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S U M M A  I(Y 

A method  of prep~:qng thin sections of bacter ia  and  bacteriop~age growing on 
convent ional  agar plates is d6scribed. F ixa t ion  using buffered osmium te t roxide 
solutions or pe rmangana te  must  be followed by an immedia te  post-f ixat ion in uranyl  
aceta te  solutions, which appear  to stabilise the nucleic acid in the form of thin f i laments 
(.--- 50 A). 

The course of infection of E .  coli by  "F2 phage is described. The plm,~e appears  to 
a t t ach  to the membrane  or' the bac ter ium by means  of a small double layered disc at  
the end of the tail  plug of the tubular  tail sheath,  Various ~ggregates within infected 
bacteria m a y  represent stages in phage development .  The nuclear  core forms first 
and  the head membrane  later. Free tails have also been noted.  

On lvsis the cell membranes  form large numbers  of small vesicles to which phage 
also a t tach ,  

INTI~OI)UC'I'I(~N 

The rout ine method  of assaying bacteriophage,  by mixing them with sensitive bacter ia  
and plat ing on gels, yields a preparat ion tha t  is convenient  for electron microscopic 
examina t ion  by the me thod  of thin sections, a l though the special condit ions of 
infection prevail ing on plates may  lead to difficulties in in terpre ta t ion.  The fixative is 
poured over the surface of the plate and  washed off af ter  the requh'ed t ime. Small  
cubes containing the t:dge of plaques m a y  then  he cut out ,  dehyd ra t ed  and  embedded  
like a piece of tissue. Sections m a y  then be ct.t of ally chosen area, 

Using Esd~erldzia  voh" Strain I3 and  "1"2 pl,age, a Drelimlnary s t u d y  showed t h a t  
fixatives containing osmium tetroxide or potass ium pe.rmanganate yielded a poor 
preservation of the nuclear structures.  Be t te r  results followed the use of a post-  
f ixation t r ea tmen t  with phosphotungst ic  acid (PTA) or uranyl  aceta te  (UA) x,= 
These substances also " s t a ined"  the protein components .  Embedd ing  in an epoxide 
resin ("Araldi te")  was found superior to methacry la te  3 ~. 

Thu appearance of E. colt in sections has been previously deseribedt,2,~, TM. In  
Fig. i ,  the external  membrane  M is resolved into  two or more dense layers and  is 
separa ted from the protoplast  membrane  L by a gap probably  enlarged dur ing  
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embedding.  -fhe protopIast  membrane  L becomes more dense as infection proceeds 
(Fig. ~ and  Fig. 3) and  is also seen to be doubled.  

The  cy toplasm (Fig. i) contains  dense particles R (diameter < Ioo • - -  micro- 
somesF) in an amorphous  ground substance.  A finer tex ture  is found af ter  pe rmangana te  
f ixation,  suggesting a loss of the  dense granules as occnrs in mammal i an  cells 7. 

No nuclear membrane  was seen but  a nuclear cav i ty  (N) is well defined mid 
contains  fine threads  (F) (~-, 5o A diameter)  and  a few denser aggregates.  

7"he course o / in /ec t ion  

Various stages in the course of infection could be recognlsed in sections which 
included the  edge of a p l a q u e a n d  ex tended  into the lysed zone. At the edge of the  
plaque m a n y  cells contain well formed phage heads IH, Fig. z) withol~t tails and 
the  nuclear  s t ruc ture  is a l ready  ~isorganised. Some details of phage development  
could bc made out  in sections, such as" Fi~. 3, bu t  possibly owing to the  peculiar 
condi t ions  of plaqub format ion,  the earliest stages of infection were not  found.  The cell 
shown in Fig. 3 is swollen and  about  to  lyse. I t  contains  m a n y  fine f i laments (F), 
essential ly similar to  bacterial  DNA, and well formed heads (H) wi th  head membranes  
(m) and  occasional u n a t t a c h e d  tails (T). In  the meshwork of f i laments are found m a n y  
aggregates of var ious sizes (P). These m a y  well be ar tefacts  of prepara t ion;  but ,  on the 
o ther  hand ,  if the phage heads  are p r~ tuced  by a sort of winding-up of DNA fi laments 
(as we are almost  bound  to assume), such appearances would be expected.  

No e m p t y  head membranes  were seen within the. ceils. On the  face of it this  
finding seems to be con t r a ry  to certain evidence obta ined  by  burs t ing cells dur ing the 
la tent  period s . 

Just prior to lysis most  cells have lost a lmost  all their  original cy top lasm and 
dozens of well defined phage have been counted  in a single section. In the  lysed region, 
free phage are numerous  and  typical ly  large numbers  of small vesicles (V, Fig. 4) are 
found.  T h e y  seem to be formed by  the rounding-up of f ragments  of lysed bacterial  
membranes .  A similar format ion  of small vesicles from f ragmented  membranes  results 
when mammal i an  cells are homogenised and  m a y  indicate a general p roper ty  of 
biological membranes .  

