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T H E  S T R U C T U R A L  D E V E L O P M E N T  OF A B A C T E R I A L  VIRUS* 

by 

C. LEVINTHAL AND H. FISHER 
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INTRODUCTION 

During the past decade a great deal of information has been accumulated about 
the interaction of bacterial viruses and their host cells. The bacteria-phage systems have 
been studied by many different biological, chemical and physical techniques in an 
attempt to investigate the elementary processes of growth 1. However, as each new 
aspect of the problem has been investigated, it has become more apparent that  the 
virus could not be considered as an independent self-reproducing entity growing in the 
host cell. Rather the host-virus complex which is formed after the cell is attacked, acts 
as a unit to produce the new phage. There have also been, during this period, great 
improvements in the techniques available for the electron microscopic examination of 
macro-molecular structures. In particular the spray drop technique of BACKUS AND 
WILLIAMS 2 has made it possible to do the same kind of quantitative work on morpho- 
logically recognizable structures tha t  has been so successful in studies using biological 
assays. The present work was undertaken in an attempt to see what stages of the 
development of the virus-host complex can be followed quantitatively by microscopic 
examination, and to characterize as many of the precursors of the newly produced 
phage as possible. 

Since the problem was to examine the macro-molecular structures inside the bac- 
terium during the latent period, it was necessary to break open the cell and release 
its contents. We did not feel that  any of the techniques presently available for cutting 
thin sections were sufficiently free from artifact, at least in our hands, to yield reliable 
information on the spatial orientation of the particles in the cell. Therefore, we made 
no attempt to maintain this orientation and investigated several techniques for breaking 
cells. The procedure found most useful was that  reported by FRASER 3 which makes use 
of decompression shock. This technique will break open the bacterial cells at a well- 
defined time while reducing the infectivity of a stock of T-2 virus by less than 20%. 
Our procedure was to break cells at various times after infection and examine the 
released particulate material in the electron microscope. Thus only the numbers and 
kinds of particles seen are in any way significant, and the spatial orientation of these 
particles as seen on the microscope screen has in general no relationship to the orien- 
tation which existed in the unbroken cell. 

* This study was supported in part by a grant from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United States Public Health Service. 
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METHODS AND PROCEDURES 

The  bas ic  e x p e r i m e n t s  cons i s ted  of infect ing bac te r i a  wi th  v i rus  and  al lowing in t race l lu la r  
g r o w t h  to  con t inue  un t i l  s t opped  b y  chill ing or b reakage .  E lec t ron  mic rog raphs  of decompressed  
s amp le s  were m a d e  in paral le l  w i t h  biological a s s a y s  a n d  p laque  coun t s  were m a d e  af te r  each  s t age  
in t he  p r e p a r a t i o n  for microscopy.  

A.  T h e  biological  p rocedures  used  were those  descr ibed by  ADAMS 4 unless  o therwise  indicated.  
The  bac t e r i a  were E s c h e r i c h i a  coli s t r a ins  B a n d  H a n d  the i r  T2 - r e s i s t an t  m u t a n t s .  The  phage  were 
T 2 L  a n d  T 2 H  and  the i r  h a n d  r m u t a n t s .  Adso rp t ion  of t h e  v i rus  to t he  bac te r i a  was  carr ied ou t  
e i ther  in n u t r i e n t  b r o t h  or in p h o s p h a t e  buffer.  I n  bo t h  cases  t he  cells were t a k e n  f rom a rap id ly  
g rowing  b r o t h  cu l tu re  a t  a concen t r a t i on  of 0. 5 - -  I.O. IO s cells per  ml  a n d  concen t r a t ed  b y  cen- 
t r i fuga t ion  to  2- lO s cells per  ml.  For  infect ion in buffer  s, two  cen t r i fuga t ions  a n d  w a s h i n g s  were used  
to free t h e  cells of b ro th ;  t h e  cells were t h e n  ae ra ted  for 3 ° m i n u t e s  to  e x h a u s t  t he  r ema in ing  nu t r i en t .  
E lec t ron  microscopic  obse rva t ions  were m a d e  on i n t ac t  a n d  b roken  cells, e i ther  un in fec t ed  or infected,  
w i th  an  ave rage  mul t ip l i c i ty  of a b o u t  io p h a g e  per  bacter ia .  W h e r e  adso rp t ion  was  carr ied ou t  in 
buffer,  t he  g r o w t h  process  was  s t a r t ed  by  t he  add i t ion  of concen t ra t ed  b ro th  a f te r  sufficient  t ime  
h a d  e lapsed  for a b o u t  90 % of t h e  phage  to be absorbed .  W e  will des igna te  th i s  t ime  as T = o. 

