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The evolution of duplicate gene expression i n t h e  carp (Cyprinus carpio) 1 

S. D.  F e r r i s  ~, 3 a n d  G. S. W h i t t  

Department of Genetics and Development, 515 Morrill Hall, University of Illinois, Urbana (Illinois 61801, USA), 
8 March 1977 

Summary. T h e  c a r p ,  C y p r i n u s  c a r p i o  ( T e l e o s t o m i ) ,  is  a t e t r a p l o i d  spec i e s  w h i c h  c u r r e n t l y  e x p r e s s e s  5 2 %  of i t s  d u p l i c a t e  
e n z y m e  loci.  T h i s  l eve l  of  d u p l i c a t e  g e n e  e x p r e s s i o n  in  t h i s  c y p r i n i d  spec i e s  is c o m p a r a b l e  t o  t h o s e  o b s e r v e d  in  t e t r a -  
p lo id  C a t o s t o m i d a e ,  b u t  h i g h e r  t h a n  t h o s e  in  t e t r a p l o i d  C o b i t i d a e .  

T h e  c a r p  ( C y p r i n u s  ca rp io )  is a p h y l o g e n e t i c a l l y  t e t r a -  
p l o i d  f i sh  ~. T h i s  s p e c i e s  h a s  b e e n  t h e  o b j e c t  of  a n u m b e r  
o f  s t u d i e s  on  t h e  e f f ec t  of  p o l y p l o i d y  o n  g e n e  e x p r e s s i o n  5-8. 
S u b s e q u e n t  to  t h e  o r i g i n a l  t e t r a p l o i d i z a t i o n  e v e n t  o n e  of  
t h e  2 d u p l i c a t e  g e n e s  h a v e  b e e n  s i l e n c e d  in  t h e i r  e x p r e s s i o n .  
W e  w i s h  t o  d e t e r m i n e  w h a t  f r a c t i o n  of  d u p l i c a t e  g e n e s  
e n c o d i n g  i s o z y m e s  h a v e  b e e n  s i l e n c e d  o v e r  a g i v e n  p e r i o d  
o f  t i m e .  S u c h  a n a l y s e s  m a y  h e l p  u s  to  u n d e r s t a n d  t h e  
r a t e s  a t  w h i c h  i n i t i a l l y  i d e n t i c a l  loci c a n  d i v e r g e  in  s t r u c -  
t u r e  a n d  r e g u l a t i o n .  W e  r e p o r t  t h e  r e s u l t  of  e l e c t r o p h o r e t i c  
a n a l y s e s  of  i s o z y m e s  e n c o d e d  in  21 loci. T h e  e x t e n t  o f  
f u n c t i o n a l  d i p l o i d i z a t i o n  is a l so  d i s c u s s e d  in  r e l a t i o n  to  
t h e  t i m e  of  o r i g i n  of  t h e  c a r p ,  a n d  t h e s e  r e s u l t s  a r e  c o m -  
p a r e d  w i t h  t h o s e  for  o t h e r  t e t r a p l o i d  c y p r i n i f o r m  f i shes .  
Materials and methods. 22 c a r p  w e r e  c a p t u r e d  f r o m  s t r e a m s  
in  c e n t r a l  I l l i no i s  a n d  s t o r e d  a t  - - 2 0 ~  M u s c l e ,  h e a r t ,  
eye ,  b r a i n ,  s t o m a c h ,  gill, l iver ,  s p l e e n ,  g o n a d ,  a n d  k i d n e y  
we re  d i s s e c t e d  a n d  h o m o g e n i z e d  1 : 2  v o l : v o l  in  0.01 M 
T r i s - H C 1  p H  7 b u f f e r  a t  4~  E x t r a c t s  we re  c e n t r i f u g e d  
a t  27 ,000  x g for  20 r a i n  a n d  t h e  r e s u l t i n g  s u p e r n a t a n t s  
s u b j e c t e d  to  v e r t i c a l  s t a r c h  ge l  e l e c t r o p h o r e s i s  ( B u c h l e r  
i n s t r u m e n t s ) .  T h e  e n z y m e s ,  t h e i r  n o m e n c l a t u r e ,  t i s s u e  
s o u r c e  a n d  e l e c t r o p h o r e t i c  c o n d i t i o n s  a r e  p r e s e n t e d  in  t h e  
t a b l e  (see a l so  F e r r i s  a n d  W h i t t  9 for  d e t a i l s  of  t h e  e l e c t ro -  
p h o r e s i s ) .  E n z y m e  s t a i n i n g  w a s  m o d i f i e d  a f t e r  S h a w  a n d  
P r a s a d  10, 
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a Supernatant  (S-AAT) and mitochondrial (M-AAT) aspartate 
aminotransferase isozymes of a diploid (cyprinid Notropisstramineus) 
and a tetraploid cyprinid (Cyprinus carpio). The diploid possesses 
one S-AAT and one M-AAT locus, designated A and B, respectively. 
The tetraploid expresses 2 S-AAT loci and 2 M-AAT loci, designated 
A 1, A*, B 1 and B*, respectively. 

