 1. Outlet
2. Inlet

Legend:

B : Purewell P105 hatching trough 
C : 151 plastic aquarium tank 
D : Eheim 2007 filter pump

c.

^i  ̂ -  -

Fig. | : Trout infection system
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D e c h lo r in a tio n  u n it) . A ll w o rk in g  su rfa c e s , ta n k s  an d  accessories w ere 
s te r il iz e d  w ith  D a iry  H y p o c h lo r ite  (FBC) a t th e  b eg in n in g  an d  end  o f  any  
g iv en  e x p e rim en t.

In  a d d it io n  a tw o ta n k  re c irc u la t in g  w a te r  system  w as c o n s tru c te d  usin g  a 
1591 fe e d e r  ta n k  (S aren a  p la s tic s , S.C.50) w ith  o v e rflo w  to a 551 ta n k  (S arena
S.C.20), (F ig . 2). A n E h e im  f i l t e r  p um p  2015 w as used  to r e c irc u la te  w a te r  
w ith  in le t  f ro m  th e  S.C.20 ta n k  a n d  b ifu rc a te d  o u tle t  to th e  la rg e r  S.C.50 tan k . 
A e ra tio n  w as p ro v id e d  by  W hisper 600 a ir  pum ps. A ll ta n k s  a n d  tro u g h s  w ere  
on ra is e d  p la tfo rm s , 40 cm  ab o v e  f lo o r su rfa c e  to f a c i l i ta te  d ra in a g e  in to  a 
d is in fe c tio n  tro u g h  u n d e rn e a th  th e  sing le  f i t te d  s in k  in th e  la b o ra to ry .

2.4.2. T ro u t in fe c tio n  s tu d ie s

T ro u t  o f  an  a p p ro p r ia te  age, i e .  be tw een  1 an d  3 m o n th s o ld , w ere  o b ta in e d  
fro m  lo ca l f is h  fa rm s  a c c o rd in g  to a v a ila b il i ty .  T y p ic a lly , 75 tro u t w ere 
s a c r if ic e d  on d ay  1 o f  each  ru n  an d  w ere  sc reen ed  en  m asse by m a c e ra tio n  an d  
e x a m in a tio n  fo r  spores, to d e te c t an y  p rev io u s  ex p o su re  to M .  c e r e b r a l i s .  To 
d e te c t a n y  p re -sp o re  in fe c t io n  som e 125 o f  th e  o r ig in a l f is h  w ere  m a in ta in e d  
in  s te r i le  w a te r  an d  sc reen ed  v ia  h is to lo g ica l e x a m in a tio n , a t m o n th ly  
in te rv a ls , f o r  M .  c e r e b r a l i s .  T h e  re m a in in g  f ish  w ere  exposed  to a v a r ie ty  of 
in fe c t io n  system s, as d e sc rib e d  below , an d  sc reen ed  fo r  M .  c e r e b r a l i s  a t 
a p p ro p r ia te  in te rv a ls .



E : Sarena Plastics S.C.50, 1591 tank 
F : Sarena Plastics S.C.20, 551 tank 
G : Eheim 2015 filter pump

Legend:

u>
U3

Fig. 2 : Recirculating water system
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R u n  1: S ep tem b er 15th, 1984

A p p ro x im a te ly  550 3 m o n th  old  ra in b o w  tro u t w ere  co llec ted  f ro m  th e  U pw ey  
f is h  fa rm , n e a r  W eym outh , D orse t. 15 f ish  w ere p laced  in  each  o f  th e  
fo llo w in g  tanks:-
a) C on tro ls:

(i) H e a t s te r il is e d  m ud  an d  s te r ile  w a te r  - 2 tan k s
(ii) S te rile  w a te r  o n ly  - 7 tan k s

b) E x p e rim e n ta l:
(i) H e a t s te r il is e d  m ud , s te r ile  w a te r  an d  M. cerebralis spo res - 3 tan k s
(ii) S te rile  w a te r  a n d  M. cerebralis spores - 3 tan k s
(iii)  H e a t s te r il is e d  m ud , s te r ilise d  w a te r , Tubifex w orm s (5 x 103 / ta n k )  

an d  M. cerebralis spores - 3 ta n k s

M. cerebralis spores w ere  o b ta in e d  fro m  th e  o u tb re a k  o f  w h ir l in g  d isease  in  
B r it ta n y , v ia  s im p le  m a c e ra tio n  o f in fe c te d  heads. In excess o f  5 x 105 spores 
w ere  a d d e d  to each  o f  ta n k s  b) i, ii, a n d  iii , 4 w eeks b e fo re  th e  f ish  w ere 
in tro d u c e d .

50 f is h  w ere  p laced  in  th e  551 ta n k  used  in  th e  re c irc u la tin g  system , and  
exposed  to non  s te r il is e d  m ud  fro m  th e  C am b rian  f ish  f a rm  seeded  w ith  
1 x 104 Tubifex an d  5 x 105 A/. cerebralis spores.

R u n  2: J a n u a ry  10th, 1985.

800 sac f r y  f ro m  a f is h  f a rm  a t C hesham , n e a r  S lough, B e rk sh ire , w ere  used in  
th e  sam e system s as d e ta ile d  in  ru n  1, b u t a t a h ig h e r d e n s ity  o f  30 f ry  per 
ta n k  (a ll o th e r  c o n d itio n s  w ere  as in  ru n  1 ).
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R u n  3: A p ril 2 5 th , 1985.

A p p ro x im a te ly  650 2-3 m o n th  old  f ish  w ere  o b ta in e d  fro m  th e  C hesham  f ish  
fa rm , w h ich  used  sp rin g  w a te r  in  its  h a tc h e r ie s . A d e n s ity  o f  15 f is h  p e r ta n k  
w as used  a n d  se v e ra l ch an g es w ere  m ad e  to th e  ty p e  an d  n u m b e r o f  ta n k s  used:
a) C o n tro l tan k s: as in  ru n s  1 an d  2
b) E x p e rim e n ta l:

(i) Sam e ta n k s  as used  in  ru n s  1 a n d  2
(ii) b u t th e  n u m b e r o f  tan k s  w as re d u c e d
(iii)  fro m  3 to 2
(iv) M ud fro m  B r it ta n y  o u tb re a k  w as s iev ed  th ro u g h  a 50 i^m m esh to 

rem ove b o th  Tubifex w orm s a n d  an y  possib le  Triactinomyxon co n ­
ta m in a tio n , a n d  5 x 105 spores w ere  ad d e d  - 2  ta n k s

(v) 3 ta n k s  used  in  the  Tubifex in fe c t io n  ex p e rim e n ts  (p. 2*1). Tubifex 

w orm s w ere  sc reen ed  a t m o n th ly  in te rv a ls  a n d  th e  w a te r  co lum n 
w as sam p led  e v e ry  4 days fo r  th e  p resen ce  o f  Triactinomyxon.

T h e  use o f th e  re c irc u la t in g  w a te r  system  (F ig . 2), w as d isc o n tin u e d  a t the  
b e g in n in g  o f  th is  ru n , b ecau se  o f  te c h n ic a l d if f ic u l t ie s .

R u n  4: S ep tem b er 31st, 1985.

A p p ro x im a te ly  500 2-3 m o n th  old  f ish  w ere  o b ta in e d  fro m  U p w ey  f is h  fa rm , 
(15 f is h  p er tan k ).
a) C o n tro ls  an d  c x p c rim e n ta ls ; as in  ru n  3, b u t an  a d d it io n a l g roup  was 

in c lu d e d  u sin g  T. tubifex d e riv e d  fro m  a sew age fa rm  w ith  an  in i t ia l  2% 
in fe c tio n  o f T. dubium, (400 w orm s sam pled ). T h e  w orm s w ere  f i r s t  
m a in ta in e d  in  ru n n in g  tap  w a te r  fo r  7 d ay s an d  th en  a d d e d  to 2 tan k s 
c o n ta in in g  h e a t s te r il is e d  m ud  to w h ic h  a g a r h ad  been  a d d e d , (see p . 2.1 ),
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(1 x 104 w orm s p er tan k ). B oth  th e  w a te r  co lum n  a n d  the  T u b i f e x  w orm s 
w ere  su b se q u e n tly  tes ted  fo r  th e  p resen ce  o f  T .  d u b i u m .

R u n  5: J a n u a ry  2 5 th , 1986.

600 2 m o n th  o ld  t ro u t  f ro m  th e  C h esh am  f ish  fa rm  w ere  used  in  th e  sam e 
in fe c tio n  system s as d e ta ile d  in  ru n  4.

2.5.1. E xposu re  o f T u b i f e x  w orm s to M .  c e r e b r a l i s  spores

A sam ple  o f 80 T .  t u b i f e x  d e r iv e d  fro m  a local sew age fa rm  w ere  th o ro u g h ly  
w ash ed  in  PBS a n d  le f t  o v e rn ig h t in  ta p  w a te r. T h ey  w ere  th en  sp lit in to  
g ro u p s o f  1 0 , a n d  a d d e d  to 8 sm all p la s tic  tu b s (vo lum e 2 0  m l) c o n ta in in g  a 
h e a t s te r ilise d  m ud  su b s tra te  an d  10 ml o f  ta p w a tc r . A f te r  e q u il ib ra tio n  fo r  
48 h o u rs  in  a d a rk  box, f re sh ly  iso la te d  M .  c e r e b r a l i s  spores in  a vo lum e o f
1 ml PBS, w ere  a d d e d  to 4 o f th e  tu b s, in  vo lum es e q u iv a le n t to 1 x 104 spores 
p e r  tu b . T h e  re m a in in g  40 w orm s se rv ed  as co n tro ls . 10 w orm s, 5 fro m  the  
te s t tu b s  a n d  5 f ro m  th e  co n tro ls , w ere  s iev ed  o u t a t in te rv a ls  o f  2, 5, 7, 10, 14, 
21, 35 a n d  42 d ay s a f te r  th e  a d d it io n  o f  spores, fo r  su b se q u e n t h is to lo g ica l 
e x a m in a tio n .

2.5.2. H is to lo g ic a l ex a m in a tio n  of T u b i f e x  w orm s

B atch es o f w orm s w ere  f ix e d  in  C a rn o y ’s f ix a t iv e  fo r  45 m in u tes , then  
t r a n s fe r r e d  to 95% e th a n o l, c o n ta in in g  a few  d ro p s o f E osin , fo r  1 h o u r. A f te r
2 ch an g es in  ab so lu te  e th a n o l (1 h o u r each ), an d  3 x 30 m in u te  changes in 
x y len e , th e  w orm s w ere  im m ersed  in  w ax  (P a ra p la s t) . T h e  w ax  w as ch an g ed  3 
tim es b e fo re  b eing  h a rd e n e d  o v e rn ig h t. Wax blocks w ere  cu t, using  a L c itz  
ro ta ry  m ic ro to m e , to g ive 7 qm  sec tio n s, w h ich  w ere d r ie d  o v e rn ig h t on slides 
c o a ted  w ith  egg a lb u m in .
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A f te r  rem o v a l o f  w ax  in  x y len e , th e  slides w ere  ta k e n  dow n th ro u g h  an  
e th a n o l  s e r ie s  a n d  s t a in e d  f o r  90 m in u te s  in  G ic m s a  s t a in .  A f t e r  
d i f f e r e n t ia t io n  w ith  15% C o lo p h o n iu m  re s in  in  ace to n e , s lides w ere  m o u n te d  
in  G reen  E u p a ro l fo r  e x a m in a tio n .

2.6. H is to lo g ic a l an d  u l t r a s t ru c tu ra l  e x a m in a tio n  o f in fe c te d  ra in b o w  tro u t  
c a r t i la g e

2.6.1. S ec tio n in g  o f m a te r ia l

C a r t i l a g e  f r o m  r a in b o w  t r o u t  d e r i v e d  f r o m  th e  G e r m a n  o u tb r e a k  o f  
M .  c e r e b r a l i s ,  o r f ro m  f is h  exposed  to th e  d isease  in  th e  e x p e r im e n ta l system s, 
w as d issec ted  fro m  th e  o to lith  reg io n  a n d  f ix e d  o v e rn ig h t in  aq u eo u s 3% 
g lu ta ra ld c h y d c . A f te r  d e h y d ra tio n , v ia  an  e th a n o l scries , u sing  30 m in u te s  fo r  
ea c h  c o n c e n tra tio n , specim ens w ere  em b ed d ed  in  LK B  H is to re s in . T h is  
em b e d d in g  k i t  consists  o f  th re e  co m p o n en ts; basic  re s in , a c t iv a to r  an d  
h a rd e n e r  (a p p e n d ix  2). S pecim ens w ere  f lo a te d  o v e rn ig h t a t  4 °C  in  th e  
in f i l t r a t io n  so lu tio n  (0.5 g a c t iv a to r  a n d  50 ml basic  resin ). O nce specim ens 
h a d  su n k , in d ic a t in g  com ple te  in f i l t r a t io n ,  th ey  w ere  in d iv id u a l ly  p laced  in  
th e  c o m p a rtm e n ts  o f  a H is to m o u ld  a n d  co v ered  w ith  th e  em b ed d in g  m ed iu m  
(15 ml in f i l t r a t io n  so lu tio n , 1 ml h a rd e n e r) . A f te r  p o ly m e risa tio n  fo r  1 h o u r, 
th e  em b ed d ed  spec im ens w ere  f re e d  a n d  cu t in to  re c ta n g u la r  p ieces w h ich  
w ere  m o u n te d  on w ooden  blocks in  p re p a ra t io n  fo r  sec tio n in g . G lass k n iv es  
fo r  se c tio n in g  w ere  m ade w ith  a L K B  2078 H is to k n ifc m a k e r  an d  used  w ith  th e  
R e ic h e r t  Ju n g  S u p e rc u t 2050 m icro to m e. Sections w ere  c u t a t b e tw een  0.5 a n d  
2 . 0  i^m th ic k n e ss  a n d  f lo a te d  on m icro sco p e  slides fo r  d ry in g  on a h o tp la te .
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2.6.2. S ta in in g  o f  resin -em b ed d ed  sec tio n s

a) A few  sam p le  slides w ere  s ta in e d  in  T o lu id in c  B lue fo r  30 seconds to 
assess th e  e f fe c tiv e n e ss  o f  th e  sec tio n in g .

b) F o r m ore  d e ta ile d  o b se rv a tio n , s lides w ere  s ta in e d  in  G icm sa fo r  
1 h o u r, th e n  d if f e r e n t ia te d  fo r  2 seconds in  C o lo p h o n iu m  in  acetone . 
S lides w ere  m o u n ted  in  C a n a d a  B alsam .

c) T o d e te c t a ld eh y d es , s lides w ere  w ashed  in  cold  1M HC1, th en  
h y d ro ly se d  in  1M HC1 a t 6 0 °C fo r  8 m in u tes . A f te r  a n o th e r  w ash in  
co ld  1M HC1, slides w ere  s ta in e d  fo r  30 m in u te s  in  S c h if f ’s re a g e n t, 
th e n  w ash ed  in  3 ch an g es o f  1% so d iu m  m e ta b isu lp h itc  fo r  5 m in u tes , 
a n d  th e n  m o u n ted  in  g lycero l.

2.6.3. E x a m in a tio n  o f in fe c te d  c a r t i la g e  via e le c tro n  m icroscopy

H e a v ily  in fe c te d  c a r tila g e , d e r iv e d  fro m  th e  G erm an  o u tb re a k s , w h ich  had  
been  p re p a re d  fo r  lig h t m icroscopy  v ia  f ix a t io n  in  3% g lu ta ra ld c h y d c  fo llo w ed  
by e m b e d d in g  in  LK B  H is to re s in , w as sec tio n ed  on an  LK B  u ltra m ic ro to m c  
usin g  glass k n iv e s  cu t on a LK B  7800B K n ifc m a k c r ; sec tio n s w ere then  
t r a n s fe r r e d  on to co p p er g rids. S ec tions w ere c u t a t be tw een  150 a n d  200 nm 

a f te r  lo c a tin g  a re a s  o f  in te re s t  w ith in  th e  c a r t i la g e  v ia  e x a m in a tio n  o f  1 i^m 
T o lu id in e  b lu e  s ta in e d  sec tio n s u n d e r  th e  lig h t m icroscope.

T h e  co p p e r g rid s  w ere  th en  t r a n s fe r re d  to a p e tr i  d ish  c o n ta in in g  sa tu ra te d  
a lc o h o l i c  u r a n y l  a c e t a t e  (se c  a p p e n d ix  3) a n d  f lo a t e d  f a c e  d o w n  f o r  
15 m in u tes . T h e  g rid s  w ere  th en  rem oved  an d  w ashed  by ra p id ly  d ip p in g  in 
b o iled  d is t i l le d  w a te r. Excess w a te r  w as rem oved  and  th e  g rid s  w ere  d r ie d  fo r
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a fe w  m in u tes , sec tio n  s id e  up p erm o st. G rid s  w ere  th en  tr a n s fe r re d  to a p e tr ift
d ish  c o n ta in in g  R e y n o ld ’s lead  c i t r a te  in  a c a rb o n  d io x id e  f re e  a tm o sp h e re  (see 
a p p e n d ix  4) a n d  f lo a te d  sec tio n  s id e  dow n  fo r  7 m inu tes. F in a lly  th e  g rid s  
w ere  w ash ed , as above , a n d  th e n  d r ie d  on f i l t e r  p ap e r, p r io r  to e x a m in a tio n  
u sin g  th e  P h ilip s  T E M  300 a t  v o ltag es  b e tw een  80 an d  100 K V .

C a rtila g e  ta k e n  fro m  f is h  exposed  to M .  c e r e b r a l i s  in  th e  e x p e r im e n ta l system s 
d e sc rib e d  in  sec tio n  2.4.2., w as p rocessed  a c c o rd in g  to m ore c o n v e n tio n a l 
e le c tro n  m icro sco p y  tec h n iq u e s . 1 m m  cubes o f  c a r tila g e  w ere  ta k e n  th ro u g h  
K a rn o v sk y s  f ix a t io n  sc h ed u le  fo r  v e r te b ra te  tissue  (sec a p p e n d ix  5), an d  th en  
p laced  in  S p u rr  em b e d d in g  m ed ia  fo r  3 h o u rs  (h a rd  fo rm u la tio n  - sec a p p e n d ix
6). T h e  m ed ia  w as th e n  c u re d  a t 70 °C  fo r  8 h o u rs. S ections w ere  th en  c u t an d  
tr a n s fe r r e d  to co p p er g rid s  p r io r  to s ta in in g  an d  su b seq u en t e x a m in a tio n  using  
th e  T EM , as p re v io u s ly  d esc rib ed .

2.7. Im m u n o lo g ica l S tu d ie s

2.7.1. S p o re  e x tra c tio n  an d  an tig e n  p re p a ra tio n

S am ple g ro u p s o f  10 f ish , aged  4-6 m on ths an d  su sp ec ted  o f h a v in g  in fe c tio n s  
o f M .  c e r e b r a l i s , w ere  p rocessed  in  m uch  th e  sam e w ay as d e ta ile d  in  sec tion
2.1.1. C a r tila g e , rem o v ed  fro m  a ro u n d  th e  b ra in , p a r t ic u la r ly  fro m  th e  o to lith  
reg io n  a n d  th e  g ill a rch es , w as m a c e ra ted  a n d  m ade up  to a v o lum e o f 5 ml 
w ith  PBS. T h e  c ru d e  e x tra c t  w as passed  th ro u g h  a 25 um  f i l t e r  an d  
c o n c e n tra te d  by c e n tr i fu g a t io n  a t  10,000 g fo r  5 m in u tes . T h e  p e lle t w as 
re su sp e n d e d  in  1 ml PBS. E n z y m a tic  tre a tm e n t, o f  th e  ty p e  used  by M ark iw  
a n d  W o lf (1 9 7 4 ; 19 8 0 ), w a s  a v o id e d  in  o r d e r  to  m a in t a in  m a x im u m  
a n tig e n ic ity . In  o rd e r  to p u r i fy  th e  spores f u r th e r  fo r  a n tig e n  p ro d u c tio n , a 
p h ase  se p a ra tio n  te c h n iq u e  was used. T h e  d c x tra n /p o ly c th y lc n c  g lycol tw o
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p h ase  system  (K ozel, L o tt a n d  T a y lo r , 1980) w as fo u n d  to be less s a tis fa c to ry  
th a n  c la im ed  by  th e  a u th o rs . A m o d if ie d  te c h n iq u e  using  P erco ll (P h a rm a c ia  
L abs.) w as m ore e f fe c t iv e  (Jo u v en az , 1981). A 4 phase g ra d ie n t w as p re p a re d  
u sin g  2 m l each  o f  25, 50, 75 a n d  100% P crco ll, lay e red  in to  a n  u n iv e rs a l  tube .
1 m l o f  c a r t i la g e  e x tra c t  w as a d d e d  to th e  to p  o f  th e  co lum n a n d  sam ples w ere  
c e n tr ifu g e d  a t  300 g fo r  10 m in u tes . C lean ed  spores w ere  w ash ed  in  5 m l PBS 
a t  10,000 g fo r  5 m in u tes . T h e  p e lle t w as resu sp en d ed  in  PBS to  a v o lum e o f
2 m l a n d  f i l te r e d  th ro u g h  a 0.8 um  m illip o rc  f i l t e r  (M illip o re  S.A., M olshcim , 
F ran ce ). Spores w ere  re ta in e d  on th e  f i l te r ,  w h ich  w as th e n  w ash ed  in  10 ml 
PBS. A f te r  c e n tr ifu g a t io n  a t 10,000 g fo r  5 m in u te s  th e  f i l te r in g  process was 
re p e a te d  tw ice , fo llo w ed  by a f in a l  c e n tr ifu g a t io n  (as above). F in a lly , the  
p e lle t w as re su sp e n d e d  in  a v o lum e o f 1 ml PBS. Spore d e n s ity  w as rec o rd e d  
u sin g  a h ac m o c y to m c tc r a n d  th e  spores w ere  s to red  a t 4 °C fo r  su b seq u en t 
u sage  as a n tig e n .

2.7.2. P re p a ra t io n  of m ouse anti-Af. c e r e b r a l i s  an tise ru m

A to ta l  o f  2 x 107 c lean ed  spores in  5 ml PBS w ere  so n ica ted  on ice  fo r  a to ta l 
o f  30 m in u te s , u sing  a M.S.E. 150 W S o n ic a to r  w ith  a 9 m m  p ro b e  a t an  
a m p litu d e  o f  12 um  p eak  to peak . A f te r  c e n tr ifu g a t io n  a t 10,000g fo r  
5 m in u te s , th e  p e lle t w as re su sp en d ed  in  0.25 ml PBS a n d  m ix ed  w ith  0.75 ml 
F r e u n d ’s co m p le te  a d ju v a n t  (FC A ), u n ti l  a w a te r  in  oil em u lsio n  w as fo rm ed . 
5 B alb  C m ice w ere  in o c u la te d  in tra p c r i to n c a l ly  w ith  a vo lu m e o f  200 ul per 
m ouse o f  th e  a n tig e n  p re p a ra tio n . A second  in tra p e r i to n e a l  in o c u la tio n  o f 
200 u l o f  th e  ab o v e  a n tig e n  p re p a ra tio n  in  FC A  w as g iven  20 d ay s la te r . A f te r  
a f u r th e r  7 d ay s th e  m ice w ere  e x sa n g u in a te d . T h e  pooled  b lood  w as a llow ed  
to c lo t fo r  30 m in u tes  a t room  te m p e ra tu re  a n d  a t 4 °C o v e rn ig h t. T h e  sam ples 
w ere  sp u n  dow n  a t 1000 g fo r  10 m in u te s  a n d  th e  scrum  co llec ted . S crum  was 
s to re d  in  a liq u o ts  a t -20 °C fo r  su b se q u e n t use.
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2.8. In d ire c t  F lu o rescen ce  A n tib o d y  T e s t (IF A T )

T .  d u b i u m  spores w ere  w ash ed  fro m  a T u b i f e x  sm ear p re p a ra tio n  a n d  a tta c h e d  
to a c id -c le an e d  s lides, co a te d  w ith  50% egg a lb u m in . S lides w ere  th e n  d r ie d  
fo r  15 m in u te s  a t 60 °C (M ark iw  a n d  W olf, 1978). T h e  s lides w ere  in c u b a te d  
w ith  m ouse an ti-M . c e r e b r a l i s  a n tis e ru m  a t d ilu tio n s  o f  1:10, 1:25, 1:40, 1:60, 
1:80, 1:100, 1:120 a n d  1:140 fo r  40 m in u te s  a t 37 °C in  a m oist ch am b er. S lides 
w ere  th e n  w ashed  th re e  tim es in  PBS. F lu o re sc e in  c o n ju g a te d  IgG  sw ine  a n ti-  
m ouse a n tise ru m , (Sw A M /F IT C , N o rd ic  labs) w as a d d e d  a t d ilu tio n s  o f  1:40 or 
1:80 a n d  th e  s lid es w ere  in c u b a te d  a g a in  as above. A second  sc rie s  o f  w ashes 
w ith  PBS w as fo llo w e d  by a rin se  w ith  1% E v an s B lue in  PBS. F in a lly  Slides 
w ere  m o u n ted  in  C it i f lu o r  low  f lu o re sc e n c e  m o u n tin g  m ed iu m  an d  v iew ed 
u sin g  d a rk  g ro u n d  il lu m in a tio n  on a Z eiss m icroscope w ith  U .V . il lu m in a tio n  
a t  330-500 nm . N o rm a l m ouse sc ru m  w as used as a n e g a tiv e  co n tro l 
th ro u g h o u t, a n d  spores o f  M .  c e r e b r a l i s  w ere  also tre a te d  as ab o v e  as a p o sitiv e  
c o n tro l. T h e  a p p ro p r ia te  c o n tro ls  u sing  PBS in  p lace  o f  th e  m ouse sc ru m  or in  
p lace  o f  th e  c o n ju g a te  w ere  also  used. O th e r a c tin o sp o rc a n  species w ere  used 
in  p lace  o f  T .  d u b i u m  as th ey  becam e a v a ila b le .

