
/ Volume 59, Part 3, December 1969

The Journa l o f
General
Microbiology

CAMBRIDGE UNIVERSITY PRESS
F o r  t h e  S o c i e t y  f o r  G e n e r a l  M i c r o b i o l o g y



THE JOURNAL OF GENERAL MICROBIOLOGY
E D I T E D  F O R

THE SOCIETY FOR GENERAL MICROBIOLOGY
Editors

S . W .  G L O V E R  B . C . J . G .  K N I G H T  

A.  F.  B.  S T A N D F A S T
B. A.  F R Y

B.  A.  B R I D G E S
R.  J.  W.  B Y R D F  
J.  F .  C O L L I N S
S. T.  C O W A N  
N.  D A T T A
T  I L F L E W E T T  
J.  R.  G U E S T  
N.  G .  H E A T L E Y  
L.  R.  M I L L  
P. N.  H O B S O N

Editorial Board
A.  J.  H O L D I N G  
S. P.  L A P A G E  
J.  W.  L I G  H T B O W N  
M.  F.  M A D E L I N  
P.  M E A D O W
E.  O.  M O R R I S  
I. M O R R I S  
G .  J.  F.  P U G H
M.  H .  R I C H M O N D  
C.  R O B E R T S
N .  F .  R O B E R T S O N

J . R , P O S T G A T E

J. A.  R O P E R  
A.  H .  R O S E  
J.  G .  S C A I F E  
J.  M.  S H E W A N
D.  A.  S M I T H
D.  W .  T E M P E S T
k .  Y I C K E R M A N  
R.  W H 1T T E N B U R Y  
J.  F.  W I L K I N S O N  
k .  S. Z I N N E M A N N

Editorial Office'
1 I S T I  R  I N S T I T U T E  O F  P R E V E N T I V E  M E D I C I N E  

E L S T R E E ,  H E R T S

T H E  J O U R N A L  O F  G E N E R A L  V I R O L O G Y

Editors
P.  W I L D  Y C.  K A P L A N

C.  J.  B R A D  I S I  I A.  J . G I B B S  E.  M E Y N E L I  D .  H.  W A T S O N

E d i to r ia l  O ff ic e

D E P A R T M E N T  O F  V I R O L O G Y  

T i l l  M E D I C A L  S C H O O L .  B I R M I N G H A M  15

P U R C H A S E  O F  J O U R N A L S  B Y  N O N - M E M B E R S

T H E  J O U R N A L  O F  G E N E .  R A  L M I C R O B I O L O G Y  

P u b lish e d  m o n th ly  e x c e p t in A u g u s t,  N o v e m b e r ,  a n d  D e c e m b e r  w h e n  s e m i-m o n th ly .
S in g le  p a r t s  4 5 ,v. n e t (S 7 .5 0  in U .S .A .) , p lu s  p o s ta g e .
T h re e  p a r t s  f o rm  a  v o lu m e . T h e  s u b s c r ip t io n  p r ic e  o f  a  v o lu m e  (w h ic h  in c lu d e s  p o s ta g e )  is lOO.v. ne t 
( $ 17.00 in U .S .A .) .
S e c o n d  c la s s  p o s ta g e  p a id  a t  N e w  Y o rk , N .Y .

T H E  J O U R N A L  O F  G E N E R A L  V I R O L O G Y
P u b lish e d  m o n t h l y .
S in g le  p a r ts  8().v. n e t (S 12.00 in U .S .A .) , p lu s  p o s ta g e .
T h re e  p a r t s  fo rm  a  v o lu m e . T h e  s u b s c r ip t io n  p r ic e  o f  a  v o lu m e  t w h ic h  in c lu d e s  p o s ta g e )  is £ 0  n e t 
( $ 3 0 .0 0  in U .S .A .) .

O rd e rs  sh o u ld  b e  se n t to  a  b o o k s e l le r  o r  to  th e  p u b l i s h e r s . .................... ;
E n q u ir ie s  a b o u t  b a c k  v o lu m e s  a n c  a d v e r t is in g  s p a c e  s h o u 'd  0e se n t to  C a m b r id g e  U n iv e r s i ty  P re ss

C A M B R I D G E  U N I V E R S I T Y  P R E S S  

B e n tle y  H o u s e , 200  E u s to n  R o a d ,  L o n d o n , N .W . 1 

A m e r ic a n  B ra n c h :  32 E a s t 5 7 th  S tre e t , N e w  Y o rk ,  N .Y . 10022



THE
JO U RN A L OF G EN ERA L M ICROBIOLOGY

T H E  P R E P A R A T I O N  O F  P A P E R S

‘The m ore w ords there are, the m ore w ords there are about w hich doubts m ay be entertained.’
JEREMY BENTHAM (1748-1832)

‘W hat can be said at all can be said clearly; and w hereof one cannot speak thereof on e  m ust be silent.’
l u d w i g  Wi t t g e n s t e i n : Tractatus Logico-philosophicus (tr. C. K . O gden)

T he E ditors w ish to  em phasize ways in w hich contributors can help to avoid  delays in publication .
(1) Papers shou ld  be w ritten w ith  the u tm ost conciseness consistent w ith clarity. T he best E nglish  fo r  the  

purpose o f  the Journal is that w hich gives the sense in  the few est short w ords, spelt according to the Shorter 
Oxford English Dictionary.

(2) A  paper shou ld  be w ritten on ly  when a p iece o f  w ork is rounded off. A uthors shou ld  n ot be seduced  
in to w riting a series o f  papers on  the sam e subject as results com e to  hand. It is better to  w ait until a  
com prehensive paper can be written.

(3) A uthors shou ld  state the objective w hen the w ork was undertaken, h ow  they did it and the conclusions  
they draw. A  section  labelled  ‘D iscu ss io n ’ should  be strictly lim ited to  d iscussing the results i f  this is 
necessary, and n ot to  recapitulation.

(4) F igures and tables shou ld  be selected to  illustrate the points m ade if  they cannot be described in  the  
text, to  sum m arize, or to  record im portant quantitative results.

(5) A uthors shou ld  rem em ber that in  preparing their typescript they are giving instructions to  the printer 
(about layout, etc.) as w ell as attem pting to  convey their m eaning to  their readers.

(6) Editors d o  n ot alter typescripts except to  increase clarity and conciseness. I f  an editorial 
alteration changes an author’s m eaning on e  im plication  is that it was expressed am biguously. W hen an  
editor can grasp the m eaning o f  a sentence unequivocally  it m ay be assum ed that anyone can.

D I R E C T I O N S  T O

Communications. Manuscripts should be sent to A. F. B. 
Standfast (The Journal o f General Microbiology), Lister 
Institute o f Preventive Medicine, Elstree, Hertfordshire, 
England. Communications about offprints should be 
addressed to The University Press, Cambridge.

General. Manuscripts are accepted on the understanding 
that they report unpublished work that is not under con
sideration for publication elsewhere, and that if accepted 
for the Journal it will not be published again in the same 
form, in any language, without the consent o f the Editors.

Form of Papers Submitted for Publication. Authors should 
consult a current issue in order to make themselves 
familiar with the Journal’s conventions, use o f cross
headings, layout o f tables, etc.

Manuscripts should be headed with the title o f the 
paper, the names of the authors (female authors should 
put one o f their given names in full) and the name and 
address o f the laboratory where the work was done.

A  manuscript should be submitted in double-spaced 
typing with wide margins, and on paper suitable for ink 
corrections. The paper must be written in English and 
should, in general, be divided into (a) Summary; (¿>) Intro
duction; (c) Methods; (d ) Results; (e) Discussion (if any) 
and general conclusions; ( / )  Acknowledgements; 
(g) References.

C O N T R I B U T O R S

Typescripts should carry a shortened version o f the 
paper’s title, not exceeding forty-five letters and spaces in 
length, suitable for a running title.

Short Communications. Short Communications will also 
be published. These will report work o f two kinds: (i) 
results o f sufficient moment to merit publication in 
advance o f a more comprehensive paper, and (ii) work 
which substantially confirms or extends existing know
ledge, but which does not justify an extensive paper. 
Category (i) will be given priority for publication.

Short Communications should occupy not more than 
four pages o f printed text including title and summary, 
and not more than 2,000 words, one figure or table; 
plates should be avoided. Short Communications should 
be complete in their own right and suitable for citation; 
the matter so published would automatically be omitted 
from any later publication extending the work.

References. References in the text are cited thus: Brewer 
& Stewer (1942), (Brewer & Stewer, 1942). Where a paper 
to be cited has more than two authors, the names o f ad 
the authors should be given when reference is first made 
in the text, e.g. (Brewer, Stewer & Gurney, 1944), and 
subsequently as (Brewer et al. 1944). Where more than 
one paper by the same author(s) has appeared in one 
year the references should be distinguished in the text and
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the bibliography by the letters a, b, etc., following the 
citation o f the year (e.g. 1914«, 19146, or 1914a, 6).

References at the end o f the paper should be given in 
alphabetical order according to the name of the first 
author o f each publication, and should include the title 
o f the paper. Titles o f journals, all books, reports and 
monographs should be set out in full and not abbreviated. 
References to books should include year of publication, 
title, edition, town o f publication and publisher, in that 
order. When the reference refers to a particular page or 
chapter in a book, this should be given after the edition.

It is the duty o f the author to check his references in the 
text and to see that the correct titles are used.
Figures and Tables. These must be selected to illustrate 
specific points. Figures should be drawn with letters, 
numbers, etc. written in pencil. Legends should be typed 
on separate sheets numbered to correspond to the figure. 
Tables should be comprehensible without reference to the 
text and each table must be typed on a separate sheet. 
Plates. Photographs should be well-contrasted prints on 
glossy paper, and should be chosen for size and number 
bearing in mind that the finished plate is approximately 
5£in . by 1\ in. (14 cm. x 18-5 cm.). Photographs should 
not be mounted; a layout should be given on a separate 
piece o f paper. Figures are numbered continuously 
through two or more plates.
Symbols and Abbreviations .Where relevant Letter Symbols, 
Signs and Abbreviations, British Standard 1991 : pt 1 
General (Brtiish Standards Institution), should be follow
ed. The pamphlet General Notes on the Preparation o f 
Scientific Papers published by the Royal Society, Bur
lington House, London, (5.S.), will be found useful.
Chemical Formulae. These should be written as far as 
possible on one line. The chemical nomenclature adopted 
is that followed by the Chemical Society ( Journal o f the 
Chemical Society 1936, p. 1067). With a few exceptions 
the symbols and abbreviations are those adopted by a 
committee o f the Chemical, Faraday, and Physical Soci
eties in 1937 (see Journal o f the Chemical Society 1944, 
p. 717). Care should be taken to specify exactly whether 
anhydrous or hydrated compounds were used, i.e. the 
correct molecular formula should be used, e.g. C uS04, 
C uSO ,. HjO or CuS 0 4.5H 20 .
Description of Solutions. The concentrations o f solutions 
are preferably defined in terms o f normality (n) or 
molarity ( m ) .  The term ‘ %’ must be used in its correct 
sense, i.e. g./100 g. o f solution; otherwise ‘ %(v/v)’ and 
‘ %(w/v) ’ must be used when the figure is larger than 1 %.
Proprietary Substances and Materials. At first mention, 
the correct designation and the manufacturer’s address 
should be given in the text.
Chemical Nomenclature. Follow the 1969 revision o f 
Policy o f the Journal and Instructions to Authors, The 
Biochemical Society, 7 Warwick Court, London, W .C .l.

Nomenclature of Enzymes. The system published in 
Report o f the Commission o f Enzymes o f the International 
Union o f Biochemistry, Oxford; Pergamon Press, 50s., 
is used.

Nomenclature in Bacterial Genetics. The proposal by M. 
Demerec, E. A. Adelberg, A. J. Clark and P. E. Hartman 
published in Genetics (1966), 54, 61 has been reprinted 
in the Journal (1968), 50, 1 as a useful guide to authors. 
The general principles laid down should be followed 
wherever practicable.

Nomenclature and Description o f Micro-organisms. The
correct name o f the organisms, conforming with inter
national rules o f nomenclature, must be used; if desired, 
synonyms may be added in brackets when the name is 
first mentioned. Names o f bacteria must conform with the 
Bacteriological Code and the opinions issued by the Inter
national Committee on Bacteriological Nomenclature. 
Names o f algae and fungi must conform with the Inter
national Rules o f Botanical Nomenclature. Nam es o f  
protozoa must conform with the International Code o f 
Zoological Nomenclature. Bacteriological Code, Iowa 
State College Press, Ames, Iowa, U .S.A. (1958); Botanical 
Code, International Bureau of Plant Taxonomy and 
Nomenclature, 106 Lange Nieuwstraat, Utrecht, Nether
lands (1952); Zoological Code, International Trust for 
Zoological Nomenclature, London (1961). One or two 
small changes have been made to these rules at later 
International Congresses.
The following books may be found useful:

Bergey's Manual o f Determinative Bacteriology, 7th ed. 
(1957), edited by R. S. Breed, E. G. D . Murray and 
A. P. Hitchens. London: Balliere, Tindall and Cox.

V. B. D . Skerman, A Guide to the Identification o f the 
Genera o f Bacteria with Methods and Digest o f Genetic 
Characteristics (1959). Baltimore, Maryland, U .S .A .: 
The Williams and Wilkins Company.

S. T. Cowan, A Dictionary o f Microbial Taxonomic Usage 
(1968). Edinburgh: Oliver and Boyd.

Ainsworth and Bisby's Dictionary o f the Fungi, 5th ed. 
(1961). Kew: Commonwealth Mycological Institute.

Latin Names. The species name is in italics (underlined 
once in typescript) and is used in full at first mention in 
each paragraph, but in subsequent mention with the name 
of the genus abbreviated, single letter abbreviations 
being used where they are not ambiguous. The genus 
name is in italic when the whole genus is referred to. 
When used trivially, genus names are in Roman (not 
underlined). Anglicized versions are not underlined and 
are used without capitals. Strain names or numbers are 
in small capitals (underlined twice in the typescript).

Descriptions o f new species should not be submitted 
unless an authentic specimen has been deposited in a 
recognized culture collection.
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The Genetics of Penicillinase Production in 
Staphylococcus aureus Strain p s 80

B y  E L I Z A B E T H  H .  A S H E S H O Y

C en tra l P ublic H ea lth  L abora to ry , C olindale Avenue, London, N . W .9

(.A ccep ted  f o r  publication  3  S ep tem ber 19 6 9 )

SU M M A R Y
p s  80 i s  a  n a t u r a l ly  o c c u r r in g ,  p e n ic i l l in a s e - p r o d u c in g  s t r a in  o f  S taph ylo 

coccus aureus, w h ic h  d if f e r s  f r o m  th e  m a j o r i t y  o f  s u c h  s t r a in s  in  t h a t  th e  
g e n e t ic  d e t e rm in a n t s  f o r  p e n ic i l l in a s e  p r o d u c t io n  a re  lo c a t e d  o n  th e  c h r o m o 
s o m e . T h e  s t r a in  is  a ls o  r e s is t a n t  t o  v a r io u s  m e t a l  io n s  a n d  th e  g e n e s  c o n 
t r o l l i n g  th e se  re s is t a n c e s  a r e  lo c a t e d  o n  a  p la s m id — th e  n  p la s m id .  W h e n  th e  
s t r a in  is  m a in t a in e d  o n  n u t r ie n t  a g a r  s lo p e s  a t  r o o m  te m p e r a tu re ,  a  c h a n g e  
o c c u r s  i n  i t s  g e n e t ic  c o n s t i t u t io n  in  t h a t  th e se  u n l in k e d  g e n e t ic  e le m e n ts  
b e c o m e  c lo s e ly  l i n k e d  a n d  c o - t r a n s d u c ib le  w i t h  a  h ig h  f r e q u e n c y .  T h e  r e s u lt s  
d e s c r ib e d  in  t h is  p a p e r  a r e  c o n s is t e n t  w i t h  th e  h y p o t h e s is  t h a t  th e  c h a n g e  is  
d u e  t o  a  d u p l i c a t io n  o f  th e  p e n ic i l l in a s e  g e n e s  w i t h  o n e  c o p y  o f  th e  g e n e s  
b e in g  r e t a in e d  in  i t s  o r ig in a l  c h r o m o s o m a l lo c a t io n  a n d  th e  o t h e r  c o p y  b e in g  
in c o r p o r a t e d  in  th e  n  p la s m id .

IN T R O D U C T IO N
I n  m o s t  p e n ic i l l in a s e - p r o d u c in g  s t r a in s  o f  Staphylococcus aureus th e  g e n e t ic  

d e t e rm in a n t s  f o r  p e n ic i l l in a s e  p r o d u c t io n  a re  o n  e x t r a c h r o m o s o m a l p a r t ic le s  o r  

p la s m id s  ( N o v ic k ,  1963). I n  a d d i t io n  t o  th e  p e n ic i l l in a s e  g e n e s  th e se  p la s m id s  o f t e n  

c a r r y  g e n e s  c o n t r o l l i n g  r e s is t a n c e  t o  m e r c u r y  ( R ic h m o n d  &  J o h n ,  1964), a r s e n a te , 

a r s e n it e ,  c a d m iu m ,  le a d  a n d  z in c  io n s  ( N o v i c k  &  R o t h ,  1968) a n d ,  in  a  fe w  s t r a in s  

i s o la t e d  in  J a p a n ,  t o  e r y t h r o m y c in  ( H a s h im o t o ,  K o n o  &  M i t s u h a s h i ,  1964). R i c h m o n d  

( 1968) h a s  d e f in e d  11 d i f f e r e n t  t y p e s  o f  p e n ic i l l in a s e  p la s m id s  b a s e d  o n  th e  t y p e  o f  

p e n ic i l l in a s e  p r o d u c e d  ( R ic h m o n d ,  1965 a ) , th e  d e g re e  o f  e x t r a c e l lu la r i t y  o f  th e  

e n z y m e ,  a n d  th e  p re s e n c e  o r  a b s e n c e  o f  th e  g e n e s  c o n t r o l l i n g  o th e r  r e s is t a n c e  m a r k e r s  

o n  th e  s a m e  p la s m id .  T h e s e  p la s m id s  h a v e  b e e n  d iv id e d  in t o  tw o  c o m p a t ib i l i t y  g r o u p s  

( C o m  I  a n d  I I )  ( N o v i c k  &  R ic h m o n d ,  1965; R ic h m o n d ,  1965b). P la s m id s  b e lo n g in g  

t o  th e  s a m e  c o m p a t ib i l i t y  g r o u p  a re  in c o m p a t ib le  w i t h  e a c h  o t h e r  in  t h a t  t h e y  a re  

u n a b le  t o  c o - e x is t  in  th e  s a m e  c e l l  t o  f o r m  s ta b le  p la s m id  d ip lo id s .  S t a b le  p la s m id  

d ip lo id s  c a n  o n ly  b e  c o n s t r u c t e d  w h e n  th e  tw o  p la s m id s  b e lo n g  t o  d i f f e r e n t  c o m p a t i 

b i l i t y  g r o u p s  ( R ic h m o n d ,  1965 b ). T h e  r e a s o n  f o r  t h is  l a c k  o f  c o m p a t ib i l i t y  is  n o t  
k n o w n  b u t  a n  a t t a c h m e n t  s ite  h y p o th e s is ,  s im i la r  t o  t h a t  p r o p o s e d  f o r  r e p l ic o n s  i n  

Escherichia co li b y  J a c o b ,  B r e n n e r  &  C u z in  ( 1963), h a s  b e e n  s u g g e s te d . A c c o r d in g  t o  

t h is ,  th e  p la s m id  h a s  a n  a t t a c h m e n t  s ite ,  p o s s ib ly  o n  th e  c e l l  m e m b r a n e ,  t o  w h ic h  th e  

p la s m id  m u s t  b e c o m e  f ix e d  in  o r d e r  t o  b e  s t a b i l i z e d  a n d  t o  e n s u r e  i t s  e q u a l d i s t r ib u t io n  

t o  p r o g e n y  c e l ls  o n  d iv is io n .  P la s m id s  o f  C o m  I  a r e  a s s u m e d  t o  h a v e  a  C o m  I  a t t a c h 

m e n t  s ite  w h i le  p la s m id s  o f  C o m  I I  h a v e  a  s e c o n d ,  e q u a l ly  s p e c if ic  a t t a c h m e n t  

s ite . S o m e  c o n f i r m a t io n  o f  t h is  h y p o t h e s is  h a s  b e e n  p r o v id e d  b y  e x p e r im e n t s  o f

Vol. 59, No. 2, was issued 23 February 1969
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N o v i c k  ( 1967) a n d  R ic h m o n d  ( 1968) f r o m  w h ic h  i t  a p p e a r s  t h a t  p la s m id s  h a v e  a  

g e n e t ic  lo c u s ,  o r ig in a l l y  d e s ig n a te d  m e  ( f o r  m a in t e n a n c e  a n d  c o m p a t ib i l i t y )  b u t  n o w  

d e s ig n a te d  m cr  ( f o r  m a in t e n a n c e ,  c o m p a t ib i l i t y  a n d  r e p l ic a t io n )  ( N o v i c k ,  1969), w h ic h  

is  r e s p o n s ib le  f o r  r e c o g n iz in g  th e  c e l lu la r  a t t a c h m e n t  s ite  f o r  th e  p a r t i c u la r  p la s m id  

a n d  a l lo w in g  i t s  a u t o n o m o u s  r e p l ic a t io n .  I n  p la s m id s  o f  C o m  I. th e  g e n e  is  k n o w n  a s  

m c r-i  a n d  i n  p la s m id s  o f  C o m  I I  a s  m cr-2 .
A l t h o u g h  th e  g e n e t ic  d e t e rm in a n t s  f o r  p e n ic i l l in a s e  p r o d u c t io n  a re  o n  p la s m id s  in  

m o s t  s t r a in s  o f  s t a p h y lo c o c c i ,  a  f e w  s t r a in s  h a v e  b e e n  d e s c r ib e d  in  w h ic h  th e s e  g e n e s  

p r o b a b ly  h a v e  a  c h r o m o s o m a l lo c a t io n  ( A s h e s h o v ,  1966« :  P o s t o n ,  1966: H a r m o n ,  

B a ld w in ,  T ie n  &  C r i t z ,  1966: M i l l e r  &  H a r m o n ,  1967). O n e  o f  th e se  s t r a in s  is  p s 8 o 
(N C T C 9789), th e  p r o p a g a t in g  s t r a in  f o r  t y p in g  p h a g e  80. S o m e  o f  i t s  c h a r a c t e r s  w e re  

d e s c r ib e d  p r e v io u s ly  ( A s h e s h o v ,  1966c )  a n d  m a y  b e  s u m m a r iz e d  a s  f o l lo w s .  T h e  g e n e s  

d e t e r m in in g  p e n ic i l l in a s e  p r o d u c t io n  in  t h is  s t r a in  a re  u n u s u a l ly  s t a b le  a n d  a t t e m p t s  

t o  is o la t e  p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  h a v e  b e e n  u n s u c c e s s fu l.  W h e n  th e se  g e n e s  

a re  in t r o d u c e d  in t o  a  s e n s it iv e  s t r a in  b y  t r a n s d u c t io n ,  th e  k in e t ic s  o f  t r a n s d u c t io n  a re  

th o s e  e x p e c te d  f o r  c h r o m o s o m a l g e n e s , i.e . th e  f r e q u e n c y  o f  t r a n s d u c t io n  is  lo w  b u t  

c a n  b e  in c r e a s e d  b y  g iv in g  th e  t r a n s d u c in g  p h a g e  s m a l l  d o s e s  o f  u l t r a v io le t  l ig h t  

( A r b e r ,  i 960). S t r a in  p s 8 o i s  r e s is t a n t  t o  a r s e n a te , a r s e n ite ,  c a d m iu m  a n d  m e r c u r y  

io n s  a n d  th e  g e n e s  c o n t r o l l i n g  th e se  re s is t a n c e s  a p p e a r  t o  b e  c a r r ie d  o n  a  p la s m id .  

M u t a n t s  s e n s it iv e  t o  a l l  o f  th e se  m e ta l io n s  a r is e  s p o n t a n e o u s ly  w i t h  a  f a i r l y  h ig h  

f r e q u e n c y  b u t  th e se  m u ta n t s  c o n t in u e  t o  p r o d u c e  p e n ic i l l in a s e .

I n  th e  o r ig in a l  t r a n s d u c t io n  e x p e r im e n t s  i n  w h ic h  p s 8 o w a s  th e  d o n o r  o f  th e  p e n ic i l 

l in a s e  g e n e s , c o - t r a n s d u c t io n  o f  re s is t a n c e  t o  th e  m e ta l io n s  d id  n o t  o c c u r ,  w h ic h  

a p p e a r e d  t o  c o n f i r m  th e  la c k  o f  l in k a g e  o f  th e se  g e n e s  t o  th e  p e n ic i l l in a s e  g e n e s . 

F u r t h e r  e x p e r im e n t s  h a v e  s in c e  b e e n  c a r r ie d  o u t ,  h o w e v e r ,  a n d  i t  n o w  a p p e a r s  t h a t  

th e  g e n e s  c o n t r o l l i n g  r e s is t a n c e  t o  m e t a l  io n s  c a n  b e c o m e  l in k e d  t o  th e  p e n ic i l l in a s e  

g e n e s , a n d  u n d e r  th e se  c o n d i t io n s  c o - t r a n s d u c t io n  o f  a l l  th e se  g e n e t ic  e le m e n t s  o c c u r s  

w i t h  a  h ig h  f r e q u e n c y .  T h e  r e s u lt s  t o  b e  d e s c r ib e d  s u p p o r t  th e  v ie w  t h a t  th e  p la s m id  

i n  p s  80 w h ic h  c a r r ie s  th e  g e n e s  c o n t r o l l in g  m e t a l  i o n  re s is t a n c e s  is  a b le  t o  in c o r p o r a t e  

p e n ic i l l in a s e  g e n e s  in t o  i t s  s t r u c t u r e  w i t h o u t  c a u s in g  a  d e le t io n  o f  th e se  g e n e s  f r o m  th e  

c h r o m o s o m e .  T h e  s t r a in  t h u s  a p p e a r s  t o  c h a n g e  f r o m  a  p e n ic i l l in a s e  h a p lo id  s t r a in  
t o  a  p e n ic i l l in a s e  d ip lo id  s t r a in .

290

M E T H O D S
Stra in s o f  S taphylococcus aureus. S tra in  ps8o. W ild - t y p e  p s 8 o i s  a n  in d u c ib le  

p e n ic i l l in a s e  p r o d u c e r  a n d  is  r e s is t a n t  t o  a r s e n a te , c a d m iu m  a n d  m e r c u r y  io n s .  I t s  
g e n o t y p e  is  d e f in e d  a s  i+pen+ (n  asa-r, cad-r, m er-r). I n  d e f in in g  th e  g e n o ty p e  I  h a v e  

u s e d  th e  c o n v e n t io n  o f  N o v i c k  &  R ic h m o n d  ( 1965) w i t h  s o m e  o f  th e  m o d i f i c a t io n s  

s u g g e s te d  b y  N o v i c k  ( 1969). T h e  s y m b o l  p en + re fe r s  t o  th e  s t r u c t u r a l  g e n e  f o r  p e n ic i l 

l in a s e  a n d  i th e  p e n ic i l l in a s e  in d u c ib i l i t y  lo c u s ,  i+ r e p r e s e n t in g  w i ld - t y p e  in d u c ib le  

s y n th e s is  a n d  i m u t a n t  c o n s t i t u t iv e  s y n t h e s is ; asa-r, cad-r  a n d  m er-r  r e f e r  t o  th e  l o c i  

d e t e r m in in g  r e s is t a n c e  t o  a r s e n a te , c a d m iu m  a n d  m e r c u r y  r e s p e c t iv e ly  a n d  t h e i r  

s e n s it iv e  a l le le s  a re  d e s ig n a te d  asa-s, cad-s  a n d  m er-s. P la s m id  g e n e s  a re  e n c lo s e d  in  

p a r e n th e s is  a n d  th e  G r e e k  le t te r ,  d e s ig n a t in g  th e  t y p e  o f  p la s m id ,  p re c e d e s  th e  m a r k e r s  
c a r r ie d  b y  th e  p la s m id .

Strain  1 7 8 5 5 - T h is  s t r a in  w a s  u s e d  a s  th e  r e c ip ie n t  in  a l l  t r a n s d u c t io n  e x p e r im e n t s .  

I t  w a s  k in d l y  p r o v id e d  b y  D r  K .  G .  H .  D y k e ,  w h o  su g g e s te d  i t s  u se . I t  is  a



p e n ic i l l in a s e - n e g a t iv e  m u t a n t  o f  a  s t r a in  w h ic h  o r ig in a l l y  p r o d u c e d  p e n ic i l l in a s e  a n d  is  

r e s is t a n t  t o  a r s e n a te  a n d  c a d m iu m  io n s  b u t  s e n s it iv e  t o  m e r c u r y  io n s .  T h e  g e n e s  

c o n t r o l l i n g  r e s is t a n c e  t o  a r s e n a te  a n d  c a d m iu m  a re  c h r o m o s o m a l ( D y k e ,  p e r s o n a l 
c o m m u n ic a t io n ) .

C u l t u r e s  w e re  m a in t a in e d  o n  n u t r ie n t  a g a r  s lo p e s  a t  r o o m  t e m p e r a tu r e  a n d  w e re  

s u b c u l t u r e d  a t  3- m o n t h ly  in t e r v a ls .  A t  th e  t im e  o f  s u b c u lt u r e  th e  s t r a in s  w e re  p h a g e -  

t y p e d  a n d  t h e i r  a n t ib io t i c  r e s is t a n c e  p a t t e r n  w a s  d e te rm in e d .

Phages. T y p in g  p h a g e  80 ( N C T C 9788) w a s  u s e d  a s  th e  t r a n s d u c in g  p h a g e  in  a l l  

e x p e r im e n t s .  I t  w a s  p r o p a g a te d  o n  th e  d o n o r  s t r a in s  u s in g  th e  s o f t - a g a r  la y e r  m e th o d  

o f  S w a n s t r o m  &  A d a m s  ( 1951). L y s a t e s  w e re  s t e r i l i z e d  b y  f i l t r a t io n  t h r o u g h  s in te r e d  

g la s s  f i l t e r s  ( a .p .d .  1-5 / i)  a n d  w e re  s t o r e d  a t  40.

T h e  v a r io u s  p r e p a r a t io n s  a re  d e s ig n a te d  b y  th e  p h a g e  n u m b e r  f o l lo w e d  b y  th e  

n u m b e r  o f  th e  s t r a in  o n  w h ic h  p r o p a g a t io n  w a s  c a r r ie d  o u t ;  f o r  e x a m p le ,  80.80 
in d ic a t e s  p h a g e  80 p r o p a g a te d  o n  s t r a in  p s 8 o . B a t c h e s  o f  th e  v a r io u s  p h a g e s , p r o p a 

g a te d  a t  d i f f e r e n t  t im e s ,  a r e  f u r t h e r  s p e c if ie d  b y  a  n u m b e r  in  p a re n th e s is .

M edia . N u t r ie n t  b r o t h  a n d  n u t r ie n t  a g a r  w e re  p r e p a r e d  f r o m  O x o id  N u t r ie n t  

B r o t h  N o .  2. N u t r ie n t  a g a r  w a s  s o l id i f ie d  w i t h  1-2 %  (w /v )  f ib r e  a g a r .  P e p t o n e - w a t e r  

a g a r  c o n t a in e d  O x o id  p e p to n e  20 g . ; N a C l  5 g . ; a n d  D a v i s  a g a r  10 g . ( p H  7-4). S t a r c h  

a g a r  w a s  p r e p a r e d  b y  a d d in g  s o lu b le  s t a r c h  t o  a  f in a l  c o n c e n t r a t io n  o f  0-2 %  (w /v )  

t o  e it h e r  n u t r ie n t  a g a r  o r  p e p t o n e - w a t e r  a g a r .  I t  w a s  u s e d  t o  d e te c t  p e n ic i l l in a s e  

p r o d u c t io n .

T ests f o r  resistance to  penicillin  and m e ta l ions. S t r a in s  w e re  te s te d  f o r  re s is t a n c e  

e it h e r  b y  th e  d is c  te s t  o r  b y  p la t in g  o n  a g a r  c o n t a in in g  th e  d i f f e r e n t  s u b s ta n c e s  in  

s u it a b le  c o n c e n t r a t io n .  D is c s  c o n t a in e d  th e  v a r io u s  s u b s ta n c e s  in  th e  f o l l o w in g  

a m o u n t s :  p e n ic i l l in ,  i -6 u n it s  o f  b e n z y l  p e n ic i l l i n ;  a r s e n a te  io n s ,  0-32 m g . s o d iu m  

a r s e n a te ;  c a d m iu m  io n s ,  20jug. c a d m iu m  s u lp h a t e ;  m e r c u r y  io n s ,  0-13/¿g. p h e n y l  

m e r c u r ic  n i t r a t e .

A g a r  p la t e s  c o n t a in in g  th e  v a r io u s  i n h ib i t o r y  s u b s ta n c e s  w e re  u s e d  f o r  t e s t in g  

in d iv id u a l  c o lo n ie s ,  f o r  r e p l ic a - p la t in g ,  a n d  f o r  is o la t in g  t r a n s d u c t a n t s  g r o w in g  f r o m  

s in g le  c e lls .  A  s in g le  c o n c e n t r a t io n  w a s  a d e q u a te  f o r  a l l  th e se  p u r p o s e s  e x c e p t  w h e n  

t e s t in g  f o r  re s is t a n c e  t o  m e r c u r y  io n s .  H o w e v e r ,  th e  te s t  f o r  m e r c u r y  re s is t a n c e  is  

in f lu e n c e d  b y  in o c u lu m  s iz e ,  a n d  a  c o n c e n t r a t io n  o f  m e r c u r ic  c h lo r id e  s u it a b le  f o r  u se  

w i t h  r e la t iv e ly  la r g e  in o c u la — e .g . w h e n  s t r e a k in g  g r o w t h  f r o m  a  c o lo n y  o r  f o r  r e p l i c a 

p la t in g — w a s  t o o  h ig h  t o  a l l o w  g r o w t h  f r o m  s in g le  c e l ls ,  a s  in  t r a n s d u c t io n  e x p e r i

m e n ts .  I t  w a s  n e c e s s a r y  t o  u se  tw o  d i f f e r e n t  c o n c e n t r a t io n s  o f  m e r c u r ic  c h lo r id e .  T h e  

f in a l  c o n c e n t r a t io n s  u s e d  w e re  a s  f o l lo w s :  p e n ic i l l in ,  o - i  / ig  b e n z y l  p e n i c i l l i n / m l . ; 

c a d m iu m  io n s ,  10 /ig.  c a d m iu m  s u lp h a t e / m l. ; m e r c u r y  io n s ,  45 / ig . H g C l3/m l.  ( h ig h  

c o n c e n t r a t io n ) ,  25 / ig . H g C l2/m l.  ( lo w  c o n c e n t r a t io n ) .

E i t h e r  n u t r ie n t  a g a r  o r  p e p t o n e - w a t e r  a g a r  w a s  u s e d  in  t e s t in g  f o r  r e s is t a n c e  t o  a l l  

o f  th e  s u b s ta n c e s  e x c e p t  m e r c u r ic  c h lo r id e .  I t  w a s  n e c e s s a r y  t o  u se  p e p t o n e - w a t e r  a g a r  
w h e n  t e s t in g  f o r  m e r c u r y  r e s is t a n c e  s in c e  th e  c o m p o s i t io n  o f  th e  m e d iu m  is  c r i t i c a l  

( M o o r e ,  i 960; G r e e n ,  1962). S o d iu m  c it r a t e  ( i o ~2 m )  w a s  a d d e d  t o  th e  a g a r  w h e n  

p la t e s  w e re  u s e d  t o  is o la t e  t r a n s d u c t a n t s ,  t o  in h ib i t  ly s is  b y  f re e  p h a g e  p a r t ic le s .

T ests f o r  pen icillinase production . S t r a in s  w e re  r e c o g n iz e d  a s  p e n ic i l l in a s e  p r o d u c e r s  

b y  t h e i r  r e a c t io n  o n  s t a r c h  a g a r  ( D y k e ,  J e v o n s ,  &  P a r k e r ,  1966). W h e n  p e n ic i l l in a s e 

n e g a t iv e  m u ta n t s  w e re  b e in g  s e le c te d , m e t h i c i l l i n  (0-5 / tg ./m l. )  w a s  a d d e d  a s  a n  in d u c e r  

o f  p e n ic i l l in a s e .  I n  th e  a b s e n c e  o f  in d u c e r  th e  te s t  a l lo w s  o n e  t o  d is t in g u is h  b e tw e e n

Penicillinase production in S . aureus 291



E. H. A S H E S H O V

in d u c ib le  a n d  c o n s t i t u t iv e  p e n ic i l l in a s e  p r o d u c t io n .  Q u a n t i t a t iv e  e s t im a t io n s  o f  p e n i

c i l l in a s e  w e re  c a r r ie d  o u t  b y  th e  m e th o d  o f  R ic h m o n d ,  P a r k e r ,  J e v o n s  &  J o h n  ( 1964).

L oss o f  drug resistance during grow th  a t 57° and 4 3 -5 °. T h e  m e th o d  u s e d  w a s  e s s e n t i

a l l y  th e  s a m e  as t h a t  d e s c r ib e d  p r e v io u s ly  ( A s h e s h o v ,  1966 b). T h e  o n ly  m o d i f i c a t io n  

w a s  t h a t ,  in  s o m e  in s ta n c e s ,  p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  w e re  s o u g h t  b y  p la t in g  o n  

s t a r c h - a g a r  p la t e s  c o n t a in in g  in d u c e r  r a t h e r  t h a n  b y  r e p l ic a t in g  t o  p e n ic i l l in  a g a r .  T h i s  

a l lo w e d  m o re  c lo n e s  t o  b e  s c r e e n e d  in  a  s in g le  e x p e r im e n t .
G rowth in the presen ce o f  acridine dyes. L o g . - p h a s e  b r o t h  c u lt u r e s ,  c o n t a in in g  

a p p r o x im a t e ly  108 v ia b le  u n it s / m l.  w e re  d i lu t e d  i o ~4 in  n u t r ie n t  b r o t h  ( p H  7-6) c o n 

t a in in g  c o n c e n t r a t io n s  o f  5- a m in o  a c r id in e  H C 1  r a n g in g  f r o m  25 t o  3-125 / ig . / m l.  A f t e r  

in c u b a t io n  a t  370 f o r  18 h r ,  th e  tu b e  c o n t a in in g  th e  h ig h e s t  c o n c e n t r a t io n  o f  d y e  in  

w h ic h  v is ib le  g r o w t h  o c c u r r e d  w a s  s u i t a b ly  d i lu t e d  a n d  p la t e d  o n  n u t r ie n t  a g a r .  

C o lo n ie s  w e re  te s te d  f o r  d r u g - r e s is t a n c e  b y  r e p l ic a - p la t in g  t o  d r u g - c o n t a in in g  m e d iu m .

Transduction experim en ts. T h e s e  w e re  c a r r ie d  o u t  a s  d e s c r ib e d  p r e v io u s ly  ( A s h e s h o v ,  

1966a ) . i n  th e  m a j o r i t y  o f  e x p e r im e n t s  th e  t r a n s d u c in g  p h a g e  w a s  i r r a d ia t e d  w i t h  u .v .  

l i g h t  b e fo r e  b e in g  u s e d  to  t r a n s d u c e .  F i v e  m l.  o f  th e  p h a g e  s u s p e n s io n ,  d i lu t e d  in  

n u t r ie n t  b r o t h ,  w e re  p la c e d  in  a  s t e r i le  P e t r i  d is h  a t  a  d is t a n c e  o f  23 c m . f r o m  th e  l ig h t  

s o u r c e ,  a  15 W  ‘ g e r m ic id a l ’ la m p .  A f t e r  e a c h  d o s e , a  s a m p le  w a s  r e m o v e d ,  t i t r a t e d  f o r  

s u r v iv o r s ,  a n d  u s e d  t o  t r a n s d u c e .  I n  s o m e  e x p e r im e n t s ,  t r a n s d u c t io n  o f  tw o  d i f f e r e n t  

m a r k e r s  w a s  m e a s u r e d  b y  d iv id in g  th e  p h a g e - t r e a te d  s u s p e n s io n  in t o  tw o  e q u a l 

p o r t io n s  a n d  s c r e e n in g  e a c h  f o r  a  d if f e r e n t  m a r k e r .  T h e  f r e q u e n c y  o f  t r a n s d u c t io n  

w a s  c a lc u la t e d  a s  th e  r a t io  o f  th e  n u m b e r  o f  t r a n s d u c t a n t s  o b t a in e d  t o  th e  n u m b e r  o f  

p la q u e - f o r m in g  u n it s  u s e d  i n  th e  e x p e r im e n t .

The use o f  e th y l m ethane sulphonate to produ ce m utations. T h e  m e th o d  u s e d  w a s  th e  

s a m e  a s  t h a t  d e s c r ib e d  b y  N o v i c k  ( 1963). A f t e r  t r e a tm e n t ,  th e  c u ltu r e s  w e re  s c re e n e d  

o n  s t a r c h  a g a r ,  w i t h  o r  w i t h o u t  in d u c e r ,  d e p e n d in g  o n  w h e th e r  m u ta t io n s  in  th e  

s t r u c t u r a l  g e n e  o r  th e  i n d u c ib i l i t y  lo c u s  w e re  b e in g  s o u g h t .
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S ta b ility  o f  the genes controlling pen icillinase produ ction  and resistance to m e ta l ions 

in ps8 0 . O ld  la b o r a t o r y  c u lt u r e s  o f  p s 8 o w e re  f o u n d  t o  c o n t a in  a  s m a l l  n u m b e r  o f  

m u ta n t s  t h a t  w e re  s e n s it iv e  t o  a r s e n a te , c a d m iu m  a n d  m e r c u r y  io n s  b u t  w e re  s t i l l  

p e n ic i l l in a s e  p r o d u c e r s .  T h e  f r e q u e n c y  o f  lo s s  o f  th e se  m a r k e r s  c o u ld  b e  in c r e a s e d ,  

e i t h e r  b y  g r o w t h  a t  43-5° o r  in  th e  p re s e n c e  o f  5- a m in o  a c r id in e  H C 1  ( T a b le  1, 2). A l l  

o f  th e se  m u ta n t s  p r o d u c e d  p e n ic i l l in a s e .  A  m o re  d e t e rm in e d  a t t e m p t  w a s  m a d e  t o  
is o la t e  p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  f r o m  p s 8 o a f t e r  g r o w th  f o r  6  h r  a t  43-5°. 

H o w e v e r ,  o u t  o f  a b o u t  84,000 c o lo n ie s  e x a m in e d  in  a  s in g le  e x p e r im e n t ,  n o  p e n ic i l 
l in a s e - n e g a t iv e  m u ta n t s  w e re  d e te c te d .

Transduction experim en ts. A  t r a n s d u c t io n  e x p e r im e n t  in  w h ic h  p s 8 o w a s  th e  d o n o r  

o f  th e  g e n e s  c o n t r o l l in g  p e n ic i l l in  a n d  m e r c u r y  r e s is t a n c e  t o  s t r a in  17855 w a s  d o n e  in  

1965 u s in g  p h a g e  80. 80( 1) a s  t r a n s d u c in g  p h a g e .  F r e q u e n c y  o f  t r a n s d u c t io n  is  p lo t t e d  
a s  a  f u n c t io n  o f  th e  u .v .  d o s e  g iv e n  t o  th e  t r a n s d u c in g  p h a g e  ( F ig .  1).

T r a n s d u c t io n  o f  th e  g e n e s  f o r  p e n ic i l l i n  r e s is t a n c e  s h o w e d  th e  c u r v e  e x p e c te d  f o r  

t r a n s d u c t io n  o f  c h r o m o s o m a l g e n e s  in  t h a t  th e re  w a s  a  m a r k e d  s t im u la t io n  in  f r e 

q u e n c y  w it h  s m a l l  d o s e s  o f  u .v .  l ig h t  ( A r b e r ,  i 960). T h e  c u r v e  f o r  t r a n s d u c t io n  o f  

m e r c u r y  r e s is t a n c e  w a s  t y p ic a l  f o r  t r a n s d u c t io n  o f  e x t r a c h r o m o s o m a l g e n e s . T r a n s -



d u c t a n t s  w e re  e x a m in e d  f o r  c o - t r a n s d u c t io n  o f  th e  o p p o s it e  u n s e le c te d  m a r k e r  b u t  

n o  c o - t r a n s d u c t io n  o f  p e n ic i l l i n  a n d  m e r c u r y  r e s is t a n c e  w a s  f o u n d .

I n  e a r ly  1966 a  s e c o n d  p r e p a r a t io n  o f  p h a g e  w a s  m a d e — p h a g e  80. 80(2)— a n d  th e  

e x p e r im e n t  w a s  re p e a te d .  T h e  k in e t ic s  o f  t r a n s d u c t io n  o f  th e  tw o  m a r k e r s  w e re  s im i la r  

t o  t h o s e  o b t a in e d  w i t h  th e  f i r s t  p h a g e  p r e p a r a t io n .  H o w e v e r ,  w h e n  t r a n s d u c t a n t s ,  

s e le c te d  f o r  p e n ic i l l i n  r e s is t a n c e ,  w e re  e x a m in e d  i t  w a s  f o u n d  t h a t  a  m in o r i t y  ( a b o u t  

15 % ) h a d  b e e n  c o - t r a n s d u c e d  t o  m e r c u r y  re s is ta n c e .

T a b le  1. E ffect o f  grow th  a t 3 7 ° an d  4 3 -5 ° on the loss o f  resistance to  
cadm ium  ions in p s 8 o

G ro w th  te m p era tu re
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37° 43-5°
 ̂ ( A

C ad m ium -sensitive  C adm ium -sensitive
N o. colonies 

screened N o. °// o

i N o. colonies r  
screened No.

S O SO I 0'03 1750 2
4275 I 0-02 5125 9

T h e  resu lts o f  tw o  in d ep en d en t ex perim en ts a re  given.

T a b le  2. E ffect o f  grow th  in 5 -am ino acridine H C l on the loss o f  resistance  
to cadm ium  ions in p s 8 o

A crid in e  c o n cen tra tio n

o  6-25 /¿g./ml.

C adm ium -sensitive  C adm ium -sensitive
N o . co lon ies 

screened N o .

A
° //o

h N o . co lon ies r  
screened N o . %

25OO 0 — 1390 2 0-14
3560 I 0-03 3832 5 0-13

T h e  resu lts o f  tw o  in d ep en d en t ex perim en ts a re  given.

T a b le  3. A  com parison o f  the frequ en cy o f  transduction o f  pen icillin  resistance an d  
co-transduction  o f  pen icillin  and m ercury resistance w ith f iv e  different batches o f  ph age  
8 o!8o (rec ip ien t: stra in  1 7 8 5 5 )

F re q u en cy  o f  tra n sd u c tio n  o f  :

B a tch  n o .
D a te  o f  

p re p a ra tio n

r

Penicillin -resistance
Penicillin  an d  

m ercu ry  resis tance

I 1965 1-5 X IO"8 < 7-5  x  io " 9
2 F eb . 1966 4 '5  x  10-9 4 '5  x  io -9
3 A p r. 1966 7 '5  x  IO"9 9-2 X IO"8
4 A ug. 1966 9-4 x  I O " 9 9-4 X  I O " 8

5 F eb . 1967 1-0 X IO"8 3-5 x  io " 6

T h r e e  m o r e  p r e p a r a t io n s  o f  p h a g e  80.80 w e re  m a d e  s u b s e q u e n t ly  a n d  t h e i r  a b i l i t y  

t o  t r a n s d u c e  p e n ic i l l i n  r e s is t a n c e  a n d  t o  c o - t r a n s d u s e  p e n ic i l l i n  a n d  m e r c u r y  r e s is t a n c e  

w a s  d e t e rm in e d  ( T a b le  3). O n ly  f r e q u e n c ie s  w i t h  u n i r r a d ia t e d  p h a g e  a re  g iv e n .  T h e  
f r e q u e n c y  o f  t r a n s d u c t io n  o f  p e n ic i l l in  re s is t a n c e  a lo n e  r e m a in e d  m o r e  o r  le s s  th e  s a m e
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t h r o u g h o u t  th e se  e x p e r im e n t s .  F r e q u e n c y  o f  c o - t r a n s d u c t io n ,  h o w e v e r ,  in c r e a s e d  

s t r ik in g ly  d u r in g  th e  20 m o n th s  e la p s in g  b e tw e e n  th e  p r e p a r a t io n  o f  th e  f i r s t  a n d  th e  

f i f t h  b a t c h  o f  p h a g e .
F ig u r e  2 s h o w s  th e  f r e q u e n c ie s  o b t a in e d  f o r  t r a n s d u c t io n  o f  p e n ic i l l i n  re s is t a n c e  

a lo n e ,  m e r c u r y  re s is t a n c e  a lo n e  a n d  th e  c o - t r a n s d u c t io n  f r e q u e n c y  f o r  b o t h  re s is ta n c e s  

o b t a in e d  w i t h  th e  f i f t h  b a t c h  o f  p h a g e .  T h e  c u r v e  o b t a in e d  f o r  t r a n s d u c t io n  o f  
p e n ic i l l i n  re s is t a n c e  s h o w e d  th e  u s u a l  k in e t ic s  f o r  c h r o m o s o m a l g e n e s  a n d  r e s e m b le d  

t h a t  o b t a in e d  w i t h  th e  f i r s t  b a t c h  o f  p h a g e  (c f . F ig .  1). T h e  c u r v e  o b t a in e d  f o r  t r a n s 

d u c t io n  o f  m e r c u r y  r e s is t a n c e  w a s  a ls o  s im i la r  t o  t h a t  f o u n d  w i t h  th e  f i r s t  b a t c h  o f  

p h a g e .  T h e  c u r v e  f o r  c o - t r a n s d u c t io n  o f  b o t h  r e s is t a n c e  m a r k e r s  s h o w e d  th e  e x p o 

n e n t ia l  d e c re a s e  e x p e c te d  f o r  e x t r a c h r o m o s o m a l g e n e s  w i t h  a  s l ig h t ly  lo w e r  f r e q u e n c y  

t h a n  t h a t  f o u n d  f o r  t r a n s d u c t io n  o f  m e r c u r y  re s is ta n c e .
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F ig . 1. F re q u en cy  o f  tra n sd u c tio n  o f  pen icillin  a n d  m ercu ry  resis tance  p lo tte d  as a  fu n c tio n  
o f  th e  u .v . dose  given to  th e  tran sd u c in g  p hage, phag e  80/80 (1). R e c ip ie n t: s tra in  17855.
D o n o r :  ps8o. P h ag e  in ac tiv a tio n  cu rv e : O -------O .  T ra n sd u c tio n  o f  pen icillin  resis tan ce :
x -------x  . T ra n sd u c tio n  o f  m ercu ry  resis tan ce : A  —  A.

F ig . 2. F re q u en cy  o f  tra n sd u c tio n  o f  pen ic illin  resis tance , m ercu ry  resis tance  a n d  co 
tra n sd u c tio n  o f  b o th  resis tances o b ta in e d  w ith  p h ag e  80/80(5). R e c ip ien t: s tra in  17855. 
F requen c ies a re  p lo tte d  as a  fu n c tio n  o f  th e  u.v . dose  g iven to  th e  tran sd u c in g  phage.
T ra n sd u c tio n  o f  pen ic illin  resis tan ce : x ----- x .  T ra n sd u c tio n  o f  m ercu ry  resis tan ce :
A -------A . C o -tra n sd u c tio n  o f  b o th  resis tances: O -------O  .

T h e  r e s u lt s  s u g g e s te d  t h a t  th e  p h a g e  p r e p a r a t io n  u s e d  i n  t h is  e x p e r im e n t  c o n t a in e d  

t h re e  s o r t s  o f  t r a n s d u c in g  p a r t ic le s :  t h o s e  c a r r y in g  o n ly  th e  c h r o m o s o m a l p e n ic i l l in a s e  

g e n e s , th o s e  c a r r y in g  th e  p la s m id  g e n e s  c o n t r o l l i n g  r e s is t a n c e  t o  th e  m e t a l  io n s ,  a n d  a  

t h i r d  c la s s  c a r r y in g  th e  g e n e t ic  d e t e rm in a n t s  f o r  b o t h  p e n ic i l l i n  a n d  m e r c u r y  re s is t a n c e  

l i n k e d  to g e th e r .  T h e  s im p le s t  e x p la n a t io n  t o  a c c o u n t  f o r  th e  p re s e n c e  o f  th re e  d i f f e r e n t  

s o r t s  o f  t r a n s d u c in g  p a r t ic le s  w o u ld  se e m  t o  b e  t h a t  th e  d o n o r  w a s  h e te r o g e n e o u s  a n d  

c o n s is t e d  o f  s o m e  c e l ls  i n  w h ic h  th e se  g e n e s  w e re  l i n k e d  a n d  o th e r s  in  w h ic h  t h e y  w e re  
u n l in k e d .

T h i s  w a s  c o n f i r m e d  b y  p r o p a g a t in g  p h a g e  80 o n  te n  w e l l - is o la t e d  c o lo n ie s  o f



p s  80 a n d  d e t e r m in in g  th e  a b i l i t y  o f  th e se  te n  p r e p a r a t io n s  t o  t r a n s d u c e  p e n ic i l l i n  

re s is t a n c e  a n d  t o  c o - t r a n s d u c e  p e n ic i l l i n  a n d  m e r c u r y  r e s is t a n c e  ( T a b le  4). F o u r  o f  th e  

p h a g e s  c o - t r a n s d u c e d  b o t h  r e s is t a n c e s  w it h  a  h ig h  f r e q u e n c y ,  f o u r  s h o w e d  l i t t le  o r  n o  

c o - t r a n s d u c t io n  a n d  th e  o t h e r  tw o  g a v e  in t e rm e d ia t e  c o - t r a n s d u c t io n  f r e q u e n c ie s .

T h i s  p h e n o m e n o n  w a s  n o t  c o n f in e d  t o  th e  p a r t i c u la r  c u lt u r e  o f  p s  80 u s e d  in  th e se  

e x p e r im e n t s .  A  m u t a n t  o f  p s 8 o w h ic h  p r o d u c e d  p e n ic i l l in a s e  c o n s t i t u t iv e ly  w a s  is o la t e d  

in  1965 a f t e r  t r e a tm e n t  o f  th e  w i ld - t y p e  s t r a in  w i t h  e t h y l  m e th a n e  s u lp h o n a te  ( E M S ) .  

T h is  m u t a n t  w a s  u s e d  a s  th e  d o n o r  o f  th e  p e n ic i l l in a s e  g e n e s  s o o n  a f t e r  i t s  is o la t io n  

a n d ,  a t  t h a t  t im e ,  i t  f a i le d  t o  s h o w  a n y  c o - t r a n s d u c t io n  o f  p e n ic i l l i n  a n d  m e r c u r y  

re s is ta n c e .  A  s e c o n d  p r e p a r a t io n  o f  p h a g e  80 w a s  m a d e  in  1967 a n d  t h is  p r e p a r a t io n  

c o - t r a n s d u c e d  b o t h  re s is t a n c e s  w it h  a  h ig h  f r e q u e n c y .

T a b le  4. Frequency o f  transduction o f  pen ic illin  resistance an d  co-transduction o f  
pen icillin  an d  m ercury resistance to  strain  1 7 8 5 5  with ph age 80 p ro p a g a ted  on 1 0  different 
clones o f  ps8o

F re q u en cy  o f  tra n sd u c tio n  o f
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Phage
preparation Penicillin resistance

Penicillin and 
mercury resistance

1 I ' O X IO" 7 I-1 X IO" 5
2 9 0 X IO" 8 2-9 X IO" 6

3 2-OX IO" 7 2 -OX IO" 5

4 2 -ox IO-8 <  I - o x  IO" 9

5 8-ox io" 8 5 -ox io" 8
6 3-0 X I O" 8 < 3 -ox io" 9

7 4-8 x to -8 3-2 X IO" 8
8 9-9 X IO 8 2-5 X IO" 9

9 7 -ox to -8 < y o x  io" 9
10 9-6 x i o -8 8-6 x io" 7

L in kage of the gen etic  determ inants fo r  penicillin  an d  m eta l ion resistances in ps8o. 
T h e r e  a p p e a r  t o  b e  tw o  p o s s ib le  e x p la n a t io n s  o f  th e  c h a n g e  t h a t  h a s  o c c u u r e d  in  th e  

g e n e t ic  c o n s t i t u t io n  o f  p s 8 o d u r in g  th e  c o u r s e  o f  th e se  e x p e r im e n t s .  T h e  s im p le s t  o n e  

is  t h a t  o n e  o r  o t h e r  o f  th e se  o r ig in a l l y  u n l in k e d  g e n e t ic  e le m e n ts  h a s  c h a n g e d  i t s  

c e l lu la r  lo c a t io n — e it h e r  th e  p e n ic i l l in a s e  g e n e s  h a v e  b e e n  e x c is e d  f r o m  th e  c h r o m o 

s o m e  a n d  in c o r p o r a t e d  in t o  th e  s t r u c tu r e  o f  th e  n  p la s m id ,  o r  th e  n  p la s m id  h a s  

in t e g r a t e d  in t o  th e  c h r o m o s o m e  a t  a  s ite  s u f f ic ie n t ly  c lo s e  t o  th e  p e n ic i l l in a s e  g e n e t ic  

r e g io n  t o  a l lo w  c o - t r a n s d u c t io n  o f  a l l  th e se  g e n e s  w it h  a  h ig h  f r e q u e n c y .  T h e  s e c o n d  

p o s s ib i l i t y  is  t h a t  d u p l i c a t io n  o f  th e  p e n ic i l l in a s e  g e n e s  h a s  o c c u r r e d  w i t h  o n e  c o p y  

b e in g  r e t a in e d  in  i t s  o r ig in a l  c h r o m o s o m a l lo c a t io n  a n d  th e  s e c o n d  c o p y  b e in g  

in t e g r a t e d  in t o  th e  n p la s m id .

I f  th e  f i r s t  e x p la n a t io n  is  c o r r e c t  i t  s h o u ld  b e  r e f le c te d  in  a  c h a n g e  in  th e  s t a b i l i t y  
o f  th e  g e n e s  in v o lv e d .  T h e  s t a b i l i t y  o f  th e  p e n ic i l l in a s e  g e n e s  is  p r e s u m a b ly  d u e  to  t h e i r  

c h r o m o s o m a l lo c a t io n .  I f  t h e y  h a v e  b e e n  e x c is e d  f r o m  th e  c h r o m o s o m e  a n d  b e c o m e  

p a r t  o f  th e  n  p la s m id  t h e y  s h o u ld  s h o w  th e  s a m e  in s t a b i l i t y  a s  th e  n  p la s m id  a n d  i t  

s h o u ld  b e  p o s s ib le  t o  is o la t e  p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  w i t h  a  r e a s o n a b ly  h ig h  

f r e q u e n c y .  I f ,  o n  th e  o t h e r  h a n d ,  l in k a g e  h a s  o c c u r r e d  t h r o u g h  in t e g r a t io n  o f  th e  tt 
p la s m id  in t o  th e  c h r o m o s o m e  t h is  s h o u ld  h a v e  th e  e f fe c t  o f  s t a b i l i z in g  th e se  g e n e s .

T w o  s u b - l in e s  o f  p s 8 o w e re  c h o s e n  f o r  s tu d y .  T h e s e  a re  is o la t e s  n u m b e r  3 a n d  4 o f  

T a b le  4. I s o la t e  n u m b e r  3 s h o w e d  a  h ig h  f r e q u e n c y  o f  c o - t r a n s d u c t io n  o f  p e n ic i l l in
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a n d  m e r c u r y  r e s is t a n c e  a n d  s h o u ld ,  t h e r e fo r e ,  b e  a  s t r a in  in  w h ic h  m o s t  o f  th e  c e l ls  

c a r r y  th e  g e n e s  c o n t r o l l in g  th e se  r e s is t a n c e s  c lo s e ly  l in k e d .  I t  w i l l  b e  r e fe r r e d  t o  a s  

p s 8 o h c d  ( h ig h  c o - t r a n s d u c in g  d o n o r ) .  I s o la t e  n u m b e r  4 w a s  a  s t r a in  w h ic h  s h o w e d  n o  

c o - t r a n s d u c t io n  o f  th e se  re s is ta n c e s  a n d ,  p r e s u m a b ly  in  t h is  s t r a in  th e se  g e n e s  a re  

u n l in k e d .  I t  w i l l  b e  r e fe r r e d  t o  a s  p s 8 o l c d  ( lo w  c o - t r a n s d u c in g  d o n o r ) .

T a b le  5. L oss o f  resistance to  cadm ium  ions in ps8ohcd an d fs8olcd a fter  grow th  
a t 4 3 -5 ° and in the presen ce  o f  6 -2 3  /eg.¡m l. o f  3 -am ino acridine H C l
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C o n tro l cu ltu re  T rea ted  cu ltu re
(------------------------- A-------------------------> f ------- A------

N o. C adm ium -sensitive N o . C adm ium -sensitive
co lon ies A colon ies A"1

T rea tm en t screened N o . ° //o screened N o . %

p s 8 o h c d

4 3 -5° 3015 3 0*10 945 7 o -74
4 3 '5° 3210 18 0-56 2350 13 o -55
A crid ine 4500 2 0-04 3110 I I o -35
A crid ine 4400 14 0-31 4440 78 i '53

PS 80 LCD

43-5° 353° 0 — 750 2 0-26
43-5° 3050 I 0 0 3 1750 2 O i l
A crid ine 2170 0 — 2000 0 —
A crid ine 3560 I 0-03 3832 5 o - i3

p s 8 o h c d  w a s  f i r s t  e x a m in e d  f o r  s t a b i l i t y  o f  th e  p e n ic i l l in a s e  g e n e s  a f t e r  g r o w t h  a t  

4 3 '5 °  f ° r  6 h r .  A p p r o x im a t e ly  i o 6 c lo n e s  w e re  s c r e e n e d  in  a  s in g le  e x p e r im e n t  b u t  n o  

p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  w e re  d e te c te d . I t  w o u ld  s e e m , th e re fo r e ,  t h a t  th e re  h a s  

b e e n  n o  c h a n g e  in  th e  s t a b i l i t y  o f  th e  p e n ic i l l in a s e  g e n e s  in  p s 8 o h c d , w h ic h  s u g g e s ts  

t h a t  t h e y  a r e  s t i l l  c h r o m o s o m a l.

T h e  s t a b i l i t y  o f  th e  g e n e s  c o n t r o l l i n g  r e s is t a n c e  t o  th e  m e ta l io n s  w a s  t h e n  e x a m in e d  

in  p s 8 o h c d  a n d  p s 8 o l c d  a f t e r  g r o w th  a t  43-5° f o r  6  h r  a n d  a f t e r  g r o w t h  i n  5- a m in o  

a c r id in e  H C l  f o r  18 h r .  T h e  g e n e s  c o n t r o l l i n g  m e ta l io n  re s is t a n c e s  in  p s 8 o h c d  s h o w e d  

a  s l ig h t ly  in c r e a s e d  in s t a b i l i t y  c o m p a r e d  w it h  p s 8 o l c d  ( T a b le  5). T h e r e  w a s  t h u s  n o  

e v id e n c e  t h a t  e it h e r  th e  p e n ic i l l in a s e  g e n e s  o r  th e  g e n e s  c o n t r o l l in g  r e s is t a n c e  t o  th e  

m e ta l io n s  h a d  c h a n g e d  t h e i r  lo c a t io n  in  th e  c e ll.

