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ABSTRACT 

T h i s s t u d y examined t h e n u c l e a r e v e n t s i n Paramecium a u r e l i a 
d o u b l e t s f o l l o w i n g s e x u a l r e o r g a n i z a t i o n t o : 1) Determine how l o s s i n 
number o f m a c r o n u c l e i i n o l d e r c l o n e s o c c u r r e d ; 2) Q u a n t i t a t i v e l y a n a l y s e 
the DNA c o n t e n t o f F e u l g e n - s t a i n e d d o u b l e t m a c r o n u c l e i and the d i s t r i 
b u t i o n o f DNA t o d a u g h t e r c e l l s a t d i v i s i o n ; and 3) Q u a n t i t a t i v e l y com
pare s i n g l e t and d o u b l e t P_. a u r e l i a w i t h r e s p e c t t o DNA c o n t e n t , t o t a l 
p r o t e i n c o n t e n t , and l e n g t h o f t h e c e l l c y c l e . 

I f t h e s i t u a t i o n was a n a l o g o u s t o t h a t i n s i n g l e t s , f o u r macro-
n u c l e a r a n l a g e n would be e x p e c t e d i n d o u b l e t s f o l l o w i n g c o n j u g a t i o n o r 
autogamy. R e s u l t s , however, showed t h a t t h e number o f m a c r o n u c l e a r 
a n l a g e n i n d o u b l e t s v a r i e d c o n s i d e r a b l y . A l s o , a number o f "abnormal" 
a n l a g e n were o b s e r v e d i n d o u b l e t s which appeared t o be u n d e r g o i n g macro-
n u c l e a r r e g e n e r a t i o n . G e n e t i c e v i d e n c e i n d i c a t e d t h a t t h e c a u s e o f 
v a r i a b i l i t y i n t h e number o f a n l a g e n was due t o abnormal p a t t e r n s o f 
d e t e r m i n a t i o n o f t h e p r o d u c t s o f t h e s e c o n d p o s t - z y g o t i c d i v i s i o n o f 
the s y n k a r y a , presumably as a consequence o f the abnormal morphology o f 
d o u b l e t c e l l s . D i s t r i b u t i o n o f m a c r o n u c l e a r a n l a g e n a t t h e f i r s t c e l l 
d i v i s i o n was a l s o i r r e g u l a r ; o n l y 34.3% o f t h e d a u g h t e r c e l l s showed 
the e x p e c t e d 2:2 d i s t r i b u t i o n o f a n l a g e n . Loss o f t h e s e c o n d m a c r o n u c l e u s 
o c c u r r e d by t h e f o u r t h t o f i f t h c e l l c y c l e . M i s d i v i s i o n ( f a i l u r e t o 
d i v i d e ) and m i s s e g r e g a t i o n o f m a c r o n u c l e i , mechanisms which c o u l d a c c o u n t 
f o r m a c r o n u c l e a r l o s s , were o b s e r v e d t o be o c c u r r i n g a p p r o x i m a t e l y 15-20% 

i i 
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and f i v e - e i g h t p e r c e n t o f t h e t i m e . G e n e t i c e v i d e n c e showed t h a t f u s i o n 
o f m a c r o n u c l e i , a t h i r d mechanism which c o u l d a c c o u n t f o r l o s s o f macro-
n u c l e i , c o u l d n o t t a k e p l a c e more t h a n about 15% o f t h e t i m e , i f i t i n 
f a c t o c c u r r e d a t a l l . 

The DNA c o n t e n t o f d o u b l e t s v a r i e d s l i g h t l y between s t o c k s , as 
w e l l as between c e l l s w i t h i n s t o c k s . DNA c o n t e n t i n d o u b l e t s was n o t 
s t r i c t l y p r o p o r t i o n a l t o t h e number o f m a c r o n u c l e i p e r c e l l ; a d d i t i o n a l 
m a c r o n u c l e i i n c r e a s e d t he DNA c o n t e n t , b ut not i n p r o p o r t i o n t o t h e 
number o f m a c r o n u c l e i . T h e r e f o r e , mechanisms were p r e s e n t which r e g u l a t e d 
the amount o f DNA p e r c e l l t o a more n e a r l y c o n s t a n t amount t h a n would 
be e x p e c t e d from t h e number o f m a c r o n u c l e i a l o n e . When d a u g h t e r c e l l s 
c o n t a i n e d e q u a l numbers o f m a c r o n u c l e i , t h e mean d i f f e r e n c e i n DNA c o n t e n t 
between s i s t e r c e l l s was about f i v e p e r c e n t o f t h e ^ DNA c o n t e n t and 
the i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t between s i s t e r c e l l DNA was h i g h 
(+0.7 o r more). In c o n t r a s t , when unequal numbers o f m a c r o n u c l e i were 
p r e s e n t i n d a u g h t e r c e l l s , t h e DNA c o n t e n t s were q u i t e u n e q u a l ; however, 
t h i s i n e q u a l i t y was not s t r i c t l y p r o p o r t i o n a l t o t h e number o f m a c r o n u c l e i 
p e r c e l l . No n e t r e g u l a t i o n o f DNA c o n t e n t o c c u r r e d d u r i n g t h e DNA 
s y n t h e s i s p e r i o d o f the c e l l c y c l e as e v i d e n c e d by t h e f a c t t h a t t h e r e 
was no s i g n i f i c a n t d i f f e r e n c e i n v a r i a t i o n between d o u b l e t c e l l s h a v i n g 
the G.j v e r s u s t h e ^ amount o f DNA. 

A c o m p a r i s o n o f DNA c o n t e n t i n P. a u r e l i a s i n g l e t s and d o u b l e t s 
showed t h a t t h e mean G^ DNA c o n t e n t o f d o u b l e t s was a p p r o x i m a t e l y 192% 
t h a t o f s i n g l e t s . F u r t h e r , t h e mean DNA c o n t e n t o f m i c r o n u c l e i i n s i n g l e t 
and d o u b l e t c e l l s was the same. A s i m i l a r c o mparison o f t o t a l p r o t e i n 
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c o n t e n t showed t h a t d o u b l e t s had a p p r o x i m a t e l y t w i c e t h e m a c r o m o l e c u l a r 
d r y mass o f s i n g l e t s . As r e p o r t e d by K i m b a l l ( 1 9 6 7 ) , i t was found t h a t 
the r a t i o between d r y mass and DNA c o n t e n t i n d o u b l e t s i s c o n s t a n t when 
both t he c e l l and the macronucleus a r e d o u b l i n g i n each c e l l c y c l e . 

F i n a l l y , i t was shown t h a t d o u b l e t P_. a u r e l i a have a v e g e t a t i v e 
c e l l c y c l e l a s t i n g a p p r o x i m a t e l y 164% o f t h e l e n g t h o f s i n g l e t s . I t 
was s u g g e s t e d t h a t t h e G-j p e r i o d i n d o u b l e t s may be s h o r t e r w i t h i n 
c r e a s e d c e l l s i z e as was o b s e r v e d by K i l l a n d e r and Z e t t e r b e r g (1965a,b) 
i n mammalian c e l l s , t h e r e b y a l l o w i n g more time f o r growth i n t h e s m a l l e r 
than i n t h e l a r g e r c e l l s b e f o r e DNA s y n t h e s i s b e g i n s . 
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INTRODUCTION 

The d o u b l e t b i o t y p e has been o b s e r v e d i n a v a r i e t y o f C i l i a t e s 
i n c l u d i n g Paramecium a u r e l i a . T h i s s t u d y examines the consequences o f 
the d o u b l e t b i o t y p e on the number o f m a c r o n u c l e i , t h e i r DNA c o n t e n t and 
the d i s t r i b u t i o n o f m a c r o n u c l e a r DNA t o t h e d a u g h t e r c e l l s a t d i v i s i o n . 

The S u r f a c e Morphology o f Paramecium a u r e l i a S i n g l e t s 
Paramecium a u r e l i a i s a h o l o t r i c h o u s C i l i a t e which c o n t a i n s 

i n i t s c o r t e x a p p r o x i m a t e l y 5,000 c i l i a and b a s a l b o d i e s i n a b o u t 4,000 
u n i t t e r r i t o r i e s a r r a n g e d i n some 75 rows o r k i n e t i e s w hich r u n , f o r 
the most p a r t , from p o l e t o p o l e . T h i s p a t t e r n i s i n t e r r u p t e d on t h e 
v e n t r a l s u r f a c e o f t h e c e l l by the mouth o r b u c c a l c a v i t y around which 
the a n t e r i o r and p o s t e r i o r ends o f t h e k i n e t i e s bend inw a r d t o form 
a n t e r i o r and p o s t e r i o r s u t u r e s ( F i g u r e 1 ) . The i n g e s t a t o r y a p p a r a t u s 
o f P_. a u r e l i a c o n s i s t s o f a f u n n e l shaped g u l l e t , o r c y t o p h a r y n x , l o c a t e d 
a t t h e base o f an o v a l - s h a p e d d e p r e s s i o n o f t h e c e l l s u r f a c e , t h e v e s 
t i b u l e . The e n t i r e i n g e s t a t o r y a p p a r a t u s i s a c o n t i n u a t i o n o f t h e c o r t e x 
and a p p e a r s t o be composed o f m o d i f i e d k i n e t i e s . O t h e r s u r f a c e l a n d 
marks i n c l u d e two c o n t r a c t i l e v a c u o l e p o r e s on a m e r i d i a n a b o u t 180° 
away from the mouth (35-40 k i n e t i e s t o t h e r i g h t ) , and a c y t o p r o c t w hich 
l i e s p o s t e r i o r t o t h e mouth a t t h e j u n c t i o n between t h e r i g h t and l e f t 
p o s t e r i o r f i e l d s o f k i n e t i e s (Sonneborn, 1963, 1970b f o r r e v i e w ) . 

1 
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S u r f a c e S t r u c t u r e o f P_. a u r e l i a D o u b l e t s 

D o u b l e t paramecia o c c a s i o n a l l y a r i s e as a consequence o f d e l a y e d 
s e p a r a t i o n and s u b s e q u e n t complete f u s i o n o f two c o n j u g a t i n g normal 
s i n g l e t c e l l s . Thus each d o u b l e t c o n t a i n s two c omplete s e t s o f c o r t i c a l 
s t r u c t u r e s w i t h v e s t i b u l e s and g u l l e t s 180° a p a r t on t h e s u r f a c e o f 
the c e l l ( F i g u r e 2 ) . The two s e t s o f c o r t i c a l s t r u c t u r e s a r e e f f e c t i v e l y 
f u s e d w i t h t h e r i g h t v e n t r a l s u r f a c e o f one o f t h e o r i g i n a l c e l l s ad
j o i n i n g t h e l e f t v e n t r a l s u r f a c e o f the o t h e r and v i c e v e r s a ( F i g u r e 3 ) . 
F o l l o w i n g d o u b l e t f o r m a t i o n t h e c o r t i c a l phenotype i s s t a b l e ; e v e n t s 
which o c c u r a t d i v i s i o n i n t h e o r a l segment o f s i n g l e t s happen i n both 
o r a l segments o f d o u b l e t s . (See Sonneborn, 1963, f o r a d e t a i l e d r e v i e w . ) 

Sonneborn (1960, 1963, 1970b) f u r t h e r d e m o n s t r a t e d i n an e l e g a n t 
s e r i e s o f e x p e r i m e n t s t h a t t h e h e r e d i t a r y d i f f e r e n c e between s i n g l e t s 
and d o u b l e t s i s n o t due t o d i f f e r e n c e s i n n u c l e a r genes,, m a c r o n u c l e a r 
d i f f e r e n t i a t i o n , o r f r e e l y f l o w i n g c y t o p l a s m ; t h e p a t t e r n o f c o r t i c a l 
i n h e r i t a n c e i s semi-autonomous i n a g e n e t i c s e n s e . 

The S t r u c t u r e and Development o f N u c l e i 
As i n n e a r l y a l l C i l i a t e s , two t y p e s o f n u c l e i o f s t r i k i n g l y 

d i f f e r e n t s t r u c t u r e and o r g a n i z a t i o n a r e p r e s e n t i n P_. a u r e l i a : m i c r o -
n u c l e i and m a c r o n u c l e i ( R a i k o v , 1972, f o r r e v i e w ) . The d i p l o i d m i c r o -
n u c l e u s i s a compact s t r u c t u r e which can be as s m a l l as 1.5 t o 2.0 ym 
i n d i a m e t e r , and which d i v i d e s m i t o t i c a l l y d u r i n g t h e l a t t e r p a r t o f 
each v e g e t a t i v e c e l l c y c l e by means o f an i n t r a n u c l e a r s p i n d l e ( S t e v e n s o n 
and L l o y d , 1971). The DNA i n m i c r o n u c l e i i s v e r y t i g h t l y p a c k e d ; a l m o s t 
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n o t h i n g i s known o f i t s p h y s i c a l c o n f i g u r a t i o n . However, i t s p a t t e r n 
o f r e p l i c a t i o n has been s t u d i e d . 

The r e s t r i c t i o n o f DNA s y n t h e s i s t o a c e r t a i n p a r t o f t h e c e l l 
c y c l e forms t h e b a s i s f o r s u b d i v i s i o n o f t h e c e l l c y c l e i n t o f o u r s e g 
ments. The i n t e r v a l between t h e end o f n u c l e a r d i v i s i o n and t h e s t a r t 
o f DNA s y n t h e s i s i s c a l l e d G-|, t h e p e r i o d o f DNA s y n t h e s i s , S, t h e p e r i o d 
e x t e n d i n g f r o m t h e end o f DNA s y n t h e s i s to t h e b e g i n n i n g o f n u c l e a r 
d i v i s i o n , Gg. and the p e r i o d o f c e l l d i v i s i o n , D. 

Woodard, G e l b e r and S w i f t (1961) r e p o r t e d t h a t m i c r o n u c l e a r DNA 
s y n t h e s i s began midway t h r o u g h t h e c e l l c y c l e and t e r m i n a t e d a f t e r o n l y 
t h i r t y t o f o r t y m i n u t e s . T h e i r c o n c l u s i o n s were based on m i c r o s p e c t r o -
p h o t o m e t r i c measurements o f F e u l g e n s t a i n e d c e l l s o f known age. P a s t e r n a k 
( 1 9 6 7 ) , however, u s i n g a more s e n s i t i v e a u t o r a d i o g r a p h i c a n a l y s i s f o u n d 
t h a t m i c r o n u c l e a r DNA s y n t h e s i s was i n i t i a t e d a b o u t h a l f w a y t h r o u g h t h e 
c e l l c y c l e and l a s t e d f o r a p p r o x i m a t e l y 80 m i n u t e s . S y n t h e s i s was com
p l e t e d by the end o f t h e f i r s t 2/3 o f t h e c y c l e . P u l s e l a b e l i n g e x p e r i -
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ments u s i n g H - U r i d i n e and H-Leucine f u r t h e r i n d i c a t e t h a t m i c r o n u c l e i 
a r e competent i n RNA and p r o t e i n s y n t h e s i s which p r e c e d e s t h e o n s e t o f 
( m i c r o n u c l e a r ) DNA s y n t h e s i s and c o n t i n u e s c o n c u r r e n t l y d u r i n g the mid-
p o r t i o n o f the c e l l c y c l e ( P a s t e r n a k , 1967). 

The m a cronucleus i s much l a r g e r ( a p p r o x i m a t e l y 15 x 40 ym i n 
s i z e ) and has a G-j DNA c o n t e n t o f a p p r o x i m a t e l y 860 times t h e h a p l o i d 
DNA c o n t e n t (Woodard e t a l _ . , 1961; A l l e n and G i b s o n , 1972; B e r g e r , 1973). 
The e x a c t arrangement o f t h e DNA i n t h e m a cronucleus i s unknown; however, 
u l t r a s t r u c t u r a l e x a m i n a t i o n r e v e a l s two d i s t i n c t t y p e s o f b o d i e s w i t h i n 



i t : L a r g e b o d i e s ( J u r a n d , B e a l e and Young, 1962; D i p p e l l and S i n t o n , 
1963; S t e v e n s o n and L l o y d , 1971b) up t o 1.2 ym i n d i a m e t e r , i r r e g u l a r 
i n o u t l i n e , and f i b r o g r a n u l a r i n a p p e a r a n c e and s m a l l b o d i e s ( J u r a n d , 
B e a l e and Young, 1962; D i p p e l l and S i n t o n , 1963; S t e v e n s o n and L l o y d , 
1971b) ab o u t 0.1-0.2 ym i n d i a m e t e r , a l s o i r r e g u l a r i n shape, and f i b 
r i l l a r i n u l t r a s t r c u c t u r e . The l a r g e b o d i e s a r e n u c l e o l i and t h e s m a l l 
b o d i e s a r e c e n t r e s o f condensed c h r o m a t i n (Nanneyland R u d z i n s k a , 1960; 
D i p p e l l and S i n t o n , 1963; W o l f e , 1967; J u r a n d and J a c o b , 1969). Wolfe 
(1967) o b s e r v e d u n s e c t i o n e d c h r o m a t i n g r a n u l e s and s u g g e s t e d t h a t t h e y 

o o 

a r e i n t e r c o n n e c t e d by f i b r i l s o f a b o u t 100 A i n d i a m e t e r , f o r m i n g a 
c o n t i n u o u s network. B i o c h e m i c a l o b s e r v a t i o n s by A l l e n and G i b s o n (1972) 
s u g g e s t t h a t m a c r o n u c l e a r DNA i s o r g a n i z e d i n f u l l genomes and t h a t t h e 
m a c r o n u c l e a r DNA m o l e c u l e s a r e d o u b l e s t r a n d e d and o f a h i g h m o l e c u l a r 
w e i g h t . 

S t u d i e s on t h e time c o u r s e o f m a c r o n u c l e a r DNA s y n t h e s i s u s i n g 
p h o t o m e t r i c t e c h n i q u e s (Walker and M i t c h i s o n , 1957; K i m b a l l and B a r k a , 
1959; K i m b a l l e t a l _ . , 1960; Woodard e t a l _ . , 1961) r e p o r t t h a t DNA s y n 
t h e s i s b e g i n s about 50% o f t h e way t h r o u g h t h e c e l l c y c l e and c o n t i n u e s 
up t o d i v i s i o n . A u t o r a d i o g r a p h i c a n a l y s i s o f t h e p a t t e r n o f m a c r o n u c l e a r 
DNA r e p l i c a t i o n , however, shows t h a t m a c r o n u c l e a r DNA s y n t h e s i s b e g i n s 
a b r u p t l y a b o u t 25% o f t h e way t h r o u g h the c e l l c y c l e and c o n t i n u e s u n t i l 
t h e f o l l o w i n g d i v i s i o n w i t h l i t t l e o r no ^ p e r i o d ( B e r g e r and K i m b a l l , 
1964; B e r g e r , 1971). The s e n s i t i v i t y o f a u t o r a d i o g r a p h i c methods i n 
d e t e c t i n g s m a l l amounts o f DNA s y n t h e s i s may e x p l a i n why t h e o n s e t o f 
DNA s y n t h e s i s was o b s e r v e d e a r l i e r i n the c e l l c y c l e than i n p r e v i o u s 
p h o t o m e t r i c s t u d i e s . 
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C o n j u g a t i o n and Development o f t h e M a c r o n u c l e u s i n P_. a u r e l i a S i n g l e t s 

S i n c e P_. a u r e l i a has two m i c r o n u c l e i and both undergo m e i o s i s , 
t h e r e a r e e i g h t h a p l o i d m e i o t i c p r o d u c t s . One l o c a t e d n e a r t h e boundary 
between the two mates e n t e r s a newly formed p r o t r u s i o n , t h e " p a r o r a l 
cone" ( D i l l e r , 1936) and undergoes a m o d i f i e d m i t o t i c d i v i s i o n w h i l e 
the o t h e r seven d i s i n t e g r a t e and a r e r e s o r b e d . One o f t h e s e h a p l o i d 
n u c l e i becomes a s t a t i o n a r y ("female") p r o n u c l e u s , w h i l e t h e o t h e r be
comes a m i g r a t o r y ("male") p r o n u c l e u s . In t h e c a s e o f c o n j u g a t i o n , 
male p r o n u c l e i a r e exchanged near t h e r e g i o n where t h e p a r o r a l cones 
o f the two mates o v e r l a p , p r o d u c i n g a h e t e r o z y g o u s d i p l o i d s y n k a r y o n i n 
each mate. In autogamy, a s i m i l a r p r o c e s s o c c u r s i n s i n g l e c e l l s , t h e 
male p r o n u c l e u s f u s e s w i t h i t s " s i s t e r " f e m a l e p r o n u c l e u s t o produce a 
homozygous d i p l o i d s y n k a r y o n (Sonneborn, 1937, 1947). The u l t r a s t r u c -
t u r a l d e t a i l s o f m e i o s i s i n t h e m i c r o n u c l e i o f P_. a u r e l i a d u r i n g c o n 
j u g a t i o n and autogamy have been d e s c r i b e d by S t e v e n s o n ( 1 9 7 2 ) . 

A t t h e b e g i n n i n g o f each s e x u a l g e n e r a t i o n new m a c r o n u c l e i d e v e l o p 
from t h e d i p l o i d d i v i s i o n p r o d u c t s o f t h e s y n k a r y o n formed a t f e r t i l i 
z a t i o n . The n u c l e a r e v e n t s o c c u r r i n g d u r i n g c o n j u g a t i o n o r autogamy 
were f i r s t d e s c r i b e d by H e r t w i g (1889); Maupas (1889); and D i l l e r ( 1936). 
The normal m a c r o n u c l e a r c o n d i t i o n i s r e s t o r e d a f t e r mating by t h e passage 
o f one o f the two m a c r o n u c l e a r a n l a g e n o r new m a c r o n u c l e i , w i t h o u t d i v i 
s i o n t o each o f t h e two d a u g h t e r c e l l s formed a t t h e f i r s t f i s s i o n ( F i g u r e 
5 a ) . The new m a c r o n u c l e i d i v i d e a t t h e second and s u b s e q u e n t f i s s i o n s . 
A p p r o x i m a t e l y 95% o f t h e DNA i n m a c r o n u c l e a r a n l a g e n i s s y n t h e s i z e d d u r i n g 
the s e c o n d c e l l c y c l e ( B e r g e r , 1973). 
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D u r i n g c o n j u g a t i o n t h e o l d mac r o n u c l e u s b r e a k s down t o form 

a p p r o x i m a t e l y 35 m a c r o n u c l e a r f r a g m e n t s which do n o t d i v i d e , and a r e 
s e g r e g a t e d among the c e l l s o f t h e e x c o n j u g a n t c l o n e . Fragments may p e r 
s i s t as l o n g as 13 c e l l c y c l e s b e f o r e t h e y a r e c o m p l e t e l y a u t o l y s e d ; 
however, a u t o l y s i s o f some fragments b e g i n s as e a r l y as the f o u r t h c e l l 
i n w e l l - f e d e x c o n j u g a n t s ( B e r g e r , 1973). The r a t e o f DNA s y n t h e s i s i n 
fragments i s much l o w e r than t h a t i n normal m a c r o n u c l e i , and d e c r e a s e s 
e x p o n e n t i a l l y w i t h t i m e . RNA s y n t h e s i s i n m a c r o n u c l e a r fragments c o n 
t i n u e s a t a r a t e s i m i l a r t o t h a t i n m a c r o n u c l e i f o r a t l e a s t as l o n g as 
n i n e c e l l c y c l e s a f t e r c o n j u g a t i o n ( B e r g e r , 1973). Gene a c t i v i t y i n 
fragments has been d e t e c t e d as l a t e as t h e e l e v e n t h c e l l c y c l e ( B e r g e r , 
i n p r e s s ) . 