2.9. E nzym e L in k ed  Im m u n o so rb en t A ssays (E L IS A )

2.9.1. D e tec tio n  o f c irc u la tin g  an tib o d ie s  p ro d u ced  in ra in b o w  tro u t ag a in s t 
A .  s a l m o n i c i d a  an d  M .  c e r e b r a l i s

T h e  system  used  is based  u pon  th e  te c h n iq u e s  o f  V o llc r e t  a l .  (1979) w ith  
m o d i f i c a t i o n s .  F ig . 3 p r o v id e s  a d i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  th e  
co m p o n en ts  in v o lv e d  in  th e  M .  c e r e b r a l i s  ELISA .



Fig. 3 : Diagramatic representation of ELISA to detect 
circulating antibodies against M.cerebralis
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A A -A-A

1. Incubate soluble extract of sonicated M. cerebralis spores in carbonate buffer 
for 18 hours at 4°C. Wash.

A * A 2. Incubate with 3% PSA for 
2 hours at 22°C. Wash.

*
a  a ' m m  A A

3. Incubate host serum from 
trout in PBS for 2 hours 
at 22°C. Wash.

4. Incubate rabbit anti-trout 
serum in PBS for 2 hours 
at 22°C. Wash.

5. Incubate conjugate (Goat 
anti-rabbit IgG conjugated 
with Horseradish proxidase) 
for 2 hours at 22^C. Wash.

□
□  n □

6. Add substrate O.P.D. in 
phosphate/citrate buffer. 
Reactions read after 
45 mins. on Dynatech 
ELISA reader.
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2.9.1.1. R a b b it a n t i - t r o u t  a n tise ru m

R a b b it  a n t i - t ro u t  a n tis e ru m  w as ra ise d  in  a N ew  Z e a la n d  W hite ra b b it  by 
su b c u ta n e o u s  in o c u la tio n  w ith  1 ml o f  poo led  se ra  fro m  20 a d u l t  ra in b o w  tro u t 
( f ro m  th e  d e s ig n a te d  d ise a se -free  h a tc h e ry  a t A von  S prings, H a m p sh ire ), in  an  
e q u a l vo lum e o f FC A . A second  in o c u la tio n  in  FC A  w as g iv en  21 d ay s la te r , 
a n d  14 d ay s a f te r  th is  th e  an im a l w as e x sa n g u in a te d  a n d  th e  a n tis e ru m  w as 
p re p a re d .

2.9.1.2. A n tib o d y  p ro d u c tio n  in ra in b o w  tro u t e x p e rim e n ta lly  in fe c te d  w ith
A .  s a l m o n i c i d a

2.9.1.2.1. B a c te r ia

A .  s a l m o n i c i d a ,  re c o v e red  fro m  an  o u tb re a k  o f  fu ru n c u lo s is  a t th e  S tra tf ie ld  
Saye f is h  fa rm  w as used as b o th  in o c u lu m  an d  a n tig e n . T h e  s tra in  is 
u n c h a ra c tc r is e d .

B a c te ria  w ere  s to re d  on T ry p tic a sc  soy a g a r a t 4 ° C  fo r  2 m on ths; 7 d ay s p r io r  
to use sc ra p in g s  f ro m  these  c u ltu re s  w ere  t r a n s fe r re d  to new  a g a r p la te s  an d  
in c u b a te d  a t  20 °C . T h e  ra p id  d ev e lo p m en t o f a d a rk  b ro w n  p ig m e n ta tio n  
w ith in  th e  a g a r  in d ic a te d  th a t  c u ltu re  w as s till  v iab le .

2.9.1.2.2. T ro u t

T en  m o n th  old  ra in b o w  tro u t, d e r iv e d  fro m  th e  K in g sm ead  f is h  fa rm , 
B e rk sh ire , w ere  m a in ta in e d  a t 15 °C  in  151 a q u a r iu m  tan k s . E ach  ta n k  was 
f i t t e d  w ith  in d e p e n d e n t c h a rc o a l f i l t e r  pum p an d  a ir  su p p ly . A to ta l o f  70 
f ish , 5 p e r ta n k , w ere  used  in  th e  e x p e rim e n t.
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2.9.1.2.3. In o c u la tio n  o f f ish  a n d  a n tig e n  p re p a ra tio n

A .  s a l m o n i c i d a  f r o m  a g a r  p la te s  w e re  f i r s t l y  s u s p e n d e d  in  PB S, th e n  
c e n tr ifu g e d  (10,000 g fo r  15 m in u te s), a n d  f i l te re d  (W hatm an  f i l t e r  p a p e r 
No. 2). T h e  re s id u e  w as su sp en d ed  in  a kno w n  vo lum e o f PBS a n d  th e  
b a c te r ia l  c o n c e n tra tio n  d e te rm in e d  u sin g  a h acm o cy to m ctc r. U n a n a c s th e tisc d  
f is h  w ere  in o c u la te d  in tra d c rm a lly ,  w h ich  has been  show n to in i t ia te  a sub 
a c u te  fo rm  o f th e  d isease  (B ucke, 1980), w ith  doses o f  102, 103, a n d  104 
b a c te r ia  p e r  in d iv id u a l  ( to ta l vo lum e 0.1 m l/f is h ,  15 f is h  a t  each  dose). 
C o n tro l f is h  w ere  in o c u la te d  w ith  a s im ila r  vo lum e o f PBS only .

A n tig e n  w as p re p a re d  fro m  b a c te r ia  by so n ic a tin g  usin g  a M.S.E. 150W 
S o n ica to r w ith  a 9 m m  p robe a t an  a m p litu d e  o f 12 nm  p eak  to p eak  fo r  up  to 

1 h o u r, on ice. A liq u o ts  o f th is  a n tig e n  su spension  w ere  s to red  a t  -20 °C  fo r  
su b se q u e n t use.

2.9.1.2.4. F ish  se ra

Blood sam ples w ere  o b ta in e d  by c a rd ia c  p u n c tu re , w ith o u t a n a e s th e tic  or 
a n tic o a g u la n t. A f te r  c lo ttin g  fo r  30 m in u te s  a t room  te m p e ra tu re  and  
o v e rn ig h t r e f r ig e ra t io n ,  th e  sam ples w ere  sp u n  dow n a t 1000 g fo r  10 m in u tes 
a n d  th e  se ra  co llec ted . Sera w as s to re d  a t -2 0 °C  fo r  su b seq u en t use.

2.9.1.2.5. E L ISA

A n tig e n  (so n ic a te d  A .  s a l m o n i c i d a )  w as d ilu te d  in C a rb o n a te  c o a tin g  b u f fe r ,  
pH  9.6 (1.59g N a 2 C 0 3, 2.93g N a N C O s an d  0.2g N a N 3 per litre ) , to a volum e 
e q u iv a le n t to 5 x 106 b a c tc r ia /m l an d  a p p lie d  (100 q l/w e ll)  to f l a t  bo ttom ed  
EL ISA  p la te s  (D y n a tc c h , B illin g h u rs t, Sussex). P la tes  w ere  in c u b a te d  fo r
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22 h o u rs  a t 4 ° C , th en  w ash ed  th re e  tim es in  PBS. P o rc in e  scrum  a lb u m in  
(PSA , S igm a) as a  3% so lu tio n  w as th e n  used  as a b lo ck in g  p ro te in  a n d  as a 
n e g a tiv e  a n tig e n  co n tro l ( in c u b a tio n  fo r  2 h o u rs  a t 20 °C). A f te r  w ash in g  in  
PBS, f is h  se ra  a t  d ilu tio n s  o f  1:250, 1:500 a n d  1:750 w as th e n  a d d e d  in  vo lum es 
o f  100 n l /w e ll  a n d  p la te s  w ere  in c u b a te d  a t  2 0 °C  fo r  2 hours. A f te r  w ash in g  
th re e  tim es w ith  PB S-T w cen (0.5 m l/L  T w een  20, S igm a), th e  in c u b a tio n  w as 
re p e a te d  w ith  100 q l/w c ll  o f  ra b b it  a n t i - t ro u t  a n tise ru m , a t  a d ilu tio n  o f  1:500. 
T h e  f in a l  in c u b a tio n  (ag a in  20 °C  fo r  2 h o u rs) w ith  p e ro x id a se  c o n ju g a te d  goat 
a n t i - r a b b i t  a n tis e ru m  (G  a n ti-R  (H  + L Ig G /P ), N o rd ic , M a id en h ead , 
B e rk sh ire )  w as fo llo w e d  by a f u r th e r  3 w ashes w ith  PBS T w een . R in sed  w ells 
w ere  th e n  re a c te d  w ith  100 ql enzym e s u b s tra te  (o r th o p h c n y lc n c  d ia m in e , 
O.P.D., S igm a) a t  a c o n c e n tra tio n  o f  0.4 m g /m l in  p h o sp h a te -c itra te  b u f f e r  
(24.3 m l 0.1M c i tr ic  ac id , 25.7 ml 0.2M p h o sp h a te , 66 ul H 20 2 (30% by volum e) 
a n d  50 m l w a te r , pH  5.0). O p tic a l d e n s itie s  w ere  re a d  a f te r  45 m in u te s  a t 
492 nm  u sin g  an  a u to m a tic  m ic ro p la te  re a d e r  (D y n a tc c h , Sussex). B ack g ro u n d  
b in d in g  w as assessed by w ells w ith  no f ish  sc ru m  a d d e d , w ells w ith  no ra b b it 

* sc ru m  a d d e d  a n d  w ells w ith  no f ish  or ra b b it  sc ru m  ad d e d . T h e  ELISA  was 
re p e a te d  on a f u r th e r  2 occasions.

2.9.1.3. D e tec tio n  of c irc u la tin g  a n tib o d ie s  p ro d u ced  a g a in s t M .  c e r e b r a l i s

2.9.1.3.1. F ish  s e ra

B lood sam ples w ere  o b ta in e d  f ro m  f ish  in fe c te d  w ith  M .  c e r e b r a l i s , (c o n firm e d  
su b se q u e n tly  by e x a m in a tio n  o f  th e  c ra n ia l  c a r tila g e )  as d esc rib e d  in  sec tion
2.9.1.2.4. S am ples w ere  n o t pooled . Sera w as th en  p re p a re d , a g a in  as d esc rib ed  
in  se c tio n  2.9.I.2.4. B lood sam ples w ere  also ta k e n  fro m  f ish  kn o w n  to be fre e
o f in fe c t io n  w ith  M .  c e r e b r a l i s .
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2.9.1.3.2. E L ISA

A n tig e n , ( f re sh ly  iso la te d , c lean ed  an d  so n ic a te d  spores o f  M .  c e r e b r a l i s ) was 
d ilu te d  in  c a rb o n a te  c o a tin g  b u f fe r ,  pH  9.6, to a vo lum e e q u iv a le n t to 5 x 105 
spores p e r  m l a n d  a p p lie d  a t  100 ql p e r w ell to 96-w ell r ig id  p o ly s ty ren e  
E L ISA  p la tes. P la tes  w ere  in c u b a te d  fo r  18 h o u rs  a t 4°C , th en  w ash ed  3 tim es 
in  PBS. A 3% so lu tio n  o f  PSA in  PBS, w as used to b lock  th e  p la te s  by 
in c u b a tin g  100 i{l p er w ell fo r  2 h o u rs a t  22 °C. A f te r  w ash in g  in  PBS, f ish  
se ra , f ro m  b o th  in fe c te d  a n d  u n in fe c te d  f ish , w ere  in c u b a te d  a t  d ilu tio n s  o f 
1:100, 1:250, 1:500, 1:1000 a n d  1:2500 a t 22 °C fo r  2 hours. A f te r  w ash in g  3 
tim es w ith  PB S-T w een, th e  in c u b a tio n  w as re p e a te d  w ith  100 ql p e r  w ell o f 
ra b b it  a n t i - t ro u t  a n tis e ru m  a t d ilu tio n s  o f  1:250 a n d  1:500. T h e  f in a l  
in c u b a tio n , a t  22 °C fo r  2 h o u rs , w ith  p e ro x id a se  c o n ju g a te d  goa t a n t i- r a b b it  
a n tis e ru m  a t a d ilu tio n  o f  1:2000, w as fo llo w ed  by a f u r th e r  3 w ashes w ith  
P B S -T w e e n . W ells w e re  th e n  r e a c te d  w i th  100 ql e n z y m e  s u b s t r a t e  
(o r th o p h c n y le n e  d ia m in e ) a t  a c o n c e n tra tio n  o f  0.4 mg p e r ml in  p h o sp h a te - 
c i t r a te  b u f fe r .  O p tic a l d en s itie s  w ere  read  a f te r  40 m in u te s  a t  a w av e len g th  
o f 492 nm  usin g  an  a u to m a tic  m ic ro p la tc  re a d e r. B ack g ro u n d  b in d in g  was 
assessed  in  w ells w ith  no f is h  sc ru m  a d d e d , w ells w ith  no ra b b it  sc ru m  ad d ed  
a n d  w ells w ith  no f ish  o r ra b b it  sc ru m  ad d ed . Serum  fro m  k n o w n  in fe c tio n -  
f r e e  f is h  w ere  used as n e g a tiv e  co n tro ls . As in  sec tion  2.9.1.2.5. th e  ELISA  was 
su b se q u e n tly  rep ea ted .

2.9.2. D e tec tio n  of M .  c e r e b r a l i s  an tig e n s  using an  ELISA

F ig u re  4 i l lu s tra te s  th e  co m p o n en ts  in v o lv e d  in  th is  ELISA , w h ic h  is d e riv e d  
fro m  V o llc r e t  a l .  (1979), a n d  B u rk o t, Z a v a la , G w ad z , C ollins, N u sscn zw cig  and  
R o b e rts  (in  press).
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Fig.4 : Diagramatic representation of ELISA to detect

the presence of M.cerebralis antigen

1. Incubate Hamster anti- 
Myxosonia cerebralis in 
carbonate buffer for 
18 hours at 4°C. Wash.

2. Incubate for 2 hours 
(at 22°C with 3% PSA) 
Wash

3. Incubate test serum from 
trout suspected of carrying 
M. cerebralis antigen in 
PBS for 2 hours at 22°C. 
Wash.

4. Incubate rabbit anti- 
M. cerebralis serum in 
PBS for 2 hours at 22°C. 
Wash.

5. Incubate conjugate (Goat 
anti-rabbit IgG/Po) for 
2 hours at 22°C. Wash.

□
□ B □

□
□ □

6. Add substrate, O.P.D., read 
as for Fig.3
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2.9.2.1. M ouse an ti-M . c e r e b r a l i s  a n tise ru m  

See se c tio n  2.7.2.

2.9.2.2. R a b b it an ti-M . c e r e b r a l i s  a n tise ru m

A N ew  Z e a la n d  W hite r a b b i t  w as in o c u la te d  su b c u ta n e o u s ly  w ith  2.5 x 107 

so n ic a te d  M. c e r e b r a l i s  spores in  a v o lum e o f  0.25 ml PBS a n d  0.75 FC A . A 
second  in o c u la tio n  w as g iv en  21 d ay s la te r  (as above, b u t u sin g  F re u n d ’s 
in c o m p le te  a d ju v a n t) .  A f te r  a f u r th e r  7 d ay s th e  a n im a l w as b led  fro m  th e  
r ig h t  c a r  a n d  th e  sc ru m  p re p a re d . A n IF A T  w as c a rr ie d  o u t on M .  c e r e b r a l i s  

spores to d e te rm in e  th e  t i t r e  o f th is  serum .

2.9.2.3. E L ISA

M ouse an ti-M . c e r e b r a l i s  a n tise ru m  a t a d ilu tio n  o f  1:250 w as a p p lie d  in 
vo lum es o f  100 ul p e r  w ell to f la t  b o tto m ed  ELISA  p la tes , w h ich  w ere th en  
in c u b a te d  fo r  18 h o u rs  a t  4 °C. A f te r  3 w ashes in  PBS, 100 i\l o f PSA as a 3% 
so lu tio n  in  PBS, w as a d d e d  an d  in c u b a te d  fo r  2 h ours a t 22 °C. P la tes w ere 
th e n  w ash ed  in  PBS a n d  100 i l̂ o f  se ra  fro m  ra in b o w  tro u t  in fe c te d  w ith  
M. c e r e b r a l i s ,  w as a d d e d  a t d ilu tio n s  o f  1:10, 1:25, 1:50, 1:100 a n d  1:200. A f te r  
in c u b a tin g  a t 22 °C fo r  2 h o u rs  an d  w ash in g  3 tim es in PB S-T w ccn, the  p la tes 
w ere  in c u b a te d  a t 22 °C fo r  2 h o u rs  w ith  100 ijl p e r w ell o f  ra b b it  
an ti-M . c e r e b r a l i s  a n tis e ru m  a t a d ilu tio n  o f  1:250. PB S-T w ecn w as a g a in  used 
to w ash  th e  p la te s  3 tim es b e fo re  in c u b a tin g  fo r  2 h o u rs  a t 22 °C w ith  100 4 1  

p e r w ell o f  p e ro x id a se  c o n ju g a te d  goa t a n t i - r a b b i t  a n tis e ru m  a t a d ilu tio n  of 
1:2000. A f te r  a f in a l  w ash  in  PBS T w een , w ells w ere  re a c te d  w ith  100 i\l 
en zy m e su b s tra te , O PD  in  p h o sp h a te  c i t r a te  b u f f e r  (p. 4 5 ) .  O p tica l d en s itie s  
w ere  re a d  w ith  th e  E L ISA  rea d e r. B ack g ro u n d  b in d in g  w as assessed by w ells 
w ith  no f is h  sc ru m  a d d e d , w ells w ith  no m ouse or ra b b it  sc ru m  a d d ed  an d
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w ells w ith  no f ish , m ouse or ra b b it  sc ru m  a d d ed ; PBS w as used to re p lace  each  
m issing  co m p o n en t. A p o s itiv e  co n tro l w as p ro v id e d  by in c u b a tio n  w ith  
so n ic a te d  M .  c e r e b r a l i s  spores as a n tig e n , in  p lace  o f f ish  se ra , a t  d ilu tio n s  
e q u iv a le n t to 10, 102, 103 a n d  104 spores p er w ell. N e g a tiv e  co n tro ls  w ere  
p ro v id e d  by se ra  f ro m  f is h  w h ic h  h a d  n o t been exposed  to M .  c e r e b r a l i s .  

S o n ic a te d  T u b i f e x  w e re  a ls o  t e s te d  as a n t ig e n  a lo n g  w i th  s p o re s  o f  
M y x o b o l u s  sp. a t  th e  c o n c e n tra tio n s  used  fo r  M .  c e r e b r a l i s , a n d  BSA as 1, 3, 5 
a n d  10% so lu tio n s . As in  sec tio n  2.9.1.2.5. th e  E L ISA  w as su b se q u e n tly  
re p e a te d .

2.10. IF A T  fo r  th e  d e te c tio n  o f c irc u la tin g  a n tib o d ie s  p ro d u ced  in ra in b o w  
tro u t a g a in s t  M .  c e r e b r a l i s .

T h e  m eth o d  is a m o d if ic a tio n  o f th e  te c h n iq u e  used  by G r i f f in  an d  D av is
(1978). F re sh ly  iso la te d  M .  c e r e b r a l i s  spores w ere  a tta c h e d  to a c id  c lean ed  
s lid es  (sec p. 4*1)- S lides w ere  th e n  in c u b a te d  in  a m o ist ch a m b e r w ith  sera  
d e r iv e d  fro m  k n o w n  in fe c te d  f is h  a t d ilu tio n s  o f 1:25, 1:50 a n d  1:75, fo r  
2 h o u rs  a t 22 °C. T h e  slides w ere  th e n  w ashed  3 tim es in  PBS an d  in c u b a te d  
w ith  r a b b i t  a n t i - t ro u t  a n tise ru m  a t d ilu tio n s  o f  1:50 a n d  1:100 fo r  2 h o u rs  a t 
22 °C. A f te r  w ash in g , ag a in  3 tim es in  PBS, f lu o re sc e in  co n ju g a te d  IgG  goat 
a n t i - r a b b i t  (G  a n t i-R /F IT C )  a n tis e ru m  w as a d d e d  a t  d ilu tio n s  o f  1:50 an d  
1:100, a n d  th e  slides w ere  a g a in  in c u b a te d  fo r  2 h o u rs  a t 22 °C. A f te r  3 
f u r th e r  w ashes in  PBS, fo llo w ed  by a rin se  in  1% E v an s B lue, s lides w ere  
m o u n te d  fo r  v iew in g  u n d e r  th e  U.V. m icroscope. S erum  fro m  a kno w n  
in fe c t io n - f re e  f ish  se rv ed  as a n e g a tiv e  co n tro l, a n d  th e  a p p ro p r ia te  stage
c o n tro ls  w ere  also  in c u b a te d .
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2 . 1 1 . Im m u n o liis to ch e in is try

T h e  2 um  sec tio n s o f  in fe c te d  c a r t i la g e  p re p a re d  fo r  G icm sa s ta in in g  (p. 37) 

w ere  also  su ita b le  fo r  im m u n o h is to c h e m ic a l e x a m in a tio n , in  w h ich  a b so rb ed  
m ouse a n t i - M .  c e r e b r a l i s  a n tis e ru m  a n d  f lu o re sc e in  or p e ro x id a se  c o n ju g a te d  
sw in e  an ti-m o u se  a n tis e ru m  w ere  used  to lab e l th e  p a ra s ite s .

2.11.1. A b so rp tio n  o f m ouse anti-A f. c e r e b r a l i s  an tise ru m .

T h e  m o u se  a n t i s e r u m  ( s e c t io n  2 .7 .2 ) w a s  a b s o r b e d  b y  i n c u b a t i n g  w i th  
m a c e ra te d  c a r t i la g e  a n d  bone fro m  u n in fe c te d  ra in b o w  tro u t fo r  2  h o u rs  a t 
4 °C, fo llo w e d  by o v e rn ig h t in c u b a tio n  a t 10 °C. T h e  a n tis e ru m  w as th en  
c e n tr ifu g e d  a t 1 0 , 0 0 0  g fo r  1 0  m in u te s  a n d  th e  s u p e rn a ta n t w as passed th ro u g h  
a 0.22 um  M illip o re  f i l te r ,  p re v io u s ly  w ash ed  w ith  a 1% so lu tio n  o f PSA in  
PBS, to p re v e n t a n tib o d y  s tic k in g  to th e  f i l te r .  T h e  a n tis e ru m  w as f i l te re d  a 
second  tim e  a n d  s to re d  a t  -20 °C fo r  f u r th e r  use.

2.11.2. Im m u n o flu o rescen ce  s ta in in g  o f in fe c te d  c a r t i la g e  sec tio n s

C a rtila g e  sec tio n s w ere  in c u b a te d  w ith  ab so rb ed  m ouse a n tis e ra  a t d ilu tio n s  o f 
1:25, 1:50 a n d  1:75 fo r  40 m in u te s  a t  37 °C. A f te r  w ash in g  3 tim es in  PBS, 
c o n ju g a te  (sw in e  an ti-m o u se  a n tis e ru m , sec tio n  2 .8 .) was a d d e d  a t d ilu tio n s  o f 
e i th e r  1:40 or 1:80 a n d  th e  slides w ere  in c u b a te d  as b e fo re . A f te r  a f u r th e r  
3 w ashes w ith  PBS th e  slides w ere  r in se d  w ith  1% so lu tio n  o f  E v an s B lue in  
PBS a n d  w ere  f in a l ly  m o u n ted  in  C it i f lu o r  low  flu o re sc e n c e  m o u n tin g  m ed iu m  
a n d  e x a m in e d  fo r  f lu o re scen ce . C o n tro ls  w ere  used as in sec tio n  2.8.
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2.11.3. Im m u n o p ero x id ase  s ta in in g  o f in fe c te d  c a r tila g e  sec tions

A f te r  in c u b a tio n  w ith  ab so rb ed  m ouse a n tis e ra  (as above), s lides w ere  w ashed  
3 tim es in  PBS a n d  th en  in c u b a te d  w ith  p e ro x id a se  c o n ju g a te d  sw in e  a n t i ­
m ouse a n tis e ru m  (Sw an ti-M (H + L  Ig G /P )) a t d ilu tio n s  o f  1:500 a n d  1:750, fo r  
40 m in u te s  a t  37 °C. A f te r  w a sh in g  3 tim es in  PBS th e  s lides w ere  re a c te d  w ith  
th e  enzym e su b s tra te  O PD  in  c itra te -p h o s p h a te  b u f fe r ,  w h ich  w as th e n  rin sed  
o f f  w ith  PBS a f te r  e i th e r  30 or 90 m in u tes . S lides w ere  th e n  ex am in ed .
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3. R E S U L T S

3.1. T ra n sm iss io n  s tu d ie s

3.1.1. L o c a tio n  o f M .  c e r e b r a l i s  o u tb re a k s

T h e  n u m b e r  a n d  age o f  t ro u t  sam p led  fro m  f ish  fa rm s  in  B r ita in  a n d  F ra n c e  
a re  g iv en  in  T a b le  1. A ll B ritish  fa rm s  w ere  n e g a tiv e  fo r  M .  c e r e b r a l i s \  none 
o f  th e  f is h  sam p led  fro m  th e  4 f ish  fa rm s  show ed  an y  c lin ic a l sym ptom s eg. 
w h ir lin g , a n d  M .  c e r e b r a l i s  spores w ere  n o t d e te c te d  by sm ear p re p a ra tio n s  o f 
m a c e ra te d  c a r tila g e . M ud sam ples w ere  ta k e n  fro m  3 o f  these  f ish  fa rm s  fo r  
e x a m in a tio n  fo r  tu b if ic id  w orm s an d  A c tin o sp o rca .

