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ABSTRACT

STUDIES OF VERY EARLY EVENTS OCCURRING IN BACTERIOPHAGE

SP82G INFECTION

by

william  t . McAll ist er  

PART I

Competent IJ. s u b t i l i s  may be in f e c t e d  by exposure to  i s o la t e d  

SP82G b a cter io p h a g e  DNA ( 5 ) .  The f a t e  o f  g e n e t ic  markers in trod u ced  

in t o  the c e l l  by th e  i n f e c t iv e  DNA was examined by in f e c t in g  th e  DNA- 

in f e c t e d  c e l l  w ith  in t a c t  phage o f  a d if f e r e n t  genotype and d eterm in in g  

th e  a b i l i t y  o f  such com plexes to  g iv e  r i s e  to  w ild  typ e recom b in an ts. 

Such marker rescu e  exp erim en ts have shown th a t th e r e  e x i s t s  w ith in  th e  

D N A -infected  c e l l  a p ro ce ss  th a t  e x p o n e n t ia l ly  in a c t iv a t e s  and u n lin k s  

g e n e t ic  markers c a r r ie d  by th e  i n f e c t iv e  DNA ( 8 ) .  The in a c t iv a t io n  

p ro cess  does not n orm ally  appear to  be a c t iv e  during th e cou rse o f  

in f e c t io n  by in t a c t  b a c te r io p h a g e  (8 ,  11) and can be m od ified  by p re

in f e c t in g  th e  h o s t  c e l l s  w ith  marker rescu e  phage b e fo r e  th ey  are  

exposed to  th e  i n f e c t iv e  DNA (8 ) •  M o d ifica tio n  o f  in t r a c e l lu la r  in a c t 

iv a t io n  i s  termed p r e in fe c t io n  p r o te c t io n .

Through th e  u se  o f  a p p ro p r ia te  mutant phage in  marker rescu e  

exp erim en ts i t  was p o s s ib le  to  d ir e c t ly  examine th e  g e n e t ic  s t a b i l i t y  

o f  t r a n s fe c t in g  DNA in  p r e in fe c te d  c e l l s  under a v a r ie t y  o f  c o n d it io n s .  

T hese exp erim en ts show th a t p r e in fe c t io n  p r o te c t io n  i s  th e  r e s u l t  o f  

an e a r ly  phage fu n c tio n  which in h ib i t s  th e in t r a c e l lu la r  in a c t iv a t io n  

p ro cess  and le a d s  to  an in c r e a se d  s t a b i l i t y  o f  in f e c t iv e  DNA during



i t s  tim e o f  r e s id e n c e  in  th e  c e l l .  The fu n c tio n  i s  m axim ally ex p ressed  

by th e  s ix th  m inute a f t e r  phage in f e c t io n  and i s  co m p lete ly  p reven ted  

by th e  a d d it io n  o f  ch loram phen icol a t  th e  tim e o f  phage in f e c t io n .

The p r o te c t iv e  e f f e c t  ex ten d s even to  in f e c t iv e  DNA w hich was p rese n t  

in  th e  c e l l  b e fo r e  th e  tim e o f  a d d it io n  o f  in t a c t  phage. Continued  

p r o te in  s y n th e s is  does not appear to  be a requirem ent fo r  th e main

ten a n ce  o f th e  in h ib i t io n .

In an analogous s i t u a t i o n ,  i f  in f e c t io u s  c e n te r s  r e s u lt in g  

from s in g ly  in f e c t in g  phage ( m u l t ip l ic i t y  o f  in f e c t io n  < 0 .1 )  are  

exp osed  to  ch loram phen icol s h o r t ly  a f t e r  th e tim e o f  in f e c t io n ,  an 

e x p o n e n tia l d ecrea se  in  th e  s u r v iv a l  o f  in f e c t io u s  c e n te r s  tim e h e ld  

in  ch loram p h en icol i s  o b serv ed . I f  th e  a d d it io n  o f ch loram phen icol 

i s  d e layed  u n t i l  th e  s ix t h  m inute a f t e r  in f e c t io n  th e  in f e c t io u s  

c e n te r s  are r e s i s t a n t  to  ch loram p h en ico l. The s e n s i t i v i t y  o f  in f e c 

t io u s  c e n te r s  to  ch loram p h en ico l a t e a r ly  tim es a f t e r  in f e c t io n  i s  

s tr o n g ly  dependent upon th e  m u l t ip l i c i t y  o f  in f e c t io n  and i s  c o n s is te n t  

w ith  a model o f  m u l t ip l i c i t y  r e a c t iv a t io n .  These r e s u l t s  su pp ort th e  

co n te n tio n  th a t  th e  in h ib it io n  o f  th e  in t r a c e l lu la r  in a c t iv a t io n  

p ro c e ss  i s  an e a r ly  phage fu n c tio n  which i s  n ece ssa ry  fo r  th e  s u c c e s s 

f u l  e s ta b lish m en t o f  an in f e c t io u s  c e n te r .

PART I I

One reason  fo r  th e a b i l i t y  o f  in t a c t  b a c ter io p h a g e  to  circum vent 

th e  in t r a c e l lu la r  in a c t iv a t io n  p ro cess  during th e  co u rse  o f  normal 

in f e c t io n  m ight be th a t under th e se  c o n d it io n s  th e  phage DNA i s  in t r o 

duced in t o  th e  c e l l  in  such a way as to  r a p id ly  s e t  up a req u ired  

s e r ie s  o f  e v e n ts .  In  th e  exp erim en ts rep o rted  i t  was found th a t  the  

t r a n s fe r  o f  DNA from b a cter io p h a g e  SP82G to  i t s  h o s t may be h a lte d  by

x i i



c h i l l i n g ,  but i s  a f f e c te d  l i t t l e  by ch lo ra m p h en ico l, A ctinom ycin D 

or sodium cy a n id e . The order o f  en tr y  o f  markers on th e phage genome 

was determ ined by h a lt in g  th e  tr a n s fe r  o f  DNA a t i n t e r v a l s ,  removing 

th e  u n tra n sferred  DNA by b le n d in g , and a ssa y in g  fo r  th e p resen ce  o f  

markers in  th e  b lend ed  com plexes. Markers on th e  phage genome are  

tr a n s fe r r e d  in  a l in e a r ,  p o la r  fa sh io n  c o n s is t e n t  w ith  th e  p r e v io u s ly  

determ ined g e n e t ic  and p h y s ic a l  maps ( 6 ) .  Those markers which are  

concerned w ith  e a r ly  fu n c t io n s  are tr a n s fe r r e d  f i r s t ,  and a t  33°C th e  

t r a n s fe r  o f  th e  e n t ir e  genome i s  com plete in  1 .4  m in u tes. These 

r e s u l t s  are co n tr a s ted  w ith  th e k in e t i c s  o f  en try  o f  tr a n s fe c t in g  

DNA m o lec u le s .

PART I I I

The ord er o f  en try  o f  markers on th e  SP82G genome during  

phage in f e c t io n  i s  known and proceed s in  a l in e a r  p o la r  fa sh io n

32c o n s is t e n t  w ith  the g e n e t ic  and p h y s ic a l  maps. The e f f e c t s  o f  P 

decay on th e  tr a n s fe r  o f  th e  genome may be examined g e n e t ic a l ly  by 

d eterm in in g  i t s  e f f e c t s  on marker t r a n s f e r ,  and p h y s ic a l ly  by examin

in g  th e t r a n s fe r  o f  la b e l le d  DNA. The r e s u l t s  d escr ib ed  in  t h i s  rep o rt  

show th a t  about 42% o f  a l l  l e t h a l  e v e n ts  r e s u l t  in  th e  n o n - tr a n s fe r  o f  

some p o r tio n  o f  th e genome. At 4°C doub le stran d  breaks prob ably  alw ays 

p reven t th e tr a n s fe r  o f  p o r tio n s  o f  th e  genome d i s t a l  to  th e  b reak , and 

w h ile  th ey  are in  th em se lv es l e t h a l ,  th ey  do not p reven t th e  re scu e  o f  

markers on undamaged p o r t io n s  o f th e  genome. A ll  markers th a t  are  

tr a n s fe r r e d  are tr a n s fe r r e d  a t th e norm al r a t e .  '

x i i i



PART I

THE INVOLVEMENT OF AN EARLY PHAGE FUNCTION IN THE 

ESTABLISHMENT OF PREINFECTION PROTECTION

In tro d u c tio n

Under s u i t a b le  growth c o n d it io n s  li. s u b t i l i s  c e l l s  a cq u ire  th e  

a b i l i t y  to  take up i s o la t e d  DNA. (1 ) In  th e  p ro cess  known as tr a n s 

f e c t io n  such com petent c e l l s  tak e up DNA i s o la t e d  from a number o f  sub

t i l i s  b a c te r io p h a g es  in  such a way th a t th ey  become in f e c t e d  and g iv e  

r i s e  to  progeny ( 2 ) .  The i n f e c t iv e  DNA from th e se  phage e x h ib it  b eh av ior  

during t r a n s fe c t io n  th a t in d ic a t e s  th a t  th e r e  are two modes o f  tr a n s 

f e c t io n  which depend upon th e  b a cter io p h a g e  from which th e DNA was 

i s o la t e d  ( 3 ) .  The f i r s t  mode o f  t r a n s f e c t io n  re q u ir e s  o n ly  s in g le  

phage DNA m o lecu le s  to  s u c c e s s f u l ly  e s t a b l i s h  an in f e c t io u s  c e n te r .

Phage DNA's th a t e x h ib it  t h i s  p rop erty  have been i s o la t e d  from b a c te r io 

phage <j> 29 and SP02 (3 , 4 ) .  In th e  second  form o f  tr a n s fe c t io n  more 

than one m o lecu le  o f  DNA i s  req u ired . B acteriop h age which have DNA 

e x h ib it in g  th is  p rop erty  are SP82G, SP3, SP50, SP01 and <j> 1 '  (5 ,  6 ,

2 , 7 , 4 ) .

By exam ining th e progeny r e s u l t in g  from such in f e c t io u s  c e n t e r s , 

i t  has been found th a t g e n e t ic  recom b ination  betw een two or  more in f e c 

t i v e  m o lecu les  i s  req u ired  fo r  th e  e s ta b lish m en t o f  an in f e c t io u s  c e n te r .  

(5 ,  7) Green (8 ) has found th a t th e  m u ltim o lecu la r  requirem ent fo r  

SP82G tr a n s fe c t io n  i s  the r e s u lt  o f  an in a c t iv a t io n  mechanism th a t  

e x i s t s  w ith in  th e  D N A -infected c e l l .  T his p ro ce ss  e x p o n e n tia lly  in a c t 

iv a t e s  and u n lin k s  g e n e t ic  markers c a r r ie d  by th e  phage DNA. The 

r e c o n s t i tu t io n  o f  a com plete phage genome under such c o n d it io n s  has been

1



found to  in v o lv e  p o r t io n s  o f  th e  i n f e c t iv e  DNA th a t com prise l e s s  than  

1 /4 0  o f  th e  g e n e t ic  map. (9)

The in t e g r i t y  o f  g e n e t ic  markers in tro d u ced  in to  th e  c e l l  by 

t r a n s f e c t in g  DNA can be exam ined by s u p e r in fe c t in g  th e  DNA in f e c t e d  

c e l l  w ith  in t a c t  phage o f  a d if f e r e n t  genotype and m easuring th e  a b i l i t y  

o f  such com plexes to  g iv e  r i s e  to  w ild  typ e (WT) recom binants. The 

form ation  o f a WT recom binant in d ic a t e s  th a t th e  s u p e r in fe c t in g  phage 

has "rescued" th e  WT gene from th e  in f e c t in g  DNA. Such experim ents  

have shown th a t th e  r a te  o f  in a c t iv a t io n  o f  th e  t r a n s f e c t in g  DNA w ith  

tim e o f  r e s id e n c e  in  th e  c e l l  (p r io r  to  th e  a d d it io n  o f  marker re scu e  

phage) i s  p r o p o r tio n a l to  th e  map d is ta n c e  betw een marker p a ir s  and 

th a t  markers on th e  same DNA m olecu le  can be in d ep en d en tly  in a c t iv a te d  

( 8 ) .  T hese r e s u l t s  in d ic a t e  th a t th er e  i s  an in t r a c e l lu la r  fa c to r  

which randomly damages th e  i n f e c t iv e  DNA m olecu le  and th a t th e s e  

damages r e s u l t  in  a p a r t ia l  in a c t iv a t io n  o f th e  g e n e t ic  p o t e n t ia l  o f  

th e  genome.

Of p a r t ic u la r  i n t e r e s t  was th e  o b serv a tio n  th a t  th e in a c t iv a t io n  

p ro ce ss  could  be m o d ified  by p r e in fe c t in g  th e  c e l l  w ith  marker re scu e  

phage p r io r  to  th e  a d d it io n  o f i n f e c t iv e  DNA ( 8 ) .  Under th e se  c o n d it io n s  

th e  re scu e  o f marker p a ir s  no lo n g e r  e x h ib ite d  th e s t r i c t  dependence on 

in term ark er map d is ta n c e  ob served  under s u p e r in fe c t io n  marker re scu e  

c o n d it io n s .  T h is m o d if ic a t io n ,  termed p r e in fe c t io n  p r o te c t io n ,  was 

found to  have a maximal e f f e c t  when th e  in f e c t iv e  DNA was added a t th e  

s ix t h  m inute a f t e r  phage in f e c t io n .

I n t r a c e l lu la r  in a c t iv a t io n  may a ls o  be m o d ified  by adding U.V. 

ir r a d ia te d  homologous or h e te ro lo g o u s  DNA to  th e  com petent c e l l ,  (10)  

or by ir r a d ia t in g  th e  com petent c e l l s  th em se lv es  (11 ) p r io r  to  t h e ir  

exposure to  i n f e c t i v e  DNA. E p ste in  (1 0 , 11) has su g g ested  th a t t h i s



p r o te c t iv e  e f f e c t  i s  th e  r e s u l t  o f th e  entrapm ent o f  a h o s t  n u c le a se  

(an in a c t iv a t in g  fa c to r )  by th e  U.V. ir r a d ia te d  DNA. In  agreement 

w ith  t h i s  p ro p o sa l i s  th e o b serv a tio n  th a t th e  e f f e c t iv e n e s s  o f  v a r io u s  

h e te ro lo g o u s  U.V. ir r a d ia te d  DNA p rep a ra tio n s  p a r a l le le d  th e ir  aden ine  

p lu s thymine co n ten t and reached a maximum when p y rim id in e  d im er iz a tio n  

was maximized (1 0 ) .

S im ila r  o b serv a t io n s  have been made during s tu d ie s  o f  tr a n s fo r 

m ation o f  th e  C h a llis  s t r a in  o f  S tr e p to c o c c i . (T ransform ation  i s  a 

p ro cess  in  which b a c t e r ia l  DNA i s  taken up by com petent r e c ip ie n t s  and 

in co rp o ra ted  in to  t h e ir  genome. S u c c e s s fu l tra n sfo rm a tio n  can be  

d e te c te d  by th e  e x p r e ss io n  o f  g e n e t ic  markers which are in tro d u ced  in to  

th e c e l l  by th e  tran sform in g  DNA.) Chen and Ravin (12) have found th a t  

the p resen ce  o f  n on -tran sform in g  DNA ( g e n e t ic a l ly  unmarked DNA) enhances 

th e  tra n sfo rm a tio n  o f  th e b a c te r ia .  The authors proposed th a t th er e  

i s  an in a c t iv a t in g  agent w ith in  th e  C h a llis  b a c te r ia  which a c ts  upon 

DNA fragm ents and th a t th e agent can be "swamped" by m u lt ip le  in f e c t io n  

o f  th e  r e c ip ie n t s .  A d e la y  in  th e  a d d it io n  o f  h e lp in g  DNA to  r e c ip ie n t s  

which had a lrea d y  been exposed  to  transform in g DNA caused a d ecrea se  in  

th e y i e ld  o f tra n sfo rm a n ts, but i f  th e  h e lp in g  DNA was added p r io r  to  

the tran sform in g  DNA a marked in c r e a se  in  tra n sfo rm a tio n  r e s u l t e d .

The o b serv a tio n  th a t in a c t iv a t in g  enzymes can be "swamped" by 

the a d d it io n  o f  a number o f  DNA m o lecu les makes u n c lea r  th e r o le  o f  the  

p r e in fe c t in g  phage in  e s t a b l i s h in g  p r e in fe c t io n  p r o te c t io n .  E p ste in  

has found th a t  th e maximum p r o te c t iv e  e f f e c t  o f U.V. ir r a d ia te d  DNA i s  

o b ta in ed  when tr a n s fe c t in g  DNA i s  added 20 m inutes a f t e r  th e  U.V. t r e a t 

ed DNA (even  when U.V. in a c t iv a te d  SP82G b a cter io p h a g e  were used  as 

donors o f  ir r a d ia te d  DNA). (10) Green, however, has rep orted  th a t p re

in f e c t io n  p r o te c t io n  by in t a c t  phage reach es a maximum by s i x  m inutes ( 8 ) .



T his in d ic a t e s  th a t  th ere  are two q u ite  d i f f e r e n t  p r o te c t iv e  mechanisms 

o p e r a t in g . During th e  cou rse  o f  normal in f e c t io n  o f  15. s u b t i l i s  by 

in t a c t  SP82G b a cter io p h a g e  th ere  i s  no ev id en ce  to  in d ic a t e  th a t  th e  

phage DNA i s  in a c t iv a te d  (8 , 1 0 ) . E ith e r  in j e c t e d  DNA i s  n ot s u s c e p t ib le  

to  in t r a c e l lu la r  in a c t iv a t io n ,  or  th e phage manages to  d ir e c t ly  overcome 

th e  in a c t iv a t io n  p r o c e s s .  The o b se r v a t io n  th a t  U.V. ir r a d ia te d  phage 

can be used as donors o f  "swamping" DNA s u g g e s ts  th a t in j e c t e d  DNA i s  

a ls o  s u s c e p t ib le  to  in t r a c e l lu la r  in a c t iv a t io n .

In exp erim en ts rep orted  h ere i t  was found th a t th e  m o d if ic a t io n  

o f  in t r a c e l lu la r  in a c t iv a t io n  by p r e in fe c t in g  phage i s  th e  r e s u l t  o f  an 

e a r ly  phage fu n c t io n  which d ir e c t ly  in h ib i t s  th e  in a c t iv a t io n  p r o c e s s .  

T his fu n c tio n  i s  m axim ally ex p ressed  by th e  s ix t h  m inute a f t e r  phage 

in f e c t io n  and i s  co m p lete ly  p revented  by th e  a d d it io n  o f  ch loram p h en icol 

a t th e  tim e o f  in f e c t io n .  In  an analagous s i t u a t io n ,  i f  th e  in f e c t in g  

phage p a r t i c l e  i s  p reven ted  from ca rry in g  out th e  e a r ly  p r o t e c t iv e  

fu n c t io n , i t s  own ( in je c te d )  DNA i s  s u s c e p t ib le  to  a s im ila r  ty p e  o f  

in a c t iv a t io n .
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M a te r ia ls  and Methods 

B a c te r ia l  s t r a in s ,  growth c o n d it io n s  and phage p r e p a r a t io n s .

B a c i l lu s  s u b t i l i s  s t r a in  SB-1 (13) was th e  h o s t  c e l l  fo r  a l l  

ex p er im en ts . T echniques fo r  th e  i s o l a t i o n ,  p rop agation  and d e te c t io n  

o f  b a c ter io p h a g e  SP82G are id e n t i c a l  to  th o se  o f  Green ( 5 ) .  Temperature 

s e n s i t i v e  ( t s )  m utants o f  SP82G which w i l l  grow a t 33°C b ut n o t a t  4 7 °C 

have been  d escr ib ed  p r e v io u s ly  (9 ,  14) w ith  th e  e x c e p tio n  o f  mutant 

E119 which was i s o la t e d  by D.M. Green (p er so n a l com m unication). The 

tech n iq u es  fo r  s c o r in g  w ild  ty p e  (WT) recom binants have a ls o  been  

d escr ib ed  b e fo r e  (8 ) .

The prim ary media fo r  th e  growth o f  a l l  phage p rep a ra tio n s  was 

Nomura s a l t s  (NM) supplem ented w ith  0.5% g lu c o s e ,  0.2% c a s e in  h y d r o ly s a te ,  

2 .5  x  10”  ̂ M MgCl2 , 0.1% y e a s t  e x t r a c t ,  0 .0 5  mg/ml o f  D L -tryptophan,

4 mg/ml o f  a r g in in e  and 0 .2  mg/ml o f  L - h is t id in e  (1 5 ) .

D ilu t io n  media (DM) was prepared by d is s o lv in g  25 g o f Casamino 

a c id s  and 1 g o f  MgCl2 in  5 l i t e r s  o f  w a ter . O c c a s io n a lly  t h i s  was 

supplem ented w ith  0.5% g lu c o se  and 0.1% y e a s t  e x tr a c t  and used as a 

growth media fo r  f i n a l  l y s i s  o f  la r g e  phage p r e p a r a t io n s .

Phage ly s a t e s  grown a t  33 °C were co n cen tra ted  by two c y c le s  o f  

h igh  (1 0 ,0 0 0  x g) low (6 ,5 0 0  x  g) c e n tr ifu g a t io n  and s to r e d  in  1XNM 

s a l t s  p lu s  MgCl2 (10“ % ). Phage DNA was prepared by phenol e x t r a c t io n  

(16) and s to r e d  a f t e r  d ia l y s i s  a g a in s t  lxSSC (SSC c o n ta in s  8 .7 6  g NaCl 

and 4 .4 1  g sodium c i t r a t e  p er l i t e r  o f  w a te r ) .  The p u r ity  and co n cen tra 

t io n  o f  DNA p rep a ra tio n s  w ere determ ined from th e ir  o p t ic a l  d e n s ity  a t  

260 and 280 nm. assum ing th a t a s o lu t io n  o f  20 ug/m l o f  DNA has an &260
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o f  0 .4

Competent c e l l s  were prepared by a m o d if ic a t io n  o f  th e  tech n iq u es  

o f  S p iz iz e n  ( 1 ) .  O vernight s la n t s  o f  SB-1 grown on T ryp tose  Blood Agar 

(D ifc o , D e t r o i t ,  M ich.) a t  37°C were tr a n s fe r r e d  to  HS media (1) 

supplem ented w ith  8 mg/ml a r g in in e  and 400 ug/m l h i s t id i n e  and grown 

fo r  4 .5  hours a t  37°C. At th a t tim e th e  media was made 7.5% in  d im eth y l-  

s u lfo x id e  and s to r e d  a t -20°C . On th e  day o f  u s e , sam ples thawed a t 47°C w ere 

d ilu te d  1 /1 0  in t o  LS m edia (1) supplem ented w ith  5 x 10-  ̂ M sperm ine  

te tr a h y d r o c h lo r id e , 2 .5  x 10-  ̂ M MgC^j and 5 x  10-  ̂ M CaCl2 and grown 

a t 37°C fo r  90 m in u tes.

Marker re scu e  experim ents

T ra n sfe c tio n  exp erim en ts v a r ied  somewhat and th e  e x a c t  d e t a i l s  

o f each experim ent are d escr ib ed  in  th e  t e x t  and f ig u r e s .  A ty p ic a l  

marker re scu e  experim ent not in v o lv in g  p r e in fe c te d  c e l l s  would proceed  

as fo l lo w s . Competent c e l l s  (grown in  LS fo r  90 m inutes as above) were 

exposed  to  DNA (2 -3  ug/m l) i s o la t e d  from a ts_ mutant phage fo r  3 m inutes 

a t  33°C. The c e l l s  were d ilu te d  1 /1 0  in  fr e sh  LS, h e ld  fo r  an a d d it io n a l  

10 m inutes and tr e a te d  w ith  DNAase (B ee f p a n crea s, M iles L a b o r a to r ie s ,

E lk h a rt, I n d ) . At in t e r v a l s ,  g e n e t ic  markers were "rescued" (8) from  

phage DNA by s u p e r in fe c t in g  th e  c e l l  w ith  o th er  t £  mutant phage and 

p la t in g  a t  a s e l e c t i v e  tem perature (4 7 ° C) a t which o n ly  WT recom binants 

can g iv e  r i s e  to  p la q u es . Most o f  th e  experim ents d escr ib ed  in  t h i s  

rep ort are a v a r ia t io n  o f  th is  tech n iq u e in  which th e  c e l l s  are a ls o  

p r e in fe c te d  w ith  another _t£ mutant phage which i s  unable to  c o n tr ib u te  

th e  n ece ssa ry  WT a l l e l e s  to  th e  progeny. The e f f e c t  o f  in f e c t io n  

w ith  t h i s  phage on th e s t a b i l i t y  o f  markers in tro d u ced  by th e  tr a n s 

f e c t in g  DNA i s  examined under v a r io u s  c o n d it io n s .



S u r v iv a l o f  in f e c t io u s  c e n te r s  and b a c te r ia  in  ch loram p h en icol

The e f f e c t  o f  ch loram p h en icol (CM) on b a c t e r ia l  s u r v iv a l  i s  

d escr ib ed  in  th e  t e x t .  The e f f e c t  o f  a r r e s t in g  p r o te in  s y n th e s is  

s h o r t ly  a f t e r  phage in f e c t io n  was examined by b r i e f ly  ex p o sin g  b a c te r ia  

to  phage and then  adding s u f f i c i e n t  a n t is e r a  to  in a c t iv a t e  99.9% o f  

th e  unadsorbed phage. These r a p id ly  in f e c t e d  com plexes were d ilu te d  

in to  NM c o n ta in in g  ch loram p h en icol (Sigm a, S t .  L o u is , Mo.) and h e ld  

fo r  v a r io u s  le n g th s  o f  tim e u n t i l  p la t in g .



R e su lts

I n h ib it io n  o f  growth o f  _B. s u b t i l i s  s t r a in  SB-1 by ch loram phen icol

The e f f e c t s  o f  ch loram phen icol (CM) and A ctinom ycin D (A ct. D) 

on p r o te in  s y n th e s is  and RNA s y n th e s is  in  J3. s u b t i l i s  s t r a in  W23 have 

been examined by L ev in th a l who found th a t th e a d d it io n  o f  chloramphen

i c o l  a t  a co n ce n tra tio n  o f  100 ug/m l to  a growing c u ltu r e  r e s u lte d  in  

an im m ediate c e s s a t io n  o f  th e  in c o rp o ra tio n  o f  ^ C - v a l in e .  S im ila r ly ,  

th e  a d d it io n  o f  A ctinom ycin D a t 10 ug/m l im m ediately  stopped  RNA 

s y n th e s is  (1 7 ) .

The e f f e c t s  o f  ch loram p h en icol and A ctinom ycin D (Merck,

Sharpe and Dohme C o., Rahway, N .J .)  on th e  growth r a te s  o f  JB, s u b t i l i s  

s t r a in  SB-1 were examined by fo llo w in g  th e  change in  absorbance a t  

620 nm o f  a lo g  growth c u ltu r e  a f t e r  th e  a d d it io n  o f  th e  in h ib i t o r s .

The r e s u l t s  (F ig . 1) show th a t w h ile  5 ug/m l o f  A ctinom ycin D was 

s u f f i c i e n t  to  s t a b i l i z e  th e  ab sorb ance, a co n c e n tr a tio n  o f  500 ug/m l 

o f  ch loram p h en icol was n ece ssa ry  to  p rev en t an in c r e a s e  in  absorbance  

o f  th e c u ltu r e .

When th e  growth r a te  o f  SB-1 was fo llo w ed  by v ia b le  c o u n t, 

how ever, (F ig . 2) co n c e n tr a tio n s  o f  as low as 50 ug/m l o f  chloramphen

i c o l  p reven ted  m u lt ip l ic a t io n  in  th e  c u ltu r e .  At c o n c e n tr a tio n s  o f  

500 u g /m l, th e  number o f  co lon y  form ers in  th e  c u ltu r e  remained s ta b le  

fo r  one hour (F ig . 3) and th e  a b i l i t y  o f  c e l l s  to  support phage growth  

a f t e r  h o ld in g  in  ch loram p h en icol was n ot im paired  w ith  tim e. I t  i s  

known th a t prolonged  in c u b a tio n  in  ch loram p h en icol le a d s  to  a th ic k e n in g  

in  th e  c e l l  w a ll  o f  _B. s u b t i l i s  (18) and t h i s  may lea d  to  th e  in c r e a se d



absorbance in  th e  p resen ce  o f  th e  in h ib it o r .  For th e  experim ents  

th a t  fo l lo w , co n c e n tr a tio n s  o f  ch loram phen icol in  th e  range o f  

100-500 ug/m l were u sed .

E f fe c t  o f  ch loram p h en icol on p r e in fe c t io n  p r o te c t io n

The e f f i c i e n c y  o f  in f e c t io n  o f  com petent J3. s u b t i l i s  by 

b a cter io p h a g e  SP82G DNA i s  such th a t th e  in c o rp o ra tio n  o f  a s in g le  

m olecu le  o f  DNA in to  th e  com petent c e l l  does n o t r e s u l t  in  th e pro

d u c tio n  o f  phage by th a t  c e l l  ( 5 ) .  The g e n e t ic  c o n tr ib u tio n  o f  th a t  

m o lecu le  can be measured how ever, by s u p e r in fe c t in g  the D N A -infected  

c e l l  w ith  phage p a r t i c l e s  o f  a d if f e r e n t  g en otyp e. G en etic  markers 

c a r r ie d  by th e  i n f e c t iv e  phage DNA appear in  th e  progeny o f  such  

s u p e r in fe c te d  c e l l s  and th e s e  recom binant p a r t i c l e s  may be d e te c te d  

under s u i t a b le  c o n d it io n s .  For exam ple, i f  a com petent c e l l  which  

has taken up w ild  typ e (WT) DNA i s  su p e r in fe c te d  by a phage p a r t ic le  

c a rry in g  a tem perature s e n s i t i v e  ( t s )  mutant gene (or gen es) WT 

recom binant p a r t i c l e s  may be found among th e  progeny. These may be 

d e te c te d  by p la t in g  a t  a s e l e c t i v e  tem perature a t  which phage p a r t i c l e s  

h av in g  a t s  m utation  in  th e ir  genome do not y i e ld  progeny, The forma

t io n  o f  a WT recom binant in d ic a te s  th a t  th e s u p e r in fe c t in g  phage has 

"rescued" th e  WT gene from th e in f e c t in g  DNA (8 ) .

When D N A -infected  c e l l s  were su p e r in fe c te d  w ith  b a cter io p h a g e  

th a t  ca r r ied  two ts_ m u ta tio n s , Green (8 ) found th a t th e  re scu e  o f  

marker p a ir s  ( i . e .  th e  re scu e  o f  b oth  WT a l l e l e s  from th e  tr a n s fe c t in g  

DNA) d ecreased  e x p o n e n t ia l ly  as a fu n c tio n  o f  th e  g e n e t ic  map d is ta n c e  

betw een th e  m arkers, and th a t  even th e  most c lo s e ly  lin k e d  markers were  

rescu ed  w ith  o n ly  about o n e -h a lf  th e  e f f i c i e n c y  o f  s in g le  m arkers, I t  

was shown th a t  t h i s  i s  th e  r e s u l t  o f  an in a c t iv a t io n  p ro cess  which both



F igu re 1

I n h ib it io n  o f  growth o f  SB-1 by ch loram phen icol (CM)

A ctinom ycin  D. (A ct. D)

Log growth SB-1 were d ilu te d  in to  NM co n ta in in g  in h ib it o r s  a t  

v a r io u s  c o n c e n tr a t io n s . At in t e r v a ls  th e  A ^ q was determ ined  in  a 

S p e c tr o n ic  20 .

