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ABSTRACT 

I s o l a t e d  s p e r m  DNA f rom t h e  s t a r f i s h ,  P i s a s t e r  o c h r a c e u s  

c o n t a i n s  a r e p e t i t i v e  s e q u e n c e  r e p r e s e n t i n g  a p p r o x i m a t e l y  0.5% 

o f  t h e  h a p l o i d  genome. T h i s  f r a c t i o n  o f  t h e  genome was i s o l a t e d  

and i n d i v i d u a l  members  o f  t h e  r e p e a t  DNA c l a s s  w e r e  c l o n e d  i n t o  

t h e  BamHI s i t e  o f  t h e  pBR322 p l a s m i d  v e c t o r .  T h i s  r e c o m b i n a n t  

DNA was s u b s e q u e n t l y  t r a n s f o r m e d  i n t o  t h e  b a c t e r i a  h o s t  - E. co l i  - 
s t r a i n  X1776. C loned  r e p e a t  s e q u e n c e s ,  3.9 kb  i n  l e n g t h ,  were 

compared u s i n g  r e s t r i c t i o n  enzyme a n a l y s e s .  One c l o n e d  

r e p r e s e n t a t i v e  member o f  t h e  r e p e a t  DNA f a m i l y ,  pPo1431, was 

s e l e c t e d  to  d e t e r m i n e  t h e  p r e c i s e  r e i t e r a t i o n  f r e q u e n c y  i n  t h e  

genomes o f  t h e  p a r e n t  s p e c i e s ,  2. o c h r a c e u s  and  f o u r  o t h e r  

s t a r f i s h  s p e c i e s ,  g. b r e v i s p i n u s ,  E v a s t e r i a s  t r o s c h e l i i ,  

Pycnopod ia  h e l i a n t h o i d e s ,  and D e r m a s t e r i a s  i m b r i c a t a .  The 

amount o f  s e q u e n c e  homology w i t h i n  t h e  r e p e a t  c l a s s  i n  t h e s e  

f i v e  s e a  stars was a s s e s s e d .  F u r t h e r m o r e ,  t h e  a r r a n g e m e n t  o f  

r e p e a t  DNA f a m i l y  members was c l a s s i f i e d  a s  c l u s t e r e d  or 

d i s p e r s e d  i n  t h e  s e a  s t a r  genomes. 

The c l o n e d  r e p e a t  s e q u e n c e s  c o n t a i n  t h r e e  i n t e r n a l  EcoRI 

r e s t r i c t i o n  e n d o n u c l e a s e  si tes which  p r o d u c e  f r a g m e n t s  1.1, 1 . 3 ,  

0.8 and 0.7 k b  l o n g .  Both  H i n c I I  and  AvaI  r e s t r i c t i o n  enzymes 

c l e a v e  t h e  r e p e a t  s e q u e n c e .  The l o c a t i o n s  o f  t h e  enzyme 

c l e a v a g e  s i tes  w i t h i n  t h e  r e p e a t  s e q u e n c e  h a v e  b e e n  mapped. 
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F i l t e r  h y b r i d i z a t i o n  o f  genomic  DNA t o t a l l y  d i g e s t e d  w i t h  t h e  

r e s t r i c t i o n  enzyme P s t I  i n d i c a t e s  t h a t  t h e  3 .9  kb c l o n e d  

f r a g m e n t  is p a r t  o f  a  l a r g e r  r e p e a t i n g  e l e m e n t  which  is 5.3 kb 

l o n g .  The o r g a n i z a t i o n  o f  t h e  r e p e a t  f a m i l y  i n  t h r e e  s t a r f i s h  

genomes is m a i n t a i n e d  i n  a  c l u s t e r e d  a r r a n g m e n t .  The r e p e a t  

f a m i l y  is p r o b a b l y  n o t  r e p r e s e n t e d  i n  e i t h e r  o o c y t e  o r  r i b o s o m a l  

RNA t r a n s c r i p t s .  M e t h y l a t e d  c y t o s i n e  r e s i d u e s  i n  t h e  5'-CG-3' 

o f  t h e  H p a I I  r e s t r i c t i o n  s i t e  a r r a n g e m e n t  o f  t h e  r e p e a t  e l e m e n t  

a r e  o n l y  found  i n  P i s a s t e r  o c h r a c e u s  genomic  DNA. 

H e a t  d e n a t u r e d  3 2 ~ - l a b e l e d  i n s e r t  f rom pPo1431 c o n t a i n s  a  

maximum o f  1 0 %  o f  i ts  n u c l e o t i d e s  o r g a n i z e d  i n t o  s h o r t  i n v e r t e d  

r e p e a t  s e g m e n t s .  A f t e r  d e n a t u r a t i o n  t h e s e  s e q u e n c e s  i m m e d i a t e l y  

r e a n n e a l  and form s h o r t  d o u b l e  s t r a n d e d  r e g i o n s  c a l l e d  

"snap-back"  r e p e a t s .  

T h e r e  a r e  a p p r o x i m a t e l y  500 c o p i e s  o f  t h e  c l o n e d  r e p e a t  i n  - P. 

o c h r a c e u s  p a r e n t  s p e c i e s ,  300 i n  P i s a s t e r  b r e v i s p i n u s ,  150  i n  

E v a s t e r i a s  t r o s c h e l i i ,  180 i n  P y c n o p o d i a  h e l i a n t h o i d e s  and 80 

c o p i e s  i n  D e r m a s t e r i a s  i m b r i c a t a .  Genomic DNA from e a c h  s e a  

s t a r  s p e c i e s  was r e a s s o c i a t e d  w i t h  3 2 ~ - l a b e l e d  r e p e a t  DNA f rom 

pPo1431 and  t h e r m a l l y  d e n a t u r e d  to  d e t e r m i n e  t h e  d e n a t u r a t i o n  

t e m p e r a t u r e  (Tm)  o f  h y b r i d  DNA d u p l e x .  The d e p r e s s i o n  i n  Tm 

o f  h y b r i d  d u p l e x  r e l a t i v e  to  t h a t  o f  n a t i v e  d u p l e x  DNA 

(91.S•‹C) i n d i c a t e s  t h e  amount o f  s e q u e n c e  d i v e r g e n c e  i n  t h e  
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r e p e a t  f a m i l i e s  f rom e a c h  s p e c i e s  genome. The r e s u l t s  show t h a t  

t h e  s e q u e n c e s  o f  t h e  r e p e a t  f a m i l y  a r e  m o r e  c o n s e r v e d  t h a n  

u n i q u e  DNA s e q u e n c e s  b e t w e e n  t h e  sea s t a r  s p e c i e s .  However,  

s e q u e n c e  homology and  repeat s e q u e n c e  c o p y  number p e r  genome 

d e c r e a s e  w i t h  i n c r e a s i n g  p h y l o g e n e t i c  d i s t a n c e  f rom P. - 

o c h r a c e u s .  
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INTRODUCTION 

DNA r e a s s o c i a t i o n  k i n e t i c s  p r o v i d e d  t h e  f i r s t  q u a n t i t a t i v e  

e v i d e n c e  ( B r i t t e n  and  Kohne, 1 9 6 8 )  t h a t  t h e r e  e x i s t e d  DNA 

s e q u e n c e s  wh ich  a re  r e p e a t e d  i n  t h e  genomes o f  h i g h e r  o r g a n i s m s .  

L a t e r  i t  was e s t a b l i s h e d  ( B r i t t e n  and S m i t h ,  1 9 7 0 )  t h a t  many o f  

t h e  r e p e t i t i v e  s e q u e n c e s  i n  c a l f  DNA w e r e  i n t e r s p e r s e d  among 

s i n g l e  c o p y  s e q u e n c e s .  Genomic DNA s e q u e n c e  o r g a n i z a t i o n  i n  

many a n i m a l s  h a s  s i n c e  b e e n  c a t e g o r i z e d  i n  terms o f  p o s s e s s i n g  a  

s h o r t - p e r i o d  or  "Xenopus" i n t e r s p e r s i o n  p a t t e r n  ( D a v i d s o n  e t  

a l . ,  1973;  Graham e t  a l . ,  1974;  A n g e r e r  e t  a l . ,  1975;  Go ldbe rg  

e t  a l . ,  1975;  C h a m b e r l a i n  e t  a l . ,  1975;  D e i n i n g e r  and S c h m i d t ,  

1 9 7 9 )  o r ,  a  l o n g - p e r i o d  " D r o s o p h i l a "  i n t e r s p e r s i o n  p a t t e r n  

(Manning e t  a l . ,  1975 ;  C r a i n  e t  a l . ,  1 9 7 6 ) .  The s h o r t  

i n t e r s p e r s i o n  p a t t e r n  c o n s i s t s  o f  r e p e t i t i v e  DNA s e q u e n c e s  o n  

t h e  o r d e r  o f  300 bp  l o n g  i n t e r r u p t i n g  s i n g l e  c o p y  DNA a t  

i n t e r v a l s  o f  a p p r o x i m a t e l y  1000  b a s e  p a i r s .  The l o n g - p e r i o d  

i n t e r s p e r s i o n  p a t t e r n  c o n t a i n s  r e p e a t s  a v e r a g i n g  f i v e  k i l o b a s e s  

i n  l e n g t h  and  t h e  s i n g l e  c o p y  s t r e t c h e s  a r e  e v e n  l o n g e r .  Eden 

and H e n d r i c k  ( 1 9 7 8 )  h a v e  d e m o n s t r a t e d  t h a t  t h e  d o m e s t i c  c h i c k e n ,  

G a l l u s  g a l l u s ,  genomic  s e q u e n c e  o r g a n i z a t i o n  f a l l s  i n t o  an  

i n t e r m e d i a t e  c a t e g o r y .  A p p r o x i m a t e l y  h a l f  o f  t h e  genome 

c o n t a i n s  s i n g l e  c o p y  DNA a t  4.5 k b  i n  l e n g t h  which  is 

i n t e r s p e r s e d  w i t h  r e p e a t s  2.0 k b  l o n g .  The r e m a i n d e r  o f  t h e  

genome h a s  v e r y  l o n g  s i n g l e  c o p y  r e g i o n s ,  1 7 . 5  kb  i n  l e n g t h ,  



b e f o r e  i n t e r r u p t i o n  b y  r e p e a t  DNA, 2.0 k b  l o n g .  T h i s  

a r r a n g e m e n t  is r e m i n i s c e n t  o f  t h e  D r o s o p h i l a  p a t t e r n  o f  genomic 

s e q u e n c e  o r g a n i z a t i o n .  I t  is c l e a r  however  t h a t  e u k a r y o t i c  

genomes c o n t a i n  b o t h  l o n g  and s h o r t  r e p e t i t i v e  s e q u e n c e s  

c r e a t i n g  m o r e  complex  genomes i n  wh ich  s i n g l e  c o p y  and  r e p e a t  

DNA s e q u e n c e s  may n o t  b e  e x c l u s i v e l y  o r g a n i z e d  i n  t h e  "Xenopus" 

o r  " D r o s o p h i l a "  p a t t e r n  ( B r i t t e n  e t  a l . ,  1976;  G a l a u  e t  a l . ,  

1976;  C o c h e t  e t  a l . ,  1979 ;  S m i t h  e t  a l . ,  1980;  Moore e t  a l . ,  

1981;  Moyzis  e t  a l . ,  1 9 8 1 ) .  

R e p e t i t i v e  DNA c a n  b e  s u b d i v i d e d  i n t o  " f a m i l i e s "  which  a r e  sets 

o f  s e q u e n c e s  s u f f i c i e n t l y  homologous t o  form s t a b l e  b a s e - p a i r e d  

s t r u c t u r e s  when t h e  DNA is r e n a t u r e d  u n d e r  s t a n d a r d  c o n d i t i o n s  

(0 .18  M ~ a + ,  p H  6 .8  and  6 0 0 ~ )  ( B r i t t e n  e t  a l . ,  1 9 7 4 ) .  The 

number o f  members o"f r e p e a t  f a m i l i e s  c a n  r a n g e  f rom s e v e r a l  

m i l l i o n  down to  a  few p e r  genome. S i n g l e  s t r a n d e d  DNA may a l s o  

f o l d - b a c k  upon i t s e l f  i n  a  f i r s t  o r d e r  k i n e t i c  mechanism. These  

"snap-back" s e q u e n c e s  a r e  d e t e c t e d  i n  t h e  genomes o f  many 

o r g a n i s m s  ( B r i t t e n ,  1 9 8 1 ) .  

The f u n c t i o n a l  roles  and  e v o l u t i o n a r y  p r o p e r t i e s  o f  m o s t  r e p e a t  

DNA is n o t  known. S o m e  r e p e a t  DNA s u c h  a s  t h e  t andemly  

a r r a n g e d ,  s h o r t  r e p e a t s  c a l l e d  s a t e l l i t e  DNA, found  a t  t h e  

c e n t r o m e r e s  and  telomeres may b e  s t r u c t u r a l l y  i m p o r t a n t  d u r i n g  

c e l l  d i v i s i o n  ( R u b i n ,  1 9 7 7 ) .  O t h e r  l o n g  and d i s p e r s e d  r e p e a t s  

may b e  t r a n s p o s a b l e  e l e m e n t s  wh ich  c a n  b e  t r a n s c r i b e d :  f o r  



example ;  t h e  D r o s o p h i l a  c o p i a ,  412 and  297 r e p e a t  f a m i l i e s  

( P o t t e r  e t  a l . ,  1 9 7 9 ) ;  o r ,  t h e  CS2108 or CS2034 f a m i l i e s  i n  s e a  

u r c h i n  ( S c h e l l e r  e t  a l . ,  1 9 8 1 ) .  L a s t l y  r e p e a t  DNA c a n  c o n s i s t  

o f  c o d i n g  s e q u e n c e s  f o r  r i b o s o m a l  o r  h i s t o n e  g e n e s ,  a l t h o u g h  

t h e s e  c o n s t i t u t e  a  m i n o r  f r a c t i o n  o f  r e p e a t  DNA. A model  was  

p r o p o s e d  by B r i t t e n  and  Dav idson  ( 1 9 6 9 ,  1 9 7 1 )  t o  e x p l a i n  t h e  

ro le  o f  s h o r t  i n t e r s p e r s e d  r e p e a t  DNA. S i n c e  t h e  s h o r t  r e p e a t s  

a r e  found  a d j a c e n t  t o  s i n g l e  c o p y  DNA i t  w a s  s u g g e s t e d  by  t h e s e  

a u t h o r s  t h a t  p e r h a p s  t h e y  were i n v o l v e d  i n  s o m e  t r a n s c r i p t i o n a l  

r e g u l a t o r y  role. 

I t  h a s  b e e n  p r o p o s e d  ( D o o l i t t l e  and  S a p i e n z a ,  1 9 8 0 ;  O r g e l  and 

C r i c k ,  1 9 8 0 )  t h a t  s o m e  DNA s e q u e n c e s  s e r v e  n o  f u n c t i o n  i n  t h e  

o r g a n i s m  a n d  would  h a v e  no  a f f e c t  o n  t h e  p h e n o t y p e  t h u s  a r e  n o t  

s u b j e c t  to  d i r e c t  c l a s s i c a l  p h e n o t y p i c  s e l e c t i o n .  The  m o s t  

d i r e c t  s e l e c t i o n  p r e s s u r e  o f  a  DNA s e q u e n c e  is t o  f i r s t  s u r v i v e  

w i t h i n  t h e  ce l l s ;  s e q u e n c e s  which  d o  n o t  c o n t r i b u t e  t o  t h e  

p h e n o t y p e  h a v e  a d o p t e d  t h e  a b i l i t y  o f  s e l f - p r e s e r v a t i o n  and  a re  

m a i n t a i n e d  b y  " n o n - p h e n o t y p i c  s e l e c t i o n " .  T h e r e f o r e ,  t h e s e  

e l e m e n t s  n e e d  no  p h e n o t y p i c  r a t i o n a l e  t o  e x p l a i n  t h e i r  o r i g i n  or  

m a i n t e n a n c e  w i t h i n  t h e  c e l l .  T h e s e  s e q u e n c e s  may h a v e  t a k e n  

a d v a n t a g e  o f  r e p l i c a t i o n  and  r e c o m b i n a t i o n  m e c h a n i s m s  i n  o r d e r  

to  p r o m o t e  t h e  a m p l i f i c a t i o n  and d i s p e r s i o n  o f  t h e  s e q u e n c e  

w i t h i n  t h e  genome ( D o v e r ,  1980;  Dover  and  D o o l i t t l e ,  1 9 8 0 ) .  The 

s e q u e n c e s  r e f e r r e d  to  may b e  t r a n s p o s a b l e  e l e m e n t s  i n  b o t h  



e u k a r y o t e s  and  p r o k a r y o t e s  a s  w e l l  a s  many k i n d s  o f  r e p e a t  DNA 

s e q u e n c e  f a m i l i e s .  The  a m p l i f i c a t i o n  a n d  d i s p e r s i o n  o f  t h e s e  

DNA s e q u e n c e s  o c c u r  e i t h e r  r andomly  ( r e f e r r e d  t o  a s  s e q u e n c e  

i n d e p e n d e n t  o r  " i g n o r a n t " )  o r  a r e  p r e f e r r e d  ( c a l l e d  s e q u e n c e  

d e p e n d e n t  o r  " s e l f i s h " )  (Dove r  and D o o l i t t l e ,  1 9 8 0 ) .  Many 

o b s e r v a t i o n s ,  o n  t h e  o t h e r  h a n d ,  s u g g e s t  t h a t  i n  f a c t  r e p e a t  

s e q u e n c e s  i n  e u k a r y o t e s  may b e  u n d e r  s t r o n g  s e l e c t i v e  p r e s s u r e s ,  

a l t h o u g h  t h e r e  c a n  b e  n o  e x p e r i m e n t a l  e v i d e n c e  y e t  t o  s u p p o r t  

t h e i r  d i r e c t  e f f e c t  o n  t h e  p h e n o t y p e .  F o r  e x a m p l e ,  t h e r e  is 

c o n s e r v a t i o n  o f  r e p e a t  s e q u e n c e  and  f r e q u e n c y  o f  s o m e  r e p e a t  DNA 

f a m i l i e s  f o u n d  i n  i n t e r s p e c i f i c  c o m p a r i s o n s  ( B r i t t e n ,  1 9 8 1 ) ;  

t h e r e  is g r e a t  d i f f e r e n c e s  i n  c o n c e n t r a t i o n  o f  r e p e a t  s e q u e n c e s  

found  i n  t r a n s c r i p t s  i n  v a r i o u s  sea u r c h i n  t i s s u e s  ( S c h e l l e r  e t  

a l . ,  1 9 7 8 ) ;  t h e r e  is  a p a r t i c u l a r  p a t t e r n  o f  r e p e a t  DNA s e q u e n c e  

e x p r e s s i o n  wh ich  is c o n s e r v e d  i n  t h e  sea u r c h i n  e g g  RNA (Moore 

e t  a l . ,  1 9 8 0 ) ;  and  t h e r e  a r e  r e p e t i t v e  s e q u e n c e s  which  a r e  

d e v e l o p m e n t a l l y  r e g u l a t e d  i n  D i c t y o s t e l i u m  d i s c o i d e u m  ( Z u k e r  and 

L o d i s h ,  1 9 8 1 ) .  

The d i s c o v e r y  o f  complex  p a t t e r n s  o f  g e n o m i c  s e q u e n c e  

o r g a n i z a t i o n  ( B r i t t e n ,  1 9 8 2 )  h a s  p r e c i p i t a t e d  t h e  need  to  know 

w h e t h e r  t h e s e  a r r a n g e m e n t s  a re  c o n s e r v e d  b e t w e e n  s p e c i e s  

s u g g e s t i n g  a n  i m p o r t a n c e  t o  f u n c t i o n  and  e v e n  p e r h a p s  t o  s p e c i e s  

d i v e r s i t y  ( D a v i d s o n ,  1 9 8 2 ) .  F u r t h e r m o r e ,  how t h e  p a t t e r n s  a r e  

o r i g i n a t e d ,  m a i n t a i n e d  or changed  d u r i n g  e v o l u t i o n  h a v e  y e t  to  



. be defined (Doolittle and Sapienza, 1980; Orgel et al., 1980; 

Dover et al., 1982). It had been shown by kinetic and thermal 

denaturation studies of DNA from many organisms (Britten and 

Kohne, 1968) that repetitive sequence family members were not 

identical. Furthermore in similar studies it was observed in 

sea urchin and other animal genomes that repeat DNA reassociated 

incompletely with related species repetitive DNA fractions. In 

fact, both amount and sequence homogeneity diminished with 

increasing phylogenetic distance. However, it was impossible to 

assess whether this phylogenetic relationship between organisms 

was true for all kinds of repeat DNA families since individual 

families from the parent species could not be isolated and 

characterized quantitatively in order to compare its properties 

in related species. Studying the evolution of repeat DNA was 

imprecise. Now however, with the aid of recombinant DNA 

technology studies of individual repeat families are facilitated 

by the ability to isolate individual members from eukaryotic 

genomes. Recently, information has been accumulating about 

specific eukaryotic families; for example, in the sea urchin 

(Klein et al., 1978; Moore et al., 1978; Anderson et al., 1981; 

Posakony et al., 1981; Scheller et al., 1981); in birds (Musti 

et al., 1980; Eden et al., 1981) in Drosophila (Rubin, 1977; 

Potter et al., 1979; Wensink et al., 1979) and in plants 

(Bedbrook et al., 1980a,b; Flavell et al., 1981). 



Analysis of results obtained from these studies of the various 

organisms has begun to reveal the processes involved in repeat 

DNA evolution. First of all, repeat DNA families amplify in the 

genome by some unknown mechanism. This may involve unequal 

crossing over which produces an accumrnulation of successive 

duplications or the mechanism of sequence amplification may be a 

result of saltatory replication (Britten et al., 1968; Davidson, 

1982). Amplification occurs at rates which appear both species 

specific and dependent on the repeat family itself since there 

is a vast difference between the sea urchin rates of repeat 

amplification (Moore et al., 1978; Britten, 1982) and many 

plants (Preisler and Thompson, 1981a,b). Repetitive sequence 

families "diffuse" around the genome by excising and inserting 

in a manner analogous to prokaryotic transposons or perhaps by 

circularized episomes (Stanfield and Lengyel, 1979). The 

episomes consist of only repetitive elements that can base pair 

with homologous sequences within the genome and insert by a 

single crossover event. There is still no direct evidence to 

support that these mechanisms or any others describe the 

movement of all kinds of repeat family members within the 

genome. Furthermore, the means of selection as to which 

sequences are amplified and/or dispersed is unknown. As a 

result of these chromosomal rearrangements of repeat sequences, 

family members can be found in the genome in either individual 

long or short repeats, as clusters in a uniform array, or as 



tandemly arranged repetitive units containing scrambled 

subelements (Wensink et ale, 1979; Musti et al., 1981; Scheller 

et al., 1981). 

There is one important aspect of repeat DNA evolution which has 

not been explained. There is a decreasing number of repeat 

copies of a given family within related species relative to 

their increasing phylogenetic distance from the parent species. 

Also, a family of repeat DNA sequences found in two related 

species has more sequence homogeneity amongst its members within 

a species than amongst repeat DNA members between species (Dover 

et al., 1982). The pattern of within-species homogeneity and 

between-species heterogeneity is known as concerted evolution 

(Zimrner et al., 1980; Dover et al., 1982). The mechanism for 

this kind of evolution of repeat DNA is unlike others such as 

drift and selection. Fixation of variants in a repeat DNA 

family probably cannot be entirely responsible for concerted 

evolution since there must be fixation of the same mutations 

throughout the entire repeat DNA family. This seems unlikely if 

the family is large and dispersed. Although if the family 

elements are tandemly arranged then it may be feasible for 

fixation of unequal chromatid exchange events to occur (Smith, 

1974; Tartof, 1974) resulting- in expansion or contraction of a 

repeat DNA family cluster. 



The process of selection has been disputed as to whether or not 

it is possible to phenotypically select for an apparently 

non-functional portion of the genome. Therefore a more 

appropriate mechanism to describe the evolution of repeat DNA 

families must be found and account for the fact that when 

speciation occurs there is a change in the dominant repeat DNA 

families which have been selectively amplified in the genome. 

Perhaps if we can answer this specific phenomenon we may be able 

to understand the role and evolutionary significance of repeat 

DNA in eukaryotes. 

The great diversity of starfish species (Phylum Echinodermata, 

Class Asteroidal found on the coast of British Columbia provide 

a unique opportunity to study the evolution of repeat DNA in 

deuterostomes that have small genomes and a short-period 

interspersion pattern of sequence organization. Single copy 
I 

rate of divergence (Smith et al., 1982) and some paleontological 
I 
I 

data have been used to determine the phylogenetic distance I 

I 

between five starfish species; Pisaster ochraceus, Pisaster --- 

brevispinus, Evasterias troschelii, Pycnopodia helianthoides, 

and Dermasterias imbricata. The Genera Pisaster, Evasterias and 

Pycnopodia are representatives of the Order Forcipulatida 

whereas Dermasterias is in the Order Spinulosida. The two 

orders were distinct 425 myr ago. The time since divergence 

between Pisaster and Dermasterias is 500 myr, 40 myr between 



Pisaster and Evasterias or Pycnopodia, and only 5-10 myr between 

the two Pisaster sister species (Smith et al., 1982). 

The?. ochraceus haploid genome size is 0.65 pg and it contains 

all frequency classes of repeat sequences including the 

fold-back sequences. Repeat sequences make up about 35% of the 

genome in this species. There is some uncertainty in the amount 

of repetitive DNA in the Dermasterias genome which has a genome 

size of 0.54 pg. Only about 24% of the genome contains repeat 

DNA and perhaps another 9% is very slow repeat sequences which 

are almost kinetically indistinquishable from single copy DNA. 

Reassociated Pisaster or Dermasterias DNA to a value of Cot 10 

consists only of repetitive DNA sequences. Of this repeat DNA 

4-5% is found in long repetitive segments (2600 bp). The DNA in 

these long repetitive families shows a high level of 

intragenomic sequence conservation (Smith and Boal, 1978; Smith 

et al., 1980). Furthermore, there is evidence of long regions 

of single copy DNA, on the order of 6500 bp representing 15% of 

single copy sequences in Dermasterias. This biological system 

naturally lends itself to studying genomic sequence organization 

and the evolution of repetitive DNA. 

This study was undertaken to investigate the nature and 

evolution of repeat DNA in sea stars. A repeat DNA family from 

Pisaster ochraceus was isolated, cloned and characterized in the 



p a r e n t  s p e c i e s  and  i ts  e v o l u t i o n a r y  p r o p e r t i e s  d e t e r m i n e d  o v e r  

a t  l e a s t  800 myr o f  s t a r f i s h  d i v e r g e n c e  t i m e .  Long genomic  

P i s a s t e r  DNA w a s  e x t r a c t e d  f rom s t a r f i s h  spe rm and  a  s i n g l e  

f a m i l y  o f  r e p e a t s  w a s  s e l e c t e d  u s i n g  r e s t r i c t i o n  enzyme 

d i g e s t i o n  o f  t h e  DNA. The r e p e a t  members w e r e  i s o l a t e d  f rom 

a g a r o s e  g e l s  and c l o n e d  i n t o  pBR322 and  t r a n s f o r m e d  i n t o  E.  c o l i  - - 
~ 1 7 7 6 .  One r e p r e s e n t a t i v e  member, pPo1431 was s e l e c t e d  and used  

t o  c h a r a c t e r i z e  t h e  f a m i l y  o f  r e p e a t s  i n  t h e  p a r e n t  s p e c i e s  - P. 

o c h r a c e u s  and  i n  t h e  f i v e  r e l a t e d  s p e c i e s .  

MATERIALS AND METHODS 

Genomic DNA i s o l a t i o n  f rom s e a  s t a r  sperm.  

Genomic DNA was i s o l a t e d  f rom s e a  s t a r  spe rm u s i n g  t h e  f o l l o w i n g  

DNA e x t r a c t i o n  p r o c e d u r e s .  I n  t h e  f i r s t  method  d e v e l o p e d  by 

Marmur ( l 9 6 l ) ,  sperm was homogenized and  r e s u s p e n d e d  i n  0 .1  M 

NaC1, 0.05 M Na2EDTA, 0.05 M T r i s ,  pH 7.4.  The m i x t u r e  was 

a d j u s t e d  t o  2% SDS and  h e a t e d  f o r  1 0  m i n u t e s  a t  60•‹c. P r o n a s e  

B (S igma)  was added  t o  a  f i n a l  c o n c e n t r a t i o n  of 200 ug/ml and  

i n c u b a t e d  o v e r n i g h t  a t  3 7 O ~ .  The p r o t e i n  was removed w i t h  t h e  

a d d i t i o n  o f  1 / 5  vo lume o f  5  M NaC104 and  a n  e q u a l  volume o f  

pheno1:SEv~G (1:1), s h a k e n  f o r  1 0  m i n u t e s  and c e n t r i f u g e d  a t  

5000 rpm f o r  1 0  m i n u t e s .  SEVAG c o n s i s t s  o f  c h l o r o f o r m : i s o a m y l  

a l c o h o l  a t  a  r a t i o  o f  2 4 : l .  The a q u e o u s  p h a s e  was removed and  



e x t r a c t e d  t w o  t i m e s  w i t h  e q u a l  v o l u m e s  o f  SEVAG. To  p r e c i p i t a t e  

t h e  DNA, 1 /10  vo lume  o f  3 M Na A c e t a t e  a n d  t w o  vo lumes  o f  95% 

e t h a n o l  were a d d e d .  The  DNA was  wound o n t o  a g l a s s  s t i r r i n g  r o d  

and  r e s u s p e n d e d  i n  t h e  b u f f e r  s o l u t i o n  d e s c r i b e d  above .  RNA was 

d e g r a d e d  w i t h  R N A s e  A ( b o v i n e  p a n c r e a s )  ( S i g m a )  a t  20 ug/ml f o r  

2  h o u r s  a t  3 7 O ~  a n d  t h e  e x t r a c t i o n  and  DNA p r e c i p i t a t i o n  

p r o c e d u r e s  w e r e  r e p e a t e d .  DNA i s o l a t e d  b y  t h i s  p r o c e d u r e  was 

u s e d  i n  a l l  t h e r m a l  d e n a t u r a t i o n  and  k i n e t i c  s t u d i e s  d e s c r i b e d  

be low.  

The s e c o n d  DNA i s o l a t i o n  p r o t o c o l  was  d e s i g n e d  t o  m i n i m i z e  

genomic  DNA s h e a r i n g  d u r i n g  t h e  e x t r a c t i o n  p r o c e s s  ( B l i n  e t  a l . ,  

1 9 7 6 ) .  The homogen ized  spe rm w a s  d i s p e r s e d  i n  0 .2  M Na2EDTA, 

0.2 M T r i s ,  p H  8 .0  and  warmed t o  50•‹c f o r  1 h o u r .  An e q u a l  

volume o f  1 .5% SDS, 200 ug/ml P r o t e i n a s e  K ( E M  B i o c h e m i c a l s ) ,  

b o t h  i n  t h e  same b u f f e r ,  w a s  a d d e d  and  i n c u b a t e d  o v e r n i g h t  a t  

50•‹c. A s o l u t i o n  o f  r e d i s t i l l e d  p h e n o l  ( 5 0 0  g )  and  70 m l  o f  

m-cresol was a d j u s t e d  t o  pH 8.0  and  t h e n  t o  0.1% 

8 - h y d r o x y q u i n o l i n e .  T h i s  m i x t u r e  was  a d d e d  t o  an  e q u a l  volume 

o f  DNA s o l u t i o n .  An e q u a l  vo lume  of SEVAG w a s  f u r t h e r  added and 

g e n t l y  s h a k e n  f o r  30 m i n u t e s .  The  t w o  p h a s e s  w e r e  s e p a r a t e d  by  

c e n t r i f u g a t i o n  a t  5000 rpm f o r  1 5  m i n u t e s  and  t h e  a q u e o u s  p h a s e  

p o u r e d  o f f .  The  8 -hyd roxyqu ino1 in . e  and  m-cresol w e r e  removed b y  

d i a l y s i s ,  f o r  a t  l e a s t  t w o  d a y s ,  i n t o  0.02 M Na2EDTA, 0.02 M 

T r i s ,  p H  8 .0 .  The  DNA was t r e a t e d  w i t h  RNAse A ,  t h e n  P r o n a s e  B 



and extracted with SEVAG as described in the Marmur method 

above. Long, intact DNA was required for restriction enzyme 

digestion of sea star genomic DNA and its subsequent gel 

electrophoresis. 

Restriction enzyme digestion of genomic and plasmid DNA and gel 

electrophoresis. 

Restriction endonucleases have been used extensively in 

comparative studies of DNA sequence organization. The isolation 

procedures and enzymatic properties of these enzymes which are 

found in bacteria have been described in detail elsewhere 

(Roberts, 1980). Their remarkable feature is that these 

endonucleases cleave double stranded DNA molecules by 

recognizing a specific sequence of four to six nucleotides and 

hydrolyzing the phosphodiester backbone at a specific nucleotide 

in that sequence producing fragments of discrete lengths. These 

fragments of digested DNA can be sized quantitatively using gel 

electrophoresis methods. A Poisson distribution of fragment 

lengths usually appear with enzymatic digestion of long genomic 

DNA which is observed in an agarose gel as a smear upon staining 

with ethidium bromide. However, when there are regions in long I 

genomic DNA which are repetitive and contain a restriction 

enzyme recognition site in the repeating unit, then a discrete 

band of fragments will be seen over the background smear. 