T h e  s e c o n d  p o s s ib i l i t y — t h a t  p s 8 o h a d  c h a n g e d  f r o m  a  p e n ic i l l in a s e  h a p lo id  t o  a  

d ip lo id  s t r a in — w a s  e x a m in e d .  I t  is  p o s s ib le  t o  c o n s t r u c t  s t a b le  p e n ic i l l in a s e  d ip lo id s  

i n  p s  80 in  w h ic h  o n e  c o p y  o f  th e  g e n e s  is  o n  th e  c h r o m o s o m e  a n d  th e  o t h e r  o n  a  
p la s m id .  T h e  b e h a v io u r  o f  tw o  s u c h  d ip lo id s  w a s  d e s c r ib e d  b y  A s h e s h o v  &  D y k e  

( 1968). T h e s e  d ip lo id s  w e re  c o n s t r u c t e d  b y  t r a n s d u c in g  th e  l in k e d  g e n e s  f o r  p e n ic i l l i n  

a n d  m e t a l  i o n  re s is ta n c e s ,  u s in g  a  h ig h  c o - t r a n s d u c in g  is o la t e  o f  p s 8 o a s  th e  d o n o r ,  

in t o  p s 80 r e c ip ie n t s  w h ic h  h a d  lo s t  th e  rr p la s m id  a f t e r  g r o w t h  a t  43-5°. T r a n s d u c t a n t s  

w e re  s e le c te d  f o r  c a d m iu m  re s is ta n c e .  T h e  r e c ip ie n t  a n d  d o n o r  s t r a in s  c h o s e n  f o r  th e se  

e x p e r im e n t s  c a r r ie d  d i f f e r e n t  a l le le s  o f  th e  i n d u c ib i l i t y  lo c u s ,  i.e . w h e n  th e  r e c ip ie n t  

w a s  i +p en +, th e  d o n o r  w a s  i~pen+  a n d  v ic e  v e r s a . I t  w a s  f o u n d  t h a t  w h e n  th e  /+ g e n e  

w a s  o n  th e  p la s m id  a n d  th e  i~ a l le le  o n  th e  c h r o m o s o m e  th e  d ip lo id s  w e re  p h e n o -  

t y p i c a l l y  in d u c ib le ,  j u d g in g  b o t h  b y  t h e i r  r e a c t io n  o n  s t a r c h  a g a r  a n d  b y  th e  le v e l  o f  

e n z y m e  p r o d u c e d  in  th e  a b s e n c e  o f  in d u c e r .  T h e  p la s m id  i+ g e n e  w a s  a b le  t o  e x e r t  

c o n t r o l  trans o n  th e  c h r o m o s o m a l g e n e s . H o w e v e r ,  w h e n  th e  lo c a t io n  o f  th e se  a l le le s



w a s  re v e r s e d ,  th e  c h r o m o s o m a l i + g e n e  e x e r te d  o n ly  p a r t i a l  c o n t r o l  o n  th e  p la s m id  

i~pen+  g e n e s . T h e s e  la t t e r  d ip lo id s  a p p e a r e d  t o  b e  c o n s t i t u t iv e  e n z y m e  p r o d u c e r s ,  

j u d g in g  b y  t h e i r  r e a c t io n  o n  s t a r c h  a g a r .  H o w e v e r ,  th e  le v e l  o r  p e n ic i l l in a s e  p r o d u c e d  

i n  th e  a b s e n c e  o f  in d u c e r ,  t h o u g h  s ig n i f ic a n t ly  h ig h e r  t h a n  th e  b a s a l  le v e l  c h a r a c t e r is t ic  

o f  n o r m a l  in d u c ib le  s t r a in s ,  w a s  lo w e r  t h a n  t h a t  e x p e c te d  f o r  c o n s t i t u t iv e  s t r a in s .  A  

g e n e  d o s e  h y p o t h e s is  h a s  b e e n  p o s t u la t e d  t o  e x p la in  t h is  p o s i t io n a l  e f fe c t  ( A s h e s h o v  &  
D y k e ,  1968).

I n  o r d e r  t o  s h o w  t h a t  p s 8o h c d  c a r r ie d  tw o  c o p ie s  o f  th e  p e n ic i l l in a s e  g e n e s  i t  w a s  

n e c e s s a r y  t o  in t r o d u c e  a  m u t a t io n  in t o  o n e  o f  th e  c o p ie s .  I t  w a s  a r g u e d  t h a t  i t  s h o u ld  

be  p o s s ib le  t o  p r o d u c e  a  m u t a t io n  in  th e  i g e n e  o f  th e  p la s m id  w h ic h  w o u ld  c a u s e  th e  

s t r a in  t o  a p p e a r  c o n s t i t u t iv e  o n  s t a r c h  a g a r .  S u c h  a  ‘ c o n s t i t u t iv e  ’ s h o u ld  r e s e m b le  th e  

p a r t ia l  c o n s t i t u t iv e  d ip lo id s  c o n s t r u c t e d  a r t i f i c i a l l y  in  PS 80 a n d  s h o u ld  r e v e r t  t o  a n  

in d u c ib le  p h e n o t y p e  o n  lo s in g  th e  g e n e s  c o n t r o l l i n g  r e s is t a n c e  t o  th e  m e ta l io n s .  I f  

ps 80 lcd  is  a  p e n ic i l l in a s e  h a p lo id  s t r a in ,  m u t a t io n  t o  a  c o n s t i t u t iv e  p h e n o t y p e  w o u ld  

b e  e x p e c te d  t o  o c c u r  a s  th e  r e s u lt  o f  a  m u t a t io n  in  th e  s in g le  c h r o m o s o m a l i g e n e . 

S u c h  a  m u t a n t  s h o u ld  b e  f u l l y  c o n s t i t u t iv e  a n d  s h o u ld  r e t a in  t h is  c h a r a c t e r  o n  lo s in g  

r e s is t a n c e  t o  th e  m e t a l  io n s .

T a b le  6. Transduction o f  pen icillin  resistance to strain  1 7 8  a  fro m  
ps8ohcd c - i  an d  ps8olcd c - i

T h e  t r a n s d u c i n g  p h a g e s  w e r e  g i v e n  v a r y i n g  d o s e s  o f  u . v .  i r r a d i a t i o n  b e f o r e  b e i n g
u s e d  t o  t r a n s d u c e .
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N o .  o f  t r a n s d u c t a n t s  o f  t h e  p h e n o t y p e :
U . v .  d o s e  

( m i n . )
(

i + p e n + m e r - s  r p e n + m e r - r i + p e n + m e r - r r p e n + m e r - s

0 0

D o n o r :  p s 8o l c d  c- i 

0 0 2 0

1 0 0 0 393
2 - 5 0 0 0 818
5 - 0 0 0 0 707

0 6

D o n o r :  p s 8o h c d c - i 

1 1 7 3 8 2

I 58 1193 1 2 2

2 - 5 125 854 I I 3
5 ' 0 247 6 6 6 I 3

T h e s e  t w o  s t r a in s  w e re  t r e a te d  w it h  E M S  a n d  th e  s u r v iv o r s  p la t e d  t o  s t a r c h  a g a r .  

T h r e e  a p p a r e n t ly  c o n s t i t u t iv e  m u ta n t s  w e re  is o la t e d  f r o m  e a c h  s t r a in  in  t w o  s e p a ra te  

e x p e r im e n t s .  T h e s e  w e re  d e s ig n a te d  h c d c - i , c-2, c -3 a n d  lcdc- i , c-2, a n d  c -3. T h e s e  

s ix  m u ta n t s  w e re  g r o w n  a t  43-5° a n d  c a d m iu m - s e n s it iv e  s e g re g a n ts  w e re  is o la t e d  
f r o m  e a c h  o f  th e m . T h e  th re e  h c d  ‘ c o n s t i t u t iv e s ’ a l l  r e v e r te d  t o  a n  in d u c ib le  p h e n o t y p e  

o n  lo s in g  r e s is t a n c e  t o  th e  m e t a l  i o n s : th e  th re e  lcd  m u ta n t s  r e t a in e d  t h e i r  c o n s t i t u t iv e  

p h e n o t y p e  o n  lo s in g  re s is t a n c e  to  th e  m e t a l  io n s .  T h e s e  r e s u lt s  s t r o n g ly  s u g g e s te d  t h a t  

th e  h c d  m u ta n t s  w e re  T ' / r  d ip lo id s  w it h  th e  i a l le le  o n  th e  tt p la s m id .
T r a n s d u c t io n  e x p e r im e n t s  w e re  d o n e  in  w h ic h  e a c h  o f  th e  s ix  m u ta n t s  w a s  u s e d  a s  

th e  d o n o r  o f  p e n ic i l l i n  re s is t a n c e  t o  s t r a in  17855. T r a n s d u c t a n t s  w e re  r e p l ic a - p la t e d  t o  

m e r c u r y  a g a r  c o n t a in in g  s ta r c h ,  t o  a l lo w  d e t e r m in a t io n  o f  th e  p e n ic i l l in a s e  p h e n o t y p e  

o f  a n y  p e n ic i l l in - r e s is t a n t ,  m e r c u r y - r e s is t a n t  t r a n s d u c t a n t s .  M e r c u r y - s e n s i t iv e  t r a n s -
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d u c t a n t s  w e re  p u r i f ie d  a n d  t h e i r  p e n ic i l l in a s e  p h e n o t y p e  d e t e rm in e d  o n  s t a r c h  a g a r .  

T h e  r e s u lt s  o f  a n  e x p e r im e n t  in  w h ic h  p s 8 o l c d c - i  a n d  h c d c - i  w e re  th e  d o n o r s  a re  

s h o w n  in  T a b le  6.

A l l  o f  th e  p e n ic i l l in - r e s is t a n t  t r a n s d u c t a n t s  o b t a in e d  w h e n  th e  d o n o r  w a s  

p s  80 l c d  c -1 w e re  c o n s t i t u t iv e  a n d  s e n s it iv e  t o  m e r c u r y  io n s .  T h e  f r e q u e n c y  o f  t r a n s 

d u c t io n  w a s  s t im u la t e d  b y  u . v . - i r r a d ia t io n  o f  th e  t r a n s d u c in g  p h a g e . I t  w o u ld  s e e m , 

th e re fo r e ,  t h a t  t h is  d o n o r  c a r r ie s  a  s in g le  c o p y  o f  th e  p e n ic i l l in a s e  g e n e s  o n  th e  

c h r o m o s o m e ,  u n l in k e d  t o  th e  m e t a l  i o n  r e s is t a n c e  g e n e s . W h e n  p s 8 o h c d c - i  w a s  th e  

d o n o r ,  h o w e v e r ,  th e re  w e re  f o u r  p h e n o t y p ic a l ly  d i f f e r e n t  c la s s e s  o f  t r a n s d u c t a n t s :  

i+pen +m er-s, i pen  ' m er-r, i+pen +m er-r  a n d  i~pen+m er-s. T h e  m a j o r i t y  b e lo n g e d  t o  th e  

f i r s t  tw o  c la s s e s . T h e  i+pen+m er-s  l in k a g e  g r o u p  s h o w e d  th e  t r a n s d u c t io n  k in e t ic s  

e x p e c te d  f o r  c h r o m o s o m a l g e n e s  w h i le  th e  i~pen+m er-r  l in k a g e  g r o u p  s h o w e d  th e  

k in e t ic s  e x p e c te d  f o r  e x t r a c h r o m o s o m a l g e n e s . T h e  r e s u lt s  a re  c o n s is t e n t  w i t h  th e  

v ie w  t h a t  p s 80h c d c - i  i s  a  p e n ic i l l in a s e  d ip l o id  w it h  a n  i+pen+  l in k a g e  g r o u p  o n  

th e  c h r o m o s o m e  a n d  a n  r p e n +  l in k a g e  g r o u p  o n  th e  n  p la s m id .  T h e  p re s e n c e  o f  a  

f e w  r e c o m b in a n t  t y p e s — i+p en +m er-r  a n d  i~pen+m er-s— in d ic a t e s  t h a t  th e re  is  a  c e r t a in  

a m o u n t  o f  r e c o m b in a t io n  b e tw e e n  th e  c h r o m o s o m a l a n d  e x t r a c h r o m o s o m a l p e n ic i l 

l in a s e  gen e s .

T a b le  7. Q uan tita tive  determ ination  o f  pen icillinase p ro d u ced  b y  stra ins ps8ohcd, 
ps8olcd, ps8ohcd c-i , ps8olcd c-j, an d transductan ts ob ta in ed  fro m  the la tte r  tw o  
stra ins
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Penicillinase Presumed (mg. dry wt. bacteria)
phenotype on penicillinase A< -----------V Induction

Strain starch agar genotype* Uninduced Induced ratiof
ps 80 HCD Inducible i+pen+ (i+pen+) 4-8 117 24-3
ps80LCD Inducible i+pen+ 67 118 176
PS80HCD C-I Constitutive i+pen+ Q~pen+) 24-0 243 100
PS80LCD C-I Constitutive i~pen+ 128-0 149 1-2

Transductants
Donor, h c d  c - i

{a) Pperrmer-s Inducible i+pen+ 8-i 119 14-7
(b) i~pen+mer-r Constitutive Ci~pen+) 110*0 268 2-4
( c )  i+pen+mer-r Inducible (i+pen+) 3'5 181 51-6
{d) i~pen+mer-s Constitutive i~pen+ 200-0 331 1*6

Donor, l c d  c - i

(a) i~peti+mer-s Constitutive i~pen+ 116-7 142 1*2
(.b) i~pen+mer-s Constitutive i~pen+ I07-0 156 1-4

* Plasmid genes are in parentheses.
, T , . units/mg. dry wt bacteria inducedT Induction ratio =  — ;—;------ -------- -------- :----- ;— ----- ,.

umts/mg. dry wt bacteria umnducsd
All figures are the average of three separate determinations.

Q u a n t i t a t iv e  e s t im a t io n s  o f  p e n ic i l l in a s e  p r o d u c e d  b y  p s  80 h c d c - i  a n d  th e  f o u r  t y p e s  

o f  t r a n s d u c t a n t s  o b t a in e d  w h e n  t h is  s t r a in  w a s  u s e d  a s  d o n o r  w e re  c a r r ie d  o u t .  S im i la r  

d e t e r m in a t io n s  w e re  m a d e  o n  p s 8 o l c d  c- i  a n d  tw o  o f  th e  t r a n s d u c t a n t s  o b t a in e d  w it h  

t h is  d o n o r .  E n z y m e  le v e ls  p r o d u c e d  b y  p s 8 o h c d  a n d  l c d , th e  p a r e n t  s t r a in s  f r o m  

w h ic h  h c d  c - i  a n d  l c d  c- i  w e re  d e r iv e d ,  a re  in c lu d e d  f o r  c o m p a r is o n  ( T a b le  7).

S t r a in  l c d  c- i i s  a  m a g n o - c o n s t i t u t iv e  s t r a in  w it h  a n  in d u c t io n  r a t io  o f  1- 2, a n d



th e  tw o  t r a n s d u c t a n t s  o b t a in e d  f r o m  t h is  s t r a in  s h o w  s im i la r  le v e ls  f o r  u n in d u c e d  a n d  

in d u c e d  e n z y m e . S t r a in  h c d  c- i , h o w e v e r ,  is  a  p a r t ia l  c o n s t i t u t iv e ,  w i t h  a n  in d u c t io n  

r a t io  o f  10: 1. T h e  u n in d u c e d  le v e l  o f  p e n ic i l l in a s e  p r o d u c e d  b y  t h is  s t r a in ,  a l t h o u g h  

s ig n i f ic a n t ly  h ig h e r  t h a n  t h a t  p r o d u c e d  b y  th e  in d u c ib le  p a r e n t ,  p s 8 o h c d , i s  m u c h  

lo w e r  t h a n  t h a t  e x p e c te d  f o r  a  f u l l y  c o n s t i t u t iv e  s t r a in .  T h e  p re s e n c e  o f  a  c h r o m o s o m a l 

i + g e n e  is  a p p a r e n t ly  e x e r t in g  o n ly  p a r t ia l  c o n t r o l  o n  e n z y m e  s y n th e s is .  S e g r e g a t io n  

o f  th e  t w o  p e n ic i l l in a s e  l in k a g e  g r o u p s  c a r r ie d  b y  h c d  c- i  i s  a p p a r e n t  i n  th e  t r a n s 

d u c t a n t s  o b t a in e d  f r o m  t h is  s t r a in .  T h e  tw o  p h e n o t y p ic a l ly  i+pen+  t r a n s d u c t a n t s  s h o w  

e n z y m e  le v e ls  a n d  in d u c t io n  r a t io s  c h a r a c t e r is t ic  o f  w i ld - t y p e  in d u c ib le  s t r a in s ,  w h i le  

th e  t w o  P p en + t r a n s d u c t a n t s  h a v e  e n z y m e  le v e ls  a n d  in d u c t io n  r a t io s  c h a r a c t e r is t ic  

o f  m a g n o - c o n s t i t u t iv e  s t r a in s .  I t  i s  in t e r e s t in g  t h a t  p s 8 o h c d , a  p e n ic i l l in a s e  d ip l o id  

s t r a in ,  a n d  p s 8 o l c d , a  p e n ic i l l in a s e  h a p lo id  s t r a in ,  p r o d u c e  th e  s a m e  a m o u n t  o f  

e n z y m e  o n  in d u c t io n ,  a s  t h o u g h  o n ly  o n e  s t r u c t u r a l  g e n e  in  p s 8 o h c d  i s  b e in g  

e x p re s s e d . T h i s  is  s im i la r  t o  r e s u lt s  o b t a in e d  b y  R i c h m o n d  ( 1965b) f o r  i +/ r  p la s m id  

d ip lo id s .
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D IS C U S S IO N
T h e  c o n c lu s io n  t h a t  p s 8 o  c a r r ie s  a  c o p y  o f  th e  p e n ic i l l in a s e  g e n e s  o n  th e  c h r o m o 

s o m e  is  b a s e d  o n  s e v e ra l l in e s  o f  e v id e n c e .  F i r s t ,  th e  g e n e s  a re  u n u s u a l ly  s t a b le  a n d  

a t t e m p t s  t o  is o la t e  p e n ic i l l in a s e - n e g a t iv e  m u ta n t s  h a v e  f a i le d .  S e c o n d ly ,  th e  k in e t ic s  

o f  t r a n s d u c t io n  o f  th e se  g e n e s  a re  th o s e  e x p e c te d  f o r  c h r o m o s o m a l g e n e s . F in a l l y ,  th e  

f a c t  t h a t  p s  80 i s  a b le  t o  f o r m  s ta b le  p e n ic i l l in a s e  d ip lo id s ,  n o t  o n ly  w i t h  th e  a  a n d  y  

p la s m id  ( u n p u b l is h e d  r e s u lt s )  b u t  a ls o  w i t h  th e  h o m o lo g o u s  g e n e s  w h e n  th e y  a re  

in c o r p o r a t e d  in t o  th e  tt p la s m id ,  is  c o n s is t e n t  w i t h  t h is  c o n c lu s io n .

T h e  s a m e  s o r t  o f  e v id e n c e  s u p p o r t s  th e  c o n c lu s io n  t h a t  th e  g e n e t ic  d e t e rm in a n t s  f o r  

re s is t a n c e  t o  th e  v a r io u s  m e ta l io n s  a re  c a r r ie d  o n  a  p la s m id  i n  p s 8 o . T h e s e  g e n e s  a re  

u n s ta b le  a n d  a re  lo s t  o n  s to ra g e ,  d u r in g  g r o w t h  a t  43-5°, a n d  in  th e  p re s e n c e  o f

5- a m in o  a c r id in e  H C 1 .  M o r e o v e r ,  th e  t r a n s d u c t io n  k in e t ic s  f o r  th e se  g e n e s  a r e  th o s e  

e x p e c te d  f o r  e x t r a c h r o m o s o m a l g e n e s . T h e  p la s m id  c a r r y in g  th e se  g e n e s— th e  tt 

p la s m id — h a s  a t  le a s t  o n e  c h a r a c t e r is t ic  in  c o m m o n  w i t h  c e r t a in  w i ld - t y p e  p e n ic i l 

l in a s e  p la s m id s  in  t h a t  i t  i s  u n a b le  t o  c o e x is t  w i t h  th e  7  p la s m id  ( u n p u b l is h e d  re s u lt s ) .  

I t  h a s ,  a c c o r d in g ly ,  b e e n  a s s ig n e d  t o  c o m p a t ib i l i t y  g r o u p  I  a n d  is  a s s u m e d  t o  c a r r y  

a n  m c r-i  lo c u s  in  a d d i t io n  t o  i t s  re s is t a n c e  m a r k e r s .

A l t h o u g h  th e  p e n ic i l l in a s e  g e n e s  a re  c h r o m o s o m a l in  p s 8 o a n d  th e  g e n e s  c o n t r o l l in g  

r e s is t a n c e  t o  m e t a l  io n s  a re  e x t r a - c h r o m o s o m a l ,  th e se  s e p a ra te  g e n e t ic  e le m e n ts  c a n  

b e c o m e  c lo s e ly  l i n k e d  w h e n  th e  s t r a in  is  m a in t a in e d  o n  n u t r ie n t  a g a r  a t  r o o m  t e m p e r a 

tu re .  T h e  e x p e r im e n t a l  e v id e n c e  in d ic a t e s  t h a t  t h is  o c c u r s  t h r o u g h  a  d u p l i c a t io n  o f  th e  

p e n ic i l l in a s e  g e n e s , w i t h  o n e  c o p y  b e in g  r e t a in e d  o n  th e  c h r o m o s o m e  a n d  th e  o th e r  

b e in g  in t e g r a t e d  in t o  th e  n  p la s m id .  A  s im i la r  p h e n o m e n o n  w a s  d e s c r ib e d  b y  A m e s ,  

H a r t m a n  &  J a c o b  ( 1963) in  a  S a lm o n e l la  s t r a in  in  w h ic h  th e  g e n e s  c o n t r o l l i n g  h is t id in e  

b io s y n th e s is  w e re  d u p l ic a t e d ,  w i t h  th e  s e c o n d  c o p y  b e in g  in c o r p o r a t e d  in t o  a  c r y p t ic  

e p is o m e .  S w e e n e y  &  C o h e n  ( 1968) h a v e  r e c e n t ly  d e s c r ib e d  a  w i ld - t y p e  s t r a in  o f  

Staphylococcus aureus w h ic h  re s e m b le s  p s 8 o h c d  b o t h  in  th e  n u m b e r  a n d  lo c a t io n  o f  

th e  p e n ic i l l in a s e  g e n e s .
T h e  a b i l i t y  o f  th e  n  p la s m id  t o  in c o r p o r a t e  c h r o m o s o m a l g e n e s  s u g g e s ts  t h a t ,  a t  

s o m e  t im e ,  th e  p la s m id  b e c o m e s  in t im a t e ly  a s s o c ia te d  w it h  th e  c h r o m o s o m e .  I t  m a y  

b e  t h a t  th e  n  p la s m id  h a s  s o m e  r e g io n s  g e n e t ic a l ly  h o m o lo g o u s  w it h  th e  c h r o m o s o m a l



E. H. ASHESHOV
p e n ic i l l in a s e  g e n e t ic  r e g io n .  H o w e v e r ,  th e re  is  n o  e v id e n c e  f o r  t h is  a t  th e  p r e s e n t  

t im e .  T h e  tt p la s m id  d o e s  n o t  c a r r y  a  f u n c t io n a l  pen  g e n e . N e i t h e r  d o e s  i t  a p p e a r  

t o  c a r r y  a n  in t a c t  z'+ g e n e  s in c e  i t s  in t r o d u c t io n  in t o  a n  i~pen+ m u t a n t  o f  p s 8 o , 
i n  w h ic h  th e  p e n ic i l l in a s e  g e n e s  w e re  c h r o m o s o m a l ,  f a i le d  t o  c h a n g e  th e  u n in d u c e d  

e n z y m e  le v e l.  I f  th e  n  p la s m id  d o e s  a s s o c ia te  w it h  th e  c h r o m o s o m e ,  th e  a s s o c ia t io n  

a p p e a r s  t o  b e  a  t r a n s ie n t  o n e . A n y  p e r m a n e n t  a s s o c ia t io n  w o u ld  b e  e x p e c te d  t o  

in c r e a s e  th e  s t a b i l i t y  o f  th e  g e n e s  c a r r ie d  b y  th e  p la s m id .  H o w e v e r ,  in  p s 8 o h c d  th e se  

g e n e s  w e re , i f  a n y t h in g ,  m o re  u n s ta b le  t h a n  in  p s 8 o l c d .
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Heritable Mass Conversion
of a Mutant Penicillinase-negative Culture of Bacillus cereus 

to a Positive Fully De-repressed State

By M. R. POLLOCK a n d  JOAN FLEM IN G
Department o f Molecular Biology, University of Edinburgh, Edinburgh, EH 9 3 JR
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SU M M A R Y
A small proportion of spontaneous penicillinase-negative mutants of the 

penicillinase-magno-constitutive Bacillus cereus strain 5 6 9 /H  prove to be 
highly unstable and revert to the relatively stable magno-constitutive parent 
phenotype at a high rate spontaneously. If incubated at 4 5 0 or at the normal 
growth temperature of 3 5° with chloramphenicol (2 0  pg./ml.) the organisms 
of a broth culture of this meta-stable negative strain can be induced to 
undergo 100  % conversion to the fully de-repressed magno-constitutive state 
within 9 0  to 1 20  min. The conversion event appears to occur at random 
amongst the bacilli, whether single or joined in pairs; there is little or no 
phenotypic lag between committal to reproduction in the derepressed state 
and full expression of gene potential in the form of maximal rate of penicil
linase production and a iooo-fold increase in penicillin resistance. Induced 
conversion is inhibited by nalidixic acid (1 0  /¿g./ml.).

It is concluded that the conversion event, for which some possible mech
anisms are discussed, is controlled by a thermo-labile protein inhibitor.

IN T R O D U C T IO N
The penicillinase-magno-constitutive Bacillus cereus mutant (strain 5 6 9 /H ) of the 

wild-type inducible strain 5 6 9  is known to be, under certain circumstances, slightly 
unstable and will spontaneously give rise, on prolonged subculture, to a range of 
variants, most of which show little or no penicillinase activity. The overwhelming 
majority of the penicillinase-loss mutants are genetically stable. A small proportion, 
however, revert to their parent (magno-constitutive) phenotype spontaneously at a 
very high rate.

On further analysis of one (strain 5 6 9 /H /1 4 )  of these meta-stable ‘negatives’, it was 
found that conversion of the positive state could be achieved, without any significant 
loss in viability, in up to 1 00  % of a culture within an hour or two by incubation either 
a t  a  raised temperature of 4 5 0 or at the usual growth temperature of 3 5 0 in  the presence 
of chloramphenicol.

This conversion shows similarities to phase variation in Salmonella (see Hayes, 
1 9 6 4 ) and seems possibly to be analogous to ‘ paramutational ’ events in maize (see 
reviews by McClintock, 1 9 6 1 , 1 9 6 5 ; and by Brink, Styles & Axtell, 1 9 6 8 ) and at 
the Pal locus in Antirrhinum (Harrison & Fincham, 1 9 6 4 ) as well as to certain other 
unstable mutational phenomena in Salmonella (Smith-Keary & Dawson, 1 9 6 4 ;
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Dawson & Smith-Keary, 19 6 3) and in Escherichia coli (Morse, 19 6 7) and other types 
of variations reported in higher organisms (see Brink, 19 6 4).

We here report the results of some studies indicating that this conversion in Bacillus 
cereus is under the control of a protein repressor.

304

M E T H O D S
Bacterial strains. The magno-constitutive mutant 5 6 9 /H  was obtained spontaneously 

from the wild-type inducible Bacillus cereus N R R L 569 (Kogut, Pollock & Tridgell, 
1 9 5 6 ). Four other constitutive mutant strains (5 6 9 /K , 569 /M , 5 0 9 /L  and 5 6 9 /A ) were 
also obtained spontaneously from strain 5 6 9  by a similar technique.

The unstable strain 5 6 9 /H /14 was isolated as a penicillinase-negative mutant colony 
on the indicator plates described below, from a spore suspension of strain 5 6 9 /H  
treated with ethylmethane sulphonate (EMS) (Dubnau & Pollock, 1 9 6 5 ).

The classifying terminology used for describing these enzyme mutants is that 
suggested by Collins, Mandelstam, Pollock, Richmond & Sneath (1 9 6 5 ) ;  but bacilli 
or colonies of strain 5 6 9 /H /1 4  in the negative or positive state (i.e. before or after 
conversion) are referred to respectively simply as ‘micros’ and ‘magnos’.

Media. The liquid medium used was a 1 % peptone broth (‘S’ broth, Pollock, 
19 5 3  a) and solid indicator medium (AA) was made by incorporating 1-5 % agar in 
the above and adding Andrade indicator (Kogut et al. 19 5 6). During conversion 
experiments in liquid media, gelatine was added to a final concn. of 1 % (w/v) when 
turbidity reached the equivalent of between 0-02 and 0-05 mg. dry bacterial wt/ml.

Culture conditions. Unless otherwise stated, inocula were derived from standard 
(3 x io8 viable cells/ml.) spore suspensions (Pollock, 1 9 5 3 a) first plated out on AA to 
produce single colonies (either overnight at 30°, or 24  hr at 2 5 °) which were sub
cultured at 3 5 ° in ‘S’ broth or inoculated on the surface of, or as deep layers in, AA 
plates.

For conversion experiments a spore inoculum from strain 5 6 9 /H /1 4  was spread on 
the surface of AA in a Petri dish so as to produce single colonies. After incubation 
overnight at 30°, or for 2 4  hr at 2 5 0, portions from each of ten single, marked colonies 
were subcultured into 2-0 ml. ‘S’ broth and shaken at 3 5 0 for approx. 2 hr. The 
original plate was developed (see below) with penicillin to identify, and exclude, any 
spontaneous magnos (convertants) which might be present. One of the cultures derived 
from a negative colony was chosen and maintained in the logarithmic phase of growth, 
if necessary by serial dilutions in broth, at a concn. corresponding to about 0 -0 5  mg. 
dry wt/ml., at which level (unless otherwise stated) the experiment was started.

Penicillin sensitivity o f  individual organisms is expressed as the lowest concentration 
of benzylpenicillin in AA that caused a reduction of at least 50 % in the viable count 
from an inoculum into layered agar (Pollock, 19 5 7).

f-Lactamase activity. Penicillinase (E.C. 3 .5 .2 .6) was assayed quantitatively by the 
Perret (19 5 4) iodine method with benzylpenicillin as substrate and the activity 
expressed as units (defined by Pollock & Torriani, 19 5 3). Samples (5  ml.) were kept 
at o° with chloramphenicol (50  /tg./ml.) until assayed. Cephalosporinase activities 
were assayed by the same method, using cephalosporin C as substrate, after the 
addition of 1-6 7  mM zinc sulphate (final concentration) to allow full activation of the 
enzyme (Kuwabara & Abraham, 19 6 7).



Analysis of populations. The proportions of micros and magnos in a suspension 
were determined by inoculating an appropriate broth dilution either on the surface 
of AA plates or into 20 ml. of molten AA at 4 5 0 poured into Petri dishes and sub
sequently covered with 3-0 ml. of AA. The plates were then incubated overnight at 
2 5 0 or 30°.

Development. The colonies were scored by flooding the surface of the plates with 
approx. 5 ml. of a 10  % (w/v) aqueous benzylpenicillin solution and counting the 
proportion of colonies becoming red (magnos) due to recolourization of indicator by 
penicilloic acid. The remaining white colonies (micros) could be clearly]differentiated: 
surface colonies within a minute and deep colonies within about 30 min., at room 
temperature.

Special materials. Chloramphenicol (Parke-Davis Ltd.), mitomycin and caffeine, 
anhydrous (Sigma London Chemical Co. Ltd.), Streptomycin sulphate B.P. (Glaxo 
Ltd.) and nalidixic acid (Winthrop Laboratories) were purchased as commercial 
preparations. Cephalosporin C (as sodium salt) was a gift from Glaxo Research Ltd.; 
actinomycin D was a gift from Merck, Sharp and Dohme Ltd. and 5 -fluorodeoxyuri- 
dine (FUDR) a gift from Roche Products Ltd. We acknowledge these gifts with 
gratitude.

Viable counts. Viable organisms were counted by deep inoculation of appropriate 
broth dilutions into AA. Mean counts from two dilutions (differing by 2- or 2-)-fold) 
were taken when absolute counts were required. In some experiments only the pro
portion of magno or micro colonies developing after surface inoculation was scored, 
counting a total of 100 colonies within one area of the plate.

In experiments with the addition of 20 fig. chloramphenicol per ml. to the incuba
tion medium, samples for viable counts were taken without any attempt to remove 
the drug because it appeared to be purely bacteriostatic (rather than bactericidal). It 
was found that the dilutions necessary were sufficient to decrease the concentration 
of the drug below that causing reduction in viability, although the colonies were 
slightly smaller in size.

In some experiments the number of bacilli per ‘ unit ’ (chain of bacilli) was recorded 
microscopically as the number of individual bacilli (recognized by the formation of 
complete cell-wall septa) in each of 100 separate units.

Optical density. The absorption of bacterial suspensions was measured at 6 7 5  mp 
and expressed as mg. dry bacterial wt/ml. by reference to a standard dry wt/turbidity 
curve for Bacillus cereus 5 6 9 .

H eritable m ass conversion o f  a pen~  B. cereus 305

R E S U L T S
Properties of the unstable micros

Origin. Although the original unstable micro mutant strain, 5 6 9 /H /1 4  was isolated 
after treatment of its parent strain with EMS (see methods) similar mutants have 
been obtained spontaneously at apparently very high rates from strain 5 6 9 /H  after 
repeated subculture in liquid media.

Indeed, penicillinase-loss mutants of various kinds have been repeatedly isolated 
from cultures of strain 5 6 9 /H  during prolonged growth (e.g. six or more consecutive 
subcultures entailing inoculation of one loopful into 7-5 ml. of broth, each incubated 
for 24 hr or more at 3 5 0 with shaking). Table 1 summarizes the numbers in the 
various categories isolated in a series of three separate experiments. Most of those

20-2
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isolated (including the unstable micros) showed no measurable penicillinase activity 
(i.e. less than 0-5 units/mg. dry bacterial wt, which is the lower limit of the Perret 
assay method) and all (also including the unstable micros), except four out of the 59 

tested, retained the strict constitutivity of the parent strain.

Table 1 . Numbers and types o f  spontaneous penicillinase- loss’ mutants 
from  the magno constitutive Bacillus cereus mutant strain 5 6 9 )1 1

306

C lass o f  ‘lo ss ’
D ifferen tia l ra te  

o f  enzym e fo rm a tio n N o . o f
m u ta n t (u n its /m g . d ry  bact.w t) iso lates

M agno-in d u c ib le 4
(w ild-type rev ertan t)

M eso-constitu tive >  3-0 un its/m g . 8
M ic ro -co n stitu tiv e 0 '5 -3 '0  un its/m g . 8
N egative  (stab le) <  0-5 un its/m g . 37
N egative  (u nstab le) < 0 -5  un its/m g. 2

(569/H /14 m icro  types)
T o ta l 59

Table 2 . Phenotypic properties o f Bacillus cereus strains 5 6 9 IH, 
5 6 9 ^ ) 1 4  (micro and magno)

569/H/14

569/H M icro M agno

L ecith inase +  +  + +  +  + +  +  +
A m ylase + + +
P ro te in ase +  + +  + +  +
N itra te  re d u c tio n  (to +  + +  + +  +

n itrite )
A lk a lin e  p h o sp h a ta se + + +

(repressed  by ino rgan ic  
p h o sp h a te )

U rease - - -
a-g lu co sid ase  (inducib le + + +

by m altose)
V o g es-P ro sk au e r test + + +
S u g ar ferm en ta tio n s

Salicin + + +
G lucose + + +
A rab in o se — — —

L acto se — — —

Sucrose + + +
M altose — — —

X ylose - - -
Pen icillin  sensitiv ity 10 0-0075 7 ’5

(u n its /m l.)
D ifferen tia l ra te  o f 2500 < 0-5 1800

penicillinase fo rm a tio n  
(u n its /m g . d ry  b ac t. w t)

A ll th e  ab o v e  tests , excep t w here  in d ica ted  o therw ise, w ere ca rr ie d  o u t acco rd in g  to  m e th o d s  
describ ed  by  C ru ick sh an k  (1965). A lk a lin e  p h o sp h a ta se  a n d  a -g lucosidase  assayed  u n d e r  c o n d itio n s  
d escribed  b y  T o rr ia n i ( i9 6 0 ) a n d  P o llo ck  (1961) respectively : p ro te in ase  as described  by  S m ith , 
G o rd o n  & C la rk  (1952) u sin g  ‘ M a rv e l’ as so u rc  e p ro te in  a n d  am ylase by  o bserv ing  d eco lo rized  
zo n es a ro u n d  co lon ies g row ing  o n  n u tr ie n t a g a r  (A A ) co n ta in in g  0-5 %  sta rch , su bsequen tly  
‘d e v e lo p e d ’ w ith  1 %  iod ine  so lu tion .



Two further, separately-isolated magno-constitutive mutant strains, 5 6 9 /K  and 
569 /M , showed the same tendency to throw off loss mutants on subculture, whereas the 
semi-constitutive mutant (5 6 9 /A , see Pollock, 1 9 5 7 ) and a meso-constitutive (5 6 9 /L ) 
appeared completely stable.

Cultures of strain 5 6 9 /H /1 4  produced no detectable penicillinase activity before 
magno-type convertants began to appear. Apart from the absence of penicillinase there 
were no demonstrable biochemical morphological or specific growth character differ
ences between it and the parent strain 5 6 9 /H ; nor was the magno (convertant) from 
5 6 9 /H /1 4  distinguishable phenotypically from the original parent 5 6 9 /H  (see Table 2 ). 
However, the similarity did not extend to the genotypic character determining the 
types of penicillinase-loss variants appearing on continuous subculture. At 3 5 0, 
subcultures of 5 6 9 /H  and 5 6 9 /H / i4 - m a g n o  showed no differences, most of the loss 
mutants being stable. At 2 5 0, however, cultures of 5 6 9 /H /14 -magno yielded a much 
higher proportion of unstable micro variants (in one experiment, 10 0  %) than was 
obtained from 5 6 9 /H , which behaved as at 3 5 0. It seems likely therefore that the failure 
to demonstrate the greater tendency of 5 6 9 /H /1 4  convertants to produce unstable 
micros at 3 5 0 was due to much higher spontaneous rate of conversion from unstable 
micros to relatively stable magnos at the higher temperature, leading to selection in 
favour of stable micros. This emphasizes the truly reversible, albeit polarized, nature 
of the micro to magno conversion.

Penicillin sensitivity. The penicillin resistance of individual bacilli from a 5 6 9 /H /1 4  
micro culture was, like that of stable micro-constitutives, very low (approx, o-oi units/ 
ml.). By contrast, bacilli converted to the magno state had the same high resistance as 
the parent strain 5 6 9 /H  (over io-o units/ml., i.e. more than 1 00 0  times greater).

During conversion, resistance rapidly increased towards the 5 6 9 /H  level, along with 
an ultimate comparable increase of at least 3000-fold: 0-5 to 1800 units/mg. dry wt, 
in the differential rate of penicillinase formation.

Co-ordinate production o f  the two ¡l-lactamases. Cephalosporinase (‘̂ -lactamase II’) 
activity has recently (Kuwabara & Abraham, 1 9 6 7 ) been shown in this strain to be 
due to a species of protein quite distinct from penicillinase (/Mactamase I). Never
theless both activities are induced co-ordinately in the wild type (Crompton, Jago, 
Crawford, Newton & Abraham, 1 9 6 2 ; M. R. Pollock, unpublished observations). 
In addition we have found a co-ordinate increase in both activities following conversion 
of 5 6 9 /H /1 4  from the micro to the magno state: the cephalosporinase activity of the 
5 6 9 /H  parent strain, and of 5 6 9 /H /1 4  during and after the conversion, was always from 
5 % to 7 % of the benzylpenicillinase activity.

Effect o f  sporulation. Sporulation appeared not to have any effect on the properties 
of 5 6 9 /H /1 4 . The degree of genetic instability (i.e. speed and conditions of conversion 
from the micro to the magno state) and the actual percentage magnos present in the 
population at any given time were not significantly altered after preparation of a 
spore suspension by heating a 48 hr old broth culture for 60 min. at 6 0° and subsequent 
washing of the organisms as previously described (Pollock, 1 953  a ) .

All-or-none effect. The difference between the micro and magno states of 5 6 9 /H /1 4  
was generally clear cut and of the ‘all-or-none’ type. Colonies derived from 5 6 9 /H /1 4  
grown in or on AA overnight at 2 5 0 or 30° and developed with penicillin at room 
temperature (see Methods) were either white (unchanged) or bright red (due to 
penicilloic acid production).
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Colonies derived from a culture of 5 6 9 /H /1 4  in the micro state were shown to be 
pure: they yielded 100  % white colonies after re-spreading on AA plates and analysis 
(see Methods) at 2 5 0. However, if the same original culture were grown in AA at 3 5 0, 
a significant proportion of developing colonies were found on analysis to be mixed 
(usually with reds very much in the minority). This suggests that spontaneous con
version from micro to magno had occurred in these colonies during growth. The 
effect was more marked at 4 0 ° , when nearly all colonies (whether scored as white or 
red) proved to be mixed. Population analyses of colonies indicated that they would 
be likely to be scored as red if their populations consisted of more than 15  % bacilli 
already in the magno state (i.e. giving rise to red colonies even at 2 50).

These tests show that the danger of spontaneous intra-colonial conversion during 
growth in AA vitiating the results of a population analysis could be avoided by not 
employing an incubation temperature above 30°.

Broth subcultures from white colonies (identified through velvet pad replica plates 
in order to avoid contact with penicillin) incubated at 3 5 0 had detectable penicillinase 
activity only to the extent expected from the small (but variable) proportion of magno 
type cells they sometimes contained (as indicated by the proportion of red colonies 
appearing on further subculture and analysis on A A plates).

Broth subcultures from red colonies (similarly isolated in the absence of penicillin) 
generally consisted of 100 % magno-type cells and produced enzyme at the full 
differential rate expected of the 5 6 9 /H  parent type. An important exception to this 
general rule will be discussed later.

Characteristics o f  the conversion reaction
Kinetics

A t 4 5 °. Environmentally stimulated appearance of magno varieties from 5 6 9 /H /1 4  
micros was first observed by noticing the increased number of red colonies (on AA 
after developing with penicillin) appearing after incubation at 4 2 0 instead of 3 5 0 and 
the almost complete stability of the micro variety during growth at 2 5 0. It was then 
found that incubation of a broth culture of 5 6 9 /H /1 4  micros at 4 5 0 provoked up to 
100  % conversion to the magno state in less than 2  hr (Fig. 1).

Although not shown in Fig. 1 , incubation of an aliquot culture from the same 
micro-type colony at 3 5 0 involved no conversion to the magno state during the 3 hr 
of the experiment. Neither the wild-type strain 5 6 9  nor other micro-constitutive 
strains derived from 5 6 9 /H  showed any tendency to give rise to magnos during growth 
at 4 5 0.

Although the total viable count and turbidity increased steadily throughout the 
experiment, the switch to the magno state occurred suddenly, after an absolute lag 
of 80 to 90 min. and was practically complete after a further hour. The 50 % conver
sion point (the time to reach 50 % of the maximum number of convertants) usually 
occurred between 90 and 120  min. after transfer to 4 5 0. The amount of growth at 4 5 0, 
measured either as increase in optical density or total count, was found to vary 
considerably from one experiment to another—largely no doubt because this tempera
ture is critical, being at the extreme upper limit for growth of the Bacillus cereus 569 

family. However, the kinetics and degree of conversion seemed to be quite unrelated 
to the extent of growth, even in certain experiments where there was a net drop in 
viable count.
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Figure 1 also shows that detectable penicillinase activity appeared at the same time 
as the increase in the magno count and thereafter rapidly increased to a final level 
(approx. 1 8 0 0  units/mg. dry bact. wt, not shown in Fig. 1) not much below that 
(2 5 0 0  units/mg.) expected o f  a  typical culture of 5 6 9 /H .

With chloramphenicol. Addition of 2 0  /tg. chloramphenicol/ml. to the culture during 
incubation at 3 5 0 was unexpectedly found also to induce up to 100  % conversion of a 
5 6 9 /H /1 4  micro culture with similar kinetics (Fig. 2 ). However, results with chloram
phenicol were not so quantitatively reproducible as those involving conversion at 4 5 0.
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F ig . 1 F ig . 2

F ig . 1. C om p le te  g eno typ ic  a n d  p h en o ty p ic  conversio n  o f  a  p o p u la tio n  o f  B a c illu s  cereu s  
5 6 9 /H/14  fro m  th e  non-pen ic illinase  p ro d u c in g  m icro  s ta te  in to  th e  fully  d erep ressed  pen icil
lin ase -p ro d u c in g  m ag n o  s ta te , by  in c u b a tio n  a t  4 5 0. x -------x  , O p tica l density  o f  cu ltu re ;
O -------O  , to ta l v iab le  c o u n t; ■ ------- ■ ,  m a g n o s : as %  o f  to ta l c o u n t; □ ------- □ , pen icillinase
activ ity  u n its /m l.

F ig . 2 . G en o ty p ic  conversio n  o f  a  p o p u la tio n  o f  B a c illu s  cereu s  5 6 9 /H/14  fro m  th e  m icro  
to  th e  m ag n o  s ta te  by  in cu b a tio n  a t  3 5 ° in th e  presence  o f  ch lo ram p h en ico l (20 ^g ./m l.) .
x -------x  , o p tica l d en sity ; O ------- O  , to ta l v iab le  c o u n t; ■ ------- ■ ,  m ag n o s : as %  o f  to ta l

c o u n t;  n >  5 b  X  =  p o in ts  respectively  ind ica tin g  o p tica l density , to ta l v iab le  co u n t an d  
m ag n o s as % o f  to ta l co u n t o f  a  co n tro l cu ltu re  in cu b a ted  sim ilarly  w ith o u t ch lo ram phen ico l.

Variations in the magno colony count according to the temperature of incubation of 
the inoculated AA plates suggested that residual chloramphenicol, perhaps bound to 
the cells, was continuing to act in stimulating conversion after plating out samples. 
Washing the bacilli free of the drug caused no significant differences; and it was not 
possible immediately to reverse its inhibitory effect on growth by such treatment (nor 
could enzyme formation by an apparently converted population be demonstrated 
during the first 2 hr after treatment), although the viable count was unaffected. It is 
clear therefore that there is considerable growth lag after plating out chloramphenicol- 
treated organisms, and during this time a critical event, essential for conversion, may 
take place.

Phenotypic lag and development of penicillin resistance. A comparison between 
enzyme production and the appearance of magno-type colonies shown in Fig. 1 

indicate that there can be little, if any, lag between the time when a bacillus is com
mitted to reproduce in the magno state and when it begins to produce enzyme at the 
full, de-repressed rate.
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Penicillin-resistance of individual cell units can also be measured. This has been 
done using final concentrations of o-i and ro  units of benzylpenicillin per ml. in the 
agar plates. These levels can be shown, in reconstruction experiments with mixtures 
from cultures of stable micro and magno strains, to inhibit completely the growth of 
micro-type cells into colonies, whilst allowing normal growth of 5 6 9 /H  and other 
magno-types.

Table 3 . Development o f  penicillin resistance in Bacillus cereus $6 <)Ih \i 4  (micro-type) 
during conversion to the magno-type by incubation in broth at 4 5 0

V iable c o u n ts  ( h- io7) p e r ml. at th e  fo llow ing tim es (m in .) 
a f te r  tran sfe r  fro m  350 to  450

P la tin g -o u t r----------------------------------------------- *----------------------------------------------- \
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m ed iu m
P la in  n u tr ie n t a g a r  (A A )

0 45 80 105 140 200

T o ta l 2-4 5*0 13-0 19 24 35
M agno -ty p e — — 0-6 4'9 24-5 34

A A  +  o-i u n it 
b enzy lpen ic illin /m l.

T o ta l* 0 0 0 2 6 0-004 0-75 9 0 24 35

A A +  r o  u n it
benzy  lpen ic iliin /m l.

T ota l* 0-00032 0-004 r o 9-0 22 34

* A ll co lon ies develop ing  o n  pen icillin  a g a r  w ere o f  th e  m agno-type .

Table 3 shows the comparative micro and magno counts on plain AA and on 
penicillin AA during a conversion experiment at 4 5 0. On penicillin plates the total 
numbers of colonies developing (all of which were of the magnc type) corresponded 
to the numbers of magno type colonies appearing on the plain agar plates. After 
14 0  min. these represented practically 100 % of the total viable count.

This experiment confirms the rapid phenotypic expression of the conversion and 
shows that all the converted cells must be immediately capable of forming the enzyme 
approximately equally and at maximal rate.

Significance o f mixed colonies
It was discovered that during the early stages of induced conversion a proportion 

of the colonies scored as red proved, on subsequent analysis, to be mixed (defined as 
containing not more than 95 % of the predominant type). Most of these mixed colonies 
contained roughly equal proportions of reds and whites. At least 100 colonies were 
analysed from each sample except towards the end of the conversion experiment 
when the proportion of reds had passed 50 % and only 50 were tested.

The proportion of mixed colonies in general declined as conversion of the population 
proceeded. Figure 3 shows the relationship between the number of such mixed reds 
as a proportion of total reds and the total reds as a proportion of the total colony 
count in a series of four experiments on conversion induced at 4 50.

It could, of course, be argued that these mixed reds result from conversions occur
ring after plating out into AA and that, for this reason, the kinetics of induced con
version as followed in this work may be very inaccurate. It has already been argued 
that this could be true for conversions induced by chloramphenicol and, for this 
reason, these have been excluded from the results summarized in Fig. 3 . But this 
argument is unlikely to apply to conversion at 4 5 0 because in this case there is no 
significant phenotypic lag in the expression of conversion (measured either in the form



of penicillinase production or as development of penicillin-resistance)—as indicated 
in Fig. 1 and Table 3 .

One explanation of the decreasing proportion of mixed red colonies found during 
conversion would be that they reflect the diminishing proportion of multi-cell units 
containing unconverted cells in a population where the conversion event occurred 
randomly in individual cells. Although there was considerable variation between 
experiments and during the conversion process, Table 4 , summarizing the results of 
the four experiments illustrated in Fig. 3 , shows that a mean of only a little under
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F ig . 3. T h e  p ro p o rtio n  o f  m ixed  co lon ies (i.e. ap p ea rin g  o n  p la tes  as ‘r e d s ’ (m agnos) b u t 
subseq u en tly  p ro v in g  o n  analysis to  consist o f  m icro  a n d  m ag n o  cells), p, o ccu rrin g  d u rin g  
co n v ersio n  o f  p o p u la tio n s  o f  B a c illu s  cereu s  5 6 9 /H/14  fro m  th e  m icro  to  th e  m ag n o  s ta te  
in d u ced  by  in c u b a tio n  a t  4 5 0 (in  a  to ta l o f  fo u r se p a ra te  experim ents), expressed  in  re la tio n
to  th e  p ro p o rtio n  o f  reco rd ed  ‘r e d s ’ in  th e  to ta l viable  co u n t ( p ) . ------- , T heore tica l curve
expected  o n  th e  basis o f  co n v ersio n  occu rrin g  a t  ra n d o m  in  each  cell a n d  th e  o b served  m ean  
p ro p o rtio n  o f  d o u b le  cell u n its  in  th e  p o p u la tio n  (see text).

Table 4 . Mean numbers o f  bacilli per chain (‘ unit ’) in cultures o f  Bacillus 
cereus 5 6 5»/h / 1 4  during conversion at 4 5 °

U n its  in  fo llow ing  classes (% )
( t

E xp t.
n o . O n e  b acillu s T w o  bacilli

M o re  th a n  
tw o  bacilli

1 58 33 9
2 64 33 3
3 54 4 i 5
4 51 43 6

O ver-all 51-64 33-43 3-9
ran g e

O ver-all 57 37 6
m ean

M e an  n u m b ers  o f  bacilli p e r  ‘ u n it  ’, in  100 unse lec ted  u n its  in  u p  to  seven sam ples ta k e n  sequen tially  
f ro m  each  c u ltu re  d u rin g  180 m in . in c u b a tio n  a t  450 w ere reco rd ed  a n d  resu lts expressed  as p e r
cen tages in  each  class.
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5 0  % of units contained more than one cell and that over 8 5  % of these multi-cell 
units contained only two cells. Suppose that the proportions of two-cell and one-cell 
units were equal and three- (or more) cell units negligible, two-thirds of the conversion 
events, if randomly distributed amongst individual cells, would yield mixed red 
colonies at the very beginning of the conversion process.

The actual proportions of mixed red colonies to be expected on this hypothesis can 
be calculated accurately from the following formula (for which we are much indebted 
to Dr J. F. Collins), making only the simplifying approximation of including the few 
more-than-two-cell units within the two-cell unit group.

P  _  2a — 2  +  2 X

Q.-\~ I “b X
where x =  +V[(i + d f  — 4 «p], a being the proportion of units containing two cells, 
p  the proportion of all colonies that are ‘red ’ and P the proportion of red colonies 
that prove to be mixed.

The theoretical curve in Fig. 3 , giving expected values for P, has been calculated 
thus from the data summarized in Table 4  (giving a value of 0 -43  for a) and the progress 
of conversion (P) during the same four experiments.

The scatter of points is high but the general trend suggests that the hypothesis of 
random conversion at the cell level is not unreasonable.

The metabolic basis o f  conversion
Phase and extent o f growth. It was found that if treatment with chloramphenicol or 

at 4 5 0 was delayed until growth level had reached 0 -0 5  mg. dry bacterial wt/ml., 
conversion was significantly retarded. After a level of o -2 mg./ml., no conversion was 
detected for up to 3 hr.

If bacilli were removed from the growth medium and resuspended in phosphate 
alone, conversion—either with chloramphenicol or at 4 5 0—was greatly reduced.

Although growth—measured either by viable count or opacity increase—is clearly 
not essential for conversion (as demonstrated by the effect of chloramphenicol and by 
those experiments at 4 5 0 where little growth took place) it must be concluded that 
fairly complex metabolic events underlie the phenomenon.

Inhibitors and other promoters o f conversion. Other inhibitors of protein synthesis 
were tested under conditions identical to those used with chloramphenicol, but gave 
relatively slight and somewhat variable stimulation as follows:

Streptomycin (1 0 /¿g./ml.) gave 7 -5 % conversion, puromycin (2 4  and 9 4  /¿g./ml.) 
up to 1 5  %, and actinomycin D (3-3 /¿g./ml.) up to 4 0  %, all against a control value 
of not more than 1 % and conversion with chloramphenicol of up to 10 0  %. None of 
these compounds had any effect on the extent or kinetics of conversion in the presence 
of chloramphenicol. Known inhibitors of DNA synthesis, mitomycin C (o-oi /¿g./ml.), 
caffeine (4-8 and 9 -7  mg./ml.) FU D R (2 5 /¿g./ml.) and nalidixic acid (io-o and 
10 0  /¿g./ml.) had no effect by themselves (except that both mitomycin and FU D R 
were very toxic and caused a significant reduction in the viable count). But nalidixic 
acid ( 1 0  /¿g./ml.), if added during treatment at 4 5 °, caused in h ib it io n s  of conversion 
from 7 0  % to 98  % after 3 hr treatment, usually without causing significant loss of 
viability.

In whatever manner the possible role of DNA synthesis may be assessed, results 
with chloramphenicol and treatment at 4 5 0 strongly support the idea that some
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protein repressor substance must control the rate of conversion in normal cultures of 
5 6 9 /H /I4 -

The conversion-promoting effect of incubation at 4 5 0 could be explained if it is 
supposed that in 5 6 9 /H/ 1 4  this protein repressor of conversion is somewhat thermo- 
labile.

The two types of treatment that promote conversion—incubation at 4 5 0 and incuba
tion with chloramphenicol at 3 5 °—would, on this hypothesis, operate towards the 
same end (elimination of the same protein) by very different means: the former by 
inactivating the protein and the latter by preventing its formation. The pre-conversion 
lag could, in most instances, be due to the time necessary to allow the concentration 
of this protein repressor to fall below a critical, effective level.

Unlike the effect of combined addition of two different inhibitors of protein syn-
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Min. tre a tm e n t 

F ig . 5

F ig . 4. Synergistic  effect o f  ad d itio n  o f  ch lo ram p h en ico l a n d  in c u b a tio n  a t  450 in  sh o rten in g  
th e  lag  fo r  th e  geno typ ic  conversio n  o f  569/H/14 fro m  th e  m ic ro  to  th e  m ag n o  sta te . A ll
resu lts expressed  as % m ag n o s in  to ta l v iab le  c o u n t. O -------O  , C o n tro l (in cu b a tio n  a t  350
w ith o u t ch lo ram p h en ico l); • -------• ,  35° + ch lo ram p h en ico l ( 2 0 /ig ./m l.); A ------- A , 4 5 0,
n o  ch lo ram p h en ico l; A -------A , 45° + ch lo ram p h en ico l (20 /tg ./m l.).

F ig . 5. C o m p ara tiv e  effects o f  in c u b a tio n  a t  350 a n d  450, w ith  a n d  w ith o u t ch lo ram p h en ico l, 
o n  th e  v iab le  co u n ts  o f  th e  m icro  a n d  m ag n o  varie ties o f  B a c illu s  cereu s  569/H/14. O p en  
sym b o ls : m icro  ty p e ; filled sy m bo ls: m a g n o  type. v .  35° (no  ch lo ram p h en ico l); □ , 450 
(no  c h lo ram p h en ico l); O ,  35° + ch lo ram p h en ico l ( 2 0 /¿g ./m f); A , 45° + ch lo ram p h en ico l 
(20 /tg ./m l.).

thesis, treatment at 4 5 0 and treatment with chloramphenicol should be powerfully 
synergistic in their effect and lead to a shortening of the pre-conversion lag. Figure 4  

gives the results of an experiment showing that the predicted synergism did indeed 
occur in a very marked manner. The lag was reduced by over 7 0  %—from around 
7 5  min. to 2 0  min.—and the 50  % conversion time was more than halved.

Unfortunately, whereas neither 4 5 0 nor chloramphenicol by themselves generally 
caused decrease in viability, the combined effect of both was markedly bactericidal, 
the counts falling to one-tenth the original level by the time conversion was completed. 
Although there was still a significant absolute increase in magno count during the 
earlier stages of the experiment, thereafter there was a decrease and it is possible 
formally to argue that some selection of magnos could have occurred.

That this is not indeed the case is shown in Fig. 5 where the comparative counts of
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micros (during conversion) and of mature magnos (after conversion) treated under the 
same conditions do not differ significantly. This shows that the two varieties are equally 
sensitive to the traumatic effects of incubation with chloramphenicol at 4 5 0.

D IS C U S S IO N

A satisfactory interpretation of this phenomenon must await the development of a 
more precise system for the study of genetics in Bacillus cereus. Until very recently 
the many attempts made with this species have not borne fruit and claims to have 
demonstrated transformation (Felkner & Wyss, 1 9 6 4 ) have not been substantiated 
(Goldberg & Gwinn, 1 9 6 8 ). However, now that a generalized transducing phage for
B. cereus has been discovered and successfully applied by Thorne ( 1 9 6 8 ), it may be 
hoped some progress may at last be made in the genetics of this recalcitrant organism.

Until then it must be accepted that it is not even possible to characterize the genetic 
event underlying the original mutation from the wild-type inducible strain 5 6 9  to the 
magno-constitutive 5 6 9 /H , let alone the basis of the loss mutation which gave rise to 
the unstable 5 6 9 /H /14 micro strain or the conversion phenomenon itself.

However, even now it may be supposed that the reversibility of the micro to magno 
conversion makes it rather unlikely that the switch simply involves a loss (deletion) of 
a unique genetic element (e.g. an extrachromosomal plasmid) forming a repressor of the 
penicillinase structural gene. Beyond that, possible hypotheses—none of which can yet 
be excluded—group themselves into three broad classes as follows:

( 1) Metabolic switches of the Delbriick (1 9 4 9 ) model type or cycles not involving 
heritable modification of DNA (Pollock, 1 9 5 3 b; Monod & Jacob, 1 9 6 1 ). Such pos
sibilities probably cannot be formally excluded until the micro or magno states can be 
separately transferred from one organism to another, though they are made unlikely 
by the persistence of these distinct states through the sporulation cycle.

(2) Consistent errors or alterations occurring at a specifically relevant locus during 
chromosome replication. Since the individual cells of most two-cell units (as recorded 
in Table 4) are presumably derived from a common mother cell and therefore syn
chronized for cell division, it might be argued that a truly random occurrence of 
conversion amongst organisms joined in pairs would be evidence against the pos
sibility of conversion being associated with the replication of a specific locus on the 
chromosome. However, although the kinetics of the appearance of mixed colonies 
during conversion hints at the possibility of a random occurrence at the cell level, it is 
no more than suggestive and in any case the above argument holds only if it can be 
shown either that Bacillus cereus cells have but a single chromosome or that, if more 
than one is present, their replication is synchronous.

(3) Position effects, involving translocations or duplications of genetic regions 
whereby controlling elements are separated from, or brought into contiguity with, the 
structural gene they regulate, causing a switching on or off of production of the 
relevant enzyme: in this case penicillinase. In so far as such a recombination may 
involve synthesis of DNA, the antagonistic effect of nalidixic acid, a known inhibitor 
of DNA formation (Goss, Dietz & Cook, 1 9 6 4 ; Cook, Brown, Boyle & Goss, 1 9 6 6 ; 
Barbour, 1 9 6 7 ), on conversion gives some support to the above interpretation. This 
type of hypothesis may be difficult to prove (or exclude) even with sophisticated genetic 
techniques. But it is one—in various forms—which seems to be naturally well favoured 
a t the moment as a basis for the interpretation of unstable genetic states in Aspergillus
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studied by Bainbridge & Roper ( 1 9 6 6 ) and Nga & Roper ( 1 9 6 8 ), in Antirrhinum by 
Fincham (1 9 6 7 ) and of those involving the Gal3 locus in Escherichia coli as reported 
by Morse ( 1 9 6 7 ) and of both the pro — 4 0 1  locus (Smith-Keary & Dawson, 1 9 6 4 ) and 
antigenic phase variation in Salmonella (B. A. D. Stocker, private communication), 
as well of course as the complicated variations of control of characters in maize 
(particularly anthocyanin production) worked out by McClintock ( 1 9 6 1 ). All these 
phenomena may eventually be found to share some common molecular mechanism. 
And their possible relevance to mechanisms for tissue differentiation and antibody 
formation in higher organisms cannot be ignored.

What could in fact be a special case of the above hypothesis might be considered in 
the light of the possibility, suggested recently by the work of Fraser, Baird & Kleeman
( 1 9 6 9 ), that Bacillus cereus may, under certain circumstances, be diploid. An unstable 
situation might arise if only one of the chromosomes in a pair was actively expressed 
at any one moment, as for the X  chromosomes in female mammals and other instances 
in higher organisms (see Lyon, 1 9 6 8 ). Conversion could then be a reflexion of a switch 
over of the active state from one chromosome to the other in a pair heterozygous for 
penicillinase formation. An explanation based on simple segregation to the haploid 
state would be excluded because conversion involves 10 0  % of the cells and is anyway 
not completely irreversible.

Whatever may be the nature of the event underlying this conversion phenomenon 
it would appear to be under the control of a protein repressor which, at least in the 
case of strain 5 6 9 /H/ 1 4  (micro), is thermo-labile. Unless the reverse change from 
magno to micro is due to some quite different type of event, it must be supposed that 
this thermolability is lost in the conversion process. Restoration of a stable repressor 
might therefore be coupled with restoration of activity to the penicillinase gene and be 
part of the same phenomenon.