0  c o n tr o l ,  no in h ib it o r ,  □  100 ug/m l CM, 200 ug/m l CM,

^  500 ug/m l CM, O  5 ug/m l A ct. D
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F igu re 2

I n h ib it io n  o f  growth o f  SB-1 by ch loram phen icol

Log growth SB-1 were d ilu te d  in to  NM co n ta in in g  chloramphen

i c o l  a t  v a r io u s  c o n c e n tr a t io n s . At in t e r v a ls  th e  v ia b le  t i t e r  o f  

th e  b a c te r ia  was determ ined by p la t in g  d i lu t io n s  a t 33 °C . Q  - c o n t r o l  

(no CM), Q  -5  ug CM/ml, / \ -5 0  ug CM/ml.
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Figure 3

The e f f e c t  o f  in cu b a tio n  in  ch loram phen icol (500 ug/m l) on 

co lon y  form ation  and th e  a b i l i t y  to  support phage growth

g
B a c te r ia  a t 10 /m l w ere d ilu te d  1 :1 0  in to  NM c o n ta in in g  

ch loram p h en icol a t  33°C. At in t e r v a ls  sam ples were withdrawn and 

p la te d  fo r  v ia b le  t i t e r .  A lso  a t  in t e r v a ls  sam ples were exposed to  

phage a t a m u l t ip l i c i t y  o f  in f e c t io n  = 2 .0  fo r  5 m in u tes, Unadsorbed 

phage were in a c t iv a te d  by a 3 m inute exposure to  a n t is e r a  (k = 1 .3 5 ) and 

th e  sam ples were assayed  fo r  p laque form ing u n i t s .  The y ie ld  o f  co lony  

form ers ( Q  ) and p laq u e form ing u n its  ) are ex p ressed  as th e  fr a c 

t io n  o f  a c o n tr o l which was n ev er  exposed to  ch loram p h en ico l.
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in a c t iv a t e s  and u n lin k s  markers on th e  t r a n s f e c t in g  DNA a f t e r  th e ir  

in tr o d u c t io n  in t o  the c e l l .  The r a te  o f  in a c t iv a t io n  o f  marker p a ir s  

i s  p o r p o r tio n a l to  th e map d is ta n c e  betw een th e m arkers.

The in a c t iv a t io n  p ro cess  can be m od ified  by ex p o sin g  th e  com petent 

c e l l s  to  th e  r e scu in g  phage b e fo r e  th e a d d it io n  o f  phage DNA. Under th e se  

c o n d it io n s  ( i . e . ,  p r e in fe c t io n  marker re scu e) th e  re scu e  o f  marker p a ir s  

no lo n g er  e x h ib it s  the s e v e r e  dependence upon in term arker map d is ta n c e  

th a t i s  observed  under s u p e r in fe c t io n  c o n d it io n s . T his m o d if ic a tio n  o f  

th e in t r a c e l lu la r  in a c t iv a t io n  p ro ce ss  i s  c a l le d  p r e in fe c t io n  p r o te c t io n ,  

and reach es a maximum a t about th e s ix t h  m inute a f t e r  phage in f e c t io n .

I f  p r e in fe c t io n  p r o te c t io n  r e q u ire s  th e s y n th e s is  o f  a p r o te in  

a f t e r  in f e c t io n  o f  a c e l l  by b a c te r io p h a g e , then no m o d if ic a t io n  o f  

in t r a c e l lu la r  in a c t iv a t io n  should  occur when c e l l s  are p r e in fe c te d  in  

th e p resen ce  o f  ch loram p h en ico l. A marker rescu e  experim ent was per

formed in  which markers in trod u ced  in to  th e  com petent c e l l  by WT phage 

DNA were rescu ed  by _t£ mutant phage under th ree  c o n d it io n s :  by p r e in fe c 

t in g  phage added s i x  m inutes b e fo r e  th e phage DNA, by p r e in fe c t in g  

phage in  th e p resen ce  o f  ch loram phen icol and by s u p e r in fe c t in g  phage 

added a f t e r  th e phage DNA. The r e s c u a b i l i t y  o f  marker p a ir s  in  each  

group was ex p ressed  as th e  p ercen t o f  th e  s in g le  marker H362 rescu ed  

under th e same c o n d it io n s . The r e s u l t s  are  p resen ted  in  F igu re 4 as 

th e r e s c u a b i l i t y  o f  double markers as a fu n c tio n  o f  th e  map d is ta n c e  

they su b ten d . In agreem ent w ith  th e  r e s u l t s  o f  Green (8) i t  i s  found  

th a t under c o n d it io n s  o f  p r e in fe c t io n  th e  r e s c u a b i l i t y  o f  double markers 

does n o t e x h ib it  th e  h igh  degree o f  dependence on in ter-m a rk er  map 

d is ta n c e  th a t i s  observed  under s u p e r in fe c t io n  c o n d it io n s . I f  p r e in fe c t io n  

i s  c a r r ie d  out in  th e p resen ce  o f  ch loram phen icol how ever, th e rescu e  o f  

marker p a ir s  shows th e  in v e r se  dependence on map d is ta n c e  th a t i s  charac

t e r i s t i c  o f  s u p e r in fe c t io n  marker re scu e  c o n d it io n s . In  th e  p resen ce  o f



ch loram p h en ico l, p r e in fe c t in g  phage do n o t m odify th e  in t r a c e l lu la r  

in a c t iv a t io n  p r o c e ss .

Time cou rse o f  p r e in fe c t io n  p r o te c t io n

By adding phage DNA a t  in t e r v a ls  a f t e r  th e in f e c t io n  o f  c e l l s  by 

p r e in fe c t in g  marker r e scu e  phage, Green (8) found th a t  the maximum 

number o f  WT recom binants r e s u lte d  when th e phage DNA was added s i x  

m inutes a f t e r  phage in f e c t io n .  T his d e fin e d  th e  con cept th a t by s i x  

m inutes p r e in fe c t io n  p r o te c t io n  had reached a maximum and th a t a t  t h is  

tim e th e  in t r a c e l lu la r  in a c t iv a t io n  p ro cess  was la r g e ly  in h ib it e d .  I f  

th e  tim e cou rse o f  p r e in fe c t io n  p r o te c t io n  r e f l e c t s  th e  s y n th e s is  and/or  

th e  accum ulation  o f  a n ece ssa ry  p r o te in ,  then  th e  c e s s a t io n  o f  p r o te in  

s y n th e s is  a t in t e r v a ls  a f t e r  th e a d d it io n  o f  p r e - in f e c t in g  phage should  

lea d  to  th e  same tim e cou rse  o f  p r o te c t io n  fo r  markers in trod u ced  by. 

phage DNA a t  some l a t e r ,  f ix e d  tim e . To t e s t  th is  h y p o th e s is ,  c e l l s  

were p r e in fe c te d  a t 33°C w ith  a mutant phage ca rry in g  th ree  t £  m utations  

(H20-H362-H15). At in t e r v a l s ,  p r o te in  s y n th e s is  in  th e  in f e c t e d  c e l l  

was stop p ed  by th e  a d d it io n  o f  ch loram phen icol to  a co n ce n tra tio n  o f  

100 ug/m l. At a l a t e r  tim e (n in e  m inutes a f t e r  in f e c t io n )  a l l  c e l l s  

were exposed  to  DNA i s o la t e d  from th e  _t£ mutant phage H15, and a f t e r  a 

s u f f i c i e n t  p er io d  o f  tim e to  a llo w  p e n e tr a t io n  o f  th e  DNA, were tr e a te d  

w ith  DNAase. The c e l l s  were then su p e r in fe c te d  w ith  the Ĵ s mutant phage 

H20-H 362, and p la te d  a t 4 7 °C. Under th e s e  c o n d it io n s  on ly  WT recom bin

an ts  w i l l  y i e ld  p la q u e s , and th e se  may on ly  be formed when th e  w ild  typ e  

genes fo r  H20+ and H362+ co n tr ib u ted  by th e phage DNA are p r e se n t in t a c t  

in  th e in f e c t e d  c e l l .  The maximum y i e l d  o f  WT recom binants was ob ta in ed  

when p r o te in  s y n th e s is  was in terr u p te d  a t  th e  s ix t h  m inute a f t e r  th e  

c e l l s  were p r e in fe c te d .  (F ig . 5) The r e s u l t s  o f  Green in  which phage
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F igu re 4

E f fe c t  o f  ch loram phen icol on th e  m o d if ic a t io n  o f  

in t r a c e l lu la r  in a c t iv a t io n

The a b i l i t y  o f  a v a r ie ty  o f  doubly mutant phage to  re scu e  g e n e t ic  

markers from i n f e c t i v e  DNA was measured under th re e  c o n d it io n s : B  » 

s u p e r in fe c t io n  marker rescu e  (r e sc u in g  phage added a f t e r  DNA) 0  , p re

in f e c t io n  marker re scu e  (r e sc u in g  phage added b e fo r e  DNA) and A ,  

p r e in fe c t io n  marker rescu e  in  th e  p resen ce  o f  CM. A ll  v a lu e s  are ex p ressed  

as th e  p ercen t o f  re scu e  o b ta in ed  u sin g  th e s in g le  mutant H362 under id en 

t i c a l  c o n d it io n s  and are p lo t te d  as a fu n c tio n  o f  th e  map d is ta n c e  sub

tend  by th e  marker p a ir s .

Competent c e l l s  were p r e in fe c te d  by exposure to  phage a t a m u lt ip l i 

c i t y  o f  in f e c t io n  o f  10 fo r  2 m inutes and d ilu te d  in t o  e i t h e r  LS or LS 

c o n ta in in g  ch loram p h en ico l (100 ug/m l) and h e ld  fo r  an a d d it io n a l 6 m in u tes. 

These c e l l s  and an oth er sample Which had n o t been p r e in fe c te d  were exposed  

to  WT phage DNA a t  0 .1  ug/m l fo r  15 m inutes and tr e a te d  w ith  DNAase.

A liq u o ts  from th e  th ir d  group (n o n -p r e - in fe c te d )  were then su p e r in fe c te d  

w ith  mutant phage and d i lu t io n s  o f  a l l  sam ples were p la te d  a t  4 7 °C.
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Figure 5

Time cou rse  o f  p r e in fe c t io n  p r o te c t io n

Competent c e l l s  w ere exposed to  p r e in fe c t in g  _t£ mutant phage 

(H20-H362-H15) a t  a M01=10. At in t e r v a ls  a f t e r  phage in f e c t io n  

ch loram p h en ico l (CM) was added to  sam ples a t  a c o n ce n tra tio n  o f  

100 ug/m l. At th e  n in th  m inute a f t e r  in f e c t io n  a l l  sam ples were 

exposed  to  phage DNA (H15) a t 1 ug/m l fo r  3 m in u tes , d i lu te d  1:10  

in t o  LS co n ta in in g  CM and h e ld  fo r  an a d d it io n a l  10 m in u tes . DNAase 

was added and th e  c e l l s  were exposed  to  s u p e r in fe c t in g  marker 

rescu e  phage (H 20-H 362), d ilu te d  and p la te d  a t 4 7 °C ( / \  ) .  A lso  

shown are th e  r e s u l t s  o f  Green (8 ) who measured th e a b i l i t y  o f  p re

in f e c t in g  phage a lo n e  to  rescu e  markers from i n f e c t iv e  DNA which  

was added a t  su bsequent in t e r v a l s .  ( Q  )
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DNA was added to  c e l l s  a t  I n te r v a ls  a f t e r  th e p r e in fe c t in g  phage are  

a ls o  shown. Under both  exp er im en ta l c o n d it io n s  th e  maximum y ie ld  o f  

WT recom binants occu rs a t th e  s ix t h  m inute a f t e r  in f e c t io n .  T his in 

d ic a te s  th a t  th e appearance o f  p r e in fe c t io n  p r o te c t io n  w ith  tim e r e f l e c t s  

th e  s y n th e s is  o f  a p r o te in  w ith in  th e p r e in fe c te d  c e l l .

S t a b i l i t y  o f  g e n e t ic  markers in  p r e in fe c te d  c e l l s

The peak o f  p r e in fe c t io n  p r o te c t io n  observed  in  F igure 5 presume 

a b ly  r e f l e c t s  the in c r e a s in g  in h ib i t io n  o f  in t r a c e l lu la r  in a c t iy a t io n  in  

th e  p r e in fe c te d  c e l l .  T his in t e r p r e ta t io n  p r e d ic ts  th a t th e s t a b i l i t y  

o f  markers in  th e p r e in fe c te d  c e l l  would be g re a ter  i f  p r o te in  s y n th e s is  

were a r r e s te d  s i x  m inutes a f t e r  th e a d d it io n  o f  p r e in fe c t in g  phage than  

i f  p r o te in  s y n th e s is  were a r r e s te d  a t th e  tim e o f  p r e in fe c t io n .

To examine th e s t a b i l i t y  o f  markers in trod u ced  by phage DNA in to  

p r e in fe c te d  c e l l s ,  marker re scu e  exp erim en ts s im ila r  to  th a t shown in  

F igu re 5 were perform ed. Competent c e l l s  were p r e in fe c te d  w ith  th e  

t r i p l e  mutant H20-H362-H15 and a f t e r  s i x  m inutes w ere p erm itted  to  take  

up H15 phage DNA. At in t e r v a ls  th e  l in k a g e  in t e g r i t y  o f  markers H20+ 

and H362+ in trod u ced  in to  th e  c e l l  by th e  in f e c t iv e  phage DNA was assaved  

by s u p e r in fe c t in g  th e  com plexes w ith  phage carry in g  tem perature s e n s i t i v e  

m utations a t both  th e s e  s i t e s .  The y i e ld  o f  w ild  ty p e  recom binants w ith  

tim e r e f l e c t s  th e  s t a b i l i t y  o f  th e s e  markers in  th e p r e in fe c te d  c e l l .  

P r o te in  s y n th e s is  was a r r e s te d  e i th e r  a t  th e  time o f  p r e in fe c t io n  or 

at s i x  m inutes a f t e r  in f e c t io n ,  corresp on d in g  to  th e  tim es a t which th e  

lo w est and h ig h e s t  y i e ld  o f  WT recom binants were o b ta in ed  under th e  con

d it io n s  d escr ib ed  in  F igure 5 . The s t a b i l i t y  o f  markers w ith  th e tim e 

o f  r e s id e n c e  in  n on -p r e in fe c te d  c e l l s  was a ls o  examined by o m itt in g  th e  

p r e in fe c t io n  s te p  b ut o th erw ise  fo llo w in g  th e  procedure d escr ib ed  above.



P r o te in  s y n th e s is  in  th e s e  n o n -p r e in fe c te d  c e l l s  was a r r e s te d  e i t h e r  

a t th e tim e o f  a d d it io n  o f  th e  phage DNA o r  was n o t a r r e s te d  a t  a l l .

The r e s u l t s  o f  t h i s  experim ent are shown in  F igure 6 . When 

n o n -p r e in fe c te d  c e l l s  were used a sharp d e c l in e  in  th e  number o f  r e 

com binants w ith  tim e i s  o b serv ed . T his i s  c h a r a c t e r is t ic  o f  in t r a 

c e l lu la r  in a c t iv a t io n  ( 8 ) .  N e ith e r  th e r a te  o f  d e c lin e  nor th e y ie ld  

o f  recom binants was a f f e c t e d  by th e  a d d it io n  o f  CM to  n o n -p r e in fe c te d  

c e l l s  a t th e  b eg in n in g  o f  th e  exp erim en t. One can conclude from t h is  

th a t  th e in t r a c e l lu la r  in a c t iv a t io n  phenomenon i t s e l f  does n o t req u ire  

th e  s y n th e s is  o f  a new p r o te in .  S im ila r ly ,  i t  fo llo w s  th a t th e uptake  

o f  DNA by com petent c e l l s  does n o t re q u ire  an induced enzyme.

When p r e in fe c te d  c e l l s  a re  exam ined, i t  i s  apparent th a t th e  

tim e o f  th e  c e s s a t io n  o f  p r o te in  s y n th e s is  has a la r g e  e f f e c t  on th e  

s t a b i l i t y  o f  markers su b seq u en tly  in tro d u ced  by th e  phage DNA, I f  CM 

i s  added a t  th e same tim e as th e p r e in fe c t in g  phage, th e  r a te  o f  lo s s  

o f WT recom binants i s  id e n t i c a l  to  th a t observed  in  c e l l s  which n ever  

saw p r e in fe c t in g  phage. However, i f  th e a d d it io n  o f  CM i s  postponed  

u n t i l  th e s ix t h  m inute a f t e r  th e a d d it io n  o f  th e  p r e in fe c t in g  phage, 

a marked improvement in  th e  s t a b i l i t y  o f markers in trod u ced  by tr a n s 

f e c t in g  DNA i s  ob served . T h is in crea sed  s t a b i l i t y  o f  markers i s  o b ser

ved fo r  s in g le  markers as w e l l  as fo r  doub le markers (F igu re  7 ) .  In  

th e  experim ent shown in  F igu re 8 , i t  was found th a t i f  the a d d it io n  o f  

CM i s  d ela y ed  u n t i l  th e  n in th  m inute a f t e r  p r e in fe c t io n  th e r a te  o f  

l o s s  o f  recom binants i s  g r e a te r  than i f  p r o te in  s y n th e s is  i s  in terr u p te d  

a t th e s ix t h  m inute a f t e r  p r e in fe c t io n .  C le a r ly , th e  peak o f  p r e in fe c 

t io n  p r o te c t io n  observed  in  F igu re 5 r e f l e c t s  the s t a b i l i t y  o f  markers 

in  th e  p r e in fe c te d  c e l l s .  The maximum s t a b i l i t y  i s  o b ta in ed  when 

p r o te in  s y n th e s is  i s  a r r e s te d  a t th e  s ix t h  m inute a f t e r  phage in f e c t io n .



Figure 6

The e f f e c t  o f  a r r e s t in g  p r o te in  s y n th e s is  on th e  s t a b i l i t y  o f  

g e n e t ic  markers in trod u ced  in to  p r e in fe c te d  or  

n o n -p r e in fe c te d  c e l l s

At tim e z e r o , com petent c e l l s  w ere exposed to  th e  t s  mutant phage 

H20-H362-H15 a t a M01=10. A fter  s i x  m inutes th e s e  p r e in fe c te d  c e l l s ,  and 

c e l l s  which had n ot been p r e in fe c te d  were exposed to  phage DNA from th e  

t s  mutant H15 a t  a co n c e n tr a tio n  o f  3 ug/m l and h e ld  fo r  3 m in u tes . The 

c e l l s  w ere d ilu te d  1 :10  in to  LS and a f t e r  an a d d it io n a l  10 m inutes were 

tr e a te d  w ith  DNAase. At in t e r v a ls  th e r e a f te r  sam ples were w ithdraw n, 

s u p e r in fe c te d  w ith  th e  _t£ mutant phage H20-H362 a t a M01=10 fo r  4 m in u tes , 

and d i lu t io n s  p la te d  a t  47°C. The number o f  WT recom binants i s  p lo t te d  

as a fu n c tio n  o f  th e  tim e o f  a d d it io n  o f  th e s u p e r in fe c t in g  phage. Upper 

curves a re  fo r  n o n -p r e in fe c te d  c e l l s  which were n ot exposed  to  CM ( O)  
or which were exposed to  CM (100 ug/m l) from tim e zero  ( £  ) .  Lower 

cu rves a re  fo r  r e s u l t s  o b ta in ed  w ith  p r e in fe c te d  c e l l s  which w ere exposed  

to  CM from tim e zero  ( Q  ) or exposed to  CM from th e  s ix t h  m inute on (  A ) .
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Figure 7

S t a b i l i t y  o f  double and s in g le  markers in  p r e in fe c te d  c e l l s

Competent c e l l s  were p r e in fe c te d  w ith  the mutant phage 

H20-H362-H15 and exposed  to  H15 phage DNA as d escr ib ed  in  F igu re 6 . 

P r o te in  s y n th e s is  in  th e  c e l l s  was a r r e s te d  e i th e r  a t  th e  tim e o f  

phage in f e c t io n  ( £ B )  or a t  s i x  m inutes th e r e a f te r  ( ® B ) .  Ad

s o r p tio n  o f  DNA was term in ated  a t  th e n in e te e n th  m inute by the  

a d d it io n  o f  DNAase. At in t e r v a ls  th e r e a f te r  th e c e l l s  were su p er

in f e c t e d  w ith  the Ĵ 3 mutant phage H20 ( c i r c l e s )  or  H20-H362 (sq u a res)  

and p la te d  a t  47°C. The number o f  WT recom binants i s  p lo t te d  as a 

fu n c tio n  o f  th e  tim e o f  a d d it io n  o f  th e  s u p e r in fe c t in g  phage. Dashed 

l i n e s  re p r esen t the s u r v iv a l  o f  markers in  n o n -p r e in fe c te d  c e l l s .
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Figure 8

S t a b i l i t y  o f  g e n e t ic  markers in  c e l l s  in  w hich p r o te in  s y n th e s is  was 

a r r e s te d  a t  s i x  m inutes or a t  n in e  m inutes a f t e r  p r e - in f e c t io n

At tim e z e r o , com petent c e l l s  were p r e in fe c te d  w ith  th e  t s  

mutant phage H20-H362-H15 and exposed  to  H15 phage DNA as d escr ib ed  

in  F ig . 6 . P r o te in  s y n th e s is  in  the c e l l s  was a r r e s te d  e i t h e r  a t  the

by th e a d d it io n  o f  CM to  a co n ce n tra tio n  o f  100 u g /m l, At in t e r v a ls  

th e  c e l l s  w ere su p e r in fe c te d  w ith  the mutant phage H20 or H20-H362. 

The number o f  WT recom binants i s  p lo t te d  as a fu n c tio n  o f  th e  tim e o f  

a d d it io n  o f  th e  s u p e r in fe c t in g  phage. Dashed cu rves are fo r  v a lu e s

s ix t h  m inute n in th  minute ( ) a f t e r  p r e in fe c t io n

o b ta in ed  u sin g  H20 as th e  s u p e r in fe c t in g  phage ( ^ O ) ,  s o l id  cu rves  

fo r  v a lu e s  o b ta in ed  u sin g
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The a d d it io n  o f  ch loram p h en icol a t  th e  tim e o f  p r e in fe c t io n  co m p lete ly  

p rev en ts  m o d if ic a t io n  o f  in t r a c e l lu la r  in a c t iv a t io n .

A lthough th e  maximum in h ib it io n  o f  in t r a c e l lu la r  in a c t iv a t io n  

i s  o b ta in ed  when p r o te in  s y n th e s is  i s  a r r e s te d  a t th e s ix t h  m inute a f t e r  

p r e in f e c t io n ,  th ere  i s  s t i l l  a s l i g h t  lo s s  o f  WT recom binants w ith  tim e  

under th e s e  c o n d it io n s . I t  i s  p o s s ib le  th a t con tin u ou s p r o te in  syn 

t h e s i s  i s  req u ired  fo r  th e  com plete in h ib i t io n  o f  in t r a c e l lu la r  in a c t 

iv a t io n .  However, under p r e in fe c t io n  marker re scu e  c o n d it io n s  (where 

p r o te in  s y n th e s is  i s  n ot a r r e s te d )  th e re scu e  o f  double m utants i s  

low er than th a t o f  s in g le  m utants (F igu re  4 and r e f .  8) .  T his s u g g e s ts  

th a t  even  under th e se  c o n d it io n s  in t r a c e l lu la r  in a c t iv a t io n  i s  n ot  

co m p lete ly  turned o f f .

The reason  fo r  th e d ecreased  s t a b i l i t y  o f  markers in  th e  pre

in f e c t e d  c e l l  when p r o te in  s y n th e s is  i s  in te r r u p te d  a t  th e  n in th  m inute  

a f t e r  in f e c t io n  i s  n o t c le a r .  I t  may r e f l e c t  th e  appearance in  the  

c e l l  o f  some new fu n c t io n  which le a d s  to  th e d ecreased  r e s c u a b i l i t y  o f  

markers w ith  tim e , or i t  may r e f l e c t  th e  waning in f lu e n c e  o f p r e in fe c t io n  

p r o te c t io n . One way to  view  such e v e n ts  i s  th a t between the s ix t h  and 

th e n in th  m inute a f t e r  in f e c t io n  the in f e c t io u s  ce n ter  has become 

committed to  ca rry in g  out a p a r t ic u la r  fu n c t io n  and th a t  the in te r r u p t io n  

o f  p r o te in  s y n th e s is  a t  t h i s  tim e r e s u l t s  in  th e  d ecreased  re scu e  o f  

m arkers. Various m odels fo r  such a d ecreased  r e s c u a b i l i t y  cou ld  be pro

p osed . E ith e r  th e e n t ir e  g e n e t ic  inp u t o f  th e  tr a n s fe c t in g  DNA i s  l o s t  

(through th e  death  o f  th e  in fe c t e d  c e l l ,  immunity to  s u p e r in fe c t io n  or 

d e s tr u c t io n  o f  the e n t ir e  phage genome) o r ,  as in  in t r a c e l lu la r  in a c t 

iv a t io n ,  o n ly  a p a r t ia l  in a c t iv a t io n  o f  th e  genome o cc u r s . I f  th e  

former i s  th e  c a s e , th en  a l l  m arkers, s in g le  or d ou b le , should  be l o s t  

a t  th e same r a t e .  When th e s t a b i l i t y  o f  doub le and s in g le  markers in



p r e in fe c te d  c e l l s  was exam ined, however (F igu re  7) i t  was found th a t  

double markers were l o s t  more r a p id ly  than s in g le  m arkers. Thus, as 

in  in t r a c e l lu la r  in a c t iv a t io n  ( 8 ) ,  th e  lo s s  o f  markers w ith  tim e i s  

due to  a p a r t ia l  in a c t iv a t io n  o f  the genome.

Even though th e  s t a b i l i t y  o f  markers on th e  i n f e c t iv e  DNA i s  

g r e a te r  in  p r e in fe c te d  c e l l s ,  th e a b so lu te  recovery  o f  WT recom binants 

from th e s e  c e l l s  i s  l e s s  than th a t o b ta in ed  from n o n -p r e in fe c te d  c e l l s .  

T his i s  tr u e  even fo r  c e l l s  which were p r e in fe c te d  in  th e p resen ce  o f  

CM. One reason  fo r  t h i s  m ight be th e  p resen ce  in  th e  p r e in fe c te d  c e l l  

o f  a la r g e  number o f  mutant genes in trod u ced  by th e  p r e in fe c t in g  

phage. An in c rea se d  number o f  d e f e c t iv e  genes in  th e  gene p o o l would  

low er th e  p r o b a b il i ty  o f  re scu e  o f  WT genes from th e tr a n s fe c t in g  DNA 

by th e s u p e r in fe c t in g  phage. Another p o s s i b i l i t y  i s  th a t p r e in fe c t in g  

phage render some p o r tio n  o f  th e c e l l  p o p u la tio n  r e fr a c to r y  to  a t ta c k  

by s u p e r in fe c t in g  phage. T his does n o t seem l i k e l y  s in c e  th ere  i s  no 

s u p e r in fe c t io n  e x c lu s io n  observed  in  th e  SP820 system  (14) and s in c e  

th e  same d ecr ea se  i s  observed  even when p r o te in  s y n th e s is  i s  in h ib it e d  

a t th e  tim e o f  a d d it io n  o f  p r e in fe c t in g  phage.

S t a b i l i z a t io n  o f  markers a f t e r  in a c t iv a t io n  has begun

The r e s u l t s  o f  th e p rev io u s s e c t io n s  show th a t when i n f e c t iv e  

DNA i s  in tro d u ced  in to  a c e l l  in  which th e  in t r a c e l lu la r  in a c t iv a t io n  

p ro cess  has been m o d ified , a marked improvement in  th e  s t a b i l i t y  o f  

th e  DNA during i t s  tim e o f  r e s id e n c e  in  th e c e l l  r e s u l t s .  I t  would be 

o f  in t e r e s t  to  know i f  t r a n s fe c t in g  DNA which i s  p rese n t in  th e c e l l  

b e fo r e  th e  tim e o f  phage in f e c t io n  can a ls o  be p r o te c te d  by th e in h ib 

i t i o n  o f  in t r a c e l lu la r  in a c t iv a t io n .  That i s ,  once th e  in a c t iv a t io n  

o f  DNA has s t a r t e d ,  can i t  be stopped?



32

Competent c e l l s  were p erm itted  to  take up H15 phage DNA and 

were tr e a te d  w ith  DNAase. The c e l l s  were in f e c t e d  w ith  th e  t r ip ly  

mutant phage H20-II362-H15 and were tr e a te d  w ith  ch loram phen icol 

e i t h e r  im m ediately  or a t  s i x  m in utes a f t e r  th e  a d d it io n  o f  th e  phage.

The i n t e g r i t y  o f  markers H20+ and H362+ in trod u ced  by th e  tr a n s fe c t in g  

DNA was examined a t in t e r v a ls  th e r e a f te r  by s u p e r in fe c t in g  th e c e l l s  

w ith  th e double mutant H20-H362 and p la t in g  a t  4 7 ° C. The r e s u l t s  

(F ig .  9) show th a t when th e  t r ip l y  mutant phage added im m ediately  

a f t e r  th e term in a tio n  o f  DNA uptake was n ot p erm itted  to  d ir e c t  th e  

s y n th e s is  o f  p r o te in s  th er e  was a lo s s  o f  r e s c u a b i l i t y  o f  markers 

w ith  tim e . The r a te  o f  lo s s  was id e n t i c a l  to  th a t  ob served  in  c e l l s  

in  which in t r a c e l lu la r  in a c t iv a t io n  had n ever been m od ified  ( c e l l s  

which had n ever seen  th e  t r ip ly  mutant p h age). I f  th e  t r ip l y  mutant 

phage was p erm itted  to  s y n th e s iz e  p r o te in  fo r  s i x  m in u tes , how ever, a 

marked improvement in  th e  s t a b i l i t y  o f  markers H20+ and H362+ was o b ser 

v ed . These r e s u l t s  in d ic a te  th a t  th e  a d d it io n  o f  phage to  com petent 

c e l l s  which have a lrea d y  taken up tr a n s fe c t in g  DNA r e s u l t s  in  th e  in h ib 

i t i o n  o f  in t r a c e l lu la r  in a c t iv a t io n  in  th e se  c e l l s .  T h is p r o te c t iv e  

mechanism a f f e c t s  th e  s t a b i l i t y  o f  tr a n s fe c t in g  DNA which was p r e se n t in  

th e  c e l l  b e fo r e  th e  a d d it io n  o f  phage. In s h o r t ,  in t r a c e l lu la r  in a c t 

iv a t io n  which i s  in  p ro g ress  may be m od ified  by th e in f e c t io n  o f  th e  c e l l  

w ith  phage p a r t i c l e ? .  T h is p r o c e ss  can be c a l le d  s u p e r - in fe c t io n  p r o te c t io n .