The volume o f  r e s t r i c t i o n  enzyme r e a c t i o n s  u s e d  h e r e  r anged  f rom 

20 u l  t o  50 u l  i n  t h e  b u f f e r  s y s t e m s  recommended b y  t h e  

s u p p l i e r s .  Genomic DNA was i n c u b a t e d  w i t h  a  minimum two-fo ld  

enzyme u n i t  t o  DNA m a s s  r a t i o  f o r  a t  l e a s t  5 h o u r s  t o  o v e r n i g h t  

a t  3 7 O ~ .  A l l  o t h e r  enzyme r e a c t i o n s  w i t h  p l a s m i d  DNA, 

b a c t e r i a l  DNA, o r  lambda DNA were i n c u b a t e d  f o r  o n l y  2  h o u r s  a t  

2  u n i t s  o f  enzyme to 1 ug DNA. One U n i t  o f  r e s t r i c t i o n  enzyme 

is d e f i n e d  b y  B e t h e s d a  R e s e a r c h  Labs  a s  t h a t  amount  o f  enzyme 

r e q u i r e d  to  c o m p l e t e l y  d i g e s t  1.0 ug o f  Lambda DNA (o r  

e q u i v a l e n t )  i n  o n e  h o u r  u n d e r  t h e  a p p r o p r i a t e  c o n d i t i o n s  i n  a  

volume o f  50 u l .  The r e a c t i o n s  were s t o p p e d  w i t h  0.1% SDS and 

0.02 mM Na2EDTA a n d  h e a t e d  a t  70•‹c f o r  1 0  m i n u t e s .  The 

d i g e s t s  w e r e  made 1% g l y c e r o l  and 0.025% bromophenol  b l u e  

t r a c k i n g  d y e .  

The a g a r o s e  g e l  was p r e p a r e d  f rom e l e c t r o p h o r e s i s  g r a d e  l o w  M r  

a g a r o s e  ( B i o r a d )  i n  r u n n i n g  b u f f e r  ( 4 0  mM T r i s  B a s e ,  2  mM 

N a 2 ~ ~ ~ ~ ,  20 mM A c e t i c  A c i d ,  pH 8 . 1 ) .  The g e l  was submerged i n  

t h e  a p p r o p r i a t e  r u n n i n g  b u f f e r  and t h e  DNA s a m p l e s  were l o a d e d  

i n t o  t h e  w e l l s  w i t h  a  H a m i l t o n  s y r i n g e .  The s a m p l e s  w e r e  

e l e c t r o p h o r e s e d  g e n e r a l l y  a t  40V f o r  6 h o u r s ,  and  t h e n  t h e  g e l  

was s t a i n e d  f o r  a p p r o x i m a t e l y  30 m i n u t e s  i n  1 ug/ml e t h i d i u m  

bromide  s o l u t i o n .  A p h o t o  o f  t h e  s t a i n e d  g e l  was t a k e n  u n d e r  

U.V.  t r a n s i l l u m i n a t i o n  a t  254 nm. The s i z e s  o f  t h e  b a n d s  

o b s e r v e d  w e r e  d e t e r m i n e d  by r e f e r e n c e  to  m a r k e r s  o f  known 



molecular weights which had been coelectrophoresed in the gel. 

Agarose concentrations used in this study were varied from 0.7 

to 1.5% to measure the ranges of fragment lengths of digested 

DNA. Gels for the analysis of very small fragments were 

prepared from acrylamide. 

5% acrylamide gels were prepared with 1.5 ml acrylamide (30% w/v 

stock of bisacrylamide: acrylamide, 1:29), 0.9 ml 10X TBE 

running buffer (see below), 90 ul fresh ammonium persulfate (100 

mg/ml stock), and 6.51 ml double distilled H20. This solution 

was mixed and 15 ul TEMED added to a 0.05% final concentration. 

A 10 ml syringe was filled immediately with the acrylamide and 

injected into a water tight gel forming apparatus. The gels are 

electrophoresed at lOOV for 1.5 hours. No more than 0.3 ug of 

DNA was loaded into each well and fragments ranging in sizes 

from 1000 to 50 base pairs could be sized accurately with this 

gel system. 

To extract specific restriction enzyme digest fragments from 

agarose gels, the gel containing the DNA was placed in a 

dialysis bag along with a minimum volume of 0.5X TBE (1X TBE is 

89 mM Tris Base, 89 mM Boric Acid, 2.5 mM Na2EDTA, pH 8.3) 

running buffer so that the agarose was not touching the walls of 

the dialysis bag. The dialysis bag was placed in an 

electrophoresis apparatus along with 0.5X TBE and 



e l e c t r o p h o r e s e d  a t  50 mAmps o v e r n i g h t .  B e f o r e  removing t h e  b a g ,  

t h e  c u r r e n t  w a s  r e v e r s e d  f o r  2 m i n u t e s  t o  remove DNA which may 

h a v e  a d h e r e d  t o  t h e  d i a l y s i s  bag .  The s o l u t i o n  c o n t a i n i n g  t h e  

DNA was removed,  a d j u s t e d  t o  0 .3  M N a  Acetate and  2 vo lumes  o f  

c o l d  95% e t h a n o l  were added .  A f t e r  f r e e z i n g  t h e  s a m p l e s  a t  

-20•‹C t h e y  were c e n t r i f u g e d  a t  40 ,000  rpm f o r  30 m i n u t e s  i n  

t h e  SW50.1 rotor.  The a v e r a g e  y i e l d  was 60-80%. 

R a d i o i s o t o p e  l a b e l i n g  o f  DNA f r a g m e n t s .  

DNA f r a g m e n t s  w e r e  l a b e l e d  b y  a m o d i f i e d  n i c k  t r a n s l a t i o n  method 

( R i g b y  e t  a l . ,  1 9 7 7 ) .  To l a b e l  t h e  DNA, a maximum o f  30 uCi o f  

a l p h a - 3 2 ~ - d ~ ~ ~  (Amersham; 2500 Ci/mrnole) was l y o p h i l i z e d  i n  a 

1 .5  m l  e p p e n d o r f  t u b e  t o  wh ich  v a r i o u s  c o n c e n t r a t e d  s t o c k  

s o l u t i o n s  r e q u i r e d  f o r  l a b e l i n g  w e r e  added .  The f i n a l  25 u l  

r e a c t i o n  c o n t a i n e d  0 . 1  t o  0.3 ug DNA, 2.0 uM dCTP, 1 5  uM TTP, 1 5  

uM dGTP, 1 5  uM dATP, 500 mM T r i s  HC1, pH 7.5,  50 mM MgC12, 40 

ug/ml BSA, 1 0  mM d i t h i o t h r e i t o l ,  0.1 ug D N A s e  and  5 u n i t s  o f  DNA 

P o l y m e r a s e  (BRL). The r e a c t i o n  was i n c u b a t e d  a t  16OC f o r  2 

h o u r s  and s t o p p e d  w i t h  5 u l  e a c h  o f  2 M T r i s  HC1, pH 7.0 and 0.5 

M Na2EDTA and 40 u l  o f  d o u b l e  d i s t i l l e d  H20 a t  4Oc- The 

r e a c t i o n  m i x t u r e  w a s  e x t r a c t e d  w i t h  a n  e q u a l  vo lume o f  s a t u r a t e d  

p h e n o l  and SEVAG. U n i n c o r p o r a t e d  i s o t o p e  was s e p a r a t e d  from 

l a b e l e d  DNA b y  G-75 Sephadex  column c h r o m a t o g r a p h y .  The l a b e l e d  

DNA is e x c l u d e d  f rom t h e  Sephadex .  T r a c e r  D N A s  w i t h  s p e c i f i c  



a c t i v i t i e s  o f  1 x 1 0 ~  t o  1 x 1 0 ~  cpm ug-1 w e r e  r o u t i n e l y  

o b t a i n e d .  

L i g a t i o n  o f  i s o l a t e d  P i s a s t e r  o c h r a c e u s  3.9 k b  f r a g m e n t s  to  

pBR322 and t r a n s f o r m a t i o n  i n t o  E.coli 311776. 

The l i g a t i o n  r e a c t i o n  c o n t a i n e d  0.2 ug o f  pBR322 ( B o l i v a r  e t  

a l . ,  1 9 7 7 )  which  had b e e n  d i g e s t e d  w i t h  BamHI and 0 . 1  ug o f  3.9 

kb f r a g m e n t s  f rom - P. o c h r a c e u s ,  66 mM T r i s  HC1 (pH 7 .61 ,  6.6 mM 

MgC12, 10 mM d i t h i o t h r e i o t o l ,  0.4 mM ATP, 1 u n i t  o f  T4 L i g a s e  

i n  a  t o t a l  volume o f  1 0 0  u l .  The r e a c t i o n  was l e f t  o v e r n i g h t  a t  

1 6 O ~ .  A u n i t  o f  l i g a s e  is  t h a t  amount  o f  T4 DNA l i g a s e  (BRL) 

t h a t  c a t a l y z e s  t h e  c o n v e r s i o n  ( v i a  e x c h a n g e  r e a c t i o n )  o f  1 nrnol 

3 2 ~ ~ i  i n t o  ( a l p h a / b e t a  3 2 ~ ) - ~ ~ ~  a t  37OC f o r  20 m i n u t e s  

(Weiss e t  a l . ,  1 9 6 8 ) .  

E. co l i  X I 7 7 6  ( C u r t i s  I11 e t  a l . ,  1 9 7 7 )  was t r a n s f o r m e d  w i t h  - -  
t h e  l i g a t i o n  r e a c t i o n .  H o s t  and  r e c o m b i n a n t  DNA f a c i l i t i e s  f o r  

"A" l e v e l  o f  c o n t a i n m e n t  w e r e  w i t h i n  t h e  NSERC g u i d e l i n e s .  100  

m l  o f  L u r i a  b r o t h  (1% w/v b a c t o - t r y p t o n e ,  0.5% w/v y e a s t  

e x t r a c t ,  0 .5% w/v NaC1, pH 7 . 5 )  s u p p l e m e n t e d  w i t h  d i a m i n o p i m e l i c  

a c i d  (DAPA) a t  100  ug/ml and t h y m i d i n e  a t  1 0  ug/ml were 

i n n o c u l a t e d  w i t h  1 0  m l  o f  a  f r e s h  o v e r n i g h t  c u l t u r e  o f  E .  - co l i .  - 
The c u l t u r e s  w e r e  grown t o  a n  a b s o r b a n c e  o f  0 .3  a t  600 nm. The 

c e l l s  w e r e  c e n t r i f u g e d  a t  3000 rpm f o r  1 0  m i n u t e s  a t  room 



t e m p e r a t u r e  i n  a  JA20 Beckman rotor  and  t h e  p e l l e t  was 

r e s u s p e n d e d  i n  1 0  m l  o f  f r e s h  ice c o l d  t r a n s f e c t i o n  b u f f e r  (70mM 

MgC12, 30mM NaAcetate, 30  mM CaC12) (Mande l  and H i g a ,  1970;  

Enea e t  a l . ,  1 9 7 5 )  and  l e f t  o n  ice f o r  20 m i n u t e s .  A f t e r  

i n c u b a t i o n  o n  ice t h e  c e l l s  w e r e  c e n t r i f u g e d  a t  3000 rpm f o r  10 

m i n u t e s  a t  ~ O C  and  r e s u s p e n d e d  i n  3.0 m l  o f  t r a n s f e c t i o n  

b u f f e r .  200 u l  a l i q u o t s  o f  t h e  ce l l s  w e r e  d i s t r i b u t e d  i n t o  

Eppendor f  t u b e s  and  a maximum o f  20 ng o f  l i g a t e d  pBR322 and 

i n s e r t  DNA was added  t o  t h e  ce l l s  i n  e a c h  t u b e .  The  m i x t u r e s  

were i n c u b a t e d  o n  ice f o r  10-15 m i n u t e s ,  h e a t e d  a t  4 2 O ~  f o r  2  

m i n u t e s  a n d  t h e n  i m m e d i a t e l y  p u t  b a c k  o n  ice  f o r  1 h o u r .  2.0 m l  

o f  L u r i a  b r o t h  c o n t a i n i n g  DAPA ( 1 0 0  u g / m l ) ,  t h y m i d i n e  ( 1 0  ug/ml)  

and a m p i c i l l i n  ( 2 5  ug/ml)  were added  to  t h e  p o o l e d  a l i q u o t s ,  

c e n t r i f u g e d  a t  3000 rpm f o r  1 0  m i n u t e s  a t  room t e m p e r a t u r e  and 

r e s u s p e n d e d  i n  t h e  same f r e s h  m e d i a .  The newly  t r a n s f o r m e d  

ce l l s  were grown o v e r n i g h t  i n  L u r i a  b r o t h  and  t h e n  p l a t e d  f rom 

which  p o s i t i v e  c o l o n i e s  were s e l e c t e d .  

S c r e e n i n g  f o r  P o s i t i v e  T r a n s f o r m a n t s .  

The method  f o r  d r u g - s e l e c t i n g  r e c o m b i n a n t  - E.  - c o l i  b a c t e r i a  

e n t a i l s  f i rs t  t h e  i s o l a t i o n  o f  u n i q u e  c o l o n i e s  which  a r e  

a m p i c i l l i n  r e s i s t a n t  and  t e t r a c y c l i n e  s e n s i t i v e .  The newly  

t r a n s f o r m e d  c u l t u r e  w a s  s t r e a k e d  o n t o  a m p i c i l l i n  a g a r  p l a t e s  

c o n t a i n i n g  d i a m i n o p i m e l i c  a c i d  and t h y m i d i n e  and i n c u b a t e d  a t  



37OC f o r  48 h o u r s .  I n d i v i d u a l  c o l o n i e s  w e r e  p i c k e d  w i t h  

s t e r i l e  t o o t h p i c k s  i n t o  mic ro t i t r e  w e l l s  c o n t a i n i n g  200 u l  o f  

L u r i a  b r o t h ,  a m p i c i l l i n  ( 2 5  u g / m l ) ,  DAPA ( 1 0 0  ug /ml)  and 

t h y m i d i n e  ( 1 0  u g / m l ) .  T h e s e  c u l t u r e s  w e r e  r e p l i c a  p l a t e d  o n  

a g a r  p l a t e s  c o n t a i n i n g  t h e  e s s e n t i a l  n u t r i e n t s  and  e i t h e r  

a m p i c i l l i n  o r  t e t r a c y c l i n e .  

C e l l s  which  g r e w  o n l y  o n  t h e  a m p i c i l l i n  p l a t e  and  n o t  o n  t h e  

t e t r a c y c l i n e  p l a t e s  ( 1 0  ug/ml)  were f u r t h e r  s c r e e n e d  w i t h  P.  
--L 

o c h r a c e u s  r e p e a t  DNA p r o b e  b y  f i l t e r  h y b r i d i z a t i o n  me thods .  The 

p o s i t i v e  c u l t u r e s  were s p o t t e d  f rom t h e  micro t i t re  w e l l s  o n t o  

n i t r o c e l l u l o s e  f i l t e r  p a p e r  d i s c s ,  w h i c h  h a d  b e e n  p l a c e d  o n  

f r e s h  a g a r  p l a t e s  c o n t a i n i n g  t h e  same n u t r i e n t s  and  d r u g s  a s  i n  

t h e  w e l l s .  The  c o l o n i e s  w e r e  grown fo r  a t  l e a s t  4 8  h o u r s  a t  

37OC u n t i l  t h e  c l o n e  c o l o n y  s i z e  was  a p p r o x i m a t e l y  2  mm i n  

d i a m e t e r .  The  b a c t e r i a l  c l o n e s  a t t a c h e d  t o  t h e  n i t r o c e l l u l o s e  

f i l t e r s  were l y s e d  a n d  d e n a t u r e d  i n  --  s i t u  a c c o r d i n g  t o  t h e  method 

o f  T h a y e r  ( 1 9 7 9 ) .  The  f i l t e r s  w e r e  a i r  d r i e d  and baked  i n  a  

vacuum o v e n  f o r  2  h o u r s  a t  80•‹c. 

A P. o c h r a c e u s  r e p e a t  DNA p r o b e  was  p r e p a r e d  f rom t h e  BamHI 3.9 

kb DNA f r a g m e n t s  i s o l a t e d  f rom a g a r o s e  g e l s .  The 3 .9  kb  

f r a g m e n t s  w e r e  3 2 ~ - l a b e l e d  b y  n i c k  t r a n s l a t i o n  and u s e d  t o  

s c r e e n  by  f i l t e r  h y b r i d i z a t i o n  ( a s  d e s c r i b e d  b e l o w )  t h e  

t r a n s f o r m e d  c o l o n i e s  whose p l a s m i d  DNAs h a d  b e e n  bound to  



n i t r o c e l l u l o s e  p a p e r .  

A m p l i f i c a t i o n  o f  P o s i t i v e  C l o n e s .  

B a c t e r i a  w h i c h  c o n t a i n  r e c o m b i n a n t  p l a s m i d s  w e r e  numbered 

a c c o r d i n g  t o  t h e  w e l l  t h a t  t h e  c o l o n i e s  o c c u p i e d  i n  t h e  

mic ro t i t r e  p l a t e .  The i n i t i a l s  p r e c e e d i n g  t h e  number i n d i c a t e  

t h a t  t h e  c l o n i n g  v e c t o r  is a  p l a s m i d ,  " p " ,  and  t h e  s p e c i e s  name 

P i s a s t e r  o c h r a c e u s ,  "Pon .  The c o l o n i e s  o f  f o u r  p l a s m i d s  which 

had h y b r i d i z e d  t o  3 2 ~ - l a b e l e d  DNA i n  t h e  i n  - -  s i t u  c o l o n y  f i l t e r  

h y b r i d i z a t i o n  e x p e r i m e n t  above  w e r e  s e l e c t e d  and  a m p l i f i e d .  

They were d e s i g n a t e d  pPo328, pPo1289, pPo1431 a n d  pPo1675. 50 

m l  o f  f r e s h  L u r i a  b r o t h  c o n t a i n i n g  t h e  a p p r o r i a t e  n u t r i e n t s  and 

a m p i c i l l i n ,  w e r e  i n o c u l a t e d  w i t h  100  u l  o f  t h e  c u l t u r e  f rom t h e  

micro t i t re  w e l l .  The c u l t u r e  was s h a k e n  i n  a  New Brunswick  

s h a k e r  i n c u b a t o r  o v e r n i g h t  a t  37OC and 2000 rpm. T h i s  f r e s h  

o v e r n i g h t  c u l t u r e  was a l i q u o t e d  i n t o  s i x  500 m l  e r l e n m e y e r  

f l a s k s  c o n t a i n i n g  f r e s h  S u p e r  b r o t h  ( 2 . 4 %  y e a s t  e x t r a c t ,  1 .2% 

t r y p t o n e ,  5% ( v / v )  g l y c e r o l ,  2.2% K2p04, 0 .48% K H ~ P O ~ ) ,  

DAPA (100  u g / m l ) ,  t h y m i d i n e  ( 1 0  ug/ml) and  a m p i c i l l i n  ( 2 5  ug/ml)  

and s h a k e n  u n t i l  g r o w t h  r e a c h e d  mid- log  p h a s e  o r  t o  a n  

a b s o r b a n c e  of 0 . 3  a t  600 nm. C h l o r a m p h e n i c o l  ( C l e w e l l ,  1 9 7 2 )  

was added  t o  a  f i n a l  c o n c e n t r a t i o n  o f  1 2 . 5  ug/ml. The c u l t u r e s  

were s h a k e n  o v e r n i g h t  a t  3 7 O ~ .  The c e l l s  w e r e  c o l l e c t e d  b y  

C e n t r i f u g a t i o n  a t  6000 rpm f o r  1 5  m i n u t e s  a t  ~ O C .    he p e l l e t  



was r e s u s p e n d e d  i n  a  maximum o f  3.0 m l  o f  25% s u c r o s e ,  50 mM 

T r i s  H C 1 ,  pH 8 .0 .  A t  4OC t h e  c e l l  s u s p e n s i o n  was a d j u s t e d  to  

0 .1  M NaCl a n d  20 mM N a 2 ~ ~ ~ ~  and i n c u b a t e d  w i t h  1 . 5  mg/ml 

l y sosyme  ( S i g m a )  f o r  1 5  m i n u t e s .  T h e s e  s p h e r o b l a s t s  were l y s e d  

b y  a  5 - f o l d  d i l u t i o n  w i t h  1 mM T r i s  HC1, pH 8 . 0 ,  1 mM Na2EDTA, 

and 0.2% S a r k o s y l .  The  c e l l s  w e r e  i n c u b a t e d  o n  ice f o r  30 

m i n u t e s  w i t h  p e r i o d i c  g e n t l e  a g i t a t i o n .  C e l l  d e b r i s  w a s  

p e l l e t e d  a l o n g  w i t h  m o s t  o f  t h e  genomic  DNA b y  s e d i m e n t a t i o n  i n  

a Beckman JA-20 ro tor  a t  20000 rpm f o r  1 h o u r  a t  2OC. The 

s u p e r n a t a n t  c o n t a i n i n g  t h e  p l a s m i d s  was d e c a n t e d  l e a v i n g  a  

j e l l y - l i k e  pe l le t .  P r o t e i n  i n  t h e  l y s a t e  w a s  e x t r a c t e d  w i t h  a n  

e q u a l  vo lume  o f  SEVAG, g e n t l y  mixed  and  c e n t r i f u g e d  t o  s e p a r a t e  

t h e  p h a s e s .  The  p r o c e d u r e  was r e p e a t e d  and  t h e  f i n a l  

s u p e r n a t a n t  was  made to  1 5  m l  w i t h  t h e  d i l u t i o n  b u f f e r  (1 mM 

T r i s  H C 1 ,  pH 8 . 0  and  1 mM Na2EDTA). 2 3  m l  o f  CsCl  s a t u r a t e d  

w i t h  d i l u t i o n  b u f f e r  w a s  added  t o  a f i n a l  CsCl  d e n s i t y  o f  1 .593  

g/ml.  E t h i d i u m  b r o m i d e  was added  t o  a f i n a l  c o n c e n t r a t i o n  o f  

250 ug/ml. The  s a m p l e s  w e r e  t r a n s f e r r e d  t o  a  Beckman h e a t  

s e a l a b l e  t u b e .  The  p l a s m i d  c o n t a i n i n g  s o l u t i o n s  were s e d i m e n t e d  

a t  45000 rpm f o r  24 h o u r s  a t  20•‹C i n  a  Beckman VTi50 rotor .  

E t h i d i u m  b r o m i d e  s t a i n e d  p l a s m i d  DNA was o b s e r v e d  w ih  a  375  nm 

uv  lamp a s  a d i s c r e t e  band midway i n  t h e  g r a d i e n t .  The  band o f  

c l o s e d  c i r c u l a r  p l a s m i d  DNA was removed f r o m  t h e  g r a d i e n t  w i t h  a 

s y r i n g e  and  20 g a u g e  n e e d l e .  The e t h i d i u m  b r o m i d e  w a s  e x t r a c t e d  

w i t h  i s o p r o p y l  a l c o h o l  s a t u r a t e d  w i t h  t h e  CsC1. The  DNA was 



dialyzed into low salt buffer (10 mM Tris HC1, pH 8.0) and 

precipitated with 2 volumes of ethanol at -20•‹C. The plasmids 

were collected by centrifugation at 10000 rpm for 1 hour at 

O•‹C in a JA-20 rotor. The pellet was lyophilized and 

resuspended in a small volume of 10 mM Tris HC1, pH 8.0 and 1 mM 

Na2EDTA. 

Nitrocellulose~filter hybridization and autoradiography in clone 

screening. 

The 32~-labeled 3.9 kb BamHI DNA fragment from pPo1431 was 

used to screen the plasmid DNA bound to the nitrocellulose 

filters. The filter discs were placed in a heat sealable 

plastic bag (Kapak) and prehybridized for 4 hours at 68OC with 

4X SET (4 X 0.15 M NaC1, 0.03 M Tris HC1, pH 8.0, 1 m M  

N a 2 ~ ~ ~ ~ ) ,  5X Denhardt's solution (1% Bovine Serum Albumin, 1% 

Polyvinylpyrrolidone, 1% Ficoll) (Denhardt, 19661, 0.1% Na 

pyrophosphate, 2.5 mM Na phosphate buffer, pH 6.8, 0.1% SDS, 50 

ug/ml sheared and denatured calf thymus DNA. After 

prehybridization approximately 5 x 105 cpm/filter of denatured 

probe was added and the DNA was hybridizaed to the filters with 

shaking at 68OC for at least 18 hours. The filters were 

Washed at 68OC with 4X SET, 0.1% SDS, 2.5 mM phosphate buffer, 

0.1% NaPPi. The wash solution was replaced every hour for 3 

hours and finally the filters were washed with 1X SET, 0.1% SDS, 



2.5 mM Na phosphate buffer and 0.1% NaPPi for 1 hour. After air 

drying the filters, they were exposed to Kodak BBI, preflashed 

film with the aid of Dupont enhancer screens at -80O~. The 

film was exposed for at least 2 hours and developed with Kodak 

Dl9 developer and Kodak fixer. Black spots on the X-ray film 

correspond to those colonies which contained recombinant, - P. 
ochraceus DNA inserted, plasmids. 

Southern blot of genomic DNA and hybridization with isolated 

insert from pPo1431. 

The restriction enzyme digested genomic or cloned DNA were 

transferred from agarose electrophoresis gels to nitrocellulose 

paper by the Southern transfer method (Southern, 1975). Either 

long genomic DNA or specific cloned DNA sequences were digested 

with various restriction enzymes in the appropriate reaction 

buffer at 37OC. The DNAs are electrophoresed for at least 6 

hours at 40V in a 0.8% or 1.0% agarose gel and photographed 

under uv transillumination with a ruler aligned along side the 

gel. If the DNA was long it was partially depurinated in the 

electrophoretic gel which was soaked twice for 10 minutes in a 

fresh solution of 0.25 M HC1. The DNA was denatured for 30 

minutes in two changes of 0.5 M NaOH, 1.5 M NaCl and neutralized 

in 0.5 M Tris HC1, pH 7.5, and 1.5 M NaC1. A large horizontal 

electrophoresis apparatus was the most convenient stand to use 



for the transfer blot with the gel supported in the middle and 

the two buffer tanks on either side containing the transfer 

solution, 10X SET (1X SET is 0.15 M NaC1, 0.03 M Tris HC1, pH 

8.0, 1 mM Na2EDTA). Two 3MM Whatman paper wicks, wetted in 

10X SET and cut wider than the gel and long enough to extend 

from one buffer well to the other, were placed over the middle 

gel support. The neutralized gel was placed on the Whatman 

paper wicks and overlaid with a sheet of BA85 0.45 um 

nitrocellulose paper (Schleicher and Schuell), which had been 

wetted in double distilled H20 followed by lox SET. TWO 

layers of 3MM Whatman paper, 3 inches of facial tissue and two 

inches of paper towels were layered on top of the nitrocellulose 

filter in that order. Each layer was cut so that there was no 

overlap of layers. A weight was placed on top of the paper 

towels and the system was left overnight or approximately 12 

hours. Each layer was removed carefully, the electrophoretic 

gel well positions marked and numbered with a pencil. The 

nitrocellulose paper was rubbed for 10 minutes in 4X SET to 

remove adhering agarose. The filter was air dried and baked in a 

vacuum oven at 800C for 2 hours. 

The 32~-labeled probe was hybridized to the Southern 

transferred DNA on the nitrocellulose filter in exactly the same 

manner as described above for the colony -- in situ hybridization 

screening. Generally, 2 x lo6 cpm of 3*P-labeled probe was 



added t o  t h e  n i t r o c e l l u l o s e  f i l t e r  h y b r i d i z a t i o n  s o l u t i o n .  The 

f i l t e r s  w e r e  f i rs t  p r e h y b r i d i z e d  f o r  f o u r  h o u r s  i n  t h e  4X SET 

s o l u t i o n  c o n t a i n i n g  50 ug/ml s h e a r e d ,  d e n a t u r e d  - E. co l i  - DNA a t  

6 8 O ~ .  The p r o b e  was  h e a t  d e n a t u r e d  and  added  t o  t h e  

p r e h y b r i d i z a t i o n  m i x t u r e .  The  f i l t e r s  w e r e  h y b r i d i z e d  f o r  18  t o  

24 h o u r s  a t  68OC. A f t e r  h y b r i d i z a t i o n  t h e  f i l t e r s  w e r e  washed 

a s  d e s c r i b e d  above .  The  h y b r i d i z e d  DNA c o n t a i n i n g  f i l t e r s  were 

a i r  d r i e d  and  e x p o s e d  t o  p r e f l a s h e d  X-ray f i l m ,  w i t h  e n h a n c e r  

s c r e e n s  a t  -80•‹c. E x p o s u r e  t i m e  w a s  f rom 2  h o u r s  t o  7  d a y s .  

Dot B l o t  h y b r i d i z a t i o n  o f  e g g  RNA f rom - P. o c h r a c e u s  w i t h  

3 2 ~ - l a b e l e d  pPo1431 i n s e r t .  

5 ,  1 0  or  20 ug of oocyte RNA f r o m  P. o c h r a c e u s ,  3 ug pPo1431 and 

3  ug lambda Dm40-1 DNA w e r e  p l a c e d  i n  s o l u t i o n s  c o n t a i n i n g  40% 

g l y o x a l ,  50% d i m e t h y l  s u l f o x i d e ,  0 .01 M N a  p h o s p h a t e  b u f f e r ,  pH 

7.0 i n  a  f i n a l  vo lume  o f  1 0  u l  (Thomas,  1 9 8 0 ) .  The s a m p l e s  were 

i n c u b a t e d  f o r  1 h o u r  a t  50•‹c, p l a c e d  o n  ice ,  and s p o t t e d  o n t o  

n i t r o c e l l u l o s e  f i l t e r  p a p e r  d i s c s  t h a t  had been  w e t t e d  i n  d o u b l e  

d i s t i l l e d  H 2 0  and s o a k e d  1 h o u r  i n  20X SET. The s p o t t e d  

f i l t e r s  w e r e  baked  fo r  2  h o u r s  a t  80•‹c i n  a  vacuum oven .  The  

f i l t e r s  w e r e  p r e h y b r i d i z e d  a t  4 2 O ~  f o r  8-20 h o u r s  i n  50% 

formamide v /v ,  5 X  SET, 50 mM Na p h o s p h a t e  b u f f e r ,  pH 6 .5 ,  0.02% 

Denha rd t  s o l u t i o n  and  250 ug/ml s h e a r e d ,  d e n a t u r e d  s a lmon  sperm 

or E. co l i  DNA. The  h y b r i d i z a t i o n  b u f f e r  c o n t a i n e d  4 p a r t s  



p r e h y b r i d i z a t i o n  b u f f e r  and 1 p a r t  50% (w/v)  d e x t r a n  s u l f a t e  t o  

which was added  1 x l o 6  cpm o f  d e n a t u r e d  3 2 ~ - l a b e l e d  pPo1431 

i n s e r t  DNA. The  f i l t e r s  w e r e  h y b r i d i z e d  w i t h  p r o b e  f o r  20 h o u r s  

a t  4 2 O ~ .  The b l o t s  w e r e  washed f o r  5 m i n u t e s  f o u r  t i m e s  w i t h  

2X SET, 0.1% S D S  a t  room t e m p e r a t u r e  and washed t w i c e  a t  1 5  

m i n u t e s  i n  0.1X SET and  0.1% SDS a t  50•‹c. The d o t  b l o t s  w e r e  

exposed  t o  p r e f l a s h e d  BB1 Kodak f i l m  w i t h  i n t e n s i f y i n g  s c r e e n s  

a t  -80•‹c f o r  2  h o u r s  t o  4  d a y s .  

R e a s s o c i a t i o n  and  h y b r i d i z a t i o n  o f  DNA i n  s o l u t i o n .  

Genomic DNA f rom e a c h  of f i v e  s e a  s t a r  s p e c i e s  was s h e a r e d  i n  

t h e  V i r t i s  60 homogen ize r  a t  50 ,000  rpm i n  33  m l  o f  66% 

g l y c e r o l ,  0 .02  M Na A c e t a t e  i n  a  d r y - i c e  and  e t h a n o l  b a t h  

( B r i t t e n  e t  a l . ,  1 9 7 4 ) .  The s h e a r e d  DNA was made 0 . 3  M i n  Na 

A c e t a t e  and  p r e c i p i t a t e d  w i t h  t w o  vo lumes  o f  95% e t h a n o l  a t  

-20•‹C. The DNA was c e n t r i f u g e d  a t  10000 rpm fo r  30 m i n u t e s  a t  

OOC. The p e l l e t  was r e s u s p e n d e d  i n  0.3 M Na A c e t a t e ,  p a s s e d  

t h r o u g h  a n  e q u i l i b r a t e d  C h e l e x  100  column t o  remove d i v a l e n t  

c a t i o n s  and  r e p r e c i p i t a t e d  w i t h  2  vo lumes  o f  e t h a n o l .  The f i n a l  

DNA p e l l e t  was r e s u s p e n d e d  i n  0.12 M Na p h o s p h a t e  b u f f e r  

( e q u i m o l a r  Na mono-and d i - b a s i c  p h o s p h a t e ) ,  pH 6 .8 .  The f i n a l  

c o n c e n t r a t i o n  o f  p h o s p h a t e  b u f f e r  was d e t e r m i n e d  by  

r e f r a c t o m e t r y .  The DNA c o n c e n t r a t i o n  was d e t e r m i n e d  b y  

a b s o r b a n c e  a t  260 nm DNA c o n c e n t r a t i o n .  The s i n g l e  s t r a n d  DNA 



f r a g m e n t  l e n g t h  was d e t e r m i n e d  on a  1 .5% a l k a l i n e  a g a r o s e  g e l  

p r e p a r e d  i n  30 mM NaOH, 2  mM Na2EDTA which was a l s o  t h e  

r u n n i n g  b u f f e r  ( S h a r p  e t  a l e ,  1973;  McDonel l ,  1 9 7 7 ) .  The g e l  

was n e u t r a l i z e d  i n  1 M T r i s  H C 1 ,  p H  7 .5 ,  s t a i n e d  w i t h  2  ug/ml 

e t h i d i u m  b r o m i d e  and  p h o t o g r a p h e d .  The a v e r a g e  l e n g t h  o f  

s h e a r e d  DNA was d e t e r m i n e d  b y  r e f e r e n c e  to  c o e l e c t r o p h o r e s e d  

s t a n d a r d s  o f  known l e n g t h .  