N u c l e a r E v e n t s i n P_. a u r e l i a D o u b l e t s 
In newly formed d o u b l e t s , f o u r m a c r o n u c l e a r a n l a g e n would be 

e x p e c t e d i f the s i t u a t i o n was a n a l o g o u s t o t h a t i n s i n g l e t s ( F i g u r e 5 b ) . 
At t h e f i r s t f i s s i o n , two a n l a g e n would s e g r e g a t e t o each d a u g h t e r c e l l , 
g i v i n g r i s e t o two m a c r o n u c l e i . A f t e r a r e l a t i v e l y s h o r t t i m e , t h e two 
m a c r o n u c l e i g i v e way t o a s i n g l e l a r g e r m a c r o n u c l e u s i n t h e l a t e r progeny 
(Sonneborn, 1963). The c u r r e n t s t u d y i n v e s t i g a t e s t h e k i n e t i c s o f t h i s 
phenomenon w h i c h , u n t i l now, has n o t been examined i n d e t a i l . N o r m a l l y , 
the m a c r o n u c l e u s o f a s n m g l e t o c c u p i e s a p o s i t i o n c l o s e t o t h e g u l l e t 
w i t h i t s major a x i s e x t e n d i n g l o n g i t u d i n a l l y ; i n d o u b l e t s t h e macro-
n u c l e u s u s u a l l y l i e s c l o s e t o both g u l l e t s , w i t h i t s major a x i s t r a n s 
v e r s e ( F i g u r e 4c) (Sonneborn, 1963). Four m i c r o n u c l e i remain i n t h e 
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l a t e r progeny o f the d o u b l e t c l o n e (two on each s i d e ) and f u n c t i o n d u r i n g 
c o n j u g a t i o n o r autogamy ( F i g u r e 5 b ) . 

D o u b l e t s can mate b i l a t e r a l l y w i t h two s i n g l e t mates, one on 
each o f t h e i r two v e n t r a l s u r f a c e s . Mating may a l s o o c c u r between two 
d o u b l e t s , each o f which can a c c e p t a n o t h e r d o u b l e t . I f o n l y one mate 
i s p r e s e n t , c o n j u g a t i o n o c c u r s on i t s mated s i d e and autogamy o c c u r s 
s i m u l t a n e o u s l y on i t s unmated s i d e (Chun, 1969). 

V a r i a t i o n s i n t h e normal d i s t r i b u t i o n o f m a c r o n u c l e a r a n l a g e n 
have been r e p o r t e d i n S t o c k 51, syngen 4 o f P_. a u r e l i a d o u b l e t s ( B u t z e l , 
1970) and i n a tandem d o u b l e t c l o n e (Can 18) o f P_. b u r s a r i a (Chen, 1949). 
In c o n j u g a t i n g c e l l s which became " b r i d g e d - p a i r s " ( F i g u r e 3a) and f a i l e d 
t o s e p a r a t e b e f o r e the f i r s t f i s s i o n , t h e number o f m a c r o n u c l e a r f r a g 
ments d e c r e a s e d w h i l e t h e fragments i n c r e a s e d i n s i z e ( B u t z e l , 1970). 
Abnormal d i s t r i b u t i o n o f a n l a g e n r e s u l t e d i n o n l y 1/3 o f the d o u b l e t s 
showing two a n l a g e n i n each h a l f o f t h e f u s e d p a i r . L a t e r e x p e r i m e n t s 
( B u t z e l , 1973) r e v e a l e d t h a t 84% o f c y t o p l a s r t r i c a l l y - b r i d g e d p a i r s (CBPs) 
c o n t a i n e d f o u r a n l a g e n (each c o n t r o l s i n g l e t c o n t a i n e d two), and o n l y 
about 1/2 o f t h e CBPs had a 2:2 d i s t r i b u t i o n o f t h e m a c r o n u c l e i between 
t h e i r h a l v e s . M i c r o n u c l e a r numbers and p o s i t i o n s were a l s o i r r e g u l a r . 
In a l l , o n l y 12% o f t h e CBPs were found t o have a normal d i s t r i b u t i o n 
o f two m a c r o n u c l e i and two m i c r o n u c l e i i n each h a l f o f t h e d o u b l e t w h i l e 
the r e m a i n d e r p o s s e s s e d some t y p e o f abnormal d i s t r i b u t i o n . 

The k i n e t i c s o f l o s s o f the second m a c r o n u c l e u s i n d o u b l e t s has 
been examined by S a m o i l o f f ( p e r s o n a l c o m m u n i c a t i o n ) , who o b s e r v e d an 
a p p r o x i m a t e l y e x p o n e n t i a l d e c r e a s e i n the number o f m a c r o n u c l e i f o l l o w i n g 
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a s e x u a l c y c l e , t h e l a t e r progeny c o n t a i n i n g o n l y a s i n g l e l a r g e macro-
n u c l e u s w i t h v a r i a b l e numbers o f m i c r o n u c l e i . 

Goals o f t h e P r e s e n t Study 
The major g o a l s o f t h e s t u d y a r e : 1) To g i v e an a c c o u n t o f 

the n u c l e a r e v e n t s f o l l o w i n g c o n j u g a t i o n i n d o u b l e t s ; how many macro-
n u c l e i a r e determrimed, t h e i r d i s t r i b u t i o n t o c e l l s a t t h e f i r s t f i s s i o n 
a f t e r r e o r g a n i z a t i o n and t o examine the mechanism(s) by which a s i n g l e 
macronucleus remains i n o l d e r c l o n e s ; 2) To Q u a n t i t a t i v e l y a n a l y s e t h e 
DNA c o n t e n t o f d o u b l e t c e l l s and t h e d i s t r i b u t i o n o f DNA t o d a u g h t e r 
c e l l s a t f i s s i o n ; and 3) To q u a n t i t a t i v e l y compare s i n g l e t s and d o u b l e t s 
w i t h r e s p e c t t o DNA c o n t e n t , m a c r o m o l e c u l a r d r y mass and l e n g t h o f t h e 
c e l l c y c l e . 



F i g u r e 1. S u r f a c e morphology o f P. a u r e l i a s i n g l e t s . 
a . V e n t r a l o r o r a l s u r f a c e , a , a n t e r i o r p o l e ; 

a l , a n t e r i o r l e f t k i n e t y f i e l d ; a r , a n t e r i o r 
r i g h t k i n e t y f i e l d ; c , c i r c u m o r a l o r v e s t i b u l a r 
k i n e t y f i e l d ; c v p , c o n t r a c t i l e v a c u o l e p o r e ; 
m, mouth; p. p o s t e r i o r p o l e ; p i , p o s t e r i o r l e f t 
k i n e t y f i e l d ; p r , p o s t e r i o r r i g h t k i n e t y f i e l d ; 
py, c y t o p r o c t ; s, p r e o r a l s u t u r e . 

b. D o r s a l o r a b o r a l s u r f a c e . 

F i g u r e 2. S u r f a c e morphology o f P_. a u r e l i a d o u b l e t s . 
a. S u r f a c e a t upper f o c a l l e v e l , a, a n t e r i o r p o l e ; 

a l , a n t e r i o r l e f t k i n e t y f i e l d ; a r , a n t e r i o r r i g h t 
k i n e t y f i e l d , c v p , c o n t r a c t i l e v a c u o l e p o r e ; g, 
g u l l e t ; m, mouth; p, p o s t e r i o r p o l e ; p r , p o s t e r i o r 
r i g h t k i n e t y f i e l d , p i , p o s t e r i o r l e f t k i n e t y f i e l d ; 
py» c y t o p r o c t ; s, p r e o r a l s u t u r e ; c , c i r c u m o r a l o r 
v e s t i b u l a r k i n e t y f i e l d . 



10 
A a A a 

F I G . 2 



11 

F i g u r e 3. D o u b l e t f o r m a t i o n r e s u l t i n g from d e l a y e d s e p a r a t i o n 
o f two c o n j u g a t i n g s i n g l e t c e l l s . 
a. Two s i n g l e c e l l s j o i n e d as a " b r i d g e d - p a i r " a t t h e 

p o i n t where ("male") gametes a r e exchanged. 
b. A l a t e r d o u b l e t r e s u l t i n g from t h e " b r i d g e d - p a i r " 

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

t h e two mates j o i n e d from p o l e t o p o l e , a, a n t e r i o r 
p o l e ; m, mouth; p, p o s t e r i o r p o l e . 

F i g u r e 4. P o s i t i o n o f n u c l e i i n s i n g l e t and d o u b l e t P. a u r e l i a . 
a. P o s i t i o n o f t h e macronucleus i n P. a u r e T i a s i n g l e t s . 
b. T y p i c a l p o s i t i o n o f m a c r o n u c l e i Tn P. a u r e l i a doub-

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

c. T y p i c a l p o s i t i o n o f the macronucleus i n P_. a u r e l i a 
d o u b l e t s d u r i n g v e g e t a t i v e growth, a, a n t e r i o r p o l e ; 
mac, m a c r o n u c l e u s ; m, mouth; g, g u l l e t ; m i c , m i c r o -
n u c l e u s ; p, p o s t e r i o r p o l e . 
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F i g u r e 5. Diagram o f n u c l e a r b e h a v i o r d u r i n g autogamy i n Paramecium  
a u r e l i a s i n g l e t s F i g u r e 5a and i n d o u b l e t s i f t h e s i t u a t i o n 
were analo g o u s t o t h a t i n s i n g l e t s F i g u r e 5b. 
I, I I , I I I - r e s p e c t i v e m a t u r a t i o n d i v i s i o n s o f t h e m i c r o -
n u c l e i , pn - p r o n u c l e i , sk - s y n k a r y o n , 1 , 2 - s y n k a r y o n 
d i v i s i o n s , a - f i r s t exautogamous c e l l d i v i s i o n . In t h e 
exautogamont and i t s o f f s p r i n g , h a t c h e d c i r c l e s a r e macro
n u c l e a r a n l a g e n , s m a l l b l a c k c i r c l e s a r e new m i c r o n u c l e i . 
C r o s s e s mark d e g e n e r a t i n g n u c l e i . The d o t t e d l i n e s i n 

F i g u r e 5b shown a t t h e f i r s t exautogamous c e l l d i v i s i o n 
denote t h a t two o f t h e f o u r m a c r o n u c l e a r a n l a g e n i n t h e 
p a r e n t exautogamont have an equal p r o b a b i l i t y o f g o i n g t o 
e i t h e r one o f t h e two d a u g h t e r c e l l s . 





MATERIALS AND METHODS 

C u l t u r e o f P a r a m e c i a 
V a r i o u s s t r a i n s o f d o u b l e t Paramecium a u r e l i a , syngen 4, s t o c k 

51-S ( w i l d - t y p e ) were grown a t 27°C on C e r o p h y l r y e g r a s s medium ( C e r o -
phyl L a b o r a t o r i e s , Kansas C i t y , Mo., U.S.A.) w i t h A e r o b a c t e r aerogenes 
as the f o o d o r g a n i s m (Sonneborn, 1970a). The pH o f t h e c u l t u r e f l u i d 
was a d j u s t e d t o 6.8-7.0 b e f o r e use. A l l s t o c k s were m a i n t a i n e d i n p r e 
v i o u s l y a u t o c l a v e d d e p r e s s i o n s l i d e s and s t o r e d i n p l a s t i c m o i s t chambers. 

S t o c k s 
D o u b l e t s t r a i n s 3 A 2 S p l A , 3 A 2 S p l B , H9W, KVD4, 3A, and 2B were 

o b t a i n e d from the Sonneborn L a b o r a t o r i e s , I n d i a n a U n i v e r s i t y , B l o o m i n g t o n . 
They a r e d e r i v e d f r o m s t o c k 51; t h e p a r e n t a l genotypes a r e unknown. 
S t o c k GM.j was o b t a i n e d from a c r o s s o f w i l d - t y p e c e l l s u s i n g a n t i s e r u m 
t r e a t m e n t (Appendix I ) . S t o c k s GM 2 and GM 3 were o b t a i n e d s i m i l a r l y ; 
s t o c k GM 2, however, c o n t a i n s the mutant gene amac (am) i n homozygous 
c o n d i t i o n . T h i s gene c a u s e s m i s - s e g r e g a t i o n o f m a c r o n u c l e i a t d i v i s i o n 
i n a v a r i a b l e f r a c t i o n o f d i v i d i n g c e l l s (Sonneborn, 1954) and t h e r e f o r e 
was used o n l y i n i n v e s t i g a t i o n s c o n c e r n i n g t h e c y t o p l a s m i c c o n t e n t o f 
d o u b l e t s . 
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C y t o l o g i c a l T e c h n i q u e s 

C e l l s were p r e p a r e d f o r s t a i n i n g by i s o l a t i n g s i n g l e c e l l s i n 
a m i c r o - d r o p o f c u l t u r e f l u i d and a l l o w i n g them t o d r y i n rows on an 
a l b u m e n i z e d m i c r o s c o p e s l i d e . F o l l o w i n g f i x a t i o n i n e t h a n o l - a c e t i c a c i d 
(3:1) f o r 20 minutes and h y d r o l y s i s i n 1 N HCL (60°C) f o r 11 m i n u t e s , 
t h e n u c l e i were s t a i n e d w i t h 0.5% A z u r e A o r L e u c o b a s i c f u c h s i n (Appendix 
I ) , d e h y d r a t e d by d r y i n g and mounted i n C a r g i l l ' s t y p e 'A' i n d e x o f 
r e f r a c t i o n immersion o i l . R e l a t i v e c y t o p l a s m i c c c o n t e n t o f s i n g l e t and 
d o u b l e t c e l l s was d e t e r m i n e d by d r y i n g t h e c e l l s i n m i c r o - d r o p s o f c u l t u r e 
f l u i d on a l b u m e n i z e d s l i d e s . A f t e r f i x a t i o n , c e l l s were s t a i n e d w i t h 
A c i d F a s t - G r e e n o r Na p t h o l y e l l o w - S (Appendix I ) . D i p p e l l ' s s t a i n (Appen
d i x I) ( D i p p e l l , 1955) was used t o i d e n t i f y m a c r o n u c l e a r f r a g m e n t s . 
T h i s was a t e s t f o r n u c l e a r r e o r g a n i z a t i o n w hich o c c u r s d u r i n g c o n j u g a t i o n 
o r autogamy. 

V a l u e s o f r e l a t i v e DNA and c y t o p l a s m i c c o n t e n t f o r s i n g l e t and 
d o u b l e t c e l l s were o b t a i n e d by s c a n n i n g p h o t o g r a p h i c n e g a t i v e s o f s t a i n e d 
c e l l s w i t h a s c a n n i n g i n t e g r a t i n g m i c r o d e n s i t o m e t e r (Appendix I ) . 



RESULTS AND DISCUSSION 

SECTION I 
DETERMINATION, DEVELOPMENT AND DISTRIBUTION OF 

MACRONUCLEI IN P_. a u r e l i a DOUBLETS 

A. The Number and D i s t r i b u t i o n o f M a c r o n u c l e a r A n l a g e n i n D o u b l e t 
Paramecium a u r e l i a F o l l o w i n g Sexual R e o r g a n i z a t i o n 

The p u r p o s e o f t h e s e e x p e r i m e n t s was t o examine t h e number and 
d i s t r i b u t i o n o f m a c r o n u c l e a r a n l a g e n i n d o u b l e t s f o l l o w i n g c o n j u g a t i o n 
u s i n g c y t o l o g i c a l and g e n e t i c means. 

1. ilnriifcial Number o f Anlagen Per C e l l 
The i n i t i a l number o f m a c r o n u c l e a r a n l a g e n p e r c e l l i n s t o c k 

GM 3 d o u b l e t s was examined a f t e r b i l a t e r a l c o n j u g a t i o n w i t h s i n g l e t mates. 
Both d o u b l e t and s i n g l e t e x c o n j u g a n t s were d r i e d on a l b u m e n i z e d m i c r o 
scope s l i d e s and s t a i n e d w i t h Azure-A d u r i n g t h e f i r s t c e l l c y c l e . A 
s m a l l number o f abnormal e x c o n j u g a n t d o u b l e t s which f a i l e d t o d i v i d e 
w i t h i n 120 hours a f t e r c o n j u g a t i o n were a l s o examined. 

W h i l e f o u r a n l a g e n would t h e o r e t i c a l l y be e x p e c t e d i n d o u b l e t 
e x c o n j u g a n t s , t h e number o f a n l a g e n o b s e r v e d i n d o u b l e t s v a r i e d ( T a b l e I ) . 
Four m a c r o n u c l e a r a n l a g e n were f o u n d i n the l a r g e s t number (71/133) o f 
e x c o n j u g a n t s i n which t h e number o f a n l a g e n c o u l d be unambiguously d e t e r 
mined. However, n e a r l y as many c e l l s (60/133) c o n t a i n e d o n l y two a n l a g e n . 
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TABLE I 
NUMBERS OF MACRONUCLEAR ANLAGEN IN DOUBLETS IN 

THE FIRST CELL CYCLE FOLLOWING CONJUGATION 

No. o f 
A n l a g e n / C e l l No. % 

0 1 0.7 
1 4 3.0 
2 60 45.1 
3 2 1.5 
4 71 53.3 

T o t a l 133 
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These r e s u l t s i m p l y t h a t , a t l e a s t i n t h i s s t o c k , t h e r e i s s u b s t a n t i a l 
d e p a r t u r e from the number o f a n l a g e n (4) e x p e c t e d i n d o u b l e t s . 

In most e x p e r i m e n t s t h e r e were some c e l l s which d i d n o t d i v i d e 
a f t e r r e o r g a n i z a t i o n . A sample o f 42 o f t h e s e abnormal c e l l s were a l s o 
s t a i n e d 120 hours a f t e r c o n j u g a t i o n and examined. These c e l l s , which 
o c c u r r e d i n s e v e r a l e x p e r i m e n t s w i t h a v a r i e t y o f d o u b l e t s t o c k s , grew 
v e r y l a r g e and changed p r o g r e s s i v e l y from t h e s t u b b y " t o r p e d o " shape o f 
a normal d o u b l e t t o a n e a r l y s p h e r i c a l form. Thus t h e y were nicknamed 
" b a s k e t b a l l s . " The " b a s k e t b a l l syndrome" was seen i n v a r y i n g d egrees 
i n e v e r y e x p e r i m e n t f o l l o w i n g m a c r o n u c l e a r r e o r g a n i z a t i o n , p a r t i c u l a r l y 
i n exautogamonts. The b a s i s o f t h i s change i s unknown. N u c l e a r morpho
l o g y i n " b a s k e t b a l l s " v a r i e s , a l t h o u g h most c e l l s u s u a l l y have one o r 
two l a r g e f a i n t l y s t a i n i n g a n l a g e n w i t h f ragments o f t h e f o r m e r macro-
n u c l e u s i n l a t e s t a g e s o f a u t o l y s i s ( F i g u r e 6 a ) . L a r g e n u c l e o l a r f u s i o n 
masses which a r e n o r m a l l y seen i n d e v e l o p i n g a n l a g e n i n s i n g l e t s ( B e r g e r , 
1973) were a l s o seen i n t h e l a r g e m a c r o n u c l e a r a n l a g e n o f b a s k e t b a l l s 
( F i g u r e 6 b ) . E a r l i e r workers have not r e p o r t e d such abnormal c e l l s 
a l t h o u g h perhaps c e l l s showing t h i s phenotype have been d i s c a r d e d and 
t h e i r d e t a i l s o m i t t e d from the d a t a . The number o f a n l a g e n i n t h e sample 
o f 42 " b a s k e t b a l l s " i s o b s e r v e d i n T a b l e I I . The numbers o f m i c r o n u c l e i 
and abnormal a n l a g e n f o r a s e l e c t e d sample o f " b a s k e t b a l l s " i s g i v e n 
i n T a b l e I I I . 

The d a t a i n d i c a t e t h a t d e v i a t i o n s from t h e normal p a t t e r n o f 
n u c l e a r e v e n t s d u r i n g s e x u a l r e o r g a n i z a t i o n ( F i g u r e 5) o c c u r f r e q u e n t l y 
i n d o u b l e t P_. a u r e l i a . I t i s a p p a r e n t from t h e d a t a i n T a b l e I t h a t 
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F i g u r e 6 (a and b ) . Photographs o f d o u b l e t c e l l s which d i d not 
d i v i d e f o r a p e r i o d o f 120 hours a f t e r c o n j u g a t i o n and 
were r e f e r r e d t o as " b a s k e t b a l l s . " 
ma - m a c r o n u c l e a r a n l a g e n , mf - m a c r o n u c l e a r f r a g m e n t s , 
nfm - n u c l e o l a r f u s i o n mass, mi- m i c r o n u c l e u s . x 890. 



FIGURE 6 
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TABLE I I 
DISTRIBUTION OF MACRONUCLEAR ANLAGEN IN 
DOUBLETS WHICH DO NOT DIVIDE FOLLOWING 

NUCLEAR REORGANIZATION 

No. o f 
A n l a g e n / C e l l No. % 

0 1 2.3 
1 25 59.5 
2 13 30.9 
3 1 2.3 
4 _2 4.7 

T o t a l 42 
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TABLE I I I 
NUMBERS OF NORMAL ANLAGEN, ABNORMAL ANLAGEN, 
AND MICRONUCLEI OBSERVED IN A SELECTED SAMPLE 

OF NON-DIVIDING DOUBLETS FOLLOWING NUCLEAR 
REORGANIZATION 

T o t a l Number 
No. o f Normal No. o f Abnormal No. o f o f D e r i v a t i v e s o f 
A n l a g e n / C e l l A n l a g e n / C e l l M i c r o n u c l e i t h e Two Synkaryons 

2 0 6 8 
1 0 11 12 
1 0 6 7 
2 5 4 11 
2 4 2 8 
4 0 4 8 
1 7 0 8 
0 8 0 8 
2 0 7 9 
3 1 4 8 
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o n l y s l i g h t l y more than h a l f o f the c e l l s examined d u r i n g the f i r s t 
c e l l c y c l e had f o u r a n l a g e n , as would be e x p e c t e d from t h e p a t t e r n o f 
e v e n t s i n normal s i n g l e t s . I s p e c u l a t e t h a t e i t h e r one o f two e v e n t s 
must be o c c u r r i n g : 

a) t h a t d o u b l e t s c o n t a i n i n g two a n l a g e n r e s u l t e d from a u n i l a t e r a l 
m ating w i t h o n l y one o f t h e s i n g l e t c e l l s w h i l e presumably t h e o t h e r 
p a i r o f m i c r o n u c l e i f a i l e d t o undergo o r complete m e i o s i s and d e g e n e r a t e d 
(Sonneborn, 1951); o r 

b) t h a t e v e r y d o u b l e t s t a r t s w i t h f o u r d i p l o i d d i v i s i o n p r o d u c t s o f 
each o f the two s y n k a r y a o f which v a r i a b l e numbers a r e d e t e r m i n e d t o 
become m a c r o n u c l e i . 

F i r s t , g e n e t i c e v i d e n c e shows t h a t c e l l s w i t h o n l y two a n l a g e n 
ar e p r e s e n t i n which t h e d o u b l e t i n d e e d mated on both s i d e s . W i l d - t y p e 
d o u b l e t s ( s t o c k GM^) were mated on both s i d e s t o pawn (pw/pw) s i n g l e t s . 
A f t e r c o n j u g a t i o n , the t h r e e c e l l s were i s o l a t e d and t h e phenotype o f 
the s i n g l e t c e l l s d e t e r m i n e d . Both s i n g l e t and d o u b l e t c e l l s were then 
s t a i n e d w i t h Azure-A d u r i n g the f i r s t exconjugant c e l l c y c l e t o d e t e r m i n e 
the number o f m a c r o n u c l e a r a n l a g e n . A s c h e m a t i c d i a g r a m o f t h e e x p e r i 
ment i s shown i n F i g u r e 7. 

Of 42 m a t i n g t r i p l e t s i n which t h e b e h a v i o r a l phenotype o f t h e 
s i n g l e t e x c o n j u g a n t s was s c o r e d , 18 s i n g l e t s c o n t i n u e d t o d i s p l a y t h e 
pawn phenotype i n d i c a t i n g t h e y ha'd n o t mated. T h i s means t h a t t h e i r 
d o u b l e t p a r t n e r s had o n l y mated on one s i d e . E very s i n g l e t c o n t a i n e d 
two m a c r o n u c l e a r a n l a g e n and numerous m a c r o n u c l e a r fragments showing 
t h a t a l l had undergone n u c l e a r r e o r g a n i z a t i o n , e i t h e r t h r o u g h cytogamy 
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F i g u r e 7. Diagram o f e x p e r i m e n t i n which w i l d - t y p e d o u b l e t c e l l s 
were b i l a t e r a l l y mated w i t h s i n g l e t s b e a r i n g t h e b e h a v i o r a l 
mutant gene pawn (pw/pw). E x c o n j u g a n t s i n g l e t s were s c o r e d 
f o r a v o i d a n c e b e h a v i o r i n D r y l ' s s o l u t i o n (Appendix I) 
a f t e r c o n j u g a t i o n t o d e t e r m i n e i f m a t i n g had o c c u r r e d . 
In both Case 1 and Case 2, e x c o n j u g a n t d o u b l e t c e l l s were 
fo u n d t o c o n t a i n v a r i a b l e numbers o f m a c r o n u c l e a r a n l a g e n . 
(See e x p l a n a t i o n i n t e x t . ) +/+ - w i l d - t y p e d o u b l e t c o n -
j u g a n t , pw/pw - pawn s i n g l e t c o n j u g a n t s . 