S e n s i t iv i t y  o f  in f e c t io u s  c e n te r s  to  ch loram p h en icol

A fte r  th e  in f e c t io n  o f  B̂ . s u b t i l i s  by b a cter io p h a g e  SP82G, th e  

in j e c t e d  phage DNA i s  n o t s u s c e p t ib le  to  in t r a c e l lu la r  in a c t iv a t io n  

presum ably because the in tr o d u c t io n  o f  th e  phage DNA i s  s u f f i c i e n t l y  

f a s t  to  perm it th e  organ ized  programming o f  th e  phage fu n c tio n s  n ece ssa ry



Figure 9

S t a b i l i t y  o f  g e n e t ic  markers in  su p e r in fe c te d  c e l l s

At tim e zero  com petent c e l l s  w ere exposed  to  H15 phage DNA 

a t  a c o n ce n tra tio n  o f  3 u g /m l. A fter  13 m inutes DNAase was added 

( to  10 u g /m l) . The c e l l s  w ere in f e c t e d  w ith  th e  _t£ mutant phage 

H20-H362-H15 and were tr e a te d  w ith  CM e i th e r  a t th e  tim e o f  in f e c t io n  

( Q )  or s i x  m inutes th e r e a f te r  ( / \ ) . At in t e r v a l s ,  sam ples were 

withdrawn and in f e c t e d  w ith  th e Ĵ s mutant phage H20-H362 and p la ted  

a t 47°C.  The number o f  WT recom binants i s  p lo t t e d  as a fu n c tio n  o f  

th e tim e o f  a d d it io n  o f  th e  second  (marker r e scu e ) phage. The su r 

v iv a l  o f  markers H20-H362 in  n o n -p r e in fe c te d  c e l l s  i s  a ls o  shown. (O)
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to  overcome th e  in a c t iv a t io n  mechanism ( 8 ) .  S in ce  p r o te in  s y n th e s is  

i s  req u ired  fo r  th e  m o d if ic a t io n  o f  in t r a c e l lu la r  in a c t iv a t io n ,  th e  

a r r e s t  o f  p r o te in  s y n th e s is  s h o r t ly  a f t e r  phage in f e c t io n  might r e s u l t  

in  th e  in a c t iv a t io n  o f  in j e c t e d  DNA as w e l l .  I f  t h i s  were th e c a s e ,  

th e  s u r v iv a l  o f  in f e c t io u s  c e n te r s  e s ta b lis h e d  by phage in f e c t io n  

should  be s e n s i t i v e  to  th e  e f f e c t s  o f  ch loram phen ical up to  th e  tim e  

a t which th e  in a c t iv a t io n  mechanism has been m o d ified . To examine
Q

t h i s  p o s s i b i l i t y ,  b a c te r ia  a t 10 /m l were exposed to  phage a t a mul

t i p l i c i t y  o f  in f e c t io n  (MOI) o f  0 .1  fo r  15 sec o n d s , and a d so rp tio n  

was term in ated  by the a d d it io n  o f  a n t is e r a .  At in t e r v a l s ,  sam ples 

were removed and d ilu te d  in  NM co n ta in in g  ch loram p h en ico l. A fter  30 

m inutes in  th e p resen ce  o f  the in h ib it o r ,  the su r v iv in g  in f e c t io u s  

c e n te r s  were assayed  by d i lu t io n  and p la t in g  a t  33°C. The r e s u l t s  

(F ig . 10) in d ic a t e  th a t a t  e a r ly  tim es a f t e r  in f e c t io n ,  in f e c t io u s  

c e n te r s  e s ta b l is h e d  by SP82G a re s e n s i t i v e  to  CM, but th a t  by th e  f i f t h  

to  th e  s ix t h  m inute a f t e r  in f e c t io n  they have become r e s i s t a n t  to  th e  

e f f e c t s  o f  in h ib it io n  o f  p r o te in  s y n th e s is .

To examine th e  s e n s i t i v i t y  o f in f e c t io u s  c e n te r s  more c l o s e l y ,  

b a c te r ia  were b r i e f l y  exposed to  a low m u l t ip l i c i t y  o f  phage as b e fo r e  

and a f t e r  two m inutes w ere d ilu te d  in to  NM c o n ta in in g  ch loram p h en ico l. 

A fter  v a r io u s  le n g th s  o f  tim e in  the in h ib it o r ,  sam ples were withdrawn  

and assayed  fo r  s u r v iv in g  in f e c t io u s  c e n te r s  (F ig . 11 ) .  Under th e s e  

c o n d it io n s  th e  number o f  in f e c t io u s  c e n ter s  d ecreased  w ith  s in g le  h i t  

k in e t ic s  and reached an e-  ̂ s u r v iv a l  in  32 m in u tes. The same r e s u l t s  

were o b ta in ed  i f  th e  in h ib it o r  was added p r io r  to  phage a d so rp tio n .

W hile th e s e  r e s u l t s  su g g e s t  th a t th e i n a b i l i t y  to  m odify in t r a 

c e l lu la r  in a c t iv a t io n  r e s u l t s  in  the in a c t iv a t io n  o f  in j e c t e d  phage DNA, 

th e  s e n s i t i v i t y  o f  in f e c t io u s  c e n te r s  to  CM m ight a ls o  be due to  th e



Figure 10

S e n s i t iv i t y  o f  in f e c t io u s  c e n te r s  to  ch loram phen icol

O
B a c te r ia  a t  10 /m l were exposed to  phage a t  a M01=0.1 fo r  

15 secon d s and th e  a d so rp tio n  was term in ated  by th e  a d d it io n  o f  phage 

s p e c i f i c  a n t is e r a .  At in t e r v a ls  sam ples were d ilu te d  in to  NM co n ta in 

in g  ch loram p h en ico l (500 ug/m l) and h e ld  fo r  30 m inutes a t 33°C. The 

s u r v iv in g  in f e c t io u s  c e n te r s  were assayed  by p la t in g  a t  33°C and are  

ex p ressed  as th e p ercen t o f  a c o n tr o l in  which p r o te in  s y n th e s is  was 

n ot a r r e s te d .
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i n a b i l i t y  o f  th e  in f e c t e d  c e l l  to  r e p a ir  damages caused by th e  phage 

durin g  in f e c t io n .  I f  t h i s  were th e  c a s e ,  then  in c r e a s in g  th e m u l t ip l i 

c i t y  o f  in f e c t io n  should  in c r e a s e  th e  number o f  damages su s ta in e d  by 

each c e l l ,  and lea d  to  a d ecreased  s u r v iv a l  in  ch loram p h en ico l. On the  

o th er  hand, i f  th e  in t r a c e l lu la r  in a c t iv a t io n  o f  in j e c t e d  DNA w ere 

r e s p o n s ib le  fo r  th e  lo s s  o f  in f e c t io u s  c e n te r s  in  CM, then  th e  p resen ce  

o f  more than one phage genome in  th e  c e l l  sh ou ld  in c r e a s e  th e chance 

o f  s u r v iv a l  o f  an in f e c t io u s  c e n te r . For, under th e s e  c o n d it io n s ,  un

damaged p o r tio n s  o f  th e  phage genome could  co op erate  in  the s u c c e s s f u l

e s ta b lish m en t o f  an in f e c t io u s  c e n te r .

B a c te r ia  which had been m u lt ip ly  in f e c t e d  by a b r ie f  exposure  

to  v a ry in g  co n c e n tr a tio n s  o f  phage were d ilu te d  in to  NM c o n ta in in g  

ch loram p h en ico l. At in t e r v a ls  th e  s u r v iv a l  o f  in f e c t io u s  c e n te r s  was 

assayed  by d i lu t io n  and p la t in g  a t 33°C. As shown in  F igu re 12 as

th e  m u l t ip l i c i t y  o f  in f e c t io n  in c r e a s e d , th e  s u r v iv a l  o f  the in fe c t e d

b a c te r ia  in  CM im proved. T his d em onstrates th a t th e l o s s  o f in f e c t io u s  

c e n te r s  under th e s e  c o n d it io n s  does n ot r e s u l t  from damages in  th e  h o st  

c e l l  caused by phage during in f e c t io n .

The in c r e a se d  s u r v iv a l  o f  m u lt ip ly  in f e c t e d  com plexes s u g g e s ts  

th a t  th e r e  i s  some form o f  m u l t ip l i c i t y  r e a c t iv a t io n  o p era tin g  in  th e se  

c e l l s .  M u l t ip l ic i t y  r e a c t iv a t io n  was f i r s t  observed  by Luria (19 ) who 

found th a t c e l l s  m u ltip ly  in f e c t e d  w ith  U.V. ir r a d ia te d  phages showed 

a much g r e a te r  a b i l i t y  to  produce progeny than s in g ly  in f e c t e d  c e l l s .

To account fo r  th e s e  o b se r v a tio n s  a model was proposed (20) w hich  

assumed th a t th e  phage genome c o n s is te d  o f  a number (n) o f  d i f f e r e n t  

su b u n its  th a t cou ld  be in a c t iv a te d  in d ep en d en tly . The in a c t iv a t io n  o f  

any one su b u n it would be l e t h a l  in  a s in g ly  in f e c t e d  c e l l .  However, in  a 

m u lticom p lex , s u c c e s s f u l  in f e c t io n  could  tak e p la c e  as long as a com plete



Figure 11

I n a c t iv a t io n  o f  in f e c t io u s  c e n te r s  in  ch loram phen icol

B a c te r ia  were b r i e f l y  exposed to  phage a t  a M01=0.1 as in  

F igure 10 and a f t e r  two m inutes were d ilu te d  in t o  NM co n ta in in g  

ch loram p h en icol (500 u g /m l) . At in t e r v a ls  sam ples were withdrawn  

and a ssa y ed  fo r  s u r v iv in g  in f e c t io u s  c e n te r s .
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Figure 12

E ffe c t  o f  th e  m u l t ip l i c i t y  o f  in f e c t io n  on th e  s u r v iv a l  

o f  in f e c t io u s  c e n te r s  in  ch loram phen icol

O
B a c te r ia  a t  10 /m l were b r i e f l y  exposed to  phage a t v a r io u s  

m u l t i p l i c i t i e s  and th e  a d so rp tio n  term in ated  by th e  a d d it io n  o f  

phage s p e c i f i c  a n t is e r a .  A fter  two m inutes th e  sam ples were d ilu te d  

in to  NM co n ta in in g  ch loram p h en icol (500 u g /m l) . At in t e r v a ls  th e  

s u r v iv a l  o f  th e  in f e c t io u s  c e n te r s  was assayed  by p la t in g .  The 

measured m u l t i p l i c i t i e s  o f  in f e c t io n  w ere: A 5 . 1 , » 3 . 0 ,  O 1. 7» 

O 0 . 1 3 .
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s e t  o f  su b u n its  cou ld  be reassem bled  from th e  undamaged su b u n its  o f  the  

in f e c t in g  p hages. W hile t h i s  model proved to  be an o v e r s im p l i f ic a t io n  

(21) i t  does perm it a rudim entary m athem atical a n a ly s is  o f  th e  curves  

p resen ted  in  F igu re 12.

When s in g ly  in f e c t e d  c e l l s  are p la ced  in  CM th ey  are in a c t iv a te d  

as p o t e n t ia l  in f e c t io u s  c e n te r s  w ith  e x p o n e n t ia l ,  s in g le  h i t  k in e t i c s  

approaching e- '*' s u r v iv a l  in  32 m in u tes. T heir s u r v iv a l  fu n c tio n  i s  thus  

g iv en  by

e- k t

where t  i s  th e tim e in  CM and k i s  th e  in a c t iv a t io n  c o n s ta n t . T his g iv e s

a v a lu e  fo r  k o f  0 .0 3 1 3  and an in a c t iv a t io n  fu n c tio n  o f  

1 _ e-0 .0 3 1 3 t

I f  th e  phage genome i s  composed o f  n su b u n its  o f  eq u a l s e n s i t i v i t y  th e  

in a c t iv a t io n  fu n c tio n  fo r  one o f  th e se  i s  

1 -  e"k t /n

and th u s in  com plexes in f e c t e d  w ith  e x a c t ly  K phages th e  p r o b a b il i ty  

th a t a t  l e a s t  one copy o f  a g iv en  su b u n it rem ains in t a c t  i s  

1 _ (1 _ e~k t / n) K 

The p r o b a b il ity  th a t one o f  each su b u n its  i s  in t a c t  i s  g iv en  by 

[ 1  -  ( 1  -  e - k t / n j K j n

When th e  observed  (average) m u l t ip l i c i t y  o f  in f e c t io n  i s  m, th e  p ro b a b il

i t y  o f  a h o s t c e l l  becom ing in f e c t e d  w ith  e x a c t ly  K phages i s

p(K) = mKe~m 
K .'

From t h i s ,  th e  fr a c t io n  o f  su r v iv in g  in f e c t io u s  c e n te r s  r e la t i v e  to  the  

t o t a l  number o f  b a c te r ia  i s

£ » K e ' m vK-l TTT [1 - (1 - e-kt/n)K]n

and th e  fr a c t io n  o f  su r v iv in g  in f e c t io u s  c e n te r s  r e la t i v e  to  th e  t o t a l
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number o f  in f e c t e d  b a c te r ia  i s

S m e  r i  nK=1 K I [1 -  (1 -  e
1 -  e -m

T his form ula p ro v id es  a th e o r e t ic a l  e x p e c ta t io n  fo r  th e  exp er im en ta l 

o b se r v a tio n  S /S D or th e  su r v iv in g  fr a c t io n  o f  in f e c t io u s  c e n te r s  fo r  

g iv en  v a lu e s  o f  m, k and n . The v a lu e  o f  k i s  known (0 .0 3 1 3 ) and m 

i s  th e  measured m u l t ip l i c i t y  o f  in f e c t io n .  The p red ic te d  curves fo r  

th e  s u r v iv a l  o f  in f e c t io u s  c e n t e r s ,  which are d ep ic ted  in  F igure 13 , 

were g en era ted  by a s s ig n in g  v a lu e s  o f  n from 1 to  5 to  th e fu n c tio n  

above. The b e s t  f i t  to  th e data p resen ted  in  F igure 12 was o b ta in ed  

fo r  v a lu e s  o f  n from 3 to  5 .

u n c le a r . The form ulas p resen ted  above are a t  b e s t  a crude m athem atical 

r e p r e s e n ta t io n  o f th e  com plex ev e n ts  ta k in g  p la c e  w ith in  th e  c e l l .  Cer

ta in  t e n t a t iv e  co n c lu s io n s  can be drawn however. The v a lu e  o f  n i s  

assumed to  re p r esen t th e number o f  e q u a lly  s e n s i t i v e  su b u n its  th a t  may 

be in a c t iv a te d  in d ep en d en tly . The o b se r v a t io n  th a t n > l in d ic a t e s  th a t  

th e  e v e n ts  le a d in g  to  th e lo s s  o f  in f e c t io u s  ce n ter s  are th e  r e s u l t  o f  

a p a r t ia l  in a c t iv a t io n  o f  th e  genome, and are not due to  th e  in a c t iv a 

t io n  o f  th e  e n t ir e  genome ( i . e .  th ere  i s  more than one s e n s i t i v e  u n it  

in  th e  genom e). T his i s  c o n s is te n t  w ith  th e  o b serv a tio n  by Green (8) 

th a t in t r a c e l lu la r  in a c t iv a t io n  i s  due to  th e  p a r t ia l  in a c t iv a t io n  o f  

th e  phage genome and s u g g e s ts  th a t e v e n ts  o ccu r in g  in  CM tr e a te d  in 

f e c t io u s  c e n te r s  are n o t d is s im i la r .

L uria  and Dulbecco (20) found th a t v a lu e s  o f  n=15 to  30 provided

th e  b e s t  f i t  fo r  d ata  o b ta in ed  in  a stu d v  o f  th e  m u l t ip l i c i t y  r e a c t iv a 

t io n  o f  U.V. ir r a d ia te d  T4. There are about 24 lin k a g e  groups in  th e  

T4 genome and Green (p er so n a l com m unication) has e stim a ted  th a t th er e

The tr u e  s ig n i f i c a n c e  o f cu rves o b ta in ed  in  t h i s  manner i s



Figure 13

P re d ic ted  and ob served  s u r v iv a l  o f  m u lticom p lexes in  ch loram phen icol

The p r e d ic te d  s u r v iv a l  o f  in f e c t io u s  c e n te r s  a t  th e  average  

m u l t i p l i c i t i e s  o f  in f e c t io n  shown h ere w ere c a lc u la te d  as d escr ib ed  

in  th e  t e x t .  The t h e o r e t ic a l  number o f  s e n s i t i v e  su b u n its  in  th e  

genome i s  denoted by n . The observed  s u r v iv a l  o f  m u lticom p lexes  

are from th e  experim ent d escr ib ed  in  F igure 12.
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a re about 4 l in k a g e  groups in  th e  SP82G genome. The s i m i l a r i t i e s  o f  

th e s e  v a lu e s  to  th e  v a lu e s  o b ta in ed  fo r  n su g g e s t  th a t perhaps fo r  

m u lt ip l i c i t y  r e a c t iv a t io n  to  occur th e  in a c t iv a te d  p o r tio n s  o f  th e  

genome must be randomly a s s o r te d .
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D iscu ss io n

The exp erim en ts d escr ib ed  h ere dem onstrate th a t th e  m o d if ic a tio n  

o f  th e  in t r a c e l lu la r  in a c t iv a t io n  phenomenon which ta k es p la c e  a f t e r  

phage in f e c t io n  i s  due to  th e s y n th e s is  and accum ulation  o f  a p r o te in  

in  th e  in f e c t e d  c e l l .  W hile i t  i s  not proven th a t t h i s  i s  a phage 

s p e c i f i c  p r o te in ,  i t  i s  h ig h ly  u n lik e ly  th a t i t  i s  a h o s t  enzyme. A side  

from th e  obvious o b serv a tio n  th a t i t  would be im probable fo r  th e  h o s t to  

countermand i t s  own c e l lu la r  d e fe n se  m echanisms, i t  i s  known th a t  in f e c 

t io n  o f  13. s u b t i l i s  w ith  v ir u le n t  b a cter io p h a g e  le a d s  to  a sharp reduc

t io n  in  h o st p r o te in  s y n th e s is  (2 3 , 2 4 ) .  For th e s e  reason s I  conclude  

th a t th e  m o d if ic a tio n  o f  in t r a c e l lu la r  in a c t iv a t io n  i s  due to  th e  ex

p r e s s io n  o f  an e a r ly  (b e fo re  6 m inutes) phage fu n c tio n .

The q u e s tio n  as to  why in f e c t in g  phage a re a b le  to  overcome the  

in a c t iv a t io n  mechanism w h ile  t r a n s fe c t in g  DNA i s  n o t ,  i s  n ot answered  

in  t h i s  s tu d y . Green (8) has su g g ested  as one p o s s i b i l i t y  th a t th e rapid  

e n tr y  o f  phage DNA during phage in f e c t io n  p erm its a more organ ized  pro

gramming o f  the n ece ssa ry  phage fu n c t io n s . T his p o s s i b i l i t y  and o th ers  

are examined in  a l a t e r  p art o f  t h i s  t h e s i s .

I f  th e  phage i s  p revented  from ca rry in g  ou t the m o d if ic a t io n  

fu n c t io n , i t s  DNA i s  s u s c e p t ib le  to  a s im ila r  typ e o f  in a c t iv a t io n  phen

omenon. However, th e  s e n s i t i v i t y  o f in j e c t e d  DNA appears to  be l e s s  than  

th a t o f  tr a n s fe c t in g  DNA. Green (8 ) has e stim a ted  th a t th e  r a te  o f  in a c t 

iv a t io n  o f  a tr a n s fe c t in g  DNA m olecu le  i s  about 0 .3  l e t h a l  e v e n ts /m in u te /
Q — 1

10 d a lto n s  o f  DNA. T his would r e s u l t  in  an e^ s u r v iv a l  o f  th e  phage 

genome in  about 3 m in u tes. In c o n tr a s t ,  in f e c t io u s  c e n te r s  r e s u lt in g  

from s in g ly  in f e c t e d  b a c te r ia  a t t a in  an e- -*- s u r v iv a l  in  about 32 m inutes
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when h e ld  in  CM. S in ce  phage may i n f e c t  c e l l s  which a re  n ot in  a s t a t e  

o f  com petency th e s e  very  d i f f e r e n t  s e n s i t i v i t i e s  might be due to  a much 

low er a c t i v i t y  o f  th e in a c t iv a t io n  enzyme in  non-com petent c e l l s .  On 

th e  o th er  hand, i f  th e a c t iv i t y  o f  th e  enzyme were th e same in  both  

c e l l s ,  th e  d i f f e r e n t  s e n s i t i v i t i e s  m ight r e f l e c t  s t r u c tu r a l  d if f e r e n c e s  

in  th e  DNA s u b s tr a te s  as a r e s u l t  o f  th e ir  mode o f  e n tr y , or might r e f l e c t  

d if fe r e n c e s  in  th e  mode o f  en try  i t s e l f  ( e .g .  th e  p h y s ic a l  lo c a t io n  o f  

th e  DNA a f t e r  i t s  in tr o d u c t io n  in to  th e c e l l ) . Some o f  th e s e  p o s s i b i l i t i e s  

w i l l  be exp lored  in  th e n ex t s e c t io n  o f  t h i s  t h e s i s .

As a b r i e f  summary o f  th e  o b se r v a t io n s  made h e r e , th e  fo llo w in g  

c o n c lu s io n s  were reach ed .

1 . P r e in fe c t io n  p r o te c t io n  i s  th e  r e s u l t  o f  th e  e x p r e ss io n  o f  an e a r ly  

phage fu n c tio n  which in h ib i t s  in t r a c e l lu la r  in a c t iv a t io n .

2 . T his fu n c tio n  i s  m axim ally ex p ressed  by th e s ix th  m inute a f t e r  in 

f e c t io n  and i s  co m p lete ly  prevented  by th e  a d d it io n  o f  ch loram phen icol 

a t  th e  tim e o f  in f e c t io n .  However, con tin ued  p r o te in  s y n th e s is  i s  not 

a requirem ent fo r  th e  in h ib i t io n  o f  in t r a c e l lu la r  in a c t iv a t io n .

3 . The in h ib it io n  o f  in t r a c e l lu la r  in a c t iv a t io n  le a d s  to  an in crea sed  

s t a b i l i t y  o f  t r a n s f e c t in g  DNA during i t s  tim e o f  r e s id e n c e  in  th e  c e l l .

T his p r o te c t iv e  e f f e c t  ex ten d s even to  t r a n s fe c t in g  DNA which was p resen t  

in  th e c e l l  b e fo r e  phage in f e c t io n  began.

4 . I f  an in f e c t in g  phage i s  p revented  from ca rry in g  ou t th e  e a r ly  

p r o te c t iv e  fu n c tio n  by th e  a d d it io n  o f  CM a t th e  tim e o f  in f e c t io n ,  

th e  in j e c t e d  DNA i s  s u s c e p t ib le  to  a s im ila r  typ e o f  in a c t iv a t io n  

phenomenon.
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PART II

THE KINETICS OF ENTRY OF DNA DURING SP82G 

BACTERIOPHAGE INFECTION

In tro d u c tio n

A fte r  normal in f e c t io n  o f  13. s u b t i l i s  by b a c ter io p h a g e  SP82G 

th e  in j e c t e d  phage DNA i s  n ot s u s c e p t ib le  to  in t r a c e l lu la r  in a c t iv a t io n  

( 1 ,  p art I o f  t h i s  t h e s i s ) .  Green (1) has su g g ested  as one p o s s ib le  

e x p la n a tio n  th a t in j e c t e d  DNA (a s  opposed to  t r a n s f e c t in g  DNA) esca p es  

th e  in a c t iv a t io n  p ro cess  b ecau se th e in tr o d u c t io n  o f  phage DNA in t o  th e  

c e l l  i s  s u f f i c i e n t l y  f a s t  to  perm it th e organ ized  programming o f  th e  

req u ired  phage fu n c t io n s . The in tr o d u c t io n  o f  markers on tr a n s fe c t in g  

DNA, measured by th e  tim e o f  th e ir  a c q u is i t io n  o f  DNAase r e s is t a n c e ,  

r e q u ir e s  about 8 m inutes fo r  th e  s lo w e s t  marker (1) w h ile  th e e s t a b l i s h 

ment o f  a DNAase r e s i s t a n t  in f e c t io u s  c e n ter  by t r a n s f e c t in g  DNA r e q u ir e s  

13 m inutes ( 2 ) .  S in ce  p r o te c t io n  a g a in s t  in t r a c e l lu la r  in a c t iv a t io n  

( p r e - in f e c t io n  p r o te c t io n )  i s  s e t  up by th e  s ix t h  m inute a f t e r  phage 

in f e c t io n  (1 ,  p a rt I o f  t h i s  t h e s i s )  th e  above h y p o th e s is  has ob viou s  

m e r it .

The rap id  en try  o f  th e  DNA m olecu le  might n o t be th e  o n ly  r e q u ir e 

ment fo r  th e  s u c c e s s f u l  in f e c t io n  o f  th e  c e l l ,  how ever. The order o f  

en try  o f  genes on th e  DNA m ight a ls o  p la y  an im portant r o le  in  d eterm in in g  

th e  proper programming o f  phage fu n c t io n s . V arious in v e s t ig a to r s  have 

s tu d ie d  th e  en try  o f  genes on tran sform in g  DNA by exam ining th e  tim e a t  

which g e n e t ic  markers become r e s i s t a n t  to  th e  e f f e c t s  o f  DNAase and 

have p rov ided  ev id en ce  th a t  markers e n te r  in  a s e q u e n t ia l  p a tte r n .

S tra u ss  has found th a t during th e  uptake o f  tran sform in g  DNA by com petent



B. s u b t i l i s  th er e  i s  a c o r r e la t io n  betw een th e in term arker map d is ta n c e  

and th e len g th  o f  tim e req u ired  fo r  p a ir s  o f  g e n e t ic  markers to  a cq u ire  

DNAase r e s is t a n c e  (3 , 4 ) .  T his in d ic a te d  a l in e a r  mode o f  en try  o f  the  

DNA m olecu le  and p erm itted  an e s t im a te  o f  th e  r a te  o f uptake o f  DNA o f  

ap proxim ately  55 b ase p a ir s  per second a t  28°C. In  th e  Pneumoccal 

tra n sfo rm a tio n  system , Gabor and H otch k iss (5) have found th a t  th ree  

d if f e r e n t  markers become DNAase r e s i s t a n t  in  th e  same order as th e ir  

p o s i t io n s  on th e  g e n e t ic  map, su g g e s t in g  th a t in  t h i s  ca se  th e  uptake 

o f  DNA i s  n o t on ly  l in e a r  but a ls o  p roceed s w ith  a d e f in i t e  p o la r i t y .

The DNA o f  b a cter io p h a g e  SP82G has a l in e a r ,  non-permuted  

s tr u c tu r e  which i s  c o - l in e a r  w ith  th e  g e n e t ic  map ( 6 ) .  An a n a ly s is  o f  

th e  fu n c tio n  o f  tem perature s e n s i t i v e  ( t s )  m utants has shown th a t th ere  

i s  good c o r r e la t io n  between th e  tim e o f  fu n c tio n  o f  a gene and i t s  map 

p o s i t io n .  The known markers a t  th e  l e f t  end o f  th e  map are la r g e ly  

concerned w ith  e a r ly  phage fu n c t io n s , w h ile  th o se  a t th e  r ig h t  end are  

concerned w ith  l a t e  fu n c tio n s  (7 ; Laman and Green, p er so n a l communica

t io n )  . Green (p erso n a l communication) has examined th e  tim e o f  a c q u is i 

t io n  o f  DNAase r e s is t a n c e  by markers on tr a n s fe c t in g  SP82G DNA and 

found th a t th ere  i s  a l in e a r  and p o la r  en try  o f  th e  m o lec u le . Those 

markers on th e r ig h t  end o f  th e  g e n e t ic  map become DNAase r e s is t a n t  

b e fo r e  th o se  on the l e f t  end o f  the map. Thus, markers concerned w ith  

e a r ly  phage fu n c tio n s  e n te r  th e  c e l l  l a s t .  T his su g g e s ts  th a t th e  

proper programming o f  th e  c e l l  might re q u ire  th a t a l l  g e n e t ic  in f o r 

m ation  be in trod u ced  in to  the c e l l  b e fo r e  any phage fu n c t io n s  could  be 

e x p re ssed . A leg r ia  (8 ) has a ls o  rep orted  a p o la r  en try  o f  markers on 

th e  SP82G genome but concluded  th a t th o se  on th e  l e f t  end o f  the map 

a re  p rese n t in  th e tr a n s fe c te d  c e l l  w ith  a h ig h er  freq uency a t  e a r ly  

tim es than markers on th e  r ig h t  end o f  th e  map. The v a l i d i t y  o f  th e
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l a t t e r  r e s u l t s  i s  q u e s t io n a b le  how ever, s in c e  th e  markers were rescu ed  

45 m inutes a f t e r  th e a d d it io n  o f  th e  phage DNA and a t  t h i s  l a t e  tim e th e  

frequency o f  markers p r e se n t cou ld  a ls o  r e f l e c t  th e p a r t ic ip a t io n  o f  

some o th er  s e l e c t i v e  phenomenon.

In  l i g h t  o f  th e above d is c u s s io n ,  i t  was co n sid ered  ap p rop ria te  

to  stu d y  th e  k in e t ic s  o f  tr a n s fe r  o f  DNA from th e b a c ter io p h a g e  to  i t s  

h o st d urin g  th e  co u rse  o f  in f e c t io n  ( i n j e c t i o n ) , and to  compare the  

e v e n ts  o ccu rr in g  during t h i s  mode o f  tr a n s fe r  w ith  th o se  occu rr in g  

during t r a n s fe c t io n  and tr a n sfo rm a tio n .

The tr a n s fe r  o f  DNA from phage to  h o s t was f i r s t  examined by 

H ershey and Chase in  th e ir  c l a s s i c a l  "blendor experim ent" ( 9 ) .  These 

in v e s t ig a t io n s  dem onstrated th a t a f t e r  b a cter io p h a g e  T2 had in f e c t e d  

i t s  h o s t ,  th e  p r o te in  en velop e o f  th e  phage p a r t ic le  remained a t th e  

c e l l  su r fa c e  where i t  cou ld  be removed by th e sh ea r in g  fo r c e s  gen erated  

in  a b len d o r . However, th e  phage DNA was tr a n sfe r r e d  to  th e  c e l l  and 

could  no lo n g e r  be removed by b le n d in g . T his experim ent o f fe r e d  one 

o f  th e f i r s t  p ro o fs  th a t DNA was th e  c a r r ie r  o f  g e n e t ic  in fo rm a tio n  

and s in c e  th a t  tim e , very  l i t t l e  in v e s t ig a t io n  o f  th e  ev e n ts  occu rrin g  

im m ediately  a f t e r  th e a d so rp tio n  o f  th e  b a cter io p h a g e  to  th e  c e l l  has 

been done. L anni, in v e s t ig a t in g  th e  in f e c t io n  o f  13. c o l i  by b a cter io p h a g e  

T5, found th a t th e  tr a n s fe r  o f  phage DNA proceeded in  two s t e p s .  About 

8% o f  th e  phage genome (th e  f i r s t  s te p  tr a n s fe r  or FST-DNA) en tered  th e  

c e l l  f i r s t ,  (1 0 , 11) and o n ly  a f t e r  p r o te in  s y n th e s is  d ir e c te d  by 

markers on th e  FST-DNA was th e  rem ainder o f  th e genome tr a n s fe r r e d  (1 2 ) .  