T h e  B r it ta n y  tro u t  f a rm  w as p o s itiv e  fo r  w h ir lin g  d isease. O v er 50% o f the  
o ld e r  f is h  (18-24 m o n th s) in  th e  fa rm  ponds show ed  sk e le ta l d e fo rm itie s , 
p a r t ic u la r ly  in  th e  h ead  reg io n  an d  th e  a re a  im m e d ia te ly  b e h in d  it, a n d  th e re  
w as som e ev id e n c e  o f  ta i l  b la c k en in g . L arg e  n u m b ers  o f  M .  c e r e b r a l i s  spores 
w ere  iso la te d  fro m  each  o f  th e  45 f is h  w h ich  w ere  sam p led , T a b le  2. F ig . 5 
show s spores o b ta in e d  fro m  a c a r tila g e  sm ear fro m  one in fe c te d  f ish . F ish  
se n t f ro m  th e  G erm an  o u tb re a k s  w ere also h e a v ily  in fe c te d ; o u t o f a to ta l o f 
24 f is h  a ll b u t one c o n ta in e d  spores. O ne ty p ic a l spo re  c o u n t fo r  these  fish  is 
also  sh o w n  in  T ab le  2.

3.1.2. O ccu rren ce  of a c tin o sp o re a n  species

T a b le  3 g ives th e  p re v a le n c e  o f  a c tin o sp o rc a n  species in  tu b if ic id  w orm s 
re c o v e red  fro m  m ud  fro m  th e  sites  fro m  w h ich  sam ples w ere  ta k e n . F igs. 6 , 7, 
8 , 9, 10, 11 a n d  12 show  som e o f th e  species o f  A c tin o sp o rc a n  id e n tif ie d  in  
th ese  s tu d ie s . T hese  w ere  id e n t i f ie d  using  th e  p a ra m e te rs  o f sh ap e  an d  size of
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T a b le  2:

P erco ll
b a n d

x /25%  
25% /50%  
50% /75%  
75% /100%

N u m b e r o f  spores iso la ted  (sp o rcs /m l) fro m  in d iv id u a l in fe c te d  tro u t

7 m o n th  o ld  tro u t 
f ro m  G e rm an  o u tb re a k

18 m o n th  old  tro u t 
fro m  B rit ta n y  o u tb re a k

5 m o n th  old tro u t 
e x p e r im e n ta lly  in fe c te d  

(see sec tio n  3.1.4.)

250,000 350,000 15,000
50,000 125,000 3,000
1 0 , 0 0 0 35,000 -

- - -
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T a b le  1: R e su lts  o f  sam p lin g  fro m  f ish  fa rm s  fo r  p resen ce  o f  M .  c e r e b r a l i s

F ish  F a rm F ish  sam pled P resen ce  o f 
M .  c e r e b r a l i s

M ud sam ple 
ta k e n

C a m b ria n , 
N. Wales

46 14-m onth  
o ld  ra in b o w  
tro u t

N eg a tiv e In le t an d  
o u tle t

H am m er,
L ip h o o k ,
H an ts .

65 6 -8  m o n th  
old  ra in b o w  
tro u t

N eg a tiv e P onds a n d  
o u tle t

A m p n ey ,
C ire n c e s te r ,
G los.

102 3 -m on th  
o ld  ra in b o w  
tro u t.

N e g a tiv e - ,

W an d sfo rd ,
D r if f ie ld ,
H u ll.

89 4-8 m o n th  
old  ra in b o w  
tro u t

N eg a tiv e -

L a n n io n ,
B r itta n y .

45 18-24 m o n th  
old  ra in b o w  
tro u t

P o sitiv e P onds an d  
o u tle t
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Fig. 5 F re sh  M .  c e r e b r a l i s  spores fro m  a c a r tila g e  sm ear su sp en d ed  in
PBS fro m  an  in fe c te d  tro u t. B rig h t f ie ld  il lu m in a tio n .

F igs. 13 & 14 M .  c e r e b r a l i s  spores w ith in  th e  g u t lum en  o f T .  t u b i f e x  

(spores a rro w ed ).
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T ab le  3: P re v a le n c e  o f  A c tin o sp o rc a  in  tu b if ic id  w orm s co llec ted  a t  th e  v a rio u s
sites  f ro m  w h ich  m u d  w as sam pled

Source A c tin o sp o re a n  p re sen t P re v a le n c e  (%)
( 2 0 0  w orm s ex am ined  

un less o th e rw ise  s ta ted )

+C a m b ria n  a) In le t: E c h i n a c t i n o m y x o n  r a d i a l u m  1.0
f is h  f a rm  S y n a c t i n o m y x o n  t u b i f i c i s  1.5

b) O u tle t: S .  t u b i f i c i s  2.0

+H am m er a) Ponds: T r i a c l i n o m y x o n  i g n o t u m  (7.5
f is h  fa rm

b) O u tle t: E .  r a d i a t u m  0.5

L a n n io n  a) Ponds: N o n e  fo u n d  - n = 107
fis h  fa rm

b) O u tle t: N o n e  fo u n d  - n = 42

S tr a t f ie ld  a) O u tle t: E . r a d i a t u m  0.5 = ]g 7

Sayc, f is h  fa rm  T .  i g n o t u m  1.5 *

^M .A .F .F . E .  r a d i a t u m  9.5
(W eym outh) S .  t u b i f i c i s  ' 2.0

T .  i g n o t u m  2 . 0

T .  d u b i u m  (= T .  g y r o s a l m o )  0.5
A u r a c t i n o m y x o n  r a a b i i u n i o r i s  0.5

Sew age fa rm  E .  r a d i a t u m  0.5
T .  d u b i u m  (= T .  g y r o s a l m o )  0.5
S .  t u b i f i c i s  1.0

+ P re v io u s ly  d iag n o sed  by M .A .F.F. an d  W atc rb o ard  in sp e c to rs  as W hirling  d isease 
p o sitiv e .
W h irlin g  d isease  d iag n o sed  in  th e  p re se n t s tu d y .

#  W hirling disease being cycled  in experim ental in fection s system.
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Figs. 6 , 7, 
8 & 9

Spores o f  A c tin o sp o rc a  d e r iv e d  fro m  T u b i f e x  w orm s.

F igs 6 & 7 P an sp o ro cy sts  o f  T .  d u b i u m .

Fig. 8 P a n sp o ro cy st o f  S .  t u b i f i c i s .

Fig. 9 M ass o f  E .  r a d i a t i o n  spo res w ith in  sm ear p re p a ra tio n s  o f  T u b i f e x  

gu t.



i
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F igs. 10, 
11 & 12

Fig. 10

F ig . 11

Spores o f  A c tin o sp o rca  p a ra s itis in g  tu b if ic id  w orm s reco v e red  
fro m  v a rio u s  m ud  sam ples.

S .  t u b i f i c i s

T .  d u b i u m

Fig. 12 E . r a d ia lu m  (G iem sa  s ta in e d )
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th e  ep isp o re  a rm s a t  genus level a n d  by  n u m b er o f spo rop lasm s a n d  size o f 
ep isp o re  arm s a t  species level, see T a b le  4. O f th e  o lig o ch ac te  w orm s iso la ted  
f ro m  f ie ld  sam ples, th e  m a jo r ity  o f  th o se  id e n tif ie d  w ere T .  t u b i f e x  (T ab le  5), 
ex c e p t in  th e  m u d  fro m  th e  B rit ta n y  f is h  fa rm  in  w h ich  o th e r  u n id e n tif ie d  
O lig o c h a c te  w orm s p re d o m in a te d . In  th e  o th e r  f ie ld  sam ples th e  re m a in in g  
w orm s co n sis ted  p re d o m in a n tly  o f  L i m n o d r i l u s  h o f f m e i s t e r i , w ith  a sm all 
n u m b e r  o f  o th e r  u n id e n t i f ie d  o lig o ch ac tcs . Im m atu re  w orm s a rc  n o t in c lu d e d  
in  th ese  d a ta . O f th e  w orm s o b serv ed  fro m  a local sew age fa rm  a n d  used  in  
th e  T u b i f e x  c u ltu re s , over 90% o f th o se  id e n tif ia b le  w ere  T .  l u b i f e x .  S ince 
a c tin o sp o re a n  in fe c tio n s  w ere  on ly  c le a r ly  obv ious a f te r  sm e a rin g  th e  w orm s, 
w h ic h  o f te n  m ad e  c o rre c t id e n t i f ic a t io n  o f  th e  la t te r  d i f f ic u l t ,  on ly  lim ite d  
d a ta  is a v a ila b le  on th e  id e n ti ty  o f  th e  host species o f  w orm  in v o lv ed . T h is  
d a ta  is show n in  T ab le  6 , a long  w ith  a resum e o f th e  l i te r a tu r e  re la tin g  to 
w orm  host species.

3.1.3. A tte m p ts  to in fe c t T u b i f e x  by a d d itio n  of M .  c e r e b r a l i s  spores iso la ted  
fro m  in fe c te d  tro u t.

T a b le  7 (a, b a n d  c) show s th e  in i t ia l  an d  su b se q u e n t p rev a len ces  of 
A c tin o sp o rc a  in  tu b if ic id  w orm s a t in te rv a ls  up to 8 m on ths fro m  th e  a d d it io n  
o f M .  c e r e b r a l i s  spores to T u b i f e x t d e r iv e d  fro m  a local sew age fa rm , he ld  a t 
5 ° ,  1 0 °, 15° a n d  2 0 °C. T h e re  w ere  no s ig n if ic a n t ch an g es in  p re v a le n c e  o f 
a n y  o f  th e  A c tin o sp o rc a  p re sen t d u r in g  th e  p e rio d  o f o b se rv a tio n . T h e  h ig h est 
p re v a le n c e  re c o rd e d  fo r  T .  d u b i u r u  w as 3% in  one test c u ltu re  h e ld  a t 20 °C  fo r
3.5 m on ths. H o w ev er, a p re v a le n c e  o f  2.5% w as reco rd ed  in  one o f th e  co n tro l 
c u ltu re s  h e ld  a t  15 °C , as opposed to 0.5% an d  1.5% in  th e  c o rre sp o n d in g  test
c u ltu re s  h e ld  a t  15 °C  fo r  3.5 m onths.
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T a b le  4: M o rp h o lo g ica l c h a ra c te r is t ic s  on w h ich  id e n tif ic a t io n  o f  a c tin o sp o rcan
species p re se n t in  m ud  sam ples w as based  (w ith  re fe re n c e  to 
Ja n isw e sk a , 1955a; 1957; M arques, 1984).

G enus Species

E c h i n a c t i n o m y x o n E .  r a d i a t i o n

T r ir a d ia tc  c p isp o ra l a rm s em erge  
a t  45 0 f ro m  b u lle t sh ap ed  
h e a d  reg io n . E p isp o ra l a rm s r ig id ly  
s tra ig h t,  no c u rv a tu re .

E p isp o ra l a rm s m easu re  b e tw een  
100 a n d  125 qm . B etw een  20 an d  28 
spo rop lasm s in  h ead  reg ion .

S y n a c t i n o m y x o n S .  t u b i f i c i s

' 2  p ro m in e n t e p isp o ra l a rm s em erg in g  
fro m  c irc u la r  h ead  reg io n . T h ird  
cp isp o ra l a rm  g re a tly  re d u ced , 
p ro v id es  c o n ta c t p o in t in  p an sp o ro cy st.

E p isp o ra l a rm s 30 qm  long, 
32 sporop lasm s.

A u r a c t i n o m y x o n A .  r a a b i i u n i o r i s

T r ir a d ia te  b ro ad  le a f  sh ap ed  arm s, 
em erg in g  fro m  ro u n d e d  h ead  reg io n , 
spo re  has f la t te n e d  a p p e a ra n ce .

E p isp o ra l a rm s b e tw een  25 an d  30 ijm 
16 sporop lasm s.

T r i a c t i n o m y x o n T .  i g n o t u m

H ead  reg io n  se p a ra te d  fro m  t r i r a d ia tc  
e p isp o ra l a rm s by  e lo n g a te d  sty le .

S ty le  b e tw een  40 a n d  170 qm  long, 
arm s 2 0 0  qm . 8 sporop lasm s.

T .  d u b i i t m

E p isp o ra l a rm s 130 - 150 qm. 
32 sporoplasm s.
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T ab le  5: Species a n d  p rev a len ces  o f  O lig o ch ac tes p re sen t a t  th e
v a r io u s  s ite s  fro m  w h ich  m ud sam ples w ere tak en .

S ource Id e n t i f ia b le  O lig o ch ac tes  P re v a le n c e  % 
p re se n t (p e r 50 w orm s)

C a m b ria n  f is h  fa rm In le t: T .  t u b i f e x 82
L .  h o f f m e i s t e r i 1 0

O th ers 8

O u tle t: N o t id e n t if ie d -

H am m er f is h  fa rm Ponds: T .  t u b i f e x 74
L .  h o f f m e i s t e r i 26

O u tle t: T .  t u b i f e x 80
L .  h o f f m e i s t e r i 14
O th ers 6

L a n n io n  f ish  fa rm Ponds: T .  t u b i f e x 28
L .  h o f f m e i s t e r i 2 0

O th e rs 52

O u tle t: N o t id e n t if ie d -

S tra tf ic ld  Sayc O u tle t: T .  t u b i f e x 88

f is h  fa rm L .  h o f f m e i s t e r i 1 2

M .A.F.F. T .  l u b i f e x 92
W eym outh L .  h o f f m e i s t e r i 8

Sew age fa rm T .  t u b i f e x 90
O th e rs 1 0
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T a b le  6 : W orm host species in  w h ich  v a rio u s  A c tin o sp o re a  w ere fo u n d .

A c tin o sp o rc a  W orm host id e n t i f ie d  in  H ost reco rd s in  l i te ra tu re
species p re se n t s tu d y

E .  r a d i a t u m 3 o u t o f  4 o f  in fe c te d  
w orm s w ere T u b i f e x  t u b i f e x  

in  M .A .F.F. sam ple

T .  t u b i f e x ; M arques, 1984

S .  t u b i f i c i s 2 o u t o f 4 o f  in fe c te d  
w orm s w ere  T .  t u b i f e x  

in  M .A.F.F. sam p le

T .  t u b i f e x \  M arques, 1984

A .  r a a b i i u n i o r i s - L i m i t o d r i l u s  sp. an d  
T u b i f e x  sp; M arq u es, 1984

T .  i g n o t u m - T .  t u b i f e x ; L cgcr, 1904; 
M ack in n o n  a n d  A dam , 1924

T .  d u b i u m 4 o u t o f 4 o f in fe c te d  
w orm s in  M .A .F.F. an d  
sew age f ro m  sam ples 
w ere  T .  t u b i f e x

T .  l u b i f e x \  

Ja n isz c w sk a , 1959
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T a b le  7 (a): P re v a le n c e  o f  A c tin o sp o rc a  2, 3.5, 6 , 7 an d  8 m o n th s a f te r  a d d in g  
M .  c e r e b r a l i s  spores to T .  t u b i f e x  c u ltu re s  h e ld  a t 10, 15 a n d  20 °C.

T .  d u b i u m S .  t u b i f i c i s E .  r a d i a t u m

( = T .  g y r o s a l m o )

C O N T R O L  TEST C O N T R O L TEST C O N T R O L TEST
%  % % % % %

(1) In i t ia l  p re v a le n c e  (n  = 100)
10°C 0.5 1.0 0 1 . 0 2 .0  0 0.5 L 0 0 5
15 °C 0 0.5 0 0.5 0 1 .0 0.5 0 0
20 °C 1.0 0 5  0 5 0.5 0 5  LO 0 0 0

(2 ) 2  m o n th s (n = 2 0 0 ) 
a f te r  sp o re  a d d it io n
10°C 0.5 0 0 5 0.5 0 0 5 0 0.5 0
15 °C 1 . 0 2 A LO 0.5 LO 0 5 1.5 0 5 LO
2 0  °C 0.5 L0 0 0 LO 0 0 0 0

(3) 3.5 m o n th s (n  = 200)
10 °C 1 .0 L0 0 0.5 M LO 1 .0 LO 1.5
15 °C 2.5 0 5 L5 1 .0 0 0 5 0 5 LO 0
2 0  °C 0 5 M L5 0.5 0 0 0 M LO
(4) 6 m o n th s (n  = 100)
1 0 °C 0 5 0 0 5 0 0 5 0 0.5 L5 LO
15 °C 0 LO 0 2 .0 0 LO 0 LO 0.5
20 °C 1.5 LO LO 1.5 LO 0 5 0.5 0 0 5
(5) 7 m o n th s (n = 100)
1 0 °C 0 0 0 2 .0 LO 0 1 .0 0 LO
15 °C 1 .0 0 0 0 LO 0 2 .0 Z O LO
20 °C 0 LO 0 1 . 0 0 2 .0 1 .0 0 0

(6 ) 8 m o n th s (n = *)
0 0 0 0 0 i 1 .6 0

(n=61) (n=16,-)
0 0 0 1 .0 0 L i 1 .0 0

(n=96) (n=43,91)
2 .2 0 0 0 0 0 0 0

(n=44) (n=57,39)
20 °C
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T a b le  7 (b): P re v a le n c e  o f  A c tin o sp o rea  3 a n d  6  m on ths a f te r  a d d in g  M .  c e r e b r a l i s  

spores to  T .  t u b i f e x  c u ltu re s  h e ld  a t 10 an d  15 °C.

T .  d u b i u m  

(=T. g y r o s c i l m o )
C O N T R O L  TEST

% %

S .  i g n o t u m E .  r a d i a l u m

C O N T R O L
%

TEST C O N T R O L  TEST
% % %

( 1 ) O r ig in a l sam p le  (n = 200)
1 0 °C 0.5 0 L0 0 0 5 0 1 .0 0 0 5
15 °C 0 0 0 5 0 0 0 0 5 . 0 5 L5

(2) 3 m o n th s  (n = 2 0 0 )
1 0 °C 0.5 0.5 0 5 1 .0 0 5 0 5 2 .0 0 LO
15 °C 0.5 0 L0 0 0 LO 0 0 5 LO

(3) 6 m o n th s (n = 2 0 0 )
10 °C 0 2 .0 0 0.5 0 0 0.5 0 0 5
15 °C 1 . 0 0 5 0 5 0.5 LO 0 5 1 .0 L5 0
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T a b le  7 (c): P re v a le n c e  o f  A c tin o sp o re a  6 m o n th s a f te r  a d d in g  M .  c e r e b r a l i s  

spores to  T .  t u b i f e x  c u ltu re s  h e ld  a t 5 an d  1 0 °C.

T .  d i i b i u m  

(= T .  g y r o s a l m o )

C O N T R O L  TEST 
%  %

E .  r a d i a t u m

C O N T R O L  TEST 
%  %

S .  t u b i f i c i s  A .  r a a b i i u n i o r i s

C O N T R O L  TEST C O N T R O L  TEST 
%  %  %  %

( 1 ) O rig in a l sam ple  (n  = 200)
5 °C  1.0 0 5  0 5

1 0 °C  0 0 L 5

(2 ) 6  m o n th s  (n = 2 0 0 )
5 ° C  1.5 LO 2J[

10 ° C .  1.0 0.5 0

0 L0 2J) 1.0
2.5 Q A  0 0.5

0.5 0 5  JLO 0.5
1.0 0.5 0 0

0 0 5  0 0 5  0
1.0 0 0 0 0

0 5  0 0 0 0
1.0 0 0 0 0
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3.1.4. A ttem p ts  to p roduce  in fe c tio n s  o f M .  c e r e b r a l i s  in ju v en ile  ra in b o w  tro u t.

N o n e  o f  th e  tro u t sc reen ed  fo r  p rc sp o rc  stages by h is to lo g ica l e x a m in a tio n  o f 
1-2 sec tio n s o f  c a r t i la g e  d u r in g  th e  cou rse  o f  ex p e rim e n ts  1-5, o r those 
ex a m in e d  fo r  th e  p resen ce  o f  spores a t  th e  b eg in n in g  o f each  e x p e r im e n t, w ere  
p o s itiv e  fo r  M .  c e r e b r a l i s .

E x p e rim e n t 1: G ro u p s o f  3 m o n th  o ld  ra in b o w  tro u t  m ak in g  a to ta l o f 185 f ish  
w ere  exposed  to one o f  th e  fo llo w in g  co n d itio n s :-  s te r ile  m ud  + w a te r  w ith  
M .  c e r e b r a l i s  spores (45 f ish ); s te r ile  w a te r  w ith  spores o n ly  (45 fish ); s te r ile  
m u d , T u b i f e x  w orm s a n d  spores (45 fish ); a n d  n o n -s tc rilc  m ud  d e r iv e d  fro m  
th e  C a m b ria n  f is h  fa rm , seeded  w ith  spores a n d  T u b i f e x  w orm s (50 fish ). T h e  
f is h  w ere  h e ld  a t  w a te r  te m p e ra tu re s  o f  b e tw een  10 a n d  1 2 °C , ex cep t in  th e  
la t te r  system  in  w h ich  te m p e ra tu re  w as n o t re g u la te d . A to ta l  o f  135 f ish  w ere 
m a in ta in e d  a t b e tw een  10 an d  1 2 °C  in  e ith e r  s te r ile  w a te r  (105 f ish )  or s te r ile  
w a te r  a n d  s te r ile  m ud  (30 fish ). A f te r  50 d ays, 84% o f th e  te s t f is h  a n d  76% of 
th e  co n tro l f ish  h a d  d ied . M o rta lity  w as g re a te s t in  the  f i r s t  14 d ay s an d  was 
a t t r i b u t e d  to  a c o m b in a t io n  o f  m e c h a n ic a l  f a i l u r e s ,  a s  2  o f  th e  3 

th e rm o c irc u la to rs  c o n tin u a lly  m a lfu n c tio n e d  lead in g  to w id e  te m p e ra tu re  
f lu c tu a t io n s , a n d  also  to d isease  p rob lem s, p a r t ic u la r ly  C o s t i a .  As a re su lt o f 
th e  m o r ta li ty  a n d  d isease  th e  e x p e r im e n t w as ab an d o n ed .

E x p e rim e n t 2: G ro u p s o f  sac f r y  m ak in g  a to ta l o f  320 f is h  w ere  exposed  to 
th e  sam e tra n sm iss io n  system s as d esc rib e d  in  e x p e rim e n t 1 (90 f is h  in  each  o f 
th e  f i r s t  th re e  in fe c t io n  system s d esc rib e d  a n d  a f u r th e r  50 in  th e  fo u r th  
system  u sin g  C a m b ria n  m ud). A to ta l o f  270 f ish  w ere m a in ta in e d  as co n tro ls , 
60 in  s te r ile  w a te r  a n d  s te r ile  m ud  a n d  210 in  s te r ile  w a te r  on ly . 92% o f the  
e x p e r im e n ta l f ish  a n d  89% o f co n tro l f is h  d ie d  w ith in  65 days. N one o f  th e  
f is h  w h ich  d ied  d u r in g  the  e x p e r im e n t n o r an y  o f the su rv iv o rs  w ere  p o s itiv e
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f o r  M .  c e r e b r a l i s  w h en  ex a m in e d  h is to lo g ic a lly  on d ay  65 w hen  th e  e x p e rim e n t 
w as ab a n d o n e d . M o rta lity  w as a g a in  a t t r ib u te d  to C o s t i a  a n d  to  th e  g en era l 
su s c e p tib il i ty  o f  v e ry  y o u n g  f ish  to th e  less th a n  id ea l c o n d itio n s  w ith in  the  
tan k s .

E x p e rim e n t 3: G ro u p s o f  2-3 m on th  o ld  f ish  m ak in g  a to ta l o f  165 f is h  w ere 
ex p o sed  to th e  sam e tra n sm is io n  system s as d e sc rib ed  in  e x p e rim e n ts  1 an d  2 , 
(30 f is h  p e r system  b u t th e  f o u r th  system , using  C a m b ria n  m ud , w as 
a b a n d o n e d )  w ith  th e  a d d it io n  o f  2  new  tra n sm iss io n  sy tem s as d esc rib e d  
below :-
(i) s iev ed  m ud  d e r iv e d  f ro m  th e  B r it ta n y  o u tb re a k  to w h ich  M .  c e r e b r a l i s  

sp o res  h a d  been  a d d e d  (15 f is h  in  each  o f  2 tan k s); (ii) 45 f is h  in  3 ta n k s  
u n c h a n g e d  f r o m  th e  e x p e r im e n t  a t t e m p t i n g  to  i n f e c t  T u b i f e x  w i th  
M .  c e r e b r a l i s  spores (page  2*1 ). T hese  ta n k s  c o n ta in e d  m u d , w orm s an d  
M .  c e r e b r a l i s  spores. A to ta l o f 135 f is h  w ere  used as co n tro ls  as in  e x p e rim e n t 
1. M o rta lity  w as m uch  low er; 9% o f te s t f is h  a n d  16% o f c o n tro l f ish  d ied  
o v e r 90 d ays, sp re a d  e v en ly  th ro u g h o u t th e  v a rio u s  tanks. T a b le  8 show s th e  
re s u lt  o f  ex p o su re  to th e  v a rio u s  in fe c t io n  system s. T ra n sm iss io n  o f 
M .  c e r e b r a l i s  to  th e  t ro u t  o c c u rre d  o n ly  in  those ta n k s  w h ich  c o n ta in e d  th e  
w o rm s  d e r iv e d  f r o m  th e  o r ig i n a l  T u b i f e x  i n f e c t i o n  e x p e r im e n ts .  N o 
tra n sm iss io n  o c c u rre d  usin g  th e  o th e r  c o m b in a tio n s  o f co n d itio n s .