DNA r e a s s o c i a t i o n s  and  h y d r o x y a p a t i t e  (HAP) c h r o m a t o g r a p h y  w e r e  

done  by  s t a n d a r d  m e t h o d s  a s  d e s c r i b e d  by  B r i t t e n  e t  a l e  ( 1 9 7 4 ) -  

The genomic  d r i v e r  D N A s  p r e p a r e d  a s  o u t l i n e d  a b o v e  and  

3 2 ~ - l a b e l e d  i n s e r t  f rom pPo1431 were mixed i n  a r a t i o  o f  1 t o  

2 x  1 0 5  ug o f  d r i v e r  t o  1 ug o f  t r a c e r  DNA. The amount  o f  

t r a c e r  was d e t e r m i n e d  f rom t h e  s p e c i f i c  a c t i v i t y ,  u s u a l l y  10' 

cpm p e r  ug. A l i q u o t s  o f  t h e  3 2 ~ - l a b e l e d  DNA and  e x c e s s  

genomic DNA, g e n e r a l l y  c o n t a i n i n g  a b o u t  2000 cpm, w e r e  d e n a t u r e d  

i n  a  b o i l i n g  w a t e r  b a t h  f o r  1 0  m i n u t e s  and  i m m e d i a t e l y  p l a c e d  i n  

a  t e m p e r a t u r e  c o n t r o l l e d  w a t e r  b a t h  a t  60•‹C or 50•‹C to  

r e a s s o c i a t e .  A t  v a r i o u s  t i m e s  s a m p l e s  w e r e  removed and 

i m m e d i a t e l y  f r o z e n  i n  l i q u i d  n i t r o g e n .  T h e s e  r e a c t i o n  m i x t u r e s  

were s t o r e d  a t  -20•‹C f o r  s u b s e q u e n t  h y d r o x y a p a t i t e  

c h r o m a t o g r a p h y  t o  d e t e r m i n e  t h e  amount o f  d u p l e x  f o r m a t i o n ,  

H y d r o x y a p a t i t e  c h r o m a t o g r a p h y  w a s  u sed  t o  d e t e r m i n e  t h e  amount 

o f  r e a s s o c i a t i o n  wh ich  had o c c u r r e d  be tween  d r i v e r  and  tracer 



DNA in individual samples. Hydroxyapatite at 60•‹c in 0.12 M 

Na phosphate will selectively bind double stranded DNA fragments 

and let single strand DNA fragments elute. The amount of 

reassociated 32~-labeled DNA which binds to HAP at 60•‹c and 

0.12 M Na phosphate was measured by scintillation counting. The 

product of the time of reassociation in secs and the 

concentration (moles/litre) of driver DNA in the reassociation 

mixture (Cot) was plotted versus fraction unreassociated tracer 

DNA. The reassociation data were analyzed using a 

computer-programmed least-squares fitting procedure developed by 

R.J. Britten and revised by Pearson et al. (1977). With this 

program, the number, size, and second-order reaction rate of up 

to 10 sequence frequency components in the DNA population can be 

determined. The operator has the option of holding constant 

particular parameters such as component size, rate, or total 

extent of reassociation. 

For hydroxyapatite thermal chromatography, reassociated DNA was 

loaded onto hydroxyapatite columns at 50•‹c in 0.12 M Na 

phosphate buffer. The temperature of the column was raised in 

3O or 50 increments to 100•‹c. At each increment single 

Stranded DNA was eluted with 3 x 1 ml washes of 0.12 M Na 

phosphate, 0.06% SDS. The amount of 32~-labeled DNA at each 

temperature interval was determined by scintillation counting. 

The denaturation temperature, Tm, is defined as the 



t e m p e r a t u r e  a t  which h a l f  t h e  d u p l e x  DNA h a s  b e e n  e l u t e d  from 

t h e  h y d r o x y a p a t i  t e  column.  

The t h e r m a l  d e n a t u r a t i o n  t e m p e r a t u r e  o f  m o l e c u l a r  d u p l e x  h y b r i d s  

be tween  s h e a r e d  genomic  DNA and l a b e l e d  i n s e r t  DNA f r a g m e n t s  

f rom pPo1431 c a n  b e  u s e d  to  a s c e r t a i n  t h e  d e g r e e  o f  b a s e  

s e q u e n c e  misma tch  o f  s u c h  d u p l e x e s  b o t h  i n t r a -  and 

i n t e r s p e c i f i c a l l y .  The c o n c e n t r a t i o n  o f  s a l t  and t e m p e r a t u r e  

d u r i n g  r e a s s o c i a t i o n  a f f e c t s  t h e  s t a b i l i t y  o f  t h e  d u p l e x .  The 

s t a n d a r d  r e a s s o c i a t i o n  c o n d i t i o n s  o f  0 .18 M ~ a ' ,  60•‹c and pH 

6.8 w e r e  u s e d  a s  w e l l  a s  a  l o w e r  t e m p e r a t u r e  o f  50•‹c i n  o r d e r  

t o  o b t a i n  r e a s s o c i a t e d  f r a g m e n t s  which  w e r e  n o t  s t a b l e  a t  60•‹c 

and t h u s  would r e p r e s e n t  m o r e  d i v e r g e n t  members o f  t h e  f a m i l y .  

F u r t h e r m o r e ,  r e a s s o c i a t i o n  i n  0 .3  M NaC1, 0 .01  M P i p e s ,  pH 6.7 

and 64OC which  is e q u i v a l e n t  t o  0.12 M N a  p h o s p h a t e  a t  60•‹C 

was a l s o  d o n e  f o r  s a m p l e s  t o  b e  d i g e s t e d  w i t h  S1  n u c l e a s e .  T h i s  

enzyme d i g e s t s  o n l y  s i n g l e  s t r a n d e d  t a i l s  a t  a n  a p p r o p r i a t e  s a l $  

c o n c e n t r a t i o n  and r a t i o  o f  DNA t o  enzyme is u s e d  ( S m i t h  e t  a l . ,  

1 9 7 5 ) .  An a s s a y  o f  t h e  a p p r o p r i a t e  enzyme to s u b s t r a t e  r a t i o  

was d o n e  p r i o r  to  t h e  r e a s s o c i a t i o n  e x p e r i m e n t .  A f t e r  DNA 

r e a s s o c i a t i o n  t h e  s a m p l e s  w e r e  a d j u s t e d  t o  t h e  correct  s a l t  

c o n d i t i o n s  f o r  s i n g l e  s t r a n d e d  DNA d i g e s t i o n  b y  S 1  n u c l e a s e :  

0.15 M NaC1, 0 .005 M P i p e s ,  pH 6 . 7 ,  0 .025  M Na A c e t a t e ,  0.0004 M 

ZnS04, 0 .025 M b e t a - m e r c a p t o e t h a n o l .  The d u p l e x  DNA was 

i n c u b a t e d  a t  37OC f o r  1 h o u r  w i t h  6 u n i t s  o f  S 1  n u c l e a s e  



( B o e h r i n g e r  Mannheim) p e r  ug o f  DNA. S h e a r e d  c a r r i e r  E. c o l i  

DNA was added  to  e a c h  r e a c t i o n .  One u n i t  o f  S1  n u c l e a s e  h a s  

b e e n  d e f i n e d  ( B o e h r i n g e r  Mannheim) a s  t h e  enzyme a c t i v i t y  which 

c a t a l y z e s  t h e  f o r m a t i o n  o f  1 ug a c i d  s o l u b l e  d e o x y n u c l e o t i d e s  

a f t e r  30 m i n u t e s  i n c u b a t i o n  w i t h  d e n a t u r e d  DNA a t  37OC u n d e r  

a s s a y  c o n d i t i o n s .  

A f t e r  S 1  n u c l e a s e  d i g e s t i o n  a n  a l i q u o t  o f  t h e  r e a c t i o n s  was 

e l e c t r o p h o r e s e d  on  2% a g a r o s e  g e l s  t o  d e t e r m i n e  t h e  d u p l e x  

f r a g m e n t  l e n g t h .  U n d i g e s t e d  b u t  r e a s s o c i a t e d  - P. o c h r a c e u s  

d r i v e r  DNA was c o e l e c t r o p h o r e s e d  w i t h  t h e s e  s a m p l e s .  The 

e l e c t r o p h o r e t i c  g e l s  were d r i e d  and a u t o r a d i o g r a p h e d  a s  

p r e v i o u s l y  d e s c r i b e d .  

To d e t e r m i n e  t h e  f r a c t i o n  o f  3 2 ~ - l a b e l e d  pPo1431 i n s e r t  DNA 

which was f o l d - b a c k  s e q u e n c e  a n  a l i q u o t  o f  t h e  t r a c e r  was b o i l e d  

and i m m e d i a t e l y  quenched  i n  l i q u i d  n i t r o g e n .  The amount o f  f o l d -  

back  DNA was a s s a y e d  b y  h y d r o x y a p a t i t e  ch roma tography .  The Tm 

o f  fo ld -back  was d e t e r m i n e d  by  t h e r m a l  e l u t i o n  from 

h y d r o x y a p a t i  te .  

Fo r  o t h e r  t h e r m a l  d e n a t u r a t i o n  e x p e r i m e n t s  t h e  f o l d  back  DNA 

s e q u e n c e  was s t r i p p e d  f rom t h e  p r o b e  i n  t h e  f o l l o w i n g  manner .  

About l o 6  cpm o f  3 2 ~ - l a b e l e d  pPo1431 i n s e r t  was b o i l e d  and 

quenched  i n  l i q u i d  n i t r o g e n .  The s a m p l e  was thawed and p a s s e d  



o v e r  a  h y d r o x y a p a t i t e  co lumn  a t  60•‹c. The  s i n g l e  s t r a n d e d  

e l u a t e  was u s e d  a s  p r o b e  f o r  r e a s s o c i a t i o n  w i t h  d r i v e r  D N A s .  An 

a l i q u o t  o f  t h i s  DNA was  s i z e d  o n  a 1 . 5 %  a l k a l i n e  a g a r o s e  g e l .  

The  f o l d - b a c k ,  s t r i p p e d  i n s e r t  DNA w a s  r e a s s o c i a t e d  w i t h  

s t a r f i s h  d r i v e r  D N A s  f r o m  a l l  f i v e  s p e c i e s  i n  0.12 M Na 

p h o s p h a t e  a t  60•‹ and  50•‹c. The  h y b r i d  d u p l e x e s  were 

t h e r m a l l y  d e n a t u r e d  o n  h y d r o x a p a  t i  t e  c o l u m n s .  

I s o l a t i o n  o f  r e c o m b i n a n t  p h a g e  DNA f rom a Cha ron  4 l ambda  Dm40-1 

c l o n e .  

A l ambda  g e n o m i c  c l o n e  (Dm 40-1) c o n t a i n i n g  D r o s o p h i l a  1 8 s  and  

2 8 s  r i b o s o m a l  DNA s e q u e n c e s  i n  C h a r o n  4 p h a g e  c l o n i n g  v e c t o r  

( B l a t t n e r ,  1 9 7 7 )  w a s  a g i f t  f r om N. D a v i d s o n .  I s o l a t e d  p h a g e  

were l y s e d  i n  0 .1% SDS and  50 mM NaZEDTA a t  50•‹c f o r  1 0  

m i n u t e s .  The  DNA w a s  e x t r a c t e d  w i t h  pheno1:SEVAG ( l : l , V : V ) ,  

s a t u r a t e d  w i t h  1 0  mM T r i s  HC1 b u f f e r ,  pH 8.0 .  The  e x t r a c t i o n  

was  r e p e a t e d  and  t h e  p h e n o l  removed w i t h  r e p e a t e d  e t h e r  

e x t r a c t i o n s .  The  r e s i d u a l  e t h e r  w a s  e v a p o r a t e d  a t  50•‹C f o r  5 

m i n u t e s .  A s  a f i n a l  p u r i f i c a t i o n  s t e p ,  t h e  DNA was  p r e c i p i t a t e d  

i n  0 .5  M NH4 A c e t a t e ,  20 mM MgC12, 0.2 mM Na2EDTA and  w i t h  

1 volume of i s o p r o p a n o l  a t  -20•‹C. The  DNA w a s  c e n t r i f u g e d  a t  

10000  rpm f o r  1 h o u r  a t  -lO•‹C and  t h e  p e l l e t  washed w i t h  ice 

c o l d  8 0 %  e t h a n o l .  The  s a m p l e  w a s  c e n t r i f u g e d  a g a i n  a t  20000 rpm 

f o r  1 0  m i n u t e s  a n d  t h e  s u p e r n a t a n t  d i s c a r d e d .  The  80% wash and  



s u b s e q u e n t  c e n t r i f u g a t i o n  was r e p e a t e d  t w o  more t i m e s .  F i n a l l y  

t h e  p e l l e t  w a s  l y o p h i l i z e d  and r e s u s p e n d e d  i n  50 u l  o f  10  mM 

T r i s  H C 1 ,  pH 7.5  and  0 .1  mM Na2EDTA. 

The p h a g e  DNA was d i g e s t e d  w i t h  Hind111  r e s t r i c t i o n  enzyme i n  a  

30 u l  r e a c t i o n  m i x t u r e  a t  2  u n i t s  o f  enzyme to  1 ug o f  phage  

DNA. The d i g e s t  was e l e c t r o p h o r e s e d  a t  45V f o r  6 h o u r s  i n  a  1% 

g e l  and t h e n  S o u t h e r n  b l o t t e d  o n t o  n i t r o c e l l u l o s e  f i l t e r  p a p e r .  

The f i l t e r s  w e r e  h y b r i d i z e d  w i t h  1 x  l o 6  cpm o f  3 2 ~ - l a b e l e d  

i n s e r t  a s  p r e v i o u s l y  d e s c r i b e d  and t h e n  e x p o s e d  f o r  2  t o  48 

h o u r s  t o  p r e f l a s h e d  X-ray f i l m  u s i n g  e n h a n c e r  s c r e e n s  a t  

-80•‹c. 

S e l e c t i o n  o f  P. o c h r a c e u s  Charon  4  p h a g e  c l o n e s  w i t h  

3 2 ~ - l a b e l e d  i n s e r t .  

Genomic DNA f rom & o c h r a c e u s  had  b e e n  p r e v i o u s l y  c l o n e d  i n t o  

Charon  4  lambda  p h a g e  ( B l a t t n e r ,  1 9 7 7 ) .  The p h a g e  t i t r e  o f  t h e  

l i b r a r y  had  b e e n  d e t e r m i n e d  t o  b e  1 x 1 0 l o  pfu/ml .  50 m l  o f  

f r e s h  - E .  c o l i  K802 b a c t e r i a l  c u l t u r e  was c e n t r i f u g e d  a t  10000 

rpm f o r  1 5  m i n u t e s  and  r e s u s p e n d e d  i n  0.8 m l  o f  S M  ( 0 . 1  M NaC1, 

0 .01 M T r i s  HC1, p H  7 - 5 ,  0 .01  M MgS04, 0 .02% g e l a t i n ) .  100  u l  

o f  t h e  r e s u s p e n d e d  b a c t e r i a  was i n f e c t e d  w i t h  1 0  u l  o f  d i l u t e d  

phage  a t  l o 6  pfu /ml .  The m i x t u r e  was h e a t e d  a t  3 7 O ~  f o r  1 5  

m i n u t e s ,  a d d e d  to  7.5  m l  o f  0.7% a g a r o s e  i n  NZCYM (1% NZamine, 



0.5% NaC1, 0 .5% y e a s t  e x t r a c t ,  0.1% c a s a m i n o  a c i d s ,  1 0  mM 

MgS04) ( M a n i a t i s  e t  a l . ,  1 9 7 8 ) ,  mixed  and  p o u r e d  o n t o  1 5  cm 

a g a r  p l a t e s  c o n t a i n i n g  1 .2% a g a r  i n  NZCYM. T h e  p l a t e s  were 

i n c u b a t e d  a t  37OC f o r  1 4  h o u r s .  

To s c r e e n  t h e  g e n o m i c  l i b r a r y  f o r  p o s i t i v e  c l o n e s  c o n t a i n i n g  

r e p e a t  DNA, i n  s i t u  h y b r i d i z a t i o n  w i t h  l a b e l e d  pPo1431 i s o l a t e d  

i n s e r t  w a s  u s e d  ( B e n t o n  and  D a v i s ,  1 9 7 7 ) .  N i t r o c e l l u l o s e  f i l t e r  

p a p e r  d i s c s  w e r e  l a y e r e d  o n t o  c o o l e d  p l a t e s  c o n t a i n i n g  t h e  

p l a q u e s  and  t h e  p o s i t i o n  o f  t h e  p l a q u e s  o r i e n t e d  b y  s t a b b i n g  t h e  

f i l t e r  and  a g a r  w i t h  a  n e e d l e  c o n t a i n i n g  i n d i a  i n k .  The  f i l t e r s  

were p e e l e d  o f f  and  l a i d  o n t o  a  s o l u t i o n  o f  1 . 5  M NaC1, 0 . 1  M 

NaOH f o r  1 m i n u t e ,  t h e n  1 . 5  M NaC1, 0 .5  M T r i s  HC1, pH 7 .5 ,  f o r  

1 m i n u t e ,  r u b b e d  c l e a n  o f  a d h e r e n t  a g a r o s e  f o r  1 m i n u t e ,  and 

s o a k e d  i n  4X SET f o r  a p p r o x i m a t e l y  5  m i n u t e s .  The  f i l t e r s  w e r e  

a i r  d r i e d  and  baked  a t  800C f o r  2 h o u r s  i n  a vacuum oven .  

3 2 ~ - l a b e l e d  i n s e r t  f r o m  pPo1431 w a s  h y b r i d i z e d  to  6  f i l t e r s ,  

e a c h  c o n t a i n i n g  2500 p l a q u e s ,  u s i n g  t h e  s a m e  p r o c e d u r e s  a s  

d e s c r i b e d  f o r  S o u t h e r n  b l o t  h y b r i d i z a t i o n s .  30 m l  o f  

h y b r i d i z a t i o n  s o l u t i o n  and  6  x 1 0 6  cpm w e r e  added  to  t h e  

f i l t e r s  and  h y b r i d i z e d  o v e r n i g h t  a t  6S•‹C. T h e  d i s c s  were 

a u t o r a d i o g r a p h e d  and  p o s i t i v e  s p o t s  o n  t h e  f i l m  w e r e  a l i g n e d  t o  

t h e  correct  p l a q u e s .  



D e t e r m i n a t i o n  o f  genomic  m e t h y l a t  i o n  sites i n  P. o c h r a c e u s ,  P. 

b r e v i s p i n u s  and  D e r m a s t e r i a s  r e p e a t  f a m i l i e s .  

Long g e n o m i c  DNA f rom t h e  s t a r f i s h  s p e c i e s ,  P. o c h r a c e u s ,  - P. 

b r e v i s p i n u s  and  D e r m a s t e r i a s  w e r e  e a c h  d i g e s t e d  w i t h  t h e  

r e s t r i c t i o n  enzymes MspI and  H p a I I  u s i n g  t h e  r e a c t i o n  c o n d i t i o n s  

s p e c i f i e d  b y  t h e  s u p p l i e r  a t  4 u n i t s  o f  enzyme to  l a g  o f  DNA. 

A  30 u l  r e a c t i o n  m i x t u r e  c o n t a i n e d  5  ug o f  DNA and 20 u n i t s  o f  

enzyme and  w a s  i n c u b a t e d  a t  3 7 O ~  o v e r n i g h t .  The d i g e s t s  were 

e l e c t r o p h o r e s e d  o n  2% a g a r o s e  g e l s  and  t h e n  S o u t h e r n  b l o t t e d  a s  - 

p r e v i o u s l y  d e s c r i b e d .  3 2 ~ - l a b e l e d  i n s e r t  was h y b r i d i z e d  t o  

t h e  b l o t s  and  t h e  f i l t e r s  were a u t o r a d i o g r a p h e d .  B o t h  MspI and 

H p a I I  r e c o g n i z e  t h e  same r e s t r i c t i o n  s i t e  (5'-C/CGG-3') b u t  

H p a I I  c a n n o t  c l e a v e  t h e  DNA i f  t h e  c y t o s i n e  r e s i d u e  is 

m e t h y l a t e d  i n  t h e  5'-CG-3' l o c a t i o n .  However,  MspI w i l l  c l e a v e  

t h e  DNA e v e n  w i t h  t h e  m e t h y l  g r o u p .  

RESULTS 

C l o n i n g  o f  t h e  - P. o c h r a c e u s  3.9 kb  BamHI r e p e a t  f r a g m e n t .  

Long genomic  P i s a s t e r  o c h r a c e u s  DNA w a s  d i g e s t e d  w i t h  t h e  

r e s t r i c t i o n  e n d o n u c l e a s e  BamHI and t h e  f r a g m e n t s  e l e c t r o p h o r e s e d  

on h o r i z o n t a l  a g a r o s e  g e l s .  The e t h i d i u m  b r o m i d e  s t a i n e d  g e l s  

Show t h a t  t h e  genome is c l e a v e d  i n t o  many f r a g m e n t s  o f  v a r i o u s  



l e n g t h s  c r e a t i n g  a s m e a r  i n  t h e  g e l .  T h i s  s u g g e s t s  t h a t  m o s t  

enzyme s i t es  a re  r andomly  l o c a t e d  a b o u t  t h e  genome and  upon 

d i g e s t i o n  a P o i s s o n  d i s t r i b u t i o n  o f  f r a g m e n t  s i z e s  is g e n e r a t e d .  

I n  t h e  g e n o m i c  DNA d i g e s t s  t h e r e  are  however  BamHI s i tes  t h a t  

o c c u r  w i t h  s o m e  r e g u l a r  p e r i o d i c i t y  p r o d u c i n g  b a n d s  o f  f r a g m e n t s  

o f  u n i f o r m  l e n g t h  wh ich  c a n  b e  s e e n  upon  g e l  e l e c t r o p h o r e s i s  

( F i g u r e  1 ) .  A d i s t i n c t i v e  band i n  a n  e l e c t r o p h o r o g r a m  o f  a  

t o t a l  BamHI d i g e s t  o f  genomic  DNA p r e s u m a b l y  i n d i c a t e s  a  

r e p e t i t i v e  DNA f r a g m e n t .  T h e r e  is a d i s t i n c t i v e  3 . 9  kb  band 

found  i n  a P. o c h r a c e u s  genomic  d i g e s t  b y  BamHI. 

S e l e c t i o n  o f  f o u r  p o s i t i v e  c l o n e s .  

The 3 .9  k b  P. o c h r a c e u s  DNA band was i s o l a t e d  f r o m  p r e p a r a t i v e  

e l e c t r o p h o r e t i c  g e l s  and l i g a t e d  i n t o  BamHI c u t  pBR322. E. 

co l i  X I 7 7 6  was t r a n s f o r m e d  w i t h  t h i s  l i g a t i o n  m i x t u r e .  The 

c o l o n i e s  wh ich  c o u l d  g row o n  a m p i c i l l i n  b u t  n o t  t e t r a c y c l i n e  

w e r e  s c r e e n e d  u s i n g  t h e  T h a y e r  in s i t u  h y b r i d i z a t i o n  t e c h n i q u e  

( T h a y e r ,  1 9 7 9 ) .  T h e s e  c o l o n i e s  w e r e  g rown o n  n i t r o c e l l u l o s e  

f i l t e r  p a p e r ,  l y s e d  and  t h e n  t h e  DNA was d e n a t u r e d  & s i t u .  The  

s i n g l e  s t r a n d e d  DNA b i n d s  i r r e v e r s i b l y  t o  t h e  n i t r o c e l l u l o s e .  

The c o l o n i e s  w e r e  o r d e r e d  i n  micro t i t re  w e l l s  so t h a t  p o s i t i v e  

c o l o n i e s  c o u l d  b e  r e t r i e v e d .  3 2 ~ - l a b e l e d  3.9 k b  genomic  band 

e x c i s e d  f r o m  a g a r o s e  g e l s  w a s  h y b r i d i z e d  t o  t h e  f i l t e r s  

o v e r n i g h t  a t  5  x  10' cpm p e r  f i l t e r  and  t h e  f i l t e r s  w e r e  



F i g u r e  1. S e l e c t e d  r e p e t i t i v e  DNA c l o n e s  e a c h  c o n t a i n  a member 

homologous t o  a  3.9 kb  f r a g m e n t  o b s e r v e d  i n  P i s a s t e r  o c h r a c e u s  

genomic  DNA. ' 

( A )  E t h i d i u m  b romide  s t a i n e d  a g a r o s e  g e l  e l e c t r o p h o r e s i s  o f  

genomic and c l o n e d  DNA. Lanes  1 , 2 , 3  and 4  c o n t a i n  P s t I  and 

BamHI d o u b l e  d i g e s t s  of s e l e c t e d  r e c o m b i n a n t s ,  pPo328,  pPo1289, 

pPo1431 and pPo1675 r e s p e c t i v e l y .  N o t e  t h a t  e a c h  c o n t a i n s  a 3.9 

kbp i n s e r t  f r a g m e n t .  Lane 5 is a  t o t a l  d i g e s t  o f  - P. o c h r a c e u s  

genomic  DNA w i t h  BamHI r e s t r i c t i o n  e n d o n u c l e a s e .  

( B )  The r e s t r i c t i o n  enzyme d i g e s t e d  DNA was S o u t h e r n  t r a n s f e r r e d  

from t h e  a g a r o s e  g e l  i n  ( A )  t o  n i t r o c e l l u l o s e  f i l t e r  p a p e r  and 

h y b r i d i z e d  w i t h  3 2 ~ - l a b e l e d  i s o l a t e d  i n s e r t  f rom p P o l 4 3 l .  The 

a u t o r a d i o g r a m  o f  h y b r i d i z e d  p r o b e  to  DNA b l o t s  shows  r e a c t i o n  

w i t h  genomic  DNA (Lane  5) ( 2 4  h o u r  e x p o s u r e )  a s  w e l l  a s  w i t h  P s t  

I and Bam H I  d o u b l e  d i g e s t s  o f  pPo328,  pPo1289,  pPo1431,  and 

pPo1675 ( l a n e s  1 , 2 , 3 ,  and 4  r e s p e c t i v e l y )  ( 2  h o u r  e x p o s u r e ) .  

The a u t o r a d  iog ram d e m o n s t r a t e s  t h a t  t h e  pPo1431 i n s e r t  

h y b r i d i z e s  t o  t h e  3.9 kbp genomic band a s  w e l l  a s  c l o n e s  o f  

pPo328, pPo1289, pPo1431 and pPo1675. 





e x p o s e d  f o r  4  h o u r s .  T h e r e  were 9  r e c o m b i n a n t  c l o n e s  o b t a i n e d  

f r o m  7 0 0  p o s i t i v e s  s c r e e n e d  w h i c h  is a 1 .3% t r a n s f o r m a t i o n  

e f f i c i e n c y .  T h e  p o s i t i v e  c u l t u r e s  w e r e  t r a n s f e r r e d  f r o m  t h e  

a p p r o p r i a t e  micro t i t re  w e l l  t o  a l a r g e  o v e r n i g h t  c u l t u r e .  F o u r  

s t r o n g  p o s i t i v e s  w e r e  s e l e c t e d  a n d  d e s i g n a t e d  pPo328 ,  pPo1289,  

pPo1431 a n d  pPo1675.  T h e s e  p l a s m i d s  w e r e  a m p l i f i e d  a n d  t h e i r  

DNA i s o l a t e d .  T o  d e m o n s t r a t e  t h a t  e a c h  c o n t a i n e d  a  homologous  

member o f  t h e  r e p e t i t i v e  DNA f a m i l y  a n  i n s e r t  p r o b e  was  p r e p a r e d  

f r o m  pPo1431 .  20 ug  o f  pPo1431  p l a s m i d  DNA w a s  d i g e s t e d  w i t h  40 

u n i t s  of P s t I  a n d  40 u n i t s  o f  BamHI r e s t r i c t i o n  enzymes  i n  P s t I  

r e a c t i o n  b u f f e r  a n d  a v o l u m e  o f  1 0 0  u l  a t  3 7 O ~  f o r  2  h o u r s .  

The P s t I  p l u s  BamHI d o u b l e  d i g e s t  e n s u r e s  t h a t  t h e  i n s e r t  

f r a g m e n t s  would  b e  d i s t i n q u i s h a b l e  f r o m  pBR322 v e c t o r  f r a g m e n t s .  

The s a m p l e  w a s  l o a d e d  o n t o  a  1 . 0 %  a g a r o s e  g e l ,  e l e c t r o p h o r e s e d  

a t  40V u n t i l  t h e  i n s e r t  w a s  c l e a r l y  s e p a r a t e d  i n  t h e  g e l  f r o m  

pBR322 DNA. P s t I  does n o t  c l e a v e  t h e  i n s e r t  b u t  i t  d o e s  c l e a v e  

pBR322 a t  3 .2  k b  f r o m  t h e  BamHI s i t e  so t h a t  pBR322 DNA c a n  b e  

e a s i l y  s e p a r a t e d  f r o m  t h e  i n s e r t .  The  i n s e r t  DNA was c u t  f r o m  

t h e  a g a r o s e  g e l  and  e l e c t r o e l u t e d  a s  d e s c r i b e d  a b o v e .  T h i s  

i s o l a t e d  i n s e r t  DNA w a s  3 2 ~ - l a b e l e d  b y  n i c k  t r a n s l a t i o n .  

The DNA f r o m  e a c h  p l a s m i d  was  d i g e s t e d  w i t h  P s t I  and  BamHI a n d  

e l e c t r o p h o r e s e d  i n  t h e  same  g e l  w i t h  I?-. o c h r a c e u s  t o t a l  g e n o m i c  

DNA d i g e s t e d  w i t h  BamHI. The  e l e c t r o p h o r e t i c  g e l  was  S o u t h e r n  

t r a n s f e r r e d  t o  n i t r o c e l l u l o s e  w h i c h  was  h y b r i d i z e d  w i t h  



3 2 ~ - l a b e l e d  pPo1431 i n s e r t .  I t  c a n  b e  s e e n  i n  F i g u r e  1 t h a t  

b o t h  t h e  3 .9  k b  band  i n  t h e  genomic  d i g e s t  and t h e  f o u r  c l o n e d  

i n s e r t s  h y b r i d i z e d  s t r o n g l y  t o  t h e  l a b e l e d  r e p e a t  f rom pPo1431. 

R e s t r i c t i o n  enzyme mapp ing  o f  t h e  P i s a s t e r  r e p e t i t i v e  DNA 

c l o n e s .  

R e s t r i c t i o n  enzymes  c l e a v e  d o u b l e  s t r a n d e d  DNA b y  r e c o g n i z i n g  a  

s p e c i f i c  n u c l e o t i d e  s e q u e n c e  i n  t h e  DNA and t h e n  h y d r o l y z i n g  t h e  

p h o s p h o d i e s t e r  backbone .  D i f f e r e n t  enzymes  ' r e c o g n i z e  d i f f e r e n t  

s p e c i f i c  s e q u e n c e s .  An e f f i c i e n t  method  o f  a n a l y z i n g  t h e  

r e l a t i o n s h i p s  o f  d i f f e r e n t  DNA f r a g m e n t s  s u c h  a s  t h e  c l o n e s  t h a t  

h a v e  b e e n  i s o l a t e d  h e r e ,  is t o  d i g e s t  them w i t h  v a r i o u s  enzymes ,  

e l e c t r o p h o r e s e  t h e  d i g e s t i o n  p r o d u c t s ,  and compare  s i z e s  o f  t h e  

f r a g m e n t s  g e n e r a t e d .  F i g u r e  2  shows t h e  r e s u l t s  o f  f o u r  c l o n e s  

d i g e s t e d  b y  EcoRI and  b y  b o t h  EcoRI and  BamHI. I t  c a n  b e  s e e n  

t h a t  t h e  d o u b l e  d i g e s t  g e n e r a t e s  b a n d s  t h a t  a r e  i d e n t i c a l  i n  a l l  

f o u r  c l o n e s  y e t  t h e  EcoRI d i g e s t i o n  a l o n e  p r o d u c e s  b a n d s  which  

a r e  d i f f e r e n t  i n  pPo328 and  pPo1289 f r o m  t h o s e  i n  pPo1431 and 

pPo1675. However,  t h e r e  a re  t w o  common b a n d s  i n  a l l  f o u r  E c o R I  

d i g e s t s .  The t w o  common E c o R I  b a n d s  w i t h i n  a l l  p l a s m i d  i n s e r t s  

a r e  1 . 3  and 0 .8  k b  l o n g .  The pPo328 and  pPo1289 EcoRI end 

f r a g m e n t s  o f  t h e  i n s e r t  p l u s  t h e  pBR322 DNA are  5.0 and  1.1 k b  

i n  l e n g t h .  pPo1431 and  pPo1675 EcoRI d i g e s t i o n  p r o d u c e s  4.7 and 

1 .5  kb  b a n d s  t h a t  a l s o  i n c l u d e  pBR322 DNA and t h e  EcoRI end 



F i g u r e  2 .  R e p e a t  DNA i n s e r t  o r i e n t a t i o n  i n  t h e  f o u r  r e c o m b i n a n t  

p l a s m i d s .  

