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SUMMARY : The e f f i c i e n c y  of t r a n s f e r  of p a r e n t a l  DNA components  to  
o f f s p r i n g  phage 2C has  been  measured ,  by t a k i n g  a dva n t a ge  of the  
d i f f e r e n c e s  i n  b u o y a n t  d e n s i t y  and i n  a f f i n i t y  f o r  polyG d i s p l a y e d  
by the  2 s t r a n d s °  When u n l a b e l l e d  c e l l s  of  B. s u b t i l i ~ o w e r e  i n f e c t e d  
w i t h  p u r i f i e d  phages  l a b e l l e d  i n  t h e i r  DNA by e i t h e r  (O~P) o r t h o -  
phospha t e  or  ( H)3 u r a c i l  (2C DNA c o n t a i n s  h y d r o x y m e t h y l u r a c i l  i n  the 
p l a c e  of t h y m i n e ) ,  the  2 s t r a n d s  of p rogeny  v i r u s  DNA were found  
e q u a l l y  l a b e l l e d .  N u c l e o t i d e  c o m p o s i t i o n  of the heavy  s t r a n d  i n  
v i r i o n s  of the  f i r s t  and second  g e n e r a t i o n  were i d e n t i c a l  9 and the  
same h e l d  t r u e  f o r  the  l i g h t  s t r a n d °  C a r r y - o v e r  of non r e p l i c a t i n g  
DNA was e x c l u d e d  by showing the  absence  of heavy  and h o t  n a t i v e  
p a r e n t a l  DNA i n  p rogeny  p a r t i c l e s  r e p l i c a t e d  i n  l i g h t  and non r a d i o -  
a c t i v e  h o s t .  I t  can~ t h u s ,  be c o n c l u d e d  t h a t  2C DNA i s  h i g h l y  
c o n s e r v e d  and t r a n s f e r r e d  to  o f f s p r i n g  phage ,  t h r o u g h o u t  the  v i r a l  
c y c l e  and the  DNA d u p l i c a t i o n  p r o c e s s .  

I t  i s  w e l l  e s t a b l i s h e d  t h a t  the  DNA of T-even  c o l i p h a g e s  i s  

t r a n s f e r r e d  to p r o g e n y  p a r t i c l e s  w i t h  v e r y  h i g h  e f f i c i e n c y ,  and t h a t  

the  l o s s e s  o b s e r v e d  i n  d i f f e r e n t  e x p e r i m e n t s  can be a c c o u n t e d  f o r  

by the  l i m i t a t i o n s  of the  b i o l o g i c a l  sys t ems  i n v o l v e d  (1 -3 )  o P a r e n t a l  

T4-DNA~ however ,  does n o t  appea r  i n  o f f s p r i n g  v i r i o n s  as i n t a c t  

m o l e c u l e s ,  f o r  s e m i - c o n s e r v a t i v e l y  r e p l i c a t e d  DNA u n d e r g o e s  g e n e t i c  

r e c o m b i n a t i o n  w i t h i n  the  v e g e t a t i v e  pool  of  the  h o s t  c e l l  ( 4 - 8 ) °  

Hence ,  a s t u d y  of  the  mode of t r a n s f e r  of phage DNA may h e l p  u n d e r -  

s t a n d i n g  the  mechanisms of bo th  d u p l i c a t i o n a n d  exchange be tween  

v i r a l  chromosomes.  Phage 2C o f f e r s  o b v i o u s  a d v a n t a g e s  f o r  t h i s  type 

of  s t u d y .  I t s  chromosome, a mo lecu le  of doub le  s t r a n d e d  DNA of 100 

m i l l i o n s  d a l t o n s ,  has  two s t r a n d s  of d i f f e r e n t  b u o y a n t  d e n s i t i e s  and 
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c o n t a i n s  h y d r o x y m e t h y l u r a c i l  ( H ~ )  i n  p l a c e  of  thymine ( u r a c i l  can ,  

thus~ be used  as s p e c i f i c  marker  f o r  v i r a l  DNA) ( 9 - 1 1 ) .  In  the  p r e -  

s e n t  work~ the  e f f i c i e n c y  of t r a n s f e r  of 2C-DNA s t r a n d s  has  been  

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

r e s u l t s .  