T a b le  9 show s th e  o c c u rre n c e  o f  T .  d u b i u m  in  th e  T u b i f e x  w orm s w ith in  th e  
sy stem  in  w h ich  tra n sm iss io n  o f  M .  c e r e b r a l i s  o ccu rred . T .  d u b i u m  w as n o t 
p re se n t e i th e r  w ith in  th e  w orm s or w ith in  th e  w a te r  co lum n.

f
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T ab ic  8 : R esu lts  o f  e x p e rim e n ta l ex p o su re  o f  ra in b o w  tro u t  to M .  c e r e b r a l i s

spo res w ith in  th e  v a r io u s  in fe c tio n  system s.

S ystem  D e tec tio n  o f  n u m b er o f  f ish
M .  c e r e b r a l i s  in fe c tc d /e x a m in c d  
in fe c tio n

E x p e rim e n t 3 A ll c o n tro ls N eg a tiv e 0 /114

H e a t s te r il ise d  m ud, 
s te r ile  w a te r  an d  
M .  c e r e b r a l i s  spores

N eg a tiv e 0 /23

S te rile  w a te r  an d  
M .  c e r e b r a l i s  spores

N e g a tiv e 0 /2 9

H ea t s te r ilise d  m ud , 
s te r ile  w a te r , T u b i f e x  

w orm s a n d  M .  c e r e b r a l i s  

spores

N eg a tiv e 0 /27

B r it ta n y  d e riv e d  m ud N eg a tiv e 0 /25

O rig in a l T u b i f e x  in fe c t io n  
e x p e r im e n ta l tan k s

P o sitiv e 25/41

E x p e rim e n t 4 A ll c o n tro ls N eg a tiv e 0/123

H e a t s te r ilise d  m ud, 
s te r ile  w a te r  an d  
M .  c e r e b r a l i s  spores

N eg a tiv e 0/27

S te rile  w a te r  an d  
M .  c e r e b r a l i s  spores

N eg a tiv e 0 /27

H e a t s te r ilise d  m ud , N eg a tiv e 0 /3 0
s te r ile  w a te r, T u b i f e x  

w orm s an d  M .  c e r e b r a l i s  

spores

B r it ta n y  d e r iv e d  m ud N eg a tiv e 0/28
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T a b ic  8 :

E x p e rim e n t

R e su lts  o f e x p e r im e n ta l ex p o su re  o f ra in b o w  tro u t  to M .  c e r e b r a l i s  

spo res w ith in  th e  v a rio u s  in fe c tio n  system s (c o n tin u ed ).

System D e tec tio n  o f  n u m b e r o f  f ish
M .  c e r e b r a l i s  in fc c tc d /c x a m in c d
in fe c tio n

O rig in a l T u b i f e x  in fe c t io n  
e x p e r im e n ta l tan k s

P o sitiv e 2 3 /4 2

T u b i f e x  c u ltu re  in fe c te d N eg a tiv e 0 /28
w ith  T .  d u b i u m •

A ll co n tro ls N eg a tiv e 0 / 1 2 1

H e a t s te r ilise d  m ud, 
s te r ile  w a te r  an d  
M .  c e r e b r a l i s  spores

N eg a tiv e 0/28

S te rile  w a te r  an d  
M .  c e r e b r a l i s  spores

N eg a tiv e 0 /27

H e a t s te r ilise d  m ud , 
s te r ile  w a te r , T u b i f e x  

w orm s a n d  M .  c e r e b r a l i s  

spores

P o sitiv e 12/28

B rit ta n y  d e r iv e d  m ud N eg a tiv e 0 /2 9

O rig in a l T u b i f e x  in fe c t io n  
e x p e r im e n ta l tan k s

P o sitiv e 19/40

T u b i f e x  c u ltu re  in fe c te d  
w ith  T .  d u b i u m

N eg a tiv e 0 /2 6
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T a b le  9:

R u n  3

R u n  4

R u n  5

O c c u rre n ce  o f  T .  d u b i u m  in  T .  t u b i f e x  in  those e x p e r im e n ta l system s in 
w h ic h  tran sm iss io n  o f  M .  c e r e b r a l i s  w as ach iev ed .

System S am ple size  o f % in fe c tio n P resen ce  o f
T u b i f e x  w orm s o f w orm s T .  d u b i u m  in  

w a te r  co lum n

O rig in a l T u b i f e x  

in fe c t io n  system
21,35,2 0 ,0 ,0 N eg a tiv e

O rig in a l T u b i f e x  

in fe c t io n  system
17,15,12 0 ,0 ,0 N eg a tiv e

O rig in a l T u b i f e x  

in fe c t io n  system
0,4,0 0 ,0 ,0 N eg a tiv e

O rig in a l h e a t 
s te r i l is e d  m ud , 
s te r i le  w a te r , 
T u b i f e x  w orm s 
a n d  M .  c e r e b r a l i s

95,121 2 . 1 ,0.8 N o t tes ted

spores
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E x p e rim e n t 4: G ro u p s o f  2-3 m o n th  o ld  f ish  m ak in g  a to ta l  o f  195 f is h  w ere  
exposed  to th e  sam e tra n sm iss io n  system s as d esc rib ed  in  e x p e rim e n t 3, (30 f is h  
p e r  system , ex cep t in  th e  system  in v o lv in g  tan k s  used  in  th e  e x p e rim e n t 
a tte m p tin g  to in fe c t  T u b i f e x  w ith  M .  c e r e b r a l i s  spores to w h ich  45 f is h  w ere  
exposed ) w ith  th e  a d d it io n  o f  1 o th e r  system ; 2 ta n k s  c o n ta in in g  15 f ish  
each  in  w h ic h  th e re  w as s te r ile  m ud  an d  T u b ife x  w orm s w ith  an  in i t ia l  
p re v a le n c e  o f  2% o f  T .  d u b i u m .  A to ta l o f  135 fish  w ere  used  as co n tro ls  as in  
e x p e r im e n t 1 .

M o rta lity  in  a ll th e  ta n k s  w as below  10% th ro u g h o u t th e  d u ra t io n  o f  th is  
e x p e rim e n t. T ab le  8 show s th e  re su lts  o f  ex p o su re  to th e  v a rio u s  in fe c tio n  
system s. As in  ru n  3, a ll f ish  re m a in e d  n e g a tiv e  fo r  M .  c e r e b r a l i s  ex cep t those 
exposed  to th e  o r ig in a l  T u b i f e x  in fe c tio n  system s. W hen th is  system  w as 
ex a m in e d  fo r  th e  p resen ce  o f  T .  d u b i u m  in  th e  w orm s a n d  th e  w a te r  co lum n , 
n one w ere  fo u n d . C o n v erse ly , no tra n sm iss io n  o f M .  c e r e b r a l i s  to tro u t 
o c c u rre d  w h en  th e  f ish  w ere  exposed  to T u b i f e x  w orm s w h ich  w ere  kno w n  to 
h a v e  in fe c tio n s  o f  T .  d u b i u m .  T h e  w a te r  co lum n in those  ta n k s  c o n ta in e d  
T .  d u b i u m  w h en  sam p led  on 12 o u t o f  25 occasions.

E x p e rim e n t 5: T h e  sam e c o m b in a tio n s  o f  co n tro l an d  e x p e r im e n ta l system s, 
u sin g  th e  sam e n u m b ers  o f  f ish , as d esc rib e d  in  e x p e r im e n t 4, w ere  used in  

e x p e r im e n t 5. M o rta lity  th ro u g h o u t th e  ta n k s  w as a g a in  less th a n  10%. 
R e su lts  fo r  tra n sm iss io n  o f  M .  c e r e b r a l i s  a re  show n  in T a b le  8 . T ran sm iss io n  
w as on ly  e f fe c te d  in  th e  o r ig in a l T u b i f e x  in fe c tio n  e x p e r im e n ta l ta n k s  a n d  in  
th e  ta n k s  c o n ta in in g  s te r ile  m ud, T u b i f e x  w orm s an d  M .  c e r e b r a l i s  spores. T he 
la t te r  w ere  also  p o s itiv e  fo r  T .  d u b i u m ,  w h ile  in  the  fo rm e r  th e re  was no 
e v id e n c e  o f  T .  d u b i u m  in  th e  w orm s or in  th e  w a te r  co lum n , (T a b le  9).
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3.1.5. H is to lo g ic a l ex a m in a tio n  o f T .  t u b i f e x  w orm s exposed to M .  c e r e b r a l i s  

spores.

F igs. 13 a n d  14 show  M .  c e r e b r a l i s  spo res w ith in  th e  gu t lu m en  in  sec tio n s  o f 
T .  t u b i f e x .  O u t o f  a to ta l o f  40 w orm s ex am in ed , 28 c o n ta in e d  a t  le a s t one 
M .  c e r e b r a l i s  spore . T h e  m ax im u m  n u m b e r  o f  spores seen in  an y  one w orm  w as 
8 a f te r  5 d ay s  o f  ex posu re . A lth o u g h  T .  t u b i f e x  is c le a rly  cap a b le  o f  in g es tin g  
M .  c e r e b r a l i s  spores, th e re  w as no e v id en ce , d e sp ite  e x te n s iv e  h is to lo g ica l 
e x a m in a tio n  o f  w orm s o v er a p e rio d  o f  w eeks, to suggest th a t  th e  spores 
u n d e rw e n t a n y  d e v e lo p m e n ta l process. P o la r  f ila m e n ts  w ere  n o t e v e r te d , nor 
w ere  th e re  signs o f  h a tc h in g . Spores d id  n o t a c c u m u la te  w ith in  th e  g u t lum en  
w ith  tim e  a n d , th u s, th e  w orm s do n o t a p p a re n tly  a c t to c o n c e n tra te  th e  spores 
fo r  th e  tra n sm iss io n  to f ish .

3.1.6. H is to lo g ic a l e x a m in a tio n  o f in fe c te d  c a r tila g e .

C a r tila g e  f ro m  in fe c te d  f is h  w as e x a m in e d  in  0.5-2.0 ijm  sec tio n s a f te r  
f ix a t io n  in  g lu ta ra ld c h y d c  a n d  e m b e d d in g  in  h is to rc s in , in  o rd e r  to s tu d y  th e  
n a tu re  o f  th e  d am ag e  cau sed  by th e  p a ra s ite  a n d  to id e n t i fy  possib le  
d e v e lo p m e n ta l stages. In  to lu id in e  b lu e -s ta in e d  sec tio n s o f  6 m o n th  old  f ish  
d e r iv e d  fro m  th e  G erm an  o u tb re a k s  o f  w h ir lin g  d isease , la rg e  a reas  o f 
d am ag ed  c a r t i la g e  w ere  a p p a re n t (F ig . 15). Spores w ere  easily  id e n t i f ie d  a t  th e  

m a rg in s  o f  these  a reas , even  a t low  pow er. In  c o n tra s t, sec tio n s ta k e n  fro m  
f is h  in fe c te d  in  ex p e rim e n ts  3-5 show ed  m ore lim ite d  a re a s  o f  d am ag ed  
c a r t i la g e , a n d  spores w ere  ra re ly  seen. U sing  th e  G ic m sa /C o lo p h o n iu m  
te c h n iq u e , an  a p p a re n tly  f ib ro u s  n e tw o rk , s ta in in g  lig h t p in k  to p u rp le , was 
o b se rv ed  in  th e  d am ag ed  c a r tila g e , (F ig . 16). Well s ta in e d  spores w ere  fo u n d  
o n ly  a t  th e  m a rg in  o f  th e  d am ag ed  c a r t i la g e , (F ig. 17). P re su m p tiv e  p re  spore  
stag es o f  tw o ty p es w ere  fo u n d : a ra re , a p p a re n tly  m u ltin u c lc a te  stag e  (F ig . 19)
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Fig. 15 T o lu id in c  B lue s ta in e d  sec tio n  o f  c a r tila g e  a tta c k e d  by
M . c e r e b r a l i s .  N o te  spores (s) on m arg in s  o f d am ag ed  a reas , 
th e  o u te r  edges o f  w h ich  a re  a rro w e d .

F ig . 16 G ic m sa /C o lo p h o n iu m -s ta in c d  th in  sec tio n  o f c a r t i la g e  a tta c k e d
by M .  c e r e b r a l i s .

Fig. 17 M .  c e r e b r a l i s  spores in  th in  sec tio n  o f  in fe c te d  c a rtila g e . 
G ic m sa /C o lo p h o n iu m  tech n iq u e .
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Figs. 18, 19, 
20 & 21

P re su m p tiv e  p re  sp o re  s tages o f  M .  c e r e b r a l i s  in  th in  sec tions o f 
d am ag ed  c a r tila g e  s ta in e d  by G icm sa /C o lo p h o n iu m .

Figs. 18, 
20 & 21

S m all p re  spo re  stages c o n ta in in g  1-3 d a rk ly  s ta in in g  bodies.

F ig . 19 R a re  a p p a re n tly  m u ltin u c lc a te  stage.
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Figs. 22, S ta in in g  o f  spore  a n d  p re  spo re  stages o f M .  c e r e b r a l i s  w ith  
23 & 24 S c h if f ’s reag en t.

F igs. 22 & 23 B in u c lc a te  p re  spore  stages (a rro w ed ) w ith in  d am ag ed  c a r tila g e

F ig . 24 N u c leu s  o f  spore  s tag e  on m arg in  o f  d am ag ed  c a r tila g e
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a n d  a com m oner sm all stage  c o n ta in in g  1-3 d a rk ly  s ta in in g  bodies, (Figs. 18, 20 
a n d  21). In  th e  e x p e r im e n ta lly  in fe c te d  f ish  exposed  to c u ltu re s  o f T .  t u b i f e x  

w orm s, M .  c e r e b r a l i s  spores a n d  m ud (E x p e rim e n ts  3, 4 a n d  5), p re  spore  stages 
p re d o m in a te d , w h ile  in  th e  sec tio n s ta k e n  fro m  f ish  fro m  th e  G erm an  
o u tb re a k  p re  sp o re  stages w ere  c o m p a ra tiv e ly  ra re . S ta in in g  w ith  S c h if f ’s 
re a g e n t show ed  f a in t  p in k  a re a s  o f  D N A  w ith in  spores an d  in  th e  p re su m p tiv e  
p re  sp o re  stages, d e m o n s tra tin g  th a t  th e  a reas  w h ich  s ta in e d  d a rk ly  w ith  
G iem sa w ere  n u c le i. Some o f th e  p re  sp o re  stages w ere  b in u c le a tc , (F igs. 22, 23 
a n d  24).

3.1.7. E xam ination o f in fected  cartilage via electron m icroscopy

I t  p ro v ed  v e ry  d i f f ic u l t  to c u t th e  H is to rc s in  em b ed d ed  m a te r ia l  to sec tions 
a p p ro a c h in g  th e  o p tim u m  o f 90 nm  fo r  e lec tro n  m icroscopy , a n d  u n fo r tu n a te ly  

th is  m a te r ia l  in c lu d e d  th e  m ost h e a v ily  in fe c te d  c a rtila g e . As a re su lt sec tio n s 
w ere  c u t a t b e tw een  150 a n d  200 nm  w h ich  g re a tly  re d u c e d  c o n tra s t an d  
n e c e ss ita te d  th e  use o f  h ig h e r beam  v o ltag es  (80-100 K V ), w h ich  in  tu rn  o f te n  
cau sed  d is to r t io n  o f  bo th  th e  m a te r ia l an d  th e  H is to rc s in . As a re su lt it was 
n o t possib le  to o b serv e  d e f in i t iv e  p re  spore  stages, even a f te r  th e ir  in itia l  
lo c a lisa tio n  using  1 i^m sec tio n s a t th e  lig h t m icroscopy  level. H o w ev er, spores 
w ere  id e n t i f ie d  (F ig . 25) th o u g h  l i t t le  d e ta i l ,  a p a r t  f ro m  th e  p ro m in e n t su tra l 
r id g e , c o u ld  be d isce rn ed . In  a d d it io n , v e ry  sm all (1 ijm ) s tru c tu re s  w ere  

id e n t i f ie d  (F ig . 27), w h ich  a p p e a re d  to possess an  o u te r  u n i t  m em b ran e ; th e ir  
possib le  re la tio n s h ip  to M .  c e r e b r a l i s  is r e fe r re d  to in  sec tio n  4.4.

T h e  m a te r ia l  em b ed d ed  in  S p u rr  re s in  p ro v ed  m uch  eas ie r to sec tio n  d ow n  to 
90 nm . H o w ever, s in ce  th is  cam e fro m  th e  f ish  w h ich  had  been e x p e rim e n ta lly  
in fe c te d , th e re  w ere  fe w e r p a ra s it ic  s tages an d  n one w ere  lo ca ted  u n d e r  the  
e le c tro n  m icroscope. I t w as possib le  to s tu d y  th e  n a tu re  o f  th e  f ib ro u s  m a trix
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Figs 25, E x a m in a tio n  o f  in fe c te d  c a r t i la g e  v ia  e lec tro n  m icroscopy
26 & 27

Fig . 25 M .  c e r e b r a l i s  spo re  (su tra l r id g e  a rro w ed )

F ig . 26 B an d ed  f ib r i ls  co m p ris in g  th e  m a tr ix  o f d am ag ed  c a rtila g e .

F ig . 27 U n id e n tif ie d  sm all ( 1  i\m ) s tru c tu re  w ith in  d am ag ed  c a rtila g e .
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o f d am ag ed  c a r tila g e  u sin g  th is  m a te r ia l; i t  a p p e a re d  to be co m p rised  o f  a 
n e tw o rk  o f  ir re g u la r ly  a r ra n g e d , b a n d e d  f ib r i ls ,  a p p ro x im a te ly  50 nm  in  
d ia m e te r , (F ig . 26).

3.2.1. P e rc o ll s e p a ra tio n  o f M .  c e r e b r a l i s  spo res

P re p a ra tio n s  o f  M .  c e r e b r a l i s  spores c o n ta m in a te d  w ith  on ly  sm all a m o u n ts  o f 
c a r t i la g e  w ere  o b ta in e d  by p h ase  se p a ra tio n  o f  t r i tu r a te d  in fe c te d  c a r t i la g e  on 
a d isc o n tin o u s  P erco ll g ra d ie n t. T h e  re su lts  o f  th e  s e p a ra tio n  a rc  i l lu s tr a te d  in  
F ig . 28. C lean  spores w ere  fo u n d  a t th e  x /25%  in te r fa c e . Spores w ere  also 
p re se n t a t  th e  25% /50%  a n d  a t th e  50% /75%  in te r fa c e s ,  b u t w ith  a h ig h e r 'le v e l 
o f  c o n ta m in a tio n . T h e  la t te r  w ere  e f fe c t iv e ly  p u r i f ie d  a f te r  rep ro cessin g  
th ro u g h  th e  system . B a c te r ia  w ere  la rg e ly  c o n f in e d  to th e  b a n d  c o n ta in in g  th e  

o r ig in a l  e x tra c t  a t  th e  to p  o f  th e  co lum n. T a b le  2 show s n u m b ers  o f  spores 
iso la te d  fro m  g iv en  b an d s  on th e  g ra d ie n t fo r  in d iv id u a l  fish .

3.2.2.1. IF A T  u s in g  m o u se  a n d  r a b b i t  a n t i - M . c e r e b r a l i s  a n t i s e r a  on 
M .  c e r e b r a l i s ,  T .  d u b i u m  an d  o th e r  a c tin o sp o re a n  spores.

W hen 8 x 106 so n ic a te d  M .  c e r e b r a l i s  spores in  F re u n d s  co m p le te  a d ju v a n t  w ere 
in o c u la te d  in t ra p e r i to n e a l ly  in to  each  o f  5 B alb  C m ice in  tw o se p a ra te  doses 
o f 4 x 106 spores a t an  in te rv a l  o f 20 d ays, a n tib o d ie s  w ere  p ro d u c e d  w h ich  
w ere  re a c tiv e  in  an  IF A T  a g a in s t f re sh ly  iso la te d  M .  c e r e b r a l i s  spores. U sing  
f lu o re s c e in  c o n ju g a te d  IgG  sw in e  a n ti-m o u se  a n tis e ru m  a t 1:40 th e  t i t r e  o f  the  
p o o led  m ouse a n tis e ru m  w as 1:120 (T ab le  10). T h e  poo led  m ouse a n tise ru m  
also  re a c te d  w hen  T .  d u b i u m  spo res w ere  used  as a n tig e n  b u t th e  t i t r e  fo r  th is  
sy stem  w as 1:60. F ig . 29 show s a f lu o re sc in g  spo re  o f  M .  c e r e b r a l i s  a n d  F ig. 30 
i l lu s tr a te s  th e  cross re a c t iv i ty  o f  th e  m ouse a n tis e ru m  w ith  a spore  o f
T .  d u b i u m .



Interfaces (percentage 
Percoll)

Crude- cartilage extract (x) X/25

25/50

50/75

75/100

F i g . 28 : P e r c o ll  s e p a r a tio n  te ch n iq u e  fo r  th e
p u r i f ic a t io n  o f  M .c e r e b r a lis  sp ores;

60 -  80% of recoverable spores
,10 -  20% of recoverable spores
0 -  10% of recoverablespores

Dense cartilage debris

00ON

A, b e fo r e  c e n t r i f u g a t io n ,B , a f t e r .
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T a b le  10: R esu lts  o f  th e  IF A T  on M .  c e r e b r a l i s  an d  T .  d u b i u m  spores using  m ouse
a n d  r a b b i t  anti-Af. c e r e b r a l i s  a n tise ru m .

1. M ouse an ti-M . c e r e b r a l i s  a n tise ru m  (c o n ju g a te  1:40 th ro u g h o u t)  

a) re a c te d  w ith  M .  c e r e b r a l i s  spores

A n tise ru m  t i t r e 1 : 1 0 1 : 2 0 1:40 1:60 1:80 1 : 1 0 0 1:120 1:140

F lu o rescen ce +++ +++ +++ ++ ++ ++ +

b) re a c te d  w ith  
T .  d u b i u m  spores +++ +++ ++ + - - -

2. N o rm a l m ouse se ru m

a) re a c te d  w ith  
M .  c e r e b r a l i s  spores + - - - - - -

b) re a c te d  w ith  
T .  d u b i u m  spo res - - - - - - -

3. R a b b it  an ti-M . c e r e b r a l i s  a n tise ru m

a) re a c te d  w ith  
M .  c e r e b r a l i s  spo res +++ +++ ++ ++ + + -

4. N o rm a l r a b b i t  sc ru m

a) re a c te d  w ith  
M .  c e r e b r a l i s  spo res + +

F lu o rescen ce  Kcv:

+++ : s tro n g  p o s itiv e
++ : m o d e ra te  p o s itiv e
+ : w eak  p o sitiv e
- : n e g a tiv e
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Fig. 29

F ig . 30

M .  c e r e b r a l i s  spores f lu o re sc in g  in  an  IF A T  usin g  m ouse a n ti-  
M .  c e r e b r a l i s  a n tise ru m .

C ross re a c tio n  o f  T .  d u b i u m  w hen  in c u b a te d  w ith  a n ti-  
M .  c e r e b r a l i s  a n tis e ru m  in  a s im ila r  IF A T .



I
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T h e  p o la r  cap su le  reg io n  o f  M .  c e r e b r a l i s  w as less re a c tiv e  th a n  th e  re m a in d e r  
o f  th e  spo re  w a ll, w h ich  a p p e a re d  as a p ro n o u n c e d  f lu o re sc e n t halo . W ith 
f u r t h e r  d i l u t i o n  ( to  a b o v e  1 : 1 2 0 ), th e  f lu o r e s c e n c e  p a t t e r n  b e c a m e  
in d is t in g u is h a b le  fro m  th e  b ac k g ro u n d ; f i r s t ly  th e  f lu o re sc e n c e  a ro u n d  th e  
p o la r  cap su les d isa p p e a re d , fo llo w ed  by th e  flu o re sc e n c e  f ro m  th e  spo re  w all 
i ts e lf .

O n ly  th e  h e a d  re g io n  o f  T .  d u b i u m  spores w ere  p o s itiv e  in  th e  IF A T ; th e
(>

r e m a in d e r  o f  th e  ep isp o re , in c lu d in g  th e  t r i r a d ia te  arm s, show ed  l i t te  o r no 
f lu o re sc e n c e . As w ith  M .  c e r e b r a l i s , th e  p o la r  cap su les o f  T .  d u b i u m  w ere  less 
r e a c tiv e  in  th e  IF A T  th a n  th e  re m a in d e r  o f  th e  h ead  reg ion .