F o u r  c h i m e r i c  p l a s m i d s  c o n t a i n i n g  3 .9  kbp  i n s e r t s  w e r e  d i g e s t e d  

w i t h  E c o  R I  ( E l  o r  w i t h  B a m  H I  and  E c o  R I  (BE) r e s t r i c t i o n  

e n d o n u c l e a s e s .  The  f r a g m e n t s  g e n e r a t e d  w e r e  s e p a r a t e d  by  

e l e c t r o p h o r e s i s  a 1.0% a g a r o s e  ge l  a t  50V f o r  5h and  s t a i n e d  

w i t h  e t h i d i u m  b r o m i d e .  ( L a n e  1) pPo1675 ( B E ) ;  ( L a n e  2 )  pPo1675 

(El; ( L a n e  3 )  pPo1431 ( B E )  ; ( L a n e  4 )  pPo1431 ( E ) ;  ( L a n e  5 )  

M a r k e r s ,  lambda DNA d i g e s t e d  w i t h  Hind 111 and 6 x 1 7 4  DNA 

d i g e s t e d  w i t h  Hae 111; ( L a n e  6 )  pPo1289 ( B E ) ;  ( L a n e  7 )  pPo1289 

( E l ;  ( L a n e  8 )  pPo328 ( B E ) ;  ( L a n e  9 )  pPo328 (E). The same s i z e d  

f r a g m e n t s  a r e  g e n e r a t e d  upon Eco R I  and  Barn H I  d i g e s t i o n  o f  a l l  

t h e  p l a s m i d s .  





f r a g m e n t s  o f  t h e  i n s e r t .  The  l e n g t h s  o f  t h e  EcoRI/BamHI b a n d s  

i n  a l l  f o u r  c l o n e s  a r e  1.1, 1 . 3 ,  0.8 and  0.7 kb. T h i s  s u g g e s t s  

t h a t  a l l  f o u r  c l o n e s  c o n t a i n  c o p i e s  o f  t h e  same - P. o c h r a c e u s  

s egmen t  b u t  t h i s  s e g m e n t  is  i n s e r t e d  i n  r e v e r s e  o r i e n t a t i o n  i n  

t h e  c a s e  o f  pPo1431  a n d  pPo1675 f rom t h a t  f ound  i n  pPo328 and 

pPo l289 .  

To c l a r i f y  t h e  q u e s t i o n  o f  i n s e r t  o r i e n t a t i o n  i n  t h e  p l a s m i d s ,  

pPo1289 a n d  pPo1431  w e r e  d i g e s t e d  w i t h  H i n c I I  wh ich  c u t s  a t  

5'-GTPyPuAC-3' and  w i t h  b o t h  H i n c I I  and BamHI ( F i g .  3 ) .  Double  

d i g e s t i o n  o f  b o t h  p l a s m i d s  p r o d u c e d  2250 ,  1120  and  530 b p  

f r a g m e n t s  w h e r e a s  upon H i n c I I  d i g e s t i o n  o f  pPo1431 p r o d u c e d  530 ,  

1950  and 2530  b p  f r a g m e n t s  and  pPo1289 p r o d u c e d  5 3 0 ,  1400  and  

3100 bp  f r a g m e n t s .  A pBR322 f r a g m e n t ,  3250 b p  l o n g ,  w a s  a l s o  

o b s e r v e d  i n  t h e  H i n c I I  d i g e s t s .  The 2250 and  1120  b p  s e g m e n t s  

o f  t h e  i n s e r t s  a r e  a t t a c h e d  to  t h e  v e c t o r  pBR322 so t h a t  t h e i r  

o r d e r  r e l a t i v e  t o  t h e  H i n c I I  s i tes  i n  pBR322 c a n  b e  a s s e s s e d  

f rom t h e  s i z e s  o f  t h e  f r a g m e n t s  p r o d u c e d  upon H i n c I I  d i g e s t i o n  

( F i g u r e  3 ) .  

The i n s e r t  f r a g m e n t s  i n  t h e  f o u r  c l o n e s  a re  n o t  e x a c t l y  

i d e n t i c a l .  When t h e s e  c h i m e r i c  m o l e c u l e s  a re  d i g e s t e d  w i t h  

H a e I I I  w h i c h  r e c o g n i z e s  5'-GG/CC-3' s e q u e n c e s  and  t h e  f r a g m e n t s  

e l e c t r o p h o r e s e d  o n  a 5% p o l y a c r y l a m i d e  g e l ,  t h e  pPo328 ,  pPo1289 

and pPo1431 d i s p l a y  d i s t i n c t  band p a t t e r n s  f rom o n e  a n o t h e r  



F i g u r e  3 .  D e t e r m i n a t i o n  o f  t h e  H i n c I I  r e s t r i c t i o n  enzyme si tes 

i n  pPo1431 and pPo1289 and i n s e r t  o r i e n t a t i o n .  

Both  pPo1431 and pPo1289 w e r e  d i g e s t e d  w i t h  H i n c I I  or w i t h  

H i n c I I  and BamHI i n  o r d e r  to  d e t e r m i n e  t h e  H i n c I I  r e s t r i c t i o n  

enzyme s i t e s  i n  t h e  r e c o m b i n a n t  DNA and t o  v e r i f y  t h a t  t h e  

i n s e r t  i n  pPo1289 is i n  t h e  r e v e r s e  o r i e n t a t i o n  t o  t h a t  o f  

pPo1431. A f t e r  d i g e s t i o n ,  t h e  f r a g m e n t s  w e r e  s e p a r a t e d  o n  a 

0.8% a g a r o s e  g e l  and s t a i n e d  w i t h  e t h i d i u m  b romide .  H i n c I I  

s i tes a r e  l o c a t e d  a t  1120  bp and 1650 bp i n  pPo1431 and a r e  a t  

2250 and 2780 bp  i n  pPo1289 from t h e  5 '  end  t h a t  is closest  t o  

t h e  E c o R I  s i t e  i n  pBR322. Note t h a t  d i g e s t i o n  o f  pPo1289 w i t h  

H i n c I I  is i n c o m p l e t e .  
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w h e r e a s  pPo1675 w a s  i d . e n t i c a 1  t o  pPo1431 ( F i g u r e  5 ) .  T h e r e  a r e  

8  d i f f e r e n t  b a n d s  b e t w e e n  pPo1289 and pPo1431 ( t w o  a r e  p r o b a b l y  

d u e  t o  r e v e r s e  o r i e n t a t i o n  o f  t h e  i n s e r t ) ,  4  d i f f e r e n t  b a n d s  

be tween  pPo328 and  p P o l 4 1  ( 2  a re  d u e  to  r e v e r s e  o r i e n t a t i o n )  and 

5  d i f f e r e n t  b a n d s  b e t w e e n  pPo328 and pPo1289 w h i c h  h a v e  t h e  same 

o r i e n t a t i o n .  Thus  t h e r e  is some s e q u e n c e  d i v e r s i t y  i n  t h e  

r e p e a t  f a m i l y  r e p r e s e n t e d  b y  t h e s e  f o u r  c l o n e s  and  shown b y  

HaeIII r e s t r i c t i o n  e n d o n u c l e a s e  d i g e s t i o n .  

R e s t r i c t i o n  Enzyme Mapping o f  pPo1431 and pPo1289.  

F i g u r e s  4  and  6 show t h e  o r d e r  o f  t h e  r e s t i c t i o n  enzyme sites 

found  i n  pPo1431 and  pPo1289 i n s e r t s .  The  t w o  p l a s m i d s  w e r e  

d i g e s t e d  w i t h  BamHI, EcoRI ,  H i n c I I  or  AvaI  as  p r e v i o u s l y  

d e s c r i b e d  and  t h e  f r a g m e n t s  were e l e c t r o p h o r e s e d  on  0 .8% t o  1 .0% 

a g a r o s e  g e l s .  U s i n g  i n t e r n a l  g e l  m a r k e r s  t h e  s i z e s  o f  t h e  

f r a g m e n t s  were d e t e r m i n e d .  AvaI  and H i n c I I  c o u l d  b e  o r d e r e d  

d i r e c t l y  s i n c e  t h e r e  w e r e  o n l y  t w o  i n t e r n a l  s i tes  i n  t h e  i n s e r t  

and t h e  e n d s  c o u l d  b e  d e t e r m i n e d  f rom t h e  known r e s t r i c t i o n  

si tes i n  pBR322. However,  EcoRI sites had  t o  b e  o r d e r e d  u s i n g  

p a r t i a l  d i g e s t i o n  o f  p l a s m i d  DNA. 3  ug o f  pPo1431 and pPo1289 

were d i g e s t e d  w i t h  1 0  u n i t s  o f  E c o R I  i n  a  t o t a l  r e a c t i o n  volume 

o f  50 u l  and  t h e  r e a c t i o n  m i x t u r e s  were i n c u b a t e d  a t  37Oc. 10  

u l  a l i q u o t s  were removed a t  4 ,  8 ,  1 0 ,  1 5  and  30 m i n u t e s  o f  

i n c u b a t i o n  and  added  t o  t h e  s t o p  mix and h e a t e d  a t  65Oc f o r  5  



F i g u r e  4. S t r u c t u r e  o f  r e c o m b i n a n t  p l a s m i d s ,  pPo1431 and 

pPo l289 .  

Recombinant  p l a s m i d s  pPo1431 and pPo1289 r e p r e s e n t  t h e  o p p o s i t e  

o r i e n t a t i o n  of t h e  - P. o c h r a c e u s  r e p e a t  DNA i n s e r t .  The 3.9 kb 

P. o c h r a c e u s  BamHI r e s t r i c t i o n  f r a g m e n t s  w e r e  i n s e r t e d  i n t o  the - * 
pBR322 BamHI c l e a v a g e  s i t e  s i t u a t e d  i n  t h e  t e t r a c y c l  i n e  

r e s i s t a n t  g e n e  o f  t h e  p l a s m i d  pBR322. 
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F i g u r e  5. H a e I I I  r e s t r i c t i o n  enzyme d i g e s t i o n  o f  p l a s m i d s  

pPo328,  pPo1289,  pPo1431 and pPo1675. 

F o u r  r e c o m b i n a n t  p l a s m i d s  were d i g e s t e d  w i t h  H a e I I I  r e s t r i c t i o n  

e n d o n u c l e a s e  and  e l e c t r o p h o r e s e d  o n  a  5% p o l y a c r y l a m i d e  g e l  f o r  

1 . 5  h o u r s  a t  1 0 0  V. The b a n d s  w e r e  o b s e r v e d  b y  s t a i n i n g  w i t h  1 

ug/ml e t h i d i u m  b r o m i d e .  ( L a n e  1) M a r k e r ,  $XI74 DNA d i g e s t d  

w i t h  Hae 111; ( L a n e  2 )  pPo328; ( L a n e  3 )  pPo1289; ( L a n e  4 )  

pPo1431; ( L a n e  5 )  pPo1675;  ( L a n e  6 )  pBR322 d i g e s t e d  w i t h  H a e I I I ;  

( L a n e  7 )  Marke r ,  @ ~ 1 7 4  DNA d i g e s t e d  w i t h  A l u I .  S e q u e n c e  

d i v e r g e n c e  o f  t h e  i n s e r t  DNA is d e m o n s t r a t e d  b y  t h e  v a r i a t i o n  i n  

t h e  r e s t r i c t i o n  p a t t e r n s .  Band d i s t r i b u t i o n  e x c e e d s  t h a t  

e x p e c t e d  f rom d i s t i n c t  p l a s m i d / i n s e r t  j u n c t i o n s  g e n e r a t e d  b y  

r e v e r s e  o r i e n t a t i o n  o f  i n s e r t s  ( s e e  F i g .  4 ) .  





F i g u r e  6. D e t a i l e d  r e s t r i c t i o n  enzyme map of t h e  i n s e r t  f rom 

p P o l 4 3 l .  

The map was  d e t e r m i n e d  b y  d i g e s t i n g  t h e  r e c o m b i n a n t  p l a s m i d  w i t h  

v a r i o u s  r e s t r i c t i o n  e n z y m e s  a n d  t h e  s i z e s  a n d  o r d e r  o f  t h e  

f r a g m e n t s  g e n e r a t e d  w e r e  e s t i m a t e d  b y  a g a r o s e  g e l  

e l e c t r o p h o r e s i s .  The g e l s  w e r e  c a l i b r a t e d  w i t h  DNA f r a g m e n t s  o f  

known m o l e c u l a r  w e i g h t .  The p o s i t i o n s  o f  t h e  r e s t r i c t i o n  

e n z y m e s  s i tes  are  i n d i c a t e d  a s  t h e  number  o f  n u c l e o t i d e  b a s e  

p a i r s  f r o m  t h e  BamHI i n s e r t i o n  s i t e  of t h e  p l a s m i d  pBR322. The 

EcoRI s i t e  of pBR322 is 375  b p  u p s t r e a m  f r o m  t h e  5 '  e n d  o f  t h e  

i n s e r t  r e p r e s e n t e d  b y  pPo1431.  





m i n u t e s .  The p a r t i a l s  were s i z e d  on  0 .6% a g a r o s e  g e l s .  The 

s i z e s  o f  f r a g m e n t s  e x p e c t e d  f o r  a g i v e n  a r r a n g m e n t  o f  t h e  two 

EcoRI i n t e r n a l  f r a g m e n t s  o f  t h e  i n s e r t  w e r e  p r e d i c t e d  and t h e n  

compared to  t h o s e  s i z e s  o b s e r v e d  i n  t h e  ge l .  The r e s t r i c t i o n  

map o f  pPo1431 is shown i n  F i g u r e  6 .  The  o r d e r  o f  t h e  E c o R I  

f r a g m e n t s  i n t e r n a l  t o  t h e  BamHI s i t e  is 1.1, 1 . 3 ,  0.8 and 0.7 

kb. 

Sequence  o r g a n i z a t i o n  o f  t h e  r e p e a t  pPo1431 f a m i l y  i n  P i s a s t e r  

o c h r a c e u s  and  D e r m a s t e r i a s  genomic DNA. 

Genomic DNA d i g e s t e d  by  r e s t r i c t i o n  e n d o n u c l e a s e s  and 

e l e c t r o p h o r e s e d  i n  a g a r o s e  g e l s  were S o u t h e r n  t r a n s f e r r e d  t o  

n i t r o c e l l u l o s e  f i l t e r  p a p e r  and h y b r i d i z e d  w i t h  3 2 ~ - l a b e l e d  

i n s e r t  f rom t h e  r e p e a t  c l o n e ,  pPo1431. The f i l t e r s  were  washed 

and t h e n  e x p o s e d  f o r  v a r i o u s  l e n g t h s  o f  t i m e  t o  X-ray f i l m .  I f  

t h e  r e p e a t  f a m i l y  is c l u s t e r e d  i n  t h e  genome t h e n  d i s c r e t e  

b a n d s ,  o f  h i g h  i n t e n s i t y ,  w i l l  a p p e a r  i n  t h e  a u t o r a d i o g r a m  

b e c a u s e  t h e  r e s t r i c t i o n  enzyme s i t e  would o c c u r  i n  a  p e r i o d i c  

a r r a n g e m e n t .  I f  t h e  r e p e a t  e l e m e n t s  w e r e  t o t a l l y  d i s p e r s e d  t h e n  

f o r  e a c h  r e p e a t  t h e r e  would p r o b a b l y  b e  a d i s t i n c t  r e s t r i c t i o n  

enzyme f r a g m e n t  c o n t a i n i n g  t h e  r e p e a t  and  i t  would a p p e a r  a s  a  

u n i q u e  a u t o r a d i o g r a m  band.  S i n c e  t h e r e  a r e  on t h e  o r d e r  o f  500 

c o p i e s  o f  t h e  r e p e a t  f a m i l y  i n  t h e  - P. o c h r a c e u s  genome ( see  

b e l o w )  t h e n  t h e r e  would b e  500 d i f f e r e n t  b a n d s  r e a c t i n g  w i t h  t h e  



p r o b e  p r o d u c i n g  a  smea r  i n  t h e  a u t o r a d i o g r a m  a f t e r  a  l o n g  

e x p o s u r e .  

& o c h r a c e u s ,  P. b r e v i s p i n u s  and  D e r m a s t e r i a s  genomic DNA was 

d i g e s t e d  w i t h  EcoRI or BamHI. The f r a g m e n t s  w e r e  

e l e c t r o p h o r e s e d  i n  0.8% a g a r o s e  g e l s ,  S o u t h e r n  t r a n s f e r r e d  and 

h y b r i d i z e d  w i t h  1 x  l o 6  cpm p e r  s p e c i e s  o f  3 2 ~ - l a b e l e d  

i n s e r t  f rom t h e  r e p e a t  pPo1431 c l o n e .  F i g u r e  7  shows t h a t  a f t e r  

48 h o u r s  e x p o s u r e  t h e r e  is an  i n t e n s e  band i n  t h e  BamHI d i g e s t s  

a t  3.9 kb  i n  P. o c h r a c e u s  and - P. b r e v i s p i n u s  and a  weaker  band 

a t  5.9 kb  i n  D e r m a s t e r i a s .  The a p p e a r a n c e  o f  o n e  band s u g g e s t s  

t h a t  m o s t  members o f  t h e  r e p e a t  f a m i l y  a r e  c l u s t e r e d .  T h i s  

e x p e r i m e n t  however  d o e s  n o t  a d d r e s s  t h e  q u e s t i o n  o f  t h e  number 

o f  s u c h  c l u s t e r s  which  a p p e a r  i n  t h e  genome. The l e n g t h s  o f  t h e  

E c o R I  b a n d s  are  3 .2 ,  1 . 3  and  0.8 kb  i n  t h e  t w o  P i s a s t e r  b l o t s  

which a c c o u n t s  f o r  t h e  t w o  i n t e r n a l  E c o R I  f r a g m e n t s  i n  t h e  

pPo1431 r e p e a t  ( F i g .  6 ) .  I f  t h e  r e p e a t  is c l u s t e r e d  i n  t h e  

genomic DNA t h e n  t h e  3 .2  kb  band w i l l  c o n t a i n  t h e  1.1 and 0.7 

e n d s  o f  t h e  3.9 kb  i n s e r t  p l u s  a n o t h e r  1.4 kb c o n n e c t i n g  t w o  3.9 

kb r e p e a t i n g  e l e m e n t s .  T h i s  h y p o t h e s i s  was v e r i f i e d  (see 

b e l o w ) .  The a u t o r a d i o g r a p h  o f  D e r m a s t e r i a s  d i g e s t e d  b y  EcoRI 

shows a  band ,  5.9 kb  l o n g ,  s u g g e s t i n g  t h a t  t h e r e  is  c l u s t e r i n g  

o f  a  r e p e a t  e l e m e n t  c o n t a i n i n g  s e q u e n c e s  homologous t o  pPo1431 

i n s e r t  b u t  wh ich  is l o n g e r  t h a n  t h a t  r e p r e s e n t e d  by  t h e  3.9 kb 

i n s e r t  o f  5 o c h r a c e u s .  



F i g u r e  7.' C o n s e r v a t i o n  o f  r e p e a t  s e q u e n c e s  homologous  t o  

pPo1431 i n s e r t  DNA i n  P i s a s t e r  b r e v i s p i n u s  and D e r m a s t e r i a s  

i m b r i c a t a .  - 

A p p r o x i m a t e l y  8 ug e a c h  o f  genomic  DNA f rom - P. o c h r a c e u s ,  P. 

b r e v i s p i n u s  o r  D e r m a s t e r i a s  i m b r i c a t a  was d i g e s t e d  w i t h  E c o R I  

and BamHI r e s t r i c t i o n  e n d o n u c l e a s e s  and e l e c t r o p h o r e s e d  f o r  6 

h o u r s  a t  40V i n  a  1 . 0 %  a g a r o s e  g e l .  The DNA was t r a n s f e r r e d  t o  

n i t r o c e l l u l o s e  f i l t e r  p a p e r  and  h y b r i d i z e d  w i t h  1 x l o 6  cpm of 

3 2 ~ - l a b e l e d  i n s e r t  f rom pPo1431 p e r  s p e c i e s .  An i n t e n s e  3.9 

kb band i n  t h e  P i s a s t e r  BamHI d i g e s t s  c o r r e s p o n d s  t o  t h e  

e l e c t r o p h o r e t i c  band o b s e r v e d  i n  t h e  e t h i d i u m  b r o m i d e  s t a i n e d  

g e l  which  was o r i g i n a l l y  c l o n e d .  The i n t e r n a l  E c o R I  f r a g m e n t s  

o f  t h e  r e p e a t  e l e m e n t ,  1 . 3  and  0.8  kb ,  h y b r i d i z e  s t r o n g l y  t o  t h e  

p r o b e .  One o t h e r  s t r o n g  band is o b s e r v e d  i n  b o t h  P i s a s t e r  E c o R I  

d i g e s t s  a t  3 .2  kb. A u t o r a d i o g r a m  b a n d s  i n  D e r m a s t e r i a s  

h y b r i d i z e d  b l o t s  a r e  much less i n t e n s e  and a r e  l o n g e r  (5 .9  k b )  

t h a n  t h o s e  found  i n  e i t h e r  P i s a s t e r  d i g e s t .  The r e p e a t s  a r e  

c l u s t e r e d  i n  t h e  genomes  s i n c e  o n l y  a  few d i s c r e t e  b a n d s  a r e  

o b s e r v e d  i n  t h e  a u t o r a d i o g r a m s  o f  t h e  t h r e e  s p e c i e s .  



I? ochraceus I? brevispinus D. imbricata 
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The t h r e e  genomic  DNAs were d i g e s t e d  w i t h  E c o R I ,  P s t I  and w i t h  

b o t h  enzymes.  The e l e c t r o p h o r e s e d  p r o d u c t s  were S o u t h e r n  

b l o t t e d  and h y b r i d i z e d  w i t h  3 2 ~ - l a b e l e d  i n s e r t  f rom pPo1431 t o  

d e t e r m i n e  i f  t h e  3.2 E c o R I  band shown i n  F i g u r e  7 n o t  o n l y  

c o n t a i n e d  t h e  t e r m i n a l  1.1 and 0.7 k b  b u t  a l s o  t h e  c o n n e c t i n g  

DNA s e q u e n c e  i n  t h e  P i s a s t e r  s p e c i e s .  F i g u r e  8 shows t h a t  P s t I  

c u t s  t h e  r e p e a t  DNA s e q u e n c e  i n  t h e  genomic  DNA be tween  t w o  3.9 

kb BamHI f r a g m e n t s .  T h i s  g e n e r a t e s  a n  i n t e n s e  5 .3  kb band 

o b s e r v e d  a f t e r  o n l y  4  h o u r s  e x p o s u r e  i n  b o t h  P i s a s t e r  s p e c i e s .  

When genomic  DNA from t h e s e  t w o  s p e c i e s  is d o u b l e  d i g e s t e d  w i t h  

b o t h  E c o R I  and P s t I ,  S o u t h e r n  t r a n s f e r r e d  and h y b r i d i z e d  w i t h  

l a b e l e d  i n s e r t  t h e  p r e d i c t e d  b a n d s  a p p e a r  a t  2 .1 ,  1 . 3 ,  1.1, and 

0.8 kb. D e r m a s t e r i a s  h y b r i d i z e d  genomic  b l o t s  showed an  i n t e n s e  

band a t  5.9 kb and l e s s  i n t e n s e  band a t  4.9 kb  i n  t h e  P s t I  

d i g e s t .  A l s o ,  a n o t h e r  i n t e n s e  5.9 kb band was o b s e r v e d  i n  t h e  

E c o R I  d i g e s t .  Bands o f  f r a g m e n t  l e n g t h s  5.5 and 4.9 kb  a p p e a r e d  

i n  t h e  d o u b l e  d i g e s t  o f  D e r m a s t e r i a s  showing  t h a t  t h e  P s t I  s i t e  

is 0.4 kb f rom o n e  o f  t h e  E c o R I  sites i n  t h a t  genome. These  

bands  i n  D e r m a s t e r i a s  a r e  much less i n t e n s e  t h a n  t h o s e  found  i n  

t h e  P i s a s t e r  s p e c i e s  b u t  a r e  s t i l l  o b s e r v e d  w i t h  s h o r t  e x p o s u r e  

t i m e  i n d i c a t i n g  t h a t  t h e  b a n d s  p r o b a b l y  r e p r e s e n t  c l u s t e r s  i n  

t h e  genome. 

The minimum l e n g t h  o f  t h e  r e p e a t  a p p e a r s  t o  b e  5 .3  kb i n  t h e  t w o  

P i s a s t e r  genomes b u t  t h i s  may n o t  b e  t h e  maximum l e n g t h  s i n c e  



F i g u r e  8.  S o u t h e r n  b l o t s  of g e n o m i c  d i g e s t s  of t h r e e  d i f f e r e n t  

s t a r f i s h  s p e c i e s  d e m o n s t r a t e s  t h a t  t h e  r e p e a t  f a m i l y  a p p e a r s  

c l u s t e r e d  i n  a l l  t h r e e  genomes .  

P s t I ,  EcoRI  o r  P s t I  a n d  EcoRI r e s t r i c t i o n  e n z y m e s  d i g e s t e d  5  ug 

o f  g e n o m i c  DNA f r o m  - P. o c h r a c e u s ,  P. b r e v i s p i n u s  a n d  - 
D e r m a s t e r i a s .  T h e  f r a g m e n t s  were e l e c t r o p h o r e s e d  f o r  1 6 h  a t  15V 

i n  0 . 7 %  a g a r o s e  ge ls ;  - P. b r e v i s p i n u s  DNA w a s  e l e c t r o p h o r e s e d  

s e p a r a t e l y  o n  a  1 . 0 %  g e l  a t  15V fo r  1 6 h .  T h e  DNA w a s  S o u t h e r n  

t r a n s f e r r e d  to  n i t r o c e l l u l o s e  p a p e r  a n d  h y b r i d i z e d  w i t h  2 x 

6 1 0  cpm p e r  l a n e .  P s t I  c l e a v e s  b e t w e e n  t h e  3 . 9  k b  c l o n e d  

r e p e a t s  o f  t h e  genome g e n e r a t i n g  a 5 .3  k b  b a n d  i n  t h e  

a u t o r a d i o g r a m s  of - P. o c h r a c e u s  a n d  P. b r e v i s p i n u s .  D o u b l e  - 
d i g e s t s  g e n e r a t e d  t h e  f r a g m e n t s  e x p e c t e d  i f  t h e  r e p e a t  f a m i l y  

was  c o m p l e t e l y  c l u s t e r e d .  The EcoRI b l o t s  a r e  i d e n t i c a l  t o  

t h o s e  o b s e r v e d  i n  F i g .  7.  The  D e r m a s t e r i a s  a u t o r a d i o g r a m s  show 

a 5.9 k b  P s t I  b a n d  w h i c h  is r e d u c e d  i n  s i z e  b y  0 . 4  k b  upon 

d o u b l e  d i g e s t i o n  w i t h  E c o R I  a n d  P s t I .  
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t h e r e  c o u l d  b e  t w o  P s t I  sites be tween  t h e  3.9 kb  BamHI e l e m e n t s .  

To e x c l u d e  t h a t  p o s s i b i l i t y ,  P i s a s t e r  o c h r a c e u s  genomic  DNA was 

p a r t i a l l y  d i g e s t e d  w i t h  P s t I  and BamHI, t h e  DNA S o u t h e r n  

t r a n s f e r r e d  and  h y b r i d i z e d  w i t h  3 2 ~ - l a b e l e d  i n s e r t  f rom 

pPo1431. I f  m u l t i p l e s  o f  5 .3  kb  o c c u r r e d  t h e n  t h e  P s t I  s i t e  w a s  

a l m o s t  a d j a c e n t  t o  t h e  BamHI s i t e  a t  t h e  1100  b p  EcoRI f r a g m e n t  

end o f  t h e  pPo1431 i n s e r t .  I f  b a n d s  4.3 and  4 .8  kb  o r  t h e i r  

m u l t i p l e s  a p p e a r e d ,  t h e n  t h e  P s t I  s i t e  was l o c a t e d  0.4 k b  f rom 

t h e  700 b p  EcoRI end  o f  t h e  i n s e r t e d  r e p e a t  s e q u e n c e .  A 

p r o m i n e n t  4 .8  kb  band  w a s  o b s e r v e d  i n  t h e  a u t o r a d i o g r a m  o f  t h e  

S o u t h e r n  b l o t s  o f  p a r t i a l l y  d i g e s t e d  DNA h y b r i d i z e d  w i t h  l a b e l e d  

r e p e a t  DNA ( d a t a  n o t  shown) .  T h i s  band c a n  o n l y  b e  g e n e r a t e d  i f  

t h e  P s t I  s i t e  is  0 .4  k b  f rom t h e  BamHI s i t e  wh ich  is a d j a c e n t  t o  

t h e  700 b p  EcoRI f r a g m e n t  i n  pPo1431. 

The p o s i t i o n  o f  t h e  P s t I  s i t e  be tween  BamHI e l e m e n t s  was mapped 

and f o u n d  t o  b e  0.4 k b  f rom a BamHI s i t e  i n  t h e  5.3 k b  r e p e a t .  

The P s t I  and  EcoRI d o u b l e  d i g e s t  a u t o r a d i o g r a m  b a n d s  i n  P i s a s t e r  

DNA are 2 .1 ,  1 . 3 ,  1.1 and  0 .8  kb  l o n g .  The 1 . 3  and 0 .8  kb 

r e p r e s e n t  t h e  EcoRI i n t e r n a l  f r a g m e n t s  b u t  t h e  2 .1  and t h e  1.1 

kb c o n t a i n  t h e  1.1 and  0 .7  kb  e n d s  of t h e  pPo1431 i n s e r t .  The 

o b s e r v e d  f r a g m e n t s  showed t h a t  t h e  P s t ~  s i t e  b e t w e e n  t h e  t w o  3.9 

kb r e p e a t s  was 0 .4  k b  f rom t h e  0.7 kb  EcoRI f r a g m e n t  o f  t h e  

f i r s t  e l e m e n t  and  1 . 0  kb f rom t h e  1.1 kb EcoRI f r a g m e n t  o f  t h e  

s e c o n d  e l e m e n t .  The g e n a m i c  o r g a n i z a t i o n  o f  t h e  5 .3  kb  r e p e a t  



f a m i l y  is shown i n  F i g u r e  9.  

Long e x p o s u r e  of S o u t h e r n  b l o t s  i n d i c a t e  t h a t  members o f  t h e  

r e p e a t  f a m i l y  a r e  c l u s t e r e d  w i t h  p e r h a p s  s m a l l e r  g r o u p s  o r  e v e n  

s i n g l e  e l e m e n t s  p r e s e n t  e l s e w h e r e  i n  t h e  genome. To  f u r t h e r  

v e r i f y  t h a t  t h e  f a m i l y  o f  r e p e a t s  is i n d e e d  c l u s t e r e d  t h e  P. - 
o c h r a c r e u s  genomic  Cha ron  4 p h a g e  l i b r a r y  was s c r e e n e d  w i t h  t h e  

l a b e l e d  i n s e r t  f r o m  pPo1431 and t h e  number o f  p o s i t i v e  p l a q u e s  

were c o u n t e d .  I f  t h e  a v e r a g e  i n s e r t  s i z e  i n  t h e  Cha ron  4  phage  

is 1 5  kb  e a c h  r e p e a t  DNA c o n t a i n i n g  p h a g e  would h a v e  a  c a p a c i t y  

f o r  a p p r o x i m a t e l y  3  o f  t h e  5.3 kb  P s t I  e l e m e n t s .  The k i n e t i c  

a n a l y s e s  i n d i c a t e  t h a t  t h e r e  a r e  a b o u t  500 c o p i e s  o f  t h e  r e p e a t  

i n  t h e  genome (see b e l o w ) .  C o n s e q u e n t l y  t h e r e  s h o u l d  b e  a b o u t  

500/3 p h a g e  w h i c h  c o n t a i n  r e p e a t  DNA p e r  genome. I n  t h i s  s u r v e y  

1 . 6  x l o 4  p h a g e  w e r e  s c r e e n e d  r e p r e s e n t i n g  40% o f  t h e  genome. 

Of t h e s e ,  98 h y b r i d i z e d  w i t h  r e p e a t  p r o b e  where 66 w e r e  e x p e c t e d  

t o  c o n t a i n  r e p e a t  s e q u e n c e  i f  t h e  f a m i l y  was t o t a l l y  c l u s t e r e d .  

M e t h y l a t i o n  o f  P. o c h r a c e u s  genomic  r e p e a t  s e q u e n c e .  

To d e t e r m i n e  i f  t h e  genome r e p e a t  f a m i l y  was m e t h y l a t e d  i n  t h e  

t h r e e  d i f f e r e n t  s t a r f i s h ,  genomic  DNA was d i g e s t e d  w i t h  a  p a i r  

o f  r e s t r i c t i o n  e n d o n u c l e a s e  i s o s c h i z o m e r s ,  o n e  o f  which  is 

i n h i b i t e d  b y  s i t e  s p e c i f i c  m e t h y l a t i o n .  MspI and H p a I I  a r e  

r e s t r i c t i o n  enzymes  which  r e c o g n i z e  t h e  same n u c l e o t i d e  s e q u e n c e  



F i g u r e  9 .  O r g a n i z a t i o n  o f  t h e  r e p e a t  f a m i l y  i n  t h e  P i s a s t e r  

genome. 