We are grateful to Miss Kathleen O’Hare and Miss Alexis Smith for technical 
assistance during summer vacations, and to Dr J. F. Collins for helpful discussions 
and for calculating the formula on which the theoretical curve illustrated in Fig. 3 

is based.
The senior author (M .R.P.) is Honorary Director of a Research Group on 

‘Bacterial Enzyme Variation’ supported by the Medical Research Council.
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SUMMARY
Growth of Mycoplasma laidlawii a in a tryptose medium, with lipid pre

extracted, containing charcoal-treated bovine plasma albumin, occurred only 
after addition of long-chain fatty acids. Of the long-chain fatty acids tested, 
positional as well as geometrical isomers of octadecenoic acids were effective 
in growth promotion; trans isomers were more effective in promoting growth 
and in lowering osmotic fragility than their corresponding cis isomers. Tetra- 
decenoic or hexadecenoic acids did not replace the growth requirement for 
an octadecenoic acid. Although fatty acids containing cyclopropane-rings 
promoted growth, a greater toxicity and lower growth response was observed. 
No fatty acid isomerization by this mycoplasma was detected and the 
octadecenoic acids added to the growth medium were recovered from 
membrane polar lipids unchanged. Fatty acid analyses revealed that myristic 
and palmitic acids were the major saturated fatty acid components of the 
membrane polar lipids. No differences were found in the fatty acid content or 
composition of membrane polar lipids from mycoplasmas grown at 2 5 ° and 
3 7 0. Major differences in the fatty acid composition between glycolipids and 
phospholipids were not apparent.

INTRODUCTION
The mycoplasma cell is bound by a lipoprotein membrane containing virtually all 

of the cellular lipids (Razin, 1 9 6 7 ). While mycoplasmas not requiring sterols are 
capable of synthesizing saturated fatty acids from acetate (Rottem & Razin, 1 9 6 7  a ; 
Pollack & Tourtellotte, 1 9 6 7 ) some require an exogeneous octadecenoic acid for 
growth (Razin & Rottem, 1 9 6 3 ; Razin, Tourtellotte, McElhaney & Pollack, 1 9 6 6 ) 
and others do not (Henrikson & Panos, 1 9 6 9 ; Panos & Henrikson, 1 9 6 9 ). Thus far, 
all have been found capable of incorporating both saturated and unsaturated fatty 
acids into their membrane polar lipids (Razin et al. 1 9 6 6 ; Rottem & Razin, 1 9 6 7  a).

Practically nothing is known about the possibility of replacing the unsaturated 
fatty acid requirement for growth of a non-sterol-requiring mycoplasma with 
monoenoic positional or geometrical isomers or by fatty acids containing a cyclo
propane ring. The ability to alter the fatty acid composition of mycoplasmal mem
branes by changing the lipid composition of the growth medium and the resulting 
effect on osmotic fragility of intact cells has been reported (Razin et al. 1 9 6 6 ). An 
incorporation of elaidic acid into membrane lipids of the sterol-requiring Mycoplasma 
sp. Y, was reported by Rodwell ( 1 9 6 8 ). This acid replaced both the saturated and un
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saturated fatty acid growth requirements and was incorporated, unchanged, into the 
membrane lipids of this organism. The incorporation of trans monoenoic acid isomers 
as well as cyclopropane ring containing and methyl-branched fatty acids into mem
brane lipids has also been reported for certain non-sterol-requiring mycoplasmas 
(Panos & Henrikson, 1 9 6 9 ; McElhaney & Tourtellotte, 1 9 6 9 ).

The present work examines the effect of various positional and geometrical 
monoenoic acids and of the cyclopropane-ring containing acids on growth and 
osmotic fragility of Mycoplasma laidlawii A, an octadecenoic acid-requiring organism. 
The fatty acid composition of the membrane polar lipids of this organism when grown 
in the presence of these exogeneously supplied fatty acids is also discussed.
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METHODS
Organism and growth conditions. Mycoplasma laidlawii (oral strain) was kindly 

provided by Dr S. Razin (The Hebrew University—Hadassah Medical School, 
Jerusalem, Israel). This strain is related to M. laidlawii A (Rottem & Razin, 1 9 6 7  A) 
and requires an octadecenoic acid for growth. For growth experiments, mycoplasmas 
were grown in 5 ml. medium consisting of 2  % (w/v) tryptose (Difco Laboratories Inc., 
Detroit, Michigan, U.S.A.) from which lipid had been extracted (Henrikson & Panos, 
1 9 6 9 ), 0 -5  % (w/v) glucose, 0 -5  % (w/v) sodium acetate, 50 0  units penicillin G/ml. and 
0 -2 5%  (w/v) bovine plasma albumin fraction V (Armour Pharmaceutical Co., 
Kankekee, Illinois, U.S.A.) which had been treated with charcoal to remove fatty 
acids according to Chen ( 1 9 6 7 ). Each tube received 0 -0 5  ml. of an ethanolic solution 
(7 0 %, v/v in water) containing various amounts of the fatty acid to be tested and 
0 -0 5  ml. of inoculum grown in the medium described above with 2  /ig. oleic acid/ml. 
The initial inoculum contained about io 7 colony-forming units (c.f.u.)/ml. medium 
as determined by the colony-count technique of Butler & Knight ( i 9 6 0 ). Inoculated 
tubes were incubated statically at 3 7 °. Growth was estimated after 2 4  to 3 6  hr by 
viable count (Butler & Knight, i 9 6 0 ) and/or extinction at 4 0 0  nm. For the analyses of 
fatty acids from membrane polar lipids, organisms were grown in 4  1. volumes of 
medium as described above, supplemented with 2 to 4  /¿g./ml. of a particular mono
enoic fatty acid. For isotope experiments, [i-u C]oleic acid (5 7 - 2  mc/m-mole) or 
[i-14C]elaidic acid ( 5 2  mc/m-mole) was added to the growth medium ( 1  pc/L). For 
osmotic fragility experiments, 10 0  ml. of medium supplemented with 10  to 2 0  /¿g./ml. 
of a monoenoic or cyclopropane-ring containing fatty acid was used. Organisms were 
routinely harvested after 2 4  to 3 6  hr at 3 7 0 ( 1 7 ,0 0 0  g  for 2 0  min.), washed once with 
0 -2 5  M-NaCl and the amount of cell protein determined according to Lowry, Rose- 
brough, Farr & Randall ( 1 9 5 1 ).

Assessment o f  osmotic fragility. A portion of washed mycoplasmas was suspended 
in a small volume of 0 -2 5  M-NaCl and 0 -0 5  ml. of suspension added to test-tubes 
containing 2  ml. 0 -2 5  M-NaCl or 2  ml. o 0 -0 5  M-NaCl. The change in turbidity (from 
0 -5 0 0  extinction) was measured at 5 0 0  nm. with a Zeiss PMQ II spectrophotometer 
after incubation at 3 7 0 for 1 5  min. and the results expressed as % lysis in 0 -0 5  M-NaCl.

Lipid extraction and chromatography. Lyophilized membranes isolated by osmotic 
lysis of washed organisms as described by Razin et al. ( 1 9 6 6 ), were extracted with 
2 0  volumes of chloroform +  methanol (2  +  1 , v/v) according to Folch, Lees & Sloane- 
Stanley (1 9 5 7 ). The lipid extract was dried under a stream of nitrogen, dissolved in



0 -5  ml. chloroform and applied to a i-6 x io c m . column of activated silicic acid 
(Unisil, 10 0  to 2 0 0  mesh, Clarkson Chemical Co. Inc., Williamsport, Penna., U.S.A.) 
that had been washed with chloroform. Neutral lipids were eluted with 2 0 0  ml. 
chloroform followed by 2 0 0  ml. methanol which eluted the polar lipids (Ansell & 
Hawthorne, 1 9 6 4 ). After removal of neutral lipids, separation of phospholipids from 
glycolipids was achieved by successive elution with 2 0 0  ml. acetone and 1 5 0  ml. 
chloroform +  methanol ( 1  +  1 , v/v) (Shaw, Smith & Kostra, 1 9 6 8 ). Total phosphorus 
in lipid fractions was determined according to Fiske & SubbaRow ( 1 9 2 5 ) after diges
tion of samples with 7 0 % perchloric acid at 1 2 0 ° for 2 4  hr.

Analyses o f fa tty  acids. The alkaline hydrolysis-fatty acid extraction methods of 
Hofmann, Henis & Panos ( 1 9 5 7 ), modified by the omission of bicarbonate washings, 
were used throughout. Méthylation of the free fatty acids, hydrogenation and infrared 
analyses were performed as described elsewhere (Panos, Cohen & Fagan, 1 9 6 6 ); 
Weinbaum & Panos, 1 9 6 6 ). Separation of methylated fatty acid geometrical isomers 
was achieved by thin-layer chromatography on silica gel G plates containing 1 5 % 
(w/v) A gN 0 3 and o-oi % (w/v) Rhodamine 6 G. Methylated fatty acid mixtures were 
dissolved in benzene and applied on plates as bands with each plate containing 
approximately 2 0 0  /zg. of material. The developing solvent was a mixture of light 
petroleum (b.p. 3 8 ° to 4 6 °) -F diethyl ether (9  +  1 , v/v). Fatty acid zones were located 
under ultraviolet radiation. For recovery of labelled acids in radioactive experiments, 
bands were scraped off plates, transferred to tubes and the silica gel extracted (3  times) 
with multiple portions (5  ml.) of light petroleum. After transfer to scintillation vials 
and subsequent removal of solvent under a stream of nitrogen, 10  ml. of scintillation 
fluid (3  g. 2 ,5 -diphenyloxazol and o-i g. i ,4 -bis- ( 5  phenyl:oxazolyl-2)-benzene in 1 1. 
toluene) was added and samples counted in a Packard Tricarb Scintillation counter. 
Esterified positional monoenoic acid isomers, together with the other components of 
such mixtures, were resolved by capillary column gas chromatography using a 1 5 0  foot 
(4 0 -6  m.) x  o-oi inch (0 -2 5  mm.) column coated with Carbowax K-2 0 M + V-9 3  

(9 9 + 1 ) (Perkin-Elmer Corp., Norwalk, Conn., U.S.A.) as described previously 
(Panos et al. 1 9 6 6 ; Panos & Henrikson, 1 9 6 8 ). The designated abbreviations (C 1 3 T?, 
C 1 4 T?) of the tentatively identified branched methyl fatty acids are based upon their 
total carbon atom content.

Chemicals. Oleic, m-vaccenic, elaidic and /ram-vaccenic acids were purchased from 
the Hormel Institute (Austin, Minn., U.S.A.) and were greater than 9 9  % pure. 
[i-14C]01eic acid (5 7 - 2  mc/m-mole) and [i-14C]elaidic acid ( 5 2  mc-/m-mole) were the 
products of Applied Science Laboratories (State College, Penna., U.S.A.) and were 
checked for purity before use. Dihydrosterculic (cis-t),1 o-methyleneoctadecanoic) acid 
had been prepared by the hydrogenation of Sterculia foetida kernel oil according to 
the method of Tausig ( 1 9 5 5 ) following low-temperature crystallization of the free acid 
and purification of the methyl ester by thin-layer chromatography as described above. 
Lactobacillic (cis-1 1 , 1 2-methyleneoctadecanoic) acid was obtained by vacuum fra- 
tional distillation of methylated fatty acids derived from Escherichia coli E-2 6  grown 
in a defined medium (Hofmann, Lucas & Sax, 1 9 5 2 ; Weinbaum & Panos, 1 9 6 6 ).
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RESULTS
The fatty acid composition of the tryptose +  albumin ingredients of the growth 

medium is given in Table I. The intensive extraction of dried tryptose and bovine 
serum albumin resulted in an almost insignificant combined fatty acid content remain
ing, giving approx. 0-5 /tg. unsaturated fatty acid/ml. medium when reconstituted. 
Charcoal treatment of bovine serum albumin decreased its fatty acid content from 
0 - 1 4 7  % to 0-0 0 8  % without changing the relative amount of each of its residual acids. 
The dominant fatty acids in charcoal-treated albumin preparations were oleic (2 9  %), 
palmitic (2 5  %) and stearic acids (2 2  %). Almost no growth of Mycoplasma laidlawii a 
occurred in this extracted medium without the addition of an octadecenoic acid.

Table 1 . Residual fa tty  acid composition and content o f the lipid-extracted 
tryptose + albumin ingredients o f the growth medium*

F a t ty  acids
C o m p o sitio n

(% )

L au rie o -33
C 13 s a t’d 0-04
T rid ecan o ic 0-04

C 14 sa t’d 0-04
M yristic 2-87
C 14 u n sa t’d 0 1 0

P en tad ecan o ic 0-31
P alm itic 33-22
M a rg a ric 0-30
Stearic l-8o
O leic 38-27
L inoleic 0-67

T o ta l fa tty  ac ids’ = (0-0059%

* T ry p to se  e x tra c te d  w ith  c h lo ro fo rm + m eth an o l a n d  e th y l e th e r , a lb u m in  by  c h a rco a l tre a tm e n t

The absolute requirement of Mycoplasma laidlawii a for an unsaturated fatty acid 
has been described (Razin et al. 1 9 6 6 ). This requirement can be fulfilled by oleic acid 
and to a lesser degree by linoleic or linolenic acids (Razin & Rottem, 1 9 6 3 ). Figure 1 

shows that this mycoplasma can be grown in a tryptose pre-extracted medium con
taining 0 -2 5  % (w/v) charcoal-treated albumin with other fatty acids as well. Either 
positional or geometrical isomers of octadecenoic acids served as effective growth 
promoters. Furthermore, a trans isomer, elaidic (/rcny-9 -octadecenoic) acid, was more 
active in promoting growth than its corresponding cis isomer (oleic acid). Likewise, 
two cyclopropane-ring containing acids, lactobacillic (cis-i 1 , 1 2-methylencoctade- 
canoic) and dihydrosterculic (cis-g, 1 o-methyleneoctadecan oic) acids were able to 
replace this need for an octadecenoic acid for growth. Although shorter-chain mono- 
enoic fatty acids such as lauroleic, cri-5 -tetradecenoic, myristoleic or palmitoleic were 
devoid of growth-promoting abilities, they were none the less incorporated into 
complex lipids and some elongated. This aspect will be dealt with in a subsequent 
publication. The optimal concentration of the various octadecenoic fatty acids for 
growth was 2-5  to 5-0  /¿g./ml. medium, higher concentrations began to exert a toxic 
effect. The lowest growth response was found to occur with the cyclopropane ring-



containing fatty acids (Fig. 1 ), with about 8 7 % inhibition of growth at j 5 /¿g./'ml. 
medium (Table 2). A similar toxic effect was not observed with any of the other 
positional or geometrical octadecenoic acid isomers tested. Also, marked lysis occurred 
when mycoplasmas were grown with 4  /tg./ml. of either of these ring-containing fatty 
acids upon reaching the stationary phase of growth.
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F ig . 1. T h e  effect o f  lo n g -ch a in  fa tty  ac id  isom ers o n  g ro w th  o f  M y c o p la s m a  la id la w ii  A in  
a  lip id  p re -e x trac ted  try p to se  m ed ium . A , O leic (c/s-9-octadecenoic) ac id ; O , m -v accen ic  
(c is- 11 -octadeceno ic) a c id ; □ , e la id ic  (inm s-9 -octadeceno ic) ac id ; • ,  d ihydro ste rcu lic  
(c /s-9 ,io -m eth y len eo c tad ecan o ic ) a c id ; A , lac to b ac illic  (c is -11,12-m ethy leneoctadecanoic) 
ac id . G ro w th  es tim a ted  a f te r  36 h r.

Table 2 . Growth inhibition o f Mycoplasma laidlawii A  by long-chain fa tty  acids

O rg an ism s g ro w n  in  a  lip id  p re -e x trac ted  m ed iu m  co n ta in in g  0-25%  
ch a rc o a l- tre a te d  a lb u m in . F a t ty  ac ids ad d e d  as e th an o lic  so lu tions.

C o n c e n tra tio n C o lony-fo rm ing In h ib itio n *
F a tty  ac id O g ./m l.) un its /m l. (% )

E la id ic 5 8-3 X IO9
15 6-i x  109 26-5

O leic 5 6-i x  io 9
15 2-4 X IO9 6 0 7

D ih y d ro ste rcu lic  5 2-4 X IO9
15 3-1 X IO8 87-1

* A s co m p ared  to  m ycop lasm as g ro w n  w ith  fa tty  ac id , 5 /¿g./ml.

Quantitative results from capillary column gas chromatograms are given in Table 3 

and illustrate the intensive incorporation of eA-vaccenic acid into membrane polar 
lipids as well as their high myristic acid content as compared with that of the growth 
medium (Table 1 ). The total fatty acid content of these membranes was 1 8 -6 %. No 
changes in fatty acid content or in the relative amount of the various fatty acids of the 
membrane polar lipids was noticed when Mycoplasma laidlawii A was grown at 2 5 0.
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A comparison of the fatty acid content of membrane phospho- and glyco-lipids is 
shown in Table 3 , which also shows a small but consistently greater cA-vaccenic acid 
content of the phospholipids always apparent during these studies. Glycolipid frac
tions were eluted from silicic acid columns with acetone and contained approximately 
4 0  % of the membrane polar lipids. Membrane phospholipids were similarly eluted 
with chloroform +  methanol ( 1  +  1 , v/v). These fractions contained over 4 3 % of the 
total polar lipids and all of the organic phosphorus of the membrane lipids.

Table 3 . Fatty acid composition (%) and distribution o f  
Mycoplasma laidlawii A  membrane polar lipids*

O rgan ism s g ro w n  in  a  lip id  p re -e x trac ted  m ed iu m  co n ta in in g  0-25%  ch a rc o a l- tre a te d  
a lb u m in . cw -V accenic ac id  a d d ed  as e th an o lic  so lu tio n .
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F a tty  a c id f P o la r  lip ids P h o sp h o lip id s G lycolip ids

C ap ric 0*01 o-oi o-oi
L au rie 7-04 6-72 7-96
C 13 sa t’d  (C 1 3 T ?) 0-49 0-40 0-39
T rid ecan o ic 1-02 0-92 0-98

C 14 sa t’d  (C 1 4 T ?) 0*02 o-oi 0-02
M yristic 30-12 28-62 31-40
C 14 u n sa t’d 0-40 0-38 0-25
C lt  u n sa t’d 0-93 0-91 0-93

P en tad ecan o ic 1-48 1-47 1-43
P alm itic 16-61 15-01 17-12
M a rg a ric o-oi o-oi o-oi
S tearic 1-27 1-32 1-06
c/s-V accenic 39-09 41-98 38-01
L ino leic 1 -30 1 ■ 15 1-20

U n s a t’d /s a t’d  ra tio 0-72 o-8o 0-70

* M yco p lasm as g ro w n  w ith  cii-vaccen ic  ac id , 2 /¿g./m l., average  o f  th re e  experim ents, 
t  U n s a t’d  =  u n sa tu ra te d , sa t’d  =  sa tu ra te d .

When Mycoplasma laidlawii a was grown with elaidic acid the fatty acid profile 
and composition of its membrane polar lipids was the same as that for organisms 
grown with oleic acid. However, the characteristic configurational trans band ( 10 -3  p.) 
appeared in the infrared spectra of those methylated fatty acid mixtures from mem
brane polar lipids of mycoplasmas grown with elaidic acid (Fig. 2). The possibility 
that part of the elaidic acid was isomerized to the corresponding cis isomer was 
excluded by the use of labelled fatty acids in the growth medium and the subsequent 
separation of geometrical octadecenoic acid isomers by thin-layer chromatography. 
Table 4  shows that this mycoplasma was incapable of isomerizing an octadecenoic 
acid either from or to the trans configuration. All of the [i-u C]elaidic or [i-14C]oleic 
acid added to the growth medium was recovered from membrane polar lipids without 
redistribution of radioactivity. The low amount of radioactivity appearing in the cis 
and trans areas of the respective trans and cis thin-layer chromatographic fractions 
(Table 4) was due to impurities in the isotopic reagents as supplied by the vendor.

An increase in the concentration of oleic or elaidic acid in the growth medium up 
to 1 2  /ig./ml. resulted in an increase in the total amount of each acid incorporated into 
the mycoplasmas (Fig. 3). However, further increases in the external fatty acid con
centration did not increase incorporation. The maximal amount of octadecenoic



acid/mg. cell protein under these conditions was approx. 1 5 0  fig. Although no dif
ferences were noted in the amount of oleic or elaidic acid incorporated into Myco
plasma laidlawii A, a marked change in its osmotic fragility was observed. This dif
ference was most pronounced when the concentration of such acids in the growth 
medium increased above 5 /tg./ml. The differences in cell yields, viable counts and 
osmotic fragility of M. laidlawii a grown with relatively high concentrations of various 
fatty acids are summarized in Table 5 . The trans isomer, elaidic and trans-vaccenic 
acids improved growth and increased the resistance of the organisms to osmotic lysis 
more than did their corresponding cis isomers, oleic and «T-vaccenic acids or their 
homologous cA-cyclopropane-ring containing fatty acids, dihydrosterculic and 
lactobacillic acids.
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Fig. 2. Infrared spectra o f methylated fatty acids from membrane polar lipids o f Mycoplasma 
laidlawii a . I, Grown with oleic acid, 2 /tg./ml. II, Grown with elaidic acid, 2 /tg./ml. Arrow  
indicates trans band.
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Microns
■5 3 0 3 5 4-0 5 0 6-0 8-0 9-0 10-0 15 0 20-0

Table 4 . Incorporation o f geometrical octadecenoic acid isomers into 
Mycoplasma laidlawii A membrane polar lipids

Organisms grown in a lipid pre-extracted medium containing 0-25% charcoal-treated albu
min and labelled fatty acid indicated. Fatty acids added as ethanolic solutions. Methylated 
fatty acids separated into fractions by thin layer (A g N 0 3) chromatography

Fractions

Radioactivity (counts/min.)
__________________ A______________________
Rf [i -14C]Oleic acid [i-14C]Elaidic acid

Saturated acids 0-85
Trans acids 0-66
Cis acids 0-45

42 33
120 6218

4843 270

DISCUSSION
A growth requirement for long-chain fatty acids has been established for certain 

mycoplasmas: Mycoplasma var. mycoides mycoides and Mycoplasma sp. y require 
both an unsaturated and a saturated fatty acid for growth (Rodwell & Abbot, 1 9 6 1 ;
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Table 5 . Effect o f octadecenoic and cyclopropane ring containing fa tty  acid 
isomers on growth and osmotic fragility o f  Mycoplasma laidlawii A

O rgan ism s g row n  in  lip id  p re -e x trac ted  try p to se  m ed iu m  c o n ta in in g  0-25 %  c h a rco a l- trea te d  
b ov ine  se ru m  a lb u m in  w ith  fa tty  acids ind ica ted .

C e llu la r yields
F a tty  ac id  ad d ed  to C o n c en tra tio n (m g. p ro te in / N o . o f  c .f .u .* O sm o tic

g ro w th  m ed iu m (/ig ./m l.) 100 m l.) (c .f.u ./n i . ) fra g ility f

O leic 20 1-72 6-20 x  10s 44 '5
10 2 9 4 2-6o x  io 9 47-0

E la id ic 20 3-86 1-65 X IO10 26-4

D ih y d ro ste rcu lic 10 2-00 7-00 x  io 8 58 '6

m -V accen ic 20 I -6i 4-35 x  IO8 53-6
10 3 -io 2-30 x  IO9 55-0

tra/w -V accenic 20 3'45 4-65 X IO9 32-1

L actobacillic 10 1-90 8-25 X IO8 5 2 6

* C .f .u . =  co lony -fo rm in g  un its .
t  P ercen tag e  lysis in 0 05 M -NaCl (0-25 M -N aCl as co n tro l).

Fatty acid concentration (/ig./ml. medium)

F ig . 3. In c o rp o ra tio n  o f  o c tadeceno ic  ac id  isom ers in to  M y c o p la s m a  la id la w ii a a n d  th e ir  
effect o n  osm otic  frag ility . In c o rp o ra tio n : oleic ac id  (O ) a n d  elaid ic ac id  ( • ) .  O sm otic  
frag ility : o rg an ism s g row n  w ith  oleic (□ ) o r  elaid ic  acids (■ ). F ra g ility  d e te rm in ed  a fte r  
24 h r.

Rodwell, 1 9 6 7 ). However, while some non-sterol-requiring strains require an un
saturated fatty acid for growth (Razin & Rottem, 1 9 6 3 ; Razin el al. 1 9 6 6 ), others do 
not (Henrikson & Panos, 1 9 6 9 ; Panos & Henrikson, 1 9 6 9 ). In the present studies, the 
requirement for an unsaturated fatty acid by M. laidlawii a  was fulfilled by either 
positional or geometrical octadecenoic acid isomers, but not by shorter-chain mono-



enoic fatty acids. The inability of shorter-chain fatty acids to be elongated beyond 
their respective hexadecenoic acid isomers by this mycoplasma has been discussed 
by Panos & Rottem ( 1 9 6 9 ). Growth of M. laidlawii A was greatest when elaidic acid 
replaced oleic acid as the octadecenoic acid requirement. Elaidic acid provided a 
greater growth response and was less toxic at higher concentrations than its corre
sponding cis isomer under otherwise identical growth conditions. Rodwell ( 1 9 6 8 ) 
reported that both the saturated and unsaturated fatty acid needs of Mycoplasma sp. Y 
could be fulfilled by elaidic acid. This greater response of M. laidlawii A with elaidic 
acid may be due to a better packing of its membrane polar lipids necessary for greater 
growth and cellular activity. Surprisingly, cyclopropane-ring-containing fatty acids 
(lactobacillic and dihydrosterculic acids) were able to substitute for oleic acid in the 
growth medium. While these acids are known to replace the octadecenoic acid re
quirement for certain bacteria (Hofmann & Panos, 1 9 5 4 ), their presence in the myco- 
plasmas has been only speculative (O’Leary, 1 9 6 2 ; Pollack & Tourtellotte, 1 9 6 7 ). 
Although nothing is known about the physical effects of ring-containing fatty acids 
on, for example, lipoidal membrane packing sequences, it is known that ‘the cyclo
propane-ring appears to restrict the number of “ economical” modes of packing the 
long chains into a crystal lattice ’ (Hofmann, 1 9 6 3 ). Thus the greater toxicity and lowest 
growth response of mycoplasmas grown with lactobacillic or dihydrosterculic acids 
and the lysis of M. laidlawii A, once the stationary phase of growth was reached, may 
conceivably be related to an indiscriminate incorporation resulting in an alteration of 
the spatial requirements for membrane stability, with eventual lysis.

The fatty acid composition of mycoplasma lipids has been a subject of previous 
publications (Razin et al. 1 9 6 6 ; Rodwell, 1 9 6 8 ; Panos & Henrikson, 1 9 6 9 ). A com
parison of the fatty acid profile of mycoplasma lipids with that of the growth medium 
has also been reported (Smith, Kostra & Henrikson 1 9 6 5 ; Razin et al. 1 9 6 6 ). Using 
high-resolving capillary gas chromatography, Henrikson & Panos ( 1 9 6 9 ) showed that 
when Mycoplasma sp. khs or M. laidlawii b were grown in a medium almost devoid 
of fatty acids, myristic acid comprised almost 5 0 % of their total fatty acids. The 
presence of significantly greater amounts of myristic acid than palmitic acid in the 
membrane polar lipids from M. laidlawii, together with the reverse observed in 
uninoculated growth-medium controls, reflected a net synthesis of myristic acid and 
confirmed the earlier results of others concerning the de novo synthesis of saturated 
fatty acids from acetate (Rottem & Razin, 1 9 6 7 a; Pollack & Tourtellotte, 1 9 6 7 ). 
Contrary to these whole-cell growth experiments, stearic acid was the major saturated 
fatty acid synthesized by a cell-free system from this organism (Rottem & Panos, 1 9 6 9 ), 
indicating the possibility of an altered regulatory mechanism once cellular integrity 
had been destroyed. The fatty acid content of the complex lipids from M. laidlawii A 
revealed minute but consistent differences in the saturated fatty acid content of the 
glycolipid and phospholipid fractions. However, their over-all similarity in fatty acid 
composition indicated the use of a possible common precursor (2 ,3 -diglycerides?) for 
the syntheses of gly co- and phospho-lipids (Kates, 1 9 6 6 ).

Elaidic acid was incorporated into the membrane polar lipids to the same extent 
as its corresponding cis isomer, indicating that the enzymes catalysing the esterifica
tion of the fatty acids do not discriminate between cis and trans isomers in Myco
plasma laidlawii a . An equal incorporation of cis and trans isomers into the 2 position 
of phosphatidylcholine was described by Lands ( 1 9 6 5 ) for mammalian cells. The fact
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that most of a trans isomer added to the growth medium could be recovered unchanged 
from Mycoplasma sp. Y and Mycoplasma sp. khs had been mentioned previously 
(Rodwell, 1 9 6 8 ; Panos & Henrikson, 1 9 6 9 ). Our findings that no isomerization of a 
trans octadecenoic acid occurred in M. laidlawii a confirms these earlier results. The 
use of radioactive geometrical octadecenoic acid isomers made the investigation of 
the lack of isomerization possible by a method with greater sensitivity than that of 
capillary gas chromatography.

Mycoplasmas are relatively resistant to osmotic lysis as compared to bacterial 
protoplasts (Razin & Argaman, 1 9 6 3 ). Since almost all of the polar lipids reside in the 
mycoplasmal membrane (Smith, 1 9 6 7 ), it is reasonable to assume that changes in 
membrane lipid composition may result in changes in the elasticity of this cellular 
component. The stability of myelin has been assumed to be due to its high saturated 
fatty acid content, allowing for a closer packing of its phospholipids (O’Brien, 1 9 6 5 ). 
Likewise, Chapman, Owens & Walker ( 1 9 6 6 ), using an artificial system, showed that 
phospholipids containing a trans acid formed a more condensed monolayer than those 
containing the corresponding cis derivative. Among the mycoplasmas it has been 
found that unsaturated long-chain fatty acids increase the resistance of Mycoplasma 
laidlawii b to osmotic lysis (Razin et al. 1 9 6 6 ), presumably because of increased mem
brane elasticity. These authors inferred that unsaturated fatty acids may allow for a 
looser packing of the mycoplasmal membrane lipids resulting in greater elasticity. 
However, our studies showed that although osmotic fragility decreased with increasing 
concentrations of oleic acid in the growth medium, elaidic acid lowered fragility still 
further. The need for an optimal ratio of saturated: unsaturated fatty acids for both 
growth and osmotic stability of the mycoplasmal membrane has been suggested 
(Razin et al. 1 9 6 6 ). The ability of elaidic acid to serve both the unsaturated and 
saturated fatty acid requirement for growth of a sterol-requiring mycoplasma (Rod- 
well, 1 9 6 8 ) seemingly supports this assumption. Although no change in the saturated 
or unsaturated fatty acid content of the membrane polar lipids was noted when 
M . laidlawii a was grown with elaidic acid, as compared with oleate grown cells, the 
possibility still remains that this trans acid may he more suitable in maintaining an 
optimal lipoidal membrane orientation for better growth and decreased osmotic 
fragility.
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S U M M A R Y

Death of Escherichia coli after exposure to ultraviolet (u.v.) radiation or to 
y-rays was markedly increased when the bacteria were incubated on media 
containing chloramphenicol or puromycin. A similar effect occurred when an 
irradiated histidine-requiring strain of E. coli b/r was deprived of its require
ment but not when several other amino acid auxotrophic mutants of E. coli 
b/r were similarly deprived. The extra killing may be associated with the 
synthesis of RNA rather than be a direct consequence of inhibition of protein 
synthesis.

INTRODUCTION
Death (i.e. the inability to form a visible colony) in Escherichia coli strain b/r after 

exposure to ultraviolet (u.v.) or ionizing radiation depends partly on the conditions 
in which the bacteria are treated after irradiation. For example, a marked decrease in 
survival occurs when the bacteria are incubated on a nutrient medium containing 
chloramphenicol for a short period after irradiation (Okagaki, i 9 6 0 ; Alper, 1 9 6 3 ; 
Gillies & Brown, 1 9 6 7 ). This effect is apparently caused by inhibition of protein 
synthesis in the irradiated bacteria; there is some evidence that it may result from loss 
of substances which are not resynthesized (Gillies & Brown, 1 9 6 7 ). In the present 
paper data are presented on the effect on survival of irradiated E. coli b/r of puro
mycin, which inhibits protein synthesis (Yarmolinsky & de la Haba, 1 9 5 9 ), of laevor- 
phanol, which inhibits the uptake of [14C]uracil into bacterial RNA (Simon, 1 9 6 3 ), 
and of withholding a required amino acid from auxotrophic strains.

METHODS
Strains. The strain Escherichia coli b/r was that used previously by Alper & Gillies 

( i 9 6 0 ). M utants auxotrophic for amino acids were isolated from this strain by using
methods described by Gillies ( 1 9 6 1 ): 

M u ta n t R e q u irem en t N o . o f  m u ta n ts

E . c o li b / r  h is- H istid in e 3
E . c o li  b / r  7 P ro lin e i
E . c o li b/r met- M e th io n in e i
E . c o li b / r  t r p - T ry p to p h a n i

Stock cultures were maintained at 4 ° on slopes of Oxoid Blood Agar Base.

* P re sen t a d d ress : M ed ica l R e sea rch  C ounc il, E x p e rim en ta l R a d io p a th o lo g y  U n it, H a m m e r
sm ith  H o sp ita l, D u c a n e  R o a d , L o n d o n , W . 12.
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Media. All strains were grown to stationary phase in Oxoid nutrient broth at 3 7 0. 
For colony counting after irradiation Escherichia coli b /r  was incubated at 3 7 0 on 
Oxoid Blood Agar Base or on a defined nutrient medium known as M 1 9  (Forage & 
Gillies, 1 9 6 4 ). The irradiated auxotrophic mutants were incubated on medium M 1 9 , 
from which the required amino acid was omitted as desired.

Various substances were added to the post-irradiation growth medium where 
indicated. Chloramphenicol was heat-sterilized and added at 5 /tg./ml. Puromycin 
was sterilized by filtration through an Oxoid membrane filter (pore size not greater 
than 1 p) and added at 4 0  /tg./ml. Laevorphanol was heat-sterilized and used at 
1-2  mg./ml.

Extraction and measurement o f protein containing [14C]/ewc/«e end o f RNA containing 
[u C]uracil. The rates of protein synthesis and of RNA synthesis were determined by 
measuring the incorporation of [14C]leucine (purity, 9 9 %; specific activity, 6 -6  m e/ 
m-mole) and [14C]uracil (purity, 9 9 %; specific activity, 4 0 -6  mc/m-mole) into protein 
and RNA respectively. Both labelled compounds were obtained from the Radio
chemical Centre, Amersham, Bucks. Radioactive samples were counted in a Tri-Carb 
liquid Scintillation Counting System, Model 3 1 4  Ex, set at 3-3 high voltage.

Bacteria were grown to stationary phase, centrifuged and resuspended in about 
8 ml. M /1 5 , pH 7 , Na/K  phosphate buffer at io8 organisms/ml., and 5 ml. of the irra
diated suspension were inoculated into 50  ml. medium M 19  containing o-2 pc  of 
[u C]leucine or 0-0 2  /¿c/ml. of [14C]uracil. At intervals, 4  ml. samples were removed 
and pipetted into 0-5 ml. 50  % ice-cold trichloroacetic acid (TCA) and filtered through 
a Millipore membrane filter (GSWP 0 2 5 0 0 , pore size 0 -2 2  p, diameter 2 5  mm.). The 
precipitate was washed four times with 4  ml. 5 % ice-cold TCA, and the filter dried at 
3 7 0 for 1 hr. When completely dry, the filter was placed in the bottom of a scintillation 
bottle and 4  ml. of scintillator (5  g. 2 ,5  diphenyloxazole and 0-3 g. 1 ,4  bis-2 -(4 -methyl- 
5 -phenyl-oxazoly)-benzene dissolved in 1 1. scintillation-grade toluene) were added.

Irradiation experiments. Bacteria were washed three times and resuspended in 
phosphate buffer for irradiation.

Ultraviolet irradiation. Ten ml. suspension were pipetted into a 9 cm. glass Petri dish 
and placed under a water-jacketed Hanovia 1 5  W u.v. germicidal lamp emitting more 
than 90  % of its energy at 2 5 3 7  A. The energy emitted from tire lamp was 2 8 6  ergs/ 
mm.2/min. at 4 2  cm. The dish was gently shaken during irradiation, after which the 
suspension was diluted and plated away from direct light.

y-Irradiation. Bacteria were exposed to y-irradiation from a 60Co source (Vickers- 
Armstrong Mk IV Hotspot Irradiation Unit) in the vessel described by Forage & 
Gillies ( 1 9 6 4 ), with oxygen-free nitrogen bubbled through the suspension. The dose 
rate in the 60Co unit, as measured by ferrous sulphate dosimetry (Miller & Wilkinson,
1 9 5 2 ), was 2-2  krads/min.

Dilutions of unirradiated and irradiated bacterial suspensions were dispensed with 
an Agla microsyringe (Burroughs Wellcome Co., London) on to cellophan carriers 
(2  x  1 in .; 5 x  2 -5  cm.) lying on the surface of the growth medium previously warmed 
to 3 7 0. Bacteria could thus be transferred rapidly from one medium to another (Alper 
& Gillies, 1 9 5 8 ).

Although in most of the experiments the cellophan technique was used, the investi
gations with laevorphanol were made in liquid media. Unirradiated and irradiated 
bacteria were inoculated into bottles containing 19  ml. nutrient broth containing
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laevorphanol or chloramphenicol, incubated and at intervals samples for the deter
mination of the viable count were removed, diluted and plated on to nutrient agar. 
In both procedures the plates were incubated overnight at 3 7 0 and macro-colonies 
scored.
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RESULTS
Relationship between protein synthesis and survival in Escherichia coli b / r

Puromycin and chloramphenicol. After exposure of the bacteria to u.v. radiation the 
two antibiotics caused additional killing to the same extent (Fig. 1 ). After exposure 
to a dose of y-rays, which caused the same killing as u.v. radiation, both antibiotics 
decreased survival to about one-third. These results suggest that the decrease in sur
vival may be caused by general inhibition of protein synthesis, with which puromycin 
and chloramphenicol interfere (Morris & Schweet, 1 9 6 1 ; Jardetzky & Julian, 1 9 6 4 ).

A difficulty in the use of supposedly specific inhibitors is that they may cause other 
unknown effects in the organism. To overcome this problem we have studied the effect 
on survival of withholding the required amino acid from irradiated auxotrophic 
mutants of Escherichia coli b/r. Under these conditions protein synthesis would 
be expected not to occur or to be strictly limited.

Histidine-requiring auxotrophs. When Escherichia coli b/r his-  was incubated on 
a defined nutrient medium lacking histidine immediately following y-irradiation under 
anaerobic conditions, survival was decreased to about the same as by chloramphenicol 
(Fig. 2). A series of experiments in which different doses of y-rays were used are 
summarized in the survival curves shown in Fig. 3 . Qualitatively similar results were 
obtained for u.v.-irradiated bacteria although the enhancement of death was only 
half as much as that found when they were treated with chloramphenicol. Two other 
histidine-requiring mutants, isolated on different occasions, responded in similar 
fashion.

Proline-requiring auxotroph. After y-irradiation under anaerobic conditions no 
decrease in survival was observed when Escherichia coli b/r 7  was incubated for a 
period on medium M 1 9  lacking proline. After u.v.-irradiation, however, there was 
an increase in colony-forming ability following incubation without proline (Fig. 4 ).

Methionine-requiring and tryptophan-requiring auxotrophs. There was a small but 
insignificant decrease in the survival when cells of Escherichia coli b/r met-  and E. coli 
b/r trp-  were incubated on media lacking their requirement after exposure to relatively 
large doses of y-rays. There was no additional killing when the bacteria were similarly 
treated after u.v.-irradiation.

Protein synthesis in Escherichia coli b / r . It is difficult to account for the difference 
in survival of the histidine-requiring strain compared with the other amino acid 
auxotrophs. In each strain a decrease in survival might have been expected since the 
results with chloramphenicol and puromycin suggested that, when protein synthesis 
is inhibited in E. coli b/r , survival is decreased. However, because of possible variation 
in the sizes of amino acid pools and the rates at which the amino acids are utilized, 
cessation of protein synthesis may occur more rapidly in some auxotrophs than in 
others. Strains of E.coli b/r which had been exposed to u.v.-irradiation incorporated 
[14C]leucine as shown in Fig. 5 . Some uptake of [ i4 C]leucine into protein took place 
in all the auxotrophic strains and also in bacteria treated with puromycin. Only in 
bacteria treated with chloramphenicol did synthesis of protein not occur. Qualitatively
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similar results were found for "/-irradiated bacteria. Thus protein synthesis occurred 
in bacteria treated with puromycin or in E. coli b /r  his-  under conditions which caused 
additional death, whilst no protein synthesis occurred in bacteria treated with chloram
phenicol, a condition which also caused additional death. Protein was synthesized 
to a similar extent in all the auxotrophs deprived of their requirement, yet only in the 
histidine-requiring strain did an appreciable decrease in survival occur.

Since these results showed no obvious correlation between survival and protein

Time of incubation with inhibitor (hr)

F ig . 1

Time of incubation without 
histidine or with chloramphenicol (hr)

F ig . 2

F ig . 1. S urvival o f  s ta tio n a ry  p h ase  E sch er ich ia  co li b/r a f te r  ex p o su re  to  u .v . ra d ia tio n  
(180 erg s/m m .2). x , S urv iva l o f  b a c te r ia  in cu b a ted  th ro u g h o u t o n  O xo id  B lo o d  A g a r Base. 
Survival o f  b ac te ria  in c u b a te d  o n  firs t m ed iu m  fo r  th e  in te rv a ls  in d ica ted  b efo re  tra n sfe r  to  
second  m ed iu m :

1st m ed iu m  2 n d  m ed iu m

A  O xo id  B lo o d  A g ar B a se + p u ro m y c in  ->- O xoid  B lo o d  A g ar B ase 
O  O xo id  B lood  A g ar B a se + ch lo ram p h en ico l - *  O xo id  B lo o d  A g ar B ase 

F ig . 2. Surv ival o f  s ta tio n a ry  p h ase  E sch er ich ia  co li s tra in  b/r h is-  a f te r  ex p o su re  to  y -ray s 
(99 k rad s) u n d e r  a n a e ro b ic  co n d itio n s, x , Surv ival o f  b a c te r ia  in cu b a ted  th ro u g h o u t o n  
m ed iu m  M 19 +  h istid ine . Surv ival o f  b ac te ria  in c u b a te d  o n  firs t m ed iu m  fo r  th e  in tervals 
in d ica ted  b e fo re  tra n sfe r  to  second  m e d iu m :

1st m ed iu m  2 n d  m ed ium

O  M  19 -*■ M  1 9 + h istid ine
•  M  i9 + h is t id in e +

ch lo ram p h en ico l -*■ M  19-(-histidine
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synthesis in Escherichia coli b / r , we examined the effect of these post-irradiation 
conditions on RNA synthesis in bacteria. Both puromycin and chloramphenicol, 
whilst inhibiting protein synthesis, lead to the accumulation of RNA in bacteria 
(Yarmolinsky & de la Haba, 1 9 5 9 ; Nomura & Watson, 1 9 5 9 ). It is possible, therefore, 
that additional death caused by post-irradiation treatments might be due to the 
accumulation of RNA in the irradiated bacteria.

Radiation  dam age in E . coli 333

Tim e of incubation w ith o u t pro line (hr) 
F ig . 4

F ig . 3. S urvival o f  s ta tio n a ry  p h ase  E sch er ich ia  c o li  s tra in  b/r h is -  a f te r  ex p o su re  to  y -rays 
u n d e r  an ae ro b ic  co n d itio n s. • ,  Surv ival o f  b a c te r ia  in c u b a te d  th ro u g h o u t o n  m ed iu m  M 19 
+ histid ine . M in im u m  degree o f  su rv ival o f  b ac te ria  in cu b a ted  o n  firs t m ed iu m  b efo re  
tra n sfe r  to  seco n d  m ed iu m :

1st m ed iu m  2 n d  m ed iu m

O  M  19 -*■ M  1 9 + histid ine
A  M  1 9 + h is tid in e + ch lo ram p h en ico l -+  M  1 9 + histid ine

F ig . 4. S urv iva l o f  s ta tio n a ry  p h ase  E sch er ich ia  c o li  s tra in  b/r 7 (p ro lin e-req u irin g ) after 
ex p o su re  to  u .v . ra d ia tio n  (215 e rg s/m m .a). x  , S urv iva l o f  b a c te r ia  in c u b a te d  th ro u g h o u t 
o n  m ed iu m  M  1 9 + p ro lin e ; • ,  Survival o f  b ac te ria  in c u b a te d  o n  m ed iu m  M  19 fo r th e  
in tervals in d ica ted  befo re  tra n sfe r  to  m ed iu m  M  1 9 + pro line .

Relationship between RNA synthesis and survival in irradiated Escherichia coli b / r  

Laevorphanol. This drug had no effect on the survival of irradiated Escherichia coli 
b / r  nor did it alter the extent of chloramphenicol-induced death. Very limited uptake 
of [14C]uracil into RNA took place initially in the u.v.-irradiated bacteria treated with
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laevorphanol (Fig. 6). The incorporation of [14C]leucine was commensurate with the 
uptake of labelled uracil into RN A . Thus in the presence of laevorphanol or chloram 
phenicol some R N A  bu t no protein was synthesized.

Puromycin, chloramphenicol and amino-acid requiring auxotrophs. The uptake of 
[14C]uracil into u.v.-irradiated Escherichia coli b/r  in which protein synthesis was

334

F ig . 5 F ig . 6

F ig . 5. In c o rp o ra tio n  o f  [14C ]leucine in to  th e  ac id -in so lub le  frac tio n  o f  E sch er ich ia  c o li  
s tra in  b / r  a f te r  exp o su re  to  u .v . ra d ia tio n  (190 e rg s /m m .3). x  , E . c o li b / r  in cu b a ted  in  
m ed iu m  M  19; O ,  E . c o li b / r  in cu b a ted  in  M  19 + ch lo ram p h en ico l; © ,  E . c o li b / r  in cu b a ted  
in  M  1 9 + p u ro m y c in ; A , E . c o li  b / r  h is -  in cu b a ted  in  M  19 lack ing  h is tid in e ; E . c o li  
b / r  7 in cu b a ted  in  M  19 lack ing  p ro lin e ; A , E . c o li  b / r  t r p -  in cu b a ted  in  M  19 lack ing  
try p to p h a n ; □ , E . c o li  b / r  m e t-  in cu b a ted  in  M  19 lack ing  m eth ion ine .

F ig . 6. In c o rp o ra tio n  o f  [14C ]uracil in to  th e  ac id -in so lub le  frac tio n  o f  E sch er ich ia  c o li  s tra in  
b / r  a f te r  ex p o su re  to  u .v . ra d ia tio n  (190 e rg s/m m .2). x  , E .  c o li  b / r  in cu b a ted  in  m ed iu m  M  19; 
O ,  E . c o li  b / r  in c u b a te d  in  M  19-(-ch lo ram phen ico l; © ,  E . c o li  b / r  _ncubated  in  M  19 +  
p u ro m y c in ; y ,  E . c o li  b / r  in cu b a ted  in  M  19-(-laevorphano l; A , E . c o li  b / r  h is-  in cu b a ted  
in  M  19 lack ing  h is tid in e ; • ,  E . c o li b / r  7 in cu b a ted  in  M  19 lack ing  p ro lin e ; A , E . c o li  
b / r  t r p - in c u b a te d  in  M  19 lack ing  try p to p h a n ; □ , E . co li b / r  m e t-  in cu b a ted  in  M  f l a c k i n g  
m eth ion ine .

inhibited or limited is also illustrated in Fig. 6. N o uptake of radioactivity into R N A  
occurred in E. coli b/r 7 or E. coli b/r trp -  during the first 30 min. o f incubation in 
medium lacking proline or tryptophan respectively, and only a very small am ount of



incorporation  took  place into E. coli b/r m et-  during the same period in medium 
lacking methionine.

In  contrast, when bacteria were treated with chloram phenicol or puromycin, or 
when histidine was withheld from  the histidine-requiring auxotroph, R N A  synthesis 
proceeded at a comparatively A lthough rapid  rate, the rate and extent o f synthesis 
was no t so great as tha t in uninhibited cells, there was a 3- to 4-fold increase in the 
am ount o f R N A  accum ulating after 120 min. incubation under these conditions. 
Qualitatively similar results were found for y-irradiated cells.

DISCUSSION
Incubation o f Escherichia coli b/r with purom ycin or chloram phenicol or incubation 

of E. coli b/r  his-  w ithout histidine all enhanced radiation killing. As some protein 
synthesis did occur in bacteria treated with purom ycin or lacking histidine it would 
appear th a t the additional killing is no t due entirely to  abolition o f protein synthesis 
immediately after irradiation. It is unlikely to  result from  insufficient synthesis o f 
protein, perhaps required in an unknow n repair process, since approxim ately the 
same limited am ount of protein was synthesized in m utants requiring tryptophan, 
m ethionine or proline with no increase in killing. There is thus no direct correlation 
between the am ount o f protein synthesized and the survival o f E. coli b/r after 
irradiation.

There was, however, a definite correlation between conditions which allowed R N A  
synthesis to  begin immediately after irradiation and those which enhanced death. 
Incubation with purom ycin or chloramphenicol, or incubation of E. coli b/r his-  in 
the absence o f added histidine, all allowed some R N A  synthesis while the viable count 
was decreasing. Incubation o f the tryptophan, m ethionine and proline m utants 
w ithout their requirement, or o f E. coli b/r with laevorphanol, allowed little, if any, 
synthesis o f R N A  for at least 30 min. and also had no effect on survival.

In  conditions where no R N A  synthesis took place, protein was still synthesized 
bu t a t less than  norm al rate. W hen synthesis o f both  protein and R N A  was stopped, 
during incubation o f the bacteria with chloram phenicol +  laevorphanol, enhanced 
killing occurred. Thus, even in the absence of R N A  synthesis increased killing did 
occur when protein synthesis was inhibited at the same time, indicating a requirem ent 
for new protein to  prevent further death am ong organisms unable to  synthesize RN A .

A lthough we are unable to  suggest a specific mechanism to account for the en
hanced killing o f irradiated Escherichia coli b/r , it is tem pting to  speculate tha t the 
phenom enon may be associated with the synthesis of an R N A  com ponent which is 
toxic to  the bacteria. I t  seems reasonable to  suggest tha t an abnorm al messenger R N A  
could be synthesized on a D N A  tem plate which had been altered by exposure to  u.v. 
radiation or to  ionizing radiation and tha t this damage would be expressed if  the 
abnorm al R N A  were involved in the synthesis o f new protein.

One o f us (A. J. F.) is indebted to  the M edical Research Council for a studentship.
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Incorporation of Thymine into Prototrophic and Thymine- 
dependent Mutants of Bacillus anthracis

By G. IV A N O V IC S , A. D O B O Z Y  a n d  L. P A L
Institute of Microbiology, Medical University, Szeged, Hungary

{Accepted for publication 1 0  September 1 9 6 9 )

SUMMARY
M utants of Bacillus anthracis which were prototrophic in a defined medium 

below 320 required either thymidine (m utant thy) or low concentration of 
thymine (m utant thytlr) for growth a t 370. N o thymidylate synthetase was 
produced by these m utants a t 37°. N orm al enzyme activity was found in 
bacteria grown a t 250. Absence of thymidylate synthetase activity in bacteria 
grown a t 370 could no t be accounted for either by a heat-sensitive enzyme 
protein or by an inhibitor o f this enzyme activity.

The incorporation o f thymine by prototrophic bacteria of Bacillus anthracis 
was negligible a t either tem perature. M utan t thy tlr and its prototrophic rever- 
tan t both  readily took  up thymine a t 370 bu t no t at 250. Thymine uptake by 
bo th  prototrophic and thy bacteria was markedly enhanced by the presence of 
any o f the deoxyribonucleosides except thymidine. M oreover, thymidine 
antagonized thymine uptake. N o thymidine phosphorylase activity was 
detected in B. anthracis, but phosphorolytic decomposition o f deoxyuridine 
was found and tha t o f deoxyadenosine seemed likely. The phosphorolytic 
reaction of deoxyuridine resulted in an accum ulation o f deoxyribose by thytlr 
bacteria, whilst both  wild-type and thy bacteria catabolized this sugar. The 
secondary m utation  in thy bacteria presum ably resulted in a defect in syn
thesis o f 1,5-phosphodeoxyribo m utase or deoxyribose 5-phosphate aldolase 
(E.C. 4 . 1 .2 .4). A lthough no thymidine phosphorylase was detected in
B. anthracis, resting suspensions o f this bacterium  transferred the deoxyribosyl 
moiety from  thymidine to  thymine. This indicates the presence of the enzyme 
nucleoside purine (pyrimidine) deoxyribosyl transferase in B. anthracis. This 
particular enzyme may also be involved in the increased thymine uptake 
in the presence o f different deoxyribonucleosides.

INTRODUCTION

The isolation o f m utants from  Bacillus anthracis unable to  synthesize thymidine 
nucleotide has been reported (Ivanovics, 1964). These m utants required thymine for 
grow th only when they were cultivated in  a  defined medium for B. anthracis a t tem 
peratures above 320. To approach the uniform  nom enclature in bacterial genetics 
recom m ended by Demerec et al. (1966), m utan t VC_T dR _ isolated from  prototrophic 
bacteria will be referred to  as strain thy, one o f its variants, a secondary m utant, 
isolate VC~T_, as strain thytlr (thymine low requirement). Strain thy, as noted 
previously, had  about a 50-fold greater thymine requirem ent than did thytlr. Strain 
thy grew norm ally in the presence of thymidine (TdR), but this nucleoside inhibited 
the m ultiplaction o f thytlr bacteria (Ivanovics, 1964). The m utants grown in the 
absence o f pyrimidines a t low term perature showed a  norm al replication o f m acro
molecules and norm al cell m orphology. A shift up o f the cultivation tem perature to

2 2 - 2



37° in the absence o f thymine resulted in an unbalanced synthesis of macromolecules 
followed by the death o f both  thy and  thytlr bacteria (Ivanovics, 1963, 1964). O ur 
earlier study of the thymine auxotrophs was restricted to  nutritional experiments. 
The purpose of the present work was to  elucidate the site and nature of the block in 
the thymine pathway, and to  gain some insight into thymine incorporation by tracer 
experiments and enzymic studies.
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METHODS
Bacteria. The original m utants o f Bacillus anthracis produced an extracellular 

proteolytic enzyme during growth. Since a contam ination of cell extracts w ith p ro 
teolytic enzyme would affect the enzymic activity under investigation, non-proteolytic 
m utants of thy and thytlr were isolated. Bacteria of these strains were treated with 
ethylm ethanesulphonate and the surviving organisms cultivated until m arked sporula- 
tion occurred. Spores thus obtained were spread on milk agar plates and incubated. 
Colonies which developed w ithout a proteolytic halo were purified by streaking. 
Stable non-proteolytic derivatives of strains thy and thytlr were used in all experi
ments. A  prototrophic revertant obtained from  thytlr, referred to  as strain thytlr rev, 
and a non-proteolytic wild-type strain npa  which came from  the collection of Professor
H. Smith (Birmingham) were also used in these studies. A  non-capsulogenic derivative 
o f npa which will be referred to  as strain p, was used throughout. Spores were prepared 
as described previously (Ivanovics, 1962), and a single batch of spores from  each 
strain was used to  provide inocula.

The strain Escherichia coli b was from  the collection of this laboratory.
Media. A  basal casein hydrolysate medium (BCM) was used for cultivating bacteria 

under defined conditions; it contained 1 /¿g. thiamine/ml. and was prepared as pre
viously described (Ivanovics, Varga & M arjai, 1963). M ilk agar plates were m ade from  
yeast-extract peptone agar by adding 40 % (v/v) centrifuged m ilk.

Chemicals. D L -L -te trahyd ro fo lic  a c id  w as p re p a re d  as  re c o m m e n d e d  b y  K is liu k  
(1957). A ll o th e r  ch em ica ls  u se d  w e re  re a g e n t  g ra d e  p u rc h a s e d  f ro m  d iffe ren t c o m 
m e rc ia l firm s.

TPB buffer. 0-05 M-tris +  HCl buffer (pH  7-2) containing o-i rnM-sodium phosphate.
Extinctions. The extinctions o f the bacterial suspension was m easured with a 

Spectrom om  20, a t 600 m//. A  spectrophotom eter, M O M  201 (Budapest), served to 
measure extinction at different wavelengths.

Growth of organisms for enzyme assays. Bacteria o f strains thy and thytlr were 
grow n in BCM either in the absence o f pyrimidine at 24° or in the presence o f thym i
dine and thymine, each at 5 to  io /tg ./m l. a t 37°. Except where otherwise stated, no 
pyrimidine was present in the medium when strains p, thytlr rev or E. coli were grown.

To obtain a washed suspension, a culture in the exponential phase was centrifuged, 
the  deposit washed with TPB, and suspended in TPB to give an extinction value of 
0-7 ; this corresponded to  o-6 mg. dry bacteria/ml.

Crude bacterial extracts were made from  200 ml. cultures harvested in the middle 
log. phase as follows. The culture was rapidly cooled, centrifuged and the deposit 
washed with TPB. The packed bacteria were taken up  in 5 ml. TPB and treated in a 
M SE U ltrasonic Power unit at 2° to  40 for 4 min. The hom ogenate was sharply 
centrifuged, its supernatant fluid removed and 50 mg./streptomycin sulphate added to 
it; the bulky precipitate caused by the streptomycin was removed by centrifugation.



Assay for thymidylate synthetase activity. A  fraction, obtained from  the crude 
bacterial extracts by precipitation with between 26% and 35% (w/v) am m onium  
sulphate, as recommended by W ahba & Friedkin ( 1962), was assayed for its activity 
by the M ethod III of these authors. The assay system was incubated at 250 for 60 min., 
and enzymic activity calculated from  the values m easured between 2 and 12 min. 
One enzyme unit is defined as the am ount o f enzyme catalysing the form ation o f 
1 /¿mole thym idylate/hr/m g. protein.

Thymidine: orthophosphate deoxyribosyl transferase. (Thymidine phosphorylase,
E.C. 2.4 .2.4.) Three tests were used to  dem onstrate this enzyme activity o f bacteria.
(1) The crude bacterial extract was mixed with an equal volume of 0-04 M-cysteine 
hydrochloride solution and o-i M-potassium phosphate buffer (pH  7-2) and the 
activity m easured by the m ethod of Razzel & K horana (1958). (2) A washed bacterial 
suspension containing o-6 mg. dry bacteria/m l. was treated with toluene and assayed 
as recommended by Fangm an & Novick (1966). (3) E ither strain P or thy was grown 
in BCM containing o-i to  i-o mM of thymidine at 370 overnight; a 1/20 dilution was 
made from  this inoculum with the same medium and incubated until the extinction 
reached to  0-7 to  o-8. The supernatant fluid o f the culture was sucked through a 
m em brane filter (no. 4 Gottigen), the filtrate mixed with the same volume o f 0-3 n- 
N aO H , and its extinction measured at 300 rap. The conversion of thymidine to  thymine 
was calculated from  the increase of extinction as recommended by Hotchkiss ( 1948).

Tests for enzymic degradation of uridine deoxyriboside ( UdR) and adenine deoxy- 
riboside (AdR). To assay the enzyme capable of catalysing the phosphorolysis o f U dR  
washed bacteria were made up in TPB with 1 mM-UdR. Assay systems were prepared 
in duplicate, with and w ithout 1 mM sodium arsenate, both  were incubated for 60 m in, 
a t 370. W hen 1 /¿mole U dR  is converted to uracil, there is an increase o f 4-1 in extinc
tion value at 290 m/i in the presence o f o-1 N-NaOH. This served to  estimate the 
enzyme activity from  the am ount of uracil formed. W hen the enzyme activity was 
m easured by the form ation o f sugar from  the nucleoside, a sample from  the assay 
system was deproteinized with HC104 (0-5 m ) ,  and the clear supernatant fluid heated 
in boiling water for 3 min. The am ount of deoxyribose, both  free and phosphorylated, 
was determ ined by the diphenylamine test (Burton, 1956). A  sample was also taken 
from  the assay system w ithout arsenate, deproteinized by Ba(OH)2 +  ZnSO,, (M anson 
& Lampen, 1951) to determine the free sugar.

The degradation o f A dR  could not be followed in a way similar to that for U dR. 
Therefore, a qualitative test was devised inolving thin-layer chrom atography; this 
gave an indication o f the decomposition of A dR  by washed bacteria. The technique 
of chrom atography was as described in the next paragraph.

Assay for nucleoside:purine (pyrimidine) deoxyribosyl-transferase (E.C. 2 .4 .2.6.). 
Different unlabelled deoxyribonucleosides were used as donors and tritiated thymine 
as acceptor for the deoxyribose moiety. The reagent to detect the enzyme activity 
contained 8 m-mole o f the deoxynucleoside and 3 m-mole of tritiated thymine 
(2 /ic/m l. activity) dissolved in  TPB diluted 1/10 with water. Two ml. of the reagent 
was mixed with same volume o f either washed bacterial suspension or the uncentri- 
fuged ultrasonic fraction and incubated for 60 min. a t 370. The assay system was 
rapidly cooled and centrifuged; 12 mg. charcoal were added to  3 ml. of the supernatant 
fluid, and shaken for 15 min. The charcoal was sedimented, and eluted by a mixture 
of 8 vol. ethanol +1 vol. water +1 vol. am m onium  hydroxide solution (o-88sp.gr).
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Elution done 5 times with 5 ml. portions of the mixture. Recovery of the radioactivity 
in the pooled eluate am ounted to 95 %. W ith the aid o f an intensive cool air stream, 
the volume of the pooled eluate was evaporated to about 1 ml. The exact volume if 
the concentrate was measured by weight on an analytical balance. Samples (20 to 
40 /¿l.) o f eluate were put on a thin layer of cellulose (M N  300) containing 3 % of 
Al(OH)3, and run with a solvent of 15 ml. n-butanol +  6o ml. acetone+  20 ml. water +  
5 ml. concentrated am m onium  hydroxide. A  very good resolufion o f thymine and 
thymidine was achieved in this way. RF values: thymine =  0-55; thymidine =  o-66; 
U dR  =  0-43; uracil =  0-32.

M aterial scraped off the spots o f thymine and thymidine was suspended in scintilla
tion liquid and its activity counted. Scintillation liquid was 0-5 g. POPO P and 5 g. 
PPO  in 1 1. toluene. Radioactivity was counted in a T R I Carb Packard, M odel 2101, 
scintillation spectrometer. The am ount of radioactive thymine converted to thymidine 
was calculated from  the percentage distribution o f the label between the base and its 
nucleoside. Neglecting the loss o f activity which occurred during isolation o f products 
by charcoal treatm ent, enzyme activity was expressed by the am ount of thymidine 
formed //mole/hr/ml. bacterial suspension.

Determination of bacterial multiplication. Bacillus anthracis is a chain former, 
therefore the bacterial protein content o f the culture was determined instead o f colony 
count. A 0-5 ml. sample was mixed with 0-5 ml. cold 10 % (w/v) TCA and centrifuged; 
the bacteria were washed twice with 5 % TCA, finally suspended in 0-5 ml. of 10% 
N aO H , and kept overnight in cold. The protein content of the extract was determined 
by the m ethod of Lowry et al. (1951). The num ber of generations was calculated by 
the form ula (log At — log A0) divided by 0-301. A is the am ount o f protein per ml. a t 0 
and t times, respectively.

