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Sum m ary. L iquid cultures of capsulogenic and  non-capsulogenic strains o f Bacillus 
anthracis were infected w ith  m u tan t a or aC of phage W. The lysis of cultures was followed by 
secondary growth of bacte ria  which was associated w ith  an increase of the phage titre . The 
grow th of the culture was term inated  b y  a mass sporulation  of bacteria. Ind iv idual spores 
which had formed in th e  presence of phage gave rise to  e ither a colony of a plaque, b u t n o t to 
both . This indicated th a t  a proportion of spores contained th e  phage genome in a labile (pre­
prophage) form. The colonies developed from  the spores were found to be highly sensitive to 
homologous phage, suggesting th a t the secondary grow th consists of bacteria e ither sensitivè 
to  phage W or containing preprophage. V egetative bacteria  harvested  during the  secondary 
grow th were not able to  adsorb phage W, although th ey  read ily  fixed a heterologous phage. 
The tem porary loss of the  specific receptor to phage W im ita tes a phage resistance, therefore 
th e  refractory sta te  of bacte ria  to infection of phage W appears to  be a phenocopy of phage 
resistance.

A lysogenic s tra in  o f B acillus cereus, s tra in  W , h as  been know n to  release 
a phage specific to  B . anthracis [1 ]. McCl o y  n a m e d  th is  te m p e ra te  p h ag e , 
p h ag e  W ß  [2]. T he “ v iru le n t m u ta n t” , W a  (phage a  in  th e  follow ing) does n o t 
fo rm  lysogenic com plexes w ith  th e  a ty p ic a l aspo rogen ic  s tra in  D av is  of 
B . anthracis [2]. O n th e  o th e r h a n d , sporogenic s tra in s  of B . anthracis gave a 
low  lysogenic re sponse  to  phage a  an d  b y  an  a d e q u a te  tech n iq u e  s ta b le  a- 
lysogenic d é riv â tes  cou ld  be o b ta in e d  [3]. T hus p h ag e  a  ap p eared  to  be  a sem i- 
te m p e ra te  ra th e r  th a n  a v iru le n t m u ta n t  o f  W ß.

A recen tly  iso la te d  m u ta n t o f  a , d esig n a ted  aC , ap p eared  to  be  m ore 
v iru le n t th a n  p hage  a  an d  it  fa iled  to  e s tab lish  i ts e lf  as a s tab le  p ro p h ag e  
in  B . anthracis [3]. In  c o n tra s t, p h ag e  aC y ie lded  seg reg an ts  of B . anthracis 
w ith  defective p ro p h a g e  w hich d id  n o t lib e ra te  in fec tiv e  pa rtic le s  a n d  th e  
p resence  of th e  de fec tiv e  p ro p h ag e  w as revealed  o n ly  b y  th e  im m u n ity  p a tte rn  
o f  th e  segregan ts [4]. I t  seems in te re s tin g  th a t  th e  genom  of b o th  p h ag e  a 
a n d  aC m igh t be in c o rp o ra te d  in to  th e  spores o f B . anthracis in an  u n s ta b le  
fo rm  possib ly  as a p rep ro p h ag e . Spores co n ta in in g  su ch  a phage genom  are  
lysed  a fte r  g e rm in a tio n  in stead  o f  giving rise  to  colonies [3, 5].

I t  was rem ark ab le  th a t  in sp ite  o f ex tensive  a t te m p ts  we h av e  succeeded  
in  one single case on ly  in  o b ta in in g  a b ac te riu m  iso la te  re s is ta n t to  th e  sem i- 
te m p e ra te  phages a  a n d  aC [3]. T h is single re s is ta n t iso la te  did n o t p ro v e  to  be 
lysogenic and  did  n o t adsorb  th e  hom ologous p h ag e  [6 ]. The n a tu re  o f  th is  
re s is tan ce  ap p eared  to  be sim ilar to  th a t  o f T  p h ag es. O ur aim  w as to  s tu d y  
th e  resistance  to  p h ag e  W  of B acillus anthracis.
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M aterials and m ethod s

Bacteria. The v iru len t capsulogenic strain  Vollum of B. anthracis designated  VC+ 
w as u sed . The non-capsulogenic m u ta n t of the same s tra in  was designated as VC~. The cap­
su logenic  character was te s ted  in  carbon dioxide atm osphere [3].

F o r  phage assays and  fo r tes ting  lysogeny of th e  isolated strain  D avis of B. anthracis 
w as u sed  [2, 3].

Phages. The origin and  characteristics of the phages used in the p resen t studies have 
been  described [3]. The studies w ere carried out w ith th e  sem i-tem perate phage a and  its  more 
v iru le n t m u tan t aC. Phage 27 cr o f group A3 isolated and  characterized in o u r labora to ry  [7] 
w as also  used.