The r e p e a t  f r a g m e n t  l e n g t h s  e x p e c t e d  f r o m  d i g e s t i o n  of g e n o m i c  

DNA w i t h  P s t I ,  BamHI or EcoRI a re  i n d i c a t e d  below t h e  f i g u r e  

i l l u s t r a t i n g  t h e  o r g a n i z a t i o n  of i n d i v i d u a l  e l e m e n t s  i n  a  

g e n o m i c  r e p e a t  DNA c l u s t e r .  The i n t e r v e n i n g  P s t I  s i t e  w a s  

p r e c i s e l y  mapped b y  p a r t i a l  d i g e s t i o n  of g e n o m i c  DNA w i t h  BamHI 

and  P s t I  f o l l o w e d  b y  S o u t h e r n  t r a n s f e r  a n d  f i l t e r  h y b r i d i z a t i o n  

w i t h  3 2 ~ - l a b e l e d  i n s e r t  f r o m  pPo1431 .  P s t I ,  EcoRI  a n d  BamHI 

r e s t r i c t i o n  sites a r e  i n d i c a t e d  i n  t h e  c l u s t e r e d  repeat f a m i l y  

a s  i t  a p p e a r s  i n  t h e  genome. The d i s t a n c e  b e t w e e n  r e s t r i c t i o n  

s i tes a re  i n d i c a t e d  i n  k i l o b a s e  p a i r s .  
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5'-C/CGG-3'. However, i f  t h e  s e c o n d  c y t o s i n e  r e s i d u e  is 

m e t h y l a t e d  a s  is commonly fou'nd i n  DNA, t h e n  o n l y  MspI w i l l  

c l e a v e  a t  t h i s  s i t e .  DNA d i g e s t e d  w i t h  b o t h  t h e s e  enzymes w i l l  

show d i f f e r e n t  e l e c t r o p h o r e t i c  p a t t e r n s  i f  some o f  t h e  c y t o s i n e  

r e s i d u e s  a r e  m e t h y l a t e d .  I f  t h e  r e p e a t  f a m i l y  is m e t h y l a t e d  

t h e n  h y b r i d i z e d  S o u t h e r n  b l o t s  o f  t h e s e  t w o  d i g e s t s  w i l l  a l s o  b e  

d i f f e r e n t .  The e t h i d i u m  b romide  s t a i n e d  g e l  i n  F i g u r e  10  shows 

t h a t  t h e r e  is a  l a r g e  amount o f  h i g h  m o l e c u l a r  w e i g h t  DNA i n  t h e  

H p a I I  genomic  d i g e s t s  i n  a l l  t h r e e  s p e c i e s .  The MspI d i g e s t i o n s  

a r e  much m o r e  e x t e n s i v e .  T h i s  d e m o n s t r a t e s  t h a t  t h e r e  is a  h i g h  

d e g r e e  o f  m e t h y l a t i o n  i n  sperm DNA f rom a l l  t h r e e  s t a r f i s h  

s p e c i e s .  The a u t o r a d i o g r a m s  show t h a t  t h e r e  is o n l y  one  band a t  

1 .6  kb i n  t h e  P. o c h r a c e u s  H p a I I  d i g e s t  which  is n o t  p r e s e n t  i n  

t h e  MspI d i g e s t  ( F i g .  1 0 ) .  S i n c e  a  new band d o e s  n o t  a p p e a r  i n  

t h e  MspI a u t o r a d i o g r a m ,  t h e n  t h e  H p a I I  1 .6  kb f r a g m e n t  must  have  

m e t h y l a t e d  s e q u e n c e s  a t  s p e c i f i c  p o s i t i o n s ,  s u c h  t h a t  MspI 

d i g e s t i o n  c r e a t e s  f r a g m e n t s  e q u a l  i n  l e n g t h  t o  t h e  l o w e r  

m o l e c u l a r  w e i g h t  bands .  I n  f a c t ,  t h e  1 .6  kb m e t h y l a t e d  f r a g m e n t  

may w e l l  c o n t a i n  t w o  0.8 kb f r a g m e n t s .  

H y b r i d i z a t i o n  k i n e t i c  e s t i m a t i o n  o f  genomic  f r e q u e n c y  o f  t h e  

r e p e a t  f a m i l y  r e p r e s e n t e d  by  pPo1431. 

R e a s s o c i a t i o n  o f  t h e  l a b e l e d  r e p e a t  i n s e r t  w i t h  t o t a l  genomic 

DNA a t  s t a n d a r d  c o n d i t i o n s  (0 .18  M ~ a ' ,  60•‹c, pH 6 . 8 ) ,  w i l l  
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F i g u r e  10 .  M e t h y l a t i o n  o f  r e p e a t  DNA e l e m e n t s  i n  t h e  genomes o f  " 

P. o c h r a c e u s ,  P. b r e v i s p i n u s  and D e r m a s t e r i a s  i m b r i c a t a .  

P. o c h r a c e u s ,  P.  b r e v i s p i n u s  and D e r m a s t e r i a s  s p e r m  DNAs w e r e  - - 
d i g e s t e d  w i t h  r e s t r i c t i o n  e n d o n u c l e a s e s  MspI or H p a I I  and 

e l e c t r o p h o r e s e d  i n  a  2% a g a r o s e  g e l  a t  15V f o r  1 6  h o u r s .  Hpa I I  

w i l l  n o t  c l e a v e  i f  t h e  c y t o s i n e  r e s i d u e  i n  t h e  CG r e g i o n  o f  t h e  

r e s t r i c t i o n  si tes,  5'-CCGG-3', a r e  r n e t h y l a t e d .  The i s o s c h i z o m e r  

MspI is m e t h y l  i n s e n s i t i v e .  Genomic DNA is m e t h y l a t e d  s i n c e  t h e  

e t h i d i u m  b r o m i d e  s t a i n e d  g e l  c l e a r l y  shows  t h a t  i n  a l l  t h r e e  

s p e c i e s  H p a I I  d o e s  n o t  d i g e s t  t h e  genome a s  c o m p l e t e l y  a s  MspI. 

H y b r i d i z a t i a t i o n  o f  3 2 ~ - l a b e l e d  i n s e r t  f r o m  pPo1431 w i t h  

S o u t h e r n  t r a n s f e r s  and  a u t o r a d i o g r a p h y  of t h e  b l o t s  showed t h a t  

o n l y  o n e  band a t  1 .6 kb  i n  - P. o c h r a c e u s  H p a I I  d i g e s t  is 

d i f f e r e n t  b e t w e e n  t h e  H p a I I  and MspI g e n o m i c  b l o t s .  
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p r o c e e d  a t  a s e c o n d  o r d e r  r a t e  d e p e n d e n t  o n  t h e  number o f  c o p i e s  

o f  s e q u e n c e s  homologous  t o  t h e  r e p e a t  e l e m e n t  i n  t h e  d r i v e r  DNA. 

T h a t  is,  t h e  r a t i o  o f  t h e  t r a c e r  l a b e l e d  r e p e a t  DNA 

r e a s s o c i a t i o n  ra te  to  t h e  d r i v e r  DNA s i n g l e  c o p y  r a t e  o f  

r e a s s o c i a t i o n  i n d i c a t e s  t h e  r e p e a t  s e q u e n c e  f r e q u e n c y  i n  t h e  

d r i v e r  DNA genome. S i n c e  t h e  r a t e  o f  r e a s s o c i a t i o n  f o r  s i n g l e  

c o p y  DNA i n  e a c h  s t a r f i s h  genome is known ( S m i t h  e t  a l . ,  1 9 8 2 ) ,  

i t  is p o s s i b l e  t o  d e t e r m i n e  t h e  f r e q u e n c y  o f  t h e  r e p e a t  f a m i l y .  

Genomic DNA f rom - P. o c h r a c e u s ,  - P. b r e v i s p i n u s ,  E v a s t e r i a s ,  

P y c n o p o d i a  o r  Dermasterias s p e r m  w a s  s h e a r e d  t o  a v e r a g e  f r a g m e n t  

l e n g t h s  l i s t e d  i n  T a b l e  I. The  g e n o m i c  d r i v e r  DNA was  p r e s e n t  

i n  t h e  h y b r i d i z a t i o n  m i x t u r e  a t  a 1 x  l o 5  m a s s  e x c e s s  t o  t h e  

3 2 ~ - l a b e l e d  pPo1431  r e p e a t  i n s e r t .  R e a s s o c i a t i o n s  w e r e  d o n e  

a t  60•‹c i n  0 .12 M N a  p h o s p h a t e  b u f f e r .  The  m i x t u r e s  w e r e  $ e a t  

d e n a t u r e d  and r e a s s o c i a t e d  a t  60•‹c t o  v a r i o u s  C o t  v a l u e s .  The 

amount  o f  h y b r i d i z e d  t r a c e r  w a s  a s s a y e d  b y  h y d r o x y a p a t i t e  

c h r o m a t o g r a p h y .  The  d a t a  w e r e  a n a l y z e d  f o r  s e c o n d  o r d e r  

r e a s s o c i a t i o n  r e a c t i o n s  u s i n g  a  l e a s t  s q u a r e s  f i t  c o m p u t e r  

p r og r am f o r  o n e  component .  T h e s e  h y b r i d i z a t i o n  r e a c t i o n s  a r e  

i l l u s t r a t e d  i n  F i g u r e  11. The s e c o n d  o r d e r  r e a s s o c i a t i o n  r a t e s ,  

genomic  f r e q u e n c y  o f  r e p e t i t i v e  DNA homologous  t o  t h e  pPo1431 

i n s e r t ,  and  e x t e n t  o f  t r a c e r  h y b r i d i z a t i o n  a r e  g i v e n  i n  T a b l e s  I 

and 11. 



Figure 11. Reassociation kinetics of 32~-labeled tracer from 

pPo1431 reacted with a mass excess of sea star genomic DNAs. 

5 A 10 mass excess of short driver DNAs from P. ochraceus, P. - - 

brevispinus, Evasterias troschelii, Pycnopodia helianthoides, or 

Dermasterias imbricata were reassociated with 32~-labeled 

insert from pPo1431. Table I lists the driver and tracer DNA 

fragment lengths as well as the second order reassociation 

rates. The DNAs in the reaction mixtures were heat denatured 

and then reassociated at 60•‹c in 0.12 M Na phosphate buffer, 

pH 6.8, to various Cots (moles/l x sec). At each Cot value the 

amount of duplex formed was assayed by hydroxyapatite 

chromatography. The solid lines represent computer analyzed 

least squares best-fit lines for the reassociation of a single 

second order component in each reaction. Key: Open triangles, 

P. ochraceus driven reaction; Closed Circles, P. brevispinus; - - 

Open Circles, Pycnopodia; Open Squares, Evasterias; Closed 

squares, Dermasterias. 
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T a b l e  I f o o t n o t e s .  

a ;  C a l c u l a t e d  a s  t h e  r a t i o  o f  t h e  l e n g t h  c o r r e c t e d  r e a s s o c i a t i o n  

r a t e  o f  r e p e a t  i n s e r t  t o  r a t e  o f  r e a s s o c i a t i o n  o f  s i n g l e  copy  

DNA i n  t h e  e x c e s s  d r i v e r  DNA. 

b; F!MS is t h e  root  mean s q u a r e  d e v i a t i o n  of t h e  d a t a  f r o m  t h e  

l e a s t  s q u a r e s  s o l u t i o n .  

c; S i n g l e  c o p y  r a t e  c o r r e c t e d  to  d r i v e r  DNA l e n g t h .  
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T a b l e  I1 f o o t n o t e s .  

R e a s s o c i a t i o n  k i n e t i c  d a t a  p l o t t e d  a s  C o t  v s  - p e r c e n t  o f  

3 2 ~ - p ~ 0 1 4 3 1  i n  h y b r i d  ( F i g .  11) shows t h a t  t h e  t r a c e r  d o e s  n o t  

c o m p l e t e l y  r e a c t  w i t h  t h e  s p e c i e s  d r i v e r  genomic  DNA. The t o t a l  

amount o f  d r i v e r  DNA r e a c t e d  is shown i n  t h e  T a b l e .  S i n g l e  copy  

DNA r e a c t i o n  e x t e n t  c o r r e c t e d  t o  100% is a l s o  l i s t e d  f o r  

c o m p a r i s o n  ( S m i t h  e t  a l . ,  1 9 8 2 ) .  
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T h e r e  a r e  f e w e r  c o p i e s  p e r  genome o f  s e q u e n c e s  homologous to  t h e  

pPo1431 i n s e r t  t h e  more d i s t a n t  t h e  p h y l o g e n e t i c  r e l a t i o n s h i p  o f  

t h e  s e a  s t a r s  f rom - P. o c h r a c e u s .  The l a s t  common a n c e s t o r  

be tween  P i s a s t e r  o c h r a c e u s  and  P i s a s t e r  b r e v i s p i n u s ,  E v a s t e r i a s ,  

Pycnopod ia  and D e r m a s t e r i a s  was a p p r o x i m a t e l y  5-10 myr,  20-40 

and 500 myr r e s p e c t i v e l y  ( S m i t h  e t  a l . ,  1 9 8 2 ) .  The genomic 

f r e q u e n c y  o f  t h e  r e p e a t  e l e m e n t s  i n  t h e  f i v e  s t a r  f i s h  s p e c i e s  

a r e  a p p r o x i m a t e l y  500  i n  P. o c h r a c e u s ,  300 ,  1 2 5 ,  190  and  80 i n  

P. b r e v i s p i n u s ,  E v a s t e r i a s ,  Pycnopod ia  and  D e r m a s t e r i a s  - 

r e s p e c t i v e l y .  T h e r e  a r e  m o r e  c o p i e s  i n  Pycnopod ia  t h a n  i n  

E v a s t e r i a s  a l t h o u g h  P y c n o p o d i a  is a  l i t t l e  f u r t h e r  removed f rom 

P. o c h r a c e u s  t h a n  E v a s t e r i a s .  I t  c a n  b e  s e e n  f rom F i g u r e  11 - 
t h a t  t h e  E v a s t e r i a s  and  Pycnopod ia  h y b r i d i z a t i o n  c u r v e s  a r e  

a l m o s t  c o i n c i d e n t .  The  a c c u r a c y  o f  t h e s e  f r e q u e n c y  e s t i m a t e s  i s  

on t h e  o r d e r  o f  2-4% i n  e a c h  c a s e  (see s t a n d a r d  error  v a l u e s  f o r  

r a t e  e s t i m a t e s  i n    able I ) .  

The t o t a l  amount of 3 2 ~ - l a b e l e d  pPo1431 i n s e r t  DNA which 

h y b r i d i z e s  w i t h  e a c h  s p e c i e s  is a l s o  l i s t e d  i n  T a b l e  11. Once 

a g a i n  t h e  f u r t h e r  t h e  p h y l o g e n e t i c  d i s t a n c e ,  t h e  less  t h e  t o t a l  

r e a c t i o n ;  f o r  e x a m p l e ,  55.2% o f  t h e  t r a c e r  h y b r i d i z e s  w i t h  

D e r m a s t e r i a s  genomic  DNA. T h e r e  is  e s s e n t i a l l y  c o m p l e t e  

r e a c t i o n  o f  t h e  t r a c e r  w i t h  e i t h e r  o f  t h e  P i s a s t e r  s p e c i e s .  

Near  t h e  end o f  t h e  r e a c t i o n  t h e r e  may b e  so few c o p i e s  

r e m a i n i n g  i n  t h e  d r i v e r  DNA ( e v e n  w i t h  a mass  e x c e s s )  t h a t  



t r a c e r  s e l f - r e a c t i o n  b e g i n s  t o  become t h e  d o m i n a n t  r e a s s o c i a t i o n  

r e a c t i o n .  I t  is a l s o  p o s s i b l e  t h a t  t h e  3.9 k b  s e q u e n c e  i n  t h e  

t r a c e r  is n o t  e n t i r e l y  r e p r e s e n t e d  i n  t h e  D e r m a s t e r i a s  genome or  

t h a t  s o m e  o f  t h e  genomic  members a r e  so d i v e r g e d  t h a t  t h e y  form 

o n l y  s h o r t  d u p l e x  r e g i o n s  t h a t  d o  n o t  b i n d  t o  h y d r o x y a p a t i t e .  

T h i s  c o u l d  a l s o  l e a d  t o  s t r a n d  d i s p l a c e m e n t s  o f  a  p o o r l y  

base-matched t r a c e r  b y  a  less d i v e r g e n t  homologous f r a g m e n t .  

The r e p e a t  f a m i l y  c o n t a i n s  a  p a l i n d r o m i c  s e q u e n c e  which  

r e a s s o c i a t e s  a t  l o w  Co t .  

A s m a l l  f r a c t i o n  o f  t h e  3.9 kb r e p e a t  DNA s e q u e n c e  which was 

c l o n e d  a p p e a r s  t o  c o n s i s t  o f  i n v e r t e d  r e p e a t s  o r  f o l d - b a c k  

s e q u e n c e s  o f  s u f f i c i e n t  l e n g t h  to  b i n d  to  h y d r o x y a p a t i t e .  T h i s  

p r o p e r t y  was o b s e r v e d  i n  t h e  k i n e t i c  e x p e r i m e n t s  where  

a p p r o x i m a t e l y  10-20% o f  t h e  t r a c e r  bound t o  t h e  h y d r o x y a p a t i t e  

columns a t  v e r y  l o w  C o t  v a l u e s  ( F i g .  11). To l o c a t e  t h e  r e g i o n  

o f  t h e  r e p e a t  s e q u e n c e  which  c o n t a i n e d  t h e  f o l d - b a c k ,  t h e  1 .3 ,  

1.1, 0.8 and 0.7 kb E c o R I  f r a g m e n t s  o f  t h e  i n s e r t  f rom pPo1431 

were i s o l a t e d ,  3 2 ~ - l a b e l e d  b y  n i c k  t r a n s l a t i o n  and a s s a y e d  f o r  

fo ld -back  s e q u e n c e .  Samples  o f  t h e  l a b e l e d  f r a g m e n t s  were 

d i l u t e d  i n  0.12 M p h o s p h a t e  b u f f e r ,  h e a t - d e n a t u r e d ,  and 

i m m e d i a t e l y  quenched  i n  l i q u i d  n i t r o g e n .  I n  t h i s  p r o c e d u r e  o n l y  

t h o s e  s e q u e n c e s  which are  i n t r a m o l e c u l a r l y  homologous,  t h a t  is 

a r e  f o l d - b a c k  s e q u e n c e s ,  c a n  r e a s s o c i a t e  a f t e r  h e a t  



d e n a t u r a t i o n .  The amount o f  f o l d - b a c k  was m e a s u r e d  b y  

h y d r o x y a p a t i t e  c h r o m a t o g r a p h y  a t  60•‹c i n  0 .12 M p h o s p h a t e  

b u f f e r .  The  3 2 ~ - l a b e l e d  DNA t h a t  i m m e d i a t e l y  r e a s s o c i a t e d  

r ema ined  bound to  t h e  column a f t e r  w a s h i n g  a t  60•‹c. A l l  f o u r  

f r a g m e n t s  bound b e t w e e n  8  and  20% o f  t h e  c o u n t s  ( T a b l e  111). 

The h y d r o x y a p a t i t e  bound DNA was t h e r m a l l y  e l u t e d  f rom t h e  

co lumns ,  c o o l e d  and  p a s s e d  o v e r  a n o t h e r  h y d r o x y a p a t i t e  column. 

G r e a t e r  t h a n  60% o f  e a c h  bound a g a i n  t o  t h e  h y d r o x y a p a t i t e .  A s  

a c o n t r o l  e x p e r i m e n t ,  pBR322 DNA was 3 2 ~ - l a b e l e d  by  n i c k  

t r a n s l a t i o n  and  a l s o  a s s a y e d  i n  t h e  same manner  s i n c e  i t  d o e s  

n o t  c o n t a i n  f o l d - b a c k  s e q u e n c e s .  L e s s  t h a n  3% o f  t h e  c o u n t s  

bound to  h y d r o x y a p a t i t e  co lumns .  T h e r e f o r e ,  t h e r e  a re  f o l d - b a c k  

s e q u e n c e s  t h r o u g h o u t  t h e  3.9 kb r e p e a t  DNA i n s e r t  f rom pPo1431 

which c a n  b i n d  t o  h y d r o x a p a t i t e  a t  a  l o w  C o t .  

Sequence  d i v e r g e n c e  o f  pPo1431 r e p e a t  f a m i l y  w i t h i n  s t a r f i s h  

DNA. 

H a e I I I  r e s t r i c t i o n  enzyme a n a l y s i s  i n d i c a t e d  i n t r a s p e c i f i c  

s e q u e n c e  d i v e r g e n c e  be tween  t h e  c l o n e s  pPo328,  pPo1289,  pPo1431 

and pPo1675 ( F i g .  5 ) .  A r e l i a b l e  m e a s u r e  o f  t h e  a v e r a g e  amount 

o f  s e q u e n c e  d i v e r g e n c e  o f  t h e  r e p e a t  DNA f a m i l y  i n  t h e  genome i s  

i t s  t h e r m a l  d e n a t u r a t i o n  t e m p e r a t u r e ,  t h e  T,, o f  r e a s s o c i a t e d  

d u p l e x e s  b e t w e e n  d r i v e r  and t r a c e r .  The 3 2 ~ - l a b e l e d  i n s e r t  

f rom pPo1431 was r e a c t e d  to  f i v e  d i f f e r e n t  s t a r f i s h  d r i v e r  D N A s  
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T a b l e  I11 f o o t n o t e s .  

F o u r  E c o R I  r e p e a t  DNA f r a g m e n t s  ( F i g .  6 )  f rom pPo1431 w e r e  

3 2 ~ - l a b e l e d  and a s s a y e d  f o r  t h e  p r e s e n c e  of f o l d - b a c k  

s e q u e n c e .  The f r a g m e n t s  w e r e  b o i l e d ,  quenched  and  p a s s e d  o v e r  a 

h y d r o x y a p a t i t e  column a t  60•‹c. The amount bound was  h e a t  

d e n a t u r e d  to  remove t h e  f o l d - b a c k  f rom t h e  co lumn and  t h e n  

r e p a s s e d  o v e r  h y d r o x a p a t i  t e .  



Table 111. Presence of the fold-back sequence in each 

EcoRI fragment from pPo1431. 

EcoRI Fragment 
From ~ ~ 0 1 4 3 1  

Insert 

% Bound % Bound 
First Passage Second Passage 



and t h e n  t h e r m a l l y  d e n a t u r e d  i n  s m a l l  t e m p e r a t u r e  i n c r e m e n t s  

f rom h y d r o x y a p a t i t e  co lumns .  The Tm is t h e  t e m p e r a t u r e  a t  

which  h a l f  t h e  r e a s s o c i a t e d  d u p l e x e s  a r e  e l u t e d  f rom 

h y d r o x y a p a t i t e  c o l u m n s  ( F i g .  1 2 ) .  I n  o n e  e x p e r i m e n t  t h e  

r e a s s o c i a t e d  d u p l e x e s  formed a t  60•‹c and n a t i v e  3 2 ~ - l a b e l e d  

i n s e r t ,  were f i r s t  S 1 - n u c l e a s e d  and t h e n  t h e r m a l l y  e l u t e d  f rom a  

HAP column p r e p a r e d  a t  50•‹c. A m o r e  p r e c i s e  m e a s u r e  o f  t h e  

Tm is o b t a i n e d  a f t e r  S 1 - n u c l e a s e  d i g e s t i o n  o f  r e a s s o c i a t e d  

d u p l e x e s .  The  number  o f  c o u n t s  found  i n  t h e  d u p l e x e s  formed 

f rom randomly  s h e a r e d  f r a g m e n t s  a t  a  g i v e n  t e m p e r a t u r e  i n c r e m e n t  

c a n  b e  o v e r e s t i m a t e d  d u e  t o  l o n g  s i n g l e - s t r a n d e d  t a i l s  o f  t h e  

t r a c e r  i n  t h e  d u p l e x .  T h e s e  t a i l s  were e n z y m a t i c a l l y  removed by  

S 1 - n u c l e a s e .  The o b s e r v e d  and l e n g t h  c o r r e c t e d  Tm v a l u e s  a r e  

l i s t e d  i n  T a b l e  IV. I n  a n o t h e r  e x p e r i m e n t  3 2 ~ - l a b e l e d  pPo1431 

i n s e r t  and  s e a  s t a r  genomic  DNAs w e r e  r e a s s o c i a t e d  a t  b o t h  50 

and 60•‹c i n  0.12 M p h o s p h a t e  b u f f e r ,  pH 6 .8 ,  and t h e  Tms o f  

d u p l e x e s  w e r e  a s s a y e d  o n  h y d r o x a p a t i t e  ( T a b l e  V ) .  The lower, 

50•‹c t e m p e r a t u r e  f o r  r e a s s o c i a t i o n  w i l l  a l l o w  l e s s  s t a b l e  

d u p l e x e s  to  fo rm t h a n  t h o s e  a t  60•‹c r e s u l t i n g  i n  a  l o w e r  T, 

v a l u e .  The d i f f e r e n c e  i n  Tm m e a s u r e m e n t s  w i l l  i n d i c a t e  

p r e s e n c e  o f  r e p e a t  DNA f a m i l y  members whose s e q u e n c e s  a r e  more 

d i v e r s e .  A t h i r d  t h e r m a l  d e n a t u r a t i o n  s t u d y  o f  t h e  f i v e  

s t a r f i s h  s p e c i e s  u s e d  t r a c e r  t h a t  was f i r s t  d e n a t u r e d  and p a s s e d  

o v e r  HAP to  remove t h e  f o l d - b a c k  p o r t i o n  o f  t h e  p r o b e .  The 

t r a c e r  was t r e a t e d  i n  t h i s  manner  b e c a u s e  t h e  p r e s e n c e  o f  



F i g u r e  1 2 .  H y d r o x y a p a t i t e  t h e r m a l  d e n a t u r a t i o n  o f  3 2 ~ - l a b e l e d  

i n s e r t  DNA f rom pPo1431.  

pPo1431 was d i g e s t e d  w i t h  BamHI and e l e c t r o p h o r e s e d  i n  a n  

a g a r o s e  g e l .  The 3 .9  k b  BamHI r e p e a t  i n s e r t  was i s o l a t e d  f rom 

t h e  g e l  and 3 2 ~ - l a b e l e d  b y  n i c k  t r a n s l a t i o n .  The  l a b e l e d  

d o u b l e - s t r a n d e d  DNA was  d e n a t u r e d  and e l u t e d  i n  3Oc i n c r e m e n t s  

f rom a h y d r o x y a p a t i t e  co lumn p r e p a r e d  i n  0 .12 M N a  p h o s p h a t e  

b u f f e r .  The d a t a  was p l o t t e d  a s  t h e  cumrnu la t i ve  f r a c t i o n  o f  

t racer e l u t e d  v e r s u s  t h e  t e m p e r a t u r e  (OC). Tm was  

d e t e r m i n e d  a s  t h e  t e m p e r a t u r e  a t  which  50% o f  t h e  3 2 ~ - l a b e l e d  

DNA had e l u t e d .  The o b s e r v e d  Tm is 8 9 . 0 ~ ~  and  t h e  l e n g t h  

c o r r e c t e d  T, is 9 1 . ~ ~ ~  w i t h  t h e  a v e r a g e  l e n g t h  o f  t r a c e r  

b e i n g  480 bp .  
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T a b l e  I V  f o o t n o t e s .  

S h e a r e d  genomic  d r i v e r  DNA f rom f i v e  s t a r f i s h  s p e c i e s  was 

r e a s s o c i a t e d  i n  a  mass  e x c e s s  t o  3 2 ~ - l a b e l e d  i n s e r t  f rom 

pPo1431 to  v a r i o u s  C o t  v a l u e s :  - P. o c h r a c e u s  and  - P. b r e v i s p i n u s ,  

C o t  5 ;  E v a s t e r i a s ,  Pycnopod ia  and D e r m a s t e r i a s ,  C o t  1 0 .  The 

r e a s s o c i a t e d  d u p l e x e s  formed a t  60•‹c and  0.18 M ~ a ' ,  w e r e  

S 1 - n u c l e a s e  d i g e s t i o n  a t  6  u n i t s  t o  1 ug o f  s i n g l e  s t r a n d e d  DNA 

b e f o r e  t h e r m a l l y  e l u t i n g  f rom h y d r o x y a p a t i t e  co lumns .  

a ;  The S 1 - n u c l e a s e  d i g e s t e d  d u p l e x e s  w e r e  e l e c t r o p h o r e s e d  i n  

1 . 5 %  a g a r o s e  g e l s  and a u t o r a d i o g r a p h e d .  The s i z e  o f  t h e  t r a c e r  

i n  t h e  d u p l e x  is l i s t e d .  N a t i v e  t r a c e r  o r  d r i v e r  d u p l e x  was 

s i z e d  on  a  1 .5% a l k a l i n e  a g a r o s e  g e l .  

b; Tm is t h e  t e m p e r a t u r e  a t  which  h a l f  t h e  r e a s s o c i a t e d  

d u p l e x e s  become s i n g l e  s t r a n d e d  d u r i n g  t h e r m a l  e l u t i o n  f rom 

hydroxyapa  t i  t e  co lumns .  

c ;  The Tm v a r i e s  d e p e n d i n g  o n  t h e  l e n g t h s  o f  DNA m o l e c u l e s  

r e a s s o c i a t i n g  i n  t h e  r e a c t i o n  m i x t u r e .  A l l  Tm v a l u e s  h a v e  

been  a d j u s t e d  i n  o r d e r  t o  make c o m p a r i s o n s .  The  h e t e r o d u p l e x  

l e n g t h  was c a l c u l a t e d  a s  55% o f  t h e  l e n g t h  o f  t h e  s h o r t e s t  

member o f  t h e  f r a g m e n t  p a i r .  The d e p r e s s i o n  i n  Tm (dTm)  d u e  

to  f r a g m e n t  l e n g t h  was c a l c u l a t e d  f rom t h e  r e l a t i o n s h i p  dT, = 

650/0.55L, whe re  L is t h e  s h o r t e s t  f r a g m e n t  l e n g t h  ( B r i t t e n  e t  

a l . ,  1 9 7 4 ) .  The dTm was added  o n t o  t h e  o b s e r v e d  Tm t o  

o b t a i n  t h e  l e n g t h  c o r r e c t e d  v a l u e s .  
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T a b l e  V f o o t n o t e s .  

The p r e s e n c e  o f  a  f o l d - b a c k  s e q u e n c e  i n  t h e  p r o b e ,  3 2 ~ - l a b e l e d  

i n s e r t  f rom pPo1431,  may h a v e  a f f e c t e d  t h e  t r u e  Tm v a l u e s  

be tween  r e a s s o c i a t e d  d u p l e x e s  l i s t e d  i n  T a b l e  IV. T h e r e f o r e ,  an  

a l i q u o t  o f  t h e  l a b e l e d  t r a c e r  was b o i l e d ,  quenched  and  p a s s e d  

o v e r  h y d r o x y a p a t i t e  a t  60•‹c ( S e e  Mat. and Met. ) i n  o r d e r  t o  

" s t r i p "  t h e  s e q u e n c e  o f  t h e  f o l d - b a c k .  The f r o n t  p e a k  was used  

a s  t h e  t r a c e r  r e a s s o c i a t e d  w i t h  s e a  s t a r  genomic  DNA. The D N A s  

w e r e  h y b r i d i z e d  a t  60•‹ o r  50•‹c i n  0.18 M ~ a + .  

a ;  D r i v e r  DNA r e a s s o c i a t e d  w i t h  u n t r e a t e d  3 2 ~ - l a b e l e d  pPo1431 

i n s e r t .  

b;  D r i v e r  DNA was r e a c t e d  w i t h  r e p e a t  DNA t r a c e r  t h a t  had t h e  

f o l d - b a c k  s e q u e n c e  removed p r i o r  to  r e a s s o c i a t i o n .  

c ;  The o b s e r v e d  Tm v a l u e s  w e r e  a d j u s t e d  a s  d e s c r i b e d  i n  T a b l e  

I V  f o r  " ~ e n g t h  C o r r e c t e d  T,". The l e n g t h s  u sed  i n  t h e  

c o r r e c t i o n s  a r e  l i s t e d  i n  T a b l e  V. The l e n g t h  o f  t h e  t r a c e r  i n  

a l l  e x p e r i m e n t s  was 450 bp.  
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f o l d - b a c k  s e q u e n c e s  i n  t h e  r e p e a t  DNA s e q u e n c e  w i l l  i n t e r f e r e  

w i t h  t h e  t r u e  Tm v a l u e s  o f  r e a s s o c i a t e d  d u p l e x e s  ( T a b l e  V). 

F i g u r e s  1 3  and 1 4  a r e  p l o t s  o f  t h e  f r a c t i o n  o f  3 2 ~ - l a b e l e d  

pPo1431 i n s e r t  e l u t e d  ys- t e m p e r a t u r e  i n c r e m e n t  f o r  t h e  

S 1 - n u c l e a s e d  d u p l e x e s  r e a s s o c i a t e d  a t  60•‹c and f o r  s t r i p p e d  

t r a c e r  r e a s s o c i a t e d  a t  500 and 60•‹c. 

Thermal  ch roma tog rams  o f  S 1  n u c l e a s e  d i g e s t e d  d u p l e x  a l l  show a  

s i g n i f i c a n t  h i g h  t e m p e r a t u r e  m e l t i n g  component  ( F i g u r e  1 3 ) .  

T h i s  h i g h  Tm component  c o u l d  b e  d u e  to  r e g i o n s  o f  c o n s e r v e d  

h i g h  s e q u e n c e  homology,  r e g i o n s  o f  h i g h  GC c o n t e n t ,  to  r e g i o n s  

o f  snap-back  o r  f o l d - b a c k  w i t h i n  t h e  l a b e l e d  p r o b e  i t s e l f ,  or t o  

t r a c e r  s e l f - r e a c t i o n .  The h i g h  m e l t i n g  component  d u e  t o  

f o l d - b a c k  t h e r m a l  d e n a t u r a t i o n  seems a n  u n l i k e l y  a l t e r n a t i v e  

b e c a u s e  t h e  h i g h  Tm would r e q u i r e  a n  a p p r e c i a b l y  l o n g  

f o l d - b a c k  s e q u e n c e  o r  a n  e x t r e m e l y  h i g h  GC c o n t e n t  w i t h i n  t h e  

s e q u e n c e .  However,  t h e  p r o p o s i t i o n  was a n a l y z e d  i n  t h e  

f o l l o w i n g  manner .  The f o l d - b a c k  s e q u e n c e  was removed f rom t h e  

t r a c e r  p r i o r  t o  r e a s s o c i a t i o n  w i t h  t h e  d r i v e r  DNAs a t  b o t h  

50•‹c and 60•‹c c r i t e r i a .  A l t h o u g h  t h e  h i g h  m e l t i n g  component 

is n o t  a p p a r e n t  i n  t h e  t h e r m a l  ch roma tog rams  ( F i g .  1 4 )  o f  

E v a s t e r i a s ,  Pycnopod ia  and  D e r m a s t e r i a s  and  is r e d u c e d  i n  t h e  

P i s a s t e r  s p e c i e s ,  t h e r e  c a n  s t i l l  b e  t r a c e r  s e l f - r e a c t i o n  which  

would r a i s e  a l l  Tm v a l u e s  a r t i f i c i a l l y  h i g h .  



F i g u r e  1 3 .  The rma l  d e n a t u r a t i o n  c h r o m a t o g r a m s  o f  h y b r i d  DNA 

d u p l e x e s  o f  3 2 ~ - l a b e l e d  pPo1431 i n s e r t  DNA and  genomic  DNA 

f r o m  f i v e  s t a r f i s h  s p e c i e s .  