Incorporation of thymine into bacteria. T ritiated thymine ( —C H 3-3H) was obtained 
from  the H ungarian State Isotopic Laboratory. The stock solution contained 1-173 mg. 
thymine/ml. with an activity o f 1-077 m c/m l. Labelled thymine was diluted with cold 
thymine as appropriate.

Tritiated thymine, 5 /¿g./ml. (1 /tc/m l. activity), was added to  bacteria growing 
exponentially in BCM. Samples o f the bacterial culture (o-i ml.) were taken at inter
vals and added to 5 ml. cold 5 % TCA  containing 10 /¿g. thymine/ml., sucked through 
a membrane filter, followed by several washings o f the filter with 2 ml. cold TCA  and 
cold saline. Radioactivity of the dried filter was m easured; counts given by the zero time 
sample was considered background activity and subtracted from the timed sample.

340 G. I V A N O V I C S ,  A. D O B O Z Y  A N D  L. P A L

RESULTS
Heat-activated block in the de novo pathway of the chromosome replication 

Previous studies (Ivanovics, 1964) suggested the existence o f a block in thymidylate- 
5-phosphate synthesis which exerts its effect on the chrom osom e replication in the 
m utants only at an elevated tem perature. Table 1 shows tha t no thymidylate synthetase 
activity was detected in preparations obtained from  m utants grown at 370 with 
exogenous pyrimidine. However, this enzyme activity was found in preparations from  
the m utants cultivated at 250 and in the preparations obtained from  prototrophic 
wild-type and revertant bacteria (strain thytlrrev) grown at 37°. The same enzyme 
activity was recovered from  Escherichia coli cultivated at 370.



Table 2 shows tha t there was no difference in the heat sensitivity of the enzymic 
activity o f preparations obtained either from  prototrophic or from  thymine-dependent 
bacteria.

The lack o f thymidylate synthetase activity in preparations of thytir bacteria cul
tivated with exogenous thymine at 370 was not due to  the presence o f an inhibitor of 
this enzyme since, if this were the case, the inactive preparation of thytir would 
inhibit the enzyme activity o f a preparation from  the prototrophic bacteria. N o such 
an effect was observed.
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Table 1. Specific thymidylate synthetase activity of individual preparation 
obtained from bacteria grown at low and elevated temperature

F o r  g row ing  s tra in s  th y  a n d  t h y l t r  a t  370, case in  h y d ro ly sa te  m ed iu m  B C M  co n ta in ed  
5 /tg ./m l. th y m id in e  a n d  thy m in e , respectively . Z e ro  value  ind ica tes th a t  less th a n  o-oi 
enzym e u n it w as fo u n d  in  each  o f  2 to  4 in d iv id u a l p re p a ra tio n s  investigated

Specific enzym e activ ity : /¿m ole/ 
h r/m g . p ro te in  fro m  b ac te ria  

g ro w n  a t

B ac te riu m 25° 37°

B . a n th ra c is , P N .I.* 0-078

B . a n th ra c is , th y 0-065 0
0-078

B . a n th ra c is , t h y l t r 0-075 0
0-077
0-081

B . a n th ra c is , t h y l t r  rev N .I. 0-088

E . c o li B N .I. 0-079

* N o t investigated .

Table 2. Inactivation of thymidylate synthetase activity o f preparations 
by heating at 5 0 ° in tris buffer-Na phosphate at pH 7 - 2

T im e o f  
h eating  
(m in.)

Specific enzym e activ ity  o f  
p re p a ra tio n  f ro m  s tra in

t h y l t r p

0 0-075 0-070
5 0-070 0-065

10 0-052 0-047
15 0-032 0-032
20 0-023 0-019
30 0-009 0-013

Incorporation of thymine by strains of Bacillus anthracis 
A summary of results is shown in Table 3. Only an insignificant incorporation of 

label was detected in prototrophic bacteria a t either tem perature and in the m utants 
at 250. On the other hand, a m arked uptake of thymine by strains thytir and thytir rev 
was observed a t 370, although the revertant was a thymine-independent derivative of 
thytir with thymidylate synthetase activity a t 370. A striking feature o f the thymine
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incorporation was its dependence on tem perature. Apparently the intactness o f the path
way leading to thymidylate synthetase was not the only factor which regulated thy
mine uptake. Strain thy could not be examined under identical condition since this 
strain does not grow at such a low concentration o f thymine.
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F ig . 1 F ig . 2

F ig . 1. T h e  effect o f  d ifferen t d eo xyribonucleosides o n  th e  in c o rp o ra tio n  o f  tr it ia te d  thym ine 
in to  p ro to tro p h ic  s tra in  v  o f  B a c illu s  a n th ra c is . A  cu ltu re  g row ing  exponen tia lly  in  casein  
h y d ro ly sa te  m ed iu m  B C M  co n ta in in g  5 fig. labelled  thym ine/m l. w ith  1 fie activ ity /m l. 
w as d iv ided  in to  fo u r  sam ples a t  20 m in .; th ey  w ere su p p lem en ted  w ith  d ifferen t nucleosides; 
20  fig .lm h . each . • , T h y m in e  only  (T ); O , T  +  A d R ; A , T  +  U d R ; A , T + C d R ;  □ ,  bacteria l 
p ro te in  in  c u ltu re  (m g./m l.). T h e  g ro w th  ra te s  o f  th e  b ac te ria  w ere iden tica l in  all cases; th e  
g en era tio n  tim e  w as 45 m in .

F ig . 2. T h e  in c o rp o ra tio n  o f  tr it ia te d  th y m in e  in to  p ro to tro p h ic  B a c illu s  a n th ra c is  in  th e  
presence o f  A d R  an d  T d R . 20 fig . A d R /m l. an d  5 fig . tr it ia te d  thym ine/m i. w ith  1 f i c  ac tiv ity / 
m l. w as a d d ed  to  a n  exponen tia lly  g row ing  cu ltu re . T h e  c u ltu re  w as d iv ided  in  tw o  p a r ts  
a t  20 m in .; on e  o f  th em  w as re in cu b a ted  w hile th e  o th e r  w as su p p lem en ted  w ith  5 f ig . thym id ine/ 
m l. befo re  re in cu b a tio n . In c o rp o ra tio n  o f  th y m in e  in  system s: O , T + A d R ;  • ,  T +  
A d R + T d R ;  □ , w eigh t o f  bacteria l p ro te in .

Table 3. Thymine incorporation into Bacillus anthracis at 2 5 ° and 3 7 °
B a cte ria  w ere g row n  o v ern ig h t a t  25° in  casein  h y d ro ly sa te  m ed iu m  B C M  co n ta in in g  
u n lab e lled  th y m in e  5 /rg ./m l. T h e  c u ltu re s  w ere d ilu ted  1/10 w ith  th e  sam e m ed iu m  a n d  
re in cu b a ted  a t  370 u n til  th e ir  ex tin c tio n  reach ed  to  0-2; th is  w as consid ered  0 tim e  w hen 
tr it ia te d  th y m in e  1 /¿c/m l. w as ad d ed  to  th e  cu ltu res. R e in c u b a tio n  w as e ith er 250 o r  370.

T im e o f S tra in  P S tra in  th y S tra in  th y l t r S tra in  t h y l t r  rev
cu ltiva

tio n

A A A

' 25° 37° 25o 37° ' 25° 37° ' 25° 37° '
(m in .) C .p .m ./m g . b ac te ria l p ro te in

25 350 3 5 t 350 N .I.* 290 3970 351
3

3840
75 480 490 720 N .I. 485 8542 515 10344

* N o t  investigated .

Exogenous thymine utilization by strains of Bacillus anthracis was increased in the 
presence of various deoxyribonucleosides. Figure 1 shows that prototrophic bacteria 
readily incorporated thymine in the presence of deoxyribonucleosides; A dR  was most 
effective in this respect, U dR  is next, whilst C dR  exhibited only a m oderate effect. 
By contrast, adenosine, deoxyribose and thymidine were unable to  enhance the effect 
o f label-incorporation into the acid-insoluble m aterial o f prcto trophic bacteria. 
M oreover, thymidine inhibited thymine uptake into prototrophic bacteria even in the 
presence of A dR  (Fig. 2).
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The addition o f thymidine to  the culture stopped thymine uptake by prototrophic 
bacteria, although this did not affect the growth rate o f the bacteria. This particular 
effect of thymidine was also valid for thy and thytlr bacteria when they were grown 
a t 370. M ultiplication o f thy bacteria was not supported by a low concentration of 
thymine (5 /ig./ml.), therefore no label was taken up under this condition. Thymidine 
itself, on the other hand, gave a good growth of this organism. Deoxyribonucleosides 
(e.g. AdR) augmented the thymine uptake by thy bacteria, resulting in label incorpora
tion and growth. Label incorporation, however, was blocked when thymidine was 
present in the culture (see Fig. 3).
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F ig . 3. T h e  effect o f  d ifferen t d eo xyribonucleosides o n  th e  in c o rp o ra tio n  o f  tr it ia te d  thym ine 
in to  B a c illu s  a n th ra c is  th y . B ac te ria  w ere g row n  in  case in  h y d ro ly sa te  m ed iu m  B C M  co n 
ta in in g  5 f ig . th y m id in e /m l. u n til a n  ex tin c tio n  va lu e  o f  0-3. T h e  b ac te ria  w ere cen trifuged  
d o w n , w ash ed  w ith  B C M  m ed iu m  a n d  susp en d ed  in  40 m l. B C M  m ed iu m  w hich  co n ta in ed  
5 /¿g. thy m in e /m l. w ith  1 /¿c ac tiv ity /m l. T h e  su sp en sio n  w as d is tr ib u ted  in  10m l. sam ples 
a n d  th e  sam ples su p p le m e n te d  w ith  nucleosides. T h e  g ro w th s o f  in d iv idual cu ltu re s w ere 
iden tica l. □ , P ro te in  c o n te n t o f  th e  c u ltu re s ; g en e ra tio n  tim e  o f  b ac te ria , 60 m in . In c o rp o ra 
t io n  o f  th y m in e : A , 20 / ig . A d R /m l. + th y m in e ;  O ,  5 /tg . th y m id in e /m l. +  th y m in e ; A ,
A d R  +  th y m id in e + thym ine.

F ig . 4. T h e  g ro w th  o f  s tra in  th y  I tr  o f  B a c illu s  a n th ra c is  a n d  th e  in c o rp o ra tio n  o f  th y m in e  
in  th e  p resence  a n d  absence  o f  thym id in e . B a c te ria  w ere g row n  in  casein  h y d ro ly sa te  
m ed iu m  B C M  w ith  5 /¿g. u n lab e lled  th y m in e /m l.; 1 /sc  tr it ia te d  thym ine/m l. w as ad d e d  a t 
o  tim e  an d  th e  cu ltu re  re in cu b a ted . T h e  cu ltu re  w as d iv ided  in to  eq u a l vo lu m es; a t  20 m in . 
th y m id in e  1 /ig ./m l. w as ad d e d  to  one o f  th e  sam p les; th e  o th e r  se rved  as c o n tro l. In c o rp o ra 
t io n  o f  th y m in e : • ,  in  absence  o f  th y m id in e ; A , in  p resence  o f  th y m id in e ; O , b ac te ria l p ro 
te in  w ith o u t th y m id in e , a n d , A ,  w ith  th ym id ine .

The inhibitory effect o f thymidine on thymine uptake by Bacillus anthracis was most 
notably exhibited by m utant thytlr; addition o f thymidine to  the culture growing with 
thym ine a t 370 stopped bo th  label-incorporation and growth (Fig. 4).

Examination of enzymes involved in metabolism of pyrimidine nucleosides 
Deoxynucleoside phosphorylases. Phosphorolytic reactions are known to participate 

bo th  in the degradation o f nucleosides in the presence of orthophosphate yielding 
deoxyribose i-phosphate and base, and in the form ation o f deoxyribonucleoside from  
sugar-phosphate with any o f the nucleic acid bases. As far as we are aware, nothing 
is know n o f these enzymic reactions in Bacillus anthracis; therefore it appeared reward
ing to  extend our study in this direction. Crude extracts from  bacteria grown in the 
presence o f 10 to  20 yg. thymidine/ml. were assayed for thymidine phosphorylase



activity. M aterial from  m utant strain thytlr could, of course, only be obtained from  
bacteria cultivated w ithout this nucleoside. Values were found to  be very low in all 
cases; specific enzyme activities o f preparations varied between o-2 and 0-3, whilst 
those from  Escherichia coli, for com parison, showed a value of 5-2 to  5-8. W hen enzyme 
assays were made with washed bacterial suspensions, no thymidine phosphorylase 
activity was detected in the strains of B. anthracis. On the other hand, the E. coli. 
suspension was effective in degrading thymidine by phosphorolysis.

G row th of m utant thy was not sustained by a low concentration of thymine, although 
it grew well on thymidine concentrations as low as 2 to 5 /tg./ml. Should this organism
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Table 4. Degradation of thymidine into thymine by exponentially 
growing bacteria

F lask s w ith  case in  h y d ro ly sa te  m ed iu m  B C M  co n ta in in g  e ith er o -i o r r o / tM  o f  th y m id in e  
w ere in o cu la ted  a n d  in cu b a ted  o v ern ig h t; d ilu tio n s o f  cu ltu res w ere m ad e  w ith  sam e 
m ed iu m  a n d  re in cu b a ted  a t  370 w ith  shak ing . T h e  cu ltu res w ere h a rv ested  a t a n  ex tin c tio n  
o f  0-7 in  E xp t. 1, a n d  a t  0-5 in  E x p t. 2 ; th ey  w ere m em brane-filte red  an d  m ixed  w ith  a n  
eq u a l v o lum e o f  0-2 N -N aO H . T h e ir ex tin c tio n s w ere m easu red  a t  300 m /t; a  n o n - 
in o cu la ted  m ed iu m  served  as a  b lank .

B acterium

B . a n th ra c is , p 
B . a n th ra c is , th y  
E . co li, B

T d R  c o n c e n tra tio n  in  m ed iu m  (/j m )

E x p t. i : O’ i

C h an g e  o f  T hym ine fo rm ed  
ex tinc tion*  (/tm ole/m l.)

E xp t. 2 :1-0

C h an g e  o f  T h y m in e  fo rm ed  
ex tin c tio n  (/tm ole /m l.)

+  0.008 
-  0-040 
+  0-192

0-004 +0-C0Ô
Z ero  valu e  — 0-003

0-106 + 0-2 6 0

0-003
Z e ro  valu e  

0-144

* M u ltip lied  by  2 w hen  th e  a m o u n t o f  th y m in e  w as ca lcu la ted . M in u s values m ay  derive  f ro m  an  
exogenous p ro d u c t re leased  by  b ac te ria  d u rin g  grow th .

have an effective thymidine phosphorylase activity, the bacteria would be expected 
soon to exhaust the low concentration of thymidine in the medium by splitting it to 
thymine which would no t be utilizable. To test this, Bacillus anthracis and Escherichia 
coli were cultivated in the presence of thymidine and the conversion o f thymidine to 
thymine determined. Thymidine phosphorylase is known to be an inducible enzyme 
in E. coli, therefore bacteria used as the inoculum  were also grown in the presence of 
high concentrations of thymidine. Table 4 shows the results. Escherichia coli split 
thymidine considerably during its growth, whereas the strains o f B. anthracis did not 
exhibit a significant degradation of it. The very low rate o f rhymidine degradation 
either w ith crude extracts o f B. anthracis or with living bacteria cid  not furnish evidence 
for the existence of thymidine phosphorylase in this organism.

In  contrast to these observations, a m arked phosphorolysis of U dR  was shown by 
Bacillus anthracis. As shown by Table 5, a resting bacterial suspension of prototrophic
B. anthracis decomposed U dR , releasing free base but no sugar; however, both  base 
and  sugar accum ulated in  equim olar quantity in the assay system with arsenate. 
M utant thytlr cleaved U dR  by releasing both base and sugar in the absence of 
arsenate, which indicates tha t deoxyribose was not catabolysed by this m utant. An 
evidence for phosphorolytic cleavage of U dR  was furnished by the identification of 
sugar-phosphate in the assay system o f thytlr bacteria when a sample was taken from



it, treated with Zn +  Ba reagent (M anson & Lampen, 1951), and the sugar determined 
in the supernatant fluid. In Expt. 1 (see Table 5) only 0-04 //mole diphenylamine
positive substance/hr/m l. was left in the supernatant fluid, the bulk of deoxyribose 
was removed by the Zn +  Ba treatm ent which indicated its phosphorylated form.

Table 5. Release of uracil and deoxyribose from UdR by resting 
bacterial suspensions of Bacillus anthracis

P ro to tro p h ic  b ac te ria  w ere g row n  in  th e  presence  o f  U d R  io  /ig ./m l.; th e  co n cen tra tio n  o f  
U d R  in  assay  system  w as i /i m , in cu b a tio n  a t  370 fo r 30 m in . T h e  g row th  o f  s tra in  th y l t r  
w as su s ta in ed  by  th y m in e  5 /¿g./ml.

P ro d u c ts  in su spension  
(/tm o le /h r/m l.)

B . a n th ra c is  E xp t. P resence  o f  ,---------------------- '---------------------- ,
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s tra in no . a rsen a te F re e  u rac il D eoxyribose

P ro to tro p h ic 1 - 0-28 0*02
2 — 0-29 0*02
2 + 0-28 0-28

th y l t r 1 - 0-31 0-28
2 — 0-25 0-21

Table 6. Deoxyribosyl transfer by resting bacteria in the presence 
of various deoxyribonucleosides as donors

A ssay system  co n ta in ed  tr itia ted  th y m in e  3 /¿m ole/m l., v a rio u s  deoxyribonucleosides as 
d o n o rs , a n d  th e  w ashed  b ac te ria l suspension . M o re  th a n  o n e  ex perim en t w as m ad e  w ith  
each  assay  system ; th e  re su lts  show  th e  m e a n  values.

A m o u n t o f  rad io ac tiv e  th y m id in e  fo rm ed  
by  w ashed  b ac te ria l su sp en sio n  o f  :

B . a n th ra c is  s tra in  :

D o n o r
U d R

E . co li p th y  

T h y m id in e  fo rm ed  O m o le /h r/m l.)

th y l t r

1-73 1-09 1-23 1-36
T d R 0 7 8 0-50 o-8i 0-64
C d R 1*23 1-05 I - I 4 T 4 1
A d R < 0-03 < 0-03 < 0-03 < 0-03
G d R < 0-03 < 0-03 < 0-03 < 0-03

The degradation o f A dR  by the prototrophic and m utant strains of Bacillus anthra
cis was also dem onstrated. The presence of both  adenine and hypoxanthine in the 
assay system indicated the cleavage of A dR  and partial deam ination o f the base. N o 
attem pt was, however, made to  show the presence o f phosphate-sugar in the reaction 
mixture. The phosphorolysis of A dR  by B. anthracis was therefore only presumable.

Nucleoside:purine {pyrimidine) deoxyribosyl transferase. In this enzymic reaction 
tritiated thymine served as an acceptor of the deoxyribose moiety which came from  
different purine or pyrimidine deoxyribonucleosides. The results are summarized in 
Table 6. In  some experiments, bacterial suspensions were homogenized by u ltra
sonic treatm ent and used as an enzyme preparation  in the presence of U dR  as donor. 
N one o f the hom ogenates of the strains o f B. anthracis was capable of catalysing the 
transfer reaction, in contrast to the test m ade with the Escherichia coli homogenate



where tritiated thymidine was form ed; however, it was somewhat less ( 1-47/¿mole/ 
hr/m l.) than tha t form ed by intact bacteria. In  summary, an enzyme activity catalysing 
the transfer o f the deoxyribosyl radical from  pyrimidine deoxyribosides by the whole 
organisms of B. anthracis was found; however, neither A dR  nor G dR  were capable 
of taking part in this reaction.
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DISCUSSION

W ith different species o f Enterobacteriaceae, variable phenotypes of thym ine 
m utants, depending on the quantitative requirements of thymine, have been described 
(A likhanian et al. 1966; Brietm an & Bradford, 1967a; Roepxe, 1967). I t  has been 
considered tha t thymine m utants with low base requirements are actually double 
m utants (Harrison, 1965; Stacey & Simpson, 1965; A likhanian et al. 1966; Breitm an 
& Bradford, 1967b; Eisenstark, Eisenstark & Cunningham , 1968), just as it was con
cluded in the case of thymine-dependent m utants of Bacillus anthracis (Ivanovics, 
1964). I t has been pointed out by Breitman & Bradford ( 1967b) that the second m uta
tion results in lack of deoxyribose aldolase activity which is associated with a low 
thymine requirem ent of the bacteria. The ability to incorporate thymine into D N A  at 
a low exogenous concentration also may be caused by a m utation involving the loss 
o f deoxyribomutase (M unch-Petersen, 1968; Barth, Beacham. A hm ad & Pritchard,
1967). The consequence o f the second m utation is an intracellular accum ulation of 
deoxyribose-1-phosphate which increases the utilization o f exogenous thymine (Kam - 
men, 1967; Breitman & Bradford, 1967b). I t has been suggested that genes controlling 
the catabolism of deoxyribonucleosides constitute an operon (Barth et al. 1968). This 
operon controls the production o f thymidine phosphorylase, purine nucleoside 
phosphorylase (E.C. 2.4 .2 . 1), deoxyribomutase and deoxyriboaldolase (E.C. 4 . 1 .2.4) 
which are capable of catalysing either the biosynthesis or breakdown of deoxyribonu
cleosides. The operon conception concerning deoxyribose catabolism  has been 
advanced and the deo designation for this operon was suggested to indicate the genes 
determining enzymes necessary for growth on deoxythymidine or deoxyuridine as 
sole carbon source (Lomax & Greenberg, 1968). Any of the m utations leading to  a 
low thymine requirem ent in strains lacking thymidylate synthetase are also associated 
with a phenotype characterized by a sensitivity o f bacterial growth to thymidine or to 
other deoxyribonucleosides (A likhanian et al. 1966; Eisenstark et al. 1968). As shown 
by B arth et al. ( 1967), thymine m utants of Salmonella typhimurium highly sensitive 
to  thymidine are lacking in deoxyriboaldolase, and the less sensitive m utants lack 
deoxyribomutase.

In  the present work the first m utation in  Bacillus anthracis affected the capacity 
o f  bacteria to  produce thymidylate synthetase at 370. Similarly, this enzyme was 
detected in the extracts of thytlr B. anthracis thytlr bacteria grown with exogenous 
thym ine at 370; however, effective enzyme activity was found in extracts obtained 
from  these m utants when grown at 25 °. Apparently the heat sensitivity of D N A  
replication in the m utants could not be accounted for either by an alteration in the 
structure of enzyme protein which renders the enzyme extremely heat labile, or by 
an  inhibitor of the thymidylate synthetase activity. I t  seems tha t the synthesis o f this 
enzyme itself is a heat-labile process. Heat-sensitive thymine m utants are no t uncom 
m on am ong bacteria. A likhanian et al. (1966) found that half their thymine m utants 
isolated from  Escherichia coli K 12 m apping at the site of thy locus were tem perature-



sensitive. We would stress tha t the m ajority o f thymine auxotrophs o f B. anthracis 
isolated by using ethylm ethanesulphonate as mutagen, needed thymidine only at 
tem peratures higher than 32° (Ivanovics et al. 1963), like the strain thy used in this 
study.

W ith the exception o f thymidine, all the deoxyribonucleosides tested enhanced the 
incorporation o f tritiated thymine into acid-insoluble m aterial o f Bacillus anthracis. 
M oreover, thymidine totally blocked thymine utilization by prototrophic bacteria 
and thymine auxotrophs. The rate o f bacterial m ultiplication, however, appeared to  
be independent of exogenous thymine uptake except when thymidine was added to 
cultures of m utant thy tlr growing in the presence of thym ine; in this case both  thymine 
incorporation and growth were arrested.

A  striking feature o f the enzymic m ake-up o f Bacillus anthracis is the lack o f thym i
dine phosphorylase activity. On the other hand, definite evidence was found tha t U dR  
was decomposed by phosphorolysis by protrophic and by thy tlr bacteria. The 
absence o f deoxyribose from  the assay system o f prototrophic bacteria indicated that 
deoxyribose-i-phosphate form ed by the phosphorolytic enzyme was metabolized. 
M utant thy tlr was found, in contrast, to  be incapable o f metabolizing the sugar- 
phosphate form ed by the phosphorolysis o f U dR , indicating tha t either deoxyribose 
mutase or aldolase is missing in this strain. A lthough no detailed studies were made 
to  analyse the decomposition o f A dR, preliminary observations pointed to  a probable 
phosphorolysis by B. anthracis.

Cultivation experiments with m utant thy suggested the presence of Lrans-A- 
deoxyribosylase in Bacillus anthracis (Ivanovics, 1964). Since no phosphorylitic 
breakdow n o f thymidine could be detected in B. anthracis, the conversion of thymine 
to  thymidine in the presence of deoxyribonucleosides could only be related to  a 
deoxyribosyl transfer reaction. Indeed, tritiated thymine was converted into thymidine 
by washed bacterial suspensions in presence o f unlabelled pyrimidine deoxyribonu
cleosides, whereas purine deoxyribonucleosides did no t function as substrates in a 
transfer reaction. The deoxyribosyl transfer reaction appears to be specific as it is 
known under certain experimental conditions (Roush & Betz, 1958) and assay systems 
(Zim m erm an & Seidenberg, 1964). A lthough evidence was secured for the existence 
o f deoxyribosyl transfer reaction in B. anthracis, further studies are needed to  identify 
the presence of nucleoside: purine pyrimidine deoxyribosyltransferase in the organism.

I t is hard to  give a satisfactory explanation of increased thymine uptake by Bacillus 
anthracis in  the presence of U dR  and A dR, although phosphorolytic breakdow n of 
these deoxyribonucleosides was either proved or rendered presumable. Secondary 
m utation in B. anthracis resulting in a block in the catabolism  of deoxyribose which 
in tu rn  increased the availability of intracellular deoxyribose donors rendered the 
bacteria capable o f utilizing low concentrations o f exogenous thymine as is known for 
some Enterobacteriaceae. Nevertheless, there are several points which do not allow a 
similar conclusion which is valid for Enterobacteriaceae as to the incorporation of 
thymine. These contradictory facts are as follows. (1) The lack o f thymidine phos
phorylase in B. anthracis does no t allow the conversion o f the accum ulated deoxyri
bose- 1 -phosphate plus thymine to  thymidine. (2) Exogenous thymidine prevents 
thym ine uptake by either proto trophic or m utan t bacteria, although thymidine itself 
is a deoxyribose donor in transfer reaction in resting bacteria. (3) In  spite of tha t A dR  
did no t serve as a deoxyribosyl donor in transfer reaction in  resting bacteria, A dR
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highly increased the thymine incorporation in growing bacteria. The facts listed above 
obscure the mechanism of thymine incorporation in B. anthracis, therefore further 
da ta  are needed for its complete explanation.

The authors are indebted to  D r J. M cGeachie (Royal Infirmary, Glasgow) for help 
in preparing the manuscript.

348 G. I V A N O V I C S ,  A. D O B O Z Y  A N D  L. P A L

REFERENCES
A l ik h a n ia n , S. J .,  I ljen a , T . S ., K allaeva, E . S ., K am eneva , S. V . &  Su k h o d o l ec , V . V . (1966). 

A  genetical s tu d y  o f  thym ineless m u ta n ts  o f  E . co li. G en e t. R e s . ,  C a m b . 8, 83.
B a r t h , P . T ., B ea ch a m , I . ,  A h m a d , S. I. &  P r it c h a r d , R . H . (1967). P ro p e rtie s  o f  m u ta n ts  defective 

in  th e  ca tab o lism  o f  deoxynucleosides. P ro c . B io c h e m . S o c ., 4 4 7 th  m ee tin g , p . 12.
B a r th , P . T ., Bea ch a m , I., A h m a d , S. I. &  P r it c h a r d , R . H . (1968). T h e  in d u ce r o f  th e  deoxy- 

nucleo sid e  p h o sp h o ry la se  a n d  d eo x y rib o a ld o lase  in  E sch er ich ia  co li. B io c h im . b io p h ys . A c ta  

161, 554-
Breitman, T . R . & Bradford, R . M . (1967 a). T h e  absence  o f  deoxy rib o a ld o lase  ac tiv ity  in  a  th y m in e 

less m u ta n t  o f  E sch er ich ia  c o li s tra in  15; a  possib le  ex p lan a tio n  fo r th e  low  th y m in e  re q u irem en t 
o f  som e thym ineless s tra in . B io c h im . b io p h ys . A c ta  138, 220.

B r eitm a n , T . R . &  B r a d f o r d , R . M . (19676). M e tab o lism  o f  thym ineless m u ta n ts  o f  E sch er ich ia  
co li. I. A bsence  o f  th y m id y la te  sy n th ase  ac tiv ity  a n d  g ro w th  charac te ris tics  o f  tw o  se q u en tia l 
thym ineless m u ta n ts . J .  B a c t. 93 , 845.

B u r t o n , K . (1956). A  stu d y  o f  th e  co n d itio n s a n d  m echan ism s o f  th e  d ipheny lam ine  reac tio n  fo r  th e  
co lo rim e tric  e s tim a tio n  o f  deox y rib o n u c le ic  ac id . B io c h e m . J . 6 2 , 315.

Demerec, M ., Adelberg, E. A., Clark, A . J. &  Hartman, P. E. (1966). A proposal for a uniform 
nomenclature in bacterial genetics. G en e tic s , P r in c e to n  54, 61.

E isen stark , A ., E isen stark , R . &  C u n n in g h a m , S. (1968). G en e tic  analysis o f  thym ineless th y  
m u ta n ts  in  S a lm o n e lla  ty p h im u r iu m . G en e tic s , P r in c e to n  58 , 498.

F angMan, W . L . &  N o v ic k , A . (1966). M u ta n t b a c te r ia  show ing  efficient u tiliza tio n  o f  thym id in e . 
J . B a c t. 9 1 , 2390.

H a r riso n , A . P . (1965). T h y m in e  in c o rp o ra tio n  a n d  m etab o lism  by  v ario u s  classes o f  thym ineless 
b ac te ria . J . g en . M ic ro b io l. 41, 321.

H o tc h k iss , R . D . (1948). T h e  q u a n tita tiv e  se p a ra tio n  o f  p u rin es, p y rim id ines, a n d  nucleosides by  
p a p e r  c h ro m a to g ra p h y . J . b io l. C h em . 175, 315.

I v anovics, G . (1962). T h e  p a th o g en ic ity  o f  B a c illu s  a n th ra c is  lysogenic w ith  m u ta n ts  o f  p h ag e  W . 
J . g en . M ic ro b io l. 28, 87.

I van o vics , G . (1963). U n b a la n c e d  g ro w th  in d u ced  by  te m p e ra tu re  sh ift in  a  m u ta n t  o f  B a c illu s  
a n th ra c is . B io c h e m . b io p h ys . R e s . C o m m u n . 11, 343.

I v anovics, G . (1964). T e m p e ra tu re  sensitiv ity  o f  m u ta n ts  o f  B a c illu s  a n th ra c is  caused  b y  a  b lo ck  in  
th y m in e-n u c leo tid e  synthesis. J . g en . M ic ro b io l.  35 , 299.

I van o vics , G ., V a r g a , I. &  M a r ja i, E . (1963). A u x o tro p h s  o f  B a c illu s  a n th ra c is . A c ta  m icro b io l. 
H u n g . 1 0 ,  409.

Kämmen, H . O . (1967). T h y m in e  m etab o lism  in  E sch er ich ia  co li. I. F ac to rs  invo lved  in  u tiliz a tio n  o f  
exogenous thym ine. B io c h im . b io p h ys . A c ta  134, 301.

K js l iu k , R . L . (1957). S tud ies o n  th e  m echan ism  o f  fo rm ald eh y d e  in c o rp o ra tio n  in to  serine. J . b io l. 
C h e m . 227, 805.

L om ax , M . S. &  G r eenberg , G . R . (1968). C h a rac te ris tics  o f  th e  d eo  o p e ro n : ro le  in  th y m in e  u tiliza 
tio n  a n d  sensitiv ity  to  deoxyribonucleosides. J . B a c t. 96, 501.

L o w r y , O . H ., R o sebro u g h , N . J ., F a r r , A . L . &  R a n d a ll , R . L . (1951). P ro te in  m easu rem en t w ith  
th e  F o lin  p h e n o l reag en t. J . b io l. C h e m . 193 , 265.

M an so n , L . A . & L a m pen , J . O . (1951). T h e  m e tab o lism  o f  d eo xyribonucleoside  in  E sch er ich ia  co li. 
J . b io l. C h e m . 193, 539.

M u n c h -Petersen , A . (1968). T hym ineless m u ta n ts  o f  E sch er ich ia  c o li w ith  deficiencies in  deoxy- 
r ib o m u ta se  a n d  deoxy rib o a ld o lase . B io c h im . b io p h ys . A c ta  1 6 1 , 279.

R a z z e l , W . E . &  K h o r a n a , H . (1958). P u rif ica tio n  a n d  p ro p e rtie s  o f  p y rim id in e  deox y rib o sid e  
p h o sp h o ry la se  fro m  E sch er ich ia  coli. B io c h im . b io p h ys . A c ta  28, 562.



R o epk e , R . R . (1967). R e la tio n  betw een  d ifferen t thym ineless m u ta n ts  d erived  fro m  E sch er ich ia  co li. 
J . B a d .  93, 1188.

R o u sh , A . H . & B e t z , F . R . (1958). P u rifica tio n  a n d  p ro p e rtie s  o f  trans-A -deoxyribosy lase . J . b io l. 
C h em . 233, 261.

Sta c ey , K . A . & S im pso n , E . (1965). Im p ro v ed  m e th o d  fo r  iso la tio n  o f  th y m in e-req u irin g  m u ta n t o f  
E sch er ich ia  coli. J . B a d .  90, 554.

W a h b a , A. J. & F r i e d k i n , M . (1962). T h e  enzym atic  syn thesis o f  thym idy la te . I. E a rly  steps in  th e  
p u rifica tio n  o f  th y m id y la te  sy n th e ta se  o f  E sch er ich ia  co li. J . b io l. C h em . 237, 3795.

Z im m erm an , M . & Seid en b er g , J . (1964). D eoxyribosy l tran sfe r. I. T hym id ine  p h o sp h o ry la se  an d  
nucleoside deoxyrib o sy ltran sfe rase  in  n o rm a l a n d  m a lig n an t tu m o rs . J . b io l. C h e m . 239, 2618.

Thym ine incorporation into B. anthracis 349



J .  g e n . M ic r o b io l. (1969), 59 , 351-358 
P r in te d  in G re a t B r ita in

3 5 1

The Respiratory Metabolism of Acanthamoeba 
rhysodes During Encystation

By R. N. B A N D  a n d  S H A R O N  M O H R L O K

Department of Zoology, Michigan State University,
East Lansing, Michigan 4 8 8 2 3 , U.S.A.

(Accepted for publication 1 2  September 1 9 6 9 )

SUMMARY

The endogenous respiration o f vegetative amoebae, harvested during active 
growth, was similar in both the culture medium and in the high salt medium 
used to induce the encystation o f starved amoebae. The respiration o f starved 
amoebae and early stages o f encystation was suppressed in high salt medium 
and stimulated when returned to the culture medium. A  transient increase in 
respiration was observed early in encystation, while the respiration of later 
encystation stages decreased to the low level observed in m ature cysts.

The respiratory metabolism of m itochondria isolated from  encysting amoe
bae was similar to that of m itochondria from  vegetative amoebae while cyst 
m itochondria exhibited little respiration. The catalase and acid phosphatase 
activities o f amoebae increased during starvation and encystation.

INTRODUCTION
H artm annellid amoebae, currently classified in the genus Acanthamoeba (Page,

1967), are obligate aerobes during vegetative growth (Band, 1959) and during encysta
tion (Band, 1963). The m ature cyst, however, exhibits little respiratory activity (Reich, 
1948) and survives under anaerobic conditions (Band, 1963). Electron microscope 
observations o f the cyst (Bauer, 1967; Bowers & K orn, 1968, 1969; Vickerman, 1962) 
reveal the appearance o f dense areas in the m itochondria and a possible alteration in 
the structure o f the m itochondrial cristae. These observations imply that reduced 
respiratory activity may be due to  changes in the metabolism of the m itochondria.

This paper reports observations on the respiration of whole amoebae and isolated 
m itochondria during encystation. Acid phosphatase and catalase were used to estimate 
the activity o f lysosomes and peroxisomes in amoebae and in m itochondrial fractions 
during encystation.

METHODS
Encystation. The m ethods o f cultivation and the induction o f encystation have been 

described previously (Band, 1959, 1963) for Acanthamoeba (Hartmannella) rhysodes. 
For the purpose o f clarity, some of the observations from Band (1963) and related 
papers will be given below.

Amoebae were starved for 48 hr in a filtered peptone medium which contained 
10 times less glucose than would support growth (PPG F). This procedure was a m odi
fication of the original m ethod (Band, 1963) where the PP G F  contained as much glu
cose as the culture medium (o-i m). A fter 48 h r in PPG F, starved amoebae appeared
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norm al bu t growth did no t occur. Incubation for 48 h r in PPG F, or in a defined 
medium (Band, 1962) with 10 times less glucose, was required for optim um  encystation 
o f  amoebae when they were placed in a high salt medium (HSM , 0-25 M-NaCl, 3-2 mM- 
M gCl2.H 20 ,  0-36 mM-CaCl2). A  m isinterpretation by Griffiths & Hughes (1968) indi
cated that the original m ethod (Band, 1963) gave a very low per cent encystation. 
A lthough incubation o f vegetative amoebae in HSM  caused approxim ately 50 % 
encystation (Band, 1963), incubation o f  PPG F-starved amoebae in  HSM  was reported 
to  induce approximately 100 % encystation.

Before 24 hr, am oebae in the HSM  resembled vegetative amoebae, bu t did not 
adhere to  a glass surface and exhibited a net surface charge density similar to  th a t o f 
m ature cysts rather than  vegetative am oebae (Band & Irvine, 1965). D uring this time 
addition of a carbon source inhibited encystation (Band, 1963). After 24 h r the am oe
bae appeared round, exhibited an Alcian blue-positive surface coat and addition o f a 
carbon source did not inhibit encystation. Cysts started to appear after 32 h r in HSM , 
although the process was not completed until later. A eration was required throughout 
encystation.

Respiration. Amoebae were washed once and suspended in fresh medium when the 
respiration medium was the same as the incubation medium, or washed twice when the 
respiration medium was different from  the incubation medium. Respiration was deter
mined at 30° using a Clark electrode (Estabrook, 1967) with 1-5 to  1-75 x io 6 am oebae/ 
ml. respiration medium, or 1-5 to  2 mg. m itochondrial protein.

Fractionation. A lthough vegetative amoebae could be ruptured by relatively gentle 
means (i.e. a Teflon pestle o f the Potter-Elvehjem  type homogenized) to  obtain m ito
chondria, encysting am oebae became progressively more resistant to  various disrup
tion methods. The Teflon pestle did not rupture encysting amoebae or cysts in the 
HSM . Brief ultrasonic treatm ent or passage through a hand-operated mill (A. H. 
Thom as Co.) ruptured vegetative amoebae and encysting amoebae bu t no t cysts. Cysts 
were ruptured with a ball mill, prolonged ultrasonic treatm ent or the French press 
(American Instrum ent Co.); the French press was used in the present study at
20,000 lbs./in2. D isruption o f vegetative amoebae with the French press yielded meta- 
bolically active m itochondria a t the same pressure so homogenization w ith the French 
press was no t deleterious to  cyst m itochondria. The differential response to  m ethods of 
hom ogenization made it possible to remove defective forms at various stages of 
encystation; vegetative and dead amoebae could be removed from  encysting amoebae 
with the Teflon pestle and encysting amoebae could be removed from  cysts w ith the 
hand-operated mill.

The m itochondrial fraction was isolated a t 40, in general, according to  the method 
o f Schneider & H ogeboom  ( 1950), except tha t the isolation and wash medium was 
0-25 M-sucrose containing o-ooi M-ethylenediaminetetraacetic acid and 0-5 % (w/v) 
bovine serum album in (crystallized and lyophilized, Sigma Chemical Co.), pH  7-4. 
Respirometric measurements were made after adding 1-19/¿mole N a adenosine-5'- 
diphosphate (ADP) (Sigman Chemical Co., G rade I) to  4 ml. o f a respiration medium 
which contained 0-225 M-sucrose, 10 mM-KH2P 0 4, 5 mM-MgCU, 20 mM-KCl, pH  7-4 
at 30°; 13 //mole N a succinate or K  a-ketoglutarate or 80 /«mole each o f N a pyruvate 
and N a malate.

Acid phosphatase determ inations were based on the hydrolysis o f p-nitrophenyl 
phosphate (Sigma Chemical Co.) in the presence of o-i % (v/v) T riton  X -100
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(W attiaux & de Duve, 1956) and 0-022 M-Na citrate, pH  4-3, expressed as //mole 
p-nitrophenol liberated/mg. protein/m in. a t 37°. Catalase activity was determined by 
the change in absorption at 240 m/t (Beers & Sizer, 1952) o f a 0-02 m-H 20 2 solution 
containing 0-017 M-KH2P 0 4 +  N a2H P 0 4 buffer, pH  7-0, and the homogenate or m ito
chondrial fraction and expressed as //mole H 20 2 destroyed/mg. protein/m in. a t 240.

Protein concentration was determined by the Folin-C iocalteau m ethod modified by 
M iller (1959).

R E S U L T S

Respiration of whole amoebae. The respiration of starved amoebae declined during 
encystation in HSM  (Table 1); HSM  had no effect on the respiration of vegetative 
amoebae. The first effect o f HSM  on respiration was observed after the 48 h r starva
tion period in PPG F which preceded incubation in HSM  to induce encystation.

Table 1. Respiration of Acanthamoeba rhysodes
T h e  average  o f  n  d e te rm in a tio n s ( ± s.d .) in  n m oles 0 2/m in ./ io 6 am oebae, w ith  an  oxygen

ca th o d e  a t 30°.

S ource  o f  am o eb ae

Acantham oeba rhysodes respiration 353

A m o eb ae  d u rin g  en cy sta tio n  ( h r ) t
R e sp ira tio n V egetative S tarved t-------------- _A-------------------------------- V

m ed ium am o eb ae am o eb ae* I to  2 3 to  4* 5 to  6 24 C ysts

C u ltu re i 2 -3 ± i -5 12 ±  2 13-7 +  3-5 15-5 +  3-6 I 3 - I + 3-2 5-9 +  2 2’5 ±  1-2
n  =  4 n  — 7 n  =  12 n  =  16 n  =  8 n  =  9 n  =  4

H S M 12 ±  i*8 6 -9 + 1 7 ± 2-5 8 - 9 + 2 7 8-3 +  3 5 + 1-3 l-8 ± o -5
n  =  4 n  =  10 n  =  10 n  =  10 n  =  6 n  =  6 n  =  4

L S M f IO ±  1-2
« =  3

1 0 + 2  
n  =  3

— — — — —

C ultu re§ 9-1 14 — 18 — 4 2
C ultu re§  +  

K C N , 0 tim e
9-8 22 — 28 — 7 2-8

C ultu re§  +  
K C N , 30 m in .

9-1 15 — 24 — 6 i-8

* A nalysis o f  varian ce  fo r sta rved  am o eb ae  a n d  3 to  4  h r  encysting  am o eb ae  ind ica ted  significant 
d ifferences in  re sp ira tio n  betw een  these a t  th e  5 % lev e l:

C u ltu re  H S M

d.f. M e an  squa res d .f. M e an  sq ua res

B etw een i 60 i 20
W ith in 21 i o -5 18 4-2

t  In  h ig h  sa lt m ed iu m  (H S M ).
t  R e sp ira tio n  in  low  sa lt m ed iu m  (o-05M -NaCl w ith  th e  d iv a len t ions o f H S M ).
§ M atched  sets o f  single ob se rv a tio n s in  w hich  re sp ira tio n  w as d e te rm in ed  before , im m ed ia te ly  

a f te r  an d  30 m in . a f te r  th e  ad d itio n  o f  8 //m o le  K C N  to  4 m l. o f  am oebae.

During the first few hours in HSM  before round forms appeared (24 hr), respiration 
was stimulated again if encysting amoebae were returned to the culture medium (P P G ); 
this effect diminished later. The effect o f HSM  on respiration and its reversal in PPG  
was osmotic in origin. Incubation in a low salt medium (HSM  with N aC l lowered to  
0-05 m ) did not suppress the respiration o f vegetative am oebae from  PPG  and had no 
effect on the respiration of starved amoebae from  PP G F  (Table 1).
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The respiration o f early encystation stages increased during the first 1 to  6 hr in 
H SM  and then decreased to the low level exhibited by cysts (Table 1). This transient 
increase was observed with either HSM  or PPG  as the respiration medium and was 
statistically significant a t the 95 % level when the respiration o f the PPG F-starved 
am oebae was com pared with that o f encysting amoebae after 3 to 4 hr in HSM.

Cyanide (8 //mole K C N /4 ml. of amoebae) caused an initial increase in respiration; 
after 30 min. respiration returned nearly to the original rate (Table 1). This was true 
for vegetative amoebae, starved amoebae and the various stages of encystation and 
cysts.

Activity of mitochondria. Vegetative m itochondria obtained using the French press 
were not as active as vegetative m itochondria isolated by Teflon homogenization. This 
difference was m ore apparent for the rate of respiration than for phosphorylation. The 
respiratory activity o f m itochondria isolated from  PPG F-starved amoebae was very 
erratic (Table 2). M any preparations o f m itochondria from  PPG F-starved amoebae 
did not exhibit respiratory control in that A D P did not stimulate respiration. The 
respiration rate o f m itochondria from PPG F-starved amoebae was greater than tha t 
from  either vegetative m itochondria or encysting amoebae.

Table 3. Acid phosphatase and catalase activity of Acanthamoeba rhysodes
A cid p h o sp h a ta se  activ ity  expressed  as /¿m ole o fp -n itro p h e n o l lib e ra ted /m in ./m g . p ro te in  a t 
37°; ca ta la se  ac tiv ity  expressed  as //m o le  H 20 2 d es tro y ed /m in ./m g . p ro te in  a t 240. A ssay 
p ro ced u res in  M e th o d s sec tio n ; d a ta  given as an  average  o f  n  de term in a tio n s.
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A cid  p h o sp h a ta se
V egetative
am o eb ae

S tarved
am oebae

E ncysting
am oebae* C ysts

W hole  a m o eb a  h o m o g en a te o -6 ± o -o 8 0 -81+ 0-17 i -o +  o-i 0-98 +  0-23
n  =  4 n  =  2 n =  2 n =  3

M ito ch o n d ria l frac tio n 0-28 ± 0 -0 4 0-145 ± o -o i 0-3 ± 0 -0 9 0-38 +  0-11
n — 2 n  =  2 n  =  2 n =  2

C ata lase

W h o le  a m o eb a  h o m o g en a te 9 ' 1 ± 4 2 8 -8 ± 8 I7 '5 ± 4 18-3+1
n =  4 n  =  3 n  =  2 n  =  2

M ito ch o n d ria l frac tio n 2-7 ±  1-9 I7'6± i-6 6 + 1 -4 4-3 ± 4 -2
n  =  2 n =  2 n  =  2 n  =  2

* In  H S M  fo r 24 h r.

M itochondria from encysting amoebae, after 24 hr in HSM , had respiration rates, 
A D P/O  ratios and respiratory control similar to  or greater than those o f m itochondria 
from  vegetative amoebae homogenized with the French press. M itochondria isolated 
from  cysts were almost inactive.

Respiratory m etabolism  was not changed when cytochrome c (0-04 /¿mole) was 
added to m itochondria oxidizing succinate. W hen cytochrome c (0-04 /¿mole) and 
nicotinamide adenine dinucleotide (4 //mole) were added together to  m itochondria 
from  PPG F-starved amoebae oxidizing pyruvate and malate, respiration was stimu
lated and respiratory control was absent. These cofactors had no effect on m itochon
dria isolated from  vegetative amoebae, encysting amoebae or cysts.

Acid phosphatase and catalase. Acid phosphatase activity in whole am oeba hom o
genates increased during starvation and encystation but the specific activity o f acid 
phosphatase in the m itochondrial fractions was less than the activity in the whole
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am oeba homogenates (Table 3). Catalase activity in whole amoeba homogenates from 
PPG F-starved amoebae, encysting amoebae and cysts was greater than in hom ogen
ates of vegetative amoebae (Table 3); PPG F-starved amoebae were the m ost active. 
The specific activity of catalase in the m itochondrial fractions was less than the activity 
in whole am oeba homogenates. The m itochondrial fraction from  PPG F-starved amoe
bae contained much greater catalase activity, however, in proportion  to the activity 
o f  the whole am oeba homogenate, than did the other m itochondrial fractions.
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DISCUSSION
Endogenous respiration. The observations presented in this study on the respiration 

o f vegetative amoebae from  growing cultures were similar to those reported by Reich
( 1948) on Acanthamoeba (Mayorella) palestinensis and by Neff, Neff & Taylor ( 1958) 
on N eff’s Acanthamoeba sp. However, A. rhysodes amoebae from actively growing 
cultures respired at a similar rate over a wide range of osmotic pressure (0-15 to 0-5 
osmolar in culture medium vs. HSM ) while Neff et al. (195S) reported decreased 
respiration at elevated salt concentrations.

The sensitivity o f endogenous respiration to osmotic pressure following starvation 
may have been the basis for using starvation to induce optimum encystation in HSM 
(modification from  Band, 1963). The endogenous respiration of starved amoebae and 
early stages of encystation was reversibly suppressed in HSM. The osmotically sensitive 
respiratory pathway appeared to be progressively inactivated later in encystation.

The transient increase in respiration, observed during the early stages of encystation, 
did no t appear to be osmotically sensitive since the increase was similar in HSM  and in 
culture medium. The total endogenous respiration of m ature cysts was com parable to 
this increase alone and was not osmotically sensitive. Thus, the transient increase in 
respiration may be due to the appearance o f a new respiratory pathway which is 
responsible for the respiration o f m ature cysts.

Mitochondrial respiration. M itochondria isolated from  encysting amoebae did not 
reflect in their metabolism the changes in endogenous respiration of whole, encysting 
amoebae. A lthough the respiration o f encysting amoebae after 24 h r in HSM  was not 
stimulated on return to a lower osmotic pressure, m itochondria isolated from  them 
behaved similarly to vegetative m itochondria.

Electron microscope observations on the cysts of related hartm annellid amoebae 
(Bauer, 1967; Bowers & K orn, 1969; Vickerman, 1962) indicated that m itochondria 
were retained by the cyst in a modified form. This is consistent with the present obser
vation tha t m itochondria from  m ature cysts respired poorly and failed to exhibit 
respiratory control. Electron microscope observations also revealed autolysosomes and 
pockets of cytoplasmic debris trapped inside the cyst walls. If  inert m itochondria 
were present in the debris, these could have been present in the m itochondrial fraction 
from  cysts and would have distorted the data on m itochondrial metabolism. Estimates 
o f  the num ber o f m itochondria present in the cyst’s cytoplasm in a related hartm annel
lid am oeba (Bowers & K orn, 1969) suggested little change in m itochondrial num ber 
from  vegetative amoebae. This would favour the possibility that m ost o f the m ito
chondria from  the cyst in the present work came directly from the cytoplasm.

The differential centrifugation methods used to isolate m itochondria might also 
harvest a portion of the am oeba’s lysosomes and peroxisomes. These organelles have



been detected in hartm annellid amoebae by electron microscopy (Bowers & K orn, 
1968, 1969), by histochemistry (M üller & M oller, 1967) and their presence suggested 
by chemical analysis o f the culture medium (Lasman, 1967). Their presence in the 
m itochondrial fraction could be deleterious to  the activity o f isolated m itochondria 
and invalidate comparisons o f m itochondrial activity at various stages o f encystation. 
The activities o f acid phosphatase and catalase, present in lysosomes and peroxisomes 
respectively (e.g. M üller, Hogg & de Duve, 1968), were similar in all fractions except 
the catalase activity of the m itochondrial fraction from  starved amoebae. Since phos
phorylation by this fraction was variable, it m ight have been contam inated by 
peroxisomes.

Effect of cyanide on respiration. The failure to inhibit respiration o f vegetative, 
starved and encysting amoebae with cyanide did not correspond to the reports o f 
others. A t similar cyanide concentrations, vegetative amoebae of both Acanthamoeba 
palestinensis (Reich, 1955) and Neff’s Acanthamoeba sp. (Neff et al. 1958) were in
hibited in their respiration. A  strict com parison of these two previous reports with 
observations presented in this paper was not possible as both  authors used different 
m ethods and different specific amoebae. Since Reich ( 1955) observed a slight increase in 
respiration with cyanide in the presence o f glucose over control amoebae w ithout 
cyanide, he proposed that cyanide stimulated a respiratory pathway thatutilized glucose. 
Since the culture conditions used by Reich ( 1955) and those used in the present paper 
were not the same, a difference in endogenous reserves may have existed. If  this were 
true, then the amoebae in the present paper may have reacted to cyanide in a m anner 
com parable to  Reich’s amoebae in the presence of glucose.

This investigation was supported by a U.S. Public H ealth Service Research G ran t 
(AI-06117-06 ) from  the N ational Institute of Allergy and Infectious Diseases.

REFERENCES
B a n d , R . N . (1959). N u tr itio n a l a n d  re la ted  b io log ica l stud ies o n  th e  free-living soil a m o eb a , H a r t-  

m a n n e lla  rh y so d es . J . g en . M ic ro b io l. 2 1 , 80.
B a n d , R . N . (1962). T h e  am in o  ac id  req u irem en ts  o f  th e  soil am o eb a , H a r tm a n n e lla  rh y so d es  S ingh. 

J . P ro to zo o l. 9, 377.
B a n d , R . N . (1963). E x trin sic  req u irem en ts  fo r en cy sta tio n  by  th e  soil am o eb a , H a r tm a n n e lla  rh y so d es . 

J . P ro to zo o l. 10, 101.
B a n d  R . N . & I rv in e  B. (1965). T h e  e lec trok inetic  charac te ris tics  o f  som e sm all am oebae. E x p l  C e ll  

R e s . 39, 121.
B a u er , H . (1967). U ltra s tru k tu r  u n d  Z e llw an d b ild u n g  v o n  A c a n th a m o e b a  sp . V isch t. n a tu r f. G es. 

Z ü r ic h  112, 173.
B eers, R . F . &  Siz e r , I. W . (1952). A  sp e c tro p h o to m etric  m e th o d  fo r m easu rin g  th e  b reak d o w n  o f  

h y d ro g en  perox ide  by ca ta lase . J . b io l. C h em . 19s, 133.
Bo w e r s , B. & K o r n  E . D . (1968). T h e  fine s tru c tu re  o f  A c a n th a m o e b a  ca s te lla n ii. I. T h e  tro p h o zo ite . 

J . C e ll B io l. 39, 95.
B o w er s , B. & K o r n , E . D . (1969). T h e  fine s tru c tu re  o f  A c a n th a m o e b a  cas te lla n ii. II . E ncystm en t. 

J . C e ll B io l. 41, 786.
E stabrook , R . W . (1967). M ito ch o n d ria l re sp ira to ry  co n tro l a n d  the  p o la ro g rap h ic  m easu rem en t o f  

A D P : 0  ra tio s . M e th . E n z y m .  10, 41.
G r iff it h s , A . J. &  H u g h es , D . E . (1968). S ta rv a tio n  a n d  encystm en t o f  a  soil am o eb a  H a r tm a n n e lla  

ca s te lla n ii. J . P ro to zo o l. 15, 673.
L asm an , M . (1967). O bserv a tio n s o n  acid  p h o sp h a ta se  in  M a y o r e lla  p a le s tin e n s is . J . ce ll. co m p . 

P h y s io l. 69, 151.

A cantham oeba rhysodes respiration 357



R. N. B A N D  A N D  S. M O H R L O K

M iller , G . L . (1959). P ro te in  d e te rm in a tio n  fo r la rge  n u m b ers o f  sam ples. A n a ly t .  C h em . 31 , 964.
M ü ll er , M . &  M ö ller , M . (1967). P erox isom es in  A c a n th a m o e b a  sp. J . P ro to zo o l. 14 (suppl.), 11.
M ü ll er , M ., H o g g , J . F . & de  D uve, C . (1968). D is tr ib u tio n  o f  tricarboxy lic  acid  cycle enzym es an d  

g lyoxylate  cycle enzym es betw een  m ito c h o n d ria  an d  perox isom es in  T e tva h ym en a  p y r i fo r m is .  
J . b io l. C h e m . 243, 5385.

N eff , R . J ., N eff , R . H . &  T a y lo r , R . E . (1958). T h e  n u tr itio n  an d  m etab o lism  o f a  so il a m o eb a , 
A c a n th a m o e b a  sp. P h y s io l. Z o ö l .  31, 73.

P a g e , F . C . (19673. R e -defin ition  o f  th e  genus A c a n th a m o e b a  w ith  d escrip tions o f  th ree  species. 
J . P ro to zo o l. 14, 709,

R e ic h , K . (1948). S tud ies o n  th e  re sp ira tio n  o f  an  am o eb a , M a y o re lla  p a le s tin e n s is . P h y s io l. Z o ö l .  21, 
390.

R e ic h , K . (1955). T h e  effect o f  cyan ide  an d  azide on  th e  re sp ira tio n  o f  the  am o eb a  M a y o r e lla  p a le s tin 
ensis . P h ysio l. Z o ö l.  28, 145.

Sc h n e id er , W . C . & H ogeboom , G . H . (1950). In trace llu la r  d is tr ib u tio n  o f  enzym es. V. F u r th e r  
stud ies o n  th e  d is tr ib u tio n  o f  cy toch rom e c in  ra t-liver hom ogenates . J . b io l. C h em . 183, 123.

V ic k er m a n , K . (1962). P a tte rn s  o f  ce llu lar o rg an iza tio n  in lim ax am o eb ae . E x p l  C e ll  R e s .  26, 497.
W a ttia u x , R . & de  D uv e , C . (1956). T issue fra c tio n a tio n  stud ies. 7. R elease o f  b o u n d  h ydro lases by 

m eans o f  T rito n  X -io o . B io c h em . J .  63, 606.

3 5 8



J . g e n . M ic ro b io l. (1969), 59 , 359-367
W ith  I p la te

P r in te d  in G rea t B r ita in

359

Genetic Evidence for Hybridization in an Interspecific 
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SUMMARY
W hen the two heterothallic species Sordaria heterothallis and S. thermo- 

phila are crossed, two types of viable ascospores are recovered. The first, the 
m ature black ascospore, is produced with a m ature eight-spored ascus formed 
from  an intraspecific fusion of nuclei of the same mating type. The second, 
the non-pigmented germinable ascospore, is produced by the interspecific 
fusion o f nuclei o f opposite m ating types within an ascus in which all other 
ascospores are aborted. The non-pigmented ascospore is the product o f the 
mixed genomes o f the two species. It is a recom binant spore from  which 
either species may be obtained by the partial substitution o f its genome 
through successive backcrosses. Its inability to develop pigmentation, the 
irregular growth patterns o f some of the strains which it produces and their 
inability to react in complementation tests, appear to  be the result o f a lack 
o f affinity between the two species.

INTRODUCTION
Two new heterothallic species, Sordaria heterothallis (Fields & M aniotis, 1963) and 

S. thermophila (Fields, 1968), have recently been described. Previously reported studies 
on the hybridization experiments between these species (Fields, 1963; Lewis, 1968 a, 
1969) have indicated tha t the prim ary result was the form ation of perithecia in which 
m ost o f the asci were aborted at varying stages o f m aturation, and in which an 
occasional m ature eight-spored ascus was recovered. These asci (recovered at a fre
quency o f 1 per 10,000 asci examined) were found to have been homozygous for the 
mating type factor. Lewis (1968 b and 1969) described evidence which suggests that 
they were formed by the intraspecific fusion of nuclei o f the same mating type. Al
though most o f the spores formed in these asci were norm al in colour and shape and 
showed reasonable viability, these studies also indicated that aneuploid ascospores 
were form ed during meiosis and that the resultant loss o f chromosomes contributed to 
the inviability observed in some ascospores.

A nother type o f viable ascospore produced from the hybridization attem pts was the 
non-pigmented germinable ascospore. The aim o f this study was to determine whether 
this ascospore was the product o f intra- or interspecific nuclear fusions. P roof of the 
latter would determine whether hybridization had occurred between the two species.

* P re sen t a d d re ss : D e p t, o f  B io log ica l Sciences, Y o rk  C ollege o f  th e  C ity  U n iv ersity  o f  N ew  
Y o rk , F lu sh in g , N ew  Y o rk  11365, U .S .A .
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MATERIALS
Wild-type strains o f Sordaria heterothallis and .S’, thermophila were supplied by 

D r W. G. Fields. The wild-type strains o f S. heterothallis were designated as w t  5 -A 
and w t  1 6 -a, and those of S. thermophila as w t  7 -A and w t  1 7 -a In  each case A and a 
refer to the two mating types. Differences between the two species, and descriptions o f 
the media, the cultural conditions employed and the techniques used in the isolation, 
characterization and mapping o f m utants have been previously reported (Lewis, 1969). 
The S. heterothallis m utants used in this study were stux, stu4, stu5, siu6 (strains with 
stunted growth) and ol3 (olive-green ascospores). Those o f S. thermophila were co/l5 
col2, col3 (strains with a colonial type of growth) and t (tan coloured ascospores). 
In  S. heterothallis, stuy and stu3 were o-i units apart and i-o unit from  the m ating type 
locus. Stilt and s t u 5 were 2-0 units apart on another chromosome.

Several types of interspecific crosses were m ade: ( 1) Between the two wild-type 
strains. (2) Stu6 x t (cross no. 4, Table 1). (3) Heterocaryons forced between stu strains 
of Sordaria heterothallis were crossed with wild-type strains o f S. thermophila (crosses 
i to  3, Table 1). From  these crosses it was hoped to  determine whether the fx progeny
( 1) segregated only as parentals and whether strains recom binant for the markers in 
the constituent strains o f the heterocaryon could be recovered ; (2 ) were the products of 
interspecific fusions. Progeny were analysed for recom bination between the stu 
markers and the m ating type factors in order to determine whether the non-pigmented 
germinable ascospores were derived from  interspecific nuclear fusions, f, strains pro
duced by non-pigmented germinable ascospores were classifiée to species by back- 
crossing to wild-type strains o f both species. The genotypes o f stunted progeny from  
interspecific crosses were determined by complementation tests with stuh 4,5 and stu6 

of S. heterothallis and with the restricted colonial m utants of S. thermophila.

RESULTS
Fields (1963) carried out the initial interspecific matings between Sordaria hetero

thallis and S. thermophila. He found that there was an abundant production of 
perithecia in which almost all the asci contained aborted pro:oplasts o r delimited 
ascospores which did not m ature. He also observed (personal communication) that 
these ‘im m ature’ ascospores occasionally germinated.

A  closer study o f these non-pigmented germinable ascospores showed that they were 
produced in asci which contain no black spores, and in which only one spore ger
minated. The other seven ascospores in the asci showed various degrees o f abortion 
and no germination (PI. 1, fig. 1). These asci were produced at the rate o f 20 to  30 per 
perithecium, and the delimited ascospores ranged in colour from  hyaline to beige. 
M ost asci contained eight aborted ascospores and made up the bulk o f the cluster in 
interspecific matings (PL 1, fig. 2). The germinable ascospores germinated w ithout any 
o f the pre-germination activation that was m andatory for Sordaria heterothallis and 
S. thermophila. The ascospores o f S. heterothallis are only known to germinate when 
incubated on a medium containing 7 % sodium acetate (Fields & M aniotis, 1963), and 
those o f S. thermophila require a 2-hr heat shock treatm ent and incubation on a 
medium containing 0-55 % am m onium  acetate (Lewis, 1969).