CASE I (pw/pw) CASE 2 

FIGURE 7 
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o r c o n j u g a t i o n . F u r t h e r m o r e , n i n e o f the 18 d o u b l e t s which mated on 
o n l y one s i d e had f o u r a n l a g e n , w h i l e f i v e were found t o have two a n l a g e n 
and one c e l l c o n t a i n e d o n l y one a n l a g e . The o t h e r t h r e e were u n s c o r e a b l e 
because one c e l l b u r s t w h i l e b e i n g t r a n s f e r r e d and i d e n t i f i c a t i o n o f 
the a n l a g e n i n t h e o t h e r two was i m p o s s i b l e because t h e numerous d a r k l y -
s t a i n i n g m a c r o n u c l e a r fragments o b s c u r e d t h e a n l a g e n . Of t h e 24 r e m a i n i n g 
d o u b l e t s which mated on both s i d e s , seven had f o u r a n l a g e n , s i x had two, 
two had one, and one c e l l had t h r e e . The r e m a i n i n g e i g h t c e l l s c o u l d n o t 
be s c o r e d because m a c r o n u c l e a r f r a g m e n t s ^ o b s c u r e d t h e a n l a g e n . These 
r e s u l t s r u l e o u t the p o s s i b i l i t y t h a t d o u b l e t s c o n t a i n i n g two a n l a g e n 
i n t he f i r s t c e l l c y c l e a r i s e o n l y f o l l o w i n g u n i l a t e r a l f e r t i l i z a t i o n . 

F u r t h e r , t h e o c c u r r e n c e o f u n i l a t e r a l f e r t i l i z a t i o n i n d o u b l e t s 
seems u n l i k e l y as j u d g e d from Chen's o b s e r v a t i o n s o f tandem d o u b l e t s 
(Chen, 1949), where he r e p o r t e d t h a t i n Paramecium b u r s a r i a , c h a i n s o f 
two c e l l s f r e q u e n t l y o c c u r r e d when a c e l l d i v i d e d and t h e two d a u g h t e r 
c e l l s f a i l e d t o s e p a r a t e ; both l a t e r growing t o a d u l t s i z e but r e m a i n i n g 
c o n n e c t e d by a s l e n d e r p r o t o p l a s m i c b r i d g e . In an e x p e r i m e n t where a 
s i n g l e t c e l l was mated t o the a n t e r i o r component o f the tandem p a i r , 
the m i c r o n u c l e u s i n the p o s t e r i o r component underwent t h e u s u a l m e i o t i c 
changes. T h i s i n d i c a t e s t h a t t h e i n f l u e n c e o f t h e c o n t a c t between t h e 
a n t e r i o r component and t h e s i n g l e animal must have p a s s e d t o t h e p o s t e r i o r 
component by means o f the p r o t o p l a s m i c b r i d g e . A f t e r the o n s e t o f con
j u g a t i o n t h e d i f f e r e n t i a t i o n o f the two p r o n u c l e i t a k e s p l a c e i n both 
i n d i v i d u a l s o f t h e p a i r , even though t h e p o s t e r i o r h a l f o f t h e d o u b l e t 
does n o t mate w i t h any a n i m a l . Exchange o f t h e h a p l o i d p r o n u c l e i t a k e s 
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p l a c e o n l y between t h e a n t e r i o r h a l f o f t h e d o u b l e t animal and t h e s i n g l e 
animal b u t the m i g r a t o r y p r o n u c l e u s i n t h e p o s t e r i o r h a l f o f the tandem 
d o u b l e t moves t o the v i c i n i t y o f t h e p o s t e r i o r mouth r e g i o n as i f a 
c o n j u g a n t were a t t a c h e d to t h a t p a r t o f i t s body. No c a s e was o b s e r v e d 
i n which the m i g r a t o r y p r o n u c l e u s i n t h e p o s t e r i o r h a l f o f t h e d o u b l e t 
breaks t h r o u g h the c e l l membrane; r a t h e r i t f u s e s w i t h t h e s t a t i o n a r y 
p r o n u c l e u s i n t h e same h a l f t o form a s y n k a r y o n . Autogamy thus o c c u r s 
i n t h e p o s t e r i o r h a l f o f the d o u b l e t a n i m a l . When t h e c o n j u g a n t s s e p a r a t e , 
the e x c o n j u g a n t d o u b l e animal u s u a l l y c o n t a i n s e i g h t n u c l e i , w h i l e t h e 
s i n g l e animal c o n t a i n s f o u r n u c l e i . The number o f n u c l e i t h a t become 
m a c r o n u c l e a r a n l a g e n i s v a r i a b l e . In most o f the e x c o n j u g a n t s i n g l e 
a n i m a l s , two (sometimes t h r e e ) o f t h e f o u r n u c l e i become a n l a g e n . In 
the e x c o n j u g a n t tandem d o u b l e t a n i m a l s , two o r f o u r o r f i v e o f t h e e i g h t 
n u c l e i d e v e l o p e d i n t o a n l a g e n . 

A l t h o u g h tandem d o u b l e t s d i f f e r i n morphology and o r i g i n from 
the homopolar d o u b l e t s used i n my own e x p e r i m e n t s , e x a m i n i n g t h e d a t a 
i n T a b l e I I I on " b a s k e t b a l l s " i t becomes a p p a r e n t t h a t the t y p e o f n u c l e a r 
b e h a v i o r seen i n t h e s e c e l l s i s s i m i l a r to t h a t o b s e r v e d by Chen i n P_. 
b u r s a r i a . S i x o u t o f 10 o f t h e s e c e l l s had e i g h t s y n k a r y o n d i v i s i o n 
p r o d u c t s which would have a r i s e n from two s y n k a r y o n s , a l t h o u g h i t i s 
n o t a b l e t h a t f o r t h e most p a r t , t h e v a r i a t i o n s o c c u r r e d i n t h e number 
o f m i c r o n u c l e i o r abnormal a n l a g e n . The i m p o r t a n t q u e s t i o n t o be c o n 
s i d e r e d a t t h i s p o i n t i s how do d o u b l e t c e l l s s t a r t i n g w i t h e i g h t d i p l o i d 
d i v i s i o n p r o d u c t s o f the two z y g o t e n u c l e i f o l l o w i n g s e x u a l r e o r g a n i 
z a t i o n end up w i t h v a r i e d numbers o f a n l a g e n , m i c r o n u c l e i , and a n l a g e n 
which appear abnormal. 



29 
The d i s c o v e r y t h a t d i s p l a c e m e n t o f s y n k a r y o n d e r i v a t i v e s by 

c e n t r i f u g a t i o n i n Paramecium (Sonneborn, 1953) and Tetrahymena (Nanney, 
1953) i s f o l l o w e d by d e v i a t i o n s from the normal p a t t e r n o f d i f f e r e n 
t i a t i o n o f m a c r o n u c l e a r a n l a g e n may, however, shed some l i g h t on t h i s 
q u e s t i o n . These and o t h e r e x p e r i m e n t s d e m o n s t r a t e t h a t t h e d i f f e r e n t 
f a t e s o f t h e d e r i v a t i v e s o f t h e l a s t s y n k a r y o n d i v i s i o n depend on t h e i r 
d i f f e r e n t p o s i t i o n s i n t h e c y t o p l a s m . The s p i n d l e s o f t h e l a s t s y n k a r y o n 
d i v i s i o n a r e u s u a l l y p a r a l l e l t o each o t h e r and p a r a l l e l t o t h e l o n g i 
t u d i n a l a x i s o f t h e e x c o n j u g a n t ' s body, so t h a t d e r i v a t i v e s o f t h e s e 
s p i n d l e s l i e i n two g r o u p s , t h e a n t e r i o r and t h e p o s t e r i o r . The n u c l e i 
o f the a n t e r i o r group u s u a l l y d e v e l o p i n t o m a c r o n u c l e a r a n l a g e n , and 
n u c l e i o f t h e p o s t e r i o r group i n t o m i c r o n u c l e i . The s y n k a r y o n d e r i 
v a t i v e s seem t o be " s e n s i t i v e " t o t h e r e g i o n a l c y t o p l a s m i c i n f l u e n c e s 
d u r i n g a s h o r t time o n l y ; oonce d i f f e r e n t i a t i o n has s e t i n , i t becomes 
i r r e v e r s i b l e (Sonneborn, 1953; Nanney, 1953). Maupas (1889) r e p o r t e d 
t h a t d i f f e r e n t i a t i o n o f the a n t e r i o r s y n k a r y o n d e r i v a t i v e s rimto macro
n u c l e a r a n l a g e n o c c u r s i n P_. a u r e l i a as w e l l as P_. caudatum, C o l p i d i urn  
c o l p o d a , and Tetrahymena p a t u l a . F u r t h e r , E g e l h a a f (1955) d e m o n s t r a t e d 
t h a t c y t o p l a s m i c g r a d i e n t s a r e r e s p o n s i b l e f o r the d e t e r m i n a t i o n o f 
m a c r o n u c l e a r a n l a g e n and m i c r o n u c l e i , by c u t t i n g P_. b u r s a r i a exconjugants 
t r a n s v e r s e l y i m m e d i a t e l y a f t e r the l a s t s y n k a r y o n d i v i s i o n . 

Chen (1951) a l s o showed t h a t i n e x c o n j u g a n t s r e s u l t i n g from 
c r o s s e s between a young and an o l d c l o n e o f P_. b u r s a r i a t h a t t h e r a t i o 
o f m a c r o n u c l e a r a n l a g e n t o m i c r o n u c l e i may change towards an i n c r e a s e 
o f the number o f m i c r o n u c l e i a t t h e c o s t o f the a n l a g e n , as w e l l as i n 
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t h e o p p o s i t e d i r e c t i o n . However, t h e t o t a l number o f s y n k a r y o n d e r i 
v a t i v e s remained normal. 

The most r e a s o n a b l e e x p l a n a t i o n f o r the o c c u r r e n c e o f d o u b l e t s 
w i t h v a r i o u s d i s t r i b u t i o n s o f m a c r o n u c l e a r a n l a g e n , m i c r o n u c l e i , and 
abnormal a n l a g e n may be due t o t h e g r o s s l y abnormal makeup o f t h e c e l l . 
F o l l o w i n g t h e s e c o n d p o s t - z y g o t i c d i v i s i o n o f the two s y n k a r y a , when 
d e t e r m i n a t i o n n o r m a l l y o c c u r s , most o f t h e e i g h t d e r i v a t i v e s o f t h e two 
s y n k a r y a must have been d i s l o c a t e d from t h e i r p r o p e r o r i e n t a t i o n . In 
the c a s e o f the c e l l s h a v i n g 11-12 d e r i v a t i v e s , a t h i r d p o s t - z y g o t i c 
d i v i s i o n o f the p r o d u c t s o f one o f t h e s y n k a r y a must have o c c u r r e d . 
A d d i t i o n a l s y n k a r y o n d i v i s i o n s a r e f r e q u e n t l y f o l l o w e d by f o r m a t i o n o f 
supernumerary m a c r o n u c l e a r a n l a g e n ; abnormal supernumerary m a c r o n u c l e a r 
a n l a g e n a r i s i n g from a t h i r d d i v i s i o n o f t h e s y n k a r y o n have been r e p o r t e d 
i n P_. a u r e l i a e x c o n j u g a n t s ( H e r t w i g , 1889; Maupas, 1889). An abnormal 
f o u r t h s y n k a r y o n d i v i s i o n a l s o may o c c u r i n c i l i a t e s u s u a l l y h a v i n g 
t h r e e d i v i s i o n s , i . e . i n B u r s a r i a t r u n c a t e l l a ( P o l j a n s k y , 1934), and 
Paramecium caudatum ( D i l l e r , 1940; Maupas, 1889; O s s i p o v and S k o b l o , 1968) 
where i n s t e a d o f t h e u s u a l f o u r , f i v e t o n i n e m a c r o n u c l e a r a n l a g e n may 
appear i n t h e l a t t e r s p e c i e s f o l l o w i n g c o n j u g a t i o n , and one t o 10 a n l a g e n , 
f o l l o w i n g i n d u c e d autogamy ( R a i k o v , 1972, f o r r e v i e w ) . I t i s n o t un
l i k e l y t h a t d o u b l e t P_. a u r e l i a w i t h v a r i a b l e numbers o f m a c r o n u c l e a r 
a n l a g e n and a n l a g e n which a r e abnormal i n morphology a r i s e due t o s i m i l a r 
e v e n t s . 

I t s h o u l d be o b v i o u s , b u t commonly i s n o t r e c o g n i z e d as s u c h , 
t h a t t h e n u c l e i a l o n e c a n n o t d i r e c t t h e i r f a t e when t h e y a r e m a i n t a i n e d 
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i n a c e l l h a v i n g an abnormal c o r t e x and c y t o p l a s m . T h i s i s not m e r e l y 
because t h e r e s t o f the c e l l p r o v i d e s a l i m i t i n g membrane w i t h the f u n c 
t i o n o f r e g u l a t i n g i n g r e s s and e g r e s s o f m a t e r i a l s , f o r t h e r e a r e r e 
g i o n a l l y d i v e r s e d e c i s i v e a r e a s i n t h e i n t e r i o r o f a s p e c i f i c c e l l . 
N u c l e a r e v e n t s w i t h i n a c e l l t h e r e f o r e depend on a unique o v e r a l l o r 
g a n i z a t i o n . The v a r i o u s d e v e l o p m e n t a l and g e n e t i c e v e n t s which a r e 
r e g i o n a l l y l o c a l i z e d i n d i f f e r e n t p a r t s o f the c e l l i n t e r i o r may thus 
be dependent upon s p e c i f i c m o l e c u l a r c o m b i n a t i o n s between newly formed 
m o l e c u l e s d e r i v i n g from t h e genes and p r e - e x i s t i n g m o l e c u l a r p a t t e r n s 
a l r e a d y p r e s e n t i n the c o r t e x . 

The cause o f the abnormal phenotype and l a c k o f d i v i s i o n i n t h e 
" b a s k e t b a l l " c e l l s i s unknown. Perhaps e v e n t s which c o u l d g i v e r i s e 
to v a r i a b l e numbers o f m a c r o n u c l e a r a n l a g e n as mentioned p r e v i o u s l y , 
might a l s o i n h i b i t development o f n u c l e i o r o t h e r c r i t i c a l e v e n t s f o l 
l o w i n g r e o r g a n i z a t i o n . 

2. D i s t r i b u t i o n o f M a c r o n u c l e a r Anlagen a t the F i r s t C e l l D i v i s i o n 
The p a t t e r n o f d i s t r i b u t i o n o f m a c r o n u c l e a r a n l a g e n a t t h e f i r s t 

e x c o n j u g a n t c e l l d i v i s i o n i n d o u b l e t s was examined. S t o c k GM^ d o u b l e t 
c e l l s were mated on both s i d e s w i t h s i n g l e t s . A f t e r s e p a r a t i o n , t h e 
e x c o n j u g a n t d o u b l e t c e l l s were m a i n t a i n e d i n i n d i v i d u a l d e p r e s s i o n s l i d e 
c u l t u r e s . A t the f i r s t e x c o n j u g a n t c e l l d i v i s i o n both d a u g h t e r d o u b l e t s 
were d r i e d on a l b u m e n i z e d m i c r o s c o p e s l i d e s and s t a i n e d w i t h Azure-A. 

The d i s t r i b u t i o n o f a n l a g e n between d a u g h t e r c e l l s a t the f i r s t 
c e l l d i v i s i o n v a r i e d ( T a b l e I V ) . W h i l e n e a r l y 50% o f the p a r e n t d o u b l e t s 
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TABLE IV 
DISTRIBUTION OF MACRONUCLEAR ANLAGEN BETWEEN 

EACH SISTER CELL AT THE FIRST POST-
CONJUGATIONAL DIVISION 

Approximate Mean No. 
o f M i c r o n u c l e i 

Type No. % Per P a r e n t C e l l 

4:4 1 3.1 0 
4:2 1 3.1 2 
4:0 1 3.1 4 
3:1 4 12.5 4 
2:2 11 34.3 4 
2:1 5 15.6 5 
2:0 5 15.6 6 
1:1 4 12.5 6 



33 
c o n t a i n e d f o u r a n l a g e n (each c o n t r o l s i n g l e t e x c o n j u g a n t c o n t a i n e d t w o ) , 
o n l y 34.3% o f the d a u g h t e r c e l l s had the normal 2:2 d i s t r i b u t i o n o f 
a n l a g e n . 

F u r t h e r , f i v e o u t o f 32 c e l l s examined i n t h e s e c o n d c e l l c y c l e 
had t h r e e a n l a g e n p r e s e n t i n t h e p a r e n t e x c o n j u g a n t d o u b l e t . The two 
c a s e s i n which d o u b l e t s were found t o have a 4:2 and a 4:4 d i s t r i b u t i o n 
o f a n l a g e n i n t h e second c e l l c y c l e , s u g g e s t t h a t t h e p a r e n t c e l l s must 
have c o n t a i n e d s i x and e i g h t a n l a g e n r e s p e c t i v e l y . Here, as was o b s e r v e d 
p r e v i o u s l y ( T a b l e I I I ) , t h e r e was a t o t a l o f e i g h t d e r i v a t i v e s o f t h e 
two s y n k a r y o n s ( i n c l u d i n g m i c r o n u c l e i ) f o r each p a i r o f d a u g h t e r c e l l s . 

C e l l s examined i n t h e s e c o n d c e l l c y c l e a l s o s u p p o r t t h e hypo
t h e s i s o f a b n o r m a l i t i e s o f n u c l e a r d e t e r m i n a t i o n o c c u r r i n g i n t h e f i r s t 
c e l l c y c l e . Some c e l l s had s e v e r a l l a r g e d a r k - s t a i n i n g fragments and 
one o r two v e r y s m a l l abnormal l o o k i n g a n l a g e n , and appeared t o be i n 
the e a r l y s t a g e s o f m a c r o n u c l e a r r e g e n e r a t i o n o r "MR" (Sonneborn, 1947) 
( F i g u r e 8 ) . I f t h i s i s t r u e i t s u g g e s t s t h a t DNA s y n t h e s i s i n t h e macro
n u c l e a r f r a g m e n t s was n o t r e p r e s s e d t o t h e normal e x t e n t by t h e abnormal 
a n l a g e n and were u n d e r g o i n g MR as i f no a n l a g e n were p r e s e n t a t a l l . 

The wide v a r i a t i o n i n thennumber o f m a c r o n u c l e a r a n l a g e n between 
s i s t e r c e l l s ( T a b l e IV) a r o s e as a r e s u l t o f m i s s e g r e g a t i o n o f a n l a g e n 
a t t he f i r s t e x c o n j u g a n t c e l l d i v i s i o n ( F i g u r e 9 ) . My d a t a f o r d i s t r i 
b u t i o n r a t i o s o f a n l a g e n a r e comparable w i t h t h e r e s u l t s r e p o r t e d by 
B u t z e l (1973) who used i n c o m p l e t e l y f u s e d d o u b l e t s o r c y t o p l a s m i c a l l y -
b r i d g e d p a i r s ( C B P s ) . The f a c t t h a t my d a t a c o n c e r n e v e n t s o c c u r r i n g 
i n f u l l y formed d o u b l e t s emerging from c o n j u g a t i o n , w h i l e B u t z e l was des
c r i b i n g n u c l e a r phenomena i n CBPs, may a c c o u n t f o r the s m a l l d i s c r e p a n 
c i e s . 
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F i g u r e 8. Photograph o f a d o u b l e t emerging from s e x u a l r e 
o r g a n i z a t i o n i l l u s t r a t i n g abnormal n u c l e a r d e v e l o p 
ment, aa- abnormal m a c r o n u c l e a r a n l a g e n , r f - r e 
g e n e r a t i n g m a c r o n u c l e a r f r a g m e n t s , x 2240. 

F i g u r e 9. Examples o f the v a r i a t i o n i n d i s t r i b u t i o n due t o 
m i s s e g r e g a t i o n o f m a c r o n u c l e a r a n l a g e n a t t h e f i r s t 
p o s t - c o n j u g a t i o n a l c e l l d i v i s i o n between d a u g h t e r 
c e l l s d e r i v e d from a p a r e n t c e l l c o n t a i n i n g two o r 
f o u r a n l a g e n . a. Normal 2:2 d i s t r i b u t i o n o f a n l a g e n 
t o each d a u g h t e r c e l l from a p a r e n t d o u b l e t c o n t a i n i n g 
f o u r a n l a g e n . b. M i s s e g r e g a t i o n o f one a n l a g e a t t h e 
f i r s t p o s t - c o n j u g a t i o n a l c e l l d i v i s i o n p r o d u c i n g a 
3:1 d i s t r i b u t i o n i n t h e d a u g h t e r c e l l s , c. M i s 
s e g r e g a t i o n o f two a n l a g e n a t t h e f i r s t p o s t - c o n j u 
g a t i o n a l c e l l d i v i s i o n p r o d u c i n g a 4:0 d i s t r i b u t i o n 
i n t h e d a u g h t e r c e l l s , d. Normal 1:1 d i s t r i b u t i o n o f 
a n l a g e n t o each d a u g h t e r c e l l from a p a r e n t d o u b l e t 
c o n t a i n i n g two a n l a g e n . 3. M i s s e g r e g a t i o n o f both 
a n l a g e n a t the f i r s t p o s t - c o n j u g a t i o n a l c e l l d i v i s i o n 
p r o d u c i n g a 2:0 d i s t r i b u t i o n i n t h e d a u g h t e r c e l l s . 



FIGURE 9 
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3. Change i n Number o f M a c r o n u c l e i i n E x c o n j u g a n t and Exautogamous  

D o u b l e t Clones 
The p r e s e n c e o f a s i n g l e l a r g e macronucleus l y i n g t r a n s v e r s e l y 

between t h e two g u l l e t s i n d o u b l e t P_. a u r e l i a (Sonneborn, 1963) i n v i t e d 
a f u r t h e r s e r i e s o f e x p e r i m e n t s t o examine t h e k i n e t i c s o f m a c r o n u c l e a r 
l o s s i n d o u b l e t s f o l l o w i n g s e x u a l r e o r g a n i z a t i o n . E x c o n j u g a n t and ex
autogamous l i n e s were m a i n t a i n e d as s i n g l e c e l l i s o l a t e s . Each time 
a c e l l d i v i d e d , one o f the two d a u g h t e r c e l l s was d r i e d on an a l b u m e n i z e d 
s l i d e . A r e c o r d was kept i n d i c a t i n g t h a t t h e c e l l had d i v i d e d ( t o keep 
t r a c k o f t h e number o f f i s s i o n s t h a t each l i n e had u n d e r g o n e ) , and a 
l i s t o f the l i n e number and i t s a p p r o p r i a t e p l a c e on t h e s l i d e map was 
m a i n t a i n e d . The o b j e c t was t o f i x one d a u g h t e r c e l l a t each c e l l c y c l e 
f o r each o f t h e l i n e s t h r o u g h a p e r i o d o f 10 c e l l c y c l e s . When a l l o f 
the c e l l s had been f i x e d , t h e s l i d e s were s t a i n e d w i t h Azure-A o r Leuco-
b a s i c f u c h s i n (Appendix I) and the number o f m a c r o n u c l e i i n each c e l l 
were s c o r e d . From t h e l i n e numbers on t h e s l i d e map and a t a b l e o f 
the number o f f i s s i o n s undergone by each l i n e , t h e h i s t o r y o f each l i n e 
c o u l d be r e c o n s t r u c t e d . 

T h i s e x p e r i m e n t was done a number o f t i m e s u s i n g both e x c o n j u g a n t 
and exautogamous d o u b l e t s from a number o f s t o c k s . E x c o n j u g a n t s produced 
fewer " b a s k e t b a l l s " r e s u l t i n g i n h i g h e r numbers o f e x a m i n a b l e l i n e s t h a n 
d i d exautogamonts. 