B.  Mos t  e x p e r i m e n t s  were done us ing  a m i x t u r e  of two  t y p e s  of genet ica l ly  m a r k e d  phage .  
T h e  s tocks  m o s t  f r e q u e n t l y  used  were r lzh  a n d  wild 6. Th i s  p rocedure  h a d  two a d v a n t a g e s :  I. p l aques  
p roduced  b y  infec ted  bac te r i a  could be d i s t ingu i shed  b y  the i r  appea rance  f rom those  due  to free 
p h a g e ;  2. by  following r ecombi nan t s ,  t h e  p rogeny  p h a g e  could be d i s t ingu i shed  f rom t h e  input .  
Also by  i n t e r c h a n g i n g  t h e  t i me  of infect ion of each  of t h e  two  types, one can  insure  t h a t  all of t he  
infec t ing  v i rus  are  con t r i bu t i ng  genet ic  m a r k e r s  to t he  final p r o g e n y  . 

C. T h e  p rocedure  used  in b reak ing  t h e  cells was  t h e  s a m e  as t h a t  repor ted  by  FRASER 3 wi th  
on ly  mino r  modif ica t ions .  I t  cons is ted  of p u t t i n g  up  to  15 ml  of t he  bac ter ia l  su spens ion  in to  a 
p res su re  t a n k  of v o l u m e  35 ° ml.  N i t rous  oxide is t h e n  a d m i t t e d  to b r ing  t he  p ressure  to  8oo lbs /sq . in . ,  
a n d  t he  t a n k  is r o t a t e d  slowly to  insure  t h o r o u g h  mi x ing  of t h e  gas  and  l iquid.  Af te r  a b o u t  one 
m i n u t e  a t  full pressure ,  t h e  open ing  of t h e  t a n k  is po in t ed  down over  a steri le receptac le  and  t h e  
va lve  is opened  rapidly .  T he  p res su re  in t he  t a n k  t a k e s  some  t ime  to fall as  t he  open ing  is necessar i ly  
small ,  b u t  t h e  bac te r i a  pa s s  f rom a region of h i gh  p res su re  in t h e  t a n k  to a t m o s p h e r i c  p res su re  in 
a v e r y  shor t  t ime,  t h u s  p roduc ing  explos ive  decompress ion .  The  e x a c t  n a t u r e  of t he  b reakage  process  
is no t  clear, b u t  it  p robab l y  involves  a vacuol iza t ion  wh ich  r u p t u r e s  t h e  ceU m e m b r a n e .  

D. For  e lec t ron  mic roscopy  s a m p l e s  of bac te r i a  were t a k e n  f rom t h e  cul tures ,  chilled to  5 ° C 
a n d  cen t r i fuged  in a re f r igera ted  cen t r i fuge  for 3 m i n u t e s  a t  5ooo g. The  rise in t e m p e r a t u r e  dur ing  
t h e  cen t r i fuga t ion  was  less t h a n  5 ° C. T he  pel le t  of  bac te r ia  was  r e suspended  in cold a m m o n i u m  
ace t a t e  a n d  t h e  suspens ion  e i ther  wi th  or w i t h o u t  p rev ious  b r eakage  was  sp rayed  on t h e  microscope  
screen. I n  all t h e  work  r epor t ed  here,  t h e  s amples  were mixed  wi th  po ly s ty r ene  l a t ex  par t ic les  before 
be ing  sp rayed .  T h u s  t he  v o l u m e  of fluid e x a m i n e d  in each  drop was  k n o w n  f rom the  n u m b e r  of 
l a tex  par t ic les  coun ted .  Collodion screens  were used  wh ich  h a d  been  coa ted  w i th  a l ayer  of a l b u m i n  7 
to  p roduce  an  a b s o r b e n t  surface.  Th i s  p rocedure  allows microscopy  of pa r t i cu l a t e  ma te r i a l  w i th  
cons ide rab ly  h ighe r  sa l t  concen t r a t i ons  t h a n  is u sua l ly  possible.  All sc reens  were shadowed  wi th  
u r a n i u m  before examina t i on .  In  m o s t  cases,  coun t s  were m a d e  us ing  t he  bacter ia l  c o u n t i n g  c h a m b e r  
u n d e r  a phase  con t r a s t  microscope  before and  a f te r  b r eakage  to de t e rmine  t he  f ract ion of t he  
o rgan i sms  b roken  on decompress ion .  

