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PREFACE.

In  h i s  c l a s s i c a l  work, "Pathology  of th e  

C e l l " ,  Cameron (1952) has s a i d  t h a t  "Y/e a re  

u rg e n t ly  i n  need of chem ical  and p h y s ic a l  

i n v e s t i g a t i o n  of c e l l u l a r  d ea th ,  f o r  our 

knowledge a t  th e  moment i s  crude  and f u l l  of 

gaps". The t r u t h  of t h i s  s ta te m e n t  becomes 

p a te n t  when we c o n s id e r  c e l l u l a r  d e a th  i n  th e  

course  of normal age ing .  What causes  any 

p a r t i c u l a r  c e l l  t o  d ie ?  Which chem ical  changes 

a s s o c ia t e d  w i th  dea th  of a c e l l  a re  c a u s a t iv e  

and which c o n s e q u e n t ia l?  Could i n t e r f e r e n c e  

w i th  the  chem ical p ro c e s se s  in vo lved  i n  the  

passage from l i f e  t o  d ea th  p re v e n t  or de lay  d e a th  

of a c e l l ?  I t  i s  w i th  th e  l a s t  and most l i m i t e d  

of th e se  q u e s t io n s  t h a t  t h i s  i n v e s t i g a t i o n  i s  

concerned. An answer to  t h i s  q u e s t io n  might,  

however, g ive  an approach  t o  th e  l a r g e r  problems 

of c e l l u l a r  dea th .  I f  d e a th  of a c e l l  cou ld  

be p reven ted  or delayed  by a su b s tan ce  known t o  

i n h i b i t  s p e c i f i c  b iochem ica l  p ro c e s s e s ,  we shou ld  

have le a rn e d  something o f  th e  chem ical changes 

a s s o c ia t e d  w ith  dea th .
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The work d e s c r ib e d  i n  th e  fo l lo w in g  pages 

was des igned  t o  t e s t  t h i s  h y p o th e s i s ,  and 

c o n d i t io n s  under which growth was u n l i k e l y  t o  

occur were chosen in  d e te rm in in g  th e  e f f e c t  of 

the  s p e c i f i c  b iochem ica l  i n h i b i t i o n  on th e  d e a th  

of b a c t e r i a .  The r e a s o n  f o r  ad o p t in g  th e se  

c o n d i t io n s  was t h a t  where growth was im p o ss ib le ,  

any i n t e r f e r e n c e  w i th  th e  p ro c e s se s  l e a d in g  to  

d ea th  of th e  b a c t e r i a l  c e l l  cou ld  be e a s i l y  

d i s t i n g u i s h e d .

S ince  i t  was im p o ss ib le  t o  examine a l l

b a c t e r i a l  s p e c i e s ,  th e  Gram-negative b ac te r iu m

E s c h e r i c h ia  c o l i  was chosen f o r  most of t h i s

work. Some of th e  experim ents  were r e p e a te d

u s in g  th e  G ram -pos i t ive  organism, S taphylococcus

a u r e u s , which has w idely  d i f f e r e n t  c h a r a c t e r s ,  i n
ctŸfyCueA

order  to  de t erm ine whet h e r  vhc f in d in g s  were- of 

gener a l  a p p l i c a t i o n . The r e s u l t s  a re  d e s c r ib e d  

i n  th e  rem a inder  of  t h i s  t h e s i s  and t h e i r  

s i g n i f i c a n c e  d is c u s s e d .
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INTRODUCTION.

Death and d i s s o l u t i o n  i s  a f a t e  which 

ove r takes  a l l  m u l t i - c e l l u l a r  organisms. Only 

c e l l s  o f  th e  ge rm ina l  t i s s u e s  p o sse ss  im m o r ta l i ty .  

I t  i s  l e s s  c e r t a i n  t h a t  t h i s  i s  t r u e  of s i n g l e -  

c e l l e d  organism s, and i n  f a c t  many m ic r o b io lo g i s t s  

would re g a rd  t h e i r  m a te r i a l  as  p o t e n t i a l l y  

im m orta l .  Growth of p ro top lasm  and c e l l u l a r  

d i v i s i o n  fo l lo w  w ithou t  i n t e r r u p t i o n  i f  n u t r i e n t s  

a re  f r e e l y  a v a i l a b l e  and o th e r  c o n d i t io n s  a re  

f a v o u ra b le .  But even under optimum oel l u l a -r  

c o n d i t io n s  th e  growth of a b a c t e r i a l  p o p u la t io n  

i n  a c lo s e d  system  does no t p roceed  unchecked.

The supp ly  of n u t r i e n t s  runs  out and th e  end 

p ro d u c ts  of metabolism  e x e r t  a brake  on th e  r a t e  

of p o p u la t io n  in c r e a s e .  I f  a c e l l  i s  unable  to
A

grow and d iv id e  i t  ex p e r ien ces  th e  same f a t e  as 

m u l t i c e l l u l a r  organism s, i t  ages and d ie s .

I s ,  th e n ,  a sharp  d i s t i n c t i o n  t o  be drawn 

between d e a th  i n  m u l t i - c e l l u l a r  and u n i - c e l l u l a r  

o rgan ism s?  Not i f  one r e g a rd s  th e  m u l t i - c e l l u l a r  

organism, as an i n t e g r a t e d  a s s o c i a t i o n  of s i n g l e  

c e l l s  i n  which d e a th  of th e  organism i s  th e
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u l t im a te  consequence of d e a th  of i n d i v i d u a l  

c e l l s .

Nature o p e ra te s  by an i n t r i c a t e  system of 

checks and b a la n c e s  i n  c o n t r o l l i n g  th e  dominance 

of s p e c i e s .  The causes  of  c e l l u l a r  d e a th  a r e  

m an ifo ld  b u t  may be grouped under one of two 

main head ings .

1. I n j u r y  t o  th e  c e l l  o r i g i n a t i n g  i n  the  

env ironm ent.

S ince  l i v i n g  b a c t e r i a l  c e l l s  c o n s i s t  

l a r g e l y  of the  su b s tan ce  i n  d e l i c a t e  e q u i l ib r iu m  

known as p ro top la sm , t h e i r  normal l i f e  p ro c e s s e s  

may be e a s i l y  d i s r u p te d  by c e r t a i n  changes i n  th e  

environm ent.  A l l  c e l l s  d ie  when in j u r e d  

p rov ided  th e  i n j u r y  be s u f f i c i e n t l y  sev e re  or 

p ro longed .  I n d i v i d u a l  c e l l s  v a ry ,  of c o u r s e ,  

i n  t h e i r  s u s c e p t i b i l i t y  t o  i n j u r y .  Some w i l l  

s u r v iv e ,  and even r e c o v e r ,  under  c o n d i t io n s  which 

a re  f a t a l  t o  o th e r s .

Cameron (1952) l i s t s  many forms of i n j u r y  

which may l e a d  t o  d e a th  of th e  c e l l ,  but th e s e  

may be grouped under t h r e e  head ings .
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(a )  S t a r v a t io n .

(b ) P h y s ic a l  damage.

(c)  Chemical damage.

Throughout th e  animal kingdom most dea ths  

would be ex p la in ed  by th e  f i r s t  two c a u s e s ,  and 

even i n  man d e a th  i s  f r e q u e n t l y  th e  r e s u l t  of  

th e  o p e r a t io n  of one or o th e r  of th e s e  t h r e e  

ty p es  of i n j u r y .  But an e x p la n a t io n  of  c e l l u l a r  

d e a th  i n  th e s e  t h r e e  e e l l s  i s  sometimes 

u n s a t i s f a c t o r y .  Death seems to  be th e  r e s u l t  

of i n j u r y  o r i g i n a t i n g  w i th in  th e  c e l l  r a t h e r  than  

stemming from th e  environment.  The damage t o  

th e  p ro c e s s e s  of th e  c e l l  a re  a f u n c t io n  of 

time and th e  terms "Ageing" or "Senescence" have 

been used t o  d e sc r ib e  th e  d e t e r i o r a t i o n  i n  th e  

e f f i c i e n c y  of the  c e l l  which, i n  th e  co u rse  of 

t im e ,  le a d s  t o  th e  d ea th  o f  th e  c e l l .  This  i s  

the  o th e r  main heading  under  which th e  c au ses  of 

c e l l u l a r  d e a th  may be grouped.

2. Ageing or Senescence .

This i s  th e  p ro cess  i n  which th e  c e l l  

lo s e s  e f f i c i e n c y  w i th  i n c r e a s i n g  age and 

u l t i m a t e l y  d e a th  i s  th e  r e s u l t .  R e l a t i v e l y  few
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organisms ev e r  r e a c h  a s t a g e  of advanced 

senescence ,  y e t  i t  i s  a p ro c e s s  which i s  becoming 

of i n c r e a s i n g  i n t e r e s t  and im portance to  man as  

th e  advances of medical s c ie n c e  d ec rea se  th e  

p r o b a b i l i t y  t h a t  he w i l l  d ie  as a r e s u l t  o f  

i n j u r y  stemming from th e  environment i n  th e  form 

of i n f e c t i o n  by some in v a d in g  m icro-organism .

In  th e  course  of age ing  we f i n d  t h a t  th e  

chem ical  a c t i v i t i e s  and th e  a r c h i t e c t u r e  o f  th e  

c e l l  s u f f e r  change, bu t  we a re  s t i l l  l a r g e l y  

ig n o ra n t  of  th e  n a tu r e  of th e se  changes.  I n  

p a r t i c u l a r  we can only guess a t  th e  e x t e n t  of 

th e  chem ica l  changes accompanying senescence .

How a re  we to  s tudy  th e  d is tu rb a n c e  of 

a r c h i t e c t u r e  and f u n c t io n  t h a t  accompany d e a th ?  

T is su e s  have th e  advantage of bu lk ,  bu t  they  

c a r r y  th e  d isad v an tag e  of a com plica ted  

o r g a n i s a t io n .  I f  we want t o  s tu d y  d e a th  a t  th e  

c e l l u l a r  l e v e l  we must use i s o l a t e d  and i d e n t i c a l  

c e l l s  and th u s  reduce c o m p l ic a t in g  c o n d i t i o n s  to  

a minimum. The b a c t e r i a l  c e l l  i s  i d e a l  f o r  

t h i s  purpose .  Large q u a n t i t i e s  of i d e n t i c a l  

c e l l s  can  be o b ta ined  w i th  l i t t l e  t r o u b l e  and
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t h e i r  l i f e  c y c le  i s  compressed i n t o  a r e l a t i v e l y  

s h o r t  p e r io d .  But w hile  th e  s tu d y  o f  th e  d e a th  

of b a c t e r i a  i s  i n t e r e s t i n g  i n  i t s e l f ,  i s  t h e r e  

any r e a s o n  f o r  b e l i e v in g  t h a t  th e  phenomenon of 

d e a th  i n  b a c t e r i a  has an y th in g  i n  common w ith  

th e  d e a th  of c e l l s  o rg an ised  i n  t i s s u e s ?  There 

a r e ,  i n  f a c t ,  good grounds f o r  b e l i e v in g  t h a t  

any d i s c o v e r i e s  t h a t  might be made i n  s tu d y in g  

b a c t e r i a l  d e a th  would have g e n e ra l  a p p l i c a t i o n .  

Comparative b io c h e m is t ry  has dem onstra ted  d u r ing  

th e  p a s t  50 y e a r s ,  or so ,  t h a t  c e l l s  of  d i f f e r e n t  

o r i g i n  have f a r  more i n  common, b io c h em ic a l ly  

sp eak in g ,  th a n  th e y  have a p a r t .  I t  i s  f o r  the  

re a so n s  g iv en  above t h a t  b a c t e r i a  have been 

chosen as th e  o b je c t  of t h i s  s tu d y  of c e l l u l a r  

d e a th .

At th e  same time we must no t  ta k e  f o r  

g r a n te d  t h a t  th e  p ro cess  of d e t e r i o r a t i o n  fo l lo w s  

e x a c t ly  th e  same cou rse  i n  th e  c e l l s  of a l l  

s p e c i e s .  The f a c t o r s  which a re  o p e ra t in g  du r in g  

age in g  a re  to o  complex and too  v a r i e d  t o  a l low  

of any n e a t  b i o l o g i c a l  c l a s s i f i c a t i o n .  And, 

as  mentioned i n  th e  opening p a rag rap h s ,  under
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some c o n d i t io n s  s i n g l e - c e l l e d  organisms cannot 

be d e s c r ib e d  as age ing  a t  a l l .  But i f  

c o n d i t io n s  a re  chosen so t h a t  b a c t e r i a  a re  unable  

to  grow and d iv id e  we have a s i t u a t i o n  s i m i l a r  to  

t h a t  found i n  the  t i s s u e  c e l l s  of th e  ageing  

animal or p l a n t .

Before going on t o  d i s c u s s  age ing  i n  

b a c t e r i a  i t  i s  n e c e s s a ry  to  say  a l i t t l e  about 

what we mean by th e  term . The p ro cess  which 

i t  r e p r e s e n t s  cannot be simply a m a t te r  of t im e ,  

i t  must be d e s c r ib a b l e  i n  terms of m etabo lic  

and s t r u c t u r a l  changes of some s o r t .  But i n  th e  

absence of c o n c re te  answers to  q u e s t io n s  of f a c t  

d i s c u s s io n s  of age ing  tend  t o  use p h rases  such 

as "wear and t e a r "  which c a r r y  l i t t l e  en l igh tenm en t .  

U nders tand ing  can only come when we a re  ab le  to  

d e s c r ib e  i n  b iochem ica l  terms th e  n a tu r e  and 

causes  of  "wear and t e a r " .  V/e a re  only  a t  th e  

edge of t h i s  v a s t  and e x c i t i n g  f i e l d  of s tu d y  and 

i t  i s  th e  c o n v ic t io n  of  th e  a u th o r  t h a t  one of 

th e  most f r u i t f u l  approaches l i e s  i n  th e  s tudy  

of b a c t e r i a l  dea th .
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Changes i n  th e  Behaviour of B a c t e r i a  as th e y  Age;

On s tu d y in g  s i n g l e - c e l l e d  organisms l i k e  

b a c t e r i a ,  most workers have concerned  them selves  

mainly w i th  th e  e a r l i e r  phases  of growth. The 

even ts  o c c u r r in g  i n  th e s e  e a r l i e r  s t a g e s ,  under 

v a r io u s  ex p e r im en ta l  c o n d i t i o n s ,  have been very  

c a r e f u l l y  and f u l l y  d e a l t  w i th  by p rev io u s  

o b s e rv e r s .  The d e te rm in a t io n  of growth curves  

under a v a r i e t y  of e x p e r im en ta l  c o n d i t io n s  have 

thrown l i g h t  on th e  phenomena a s s o c i a t e d  w i th  

th e  growth cy c le  of  b a c t e r i a l  p o p u la t io n ^ .  The 

c o n c lu s io n s  of th e se  s t u d i e s  show t h a t  t h e r e  

a r e  f o u r  phases i n  th e  growth of a b a c t e r i a l  

c u l t u r e .

(1) An i n i t i a l  p e r io d  d u r in g  which m u l t i p l i e  a t i  on 

i s  s l i g h t ;  t h i s  p e r io d  v a r i e s  between 1-6 hours  

ac c o rd in g  t o  th e  te m p e ra tu re ,  s i z e  and age of th e  

inoculum and com posi t ion  of th e  medium. (Lane- 

Claypon, 1909; Coplans, 1910; P en fo ld ,  1914

. Chesney, 1916; Hinshelwood, 1946).

(2) A p e r io d  of lo g a r i th m ic  m u l t i p l i c a t i o n ,  th e  

r a t e  v a ry in g  s l i g h t l y  a t  th e  same te m p era tu re ,  

bu t  d i f f e r i n g  w ide ly  f o r  d i f f e r e n t  t e m p e ra tu re s .
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For a g iven  volume of f l u i d  th e  time d u r in g  

which th e  b a c t e r i a  c o n t in u e  to  d iv id e  a t  a 

maximum, s te a d y ,  r a t e  depends among o th e r  t h i n g s ,  

upon th e  s i z e  of inoculum, th e  tem p era tu re  of 

in c u b a t io n  and the  n a tu r e  of  th e  medium.

(Barber,  1908; Lane-Glaypon, 1909; J e n n iso n ,  

1935; P en fo ld  and N o r r i s ,  1912).

(3) A p e r io d  when th e  numbers remain  more or 

l e s s  s t a t i o n a r y .  In  t h i s  p e r io d ,  and a f t e r  th e  

c u l t u r e  has ceased  growing l o g a r i t h m i c a l l y ,  th e  

r a t e  of  growth s la c k e n s  g r a d u a l ly  bu t  i s  s t i l l  

f a i r l y  a c t i v e  u n t i l  th e  number of b a c t e r i a  

reach es  a va lu e  determined by th e  amount o f  

n i i t r i e n t s  p r e s e n t  or th e  p resence  o f  to x i c  

p ro d u c ts  of  th e  c e l l ' s  metabolism. At t h i s  

s ta g e  th e  number of l i v i n g  b a c t e r i a  appea rs  to  

remain f a i r l y  c o n s ta n t  f o r  some t im e ,  a f t e r  

which i t  beg ins  to  dec rease  s low ly .  ( B a i l ,

1929; Fukuda, 1929; Dagley and Hinshelwood, 

1938; Monod, 1942).

(4) A p e r io d  when th e  number of l i v i n g  b a c t e r i a  

i s  d im in ish in g .  This means t h a t  f o r  th e  

p a r t i c u l a r  organism th e  c o n d i t io n s  a re  such  t h a t
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th e  d e a th  r a t e  exceeds th e  b i r t h  r a t e .  At t h i s  

s ta g e  th e  c e l l s  have ceased  to  d iv id e  and a re  

beg inn ing  to  d ie .  Whether the  c e l l s  a r e  dying  

as a r e s u l t  of chem ical  i n j u r y  by th e  p ro d u c ts  

of t h e i r  own metabolism or f o r  some o th e r  r e a s o n  

remains l a r g e l y  undetermined (Buchanan and 

Fulmer, 1928, (Vol. I ) ;  Knaysi,  1930; Beamer 

and Tanner,  1939; and Rahn and S ch roeder ,

1941).

These f in d in g s  a re  the  r e s u l t  of 

i n v e s t i g a t i o n s  which were l a r g e l y  concerned  w i th  

th e  b a c t e r i a l  p o p u la t io n  as a whole and i n  only  

a ve ry  few i n s t a n c e s  e .g .  Graham-Smith (1920) 

were th e  experim ents  c a r r i e d  beyond 30 hours  

in c u b a t io n .  ^Before s tu d y in g  th e  age ing  of

b a c t e r i a l  c e l l s  one must f i r s t  decide whether  i n  

f a c t  th e  b a c t e r i a l  c e l l  can be reg a rd ed  as 

showing an y th in g  e q u iv a le n t  to  th e  age in g  p ro c e ss  

seen  i n  m u l t i c e l l u l à r  organisms, s i n c e ,  once a 

c e l l  has d iv id e d  i t  has ceased  to  e x i s t  and has 

been r e p la c e d  by two young c e l l s .  This  p o in t  

has caused  much debate  but t h e r e  i s  some evidence 

t h a t  th e  c e l l s  of b a c t e r i a  undergo a  r e g u l a r
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metamorphosis du r ing  th e  growth of a c u l t u r e  

s i m i l a r  to  th e  metamorphosis e x h ib i t e d  by th e  

c e l l s  of a m u l t i c e l l u l a r  organism d u r in g  i t s  

development, each s p e c ie s  p r e s e n t i n g  t h r e e  

types  of  c e l l s ,  a young form, an a d u l t  form 

and a s e n e sc e n t  form. These v a r i a t i o n s  a r e  

dependent on the  m etabo lic  r a t e  and, as  i n  a 

m u l t i c e l l u l a r  organism, th e  change from one 

type  t o  a n o th e r  occurs a t  th e  p o in t s  of 

i n f l e c t i o n  i n  th e  growth curve (H e n r ic i ,  1925). 

The young or embryonic type  i s  m a in ta ined  

du r ing  th e  p e r io d  of a c c e l e r a t e d  growth, th e  

a d u l t  form appears  w i th  th e  phase of n e g a t iv e  

a c c e l e r a t i o n ,  and the  se n e sc e n t  c e l l s  develop 

a t  th e  beg in n in g  of th e  d e a th  phase .  The 

s tudy  o f  th e  b a c t e r i a l  growth c y c le  i s ,  th e n ,  

the  b a c t e r i o l o g i c a l  e q u iv a le n t  to  th e  s tu d y  o f  

embryology, a d o le sc en ce ,  m a tu r i ty  and senescence  

in  th e  h ig h e r  forms. Let us c o n s id e r  th e  

phases of  growth of a b a c t e r i a l  p o p u la t io n  i n  

r a t h e r  more d e t a i l .

A f te r  a phase of ad jus tm en t  i n  which th e  

c e l l s  w i l l  be c h a r a c t e r i z e d  by r e l a t i v e l y  low
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p h y s io lo g ic a l  a c t i v i t y  (M artin ,  1931-32;

Mooney and Winslow, 1935» H un ting ton  and Winslow, 

1937); r e l a t i v e l y  sm all  s i z e  (Bayne-Jones and 

S andho lze r ,  1933; H e n r ic i ,  1928); low 

m u l t i p l i c a t i o n  r a t e  (Lane-Glaypon, 1909;

Goplans, 1910; P enfo ld ,  1914) r a t h e r  h ig h  

r e s i s t a n c e  t o  un favourab le  c o n d i t io n s  ( E l l i k e r  

and F r a z i e r ,  1938) and r e l a t i v e l y  h ig h  

e l e c t r o p h o r e t i c  m o b i l i ty  (Moyer, 1936),  th e  

c e l l  p a sse s  i n t o  a phase of p h y s io lo g i c a l  you th ,  

c h a r a c t e r i z e d  by a c t iv e  metabolism and r a p id  

i n c r e a s e  in  mass, but -  a t  f i r s t  -  w i th  de layed  

c e l l  d i v i s i o n .

M etabolic  a c t i v i t y  i s  markedly in c r e a s e d  

as measured by such in d i c e s  as hea t  p ro d u c t io n  

(W etzel,  1 9 3 2 ) oxygen consumption (M art in ,  1932) 

ca rbon  d iox ide  and ammonia p ro d u c t io n s  (Walker, 

Winslow, 1932; H untington and Mooney, 1934) 

a c id  p ro d u c t io n  (S ta rk  and S ta r k ,  1929) and 

n u c l e i c  a c id  c o n te n t  (G aspersson, 1947; Oginsky 

and Umbreit,  1954).

I n  p a r a l l e l  w i th  th e  o u tb u r s t  o f  m etabo lic  

a c t i v i t y  which was d e sc r ib e d  and a lmost -  bu t
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not q u i t e  -  s im ultaneous  w i th  i t ,  come fundamental 

changes i n  s i z e  and o th e r  m orpho log ica l  

c h a r a c t e r i s t i c s  of th e  b a c t e r i a l  c e l l .

Measurements of b a c t e r i a l  c e l l s  i n d i c a t e  t h a t  

i n d iv id u a l s  of  a l a rg e  number of s p e c ie s  in c r e a s e  

in  s i z e  du r ing  th e  e a r l y  hours of  c u l t u r e  grov/th, 

but soon dec rease  to  approx im ate ly  th e  o r i g i n a l  

l e v e l .  (C la rk  and Ruehi, 1919; H e n r ic i ,  1928; 

M artin ,  1932; H untington and Winslow, 1937; and 

Hershey, 1939).

A t h i r d  ve ry  im por tan t  c h a r a c t e r i s t i c  of 

the  m e ta b o l i c a l ly  a c t i v e  c e l l s  of th e  e a r l y  

c u l t u r e  c y c le  i s  t h e i r  markedly reduced  r e s i s t a n c e  

to  v a r io u s  harmful chem ical  and p h y s ic a l  c o n d i t io n s .  

(Sherman and Albus, 1923).

F i n a l l y  t h e r e  i s  a f o u r t h  c h a r a c t e r i s t i c  

of th e se  l a r g e  and m e ta b o l i c a l l y  a c t iv e  c e l l s  of 

th e  y o u th fu l  phase of th e  b a c t e r i a l  c u l t u r e  

c y c le ,  which may aga in  be r e l a t e d  to  t h e i r  low 

r e s i s t a n c e  to  harmful chem ica l  agen ts  b u t  i s  

dem onstra ted  by d i r e c t  p h y s ic a l  measurements.

This i s  the  p ro p e r ty  of low s u s c e p t i b i l i t y  to  

a g g l u t i n a t i o n ,  coupled  w i th  low e l e c t r o p h o r e t i c
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change. (Moyer, 1936).

When the  f u l l  rhythm of i t s  e x i s t e n c e  i s  

e s t a b l i s h e d  and m a in ta in ed ,  a u n i c e l l u l a r  

organism in c re a s e s  each component of  i t s  

s t r u c t u r e ,  so as to  p re s e rv e  c o n s ta n t  r a t i o s  

of them a l l .  At a c e r t a i n  p o in t ,  p robab ly  

dependent on th e  deoxyribose  n u c le ic  a c id  c o n te n t  

of th e  c e l l  (C aldw ell ,  Mackor and Hinshelwood, 

1950; Chantrenne ,  1952) d i v i s i o n  t a k e s  p la c e  

i n  b a c t e r i a  by b in a ry  f i s s i o n .  The number of 

c e l l s  and th e  v a r io u s  components in c r e a s e  a t  th e  

same, c o n s t a n t ,  r a t e  f o r  each. Compounds 

c o n ta in in g  th e  v a r io u s  e s s e n t i a l  e lem ents  a re  

ta k e n  i n  by c e l l s  from th e  medium and i n i t i a t e  

a complex s e r i e s  of r e a c t i o n s  i n  which th e  c e l l  

m a t e r i a l  i s  rep roduced .  For the  immense v a r i e t y  

of chem ica l  s y n th e s i s  t h e r e  must be many sequences  

of c o n s e c u t iv e  r e a c t i o n s  which b ranch  and 

i n t e r l o c k  i n  a com plica ted  scheme which 

c o n s t i t u t e s  th e  m etabo lic  p a t t e r n  of th e  c e l l  

(Walker and Winslow, 1932).

The p ro cess  of s e l f - d u p l i c a t i o n  i s  p robab ly  

th e  r e s u l t  of a c o - o r d in a t e d  i n t e r p l a y  of
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r e a c t i o n s  i n  which th e  p ro d u c ts  of one s e t  of 

enzymes or c e l l  c o n s t i t u e n t s  b u i l d  up th e  

m a te r i a l  of  a n o th e r .

The s te a d y  rhythm of growth and 

r e p r o d u c t io n  i s  seldom m a in ta ined  f o r  lo n g  and 

can only  co n t in u e  under r a t h e r  c a r e f u l l y  d e v ise d  

l a b o r a t o r y  c o n d i t i o n s .  I f  one or o th e r  e s s e n t i a l  

n u t r i e n t s  become exhaus ted ,  growth i s  th e re b y  

h a l t e d  (Dagley and Hinshelwood, 1938). I n  o th e r  

c a s e s ,  m e tabo l ic  p ro d u c ts ,  some of which a r e  

p o t e n t i a l l y  t o x i c ,  accumulate and growth i s  

l i m i t e d  by t h e i r  a c t i o n s .  (Chesney, 1916;

Heap and Cadness, 1924; Lodge and Hinshelwood, 

1939). The development of an adverse  pH i s  

one of  such  i n f l u e n c e s .

When growth i s  i n t e r r u p t e d  and th e  c e l l s  

e n t e r  a n o n - p r o l i f e r a t i n g  phase ,  th e  b a lan ced  

c o - o r d i n a t i o n  which c h a r a c t e r i s e d  the  f i r s t  phase 

i s  u p s e t .  There i s  s t i l l  a l i v e l y  i n t e r n a l  

in te rc h a n g e  of  m a te r i a l  between the  environment 

and th e  c e l l ,  and th e  compounds, which th e  c e l l  

has p r e v io u s ly  s y n th e s iz e d ,  b reak  down and a re  

r e s y n th e s i z e d  v/ith a c o n s ta n t  tu rn o v e r .  The
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mechanism of th e  c e l l  i s ,  however, n o t  p e r f e c t l y  

e f f i c i e n t  and some of th e  i n t e r m e d ia te s  l e a k  out 

s low ly ,  th e  time s c a l e  v a ry in g  from s e v e r a l  hours 

to  s e v e r a l  weeks. I n  th e s e  c o n d i t io n s  an ex a c t  

ba lance  between s y n th e s i s  and d e g ra d a t io n  i s  n o t  

easy  to  m a in ta in .  E v e n tu a l ly  u n le s s  th e  c e l l  

advances i t  must go back and a phase of d e c l in e  

ensues .  This d e c l i n e ,  does no t  go unopposed bu t  

i s  accompanied by a v ig o ro u s  s t r u g g le  f o r  

r e g e n e r a t i o n .  N e v e r th e le s s ,  th e  c o - o r d i n a t i o n  

which m a in ta in ed  a harmonious r a t i o ,  between a l l  

th e  c o n s t i t u e n t s  i s  l o s t ;  enzyme a c t i v i t i e s  f a l l ,  

(Gale, 1940; Wooldridge and G lass ,  1937; Woods 

and Trim, 1942) v a r io u s  in t e r m e d ia te s  of  low 

m o lecu la r  weight a re  i n c r e a s i n g l y  l o s t  from th e  

c e l l  by d i f f u s i o n .  (Hinshelwood, 1946;

Bayne-Jones and Rhees, 1929; Mooney and Winslow, 

1935). The f i r s t  e f f e c t  changes th e  n a tu r e  o f  

th e  a c t u a l  s i t e s  of r e a c t i o n ,  w hile  th e  second 

c o m p le te ly  a l t e r s  th e  c o n c e n t r a t i o n s  and 

c o n c e n t r a t i o n  g r a d i e n t s  which had been e s t a b l i s h e d  

i n  th e  s t e a d y  s t a t e .  Lyt ic  p ro c e s se s  supervene 

and d e a th  of th e  c e l l  i s  th e  f i n a l  r e s u l t .  There
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i s  an i n i t i a l  p e r io d  du r ing  which th e  d e a th  r a t e  

i s  q u i t e  low and i t  r i s e s  only  a f t e r  th e  adverse  

environment has had time to  "bring about 

p ro g re s s iv e  changes i n  th e  c e l l s .

The Death P ro c e sse s  of  th e  C e l l .

I n  th e  l a s t  pa rag rap h  some of  the  changes 

which accompany the  d e a th  of th e  c e l l  have been 

d e sc r ib e d .  But how a re  th e se  changes i n i t i a t e d ?  