The f i r s t s u c c e s s f u l e x p e r i m e n t o f t h i s t y p e was done u s i n g 
exautogamous c e l l s o f S t o c k KVD4. Of 46 v i a b l e l i n e s examined a t t h e 
second c e l l c y c l e , 89% o f the c e l l s had two n u c l e i , w h i l e 11% had one 
n u c l e u s ( F i g u r e 10a). Loss o f t h e second n u c l e u s i n c e l l s c o n t a i n i n g 
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two i n t h e second c e l l c y c l e was r o u g h l y e x p o n e n t i a l ( F i g u r e 10b), a l 
though i t was n o t u n t i l t h e n i n t h c e l l c y c l e t h a t 100% o f t h e c e l l s o f 
t h e 12 r e m a i n i n g l i n e s had o n l y one m a c r o n u c l e u s . The r e l i a b i l i t y o f 
the graphs i n F i g u r e s 10a and 10b f o r t h e l a t e r c e l l c y c l e s i s not as 
g r e a t as t h a t f o r t h e e a r l i e r , because o f t h e d e c l i n i n g sample s i z e i n 
t h e l a t e r c e l l c y c l e s . O c c a s i o n a l l y , l o s s o f t h e second m a c r o n u c l e u s 
was more r a p i d as i n e x p e r i m e n t s 1 and 3 shown i n T a b l e V, i n which 
complete l o s s o f t h e second m a cronucleus o c c u r r e d by t h e f i f t h t o s i x t h 
c e l l c y c l e s . In e x p e r i m e n t 3 o f T a b l e V, a l a r g e f r a c t i o n o f c e l l s 
(48/82) had o n l y a s i n g l e m a c r o n u c l e u s d u r i n g t h e second c e l l c y c l e . 

The d a t a show t h a t m a c r o n u c l e a r l o s s i n d o u b l e t s emerging from 
s e x u a l r e o r g a n i z a t i o n f o l l o w s a d e f i n i t e p a t t e r n . By t h e timemmost 
d o u b l e t s have r e a c h e d the f i f t h t o s i x t h c e l l c y c l e they c o n t a i n o n l y 
one m a c r o n u c l e u s ; t h e f r a c t i o n o f c e l l s h a v i n g t t w o m a c r o n u c l e i d e c r e a s e d 
e x p o n e n t i a l l y from the second c e l l c y c l e . These r e s u l t s a r e s i m i l a r t o 
t h o s e o b t a i n e d by S a m o i l o f f ( p e r s o n a l communication) who a l s o o b s e r v e d 
an a p p r o x i m a t e e x p o n e n t i a l d e c r e a s e i n t h e number o f c e l l s c o n t a i n i n g 
two m a c r o n u c l e i i n exautogamous d o u b l e t s . 

The o c c u r r e n c e o f a b n o r m a l i t i e s i n n u c l e a r d e t e r m i n a t i o n i n 
d o u b l e t s l e a d s t o t h e c o n c l u s i o n t h a t t h e r e a s o n s f o r t h e s e a b n o r m a l i t i e s 
l i e i n t h e n a t u r e o f t h e b a l a n c e between c o r t e x and c y t o p l a s m . F u r t h e r , 
t h e r e o c c u r r e n c e o f abnormal n u c l e a r d e t e r m i n a t i o n i n e x c o n j u g a n t s a f t e r 
p e r i o d s o f v e g e t a t i v e r e p r o d u c t i o n i n d i c a t e s t h a t t h e f r e q u e n c y o f abnor
mal n u c l e a r d e t e r m i n a t i o n does not d e c r e a s e w i t h c l o n a l age. 
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F i g u r e 10a. P e r c e n t o f d o u b l e t s w i t h two m a c r o n u c l e i i n excon
j u g a n t and exautogamous d o u b l e t c l o n e s . 
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F i g u r e 10b. Log^ p e r c e n t o f d o u b l e t s w i t h two m a c r o n u c l e i 
i n e x c o n j u g a n t and exautogamous d o u b l e t c l o n e s . 
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TABLE V 
FRACTION OF OBSERVED DOUBLETS WITH TWO 

OR MORE MACRONUCLEI 

_ _ _ _ _ _ _ = _ C e l l C y c l e 
Expt. D o u b l e t 

No. S t o c k 2 3 4 5 6 7 8 9 10 

1* GM, 90/133 7/34 4/25 0/24 0/20 0/19 0/18 0/11 0/7 
'1 

3 > + GM, 31/82 7/48 2/23 2/19 0/13 0/13 0/12 0/11 0/9 
2* KVD4 41/46 22/36 11/28 6/23 7/23 4/22 1/16 0/12 0/4 

Exautogamonts 
E x c o n j u g a n t s 



43 

In t he f o r e g o i n g e x p e r i m e n t s , d e v i a t i o n s from t h e " t h e o r e t i c a l " 
p a t t e r n o f n u c l e a r b e h a v i o r i n P_. a u r e l i a d o u b l e t s ( F i g u r e 5b) were 
f r e q u e n t l y n o t e d . F u r t h e r , l o s s o f t h e second m a cronucleus o c c u r r e d 
a t o r near t he f o u r t h e x c o n j u g a n t c e l l c y c l e . In c o n s i d e r i n g t h e s e 
o b s e r v a t i o n s , a number o f p o s s i b l e m a c r o n u c l e a r e v e n t s a t c e l l d i v i s i o n 
which c o u l d g i v e r i s e t o d o u b l e t c e l l s w i t h one macronucleus were ap
p a r e n t ; t h e s e a r e a) m i s d i v i s i o n , b) m i s s e g r e g a t i o n , and c) f u s i o n 
o f m a c r o n u c l e i as shown below. 

M i s d i v i s i o n 
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M i s s e g r e g a t i o n 
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A r e d u c t i o n i n thennumber o f m a c r o n u c l e i i n d a u g h t e r c e l l s c o u l d 
be a c h i e v e d by m i s d i v i s i o n and m i s s e g r e g a t i o n ( o r both) o f m a c r o n u c l e i 
i n t h e p a r e n t c e l l . F u r t h e r , both m i s d i v i s i o n and m i s s e g r e g a t i o n o f 
m a c r o n u c l e i were o b s e r v e d a t low f r e q u e n c y i n t h e p o p u l a t i o n . However, 
the t h i r d p o s s i b i l i t y o f f u s i o n o f m a c r o n u c l e i c a u s i n g a r e d u c t i o n i n 
m a c r o n u c l e a r number has not y e t been examined. T h e r e f o r e a g e n e t i c ex
p e r i m e n t ( P a r t B, S e c t i o n I) was d e v i s e d t o t e s t whether f u s i o n o f macro-
n u c l e i i s t h e u s u a l method c a u s i n g a d e c r e a s e i n m a c r o n u c l e a r number. 

B. Does F u s i o n o f M a c r o n u c l e i P l a y a S i g n i f i c a n t R o le i n Reducing  
t h e Number o f M a c r o n u c l e i P e r C e l l ? 

1. G e n e t i c E v i d e n c e t o T e s t t h e H y p o t h e s i s o f R e g u l a r M a c r o n u c l e a r  
F u s i o n 

The h y p o t h e s i s t h a t r e d u c t i o n i n m a c r o n u c l e a r number r e s u l t e d 
from a r e g u l a r f u s i o n o f m a c r o n u c l e i f o l l o w i n g a s e x u a l c y c l e was t e s t e d 
g e n e t i c a l l y . 

S i n g l e c e l l s marked w i t h t h e b e h a v i o r a l mutant pawn (pw/pw) 
(Kung, 1971) were mated on one s i d e t o w i l d - t y p e (+/+) d o u b l e t p a r a m e c i a 
( F i g u r e 11a). A f t e r p a i r s e p a r a t i o n t h e e x c o n j u g a n t s i n g l e t s were t e s t e d 
f o r a v o i d a n c e i n D r y l ' s s o l u t i o n (Appendix I) t o be s u r e t h a t m a t i n g 
had o c c u r r e d ( F i g u r e l i b ) . A t t h e f i r s t c e l l d i v i s i o n a f t e r c o n j u g a t i o n , 
one o f t h e d a u g h t e r d o u b l e t c e l l s o f each l i n e t h a t had mated was s t a i n e d 
w i t h Azure-A. I f t h e s t a i n e d c e l l was found t o c o n t a i n two a n l a g e n , i t s 
s i s t e r c e l l , a l s o presumably c o n t a i n i n g two a n l a g e n , was i s o l a t e d and 
i t s progeny were grown v e g e t a t i v e l y f o r a p p r o x i m a t e l y 30 f i s s i o n s . 
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F i g u r e 11. Diagram o f t h e g e n e t i c e x p e r i m e n t t o t e s t t h e hypo
t h e s i s o f r e g u l a r m a c r o n u c l e a r f u s i o n . 
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EXPERIMENTAL DESIGN 

Mate cells of doublet stock GM3(wild-type)(mt 8) X singlet 
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I f t h e o r i g i n a l d o u b l e t t h a t was mated t o a (pw/pw) s i n g l e t 
c o n t a i n e d f o u r a n l a g e n i n t h e f i r s t e x c o n j u g a n t c e l l c y c l e , one would 
e x p e c t t h a t t h e d a u g h t e r c e l l s a t t h e f i r s t c e l l d i v i s i o n would c o n t a i n 
two a n l a g e n o f d i f f e r e n t genotypes ( i . e . one a n l a g e would be (pw/+) 
b e i n g d e r i v e d f r o m t h e h e t e r o z y g o u s s y n k a r y o n produced by c o n j u g a t i o n , 
t h e o t h e r a n l a g e would be (+_/+_) h a v i n g been d e r i v e d from a homozygous 
w i l d - t y p e s y n k a r y o n produced by autogamy on t h e s i d e o f the d o u b l e t 
which d i d n o t mate) ( F i g u r e 1 1 c ) . I f s e g r e g a t i o n o f t h e s e two g e n e t i 
c a l l y d i f f e r e n t a n l a g e n o c c u r s a t the second p o s t - z y g o t i c c e l l d i v i s i o n 
one would e x p e c t two c l a s s e s o f c e l l s i n equal numbers but o f d i f f e r e n t 
genotypes t o r e s u l t : one c l a s s would c o n t a i n a h e t e r o z y g o u s (pw/+) 
m a c r o n u c l e u s , two h e t e r o z y g o u s (pw/+) m i c r o n u c l e i , and two homozygous 
(+/+) m i c r o n u c l e i ( F i g u r e l i d ) . The o t h e r c l a s s would c o n t a i n a homo
zygous (+/+_) m a c r o n u c l e u s , two h e t e r o z y g o u s (p_w/+_) m i c r o n u c l e i , and two 
homozygous (+_/+) m i c r o n u c l e i ( F i g u r e l i e ) . 

A f t e r t h e v e g e t a t i v e growth p e r i o d o f 30 f i s s d o n s , b o t h c l a s s e s 
o f d o u b l e t s were s t a r v e d , i n d u c i n g them t o undergo b i l a t e r a l autogamy 
( F i g u r e l l f ) (as was check e d by the p r e s e n c e o f two a n l a g e n i n t h e s i s t e r 
exautogamont i n t h e se c o n d c e l l c y c l e ) , from which a f u r t h e r two c l a s s e s 
o f progeny i n equ a l numbers r e s u l t e d . One c l a s s o f c e l l s c o n t a i n e d 
two a n l a g e n , one o f which would be homozygous (pw/pw) and t h e o t h e r 
homozygous (+/+_)> w i t h one p a i r o f homozygous (pw/pw) m i c r o n u c l e i and 
one p a i r o f homozygous (+/+) m i c r o n u c l e i ( F i g u r e l l g ) . The o t h e r c l a s s 
would c o n t a i n two a n l a g e n and f o u r m i c r o n u c l e i , a l l o f which would be 
g e n e t i c a l l y homozygous (+_/+_) ( F i g u r e l l h ) . 
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One tho u s a n d s i n g l e c e l l i s o l a t i o n s o f each o f t h e two c l o n e s 
which s u r v i v e d a t t h i s p o i n t were made and grown v e g e t a t i v e l y f o r 15 
f i s s i o n s . I n d i v i d u a l c e l l l i n e s were t h e n s c o r e d f o r a v o i d i n g b e h a v i o r 
i n D r y l ' s s o l u t i o n . I f s e g r e g a t i o n o f m a c r o n u c l e a r a n l a g e n f o l l o w i n g 
autogamy o c c u r r e d , one would e x p e c t t o see a r a t i o o f t h r e e w i l d - t y p e 
(+/+) t o one pawn (pw/pw) ( F i g u r e H i ) . The r e s u l t s o f t h i s e x p e r i m e n t 
a r e g i v e n i n T a b l e VI. 

C o r r e c t i n g t h e v a l u e s i n T a b l e V i a a f t e r t a k i n g i n t o a c c o u n t t h e 
f r e q u e n c y o f m a c r o n u c l e a r r e g e n e r a t i o n (MR), which was o b s e r v e d t o be 
a p p r o x i m a t e l y e i g h t p e r c e n t i n t h e d o u b l e t s t o c k used, t h e d d a t a i n T a b l e 
VIb were o b t a i n e d . These d a t a a r e r e a s o n a b l y c o n s i s t e n t w i t h t h e ex
p e c t e d r a t i o . 

Had f u s i o n o f n o n - s i s t e r p r o n u c l e i o c c u r r e d a f t e r t h e t h i r d 
m a t u r a t i o n d i v i s i o n , two c l a s s e s o f d o u b l e t s i n equal numbers but o f 
d i f f e r e n t genotypes would r e s u l t ; one c l a s s would be h e t e r o z y g o u s (pw/+) 
f o r b o t h macro- and m i c r o n u c l e i , t h e s e c o n d c l a s s would be homozygous 
(+/+_) f o r both macro- and m i c r o n u c l e i . Both c l a s s e s would be s c o r e d as 
h a v i n g w i l d - t y p e a v o i d a n c e b e h a v i o r i n D r y l ' s s o l u t i o n . T h e r e f o r e , 
the p r e s e n c e o f t h e pawn phenotype o b s e r v e d i n the f i n a l s c o r i n g , r u l e s 
o u t t he p o s s i b i l i t y o f s y n k a r y o n f o r m a t i o n r e s u l t i n g from t he f u s i o n o f 
n o n - s i s t e r p r o n u c l e i i n t h i s e x p e r i m e n t . 

F u r t h e r , <less t h a n 15% f u s i o n o f homozygous pawn (£w/pw_) macro-
n u c l e i w i t h w i l d - t y p e (+/+) m a c r o n u c l e i ( F i g u r e l l g ) would be r e q u i r e d 
t o produce t h e o b s e r v e d w i l d - t y p e t o pawn r a t i o ( T a b l e V I b ) . T h e r e f o r e , 
a l t h o u g h i t has n o t been proven t h a t m a c r o n u c l e a r f u s i o n does not o c c u r , 



TABLE VI 
GENETIC EXPERIMENT TO TEST THE HYPOTHESIS OF 

REGULAR MACRONUCLEAR FUSION 
EXIT RATIO (WILD-TYPE/PAWN) 

W i l d - t y p e Pawn 
R a t i o ( w i l d -
t y p e / pawn) 

L i n e No. 19-1 365 62 5.88:1 
L i n e No. 15-1 119 20 5.95:1 

(a) 
L i n e No. 19-1 335.8 91.2 3.68:1 
Mine No.115-1 109.4 29.5 3.72:1 

(b) 
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i t has been shown t h a t o b s e r v e d r e d u c t i o n i n number o f m a c r o n u c l e i p e r 
c e l l c a n n o t be the r e s u l t o f m a c r o n u c l e a r f u s i o n i n the m a j o r i t y o f c a s e s . 

The h i g h r a t i o o f w i l d - t y p e (+_/+_) to pawn (pw/pw) (3.68:1 and 
3.72:1) ( T a b l e VIb) i n s t e a d o f the 3 (+/+_): 1 (pw/pw) r a t i o expected.may 
have a l s o r e s u l t e d from a l o w e r v i a b i l i t y o f c e l l s homozygous f o r t h e 
pawn gene ( p e r s o n a l o b s e r v a t i o n s ) o r f r o m e r r o r s i n s c o r i n g a v o i d a n c e 
b e h a v i o r (Appendix I ) . 

In c o n c l u s i o n , t h e s e e x p e r i m e n t s have shown t h a t t h e number o f 
m a c r o n u c l e a r a n l a g e n v a r i e d c o n s i d e r a b l y from t h e number e x p e c t e d ( f o u r ) 
i f t h e s i t u a t i o n i n d o u b l e t s was a n a l o g o u s to t h a t i n s i n g l e t P_. a u r e l i a . 
G e n e t i c e v i d e n c e i n d i c a t e s t h a t the most p l a u s i b l e e x p l a n a t i o n f o r v a r i 
a b i l i t y i n numbers o f a n l a g e n was abnormal p a t t e r n s o f m a c r o n u c l e a r d e t e r 
m i n a t i o n o f t h e p r o d u c t s o f the s e c o n d p o s t - z y g o t i c d i v i s i o n o f t h e two 
s y n k a r y a , presumably o c c u r r i n g because o f the somewhat abnormal morpho
l o g y o f d o u b l e t c e l l s . F u r t h e r , the d i s t r i b u t i o n o f m a c r o n u c l e a r a n l a g e n 
a t the f i r s t c e l l d i v i s i o n was a l s o i r r e g u l a r ( o n l y 34.3% o f the d a u g h t e r 
c e l l s had the e x p e c t e d 2:2 d i s t r i b u t i o n o f a n l a g e n ) . As w e l l , a number 
o f "abnormal" a n l a g e n were o b s e r v e d i n c e l l s which appeared to be under
g o i n g m a c r o n u c l e a r r e g e n e r a t i o n . Most d o u b l e t s t h a t i n i t i a l l y c o n t a i n e d 
two m a c r o n u c l e i i n t h e s e c o n d c e l l c y c l e l o s t t h e s e c o n d m a c r o n u c l e u s 
by t h e f o u r t h t o f i f t h c e l l c y c l e . The p a t t e r n o f l o s s i s a p p r o x i m a t e l y 
e x p o n e n t i a l . M i s d i v i s i o n and m i s s e g r e g a t i o n o f m a c r o n u c l e i , mechanisms 
which c o u l d a c c o u n t f o r m a c r o n u c l e a r l o s s , were o b s e r v e d t o be o c c u r r i n g 
a t low f r e q u e n c y . G e n e t i c e v i d e n c e showed t h a t f u s i o n o f m a c r o n u c l e i , 
a t h i r d mechanism f o r change i n m a c r o n u c l e a r number, i f i t o c c u r s , c o u l d 
n o t t a k e p l a c e more than a b o u t 15% o f t h e t i m e . 
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S e c t i o n I I w i l l now examine q u a n t i t a t i v e l y by m i c r o d e n s i t o m e t r y 

(Appendix I) the DNA c o n t e n t o f d o u b l e t s w i t h v a r i o u s numbers o f macro-
n u c l e i . 

SECTION II 

QUANTITATIVE ANALYSIS OF DNA CONTENT AND ITS 
DISTRIBUTION TO DAUGHTER CELLS AT FISSION 

The consequences o f v a r i a t i o n i n t h e number o f m a c r o n u c l e i on 
t h e DNA c o n t e n t o f i n d i v i d u a l m a c r o n u c l e i and t o t a l DNA c o n t e n t p e r c e l l 
were examined w i t h the f o l l o w i n g f a c t i n mind: In P_. a u r e l i a d o u b l e t s 
t h e r e a r e two t y p e s o f d i v i s i o n s ; t h o s e a t which t h e r e i s no change i n 
the number o f m a c r o n u c l e i p e r c e l l , and t h o s e a t which t h e number o f 
m a c r o n u c l e i i s changed. The l a t t e r e v e n t s l e a d t o a r e d u c t i o n o f t h e 
number o f m a c r o n u c l e i as shown i n s e c t i o n I. These e v e n t s c o r r e s p o n d 
to m i s d i v i s i o n and m i s s e g r e g a t i o n . A n a l y s i s o f t h e s e d i v i s i o n e v e n t s 
i n comparison w i t h "normal" d i v i s i o n e v e n t s i n which t h e r e i s no change 
i n m a c r o n u c l e a r number make i t p o s s i b l e t o : 1) a c q u i r e some i d e a a b o u t 
how t h e change i n m a c r o n u c l e a r DNA c o n t e n t which accompanies t h e t r a n s i 
t i o n from two m a c r o n u c l e i t o one o c c u r s , 2) l e a r n something about how 
the DNA c o n t e n t i s r e g u l a t e d , a n d 3) examine t h e r e l a t i v e f r e q u e n c i e s 
o f m i s d i v i s i o n and m i s s e g r e g a t i o n . 

The r e l a t i v e DNA c o n t e n t o f F e u l g e n - s t a i n e d d o u b l e t m a c r o n u c l e i 
was e s t i m a t e d by m i c r o d e n s i t o m e t r y (Appendix I ) . D i v i d i n g c e l l s were 
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s e l e c t e d from l o g - p h a s e c u l t u r e s and were i s o l a t e d i n t o drops o f c u l t u r e 
f l u i d . A f t e r d i v i s i o n , each d a u g h t e r c e l l was f i x e d and p r e p a r e d as 
d e s c r i b e d i n t h e methods s e c t i o n . The DNA c o n t e n t o f t h e o r i g i n a l 
d i v i d e r was assumed t o be t h e sum o f the DNA c o n t e n t s o f the G^ d a u g h t e r 
m a c r o n u c l e i . In a n a l y s i n g t h e d a t a , s e v e r a l q u e s t i o n s were examined: 

A. DNA C o n t e n t o f M a c r o n u c l e i i n D o u b l e t s 

1. Is t h e DNA c o n t e n t o f a l l d o u b l e t s t o c k s t h e same? 
Th r e e d i f f e r e n t d o u b l e t s t o c k s were used i n t h e c o u r s e o f t h e s e 

e x p e r i m e n t s . I t was d e s i r a b l e t o pool d a t a from t h e t h r e e s t o c k s t o 
i n c r e a s e sample s i z e s . Data from t h e t h r e e s t o c k s were t e s t e d f o r homo
g e n e i t y by one-way a n a l y s i s o f v a r i a n c e ( T a b l e V I I ) . W h i l e t h e G£ DNA 
c o n t e n t s o f s t o c k s 2B and 3A were s i m i l a r , t h e mean DNA c o n t e n t o f s t o c k 
H9W was about 17% l a r g e r . T h i s d i f f e r e n c e was n o t s i g n i f i c a n t a t t h e 
f i v e p e r c e n t l e v e l . V a r i a n c e s , however, were h i g h l y h e t e r o g e n e o u s . 
T h e r e f o r e , t o reduc e some o f t h e h e t e r o g e n e i t y o f v a r i a n c e t h e d a t a 
were r e c l a s s i f i e d . C e l l s were grouped a c c o r d i n g t o t h e number o f macro-
n u c l e i p e r c e l l and the homogeneity o f the d a t a was re-examined. Data 
from s t o c k s 2B and 3A were homogeneous t h r o u g h o u t , w h i l e t h e mean DNA 
c o n t e n t o f s t o c k H9W was s i g n i f i c a n t l y g r e a t e r i n both u n i - and b i -
m a c r o n u c l e a t e c e l l s ( T a b l e V I I I ) . Data f o r DNA c o n t e n t o f c e l l s w i t h 
t h r e e m a c r o n u c l e i p e r c e l l from a l l t h r e e s t o c k s were homogeneous. In 
su b s e q u e n t a n a l y s e s d a t a from s t o c k s 2B and 3A were p o o l e d ( u n l e s s o t h e r 
w i s e i n d i c a t e d ) . 



TABLE VII 
G 2 DNA CONTENT OF DOUBLETS 

St o c k N 
C o e f f i c i e n t o f 
V a r i a t i o n (%) 

2B 44 222.7+12.7 64.2 
3A 42 213.2+11.3 34.5 

2B & 3A ( p o o l e d ) 86 218.0+8.9 49.3 
H9W 50 255.5+13.6 37.6 

F ( p o o l e d d a t a from 3 d o u b l e t s t o c k s ) = 1 .98 
P r o b a b i l i t y o f g r e a t e r F = 0.1 
P r o b a b i l i t y o f homogeneity o f v a r i a n c e s = 0.00 



TABLE V I I I 
MEAN G 9 DNA CONTENT OF ALL DOUBLETS WITH ONE, TWO OR MORE THAN TWO MACRONUCLEI 

No. o f C o e f f i c i e n t o f 
S t o c k M a c r o n u c l e i N E - t t+S.E. V a r i a t i o n {%) FF; P a P y 

A. 
*2B, 3A 
H9W 

80 
58 

170.2+8.9 
229.1+14.7 

31.2 
34.6 

0.21 
7.34 

(3 s t o c k s ) 

>0.10 
0.00 

0.42 
0.03 

B. 

