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by 
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INTRODUCTION 

In recent years several investigators have used isotopic markers to determine the 
transfer of P or N atoms from parental to progeny virus particles. PUTNAM AND KOZLOFF 1 
using the bacteriophage T6 labelled with 3,p, found that 20-40 % of the label appeared 
in material identified as progeny phage by differential centrifugation. LESLIE et al. ~ 
found similar, or lower, values with 32P-labelled T2 bacteriophage. KOZLOFF 3 extended 
his original observations by studying P and N transfer from normal as well as radiation 
damaged phage particles. All these experiments show incomplete transfer varying 
greatly from one experiment to the other. 

To determine the true transfer values, two technical problems must be solved: 
(I) adsorption of the labelled phage must be complete within about 2 minutes because 
later adsorbing particles are broken down before entering the cells (LESLIE et al.*), 
(2) means must be found to prevent progeny particles from adsorbing onto bacterial 
debris or unlysed cells. Failure to control either of these processes will result in under- 
estimation of the transfer values. 

In our first experiments (MAALOE AND WATSON4), although the second factor was 
well controlled, the first was not, and our 3,p transfer values of about 3 ° % were, there- 
fore, like those of PUTNAM AND KOZLOFF 1, LESLIE et al. ~, and KOZLOFF s, too low. In 
this paper, we present experiments in which both factors are controlled, and which 
indicate that T2 and T4 phages transfer about 5o%, T3 phages about 4o% of their 
phosphorus to the progeny. Identical values are found when, instead of 3,p, 14C_labelled 
adenine is used to label the parental phage. The 3,p experiments show that the trans- 
ferred material goes predominantly to the early formed phages, and that the transfer 
values of about 50% are maximum values. Our finding that the early completed phages 
receive most of the parental material confirms similar observations by DOERMANN 
(personal communication) and WEED AND COHEN 5 (unpublished). 

In agreement with KOZLOFF a, we have also demonstrated that considerable amounts 
of 32p may be transferred from labelled particles which do not participate in repro- 
duction, either because of radiation damage or because they are excluded by another 
phage. These "abnormal" cases show that infecting particles may be broken down 
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extensively beforeStheir constituents are used for synthesis of new phage particles. We 
do not, however, think that this evidence excludes the possibility that under normal 
conditions the infecting and reproducing particle remains essentially unbroken. We shall 
return to this important point in the discussion. 

MATERIALS AND METHODS 

The  phages  Tz,  T 3 and  T 4, and  the i r  c o m m o n  hos t  E. coli, s t ra in  B/I ,  h ave  been used :  t he  l a t t e r  
because  c o n t a m i n a t i o n  of cu l tu res  wi th  phage  T I  occurs  in our  l abora tory .  Mos t  of t h e  t echn iques  
used in th is  s t u d y  h a v e  been  descr ibed in deta i l  b y  ADAMS 6. All cu l tu res  were g rown a t  37 ° C: cen- 
t r i fuga t ions  were done in a Serval l  Angle  cen t r i fuge  a t  io  ° C. 

Media. The  n u t r i e n t  b r o t h  is an  a q u e o u s  ex t r ac t  of minced  m e a t  enr iched wi th  i % pep tone  
a n d  con ta in ing  o.o2 % Tween  8o and  o. 5 % NaCI:  p H  is ad ju s t ed  to 7-4. For  e x p e r i m e n t s  wi th  T3, 
t he  concen t r a t ion  of NaC1 was  reduced  to  o .05% to ob ta in  rap id  adsorp t ion .  I n  th i s  med ium,  
a t  37 ° C the  l a t en t  per iod of T4r  is 22-23 minu tes :  and  t he  bu r s t  size a b o u t  15o. s~P-labelled p h a g e  
was  p repa red  us ing  t he  s y n t h e t i c  g - m e d i u m  descr ibed earlier (MAALOE AND WATSON4). 

Anti-sera. R a b b i t  a n t i - p h a g e  sera  were prepared ,  u s ing  h igh ly  purif ied and  concen t ra ted  phage  
suspens ions  as ah t igens .  All sera  had  k -va lues  (ADAMS 6) Of 5OO--1OOO w h e n  t es ted  aga ins t  phage  
su spended  in b ro th  (c]. JERNE~). These  sera  showed no agg lu t ina t i on  of E. coli, s t ra in  B/I ,  in di lut ion 
i to  i o. Samples  of an t i - phage  sera  were absorbed  wi th  large a m o u n t s  of live B / i ,  and  used  in paral lel  
wi th  u n a b s o r b e d  s e r u m  for phage  prec ip i ta t ion :  no evidence  for t he  presence of an t ibac ter ia l  an t i -  
bodies  was  found .  S e r u m  aga ins t  E. coll. s t r a in  B/I,  was ob ta ined  af ter  series of s u b c u t a n e o u s  and  
i n t r a v e n o u s  in jec t ions  of heat -ki l led  and  s u b s e q u e n t l y  of live cul tures .  Th i s  s e r u m  had  no an t i -phage  
ac t iv i ty .  