Phage stochs were ob ta in ed  b y  propagation in stra in  Davis.
M edia. Except for special cases the yeast e x trac t peptone (Y P) m edium  was used 

th ro u g h o u t. (For the details of th is  m edium our previous papers should be consulted .) Medium 
Y P  w as solidified by the ad d ition  of 1.5 per cent agar. As described previously, th e  cultivation 
o f B . anthracis in the YC/BB sys tem  was perform ed in  25 per cent C 0 2 atm osphere on YC 
a g a r contain ing N aH C 03 [3].

B uffer solution (solution SMB) was prepared by  adding 5 ml of 0.07 M  phosphate 
b u ffe r an d  1 ml of a 1 per cen t M gS04 • 7H 20  solution to  100 ml of saline.

Cultivation in liquid media. Fifteen ml Y P m edium  was measured in to  a 100 ml Erlen- 
m ey er fla sk  and after inocu lation  i t  was incubated u nder rocking (68 rocks per m inute with 
7.5 cm  am plitude) in a w ater b a th  of 35° C. The grow th of th e  cultures was followed by  turbid i- 
m e try  as described earlier [7].

Phage assay was m ade in  agar overlay.
Preparation o f spore suspension. Bacteria appropria te ly  spored in liqu id  m edium  were 

cen trifu g ed  and washed w ith  saline. The sediment was resuspended in 0.05 M  phosphate  buffer 
(p H  7.0) and  digested a t 47 °C in  a  w ater bath  for a few hours. This was followed by washing, 
an d  centrifugation  in a ho rizon ta l centrifuge a t 100 g  for 7 min., and th e  su p ern a tan t was 
h e a te d  as described earlier [3].

Exam ination o f the spores. 0.1 ml of an appropriate  dilution of hea t-trea ted  spore m a­
te r ia l  w as plated on Y P agar. S im ultaneously, a sim ilar am ount of the sam e m ateria l mixed 
w ith  a suspension of stra in  D avis was layered in soft agar. The num ber of colony and plaque- 
fo rm ers was determined. The phage sensitivity and lysogeny of the colonies developed was 
d e te rm in ed  by cross-streaking as described previously [3].

Phage ultrafiltrates. C ultures in the secondary phase were centrifuged and the super­
n a ta n t  filte red  through an u ltra f i lte r  of 35 to 20 m /i pore d iam eter (M embran F ilte r Göttingen 
“ m itte l” ) a t  15—20 atm . n itrogen  pressure. The filtra te s  thus obtained were in  every case 
free  o f  phages.

R esults

Changes in  the bacterium — phage popu la tio n . C ultures o f  B . anthracis 
s t r a in  D avis in fected  w ith  a  o r aC phages w ere  com pletely  ly sed  a f te r  a few 
h o u r s  o f  re incuba tion . No seco n d a ry  g ro w th  occu rred  in  th e  ly sa te  on fu r th e r  
in c u b a t io n , thus no r e s is ta n t  b ac te ria  could be  iso la ted  from  s tra in  D avis. 
A  d if fe re n t  phenom enon  w as  observed  w hen  e x p o n en tia lly  grow ing  cu ltu res 
(0 .15  to  0.25 o. D. =  60 to  120 X 106 b a c te r ia  p e r ml) o f VC+ o r Y C -  were 
in f e c te d  (m ultip lic ity  o f  in fec tio n , 0.5 to  1) w ith  phage a o r aC , an d  re in ­
c u b a te d .  The tu rb id ity  o f  th e  in fec ted  c u ltu re s  increased  for a b o u t 2 hours. 
T h is  p e r io d  was fo llow ed b y  a sudden  m ass lysis  o f cu ltu res in  th e  4 th  to  5 th  
h o u r  o f  incubation . U p to  th e  10th  to  12 th  h o u r  o f th e  ex p e rim e n t, th e  t u r ­
b id i ty  rem ained  on th e  sam e  v e ry  low level. A  g rad u a l increase  o f tu rb id ity  
s t a r t e d  th is  tim e, to  la s t  u n ti l  th e  cu ltu res h a d  reached  th e ir  m ax im u m  op­
t ic a l  d e n s ity  values in  24 to  30 hours. The course o f  even ts w as e ssen tia lly  th e
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sam e w hen using  Y C + or VC~ s tra in s  o f B . anthracis  w ith  e ith e r  p h ag es  a  or 
aC . F ig . 1 gives a g rap h ic  p re se n ta tio n  o f th e  p rocess.