RESULTS 

Y i r i o n s  l a b e l l e d  i n  t h e i r  DNA by e i t h e r  32p o r  3H were 

o b t a i n e d  by i n f e c t i o n  of B. s u b t i l i s  i n  the p r e s e n c e  of e i t h e r  

(32p) o r t h o p h o s p h a t e  or  (3H) u r a c i l .  Phage p a r t i c l e s  of f i r s t  

g e n e r a t i o n  were c o n c e n t r a t e d  by c e n t r i f u g a t i o n  of n u c l e a s e  - 

t r e a t e d  l y s a t e s ,  and f u r t h e r  p u r i f i e d  by 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  CsC1. A l i q u o t s  of t he se  p r e p a r a t i o n s  were e x t r a c t e d  w i t h  p h e n o l ,  

and v i r a l  DNA was d e n a t u r e d  i n  the p r e s e n c e  of p o l y g u a n y l i c  a c i d  

( p o l y G ) .  S t i l l  o t h e r  a l i  quo t s  of the same phage s u s p e n s i o n s  were 

used  to i n f e c t  a t  low m u l t i p l i c i t y  b a c t e r i a  i n  media c o n t a i n i n g  an 

e x c e s s  of u u l a b e l l e d  phospha t e  and u r a c i l .  From p u r i f i e d  p a r t i c l e ~  

of  second  g e n e r a t i o n ~  DNA was e x t r a c t e d  and d e n a t u r e d  i n  the  same 

way~ i n  the  p r e s e n c e  of po lyG.  P r e p a r a t i o n s  of  d e n a t u r e d  v i r a l  

DNA of l s t a n d  2 ~ g e n e r a t i o n  were c e n t r i f u g e d  a t  e q u i l i b r i u m  i n  

CsC1 g r a d i e n t s ~  and r a d i o a c t i v i t y  of c o l l e c t e d  f r a c t i o n s  was 

measu red .  

F i g .  1 shows the  s e p a r a t i o n  of the  2 s t r a n d s  of f i r s t  and 

second g e n e r a t i o n  DNA. A p p a r e n t  b u o y a n t  d e n s i t i e s  of 2C-DNA compo- 

n e n t s  i n  CsC1 were : 1 .762  g/cm 3 f o r  the  heavy  (It) s t r a n d ~  and 1 .752 

g/cm 3 f o r  the l i g h t  (L) s t r a n d .  A f t e r  the b i n d i n g  of polyG~ the  

d e n s i t y  of the H s t r a n d  was s h i f t e d  to 1 .810 g/cm 3 .  I n t e g r a t i o n  of 

the  s u r f a c e s  of r a d i o a c t i v i t y  peaks  i n  F i g .  1A ( l s t  g e n e r a t i o n  DNA)' 

and 1B ( 2 ~ g e n e r a t i o n  DNA) shows t h a t  the  2 s t r a n d s  of v i r a l  DNA 

were t r a n s f e r r e d  w i t h  equa l  e f f i c i e n c y  to  p r oge ny  p a r t i c l e s .  

F u r t h e r  i n s i g h t  i n t o  the  t r a n s f e r  p r o c e s s  was g a t h e r e d  by 
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Figure  1. U l t r a c e n t r i f u g a l  a n a l y s i s  of pa ren t a l  and progeny DNA, 
dena tured  in the presence of PolyG. 
Labe l l ed  " p a r e n t a l "  v i r u s  20 was prepared  by i n f e c t i n g  (MOI = 20) 
Be s u b t i l i s  168/2 p r e v i o u s l y  grown f o r  1 g~nera t ion in YS-medium 
( l l ) c o n t a i n i n g  0.25 mCi ( 8 2 p )  o r thophospha te /1 .25  ~{ (31p) o r tho-  
phospha t e /2 .5  x 107 b a c t e r i a / m l .  Virus p a r t i c l e s  from the l y s a t e  
w e r e - t r e a t e d  with nuc l ea se s ,  concen t r a t ed  by u l t r a c e n t r i f u g a t i o n  
(20,000 rpm~ 30 min~ 4°C), and p u r i f i e d  in CsC1 d e n s i t y  g r a d i e n t s  
(Q_ao = 1.52 g/cm 3 ) .  

Un~aSelled B. s u b t i l i s  188/2 (5 x 107 b a c t e r i a / m l )  in h igh-phospha te  
medium were i n f e c t e d  wi th  ( 3 2 p ) - l a b e l l e d  phages (MOI = 3 .8 ;  
i npu t  =I.0xl06CPM/ml ) ,  and v i r a l  p a r t i c l e s  were p u r i f i e d  in the 
same way. DNA from f i r s t  (F ig .  1A) and second gene ra t ion  (F ig .  1B) 
v i r i o n s  was e x t r a c t e d  wi th  phenol and 5 ~ sodium l a u r y l  s u l f a t e ,  
and dena tured  f o r  4 min a t  96°Cin the presence of p o l y g u a n y l i c  
ac id  (25 ~g/1  0.D260n m u n i t  DNA). The mixture was r a p i d l y  cooled,  
and c e n t r i f u g e d  in a CsC1 d e n s i t y  g r a d i e n t  (~23 ° = 1.75 g~cm 3 
72 hr!  33,000 rpm; 18°C; S.W. 5 0 . 1 S p i n c o  ro to r )  R a d i o a c t i v i t y  
of  f r a c t i o n s  c o l l e c t e d  on 3 ~fii ~ a t m a n  f i l t e r s  was measured by 
s c i n t i l l a t i o n  s p e c t r o m e t r y .  