*2B, 3A 
H9W 

2 
2 

102 
38 

214.7+8.1 
258.2+21.0 

27.0 
35.5 

0.86 
3.13 

(3 s t o c k s ) 

>0.10 
0.05 

0.93 
0.04 

*2B, 3A, H9W 32 260.6+24.9 36.4 0.43 >0.10 0.15 

F (among s t o c k s and numbers o f m a c r o n u c l e i ) = 6.61. P r o b a b i l i t y o f g r e a t e r F'= 0.00. 
P r o b a b i l i t y o f homogeneity o f v a r i a n c e s = 0.06. Data a r e not homogeneous-by Dunnett's p r o c e d u r e , 
homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
F (among c e l l s w i t h one and two m a c r o n u c l e i f o r s t o c k s 2B and 3A) = 15.57). P r o b a b i l i t y o f 
g r e a t e r F = 0.00. P r o b a b i l i t y o f homogeneity o f v a r i a n c e s = 0.40. 
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U n i m a c r o n u c l e a t e c e l l s o f s t o c k H9W had a p p r o x i m a t e l y 35% more 

DNA per c e l l than u n i m a c r o n u c l e a t e c e l l s o f s t o c k s 2B o r 3A. Bimacro-
n u c l e a t e c e l l s o f s t o c k H9W c o n t a i n e d a p p r o x i m a t e l y 20% more DNA p e r 
c e l l than b i m a c r o n u c l e a t e c e l l s o f s t o c k s 2B o r 3A. Subsequent a n a l y s i s 
( s e c t i o n I I I ) i n d i c a t e d t h a t t he mean c y t o p l a s m i c c o n t e n t ( m a c r o m o l e c u l a r 
d r y mass) o f s t o c k H9W was a l s o s u b s t a n t i a l l y (27%) h i g h e r than t h a t o f 
the o t h e r s t o c k s . The i m p l i c a t i o n s o f t h o s e o b s e r v a t i o n s w i l l be d i s 
c u s s e d f u r t h e r i n s e c t i o n I I I . 

2. Is DNA c o n t e n t a f u n c t i o n o f the number o f m a c r o n u c l e i p e r c e l l ? 
The c i l i a t e m a c r o n u c l e u s i s a compound n u c l e u s c o n t a i n i n g a 

l a r g e number o f s u b n u c l e i o r u n i t s (Nanney and R u d z i n s k a , 1960; W o l f e , 
1967; P r e e r , 1968; S t e v e n s o n and L l o y d , 1971b), each o f which c o n s i s t s 
o f an e n t i r e genome. Thus, v a r i a t i o n i n DNA c o n t e n t can o c c u r w i t h o u t 
g e n i e i m b a l a n c e . D o u b l e t s have been o b s e r v e d w i t h up t o s i x m a c r o n u c l e i 
( s e c t i o n I ) . I t t h e r e was no mechanism t o r e g u l a t e t h e amount o f DNA 
pe r c e l l , t h e DNA c o n t e n t p er c e l l might be e x p e c t e d t o be p r o p o r t i o n a l 
to t he number o f m a c r o n u c l e i p e r c e l l . A g l a n c e a t T a b l e V I I I , however, 
shows t h a t t h i s i s o n l y p a r t l y t r u e . The mean DNA c o n t e n t p er c e l l i n 
c r e a s e s o n l y s l i g h t l y as the number o f m a c r o n u c l e i i n c r e a s e s . In s t o c k s 
2B and 3A, c e l l s w i t h two m a c r o n u c l e i have an a v e r a g e o f 126% o f the 
DNA c o n t e n t o f u n i m a c r o n u c l e a t e c e l l s . T h i s d i f f e r e n c e i s s i g n i f i c a n t 
(P > 0.05). When t h e number o f m a c r o n u c l e i p e r c e l l was i n c r e a s e d t o 

a 

t h r e e the mean DNA c o n t e n t i n c r e a s e d a f u r t h e r 27% t o 153% o f t h e mean 
v a l u e f o r u n i m a c r o n u c l e a t e c e l l s . T h i s d i f f e r e n c e was a l s o s i g n i f i c a n t 



(P > 0.05). T r i m a c r o n u c l e a t e c e l l s had an ave r a g e o f 121% o f t h e DNA 
c o n t e n t o f the b i m a c r o n u c l e a t e s . T h i s l a s t d i f f e r e n c e was a l s o s i g n i 
f i c a n t (P > 0.05). In s t o c k H9W which had a h i g h e r i n i t i a l DNA c o n t e n t , 
t h e r e was o n l y a 13% i n c r e a s e i n the mean DNA c o n t e n t o f b i m a c r o n u c l e a t e 
c e l l s and no f u r t h e r i n c r e a s e i n t r i m a c r o n u c l e a t e s . F u r t h e r , t h e o b s e r v e d 
mean DNA c o n t e n t p e r c e l l was s i g n i f i c a n t l y h i g h e r (P > 0.05) i n u n i -
m a c r o n u c l e a t e c e l l s and l o w e r (P > 0.05) i n t r i m a c r o n u c l e a t e s than t he 

a 

e x p e c t e d v a l u e i f the DNA c o n t e n t p e r c e l l depended t o t a l l y on the number 
o f m a c r o n u c l e i each c e l l c o n t a i n e d ( T a b l e V I I I ) . 

A graph o f the v a l u e s o f o b s e r v e d mean DNA c o n t e n t f o r d o u b l e t s 
from s t o c k s 2B and 3A w i t h one, two and t h r e e m a c r o n u c l e i ( T a b l e V I I I ) 
a l o n g w i t h t h e e x p e c t e d v a l u e s o f mean DNA c o n t e n t i f DNA c o n t e n t was 
t o t a l l y dependent on t h e number o f m a c r o n u c l e i p e r c e l l , i s shown i n 
F i g u r e 12. The s l o p e o f the l i n e c o n n e c t i n g the p o i n t s f o r o b s e r v e d 
mean DNAccontent i s 0.27; the s l o p e o f t h e l i n e c o n n e c t i n g t he p o i n t s 
f o r t h e 'ex p e c t e d ' mean DNA c o n t e n t i s 1.00. C e l l s w i t h two m a c r o n u c l e i 
have a mean DNA c o n t e n t which i s a p p r o x i m a t e l y 63% o f t h e 'expected' 
v a l u e . C e l l s w i t h t h r e e m a c r o n u c l e i s i m i l a r l y have a mean DNA c o n t e n t 
which i s a p p r o x i m a t e l y 51% o f t h e 'exp e c t e d ' v a l u e i f DNA c o n t e n t was 
c o m p l e t e l y •'.dependent on the number o f m a c r o n u c l e i p e r c e l l . 

These d a t a s u g g e s t t h a t t he DNA c o n t e n t o f m a c r o n u c l e i i s r e g u 
l a t e d i n su c h a way t h a t the number o f m a c r o n u c l e i p e r c e l l has r e l a 
t i v e l y l i t t l e e f f e c t on the t o t a l DNA c o n t e n t . The G 2 c e l l DNA c o n t e n t 
i s l a r g e l y d e t e r m i n e d by o t h e r f a c t o r s which presumably i n c l u d e t h e 
nucd.eocytoplasmic r a t i o . T h i s w i l l be f u r t h e r d i s c u s s e d i n s e c t i o n I I I . 
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F i g u r e 12. Observed vs_. e x p e c t e d mean DNA c o n t e n t f o r d o u b l e t s 
w i t h one, two and more than two m a c r o n u c l e i . V e r t i c a l 
b a r s a r e 95% c o n f i d e n c e l i m i t s o f t h e mean. 
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B. Is t h e D i s t r i b u t i o n o f DNA t o Daughter M a c r o n u c l e i and t o Daughter  

C e l l s E q u a l ? 

As shown above ( T a b l e V I I I ) , t h e DNA c o n t e n t o f d o u b l e t s i s 
q u i t e v a r i a b l e , even when o n l y c e l l s from a s i n g l e s t o c k c o n t a i n i n g t h e 
same number o f m a c r o n u c l e i a r e c o n s i d e r e d . In t h i s s u b - s e c t i o n t h e 
d i s t r i b u t i o n o f DNA t o d a u g h t e r c e l l s a t d i v i s i o n w i l l be c o n s i d e r e d 
as a s o u r c e o f p a r t o f the v a r i a n c e i n DNA c o n t e n t o b s e r v e d i n d o u b l e t 
s t o c k s . T h i s v a r i a n c e (CV = 45%) i s s u b s t a n t i a l l y g r e a t e r t h a n t h a t 
o b s e r v e d i n s i n g l e t s (9.8% t o 11.0%) ( K i m b a l l and B a r k a , 1959; K i m b a l l , 
1967; B e r g e r , 1973). 

1. Cases i n which the number o f m a c r o n u c l e i i n d a u g h t e r c e l l s i s equal 
a) D i s t r i b u t i o n o f DNA p e r c e l l 

The v a r i a n c e i n G-| DNA c o n t e n t was s e p a r a t e d i n t o components 
a t t r i b u t a b l e t o v a r i a t i o n between p a i r s o f d a u g h t e r c e l l s and v a r i a t i o n 
w i t h i n p a i r s o f d a u g h t e r c e l l s by a p p l i c a t i o n o f one-way a n a l y s i s o f 
v a r i a n c e . The i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t was t h e n c a l c u l a t e d . 
T h i s s t a t i s t i c i s t h e r a t i o o f the b e t w e e n - p a i r v a r i a n c e t o the sum o f 
the between- and w i t h i n - p a i r v a r i a n c e s . The g r e a t e r t h i s c o e f f i c i e n t , 
which ranges from - l / ( n - l ) , where V i s the sample s i z e , t o u n i t y , 
t h e more s i g n i f i c a n t a r e t h e d i f f e r e n c e s between p a i r s . The s i g n i f i c a n c e 
o f the i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t can be t e s t e d by c a l c u l a t i n g 
t h e F s t a t i s t i c f o r t h e i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t ( O s t l e , 1963). 
The v a r i a n c e a t t r i b u t a b l e t o d i f f e r e n c e s w i t h i n p a i r s i n c l u d e s t h e v a r i 
ance due t o m e a s u r i n g e r r o r (Appendix I I ) as w e l l as t h a t due t o t r u e 
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d i f f e r e n c e s i n t h e DNA c o n t e n t between p a i r s o f d a u g h t e r c e l l s . The 
v a r i a n c e a t t r i b u t a b l e t o d i f f e r e n c e s between p a i r s s h o u l d be a measure 
o f the t r u e d i f f e r e n c e between p a i r s , f r e e o f measuring e r r o r . The mean 
d i f f e r e n c e i n DNA c o n t e n t o f d a u g h t e r c e l l s was a l s o c a l c u l a t e d as a 
p e r c e n t a g e o f t h e p a r e n t a l DNA c o n t e n t . 

The d a t a ( T a b l e IX) show t h a t i n s t o c k s 2B and 3A, d a u g h t e r 
c e l l s were q u i t e s i m i l a r i n DNA c o n t e n t as j u d g e d both by t h e i n t r a c l a s s 
c o r r e l a t i o n c o e f f i c i e n t and t h e low mean d i f f e r e n c e i n DNA c o n t e n t be
tween s i s t e r c e l l s . On t h e o t h e r hand, i n s t o c k H9W, t h e s i m i l a r i t y 
o f d a u g h t e r c e l l s was low as j u d g e d by t h e l a c k o f s i g n i f i c a n t i n t r a 
c l a s s c o r r e l a t i o n and t h e h i g h e r mean d i f f e r e n c e i n DNA c o n t e n t between 
s i s t e r c e l l s i n d i c a t i n g a g r e a t e r i n e q u a l i t y o f d i v i s i o n o f the macro-
n u c l e u s . The v a r i a n c e o f t h e mean DNA c o n t e n t between s i s t e r c e l l s was 
a l s o s u b s t a n t i a l l y g r e a t e r than t h a t o b s e r v e d i n t h e o t h e r s t o c k s . 

When two m a c r o n u c l e i were p r e s e n t , both t he i n t r a c l a s s c o r r e 
l a t i o n c o e f f i c i e n t and the mean d i f f e r e n c e between DNA c o n t e n t o f s i s t e r 
c e l l s were s i m i l a r t o t h o s e o b s e r v e d i n u n i m a c r o n u c l e a t e c e l l s . The 
v a r i a n c e o f t h e mean d i f f e r e n c e i n DNA c o n t e n t o f s i s t e r c e l l s w i t h two 
m a c r o n u c l e i was, however, somewhat h i g h e r . As o n l y one p a i r o f d a u g h t e r 
c e l l s from each s t o c k c o n t a i n e d an equ a l number o f more than two macro-
n u c l e i i n each c e l l , t h e sample s i z e s were t o o low t o draw any d e f i n i t e 
c o n c l u s i o n s . In t h e s e c a s e s , t h e i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t 
was n o t c a l c u l a t e d . 



TABLE IX 
DISTRIBUTION OF G, DNA TO DAUGHTER CELLS CONTAINING EQUAL NUMBERS OF MACRONUCLEI 

S t o c k 
No. o f 

M a c r o n u c l e i N 
Average D i f f . 
Between C e l l s 
{% o f G 2 Mac) 

C o e f f i c i e n t o f 
V a r i a t i o n (%) 

I n t r a c l a s s 
C o r r e l a t i o n 

C o e f f i c i e n t ^ . ) P 
a 

*2B, 3A 1 64 5.3+0.4 68.7 ** 
+0.81 <0.01 

H9W 1 45 10.2+2.2 103.7 +0.16 >0.05 

*2B, 3A, H9W 2 118 5.8+0.6 104.5 ** 
+0.72 0.05-0.01 

2B >2 6 4.8+1.3 39.7 
3A >2 6 0.0+0.0 00.0 
H9W >2 8 7.3+0.0 00.0 

•Homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
** V a r i a n c e i n G, DNA c o n t e n t among p a i r s o f s i s t e r c e l l s i s s i g n i f i c a n t l y g r e a t e r than 

v a r i a n c e w i t h i n p a i r s . 
P o o l e d d a t a f o r a v e r a g e d i f f e r e n c e s between c e l l s b e a r i n g v a r i o u s numbers o f m a c r o n u c l e i was 
j u d g e d homogeneous byone-way Anova and Dunnett's p r o c e d u r e . F = 0.68. P r o b a b i l i t y o f g r e a t e r 
F = 0.1. P r o b a b i l i t y o f homogeneity o f v a r i a n c e s = 0.23. 
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b) D i s t r i b u t i o n o f DNA p e r m a c r o n u c l e u s 

A s t u d y o f the degree o f s i m i l a r i t y o f G-j DNA c o n t e n t among 
m a c r o n u c l e i i n p a i r s o f d a u g h t e r c e l l s w i t h two o r more m a c r o n u c l e i 
i n each c e l l was done to d e t e r m i n e whether m a c r o n u c l e i o f s i m i l a r DNA 
c o n t e n t tended t o s e g r e g a t e t o g e t h e r . By comparing t h e v a r i a n c e w i t h i n 
p a i r s o r groups o f m a c r o n u c l e i t o the v a r i a n c e between p a i r s o f d a u g h t e r 
c e l l s i t was p o s s i b l e t o d e t e r m i n e i f m a c r o n u c l e i w i t h s i m i l a r DNA con
t e n t s s e g r e g a t e d t o g e t h e r o r i n d e p e n d e n t l y . To show s e l e c t i v e s e g r e 
g a t i o n , m a c r o n u c l e i w i t h i n a s i n g l e d a u g h t e r c e l l would have t o be more 
s i m i l a r i n DNA c o n t e n t ( v a r i a n c e w i t h i n r educed) than m a c r o n u c l e i among 
th e p a i r s o f d a u g h t e r c e l l s ( v a r i a n c e between i n c r e a s e d ) . A d i a g r a m m a t i c 
r e p r e s e n t a t i o n o f s e l e c t i v e v s . n o n s s e l e c t i v e s e g r e g a t i o n o f m a c r o n u c l e i 
i n d o u b l e t s i s shown i n F i g u r e 13. 

The v a l u e s f o r a v e r a g e d i f f e r e n c e s between m a c r o n u c l e i f o r t h e 
v a r i o u s s t o c k s as w e l l as the i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t s a r e 
g i v e n i n T a b l e X. 

The d a t a i n T a b l e Xa show t h a t v a r i a t i o n i n G-| DNA c o n t e n t among 
p a i r s o f m a c r o n u c l e i s i g n i f i c a n t l y exceeded v a r i a t i o n w i t h i n p a i r s f o r 
the t h r e e d o u b l e t s t o c k s . However, t h e i n t r a c l a s s c o r r e l a t i o n c o e f f i 
c i e n t w i t h i n p a i r s v a r i e d from +0.36 t o +0.60 between s t o c k s i n d i c a t i n g 
t h a t t h e d e g r e e o f s i m i l a r i t y o f m a c r o n u c l e i w i t h i n c e l l s v a r i e d f r o m 
s t o c k t o s t o c k . F u r t h e r , when comparing t h e p o o l e d v a l u e f o r c o e f f i c i e n t 
o f v a r i a t i o n f o r a v e r a g e d i f f e r e n c e s between m a c r o n u c l e i (102.4%) ( T a b l e 
Xa), w i t h the v a l u e f o r the c o e f f i c i e n t o f v a r i a t i o n f o r a v e r a g e d i f 
f e r e n c e s between d a u g h t e r c e l l s w i t h an equal number o f two m a c r o n u c l e i 
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F i g u r e 13. S e l e c t i v e vs_. n o n - s e l e c t i v e s e g r e g a t i o n o f m a c r o n u c l e i 
f r o m a p a r e n t t o t h e d a u g h t e r c e l l s . 
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TABLE X 
DISTRIBUTION OF G, DNA BETWEEN MACRONUCLEI WHEN EQUAL NUMBERS OF MACRONUCLEI ARE 

1 PRESENT IN EACH DAUGHTER CELL 

No. o f E...+S.E. t o t — 
Average D i f f . 
Between Macs 

S t o c k M a c r o n u c l e i N /-G-j M a c r o n u c l e u s C.V.(%) r i (% o f G ? Mac) C.V.(%) 

A. 
2B 2 99 51.6+2.9 57.7 ** 

+0.41 0.05S-
0.01 

4.7+0.6 94.8 

3A 2 76 53.1+2.2 36.2 ** 
+0.60 :<0.01 3.1+0.5 104.4 

H9W 2 82 61.7+3.8 56.9 ** 
+0.36 0.05-

0.01 
5.7+0.8 99.2 

P o o l e d 2 257 55.2+1.7 50.2 +0.45 4.5+0.4 102.4 

2B 3 6 44.3+7.4 50.0 0.00 >0.05 7.0+1.8 37.1 
3A 3 6 25.0+2.3 22.6 0.00 >0.05 1.1+0.1 12.8 
H9W 4 8 23.7+2.4 29.4 ** 

+0.42 0.05-
0.01 

0.7+0.2 40.9 

P o o l e d 3-4 14 24.2+1.3 26.0 0.21 0.9+0.1 26.8 

homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
** V a r i a n c e i n G, DNA c o n t e n t among groups o f m a c r o n u c l e i i s s i g n i f i c a n t l y g r e a t e r than 

v a r i a n c e w i t h i n g r o u p s . 
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which was 104.5% ( T a b l e I X ) , i t was found t h a t t h e v a r i a n c e s i n both 
c a s e s were s t a t i s t i c a l l y homogeneous a t t h e one p e r c e n t l e v e l . A l s o , a 
t a l l y was made o f t h e number o f c a s e s i n which n o n - s e l e c t i v e s e g r e g a t i o n 
o f a s i n g l e l a r g e r and a s i n g l e s m a l l e r m acronucleus t o each d a u g h t e r 
c e l l i n a p a i r o c c u r r e d . In t h i s i n s t a n c e , f o u r m a c r o n u c l e i i n t h e p a r e n t 
c e l l gave r i s e t o two l a r g e r and two s m a l l e r m a c r o n u c l e i i n t h e d a u g h t e r 
c e l l s ( F i g u r e 1 3 ) . F u r t h e r , presuming t h a t t h e l a r g e r m a c r o n u c l e i i n t h e 
d a u g h t e r c e l l s were d e r i v e d from t he two l a r g e r m a c r o n u c l e i i n t h e p a r e n t , 
76% o f t h e c a s e s showed t h a t t h e two l a r g e r m a c r o n u c l e i s e g r e g a t e d t o 
d i f f e r e n t d a u g h t e r c e l l s ; and t h a t t he two s m a l l e r m a c r o n u c l e i s i m i l a r l y 
s e g r e g a t e d t o d i f f e r e n t d a u g h t e r c e l l s . T h e r e f o r e , d a u g h t e r c e l l s i n a 
2:2 d i s t r i b u t i o n o f m a c r o n u c l e i t e n d t o c o n t a i n one l a r g e and one s m a l l 
m a c r o n u c l e u s and a r e c o n s e q u e n t l y more n e a r l y equal i n DNA c o n t e n t than 
by chance a l o n e . 

By n o n - s e l e c t i v e s e g r e g a t i o n ( F i g u r e 1 3 ) , t h e two d a u g h t e r c e l l s 
would r e c e i v e an a p p r o x i m a t e l y equal s h a r e o f p a r e n t a l DNA. Thus, an 
equal d i s t r i b u t i o n o f DNA t o each d a u g h t e r c e l l a ppears t o be d i r e c t l y 
r e l a t e d t o t h e n o n - s e l e c t i v e manner o f m a c r o n u c l e a r s e g r e g a t i o n i n t h e 
m a j o r i t y o f c a s e s . A s i m i l a r p a t t e r n o f n o n - s e l e c t i v e s e g r e g a t i o n o f 
m a c r o n u c l e i f o r c e l l s w i t h more t h a n two m a c r o n u c l e i ( T a b l e Xb) was shown 
by comparing the v a r i a t i o n i n DNA c o n t e n t between m a c r o n u c l e i w i t h i n 
a d a u g h t e r c e l l t o the v a r i a t i o n i n G-j DNA c o n t e n t between p a i r s o f 
d a u g h t e r s ( T a b l e I X ) . F u r t h e r , t h e mean G^ DNA c o n t e n t (E- t o t+_S.E.) o f 
each m a c r o n u c l e u s i n s i s t e r c e l l s c o n t a i n i n g two m a c r o n u c l e i was e x a c t l y 
h a l f o f the mean G-| DNA c o n t e n t o f m a c r o n u c l e i i n d a u g h t e r c e l l s i n which 
each c e l l c o n t a i n s one m a c r o n u c l e u s . 
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As would be e x p e c t e d , t h e DNA c o n t e n t o f each m a c r o n u c l e u s i n 
c e l l s w i t h more th a n two m a c r o n u c l e i i s p r o p o r t i o n a t e l y l o w e r ( T a b l e Xb). 
F u r t h e r , i n t h e c a s e s o f s t o c k s 3A and H9W, the mean DNA c o n t e n t p e r 
macronucleus i n c e l l s w i t h t h r e e and f o u r m a c r o n u c l e i was a p p r o x i m a t e l y 
e q u a l . However, a h i g h e r d e g r e e o f s r i i m i l a r i t y ( r ^ = +0.42) e x i s t e d among 
th e f o u r m a c r o n u c l e i i n each d a u g h t e r c e l l o f s t o c k H9W. 

2. Cases i n which the number o f m a c r o n u c l e i i n d a u g h t e r c e l l s i s n o t  
e q u a l 
a) D i s t r i b u t i o n o f DNA p e r c e l l 

I t was shown i n t h e p r e c e d i n g s u b - s e c t i o n t h a t the mean d i f f e r e n c e 
i n G-| DNA c o n t e n t between s i s t e r d o u b l e t s was about f i v e p e r c e n t o f t h e 
&2 macronucleus f o r both u n i - and b i m a c r o n u c l e a t e c e l l s ( w i t h the excep
t i o n o f u n i m a c r o n u c l e a t e d o u b l e t s o f s t o c k H9W). T h i s r e s u l t r a i s e s t h e 
q u e s t i o n o f whether d a u g h t e r c e l l s w hich r e c e i v e unequal numbers o f macro-
n u c l e i w i l l show a comparable e q u a l i t y o f DNA d i s t r i b u t i o n , o r whether 
the d a u g h t e r c e l l s would have a DNA c o n t e n t p r o p o r t i o n a l t o t h e number 
o f m a c r o n u c l e i p e r c e l l . D i f f e r e n c e i n DNA c o n t e n t o f d a u g h t e r c e l l s 
r e c e i v i n g d i f f e r e n t numbers o f m a c r o n u c l e i i s shown i n T a b l e XI. 

