
VOL. 1, NO. 2 JOURNAL OF SUPRAMOLECULAR STRUCTURE 

RECOMBINATION IN YEAST MITOCHONDRIAL DNA 

Charles Shannon, Ayyagari Rao, Stephen Douglass, and R . S .  C r i d d l e  

Department o f  Biochemistry and Biophysics  
Un iver s i t y  of Cal i forn ia  

Davis, Ca. 95616 

(Received A p r i l  18, 1972) 

When h a p l o i d  yeas t  s t r a i n s  c o n t a i n i n g  m i t o c h o n d r i a l  DNAs (mtDNAs) 
o f  d i f f e r e n t  buoyant d e n s i t i e s  a r e  mated, the r e s u l t i n g  zygotes 
c o n t a i n  a mixed p o p u l a t i o n  o f  m i tochondr ia  and m i t o c h o n d r i a l  DNAs. 
Dur ing  v e g e t a t i v e  growth o f  d i p l o i d  c e l l s  formed f rom such a cross 
between a p e t i t e  s t r a i n  w i t h  m t D N A  o f  d e n s i t y  1.677 g cm-3 and a 
r e s p i r a t o r y  competent s t r a i n  w i t h  m t D N A  o f  d e n s i t y  1.684 g ~ r n - ~ ,  
mtDNAs w i t h  i n t e r m e d i a t e  buoyant d e n s i t i e s  a r e  ob ta ined .  V i r t u a l -  
l y  a l l  newly syn thes i zed  m t D N A  i n  d i p l o i d  p -  progeny has t h e  i n -  
t e rmed ia te  buoyant d e n s i t y .  The re fo re ,  w i t h i n  2 genera t i ons  o f  
growth o f  t h e  d i p l o i d  c e l l s ,  t h e  i n t e r m e d i a t e  buoyant d e n s i t y  
spec ies predominate. I n  crosses between a r e s p i r a t o r y  competent 
s t r a i n  and o t h e r  p e t i t e  s t r a i n s  w i t h  d i f f e r e n t  va lues o f  g e n e t i c  
suppres'siveness, i t  was found t h a t  t he  amount o f  recombinat ion 
y i e l d i n g  mtDNAs o f  i n t e r m e d i a t e  buoyant d e n s i t i e s  rough ly  p a r a l -  
l e l s  t h e  degree o f  suppressiveness. I n d i v i d u a l  c lones o f  r e s p i r a -  
t o r y  d e f i c i e n t  c e l l s  f rom such crosses were a l s o  i s o l a t e d  t o  con- 
f i r m  t h a t  s t a b l e  mtDNAs w i t h  i n t e r m e d i a t e  buoyant d e n s i t i e s  were 
obta ined.  Thus, i t  i s  apparent t h a t  some form o f  recombinat ion 
takes p l a c e  w i t h i n  t h e  m t D N A s  o f  yeast  c e l l s  t h a t  r e s u l t s  i n  
s t a b l e  mtDWA spec ies .  

1 I I MRODUCT I ON 
The f i n d i n g s  t h a t  m i tochondr ia  c o n t a i n  un ique DNA molecules which f u n c t i o n  i n  
d i r e c t i n g  s p e c i f i c  RNA s y n t h e s i s  and t h a t  m i tochondr ia  a l s o  c o n t a i n  a l l  o f  t h e  
components r e q u i r e d  t o  a l l o w  them t o  c a r r y  o u t  a r a p i d  p r o t e i n  s y n t h e s i s ,  have 
r a i s e d  t h e  q u e s t i o n  o f  t h e  degree o f  g e n e t i c  independence o f  t h e  f u n c t i o n  o f  
m i tochondr ia  ( 1 ) .  The e a r l y  obse rva t i ons  by Ephrussi e t  a l .  ( 2 ) ,  d e s c r i b i n g  
suppressiveness as a g e n e t i c  determinant  c h a r a c t e r i s t i c  o f  r e s p i r a t o r y  d e f i -  
c i e n t  p e t i t e  ( p - )  mutants o f  yeas t ,  t o g e t h e r  w i t h  the obse rva t i ons  l i n k i n g  
changes i n  m t D N A  compos i t i on  t o  t h e  f o r m a t i o n  o f  c e r t a i n  p e t i t e s  ( 3 ) ,  r a i s e d  
the  p o s s i b i l i t i e s  o f  a f u n c t i o n a l  m i t o c h o n d r i a l  g e n e t i c  system. More r e c e n t l y ,  
workers i n  seve ra l  l a b o r a t o r i e s  have prepared and i n v e s t i g a t e d  a n t i b i o t i c  r e -  
s i s t a n t  mutants o f  yeast  i n  which t h e  mu ta t i ons  appear assoc ia ted  w i t h  m i t o -  
c h o n d r i a l  f u n c t i o n  (4 -6 ) .  Many such mutants show a non-Mendelain i n h e r i t a n c e  
o f  t he  r e s i s t a n c e  c h a r a c t e r i s t i c s  which has been a t t r i b u t e d  t o  t h e i r  l o c a t i o n  
on m t D N A .  

