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Genetic Variation of a -Glycerophosphate  - Dehydrol~enase Isoenzyrnes in Clupeoid and Salmonoid  
Fish 

The  e n z y m e  ~ - g l y c e r o p h o s p h a t e - d e h y d r o g e n a s e  (~- 
G P D H ;  E C  1.1 .1 .8)  r e p r e s e n t s  a w ide ly  d i s t r i b u t e d  
dehydrogenase .  I t s  m e t a b o l i c  role ha s  been  i n t e n s i v e l y  
s tud ied  in  t h e  insec t  f l i gh t  musc le  t-*. F u r t h e r m o r e  t h e  
e n z y m e  has  been  t h o r o u g h l y  exp lo red  b iochemica l ly6 ,L  
~ - G P D H  is a d imer i c  molecule ,  a n d  h a s  a m o l e c u l a r  
we igh t  of 78,000 ~,*. I t  ca t a lyzes  t h e  r e a c t i o n :  D i h y d r o -  
x y a c e t o n e  P h o s p h a t e  + N A D H  ~ ~ - G l y c e r o p h o s p h a t e  
+ NAD+.  T h e  occur rence  of m u l t i p l e  molecu la r  fo rms  of 
t h i s  e n z y m e w a s  d e m o n s t r a t e d  espec ia l ly  in  Drosophila, 
i n d i c a t i n g  t h e  ex i s tence  of a gene t i ca l ly  d e t e r m i n e d  poly-  
m o r p h i s m  x°-x~. H a r d l y  a n y  i n v e s t i g a t i o n s  h a v e  b e e n  
u n d e r t a k e n  to  s t u d y  t h i s  e n z y m e  w i t h  v e r t e b r a t e s  ~ , ~ .  
To  t h e  b e s t  of ou r  knowledge  gene t i c  v a r i a t i o n  was  de-  
sc r ibed  in  2 species  of f ish only,  Sebastodes alutus ~ a n d  
Katsuwonas pelamis ts. 

I n  t he  course  of e x p e r i m e n t s  des igned  to  s t u d y  more  
closely t h e  d ip lo id - t e t r ap l o i d  r e l a t i o n s h i p  occur ing  a m o n g  
m e m b e r s  of t h e  f ish o rde r  lsospondyli x~-z,, a - G P D H  was  
i n t r o d u c e d  as  a gene t i c  m a r k e r .  I t  wi l l  be  s h o w n  t h a t  t h e  
4 species e x a m i n e d  e x h i b i t  a r a t h e r  c o m p l e x  e lec t ropho-  
r e t i c  p a t t e r n ,  i nc lud ing  a n u m b e r  of v a r i a n t s  of t h i s  
i soenzyme  s y s t e m  which ,  never the les s ,  c a n  b e  i n t e r p r e t e d  
b y  a s imp le  gene t ic  model .  

Materials and methods. T h e  species e x a m i n e d  a re :  
Clupea harengus (herr ing) ,  Osmerus esperlanus (smelt) ,  
b o t h  o b t a i n e d  f rom a f i sh  s to re  in  F r e i b u r g ;  Salmo t rut ta  
(b rown  t rou t ) ,  Salmo irideus ( r a inbow t rou t ) ,  o b t a i n e d  
f r o m  t r o u t  h a t c h e r i e s  in  t h e  s u r r o u n d i n g s  of F re iburg .  

I n  genera l ,  h o m o g e n a t e s  of h e a r t  a n d  k i d n e y  were  used.  
F r o m  a n u m b e r  of a n i m a l s  of e ach  species t h e  fo l lowing 
o r g a n s  were  also e x a m i n e d :  b ra in ,  eye, gills, i n t e s t ine ,  
l iver ,  muscle ,  ovary ,  spleen,  s t o m a c h ,  swim-b ladde r ,  a n d  
tes t is .  T h e  t i s sues  were  h o m o g e n i z e d  1 :I  in  0.01 M PO, -  
buffer ,  p H  7.4, f rozen a n d  t h a w e d  twice,  a n d  cen t r i fuged  
a t  20.000 × g  twice  for  30 min .  T he  c lear  s u p e r n a t a n t  was  
t h e n  s u b j e c t e d  to  h o r i z o n t a l  s t a r c h  gel e lec t rophores i s  
w i t h  0 . 0 1 M  Tris-POi-buffer, p H  7.4 in  14% s t a r c h  gel 
a t  12 V / c m  for  5 h ;  b r idge :  0 . 1 M  Tris-POi-buffer, p H  