T his mode o f  in f e c t io n  would have ob viou s advantages in  th e  SP82G 

sy stem , fo r  th e  tr a n s fe r  o f  th e  m a jo r ity  o f  th e  genome m ight not occur  

u n t i l  th e proper c o n d it io n s  fo r  i t s  s u r v iv a l  had been arranged.

The f a t e  o f  th e  DNA a f t e r  i t s  tr a n s fe r  from th e  phage to  a
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b len d or r e s i s t a n t  s t a t e  i s  not c le a r .  E legan t e le c tr o n  m icroscopy by 

Simon and Anderson (13) has su g g ested  th a t th e  t a i l  co res  o f  b a c te r io 

phage T2 and T4 p e n e tr a te  th e  c e l l  w a l l  o f  15. c o l i  but do n ot p e n e tr a te  

th e  c e l l  membrane. T his cou ld  mean th a t phage DNA i s  in je c te d  in to  

th e  p er ip la sm ic  sp ace between th e  c e l l  w a ll  and th e  c e l l  membrane and 

would then  have a t l e a s t  one o f  th e b a r r ie r s  to  com plete p e n e tr a tio n  

in  common w ith  tr a n s fe c t in g  DNA. On the o th er  hand, Bayer (14) has 

p resen ted  e q u a lly  co m p ellin g  e le c tr o n  m icrographs showing th a t during  

in f e c t io n  o f  15. c o l i  by b a cter io p h a g e  T3 and T5 th e  phage are adsorbed  

alm ost e x c lu s iv e ly  to  areas where th e  c e l l  membrane i s  a tta ch ed  to  th e  

c e l l  w a l l .  T his would su g g est th a t a t l e a s t  fo r  th e s e  p hage, th e  

r e cep to r  s i t e s  fo r  phage a d so rp tio n  are arranged so  th a t th e  phage 

DNA i s  in j e c t e d  c lo s e s t  to  th e p ro to p la sm ic  c o n te n ts  o f  th e  c e l l .

S im ila r ly ,  th e  lo c a t io n  o f  tr a n s fe c t in g  (o r  tran sform in g)

DNA a f t e r  i t  has a t ta in e d  DNAase r e s is t a n c e  i s  n ot c le a r .  Some ev id en ce  

has been p resen ted  th a t the DNA spends a t  l e a s t  some o f  i t s  tim e e x t e r io r  

to  the c e l l  membrane. For exam ple, even a f t e r  tran sform in g  DNA has 

become r e s i s t a n t  to  DNAase, tra n sfo rm a tio n  can s t i l l  be in h ib it e d  by 

a n t is e r a  prepared a g a in s t  s in g le  strand ed  DNA (1 5 , 1 6 ) .  T his presum ably  

o ccu rs b ecau se the donor m o lecu les  have combined w ith  s i t e s  on th e  su r

fa c e  o f  th e  plasma membrane where th ey  are in s e n s i t i v e  to  DNAase but 

s t i l l  a c c e s s ib le  to  a n t is e r a .  In  support o f  t h i s  i t  was observed  th a t  

a f t e r  s o lu b i l iz a t io n  o f  th e c e l l  w a ll  w ith  lysozym e th e m a jo r ity  o f  

th e  DNA (about 67%) and th e anti-DNA a n t is e r a  were s t i l l  a s s o c ia te d  

w ith  th e  c e l l  in  a lysozym e r e s i s t a n t  s t a t e  (1 7 ) .

U sing  more r ig o ro u s  lysozym e trea tm en t, M ille r  and h is  a s s o c ia t e s  

found th a t p r a c t ic a l ly  a l l  o f  th e  tran sform in g  DNA th a t was a s s o c ia te d  

w ith  th e c e l l  in  a DNAase r e s i s t a n t  s t a t e  cou ld  be removed (1 8 ) .  I f  th e
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c e l l  w a l ls  o f  com petent B. s u b t i l i s  were removed 20 m inutes a f t e r  th e  

a d d it io n  o f  tran sform in g  DNA, an 80% lo s s  o f  tran sform an ts r e s u l t e d ,  

even though th e r e s u l t in g  p r o to p la s t s  show 90-100% s u r v iv a l  as L -c o lo n ie s  

(1 9 ) .  I f  th e  rem oval o f  th e c e l l  w a ll  was d elayed  fo r  120 m in u tes , how

e v e r , no g rea t l o s s  in  transform an ts was o b serv ed . W hile th e s e  r e s u l t s  

do n ot n e c e s s a r i ly  prove th a t th e  DNA i s  lo c a te d  in  th e  p er ip la sm ic  

s p a c e , th ey  do show th a t th e  DNA i s  h e ld  o u ts id e  th e  c e l l  membrane fo r  

a c o n s id e r a b le  tim e .

I f  both in j e c t e d  and t r a n s fe c t in g  DNA sh are t h i s  f a t e ,  i t  would 

seem th a t th e  main b e n e f i t s  which would accru e to  in j e c t e d  DNA would 

be a s a fe  p h y s ic a l  p a ssa g e  through th e  c e l l  w a l l .  The p h y s ic a l  co n d it io n  

o f  th e  in j e c t e d  DNA, or i t s  lo c a t io n  in  th e c e l l  (n ear a DNA uptake s i t e  

in  th e  c e l l  membrane) might then account fo r  i t s  more e f f i c i e n t  tr a n s 

p o rt a cr o ss  th e  f i n a l  b a r r ie r .  An e s t im a te  o f  th e  tim e o f  r e s id e n c e  in  

t h i s  sp ace has n o t been made in  e i th e r  c a s e . However, the rap id  and 

e a r ly  tr a n s fe r  o f  genes which are n ece ssa ry  fo r  th e  proper programming 

o f  th e  c e l l  would o b v io u s ly  g iv e  in j e c t e d  DNA a d i s t i n c t  advantage in  

d ecr e a s in g  i t s  tim e o f  r e s id e n c e  in  an u n favorab le  environm ent.

S in ce  th e  DNA o f  SP82G has a l in e a r ,  non-perm uted s tr u c tu r e  which  

i s  c o - l in e a r  w ith  th e  g e n e t ic  map, (6 ) i t  was rea so n a b le  to  ex p ec t th a t  

t h i s  phage might tr a n s fe r  i t s  DNA in  a unique manner during in f e c t io n .

In  th e  exp erim en ts d escr ib ed  b elow , th e  k in e t i c s  o f  e n tr y  o f  markers 

a lo n g  th e e n t ir e  phage genome were examined by in te r r u p tin g  th e  tr a n s fe r  

o f  DNA at in t e r v a ls  by c h i l l i n g  and removing th e  u n tra n sferred  DNA by 

b le n d in g . The fa c t  th a t th e r e  i s  no s u p e r - in fe c t io n  e x c lu s io n  phenomenon 

in  t h i s  system  (7) made i t  p o s s ib le  to  a ssa y  fo r  th e  p resen ce  o f  g e n e t ic  

markers in  th e  b lend ed  com plexes by a s u p e r - in fe c t io n  marker re scu e  te c h 

n iq u e . The r e s u l t s  show th a t  during phage in f e c t io n  th e  genome o f  SP82G
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i s  tr a n s fe r r e d  much more ra p id ly  than t r a n s fe c t in g  DNA, and in  th e  o p p o s ite  

d ir e c t io n .  In a d d it io n , i t  was observed  th a t t r a n s fe r  o f  th e DNA occurs  

in  th e absence o f  p r o te in  s y n th e s is ,  and t h a t ,  u n lik e  t r a n s fe c t in g  DNA, 

p r a c t ic a l ly  a l l  o f  th e  in j e c t e d  DNA i s  bound in  a lysozym e r e s i s t a n t  

s t a t e  s h o r t ly  a f t e r  in f e c t io n .



M a ter ia ls  and Methods

B a c te r ia l  s t r a in s ,  growth c o n d it io n s  and phage p rep a ra tio n s

B a c i l lu s  s u b t i l i s  s t r a in  SB-1 was th e  h o s t  c e l l  fo r  a l l  e x p e r i

m ents. Techniques fo r  th e  i s o l a t i o n ,  p ro p a g a tio n , and a ssa y  o f  b a c te r io 

phage SP82G are id e n t ic a l  to  th o se  o f Green ( 1 ) .  Nomura s a l t s  media
_3

(NM) supplem ented w ith  0.5% g lu c o s e ,  0.2% c a s e in  h y d r o ly s a te , 2 .5  X 10 

M MgCl, 0.1% y e a s t  e x t r a c t ,  0 .0 5  mg/ml o f  D L -trvptophan, 4 mg/ml o f  

a r g in in e ,  and 0 .2  mg/ml L -h is t id in e  was used fo r  growth o f  phage (2 0 ) .

P rocedures fo r  p rep arin g  b a cter io p h a g e  DNA and fo r  o b ta in in g  

com petent c e l l s  have been d escr ib ed  b e fo r e  (p a r t I o f  t h i s  t h e s i s )  and 

are e s s e n t i a l l y  th o se  o f  Green ( 1 ) .  The tech n iq u es  used to  determ ine  

com petence by t r a n s fe c t io n  and p r e - in f e c t io n  marker re scu e  have a ls o  

been d escr ib ed  b e fo re  (1 , p art I o f  th is  t h e s i s ) .

R a d io a c tiv e ly  la b e l le d  phage were o b ta in ed  by h ig h -lo w  c e n t r i -

32 32fu g a tio n  o f  a p p ro p r ia te  l y s a t e s .  For P - la b e l le d  phage, Hg PO  ̂ was

added to  th e  growth media a t  5 ]c/m l a long w ith  th e  phage inoculum .

For ^ C - la b e l l e d  c u ltu r e s ,  ly s a t e s  were grown on a m inim al medium

s im ila r  to  NM but h avin g no c a s e in  h y d r o ly sa te  and on ly  o n e-q u a rter

th e u su a l amounts o f  D L -tryptophan, L - h is t id in e ,  and y e a s t  e x t r a c t ,

" ^ C -ly sin e  was added to  th e c u ltu r e s  to  a f in a l  co n ce n tra tio n  o f  0 .0 1

Vc/ml 25 m inutes a f t e r  th e  a d d it io n  o f phage. L y sa tes  were fu r th er
q

p u r if ie d  on a preform ed CsCl g ra d ien t ex ten d in g  from 1 .2  to  1 .7g /cm  . 

Under th ese  c o n d it io n s ,  o n ly  10% o f  th e la b e l  appeared in  th e  DNA o f  

th e phage as measured by phenol e x tr a c t io n  (2 1 ) .

B lendor experim ents  

To sy n ch ro n ize  as n e a r ly  as p o s s ib le  th e  in f e c t io n  o f  a
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b a c t e r ia l  c u l tu r e ,  b a c te r ia  were co n cen tra ted  to  4x10 c e l l s /m l  and 

were o n ly  b r i e f l y  exposed  to  b a c te r io p h a g e . The measured m u l t ip l i c i t y  

o f  in f e c t io n  (MOI) was 7 to  8 fo r  r a d io is o to p e  ex p er im en ts , and 0 .1  fo r  

marker en try  s t u d ie s .  A d sorp tion  was term in ated  e i th e r  by d i lu t io n  and 

c e n tr ifu g a t io n  away from unadsorbed phage (r a d io is o to p e  exp er im en ts) or  

by a 4 5 -s e c  exp osu re to  p h a g e -s p e c if ic  a n t is e r a  s u f f i c i e n t  to  in a c t iv a t e  

99.9% o f  th e unadsorbed phage (marker e n tr y  s t u d ie s ) .  A fter  a d so r p tio n ,  

th e  in f e c t e d  b a c te r ia  w ere d ilu te d  in  NM a t th e a p p ro p r ia te  tem perature
O

to  10 c e l l s / m l .  A fte r  a s u i t a b le  h o ld in g  p eriod  in  th e warm growth 

m edia, sam ples w ere removed and r a p id ly  c h i l l e d  by d i lu t io n  in to  equal 

amounts o f  co ld  NM in  an i c e  b a th . Samples o f  20 ml were b lended  in  

an ic e - ja c k e t e d  Omni-Mixer (Ivan  S o r v a l l ,  I n c . ,  Norwalk, Conn.) a t  

1 1 ,5 0 0  rev /m in . The d u ra tio n  o f  b len d in g  was 1 .5  m in. u n le s s  o th er w ise  

s p e c i f i e d .  The b lend ed  sam ples were a ssa y ed  fo r  s u r v iv in g  in f e c t io u s  

c e n t e r s ,  and then  spun a t  7 ,000  X g . B a c te r ia l  p e l l e t s  w ere resuspended  

in  w a te r , tr a n s fe r r e d  to  p la n c h e ts ,  and d r ie d , and th e ir  r a d io a c t iv i t y  

was assayed  e i t h e r  in  a g a s -f lo w  d e te c to r  (n u clea r-C h ica g o  C orp ., Des 

P la in e s ,  1 1 1 .)  or by a l iq u id  s c i n t i l l a t i o n  cou n ter (Om niflour T oluene  

co u n tin g  s o lu t io n ,  New England N uclear C orp ., B o sto n , M ass.; N uclear  

Chicago s c i n t i l l a t i o n  d e te c to r ,  N uclear C hicago, Des P la in e s ,  1 1 1 . ) .

R enografin  g r a d ie n ts

R en ografin -76  (m eth yl-g lu cam in e N ,N '-d ia c e ty l-3 ,5 -d ia m in o -  

2 ,4 ,6 - t r i io d o b e n z o a t e ,  E.R. Squibb and S ons, New York) was o b ta in ed  as  

a 76% s o lu t io n  c o n ta in in g  in  a d d it io n , 0.32% sodium c i t r a t e ,  0.04%

EDTA, 0.01% m eth yl-p -hyd roxyb en zoate and 0.03% p ro p y l-p -h y d ro x v b en zo a te . 

T his s o lu t io n  was d ilu te d  w ith  w ater to  g iv e  s o lu t io n s  o f  th e  a p p ro p r ia te  

d e n s i t i e s ,  determ ined  by t h e ir  r e f r a c t iv e  in d ex  a t  25°C u sin g  a Bausch &
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Lomb r e fr a c to m e te r . To prepare a l in e a r  g r a d ie n t , n in e  0 .5  ml p o r tio n s  

o f  s o lu t io n s  ran ging  in  d e n s ity  from 1 .1 2  to  1 .1 6  g /c c .  were c a r e fu l ly  

la y ered  in  a S i l i c l a d  (C lay Adams, P arsip p an y , N .J .)  c e l l u l o s e  n i t r a t e  

tube (Beckman In stru m en ts , P alo  A lto , C a l i f . ) .  Samples were a p p lied  

to  t h is  g r a d ie n t , c e n tr ifu g e d  a t 2 0 °C in  a Spinco SW65 r o t o r ,  and c o l 

le c t e d  as d escr ib ed  in  the t e x t .

Lysozyme experim ents

B a c te r ia  co n cen tra ted  to  4x10 c e l l s /m l  were exposed  to  r a d io -  

a c t iv e ly  la b e l le d  phage a t a MOI = 1 fo r  2 m in u tes, d ilu te d  1 :4 0  in to  

NM a t 33°C and h e ld  fo r  an a d d it io n a l 6 m in u tes. C hloram phenicol 

(100 ug/m l) or  sodium cyanide (0.005M) was added to  th e  c e l l s  e i th e r  

p r io r  to  th e  a d d it io n  o f  phage, or  a t th e  tim e o f  d i lu t io n .  T h e r e a fte r ,  

a l l  o p era tio n s  were ca r r ied  out in  the p resen ce  o f  th e  in h ib it o r .  The 

d ilu te d  c e l l s  were washed tw ice  by c e n tr ifu g a t io n  a t room tem perature  

and resuspended in  10 ml o f  warm m edia. The c e l l s  were f i n a l l y  r e s u s 

pended in  i s o t o n ic  NM c o n ta in in g  su cro se  (0 .5M ). Lysozyme (Sigm a, S t .

L o u is , Mo.) was added to  a co n ce n tra tio n  o f  200 ug/m l and th e  m ixture  

incub ated  a t  37°C fo r  20 m in u tes. In some ca se s  DNAase (b e e f  p a n crea s,

M iles  L a b o r a to r ie s , E lk h a rt, I n d .)  was added to  a co n ce n tra tio n  o f  10

u g/m l. The p r o to p la s ts  were sep a ra ted  by c e n tr ifu g a t io n  (1 2 ,0 0 0  x g

32
fo r  10 m in utes) and th e su p ern atan t and p e l l e t  were assayed  fo r  P a c t i v i t y .  

In experim ents in v o lv in g  com petent c e l l s ,  p r e in fe c te d .o r  non

p r e in fe c te d  c e l l s  (p a rt I o f  t h i s  t h e s i s )  w ere exposed to  phage DNA a t  

a co n ce n tra tio n  o f  0 .2  ug/m l a t 33°C. A fter  20 m in u tes , DNAase ( to  10 

ug/m l) was added and th e  c e l l s  w ere h eld  fo r  an a d d it io n a l  5 m in u tes.

The c e l l s  w ere washed th o ro u g h ly , tr e a te d  w ith  lysozym e and DNAase,

32and examined fo r  P a c t iv i t y  a s s o c ia te d  w ith  th e  p r o to p la s ts  as



d escr ib ed  above. C hloram phenicol was added to  th e  c e l l s  as d escr ib ed  

in  th e  t e x t .

Marker re scu e  s tu d ie s

T e m p er a tu re -se n s it iv e  ( t s )  m utants o f  SP82G which w i l l  grow 

a t 33°C but n o t a t  4 7 °C were o r ig in a l ly  i s o la t e d  and d escr ib ed  by 

Kahan (7 ) ;  o th er  t s  m utants were su b seq u en tly  i s o la t e d  by D.M. Green 

( 1 ,  p erso n a l com m unication). In marker r e scu e  ex p er im en ts , a sam ple  

o f  a te m p e r a tu r e -s e n s it iv e  mutant phage was r a p id ly  adsorbed to  b a c te r ia  

fo r  45 se c o n d s , and a d so rp tio n  was term in ated  by a n t is e r a .  The c e l l s  

were d ilu te d  in to  growth media a t  th e  a p p ro p r ia te  tem p eratu re, h e ld  

fo r  v a r io u s  le n g th s  o f  tim e and exposed to  th e  c h i l l i n g  and b len d in g  

regim en d escr ib ed  above. S u b seq u en tly , p o r tio n s  o f  b lended sam ples and 

n on-b lended  c o n tr o ls  were exposed to  a d i f f e r e n t  Ĵ 3 mutant a t  a MOI o f  

15 to  20 fo r  4 m in u tes. S u ita b le  d i lu t io n s  were p la te d  a t 47°C to  

determ ine th e  frequency o f  w ild - ty p e  recom binants.



R e su lts

E f fe c t  o f  b len d in g

To determ ine w hether phage p r o te in  cou ld  be removed from th e

s u r fa c e  o f  th e  b acterium  and sep a ra ted  from i t s  DNA a f t e r  b a c ter io p h a g e

SP82G i n f e c t io n ,  a b len d or experim ent s im ila r  to  th a t  o f  Hershey and

Chase (9) was perform ed. C oncentrated  b a c te r ia  w ere exposed to  r a d io -

a c t iv e ly  la b e l le d  phage, spun fr e e  o f  unadsorbed phage and resuspended

in  growth media (NM) a t 33°C. A fter  12 m inutes th e  m ixture was c h i l le d

and then  b lend ed  fo r  v a r io u s  le n g th s  o f  tim e . Samples were assayed

fo r  s u r v iv in g  b a c te r ia  and fo r  r a d io is o to p e  s t i l l  a s s o c ia te d  w ith  th e

b a c te r ia  a f t e r  c e n tr ifu g a t io n  (F igu re 1 4 ) . B len d in g  had l i t t l e  e f f e c t

upon th e  s u r v iv a l  o f  b a c te r ia ,  in f e c t e d  or u n in fe c te d . However, f r e e

phage were q u ite  s e n s i t i v e  to  th e e f f e c t s  o f  b len d in g  and w ere reduced

32to  30% s u r v iv a l  in  two m in u tes . W hile no more than 22% o f  th e  P

14cou ld  be removed from th e  b a c te r ia ,  up to  50% o f  th e  C cou ld  be

14removed by b le n d in g  (ap p rox im ate ly  90% o f th e  C la b e l  was in  th e  

p r o te in  o f  th e  p h a g e ). T his d em on strates th e tr a n s fe r  o f  DNA from 

phage to  h o s t  during in f e c t io n .

E f fe c t  o f  c h i l l i n g  on DNA tr a n s fe r

I f  th e  tr a n s fe r  o f  th e  phage genome w ere in te r r u p te d  and the  

phage was sheared  from th e su r fa c e  o f  th e  b acterium  by b len d in g  b e fo r e  

th e  t r a n s fe r  o f  i t s  DNA to  th e  h o s t  was com p leted , th e  r e s u l t in g  com plex  

sh ou ld  n o t be a b le  to  g iv e  r i s e  to  an in f e c t io u s  c e n te r . The e f f e c t  o f  

c h i l l i n g  on b len d or s e n s i t i v i t y  was examined by c h i l l i n g  th e p h a g e-h o st



com plexes a t e a r ly  and la t e  tim es a f t e r  a d so r p tio n , and then  b len d in g

(T able 1 ) .  C h il l in g  a t an e a r ly  tim e a f t e r  a d so rp tio n  r e s u lte d  in  a

p h a g e-h o st com plex o f  low b len d or r e s i s t a n c e ,  but com plexes c h i l le d  a t

la t e r  tim es were r e s i s t a n t  to  b le n d in g . When th e s e n s i t i v e  com plexes

c h i l l e d  a t  an e a r ly  tim e were reh ea ted  fo r  a fu r th e r  10 m in u tes , th e

h igh  b len d o r r e s is t a n c e  c h a r a c t e r is t ic  o f  com plexes c h i l l e d  a t  l a t e r

tim es was a ch e iv ed .

These r e s u l t s  in d ic a te  th a t c h i l l i n g  cau ses an in te r r u p tio n

in  th e  tr a n s fe r  o f  DNA and th a t  any DNA which has n o t been tr a n sfe r r e d

by th e  tim e o f c h i l l i n g  i s  removed durin g th e  b len d in g  o p e r a t io n . The

tr a n s fe r  o f  DNA in  the c h i l le d  unblended com plexes i s  resumed when they

are warmed to  3 3 °C. T his in t e r p r e ta t io n  would p r e d ic t  th a t th e  p ro cess

o f  DNA tr a n s fe r  cou ld  be in terr u p te d  a t any tim e by c h i l l i n g ,  and th e

u n tra n sferred  DNA removed by b le n d in g . T his was t e s t e d  by m on itorin g  

32th e  tr a n s fe r  o f  P from th e  phage to  h o st a t  v a r io u s  tim es a f t e r  

a d so r p tio n , and by a ssa y in g  fo r  th e v i a b i l i t y  o f  th e  b lended  com plexes 

as in f e c t io u s  c e n te r s .  The r e s u l t s  o f  t h i s  experim ent are shorn in  

F igure 15.

32The shapes o f  th e cu rves fo r  P tr a n s fe r  and b len d or r e s is t a n c e

32are d i f f e r e n t ,  but reach s a tu r a t io n  l e v e l s  a t th e  same tim e . The P

tr a n s fe r  curve i s  c o n s is t e n t  w ith  th e  p r e d ic t io n  th a t  by c h i l l i n g  and

b le n d in g  the com plexes a t v a r io u s  tim es a f t e r  a d so r p tio n , th e  tr a n s fe r

o f  DNA may be in te r r u p te d  a t  any p o in t .  The d elayed  appearance o f

32b len d or r e s i s t a n t  in f e c t io u s  c e n te r s  r e la t iv e  to  th e  P uptake i s  

ex p ec ted . For, a lth ough  tr a n s fe r  s t a r t s  a t  an e a r ly  tim e a f t e r  adsorp

t io n  and proceed s towards s a tu r a t io n ,  th e  f i r s t  appearance o f  b lendor  

r e s i s t a n t  in f e c t io u s  c e n te r s  in  th e  p o p u la tio n  can occur o n ly  when 

t r a n s fe r  i s  com plete in  any g iv en  com plex. The tr a n s fe r  o f  DNA in  the



Figure 14

The e f f e c t s  o f  b len d in g

Q
B a c te r ia  a t 4 x 10 c e l l s /m l  were exposed to  r a d io a c t iv e ly  

la b e l le d  phage fo r  2 m inutes and d ilu te d  1 :1 0 0 . Unadsorbed phage 

were removed by c e n tr ifu g a t io n  and th e  in f e c t e d  b a c te r ia  were r e s u s -
O

pended in  NM a t 33°C to  10 /m l. A fter  12 m inutes th e  su sp en sio n  was 

c h i l le d  and a l iq u o ts  were b lended  fo r  th e  le n g th s  o f  tim e in d ic a te d .  

Samples w ere assayed  fo r  su r v iv in g  in f e c t io u s  c e n te r s  ( ( |  ) u n in fec ted  

b a c te r ia  ( Q )  and fr e e  phage ( 0 )  and fo r  th e amount o f  r a d io a c t iv i t y  

s t i l l  a s s o c ia te d  w ith  th e  b a c t e r ia l  p e l l e t  a f t e r  sp in n in g  a t 7 ,0 0 0  x  g 

fo r  10 m in u tes . ( 0  ^ C  la b e l le d  p hage, la b e l le d  p h age).
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Table 1. E ffe c t  o f  c h i l l in g  on blendor s e n s i t i v i t y .

TIME OF CHILLING PER CENT OF INFECTIOUS CENTERS RESISTANT TO BLENDING
AFTER PHAGE C h ille d  to  15°C, b len d ed . Reheated to  33°C fo r  10
ADSORPTION m in u tes , c h i l l e d ,  b len d ed .

2 min. 2% 100%

10 min. 85% 80%

-si



Figure 15

T ran sfer  o f DNA and b len d or r e s is t a n c e

C oncentrated  b a c te r ia  were exposed to  r a d io a c t iv e ly  la b e l le d  

phage fo r  45 seco n d s. A dsorption  was term inated  by a 45 second  ex

posure to  a n t i s e r a ,  and th e  b a c te r ia  were d ilu te d  to  10^/m l in  NM at  

33°C. At th e  tim es in d ic a te d  a l iq u o ts  were removed, c h i l l e d  and 

b len d ed . Samples w ere assayed  fo r  s u r v iv in g  in f e c t io u s  c e n te r s  and 

the amount o f  r a d io a c t iv i t y  s t i l l  a s s o c ia te d  w ith  th e  b a c t e r ia l  p e l l e t  

a f t e r  c e n tr ifu g a t io n .
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p o p u la tio n  i s  com plete by about 6 m in u te s , which c o in c id e s  w ith  th e  

com plete b len d or r e s is t a n c e  o f  th e p o p u la tio n . I d e n t ic a l  experim ents  

conducted a t  28°C show th a t  com plete b len d or r e s is t a n c e  r e q u ir e s  1 0 -  

12 m inutes a t  t h i s  tem perature.

E f f e c t  o f  m eta b o lic  in h ib it o r s

S in ce  Lanni (10) has dem onstrated  th e n e c e s s i t y  fo r  p r o te in  

s y n th e s is  in  a c h ie v in g  b len d or r e s is t a n c e  in  T5, th e  e f f e c t  o f  v a r io u s  

m eta b o lic  in h ib it o r s  on SP82G b lendor r e s is t a n c e  was exam ined. (T able  

2 ) .  C hloram phenicol, A ctinom ycin D, and cyan ide had l i t t l e  e f f e c t  on 

th e  achievem ent o f  b lend or r e s is t a n c e  whether added s h o r t ly  a f t e r  ad

s o r p t io n , or p r io r  to  a d so rp tio n . Thus, th e tr a n s fe r  o f  DNA from 

SP82G to  i t s  h o s t does n o t req u ire  s y n th e s is  o f  a phage p r o te in .

DNA tr a n s fe r  in  h ea t k i l l e d  c e l l s

The tr a n s fe r  o f  DNA to  h ea t k i l l e d  c e l l s  was examined by d e te r 

m ining th e  amount o f  radiophosphorous la b e l  th a t was tr a n s fe r r e d  to  

c e l l s  which had been in a c t iv a te d  a t  v a r io u s  tem peratures (T able 3 ) .  

H eatin g  to  tem peratures o f  60°C and above d id  n o t a f f e c t  th e  a d so rp tio n  

o f  phage to  h o s t ,  but d id  r e s u l t  in  a marked d e p r e ss io n  in  th e  amount

o f  la b e l  a s s o c ia te d  w ith  th e  c e l l s  a f t e r  b le n d in g . The d ecr ea se  in  

32c e l l - a s s o c ia t e d  P a f t e r  b len d in g  i s  n o t due to  any in c r e a se d  perme

a b i l i t y  or f r a g i l i t y  o f  h ea t k i l l e d  c e l l s ,  s in c e  c e l l s  which were h ea t  

tr e a te d  a f t e r  phage in f e c t io n  took p la c e  re ta in e d  th e  same amount o f  

la b e l  as u n trea ted  c e l l s ,  even  a f t e r  b le n d in g . C le a r ly , h e a tin g  to  

6 0 °C does n o t a f f e c t  th e a d so rp tio n  o f  th e  phage to  th e  c e l l  but does  

in h ib i t  th e t r a n s fe r  o f  DNA from phage to  h o s t .



T able 2 . E f f e c t  o f  m eta b o lic  in h ib it o r s  on b len d o r r e s is t a n c e

INHIBITOR PER CENT OF INFECTIOUS CENTERS RESISTANT TO BLENDING
I n h ib ito r  added p r io r  to  I n h ib ito r  added a f t e r

phage a d so r p tio n . phage a d s o r p t io n .*

C h ille d  to  1 5 °C ---- 5.3%

C hloram phenicol (200 ug/m l) 77.0% 7 3 .4  %

NaCN (0 .0 0 2 5  M) 92.5% 87.0%

A ctinom ycin  D (10 ug/m l) 100.0% 100.0%

g
* B a c te r ia  a t  4 x  10 c e l l /m l  w ere b r i e f l y  exposed  to  b a c te r io p h a g e  and a d so rp tio n  term in ated  

as d escr ib ed  in  F igu re 15 . The b a c te r ia  were d ilu te d  e i t h e r  in t o  c h i l l e d  m edia, or in to  

m edia c o n ta in in g  th e  in h ib it o r s  in d ic a te d .
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Table 3. Transfer o f DNA to  heat k i l l e d  c e l l s .