I t  i s  d i f f i c u l t  t o  conce ive  of a c e l l  dying as 

the  r e s u l t  of m u l t ip l e  and s im u ltaneous  chem ical 

changes. One te n d s  to  t h in k  of p r im ary  changes 

which, once th e y  have ta k e n  p la c e ,  a l low  a l l  th e  

secondary  p ro c e sse s  of c e l l u l a r  d i s s o l u t i o n  to  

occur.  I f  t h i s  crude p i c t u r e  o f  th e  d e a th  o f  

the  c e l l  has any v a l i d i t y ,  i t  might be p o s s ib le  

to  p ro long  l i f e  by i n h i b i t i n g  th e s e  prim ary  

changes and so g a in  in fo rm a t io n  as t o  th e  n a tu re  

of the  f i r s t  s t e p s  i n  th e  p ro c e s s e s  l e a d in g  t o  

c e l l u l a r  d ea th .  For such  i n h i b i t i o n  t o  be 

in fo rm a t iv e  i t  must be s p e c i f i c .  Im m obilis ing  

c e l l  m e tabo lic  p ro c e s se s  by chem ica l  means t e l l s  

us no more about c e l l u l a r  d e a th  th a n  does 

im m obil is ing  by p h y s ic a l  means, such  as f r e e z in g .
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u n le s s  the  p a r t i c u l a r  p ro c e s se s  i n h i b i t e d  a re  

known. This in v o lv es  th e  use of a s p e c i f i c  

i n h i b i t o r y  agent w i th  a known mode of a c t i o n .

I f  by the  use of a h ig h ly  s p e c i f i c  i n h i b i t o r ,  

known to  i n t e r f e r e  w i th  c e r t a i n  b iochem ica l  

p ro c e s se s ,  we cou ld  de lay  or p rev en t  c e l l u l a r  

dea th ,  we should  have le a rn e d  something about 

the  b iochem ica l  p ro c e s se s  l e a d in g  to  d e a th  of 

the  c e l l .

I s  i t  p o s s ib le  to  p reven t  or de lay  the  

dea th  of th e  c e l l  by i n t e r f e r i n g  w i th  th e  

metabolism of th e  c e l l  by chem ical means? Two 

f in d in g s  had sugges ted  t h a t  t h i s  might be 

p o s s ib l e .  I n v e s t i g a t i o n s  c a r r i e d  out on th e  

human He l a  c e l l s  and u s in g  a s e r i e s  of enzyme 

i n h i b i t o r s  in c lu d in g  io d o - a c e t i c  a c id  had shown 

marked p ro lo n g a t io n  of l i f e  by th e  above 

i n h i b i t o r  (Morrison and & L a u g h l in ,  u n p u b l i sh e d ) .  

I n  a d d i t i o n  i t  had been found t h a t  c e l l s  of 

E. c o l i  seemed t o  d ie  more s low ly  i n  th e  p resence  

of c e r t a i n  c o n c e n t r a t i o n s  of th e  b a c t e r i o s t a t i c  

a n t i b i o t i c ,  ch lo ram phen ico l .  ( F l e t c h e r ,  1956).
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Qhoioe of Chloramphenicol as I n h i b i t o r  

of B a c t e r i a l  D eath .

I  have a l r e a d y  r e f e r r e d  to  th e  d e s i r a b i l i t y  

of u s in g  a h ig h ly  s p e c i f i c  enzyme i n h i b i t o r  

i n  o rder  to  pursue a d e t a i l e d  s tu d y  of th e  e f f e c t  

of i n h i b i t i n g  s p e c i f i c  b iochem ica l  p ro c e s s e s .  

U n fo r tu n a te ly  enzyme i n h i b i t o r s  a re  on th e  whole 

not h ig h ly  s p e c i f i c .  I n  a l a t e r  s e c t i o n  of the  

t h e s i s  the  r e s u l t s  of  th e  use of enzyme i n h i b i t o r s  

of p a r t i a l  s p e c i f i c i t y  ( su lp h y d ry l  i n h i b i t i n g  

compounds) and o f  h igh  s p e c i f i c i t y  ( e s t e r a s e  

i n h i b i t o r )  w i l l  be d e s c r ib e d .  But f o r  most of 

the  experim ents  ch lo ram phen ico l  was used to  

p reven t  b a c t e r i a l  dea th .  There were s e v e r a l  

reaso n s  f o r  choos ing  t h i s  b a c t e r i o s t a t i c  

a n t i b i o t i c ,  th e  most im por tan t  of which was, 

perhaps ,  th e  f in d in g  t h a t  i t  cou ld  d e lay  c e l l u l a r  

d ea th .  Other c o n s id e r a t i o n s  in vo lved  i n  th e  use 

of t h i s  su b s tan ce  a re  as fo l lo w s .  I t  i s  a 

r e l a t i v e l y  s im p le ,  s t a b l e  compound, whose chem ical 

s t r u c t u r e  i s  known i n  d e t a i l  (Rebstodc e t  a l ,

1949; G o n t ro u l i s  e t  a l ,  1949). Moreover much 

in fo rm a t io n  has accum^ulated concern ing  th e
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e f f e c t  of  s t r u c t u r a l  a l t e r a t i o n s  on i t s  

a n t i - b a c t e r i a l  a c t i o n  (C o l l in s  e t  a l ,  1952; 

C a r ra ra  e t  a l ,  1950-51).  L a s t ly ,  i t s  

i n h i b i t o r y  e f f e c t  on th e  growth of w ide ly  

d i f f e r i n g  m icro-organism s su g g e s ts  t h a t  i t  

may i n t e r f e r e  w i th  a p ro cess  of fundamental 

importance among m icro -o rgan ism s.

An i n d i c a t i o n  of th e  n a tu r e  of an im p o r ta n t  

m etabolic  p ro cess  a f f e c t e d  by ch lo ram phen ico l  was 

found i n  th e  e a r l i e r  o b s e rv a t io n s  t h a t  t h i s  

a n t i b i o t i c  i n h i b i t e d  th e  fo rm a t io n  of a d a p t iv e  

enzymes i n  E. o o l i  (Hahn and Wiss«nan, 1951).

This e f f e c t  was i n t e r p r e t e d  as i n d i c a t i n g  a 

p o s s i b le  i n t e r f e r e n c e  w i th  p r o t e i n  s y n th e s i s  as 

was l a t e r  confirm ed (Wisseman e t  a l ,  1952, 1953; 

Hahn e t  a l ,  1952; Cale and F o lkes ,  1953;

Wissman e t  a l ,  1954).

Why should  th e  known mode of a c t i o n  of 

ch lo ram phen ico l  i n  i n h i b i t i n g  p r o t e i n  s y n t h e s i s  

make i t  a s u i t a b l e  compound to  use i n  p r e v e n t in g  

th e  d e a th  of b a c t e r i a ?  One would imagine t h a t  

t h i s  p ro p e r ty  would be more l i k e l y  t o  i n c r e a s e  

c e l l u l a r  d e a th  as  indeed i t  does in  th e  t r e a tm e n t
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of b a c t e r i a l  i n f e c t i o n .

The mechanism^ o f  p r o t e i n  s y n th e s i s  i s  

poor ly  u n d e rs to o d  a t  p r e s e n t ,  and in t e r f e r e n c e  

w ith  any one of a number of  d i f f e r e n t  

c o n t r i b u t i n g  p ro c e sse s  cou ld  r e s u l t  i n  th e  

f a i l u r e  of  an organism t o  s y n th e s iz e  p r o te in s .

On th e  o th e r  hand, many of  th e  r e a c t i o n s  of t i e  

c e l l  a re  r e v e r s i b l e ,  and i t  was thought  t h a t  

ch loram phenico l  might, a t  a s u i t a b l e  cone e n t râ t  i o n  

and under th e  s p e c i a l  c o n d i t io n s  of th e  

exper im ents ,  a l s o  p re v e n t  th e  break-down o f  

p r o t e i n s .  I t  might be p o s s i b l e ,  th e n ,  so to  

choose th e  ex p e r im en ta l  c o n d i t io n s  t h a t  th e  

e f f e c t  i n  i n h i b i t i n g  break-down of p r o t e i n  

outweighed th e  i n h i b i t o r y  a c t i o n  on p r o t e i n  

s y n t h e s i s .

A l i v i n g  organism, be ing  a graded  

s t r u c t u r e  of open sys tem s,  m a in ta in s  i t s e l f  i i  

accordance w i th  i t s  i n h e r e n t  p r i n c i p l e s  w ith  

i t s  c o n s t i t u e n t  e lements c o n s t a n t l y  undergoing 

change. I t  seemed r e a s o n a b le  to  assume th a t  

the  r a t e  o f  renew al and breakdown of th e s e  

elements shou ld  have some in f lu e n c e  on th e  l i fe
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span, and t h a t  ch lo ram phen ico l  might,  hy a l t e r i n g  

t h i s  r a t e ,  a f f e c t  th e  l i f e  span.

The f a c t  t h a t  th e  e f f e c t  of an a n t i b i o t i c  

depends on a complex system com pris ing  pathogen 

and drug makes i t  very  r e s p o n s iv e  to  s l i g h t  

changes i n  env ironm enta l  c o n d i t i o n s .

V a len t in e  (1956) n o t i c e d  t h a t  th e  tendency  of 

b a c t e r i a  t o  d ie  under c o n d i t io n s  of b a c t e r i o s t a s i s  

induced by ch loram phenico l  v a r i e s  from s p e c ie s  to  

s p e c i e s .

Gray (1952) n o t i c e d  t h a t  t h e r e  i s  a 

d i f f e r e n c e  i n  th e  a n t i - b a c t e r i a l  e f f e c t  o f  

ch loram phenico l  when i t  i s  added to  a 16-hour 

c u l t u r e ,  c au s in g  a s l i g h t  r e d u c t io n  of th e  v i a b l e  

coun ts  a f t e r  6-7 days, and th e  e f f e c t  when an 

inoculum of the  same or an old c u l t u r e  i s  added 

to  ch lo ram phen ico l .  In  th e  l a t t e r  ca se  d e a th  

of a l l  organisms ensues i n  l e s s  th a n  24 hou rs .

He gave two e x p la n a t io n s  f o r  t h i s  d i f f e r e n c e ,  

one was t h a t  an op tim al  c o n c e n t r a t i o n  of 

a n t i b i o t i c  may be r e q u i r e d  i n  r e l a t i o n  t o  th e  

d e n s i ty  of a b a c t e r i a l  p o p u la t io n  f o r  most 

e f f i c i e n t  a n t i - b a c t e r i a l  r e s u l t s .  As a
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second e x p la n a t io n  he s t a t e d  t h a t  a n o th e r  

in f lu e n c e  may o p e ra te ,  as i n d i c a t e d  by;

(1) the  marked in c r e a s e  i n  th e  24 hour b a c t e r i a l  

s u r v i v a l  r a t e  i n  a w ater-ch ioram phenio  o l  m ix ture  

as compared to  a b ro th -c h lo ra m p h e n ic o l  m ix tu re .

(2) th e  " l a g  p e r io d "  when a l i q u o t s  of an 8-day 

c u l t u r e  a re  added to  f r e s h  ch lo ram phen ico l  b r o th .

(3) th e  s i m i l a r i t y  i n  th e  h o u r ly  f a l l  of the  

v ia b le  coun ts  when a 16-hour and an 8-day c u l t u r e  

are  added t o  f r e s h  ch lo ram phen ico l  b r o th .  These 

f in d in g s  may i n d i c a t e  t h a t  th e  a n t i b i o t i c  d id  

not i n t e r f e r e  w i th  b a c t e r i a l  l i f e  except a t  o r  

im mediately  a f t e r  th e  r e p ro d u c t iv e  phase.

G ray 's  r e s u l t  gave a d d i t i o n a l  weight 

to  our h y p o th e s i s  t h a t  under c e r t a i n  c o n d i t i o n s ,  

the  i n t e r f e r e n c e  of ch lo ram phen ico l  on the  

metabolism of th e  c e l l  m ight,  p redom inan tly ,  be 

an i n t e r f e r e n c e  w i th  m etabo l ic  p ro cesses  

invo lved  i n  th e  d e a th  of th e  c e l l .  Were t h i s  so ,  

ch lo ram phen ico l  would p ro lo n g ,  r a t h e r  th an  

dec rease  th e  v i a b i l i t y  of  th e  c e l l .

J u s t  b e fo re  embarking on t h i s  work, some 

r e s u l t s  had a l r e a d y  been o b ta in ed  on the  e f f e c t
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of c h i  orampheniool i n  p ro lo n g in g  th e  l i f e  of 

E. c o l i  c e l l s  under some c o n d i t io n s  of 

b a c t e r i o s t a s i s .  I t  was n o t i c e d  ( F l e t c h e r ,  1956) 

t h a t  growth, or a t  l e a s t  c o n d i t io n s  known to  

b e n e f i t  growth, might i n  some c i rc u m s tan ces  be 

a p r e r e q u i s i t e  f o r  dea th .  He a l s o  found t h a t  

by choosing  s u i t a b l e  c o n d i t i o n s ,  ch lo ram phen ico l  

was ab le  to  i n h i b i t  b a c t e r i a l  d ea th .

The E f f e c t  of th e  D en s i ty  of  the  P o p u la t io n s  

on Experim enta l  r e s u l t s .

E a r ly  i n  th e  cou rse  of exper im ents ,  i t  was 

no ted  t h a t  th e  b a c t e r i a l  number i n  th e  su sp e n s io n  

had a g r e a t  i n f lu e n c e  on th e  r e s u l t s  o b ta in ed .

The g e n e ra l  phenomenon of in c re a s e d  s u r v i v a l  when 

a heavy inoculum i s  used i s  of cou rse  by no means 

a new one having been no ted  or im p lied  by 

Abbot, (1891), Jo rdan  e t  a l  (1904), Wright (1917), 

Bigelow and E s ty  (1920), Smith (1921),

Weiss (1921) and Graham Smith (1920-21).

Gray (1952) i n  i n v e s t i g a t i n g  th e  p o s s i b i l i t y  

t h a t  r i s i n g  c o n c e n t r a t i o n s  of ch loram phenico l  

might be r e q u i r e d  f o r  maximal a n t i - b a c t e r i a l
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a c t i o n  a g a in s t  r i s i n g  b a c t e r i a l  p o p u la t io n  

n o t i c e d  t h a t  when th e  i n i t i a l  v i a b l e  coun ts  were

29 X 10? and 94 x 10^ o rg a n isn v ^ l .  s t e r i l i t y  

was reached  on th e  5 th .  day and was reach e d  on 

th e  7 th .  day when th e  i n i t i a l  count was

30 X 109 organism ml. This showed t h a t  t h e r e  

was an optim al a n t i b i o t i c  c o n c e n t r a t i o n  which 

was r e l a t e d  to  th e  d e n s i t y  of th e  b a c t e r i a l  

p o p u la t io n .

E f f e c t  of pH of th e  medium on th e  g row th , 

dea th  and enzymic a c t i v i t i e s  of B a c t e r i a .

I n  our work on the  d e a th  of E. c o l i  i t  

became apparen t  t h a t  th e  p ro d u c t io n  of a l k a l i n e  

m e ta b o l i te s  p layed  an im p o r tan t  r o l e  i n  th e  

p ro c e s se s  l e a d in g  to  d e a th  of th e  c e l l  and i t  

i s  t h e r e f o r e  n e c e s sa ry  to  d i s c u s s  i n  some 

d e t a i l  th e  e f f e c t  of  pH on th e  w e l l -b e in g  of 

the  b a c t e r i a l  c e l l .

There a re  many f a c t o r s  which may in f lu e n c e  

the  growth, maintenance and d ea th  o f  b a c t e r i a .  

Om itt ing  from c o n s id e r a t i o n  th e  obv io u s ly  l a r g e  

p a r t  p layed  by th e  food su p p ly ,  t h e r e  a re  c e r t a i n  

p redom inating  p h y s ic a l  and phys icochem ica l  f a c t o r s .
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c h i e f  among which are  te m p era tu re  and th e  

c o n c e n t r a t i o n  of H-ion (Cohen, 1922; P o r t e r ,  

1 9 4 7 ). There i s  an e x te n s iv e  l i t e r a t u r e  upon 

th e  e f f e c t s  of  hydrogen - i o n  c o n c e n t r a t i o n  on 

many b i o l o g i c a l  p ro cesse s  as a g lance  a t  th e  

r e f e r e n c e s  quoted by C la rk  (1920) w i l l  show.

In  th e  f i e l d  of b a c t e r io lo g y  i t s  im portance  as 

a c o n t r o l l i n g  f a c t o r  i s  w e l l  e s t a b l i s h e d .  The 

c o n t r o l  i s  e x e rc i s e d  in  many s u b t l e  and 

unexpected  ways upon th e  a c t i v i t y  of s p e c i f i c  

enzymes, upon to x i n  p ro d u c t io n ,  upon th e  

d i s s o c i a t i o n  of e s s e n t i a l  food s t u f f s  and upon 

the  s t a t e  of  a g g re g a t io n  of c e l l u l a r  p ro top lasm . 

Our p r e s e n t  meagre knowledge p e rm its  us u s u a l l y  

to  see only th e  end r e s u l t  i n  growth, metabolism 

or dea th .  (Shohl and Janney , 1917; Dernby 

and Avery, 1918; C la rk ,  1920).

Although th e  l i t e r a t u r e  of  b a c t e r i o lo g y  

i s  r e p l e t e  w i th  s ta te m e n ts  t h a t  th e  " r e a c t i o n "  

of a c u l t u r e  medium i s  im p o r ta n t ,  i t s  im portance  

f o r  which p a r t i c u l a r  phases o f  growth or f o r  

which s p e c i f i c  p ro cess  of metabolism or fa v o u r in g  

which r a p id  causes  of d ea th  i s  not y e t  known i n
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much d e t a i l  (Cohen and C la rk ,  1919).

The in f lu e n c e  of th e  H-ion on c e l l u l a r  

m u l t i p l i c a t i o n  i s  p robab ly  f a r  from be ing  one of 

th o se  simple m a t te r s  which we c a l l  fundam enta l ,  

y e t  i t  i s  obvious t h a t  we must seek  d e t a i l e d  

in fo rm a t io n  co ncern ing  t h i s  phase b e fo re  s tu d y in g  

i n t e n s i v e l y  th e  metabolism of a c u l t u r e  as a whole 

over long  or  s h o r t  p e r io d s  and a t  v a r io u s  pH 

r e a c t i o n s .

The e f f e c t  of  H-ion c o n c e n t r a t i o n  of th e  

medium on b a c t e r i a  suspended i n  i t  i s  r a t h e r

complex ( Toph^ and Wilson, 1955). There i s  f i r s t  

of a l l  an optimum c o n c e n t r a t i o n  f o r  growth; f o r  

E. c o l i  t h i s  i s  about 7 .6 .  There i s  second ly  an 

optimum c o n c e n t r a t i o n  f o r  s u r v i v a l ;  f o r  E. c o l i  

t h i s  i s  about 6 .0 .  T h i rd ly  t h e r e  i s  a p o in t  a t  

which th e  a c id  and a l k a l i  t o l e r a n c e  of th e  organism 

f a i l s ;  th e  v a lu es  f o r  E. c o l i  a re  4 .6  and 8 .5  

r e s p e c t i v e l y .  (Buchanan and Fulm er, 1928).

There i s  c o n s id e ra b le  v a r i a t i o n  i n  th e  minimum, 

optimum and maximum pH v a lu e s  f o r  growth from one 

genus to  a n o th e r ,  bu t  f o r  th e  m a jo r i ty  of  b a c t e r i a  

the  f i g u r e s  range from a minimum pH of 4 .5 -5  to  a
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maximum pH of 8 . 0 - 8 .5 .  The optimum pH i s  

g e n e r a l l y  w i th in  0 .5  u n i t  of n e u t r a l i t y  -  t h a t  

i s  6 . 5 - 7 . 5 .  (Oginsky and Umhreit, 1954).

E. c o l i  can grow a t  any pH between 4 .5  and 9 

(Gale and Epps, 1942) a l th o u g h  th e  y i e l d  of 

organisms towards th e  l i m i t s  of t h i s  range  i s  

sm a l l .  Sherman and Hohn (1922) a l s o  p o in te d  

to  th e  f a c t  t h a t  beyond th e  range of optimum 

growth, t h e r e  seems t o  be a decided  r e t a r d a t i o n  

f o r  each sm al l  change of H-ion c o n c e n t r a t i o n .

Theire a re  some p o in t s  of s p e c i a l  i n t e r e s t  

t o  be n o t i c e d  i n  th e  f a c t  t h a t ,  while  organisms 

can m u l t ip ly  r a p i d l y  f o r  s h o r t  p e r io d s  i n  media 

having a c o n s id e ra b le  range of  pH, a s l i g h t  change 

a t  th e  b o rd e r  of t h i s  zone determ ines  a d e f i n i t e  

d e c l in e  i n  numbers. I t  was n o t i c e d  (Cohen and 

C la rk ,  1 9 1 9 ) t h a t  w i th  £ .  c o l i  th e  time of

maximum r a t e  of growth was delayed  u n t i l  a l a t e

hour i n  th e  more a l k a l i n e  media. The p e r io d  

of maximum r a t e  of in c r e a s e  occurred  as  fo l lo w s  -  

pH 5 .0  5 .5  6 .1  7 .0  8 .1  8 .7  8 .9

P e r io d
i n  3-5 3-5 2-4 2-4 2-4 8 -1 0  10-12
hours .
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I n  o th e r  words th e  g e n e r a t io n  time i s  

u n a f f e c te d  by growth pH as long  as th e  l a t t e r  

f a l l s  between th e  approxim ate  l i m i t s  5 . 8 - 8  

(Gale & Epps, 1942) but th e  p e r io d  of l a g  or 

l a t e n c y  i s  very  d i s t i n c t  and pro longed  i n  th e  

more a l k a l i n e  media.

The pH l i m i t s  f o r  th e  growth of any 

p a r t i c u l a r  organism a re  a r e f l e c t i o n  of th e  

pH l i m i t s  f o r  th e  a c t i v i t y  of  th e  enzymes w i th  

which t h a t  organism s y n th e s i z e s  new pro top lasm  

and d iv id e s  i n t o  daugh te r  c e l l s .  (Gale, 1940- 

1941, S ilverm an and Warkman, 1941). B a c t e r i a  

r e a c t  t o  an a l t e r a t i o n  i n  t h e i r  e x t e r n a l  

environment by an a l t e r a t i o n  i n  th e  enzymic 

c o n s t i t u t i o n .  The changes appear  t o  in v o lv e  

two p r i n c i p l e s  (1) an a t te m p t  to  c o u n te r  th e  

adverse  e x t e r n a l  change and (2) an a t te m p t  to  

m a in ta in  e s s e n t i a l  a c t i v i t i e s  a t  c o n s ta n t  v a lu e .  

A d a p ta b i l i t y  of th e  b a c t e r i a l  c e l l s  to  th e  

changes i n  pH of th e  medium v a r i e s  w i th  th e  

p h y s io lo g i c a l  age of th e  c e l l .  Hegarty (1939) 

r e c o rd s  t h a t  young c e l l s  adap t  more r e a d i l y  

than  o ld e r  c e l l s ,  and P insky  and S tokes (1952)
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t h a t  th e  a d a p t a b i l i t y  of R  c o l i  d ec rea sed  d u r in g  

a c t iv e  growth and was r e s t o r e d  as th e  c u l t u r e  

e n te re d  the  s t a t i o n a r y  phase .

As f o r  growth, t h e r e  i s  an optimum f o r  

enzymic a c t i v i t y  and v a r io u s  s t u d i e s  have been 

unable  t o  show any s i g n i f i c a n t  s h i f t  of the  

optimum pH of any enzyme w i th  th e  a l t e r a t i o n  of 

the  growth pH and i t  seems t h a t  t h i s  f a c t o r  i s  

a c h a r a c t e r i s t i c  of the  enzyme r a t h e r  th a n  of 

th e  c u l t u r e  i n  which i t  i s  produced. Gale (1942) 

d iv id ed  th e  enzymes i n t o  two groups a cco rd in g  to  

t h e i r  v a r i a t i o n s  w i th  growth pH:

Group I :  those  enzymes whose fo rm a t io n  undergoes

a v a r i a t i o n  so t h a t  t h e i r  a c t i v i t y / c e l l  i s  

c o n s ta n t  whatever th e  medium pH. This means 

t h a t  th e  p o t e n t i a l  a c t i v i t y  of th e  c e l l s  i n  

r e s p e c t  of th e s e  enzymes i n c r e a s e s  as th e  growth 

pH d e v ia te s  from t h e i r  optimum pH.

Group I I : th o se  enzymes whose fo rm a t io n  i s

g r e a t e s t  when th e  growth pH approaches  t h e i r  

optimum a c t i v i t y  pH, bu t  f a l l s  o f f  r a p i d l y  

towards extrem es.  There i s  ev idence ,  however, 

t h a t  H-ion c o n c e n t r a t i o n  most s u i t a b l e  f o r
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c e r t a i n  f e rm e n ta t io n  p rocess  i s  d i f f e r e n t  from

the  optimum pH f o r  growth. (Topley and Wilson,

1955). The above two groups of enzymes

c o n t r i b u t e  to  th e  s t a b i l i t y  o f  c e l l u l a r  e q u i l ib r iu m ,

th e  f i r s t  group by n e u t r a l i s a t i o n  of i n h i b i t i n g

produc ts  of metabolism and th e  second group by

a c t in g  as a d a p t i v e engymoo i n  r e e p e o t  to  pH and— 
it> p
not -subs t r a t es . Thus i n  an a c id  medium amino-

a c id  d eca rb o x y la se s ,  and co n seq u en t ly  amines, 

were produced, on th e  o th e r  hand, amino a c id  

deaminases and c o n seq u en t ly  hydroxy a c id s ,  were 

produced i n  a l k a l i n e  medium.

As w e l l  as  having a marked e f f e c t  on 

growth and metabolism th e  pH of th e  medium has a 

marked e f f e c t  on th e  d ea th  r a t e  o f  b a c t e r i a .

(Cohen, 1922; Cohen & C la rk ,  1919; P r i e d e n t h a l ,  

1919; C la rk  & hubs, 1917a; P a s t e u r ,  1879). 

R e fe r r in g  t o  th e  d ea th  p ro cess  C la rk  and Lubs

(1 9 1 7 ) have s a i d ;  " ------  i n  c e l l u l a r  d e s t r u c t i o n

tem pera tu re  i s  t o  be c o n s id e re d  as an a c c e l e r a t i n g

c o n d i t io n  --------- . Among th e  a c t iv e  agen ts

concerned th e  c o n c e n t r a t i o n  of H-ions may be of  

g r e a t  s i g n i f i c a n c e " .  Indeed  i n  b a c t e r i a l  d e a th
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th e  r o l e  of pH may become paramount (Cohen, 1922). 

As f o r  growth, t h e r e  e x i s t s  f o r  each k in d  of 

organism, f o r  every  d e f i n i t e  s e t  o f  env ironm en ta l  

c o n d i t io n s  ( e x c lu s iv e  of H-ion c o n c e n t r a t i o n s )  an 

optimum c o n c e n t r a t i o n ,  a maximum c o n c e n t r a t i o n  

and a minimum c o n c e n t r a t i o n  of H-ion f o r  th e  

d e a th  r a t e  (Buchanan and Fulmer, 1928, Vol. I I ) .  

The pH zone of to l e r a n c e  or minimum d e a th  r a t e  

of E. c o l i  i s  w ider th a n  of B ao tr—typhooum and 

i s  c e n t r e d  n ea r  a b s o lu te  n e u t r a l i t y  (Cohen,

1 9 2 2 ).
The m etabolic  a c t i v i t y  of th e  b a c t e r i a l  

c u l t u r e  may produce from th e  components o f  th e  

medium, a v a r i e t y  of end p ro d u c ts ,  some a c i d i c ,  

some b a s i c .  Even i f  th e  medium were i n i t i a l l y  

a t  pH 7 .0 ,  th e  r e l e a s e  of such  su b s ta n c e s  d u r in g  

growth would s h i f t  th e  pH above or below th e  

o u ts id e  l i m i t s  f o r  growth and th u s  c e l l  

r e p ro d u c t io n  would become im p o ss ib le  (S tephenson, 

1949; Ravin, 1952; Oginsky and Umbreit ,  1954). 

S ierakow ski (1924) concluded t h a t  t h e r e  were two 

phases  of pH changes i n  b a c t e r i a l  c u l t u r e s .

F i r s t  th e  a c id  media became more a l k a l i n e  and
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the  a l k a l i n e  media more a c id  approach ing  a common 

p o in t  (7 .6  f o r  E. c o l i ). In  th e  second phase a l l  

became a l k a l i n e .  While b a c t e r i a  have long  been 

d i f f e r e n t i a t e d  on th e  b a s i s  of t h e i r  a b i l i t y  t o  

produce a c id  from c a rb o h y d ra te s  and change th e re b y  

the  c o lo u r  of i n d i c a t o r s  p r e s e n t ,  more r e c e n t l y  

i t  has been sugges ted  t h a t  i n  a g iv en  environment 

a p a r t i c u l a r  k ind  of organism w i l l  produce a 

d e f i n i t e  H-ion c o n c e n t r a t i o n  which w i l l  c o n s t i t u t e  

one of the  f a c t o r s  i n h i b i t i n g  growth. M c h a e l i s  

& Marc ora  (1912) were the  f i r s t  t o  dem onstra te  

t h i s .  Working w ith  E. c o l i , i t  was found t h a t  

H-ion c o n c e n t r a t i o n  above 7 or  below pH 6 g iv e s  

a much more r a p id  d e a th  r a t e  th a n  occurs  when 

the  pH i s  m ain ta ined  w i th in  th e s e  l i m i t s  (F a lk ,  

1920). An u n c o n t ro l l e d  H-ion c o n c e n t r a t i o n  

may a f f e c t  th e  d e a th  r a t e  v a r i a b l y  i n  u n b u f fe re d  

su r ro u n d in g s ,  so much as  t o  obscure the  e f f e c t s  

of wide ranges  of env ironm enta l  c o n d i t io n s  

(C la rk ,  1 9 1 5 ). When th e  pH i s  c o n t r o l l e d ,  

however, by means of d i l u t e  b u f f e r  s o l u t i o n s  

th e  d e a th  r a t e  become s t a b i l i z e d .  (Buchanan and 

Fulmer, 1928, Vol. I I ,  Van S lyke ,  1922; C la rk ,
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1915; and K o l th o f f ,  1925). I t  i s  t h e r e f o r e  

a d v isa b le  t o  in c lu d e  a s  a component of  a c u l t u r e  

medium a chem ical t h a t  w i l l  a c t  as  a hydrogen - i o n  

b u f f e r  over th e  pH range a t  which the  organism can 

grow*

The im portance o f  t h i s  p o in t  emerged in  

our s t u d i e s  of th e  e f f e c t  o f  ch lo ram phen ico l  on 

the  d ea th  of b a c t e r i a ,  s in c e  t h i s  a n t i b i o t i c  

appeared to  supp ress  th e  p ro d u c t io n  of m etabo lic  

p roduc ts  of th e  E* o o l i  which caused  a r i s e  i n  

the  pH* Such a l t e r a t i o n s  caused an in c re a s e d  

dea th  r a t e  and so c h lo ra m p h e n ic o l 's  a c t i o n  i n  

p ro long ing  th e  l i f e  of th e  c e l l  might be, by 

some means, a k in  t o  th e  a c t i o n  of b u f f e r s .