7.4. I n  t h e  case of t h e  p h e n o t y p e  A A ' B C  in s m e l t  elec- 
t r o p h o r e s i s  was  p e r f o r m e d  w i t h  p H  8.0 (see F i g u r e  2, e-g). 
A f t e r  e lec t rophores is ,  t h e  sl iced gel sur faces  were  s t a i ned  
for  ~ - G P D H  b y  i n c u b a t i o n  in  t h e  fo l lowing s t a i n i n g  so- 
l u t i o n :  50 m g  NAD,  30 m g  3 ,3 ' -d ian i soy l  4,4"-bis [2, 
(4 -n i t ropheny l )  5 - p h e n y l t e t r a z o l i u m  chlor ide] ,  !0 ml  Na-  
g l y c e r o p h o s p h a t e  0 .1M,  1 m l  N a C N  0 .1M,  5 m g  p h e n a -  
z ine m e t h o s u l f a t e  s u s p e n d e d  in  150 ml  Tris-HC1 0.05 M,  
p H  8.0 T h e  f o r m a z a n  r e a c t i o n  is d e p e n d e n t  on  t h e  pres-  
ence  of  N A D  a n d  N a - g l y c e r o p h o s p h a t e .  The  x - G P D H  
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Fig. 1. Schematic presentation of the various ~-GPDH isoenzyme phenotypes observed and tentative designation of the subunit,'composition. 
Variants occuring only in the heterozygous s t a t e  a r e  marked by an asterisk. 
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Fig. 2. m-GPDH-isoenzymes (a) in heart tissue of Clupea harengus; (b-f) in kidney and (g) in muscle tissue of Osmerus esperlanus; (h-l) in heart 
tissue of Salmo irideus; (m-o) tissue in heart in Salmo trutta. 

Phenotypes: a, ABC; b, ABCC'; c, ABC; d, ABB'C; e, ABC; f, AA'BC; g, the same fish as in f; h, ABC; i, ABCC'; k, ABC'; 1, AA'B (muscle 
tissue was used from which C cannot be demonstrated); m, ABC; n, ABB'C; o, AB'C. 

b a n d s  co inc ided  n e i t h e r  w i t h  b a n d s  of l a c t a t e - d e h y d r o -  
genase  no r  a l coho l -dehydrogenase .  

F r o m  3 s amp le s  each  of b r o w n  t r o u t ,  r a i n b o w  t r o u t  
a n d  her r ing ,  m i t o c h o n d r i a  were  i so la ted  o u t  of h e a r t  a n d  
muscle  t i ssue  ( m e t h o d  acco rd ing  to  HENDERSON 33); t h e y  
were l ikewise sub j ec t ed  to  e lec t rophores is .  

Resul ts  and  comments.  ~ - G P D H  a c t i v i t y  was  f o u n d  in  
t h e  e x t r a c t s  of al l  t i s sues  sub j ec t ed  to  e lec t rophores is .  I n  
m i t o c h o n d r i a ,  no  N A D - d e p e n d e n t  ~ - G P D H  a c t i v i t y  
cou ld  be  d e m o n s t r a t e d .  O r g a n  v a r i a b i l i t y  e x t e n d e d  to  
b o t h  t he  n u m b e r  a n d  i n t e n s i t y  of e l ec t rophore t i c  b a n d s .  

The  d i f f e ren t  p h e n o t y p e s  obse rved  in t h e  4 species are  
s u m m a r i z e d  in  F igu re  1. U n d e r  t he  a s s u m p t i o n  of a 
d imer i c  s t r u c t u r e  of t h e  molecule  a n d  r a n d o m  assoc ia t ion  
of t h e  subun i t s ,  t h e  s u b u n i t  c o m p o s i t i o n  c a n  be  specif ied 
as g iven  in F igu re  1. 