T o t a l  s h e a r e d  g e n o m i c  s t a r f i s h  DNA f r o m  t h e  f i v e  s e a  s t a r  

s p e c i e s  was r e a s s o c i a t e d  w i t h  3 2 ~ - l a b e l e d  pPo1431  i n s e r t  DNA 

to  t h e  f o l l o w i n g  C o t  v a l u e s :  - P. o c h r a c e u s ,  5; - P. b r e v i s p i n u s ,  

5; E v a s t e r i a s ,  10 ;  P y c n o p o d i a ,  9 .6 ;  and  D e r m a s t e r i a s ,  10.  A t  

t h e s e  C o t  v a l u e s  t h e  r e a s s o c i a t e d  DNA was t r e a t e d  w i t h  S 1  

n u c l e a s e  t o  d e s t r o y  s i n g l e  s t r a n d  DNA f r a g m e n t s .  The 

e n d o n u c l e a s e  r e s i s t a n t  d u p l e x  was l o a d e d  o n  h y d r o x a p a t i t e  

c o l u m n s  p r e p a r e d  i n  0.12 M Na p h o s p h a t e  b u f f e r ,  pH 6.8 and 

t h e r m a l l y  e l u t e d  f r o m  50•‹c i n  ~ O C  t e m p e r a t u r e  i n t e r v a l s  t o  

9 8 O ~ .  The  o p e n  b a r s  r e p r e s e n t  t h e  f r a c t i o n  of 3 2 ~ - l a b e l e d  

DNA e l u t e d  a t  e a c h  t e m p e r a t u r e  i n t e r v a l .  The  ch roma tog rams  h a v e  

b e e n  s u p e r i m p o s e d  o v e r  a t h e r m a l  c h r o m a t o g r a m  o f  n a t i v e  pPo1431 

i n s e r t  DNA ( b l a c k  b a c k g r o u n d )  wh ich  is i l l u s t r a t e d  i n  P a n e l  A. 

A )  N a t i v e  3 2 ~ - l a b e l e d  d u p l e x  f rom pPo1431  i n s e r t ;  B) P. 

o c h r a c e u s  d r i v e r  DNA; C )  - P. b r e v i s p i n u s ;  D) E v a s t e r i a s ;  E )  

P y c n o p o d i a ;  and F) Dermaster ias .  
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F i g u r e  14 .  Thermal  d e n a t u r a t i o n  ch roma tograms  o f  h y b r i d  DNA 

d u p l e x e s  be tween  e x c e s s  s e a  s t a r  genomic  DNA and  " s t r i p p e d "  

3 2 ~ - l a b e l e d  i n s e r t  f rom p P o l 4 3 l .  

3 2 ~ - p ~ 0 1 4 3 1  r e p e a t  i n s e r t  DNA was h e a t  d e n a t u r e d  and  p a s s e d  

o v e r  a  h y d r o x y a p a t i t e  column a t  60•‹c i n  0.12 M Na p h o s p h a t e  

b u f f e r  to  remove t h e  f o l d - b a c k  p o r t i o n  o f  t h e  r e p e a t  s e q u e n c e  

p r i o r  t o  r e a s s o c i a t i o n  w i t h  t h e  d r i v e r  DNA. The h y d r o x y a p a t i t e  

t h e r m a l  d e n a t u r a t i o n  c h r o m a t o g r a p h y  was i n i t i a t e d  a t  50•‹c a s  

o u t l i n e d  i n  M a t e r i a l s  and  Methods.  The b a r s  r e p r e s e n t  t h e  

f r a c t i o n  o f  r e a s s o c i a t e d  3 2 ~ - l a b e l e d  DNA e l u t e d  a t  e a c h  SOC 

i n c r e m e n t .  The t h e r m a l  d e n a t u r a t i o n  p r o f i l e s  a r e  s u p e r i m p o s e d  

on  t h e  t h e r m a l  chromatogram of n a t i v e  d u p l e x  pPo1431 i n s e r t  

( b l a c k  b a c k g r o u n d ) .  The r e a s s o c i a t e d  d u p l e x e s  were r e a c t e d  w i t h  

genomic d r i v e r  DNA to  v a r i o u s  C o t  v a l u e s  l i s t e d  i n  T a b l e  V. 
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The r e a s s o c i a t i o n  t e m p e r a t u r e  was l o w e r e d  t o  a  more p e r m i s s i v e  

t e m p e r a t u r e  o f  50•‹c i n  o r d e r  t o  a l l o w  h y b r i d i z a t i o n  o f  more 

d i v e r g e n t  members o f  t h e  r e p e a t  f a m i l y .  The t h e r m a l  

chromatograms o f  t h e  " s t r i p p e d 8 '  p r o b e  a t  b o t h  50 and  60•‹c a r e  

shown i n  F i g u r e  14 .  Compar i sons  o f  t h e  50 and 60•‹c 

chromatograms d e m o n s t r a t e  t h a t  t h e  50 and  60•‹c c r i t e r i a  d i d  

n o t  p r o d u c e  a  r e m a r k a b l e  d i f f e r e n c e  i n  t h e  t h e r m a l  d e n a t u r a t i o n  

o f  h y b r i d s  w i t h  genomic  DNA from a n y  o f  t h e  s p e c i e s .  T h i s  

s u g g e s t s  t h a t  few if a n y  h i g h l y  d i v e r g e n t  c o p i e s  o f  t h e  f a m i l y  

a r e  p r e s e n t  i n  t h e  genomes.  

The amount o f  s e q u e n c e  d i v e r g e n c e  i n t r a -  and  i n t e r s p e c i f i c a l l y  

was d e t e r m i n e d  b y  s u b t r a c t i n g  t h e  r e a s s o c i a t e d  d u p l e x  Tm 

v a l u e s  f rom t h e  Tm v a l u e  o f  pPo1431 i n s e r t  r e a s s o c i a t e d  w i t h  

P. o c h r a c e u s  genomic  DNA ( T a b l e  V I ) .  The dTm from n a t i v e  - 

d u p l e x  m e a s u r e s  t h e  % b a s e  p a i r  mismatch  i n  r e a s s o c i a t e d  DNA 

s e q u e n c e s .  F o r  e v e r y  % b a s e  p a i r  mismatch  t h e r e  is a  

c o r r e s p o n d i n g  d e c r e a s e  o f  1•‹c i n  t h e  m e l t i n g  t e m p e r a t u r e  o f  

r e a s s o c i a t e d  d u p l e x  ( D a v i d s o n ,  1 9 7 6 ) .  The s i n g l e  c o p y  Tm 

v a l u e s  ( S m i t h  e t  a l . ,  1 9 8 2 )  f o r  t h e  f i v e  s t a r f i s h  s p e c i e s  and 

t h e i r  o b s e r v e d  dTm v a l u e s  o b t a i n e d  f rom t h e  r e a c t i o n s  w i t h  t h e  

r e p e a t  DNA a r e  l i s t e d  i n  T a b l e  V I I .  The t h e r m a l  d e n a t u r a t i o n  

d e p r e s s i o n  o b s e r v e d  i n  t h e  homologous r e a c t i o n  w i t h  P. - 

o c h r a c r e u s  h a s  b e e n  s u b t r a c t e d  f rom t h e  o t h e r  s p e c i e s  t o  

d e m o n s t r a t e  t h e  d i v e r g e n c e  be tween  t h e  s p e c i e s  and n o t  t h e  t o t a l  
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T a b l e  V I  f o o t n o t e s .  

The l e n g t h  c o r r e c t e d  Tm v a l u e s  d e t e r m i n e d  f o r  t h e  S 1 - n u c l e a s e d  

d u p l e x e s  ( T a b l e  IV) and f o r  t h e  h y b r i d  d u p l e x e s  formed w i t h  

u n t r e a t e d  and s t r i p p e d  t r a c e r s  a t  60•‹ and  50•‹c ( T a b l e  V) 

were s u b t r a c t e d  from t h e  l e n g t h  c o r r e c t e d  T, v a l u e  ( 9 1 . ~ ~ ~ )  

o f  t h e  p r e c i s e  d u p l e x ,  3 2 ~ - l a b e l e d  pPo1431 i n s e r t .  
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T a b l e  V I I  f o o t n o t e s .  

T o  es t imate  t h e  amount  o f  s e q u e n c e  d i v e r g e n c e  b e t w e e n  s p e c i e s ,  

t h e  t h e r m a l  d e n a t u r a t i o n  d e p r e s s i o n s  l i s t e d  i n  T a b l e  V I  o f  t h e  

h e t e r o l o g o u s  s p e c i e s  w e r e  s u b t r a c t e d  f r o m  t h e  t h e r m a l  

d e p r e s s i o n s  o f  t h e  p a r e n t  s p e c i e s ,  - P. o c h r a c e u s .  The  v a l u e s  

l i s t e d  i n  t h i s  t a b l e  r e p r e s e n t  t h e  p e r c e n t  of i n t e r s p e c i f i c  

s e q u e n c e  d i v e r g e n c e  s i n c e  f o r  e a c h  1•‹c d e p r e s s i o n  i n  Tm 

t h e r e  is  a n  e q u i v a l e n t  1% s e q u e n c e  d i v e r s i t y .  

a ;  S i n g l e  c o p y  DNA f r o m  - P. o c h r a c e u s  was  r e a c t e d  w i t h  o t h e r  s e a  

s t a r  g e n o m i c  D N A s  a n d  t h e  t h e r m a l  d e n a t u r a t i o n  d e p r e s s i o n s  a r e  

l i s t e d  f o r  c o m p a r i s o n  o t  t h e  r e p e a t  DNA f a m i l y  r e p r e s e n t e d  b y  

pPo1431  ( S m i t h  e t  a l . ,  1 9 8 2 ) .  
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d i v e r g e n c e  f rom t h e  n a t i v e  d u p l e x  r e p r e s e n t e d  b y  t h e  l a b e l e d  

i n s e r t  o f  pPo1431. 

The r e p e a t  DNA f a m i l y  is n o t  t r a n s c r i b e d  i n  P. - o c h r a c e u s  o o c y t e  

n o r  is i t  r i b o s o m a l .  

D o t  b l o t s  c o n t a i n i n g  i n c r e a s i n g  amounts  o f  o o c y t e  RNA, r i b o s o m a l  

DNA r e p r e s e n t i n g  t h e  1 8 s  and  2 8 s  g e n e  and s p a c e r s  or  pPo1431 DNA 

a s  a c o n t r o l ,  w e r e  u s e d  to  d e t e r m i n e  i f  t h e  t h e  r e p e a t  s e q u e n c e  

was t r a n s c r i b e d .  N o  r e a c t i o n  was o b s e r v e d  w i t h  RNA o r  t h e  r D N A  

b l o t s  b u t  s t r o n g  r e a c t i o n  was o b s e r v e d  i n  t h e  c o n t r o l .  The d o t  

b l o t  t e c h n i q u e  is r e l i a b l e  and it a p p e a r s  t h a t  t h e  r e p e a t  f a m i l y  

is n o t  found  i n  a n y  o f  t h e s e  t r a n s c r i b e d  s e q u e n c e s .  To c o n f i r m  

t h e  r D N A  r e s u l t ,  a  S o u t h e r n  b l o t  o f  a n  E c o R I  d i g e s t e d  lambda 

c l o n e  o f  t h e  r i b o s o m a l  s e q u e n c e s  and  h y b r i d i z e d  w i t h  

3 2 ~ - l a b e l e d  r e p e a t  i n s e r t  and  no  r e a c t i o n  was o b s e r v e d  i n  t h e  

a u t o r a d i o g r a m .  

DISCUSSION 

C h a r a c t e r i s t i c s  o f  t h e  r e p e a t  f a m i l y  i n  P i s a s t e r  o c h r a c e u s  DNA. 

R e s t r i c t i o n  enzymes h a v e  b e e n  a  c o n v e n i e n t  tool i n  i s o l a t i n g  

m i d d l e  r e p e t i t i v e  DNA from t h e  s t a r f i s h  genome. The s i z e  and 

i n t e n s i t y  o f  e l e c t r o p h o r e t i c  b a n d s  o b s e r v e d  i n  a g a r o s e  g e l s  c a n  



be estimated and from this information we can assess whether or 

not the fragments within -the band are from a repeat class of 

interest. The principle advantage with this technique of 

selecting a repeat family is that it is also easy to clone since 

the same restriction enzyme used to digest the genomic DNA may 

also cleave pBR322 in the drug resistant genes facilitating 

selection for recombinants. Sea urchin (Scheller et al; 1977) 

and chicken (Eden, 1980) repeat DNA was cloned into plasmid 

vectors by first reassociating denatured genomic DNA to low Cot 

values, isolating the duplexes, adding artificial linkers 

containing the sequence of an appropriate restriction enzyme for 

cloning and then inserting the repeat fragments into the vector. 

This technique provides an opportunity to select for many 

different kinds of cloned repeat families although if a 

particular family is required then it would be tedious to screen 

for the correct positive clones. In the starfish experiments we 

were interested in the evolution of a family of moderately 

repetitive DNA which was also from the long repeat class. 

Digestion of & ochraceus DNA with BamHI, a convenient enzyme 

for cloning into the pBR322 tetracycline site, produced an 

electrophoretic band 3.9 kb in length of moderate intensity when 

stained with ethidium bromide. This band of fragments therefore 

met the requirements for studying long moderately repetitive DNA 

although we did not know at that point if there was more than 

one repeat family within the band. 



P i s a s t e r  o c h r a c e u s  genomic  DNA c o n t a i n s  35% r e p e a t  DNA which  is 

f o u n d  i n  b o t h  t h e  l o n g  and  s h o r t  i n t e r s p e r s i o n  p a t t e r n s  o f  t h e  

genome ( S m i t h  a n d  B o a l ,  1 9 7 8 ) .  Long r e p e a t  s e q u e n c e s  g r e a t e r  

t h a n  1000  k b  i n  l e n g t h  r e p r e s e n t  7.9% o f  t o t a l  genomic  DNA. The 

r e p e a t  f a m i l y  r e p r e s e n t e d  b y  pPo1431 c l o n e d  r e p e a t  is r e i t e r a t e d  

500 t i m e s  i n  t h e  genome and  a t  a l e n g t h  o f  5.3 kb  t h i s  is  

e q u i v a l e n t  t o  0.5% o f  t h e  genome, o r  1 .7% o f  t o t a l  r e p e a t  DNA o r  

3 .4% o f  l o n g  r e p e a t  DNA. T h i s  is e q u i v a l e n t  t o  2.8 x l o 6  bp .  

T h e r e f o r e ,  t h e  f a m i l y  is a s i g n i f i c a n t  amount  o f  genomic  DNA. 

The r e p e a t  f a m i l y  f o u n d  w i t h i n  - P. o c h r a c e u s  genome is a  w e l l  

c o n s e r v e d ,  homogeneous and  c y t o s i n e - g u a n o s i n e  r i c h  ( 5 4 % )  c l a s s  

o f  r e p e t i t i v e  DNA. P. o c h r a c e u s  genomic  DNA h a s  41% GC c o n t e n t .  

The m e l t i n g  t e m p e r a t u r e  o f  n a t i v e  3 2 ~ - l a b e l e d  i n s e r t  f rom 

pPo1431 is 9 1 . 5 ~ ~  i n d i c a t i n g  a CG r i c h  s e q u e n c e .  When t h e  

l a b e l e d  i n s e r t s  a r e  r e a c t e d  w i t h  s h e a r e d  genomic  DNA t h e  m e l t i n g  

t e m p e r a t u r e  o f  r e a s s o c i a t e d  d u p l e x e s  m e a s u r e d  b y  h y d r o x a p a t i t e  

c h r o m a t o g r a p h y  is 8 6 . 0 ~ ~ .  T h i s  5.5OC d e p r e s s i o n  i n  t h e r m a l  

d e n a t u r a t i o n  t e m p e r a t u r e  f rom n a t i v e  pPo1431 i n s e r t  r e l a t i v e  t o  

genomic  d r i v e r  h y b r i d  i n d i c a t e s  t h e  r a n g e  o f  s e q u e n c e  d i v e r g e n c e  

i n  t h e  r e p e t i t i v e  f a m i l y .  A v a l u e  o f  5% i n t r a s p e c i f i c  s e q u e n c e  

v a r i a t i o n  a t t r i b u t e d  to  po lymorphism was o b s e r v e d  i n  s i n g l e  c o p y  

DNA u s i n g  t h e  same r e a s s o c i a t i o n  c r i t e r i a  and  a s s a y  s y s t e m  

( S m i t h  e t  a l . ,  1 9 8 2 ) .  T h i s  s u g g e s t s  t h a t  t h e  members o f  t h e  

r e p e a t  f a m i l y  a r e  a t  l e a s t  a s  w e l l  c o n s e r v e d  a s  s i n g l e  c o p y  DNA 



w i t h i n  t h e  s p e c i e s .  The r e a s s o c i a t i o n  t e m p e r a t u r e  was lowered  

t o  50•‹c i n  o r d e r  t o  m e a s u r e  t h e  amount o f  d u p l e x  f o r m a t i o n  

which  may h a v e  o c c u r r e d  a t  a less s t r i n g e n t  c r i t e r i o n .  T h i s  is 

a  tes t  f o r  t h e  p r e s e n c e  o f  s e q u e n c e s  wh ich  are  less homologous 

t h a n  t h o s e  formed a t  60•‹c. The T, v a l u e s  and  t h e  s h i f t  i n  

t h e r m a l  h i s t o g r a m s  a r g  n o t  s u f f i c i e n t l y  d i f f e r e n t  f rom t h e  

60•‹c d a t a  t o  d e m o n s t a t e  t h a t  o t h e r  f a m i l y  members w i t h  more 

s e q u e n c e  d i v e r g e n c e  a r e  p r e s e n t  i n  t h e  genome. 

The t h e r m a l  d e n a t u r a t i o n  p r o p e r t i e s  and  t h e  e x i s t e n c e  o f  a  

f o l d - b a c k  s e q u e n c e  i n  t h e  r e p e a t  DNA s e q u e n c e  s u g g e s t s  t h a t  i t  

is p o s s i b l e  t h a t  t h e  r e g i o n s  w i t h i n  t h e  b a s i c  e l e m e n t s  o f  t h e  

r e p e a t  f a m i l y  a r e  h e t e r o g e n e o u s .  A s h o u l d e r  is o b s e r v e d  i n  t h e  

t h e r m a l  h i s t o g r a m  o f  g. o c h r a c e u s  which  s u g g e s t s  t h a t  p e r h a p s  

t h e r e  is m o r e  t h a n  o n e  m e l t i n g  component  which  c a n  o b s c u r e  t h e  

a s s e s s m e n t  o f  t h e  T,. Low m e l t i n g  componen t s  o r  s h o u l d e r s  c a n  

b e  d u e  t o  t r a c e r  s e l f - r e a c t i o n ,  t o  s e g m e n t s  o f  t h e  r e p e a t  

e l e m e n t  h a v i n g  a  l o w e r  Tm, or  t h e y  may a l s o  b e  c a u s e d  by 

d u p l e x  l e n g t h  h e t e r o g e n e i t y  s i n c e  t h e  m e l t i n g  t e m p e r a t u r e  is 

l o w e r  i f  t h e  l e n g t h  o f  d u p l e x  is s h o r t e r .  F u r t h e r m o r e ,  o t h e r s  

h a v e  shown (Moyzis  e t  a l . ,  1981 ;  P r e i s l e r  and Thompson, 1981b)  

t h a t  t h i s  k i n d  o f  h e t e r o g e n e o u s  m e l t i n g  c a n  r e s u l t  f rom t h e  

r e a s s o c i a t i o n  o f  r e a r r a n g e d  s u b e l e m e n t s  i n  a  l a r g e  f r a g m e n t  o f  

r e p e a t  DNA, The p r e s e n c e  o f  f o l d - b a c k  s e q u e n c e s  i n  t h e  pPo1431 

f a m i l y  correlates w i t h  t h e  p o s s i b i l i t y  t h a t  t h e  r e p e a t  f a m i l y  



may contain subelements within the 3.9 kb element. Lowering the 

reassociation temperature from 60•‹ to 50•‹c and thermally 

eluting the duplexes from hydroxyapatite columns should have 

demonstrated sequence heterogenity between repeat family members 

since the more permissive the temperature the greater the 

tolerance for sequence mismatch. A difference in thermal 

denaturation profiles at 50•‹ and 60•‹c were not observed in 

any of the reactions. Therefore, the amount of duplex formation 

did not increase by lowering the temperature to 50•‹c allowing 

more divergent members to reassociate. There appears then to be 

a homogeneous family of repeats within each of the five starfish 

genomes that displays equivalent sequence divergence between 

rehybridized driver DNA and 32~-labeled pPo1431 insert at 

either 60•‹ or 50•‹c. The optimal reassociation temperature 

for duplexes is 2 5 O ~  below the native Tm value which in this 

case would be 6 7 O ~  (the Tm of native pPo1431 insert was 

91.5~~). Perhaps if 60•‹ and 70•‹c reassociation 

temperatures had been used, it may be possible to detect 

differences in duplex stability and sequence heterogeneity. 

Restriction enzymes MspI and HpaII are used commonly to assay 

for DNA methylation at cytosine residues in CG pairs. The 

sequence 5'-CCGG-3' is recognized by both these enzymes but if 

the second cytosine residue is methylated then only MspI can 

cleave DNA. However if both cytosine residues are methylated 



t h e n  n e i t h e r  enzyme c a n  c l e a v e  DNA. T h e r e f o r e ,  t h e  a s s a y  

p r o c e d u r e s  are  l i m i t e d  i n  t h a t  t h e r e  is no  a v a i l a b l e  tes t  t o  

d e t e r m i n e  i f  b o t h  c y t o s i n e  r e s i d u e s  a r e  m e t h y l a t e d .  However, i n  

e u k a r y o t e s ,  o r d i n a r i l y  o n l y  a  CpG d i n u c l e o t i d e  p a i r  is  

m e t h y l a t e d .  

A s i d e  f rom t h e  d r a w b a c k s  o f  t h i s  a s s a y  s y s t e m  f o r  DNA 

m e t h y l a t i o n  some i n t e r e s t i n g  m e t h y l a t i o n  p r o p e r t i e s  d o  a p p e a r  i n  

t h e  r e p e a t  f a m i l y  o f  t h e  s t a r f i s h  genomes ( F i g .  1 0 ) .  T h e r e  is 

e x t e n s i v e  m e t h y l a t i o n  o f  - P. o c h r a c e u s ,  - P. b r e v i s p i n u s  and 

D e r m a s t e r i a s  s p e r m  DNA o b s e r v e d  by  t h e  e x t e n t  o f  H p a I I  d i g e s t i o n  

r e l a t i v e  t o  t h a t  o f  MspI d i g e s t i o n  shown i n  t h e  

e l e c t r o p h o r o g r a m s .  However, t h e  a u t o r a d i o g r a m s  o f  t h e s e  

S o u t h e r n  t r a n s f e r r e d  D N A s  r e a c t e d  w i t h  l a b e l e d  r e p e a t  DNA show 

t h a t  o n l y  a  few s i tes  a r e  m e t h y l a t e d  i n  t h e  - P. o c h r a c e u s  r e p e a t  

DNA f a m i l y ,  r e p r e s e n t e d  by  pPo1431, g e n e r a t i n g  a  1.6 kb band i n  

t h e  HpaI I  d i g e s t  t h a t  i s  n o t  v i s i b l e  i n  t h e  MspI d i g e s t .  T h i s  

may be  a  newly  a c q u i r e d  p r o p e r t y  i n  t h e  P. - o c h r a c e u s  r e p e a t  

f a m i l y  s i n c e  m e t h y l a t e d  r e p e a t s  homologous t o  pPo1431 a r e  n o t  

d e t e c t e d  i n  t h e  o t h e r  t w o  s p e c i e s .  

These  r e s u l t s  o b t a i n e d  f rom t h e  d i g e s t i o n  o f  genomic  DNAs by t h e  

i s o s c h i z o m e r s ,  MspI and H p a I I ,  a l s o  d e m o n s t r a t e  t h a t  t h e r e  may 

b e  more o b s e r v a b l e  c o n s e r v a t i o n  o f  genomic s e q u e n c e  o r g a n i z a t i o n  

be tween  s m a l l e r  r e g i o n s  o f  t h e  3.9 kb r e p e a t  e l e m e n t s  t h a n  t h a t  



f o u n d  w i t h  E c o R I ,  R a m H I  or P s t I  g e n o m i c  d i g e s t s  o f  t h e  t h r e e  s e a  

s t a r  s p e c i e s .  F o r  e x a m p l e ,  t h e  - P. o c h r a c e u s  1 . 5  k b  

a u t o r a d i o g r a m  b a n d  is t h e  same i n  - P. b r e v i s p i n u s . w i t h  some 

r e s i d u a l  h y b r i d i z a t i o n  i n  D e r m a s t e r i a s ;  t h e r e  is a 1.1 k b  b a n d  

i n  t h e  a u t o r a d i o g r a m s  of a l l  t h r e e  s p e c i e s ;  a n d ,  0.8 k b  

f r a g m e n t s  h y b r i d i z e  i n  b o t h  - P. o c h r a c e u s  a n d  D e r m a s t e r i a s  b u t  

n o t  i n  - P.  b r e v i s p i n u s  g e n o m i c  d i g e s t s .  If t h e  0.8 k b  s e q u e n c e s  

i n  D e r m a s t e r i a s  a r e  c o n s e r v e d  i n  - P. o c h r a c e u s  t h e n  p e r h a p s  P. 

b r e v i s p i n u s  h a s  s i m p l y  l o s t  t h e  r e s t r i c t i o n  s i t e  t h r o u g h o u t  i t s  

r e p e a t  f a m i l y  w h e r e a s  - P. o c h r a c e u s  r e t a i n e d  t h e  s e q u e n c e  d u r i n g  

t h e  s p e c i a t i o n  p r o c e s s .  

T h e r e  w a s  n o  e v i d e n c e  t h a t  t h e  r e p e a t  f a m i l y  is  t r a n s c r i b e d  i n  

e i t h e r  o o c y t e  RNA or  r i b o s o m a l  RNA. However ,  i t  is s t i l l  

p o s s i b l e  t h a t  t h e  5.3 kb  r e p e a t i n g  e l e m e n t s  r e p r e s e n t  g e n e s  

whose t r a n s c r i p t s  c o u l d  n o t  b e  d e t e c t e d  i n  t h e  oocyte RNA 

p o p u l a t i o n s .  

E v o l u t i o n  o f  t h e  r e p e a t  f a m i l y  i n  sea s t a r s .  

Two i m p o r t a n t  f e a t u r e s  o f  t h e  e v o l u t i o n  o f  t h i s  p a r t i c u l a r  

f a m i l y  h a v e  b e e n  r e v e a l e d  b y  s t u d y i n g  t h e  p r e v a l e n c e  a n d  

s e q u e n c e  homology  among f i v e  r e l a t e d  s p e c i e s  a n d  b y  d e t e r m i n i n g  

t h e  r e p e a t  o r g a n i z a t i o n  i n  t h r e e  r e l a t e d  s p e c i e s ,  - P. o c h r a c e u s ,  

P. b r e v i s p i n u s  a n d  D e r m a s t e r i a s  i m b r i c a t a .  R e a s s o c i a t i o n  - 



k i n e t i c  a n a l y s e s  h a v e  shown t h a t  t h e r e  is a  d e c r e a s i n g  number o f  

c o p i e s  o f  t h e  f a m i l y  w i t h  i n c r e a s i n g  p h y l o g e n e t i c  d i s t a n c e  

( T a b l e  I ) .  T h i s  p r o p e r t y  o f  r e p e a t  DNA h a s  b e e n  r e v e a l e d  many 

t i m e s  b e f o r e  (Moore e t  a l . ,  1 9 7 8 )  and i t  wqs n o t  s u r p r i s i n g  t o  

f i n d  i t  i n  t h i s  c a s e .  What is s i g n i f i c a n t  a b o u t  t h e s e  r e s u l t s  

is  t h a t  t h e  r e p e a t s  a p p e a r  t o  b e  m a i n t a i n e d  e s s e n t i a l l y  i n  a  

c l u s t e r e d  a r r a n g e m e n t .  A n o t h e r  i m p o r t a n t  f e a t u r e  o f  t h e  r e p e a t  

f a m i l y  r e p r e s e n t e d  b y  pPo1431 is t h a t  i t  is more c o n s e r v e d  t h a n  

s i n g l e  c o p y  DNA b e t w e e n  s e a  s t a r  s p e c i e s  ( T a b l e  V I I ) .  T h i s  

f i d e l i t y  of a r e p e a t  s e q u e n c e  f a m i l y  r e q u i r e s  some mechanism 

i n t r a -  and i n t e r s p e c i f i c a l l y  f o r  i n s u r i n g  r e t e n t i o n  o f  s p e c i f i c  

s e q u e n c e  and  r e j e c t i o n  o f  d i v e r g e n t  members. Mechanisms s u c h  a s  

g e n e  c o n v e r s i o n  and  u n e q u a l  c r o s s i n g - o v e r  h a v e  b e e n  p r o p o s e d  t o  

e x p l a i n  s u c h  h o m o g e n i z a t i o n  p r o c e s s e s  ( J e f f r e y s ,  1981;  Z i m m e r  e t  

a l . ,  1980 ,  Dover  e t  a l . ,  1 9 8 2 ) .  I n  r e p e a t  f a m i l i e s  t h a t  a r e  

d i s p e r s e d  i t  h a s  b e e n  o b s e r v e d  ( G a l a u  e t  a l . ,  1976;  P r e i s l e r  and 

Thompson, 1 9 8 1 a )  t h a t  i n  f a c t  t h e  s e q u e n c e  d i v e r g e n c e  may b e  

a b o u t  t h e  same a s  t h a t  f o r  s i n g l e  copy .  W i t h o u t  s p e c i a l  

mechanisms  o f  s e q u e n c e  c o n s e r v a t i o n  which  p r e v e n t  s e q u e n c e  

v a r i a t i o n ,  m u t a t i o n s  would a c c u m u l a t e  i n  t h e  f a m i l y  u n t i l  t h e  

r e p e a t  s e q u e n c e s  n o  l o n g e r  fo rm s t a b l e  d u p l e x e s  w i t h  o t h e r  

members u n d e r  s t a n d a r d  r e a s s o c i a t i o n  c o n d i t i o n s .  T h e s e  

s e q u e n c e s  would t h e n  become s i n g l e  c o p y  DNA. 



P y c n o p o d i a  h a s  more c o p i e s  i n  t h e  genome t h a n  E v a s t e r i a s  

a l t h o u g h  a c c o r d i n g  t o  r a t e  o f  s e q u e n c e  d i v e r g e n c e  i n  s i n g l e  c o p y  

DNA ( S m i t h  e t  a l . ,  1 9 8 2 )  P y c n o p o d i a  is f u r t h e r  removed t h a n  

E v a s t e r i a s  f r o m  P i s a s t e r  o c h r a c e u s .  T h e r e  c o u l d  be two  r e a s o n s  

f o r  t h i s  d i s c r e p a n c y .  The  t w o  s p e c i e s  are  c l o s e l y  r e l a t e d  and  

f r e q u e n c y  est imates b y  k i n e t i c  a n a l y s i s  may be n o t  be p r e c i s e  

e n o u g h  (RMS o f  less t h a n  or  e q u a l  t o  5 % ) .  A l s o ,  P y c n o p o d i a  h a s  

a  l a r g e r  genome t h a n  E v a s t e r i a s  ( H i n e g a r d n e r ,  1974) a s  w e l l  a s  

more  c o p i e s  o f  pPo1431  homologs  s u g g e s t i n g  t h a t  genome s i z e  and  

f r e q u e n c y  of a r e p e a t  DNA f a m i l y  may be i n t e r r e l a t e d .  

S o u t h e r n  b l o t  a n a l y s i s  o f  t h e  r e p e a t  f a m i l y  i n  P i s a s t e r  and  

D e r m a s t e r i a s  r e v e a l s  t h a t  t h e  f a m i l y  o r g a n i z a t i o n  i s  c o n s e r v e d  

o v e r  8 5 0  m y r  o f  d i v e r g e n c e  t i m e .  The r e s t r i c t i o n  s i tes f o r  

BamHI, E c o R I  a n d  P s t I  i n  P i s a s t e r  o c h r a c e u s  a n d  P i s a s t e r  

b r e v i s p i n u s  a r e  i d e n t i c a l  o v e r  10-20 m y r  o f  d i v e r g e n c e  t i m e .  

Some r e s t r i c t i o n  s i t e s  may a l s o  b e  c o n s e r v e d  i n  D e r m a s t e r i a s  

s i n c e  t h e  m u l t i p l e  b a n d s  i n  t h e  EcoRI ,  P s t I  or  BamHI S o u t h e r n  

b l o t s  c o u l d  b e  d u e  t o  loss  or  a  d e l e t i o n  o f  r e s t r i c t i o n  enzyme 

sites. F u r t h e r m o r e ,  t h e r e  a r e  s i m i l a r  MspI  s i tes  a m o n g s t  t h e  

r e p e a t  f a m i l y  e l e m e n t s  i n  P i s a s t e r  a n d  D e r m a s t e r i a s .  T h i s  

e x t e n t  o f  c o n s e r v a t i o n  h a s  n o t  b e e n  o b s e r v e d  i n  a n y  o t h e r  

o r g a n i s m  y e t  s t u d i e d  a n d  i t  r a i s e s  t h e  q u e s t i o n  a s  t o  why t h e  

o r g a n i z a t i o n  o f  t h e  r e p e a t  f a m i l y  would  b e  so w e l l  c o n s e r v e d  i n  

t h e  s t a r f i s h  genomes .  P e r h a p s  g e n o m i c  o r g a n i z a t i o n  a p p e a r s  w e l l  



c o n s e r v e d  amongs t  t h e s e  s e a  s t a r s  b e c a u s e  t h e  r e p e a t  f a m i l y  

e l e m e n t s  a r e  s l o w l y  a m p l i f i e d  and d i s p e r s e d  compared to  o t h e r  

f a m i l i e s  o f  r e p e a t s  i n  o t h e r  o r g a n i s m s  d i s c u s s e d  below.  I t  may 

b e  t h a t  r e p e a t s  a r e  s l o w l y  d i s p e r s e d  i n  t h e  s t a r f i s h  b u t  t o  

a d d r e s s  t h i s  q u e s t i o n  would r e q u i r e  c o m p a r i s o n s  w i t h  o t h e r  

c l u s t e r e d  and  d i s p e r s e d  f a m i l i e s  o f  r e p e a t s  i n  t h e s e  o r g a n i s m s  

and a n a l y s i s  o f  many o t h e r  t y p e s  o f  o r g a n i s m s .  