I C e lls  exposed  to  h ea t b e fo r e  phage a d so rp tio n
o p  o p  o p

Treatm ent fo r  %Survivors P a s s o c ia te d  P a s s o c ia te d  % P adsorbed
5 m inutes w ith  unblended w ith  b lended  and n o t removed

p e l l e t  p e l l e t  by b len d in g

None 100% 1 5,4 0 0  CPM 1 3 ,5 0 0  CPM 88%

50°C 75% 13,200- 12 ,9 0 0 98%

60°C 0% 16,600 7 ,000 43%

70°C 0% 14,200 5 ,2 7 0 37%

80°C 0% 1 7,7 0 0 5 ,4 6 0 31%

I I  C e lls  exposed to  h ea t a f t e r phage in j e c t io n

None 11 ,7 0 0  CPM 9 ,4 0 0 81%

50°C 1 1 ,2 0 0 9 ,4 0 0 84%

60°C 1 0 ,6 0 0 9 ,3 0 0 90%

70°C 11 ,200 8 ,8 0 0 78%

80°C 10 ,6 0 0 8 ,8 0 0 85%
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K in e t ic s  o f  DNA tr a n s fe r  in  com petent c e l l  p o p u la tio n s

A le g r ia  (8 ) has s tu d ie d  th e  in d u c tio n  o f  d eo x y u rid in e  menophos- 

phate hydroxym ethylase (a  phage s p e c i f i c  enzyme) a f t e r  th e  in f e c t io n  

o f  IJ. s u b t i l i s  by b a c ter io p h a g e  SP82G and found th a t in  a p o p u la tio n  o f  

com petent c e l l s  th e r e  i s  about an e ig h t  m inute la g  in  th e  appearance o f  

th e  enzyme compared to  th e  tim e o f  appearance in  a non-com petent ( lo g 

a r ith m ic  phase) p o p u la tio n . He s u g g e s ts  th a t changes w hich occur in  th e  

com p osition  o f  th e  c e l l  w a ll when 15. s u b t i l i s  become com petent (2 2 , 23) 

might in f lu e n c e  e i t h e r  th e attachm ent o f  th e phage or th e  in j e c t io n  o f  

i t s  DNA.

The tim e req u ired  fo r  in j e c t io n  by SP82G adsorbed to  a p o p u la tio n  

o f  com petent c e l l s  was compared to  th e tim e req u ired  by phage adsorbed to  

a p o p u la tio n  o f  c e l l s  in  lo g a r ith m ic  p h ase . C e lls  which had been grown 

in  a com petence regim e ( in  LS m edia) and c e l l s  in  lo g a r ith m ic  growth in
Q

NM media were co n cen tra ted  to  4 x 10 c e l l s /m l  and r a p id ly  in f e c t e d  w ith  

phage. At i n t e r v a l s ,  sam ples w ere c h i l l e d  and blended  a s b e fo r e  and 

assayed  fo r  s u r v iv in g  in f e c t io u s  c e n te r s  (F ig . 1 6 ) .  There i s  no s i g n i f 

ic a n t  d if f e r e n c e  in  th e  appearance o f  b len d or r e s i s t a n t  in f e c t io u s  

c e n te r s  in  th e  two p o p u la tio n s .

S in ce  o n ly  a sm a ll p o r t io n  (2-10%) o f  th e  c e l l s  in  a com petent 

p o p u la tio n  are t r u ly  com petent, th a t  i s ,  a b le  to  take up DNA (2 4 , 2 5 , 26) 

th e  p o s s i b i l i t y  e x i s t s  th a t  th e  m a jo r ity  o f  c e l l s  r e q u ir e s  a normal tim e  

fo r  in j e c t io n ,  w h ile  th e  m in o r ity  m ight re q u ir e  a much lo n g er  t im e . I f  

t h i s  w ere th e  ca se  th e  lo n g e r  in j e c t io n  tim e req u ired  by th e m in o r ity  o f  

c e l l s  m ight be obscured  in  th e  e n t ir e  p o p u la t io n , and n o t d e te c te d  under 

th e  c o n d it io n s  d escr ib ed  above, The minor f r a c t io n  o f  c e l l s  th a t  i s
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F igure 16

Blendor r e s is t a n c e  o f  in f e c t e d  com plexes from com petent and 

lo g a r ith m ic  phase c e l l  p o p u la tio n s

A c u ltu r e  o f  com petent c e l l s  (grown in  LS media) and lo g a r ith m ic
Q

phase c e l l s  (grown in  NM) w ere co n cen tra ted  to  4 x 10 c e l l s / m l ,  b r i e f ly  

exposed  to  phage, and c h i l le d  and b lended as d escr ib ed  in  F ig . 1 5 . The 

su r v iv in g  in f e c t io u s  c e n te r s  are ex p ressed  as th e  per cen t o f  an unblended  

c o n tr o l.  O  in fe c t e d  com petent c e l l s , in f e c t e d  lo g a r ith m ic  phase c e l l s .

ii
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com petent has d i f f e r e n t  p r o p e r t ie s  th a t perm it i t s  s e p a r a t io n  from th e  

b u lk  o f  th e  p o p u la tio n  by zo n a l c e n tr ifu g a t io n  (2 5 , 27) or  by iso p y c n ic  

se p a r a t io n  on a l in e a r  g ra d ien t o f R enografin  (2 4 , 2 8 ) .  The a b i l i t y  to  

f r a c t io n a te  a com petent p o p u la tio n  and to  en r ich  fo r  th e  m in o r ity , com

p e te n t  p o r t io n , p erm its an exam ination  o f  th e  in j e c t io n  tim e req u ired  

by phage adsorbed to  t h i s  minor f r a c t io n .

To determ in e th e  c h a r a c t e r is t ic  d e n s i t ie s  o f  th e  two f r a c t io n s  

in  a p o p u la tio n  o f  com petent JB. s u b t i l i s  s t r a in  SB -1, a l in e a r  g ra d ien t  

o f  R enografin  ex ten d in g  from a d e n s ity  o f  1 .1 2  g / c c .  to  1 ,1 6  g /c c .  was 

prepared in  a c e l lu lo s e  n i t r a t e  tube and o v er la y e red  w ith  0 .2 5  ml o f  a 

com petent c e l l  c u ltu r e  th a t  had been exposed  to  WT phage DNA (2 .3  ug/m l) 

fo r  20 m in u tes. A fter  c e n tr ifu g a t io n  a t 3 7 ,0 0 0  x g fo r  20 m in u tes , 15 

drop fr a c t io n s  were c o l le c t e d  by bottom  p u n ctu re. Each f r a c t io n  was 

assayed  d ir e c t ly  fo r  co lo n y  form ers and in f e c t io u s  c e n te r s  (F igu re  17 , 

p a n e l A ). The d e n s ity  o f  a lt e r n a te  f r a c t io n s  (F igu re  1 7 , p a n e l B) was 

determ ined from th e r e f r a c t iv e  in d ex  a t 25°C u sin g  th e co n v ers io n  f ig u r e s  

o f  Cahn and Fox (2 4 ) .  Colony form ers showed a sharp peak a t  a d e n s ity  o f  

1 .1 4 5  g / c c . ,  w h ile  t r a n s fe c ta n ts  were found in  a broader band cen tered  a t  

about 1 .1 3 2 5  g /c c .  U sing 15. s u b t i l i s  s t r a in  SB-25 grown under s l i g h t l y  

d if f e r e n t  c o n d it io n s  Cahn and Fox found th a t th e l i g h t e r  b a c te r ia  banded 

a t  p=1.110 and p=1.131 g / c c .  The d if f e r e n c e s  in  th e  d e n s i t ie s  o f  th e  

l i g h t  and heavy bands may r e f l e c t  d if f e r e n c e s  in  th e  s t r a in s  used or may 

r e s u l t  from th e  d i f f e r e n t  growth c o n d it io n s .

To f r a c t io n a te  th e  la r g e  q u a n t i t ie s  o f  com petent c e l l s  req u ired  

fo r  b len d or ex p er im en ts , a d isc o n tin u o u s  g r a d ien t was prepared in  a 

1 .5  x 10 cm Corex tu b e . U sing R enografin  s o lu t io n s  d ilu te d  to  a p p ro p ria te  

d e n s i t i e s ,  th e  g ra d ien t was arranged so  th a t a s e p a r a t in g  la y e r  o f  a 

d e n s ity  in term ed ia te  betw een th e  heavy and l i g h t  b a c te r ia  would maximize



Figure 17

F r a c tio n a t io n  o f  a com petent c e l l  p o p u la tio n  on a. l in e a r  

g ra d ien t o f  R enografin

A l in e a r  g ra d ien t o f  R enografin  was o v er la y ered  w ith  0 .2 5  ml 

o f  com petent c e l l s  th a t  had been exposed  to  in f e c t iv e  phage DNA. A fter  

c e n tr ifu g a t io n  f r a c t io n s  o f  15 drops w ere c o l le c t e d  and assayed  d ir e c t ly

fo r  co lon y  form ers th e ir  r e f r a c t iv e

in d ex  (n o^ )  ( > p an e l B ) .
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t h e ir  s e p a r a t io n . The g ra d ien t co n ta in ed  th re e  la y e r s :  a 2 ml la y e r  o f

p=1.40 g /c c  used as a cu sh ion  on th e bottom , a 6 ml la y e r  o f  p=1.138 g /c c .

used as a se p a r a t in g  la y e r ,  and a 2 ml la y e r  o f  p=1.100 g /c c .  as th e  top

la y e r . The g ra d ien t was o v er la y ed  w ith  1 ml o f  a com petent c e l l  c u ltu r e
9

co n cen tra ted  to  2 x  10 c e l l s /m l  and c e n tr ifu g e d  a t  1 8 ,500  RPM in  a S or-  

v a l l  SS-34 r o to r  a t room tem perature (Ivan  S o r v a l l ,  Norwalk, Conn.) The 

sep a ra ted  la y e r s  were c o l le c t e d  by a s p ir a t io n ,  washed w ith  LS on M ill ip o r e  

f i l t e r s  (HA, 50 u) and resuspended in  LS. D ilu t io n s  w ere p la te d  fo r  the  

t o t a l  number o f  b a c te r ia  in  each band, and th e  com petence o f  the c e l l s  

was determ ined by th e  p r e - in f e c t io n  marker re scu e  tech n iq u e (T able 4 ) .

Under th e s e  co n d it io n s  about 80% o f  th e  v ia b le  b a c te r ia  th a t were a p p lied  

to  th e  g ra d ien t were r e c o v e r e d .' A lthough th e o v e r a l l  y ie ld  o f  tr a n s fe c ta n ts  

i s  low th ere  i s  an obvious enrichm ent fo r  com petent c e l l s  in  th e top band; 

th e frequency o f  tr a n s fe c t io n  in  t h i s  band i s  75 tim es g r e a te r  than th a t o f  th e  

bottom  band and 5 tim es g r e a te r  than th a t o f  th e o v e r a l l  p o p u la tio n .

I t  i s  n o t known i f  a l l  o f  th e  c e l l s  found in  t h i s  band are compet

e n t .  The frequency o f  t r a n s f e c t io n  observed  in  t h is  band (1.5%) may in d i

ca te  th a t  during th e tim e o f  ex p er im en ta l exposure to  DNA o n ly  1.5% o f  

th e c e l l s  were in  a s t a t e  o f  com petency. Cahn and Fox (24) rep ort th a t  

on ly  c e l l s  found in  the top band are a b le  to  tak e up transform in g  DNA 

and the r e s u l t s  shown h ere  in d ic a te  th a t very few o f  th e  com petent c e l l s  

are found in  th e bottom  band. I f  com petent c e l l s  req u ire  a lo n g er  tim e  

fo r  in f e c t io n  by b a c te r io p h a g e , then  p h a g e - in fe c te d  c e l l s  from th e top  

band sh ou ld  show a much d if f e r e n t  b len d or r e s is t a n c e  p a tte r n  than c e l l s  

from th e  bottom  band.
9

A com petent c e l l  c u ltu r e  co n cen tra ted  to  2 x 10 c e l l s /m l  was a p p lied  to  

a d id isc o n tin u o u s  g ra d ien t and fr a c t io n a te d  as d e scr ib ed  above. The top  

and bottom  bands were washed in  NM, r a p id ly  in f e c t e d  w ith  phage



T able 4 . F r a c tio n a t io n  o f  com petent c e l l s  on a. d isc o n tin u o u s

g ra d ien t o f  R enografin

Top Bottom T o ta l
Band Band

T r a n sfe c ta n ts*

Colony form ers 3 .2 8  x 10® 1 .2 5  x  10^ 1 .5 8  x  10^

% o f  t o t a l  b a c te r ia  16% 63% 79%

5 .0  x 106 2 .8 9  x  105 5 .3  x 106

frequency o f  tr a n s fe c t io n  l.,5% 0.023% 0.3%

% o f t o t a l  tr a n s fe c ta n ts  94% 6%

*Measured by p r e in fe c t io n  marker re scu e  a f t e r  fr a c t io n a t io n



Figure 18

Blendor r e s is t a n c e  o f  in f e c t e d  com plexes from a fr a c t io n a te d  

com petent c e l l  p o p u la tio n

The sep a ra ted  fr a c t io n s  o f  a com petent c e l l  p o p u la tio n  

corresp on d in g  to  th e  top and bottom  bands d escr ib ed  in  T able 4 were 

r a p id ly  in f e c t e d  w ith  phage and c h i l le d  and b lended  as d escr ib ed  in  

F ig . 2 . The s u r v iv in g  in f e c t io u s  c e n te r s  are ex p ressed  as th e  p er cen t  

o f  a non-blended  c o n tr o l .  in f e c t e d  bottom  band c e l l s ,  C3 in f e c t e d  

top band c e l l s .
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and c h i l l e d  and b lended  as b e fo r e . The sim u ltan eou s appearance o f  

b len d or r e s i s t a n t  in f e c t io u s  c e n te r s  (F igu re  18) in d ic a t e s  th a t  th er e  i s  

no s ig n i f i c a n t  d if f e r e n c e  in  th e in j e c t io n  tim es req u ired  fo r  c e l l s  

from th e top or bottom  bands. A ll  c e l l s  in  th e  com petent p o p u la tio n  

re q u ire  th e same amount o f  tim e fo r  th e  tr a n s fe r  o f  th e  phage genome, 

and t h is  i s  th e same amount o f  tim e req u ired  fo r  in f e c t io n  o f  lo g a r i th 

m ic a lly  growing c e l l s  (F igu re  3 ) .  There i s  no ev id en ce  here to  support 

th e  h y p o th e s is  th a t  phage adsorbed to  com petent c e l l s  r e q u ire  a lo n g er  

tim e fo r  th e t r a n s fe r  o f  th e ir  genome. A more l i k e l y  ex p la n a tio n  fo r  

th e  la g  observed  in  th e in d u c tio n  o f  phage enzymes (8) i s  th a t com petent 

c e l l s  are known to  be in  a s t a t e  o f  b io s y n th e t ic  la te n c y  during which  

c e l lu la r  polym ers are sy n th e s iz e d  a t l e s s  than th e  u su a l ra te  (2 9 ) .

Fate o f  DNA a f t e r  tr a n s fe r

Work by M ille r  e t  £il and o th er s  has in d ic a te d  th a t even a f t e r

tran sform in g  DNA has acqu ired  DNAase r e s is t a n c e  i t  r e s id e s  o u ts id e  the

c e l l  membrane and may be freed  from th e c e l l  by removing the c e l l  w a ll

w ith  lysozym e (1 8 , 1 9 ) . I f  in j e c t e d  DNA shared th e  same f a t e ,  i t  might

be ex p ected  th a t in t e r f e r e n c e  w ith  th e p r o te in  s y n th e s is  or energy

p rod u ction  o f  th e c e l l  would p reven t th e  tr a n s fe r  o f  th e  DNA a c r o ss  the

32c e l l  membrane. To determ ine the f a t e  o f  in j e c t e d  phage, P la b e l le d  

phage were adsorbed to  c e l l s  under v a r io u s  c o n d it io n s  and p erm itted  to  

i n j e c t  th e ir  DNA. The in fe c te d  c e l l s  were washed th orou gh ly  and r e s u s 

pended in  an i s o t o n ic  (0.5M) su cro se  m edia. The c e l l  w a lls  were removed 

by treatm ent w ith  lysozym e (200 ug/m l fo r  15 m inutes a t  37°C) and th e  

p r o to p la s t s  were sep a ra ted  from th e  media by c e n tr ifu g a t io n .  In some 

ca se s  DNAase was added to  th e  media to  determ ine i f  any DNA s t i l l  a s s o c ia te d  

w ith  th e  p r o to p la s t s  was s e n s i t i v e  to  th e  enzyme, The r e s u l t s  (T ab le 5 ,
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p a rt I )  show th a t even in  th e  p resen ce  o f  NaCN (0.005M ) and chloram phen-

oo
i c o l  (100 ug/m l) p r a c t ic a l ly  a l l  o f  th e  P la b e l  i s  a s s o c ia te d  w ith  th e  

p r o to p la s t s .  T his i s  observed  r e g a r d le s s  o f  w hether th e  in h ib it o r s  were 

added a t th e tim e o f  in f e c t io n  or s i x  m inutes l a t e r .  Very l i t t l e  (p er

haps 10%) o f  th e  c e l l  a s s o c ia te d  la b e l  i s  s t i l l  s e n s i t i v e  to  DNAase.

The sm a ll amount o f  DNA th a t i s  l o s t  from th e  c e l l s  during p r o to p la s t  

form ation  i s  n o t due to  lea k a g e  caused by n o n -rep a ired  phage damage 

s in c e  c e l l s  which are su p e r in fe c te d  w ith  u n la b e lle d  phage a t a m u lt ip l i 

c i t y  o f  in f e c t io n  = 10 r e ta in  th e same amount o f  la b e l  as n o n -su p er-  

in f e c t e d  c e l l s .

The o b serv a tio n  th a t n e a r ly  a l l  o f  th e  in j e c t e d  DNA i s  bound to

th e  c e l l  in  a lysozym e r e s i s t a n t  s t a t e  i s  q u ite  d i f f e r e n t  than th e r e s u l t s

o b ta in ed  by M ille r  e t  a l  u s in g  tran sform in g  DNA. S in ce  b in d in g  o f  th e

DNA m ight p la y  a r o le  in  th e a c q u is i t io n  o f  DNAase r e s is t a n c e  (17) i t

was co n sid ered  ap p rop ria te  to  re-exam ine th e  f a t e  o f  t r a n s fe c t in g  DNA,

p a r t ic u la r ly  under c o n d it io n s  in  which p r e - in f e c t io n  p r o te c t io n  had been

s e t  up w ith in  th e  in f e c t e d  c e l l  (p a rt I o f  t h i s  t h e s i s ) . Competent

c e l l s  were p r e - in fe c te d  and exposed to  CM e i th e r  a t  th e  tim e o f  a d d itio n

o f  th e  p r e in fe c t in g  phage or s i x  m inutes th e r e a f t e r .  These c e l l s ,  and

32c e l l s  which had n o t been p r e in fe c te d , were exposed to  P la b e l le d  phage 

DNA a t  a co n ce n tra tio n  o f  0 .2  u g/m l. A fte r  20 m inutes the c e l l s  were 

tr e a te d  w ith  DNAase, h e ld  fo r  an a d d it io n a l  f i v e  m in u tes , and washed 

th o ro u g h ly . The c e l l s  were tr e a te d  w ith  lysozym e as b e fo r e , and th e  

amount o f  la b e l  s t i l l  a s s o c ia te d  w ith  th e  p r o to p la s ts  was d eterm ined .

As seen  in  T able 5 , p art I I  th e  amount o f  DNA rem aining w ith  th e  p ro to 

p la s t s  was n ea r ly  th e  same under a l l  c o n d it io n s  t e s t e d ,  and n ever ex

ceeded 61% o f  th e  la b e l  a s s o c ia te d  w ith  th e  c e l l s  b e fo r e  th e  removal o f  

th e  c e l l  w a l l .  Thus, u n lik e  in j e c t e d  phage DNA, a la r g e  f r a c t io n  o f  th e



32T able 5 . A s s o c ia t io n  o f  P L a b e lled  DNA w ith  Lysozyme T reated  C e lls

PART I  AFTER INFECTION WITH 32P LABELLED BACTERIOPHAGE
D is tr ib u t io n  o f JZP Label

Treatm ent o f  C e lls * DNAase Supernatant P e l l e t (p r o to p la s ts ) T o ta l
added CPM % total CPM % total CPM

NaCN (.005M) a t  0 min. no 4 ,4 6 0 10% 39,500 90% 4 3 ,9 6 0

NaCN a t 6 min. no 2 ,4 4 0 5% 4 3 ,0 0 0 95% 4 5 ,4 4 0

NaCN a t 6 min. su p er
in f e c t e d  a t  8 min. ** no 32 ,000 14% 37,3 0 0 86% 4 3 ,5 0 0

ch loram p h en ico l (CM) a t no 1 ,0 4 0 5% 2 0 ,1 0 0 95% 2 1 ,1 5 0
0 min. (100 ug/m l)

y es 4 ,7 5 0 16% 18,7 0 0 84% 2 3 ,5 0 0

CM a t 6 min. no 1 ,0 6 5 4% 2 8 ,1 0 0 96% 29,1 6 5

y es 3 ,700 14% 2 3 ,1 0 0 86% 2 6 ,8 5 0

CM a t 6 min. su per no 1 ,4 4 0 5% 2 7 ,000 95% 2 8 ,4 4 0
in f e c t e d  a t min. **

y es 5 ,1 5 0 19% 2 1 ,5 0 0 81% 2 6 ,6 5 0

* B acter iop h age  are added to  th e  c e l l s  a t  tim e = 0 min.

** C e lls  were su p e r in fe c te d  w ith  u n la b e lle d  phage a t a MOI = 1 0 -2 0 .
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T able 5 . A s s o c ia t io n  o f  P L a b e lled  DNA w ith  Lysozyme T reated  C e lls

PART I I  AFTER TRANSFECTION WITH 32P LABELLED DNA
D is tr ib u t io n  o f 34p Label

Treatm ent o f  C e lls DNAase
added

Supernatant 
CPM % total

P e l l e t
CPM

(p r o to p la s ts )
% total

T o ta l
CPM

no p r e in fe c t io n  
no CM

no 525 46% 605 54% 1 ,1 3 0

y e s 550 52% 505 48% 1 ,0 5 5

no p r e in fe c t io n  
CM added (100 u g /m l.)

no 440 40% 656 60% 1 ,0 9 6

y es 475 43% 625 57% 1 ,1 0 0

c e l l s  p r e in fe c te d  * 
w ith  u n la b e lle d

no 338 40% 496 60% 834

phage. CM a t 0 min. y es 343 40% 520 60% 863

c e l l s  p r e in fe c te d  * 
w ith  u n la b e lle d

no 370 39% 570 61% 940

phage. CM a t  6 min. y es 370 41% 537 59% 907

* C e lls  w ere p r e in fe c te d  w ith  u n la b e lle d  phage a t  tim e 0 . L a b e lled  DNA was added a t 6 min.



tr a n s f e c t in g  DNA which i s  r e s i s t a n t  to  e x te r n a l ly  added DNAase may be 

fr eed  from th e  c e l l s  by removing th e c e l l  w a l l .  The lo c a t io n  o f  t h is  

fr a c t io n  i s  n o t c le a r  -  i t  may be a s s o c ia te d  w ith  th e c e l l  w a l l  i t s e l f ,  

or i t  may be lo c a te d  in  th e  p er ip la sm ic  sp a ce . I t  i s  apparent however, 

th a t  p r e in fe c t io n  o f  th e  com petent c e l l  does n o t in c r e a s e  th e  amount 

o f  DNA bound in  a lysozym e r e s i s t a n t  s t a t e ,  nor does i t  in c r e a s e  th e  

t o t a l  amount o f  DNA taken  up by th e c e l l  in  a DNAase r e s i s t a n t  fa s h io n .

Even though th e  lysozym e treatm en t used in  th e se  experim ents  

i s  s im ila r  to  th a t  o f  M ille r  e t  a l  and i s  s u f f i c i e n t  to  g iv e  90% 

co n v ersio n  to  p r o to p la s ts  (30) th e  f r a c t io n  o f  DNA found in  a lysozym e  

r e s i s t a n t  s t a t e  i s  la r g e r  than th a t observed  by th e s e  in v e s t ig a to r s  

(a lth ou gh  n e a r ly  th e  same as th a t  observed  by E rick son  e t  a l)  (1 7 ) .  

R a is in g  th e  lysozym e c o n ce n tra tio n  to  400 ug/m l or lo w er in g  i t  to  

50 ug/m l had no e f f e c t  on th e r e s u l t s .  The reason  fo r  th e  d i f f e r e n t  

r e s u l t s  in  th e s e  experim ents i s  not known.

Marker en try  s tu d ie s

The a b i l i t y  to  in te r r u p t  DNA tr a n s fe r  in  a s te p w ise  fa sh io n  

by c h i l l i n g  and b le n d in g , and th e ab sen ce o f  a s u p e r in fe c t io n -e x c lu s io n  

phenomenon in  SP82G (7) p erm its a stu d y  o f  the tr a n s fe r  o f  v a r io u s  

markers on th e  phage genome. Temperature s e n s i t i v e  mutant phage which  

w i l l  n o t form p laq u es a t 4 7 °C but which w i l l  grow norm ally  a t 33°C 

were used  in  t h i s  s tu d y . A sam ple o f  a tem perature s e n s i t i v e  mutant 

phage was r a p id ly  adsorbed to  b a c te r ia ,  and th e  tr a n s fe r  o f  DNA from 

phage to  h o s t  was in terr u p te d  a t  in t e r v a l s  by b le n d in g . Blended  

com plexes were then  s u p e r - in fe c te d  w ith  a d i f f e r e n t  mutant phage and 

p la te d  a t 47°C. At t h i s  s e l e c t i v e  tem perature o n ly  w ild - ty p e  (WT) 

recom binants are a b le  to  form p laq u es and th e se  cou ld  o n ly  be formed
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when th e  s u p e r in fe c t in g  phage was a b le  to  "rescue" th e  n ece ssa ry  genes  

from th e  b lend ed  com plex. C le a r ly , o n ly  genes tr a n s fe r r e d  p r io r  to  the  

tim e o f  b le n d in g  can be rescu ed  from such b lended  com plexes. The tim e  

a t which a marker i s  a b le  to  be rescu ed  from a b lended  complex r e f l e c t s  

th e  tim e o f  tr a n s fe r  o f  th a t  marker from phage to  h o s t .

One such marker rescu e  experim ent i s  shown in  F igu re 19. The 

t s  mutant phage H167-H362 was r a p id ly  adsorbed to  b a c te r ia  and a t i n t e r 

v a ls  th e  m ixtu re was c h i l le d  and b lend ed  as d escr ib ed  b e fo r e . S ep arate  

sam ples o f  th e  b lend ed  com plexes were exposed  to  th re e  d i f f e r e n t  su p e r -  

in f e c t in g  phage: H177, E119, and th e  double mutant H177-E119. They

were su b seq u en tly  p la te d  a t 4 7 °C to  determ ine recom b in an ts. The number 

o f  com plexes a b le  to  g iv e  r i s e  to  recom binants a t  any tim e was ex p ressed  

as th e  per cen t o f  an unblended c o n tr o l.  A lso  shown i s  th e  appearance 

o f b len d or  r e s i s t a n t  in f e c t io u s  c e n te r s  d e te c te d  by p la t in g  th e b lended  

com plexes a lo n e , w ith o u t exposure to  s u p e r - in fe c t in g  p hage, a t  th e  p er 

m is s iv e  (33°C) tem p eratu re. T his in d ic a t e s  th e  t r a n s fe r  o f  a l l  informa-r 

t io n  n e c e ssa r y  fo r  p laque form ation .

The r e s u l t s  in d ic a t e  th a t  marker H177 i s  tr a n s fe r r e d  a t an e a r ly  

t im e , and E119 a t  a la t e r  tim e . T his p o la r i ty  o f  e n tr y  was v e r i f i e d  by 

th e  u se o f  th e  double mutant H177-E119. In t h i s  ca se  both  markers must 

be rescu ed  and th e  appearance o f  b len d o r r e s is t a n c e  c o in c id e s  w ith  th e  

en try  o f  th e  l a t e s t  marker to  be tr a n s fe r r e d  -  E119. The com plete tr a n s 

f e r  o f  a l l  in fo rm a tio n  n ece ssa ry  fo r  s u c e s s fu l  in f e c t io n  fo llo w s  s h o r t

ly  th e r e a f t e r .

Another marker re scu e  experim ent showing en try  tim e fo r  c lo s e ly  

l in k e d  markers a t  th re e  d if f e r e n t  lo c a t io n s  on th e  phage genome i s  

p resen ted  in  F igu re 20. C lo se ly  l in k e d  double m utants were used in  

t h i s  stu d y  fo r  th e  purpose o f  lo w er in g  th e  " le a k in ess"  and r e v e r s io n



Figure 19

Rescue o f  g e n e t ic  markers from b lend ed  com plexes

B a c te r ia  w ere in f e c t e d  w ith  a _ts_ mutant phage a t a MOI = 0 .1 .  

The tr a n s fe r  o f  DNA was in terr u p te d  a t  in t e r v a ls  by c h i l l i n g  and 

b le n d in g . Blended com plexes were su p e r in fe c te d  w ith  th e  tis m utants 

in d ic a te d  and p la te d  fo r  recom binants a t 47°C. B lendor r e s i s t a n t  

in f e c t io u s  c e n te r s  were assayed  by p la t in g  b lended  com plexes a lo n e  

a t  33°C.
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F igu re 20

R escue o f  markers from b lended  com plexes

B a c te r ia  were r a p id ly  in f e c t e d  w ith  a _t£ mutant phage (H362- 

H180) a t  a M01 = 0 .1  and a b lendor experim ent ca r r ied  o u t as d e scr ib ed  

in  F igu re 15 . Blended com plexes were su p e r in fe c te d  w ith  th e  ts^ m utants 

in d ic a te d  and p la te d  fo r  recom binants a t  47°C. B lendor r e s i s t a n t  

in f e c t io u s  c e n te r s  were assayed  by p la t in g  b lended  com plexes a lo n e  

a t  33°C.
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r a te  som etim es a s s o c ia te d  w ith  s in g le  m arkers. The map p o s it io n s  o f  

th e  m utants used in  t h i s  stu d y  are shown in  F igu re 21 . (31)

The r e s u l t s  o f  t h i s  experim ent in d ic a t e  a p o la r  en try  o f  

m arkers, th a t i s ,  markers on th e  l e f t  end o f  th e  map (H177-G55) e n te r  

f i r s t ,  fo llo w ed  by markers in  th e  m iddle o f  th e  map (H167-A4) and sub

se q u e n tly  th o se  on th e  r ig h t  end o f  th e  map (E 14-H 24). The same p o la r i ty  

o f  e n tr y , and th e  same tim es o f  en try  were observed  in  a l l  experim ents  

r e g a r d le s s  o f  th e  p o s it io n  o f  th e  marker c a r r ie d  by th e p r e - in f e c t in g  

phage. (Three d i f f e r e n t  p r e - in f e c t io n  phage were t e s t e d  in  v a r io u s  

exp erim en ts: H20, H362-H180, and H 27-H 326).

By p lo t t in g  th e mean tim e o f  en try  fo r  the markers t e s t e d  (th e  

tim e a t which a 50% l e v e l  o f  b len d or r e s is t a n c e  i s  a ch iev ed ) a g a in s t  

th e  map d is ta n c e  from th e  l e f t  hand o r ig in  o f  the map, th e r e la t io n s h ip  

betw een g e n e t ic  map d is ta n c e  and en try  tim e can be seen  (F ig . 2 2 ) .  The 

tr a n s fe r  o f  markers on th e  phage genome to  th e  r e c ip ie n t  b acterium  

p roceed s in  a l in e a r ,  p o la r  fa sh io n  c o n s is te n t  w ith  th e  g e n e t ic  and 

p h y s ic a l  maps o f  SP82G. Markers on th e  l e f t  end o f  th e  map e n te r  f i r s t .