Accord ingly ,  a t o t a l  of 3 d i f f e ren t  gene loci A, B a n d  C 
cod ing  for ~ - G P D H  is to  be  a s s u m e d  in each  of t h e  4 
species. I n d i v i d u a l s  w h i c h  are  h o m o z y g o u s  a t  al l  3 loci 
a re  re fe r red  to  as  r e p r e s e n t i n g  t h e  wild type .  A m o n g  t h e  
v a r i a n t s  obse rved ,  t h e  f i nd ing  of t h e  r e spec t ive  v a r i a n t  
h o m o z y g o t e  d e m o n s t r a t e s  allelic p o l y m o r p h i s m  a t  t he  loci 
B a n d  C; t h e  occur rence  of alleles a t  locus A can  be  de r ived  
f rom t h e  h e t e r o z y g o t e  p a t t e r n  w i t h  h i g h  p r o b a b i l i t y .  
The  n u m b e r  of spec imens  e x a m i n e d  a n d  t h e  n u m b e r  of t h e  
va r ious  p h e n o t y p e s  f o u n d  are  s u m m a r i z e d  in t h e  Table .  

Number of animals examined in each species and electrophoretic 
findings 

Species 
No. of Eleetrophoretic pattern 
indi- 
viduals ABC AA'BC ABB'C AB'C ABCC' ABC" 

Clupea 
harengus 40 40 . . . .  

Osmerus 
esperlanus 179 176 1 1 - -  1 

Salmo 
irideus 60 19 1 - -  - -  31 

Salmo 
trutta 43 32 - -  10 1 - -  

m 

9 

I n  t h e  h e r r i n g  (Clupea harengus), on ly  t h e  wild t y p e  
p a t t e r n  was found  a m o n g  t h e  40 spec imens  e x a m i n e d  
(Figure  2a).  I n  t h e  s m e l t  (Osmerus esperlanus), 176 o u t  of 
179 a n i m a l s  e x h i b i t e d  t h e  wi ld  type .  T h e  e l ec t rophore t i c  
pos i t i on  of t h e  p r e s u m e d  h o m o m e r i c  i soenzymes  B B  a n d  
CC is iden t i ca l  to  t h a t  of t h e  h e r r i n g ;  t h e  AA h o m o m e r ,  
however ,  m i g r a t e s  s lower to  t h e  anode  in t h e  s m e l t  t h a n  
in t h e  h e r r i n g  occupy ing  t h e  s ame  pos i t i on  as in  t h e  t wo  
t r o u t  species (Figure  1). 

I n  t h e  s m e l t  3 v a r i a n t  p h e n o t y p e s  r e p r e s e n t i n g d i f f e r e n t  
he t e rozygo te s  were d e s i g n a t e d  as A' ,  B ' ,  a n d  C' which ,  
however ,  r e m a i n  to  be  con f i rmed  b y  t h e  i den t i f i ca t ion  of 
t h e  r e spec t ive  v a r i a n t  h o m o z y g o t e s  (Figures  1, a n d  2, b-g). 

I n  t h e  2 t r o u t  species e x a m i n e d ,  t h e  i soenzymes  fo rmed  
of A a n d  B s u b u n i t s  occupy  iden t i ca l  e l ec t rophore t i c  posi-  
t ions .  T h e  pos i t ion  of t h e  CC h o m o m e r  in Salmo ir ideus is 
f u r t h e r  anod ica l  t h a n  t h a t  of Salmo trutta. W h i l e  Salmo 
trutta i n v a r i a b l y  showed  t h e  wi ld  t y p e  CC-band,  a v a r i a n t  
C'  was  f o u n d  in Salmo irideus occupy ing  t h e  s ame  pos i t ion  
as  C in  Salmo trutta. A comple t e  p o l y m o r p h i s m w a s o b s e r v -  
ed  a t  t h e  B locus in  Salmo trutta (F igure  2,m-o),  a n d  a t  t h e  
C locus of Salmo irideus (Figure  2, h-k) .  A h e t e r o z y g o u s  
p h e n o t y p e  of Salmo irideus was i n t e r p r e t e d  as a n  A v a r i a n t  
(Figure  2, 1). 