s t u d y i n g  the n u c l e o t i d e  composi t ion  of 3 2 p - l a b e l l e d  DNA s t r ands  

w i t h i n  v i r i o n s  of f i r s t  and second g e n e r a t i o n .  For t h i s  purpose 9 

t h e  DNA e x t r a c t e d  from p u r i f i e d  p a r t i c l e s  of 3 2 p - l a b e l l e d  phage 

was dena tured ,  and sepa ra t ed  s t r ands  were hydro lysed  wi th  DNAase 

and snake venom p h o s p h o d i e s t e r a s e .  R e s u l t i n g  mononucleot ides  were 

then f r a c t i o n a t e d  e i t h e r  by e l e c t r o p h o r e s i s  (12) or  by column 

chromatography (13)o Ali  quots of l a b e l l e d  v i r i o n s  were a l so  used 
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to  i n f e c t  c e l l s  i n  u n l a b e l l e d  medium, and DNA s t r a n d s  from p rogeny  

p a r t i c l e s  were s u b m i t t e d  to  the  same p r o c e d u r e .  

Da ta  r e p o r t e d  i n  Table  1 i n d i c a t e  t h a t  the H s t r a n d s  of 

v i r i e n s  of  1 s t  and 2d g e n e r a t i o n  had v e r y  c l o s e  c o m p o s i t i o n s .  

N u c l e o t i d e  r a t i o s  of p a r e n t a l  and p r oge ny  L s t r a n d s  were a l s o  

s i m i l a r .  

TABLE 1 

P e r c e n t  c o m p o s i t i o n  of DNA s t r a n d s  of p a r e n t a l  and p r o g e n y  2C pha ge s .  

aMP HMU MP AMP GMP GMP + C~IP 

L-STRAND 

p a r e n t a l  19 .9  27.1 31 .6  21 .2  41.1 

p rogeny  20 .2  26.7 33 .3  19.7 89 .9  

H-STRAND 

p a r e n t a l  28 .3  32 .0  27.8  16 .8  40.1 

p rogeny  21 .8  32 .2  28.9  17.1 38 .9  

NATIVE DNA 1g.8  30 .7  3 1 . 2  18.1 38 .0  

Tab le  1.  Complementary s t r a n d s  of p a r e n t a l  and p r oge ny  DNA were 
s e p a r a t e d  as  d e s c r i b e d  i n  the  l e g e n d  f o r  F i g .  1. Polyfi was removed 
by  i n c u b a t i n g  the  p o o l e d  f r a c t i o n s  w i t h  0 .3  M K0H f o r  4 hou r s  a t  
37°C, f o l l o w e d  by e x t e n s i v e  d i a l y s i s  a g a i n s t  w a t e r .  S i n g l e  s t r a n d e d  
DNA was h y d r o l y s e d  w i t h  DNAase i n  12 mM Tris-HC1 b u f f e r  pH 7 .4  
c o n t a i n i n g  6 ~ MgC1 (20 pg  DNAase/1 0 .D.~60n m u n i t  DNA/30,000 
CPM T C A - i n s o l u b l e  (32p) o r t h o p h o s p h a t e ;  i n c u b a t i o n  : 1 h r ,  37°C) .  
The pH of the  s o l u t i o n  was b r o u g h t  to  8 .5  w i t h  KOH, and h y d r o l y s i s  
of  DNA was p u r s u e d  w i t h  snake venom p h o s p h o d i e s t e r a s e  (20 p g  
enzyme/  1 0 .D.260n m u n i t  DNA, 2 h r ,  37°C) .  N u c l e o t i d e  c o m p o s i t i o n  
was a n a l y s e d  by l o w - v o l t a g e  e l e c t r o p h o r e s i s  (2 .5  h o u r s ,  300 V) ( 1 2 ) .  
R e s u l t s  p r e s e n t e d  a re  the  ave rage  of f o u r  e x p e r i m e n t s .  
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Such conclusion~ however~ cannot be warranted without 

excluding a passive carry-over of parental DNA to offspring parti- 

cles. The appropriate control was as follows. Double-labelled 

phages were prbpared by infection of B. subtilis in medium containing 

6-(3H)-uracil and deuterium oxide replacing H20. One aliquot of 

D2-(311)-particles was extracted with phenol~ and native viral DNA 

was analysed in CsCI density gradients. 