B o th  M .  c e r e b r a l i s  a n d  T .  d u b i u m  spores in c u b a te d  w ith  n o rm a l m ouse sc ru m  
sh o w ed  a lm o st u n d e te c ta b le  f lu o re sc e n c e , as d id  spores in c u b a te d  w ith  PBS in  
p lace  o f  e i th e r  th e  a n tis e ru m  or th e  co n ju g a te .

T w o o th e r  species o f  A c tin o sp o rc a n  w ere  cross re a c ted  w ith  m ouse a n ti-  
M .  c e r e b r a l i s  a n tis e ra  co m b in ed  w ith  th e  f lu o re sc e in  lab e lled  co n ju g a te . T hese  
w ere  S .  t u b i f i c i s  a n d  E .  r a d i a t u m .  B oth  species f lu o re sc e d  s ig n if ic a n t ly  a ro u n d  
th e  h e a d  reg io n  o f  th e  spo re  dow n to a m ouse a n tis e ru m  t i t r e  o f  1:60, as in  the  
case  o f  T .  d u b i u m .

3.2.2.2. R a b b it anti-A /. c e r e b r a l i s  a n tise ru m .

W hen 2.5 x 107 so n ic a te d  M .  c e r e b r a l i s  spores in  F re u n d s  co m p le te  a d ju v a n t 
w ere  in o c u la te d  su b c u ta n e o u s ly  in to  a N ew  Z e a la n d  W hite ra b b it  in  tw o 
s e p a ra te  doses a t an  in te rv a l o f 2 1  d ay s, a n tib o d ie s  w ere  p ro d u c e d  w h ich  w ere 
re a c tiv e  in  an  IF A T  a g a in s t f re sh ly  iso la ted  M .  c e r e b r a l i s  spores. U sing  
f lu o re sc e in  c o n ju g a te d  IgG  goat a n t i - r a b b i t  a n tis e ru m  a t 1:40 th e  t i t r e  o f the
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r a b b i t  a n tis e ru m  w as 1:100 (see T a b le  10). T h e  flu o re sc e n c e  p a tte rn  w as the  
sam e as th a t  d e sc rib e d  u sin g  m ouse anti-A /. c e r e b r a l i s  a n tise ru m . T h e  n o rm al 
m ouse sc ru m  a n d  th e  n o rm a l ra b b it  se ru m  used  as n e g a tiv e  co n tro ls  gave a 
w eak  f lu o re sc e n c e  re a c tio n  a t  d ilu tio n s  o f  1 : 1 0  a n d  1 : 2 0  re sp e c tiv e ly  w h en  
re a c te d  w ith  M .  c e r e b r a l i s  spores. N e ith e r  n o rm a l se ru m  g ave an y  re a c tio n  
w ith  T .  d u b i u m .

3.2.3. E L IS A  fo r  th e  d e te c tio n  o f an tib o d ie s  p roduced  in ra in b o w  tro u t 
e x p e r im e n ta lly  in fe c te d  w ith  A .  s a l m o n i c i d a .

W hen a to ta l o f  45 10-m onth  o ld  ra in b o w  tro u t, sp lit  in to  3 g ro u p s o f  15, w ere  
in o c u la te d  w ith  v ia b le  A .  s a l m o n i c i d a  a t  doses o f  102, 103, o r 104 b a c te r ia  p er 
i n d iv i d u a l , i t  w as possib le  to d e te c t a s ig n if ic a n t  ch an g e  in  a n tib o d y  t i t r e  
a g a in s t A .  s a l m o n i c i d a  o ver a p e rio d  o f  28 days (F ig . 31). T o p ro d u ce  the
a p p ro x im a te  co n v e rs io n  b e tw een  o p tic a l d e n s ity  a n d  sc ru m  ti t re ,  sera  fro m  5

at"o f th e  sam ple  f is h  g iv in g  w id e ly  d i f f e r e n t  o p tic a l d e n s ity  v a lu es  w ere  t i tre d  
o u t to  e s ta b lish  an  e q u iv a le n t se ru m  t i t r e ,  w h ich  a rc  sh o w n  in  F ig . 32. (T he 
re la tio n s h ip  b e tw een  o p tic a l d e n s ity  a n d  a n tib o d y  t i t r e  is l in e a r  be tw een  
v a lu es  o f  0.1 a n d  2.0). T h e  re m a in in g  sc ru m  t i t r e  v a lu es  w ere  th en  
e x tra p o la te d  f ro m  th is  F ig . ( fo r  fu l l  co n v ersio n  sec a p p e n d ix  7). D u rin g  th e  
e x p e r im e n t, 4 o f  th e  f is h  in o c u la te d  w ith  102 b a c te r ia  d ie d , a lo n g  w ith  7 o f  th e  
f is h  in o c u la te d  w ith  1 0 s b a c te r ia , 8 o f  th e  f ish  in o c u la te d  w ith  1 0 4 b a c te r ia  
a n d  2 o f  th e  co n tro l f ish . S era w as n o t tak en  fro m  th ese  f ish  since  m ost o f 
th em  d ie d  d u r in g  th e  n ig h t. T h e  d i lu t io n  o f  th e  ra b b it  a n t i - t ro u t  a n tise ru m  in  
th is  E L ISA  w as 1:500 a n d  th e  c o n ju g a te  d ilu tio n  w as 1:2000; in  th e  su b se q u e n t 
E L IS A  (sec tio n  3.2.4.) th e  t ro u t  se ru m  d ilu tio n s  w ere  1:250 a n d  1:500.
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3.2.4. D e tec tio n  o f c irc u la tin g  an tib o d ie s  p ro d u ced  in ra in b o w  tro u t a g a in s t 
AZ. c e r e b r a l i s  using an  E L ISA .

F ig u re s  33 a n d  34 i l lu s t r a te  th e  re su lts  o f  th is  ELISA . B a c k g ro u n d  level 
re a d in g s , i . e .  those ta k e n  fro m  w ells c o n ta in in g  no tro u t se ru m  or no ra b b it  
a n d  t ro u t  se ra  h av e  b een  s u b tra c te d  fro m  th e  o p tic a l d e n s ity  v a lu es  show n (all 
re su lts  a re  in c lu d e d  in  a p p e n d ix  8 ). U sing  18-24 m o n th  old  t ro u t  d e r iv e d  fro m  
th e  B r i t ta n y  o u tb re a k , th e  m ean  a n tib o d y  levels a g in s t AZ. c e r e b r a l i s  spores in  
th e  E L IS A  (ex p ressed  as o p tic a l d e n s itie s) w ere  n o t s ig n if ic a n t ly  d i f f e r e n t  
f ro m  th o se  o f  u n in fe c te d  f is h  o f  th e  sam e age, (F ig . 33). U sing  5-6 m o n th  old  
f is h  e x p e r im e n ta lly  in fe c te d  w ith  AZ. c e r e b r a l i s  th e re  w as a s ig n if ic a n t  
d i f f e r e n c e  in  a n tib o d y  level co m p ared  w ith  u n ex p o sed  f ish , a t  t i tre s  o f  1 : 1 0 0  

a n d , in  a ll ex c e p t one f ish , also  a t 1:250, (F ig . 34). A n tig en  c o n c e n tra tio n  w as 
c r i t ic a l  in  th e  d e te c tio n  o f  an  im m u n e  resp o n se  a g a in s t AZ. c e r e b r a l i s .  

S ig n if ic a n t  levels  o f  anti-AZ. c e r e b r a l i s  a n tib o d ie s  w ere  n o t d e te c ta b le  w hen  th e
O Ae q u iv a le n t o f  5 x 10 - 1.0 x 10 spores p er w ell w ere  used as a n tig e n . A n tig en  

c o n c e n tra tio n s  o f  5 x 10^ spores p e r w ell w ere  necessa ry  to o b ta in  th e  resu lts  
sh o w n  in  F igs. 33 a n d  34.

3.2.5. IF A T  on AZ. c e r e b r a l i s  spores using im m une tro u t se ra .

W hen f re s h ly  iso la te d  AZ. c e r e b r a l i s  spores w ere  f i r s t ly  in c u b a te d  w ith  sc ru m  a t 
d ilu tio n s  o f  1:25, 1:50 a n d  1:75, f ro m  th e  sam e b a tc h  o f  5-6 m o n th  o ld  tro u t 
w h ic h  h a d  g iv en  a p o s itiv e  re a c tio n  in  th e  EL ISA  fo r  anti-AZ. c e r e b r a l i s  

a n tib o d y , th e n  ra b b it  a n t i - t ro u t  a n tis e ru m  a t a d ilu tio n  o f  1 : 1 0 0 , fo llo w ed  by 
g o a t a n t i  r a b b i t  (F IT C ) a t 1:100, th e re  w as a s tro n g  f lu o re sc e n c e , (F ig . 35). 
T h is  f lu o re sc e n c e  p a t te rn  w as s im ila r  to th a t  seen  in  sec tio n  3.2.2.I. In  
c o n tra s t,  w h en  th e  spores w ere  in c u b a te d  w ith  no rm al t ro u t  sera  even  a t 
d ilu tio n s  o f  1:25 a n d  1:50, th e re  w as li t t le  o r no flu o re sc e n c e , (F ig . 36). 
S im ila r ly , se ra  fro m  18-20 m o n th  old  tro u t fro m  th e  B r it ta n y  o u tb re a k  d id  no t



Fig. 33 : Antibody levels in trout

Trout serum dilution



Trout serum dilution
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F igs. 35 & 36

F ig . 35

F ig . 36

Figs. 43 & 44

Fig . 43

F ig . 44

In d ire c t  F lu o rescen ce  A n tib o d y  T e s t on M .  c e r e b r a l i s  spores 
u sin g  im m u n e  an d  no n  im m u n e  t ro u t  serum .

F re sh ly  iso la te d  M .  c e r e b r a l i s  spo re  in c u b a te d  w ith  im m u n e  
sc ru m  fro m  5 m o n th  o ld  tro u t in fe c te d  w ith  M .  c e r e b r a l i s .

M .  c e r e b r a l i s  spore  in c u b a te d  w ith  non  im m u n e  sc ru m  fro m  an  
u n in fe c te d  tro u t o f  th e  sam e age.

In d ire c t  F lu o rescen ce  A n tib o d y  T ests  on sec tio n s o f  c a r tila g e  
in fe c te d  w ith  M .  c e r e b r a l i s  in c u b a te d  w ith  m ouse a n ti-  
M .  c e r e b r a l i s  an tise ru m .

1 i^m sec tio n  fro m  an  a re a  o f  d am ag ed  c a r tila g e  in c u b a te d  w ith  
m ouse an ti-M . c e r e b r a l i s  a n tis e ru m  sh o w in g  g e n e ra lise d  
f lu o re scen ce .

1 nm  sec tio n  o f  d am ag ed  c a r tila g e  in c u b a te d  w ith  n o rm al m ouse 
scrum .
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p ro d u c e  a p o s itiv e  IF A T  even  a t  d ilu tio n s  o f  1:25. T h is  c o rro b o ra te d  the  
re su lts  o f  th e  ELISA  d e sc rib e d  in  sec tio n  3.2.4.

3.2.6. E L IS A  fo r  th e  d e te c tio n  o f M .  c e r e b r a l i s  a n tig e n  in ra in b o w  tro u t 
in fe c te d  w ith  M .  c e r e b r a l i s .

F ig u re  37 i l lu s tra te s  th e  a b i l i ty  o f  th e  E L ISA  to d e te c t M .  c e r e b r a l i s  a n tig e n  in  
th e  fo rm  o f  sp o re  so n ica te . W hen p la te s  w ere  co a ted  w ith  100 ul o f  pooled  
m ouse anti-/Vf. c e r e b r a l i s  a n tis e ru m  a t a d ilu tio n  o f  1:250, th en  in c u b a te d  w ith  
2 0 0  u l o f  a n tig e n  su sp en sio n  e q u iv a le n t to 1 0 , 1 0 2, 1 0 3 o r 1 0 4 so n ic a te d  spores 
o f  M .  c e r e b r a l i s ,  a n d  th e n  w ith  r a b b i t  an ti-M . c e r e b r a l i s  a n tis e ru m  a t a d ilu tio n  
o f  1:250, fo llo w e d  by  p e ro x id a se  c o n ju g a te d  goa t a n ti  ra b b it  a n t i s e r u m ,a t  a 
d i lu t io n  o f  1:200 a n d  O .P.D su b s tra te , s ig n if ic a n t  d if fe re n c e s  in  O.D. w ere  
o b se rv ed  w ith  sp o re  c o n c e n tra tio n s  o f  1 0 3 a n d  1 0 4 w h en  c o m p ared  w ith  
c o n tro ls  u sin g  so n ic a te d  T u b i f e x  o r BSA in  p lace  o f M .  c e r e b r a l i s  an tig e n . 
W hen so n ic a te d  M y x o b o l u s  sp. spores w ere  used  as a n tig e n  u n d e r  th e  sam e 
c o n d itio n s , s im ila r  re su lts  w ere  o b ta in e d  as fo r  M .  c e r e b r a l i s .

H o w ev er, w hen  th is  ELISA  w as used fo r  th e  d e te c tio n  o f  a n tig e n  in  tro u t 
se ru m  fro m  5-6 m o n th  o ld  f ish  fro m  th e  sam e b a tch , w h ich  h ad  been  p o sitiv e  
a t t i tre s  o f  1:250 in  th e  ELISA  fo r  a n tib o d y  d e te c tio n  (sec tio n  3.2.4.) th e re  
w ere  no d if fe re n c e s  in  o p tic a l d e n s ity  v a lu es  b e tw een  u n in ife c tc d  an d  
in fe c te d  f is h  even  w h en  th e  t ro u t  sc ru m  w as used  a t a d ilu tio n  o f  1 : 1 0  

(F ig . 38). S era  ta k e n  fro m  f is h  in fe c te d  in  th e  B r it ta n y  o u tb re a k  also show ed 
no d if f e r e n c e  in  O.D. v a lu es co m p ared  w ith  sera  fro m  u n in fe c te d  tro u t,  ( fu ll  
re su lts  in  a p p e n d ix  9).



Op
tic

al 
de

nsi
ty 

(49
2 n

m)
F ig .37: Detection of M,cerebralis spore sonicate by ELISA
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Fig.38: Detection of M.cerebralis antigen in infected trout
X  : 5-6 month old trout exper­imentally infected with M. cerebralisA *• 4-6 month old trout neg­ative for M. cerebralis
q  : 18-24 month old trout from Brittany outbreak
O : 16-20 month old trout neg­ative for M. cerebralis

(mean values for 10 fish  in each case;error bars not shown)
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3.2.7. Im m u n o flu o re sc e n t s ta in in g  o f c a r t i la g e  sec tio n s fro m  f is h  in fe c te d  
w ith  M .  c e r e b r a l i s  .

W hen m ouse anti-Af. c e r e b r a l i s  a n tis e ru m  w as f i r s t  ab so rb ed  w ith  m a c e ra ted  
c a r t i la g e  a n d  bone fro m  u n in fe c te d  f is h  a n d  th en  in c u b a te d  w ith  1 - 2  ijm  
sec tio n s o f  in fe c te d  c a r tila g e , a t  d i lu t io n  o f  1:25, 1:50 a n d  1:75, fo llo w e d  by 
in c u b a tio n  w ith  sw in e  an ti-m o u se  a n tise ru m , F IT C , a t d ilu tio n s  o f  c i th e r  1:40 
or 1:80, i t  w as possib le  to d e te c t a ran g e  o f  p a ra s it ic  s tages b o th  w ith in  th e  
m a tr ix  o f  th e  d am ag ed  c a r t i la g e  a n d  in  th e  a re a  a ro u n d  it. F igs. 39 a n d  41 
show  f lu o re s c e n t Af. c e r e b r a l i s  spores; f in e  d e ta il  su ch  as th e  p o la r  cap su les  an d  
s u tra l  r id g e  a re  e v id e n t. T h e  a re a  o f  d am ag ed  c a r tila g e  flu o re sc e d  s tro n g ly  
c o m p ared  w ith  th e  s u r ro u n d in g  n o rm a l c a r tila g e  (F igs. 42 a n d  43). P re su m p tiv e  
p re sp o re  stag es  co u ld  o ccasio n a lly  be d isc e rn e d  w ith in  th is  a re a , th o u g h  w ith  
l i t t le  d e ta i l ,  (F ig . 42).

T h e  f lu o re s c e n t p a t te rn  w as c le a re s t a t  a m ouse anti-Af. c e r e b r a l i s  a n tis e ru m  
t i t r e  o f  1:50, co m b in ed  w th  sw in e  an ti-m o u se  a n tis e ru m  F IT C  a t 1:40. 
B ack g o u n d  levels o f  flu o re sc e n c e , as assessed by th e  use o f  n o rm a l m ouse sera 
a n d  PBS in  p lace  o f  th e  f lu o re sc e n t c o n ju g a te , w ere  s ig n if ic a n t ly  low er, 
th o u g h  a re a s  o f  d am ag ed  c a r t i la g e  d id  show  som e re a c tio n . (F igs. 40 a n d  44).

3.2.8. Im m u n o p ero x id ase  lab e llin g  o f th in  sec tio n s o f d am ag ed  c a r t i la g e .

A f te r  in c u b a tio n  o f  c a r tila g e  sec tio n s w ith  m ouse anti-Af. c e r e b r a l i s  a n tise ru m  
(as p e r se c tio n  3.2.7.), fo llo w ed  by in c u b a tio n  w ith  p e ro x id a se  c o n ju g a te d  
sw in e  a n ti-m o u se  a n tis e ru m  a t d ilu tio n s  o f  1:500 an d  1:750, a n d  su b se q u e n t 
re a c tio n  w ith  O.P.D. su b s tra te , th e  p a tte rn  o f  im m u n o p ero x id ase  s ta in in g  was 
s im ila r  to th a t  seen w ith  im m u n o flu o re sc e n c e , th o u g h  b a c k g ro u n d  b in d in g  
a p p e a re d  to be h ig h e r. F igs. 45, 46 a n d  47 show  ty p ic a l resu lts ; th e  dam ag ed
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Figs. 39, 
41 & 42

F ig . 39

F ig . 40

Fig. 41

Fig. 42

40, In d ire c t  F lu o rescen ce  A n tib o d y  T ests on sec tio n s o f  c a r t i la g e  
in fe c te d  w ith  M .  c e r e b r a l i s  in c u b a te d  w ith  m ouse a n ti-  
M .  c e r e b r a l i s  a n tis e ra  a n d  n o rm a l m ouse scrum .

F lu o re sc e n t M .  c e r e b r a l i s  spores in  1 i\m  sec tio n s o f  in fe c te d  
c a r t i la g e  in c u b a te d  w ith  m ouse anti-Af. c e r e b r a l i s  a n tise ru m .

M .  c e r e b r a l i s  sp o re  in  1 \ \ m  sec tio n  in c u b a te d  w ith  n o rm a l m ouse 
serum .

M .  c e r e b r a l i s  spo re  in  1 i\m  sec tio n  in c u b a te d  w ith  m ouse a n ti-  
M .  c e r e b r a l i s  a n tis e ru m  sh o w in g  f lu o re sc e n c e  o f  p o la r  capsu les.

1 i\m  sec tio n  o f  in fe c te d  c a r tila g e  in c u b a te d  w ith  m ouse a n ti-  
M .  c e r e b r a l i s  a n tis e ru m  sh o w in g  g en e ra lise d  flu o re sc e n c e  a n d  a 
p re su m p tiv e  p re  sp o re  stage.
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area o f cartilage showed sign ificantly  more reaction product than controls at 
mouse anti-M. cerebralis antiserum titre o f 1:25 and 1:50.
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F igs. 45, 
46 & 47

F ig . 45

F ig . 46

Im m u n o p c ro x id a sc  s ta in in g  o f  d am ag ed  c a rtila g e .

D am ag ed  c a r tila g e  in c u b a te d  w ith  n o rm al m ouse sc ru m  as a 
co n tro l (o u te r  m a rg in  o f  a re a s  o f  d am ag ed  c a r t i la g e  a rro w ed ).

In c u b a tio n  o f  d am ag ed  c a r t i la g e  w ith  m ouse a n t i - M .  c e r e b r a l i s  

a n tise ru m . N o te  d a rk ly  s ta in e d  d am ag ed  a re a  (a rro w ed ).

F ig . 47 As fo r  F ig . 45 w ith  s ta in e d  M .  c e r e b r a l i s  spo re  (a rro w ed ).





108

4. D IS C U S S IO N

4.1.1. L o ca tio n  o f o u tb re a k s  o f M .  c e r e b r a l i s

T h e  in a b il i ty  to d e te c t M .  c e r e b r a l i s  spores in  sam ples fro m  B ritish  t ro u t  fa rm s , 
w h ic h  h a d  been  p re v io u s ly  d e s ig n a te d  as p o s itiv e  fo r  th is  p a th o g e n  by 
M in is try  o f  A g r ic u ltu re , F ood  a n d  F ish e rie s  in sp ec to rs  i e .  C a m b ria n , H am m er, 
A m p n ey  a n d  W an d sfo rd , co u ld  h av e  been d u e  c ith e r  to d e f ic ie n c ie s  in  th e  
sp o re  d e te c tio n  m eth o d s, o r to th e  d isa p p e a ra n c e  o f  th e  d isease . Spores w ere  
d e te c te d  by  o to l i th /c r a n ia l  c a r t i la g e  e x tra c tio n  fo llo w ed  by m a c e ra tio n , 
f i l t r a t io n  a n d  P crco ll se p a ra tio n , te c h n iq u e s  w h ich  m ay n o t h av e  p ic k e d  up 
low  level p re  sp o re  in fe c tio n s  a t  th ese  sites. T h e  in te rv a ls  b e tw een  the, sites 
b e in g  sam p led  by M A F F  in sp ec to rs , an d  by th e  a u th o r , w ere  12-24 m o n th s an d  
th e re  w as no e v id e n c e  th a t  c o rre c tiv e  d is in fe c tio n  m eth o d s h a d  b een  a p p lie d  
by th e  v a rio u s  f ish  fa rm e rs  a t th e  B ritish  s ite s  tested . S tra tf ie ld  Saye w as a 
s ite  th a t  T h am es W ater B oard  o f f ic ia ls  fo u n d  n e g a tiv e  fo r  M .  c e r e b r a l i s .  T he  
ab sen ce  o f  d isease  m ay  be d u e  to th is  fa rm  n ev e r h a v in g  been  exposed  to the  
p a th o g e n , th o u g h  th e  f a c t  th a t  b ro w n  tro u t a re  p ro d u ced  on th is  fa rm , w h ich  
a re  th o u g h t to be re s is ta n t to M .  c e r e b r a l i s , m ay  acc o u n t fo r  th e  ab sen ce  o f  the  
d isease .

In  m a rk e d  c o n ta s t w as th e  s i tu a tio n  on th e  th re e  E u ro p e a n  sites  fro m  w h ich  
sam ples w ere  o b ta in e d , w h ere  n o t on ly  w ere  la rg e  n u m b ers  o f  spores 
re c o v e ra b le  b u t w h ere  c lassic  e x te rn a l sym ptom s o f th e  d isease , su ch  as 
sk e le ta l d e fo rm itie s  a n d  ta il  b la c k e n in g , w ere  in  ev id en ce . Such  gross 
m o rp h o lo g ica l sym ptom s h av e  been  d e sc rib e d  in  o u tb re a k s  w ith in  th e  U .K . 
(E lson , 1969) b u t h a v e  te n d e d  to be m ore re p re se n ta tiv e  o f  th e  d isease  in  
C o n tin e n ta l E u ro p e  (S ch ap crc lau s, 1954; S w eetin g , p e rso n a l co m m u n ica tio n ). 
T h e  ep izo o tico lo g y  o f  w h ir lin g  d isease  is p o o rly  u n d e rs to o d , th o u g h  c e r ta in
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p h y s ic a l a n d  eco log ica l fa c to rs  p lay  a p a r t  in  d e te rm in in g  th e  in te n s ity  a n d  
p e rs is te n c e  o f  o u tb re a k s . T e m p e ra tu re  is one su ch  fa c to r  (H a llid a y , 1973a) 
a n d  th is  m ay  h av e  d e te rm in e d  th e  d if fe re n c e s  in  o u tb re a k  in te n s ity  be tw een  
B ritish  a n d  C o n tin e n ta l fa rm s . O th e r fa c to rs  on f is h  fa rm s , w h ic h  m ay p lay  a 
p a r t ,  a re  re la te d  to poor fa rm  m an ag em en t, a n d  a re  i l lu s tr a te d  by th e  heavy  
a n d  p e rs is te n t o u tb re a k  a t  th e  L a n n io n  f is h  fa rm  in  B ritta n y . T h ese  arc:

(i) f a i lu r e  to m a in ta in  young  f is h  in  sp r in g  w a te r, w h ich  is f r e e  o f 
p a th o g en s , in c lu d in g  M .  c e r e b r a l i s .

(ii)  th e  p re d o m in a n c e  o f  m ud  r a th e r  th a n  c o n c re te  lin e d  racew ay s  an d  
ponds. T h e  lin k  b e tw een  w h ir lin g  d isease  tra n sm iss io n  a n d  m ud  
su b s tra te s  h as  long  been  su sp ec ted  a n d  v a rio u s  a u th o rs  h av e  s tressed  th e  
a d v a n ta g e s  o f  c o n c re te  lin in g  as a p re v e n ta tiv e  m easu re  (S ch ap erc lau s, 
1954).

( iii)  non  rem o v a l o f  o ld e r  c a r r ie r  f ish , even  a f te r  i t  is c le a r  th a t  such  
in d iv id u a ls  a re  in fe c te d . I f  such  f is h  a re  a llo w ed  to d ie  a n d  s in k  to th e  
b o tto m  o f  m ud  po n d s th e  d isease  m ay be c o n s ta n tly  cycled .