B y  e x a m i n a t i o n  of severa l  o rgans  i t  was  h o p e d  to  o b t a i n  
i n f o r m a t i o n  on  poss ib le  homolog ies  of t h e  i soenzymes  be-  
t w e e n  t h e  species. T h e  resu l t s  o b t a i n e d ,  however ,  were dis-  
a p p o i n t i n g  in t h i s  r e spec t :  I n  h o m o g e n a t e s  of tes t i s  a l m o s t  
exc lus ive ly  t h e  f a s t e s t  c a t h o d a l l y  m i g r a t i n g  b a n d s  were  
f o u n d  in t h e  r a i n b o w  t r o u t ,  b r o w n  t r o u t  a n d  s m e l t ;  in  
t h e  her r ing ,  on  t h e  c o n t r a r y ,  t h e  pos i t i on  n e a r  t h e  or ig in  
was  occupied.  H o m o g e n a t e s  of s w i m - b l a d d e r  f rom al l  
species r evea led  i soenzymes  nea r  t h e  origin.  L i v e r  of t h e  
r a i n b o w  t r o u t  a n d  s m e l t  showed  m o s t  i n t e n s i v e  pos i t ions  
nea r  t h e  origin,  whereas  in  t h e  h e r r i n g  t h e  f a r t h e r  c a t h o d a l  
pos i t i ons  were  occupied.  I n  b r a i n  f rom r a i n b o w  t r o u t  
a n d  h e r r i n g  t h e  s lower  pos i t i ons  were  s t a i n e d  more  i n t e n -  
s ively,  smel t ,  however ,  shows a g r ea t e r  a c t i v i t y  for  t h e  
f a s t e r  pos i t ions .  

Insp i te ,  t h e  c o m p a r i s o n  of t h e  comple t e  p a t t e r n  in  t h e  4 
species e x a m i n e d  leads  to  t h e  d i s t i n c t i o n  of 2 t y p e s  of 
p a t t e r n  in  such  a w a y  t h a t  t h e  h e r r i n g  a n d  s m e l t  a t  t h e  

33 N.S. HENDERSON, J. exp. Zool. 158, 263 (1965). 
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one side, the  2 t r ou t  species a t  the  o the r  exh ib i t  close 
s imilar i t ies :  Whi le  t he  herr ing and smel t  show a single 
homomer ic  band  (A) close to  t he  s t a r t  posi t ion,  t he  2 o ther  
homomers  (B and  C) migra t ing  fa r ther  to  t he  anode,  the  2 
t rou t  species exhib i t  the  homomer ic  bands  A and B close 
to the  origin, the  C h o m o m e r  mig ra t ing  far ther .  

According  to  the  d ip lo id- te t rap lo id  re la t ionship  estab-  
lished be tween  members  of the  order  Isospondyli, her r ing  
and smel t  represent  species on the  diploid level, while the  
t r ou t  species have  undergone  te t rap lo id iza t ion  dur ing 
the i r  recent  evolutionS°. Thus,  each of the  2 types  of ~- 
G P D H  pa t t e rn  coincides wi th  one of t he  two  p lo idy  levels. 
Since the  n u m b e r  of gene loci in t he  diploids is appa ren t ly  
the  same as in t he  te t raploids ,  t he  qtzestion of homology  
be tween  the  gene loci invo lved  is of pa r t i cu la r  interest .  
Possibly the  gene locus of the  A isoenzyme was main ta ined  
in all  species dur ing evolut ion,  whereas  t he  loci of the  B 
and C isoenzymes could have  or iginated in different  ways  
in the  two  groups of species. The  3 genes present  could 
have  arisen f rom a smal ler  n u m b e r  of ancestral  genes 
th rough  t a n d e m  dupl ica t ion  in t he  dipl iods and th rough  
polyploid iza t ion  in the  tetraploids.  