The t i t r e  o f th e  phage m a te r ia l o b ta in ed  in  s tra in  VC+ an d  Y C~ cu ltu res  
w as alw ays h ig h er th a n  th a t  o b ta in e d  in  s tra in  D av is. The d ifference was 
p a rtic u la rly  g rea t if  th e  sam ples w ere ta k e n  d u rin g  th e  seco n d ary  g row th . 
T hus th e  m ean  va lu e  an d  th e  p ro b ab le  e rro r of th e  t i t r e  o f phage aC in  sam ples 
ta k e n  from  in fec ted  VC+ cu ltu res  a t  th e  beg inn ing  or th e  m iddle o f secondary

Fig. 1. G rowth curves of cultures o f stra in  VC infected w ith phage a and phage aC,
respectively

•  infected w ith  phage aC; О  w ith  phage a
The figures show the plaque forming units/m l in  samples taken  a t  th e  time 
indicated  by arrows.

gro w th  in 10 in d iv id u a l ex p e rim en ts  was 2.41 X 1011 ^  0.6 X 10n /m l, while 
th e  m ean  t i t re  o f 6 ly sa tes  o b ta in ed  in  s tra in  D avis am o u n ted  to  2.38 X 1010 ^  
±  0.45 X 1010/m l.

A t th e  end o f th e  f irs t phase , i. e. a t  th e  tim e  o f m ax im u m  lysis, th e  phage 
t i t r e  was considerab le . N ev erth e less , th is  value u su a lly  s till in c reased  d u rin g  
secondary  g row th . T his process is d e m o n s tra te d  in  F ig . 1 an d  T ab le  I .  D uring  
secondary  g row th  th e  phage t i t r e  u su a lly  s ta r tin g  from  10u /m l a p p ro x im a te d  
an d  occasionally  reach ed  1012/m l.

A ccording to  o u r o b se rv a tio n s , b o th  th e  capsu logen ic  an d  th e  non- 
capsulogenic m u ta n ts  o f s tra in  Y ollum  ex h ib ited  2 phases o f g ro w th  w hen 
in fec ted  w ith  e ith e r  a  or aC p h ages. T he f irs t phase  te rm in a te d  w ith  lysis and 
w as followed b y  secondary  g row th . D urin g  th e  seco n d ary  g row th  p h ase  u su a lly  
an  increase in  th e  phage t i t re  o ccu rred .
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Table I

N um ber o f plaque form ing  units/m l in cultures o f  VC~ and VC infected with phage
a and aC, respectively

H o s t cell a n d  phage

Sam ple ta k e n  a t VC" VC +

a aC a aC

1st period*......... 1 . 6 x 1 0 “ 1 . 6 x 1 0 “ 1 X 1 0 " 8 X  1010

2nd period . . . . 1 . 6 x 1 0 “ 3 x i o " 8 x 1 0 “ 4 . 5 x 1 0 “

* 1st period =  a t m ax im um  lysis; 2nd period =  a t  about the m iddle of secondary-
g row th

Table II

Colony and plaque form ers o f spore materials obtained from  the secondary 
growth o f  VC+ in the presence o f  phage aC

№  o f  
e x p .

P . f. u ./m l 
in  the  

cu ltu re1

P la tin g  o f  th e  sp o re  m a te ria l
P ro p o rtio n  

o f  p laq u e  and  
colony 

fo rm e rs  % 4

N u m b e r  o f  colony form ers/m l
P laq u e

o n  Y P  a g a r2 YC/BB c u ltu re 8
fo rm ers 
p e r  m l

l . 1 .6 x 1 0 " 3 . 1 X 1 0 6 2 . 9 x 1 0 е 2.9 XlO6 8.6

2. 1 .2 x 1 0 “ з.зхю 6 4 .1 x 1 0 ° 9 .1x10* 2.7

3.

оX 1 . 5 x 1 0 ° 6 .2X 10° 5.6 XlO6 27.0

4. 3.9 XlO10 5.0 x 1 0 е 4 . 1 x 1 0 ° 9 .6 x 1 0 ° 16.0

1 The numbers indicate th e  plaque forming units/m l in  the sample taken  to  obtain spore 
m a te ria l.

2 Colonies formed on Y P  agar appeared to be rough.
3 Colonies developed in  th e  presence of C02 were all mucoid in appearance.
4 Estim ated num ber of colonies on YP agar by  the  formula:

100 X plaque formers 
plaque ■- colony form ers

M orphological changes in  the phage in fected  cultures. T he  cytologieal 
c h a n g e s  in  phage in fe c te d  V C + and  VC-  c u ltu re s  w ere fo llow ed b y  phase- 
c o n t r a s t  m icroscopy. I n  th e  f i r s t  phase, th a t  is a f te r  th e  in fec tion , p ro life ra tio n  
a n d  la te r  extensive lysis  o f  th e  cells was seen . A t th e  tim e  o f m ax im u m  lysis 
a  m o d e ra te  num ber o f  cells w as dem o n strab le  in  th e  sam ples. I n  ad d itio n  to  
th e  few  in ta c t b a c te ria , a g re a t  am o u n t o f d e s tro y e d , e m p ty  cell w all residues, 
a m o rp h o u s  debris, g ra n u le s , e tc ., were fo u n d . T h e  in ta c t  b a c te r ia  w ere gener­
a l ly  sing le ; no chains c o u ld  be  seen. E m p ty  cell w all residues o r am orphous 
d e b r is  s tick ing  to  th e  e n d s  o f  th e  in ta c t single b a c te r ia  w ere fre q u e n tly  found .