X-ray technique. T he  X - r a y  source  was.  a Ho l beck -Beaudou in  t u b e  opera t ing  a t  33 kv  and  
36 mA.  A cooled m o l y b d e n u m  t a rge t  p roduced  rad ia t ion  wi th  an  average  w a v e - l e n g t h  of o.9 A. 
On  t he  sur face  of t he  s amples  t he  i n t ens i t y  of r ad ia t ion  was  66,ooo r .p .m.  The  i r rad ia t ion  was  done 
by  Dr  R.  LATARJET on samples  sen t  to Par i s  by  airmail .  No decrease in t i t e r  was  observed  in cont ro l  
s amples  as a resu l t  of t he  s h i p m e n t .  

Isotope technique. Carrier-free o r thophosphor i c  acid was  ob ta ined  f rom the  I so tope  Divis ion 
of t he  Oak  Ridge  Na t i ona l  L abo ra t o ry ,  Un i t ed  S ta tes  A tomic  E n e r g y  Commiss ion .  Aden ine  labelled 
wi th  14C in pos i t ion  8 was  also used :  th i s  p r epa ra t i on  was  syn thes i zed  by  CLARK ANn KALCKAR 8, 
a n d  had  a specific ac t iv i ty  of o.8 mC  per  mMole.  All samples  con ta in ing  xlc  were evapo ra t ed  to  
d ryness  a n d  se l f -absorp t ion  due  to solids in the  suspens ion  m e d i u m  was m a d e  un i fo rm  b y  d i lu t ing  
into n u t r i e n t  b ro th  before coun t ing .  Var ia t ion  be tween  coun t s  on dupl ica te  14C samples  was  less 
t h a n  IO %.  T h e  coun t i ng  e q u i p m e n t  was  t he  s ame  as  p rev ious ly  described.  

Preparation o[ s~p-labelled T4r. W a s h e d  B/ I  bac te r ia  f rom a 24-hour  b ro th  cu l tu re  were in- 
ocula ted  in to  IO ml  of g - m e d i u m  con ta in ing  2o #C szp. Af ter  two and  a ha l f  hour s  of  aerat ion,  t he  
bacter ia l  dens i t y  was  a b o u t  io  8 cells pe r  ml,  and  t he  cu l ture  was  t h e n  infected wi th  a b o u t  IO T4r  
par t ic les  pe r  cell. Aera t ion  was  con t inued ,  and  2 -  3 m i n u t e s  before t he  onse t  of ]ysis o. 5 ml  of un-  
d i lu ted  an t ibac te r i a l  s e r u m  was  added .  I f  an t ibac te r i a l  s e rum is no t  added,  t he  t i t e r  of a c rude  
T4r  lysa te  will drop apprec iab ly  du r i ng  t he  first 24 hour s  a n d  a f rac t ion of the  r ema in ing  phages  
will adsorb  slowly. B o t h  effects are  p r e s u m a b l y  due  to phage  par t ic les  absorb ing  on bacter ia l  debris  
(MAALOE AND STENTg). T he  an t ibac te r i a l  s e rum p roved  comple te ly  effective in blocking adsorp t ion  
of T 3 and  T 4 on B/ I ,  b u t  was  n o t  ful ly  effective for T2r  +. T2r  + s tocks  may ,  therefore  con ta in  inac t ive  
as well as  s lowly adsorb ing  par t ic les  even  w h e n  an t ibac te r i a l  s e r u m  is used.  I t  is possible  to restore 
in fec t iv i ty  and  full adso rbab i l i ty  to these  par t ic les  by  d i lu t ing  in to  disti l led wate r  for several  hour s  
a t  37 ° C: p r e s u m a b l y  because  adsorbed  par t ic les  dissociate  f rom the  debris  a t  low sa l t  concen t ra t ions  
(PUCK, GAREN, AND CLINE TM and  HERSI~EY, persona l  communica t ion ) .  This  t r e a t m e n t  was  first used  
by  BERTANI (personal  commun i ca t i on )  to raise t he  t i te r  of Tzr+ b ro th  lysates .  

The  crude  rad ioac t ive  lysa tes  were cen t r i fuged  a t  5ooo g for 5 m i n u t e s  to r emove  bacter ia l  
debris  and  a t  i2 ,ooo g for one hou r  to s e d i m e n t  t he  phage .  Three  cycles of low and  h igh  speed 
cen t r i fuga t ion  reduced  the  concen t r a t ion  of inorganic  s~p by  a fac tor  of abou t  lO s. F u r t h e r  puri-  
f icat ion was  ach ieved  by  add ing  heat -ki l led  r e s i s t an t  bac te r ia  (B/3 , 4, 7 hea t ed  to 58o C for I hour)  
a t  a concen t r a t ion  of 5" lO8 per  ml.  Af te r  3o m i n u t e s  a t  37 ° C, a b o u t  5 O//o of the  rad ioac t iv i ty  had  
adsorbed  to  t he  r e s i s t an t  cells, wh ich  were r e m o v e d  by  cent r i fuga t ion .  A s imilar  n u m b e r  of sensi t ive  
B / I  cells adso rbed  95-98  % of the  ac t iv i ty .  An  add i t iona l  t e s t  of t he  p u r i t y  of the  v i rus  s tock  was  
ob ta ined  by  prec ip i ta t ion  wi th  a n t i p h a g e  se rum,  as  p rev ious ly  descr ibed;  wi th  an t i -T  4 se rum,  9 4 %  
of t he  r ad ioac t iv i ty  was  prec ip i ta ted ,  while in a control  sample  in which  T 3 phage  was  prec ip i ta ted  
wi th  an t i -T3 s e rum,  t he  prec ip i ta te  con ta ined  less t h a n  2 % of the  ac t iv i ty .  