Non-pigmented germinable spores isolated from  wild-type interspecific matings



T
ab

le
 i

. 
An

al
ys

is 
of

 no
n-

pi
gm

en
te

d 
ge

rm
in

ab
le

 a
sc

os
po

re
s 

iso
la

te
d f

ro
m

 S
or

da
ria

 h
et

er
ot

ha
lli

s x
 S

. 
th

er
m

op
hi

la
 c

ro
ss

es
fx

 b
ac

kc
ro

ss
 

re
ac

ti
on

s 
w

ith
P

he
no

ty
pe

s 
,--

---
---

---
--

A--
---

---
---

--
< 

R
ec

om
-

C
ro

ss
 

,--
---

---
---

---
---

--
*--

---
---

---
---

---
--

. 
C

om
pl

em
en

ta
- 

S
. 

th
er

m
o-

 
S

. 
he

te
ro

- 
bi

na
nt

oa.

Interspecific crosses in Sordaria

+ + + ¡ I I +

a>
Cj

&
U U U !. !ho  p a) (D
d c c c c

1) o
c c

I - i S - . U i U . S - i U .<D O Gí O <L> <D
d c c d c c

to

Ci.
(D (D D o m 
d  d  d d d

Lj U.  t— U . U S —i S—( S - IS <u <D 0) <D CL) (D <D 
d d  d d d d d d £ <Dd d

o
; ^  ^  Z

O
Z

o
Z

o o o 
s ^  t Z a Z x Z

o.COd

O C
Z  Z

MOz
I I csS d d d CD 60 M M O o o oz z z z oz

o .
a. w)

-d f-
?0J-H hf~ -O ,  u ~ ^ ,* JO hs ^
O 3CO 1 =i ^  § 5 d 3 3 ^  c;¡>3 ^ CO >1

»7 ¡SM

o</) JD 

-d

3
o
U

oa
C/D

&s

to
Xy

to

d ctf aj d op
m u PQ

<L) O <D O <D 0) <UC tí c d _d C _d _d d
ct fajddajajct fbfl  ctjcd ¡>3 ^XX

k.

x

X
x

o —
Jf cn■S £»3 '*'J
■§! 
^ .2 •S' dDs„ r- r* VS *T) ¿ exd, VO — ■u.0 ■St O vo rr *T) ■st n 1 0 i  0

■st c< 00-  so
rf

■o T ¡> ¿ (S C41rt rn m<scr>O
5  -  -  t  r 5 0*9 >■—1 (S n  in os -  n h so' C4 n <s rT 10 00 — so -  in st -3 •'d

•> o > &
3 <O .
.2 ^

; to
i O

d
.o

d
I  ¿5.2 ^
If
a s

aj

to

361

sc
or

ed
 w

he
n 

pa
ir

s 
o

f 
st

u
 c

ul
tu

re
s 

of
 t

he
 s

am
e 

m
at

in
g 

ty
pe

 p
ro

du
ce

 f
an

s 
o

f 
w

ild
 

¡¡
T

he
se

 s
tr

ai
ns

 p
ro

du
ce

d 
a 

fe
w

 p
er

it
he

ci
a 

in
 w

hi
ch

 s
om

e 
as

ci
 h

ad
 4

 t
o 

8 
bl

ac
k

ty
pe

 g
ro

w
th

, 
w

he
n 

th
e 

co
nt

ro
l,

 s
tu

 c
ul

tu
re

s 
of

 o
pp

os
it

e 
m

at
in

g 
ty

pe
s 

re
m

ai
n 

sp
or

es
.

st
un

te
d.

 I
n 

a 
ne

ga
ti

ve
 t

es
t 

on
ly

 s
tu

nt
ed

 g
ro

w
th

 i
s 

ob
se

rv
ed

. 
**

 
Se

e 
te

xt
: 

fo
rm

at
io

n 
of

 s
tr

ai
ns

 p
hc

no
ty

pi
ca

ll
y 

re
se

m
bl

in
g 

S
. 

he
te

ro
th

al
li

s
f 

In
te

rs
pe

ci
fi

c.
 

fr
om

 a
 n

on
-p

ig
m

en
te

d 
as

co
sp

or
e.



L. A. LEWIS

showed two basic types of growth, norm al wild type growth and a sub-wild type 
growth. The sub-wild type growth microscopically had an abnorm al mycelial develop
ment, with much spiralling and more branching than the wild type. The growth rate 
was slower than the wild type, but the colony eventually grew to the edge o f the Petri 
dish. In  some sub-wild type strains, the colony gave rise to  numerous sectors. These 
observations and the inability of the spores to develop norm al pigm entation suggest 
that factors inhibiting the phenotypic expression of wild type were present in  these 
non-pigmented ascospores, although some had become sufficiently m ature physio
logically to germinate and grow. W hen strains from  the non-pigmented germinable 
ascospores were crossed among themselves, the asci produced showed an even greater 
degree of ascospore abortion than that produced in interspecific crosses. The non- 
pigmented germinable ascospores produced showed no phenotypic differences from  
their f, counterparts, and their mycelial strains had similar characteristics.

Progeny from  the four matings shown in Table 1 are described phenotypically. 
ft cultures showed the phenotypes o f either the m utant parental strains used in these 
matings, the sub-wild type mycelium, with its characteristic irregular growth and 
sectoring, or wild type growth with the norm al phenotype. Thirty-five slow growing 
isolates were tested for complementation with stunted and colonial strains o f both 
species. The results in Table 1 show that no complementation took place. I t was 
assumed tha t failure o f complementation might be due to the recom binant nature of 
the non-pigmented ascospores.

Twenty-nine o f the isolated non-pigmented germinable ascospores were back- 
crossed to the wild type strains o f both species. All strains showed an interspecific 
reaction with both  species. This result led to the conclusion that the genomes of these 
strains were interspecifically recombinant, and that both  parents contributed to  their 
genotypes. Genetic proof of this is described in the following sections.

Twelve of the fx non-pigmented ascospores showed apparent recom bination be
tween the stu markers and the mating type factors (Table 1). The apparent recom binant 
spores with stunted growths, no. 23 of cross no. 2, and nos. 1, 3, 4, 16 and 17 o f 
cross no. 3, could not be classified as true recombinants w ithout further study, since 
the stu markers could not be identified through complementation, and a 1:1 segre
gation could not be determined from  the aborted f2 asci and ascospores. P roof o f their 
recom binant nature is provided in the crosses discussed below.

( 1) Cross no. 3, ascospore no. 3 (Table 1). This spore, an apparent recom binant, 
produced a culture which had a stunted growth and carried the A mating type allele. 
The backcross reactions with both Sordaria heterothallis and S. thermophila were 
interspecific. The S. thermophila backcross produced aborted asci with no germinable 
ascospores. In  the S', heterothallis backcross, a few aborted asci with 1 to 2 m ature 
spores were produced, and one m ature eight-spored ascus was recovered. The eight 
black spores which germinated were wild type in growth and a in m ating type. Three 
non-pigmented germinable spores—two o f stunted and one o f wild type grow th— 
were recovered and analysed. The stunted strains were determined to be stuba through 
com plem entation tests. The recovery o f the stu6 m arker in the backcross progeny 
proves that the original non-pigmented ascospore m ust have been recom binant, with 
the stub m arker derived from  S. heterothallis and the A mating type locus from  
S. thermophila. This ascospore could only have resulted from  an interspecific nuclear 
fusion.
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(2) Cross no. 3, ascospore no. 14 (Table 1). This spore produced a mycelium with 
stunted growth, which was a  in mating type and gave a negative complementation test. 
The backcross with S ordaria  heterothallis produced aborted asci with 1 to 2 mature 
ascospores; several non-pigmented germinable ascospores were isolated. O f these, two 
were wild type, one sub-wild type and four stunted in phenotype. One o f these stunted 
strains was determined to be stu 1stu i a, through complementation tests. Thus the ft 
non-pigmented ascospore which was stunted in phenotype must have carried the stu  
markers. T hat these f2 non-pigmented ascospores could take part in complementation 
reactions with stu  strains o f S . heterothallis reflects the fact that they contained a 
larger part of the S. heterothallis genome than the fx ascospores. T hat they were 
non-pigmented reflects the fact that they were the products of mixed genomes. From  
this result it may be concluded that ascospores no. 1, 4, 16 and 17 from cross no. 3, 
which were phenotypically stunted, carried the stu  markers and were recombinant. 
Ascospore nc. 11 was also shown to be recom binant for the stu-D m arker and mating 
type factor, as is described in the section in which strains phenotypically resembling 
S. hetero thallis are obtained through backcrossing.

Ascospore no. 2, cross no. 1 (Table 1), and ascospores 21, 22, 24 and 25 o f cross 
no. 2 were also interspecific recombinants. The initial backcross reactions of spore 
no. 2, cross no. 1 with S ordaria  heterothallis and S. therm ophila  were interspecific. 
This strain was however repeatedly subcultured over 3 m onths while other experi
ments were in progress. On further testing, the backcross was found to produce an 
interspecific reaction with S. heterothallis but an intraspecific reaction with S. therm o
phila. This T segregant, a  M T, was clearly an interspecific recombinant.

These results dem onstrated that the non-pigmented germinable ascospores con
tained a mixture o f the genomes o f S ordaria  hetero thallis and S. therm ophila. Such 
mixtures appeared to im pair some o f the physiological functions of the cells; spore 
pigmentation is prevented, and stu  strains failed to show complementation either 
am ong themselves or when mixed with stu  strains o f S', heterothallis. P roof that these 
strains were the products o f mixed genomes was also shown by the recovery of both of 
the original species from them as is dem onstrated below.

Form ation  o f  stra ins ph en o typ ica lly  resem bling S. therm ophila  
fro m  a non-pigm ented ascospore

Strains phenotypically resembling S ordaria  therm ophila  were obtained from  f, non- 
pigmented ascospore cultures by successive backcrossing to the S. therm ophila wild 
type strain. One such series o f backcrosses (Fig. 1) was started with the culture from 
ascospore no. 1 o f cross no. 3 (Table 1). The mycelium from this ascospore had a 
stunted growth and was A  in mating type. Only non-pigmented ascospores were 
recovered from  the interspecific backcross with S. heterothallis but none could be 
induced to germinate. The backcross with S. therm ophila  produced two types of peri- 
thecia. ( 1) Several perithecia contained asci with 1 to  8 black spores (PI. 1, fig. 3). 
Six asci with eight black spores were isolated; the ascospores germinated or. am m on
ium only after the 2-hr heat treatm ent a t 50°. All germinating ascospores were wild 
type in growth, although one parent appeared to carry the stu  marker. This and the 
fact that this culture gave rise to two types o f perithecia in this cross suggests that 
strain 1 o f cross no. 3 was a heterocaryotic culture. Figure 1 shows the results o f the 
analysis o f ascus no. 4 o f the f, backcross. Both mating type factors were recovered.

Interspecific crosses in Sordaria  363
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Mycelia from  each o f three pairs o f ascospores o f this ascus were backcrossed to  the 
wild type strains o f S. heterothallis and S. thermophila respectively. N orm al segrega
tion o f the m ating type alleles was observed in all crosses with S. thermophila, with asci 
and ascospores showing the typical shape and size o f this species (PI. 1, fig. 5). Strains 
with the S. thermophila phenotype were thus isolated am ong the f3 progeny. (2) The 
m ajority of f, perithecia in this backcross contained asci which showed an  interspecific 
reaction, with some asci containing 1 to  2 black ascospores (PI. 1, fig. 4). One m ature 
eight-spored ascus which was recovered from  these perithecia was homozygous for the 
wild type growth and a m ating type o f S. thermophila. This confirms the results 
described previously (Lewis, 1969) that the form ation of the m ature eight-spored ascus 
was exclusively an intraspecific event.

Formation of strains phenotypically resembling S. heterothallis 
from a non-pigmented ascospore

Strains phenotypically resembling Sordaria heterothallis were obtained from  re
com binant f, non-pigmented germinable ascospores through successive backcrosses 
to  the S. heterothallis wild type. Figure 1 shows a series o f backcrosses which were 
started with ascospore culture no. 11 o f cross no. 3 (Table 1). This spore produced a 
wild type mycelium o f A m ating type. Backcrosses to  S. heterothallis and 5. thermo
phila were both  interspecific, but perithecia from  the form er produced num erous 
aborted asci with 1 to  4 black ascospores. Cultures from  eight o f the 16 isolated black 
spores were stuba in genotype. Thus the original f, ascospore was interspecifically 
recom binant. One o f the wild type f2 ascospores o f a mating type was backcrossed to 
S. heterothallis A. The f3 asci contained mostly 4 to 8 black spores (PI. 1, fig. 6). Six asci 
with eight black spores were dissected, and all ascospores showed wild type growth. 
Figure 1 shows the analysis of ascus no. 1. A  mycelium from  each o f three spore pairs 
was backcrossed to both S. heterothallis and S. thermophila; all produced intraspecific 
reactions with S. heterothallis (PI. 1, fig. 7) and interspecific reactions with S. thermo
phila. Strains with the S. heterothallis phenotype were thus isolated am ong the f4 
progeny. The replacement o f parts o f the genomes o f the non-pigmented germin
able ascospores with parts of the genomes o f S. heterothallis o r S. thermophila, the 
dem onstration o f interspecific recom bination and the fact that these spores react 
inter-specifically with both  species, is evidence tha t these non-pigmented spores are 
inter-specific recombinants.

Interspecific crosses in Sordaria  365

DISCUSSION
The non-pigmented germinable ascospore is a cell containing parts o f the genomes 

o f the two species Sordaria heterothallis and S. thermophila. The mixture o f chrom o
somes appears to im pair the growth rate in some strains and inhibits spore pigm enta
tion in all cases. I t is probable that the synthesis o f the spore pigment is controlled by 
several loci on a num ber o f chromosomes, and that the necessary com plem entation 
between the products o f these loci which is needed for pigment synthesis cannot or can 
only partially take place, as in the production of beige coloured germinable ascospores, 
when the chromosomes are from  different species. This may reflect the evolutionary 
differences between the chromosomes o f these two species. A hypothesis o f this nature 
can be form ulated on the basis o f the results obtained from  attem pts to  force hetero- 
caryons between strains carrying the stu markers. I f  one or both o f these strains is
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derived from  a non-pigmented germinable ascospore no complementation takes place, 
although the stu  m arkers were originally derived from  the same species. I t  cannot be 
assumed that the differences in cytoplasms may be responsible for this result; for 
example, the inability of S. hetero thallis proteins to be formed on S. therm ophila  
polysomes. Lewis ( 1969) has shown that the genome of S. heterothallis can express 
itself normally in the cytoplasm of S. therm ophila  and vice versa. A nother explanation 
for these irregular phenotypic expressions may be tha t the nuclei in these ascospores 
are aneuploid. This appears to  be the explanation for the ascospore culture no. 2 o f 
cross no. 1, which may have lost its extra chromosomes o f S . heterothallis during 
successive subculturing. In  this case, however, the a  mating type allele from  S. h etero 
thallis appears to have been incorporated into the mating type chrom osom e o f 
5. therm ophila resulting in a recom binant genome. In  the genus N eu rospora  Dodge 
(1931) was able to introduce certain factors from  N . sitophila  into N . crassa  and show 
their norm al segregation in eight-spored asci from  the f, x N . crassa  backcross. M ore 
detailed work along these lines in N . crassa  has been done by Fincham  (1951), and 
Scott-Em uakpor (1965), who have com pared the recom bination frequencies o f m arkers 
first in one species and then after transfer into the genome of the other. One result of 
the presence of aneuploid nuclei would be the eventual form ation o f heterocaryotic 
strains (Pittenger, 1954) as in ascospore culture no. 11 o f cross no. 3. This pheno- 
typically wild type culture was shown to contain nuclei containing the stu b marker. 
On the other hand the phenotypically stunted culture of ascospore no. 1 cross no. 3 
when crossed with the wild type strain of S . therm ophila  gave rise to  asci w ith eight 
spores which form ed cultures with wild type growth. This suggested tha t only nuclei 
w ithout the S . hetero thallis s tu  m arker took part in the form ation of these asci.

The recovery o f  S ordaria  hetero thallis and S. therm ophila  from  recom binant asco
spores by backcrossing is similar in some respects to the work done with N eurospora 
by Dodge (1928, 1931, 1936).

The hybrid asci obtained from  crosses between N eurospora stiophila  and N . te tra-  
sperm a  (Dodge, 1928) showed less abortion than did those in the hybridization o f our 
Sordaria species. There was better delimitation of ascospores, and a large num ber o f 
m ature ascospores were obtained, although the num ber of perithecia produced seems 
to  have been very small. Dodge was able to  recover N . te trasperm a  after two back- 
crosses, as has been the case with Sordaria  therm ophila  in the present study. Dodge 
recovered the N . sitoph ila  genome by intercrossing certain ft isolates. W hen f, from 
interspecific crosses in Sordaria were crossed am ong themselves the asci contained 
m ore rather than fewer aborted ascospores.

H ybridization studies in Sordaria suggest that these two species are less closely 
related than the two species, N eurospora sitophila  and N . crassa. A large num ber of 
f'i ascospores with mixed genomes which were recovered from  the N eurospora hybridi
zation appeared morphologically and physiologically norm al, and m arkers introduced 
from  both species were expressed normally (Dodge, 1931). Very similar results were 
obtained in crosses involving N . sitoph ila  and N . te trasperm a  (Dodge, 1931, 1936). 
The fact tha t strains from  the fj non-pigmented ascospores reacted interspecifically 
with both  species o f Sordaria, although they were composed of parts o f the genomes of 
both  species, as has been shown through the results o f genetic analysis, suggests that 
there m ust be very little affinity between the two species.
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EXPLANATION OF PLATE 

P l a t e  i

Fig. 1. Portion of Fig. 2 enlarged to show non-pigmented ascospore germinating in an ascus plated in 
corn meal agar, x 2500.
Fig. 2. Interspecific cluster from Sordaria heterothallis x S. thermophila cross, showing asci with 
aborted ascospcres in all stages of development. Note ascus with germinating ascospore. x 550.
Fig. 3 to 4. Magnifications, x 350.
Fig. 3. Clusters of asci with 1 to 8 mature ascospores from the following cross: Mycelium from 
non-pigmented b  ascospore no. 1 of cross no. 3 (Table 1) A  x S. thermophila a.
Fig. 4. Cross similar to that in Fig. 3. Asci from perithecia which produced interspecific clusters. 
Fig. 5 to 7. Magnifications, x 350.
Fig. 5. f3 S. thermophila ascospores from the f2 back-cross of mycelium derived from spore of cluster 
shown in Fig. 3, to S. thermophila wild type.
Fig. 6. f3 asci mostly with 6 to 8 mature ascospores from the following cross: f2 ascospore progeny a 
(Fig. 3 ascospore 26^ x S. heterothallis A. Most of these f3 ascospores show a resemblance to 5 . hetero
thallis wild type ascospores.
Fig. 7. f4 S. heterothallis ascospores obtained by crossing progeny from clusters like those in Fig. 6 
with S. heterothallis wild type.
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An Albino Mutant of
B la s to c la d ie lla  en terson ii: Comparative Studies of 

Zoospore Behaviour and Fine Structure

By D. S. S H A W *  a n d  E. C. C A N T IN O

D epartm en t o f  B o tany an d  P lan t P a th o logy, M ichigan  
S ta te  U niversity , E a st Lansing, M ichigan 4 8 8 2 3 , U .S .A .

{A ccep ted  f o r  pu blica tion  16  S ep tem ber 19 6 9 )

SUMMARY

A  stable, ultraviolet-induced, albino m utant o f B lastocladiella  em ersonii 
Cantino and H yatt is described. It differs from  wild type in: (a), capacity to 
form  brown resistant sporangia (RS), both as 2nd and 3rd generation RS in 
clones derived from  1st generation ordinary colourless (OC) plants, and as 
1st generation RS produced directly in response to exogenous bicarbonate; 
0b) the inhibition o f growth by low concentrations o f bicarbonate; (c) the 
longer generation time, stemming from a com bination o f decreased growth 
rate and delay in spore release until terminal sporangia have become un
usually large; (d )  the increased incapacity to  discharge in situ  on solid media 
with increasing tem peratures above 230; (e), reduced motility o f zoospores 
and increased tendency to become am oeboid and encyst prem aturely; 
( / ) ,  certain changes in the fine structure and organization of m itochondria 
and their associated lipid sacs, y  particles and the double membranes that 
surround nuclear caps and nuclei o f spores chilled to  low temperatures.

IN TRO D U C TIO N

Reports o f m utations and genetic analysis o f the aquatic Phycomycetes are rare 
[Emerson & W ilson (1954), Emerson (1950)]. A lthough some aquatic Phycomycetes 
are sensitive to  radiation (Deering, 1968) stable m utations in aquatic Phycomycetes 
have been observed infrequently. Am ong the Chytridiomycetes, A llom yces m acrogynus  
displays clearly circumscribed haploid and diploid phases; yet, even in such haploid 
thalli, where recessive m utations should not be masked, m utations have apparently 
been rare. Thus, while female-less (Stumm, 1958) and albino (Foley, 1958) variants 
have been produced, as well as m utants with decreased capacity to form  RS (De Long, 
1965), the latter (according to De Long) was but the third example in the literature o f a 
well established single-gene m utation in Allomyces, and the first example o f a single
gene lesion displayed by the diploid sporophyte. In  biflagellate fungi (often assumed 
to  be haploid, although morphological and cytological evidence for Achlya, Dictyu- 
chus, Pythium  and Phy toph thora ; Mullins & Raper, 1965; Sansome, 1965, now suggests 
they may be diploid) the situation is much the same.

The biochemistry o f RS morphogenesis and the changes in fine structure associated 
with zoosporogenesis in B lastoclad iella  em erson ii have been studied in some detail 
(Cantino & Lovett, 1964; Lessie & Lovett, 1968); as yet genetic studies have not been

* Present address: School of Plant Biology, University College of North Wales, Bangor.
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possible. Because the fungus reproduces asexually by motile spores released from  
colourless thin-walled OC plants, it has been tempting to think that (as in some species 
o f its close relative, Allomyces) meiosis might be taking place in RS plants when 
sporogenesis occurs. However, RS spores look and behave much like OC spores 
(Cantino & Hyatt, 1953 a ; Cantino, 1969b) and true sexual fusions between any kinds 
o f  spores have never been observed. Spores from  OC and RS plants can give rise to a 
few O (orange) plants that release orange swarmers in which fewer cytoplasmic y  
particles occur (Cantino & Horenstein, 1956). M ost orange swarmers are non- 
viable, and none has ever been seen to exhibit conventional sexual activity (Can
tino & Hyatt, 1953 a). During some 20 years o f alm ost daily culturing of B. em ersonii, 
variant clones displaying altered colours and/or gross texture and m orphology have 
appeared spontaneously only about six times (E. C. Cantino, unpublished data); from  
only two o f these were isolates obtained that could be propagated as stable m utant 
strains for a num ber o f years; both o f these were orange phenotypes. Possible relation
ships am ong the orange cell types produced by the Blastocladiales are considered more 
fully elsewhere (Cantino, 1966).

In the present study our original aim was to produce nuclear markers with which we 
could begin a genetic analysis o f B lastoclad iella  em erson ii, define its ploidy, detect and 
establish the nature of recom bination if  it occurred and eventually study the bicarbon
ate trigger mechanism for RS differentiation with incompetent m utants. Repeated 
attem pts were made to produce and isolate such markers, yet only one stable variant 
(strain 9) incom petent to form  RS was ever produced. The following report concerns 
differences between strain 9 and its wild type parent.

370

METHODS

N atu re o f  the w ild -type s to c k  culture

Following the first studies (Cantino, 1951) and subsequent description (Cantino & 
H yatt, 1953 a) of B lastoclad iella  em erson ii as a new species, day-to-cay working cul
tures o f the fungus have generally been m aintained by successive cultivation using 
spores derived from  clones of OC plants. But to ensure stability of the strain, RS spores 
from  aged RS clones were used every few m onths to initiate new stocks o f OC plants. 
As far as we know, cultures m aintained in this way for the past 18 years do not differ 
from  the original isolate. We refer to such strains as ‘wild type’.

For some 4 years we have also kept one strain going exclusively via OC plants and 
OC spores. This strain now differs in some respects from  wild type. On PY G  agar 
(Difco Laboratories, D etroit, Mich., U.S.A.) its clones do not become pigmented as 
deeply brown as do those o f wild type because fewer o f the thalli develop into brown 
pitted RS types; furtherm ore, am ong those that do, many do not lay down the usual 
am ount of pigment in the thickened wall. Thus, altered capacity for morphogenesis 
and melanogenesis may stem in part from  a decreased capacity to respond to  bi
carbonate. Also, when OC spores are inoculated to PY G  agar containing N a H C 0 3 at 
concentrations which induce RS in the wild type, not all the growing thalli respond to 
form  individual RS plants. Instead, variable numbers of plants arise that possess the 
usual distinctive shape o f an RS thallus grown under these conditions but do not 
discharge spores in situ  as would an OC cell; yet these plants bear larger thinner-walled 
sporangia than their RS counterparts in the populations. In  fact, they strikingly



resemble the RS-like plants induced many years ago (Cantino, 1951) with exogenous 
pyrophosphate. The proportion  o f our ‘pseudo R S ’ types (cf. Dom nas, 1968), in 
a population o f bicarbonate-induced RS cells can range from  nil to very high levels 
depending upon a variety of factors am ong them  are population density and media 
autoclaving time. The differences between this variant and its parent have not yet been 
fully analysed. To distinguish between the two, we have designated the variant as ‘ wild 
type var. 1 ’. In  the present report wild type var. 1 was the only wild type used.

Production of zoospore suspensions
A bout 5 x io 3 zoospores were spread out on freshly poured PY G  agar in 150 mm. 

diam. plastic Petri plates a t about 32 spores/cm2 and incubated in the dark at 20° 
(wild type var. 1) or 24° (m utant strain 9). After about 24 hr, 75 to 90 % o f the OC 
cells had discharged spores into the residual surface film of fluid remaining from  the 
original inoculum. Populations o f spores produced under these conditions consisted 
predom inantly if  not exclusively o f elongate am oeboid swarmers. Plates were then 
flooded with 9 ml. w ater; after 5 min., the resulting spore suspension ( io 6 to  5 x io 6 
spores/ml.) was removed, placed in an ice bath, and samples fixed immediately for 
electron microscopy and/or measured in a model B Coulter counter. W hen used as 
inocula for synchronized liquid cultures, spores were kept a t 1 to 2 ° for 2 h r to  im 
prove synchrony (Cantino, Truesdell & Shaw, 1968).

Synchronized single generation cultures
Spores pre-chilled for 2 h r were inoculated into water-jacketed, 500 ml. spinner 

flasks (Bellco Glass Inc., Vineland, New Jersey) containing 200 ml. PY G  +  phosphate 
+ citrate (PY G -PC; C antino & Goldstein, 1967) a t 240. Population densities were 
io 5 and 5 x io 5 spores/ml. in various experiments; aeration, a t 2 l./m in., and magnetic 
stirring were started 2 h r after inoculation. Thalli were induced to  differentiate sporan
gia and discharge spores by replacing spent media with the ‘ 1/2 D S ’ solution of 
inorganic salts o f M urphy & Lovett (1966).

Ultraviolet irradiation
A bout 5 x io 5 wild type var. 1 spores were spread out on about 57 cm2 surface of 

wettable cellulose film placed on top of PY G  agar, incubated until m ost thalli had 
reached the 8-nucleate stage (c. 7 hr), irradiated with a General Electric no. G 3028 
30 W germicidal lamp for 160 sec., and then incubated in the dark for an additional 
14 hr. The film with organisms attached was then transferred to  10 ml. o f \  DS solu
tion ; zoospores released therefrom  were collected after 4 h r and served as the source 
o f m utants. Unless zoospore form ation was induced this way, m aturation o f OC 
organisms and zoospore discharge was extremely asynchronous as com pared with 
non-irradiated controls.

Electron Microscopy
Spore suspensions were derived either from  plate cultures or from  OC plants 

(about io 5/ml.) grown in spinner flasks as described above; the spent media in flask 
cultures were replaced by \  DS solution after 18 hr, and samples removed and fixed at 
various times before and during spore cleavage. Spore suspensions were centrifuged at 
18oog for 1 to  2 m in .; the loose pellet thus produced was fixed as follows.

Fixation. Stock solutions o f  glutaraldehyde (50 %), O s0 4 (2 %) and K M n 0 4 (4 %)
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were diluted with p 8 x  1e r 2 M-Na veronal +  N a acetate buffer (pH  7-8) to  yield 2 %, 
1 % and 2 % solutions, respectively (Lessie & Lovett, 1968). Spores fixed 1 hr in 
glutaraldehyde were postfixed 1 hr in either 0 s 0 4 or K M n 0 4; the latter was also used 
alone (2 hr). Equal volumes, usually 3 ml., o f spore suspension and cold fixative 
were mixed, loosely pelleted immediately at low speeds, suspended in fresh cold 
fixative and kept on ice for the desired times.

D ehydration . Pellets were dehydrated successively in 25, 50, 75 and 95 % ethanol in 
water, containing 1 % M gCl2 for 10 min. each, followed by a final dehydration in 
absolute ethanol.

Em bedding. Pellets were treated successively with ethanol solutions containing in
creasing proportions (3 +  1, I + 1, I + 3) o f propylene oxide for 10 min. each, and with 
pure propylene oxide for 30 min., transferred to propylene oxide+  Epon 812 (1 +  1) 
overnight and finally embedded in gelatin capsules with Epon 812 (7 +  3).

Sectioning. Sections were cut with a Porter-Blum  M T-2 ultram icrotom e w ith a 
diam ond knife, m ounted on 400-mesh copper grids and examined with a Phillips 100B 
electron microscope.
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RESULTS

Isolations and characterization  o f  the albino m utant

Spores from irradiated OC organisms were dispersed on 40 plates o f PY G  agar, 
half o f them with about 1-3 spores/cm2 and the other half about 2-6 spores/cm 2. 
Viability, in terms o f the capacity to  form  first generation OC plants, was roughly 
com parable to that of non-irradiated spores. A fter 5 days almost all clones derived 
from  irradiated spores, like those on control plates, contained many brown RS cells. 
However, 10 white clones were found in which RS were absent or only rarely detected. 
W e determined, therefore, whether the progeny from  such clones were com petent to  
differentiate RS organisms when exogenous N a H C 0 3 was provided. R andom  samples 
o f zoospores from each clone were transferred at about 0-9 to i -8 spores/cm2 to  PY G  
media containing bicarbonate at several concentrations between zero and 5 x io -2 M. 
After 3 days populations were scored for plants that released spores to form clones and 
for brown RS am ong those tha t did not discharge. Figure 1A shows the cloning com 
petence of progeny derived from  nine variants and from  three wild type var. 1 con
trols. A lthough all isolates differed from  the wild type in their response to  N a H C 0 3, 
strain 9 was outstanding in tha t (a), no detectable melanin was produced by plants 
grown on any o f the m edia; and (b), its spores displayed very low viability on PY G  
containing 5 x 10 3 M -N aH C03, while those that did germinate did no t develop into 
m ature cells.

Additional tests with successive generations derived from  m ost o f these strains 
showed that capacity for cloning on bicarbonate media and for melanin production 
was variable, whereas strain 9—after partially regaining some cloning competence 
during successive sub-culturing—became particularly stable in both o f these respects. 
The response of progeny derived from  three such clones o f the stabilized strain 9 is 
com pared in Fig. 1B with that from  three clones o f wild type. Cloning by strain 9 was 
completely inhibited by 5 x io ~3 M -N aH C03, a concentration whereon m ost wild-type 
thalli developed into OC plants which then discharged spores and form ed clones. 
Instead, strain 9 produced uniformly large colourless cells w ithout thickened walls 
which neither discharged nor developed further in any obvious way. Strain 9 did form



clones on lower concentrations o f N a H C 0 3, but such colonies did no t contain the 
pitted brown RS plants which typified wild-type clones. The colonies did produce 
regularly, but a t low frequency, thin-walled yellow-orange cells which resembled the 
O-cells o f Cantino & H yatt (1953 a). Periodic tests have shown tha t lack o f cloning 
competence on bicarbonate media has rem ained a stable feature o f strain 9 for 3 years. 

1A 1B
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Molarity N aHCO j (M)
Fig. 1 A. Cloning competence of populations of individual plants (% discharging to yield 
clones) derived from zoospores of three wild type var. i and nine mutant albino strains 
(including strain 9) on PYG-agar media containing up to 5 x io_2M-NaHC0 3.
Fig. 1B. Cloning competence of three clones from subsequent progeny (several generations 
later) of albino strain 9, and three clones of wild type var. 1; conditions as for Fig. 1 A. 
(Mechanism by which cloning competence was regained during subculturing is not under
stood.)

Individual plants o f strain 9 on PY G  agar also m atured less rapidly than those o f 
wild type var. 1. Rates a t which populations of the wild type and m utant plants 
discharged spores in situ on PY G  agar were com pared at tem peratures between 17 and 
320 (Fig. 2). A t all tem peratures the interval between the time a spore was placed upon 
the agar and the time the OC cell derived from  it released its spores onto the medium 
(the generation time) was longer for the m utant. Furtherm ore, with tem peratures 
above 230, the populations o f strain 9 plants discharged their spores with decreased 
synchrony (note decreasing slopes in Fig. 2, top); also, m ore and more o f them  lost the 
capacity to  produce and/or discharge spores. The tem perature which yielded the 
highest proportion  o f norm ally discharging cells in the shortest time was 26° for the 
wild type and 230 for strain 9.

Synchronized single-generation liquid cultures o f the m utant and wild type were 
also started with spores ( i -6 x io 4/ml.) in medium PY G -PC  a t 240 agitated with a 
stream o f air; plant sizes were recorded during development (Fig. 3). The rate of 
increase in cell volume was higher for the wild type; however, the m utant thalli con
tinued growing a t their slower rate for a longer time, and achieved a larger size before 
they form ed papillae and differentiated spores.
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C om parative behaviour o f  zoospores

M utant cells were grown on PY G  agar (about 6-5 plants/cm 2) until a few had  begun 
to  discharge spores and were then flooded with water. As zoospores emerged from  
sporangia, they were seen to  differ from  the wild type in their behaviour. They lacked 
the intense activity o f wild-type spores under similar conditions; they swam sluggishly 
for brief periods and then settled quickly on the agar surface, where they exhibited 
am oeboid movements and then either encysted or swam slowly again.

0 18 24 30 36 42 48 54 60 66 72

Time (hr)

Fig. 2. Rate of maturation of populations of individual plants (as % discharging spores vs. 
time) of wild type var. 1 (bottom) and albino mutant strain 9 (top) on PYG-agar at dif
ferent temperatures.

Fine structure o f  w ild -type  an d  m utan t zoospores

Actively swimming wild-type zoospores o f B lastoclad iella  em ersonii are sub- 
globose to  ellipsoid. N um erous aspects of the fine structure o f such spores have 
already been described (Cantino, Lovett, Leak & Lythgoe, 1963; Fuller, 1966; Lessie 
& Lovett, 1968). W hen spores were first released from  dense populations o f OC plants 
into a surface film o f fluid on solid media, they were irregularly elongated rather than



smoothly ovoid and crawling amoeboids rather than active swimmers. W ith the 
harvesting m ethod used here, we examined the structure o f these am oeboid spores, 
com pared it with that o f similar spores stored over ice for 2 hr, and contrasted this 
with known facts about swimming spores (cf. Cantino et al. 1968).

The amoeboid and chilled zoospores o f wild type var. 1 . The fine structure of am oe
boid spores differed little from  previously published pictures. They displayed more or 
less elongate shapes with pseudopodial protrusions. The single nucleus was bounded
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Fig. 3. Rate of increase in average cell volume of wild type var. 1 and albino mutant strain 9 
inoculated with l'6 x  io4 spores/ml. and grown in aerated liquid medium PYG-PC at 240. 
(Representative results from one experiment.)

by a  partially porous mem brane and was alm ost completely surrounded on its pos
terior side by ribosom al particles enclosed within a continuous double m embrane that 
delimited the spore’s nuclear cap, now chemically characterized (Lovett, 1963).

An unexpected feature of wild-type am oeboid spores was the persistent occurrence 
o f  one to several satellite ribosome packages (Cantino, 1969 a) apparently identical in 
texture and osmiophilic properties with the particles in the nuclear cap. These ribo
some packages were delimited by their own continuous double membranes, and were 
situated in the cytoplasm outside the nuclear cap, and sometimes even in locules almost 
completely enclosed by the m itochondrion. The m em brane around these ribosome 
packages is now known to be connected solely to the outer unit m embrane of the 
nuclear cap (Cantino & M ack, 1969).

The spore’s single m itochondrion was asymmetrically disposed as usual about the 
nucleus at the posterior end of the spore, where it was associated with flagellar fibres
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and membrane-covered banded rootlets as in swimming spores. In  view o f the 
presently unresolved nature o f the attachm ent between rootlets and kinetosome, it is 
noteworthy that one of our pictures (PI. 4, fig. 7) o f this association is very similar 
to one (Fig. 55) published by Lessie & Lovett ( 1968) which prom pted their com m ent 
that ‘ . . .  in some sections two o f the rootlets actually seem to be arm s o f a single 
continuous structure that passes close to (or is attached to) the basal body f ib rils .. . ’ 
Finally while we have frequently seen sections (of both the wild type and wild type 
var. 1) showing three m itochondrial canals, only two of them ever contained banded 
rootlets, the third containing only ill-defined material. We have yet to see unm istakable 
evidence, either am ong our own sections or those published by others, for the conclu
sion (Fuller, 1966; Reichle & Fuller, 1967) that the zoospore of B lastoclad iella  em er- 
sonii possesses three banded rootlets.

The significance of the differences am ong the granules situated in the double- 
mem braned lipid sac (Cantino e t al. 1963, Lessie & Lovett, 1968; Reichle & Fuller,
1967) along the outer edge of the m itochondrion is still uncertain. In am oeboid as in 
swimming spores, these granules always appeared in two form s: one, an often elon
gated m em brane-bound organelle (possibly a continuous matrix) of even electron 
density; the other, situated am ong the former, a somewhat polyhedral body with an 
electron-transparent centre and an electron-opaque limiting region. Originally, these 
two types o f bodies were simply lumped together and termed ‘lipid granules’ (Cantino 
e t al. 1963); later, they were distinguished as spherical lipid granules and ‘s b ’ granules 
by Lessie & Lovett (1968), who re-interpreted earlier views (Reichle & Fuller, 1967) 
o f  these granules.

O ther structures in amoeboid spores, seen previously in vivo by phase microscopy 
(Cantino e t al. 1968), are the large transparent vacuoles found m ost often in the 
cytoplasm  at the am oeboid’s anterior end. Sometimes they were so disposed as to 
suggest that they were in the process o f breaking through to the outside. A nd finally, 
the structure o f the y  particles appeared to be normal. In contrast, the wild-type 
zoospore chilled for 2 hr exhibited some m arked structural changes. The cell was now 
globose or sub-globose (PI. 1, fig. 1). Its nuclear apparatus (i.e. its assemblage of 
nucleus, nucleolus and nuclear cap) was displaced far to  one side probably due to  the 
change in shape of the m itochondrion. The latter had become alm ost completely 
spherical but remained secured to the basal region of the flagellum by a small loop, all 
that remained o f it on one side o f the still anchored flagellum (PI. 4, fig. 7, arrow). 
Simultaneously, the volume o f the spore increased, and its cytoplasm became more 
electron transparent. The membranes o f the lipid sac were frequently fragmented and 
lipid bodies often lay scattered in the cytoplasm. O ther details about the structure and 
metabolic activity of such chilled wild-type spores have been reported elsewhere 
(Cantino, Suberkropp & Truesdell, 1969).

The am oebo id  an d  ch illed  zoospores o f  m utant strain 9. Unchilled am oeboid spores 
o f  the m utant also contained one or more satellite ribosome packages bound by 
double membranes and located outside the nuclear cap. O ther organelles apparently 
did not differ from  those in unchilled wild-type amoeboid spores.

However, additional differences became apparent after m utant spores were chilled. 
They were generally larger than  chilled wild type spores and in m ost the double 
mem brane around the nuclear cap was incomplete (arrows in PI. 1, fig. 2; PI. 2, 
fig. 3 and 4). Such holes—in a mem brane very rarely imperfect in wild-type spores—
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alm ost always occurred along the sides o f the nuclear cap near the norm al point 
o f continuity o f its m em brane with that o f the nucleus; this norm al joining point is 
illustrated in PI. 5, fig. 9 (arrow).

The double membrane o f the nuclear cap was sometimes seen (PI. 2, fig. 4, dotted 
arrow) to be continuous with the membrane of the lipid sac, yet separate from the 
nuclear membranes. This, however, is a different kind o f breach o f the cap’s intactness 
that also occurs in wild-type spores (Cantino & M ack. 1969, fig. 11 ; Lessie & Lovett,
1968).

The smaller o f the two gaps in the nuclear cap m embrane pictured in PI. 2, fig. 3 
(dotted arrow) clearly dem onstrated both the double nature of the membrane and the 
fact that such breaks were not due to artifacts o f section preparation. Angular vacuoles 
were sometimes seen (PI. 1, fig. 2; PL 2, fig. 3) near the gaps in the nuclear caps.

In  addition to  their imperfect nuclear caps, chilled m utant zoospores also displayed 
imperfect nuclear membranes (PI. 3, fig. 5, arrow). Such spores appeared norm al in 
other respects. Sections o f sporangia undergoing sporogenesis also revealed (PI. 3, 
fig. 6, arrow) that discontinuities in nuclear membranes were detectable even before 
zoospores had been fully differentiated and released. Examples o f the sort depicted in 
this figure were commonly seen in sporangia.

Chilled m utant spores had globose shapes resembling those o f  chilled wild-type 
spores; yet, their m itochondria (although they did become compacted, PI. 1, fig. 2; 
PI. 2,; PI. 6, fig. 11) never took on the nearly spherical shape so typical o f m itochondria 
in chilled wild-type spores (compare PI. 6, fig. 10, with PI. 6, fig. 11). The associated 
lipid sacs did not become as disrupted as those in the wild type. The y particles, en
tirely norm al in unchilled m utant spores, took on seemingly distorted and sometimes 
unusual shapes when spores were chilled.

The banded rootlets in the m utant seemed to be normally placed in m itochondrial 
canals and associated with the kinetosome. Striations were seen in longitudinal sec
tions o f rootlet axes; little is known about their nature or significance. W hen fixed 
with K M n 0 4 alone (PI. 4, fig. 7), the bands in chilled spores appeared to be of two 
types, one alternating with the other. An unusual view of a banded rootlet (PI. 4, 
fig. 8)—in this case, in an unchilled m utant spore stained with lead citrate and uranyl 
acetate— suggested tha t these striations were enclosed within a distinct sleeve only 
vaguely visible in PI. 4, fig. 7.
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D ISCUSSION

U ltraviolet irradiation o f Blastocladiella emersonii led to  form ation o f some visibly 
altered clones; one such phenotype, the albino strain 9, described here, differed 
structurally and functionally from  its parental wild type var. 1 in tha t: («), the fine 
structure o f its zoospores, particularly the membrane system delimiting the nuclear 
apparatus, was especially sensitive to modification by cold treatm ent; (b), its zoospores 
displayed decreased motility; (c), the growth rate o f the thalli derived from  these spores 
was less, and the size of plants, at generation time, greater than those from wild type 
strains; (d), spore germination and/or subsequent growth were inhibited by concen
trations o f exogenous N a H C 0 3 that induced RS form ation in wild type strains; 
(e), it did not produce RS plants in response to those concentrations of exogenous 
N a H C 0 3 that did perm it growth.

Deering (1968) reported some pronounced changes in the u.v. sensitivity o f germ-
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lings o f B lastoclad iella  em ersonii when they were irradiated a t different developmental 
stages, and he discussed possible reasons for these results in terms of nuclear division 
cycles and other factors. Apparently, no stable albino m utant such as ours arose or 
was established in the course o f Deering’s studies. However he worked with one- to 
four-nucleate germlings while we irradiated eight-nucleate plantlets.
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Table 1. C om parative  p ro p ertie s  o f  B lastoclad iella  em ersonii 
an d som e stra ins d er ived  fro m  i t *

Wild type var. 1
Comparison of zoospore characteristics 
(vs. wild type)

Mutant strain BEM Mutant strain 9

Size (wild type =  about 7 x 9  /on. 
for colourless spores)

Similar Similar Similar

Motility Similar Altered
(‘zig-zag’)

Altered
(sluggish)

Viability Similarf Greatly 
decreased 
(to about 1 %)

Somewhat
decreased

y particles/cell (wild type =  about 
13 for colourless spores)

7 8 ?

Changes in fine structure?
Nature of populations of first generation 

individual thin walled plants derived 
from zoospores t

No 9 Yes

Generation time (as % of wild-type 
gen. time)

About 100% About 120% About 120%

Colour at maturity (vs. wild type = 
99 % colourless, 1 % orange)

Similar 100% orange % orange erratic, 
variable; mostly 
colourless

Change in capacity to grow like wild 
type in io_2m to 5 x io_3m 
bicarbonate?

No Yes (total loss) Yes (total loss)

Change in capacity to form RS plants 
directly in response to bicarbonate 
like wild type?

Yes (reduced) Yes (total loss) Yes (total loss)

Change in capacity to form clones 
bearing RS plants on non-bicarbonate 
media like wild type?

Yes (reduced) Yes (total loss) Yes (total loss!

Changes in enzyme activity 
characteristic of wild type?

? Yes ?

* For references to the original papers upon which this summary is based, see Cantino, 1966.
t  It is noteworthy that in Blastocladiella britannica (Horenstein & Cantino, 1961), an albino variant 

(strain TW) incapable of producing RS plants in clones was also characterized by: (a) lack of capacity 
to produce RS in response to bicarbonate; (6), inability to grow at concentrations of bicarbonate 
between io~2m and 5 X io~3m; (c), an extended generation time as high as three times that of the 
parental type.

t  Soil, Bromberg & Sonneborn (1969) reported that the zoospores of wild type var. 1 behave 
identically with the wild type in their germination assays.

In any case, the altered properties (Table 1) o f our albino strain 9 are reminiscent o f 
the features displayed previously by spontaneous orange m utants (e.g. strain bem ; 
C antino & H yatt, 1953 ft) o f B lastocladiella  em ersonii. In  view of the num ber and 
kinds of changes involved, perhaps albino strain 9 also arose (as suggested earlier for 
orange m utants; Cantino & Lovett, 1964) by m utation in a single pleom orphic nuclear



gene. W ithout more direct evidence, however, the changes which gave these two new 
phenotypes rem ain obscure.

Aside from questions about the origin o f Blastocladiella m utants, there emerged 
some interesting details about zoospore fine structure, namely, the cold-induced 
breaks in the m embrane around the nuclear apparatus. The enclosure o f a zoospore’s 
ribosomes in a m em branous structure such as a nuclear cap apparently is not vital for 
all uniflagellate aquatic fungi; the motile spores o f some Chytridiomycetes, for ex
ample, bear naked aggregates o f ribosome-like particles either random ly distributed 
or localized around or near their nuclei, while others may enclose them only partially 
within loose networks of imperfect double membranes (Fuller, 1966; Chambers, 
M arkus & Willoughby, 1967). And in the spores o f M onoblepharella (Fuller & Reichle,
1968), ribosome-like bodies are found in two m ajor areas: scattered at the cell’s 
posterior, where they are not delimited by m em branes; and closely packed around the 
nucleus, where they are partially delimited by flattened cisternae but otherwise in 
contact with cytoplasm. A t the other extreme is the situation found in Blastocladiella 
emersonii and its derivatives: the regular appearance in unchilled zoospores o f a double- 
mem braned nuclear cap tha t encloses essentially all its ribosomes, and (at least in some 
spores) additional small packets of ribosome-like particles, also delimited by double 
membranes bu t situated in the cytoplasm. Such satellite ribosome packages had not 
been seen (Cantino et al. 1963)— or seen only very rarely (Reichle & Fuller, 1967; 
Lovett, personal com m unication)—by previous workers in spores from  wild-type 
stocks o f B. emersonii, and it had not been determined whether they were connected 
to  the cap or enclosed by separate membranes o f their own. It is now known (Cantino 
& M ack, 1969) tha t they connect solely to the outer unit m embrane o f  the 
nuclear cap’s double membrane, and that they can be released as separate entities. 
The high frequency with which they have been found in the present study and in later 
work (Cantino, 1969 b; Cantino & M ack, 1969) suggests that they may be especially 
prevalent in, if not a special feature of, amoeboid spores as com pared to  swimming 
spores. A t present the functional significance o f these satellite ribosome packages is 
unknown.

W ith the nuclear cap itself, cold shock induces it to fracture in the albino m utant 
but not in the wild type. R upture o f this cap and release of its ribosomes to the cyto
plasm is apparently an obligatory event associated with germ ination o f wild-type 
zoospores (Lovett, 1968). I t is conceivable, therefore, that an increase in germin- 
ability (or im provement in the synchrony o f germination) of m utant spores might 
result from  a prem ature induction of such a mem brane lesion by cold shock; unpub
lished data do suggest that the percentage germination for a population of cold-shocked 
m utant spores is increased. However, the potential significance o f this correlation is 
weakened by the fact that cold shock also affects the behaviour o f wild-type spores 
(Cantino et al. 1968; Cantino et al. 1969), yet their nuclear caps remain intact at these 
lowered tem peratures.

In contrast to  these changes in the m utan t’s nuclear cap, the shape o f the single 
m itochondrion in the albino’s spore is much less affected by cold shock than is the 
wild type’s. I t would seem as if the membranes around these two types o f organelles 
respond quite differently to a decrease in tem perature, but in reciprocal fashion. If  
lowered tem peratures should cause physical modification o f the lipid structures in the 
spore membranes so as to  change their permeability, as suggested by Schramm,
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Eisenkraft & Barkai ( 1967) for other biological systems, perhaps cold-induction of 
different degrees o f ‘ leakiness ’ among the organelles in wild-type spores and m utant 
spores is involved in the phenomenon. Perhaps microtubules might also be involved, 
considering (a), reports that in Blastocladiella emersonii they extend upward (as an 
array o f nine sets of three) from  the kinetosome region to ensheath the nuclear cap 
(Lessie & Lovett, 1968; Fuller & Calhoun, 1968), and (b), that low tem peratures 
cause microtubules to disappear in other organisms (Roth, 1967; Tilney & Porter,
1967). A t the moment, however, we have no direct evidence to support these possibilities. 
A lthough work has begun (Cantino et al. 1969) to  analyse in physiological term s the 
effect of cold shock upon wild-type spores, this has not been done with the albino m utant.

The work reported herein was supported by a NATO Post-doctoral Fellowship to
D.S.S., and by research grants from  the N ational Institutes o f Health and the N ational 
Science Foundations to  E.C.C.

380

R E F E R E N C E S

C antino , E. C. ( 1 9 5 1 ). Metabolism and morphogenesis in a new Blastocladiella. Antonie van Leeuwen
hoek. J. Microbiol. Serol. 1 7 , 3 2 5 .

Cantino , E. C. ( 19 6 6 ). Morphogenesis in aquatic fungi. In The Fungi, vol. 2 , p. 2 8 3 . Ed. by G. C. 
Ainsworth and A. S. Sussman. New York and London: Academic Press.

Cantino , E. C. ( 1 9 6 9 a). Physiological age and germinability among resistant sporangia of Blasto
cladiella emersonii. Trans. Br. mycol. Soc. 5 9 , 1 0 6 0 .

Cantino , E. C. ( 19 6 9 6 ). The 7  particle, satellite ribosome package, and spheroidal mitochondrion in 
the zoospore of Blastocladiella emersonii. Phytopathology 5 9 , 10 6 0 .

C antino , E. C. & G oldstein, A. ( 1 9 6 7 ). Citrate-induced citrate production and light-induced growth 
of Blastocladiella emersonii. J. gen. Microbiol. 4 6 , 3 4 7 .

Cantino , E. C. & H orenstein, E. A. ( 1 9 5 6 ). Gamma and the cytoplasmic control of differentiation in 
Blastocladiella. Mycologia 4 8 , 4 4 3 .

Cantino , E. C. & H yatt, M. T. ( 1 9 5 3 a). Phenotypic ‘sex’ determination in the life history of 
a new species of Blastocladiella, B. emersonii. Antonie tan Leeuwenhoek, J. Microbiol. Serol. 1 9 , 

2 5 -
C antino , E. C. & H yatt, M. T. ( 1 9 5 3 6 ). Carotenoids and oxidative enzymes in the aquatic Phyco- 

mycetes Blastocladiella and Rhizophlyctis. Am. J. Bot. 4 0 , 6 8 8 .
Cantino , E. C. & Lovett, J. S. ( 19 6 4 ). Non-filamentous aquatic fungi: model systems for biochemical 

studies of morphological differentiation. Adv. Morphogen. 3 , 3 3 .
C antino , E. C. & M ack , J. P. (1969). Form and function in the zoospore of Blastocladiella emersonii.

I. The 7  particle and the satellite ribosome package. Nova Hedwigia (in the Press).
Cantino , E. C., Suberkropp, K. F. & T ruesdell, L. C. ( 19 6 9 ). Form and function in the zoospore 

of Blastocladiella emersonii. II. Spheroidal mitochondria and respiration. Nova Hedwigia (in the 
Press).

C antino , E. C., T ruesdell, L. C. & Shaw , D. S. ( 19 6 8 ). Life history of the motile spore of Blasto
cladiella emersonii: a study in cell differentiation. J. Elisha Mitchell scient. Soc. 8 4 , 1 2 5 .

C antino , E. C., Lovett, J. S., Leak, L. V. & Lythgoe, J. ( 19 6 3 ). The single mitochondrion, fine 
structure and germination of the spore of Blastocladiella emersonii. J. gen. Microbiol. 3 1 , 3 9 3 .

Chambers, T. C., M arkus, K. & W illoughby , L. G. ( 1 9 6 7 ). The fine structure of the mature zoo
sporangium of Nowakowskiella profusa. J. gen. Microbiol. 4 6 , 1 3 5 .

D eering , R. A. (1968). Radiation studies of Blastocladiella emersonii. Radiat. Res. 34, 87.
D e Long , S. K. ( 19 6 5 ). Studies on the genetic control of resistant sporangium formation in Allomyces. 

Am. J. Bot. 5 2 , 9 9 9 .
D omnas, A. ( 19 6 8 ). Refractory response of Blastocladiella emersonii to bicarbonate. Mycologia 6 0 , 

6 9 8 .
E merson, R. ( 1 9 5 0 ). Current trends of experimental research on the aquatic Phycomycetes. A. Rev 

Microbiol. 4 , 1 6 9 .



E merson, R. & W ilson, C. M. ( 1 9 5 4 ). Interspecific hybrids and the cytogenetics and cytotaxonomy of 
Euallomyces. Mycologia 4 6 , 3 9 3 .

F oley, J. M. ( 1 9 5 8 ). The occurrence, characteristics and genetic behavior of albino gametophytes in 
Allomyces. Am. J. Bot. 4 5 , 6 3 9 .

F uller, M. S. ( 19 6 6 ). Structure of the uniflagellate zoospores of aquatic Phycomycetes. Proc. 18 1h 
Symp. Colston Res. Soc. 1 8 , 6 7 .

F uller, M. S. & C alhoun, S. A. ( 19 6 8 ). Microtubule-kinetosome relationships in the motile cells of 
the Blastocladiales. Z. Zeltforsch. mikrosk. Anat. 8 7 , 5 2 6 .

F uller, M. S. & R eichle, R. E. ( 19 6 8 ). The fine structure of Monobtepharella sp. zoospores. Can. J. 
Bot. 4 6 , 2 7 9 .

H orenstein, E. A. & Cantino , E. C. ( 1 9 6 1). Morphogenesis in, and the effect of light on, Blastocladiella 
britannica sp. nov. Trans. Br. mycol. Soc. 4 4 , 1 8 5 .

Lessie, P. E. & Lovett, J. S. ( 19 6 8 ). Ultrasrructural changes during sporangium formation and zoo
spore differentiation in Blastocladiella emersonii. Am. J. Bot. 5 5 , 2 2 0 .

Lovett, J. S. ( 1 9 6 3 ). Chemical and physical characterization of ‘nuclear caps' isolated from Blasto
cladiella zoospores. J. Bact. 5 , 1 2 3 5 .

Lovett, J. S. ( 19 6 8 ). Reactivation of ribonucleic acid and protein synthesis during germination of 
Blastocladiella zoospores and the role of the ribosomal nuclear cap. J. Bact. 9 6 , 9 6 2 .

M ullins, J. T. & R aper, J. R . (1965). Heterothallism in biflagellate aquatic fungi: preliminary genetic 
analysis. Science, N .Y. 1 5 0 , 1 1 7 4 .

M urphy , Sister, M. N. & Lovett, J. S. ( 19 6 6 ). RNA and protein synthesis during zoospore differen
tiation in synchronized cultures of Blastocladiella. Devi. Biol. 1 4 , 6 8 .

R eichle, R. E. & F uller, M. S. ( 19 6 7 ). The fine structure of Blastocladiella emersonii zoospores. 
Am. J. Bot. 5 4 , 8 1 .

R oth , L. E. ( 1 9 6 7 ). Electron microscopy of mitosis in amoebae. III. Cold and urea treatments: a basis 
for tests o f direct effects of mitotic inhibitors on microtubule formation. J. Cell Biol. 3 4 , 4 7 .

Sansome, E. ( 19 6 5 ). Meiosis in diploid and polyploid sex organs of Phytophthora and Achlya. Cyto- 
logia 3 0 , 1 0 3 .

Schramm, M., E isenkraft, B. & Barkai, E. ( 19 6 7 ). Cold-induced leakage of amylase from the zymo
gen granule and sealing of its membrane by specific lipids. Biochim. biophys. Acta 1 3 5 , 4 4 .

Soll, D. R., Bromberg, R. & Sonneborn, D. R. ( 19 6 9 ). Zoospore germination in the water mold, 
Blastocladelia emersonii. 1 . Measurement of germination and sequence of subcellular morpho
logical changes. Dev! Biot. 2 0 , 1 8 3 .

Stumm , C. ( 19 5 8 ). Die Analyse von Genmutanten mit geänderten Fortpflanzungseigenschaften bei 
Allomyces arbuscnla Butl. Z. VererbungLehre 8 9 , 5 2 1 .

T ilney, L. G. & Porter, K. R. ( 19 6 7 ). Studies on microtubules in Heliozoa. II. The effect of low 
temperature on these structures in the formation and maintenance of axopodia. J. Cell Biol. 3 4 , 
327-

Spore structure in a Blastocladiella 381

E X P L A N A T I O N  O F  P L A T E S  

P late i

Fig. 1 and 2 . Zoospores harvested from PYG agar cultures of wild type var. 1 and strain 9 , respectively; 
chilled 2 hr before permanganate fixation. Arrows point to breaks in nuclear cap. x 1 3 ,3 0 0  and x 
1 3 ,6 0 0 .

P late 2

Fig. 3 and 4 . Zoospores harvested from PYG agar cultures of strain 9 ; chilled 2  hr before perman
ganate fixation. Solid arrows point to breaks in nuclear cap; for dotted arrow, see text, x 14 0 0  

and x 1 4 ,3 0 0 .
Plate 3

Fig. 5  and 6 . Zoospore harvested from PYG agar culture, and a sporangium undergoing sporogenesis 
harvested from PYG-PC spinner flask cultures, respectively, of strain 9 ; the spore was chilled 2  In- 
before permanganate fixation. Arrows point to breaks in nuclear membrane, x 16 ,8 0 0  and x 1 7 , 1 0 0 .
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P late 4

Fig. 7 . Zoospore harvested from PYG agar culture of wild type var. 1 ; chilled 2  hr before perman
ganate fixation. Arrow points to anchoring loop of mitochondrion; see text, x 3 4 ,6 0 0 .
Fig. 8 . Zoospore harvested from PYG-PC spinner flask culture of albino mutant strain 9 ; unchilled, 
fixed with glutaraldehyde-osmic acid, and stained with uranyl acetate and lead citrate, x 3 7 ,9 0 0 .

P late 5

Fig. 9 . Zoospore harvested from PYG agar culture of strain 9 ; chilled 2 hr before permanganate 
fixation. Arrow points to connection of nuclear cap and nuclear membranes, x 3 1 ,0 0 0 .

Plate 6

Fig. 1 0  and Fig. 1 1 . Zoospores harvested from PYG agar cultures of wild type var. 1 and strain 9 , 
respectively; chilled 2  h r before permanganate fixation, x 3 1 ,5 0 0  and x 3 1 ,6 0 0 .
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S U M M A R Y

Plasmodium berghei yoelii (p.b.y.) was found to cause an acute self- 
limiting infection in Balb/c mice, lasting for 14 to 18 days. A sharp fall in the 
prim ary response to sheep erythrocytes, as m easured by the num ber of 
haemolytic plaque-forming cells in the spleen, and by the appearance of 
antibodies in the serum, coincided with high levels o f parasitaem ia between 
the 8th and n t h  days o f p.b.y. infection. A secondary response to  sheep 
erythrocytes was similarly affected when animals were infected with p.b.y.
9 days before the second antigen injection. Mice were resistant to reinfection 
with p.b.y., which produced either transient or no parasitaem ia, and no im- 
munodepression.

In mice carrying an immunodepressive leukaemogenic virus by vertical 
transmission, infection with a similar dose o f p.b.y. was usually fatal.

M urine sarcom a virus (Harvey: m.s.v./H) produces tum ours and spleno
megaly in newborn mice but very rarely in adults. W hen injected into adult 
Balb/c mice at the height of p.b.y. infection, m .s.v./H  produced a high 
incidence o f splenomegaly 4 weeks later, although the splenomegaly induced 
by the plasm odium  alone had by then subsided.

These results are discussed in relation to B urkitt’s ( 1969) hypothesis o f a 
causal connection between chronic m alarial infection and development of 
Burkitt lym phom a in children.

I N T R O D U C T I O N

The peculiar pattern  o f incidence o f African lym phom a o f childhood, first described 
by B urkitt (1959) and frequently confirmed (e.g. Haddow, 1963; Edington & M aclean, 
1964; Ten Seldam, Cooke & Atkinson, 1966), has led to an intensive search for an 
insect-vectored virus as its cause. A lthough several viruses have been found associated 
with B urkitt’s lym phom a (B.I.), and its distribution has been shown to correspond to 
tha t o f certain mosquitoes, neither the hypothesis o f viral causation, nor that o f insect 
transm ission, has been proved or disproved (see W right, 1967; H arris, 1967; Henle, 
1968, for reviews).

Recently it has been suggested that the significance o f B.l. distribution may not be 
its correspondence with the habitat o f certain vectors, but with the prevalence of 
another vectored disease, malaria. O ’Conor (1961) considered the possibility that 
parasitic infection might be a factor in the development o f B.l., as had others for other 
lymphomas (Higginson, 1963). I t was D alldorf and his colleagues ( 1964) who first
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noted tha t high incidence o f B.l. occurred in areas of holo-endemic m alaria, i.e. where 
splenomegaly and parasitaem ia are found in over 75 % o f children o f 2 to  9 years, 
adult splenomegaly rate is low, and tolerance o f infection in adults high. The asso
ciation was found both in Kenya and in New Guinea. They suggested that the ‘ prim ary 
cause’ o f B.l. is a widely distributed agent, bu t that lym phom a develops only when the 
reticuloendothelial system (r.e.s.) is stimulated by chronic m alarial infection. Since then 
others have noted the correspondence between B.l. and m alarial incidence (Edington 
& M aclean, 1964; Henle, 1968). B urkitt (1969) has recently collected evidence for the 
association, and speculated upon its meaning.