I t  has a l s o  been demonstrated i n  crosses among such r e s i s t a n t  s t r a i n s  
t h a t  a g e n e t i c  recombinat ion o r  compl imentat ion can occur  and t h a t  such events  
take p lace  w i t h  r e p r o d u c i b l e  and measurable f requenc ies .  Thus, t h e  p o s s i b i l i t y  
o f  s t u d y i n g  m i t o c h o n d r i a l  gene t i cs  has been suggested and a p r e l i m i n a r y  map- 
p i n g  o f  c e r t a i n  r e s i s t a n c e  markers on t h e  m t D N A  has been produced ( 6 ) .  

Evidence t h a t  m t D N A  may t r u l y  undergo a p h y s i c a l  recombinat ion has come 
f rom the  work o f  Carneva l i  e t  a l . ,  who have recovered f rom a r e s p i r a t o r y  com- 
pe ten t  (p') X r e s p i r a t o r y  d e f f i c i e n t  ( p - )  c ross ,  2 p -  s t r a i n s  i n  which the  
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d e n s i t y  o f  t h e  " s a t e l l i t e  DNA" i s  d i f f e r e n t  f rom t h e  d e n s i t y  o f  t h e  pa ren t  p -  
s t r a i n  ( 7 ) .  I n  the  p resen t  s tudy ,  we have f u r t h e r  i n v e s t i g a t e d  recombinat ion 
among mtDNAs by a n a l y z i n g  t h e  t o t a l  d i s t r i b u t i o n  o f  mtDNAs i n  the  d i p l o i d  c e l l s  
r e s u l t i n g  f rom a l a r g e  s c a l e  cross between p +  and p -  c e l l s  hav ing  d i f f e r e n t  
m t D N A  buoyant d e n s i t i e s .  Evidence f o r  a l a r g e  s c a l e  recomb ina t ion  has been 
ob ta ined  and t h e  appearance o f  mtDNAs w i t h  buoyant d e n s i t i e s  between those o f  
t h e  p a r e n t a l  s t r a i n s  has been t e n t a t i v e l y  c o r r e l a t e d  t o  t h e  g e n e t i c  suppres- 
s iveness o f  t h e  p -  s t r a i n s  used i n  the  c ross .  

i e s :  

s i t y  

dens 

dens 

2, MEMODS 

The f o l l o w i n g  s t r a i n s  o f  Saccharomyces c e r e v i s i a e  were used i n  these s tud -  

D243-4A: 
D243-4A/9: 
o f  m t D N A  1.679 g ~ c m - ~ ;  ( 8 ) .  
D243-4A/13: 
t y  o f  m t D N A  1.674 g ~ c m - ~ ;  ( 8 ) .  
D243-4A/15: 
t y  o f  m t D N A  1.677 g ~ c m - ~ ;  ( 8 ) .  
X979-2A: 

p + ;  a,adel,ZysZ; ob ta ined  f rom F.  Sherman. 
25% suppress ive p e t i t e ;  e t h i d i u m  bromide induced; buoyant den- 

94% suppress ive p e t i t e ;  e t h i d i u m  bromide induced; buoyant 

93% suppress ive p e t i t e ;  e t h i d i u m  bromide induced; buoyant 

p'; a,tryl,his3; buoyant d e n s i t y  o f  m t D N A  1.684 g - ~ m - ~ ;  ob ta ined  
f rom R .  Snow. 

P e t i t e  mutants were mated w i t h  p +  s t r a i n  X979-2A u s i n g  t h e  procedure o f  
Jakob except  t h a t  a e r a t i o n  o f  zygotes a f t e r  c e n t r i f u g a t i o n  was o m i t t e d  ( 9 ) .  I n  
each case, 2 g o f  t he  p -  s t r a i n  were mixed w i t h  2 g o f  p +  s t r a i n  X979-2A f o r  
mat ing.  A f t e r  mat ing,  t h e  e n t i r e  c e l l  m i x t u r e  was suspended i n  2 l i t e r s  o f  
minimal medium (3) c o n t a i n i n g  2% glucose as carbon source and t h e  zygote c e l l s  
grown w i t h  r a p i d  shaking i n  a Fernbach f l a s k  a t  ambient temperature.  The mean 
d o u b l i n g  t ime  o f  c e l l s  under these c o n d i t i o n s  was 6.5 h r .  C e l l s  were ma in ta ined  
i n  l o g a r i t h m i c  growth throughout  t h e  exper iment  by removal o f  a l i q u o t s  c o n t a i n -  
i n g  2 g wet we igh t  o f  c e l l s  and t r a n s f e r r i n g  t o  f r e s h  media as r e q u i r e d .  