D u rin g  th e  p e r io d  o f  lysis th e  ab o v e-d esc rib ed  m o rp h o lo g y  w as seen 
fo r  a  few  hours. The b e g in n in g  o f secondary  g ro w th  w as read ily  dem o n strab le
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b y  m icroscopy. I t  was c h a ra c te riz e d  by  a g rad u a lly  increasing  n u m b e r  of 
b a c te r ia  followed b y  th e  fo rm atio n  o f  longer and  longer chains. A t th e  m iddle  
o f  th e  secondary  g row th  th e  c u ltu re  consisted  m ain ly  o f chains o f  16 to  24 
m em bers. The len g th  o f th e  chains th e n  ex h ib ited  a fu r th e r  increase . N o spores 
w ere found in th e  new ly  form ed ch a in s  a t th e  beg inn ing , w hile la te r , a f te r  15 
to  20 hours, som e o f th e  cells d ev e lo p ed  spores. The n u m b e r o f spo res g ra d ­
u a lly  increased  an d  in th e  3 0 th  to  3 6 th  h o u r o f th e  ex p e rim en t p ra c tic a lly  
e v e ry  cell co n ta in ed  a spore. T h o u g h  th e  v eg e ta tiv e  p a r t  o f th e  sp o re -b ea rin g  
cells was successively  au to ly sed , th e  spores rem ain ed  stick in g  to g e th e r  in 
ch a in s  of 4 to  8 m em bers.

I t  has to  be em phasized  t h a t  th e  above-described  m o rpho logy  w as th e  
sam e  for b o th  th e  V C + an d  th e  V C -  s tra in s . C ultures o f VC+ w ere ex am in ed  
b y  d ifferen t s ta in in g  m ethods for th e  presence o f capsu le ; no capsule  fo rm a tio n  
w as seen.

A na lysis  o f the secondary p o p u la tio n . C h a rac te riza tio n  o f th e  b a c te r ia  
grow n secondarily  w ith  s im u ltan eo u s  phage p ro life ra tio n  was a t te m p te d  
th ro u g h  the  analysis  of th e  spore m a te r ia l. H ea ted  spore suspensions o b ta in e d  
fro m  th e  secondary  cu ltu res w ere p la te d  on Y P  p la te s , Y C /B B  c u ltu re s  an d  
in  cu ltu res w ith  D avis in d ica to r . Y C /B B  cu ltu res  were in c u b a te d  in  25 p e r  cen t 
C 0 2 a tm osphere .

A considerab le n u m b er o f ex p e rim en ts  was p erfo rm ed  on 4 d iffe ren t 
occasions u n d er th e  cond itions d esc rib ed  above. T he resu lts  of th e se  e x p e ri­
m en ts  perform ed w ith  s tra in  VC+ a n d  phage aC are  sum m arized  in  T ab le  I I .

A p ropo rtio n  o f th e  spores w as found  to  yield in fec tive  c en tre s  in  th e  
in d ic a to r  organism . T he p laques fo rm ed  were s tru c tu re le ss , clear an d  m easu red  
3 m m  in d iam ete r. T hus th e y  w ere  ch a rac te ris tic s  for m u ta n t  a [2, 3 ]. T he 
p ro p o rtio n  o f spore-form ing  p laq u es  w as d iffe ren t in  th e  in d iv id u a l e x p e ri­
m e n ts . Colonies o b ta in ed  from  Y P  a n d  Y C /B B  cu ltu res  in  d iffe ren t e x p e rim e n ts  
w ere exam ined  fo r b o th  phage se n s itiv ity  an d  lysogeny . T ab le  I I I  co n ta in s  
in fo rm atio n  on th e  iso la ted  colonies from  Y P  an d  Y C /B B  cu ltu res  o b ta in e d  
in  th e  experim en ts included  in T a b le  I I .