E.  I n  t h e  la te r  s t ages  of t h e  work  a t i me  s t u d y  was  m a d e  by  decompress ing  in b r o t h  di rect ly  
f rom t h e  cul ture .  T h e  b r eakage  t ime  was  k n o w n  to wi th in  a b o u t  one m i n u t e  in these  expe r imen t s .  
Af te r  p r e l imina ry  cen t r i fuga t ion  to  e l imina te  t h e  large f r a g m e n t s  of bacter ia l  debris,  t h e  ma te r i a l  
was  cen t r i fuged  a t  2o,ooo g for I hou r  to r e m o v e  t h e  b ro th  f rom the  pa r t i cu l a t e  mater ia l .  

RESULTS 

T h e  i n t r a c e l l u l a r  g r o w t h  e x p e r i m e n t s  o f  DOERMANN s w e r e  r e p e a t e d ,  u s i n g  t h e  d e -  

c o m p r e s s i o n  s h o c k  m e t h o d  i n  o r d e r  t o  c h e c k  t h e  e f f e c t i v e n e s s  o f  b r e a k a g e .  F o r  t h e s e  

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

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

S i n c e  a p p r o x i m a t e l y  9 0 %  o f  t h e  ce l l s  a r e  b r o k e n ,  a s  m e a s u r e d  u n d e r  t h e  l i g h t  m i c r o -  

s c o p e ,  i t  c a n  b e  s e e n  t h a t  a n  i n f e c t e d  b a c t e r i u m  b r o k e n  b e f o r e  a b o u t  I 5  m i n u t e s  p r o -  

* Cells were first  in fec ted  wi th  a sma l l  n u m b e r  of r l3h and  a f te r  5 m i n u t e s  wi th  t en  wild. The  
procedure  was  t h e n  reversed  a n d  af te r  t h e  wild h a d  adso rbed  t h e  r l s h  was  added .  I n  t h e  two cases  
t h e  n u m b e r  of cells ca r ry ing  t h e  r h  m a r k e r  was  t h e  same .  

Re le rences  p .  429  . 



VOL. 9 (1952) STRUCTURAL DEVELOPMENT OF BACTERIAL VIRUS 421 

I0  s 

cJ 

&- 
10' 

q0 

duces no active phage. If  the breakage was prior to 16 minu tes  the plaques observed 
were mot t led  showing tha t  they were due to infected cells conta in ing  both  r and  r+ 
markers  which escaped breakage and  not  from virus freed by  breakage. These results 
are in agreement  with those of Doermann.  The da ta  of Fig. I and  similar results ob ta ined  
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Fig. I. Intracellular growth of phage. Cells infected with 
an average of 4 wild and 4 fish phage were grown in 
broth at a concentration of Io 3 cells/ml. The small 
circles are the plaque counts of material plated directly 
from the culture (one step growth curve). The circles 
with crosses are counts after decompression breakage. 
At T = 5 rain. 80% of the cells (using io s cells/m1) 
disappear under the light microscope and after T = 
12 min more than 95 % disappear. Before T = 2o mill 
on the unbroken and T = 15 min on the broken sample 

more than 9o % of the plaques are mottled. 

used to determine the effective t ime 
of growth of the cells tha t  are pu t  
in to  the pressure bomb after centri-  
fugation.  

The decrease in the n u m b e r  of 
mot t led  plaques observed between 
T = 5 and  T = 12 min  in the broken 
samples was due to the increased 
n u m b e r  of cells broken by  the de- 
compression. This increased fragili ty 
was also seen in the results of cell 
counts  made  under  the l ight micro- 
scope. In  fact the cells become so 
fragile late in the l a ten t  period tha t  
m a n y  of them are broken by  chill ing 
and  centr i fugat ion.  