Phage structure 

The appearance and  dimensions  of the phage in sections agree wi th  the description 
given by  FRASER AND ~V~LL1AMS lx. The con ten t s  of the head  are a lways s t rongly  
electron scat ter ing and  require no added staining (Fig. 8). Occasional less dense areas 
were seen in the centre  of the head (O in Fig. 8 and  in Fig. 3)- The head membrane  
and  tai l  are not  visible unless s tained with  PTA or UA. The membrane  in mature  
phage is less than  5o A thick and  t igh t ly  invests the core (Fig. 9)- Tail sheaths  are 
clearly tubu la r  (TS in Fig. 3) and their a t t a c h m e n t  to the head membrane  is marked  
b y  a slight constr ict ion (S, Fig. 5). These observatiol_~s are in agreement  with those 
made  by  BRENNER et al. on free phage and  the nomencla ture  is t ha t  used by  them ~a. 
Since free tails are to be seen both  inside and  outside the cells, it is possible t h a t  
their  a t : a c h m e n t  to  the head membrane  is relat iveIy weak. Tail plugs (TP, Fig. 3 
a n d  Fig. 5) also occur free in cells and in the lysate. They seem to consist of a small 
rod bear ing a double-layered disc (D, Figs. 5, 6 and 7) at  one end. X~'hat seem to be 
tail  fibres (TF) are a t t ached  to this disc and also to an opposing disc on the tail  sheath .  
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3[ e x t e r n a l  m e m b r a n e .  L p r o t o p l a s t  m e m b r a n e  I f i l a m e n t s ,  p r 0 i ~ A b l y  DNA~I::: 
I~ d e n s e  p a r t i c l e s  i n  c y t o p l a s m .  T h e  g a p  b ~ t w e e n  M a r i d  L ~v~a p r o b a b l y  e n l a r g e d  d u r i n g  e r n b e d d i n g ~ : .  

F ig ,  2. i - [ead~ [ t  ~ f  p h a g e  T 2  a p p e a r i n g  i n  a n  i n f e c t e d  ce l l .  T h e i r  s i z e  i n d i c a t e s  t h a t  t h e y  h a v e  h e a d : .  
m e m b r a n e s .  F e w  t a i l s  a r e  v i s i b l e .  S t a i n  : u r a n y l  a c e t a t e .  :: 
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~i:~::hea~,il3; i tafected a n d  nwol len  cei l  p r o b a b l y  a p p r o a c h i n g  ly s i s  c o n t a i n i n g  m a n y  p a r t l y  
.~cI phage .  r p tmge  tail-~ u s u a l l y  tubular ,  H M  head  m e m b r a n e s ;  A, r e s i s tan t  port ion  t,l bacter ia l  
, lasm w h i c h  is o f t e n  n o t e d ;  a t  O m a y  he s een  a head  s h ~ w i n g  s igns  of  in terna l  s t ruc ture ,  

c]. Fig.  8 ; |" smal l  ehmq~s  of  I ) N A .  S t a i n  : urany l  a c e t a t e .  
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p H  :~ ~n'a: : Fig,  4. D e b r i s  n o t e d  in  z o n e  of  lysis .  F i x e d  i n  p o t a s s i : u m " : p ~ : r ~ n g a n a t e  ( i  %1 ........ i:!ifo~: 3~  ~ i ~ )  

s t a i n e d  w i t h  P T A  (r h in  x ~ ) .  P p h a g e  p a r t i c l e s ;  V s m l l  :vesicles  p r o d u c e d  b y  iys i s  of  bacterial.:::  
. . . . .  

m e m b r a n e s ;  A r e s i s t a n t  b a o t e r i a l  c y t o p l a s m ;  ]~ l a r g e  f r a g m e n t s  o f  b a c t e r i a l  m e m b r a n e .  : :  

Fig+ 5. T h e  e d g e  of a n  i n f e c t e d  cel l .  A n  a t t a c h e d  p h a g e  w h i c h  h a s  s h e d  i t s  D N A  is  ~een a t  P,  N o t e :  
t h e  c o n s t r i c t i o n  S. t h e  t a i l  s h e a t h  d i sc  D a n d  t a i l  f ib res ,  F r e e  t a i l  p l u g s  a r e  s e e n  a t  T P ,  T h e  l o n g  i:: 

f i l a m e n t s  F m a y  b e  D N A .  

F ig ,  6. A p h a g e  a t t a c h e d  t o  a s m a l l  ves ic l e  a n d  s h o w i n g  t h e  d i scs  D ,  a n d  D~. H e a d  m e m b r a n e  H M  ; : 
t a i l  f i b r e s  T F .  

Fig.  7- A n  u n a t t a c h e d  p h a g e  w h i c h  a p p e a r s  t o  h a v e  l o s t  i t s  D N A .  T F  t a i l  f ibres .  

Fig.  8. I ) N A  cores  s e p a r a t e d  f r o m  p h a g e  d u r i n g  f i x a t i o n  w i t h  OsO~. N o t e  l i g h t l y  s t a i n e d  a r e a s  O i n  
s o m e  h e a d s  [see edso Fig .  3). 

Fig.  9. P h a g e  h e a d s  i n  a v e r y  t h i n  c ross  s e c t i o n .  H M  h e a d  m e m b r a n e s .  T h e r e  is a s u g g e s t i o n  of  
s t r u c t u r e  in  t h e  D N A  core .  
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In  tile zone of lysis, phage a t t ach  both to bacterial  membranes  and  to the small 
vesicles result ing from lysis. Multiple infection seemed the rule artd in w.; case could a 
p r imary  infection bc identified. When  a t t ached  to a membrane  the small disc of the 
tai l  plug seems to form the area of a t t a c h m e n t  and  the tail  shea th  appears to unwind 
or re t rac t  tz, ta (Fig. 5 and Fig. 6), thus shortening and  separat ing the two discs. I t  is 
possible t ha t  the cell membrane  m a y  contr ibute  a receptor substance to the plug disc 
(see Fig. 6) and  thicken it (a]. ref.'*). The shaft  of the plug remains  in par t  within 
the  tail  sheath.  

Al though in m a n y  instances of a t t ached  phage ttm D N A  has been shed, no hole 
was noted in the  bacter ial  membrane  nor had any  par t  of the tail  appara tus  penetrated.  
This f inding mus t  perhaps be regarded caut ious ly  since we have ]1o way  of knowing 
whether  these par t icular  contacts  had  really led to DNA transfer.  
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