and whole c e l l  DNA was prepared f rom t h e  yeas t  by t h e  procedure o f  Bernard i  
et aZ. (10) .  Only one h y d r o x y a p a t i t e  column chromatography s tep  was used, how- 
eve r ,  w i t h  the  DNA be ing  a p p l i e d  t o  t h e  column i n  0.2 M sodium phosphate (NaPi) 
b u f f e r  (pH 7.0) and washed w i t h  0.2 M NaPi t o  remove RNA. The DNA was e l u t e d  
i n  one s t e p  w i t h  0.5 M NaPi (pH 7 . 0 ) .  

e q u i l i b r i u m  c e n t r i f u g a t i o n  i n  CsCl g r a d i e n t s  i n  a Beckman Model E a n a l y t i c a l  
u l t r a c e n t r i f u g e  equipped w i t h  a dual  beam scanner u s i n g  the  procedure o f  S c h i l d -  
k r a u t  e t  aZ. (11 ) .  
and s o l u t i o n s  prepared as desc r ibed  by M i c h a e l i s  et aZ. ( 8 ) .  Several d i p l o i d  
p e t i t e  progeny o f  a c ross  between D243-4A/15 and X979-2A were s e l e c t e d  by 
growing t h e  c e l l s  i n  min imal  medium p l u s  2% glucose f o r  7 genera t i ons  f o l l o w -  
i n g  mat ing,  then p l a t i n g  c o l o n i e s  on 2% agar  c o n t a i n i n g  t h i s  same medium. 
Se lec ted  c lones  were then grown on 1 %  D i f c o  peptone, 1% D i f c o  yeas t  e x t r a c t  
and 2% glucose s o l u t i o n ,  ha rves ted  and the  DNA e x t r a c t e d  as above f o r  d e t e r -  
m ina t i ons  o f  t he  i n d i v i d u a l  m t D N A  d e n s i t i e s .  

was c a l c u l a t e d  by t h e  method o f  Ephrussi and Grandchamp (12 ) .  E th id ium b ro -  
mide p e t i t e s  were prepared as desc r ibed  by M i c h a e l i s  et aZ. 

A l i q u o t s  o f  c e l l s  were removed a t  v a r i o u s  t ime  i n t e r v a l s  f o l l o w i n g  ma t ing  

Buoyant d e n s i t i e s  o f  t h e  whole c e l l  DNA p r e p a r a t i o n s  were measured by 

Micrococcus Zysode ik t i cus  DNA was used as a d e n s i t y  marker 

Genet ic  suppressiveness o f  t h e  v a r i o u s  p e t i t e  mutants used i n  these s t u d i e s  

( 8 ) .  

3, RESULTS 

Crosses between b243-4A p e t i t e s  and the  w i l d  t ype  X979-2A u s i n g  t h e  con- 
d i t i o n s  desc r ibed ,  r o u t i n e l y  gave r i s e  t o  n e a r l y  20% mat ing.  The r e s u l t a n t  
zygotes,  when grown on minimal medium had a mean d o u b l i n g  t ime  o f  6.5 h r .  
Thus, f o l l o w i n g  1 3  h r  o r  2 genera t i ons  o f  growth o f  t h e  d i p l o i d  c e l l s ,  t h e  
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r e s i d u a l  nongrowing h a p l o i d  c e l l s  would rep resen t  about 50% o f  t h e  t o t a l  c e l l s  
i n  the  c u l t u r e .  A f t e r  5 genera t i ons ,  t h e  h a p l o i d  c e l l s  ( i f  s t a b l e )  would s t i l l  
r ep resen t  n e a r l y  12% o f  t h e  t o t a l  b u t  a t  l a t e r  t imes t h e i r  r e l a t i v e  numbers 
would become n e g l i g i b l e .  Thus, e x t r a c t s  o f  DNA f rom t h e  t o t a l  c e l l  c u l t u r e s  
s h o r t l y  a f t e r  mat ing would be expected t o  have a p p r e c i a b l e  amounts o f  m t D N A  
f rom t h e  h a p l o i d  pa ren t  c e l l s .  Only a t  l a t e r  t imes would t h i s  decrease t o  
where i t s  c o n t r i b u t i o n  t o  t h e  t o t a l  DNA e x t r a c t  would be v e r y  sma l l .  