The resu lts  o f th e  four e x p e rim e n ts  p e rm it th e  follow ing conclusions. 
In  sp ite  of th e  h igh  phage c o n te n t o f th e  cu ltu res , o n ly  p a r t  o f th e  spores 
c o n ta in e d  phage genom . A m ong th e  104 and  123 colonies exam ined  in  th e  fo u r 
ex p e rim en ts , none w as found  to  be lysogenic or re s is ta n t to  th e  p h a g e . T his 
m ean s th a t  th e  spores of th e  se c o n d a ry  g row th  developed  a t  a h ig h  ph ag e  
c o n c e n tra tio n , w ere n e ith e r  lysogen ic  nor im m une to  th e  p h ag e . In  spores 
p ro d u c in g  infec tive  cen tres no s ta b le  p rophage  w as p re se n t an d  th e  ph ag e  
genom  was in its  lab ile  s ta te  know n  to  be ch a ra c te ris tic  o f th is  sy s te m  [3,5]. 
W e h av e  to  em phasize th a t  th e  p la q u e s  fo rm ed  (T able I I )  could n o t  h av e  
o rig in a te d  from  co n tam in a tio n , as no  p laques w ere fo u n d  on p la tin g  w ith  
s tre p to m y c in -re s is ta n t D avis s tra in  in  s trep to m y c in  ag a r.
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Table III

Analysis o f individual colonies developed from  spores on Y P  plates and
YC /B B  cultures

(Material of th e  four individual experiments summarized in  Table II)

№  o f  
ex p .

B ehav iour o f in d iv id u a l co lon ies w h en  tes ted  
for lysogeny  a n d  se n sitiv ity *

Colonies o f  Y P  a g a r
Colonies in 

Y C /B B  c u ltu re

l . Lysogenic 0/30 0/30
Sensitive 30/30 30/30

2 . Lysogenic 0/15
Sensitive 15/15

3. Lysogenic 0/17 0/6
Sensitive 17/17 15/15

4. Lysogenic 0/6
Sensitive 16/16

* Proportion of colonies tested . When an equal num ber of colonies was tested both  for 
ly sogeny  and sensitivity, th e  sam e colonies were exam ined for bo th  characteristics.

E ssen tia lly  th e  sa m e  phenom enon w as o b serv ed  w ith  th e  non-capsulo- 
g en ic  s tra in  w hen in fe c te d  w ith  phages a  or aC . R esu lts  o f tw o such ex p eri­
m e n ts  are p resen ted  in  T a b le  IV.

Table IV

Colony and plaque formers o f spore materials obtained from  the secondary 
growth o f  VC~ in  the presence o f either phage a or phage aC

№  o f 
exp . P h a g e

Colony
form ers/m l

P la q u e
fo rm e rs /m l

P ro p o rtio n  
o f  p laq u e  

fo rm ers
%

l . a 2.7 x l O 6 8.8 x 1 0 s 2 5
aC 3 .1  x i o 6 2 . 5  X  1 0 l 0 . 0 0 1

2. a 5 .8  X  1 0 s 5 . 5  x l O 7 99
aC 3 . 0  X l O 7 1 . 6 x 1 0 e 5 . 3

As d e m o n s tra te d , o n ly  a low p ro p o rtio n  o f spores of s tra in  VC~ con ta ined  
th e  genom  of p hage  aC  in  one ex p erim en t, w hile  in  th e  o th e r  th e  re la tions 
w ere  sim ilar to  th o se  fo u n d  for th e  VC+ s tra in  (see T ab le  I I ) .  On th e  o th e r 
h a n d ,  spores iso la ted  f ro m  th e  secondary  g ro w th  in th e  presence of phage a 
c o n ta in e d  phage g en o m  v e ry  frequen tly . T h is phage genom  w as, how ever, 
in  a labile s ta te ; n o n e  o f  th e  54 colonies d ev e lo p ed  an d  exam ined  se p a ra te ly  
w as found  to  be ly so g en ic , while each of th e m  w as phage sensitive . W e have 
to  m en tion , how ever, t h a t  on p la ting  th e  spo res developed  in  th e  presence
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o f ph ag e  a, in ta c t  colonies were o b ta in e d  o n ly  a t  high d ilu tio n s o f th e  spo re  
m a te r ia l, and  even th e n  some of th e  colonies w ere eroded , due to  c o n ta m in a tio n  
from  th e  lysed spores. W hen, h o w ev er, sm ears were p rep a red  from  th e  a rea  
be tw een  colonies, th e  presence o f  ph ag e  w as freq u en tly  d e m o n s tra te d . T hese 
o b se rv a tio n s  also suggest th a t  in d iv id u a l spores w hich had  form ed in  th e  p re s ­
ence o f phage give rise to  e ith e r  a colony or a p laque [3, 5]. I t  c an  th u s  be 
s ta te d  th a t  th e  spore m a te ria l o f  seco n d a ry  g ro w th  developed  in  th e  presence  
o f phage consists o f e ith e r sen sitive  or phage carrie r p o p u la tio n . I t  sho u ld , 
h o w ever, be s tressed  th a t  th e  b a c te r ia  h av e  grow n for a co n siderab le  period  
b efo re  sp o ru la tio n  in  th e  presence o f  a h igh co n cen tra tio n  o f  p h ag e , so th a t  
th e y  m ust have possessed some re s is ta n c e  to  phage in  th e ir  v e g e ta tiv e  p h ase .