The s lo p e s  and p o s it io n s  o f  th e  cu rves in  F igu re 22 in d ic a te  

th a t  both th e r a te  o f  tr a n s fe r  o f  th e  genome and th e tim e o f  i n i t i a t i o n  

o f  tr a n s fe r  are tem perature dependent. The mean tim e req u ired  fo r  the  

tr a n s fe r  o f  the phage genome can be o b ta in ed  from F igu re 22 by c a lc u l 

a t in g  th e  in t e r v a l  betw een th e  tim e o f  en try  o f  th e o r ig in  (map u n its= 0 )  

and the tim e o f  en try  o f  th e  term inus (map u n it s = 5 2 ) . The v a lu e s  ob

ta in e d  in  th is  manner are: 1 .4  m inutes a t 3 3 °C, 2 .3  m inutes a t  2 8 °C,

and 4 .0  m inutes a t  2 5 °C. An independent e s t im a te  o f  th e tim e req u ired

fo r  th e tr a n s fe r  o f  th e  genome may be c a lc u la te d  from F igure 15 . The 

32tim e a t which P tr a n s fe r  b eg in s  and th e  f i r s t  appearance o f  b lend or  

r e s i s t a n t  in f e c t io u s  c e n te r s  are c a lc u la te d  by e x tr a p o la t in g  th e  l in e a r



Figure 21

G en etic  map o f  th e  _ts m utants used in  t h i s  s tu d y . The 

known term in a l markers (NG14 and H201) are a ls o  shown. (G reen, 

p e r so n a l communication and r e f .  3 1 ) .
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Figure 22

The mean tim e o f  en try  o f  g e n e t ic  markers v ersu s  th e ir  map 

d is ta n c e  from th e  l e f t  end o f  th e  map.

O  a t  33°C 

A  a t 28°C 

0 a t 25°C
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p o r tio n s  fo r  th e curves to  th e  base l i n e .  The d if f e r e n c e  between  

th e s e  v a lu e s  (1 .7  m in utes) i s  the tim e req u ired  fo r  th e  com plete  

tr a n s fe r  o f  the genome and i s  in  good agreem ent w ith  th e  mean tim e 

o f  tr a n s fe r  c a lc u la te d  above.

The r a te s  o f  t r a n s fe r  o f  th e  phage DNA at v a r io u s  tem peratures  

may be c a lc u la te d  from th e  known le n g th  o f  th e  SP82G DNA m o lecu le .

The contour len g th  o f  SP82G DNA measured by e le c tr o n  m icroscopy i s  

5 2 .9  .p m  (D. M. Green, p erso n a l com m unication). U sing t h i s  v a lu e ,  

th e  mean r a te  o f  t r a n s fe r  i s  1 ,850  b a se  p a ir s /se c o n d  a t 33°C, 1130 

b a se  p a ir s / s e c  a t 28°C, and 650 b ase p a ir s / s e c .  a t 25°C. These 

r a te s  may be f i t t e d  to  an A rrhenius p lo t  which i s  l in e a r  in  t h i s  

range (F igu re 23) and which g iv e s  a v a lu e  fo r  th e energy o f  a c t iv a 

t io n  o f  1 8 .7 6  k ca l/m o le  o f  b a se  p a ir s  and fo r  a p r e -e x p o n e n t ia l  fa c 

to r  (A) o f  3 .3  x  10^.

The mean tim e o f  i n i t i a t i o n  o f  DNA tr a n s fe r  ( th e  in t e r c e p ts  

o f  th e  curves in  F igure 22 w ith  th e  b ase  l in e )  are a ls o  tem perature  

dependent, but do n o t g iv e  a l in e a r  A rrhenius p lo t  (F ig . 2 3 ) .  T his 

probably in d ic a te s  th a t more than one r e a c t io n  or r e a c t io n  mechanism  

i s  in v o lv e d  in  t h i s  p r o c e s s .



Figure 23

An A rrhenius p lo t  o f  th e  r a te  o f  tr a n s fe r  o f  th e  phage genome 

and th e  tim e o f  i n i t i a t i o n  o f  DNA tr a n s fe r

The lo g a r ith m  o f  th e  r a te  o f  tr a n s fe r  o f  phage DNA ( O )  anc* 

th e  tim e o f  i n i t i a t i o n  o f  DNA tr a n s fe r  < / \ l i s  p lo t te d  as a fu n c tio n  

o f  th e  in v e r s e  tem perature.
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D isc u ss io n

These exp erim en ts in d ic a te  th a t th e tr a n s fe r  o f  DNA from phage 

to  h o s t  in  SP82G in f e c t io n  p roceed s in  an o r d e r ly  fa s h io n . Those genes  

which are concerned w ith  e a r ly  phage fu n c t io n s  are tr a n s fe r r e d  f i r s t ,  

w h ile  genes concerned w ith  l a t e  fu n c tio n s  are tr a n s fe r r e d  a t a l a t e r  

tim e. The p o la r i t y  o f  en try  o f  th e  phage genome su g g e s ts  th a t  i t  i s  

advantageous to  th e  phage to  have th o se  genes which are to  fu n c t io n  

f i r s t  tr a n sfe r r e d  f i r s t .  The en try  o f  markers on i n f e c t iv e  DNA during  

t r a n s fe c t io n  (G reen, p erso n a l com m unication) e x h ib it s  th e  o p p o s ite  

p o la r i t y  to  th a t  observed  during b a cter io p h a g e  in f e c t io n .  Thus any 

advantage which phage DNA m ight have enjoyed  a s a r e s u l t  o f  i t s  mode

o f  en try  during  in j e c t io n  i s  n o t a v a i la b le  to  tr a n s fe c t in g  DNA. One

c o n s id e r a t io n  i s  th a t the gene ( s )  which en a b le  the phage to  overcome 

in t r a c e l lu la r  in a c t iv a t io n  (p a rt I o f  t h i s  t h e s i s )  are lo c a te d  in  such  

a p o s it io n  th a t  th e ir  e a r ly  tr a n s fe r  en su res th e  s u r v iv a l  o f  th e  phage 

genome. Under tr a n s fe c t io n  c o n d it io n s  th ese  gen es would be th e l a s t  

to  e n te r  the c e l l .

A rap id  en try  o f  the phage genome in to  th e  c e l l  m ight a l s o  be 

im portant in  th e s u c c e s s f u l  e s ta b lish m en t o f  an in f e c t io u s  c e n te r .  

S tra u ss  (3) h as e s t im a ted  th a t transform in g  DNA i s  taken  up by JB. su b- 

t i l i s  a t th e r a te  o f  55 b ase p a ir s / s e c .  a t 2 8 °C. By m easuring th e  

tim e a t  which markers on tr a n s fe c t in g  SP82G DNA become DNAase r e s i s t a n t  

Green (p er so n a l com munication) has c a lc u la te d  th a t en try  o f  th e  phage

DNA proceeds a t about 660 b ase p a ir s / s e c .  a t 33°C. Both o f  th e s e

measurements are co n s id e ra b ly  l e s s  than th e r a te  o f  en try  o f  in j e c t e d  

phage DNA (1130 b ase p a ir s / s e c  a t 28°C, 1850 b a se  p a ir s / s e c  a t 33°C ).
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I t  i s  apparent th a t  during  phage in f e c t io n  DNA i s  in trod u ced  in to  th e  

c e l l  much more r a p id ly  than when i t  i s  taken  up by a com petent c e l l .

Work by o th er  in v e s t ig a to r s  (1 7 , 1 8 , 19) has su g g ested  th a t  

tran sform in g  DNA which has been taken up by th e  c e l l  rem ains o u ts id e  

or bound to  th e  c e l l  membrane fo r  some tim e a f t e r  a cq u ir in g  r e s is t a n c e  

to  e x t e r n a l ly  added DNAase. S in ce  i t  i s  known th a t th ere  are n u c le a se s  

a s s o c ia te d  w ith  th e  c e l l  wall-membrane f r a c t io n s  o f  J3. s u b t i l i s  (32) 

t h i s  cou ld  be co n sid ered  an u n fa v o ra b le  environm ent fo r  in f e c t in g  DNA,

A rap id  and e a r ly  b in d in g  o f  th e  DNA in  a form r e s i s t a n t  to  th e se  

enzymes would be o f  advantage to  th e  phage. In  th e  experim ents  

rep orted  h ere  i t  was observed  th a t p r a c t ic a l ly  a l l  DNA in trod u ced  in to  

th e  c e l l  by phage in f e c t io n  i s  bound to  th e  c e l l  in  a lysozym e, DNAase 

r e s i s t a n t  form. In  c o n tr a s t ,  a s ig n i f i c a n t  p o r tio n  o f  t r a n s fe c t in g  

DNA taken up by th e  c e l l  in  a form r e s i s t a n t  to  e x t e r n a l ly  added DNAase 

can be removed by th e  a d d it io n  o f  lysozym e. I n h ib it io n  o f  p r o te in  

s y n th e s is  or energy p rod u ction  does not a f f e c t  th e  b in d in g  o f  in j e c t e d  

DNA, nor does th e  p r e in fe c t io n  o f  com petent c e l l s  a f f e c t  th e  b in d in g  

o f  t r a n s fe c t in g  DNA. The lo c a t io n  o f  the fr a c t io n  o f  t r a n s fe c t in g  DNA 

th a t  i s  lysozym e s e n s i t i v e  i s  n o t c le a r .  I t  may be th a t i t  i s  bound 

to  th e  c e l l  w a ll  i t s e l f  in  a DNAase r e s i s t a n t  form and was n ever d es

t in e d  to  e n te r  th e  c e l l .  I f  t h i s  were th e  c a s e , t r a n s f e c t in g  DNA th a t  

was s u c c e s s f u l ly  tr a n s fe r r e d  a cr o ss  th e  c e l l  w a ll might be bound to  

th e  c e l l  in  a lysozym e r e s i s t a n t  form j u s t  as e f f i c i e n t l y  as in j e c t e d  

DNA. Due to  t h i s  u n c e r ta in ty  i t  i s  n o t p o s s ib le  to  e s t im a te  th e  r e l 

a t iv e  e f f i c i e n c y  o f  b in d in g  o f  th e  DNA under th e two c o n d it io n s ,  

how ever, th e  fa c t  th a t p r e - in f e c t io n  o f  th e  com petent c e l l  does n ot  

a l t e r  th e  fr a c t io n  o f  t r a n s f e c t in g  DNA which becomes lysozym e r e s i s 

ta n t in d ic a t e s  th a t t h i s  i s  n o t th e  mechanism o f  p r e in fe c t io n  p r o te c t io n ,
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To b r i e f l y  enumerate th e  r e s u l t s  o f  th e  work d escr ib ed  h e r e ,  

th e  fo llo w in g  o b serv a tio n s  were made.

1 . During phage in f e c t io n  th e  genome o f  SP82G i s  tr a n sfe r r e d  in  a 

l in e a r ,  p o la r  fa sh io n  c o n s is te n t  w ith  th e  g e n e t ic  and p h y s ic a l  map.

The p o la r i ty  o f  en try  i s  o p p o s ite  to  th a t observed  durin g th e en try  o f  

t r a n s f e c t in g  DNA, and th e  r a te  o f  tr a n s fe r  i s  much more rap id  than in  

th a t p r o c e s s . These d if f e r e n c e s  may be o f  advantage to  th e phage in  

overcom ing p r o te c t io n  mechanisms known to  be o p era tin g  w ith in  th e  c e l l ,

2 . The r a te  o f  tr a n s fe r  o f  th e  DNA i s  tem perature dependent, and may 

be h a lte d  by c h i l l i n g .

3. M eta b o lic  in h ib it o r s  such as cyanide and ch loram phen icol have  

l i t t l e  e f f e c t  on th e  tr a n s fe r  o f  th e  genome.

4 . U n lik e t r a n s fe c t in g  DNA, n e a r ly  a l l  o f  th e  in j e c t e d  DNA i s  bound 

to  th e  c e l l  in  a lysozym e r e s i s t a n t  form. However, th e  e f f i c i e n c y  

o f  b in d in g  o f  tr a n s fe c t in g  DNA i s  not a lte r e d  in  p r e - in fe c te d  c e l l s ,  

and thus t h i s  cannot be th e  mechanism o f  p r e - in f e c t io n  p r o te c t io n ,

5 . The tim e req u ired  fo r  th e  tr a n s fe r  o f  th e  phage genome i s  th e  

same fo r  th e  in f e c t io n  o f  c e l l s  grown in  a com petence regim e as i t  i s  

fo r  lo g  growth c e l l s .
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PART I I I

THE EFFECTS OF THE DECAY OF INCORPORATED RADIOACTIVE PHOSPHOROUS 

ON THE SURVIVAL OF BACTERIOPHAGE SP82G

In tro d u c tio n

o o
The o b serv a tio n  th a t th e  decay o f  P atoms in corp orated  in to

th e  genome o f  b a c t e r ia l  v ir u s e s  le a d s  to  th e ir  in a c t iv a t io n  was f i r s t

made by Hershey et  ̂ a l  (1 ) who concluded  th a t t h i s  was probably th e  r e s u l t

32o f  damages to  th e  phage DNA. S ten t and F u erst (2) examined t h is  " P

s u ic id e "  in  b a c ter io p h a g e  T2 and found th a t o n ly  a fr a c t io n  (about 1 /1 0 )

o f  th e  ^ P  d is in t e g r a t io n s  o ccu rr in g  in  phages s to r e d  a t  4°C r e s u lte d  in

l e t h a l  e v e n ts .  T his low e f f i c i e n c y  o f  in a c t iv a t io n  (a , in  l e t h a l  h i t s /

32P decay) has proved to  be a c h a r a c t e r is t ic  o f  most b a cter io p h a g es

h av in g  genomes o f  double stran d ed  DNA ( 3 ) .  To e x p la in  t h i s  phenomenon

32S te n t  and F u erst proposed  th a t th e tran sm u tation  o f  th e P atom cou ld  

r e s u l t  in  two ty p es  o f  damages to th e  DNA h e l ix :  th o se  which break  o n ly

one str a n d , and th o se  which break both  s tr a n d s , and th a t o n ly  damages 

o f  th e  l a t t e r  typ e are l e t h a l .

The p resen ce  o f  both  k inds o f  breaks in  th e  DNA has been demon

s tr a te d  by d ir e c t  measurement o f  th e  m olecu lar w e ig h t o f  DNA e x tr a c te d  

32from phage a f t e r  P decay (4 , 5) however th e se  exp erim en ts were n ot

s u f f i c i e n t l y  q u a n t i ta t iv e  to  v e r i f y  th e  r e la t io n s h ip  between stran d

breakage and l e t h a l  e v e n ts  p r e d ic te d  by S ten t and F u e r s t . More r e c e n t ly

Tomizawa and Ogawa ( 6 , 7) have perform ed e le g a n t exp erim en ts in  w hich

32th ey  measured th e freq uency o f stra n d  breaks r e s u l t in g  from P d ecay  by  

d eterm in in g  th e change in  th e  m o lecu la r  c o n fig u r a t io n  o f  phage ? DNA. 

I n t r a c e l lu la r  phage A DNA i s  known to  form a c lo s e d  tw is te d  c ir c u la r
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s tr u c tu r e  ( s p e c ie s  I )  in  which both  p o ly n u c le o t id e  s tra n d s are unbroken.

A break in  one o f  th e  p o ly n u c le o t id e  s tra n d s le a d s  to  th e  form ation  o f  

an u n tw is te d , though s t i l l  c ir c u la r  form ( s p e c ie s  I I )  which sed im en ts  

more s lo w ly  than s p e c ie s  I in  a su cro se  g r a d ie n t . A break in  both  

s tra n d s r e s u l t s  in  a l in e a r  m o lecu le  ( s p e c ie s  I I I )  which has th e  s lo w e s t  

sed im en ta tio n  r a te  o f  a l l  th ree  form s. The a b i l i t y  to  d ir e c t ly  measure 

th e  frequency o f  s in g le  and doub le stran d  breaks le d  to  th e  c o n c lu s io n  

th a t  double stra n d  breaks can account fo r  o n ly  about 39% o f  th e  l e t h a l  

damages o ccu rr in g  in  phage s to r e d  a t 4°C, w h ile  a t -79°C , 83% o f  th e  

l e t h a l  e v e n ts  can be a t tr ib u te d  to  double stra n d  b rea k s. I t  was a ls o  

found th a t th er e  i s  a r e p a ir  mechanism o p e r a t in g  in  th e  in f e c t e d  c e l l  

th a t  r a p id ly  and e f f i c i e n t l y  r e p a ir s  s in g le  stran d  breaks in  th e  damaged 

DNA. The au th ors concluded  th a t th e  l e t h a l  e v e n ts  th a t are n ot due to  

double stra n d  breaks are due to  s in g le  stra n d  breaks th a t are not rep a ired  

in  tim e to  perm it th e  s u c c e s s f u l  r e p l ic a t io n  o f th e  genome.

S tu d ie s  o f  th e  fu n c t io n a l  s u r v iv a l  o f  c is t r o n s  on th e  phage genome

32a f t e r  P decay have le d  to  a fu r th e r  in t e r p r e ta t io n  o f  th e  n atu re o f  

l e t h a l  e v e n ts .  ( 8 ) .  N on -p erm issive  h o s t  b a c te r ia  were j o i n t l y  in f e c t e d  

w ith  e i t h e r  a n o n -r a d io a c t iv e  r l l  or amber (am) mutant o f  b a c ter io p h a g e  

T4 and a h ig h ly  la b e l le d  T4+ w ild - ty p e  phage. The in f e c t e d  com plexes 

were fro zen  and s to r e d . At in t e r v a ls  th e  a b i l i t y  o f  th e  r a d io a c t iv e  

w ild - ty p e  phage to  complement th e growth o f  th e c o n d it io n a l ly  l e t h a l  

mutant was examined by thawing th e  c e l l s  and p la t in g  them on a s e n s i t i v e ,  

p er m iss iv e  in d ic a to r  s t r a in .  Complem entation le a d in g  to  th e  production:', 

o f  progeny phage by th e  j o i n t l y  in f e c t e d  c e l l  cou ld  o n ly  occur when the  

w ild - ty p e  phage was a b le  to  perform  th e  fu n c t io n  not b e in g  perform ed by 

th e  u n la b e lle d  mutant phage. U sing th e s e  tech n iq u es  Harriman and S ten t  

( 8 ) found th a t th e  fu n c tio n  o f  s e v e r a l  d i f f e r e n t  c is t r o n s  o f  T4 i s  in 
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a c t iv a te d  a t about 1 / 2  th e  r a te  o f  in a c t iv a t io n  o f  th e  w hole phage.

32T his cou ld  be in te r p r e te d  as meaning th a t each l e t h a l  P decay r e s u l t s  

in  th e  fu n c t io n a l  in a c t iv a t io n  o f  h a l f  o f  th e  v i r a l  genome. However, 

th e  o b serv a tio n  th a t  th e  fu n c t io n a l in a c t iv a t io n  o f  a v a r ie ty  o f  double  

m utants p roceed s a t a r a te  on ly  s l i g h t l y  h ig h er  than th e  r a te  o f  in a c t 

iv a t io n  o f  s in g le  c is t r o n s  (and n ever a t  tw ice  th e r a te )  in d ic a t e s  th a t  

t h i s  i s  n ot th e  c a se . N e v e r th e le s s ,  as more and more c is t r o n s  were in 

v o lved  i t  was found th a t th e  s e n s i t i v i t y  o f  m u ltip le  c is t r o n  fu n c tio n  

d id  in c r e a s e  u n t i l ,  w ith  s i x  c is t r o n s  in v o lv e d , th e ir  j o in t  fu n c tio n  was 

in a c t iv a te d  a t about 0 .8  th e  r a te  o f  in a c t iv a t io n  o f  w hole phage. To 

e x p la in  th e se  o b se r v a t io n s  Harriman and S ten t proposed th a t th e r e  are  

two k in d s o f  damages which are l e t h a l  to  th e  phage: lon g  range h i t s

th a t r e s u l t  in  th e  fu n c t io n a l in a c t iv a t io n  o f  th e e n t ir e  genome, and 

sh o r t range h i t s  th a t in a c t iv a t e  o n ly  a p o r tio n  o f  the genome. About 

41% o f  a l l  l e t h a l  ev en ts  are o f  th e  long  range typ e and were presumed to  

be due to  double stran d  b rea k s. That i s ,  th e m acrom olecular c o n t in u ity  

o f  th e  genome i s  a n ece ssa ry  c o n d it io n  fo r  th e e x p r e ss io n  o f  any o f  i t s  

p a r ts .  The o b serv a tio n  th a t th e  fu n c tio n  o f  any g iv en  c is tr o n s  was l o s t  

a t 1 / 2  th e  r a te  o f  in a c t iv a t io n  o f  the e n t ir e  phage genome cou ld  thus be 

a ttr ib u te d  la r g e ly  to  th e  c o n tr ib u tio n  o f  long  range l e t h a l  e v e n ts  to  

phage d ea th . The remainder o f th e  l e t h a l  ev en ts  were a t tr ib u te d  to  

l e s io n s  in  th e phage DNA induced by fr e e  r a d ic a l  r e a c t io n s .

By ap p rop ria te  a n a ly s is  o f  th e  d a ta  Harriman and S ten t were a b le

to  c o n s id e r  th e  in a c t iv a t io n  o f  c is t r o n s  r e s u lt in g  s o l e ly  from h i t s  o f

th e  sh o r t  range ty p e . The fr a c t io n  o f  a l l  sh o rt range h i t s  o ccu rr in g  in

th e  genome th a t r e s u l t  in  th e  in a c t iv a t io n  o f  a g iv en  c is t r o n  corresponds

32to  th e  " c is tr o n  ta r g e t  s iz e "  fo r  sh o r t range P h i t s .  The v a lu e s  ob

ta in ed  were in  good agreem ent w ith  th e r e la t iv e  s e n s i t i v i t i e s  to  U.V.
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in a c t iv a t io n  determ ined fo r  some o f  th e  same c i s t r o n s , and were observed  

to  vary ov er  a 1 0  fo ld  range.

The fu n c t io n a l in a c t iv a t io n  o f in d iv id u a l c is t r o n s  by U.V. ir r a d 

ia t io n  was f i r s t  examined by K rieg (9) who found th a t th e  r a t io  o f  th e  

s e n s i t i v i t i e s  o f  th e  r l lA  and r l lB  c is t r o n s  o f  phage T4 agreed w e l l  w ith  

th e  r a t io  o f  th e  known g e n e t ic  le n g th s  o f  th e  c i s t r o n s .  These ob serv a 

t io n s  f i t t e d  th e " ta r g e t  theory" in  th a t each c is t r o n  a p p a ren tly  p resen ted  

a U.V. ta r g e t  in  p ro p o rtio n  to  i t s  t o t a l  le n g th . However, th e s e n s i t i v i t y  

o f  th e  c is t r o n s  r e la t i v e  to  th e  s e n s i t i v i t y  o f  th e  e n t ir e  phage was much 

h ig h er  than would be ex p ected  from th e len g th  o f  the t o t a l  genome which  

th e  c is t r o n s  o ccu p ied . To e x p la in  th e h igh  s e n s i t i v i t i e s  o f  th e  r l l  

c is t r o n s  K rieg proposed th a t th e U.V. in a c t iv a t io n  o f  some c is tr o n s  

m ight s t i l l  a llo w  th e  d u p lic a t io n  o f  th e  genome and th a t " d u p lic a t io n  

cou ld  circum vent or e r a se  th e  damage i f  th e  a c t io n  o f  th e  damaged gene 

were not req u ired  fo r  d u p lic a t io n ."  Damages to  genes which fu n c t io n  a f t e r  

d u p lic a t io n  cou ld  be r e p a ir e d , and such s u b - le th a l  damages would n ot 

c o n tr ib u te  to  th e  o v e r a ll  s e n s i t i v i t y  o f  the e n t ir e  p hage. Damages 

o ccu rr in g  in  genes whose fu n c tio n  was req u ired  fo r  d u p lic a t io n  would then  

r e s u l t  in  an ap p aren tly  d is p r o p o r t io n a te ly  h ig h er  s e n s i t i v i t y  fo r  th e se  

g en es . W hile t h i s  " c r i t i c a l  c is tr o n "  h y p o th e s is  cou ld  account fo r  the  

d isp r o p o r t io n a te  s e n s i t i v i t y  o f  e a r ly  g en es , i t  cou ld  n o t e x p la in  the

even g r e a te r  ta r g e t  s i z e s  su b seq u en tly  observed  fo r  o th e r ,  l a t e  c is t r o n s  

32
under both P and U.V. in a c t iv a t io n  c o n d it io n s  ( 8 ) .  To e x p la in  the

l a t t e r  o b se r v a t io n s  Harriman and S ten t proposed a m o d if ic a t io n  o f  K r ie g ’s

model which assumed th a t " su b -le th a l"  damages a re  g e n e r a lly  rep a ired  in

th e  in f e c t e d  c e l l ,  but th a t  once th e  genome has su s ta in e d  a l e t h a l  h i t

32as w e l l ,  r e p a ir  cannot o ccu r . In  th e  ca se  o f  P in a c t iv a t io n  o n ly  th e  

e f f e c t  o f  sh o r t  range l e t h a l  damages i s  im portant h ere ( s in c e  th e  c is t r o n
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ta r g e t  s i z e  i s  on ly  m eaningfu l in  terms o f  sh o rt range h i t s ) .  Thus, 

fo r  a c is t r o n  to  su r v iv e  fu n c t io n a lly  th e  "phage must have su s ta in e d  

n e ith e r  a lon g  range h i t ,  nor both  a s u b - le th a l  damage in  th a t c is t r o n  

and a sh o r t  range h i t ."  ( 8 ) The fa c t  th a t  l e t h a l  ev e n ts  r e s u l t in g  in  

th e  in a c t iv a t io n  o f  a c is t r o n  do n ot have to  occur w ith in  th e  co n fin e s  

o f  th a t  c is t r o n  would in c r e a s e  th e  r e la t iv e  ta r g e t  s i z e  o f  th e  c is tr o n  

and make i t  appear d is p r o p o r t io n a te ly  la r g e ,

The above experim ents d e a lt  w ith  the s u r v iv a l  o f  th e  fu n c tio n  

32o f  a c i s t r o n  a f t e r  P d ecay . I t  has a ls o  been p o s s ib le  to  examine th e  

g e n e t ic  s u r v iv a l  o f  markers by means o f  marker re scu e  or cr o ss  r e a c t iv a 

t io n  ex p er im en ts . ( 8 ) In  t h is  ca se  i t  i s  th e a b i l i t y  o f  phage to  con

t r ib u te  g e n e t ic  markers to  the progeny o f  a mixed in f e c t io n  which i s  

m easured. P erm iss iv e  b a c te r ia  j o i n t l y  in f e c t e d  w ith  a h ig h ly  r a d io a c t iv e  

w ild - ty p e  T4+ b a cter io p h a g e  and u n la b e lle d  T4 am mutant phage were fro zen  

and s to r e d . At in t e r v a ls  the a b i l i t y  o f  th e la b e l le d  phage to  c o n tr ib u te  

th e  w ild - ty p e  am+ a l l e l e  to  th e progeny was assayed  by thawing th e c e l l s  

and p la t in g  on a s t r a in  o f  b a c te r ia  (12. c o l i  B) which i s  n o n -p erm issiv e  

fo r  am m utants. I t  i s  a ls o  p o s s ib le  to  examine th e  j o in t  g e n e t ic  and 

fu n c t io n a l  s u r v iv a l  o f  c is t r o n s  by m ixed ly  in f e c t in g  non-p erm iss iv e  bac

t e r ia  w ith  the same c la s s  o f m utants and p la t in g  on a n o n -p erm issiv e  

in d ic a to r  s t r a in  as b e fo r e . Under th e s e  c o n d it io n s  th e  fu n c tio n  o f  th e  

w ild - ty p e  a l l e l e  (c o n tr ib u te d  by th e la b e l le d  phage) i s  req u ired  fo r  

th e  r e scu e  o f  th e  a l l e l e  to  take p la c e .  Using th e s e  tech n iq u es Harriman 

and S te n t measured th e g e n e t ic  s u r v iv a l  o f  v a r io u s  c is tr o n s  o f  phage T4

as w e l l  as th e ir  fu n c t io n a l  and j o in t  g e n e t ic  and fu n c t io n a l s u r v iv a l
32

and found th a t a l l  th ree  param eters showed th e same s e n s i t i v i t y  to  P 

d ecay . T his in d ic a te d  th a t  th e  same l e t h a l  ^2p d is in t e g r a t io n  th a t  

a b o lis h e s  th e fu n c tio n  o f  th e  c is t r o n  d es tr o y s  i t s  g e n e t ic  c a p a b i l i t i e s
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as w e l l .

W hile th e s e  exp erim en ts showed th a t  th e  fu n c t io n a l  and g e n e t ic
32

p o t e n t ia l  o f  a c is t r o n  have s im ila r  s e n s i t i v i t i e s  to  P d eca y , th ey  could

n o t answer th e  q u e s tio n  o f  w hether th e  g e n e t ic  s u r v iv a l  o f  a marker i s

a ls o  s u b je c t  to  th e  d i f f e r e n t i a l  e f f e c t s  o f  lon g  and sh o r t range h i t s .