These, th e n ,  were some of th e  c o n s id e r a t io n s  

which in f lu e n c e d  the  cho ice  of t h i s  p a r t i c u l a r  

approach to  th e  causes  of c e l l u l a r  d ea th  or 

which emerged i n  th e  co u rse  of th e  ex p e r im en ta l  

work.

The f i r s t  p a r t  of the  t h e s i s  d e s c r ib e s  

s tu d i e s  of th e  d e a th  of b a c t e r i a l  c e l l s ,  mainly  

E. c o l i  c e l l s ,  i n  th e  p resen ce  of  c e r t a i n  

chem ical  i n t e r f e r i n g  a g e n ts ,  c h i e f l y  ch lo ram phen ico l .
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Some su ccess  was ach ieved  b o th  i n  d e la y in g  c e l l u l a r  

dea th  and i n  e l u c i d a t i n g  th e  manner i n  which t h i s  

de lay in g  e f f e c t  o p e ra te d .  But th e  pace of th e  

i n v e s t i g a t i o n s  was g r e a t l y  slowed by th e  very  

te d io u s  and time consuming method used to  fo l lo w  

c e l l u l a r  d e a th  -  r e p e a te d  v ia b le  c o u n ts .  I t  was 

t h e r e f o r e  of c o n s id e r a b l e  im portance to  f i n d  some 

s im p le r  a l t e r n a t i v e  method which cou ld  be used t o  

fo l low  th e  d e a th  of b a c t e r i a l  c e l l s .

The l o s s  of a n t ig e n s  appeared  t o  be a 

p o s s ib le  i n d i c a t o r  of  c e l l u l a r  d e a th  and the  second 

p a r t  of th e  t h e s i s  d e s c r ib e s  a t te m p ts  to  d i s c o v e r  

a simple te ch n iq u e  which would enab le  th e  d e a th  

of  c e l l s  t o  be fo l lo w ed  by measurement of 

a n t ig e n ic  l o s s .  These a t tem p ts  were s u c c e s s f u l  

and a method has been worked out i n  which th e  

lo s s  of a n t ig e n s  i s  fo l low ed  by means of a g e l  

d i f f u s i o n  te c h n iq u e .
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SECTION I .

The E f f e c t  of Chemical I n t e r f e r e n c e  

w i th  E. c o l i  c e l l s  on v i a b i l i t y .
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EXPERIMENTAL METHODS.

Methods used i n  experim ents  i n  which 

th e  d e a th  of b a c t e r i a  was fo l low ed by 

v i a b l e  c o u n ts .
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The e x p e r im en ta l  work f e l l  i n  th e  fo l lo w in g  

groups of exper im ents :

I  : The e f f e c t  of  ch lo ram phen ico l  on th e  d e a th

of B ac te r ia*

(a )  I n  the  f i r s t  i n s ta n c e  d e a th  of b a c t e r i a  i n  

a heavy su sp e n s io n  was s tu d ie d  and th e  v a r i a b l e s  

were th e  tem pera tu re  of  in c u b a t io n  and the  

c o n c e n t r a t i o n  of ch lo ram phen ico l ,

(b) The d e a th  of b a c t e r i a  i n  more d i l u t e  

suspens ions  a t  d i f f e r e n t  te m p era tu re s  and w i th  

d i f f e r e n t  c o n c e n t r a t i o n s  of ch lo ram phen ico l  was 

s tu d ie d ,

(c)  The d ea th  of b a c t e r i a  i n  a medium w ithou t  

n u t r i t i v e  va lue  such  as s a l i n e  and u s in g  as 

v a r i a b l e  b o th  th e  tem p era tu re  of  in c u b a t io n  and 

th e  c o n c e n t r a t i o n  o f  the  ch lo ram phen ico l  was 

i n v e s t i g a t e d .

I I  : The second group of experim ents  was des igned  

to  show whether th e  ch loram phenico l  e f f e c t  cou ld  

be e x p la in ed  i n  terms of pH changes.

I I I  : The t h i r d  group of experim ents  was 

concerned w i th  th e  r e l a t i o n  of drug s e n s i t i v i t y  

to  th e  p re v e n t io n  o f  d e a th  by ch lo ram phen ico l .



40.

IV : T h e  f o u r t h  g r o u p  o f  e x p e r i m e n t s  u s e d

e n z y m e  i n h i b i t o r s , t o  p r o v i d e  a  d i f f o r o n t - m o a n o  

o-f  b Q o t o r i o D t Q o i s  a n d  t h e  r e s u l t s  o b t a i n e d  w e r e  

c o m p a r e d  w i t h  t h o s e  i n  w h i c h  c h l o r a m p h e n i c o l  w a s  

u s e d .

MATERIALS AND METHODS.

S t r a i n s  t

Most of th e  experim ents  i n  th e  p r e s e n t  work 

were done u s in g  E. c o l i  I  (N.G.T.C. 8196).

Some experim ents  were r e p e a t e d  u s in g  

S taphylococcus  aureus  (5 8 ) .

The organisms were m a in ta ined  as s to c k  

c u l t u r e s  a t  room tem p era tu re  on meat e x t r a c t  aga r  

s lo p e s  a f t e r  i n c u b a t io n  a t  37^0. f o r  24 hours .  

S u b - in o c u la t io n s  of s to c k  c u l t u r e s  were done 

every  f o r t n i g h t ,  and t h e i r  p u r i t y  confirm ed from 

time t o  time by p l a t i n g  and t e s t i n g  sugar  

f e rm e n ta t io n  r e a c t i o n s  e t c .

The c e l l s  were h a rv e s te d  from 24 hours 

c u l t u r e s  i n  meat e x t r a c t  b r o th  and resuspended  i n  

th e  d i f f e r e n t  media used.
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Media:

1. Meat e x t r a c t  b r o th  (M.E. b ro th )  was used f o r  

growth of th e  i n i t i a l  c u l t u r e s  and f o r  th e  

d i l u t i o n s  of th e  v ia b le  coun ts  as w e l l  as  f o r  

suspending  th e  c e l l s  i n  th e  c o n t r o l s  of th e  

experim ents  i n  which ch lo ram phen ico l  b r o th  was 

used.

2. M.E. b r o th  t o  which was added v a r i a b l e  

c o n c e n t r a t i o n s  of ch lo ram phen ico l  ( B . P . ) i n  

s a l i n e  was used f o r  re su sp en d in g  th e  h a rv e s te d  

organisms except where o the rw ise  i n d i c a t e d .

3. P h y s io lo g ic a l  s a l i n e  was used as a suspending
•Î»

v e h ic le  i n  some of th e  exper im ents .

4. M.E. agar  was used i n  th e  p l a t e s  f o r  th e  

v i a b l e  co u n ts .

5. Varying c o n c e n t r a t i o n s  of g lucose  i n  M.E, 

b r o th  from 2^ c o n c e n t r a t i o n  to  0 .1^ .

6. 0.0006 p e r  c e n t  s o l u t i o n  of phenol r e d

i n d i c a t o r  was added to  M.E. b r o th  and used 

i n s t e a d  of M.E. b r o th  i n  some of group I I  

experim ents  t o  t r y  and c o n t r o l  th e  pH of th e  

medium c o l o r i m e t r i c a l l y .

7. ^  HCl and ^  NaOH were used t o  b r in g  the  pH
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of the  medium hack to  th e  o r i g i n a l  v a lu e .

8 . B u f f e r s :

a.  B u ffe r  i n d i c a t o r  b r o t h : This i s  F i s h e r  (1957)

b u f f e r  to  which was added 0 . 0006^ phenol r e d  

i n d i c a t o r .

The F i s h e r  b u f f e r  c o n t a in s :

0 .4 ^  (WA) NaOl.

0 .0 2 ^  (w A )  %  SO4 7 H2O.

0 .6 8 ^  ( W A / ^ )  KH2 PO4 .

These a re  d i s s o lv e d  in  M.E. b r o th ,  pH a d ju s t e d
Nw i th  ^  NaOH t o  7 .4  and s t e r i l i s e d  th ro u g h  s i n t e r e d  

g l a s s  f i l t e r s .

b. Sjzfrensen phosphate  b u f f e r  pH 7. 38

This  b u f f e r  was added to  M.E. b r o th  t o  which was 

added 0 .0006^ phenol re d  i n d i c a t o r .  I n  o rd e r  t o  

a t t a i n  pH 7 .3  th e  fo l lo w in g  p r o p o r t io n s  of

Na H2PO4 (x) and Na2 H PO4 (Y) were added:

X 2 .0  and Y 8 .0

The b u f f e r  was f i l t e r e d  th ro u g h  s t e r i l i s i n g  s i n t e r e d  

g l a s s  f i l t e r s .

A f te r  th e  a d d i t i o n  of c e l l s  and i n d i c a t o r  

the  f i n a l  pH was 7.
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c .  Veronal B u f f e r : This b u f f e r  was a l s o  added 

to  M.E. b r o th  c o n ta in in g  0 .0006^ phenol r e d  

i n d i c a t o r .

The B u f fe r  c o n ta in s :

Sodium B arb i tone  : 2.06 gm/lOO mis. M.E. b r o th

(pH 8 . 8 )

B arb i to n e  : 0 .3 6 8  gm/LOO mis. M.E. b r o th

(pH 7 .33)

20 mis. of the  sodium b a rb i to n e  s o l u t i o n  were 

added to  100 mis, of th e  b a rb i to n e  s o l u t i o n  and 

th e  0 .0006^ phenol r e d  i n d i c a t o r .  The medium 

was th e n  s t e r i l i s e d  by f i l t e r i n g  th ro u g h  a 

s t e r i l i s i n g  s i n t e r e d  g la s s  f i l t e r .  The pH 

of^medium was 7 .4  and a f t e r  a d d i t i o n  of c e l l s  

7 .2 .  This b u f f e r  i s  a m o d i f ic a t io n  of a v e ro n a l  

b u f f e r  of  pH 8 .6  i n  which:

Sodium B arb i tone  = 10 .3  g m / l i t r e .

B arb i tone  = 1 .84  g m / l i t r e .

d. P a l i t z s c h  B ora te  B u f fe r  pH 7 .3 6 .

Again M.E. b r o th  c o n ta in in g  0 .0006^ phenol r e d  

i n d i c a t o r  was used to  which was added:

Boric a c id  0 .2  M (X)

Borax 0 .05  M (Y)
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th e se  were added i n  th e  p ro p o r t io n :

X 9 .0  and Y 1 .0  to  g ive  a

pH of 7 .35 .

The b u f f e r  was s t e r i l i s e d  th rough  s i n t e r e d  g la s s  

f i l t e r s .  P in a l  pH a f t e r  th e  a d d i t i o n  of th e  

c e l l s  was 7 . 2 . sL ,
9. Glucose phosphate  medium ( I la r r i i ig ton ,  1998).

K Hg PO4 

(NH4 )2  SO4 

%  SO4 . 7 HgO

5.4 g.

1 .2  g.

0 .4  g.

Glucose 12 g.
e

made to  1 l i t r e  w i th  ( ^ o n is e d  w ate r .

The pH was a d ju s t e d  to  7 .1  by 1 N NaOH and the  

medium s t e r i l i z e d  th rough  s i n t e r e d  g la s s  f i l t e r s .

10. M.E. agar  s lo p e s  c o n ta in in g  50 ug. ml. 

ch lo ram phen ico l  were used f o r  weekly s u b c u l tu r in g  

th e  a r t i f i c i a l l y  induced r e s i s t a n t  s t r a i n s  of the  

E. c o l i  to  m a in ta in  t h e i r  r e s i s t a n c e .

11. Chloramphenicol c o n t a in in g  p l a t e s  of M.E. 

agar  f o r  r a i s i n g  th e  r e s i s t a n c e .

The method used t o  r a i s e  the  r e s i s t a n c e  of 

th e  c e l l s  was by the  use of the  wedge p l a t e  

t e c h n iq u e .  P e t r i  d i sh e s  4 inches  i n  d iam ete r
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were used. The d ish es  were p la c e d  i n  a s lo p in g  

p o s i t i o n ,  one s id e  be ing  r a i s e d  h ig h e r  th a n  th e  

o th e r .  10 mis. of melted  M.E. a g a r  c o n ta in in g  

th e  r e q u i r e d  amount of ch lo ram phen ico l /m l.  was 

poured i n  th e se  p l a t e s  and l e f t  t o  s e t ,  g iv in g  

a wedge of M.E. agar  w i th  th e  r e q u i r e d  amount of 

ch lo ram phen ico l/m l.  a t  th e  deep end. The p l a t e s  

were th e n  put f l a t  and a n o th e r  10 mis. of melted 

agar  was poured i n  o rd e r  t o  a t t a i n  a f l a t  su r f a c e  

and a graded s t r e n g t h  of ch lo ram phen ico l  th roughou t 

the  whole p l a t e  w i th  th e  r e q u i r e d  maximum 

ch loram phenico l  c o n c e n t r a t i o n  over th e  t h i c k  wedge 

of ch loram phenico l  a g a r .

12. Enzyme I n h i b i t o r s .

A -  Su lphydry l  i n h i b i t o r s

1 . l o d o a c e t i c  a c id  : l o d o a c e t i c  a c id

s o l u t i o n  was p repared  by adding 0 .1  gm. to  10 mis. 

M.E. b r o th .  I t  was s t e r i l i s e d  by f i l t e r i n g  

th rough  s i n t e r e d  g l a s s  f i l t e r  and from t h i s  

10“ 4m and 10“ 5m s o lu t i o n s  were p re p a re d .  When 

th e se  were added to  the  su sp e n s io n  of c e l l s  the  

f i n a l  c o n c e n t r a t i o n s  o b ta in e d  were 10"4, 10"5 and 

lO-^M.
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2 . lodosobenzoic  a c i d ; lodosobenzo ic  

s o l u t i o n  was p rep a red  i n  the  same v/ay as th e  

io d o a c e t i c .  Prom t h i s  10“ 4, 10“ 5 m s t r e n g t h s  

were p repa red  which when added i n  a p p r o p r i a t e  

amount to  th e  c e l l  su sp e n s io n  gave f i n a l  

c o n c e n t r a t i o n  of 10"^, 10"  ̂ and 10"^ M.

3. p -O h lo ro m ercu r ih en zo a te : 

p -C hlorom ercuribenzoa te  was p rep a red  i n  th e  same 

way as the  above two i n h i b i t o r s  and gave a f i n a l  

c o n c e n t r a t i o n  of 10"3 10“ 4 m and 10"5 m when 

added to  th e  c e l l  su sp e n s io n .

4. Mixtures of th e  enzyme i n h i b i t o r s ; 

Mixtures of the  v a r io u s  i n h i b i t o r s  were p rep a red  

from th e  above mother s o lu t i o n s  a cco rd in g  t o  th e  

req u irem en ts  of th e  v a r io u s  exper im en ts .

Also m ix tu res  of the  i n h i b i t o r s  w i th  th e  

v a r io u s  b u f f e r s ,  M.E. b r o th  and ch lo ram phen ico l  

were p rep a red  from th e  above mother s o l u t i o n s  i n  

d i f f e r e n t  s t r e n g t h s  as s p e c i f i e d  i n  th e  d i f f e r e n t  

exper im ents .

E s te r a s e  i n h i b i t o r s :  10-2  m s o l u t i o n

of the  I so p e6 to x  (N.N. d i - i s o p r o p y l  

phosphorodiamidie  f l u o r i d e )  was p rep a red  i n
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phosphate  b u f f e r e d  b r o th  and f i l t e r e d  th ro u g h  

s i n t e r e d  g l a s s  f i l t e r .  From t h i s  10"3 M,

10"4 M and 10"5 M were p rep a re d .  Y/hen th e s e  

were added t o  th e  c e l l  su sp e n s io n s  they  gave 

th e  f i n a l  c o n c e n t r a t i o n s  of 10"4 M, 1 0 " 5 M and 

10-6 M.

13. A n t ib io t i c  s o l u t i o n s . These were p re p a re d  

by d i s s o lv i n g  100  mgm. ( 0 .1  gm) of  ch lo ram phen ico l  

( B . P . ) i n  100  mis. s a l i n e  i . e .  1000  ug/ml and 

s t e r i l i s e d  by f i l t e r a t i o n  th ro u g h  s t e r i l i s i n g  

s i n t e r e d  g la s s  f i l t e r s .  D i f f e r e n t  c o n c e n t r a t i o n s  

were p rep a red  from t h i s  mother s o l u t i o n .  I t  

was k ep t  i n  the  r e f r i g e r a t o r  a t  50c .  f o r  no t  more 

th a n  one month to  ensure  t h a t  no lo s s  of va lue  

occu rred .

Except when o the rw ise  i n d i c a t e d  th e  u s u a l  

f i n a l  s t r e n g th s  of ch lo ram phen ico l  used were 

100 ug/ml and 10 ug/ml.

Terms :

M. C o n c e n t r a t i o n : This term , a f t e r  B a i l  (1929)

was used to  d e s c r ib e  the  p o p u la t io n  of b a c t e r i a  

a t t a i n e d  i n  u n a e ra te d  f l u i d  c u l t u r e s  a f t e r  24 

hours of  in c u b a t io n .  M u l t ip le s  and su b m u l t ip le s
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of t h i s  M. c o n c e n t r a t i o n  p rep a red  by 

c e n t r i f u g a t i o n  and r e s u s p e n s io n  i n  f r e s h  media, 

were g iv e n  d i f f e r e n t  names acco rd in g  to  the  

r e l a t i v e  q u a n t i t i e s  of th e  re su sp e n d in g  medium 

to  o r i g i n a l .  Thus 10 M i s  t e n  t im es  th e  24 

hours p o p u la t io n ;  5 M i s  5 t im es  th e  24 hour 

p o p u la t io n ;  ^  M i s  only h a l f  th e  o r i g i n a l  24 

hour p o p u la t io n  and so on.

Death of th e  C e l l ; By t h i s  te rm  i s  meant th e  

i n a b i l i t y  of th e  c e l l  t o  rep roduce  i t s e l f  a f t e r  

be ing  l e f t  under in i m ic a l  c o n d i t i o n s .

EXPERIMENTAL DETAILS;

A. Temperature of i n c u b a t i o n ;

1. The c e l l s  were always h a rv e s te d  from 24

hour c u l t u r e  a t  37  ̂ 0 .

2. The v a r io u s  te m p era tu re s  of  in c u b a t io n  used  

f o r  th e  d i f f e r e n t  experim ents  were 5^0 > 22% and 

37% .

3. The M.E. ag a r  p l a t e s  f o r  v i a b l e  coun ts  were 

t e s t e d  f o r  s t e r i l i t y ,  d r ie d  and in c u b a te d  f o r  th e  

coun ts  a t  37% .

B. P r e p a r a t io n  of c e l l  s u s p e n s io n ;

1. For i n i t i a l  h a r v e s t in g  of c e l l s  250 ml.
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pyrex  c o n i c a l  f l a s k s  c o n ta in in g  100 ml. amounts 

of M.E. b r o th  were in o c u la t e d  w ith  a lo o p f u l  of 

a 24 hour c u l t u r e  of th e  organism and in c u b a te d  

ov e rn ig h t  a t  37% .

2 . C e n t r i f u g a t i o n  of th e  organisms was c a r r i e d  

out i n  250 ml. s t e r i l e  c e n t r i f u g e  b o t t l e s .

They were spun f o r  30 minutes  a t  2600 r .p .m .

3. Varying c o n c e n t r a t i o n s  of  th e  organisms were 

made by re su sp en d in g  c e n t r i f u g e d  c e l l s  i n  th e  

v e h i c l e  t o  be used .

C. T o ta l  C o u n ts ;

E s t im a t io n s  of th e  t o t a l  coun ts  were done 

by th e  Spekker a b s o rp t io m e te r  c a l i b r a t e d  by 

d i r e c t  coun ts  i n  a Helber chamber. Using a 

s e r i e s  of c a r e f u l l y  p repa red  d i l u t i o n s  from 10 M 

down to  0 .78  M i n  8 s t e p s ,  i . e .  doubling  s e r i a l  

d i l u t i o n s  of th e  c e l l s ,  a s e r i e s  of  Spekker 

r e a d in g s  and t h e i r  c o r re sp o n d in g  coun ts  by H elber  

chamber was done. The method used f o r  co u n t in g  

th e  c e l l s  i s  a m o d i f i c a t io n  of th e  method f o r  

co u n t in g  b a c t e r i a  i n  vacc ine  s t a n d a r d i s a t i o n  

(Kolmer, 1 9 5 2 ) i n  which 80 sq u a re s  i n s t e a d  o f  20 

sq u a re s  were coun ted  and th e  a v e ra g e /sq u a re
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c a l c u l a t e d .

A graph  was drawn of th e  Spekker r e a d in g s  

a g a in s t  th e  c o r re sp o n d in g  number of organism/ml. 

f o r  f u t u r e  d i r e c t  r e a d in g s  of th e  number of 

organisms c o r re sp o n d in g  to  th e  Spekker r e a d in g .

In  exper im ents  of more th a n  1 M 

c o n c e n t r a t i o n ,  10*1  d i l u t i o n  of th e  su sp e n s io n  

was used f o r  Spekker re a d in g s  u s in g  the  same 

v e h ic l e  as c o n t r o l  f o r  th e  r e a d in g .  While i n  

experim ents  w i th  l e s s  th a n  1 M c o n c e n t r a t i o n  th e  

u n d i lu t e d  su sp e n s io n  was used.

D. V iable  Counts :

The v i a b l e  coun ts  were determ ined by a 

m o d i f ic a t io n  of th e  method o f  Miles and Misra 

(1 9 3 8 ) i n  which 5 p l a t e s  each w i th  20 d rops ,

i . e .  100  drops f o r  each d i l u t i o n  i n s t e a d  of 6 
drops were used g iv in g  about a s i x - f o l d  r e d u c t io n  

in  th e  e r r o r  o f  e s t im a t io n ,  t h a t  i s  from about 

+ 20^ down to  + 3 i^ .  A s e r i e s  o f  t e n f o l d  

d i l u t i o n s  of th e  su sp e n s io n s  were made i n  M.E. 

b r o th  and th e  d i l u t i o n s  were always made i n  

6 X s t e r i l e  t e s t  tu b e s  w i th  9 mis. of  b r o t h  +

1 ml. of su sp e n s io n .
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For a 5 M su sp e n s io n  10-7 d i l u t i o n  was 

u s u a l l y  made i n i t i a l l y  and f o r  i  M su sp e n s io n  

10"6 d i l u t i o n  i n  order  t o  g e t  th e  most c l e a r l y  

enumerable number of c o lo n ie s  i n  each p laque 

(between 10 and 20 c o lo n ie s /p la q u e  was th e  b e s t  

number t o  aim a t  w i th  l a r g e  c o lo n ie s  l i k e

E. c o l i . F in a l  d i l u t i o n s  of o ld e r  su sp en s io n s  

depended on age and th e  p resence  of b a c t e r i o s t a t i c  

a g e n ts .  (Photograph No. 1 ) .

The p l a t e s  were l e f t  on th e  bench s l i g h t l y  

open u n t i l  th e  l i q u i d  drops had d r ie d .  They 

were th en  c lo se d  and in c u b a te d  o ve rn igh t  a t  

37% . ( I f  th e y  a re  no t  d r i e d ,  th e  c o lo n ie s  w i l l  

sp read  and in a c c u r a te  coun ts  would r e s u l t ) .  

C a l c u la t io n s  -  A f te r  in c u b a t io n  the  t o t a l  number 

of c o lo n ie s  on each s e t  of  f i v e  p l a t e s  was coun ted  

(u s in g  a hand t a l l y  c o u n t e r ) ,  i . e .  th e  number 

of l i v e  organisms p re s e n t  i n  100 drops of th e  

d i l u t e  su sp e n s io n .  I f  t o t a l  c o lo n ie s  from 

100 drops = X, and d i l u t i o n  was 1 i n  10? th e n  th e  

number of l i v e  organisms i n  1 ml. of 5 M 

su sp e n s io n  = (a v e ra g e /d ro p )  x 50 (number

of drops i n  1 m l . )  x 10? ( d i l u t i o n ) .
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E. E s t im a t io n  of pH.

I n  th e  f i r s t  group of experim ents  th e  pH 

v a lu e s  were determ ined  by u s in g  B.D.H. narrow 

range i n d i c a t o r  p ap e rs .

For more a c c u ra te  d e te rm in a t io n  of pH 

va lu es  f o r  th e  second group of experim ents  a 

pH m eter was used.

F. Assessment of the  s t r e n g t h  of ch lo ram phen ico l  

s o l u t i o n s  kep t  a t  v a r io u s  te m p e ra tu r e s .

The o b je c t  of t h i s  experiment was t o  a s s e s s  

the  s t r e n g t h  of a s o l u t i o n  of 100 u g . , 50 ug. and 

10 ug. ch lo ram phen ico l /m l.  kep t  a t  5% , 22% and 

37% f o r  extended p e r io d s  of time to  see i f  t h e r e  

was any d e s t r u c t i o n  of ch lo ram phen ico l  by pro longed 

in c u b a t io n .  The g r e a t e s t  d i l u t i o n  g iv in g  

i n h i b i t i o n  of growth was measured.

The r e s u l t s  showed t h a t  :

At 37% th e  ch loram phenico l  s o l u t i o n  came t o ;  

^  i t s  va lue  a f t e r  1 week.

% i t s  va lue  a f t e r  2 weeks,

i t s  value  a f t e r  3 weeks.
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At 22% the  ch lo ram phen ico l  s o l u t i o n  came

t o :

■J i t s  va lue  a f t e r  1 week.

Remained a t  h a l f  i t s  va lu e  f o r  2 weeks and 

came t o  i t s  va lue  a f t e r  3 weeks.

At 500 . th e  ch lo ram phen ico l  s o l u t i o n  

came to :

i  i t s  va lue  a f t e r  1 week and remained 

c o n s t a n t l y  a t  t h i s  v a lu e  t o  th e  end of th e  t h i r d  

week.

G. A ssess ing  the  s e n s i t i v i t y  of E. c o l i  (8 1 9 6 ) : 

The d i l u t i o n  te c h n iq u e  was c a r r i e d  out on 

v a r io u s  c o lo n ie s  of E. c o l i  (8196) a f t e r  th e  

b a c t e r i a  had been i n  c o n t a c t  w i th  100 ug/ml and 

10 ug/ml f o r  v a r io u s  p e r io d s ,  one week and two 

weeks a t  22^0, and compared w i th  c o n t r o l  c e l l s  

kep t in  th e  absence of ch lo ram phen ico l .  The 

o b je c t  was to  f i n d  out i f  th e  o r i g i n a l  s e n s i t i v i t y  

of th e  c e l l s  (3 ug/ml) to  ch lo ram phen ico l  changed 

w ith  such c o n ta c t  i n  such a p e r io d .

I t  was observed t h a t  no change i n  th e  

s e n s i t i v i t y  of th e  organisms occurred  a f t e r  

in c u b a t io n  w ith  bo th  the  10 ug/ml and 100 ug/ml
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ch lo ram phen ico l  s o l u t i o n  a f t e r  as  long  a 

c o n ta c t  w i th  th e  drug as 2 weeks a t  22% .

H. Method of R a is in g  th e  r e s i s t a n c e  of E. c o l i  

( 8 1 9 6 ) to  ch lo ra m p h e n ic o l ;

The r e s i s t a n c e  of th e  c e l l s  to  ch lo ram phen ico l  

was induced by th e  fo l lo w in g  m o d i f i c a t io n  of th e  

wedge p l a t e  method. S u b c u l tu re s  on th e  

ch lo ram phen ico l  c o n ta in in g  p l a t e s  wetedone every  

2 days and th e  fo l lo w in g  s t r e n g t h s  of 

ch lo ram phen ico l  were used s u c c e s s i v e l y ,  5 ug/ml,

5 ug/ml , 10 ug/ml ,

10 ug/ml 20 ug/m l,  50 ug/m l,  50 ug/ml, 75 ug/ml,

75 ug/ml, a t  2 d a i ly  i n t e r v a l s .  (Photographs 2 and 3).

A d i l u t i o n  tech n iq u e  was a g a in  used to  

a s c e r t a i n  th e  exac t  s e n s i t i v i t y  and th e  50 ug/ml 

r e s i s t a n t  s t r a i n  was used i n  th e  experim ents  and 

was c a l l e d  E. c o l i  R.

The s t r a i n  was t e s t e d  f o r  l o s s  of r e s i s t a n c e  

by s u b c u l t u r in g  on p l a i n  ag a r  f o r  10 days.

The r e s u l t s  ob ta in ed  from th e  s e n s i t i v i t y  t e s t  

performed proved t h a t  th e  c e l l s  k ep t  t h e i r  

r e s i s t a n c e  even a f t e r  10  d ay s '  in c u b a t io n  away 

from ch lo ram phen ico l .
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The s t r a i n  was m a in ta ined  by weekly 

s u b c u l tu r e s  on 50 ug/ml ch lo ram phen ico l  c o n ta in in g  

s lo p e s  of M.E. a g a r .
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RESULTS.

I .  V i a b i l i t y  of  E. c o l i
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Group I  E xper im en ts .

The E f f e c t  o f  Ohlorampheniool on th e  d ea th  o f  

B a c t e r i a .

a. Using a heavy susp en s io n  of c e l l s .

I n  th e  f i r s t  group of exper im en ts ,  a heavy 

su sp e n s io n  of E. c o l i  c e l l s  (5M) was used and 

th e  d ea th  of b a c t e r i a  a t  d i f f e r e n t  te m p era tu re s  

of in c u b a t io n  was determ ined. Va r i ous 

c o n c e n t r a t i o n s  o f  ch lo ram phen ico l  wore used 

r a n g in g  from 10 ug/ml 100 ug/ml f o r  every  

te m p e ra tu re .  The d i f f e r e n t  te m p e ra tu re s  used 

were: (1) 5^0 t o  make th e  c o n d i t io n s  as i n i m ic a l

as p o s s ib le  t o  c e l l  m u l t i p l i c a t i o n .  (2) 22%

and (3) o c c a s io n a l ly  37%.

The E f f e c t  of Chloramphenicol on th e  t o t a l  and 

v i a b l e  coun ts  of  5M su sp en s io n  of E. c o l i  i n  

M.S. b r o th  kep t  a t  5 % .

I t  can be seen  from Table 1 t h a t  th e  v i a b l e  

count of t h e c o n t r o l  su spens ion  s to r e d  a t  5% 

f e l l  to  about h a l f  of i t s  o r i g i n a l  va lue  by th e  

end of th r e e  weeks, whereas i n  th e  p resence  of 

10 or 100 ug/ml of ch lo ram phen ico l ,  i t  remained 

unchanged. On th e  o th e r  hand th e  t o t a l  coun ts
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of the  c o n t r o l  in c re a s e d  i n  th e  f i r s t  two weeks 

and th e n  dropped to  a s l i g h t l y  h ig h e r  l e v e l  th a n  

su sp e n s io n s  kep t  i n  th e  p resence  of bo th  

c o n c e n t r a t i o n s  of ch lo ram phen ico l  by th e  end of 

th e  t h i r d  week; th e  t o t a l  c o u n ts  of  th e  

ch loram phenico l  su sp en s io n  remained s te a d y  d u r in g  

th e  whole t h r e e  weeks. Thus a l th o u g h  a 

tem pera tu re  of 5% was chosen  as i n im ic a l  to  

c e l l  m u l t i p l i c a t i o n ,  some d id  occur .