Phage adsorption by the secondary popu la tion . In  o rd er to  e lu c id a te  th e  
m echan ism  of seco n d ary  grow th in  th e  presence of a large ph ag e  p o p u la tio n  
i t  h a s  been exam ined  w hether th e  v e g e ta tiv e  b ac te ria  in seco n d a ry  g ro w th  
w ere able to  ad so rb  hetero logous o r hom ologous phages. F o r th is  p u rp o se  
b a c te r ia  from  a secondary  g ro w th  o f  s tra in  V C + grow n in th e  p resen ce  of 
p h ag e  aC were re p e a te d ly  w ashed  to  rem ove phages and  th e ir  c a p a c ity  to  
ad so rb  hom ologous or he tero logous phages w as exam ined . As a h e te ro lo g o u s  
p h ag e  an  A 3 p h ag e  (stra in  ‘l i e r )  w as used.

F rom  a c u ltu re  in  secondary  g ro w th  before spore fo rm a tio n  (0. D . =  
=  0.4 to  0.5), w h ich  con ta ined  a b o u t 10n  to  5 x l O n  p laq u e  fo rm in g  u n its  
p er m l a sam ple w as ta k e n  and  c en trifu g ed  in a cooled angle h ead  cen trifu g e  
fo r 10 to  15 m in u tes  a t  2100 r . p . m . T he sed im en t was w ashed  4 to  5 tim es  
w ith  excess SBM so lu tion  and  f in a lly  resu sp en d ed  in SBM . T he suspension  
co n ta in ed  a p p ro x im a te ly  160 x 10e cells an d  105 to  106 phage p a rtic le s  p e r m l. 
P h a g e  aC or A 3 w as added  to  a liq u o ts  o f th e  w ashed  b a c te ria l su spension  an d  
in c u b a te d  for 30 m in u tes  a t 37° C. T he b a c te r ia  were cen trifuged  in  th e  cold 
an d  th e  phage c o n te n t o f th e  s u p e rn a ta n t  w as de te rm in ed . C on tro l experi-

ТаЫе V

Adsorption o f phage aC and A :l by bacteria o f strain VC+ grown in the 
absence ( control)  and presence o f phage aC

№  o f 
ex p . B ac teria l suspension P h a g e M. o . i.

Phage 
added 

p . f. u ./m l

P h ag e  
found  

p . f. u ./m l

A d so rp tio n
/о

l . Control aC 0.22 4.6 XlO 7 6.5 x 1 0 s 98.6
Secondary growth aC 0.25 4.9 XlO 7 4.1 X lO 7 13.3

2 . Secondary growth aC 0.20 3.7 X 107 3 . 6 x 1 0 ’ 0.0
3. Control A3 1.0 2.0 x10s l. lx io7 94.7

Secondary growth A3 1.3 2.5 x 1 0 s 2 .6  x io7 86.4
4. Control A3 0.3 6.6 X 107 1.4 X 107 78.8
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m e n ts  were carried  o u t  w ith  b ac te ria  grow n in  th e  absence  o f phage an d  w ashed  
w ith  SBM so lu tion .

As d e m o n s tra te d  in  T ab le  V, th e  se c o n d a ry  g ro w th  o b ta in ed  in  th e  
p resen ce  of phage aC d id  n o t  adsorb th e  hom ologous ph ag e  (in one ex p erim en t 
th e  m o d era te  ra te  o f  a d so rp tio n  was w ith in  th e  lim its  o f  ex p e rim en ta l e rro r). 
I n  c o n tra s t , he te ro lo g o u s p h ag e  A 3 was ad so rb e d  to  ap p ro x im a te ly  th e  sam e 
e x te n t  b y  b o th  b a c te r ia l  suspensions.

N um erous e x p e rim e n ts  were p erfo rm ed  w ith  s tra in  VC-  u n d er th e  sam e 
co n d itio n s . In  th e se  e x p e rim en ts , how ever, th e  b a c te r ia  were w ashed  on ly  
tw ice  w ith  SBM, w hile  th e  resid u a l phage w as in a c tiv a te d  b y  h ea t t re a tm e n t 
(70° C for 20 m in u tes). T h e  a m o u n t of ad so rb ed  p h ag e  ex h ib ited  g rea t v a ria tio n s  
in  th e  in d iv id u a l e x p e rim e n ts , p robab ly  b ecau se  o f  d ifferences in  th e  e ffec tive­
n ess  o f  rem oving  cell d e b ris . T he cell debris re su ltin g  from  au to lysis are  know n 
to  adso rb  phage a  [6 ]. O m ittin g  the  d e ta ile d  d esc rip tio n  of each in d iv id u a l 
e x p e rim e n t we m a y  su m m arize  th e  re su lts  o f  12 d iffe ren t ex p erim en ts  as 
fo llow s.

