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Fig. 2. Histochemical demonstration of ICDH 
activity in a one-day-old wound. • 100. 

Zusammen/assung. N a c h  e i n e m  A b s i n k e n  w ~ h r e n d  de r  
zwei  e r s t e n  p o s t t r a u m a t i s c h e n  S t u n d e n  s t i e g  d ie  f l uo r i -  
m e t r i s c h  b e s t i m m t e  A k t i v i t ~ t  d e r  N A D P - a b h ~ n g i g e n  
I s o c i t r a t - D e h y d r o g e n a s e  b i s  zu  1 2 0 h .  H i s t o c h e m i s c h  
e r k a n n t e  m a n  e ine  A k t i v i t ~ t s v e r m i n d e r u n g  in  u n m i t t e l -  
b a r e r  N~Lhe de r  W u n d f l ~ c h e .  D i e  Ak t i v i t ~ t t  n a h m  zwi-  

s c h e n  d e r  8. b i s  48. h in  d e r  / i u s se ren ,  d ie  n e k r o t i s c h e  
W u n d n ~ L h e  u m g e b e n d e n  Z o n e  zu.  
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Department o~ Forensic Medicine, University of Turku, 
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Evolution of a Retinal Specific Lactate Dehydrogenase Isozyme in Teleosts 

L - L a c t a t e  d e h y d r o g e n a s e  ( L D H )  e x i s t s  in  m u l t i p l e  
m o l e c u l a r  f o r m s  ( i s o z y m e s  1) a n d  s e r v e s  as  a n  e x c e l l e n t  
m o d e l  for  t h e  s t u d y  of  e v o l u t i o n  of  p r o t e i n s  2-~. T h e  
l a c t a t e  d e h y d r o g e n a s e  p o l y p e p t i d e  m o n o m e r s ,  d e s i g n a t e d  
A a n d  B,  of  v e r t e b r a t e s  a r e  e n c o d e d  in  a t  l e a s t  2 g e n e t i c  
loci8, 9. T h e  r a n d o m  a s s o r t m e n t  of  t h e s e  2 s u b u n i t s  
g e n e r a t e s  5 t e t r a m e r i c  i s o z y m e s  in  h i g h e r  v e r t e b r a t e s  l~ 
h o w e v e r  a s m a l l e r  n u m b e r  is c o m m o n l y  o b s e r v e d  in  i i s h  
b e c a u s e  of  r e s t r i c t e d  a s s e m b l y  7,11-~a. 

T h e  t i s s u e  a n d  d e v e l o p m e n t a l  spec i f i c  s y n t h e s i s  of  t h e  
L D H  i s o z y m e s  h a s  b e e n  a t t r i b u t e d  to  t h e i r  d i s t i n c t i v e  
k i n e t i c  p r o p e r t i e s ,  w h i c h  p e r m i t  t h e m  to  o p e r a t e  m o r e  
e f f i c i e n t l y  d u r i n g  d i f f e r e n t  c o n d i t i o n s  of  a n a e r o b i o s i s  in  
t h e  cell  14,15 

A t h i r d  L D H  l o c u s  ( the  E locus)  h a s  b e e n  p o s t u l a t e d  
to  f u n c t i o n  in  t h e  n e r v o u s  s y s t e m  of  t e l e o s t s  ~ ,  a~, ~7. T h e  
e x i s t e n c e  of t h i s  E l ocus  in  t e l e o s t s  h a s  s i n c e  b e e n  e s t a b -  
l i s h e d  b y  gene t i c ,  i m m u n o c h e m i c a l ,  p h y s i c a l ,  a n d  k i n e t i c  
c o m p a r i s o n s  of  t h e  t e l e o s t  L D H  i s o z y m e s  ~-~, 13,18,19. T h e  
E g e n e  is a c t i v a t e d  a t  t h e  t i m e  of  r e t i n a l  d i f f e r e n t i a -  
t ionT,  is,=~ a n d  is m a i n l y  f u n c t i o n a l  w i t h i n  t h e  p h o t o -  
r e c e p t o r  cei ls  of  t h e  n e u r a l  r e t i n a  w h i c h  s u g g e s t s  t h a t  
t h e  ]?;4 i s o z y m e  p l a y s  a u n i q u e  ro le  in  t h e  v i s u a l  m e t a b -  
o l i s m  of  te leos tsV,  21. 