b Aldolase-C isozymes from brain extracts of 3 individuals of Notro- 
pis stramineus (2n) and Cyprinus carpio (4n). The diploid expresses 
1 locus. The tetraploid expresses 2 loci. The 5 isozyme phenotype 
in the tetraploid is consistent with the random assembly of the 2 
different subunits  into all possible tetramers. 
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Enzyme EC number Locus TNsues 
Abbreviation 

Electrophoretic Number loci References* 
conditions expressed 

Lactate dehydrogenase-B 1.1.1.27 Ldh-B Muscle, brain A, B 
Lactate dehydrogenase-C 111.1.27 Ldh-C Liver A,B 
Mitochondrial malate dehydrogenase 1.1.1.37 M-mdh Muscle, brain C 
Mitochondrial isocitrate dehydrogenase 1.1.1.42 M-idh Heart E 
6-Phosphogluconate dehydrogenase 1.1.1.44 6Pgd Liver, brain B 
Glycerol-3-phosphate dehydrogenase 1.1.1.8 G3pdh Muscle C 
Superoxide dismutase 1.15.1.1 Sod Liver A,B 
Soluble aspartate aminotransferase 2.6.1.1 S-aat Liver, heart C 
Mitochondrial aspartate aminotransferase 2.6.1.1 M-aat Muscle C 
Adenylate kinase-A 2.7.4.3 Ak-A Muscle C 
Aldolase-C 4.1.2.13 Ald-C Brain B 
Glucose phosphate isomerase-A 5.3.1.9 Gpi-A Brain A 
Alcohol dehydrogenase 1.1.1.1 Adh Liver D 
Sorbitol dehydrogenase 1.1.1.14 Sdh Liver F 
Lactate dehydrogenase-A 1.1.1.27 Ldh-A Muscle A 
Malate dehydrogenase-A 1.1.1.37 Mdh-A Liver, brain C 
Malate dehydrogenase-B 1.1.1.37 Mdh-B Muscle C 
Xanthine dehydrogenase 1.2.1.37 Xdh Liver D 
Glyceraldehyde-3-phosph ate dehydrogenase 1.2.1.9 Gapd Muscle C 
Creatine kinase-A 2.7.3.2. Ck-A Muscle A 
Creatine kinase-B 2.7.3.2 Ck-B Brain A 
Phosphoglucomutase 2.7.5.11 Pgm Muscle C 
Glucose phosphate isomerase-B 5.3.1.9 Gpi-B Muscle, heart A 

2 (PS,14,16) 
2 (PS,16) 
2 (PS,13) 
2 (12) 
2 (PS,15,16) 
2 (PS,13) 
2 (PS) 
2 (PS,19) 
2 (ps) 
2 (PS) 
2 (PS) 
2 (PS,18) 
1 (PS) 
1 (12) 
1 (PS,16) 
1 (PS,17) 
1 (PS,17) 
1 (ps) 
1 (PS) 
1 (PS,11) 
1 (PS) 
1 (PS) 
1 (PS,18) 
52% 
duplication 

A Gel-Tris-EDTA-Borate pH 8.6, 8 V/cm, 18 h ~7. B Tris-citrate pH 7, 7 V/cm, 18 h zS. C Histidine-NaOH pH 8, 6 V/cm, 7 h 2~ D Boric acid 
NaOH pH 8.6, 8 V/era, 7 h 3~ E Phosphate pH 6.5, 12 V/cm, 6 h 31. F Tris-phosphate pit  6.5, 12 V]em, 6 h ~. *Numbers refer to references 
at end of paper; PS indicates locus was examined in the present study. 