4.1.2. D is tr ib u tio n  o f A c tin o sp o rea  in T u b i f e x  fro m  m ud sam ples.

T h e  h ig h  levels  o f  o rg a n ic  m a tte r  in  sew age fa rm s  a n d  in te n s iv e  t ro u t  fa rm  
fa c i l i t ie s  e x p la in s  th e  p re d o m in a n c e  o f  T .  t u b i f e x  in  th e  m ud  sam ples 
ex am in ed . L. h o f f m e i s t e r i ,  th e  o th e r  tu b if ic id  p re se n t in  a p p re c ia b le  n u m b ers , 
a lso  fa v o u rs  su ch  c o n d itio n s  (B rin k h u rs t, 1971). Sam ples o f  these  tu b if ic id s , 
c o llec ted  f ro m  a ra n g e  o f  e n v iro n m e n ts , show  th a t  th e  A c tin o sp o re a  a re  o f 
w id e sp re a d  o cc u rre n ce , w ith  species such  as S .  t u b i f i c i s  an d  E .  r a d i a t i o n  p re sen t 
in  m an y  ty p es o f  e n v iro n m e n t, fro m  tro u t  fa rm s  in d i f f e r e n t  a re a s  o f the  
U n ite d  K in g d o m , to sew age w orks. A c tin o sp o re a  w ere  p re se n t in  T .  t u b i f e x  

f ro m  a ll lo c a litie s  f ro m  w h ich  a s u f f ic ie n t ly  la rg e  sam ple  o f  w orm s was
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co llec ted . T h e  low  p re v a len ces  o f  A c tin o sp o re a  fo u n d  in  a ll f ie ld  sites 
e x a m in e d  is in  a c c o rd a n ce  w ith  th e  o b se rv a tio n s  o f  m an y  p re v io u s  w orkers. 
T h u s  M ack in n o n  a n d  A d am  (1924) fo u n d  T r i a c t i n o m y x o n  sp. in  o n ly  5 o f  1250 
T u b i f e x  w o rm s  e x a m in e d ,  w h i le  I k e d a  (1 9 1 2 ) o b s e rv e d  a n  e v e n  lo w e r  
p re v a le n c e  o f  1 in  400 in  th e  case o f  T e t r a c t i n o m y x o n  i n t e r m e d i u m  in fe s tin g  
s ip u n c u lo id  w orm s.

T h e  h ig h e s t p re v a le n c e  o f  an  a c tin o sp o rc a n  species re c o rd e d  in  th e  p re se n t 
su rv e y  w as in  th e  case o f  E .  r a d i a t u m \  9.5% o f  T .  t u b i f e x  c o llec ted  fro m  th e  
e x p e r im e n ta l  ta n k s  a t  th e  M A F F  la b o ra to r ie s , W eym outh , w h ere  tro u t  w ere  
b e in g  exposed  to in fe c tio n  w ith  M .  c e r e b r a l i s , w ere  in fe c te d  w ith  th is  species. 
H ig h  p re v a le n c es  h av e  o ccas io n a lly  been  re c o rd e d , as by N a v illc  (1930) w ho 
fo u n d  G u y e n o l i a  s p h a e r u l o s a  in  b e tw een  30 a n d  50% o f T .  t u b i f e x , ta k e n  fro m  
a n  o p en  w a te r  co u rse  r a th e r  th a n  a c losed  ta n k  system . W olf an d  M ark iw  
(1984) a n d  W olf, M ark iw  a n d  H iltu n e n  (1986) m ak e  no re fe re n c e s  to th e  
o c c u rre n c e  o f  a c tin o sp o re a n  gen era  o th e r  th a n  T r i a c t i n o m y x o n  in  th e ir  sam ple 
w orm  p o p u la tio n s , in  m a rk e d  c o n tra s t to th e  p re sen t s tu d y  in  w h ich  severa l 
spec ies b e lo n g in g  to d i f f e r e n t  g en era  w ere  fo u n d  in  a ll p o p u la tio n s  w h ich  had  
b een  e f fe c t iv e ly  sam pled .

O f p a r t ic u la r  n o te  f ro m  th ese  f ie ld  s tu d ie s  w as th e  absence  o f  T .  d u b i u m  fro m  
3 o u t o f  th e  4 sites in  w h ich  w h ir lin g  d isease  h ad  been d iag n o sed  p rev io u sly , 
i e .  th e  C a m b ria n , H am m er a n d  L an n io n  f ish  fa rm s , th o u g h  in  th e  la t te r  case 

th e  d o m in a n c e  o f  o lig o ch ae te  species o th e r  th a n  T .  t u b i f e x  m ean t th a t 
e f f e c t iv e  sam p lin g  o f  T .  t u b i f e x  w as d i f f ic u l t .  T h is  o b se rv a tio n  is in  i ts e lf  o f 
in te re s t  s in ce  W olf a n d  M ark iw  (1984) s ta te d  th a t  T .  t u b i f e x  is th e  sing le  host 
fo r  th e  in te rm e d ia te  s tag e  in  the  h y p o th es ised  l i fe  cycle. H o w ev er, a t  th e  v ery  
h e a v ily  in fe c te d  L an n io n  f ish  fa rm  in  B r it ta n y  v is ited  by th e  p re se n t a u th o r ,
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T .  t u b i f e x  co m p rised  fe w e r  th a n  30% o f th e  to ta l w orm  p o p u la tio n , an d  
T .  d u b i u m  w as n o t fo u n d  in  those w orm s ex am in ed . A t th e  o n ly  s ite  in  w h ich  
T .  d u b i u m  w as fo u n d  in  th e  p resen ce  o f  M .  c e r e b r a l i s , n am ely  a t th e  M A F F  
la b o ra to r ie s , W eym outh , 4 o th e r  a c tin o sp o re a n  species w ere  also  fo u n d , 3 o f 
w h ic h , E .  r a d i a t u m ,  S .  t u b i f i c i s  a n d  T .  i g n o t u m , o c c u rre d  a t  h ig h e r  p rev a len ces. 
I f  W olf a n d  M ark iw  (1984) a re  c o rre c t in  th e ir  v iew s o f  th e  in te r re la tio n s h ip  
b e tw een  th e  M yxosporea  a n d  th e  A c tin o sp o re a , th e n  E .  r a d i a t u m  t a n d  th e  o th e r  
a c tin o sp o re a n  species p re se n t, sh o u ld  re p re se n t th e  in te rm e d ia te  s tag e  o f 
a n o th e r  m y x o sp o rcan  species. H o w ev er, th e  M A F F  w o rk e rs  h ad  no t o b serv ed  
a n y  M y x o sp o rea  o th e r  th a n  M .  c e r e b r a l i s  w ith in  th e  c x p c rim e n a l tro u t. T h e  
m u d  used  in  th e  M A F F  system  h ad  been  d e r iv e d  fro m  th e  C a m b ria n  f ish  fa rm  
som e 12 m o n th s p re v io u s  to  th e  w orm s b e in g  sam p led  a n d  so i t  is possib le  th a t  
o th e r  f is h  species w ere  p re se n t a t th is  s ite , w h ich  co u ld  h av e  been  in fe c te d  
w ith  m y x o sp o rcan  species o th e r  th a n  M .  c e r e b r a l i s .  H o w ever, i t  is d i f f ic u l t  to 
en v isag e  how  a c tin o sp o rc a n  in fe c tio n s  a r is in g  fro m  th is  so u rce  cou ld  h av e  
b een  m a in ta in e d  w ith in  th e  W eym outh  system  o v er su ch  a p e rio d  o f tim e , in  
th e  ab sen ce  o f  th e  necessa ry  f is h  species a n d  th e ir  a t te n d a n t  M yxosporean  
p a ra s ite s .

C o n v erse ly , th e  o c c u rre n c e  o f  T .  d i i b i u m  in  T u b i f e x  p o p u la tio n s  ta k e n  fro m  
sew age fa rm s , an  e n v iro n m e n t fro m  w h ich  tro u t  a re  o b v io u sly  e x c lu d ed , is no t 
im m e d ia te ly  e x p lic a b le  in  te rm s o f  th e  W olf a n d  M ark iw  h y p o th esis . O th e r 
f i s h  s p e c ie s  w o u ld  a ls o  be e x c lu d e d ,  m a k in g  th e  o c c u r r e n c e  o f  o th e r  
A c tin o sp o re a  su ch  as S .  t u b i f i c i s  a n d  E .  r a d i a t u m , in  sew age fa rm  sam ples, a 
s im ila r ly  d i f f i c u l t  p h en o m en o n  to e x p la in  in  te rm s o f  th e ir  h y p o th esis .

T h e  f ie ld  o b se rv a tio n s  h av e  th u s  show n  th a t  A cin o sp o rca  m ay be p re sen t in  
tu b i f ic id  p o p u la tio n s  fro m  sites w h ere  f ish  m ay be a b sen t, o r, i f  p re sen t, a re
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n o t in fe c te d  w ith  M yxosporea  w h ich  co u ld  re p re se n t th e  o th e r  p a r t  o f  th e ir  
l i f e  cycle . T h u s  no c o rre la tio n  has been  fo u n d  b e tw een  th e  o c c u rre n c e  o f 
M .  c e r e b r a l i s  a n d  T .  d u b i u m .

4.2. T u b i f e x  in fe c tio n  ex p e rim en ts

In  c o n tra s t  to th e  o b se rv a tio n s  o f  W olf, M ark iw  an d  H iltu n c n  (1986) w ho 
fo u n d  an  in c re a se  in  th e  p re v a le n c e  o f  T r i a c t i n o m y x o n  in  T u b i f e x  c u ltu re s  
a f te r  th e  a d d it io n  o f  M .  c e r e b r a l i s  spores, in  th e  p re se n t a tte m p ts  to re p ro d u c e  
th ese  e x p e r im e n ts  th e re  w ere  no s ig n if ic a n t  in c reases  in  th e  p re v a len ces  o f  
T .  d u b i u m  in  T u b i f e x  c u ltu re s , even  a f te r  p e rio d s o f  six  m o n th s o r m ore. S ince 
g re a t  c a re  w as ta k e n  in  th e  e x tra c tio n  o f  th e  M .  c e r e b r a l i s  spores used  in  these  
s tu d ie s  to  a v o id  tre a tm e n ts  w h ich  w ou ld  in  an y  w ay a f f e c t  th e ir  v ia b ili ty , 
th e re  is no rea so n  to su sp ec t th a t  th ey  w ou ld  h av e  lo st th e ir  in fe c t iv i ty .

T h e  o th e r  a c tin o sp o re a n  species p re se n t w ith in  th e  T u b i f e x  c u ltu re s  fo llo w ed  a 
s im ila r  p a t te rn  in  p re v a le n c e  to th a t  show n  by T .  d u b i u m , a n d  th e  fa c t  th a t  
th ese  a c tin o sp o rc a n  species w ere  s till  p re se n t six  m o n th s a f te r  th e  e x p e rim en ts  
b eg an  suggest c i th e r  th a t  th e  w orm s a n d  th e ir  a c tin o sp o rc a n  in fe c tio n s  a rc  
long  liv e d  o r th a t  th e  p a ra s ite s  a rc  tra n s m itte d  d ire c tly  fro m  w orm  to w orm . 
H o w ev er, a c tin o sp o re a n  tra n sm iss io n  is i ts e lf  p ro b le m a tic a l, th o u g h  few  
s tu d ie s  h av e  b een  co n d u c te d . B oth G ra n a ta  (1922b) an d  M arq u es (1984) fa ile d  
to o b ta in  a s ig n if ic a n t  in c re a se  in  p re v a le n c e  on  ex p o su re  o f  T u b i f e x  to 
a c tin o sp o re a n  species, th o u g h  th e  la t te r  has s tre ssed  (p e rso n a l c o m m u n ica tio n ) 
th e  g re a t  d i f f ic u l ty  e n c o u n te re d  in  f in d in g  T u b i f e x  p o p u la tio n s  w h ich  a rc  f re e  
o f  p re e x is tin g  a c tin o sp o re a n  in fe c tio n s , a n d  w h ich  a rc  a p re re q u is ite , in  
s ta t is t ic a l  te rm s, fo r  such  ex p e rim en ts .
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4.3. E xposu re  o f T u b i f e x  w orm s to M .  c e r e b r a l i s  spores

S pores o f  M .  c e r e b r a l i s  w ere  fo u n d  in  th e  lum en  o f th e  g u t o f  T .  t u b i f e x ,  

a lth o u g h  th e  n u m b e r o f  spores p re se n t a t an y  one tim e  w as n o t la rg e  in  
r e la tio n  to th e  n u m b e r o f  spores a d d e d  to th e  c u ltu re s . D esp ite  ex te n s iv e  
h i s to lo g ic a l  e x a m in a t io n  o f  th e  w o rm s  o v e r  a p e r io d  o f  w e e k s , no  
m o rp h o lo g ica l ch an g es w ere  o b se rv ed  in  th e  M .  c e r e b r a l i s  spores in g es ted  by 
th e  w orm s: th e  p o la r  f ila m e n ts  w ere  n o t e v e rte d  a n d  spo re  v a lv es d id  n o t open. 
A lso, spores w ere  n o t c o n c e n tra te d  in  th e  w orm s’ g u t by a c c u m u la tio n  w ith  
tim e. As tu b if ic id s  a rc  k n o w n  to in g es t p a r t ic u la te  m a tte r  as p a r t  o f  th e ir  
f e e d in g  p rocess, (W avre a n d  B r in k h u rs t,  1971), i t  seem s lik e ly  th a t  in ta k e  o f 
M .  c e r e b r a l i s  spo res w o u ld  be p a r t  o f  th e  n o rm a l fe e d in g  process a n d  th a t  th ey  
w o u ld  pass th ro u g h  th e  g u t u n ch an g ed .

4.4. H is to lo g ic a l a n d  u l t r a s t ru c tu ra l  e x a m in a tio n  o f c a r t i la g e  in fe c te d  w ith
M .  c e r e b r a l i s

T h e  m eth o d s fo r  e x tra c tio n  o f  M .  c e r e b r a l i s  spores fro m  c a r tila g e  used b o th  in  
th is  s tu d y  a n d  by p rev io u s  w o rk e rs , w ith  v a rio u s  m o d if ic a tio n s , (M ark iw  an d  
W olf, (1974) - a c id  tre a tm e n ts ; O ’G ro d n ic k  (1975) - p la n k to n  c e n tr ifu g e ; K ozel, 
L o tt a n d  T a y lo r  (1980) - p o ly e th y le n e  g lycol a n d  d e x tra n  p hase  se p a ra tio n ), 
a re  u n s a t is fa c to ry  fo r  th e  d iag n o sis  o f  low  level o r e a rly  in fe c tio n s , in  w h ich  
p re  sp o re  stages p re d o m in a te . E a r ly  stages can  be d e te c te d  by h is to lo g ica l 
m e th o d s, (H a llid a y , 1973a) a n d  G iem sa s ta in in g  o f  p a r a f f in  w ax  em b ed d ed  
sec tio n s has been  used  ro u tin e ly  a t th e  M A F F  la b o ra to r ie s  a t W eym outh , 
(A ld e rm a n , p e rso n a l c o m m u n ica tio n ). H o w ever, w a te r  so lub le  em b ed d in g  
re s in s , such  as H is to rc s in , h av e  a n u m b e r o f  a d v a n ta g e s  o ver w ax em b ed d in g  
w h en  s tu d y in g  c a r t i la g e  in fe c te d  w ith  M .  c e r e b r a l i s :
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(i) i t  is e f fe c t iv e  w ith  h a rd  sp ec im en s w h ich  a re  d i f f ic u l t  to  cu t. T h u s  th e  
use o f  d c c a lc if ic a tio n  te c h n iq u e s  w hen  p ro cessin g  th e  h ig h ly  o ss if ie d  
c ra n ia l  c a r tila g e  o f  o ld e r  f is h  (12 m o n th s an d  o ld e r), w h ich  m ig h t 
d is ru p t  or d es tro y  p re  sp o re  stages, is u n n ecessa ry .

(ii) th in  sec tio n s (0.5 - 2 i|m ) a re  easily  c u t a n d , as a re su lt , re so lu tio n  is 
m u ch  h ig h e r.

( iii)  i t  is u n n ecessa ry  to  rem o v e  th e  re s in  p r io r  to  s ta in in g , as in  th e  case  o f 
p a r a f f in  w ax  em b ed d in g .

T h ese  a d v a n ta g e s  suggest th a t  su ch  resin s  sh o u ld  be se lec ted  fo r  s tu d y in g  
c a r t i la g e  in fe c te d  w ith  p re sp o re  stages o f  M .  c e r e b r a l i s , a n d  fo r  th a t  m a tte r , 
o th e r  m y x o sp o rean  species w h ich  a t ta c k  bony  s tru c tu re s , su ch  as M y x o s o m a  

c a r t i l a g i n i s .  Such  re s in s  a re  lik e ly  to re p lace  p a r a f f in  w ax  as em b ed d in g  
m ed ia  in  ro u t in e  d ia g n o s tic  p ro ced u res .

T h e  p re  sp o re  stages id e n t i f ie d  in  th e  H is to re s in  sec tio n s a f te r  s ta in in g  w ith  
G icm sa o r S c h if f s ’ re a g e n t a rc  s im ila r  to those o b serv ed  by I la l l id a y  (1973a). 
T h e r e  w e re  la r g e  m u l t i n u c l c a t e  t r o p h o z o i t e s ,  w h ic h  m a y  r e p r e s e n t  th e  
m u ltip lic a tiv e  stag e  in  th e  d e v e lo p m en t o f  the  p a ra s ite , an d  sm a lle r b in u c lc a tc  
sp o ro b la s ts , w h ich  p re su m a b ly  g ive rise  to spores. T hese  p re  spo re  stages w ere 
fo u n d  e x c lu s iv e ly  w ith in  a m a tr ix  o f  f ib ro u s  tissu e  re p re se n tin g  th e  re m n a n ts  
o f  d am ag ed  c a r tila g e . T h e re  w as no ev id e n c e  o f  a n e tw o rk  o f  m em b ran es 
a ro u n d  th e  sp o ro b la s ts  as d e sc rib e d  by H a llid a y  (1973a), a n d  fu l ly  d ev e lo p ed  
spores w ere  fo u n d  o n ly  a t  th e  m a rg in s  o f  d am ag ed  a reas , a n d  n o t w ith in  the  
c o n fin e s  o f  w h a t he d e sc rib e d  as a ‘tissu e  n e tw o rk ’.

I t  h as  b een  suggested  (S ch ap c rc lau s , 1954) th a t  as o s s if ic a tio n  p roceeds, 
p re v e n tin g  th e  f u r th e r  sp re a d  a n d  su b seq u en t m u ltip lic a tio n  by th e  p a ra s ite ,



th e  tro p h o z o ite  an d  sp o ro b last stages w ould  becom e ra re r  an d  be re p laced  by 
fu lly  d ev e lo p ed  spores. T h is  w as su p p o rted  by th e  p re sen t s tu d y . S ections 
ta k e n  fro m  o ld e r f ish  (6-9 m onths) fro m  th e  G erm an  o u tb re a k  o f w h irlin g  
d isease , c o n ta in e d  m ore spore  stages a n d  few er p re  spore  stages th a n  those 
ta k e n  fro m  y o u n g er f ish  (4-6 m onths) th a t  w ere  ex p e rim e n ta lly  in fe c te d . 
A lth o u g h  som e o f th e  sec tions ta k e n  fro m  th e  G erm an  f ish  c o n ta in e d  la rg e  
n u m b ers  o f  spores, a long  w ith  th e  ra re r  p respo re  stages, m ost o f th e  sections 
c o n ta in e d  v e ry  few  p a ra s itic  stages o f an y  type , th o u g h  th e re  was s till  m assive 
host tissue  d iso rg an isa tio n . T h is  w ould  suggest th a t  even  sm all nu m b ers o f 
p a ra s ite  can  cause s ig n if ic a n t dam age to a reas  o f c a rtila g e , th o u g h  th e  m eans 
by w h ich  th is  is accom plished  is u n c lea r.

P respore  stages w ere no t recogn ised  in  150-200 nm  sections o f in fe c te d  
c a rtila g e  em bedded  in  H istoresin^ H ow ever, as w ell as spores, sm all s tru c tu re s , 
m easu rin g  1 um  d ia m e te r, w h ich  a rc  a p p a re n tly  su rro u n d e d  by a u n it  
m em brane^w ere  p resen t w ith in  th e  dam aged  a rea  o f  ca rtila g e . W hether or no t 
those w ere  stages o f  M .  c e r e b r a l i s  is u n c e rta in . A p a rt fro m  the o u te r  u n it 
m em b ran e  th e re  w as no c lea r ev id en ce  o f in tra c e l lu la r  o rg a n isa tin  such  as 
m ito c h o n d ria  or endo p lam sic  re ticu lu m . In  a d d itio n  th e  sm all size o f  those 
s tru c tu re s  does n o t eq u a te  w ith  th e  m uch la rg e r  s tru c tu re s  (10-20 um ) 
id e n tif ie d  as p resp o re  stages v ia  lig h t m icroscopy.

T h e  f ib ro u s  n e tw o rk , in  w h ich  p re  spore stages w ere  id e n tif ie d  a t th e  lig h t 
m icroscopy  level, a c tu a lly  consisted  o f a m ass o f  d iso rg an ised  co llagen  f ib r ils , 
w ith  th e  ty p ic a l b an d ed , th in  (50 nm ), cab le -lik e  a p p e a ra n c e  o f th is  f ib ro u s  
p ro te in . T h is  co llagen  m a tr ix  p resu m ab ly  rep re sen ts  a c e llu la r  re p a ir  response 
to th e  dam ag e  caused  by th e  p a ra s ite  ; f ib ro b la s ts  w ou ld  h av e  in v ad ed  
d am ag ed  a reas  an d  d ep o sited  co llagen .
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4.5. E x p e rim e n ta l in fe c tio n  o f ra in b o w  tro u t w ith  M .  c e r e b r a l i s

T h e  f a c t  th a t  tran sm iss io n  o f  M .  c e r e b r a l i s  o c c u rre d  in  an  e x p e r im e n ta l system  
c o n ta in in g  M .  c e r e b r a l i s  spores aged  fo r  a t le a s t 6 m o n th s in  m ud  c o n ta in in g  
T u b i f e x  th a t  d id  n o t c o n ta in  T r i a c t i n o m y x o n  s tro n g ly  suggests th a t  th e  la t te r  is 
n o t n ecessa ry  fo r  th e  tra n sm iss io n  o f  w h ir lin g  d isease . T h is  v iew  is su p p o rte d  
by th e  o b se rv a tio n  th a t  f is h  exposed  to T r i a c l i n o m y x o n  d id  n o t d ev e lo p  an y  
M .  c e r e b r a l i s  in fe c tio n , as w o u ld  be p re d ic te d  fro m  th e  W olf a n d  M ark iw  
h y p o th es is . H o w ev er, M .  c e r e b r a l i s  spores in  c o m b in a tio n s  o f  s te r i le  m ud  
a n d /o r  w a te r  w ith o u t T u b i f e x  w orm s also  d id  n o t p ro d u ce  in fe c tio n s . T h is  
suggests th a t  th e  T u b i f e x  m ay h av e  a v e ry  su b tle  ro le  to  p lay  in  tra n sm iss io n  
(see resum d). T h is  v iew  is s tre n g th e n e d  by th e  f a c t  th a t  th e  m ud  d e r iv e d  fro m  
th e  B r i t ta n y  o u tb re a k , fro m  w h ich  tu b if ic id s  h a d  been rem o v ed , a n d  to w h ich  
M .  c e r e b r a l i s  spores w ere  a d d e d , also p ro d u c e d  no in fe c tio n . H o w ev er, one 
fa c to r ,  w h ic h  is d iscu ssed  in  som e d e ta il  in  th e  resum e^ w h ich  m ay  also  h av e  
p la y e d  a s ig n if ic a n t  ro le  in  d e te rm in in g  sp o re  in fe c t iv i ty ,  is te m p e ra tu re . 
A l th o u g h  t r a n s m is s io n  e x p e r im e n ts  w e re  a l l  c a r r i e d  o u t  a t  1 2 ° C , th e  
M .  c e r e b r a l i s  spores used  to seed th e  e x p e r im e n ta l system s w ere  k e p t fo r  
p e rio d s  o f  up  to 35 d ay s a t  4 ° C  p r io r  to use. P r ih o d a  (1983) fo u n d  th a t  
m a in ta in in g  spores a t  low  te m p e ra tu re  w as im p o r ta n t in  p ro d u c in g  in fe c t iv i ty ,  
a n d  so v a r ia t io n s  in  th e  tim e  fro m  w h ich  spores w ere  k e p t a t  4 ° C  m ay ex p la in  
w hy  c e r ta in  e x p e r im e n ta l system s, su ch  as th e  B r it ta n y -d e r iv e d  m ud , w ith  
a d d e d  sp o res, re m a in e d  n eg a tiv e .

4.6. P e rc o ll s e p a ra tio n  of M .  c e r e b r a l i s  spores and  cross re a c tiv ity  of 
M .  c e r e b r a l i s  an d  T .  d u b i u m  in th e  IF A T ’s using m ouse a n d  ra b b it  a n ti-  
M .  c e r e b r a l i s  a n t i s e r a .