In t h o s e c a s e s i n which one d a u g h t e r c e l l r e c e i v e d two macro-
n u c l e i and the o t h e r d a u g h t e r c e l l r e c e i v e d o n l y one m a c r o n u c l e u s , t h e 
d i s t r i b u t i o n o f G-j DNA d i f f e r e d markedly between c e l l s as e v i d e n c e d by 
the low w i t h i n - p a i r c o r r e l a t i o n c o e f f i c i e n t (+0.24). A s i m i l a r r e s u l t 
was o b t a i n e d i n c a s e s i n which one o f the d a u g h t e r c e l l s r e c e i v e d t h r e e 
m a c r o n u c l e i and the o t h e r d a u g h t e r r e c e i v e d one m a c r o n u c l e u s . When one 
d a u g h t e r c e l l r e c e i v e d two m a c r o n u c l e i and i t s s i s t e r c e l l r e c e i v e d t h r e e 



TABLE XI 
DISTRIBUTION OF G ] TO DAUGHTER CELLS CONTAINING UNEQUAL NUMBERS OF MACRONUCLEI 

Average D i f f . 
No. o f Between C e l l s 

S t o c k M a c r o n u c l e i N E . t t+S.E. C.V-(%) p i P a (% o f G 2 Mac) C.V.(%) 
A. 1:2 D i s t r i b u t i o n 
•2B, 3A, H9W 1 21 116.0+9.3 36.9 

** +0.24 >0.05 9.4+1.8 89.3 
•2B, 3A, H9W 2 21 143.0+9.9 31.7 

B. 1.3 D i s t r i b u t i o n 

0.00 >0.05 16.5+3.4 62.7 
•2B, 3A, H9W 1 9 71.8+10.3 43.3 
*2B, 3A, H9W 3 9 150.0+26.6 53.3 

C. 2:3 D i s t r i b u t i o n 
•2B, 3A, H9W 2 5 73.4+21.4 65.2 

** +0.51 <0.01 9.8+3.2 73.7 
•2B, 3A, H9W 3 5 88.6+21.9 55.3 

•Homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
••Homogeneous means as j u d g e d by one-way Anova. 
Average d i f f e r e n c e s between c e l l s j u d g e d homogeneous -for 1:2, 1:3, and 2:3 d i s t r i b u t i o n s o f m a c r o n u c l e i 
by one-way Anova and Dunnett's p r o c e d u r e . F = 2.16. P r o b a b i l i t y o f g r e a t e r F = 0.1. P r o b a b i l i t y o f 
homogeneity o f v a r i a n c e s = 0.68. 
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m a c r o n u c l e i , t h e d i s t r i b u t i o n o f p a r e n t a l DNA was more n e a r l y equal 
as j u d g e d by t h e h i g h e r i n t r a c l a s s c o r r e l a t i o n c o e f f i c i e n t ( r ^ = +0.51). 
F u r t h e r , t h e a v e r a g e d i f f e r e n c e s i n mean G-j DNA c o n t e n t between s i s t e r 
c e l l s w i t h 1:2 and 2:3 d i s t r i b u t i o n s o f m a c r o n u c l e i were n e a r l y t h e same. 
The a v e r a g e d i f f e r e n c e i n mean G-j between d a u g h t e r c e l l s i n a 1:3 d i s 
t r i b u t i o n was n e a r l y t w i c e as g r e a t . 

These r e s u l t s show t h a t the G-j DNA c o n t e n t p e r d a u g h t e r c e l l i s 
n o t s t r i c t l y p r o p o r t i o n a l t o t h e number o f m a c o n u c l e i p e r c e l l . F u r t h e r , 
t h e mean DNA c o n t e n t o f d a u g h t e r c e l l s w i t h two m a c r o n u c l e i i n a 1:2 
d i s t r i b u t i o n was o n l y 23% h i g h e r than t h e DNA c o n t e n t o f t h e i r u nimacro-
n u c l e a t e s i s t e r s . S i m i l a r l y , c e l l s w i t h t h r e e m a c r o n u c l e i i n a 1:3 d i s 
t r i b u t i o n c o n t a i n e d o n l y 211% o f the mean DNA c o n t e n t o f t h e i r s i s t e r 
c e l l s w i t h one m a c r o n u c l e u s . In a 2:3 d i s t r i b u t i o n , c e l l s w i t h t h r e e 
m a c r o n u c l e i c o n t a i n e d o n l y 20% more DNA than t h e i r s i s t e r c e l l s w i t h 
two m a c r o n u c l e i . 

b) D i s t r i b u t i o n o f DNA among m a c r o n u c l e i i n c e l l s w i t h more th a n  
one m a c r o n u c l e u s 
The d i s t r i b u t i o n o f p a r e n t a l DNA among m a c r o n u c l e i i n c a s e s where 

the number o f m a c r o n u c l e i i n d a u g h t e r c e l l s was n o t equal was i n v e s t i 
g a t e d by comparing the i n d i v i d u a l v a l u e s o f mean G-j DNA c o n t e n t p e r macro-
n u c l e u s i n c e l l s r e c e i v i n g more than one m a c r o n u c l e u s . For example, 
i n t h e c a s e o f a 1:2 d i s t r i b u t i o n , t h e q u e s t i o n was asked whether a p a r e n t 
c e l l may have had one l a r g e and two s m a l l m a c r o n u c l e i and p a s s e d t h e 
l a r g e r m a c r o n u c l e u s on t o one d a u g h t e r c e l l and the two s m a l l e r macro-
n u c l e i on t o t h e o t h e r d a u g h t e r c e l l ( F i g u r e 14a). S i m i l a r l y i n a 1:3 



F i g u r e 14. V a r i a t i o n s i n unequal d i s t r i b u t i o n o f m a c r o n u c l e i t o 
d a u g h t e r c e l l s . 
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d i s t r i b u t i o n , t h e p a r e n t c e l l may have had one l a r g e m a c r o n u c l e u s and 
t h r e e s m a l l e r m a c r o n u c l e i and p a s s e d t h e l a r g e r macronucleus on t o one 
d a u g h t e r c e l l and the t h r e e s m a l l e r m a c r o n u c l e i t o t h e o t h e r d a u g h t e r 
c e l l ( F i g u r e 14b). I f t h e s i t u a t i o n i s as d e s c r i b e d i n t h e examples 
above, one would e x p e c t t h a t the two o r t h r e e s m a l l e r m a c r o n u c l e i w i t h i n 
a d a u g h t e r c e l l would be more s i m i l a r ( v a r i a n c e w i t h i n r e d u c e d ) t h a n 
m a c r o n u c l e i between p a i r s o f d a u g h t e r c e l l s ( v a r i a n c e between i n c r e a s e d ) . 
F u r t h e r , i t s h o u l d be p o s s i b l e t o d e t e r m i n e i f t h e DNA c o n t e n t per c e l l 
and p e r macronucleus i n a 1:2 d i s t r i b u t i o n and i n a 1:3 d i s t r i b u t i o n 
r e s u l t e d from m i s d i v i s i o n o r m i s s e g r e g a t i o n o f t h e p a r e n t m a c r o n u c l e i 
by c o u n t i n g the number o f c a s e s i n which the l a r g e s t m a c r o n u c l e u s ends 
up i n a c e l l w i t h a s i n g l e m a c r o n u c l e u s . The d a t a i n T a b l e XII show t h a t 
as t h e number o f m a c r o n u c l e i i n d a u g h t e r c e l l s i n c r e a s e s , t h e DNA c o n t e n t 
p e r m a c r o n u c l e u s ( E . t o t + S . E . ) d e c r e a s e s . T h i s d e c r e a s e i s n o t s t r i c t l y 
p r o p o r t i o n a l t o the number o f m a c r o n u c l e i p e r c e l l . C e l l s w i t h t h r e e 
m a c r o n u c l e i i n a 1:3 d i s t r i b u t i o n have a mean DNA c o n t e n t o f 170% o f t h e 
mean DNA c o n t e n t o f t h e t h r e e m a c r o n u c l e i i n a 2:3 d i s t r i b u t i o n . The 
v a l u e s o f i n t r a c l a s s c o r r e l a t i o n w i t h i n p a i r s o r groups o f m a c r o n u c l e i 
vari:edfrom +0.36 f o r t h e two m a c r o n u c l e i i n a 1:2 d i s t r i b u t i o n t o g r e a t e r 
t h a n +0.60 f o r m a c r o n u c l e i i n 1:3 and 2:3 d i s t r i b u t i o n s . The c o r r e l a t i o n 
between t h e t h r e e m a c r o n u c l e i i n a 2:3 d i s t r i b u t i o n was v e r y h i g h (+0.91). 
The a v e r a g e d i f f e r e n c e as a p e r c e n t o f t h e G 2 m a c r o n u c l e u s was g r e a t e s t 
i n t he c a s e o f the t h r e e m a c r o n u c l e i i n a 1:3 d i s t r i b u t i o n and l e a s t i n 
t h e c a s e o f the t h r e e m a c r o n u c l e i i n a 2:3 d i s t r i b u t i o n . C o e f f i c i e n t s 
o f v a r i a t i o n f o r a v e r a g e d i f f e r e n c e s were a l s o h i g h e r i n most c a s e s than 
comparable c o e f f i c i e n t s o f v a r i a t i o n between d a u g h t e r c e l l s ( T a b l e X I ) . 



TABLE XII 
DISTRIBUTION OF G, DNA BETWEEN MACRONUCLEI WHENE THE NUMBER OF MACRONUCLEI IN 

1 DAUGHTER CELLS IS NOT EQUAL 

No. o f 
S t o c k M a c r o n u c l e i N E - t t+S.E. C.V.(%) r i P 

a 

Average D i f f . 
Between Macs 
(% o f G 2 Mac) C.V.(X) 

A. Between two m a c r o n u c l e i i n a 1:2 d i s t r i b u t i o n 
*2B, 3A, 
H9W 2 44 69.0+3.5 48.0 +0.36 >0.05 4.2+0.7 116.1 

B. Between t h r e e m a c r o n u c l e i i n a 1:3 d i s t r i b u t i o n 
*2B, 3A, 
H9W 3 27 49.7+4.3 64.6 +0.62 <0.05 6.0+1.7 114.4 

C. Between two and t h r e e m a c r o n u c l e i i n a 2:3 d i s t r i b u t i o n 
*2B, 3A, 
H9W 2 12 40.9+6.6 79.1 +0.67 <0.05 5.8+2.0 80.3 
*2B, 3A, 
H9W 3 18 29.4+2.5 46.2 +0.91 <0.01 1.8+0.4 61.6 

homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
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In c e l l s w i t h a 1:2 d i s t r i b u t i o n , t h e l a r g e s t m a c r o n u c l e u s ended 

up i n t h e c e l l w i t h a s i n g l e m a cronucleus i n 18/22 c a s e s . As a l l c e l l s 
were i n G-j, t h e s e 18 c a s e s presumably r e s u l t e d from t he m i s d i v i s i o n ( f a i l u r e 
t o d i v i d e ) o f one macronucleus w i t h t h e u n d i v i d e d m a c r o n u c l e u s g o i n g t o 
one o f the d a u g h t e r c e l l s , and both d a u g h t e r m a c r o n u c l e i s e g r e g a t i n g away 
from t h e n o n - d i v i d e d m a c r o n u c l e u s t o t h e o t h e r s i s t e r c e l l . The o t h e r 
4/22 p a i r s m ight have been c a s e s o f m i s d i v i s i o n o f a m a c r o n u c l e u s p l u s 
m i s s e g r e g a t i o n o f one o f the r e s u l t i n g s m a l l e r m a c r o n u c l e i to t h e c e l l 
r e c e i v i n g o n l y one m a c r o n u c l e u s . 

In t h e c a s e o f 1:3 d i s t r i b u t i o n s , t h e macronucleus w i t h t h e h i g h e s t 
DNA c o n t e n t was p r e s e n t i n the c e l l c o n t a i n i n g a s i n g l e m a c r o n u c l e u s i n 
seven o u t o f n i n e c a s e s . In e i g h t o f the n i n e c a s e s , a s i n g l e l a r g e macro-
n u c l e u s was p r e s e n t i n each d a u g h t e r c e l l o f the p a i r , w i t h two s m a l l e r 
m a c r o n u c l e i o f a p p r o x i m a t e l y equal DNA c o n t e n t i n one c e l l a l o n g w i t h one 
o f the l a r g e r m a c r o n u c l e i . The l a r g e s t m a c r o n u c l e u s was found i n t h e c e l l 
w i t h two m a c r o n u c l e i i n 5/6 c a s e s i n a 2:3 d i s t r i b u t i o n . Thus, i t would 
appear t h a t t h e l a r g e s t m a cronucleus tends t o s e g r e g a t e away from o t h e r 
( s m a l l e r ) m a c r o n u c l e i r e s u l t i n g i n g r e a t e r e q u a l i t y o f DNA c o n t e n t i n 
d a u g h t e r c e l l s than would be e x p e c t e d by chance a l o n e . 

Loss o f m a c r o n u c l e i i n e x c o n j u g a n t o r exautogamous d o u b l e t s i s 
a c h i e v e d t h r o u g h m i s d i v i s i o n o r m i s s e g r e g a t i o n o f m a c r o n u c l e i u n t i l each 
d a u g h t e r c e l l i s l e f t w i t h o n l y a s i n g l e m a cronucleus by t h e f o u r t h to 
f i f t h c e l l c y c l e as shown i n s e c t i o n I. F u r t h e r , upon s c o r i n g t h e f r e 
quency o r m i s d i v i s i o n v e r s u s m i s s e g r e g a t i o n u s i n g t h e c r i t e r i a above, 
i t was found t h a t m i s d i v i s i o n o c c u r s a p p r o x i m a t e l y 15-20% o f t h e time 
d e p e n d i n g on the s t o c k , and m i s s e g r e g a t i o n o c c u r s a p p r o x i m a t e l y f i v e t o 
e i g h t p e r c e n t o f the t i m e . 
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C. Does R e g u l a t i o n o f DNA C o n t e n t Occur D u r i n g t h e S Phase? 
The q u e s t i o n o f r e g u l a t i o n o f DNA c o n t e n t i n d o u b l e t s d u r i n g 

the DNA s y n t h e s i s p e r i o d was examined by comparing the c o e f f i c i e n t s o f 
v a r i a t i o n o f G-j and G 2 DNA i n d a u g h t e r c e l l s . I f r e g u l a t i o n o f DNA c o n 
t e n t had o c c u r r e d d u r i n g S, one would e x p e c t to f i n d a r e d u c t i o n i n the 
c o e f f i c i e n t o f v a r i a t i o n f o r p a r e n t a l G 2 DNA as compared t o the c o r r e s 
ponding c o e f f i c i e n t o f v a r i a t i o n f o r G-j DNA i n the d a u g h t e r c e l l s . P o o l e d 
d a t a f o r mean G-j and G 2 DNA c o n t e n t s f o r c e l l s c o n t a i n i n g v a r i o u s numbers 
o f m a c r o n u c l e i p l u s t h e i r c o e f f i c i e n t s o f v a r i a t i o n were t a b u l a t e d and 
the r e s u l t s a r e summarized i n T a b l e X I I I . 

D u n n e t t i s m u l t i p l e range t e s t was used t o compare G-j and G 2 DNA 
c o n t e n t o f the p o o l e d d a t a w i t h the r e s u l t t h a t t h e r e was no s i g n i f i c a n t 
d i f f e r e n c e a t t h e one p e r c e n t l e v e l i n mean G-j o r G 2 DNA r e g a r d l e s s o f 
the number o f m a c r o n u c l e i p e r c e l l . F u r t h e r , t h e r e was no s i g n i f i c a n t 
d i f f e r e n c e i n v a r i a t i o n i n G-j DNA c o n t e n t i n d a u g h t e r c e l l s compared to 
the c o r r e s p o n d i n g v a r i a t i o n i n G 2 DNA c o n t e n t i n t h e p a r e n t c e l l as j u d g e d 
a t the one p e r c e n t l e v e l by one-way Anova and B a r t l e t t ' s t e s t . T h e r e f o r e , 
i t was c o n c l u d e d t h a t no n e t r e g u l a t i o n o f DNA c o n t e n t o c c u r r e d d u r i n g 
the S p e r i o d o f the c e l l c y c l e . 

SUMMARY 

The d a t a p r e s e n t e d i n t h i s s e c t i o n show t h a t t h e DNA c o n t e n t o f 
d o u b l e t s v a r i e s s l i g h t l y between s t o c k s , as w e l l as between c e l l s w i t h i n 
s t o c k s . The DNA c o n t e n t o f d o u b l e t c e l l s i s n o t s t r i c t l y p r o p o r t i o n a l 



TABLE X I I I 
MEAN G, AND G 0 DNA CONTENT OF DOUBLETS 

S t o c k 
No. o f 

M a c r o n u c l e i / C e l l N 
G, DNA 

E..' +S.E. 
t o t — 

C.M.{%) 
G DNA 

E.f, ++S.E. t o t — C.V.(%) 

2B, 3A, 
H9W 1 110 104.0+6.0 49.1 208.0+15.1 43.7 
2B, 3A, 
H9W 2 118 109.1+5.4 42.1 218.3+14.4 39.5 
2G, 3A, 
H9W 1, 2 & >2 272 115.2+3.8 44.7 230.2+8.8 45.4 

P o o l e d means and v a r i a n c e s f o r G-| and G2 DNA c o n t e n t r e s p e c t i v e l y f o r c e l l s w i t h one, two and more 
than two m a c r o n u c l e i were j u d g e d homogeneous'by Dunnett's p r o c e d u r e . 
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t o the number o f m a c r o n u c l e i p e r c e l l . A d d i t i o n a l m a c r o n u c l e i i n c r e a s e 
the DNA c o n t e n t , but n o t i n p r o p o r t i o n t o t h e number o f m a c r o n u c l e i . 
C e l l s w i t h two m a c r o n u c l e i c o n t a i n e d o n l y about 26% more DNA than d i d 
u n i m a c r o n u c l e a t e c e l l s . Thus, mechanisms e x i s t which r e g u l a t e t h e amount 
o f DNA p e r c e l l t o a more n e a r l y c o n s t a n t t o t a l than would be e x p e c t e d 
from the number o f m a c r o n u c l e i a l o n e . 

The d i s t r i b u t i o n o f m a c r o n u c l e i and DNA was examined i n two t y p e s 
o f f i s s i o n e v e n t s : t h o s e t h a t produce d a u g h t e r c e l l s w i t h equal numbers 
o f m a c r o n u c l e i , and thus do n o t cause a n e t change i n t h e number o f macro-
n u c l e i per c e l l ; and t h o s e which produce d a u g h t e r c e l l s w i t h unequal 
numbers o f m a c r o n u c l e i , and b r i n g about changes i n the number o f macro-
n u c l e i . In the f o r m e r c a s e , t h e mean d i f f e r e n c e i n DNA c o n t e n t between 
s i s t e r c e l l s was about f i v e p e r c e n t o f the?.G 2 DNA c o n t e n t and t h e i n t r a 
c l a s s c o r r e l a t i o n c o e f f i c i e n t between s i s t e r c e l l DNA was h i g h (+0.7 o r 
more). 

In c o n t r a s t , when unequal numbers o f m a c r o n u c l e i o c c u r r e d i n 
d a u g h t e r c e l l s t h e DNA c o n t e n t s were q u i t e u n e q u a l . However, the mean 
DNA c o n t e n t s were n o t s t r i c t l y p r o p o r t i o n a l t o t h e number o f m a c r o n u c l e i 
per c e l l . The DNA c o n t e n t o f s i s t e r c e l l s was i n a l l c a s e s more s i m i l a r 
than would be e x p e c t e d on the b a s i s o f t h e number o f m a c r o n u c l e i a l o n e . 

F i n a l l y , i t was shown t h a t t h e r e was no n e t r e g u l a t i o n o f DNA 
c o n t e n t d u r i n g the S phase o f the c e l l c y c l e as e v i d e n c e d by t h e f a c t t h a t 
t h e r e was no s i g n i f i c a n t d i f f e r e n c e i n v a r i a t i o n between c e l l s h a v i n g t h e 
G, v e r s u s the G 0 amount o f DNA. 
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SECTION I I I 

QUANTITATIVE COMPARISON OF DOUBLET 
P. a u r e l i a WITH SINGLETS 

The p r e v i o u s s e c t i o n ( S e c t i o n I I ) d e s c r i b e d the r e s u l t s o f a 
s t u d y to d e t e r m i n e t h e DNA c o n t e n t i n P_. a u r e l i a d o u b l e t s c o n t a i n i n g 
v a r i o u s numbers o f m a c r o n u c l e i . The r e l a t i v e DNA c o n t e n t o f d o u b l e t s 
v e r s u s s i n g l e t c e l l s , however, has not y e t been d i s c u s s e d . In t h i s s e c 
t i o n DNA c o n t e n t , c y t o p l a s m i c p r o t e i n ( m a c r o m o l e c u l a r d r y mass), and 
l e n g t h o f t h e c e l l c y c l e i n s i n g l e t s and d o u b l e t s a r e q u a n t i t a t i v e l y 
compared. DNA c o n t e n t and c y t o p l a s m i c p r o t e i n were examined by m i c r o -
d e n s i t o m e t r y (Appendix I ) . The G 2 v a l u e s f o r m a c r o m o l e c u l a r d r y mass 
a r e t h e sum o f the G-j v a l u e s f o r pairrs o f d a u g h t e r c e l l s f i x e d a f t e r 
d i v i s i o n . 

A. G 1 DNA C o n t e n t o f D o u b l e t vs S i n g l e t C e l l s 

The mean e x t i n c t i o n v a l u e s and t h e c o r r e s p o n d i n g DNA c o n t e n t s 
( c ) o f G 2 m a c r o n u c l e i i n s i n g l e t and d o u b l e t c e l l s a r e shown i n T a b l e 
XIV. The d a t a a l l o w the f o l l o w i n g o b s e r v a t i o n s and c o n c l u s i o n s : 

1. The mean G^ DNA c o n t e n t o f P_. a u r e l i a d o u b l e t s i s a p p r o x i m a t e l y 
t w i c e (192%) t h a t o f s i n g l e t s . 

2. The v a l u e c a l c u l a t e d f o r t h e m a c r o n u c l e a r DNA c o n t e n t o f s i n g l e t s 
i s i n agreement w i t h the p r e v i o u s e s t i m a t e s (Woodard e t a l _ . , 1961; A l l e n 
and G i b s o n , 1972; B e r g e r , 1973). 
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TABLE XIV 
G, DNA CONTENT OF SINGLET AND DOUBLET 

P. a u r e l i a 

No. o f 
Type M a c r o n u c l e i N E...+S.E. 

t o t — 
C o e f f i c i e n t o f 
V a r i a t i o n (%) 

DNA 
C o n t e n t ( c ) 

S i n g l e t 1 36 55.7+4.5 36.8 844.0+69 
* D o u b l e t 1 & 2 228 106.5+8.0 45.6 1614.5+151 
M i c r o n u c l e i 
from D o u b l e t s 56 0.13+0.00 44.7 ** 

2.0 

* P o o l e d d a t a from 1 mac and 2 mac d o u b l e t s from T a b l e X I I I . 
** M i c r o n u c l e i assumed t o have a 2c DNA c o n t e n t . 
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3. The DNA c o n t e n t o f m i c r o n u c l e i i n s i n g l e t and d o u b l e t c e l l s i s 
the same. 

4. A s l i g h t l y h i g h e r v a r i a t i o n i n G-j DNA c o n t e n t as j u d g e d from t h e 
c o e f f i c i e n t s o f v a r i a t i o n i n T a b l e XIV i s p r e s e n t i n d o u b l e t as compared 
to s i n g l e t c e l l s . 