The E f f e c t  of Chloramphenicol on th e  t o t a l  and 

v ia b le  coun ts  of 5M su sp e n s io n  of E. c o l i  i n  

M.E. b r o th  kep t  a t  22% .

When s i m i l a r  su sp en s io n s  were s to r e d  a t  

22% , the  v ia b le  count of th e  c o n t r o l  su sp e n s io n  

f e l l  to  about one e ig h th  of i t s  o r i g i n a l  va lu e  

w i th in  one week, bu t  w i th  100 ug/ml ch lo ram phen ico l ,  

i t  showed only a s l i g h t  d ec rease  and w i th  10 ug/ml 

i t  was s t i l l  more th a n  h a l f  th e  o r i g i n a l  v a lu e .

The t o t a l  coun ts  shov/ed the  same but a 

much a c c e l e r a t e d  p a t t e r n  i n  b o th  the  c o n t r o l  and 

the  ch loram phenico l c o n t a in in g  suspens ions  as 

th o se  a t  5% . The c o n t r o l  counts  ro se  du r ing  

the  f i r s t  two days t o  double the  o r i g i n a l  coun ts
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and th e n  f e l l  d r a m a t i c a l ly  from th e n  onwards t o  

th e  end of th e  experim ent.  The ch lo ram phen ico l  

c o n ta in in g  suspens ions  however, remained c o n s ta n t  

du r ing  th e  f i r s t  week and dropped s l i g h t l y  

a f t e rw a rd s ,  and th e  drop was more w i th  th e  10 

ug/ml ch loram phenico l th a n  w i th  th e  100 ug/m l.  

(Table 2) .

The E f f e c t  of Chloramphenicol on th e  t o t a l  

and v i a b l e  co im ts  of su sp e n s io n  of E. c o l i  

i n  M.E. b r o th  kep t  a t  37 % .

When a 5M suspens ion  of E. c o l i  was 

in c u b a te d  a t  37% , th e  changes ob ta ined  i n  th e  

t o t a l  and v ia b le  counts  were so r a p id  t h a t  by 

th e  se v e n th  day, th e  v ia b le  coun ts  were v e ry  

low, bu t  always the  c o n t r o l  v i a b l e  coun ts  were 

h ig h e r  th a n  the  ch lo ram phen ico l  c o n ta in in g  ones. 

When h ig h e r  c o n c e n t r a t i o n s  of ch lo ram phen ico l  

were used , th e y  were l e t h a l .

I t  can  be seen  from Table 1 and 2, t h a t  

i n s t e a d  of  h a s te n in g  th e  d e a th  of b a c t e r i a ,  

ch loram phenico l  may, under th e  c o n d i t io n s  of th e  

exper im en ts ,  a c t  i n  such  a way t h a t  th e  v i a b i l i t y  

of th e  c u l t u r e  i s  m a in ta in ed .  This c o n c lu s io n
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i s  even more appa ren t  w i th  th e  su spens ions  

in c u b a ted  a t  22% th a n  a t  5 % .  A l a r g e  number 

of r e p e a t  experim ents  gave a s i m i l a r  p a t t e r n  of 

r e s u l t s  to  th o se  d e sc r ib e d  i n  th e  above t a b l e s .  

Some of th e se  r e s u l t s  a re  a l r e a d y  p u b l i sh e d  

(M orrison, BagoUdfy, Pie  to  hei^l956).

I t  was seen  from th e  pH re c o rd s  i n  th e s e  

experiments  t h a t  the  c o n t r o l  r e a d in g s  in c r e a s e d  

as th e  experiment p ro g re s se d ,  w hile  i n  th e  

p resence  of ch lo ram phen ico l  th e  pH ro s e  much 

l e s s  r a p id l y ,  e s p e c i a l l y  w i th  100 ug/ml.

By comparing th e  v ia b le  co u n ts  w i th  th e  r i s e  i n  

pH in  th e  d i f f e r e n t  s u sp e n s io n s ,  th e  low est  

v i a b le  counts  occurred  when th e  pH of th e  c o n t r o l  

exceeded pH 8, and th e  s te a d y  v i a b l e  coun ts  i n  

th e  ch loram phenico l  c o n ta in in g  suspens ions  i s  

a s s o c ia t e d  w ith  a more or l e s s  s te a d y  pH r e a d in g .

b. Using a sm all  p o p u la t io n  of c e l l s .

This group of exper im ents  i s  e s s e n t i a l l y  

a r e p e t i t i o n  of the  f i r s t  group bu t u s in g  a sm all  

c o n c e n t r a t io n  of th e  c e l l s .  A -JM su sp e n s io n  of 

£. c o l i  was used in  th e  absence and p resence  o f  

10 ug/ml and 100 ug/ml of ch lo ram phen ico l  and th e  

tem p era tu res  used were 5% and 22% .
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The E f f e c t  of  Chloramphenicol on th e  t o t a l  and 

v i a b l e  counts  of -&M s u sp e n s io n  of E. c o l i  i n  

M.E. b r o th  a t  5^0.

I t  can be seen from Table 3 t h a t  du r in g  

th e  f i r s t  6 weeks of th e  experim ent,  th e  l e v e l  

of v i a b l e  c e l l s  i n  the  c o n t r o l  was alv/ays much 

h ig h e r  than  the  ch lo ram phen ico l  c o n ta in in g  

suspens ions  due t o  m u l t i p l i c a t i o n  of the  c o n t r o l  

c e l l s  even a t  t h i s  low te m p e ra tu re .

This was no t  th e  c a se  du r ing  the  l a t e r  

s ta g e s  of the  experim ent.  In  the  l a t t e r  6 

weeks of th e  experiment th e  e f f e c t  of 

ch loram phenico l was i n  fa v o u r  of m a in ta in in g  th e  

v i a b i l i t y  of th e  c e l l s  i n s t e a d  of  h a s te n in g  

t h e i r  dea th .

The E f f e c t  of  Chloramphenicol on th e  t o t a l  and 

v ia b le  coun ts  of jM su sp e n s io n  of E. c o l i  i n  

M.S. b r o th  a t  2 2 % .

The b e n e f i c i a l  e f f e c t  of ch lo ram phen ico l  

i n  h e lp in g  th e  v i a b i l i t y  of th e  E. c o l i  c e l l s  

was s t i l l  n o t i c e d  here  w i th  th e  10 ug/ml 

ch lo ram phen ico l ,  and t h i s  was s p e c i a l l y  n o t i c e d  

a f t e r  th e  f i r s t  two weeks of the  experim ent.
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The l e v e l  of v i a b le  c e l l s  i n  th e  c o n t r o l  was 

h ig h e r  du r ing  the  f i r s t  two weeks due to  

m u l t i p l i c a t i o n  of th e  c e l l s .  The 100 ug/ml 

ch loram phenico l was l e t h a l  to  th e  number o f  c e l l s  

i n  su spens ion .  (-JM) (Table 4 ) .

The r e s u l t s  ob ta in ed  i n  th e  above two 

experim ents  confirmed what we concluded about 

th e  e f f e c t  of ch lo ram phen ico l  i n  f a v o u r in g  th e  

v i a b i l i t y  of  th e  E. c o l i  c e l l s  i n s t e a d  o f  

h a s te n in g  t h e i r  d ea th ,  bu t  su g g es ted  t h a t  t h e r e  

might be an optimal c o n c e n t r a t i o n  of 

ch loram phenico l  per  c e l l  a t  which t h i s  e f f e c t  

was m an ife s ted .  ( Gray, 1952).

c .  Using d i f f e r e n t  n u t r i t i v e  c o n d i t io n s  

f o r  ageing of c e l l s .

S a l in e  ;

I n  t h i s  experiment a medium w ith  no 

n u t r i t i v e  value  was used f o r  suspending  e i t h e r  

a heavy c o n c e n t r a t i o n  of c e l l s  (5M) or a more 

d i l u t e  su sp en s io n  of c e l l s  (^M) th u s  making 

c o n d i t io n s  q u i t e  i n im ic a l  t o  c e l l  m u l t i p l i c a t i o n *  

The v a r i a b l e s  i n  t h i s  experiment were th e  

tem pera tu re  of  in c u b a t io n ,  5^0 and 22% , and th e
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c o n c e n t r a t i o n  of th e  a n t i b i o t i c ,  10 ug/ml and 

100 ug/ml, and th e  p o p u la t io n  of c e l l s  suspended, 

5M and ^M.

The r e s u l t s  a re  shown in  Tables  5, 6 and 7.

At 5% the  r e s u l t s  (Table 5) showed t h a t  

i n  th e  p resence  of ch lo ram phen ico l  th e  v ia b le  

coun ts  kep t s te a d y  f o r  th e  f i r s t  t h r e e  weeks and 

th e n  dropped g r a d u a l ly  i n  th e  fo l lo w in g  f i v e  

weeks. The c o n t r o l  v i a b le  c o u n ts ,  however, 

showed a g rad u a l  drop du r ing  th e  whole 8 weeks 

and th e  l e v e l s  were always h ig h e r  w i th  th e  

ch loram phenico l  c o n ta in in g  su sp e n s io n s  th a n  th e  

c o n t r o l  i n  a l l  th e  s t a g e s  of  th e  experim ent.

The t o t a l  count i n  b o th  th e  c o n t r o l  and 

th e  ch lo ram phen ico l  c o n ta in in g  su sp en s io n s  showed 

a g ra d u a l  drop du r in g  th e  whole e ig h t  weeks of 

th e  experim ent.

At 22% w i th  5M su sp e n s io n  i n  s a l i n e  

(Table 6) th e  ch lo ram phen ico l  d id  no t have any 

b e n e f i c i a l  e f f e c t  on p ro lo n g in g  th e  l i f e  of  th e  

c e l l s .

When a i-M su sp e n s io n  of E. c o l i  was 

suspended i n  s a l i n e  and s t o r e d  a t  22% i n  th e
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presence  and absence of ch lo ram phen ico l ,  th e  

pH of th e  medium d id  no t  va ry  much i n  th e  whole 

experim ent.  The v i a b l e  co u n ts  of th e  c e l l s  i n  

th e  c o n t r o l  was always a l i t t l e  h ig h e r  th a n  i n  

th e  ch lo ram phen ico l  c o n t a in in g  ones e s p e c i a l l y  

th e  100 ug/ml one. (Table 7 ) .

I t  can be seen  t h a t  th e  pH i n  th e  c o n t r o l  

su sp en s io n s  and i n  th e  ch lo ram phen ico l  su sp e n s io n  

were much th e  same when s a l i n e  was used as  

suspending  medium, and where th e r e  was no r i s e  

i n  pH th e r e  was l i t t l e  d i f f e r e n c e  between the  

d e a t h - r a t e  i n  th e  p resence  and absence of 

c h io r  amp henic o1•

Glue ose phosphate  medium;

In  t h i s  experiment th e  suspending  medium 

c o n s i s t e d  of in o rg a n ic  s a l t s  and g lu c o se ,  a 

medium ab le  t o  su p p o r t  th e  grov/th of E. c o l i . 

Heavy suspens ions  (5M) were used . I n  such a 

medium th e  end p ro d u c ts  of  metabolism  a re  a c i d i c  

and th e  pH f a l l s .  Table 8 g iv e s  th e  r e s u l t s  of 

a t y p i c a l  experim ent.

The r e s u l t s  i n d i c a t e  t h a t  i n  a medium w ith  

th e  pH re a c h in g  v a lu es  on th e  a c id  s id e  of



72.

H  -C O fO H  O ^ C O hd
pi c f o  CD
CD O H» 4
<kj 4 H*
Ui ÇO O
—Kït? Pi
• CD

•
4=- 4^ 0 0 VJl 4^

H KO Lu VO o
O O O O O

O
O P  »-3

4^ 4^ 4^ 4^ 4^ O H  O
O 0 0 vn O H P H  e t
O O O O O O O ©  P

CD
ti 5

M  Ocr
4 O
P X 1

W 4 - 4 - 4^ 4^ H c+
KO M ro VJl H O H- It* e t
O O VJl O O O O

P 0»AO
H)

ro DO ro
00 fV> VJl ro O O

U1 H cr» m H
M
O o
4 p  <

H H ro P H  H-
4^ vn ->5 KO o \ H B M  P
fO Lu OO 0 0 O © D*

\^ 1 —'
P P  P
P h-*
H* O
O X o

H ro ro H O 0
o \ 0 0 o VJl O H - [ ±  PVJ1 o 4^ VJl H O

0

VJl vn 4^ (7\ hd* . • • $ p
0 0 H 4^ KO O 4
vn O VJl Lu 4^

B
H

VJl VJl VJl 4^ O i
• • # • • M
-O H 4^ KO O
U1 O VJl Lu O

VJl VJl 4^ CJ\ H
• t « * O

LO KO H VJl KO O
VJl O VJl o O

(-3

g-
H<D
00

p B VJl O
CJ* P y© pi P
p H* © P
0 g 0 (K
o g © p
p

© P
©

o et a H*
H) O © P

4 H
O  p O et
y  pi 0 P'
H P
O p O
4 et H) e t
P O
3  ro bd et

ro . P
O H

p O o
0 o P
H- H* H  P
O P H- Pi
O
H  et H' <

y  P H-
P P

H* CJ"
et hj H  H
0 ^ 4 0 P

P O
© O O

hi p © o
P P 0

4 O P
P p et
O p -©
O P O
4 P © O
p, pj^j Hj
© p*

p
et
P



73.

n e u t r a l i t y  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  th e  

d e a th  r a t e  of  c e l l s  aged i n  th e  p resence  and 

absence of ch lo ram phen ico l .

The drop i n  th e  v i a b i l i t y  was g r e a t e r  

th a n  one would expect from th e  changes i n  pH.

This phenomenon was n o t i c e d  and commented upon 

by Gale and Epps (1942), who found t h a t  th e  

p resence  of g lucose  i n  th e  medium dur ing  growth 

of E. c o l i  su p p resses  th e  fo rm a t io n  of c e r t a i n  

enzymes, and t h a t  th e  degree of i n h i b i t i o n  i s  

g r e a t e r  than  the  e f f e c t  produced by growth i n  

a medium a d ju s te d  to  th e  f i n a l  pH produced in  

th e  g lucose  medium by f e rm e n ta t io n .

When Staphylococcus a u r e u s , which has a 

w idely  d i f f e r e n t  metabolism from E. c o l i  was 

used i n  the  above group of exper im en ts ,  th e  

r e s u l t s  ob ta ined  were no t  very  c o n s t a n t .

However, w i th  low c o n c e n t r a t i o n s  of ch lo ram phen ico l  

and under th e  p re v io u s ly  mentioned c o n d i t io n s  of 

the  experiments  th e  v i a b l e  coun ts  remained 

s t e a d i e r  i n  th e  ch lo ram phen ico l  c o n t a in in g  

suspens ions  (5 ug/ml, and 10 ug/ml) th a n  th e  

c o n t r o l  ones, while  w i th  h ig h e r  ch lo ram phen ico l
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c o n c e n t r a t io n s  (20 ug/m l, 40 ug/ml and 100 ug/ml) 

we got th e  oppos i te  r e s u l t s .  Due t o  d u m p in g  

of th e  organism th e  coun ts  o b ta in ed  were no t  very  

a c c u ra te  (Table 9 ) .
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Group I I  Experim ents .

Attempts t o  c o n t r o l  th e  pH of s u sp e n s io n s .

The r e s u l t s  of th e  e a r l i e r  experim ents  

show c l e a r l y  th e  marked e f f e c t  upon m o r t a l i t y  

which th e  pH of th e  medium has .

I n  th e  f i r s t  experiment th e  c e l l s  were 

suspended i n  s o lu t i o n s  of phosphate  b u f f e r  i n  

meat e x t r a c t  b ro th .

Use o f  Phosphate B u f f e r ;

Prom Table 10 i t  can  be seen  t h a t  th e  

b u f f e r  was i n e f f e c t i v e  i n  ho ld in g  th e  pH.

The use of h ig h e r  c o n c e n t r a t i o n s  of th e  b u f f e r  

l e d  t o  r a p id  d ea th  o f  c e l l s .

Use of Glucose b r o t h ;

I t  was though t t h a t  th e  a c i d i t y  produced 

by th e  a d d i t i o n  of g lucose  to  th e  M.E. b r o th  

susp en s io n s  of E. c o l i  might he lp  t o  keep th e  

pH of  th e  su sp e n s io n  from r i s i n g .  So g lu co se  

i n  v a ry in g  c o n c e n t r a t i o n s  ra n g in g  from 2^ to  

.01^  was made and added to  5M E. c o l i  

su sp e n s io n  in cu b a ted  a t  37^0. The pH of each 

c o n c e n t r a t i o n  was measured a f t e r  24 hours and 

a f t e r  v a r io u s  p e r io d s  of in c u b a t io n .  The



78.

v ia b le  coun ts  were a l s o  made f o r  each r e a d in g .

The r e s u l t s  o b ta ined  showed t h a t  th e  h ig h e r  

c o n c e n t r a t io n s  of g lu c o se ,  a l th o u g h  th e y  kep t  

th e  pH of th e  medium on th e  a c id  s i d e ,  had a 

d e l e t e r i o u s  e f f e c t  on th e  v i a b i l i t y  of th e  c e l l s .  

On th e  o th e r  hand, th e  lower c o n c e n t r a t i o n s  of 

th e  g lucose  were not ab le  to  keep th e  pH from 

r i s i n g  f o r  more th a n  2 days. So t h i s  method 

of c o n t r o l l i n g  the  pH was abandoned.

Use of S a l i n e :

I t  was th e n  though t t h a t  a s a l i n e  su sp e n s io n  

of c e l l s  would no t  a l low  much change i n  th e  pH 

va lue  of th e  medium and so a r e p e a t  of  th e  s a l i n e  

experim ents  a t  22^0 was done and r e c o rd s  o f  pH 

a t  every  v ia b le  count r e a d in g  were tak en .

The r e s u l t s  showed t h a t  a l th o u g h  th e  pH 

kept n e a r l y  s te a d y  r a n g in g  between 7 and 8, t h i s  

range was s t i l l  to o  wide t o  g e t  a ve ry  c l e a r  

id e a  about th e  e f f e c t  of th e  changes i n  v i a b l e  

count produced by th e  change in  th e  pH of th e  

medium.

The t o t a l  and v i a b l e  coun ts  of b o th  th e  

c o n t r o l  and ch lo ram phen ico l  c o n ta in in g  su sp en s io n s
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dropped dur ing  the  whole experim ent bu t th e

c o n t r o l  l e v e l s  were always lower th a n  th e

ch lo ram phen ico l  ones (see Table 6 ) .

Adjustment of pH;

In  t h i s  experiment phenol red  i n d i c a t o r

was added to  th e  M.E. b r o th  of b o th  the  c o n t r o l

and th e  ch lo ram phen ico l  c o n ta in in g  su sp e n s io n s .
NThe pH was kep t  c o n s ta n t  by th e  a d d i t i o n  of 

a c id  or a l k a l i  (HGl or NaOH) judging  th e  pH 

by th e  c o lo u r  of i n d i c a t o r  and checking  w i th  

re a d in g s  of pH meter.  A 5M su sp en s io n  was used 

and in c u b a ted  a t  22°0 f o r  t h r e e  weeks.

The r e s u l t s  o b ta ined  were s t i l l  no t  very  

s a t i s f a c t o r y ,  because a l th o u g h  the  pH was 

brought back to  th e  o r i g i n a l  l e v e l  tw ice  every  

day, the  c o n t r o l  pH ro se  d u r in g  th e  n ig h t  to  

h ig h e r  r e a d in g s  which were though t to  be 

d e l e t e r i o u s  to  th e  c e l l s .

N e v e r th e le s s ,  the  v i a b l e  count r e a d in g s  of 

the  c o n t r o l  were h ig h e r  th a n  th e  co r re sp o n d in g  

ch loram phenico l  ones a f t e r  th e  f i r s t  week.
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Removal of medium d a i l y  to  p rev en t  pH r i s e :

I t  was th en  thought t h a t  i f  th e  v e h i c l e  used 

f o r  suspending th e  c e l l s  was changed every  day, 

th e  organisms would no t have a long  enough time 

to  s p l i t  the  amino a c id s  of the  M.E. b r o th  t o  

a degree t h a t  would r a i s e  th e  pH of th e  medium 

to  d e l e t e r i o u s  l e v e l s .  So, i n  t h i s  experiment 

c e n t r i f u g a t i o n  of th e  su spens ions  was done d a i l y  

i n  250 ml c e n t r i f u g e  f l a s k s  f o r  30 minutes a t  

2600 r .p .m .  and the  v e h ic le  used f o r  suspending 

the  c e l l s  was r e p la c e d  every  day. The pH was 

reco rded  every  day t o  ensure  t h a t  i t  d id  not 

r i s e  du r ing  th e  24 hours .  The suspens ions  were 

5M ones and they  were in c u b a ted  a t  22^0.

The r e s u l t s  ob ta ined  proved t h a t  the  pH 

d id  not change much dur ing  th e  whole experim ents  

and ranged between 6 .9  and 7 .5 .  As f o r  the  

t o t a l  coun ts  of th e  c o n t r o l ,  th e y  kep t  r i s i n g  

du r ing  the  whole two weeks of th e  experiment 

re a c h in g  th r e e  times th e  o r i g i n a l  p o p u la t io n  

by th e  end of the  second week, w hile  the  v i a b l e  

count remained s te a d y  f o r  th e  f i r s t  week and 

d im inished  g r a d u a l ly  d u r ing  the  fo l lo w in g  week.
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The t o t a l  coun ts  of th e  ch lo ram phen ico l  c o n ta in in g  

su sp e n s io n s  k ep t  s te a d y  d u r ing  th e  f i r s t  week and 

dropped g r a d u a l ly  during  th e  whole experim ent.

The l e v e l  of b o th  th e  t o t a l  and v i a b l e  coun ts  

of th e  ch lo ram phen ico l  c o n ta in in g  suspens ions  were 

lower th a n  th e  co r re sp o n d in g  c o n t r o l  ones d u r ing  

th e  whole experiment and th e  d i f f e r e n c e  i n  th e  

v ia b le  count was a p p re c ia b le  f a l l i n g  t o  ha I #-, the  

c o n t r o l  l e v e l  a t  th e  end of 10 days andays and 1/200 of -

the  c o n t r o l  l e v e l  a t  th e  end of 15 d a y s T a b l e  11).

I t  was decided  to  conf irm  th e  r e s u l t s  of  

the  c e n t r i f u g a t i o n  experiment by a t te m p t in g  t o  

f i n d  a b u f f e r  which could  be e f f e c t i v e  i n  h o ld in g  

th e  pH of th e  su sp e n s io n s  w ith o u t  e x e r t in g  a 

l e t h a l  a c t i o n  on th e  c e l l s .  S / re n se n  phosphate  

b u f f e r  as w e l l  as v e ro n a l  b u f f e r  appear  to  f u l f i l  

t h i s  re q u ire m e n t .

Use of Veronal B u f f e r :

I t  can  be seen  from Table 12 t h a t  when th e  

pH of th e  medium was kep t  c o n s t a n t  i n  th e  c o n t r o l  

and i n  th e  ch loram phenico l  c o n ta in in g  su sp e n s io n s ,  

th e  ch lo ram phen ico l  had no e f f e c t  whatsoever i n  

m a in ta in in g  v i a b i l i t y .
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S;z(rensen Phosphate  B u f f e r :

The r e s u l t s  seen  i n  Table 13 confirm^ th o se  

ob ta ined  w i th  the  v e ro n a l  b u f f e r .

These r e s u l t s  o b ta in ed  i n  th e  above groups 

of experim ents  sugges t  t h a t  th e  e f f e c t  of 

ch lo ram phen ico l  i n  m a in ta in in g  v i a b i l i t y  was due 

to  i t s  su p p re s s io n  of th e  fo rm a t io n  of  a l k a l i n e  

p ro d u c ts  o f  metabolism.

We th e r e f o r e  can r e a c h  th e  fo l lo w in g  

c onc lu s ions

Under chosen c o n d i t i o n s , ch lo ram phen ico l  may 

de lay  th e  d ea th  of E. c o l i  c e l l s .  This e f f e c t  

of ch loram phenico l  i n  d e la y in g  c e l l u l a r  d ea th  

i s  r e l a t e d  t o  i t s  a b i l i t y  t o  p rev en t  the  fo rm a t io n  

of a l k a l i n e  p roduc ts  of  m etabo lism .
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Group I I I  E xper im en t.

R e la t io n  of drug s e n s i t i v i t y  t o  th e  

p re v e n t io n  of d ea th  by Chloramphenicol.

The n ex t  q u e s t io n  t h a t  a rose  was, cou ld  v/e 

by r a i s i n g  th e  r e s i s t a n c e  to  ch lo ram phen ico l  of 

the  o r i g i n a l l y  s e n s i t i v e  s t r a i n s  (3 ug/ml) 

change th e  metabolism of th e  c e l l s  i n  such  a 

way t h a t  i t  would g ive  us a f u r t h e r  p ro o f  as to  

th e  e f f e c t  of th e  changes i n  th e  pH of th e  

medium on th e  v i a b i l i t y  of E. c o l i  i n  th e  p resence  

and absence of ch lo ram phen ico l?

The s t r a i n  E. c o l i  R was used  in  th e se  

experim ents  and i t  was r e s i s t a n t  t o  50 ug/ml 

ch lo ram phen ico l .

As can be seen  from Table 14, r a i s i n g  the  

r e s i s t a n c e  of the  c e l l s  d id  change t h e i r  metabolism 

i n  such a way t h a t  in c u b a t in g  them i n  p resence  of  

100 ug/ml, 50 ug/ml or 10 ug/ml ch lo ram phen ico l  

d id  not have th e  p re v io u s  e f f e c t  i t  had on th e  

s e n s i t i v e  s t r a i n s  b o th  on th e  v i a b i l i t y  and on 

th e  m ain ta inanoe o f  a s te a d y  pH. As can  be 

seen, th e r e  was not much t o  choose between the  

c o n t r o l  and th e  c h lo ra m p h e n ic o l - c o n ta in in g



8 8 .

suspens ions  i n  th e se  two p o i n t s .  The pH 

s t a r t e d  t o  become l e t h a l  a f t e r  48 hours  of  

in c u b a t io n  e s p e c i a l l y  w i th  th e  lower 

c o n c e n t r a t i o n s  of ch lo ram phen ico l  and the  c e l l s  

d id  no t show any p r e f e r e n t i a l  v i a b i l i t y  i n  

th e  p resence  or absence of ch lo ram phen ico l .

This adds a f u r t h e r  p ro o f  t o  th e  c o n c lu s io n  

reached  t h a t  any b e n e f i c i a l  e f f e c t  t h a t  

ch lo ram phen ico l  had du r ing  th e  e a r l i e r  

experiments  on m a in ta in in g  th e  v i a b i l i t y  of 

E. c o l i  c e l l s  was mainly d i r e c t e d  towards keeping  

th e  pH of th e  medium in  th e s e  su spens ions  from 

becoming in i m ic a l  to  th e  c e l l ' s  growth and 

m u l t i p l i c a t i o n  as was the  c a se  i n  th e  c o n t r o l  

exper im ents .
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Group IV E x per im en ts .

The Use of Enzyme I n h i b i t o r s .

I n  t h i s  group of  experim ents  an a t tem p t  was 

made t o  p ro long  th e  l i f e  of E. c o l i  c e l l s  by 

u s in g  enzyme i n h i b i t o r s  t o  i n h i b i t  the  p r im ary  

changes l e a d in g  towards c e l l u l a r  d i s s o l u t i o n .

Three enzyme i n h i b i t o r s  known to  i n t e r f e r e  w i th  

enzymes p o s s e s s in g  su lp h y d ry l  groups were chosen. 

These were, i o d o a c e t i c  a c id ,  iodosobenzoic  a c id  

and p -c h lo ro m e rc u r ib e n z o a te ; i n  a d d i t i o n ,  th e  

h ig h ly  s p e c i f i c  e s t e r a s e  i n h i b i t o r ,  I s o p e s to x  

(N.N d i - i s o p r o p y l  phosphorodiam idie  f l^ j J r id e )  was 

used . These i n h i b i t o r s  were used a t  c o n c e n t r a t i o n s  

r a n g in g  from 10-3 to  10” 8m; th e y  were t r i e d  i n  

m ix tu res  of  s u b ie t h a l  c o n c e n t r a t i o n s ,  th e y  were 

used i n  d i f f e r e n t  b u f f e r s  and i n  the  same b u f f e r  

w i th  d i f f e r e n t  pH^. In  every  experiment a t o t a l  

cou n t ,  a v i a b l e  count and pH of the  medium was 

determ ined  a t  v a r io u s  i n t e r v a l s  (Tables  15, 16,

17, 18, 19, 20 and 21). However, as  can be 

seen  from th e se  t a b l e s ,  under  none of th e  

c o n d i t io n s  used d id  th e se  i n h i b i t o r s  prove 

s u c c e s s f u l  i n  p ro lo n g in g  th e  l i f e  of th e  E. c o l i
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c e l l s .
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SECTION I I

The Use of A ntigen ic  l o s s  as an 

i n d i c a t o r  of c e l l u l a r  d ea th .
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INTRODUCTION 

We r e f e r r e d  i n  th e  f i r s t  s e c t i o n  to  th e  

way i n  which th e  i n v e s t i g a t i o n s  were l im i t e d  hy 

the  slowness of our method of measuring th e  

number of v i a b l e  c e l l s .  I t  became im p e ra t iv e  

to  f in d  some q u ic k e r  and s im p le r  te ch n iq u e  f o r  

i n d i c a t i n g  c e l l u l a r  d ea th .
m

When a m a i^ l ia n  c e l l  passes  from th e  l i v i n g  

to  th e  n o n - l i v in g  s t a t e  i t  undergoes m orpho log ica l  

changes which a r e ,  presumably a r e f l e c t i o n  of 

d e g ra d a t iv e  changes i n  th e  m a te r i a l  forming th e  

s t r u c t u r e  of the  c e l l .  M orphological changes 

a re  l e s s  obvious i n  th e  r i g i d - w a l l e d  b a c t e r i a l  

c e l l ,  bu t  d e g ra d a t io n  of c e l l  su b s tan ce  must 

n e v e r th e le s s  occur  s in c e  l i f e  in v o lv e s  a 

con t inuous  rep lacem ent of the  components of th e  

c e l l .  I t  t h e r e f o r e  seemed of i n t e r e s t  to  fo l low  

the  decay of one group of p r o t e i n s ,  th e  c e l l  

a n t ig e n s .  So, a t  t h i s  p o in t ,  th e  emphasis of 

our s t u d i e s  was sw itched  to  th e  d e g e n e ra t iv e  

changes i n  th e  c o n s t i t u e n t s  of dying c e l l s  

p a r t i c u l a r l y  of a s p e c i f i c  group of c e l l  p r o t e i n s ,  

the  a n t ig e n s .  The s p e c i f i c i t y  of an a n t ig e n
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r e f l e c t s  i t s  s t r u c t u r a l  form, and c o m p a ra t iv e ly  

s l i g h t  m o d i f ic a t io n s  i n  s t r u c t u r e  may l e a d  to  

a m o d i f ic a t io n  or l o s s  of a n t i g e n i c i t y .