The next  problem was to ob ta in  
sat isfactory electron micrographs of 
uninfec ted  bacter ia  broken by  this  
procedure. An extensive series of 
pictures was ob ta ined  for use as a 
control.  These pictures were exam- 
ined carefully whenever  any  new 
structures  appeared in  the infected 
cells so tha t  observer bias could be 
reduced to a min imum.  A few ex- 
amples of such controls are shown 
in Fig. 2. The ma in  characteristics 
not iced in the uninfec ted  bacter ia  
were as follows: 

I.  A large n u m b e r  of small  par- 
ticles of the order of 200 Angst roms in 
d iameter  was observed. These par t i -  
cles have been shown by  SCHACHMAN, 
PARDEE AND STANIER ~ to be a char- 
acteristic of bacter ia l  protoplasm. 

2. When  the cells were taken  directly from a bro th  culture,  centrifuged, broken 
and  the collected mater ia l  sprayed wi th in  a few minu tes  of breakage, m a n y  have the 
s t ructure  shown in Fig. 2b.  However  if they  were allowed to  s t and  before spraying,  
the exuded mater ia l  would gradual ly  disperse. These results seem to indicate  t ha t  some 
sort of gel format ion took place when the bacter ia l  protoplasm came in contact  wi th  
the sur rounding  liquid. 

Relevenees p. 429. 
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3. I f  the  uninfec ted  cells had  been t rans fe r red  to buffer and  ae ra ted  before breakage ,  
t hey  were much  more comple te ly  smashed  when sub jec ted  to decompress ion and  the  
re leased m a t e r i a l  was dispersed,  even when sp r aye d  i m m e d i a t e l y  af ter  breakage.  

4. No large organised  s t ruc tu res  except  pieces of cell membrane  were seen in the  
debr is  of the  uninfec ted  cells when the smal l  par t ic les  were sufficiently d i lu te  to p reven t  
aggraga t ion  (Fig. 2 c). 

E lec t ron  micrographs  of infec ted  bac t e r i a  were t aken  bo th  before and  af ter  b reakage  
from the  t ime  T ~ o ( that  is, before the  nu t r i en t  is added)  to t ime T = 28 minutes .  
P ic tures  t aken  before b reakage  served p r imar i l y  as a check on the effectiveness of the  
cen t r i fuga t ion  in r emoving  b r o t h  and  salts .  

The  micrographs  of the  in t race l lu la r  ma te r i a l  f rom infected cells b roken  be tween 
t ime  T ---- o and  abou t  T = 13 minu tes  showed no evidence of any  s t ruc tu res  which 
were not  also seen in the  uninfec ted  controls  (Fig. 3 b, c). These nega t ive  resul ts  i m p l y  
t h a t  the  infect ing viruses  which do not  r eappea r  as b iological ly  ac t ive  uni ts  when the  
cell is broken,  do not  exis t  in the  phys ica l  form of comple te  v i rus  part ic les .  In  order  
to check this  po in t  more precisely the  drop  count ing  technique  was used to examine  
a volume of 5" IO-S ml. W i t h  2" lO s bac t e r i a  per  ml and  IO infect ing vi rus  par t ic les  
per  cell, the re  were on the  average  IOO virus  par t ic les  or the i r  pa r t s  in the  vo lume 
examined.  No in t ac t  v i rus  par t ic les  were seen, and,  in fact ,  no s t ruc tures  of d i ame te r  
larger  t han  abou t  400 A were seen in the  re leased debr is  except  those which also appea red  
in controls  and  looked l ike smal l  f r agments  of cell membrane .  However ,  in these count ing 
expe r imen t s  we d i scarded  the  bu lk  of the  bac te r i a l  membranes ,  so t h a t  only  s t ruc tures  
in te rna l  to the  cell were examined .  Fol lowing the  d iscovery  b y  HERSHEY TM t h a t  the  
phage  p ro te in  separa tes  f rom the  nucleic acid  upon  infect ion we inves t iga ted  the  mem- 
branes  more  careful ly.  Near  T = o some s t ruc tures  which look l ike def la ted  phage  heads  
were seen a t t a c h e d  to the  membranes .  A t  l a te r  t imes  the  number  of these def la ted h e a d s  
decreased.  However  q u a n t i t a t i v e  work  on this  po in t  is not  possible wi thou t  using ve ry  
different  techniques .  