Upon l o n g e r  e x p o s u r e  o f  t h e  a u t o r a d i o g r a m s  o f  S o u t h e r n  b l o t s  o f  

genomic  D N A s  m o r e  b a n d s  were o b s e r v e d .  T h i s  i n d i c a t e s  t h a t  

a l t h o u g h  t h e  members a r e  r e t a i n e d  i n  a  l a r g e  d e p o s i t  i n  t h e  t w o  

P i s a s t e r  and i n  t h e  D e r m a s t e r i a s  genomes ,  s o m e  members a r e  

d i s p e r s e d .  T h e r e  a r e  a  number o f  e x p l a n a t i o n s  f o r  t h e  p r e s e n c e  

o f  t h e s e  b a n d s .  They  may b e  r e p e a t  members a p p e a r i n g  e l s e w h e r e  

i n  t h e  genome, a s  c l u s t e r s  o r  i n d i v i d u a l l y .  They  may b e  

f r a g m e n t  e n d s  o f  l a r g e  c l u s t e r s .  The b a n d s  may a l s o  r e p r e s e n t  

o t h e r  s e q u e n c e s  which  h a v e  some weak homology t o  t h e  pPo1431 

s e q u e n c e .  They  c o u l d  r e s u l t  f rom some members i n  t h e  c l u s t e r  

l o s i n g  or g a i n i n g  r e s t r i c t i o n  s i tes .  F i n a l l y ,  i n t e n s e  and 

d i s p e r s e d  c l u s t e r s  w i t h o u t  common r e s t r i c t i o n  sites found  i n  t h e  

main  c l u s t e r ,  may b e  f rom r e a m p l i f i c a t i o n  o f  f a m i l y  members 

which had l o s t  s o m e  s e q u e n c e  homology and d i s p e r s e d  i n  t h e  

genomes.  



E x t e n s i v e  r e v i e w s  h a v e  b e e n  r e c e n t l y  p u b l i s h e d  (Long a n d  Dawid,  

1 9 8 0 ;  B r i t t e n ,  1 9 8 1 ;  ~ r i t t e n ,  1 9 8 2 ;  J e l i n e k  e t  a l . ,  1 9 8 2 ;  

Doo l i t t l e ,  1 9 8 2 )  a b o u t  r e p e a t  DNA i n  e u k a r y o t e s  w h i c h  d e s c r i b e  

t h e  e n o r m o u s  c o m p l e x i t y  of t h e  p r o p e r t i e s  o f  r e p e t i t i v e  DNA. I n  

t h e  f o l l o w i n g  d i s c u s s i o n  r e p e a t  DNA f r o m  t h e  s e a  u r c h i n ,  

c h i c k e n ,  D r o s o p h i l a  a n d  p l a n t s  a r e  c o m p a r e d  to  t h e  f a m i l y  f o u n d  

i n  s t a r f i s h  s i n c e  t h e y  a l l  c o n t a i n  t h e  l o n g  r e p e a t  c l a s s  o f  DNA. 

The  s e a  u r c h i n ,  a  c l o s e l y  r e l a t e d  a n i m a l  t o  t h e  s e a  s t a r ,  is  

r e p r e s e n t a t i v e  o f  many a n i m a l  genomes  a n d  t h e  r e p e a t  DNA h a s  

b e e n  w e l l  c h a r a c t e r i z e d .  The c h i c k e n  genome h a s  a l so  b e e n  

p r o b e d  f o r  i n d i v i d u a l  r e p e a t  f a m i l i e s  b u t  t h e  genome h a s  

u n u s u a l l y  l o n g  r e g i o n s  o f  r e p e a t  a n d  s i n g l e  c o p y  DNA a r r a n g e d  i n  

a  l o n g - p e r i o d  i n t e r s p e r s i o n  p a t t e r n  s i m i l a r  t o  D r o s o p h i l a .  

D r o s o p h i l a ,  a  P r o t o s t o m e ,  c o n t a i n s  o n l y  l o n g  r e p e a t s  i n  i ts 

genome a n d  t h e s e  a r e  o f t e n  t a n d e m l y  a r r a n g e d  i n  v e r y  l a r g e  

c l u s t e r s .  The  p l a n t  kingdom h a s  p r o v i d e d  u s  w i t h  a  v e r y  

i n t e r e s t i n g  v i e w p o i n t  a b o u t  r e p e a t  DNA s i n c e  w i t h i n  many s p e c i e s  

t h e  r e p e a t  DNA may r e p r e s e n t  u p  t o  8 0 %  of t h e  genome a n d  i t s  

r a t e  o f  r e p e a t  DNA a m p l i f i c a t i o n  is v e r y  h i g h  c o m p a r e d  t o  t h a t  

i n  a n i m a l s .  

B r i t t e n  a n d  D a v i d s o n  a n d  c o w o r k e r s  h a v e  u s e d  t h e  s e a  u r c h i n  a s  a 

m o d e l  s y s t e m  t o  d e t e r m i n e  t h e  p o s s i b l e  f u n c t i o n  o f  r e p e a t  DNA i n  

t h e  e u k a r y o t i c  genomes .  They  h a v e  s u g g e s t e d  a  m o d e l  w h e r e b y  t h e  

d i s p e r s e d  r e p e a t  members  o f  a  f a m i l y  may p r o v i d e  a  m e a n s  of g e n e  



r e g u l a t i o n  s i n c e  homologous  s e q u e n c e s  c o u l d  c o n n e c t  d i s t a n t  

r e g i o n s  o f  t h e  genome ( B r i t t e n  a n d  D a v i d s o n ,  1 9 6 9 ;  1 9 7 1 ) .  T h e y  

a l so  s u g g e s t  t h a t  new f a m i l i e s  o f  r e p e a t s  c o u l d  p r o v i d e  new 

r e l a t i o n s h i p s  b e t w e e n  g e n e s  r e s u l t i n g  i n  p e r h a p s  new o n t o g e n i c  

r e g u l a t o r y  r e g i o n s  ( D a v i d s o n ,  1 9 8 2 ) .  

The  g e n u s  S t r o n g y l o c e n t r o t u s  d i v e r g e d  f r o m  L y t e c h i n u s  1 5 0  t o  200 

m y r  a g o  w h e r e a s  t h e  t w o  s p e c i e s ,  - S. f r a n c i s c a n u s  a n d  5 

p u r p u r a t u s  t o t a l  d i v e r g e n c e  is o n l y  1 0  to  20 myr.  T h e s e  s p e c i e s  

w e r e  u s e d  t o  s t u d y  t h e  e v o l u t i o n  o f  r e p e a t  DNA i n  sea u r c h i n s .  

I t  was  f o u n d  (Moore e t  a l . ,  1 9 7 8 )  t h a t  r e p e a t  DNA w i t h  a  

r e i t e r a t i o n  f r e q u e n c y  g r e a t e r  t h a n  1 0 0 0  c o p i e s  i n  t h e  

S t r o n g y l o c e n t r o t u s  genome c o u l d  n o t  r e a s s o c i a t e  w i t h  a n y  of t h e  

r e p e a t  DNA f r o m  L y t e c h i n u s  n o r  c o u l d  t h e  r e c i p r o c a l  r e a c t i o n  

o c c u r .  F u r t h e r m o r e ,  i n d i v i d u a l l y  c l o n e d  members  o f  r e p e a t  

f a m i l i e s  i n  S .  p u r p u r a t u s  c o u l d  o n l y  h y b r i d i z e  t o  a f e w  c o p i e s  - 
i n  L y t e c h i n u s  o r  n o t  a t  a l l .  T h e r e f o r e ,  a p p a r e n t l y  t h e  d o m i n a n t  

r e p e t i t i v e  s e q u e n c e  f a m i l i e s  i n  o n e  genome a r e  m o r e  p r e v a l e n t  

t h a n  i n  a  r e l a t e d  s p e c i e s .  C o p i e s  o f  r e p e a t s  a re  b e i n g  a d d e d  or  

e l i m i n a t e d  i n  t h e  t w o  s p e c i e s  a t  a s u f f i c i e n t  r a t e  t o  d o m i n a t e  

t h e  S. p u r p u r a t u s  genome compared  t o  L y t e c h i n u s  o r  e v e n  to  t h e  - 
closer r e l a t i v e ,  &. f r a n c i s c a n u s .  C o m p a r i s o n s  b e t w e e n  r e p e a t  

f a m i l i e s  i n  t h e s e  genomes  a l s o  showed t h a t  t h e r e  w a s  n o  

c o r r e l a t i o n  b e t w e e n  s e q u e n c e  d i v e r g e n c e  a n d  l o s s  o f  c o p y  number 

w i t h  e v o l u t i o n a r y  t i m e .  T h e r m a l  d e n a t u r a t i o n  c h a r a c t e r i s t i c s  



b e t w e e n  h o m o l o g o u s  a n d  h e t e r o l o g o u s  s p e c i e s  showed t h a t  r e p e a t  

DNA w h i c h  los t  c o p y  number  so r a p i d l y  w i t h  e v o l u t i o n a r y  t i m e  

m a i n t a i n e d  s e q u e n c e  homology  b e t t e r  t h a n  s i n g l e  c o p y  DNA i n  a n y  

o f  t h e  s p e c i e s .  

The g e n o m i c  o r g a n i z a t i o n  o f  t h r e e  d i f f e r e n t  k i n d s  o f  i n d i v i d u a l  

r e p e a t  f a m i l i e s  f r o m  - S. p u r p u r a t u s  w a s  d e t e r m i n e d  i n  t h e  s e a  

u r c h i n  s p e c i e s  ( K l e i n  e t  a l ,  1 9 7 8 ;  A n d e r s o n  e t  a l . ,  1 9 8 1 ;  

S c h e l l e r  e t  a l . ,  P o s a k o n y  e t  d l . ,  1 9 8 1 ) .  The CS2109 f a m i l y  

c o n t a i n s  1 0 0 0  members  w h i c h  a re  200 t o  300 b a s e  p a i r s  i n  l e n g t h  

a n d  a r e  i n t e r s p e r s e d  a m o n g s t  s i n g l e  c o p y  DNA. The T, of 

n a t i v e  d u p l e x  is 83.4Oc a n d  t h a t  o f  d u p l e x  r e a s s o c i a t e d  a t  

50•‹c w i t h  - S.  p u r p u r a t u s  a n d  - S.  f r a n c i s c a n u s  g e n o m i c  D N A s  is 

56.8 a n d  58  . ~ O C ,  r e s p e c t i v e l y .  ~ ~ 2 1 0 8  is a more c o m p l e x  

f a m i l y  of r e p e a t s  w i t h  4 . 5  k b  l o n g  members ,  i n t e r s p e r s e d  

t h r o u g h o u t  t h e  genome a n d  w i t h  a n a t i v e  Tm of 8 6 . 7 O ~ .  T h e r e  

are 20 c o p i e s  of t h i s  f a m i l y  f o u n d  u n d e r  s t r i n g e n t  c o n d i t i o n s  of 

r e a s s o c i a t i o n  b u t  many more a r e  o b s e r v e d  when t h e s e  c o n d i t i o n s  

a r e  r e l a x e d .  The  l o n g  r e p e a t s  w e r e  f o u n d  t o  c o n s i s t  o f  

s c r a m b l e d  a r r a n g e m e n t s  o f  s u b e l e m e n t s  b e t w e e n  f a m i l y  members.  

T h i r d l y ,  t h e  CS2034 f a m i l y  o f  l o n g  r e p e a t s  ( g r e a t e r  t h a n  2.0 k b )  

is r e i t e r a t e d  2 5 0 0 ,  1 6 0  a n d  1 0  t i m e s  i n  S .  p u r p u r a t u s ,  S. - 

f r a n c i s c a n u s  a n d  L. - p i c t u s ,  r e s p e c t i v e l y .  F u r t h e r m o r e ,  t h e r m a l  

d e n a t u r a t i o n  o f  r e a s s o c i a t e d  d u p l e x  a t  50•‹c b e t w e e n  t h e  r e p e a t  

f a m i l y  a n d  t h e  h o m o l o g o u s  genome,  - S .  p u r p u r a t u s  show t h a t  t h e r e  



is less s e q u e n c e  d i v e r g e n c e  t h a n  t h a t  found  i n  s i n g l e  c o p y  DNA. 

The n a t i v e  Tm is 7 9 . 4 O ~  and w i t h  d r i v e r  D N A s  f rom & 

p u r p u r a t u s , & .  f r a n c i s c a n u s  and L. p i c t u s  a r e  76.0 ,  70 .5 ,  and - 
57.0•‹c, r e s p e c t i v e l y .  The f a m i l y  is found  i n  S.  p u r p u r a t u s  i n  - 
o n e  l a r g e  d e p o s i t ,  some s m a l l  c l u s t e r s  t h a t  a r e  d i s p e r s e d  and 

e v e n  s o m e  s i n g l e  o c c u r a n c e s .  

Of t h e  t h r e e  d i s t i n c t  r e p e a t  f a m i l i e s  d e s c r i b e d  i n  t h e  s e a  

u r c h i n  genome, CS2034 is somewhat s i m i l a r  t o  t h e  pPo1431 f a m i l y  

o f  r e p e a t s  f o u n d  i n  P i s a s t e r  o c h r a c e u s  w i t h  i m p o r t a n t  

d i f f e r e n c e s .  The  n a t i v e  Tm o f  t h e  r e p e a t  d u p l e x  i n  t h e  s e a  

s t a r  is l lOc h i g h e r  t h a n  i n  s e a  u r c h i n  i n d i c a t i n g  a  much 

h i g h e r  GC c o n t e n t .  T h e r e  a r e  many more c o p i e s  o f  t h e  CS2034 

f a m i l y  i n  S .  p u r p u r a t u s  t h a n  t h e  number o f  c o p i e s  o f  pPo1431 i n  - 
P. o c h r a c e u s .  Copy number is  b e t t e r  c o n s e r v e d  i n  s t a r f i s h  s i n c e  - 
t h e r e  a r e  s t i l l  80 c o p i e s  found  i n  D e r m a s t e r i a s  which  is 500 myr 

removed f rom - P. o c h r a c e u s  w h e r e a s  i n  s e a  u r c h i n  t h e r e  a r e  o n l y  

1 0  c o p i e s  i n  - L.  p i c t u s  which  is 200 myr removed f rom - S. 

p u r p u r a t u s .  F u r t h e r m o r e ,  t h e  c l u s t e r e d  a r r a n g e m e n t  is  more 

c o n s e r v e d  i n  s t a r f i s h  t h a n  i n  t h e  s e a  u r c h i n .  Most o f  t h e  

f a m i l y  members and  p e r h a p s  a l l  a r e  found  i n  e i t h e r  o n e  l a r g e  

c l u s t e r  o r  a  few l a r g e  c l u s t e r s  w h e r e a s  i n  s e a  u r c h i n  e v e n  

s i n g l e  f a m i l y  members are  found  i n t e r s p e r s e d  a l t h o u g h  a  l a r g e r  

number o f  CS2034 r e p e a t s  a r e  c l u s t e r e d .  L a s t l y ,  t h e  s e q u e n c e  o f  

t h e  r e p e a t  f a m i l y  h a s  d i v e r g e d  22% f rom - S. p u r p u r a t u s  t o  - L .  



p i c t u s  b u t  o n l y  1 6 %  s e q u e n c e  d i v e r g e n c e  w a s  o b s e r v e d  i n  t h e  

D e r m a s t e r i a s  genome c o m p a r e d  to  - P. o c h r a c e u s .  T h e r e f o r e ,  i t  

a p p e a r s  t h a t  t h e  sea u r c h i n  r e p e a t  DNA r e p r e s e n t e d  by CS2034 is 

a m p l i f i e d  a n d  d i s p e r s e d  f a s t e r  and  i t s  s e q u e n c e  a n d  o r g a n i z a t i o n  

are  less c o n s e r v e d  t h a n  t h e  pPo1431 f a m i l y  i n  s e a  s t a r s .  

The members  o f  t h e  s e a  u r c h i n  r e p e a t  f a m i l i e s  are  a l l  f o u n d  i n  

RNA p o p u l a t i o n s  i n  v a r i o u s  t i s s u e s  o r  i n  d i f f e r e n t  d e v e l o p m e n t a l  

s t a g e s  o f  sea u r c h i n .  F o r  e x a m p l e ,  t h e  CS2108 r e p e a t  f a m i l y  

t r a n s c r i p t s  h a v e  b e e n  f o u n d  i n  o a c y t e  RNA, g a s t r u l a  a n d  

i n t e s t i n a l  n u c l e a r  RNA w i t h  t h e  m o s t  f o u n d  i n  t h e  o o c y t e .  

CS2034 w a s  r e p r e s e n t e d  i n  i n t e s t i n a l  n u c l e a r  RNA. However ,  

u n l e s s  t h e r e  a r e  members  o f  t h e  s e a  s t a r  pPo1431  f a m i l y  w h i c h  

a r e  t r a n s c r i b e d  i n  o t h e r  s t a g e s  t h a n  o o c y t e  t h e n  t h i s  r e p e a t  DNA 

is n o t  r e p r e s e n t e d  i n  a n y  RNA p o p u l a t i o n s  o f  t h e  o r g a n i s m s .  

The t h r e e  f a m i l i e s  o f  r e p e a t s  d e s c r i b e d  i n  t h e  sea u r c h i n  c a n  b e  

u s e d  a s  a n  i l l u s t r a t i o n  o f  o n e  m o d e l  o f  r e p e a t  DNA e v o l u t i o n .  

I n  a n  e a r l y  s t a g e  of g r o w t h  o f  a  new f a m i l y  o f  r e p e a t s  a 

s e q u e n c e  is a m p l i f i e d  i n  a  t andem a r r a n g e m e n t  i n  t h e  genome. An 

e x a m p l e  c o u l d  b e  CS2034 w h i c h  h a s  o n e  l a r g e  c l u s t e r  o f  r e p e a t s  

and  a p p e a r s  t o  b e  r e c e n t l y  a m p l i f i e d .  T h i s  is p r o b a b l y  t r u e  

s i n c e  t h e  v e r y  l a r g e  c l u s t e r  o f  r e p e a t s  is n o t  f o u n d  i n  - S. 

f r a n c i s c a n u s .  B y  s o m e  mechan i sm c o p i e s  of t h e  c l u s t e r  b e g i n  to  

d i s p e r s e  t h r o u g h o u t  t h e  genome. The f a m i l y  d i s p e r s e s  t o  s u c h  a n  



e x t e n t  t h a t  i n d i v i d u a l  a n d  i s o l a t e d  c o p i e s  o f  t h e  r e p e a t  

s e q u e n c e  i n  t h e  genome c a n  n o  l o n g e r  a m p l i f y  b y  c r o s s i n g - o v e r  

m e c h a n i s m s .  T h e s e  r e p e a t s  w h i c h  a r e  f o u n d  d i s p e r s e d  a m o n g s t  

s i n g l e  c o p y  DNA e v e n t u a l l y  become so d i v e r g e n t  a s  t o  become 

s i n g l e  c o p y .  F o r  e x a m p l e ,  CS2109 f a m i l y  is s i m i l a r  t o  t h i s  

s i t u a t i o n  s i n c e  i ts  f a m i l y  members  a r e  s h o r t  a n d  c o m p l e t e l y  

i n t e r s p e r s e d  a m o n g s t  s i n g l e  c o p y  DNA. F u r t h e r m o r e ,  i t s  s e q u e n c e  

homology among f ami ly  members  is much less c o n s e r v e d  (35% 

s e q u e n c e s  d i v e r g e n c e  i n  - S.  f r a n c i s c a n u s )  t h a n  t h o s e  i n  CS2034 

( 9 %  s e q u e n c e  d i v e r g e n c e  i n  - S .  f r a n c i s c a n u s ) .  T h e r e f o r e  CS2109 

may r e p r e s e n t  a v e r y  a n c i e n t  f a m i l y  i n  t h e  s e a  u r c h i n  genome. 

Two major i s s u e s  s h o u l d  b e  a d d r e s s e d  i f  t h i s  m o d e l  is a p p l i c a b l e  

t o  t h e  e v o l u t i o n  o f  r e p e a t  DNA i n  e u k a r y o t e s .  The  f i rs t  is t h a t  

t h e  genome w o u l d  c o n t i n u e  t o  become l a r g e r  a s  t h e  r e p e a t  

f a m i l i e s  a m p l i f y ,  d i s p e r s e  a n d  e v o l v e d  i n t o  s i n g l e  c o p y  

s e q u e n c e .  Genome s i z e  may v a r y  d e p e n d i n g  o n  t h e  amount  o f  

r e p e a t  DNA p r e s e n t  a n d  t h a t  a s  t h e  r e p e a t  c l a s s e s  grow, so w i l l  

t h e  genome a t  a s i m i l a r  r a te .  T h i s  a p p e a r s  t o  be f a t a l  to  t h e  

c e l l  s i n c e  i f  t h e r e  is n o  l o s s  o f  r e p e a t s  d u r i n g  some s t a g e  o f  

e v o l u t i o n  a n d  i f  t h e  r e p e a t  f a m i l i e s  a r e  d i s p e r s i n g  t h r o u g h o u t  

t h e  genome t h e n  e v e n t u a l l y  t h e y  w i l l  i n t e r r u p t  i m p o r t a n t  c o d i n g  

r e g i o n s .  M e a n w h i l e  r e p e a t s  may a l s o  i n s e r t  i n t o  o t h e r  r e p e a t s  

o r  s t a y  i n  l a rge  c l u s t e r s  r e s u l t i n g  i n  a l l  o r g a n i s m s  e v e n t u a l l y  

p o s s e s s i n g  a l o n g  p e r i o d  i n t e r s p e r s i o n  p a t t e r n  o f  s e q u e n c e  



o r g a n i z a t i o n  i n  t h e i r  genomes. 

A s e c o n d  i s s u e  which  t h e  model  d o e s  n o t  e x p l a i n  is why t h e r e  is 

a  d e c r e a s i n g  number o f  r e p e a t s  o f  a  g i v e n  f a m i l y  i n  r e l a t e d  

s p e c i e s  w i t h  i n c r e a s i n g  p h y l o g e n e t i c  d i s t a n c e  f rom - P. o c h r a c e u s .  

I t  may b e  p o s s i b l e  t h a t  some o f  t h e  r e p e a t s  which b e g i n  to  

d i s p e r s e  may b e  l o s t  a t  t h e  t i m e  o f  r e c o m b i n a t i o n  o r  d u r i n g  c e l l  

d i v i s i o n .  I f  t h e r e  a r e  r e p e a t s  which a r e  d i s p e r s e d  and los t  

r andomly  t h e n  i t  would b e  d i f f i c u l t  t o  e x p l a i n  how t h i s  

p h y l o g e n e t i c  r e l a t i o n s h i p  c o u l d  b e  m a i n t a i n e d  d u r i n g  e v o l u t i o n .  

However, i f  t h e  r e p e a t s  a r e  l o s t  or  s i m p l y  s t o p  a m p l i f y i n g  

d u r i n g  s p e c i a t i o n  w h i l e  o t h e r  r e p e a t  f a m i l i e s  a r e  r e t a i n e d  and 

c o n t i n u e  to  a m p l i f y ,  t h e n  p e r h a p s  t h e  p h y l o g e n e t i c  r e l a t i o n s h i p  

c a n  b e  e x p l a i n e d .  I n  a n y  c a s e ,  d u r i n g  t h e  p r o c e s s  o f  chang ing  

t h e  d o m i n a n t  r e p e a t  DNA f a m i l i e s  w i t h i n  t h e  genome some r e p e a t  

s e q u e n c e s  m u s t ' b e  l o s t  s i n c e  t h e  genome s i z e  would c o n t i n u e  t o  

i n c r e a s e  a s  new f a m i l i e s  a r e  c r e a t e d .  

On t h e  o t h e r  hand ,  t h e  b e h a v i o r  o f  t h e  r e p e a t  f a m i l i e s  d e s c r i b e d  

i n  s e a  u r c h i n  and s t a r f i s h  may b e  e x p l a i n e d  by  t h e  model o f  

r e p e a t  a m p l i f i c a t i o n  and d i s p e r s i o n  d e s c r i b e d  above .  Accord ing  

to  t h e  mode l ,  new f a m i l i e s  o f  r e p e a t  DNA c a n  b e  g e n e r a t e d  by  

r e c e n t  a m p l i f i c a t i o n  e v e n t s  o f  a  p r e - e x i s t i n g  s e q u e n c e  and a r e  

t h e r e f o r e  found  i n  c l u s t e r e d  a r r a n g e m e n t s  w i t h i n  t h e  genome. 

T h e s e  f a m i l i e s  u s u a l l y  p o s s e s s  a  h i g h  p e r c e n t  o f  s e q u e n c e  



homology.  D e p e n d i n g  o n  t h e  r e p e a t  DNA f a m i l y  and  p e r h a p s  e v e n  

t h e  s p e c i e s ,  t h e  r a t e  o f  a m p l i f i c a t i o n  c a n  b e  v a r i a b l e .  The  

f a m i l y  members b e g i n  t o  d i s p e r s e  e l s e w h e r e  i n  t h e  genome,  b y  

s o m e  unknown mechan i sm ,  r e d u c i n g  t h e  s i z e  o f  t h e  c l u s t e r .  T h e s e  

d i s p e r s e d  r e p e a t s  may t h e n  lose s e q u e n c e  homology w i t h  o t h e r  

S a m i l y  members  a n d  e v e n t u a l l y  become s i n g l e  copy .  The  r a t e  o f  

d i s p e r s i o n  may a g a i n  d e p e n d  o n  t h e  n a t u r e  o f  t h e  r e p e a t  DNA 

f a m i l y  and  o n  t h e  s p e c i e s .  

R e p e a t  DNA d i s p e r s i o n  or  p e r h a p s  l o s s  o f  newly  a m p l i f i e d  members  

o f  CS2108 or CS2109 a n d  loss  o f  s e q u e n c e  homology i n  t h e  - S .  

p u r p u r a t u s  sea u r c h i n  may h a v e  o c c u r r e d  so r a p i d l y  t h a t  

homologous  s e q u e n c e s  a re  n o t  f ound  i n  t h e  c l o s e l y  r e l a t e d  - S .  

f r a n c i s c a n u s  genome. E v i d e n t l y ,  r e p e a t  f a m i l i e s  e v o l v e  a t  

d i f f e r e n t  r a t e s  s i n c e  t h e  CS2034 f a m i l y  is  s t i l l  p r e s e n t  a s  a 

tandem c l u s t e r  i n  t h e  p a r e n t  - S .  p u r p u r a t u s  genome and  y e t  is 

f ound  i n  - S .  f r a n c i s c a n u s  ( 1 6 0  c o p i e s )  and  i n  t h e  m o s t  d i s t a n t l y  

r e l a t e d  s p e c i e s ,  - L. p i c t u s  ( 1 0  c o p i e s ) .  The  r e p e a t  f a m i l y  f rom 

s t a r f i s h  c o u l d  a l s o  b e  e v o l v i n g  i n  a  manne r  d e s c r i b e d  b y  t h i s  

mode l  e x c e p t  t h a t  t h e  members  m u s t  b e  d i s p e r s i n g  a t  a n  e x t r e m e l y  

s l o w  r a t e  s i n c e  D e r m a s t e r i a s  s t i l l  c o n t a i n s  a l a r g e  number o f  

i ts  r e p e a t s  i n  a c l u s t e r e d  a r r a n g e m e n t .  T h e r e f o r e ,  t h e r e  

a p p e a r s  t o  b e  a d i f f e r e n c e  i n  t h e  r a t e  o f  e v o l u t i o n  o f  r e p e a t  

f a m i l i e s  whe re  some a re  p e r h a p s  s e l e c t i v e l y  m a i n t a i n e d  i n  a  

c l u s t e r e d  a r r a n g e m e n t  d u r i n g  e v o l u t i o n .  



When f a m i l y  m e m b e r s  b e g i n  t o  d i s p e r s e  t h e r e  s e e m s  t o  be a  

c o r r e s p o n d i n g  r e a r r a n g m e n t  o f  s u b e l e m e n t s  i n  c l u s t e r s  o f  t h e  

r e p e a t s .  I t  w o u l d  be i m p o r t a n t  t o  know i f  e i t h e r  P i s a s t e r  o r  

D e r m a s t e r i a s  r e p e a t  members  are  s c r a m b l e d  w i t h i n  t h e i r  l a r g e  

g e n o m i c  c l u s t e r s  t o  a s c e r t a i n  i f  s c r a m b l e d  r e a r r a n g e m e n t  o f  

s u b e l e m e n t s  is i n d i c a t i v e  o f  d i s p e r s i o n .  I f  t h i s  w e r e  so, t h e n  

D e r m a s t e r i a s  s h o u l d  c o n t a i n  d i s p e r s e d  m e m b e r s  a n d  c l u s t e r s  w h i c h  

a re  s c r a m b l e d  a n d  c e r t a i n l y  d i f f e r e n t  c o m p a r e d  to  P.  o c h r a c e u s  - 
c l u s t e r s .  T h e  P i s a s t e r  s p e c i e s  would  b e  e x p e c t e d  to  b e  f a i r l y  

homologous  i f  m o s t  o f  i t s  members  w e r e  r e c e n t l y  a m p l i f i e d .  The  

amount  o f  s e q u e n c e  homology  among r e p e a t ' m e m b e r s  a n d  t h e  f e w  

S o u t h e r n  b l o t  b a n d s  f o u n d  i n  t h e  P i s a s t e r  genome i n d i c a t e s  t h a t  

t h e  f a m i l y  is i n d e e d  homogeneous .  D e r m a s t e r i a s  S o u t h e r n  b lo t s  

r e v e a l  many m o r e  s e c o n d a r y  b a n d s  w i t h  l o n g  e x p o s u r e  a n d  t h e  

r e s t r i c t i o n  enzyme s i tes  a r e  n o t  t h e  s a m e  i n  t h e  g e n o m i c  c l u s t e r  

a s  were i n  f o u n d  i n  t h e  P i s a s t e r  s p e c i e s .  T h i s  s u g g e s t s  t h a t  

t h e  c l u s t e r s  i n  Dermaster ias  a r e  v e r y  d i f f e r e n t  f r o m  t h e  

P i s a s t e r  s p e c i e s  a n d  may e v e n  b e  i n  s o m e  r e a r r a n g e d  form o f  

s u b e l e m e n t s .  

Eden ( E d e n ,  1 9 8 0 ;  Eden  a n d  H e n d r i c k ,  1 9 7 8 )  s t u d i e d  t h e  c h i c k e n  

genome i n  o r d e r  t o  d e f i n e  t h e  p r o p e r t i e s  o f  l o n g  a n d  m o d e r a t e l y  

r e p e t i t i v e  DNA i n  a e u k a r y o t i c  genome.  T h e  c h i c k e n  genome 

s e q u e n c e  o r g a n i z a t i o n  c a n  b e  d e s c r i b e d  a s  c o n t a i n i n g  t h e  

l o n g - p e r i o d  i n t e r s p e r s i o n  p a t t e r n  o f  r e p e a t  DNA t h r o u g h o u t  



s i n g l e  c o p y  DNA. The  r e p e a t  DNA is f o u n d  i n  l o n g  c o n t i n u o u s  

r e g i o n s  g r e a t e r  t h a n  2 0 k b  i n  l e n g t h  w h i c h  are  a d j a c e n t  t o  s i n g l e  

c o p y  DNA t h a t  is u s u a l l y  a t  l e a s t  1 7  k b  b e f o r e  t h e  n e x t  r e p e a t  

c l u s t e r .  T h e r e f o r e ,  t h i s  genome is s i m i l a r  t o  D r o s o p h i l a  e x c e p t  

t h a t  i t s  l o n g  i n t e r s p e r s i o n  p a t t e r n  c o n t a i n s  e x c e s s i v e l y  l o n g  

r e g i o n s  o f  r e p e a t  a n d  s i n g l e  c o p y  DNA. A r e p e a t  DNA c l a s s  was  

c l o n e d  ( E d e n  e t  a l . ,  1 9 8 0 )  a n d  i n d i v i d u a l  f a m i l i e s  w e r e  

i s o l a t e d .  F u r t h e r m o r e ,  some o f  t h e  r e p e a t  c l o n e s  ( f o r  e x a m p l e ,  

pGg132) w e r e  u s e d  to  s c r e e n  t h e  c h i c k e n  g e n o m i c  l i b r a r y  t o  

l o c a t e  t h e s e  l a r g e  c l u s t e r s  i n  t h e  genome.  A n a l y s i s  o f  t h e  

g e n o m i c  c l o n e s  showed  t h a t  t h e  r e p e a t  DNA is f o u n d  i n  l a r g e  

c l u s t e r s  w h i c h  c o n t a i n  s m a l l e r  s u b e l e m e n t s  w h i c h  a r e  r e a r r a n g e d  

w i t h  r e s p e c t  t o  o t h e r  members o f  t h e  f a m i l y  ( M u s t i  e t  a l . ,  

1 9 8 1 ) .  F u r t h e r m o r e ,  r e g i o n s  w h i c h  w e r e  n o t  r e a r r a n g e d  w e r e  

f o u n d  t o  b e  m e t h y l a t e d  i n  5'-CG-3' s i t e s  d e t e c t e d  u s i n g  t h e  

i s o s c h i z o m e r s  MspI  a n d  H p a I I  ( E d e n  e t  a l . ,  1 9 8 1 ) .  The c l u s t e r  

f o u n d  i n  t h e  c h i c k e n  genome r e p r e s e n t e d  1 0 %  o f  t h e  t h e  t o t a l  

r e p e a t  DNA. T h i s  k i n d  o f  r e a r r a n g e d  c l u s t e r e d  r e p e a t  e l e m e n t s  

is v e r y  s i m i l a r  t o  t h e  c l a s s  o f  s e a  u r c h i n  r e p e a t  r e p r e s e n t e d  b y  

CS2108. I t  is i n t e r e s t i n g  t h a t  when c o m p a r i n g  t h e s e  t w o  

o r g a n i s m s  t h e  c h i c k e n  r e p e a t  c l u s t e r  is n o t  d i s p e r s e d  a n d  

c o n t a i n s  m e t h y l a t e d  s i t e s  w h e r e a s  t h e  sea u r c h i n  r e p e a t s  a r e  

f o u n d  i n  4 . 5  k b  r e g i o n s  i n t e r s p e r s e d  t h r o u g h o u t  t h e  genome. The 

u r c h i n  was  n o t  a s s a y e d  fo r  t h e  p r e s e n c e  of m e t h y l a t i o n  i n  t h e  

r e p e a t  f a m i l y .  