I t  was t h e r e f o r e  though t  t h a t  th e  a n t ig e n s  

might r e f l e c t  any changes o c c u r r in g  i n  th e  

l i v i n g  b a c t e r i a l  c e l l  as i t  aged, and t h a t  

th e se  changes might p rov ide  an e a s i l y  d e t e c t a b l e  

i n d i c a t o r  of the  change of th e  c e l l  from l i f e  

to  dea th .

I n  a t te m p t in g  t o  f i n d  out whether 

a g g lu t in o g en s  were l o s t  by age ing  E. c o l i  c e l l s ,  

th e  f i r s t  method of i n v e s t i g a t i o n  used was a 

s imple tube a g g l u t i n a t i o n  te ch n iq u e  i n  which 

c e l l s  of v a ry ing  ages were t i t r a t e d  a g a i n s t  a 

s p e c i f i c  a n t ig e n .  However, th e  naked eye 

re a d in g  of th e  end t i t r e  proved ex trem ely  d i f f i c u l t  

t o  r e a d  and th e  method was f i n a l l y  abandoned.

The n ex t  approach  was t o  app ly  th e  method 

of q u a n t i t a t i v e  a g g l u t i n a t i o n  ( P e r e i r a  and 

T ravassos ,  1952).

L a s t ly  th e  Ouchterlony  g e l - d i f f u s i o n  

techn ique  was used to  measure l o s s  of a n t ig e n s .
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(a)  Q u a n t i t a t i v e  A g g lu t in a t io n ;  Method of the  

Study of S p e c i f i c  A g g lu t in a t io n  of Micro 

organism s.

The s tu d y  of th e  s p e c i f i c  a g g l u t i n a t i o n  of 

b a c t e r i a ,  r i c k e t t s i a s  and v i r u s e s  by immune s e r a  

i s  u s u a l l y  made by th e  s e r i a l  d i l u t i o n  method, 

and the  r e s u l t s  a re  ex p ressed  as th e  h ig h e s t  

d i l u t i o n  of serum which causes  a s ta n d a rd  degree 

of a g g l u t i n a t i o n .  A g g lu t in a t io n  methods^however, 

g ive  only ve ry  approximate id e a s  of th e  s t r e n g t h  

of the  serum or a n t ig e n .  By l e t t i n g  one s in g le  

tube  determ ine the  t i t r e ,  th e  d e te rm in a t io n  may 

be s u b je c t  t o  a l a rg e  e r r o r  and th e  degree of 

a g g l u t i n a t i o n  i n  the  su r ro u n d in g  tu b e s  may not 

r e f l e c t  a l t e r a t i o n s  i n  a n t ig e n  or an t ib o d y  i n  a 

c l e a r - c u t  f a s h io n .  Moreover, th e  d i l u t i o n  

i n t e r v a l  between the  tu b e s  i s  g r e a t  i f  th e  two

f o l d  s e r i a l  method i s  used . This e r r o r  can 

n a t u r a l l y  be reduced by r e p e a t in g  th e  a g g l u t i n a t i o n  

w i th  a s m a l le r  d i l u t i o n  f a c t o r ,  but t h e r e  i t  must 

no t  be overlooked t h a t  th e  d i f f e r e n c e  i n  degree 

of a g g l u t i n a t i o n  between tu b e s  i s  sm a l l ,  a f a c t  

which re n d e r s  th e  d e te rm in a t io n  of th e  e n d -p o in t
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nuch more d i f f i c u l t .  I n  p r a c t i c e  i t  was found 

th a t  i t  i s  no t easy  to  ex p ress  the  t i t r e  hy 

the f i n a l  end p o in t  i . e .  th e  d i l u t i o n  i n  th e  

l a s t  tube  where a g g l u t i n a t i o n  i s  p e r c e p t i b l e .

In  view of th e  l i m i t a t i o n  of th e  custom ary  

nethods of e s t im a t in g  s e r o l o g i c a l  e n d -p o in t s  and 

in  o rder  to  o b ta in  g r e a t e r  u n i fo rm i ty  and 

r e p r o d u c i b i l i t y  of th e  r e s u l t s  of such t e s t s ,  

Heden (1946) d e sc r ib e d  a method f o r  the  

c e te rm in a t io n  of 30fo en d -p o in t  based on th e  

net hod of Reed and Muench (1938 ) i n  animal t e s t s .  

This method has the  advantage  of t a k in g  i n t o  

c o n s id e r a t io n  a number of d i l u t i o n s  f o r  th e  

e v a lu a t io n  of the  t i t r e  but i t  s u f f e r s  from th e  

In f luence  of th e  p e r s o n a l  b i a s  which may be 

co n s id e rab le  when a g g l u t i n a t i o n  t e s t s  a re  r e a d  

for d i f f e r e n t  workers .

Q u a n t i t a t i v e  a n a l y s i s  u s in g  50^ en d -p o in t  

dates back to  Leschly  (1914) who had t i t r a t e d  

complement q u a n t i t a t i v e l y ,  Morse (1916), who 

recommended th e  p o in t  of 50^ haem olysis  f o r  th e  

more a c c u ra te  t i t r a t i o n  of complement and 

Brooks ( I 919- I 92O) who wrote "---------  i n  choos ing
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complete haem olysis ,  as  a c r i t e r i o n ,  

immunologists have chosen to  use no t  th e  

most a c c u r a t e ly ,  hut p r e c i s e l y  th e  l e a s t  

a c c u r a te ly ,  de te rm inab le  e n d -p o in t .  Morse 

(1921-22) l a t e r  adv ised  the  use of 50^ 

haemolysis  as th e  end p o in t .  The most 

sy s tem a t ic  s t u d i e s  employing 50̂ b haem olytic  

u n i t  of complement were by Wadsworth, M altaner  

& M altaner (1938) and Kent e t  a l  (1946).

The use of q u a n t i t a t i v e  t i t r a t i o n  was 

a l s o  used by Dreyer and Inman (1917) who used 

a c e r t a i n  s ta n d a rd  a g g l u t i n a t i o n  of sa lm o n e l la  

b a c t e r i a  by de te rm in ing  an^ i n t e r p o l a t i o n  

r e a d in g  from th e  degree of a g g l u t i n a t i o n s  i n  

the  tube on each s id e  of th e  end p o in t .  The 

average re a d in g  of th e  t i t r e  i n  th e se  two 

tu b e s  was ta k en  as th e  d i l u t i o n s  g iv in g  s ta n d a rd  

a g g l u t i n a t i  ons .

For the  t i t r a t i o n  of t h e r a p e u t i c  and to x ic  

su b s tan ces  i n  animals  Graddum (1933) has p o in te d  

out th e  s u i t a b i l i t y  of choos ing  as end p o in t  

th e  d i l u t i o n  a t  which 50^ of th e  animals reac t*  

An end p o in t  i n  b i o l o g i c a l  p rocedures  such  as
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t i t r a t i o n  of s e r a  or v i r u s e s  i s  u s u a l l y  tak en  

as the  d i l u t i o n  a t  which a c e r t a i n  p r o p o r t i o n  

of t e s t  an im als  r e a c t  or d ie .  The advantage 

of u s in g  th e  d i l u t i o n  a t  which h a l f  th e  

animals  a re  a f f e c t e d  have been s e t  f o r t h  by 

Gaddum on th e  b a s i s  of pharm aco log ica l  t e s t s .

This end p o in t  i s  l e s s  a f f e c t e d  by sm all  

chance v a r i a t i o n s  th a n  i s  any o th e r ,  the  

worst i n  th e  r e p o r t  be ing  th e  100^ p o in t  so 

f r e q u e n t l y  used.

The p o in t  was used i n  q u a n t i t a t i v e  

complement f i x a t i o n  t e s t s  by Wolfe e t  a l  (1949) 

and Rice (1946).

In  s t u d i e s  of th e  a g g l u t i n a t i o n  r e a c t i o n  

due to  i n f l u e n z a  v i r u s  ( H i r s t  e t  a l  1942), the  

o p t i c a l  d e te rm in a t io n  was found im p o r tan t  i n  

s e v e r a l  r e s p e c t s .  By t h i s  method th e  

measurement of haem oagg lu t in in  and an t ib o d y  

t i t r e s  can be made more a c c u ra te  and r e p r o d u c ib le .  

In  a d d i t i o n ,  th e  r e a d in g s  were more o b je c t iv e  

than  fo rm er ly  and accu racy  i s  no t  so dependent 

on the  ex p e r ien ce  of th e  o p e ra to r  as w i th  th e  

former v i s u a l  method.
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Compared w i th  th e  te c h n iq u e  u s u a l l y  used ,  

and from the  r e s u l t s  o b ta in e d  by P e r e i r a  and 

T ravassos  (1952), i t  cou ld  be expec ted  t h a t  

th e  a p p l i c a t i o n  of the  50^ p o in t  i n  

s e d i m e n t a t i o n - c e n t r i f u g a t i o n  s e r o l o g i c a l  

experim ents  would be of v a lu e  i n  p ro v id in g  

ev idence  no t  only in  i n t e r - g r o u p  a n t ig e n ic  

d i f f e r e n c e s  but a l s o  i n  th e  s tudy  of the  

a n t ig e n ic  s t r u c t u r e  of b a c t e r i a .
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( b ) A n tigen ic  a n a l y s i s  by d i f f u s i o n  i n  g e l s ;

The employment of the  u s u a l  d i l u t i o n  

techn ique  i s  no t  p a r t i c u l a r l y  s u i t a b l e  f o r  

a n t ig e n ic  a n a l y s i s .  I n  d e a l in g  w i th  a su b s tan ce  

of complex a n t ig e n ic  s t r u c t u r e ,  e .g .  normal serum, 

a d d i t i o n  of the  c o r re sp o n d in g  immune serA%gives 

in  the  t e s t  tube  a p r e c i p i t a t e  which i s  a p p a re n t ly  

homogenous but r e a l l y  c o n s i s t s  of  v a r io u s  

p r e c i p i t a t e s  such  as albumin + a n t ib o d y ,  g lo b u l in  

+ an t ibody  e t c .  Only by f r a c t i o n a t i o n  of th e  

a n t ig e n  and a b s o rp t io n  of th e  immune serum i s  i t  

p r a c t i c a b l e  to  s e p a r a t e  the  i n d i v id u a l  a n t ig e n ic  

components.

S im i l a r l y ,  q u a l i t a t i v e  a n a l y s i s  of the  

n a t u r a l l y  o c c u r r in g  b a c t e r i a l  c e l l  or any complex 

of  a n t ig e n s  by such  s e r o l o g i c a l  t e s t s  i s  a t  b e s t  

rough and incom ple te .

During th e  l a s t  few y e a rs  a v e r s a t i l e  

te ch n iq u e  in v o lv in g  s p e c i f i c  a n t ig e n -a n t ib o d y  

p r e c i p i t a t i o n  i n  g e l s  has been s tu d i e d  (O uchter lony ,  

1948a ;  Becker e t  a l ,  1949 a -b ;  Oudin, 1948,

P e t r i e ,  1932). There a re  two ways of c a r r y in g  out 

the  te c h n iq u e ;  s imple d i f f u s i o n  and double d i f f u s i o n .
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H i s t o r i c a l  rev iew  of th e  d i f f u s i o n  i n  g e l s :

The f a c t  t h a t  a n t ig e n s  and a n t ib o d ie s  

d i f f u s i n g  i n  g e l  r e a c t  i n  t h i s  way was observed 

many y e a r s  ago. I n  (1905) Bechhold d e sc r ib e d  

a r e a c t i o n  of t h i s  k ind  in  Ifo g e l a t i n e  between 

goat serum and a n t i - g o a t  serum o b ta in ed  from th e  

r a b b i t ,  A s i m i l a r  o b s e rv a t io n  was made by 

N ic o l le  e t  a l  (1920) f o r  d ip h t h e r i a  t o x i n  and 

a n t i - t o x i n  from ho rse .  D ip h th e r ia  immune 

serum as a su r fa c e  l a y e r  i n  a tube  was a l lowed to  

r e a c t  w i th  t o x i n  mixed w i th  an equa l  p a r t  of 10^ 

g e l a t i n e .  They th e n  observed a d i s k - l i k e  

p r e c i p i t a t i o n  of t o x i n - a n t i t o x i n  c h a r a c t e r ,  

i 1932-34 P e t r i e  (1932) S ia  and Chung (1932) and 

K irk b r id e  and Cohen (1934) d e s c r ib e d  s p e c i f i c  and 

non s p e c i f i c  (h a lo )  phenomenon around b a c t e r i a  

c o lo n ie s  growing on s u b s t r a t e s  c o n ta in in g  immune 

serum. T h e ir  i n v e s t i g a t i o n s  concern  meningococci, 

pneumococci and s h ig a  d g sen try  b a c i l l i .  The method 

was l a t e r  worked out f o r  th e  s e r o l o g i c a l  ty p in g  o f  

meningococci and pneumococci. I n  1948 t o x i n -  

a n t i t o x i n  r e a c t i o n s  of s i m i l a r  c h a r a c t e r  were 

d e s c r ib e d  by Ouchterlony (1948b). Tetanus
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b a c i l l i ,  t o x i n  and to x o id ,  gas gangrene b a c i l l i  

and t o x i n ,  pneumococci and 6h ic k  t o x i n  from 

s t r e p t o c o c c i  have been t e s t e d  by th e  method and 

w i th  s i m i l a r  r e s u l t s .

Agar p r e c i p i t a t i o n  te c h n iq u e s  (Oudin, 1946, 

1952, Ouchterlony, 1948, 1953, Oakley and 

P u l th o rp e ,  1953) have r e c e n t l y  been a p p l ie d  to  

th e  a n a ly s i s  of complex a n t ig e n  system s. Using 

th e  method of O uchter lony ,  th e  a n t ig e n s  of 

0. d i p h t h e r i a e  were examined by O uchterlony, 

Ericsson and Neumiiller (1950) and those  of 

Bacterium t u l a r e n s e  by Ormsbee and Larson (1955). 

Tuneva il  (1953) has s tu d ie d  th e  a n t ig e n s  of 

H. in f lu e n z a e  and B jo rk land  and Berengo (1954), 

have c h a r a c t e r i s e d  th e  to x in s  of c l o s t r i d i a .  

H a lb e r t ,  Swick and Sonn (1955 a, b) have a l s o  

employed th e se  methods t o  s tu d y  th e  a n t ib o d ie s  

produced i n  human s t r e p t o c o c c a l  i n f e c t i o n s  and 

S c h io t t  (1953) and Wodehouse (1954) have 

i n v e s t i g a t e d  human a n t ib o d ie s  i n  case  of a l l e r g y .

The e f f e c t  of a number of i n h i b i t o r s  of 

a s s i m i l a t i o n  and p r o t e i n  s y n th e s i s  was t e s t e d  

w i th  th e  P. p e s t i s  a n t ig e n  system. The e f f e c t
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of D ia z o u r a c i l ,  2, 4 dini]fitrophenol (10“ 4m) 

and ch lo ram phen ico l  on a n t ig e n  s y n th e s i s  and 

on r e s p i r a t i o n  was fo l low ed  hy Fox and 

Higuohi (1958)4 O l i t z k i  and S u l i t z e a n u  (1959), 

u s in g  a s l i g h t  m o d i f i c a t io n  of  the  te ch n iq u e  

d e sc r ib e d  by Ouchterlony  (1948), i n  t h e i r  s t u d i e s  

of th e  a n t ig e n ic  s t r u c t u r e  of  Haemophilus 

aegypteus  and H. i n f l u e n z a e . Dumbell and 

Nizamuddin (1959) d e s c r ib e d  a simple and r a p id  

l a b o r a t o r y  t e s t  f o r  d ia g n o s i s  of smallpox.

Y/ilson and P r in g le  (1954) undertook  an 

ex p er im en ta l  e v a lu a t i o n  of Ouchterlony*s t e s t  

w i th  th e  purpose of e s t a b l i s h i n g  a d d i t i o n a l  

c r i t e r i a  f o r  a s t a n d a r d i s e d  te c h n iq u e .  They 

t a c k le d  th e  e f f e c t s  of th e  fo l lo w in g  f a c t o r s  

on th e  agar  p l a t e  p r e c i p i t i n  t e s t ;  i n i t i a l  

c o n c e n t r a t i o n  of a g a r ,  s i z e  of p e t r i - d i s h ,  

i n i t i a l  sodium c h l o r i d e  c o n c e n t r a t i o n  i n  ag a r ,  

pH of a g a r ,  te m p era tu re  of in c u b a t io n ,  

arrangement of b a s i n s ,  a b s o lu te  and r e l a t i v e  

c o n c e n t r a t io n s  of r e a g e n t s  and d isco n t in u o u s  

d i f f u s i o n  of r e a g e n t s .

The e n t i r e  s u b j e c t  of s p e c i f i c  p r e c i p i t a t i o n
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i n  g e l s  has been rev iew ed by Oudin (1952).

As a l r e a d y  mentioned th e r e  a re  two methods 

of c a r r y in g  out the  g e l  d i f f u s i o n  te c h n iq u e .

In  "simple d i f f u s io n "  one r e a c t a n t ,  u s u a l l y  

a n t ig e n  d i f f u s e s  th rough  a g e l  c o n ta in in g  a 

c o n s t a n t  amount of th e  o th e r  r e a c t a n t ,  u s u a l l y  

a n t ib o d y .  (Oudin, 194-6, 1952; Oakley and 

P u l th o rp e ,  1953). I n  "double d i f f u s i o n " ,  two 

or more r e a c t a n t s  d i f f u s e  tov/ards each o th e r  

th ro u g h  a g e l  which o r i g i n a l l y  c o n ta in e d  n e i t h e r
C L  « . b

r e a c t a n t s .  (O uchter lony  194^, 1953). The 

r e s u l t  by e i t h e r  method i s  th e  fo rm a t io n  of 

s p e c i f i c  a n t ig e n -a n t ib o d y  p r e c i p i t a t i o n  zones 

v i s i b l e  as l i n e s  or r i n g s  i n  th e  medium.

The method of double d i f f u s i o n ,  f i r s t  

developed by O uchterlony  (1948 a ,  b ) ,  E lek  

(1 9 4 8 , 1 9 4 9 ) and l a t e r  by B jork lund  (1952) f o r  

s t u d i e s  of t o x i n  p ro d u c t io n  by l i v i n g  c u l t u r e s  

of b a c t e r i a ,  i s  based on th e  p r i n c i p l e  t h a t  

s p e c i f i c  a n t ig e n  and an t ib o d y  d i f f u s i n g  towards 

each o th e r  th ro u g h  a g e l  w i l l  p r e c i p i t a t e  when 

they r e a c h  a s t a t e  of equ iva lence  or op tim al 

p ro p o r t io n s ,  assuming th e  p resence  of s u f f i c i e n t
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a n t ig e n  and an t ib o d y  to  cause  p r e c i p i t a t i o n .

The number^ of p r e c i p i t a t i o n  zones should  be 

equal to  th e  minimum number of a n t ig e n s  i n  

th e  system and no t  g r e a t e r  th a n  the  maximum.

The method of O uchter lony ,  u n l ik e  t h a t  of 

Oudin, and Oakley and P u l th o rp e ,  has th e  

advantage t h a t  a number of a n t ig e n  or an t ib o d y  

m ix tu res  can be compared d i r e c t l y  w i th  one 

an o th e r  and common components th u s  r e c o g n ise d .

The te ch n iq u e  of double d i f f u s i o n  i n  

g e l s  appears  to  have c o n s id e ra b le  va lu e  as a 

h ig h ly  p r e c i s e  method f o r  q u a l i t a t i v e  a n a ly s i s  

of a n t ig e n s ,  i t  appears  to  be an e x c e l l e n t  

method f o r  com para t ive  s t u d i e s  of no t only 

h e te ro lo g o u s  bu t  c l o s e l y  r e l a t e d  organisms, 

p a r t i c u l a r l y  i n  c o n n ec t io n  w i th  c ro s s  immunity.

Through O u c h te r lo n y 's  method, th e  g e l  

p r e c i p i t a t i o n  was developed i n t o  an a n a l y t i c a l  

procedure  of wide a p p l i c a b i l i t y  i n  th e  s tudy  

of a n t ig e n -a n t ib o d y  system s. The a n a l y s i s  of 

com plica ted  r e a c t i o n  systems was f u r t h e r  

prompted by B jork lund  (1952) who cou ld  e l im in a te  

c e r t a i n  p r e c i p i t a t e s  by p r e - t r e a tm e n t  of the
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medium w ith  some of th e  r e a c t a n t s  o r  by p a r t i a l  

n e u t r a l i z a t i o n  of th e  an t is e ru m  i n  one b a s in .  

Advantages of th e  g e l - d i f f u s i o n  t e c h n iq u e : 

A nalys is  of th e  a n t ig e n ic  com pos i t ion  by th e  

a p p l i c a t i o n  of r e c e n t  te ch n iq u es  i n  which 

a n t ig e n s  and a n t ib o d ie s  are  a l lowed t o  r e a c t  i n  

an agar  g e l  i s  r e v e a l in g  advantages  and 

c o m p le x i t ie s  which cou ld  n o t  be dem onstra ted  by 

th e  c l a s s i c a l  methods of s e ro lo g y  when th e  

r e a c t i o n  t a k e s  p la c e  i n  l i q u i d  medium (B jo rk lund  

e t  a l ,  1954; H a lb e r t  e t  a l ,  1955; Ransom e t  a l ,  

1955; Ormsbee e t  a l ,  1955; and Chen e t  a l  

1955).

Ouchterlony*s m o d i f ic a t io n  of th e  ag a r  

p l a t e  p r e c i p i t i n  t e s t  appears  to  be v a lu a b le  

f o r  the  q u a l i t a t i v e  a n a l y s i s  of immunologic 

systems, e s p e c i a l l y  when com parative  s t u d i e s  of  

an t ig e n s  or a n t ib o d ie s  a re  d e s i r e d .  I t  seems 

to  y i e ld  a r e s o lv i n g  power and a s p e c i f i c i t y  of 

the  h igh  o rd e r  which i s  n e c e s s a ry  i n  work of 

t h i s  k ind .  With t h i s  method i t  i s  p o s s i b l e  t o  

compare d i r e c t l y  th e  occurrence  of s i n g l e  

components i n  a n t ig e n ic  p r e p a r a t i o n s .  Besides
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th e  above mentioned advantages  o f f e r e d  by 

th e  g e l  d i f f u s i o n  method, an a d d i t i o n a l  f e a t u r e  

appears  a l s o  t o  re n d e r  i t  s u i t a b l e  f o r  p a r t i c u l a r  

s t u d i e s .  I f  f o r  in s t a n c e  we a re  d e a l in g  v/ith 

weak s e r a ,  t h a t  i s  s e r a  w i th  a s l i g h t  

p r e c i p i t a t i o n  c o n t e n t ,  i t  w i l l  o f t e n  happen t h a t  

the  u s u a l  p r e c i p i t a t i o n  t e s t  f a i l s  to  g ive  any 

v i s i b l e  p r e c i p i t a t e  w hile  th e  a c t u a l  p resence  of 

an t ib o d y  may be dem onstra ted  by th e  above 

mentioned method.

P o in t s  of im portance i n  i n t e r p r e t a t i o n  of 

d i f f u s i o n  r e s u l t s .  As shown i n  p rev ious  p a p e rs ,  

co ncern ing  im m u n o -p re c ip i ta t io n  i n  a g e l ,  t h e r e  

a re  some g e n e ra l  p r i n c i p l e s  r e g a rd in g  the  

appearance  and s i t e  of th e  p r e c i p i t a t e s .  

Appearance: I t  i s  p o s s ib le  i n  com parative

immunological a n a l y s i s  t o  prove s e r o l o g i c a l  

i d e n t i t y  on non i d e n t i t y  between a n t ig e n s  or 

a n t ib o d ie s  by means of the  g e l  d i f f u s i o n  

tech n iq u e  w i th  i n t e r f e r e n c e  phenomena. By t h i s  

i s  meant, t h a t  the  a d ja c e n t  r e a c t i o n s  between 

r e a c t i n g  su b s ta n c e s  of th e  same k ind  a f f e c t  each 

o th e r  i n  such a way t h a t  th e  s t r e a k  l i k e
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p r e c i p i t a t i o n s  i n t e r f e r e  w i th  one a n o th e r .  That 

i s  no t  th e  case  i n  a n t ig e n - a n t ib o d y  r e a c t i o n s  of 

d i f f e r e n t  k in d s ,  where so c a l l e d  c r o s s  phenomena 

appear  i n s t e a d .  I t  i s  p o s s ib le  w i th  th e  he lp  

of th e se  i n t e r f e r e n c e  and c r o s s  r e a c t i o n s  to  

dem onstra te  s e r o l o g i c a l  d i f f e r e n c e s  or i d e n t i t y  

between d i f f e r e n t  p r e c i p i t a t i n g  or f l o c c u l a t i n g  

s u b s ta n c e s .

A phenomenon resem bl ing  a sp u r  can  a l s o  

appear  when an a n t ig e n  s o l u t i o n  i s  compared w i th  

an e x c e s s iv e ly  c o n c e n t r a te d  s o l u t i o n  of th e  

same a n t ig e n .  In  t h i s  case  the  p r e c i p i t a t e  

formed by th e  more c o n c e n t r a te d  a n t ig e n  w i l l  

m ig ra te  towards the  serum b a s in  g iv in g  a p i c t u r e  

of a p a r t i a l  i d e n t i t y  r e a c t i o n .  The o b s e rv a t io n  

of the  " p a r t i a l  i d e n t i t y  r e a c t i o n "  may c o n t r i b u t e  

to  th e  p o s s i b i l i t i e s  of a n a ly s in g  w i th  t h e  g e l  

d i f f u s io n  method even more com p lica ted  

immunological systems. For i n s t a n c e  

Ouchterlony, Erici^on and Neumüller, 1950 

ana lysed  th e  a n t ig e n s  of Q. d ip h t h e r i a e  i n  

d i f f e r e n t  s t a g e s  of p u r i f i c a t i o n .

S i t e :  The p o s i t i o n  of the  p r e c i p i t a t i o n
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s t r e a k  i n  th e  d i f f u s i o n  medium i s  p ro b ab ly  

in f lu e n c e d  by such f a c t o r s  as  where op t im al  

p ro p o r t io n s  between a n t ig e n s  and a n t ib o d ie s  

appear ,  th e  time n e c e s s a ry  f o r  th e  fo rm a t io n  

of a v i s i b l e  p r e c i p i t a t e  and th e  c o n c e n t r a t i o n  

th r e s h o ld  v a lu e  of the  r e a c t i o n .

The c o n c e n t r a t i o n  of th e  r e a c t i n g  

su b s tan ces  a re  of d e c i s iv e  im portance i n  

de te rm in ing  whether and where th e  r e a c t i o n  w i l l  

appear .  Fu rtherm ore ,  i f  th e  c o n c e n t r a t i o n  of 

one of th e  su b s ta n c e s  i s  known, i t  i s  even 

p o s s ib le  under c e r t a i n  c o n d i t io n s  to  e s t im a te  

th e  o th e r  su b s tan ce  q u a n t i t a t i v e l y .

I t  must a l s o  be remembered t h a t  a n t ig e n s  

t h a t  a re  r e l e a s e d  or t h a t  d i f f u s e  v e ry  s low ly  

form only f a i n t  zones even i f  th e  p l a t e s  a r e  

examined a f t e r  2-3 weeks of in c u b a t io n .

In  c o n c lu s io n  i t  may be s a id  t h a t  t h e r e  

i s  every re a s o n  to  adopt th e  g e l  d i f f u s i o n  

method, not only because of i t s  obvious 

advantages  i n  a n t ig e n ic  a n a l y s i s ,  but 

fu r the rm ore  because i t  perhaps  may a l s o  o f f e r  

a p o s s i b i l i t y  of obse rv ing  a n t ig e n -a n t ib o d y
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r e a c t i o n s  t h a t  cannot he produced w i th  the  

o rd in a ry  te ch n iq u e  ( S c h i o t t ,  1953). For 

th e se  re a so n s  we have a t tem p ted  t o  employ 

Ouchterlony*s a g a r - p l a t e  p r e c i p i t a t i o n  t e s t  

i n  th e  s tu d y  of E. c o l i  a n t ig e n s  as th e  c e l l s  

age. The l i t e r a t u r e ,  a l th o u g h  very  r i c h  i n  

r e f e r e n c e s  to  a p p l i c a t i o n s  of t h i s  techn ique  

to  a wide v a r i e t y  of problems i s  s u r p r i s i n g l y  

bare  where th e  s p e c ie s  E. c o l i  i s  concerned.
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EXPERIMENTAL METHODS.

Methods used i n  Experim ents  i n  which 

th e  dea th  of b a c t e r i a  was fo l low ed  by- 

de te rm in ing  a n t ig e n ic  l o s s .
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The ex p er im en ta l  work f e l l  i n  th e  fo l lo w in g  

groups of exper im ents .

I  : A n t ig e n -a n t ib o d y  a g g l u t i n a t i o n  e x p e r im e n ts ;

The e f f e c t  of ch lo ram phen ico l  on th e  

a n t i g e n i c i t y  of E. c o l i  c e l l s  l e f t  to  age i n  i t s  

p re sen ce  and i n  i t s  absence and comparing th e  

a n t ig e n ic  and th e  v i a b i l i t y  sequence i n  th e se  

c e l l s .  Two procedures  of a g g l u t i n a t i o n  were 

fo l low ed .

a .  The s e r i a l  doub ling  d i l u t i o n  method.

b. The use of c lo s e  i n t e r v a l s  of d i l u t i o n .

I I  : A g g lu t in a t io n  s e d im e n ta t io n  e x p e r im e n ts ;

I n  th e se  experim ents  th e  ^50 or th e  l e n g th  

of t ime r e q u i r e d  to  c e n t r i f u g e  out enough c e l l s  

from th e  a g g l u t i n a t i o n  system to  b r in g  th e  

t u r b i d i t y  i n  th e  s u p e rn a ta n t  t o  50^ of th e  

o r i g i n a l  va lue  was measured.

The e f f e c t  of ch lo ram phen ico l  was a l s o  

t e s t e d  here  under d i f f e r e n t  env ironm enta l  c o n d i t i o n s .

a. D i f f e r e n t  tem pera tu re  of  in c u b a t io n  of 

th e  c e l l s .

b. Suspending media of d i f f e r e n t  n u t r i t i v e  

v a l u e .
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I l l  : Gel d i f f u s i o n  ex p e r im e n ts .

In  th e se  experim ents  th e  lo s s  of  a n t ig e n  

was fo l low ed  by age ing  E. c o l i  c e l l s  under 

v a r io u s  c o n d i t i o n s ,  and a r e l a t i o n s h i p  was 

e s t a b l i s h e d  between th e  v i a b i l i t y  and 

a n t i g e n i c i t y  of th e  c e l l s  and th e  pH of th e  

medium used f o r  t h e i r  su sp e n s io n .