A s s u m i n g  t h a t  a b o u t  95 % of t he  azp in t he  final p r epa ra t i on  was  p r e sen t  as phage  phosphorus ,  
the  ini t ial  specific ac t iv i ty  was  io  -¢ coun t s  per  m i n u t e  per  part icle.  F r o m  th is  we can  calculate  
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t ha t  each virus particle contained an average of 0.2 5 asp atoms. Since the inactivation efficiency 
of nuclear  decay is only i ] i2  (HERSHEY, KAMEN, KENNEDY AND GEsTll). the fraction of labelled 
particles which will lose infectivity during an exper iment  is negligible. 

Wi th  minor  variat ion indicated by  adsorpt ion requirements ,  etc., the procedure just  described 
was also used to prepare  32P-labelled stocks of the phages T2r +, T L and T4r+. Phage labelled with 
14C adenine was grown on a purine requir ing m u t a n t  of E. coli, strain B~ which was obtained from 
Dr A. H. DOERMANN of the Oak Ridge National  Labora tory .  For  this purpose  the g-medium was 
supplemented  wi th  5 Y 14C adenine per  ml. The specific act ivi ty of phages grown on the purine 
requir ing strain was ten t imes t ha t  of phages grown similarly on B/I .  

EXPERIMENTAL 

The basic experimental procedure is unchanged throughout this study. I t  will, 
therefore, suffice to describe one typical and simple experiment in detail; more complex 
experiments can then be introduced briefly and the results summarized in tables. 

Distribution o[ 82p [ollowing in/ection o/unlabelled B/I  with labelled T4r : 

Exponentially growing bacteria from an unlabelled broth culture were collected 
by  centrifugation and resuspensed in unlabelled broth at 37 ° C at a concentration of 
2" lO 9 cells per ml. 3*P-labelled T4r phage was added at a ratio of 4.5 particles per bac- 
terium and one and one-half minutes allowed for adsorption. The culture was then 
chilled and centrifuged at 5000 g for 5 minutes. The supernatant was carefully siphoned 
off and samples for phage assay and radioactivity measurement were taken. The pellet 
was resuspended in broth at 37 ° C to give a suspension of infected bacteria with about 
lO s ceUs/ml; this figure was determined by a separate assay. Aeration was then started, 
and 25 minutes after infection one volume of undiluted antibacterial serum was added 
to 19 volumes of culture to prevent adsorption of progeny phage particles to bacterial 
debris. The cooling and centrifugation retarded phage growth by about 8 minutes. 
The assays and radioactivity measurements showed that  in this experiment over 99.5 % 
of the phages and 96% of the input radioactivity were adsorbed on the bacteria. 

About 30 minutes after lysis, the culture was centrifuged at 5000 g for 5 minutes 
to remove bacterial debris and then at 12,ooo g for one hour to sediment the progeny 
phage. The material collected during these centrifugations will be referred to as the 
"low speed pellet" and the "high speed pellet", respectively. The latter was resuspended 
in broth and again centrifuged at low speed to remove remaining bacterial debris. The 

T A B L E  I 

D I S T R I B U T I O N  O F  8 s p  A F T E R  I N F E C T I O N  O F  B/x W I T H  L A B E L L E D  T4r 

Growing bacteria were concentra ted to 2. lO 9 cells per  ml and infected wi th  labelled T4r at  
a concentrat ion of 9" Io9 particles per  ml. Following an adsorpt ion period of t ½ minutes the bacteria 
were centrifuged for 4 minutes  a t  5000 g to remove unadsorbed  phage and then resuspended in 
nu t r i en t  b ro th  a t  a concentrat ion of I . I .  Io 8 cells per  ml. Approx imate ly  99.5% of the phage and 
96 % of ssp adsorbed to the  bacteria. 

8~ p distribution 
Material Phage tittr /ml (% of radioaaivity 

adsorb~l o n  bacleria) 

Crude lysate i. 5" I°1° i oo % 
Low Speed Pellets .027' Io t° 8.4% 
High  Speed Pellet 1.45. Iol° 42-t % 
High Speed Superna tan t  . I i .  lO TM 49.5 % 
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two low speed pellets were resuspended in broth and all fractions assayed for 3~p and 
phage. Table I shows that 42.1% of the 3~p which initially adsorbed to the bacteria 
and about 95 % of the progeny phage was recovered in the high speed pellet. 