( 8 ) The r e s u l t s  o f  exp erim en ts perform ed by S ta h l (10) in d ic a t e  th a t

both  ty p es o f  damages may be c r i t i c a l  to  g e n e t ic  s u r v iv a l .  By fo llo w in g

th e  g e n e t ic  p o t e n t ia l  o f  th r e e  markers on th e  b a c ter io p h a g e  T4 genome 
32

a f t e r  P decay i t  was found th a t  about one h a l f  o f  th e  l e t h a l  d i s i n 

te g r a t io n s  in a c t iv a t e  a l l  markers s im u lta n e o u s ly  (which su g g e s ts  th e  

a c t io n  o f  lo n g  range h i t s )  w h ile  in  phage th a t were s t i l l  a b le  to  con

t r ib u te  some g e n e t ic  markers th e  s u r v iv in g  markers tended to  be in a c t 

iv a te d  to g e th e r  i f  th ey  were c lo s e ly  lin k e d  (s u g g e s t in g  th e  a c t io n  o f  

sh o r t  range h i t s ) . S ten t (11) has examined th e  g e n e t ic  s u r v iv a l  o f  

markers on th e  T2 b a cter io p h a g e  genome but found th a t in  t h i s  system  

markers were in a c t iv a te d  in d ep en d en tly , in d ic a t in g  th a t  in  t h i s  ca se

sh o r t  range h i t s  were th e  predom inant cau se o f  g e n e t ic  in a c t iv a t io n .
32

The p h y s ic a l  e f f e c t s  o f  P decay on th e tr a n s fe r  o f  th e  phage

genome have been examined by Hershey nt a l  (13) and Tomizawa (14) who
32

found th a t p o p u la tio n s  o f  P in a c t iv a te d  phage showed a d ecrea sed

a b i l i t y  to  tr a n s fe r  th e ir  DNA to  th e b a c t e r ia l  p o p u la tio n  during in 

f e c t io n .  S im ila r  e f f e c t s  on th e  tr a n s fe r  o f  th e  genome in  X-ray 

in a c t iv a te d  phage were found to  be c o n s is t e n t  w ith  a " fr a c t io n a l  in 

je c t io n "  m odel. That i s ,  th e  genome o f  th e  in a c t iv a te d  phage i s  fr a g 

mented and o n ly  a fr a c t io n  i s  in j e c t e d .  (15)

The order o f  en try  o f  markers on th e  SP82G genome during phage

in f e c t io n  i s  known (1 6 , p a rt I I  o f  t h i s  t h e s i s )  and p roceed s in  a l in e a r  

p o la r  fa sh io n  c o n s is te n t  w ith  th e  g e n e t ic  and p h y s ic a l  maps, The e f f e c t s
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32o f P decay on th e  t r a n s fe r  o f  th e  genome may be examined g e n e t ic a l ly  

by d eterm in in g  i t s  e f f e c t s  on marker tr a n s fe r ,  and p h y s ic a l ly  by exam

in in g  th e  tr a n s fe r  o f  la b e l le d  DNA. The r e s u l t s  d escr ib ed  in  t h i s  rep o r t  

show th a t about 42% o f  a l l  l e t h a l  e v e n ts  r e s u l t  in  th e  n o n -tr a n s fe r  o f  

some p o r tio n  o f  th e  phage genome. At 4°C double stran d  breaks probably  

always p rev en t th e tr a n s fe r  o f  p o r t io n s  o f th e genome d i s t a l  to  th e  

break , and w h ile  they are in  th em se lv es l e t h a l ,  th ey  do n o t prevent th e  

rescu e  o f  markers on undamaged p o r tio n s  o f  the genome but ra th er  con

tr ib u te  to  damages o f  th e  " sh ort range" ty p e . A l l  markers th a t are  

tr a n s fe r r e d  a re tr a n s fe r r e d  a t th e  normal r a te .
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M a ter ia ls  and Methods 

P rep aration  o f  sam ples

The b a c t e r ia l  s t r a in ,  b a c te r io p h a g e , and growth media used have

been d escr ib ed  p r e v io u s ly  (1 7 ) .  R a d io a c tiv e  phage was prepared by 

32adding H3 PO  ̂ to  th e  b a c t e r ia l  c u ltu r e  [grown in  Nomura media (NM)

la c k in g  Nal^PCty] a lo n g  w ith  the phage inoculum . An u n la b e lle d  c o n tr o l

ly s a t e  was prepared from th e same u n la b e lle d  c u ltu r e .  R a d io a c tiv e  and
- 3

n o n -r a d io a c t iv e  c o n tr o l  s to c k s  were s to r e d  a t a 10 d i lu t io n  in  IX NM

s a l t s  (18) p lu s MgCl2 (10-  ̂ M) a t 4°C or in  IX NM p lu s  MgC^ (10  ̂ M)

p lu s  10% dim ethyl s u lfo x id e  (DMAO) a t  -20°C . Under th e se  c o n d it io n s  th e

c o n tr o l  ly s a t e s  were s ta b le  even in  th e  p resen ce  o f  an eq u al amount o f  

32
n on in corp orated  P.

T o ta l Phosphorous was determ ined by the King m o d if ic a t io n  o f  th e  

Fiske-Subbarow  tech n iq u e (1 9 , 2 0 ) .  R a d io a c t iv ity  was assayed  in  an end- 

window g a s -f lo w  d e te c to r .
32

To examine th e  e f f e c t  o f  P a f t e r  in f e c t io n ,  b a c te r ia  th a t  had 

been co n cen tra ted  to  4 x 10 c e l l s /m l  were exposed to  phage a t  a m u lt i

p l i c i t y  o f  in f e c t io n  (MOI) o f  0 .1  fo r  1 minute in  th e  p resen ce  o f  100 ug/m l 

o f  ch loram phen icol (CM). The a d so rp tio n  m ixture was d ilu te d  in to  NM con

ta in in g  CM and h e ld  fo r  8 m in u tes. T h is i s  s u f f i c i e n t  tim e to  a llo w  th e  

p e n e tr a t io n  o f  th e  e n t ir e  phage genome (1 6 ) .  An eq u a l p o r tio n  o f  i c e  co ld  

media was added and th e  in fe c te d  c e l l s  were spun f r e e  o f  unadsorbed phage
Q

(7 ,0 0 0  x g fo r  5 m in .) resuspended in  i c e  co ld  NM p lu s  DMSO (10%) to  10 

c e l l s /m l  and fro zen  a t -20°C . Under th e s e  c o n d it io n s  i n f e c t iv e  c e n te r s  

r e s u l t in g  from u n la b e lle d  phage were s t a b le  fo r  25 d ays.
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Phage a ssa y s  and marker re scu e  experim ents

Tem perature s e n s i t i v e  ( t s )  m utants o f  SP82G which w i l l  grow a t  

33°C but n o t a t 47°C were used in  t h i s  s tu d y . These m utants, and th e  

tech n iq u es fo r  th e  a ssa y  o f  p hage, in f e c t io u s  c e n te r s  and w ild - ty p e  (WT) 

recom binants have been d escr ib ed  b e fo r e  ( 2 1 , 2 2 ) .

In  marker re scu e  exp erim en ts in v o lv in g  s to r e d  phage, sam ples o f  

th e  s to c k  s o lu t io n  c o n ta in in g  tem perature s e n s i t i v e  mutant phage a t about
7 g

10 /m l were d i lu t e d  1 :10  in t o  b a c te r ia  a t 10 /m l. The m ixture was h e ld  

fo r  4 m inutes a t  33°C. Samples o f  th e  in f e c t e d  b a c te r ia  were then  ex

posed  to  a d i f f e r e n t  t s  mutant phage a t a MOI = 5 - 1 0  fo r  6 m in u tes, 

d ilu t e d ,  and p la te d  a t 4 7 °C. Under th e se  c o n d it io n s  o n ly  WT recom binants 

y ie ld  p la q u es .

In  exp erim en ts in v o lv in g  marker re scu e  in  s to r e d  in fe c t e d  bac

t e r i a ,  fro zen  sam ples were thawed a t  4 7 °C and s u p e r - in fe c te d  as d escr ib ed  

above.

In a l l  marker r e scu e  exp erim en ts th e  f r a c t io n a l  s u r v iv a l  o f  g e n e t ic  

markers was determ ined  by com parison to  r e s u l t s  o b ta in ed  w ith  an u n la b e lle d  

s to c k  p rep a ra tio n  s to r e d  under id e n t ic a l  c o n d it io n s .

B lendor experim ents

The tech n iq u es  used in  b len d or exp erim en ts have been d escr ib ed  

b e fo r e  (16) and w ere fo llo w ed  h ere  u n le ss  o th er w ise  n o ted .
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R e su lts

32E ffe c t s  o f  P decay on marker s u r v iv a l  in  fr e e  phage 

P rev io u s in v e s t ig a t io n s  (1 3 , 14) have shown th a t p o p u la tio n s  o f
32

P in a c t iv a te d  phage have a d ecreased  a b i l i t y  to  tr a n s fe r  th e ir  DNA to  

th e b a c t e r ia l  p o p u la tio n  during in f e c t io n .  Hershey ej; a l  (13) found th a t  

when b a cter io p h a g e  T2 was in a c t iv a te d  to  l e s s  than 1% s u r v iv a l ,  th e in a c t 

iv a te d  p a r t ic l e s  adsorbed n orm ally  but tr a n sfe r r e d  o n ly  20-50% o f  th e ir  

32P la b e l  to  th e  b a c te r ia  compared to  80% fo r  n o n - in a c t iv a te d  phage.

These o b se r v a t io n s  a c tu a l ly  in d ic a te  very  l i t t l e ,  how ever, about th e  

manner o f  d is t r ib u t io n  o f  DNA fragm ents in  th e  p o p u la tio n  o f  in fe c te d  

com plexes. Two p o s s i b i l i t i e s  can be en v isa g ed : ( i )  a f r a c t io n  o f  the

p a r t i c l e s  i n j e c t s  a l l  o f  i t s  DNA w h ile  th e  rem ainder i n j e c t s  none ( a l l  

or none in j e c t io n )  or ( i i )  th e  genome o f  e x t r a c e l lu la r ly  in a c t iv a te d  

phage i s  fragm ented and a fr a c t io n  o f  each genome i s  in j e c t e d  ( f r a c t io n a l  

i n j e c t i o n ) .

The tr a n s fe r  o f  markers on th e phage genome during in f e c t io n  by

b a cter io p h a g e  SP82G proceeds in  a l in e a r  p o la r  fa sh io n  c o n s is te n t  w ith

th e g e n e t ic  map (1 6 , p art I I  o f  t h is  t h e s i s ) .  Those markers on the
32

l e f t  end o f th e  map are tr a n sfe r r e d  f i r s t ,  I f  th e decay o f  a P atom

fragm ents th e genome and p rev en ts  the tr a n s fe r  o f  a p o r tio n  o f  th e genome

( f r a c t io n a l  in j e c t io n )  then one would ex p ec t th a t th o se  markers which

are tr a n s fe r r e d  l a s t  and are most d i s t a l  to  th e s t a r t in g  end o f  th e  genome

would be th e most s e n s i t i v e  to  th e  e f f e c t s  o f  th e tra n sm u ta tio n ,

32The e f f e c t  o f  th e  decay o f  in co rp o ra ted  P on th e s u r v iv a l  o f  

markers on th e  phage genome was examined by m easuring th e  a b i l i t y  o f  a
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s u p e r in fe c t in g  phage to  "rescue" a marker from in f e c t io u s  c e n te r . T his

i s  p o s s ib le  s in c e  s u p e r - in fe c t io n  e x c lu s io n  i s  not observed  in  th e  SP82G

system  (2 2 ) .  A h ig h ly  r a d io a c t iv e  ly s a t e  o f  th e  double t s  mutant H-167-A4

(s e e  F ig . 25) was prepared and s to r ed  a t 4°C. At in t e r v a ls  th e  v ia b le

t i t e r  o f  t h i s  su sp en sio n  was determ ined by p la t in g  d i lu t io n s  a t  33°C.

At th e  same tim e , b a c te r ia  w ere in f e c t e d  a t a MOI < 0 .1  w ith  t h i s  s to c k

and su b seq u en tly  s u p e r - in fe c te d  w ith  d if f e r e n t  t s  m utants. These com plexes

were p la te d  a t  4 7 °C. At t h i s  tem perature o n ly  WT recom binants w i l l  y ie ld

p laq u es and th e s e  can on ly  be formed when th e  s u p e r - in fe c t in g  phage can

32"rescue" th e n ece ssa ry  genes from th e  com plex. I f  a P decay has in a c t 

iv a te d  a n ece ssa ry  p o r tio n  o f  the phage genome, no rescu e  can tak e p la c e .

The s u r v iv a l  o f  a marker ( i t s  a b i l i t y  to  be rescu ed ) as a fu n c tio n  o f
32

th e tim e o f  s to r a g e  i s  an in d ic a t io n  o f  i t s  s e n s i t i v i t y  to  P decay .

The r e s u l t s  o f  such an experim ent are p resen ted  in  F igure 24. in

which th e lo g a r ith m  o f  the fr a c t io n  o f  su r v iv o r s  (and th e lo g a r ith m  o f

th e f r a c t io n a l  s u r v iv a l  o f  WT recom binants) i s  p lo t te d  as a fu n c tio n  o f

th e fr a c t io n  o f  ^ P  atoms decayed ( 1 - e - t̂ ) , C le a r ly , not a l l  markers

32show th e  same s e n s i t i v i t y  to  P d ecay . Those markers lo c a te d  on th e

l e f t  end o f  th e  g e n e t ic  map (F ig . 25) are l e s s  s e n s i t i v e  than th o se

lo c a te d  a t th e  r ig h t  end o f  th e  map.

In F igu re 26 th e r e s u l t s  o f  a s im ila r  experim ent in v o lv in g  th e

rescu e  o f  c lo s e ly  lin k ed  doub le m utants i s  a ls o  sh orn . The same rela-^

t io n s h ip  i s  apparent -  double m utants lo c a te d  a t  th e  l e f t  end o f  th e  map

32are l e s s  s e n s i t i v e  to  P decay than th o se  lo c a te d  a t  th e r ig h t  end o f  

th e map.

The k in e t ic s  o f  in a c t iv a t io n  o f  a p o p u la tio n  o f  r a d io a c t iv e  phage 

la b e l le d  w ith  a s p e c i f i c  a c t iv i t y  o f  Aq and each co n ta in in g  N atoms o f  

phosphorous can be d escr ib ed  as
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1Og10 S = l - 4 8 x l0 6AoaTN ( l - e “ * fc)

where S i s  th e fr a c t io n  o f  su r v iv o r s  and A th e  f r a c t io n a l  d is in t e g r a t io n

o f  ^ P  p er day ( t ) .  ( 2 ) .  A p lo t  o f  lo g ^ S  a g a in s t  ( 1 - e -  ̂ t ) w i l l  have a

s lo p e  p r o p o r tio n a l to  AQaTN. From th e s lo p e s  o f  th e  s u r v iv a l  curves o f

fr e e  phage p lo t te d  in  F igu res 24 and 2 6 , one can o b ta in  th e  e f f i c i e n c y

32o f  k i l l i n g ,  a^i, by the decay o f  an in co rp o ra ted  P atom. T his has th e
32

d im ensions o f  l e t h a l  h i t s /  P d is in t e g r a t io n .  The v a lu e  o f  N u sed ,

3 .4x10^ , was d er iv ed  from th e known m olecu lar w e ig h t o f  SP82G DNA,
£

108x10 d a lto n s  (G reen, p erso n a l com m unication). S im ila r ly ,  th e s lo p e s  

o f  th e  s u r v iv a l  curves fo r  marker rescu e  g iv e  v a lu e s  fo r  a^, th e  e f f i c i e n c y  

o f  in a c t iv a t io n  o f  th e  i 1"*1 g e n e t ic  marker ( 8 ) .

In Table 6 the r e s u l t s  o f  th ree  exp erim en ts ca r r ied  ou t a t  4 °C 

are summarized. The average e f f i c i e n c y  o f  k i l l i n g  fo r  SP82G a t 4°C i s  

0 .1 1 5 7  l e t h a l  h i t s /d i s i n t e g r a t io n .  T his i s  in  f a i r l y  good agreement 

w ith  r e s u l t s  p u b lish ed  in  the l i t e r a t u r e  fo r  o th e r  double stra n d  DNA 

b a c te r io p h a g e s . (3) The e f f i c i e n c y  o f  in a c t iv a t io n  o f  m arkers, a±, 

ranges from 0 .0 1 9 3  to  0 .0739  marker in a c t iv a t io n s /d i s in t e g r a t io n ,

In F igure 27 the data  o f  Table 6 i s  p lo t te d  in  the form o f  the

e f f i c i e n c y  o f  in a c t iv a t io n  o f  markers v ersu s  th e  map d is ta n c e  from th e

l e f t  end o f  th e map. For double m utants th e  d is ta n c e  to  th e  most d is 

t a l  marker (th e  fa r th e s t  to  th e  r ig h t)  was u sed . C le a r ly , markers 

towards th e  l e f t  end o f  the map are l e s s  s e n s i t i v e  to  r a d io a c t iv e  

decay than th o se  toward th e r ig h t  end o f  th e  map. In F igure 28 th e  

e f f i c i e n c y  o f  in a c t iv a t io n  o f  double m utants i s  p lo t te d  a g a in s t  the  

d is ta n c e  subtended by th e  double m utant. There does not seem to  be 

any c o r r e la t io n  between th e tw o. V alues o f  fo r  c lo s e ly  lin k ed  

doubles (map u n it s  < 2 .5 )  range from 0 .0 2 3  to  0 .0 6 9 . W hile th ere  may 

be a s l i g h t  skew in  favor  o f  h ig h er  s e n s i t i v i t y  fo r  l e s s  c lo s e ly  lin k ed
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F igu re 24

32
S e n s i t iv i t y  o f  g e n e t ic  markers to   P decay a t  4°C

R a d io a ctiv e  tem perature s e n s i t i v e  mutant phage ( s p e c i f i c  

a c t i v i t y  = 7 5 .6  mc/mg) s to r ed  a t  4°C w ere removed at in t e r v a ls  and 

adsorbed to  b a c te r ia .  Samples o f  th e in f e c t e d  b a c te r ia  were su per

in f e c t e d  w ith  a d i f f e r e n t  t s  mutant phage and p la te d  a t  47°C. The 

f r a c t io n a l  s u r v iv a l  o f  WT recom binants and o f  f r e e  phage ( O  ) i s  

p lo t te d  as a fu n c tio n  o f  the fr a c t io n  o f  P decayed (1 -  e ) ,  

S u p e r in fe c tin g  phage used were : f l | H 1 7 7 ,^ ^ H 2 0 , Q h 3 6 2 ,  A  H2,

#  E 119.
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F igure 25

G en etic  map o f  tem perature s e n s i t i v e  m utants 

o f  SP82G used in  t h i s  study

The known term in a l markers (NG14 and H201) are a ls o  shown 

(G reen, r e f .  21 and p e rso n a l com m unication).
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Figure 26

32S e n s i t iv i t y  o f  double markers to   P decay a t  4°C

R a d io a c tiv e  tem perature s e n s i t i v e  mutant phage ( s p e c i f i c  

a c t iv i t y  = 7 5 .6  mc/mg) s to r e d  a t 4°C were removed a t  in t e r v a ls  and 

adsorbed to  b a c te r ia .  Samples o f  th e  in f e c t e d  b a c te r ia  were su per

in f e c t e d  w ith  a d i f f e r e n t  t s  mutant phage and p la te d  a t  47°C. The

f r a c t io n a l  s u r v iv a l  o f  WT recom binants and o f  fr e e  phage ( O ) i s

32 A tp lo t te d  as a fu n c t io n  o f  th e fr a c t io n  o f  P decayed (1 -e  ) .  Super-

in f e c t in g  phage used w ere: B h177-G 55, ^ ^ H 3 6 2 -H 1 8 0 , Q H 4 2 -H 2 7 ,

#  E14-H24.



0.10 
0.17 

0.25 
0.32 

0.38 
0.44 

0.51

FRACTIONAL SURVIVAL
0

1

o



125

d o u b le s , t h i s  i s  e x p ec ted , s in c e  w id e ly  sep a ra ted  double m utants must

have th e ir  most d i s t a l  marker lo c a te d  in  a more s e n s i t i v e  map re g io n .

Note th a t th e  la r g e s t  doub le m utant, H177-H26 which spans 23 map u n it s

but which i s  lo c a te d  in  th e  l e f t  arm o f  the map, has a s e n s i t i v i t y

which ranks o n ly  f i f t h  ou t o f  f i f t e e n .  C le a r ly , th e p o s it io n  o f  th e

marker p a ir  on th e  map i s  a more s ig n i f i c a n t  param eter in  d eterm in in g  

32s e n s i t i v i t y  to  P decay than th e d is ta n c e  i t  su b ten d s.

In F igu re 2 7 , th re e  l in e a r  r e g r e s s io n  curves are drawn fo r  th e

d ata : one fo r  v a lu e s  o b ta in ed  w ith  s in g le  m u tan ts, one fo r  v a lu e s

o b ta in ed  fo r  double m utants, and a curve fo r  a l l  d a ta . I t  i s  im por-
32ta n t to  know i f  double m utants are  more s e n s i t i v e  to  P than s in g le

m utants. The d a ta  were th e r e fo r e  su b jec te d  to  s t a t i s t i c a l  a n a ly s is

to  determ ine i f  one curve cou ld  be used to  d e sc r ib e  a l l  th e  d ata  -

or i f  two curves were req u ired . (See appendix and r e fe r e n c e  2 3 ) .  The

r e s u l t s  showed th a t th e d ata  cou ld  b e s t  be d escr ib ed  by two p a r a l l e l

l i n e s  w ith  a s lo p e  o f  0 .0 0 0 8 2 , The e f f i c i e n c y  o f  in a c t iv a t io n  o f  doub le

m utants i s  s l i g h t l y  h ig h e r , h aving a Y in t e r c e p t  o f  = 0 .0 2 2 3  compared

to  0 .0 1 7 0  fo r  s in g le  m utants.

The in c rea se d  s e n s i t i v i t y  o f markers lo c a te d  a t th e  d i s t a l  end

(th e  r ig h t  end) o f  th e  map su p p orts (but does n ot prove) th e  h y p o th e s is  

32th a t P d is in t e g r a t io n s  in  th e  phage DNA lea d  to  a f r a c t io n a l  in j e c t io n  

o f  th e  genome. I f  t h i s  h y p o th e s is  i s  v a l id ,  th e  e f f i c i e n c y  o f  in a c t iv a 

t io n  o f  markers lo c a te d  a t  th e  l e a s t  s e n s i t i v e  end o f  th e  map (th e  v a lu e  

o f a-£ a t map u n it s  =■ 0 , or a0) cou ld  be in te r p r e te d  as an e s t im a te  o f  

th e  i n t r i n s i c  s e n s i t i v i t y  o f  markers r e g a r d le s s  o f  th e ir  map p o s i t io n s .  

The con cept o f  i n t r i n s i c  s e n s i t i v i t y  supposes th a t g e n e t ic  markers can

be made u n a v a ila b le  fo r  marker re scu e  by two p r o c e s s e s :  d ir e c t  in a c t -

32iv a t io n  o f  th e p a r t ic u la r  marker by a P " h it" , or th e p rev en tio n  o f  th e
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TABLE 6

The e f f i c i e n c y  o f  in a c t iv a t io n  o f  
s in g le  and double m utants a t  4°C.

Marker

S in g le s

H177

H20

H362

H2

E119

Doubles

H177-G55

H362-H180

H42-H27

E14-H24

G55-H20

H 177-H26.

H27-H24

H362-H15

H26-H27

H177-G55

H362-H180

H42-H27

E14-H24

Map d is ta n c e  D is ta n ce  subtended ot̂
from l e f t  end by double_____________

2. 2

1 4 .0  

32 .2

4 4 .0

4 7 .0

4 .3

33 .5

4 5 .5

5 0 .6

1 4 .0  

2 5 .2

5 0 .6

4 7 .0

4 5 .5

4 .3

33 .5

4 5 .5

5 0 .6

2.1

1 .3

4 .0  

1.8

9 .7  

2 3 .0

5 .1  

1 4 .8  

2 0 .3

2.1

1 .3  

4 .0

1 . 8

.0193

.0311

.0335

.0606

.0533

.0228

.0605

.0671

.0624

.0371

.0424

.0570

.0605

.0739

.0310

.0450

.0547

.0693

..1151

..1223

H177-G55

H362-H180

H42-H27

E14-H24

4 .3

33.5

4 5 .5

5 0 .6

2.1

1 .3

4 .0

1. 8

.0252

.0431

.0672

,0583

,.1067

Av. aT = . 1 1 5 7
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F igure 27

The e f f i c i e n c y  o f  in a c t iv a t io n  o f  m arkers, , v er su s  th e ir

cu m u lative map d is ta n c e  from th e  l e f t  end o f  th e  map

For double markers th e  d is ta n c e  to  th e  most d i s t a l  marker 

( th e  fa r th e s t  r ig h t )  was u sed . Three l in e a r  r e g r e s s io n  curves are  

p lo t te d  fo r  th e  data: th e upper one fo r  double markers ( A),
th e low er one fo r  s in g le  markers ( 0 ) ,  and th e  m iddle one ( ---------) fo r

a l l  d a ta .





Figure 28

The e f f i c i e n c y  o f  in a c t iv a t io n  o f  double markers v ersu s th e  

map d is ta n c e  th ey  su b ten d .
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tr a n s fe r  o f  th a t marker to  th e  c e l l  during in f e c t io n  as a r e s u l t  o f  th e  

fragm en ta tion  o f  th e  genome. Only e v e n ts  o f  th e  former typ e c o n tr ib u te  

to  th e  i n t r i n s i c  s e n s i t i v i t y  o f th e marker and th e s e n s i t i v i t i e s  o f  a l l  

markers to  th e se  ev e n ts  sh ou ld  be approxim ately  th e  same. However, th e  

s e n s i t i v i t y  o f  markers to  e v e n ts  o f  th e  second typ e would vary w ith  th e ir  

p o s i t io n  on th e genome, and would be superim posed upon th e ir  i n t r i n s i c  

s e n s i t i v i t i e s .
32I f  th e  f r a c t io n a l  in j e c t io n  model was n o t c o r r e c t ,  and P damages

in  fa c t  le d  to  an " a l l  o r  none" in j e c t io n  o f  th e  phage genome, then  th e

in c rea se d  s e n s i t i v i t y  o f  markers a t th e  r ig h t  end o f  th e  map cou ld  o n ly

be ex p la in e d  by assum ing th a t  th e s e  markers are i n t r i n s i c a l l y  more s e n -

32s i t i v e  to  th e  e f f e c t s  o f  P decay, Such a b ia s  in  th e s e n s i t i v i t y  o f  

d if f e r e n t  markers would be ob served  n o t o n ly  during  e x t r a c e l lu la r  in 

a c t iv a t io n  ( in  fr e e  phage) but a ls o  during in t r a c e l lu la r  in a c t iv a t io n

32
( in  in f e c t io u s  c e n te r s )  where P decay proceed s a f t e r  th e  tr a n s fe r  o f  

th e  genome to  th e  c e l l  i s  com p lete .

32E f fe c t  o f  P decay on marker s u r v iv a l  in  in f e c t e d  b a c te r ia

32To examine th e e f f e c t  o f  P decay a f t e r  in f e c t io n ,  b a c te r ia  

were r a p id ly  in f e c t e d  w ith  h ig h ly  r a d io a c t iv e  t s  mutant phage (H167-A4) 

or a n o n -r a d io a c t iv e  c o n tr o l and d ilu te d  in to  growth m edia. A fte r  a 

s u f f i c i e n t  len g th  o f  tim e to  a llo w  th e  p e n e tr a t io n  o f  th e  e n t ir e  phage 

genome, th e b a c te r ia  were c e n tr ifu g e d  f r e e  o f  unadsorbed phage, r e s u s 

pended and fro zen  a t -20°C . I t  i s  known th a t s h o r t ly  a f t e r  th e  o n se t

32o f  phage growth th e  s e n s i t i v i t y  o f  th e  phage to  P decay d ecr ea se s  

(2 ,  1 2 ) .  However, t h i s  s t a b i l i z a t i o n  p ro c e ss  does n o t occur in  th e  

absence o f  p r o te in  s y n th e s is  (2 4 ) .  To p reven t s t a b i l i z a t i o n ,  a l l  s te p s  

p r io r  to  fr e e z in g  were c a r r ie d  out in  th e  p resen ce  o f  ch loram phen icol



132

(100 u g /m l). At I n t e r v a ls ,  sam ples were w ithdraw n, thawed a t 47°C,

s u p e r - in fe c te d  w ith  a d if f e r e n t  t s  mutant and assayed  fo r  WT recom binants.

The e f f i c i e n c y  o f  in a c t iv a t io n  fo r  in f e c t io u s  ce n ter s  and fo r  each marker

(o r  marker p a ir )  was c a lc u la te d  as b e fo re  from th e s lo p e  o f  th e  s u r v iv a l

cu rv es. At th e same tim e experim ents s im ila r  to  th o se  d escr ib ed  in  th e

32p rev io u s s e c t io n  were used to  determ ine th e  e f f e c t  o f  P decay on th e  

marker s e n s i t i v i t y  and s u r v iv a l  o f  fr e e  phage sto red  a t  -20°C .

The r e s u l t s  are summarized in  Table 7 . The s u r v iv a l  curves fo r  

fr e e  phage and fo r  in f e c t io u s  c e n te r s  s to r ed  a t  - 2 0 ° C are shown in  

F igure 29. There i s  no d if f e r e n c e  between th e  two. The e f f i c i e n c y  o f  

in a c t iv a t io n  o f  markers under th e same c o n d it io n s  p lo t te d  as a fu n c tio n  

o f  th e ir  cu m u lative map d is ta n c e  from the l e f t  end o f  th e  map are  

shown in  F igu re 30. In fr e e  phage sto red  a t  -20°C  th e dependence o f  

marker s e n s i t i v i t y  on map p o s it io n  i s  s t i l l  apparent. However, in  

in f e c t io u s  c e n te r s  s to r e d  a t -20°C  no dependence o f  marker s e n s i t i v i t y  

on map d is ta n c e  i s  ob served . L inear r e g r e s s io n  a n a ly s is  o f  th e  d ata  

in  F igure 30 shows th a t th e Y in t e r c e p t  o f  both  curves i s  n ea r ly  id en 

t i c a l  (0 .0 0 5 4  fo r  fr e e  phage, 0 .0 0 5 1  fo r  in f e c t e d  b a c t e r ia ) .

These r e s u l t s  are c r i t i c a l  fo r  they v e r i f y  both  th e  h y p o th e s is

o f  f r a c t io n a l  in j e c t io n ,  and the concept o f  i n t r i n s i c  s e n s i t i v i t y .

32When phage are in a c t iv a te d  by th e decay o f  in co rp o ra ted  P under e x tr a 

c e l lu la r  ( f r e e  phage) c o n d it io n s  th ere  i s  an obvious dependency o f

32marker s e n s i t i v i t y  on map p o s i t io n .  However, when P decay ta k es p la c e  

a f t e r  th e  genome has been tr a n sfe r r e d  to  th e  c e l l ,  th e  s e n s i t i v i t y  o f  

a l l  m arkers, r e g a r d le s s  o f  map p o s i t io n ,  i s  approxim ately  th e  same and 

c o in c id e s  w ith  th e  i n t r i n s i c  s e n s i t i v i t y  o f  markers c a lc u la te d  as oto , 

th e  s e n s i t i v i t y  o f  markers on fr e e  phage when lo c a te d  a t  th e  most prox

im al p o s it io n  o f  th e  g e n e t ic  map.
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TABLE 7

The e f f i c i e n c y  o f  in a c t iv a t io n  o f  markers a t  -20°C  
under e x t r a c e l lu la r  and in t r a c e l lu la r  c o n d it io n s .