The v a r io u s  c o n d i t io n s  used were :

a.  The n u t r i t i v e  va lue  of th e  medium.

b. The te m p era tu re  of i n c u b a t io n  of th e  

c e l l s  du r in g  th e  p ro cess  of  age ing .

c .  The pH of th e  medium.
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M a te r i a l s  and Methods.

S t r a i n s  ;

A l l  of th e  experim ents  d e sc r ib e d  below used 

E. c o l i  (026 E 6)* The re a so n  f o r  choos ing  t h i s  

s t r a i n  was t h a t  a s p e c i f i c  an t is e ru m  was a l r e a d y  

a v a i l a b l e  a t  th e  time th e  experim ents  were s t a r t e d .

Thé organisms were m a in ta ined  a t  room 

tem pera tu re  on meat e x t r a c t  aga r  s lo p e s  a f t e r  

having been in c u b a te d  a t  37^0 f o r  24 hours .  

S u b - in o c u la t io n s  were done f o r t n i g h t l y  on to  

f r e s h  s lo p e s  and the  p u r i t y  of  th e  c u l t u r e  

confirm ed from time to  time by p l a t i n g  and by 

b iochem ica l  r e a c t i o n s .

The c e l l s  were h a rv e s te d  from 24 houri** 

c u l t u r e s  i n  meat e x t r a c t  b r o th  and resuspended  

i n  th e  d i f f e r e n t  media used.

Media;

1, 2, 3, 4 and 9. The same as i n  the  

f i r s t  s e c t i o n .

5. B uffe red  M.E. b r o th  w ith  d i f f e r e n t  pH v a lu e s :  

The b u f f e r  used to  g ive  d i f f e r e n t  pHs to  

M.E. b r o th  was F i s h e r  b u f f e r .  The pH was 

a d ju s t e d  w i th  — NaOH to  g ive  pHs 7 .5 ,  8 and 8 .4 .
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The medium was s t e r i l i z e d  th ro u g h  s i n t e r e d  g l a s s  

f i l t e r s .

Terms :

^50 : The p e r io d  of c e n t r i f u g a t i o n  needed to

reduce th e  number of c e l l s  i n  th e  s u p e rn a ta n t  of

a s e r u m /c e l l s  m ix ture  t o  h a l f  th e  i n i t i a l  va lue

as measured by th e  a b s o rp t io m e te r .

A n t ig e n i c i t y  i n d e x :

This te rm  i s  d e f in e d  as fo l lo w s  -

A n t ig e n ic i t y  index  = h a l f  s e d im e n ta t io n  time i n
s a l i n e ______________________
h a l f  s e d im e n ta t io n  time i n  
a n t i - s e ru m .

Antigen Complex:

The p a t t e r n  of E. c o l i  p r e c i p i t a t i o n  l i n e s  

ob ta ined  i n  g e l  d i f f u s i o n  p l a t e s  and r e s u l t i n g  

from th e  v a r io u s  a n t ig e n s  d i f f u s i n g  from c e l l  

su spens ions  or s u p e rn a ta n t s  and g iv in g  l i n e s  of 

p r e c i p i t a t i o n  w i th  s p e c i f i c  a n t ib o d ie s  i n  th e  zone 

of optim al p r o p o r t io n .

EXPERIMENTAL DETAILS.

A. Temperatures of i n c u b a t i o n ;

1. The c e l l s  were always h a rv e s te d  from 24 hours 

c u l t u r e s  a t  37^0.

2. The v a r io u s  te m p e ra tu re s  used f o r  in c u b a t io n
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i n  d i f f e r e n t  experim ents  were and 22^0,

3» The M,E. agar  p l a t e s  f o r  v i a b l e  co u n ts  were 

t e s t e d  f o r  s t e r i l i t y ,  d r i e d  and in c u b a te d  f o r  th e  

coun ts  a t  37%.

4. The g e l  d i f f u s i o n  p l a t e s  were in c u b a te d  a t  

22% f o r  one week and a t  5% f o r  a n o th e r  week.

5. A n tig en -an t ib o d y  a g g l u t i n a t i o n  r e a c t i o n s  were 

put i n  w ater  b a th s  a t  56% f o r  4 hours  and th e n  

o vern igh t  a t  room te m p e ra tu re .

B, G, B, E and E, t h a t  i s  p r e p a r a t i o n  of 

c e l l  su sp e n s io n s ,  t o t a l  c o u n ts ,  v i a b l e  c o u n ts ,  

e s t im a t io n  of pH and a ssay  of ch lo ram phen ico l  

were as d e sc r ib e d  i n  th e  f i r s t  p a r t  of th e  t h e s i s .

G. Recovery of th e  organisms :

A f te r  h a r v e s t i n g ,  the  c e l l s  were resuspended  

i n  th e  v e h ic le  r e q u i r e d  f o r  th e  v a r io u s  experim ents  

i n  5M c o n c e n t r a t io n s  i n  u n i v e r s a l  c o n t a in e r s .

The c o n ta in e r s  h e ld  10 ml each of th e  b a tc h  of 

c e l l s  used and were in c u b a te d  a t  th e  tem p era tu re  

r e q u i r e d .  The s p e c i f i c  c o n t a in e r  was ta k en  out 

of th e  in c u b a to r  a f t e r  th e  r e q u i r e d  i n t e r v a l  and 

t r e a t e d  as fo l lo w s :
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1. For the  a n t ig e n - a n t ib o d y  a g g l u t i n a t i o n  

experim ents  th e  c e l l s  were c e n t r i f u g e d  f o r  hour 

a t  2000 r .p .m .  washed tw ice  i n  s a l i n e ,  re suspended  

i n  s a l i n e  and h e a t  k i l l e d  by b o i l i n g .

The c e l l s  were s t a n d a r d i s e d  t o  th e  same 

t u r b i d i t y  by th e  use of th e  Spekker 

a b so rp t io m e te r  and th e n  k ep t  a t  5% u n t i l  needed 

f o r  a g g l u t i n a t i o n .

2. For th e  g e l  d i f f u s i o n  experim ents  th e  c e l l s  

were c o l l e c t e d  from th e  u n i v e r s e l s  by 

c e n t r i f u g i n g .  The s u p e rn a ta n t  was kep t  

whenever needed. The c e l l s  were washed tw ice  

i n  s a l i n e  and re suspended  i n  1 ml s a l i n e  t o  g e t  

a t h i c k  su sp e n s io n .  Both th e  c e l l s  and th e  

s u p e rn a ta n t  were b o i l e d  f o r  1 hour (Macpherson, 

1 9 5 6 ) a f t e r  which th e y  were k ep t  a t  5% u n t i l  

r e q u i r e d  f o r  g e l  d i f f u s i o n .

H. P ro d u c t io n  of a n t i s e r a  a g a i n s t  Bact .  c o l i  

026 B6:

The inoculum was p re p a re d  by growing th e  

organisms o v e rn ig h t  on t h i c k  0 .1 ^  g lucose  ag a r  

p l a t e .  The p l a t e s  were of s o f t  Ifo ag a r .  A 

susp en s io n  of  about 500 m i l l i o n s  organisms/ml



124.

i n  i  s t r e n g t h  R inger s o l u t i o n  (u s in g  Brown's 

tu b e s  f o r  e s t i m a t i n g  th e  number of organisms) 

was employed as  r a b b i t  inoculum. F re sh  l i v i n g  

su sp en s io n s  were made up no t  more th a n  -J- hour 

be fo re  each in o c u l a t i o n .

The r a b b i t  was g iven  5 in t r a v e n o u s  

i n j e c t i o n s  a t  4-day  i n t e r v a l s  w i th  th e  fo l lo w in g  

in c r e a s i n g  q u a n t i t i e s  of inoculum: -  0 .25 m l . ,

0 .5  m l . , 0 .5  m l . , 1 .0  m l . , and 1 .0  ml. The 

r a b b i t  was b le d  from th e  e a r  on th e  5 th .  and 

7 th .  day f o r  p r e l im in a r y  t e s t  of a g g l u t i n a t i o n  

t i t r e  and b le d  out on th e  9 th .  day a f t e r  th e  

l a s t  i n j e c t i o n .  The r a b b i t s  were i n j e c t e d  i n  

ba tch es  of t h r e e .  The se^rum should  g ive  a K 

t i t r e  of 1 : 800 -  1 : 1600. When sm a l l  r a b b i t s  

v/ere used i t  was found n e c e s sa ry  to  g ive  a 

f u r t h e r  i n o c u l a t i o n  of 1 ml. i f  th e  t e s t  t i t r e  

was not s a t i s f a c t o r y .  Sera  g iv in g  a t i t r e  of 

l e s s  th an  1 : 400 were d is c a rd e d .

S e r o lo g i c a l  a n a l y s i s .

A g g lu t in a t io n  T e s t :

1. S e r i a l  doub ling  d i l u t i o n s .
To a. ^

Â -rao k ' c o n ta in in g  3 % i  t e s t  tu b e s  i n  which
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0 .4  ml of s e r i a l l y  two f o l d  d i l u t e d  serum was 

pr e p a r ed i n  s a l i n e ^ e a d  0 .4  ml of th e  s t a n d a r d i s e d  

E. c o l i  su sp en s io n  was added. The m ix tu re  was 

reco v ered  from th e  3 x % tu b e s  and pu t  i n  

a g g l u t i n a t i o n  tu b e s .  The t e s t s  were in c u b a te d  

a t  56% i n  th e  w a te r  b a th  f o r  4 hours  a f t e r  which 

th e  a g g l u t i n a t i o n  t i t r e  was r e a d ,  and th e n  th e y  

were l e f t  o ve rn igh t  a t  room te m p e ra tu re ,  and 

a n o th e r  r e a d in g  was done. For each experim ent 

a c o n t r o l  tube  c o n ta in in g  s a l i n e  i n s t e a d  of 

serum was in c lu d e d .

The r e s u l t s  of a g g l u t i n a t i o n  were 

i n t e r p r e t e d  a s : -  ++ = c l e a r  s u p e rn a ta n t  + maximal 

p r e c i p i t a t e ;  + = Turb id  s u p e rn a ta n t  + p r e c i p i t a t e  

which i s  very  v i s i b l e ;  + = Turbid s u p e rn a ta n t  + 

suspended d e f i n i t e  p r e c i p i t a t e  a f t e r  4 hours 

and v e ry  l i t t l e  d e p o s i t s  a f t e r  o v e rn ig h t  a t  room 

te m p e ra tu re .

-  = n e g a t iv e  a g g l u t i n a t i o n  g iv in g  no d e p o s i t s  and 

the same t u r b i d i t y  as th e  c o n t r o l  tu b e .

A l l  th e  p o s i t i v e  a g g l u t i n a t i o n s  were re a d  

m a c ro sco p ica l ly  by th e  naked eye or by th e  use 

of a hand l e n s .
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2. The use of s m a l le r  ran g es  of d i l u t i o n  of the  

serum.

The v a r io u s  serum d i l u t i o n s  were p rep a red  

i n  th e  ranges  r e q u i r e d  and p la c e d  i n  3 % & tu b es

i n  0 .4  ml q u a n t i t i e s .  An equa l  volume of th e

c e l l s  was added. The c e l l  serum m ix ture  was 

removed to  a g g l u t i n a t i o n  tu b es  and in c u b a te d  a t  

56% i n  a w a te r  b a th  f o r  4 hours and o v e rn ig h t

a t  room te m p e ra tu re ,  a f t e r  which th e  f i n a l

macroscopic end t i t r e  was re c o rd e d .  A c o n t r o l  

tube  i n  which serum was r e p la c e d  by s a l i n e  was 

in c lu d ed  i n  every  t e s t .

Q u a n t i t a t i v e  a g g l u t i n a t i o n  t e s t ( T  5 0 ) :

The method used i n  o b ta in in g  th e  T 50 and 

the  A n t ig e n ic i t y  Index of a serum susp en s io n  

m ixture  i s  the  one d e sc r ib e d  by P e r e i r a  and 

Travassos  (1952). The a u th o rs  were i n t e r e s t e d

i n  an a c c u ra te  measurement of a g g l u t i n a t i n g  

a n t ib o d ie s  i n  s e r a ,  and used a s ta n d a rd  su sp e n s io n  

of c e l l s  a g a i n s t  a range of d i l u t i o n s  of serum.

We, be ing  i n t e r e s t e d  i n  ag g lu t in o g en s  i n  th e  

E. c o l i  c e l l s  s u b je c te d  to  d i f f e r e n t  t r e a tm e n t s ,  

used th e se  c e l l s  a g a i n s t  a f i x e d  d i l u t i o n  of the
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s p e c i f i c  an t ise ru m .

A p re l im in a ry  tw o - fo ld  d i l u t i o n  

a g g l u t i n a t i o n  r e a c t i o n  th e  serum was c a r r i e d  

out and the  t i t r e  of th e  serum determ ined .  A 

d i l u t i o n  of the  serum which was no t  the  end 

t i t r e  but i n  v/hich th e  a g g l u t i n a t i o n  r e a c t i o n  

was ++ was used ( e .g .  1/400 d i l u t i o n  of th e  

serum f o r  an end t i t r e  serum s t r e n g t h  of 1 /1600 ) .  

E. c o l i  c e l l s  which had aged under v a r io u s  

c o n d i t io n s  were mixed w i th  t h i s  s u i t a b l e  d i l u t i o n  

of the  s p e c i f i c  a n t i - s e ru m ,  in c u b a te d  f o r  4 hours  

a t  56% and l e f t  o v e rn ig h t  a t  room te m p e ra tu re .  

The t u r b i d i t y  o f  th e  su sp e n s io n  of c e l l s  i n  serum 

was re a d  by th e  Spekker and t h i s  r e a d in g  was 

g iven  th e  term " o r i g i n a l  r e a d in g " .  Another 

r e a d in g  was ta k en  of th e  w e l l  mixed m ix ture  of 

c e l l s  and serum a f t e r  be ing  l e f t  o v e r -n ig h t  a t  

room tem p era tu re  and t h i s  was c a l l e d  0-minute  

r e a d in g .  The su sp e n s io n  of c e l l s  i n  serum was 

th e n  c e n t r i f u g e d  a t  1000 r .p .m .  f o r  s u c c e s s iv e  

p e r io d s  of 5 m inu tes ,  th e  t u r b i d i t y  of th e  

s u p e rn a ta n t  be in g  measured i n  th e  Spekker 

photometer a t  th e  end of each 5 minute p e r io d .
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The r e s u l t s  were p l o t t e d  on a g raph  and th e

p e r io d  of c e n t r i f u g a t i o n  needed to  reduce  th e

number of c e l l s  i n  th e  s u p e rn a ta n t  to  h a l f  th e

i n i t i a l  va lue  was re a d  from t h i s  graph  ( th e

h a l f - s e d im e n ta t io n  t im e ,  or T 50). The h a l f

se d im e n ta t io n  time i n  th e  absence of s p e c i f i c

a g g l u t i n a t i o n  was found by s u b s t i t u t i n g  s a l i n e

f o r  serum. The r a t i o  -  h a l f  s e d im e n ta t io n  time
i n  s a l i n e _______ ________
h a l f  s e d im e n ta t io n  time 
i n  serum

g iv e s  a measure of the  degree of a g g l u t i n a t i o n  

and was c a l l e d  "a n t i g e n i c i t y  in d e x ".

I f ,  a t  th e  d i l u t i o n  of serum used , no 

s p e c i f i c  a g g l u t i n a t i o n  had occu r red  th en  th e  

r a t i o  would be 1 .0 .  The g r e a t e r  th e  degree  of 

a g g l u t i n a t i o n ,  th e  s h o r t e r  would be th e  h a l f 

s e d im e n ta t io n  t ime i n  th e  p resence  of serum as 

compared w i th  s a l i n e  and th e  h ig h e r  would be 

th e  r a t i o .  Thus i f  young c e l l s  g ive  a r a t i o

o f ,  say ,  2 .0  and an age ing  c e l l  shows a s te a d y  

drop towards 1 .0 ,  u s in g  a f i x e d  amount of 

a n t i - s e ru m  th e n  th e  f a l l  i n  th e  va lue  o f  th e  

r a t i o  i s  a measure of l o s s  of  a n t ig e n s .  Hence
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th e  use of th e  term  "a n t i g e n i c i t y  in d e x ". 

S e r o lo g i c a l  a n a l y s i s  by d i f f u s i o n  i n  a g a r :

D i f fu s io n  of a n t ig e n s  and a n t ib o d ie s  i n  

aga r  was c a r r i e d  out by th e  method of 

Ouchterlony (1948 a ,  1953) m odif ied  as d e s c r ib e d  

below t o  f i t  th e  r eq u irem en ts  of the  p r e s e n t  

work. The medium used was 1^ (w/v) aga r  

d is s o lv e d  i n  0 .5 ^  sodium c h l o r i d e  s o l u t i o n  and 

c o n ta in in g  m e r th io l a t e  1 /10 ,000  to  i n h i b i t  mould 

and b a c t e r i a l  growth. The medium was poured i n t o  

p e t r i  d ish e s  to  a dep th  of 2 mm. ap p rox im ate ly  

(10 mis. of th e  m elted  agar  i n  th e  32 in c h  

p e t r i  d i s h ) .  The agar  was l e f t  t o  s e t  and th e n  

ho le s  8 mm i n  d iam ete r  were punched out a t  13 mm. 

d i s t a n c e  from each o th e r  u s in g  a c o r k - b o r e r  

of t h a t  d iam ete r .  D i f f e r e n t  arrangem ents  of 

th e  r e s e r v o i r s  were used f o r  v a r io u s  p u rposes .

The p l a t e s  were put i n  th e  r e f r i g e r a t o r  f o r  2 

hours to  help  i n  removing th e  d i s c s  of  punched 

ag a r .

The r e s e r v o i r s  were th e n  f i l l e d  w i th  th e  

a n t ig e n s  (C e l l  su sp e n s io n  or s u p e rn a ta n t  f l u i d )  

or a n t i s e r a  soon a f t e r  the  punched d i s c s  were



130.

removed and th e  p l a t e s  were r e - c o v e re d  w i th  t h e i r  

l i d s .  The p l a t e s  were th e n  put i n s i d e  po ly th en e  

hags w i th  a p ie c e  of moist  c o t t o n  wool i n s i d e  i n  

o rd e r  t o  p rev en t  e v a p o ra t io n .  The bags were 

th e n  c lo s e d  by ru b b e r  bands and th e  p l a t e s  were 

put i n  th e  22% in c u b a to r .

The l i n e s  of p r e c i p i t a t i o n  which formed 

between the  a n t ig e n  and an t ib o d y  r e s e r v o i r s  

a f t e r  be ing  l e f t  i n  th e  in c u b a to r  f o r  5-6 days 

were r e c o rd e d  and th e n  th e  p l a t e s  were removed 

to  5% f o r  a n o th e r  week a f t e r  which th ey  were 

re-exam ined  f o r  a d d i t i o n a l  d a ta .

P r e s e r v a t i o n  of th e  g e l  d i f f u s i o n  p l a t e s  by 

f i x i n g  them on s l i d e s  and s t a i n i n g  them;

A f te r  a n t ig e n /a n t ib o d y  p r e c i p i t a t i o n  

l i n e s  had been developed by g e l  d i f f u s i o n  th e  

l i n e s  were s t a i n e d  by a m o d i f i c a t io n  o f  th e  

te ch n iq u e  of U r i e l  and Grabar (1956). The g e l s  

were washed th o ro u g h ly  w i th  s a l i n e  and th e n  w i th  

d i s t i l l e d  w a te r .  They were then  t r a n s f e r r e d  

to  l a n t e r n  s l i d e s  and d r i e d  down to  a t h i n  f i l m  

a t  56% . The f i lm s  were s t a i n e d  w i th  a 

s a t u r a t e d  s o l u t i o n  of Naphthalene Black i n
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methyl a lc o h o l  c o n ta in in g  10?  ̂ a c e t i c  a c i d  f o r  

10 m in u tes .  S ta in e d  f i lm s  were f i n a l l y  

d e c o lo u r i s e d  w i th  methyl a l c o h o l  c o n t a in in g  

10^ a c e t i c  a c id .
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RESULTS.

I I .  A n t ig e n ic i t y  of E. c o l i .
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1. A g g lu tin a tio n ;

5M suspens ions  of E. c o l i  were p rep a red  as 

u s u a l ,  w ith  and w ithou t  ch lo ram phen ico l ,  u s in g  

M.E. b r o th  f o r  the  c e l l  su sp en s io n .  They were 

in c u b a ted  a t  22% f o r  v a r io u s  p e r io d s ,  0, 1 day, 

2 days, 4 days, 6 days e t c .  A f te r  in c u b a t io n  

the  c e l l s  were washed in  s a l i n e ,  k i l l e d  by 

h e a t in g ,  s t a n d a r d i s e d  by th e  Spekker and used 

f o r  a g g l u t i n a t i o n .

P re l im in a ry  a g g l u t i n a t i o n  r e a c t i o n s  were 

c a r r i e d  out by th e  s e r i a l  two fo ld  d i l u t i o n  

method. I t  was n o t i c e d  (Table 22) t h a t  

s t a r t i n g  from th e  f o u r t h  hour of in c u b a t io n  i n  

the  w ate r  b a th ,  th e  2-day old suspens ions  

s t a r t e d  to  show a h ig h e r  t i t r e  of a g g l u t i n a t i o n  

i n  the  c h lo ra m p h e n ic o l -c o n ta in in g  su sp e n s io n s ,  

th a n  th e  ze ro -h o u r  ones and t h a t  t h i s  t i t r e  

s t a r t e d  to  d im in ish  i n  th e  su sp en s io n s  of o ld e r  

c e l l s  r e a c h in g  th e  ze ro  hour l e v e l  or even l e s s  

by the  end of th e  6 th  day.

The d i f f e r e n c e  in  t i t r e  o b ta ined  i n  th e  

above experiment was maximally one tube  or a t  

most 2 tubes  d i f f e r e n c e ,  so i t  was though t
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b e t t e r  to  r e p e a t  th e  experiment w i th  n e a r e r  

ranges  of d i l u t i o n  (Table 23).

As can  be seen from the  t a b l e ,  a t  0 hour 

bo th  th e  c h lo ra m p h e n ic o l - t r e a te d  suspensions  

and th e  c o n t r o l  ones gave th e  same end t i t r e .

A f te r  1 day, th e  end t i t r e  i n  th e  ch loram phenico l  

f r e e  su sp en s io n  tubes  was much h ig h e r .  This

was r e v e r s e d  i n  th e  2 d a y s ' su spens ion .  This

p re s e rv in g  e f f e c t  of a n t i g e n i c i t y  seemed to  

co n t in u e  up to  the  f o u r t h  day, a f t e r  which the  

e f f e c t  v/ore o f f  and th e  t i t r e  came down aga in .

V/hen th e se  r e s u l t s  were compared w ith  

the  v ia b le  counts  of the  co rre sp o n d in g  suspens ions  

i t  was concluded t h a t  ch loram phenico l  p re se rv e s  

th e  a n t i g e n i c i t y  of th e  c e l l s  as w e l l  as th e  

v i a b i l i t y .  The o rd in a ry ,  non-ch lorarnphenico l-  

t r e a t e d  ageing  c e l l s ,  exhausted  them selves  more 

r a p id l y .

When a h ig h e r  c o n c e n t r a t i o n  of ch loram phenico l 

(100 ug/ml) was used i t  seemed to  g ive  the  same 

r e s u l t s  i n  the  f i r s t  couple  of days a f t e r  wliich 

th e  h ig h  c o n c e n t r a t i o n  of c 111 or amphenic ol was 

more harmful th a n  u s e f u l  i n  p r e s e rv in g  th e
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a n t i g e n i c i t y  of E. c o l i  c e l l s .

When lower c o n c e n t r a t i o n s  of ch lo ram phen ico l  

were used (20 ug/ml) no marked d i f f e r e n c e  was seen  

between th e se  su spens ions  and th e  ch lo ram phen ico l  

f r e e  ones.

These r e s u l t s  were r a t h e r  in c o n c lu s iv e  

s in c e  th e  end p o in t  was d i f f i c u l t  t o  r e a d .  I n  

a d d i t i o n  th e  r e s u l t  f o r  the  2 day suspens ions  

i s  anomalous. A more a c c u ra te  measure of lo s s  

of a g g lu t in o g en s  was t h e r e f o r e  sough t .

2. Q u a n t i t a t i v e  a g g l u t i n a t i o n  t e s t ;

This method depends on measuring th e  

l e n g t h  of time r e q u i r e d  to  c e n t r i f u g e  out enough 

c e l l s  t o  b r in g  th e  c o n c e n t r a t i o n  of c e l l s  i n  the  

s u p e rn a ta n t  t o  50?̂  of th e  o r i g i n a l  v a lu e .  This 

of cou rse  depends on th e  p r o p o r t i o n  of c e l l s  

which have been a g g l u t in a t e d  by the  s p e c i f i c  

a n t i - s e ru m .

In  th e se  experim ents  B. c o l i  c e l l s  which 

had aged i n  th e  p resence  and absence of 

ch lo ram phen ico l  were mixed w i th  a s u i t a b l e  

d i l u t i o n  of th e  s p e c i f i c  a n t i - s e ru m ,  in c u b a te d  

a t  56% f o r  fo u r  hours and l e f t  o v e rn ig h t  a t
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room te m p e ra tu re .  The T50 and th e  a n t i g e n i c i t y  

index were th e n  de term ined .

The r e s u l t s  o b ta in e d ,  con ce rn in g  th e  e f f e c t  

of ch lo ram phen ico l  on p r e s e r v in g  th e  a n t i g e n i c i t y  

of 5 . c o l i  were not always c o n s ta n t  and 

r e p ro d u c ib le  i n  the  d i f f e r e n t  experim ents  done 

under v a r i a b l e  env ironm enta l  c o n d i t io n s  of growth 

such as v a r i a t i o n  i n  th e  tem p era tu re  of in c u b a t io n  

or th e  amount of n u t r i e n t s  g iven  to  th e  c e l l s  i n  

the  p ro cess  of age ing .

One f a c t  d id ,  however, emerge namely, t h a t  

by le a v in g  th e  c e l l s  to  age, e s p e c i a l l y  i n  a 

n u t r i e n t  medium such as Ml.E. b ro th ,  th e  c e l l s  

l o s t  some of a g g l u t i n a t i n g  power as shown by 

the  doubling  i n  th e  T50 r e a d in g s  d u r ing  th e  p e r io d  

0-10 days. (Table 24).

The r e s u l t s  o b ta in ed  from th e  a n t i g e n i c i t y  

index experim ents  le a d  t o  t h i s  nex t  q u e s t io n .

S ince a young c e l l  d i f f e r s  a n t i g e n i c a l l y  from an 

old c e l l ,  i s  th e  d i f f e r e n c e  a q u a n t i t a t i v e  one 

or a q u a l i t a t i v e  one? Was the  doub ling  i n  th e  

T50 o b ta in ed  i n  a l l  th e  experim ents  a t r u e  

q u a n t i t a t i v e  d i f f e r e n c e  i n  each c e l l ,  or was i t
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a d i f f e r e n c e  induced by th e  f a c t  t h a t  we 

s ta n d a rd iz e d  a l l  our su sp e n s io n s  to  th e  same 

Spekker re a d in g  b e fo re  u s in g  them i n  a g g l u t i n a t i o n  

t e s t s ,  thus l e a v in g  more of young c e l l s  i n  th e  

e a r l y  suspensions  and more of dead c e l l s  i n  th e  

o ld e r  ones?

Two experim ents  were des igned  t o  t r y  and 

r e a c h  an answer to  th e se  q u e s t io n s :

1. By comparing th e  T50 of  s a l i n e  suspens ions  

and IvI.E. b ro th  ones. The su sp e n s io n s  v/ere ta k e n  

out of th e  22% in c u b a to r  a t  d a i l y  i n t e r v a l s  

s t a r t i n g  from 0 to  6 days. They were washed, 

s t a n d a rd i s e d  and used f o r  a g g l u t i n a t i o n  as u s u a l .  

The id e a  of u s in g  s a l i n e  su sp e n s io n s  was to  avo id  

m u l t i p l i c a t i o n  of th e  c e l l s  and th u s  avo id  undue 

d i l u t i o n  of th e  l i v e  c e l l s  i n  th e  su sp e n s io n  

w ith  dead ones (Table 25).

2. The second experiment was to  use :

a. a young su sp e n s io n  of c e l l s  which a re

mostly l i v e .
b. an old  su sp e n s io n  of c e l l s  which a re

mostly  dead.
c.  a mixture of 50?o young and 50^ dead

c e l l s .  (Table 26).
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1. The r e s u l t s  ob ta in ed  from t h i s  experim ent 

showed t h a t  w i th  th e  s a l i n e  su spens ions  th e  

t u r b i d i t i e s  i n  th e  su sp e n s io n s  ta k e n  d a i l y  from 

in c u b a t io n  a t  22% d id  no t  a l t e r  much from day 

to  day and t h a t  th e  amount of  s a l i n e  needed t o  

d i l u t e  th e  suspens ions  to  s ta n d a rd  was n e a r ly  

th e  same. The T50 r e a d in g s  i n  th e s e  su sp e n s io n s  

were n e a r ly  s te a d y  th roughou t  th e  v/hole week of 

the  experim ent.

V/hen th e se  r e s u l t s  were compared w i th  those  

f o r  the  Ivî.E. b r o th  suspens ions  i t  was seen  t h a t  

th e  amount of s a l i n e  needed to  b r in g  th e  su sp e n s io n  

to  s ta n d a rd  v a r i e d  from day to  day because  of th e  

b ig  d i f f e r e n c e  i n  the  t u r b i d i t y  every  day. As 

to  th e  T50, i t  can be seen  from Table 25 t h a t  v /i th
ci,

d a i l y  r e a d in g s  up to  th e  6 th .  day th e r e  i s  nea r l y .
‘"to MÂjx/cjz,
a—d i f f eroneo—of double th e  o r i g i n a l  T50. Does 

t h i s  con f irm  th e  c o n c lu s io n  t h a t  an o ld  c e l l  

d i f f e r s  a n t i g e n i c a l l y  from a young one?

The r e s u l t s  of experiment 2 (Table 26) a re  

a p a r t i a l  c o n f i rm a t io n .

2. V/hen th e  average T50 was c a l c u l a t e d  from th e  

young c e l l  f i g u r e  and th e  o ld  c e l l  f i g u r e  which we
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would expec t as the  T50 f i g u r e  f o r  th e  50^ 

m ixture  i f  th e  dead c e l l s  d id  no t  i n t e r f e r e  w ith  

th e  a g g l u t i n a t i o n  r e s u l t s ,  th e  re a d in g  would he 

M. The f i g u r e  we go t from th e  sp in n in g  

experiment and Spekker re a d in g s  a f t e r  doing 

a g g l u t i n a t i o n  w ith  th e  50fo m ix ture  su sp en s io n  

was M, t h a t  i s  t o  say ,  1-J minutes r e t a r d a t i o n  

i n  th e  T50 w i th  the  a c t u a l  m ixture  as compared 

w i th  what we would expect  from th e  c a l c u l a t i o n .  