I m m u n o c h e m i c M ,  k i n e t i c ,  a n d  p h y s i c a l  a n a l y s e s  i nd i -  
c a t e  t h a t  t h e  L D H  E p o l y p e p t i d e  is m o r e  c lo se ly  r e l a t e d  
t o  t h e  B s u b u n i t  t h a n  to  t h e  A s u b u n i t  5-v, la, is, 19, 2~. T h e  
E g e n e  p r o b a b l y  a r o s e  b y  g e n e  d u p l i c a t i o n  a t  t h e  t3 l o c u s  
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wh ich  h a d  ear l ier  o r ig ina ted  f rom the  ances t r a l  L D H  A 
locus 5-7. 

Our  p r e s e n t  s t u d y  was  des igned  to d e t e r m i n e  wh ich  
orders  of fish, r e p r e s e n t i n g  t he  e v o l u t i o n a r y  spec t rum,  
possess t h e  f u n c t i o n a l  E gene. On t he  bas is  of our  inves t i -  
gat ions ,  t h i s  e n z y m e  appea r s  l imi t ed  to t he  te leos ts  a n d  
is no t  p r e sen t  in  more  p r i m i t i v e  fish. 

The  frozen eyes, hear t ,  b ra in ,  a n d  dorsal is  t r u n c i  
muscle  f rom each  fistl e x a m i n e d  were homogen ized  w i t h  
a P o t t e r - E l v e h j e m  moto r i zed  homogen i ze r  or w i t h  a 
Sorva l l  o m n i - m i x e r  w i t h  m i c r o a t t a c h m e n t  a t  4 ~ in one 
v o l u m e  of 0 . 1 M  Tris-HC1 buffer ,  p H  7.1. The  h o m o -  
gena te  was cen t r i fuged  twice  a t  48,200g a t  4 ~ for 30 min.  
The  clear  s u p e r n a t a n t  was  used for e lec t rophores is .  

2 buf fe r  sys t ems  were used. The  E B T  s tock  buffer  
c o n t a i n e d  0 . 0 0 1 M  E D T A  ( te t ra -sodium) ,  0 . 0 2 5 M  bor ic  
acid, a n d  0 . 0 4 5 M  Tris a n d  h a d  a p H  of 8.6. A 1 :20  
d i lu t ion  of s tock  was used for t he  s t a r ch  gel; a n d  a 1 :7  
d i lu t ion  a n d  1 :5  d i lu t ion  was m a d e  for t h e  anode  a n d  
c a t h o d e  vessel  buf fer  respect ively .  The  c o n c e n t r a t e d  Tris 
c i t r a t e  s tock  buf fe r  c o n t a i n e d  0 . 7 5 M  Tris a n d  0 . 2 5 M  
c i t r a t e  (mono-hydroxy)  a d j u s t e d  to p H  6.9. A 1 : 10 di lu-  
t i on  of s tock  was used in  t h e  gel and  a 1 :5  d i lu t ion  in 
b o t h  e lec t rode  vessels.  This  buf fe r  has  p r o v e n  exce l len t  
for t he  reso lu t ion  of t he  E 4 i sozyme 6, 7, la 

E lec t rophores i s  was pe r fo rmed  us ing  a n  11% ver t i ca l  
s t a r c h  gel for 12-16 h a t  4~ w i t h  vo l t age  g rad ien t s  of 
13 V / c m  for  t h e  E B T  gels and  7.7 V / c m  for t he  Tris- 
c i t r a t e  gels. Af te r  t h e  gels were sliced, s t a in ing  was per-  
fo rmed  as descr ibed  p rev ious ly  7,19. The  E 4 h o m o p o l y m e r  
was  read i ly  d i s t ingu i shed  f rom t h e  o the r  L D H  isozymes  
b y  i ts  u n i q u e  occur rence  in eye  t i ssue  a n d  i ts  c h a r a c t e r -  
i s t ica l ly  r ap id  a n o d a l  m i g r a t i o n  u p o n  electrophoresis .  