E x tr a c e l lu la r  c o n d it io n s

Marker Map d is ta n c e  
from l e f t  end

a .X ot„T

H177 2 .2 .0024

H20 1 4 .0 .0038

H362 32 .2 .0164

H2 4 4 .0 .0282 .0506

E119 4 7 .0 .0218

H177-G55 4 .3 .0128

H362-H180 33.5 .0216

H42-H27 4 5 .5 .0088

E14-H24 5 0 .6 .0191

I n t r a c e l lu la r c o n d it io n s

H177 2 .2 .0007

H20 1 4 .0 .0092 .0506

H362 32 .2 .0052

H2 4 4 .0 .0104

E119 4 7 .0 .0002



Figure 29

S e n s i t iv i t y  o f  f r e e  phage and in f e c t io u s  ce n ter s  

to  ~^P decay a t -20°C

The a b i l i t y  o f  h ig h ly  la b e l le d  phage ( s p e c i f i c  a c t iv i t y  = 42 

mc/mg) and o f  b a c te r ia  in f e c t e d  w ith  th e se  phage to  g iv e  r i s e  to  

in f e c t io u s  c e n te r s  a f t e r  s to r a g e  a t -2 0 °  i s  p lo t te d  as a fu n c t io n  o f  

th e  f r a c t io n  o f  ^ P  decayed (1  -  e^  *■). Free phage A , in f e c t e d  

b a c te r ia  O •
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Figure 30

The e f f i c i e n c y  o f  in a c t iv a t io n  o f  markers a t -20°C  v ersu s  th e ir  

d is ta n c e  from th e  l e f t  end o f  th e  map

The d ata  in  T able 7 i s  p lo t te d  in  th e  form o f  v er su s  th e

d is ta n c e  o f  th e  g e n e t ic  marker from th e  l e f t  end o f  th e  m a p : v a l u e s

o f  ot£ in  fr e e  phage, O v a lu e s  o f  in  in f e c t e d  b a c t e r i a ,  v a lu e s

o f  ot̂  in  fr e e  phage s to r e d  a t  4°C (from F ig . 2 7 ).
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Blendor experim ents

09
To exam ine the tr a n s fe r  o f  DNA from P in a c t iv a te d  phage, bac

t e r ia  were exposed  to  h ig h ly  la b e l le d  b a cter io p h a g e  and d ilu te d  in to  

growth media a t 3 3 °C fo r  12 m in utes. The com plexes were c h i l le d  and

b lend ed  and the b a c t e r ia l  p e l l e t s  were examined fo r  a s s o c ia te d  r a d io -

32a c t i v i t y .  When la b e l le d  b a cter io p h a g e  th a t had been in a c t iv a te d  by P

32decay to  a s u r v iv a l  l e v e l  o f  1% were used th e  amount o f P s t i l l  a s s o c i 

a ted  w ith  th e  p e l l e t  a f t e r  b len d in g  ranged from 28-53% compared w ith  78% 

fo r  n o n - in a c t iv a te d  phage. T his i s  in  e x c e l le n t  agreement w ith  th e  r e 

s u l t s  o f  Hershey e t  a l  (1 3 ) .

The tim e o f  en try  o f  markers on th e  phage genome may be examined

by h a lt in g  th e tr a n s fe r  o f  DNA, rem oving th e  u n tra n sferred  DNA by b len d 

in g ,  and a ssa y in g  fo r  th e p resen ce  o f  markers in  th e  b lended  com plexes 

(1 6 ) .  B a c te r ia  were ra p id ly  in fe c te d  w ith  a t s  mutant phage (H167-A4)

and a t in t e r v a ls  th e  com plexes were c h i l le d  and b len d ed . To a ssa y  fo r

th e  p resen ce  o f  markers th a t  are tr a n s fe r r e d  a t e a r ly  tim es (H177-G55) 

or a t l a t e  tim es (E14-H24) th e  com plexes were su p e r in fe c te d  w ith  th e  t s  

m utants in d ic a te d  and p la te d  a t  4 7 °C. WT recom binants can o n ly  be 

formed when th e  n ece ssa ry  in fo rm a tio n  has been tr a n s fe r r e d  to  th e  com

p le x  p r io r  to  th e  tim e o f  b le n d in g . T his tech n iq u e p erm its a compar

is o n  o f  th e  r a te  o f  tr a n s fe r  o f  markers on a genome which has been  

32damaged by P decay to  th e  r a te  o f  t r a n s fe r  on an undamaged genome,

Two p rep a ra tio n s  o f  donor phage (H167-A4) were used: a r a d io a c t iv e  l y 

s a t e  th a t had been  in a c t iv a te d  to the 1% l e v e l  o f  s u r v iv a l ,  and a non-  ̂

r a d io a c t iv e  c o n tr o l which had the same o r ig in a l  t i t e r ,  The r e s u l t s  are  

shown in  F igu re 31 where th e number o f  WT recom binants i s  p lo t te d  a g a in s t
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th e  tim e o f  c h i l l i n g .  The l in e a r  p o r tio n  o f  each curve i s  e x tr a p o la te d

to  in t e r s e c t  w ith  th e  y ie ld  o f  WT recom binants from a c o n tr o l th a t  was

n ev er  b len d ed . T h is i s  an in d ic a t io n  o f  th e  tim e a t which th e tr a n s fe r

o f  each marker has been com pleted in  th e  e n t ir e  p o p u la tio n . Markers

32th a t are tr a n s fe r r e d  on a P damaged genome ( in a c t iv a te d  to  1% s u r v iv a l)

a t t a in  s a tu r a t io n  l e v e l s  a t th e  same tim e as th o se  on undamaged genomes

r e g a r d le s s  o f  w hether they are tr a n s fe r r e d  a t  an e a r ly  tim e or a t a l a t e

tim e. Thus th o se  markers which are tr a n s fe r r e d  on a damaged genome are

tr a n s fe r r e d  a t  th e  same r a te  as th o se  on an undamaged genome. N ote

however th e a b so lu te  r e s c u a b i l i t v  o f  m arkers. At th e 1% s u r v iv a l  l e v e l

th e  re scu e  o f  the double mutant H177-G55 i s  33% th a t observed  in  th e

n o n -r a d io a c t iv e  c o n tr o l.  However, th e  re scu e  o f  th e  doub le mutant

E14-H24 i s  5% th a t observed  in  th e  c o n tr o l.  T his d if f e r e n c e  r e f l e c t s

th e  in c rea se d  s e n s i t i v i t y  o f  markers a t  th e r ig h t  end o f  th e  map to  

32th e  e f f e c t s  o f  P decay.



Figure 31

32E ffe c t  o f   P decay on tim e o f  tr a n s fe r  o f  g e n e t ic  markers

during  phage in f e c t io n

B a c te r ia  w ere b r i e f l y  exposed to  the t s  mutant phage H167-A4

and a t in t e r v a ls  the com plexes were c h i l l e d .  DNA which had n ot y e t  

been tr a n sfe r r e d  to  th e  h o s t bacterium  was removed by b le n d in g . The 

p resen ce  o f  markers H177-G55 and E14-H24 in  th e  b lended  com plexes 

was assayed  by s u p e r in fe c t in g  w ith  th e s e  phage and p la t in g  fo r  WT 

recom binants a t 4 7 ° . The l in e a r  p o r tio n  o f  each curve has been  

e x tr a p o la te d  to  in t e r s e c t  w ith  th e  y ie ld  o f recom binants ob ta ined  

i f  th e  com plexes were not b lended ( ) .  S o lid  f ig u r e s

( £  , ) in d ic a te  th a t th e  b lended  phage (H167-A4) was o f  a r a d io 

a c t iv e  s to c k  th a t had been in a c t iv a te d  to  1% s u r v iv a l .  Open f ig u r e s

o b ta in ed  w ith  a n o n -r a d io a c t iv e  c o n tr o l

which had th e  same o r ig in a l  t i t e r .
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D isc u ss io n

These exp erim en ts show th a t th e d is in t e g r a t io n  o f  in co rp o ra ted

32P can p revent th e  re scu e  o f  g e n e t ic  markers on th e  b a cter io p h a g e

32SP82G genome by two d if f e r e n t  p r o c e s s e s .  In th e  f i r s t  p r o c e s s ,  P 

d is in te g r a t io n s  fragm ent th e genome and p reven t th e  e f f i c i e n t  tr a n s fe r  

o f markers th a t a re  d i s t a l  to  th e  break . In th e  second p ro cess  a d ir e c t
O)

"h it"  by a P decay in a c t iv a t e s  th e g e n e t ic  p o t e n t ia l  o f  th e  marker 

even i f  i t  i s  tr a n s fe r r e d . E vents o f th e  l a t t e r  typ e (d ir e c t  h i t s )  

c o n tr ib u te  to  th e  " in t r in s ic  s e n s i t i v i t y "  o f  th e  marker and t h is  i s  

approxim ately  th e  same fo r  a l l  markers t e s t e d  r e g a r d le s s  o f  th e ir  map 

p o s i t io n s .  The i n t r i n s i c  s e n s i t i v i t y  o f  markers can thus be e stim a ted  

e ith e r  as th e e f f i c i e n c y  o f  in a c t iv a t io n  o f  markers a f t e r  th e ir  tr a n s 

fe r  to  th e  c e l l  ( in  fro zen  s to r e d  in f e c t io u s  c e n te r s )  o r ,  in  fr e e  phage 

as th e  s e n s i t i v i t y  o f  markers lo c a te d  a t  th e  o r ig in  o f  th e  g e n e t ic  map.

The i n t r i n s i c  s e n s i t i v i t y  o f  markers aQ, a t  4°C i s  0 .0 1 7 0  marker in a c t 

iv a t io n  e v e n t s /^ P  d ecay , w h ile  a t -20°C  aQ = 0 .0 0 5 4  marker in a c t iv a t io n s /  

32P decay.

S in ce  th e  f a i lu r e  to  tr a n s fe r  any n ece ssa ry  g e n e t ic  in fo rm a tio n

would r e s u l t  in  th e  in a c t iv a t io n  o f  th e  phage, i t  m ight be ex p ec ted  th a t

damages lea d in g  to  th e  n o n -tr a n s fe r  o f  a p o r tio n  o f  th e  genome could

e x e r t  a l e t h a l  e f f e c t  on ly  under e x t r a c e l lu la r  c o n d it io n s .  I f  th e se

damages were a s p e c ia l  c la s s  o f  l e t h a l  e v e n ts  th a t  cou ld  occur o n ly  in

fr e e  p hage, and w ere not in  th em se lves l e t h a l  under a l l  c o n d it io n s ,  then

32
the s e n s i t i v i t y  o f  fr e e  phage to  P decay should  be s u b s t a n t ia l ly  h ig h er

than th a t  o f  in t r a c e l lu la r  phage. An e s t im a te  o f  j u s t  how la r g e  a d i f 

fe ren ce  cou ld  be ex p ec ted  may be o b ta in ed  from F igu re 27. The most d i s t a l
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gene known (and th e  most s e n s i t i v e )  i s  lo c a te d  a t  about 52 map u n its  

from th e  l e f t  end o f  th e  map and would have an e f f i c i e n c y  o f  in a c t iv a 

t io n  o f  cu = 0 .0 6 5 . By e x tr a p o la t io n  o f  th e curve to  map u n its  = 0 , 
max

one can o b ta in  th e e f f i c i e n c y  o f  in a c t iv a t io n  o f  a marker lo c a te d  a t  

th e  l e a s t  s e n s i t i v e  end o f  th e  map. T his i s  th e i n t r i n s i c  s e n s i t i v i t y  

o f  s in g le  markers and a t 4°C has a v a lu e  o f  aQ = 0 .0 1 7 0 . The c o n tr i

b u tio n  o f  damages which lea d  to  th e  n o n -tr a n s fe r  o f  a p o r tio n  o f the  

genome to  th e t o t a l  e f f i c i e n c y  o f  k i l l i n g ,  a^, would be th e d if f e r e n c e

betw een th e se  v a lu e s ,  or - a .  = 0 .0 4 8 . The e f f i c i e n c v  o f  k i l l i n g  o f
Xmax °

fr e e  phage a t 4°C i s  aT = 0 .1 1 5 7  and thus n o n -tr a n sfe r  could  account

fo r  0 .0 4 8 /0 .1 1 5 7  or 42% o f  a l l  l e t h a l  e v e n ts .  I f  th e se  damages were

l e t h a l  in  e x t r a c e l lu la r  phage but n o t in  in t r a c e l lu la r  phage th e s e n -

32s i t i v i t y  o f  fr e e  phage to  P decay sh ou ld  be 42% h ig h er  than th a t o f  

in t r a c e l lu la r  phage. However, th e e f f i c i e n c y  o f  k i l l i n g  phage under 

in t r a c e l lu la r  c o n d it io n s  a t  - 2 0 ° C i s  no d if f e r e n t  than th a t o f  fr e e  

phage a t th e same tem perature (F igu re 2 9 ) . C le a r ly , damages which lea d  

to  n o n -tr a n s fe r  o f  th e  phage genome r e s u l t  from e v e n ts  th a t are in  

th em se lv es l e t h a l  even when in j e c t io n  proceed s n orm ally , T his i s  ex 

p e c te d , fo r  i t  i s  d i f f i c u l t  to  co n ce iv e  o f  a damage which le a d s  to  th e  

fragm en ta tion  o f  th e  genome and i s  n ot l e t h a l .  I t  i s  noted  however, 

(F ig . 31) th a t th e p o r tio n  o f th e  genome th a t  i £  tr a n sfe r r e d  i s  tr a n s 

fe rre d  a t th e  same r a te  as an undamaged genome.

S in g le  stra n d  breaks probably have l i t t l e ,  i f  any, r o le  in  

p rev en tin g  th e  tr a n s fe r  o f  g e n e t ic  m a te r ia l s in c e  Green has observed  

th a t th ere  are 1 .3  n a tu r a lly  o ccu rr in g  randomly p la ced  s in g le  strand  

breaks on th e SP82G genome (Green and H a ll ,  p erso n a l communication) 

which ap p a ren tly  have no e f f e c t  on phage v i a b i l i t y .  By d ir e c t  m easure

m ent, Tomizawa and Ogawa (7 ) have found th a t double stran d  breaks
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account fo r  about 39% o f  a l l  l e t h a l  e v e n ts  o ccu rrin g  in  b a cter io p h a g e  A 

a t 4°C. S im ila r ly  Harriman and S ten t ( 8 ) have e stim a ted  th a t  lon g  range 

l e t h a l  ev e n ts  (presum ably r e s u lt in g  from double stran d  b reak s) account 

fo r  about 41% o f  a l l  l e t h a l  ev e n ts  in  b a cter io p h a g e  T4. The s i m i l a r i t i e s  

o f  th e se  v a lu e s  and the o b serv a tio n  th a t  in  SP82G n o n -tr a n s fe r  o f  some 

p o r tio n  o f  th e  genome occu rs in  about 42% o f  a l l  l e t h a l  e v e n ts  a t 4°C 

s u g g e s ts  th a t  a t t h i s  tem perature a l l  double strand  breaks p reven t th e  

t r a n s fe r  o f  th e p o r tio n  o f  th e  genome d i s t a l  to  the break . T his con clu 

s io n  g a in s some support from th e o b serv a tio n  th a t  a t th e  1 % s u r v iv a l  

l e v e l ,  phage tr a n s fe r  o n ly  about 28-53% o f  th e ir  la b e l  to  th e  h o s t .

At t h is  l e v e l  o f  s u r v iv a l  th ere  have occurred  4 .6  l e t h a l  h it s /p h a g e  

( e _ ^ ‘ ^=0.01) and o f  th e se  l e t h a l  ev en ts  42% or 1 .9  h it s /p h a g e  should  be 

due to  double s tra n d  b rea k s. The mean m olecu lar w eigh t o f  th e  phage 

DNA a f t e r  s u s ta in in g  1 .9  double stran d  breaks i s  g iv en  by:

MWt = 2 (e~P + p -  1)
^  p2

where MW0  and MWt are th e  mean m olecu lar w e ig h ts  b e fo r e  and a f t e r  fr a g 

m en ta tio n , r e s p e c t iv e ly ,  and p=the t o t a l  number o f  h it s /m o le c u le .  (2 5 ) .  

I n s e r t io n  o f  p = 1 .9  g iv e s  a v a lu e  o f  MWt /MW0  = 0 .5 7 .  In an undamaged
90

phage p o p u la tio n , 78% o f  th e  P la b e l  i s  tr a n s fe r r e d . At th e  1% l e v e l  

o f  s u r v iv a l  th e se  c a lc u la t io n s  would p r e d ic t  th a t i f  a l l  double strand  

breaks p reven ted  th e  tr a n s fe r  o f  th e d i s t a l  p o r tio n  o f  th e  genome, on ly  

(0 .5 7 )  (78%) or 44% o f th e  la b e l  would be tr a n s fe r r e d . The a c tu a l v a lu e s  

o b serv ed , though h avin g  a wide range (28-53%) are n ot in c o n s is t e n t  w ith  

t h i s  p r e d ic t io n .

Harriman and S te n t ( 8 ) have proposed th a t  in  b a c ter io p h a g e  T4 

double stran d  break s r e s u l t  in  lo n g  range l e t h a l  ev e n ts  which cau se th e  

in a c t iv a t io n  o f  th e  g e n e t ic  p o te n t ia l  o f  th e  e n t ir e  genome. Contrary to
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th e  e x p e c ta t io n s  o f  th e  Harriman and S ten t m odel, how ever, double  

stra n d  breaks do n o t always in a c t iv a t e  th e  g e n e t ic  p o t e n t ia l  o f  the  

e n t ir e  genome o f  SP82G. I f  th ey  d id , then  no p o la r i ty  o f  marker sen 

s i t i v i t y  w ith  map p o s it io n  would be noted  -  any doub le stra n d  break  

would r e s u l t  in  th e  in a c t iv a t io n  o f  the e n t ir e  genome -  in c lu d in g  th a t  

p o r tio n  th a t was tr a n s fe r r e d . That th e m acrom olecular c o n t in u ity  o f  

th e  genome i s  n ot n ece ssa ry  fo r  marker rescu e  a ls o  fo llo w s  from the  

b len d or experim ents in  which markers are rescu ed  even a f t e r  th e  untran s

fe rre d  DNA has been removed from th e in fe c te d  com plexes bv b len d in g  

(1 6 , p art I I  o f  t h i s  t h e s i s ) .  Furtherm ore, th ere  i s  some ev id en ce  to  

in d ic a te  th a t t h i s  might a ls o  be th e  ca se  in  b a cter io p h a g e  T4, Harm 

(15) has observed  th a t even though th e  in a c t iv a t io n  o f  e x t r a c e l lu la r  

b a cter io p h a g e  T4 by X-ray ir r a d ia t io n  r e s u l t s  in  a f r a c t io n a l  in j e c t io n  

o f  th e genome, g e n e t ic  markers may be rescu ed  from b a c te r ia  in fe c te d  

w ith  th e se  p a r t i c l e s .  The o b se r v a t io n  th a t  a l l  markers are rescued  

w ith  s im ila r  e f f i c i e n c i e s  i s  due to  the f a c t  th a t T4 has a c ir c u la r ly  

permuted g e n e t ic  map, and thus th e  order o f  tr a n s fe r  o f  markers from 

a T4 p o p u la tio n  i s  random.

Although double stran d  breaks do n o t in a c t iv a t e  th e  g e n e t ic

p o te n t ia l  o f  the e n t ir e  SP82G genome, w hether the same i s  tru e  o f  th e

fu n c t io n a l p o t e n t ia l  o f th e genome i s  an unanswered q u e s t io n . T his

p o s s i b i l i t y  cou ld  be t e s t e d ,  how ever, s in c e  the fu n c tio n  o f  gene G55

i s  known and i s  r e a d ily  a ssa y ed . (26) I f  double stran d  breaks r e s u lte d

in  the fu n c t io n a l in a c t iv a t io n  o f  th e  e n t ir e  genome, then th e  s e n s i t i v i t y

32o f  fu n c tio n  o f  gene G55 to  P decay should  be s u b s t a n t ia l ly  h ig h er  than  

i t s  g e n e t ic  s e n s i t i v i t y  measured by marker re sc u e .

W hile i t  i s  p o s s ib le  th a t th e  i n t r i n s i c  s e n s i t i v i t y  o f  markers

32(th e  s e n s i t i v i t y  o f  markers to  P decay r e g a r d le s s  o f  map p o s it io n )  i s



due to  some minor fr a c t io n  o f  double s tra n d  breaks th a t  do in a c t iv a t e  

th e g e n e t ic  p o t e n t ia l  o f  th e  e n t ir e  genome, th is  does n o t seem l i k e l y ,  

s in c e  the i n t r i n s i c  s e n s i t i v i t y  o f  double mutants i s  g r e a te r  than  

th a t  o f  s in g le  m utants (F igu re  3 0 ) . I t  i s  more p rob ab le  th a t th e  in 

t r i n s i c  s e n s i t i v i t y  o f  markers r e s u l t s  from damages o f  a sh o r t  range 

typ e a f f e c t in g  o n ly  a p o r tio n  o f  th e  genome. The r e la t iv e  co n tr ib u 

t io n s  o f  s in g le  and double s tra n d  breaks to  damages to  th is  type  

cannot be determ ined from th e  d ata  a t  hand. However, the c o n tr ib u tio n

o f  s in g le  stra n d  breaks to  g e n e t ic  in a c t iv a t io n  cou ld  be determ ined

33by u se o f  another u n sta b le  is o to p e  o f  phosphorous, P. This is o to p e

32has a s im ila r  decay scheme to  P , but i t s  r e c o i l  energy i s  much l e s s  

32than th a t o f  P and i s  n o t s u f f i c i e n t  to  cause double stran d  breaks

(2 7 , 2 8 ) . A com parison o f  th e  i n t r i n s i c  s e n s i t i v i t y  o f  markers to  

32 33P and P decay should  p ro v id e  th e n ecessa ry  d a ta .

32The s e n s i t i v i t y  o f  g e n e t ic  markers to  P damages i s  about 

1 /7  to  1 /9  th a t o f  th e w hole phage (aQ/a T = 1 /7  a t  4°C, 1 /9  a t  -2 0 °C ). 

S in ce  th ere  are twenty seven  known c is t r o n s  on th e  SP82G genome (G reen, 

p erso n a l com munication) each marker must p rese n t a ta r g e t  s i z e  which  

i s  la r g e r  than i t s  a c tu a l p h y s ic a l  c o n tr ib u tio n  to  the genome. Thus 

th e e f f e c t  o f a sh o r t  range h i t  i s  not l im ite d  to  the c is t r o n  in  which  

i t  occurred  but may a f f e c t  th e  rescu e  o f  markers a t  some d is ta n c e  from 

th e  damage. To account fo r  such o b serv a tio n s  in  b a cter io p h a g e  T4 

Harriman and S te n t proposed th a t th e fu n c t io n a l in a c t iv a t io n  o f  a 

c is t r o n  occurred  when ( i )  a s u b le th a l  ( s in g le  s tr a n d  break) had 

occurred  w ith in  th e  c is t r o n  and ( i i )  a sh o r t  range l e t h a l  h i t  had 

occurred  e lsew h ere  in  the genome. Short range l e t h a l  h i t s  w ere p re

sumed to  be l e s io n s  in  the DNA caused by f r e e - r a d ic a l  r e a c t io n s ;  

th e se  damages p reven ted  th e  r e p a ir  o f th e  s in g le  stra n d  breaks p rese n t
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in  th e  c i s t r o n .  To account fo r  th e  d is p r o p o r t io n a te ly  la r g e  ta r g e t  s i z e

32o f  markers in  SP82G i t  i s  on ly  n ece ssa ry  to  assume th a t P d is in te g r a 

t io n s  do n o t produce lo c a l i z e d  damages, but have a sp rea d in g  e f f e c t  

which may a f f e c t  markers as fa r  away as 1 /1 4  to  1 /1 8  o f  th e  genome on 

e i t h e r  s id e  o f  th e  damage.

To b r i e f l y  enumerate th e  r e s u l t s  o f  th e  exp erim en ts p resen ted

h e r e , the fo llo w in g  co n c lu s io n s  have been  reached:

321. The d is in t e g r a t io n  o f  in co rp o ra ted  P can p rev en t th e re scu e  o f

g e n e t ic  markers on th e b a cter io p h a g e  SP82G genome by two d i f f e r e n t

32p r o c e s s e s .  In the f i r s t  p ro cess  P d is in t e g r a t io n s  fragm ent the

genome and p reven t th e  e f f i c i e n t  tr a n s fe r  o f  markers th a t are d i s t a l

32to  th e break . In th e second p ro cess  damages r e s u l t in g  from P decay 

p rev en t the rescu e  o f  g e n e t ic  markers even  i f  th ey  are tr a n s fe r r e d .  

Events o f th e  l a t t e r  type co n tr ib u te  to  the " in t r in s ic  s e n s i t i v i t y "  

o f  th e  marker and th is  i s  approxim ately  the same fo r  a l l  s in g le  markers 

re g a r d le s s  o f  th e ir  map p o s i t io n s .

2 . N o n -tra n sfer  o f  some p o r tio n  o f  th e  phage genome occu rs in  42% o f  

a l l  l e t h a l  ev e n ts  a t 4°C.

3. At 4°C double stra n d  breaks probably always p rev en t th e  tr a n s fe r  

o f  p o r tio n s  o f  the genome d i s t a l  to  th e b rea k , and fo r  th is  reason  are  

l e t h a l  to  the phage.

4 . Double stra n d  breaks are a ls o  l e t h a l  i f  th ey  occur a f t e r  th e  tr a n s 

f e r  o f  DNA has taken p la c e .

5 . Double stra n d  breaks do n ot p reven t th e re scu e  o f  g e n e t ic  markers 

on undamaged p o r tio n s  o f  th e  genome but ra th er  c o n tr ib u te  to  damages 

o f  a "sh ort range" n a tu re .
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Appendix

The r e g r e s s io n  curves fo r  s in g le  and double m utants are d escr ib ed

by:

Y = a^ + b^x (23)

where a^ i s  th e Y in t e r c e p t  and b^ the s lo p e  o f  th e  cu rve. For s in g le

mutants i = l  and fo r  double m utants i= 2 . I f  th e  l i n e s  are id e n t i c a l
2

they w i l l  have a common v a r ia n c e , s , and th e  r a t io  o f  t h e ir  in d iv id -  

2
u a l v a r ia n c e s , s^  w i l l  be d is t r ib u te d  as F w ith  n^-2 degrees o f  f r e e -

2 2dom. For th e  data p resen ted  in  Table 1A, s ^ / s  ̂ = 1 .2 6  which i s  accep

ta b le  a t  th e 5% co n fid en ce  l e v e l  [F Qc. (3 ,1 5 )  = 3 .29 ] .  The s lo p e s  o f• y j

the curves are g iv en  by b^= .00081 and b2=-00083. A t e s t  fo r  w hether  

the curves sh are  a common s lo p e  i s  g iven  by d iv id in g  ( b ^ ^ )  by the  

standard  d e v ia t io n  o f  C3^- ^ )  or  (b ^ -b 2 ) /0 .0 0 0 2 = -0 .0 7 5 1 . This i s  d is 

tr ib u te d  as t(n^+n2~ 4 ) or  t (1 8 )  and i s  n o t s ig n i f i c a n t  [ -1 .7 3 4  < t.^ ,.

(18) < 1 .7 3 4 ] .  Thus we a ccep t th e n u l l  h y p o th e s is  th a t the l i n e s  are  

p a r a l l e l .  The j o in t  s lo p e  i s  b = 0 .000822  and the j o i n t  v a r ia n ce  i s  

s 2= 0 .00005.

I f  th e  l in e s  are c o n c id e n t, the s t a t i s t i c  

-  b (x 1~x2 )

s [1 /n ^  + l / n 2 + (x1~x2) 2 /  2 £ i  (x ^ v -x ^ 2 ] 1 /2
1  v

w i l l  be d is t r ib u te d  as t  w ith  n^ + o r  19 d egrees o f  freedom  where

t iln . i s  th e number o f  o b serv a tio n s  in  the i  s e t  and v  i s  the number o f  
1

o b serv a tio n s  o f  Y. f o r  each x . .  E va lu ation  o f  th is  w ith  d ata  from  1 1

Table 1A g iv e s  a v a lu e  o f  - 3 .5 3  which i s  n o t a ccep ta b le  a t th e  5% l e v e l  

o f  co n fid en ce  ( t1 .7 2 9  < 95  < 1 -7 2 9 ) .  Thus the r e g r e s s io n  curves are



p a r a l l e l ,  b u t cannot be regarded  as c o in c id e n t .
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TABLE I A (l)

S t a t i s t i c a l  a n a ly s is  o f  data  p resen ted  in  T able 1*  

S in g le  mutants

X 2 .2 1 4 .0 32 .2 4 4 .0 4 7 .0 m
i 1 1 1 1 1 E

j 1 2 3 4 5 j

y i j
0 .0 1 9 3 0 .0 3 1 1 0 .0 3 3 5 0 .0 6 0 6 0 .0 5 3 3

n .
3

£y

1 1 1 1 1 5

0 .0 1 9 3 0 .0 3 1 1 0 .0 3 3 5 0 .0 6 0 6 0 .0 5 3 3 0 .1 9 7 8

E y 2 0 .0 0 4 0 .0 0 1 0 0 .0 0 1 1 0 .0 0 3 7 0 .0 0 2 8 0 .0 0 9 0

Ex 2 .2 1 4 .0 32 .2 4 4 .0 4 7 .0 1 39 .4

Ex2 4 .8 4 1 9 6 .0 1 036 .84 193 6 .0 2209.0 5382 .68

E xy

X

0 .0 4 2 5

2 7 .8 8

0 .4 3 5 4 1 .0787 2 .6664 2 .5 0 5 1 6 .7281

0 .0 3 9 6

* The fo l lo w in g  n o ta t io n s  are used:

x = d is ta n c e  o f  s in g le  markers ( i = l )  o r  fa r t h e s t  double marker 

( i= 2 )  from l e f t  end o f  map.

32y = ob served  s e n s i t i v i t y  o f  marker or marker p a ir s  to  P in a c t iv a t io n ,  

j = th e number o f  v a lu e s  o f  x fo r  which v a lu e s  o f  y w ere measured, 

n = th e t o t a l  number o f  o b se r v a t io n  in  each s e t  o f  d a ta .
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TABLE I A(2)

S t a t i s t i c a l  a n a ly s is  o f  d ata  p rese n ted  in  Table 1*

Double m utants

X 4 .3 33 .5 4 5 .5 5 0 .6 1 4 .0 2 5 .2 * 7 .0
i 2 2 2 2 2 2 2 E2

j 1 2 3 4 5 6 7 j

y i j
0 .0 0 2 8

0 .0 3 1 0

0 .0 2 5 2

0 .0605

0 .0 4 5 0

0 .0 4 3 1

0 .0 6 7 1

0 .0739

0 .0 5 4 7

0 .0672

0 .0 6 2 4

0 .0570

0 .0 6 9 3

0 .0 5 8 3

0 .0 3 7 1 0 .0 4 2 4 0 .0 6 0 5

n .
3

3 3 4 4 1 1 1 17

Zy
Ey2 

Ex 

E x2

E xy

0 .0 7 9 0

0.0021

1 2 .9

5 5 .4 7

0 .3 3 9 7

34.3529

0 .0 5 1 6

0 .1 4 8 6

0 .0 0 7 6

1 0 0 .5

3366.75

4 .9781

0 .2629

0 .0 1 7 5

1 8 2 .0

8281.0

11.9620

0 .2 4 7 0

0 .0 1 5 3

2 0 2 .4

10241 .44

12.4982

0 .0 3 7 1

0 .0 0 1 4

14.0

1 96 .0

0 .0 4 2 4  

0 .0 0 1 8  

2 5 .2  

6 3 5 .0 4

0 .5 1 9 4  1 .0685

0 .0 6 0 5  .8775  

0 .0 0 3 7  .0494  

4 7 .0  5 8 4 .0

2209 .0  24 9 8 4 .7

2 .8435
34.2094

* The fo l lo w in g  n o ta t io n s  are  used:

x = d is ta n c e  o f  s in g le  markers ( i = l )  or fa r t h e s t  double marker 

( i= 2 ) from l e f t  end o f  map.

32y  = observed  s e n s i t i v i t y  o f  marker or marker p a ir s  to  P in a c t iv a t io n ,  

j  = the number o f  v a lu e s  o f  x  fo r  which v a lu e s  o f  y w ere measured, 

n = the t o t a l  number o f  o b se r v a t io n  in  each s e t  o f  d a ta .
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