This su g g e s ts  t h a t  th e  dead c e l l s  p r e s e n t  i n  

th e  su sp e n s io n  d id  have a d e f i n i t e  masking 

e f f e c t  on th e  T50 re a d in g s  ob ta ined  from th e  

o ld e r  su sp e n s io n s .  (Table 26).

3* Gel d i f f u s i o n  e x p e r im e n ts ;

I t  i s  obvious t h a t  th e  c l a s s i c a l  s e r o l o g i c a l  

te ch n iq u es  such  as were used i n  the  p rev io u s  l i s t  

of work r e s t r i c t  th e  i n v e s t i g a t i o n  to  a s tu d y  

of the  s u r f a c e  a n t ig e n s ,  a f a c t o r  which might 

w el l  l i m i t  the  scope and purpose of t h i s  type of 

work. The b a c t e r i a l  c e l l  c o n ta in s  a complex 

of a n t ig e n s  of 'many d i f f e r e n t  types  and i n  t h i s  

p iece  of work an a t tem p t  i s  made to  s tu d y  the  

behav iour  of d i f f u s i b l e  a n t ig e n s  and th e  f a c t o r s
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which a f f e c t s  th e se  a n t ig e n s  i n  an age ing  c e l l ;  

i t  v/as a l s o  hoped to  e s t a b l i s h  a r e l a t i o n s h i p  

between the  changes o c c u r r in g  and the  changes 

i n  th e  v ia b le  coun ts  of th e  c e l l  su sp e n s io n s .  

R e la t io n s h ip  between th e  a n t ig e n  l o s s  and 

d ecrease  of v i a b i l i t y  i n  an ageing  su sp e n s io n  

of E. c o l i  c e l l s .

A 5M susp en s io n  of E. c o l i  c e l l s  was used 

i n  M.E, b ro th .  The c e l l s  were l e f t  t o  age i n  

th e  22^0 i n c u b a to r  f o r  10 days. A sample was 

tak en  out a t  v a r io u s  i n t e r v a l s .  A v ia b le  count 

was done on i t  and th e n  th e  c e l l s  v/ere washed 

tw ice  and resuspended  i n  s a l i n e ,  b o i l e d  f o r  one 

hour, a f t e r  which they  were kept a t  5^0 u n t i l  

used f o r  g e l  d i f f u s i o n  i n  p l a t e s .  The r e s u l t s  

are  shown i n  Table 27, and p l a t e  4.

As can be seen  from Table 27 and from 

photograph  No. 4 of th e  g e l  d i f f u s i o n  p a t t e r n s ,  

the  r e s u l t s  showed t h a t  E. c o l i  c e l l s  s t a r t e d  

to  lo se  an a n t ig e n  as th e y  aged. This l o s s  

s t a r t e d  to  be apparen t  from th e  second day 

of the  c e l l s ’ i n c u b a t io n  a t  22*^C. I f  we 

compare the  r e s u l t s  o b ta in e d  w ith  th e  v i a b l e  c e l l
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coun ts  (Table 27) we n o t i c e  t h a t  the  c e l l s  d id  

no t  s t a r t  t o  show an a p p re c ia b le  r e d u c t io n  i n  

t h e i r  coun t  u n t i l  a f t e r  the  s i x t h  day. I f  we 

put th e s e  two o b se rv a t io n s  t o g e th e r  we can 

conclude t h a t  the  E. c o l i  c e l l s  s t a r t e d  t o  lo s e  

p a r t  of t h e i r  a n t ig e n s  b e fo re  any marked dea th  

had o ccu rred .  In  o th e r  words, one of th e  

e a r l i e s t  components to  be l o s t  by an age ing  

E. c o l i  c e l l  i s  an a n t ig e n .

As e a r l i e r  work had shown t h a t  th e  pH of 

th e  medium had a l o t  t o  do w i th  th e  v i a b i l i t y  

of E. c o l i  c e l l s ,  i t  v/as of i n t e r e s t  to  fo l lo w  

th e  e f f e c t  of pH changes,  e s p e c i a l l y  to  th e  

a l k a l i n e  s i d e ,  on b o th  v i a b i l i t y  and a n t ig e n ic  

l o s s .

In  th e  fo l lo w in g  experim ent,  th e  E. c o l i  

c e l l s  were suspended i n  b u f fe re d  M.S. b r o th  a t  

d i f f e r e n t  pHs: 7 .5 ,  8 and 8 .4 .  They were

in cu b a ted  a t  22^0 f o r  v a r io u s  i n t e r v a l s ,  a f t e r  

which a v i a b l e  count was done. The c e l l s  were

washed tw ice  and resuspended  i n  s a l i n e ,  b o i l e d  

f o r  one hour and kept a t  5^C u n t i l  th ey  were 

used f o r  g e l  d i f f u s i o n  exper im en ts .  I t  was
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a l s o  of  i n t e r e s t  t o  fo l lo w  th e  appearance of any 

a n t ig e n ic  components i n  th e  suspending  M.E. b r o th  

as th e  su sp en s io n  aged and t r y  t o  c o r r e l a t e  

t h i s  t o  th e  l o s s  of a n t ig e n s  from the  c e l l s  

so a sample of th e  s u p e rn a ta n t  M.E. b r o th  i n  

which th e  c e l l s  had been suspended was 

c o l l e c t e d  every time th e  c e l l s  were washed.

The sample was b o i l e d  f o r  one hour and th e n  k ep t  

a t  3̂ 0 u n t i l  needed. G-el d i f f u s i o n  p l a t e s  were 

s e t  up i n  d u p l i c a te ^  f o r  th e  c e l l s  and the  

su p e rn a ta n t  f l u i d s  of each pH.

The r e s u l t s  o b ta ined  a re  r e p r e s e n te d  i n  

Table 28 as w e l l  as photographs number ( 5 , 6 , 7 , 8 ,  

9 ,1 0 ) .  I t  can be seen  t h a t  i n  th e  p l a t e s  w i th  

c e l l s ,  th e  pH a f f e c t e d  th e  r a p i d i t y  by which th e  

E. c o l i  c e l l s  l o s t  one of t h e i r  a n t ig e n s .

At pH 7 .5  t h e r e  was l i t t l e  a n t ig e n ic  l o s s  

u n t i l  th e  t e n t h  day, w hile  a t  pH 8 th e  l o s s  

s t a r t e d  t o  be appa ren t  a f t e r  the  s i x t h  day, and 

a t  pH 8 .4  th e  l o s s  s t a r t e d  even e a r l i e r ,  

beg inn ing  b e fo re  th e  s i x t h  day. The l o s s  i s  

apparen t  i n  th e  d isap p ea ra n ce  of th e  sha rp  l i n e  

which was p r e s e n t  i n  th e  f i r s t  couple  o f  days
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a t  pH 8 .4  and i t s  rep lacem ent by a d i f f u s e  

hazy a re a  i n  pH 8 and i t s  p e r s i s t a n c e  to  th e  

e ig h th  day a t  pH 7*5.

I f  we compare the  r e s u l t s  ob ta in ed  from 

th e  s u p e rn a ta n t  f l u i d  d i f f u s i o n  p l a t e s ,  we 

f in d  t h a t  the  g a in  i n  a n t ig e n ic  components 

g e t s  more appa ren t  as th e  c e l l  aged, and more 

so in  th e  h ig h e r  pH th a n  th e  lower one.

And now i f  v;e compare th e se  two g e l  d i f f u s i o n  

r e s u l t s  w i th  th e  v i a b i l i t y  of th e  suspens ions  

(Table 2 8 ) we f i n d  t h a t  th e se  a l s o  c o in c id e  

v/ith th e  r a t e  of  m o r t a l i t y  a t  th e  d i f f e r e n t  

pHs, showing t h a t  th e  pH had a very  d e f i n i t e  

e f f e c t  on b o th  th e  a n t ig e n ic  l o s s  of th e  E. c o l i  

c e l l s  as  w e l l  as on t h e i r  v i a b i l i t y .

I t  was now of i n t e r e s t  to  t r y  and 

e s t a b l i s h  the  above c o n c lu s io n .  So M.E. 

b r o th  su sp en s io n s  of E. c o l i  c e l l s  were used 

ag a in  a t  22^0, as  w e l l  as  a t  5^C where t h e r e  

was ve ry  l i t t l e  l o s s  i n  th e  v i a b i l i t y  of th e  

c e l l s  and very  l i t t l e  m etabo lic  a c t i v i t i e s  of 

the  c e l l s  them selves  le a d in g  t o  a change i n  th e  

pH of th e  medium. The s u p e rn a ta n t  f l u i d  and
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th e  E. c o l i  c e l l s  were c o l l e c t e d  and t r e a t e d  as  

b e fo re .

I t  can  be seen  from th e  p a t t e r n s  of g e l  

d i f f u s i o n  t h a t  a t  22°0 th e  c e l l s  s t a r t e d  t o  lo s e  

a n t ig e n s  from th e  second day as seen  by the  l o s s  

of one l i n e .  (Photograph 11 ) .  As t o  th e  

p a t t e r n  o b ta in ed  from th e  su p e rn a ta n t  f l u i d  we 

n o t i c e  a p ro g re s s iv e  in c r e a s e  i n  th e  p a t t e r n  

o b ta in ed  from day to  day as th e  su sp e n s io n  aged. 

(Photograph 1 2 ) .

I f  t h i s  i s  compared w i th  th e  r e s u l t s  

ob ta ined  a t  5^0 we f in d  t h a t  th e r e  i s  n e i t h e r  any 

lo s s  i n  the  p a t t e r n  of th e  c e l l s '  a n t ig e n  complex 

(Photograph 13) nor any g a in  i n  th e  su p e rn a ta n t  

f l u i d  g e l  d i f f u s i o n  p l a t e s  (Photograph 14) ,  which 

means t h a t  a t  t h i s  tem p era tu re  th e r e  was no 

a n t ig e n ic  l o s s  from th e  c e l l  i n t o  th e  suspending  

medium.

I f  t h i s  i s  compared w i th  th e  r a t e  of dea th  

of the  c e l l s  (Table 29) we f i n d  t h a t  th e  same 

r e l a t i o n s h i p  as b e fo re  s t i l l  e x i s t s .  I n  o th e r  

words the  c e l l s  showed an  a p p re c ia b le  r e d u c t io n  

in  t h e i r  number from day to  day a t  22^0 and t h i s
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was absen t  a t  5°C.

Two o th e r  experim ents  were s e t  up i n  

o rder  to  t r y  and prove t h i s  p o in t  s t i l l  f u r t h e r :

In  th e  f i r s t  one, a medium w ithout  n u t r i t i v e  

v a lu e ,  s a l i n e ,  was used f o r  suspending  th e  2 ,  c o l i  

c e l l s  so t h a t  th ey  cou ld  n o t  m u l t ip ly  nor  should  

th e  pH a l t e r  i n  th e  absence of a c t i v e  metabolism. 

The c e l l s  were in c u b a te d  i n  two b a tc h e s :  one

a t  22°C and th e  o th e r  a t  5*̂ 0 t o  emphasize th e  

b a c t e r i o s t a t i c  c o n d i t io n s  in ten d ed  s t i l l  more.

The c e l l s  were l e f t  f o r  v a r io u s  p e r io d s  and 

th en  ta k e n  out and t r e a t e d  as u s u a l .  The 

s u p e rn a ta n t  f l u i d  from each sample was 

c o l l e c t e d  and t r e a t e d  as u s u a l .  A v ia b le  c e l l  

count was done f o r  every  sample of E. c o l i  c e l l s  

be fo re  i t  was t r e a t e d ,  (Table 30).

G-el d i f f u s i o n  p l a t e s  were s e t  up i n  

d u p l ic a te ^  f o r  th e  E. c o l i  c e l l s  and the  

s u p e rn a ta n t  f l u i d  of each b a tc h  and th e  r e s u l t s  

were reco rded  a f t e r  one week a t  22^0 and one week 

a t  5^0.

As can be seen  from th e  photographs (Nos.

15 and 16) of th e  p a t t e r n s  ob ta ined  from th e  c e l l
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d i f f u s i o n  p l a t e s  bo th  a t  22^0 and a t  5^0, t h e r e  

i s  no l o s s  i n  th e  a n t ig e n  complex as th e  c e l l  

ages. Both th e  numbers o f  p r e c i p i t a t i o n  l i n e s  

and th e  c o n t i n u i t y  of th e  l i n e s  was kep t  

w ithou t  any lo s s  or change i n  th e  p a t t e r n  from 

b o th  te m p e ra tu re s .  The s u p e r n a ta n t  f l u i d  from 

each te m p era tu re  shows no p r e c i p i t a t i o n  l i n e s ,  

t h a t  i s  to  say th e  c e l l s  do no t lo s e  i n  th e  

su r ro u n d in g  medium any of a n t ig e n  complex 

du r ing  the  whole t e n  days of in c u b a t io n  i n  

s a l i n e  whether a t  22^0 or a t  5^G. (Photographs 

17 and 18).

Prom th e  v ia b le  count t a b l e  we n o t i c e  t h a t  

a l th o u g h  th e re  i s  a 50^ r e d u c t io n  i n  count over 

th e  p e r io d  of th e  experiment t h i s ,  w i th  the  

lower i n i t i a l  count th an  u s u a l  r e p r e s e n te d  a 

co m p ara t iv e ly  sm al l  degree of dea th .

I n  th e  o th e r  experiment th e  c e l l s  were 

suspended i n  a g lucose  -  phosphate  medium and 

tv/o b a tch es  v/ere used. One was in c u b a ted  a t  

22^0 and th e  o th e r  a t  5*^0. The c e l l s  were 

c o l l e c t e d  a t  v a r io u s  i n t e r v a l s  du r ing  the  10 days 

in c u b a t io n  and t r e a t e d  as u s u a l  f o r  th e  g e l
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d i f f u s i o n  exper im en ts .

The r e s u l t s  o b ta in ed  were n e a r l y  th e  same 

as th o se  ob ta ined  w i th  the  s a l i n e  exper im en ts .  

Both th e  number of p r e c i p i t a t i o n  l i n e s  and th e  

p a t t e r n  of arrangem ents  remained c o n s ta n t  du r in g  

the  whole p e r io d  of in c u b a t io n  (Photographs Nos. 

19 and 20) i n d i c a t i n g  th e  absence of an a p p a re n t  

lo s s  of  a n t ig e n s  by th e  E. c o l i  c e l l s  kep t  i n  

t h i s  medium. The pH d id  not r i s e  t o  a va lue  

known to  be l e t h a l  to  th e  c e l l s .

Two o th e r  e x t r a c t s  of the  £ . c o l i  an t ig e n s  

v/ere used in s t e a d  of th o se  o b ta in ed  by b o i l i n g  

th e  c e l l s ;  a t r i c l i l o r a c e t i c  a c id  e x t r a c t  

acco rd ing  t o  the  method of B oiv in  e t  a l  (1933) 

and a mechanical e x t r a c t  a f t e r  c e l l u l a r  

d i s i n t e g r a t i o n .  They d id  no t prove t o  be 

s u p e r io r  to  the  method used e i t h e r  i n  the  number 

of p r e c i p i t a t i o n  l i n e s  o b ta in ed  or i n  t h e i r  

c l a r i t y .

From the  r e s u l t s  of th e  experim ents  

descriDed in  the  above s e c t i o n  i t  seems c l e a r  

t h a t  the  l o s s  of a p a r t i c u l a r  a n t ig e n ,  as 

measured by a g e l  d i f f u s i o n  techn ique  can  p rov ide
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an i n d i c a t o r  of the  d ea th  or of  th e  impending 

d ea th  of c e l l s .  Using t h i s  te ch n iq u e  th e  

e f f e c t  of a l k a l i n e  pHs on v i a b i l i t y  and th e  r o l e  

of ch lo ram phen ico l  i n  m a in ta in in g  v i a b i l i t y  was 

confirm ed.
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DISCUSSION.

When b a c t e r i a l  c e l l s  pass  th ro u g h  t h e i r  

p h y s io lo g ic a l  youth ,  th e y  e n t e r  a phase of r e s t .  

Sooner or l a t e r  they  beg in  t o  d ie ,  u n le s s  a l l  

m e tabo lic  p ro c e s se s  a re  suspended by some means 

such as r e f r i g e r a t i o n  or f r e e z e  d ry in g ,  two 

methods of r e t a i n i n g  th e  v i a b i l i t y  of l a b o r a t o r y  

c u l t u r e s  over a long  p e r io d .

The f i r s t  s ta g e  i n  the  d ea th  p ro cess  i s  

th e  l o s s  of e s s e n t i a l  m a te r i a l s  from th e  s t i l l  

l i v i n g  c e l l  (Hinshelwood, 1957). This i s  

fo l low ed  by a s e r i e s  of d eg ra d a t iv e  changes 

which overbalance  th e  s y n th e t i c  p ro c e s se s ,  

l e a d in g  u l t im a t e ly  to  th e  d ea th  of th e  c e l l .  

However, we a re  s t i l l  l a r g e l y  ig n o ra n t  of th e  

way i n  which t h i s  p ro c e s s  b eg in s .

I n  t h i s  work, an a t tem p t  was made to

d is c o v e r  something of th e  way in  which the

change from l i f e  to  th e  d e a th  of th e  c e l l  beg ins  
ùjvi<LiurÀ/s ajisu£cL

H osting  o el l s wore -e hoc on f o r  -t h i s  purpoa-c .

They a rc  simply c e l l s  i n  a s t a t e  of non-̂

pr-ol-lrf o r a t i o n -, th e  - e-tago i n  t -he-- l i f o - oyolc  of

a l l  c el l o  whioh u o u a l ly  preoodos d e a th . I n
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g e n e r a l ,  a c t i v e l y  m u l t ip ly in g  c e l l s  do no t show 

a h ig h  d e a t h - r a t e  a l th o u g h ,  even i n  th e  

lo g a r i th m ic  phase of growth of b a c t e r i a  t h e r e  i s  

a c e r t a i n  amount of c e l l u l a r  d ea th .  (Topley and 

Wilson, 1955).

The concep t  of th e  occurrence  of a few 

prim ary  changes which s t a r t  th e  d i f f e r e n t  

p ro c e s se s  l e a d in g  t o  th e  u l t im a te  d ea th  of th e  

c e l l  p rov ides  us w i th  a h y p o th e s is  f o r  

e x p e r im en ta l  a t t a c k .  I f  th e  enzymic a c t i v i t y  

of th e  c e l l  be c o n s id e re d  as due t o  a s e r i e s  of  

c h a in s  of  l i n k e d  r e a c t i o n s  t h e r e  i s  no need to  

r e g a r d  the  chem ical  changes a s s o c i a t e d  w i th  

c e l l u l a r  d ea th  as c o n s i s t i n g  of a wide a r r a y  

of p ro c e s se s  o p e ra t in g  s im u l ta n e o u s ly .  The 

a p p l i c a t i o n  of Occam's r a z o r  to  t h i s  s i t u a t i o n  

l e a d s  t o  th e  s im p le r  e x p la n a t io n  t h a t  m u l t ip le  

changes found i n  dying c e l l s  stem from a few 

pr im ary  changes ,  j u s t  as i n  th e  energy y i e ld i n g  

p ro c e s se s  of th e  c e l l  th e  m u l t ip l e  end p ro d u c ts  

of g lu co se  breakdown a re  the  consequence of a 

s i n g l e ,  i n i t i a l ,  s t e p  -  th e  p h o sp h o ry la t io n  of 

g lucose  by A.T.P.
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I f ,  th e n ,  chem ical  i n t e r f e r e n c e  w i th  th e  

c e l l  p rev en ted  or delayed d e a th  i t  would he 

re a so n a b le  t o  assume t h a t  th e  i n t e r f e r e n c e  had 

been w i th  th e  more im por tan t  prim ary  r e a c t i o n s  

r a t h e r  th a n  w i th  one of th e  many secondary  

r e a c t i o n s  a s s o c i a t e d  w ith  d ea th .  The b e s t  

means f o r  such an approach would be to  use  an 

agent known to  s to p  one s p e c i f i c  p ro c e s s .

Most known enzymic i n h i b i t o r s ,  th e  n e a r e s t  

approach  to  such an ag en t ,  i n h i b i t  more th a n  

one chem ical  p ro c e s s ,  e s p e c i a l l y  i f  used i n  th e  

h ig h e r  c o n c e n t r a t i o n s .  When c o n s id e r in g  t h i s  

problem we were faced  w ith  t h i s  d i f f i c u l t y  of 

f in d in g  t r u l y  s p e c i f i c  enzyme i n h i b i t o r s .  As 

a compromise between the  d e s i r a b l e  and th e  

p r a c t i c a b l e  we chose to  i n v e s t i g a t e  the  e f f e c t  

of t h r e e  enzyme i n h i b i t o r s  of p a r t i a l  s p e c i f i c i t y -  

th e  s u l p h y d r y l - i n h i b i t i n g  compounds. We a l s o  

i n v e s t i g a t e d  th e  e f f e c t  of a t r u l y  s p e c i f i c  

e s t e r a s e  i n h i b i t o r .  But i n  no case  was t h e r e  

found to  be any p ro lo n g a t io n  of the  l i f e  o f  

E. c o l i . The same enzyme i n h i b i t o r s  when used 

on human Hela c e l l s  gave prom ising  r e s u l t s  w i th
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one compound ( io d o a c e t ic  a c i d ) .  The cause  of 

t h i s  f a i l u r e  w ith  b a c t e r i a l  c e l l s  might be 

a t t r i b u t e d  to  such f a c t o r s  as an u n s u i t a b l e  

cho ice  of c o n c e n t r a t i o n  or to  d i f f e r e n c e s  i n  

c e l l  pÇ^gmeability. The major f a c t o r  hov/ever 

was p robab ly  th e  f a c t  t h a t  th e  time-consuming 

n a tu re  of the  method of v i a b l e  c o u n t in g  l i m i t e d  

th e  range of our i n v e s t i g a t i o n s .

As an a l t e r n a t i v e  approach to  th e  problem, 

the  b a c t e r i o s t a t i c  a n t i b i o t i c  ch lo ram phen ico l  

was used. Already some experim ents  had been 

c a r r i e d  out on the  drug and sugges ted  t h a t  i t  

might be an e f f e c t i v e  agen t  in  p ro lo n g in g  th e  

l i f e  of  E. c o l i  c e l l s  ( F l e t c h e r ,  1956).

Among th e  reaso n s  f o r  i t s  cho ice  was i t s  known 

i n h i b i t o r y  a c t io n  on p r o t e i n  s y n th e s i s .  As 

i t  i s  w e l l  known t h a t  many of the  r e a c t i o n s  

i n  the  c e l l  a re  r e v e r s i b l e ,  i t  was though t  

t h a t  i t  might e q u a l ly  i n h i b i t  p r o t e i n  breakdown. 

I t  was t h e r e f o r e  dec ided  t o  i n v e s t i g a t e  th e  

e f f e c t  of the  drug i n  g r e a t e r  d e t a i l  i n  th e  hope 

t h a t  by th e  use of a c e r t a i n  c o n c e n t r a t i o n  of 

the  drug and s p e c i a l  c o n d i t io n s  of growth we
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might r e a c h  an answer to  our h y p o th e s i s .

I t  was n o t i c e d  t h a t  th e  p resence  o f  th e  

a n t i b i o t i c  i n  experim ents  c a r r i e d  out a t  37^0 

caused d ea th  of th e  organisms and i t  was of 

i n t e r e s t  to  see whether b r o th  suspens ions  of  

h igh  c e l l  c o n c e n t r a t i o n s  i n  th e  p resence  of 

the  a n t i b i o t i c  cou ld  be m ain ta ined  i f  we 

changed the  tem pera tu re  of growth t o  such  a low 

degree as 5^0, where a l l  m etabolic  p ro c e s se s  

a re  slowed down and th e  c e l l s  a re  i n  a q u ie sc e n t  

s t a t e .  The id e a  of u s ing  a h igh  c e l l  

c o n c e n t r a t i o n  was t o  d im in ish  m u l t i p l i c a t i o n  

in  th e  c o n t r o l s  as much as p o s s i b l e ,  so t h a t  

the  e f f e c t  on th e  d e a t h - r a t e  of added chem ica ls  

would be a p p a re n t .  The r e s u l t s  of th e s e  

experim ents  showed t h a t  no t  only was d e a th  i n  

a l l  su spens ions  slowed down, but t h a t  th e  

a n t i b i o t i c  c o n ta in in g  suspens ions  showed an even 

s low er d ea th  r a t e  th a n  i n  th e  c o n t r o l s .  A 

s u r p r i s i n g  f in d in g  was t h a t ,  even under th e  

c o n d i t io n s  used ,  the  c o n t r o l  system m ain ta in ed  

i t s  v i a b le  p o p u la t io n  by c o n t in u a l  

m u l t i p l i c a t i o n ,  th e  o ld  c e l l s  dying and new ones
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r e p la c in g  them; t h i s  as  w e l l  a s  the  d im in ished  

l y s i s  a t  5% may account f o r  th e  r i s e  i n  th e  t o t a l  

coun ts  o b ta in ed .  On th e  o th e r  hand th e  a n t i b i o t i c  

c o n ta in in g  systems m ain ta ined  t h e i r  v i a b l e  

p o p u la t io n  by a p p a re n t ly  l i m i t i n g  or i n h i b i t i n g  

d ea th  r a t h e r  th a n  by b a la n c in g  m u l t i p l i c a t i o n  and 

d ea th  as  i n  the  c o n t r o l .

Y/hen a h ig h e r  te m p era tu re  of  growth was 

used, e .g .  22^0, bu t a tem p era tu re  s t i l l  lower 

than  th e  optimum of 37*^0, th e  e f f e c t s  produced 

were not only of a s i m i l a r  n a tu r e  to  th o s e  a t  

5^0, bu t  were even more a c c e l e r a t e d  and d ram a t ic ,  

p robab ly  due to  th e  enhancement t h a t  such  a 

tem pera tu re  has on th e  l i f e  p ro c e s s e s  of  th e  

organism.

The r e s u l t s  ob ta ined  i n  th e s e  experim ents  

seem to  conf irm  some of B a i l ' s  f in d in g s  (1929).

In  the  f i r s t  p la c e  and c o n s id e r in g  th e  use of a 

l a r g e  p o p u la t io n  of c e l l s ,  we f i n d  t h a t  th e  

v ia b le  coun ts  d id  not exceed th e  same h igh  l e v e l  

under th e  v a r io u s  c o n d i t io n s  used, th e s e  

c o n d i t io n s  be in g  a change i n  th e  te m p era tu re  of 

in c u b a t io n  or  a change i n  th e  amount of n u t r i e n t s
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su p p l ie d  t o  th e  organism. This i s  very  ev id e n t  

in  th e  experim ents  i n  which th e  suspending medium 

was changed d a i ly .  Here we f in d  t h a t  a l th o u g h  

th e  t o t a l  number of organisms in  th e  c o n t r o l s  

doubles th e  o r i g i n a l  cou n t ,  y e t  th e  v ia b le  

number never  exceeds th e  same maximum l e v e l .

This r e s u l t  confirm s B a i l ' s  f i n d i n g  t h a t  growth 

of the  c e l l s  does n o t  cease  w i th  th e  a t ta in m e n t  

of th e  M-conee n t r â t io n ,  but t h a t  f r e s h  organisms 

c o n t in u e  to  be produced, an e q u iv a le n t  number 

dying o f f  so t h a t  th e  M-value remains c o n s t a n t .

I t  a l s o  shows t h a t  th e  c e s s a t i o n  of growth a f t e r  

reacSing th e  maximum number i s  no t  due to  ex h a u s t io n  

of th e  medium, because a l th o u g h  th e  t u r b i d i t y  i n  

the  b r o th  i n  th e se  experim ents  i . e .  th e  t o t a l  

count i s  much h ig h e r  th a n  i n  th e  same experim ents  

i n  which the  medium was not changed, y e t  th e  

maximum c o n c e n t r a t i o n  of th e  v i a b l e  organisms 

remains unchanged.

On th e  o th e r  hand when a sm all  inoculum of 

c e l l s  was used under  th e  same p rev io u s  c o n d i t io n s  

of in c u b a t io n  i . e .  tem p era tu re  and n u t r i e n t s ,  th e  

c e l l s  co n t inue i i to  m u l t ip ly  r e a c h in g  h ig h e r  v i a b l e
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l e v e l s  th a n  th e  o r i g i n a l  inoculum in t ro d u c e d  

i n  th e  medium hu t  never  exceeding th e  maximum 

which was reached  in  th e  experim ents  i n  which 

a l a r g e  inoculum was used. The t o t a l  co u n t ,  

however, reached  a much h ig h e r  l e v e l  i n d i c a t i n g  

t h a t  th e  c e l l s  a re  c o n t in u o u s ly  m u l t ip ly in g  and 

t h a t  th e  growth does n o t  depend on th e  t o t a l  

number of b a c t e r i a  i n  a g iv en  volume of medium 

but on th e  maximum number of l i v i n g  c e l l s  w i th in  

the  medium.

A more d i l u t e  su sp en s io n  of c e l l s  when 

used a t  b o th  te m p e ra tu re s  of in c u b a t io n  and i n  

the  p resence  and absence of  the  a n t i b i o t i c  showed 

t h a t  when th e  c o n d i t io n s  a re  more i n  favou r  of 

the  growth of th e  organisms, t h a t  i s  d u r in g  th e  

e a r l i e r  s ta g e s  of th e  experim ents  i n  which th e r e  

i s  a r e l a t i v e  excess  of n u t r i e n t s ,  th e  r e s u l t s  

d i f f e r e d  from th o se  o b ta ined  w i th  heavy 

su sp e n s io n s .  I n  th e  e a r l i e r  s t a g e s  of th e  

experiment th e  c o n t r o l  c u l t u r e s  showed massive 

m u l t i p l i c a t i o n  which tended to  mask any 

co n cu r re n t  dea th .  N e v e r th e le s s ,  th e  much 

g r e a t e r  r i s e  i n  t o t a l  than  i n  v i a b l e  count f o r
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the  c o n t r o l  showed t h a t  very  c o n s id e ra b le  

dea th  of c e l l s  was t a k in g  p la c e .

However, as time passed  and m u l t i p l i c a t i o n  

i n  the  c o n t r o l s  cea sed ,  th e  number of v i a b le  

c e l l s  f e l l  much more q u ic k ly  th a n  i n  the  

ch loram phenico l  c o n ta in in g  su sp e n s io n s .  Thus 

th e  r e s u l t s  w i th  heavy su sp e n s io n s  of E. c o l i  

(5M) were confirmed when u s in g  th e  more d i l u t e  

suspens ions  (JM) co r re sp o n d in g  t o  th e  c o n d i t io n s  

norm ally  a t t a i n e d  when a b a c t e r i a l  c u l t u r e  

reaches  th e  s t a t i o n a r y  phase .

From th e s e  p o in t s  we cou ld  conc lude ,  t h a t  

under th e  c o n d i t io n s  of the  experim ents  used ,  

the  b a c t e r i o s t a t i c  agent ch lo ram phen ico l  i n s t e a d  

of i n c r e a s in g  th e  tendency  of b a c t e r i a  t o  d i e ,  

had helped them t o  su rv iv e .