B acteria  fro m  th e  seco n d ary  g row th  (in th e  presence of e ith e r a o r aC 
ph ag es) failed to  a d so rb  hom ologous phages, o r th e  a m o u n t o f adso rbed  phage 
w as rem ark ab ly  lo w er th a n  th a t  in th e  c o n tro l ex p e rim en t. Phage A 3 w as, 
h o w ev er, read ily  a d so rb e d  b y  th e  b a c te ria  f ro m  th e  secondary  g row th . The 
m e a n  values of a d so rp tio n  are  p resen ted  in  T ab le  V I.

T he m ean v a lu e s  o f  phage ad so rp tio n  b y  th e  seco n d ary  g row th  v a ried  
g re a tly  in  th e  in d iv id u a l experim en ts. O ne th ird  o f th e  suspensions o b ta in ed  
f ro m  th e  secondary  g ro w th  did  n o t adso rb  p h ag e  in  d em onstrab le  am o u n ts , 
w h ile  th e  sam e su sp en sio n s  adsorbed 60 to  80 p e r  cen t of th e  hetero logous 
p h a g e  (Ag).

A ttem pts to in flu en ce  phage adsorption by lysates. T he  experim en ts p re s ­
e n te d  above have  sh o w n  th a t  th e  seco n d ary  b a c te r iu m  grow th  o b ta in e d  in

Table VI

Mean values o f  adsorption o f phage a, aC and A 3 by bacteria o f strain 
VC~ grown in  the absence (control) and presence o f phage a and aC

(Sum m ary of results of 12 individual experiments)

P h a g e  u se d  
iu  a d s o rp tio n  

t e s t

Phage a d so rp tio n  in  %  b y  d iffe re n t 
b a c te r ia l su spensions

Control
S ec o n d a ry  

g ro w th  
in  p h ag e  aC

S eco n d ary  
g ro w th  

in  a

aC ................ 90 30 n .  t .

a ....................... 95 n. t. 28

A3 .................... 94 70 73

n. t. =  not tested.
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th e  p resence of a la rg e  phage p o p u la tio n  e ith e r d id  no t adso rb  th e  hom ologous 
p h a  ge a t  all or th e  adso rp tio n  w as e x tra o rd in a r ily  m o d era te . I t  seem ed as 
i f  th e  decrease or d isap p earan ce  of th e  W  phage recep to r h a d  been  in  con n ec tio n  
w ith  a soluble en zy m a tic  princip le  f ro m  th e  large am o u n t o f p h ag e  or b a c ­
te r iu m  ly sa te . To te s t  th is  p o ssib ility , cu ltu res  in  th e  seco n d ary  g ro w th  p h ase  
w ere cen trifuged  a n d  th e  s u p e rn a ta n t  filte red  th ro u g h  a collodion m em b ran e . 
T h e  phage-free f i l tra te s  were m ixed  to  ex p o n en tia lly  grow ing V C -  b a c te r ia . 
S am ples of th e  m ix tu re  were c e n tr ifu g e d  a fte r  30 or 60 m in u te s  a n d  th e  a d ­
so rp tio n  of phage a  b y  th e  se d im e n te d  cells w as exam ined . T h is tr e a tm e n t  
d id  n o t  in fluence p h ag e  ad so rp tio n , th u s  no decrease in th e  re c e p to r  su b s ta n c e  
o f  th e  b ac te ria  could  be d e m o n s tra te d  on tre a tm e n t w ith  p h age-free  ly sa te s . 
I n  th is  ex p erim en t we have failed  to  d e m o n s tra te  th e  p resence o f  a so luble  
su b s ta n c e  rap id ly  d estro y in g  th e  re c e p to r .

D iscu ssio n

T he cond itions o f equ ilib riu m  o f p hage— b ac te riu m  p o p u la tio n s  h av e  
b een  s tu d ie d  w ith  a p p ro p ria te  a c c u ra c y  in  a few in stan ces on ly . T he co n d itio n s 
v a lid  fo r lysogenic system s were p o o rly  u n d ersto o d  before th e  reco g n itio n  
o f  th e  phenom enon  o f lysogenesis. R ecen tly , th e  fu n d a m e n ta l s tu d ie s  o f 
L w off  [8 ] have y ie ld ed  valuab le  in fo rm a tio n s  in  th is  field .