F r o m  T = I I  minu tes  un t i l  the  end of the  no rma l  l a t en t  per iod  (T = 21 minutes) ,  
visible changes occur ve ry  r ap id ly  in the  macro-molecu la r  s t ruc tu re  of the  cell debris .  
The  first s ign of the  new vi rus  was seen a t  be tween I I  and  13 minu tes  wi th  the  ap-  
pea rance  of a few " d o u g h n u t "  par t ic les .  The  t e rm " d o u g h n u t "  has been used to des ignate  
the  s t ruc tures  shown in Fig.  4 a, b, and  c. They  seem to be fibrous in na tu re  and  when 
d r i ed  on the  microscope screen t hey  wind  up  so t ha t  t hey  of ten look more  or less circular .  
The i r  ac tua l  appea rance  in the  microscope is var ied,  bu t  all of the  pa t t e rn s  observed  
seem to  be the  resul t  of the  same par t ic le  d ry ing  down on the  screen in different  w a y s L  
The  basic  fibre has  a l ength  of abou t  4000 A and  a th ickness  of abou t  15o A. F r o m  the  
t ime  the  first " d o u g h n u t s "  are found, to the  first appea rance  of t a i led  phage  par t ic les  
a p p r o x i m a t e l y  3 minu tes  elapse. A t  15 minu tes  when the  first phage  are recognized we 
also see ta i led  par t ic les  wi th  the  same outs ide  dimensions  as phages,  b u t  wi th  t r a n s p a r e n t  
f la t tened  heads.  I t  is in these  col lapsed heads  t h a t  one can iden t i fy  the  doughnuts  as 
p roduc ing  the complex  s t ruc ture  which was descr ibed  in the  heads of this  phage  b y  

* N o t e  added i n  proof .  We have recently been informed by Dr T. F. ANDERSON that when he 
examines these particles with the critical point drying method, to eliminate drying artifacts, he 
obtains a very different view of their morphology. They appear to be the empty membranes of 
phage heads, similar in outline but with somewhat thicker walls than the heads of osmotically 
shocked ghosts. This result does not, however, alter any of the conclusions of this paper which are 
based entirely on particle counts. 
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Fig. 2 

a. Unbroken,  un infec ted  bacter ia .  The whi te  spheres  are po lys ty rene  l a t ex  ind ica to r  par t ic les  (P.S.L.). 
Mag. t r ,ooo x 

b. Broken,  un infec ted  b a c t e r i u m  sp rayed  i m m e d i a t e l y  a f te r  decompression.  Mag. ~3,ooo × 
c. Broken,  un infec ted  bac te r i a  shows pieces of cell m e m b r a n e  and smal l  pa r t i cu l a t e s  from pro top lasm.  

Mag. i7 ,ooo  x 
d. A selected p ic tu re  from uninfec ted  debr is  a f t e r  h igh  speed cen t r i fuga t ion .  I t  was selected to show 

the  only m a t e r i a l  in cont ro ls  which  is of the  same size as the  doughnuts .  There  was no evidence 
of s t r uc tu r e  in any  of these  m e m b r a n e  pieces. Mag. 21,ooo × 

27 
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Fig.  3 
a. Before b reakage  T ~ 6 min  selected to  show a t t a c h e d  phage  head.  Mag. 20,000 × 
b. After  decompress ion  b reakage  T ~ 6 min  sp rayed  immed ia t e ly .  Mag. i t , o o o  × 
c. Af ter  decompress ion  T = 9 min  s p r a ye d  immed ia t e ly .  Mag, i~,ooo × 
d. After  decompress ion T = 12 min  sp rayed  immed ia t e ly .  This  p i c tu re  selected to  show a few 

doughnuts .  Mag. I8,OOO × 
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Fig. 4 
a. D o u g h n u t s  in b r o k e n  b a c t e r i u m  sprayed  i n l m e d i a t e l y  T = 2~ nun.  Mag. I8 ,ooo  × 
b. D o u g h n u t s  in severa l  shapes .  Mag.  2o ,ooo  x 
c. The  three  forms no ted:  i .  " d o u g h n u t " ;  2. d o u g h n u t  w i t h  tail;  3- full phage .  Mag. 32 ,000  x 
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F ig .  6 

a .  A s m a l l  ( ~  i o  9 ml)  c o m p l e t e  d r o p l e t  f r o m  t h e  T = 15 r a i n  s a m p l e  of F ig .  5. M a g .  8 , 0 0 0  X 
b.  a n d  c. P o r t i o n s  of d r o p l e t s  a t  T - -  21 ra in .  M a g .  2 4 , 0 0 0  X 
d.  P o r t i o n  of t h e  c e n t e r  of  a l a r g e  d r o p l e t  of  t h e  T = 25 r a i n  s a m p l e .  M a g .  1 8 , o o o  × 

Al l  p r e p a r e d  a s  i n d i c a t e d  in  t h e  l e g e n d  of  F ig .  5. 
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LURIA, DELBRUCK AND ANDERSON 11. Finally, at the end of the latent period, when the 
full phage are present (Fig. 6 d), we see particles with heads that  do not collapse under 
drying and which are much more opaque to the electron beam. 