Results and discussion. The table  summar izes  the  resul ts  
of th is  s t u d y  as well as resul ts  ob ta ined  f rom earlier s tudies  
by  o the r  laborator ies  n-19. A subs t an t i a l - f r ac t ion  (52%) 
of the  dupl ica te  loci are still  expressed.  I sozyme p a t t e r n s  
for two  such dupl ica te  gene sets are i l lus t ra ted  in the  
figure. The i sozyme p h e n o t y p e s  for mi tochondr ia l  aspar-  
t a t e  amino t rans fe rase  and aldolase-C are shown for b o t h  
the  t e t r ap lo id  carp  and  a re la ted  diploid species for pur-  
poses of compar ison .  
The da t a  in the  tab le  suggest  t h a t  a p p r o x i m a t e l y  half  the  
dupl ica te  gene sets in the  carp  express  bo th  loci and  half  
express  only  one of the  loci. Based upon  our  isozymic 
analyses  2 main  pos tu la tes ,  which  are no t  mu tua l ly  ex- 
clusive, m a y  be gene ra ted  to account  for the  de tec t ion  of 
only  single locus express ion a t  hal f  t he  dupl ica te  loci. 
I t  is necessary  to consider  the  poss ibi l i ty  t h a t  the  single 
locus express ion  of some dupl ica te  locus sets is more  ap- 
p a r e n t  t h a n  actual .  One pos tu la te  t h a t  migh t  be b ro u g h t  
fo rward  is t h a t  no t  enough  t ime  has t r ansp i red  since the  
po lyp lo id iza t ion  for dupl ica te  genes to subs tan t i a l ly  di- 
verge in the i r  s t ruc ture .  I f  no, or only  a few amino  acid 
subs t i t u t ion  differences have  accumula ted  be tween  the  
homologous  isozymes,  t he  p robab i l i ty  of de tec t ing  t h e m  
e lec t rophore t ica l ly  is low. However ,  several  l ines of evi- 
dence  suggest  t h a t  such ' c ryp t ic '  dupl ica te  locus expres-  
sions are p r o b a b l y  no t  ex tens ive  in th is  species. Firs t ,  the  
ra t io  of s ta in ing  in tensi t ies  be tween  allelic isozymes in 
he te rozygous  individuals  is cons i s t an t  wi th  disomic 
inher i tance  a t  a single locus for m a n y  enzymes  (e.g. 
Ck-A 11 and  Pgm,  our  own unpubl i shed  data) .  Secondly,  
t he  carp  are bel ieved to  have  ex is ted  in t he  t e t r ap lo id  
s t a t e  for a re la t ive ly  long per iod of t ime  12. T h e y  have  
been  diverging f rom the  Catos tomidae ,  for example ,  for 
50-70 million years,  inferred f rom a compar i son  of he- 
moglobin  e sequences  ~~ Based on Nei and  Chakra-  
b o r t y ' s  fo rmula t ion  ~ for the  p robab i l i ty  of e lec t ropho-  