The radioactivity of the high speed pellet was characterized as belonging to phage 
particles by precipitation with an excess of anti-T 4 serum and by adsorption to sensitive 
bacteria. Native as well as B/I adsorbed serum was used and in both cases 93% of 
the 3zp was precipitated with the phage. Adsorption tests showed that over 90% of 
the radioactivity adsorbed on B/I cells while less than 5 % adsorbed on the resistant 
strain B/3, 4, 7 on which T4 does not itself adsorb. These tests show that 90-95 % of 
the radioactivity ill the high speed pellet is somehow associated with the phage particles. 

Before asserting that this 8~p is truly incorporated into the progeny phages, the 
following possibilities must be considered: (I) degraded parental nucleic acids might 
stay attached to the surface of the progeny particles, or (2) non-infective parental 
particles might be adsorbed to the bacteria initially, released during lysis, and later 
sediment together with the progeny particles. 

Both these possibilities are ruled out by the fact that the progeny particles from 
an experiment like the one just described transfer their 32p in exactly the same way 
as did their uniformly labelled parents (MAALOE AND WATSON¢). We, therefore, conclude 
that about 95% of the 3zp in the high speed pellet is incorporated into the progeny 
particles. Using this estimate in correcting for the phage present in the low speed pellets 
and in the high speed supernatant, the fraction of the parental 32p which has become 
incorporated into the progeny particles is 45 % in this experiment. 

Table II shows a series of similar experiments involving different stocks of labelled 
T4r; it is notable that the differences in transfer are very small, usually less than 5 %. 
These values are not changed by varying the number of infective particles from I to 
IO (the highest number tested). The amount of 3~p remaining attached to bacterial 
debris is uniformly about 5 to IO %. If the different phage stocks had contained greatly 
varying fractions of adsorbing but non-infecting phages, this would have caused the 
low speed pellet values to fluctuate greatly. 

TABLE II 
EXPERIMENTAL VARIATION IN 3~p TRANSFER VALUES FOR T4r  

% of parental radioactivity in 
Expevimen~ Burst size Low speed Higk speed 

pellels Progeny phage superna~av~ 

I I22 6 47 47 
2 i41 7 46 47 
3 15o 6 45 49 
4 126 3 45 52 
5 i 6o  9 4~ 48 
6 155 IO 42 48 

3,p trans[er [rom secondarily adsorbed phage 

The experiments given in Table III show that particles which adsorb on a bacterium 
more than two minutes after a primary infection with T4 r transfer insignificant amounts 
of 3,p. This was demonstrated by infecting bacteria with an average of 5 non-labelled 
phages per cell and at various times later reinfecting with labelled phage. Column I 
Relerences p. 442. 
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of Table  I I I  fu r the r  shows t h a t  wi th  increas ing  in te rva l s  be tween p r i m a r y  and  secondary  
infection,  the  a m o u n t  of 3up which s tays  a t t a c h e d  to the  bac t e r i a  decreases.  Since the  
label led  phages  adsorb  a t  the  no rma l  rate ,  most  of the  32p in the  superna te  of the  
infec ted  cells mus t  in i t i a l ly  have  been adso rbed  onto the  cells. The  observed  increase 
in u n a d s o r b e d  ma te r i a l  is p r o b a b l y  an express ion of the  b reakdown  of secondar i ly  
adso rbed  par t ic les  descr ibed  b y  LESLIE, FRENCH, GRAHAM, AND VAN ROOYEN 2. These 
au thors  obse rved  t h a t  a p r i m a r y  infect ion s t imula te s  wi th in  a few minu tes  the  infected 
ce l l i n  such a w a y  tha t ,  if a new phage  par t ic le  adsorbs,  i t  is b roken  down ex tens ive ly  
on the  surface of the  bac te r ium,  re leas ing abou t  50% of i ts  phosphorus  into the  medium 
in  the  form of m a t e r i a l  soluble in 5 % t r ich loroace t ic  acid. 

This  s t imula t ion  phenomenon  is of fur ther  impor t ance  for t ransfe r  exper iments ,  
since we mus t  assume t h a t  ear ly  re leased p rogeny  par t ic les  which adsorb  on un lysed  
cells will  be b roken  down and  release half  the i r  phosphorus  in to  the  medium.  In  most  
of the  prev ious  work  adso rp t ion  of p rogeny  par t ic les  was not  p r e v e n t e d  and  the b reak-  
down effect p r e s u m a b l y  decreased  the  t ransfe r  values.  Since in our exper imen t s  ad-  
sorp t ion  was b locked  b y  an t i bac t e r i a l  serum, the  50% t ransfe r  values  can be t aken  as 
a good e s t ima te  of the  t ransfer  to all the  p rogeny  par t ic les .  

TABLE III  
DISTRIBUTION OF 32p FOLLOWING SECONDARY INFECTION OF B/I BY LABELLED T4r 

Growing bacteria concentrated to 1. 3- lO 9 cells/ml in broth were infected at t = o, with an 
average of 5 unlabelled T4r particles. At various intervals, labelled T4r was added at a ratio of 

particle per bacterium. Several minutes after the addition of the labelled phage, unadsorbed 8,p 
was removed by low speed centrifugation and the infected bacteria resuspended in nutrient broth 
at a concentration of to s cells/ml. 