t h e  t o t a l  c e l l  c u l t u r e s  a t  t h e  i n d i c a t e d  t imes a f t e r  ma t ing  w i t h  h i g h  suppres- 
s i v e  p e t i t e  15. The d i s t r i b u t i o n  o f  mass o f  t h e  m t D N A ,  banded a t  e q u i l i b r i u m  
i n  a CsCl d e n s i t y  g r a d i e n t ,  i n d i c a t e s  t h a t  w i t h i n  5 genera t i ons  a f t e r  ma t ing  
a band w i t h  d e n s i t y  i n t e r m e d i a t e  between t h e  parent  types predominates i n  t h e  
p a t t e r n .  F i f t e e n  genera t i ons  a f t e r  mat ing,  when t h e  c o n t r i b u t i o n  t o  t h e  p a t -  
t e r n  due t o  h a p l o i d  pa ren t  c e l l  m t D N A  i s  gone, most o f  t h e  mtDNA i n  t h e  c u l -  
t u r e s  i s  found w i t h  a s u r p r i s i n  l y  narrow d i s t r i b u t i o n  o f  buoyant d e n s i t i e s  

d e n s i t y  co r respond ing  t o  t h a t  o f  t he  p -  p a r e n t ,  b u t  a d e f i n i t e  shoulder  w i t h  
buoyant d e n s i t y  corresponding c l o s e l y  t o  t h a t  o f  t he  w i l d  t ype  m t D N A  i s  ob- 
served. 

Since p e t i t e  15 used i n  these s t u d i e s  i s  93% suppress ive when t e s t e d  a- 
g a i n s t  X979-2A, one would expect  t h a t  7% o f  t he  progeny o f  t h i s  cross should 
r e t a i n  t h e i r  p +  c h a r a c t e r  and t h e r e f o r e  presumably a l s o  t h e  m t D N A  buoyant den- 
s i t y  o f  t h e  p+ pa ren t .  The exac t  amount o f  DNA i n  t h e  15 g e n e r a t i o n  sample 
w i t h  p +  d e n s i t y  i s  d i f f i c u l t  t o  c a l c u l a t e  f rom these d i s t r i b u t i o n s  because o f  
t h e  p robab le  combined s i z e  and d e n s i t y  h e t e r o g e n e i t y  p resen t .  However, i t  i s  

I n  F i g .  1 a r e  shown t h e  d e n s i t y  d i s t r i b u t i o n s  o f  t he  mtDNAs e x t r a c t e d  f rom 

w i t h  a maximum near 1.679 g-cm- 3 . L i t t l e  o r  no m t D N A  remains w i t h  buoyant 
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F i g .  1 .  C s C l  d e n s i t y  g r a d i e n t  banding o f  mtDNAs f rom the  
c ross  between t h e  h i g h  suppress ive (93%) p e t i t e  15 and w i l d  t y p e  
X979-2A. T o t a l  DNA was i s o l a t e d  f rom a l i q u o t s  o f  t h e  c u l t u r e  
(which i nc luded  b o t h  h a p l o i d  and d i p l o i d  c e l l s )  a t  2, 5 and 15 
genera t i ons  a f t e r  mat ing.  The DNAs were c e n t r i f u g e d  a t  40,000 
rpm f o r  24  h r  a t  25".  
t h e  absorbance a t  266 nm. Only t h e  m i tochondr ia1  d e n s i t y  r e g i o n  
i s  i l l u s t r a t e d ;  t h e  n u c l e a r  DNA bands a t  1.699. 

The d i s t r i b u t i o n  o f  DNAs was measured by 
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obv ious t h a t  most o f  t he  DNA has an i n t e r m e d i a t e  buoyant d e n s i t y  and o n l y  a 
smal l  f r a c t i o n  has the  parent  p +  d e n s i t y .  Moreover, i t  might  be expected t h a t  
growth o f  c e l l s  w i t h  p +  phenotype would be somewhat enhanced g i v i n g  a s h o r t e r  
d o u b l i n g  t i m e  than t h e  c u l t u r e  as a whole. Thus, t h e  r e l a t i v e  f r a c t i o n  o f  
DNA w i t h  p +  d e n s i t y  might  a l s o  be somewhat enhanced i n  t h e  f i n a l  p r e p a r a t i o n .  
S t i l l  i t  i s  r e a d i l y  apparent t h a t  m t D N A  w i t h  i n t e r m e d i a t e  buoyant d e n s i t y  p re -  
dominates i n  t h i s  c ross  between t h e  h i g h  suppress ive p e t i t 6  and p +  c e l l s ,  and 
we e s t i m a t e  t h a t  o n l y  somewhere near  10% o f  t h e  t o t a l  m t D N A  has t h e  w i l d  t ype  
d e n s i t y .  

s e l e c t e d ,  c u l t u r e d  and analyzed, buoyant d e n s i t i e s  o f  m t D N A s  were ob ta ined  as 
shown i n  Table 1 .  These buoyant d e n s i t i e s  were i n t e r m e d i a t e  between those 
o f  t h e  p a r e n t a l  s t r a i n s  as expected f rom the  r e s u l t s  o f  t he  t o t a l  c e l l  c u l t u r e  
s t u d i e s .  