Significant correlations are notoriously difficult to establish where standards o f 
diagnosis and record differ widely, and where m any variables cannot be controlled. 
Further surveys will be awaited with interest, bu t in the meantime it is w orth con
sidering how chronic m alarial infection might influence the development of a lymphoma.

The authors quoted confine themselves to supposing, with D alldorf and his col
leagues (1964), tha t the r.e.s. may react ‘differently’ to  the ‘cause’ o f B.l. (presumably 
a  virus) after m alarial infection. W hat kind o f difference might this be?

There are several possibilities, e.g. (i) m alaria causes great hyperplasia o f the r.e.s., 
and this may provide more cells able to support proliferation o f an oncogenic virus, 
and thus increase the likelihood of m alignant transform ation ; (ii) prolonged stim ula
tion by plasmodial antigens may eventually lead to  m alignant change am ong immune- 
reacting cells; or (iii) the parasite may produce an altered immune reactivity, leading to 
an  abnorm al response to an oncogenic virus or to the cellular antigens which it 
induces. For the first there is no factual evidence. The second has been suggested in 
other cases (M etcalf, 1961; Schwartz & Beldotti, 1965; W alford, 1966; East & de 
Sousa, 1966) bu t certainly not proved. The th ird  is considered in the present work.

The strong cellular antigenicity o f many strains o f B.l. (Henle & Henle, 1966; 
O ’Conor, 1961), the unusually high cure rate after relatively small doses o f drugs 
(Ziegler et al. 1967; Burkitt, 1967), and the occurrence of spontaneous cures (D. P. 
Burkitt, personal communication), all suggest that the disease is strongly influenced 
by the patient’s immune reaction. Some have postulated tha t the difference between
B.l. and acute leukaemia is due to  a difference in immune reaction to a causative agent 
(Burchenal, 1966; Clifford, 1966). Eeukaemia, it is supposed, may follow an early 
(prenatal or neonatal) transmission of an oncogenic agent which induces tolerance, 
while B.l. may result from a later transmission (by contact or vector) o f the agent which 
induces an immune reaction. Alternatively, a higher immune reactivity in the African
B.l. patient may be due to intense exposure to a variety o f other infectious agents 
(Henle & Henle, 1966), such as several species o f plasmodia. In  both cases the assum p
tion is tha t the B.l. patient is making a stronger immunological response than the 
leukaemic to  an oncogenic virus or to the cellular antigens which it induces.

If  both conditions were caused by the same virus, antigenic cross-reactivity between 
the cells o f B.l. and of leukaemias would be expected; none has been found so far 
(Henle & Henle, 1966). If  B.l. were merely leukaemia confined to certain sites by a 
strong immune response, we might expect it to  arise in the presumptive sites of origin 
o f leukaemic cells: lymphoid organs or bone marrow. B.l., a t any rate in its early stages, 
conspiciously spares these sites. M oreover there is no evidence that B.l. patients react 
particularly strongly to  other antigenic stimuli.

A lthough immunoglobulins IgM  and IgG  increase earlier in life and reach a higher
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adult level in Africans than in black or white residents in other countries, there is no 
evidence tha t the form er have more active immune responses. In m alarial and other 
parasitic diseases raised IgM  and IgG  levels are common, though only partially 
accounted for by a parallel increase o f protective antibody against the causative 
organism (Smithers, 1967; Curtain, Kidson, Champness & G orm an, 1964).

There is m uch evidence tha t procedures or agents which damage or functionally 
exhaust the r.e.s. affect the course of malarial and other parasitic infections (Goble & 
Singer, i 960). Surprisingly little is known about the response of a host infected with 
m alaria to  other antigens. The only relevant report we have found is that of M cGregor 
& Barr (1962), who found a higher incidence o f non-reactors to tetanus toxoid among 
malarious than non-m alarious children in the Gam bia. Intercurrent infections in 
m alaria have been little investigated, and  we do not know whether bacteria or viruses 
evoke a greater o r a lesser antibody response from  a host with an acute or long-term 
m alarial infection. The effect o f protozoan infections on the general capacity of an 
organism to produce immune responses to other antigens has been little explored.

Depression o f immune responses by certain viruses and bacteria is well established, 
and has been recently reviewed (Salaman, 1969; Floersheim, 1969). In  the present 
work, m ethods used in the study o f im m unodepression by murine leukaemogenic 
viruses (Salaman & W edderburn, 1966; W edderburn & Salaman, 1968) have been 
employed to  examine the effect o f a murine plasmodium on immune responses in mice.

M E T H O D S

M ic e

Balb/c mice, m aintained by brother-sister mating, were fed a pellet diet (FFG , made 
by F. G. D ixcn Ltd., W are, Herts) and water a d  lib .

V irus p re p a r a tio n s

M u r in e  S a rc o m a  V irus (H a r v e y ) (m .s .v . lH ). A 10 % extract o f livers and spleens from 
animals infected with this agent was received from  D r J. J. Harvey. I t  produced 
splenomegaly and multiple sarcomas in 100 % o f animals injected when newborn.

U reth a n e  L e u k a e m ia  V iru s (u .l.). This leukaemogenic virus was isolated by one of 
us from  urethane-induced leukaemia (Salaman, 1963), and was found to  pass by 
vertical transmission (v.t.). Balb/c mice carrying the virus (u.l./v.t.) develop gross 
splenomegaly with or w ithout lymph node enlargement at 6 to 9 months.

P la sm o d ia l in fec tio n  in m ice

In  prelim inary experiments several murine plasm odia were tested with the object 
o f finding one which would produce, in mice of a strain previously used for im m uno
logical tests, an acute self-limiting disease of sufficient duration for the performance 
of these tests. The infection produced in 5- to 14-week-old Balb/c mice by intraperi- 
toneal (i.p.) injection o f approxim ately io 6 organisms o f P . b e rg h e i y o e l i i (p.b.y.) was 
found to  be suitable.

A  group of mice were injected with 70,000 infective sporozoites per mouse. Eight 
days later the mice, which had 10 to  15 % parasitized erythrocytes were bled, and 
the blood, diluted 1 +1 with Ringer containing 15 % glycerin and 20 units heparin/ 
m l ., was stored at — 70°. F o r experimental purposes two mice received i.p. o-i ml. o f
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the stored infected blood. Six days later they were bled, and the blood was diluted so 
th a t io 6 parasitized erythrocytes were contained in a volume suitable for i.p. injection 
into test mice.

In  the infection caused by this dose, parasitaem ia, first detectable on the 3rd  day, 
rose, sometimes showing a small peak on the 4th  day, until on the 9th  to 1 i th  day mice 
had 15 to  35 % parasitized erythrocytes The percentage then declined until the 15th  
to  17th  day, when less than 1 % parasitized erythrocytes were found. Splenomegaly, 
detectable by palpation on the 3rd day, reached a peak about the time o f the peak of 
parasitaem ia, when spleens weighed 1 to  2 g. (the norm al weight for adult mice of 
th is strain is o-i to  0-15 g.), and persisted for some time after parasitaem ia was no longer 
detectable. The mice looked fluffed and hunched and were anaemic (haem atocrit 25 
to  35 %) between the 8th  and 13th  days, and then recovered. N o deaths occurred am ong 
mice aged five weeks or more, bu t o f a batch o f  three-week-old mice which received a 
smaller dose ( io 5 parasitized erythrocytes) half died.

Im m u n o lo g ic a l te s ts

Serum haemagglutinin (ha) and haemolysin (hi) litres and also the num ber o f haem o
lytic plaque-form ing cells (p.f.c.) in the spleen were determ ined after the intravenous 
(i.v.) injection o f 2-5 x io8 sheep erythrocytes. The num ber o f p.f.c. were determined by 
the m ethod of Jerne, N ordin  & Henry (1963) with m inor modifications. Details o f the 
immunological tests used have been described elsewhere (Salaman & W edderbum , 
1966; W edderburn & Salaman, 1968).

R E S U L T S

Im m u n e  resp o n se  to  sh eep  e r y th r o c y te s  in m ic e  in fe c te d  w ith  m a la r ia

Eight-week-old Balb/c mice were infected with plasm odia, and equal groups were 
then  given 2-5 x io 8 sheep erythrocytes (s.e.) i.v. 4, 7 and 9 days later. Seven days after 
antigen injection ha and hi titres of the first two groups showed a three- to  fourfold 
depression com pared with uninfected contro ls; however, the titres then began to  rise, 
and had reached control levels 3 weeks after s.e. injection. Animals which received 
s.e. 9 days after p.b.y. had no detectable ha or hi 7 days later, and antibody was still 
barely detectable 3 weeks after antigen injection.

In  unimmunized Balb/c mice there are 40 to  140 p.f.c. per spleen against s.e. In  
mice infected with p.b.y. a gradual rise in this ‘background’ num ber o f p.f.c. began 
4 days after infection, and reached 500 to  1000 p.f.c. by the 7th  day. The count re
mained at about this level till the 13th  day, after which it declined slowly, but was still 
significantly raised 2 m onths after infection.

The num ber o f p.f.c. per spleen 4 days after a cose of 2-5 x io 8 s.e. was then deter
mined for groups of four mice which had received the antigen at different intervals 
after infection w ith the plasmodium. The results are shown in Fig. 1, together with 
the degree o f parasitaem ia at the time o f s.e. injection. N otw ithstanding the rise in 
‘background’ p.f.c. in infected mice there was a short bu t severe im pairm ent o f the 
immune response to  the antigen when given during a period which roughly coincided 
with the period o f maximum parasitaemia.

The num ber of p.f.c. per spleen in mice which had  received s.e. 10 days after p.b.y. 
was followed for some time, to  ascertain whether the reduction in the p.f.c. response at
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4 days was merely a delay. Results showed that there was no significant delay, bu t a 
true reduction. The num ber o f p.f.c. in immunized infected mice never rose higher than 
1600 per spleen. Uninfected immunized mice, on the other hand, showed a peak re
sponse o f 250,000 to 300,000 p.f.c. per spleen on day 4.

The prim ary p.f.c. response after repeated injections of plasm odia was next ex
amined. W hen mice received a second injection o f p.b.y., or a series of four injections 
a t fortnightly intervals, no recurrence of parasitaem ia was observed, and when a 
second injection o f p.b.y. was followed by s.e. there was no depression o f the p.f.c. 
response.

Fig. I . Effect of P la sm o d iu m  b e r g h e iy o e li i (p.b.y.), injected at various times before a standard 
dose of sheep erythrocytes (s.e.) on the peak number of haemolytic plaque-forming cells 
(p.f.c.)per spleen. Four mice in each group. Mice received to6 parasitized erythrocytes (p.b.y.) 
intraperitoneally. 2-5 x io 8 sheep erythrocytes were injected i.v. on the day indicated. Mean 
peak number of p.f.c. per spleen (measured 4 days after s.e. injection): —• —• — ; mean 
percentage of erythrocytes parasitized : —O—O—.

The effect o f plasmodial infection on the secondary response was examined briefly. 
W hen mice were infected 9 days before a prim ary injection of s.e., to which they 
showed an extremely depressed response, as described above, they nevertheless re
sponded vigorously to a second dose of s.e. given 5 weeks after the first: they were 
obviously not tolerant to the antigen. However, further work is necessary to determine 
whether this response has the characteristics of a prim ary or o f a secondary reaction. 
On the other hand mice which received p.b.y. 9 days before the second o f two injections 
o f s.e. separated by 4 to 5 weeks showed a io-fold rise in the residual p.f.c. count 
usually found 4 to  5 weeks after a prim ary s.e. injection and by a 20-fold depression of 
the response to  the second s.e. injection. This result is qualitatively similar to that 
observed when p.b.y. was given before a prim ary s.e. injection.
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Since murine plasmodial infection depressed the immune response to s.e., it was o f  
interest to discover whether it altered the response to infection by oncogenic viruses. 
M urine sarcom a virus (Harvey) (m.s.v./H) (Harvey, 1964) was chosen as an example, 
because it causes tum ours, splenomegaly, and early death when injected into newborn 
animals, but is much less pathogenic in adults. I f  the reason for this difference, in this 
case and in those of other viruses with similar age-dependent pathogenicity, were the 
relative incompetence of the neonatal immune system, then it would be expected that 
the effects of m .s.v./H  in plasmodium-infected adults would approxim ate to those in 
norm al newborn mice.

Two groups of eight Balb/c mice aged 10 weeks received io 6 p.b.y. per mouse. Ten 
days later one group received i.p. o-i ml. o f m.s.v.-infected plasma and a third un
treated group also received m.s.v.

Four and a half weeks after the injection of m.s.v. the mice were killed. The group 
which had received p.b.y. followed by m.s.v. had spleens weighing from  0-25 to  
1-5 g. (average 071 g.), with num erous superficial nodules. Histologically they pre
sented the usual appearance of m.s.v. spleens, but contained in addition a considerable 
am ount of m alarial pigment (F. C. Chesterman, personal communicarion). One mouse 
which had received m.s.v. only appeared sick at this time. It had a ruptured spleen 
weighing 0-47 g., and was the only mouse in this group in which any evidence o f m.s.v. 
infection was seen; the others all had spleens weighing less than 0-25 g., and showed no 
gross pathology. N o tum ours were found in either of the m.s.v.-infected groups. 
Animals which had received p.b.y. only had  spleens weighing less than 0-25 g., con
taining much m alarial pigment.

I t  is clear therefore that the pathological effects o f m.s.v. in the spleens of adult mice 
were greatly increased by prior infection with p.b.y., while the production o f solid 
tum ours was not increased, at least over the time-span used.

M a la r ia l  in fec tio n  in m ic e  c a rry in g  a  v e r tic a lly  tr a n sm itte d  virus  
d e r iv e d  f r o m  u re th a n e -in d u ced  leu k a em ia

Balb/c mice carrying the virus u.l. by vertical transmission (u.l./v.t.) develop gross 
splenomegaly, with or w ithout lymph node enlargement, at 6 to 9 months. Gradually 
increasing splenomegaly, and a slight degree of immune depression, are found before 
this, i.e. from  about the 8th week. U .l./v.t. mice o f 6 to 10 weeks o f age were infected 
with p.b.y. in the usual way, in the hope tha t recovered mice might show a changed 
incidence or time of development o f overt leukaemia.

The m alarial infection progressed in the usual way until the 12th day. After that, 
instead o f recovering like norm al Balb/c, the u.l./v.t. mice continued to deteriorate, 
and out o f 19 mice 16 died between the 15th  and 21st days, with 50 % or more para
sitized erythrocytes and gross anaemia.

The severe but short-lived immune depression which occurs during a prim ary infec
tion o f Balb/c mice with p.b.y. does not prevent the development of resistance which 
term inates the infection and prevents reinfection. However, the above experiment 
shows that development o f effective resistance is prevented by the presence o f a virus 
which exerts a more prolonged immunodepressive effect than the parasite itself.

Effect of malarial infection on the pathogenicity of an oncogenic vims



Murine plasmodium and oncogenic viruses 3 8 9

D I S C U S S I O N

The question originally asked, whether m alarial infection can predispose to infection 
by an oncogenic virus, has not been fully answered. It has been shown tha t a murine 
plasmodium severely depresses immune reactivity for a short period at the height of 
parasitaem ia, and that the pathogenicity o f a murine sarcoma virus injected during 
that period is enhanced. Conversely it has been shown that mice carrying a leukaemo- 
genic and immunodepressive virus succumb to a dose o f Plasmodium berghei yoelli 
which is followed by only tem porary illness in norm al mice.

An incidental finding was that the num ber of spleen cells capable o f lysing sheep 
erythrocytes in unimmunized mice is significantly raised in plasmodial infection. This 
recalls the suggestion that increased titres o f haemolysins and haemagglutinins to 
foreign erythrocytes in Africans may be related to infectious processes, especially 
m alaria (Zuckerman, 1966; K ano, M cG regor & M ilgrom, 1968).

There is little evidence to indicate the mechanism of immunodépression in this case. 
The infected mouse is carrying a large burden o f foreign antigen at the time o f maximum 
immune depression, and the possibility o f antigenic com petition is not excluded. This 
possibility, in relation to immune depression by a virus, was discussed in a previous 
paper, and suggestive though not conclusive evidence against it was presented (Wed- 
derburn & Salaman, 1968). Further work is needed to determine what part, if  any, 
antigenic competition plays in im m unodépression by plasm odial infection.

The best animal model o f the situation which Burkitt has suggested in m an would 
be chronic plasmodial infection in a mouse carrying a leukaemogenic virus. Our 
attem pt to  examine the immune status of mice chronically infected with the plasm o
dium has been frustrated by solid resistance to reinfection. Repeatedly injected mice 
show no illness and no immunodépression. However, Jerusalem (1968) repeatedly 
infected Swiss mice with P. berghei berghei, usually lethal in these mice, by cutting 
short the initial infection with a p-am inobenzoic acid-free diet. A t 11 days these mice 
failed to reject both homo- and allogeneic skin grafts, and after 6 m onths o f repeated 
injections there was some evidence of increased incidence o f m alignant lymphoma 
(Jerusalem, 1968, and personal communication).

The significance o f these findings in the relation o f plasmodial infection to neo
plasia is a m atter for speculation until further evidence accumulates. A  range of 
immune reactions, cell-associated as well as hum oral, against a variety o f antigens, 
should be examined at various stages o f plasm odial infection.

The early immunodépression in acute plasmodial infection of mice, and the in
creased incidence o f m alignant lym phom a in chronically infected mice, suggests, by 
analogy, a reason for the correlation which Burkitt has noted between the incidence 
o f  Burkitt lym phom a and m alaria in man.

In planning this work we received valuable advice from  Professor P. C. G arnham . 
We are indebted to D r F. C. Chesterman for histological diagnosis, to  M r R. S. 
Killick Kendrick, M rs B. Adkins and M r R. Saldanha for technical, and to Miss
C. Cowen for secretarial, assistance.
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Isolation and Characterization 
of Substance in Yeast Extract which Inhibits Growth of 

Thymine-less Strains of E sch erich ia  c o li
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C a n cer  R esea rch  In s titu te , F a c u lty  o f  M e d ic in e ,

K yu sh u  U n iv e rs ity , F u k u o k a , Japan

(.A c c e p te d  f o r  p u b lic a tio n  1 9  S e p te m b e r  1 9 6 9 )

S U M M A R Y

Yeast extract which prom otes the growth o f wild-type strains of E sch erich ia  
c o li had a potent bactericidal action on thymine-less m utants. The active 
principle in the yeast extract was found to be adenosine. All o f the other 
nucleosides and their bases tested except guanine, hypoxanthine and inosine 
also showed various degrees o f bactericidal activity. The activity o f adenosine 
was competitively annulled by the addition o f excess thymidine to  the 
medium, but thymine showed practically no anti-adenosine effect.

I N T R O D U C T I O N

D uring a study o f thymine metabolism by thymine-less m utants o f E sch erich ia  c o li  
and K le b s ie lla  (A e r o b a c te r) a ero g en es , H arrison ( 1965) observed inhibition o f growth 
by yeast extract, a nutrient frequently used in bacterial culture media. From  the 
previous findings o f Cohen & Barner (1956, 1957) and Zam enhof & G iovanni ( 1956) 
that the growth o f thymine-less strains o f E . c o li was inhibited by some nucleosides, 
H arrison ( 1965) suggested that the active principle in the yeast extract might be 
nucleosides, although he did not isolate and identify the principle.

We also observed a similar phenom enon to that o f Harrison (1965), that is, the 
growth of thymine-less strains of E sch erich ia  c o li was inhibited in a polypeptone agar 
medium containing yeast extract whereas the growth of wild-type strains was greatly 
enhanced in the same medium. Accordingly we examined the active principle in yeast 
extract and found it to be adenosine. We then made a systematic survey o f the effects 
o f naturally occurring nucleosides and their bases on the growth of thymine-less 
bacteria; the results o f these experiments are reported in this paper.

M E T H O D S

B a c te r ia . Three strains o f bacteria and their thymine-less m utants were used. 
E sch erich ia  co li, B3 (S. Brenner), 15T- (S. S. Cohen) and W3110-22 (T. O kada) re
quired 1 f ig . , 1 to  2 p g . and 7 to 10 p g . thymidine/ml., respectively, to sustain full 
growth. E sch erich ia  co li, strains b n , 15WT and W3110 were prototrophic.

M e d ia  a n d  buffer. In the following formulae quantities o f components are given in 
g./l. o f distilled water. A-Broth medium : polypeptone (Daigo N utritive Chemicals Co., 
Ltd.), 10; NaCl, 5, adjusted to pH  7-2 with N-NaOH. GSC medium : (N H 4)2H P 0 4,
2-5; K H 2P 0 4, 1-5; NaCl, 5; N a glutamate, 3; adjusted to pH 7-2 with N-NaOH. After



s t e r i l i z a t io n  o f  th e  m ix t u r e ,  i o  m l.  o f  30 %  (w /v )  g lu c o s e ,  10 m l.  o f  10 %  c a s a m in o  

a c id s ,  0-5 m l.  o f  20 %  M g S 0 4 a n d  5 m l.  o f  o - i  M - C a C l2, e a c h  s t e r i l i z e d  s e p a r a t e ly  w e re  

a d d e d  t o  1 1. o f  th e  m ix t u r e .  A - A g a r  a n d  A - t o p  a g a r :  a g a r  ( N ih o n  E iy o k a g a k u  C o . ,  

L t d . )  15 a n d  7, r e s p e c t iv e ly  a d d e d  to  1 1. A - b r o th .  S u p p le m e n t s  o f  y e a s t  e x t r a c t ,  t h y m i

d in e  a n d  th e  o t h e r  c o m p o u n d s  r e la te d  t o  n u c le ic  a c id s  w e re  a d d e d  t o  e a c h  m e d iu m  a s  

in d ic a t e d  in  th e  r e s u lt s .  D i l u t i o n  b u f f e r  c o n t a in e d :  K H 2P 0 4, 1-902; N a 2H P 0 4, 5-76; 

a n d  N a C l ,  15 ( p H  7-2) :  a f t e r  s t e r i l i z a t io n ,  1 1. w a s  m ix e d  w i t h  1 m l.  o f  s t e r i l i z e d  

0-5 M - M g S 0 4.

Assay of bactericidal activity. T w o  a s s a y  m e th o d s  w e re  u s e d . T h e  f i r s t  m e t h o d  w a s  

d o n e  o n  A - a g a r  c o n t a in in g  v a r io u s  c o n c e n t r a t io n s  o f  te s t  c o m p o u n d s .  T e s t  b a c t e r ia  

w e re  s u s p e n d e d  in  A - b r o t h  t o  a n  e x t in c t io n  o f  o - i  a t  660 n m . a n d  th e  s u s p e n s io n  

s t r e a k e d  o n  th e  A - a g a r  w it h  a  s t a n d a r d  w ir e  lo o p  o f  3 m m . d ia m e te r .  P la t e s  w e re  

in c u b a te d  a t  370 o v e r n ig h t .  T h e  b a c t e r ic id a l  a c t iv i t y  o f  th e  te s t  c o m p o u n d s  w a s  

d e f in e d  a s  th e  g re a te s t  d i lu t io n  w h ic h  d id  n o t  g iv e  a n y  b a c t e r ia l  g r o w t h  o n  th e  a g a r .  

I n  th e  s e c o n d  m e t h o d  b a c t e r ia  w e re  in c u b a t e d  w i t h  s h a k in g  w i t h  v a r io u s  c o n c e n t r a 

t io n s  o f  th e  te s t  c o m p o u n d s  in  G S C  m e d iu m  a t  370 a n d  a f t e r  in c u b a t io n  c o lo n y  

c o u n t s  w e re  m a d e  b y  th e  a g a r  la y e r  t e c h n iq u e .  B a c t e r ia l  g r o w th  (n e t  m a s s  in c r e a s e )  

w a s  a ls o  m e a s u r e d  in  t e rm s  o f  e x t in c t io n  a t  660 n m .

Fractionation and purification of the active principle from yeast extract. T h e  v a r io u s  

s te p s  u s e d  in  th e  i s o la t io n  o f  th e  b a c t e r ic id a l  p r in c ip le  f r o m  y e a s t  e x t r a c t  a r e  o u t l in e d  

i n  F ig .  1 ; f u r t h e r  p u r i f i c a t io n  w a s  a c h ie v e d  b y  c h r o m a t o g r a p h y  o n  a  s i l i c a  g e l c o lu m n .  

F r a c t io n  D  (see  F ig .  1) w a s  d is s o lv e d  in  a  s m a l l  q u a n t i t y  o f  e lu t io n  s o lv e n t ,  th e  lo w e r  

la y e r  o f  a  m ix t u r e  o f  C H C l 3 +  M e O H  + w a t e r  (70 +  30+ 10, b y  v o l . )  a n d  a p p l ie d  t o  a  

c o lu m n  (25 x  250 m m . )  o f  s i l i c a  g e l ( K a n t o  C h e m ic a l  C o . ; f o r  c h r o m a t o g r a p h ic  u se )  

b y  th e  d r y  s y s te m  m e th o d .  T h e  c o lu m n  w a s  e lu t e d  w i t h  900 m l.  o f  th e  a b o v e  s o lv e n t  

a n d  100 m l.  f r a c t io n s  c o l le c t e d .  T h e  e lu t io n  w a s  c o m p le t e d  b y  u s in g  t o o  m l.  M e O H .  

F r a c t io n s  w e re  e v a p o r a t e d  t o  d r y n e s s .  S m a l l  n e e d le - s h a p e d  c r y s t a ls  w e re  o b t a in e d  

f r o m  f r a c t io n s  n o .  5 a n d  6, w h ic h  w e re  r e - c h r o m a t o g r a p h e d  r e p e a t e d ly  a n d  r e 

c r y s t a l l i z e d  f r o m  w a te r .  M e a s u r e m e n t s  w e re  m a d e  o f  th e  m e lt in g  p o in t  a n d  u l t r a v io le t  

s p e c t r a  o f  th e  s m a l l  w h it e  n e e d le  c r y s t a ls  t h u s  o b t a in e d  a n d  t h e y  w e re  s u b je c te d  t o  

e le m e n t a r y  a n a ly s is .  T h e i r  a c t iv i t y  w a s  a s s a y e d  b y  th e  f i r s t  m e t h o d  d e s c r ib e d  a b o v e .

Thin layer chromatography ( t.l.c.). A l l  f r a c t io n s  o b t a in e d  b y  c o lu m n  c h r o m a t o g r a p h y  

a n d  th e  p u r i f ie d  p r e p a r a t io n  o f  a c t iv e  p r in c ip le  w e re  s u b je c te d  t o  t . l. c .  o n  p la t e s  c o a t e d  

w i t h  s i l i c a  g e l G  ( M e r c k )  a n d  th e  s a m e  s o lv e n t  s y s te m  a s  t h a t  u s e d  f o r  c o lu m n  c h r o 

m a t o g r a p h y .  S u b s t a n c e s  w e re  a p p l ie d  in  a  l in e  1-5 c m . f r o m  th e  e n d  o f  a  p la t e  20 c m . 

lo n g .  S o lv e n t  w a s  a l lo w e d  t o  a s c e n d  15 c m . f r o m  th e  o r ig in .  T h e  s p o t s  o f  m a t e r ia l  w e re  

lo c a t e d  b y  s p r a y in g  th e  p la t e  w i t h  10 %  (w /v )  H 2S 0 4 a n d  t h e n  h e a t in g  it .

Chemicals. A l l  th e  n u c le o s id e s  a n d  b a se s  u s e d  w e re  p u r c h a s e d  f r o m  S ig m a  C h e m ic a l  

C o m p a n y .
Apparatus. A  H i t a c h i  L t d .  p h o t o e le c t r ic  p h o t o m e te r ,  t y p e  epo-b, a  S h im a z u  r e 

c o r d in g  s p e c t r o m e te r ,  t y p e  S V -5 0 A , a n d  a  Y a n a g im o t o  C . H . N .  C o d e r ,  t y p e  mt- i , 
w e re  u s e d .

394 N. K I N O S H I T A ,  H. A K I Y O S H I  A N D  H. E N D O

RESULTS
Effect of yeast extract in solid medium on bacterial growth 

T h e  c a p a c it ie s  f o r  g r o w th  o f  th e  th re e  t h y m in e - le s s  m u ta n t s  a n d  t h e i r  o r ig in a l  w i ld  

p a r e n t s  w e re  te s te d  o n  A - a g a r  c o n t a in in g  0, 0-037, 0-063, 0-125, 0-5, i - o  a n d  2-0 %



(w /v )  y e a s t  e x t r a c t ,  r e s p e c t iv e ly .  P la t e  1 s h o w s  th a t ,  w i t h  0 %  y e a s t  e x t r a c t ,  b o t h  o f  th e  

a u x o t r o p h s  a n d  th e  w i ld  t y p e  b a c t e r ia  g r e w  u n i f o r m ly ,  b u t  g r o w t h  o f  s t r a in  W3110-22 
w a s  in h ib i t e d  c o m p le t e ly  w i t h  0-037 %  y e a s t  e x t r a c t ,  151"  s t r a in  w i t h  0-125 %  a n d  B3 
s t r a in  w i t h  0-25 % . T h i s  o r d e r  o f  s e n s it iv i t ie s  f o r  y e a s t  e x t r a c t  s e e m e d  t o  b e  c o r r e la t e d  

w i t h  th e  t h y m in e  r e q u ir e m e n t s  o f  th e  th re e  b a c t e r ia .  T h e  g r o w th  o f  a l l  th r e e  w i ld  

b a c t e r ia  w a s  e n h a n c e d  b y  in c r e a s e  i n  th e  y e a s t  e x t r a c t  c o n c e n t r a t io n .  W i t h  2 %  y e a s t  

e x t r a c t ,  th e  w i ld  s t r a in s  y ie ld e d  r a t h e r  t h ic k  la w n s  o f  g r o w th .
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Yeast extract (5 g.)
Suspended in MeOH (50 ml.),
shaken at 37°, 1 hr
and filtered at room temp.

Filtrate (50 ml.)
Evaporated to 10 ml., 
EtOH (10 ml.) added, 
and filtered after 
precipitation

Sediment 
2-5 to 3 g. 

(Fraction A)

Sediment Filtrate (20 ml.)
0-8 to 0-9 g.
(Fraction B) Evaporated to 10 ml.

and filtered after 
precipitation

1
Sediment 

0-3 to 0-4 g. 
(Fraction C)

Filtrate
E vaporated  
to  dryness

Residue 
0-8 to 0-9 g. 
(Fraction D)

Fig. 1. Fractionation of the active principle of yeast extract.

Extraction and identification of the active principle from yeast extract
M e t h a n o l  a n d  e t h a n o l  w e re  u s e d  f o r  th e  e x t r a c t io n .  T h e  p r o c e d u r e  is  o u t l in e d  in  

F ig .  1. F r a c t io n s  A  a n d  B  h a d  n o  a c t iv i t y .  T h e r e  w a s  a  t r a c e  o f  a c t iv i t y  i n  f r a c t io n  C  

b u t  a lm o s t  a l l  th e  a c t iv i t y  w a s  r e c o v e r e d  i n  f r a c t io n  D  w h ic h  f o r m e d  a n  o r a n g e  r e s in o u s  

r e s id u e  o n  e v a p o r a t io n  o f  th e  s o lv e n t .

Silica gel chromatography of fraction D. T o  p u r i f y  th e  a c t iv e  p r in c ip le  f u r t h e r ,  i t  w a s  

s u b je c te d  t o  c o lu m n  a n d  t h in  la y e r  c h r o m a t o g r a p h y .  F ig u r e  2 s h o w s  th e  p a t t e r n s  o n  

t . l. c .  a n d  th e  a c t iv i t y  o f  e a c h  o f  th e  r e s id u e s  o f  th e  f r a c t io n s  o b t a in e d  b y  c o lu m n  
c h r o m a t o g r a p h y .  S m a l l  n e e d le - s h a p e d  c r y s t a ls  w e re  o b t a in e d  f r o m  f r a c t io n s  n o .  5 
a n d  6, w h ic h  c o n t a in e d  m o s t  o f  th e  a c t iv i t y .  I n  F ig .  2 s p o t s  w it h  o b l iq u e  s h a d in g  a re  

th o s e  w h ic h  b e c a m e  b la c k  o n  h e a t in g ,  s u g g e s t in g  t h a t  th e  a c t iv e  p r in c ip le  m ig h t  c o n 

t a in  a  s u g a r .

The crystals from fractions no. 5 and 6 were combined, re-chromatographed and 
crystallized from a minimum amount of water. Small white needle-shaped crystals 
were obtained.



Identification of the active principle. T h e  R„ v a lu e  o f  th e  r e c r y s t a l l i z e d  a c t iv e  p r in 

c ip le  w a s  th e  s a m e  a s  t h a t  o f  a d e n o s in e  b u t  n o t  o f  o t h e r  n u c le o s id e s  a n d  a d e n in e  

( F ig .  3). T h e  u l t r a v io le t  s p e c t r a  o f  th e  p u r i f ie d  c r y s t a ls  w e re  m e a s u r e d  i n  a c id ic ,  n e u t r a l  

a n d  a lk a l in e  s o lu t io n s .  T h e  A,nax. a n d  A min. o f  th e  s u b s ta n c e  a lm o s t  c o in c id e d  w i t h  t h o s e  

o f  a d e n o s in e  ( T a b le  1). T h e  m e lt in g  p o in t s  o f  c r y s t a ls  o f  th e  p u r i f ie d  m a t e r ia l  a n d  i t s  

p ic r a t e  w e re  2290 a n d  195 t o  198°, r e s p e c t iv e ly ,  a n d  th e  f o r m e r  a g re e d  w i t h  t h a t  o f  

a d e n o s in e  a n d  w a s  n o t  lo w e r e d  b y  a d m ix t u r e  w i t h  a u th e n t ic  a d e n o s in e .  A n a ly s i s  o n  

th e  u n k n o w n  c r y s t a ls  g a v e  th e  f o l l o w in g :  C ,  44-40; H ,  4-76; N ,  25-6 % ; a n d  a u t h e n t ic  

a d e n o s in e  C ,  44-90, H ,  4-76; N ,  26-21 % . T h e s e  r e s u lt s  in d ic a t e d  t h a t  th e  a c t iv e  p r i n 

c ip le  i n  y e a s t  e x t r a c t  w a s  d e f in i t e ly  a d e n o s in e .
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F ra c tio n  no . T L C  p a tte rn A ctiv ity

1 —

2 ' /I -

-

4 • - 3 0 0  c : -

5 • < tgi—3 +  +

6 • ez>%22> P +  +  +

7 • +

8 2a i -

9 • ^ 5 -

M e O H - ® Q Oeluate
F ra c tio n  .......... ..........................— *

-

U rid ine 

C ytid ine 

G u anosine  @

A denosine

Test-
substance

D eoxy-
adenosine

A denine

<25

F ig . 2 F ig . 3

F ig . 2. A ctiv ity  a n d  p a tte rn  p ro d u ced  by th in  layer ch ro m a to g ra p h y  o f  each  su b frac tio n  
o b ta in ed  fro m  co lu m n  ch ro m ato g ram . F ra c tio n  D  w as sub jec ted  to  silica gel c h ro m a to 
g rap h y  a n d  th e  v ario u s  su b -frac tio n s th u s  o b ta in ed  w ere tested  fo r th e ir  an ti-b ac te ria l 
activ ity  a n d  th e ir  b e h av io u r o n  th in  layer c h ro m ato g rap h y . S po ts  w ith  o b liq u e  shad ing  
scorched  deep b lack  an d  o th e r  sp o ts  becam e yellow , o ran g e  o r  b row n . B acteric idal activ ity  
is expressed  as +  +  + ,  s tro n g ; +  +  , m ed iu m ; + ,  w eak an d  — , negative.

F ig . 3. Id en tifica tio n  o f  th e  ac tive  p rincip le  by th in  layer c h ro m ato g rap h y . A ll sp o ts  except 
ad en in e  scorched  b lack .

Table 1. A mas. and Amln in ultraviolet spectra of the active principle and adenosine
A ctive  p rincip le A denosine

S o lu tio n ^max. (m./i.) 4 mai. (m /t.)
< t
3 ma*. (m /r.) (m /i.)

0*1 n -H C I 258-5 229-8 258-5 230-4
In  w ate r 260-5 227-3 260-0 226-5
0 1  N -N aO H 262-5 233-7 262-0 235-0
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Inhibition of growth of thymine-less mutants on A-agar 
by natural bases and nucleosides

T h e  b a c t e r ic id a l  a c t iv i t ie s  o f  a  w id e  v a r ie t y  o f  n a t u r a l  b a se s , r ib o n u c le o s id e s  a n d  

d e o x y r ib o n u c le o s id e s  w e re  te s te d  a t  th e  s a m e  t im e  o n  a g a r  p la t e s  ( T a b le  2). A l l  th e se  

n a t u r a l  m e t a b o l i t e s  e x c e p t  g u a n in e  a n d  i t s  n u c le o s id e s  h a d  s o m e  a c t iv i t y .  G r o w t h  o f  

th e  th re e  w i ld - t y p e  b a c t e r ia ,  u s e d  a s  c o n t r o ls ,  t e n d e d  t o  b e  s t im u la t e d  b y  th e se  s u b 

s ta n c e s  a s  b y  y e a s t  e x t r a c t .

T a b le  2. Bactericidal activities of bases or their nucleosides in A  agar
S tra in

E. coli W3110-22 E. coli 15T E. coli B3
In h ib itio n

A gen t com p le te p artia l com plete p a rtia l com plete p a r tia l

ISM mM mM mM mM mM
U racil 0-25 0-125 o -5 0-25 2-0
C ytosine 2-0 2-0 —
A den ine 2-0 2-0 —

G u a n in e - - -
U rid ine 0 '5 0-25 r o 0-5 2-0 PO
C ytid ine o -5 0-25 PO o -5 2-0 PO
A denosine 0 '5 0-25 PO o -5 2-0 PO
G u an o s in e - -
D eoxyurid ine 0-25 0-125 0-5 0-25 0-5 0-25
D eoxycytid ine t o o -5 2-0 PO 2-0 PO
D eoxyadenosine X X X
D eoxyguar.id ine X X

, N o  in h ib itio n  w ith  2 him; x , n o  in h ib itio n  w ith  4 mM.

T h e  o r d e r  o f  s e n s it iv i t ie s  w a s  Escherichia coli W3110-■ 22 > E. coli 15T- > E. coli
b  3 a n d  t h a t  o f  b a c t e r ic id a l  a c t iv i t ie s  o f  th e  a g e n ts  w a s  d e o x y u r id in e ,  u r a c i l  >  a d e n o 

s in e ,  u r id in e ,  c y t id in e  >  d e o x y c y t id in e  >  a d e n in e  >  c y t o s in e  >  d e o x y a d e n o s in e .

Growth inhibition of a thymine-less mutant by natural bases 
and nucleosides in liquid medium

T h e  in h ib i t o r y  e ffe c ts  o f  n a t u r a l  b a s e s  a n d  n u c le o s id e s  o n  th e  g r o w t h  o f  t h y m in e - le s s  

m u ta n t s  w e re  a ls o  s t u d ie d  in  l i q u id  m e d iu m  u s in g  Escherichia coli B 3. T h e  u s e  o f  15t _ 

o r  w  3110-22 w a s  a v o id e d ,  s in c e  th e  f o r m e r  is  k n o w n  t o  b e  c o l i c in o g e n ic  ( R y a n ,  F r ie d  &  

M u k a i ,  1955) o r  ly s o g e n ic  ( S a n d o v a l ,  R e i l l y  &  T a n d le r ,  1965; E n d o  et al. 1965; 
M e n n ig m a n n ,  1965; F r a m p t o n  &  B r in k le y ,  1965) a n d  th e  p r o p e r t ie s  o f  th e  la t t e r  a r e  n o t  

a s  w e l l  k n o w n  a s  t h o s e  o f  B 3. I n  t h is  e x p e r im e n t  e v e n  w h e n  th e  b a c t e r ia  w e re  w a s h e d  

w it h  G S C  a f t e r  o n ly  b r ie f  t r e a tm e n t  w i t h  th e  a c t iv e  a g e n t ,  t h e y  d id  n o t  s u r v iv e .  M i c r o 

s c o p ic  e x a m in a t io n  s h o w e d  t h a t  a b o u t  90 %  o f  th e  b a c t e r ia  f o r m e d  f i la m e n t s  w i t h in  

90 m in .  a f t e r  t r e a tm e n t  w i t h  th e  a g e n t  a n d  d id  n o t  d iv id e  d u r in g  f u r t h e r  in c u b a t io n .  

T h e s e  r e s u lt s  c a n  b e  s u m m a r iz e d  a s  f o l lo w s .  T h e  e ffe c ts  o f  d e o x y r ib o n u c le o s id e s  

d i f f e r e d  a s  b e tw e e n  l i q u id  m e d iu m  a n d  s o l id  m e d iu m .  T h u s  d e o x y r ib o n u c le o s id e s  

s t im u la t e d  th e  g r o w t h  o f  E. coli B 3 i n  l i q u id  m e d iu m  ( F ig .  4). H o w e v e r ,  w h e n



th e  c o n c e n t r a t io n  o f  b a c t e r ia  w a s  v e r y  lo w ,  d e o x y r ib o n u c le o s id e s  in h ib i t e d  g r o w t h  

( F ig .  5). A c c o r d in g ly ,  i t  s e e m s  t h a t  th e  a c t io n  o f  d e o x y r ib o n u c le o s id e s  d e p e n d s  o n  

th e  b a c t e r ia l  c o n c e n t r a t io n .  O n  th e  c o n t r a r y ,  t h e  b a c t e r ic id a l  e f fe c t  o f  a d e n o s in e  

d id  n o t  s e e m  t o  d e p e n d  o n  th e  c o n c e n t r a t io n  o f  b a c t e r ia .  O f  th e  b a se s , u r a c i l  h a d  th e  

s t r o n g e s t  a c t iv i t y  w h i le  a s  in  s o l id  m e d iu m  n e it h e r  g u a n in e  n o r  h y p o x a n t h in e  h a d  a n y  

a c t iv i t y  ( F ig .  6). T h e  g r o w th s  o f  a l l  w i ld - t y p e  s t r a in s  w e re  s t im u la t e d  b y  a l l  th e  b a s e s
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F ig . 4. E ffect o f  vario u s  nucleosides o n  g ro w th  in  G S C  m ed ium . E sch er ich ia  co li B3 grow ing  
exponen tia lly  in  G S C  m ed iu m  w ith  1 /ig . thym id in e /m l. w as used . Effects w ere tes ted  in 
G S C  m ed ium  c o n ta in in g  1 /ig . thym id in e /m l. a n d  th e  req u ired  su pp lem en t.

F ig . 5. E ffect o f  d eo xyribonucleosides w h en  b ac te ria l c o n cen tra tio n  o f  E sch er ich ia  co li B3 
w as sm all. T h e  co n d itio n s o f  bac te ria l g ro w th  an d  m ed iu m  w ere th e  sam e as fo r F ig . 4.

a n d  n u c le o s id e s  te s te d . W h e n  s u f f ic ie n t  t h y m id in e  w a s  a d d e d  i n  th e  p re s e n c e  o f  a  
b a c t e r ic id a l  c o n c e n t r a t io n  o f  a d e n o s in e ,  th e  b a c t e r ic id a l  a c t iv i t y  w a s  a n n u l le d  c o m 

p e t i t iv e ly  in  p r o p o r t io n  t o  th e  t h y m id in e  c o n c e n t r a t io n  ( F ig .  7). O n  th e  o t h e r  h a n d ,  

w h e n  t h y m in e  w a s  u s e d  a s  th e  n u t r i t i o n a l  r e q u ir e m e n t ,  th e  g r o w t h  r a t e  o f  th e  b a c t e r ia  

w a s  d e c re a s e d  t o  a b o u t  h a l f  t h a t  in  t h y m id in e  a n d  a ls o  th e  a n t a g o n is t ic  e f fe c ts  o n  th e  

b a c t e r ic id a l  a c t io n  o f  a d e n o s in e  w e re  c o n s id e r a b ly  d e c re a s e d  a s  c o m p a r e d  w it h  th o s e  

o b t a in e d  w i t h  t h y m id in e  ( F ig .  7).

DISCUSSION
H a r r i s o n  ( 1965) f i r s t  r e p o r t e d  a  d if f e r e n c e  in  th e  s e n s it iv i t ie s  t o  y e a s t  e x t r a c t ,  u r id in e  

a n d  c y t id in e  o f  m u ta n t s  o f  A erobacter aerogenes  a n d  Escherichia coli r e q u i r in g  25 /ig. 
t h y m in e  a n d  th o s e  r e q u i r in g  1 t o  2 / /g ./m l.  H e  a ls o  r e p o r t e d  t h a t  th e  s t r a in s  w h ic h



n e e d e d  a  r e la t iv e ly  h ig h  c o n c e n t r a t io n  o f  t h y m in e  w e re  m o r e  s e n s it iv e  t o  th e se  a g e n ts . 

O u r  r e s u lt s  a ls o  s h o w e d  th e  s a m e  t e n d e n c y  a s  h is .  I n  g e n e ra l,  u r a c i l  o r  i t s  n u c le o s id e s  

p r o d u c e d  a  g r e a t e r  b a c t e r ic id a l  a c t iv i t y  t h a n  th e  o t h e r  b a se s  o r  t h e i r  n u c le o s id e s .  

R e g a r d in g  th e  e ffe c ts  o f  d e o x y r ib o n u c le o s id e s ,  p r e v io u s  w o r k e r s  h a v e  r e p o r t e d  o n ly  

t h e i r  s t im u la t o r y  e f fe c t  o n  th e  g r o w t h  o f  th y m in e - le s s  b a c t e r ia .  H o w e v e r ,  in  th e  p r e s e n t  

w o r k  d e o x y u r id in e  w a s  th e  m o s t  p o t e n t  in h ib i t o r  o f  th e  t h y m in e - le s s  m u ta n t s  o n  s o l id

Growth inhibitor o f  thym ine-less E . coli 399

108

>

107

106

' —IX.

x \
X \

®— «  H ypoxanth ine 
®— © N one

*  G uanine 

o— o Cytosine

•  A denine 

0— 0 U racil 

C oncen tra tions all 2 m « .

\  ), 
\

0 30 60
T im e (m in.)

F ig . 6

90 30 60
Tim e (min.)

F ig . 7

F ig . 6. E ffect o f  v ario u s bases o n  g ro w th  in  G S C  m ed iu m . E xcep t fo r th e  agen ts ad d ed  the  
co n d itio n s w ere as fo r F ig . 4.

F ig . 7. E ffect o f  th y m id in e  o r  th y m in e  c o n cen tra tio n  on  in h ib itio n  by  adenosine. N u m b ers  
rep re sen t th e  final c o n cen tra tio n  ( f iM.) o f  thym id in e  (— O — O — ) o r  thym ine (— • — • — ) 
in  th e  m ed iu m  w hich , excep t fo r th e  c o n tro l, co n ta in ed  2 mM adenosine . T h e  tw o  c o n tro l 
m ed ia  respectively  co n ta in ed  on ly  5 fiM. th y m id in e  o r  thy m in e .

m e d iu m .  A n  in h ib i t o r y  e f fe c t  o f  d e o x y u r id in e  w a s  a ls o  se e n  in  l i q u id  m e d iu m  w h e n  th e  

b a c t e r ia l  c o n c e n t r a t io n  w a s  v e r y  lo w .

T h e  p r e s e n t  f in d in g s  m a y  b e  r e la te d  t o  th y m in e - le s s  d e a th  ( C o h e n  &  B a r n e r ,  1954) 
a s  w e l l  a s  t o  th e  r e g u la t io n  o f  D N A  s y n th e s is  i n  t h y m in e - le s s  b a c t e r ia .  I t  is  in t e r e s t in g  

t h a t ,  i n  s p it e  o f  th e  p re s e n c e  o f  e n o u g h  t h y m in e  t o  s u s t a in  g r o w t h  o f  th e se  m u ta n t s ,  

n a t u r a l  m e t a b o l i t e s  r e la te d  t o  n u c le ic  a c id  h a v e  a  s t r o n g  b a c t e r ic id a l  a c t io n  o n  s u c h  

m u ta n t s  b u t  n o t  o n  th e  p a r e n t  w i ld - t y p e  s t r a in s .  R e c e n t ly ,  w e  h a v e  f o u n d  t h a t  a  

t h y m in e - le s s  s t r a in  p r o d u c e d  t h y m in e  r ib o s id e  f r o m  t h y m id in e  in vivo  w h e n  th e  s t r a in  

w a s  in c u b a t e d  in  th e  m e d iu m  w i t h  a  h ig h  c o n c e n t r a t io n  o f  a d e n o s in e  ( in  p r e p a r a t io n ) .  

I t  se e m s  t h a t  t h is  p h e n o m e n o n  c o u ld  b e  r e la te d  t o  th e  r e s u lt s  o f  F ig .  7, s in c e  t h y m in e  

w h ic h  p o s s e s s e s  n o  d e o x y r ib o s e  c o u ld  b e  e a s i ly  c o n v e r t e d  t o  i t s  r ib o s id e  b y  a  r e a c t io n

MIC 5926



i n v o lv in g  a d e n o s in e .  S in c e  t h y m in e  a n d  u r a c i l  a r e  o f  s im i la r  m o le c u la r  s t r u c tu r e ,  th e  

b a c t e r ic id a l  a c t io n  o f  u r a c i l  a n d  i t s  n u c le o s id e s  m a y  b e  d u e  t o  c o m p e t i t io n  e f fe c ts  in  
e n z y m e  s y s te m s  in v o lv in g  t h y m in e .

4 0 0  N. K I N O S H I T A ,  H. A K I Y O S H I  A N D  H. E N D O
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EXPLANATION OF PLATE 
Plate i (a, b, c, d )

G ro w th  o f  E sch er ich ia  c o li m u ta n ts  o n  A ag a r co n ta in in g  yeast ex trac t. T h e  n u tr itio n a l p ro p e rtie s  o f  
th e  b ac te ria  a re  described  in  th e  M ethods.
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SUMMARY
T h r e e  Bdellovibrio bacteriovorus w i ld - t y p e  s t r a in s  te s te d  g r e w  in t o  lo n g  

f o r m s ,  u p  t o  80 t im e s  t h e i r  o r ig in a l  le n g th s ,  w h e n  in c u b a te d  in  c e l l- f r e e  m ic r o 
b ia l  e x t r a c t s .  T h i s  g r o w t h  o c c u r r e d  b o t h  i n  e x t r a c t s  o f  o r g a n is m s  p e r m is s iv e  
a n d  n o n - p e r m is s iv e  f o r  B d e l lo v ib r io  p a r a s i t ic  g r o w th ,  b u t  n o t  in  a n y  o th e r  
m e d iu m  te s te d . U n d e r  c e r t a in  o s m o t ic  c o n d i t io n s  th e  lo n g  f o r m s  s e g m e n te d  
in t o  c h a in s  o f  c e lls .  S o m e  d iv i s io n  o f  c h a in s  o c c u r r e d .  O n l y  a p p r o x im a t e ly  
5 %  o f  th e  b d e l lo v ib r io s  g r e w  in t o  lo n g  f o rm s .  3H - t h y m id in e  w a s  i n c o r p o r a 
te d  in t o  th e  lo n g  f o r m s  b u t  n o t  in t o  s h o r t  f o r m s .  A  c o m p o n e n t  o f  Pseudo
monas aeruginosa e x t r a c t s  w h ic h  s u p p o r t e d  g r o w t h  o f  B d e l lo v ib r io s  w a s  
m a c r o m o le c u la r ,  h e a t  s t a b le  a n d  r e s is t a n t  t o  p r o n a s e ,  D N A s e  a n d  R N A s e .

INTRODUCTION
Bdellovibrio bacteriovorus i s  a  b a c t e r ia l  p a r a s i t e  w h ic h  m u l t ip l ie s  in s id e  s u s c e p t ib le  

b a c t e r ia l  h o s t  o r g a n is m s .  A f t e r  g r o w in g  in s id e  th e  h o s t ,  i t  s e g m e n ts  in t o  d a u g h t e r  

c e l ls  w h ic h  a r e  r e le a s e d  f r o m  th e  g h o s t e d  h o s t  ( S c h e r f ,  D e V a y  &  C a r o l ,  1966; S t a r r  

&  B a ig e n t ,  1966; S h i lo ,  1969). T h e  b d e l lo v ib r io - h o s t  s y s te m  p r o v id e s  a n  e x p e r im e n t 

a l l y  a c c e s s ib le  m o d e l  f o r  s t u d y in g  c e r t a in  a s p e c ts  o f  in t r a c e l lu la r  p a r a s i t is m  w h ic h  

a r e  o f t e n  m o r e  d i f f i c u l t  t o  a p p r o a c h  w i t h  p a r a s i t e s  o f  a n im a ls  a n d  h ig h e r  p la n t s  

( S h i lo ,  1969). A  p r o b le m  e n c o u n te r e d  w i t h  a l l  s u c h  s y s te m s  is  th e  d i f f i c u l t y  o f  v a r y in g  

th e  e n v ir o n m e n t  i n  w h ic h  th e  p a r a s i t e  g r o w s .  I n  a n  a t t e m p t  t o  m in im iz e  t h is  d i f f i 

c u l t y  w i t h  b d e l lo v ib r io s  w e  h a v e  d e v e lo p e d  a  n e w  s y s te m  th a t  p e r m it s  l im i t e d  e x t r a 

c e l lu la r  g r o w t h  a n d  d iv is io n .

METHODS
Bacterial strains and growth. T h e  Bdellovibrio bacteriovorus s t r a in  r o u t in e ly  u s e d  w a s  

a  s t r e p t o m y c in - r e s is t a n t  is o la t e  ( s p o n ta n e o u s  m u t a t io n )  o f  s t r a in  109. B d e l lo v ib r io s  

w e re  g r o w n  in  l i q u id  c u lt u r e  u s in g  Escherichia coli K 12 s t r a in  P 567 a s  h o s t ,  a c c o r d in g  

t o  th e  c o n d i t io n s  o f  V a r o n  &  S h i lo  ( 1968). Escherichia coli, Pseudomonas aeruginosa 
a n d  Bacillus subtilis s t r a in  68 a w e re  g r o w n  o n  r o t a r y  s h a k e r s  a t  370 i n  n u t r ie n t  b r o t h ;

B. cereus t, a t  30° i n  n u t r ie n t  b r o t h ;  Micrococcus lysodeikticus, a t  370 o n  b r a in  h e a r t  

i n f u s i o n ; a n d  Saccharomyces cerevisiae, a t  30° in  n u t r ie n t  b r o t h  +  2 /  (w /v )  g lu c o s e ,  

a d ju s t e d  t o  p H  6-o. Pseudomonas aeruginosa w a s  i s o la t e d  f r o m  a  p a t ie n t  a t  H a d a s s a h  

H o s p i t a l ,  J e r u s a le m .  O t h e r  s t r a in s  w e re  f r o m  th e  c o l le c t io n s  o f  th e  D e p a r t m e n t s  o f  

M i c r o b io l o g i c a l  C h e m is t r y  a n d  B a c t e r io lo g y ,  H e b r e w  U n iv e r s i t y ,  H a d a s s a h  M e d i c a l

* P re se n t a d d re ss : D e p a r tm e n t o f  B ac te rio lo g y  a n d  Im m u n o lo g y , U n iv ersity  o f  C a lifo rn ia , 
B erkeley , C a lifo rn ia  94720, U .S .A .
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S c h o o l .  B d e l lo v ib r io  p la q u e s  w e re  a s s a y e d  o n  E. co li P 567, b y  th e  m e t h o d  o f  V a r o n  

&  S h i lo  ( 1968).
P reparation  o f  ce ll ex tracts . C u l t u r e s  w e re  h a r v e s t e d  in  la t e  lo g  p h a s e  ( o r  f o r  

b d e l lo v ib r io s ,  s o o n  a f t e r  h o s t  ly s is  w a s  c o m p le te ) .  O r g a n is m s  w e re  s e d im e n te d  i n  a  

c e n t r ifu g e ,  w a s h e d  o n c e  a n d  r e s u s p e n d e d  in  a  s o lu t io n  c o n t a in in g  0-3 %  (w /v )  D i f c o -  

C a s a m in o  a c id s  ( v i t a m in  f re e ) , p H  7-5 ( h e r e a f te r  c a l le d  ‘ a m in o  a c id  b u f f e r ’ ). 

B a c t e r ia  w e re  b r o k e n  b y  s o n ic  t r e a tm e n t  f o r  5 t o  10 m in .  a t  4 t o  6 a m p s  i n  10 t o  30 m l.  

o n  a  B r o n s o n  s o n if ie r  m o d e l  n o .  5110. F o r  s o m e  e x p e r im e n t s  P seudom onas aeruginosa  
o r g a n is m s  w e re  ly s e d  b y  in c u b a t io n  a t  30° ( p H  7-8) f o r  20 m in .  in  a  s o lu t io n  c o n t a in in g  

30 jug. ly s o z y m e / m l.  a n d  4 m M - E D T A ,  a f t e r  w h ic h  t h e y  w e re  in c u b a t e d  f o r  10 m in .  a t  

200 i n  a  s o lu t io n  c o n t a in in g  20 fig. D N A s e / m l .  a n d  10 m M - M g S 0 4. D e b r is  a n d  m o s t  

r e m a in in g  in t a c t  c e l ls  w e re  r e m o v e d  b y  c e n t r i f u g a t io n  a t  20,000 g  f o r  15 m in .  E x t r a c t s  

w e re  t h e n  f i l t e r e d  t h r o u g h  H A  f i l t e r s  ( M i l l i p o r e  C o r p . ,  B e d fo r d ,  M a s s . )  t o  r e m o v e  

a n y  r e m a in in g  in t a c t  o r g a n is m s .  F o r  s o m e  e x p e r im e n t s  e x t r a c t s  w e re  s e p a ra te d  in t o  

s u p e r n a t a n t  a n d  p e l le t  f r a c t io n s  b y  c e n t r i f u g a t io n  a t  120,000 g  f o r  2 h r  a t  40. I n  th e se  

c a s e s  th e  p e l le t  w a s  w a s h e d  i n  a m in o  a c id  b u f f e r ,  r e c e n t r i f u g e d  a s  a b o v e  a n d  r e s u s 

p e n d e d  in  a m in o  a c id  b u f f e r .  S u p e r n a t a n t  a n d  p e l le t  f r a c t io n s  w e re  r e f i l t e r e d  t h r o u g h  

H A  f i l t e r s .  E x t r a c t s  o r  f r a c t io n s  w e re  t h e n  d ia ly s e d  in  t u b in g  ( N o .  18/32, S c ie n t i f ic  

I n s t r u m e n t  C e n t r e ,  L o n d o n ,  E n g la n d )  w h ic h  h a d  b e e n  s t e r i l iz e d  b y  b e in g  a u to c la v e d  

s u s p e n d e d  f r o m  a  c a p p e d  g la s s  tu b e  in t o  a  f la s k  c o n t a in in g  th e  l i q u id  t o  b e  d ia ly s e d  

a g a in s t .  U n le s s  s ta te d  o th e rw is e ,  ‘ b a c t e r ia l  e x t r a c t ’ r e fe r s  t o  a n  e x t r a c t  o f  P . aeru- 
genosa  p r e p a r e d  b y  s o n ic a t io n ,  f i l t e r e d  a n d  d ia ly s e d  o v e r n ig h t  ( 11200) a g a in s t  a m in o  

a c id  b u f fe r .  T h e s e  e x t r a c t s  r e t a in e d  50 t o  90 %  o f  t h e i r  ‘ a c t iv i t y  ’ (see  b e lo w )  a f t e r  

s to r a g e  u p  t o  1 m o n t h  a t  4°.
Incubation m ix tu re  f o r  induction o f  long fo rm s. T h e  s t a n d a r d  in c u b a t io n  m ix t u r e  c o n 

t a in e d  1 -5 x  i o 6 b d e l lo v ib r io s / m l. ,  5 m g . D i f c o - C a s a m in o  a c id s  ( v i t a m in  fre e ) , p H  7-5/011. 

a n d  b a c t e r ia l  e x t r a c t  o r  o t h e r  m a t e r ia l  b e in g  te s te d  f o r  i t s  a b i l i t y  t o  in d u c e  g r o w th .  

I n c u b a t io n  w a s  a t  30°, w i t h  s h a k in g ,  f o r  th e  t im e  s ta te d . B d e l lo v ib r io s  w e re  p r e p a r e d  

f r o m  c u lt u r e s  c o o le d  t o  4 ° w h e n  ly s is  o f  Escherichia co li a p p e a r e d  b y  p h a s e  c o n t r a s t  

m ic r o s c o p y  t o  b e  c o m p le t e .  A f t e r  0 t o  8 h r ,  c u lt u r e s  w e re  c e n t r i f u g e d  a t  750g  f o r  2 m in .  

t o  r e m o v e  a n y  p r e c ip i t a t e  p r e s e n t  in  th e  g r o w t h  m e d iu m ,  a n d  t h e n  a t  27,000g  f o r  20 m in .  

t o  p e l le t  th e  b d e l lo v ib r io s .  T h e s e  o r g a n is m s  w e re  t h e n  r e s u s p e n d e d  in  m o d i f ie d  T M  

b u f f e r  ( o - o i  M - t r is  ( p H  7-5) + m e ta ls ;  V a r o n  &  S h i lo ,  1968), t h e  c o n c e n t r a t io n  m e a s u r e d  

s p e c t r o p h o t o m e t r ic a l ly  a n d  a  p o r t io n  a d d e d  t o  th e  in c u b a t io n  m ix t u r e  a s  j  t o  \  th e  f in a l  

v o lu m e .  B a c t e r ia l  e x t r a c t  w a s  a d d e d  t o  a  f in a l  c o n c e n t r a t io n  o f  i - o  m g . p r o t e in / m l. ,  

u n le s s  o t h e rw is e  s ta te d . P r o t e in  d e t e r m in a t io n s  w e re  b y  th e  B iu r e t  m e th o d .

Thym idine-incorporation  experim ents. T o  m e a s u r e  t h y m id in e  i n c o r p o r a t io n  in t o  

a c id - p r e c ip i t a b le  m a t e r ia l ,  t h y m id in e - m e t h y l- 3H  (2c /m M , R a d io c h e m ic a l  C e n t r e ,  

A m e r s h a m ,  E n g la n d )  w a s  a d d e d  a t  th e  d e s ig n a t e d  t im e  t o  th e  s t a n d a r d  in c u b a t io n  

m ix t u r e  j u s t  d e s c r ib e d ,  n o r m a l l y  t o  f in a l  c o n c e n t r a t io n  3 / ¿ c . /m l.  A t  th e  s a m e  t im e ,  

n o n - la b e l le d  t h y m id in e  w a s  a d d e d  t o  f in a l  c o n c e n t r a t io n  0-5 x  i o -4 m . A t  a p p r o p r ia t e  

t im e s ,  50 ¡A. s a m p le s  w e re  r e m o v e d  a n d  a p p l ie d  t o  p a p e r  d is c s  ( W h a t m a n  3 M M ) .  