A s i m i l a r comparison o f the c y t o p l a s m i c c o n t e n t o r m a c r o m o l e c u l a r 
d r y mass o f s i n g l e t and d o u b l e t P_. a u r e l i a i s p r e s e n t e d i n T a b l e XV i n 
the f o l l o w i n g s u b - s e c t i o n . 

B. M a c r o m o l e c u l a r Dry Mass o f D o u b l e t and S i n g l e t P_. a u r e l i a 

D i v i d i n g c e l l s were i s o l a t e d from v e g e t a t i v e c u l t u r e s o f f o u r 
d o u b l e t s t o c k s and one w i l d - t y p e s i n g l e t s t o c k . Immediately a f t e r 
s e p a r a t i o n , G-| s i s t e r c e l l s were d r i e d on a l b u m e n i z e d m i c r o s c o p e s l i d e s 
and s t a i n e d w i t h a c i d i f i e d Napthol y e l l o w S which s t a i n s b a s i c and non-
b a s i c p r o t e i n s (Appendix I ) . S t a i n e d c e l l s were photog r a p h e d and t h e 
amount o f dye was e s t i m a t e d by t h e m i c r o d e n s i t o m e t r i c t e c h n i q u e (Appen
d i x I ) . 

The r e s u l t s ( T a b l e XV) i n d i c a t e t h a t d o u b l e t P_. a u r e l i a have 
r o u g h l y t w i c e the p r o t e i n c o n t e n t ( m a c r o m o l e c u l a r d r y mass) o f s i n g l e t s . 
As the c e l l s were f e d on s o l i d f o o d ( A e r o b a c t e r a e r o g e n e s ) , e s t i m a t e s 
o f t o t a l p r o t e i n c o n t e n t would i n c l u d e u n d i g e s t e d f o o d . a s w e l l as P a r a  
mecium p r o t e i n . 

I n t r a c l a s s c o r r e l a t i o n a n a l y s i s showed t h a t v a r i a t i o n i n macro
m o l e c u l a r d r y mass among p a i r s o f s i s t e r c e l l s d i d n o t exceed v a r i a t i o n 



TABLE XV 
MACROMOLECULAR DRY MASS OF SINGLET AND DOUBLET P. a u r e l i a 

S t o c k N 
E...+S.E. t o t — 
G-j c e l l s C.V.(%) N 

E - t o t i s - E -
G 2 c e l l s C.V.(%) r i P 

a 
51s ( s i n g l e t ) 38 3.5+0.1 23.3 19 7.1+0.3 17.4 +0.12 >0.05 
*KVD4, GM,, GM. 
( d o u b l e t ) 1 l 58 7.5+0.3 29.4 29 15.1+0.6 22.5 +0.28 >0.05 
H9W ( d o u b l e t ) 36 9.5+0.2 17.5 18 19.0+0.6 15.0 +0.44 0.05' 

0.01 

* 
Homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s t e s t . 
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w i t h i n p a i r s f o r s t o c k 51s ( s i n g l e t s ) , and s t o c k s KVD4, GM-j and GM 2 (doub
l e t s ) , t h e r e f o r e i m p l y i n g an unequal d i v i s i o n o f c y t o p l a s m t o t h e d a u g h t e r 
c e l l s i n t h e s e s t o c k s . However, v a r i a t i o n among p a i r s exceeded v a r i a t i o n 
w i t h i n p a i r s o f s i s t e r c e l l s i n s t o c k H9W. C o e f f i c i e n t s o f v a r i a t i o n 
between G^ and G 2 c e l l s from the same s t o c k were not s i g n i f i c a n t l y d i f 
f e r e n t a t the f i v e p e r c e n t l e v e l . F u r t h e r , i t was n o t e d t h a t t h e mean 
c y t o p l a s m i c c c o n t e n t o f c e l l s from s t o c k H9W was a p p r o x i m a t e l y 20% h i g h e r 
than i n the o t h e r t h r e e d o u b l e t s t o c k s examined. As mentioned i n S e c t i o n 
I I , p a r t A l , c e l l s from s t o c k H9W had an a p p r o x i m a t e l y 27% h i g h e r DNA 
c o n t e n t than c e l l s from o t h e r d o u b l e t s t o c k s . Thus, as was r e p o r t e d by 
K i m b a l l ( 1 9 6 7 ) , i t a p p e a r s t h a t t h e r a t i o between d r y mass and DNA c o n t e n t 
i s c o n s t a n t under e q u i l i b r i u m c o n d i t i o n s , i . e . when both t h e c e l l and 
the macronucleus a r e d o u b l i n g i n each c e l l c y c l e . 

S i n c e s t o c k H9W d o u b l e t s have been r e p o r t e d t o have an i n c r e a s e d 
number o f c i l i a r y rows (M. S c h n e l l e r , p e r s o n a l c o m m u n i c a t i o n ) , i t was 
e x p e c t e d t h a t t h e s e c e l l s would be l a r g e r . A l s o , s i n c e the p a t t e r n o f 
c o r t i c a l i n h e r i t a n c e i n P_. a u r e l i a was shown to be i n d e p e n d e n t o f t h e 
g e n e t i c c o n s t i t u t i o n o f the macronucleus (Sonneborn 1960, 1963, 1970b), 
one might i n t e r p r e t the c o r r e l a t i o n between m a c r o m o l e c u l a r d r y mass, 
DNA c o n t e n t and the number o f c i l i a r y rows to mean t h a t the row v a r i a t i o n s 
a r e p r i m a r y and t h a t c e l l s i z e and DNA c o n t e n t a r e a d j u s t e d t o t h e number 
o f rows. In s u p p o r t o f t h i s i d e a , T a r t a r (1961) has shown t h a t i n S t e n t o r 
the s i z e o f t h e macronucleus i s n o t the c a u s e o f , b u t a r e s p o n s e t o , t h e 
s i z e o f t h e c e l l . 

Among the f a c t o r s t h a t c o u l d l i m i t t h e growth r a t e i n d o u b l e t s 
a r e t h e amount o f c y t o p l a s m , t h e number o f ri b o s o m e s and the amount o f 
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r i b o s o m a l RNA, and t h e amount o f messenger RNA. S i n c e K i m b a l l (1967) 
found l i t t l e o r no p o s i t i v e c o r r e l a t i o n between d r y mass and d i v i s i o n 
r a t e i n s i n g l e t P_. a u r e l i a , one m ight e x p e c t t o f i n d a s i m i l a r l a c k o f 
c o r r e l a t i o n i n d o u b l e t s . For t h i s r e a s o n d i v i s i o n r a t e s i n s i n g l e t and 
d o u b l e t c e l l s a r e compared i n the f o l l o w i n g s u b - s e c t i o n . 

C. Length o f the C e l l C y c l e i n D o u b l e t and S i n g l e t P_. a u r e l i a 
A number o f d i v i d i n g c e l l s from two d o u b l e t s t o c k s and a w i l d -

t y p e s i n g l e t s t o c k were i s o l a t e d i n t o i n d i v i d u a l d e p r e s s i o n s l i d e w e l l s . 
Immediately a f t e r s e p a r a t i o n , each s i s t e r c e l l was r e i s o l a t e d i n t o a 
s e p a r a t e d e p r e s s i o n and the e l a p s e d time from s e p a r a t i o n t o the f o l l o w i n g 
d i v i s i o n was r e c o r d e d i n m i n u t e s . A 28°C w a l k - i n i n c u b a t o r was used t o 
e n s u r e u n i f o r m i t y o f t e m p e r a t u r e t h r o u g h o u t the c o u r s e o f the e x p e r i m e n t . 

The r e s u l t s ( T a b l e XVI) show t h a t d o u b l e t P_. a u r e l i a have a vege
t a t i v e c e l l c y c l e l a s t i n g a p p r o x i m a t e l y 164% o f t h e l e n g t h o f s i n g l e t s . 
I n t r a c l a s s c o r r e l a t i o n a n a l y s i s showed t h a t v a r i a t i o n i n c e l l c y c l e l e n g t h 
among p a i r s exceeded v a r i a t i o n w i t h i n p a i r s o f d a u g h t e r c e l l s f o r b o t h 
d o u b l e t and s i n g l e t s t o c k s . Thus, r e l a t e d d a u g h t e r c e l l s showed a h i g h 
degree o f s i m i l a r i t y i n the l e n g t h o f c e l l c y c l e . F u r t h e r , t h e r e was no 
s i g n i f i c a n t d i f f e r e n c e i n the c o e f f i c i e n t s o f v a r i a t i o n f o r mean c e l l 
c y c l e l e n g t h s between d o u b l e t and s i n g l e t c e l l s a t the f i v e p e r c e n t l e v e l . 

The r e a s o n s why d o u b l e t P_. a u r e l i a have a l o n g e r v e g e t a t i v e c e l l 
c y c l e than s i n g l e t s i s unknown. From t h e d a t a a l r e a d y d i s c u s s e d i t i s 
known t h a t d o u b l e t s have r o u g h l y t w i c e the DNA c o n t e n t and m a c r o m o l e c u l a r 



TABLE XVI 
CELL CYCLE LENGTH IN DOUBLET AND SINGLET 

P. a u r e l i a 

S t o c k 
Mean Length 
o f C e l l Cycle 
(min.)+S.E. C.V.(%) r i 

*GM-j, GM 2 

( d o u b l e t ) 98 486.4+5.4 10.9 +0.43 0.05-
0.01 

51s 
( s i n g l e t ) 61 296.0+2.7 7.1 +0.42 0.05-

0.01 

Homogeneous d a t a as j u d g e d by one-way Anova and B a r t l e t t ' s 
t e s t . 
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d r y mass o f s i n g l e t s . F u r t h e r , d o u b l e t s have two mouths and t h e r e f o r e 
c o u l d p o t e n t i a l l y f e e d t w i c e as q u i c k l y . T h e r e f o r e , one might e x p e c t 
t h a t t h e y s h o u l d grow as q u i c k l y as s i n g l e t s but t h e y o b v i o u s l y do n o t . 
R e s u l t s s i m i l a r t o t h e s e have a l s o been o b s e r v e d by o t h e r workers f o r 
P_. a u r e l i a d o u b l e t s ( p e r s o n a l communication from M. S a m o i l o f f ) . K i m b a l l 
(1941) n o t e d , however, t h a t t h e r a t e o f d i v i s i o n i n s i n g l e t and d o u b l e t 
E u p l o t e s p a t e l l a was a p p r o x i m a t e l y e q u a l . Moreover, as was n o t e d by 
K i m b a l l (1967) f o r s i n g l e t s , t h e s i t u a t i o n i n P_. a u r e l i a d i f f e r s from 
t h a t r e p o r t e d by P r e s c o t t (1956) f o r Amoeba p r o t e u s . Unequal d i v i s i o n 
o f t h e c y t o p l a s m r e s u l t e d i n unequal g e n e r a t i o n t i m e s , so t h a t e s s e n t i a l l y 
the normal c e l l s i z e was r e s t o r e d b e f o r e t h e n e x t d i v i s i o n . However, 
c e l l s from w i l d - t y p e s i n g l e t as w e l l as s e v e r a l d o u b l e t s t o c k s were found 
t o have an unequal d i v i s i o n o f c y t o p l a s m t o d a u g h t e r c e l l s , b ut t h e d e g r e e 
o f s i m i l a r i t y o f c e l l c y c l e l e n g t h s w i t h i n p a i r s o f d a u g h t e r c e l l s was 
s i g n i f i c a n t l y h i g h . Thus i t appears t h a t g e n e r a t i o n time i s l e s s r e a d i l y 
i n f l u e n c e d by c e l l s i z e i n P_. a u r e l i a than i n A. p r o t e u s . 

In some r e s p e c t s a s i m i l a r v a r i a t i o n was found w i t h i n p o p u l a t i o n s 
o f mammalian c e l l s ( K i l l a n d e r and Z e t t e r b e r g , 1965a,b). The macromolecu
l a r d r y mass and, t o some e x t e n t , DNA c o n t e n t a t d i v i s i o n v a r i e d a p p r e 
c i a b l y i n n o n - n e o p l a s t i c and even more so i n n e o p l a s t i c c e l l l i n e s . In 
the l a t t e r , t h e r e was a h i g h c o r r e l a t i o n between t h e d r y mass and DNA 
c o n t e n t a t the t i m e o f d i v i s i o n . Unequal d i v i s i o n , v a r i a t i o n s i n growth 
r a t e , and p o s s i b l e g e n e t i c d i f f e r e n c e s were s u g g e s t e d as s o u r c e s o f t h i s 
v a r i a t i o n . The g e n e r a t i o n time a l s o v a r i e d somewhat b u t was n o t c l e a r l y 
r e l a t e d t o c e l l s i z e . However, t h e G-, p e r i o d was s h o r t e r w i t h i n c r e a s e d 
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c e l l s i z e , and the s i z e a t the s t a r t o f S tended t o be l e s s v a r i a b l e 
than a t o t h e r s t a g e s . I t was s u g g e s t e d , as c o u l d a l s o be t h e c a s e i n 
P_. a u r e l i a d o u b l e t s , t h a t t h e s e r e l a t i o n s t e n d t o r e s t o r e t h e normal s i z e 
by a l l o w i n g more time f o r growth i n t h e s m a l l e r than i n t h e l a r g e r c e l l s 
b e f o r e DNA s y n t h e s i s b e g i n s . 



CONCLUDING STATEMENT 

The o c c u r r e n c e o f Paramecium d o u b l e t s has made i t p o s s i b l e t o 
examine t h e n a t u r e o f r e g u l a t i o n o f DNA c o n t e n t i n a c e l l t y p e n o t com
monly found i n n a t u r e . In Paramecium d o u b l e t s an a r t i f i c i a l s i t u a t i o n 
i s c r e a t e d i n which a normal s i n g l e t genome d e v e l o p s i n t o a s i n g l e macro-
n u c l e u s i n a c y t o p l a s m i c u n i t t w i c e the normal s i z e . The r e s u l t s show 
t h a t the s i z e and DNA c o n t e n t o f t h e macronucleus i s d e t e r m i n e d by two 
p r i m a r y f a c t o r s , t h e s i z e o f t h e c e l l and t h e number o f m a c r o n u c l e i . 
When more than one macronucleus i s p r e s e n t , t h e m a c r o n u c l e i i n t e r a c t 
c o m p e t i t i v e l y so t h a t t he t o t a l m a c r o n u c l e a r DNA c o n t e n t p e r c e l l i s 
a p p r o x i m a t e l y c o n s t a n t . When t h e c y t o p l a s m i c u n i t i s t w i c e as l a r g e , 
as i n d o u b l e t s , t h e mean m a c r o n u c l e a r DNA i s t w i c e as g r e a t as i n normal 
s i n g l e t s , even when onfl>y a s i n g l e m a c r o n u c l e u s i s p r e s e n t i n b o t h . 

These s t u d i e s have shown t h a t r e g u l a t i o n o f DNA c o n t e n t p e r c e l l 
as a r e s u l t o f m a c r o n u c l e a r l o s s by t h e f o u r t h t o f i f t h post-autogamous 
c e l l d i v i s i o n , o c c u r s c h i e f l y i n two ways: 1) by m i s s e g r e g a t i o n o f a 
d i v i d i n g m a cronucleus a t f i s s i o n , and 2) by m i s d i v i s i o n o f one o r more 
m a c r o n u c l e i a t f i s s i o n . 

R e g u l a t i o n o f DNA c o n t e n t i n d o u b l e t s i s f u r t h e r r e f i n e d i n such 
a way t h a t DNA c o n t e n t , i n c a s e s o f unequal d i s t r i b u t i o n s o f m a c r o n u c l e i , 
i s n o t s t r i c t l y dependent upon the number o f m a c r o n u c l e i p e r c e l l . 
G e n e r a l l y , t h e l a r g e s t m a c r o n u c l e i t e n d t o s e g r e g a t e away from s m a l l e r 

88 



89 

m a c r o n u c l e i . Once a s i n g l e macronucleus a r r i v e s i n a d o u b l e t c y t o p l a s m , 
the DNA c o n t e n t i n the macronucleus i n c r e a s e s r a p i d l y , resumably p a r 
t i a l l y i n r e s p o n s e t o t h e d e c r e a s e d n u c l e o - c y t o p l a s m i c r a t i o . Because 
o f t h e i n c r e a s e d l e n g t h o f the c e l l c y c l e i n d o u b l e t s , t he G-j p e r i o d 
may be l o n g e r i n s i n g l e t s than i n d o u b l e t s , a l l o w i n g more time f o r growth 
i n s m a l l e r r a t h e r than i n l a r g e r c e l l s . 



NOTES 

1. The F e u l g e n n u c l e a r r e a c t i o n f o r DNA i s t h e c y t o c h e m i c a l p r o c e d u r e 
t h a t has been most used i n c y t o p h o t o m e t r i c s t u d i e s . Q u a n t i t a t i v e use 
o f the F e u l g e n r e a c t i o n has h e l p e d t o e s t a b l i s h t h a t the a v e r a g e amount 
o f DNA p e r chromosome s e t i s c o n s t a n t f o r animal and p l a n t s p e c i e s , and 
t h a t r e p l i c a t i o n o f DNA i s r e s t r i c t e d t o t h e i n t e r p h a s e s t a g e o f t h e 
c e l l l i f e c y c l e . F e u l g e n c y t o p h o t o m e t r y has been used t o d e t e r m i n e t h e 
e x t e n t o f p o l y p l o i d y i n mammalian l i v e r t i s s u e ( A l f e r t and Geschwind, 
1958) and Paramecium a u r e l i a macro- and m i c r o n u c l e i ( K i m b a l l and B a r k a , 
1959; B e r g e r , 1973) among o t h e r t h i n g s . 

The F e u l g e n r e a c t i o n depends upon a p r i o r a c i d h y d r o l y s i s o f 
DNA which p r e f e r e n t i a l l y removes p u r i n e s , unmasking the a l d e h y d e group 
o f t h e d e o x y r i b o f u r a n o s e s u g a r s t o which t h e y were bound. The a l d e h y d e s 
thus formed r e a c t w i t h a d e c o l o r i z e d S c h i f f r e a g e n t , which i s c o n v e r t e d 
i n t o i t s c o l o r e d form and i s bound i n s i t u t o t h e DNA. P r o o f t h a t an 
a l d e h y d e group i s n e c e s s a r y f o r t h e p o s i t i v e n u c l e a r r e a c t i o n comes from 
t h e o b s e r v a t i o n t h a t a l d e h y d e c o u p l i n g r e a g e n t s b l o c k the F e u l g e n r e a c t i o n 
i f a p p l i e d a f t e r a c i d h y d r o l y s i s ( L e s s l e r , 1956). 

2. The c y t o p l a s m i c c o n t e n t o f a c e e l l may be d e t e r m i n e d c y t o p h o t o -
m e t r i c a l l y u s i n g an a c i d dye such as Napthol y e l l o w S (NYS). The p r e 
dominant mechanism o f s t a i n i n g p r o t e i n s by a c i d dyes i s e l e c t r o s t a t i c 
b o n d i n g o f t h e dye a n i o n s t o t h e a v a i l a b l e c a t i o n i c groups o f p r o t e i n s . 
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The l a t t e r a r e the e-amino groups o f l y s i n e and h y d r o x y l y s i n e , t h e guan-
i d y l groups o f a r g i n i n e , the i m i d a z o l e groups o f h i s t i d i n e , and t h e f r e e 
t e r m i n a l a-amino g r o u p s . The e x t e n t t o which an a n i o n i c dye w i l l b i n d 
t o t h e s e c a t i o n i c groups i s l i m i t e d by a number o f f a c t o r s , i n c l u d i n g 
t h e pH o f t h e s t a i n i n g s o l u t i o n , t h e c o n c e n t r a t i o n o f the dye and i t s 
a f f i n i t y f o r p r o t e i n , t h e e f f e c t o f t h e f i x a t i v e , t h e a v a i l a b i l i t y o f t h e 
p r o t e i n b a s i c groups t o t h e dye, t h e n a t u r e o f t h e s o l v e n t i o n s , and 
the i o n i c s t r e n g t h o f the s t a i n i n g s o l u t i o n ( D e i t c h , 1966). 

Dye b i n d i n g w i t h NYS was f o u n d to r e a c h a maximum l a r g e l y i n 
dependent o f dye c o n c e n t r a t i o n and s t a i n i n g t i m e , and I have found i t 
t o be an i d e a l s t a i n f o r d o i n g m i c r o d e n s i t o m e t r i c measurements on t h e 
c y t o p l a s m i c c o n t e n t ( m a c r o m o l e c u l a r d r y mass) o f Paramecium a u r e l i a . 
H y d r o l y s i s i n 1 N HC1 f o r the F e u l g e n r e a c t i o n c a u s e s about a 10% d e c r e a s e 
o f NYS s t a i n i n g , p r o b a b l y as a r e s u l t o f e x t r a c t i o n o f some h i s t o n e d u r i n g 
the a c i d h y d r o l y s i s , w h i l e DNase o r hot t r i c h l o r o a c e t i c a c i d p r e t r e a t m e n t 
on t h e o t h e r hand c a u s e s a 20-30% i n c r e a s e i n dye b i n d i n g , i n d i c a t i n g 
t h a t DNA may mask some o f the p r o t e i n b a s i c groups and p r e v e n t them from 
s t a i n i n g . 
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APPENDIX I 

DETAILS OF CYTOLOGICAL AND MICRODENSITOMETRIC 
TECHNIQUES USED. 

A. C u l t u r i n g Methods 
1. Media 

a) C e r o p h y l - P r e p a r e d a c c o r d i n g t o t h e methods d e s c r i b e d by 
Sonneborn (1970a). 

b) Baked l e t t u c e medium - P r e p a r e d a c c o r d i n g t o t h e methods d e s 
c r i b e d by Sonneborn (1950). 

c) D r y l ' s s o l u t i o n ( D r y l , 1959) 
i ) S t o c k s o l u t i o n s 

S o l n . A - a. 0.1 M NaH 2P0 4 * H 20 (1.38g/100 ml) 
b. 0.1 M NAH 2P0 4 ' 7H 20 (2.68g/100 ml) 
c. 0.1 M Na c i t r a t e (2.94g/100 ml) 

S o l n . B. a. 0.1 M CaCl ( l . l l g / 1 0 0 ml) 

i i ) D r y l ' s s o l n . pH 7.0 (1000 ml) 
a. 40 mis S o l n . A 
b. 945 mis d i s t i l l e d water 
c. 15 mis S o l n . B added l a s t 

B. S e l e c t i o n o f D o u b l e t D i v i d e r s i n V e g e t a t i v e Growth 
C u l t u r e s o f exautogamous e x p o n e n t i a l l y d i v i d i n g d o u b l e t c e l l s 

were grown i n d e p r e s s i o n s l i d e s f o r a p e r i o d o f one-two d a y s . D i v i d i n g 
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c e l l s were c o l l e c t e d w i t h a m i c r o p i p e t t e and each d a u g h t e r c e l l was i s o 
l a t e d i n t o i n d i v i d u a l "A" and "B" d e p r e s s i o n s i m m e d i a t e l y a f t e r s e p a r a t i o n 
which o c c u r r e d a p p r o x i m a t e l y 10-15 minutes a f t e r t h e c o l l e c t i o n o f t h e 
d i v i d e r ( K i m b a l l and B a r k a , 1959). 

C. P r e p a r a t i o n o f A n t i s e r u m 
1. A n t i s e r u m was p r e p a r e d as d e s c r i b e d by Sonneborn (1970a). 

D. G e n e r a t i o n o f D o u b l e t S t o c k s GMj, GM 2, and GMg. 
M a t i n g r e a c t i v e c e l l s o f mating t y p e VII ( S t o c k 51) and mati n g 

type V I I I ( S t o c k 51) were mixed a c c o r d i n g t o s t a n d a r d methods (Sonneborn, 
1970a). C o n j u g a t i n g p a i r s were l a t e r i n d i v i d u a l l y i s o l a t e d i n t o de
p r e s s i o n s l i d e s c o n t a i n i n g s t e r i l e D r y l ' s s o l u t i o n w i t h a 1/800 conc e n 
t r a t i o n o f S t o c k 51 a n t i s e r u m ( s e r o t y p e A ) . A f t e r a p e r i o d o f two hours 
i n t h e a n t i s e r u m s o l u t i o n , c o n j u g a t i n g p a i r s were then t r a n s f e r r e d t o 
i n d i v i d u a l d e p r e s s i o n s o f C e r o p h y l medium and l e f t o v e r n i g h t . P a i r s 
which f a i l e d t o s e p a r a t e were i s o l a t e d as p r o s p e c t i v e d o u b l e t c e l l s and 
were t r a n s f e r r e d d a i l y t o f r e s h c u l t u r e media. 