As a re s u lt  o f  th e  d if fe re n c e s  in  th e  in te n s ity  o f  M .  c e r e b r a l i s  in fe c tio n  in  the 
p a r t ic u la r  f is h  used  by p rev io u s  a u th o rs , it is d i f f ic u l t  to e s tim a te  th e  re la tiv e
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e ffe c tiv e n e s s  o f  th e  m e th o d s w h ich  h av e  been  used  to iso la te  spores. H ence, 
O ’G ro d n ic k  (1975) re c o v e red  an  av erag e  o f  91,000 spores p er f ish  u sin g  his 
p la n k to n  c e n tr ifu g e  m eth o d , w h ile  T id d , T u b b  a n d  W righ t (1973) reco v e red  
b e tw een  15,300 a n d  2,885,000 spores p er f is h  f ro m  th e  h e a d  reg io n  a lo n e , using  
th e ir  w a s h / f i l t e r /c e n t r i f u g e  te c h n iq u e . T h e  sp o re  co u n ts  o b ta in e d  using 
P erco ll, o f  b e tw een  16,000 spo res p e r  f ish  in  y o u n g  e x p e r im e n ta lly  in fe c te d  
f is h  a n d  510,000 spores p e r  f is h  (h ead  on ly ) in  o ld e r  n a tu ra l ly  in fe c te d  f ish , 
co m p are  re a so n a b ly  w ell w ith  th ese  p rev io u s  s tu d ie s . H o w ev er, th e  p r in c ip a l 
a d v a n ta g e  o f  th is  m e th o d  is th a t  i t  av o id s  th e  use o f  a c id  o r enzym e 
tre a tm e n ts , as has been  su g g ested  by som e a u th o rs  (M ark iw  a n d  W olf, 1974), 
w h ic h  c o u ld  s u b s ta n tia lly  a l te r  th e  a n tig e n ic ity  o f  th e  spores w h en  used  in  
im m u n o lo g ic a l s tu d ies .

T h e  cross r e a c t iv i ty  o f  p o ly c lo n a l ra b b it  anti-AZ. c e r e b r a l i s  a n tis e ru m  w ith  
T .  d u b i u m  is in  ag re e m e n t w ith  th e  o b se rv a tio n s  o f  W olf a n d  M ark iw  (1984). 
T h ese  a u th o rs  a rg u e d  th a t  th e  sh a r in g  o f  a n tig e n s  in d ic a te s  th a t  th e  tw o spore  
ty p es a rc  p a r t  o f  th e  sam e l i f e  cycle. H o w ev er, th e  sh a r in g  o f  a n tig e n ic  
d e te rm in a n ts  reco g n ised  by p o ly c lo n a l se ra  co u ld  s im p ly  be in d ic a t iv e  o f  a 
close ta x o n o m ic  re la tio n s h ip  b e tw een  o rg an ism s, r a th e r  th a n  o f tax o n o m ic  
id e n ti ty .  T h is  v iew  is su p p o rte d  by th e  o b se rv a tio n  o f th e  cross re a c t iv i ty  o f 
r a b b i t  an ti-M . c e r e b r a l i s  a n tis e ru m  w ith  a c tin o sp o re a n  species o th e r  th a n  
T .  d u b i u m , su ch  as S .  t u b i f i c i s , w h ic h  is r a th e r  in d ic a tiv e  o f  a g e n e ra l cross 
r e a c t iv i ty  b e tw een  th e  tw o  g ro u p s o f  M yxozoa.

4.7. E L IS A  fo r  th e  d e te c tio n  of a n tib o d ie s  p ro d u ced  in ra in b o w  tro u t 
e x p e r im e n ta lly  in fe c te d  w ith  A .  s a l m o n i c i d a

A .  s a l m o n i c i d a  w as used to assess th e  a b il i ty  o f  th e  tr ip le  la y e r EL ISA  to 
m o n ito r  th e  h u m o ra l response  in  tc lcosts an d  has se rv ed  to i l lu s tra te  som e o f
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th e  fe a tu re s  o f  th e  f is h  im m u n e  system , su ch  as its  te m p e ra tu re  d ep en d en ce , 
w h ic h  a re  in v o lv e d  in  th e  response  to in fe c t io n  w ith  M .  c e r e b r a l i s .  T he  
a n tib o d y  t i t r e  c u rv e  re c o rd e d  o ver a p e rio d  o f  28 days is c h a ra c te r is t ic  o f  the  
se c o n d a ry  im m u n e  resp o n se  seen in  m am m als, w ith  a ra p id ly  r is in g  a n tib o d y  
t i t r e ,  w h ic h  does n o t, h o w ev er, p eak  w ith in  th e  tim e  course  o f  th e  ex p e rim en t. 
T h e  h ig h  b a c k g ro u n d  lev e l o f  a n tib o d y  a g a in s t A .  s a l m o n i c i d a  ( t i tre s  = 1:400- 
1:700), in  f is h  d e r iv e d  fro m  w ild / f a r m  c o n d itio n s  has been  d esc rib e d  by 
p re v io u s  w o rk e rs  (P a te rso n  a n d  F ry e r , 1974). As th e  tro u t  w ere  o b ta in e d  in 
O c to b e r s h o r tly  a f te r  th e  p eak  w a te r  te m p e ra tu re s , w h ich  a re  k n o w n  to 
e n h a n c e  p a th o g e n ic ity , a n d  h en ce  lead  to th e  d isse m in a tio n  o f  A .  s a l m o n i c i d a , 
th e re  a re  sev e ra l possib le  e x p la n a tio n s  fo r  th e  p resen ce  o f  th ese  a n tib o d ie s . 
T h e  f is h  m ay  h av e  b een  p a r t ia l ly  or fu l ly  im m u n e  as a re s u lt  o f  re c e n t 
e x p o s u r e  a n d  r e c o v e r y .  T h e r e  m a y  h a v e  b e e n  a c t iv e  i n f e c t i o n s  o f  
A .  s a l m o n i c i d a  a t  a sub  c lin ic a l level, s t im u la tin g  a low to m o d e ra te  a n tib o d y  
response . T h e  a n tib o d ie s  m ay h av e  been  ra ise d  ag a in s t a n tig e n  o th e r  th a n  
A .  s a l m o n i c i d a  b u t w h ich  cross re a c ted  w ith  A .  s a l m o n i c i d a  a n d  gave a p o sitiv e  
re a c tio n  in  th e  ELISA .

T h e  in i t ia l  fa l l  in  a n tib o d y  titre s  in  th e  f i r s t  th re e  d ay s a f te r  im m u n isa tio n  
can  be e x p la in e d  by th e  b in d in g  o f  a n tib o d y  to a n tig e n  so th a t  th e  a n tib o d ie s  
a re  no lo n g e r a v a ila b le  to re a c t in  th e  E L ISA . T h is  w as p a r t ic u la r ly  e v id e n t 
w h en  th e  h ig h e r  doses o f  a n tig e n  w ere  g iven . H ow ever, i t  is a lso  k n o w n  th a t  
th e  to x in s  p ro d u c e d  by A .  s a l m o n i c i d a  a re  c a p a b le  o f d es tro y in g  b lood  p ro te in s , 
w h ic h  m ay  h av e  p lay ed  som e p a r t  in  th e  d isa p p e a ra n c e  o f  a n tib o d ie s  in the  
f i r s t  few  d ay s a f te r  in o c u la tio n .

T h e  f a l l  in  a n tib o d y  t i t r e  w as fo llo w ed  by a ra p id  rise , w h ich  w as p ro b a b ly  
a c c e le ra te d  by th e  e le v a te d  w a te r  te m p e ra tu re  in  th e  e x p e r im e n ta l system
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(15 °C). T h u s  b e tw een  d ay s 5 a n d  28 a n tib o d y  titre s  in c re a se d  fro m  a ro u n d  
1:400 to a ro u n d  1:1600. T hese  re su lts  a re  in  g en era l ag re e m e n t w ith  th e  
f in d in g s  o f  P a te rso n  a n d  F ry e r  (1924), w ho d e te c te d  an  im m u n e  response  a f te r  
7 d ay s, a t  a  h ig h e r w a te r  te m p e ra tu re  o f  17.5 °C , u sin g  m ic ro ti te r  a g g lu tin a tio n  
a n d  gel p re c ip itin .

4.8. D e tec tio n  o f c irc u la tin g  a n tib o d ie s  p ro d u ced  in ra in b o w  tro u t a g a in s t 
M .  c e r e b r a l i s  u sing  an  E L ISA

A lth o u g h  i t  p ro v ed  possib le  to  d e te c t an  im m u n e  response  in  yo u n g  f ish  
e x p e r im e n ta lly  in fe c te d  w ith  M .  c e r e b r a l i s  u s in g  th e  E L ISA , th e  te s t is no t 
ro u t in e ly  a p p lic a b le  to th e  d iag n o sis  o f  th e  d isease , because  o f  th e  need  to use 
la rg e  n u m b e rs  o f  spores to o b ta in  a s ig n if ic a n t  re su lt. A n tig e n  c o n c e n tra tio n  
is k n o w n  to  p lay  a key  ro le  in  th e  e f fe c tiv e n e ss  o f th e  E L ISA  (V o llc r e t  a l ., 
1979). A t a c o n c e n tra tio n  o f  5 x 104 sp o rc s /w c ll th e re  w ere  n u m ero u s 
a v a ila b le  b in d in g  sites  fo r  th e  tro u t  a n tib o d ie s , b u t th e re  a p p e a re d  to be 
in s u f f ic ie n t  b in d in g  s ite s  p ro v id e d  by lo w er c o n c e n tra tio n s  o f  spores to o b ta in  
a re a c tio n .

T h e  p ro b lem  o f a n tig e n  p ro c u re m e n t m ig h t be su rm o u n te d  by id c o ty p in g . I f  a 
m o n o c lo n a l a n tib o d y  (M ab) w as ra ise d  a g a in s t M .  c e r e b r a l i s  spo res a n d  th en  a 
second  M ab w as ra ise d  a g a in s t th e  f i r s t  M ab, th e  second w o u ld  be an  e f fe c tiv e  
re p lic a , in  te rm s o f  a n tig e n  b in d in g  sites , o f  th e  M .  c e r e b r a l i s ■ spore . T h e  
seco n d  M ab w o u ld  th e n  be used  as th e  a n tig e n  to co a t th e  p la tes.

T w o fa c to r s  m ay p lay  a p a r t  in  th e  o b se rv a tio n s  th a t  m ean  a n tib o d y  t i t r e  in 
f is h  aged  18-24 m o n th s, d e r iv e d  fro m  th e  B r it ta n y  o u tb re a k , w ere  no d i f f e r e n t  
f ro m  th e  m ean  a n tib o d y  t i tre s  re c o rd e d  fro m  c o n tro l f ish . F irs tly , as 
su g g ested  by  H a llid a y  (1974b), th a t  M .  c e r e b r a l i s  d evelops w ith in  a so ca lled
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im m u n o p riv ilc g c d  site: as th e  in fe c te d  c a r tila g e  is p ro g ressiv e ly  o ss if ie d  a f te r  
th e  f i r s t  5-6 m o n th s o f  l ife , th e  p a ra s ite s  a rc  e f fe c tiv e ly  sca led  o f f  f ro m  th e  
f is h  im m u n e  system  a n d  so do n o t e lic i t  an  im m u n e  response. S econd ly , th e  
sam p les o f  se ra  w ere  ta k e n  fro m  th ese  f ish  in  ea rly  J a n u a ry , w h en  w a te r  
te m p e ra tu re s  w ere  a p p ro a c h in g  th e  low est a n n u a l levels (2-5 °C). T h e  f ish  
im m u n e  system  is k n o w n  to be h ig h ly  te m p e ra tu re  d e p e n d e n t, (A v ta lio n , 
W ojdan i, M alik , S h ra h ra b a n i a n d  D iiczy m in c r, 1973) a n d  w ou ld  h av e  been 
p ra c tic a lly  in a c tiv e  a t  th is  tim e  o f  th e  y ea r. A n tib o d ie s  p ro d u c e d  e a r l ie r  in  
th e  y e a r  w o u ld  h av e  d e c lin e d  d u r in g  th e  in a c tiv e  p e rio d . T h is  m eans th a t  th e  
ro le  o f  th e  p o s tu la te d  im m u n o p riv ile g e d  s ite  in  o ld e r f is h  co u ld  on ly  be 
d e te rm in e d  by m a in ta in in g  in fe c te d  f ish , o ver a long tim e  p e rio d , a t  w a te r  
te m p e ra tu re s  a t w h ic h  th e  im m u n e  system  is fu l ly  fu n c t io n a l  ( i e .  10-15 °C), so 
th a t  se ru m  sam ples co u ld  be ta k e n  a t in te rv a ls .

N o tw ith s ta n d in g  th e  possib le  use o f  id c o ty p in g  to g e n e ra te  ‘a r t i f i c i a l ’ a n tig e n , 
th e  d e te c tio n  o f  a h u m o ra l im m u n e  resp o n se  a g a in s t M .  c e r e b r a l i s , a n d  to a 
c e r ta in  e x te n t a g a in s t o th e r  p a th o g en s, such  as A .  s a l m o n i c i d a ,  as a m eans o f 
d iag n o sis , is h a n d ic a p p e d  by a n u m b e r o f  fa c to rs :

(i) th e  te m p e ra tu re  d e p e n d e n t n a tu re  o f  th e  process; c a r r ie r  f ish  w ould  
a p p e a r  se ro n e g a tiv e  d u r in g  th e  w in te r  m onths.

(ii) age re la te d  fa c to rs ; o ld e r f is h  m ay a p p e a r  se ro n e g a tiv e  i f  th e  p a ra s ite  
re s id es  in  an  im m u n o p riv ile g e d  site .

( iii)  p ro b lem s o f  cross re a c tiv ity ;  o th e r  M yxosporca , w h ich  a rc  k n o w n  to 
in fe c t  sa lm o n id s , such  as M y x i d i u m  t r u t l a e , m ay also  in i t ia te  an 
a n tib o d y  resp o n se  w h ich  cou ld  cross re a c t w ith  M .  c e r e b r a l i s  a n d  give 
fa ls e  p o sitiv es . T h is  w ould  need  to be tested .
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In  g e n e ra l te rm s f is h  im m u n o d ia g n o stic s  w o u ld  be e f fe c t iv e  i f  te c h n iq u e s  su ch  
as E L ISA , co u p led  w ith  th e  p ro d u c tio n  o f  M ab’s w ere  g ea red  to w a rd s  th e  
d e te c tio n  o f  p a th o g e n  a n tig e n s  r a th e r  th a n  to th e  a n tib o d ie s  p ro d u c e d  in  
resp o n se  to th e  d isease  (see S ec tio n  4.10). Such m eth o d s v /ould  n o t o n ly  
o v erco m e th e  p ro b lem s cau sed  by cross re a c t iv i ty  an d  te m p e ra tu re  d ep en d en ce , 
b u t  w o u ld  a ls o  o v e rc o m e  th e  p r o b le m  o f  f a l s e  p o s i t iv e s  a r i s i n g  f r o m  
se ro p o s itiv e  f is h  w h ic h  h av e  re c e n tly  been  in fe c te d  w ith  a p a th o g en , b u t 
w h ic h  h av e  now  re c o v e red  fu l ly  f ro m  th e  d isease  a n d  a rc  th u s  no lo n g er 
c a r r ie rs .

4.9. IF A T  on M .  c e r e b r a l i s  spo res using im m une tro u t se ra .

As a n  im m u n o d ia g n o s tic  tool th e  IF A T  has th e  sam e d ra w b a c k s  as those lis ted  
fo r  th e  E L ISA , a n d  in  a d d it io n  it  is h ig h ly  a su b je c tiv e  test. H o w ev er, i t  is 
r e la tiv e ly  sim p le  a n d  uses v e ry  l i t t le  a n tig e n  (spores) a n d  i t  m ay be o f  som e 
use in  s tu d y in g  th e  im m u n e  resp o n se  a g a in s t M .  c e r e b r a l i s  in  e x p e rim e n ta l 
system s r a th e r  th a n  in  f ie ld  d iag n o sis .

T h e  f lu o re sc e n c e  p a t te rn  o b se rv ed  w as id e n tic a l  to th a t  d e sc rib e d  by p rev io u s 
w o rk e rs  ( G r i f f in  a n d  D av is, 1978), a n d  th e  p a t te rn  o f  th e  im m u n e  response 
b e tw een  th e  d i f f e r e n t  f is h  se ra  used  is th e  sam e as show n by the  ELISA . O f 
p a r t ic u la r  n o te  is th e  p ro n o u n c e d  f lu o re sc e n t co ro n a  a ro u n d  th e  M .  c e r e b r a l i s  

spo res w h en  in c u b a te d  w ith  im m u n e  tro u t  se ra  o r w ith  r a b b i t  o r m ouse a n ti-  
M .  c e r e b r a l i s  a n tis e ra . G r i f f in  (p e rso n a l co m m u n ic a tio n ) n o ted  th a t  i f  the  
IF A T  w as p e rfo rm e d  e ith e r  on spores th a t  h a d  been  e n z y m a tic a lly  tre a te d  
d u r in g  iso la tio n , o r on those  th a t  h a d  been  aged  a f te r  rem o v a l, th e  co ro n a  
e f f e c t  w as g re a tly  re d u c e d  in  th e  IF A T . M .  c e r e b r a l i s  spo res have  a s u rfa c e  
co a t, p a r t ic u la r ly  a ro u n d  th e  p o s te rio r  h a lf  (Lorn an d  H o ffm a n , 1971). I f  th is  
c o a t is p ro te in  or g ly c o p ro te in  an d  is a n tig e n ic , its  loss by ag e in g  or rem oval
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by enzym es w o u ld  g re a tly  re d u c e  th e  f lu o re scen ce . I t  is th e re fo re  e sse n tia l 
th a t  o n ly  f re s h ly  iso la te d  spores be used  in  a n y  a tte m p ts  a t  im m u n o d iag n o sis .

4.10. E L IS A  fo r  th e  d e te c tio n  o f M . c e r e b r a l i s  a n tig e n  in  in fe c te d  ra in b o w  
tro u t.

•■V

T h e  r e l ia b i l i ty  o f  th e  EL ISA  fo r  th e  d e te c tio n  o f  a n tig e n  in  th e  fo rm  o f 
M .  c e r e b r a l i s  sp o re  so n ic a te  w as reco g n ised  a t  c o n c e n tra tio n s  e q u iv a le n t to 
10 -10 sp o rc s /w c ll. H o w ev er, no M .  c e r e b r a l i s  a n tig e n  w as d e te c te d  in  se ra  
f ro m  in fe c te d  f ish . W hilst th e  sp e c if ic i ty  o f  th is  E L ISA  w o u ld  be g re a tly  
im p ro v e d  by  th e  use o f  m o n o c lo n a l r a th e r  th a n  p o ly c lo n a l a n tib o d ie s , i t  seem s 
u n lik e ly  th a t  th e re  w o u ld  be la rg e  am o u n ts  o f  c ir c u la tin g  a n tig e n  to  d e te c t 
s in ce  th e  p a ra s ite s  a re  e sse n tia lly  lo ca lised  in  th e  c ra n ia l  c a r tila g e . T h e re  w as 
a h ig h  d e g re e  o f  cross r e a c t iv i ty  o f  th e  an ti-M . c e r e b r a l i s  se ra  w ith  spores o f 
M y x o b o l u s  sp. B o th  W alliker (1968) a n d  Lorn (1969a) h a v e  su g g ested  th a t  th e  
genus M y x o s o m a  is in d is t in g u is h a b le  f ro m  th e  genus M y x o b o l u s  a n d  the  
o b se rv ed  cross r e a c t iv i ty  b e tw een  th e  tw o a p p e a rs  to em p h asise  th e ir  close 
re la tio n sh ip . A n e x te n s iv e  sc ries o f  tests w ith  th e  EL ISA  u sin g  a n tis e ra  to 
d i f f e r e n t  spec ies o f  M yxosporea , in  te s ts  fo r  cross re a c t iv i ty  b e tw een  g en era , 
a long  th e  lin es  sug g ested  by  M a rk iw  a n d  W olf (1978), w o u ld  be u se fu l in  
assessing  tax o n o m ic  re la tio n sh ip s  w ith in  th e  g roup .

4.11. Im m u n o lab e llin g  o f in fe c te d  c a r t i la g e  sec tio n s  ;

A n t i s e r a  r a i s e d  a g a in s t  th e  s p o re s  o f  M .  c e r e b r a l i s  r e a c t e d  in  th e  
im m u n o flu o re sc n c e  tes t w ith  p re  sp o re  stages in  sec tio n s o f  c a r tila g e . T h is  
p ro v id e d  u s e fu l c o n f irm a tio n  o f  th e  id e n ti ty  o f  th e  m u ltin u c lc a te  s tages as p re  
sp o re  stag es o f  M .  c e r e b r a l i s .
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T h e  g e n e ra lise d  la b e llin g  o f  th e  a re a  o f  d am ag ed  c a r tila g e , in  w h ich  th e  p re  
sp o re  stages w ere  fo u n d , suggests th a t  p a ra s ite  a n tig e n s  a re  re lea sed  in to  th is  
a rea . T hose  a n tig e n s  m ay  re p re se n t enzym es re leased  by th e  p a ra s ite s  a n d  
w h ic h  m ay  be re sp o n sib le  fo r  th e  d e s tru c tio n  o f  th e  c a r tila g e . T h is  m ig h t 
e x p la in  th e  c o n tra s t  b e tw een  th e  la rg e  a re a s  o f  d am ag ed  c a r t i la g e  a n d  th e  
re la tiv e  p a u c ity  o f  p a ra s ite  s tages seen  in  m ost sec tio n s (see S ec tio n  4.4.).

4.12. Resum e" o f  s tu d ie s  on th e  W olf an d  M ark iw  h y p o th e s is  fo r  th e  
tra n sm iss io n  o f w h irlin g  d isease .

T o  d a te  th e re  has been  no  in d e p e n d e n t c o n f irm a tio n  o f  th e  W olf a n d  M ark iw  
h y p o th e s is  (M a rk iw  a n d  W olf, 1983; W olf a n d  M ark iw , 1984; W olf, M ark iw  a n d  
H il tu n e n , 1986; M a rk iw , 1986) on th e  in v o lv e m e n t o f T r i a c t i n o m y x o n  in  th e  
tra n sm iss io n  o f  M .  c e r e b r a l i s .  A p a r t f ro m  th e  w o rk  o f  U sp e n sk a y a  (1957; 1978) 
th e  m ost re c e n t a c c o u n t o f  th e  d ire c t  tra n sm iss io n  o f th e  d isease  is c o n ta in e d  
w ith in  th e  a b s tra c t  o f  P r ih o d a  (1983). Lorn (p e rso n a l co m m u n ic a tio n ) k in d ly  
p ro v id e d  u n p u b lish e d  d a ta  on th e  m eans o f  by w h ich  P r ih o d a  tra n s m itte d  th e  
d isease . T h ese  w ere  by:

(i) a d d in g  m u d  fro m  th e  b en th o s  o f  a p o n d  h e a v ily  in fe c te d  w ith  
M .  c e r e b r a l i s  to an  a q u a r iu m  w ith  sm all ra in b o w  tro u t  f r y  w h ich  w ere  
ju s t  b e g in n in g  to feed . T h e  m ud  h a d  p re v io u s ly  been  k e p t in  p o ly th en e  
bags a t  + 4 ° C  fo r  15 m on ths. I t  is h ig h ly  u n lik e ly  th a t  tu b if ic id s  co u ld  
h a v e  su rv iv e d  in  su ch  c o n d itio n s  a n d  in d e e d  P r ih o d a  h a d  n o t seen them .

(ii)  by  a d d in g  spo re  su sp en sio n , w ith o u t an y  p o ss ib ility  o f  tu b if ic id  or 
T r i a c t i n o m y x o n  c o n ta m in a tio n , to ju v e n ile  tro u t. T h e  spo res h ad  been  
o b ta in e d  fro m  th e  c le a n e d  h ead s  o f  in fe c te d  tro u t, a n d  h ad  been  k e p t
fo r  24 m o n th s  a t  + 4 °C .
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In  b o th  in s ta n c e s , c lin ic a l sym ptom s a p p e a re d  69 day s a f t e r  exposu re . P r ih o d a  
(1983) su g g ested  th a t  te m p e ra tu re  m ig h t p lay  a s ig n if ic a n t  ro le  in  b r in g in g  th e  
spores to in fe c t iv i ty ,  a f a c to r  w h ich  w ill be d iscu ssed  su b seq u en tly .

T h e  e v id e n c e  p re se n te d  in  th e  p re se n t w o rk  w h ich  also q u e s tio n s  th e  W olf a n d  
M a rk iw  h y p o th e s is  is as fo llow s:

(i) a d d it io n  o f  M .  c e r e b r a l i s  spo res to T u b i / e x  c u ltu re s  d id  n o t g e n e ra te  
in fe c tio n s  o f  T r i a c t i n o m y x o n  in  th e  w orm s.

(ii)  f ie ld  o b se rv a tio n s  on th e  o c c u rre n ce  o f  T r i a c t i n o m y x o n , a n d  o f  th e  
A c tin o sp o rc a  in  g en e ra l, do n o t su p p o rt th e  v iew  o f  a d ire c t  l in k  w ith  
M .  c e r e b r a l i s  o r  o th e r  M yxosporea.

(iii)  M .  c e r e b r a l i s  s p o re s  in g e s te d  by  T u b i f e x  s h o w e d  n o  s ig n s  o f  
d e v e lo p m e n t w ith in  th e  w orm s.