D i s c s  w e re  p a s s e d  s u c c e s s iv e ly  t h r o u g h  th re e  b e a k e r s  c o n t a in in g  c o ld  10 %  T C A  a n d  

t w o  b e a k e r s  c o n t a in in g  e t h a n o l,  a n d  w e re  d r ie d .  R a d io a c t i v i t y  w a s  m e a s u r e d  i n  a  

s c in t i l l a t io n  c o u n te r .  F o r  th e  s t a n d a r d  r a t e - o f - in c o r p o r a t io n  a s s a y , 3H - t h y m id in e  w a s  

a d d e d  a f t e r  th e  s t a n d a r d  in c u b a t io n  m ix t u r e  h a c  s h a k e n  f o r  12 t o  13 h r .  A  50 ¡A. 
s a m p le  w a s  r e m o v e d  2 h r  la t e r  a n d  th e  a c id  p r é c ip i t a b le  c o u n t s  d e t e rm in e d  a s  a b o v e .
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M icroscopy. F o r  d e t e r m in in g  th e  f r a c t io n  o f  lo n g  f o r m s  i n  a  B d e l lo v ib r io  p o p u la 

t io n ,  c u lt u r e s  a f t e r  13 h r  in c u b a t io n  w e re  s u s p e n d e d  i n  0-05 M - N a  a z id e  p lu s  o - i  M - N a  

a c e ta te  ( p H  6-o) t o  s t o p  m o t i l i t y  a n d  th e n  e x a m in e d  b y  p h a s e  c o n t r a s t  i n  a  P e t r o f f -  

H a u s s e r  c o u n te r .  E a c h  e x a m in a t io n  in c lu d e d  450 t o  500 o r g a n is m s .  T h o s e  o r g a n is m s  

w h ic h  w e re  b o t h  n o t ic e a b ly  f a t t e r  t h a n ,  a n d  a t  le a s t  4 x  th e  le n g t h  o f ,  th e  n o r m a l  s m a l l  

b d e l lo v ib r io s  p re s e n t ,  w e re  c o u n t e d  a s  lo n g  f o rm s .

M ateria ls . N u t r ie n t  b r o t h ,  c a s e in  a m in o  a c id s ,  y e a s t  e x t r a c t ,  t r y p t o n e  a n d  b r a in  

h e a r t  i n f u s io n  w e re  f r o m  D i f c o  L a b o r a t o r ie s ,  D e t r o i t ,  M i c h .  R N A s e ,  R N A s e - f r e e  

D N A s e  a n d  a lc o h o l  d e h y d r o g e n a s e  w e re  f r o m  W o r t h in g t o n  B io c h e m ic a ls ,  F r e e h o ld ,  

N . J .  P r o n a s e  ( g ra d e  B )  w a s  f r o m  C a lb io c h e m ,  L o s  A n g e le s ,  C a l .  Y e a s t  R N A  a n d  

c a l f  t h y m u s  D N A  w e re  f r o m  S ig m a  C h e m ic a l  C o . ,  S t .  L o u i s ,  M o .
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RESULTS
B dellovibrio  grow th  in host-free ce ll ex tra c ts

W h e n  B d e l l o v ib r i o  s t r a in  109 w a s  a e r a te d  a t  30° i n  th e  p re s e n c e  o f  d i lu t e  d ia ly s e d  

c e l l- f r e e  e x t r a c t s  o f  P seudom onas aeruginosa, a p p r o x im a t e ly  5 %  o f  th e  o r g a n is m s  

g r e w  in t o  lo n g  f o r m s .  M o r p h o lo g i c a l  c h a n g e s  w e re  f i r s t  o b s e r v e d  b y  p h a s e  c o n t r a s t  

m ic r o s c o p y  a f t e r  4 t o  5 h r ,  a t  w h ic h  t im e  s o m e  o f  th e  b d e l lo v ib r io s  w e re  f a t t e r  a n d  

s l ig h t ly  lo n g e r  a n d  h a d  lo s t  t h e i r  m o t i l i t y .  W i t h i n  a n  h o u r ,  s o m e  f a t t e r  o r g a n is m s  

w e re  3 t o  4 t im e s  th e  le n g t h  o f  m o s t  o f  th e  v is ib le  b d e l lo v ib r io s ,  a n d  w e re  c h a r a c t e r is 

t i c a l l y  l im p ,  b e n d in g  a n d  f lo p p in g  o n  t h e i r  s h o r t e r  a x is  i n  re s p o n s e  t o  r a n d o m  d is t u r 

b a n c e s  o f  th e  l iq u id .  D u r in g  th e  n e x t  5 t o  10 h r ,  p r o g r e s s iv e ly  lo n g e r  f o r m s  w e re  

v is ib le .  O v e r  80 %  o f  th e se  w e re  c le a r ly  s e g m e n te d  in t o  u n i t s  a p p r o x im a t e ly  0-4 ¡1  x  

0-9 ¡i ( P L  1). C h a in s  a s  lo n g  a s  100 u n i t s  a p p e a r e d .

P a r t i a l  d i v i s io n  o f  c h a in s  le s s  t h a n  15 u n i t s  lo n g  w a s  o b s e r v e d  o c c a s io n a l ly .  I n  

th e se  in s ta n c e s  th e  in t a c t  c h a in s  a p p e a r e d  t o  b e  q u iv e r in g .  S in g le  b r e a k s  o c c u r r e d  

a f t e r  s o m e  m in u te s ,  s e e m in g ly  a t  r a n d o m  a lo n g  th e  c h a in .  U s u a l l y ,  a d d i t io n a l  b r e a k s  

w e re  o b s e r v e d  a t  in t e r v a ls  o f  s e v e ra l m in u t e s ,  a n d  s in g le  u n it s  re le a s e d  s w u m  o u t  o f  
th e  f ie ld .  P la t e  1, f ig .  3-4 s h o w s  c h a in s  a s  t h e y  a p p e a r e d  d u r in g  d iv is io n .

G r o w t h  o f  lo n g  f o r m s  a ls o  o c c u r r e d  i n  d ia ly s e d  c e l l- f r e e  e x t r a c t s  o f  E scherichia coli, 
M icrococcu s lysodeik ticu s, Sacch arom yces cerevisiae  a n d  B dellovibrio  bacteriovoru s  
s t r a in  109 i t s e l f  ( f in a l  p r o t e in  c o n c e n t r a t io n s  o f  1 m g ./m l. ) .  T h e s e  f o r m s  w e re  in d i s t i n 

g u is h a b le  b y  p h a s e  c o n t r a s t  m ic r o s c o p y  f r o m  th o s e  o f  P la t e  1. W e  v e r i f ie d  t h a t  

M . lysodeik ticu s  a n d  S. cerevisiae  a re  n o t  h o s t s  f o r  B d e l lo v ib r io  s t r a in  109. L i t t l e  o r  

n o  a t t a c h m e n t  o f  b d e l lo v ib r io s  t o  th e se  c e l ls  w a s  o b s e r v e d  b y  p h a s e  c o n t r a s t  m i r.ro -  

s c o p y .  N o  p la q u e s  w e re  f o r m e d  o n  th e s e  s t r a in s ,  e v e n  w h e n  lo o p s  o f  b d e l lo v ib r io s  a t  

i o 9/ m l.  w e re  s p o t t e d  o n  c e l l  la w n s .  E x t r a c e l lu la r  g r o w t h  o f  b d e l lo v ib r io s  d id  n o t  

o c c u r  i n  a n y  o f  a  v a r ie t y  o f  c o m p le x  m e d ia  te s te d  (see  b e lo w ) .

I n  a d d i t io n  t o  B d e l lo v ib r io  109, tw o  s t r a in s  in d e p e n d e n t ly  i s o la t e d  i n  J e r u s a le m  

f r o m  se w a g e  w e re  te s te d  f o r  e x t r a c e l lu la r  g r o w t h  ( s t r a in s  gb a n d  T 28, i s o la t e d  b y  

M .  V a r o n ) .  I n  P seudom onas aeruginosa  e x t r a c t ,  e a c h  g r e w  in t o  lo n g  f o r m s  w h ic h  

c lo s e ly  r e s e m b le d  t h o s e  o f  P la t e  1.

I n  e a c h  o f  th e  a b o v e  in s ta n c e s ,  o n ly  a  f r a c t io n  o f  th e  B d e l lo v ib r io s  g r e w  in t o  lo n g  

f o r m s .  S t a n d a r d  in c u b a t io n  m ix t u r e s  p r e p a r e d  o n  s e p a ra te  d a y s  w e re  e s t im a te d  t o  b e

6-2, 3-9, 5-3 a n d  7-0 %  lo n g  f o r m s  ( f o r  s t a n d a r d  c o n d i t io n s  a n d  e s t im a t io n  p r o c e d u r e ,  

see  M e t h o d s ) .  W e  w e re  u n a b le  t o  in c r e a s e  t h is  f r a c t io n  b y  v a r y in g  e x t r a c t  c o n -
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c e n t r a t io n s ,  B d e l l o v ib r i o  c o n c e n t r a t io n s ,  th e  s p e c ie s  s o u r c e  o f  th e  e x t r a c t  o r  th e  

B d e l lo v ib r io  s t r a in .  T h e  le n g t h  o f  t im e  a f t e r  h o s t  c e l l  l y s is  t h a t  th e  b d e l lo v ib r io s  w e re  

h a r v e s t e d  h a d  l i t t le  e ffe c t . O t h e r  in s ta n c e s  o f  p h e n o t y p ic  v a r ia t io n  in  a  g e n e t ic a l ly  

h o m o g e n e o u s  B d e l lo v ib r io  p o p u la t io n ,  in v o lv in g  a t t a c h m e n t  t o  h o s t s ,  h a v e  b e e n  

r e p o r t e d  ( V a r o n  &  S h i lo ,  1968, 1969a).
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Bdellovibrio concn. E xtract concn.
( x 10_ ,/m l.) (m g./m l. protein)

F ig . 1 F ig . 2

F ig . 1. In c o rp o ra tio n  o f  3H -th y m id in e  d u rin g  g ro w th  o f  long form s. B de llov ibrios w ere in cu 
b a ted  w ith  b ac te ria l ex trac t u n d e r  s ta n d a rd  co n d itio n s (see M eth o d s) a n d  50 ¡A. sam ples w ere 
rem oved  a t  v ario u s tim es fo r  d e te rm in a tio n  o f  ac id -p rec ip itab le  co u n ts . •  , 3H -th y m id in e  
add ed  a t  /  =  o ; A , 3H -th y m id in e  a d d ed  a t  ? =  12 h r ;  op en  sym bols, ex trac t rep laced  by 
a m in o  acid buffer in  th e  in c u b a tio n  m ix tures.

F ig . 2. E ffect o f  b d ellov ib rio s a n d  bac te ria l ex trac t co n cen tra tio n s  o n  ra te  o f  th ym id ine  
in c o rp o ra tio n . S tan d a rd  ra te  o f  in c o rp o ra tio n  assays w ere p erfo rm ed  (see M ethods).
(A ) B acteria l ex trac t co n c e n tra tio n  co n s ta n t a t  t o  m g. p ro te in /m l. (B) B d e llov ib rio  c o n 
c e n tra tio n  co n s ta n t a t 1-5 x io 9 o rgan ism s/m l.

Thym idine incorporation during host-free B dellovibrio grow th  

T h y m id in e  w a s  in c o r p o r a t e d  in t o  b d e l lo v ib r io s  d u r in g  in c u b a t io n  i n  w h ic h  lo n g  

f o r m s  d e v e lo p e d ,  b u t  n o t  u n d e r  o t h e r  h o s t - f r e e  c o n d i t io n s .  U p o n  in c u b a t io n  o f  

B d e l lo v ib r io ,  P s e u d o m o n a s  e x t r a c t  a n d  3H - t h y m id in e  (see  M e t h o d s )  th e re  w a s  a  la g  

p e r io d  o f  s e v e ra l h o u r s  w i t h  l i t t l e  in c o r p o r a t io n ,  f o l lo w e d  b y  a  m u c h  m o r e  r a p id  

in c o r p o r a t io n .  I f  3H - t h y m id in e  w a s  a d d e d  a f t e r  th e  la g  p e r io d ,  i t  w a s  in c o r p o r a t e d  

im m e d ia t e ly  ( F ig .  1). I n  th e  la t t e r  c a s e , th e  r a t e  o f  i n c o r p o r a t io n  w a s  f o u n d  t o  v a r y  

l i n e a r i l y  w i t h  b o t h  th e  c o n c e n t r a t io n  o f  c e l l  e x t r a c t  a n d  th e  B d e l lo v ib r io  c o n c e n t r a t io n  

o v e r  th e  ra n g e s  s h o w n  ( F ig .  2). E x t r a c t s  o f  M icrococcu s lysodeik ticu s  s t im u la t e d  

i n c o r p o r a t io n  t o  a p p r o x im a t e ly  th e  s a m e  e x te n t .  S e p a r a t io n  o f  o r g a n is m s  a c c o r d in g  

t o  s iz e ,  o n  a  s u c r o s e  g r a d ie n t ,  s h o w e d  t h a t  th e  la b e l  w a s  d is t r ib u t e d  b r o a d ly  a m o n g  

la r g e  f o rm s ,  w i t h  <  2 %  in c o r p o r a t e d  in t o  b d e l lo v ib r io s  o f  n o r m a l  s iz e  ( F ig .  3). O v e r  

90 %  o f  th e  r a d io a c t iv i t y  in c o r p o r a t e d  w a s  i n  D N A s e - s e n s i t iv e  m a t e r ia l .

O n  n o  o c c a s io n  i n  t h is  w o r k  d id  w e  o b s e r v e  lo n g  f o r m s  w i t h o u t  t h y m id in e  i n c o r 

p o r a t io n  o r  t h y m id in e  i n c o r p o r a t io n  w i t h o u t  lo n g  f o r m s .  N e i t h e r  w a s  e v e r  o b s e r v e d  

w i t h o u t  p r i o r  a d d i t io n  o f  c e l l  e x t r a c t  o r  a n  e x t r a c t  f r a c t io n .  N o n e  o f  th e  f o l l o w in g  

n u t r ie n t s  in d u c e d  lo n g  f o r m s  o r  t h y m id in e  in c o r p o r a t i o n ; n u t r ie n t  b r o t h ,  y e a s t  e x t r a c t ,  

t r y p t o n e ,  b r a in  h e a r t  in f u s io n  ( e a c h  a t  29 a n d  35 m g ./ m l.  f in a l  c o n c e n t r a t io n s ) ;
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b o v in e  s e r u m  a lb u m in ,  h a e m o g lo b in ,  y e a s t  R N A ,  c a l f  t h y m u s  D N A ,  e a c h  a t  0-2, 1 a n d  

5 m g ./ m l.  f in a l  c o n c e n t r a t io n s ,  in  4 m g . c a s e in  a m in o  a c id s / m l.  p H  7-5 ; y e a s t  R N A  

a n d  c a l f  t h y m u s  D N A  d e g r a d e d  b y  R N A s e  a n d  D N A s e  a t  0-2, 1 a n d  5 m g ./ m l. ,  

in  4 m g . c a s e in  a m in o  a c id s / m l.  p H  7-5.

I n  v ie w  o f  th e se  r e s u lt s ,  w e  c o n s id e r e d  t h y m id in e  in c o r p o r a t io n  t o  b e  a  u s e fu l  

s u p p le m e n t  o f  m ic r o s c o p ic  e x a m in a t io n  a s  a n  in d i c a t o r  o f  th e  d e v e lo p m e n t  o f  B d e l lo 

v ib r io  lo n g  f o rm s .  I n  th e  p r e l im in a r y  c h a r a c t e r iz a t io n s  t h a t  f o l lo w ,  e x t r a c t  a c t iv i t y  is  

q u a n t i t a t e d  i n  t e rm s  o f  th e  ra te  o f  3H - t h y m id in e  in c o r p o r a t e d  in t o  b d e l lo v ib r io s  u n d e r  

s t a n d a r d  c o n d i t io n s  ( M e t h o d s ) .  F o r  e a c h  a s s a y , g r o w t h  a t  th re e  o r  m o r e  e x t r a c t  

c o n c e n t r a t io n s  w a s  e x a m in e d  m ic r o s c o p ic a l ly  a f t e r  12 t o  14 h r .  I n  e v e r y  in s ta n c e  

t h is  s e m i- q u a n t i t a t iv e  e x a m in a t io n  w a s  c o n s is t e n t  w i t h  th e  r e s u lt s  o f  th e  i n c o r p o r a t io n  

a s sa y .

Fraction number

c

F ig . 3 F ig . 4

F ig . 3. S ucrose  g rad ien t o f  B de llov ib rio  o rgan ism s. 3H -th y m id in e  w as ad ded  to  a  s ta n d a rd  
m ix tu re  o f  bd ellov ib rio s a n d  bac te ria l ex trac t w hich  h ad  in cu b a ted  fo r  12 h r . F o llo w in g  3 h r  
a d d itio n a l in c u b a tio n , 0-3 m l. o f  th e  m ix tu re  w as layered  o n  a  5 m l. g rad ien t o f  5 to  20 % 
suc rose  in  a m in o  acid  buffer. T h e  g rad ien t revo lved  a t  2000 r .p .m . fo r  10 m in . a t  4 0 in  a  c lin i
ca l cen trifuge. T h e  tu b e  w as th en  p u n c tu re d  a t  th e  b o tto m  an d  d ro p s  w ere collected . R ecovery
in  th e  d ro p s  w as 70 % o f  th e  ac id -p re c ip ita te  c o u n ts  ap p lied  to  th e  g rad ien t. O ---------- O ,
ac id -p rec ip itab le  c o u n ts ; A ------------ A  B de llo v ib rio  p la q u e  fo rm in g  un its.

F ig . 4. S ephadex  G -150 ch ro m a to g ra p h y  o f  su p e rn a ta n t frac tio n  o f  b ac te ria l ex trac t. A  
3 m l. sam ple , co n ta in in g  40 m g. o f  b ac te ria l p ro te in  a n d  a d d ed  m o lecu la r w eigh t m ark e rs  
w as ap p lied  to  a  100 m l. co lu m n  o f  S ephadex  G -150 (25 cm . x  4 cm .2) e q u ilib ra te d  w ith  
0-03 m  tr is , pF l 7-5. F ra c tio n s  o f  2-2 m l. w ere co llected  an d  filte r sterilized . S tim u la tio n  o f  
3H -th y m id in e  in c o rp o ra tio n  in to  b d ellov ib rio s w as m easu red  b y  th e  s ta n d a rd  ra te  o f  
in c o rp o ra tio n  assay  (see M eth o d s), u sin g  0-15 m l. f ra c tio n  a liq u o ts  in  0-3 m l. reac tio n  
m ix tu res. In c o rp o ra tio n  o f  1000 co u n ts /m in . is 1 % o f  th e  3H -th y m id in e  ad d ed . A D H  is yeast
a lco h o l dehydro g en ase , M W  151,000. A ---------- A , th y m id in e  in c o rp o ra tio n ; O ------------ O ,
o p tica l d ensity  (418 nm ) d u e  to  haem o g lo b in  m ark e r.

A n  active  fa c to r  in ce ll ex tra c ts  is m acrom olecu lar an d  heat stab le  

A  f a c t o r  f r o m  c e l l  e x t r a c t s  w h ic h  in d u c e d  lo n g  f o r m s  w a s  n o n - d ia ly s ib le .  T h e  a c t iv i t y  

i n  e x t r a c t s  o f  P seudom onas aeruginosa, Escherichia coli, M icrococcu s lysodeik ticu s, 
Saccharom yces cerevisiae  a n d  B dellovibrio bacteriovorus  in c r e a s e d  20 t o  100 %  u p o n  

d ia ly s is  ( b a s e d  o n  r a t e  o f  t h y m id in e  in c o r p o r a t io n ) .  U p o n  c e n t r i f u g a t io n  o f  a  d ia ly s e d  

s o n ic a t e d  e x t r a c t  o f  P . aeruginosa, a t  120,000 x g  f o r  2 h r ,  40 t o  60 %  o f  th e  a c t iv i t y  

w a s  r e c o v e r e d  f r o m  th e  p e l le t  a n d  a n  a p p r o x im a t e ly  e q u a l  a m o u n t  f r o m  th e  s u p e r 

n a ta n t .  ( T h e  s a m e  d is t r ib u t io n  b e tw e e n  s u p e r n a ta n t  a n d  p e l le t  w a s  o b t a in e d  f r o m  

e x t r a c t s  o f  P . aeruginosa  p r e p a r e d  b y  ly s o z y m e - E D T A ) .
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T h e  s u p e r n a ta n t  m a t e r ia l  w a s  f r a c t io n a t e d  b y  G -150 S e p h a d e x  c h r o m a t o g r a p h y .  

A l l  r e c o v e r e d  a c t iv i t y ,  r e p r e s e n t in g  65 %  o f  th e  t o t a l  a p p l ie d  t o  th e  c o lu m n ,  w a s  in  

f r a c t io n s  o f  m o le c u la r  w e ig h t  >  50,000 ( F ig .  4). N o  i n h ib i t o r y  m a t e r ia l  w a s  d e te c te d  

i n  th e  f r a c t io n s  o f  lo w e r  m o le c u la r  w e ig h t  o r  th e  f r a c t io n s  b e tw e e n  th e  tw o  a c t iv i t y  

p e a k s .  L o n g  f o r m s  w e re  in d u c e d  b y  a l l  f r a c t io n s  w h ic h  s t im u la t e d  t h y m id in e  in c o r p o r 

a t io n  ( f r a c t io n s  2 t o  19), a l t h o u g h  th e  le n g th s  w e re  v a r ia b le  a n d ,  in  th e  a r e a  b e tw e e n  

th e  p e a k s ,  c o n s id e r a b ly  s h o r t e r  t h a n  in  th e  lo n g  f o r m s  in d u c e d  b y  th e  u n f r a c t io n a t e d  

m a t e r ia l .  T h e  o t h e r  f r a c t io n s  d id  n o t  in d u c e  lo n g  f o r m s  o f  a n y  s iz e . T h e  s a m e  p a t t e r n  

o f  a c t iv i t y  w a s  o b t a in e d  w h e n  th e  m o le c u la r  w e ig h t  m a r k e r s  w e re  o m it t e d .

T h e  n o n - d ia ly s ib le  f a c t o r  f r o m  e x t r a c t s  w a s  h e a t  s ta b le .  M o r e  t h e n  90 %  o f  th e  

a c t iv i t y  f r o m  d i lu t e d  d ia ly s e d  Pseudom onas aeruginosa, Escherichia coli a n d  M icrococcu s  
lysodeik ticu s  e x t r a c t s ,  o r  th e  s u p e r n a ta n t  f r a c t io n s ,  r e m a in e d  a f t e r  b o i l i n g  f o r  20 m in .  

W h e n  e x t r a c t s  w e re  a u to c la v e d  o r  b o i le d  a t  v e r y  h ig h  c o n c e n t r a t io n ,  a  h e a v y  l l o c c u le n t  

p r e c ip i t a t e  a p p e a r e d ,  a n d  50 t o  100 %  o f  th e  a c t iv i t y  w a s  lo s t .

T h e  f a c t o r  w a s  s ta b le  t o  D N A s e ,  R N A s e  a n d  p r o n a s e .  D ia ly s e d  Pseudom onas  
aeruginosa  e x t r a c t s  w e re  f i r s t  d i lu t e d  t o  5 m g . p r o t e in / m l.  in  0-02 M - t r is  ( p H  7-5) a n d  

h e a te d  f o r  5 m in  a t  98°. T o  te s t  D N A s e  a n d  R N A s e ,  M g S 0 4 w a s  a d d e d  t o  10 m M , th e  

e n z y m e s  a d d e d  e a c h  t o  30 / tg ./m l. ,  a n d  th e  s o lu t io n  in c u b a te d  f o r  30 m in .  a t  25°. F u l l  

a c t iv i t y  r e m a in e d ,  b o t h  b e fo r e  a n d  a f t e r  d ia ly s is .  T o  te s t  p r o n a s e ,  th e  e n z y m e  ( f in a l  

c o n c e n t r a t io n  100 / ¿ g ./m l.)  w a s  a d d e d  t o  th e  d i lu t e d  h e a te d  e x t r a c t ,  a n d  th e  s o lu t io n  

in c u b a t e d  a t  450. A f t e r  60 m in .  th e  m ix t u r e  w a s  h e a te d  f o r  5 m in .  a t  98° to  in a c t iv a t e  

th e  p r o n a s e ,  a n d  w a s  a s s a y e d . F u l l  a c t iv i t y  r e m a in e d .  ( I f  a n  e x t r a c t  w a s  in c u b a te d  

a t  450 w i t h o u t  p r i o r  h e a t in g  a t  98°, 30 t o  90 %  o f  th e  a c t iv i t y  w a s  lo s t ;  th e  lo s s  o f  

a c t iv i t y  v a r ie d  b e tw e e n  e x t r a c t  p r e p a r a t io n s ,  b u t  w a s  e s s e n t ia l ly  th e  s a m e  w h e th e r  

o r  n o t  R N A s e ,  D N A s e  o r  p r o n a s e  w a s  p re s e n t .)

A n assay  f o r  division

3H - t h y m id in e  w a s  in c o r p o r a t e d  a lm o s t  e x c lu s iv e ly  in t o  lo n g  f o r m s  ( F ig .  3). I f  

d i v i s io n  o c c u r s ,  la b e l  s h o u ld  a p p e a r  la t e r  in  s h o r t  f o rm s ,  w i t h  a  c o r r e s p o n d in g  lo s s  

f r o m  lo n g  f o rm s .  E v id e n c e  o f  t h is  w a s  o b t a in e d  b y  th e  d i r e c t  f i l t r a t io n  o f  lo n g  f o r m  

c u lt u r e s  o n  c e l lu lo s e  e s te r  ( M i l l i p o r e )  f i l t e r s .  L o n g  f o r m s  a re  r e t a in e d  o n  1 -2 / 1  (m e a n  

p o r e  d ia m e te r )  f i l t e r s ,  w h i le  m o s t  s h o r t  f o r m s  p a s s  t h r o u g h .  F ig .  5 A  s h o w s  t h a t  a f t e r  

15 t o  20 h r  o f  in c u b a t io n  la b e l  a p p e a r e d  in  m a t e r ia l  w h ic h  p a s s e d  t h r o u g h  1 -2 / 1  f i l t e r s .  

T h e  r e s u lt s  w e re  b a s ic a l ly  th e  s a m e  w h e n  a d d i t io n  o f  3H - t h y m id in e  w a s  d e la y e d  

( F ig .  5B ) .  ( L e v e ls  o f  in c o r p o r a t io n  m e a s u r e d  b y  0-22 /i  f i l t e r  r e t a in e d -m a te r ia l ,  a n d  

b y  a c id - p r e c ip i t a b le  m a t e r ia l ,  w e re  in d is t in g u is h a b le . )
T o  e x a m in e  m o r e  c lo s e ly  th e  s iz e  d is t r ib u t io n  o f  th e  d iv id e d  f o r m s ,  a  B d e l lo v ib r io  

m ix t u r e  la b e l le d  a s  in  F ig .  5B  w a s  d is p la y e d  o n  a  s u c r o s e  g r a d ie n t  a f t e r  14 a n d  24 h r  

in c u b a t io n  ( F ig .  6). I n  th e  p e r io d  o f  s e d im e n t a t io n  o f  th e se  g r a d ie n t s ,  th e  u n d iv id e d  

lo n g  f o r m s  p e l le t e d ,  s o  t h a t  o n ly  s m a l l  f o r m s  w e re  v is ib le  ( c o m p a re  F ig .  3). F ig u r e  6 
s h o w s  t h a t  a f t e r  14 h r  l i t t le  o r  n o n e  o f  th e  a c id - p r e c ip i t a b le  r a d io a c t iv i t y  w a s  in  th e  

r e g io n  c o r r e s p o n d in g  t o  s m a l l  o r g a n is m s ,  w h i le  a t  a  la t e r  t im e  50 %  o f  th e  la b e l  w a s  

i n  t h is  r e g io n .  T h e  r a d io a c t iv i t y  p e a k  w a s  s l ig h t ly  a h e a d  o f  th e  b u l k  o f  th e  b d e l lo 

v ib r io  o r g a n is m s  p r o b a b ly  b e c a u s e  th e  n e w ly  d iv id e d  b d e l lo v ib r io s  w e re  m o r e  c o m p a c t  

t h a n  th e  lo n g e r  a n d  t h in n e r  o ld e r  o r g a n is m s  a n d  t h e r e fo r e  s e d im e n te d  f a s te r  (see  b e lo w ) .
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Time (hr)
F ig . 5. A p p e a ra n c e  o f  label in  sh o r t form s. 3H -th y m id in e  w as ad d ed  to  a  s ta n d a rd  in c u b a 
tio n  m ix tu re  a t  t  =  0 (A ) o r  t  =  12 h r . (B). A t v ario u s tim es 0-2 m l. sam ples w ere rem oved 
in to  10 m l. o f  co ld  am in o  ac id  buffer an d  m ixed fo r  1 m in . E q u a l p o r tio n s  w ere filte red  on
0*22 [i a n d  1 *2 ¡i filters. E ach  filte r w as w ashed  w ith  50 m l. n u tr ie n t b ro th . 9 ---------- ®.
M a te ria l re ta in ed  o n  0*22,«filters, O ---------- O ,m a te r ia l  re ta in ed  o n  1-2/1 filters ; A ------------ A ,
m a te ria l p assing  th ro u g h  1*2 ¡1 b u t re ta in ed  o n  0*22 / i  filters (by su b trac tio n ).

Bottom Top Concentration of added component (mM.)
Fraction number

F ig . 6 F ig . 7

F ig . 6. Sucrose  g rad ien ts  o f  B de llov ib rio  o rgan ism s. 3F I-thym id ine w as ad d ed  to  a  s ta n d a rd  
in c u b a tio n  m ix tu re  a t  t  =  12 h r . A t th e  specified tim es, 0*3 m l. o f  th e  m ix tu re  w as layered on  
a  sucrose g rad ien t as in  F ig . 3 a n d  revo lved  a t  2000 r .p .m . fo r  30 m in . T h e  tu b es w ere th en  
p u n c tu re d  a n d  d ro p s  w ere co llected . O ---------- O , A cid -p rec ip itab le  c o u n ts  o f  sam p le  re 
m o v ed  a t  t  =  14 h r ;  0 ---------- • ,  ac id -p rec ip itab le  c o u n ts  o f  sam ple  rem oved  a t  t  =  24
h o u rs ; A ------------A , B de llov ibrio  co n cen tra tio n  d e term ined  b y  P e tro ff-H a u sse r  co u n te r.
F ig . 7. E ffect o f  o sm o la rity  o n  m o rp h o lo g y  a n d  thym id in e  in c o rp o ra tio n . S ta n d a rd  ra te  
o f  in c o rp o ra tio n  assays w ere p erfo rm ed , excep t th a t  th e  u su a l am in o  acid  c o n cen tra tio n  o f  
5 m g ./m l. w as rep laced  by  v ario u s  am in o  ac id , sucrose, o r  N a C l co n cen tra tio n s . A fte r  13 h r
in c u b a tio n , cu ltu re s  w ere exam ined  by p h ase  c o n tra s t m icroscopy . O ---------- • ,  A m in o
acid  a d d e d ; A ------- A , sucrose  a d d e d ; □ — -— Na Cl  ad d ed . O p en  sym bols, coiled
lo n g  fo rm s; closed sym bols, segm ented , un co iled  fo rm s; h a lf  c losed  sym bols, in te rm e d ia te  
o r  b o th  form s.
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Two m orphologically d istin c t long fo rm s  depending on osm otic  conditions

I n  a d d i t io n  t o  th e  s e g m e n te d  lo n g  f o r m  a lr e a d y  d e s c r ib e d ,  a  t ig h t ly  c o i le d  n o n -  

s e g m e n te d  lo n g  f o r m  w a s  in d u c e d  w h e n  a m in o  a c id s  w e re  o m it t e d  f r o m  th e  s t a n d a r d  

in c u b a t io n  m ix t u r e  (P I . 2, f ig .  8- 11). T h e  e f fe c t  w a s  n o t  d u e  t o  n u t r i t io n ,  s in c e  th e  N a C l  

o r  s u c r o s e  c o n c e n t r a t io n s  a ls o  c o n t r o l le d  w h ic h  f o r m  a p p e a r e d  ( F ig .  7). A t  in t e r m e d ia t e  

c o n c e n t r a t io n s ,  f o r m s  in t e rm e d ia t e  b e tw e e n  t ig h t - c o i l  a n d  s e g m e n te d  s t r a ig h t  f o r m s  

o c c u r r e d .  T h e  a d d i t io n  o f  N a C l ,  s u c r o s e  o r  a m in o  a c id s  a f t e r  13 h r  g r o w t h  o f  lo n g  

f o r m s  in  t h e i r  a b s e n c e  d id  n o t  in d u c e  a  c o n v e r s io n  o f  c o i le d  to  s e g m e n te d  f o r m s ,  n o r  

d id  i t  s t im u la t e  in c r e a s e d  t h y m id in e  in c o r p o r a t io n .

Rich m edium  induces inclusion bodies in B dellovibrio short fo rm s

I n  t e s t in g  v a r io u s  r ic h  m e d ia  f o r  g r o w t h  o f  lo n g  f o rm s ,  w e  f r e q u e n t ly  o b s e r v e d  t h a t  

p r o m in e n t  in c lu s io n  b o d ie s ,  p r e v io u s ly  u n r e p o r t e d  in  B d e l lo v ib r io ,  w e re  in d u c e d  in  

th e  s h o r t  f o rm s .  A  r e p r o d u c ib le  p r o c e d u r e  w h ic h  w e  a d o p t e d  w a s  t o  in c u b a t e  b d e l lo -  

v ib r io s  a t  30° in  c e l l- f r e e  d i lu t e  n u t r ie n t  b r o t h  ( D N B  o f  S h i lo  &  B r u f f .  1965) in  w h ic h  

Pseudom onas aeruginosa  h a d  b e e n  h e a te d  f o r  30 m in  a t  65°. U n d e r  th e se  c o n d i t io n s ,  

o v e r  70 %  o f  th e  b d e l lo v ib r io s  d e v e lo p e d  o n e  o r  m o r e  in c lu s io n  b o d ie s  w i t h in  4 h r  

(P I . 2, f ig .  12). D e s p it e  th e  s m a l l  s iz e  o f  th e  b d e l lo v ib r io s ,  th e se  b o d ie s  w e re  a ls o  v is ib le  

b y  p h a s e  c o n t r a s t  m ic r o s c o p y .

DISCUSSION
E v id e n c e  h a d  a c c u m u la t e d ,  f r o m  th e  e n z y m ic  c o n t e n t  o f  B d e l lo v ib r io  ( S im p s o n  &  

R o b in s o n ,  1968) a n d  i t s  a b i l i t y  t o  g r o w  e q u a l ly  w e l l  o n  l iv e ,  h e a t - k i l le d  a n d  u . v . - k i l le d  

h o s t s  ( V a r o n  &  S h i lo ,  1969 b ) , t h a t  th e  r o le  o f  th e  h o s t  b a c t e r ia  in  B d e l lo v ib r io  in f e c 

t io n  w a s  l im i t e d  t o  s a t is f y in g  n u t r i t i o n a l  a n d / o r  p h y s ic a l  r e q u ir e m e n t s .  T h e  g r o w t h  o f  

b d e l lo v ib r io s  i n  b a c t e r ia l  e x t r a c t s  r e p o r t e d  h e re  f u r t h e r  c o n f i r m s  t h is  v ie w .  S in c e  

e x t r a c t s  o f  b o t h  h o s t s  a n d  n o n - h o s t s  s u p p o r t  g r o w th ,  i t  is  a p p a r e n t  t h a t  f a c t o r s  o t h e r  

t h a n  n u t r i t io n  p r e v e n t  b d e l lo v ib r io s  f r o m  p a r a s i t i z in g  c e r t a in  o r g a n is m s .  A  p h y s ic a l  

b a r r ie r  a g a in s t  a t t a c h m e n t  a n d / o r  p e n e t r a t io n  is  th e  l i k e l y  l im i t a t io n  in  m a n y  c a se s . 

C h e m ic a l  d e fe n c e s  m a y  b e  r e le v a n t  a s  w e l l ,  h o w e v e r .  W e  n o te d  i n  t h is  c o n n e x io n  t h a t  

d ia ly s e d  a n d  u n d ia ly s e d  e x t r a c t s  o f  Bacillus cereus a n d  B. subtilis  in d u c e d  f e w  o r  n o  

lo n g  f o rm s ,  a n d  in h ib i t e d  th e  d e v e lo p m e n t  o f  lo n g  f o r m s  w h e n  a d d e d  t o  o t h e r  e x t r a c t s .

O s m o t ic  a s  w e l l  a s  n u t r i t i o n a l  c o n d i t io n s  a f fe c te d  e x t r a c e l lu la r  g r o w t h  i n  o u r  

s y s te m . A t  lo w  o s m o la r i t y  o n ly  n o n - s e g m e n t in g  f o r m s  o c c u r r e d .  O n  th e  o t h e r  h a n d ,  

lo w  o s m o t ic  s t r e n g th  w a s  e x c e l le n t  f o r  m o t i l i t y  ( V a r o n  &  S h i lo ,  1968) a n d  r e s p i r a t io n  

(S . C .  R i t t e n b u r g ,  u n p u b l is h e d  d a ta )  o f  n o r m a l  e x t r a c e l lu la r  b d e l lo v ib r io s .  T h i s  m a y  
r e f le c t  th e  n a t u r a l  d ic h o t o m y  e n c o u n te r e d  b y  b d e l lo v ib r io s  in  t h e i r  n o r m a l  l i f e  c y c le .  

I n t r a c e l lu la r  g r o w t h  c a u s e s  o n ly  l im i t e d  le a k a g e  o f  h o s t  m a t e r ia l  t o  th e  e x t r a c e l lu la r  

e n v i r o n m e n t  ( D r u c k e r ,  1969), a n d  s o  p r e s u m a b ly  o c c u r s  a t  h ig h  o s m o la r i t y .  M o t i l i t y  

a n d  m a in t e n a n c e ,  o n  th e  o t h e r  h a n d ,  o c c u r  in  d i lu t e  e x t r a c e l lu la r  e n v ir o n m e n t s .

E x t r a c e l lu la r  b d e l lo v ib r io s  d e m o n s t r a t e  c o n s id e r a b le  m e t a b o l ic  a c t iv i t y  ( S im p s o n  

&  R o b in s o n ,  1968; V a r o n  &  S h i lo ,  1969b ) . D if f e r e n c e s  w e re  e x p e c te d ,  h o w e v e r ,  

b e tw e e n  a c t iv i t ie s  in v o lv in g  m o t i l i t y  a n d  m a in t e n a n c e ,  a n d  th o s e  w h ic h  in v o lv e  

g r o w th .  W e  lo o k e d  f o r  a n  a c t iv i t y  s p e c if ic  e n o u g h  t o  th e  g r o w in g  f o r m s  t o  o v e r s h a d o w  

th e  c o r r e s p o n d in g  a c t iv i t y  in  th e  m a j o r i t y  p o p u la t io n  o f  th e  s h o r t  f o rm s .  E x p e r im e n t s  

w i t h  r a d io a c t iv e  u r a c i l  a n d  le u c in e  s h o w e d  s ig n if ic a n t  in c o r p o r a t io n  in t o  b o t h  f o rm s .  

T h y m id in e ,  h o w e v e r ,  w a s  in c o r p o r a t e d  o n ly  in t o  th e  lo n g  f o rm s .  S in c e  g r o w t h  o f



l o n g  f o r m s  i n  b a c t e r ia l  e x t r a c t s  o c c u r r e d  w h e th e r  o r  n o t  t h y m id in e  w a s  a d d e d  f o r  a n  

i n c o r p o r a t io n  m e a s u r e m e n t ,  o t h e r  s o u r c e s  o f  t h y m id in e  w e re  a v a i la b le  in  th e  in c u 

b a t io n  m ix t u r e s .  N e v e r t h e le s s ,  w e  f o u n d  t h a t  3H - t h y m id in e  in c o r p o r a t io n  c o n s is t e n t ly  

w a s  c o r r e la t e d  w i t h  th e  a m o u n t  o f  lo n g  fo rm s .

W e  d o  n o t  k n o w  t o  w h a t  e x te n t  th e  l im i t e d  e x t r a c e l lu la r  g r o w t h  in  o u r  s y s te m  is  

r e le v a n t  t o  th e  in t r a c e l lu la r  p a r a s i t ic  g r o w t h  o f  b d e l lo v ib r io s .  I t  c o u ld  in s t e a d  r e p r e 

s e n t  a  f a c u l t a t iv e  a b i l i t y  f o r  e x t r a c e l lu la r  g r o w th ,  w i t h  c h a r a c t e r is t ic s  a n d  c o n t r o ls  

d i f f e r e n t  f r o m  th o s e  o f  th e  in t r a c e l lu la r  c y c le .  T h e r e  e x is t  m u t a n t  B d e l lo v ib r io  s t r a in s  

w h ic h  c a n  m u l t ip l y  e x t r a c e l lu la r ly  in  c o m p le x  m e d ia  w i t h  n o  r e q u ir e m e n t  f o r  a  f a c t o r  

f r o m  b a c t e r ia l  e x t r a c t s  ( S h i lo  &  B r u f f ,  1965; S e id le r  &  S t a r r ,  1968; D ie t r i c h ,  D e n n y ,  

H a s h im o t o  &  C o n t i ,  1969). T h e  g r o w in g  f o r m s  o b s e r v e d  w i t h  s u c h  s t r a in s  a r e  s ig n i f i 

c a n t ly  s h o r t e r  t h a n  t h o s e  in  o u r  s y s te m  ( M .  S t a r r ,  p e r s o n a l c o m m u n ic a t io n ) .  I t  is  

t e m p t in g  t o  s p e c u la t e  t h a t  c h a in s  o f  u p  t o  100 c e l ls  a c c u m u la t e  i n  o u r  s y s te m  b e c a u s e  

th e  b d e l lo v ib r io s  r e q u ir e  a  ‘ d iv id e  s ig n a l ’ w h ic h  w o u ld  n o r m a l ly  o c c u r  in t r a c e l lu la r l y  

w h e n  n u t r ie n t s  w e re  d e p le te d ,  o r  w h e n  th e  p r e s s u re  o f  th e  c o n f in in g  h o s t  c e l l  w a l l  w a s  

se n se d . T h e  o s m o t ic  r e q u ir e m e n t  in  o u r  s y s te m  a ls o  m a y  su g g e s t  t h a t  g r o w t h  is  p r o 

c e e d in g  a s  i f  i n t r a c e l lu la r ly .  A d d i t i o n a l  s tu d ie s  a r e  n e e d e d  t o  c la r i f y  th e  r e la t io n s h ip  

b e tw e e n  th e  th re e  d e m o n s t r a b le  f o r m s  o f  B d e l lo v ib r io  g r o w t h  ( i.e .,  in t r a c e l lu la r ,  

e x t r a c e l lu la r  in  m i c r o b ia l  e x t r a c t s  a n d  e x t r a c e l lu la r  b y  s e le c te d  s t r a in s  in  c o m p le x  

m e d ia ) .

I n t r a c e l lu la r  p a r a s i t e s  n e e d  a c c e s s  t o  th e  h o s t  m a t e r ia ls .  M a n y  s u c h  p a r a s i t e s  a re  

p e r m e a b le  t o  m o le c u le s  n o r m a l l y  e x c lu d e d  f r o m  m o s t  o r g a n is m s  ( M o u ld e r ,  1962; 

H a l l  &  C la u s ,  1963). A  p a r t i c u la r l y  s t r ik in g  c a s e  is  t h a t  o f  C lam ydaie p s itta c i, w h ic h  

c h a n g e s  t o  a  m o r e  p e r m e a b le  f o r m  d u r in g  th e  in t r a c e l lu la r  s ta g e  o f  i t s  l i f e  c y c le  

( T a m u r a  &  M a n i r e ,  1968; M o u ld e r ,  1968). B d e l lo v ib r io s  m a y  w e l l  u n d e r g o  a  s im i la r  

c h a n g e  t o  a  m o r e  p e r m e a b le  in t r a c e l lu la r  f o r m .  S in c e  th e  e x t r a c e l lu la r  lo n g  f o r m s  

r e p o r t e d  h e re  m a y  c lo s e ly  r e s e m b le  in t r a c e l lu la r  b d e l lo v ib r io s ,  i t  w o u ld  b e  o f  in t e r e s t  

t o  m e a s u r e  th e  r e la t iv e  p e r m e a b i l i t y  t o w a r d  v a r io u s  m o le c u le s  o f  th e  lo n g  a n d  s h o r t  

f o r m s .  S u c h  a  p e r m e a b i l i t y  c h a n g e  e a r ly  i n  in t r a c e l lu la r  d e v e lo p m e n t  c o u ld  e x e r t  

d i r e c t  c o n t r o l  o v e r  m a n y  m e t a b o l ic  p ro c e s s e s .  T h u s ,  D N A  s y n th e s is  m ig h t  b e g in  w h e n  

p r e c u r s o r s  w h ic h  a r e  n o r m a l l y  e x c lu d e d  f r o m  th e  o r g a n is m  a re  f r e e  t o  e n te r .  I t  is  

p o s s ib le  t h a t  t h y m id in e  u p t a k e  a n d  s u b s e q u e n t  in c o r p o r a t io n  in t o  D N A  in  o u r  s y s 

t e m  i s  a n  im m e d ia t e  c o n s e q u e n c e  o f  a  p e r m e a b i l i t y  c h a n g e .

E lo n g a t io n  o f  b d e l lo v ib r io s  a f t e r  ly s is  o f  th e  h o s t  c u lt u r e  h a s  b e e n  o b s e r v e d  p r e 

v io u s ly  ( V a r o n  &  S h i lo ,  1968). T y p i c a l l y ,  b d e l lo v ib r io s ,  s h o r t  a n d  p lu m p  u p o n  t h e i r  

re le a s e  f r o m  th e  h o s t ,  b e c o m e  t h in n e r ,  r o d - l i k e  a n d  s o m e w h a t  lo n g e r ,  s o m e t im e s  

d o u b l in g  o r  t r ip l in g  t h e i r  o r ig in a l  le n g th .  B u r g e r ,  D r e w s  &  L a d w ig  ( 1968) b r ie f ly  

r e p o r t e d  a  d i f f e r e n t  o b s e r v a t io n ,  e lo n g a t io n  o f  b d e l lo v ib r io s  in t o  s p i r a l  f o r m s  in  h o s t  

c e l l  e x t r a c t s .  I n  n o n e  o f  th e se  c a s e s  d o  th e  le n g th s  a p p r o a c h  t h o s e  o b s e r v e d  in  o u r  
s y s te m , a n d  i n  n o  c a s e  w a s  s e g m e n ta t io n  r e p o r t e d .

O n e  o f  u s  ( A .  M .  R . )  r e c e iv e d  a  g r a n t  f r o m  th e  B .  d e  R o t h s c h i ld  F u n d  f o r  th e  

A d v a n c e m e n t  o f  S c ie n c e  a n d  T e c h n o lo g y ,  a n d  a n  A d v a n c e d  S t u d ie s  F e l lo w s h ip  f r o m  

th e  H e b r e w  U n iv e r s i t y .  T h e s e  a re  g r a t e f u l ly  a c k n o w le d g e d .

Bdellovibrio grow th in m icrobial ex trac ts  409
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EXPLANATION OF PLATES
F igures 5 -7  a n d  11-12 a re  e lec tro n  m ic ro g rap h s  ta k e n  by  D r  M a rtin  K essel o f  th is d ep a rtm en t. 
T hese specim ens w ere p rep a red  b y  negative  s ta in in g  by  e ith er 1 % p o tass iu m  p h o sp h o tu n g s ta te  
(p H  7 0 to  7-2) o r  1 %  am m o n iu m  m o ly b d a te . Specim ens w ere viewed in a n  A E I E M 6 B  e lec tro n  
m icroscope o p e ra tin g  a t 60 kv .

P late i

B dellov ibrio  long  fo rm s g row n  o n  P seu d o m o n a s  a eru g in o sa  ex trac t. P h o to g ra p h s  m a d e  a f te r  16 h r  
in c u b a tio n  a t  s ta n d a rd  co n d itio n s. Sm all b d e llov ib rio s a re  visible in  b ack g ro u n d .
F ig . 1-4 . P h ase  c o n tra s t m icroscopy  ( x 1400).

F ig . 5. E le c tro n  m icroscopy  ( x  6000).

F ig . 6. E le c tro n  m icro sco p y  ( x  7500).

F ig . 7. E le c tro n  m icroscopy  ( x  4500).
P late 2

F ig . 8 -1 1 . B de llov ib rio  lo n g  fo rm s g row n  a t  low  o sm o tic  s tren g th  (see tex t). P h o to g ra p h s  m ad e  
a fte r  16 h r  in cu b a tio n .

F ig . 8 -9 . T ypical h ighly coiled  fo rm s. P h ase  c o n tra s t m icroscopy  ( x 1400).

F ig . 10. Less typ ical, less coiled fo rm , show ing  coils m o re  clearly . P h ase  co n tra s t m icroscopy  ( x  1400).

F ig . 11. E le c tro n  m ic ro g rap h  ( x  17,500). H igh ly  coiled  fo rm s a p p e a r p a r tly  un rav e lled  in  e lec tro n  
m icro sco p e  p rep a ra tio n s .

F ig . 12. B dellov ibrio  w ith  inc lusion  b o d ies ( x  20,000).
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The Somatic Antigens o f Two Strains o f Rhizobium trifolii

B y  B E V E R L E Y  H U M P H R E Y  and J .  M .  V I N C E N T

School o f  M icrob io logy , U niversity  o f  N ew  South  W ales, 
Kensington, S ydn ey, A u stra lia  20 33

( A ccep ted  f o r  pu blica tion  2 6  S ep tem ber 19 6 9 )

SUMMARY
S t r a in - s p e c i f ic  l ip o p o ly s a c c h a r id e  e x t r a c t e d  b y  h o t  p h e n o l  f r o m  tw o  s t r a in s  

o f  R hizobium  trifo lii w a s  f u l l y  a n t ig e n ic  i n  r a b b i t s  w i t h  a n  in j e c t io n  s c h e d u le  
u s in g  F r e u n d ’ s a d ju v a n t ,  a n d  h ig h ly  a c t iv e  i n  g e l d i f f u s io n .  A  m in o r  s e c o n d  
d i f f u s io n  l in e  w a s  c o n s id e r e d  t o  b e  d u e  t o  a  s m a l le r  f r a g m e n t  o f  th e  m a in  
m o le c u le ,  s in c e  th e  a n t ig e n  w a s  c o n v e r t e d  a lm o s t  e n t ir e ly  t o  t h is  f o r m  b y  
s o d iu m  d o d e c y ls u lp h a t e  a n d  s u c h  d is a g g r e g a te d  m a t e r ia l  a b s o r b e d  a n t i 
b o d ie s  t o  b o t h  f o r m s  o f  t h e  a n t ig e n .  C h e m ic a l l y  t h e  l ip o p o ly s a c c h a r id e  
s h o w e d  s o m e  f e a tu re s  r e la te d  t o  t h o s e  o f  th e  E n t e r o b a c t e r ia c e a e ;  f o r  e x a m p le ,  
th e  p re s e n c e  o f  f i r m ly  b o u n d  l i p id ,  2- k e t o -3- d e o x y o c to n a t e ,  g lu c o s e ,  m a n 
n o s e ,  f u c o s e  a n d ,  i n  o n e  s t r a in ,  a  h e p to s e .  H o w e v e r ,  t h e  l ip o p o ly s a c c h a r id e  
o f  R . tr ifo lii w a s  u n u s u a l  i n  i t s  v e r y  lo w  p h o s p h o r u s  c o n t e n t  a n d  th e  
p re s e n c e  o f  g lu c u r o n ic  a c id .  O n e  s t r a in  d iv e r g e d  e v e n  f u r t h e r  i n  i t s  h ig h  
c o n t e n t  o f  c a r b o h y d r a t e ,  i t s  l a c k  o f  a  h e p to s e ,  i t s  a n io n ic  b e h a v io u r  a n d  
t h e  g e la t in o u s  n a tu r e  o f  s o m e  p r e p a r a t io n s ;  th e s e  p r o p e r t ie s  m ig h t  r e la te  
t o  th e  p re s e n c e  o f  a  c a p s u le - l ik e  s t r u c tu r e  w h ic h  h a s  b e e n  o b s e r v e d  i n  o ld  
c u ltu r e s  o f  t h is  s t r a in .

INTRODUCTION
T h e  c o m p o s i t io n  a n d  s t r u c t u r e  o f  th e  l ip o p o ly s a c c h a r id e  ( L P S )  s o m a t ic  a n t ig e n s  

o f  G r a m - n e g a t iv e  b a c t e r ia  h a s  b e e n  m o s t  s t u d ie d  i n  th e  E n t e r o b a c t e r ia c e a e ,  i n  w h ic h  

th e  g e n e r a l p a t t e r n  ( L i id e r i t z ,  S t a u b  &  W e s t p h a l ,  1966) is  t h a t  o f  a  g lu c o s a m in e -  

c o n t a in in g  l i p i d  c o m p o n e n t ,  l i n k e d  t h r o u g h  a  h e p to s e  p h o s p h a t e  c o r e  t o  a  p o ly s a c c h a r id e  

c o n t a in in g  2- k e t o -3- d e o x y o c to n a t e  ( K D O )  a n d  b e a r in g  h ig h ly  s p e c if ic  s u g a r  s id e  

c h a in s .  H o w e v e r ,  r e c e n t  w o r k  o n  X anthom onas  s p p . ( V o lk ,  1966, 1968 a , b) r e v e a ls  

t h a t  t h is  is  n o t  in v a r ia b le .  T h e  t o x i c  p h e n o l- e x t r a c t e d  L P S  f r o m  20 X a n t h o m o n a s  

s p e c ie s  c o n t a in e d  K D O ,  u r o n ic  a c id ,  g lu c o s e ,  m a n n o s e  a n d  v a r io u s  c o m b in a t io n s  

o f  g a la c to s e ,  f u c o s e ,  x y lo s e  a n d  r h a m n o s e ;  i n  n o  c a s e  w a s  a  h e p to s e  d e te c te d . T h e  

p r e s e n t  w o r k  r e p o r t s  p r o p e r t ie s  o f  t h e  L P S  e x t r a c t e d  b y  h o t  a q u e o u s  p h e n o l  f r o m  tw o  

s e r o ty p e s  o f  R hizobium  trifo lii, w i t h  t h e  o b je c t  o f  c o m p a r in g  t h e m  w i t h  th e  p a t t e r n  

e s t a b l is h e d  i n  th e  E n t e r o b a c t e r ia c e a e ,  a n d  d e t e r m in in g  a n y  d if f e r e n c e s  w h ic h  m ig h t  

c o n t r ib u t e  t o  th e  a n t ig e n ic  d is t in c t io n  b e tw e e n  th e  t w o  s t r a in s .

METHODS
O rganism s. T h e  s t r a in s  o f  R hizobium  trifo lii w e re  s u  297/31 a n d  ta i, t h e  la t t e r  

b e in g  m a in t a in e d  a s  l in e  s u  329 i n  th e  S y d n e y  U n iv e r s i t y  c o l le c t io n .
P repara tion  o f  lipopolysaccharide (L P S ). T h e  b a c t e r ia  w e re  g r o w n  f o r  72 h r  a t  

2 6 °, e a c h  i n  t w o  40 1. b a t c h e s  o f  a  d e f in e d  m e d iu m  a d e q u a te  i n  c a lc iu m  ( V in c e n t ,
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19 6 2). The harvested bacteria, totalling about 200 g. wet weight for each strain, were 
disintegrated by ultrasonic treatment for 5 min. in an ice bath, and the bacterial 
debris centrifuged, washed and used for preparation of the somatic antigen. The 
modification by O’Neill & Todd (19 6 1) of the hot phenol extraction method (Westphal, 
Liideritz & Bister, 19 5 2) was used to further decrease contamination by nucleic acids. 
This modification involves a first extraction in the cold with 0-25 % (w/v) trichloracetic 
acid (TCA) which dissolves nucleic acid besides liberating a portion of the somatic 
antigen in the form of a Boivin-type antigen (LPS attached to protein). The sub
sequent phenol extraction of the residue yields, in the aqueous phase, LPS low in 
protein and contaminating nucleic acid. This procedure allows two forms of the 
somatic antigen (Boivin-type antigen and phenol-extracted LPS) to be obtained from 
one batch of bacteria.

LPS extracted by the unmodified hot phenol method of Westphal e t  a l .  (19 5 2) was 
used for some phosphorus analyses to permit comparison with figures published 
for other organisms.

P r e p a r a t i o n  o f  a n t i s e r a .  Rabbit antisera to whole or mechanically disintegrated 
organisms were prepared as described by Humphrey & Vincent (19 6 5) by using one 
intramuscular injection of bacterial suspension in Freund complete adjuvant (Difco) 
followed 4  weeks later by an intravenous injection of bacterial suspension without 
adjuvant. A similar regimen was followed with phenol-extracted LPS or TCA- 
extracted Boivin-type antigen, using 100 ¡ig. dissolved in saline for each injection. 
Blood was collected by exsanguination 1 week after the intravenous injection.

G e l  d i f f u s i o n  a n d  q u a n t i t a t i v e  a b s o r p t i o n .  The technique for gel diffusion followed 
that of Dudman (19 6 4) as detailed by Humphrey & Vincent (19 6 5). The precipitinogen 
activity of preparations was assessed by determining the least concentration (//.g./'ml.) 
at which extracted material formed a precipitation line. Routinely, antisera to 
mechanically disintegrated organisms suspended in culture supernatant were used. 
In addition, gel immunoelectrophoresis was done in barbiturate buffer (pH 8 -8), 
I  = 0-0 5 , for 2 hr at 350  V, which gave a current of 1 mA/cm. The method of quantita
tive absorption of agglutinins was as described in Vincent & Humphrey (1968).

T o t a l  p h o s p h o r u s  a n a l y s i s .  This was done by the method of Chen, Toribara & 
Warner (19 5 6) with perchlorate digestion of the sample, and by the method of Ames 
(19 6 6) with magnesium nitrate ashing.

C h r o m a t o g r a p h y .  The LPS, or the polysaccharide obtained after lipid extraction 
(see Results), was hydrolysed for 16  hr at ioo° in n-HCI, and the HC1 removed by 
repeated evaporation in vacuum over KOH pellets and concentrated H2S04. 
Descending chromatography was used in solvents A (butanol + pyridine + benzene + 
water = 5 + 3 + 1  + 3 by vol.), B (butanol + acetic acid + water = 3 + 1 + 1 by vol.) 
and C (butanol + ethanol + water = 4 + 1  + 5 by vol.). Solvent A was favoured for 
routine analysis since it gave clear separation of glucose from galactose; the other 
solvents were used to confirm results from solvent A. Chromatograms were made 
visible with p-anisidine HC1 for sugars, with naphthoresorcinol to confirm the 
presence of glucuronic acid, or with urea phosphate (Greene, 19 5 8) to confirm the 
presence of heptose. For KDO, the antigens were hydrolysed for 8 min. at ioo° in 
0-25 n-HCI, and the chromatograms developed with solvent D (butanol + pyridine + 
o-i n-HCI = 5 + 3 + 2  by vol.), and the KDO located with sodium thiobarbiturate 
(Warren, i 960). For separation of glucosamine and galactosamine, solvent E
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Pathogenesis o f  Respiratory M ycoplasm a Studied in Hum an Embryo Trachea Cultures. B y
M . Butler ( D e p a r tm e n t  o f  B io lo g ic a l  S c ie n c e s ,  U n iv e r s i t y  o f  S u r r e y )

R e c e n t ly  t r a c h e a  c u l tu r e s  h a v e  b e e n  sh o w n  to  s u p p o r t  th e  g ro w th  o f  m y c o p la s m a  (B u tle r ,  
1968, I n t .  S y m p .  M y c o p l a s m a  D is .  M a n . ,  E r f u r t ,  D . D . R . ) ,  a n d  e v id e n c e  h a s  s in c e  b e e n  
c o l le c te d  w h ic h  d e m o n s tr a te s  t h a t  th e  c u l tu r e s  s u p p o r t  g r o w th  o f  se v e ra l m y c o p la s m a  sp e c ie s  
o b ta in e d  b o th  f ro m  c lin ic a l  m a te r ia l  f r o m  th e  r e s p i r a to r y  t r a c t  a n d  v a r io u s  l a b o r a to r y  
a d a p te d  c u l tu r e s . O n e  o f  th e s e  l a b o r a to r y  c u l tu r e s , M .  m y c o id e s  v a r .  c a p r i ,  c a u s e d  c y to p a th ic  
e ffe c ts  in  t h e  t r a c h e a  c u l tu r e s . T h e  f irs t  e f fe c t w a s  c e s s a t io n  o f  th e  a c t iv i ty  o f  th e  c ilia  w h e n  
th e  c o lo n y  c o u n t  o f  m y c o p la s m a  w a s  a b o u t  i o 5 u n i t s /m l .  I n  s ta in e d  s e c tio n s  o th e r  c h a n g e s  
w e re  o b s e rv e d  a f te r  a  few  d a y s . T h e  m o s t  s t r ik in g  e ffe c ts  w e re  th e  r o u n d in g  u p  a n d  s t r ip p in g  
o f  th e  c e lls  o f  th e  c i l ia te d  e p i th e l iu m  a n d  th e  e p i th e l iu m  o f  th e  m u c o u s  g la n d s . S im u l
ta n e o u s ly  th e  n u c le i  o f  th e  c a r t i la g e  ce lls  b e c a m e  d e n se ly  s ta in e d , in  c o n t r a s t  th e  c a r t i la g e  
m a t r ix  lo s t  i ts  c a p a c ity  to  r e ta in  s ta in .  T h e  c e l lu la r  s t r u c tu r e  o f  th e  c u l tu r e  b e c a m e  p r o 
g re ss iv e ly  m o r e  d is o rg a n iz e d  a n d  u l t im a te ly ,  a f t e r  a b o u t  te n  d a y s , th e  n u c le i f r a g m e n te d .  O u r  
o b s e rv a t io n s  r a is e  th e  q u e s t io n  d isc u sse d  b y  C o ll ie r  &  C ly d e  ((1 9 6 9 ), F e d . P r o c .  2 8 , 616) 
w h e th e r  c y to p a th o g e n e s is  in  t r a c h e a  c u l tu r e  is  c o r r e la te d  w ith  v iru le n c e  o f  th e  m y c o p la s m a  
in  r e s p i r a to ry  in fe c t io n s . I n  th e i r  s tu d ie s , o n  M .  p n e u m o n ia e  in  h a m s te r  e m b ry o  t r a c h e a ,  th e y  
f o u n d  th a t  a v iru le n t  s t r a in s  w e re  n o t  c y to p a th o g e n ic .  I t  is  h e r e  su g g e s te d  th a t  th e  t r a c h e a  
sy s te m  m a y  n o t  o n ly  p r o v id e  a  s u i ta b le  s y s te m  f o r  te s t in g  p a th o g e n e s is  o f  r e s p i r a to ry  m y c o 
p la s m a  b u t  a ls o  o f  m ix e d  m y c o p la s m a  a n d  v iru s  in fe c tio n s .

The D etection  o f  Plasm ids in a M ultiple R esistant Staphylococcus. B y  L . K . D unican a n d  
M . M . M onaghan-Cannon ( D e p a r tm e n t  o f  M ic r o b io lo g y ,  U n iv e r s i ty  C o lle g e , G a lw a y )

S ta p h y lo c o c c i  w h ic h  a r e  r e s is ta n t  to  m a n y  a n t ib io t ic s  h a v e  b e e n  r e p o r te d  in  m a n y  c o u n tr ie s .  
T h e  g e n e tic  b a s is  o f  m u l t ip le  r e s is ta n c e  is u n k n o w n , a l th o u g h  th e  e x is te n c e  o f  th e  p e n ic il l i 
n a s e  p la s m id  is  w e ll d o c u m e n te d  ( R ic h m o n d  (1 9 6 8 ), A d .  M ic r o b io l .  P h y s io l .  2 , 4 3 ). C o 
t r a n s d u c t io n  o f  o th e r  a n t ib io t ic  r e s is ta n c e s  w ith  th e  p e n c il l in a s e  p la s m id  o c c u rs  in f re q u e n t ly  
in  th e  c a se  o f  e r y th ro m y c in  ( H a s h im o to ,  H . ,  K o n o ,  K . &  M its u h a s h i ,  S . (1 9 6 4 ), J .  B a c t .  8 8 , 
26 1 ) a n d  te t r a c y c l in e  ( M its u h a s h i ,  S ., O s h im a , H . ,  K a w a h a r a d a ,  U . &  H a s h im o to ,  H . (1 9 6 5 ), 
J .  B a c t .  8 9 , 967).