% of parental radioactivity in 
Minutes between Unadsorbed * . . . . . . . . . . . . . . . . . . . .  

primary and secondary 32p High speed 
infection Low speed Progeny phage 

o 5 
0. 5 6 
2 23 
4 48 
6 45 

pdlet supernatant 

6 44 45 
4 48 42 

• 15 I8 44 
23 4 25 
2o 3 3 2 

* This material must initially have been adsorbed but has been released again because of the 
breakdown effect described by LESLEY et al. 2. 

Isotope trans/er ~tom parental to progeny T3 

A t  the  sa l t  concen t ra t ion  usua l ly  employed  in g rowth  media ,  T3 phage  adsorbs  
r a the r  s lowly.  To ensure the  necessary  r a p i d  adsorp t ion  of the  label led  T 3 par t ic les ,  
the  NaC1 concen t ra t ion  in the  adso rp t ion  tube  had  to  be lowered to 0.05 %. A t  this  
l o w s a l t  concen t ra t ion ,  over  99 % of the  infect ing par t ic les  adso rbed  wi th in  two minutes .  
E x c e p t  for th is  modif icat ion,  the  expe r imen t s  were l ike the  T 4 expe r imen t s  and  inc luded  
cha rac t e r i za t ion  of the  p rogeny  b y  se rum prec ip i t a t ion  and  adsorp t ion  on sensi t ive  
bac te r ia .  Tab le  IV shows t h a t  abou t  40% of the  p a r e n t a l  3,p was t ransfer red .  Since 
nea r ly  s imul taneous  adso rp t ion  of the  i n fec t ing  phage  par t ic les  and  isola t ion of the  
ent i re  p rogeny  were achieved,  we m a y  consider  the  t rans fe r  va lue  of abou t  40% as a 
m a x i m u m  value.  As in the  case of the  phages  T2 and  T 4, the  t ransfe r  of p h o s p h o r u s  
is , incomplete.  
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TABLE IV 
DISTRIBUTION OF 32p  FOLLOWING INFECTION OF B/I  BY LABELLED T 3 

E*periment Burst size 
% of parental radioactivity in 

Low speed Progeny phage High speed 
pellet supernatant 

I 195 9 46 45 
2 234 8 38 54 

437 

Purine trans[er /rom parental to progeny phage 

Over 95 % of the phage phosphorus is located in DNA, and it is therefore desirable 
to know whether other nucleic acids constituents such as the purine bases are transferred 
incompletely like the phosphorus. Phages T2, T3 and T 4 were grown in purine requiring 
bacteria in the presence of adenine labelled with 14C in position 8 (see page 433 et seq.). 
Paper chromatography shows that in this way both the phage adenine and guanine is 
labelled with 14C. Table V presents a series of experiments with the purine labelled 
phages. They all show incomplete transfer with values not significantly different from 
those obtained with a2p; T3 again seems to transfer a little less than do T2 and T4. 

T A B L E  V 

DISTRIBUTION OF 14C FOLLOWING INFECTION OF B / I  WITH PURINE LABELLED PHAGE 

% of parent radioactivity in 

Experiment Phage Burst size Low speed Progeny High speed 
pellet phage supernatant 

I T2r+ 322 12 55 33 
2 T2r + 238 16 54 3 ° 
3 T2r + 162 18 43 39 
4 T2r + 36o 14 48 38 
5 T3 18o 14 38 48 
6 T3 276 IX 38 5I 
7 T3 2Io  14 32 54 
8 T4r 115 I2 44 44 
9 T4r 122 14 4 ° 46 

Isotope transler as a/unction o/burst size 

In experiments with T 3 and T4 r spontaneous lysis always occurs when the burst 
size is relatively low. It is known, however, that the r+-phages behave differently, 
and that lysis can be delayed by a secondary infection (DOERMANNI~). At the time of 
normal lysis the infected cells have not exhausted their capacity for phage production. 
During the last ten minutes before normal lysis, large amounts of phosphorus-containing 
phage material is produced in the cells which is not developed into mature phage 
before lysis (MAALglE AND STENTS). After normal lysis, this material cannot be recovered 
by centrifugation. The incompleteness of the phosphorus and purine transfers might, 
therefore, be due to our failure to detect parental material transmitted to the immature 
phage particles formed late in the latent period. 

This hypothesis was tested by infecting bacteria with labelled T4r÷-~phage and 
inhibiting lysis artificially by reinfection with unlabelled phage. The burst size in this 
Re/erences p. 442. 
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experiment was 35 o, or 2 or 3 times greater than in the experiment with T4r. Despite 
this increase in phage yield, the transfer was again about 50 %, showing that the late 
formed particles received very little, if  any, of the parental phosphorus. 

The experiment reported in Table VI shows directly that  the transferred asp goes 
predominantly to the early formed particles. In this experiment, bacteria infected with 
labelled T2r+-phage were lysed prematurely by addition of M/iooo KCN and a large 
number of ultraviolet inactivated phage, as previously described 4. The excess of added 
phage served as carrier material during centrifugation, and insured that  the labelled 
progeny particles were effectively isolated even when the yield was low. Several identical 
experiments were carried out, all showing the same trend. Thus the material which an 
infecting particle transfers to the progeny usually goes to one or more of the early 
formed particles, while the later formed ones virtually never receive any of it. We 
therefore conclude that  our transfer values of about 50% are true maximum values. 
Table VI also shows that  bacteria lysed before the appearance of the first progeny 
particles contain insignificant amounts of radioactivity sedimentable at high speed. 
This is additional evidence that  our results are not affected by spurious measurements 
of non-infective but still sedimentable parental particles released upon lysis. 