T h e  eye specific i sozyme p a t t e r n  cha rac t e r i s t i c  of 
m o s t  orders  of te leos ts  is e x h i b i t e d  b y  t he  A t l a n t i c  
m i d s h i p m a n  (Porichthys porosissimus) (Figure  A). T h e  

eye  is t h e  on ly  t i ssue  possess ing t h e  E 4 isozyme.  On 
t h e  basis  of our  i nves t i ga t i on  a n d  t h e  p rev ious ly  p u b l i s h e d  
dataS-7,11,1s, 16-19,21 al i t  has  been  es t ab l i shed  t h a t  t he  
fol lowing orders  of te leos ts  c o n t a i n  species e x h i b i t i n g  
a func t iona l  E gene:  Clupeiformes,  Beloniformes ,  Mycto-  
phi formes ,  Cypr inodon t i fo rmes ,  Gas te ros te i formes ,  Gadi -  
formes,  Perc i formes,  P leuronec t i fo rmes ,  Percops i formes ,  
a n d  Ba t racho id i fo rmes .  However ,  a t  leas t  one order  of 
teleosts ,  t he  Cypr in i formes ,  appea r s  to  be  l ack ing  t he  
E gene func t ion .  18 species r e p r e s e n t a t i v e  of 5 famil ies  
of th i s  order  (Characidae,  Cypr in idae ,  Ca ta s tomidae ,  
Ari idae,  a n d  Ic ta lu r idae)  were e x a m i n e d  d u r i n g  t he  
course of our  i nves t iga t ion  and  all  l acked  t h e  E~ isozyme. 
The  Golden  sh iner  (Notemigonus crysoleucas), a typ ica l  
Cypr in i form,  is shown  in F igure  B. In  th i s  fish, no iso- 
zymes  composed  of E s u b u n i t s  a re  de tec tab le .  I m m u n o -  
chemica l  co n f i rma t i o n  of these  resu l t s  for te leos ts  will  
be  pub l i shed  in  de ta i l  elsewhere.  

T h e  t i ssue  specific i sozyme p a t t e r n  of t h e  l a m p r e y  
(Petromyzon marinus), r e p r e s e n t a t i v e  of t h e  p r i m i t i v e  
Class A g n a t h a ,  is shown in F igure  C. This  is t y p i ca l  of 
all  non - t e l eos t ean  f ish e x a m i n e d  (Table) in l ack ing  t he  
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Fig. 1. Lactate dehydrogenase isozyme patterns in fish tissues. The subunit compositions of the homopolymerie LDH isozymes are indicated 
to the left of each zymogram. The suhunit compositions were determined by immunoehemieal procedures 6,~,la and by the predominance of 
the A 4 isozyme in skeletal muscle and tile B 4 isozyme in the heart. 
A) Atlantic midshipman. 1, eye, 2. brain, 3. heart muscle, 4. skeletal muscle. 
13) Golden shiner. 1. skeletal muscle, 2. heart muscle, 3. brain, 4. eye. This species of teleost lack the 1; 4 isozyme. 
C) Sea lamprey. 1. skeletal muscle, 2. heart muscle, 3. brain, 4. eye. This Agnathan (a primitive fish) also lacks the E 4 isozyme. 
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E 4 isozyme. The  l a m p r e y  m a y  differ  f rom o the r  f ish in 
possess ing on ly  the  A 4 i sozyme in t h e  adu l t  t issues ~. 