retic i d e n t i t y  be tween  2 proteins ,  i t  has  been shown t h a t  
for ini t ia l ly  ident ical  proteins ,  which  have  been diverging 
for as long as 50 mil l ion years,  less t h a n  5% of these  
dupl ica te  enzymes  would  be expec ted  to possess coinc ident  
e lec t rophore t ic  mobil i t ies  (see Ferr is  and W h i t t  ~). 
The second,  and  more l ikely exp lana t ion  for the  de tec t ion  
of the  express ion  of only  one of 2 dupl ica te  loci is func- 
t ional  diploidizat ion.  Func t iona l  diploidizat ion has been  
d o c u m e n t e d  in var ious  te t rap lo id  fishes and recen t ly  
pos tu l a t ed  for the  carp  13. Based upon the  DNA co n t en t s  
of th is  species it is unl ikely t h a t  the  funct ional  diploidiza- 
t ion is being accompanied  by  subs tan t i a l  physical  loss of 
D N A  13. One indica t ion  t h a t  funct ional  diploidizat ion is 
con t inu ing  to occur in the  carp  is the  presence of null  
alleles for L d h - B  in E u ro p ean  popula t ions  14. We  have  
also observed  these  null  alleles a t  the  Ldh-B  locus in the  
Amer ican  popula t ions .  The fact  t h a t  null  alleles were no t  
de tec ted  a t  o the r  loci suggests  t h a t  diploidizat ion,  t h o u g h  
still occurring,  is proceeding a t  a slow rate .  
How does th is  level of d iploidizat ion compare  wi th  levels 
for o the r  t e t r ap lo id  Cypr in i formes  ? The express ion of 
52% of t he  dupl ica te  genes is comparab le  to t he  per-  
centages  observed  in the  te t rap lo id  Ca tos tomidae  ~. The 
average ca tos tomid  species expresses  45 % (range 35-65 %) 
of its genes in dupl ica te  af ter  50 million years.  Te t rap lo id  
cobi t ids  of t he  genus Botia,  however ,  exh ib i t  re la t ive ly  
lower levels of dupl ica te  gene expression,  15-30% (Ferris 
and Whi t t ,  in prepara t ion) .  The re la t ively  low levels of 
dupl ica te  gene express ions  of the  cobi t ids  may  be a t t r i -  
bu tab le  to the i r  more  recen t  origin 38. 
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The ra tes  a t  which  dupl ica te  genes are silenced m a y  be 
changing  over  the  course of evolut ion.  In  the  early evo- 
lu t ionary  stages, soon af ter  a disomic pa t t e rn  of t rans-  
mismon has been es tabl ished,  the 2 loci should be suffi- 
c ient ly  s imilar  in s t ruc tu re  and regulat ion,  t h a t  the  si- 
lencing of one of these loci would not  have  serious con- 
sequences.  In  the  la ter  evo lu t ionary  stages, the  2 loci 
m a y  have  diverged suff ic ient ly  in the i r  s t ruc ture  and 
regula t ion  t h a t  a loss of express ion  at  e i ther  locus would 
t end  to be selected against .  This t e n d e n c y  for dupl ica te  
gene express ion  to be re ta ined  would resul t  f rom bo th  the  
s t ruc tu ra l  and regu la to ry  divergence of the  dupl ica te  
genes. One consequence  of the  d ivergence  in gene s t ruc tu re  
is t h a t  the  mul t ip le  locus i sozymes m a y  even tua l ly  acquire  
d i f fe ren t  kinetic  and  physical  proper t ies  and  then  come 
to  occupy  d i f ferent  metabol ic  niches of adap t ive  signifi- 
cance to  the  organism 24. Ano the r  consequence  of th is  gene 
divergence is the  d i f ferent ia l  regula t ion  of these dupl ica te  
genes dur ing  embryogenes is  and  in the  d i f fe ren t ia ted  adu l t  
t issues. Such s t ruc tu ra l  and  regula tory  divergence has  
been  repor ted  for some dupl ica te  loci in all t e t r ap lo id  