T A B L E  VI 

DISTRIBUTION OF PARENTAL 3ap AMONG PROGENY PARTICLES FROM PREMATURELY LYSED BACTERIA 

Concentrated B/ I  were infected wi th  an  average of 5 32P-labelled T2r+ particles per bacter ium. 
Two minutes  af ter  infection the culture was  chilled and centrifuged at  5ooo g for 4 minutes  to remove 
unadsorbed  radioactivi ty.  The pellet was resuspended in b ro th  at  37 ° C at  a bacterial concentrat ion 
of lO 8 cells/ml. The  progress of phage growth  was  re tarded about  8 minutes  by  the cooling and cen- 
tr ifugation.  Ten minutes  af ter  infection ultraviolet  (UV) inactivated T2r + at  the average multiplicity 
of 5 particles was added to inhibit  lysis. Samples of the infected bacteria were then  broken open 
at  var ious t imes by  the  addition of M / i o o o  KCN and approximate ly  2oo0 UV inactivated T2r + 
particles per  cell. Readsorpt ion  of the progeny particles was  prevented by  sa tura t ion  of the bacterial  
surface wi th  the UV treated phage (MAALOE AND WATSON4). 

Time of premature Burst sine 
lysis 

% of parental 32p in 

L o w ~ d  H i g k ~ d  Hi~ ~eed 
pel~ pellet  supernata~ 

I 9 m i n u t e s  o 13 2 85 
25 34 15 15 7 ° 
28 ioo 14 26 60 
34 21o I5 38 47 
48 275 16 37 47 

Isotope trans/er in the absence o] genetic trans/er 
The "second generation experiment" (MAALOE AND WATSON ¢) referred to earlier 

in this paper permits the conclusion that  the transmitted phosphorus is distributed in 
the progeny particles in the same uniform way as in the parental particles. I t  leaves 
open the question whether transfer occurs Via large blocks carrying biological specificity 
or via highly degraded material. In this Study we have tried to answer a complementary 
question: Does isotope transfer occur under  conditions where  no genetic transfer is 
possible? i.e., can material from an infecting particle b e  b roken  down to genetically 
unspecific structures which are then incorporated into new phage particles ? 

Re.terences p. 44 2. 
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TABLE VII 

TRANSFER OF 32p FROM X-R&Y INACTIVATED T4r 

Bacteria were mixedly infected with unlabelled T4r+ and X-ray irradiated a*P-labelled T4r. 
The adsorption of 3~p to bacteria was similar in the mixtures containing irradiated phage and in 
control mixtures containing non-irradiated phage, being approximately 93 % in both cases. 

% ofpaTental a~p in 

Tube contents Low speed Progeny High spted 
pellet phage supernal.ant 

17nlabelled T4 r+ 
+ labelled T4r (non-irradiated) I I 43 46 

Unlabelled T4 r+ 
+ labelled T4r (e - s  survival) 3I 24 45 

Unlabelled T4 r+ 
+ labelled T4r (e -6 survival) 45 22 33 

Unlabelled T4r+ 
+ labelled T4r (e-X°survivai) 42 3 ° 28 

To answer this question we first carried out experiments with labelled phage 
heavily irradiated with X-rays. Such particles retain the ability to adsorb to bacteria 
while the majority of them have lost not only their infectivity, but also the ability to 
kill the host cell and to transfer genetic specificity (WATSONXS). The experiments pre- 
sented in Table VII show, however, that heavy X-ray damage reduces the transfer 
values only from the normal 4 ° to 50% to about 25%. Thus, substantial amounts of 
phosphorus may be transferred from particles which do not participate in genetic ex- 
change. It should be noted that nearly 50 % of the phosphorus of the irradiated particles 
remain attached to the bacterial debris. This value is significantly greater than the 
values of 5 to 15% found when active phage reproduces. It is possible that as many 
as 5o % of the irradiation damaged phages remains passively attached to the cell surfaces; 
if so, the transfer value per transferring particle is again about 5o%. 

Transfer of parental isotope without simultaneous genetic transfer can also be 
demonstrated in bacteria in which one of the infecting phages does not multiply because 
of the presence of an unrelated phage. This "mutual exclusion" (DELBRUCK 14) is well 
illustrated by the unrelated phages T3 and T 4; if a bacterium is infected simultaneously 
by both phages, T 3 multiplication is completely suppressed and only T4 progeny 
particles appear; even the infecting T3 particles are lost. In Table VIII are shown the 
results of an experiment in which bacteria were simultaneously infected with 8*P-labelled 
T3 particles and unlabelled T4 particles. After lysis, the progeny particles were isolated 
and tested for radioactivity, the specificity of which was shown by the extent of its 
precipitation with anti-T3 and anti-T4 serum. It can be seen that approximately 25 % 
of the s,p originally present in the T3 particles was transferred to the T4 progeny, 
another 25% was associated with bacterial debris, while the remaining 5o% cannot be 
sedimented at high speed. The excluded phage thus does not sit passively on the bacterial 
surface but must penetrate to the interior of the cell where it is broken down into its 
simpler components. Our experiment, therefore, supports the conclusion of WEIGL~ 
AND DELBR0CK 15 that mutual exclusion must involve some mechanism other than the 
establishment of a barrier to penetration. 