The c o n s e r v a t i o n  o f  t h e  r e p e a t  f a m i l y  w i t h i n  r e l a t e d  s p e c i e s  was 

d e t e r m i n e d  b y  S o u t h e r n  b l o t  a n a l y s i s  of DNA f r o m  b i r d s  i n  t h e  

O r d e r  G a l l i f o r m e s  a n d  f r o m  t h e  d u c k  a n d  o s t r i c h  w h i c h  a r e  f r o m  

d i f f e r e n t  o r d e r s .  T h e  b i r d s  w i t h i n  t h e  o r d e r  a l l  show r e a c t i o n  

w i t h  t h e  c l o n e d  r e p e a t  a n d  f u r t h e r m o r e  i t  w a s  f o u n d  t h a t  some o f  

t h e  m e t h y l a t i o n  si tes w e r e  s t i l l  c o n s e r v e d .  On t h e  o t h e r  h a n d ,  

t h e  s p e c i f i c  c l o n e d  r e p e a t  c o u l d  n o t  cross r e a c t  w i t h  t h e  

d i s t a n t l y  r e l a t e d  s p e c i e s ,  t h e  d u c k  or t h e  o s t r i c h ,  a l t h o u g h  

t o t a l  r e p e a t  DNA f r o m  t h e  c h i c k e n  c o u l d  h y b r i d i z e  w i t h  t h e i r  

t o t a l  g e n o m i c  DNA. I t  was  s u g g e s t e d  t h a t  t h e  o r g a n i z a t i o n  o f  

t h e  r e p e a t  DNA i n  a  genome h a s  more e v o l u t i o n a r y  c o n s t r a i n t s  

t h a n  t h e  s e q u e n c e  o f  a n y  p a r t i c u l a r  r e p e a t  f a m i l y  i t s e l f .  The  

e v o l u t i o n a r y  d i s t a n c e  b e t w e e n  o r  w i t h i n  t h e  a v i a n  o r d e r s  is n o t  

known so i t  is n o t  p o s s i b l e  t o  know w h e t h e r  t h e  c h i c k e n  r e p e a t  

f a m i l y  is  e v o l v i n g  a t  t h e  same  r a t e  a s  a n y  of t h e  s e a  u r c h i n  

f a m i l i e s .  I t  m a y  b e  p o s s i b l e  t h a t  t h e  f a m i l y  of r e p e a t s  f o u n d  

i n  c h i c k e n  is o l d  s i n c e  i t  c o n s i s t s  o f  s c r a m b l e d  s u b e l e m e n t s  

f o u n d  i n  r e l a t e d  s p e c i e s  b u t  i t  c a n n o t  d i s p e r s e  t o  o t h e r  r e g i o n s  

of t h e  genome. The f a m i l y  may be n e w e r  t h a n  t h e  r e p e a t  f a m i l i e s  

w h i c h  a r e  d i s p e r s e d  i n  t h e  genome a l t h o u g h  i t  c o u l d  be t h a t  t h i s  

g r o u p  of r e p e a t s  w i l l  n o t  d i s p e r s e  b e c a u s e  t h e r e  is a genome 

s i z e  c o n s t r a i n t  o n  i ts  mobi l i ty .  T h e r e f o r e  i t  r e m a i n s  i n  a  

c l u s t e r  w h i c h  b e c o m e s  r e a r r a n g e d  w i t h  t i m e  a s  was  o b s e r v e d  i n  

t h e  r e l a t e d  species. However ,  t h e  s e a  u r c h i n  r e p e a t  f a m i l y  

CS2034 is n o t  a s  a n c i e n t  a s  t h e  CS2108 o r  t h e  c h i c k e n  f a m i l y  



s i n c e  i t  d o e s  n o t  show a n y  r e a r r a n g e m e n t  o f  s u b e l e m e n t s  n o r  is  

i t  d i s p e r s e d  c o m p l e t e l y  i n  t h e  genome. 

The l a r g e  d e p o s i t  o f  r e p e a t s  f rom t h e  c h i c k e n  is s i m i l a r  t o  t h a t  

found  i n  t h e  - P. o c h r a c e u s  r e p e a t  f a m i l y .  T h e r e  a r e  few 

d e t e c t a b l e  c o p i e s  o f  pPo1431 r e p e a t s  found  e l s e w h e r e  i n  t h e  

genome. I f  t h e  c l u s t e r  is o n e  l a r g e  tandem a r r a y  t h e n  i t  would 

c o v e r  25 kb  o f  t h e  genome. T h e r e  is a l s o  a  m e t h y l a t e d  s i te  i n  

t h e  r e p e a t  f a m i l y  a l t h o u g h  none  w e r e  o b s e r v e d  i n  t h e  sister 

s p e c i e s  or  i n  D e r m a s t e r i a s .  The s t a r f i s h  r e p e a t  f a m i l y  is 

u n l i k e  t h e  c h i c k e n  c l u s t e r e d  r e p e a t s  i n  many ways. The pPo1431 

f a m i l y  r e p r e s e n t s  o n l y  a b o u t  2% o f  t h e  t o t a l  r e p e a t  DNA i n  t h e  

genome, i t  d o e s  n o t  a p p e a r  t o  b e  i n  r e a r r a n g e d  f o r m s  o f  

s u b e l e m e n t s ,  i t s  s e q u e n c e  and genomic  o r g a n i z a t i o n  a r e  more 

c o n s e r v e d  t h a n  t h a t  o b s e r v e d  i n  t h e  a v i a n  s p e c i e s ,  a l t h o u g h  t h e  

d i v e r g e n c e  t i m e s  be tween  t h e  a v i a n  o r d e r s  is unknown, and t h e  

s t a r f i s h  r e p e a t s  a r e  n o t  e x t e n s i v e l y  m e t h y l a t e d .  

The e v o l u t i o n  o f  r e p e a t  DNA i n  s e a  u r c h i n ,  c h i c k e n  and s t a r f i s h  

h a v e  some common p r o p e r t i e s .  The s t a r f i s h  is u n u s u a l  i n  t h a t  i t  

h a s  l a r g e  r e p e a t  c l u s t e r s  t h a t  a r e  c o n s e r v e d  o v e r  850 myr o f  

d i v e r g e n c e  t i m e  b u t  are  n o t  r e a r r a n g e d  i n  a n y  a p p a r e n t  manner.  

The s e a  u r c h i n  and c h i c k e n  genomes c o n t a i n  l a r g e  c l u s t e r s  a l so  

b u t  some o f  t h e  c h i c k e n  c l u s t e r  is e x t e n s i v e l y  r e a r r a n g e d  l i k e  

t h e  CS2108 d i s p e r s e d  f a m i l y  i n  t h e  s e a  u r c h i n  b u t  u n l i k e  t h e  



large cluster of the CS2034 family. This CS2034 has no 

subelemental reorganization amongst members and is similar to 

starfish. This family may have been newly amplified in the sea 

urchin genome since large deposits were not found in the closely 

related species, S. franciscanus. - 

A number of different kinds of long repeat DNA have been studied 

in Drosophila. Some of these are found in very large tandemly 

duplicated deposits of repeat DNA, others are dispersed about 

the genome, are mobile and transcribed. It has been shown that 

this latter class of repeats have some functional and structural 

properties which are used by the cell. Transposable elements in 

prokaryotes have been well characterized and understood for some 

time and more recently they were also found to exist in 

Drosophila. Some families of repeats are called copia, 412 and 

297 (Potter et al., 1979) which are about 3 kb in length, 

reiterated 100-fold in the genome and are transcribed. Other 

kinds of possible transposable elements which are not 

transcribed but are found dispersed throughout the genome have 

also been characterized in Drosophila. Clustered repeats are 

also commonly found in the Drosophila genome. There is a large 

cluster of repeats in the nontranscribed spacer region in the 

18s rDNA locus. The majority of spacers in D. melanogaster are - 
3 to 5 kb in length consisting of short 200 to 250 bp long 

tandem repeats. Interspecies comparisons demonstrate that there 



i s  l e n g t h  h e t e r o g e n e i t y  w i t h i n  t h e  s h o r t  t andem e l e m e n t s  

a l t h o u g h  t h e r e  is e n o u g h  s e q u e n c e  homology c o n s e r v e d  t h a t  s p a c e r  

r D N A  f rom v a r i o u s  D r o s o p h i l a  genomes  c a n  cross h y b r i d i z e  i n  

S o u t h e r n  b l o t  a n a l y s e s  (Rae  e t  a l . ,  1 9 8 1 ) .  C o n s e r v a t i o n  o f  

r e p e a t  DNA i n  t h e  n o n t r a n s c r i b e d  s p a c e r s  o f  rDNA may n o t  b e  

u n i v e r s a l  s i n c e  t h e  r D N A  o f  t h e  a m p h i b i a n  s i b l i n g  s p e c i e s  

Xenopus l a e v i s  and  X. b o r e a l i s  c o n t a i n  n o  d e t e c t a b l e  s e q u e n c e  

homology (Brown e t  a l . ,  1 9 7 2 ) .  O t h e r  c l u s t e r s ,  c o n t a i n i n g  

r e p e a t  e l e m e n t s  5 0 0  b p  l o n g  and  r e i t e r a t e d  a b o u t  1 0 0  t i m e s ,  a r e  

found  i n  t h e  genome. T h e r e  a r e  a p p r o x i m a t e l y  52 d i f f e r e n t  k i n d s  

o f  t h e s e  r e p e a t  f a m i l i e s  wh ich  a re  r e a r r a n g e d  i n  d i f f e r e n t  

o r d e r s  i n  d i f f e r e n t  c l u s t e r s  (Wens ink  e t  a l . ,  1 9 7 9 ) .  

The mechanism f o r  t r a n s p o s i t i o n  o f  r e p e a t  e l e m e n t s  i n  p r o k a r o t e s  

is  a n a l o g o u s  t o  t h a t  f o r  c o p i a ,  297 and  412  f a m i l i e s  o f  r e p e a t s  

s i n c e  t h e y  h a v e  s i m i l a r  s t r u c t u r e  t o  t h e  p r o k a r y o t e s  ( C a l o s  and  

Miller,  1980 ;  K l e c k n e r ,  1 9 7 7 ) .  However,  t h i s  s i m i l a r i t y  is n o t  

o b s e r v e d  i n  o t h e r  d i s p e r s e d  r e p e a t s  i n  D r o s o p h i l a .  What h a v e  

b e e n  found  howeve r ,  a r e  e p i s o m e s  i n  t h e  f l y  n u c l e u s  o f  c u l t u r e d  

c e l l s  which  a re  c i r c u l a r i z e d  c l u s t e r s  o f  r e p e a t s  ( S t a n f i e l d  and 

L e n g y e l ,  1 9 7 9 ) .  T h i s  r e p e a t i n g  u n i t  may f i n d  homologous  

s e q u e n c e s  i n  t h e  genome t o  w h i c h  t h e y  c a n  b a s e  p a i r  and 

r ecombine  i n s e r t i n g  i n  many d i f f e r e n t  r e g i o n s  r e s u l t i n g  i n  t h e  

s c r a m b l e d  r e a r r a n g e m e n t  o f  r e p e a t  e l e m e n t s  i n  t h e  c l u s t e r s .  The 

d i s c o v e r y  o f  t h e s e  r e p e t i t i v e  episomes may p r o v i d e  a n  



e x p l a n a t i o n  f o r  t h e  mechanism o f  r e a r r a n g e m e n t  o f  r e p e a t  

s e q u e n c e s  i n  c l u s t e r s  and f o r  t h e i r  d i s p e r s a l  a b o u t  t h e  genome. 

K r o l e w s k i  e t  a l .  ( 1 9 8 2 )  h a v e  c h a r a c t e r i z e d  s m a l l  p o l y d i s p e r s e  

c i r c u l a r  D N A s  c o n t a i n i n g  A l u I  s e q u e n c e s  found  i n  A f r i c a n  Green  

Monkey k i d n e y  ce l l s .  T h e r e  a r e  no  s h o r t  d i r e c t  r e p e a t s  f l a n k i n g  

t h e  A l u I  s e q u e n c e s  so t h a t  t h e  mechanism o f  genomic  e x c i s i o n  and 

p e r h a p s  r e i n s e r t i o n  would b e  u n l i k e  t h a t  d e s c r i b e d  f o r  

t r a n s p o s a b l e  e l e m e n t s  ( S h a p i r o ,  1 9 7 9 ) .  I t  would b e  i n t e r e s t i n g  

i f  a  s i m i l a r  mechanism f o r  movement o f  r e p e t i t i v e  e l e m e n t s  a b o u t  

t h e  genome c o u l d  b e  a p p l i e d  to  t h e  a n i m a l s  d e s c r i b e d  above  

( W i g l e r  e t  a l . ,  1 9 7 9 ) .  

Genomic DNA i n  p l a n t s  h a v e  a n  i n c r e d i b l e  amount  o f  r e p e a t  DNA, 

up  t o  8 0 % ,  compared t o  m o s t  o r g a n i s m s  whose r e p e a t  DNA h a s  been  

a s s e s s e d .  The telomeric r e p e a t  DNA a l o n e  c o n s t i t u t e s  1 0 %  o f  t h e  

genome i n  S e c a l e  c e r e a l e  (Bedbrook  e t  a l . ,  1 9 8 0 a ) .  T h i s  

h e t e r o c h r o m a t i n  c o n s i s t s  o f  f o u r  d i f f e r e n t  c l a s s e s  o f  r e p e a t  

f a m i l i e s  o f  wh ich  45-66% a r e  n o t  found  i n  c l o s e l y  r e l a t e d  

s p e c i e s  s u c h  a s  S .  s i l v e s t r e .  The S .  c e r e a l e  f a m i l i e s  a r e  100  - - 
to  500 bp  l o n g  and are  t a n d e m l y  a r r a n g e d  i n  a s c r a m b l e d  

o r g a n i z a t i o n .  A 120  b p  f a m i l y  o f  r e p e a t s  f o u n d  i n  t h e  telomere 

o f  - S .  c e r e a l e  is a l s o  found  i n  i n t e r s t i t i a l  DNA and  i n  an  

u n i f o r m ,  tandem a r r a n g e m e n t .  T h i s  same f a m i l y  is c o n s e r v e d  and 

found i n  a b o u t  e q u a l  p r o p o r t i o n s  i n  - S. s i l v e s t r e  and  i n  t h e  

whea t ,  T r i t i c u m  dococcum (Bedbrook  e t  a l . ,  1 9 8 0 b ) .  



A p p r o x i m a t e l y ,  30 to  50% of t h e  r e p e a t  DNA f r o m  rye, w h e a t ,  

b a r l e y  a n d  o a t s  c o n s i s t s  of s h o r t  r e p e a t s  w h i c h  a re  s p e c i e s  

s p e c i f i c  b u t  a l s o  i n t e r s p e r s e d  w i t h  o t h e r  f a m i l i e s  o f  s h o r t  

r e p e a t s  w h i c h  are common to  t h e  f i v e  d i f f e r e n t  s p e c i e s  ( B e d b r o o k  

e t  a l . ,  1 9 8 0 a ) .  

P r i e s t l e r  a n d  Thompson ( 1 9 8 1 a , b )  h a d  m a d e  s o m e  i n t e r e s t i n g  

c o m p a r i s o n s  b e t w e e n  t h e  r e p e a t  DNA of t w o  l e g u m e s ,  t h e  mung b e a n  

and  t h e  p e a .  The  p e a  h a s  a h a p l o i d  DNA c o m p l e m e n t  n i n e  t i m e s  

g r e a t e r  t h a n  t h e  mung b e a n .  The  p e a  a l so  h a s  a b o u t  twice t h e  

amount  o f  r e p e a t  DNA i n  mung b e a n  w h i c h  is i n t e r s p e r s e d  

t h r o u g h o u t  s i n g l e  c o p y  DNA g e n e r a t i n g  s i n g l e  c o p y  r e g i o n s  n o  

g r e a t e r  t h a n  1 0 0 0  b p .  The  mung b e a n  o n  t h e  o t h e r  h a d  h a s  l o n g  

s i n g l e  c o p y  s t r e t c h e s  i n  i ts  genome,  a b o u t  6700  b p  i n  l e n g t h .  

The p r o p e r t i e s  o f  t h e  r e p e a t  DNA f r o m  t h e s e  p l a n t  genomes  w e r e  

d e t e r m i n e d  u s i n g  t h e r m a l  d e n a t u r a t i o n  t e c h n i q u e s .  From t h e  

r e s u l t s  a m e c h a n i s m  of r e p e a t  DNA e v o l u t i o n  w a s  p r o p o s e d .  They  

s u g g e s t e d  t h a t  r e p e a t  DNA w a s  a m p l i f i e d  a t  a  h i g h e r  r a t e  i n  t h e  

p e a  t h a n  i n  t h e  mung b e a n  w h i c h  t h e n  d i s p e r s e s  i n t o  o t h e r  

r e g i o n s  of t h e  genome.  I f  a m p l i f i c a t i o n  is  c o n t i n u e d  t h e n  

e v e n t u a l l y  r e p e a t  e l e m e n t s  f r o m  d i s t a n t  r e g i o n s  w i l l  i n s e r t  i n t o  

o t h e r  r e p e a t  c l u s t e r s  i n  t h e  genome g e n e r a t i n g  a s c r a m b l e d  

a r r a n g e m e n t  o f  r e p e a t  e l e m e n t s  i n  c l u s t e r s .  E v e n t u a l l y ,  i f  o n e  

genome is n o t  a m p l i f y i n g  a n d  d i s p e r s i n g  a t  a  s i m i l a r  r a t e  t h e n  



t h e  t h e r m a l  d e n a t u r a t i o n  c h a r a c t e r i s t i c s  o f  r e p e a t  DNA would 

i n d i c a t e  a  m o r e  homogeneous m e l t .  T h i s  was o b s e r v e d  i n  t h e  pea  

and  t h e  mung b e a n  w h e r e  m o r e  homogeneous m e l t s  we re  found  i n  t h e  

mung b e a n  compared to  t h e  p e a .  W i t h  i n c r e a s i n g  e v o l u t i o n  t i m e  

t h e  d i s p e r s e d  r e p e a t s  e v o l v e  i n t o  s i n g l e  c o p y  DNA. 

An i n t e r e s t i n g  a s p e c t  o f  t h e  e v o l u t i o n  o f  r e p e a t  DNA i n  t h e  pea  

is  o b s e r v e d  when t h e  t h e r m a l  r e n a t u r a t i o n  t e m p e r a t u r e  is lowered  

p e r m i t t i n g  more d u p l e x  f o r m a t i o n  t o  o c c u r .  A t  a  c r i t e r i o n  o f  

3 5 O ~  be low t h e  o p t i m a l  Tm v i r t u a l l y  a l l  t h e  s i n g l e  c o p y  DNA 

behaved  l i k e  r e p e a t  DNA. The mung b e a n  was t r e a t e d  s i m i l a r l y  

and found  to  c o n t a i n  a b o u t  o n e - t h i r d  o f  i ts  s i n g l e  c o p y  DNA i n  

f o s s i l  r e p e a t s .  T h e r e f o r e ,  i t  a p p e a r s  a t  l e a s t  i n  t h i s  s y s t e m  

t h a t  t h e  r a t e  o f  r e p e a t  DNA t u r n o v e r ,  a m p l i f i c a t i o n  and loss o f  

r e p e a t  f a m i l y  homology,  i s  v e r y  r a p i d  ( P r e i s l e r  and Thompson, 

1980b ,  Murray  e t  a l . ,  1 9 8 1 ) .  

The e v o l u t i o n  o f  r e p e a t  DNA i n  p l a n t s  may b e  a n a l o g o u s  t o  t h a t  

i n  a n i m a l s .  A l l  e u k a r y o t e s  h a v e  b e e n  shown t o  c o n t a i n  r e p e a t  

DNA e l e m e n t s  t h a t  a m p l i f y  and d i s p e r s e  i n  t h e  genome. The 

s c r a m b l e d  a r r a n g e m e n t  o f  s u b e l e m e n t s  i n  c l u s t e r s  may b e  a  key  

s t e p  i n  t h e  p r o c e s s  o f  e v o l u t i o n .  F o r  e x a m p l e ,  r e a r r a n g e m e n t  o f  

s u b e l e m e n t s  may r e f l e c t  a  s t a g e  o f  r e p e a t  DNA e v o l u t i o n  i n  t h a t  

i f  s c r a m b l e d  r e p e a t s  a r e  o b s e r v e d  i n  a  p a r t i c u l a r  f a m i l y  t h e n  i t  

is o f t e n  found  d i s p e r s e d  t h r o u g h o u t  t h e  genome. I t  s h o u l d  b e  



s t r e s s e d  t h a t  t h e r e  a re  many d i f f e r e n t  k i n d s  o f  r e p e a t  f a m i l i e s  

i n  t h e  a n i m a l  a n d  p l a n t  g e n o m e s  a n d  t h a t  t h o s e  d i s c u s s e d  h e r e  

w e r e  s e l e c t e d  t o  i l l u s t r a t e  a possible m o d e l  d e s c r i b e d  f o r  t h e  

e v o l u t i o n  of r e p e a t  DNA. I t  a p p e a r s  t h a t  t h e  d i f f e r e n c e s  

b e t w e e n  r e p e a t  f a m i l i e s  w i t h i n  a n d  b e t w e e n  s p e c i e s  a r e  d u e  to  

d i f f e r e n c e s  i n  rates  o f  a m p l i f i c a t i o n  a n d  d i s p e r s i o n  o f  r e p e a t  

f a m i l y  members .  T h i s  m e c h a n i s m  may be u l t i m a t e l y  c o n t r o l l e d  b y  

genome s i z e .  

A v e r y  e l e g a n t  u s e  o f  r e p e a t  DNA h a s  b e e n  made b y  t h e  c e l l .  

T e l o m e r i c  s e q u e n c e s  c o n t a i n  t a n d e m l y  r e p e a t i n g  u n i t s  w h i c h  a re  3 

k b  i n  l e n g t h .  T h e s e  telomeres a re  f o u n d  t o  m e d i a t e  a s s o c i a t i o n s  

o f  chromosomes  b y  p r e v e n t i n g  f u s i o n  a n d  a l l o w i n g  s o m e  t r a n s i e n t ,  

end- to -end  a s s o c i a t i o n  o f  n o n h o m o l o g o u s  chromosomes  d u r i n g  

i n t e r p h a s e  a n d  meio t i c  p r o p h a s e  i n  p l a n t s ,  i n s e c t s  a n d  mammalian  

n u c l e i  ( R u b i n ,  1977). The telomeres o f  t h e  f i v e  major 

chromosomal  a r m s  i n  D r o s o p h i l a  c o n t a i n  common b u t  n o t  i d e n t i c a l  

r e p e a t  f a m i l i e s .  A c l o n e d  r e p e a t ,  Dm356 w a s  f o u n d  i n  t h e  

telomeric s e q u e n c e s  a n d  a l s o  c o u l d  h y b r i d i z e  w i t h  members  f r o m  

t h e  c o p i a  f a m i l y .  T h e  c l o n e  w a s  made  f r o m  RNA so i t  c o u l d  b e  

t h a t  t r a n s p o s a b l e  e l e m e n t s  w h i c h  are  t r a n s c r i b e d  a r e  a l s o  f o u n d  

i n  t h e  telomeric s e q u e n c e s .  T h e  telomere r e g i o n s  o f  t h e  

chromosomes  a l s o  h a v e  t h i n  f i b r e s  o f  DNA e x t e n d i n g  f r o m  them 

w h i c h  c o n n e c t e d  to  o t h e r  c h r o m o s o m e s  i n c l u d i n g  t h e  p o l y t e n e s .  

T h e s e  f i b r e s  a l so  h a v e  3 k b  r e p e a t s  a n d  c o u l d  r e a c t  w i t h .  t h e  



c l o n e d  r e p e a t  f rom Dm356. 

The c e n t r o m e r e  c o n t a i n s  v e r y  s h o r t  t andem r e p e a t s  which  a r e  

c h a r a c t e r i z e d  a s  s a t e l l i t e  DNA and may b e  s t r u c t u a l l y  i m p o r t a n t  

t o  t h e  c e l l  d u r i n g  r e p l i c a t i o n  o r  d i v i s i o n  ( R u b i n ,  1 9 7 7 ) .  

S a t e l l i t e  s e q u e n c e s  a r e  n o t  u s u a l l y  w e l l  c o n s e r v e d  ( L e e ,  1981 ;  

Lohe, 1 9 8 1 )  a l t h o u g h  some mouse s a t e l l i t e  D N A s  h a v e  b e e n  

c o n s e r v e d  w i t h i n  t h e  Genus Apodemus and  t h e  Genus - Mus (Brown and 

Dover ,  1979;  1 9 8 0 ) .  R e s t r i c t i o n  enzyme d i g e s t i o n  o f  s a t e l l i t e  

DNA r e s u l t s  i n  t h e  f o r m a t i o n  o f  m u l t i m e r i c  b a n d i n g  p a t t e r n s  

o b s e r v e d  i n  a g a r o s e  g e l s  d u e  to  los s  o r  g a i n  o f  r e s t r i c t i o n  

enzyme si tes.  F r e q u e n t  r e a m p l i f i c a t i o n  o f  r e a r r a n g e d  r e p e a t  

f a m i l i e s  g e n e r a t e s  s e q u e n c e  h e t e r o g e n i e t y  commonly found  i n  

c e n t r o m e r i c  s a t e l l i t e  DNA. 

The r e p e a t  DNA i n  s t a r f i s h  and r e p r e s e n t e d  by  pPo1431 may b e  

f rom t h e  h e t o c h r o m a t i n  r e g i o n s  o f  chromosomes. However, b o t h  

t h e  c e n t r o m e r i c  and telomeric s e q u e n c e s  a r e  r a r e l y  v e r y  w e l l  

c o n s e r v e d  o v e r  e v o l u t i o n a r y  t i m e s .  R e s t r i c t i o n  enzyme d i g e s t i o n  

o f  s e a  s t a r  DNA d o e s  n o t  r e s u l t  i n  t h e s e  m u l t i m e r i c  b a n d i n g  

p a t t e r n s  found  i n  s a t e l l i t e  DNA n o r  d o  t h e  c l o n e d  r e p e a t s  

d i g e s t e d  by  a  v a r i e t y  o f  r e s t r i c t i o n  enzymes p r o d u c e  a l a d d e r  

e f f e c t  i n  a g a r o s e  g e l s .  T h e r e f o r e ,  t h e  o n l y  common f e a t u r e  o f  

t h e  s t a r f i s h  DNA w i t h  h e t e r o c h r o m a t i c  r e p e a t  DNA is t h a t  b o t h  

a r e  t andemly  a r r a n g e d  i n  t h e  genome. 



T h e r e  a r e  many d i f f e r e n t  k i n d s  o f  r e p e a t  f a m i l i e s  found  i n  

advanced  o r g a n i s m s  and  i t  may b e  imag ined  t h a t  d u r i n g  

s p e c i a t i o n ,  s p e c i f i c  f a m i l i e s  a r e  p e r h a p s  s e l e c t i v e l y  a m p l i f i e d  

w h i l e  o t h e r s  are  s t o p p e d  or members are l o s t  f rom a n  a n c e s t r a l  

c l u s t e r .  I f  t h e r e  is a l i m i t e d  t o l e r a n c e  f o r  r e p e a t  DNA i n  t h e  

genome t h e n  o n l y  a r e s t r i c t e d  number o f  r e p e a t  DNA f a m i l i e s  may 

expand ,  d i s a l l o w i n g  o t h e r s  to  a m p l i f y  i n  t h a t  genome. Why or  

how r e p e a t  f a m i l i e s  c o u l d  b e  s e l e c t e d  f o r ,  e s p e c i a l l y  d u r i n g  t h e  

s p e c i a t i o n  p r o c e s s ,  c a n  o n l y  b e  s p e c u l a t e d  upon,  a l t h o u g h  from 

t h e s e  s t a r f i s h  s t u d i e s  o f  t h e  pPo1431 f a m i l y  it is c l e a r  t h a t  

when t h e  s t a r f i s h  o r d e r s  d i v e r g e d ,  t h e  f a m i l y  was n o  l o n g e r  

a m p l i f i e d  e x c e p t  i n  t h e  P i s a s t e r  l i n e a g e .  

Summary. 

1. P i s a s t e r  o c h r a c e u s  genomic  DNA i s o l a t e d  f rom spe rm was 

r e s t r i c t i o n  enzyme d i g e s t e d  w i t h  BamHI which  p r o d u c e d  f r a g m e n t s  

3.9 kb i n  l e n g t h  o b s e r v e d  a s  a  band i n  a n  e l e c t r o p h o r e t i c  g e l .  

2. The band o f  f r a g m e n t s  w e r e  c l o n e d  i n t o  t h e  t e t r a c y c l i n e  

r e s i s t a n c e  g e n e  o f  pBR322. P o s i t i v e  t r a n s f o r m a n t s  w e r e  

s e l e c t e d ,  t h e i r  p l a s m i d  DNA a m p l i f i e d  and i s o l a t e d .  

3. P l a s m i d s  c o n t a i n i n g  3.9 kb i n s e r t s  were d e s i g n a t e d  pPo1431, 

pPo1289, pPo1675 and  pPo328. R e s t r i c t i o n  enzyme a n a l y s i s  showed 



that pPo1431 and pPo1675 3.9 kb inserts were in the reverse 

orientation to that of pPo1289 and pPo328 inserts. 

4. EcoRI, HincII and AvaI restriction enzyme sites were mapped 

in the repeat DNA of pPo1431. 

5. The four cloned repeats have identical EcoRI restriction 

sites but HaeIII digestion shows that these repeats are 

different since the banding patterns varied in polyacrylamide 

gel electrophoresis. 

6. Reassociation kinetics at 60•‹c and 0.12 M Na phosphate 

buffer show that there are 500 copies of the repeat members in 

P. - ochraceus, 300 copies in A P. brevispinus, 130 in Evasterias, 

190 in Pycnopodia, and 80 copies in Dermasterias. 

7. Thermal denaturation chromatography indicated that the repeat 

family sequence is more conserved than single copy DNA. 

8. At the 60•‹c reassociation criterion there is approximately 

2.6, 7.2, 7.2 and 12.1% sequence divergence in the repeat family 

in the related species P. - brevispinus, Evasterias, Pycnopodia 

and Dermasterias, respectively. Lowering the temperature of 

reassociation to allow hybridization of more divergent members 

in the family in all five species did not produce a measurable 



d i f f e r e n c e  be tween  t h e  Tm v a l u e s  o b s e r v e d  a t  60•‹c c r i t e r i o n .  

9 .  T h e r e  is a  f o l d - b a c k  component  i n  t h e  3.9 kb r e p e a t  which 

r e a s s o c i a t e s  a t  l o w  C o t  v a l u e s  and  b i n d s  10-15% o f  3 2 ~ - l a b e l e d  

pPo1431 i n s e r t  t o  h y d r o x y a p a t i t e  co lumns .  

1 0 .  The t o t a l  l e n g t h  o f  t h e  r e p e a t i n g  e l e m e n t  i n  t h e  P i s a s t e r  

o c h r a c e u s  and  P i s a s t e r  b r e v i s p i n u s  genomes  is 5.3 kb 

d e m o n s t r a t e d  b y  S o u t h e r n  t r a n s f e r  o f  r e s t r i c t i o n  enzyme d i g e s t e d  

genomic  DNA r e a c t e d  w i t h  3 2 ~ - l a b e l e d  r e p e a t  DNA from pPo1431. 

11. S o u t h e r n  b l o t  a n a l y s i s  a l s o  showed t h a t  t h e  r e p e a t  members 

a r e  c l u s t e r e d  i n  - P. o c h r a c e u s ,  - P. b r e v i s p i n u s  and  D e r m a s t e r i a s  

w i t h  p e r h a p s  some d i s p e r s i o n  i n d i c a t e d  b y  a u t o r a d i o g r a p h  b a n d s  

a p p e a r i n g  away f rom t h e  main  c l u s t e r  o f  r e p e a t s .  

1 2 .  M e t h y l a t i o n  o f  '5-CG-3' s i tes a t  t h e  c y t o s i n e  r e s i d u e  was 

d e t e c t e d  i n  - P. o c h r a c e u s  o n l y  a f t e r  d i g e s t i o n  o f  genomic  DNA 

f rom P. o c h r a c e u s ,  P. b r e v i s p i n u s  and  D e r m a s t e r i a s  w i t h  MspI and 

H p a I I .  S o u t h e r n  t r a n s f e r  and h y b r i d z i a t i o n  w i t h  r e p e a t  p r o b e  

from pPo1431 p r o d u c e d  t h e  same b a n d i n g  p a t t e r n s  i n  P. 

b r e v i s p i n u s  and  D e r m a s t e r i a s  b u t  t h e r e  was o n e  1 .6  kb  band i n  

t h e  HpaI I  d i g e s t  o f  P. o c h r a c e u s  which  was n o t  o b s e r v e d  i n  t h e  

~ s p  I d i g e s t .  



1 3 .  The r e p e a t  f a m i l y  i s  n o t  found i n  e g g  RNA n o r  is i t  

r e p r e s e n t e d  i n  r i b o s o m a l  s e q u e n c e s .  
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