When p -  c lones f rom t h e  cross between p e t i t e  15 and X979-2A were randomly 

TABLE 1 

Buoyant densi t ies  of mtDNA isolated from 
individual p- clones selected following a 

cross between p e t i t e  15  and w i l d  type X979-2A 

Clone Buoyant d e n s i t y  
~ ~~~~~ ~ ~ 

15d 
15e 
15f 
159 
1 5 i  
1 5 j  
15k 

X979-2A w i l d  t y p e  
P e t i t e  

1.680 
1.679 
1.678 
1.678 
1.679 
1.678 
1.679 
1.684 
1.677 

F i g .  2 i l l u s t r a t e s  a s i m i l a r  exper iment  performed by ma t ing  t h e  low sup- 
p r e s s i v e  p e t i t e  9 w i t h  t h e  r e s p i r a t o r y  competent X973-2A. Again i t  i s  apparent 
t h a t  t h e  buoyant d e n s i t y  peak corresponding t o  p -  paren t  d isappears f rom t h e  
p a t t e r n  w i t h  t ime  and t h a t  a component w i t h  i n t e r m e d i a t e  buoyant d e n s i t y  i s  
ob ta ined .  In  t h i s  case, however, even a f t e r  15 genera t i ons  t h e  predominant 
DNA band i s  centered a t  1.684 g - ~ m - ~ ,  t h e  d e n s i t y  o f  p +  m t D N A .  

t h a t  75% o f  t h e  d i p l o i d  c e l l s  would have t h e  p+ phenotype and thus t h e  p+ m t D N A  
buoyant d e n s i t y .  Again, t h e  m u l t i p l e  v a r i a b l e s  o f  s i z e  and d e n s i t y  h e t e r o -  
g e n e i t y  p reven t  accu ra te  a n a l y s i s  o f  d e n s i t y  d i s t r i b u t i o n s  among the  v a r i o u s  
components. The shoulder  component w i t h  an i n t e r m e d i a t e  d e n s i t y  on t h e  m t D N A  
d e n s i t y  d i s t r i b u t i o n  cu rve  must amount t o  g r e a t e r  than 10% o f  t he  mass i n  o r d e r  
t o  be observable.  On t h e  o t h e r  hand t h i s  would appear t o  amount t o  l ess  than 
30 t o  40% o f  t he  t o t a l .  Thus, a rough p a r a l l e l  e x i s t s  i n  these cases between 
t h e  degree o f  suppressiveness and t h e  f r a c t i o n  o f  m t D N A  ob ta ined  w i t h  i n t e r -  
mediate buoyant d e n s i t y .  

t i o n  o f  i n t e r m e d i a t e  buoyant d e n s i t y  m t D N A s ,  i t  would be expected t h a t  any 
substance which i n t e r f e r e s  w i t h  one o f  these phenomenon should a l s o  correspond- 
i n g l y  i n t e r f e r e  w i t h  t h e  o t h e r .  When suppressiveness measurements a r e  c a r r i e d  
o u t  as desc r ibed  i n  Methods, b u t  w i t h  a l l  s o l u t i o n s  c o n t a i n i n g  10% glucose,  
t h e  no rma l l y  h i g h  suppress ive p e t i t e  15 now i s  measured as low suppress ive 
(Table 2 ) .  Thus, h i g h l y  r e p r e s s i v e  g lucose concen t ra t i ons  i n t e r f e r e  i n  some 

Since p e t i t e  9 i s  25% suppress ive i n  such a c ross ,  i t  would be expected 

I f  a r e l a t i o n  e x i s t s ,  as suggested, between suppressiveness and forma- 
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F i g .  2. CsCl d e n s i t y  g r a d i e n t  banding o f  mtDNAs f rom :he 
c ross  between the  low suppress ive (25%) p e t i t e  9 and w i l d  t ype  
X979-2A. Experimental c o n d i t i o n s  were as desc r ibed  i n  t h e  legend 
f o r  F i g .  1 .  