Another aliquot of the virus suspension was used to infect bacteria 

in R20 - unlabelled medium. Comparison of pattern in 

Fig. 2A and 2B indicates that~ indeed~2~generation virions did 
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F i g u r e  2 .  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  of n a t i v e  d e n s i t y  l a b e l l e d  . 
phage DNA i s o l a t e d  from v i r i o n s  of 1 s t  and 2nd g e n e r a t i o n .  D2-(° t t  ) -  
p a r e n t a l  phage p a r t i c l e s  were p r e p a r e d  by i n f e c t i n g  o v e r n i g h t  c u l t u r e s  
of  B. s u b t i l i s  168/2  i n  YS medium conta in in_~ 0.1 mCi ( 3 H ) u r a c i l / 5  x 10 
c e l l s / m l  w i t h  D20 (99 .75  ~) r e p l a c i n g  c o m p l e t e l y  H2O. V i r i o n s  were 
p u r i f i e d  as o u t l i n e d  i n  the  l e o e n d  to F i g .  ] ,  and used  to  i n f e c t  h o s t  
c e l l s  (0 .25  x 106 CPM/4 x 108 PFU/ml~ MOI = 8) i n  t t 2 0 - u n l a b e l l e d  medium. 
A f t e r  a d s o r p t i o n ,  i n f e c t e d  c e l l s  were washed~ and the l y r i c  c y c l e  was 
a l l o w e d  to go to c o m p l e t i o n .  DNA e x t r a c t e d  from p a r e n t a l  ( F i g .  2A) and 
p rogeny  ( F i g .  2B) p a r t i c l e s  was a n a l y s e d  by c e n t r i f u ~ a t i o n  i n  CsC1 d e n s i t y  
g r a d i e n t s ,  a f t e r  a d d i t i o n  of 32p-H20 DNA as r e f e r e n c e .  
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not contain any appreciable amount of labelled DNA binding at the 

density of parental DNA. Instead, progeny DNA was quite hetero- 

geneous in density, and included a population of molecules of 

densities ranging between those of fully light and those of hybrid 

species. This finding excludes the passive incorporation of 

parental molecules into offspring particles. 

DISCUSSION 

Incorporation of parental chromosome into progeny particles 

is a highly unpredictable event for every kind of viral nucleic acids, 

for complete and partial transfer, as well as lack of transfer, have 

been observed with different virus-host systems (14-18). Also~ the 

fact that double-stranded viral DNA is replicated according to a 

semi-conservative model does not imply that both strands are 

equally conserved and transferred. Moreover~ since the 2 strands 

of 2C-DNA are involved to a different extent in viral message 

transcription(19)itis not unconceivable that they might also be 

incorporated with different efficiency into progeny particles. Data 

in Fig. I show~ however~ that in spite of an asymmetrical transcrip- 

tion, the transfer of parental strands to the offspring is symmetri- 

cal, in the case of phage 2C. 

Although most of the reports agree that the single-stranded 

DNA (15) and RNA (16-17) genomes of bacterial viruses are not 

transferred at all to progeny virions, an apparent transfer of 

single strandedR~A (18) and DNA (19) were observed with particular 

virus-host systems. Three mechanisms were indicated as responsible 

for such unexpected findings : a) degradation and highly efficient 

reincorporation of DNA fragments; b) sloughing of abortively 

attached particles; and c) encapsulation of non-replicated viral 

chromosomes in multiply-infected host cells. A possible involvement 

of these 3 mechanisms in our experimental system was excluded by 
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the exper iments  r e p o r t e d  in the p r e s e n t  paper .  In f a c t ,  h y d r o l y s i s  

p lus  r e s y n t h e s i s  was ru led  out  by the n u c l e o t i d e  a n a l y s i s  of s ing le  

s t r ands  in 1s t  and 2d gene ra t ion  p a r t i c l e s ,  whereas s lough ing  of 

v i r i o n s  and c a r r y - o v e r  of i n t a c t  chromosomes were excluded by the 

d o u b l e - l a b e l l i n g  exper iment  r epo r t ed  in F i g .  2. 

P a t t e r n  in F i g .  2 po in t s  to the uneven d i s t r i b u t i o n  of pa ren t a l  

DNA mate r i a l  among progeny.  This obse rva t i on  can be exp la ined  by 

e f f i c i e n t  recombina t ion  between v i r a l  chromosomes wi th in  the 

v e g e t a t i v e  p r e c u r s o r  poo l .  Extens ive  exchange of gene t i c  ma te r i a l  

between r e p l i c a t i n g  T-even phages has been p r e v i o u s l y  r e p o r t e d  

( 3 - 4 ) .  Recombination of v i r a l  DNA in 2C i n f e c t e d  B. s u b t i l i s  i s  

now e x t e n s i v e l y  s tud i ed  in our l a b o r a t o r y .  
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