I t  is no t  possible,  f rom our  da ta ,  to  exclude  the  hypo-  
thes is  t h a t  t he  E gene is p re sen t  b u t  i ts  p r o d u c t  is un-  
de t ec t ab le  in  some fish. F u t u r e  work  shou ld  revea l  
w h e t h e r  t he  exis tence  of a r e t ina l  specific L D H  E 4 iso- 
zyme  is ind ica t ive  of a f u n d a m e n t a l  d i f ference in t he  

Primitive fish which lack a functional LDH E locus 

Scientific name Common name 

Class Agnatha 
Order Myxiniformes 
Family Myxinidae Myxine glutinosa 
Family Petromyzontidae Polistotrema stoutii 

Petromyzon marinus 

Class Chondrichthyes 
Order Squaliformes 
Family Heterodontidae 
Family Scyliorhinidae 
Family Careharhinidae 

Order Rajiformes 
Family Rajidae 
Family Myliobatidae 

Class Osteichthyes 
Subclass Crossopterygii 
Order Dipnoi 

Subclass Aetinopterygii 
Superorder Chondrosteii 
Order Acipenaeriformes 
Family Polyodontidae 
Superorder Holosteii 
Order Semionotiformes 
Family Lepisosteidae 
Order Amiiformes 
Family Amiidae 

Heterodontus ]rancisci 
Cephaloscyllium uter 
Mustelus canis 
Trial~is semifasciata 

Ra]a eglanteria 
Myliobatis ]reminvillei 

Protopterus annectens 
Lepidosiren paradoxa 

Atlantic hagfish 
Pacific hagfish 
Sea lamprey 

Horn shark 
Swell shark 
Smooth dogfish 
Leopard shark 

Clearnose skate 
Bullnose ray 

African lungfish 
South American 
lungfish 

Polyodon spathula Paddlefish 

L@isos~eus pZatostomu.s Shortnose gar 

A mia calva Bowfin 

v i sua l  m e t a b o l i s m  be tween  te leosts  and  o the r  ve r te -  
bra tes .  

D u r i n g  t he  mid-Triass ic ,  t he  te leosts  b e g a n  to  success- 
ful ly compe t e  w i t h  t he  fresh w a t e r  hotos teans ,  and  t h e n  
u n d e r w e n t  a d a p t i v e  r a d i a t i o n  in b o t h  f resh w a t e r  and  
m a r i n e  e n v i r o n m e n t s  a2. The  E gene m a y  h a v e  ar isen in 
te leosts  p r io r  to  th i s  d ivers i f i ca t ion  t h r o u g h  a dup l ica t ion  
of t he  B geneS-7. Because  t he  fossil  record  is incomple te ,  
t he re  is some d i s a g r e e m e n t  a b o u t  t he  phy logene t i c  
a r r a n g e m e n t  of te leos t  orders  and  w h e t h e r  t h e y  arose 
m o n o p h y l e t i c a l l y  33, 3, or po lyphy le t i ca l l y  ~5. Never the less ,  
t he  orders  Cypr in i formes ,  Anguil l i formes,  and  some Clu- 
pe i fo rm famil ies  are  r ega rded  as p r i m i t i v e  te leos ts  33,~*. 
The  absence  of t h e  L D H  E~ isozyme in species of these  
orders  m a y  be  due to t he i r  be ing  in a n  evo lu t iona ry  l ine 
which  n e v e r  possessed t he  E locus. Al t e rna t ive ly ,  these  
orders  m a y  h a v e  lost  the  E gene func t i on  wh ich  t h e y  
once possessed. 

Th i s  p r e sen t  s t u d y  also suggests  t h a t  t he  use of iso- 
zymes  as genet ic  m a r k e r s  is a powerfu l  p rocedure  for t he  
i nves t i ga t i on  of e v o l u t i o n a r y  re l a t ionsh ips  36. 