TABLE 2 

suppressiveness of p e t i t e  15  tested against X979-2A i n  
conditions of high and low glucose 

% Suooressiveness 

Low g lucose (2%) 
High g lucose (10%) 

Experiment 1 2 3 4 5  

91.5 93 91 96 93 
3.6 4 . 3  9 .1 0 0 

f a s h i o n  w i t h  the  suppressiveness o f  p e t i t e  15 .  I t  i s  seen f rom F i g .  3 t h a t  
h i g h  g lucose a l s o  i n h i b i t s  t h e  f o r m a t i o n  o f  i n t e r m e d i a t e  buoyant d e n s i t y  spec ies 
i n  p e t i t e  13 crosses w i t h  X979-2A. The r a t e  o f  f o r m a t i o n  o f  buoyant d e n s i t y  
i n te rmed ia tes  i s  slowed, and t h e  f i n a l  d e n s i t y  d i s t r i b u t i o n  i s  a l t e r e d  r e l a t i v e  
t o  t h e  2% glucose exper iments.  

4, DISCUSSION 
Two major  conc lus ions  may be drawn from these s t u d i e s .  F i r s t ,  f o l l o w i n g  

the  ma t ing  between p e t i t e  and w i l d  t ype  c e l l s ,  v e g e t a t i v e  growth o f  t h e  zygotes 
y i e l d s  m t D N A  d e n s i t y  d i s t r i b u t i o n s  i n  which e s s e n t i a l l y  a l l  o f  t h e  m t D N A  w i t h  
p parenr  a e n s i r y  nas aisappearea oy r n e  r l r r n  genera r ion ,  dliu IIILUIYH > ~ C L I C >  W I  LII 

a new d e n s i t v  i n t e r m e d i a t e  between o+ and o -  d e n s i t i e s  oredominate. There fo re  
p mruiws w i r n  r n e  a e n s i r y  or r n e  paren ra i  p ao nor conr inue  L O  oe p r w u c e u  
and t h e  numerous p -  d i p l o i d s  formed have a narrow range o f  i n t e r m e d i a t e  buoyant 
d e n s i t i e s .  

g e n e r a l l y  p a r a l l e l  suppressiveness. I t  i s  n o t  i m p l i e d  t h a t  those species which 
Second, the  r e l a t i v e  amounts o f  i n t e r m e d i a t e  buoyant d e n s i t y  spec ies formed 
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3 4 
I iAPL0 I D ,, I I GENERATIONS CELLS 

LWOYANT DENSITY 

F i g .  3 .  CsCl d e n s i t y  g r a d i e n t  banding o f  mtDNAs f rom a c ross  
between the  h i g h  suppress ive (94%) p e t i t e  13 and w i l d  t ype  X979. 
Exper imenta l  c o n d i t i o n s  were as desc r ibed  i n  t h e  legend f o r  F i g .  
1 except  t h a t  10% glucose was p resen t  i n  a l l  s o l u t i o n s  f o r  mat ing 
and growth. 

do n o t  s h i f t  t o  the  i n t e r m e d i a t e  buoyant d e n s i t y  a l s o  do n o t  undergo recombi- 
n a t i o n .  On t h e  c o n t r a r y ,  t o  be c o n s i s t a n t  w i t h  g e n e t i c  obse rva t i ons  on t r a n s -  
f e r  o f  r e s i s t a n c e  markers f rom p e t i t e s  i n t o  p +  c e l l s ,  one must assume t h a t  
such recombinat ion i n t o  the  p +  m t D N A  i s  f requen t  ( 6 ) .  
s i s t a n t  t o  p o s t u l a t e  a t  t h i s  t i m e  t h a t  recomb ina t ion  does take  p l a c e  among a l l  
m t D N A  species b u t  i n  t h e  case o f  low suppress ive p e t i t e s ,  most such events  r e -  
s u l t  i n  t he  regenera t i on  o f  m t D N A  w i t h  normal p+ d e n s i t y  and s t r u c t u r e .  