Re/erences p. 442. 
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TABLE VIII 
TRANSFER OF 32p FROM EXCLUDED PHAGE 

Bacteria were mixedly infected with an average of 5 particles of T4r and I particle of labelled 
T 3 per bacterium. Following lysis the progeny particles were isolated and tested for radioactivity. 

% of parental (T3) radioactivity in 

Experiment Burst size % of high speed pellet radioactivity 
Low speed Itigh speed precipitated by High speed 

No. T3 T4 r pellet pellet  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  supernatant 
anti T3 serum anti T4 serum 

I 2 145 20 2[ - -  - -  59 
2 4 162 24 27 4 92 49 
3 5 148 19 16 . . . .  65 

DISCUSSION 

We shall now discuss the results of the seven different types of experiments de- 
scribed in the preceding section in relation to the problem of virus reproduction. First 
it must  be stressed, however, that  in all our experiments only the nucleic acid portion 
of the phage has been labelled; entirely different results are obtained if a specific protein 
labelling isotope, like ssS, is used, (HERSHEY AND CHASE16). 

I .  Infection of unlabelled bacteria with s2P-labelled T4 r phage results in the transfer 
of 4 ° to 5o% of the label to the progeny particles. The t ransmit ted phosphorus is truly 
incorporated into the new phage. When the infected bacteria lyse, 5 to lO% of the 
parental  32p remain associated wi th  the bacterial debris; this may  mean that  5 to lO% 
of the adsorbing particles s tay passively at tached to the bacterial surfaces. In our 
experiments the transfer value is an extremely reproducible figure and must  be close 
to the max imum value since (a) nearly all the adsorbed particles participate in the 
reproduation process, and (b) all the progeny particles are recovered. The transfer value 
is constant for different preparations of labelled phage. 

2. For m a x i m u m  ssp transfer to occur, all the phage particles which adsorb on a 
bacter ium must  do so within about two minutes. Particles which adsorb more than 
two minutes after the pr imary infection of the cell do not transfer significant amounts 
of ssp. Half  the ssp of such late adsorbing particles remains at tached to the bacterial 
debris; the rest appears within a few minutes in the medium as material  soluble in 5 % 
trichloroacetic acid. In contrast, over 95 % of the ssp of the early adsorbing phage is 
retained in the infected cells until lysis. Under conditions of almost simultaneous 
infection, the transfer value per infecting particle is constant for multiplicities of infection 
up to ten. 

3. 3*P-labelled T2 phage shows the same transfer as T4, and, according to PUTNAM 
AND KOZLOFF 1 and KOZLOFF s, similar max imum values are obtained with the related 
phage 1"6. The unrelated phage T3 transfers about-4o% of its phosphorus to the progeny. 
Thus an incomplete ssp transfer of 4 o to 5o% may  be a general characteristic of phage 
reproduction in E. coll. 

4. I f  the purines of T2, T3 and T4 phages are labelled with 14C, transfer values are 
obtained which do not differ from those obtained.with ssp. This suggests that  the purine 
bases and the phosphorus are not transferred independent ly  but  as the constituents 
of nucleotides or larger units. 

Re#fences p. 442. 
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5. Most of the t ransmit ted 32p is incorporated into the early finished phage. An 
increase by a factor 2 to 3 in the phage yield per infected cell can be obtained in lysis 
inhibited cultures; such an increase in yield does not significantly increase the transfer., 

6. The "second generation experiments" previously published (MAALOE AND 
WATSON 4) show that  uniformly labelled parental  particles transmit  phosphorus to all 
parts of the progeny particles which in turn become uniformly labelled. 

7. Phage heavily damaged by X-rays or excluded from growth by the simultaneous 
presence of an unrelated phage transfer par t  of their nucleic acid. Isotope transfer is, 
therefore, not necessarily connected with the transfer of genetic specificity. 

I t  is well known that  infecting particles cannot be recovered by  artificial lysis at 
any time during the first half of the latent period (DoERMANN17), and it is now firmly 
established that  the nucleic acid components, phosphorus, adenine and guanine, are 
incompletely transferred from the infecting particle to the progeny. The transfer experi- 
ments, and especially the observation that  chemical transfer may  occur in the absence 
of genetic transfer, might, therefore, be viewed as evidence for an obligate and extensive 
breakdown of the infecting particle soon after adsorption. There is no doubt that  such 
a breakdown can occur as evidenced by the unspecific transfer from radiation damaged 
or excluded phage (7). In both these cases, however, transfer takes place under abnormal 
conditions where the transferring particle does not participate in the reproduction 
processes. I t  is therefore unwarranted to conclude from these experiments that  phos- 
phorus is always transferred via genetically unspecific structures. 