Rdsumd. U n  t ro is i~me locus g6n6t ique  ind ique  Ia pre-  
sence d ' u n  u n i q u e  i sozyme de d6shydrog6nase  l ac t ique  
ne f o n c t i o n n a n t  que dans  les t i ssus  n e u r a u x  des T6160s- 
t6ens,  s u r t o u t  d a n s  la  r6 t ine  neurale .  L a  fonc t ion  de g~ne 
ne  se man i f e s t e  pas  d a n s  les ordres  de  poissons  pr imi t i fs .  
Ces r6su l ta t s  sugg~rent  n n e  diff6rence de m6 tabo l i sme  
r6 t in ien  en t re  les T6160st6ens et  les classes de poissons 
p lus  pr imi t i fs .  
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( 3 b e r  d i e  S p e i c h e r u n g  v o n  L i p i d e n  d u r c h  K n a l l g a s b a k t e r i e n  

Dass  h6he re  O r g a n i s m e n  u n t e r  g i ins t igen  E r n ~ h r u n g s -  
b e d i n g u n g e n  Lipide,  in sbesondere  Tr iglycer ide ,  ffls 1Re- 
serves toffe  spe ichern  k6nnen ,  i s t  sei t  l a n g e m  b e k a n n t .  
Auch  B a k t e r i e n  v e r m 6 g e n  u n t e r  speziel len Ern/~hrungs-  
b e d i n g u n g e n  Reserves tof fe  zu b i lden  u n d  in t raze l lu l~r  
anzuh/~ufen. Viele B a k t e r i e n  a k k u m u l i e r e n  ein ungew6hn-  
l iches Lipid,  Po ly - f i -hydroxybu t t e r s / iu re  ( P H B S ) ;  es is t  
n u r  bei  P r o k a r y o n t e n  ge funden  worden.  Die Frage,  ob  
B a k t e r i e n  Tr ig lycer ide  oder  ande re  E s t e r  l a n g k e t t i g e r  
F e t t s ~ u r e n  als Speichers toffe  anh~Lufen k6nnen ,  is t  me i s t  
v e r n e i n t  worden.  Die F rage  n a c h  e iner  Spe iche rung  von  
E s t e r n  l angke t t i ge r  F e t t s ~ u r e n  d u r c h  B a k t e r i e n  is t  
a l lerdings  noch  n i c h t  s y s t e m a t i s c h  b e a r b e i t e t  worden.  
Zur  expe r imen te l l en  B e a n t w o r t u n g  dieser F rage  b i e t en  
sich K n a l l g a s b a k t e r i e n  an. 

K n a l l g a s b a k t e r i e n  k 6 n n e n  c h e m o l i t h o a u t o t r o p h  wach-  
sen, d h., sic v e r w e n d e n  die K n a l l g a s r e a k t i o n  ( O x y d a t i o n  
yon  m o l e k u l a r e m  Wassers to f f  d u t c h  m o l eku l a r en  Sauer-  
stoff) als Energ ieque l le  zur  Ass imi l a t ion  yon  CO~; sie 

k 6 n n e n  j edoch  auch  von  gee igne ten  o rgan i schen  Verb in -  
d u n g e n  h e t e r o t r o p h  leben,  z .B.  yon  dell u n t e r  g i ins t igen 
E r n ~ h r u n g s b e d i n g u u g e n  gespe icher ten  Stoffen.  D a  Knal l -  
ga sbak te r i en  aus  l e ich t  zug/ ingl ichem a n o r g a n i s c h e m  
Mate r i a l  organisches  Mate r i a l  a u f b a u e n  k 6 n n e n  u n d  weil  
sie eine gfinstige B i l anz  ihres  Gass toffwechsels  aufweisen,  
d i sku t i e r t  m a n  ihre  V e r w e n d u n g  in der  R a u m f a h r t -  
t e c h n i k  1. 

Die  v e r w e n d e t e n  B a k t e r i e n s t ~ m m e  H y d r o g e n o m o n a s  
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