I f  we assume t h a t  any major  a l t e r a t i o n s  o f  m t D N A ,  p a r t i c u l a r l y  those s u f -  
f i c i e n t  t o  y i e l d  buoyant d e n s i t y  d i f f e r e n c e s ,  can g i v e  r i s e  t o  t h e  p e t i t e  pheno- 
t ype ,  then i t  i s  l o g i c a l  t o  expect  t h a t  any "non-p+" m t D N A  d e n s i t y  spec ies 
would correspond t o  p -  progeny. There fo re ,  i t  shou ld  be no s u r p r i s e  t h a t  t he  
f r a c t i o n  o f  p +  m t D N A  i n  the  p r e p a r a t i o n  should be r e p r e s e n t a t i v e  o f  t h e  f r a c -  
t i o n  o f  p+ c e l l s  i n  t h e  c u l t u r e .  
tween suppressiveness and p+ m t D N A  c o n c e n t r a t i o n  i n  t h e  t o t a l  c e l l  c u l t u r e .  
What i s  s u r p r i s i n g ,  however, i s  t h e  near  q u a n t i t a t i v e  decrease i n  p- m t D N A  
p a r e n t a l  d e n s i t y  spec ies.  I t  appears t h a t  some form o f  recomb ina t ion  events  
must t a k e  p l a c e  between e s s e n t i a l l y  a l l  o f  t h e  p -  mtDNAs and t h e  p +  mtDNAs t o  
y i e l d  i n t e r m e d i a t e  d e n s i t y  spec ies.  I t  appears t h a t  t h i s  recombinat ion event  
i s  a major  c a u s a t i v e  f a c t o r  i n  suppressiveness and t h e  amount o f  recombinat ion 
t h e r e f o r e  c o r r e l a t e s  w i t h  t h e  degree o f  suppress iveness.  

One o f  t h e  common models o f f e r e d  t o  e x p l a i n  g e n e t i c  suppressiveness has 
been t h e  sugges t ion  t h a t  t he  p e t i t e  mtDNA,  because o f  r e p l i c a t i v e  advantage, 
predominates i n  t h e  progeny c e l l s .  T h i s  would r e s u l t  i n  s e l e c t i v e  advantage 
f o r  p r o d u c t i o n  o f  c e l l s  o f  p e t i t e  phenotype. The s t u d i e s  r e p o r t e d  here a r e  

I t  would be more con- 

T h i s  should l ead  t o  a s imp le  c o r r e l a t i o n  be- 
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c l e a r l y  n o t  i n  agreement w i t h  t h i s  s imp le  model. 
t ype  m t D N A  i s  produced by t h e  zygotes.  
suppressiveness must be a ve ry  e a r l y  recombinat ion between t h e  normal p+ m t D N A  
and t h e  g r e a t l y  a l t e r e d  p -  m t D N A ,  w i t h  b o t h  recombinant mtDNAs be ing  d e f i c i e n t  
i n  normal sequences. Th is  may be f o l l o w e d  by s e l e c t i v e  r e p l i c a t i o n  o r  more 
f requen t  r e p l i c a t i o n  o f  c e r t a i n  recombinants so t h a t  c e l l s  w i t h  d i s t i n c t  m t D N A  
molecules a r e  segregated o u t .  Such an e x p l a n a t i o n  o f  suppressiveness based 
on recomb ina t ion  a l s o  p rov ides  a model which can e x p l a i n  how a s i n g l e  muta- 
t i o n a l  event  i n  one molecule o f  m t D N A  i n  a c e l l  can r e s u l t  i n  the  f o r m a t i o n  
o f  a p e t i t e  w i t h  a l l  mtDNAs a l t e r e d .  

The d i s t r i b u t i o n  o f  m t D N A  d e n s i t i e s  i n  the  v e g e t a t i v e  d i p l o i d  c u l t u r e s  
a f t e r  10 t o  I5 genera t i ons ,  w h i l e  d i f f i c u l t  t o  analyze i n  d e t a i l ,  i s  obv ious-  
l y  v e r y  narrow and compares favo rab ly  w i t h  m t D N A  p r e p a r a t i o n s  f rom i n d i v i d u a l  
p -  s t r a i n s .  Th is  narrow d i s t r i b u t i o n  suggested f rom t h e  whole c u l t u r e  s t u d i e s  
i s  s u b s t a n t i a t e d  by t h e  examinat ion o f  m t D N A  d e n s i t i e s  i n  i n d i v i d u a l  p -  c lones  
s e l e c t e d  f rom t h e  c ross  between p e t i t e  15 and X979-2A. Dens i t y  va lues ob ta ined  
f o r  p e t i t e  m t D N A  f rom such a c ross  g i v e  i n t e r m e d i a t e  buoyant d e n s i t i e s  i n  the  
range o f  1.678 t o  1.680 g ~ c m - ~ ,  t h e  approx imate d e n s i t y  f o r  t h e  recombinant 
mtDNA i n  t h e  whole c e l l  s t u d i e s .  These r e s u l t s  i n d i c a t e  t h a t  n o t  o n l y  i s  r e -  
combinat ion t a k i n g  p l a c e ,  b u t  a l s o  t h a t  i t  i s  o c c u r r i n g  i n  a ve ry  s p e c i f i c  
f a s h i o n  which depends c r i t i c a l l y  upon t h e  n a t u r e  o f  t h e  p -  m t D N A .  