(iv ) tra n sm iss io n  o f  M .  c e r e b r a l i s  has been  possib le  in  th e  ab sen ce  o f 
T r i a c t i n o m y x o n , u sin g  ag ed  M .  c e r e b r a l i s  spores in c lu d e d  in  a T u b i f e x  

c u ltu re  system .
(v) im m u n o lo g ica l s tu d ie s  u sing  anti-Af. c e r e b r a l i s  a n tis e ru m  to tes t the  

cross r e a c t iv i ty  w ith  T r i a c t i n o m y x o n  a n d  o th e r  A c tin o sp o rc a  do no t 
su p p o rt th e  c o n te n tio n  th a t  sh a re d  a n tig e n s  b e tw een  th e  2 sp o re  types 
in v o lv e d  in  th e  W olf a n d  M a rk iw  h y p o th es is  is c le a r  ev id e n c e  fo r  th e ir  
in te r re la t io n s h ip .

In d ire c t  s u p p o r t o f  these  o b se rv a tio n s  has com e in  a n u m b e r o f  p e rso n a l 
co m m u n ic a tio n s . H o ffm a n  (p e rso n a l co m m u n ica tio n ) s ta te s  th a t  re c e n t w ork  
on C e r a t o m y x a  s h a s t a , w h ich  a tta c k s  a ra n g e  o f  sa lm o n id  species, a n d  w h ich  is 
a p a r t ic u la r  p ro b lem  on th e  West co ast o f  th e  U.S.A. h as  show n  no in d ic a tio n  
o f  th e  in v o lv e m e n t o f  an  in te rm e d ia te  host. S im ila rly , M oser (p e rso n a l
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c o m m u n ic a tio n ) h as  q u o ted  re c e n t u n p u b lish e d  w o rk  by K a b a ta  w h ich  show s 
th a t  no in te rm e d ia te  s tag e  is n ecessa ry , th o u g h  no f u r th e r  d e ta i l  is a v a ila b le  
yet.

A lth o u g h  W olf a n d  M a rk iw ’s e x p e r im e n ta l w o rk  m ay a p p e a r  to be d e f in i t iv e  
on  c loser e x a m in a tio n  th e re  a re  a n u m b e r o f  p ra c tic a l  a n d  th e o re tic a l 
c o n s id e ra tio n s  w h ic h  sh o u ld  be s tu d ie d  c a re fu lly . F irs t ly , th e ir  te c h n iq u e  fo r  
d iag n o sis  o f  w h ir l in g  d isease  re lie d  so lely  on th e  d e te c tio n  o f  spores. T h is  
m e th o d  is n o t re lia b le  w h en  low  lev e l o r e a r ly  p h ase  in fe c tio n s  a re  p resen t. 
E a r ly  in fe c t io n s  n eed  to be d e m o n s tra te d  h is to lo g ic a lly  as d e sc rib e d  in  sec tio n s 
2.6. a n d  3.1.6. S eco n d ly , th e  sc re e n in g  m eshes used by W olf a n d  M ark iw  to 
iso la te  th e  in fe c t iv e  a g e n t se p a ra te d  in ta c t  a c tin o sp o re a n  spo res b u t w o u ld  n o t 
h a v e  p re v e n te d  th e  spo rop lasm s th ey  c o n ta in , m e a su rin g  a b o u t 2 qm , fro m  
p assin g  th ro u g h . T h e y  s ta te d  th a t  th e  m a jo r p eak  o f in fe c t iv i ty  w as tra p p e d  
on a 50 qm  sc reen  w h ile  f i l t r a te  f ro m  a 25 qm  screen  p ro d u c e d  no in fe c t iv i ty .  
M arq u es a n d  O rm ie re s  (1982), a n d  M arq u es (1984), o b se rv ed  th a t  spo rop lasm s 
a re  re g u la r ly  re lea sed  fro m  A c tin o sp o rc a n  spores an d  a rc  th e n  seen  to m ove in  
th e  w a te r  co lum n . T h e  spo ro p lasm s m ig h t be in fe c tiv e  a f te r  re lea se  f ro m  th e  
spores a n d  w o u ld  h a v e  passed  e a s ily  th ro u g h  th e  25 qm  m esh to in i t ia te  an  
in fe c tio n . T h e ir  f a i lu r e  to d e te c t in fe c tio n s  in  f ish  exposed  to  th e  25 qm  m esh 
f i l t r a t e  co u ld , o f  co u rse , h av e  been  d u e  to low  levels o f  in fe c t io n  re m a in in g  
u n d e te c te d , w h ic h  is a sh o rtco m in g  o f  th e ir  d e te c tio n  m eth o d . T h ird ly , w h ile  
th e  n u m b e r  o f  d e sc rib e d  m y x o sp o rean  species is in  th e  h u n d re d s  th e re  a re  on ly  
33 k n o w n  a c tin o sp o rc a n  species (M arques, 1984). T h e  W olf a n d  M ark iw  
h y p o th e s is  w o u ld  re q u ire  th a t  fo r  ev e ry  m y x o sp o rcan  species th e re  is a 
c o rre sp o n d in g  a c tin o sp o re a n  species. E ven  g iven  th e  re la tiv e ly  lim ite d  am o u n t 
o f re se a rc h  on th e  A c tin o sp o re a  th e re  is o b v io u sly  an  en o rm o u s d is p a r i ty  in  
n u m b ers  b e tw een  th e  2 groups. T h e  p a u c ity  o f  a c tin o sp o rc a n  species has been
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c o n f irm e d  in  th e  p re se n t w o rk  w h ic h  has re v ea led  o n ly  5 species in  th e  v a rio u s  
h a b ita ts  sa m p led  in  th e  U .K . L as tly , th e re  a re  p ro fo u n d  m o rp h o lo g ica l 
d if fe re n c e s  b e tw een  th e  2 spo re  types, c e n tre d  a ro u n d  th e  possession o f  3 p o la r  
cap su les  in  T r i a c t i n o m y x o n  a n d  2 in  M .  c e r e b r a l i s .  In  th e  case  o f  M .  c e r e b r a l i s  

a n d  T .  d u b i u m  th e re  is also  a  g re a t d is p a r ity  in  size.

A lth o u g h  th e  p re se n t re su lts  s tro n g ly  suggest th a t  T r i a c t i n o m y x o n  is n o t 
in v o lv e d  in  th e  tra n sm iss io n  o f  M .  c e r e b r a l i s  b e tw een  f is h , i t  w as n ev e rth e le ss  
im p o ssib le  to  in fe c t  ju v e n ile  t ro u t  w ith  M .  c e r e b r a l i s  spo res w h ich  h a d  been 
ag ed  on s te r i le  m u d  a lo n e . T ra n sm iss io n  o c c u rre d  o n ly  in  those  e x p e r im e n ta l 
ta n k s  c o n ta in in g  T u b i f e x , h in tin g  a t  th e  p o ss ib ility  th a t  th e  w orm s m ay h av e  a 
m ore  su b tle  ro le  to p lay  th a n  th a t  d esc rib e d  by W olf a n d  M ark iw . T h e  w orm s 
h a v e  been  sh o w n  to ta k e  up  M .  c e r e b r a l i s  spores a n d  i t  is possib le  th a t  passage  
th ro u g h  th e  g u t o f  th e  w orm  m ay  be n ecessary  fo r  spores to becom e in fe c tiv e . 
H o w ev er, P r ih o d a ’s re su lts  suggest th a t  th e re  is no ro le  fo r  T u b i f e x ,  th o u g h  he 
s ta te s  th a t  th e  oxygen  c o n c e n tra tio n  w ith in  th e  m ud  su b s tra te  is a s ig n if ic a n t  
f a c to r  in  d e f in in g  spo re  in fc c t iv i ty ,  a fa c to r  w h ich  is o f  co u rse  in f lu e n c e d  by 
th e  a c t iv i ty  o f  th e  m ud  m a c ro f lo ra .

B e f o r e  W o lf a n d  M a r k iw  p r o p o s e d  th e  i n v o lv e m e n t  o f  t u b i f i c i d s  a n d  
A c tin o sp o re a , a 3 to 4 m o n th  a g e in g  process w as th o u g h t to be n ecessary  
d u r in g  w h ic h  M .  c e r e b r a l i s  spo res becam e in fe c t iv e  u n d e r  th e  in f lu e n c e  o f 
v a r io u s  p h y s io -c h e m ic a l/b io lo g ic a l in te ra c tio n s  (S ch ap c rc lau s , 1954; H o ffm a n  
a n d  P u tz , 1969). In  th is  c o n te x t M .  c e r e b r a l i s  tra n sm iss io n  sh o u ld  be e x am in ed  
in  2 d is t in c t  en v iro n m e n ts : in  th e  a r t i f ic ia l ,  h igh  d e n s ity  f is h  fa rm s , in  w h ich  
ra in b o w  t ro u t  a re  p ro d u c e d  a n d  in  w h ic h  m o rta lity  as a re su lt  o f  M .  c e r e b r a l i s  

m ay  be e x tre m e ly  h ig h ; a n d  in  th e  e n v iro n m e n t f ro m  w h ich  M .  c e r e b r a l i s  

o r ig in a te d , i e .  as a p a ra s ite  o f  b ro w n  t ro u t  in  n a tu ra l  r iv e r  a n d  lak e  system s.
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In  ra in b o w  tro u t  fa rm s  i t  m ay be en v isag ed  th a t  fo r  th e  6 m o n th s fo llo w in g  
sp a w n in g , w h ic h  u su a lly  occu rs b e tw een  D ecem b er an d  M arch , th e  y o u n g  tro u t  
a re  su sc e p tib le  to  a t ta c k  by M .  c e r e b r a l i s .  D u r in g  th is  p e rio d  a n u m b e r  o f 
h e a v ily  in fe c te d  in d iv id u a ls  w ill d ie , spores w ill be re lea sed  b ack  in to  th e  
system  a n d  su rv iv in g  f is h  w ill becom e c a rr ie rs . By th e  tim e  spo res a re  
a v a ila b le  fo r  tra n sm iss io n , m ost o f  th e  a v a ila b le  host f is h  w ill be a p p ro a c h in g  
th e  age a t  w h ic h  o s s if ic a tio n  has begun  o r has o c c u rre d , so th a t  in fe c t io n  is 
m ad e  d i f f i c u l t  o r im possib le . T h is  sh o u ld  o c cu r by la te  sum m er. T h e  n e x t 
sp a w n in g , a n d  th e  p e rio d  im m e d ia te ly  a f te r ,  w h en  tro u t a rc  m ost su scep tib le  
to in fe c t io n , does n o t o ccu r fo r  a n o th e r  3-5 m on ths. In  o rd e r  to m ax im ise  
d isease  tra n sm iss io n  th e re  is th e re fo re  th e o re tic a l  ju s t i f ic a t io n  fo r  an  ‘ag e in g ’ 
p e rio d . T h is  m odel ap p lie s  e q u a lly  w ell to tra n sm iss io n  h y p o th eses  in v o lv in g  
e i th e r  p h y sio -c h e m ic a l fa c to rs  a c tin g  on th e  sp o re  to in d u c e  in fc c t iv i ty  or 
in te rm e d ia te  hosts as suggested  by W olf a n d  M ark iw .

A  m ore  co m p lex  p ic tu re  em erges fo r  tra n sm iss io n  betw een  w ild  b ro w n  tro u t, 
w h ic h  m ost a u th o rs  ag ree  w ere  th e  o rig in a l hosts o f  M .  c e r e b r a l i s .  T h e  h a b ita ts  
o f  th ese  f is h  a re  c le a r  w a te r  s tream s, r iv e rs  a n d  lakes, e n v iro n m e n ts  in  w h ich  
T .  t u b i f e x y w h ich  s tro n g ly  fa v o u rs  o rg a n ic a lly  p o llu te d  w a te rs , a re  very  
u n com m on . W ild tro u t  o ccu r a t m uch  lo w er d e n s ity  th a n  in  f ish  fa rm s , so th a t  
tra n sm iss io n  b e tw een  in d iv id u a ls  is m ore d i f f ic u l t .  G iv en  su ch  a s i tu a tio n , 
W olf’s o b se rv a tio n  (p e rso n a l co m m u n ic a tio n ) th a t  T r i a c t i n o m y x o n  spo res a re  
o n ly  v ia b le  fo r  a few  d ay s a f te r  re lease  fro m  T u b i f e x  w o u ld  f u r th e r  re d u ce  
th e  p o ss ib ility  o f  tran sm iss io n .

In d iv id u a l  w ild  b row n  t ro u t  a re  u n lik e ly  to be exposed  to la rg e  n u m b e rs  o f 
in fe c t iv e  stag es a n d  co n se q u e n tly  M .  c e r e b r a l i s - in d u c e d  m o rta li ty  w o u ld  be 
ra re . M ost, i f  n o t a ll in fe c te d  b ro w n  tro u t  w ill becom e a sy m p to m a tic  c a r r ie rs



128

a n d  w ill d ie  o f  o th e r  causes th ro u g h o u t th e  y ear. E ven  a llo w in g  fo r  th e  3-5 
m o n th  ‘ageing* process, in fe c t iv e  spores w o u ld  be a v a ila b le  th ro u g h o u t th e  
y e a r , so sp o re  in fe c t iv i ty  is n o t sy n c h ro n ise d  w ith  the  p e rio d  w h en  su sc ep tib le  
ju v e n ile s  a re  a v a ila b le .

A f a c to r  th a t  can  in d u c e  s y n c h ro n ic ity  is te m p e ra tu re . P r ih o d a  o b ta in e d  
in fe c tio n s  by  k eep in g  M .  c e r e b r a l i s  spores a t  low  te m p e ra tu re  (4 °C ) fo r  
v a ry in g  tim e  p e rio d s , th o u g h  he  also  s ta te d  th a t  k eep in g  sp o res fo r  20 days 
a t  4 ° C  does n o t g u a ra n te e  th a t  spores w ill becom e in fe c tiv e . T hese  
o b se rv a tio n s  suggest th a t  co o lin g  is necessa ry  o v e r a re a so n a b le  le n g th  o f  tim e 
to  in d u c e  in f e c t iv i ty  o f  spores. U n d e r  n a tu ra l  c o n d itio n s  th is  o ccu rs  in  w in te r  
w h ic h  c o in c id e s  w ith  th e  o n se t o f  th e  b re e d in g  season. T h u s , ir re sp e c tiv e  o f 
w h en  spo res a re  re lea sed  u p o n  th e  d e a th  o f  th e  c a r r ie r  f is h , th e  c h illin g  
n ecessa ry  to b rin g  th em  to in fe c t iv i ty  w ill o n ly  o ccu r a t th e  tim e  w hen  
su sc e p tib le  hosts a re  once m ore a v a ila b le .

F u tu re  s tu d ie s  on th e  tra n sm iss io n  o f  M .  c e r e b r a l i s  sh o u ld , th e re fo re , tak e  
a c c o u n t o f  th e  possib le  e f fe c ts  o f  te m p e ra tu re  on in d u c in g  sp o re  in fe c tiv ity .  
T h e  W olf a n d  M ark iw  h y p o th e s is  sh o u ld  be re g a rd e d  w ith  c a u tio n  a n d  sh o u ld  
in  no w ay  be co n s id e re d  as p ro v en  u n ti l  f u r th e r  in d e p e n d e n t d a ta  on th e  
p o ss ib ili ty  o f  in d ire c t  tra n sm iss io n  is p ro d u ced . M uch m ore d e ta ile d  w o rk  on 
th e  tra n sm iss io n  an d  g e n e ra l b io logy  o f  th e  M yxosporea  as a w hole  is 
n e c essa ry  b e fo re  a fu l l  u n d e rs ta n d in g  o f  th e  l i f e  h is to ry  o f  th is  im p o r ta n t 

g ro u p  o f  f is h  p a ra s ite s  can  be reach ed .
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A P P E N D IX  1: C o n s titu e n ts  o f  A m m a n ’s lac to p h en o l fo r  f ix a t io n  o f
T u b if ic id  w orm s.

C a rb o lic  a c id 400 g
L a c tic  ac id 400 ml
G ly cero l 800 ml
W ater 400 ml
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A P P E N D IX  2: C o n s titu e n ts  o f L K B  H is to re s in  a n d  em b ed d in g  p ro c e d u re .

H is to re s in  c o n s titu e n ts : B asic re s in  - G ly c o lm c th a c ry la te
H y d ro q u in o n e  
P E G  400 
W ater

A c tiv a to r  - B enzoyl p e ro x id e  
p la s tic iz e r

H a rd e n e r  - B a rb itu r ic  a c id  
(d e r iv a tiv e )
D im e th y l su lfo x id e

A c tiv a to r  (0.5 g) + basic  re s in  (50 m l) p ro d u ces in f i l t r a t io n  so lu tio n .
O v e rn ig h t in f i l t r a t io n  a t  4 ° C  o f  sp ec im en , w h ich  s in k s w h en  co m p le te ly  
in f i l t r a te d .

F o r e m b e d d in g  m edium : 15 ml in f i l t r a t io n  so lu tio n  + 1 ml h a rd e n e r , m ix ed  fo r  
1 m in u te .

L o w er d e p re ss io n  o f  H is to m o u ld  f i l le d  w ith  e m b ed d in g  m ed iu m , in to  w h ich  

sp ec im en  p laced . P o ly m erised  fo r  1 h o u r  an d  th e n  rem oved .
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A P P E N D IX  3: P re p a ra tio n  o f  a lco h o lic  u ra n y l ace ta te .

M ake s a tu ra te d  so lu tio n  (> 8%) o f  u ra n y l a c e ta te  in  50% e th a n o l. P re p a re  
f re s h  so lu tio n  p r io r  to use.

A P P E N D IX  4: P re p a ra t io n  o f  R e y n o ld ’s lead  c itra te .

L ead  n i t r a te  1.33 g 
S od ium  c i tr a te  1.76 g 
B oiled  d is til le d  w a te r  30 ml

S h ak e  fo r  30 m in u te s , to  p ro d u c e  m ilk y  su sp en sio n . A dd  8 m l IN  N aO H  a n d  
d ilu te  to 50 m l, so lu tio n  th e n  c lears . Do n o t use i f  c loudy .
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A P P E N D IX  5: K a rn o v sk y s  f ix a t io n  sch ed u le  (v e r te b ra te  tissue)

1. SOLUTIONS

(A ) 1 ° F IX A T IV E . 2 gr P a ra fo rm a ld e h y d e  + 25 m gm  C aC l2 
+ 20 m l d is t  H 20
H e a t to  65 °C; a d d  2 d ro p s  1M N aO H . S tir  u n t i l  c lea r.
C ool a n d  a d d  10 ml 25% G lu ta ra ld e h y d e .
M ake up  to 50 m l w ith  0.2M  c a c a d y la tc  b u f f e r  pH  7.4.
S to re  a t  4 °C.

(B) 2 °  F IX A T IV E . E q u a l vols. 5% osm ium  te tro x id e  an d  
0.2M  c a c a d y la tc  pH  7.4.
S to re  a t  4 °C.

(C) W ASH B U F F E R . 3 vo lum es 0.2M c a c a d y la tc  + v o lu m ed  d is t  H 20 .  
S to re  a t  4 °C.

(D) C A C O D Y L A T E  B U F F E R . 42.8 gr N a c a c a d y la te  in  1 l i t r e  d is t 
H 20 .  T o 50 m is o f  th is  a d d  2.7 ml 0.2M HC1.

2. F IX A T IO N
(1) C u t tissu e  in to  1mm cubes in  f ix a t iv e  a t room  tem p.

C h a n g e  f ix a t iv e  a f te r  10 m ins an d  f ix  fo r  1 h o u r a t 4 °C .
(2) W ash tw ice  in  0.12M  c a c o d y la tc . 15 m ins each  a t 4 °C .
(3) F ix  in  2.5% O s0 4  in  0.1M  ca c o d y la te  fo r  1 h o u r  a t 4 ° C  on ro ta to r .
(4) W ash tw ice  in  0.1M  N a a c e ta te . 10 m ins each  a t 4 8C on ro ta to r .
(5) S ta in  in  0.25% aq u eo u s u ra n y l a c e ta te  fo r  1 h o u r  a t 4 °C .
(6) W ash tw ice  in  0.1M N a a c e ta te . 10 m ins each  a t 4 ° C  on ro ta to r .

(7) 35% ace to n e . 5 m ins a t 4 °C .
(8) 50% ace to n e . " "
(9) 70% a c e to n e  + 1% P T A  + 1% u ra n y l a c e ta te  o v e rn ig h t a t  4 °C .
(10) 90% ace to n e . 10 m ins a t room  tem p.
(11) W ash th re e  tim es in  a b so lu te  ace to n e  fo r  15 m ins each  a t room  tem p.
(12) T r a n s fe r  to S p u rrs  resin .
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A P P E N D IX  6: S p u rrs  h a rd  fo rm u la

V in y lc y c lo h c x c n e  d io x id e  (V C D )
D E R  736 F le x ib iliz e r  
N o n e n y l su c c in ic  a n h y d r id e  
D im e th y la m in o e th a n o l A c c e le ra to r  (SI) 
C u re  7 0 °C

\

10 m l 
4 ml 
26 ml 
0.4 ml 
8 h o u rs

¥
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Appendix 7 Conversion of potical density values to serum titre values 
for trout experimentally infected with A. salmonicida 
(Fig. 32)
O.D. = optical density 
s.t. = serum titre
(values marked with * are those used in Fig. 32)

) Fish inoculated with 10^ ii) Fish incx:ulated with 10^
bacteria bacteria

O.D. s.t. O.D. s.t.
0.28 1:200 0.80 1:900*
0.25 1:100* 0.28 1:200
0.29 1:200 0.35 1:300
0.28 1:200 0.37 1:300
0.40 1:400 0.48 1:500
0.42 1:400 1.07 1:1400
0.47 1:500 1.13 1:1500

ii)Fish inoculated with 10^ iv) Control fish
bacteria

O.D. s.t. O.D. s.t.
1.35 1:1800* 0.40 1:500*
1.05 1:1400* 0.40 1:400
0.28 1:200 0.50 1:550
0.33 1:250 0.55 1:600
0.41 1:400 0.60 1:700
0.37 1:350 0.62 1:700
0.68 1:800 0.57 1:650
0.60 1:700 0.44 1:450
0.80 1:1000 0.59 1:650
0.94 1:1200 0.54 1:600
1.20 1:1600 0.47 1:500

0.53 1:600
0.48 1:500
0.44 1:450
0.60 1:700
0.53 1:600
0.43 1:450
0.61 1:700
0.52 1:600
0.47 1:500
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Appendix 8 Antibody levels in trout against M. cerebralis

i) 5 - 6  month old trout experimientally infected with M. cerebralis
S.D. = serum dilution 
O.D. = optical density
All values shown have had maximum background reading of 0.85
subtracted fran them.

Fish S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1 1:000 0.35 1:250 0.21 1:500 0.21 1:1000 0.20 1.2500 0.18
2 n 0.78 i i 0.43 I I 0.20 I I 0.20 i i 0.17
3 i i 0.62 i i 0.40 i i 0.22 i t 0.21 i i 0.20
4 i i 0.79 i i 0.63 i i 0.20 I I 0.19 I f 0.19
5 i i 0.86 I I 0.53 I I 0.26 I I 0.20 II* 0.20

ii) 5 ■- 6 month old trout uninfected with M. cerebralis (mean values for
10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1:100 0.21 1:250 0.2 1:500 0.19 1:1000 0.18 1:2500 0.17

iii) 18 - 24 month old trout from Brittany outbreak of whirling disease 
(mean value for 10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1:100 0.23 1:250 0.21 1:500 0.19 1:1000 0.18 1:2500 0.18

iv) 16 - 20 month old trout from farm negative for M. cerebralis (mean 
values for 10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1:100 0.21 1:250 0.20 1:500 0.19 1.1000 0.18 1.2500 0.17
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Appendix 9 (1) Detection of M. cerebral is spores sonicated by ELISA 
O.D. = optical density 

S.C. = spore concentration 
Conc.= concentration
All values shown have maximum brackground reading of 0.62 

subtracted from them.

(a) M. cerebralis (b) Myxobolus sp.

148

S.C. O.D. S.C. O.D.

oc—1 0.92 or—1 0.89

103 0.61 103 0.59

1—1 o t
o

0.25 102 0.23

10 0.16 10 0.17

B.S.A. (d) Tubifex debris*

Cone. O.D. O.D.

10% 0.24 0.2

5% 0.22

3% 0.22

1% 0.16

* amount of protein not quantified

r
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Appendix 9 (ii) Detection of M. cerebralis spore antigen in infected 

trout
(a) 5 - 6  month old trout experimentally infected with M. cerebral is 

O.D. = optical density

S.D. = serum dilution (mean values for 10 fish)
All values shown have maximum background reading of 0.5 subtracted 
from them

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1:10 0.23 1:25 0.22 1:50 0.21 1:100 0.21 1:150 0.21 1:200

•
0.20

(b) 4 - 6 month old trout negative for M. cerebralis (mean values for
10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.
1:10 0.21 1:25 0.21 1:50 0.20 1:100 0.19 1:150 0.18 1:200 0.18

(c) 18 - 24 month old trout frcm Brittany outbreak of whirling disease

(mean values for 10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.

1:10 0.23 1:25 0.23 1:50 0.21 1:100 0.20 1:150 0.19 1:200 0.19

(d) 16 - 20 month old trout negative for M. cerebralis (mean values

for 10 fish)

S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D. S.D. O.D.

1:10 0.21 1:25 0.21 1:50 0.21 1:100 0.20 1:150 0.19 1:200 0.17