Thus, in the last 7 minutes of the latent period, there are 3 kinds of particles which 
are recognizable and which are not found in any of the control samples : the doughnuts, 
then the tailed particles with flattened heads showing the doughnuts inside, and finally 
the phage particles themselves with opaque heads. The absolute number of phage 
particles per infective bacterium increases continuously from their first appearance at 
15 minutes until the end of the latent period. The number of doughnuts, on the other 

i 

/ 

3 6 ~ 12 15 18 2? 25 
Time (mln) 

Fig. 5- Growth curve of Doughnuts  and phage as de- 
termined by  electron microscope count. Counts  were 
made on samples broken directly from the growth  tube 
which contained bacteria infected wi th  the average of 
three phage. Each  sample was centrifuged at low speed 
to remove the bacterial  debris and pelleted at  2o,ooo g 
for one hour.  P represents  the  num ber  of particles 
counted per  polystyrene latex which was  at  a concen- 
t ra t ion of 3" 109 particles/ml. P = I means about  15 
particles per  bacter ium and the infection was with three 
virus per  bacterium. The flags are the  s tandard  error 

due to sampling only. 

hand, reaches a maximum at about 
2I minutes and then levels off as 
though they were transformed into 
intact phage (see Fig. 5). 

CONCLUSIONS 

The absence of recognizable 
virus particles during the first half 
of the latent period shows that  the 
eclipse phenomenon* is not due to 
any slight changes in the virus which 
makes it non-infective. Rather  the 
disappearance of the virus infectivity 
is accompanied by a complete break- 
down of the structural form. The 
initial breakdown of the input phage 
must be a very rapid process, since 
it occurs even in buffer when the ab- 
sorption is made on bacteria which 
have been aerated in buffer for 30 
minutes. I t  seems likely that  the 
breakdown takes place at the stage 
of irreversible absorption which ac- 
cording to GAREN AND PUCK 18 is 

very shortly after the first contact 
of the virus with the host. However, 
the initial breakdown in buffer is 
being further investigated. 

From the work of LURIA AND 
LATARJET 14 a n d  of  ]~ENZER 15 o n  t h e  

radiation sensitivity of the infective 
centers it seems clear that  growth 
of virus specific material is taking 
place during the eclipse period. The 
fact that  we are unable to follow this 

* The t e rm eclipse phenomenon  has been used to indicate the complete disappearance of the 
infecting phage  12. 
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g r o w t h  is p r o b a b l y  d u e  to  t h e  l a rge  n u m b e r  of s m a l l  p a r t i c l e s  w h i c h  ex i s t  i n  t h e  n o r m a l  

u n i n f e c t e d  b a c t e r i a  a n d  in  a p r a c t i c a l  s ense  l i m i t  t h e  r e s o l u t i o n  of e l e c t r o n  m i c r o s c o p y  

of b a c t e r i a l  e x t r a c t  to  d i s t a n c e s  of 200 to  300 A. T h u s ,  a n y  s t r u c t u r a l  c h a n g e s  w h i c h  

a c c o m p a n y  t h e  a c t u a l  m o l e c u l a r  g r o w t h  p r oce s s  c a n n o t  b e  seen ,  a t  l e a s t  w i t h  a t e c h n i q u e  

w h i c h  does  n o t  p r e s e r v e  t h e  s p a t i a l  o r i e n t a t i o n  in  t h e  cells. 

T h e  " d o u g h n u t "  p r e c u r s o r s  of t h e  p h a g e  h a v e  b e e n  n o t e d  b y  s e v e r a l  o t h e r  o b s e r v e r s  
a n d  p a r t i c u l a r l y  b y  WYcKOFF 16, HERCIK 17, a n d  EPSTEIN TM i n  l y sed  c u l t u r e s .  H o w e v e r  

t h e  f a c t  t h a t  t h e  n u m b e r  of d o u g h n u t s  i n c r e a s e s  b e f o r e  t h e  f i rs t  p h a g e  i n c r e a s e  i n d i c a t e s  