These r e s u l t s  a l s o  suggest t h a t  m i t o c h o n d r i a l  recombinat ion observed i n  
the  t r a n s f e r  o f  g e n e t i c  markers i s  a c t i n g  a t  t he  m t D N A  l e v e l  r a t h e r  than re -  
s u l t i n g  f rom m t D N A  m ix tu res  w i t h i n  one o r g a n e l l e  o r  o r g a n e l l e  m ix tu res  w i t h i n  
one c e l l .  

a t e d  cannot be c l e a r l y  d e f i n e d  f rom these s t u d i e s .  The major  p o s s i b i l i t i e s  t o  
be examined, however, would i n c l u d e  a model i n  which s t r a n d  breakage and r e -  
combinat ion can occur  d i r e c t l y  between p a r e n t a l  DNAs t o  y i e l d  a m i x t u r e  o f  hy- 
b r i d  molecules t h a t  a r e  subsequent ly  s e l e c t e d  and rep1 i c a t e d  ( 1 3 ) .  A l t e r n a -  
t i v e l y ,  t h e  recombinat ion cou ld  take  p lace  by a copy cho ice  mechanism i n  which 
r e p l i c a t i o n  proceeds by a p a r t i a l  t r a n s c r i p t i o n  o f  one p a r e n t a l  molecule f o l -  
lowed by a c r o s s i n g  ove r  phenomenon which r e s u l t s  i n  f u r t h e r  t r a n s c r i p t i o n  
u s i n g  ano the r  p a r e n t a l  molecule as temp la te  ( 1 4 ) .  Experiments t o  examine these 
p o s s i b l e  mechanisms by d i r e c t  procedures have as y e t  been unsuccess fu l .  How- 
eve r ,  a n a l y s i s  o f  t h e  t ime  course o f  t h e  appearance o f  i n t e r m e d i a t e  buoyant 
d e n s i t y  forms does i n d i c a t e  t h a t  t h i s  i s  a c o n t i n u i n g  process over  severa l  
genera t i ons .  A s p e c i f i c  d i r e c t  p a r e n t a l  s t r a n d  recombinat ion,  o c c u r r i n g  e a r l y  
a f t e r  zygote f o r m a t i o n ,  f o l l o w e d  by s e l e c t i v e  r e p l i c a t i o n  o f  c e r t a i n  recombi- 
nants  c o u l d  p r o v i d e  such k i n e t i c s .  A copy cho ice  mechanism which would generate 
such a narrow d i s t r i b u t i o n  o f  progeny d e n s i t i e s  cou ld ,  however, a l s o  be e n v i -  
s ioned i f  a ve ry  s p e c i f i c  a l ignment  o f  p -  fragments w i t h  p+ DNA a l l owed  repro-  
d u c i b l e  c r o s s i n g  ove r  a t  t h e  s p e c i f i c  s i t e  o f  t he  p -  DNA. 

One i n t e r e s t i n g  aspect  o f  these obse rva t i ons  stems f rom t h e  apparent ease 
and frequency w i t h  which mtDNAs w i t h i n  a yeas t  c e l l  can mix. No m a t t e r  what 
mechanism i s  proposed f o r  t h e  recombinat ion,  t he  obse rva t i ons  which demonstrate 
i n  t h i s  case a r a p i d  and f requent  recombinat ion,  and t h e  g e n e t i c  obse rva t i ons  
which i n d i c a t e  a corresponding recombinat ion o f  c e r t a i n  r e s i s t a n c e  markers, 
t o g e t h e r  r e q u i r e  t h a t  t he  v a r i o u s  mtDNAs be brought  i n t o  c l o s e  p r o x i m i t y .  
Therefore i t  i s  suggested t h a t  t h e  con ten ts  o f  yeast  m i tochondr ia  a r e  r a p i d l y  
mixed, p robab ly  by a process o f  f u s i o n  and d i v i s i o n  o f  t h e  m i t o c h o n d r i a l  mem- 
branes. I n  such a case the  v a r i o u s  aspects  o f  m i t o c h o n d r i a l  f u n c t i o n ,  s t a b i -  
l i t y ,  e t c .  must be examined i n  terms o f  t h e  m i tochondr ia  as a f r a c t i o n  r a t h e r  
than as i n d i v i d u a l  e n t i t i e s .  

V i r t u a l l y  no p -  p a r e n t a l  
Thus, a major  event  i n  b r i n g i n g  about 

The mechanism by which mtDNAs o f  i n t e r m e d i a t e  buoyant d e n s i t i e s  a r e  gener- 
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