When a r t i f i c i a l l y  induced ch lo ram p h en ico l-  

r e s i s t a n t  v a r i a n t s  of E. c o l i  were produced and 

s u b je c te d  t o  th e  same t e s t s  i t  was found t h a t  

ch loram phenico l  showed no e f f e c t  i n  p ro lo n g in g  

v i a b i l i t y .  As w i l l  be d isc u s se d  below, i n  th e  

case  of c l i lo ra m p h e n ic o l - s e n s i t iv e  c e l l s  the  

d ea th  de lay ing  e f f e c t  cou ld  be a t t r i b u t e d  to
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the  su p p re s s io n  of the  fo rm a t io n  of a l k a l i n e  

m e ta b o l i te s  -  whioh r a i s e d  th e  pH to  l e t h a l  

l e v e l s  i n  th e  c o n t r o l s .  I n  the  case  of 

c h l o r a m p h e n ic o l - r e s i s t a n t  v a r i a n t s  th e  i n a b i l i t y  

of the  drug to  de lay  d ea th  was a s s o c i a t e d  w ith  

an i n a b i l i t y  t o  su p p ress  th e  r i s e  i n  pH.

Thus we have th e  paradox t h a t  th e  

c h lo ra m p h e n ic o l - s e n s i t iv e  c e l l s  which would be 

d es troyed  by ch lo ram phen ico l  th e ra p y  i n  a 

c l i n i c a l  i n f e c t i o n  a re  p rev en ted  from dying 

by exposure to  th e  a n t i b i o t i c .  On th e  o th e r  

hand, c h lo r a m p h e n ic o l - r e s i s t a n t  c e l l s  which 

would not respond in  a c l i n i c a l  i n f e c t i o n  to  

ch loram phenico l th e ra p y  d ie  as f a s t  as u n t r e a t e d  

c e l l s  when exposed to  the  a n t i b i o t i c .  In  th e  

f i r s t  case  we might a lmost say  t h a t  we have 

an example of a u t o - ^ i o s i s  p reven ted  by h e t e r o 

a n t i b i o s i s .

When th e  same experim ents  were c a r r i e d  out 

on an o th e r  s p e c i e s ,  S taphylococcus  a u r e u s , i n  

o rd e r  t o  ex tend  th e  o b s e rv a t io n s ,  th ey  f a i l e d  

to  show any marked p r o lo n g a t io n  of th e  l i f e  of  

th e  c e l l s .  V/hether th e  re a so n  f o r  t h i s  f a i l u r e
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was a f a u l t  i n  the  c o u n ts ,  due to  th e  clumping 

a c t i o n  of th e  c e l l s ,  or whether i t  was due to  

th e  f a i l u r e  of  th e  agent used  t o  i n h i b i t  th e  

n e c e s sa ry  p ro c e s se s  i n  th e  metabolism of th e  

s ta p h y lo c o c c a l  c e l l s ,  r e q u i r e s  f u r t h e r  

i n v e s t i g a t i o n .

Whether d ea th  i s  encouraged or p re v e n te d  

probab ly  depends on th e  i n t e r p l a y  of a number 

of f a c t o r s ,  such  as s p e c ie s  of b ac te r iu m , 

te m p e ra tu re ,  c o n c e n t r a t i o n s  of i n h i b i t i n g  ag en t ,  

a v a i l a b l e  n u t r i e n t ,  c e l l  numbers as w e l l  as  

changes i n  th e  pH of th e  medium. This l a s t  

f a c t o r  was brought to  our a t t e n t i o n  when i t  was 

seen t h a t  th e  pH of th e  ch lo ram phen ico l  

suspens ions  kep t  a s t e a d i e r  l e v e l  th a n  th e  

c o n t r o l s ,  which had a tendency  to  r i s e  as the  

experiments  p ro g re s se d .  I t  was a l s o  n o t i c e d  

t h a t  th e  h ig h e r  th e  pH i n  th e  c o n t r o l  the  lower 

was i t s  v ia b le  co u n t .  Thus t h i s  a c t i o n  of 

ch lo ram phen ico l  might be reg a rd ed  as  analogous 

to  th e  su sp en s io n  of metabolism by some such 

procedure  as  s t o r i n g  c e l l s  a t  low te m p e ra tu re ,  

w i th  th e  d i f f e r e n c e  t h a t  w i th  ch loram phenico l
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most m etabo lic  a c t i v i t i e s  c o n t in u e .

The nex t  s t e p  i n  th e  problem was to  

determine what occurred  when a su sp e n s io n  o f  

E. c o l i  was pu t  under d e f in e d  c o n d i t io n s  i n  

o rder  t o  c o n t r o l  th e  i n im ic a l  s h i f t  of pH to  

the  a l k a l i n e  s id e .  E. c o l i  c e l l s  were 

s u b je c te d  t o  s e v e r a l  t r e a tm e n t s  i n  o rd e r  t o  

c o n t r o l  th e  a l k a l i n e  r i s e  i n  pH. In  th e  f i r s t  

p la ce  g lucose  was used as a means t o  im par t  

a c i d i t y  to  th e  medium by th e  p ro d u c ts  of 

f e rm e n ta t io n .  But th e  c o n c e n t r a t i o n  of g lu co se  

to  produce th e  r i g h t  a c i d i t y  t o  n e u t r a l i s e  th e  

a l k a l i n e  p ro d u c ts  cou ld  no t  be ach ieved .  When 

sm all  c o n c e n t r a t i o n s  were used ,  th e  a c i d i t y  

produced cou ld  no t  b u f f e r  th e  a l k a l i n i t y  i n  th e  

c o n t r o l s  f o r  more than  two days. On th e  o th e r  

hand th e  use of h ig h  c o n c e n t r a t io n s  of g lu co se  

i n h i b i t e d  th e  growth of the  c e l l s  and t h i s  

i n h i b i t i o n  was g r e a t e r  th a n ,  or bore no r e l a t i o n  

to ,  the  e f f e c t  produced by growth i n  a medium 

a d ju s te d  to  the  same f i n a l  pH. So a p p a re n t ly  

one can a l t e r  and su p p ress  th e  enzymic 

c o n s t i t u t i o n  of b a c t e r i a  a p a r t  from any pH
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e f f e c t  invo lved  i n  i t s  f e rm e n ta t io n .  (G-ale 

& Epps, 1942).

When a b u f f e r  was used as  c o n t r o l l i n g  

agent i t  was n o t i c e d  t h a t  th e  b u f f e r  t e s t e d  

showed a l e t h a l  a c t i v i t y  which tended  t o  obscure 

the  d i f f e r e n c e s  we were look in g  f o r .  As w ith  

th e  use of g lu c o se ,  th e  b u f f e r  was e i t h e r  not 

powerful enough to  n e u t r a l i z e  th e  a l k a l i  produced 

by th e se  heavy suspens ions  or i f  used a t  a 

s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n  to  d i s p la y  

powerful b u f f e r in g  a c t i o n ,  i t  was l e t h a l .  

A d ju s t in g  of the  pH r e g u l a r l y  by th e  a d d i t i o n  of 

a c id  proved d i f f i c u l t  to o ,  because a f t e r  the  

c u l t u r e s  had been s ta n d in g  2-3 days th e y  tended  

to  produce a l k a l i  a t  such  a r a t e  t h a t  l a r g e  

ranges  i n  pH occurred  w i th in  a few hours  of 

a d j u s t i n g  to  n e u t r a l i t y .

The nex t  te ch n iq u e  used i n  c o n t r o l l i n g  the  

pH was d a i l y  changes of media. A pparen t ly  the  

M.E. b r o th  has s u f f i c i e n t  b u f f e r in g  power which 

keeps th e  pH down f o r  about two days. With t h i s  

method i t  was ev id en t  t h a t  i n  the  c o n t r o l  

suspension  where the  medium was changed d a i ly  the
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v ia b l e  coTint d id  no t f a l l  much i n  11 days 

(428 X 10? -  319 X 107). The f a l l  i n  v i a b l e

count i s  much more marked i n  the  su sp e n s io n s  

c o n ta in in g  10 ugm ch lo ram phen ico l/m l and s t i l l  

more marked in  th e  su spens ions  c o n t a in in g  100 

ugm ch lo ram phen ico l /m l.  However, i t  was 

n o t i c e d  t h a t  th e  d ea th  r a t e  was h ig h e r  i n  th e  

p resence  of ch lo ram phen ico l  i n  t h i s  experim ent 

th a n  w i th  e a r l i e r  exper im en ts .  This cou ld  he 

e x p la in e d  by th e  f a c t  t h a t  th e r e  i s  a l o s s  of 

ch lo ram phen ico l  i n  th e  cou rse  of in c u b a t io n  so 

t h a t  i n  the  e a r l i e r  experim ents  the  c e l l s  were 

i n  f a c t  exposed to  a much lower average  

c o n c e n t r a t i o n  of ch lo ram phen ico l  i n  th e  l a t e r  

days th a n  was a c t u a l l y  mentioned.

The r e s u l t s  ob ta in ed  by d a i ly  change of 

medium prompted a f u r t h e r  s e a rc h  f o r  a b u f f e r  

which would show no l e t h a l  a c t i v i t y  i n  i t s e l f  

and would a t  th e  same t ime be e f f e c t i v e  i n  

h o ld in g  the  pH of heavy su sp e n s io n s .  8 / r e n s e n ' s  

phosphate  b u f f e r  and v e ro n a l  b u f f e r  f u l f i l l e d  

th e se  req u ire m e n ts .  I n  experim ents  i n  which 

th e s e  two b u f f e r s  were added to  the  suspend ing
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v e h ic l e ,  M.E. b r o th ,  f u r t h e r  c o n f i rm a t io n  was 

ob ta ined  t h a t  ch lo ram phen ico l  a c t s  by p re v e n t in g  

the  fo rm at ion  of a l k a l i n e  p roduc ts  of metabolism 

which cause a l e t h a l  r i s e  i n  pH.

Thus we may conclude t h a t  a l th o u g h  th e  

s t e a d i e r  and lower pH a lone  may no t  be th e  

s o le  f a c t o r  i n  keeping th e  v i a b l e  coun ts  of 

ch loram phenico l  -  c o n ta in in g  su sp en s io n s  s t e a d i e r  

and h ig h e r  th a n  th e  c o n t r o l s ,  y e t  i t  p layed  a 

very  im por tan t  r o l e  i n  t h i s  d i r e c t i o n .

We r e f e r r e d  b e fo re  t o  the  way i n  which 

our i n v e s t i g a t i o n s  were l i m i t e d  by the  s lowness 

of our method of measuring th e  number of v i a b l e  

c e l l s .  I t  became im p e ra t iv e  t o  f in d  some 

qu icker  and s im p le r  te ch n iq u e  f o r  i n d i c a t i n g  

c e l l u l a r  dea th .  There i s  no doubt t h a t  the  

power of th e  c e l l  to  p r o l i f e r a t e  i s  dependent 

upon the  i n t a c t n e s s  o f ,  among o th e r  t h i n g s ,  

i t s  c e l l u l a r  s t r u c t u r e .  This i s  to  be 

a n t i c i p a t e d  f o r  i t  cannot be expected  t h a t  a 

c e l l  w i l l  su rv iv e  whose c e l l u l a r  or i n t r a c e l l u l a r  

s t r u c t u r e  has s u f f e r e d  e x te n s iv e  a l t e r a t i o n .

I t  t h e r e f o r e  occurred  to  us t h a t  we might look
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f o r  changes i n  c e l l u l a r  components r e s u l t i n g  

from changes i n  c e l l u l a r  s t r u c t u r e  i n  th e  

dying c e l l  as an i n d i c a t o r  of dea th  or impending 

dea th .  I f  th e s e  changes cou ld  be measured by 

a s im p le r  and l e s s  time-consuming te ch n iq u e  than  

v ia b le - c o u n t in g ,  th e  pace of our i n v e s t i g a t i o n s  

cou ld  be markedly in c re a s e d .

Our f i r s t  though t  was t o  i n v e s t i g a t e  

changes i n  c e l l  ag g lu t in o g en s  s in c e  the  

a g g l u t i n a t i n g  a n t ig e n s  a re  a s s o c i a t e d  w i th  the  

su r fa c e  s t r u c t u r e  of th e  c e l l .  The f i r s t  

techn ique  used was a s imple tube  a g g l u t i n a t i o n  

in  which c e l l s  of v a ry in g  age were t i t r a t e d  

a g a in s t  a s p e c i f i c  an t ise ru m . However, the  

end p o in t  proved ex trem ely  d i f f i c u l t  to  read  

and th e  method was f i n a l l y  abandoned.

The next approach was to  app ly  th e  method 

of P e r e i r a  and Travassos  (1952) i n  which th e  

amount of a g g l u t i n a t i n g  a n t ib o d ie s  i n  th e  serum 

were measured by measuring th e  time ta k e n  f o r  

a s ta n d a rd  su sp en s io n  of b a c t e r i a l  c e l l s  mixed 

w ith  a f ix e d  amount of a n t ise ru m  to  r e a c h  h a l f  

the  o r i g i n a l  t u r b i d i t y  when c e n t r i f u g e d  a t  a
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given speed. This was compared w i th  th e  time 

taken  hy a c o n t r o l  su sp e n s io n  i n  th e  absence 

of s p e c i f i c  an t ib o d y ,  to  r e a c h  50^ t u r b i d i t y  

under the  same c o n d i t io n s .  I t  seemed to  us 

t h a t  by u s in g  a f ix e d  amount of a s u i t a b l e  

d i l u t i o n  of an t ise ru m  and s ta n d a rd  suspens ions  

of d i f f e r e n t  o r i g i n  b rought  to  th e  same 

t u r b i d i t y  i n  the  Spekker a b so rp t io m e te r  we 

might have a measure o f  th e  ag g lu t in o g e n s  i n  

th e se  d i f f e r e n t  su sp e n s io n s .  P re l im in a ry  

i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  t h i s  indeed  was 

p o s s ib le .  But i n  a s e r i e s  of experim ents  i t  

proved im poss ib le  t o  o b ta in  r e p r o d u c i b i l i t y  of 

r e s u l t s  and t h i s  method too  was abandoned. 

N ev e r th e le s s  th e  f a c t  emerged t h a t  a su sp en s io n  

of b a c t e r i a  as i t  grows o ld e r ,  w i l l  g r a d u a l ly  

change i t s  a n t ig e n ic  power.

As a t h i r d  r e s o r t ,  th e  g e l  d i f f u s i o n  

techn ique  of Ouchterlony  was used to  measure 

the  l o s s  of a n t ig e n s  from c e l l s .  This  techn ique  

proved a v a lu a b le  and s u c c e s s f u l  t e s t  f o r  th e  

q u a l i t a t i v e  a n a ly s i s  of the  immunologic system 

of the  c e l l  as i t  ages .  In  f a c t  v/e found t h a t .
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us ing  t h i s  te c h n iq u e ,  th e  l o s s  of a p a r t i c u l a r  

a n t ig e n  from th e  c e l l s  i n t o  th e  suspending  medium 

prov ided  an i n d i c a t o r  of c e l l u l a r  d e a th  i n  th e  

s t r a i n  of E. c o l i  we were u s in g .  This p rov ided  

us w i th  a techn ique  w ith  which we have begun to  

extend our i n v e s t i g a t i o n s  i n  the  f i e l d  of 

causes  of c e l l u l a r  dea th .  E. c o l i  was subm it ted  

to  a v a r i e t y  of  d i f f e r e n t  t r e a tm e n t s ,  f o r  

example d i f f e r e n t  t e m p e ra tu re s ,  d i f f e r e n t  

hydrogen io n  c o n c e n t r a t i o n s  or to  a v a r i e t y  of 

n u t r i t i v e  c o n d i t io n s ,  and changes i n  th e  a n t ig e n ic  

complex of the  c e l l s  were fo l low ed  s t e p  by s t e p  

as the  c e l l  aged. From th e  r e s u l t s  o b ta in ed  th e  

f a c t  was a s c e r t a in e d  t h a t  d i f f e r e n t  t r e a tm e n t s  of  

the  c e l l  l e a d in g  to  a c c e l e r a t i o n  or r e t a r d a t i o n  

of i t s  d e a th  had th e  e f f e c t  of a l t e r i n g ,  

q u a l i t a t i v e l y ,  the  r e l a t i o n  and p o s i t i o n  of th e  

l i n e s  produced by the  a n t ig e n ic  complex of th e  

E. c o l i  c e l l s .  For h e re ,  th e  a n t ig e n  has a 

d e f i n i t e  s p e c i f i c i t y  and i f  i t  be a t t a c k e d  by 

chem ical or p h y s ic a l  means two ev en ts  may 

happen (a)  a p a r t i c u l a r  g rouping  may be d es t ro y ed  

w ith  th e  r e s u l t  t h a t  a p a r t i c u l a r  component of
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the  a n t ig e n  complex can  no lo n g e r  r e a c t  w i th  

the  an t is e ru m  or (b) th e  s u r f a c e  s t r u c t u r e  may 

become m odif ied  w i th  a consequent a l t e r a t i o n  i n  

the  r e s u l t s  ob ta in ed .

S e v e ra l  p o in t s  of i n t e r e s t  have emerged 

from t h i s  i n v e s t i g a t i o n :

(1) No c o r r e l a t i o n  cou ld  be found between th e  

a g g l u t i n a t i n g  t i t r e  of an a n t ise ru m  and i t s  

d i f f u s i b l e  p a t t e r n s  i n  agar  g e l .  The p resence  

of h ig h  t i t r e  a g g l u t i n a t i n g  a n t ib o d ie s  was not 

c o r r e l a t e d  w ith  th e  a b i l i t y  t o  produce l i n e s  i n  

agar .  Sera  showing s t r o n g  a g g l u t i n a t i n g  

p r o p e r t i e s  gave f e e b le  d i f f u s i o n  p a t t e r n s  th u s  

i n d i c a t i n g  t h a t  a n t ig e n s  and a n t ib o d ie s  invo lv ed  

i n  a g g l u t i n a t i o n  took  l i t t l e  or no p a r t  i n  th e  

p ro d u c t io n  of l i n e s .  Some of t h i s  can  a l s o  be 

exp la ined  by a s u p e r f i c i a l  or deep s i t u a t i o n

i n  the  w a ll  of th e  organism.

(2) Sera  from d i f f e r e n t  an im als ,  a l th o u g h  th e y  

were immunised by e x a c t ly  th e  same procedure  

gave a d i f f e r e n t  p a t t e r n  i n  g e l  d i f f u s i o n  

p l a t e s ,  so t h a t  a l th o u g h  th e  main l o s s e s  were 

apparen t  i n  each, y e t  th e  p o s i t i o n  of th e
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d i f f e r e n t  l i n e s  v a r i e d  w ith  th e  d i f f e r e n t  h a tch es  

of s e r a  used. This may he ex p la in ed  by th e  

f a c t  t h a t  th e  p o s i t i o n  of th e  an t  i  g en -an t  ib  ody 

s t r e a k  i n  th e  d i f f u s i o n  medium i s  in f lu e n c e d  

by such  f a c t o r s  as  where op tim al  p ro p o r t io n s  

between a n t ig e n s  and a n t ib o d ie s  appear ,  th e  time 

n e c e s s a ry  f o r  the  fo rm a t io n  of a v i s i b l e  

p r e c i p i t a t e  and the  c o n c e n t r a t i o n  -  th r e s h o ld  

va lue  -  of the  r e a c t i o n .  The d i f f e r e n c e s  in  

the  p o s i t i o n  of th e  l i n e  l o s t ,  i l l u s t r a t e d  i n  th e  

d i f f e r e n t  photographs proves t h a t  the  c o n c e n t r a t i o n  

of the  r e a c t i n g  su b s tan ces  a re  of d e c i s iv e  

importance f o r  and where th e  r e a c t i o n  w i l l  appear .

(3) B o i l in g  removes p r a c t i c a l l y  a l l  th e

e x t r a c t a b l e  a n t ig e n s  as compared w i th  " t r i c h l o r a c e t i c  

a c id  e x t r a c t i o n  or mechanical e x t r a c t i o n  a f t e r  

c e l l u l a r  d i s i n t e g r a t i o n .  Heat e x t r a c t i o n  may 

o f f e r  an e x p la n a t io n  f o r  Kauffmannls o bse rva t ion^  

t h a t  when working w i th  a non f l a g e l l a t e d  and 

c a p s u la r  s t r a i n ,  a s t r o n g  0 serum i s  o b ta in ed  i f  

th e  s t r a i n  i s  k i l l e d  w i th  0 .5 ^  fo rm al in^  and n o t  

by h e a t in g .

(4) By c o r r e l a t i n g  th e  e f f e c t  of te m p era tu re
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of in c u b a t io n ,  hydrogen - i o n  c o n c e n t r a t i o n  

and n u t r i t i v e s  i n  th e  g e l  d i f f u s i o n  p a t t e r n s  

and on v i a b i l i t y  of c e l l  we can conclude t h a t  

we have now a techn ique  which w i l l  enable  us 

to  s t a t e  t h a t ,  on such l i n e s  as th e s e ,  th e  

s tu d y  of age ing  in  o th e r  b a c t e r i a  may be 

fo l low ed .

Thus we have ach ieved  i n i t i a l  success  i n  

s tu d y in g  th e  chem ical p ro c e s se s  invo lved  i n  th e  

d ea th  of th e  c e l l s  of th e  b a c t e r i a l  s p e c ie s  

E. c o l i . I n  a d d i t i o n  we have found a

te ch n iq u e  which w i l l  enable  the  change from l i f e  

to  d ea th  of th e  c e l l  to  be fo llowed i n  a conven ien t  

way.

This r e p r e s e n t s  a very  modest c o n t r i b u t i o n  

to  the  r e l a t i v e l y  n e g le c te d  f i e l d  of c e l l u l a r  

d ea th  and i t  might be f i t t i n g  to  conclude w i th  

th e  opening l i n e s  of t h i s  t h e s i s  "V/e a re  u r g e n t l y  

in  need of chem ical and p h y s ic a l  i n v e s t i g a t i o n  of 

c e l l u l a r  d ea th ,  f o r  our knowledge a t  th e  moment 

i s  crude and f u l l  of gaps" .  (Cameron, 1952).
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SUmiARY.

1. I n s t e a d  of h a s te n in g  th e  d ea th  of E. c o l i  

c e l l s ,  ch lo ram phen ico l  may, under th e  c o n d i t io n s  

of th e  experim ents  a c t  i n  such  a way t h a t  th e  

v i a b i l i t y  of  th e  c u l t u r e  i s  m a in ta ined .  Thus 

th e  v i a b l e  coun ts  of  th e  c o n t r o l  su spens ions  

s to r e d  a t  5^0 f e l l  t o  about h a l f  th e  o r i g i n a l  

va lue  by the  end of th r e e  weeks, whereas i n  th e  

p resence  of 10 ug/ml or 100 ug/ml ch loram phenico l  

i t  remained unchanged.

2. When s i m i l a r  su spens ions  were s to r e d  a t  

22^0 th e  e f f e c t  was even more marked. The 

v ia b le  count of th e  c o n t r o l  su sp en s io n  f e l l  t o  

about one e ig h th  of i t s  o r i g i n a l  v a lue  w i th in  one 

week, b u t  w i th  100 ug/ml of ch lo ram phen ico l  i t  

showed only  a s l i g h t  d e c re a se ,  and w i th  10 ug/ml 

i t  was s t i l l  more th a n  h a l f  th e  o r i g i n a l .

3. When S taphylococcus  a u r e u s , which has 

d i f f e r e n t  m etabo lic  p ro c e s se s  from E. c o l i , was 

used the  r e s u l t s  d id  not c o in c id e  w i th  th e  

above r e s u l t s .  Due to  clumping of th e  b a c t e r i a ,  

the  t o t a l  counts  were not very  e x a c t .
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4. The E. c o l i  c e l l s  d id  no t a c q u i r e  any 

in c r e a s e  i n  r e s i s t a n c e  to  10 ug/ml and 100 

ug/ml ch lo ram phen ico l ,  a l th o u g h  th e y  were k ep t  i n  

c o n ta c t  w ith  i t  f o r  two weeks.

5. Chloramphenicol s o l u t i o n  f e l l  t o  h a l f  i t s  

po tency  in  one week, i  i t s  po tency  i n  2 weeks 

and - | th  i t s  po tency i n  3 weeks i n c u b a t i o n  a t  

37^0. I t  came t o  i t s  po tency  i n  one week, 

remained th e re  du r in g  th e  second week and came 

to  i t s  potency a f t e r  3 weeks a t  22^0.

I t  came to  i  i t s  po tency  a f t e r  1 week 

and remained th e r e  to  th e  end of t h r e e  weeks a t  

5% . Thus a l th o u g h  th e  ch lo ram phen ico l  c o n te n t  

d im in ished  du r ing  th e  course  of th e  ex p e r im en ts ,  

the  r a t e  of d e s t r u c t i o n  was such t h a t  s u f f i c i e n t  

a n t i b i o t i c  t o  ensure  a b a c t e r i o s t a t i c  e f f e c t  and 

hence an i n h i b i t o r y  e f f e c t  on th e  p ro c e s s e s  of 

metabolism, was p r e s e n t  th roughou t  th e  cou rse  

of our exper im ents .

6. N o t ic in g  t h a t  th e  pH of the  c o n t r o l s  i n  

most of the  experim ents  ro se  f a s t e r  th a n  i n  th e  

ch lo ram phen ico l-c  o n ta in in g  s u s p e n s io n s , and 

n o t i c i n g  a l so  t h a t  th e  v i a b l e  coun ts  were low est
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w ith  pHs more th a n  8, a s e t  of experiments  

des igned  to  c o n t r o l  th e  pH of th e  media used  f o r  

suspending  c e l l s  were done i n  which, s a l i n e  

i n s t e a d  of M.E. b r o th ,  g lucose  to  produce 

a c i d i t y  and low ering  of pH, i n d i c a t o r  M.E. 

b r o th  media c o n t r o l l e d  by th e  a d d i t i o n  of ^

HOI to  lower th e  r a i s e d  pH, rep lacem ent of th e  

medium by d a i l y  sp in n in g ,  or th e  use of 

b u f fe re d  i n d i c a t o r  b r o th  a id ed  by a d d i t i o n  of 

HOI, were used as means of keeping  th e  pH 

s tead y .

7. The r e s u l t s  proved t h a t  a l th o u g h  th e  

s t e a d i e r  and lower pH alone  may not be the  s o l e  

f a c t o r  i n  keeping  the  v ia b le  coun ts  of the  

chloramphenic o l -c  o n ta in in g  suspens ions  s t e a d i e r  

and h ig h e r  th a n  th e  c o n t r o l  ones, y e t  i t  p layed  

a very  im portan t  r o l e  i n  t h i s  d i r e c t i o n  as 

i n d i c a t e d  by a lower d e a t h - r a t e  i n  th e  c o n t r o l s  

w ith  the  s t e a d i e r  pH th a n  i n  th e  e a r l i e r  

experim ents .

8. A s e t  of enzyme i n h i b i t o r s  used in s t e a d

of ch loram phenico l  i n  o rder  to  compare th e  r e s u l t s  

w i th  those  of ch lo ram phen ico l ,  but th ey  proved
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i n e f f e c t i v e  in  p ro lo n g in g  th e  l i f e  of  th e  

c e l l s .

9. The s e a rc h  of an i n d i c a t o r  which would g ive  

a s imple means of d e t e c t i n g  d ea th  of th e  c e l l  

was under taken  and th e  l o s s  of a n t ig e n s  from 

the c e l l  was s e l e c t e d  as a change which c o u ld  

be d e te c te d  by r e l a t i v e l y  s im ple  te c h n iq u e s  and 

which might accompany or precede d ea th .

10. Simple tube a g g l u t i n a t i o n s  proved a f a i l u r e  

and was abandoned as d id  th e  q u a n t i t a t i v e  

a g g l u t i n a t i o n  procedure  u s in g  th e  

h a l f - a g g l u t i n a t i o n  p e r io d .  I n  t h i s  p rocedure  

the  r a t i o  of the  t ime r e q u i r e d  t o  c e n t r i f u g e  th e  

c o n t r o l  suspens ions  of c e l l  t o  50fo t u r b i d i t y ,  t o  

th e  p e r io d  of time r e q u i r e d  by m ix tu res  of  c e l l s  

of d i f f e r e n t  ages w i th  s p e c i f i c  an t is e ru m  gave a 

measure of th e  ag g lu t in o g en s  p r e s e n t  on th e  c e l l s  

and i s  r e f e r r e d  t o  as  the  a n t i g e n i c i t y  index  of 

th e  c e l l s .

11. The use of the  g e l  d i f f u s i o n  te ch n iq u e  

enabled us to  d e te c t  l o s s  of  an a n t ig e n  from th e  

c e l l  and i t s  appearance in  th e  suspending  medium. 

The lo s s  of t h i s  a n t ig e n  cou ld  be c o r r e l a t e d  w i th
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th e  change from l i f e  t o  d e a th  of th e  c e l l  under  

v a r io u s  c o n d i t io n s  of th e  environment u sed .

12. I t  i s  su gges ted  t h a t  a n t ig e n ic  l o s s  might 

he used as an i n d i c a t o r  of th e  d ea th  of th e  

c e l l  i n  experim ents  des igned  to  e l u c i d a t e  th e  

cau ses  of c e l l u l a r  d e a th  i n  o th e r  b a c t e r i a l  

s p e c ie s .
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Photograph ( 2)
S en s itiv e  s t r a in  of E* C oli 
on Wedge p la te  of M.E. Agar 
co n ta in in g  50 mg/ml chloramphenicol#
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Photograph (3)
R aising  the r e s is ta n c e  o f E. C o li# 
to  chloram phenicol by Wedge p la te  

techn ique .



Photograph (4 )
Gel D iffu sio n  p a t te rn  of 
E* C o li. c e l l s  s to re d  a t  
22 C f o r  10 days.
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Photograph (11)
D iffu sio n  p a tte rn s  o f 
c e l l s  in  M.E. Broth a t  22°C.
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Photograph (12)
D iffu sio n  p a tte rn s  of suspending 
M.E. B roth a t  22^C*
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D iffu sion  p a tte rn s  o f c e l ls  
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Photograph (14)
D iffu sio n  p a tte rn s  of suspending 
M.E. Broth a t  5°C.
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Photograph (15)
D iffusion  p a tte rn s  of c e l l s  

in  S aline  a t  22 C.

Photograph ( l 6 )
D iffu sion  p a tte rn s  o f c e l ls  

in  S a lin e  a t



Photograph (17)
D iffu s io n  p a tte rn s  o f su p ern a tan t 
S a lin e  a t  22 C.

Photograph ( l8 )
D iffu s io n  p a tte rn s  of superna tan t 
S a lin e  a t  5 ^C.
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Photograph (19)
D iffu sion  p a tte rn s  o f c e l l s  
in  Glucose-Phosphate a t  22 C.

Photograph (20)
D iffu sio n  p a tte rn s  o f c e l ls  
in  Glucose-Phosphate a t  5 C.