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

f o r m e d  v i r u s .  Also,  t h e  k n o w l e d g e  of t i m e  of f o r m a t i o n  of t h e s e  p r e c u r s o r s  m a k e s  

poss ib l e  t h e i r  p u r i f i c a t i o n  a n d  t h e i r  use  in  d e t e r m i n i n g  t h e  p o i n t  a t  w h i c h  v a r i o u s  

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

DEMARS, LURIA a n d  o u r s e l v e s  i n  a s t u d y  of t h e  s t a g e  a t  w h i c h  p r o f l a v i n e  s t o p s  v i r u s  

p r o d u c t i o n .  F r o m  t h e  v e r y  r a p i d  i n c r e a s e  in  t h e  n u m b e r  of d o u g h n u t s  so l a t e  in  t h e  

l a t e n t  pe r i od ,  i t  s e e m s  r e a s o n a b l e  t o  a s s u m e  t h a t  w h a t  we a re  o b s e r v i n g  is t h e  f inal  

s y n t h e s i s  of t h e  a l r e a d y  f o r m e d  v i r u s  m a t e r i a l  a n d  n o t  t h e  o r i g i n a l  f o r m a t i o n  of v i r u s  

spec i f ic  m o l e c u l e s .  

ACKNOWLEDGEMENTS 

W e  w i s h  t o  t h a n k  D r  M. BAYLOR, D r  A.  D.  HERSHEY a n d  D r  S. E .  LURIA for  

s u g g e s t i n g  i m p r o v e m e n t s  o n  a n  e a r l y  d r a f t  of  t h i s  p a p e r ,  b u t  e v e n  m o r e  for  a g r e a t  

d e a l  of  h e l p  a n d  a d v i c e  o n  g e n e r a l  p r o b l e m s  of p h a g e  t e c h n i q u e .  

SUMMARY 

Bacteriophage precursors have been studied by  breaking open infected bacterial  cells and 
examining the intracellular material  under  the electron microscope. Bacterial  breakage was accom- 
plished by  means of explosive decompression, a technique which will break bo th  infected and un- 
infected bacteria bu t  will not  affect free virus particles. All electron microscopy was done using 
the  spray drop method for counting the  number  of each type of particle found. 

Studies were made a t  uninfected bacteria in order to establish controls. Several of the structures 
previously reported as virus precursors were found in these controls. Samples of infected cultures 
were broken at  frequent intervals during the la tent  period and the material  l iberated was examined 
under the microscope. During the first half of the la tent  period no structures could be seen which 
were not  also seen in uninfected controls. About  three minutes before the first appearance of intra- 
cellular phage a particle was seen which is roughly the size of a phage head and which, when dried 
on the  microscope screen looks like a twisted fiber. These particles, which have been called "dough- 
nu t s"  increase in number,  initially at  the same rate as the complete phage particles. However, before 
the end of the normal la tent  period their  number  reaches a maximum at  about  35 per bacter ium 
and then  decreases as the "doughnuts"  are converted into complete phage. When the "doughnuts"  
and phage are at  about  equal number  intermediate particles are seen which appear to be "doughnuts"  
with  a phage tail at tached. 

Rt~SUMI~ 

Afin d '6tudier les pr6curseurs du bacteriophage nous avons bris~ des cellules bact~riennes 
infect6es et  nous en avons examind le contenu au microscope ~lectronique. Pour briser les cellules 
nous les avons soumises ~ une d6compression explosive, technique par  laquelle les cellules bact~riennes 
infect6es et  non infect6es sont rompues, tandis  que les particules de virus libres ne sont pus attaqu6es. 
Pour compter le hombre de cheque type  de particules la m6thode dire "spray drop" a 6t6 employ6e. 