T he phenom enon  described in  connection  w ith  th e  ph ag e  o f  Strepto­
coccus cremoris deserves special m e n tio n . As described  b y  H unter  [9], cu l­
tu re s  o f  th a t  coccus are p a rtia lly  ly sed  b y  a specific phage a n d  th e  la t te r  
a t ta in s  v e ry  high ti t re s  in th e  sy s tem . Cocci iso la ted  from  ly sa tes  o f  h igh  p hage  
c o n te n t  d id , how ever, n o t prove to  b e  lysogenic  an d  th e y  ex h ib ited  an  u n a lte re d  
p h a g e  sen sitiv ity . T h is p a rtic u la r  s t a t e  o f equ ilib rium  be tw een  b a c te r ia  an d  
p h ag es  was d ifficu lt to  u n d e rs ta n d  on th e  basis o f th e  e x p e rim e n ta l d a ta  
a v a ilab le .

A  special so rt o f  equ ilib rium  o f  p h ag e -b ac te riu m  p o p u la tio n  w as fo u n d  
in  o u r  ex perim en ts w ith  v iru len t a n d  sem item p era te  m u ta n ts  o f p h ag e  W . 
A fte r  in fec tion  o f B . anthracis c u ltu re s  w ith  th ese  phages m ass lysis ensues 
w h ich  is followed b y  a secondary  g ro w th  o f th e  su rv iv in g  b a c te r ia . T he p o p ­
u la tio n  o f th e  seco n d ary  g row th  a p p e a re d  to  be re s is ta n t to  th e  hom ologous 
p h ag e , th o u g h  only  a p rop o rtio n  o f  b a c te r ia  w ere found  to  ca rry  p h ag e  genom  
in  a lab ile  form . T hese labile com plexes d id  n o t fo rm  colonies b u t  w ere ly sed  
a f te r  th e  g e rm in a tio n  o f th e  spores. Colonies grow n from  spores l ib e ra te d  from  
p h ag es  d id  no t d iffer in th e ir  p h a g e  se n s itiv ity  from  tho se  o f  th e  o rig in a l 
b a c te r ia . T hus, th e  phage sen s itiv ity  o f  th e  b ac te riu m  clone th a t  h a d  su rv iv ed  
p h a g e  in fection  w as recovered.

I t  seem ed rem ark ab le  th a t  th e  phage ad so rp tio n  o f th e  cells grow n 
seco n d a rily  in  th e  p resence of a la rg e  phage p o p u la tio n  d iffered  co n sid erab le
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fro m  th a t  o f th e  o rig in a l b ac te ria . U n fo r tu n a te ly , th e  fu r th e r  ex am in a tio n  
o f  th is  p roblem  w as l im ite d  b y  tech n ica l d ifficu ltie s . I t  w as, how ever, a p p a re n t 
t h a t  b a c te ria  f ro m  th e  secondary  g ro w th  d id  n o t  adso rb  th e  hom ologous 
p h ag e  or th e  a d so rp tio n  o f  phage w as c o n sid e rab ly  d im in ished . I t  is d ifficu lt 
to  f in d  th e  cause o f  th e  d isap p earan ce  o f  th e  p h ag e  re c e p to r or, m ore accu ­
r a te ly ,  o f its m issing fu n c tio n , on th e  basis  o f  th e  ex p e rim en ts  p re sen ted  above. 
T h e re  are , how ever, se v e ra l possible e x p la n a tio n s . T here  m igh t be a ce rta in  
in h ib ito r  th a t  in te rfe re s  w ith  th e  a d so rp tio n  o f th e  ph ag e  to  th e  recep to r. 
T h is  w ould , h o w ev er, be  in  co n tra s t w ith  th e  o b se rv a tio n  th a t  w ashed  su s­
p en sions also failed  to  a d so rb  phage. I t  cou ld  be su p p o sed  th a t  c e rta in  recep to r 
d e s tro y in g  su b stan ces  m ig h t be lib e ra ted  e ith e r  b y  th e  phages or b y  th e  lysed 
b a c te r ia . O ur e x p e rim e n ts , how ever, d id  n o t  s u p p o r t such  a supposition . M ost 
p ro b a b ly  th e  c o n d itio n s  o f  recep to r sy n th es is  m ig h t be d is tu rb ed  a fte r  th e  
f i r s t  ly tic  phase. T h u s , th o u g h  th e  genetic  b a c k g ro u n d  fo r recep to r p ro d u c tio n  
m ig h t be in ta c t, th e  re c e p to r  defect b ro u g h t a b o u t b y  en v iro n m en ta l cond i­
tio n s  re su lts  in  m issing  in fec tio n  w hich w as fo llow ed b y  spore p ro d u c tio n . T he 
colonies developed  fro m  such  spores in  a ph ag e-free  en v iro n m en t are  sensitive  
to  p hage  and  th is  p ro g e n y  w ould n o t d iffe r fro m  th e  n o rm a l b ac te riu m . T hus 
th e  phenom enon  seem s to  im ita te  p h ag e  re s is ta n c e . T his n o n -in h eritab le  
re c e p to r  defic iency  m ig h t be regarded  as th e  p h en o co p y  o f phage resis tan ce .
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