Addendum. The  offspring of r a i nbow t rou t  t y p e  A B C  
× t y p e  A B C '  inves t iga ted  meanwhi le  r evea led  the  expec t -  
ed he te rozygous  pa t t e rn  ABCC' .  The  conf i rms the  exis- 
tence  of two  alleles a t  the  C locus of r a inbow t rout .  

Zusammen/assung. Die I soenzyme der  ~ - G P D H  lassen 
bei diploiden (Hering, Stint)  und te t rap lo iden  (Regen- 
bogen-,  Bachforelle)  Fischen der  Ordnung  Isospondyli auf  
jeweils  3 verschiedene Genloci  schliessen. Die s tammesge-  
schicht l ichen Beziehungen zwischen den verschiedenen 
Unte re inhe i t en  werden  kurz  diskut ier t .  
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Karyotypes of the Panamint Kangaroo Rat (Dipodomys panamintinus (Merriam)) 

Chromosomal  po lymorph i sm is no t  u n c o m m o n  in 
m a m m a l s  and has  been repor ted  by  several  au thors  
(BAKER and MASCARELLO 1; PATTON and DINGMAN z ; H s u  
and  ARRIGHI3). Usua l ly  th is  t akes  the  fo rm of in terpop-  
u ta t ional  r a the r  t h a n  in t r apopu la t iona l  va r i a t ion  and 
poin ts  up the  fact  t h a t  descr ibf ion of  t he  k a r y o t y p e  of a 
species should on ly  be made  af ter  sampl ing  a t  least  all  
of the  subspecies. This  is par t icu la r ly  t rue  if some of the  
subspecies are well  isolated f rom one another .  

I n  this  l ight ,  we wish to repor t  on the  ka ryo types  of the  
P a n a m i n t  kangaroo rat ,  Dipodomys panamintinus (Mer- 
riam). This  species is d iv ided into  5 subspecies (HALL and 
KELSON4): leucogenys and mohavensis which  h a v e  a 
cont inuous  d i s t r ibu t r ion ;  argusensis and  panamintinus 
which  are  in doubt fu l  con tac t  w i t h  each o ther  and p robab ly  
were  in recent  con tac t  w i t h  leucogenys and mohavensis; 
and caudatus which is isolated f rom the  o ther  4 subspecies 
by  ex t r eme ly  arid, low desert  which is a typ ica l  of the  
h ab i t a t  of th is  species (Figure 1). 

The  only repor ts  of the  ka ryo type  of th is  species have  
been f rom D. p. mohavensis (CSuTIS; JACKSON and HUN- 
SAKER*), In  this  s tudy,  specimens were col lected a t  or  
near  t he  t y p e  local i t ies  of each subspecies. Ka ryo types  
were prepared  b y  t h e  m e t h o d  of PATTON 7. The  resul ts  are  
shown in the  Tab le  and  F igures  2 and 3. F igure  2 shows a 
ka ryo type  of  D. p. leucogenys which is typ ica l  of  the  spe- 
cies. F igure  3 shows the  k a r y o t y p e  of D. p. caudatus 
which is qu i te  d i s t inc t  f rom the  o ther  4 subspecies. The  
diploid number  is cons tan t  (64) in all subspecies and 
agrees wi th  the  n u m b e r  g iven  by  the  o ther  invest igators .  
F r o m  our  sample,  the  sex chromosomes  appear  to be the  
same in all  subspecies, i.e., a metacen t r i c  X and a smal l  
metacen t r i c  Y. CSUTI 5 found a smal l  submetacen t r i c  Y 
and  JACKSON and HUNSAKER 6 indica ted  a smal l  meta -  
centr ic  as t he  Y. W'e differ  in ra t ios  of b i a rmed  and uni- 
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Fig. 1. Distribution of Dipodomys panamintinus and subspecies. A) 
D. p. teucogenys. B) D. p. mohavensis. C) D. p. panamintinus. D) D. p. 
argusensis. E) D. p. caudatus. 
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