E. C y t o l o g i c a l T e c h n i q u e s 
1. F i x a t i o n 

a) C l a r k ' s e t h a n o l - a c e t i c a c i d 
3 p a r t s a b s o l u t e e t h a n o l 
1 p a r t g l a c i a l a c e t i c a c i d 
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2. A l b u m e n i z e d s l i d e s 

a) Meyer's albumen f i x a t i v e was s p r e a d i n a t h i n l a y e r a p p l i e d 
t o one end o f a c l e a n m i c r o s c o p e s l i d e w i t h t h e f i n g e r . The 
s l i d e was then h e a t e d o v e r a b u r n e r f l a m e u n t i l t h e albumen 
f i l m was d r y b u t n o t s c o r c h e d . 

3. S t a i n i n g P r o c e d u r e 
a) F e u l g e n r e a c t i o n 

i ) Reagents 
a. L e u c o b a s i c f u c h s i n (Schfff'ss r e a g e n t ) 

- 100 mis d i s t i l l e d water 
- 0.5 g p o t a s s i u m m e t a - b i s u l f i t e 
- 0.5 g b a s i c f u c h s i n 
- 10 mis 1 N HC1 

The dye ( b a s i c f u c h i n ) was added t o water which was b r o u g h t t o a b o i l . 
A f t e r the m i x t u r e had c o o l e d t o room t e m p e r a t u r e t h e p o t a s s i u m meta-
b i s u l f i t e and h y d r o c h l o r i c a c i d were added. A f t e r t h e m i x t u r e had s e t 
f o r s e v e r a l hours i n a s t o p p e r e d b o t t l e , a p p r o x i m a t e l y one gm o f N o r i t - A 
' d e c o l o r i z i n g c h a r c o a l ' ( F i s h e r C h e m i c a l s ) was added and removed by 
f i l t r a t i o n once a l l t r a c e s o f c o l o r had been removed from the s o l u t i o n . 
The f i l t e r e d r e a g e n t was s t o r e d a t f o u r d e g r e e s C i n a f o i l - w r a p p e d 
b o t t l e . 

b. A c i d b i s u l f i t e wash 
- 0.5 g p o t a s s i u m m e t a - b i s u l f i t e 
- 5 mis 1 N HC1 
- 95 mis d i s t i l l e d w a t e r 
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i i ) Method 

I n d i v i d u a l c e l l s were d r i e d i n rows on p r e v i o u s l y a l b u m e n i 
zed m i c r o s c o p e s l i d e s ( F i s h e r M6155) and f i x e d i n C l a r k ' s f i x a t i v e f o r 
20 minutes f o l l o w e d by a r i n s e i n d i s t i l l e d w a t er and h y d r o l y s i s i n 1 N 
HC1 a t 60° C f o r 11 m i n u t e s . F o l l o w i n g h y d r o l y s i s , t h e c e l l s were a g a i n 
r i n s e d i n d i s t i l l e d w a t e r and p l a c e d iin a c o v e r e d C o p l i n j a r c o n t a i n i n g 
l e u c o b a s i c f u c h s i n f o r a p p r o x i m a t e l y 45 minutes where s t a i n i n g took 
p l a c e . A f t e r s t a i n i n g t h e s l i d e s were a g a i n r i n s e d i n d i s t i l l e d w a t er 
and p l a c e d i n t o a n o t h e r C o p l i n j a r c o n t a i n i n g a c i d b i s u l p h i t e f o r one 
minute. The s l i d e s were t h e n removed and washed i n r u n n i n g t a p w a t e r f o r 
1/2 hour and a i r d r i e d . 

In p r e p a r i n g s l i d e s f o r m i c r o d e n s i t o m e t r y , t h e s t a i n was 
made f r e s h f o r each use. S p e c i a l c a r e was taken t o e n s u r e t h a t t h e tem
p e r a t u r e o f the s l i d e s and the a c i d - b a t h were c o r r e c t d u r i n g h y d r o l y s i s 
as t h i s i s the most c r i t i c a l s t e p o f t h e p r o c e d u r e . S l i d e s were s t a i n e d 
a p p r o x i m a t e l y 45 minutes (as d e s c r i b e d b e l o w ) , r i n s e d i n d i s t i l l e d w a t e r , 
and put t h r o u g h two changes o f a c i d - b i s u l p h i t e wash t o remove any non-
s p e c i f i c a l l y bound dye. S l i d e s were then washed i n r u n n i n g t a p w a t e r 
f o r 1/2 hour and a i r d r i e d . 

b) A z u r e A t e c h n i q u e f o r DNA ( m o d i f i e d from DaLamater, 1951, 
by S. W. Perdue, u n p u b l i s h e d ) 

i ) Reagents 
a. S t o c k s o l u t i o n 

- 0.5% A z u r e A i n d i s t i l l e d w a t er 
b. S t a i n i n g s o l u t i o n 

- 30 mis 0.5% A z u r e A 
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- 0.45 g p o t a s s i u m m e t a b i s u l p h i t e 
- 1.5 mis 1 N HC1 

i i ) Method 
C e l l s were d r i e d i n d i v i d u a l l y i n rows on p r e v i o u s l y a l -

bumenized m i c r o s c o p e s l i d e s and f i x e d 20 minutes i n C l a r k ' s f i x a t i v e . 
F o l l o w i n g f i x a t i o n , s l i d e s were r i n s e d i n d i s t i l l e d w a t er and h y d r o l y s e d 
i n 1 N HC1 f o r 11 minutes a t 60° C. S l i d e s were then r i n s e d i n d i s t i l l e d 
w a t e r and p l a c e d i n a c o v e r e d C o p l i n j a r c o n t a i n i n g t h e s t a i n i n g s o l u t i o n 
f o r 20-30 m i n u t e s . A f t e r s t a i n i n g , s l i d e s were p u t t h r o u g h m u l t i p l e 
r i n s i n g s o f d i s t i l l e d w a t er and then washed a t l e a s t 20 minutes i n r u n n i n g 
t a p - w a t e r and a l l o w e d t o a i r d r y . A f t e r d r y i n g , t h e s l i d e s were mounted 
i n C a r g i l l ' s t y p e 'A' r e f r a c t i v e i n d e x n:mmers\iono6i;i ( i n d e x o f r e f r a c t i o n 
1.530) t o r e d u c e t h e l o s s o f l i g h t by s c a t t e r which would n o r m a l l y o c c u r 
a t t h e a i r - g l a s s i n t e r f a c e between t h e specimen and the c o v e r s ! i p . Cover-
s l i p s were s e a l e d w i t h c l e a r f i n g e r n a i l p o l i s h . 

c) A c i d F a s t - G r e e n ( f o r s t a i n i n g n o n - h i s t o n e p r o t e i n ) a f t e r Kaye 
and McMaster-Kaye (1966) 

i ) Reagents 
a. 5% t r i c h l o r o a c e t i c a c i d (TCA) 2.5 g TCA/50 mis d i s t i l l e d 

w a t e r 
b. 1 mg/ml F a s t Green s t a i n 
c. 1 N HC1 

i i ) Method 
I n d i v i d u a l c e l l s were d r i e d on a l b u m e n i z e d m i c r o s c o p e 

s l i d e s . When t h e drop had d r i e d enough t o make the c e l l s a d h e r e t o t h e 
s u r f a c e o f t h e g l a s s , t h e s l i d e s were immersed i n hot t r i c h l o r o a c e t i c 
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a c i d ( f i v e p e r c e n t f o r 15 minutes a t 9 0 ° C ) , washed i n d i s t i l l e d w a t e r , 
and s t a i n e d i n c o v e r e d C o p l i n j a r s f o r 60 minutes i n a one mg/ml aqueous 
s o l u t i o n o f F a s t Green which had been a d j u s t e d t o an a c i d pH w i t h 1 N 
HC1. F o l l o w i n g s t a i n i n g the s l i d e s were t r a n s f e r r e d d i r e c t l y t o 95% 
e t h a n o l f o r s e v e r a l m i n u t e s , run up t o x y l e n e , and mounted i n immersion 
o i l o r permount s e a l i n g the b o r d e r o f the c o v e r s l i p w i t h c l e a r n a i l p o l i s h . 

d) Napthol y e l l o w S ( f o r b a s i c and n o n - b a s i c c y t o p l a s m i c p r o t e i n s 
a f t e r D e i t c h (1955, 1966) 

i ) Reagents 
a. 50 mis 0.1% Napthol y e l l o w S d i s s o l v e d i n 1% g l a c i a l 

a c e t i c a c i d 
b. 50 mis 1% g l a c i a l a c e t i c a c i d 
c. 90 mtlss t e r t - b u t y l a l c o h o l 

i i ) Method 
I n d i v i d u a l c e l l s were d r i e d i n rows on p r e v i o u s l y a l b u m e n i -

zed m i c r o s c o p e s l i d e s , f i x e d f o r 20 m inutes i n C l a r k ' s f f i x a t i v e , and 
r i n s e d i n d i s t i l l e d w a t e r . The s l i d e s were then t r a n s f e r r e d t o c o v e r e d 
C o p l i n j a r s o f 0.1% Napthol y e l l o w S i n one p e r c e n t g l a c i a l a c e t i c a c i d 
and s t a i n e d f o r 30 minutes a t room t e m p e r a t u r e . F o l l o w i n g s t a i n i n g , 
s l i d e s were r i n s e d i n a one p e r c e n t s o l u t i o n o f a c e t i c a c i d f o r one m i n u t e , 
and d e h y d r a t e d i n t h r e e changes o f t e r t - b u t y l a l c o h o l and two changes 
o f x y l e n e . C o v e r s l i p s were mounted i n C a r g i l l ' s i n d e x o f r e f r a c t i o n 
immersion o i l and s e a l e d w i t h c l e a r n a i l p o l i s h . 

e) D i p p e l l S t a i n ( D i p p e l l , 1955) 
i ) Reagents 

a. 200 mis 45% g l a c i a l a c e t i c a c i d 
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b. 1 1/2-2 g c a r m i n e 
c. 4.5 p a r t s 45% g l a c i a l a c e t i c a c i d 
d. 2 p a r t s 1 N HC1 
e. 1 p a r t 1% F a s t - G r e e n i n 95% methyl a l c o h o l 

i i ) Method 
The a c e t o c a r m i n e was p r e p a r e d by r e f l u x i n g 200 mis o f 45% 

a c e t i c a c i d w i t h 1 1/2-2 gms carmine f o r 1 1/2 h o u r s . The D i p p e l l s t a i n 
was p r e p a r e d by m i x i n g t o g e t h e r 10.5 p a r t s a c e t o c a r m i n e , 4.5 p a r t s 45% 
g l a c i a l a c e t i c a c i d , two p a r t s 1 N HC1, and one p a r t one p e r c e n t F a s t 
Green i n 95% methyl a l c o h o l . T h i s s t a i n , i n p r e p a r e d form, s i m u l t a n e o u s l y 
f i x e s and s t a i n s t h e m a c r o n u c l e i o f p a r a m e c i a an orange-brown c o l o u r 
w h i l e s t a i n i n g the c y t o p l a s m l i g h t g r e e n . I t i s g e n e r a l l y a p p l i e d w i t h 
a d r o p p e r t o a s m a l l c u l t u r e o f c e l l s e i t h e r i n a d e p r e s s i o n o r i n a 
d r o p l e t on a m i c r o s c o p e s l i d e . A f t e r a c o v . e r s l i p has been a p p l i e d t h e 
n u c l e a r morphology o f the c e l l s i s e a s i l y s e e n . T h i s t e c h n i q u e p r o v i d e s 
a q u i c k , easy method f o r o b s e r v i n g t h e s t a t u s o f the m a c r o n u c l e u s and 
was used a l m o s t e x c l u s i v e l y t o check f o r c e l l s i n autogamy. In t h i s 
c a s e t h e fragments o f t h e o l d m a cronucleus were e a s i l y r e c o g n i z e d as 
s u c h . 

F. M i c r o d e n s i t o m e t r y 
1. P r e p a r a t i o n o f S l i d e s 

F e u l g e n s t a i n e d macro- and m i c r o n u c l e i o f d i v i d i n g Paramecium  
a u r e l i a ( S t o c k s 3A, 2B, and H9W) f o l l o w i n g s e x u a l r e o r g a n i z a t i o n were 
photog r a p h e d u s i n g an Olympus m i c r o s c o p e and o v e r h e a d a t t a c h e d camera > 
w i t h a Z e i s s 40x w a t e r immersion o b j e c t i v e and lOx o c u l a r . Kodak h i g h 
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c o n t r a s t copy f i l m #5069 was used t h r o u g h o u t . The n e g a t i v e s o f t h e 
n u c l e i were c u t o u t so t h a t they c o u l d be mounted i n r e f r a c t i v e i n d e x 
immersion o i l on a g l a s s m i c r o s c o p e s l i d e and a c o v e r s l i p was a p p l i e d 
and s e a l e d w i t h c l e a r n a i l p o l i s h . 

2. Equipment 
A Z e i s s m i c r o s c o p e w i t h a t u n g s t e n l i g h t s o u r c e was used. The 

l i g h t , a f t e r p a s s i n g t h r o u g h t h e c o n d e n s e r , passed t h r o u g h a s l i d e c o n 
t a i n i n g t h e p h o t o g r a p h i c n e g a t i v e o f a n u c l e u s mounted on t h e m i c r o s c o p e 
s t a g e . The cone o f l i g h t , a f t e r p a s s i n g t h r o u g h the n e g a t i v e as a s m a l l 
s p o t , p a s s e d t h r o u g h the o p t i c a l s y s t e m and s t r u c k a p h o t o c e l l l o c a t e d 
a t the image f o c a l p l a n e . A c u r r e n t p r o p o r t i o n a l t o l i g h t i n t e n s i t y 
was g e n e r a t e d by t h e p h o t o c e l l , and t h e c u r r e n t v a l u e s were r e c o r d e d 
on punched paper t a p e . 

The d i g i t a l s t a g e c o n t r o l u n i t o p e r a t e d s e r v o - m o t o r s which con
t r o l l e d t h e movements o f t h e m i c r o s c o p e s t a g e . Each n u c l e a r image was 
scanned i n a preprogrammed r e c t a n g u l a r a r r a y o f p o i n t s a t even i n t e r v a l s 
so t h a t a f t e r c o m p l e t i n g a s c a n o f t h e image a l o n g a g i v e n l i n e , t h e 
s t a g e would i n d e x and b e g i n a n o t h e r s c a n a l o n g an a d j a c e n t p a r a l l e l 
l i n e . A f t e r c o m p l e t i n g a whole s e t o f s c a n s o f t h e e n t i r e o b j e c t image, 
t h e i n s t r u m e n t a u t o m a t i c a l l y s h u t o f f . Minute v a r i a t i o n s i n the o p t i c a l 
d e n s i t y o f each n e g a t i v e were thus o b t a i n e d . 

The s c a n n i n g d a t a r e c o r d e d on paper t a p e was a n a l y s e d on an IBM 1130 
computer'using a s p e c i a l program (DENSI) w r i t t e n by Dr. J . D. B e r g e r which 
p l o t s e x t i n c t i o n v a l u e s t o g i v e a n u m e r i c a l d e n s i t y "map" o f each scanned 
o b j e c t . The c u m u l a t i v e e x t i n c t i o n o f l i g h t i n t o t h e n e g a t i v e o f each 
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scanned n u c l e u s p r o v i d e d a r e l a t i v e b a s i s f o r comparison o f t h e DNA 
c o n t e n t i n m a c r o n u c l e i . C y t o p l a s m i c c o n t e n t ( m a c r o m o l e c u l a r d r y mass) 
was e s t i m a t e d i n a s i m i l a r manner e m p l o y i n g t h e s t a i n Napthol y e l l o w S 
f o r c y t o p l a s m i c p r o t e i n s . A di a g r a m o f t h e o p t i c a l s y s t e m o f t h e s c a n n i n g 
d e v i c e i s shown below. 

photo- cell -*( |^ 

o—ocular 

to digital ampmeter 

negative of 
object 

scanning stage 

4 5 ° mirror-

microscope objective 

I5TED 

-tungsten light source 

3. T h e o r e t i c a l A s p e c t s o f M i c r o d e n s i t o m e t r y 
M i c r o d e n s i t o m e t r y p r o v i d e s a q u a n t i t a t i v e e s t i m a t e o f t h e amount 

o f l i g h t t r a n s m i t t e d o r a b s o r b e d by s e r i a l l y s c a n n i n g a p h o t o g r a p h i c 
n e g a t i v e o f the o b j e c t which has been s p e c i f i c a l l y s t a i n e d , and m e a s u r i n g 
the t o t a l c u m u l a t i v e e x t i n c t i o n ( a b s o r b e n c e ) o f l i g h t i n t o t h e s i l v e r 
g r a i n s o f t h e scanned a r r a y . Q u a n t i t a t i v e measures o f the amount o f 
a b s o r b i n g m a t e r i a l a r e o b t a i n e d by making measurements o f o p t i c a l d e n s i t y 
d e f i n e d as t h e l o g a r i t h m o f the r a t i o o f l i g h t i n p u t i n t e n s i t y t o o u t p u t 
i n t e n s i t y t h r o u g h an a b s o r b i n g m a t e r i a l (Bloom, 1966). The p r o b l e m o f 
n o n - u n i f o r m d i s t r i b u t i o n o f m a t e r i a l i n t h e o b j e c t ( i _ . e . DNA i n a c e l l ) 
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make i t d e s i r a b l e t o break up t h e specimen i n t o s m a l l e r p i e c e s o f u n i 
form o p t i c a l d e n s i t y and t o then add up a l l the i n f o r m a t i o n o b t a i n e d i n 
t h i s manner. T h i s p r o c e s s i s known as i n t e g r a t i o n and f o r t h i s r e a s o n 
the i n s t r u m e n t i s known as an i n t e g r a t i n g m i c r o d e n s i t o m e t e r . 

The r e l a t i o n between t r a n s p a r e n c y , o p a c i t y ( 1 / T ) , and d e n s i t y 
( l o g 1/T) was f i r s t d e s c r i b e d by H u r t e r and D r i f f i e l d (1890) who fou n d 
t h a t t h e d e n s i t y o f a f i l m s h o u l d be p r o p o r t i o n a l t o t h e amount o f s i l v e r 
p e r u n i t a r e a and t o the l o g a r i t h m o f the e x p o s ure t i m e . On t h e b a s i s 
o f t h e i r s t u d y H u r t e r and D r i f f i e l d c o n s t r u c t e d a D-log E c u r v e . The 
H- and D-curve f o r Kodaklc h i g h c o n t r a s t copy f i l m #5069 i s shown i n 
F i g u r e 15. 

The s l o p e , y, o f t h e c u r v e i s c h a r a c t e r i s t i c o f t h e e m u l s i o n under 
s p e c i f i e d c o n d i t i o n s o f p r o c e s s i n g . I t i s used as a measure o f c o n t r a s t . 
In any a p p l i c a t i o n o f p h o t o g r a p h i c p hotometry, t h e c o r r e c t e x p o s u r e 
range f o r t h e f i l m must no t e x t e n d beyond t h e l i m i t s o f t h e s t r a i g h t -
l i n e p o r t i o n o f t h e a p p r o p r i a t e H- and D-curve. 

The t o t a l a b s o r b e n c e o f an o b j e c t on a n e g a t i v e by m i c r o d e n s i t o 
metry may be d e t e r m i n e d by t h e argument: 

A = l o g ( I / I Q ) (1) 
A b k g = l Q 9 <WW ( 2 ) 

A i m a g e = l o 9 ^ b t g ^ i m a g e ) ( 3 > 
A o b j e c t = A b k g " A i m a g e ^ 

S u b s t i t u t i n g (2) and (3) i n t o (4) and s i m p l i f y i n g : 
A o b j e c t = l 0 9 h m g e " l o g ^ b k g < 5) 
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F i g u r e 15. P l o t o f o p t i c a l d e n s i t y vs_. l o g e x p o s u r e time f o r 
Kodak h i g h c o n t r a s t copy f i l m # n5069. 
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E'4L 

L O G n EXPOSURE TIME 
FIGURE 15 
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S i n c e o u t p u t c u r r e n t s from t h e p h o t o c e l l a r e d i r e c t l y p r o p o r t i o n a l t o 
the l i g h t i n t e n s i t y : 

A o b j e c t = l Q 9 'image " l o 9 'bkg ( 6 ) 

The t o t a l e x t i n c t i o n o f a s e r i e s o f image elements x-j t o x n i s : 

n 
E . . n f = sum A A X (7) t o t x = 1 x 

For a two d i m e n s i o n a l a r r a y , n by m: 

m n 
E.. . = sum sum A v w A X A Y (8) 

z o z y=l x=l x' y 

T h i s i s t h e v a r i a b l e measured by t h e i n s t r u m e n t and i s t h e c u m u l a t i v e 
e x t i n c t i o n a t t h e image p l a n e a t t h e t i m e o f s c a n n i n g . To e x p r e s s t h e 
t o t a l e x t i n c t i o n o f the o b j e c t i n terms o f t h e d i s t a n c e between elements 
a t t h e l e v e l o f t h e c e l l , r a t h e r than i n terms o f t h e m a g n i f i e d n e g a t i v e : 
u n i t = AAbsorbence * urn 

m n 0 9 

(9) • t o t = sura sum A X > Y A X A Y / M P = E . ^ / 

Thus t o c o r r e c t f o r d i f f e r e n c e s i n m a g n i f i c a t i o n o f t h e p l a t e o r f o r 
d i f f e r e n c e s i n t h e d i s t a n c e between elements when s c a n n i n g : 

E 2 = E 1 ( M P 2 M P 1 ) 2 ( A X 1 A Y 1 / A X 2 A Y 2 ) (10) 

Where: A = ab s o r b e n c e 
I = i n t e n s i t y 
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I = i n c i d e n t i n t e n s i t y 
bkg = background ( f u l l y exposed p o r t i o n o f n e g a t i v e r e p r e s e n t i n g 

o p t i c a l f r e e s p a c e ) 
b t g = b r i g h t g r o u n d = unexposed p o r t i o n o f n e g a t i v e 
o b j e c t = o b j e c t p hotographed 
image = p h o t o g r a p h i c image o f o b j e c t 
E . . . = c u m u l a t i v e e x t i n c t i o n t o t 
A X = h o r i z o n t a l d i s t a n c e between elements 
A = a b s o r b e n c e o f t h e element (x) 
X 

Ay = a b s o r b e n c e o f t h e ele m e n t (y) 
A Y = v e r t i c a l d i s t a n c e between elements 



APPENDIX I I 

DETERMINATION OF MACHINE ERROR 
IN MICRODENSITOMETRY 

The i m p o r t a n c e o f c a l c u l a t i n g e x p e r i m e n t a l e r r o r i s o b v i o u s 
where t h e e x p e r i m e n t a l a p p a r a t u s used t o c o l l e c t t h e raw d a t a may g i v e 
e r r o n e o u s measurements. B e f o r e s t a r t i n g t h i s s t u d y , t h e c o n s i s t e n c y 
o f v a l u e s f o r c u m u l a t i v e e x t i n c t i o n o b t a i n e d by t h e summation o f i n d i 
v i d u a l p o i n t measurements o f l i g h t i n t e n s i t y (as d e s c r i b e d i n Appendix 
I) were compared by making 20 r e p e a t e d scans o f a pho t o g r a p h o f a w i l d -
t y p e s i n g l e t c e l l s t a i n e d w i t h Napthol y e l l o w S. As the c u m u l a t i v e 
v a l u e s f o r each s c a n s h o u l d have been t h e same, any d i f f e r e n c e s s h o u l d 
have r e s u l t e d from e i t h e r machine e r r o r o r p r o c e s s i n g e r r o r ( i . e . e r r o r s 
i n e s t i m a t i n g l i g h t a b s o r b e n c e ) . 

R e s u l t s showed t h a t t h e c o e f f i c i e n t o f v a r i a t i o n among s c a n s 
was f o u r p e r c e n t . Thus e r r o r s i n measurement a t t r i b u t a b l e t o t h e s c a n n i n g 
d e v i c e o r t o computer;analysis o f the d a t a was about f o u r p e r c e n t . 

Mean number o f increments/mm = 3.5. 
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