fishes examined  to da te  9, 15, 25, ~. The e x t e n t  of th is  diver- 
gence of dupl ica te  locus express ion should be able to serve 
as a ve ry  useful gauge of the  re la t ive  ra tes  of d ivergence 
of gene regula t ion  at  d i f ferent  periods af ter  a gene duplica-  
tion event .  Fu r the rmore ,  an e s t ima te  of the  e x t e n t  of such 
regula tory  divergence would  be helpful  in de te rmin ing  
how t igh t ly  coupled are the  ra tes  of evolut ion of struc- 
tural  and regula tory  genes. 
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A l l o z y m e  const i tut ion of t wo  s tandard s tra ins  of Drosophila subobscura 1 
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Summary. 2 reference s t ra ins  of Drosophila subobscura ( 'Ki i snach t '  and  "ch-cu-Athens'), widely  used for the  s t u d y  of 
invers ion p o l y m o r p h i s m  in th is  species, were inves t iga ted  wi th  respec t  to  the i r  a l lozyme composi t ion  by  s ta rch  gel 
e lect rophores is  in 18 d i f ferent  enzyme sys tems coded by  18 d i f ferent  gene loci. Bo th  s t ra ins  are monomorph ic  for all 
18 loci wi th  only 1 except ion .  A s t anda rd ized  m e t h o d  of des ignat ion  is proposed,  to allow a di rect  compar i son  of all 
enzyme  da t a  in the  Drosophila obscura species group. 

Strains. Natura l  popu la t ions  of Drosophi la  subobscura ,  a 
E u r o p e a n  species of the  Drosophi la  obscura  group, have  
been  in tens ive ly  s tudied  for the  last  2 decades  by  several  
au thors  wi th  respec t  to ch romosomal  invers ion poly-  
rnorphism. For  these  invest igat ions ,  main ly  2 d i f ferent  
s t ra ins  have  been  used as s t a n d a r d  strains.  B o t h  are 
homozygous  for k n o w n  chromosomal  gene a r rangements .  
"The s t ra in  'K i i snach t '  or iginates  f rom a small  n u m b e r  of 
flies caugh t  wild a t  K i i snach t  (Switzerland) and is homo-  
ka ryo typ ie  for the  basic ' S t a n d a r d '  a r r angemen t s  in all 
6 ch romosomes  3. I t  was used by  Mainx 4 and  Kunze-  
Miihl 5 for d rawing  the  ch romosomal  map  of the  g ian t  
ch romosomes  of Drosophi la  subobscura .  The o ther  s t ra in  
is called ' ch -cu-Athens ' .  I t  is ch romosomal ly  ident ical  
w i th  'K i i snach t '  w i th  the  excep t ion  of being homozygous  
for the  gene a r r a n g e m e n t  O3+ a of ch romosome O. (For 
the  des ignat ion  of gene a r r a n g e m e n t s  see Kunze-Mfihl  and  
Sperlich6.) I t  is also homozygous  for the  recessive visible 
m u t a n t  alleles ' cher ry '  and  'cur led ' ,  thus  any  possible 
c o n t a m i n a t i o n  wi th  o the r  s t ra ins  can easily be recog- 
nized.  The s t ra in  is a d e s c e n d a n t  of the  ' f l -ch-cu-stock'  
descr ibed  by  Koske and M a y n a r d - S m i t h  7. I t  was ma in ly  
used as a s t anda rd  s t ra in  by  K r i m b a s  and  coworkers  for 
the i r  s tudies  on invers ion p o l y m o r p h i s m  in Greece. 
Symbols [or allozymes. Whereas ,  for invers ions  of Droso- 
phi la  subobscura ,  a c o m m o n  sys t em of des ignat ion  pro-  
posed  by  Kunze-Miihl  and  Sperl ich 6 has been accepted  
b y  prac t ica l ly  all inves t iga tors ,  th is  is no t  the  case for 
a l lozymes and the  alleles coding for them.  Since d i f ferent  
au tho r s  used d i f ferent  symbols  and  di f ferent  s t ra ins  as 
controls ,  some confusion exists.  I t  is the  in ten t ion  of th is  

paper  to  he lp  to make  the  s i tua t ion  for D. subobscura  
more  clear. 
The t e rmino logy  we are going to  propose  here is the  one 
which  was used by  Lakovaa ra  and  Saura*, 9, Saura  et  al. 1~ 
Saura 11 and Lakovaa ra  e t  al. 12-14. These au thors  s tudied  
the  geographical  var ia t ion  of a l lozyme po lymorph i sm in 
na tu ra l  popu la t ions  of D. subobscura  and D. obscura  and 
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