As they have turned out, the existing data on nucleic acid transfer, including the 
second generation experiments, do not decide whether transfer occurs via extensively 
degraded parental  material  or via large, genetically specific units. The data even fit 
with the assumption that  nucleic acid structure of the infecting phage remains intact 
during replication and with a probabili ty of about 50% becomes infective again and 
reappears among the progeny. 

ACKNOWLEDGEMENTS 

This investigation has been generously assisted by funds from the Danish Society 
for Infantile Paralysis and by the William Waterman Fund for the Combat of Dietary 
Diseases. The synthesis of the 14C-adenine by Drs. M. CLARK AND H. i .  KALCKAR was 
made possible by a grant  to Dr KALCKAR from the Lederle Laboratories' Division of 
the American Cyanamid Company. We are also grateful to Dr A. H. DOERMANN for  
supplying us with the purine requiring s t ra in  of E.  coli, to Dr DEAN FRASER for a most 
generous gift of anti-T3 rabbit  serum, and to Dr R. LATARJET for putt ing the X-ray 
facilities of the Laboratoire Pasteur de l ' Ins t i tu t  du Radium, Paris, at  our disposal. 

SUMMARY 

a. When 32P-labelled phage reproduce in unlabelled coli bacteria a maximum of 4o-5 o % of 
their label is transmitted to the phage progeny. Only 5-1o % of the label stay associated with bacterial 
debris after lysis: the remaining about 4 ° % appear as non-sedimentable material in the lysate. 

b. The maximum transfer-values are very' reproducible provided that all phages adsorbing on 
a given cell do so within about 2 minutes, and that the entire progeny is accounted for. 

c. Experiments with T2, T 3 and T 4 all show a maximum 8~p transfer of 4o-5 o %. The same 
phages labelled with 14C in the purines yield identical transfer-values. 
References p. 442. 
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d. The transmitted a2p is found predominantly in the early formed phages. The latest formed 
progeny particles receive no 32p from the parental particles. 

e. Damaged or excluded phage particles which do not participate in reproduction or in genetic 
exchange nevertheless transmit considerable amounts of 32p to the phage progeny. 

RI~SUMI~. 

a. Lorsque des phages marqu6s par 3~p se reproduisent dans des colibact6ries non marqu6es, 
le 4o-5o% au maximum de leur s~p est transmis aux phages nouveaux. Le lO% du 3~p seulement 
reste darts les d6bris bact6riens apr&s la lyse: le reste, 4 ° % environ, apparMt comme mati~re non 
s~dimentable dans le lysat. 

b. Les valeurs maxima de transfert sont bien reproductibles pourvu que l 'adsorption de tous 
les phages d'une mSme cellule ait lieu en moins de 2 minutes environ et que l'on tienne compte 
de tous les phages nouveaux. 

e. Des exp6riences faites avec T2, T3 et T 4 donnent toutes, pour le transfert de s2p, un maximum 
de 4o-5o%. Les m~mes phages, marqu6s par 14C dans les purines, donnent des valeurs de transfert  
identiques. 

d. Le 3~p transmis se trouve surtout dans les phages form,s les premiers. Les phages de la 
nouveUe g6n6ration form6s les derniers ne re~oivent pas de 3~p des particules m~res. 

e. Des particules de phages endommag6es ou "exclues" (c.~ d., dont la croissance est emp~ch6e 
par un autre phage) qui ne prennent pas part  ~, la reproduction ou A l'6change g6n6tique, t ransmettent  
tout de m6me des quantit6s consid6rabtes de s2p £ la nouvelle g*n6ration. 

ZUSAMMENFASSUNG 

a. Bei der Vermehrung yon mit 3zp markierten Phagen in nicht markierten Colibakterien wird 
ein Maximum yon 4o-5 o % des markierten Phosphors auf die Phagennachkommenschaft tibertragen. 
Nur 5-1o% des markierten Phosphors bleiben mit den Bakterienresten nach der Lysis verbunden, 
die iibrigen 4 o % erscheinen als nicht sedimentierbares Material im Lysat. 

b. Die Maximumiibertragungswerte sind sehr gut reproduzierbar, vorausgesehen, dass die 
Adsorption bei allen Phagen einer gegebenen ZeUe innerhalb von zwei Minuten statt i indet und dass 
die gesamte Nachkommenschaft berficksichtigt wird. 

c. Versuche mit T2, T 3 und T 4 zeigen alle ein Maximum der 32P-t3bertragung yon 4o-5o%.  
Die gleichen, mit 14C in den Purinen markierten Phagen ergeben identische ~bertragungswerte. 

d. Der tibertragene 82p findet sich iiberwiegend in den zuerst gebildeten Phagen wieder. Die 
zuletzt gebildeten Nachkommenteilchen erhalten keinen 3,p yon den Elternteilchen. 

e. Beschi~digte oder yon der Vermehrung ausgeschlossene Phagenteilchen, die nicht an der 
Vermehrung oder dem genetischen Austausch teilnehmen, fibertragen trotzdem betrAchtliche Mengen 
82p an die Phagennachkommenschaft.  
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