A t i tre de comparaison, des bact~ries non-infectdes ont  ~galement 6t6 ~tudi6es. Nous y avons 
trouv6 plusieurs structures pr~alablement considdrdes comme pr6curseurs du bact6riophage. Des 
prises de cultures infectdes ont  6t~ trait6es fr6quemment pendan t  la p6riode latente et la mati~re 
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lib6r6e a 6t6 examin6e  au microscope.  P e n d a n t  la premiere  moit i6 de la p~riode la ten te  nous  n ' a v o n s  
pu  observer  a u c u n e  s t r uc t u r e  qui  ne  ffit pas  prdsente  6ga lemen t  dans  les cu l tures  non- infect6es  de 
contr61e. E n v i r o n  t rois  m i n u t e s  a v a n t  la p remiere  appa r i t i on  de phage  int racel lula i re  une  par t icu le  
a 6t~ observ6e qui  ava i t  env i ron  la taille d ' u n e  t6te  de phage  et  qui, s6ch6 sur  l '6cran du microscope,  
ava i t  l ' a spec t  d ' u n e  fibre tordue.  Ces par t icules ,  que  l 'on  a appel6es " d o u g h n u t s "  a u g m e n t e n t  en 
nombre ,  d ' abo rd  ~t la m d m e  vi tesse  que  les par t icu les  de phage  comple tes ;  cependan t ,  a v a n t  la fin 
de la p6riode la ten te  normale  leur n o m b r e  a t t e i n t  un  m a x i m u m  ~ env i ron  35 pa r  bact6rie,  pu is  il 
d6croit  t and i s  que  les " d o u g h n u t s "  son t  t r ans fo rm6s  en phages  comple ts .  Lo r sque  les " d o u g h n u t s "  
et  phages  son t  env i ron  en n o m b r e  6gal, l 'on apergoi t  des par t icu les  in te rm6dia i res  qui  on t  Fair  de 
" d o u g h n u t s "  p o r t a n t  une  queue  de phage .  

Z U S A M M E N F A S S U N G  

Vorl~ufer  der  B a k t e r i o p h a g e n  wurden  u n t e r s u c h t ,  i n d e m  infizierte Bakter ienze l len  au fgebrochen  
u n d  ihr  I n h a l t  e l ek t ronenmikroskop i sch  gepri i f t  wurde.  Die Bakter ienze l len  w u r d e n  durch  eine 
explos ionsar t ige  Dekompres s ion  aufgebrochen ,  eine Arbe i t s t echn ik  bei welcher  sowohl  infizierte wie 
n i ch t  infizierte Bak te r i en  n i ch t  aber  freie Virus te i lchen  angegri f fen werden.  U m  die Anzah l  jeder  
Ar t  von  Tei lchen fes tzus te l len  bed ien ten  wir  u n s  der  s o g e n a n n t e n  " S p r a y  d rop" -Methode .  

Zu Vergle ichszwecken w u r d e n  auch  nicht- inf izier te  Bak te r i en  u n t e r s u c h t .  Mehrere  S t ruk tu r en ,  
die frfiher als Virus-Vor lgufer  beschr ieben  worden  waren,  w u r d e n  in diesen Vergle ichsansAtzen ge- 
funden .  P roben  von  infizierten Bak te r i en  w u r d e n  w~hrend  der l a t en t en  Periode in ku rzen  Abs t~nden  
aufgesch lossen  u n d  das  f r e igemach te  Mater ia l  wurde  u n t e r  d e m  Mikroskop un t e r such t .  Wi~hrend 
der  e r s ten  H~l f te  der  l a t en t en  Per iode w u r d e n  keine S t r u k t u r e n  w a h r g e n o m m e n ,  die n ich t  auch  in 
den  n i ch t  inflzier ten Vergle ichsans i i tzen  v o r k a m e n .  Ungef~hr  drei Minu t en  vor  d e m  ers ten  Auf t r e t en  
yon  in t raze l lu la rem B a k t e r i o p h a g  wurde  ein Tei lchen beobach te t ,  dessen  Gr6sse ungef i ihr  der jenigen  
eines B a k t e r i o p h a g e n - K o p f e s  en t sp r ach  und  welches au f  d e m  Mikroskop-Sch i rm ge t rockne t  wie eine 
gedreh te  Fase r  aus sah .  Die Anzah l  dieser Teilchen,  welche " d o u g h n u t s "  g e n a n n t  worden  sind, n i m m t  
an fangs  m i t  derselben Geschwindigke i t  zu, wie diejenige der vol ls tAndigen Phagen .  Vor d e m  E n d e  
der  norn la len  la, tenten Periode erre icht  ihre Zahl  bei 35 pro Bakter ie  ein M a x i m u m  und  n i m m t  d a n n  
ab,  w~hrend  die " d o u g h n u t s "  sich in P h a g e n  verwande ln .  W e n n  die Zahl  der  " d o u g h n u t s "  u n d  der 
P h a g e n  ungefXhr gleich gross  ist, s ieht  m a n  Obergangs fo rmen ,  welche wie " d o u g h n u t s "  m i t  e inem 
P h a g e n - S c h w a n z  aussehen .  
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