R e s is ta n c e  t o  p e n ic il l in , s t r e p to m y c in  a n d  te t r a c y c l in e , a s  w e ll a s  o th e r  c h a r a c te r s  s u c h  a s  
c o a g u la s e  a r e  r e m o v e d  a t  h ig h  f re q u e n c y  b y  g ro w th  o f  a  S .  a u r e u s  a t  4 3 0 (D u n ic a n ,  B io c h e m .  J .
(1 9 6 7 ), 106 , n o .  4 , 51). T h is  w a s  c o n s id e re d  to  b e  a  m u lt ip le  p la s m id . I n  th is  r e p o r t  i t  w a s  
f o u n d  t h a t  th e  50 %  in h ib i t io n  p o in t  w i th  m ito m y c in  C  w a s  10 t im e s  h ig h e r  in  s t r a in  m ( a n  
in d u c e d  s t r a in  s h o w in g  p la s m id  re m o v a l)  th a n  in  i ts  m u lt ip le  r e s is ta n c e  p a r e n t  s t r a in  S .  a u r e u s
B . O n  t r e a tm e n t  w ith  m i to m y c in  C  p r o p h a g e s  w e re  in d u c e d  f ro m  th e  B  s t r a in  b u t  n o t  f ro m  
th e  M  s t r a in .  T h e  in d u c e d  p r o p h a g e s  f r o m  s t r a in  B  c o n f e r r e d  o n  S .  a u r e u s  p s  4 7  r e s is ta n c e  to  
te tr a c y c l in e . M ito m y c in  in d u c t io n  c u rv e s  o f  p s  47  a n d  S .  a u r e u s  p s  47  T c r in d ic a te d  th a t  
ly s o g e n iz a t io n  a c c o m p a n ie d  th e  r e s is ta n c e  to  te tr a c y c lin e . T h e  %  G  +  C  r a t io s  w e re  f o u n d  to  
b e  s ig n if ic a n tly  d if fe re n t ,  s t r a in  B  h a d  a  c o n s is te n t  6 %  in c re a se  in  %  G  +  C  o v e r  s t r a in  M . 
P re l im in a r y  e x p e r im e n ts  o f  D N A  f r a c t io n a t io n  o n  p o ly  L -ly s in e  k ie s e lg u h r  s h o w e d  m u lt ip le  
p e a k s  in  th e  B  s t r a in .  F e w e r  p e a k s  w e re  se e n  in  th e  s t r a in  w h ic h  h a d  lo s t  th e  re s is ta n c e . 
E v id e n c e  w ill b e  p r e s e n te d  t o  sh o w  t h a t  th e s e  e x t r a  p e a k s  in  th e  B  s t r a in  m a y  b e  p la s m id s .

T h e  f in a n c ia l  a s s is ta n c e  o f  A n  F o r a s  T a lu n ta is  is  a c k n o w le d g e d , a s  is  th e  D e p a r tm e n t  o f  
E d u c a t io n  f o r  a  g r a n t .

Inhibition and H o st M odification in a  Staphylococcal Phage-H ost System . B y P . R .  Smith 
{ D e p a r tm e n t  o f  M ic r o b io lo g y ,  U n iv e r s i ty  C o l le g e ,  G a lw a y )

T y p in g  p h a g e  80 , a  g r o u p  I  p h a g e ,  p r o d u c e s  a r e a s  o f  in h ib i t io n  w h e n  p la te d  o n  a  g ro u p  I I I  
s ta p h y lo c o c c u s  7 5 7 . P re v io u s  w o r k e rs  ( W e n tw o r th ,  B . &  R o m ig ,  W . R . (1 9 6 8 ), J a p .  J .  
M ic r o b io l .  13 , 3 0 9 ; B e a rd ,  M . A . &  R o u n t r e e ,  P .  M . (1 9 6 5 ), J .  g e n .  M ic r o b io l .  4 0 , 207) h a v e  
s h o w n  t h a t  p h a g e s  p r o d u c e d  in  a r e a s  o f  in h ib i t io n  a r e  n e i th e r  m u ta n t  n o r  m o d if ie d  b y  th e  
n o n  p e rm is s iv e  h o s t .



A l th o u g h  n o  p h a g e  a c t iv e  o n  P S 8 o  o r  7 5 7  c o u ld  b e  is o la te d  f r o m  a r e a s  o f  in h ib i t io n  s u c h  
p h a g e  c o u ld  b e  is o la te d  f r o m  sm a ll  p la q u e s  w i th in  th e  a r e a .  T h e s e  w e re  s h o w n  t o  h a v e  a  
h ig h e r  E O P  f o r  g r o u p  I I I  s t r a in s  a n d  a  r e d u c e d  E O P  f o r  P S  80. T h e  p h a g e  w a s  s h o w n  n o t  to  
b e  a n  in d u c e d  p r o p h a g e  o f  757  (P e th e r ,  J .  V . S . (1 9 6 8 ) ,. / .  H y g . ,  C a m b .  6 6 , 605). E v id e n c e  f ro m  
s in g le  s te p  g r o w th  e x p e r im e n ts  o n  P S  80  su g g e s t t h a t  t h e  r e s t r ic te d  p h a g e  is  in  f a c t  p h e n o -  
ty p ic a lly  a l te r e d  b y  p a s s a g e  o n  75 7 .

S t r a in  757  m a d e  d o u b ly  ly so g e n ic  b y  th e  i n t r o d u c t io n  o f  p r o p h a g e  1 3 4 ' f r o m  a  g r o u p  I  
s t r a in  134 w a s  a b le  to  s u p p o r t  th e  g r o w th  o f  P S  80  a t  lo w  effic ien cy . T h is  d o u b ly  ly so g e n ic  
s t r a in  7 5 7 /1 3 4 ' a ls o  c o n f e r re d  a  m o d if ic a tio n  o n  P S  80  w h ic h  w a s  d if fe re n t  to  t h a t  p r o d u c e d  b y  
7 5 7  o r  134.
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T h e  C h e m ic a l E s t im a t io n  o f  F u n g u s  in  P l a n t  T is su e . B y  J .  P .  R id e  a n d  R .  B . D r y s d a l e  
( D e p a r tm e n t  o f  M i c r o b io lo g y , U n iv e r s i t y  o f  B ir m in g h a m )

T h e  m e th o d s  c u r re n tly  a v a i la b le  f o r  m e a s u r in g  th e  q u a n t i ty  o f  a  p a th o g e n  in  p l a n t s  
in fe c te d  b y  f i la m e n to u s  fu n g i  a r e  im p re c is e  a n d  la c k  r e p ro d u c ib i l i ty  ( M a t ta ,  A . &  D im o n d ,
A . E . (1 9 6 3 ), P h y to p a th o lo g y ,  5 3 , 574). A n  a t t e m p t  is  b e in g  m a d e  to  d e v e lo p  a  c o n v e n ie n t  
a n d  r e p ro d u c ib le  a s s a y  f o r  th i s  p u r p o s e  b y  e s t im a t in g  c o lo r im e tr ic a l ly  t h e  a m o u n t  o f  
g lu c o s a m in e , d e r iv e d  f r o m  c h i t in ,  a  c o n s t i tu e n t  o f  m a n y  fu n g i  b u t  n o t  o f  p la n ts ,  in  h y d r o 
ly sa te s  o f  in f e c te d  p la n ts .  T h e  m e th o d  u s e d  (A sh w e ll , G . ,  B ro w n , N .  C . &  V o lk , W . A . (1 9 6 5 ), 
A r c h .  B io c h e m .  B io p h y s .  11 2 , 648) r e l ia b ly  e s t im a te s  2 f i g  g lu c o s a m in e . F u s a r iu m  o x y s p o r u m  
l y c o p e r s i c i  a n d  to m a to  (L y c o p e r s i c o n  e s c u le n tu m )  a r e  b e in g  u s e d  a s  a  m o d e l  sy s te m . B e c a u se  
o f  t h e  p o s s ib i l i ty  o f  v a r ia t io n  in  t h e  c o m p o s i t io n  o f  f u n g a l  c e ll w a ll  w i th  m o r p h o lo g y  a n d  
c u l tu r a l  c o n d i t io n s  (B a r tn ic k i -G a rc ia ,  S . & N ic k e r s o n ,  W . J .  (1 9 6 2 ), B io c h im .  B io p h y s .  A c t a  5 8 , 
102), t h e  g lu c o s a m in e  t o  d ry -w e ig h t r a t io  h a s  b e e n  d e te rm in e d  f o r  b o th  f i la m e n to u s  a n d  
y e a s t- l ik e  fo rm s  o f  F . o x y s p o r u m  g ro w n  o n  a  v a r ie ty  o f  m e d ia  f o r  p e r io d s  o f  u p  to  3 w e e k s . 
T h e  m a x im u m  v a r ia t io n  in  t h e  r a t io  f o r  e a c h  o f  th e  m o r p h o lo g ic a l  f o rm s  is tw o f o ld  t o  t h r e e 
f o ld .  I n  a r t if ic ia l  m ix tu re s  o f  h o m o g e n iz e d  to m a to  a n d  fu n g a l  s u s p e n s io n  a l l  o f  th e  a d d e d  
f u n g u s  c a n  b e  m e a s u re d  a s  g lu c o s a m in e . T h e  r e s u l ts  o f  e x p e r im e n ts  t o  m e a s u re  t h e  a m o u n t  o f  
f u n g u s  in  in f e c te d  r e s is ta n t  a n d  s u s c e p tib le  t o m a to  v a r ie t ie s  w ill a ls o  b e  r e p o r te d .

E x tr a c e l lu la r  C a tio n ic  P ro te a s e s  o f  B a c i l l u s  l i c h e n i fo r m is .  B y  C . D .  L it c h f ie l d  a n d  J .  M .
P r e s c o t t  ( D e p a r t m e n t  o f  B io c h e m is t r y  a n d  B io p h y s ic s ,  T e x a s  A  &  M  U n iv e r s i t y ,  C o l le g e
S t a t i o n ,  T e x a s ,  U .S .A . )

C u l tu r e  f i l t r a te s  r e s u l t in g  f r o m  th e  g r o w th  o f  B a c i l lu s  l i c h e n i fo r m is  in  g lu c o s e -p e a n u t  m e a l  
m e d iu m  p r e s e n t  a  c o m p le x  m ix tu re  o f  e x tr a c e l lu la r  p r o t e in a s e s ; a t  le a s t  tw o  a n io n ic  a n d  tw o  
c a t io n ic  p r o te a s e s  h a v e  b e e n  s e p a ra te d .  W h e n  th e  d ia ly se d , a m m o n iu m  s u lp h a te  p r e c ip i ta te d  
c u l tu r e  f i l t r a te  w a s  s u b je c te d  to  D E A E - S e p h a d e x  c h r o m a to g ra p h y  a t  p H  7-0 , th r e e  m a jo r  
p e a k s  o f  p r o te o ly t i c  a c t iv i ty  a p p e a r e d .  T h e  la rg e s t  p r o te o ly t ic  f r a c t io n  e m e rg e d  f r o m  th e  
c o lu m n  u n r e ta r d e d ,  w h e re a s  th e  o th e r  tw o  f ra c t io n s  ( th e  a n io n ic  p ro te a s e s )  r e q u i r e d  s a l t  f o r  
e lu t io n  f r o m  th e  a n io n -e x c h a n g e r .  R e c h r o m a to g r a p h y  o n  S E -c e llu lo se  o f  th e  tw o  p a r t i a l ly  
p u r i f ie d  c a t io n ic  p r o te a s e s  ( Q  a n d  C n ) r e s u l te d  in  s u b f r a c t io n a t io n  o f  b o th  e n z y m e s  in to  tw o  
e n t i t i e s  e a c h . F r a c t io n  Q "  w a s  f o u n d  t o  b e  h o m o g e n e o u s  b y  p o ly a c ry la m id e  d is c  g e l e le c t r o 
p h o re s is .  T h is  e n z y m e  h a d  m a x im u m  a c t iv i ty  o v e r  t h e  r a n g e  o f  p H  6- 5 -9 -5  a n d  s h o w e d  o p t im a l  
a c t iv i ty  a t  5 5 0 d u r in g  a  30 m in  e x p o s u re  p e r io d ;  i t  w a s  in a c t iv a te d  r a p id ly  a b o v e  6o°. C i  w a s  
f o u n d  to  h y d ro ly s e  h a e m o g lo b in ,  g e la t in , a n d  to  a  le s se r  e x te n t  c a s e in . T h e  m o s t  r e a d i ly  
h y d r o ly s e d  s y n th e tic  s u b s t r a te  o f  c h o ic e  w a s  V -a c e ty l-L - ty ro s in e  e th y l  e s te r  (A T E E )  f o r  
w h ic h  a  K m  o f  50 h im  w a s  d e te rm in e d .  H y d ro ly s is  w a s  o b s e rv e d  w ith  s e v e ra l  o th e r  s y n th e tic  
s u b s t r a te s  in  w h ic h  le u c in e  o r  p h e n y la la n in e  c o n t r ib u te d  th e  c a rb o x y l  g ro u p  to  t h e  b o n d .  T h e  
p r e s e n c e  o f  a  s e r in e  in  t h e  a c t iv e  s ite  o f  C 'i w a s  in d ic a te d  b y  th e  in h ib i t io n  o f  b o th  e s te ro ly t ic  
a n d  p r o te o ly t ic  a c tiv i t ie s  b y  p h e n y lm e th a n e  su lp h o n y lf lu o r id e  a n d  d i i s o p r o p y lp h o s p h o r o -  
f lu o r id a te .  P e p t id e  m a p p in g  o f  th e  h y d r o ly t ic  p r o d u c t s  r e s u l t in g  f r o m  th e  c le a v a g e  o f
8 - a m in o e th y la te d  ly so z y m e  f o r  2 4  h r  a t  370 s h o w e d  27  p e p t id e s  o f  w h ic h  10 c o n ta in e d  a rg in in e  
a n d  fiv e  c o n ta in e d  h is t id in e  a n d /o r  ty ro s in e .
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K in e tic s  o f  D N A  B re a k d o w n  a n d  o f  In h ib it io n  o f  C e ll D iv is io n  In d u c e d  b y  C o liz in  E 2  in 
E s c h e r ic h ia  c o l i .  B y  E v a  M . H o l l a n d  a n d  I . B . H o l l a n d  ( D e p a r tm e n t  o f  G e n e t ic s ,  
U n iv e r s i ty  o f  L e i c e s t e r )

C o lic in s , w h ic h  a r e  p r o te in s ,  d o  n o t  a p p e a r  to  p e n e t r a te  se n s itiv e  b a c te r ia  b u t  a d s o rb  to  
sp e c ific  ce ll s u r f a c e  r e c e p to r s .  T h e  le th a l  in t r a c e l lu la r  d a m a g e  in d u c e d  b y  th e  c o lic in  is  
p r e s u m a b ly  a c h ie v e d  th r o u g h  i ts  in te r a c t io n  w ith  th e  c y to p la s m ic  m e m b ra n e .  T h e  su r f a c e  o f  
E s c h e r ic h ia  c o l i  m a y  c o n ta in  u p  to  3000  c o lic in  E 2  r e c e p to r  s ite s  (M a e d a  &  N o m u r a  (1 9 6 6 ), 
J .  B a c t .  9 1 , 685 ). S in c e  th e  k in e t ic s  o f  c o lic in  a c t io n  a lw a y s  s h o w  s in g le  h i t  k i l l in g  i t  a p p e a r s  
t h a t  th e  a t t a c h m e n t  o f  o n e  c o lic in  m o le c u le  to  a  r e c e p to r  m a y  b e  su ff ic ie n t t o  k il l  th e  ce ll. 
P re v io u s  r e p o r t s  h a v e  sh o w n  t h a t  E 2  in d u c e s  D N A  b r e a k d o w n  in  se n s itiv e  ce lls . W e  h a v e  
s tu d ie d  th e  k in e tic s  o f  th is  p ro c e s s  in  e x p o n e n t ia l ly  g ro w in g  b r o th  c u l tu r e s  a t  b o th  s a tu r a t in g  
a n d  n o n - s a tu r a t in g  c o n c e n t r a t io n s  o f  E 2 .  U n d e r  th e  l a t t e r  c o n d i t io n s ,  w h e re  a  m a x im u m  o f  
10 %  o f  th e  r e c e p to r s  s h o u ld  b e  o c c u p ie d , a b o u t  50  %  o f  th e  ce lls  re c e iv e  a  le th a l  h i t  b u t  
b r e a k d o w n  o f  D N A  is n o t  d e te c te d  f o r  u p  to  4 0  m in . a f te r  a d d i t io n  o f  E 2 .  W ith  s a tu r a t in g  
c o n c e n t r a t io n s  o f  E 2 ,  h o w e v e r , th e  re le a se  o f  so lu b le  3H - th y m in e  m a y  b e  d e te c te d  w ith in  
4  m in . T h is  su g g e s ts  t h a t  v e ry  few  o f  th e  r e c e p to r s  a l lo w , a t  a n y  g iv en  m o m e n t ,  a  le th a l  
in te r a c t io n  b e tw e e n  c o lic in  a n d  m e m b ra n e .  A t  h ig h  c o lic in  c o n c e n t r a t io n s  th is  le th a l  c o n n e x io n  
is  m a d e  im m e d ia te ly  b u t  a t  s u b s a tu r a t io n  c o n c e n t r a t io n s  g ro w th  a n d  d iv is io n  o f  m o s t  o f  th e  
ce lls  is  r e q u i r e d  b e f o re  a  le th a l  in te r a c t io n  ta k e s  p la c e . T h e  in h ib i t io n  o f  D N A  sy n th e s is  b y  
E 2  a p p e a r s  to  b e  a  s e c o n d a ry  e ffe c t a n d  m a y  o n ly  o c c u r  u p  to  30  m in . a f te r  th e  o n s e t  o f  D N A  
b r e a k d o w n .  I n  c o n t r a s t ,  in h ib i t io n  o f  ce ll d iv is io n  o c c u rs  a l r e a d y  5 -1 0  m in . a f te r  th e  o n s e t  o f  
D N A  b r e a k d o w n  a n d  so  c a n  b e  d e te c te d  w ell b e fo re  th e  in h ib i t io n  o f  D N A  sy n th e s is .  I t  is  
n o t  y e t c le a r  w h e th e r  in h ib i t io n  o f  ce ll d iv is io n  r e su lts  f ro m  D N A  b r e a k d o w n  o r  w h e th e r  E  2 
a c ts  d ire c tly  o n  th e  ce ll d iv is io n  m a c h in e ry .

S Y M P O S I U M : A S P E C T S  O F  M I C R O B I A L  P A T H O G E N I C I T Y

T o x a e m ia  in  E x p e r im e n ta l  C h o le ra . B y  E . M . V a u g h a n  W il l ia m s  a n d  A . N .  D o h a d w a l l a  
( D e p a r tm e n t  o f  P h a r m a c o lo g y ,  O x f o r d  U n iv e r s i ty )

I n  th e  p a s t  d e c a d e , a n  e n te r o to x in  o f  V ib r io  c h o le r a e  r e s p o n s ib le  f o r  th e  f a ta l  lo s s  o f  
in te s t in a l  f lu id  in  c h o le r a  h a s  b e e n  r e c o g n iz e d . P re v io u s  la c k  o f  p ro g re s s  w a s  d u e  to  th e  
a b s e n c e  o f  e i th e r  a n  e x p e r im e n ta l  a n im a l  o r  a  b io lo g ic a l  te s t  in  w h ic h  c h o le r a  c o u ld  b e  
s im u la te d ;  m ic e  w e re  k i l le d  b y  l iv in g  V. c h o le r a e  a n d  its  e n d o to x in ,  b u t  th e  s ig n s  o f  c h o le r a  
w e re  n o t  e v id e n t.  A d v a n c e s  fo llo w e d  s tu d ie s  o f  l iv in g  V . c h o le r a e  a n d  its  p r o d u c t s  in  th e  
fo l lo w in g  b io lo g ic a l  te s ts  in  w h ic h  so m e  e ffe c ts  o f  c h o le r a  w e re  r e p ro d u c e d ;  in t r a - in te s t in a l  
in f e c t io n  o f  s u c k lin g  r a b b i t s  ( D u t ta ,  N . K . &  H a b b u ,  M . K . (1 9 5 5 ), B r .  J .  P h a r m a c o l .  10, 
1 5 3 ); a  l ig a te d  r a b b i t  g u t  t e c h n iq u e  (D e , S. N . ,  G h o s e ,  M . L . &  S e n , A . ( i9 6 0 ) ,  J .  P a th .  B a c t .  
7 9 , 373) ;  a n d  o r a l  in f e c t io n  o f  m o n g re l  d o g s  (S a c k  e t  a l .  (1 9 6 6 ), L a n c e t ,  2 , 206). T h e  th e r m o -  
la b ile  e n te r o to x in  (c h o le r ig e n ic  to x in )  is  d if fe re n t  f r o m  ce ll w a ll e n d o to x in .  Q u e s t io n s  n o w  
a r is e  a s  to  its  n a tu r e ,  m o d e  o f  a c t io n  a n d  r e la t io n  to  v a c c in a t io n .

P ro te c t io n  a g a in s t  c h o le r a  b y  p r e s e n t  v a c c in e s  is  b r i e f  ( 3 - 6  m o n th s )  a n d  u n c e r ta in  (4 0 -8 0  % ;  
(1 9 6 9 ), W .H .O .  R e p .  S e r . ,  p .  4 1 4 ). T h e  a n t ib o d ie s  p r o v o k e d  a r e  v ib r io c id a l,  b u t  n o t  a n t i to x ic .  
S h o u ld  im p ro v e d  v a c c in e s  e v o k e  a n t i to x in ,  h o w  e ffe c tiv e  w o u ld  th e  la t t e r  b e ?  I f  c h o le r a  is  
lo c a liz e d  in  t h e  a l im e n ta r y  t r a c t  (F in k e ls te in , R .  A . (1 9 6 5 ), P r o c .  C h o le r .  R e s .  S y m .  U .S .G . ,  
W a s h in g to n ,  p . 2 64 ) a n t i to x in  m a y  b e  in e ffe c tiv e  u n le s s  i t  r e a c h e s  th e  to x in  in t r a lu m in a l ly .  
A n  o r a l  v a c c in e  ( liv e ) m ig h t  p r o d u c e  in te s t in a l  a n t i to x in ,  b u t  s u c h  v a c c in e s  w e re  a c tu a l ly  
f o u n d  t o  p r o d u c e  less  a n t ib o d y  in  th e  in te s t in e  t h a n  in  th e  b lo o d  a n d  t is su e s  ( B h a t ta c h a r y a ,  P . 
&  M u k e r je e ,  S . (1 9 6 8 ), J .  I n f e c t .  D is .  11 8 , 271). I f ,  h o w e v e r , in  c h o le r a  th e  to x in  is  n o t  
c o n f in e d  to  th e  a l im e n ta r y  t r a c t  b u t  d is t r ib u te d  in  th e  b lo o d ,  c i r c u la t in g  a n t i to x in  p r o d u c e d  b y  
a  p a r e n te r a l ly  a d m in is te r e d  v a c c in e  m ig h t  b e  e ffe c tiv e  in  n e u tr a l iz in g  to x in  b e fo re  d a m a g e  w a s  
d o n e .  W e  a t t e m p te d  to  d e te rm in e  w h e th e r  o r  n o t  c i r c u la t in g  c h o le r ig e n ic  to x in  e x is ts  a n d  is  
a c tiv e .



‘T h i r y ’- ty p e  is o la te d  se g m e n ts  o f  in te s t in e , w i th  o n e  e n d  b l in d ,  th e  o th e r  o p e n in g  o n  to  th e  
s k in , w e re  p r e p a r e d  in  io - d a y -o ld  r a b b i t s  (V a u g h a n  W ill ia m s , E . M . &  D o h a d w a l la ,  A . N .
(1 9 6 7 ), N a tu r e ,  L o r d .  215, 552 ). T h e  is o la te d  se g m e n t r e ta in e d  its  b lo o d ,  n e rv e  a n d  ly m p h  
su p p ly , b u t  i ts  lu m e n  d id  n o t  c o m m u n ic a te  w ith  t h a t  o f  th e  r e m a in d e r  o f  t h e  in te s t in e ,  th e  
c o n t in u i ty  o f  w h ic h  w a s  r e s to r e d  b y  a n a s to m o s is .  V ib r io  c h o le r a e  w a s  in s t i l le d  in to  th e  lu m e n  
o f  th e  se g m e n t 2 d a y s  a f te r  o p e r a t io n ,  a n d  m o s t  a n im a ls  d ie d  w ith in  48 h r  w ith  d ia r r h o e a  a n d  
f lu id  a c c u m u la t io n  in  th e  m a in  b o w e l, th e  c u l tu r e d  c o n te n ts  o f  w h ic h  d id  n o t  g ro w  v ib r io s .

A l th o u g h  i t  s e e m e d  p o s s ib le  t h a t  a  c h o le r ig e n ic  a g e n t  h a d  s p r e a d  f ro m  th e  is o la te d  lo o p ,  
th e r e  w e re  tw o  fa c ts  a g a in s t  th is  h y p o th e s is .  F i r s t ,  F in k e ls te in  (see  a b o v e )  p r e p a r e d  a n  
e n te r o to x in  w ith  n o  a p p a r e n t  e ffe c t w h e n  a d m in is te r e d  p a r e n te r a l ly .  S e c o n d , a l t h o u g h  th e  
b lo o d  o f  c h o le r a  p a t ie n ts  c o n ta in s  a n t i to x in  ( W .H .O . R e p . ,  se e  a b o v e ) , d i r e c t  e v id e n c e  t h a t  
a b s o r b e d  to x in  p r o d u c e s  c h o le r a ic  d ia r rh o e a  is la c k in g .

R e c e n t  e x p e r im e n ts  h a v e  e l im in a te d  b o th  p o in ts  in  r e la t io n  to  c h o le r a  in  th e  in f a n t  r a b b i t .  
F i r s t ,  a  s te r ile  ly sa te  s u p e r n a ta n t  f ro m  V . c h o le r a e  [ I n a b a  569  B , u l t r a s o n ic a l ly  d is in te g r a te d  
(O z a , N . B . &  D u t t a ,  N . K . (1 9 6 3 ), / .  B a c t .  8 5 , 4 9 7 ) c e n tr i fu g e d  a t  2 5 ,0 0 0  r .p .m . t o  r e m o v e  
ce ll w alls ] c a u s e d  d ia r r h o e a  w h e n  g iv e n  in tra v e n o u s ly ,  in  b o th  in f a n t  a n d  a d u l t  r a b b i t s .  
S e c o n d ly , th e  a p p e a r a n c e  o f  a  c h o le r ig e n ic  a g e n t  in  th e  b lo o d  o f  in f a n t  r a b b i t s  in fe c te d  in t r a -  
in te s t in a l ly  w ith  V . c h o le r a e  h a s  b e e n  p ro v e d  b y  th e  fo llo w in g  c ro s s -p e r fu s io n  e x p e r im e n ts .

I n te s t in a l  ‘ r ic e -w a te r ’ a c c u m u la t io n  w a s  e s t im a te d  b y  r e m o v a l  o f  th e  w h o le  in te s t in e  a n d  
c a lc u la t io n  o f  its  w a te r  c o n te n t  f r o m  w e t  a n d  d ry  w e ig h ts . I n  32 c o n t r o ls ,  th is  w a s  83-05 ±  
0-33 % ; in  a n im a ls  in fe c te d  in t ra in te s t in a l ly  w ith  V. c h o le r a e ,  it  r o s e  to  93 %  a t  th e  t im e  
d ia r r h o e a  s ta r t e d ,  b u t  d id  n o t  in c re a se  f u r th e r  b e fo re  d e a th  b e c a u s e  f lu id  o v e r f lo w e d  in  th e  
s to o ls .  S im ila r  r e su lts  w e re  o b ta in e d  w h e n  s te r i le  ly sa te  w a s  in je c te d  in t r a in te s t in a l ly .  F o r  th e  
c r o s s -p e r fu s io n  e x p e r im e n ts ,  c a n n u la e  w e re  in s e r te d  in to  th e  h e a r t - s id e  o f  th e  le f t  c a r o t id  
a r te ry ,  a n d  in to  th e  h e a d - s id e  o f  th e  r ig h t ,  in  a  p a i r  o f  l i t te r -m a te s . H e p a r in  w;a s  in je c te d  a n d  
b lo o d  w a s  c i r c u la te d  th r o u g h  p o ly th e n e  tu b e s , d r o p - t im e r s ,  a n d  a  r o l le r  p u m p  ( to  e q u a l iz e  
t h e  o u tp u ts )  f r o m  th e  h e a r t  o f  o n e  r a b b i t  t o  th e  h e a d  o f  th e  o th e r ,  a n d  v ice  v e rsa . I n s t i l la t io n  
o f  v ib r io s  o r  o f  ly sa te  to x in  in to  t h e  in te s t in e  o f  o n e  a n im a l  c a u s e d  s ig n if ic a n t in te s t in a l  f lu id  
a c c u m u la t io n  in  b o th .  T h e  w a te r  c o n te n ts  o f  th e  in te s t in e s  in  c o n t r o l  c ro s s -p e r fu s io n s  d id  n o t  
d if fe r  f r o m  t h a t  o f  n o r m a l  a n im a ls .

F in a l ly ,  s e ru m  f ro m  a d u l t  r a b b i t s  in je c te d  w ith  in c re a s in g  a m o u n ts  o f  ly s a te  f o r  1 m o n th ,  
g a v e  s ig n if ic a n t p a s s iv e  p r o te c t io n  w h e n  in je c te d  in to  in f a n t  r a b b i t s  in fe c te d  in t ra in te s t in a l ly  
w ith  V . c h o le r a e .  I f  th e  h u m a n  d is e a se  re se m b le s  c h o le r a  in  in f a n t  r a b b i t s ,  th e s e  e x p e r im e n ts  
su g g e s t  a  to x o id  p r o d u c e d  f r o m  ly sa te  s h o u ld  b e  a d d e d  to  c h o le r a  v a c c in e s .

T h e  E n te ro p a th o g e n ic ity  o f  E s c h e r ic h ia  c o l i .  B y  H . W il l ia m s  S m it h  ( T h e  A n i m a l  H e a l t h  
T r u s t ,  S t o c k ,  I n g a te s to n e ,  E s s e x )

P ro v id e d  c e r ta in  e x p e r im e n ta l  c o n d i t io n s  a r e  o b s e rv e d , p ig s , c a lv e s  a n d  la m b s  a r e  s u i ta b le  
su b je c ts  f o r  d e m o n s tr a t in g  e n te ro to x ig e n ic i ty  in  s t r a in s  o f  E s c h e r ic h ia  c o l i  b y  t h e  l ig a te d  
in te s t in e  te c h n iq u e .  R a b b i t s  a r e  less  r e l ia b le ;  r a t s  a n d  g u in e a -p ig s  a r e  u n s u i ta b le .  I n  p ig s , 
c a lv e s  a n d  la m b s  th e  a n te r io r  p a r t  o f  th e  sm a ll  in te s t in e  is  th e  m o s t  s u s c e p tib le  to  e n t e r o 
to x in  ; th e  p o s te r io r  p a r t  in  s o m e  a n im a ls  m a y  b e  c o m p le te ly  u n re a c t iv e .

S tra in s  o f  E .  c o l i  e i th e r  is o la te d  f ro m  d ia r rh o e ic  p ig s  u n d e r  c o n d i t io n s  su g g e s tin g  th a t  th e y  
p la y  a n  a e t io lo g ic a l  r o le  o r  b e lo n g in g  to  s e ro ty p e s  c o m m o n ly  in c r im in a te d  in  d ia r r h o e a  in  
p ig s  c o n s is te n t ly  d i la te  l ig a te d  in te s t in e  in  p ig s , c a lv e s  a n d  la m b s . O n ly  s o m e  o f  th e m  d i la te  
l ig a te d  in te s t in e  in  r a b b i t s .

A  m in o r i ty  o f  s t r a in s  o f  E .  c o l i  i s o la te d  f r o m  th e  a l im e n ta r y  t r a c t  o f  c a lv e s  a n d  la m b s  
su f fe r in g  f ro m  d ia r r h o e a  d i la te  b o th  c a l f  a n d  la m b  in te s t in e , b u t  n o t  p ig  a n d  r a b b i t  in te s t in e . 
S e v e re  d ia r r h o e a  c a n  b e  p r o d u c e d  in  v e ry  y o u n g  c a lv e s  a n d  la m b s  b y  th e  o r a l  a d m in is t r a t io n  
o f  th e s e  s t r a in s  b u t  n o t  b y  th e  a d m in i s t r a t io n  o f  d i la ta t io n -n e g a t iv e  s t r a in s ,  i r r e s p e c tiv e  o f  
t h e i r  s o u rc e  o f  o r ig in . T h e  o r a l  in o c u la t io n  o f  th e s e  a n im a ls  w ith  p ig  e n te r o p a th o g e n ic  s t r a in s  
d o e s  n o t  p r o d u c e  d ia r r h o e a  d e s p i te  th e  f a c t  t h a t  th e s e  s t r a in s  a r e  s t r o n g  d i la to r s  o f  c a l f  a n d  
l a m b  l ig a te d  in te s t in e . T h is  is  b e c a u s e  th e y  a r e  u n a b le  t o  p r o l if e r a te  in  th e  a n te r io r  sm a ll  
in te s t in e  o f  c a lv e s  a n d  la m b s . A b il i ty  t o  p r o l i f e r a te  in  th is  r e g io n  is a n  e s se n tia l  p r o p e r ty  o f  
e n te r o p a th o g e n ic  s t r a in s ;  a b i l i ty  to  p r o d u c e  e n te r o to x in  o f  i ts e l f  is  n o t  e n o u g h .
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S tra in s  o f  E .  c o l i  e n te r o p a th o g e n ic  f o r  h u m a n  b a b ie s  d i la te  th e  lig a te d  in te s t in e  in  r a b b i t s  
b u t  n o t  in  p ig s , c a lv e s  a n d  Ia m b s . T h e s e  s t r a in s ,  g iv e n  o ra lly , c a u s e  n o  h a r m  in  v e ry  y o u n g  
r a b b i t s .  O n e  r e a s o n  f o r  th is  is  th e i r  in a b i l i ty  t o  p ro l i f e r a te  in  th e i r  sm a ll in te s tin e s .

B y m e a n s  o f  l ig a te d  in te s t in e  te s ts ,  e n te r o to x in  c a n  b e  d e m o n s tr a te d  in  c e ll- fre e  c u l tu r e  
f lu id s  o f  p ig  e n te r o p a th o g e n ic  s t r a in s  o f  E .  c o l i .  I t  c a n  b e  r e m o v e d  f ro m  th e s e  f lu id s  b y  
p r e c ip i ta t io n  w ith  s u b s ta n c e s  su c h  a s  a c e to n e .  I t  is  q u i te  d is t in c t  f ro m  e n d o to x in .  T h e  o r a l  
in o c u la t io n  o f  p ig le ts  w ith  e n te r o to x in -c o n ta in in g  c u l tu r e  f lu id s  g iv es r ise  to  se v e re  d ia r rh o e a .

In  s o m e  p o rc in e  s t r a in s  o f  E .  c o l i ,  e n te r o to x in  p r o d u c t io n  a p p e a r s  to  b e  g o v e rn e d  b y  a  
p la s m id  tr a n s m is s ib le ,  a p p a r e n t ly  d u r in g  c o n ju g a t io n ,  to  o th e r  s t r a in s  o f  E .  c o l i  a n d  to  
s a lm o n e lla e . T h is  fa c t  h a s  f a c i l i ta te d  th e  s tu d y  o f  e n te ro to x in .
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T h e  R o le  o f  A lle rg ic  R e a c t io n s  in  M ic ro b ia l  P a th o g e n ic i ty . B y  R . R . A . C o o m b s  ( D e p a r tm e n t  
o f  P a th o lo g y ,  U n iv e r s i t y  o f  C a m b r id g e )

T h e re  is  n o w  a  fa i r  d e g re e  o f  u n d e r s ta n d in g  o f  th e  m e c h a n is m s  w h e re b y  a l le rg ic  r e a c t io n s  
n o t  o n ly  p r o d u c e  re s is ta n c e  to  th e  s p r e a d  o f  m ic ro b ia l  in f e c t io n  ( im m u n ity )  b u t  a ls o  le a d  to  
h o s t  t is s u e  d a m a g e  a n d  d ise a se .

A t  th e  sy m p o s iu m  e m p h a s is  w ill b e  la id  o n  c o n c e p ts  t h a t  a l le rg ic  r e a c t io n s ,  m o u n te d  
a g a in s t  m ic ro b ia l  p r o d u c ts ,  p la y  a  c o n s id e ra b le  r o le  in  th e  p a th o g e n e s is  o f  c e r ta in  in fe c tio n s . 
I n  s o m e  c a se s  i t  is  th e  a l le rg ic  r e a c t io n s  w h ic h  d e te rm in e  th e  m a n if e s ta t io n s  o f  in fe c t io n  a n d  
th e  c lin ic a l p ic tu re .

I s  T h e re  a  M a la r ia  T o x in ?  B y  B . G . M a e g r a it h  (L iv e r p o o l  S c h o o l  o f  T r o p ic a l  M e d ic in e )

T h e  b a s ic  p r o b le m  in  m a la r ia  is  h o w  th e  a s e x u a l  p a r a s i te  g o in g  th r o u g h  s c h iz o g o n y  in s id e  
th e  e r y th ro c y te  c a n  in f lu e n c e  th e  h o s t  a n im a l  a n d  in i t ia te  a n d  m a in ta in  th e  c lin ic a l s ta te  w e  
c a ll  m a la r ia .  T h e  l in k  b e tw e e n  th e  p a r a s i te  a n d  th e  h o s t  h a s  n o t  y e t b e e n  fu lly  d e te rm in e d ,  b u t  
th e r e  is  e v id e n c e  t h a t  p h y s io lo g ic a lly  a c tiv e  f a c to r s  a r e  re le a s e d  in to  th e  p la s m a  o f  in fe c te d  
a n im a ls .  M o s t  o f  th e s e  a g e n ts  a r e  n o n -sp e c if ic  to  m a la r ia  a n d  a r e  p r e s e n t  in  o th e r  a c u te  
in fe c t io n s  a n d  m e d ic a l  s ta te s  (M a e g r a i th ,  B . G . (1 9 6 7 ), P r o to z o o lo g y ,  2 ,  65).

T h e  e x is te n c e  o f  su c h  p a th o g e n ic  a g e n ts  is  in d ic a te d  in  se v e ra l w ay s . F o r  e x a m p le , in  
s im ia n  m a la r ia  d u r in g  p a r a s i ta e m ia  th e r e  is  g ro s s  a b n o r m a l  m e m b r a n e  t r a n s p o r t  o f  s o d iu m  
in  b o th  p a r a s i t iz e d  a n d  n o n - p a ra s i t iz e d  e ry th ro c y te s ,  r e s u l t in g  in  s lo w ly  p ro g re s s iv e  a c c u m u 
la t io n  o f  s o d iu m  d e s p ite  e q u im o la r  lo s s  o f  p o ta s s iu m  ( D u n n ,  M . J .  (1 9 6 9 ), J .  c l in .  I n v e s t .  4 8 , 
A p r i l ) .  T h is  s t a te  o f  a f fa ir s , w h ic h  p re d is p o s e s  to  ly sis , p e r s is ts  f o r  so m e  d a y s  a f te r  r e m o v a l  o f  
p a r a s i te s  b y  c h e m o th e ra p y .  E ry th r o c y te  A T P  a ls o  in c re a se s  a s  p a r a s i ta e m ia  a n d  s o d iu m  in f lu x  
in c re a se , in d ic a t in g  a b n o r m a l ly  h ig h  e n e rg y  p h o s p h a te  m e ta b o l i s m  in  e r y th ro c y te s  a n d  th e  
A T P  re m a in s  e le v a te d  a f te r  th e r a p y .  T h e  c h a n g e  in  m e m b ra n e  c a t io n ic  t r a n s p o r t  is  n o t  
r e la te d  to  a u to - im m u n e  p ro c e s s e s ;  i t  is  m o s t  e a s ily  e x p la in e d  b y  th e  e x is te n c e  o f  a  d if fu s a b le  
to x ic  a g e n t .  L y s is  o f  u n p a r a s i t iz e d  e ry th ro c y te s  h a s  b e e n  d e m o n s tr a te d  c lin ic a lly  a n d  e x p e r i 
m e n ta l ly  (b y  th e  u s e  o f  ra d io is o to p e s )  in  P .  f a l c i p a r u m  in fe c t io n s  in  m a n  (D e v a k u l ,  K . (1 9 6 9 ), 
A m .  T r o p . M e d .  P a r a s i t .  6 3 , in  th e  P re ss ) . T h is  lo s s  o f  e r y th ro c y te s  is  a u g m e n te d  b y  v e ry  
a c t iv e  p h a g o c y to s is  in  th e  sp le e n  a n d  e ls e w h e re  w h ic h  is  t o  s o m e  d e g re e  sp e c ific  s o  f a r  a s  
in f e c te d  ce lls  a r e  c o n c e rn e d ,  b u t  e v id e n c e  o f  h a e m o ly s is  is  d e m o n s tr a b le  b y  th e  t h i r d  d a y  o f  
in f e c t io n  w ith  E  p a r a s i te s  in  m a n , i.e . b e f o re  p h a g o c y to s is  is  fu lly  e s ta b lis h e d . T h e  r e c e n tly  
d e m o n s tr a te d  in c r e a s e d  p e rm e a b i l i ty  o f  th e  c e r e b ra l  v esse ls  t o  p r o te in ,  le a d in g  t o  th e  e s c a p e  
o f  w a te r  a n d  th e  p r o d u c t io n  o f  lo c a l  s ta s is , a n d  th e  p re s e n c e  o f  f a c to r s  in d u c in g  in c r e a s e d  
p e r m e a b i l i ty  o f  sk in  v esse ls  a r e  m o s t  e a s ily  e x p la in e d  b y  th e  p re se n c e  o f  c i r c u la t in g  a c t iv e  
su b s ta n c e s . T h e se  a r e  p r o b a b ly  n o n -sp e c if ic  a n d  p h a r m a c o lo g ic a l  r a th e r  t h a n  sp e c ific  to  th e  
p a r a s i te .

W e  b e lie v e  t h a t  th e s e  p h e n o m e n a  ( a n d  p r o b a b ly  a ls o  th e  in te n s e  h y p e ra c t iv i ty  o f  th e  
v is c e ra l  s y m p a th e tic  n e rv o u s  sy s te m  ( re v e rs ib le  b y  a d re n e rg ic  b lo c k in g  d ru g s )  w h ic h  o c c u r  in  
P .  k n o w le s i  in f e c t io n  in  M .  m u la t to )  a r e  c a u s e d  b y  a g e n ts  re le a s e d  d u r in g  th e  p ro c e s s  o f  
d e v e lo p m e n t  o f  th e  h o s t  r e a c t io n  to  th e  in f e c t io n .  W e  h a v e  e v id e n c e  o f  th e  re le a s e  o f  k in in s ,  
h is ta m in e ,  a d e n o s in e  a n d  o th e r  a c t iv e  s u b s ta n c e s  to  s u p p o r t  th is  v iew  (T e lia , A . &  M a e g ra ith ,
B . G . (1 9 6 6 ), A n n .  T r o p .  M e d .  P a r a s i t .  5 9 , 15 3 ; M a e g ra ith ,  B . G . &  D e s o w itz , R . S . (1 9 6 7 ),



Ann. Trop. Med. Parasit. 61, 515). What we would like to know is what initiates the expanding 
chain of reactions leading to the parasite-host: host-parasite responses producing clinical 
malaria and pathological changes in the host.

We have demonstrated a factor in the serum in P. berghei, P. knowlesi and P. falciparum 
infections which profoundly affects the basic metabolic processes of tissue cells by inhibiting 
respiration and oxidative phosphorylation in mitochondria. This agent has a molecular weight 
of less than 1000 and is free from non-esterified fatty acids, bilirubin, and large polysaccharides 
and contains very little N; it emerges from ion-exchange resins with a  carbohydrate fraction 
not yet fully identified (Fletcher, K. A. & Maegraith, B. G. (1966), Bull. Soc. Path. exot. 59, 
526). It is undoubtedly a ‘toxic’ factor, but we do not know whether it is specifically created 
by the parasite-erythrocyte complex or is some endogenous product evoked from the host 
tissues elsewhere. Various extracts of parasite bodies in rodent and simian malaria have also 
been shown to be toxic, including a lethal agent and one which actively induces haemolysis 
in vitro. There is no evidence of the release of such substances in vivo.

If by ‘ toxin ’ is meant soluble poisonous substances released as a result of the infection, the 
answer to the question in the title is ‘ Yes'. Whether any such agents are specific to the infection 
(and I would guess this is generally not the case), remains to be seen. The solution to the 
problem will come only after more vigorous attack at the physiopathological level.
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T he Biochem ical B asis o f  H ost and T issue Specificity in M icrobial Infection o f  Anim als. By
J. H. P e a r c e  (Department o f Microbiology, University o f Birmingham)

The term ‘host specificity’ in infectious disease implies the capacity of an organism to 
infect a single host species; the concept may be broadened to include organisms which cause 
disease in a limited range of hosts when the pattern of infection is comparable. In infections 
where a tissue specificity is apparent the organism grows primarily, but not necessarily 
exclusively, in a particular tissue and typical disease is associated with infection of that tissue.

Leprosy, poliomyelitis and dysentery are primarily diseases of m an; brucella and vibrio 
placentitis are diseases of cattle and sheep. Shigella infection and brucellosis in the mouse bear 
little relation to disease in the natural host. In man, growth of Neisseria gonorrhoeae is 
localized within the epithelium of the genital tract or in the conjunctiva in infants. In the 
pregnant cow or ewe growth of Brucella abortus or Vibrio fetus is largely confined to foetal 
tissues of the placenta.

The factors responsible for these specificities are largely unknown (Keppie, J. (1964), 
Symp. Soc. gen. Microbiol. 14, 44). Ultimately they must be expressed in the capacity of the 
pathogen to resist defence mechanisms, multiply, and damage the host so that differential 
distribution, at the host or tissue level, of mechanisms restricting or enhancing microbial 
growth must be of prime importance. Factors such as temperature, route of infection or 
mechanical stress may influence tissue specificity; differential susceptibility to toxic microbial 
products is probably of greater importance for host specificity.

The many reports in the literature illustrate the variety of processes that can determine 
infection and examples relevant to specificity will be discussed. Very few studies have dealt 
directly with the problem of specificity but these indicate possible approaches in future 
investigation.

In placental infection of pregnant cows by B. abortus (Keppie, J. (1964), Symp. Soc. gen. 
Microbiol. 14, 44; Smith, H. (1968), Bact. Rev. 32, 164), the nutritional role of erythritol in 
localization was indicated by its growth stimulation in placental tissue extracts and high 
concentration in heavily infected tissues. Analogous studies with V. fetus are in progress 
(Lowrie, D. B. & Pearce, J. H. (1969), J. gen. Microbiol, in the Press). In kidney infections 
caused by the active urease-producers Corynebacterium renale and Proteus mirabilis a 
comparable role has been considered for urea (Lovell, R. & Harvey, D. G. (1950), J. gen. 
Microbiol. 4, 493; Braude, A. I. & Siemienski, J. (i960), J. Bad. 80, 171; Maclaren, D. M.
(1968), J. Path. Bad. 96, 45), but is less clear-cut.

In a quite different mechanism, local growth of Fusiformis necrophorus, in its interaction 
with Corynebacterium pyogenes in ‘heel-abscess’ of sheep (Roberts, D. S., Graham, N. P. H., 
Egerton, J. R. & Parsonson, I. M. (1968), J. Comp. Path. 78, 1) appears to be stimulated by



a heat-labile, high molecular weight component elaborated by C. pyogenes (Roberts, D. S.
(1967), Brit. J. exp. Path. 48, 674).

In virus infection, modification of any of the processes leading to penetration, multipli
cation and release of infective particles could determine host or tissue specificity. Cell receptors 
appear important for poliovirus infection of primate tissues (Holland, J. J. (1964), Symp. Soc. 
gen. Microbiol. 14, 257); correspondingly naked poliovirus RNA infects cells from a wide 
range of species (Holland, J. J., Mclaren, L. C. & Syverton, J. T. (1959), J. exp. Med. n o ,  
65). Test of tissues in organ-culture, to minimize changes in susceptibility, with viral nucleic 
acid, might help in evaluating the importance of receptors in vivo. Localization of influenza 
in the respiratory tract occurs on intravenous as well as intra-nasal inoculation of ferrets and 
susceptibility of tissues in vitro was similar to that in vivo indicating the value o f organ culture 
for this type of study (Basarab, O. & Smith, H. (1969), J. gen. Microbiol, in the Press). The 
variation in adenovirus and herpes infection in tissue culture associated with availability of 
arginine (Rouse, H. C. & Schlesinger, R. W. (1967), Virol. 33, 513; Becker, Y., Olshevsky, U. 
& Levitt, J. (1967), J. gen. Virol. 1, 471) offers a parallel for influence of such factors in vivo.
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The B iochem ical B asis o f  H o st and T issue Susceptibility in P lants to  Fungal Infection. By
R. J. W . B y r d e  (Long Ashton Research Station, University o f Bristol)

It is clear that many mechanisms are involved in host and tissue specificity among fungal 
and bacterial pathogens attacking plants. Necessary properties in a would-be pathogen include 
the ability to overcome the defence mechanisms of the host (for example by detoxification of 
resistance factors), and the necessary complement of extracellular enzymes and toxins to 
affect the tissue to be attacked. For example, the fruit-rotting fungus Sclerotinia fructigena 
secretes enzymes which degrade pectic substances in the cell walls o f parenchymatous tissue, 
but lacks enzymes lysing cellulose, xylan and lignin. The cellular skeleton of infected fruits 
thus remains intact, and the fungus is unable to invade adjacent woody tissue unless this is 
unusually immature. By contrast, obligate parasites secrete little or no lytic enzymes or 
toxins, which would otherwise cause death of host cells and thus deprive the fungus of its 
nutrient source.

A  pathogen must be supported nutritionally by its host, and inadequate nutrition has 
long been recognized as a possible limiting factor in host-parasite relations, as for example 
in the Balance Theory of Parasitism (Lewis, R. W. (1953), Am. Naturalist, 87, 273). There is 
good evidence that, within a given host genotype, nutritional modification of the phenotype, 
for example in nitrogen and carbohydrate status, can greatly affect host susceptibility. In 
addition, the specific stimulatory role o f plant exudates has been demonstrated.

It is nevertheless apparent that a combination of a pathogen able to secrete necessary lytic en
zymes or toxins with a host able to support it nutritionally is not sufficient to ensure infection. 
Recent work has shown that specific resistance factors in plants are particularly important in 
determining host specificity, though perhaps not for individual fungal races. The presence in 
healthy plants o f substances in concentrations sufficient to inhibit pathogens may give protec
tion, but probably even more significant are ‘dynamic’ systems in which the resistance factors 
are formed in sufficient concentrations only as a result of infection or attempted infection. 
Such factors include the phytoalexins (see contribution by B. J. Deverall), which are products 
of host metabolism, and some products o f fungal metabolism, e.g. the substituted benzoic 
acids formed from apple constituents by Sclerotinia fructigena (Fawcett, C. H. & Spencer,
D. M. (1966), Nature, Lond. 211, 548). Important in resistance to obligate parasites is the 
so-called ‘hypersensitive reaction’ in which infection is soon followed by death of the host 
cell, depriving the fungus of its nutrient supply, if not actually killing it. Use of the term 
‘hypersensitivity’ in this context carries no immunological implication.

The relationship between host and obligate parasite is a delicate and subtle one, and the 
biochemical basis of recognition and interaction is not yet fully understood. The ‘gene-for- 
gene’ hypothesis of Flor ((1942),Phytopathology, 32, 653), postulated for a ‘rust’ obligate 
parasite, has lead to the realization that, in other forms of parasitism as well, there is a 
critical relationship at the gene level. Clearly this must be expressed in the enzymic make-up of 
host and pathogen, and Stahmann et al. ((1968) in (ed.) Hirai, T., Biochemical Regulation in



Diseased Plants or Injury, p. 263, Phytopath. Soc. of Japan) have suggested a working 
hypothesis that, in a compatible host-parasite combination, ‘the enzyme subunits of both 
host and parasite interact to give an enzyme hybrid having properties of activity, specificity 
and regulation consistent with the needs of the host-parasite metabolism and different from 
those of the host or parasite alone’. A more general unifying model system is due to 
Hadwiger, L. A. & Schwothau, M. E. ((1969). Phytopathology 59, 223). Fortunately, current 
experimental methods should enable these interesting hypotheses to be evaluated.
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Apple Scab: a Possible Aggressor Mechanism. By R. C. H ig n e t t  (East Mailing Research 
Station, Maidstone, Kent)

The flow of solutes in normal apple plants has been shown (using radioactive tracers) to 
change shortly after inoculation with spore suspensions of Venturia inaequalis (Cke.) Wint., 
to a distinct pattern in which the interveinal areas of leaves were partially starved. Later in the 
course of development of the disease the solute flow changed again to favour specifically those 
parts of the leaf which contained developing lesions. The alteration of solute flow observed 
in vivo was attributed to the production of fungal metabolites within the host. Fungal products 
having similar effects on solute flow in disease-free plants were isolated from artificial cultures 
of V. inaequalis. The effects were produced by introducing the products in to the vascular 
system of the plant via petioles at the base of the shoot. The fungal products consist of a 
complex mixture of non-dialysable pigmented materials of a proteinaceous nature. It was also 
shown that the incidence of disease in susceptible host plants was increased when the spore 
inoculum contained small amounts of the pigments (Hignett, R. C. & Kirkham, D. S. (1967), 
J. gen. Microbiol. 48, 269).

The specificity of the observed effects and the small amounts of pigment required suggested 
that the mechanism involved might be linked to hormone action. Effects on solute transport 
have been observed in various types of plant after treatment with phytohormones or their 
analogues (Mothes, K. & Engelbrecht, L. (1961), Phytochem. 1 , 58; Seth, A. K. & Wareing, 
P. F. (1967), J. Exp. Bot. 18, 65).

In general the effects were such that solutes in parts of the leaf distant from the treated area 
were translocated to the treated region, thus demonstrating the alteration of solute flow by 
hormone action. The application of kinetin to inoculated test plants has now been shown to 
stimulate lesion development in a fashion similar to that observed after application of fungal 
pigment. Conversely, work with soybean callus cultures has indicated that pigment can 
maintain growth almost as efficiently as kinetin. Thus there appears to be a close analogy 
between the actions of hormones and those of fungal products. However, the chemical 
differences between the two classes of material are substantial. In addition, certain biological 
effects o f fungal pigment applied to plants in increasing amounts, such as stunting of leaf 
growth, dehydration and eventual interveinal necrosis indicate that V. inaequalis produces 
material which under certain circumstances may mimic the action of hormones in the plant 
and possibly compete for the relevant site of action. In this respect, evidence has been pre
sented which suggests that hormone action may be linked with the protein complement of 
ribosomes (Marsilii, G., Lorenzoni, C. & Crescioli, R. (1969), 6th Meeting Fed. Eur. Biochem. 
Soc., 1109). Silver labelled fungal pigment has been shown to stain ribosome-like particles 
in plant material in vivo which suggests that the protein synthesizing system of the host plant 
may be affected by the developing lesion (Hignett, R. C. (1969), 6th Meeting Fed. Eur. 
Biochem. Soc., 1113). The suggestion is made that V. inaequalis redirects the host metabolism 
partly by producing materials which influence the phytohormone system or its sites of action.

Phytoalexins. By B. J. D e v e r a l l  and J. A. B a il e y  (Department o f Botany, Imperial College 
o f Science and Technology, London)

Phytoalexins have been defined as ‘antibodies’ which are produced as a result of the inter
action of two metabolic systems, host and parasite, and which inhibit the growth of micro
organisms pathogenic to plants (Muller, K. O. (1956), Phytopath. Z. 27, 237). Phytoalexins 
are produced by plants, not only in response to infection by fungi, but also following exposure



to  a  w id e  v a r ie ty  o f  c h e m ic a ls  (e .g . P e r r in ,  D .  &  C r u ic k s h a n k ,  I .  A . M . (1 9 6 5 ), A u s t r a l ia n  
J .  b io l .  S c i .  18 , 803). C h a ra c te r iz e d  p h y to a le x in s  h a v e  b e e n  o b ta in e d  f ro m  p e a ,  f r e n c h  b e a n ,  
o rc h id s ,  sw e e t p o t a to ,  c a r r o t  ( C r u ic k s h a n k ,  I .  A . M . (1 9 6 3 ), A n n .  R e v .  P h y to p a th .  1, 351) 
a n d  p o ta to  (T o m iy a m a , K . e t  a l .  (1 9 6 8 ), P h y to p a th o lo g y ,  5 8 , 115). F o r m a t io n  o f  a  p h y to 
a le x in  a f t e r  in fe c t io n  o f  p e p p e r  b y  a  b a c te r iu m  is su g g e s te d  in  r e c e n t  w o r k  (S ta ll , R . E . &  
C o o k ,  A . A . (1 9 6 9 ), P h y to p a th o lo g y ,  5 8 , 1584).

T h e  ro le  o f  p h y to a le x in s  in  r e s is ta n c e  o f  p l a n t  t is s u e s  to  in v a s io n  b y  fu n g i h a s  s til l  to  b e  fu lly  
e s ta b lis h e d . H o w e v e r , r e c e n t  w o r k  in d ic a te s  t h a t  p h y to a le x in s  m a y  p la y  a  m a jo r  r o le  in  
l im itin g  th e  g r o w th  o f  p a r a s i t i c  f u n g i  to  th e  lo c a liz e d  le s io n s  p r o d u c e d  in  s o m e  d ise a se s  
(P ie rre , R .  E . &  B a te m a n , D . F .  (1 9 6 7 ), P h y to p a th o lo g y ,  5 7 , 1154)- C h o c o la te  s p o t  o f  b r o a d  
b e a n , V ic ia  f a b a ,  c a u s e d  b y  B o t r y t i s  s p p . is a  ty p ic a l  e x a m p le . B .  f a b a e  c a n  g ro w  th r o u g h  th e  
le a f  b u t  B .  c in e r e a  u su a lly  r e m a in s  l im ite d  to  th e  in i t ia l  b r o w n  in fe c t io n  s ite s . A  p h y to a le x in  
is  f o rm e d  in  th e  le a v e s  fo llo w in g  in f e c t io n  b y  b o th  fu n g i.  B .  c in e r e a  is  in h ib i te d  b y  th e  
c o n c e n t r a t io n s  o f  p h y to a le x in  f o rm e d  in  th e  le a f , is  o n ly  a b le  to  d e g r a d e  th e  p h y to a le x in  
s lo w ly , a n d  a s  a  r e s u l t ,  g r o w th  is r e s t r ic te d . B .  f a b a e  is  re la t iv e ly  in se n s it iv e  to  th e  p h y to 
a le x in , d e g ra d e s  i t  r a p id ly  a n d  is th u s  a b le  t o  c o lo n iz e  th e  e n t i r e  le a f  (D e v e ra ll ,  B . J .  &  V essey , 
J .  C . (1 9 6 9 ), A n n .  a p p l .  B io l .  6 3 , 4 4 9 ).

T h e  a b i l i ty  o f  a  f u n g u s  to  g ro w  in  p la n t s  m a y  n o t  o n ly  d e p e n d  o n  th e  n a tu r e  o f  th e  in fe c tin g  
f u n g u s  b u t  a ls o  o n  th e  p h y s io lo g ic a l  s ta te  o f  th e  t is su e . A  c lo se  a s s o c ia t io n  h a s  b e e n  d e m o n 
s t r a te d  b e tw e e n  se n e sc e n c e  o f  b e a n  le a v e s  a n d  th e i r  s u s c e p tib il i ty  to  a g g re ss iv e  in f e c t io n  b y
B .  f a b a e .  W o r k  w ith  p e a  le a v e s  h a s  su g g e s te d  t h a t  th is  m a y  b e  a  c o n s e q u e n c e  o f  a  d e c re a s e  in  
th e  a b i l i ty  o f  th e  le a v e s  t o  p r o d u c e  p h y to a le x in  (B a ile y , J .  A . (1 9 6 9 ), A n n .  a p p l .  B io l .  6 4 ) . 
T h e  c o n c e n t r a t io n  o f  th e  p h y to a le x in  p is a tin  p r o d u c e d  b y  p e a  le a v e s  d e c re a s e d  to  a  v e ry  lo w  
lev e l a s  th e y  se n e sc e d . W h e n  se n e sc e n c e  w a s  d e la y e d  b y  t r e a t in g  th e  le a v e s  w ith  th e  p l a n t  
g r o w th  h o r m o n e  b e n z y la d e n in e , p is a t in  p r o d u c t io n  w a s  m a in ta in e d  a t  a  h ig h  lev e l. I n d u c t io n  
o f  p h y to a le x in  f o r m a t io n  b y  c h e m ic a ls  a n d  m a in te n a n c e  o f  c a p a c ity  to  p r o d u c e  p h y to a le x in s  
b y  a p p l ic a t io n  o f  p l a n t  h o r m o n e s  m a y  b e  im p o r ta n t  in  f u tu r e  c r o p  p r o te c t io n .

I n  c o n t r a s t ,  l i t t le  is k n o w n  c o n c e rn in g  th e  ro le  o f  p h y to a le x in s  in  d if fe re n tia l  r e a c t io n s  o f  
v a r ie t ie s  o f  a  h o s t  sp e c ie s  t o  p h y s io lo g ic a l  r a c e s  o f  a  p a th o g e n .  R e s is ta n c e  a n d  s u c e p tib il i ty  
in  v a r ie t ie s  o f  P h a s e o lu s  v u lg a r is  in fe c te d  w ith  r a c e s  o f  C o l le to t r ic h u m  l in d e m u th ia n u m  is  
b e in g  in v e s tig a te d . T h e  p r o d u c t io n  o f  th e  p h y to a le x in  p h a s e o l l in , w h ic h  o c c u r s  in  r e s is ta n t  
a n d  su s c e p t ib le  t is s u e s , is  a s s o c ia te d  w i th  th e  a p p e a r a n c e  o f  v is ib le  n e c ro s is . I n  s u s c e p tib le  
v a r ie t ie s  in t r a c e l lu la r  g ro w th  ta k e s  p la c e  f o r  s e v e ra l d a y s  b e f o re  n e c ro s is  o c c u rs .  I n  r e s is ta n t  
( h y p e rs e n s it iv e )  v a r ie t ie s  c e l lu la r  n e c ro s is  ta k e s  p la c e  o n  c o n ta c t  w i th  th e  in v a d in g  g e rm  tu b e s , 
w h ic h  g ro w  n o  f u r th e r .  P h a s e o l lin  f o r m a t io n  o c c u r s  m u c h  e a r l ie r  a n d  to  a  g r e a te r  e x te n t  in  
r e s is ta n t  th a n  in  s u s c e p tib le  ce lls .
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T h e  S tu d y  o f  V iru s  V iru le n c e  U s in g  N e w c a s tle  D is e a s e  V iru s . B y  P . R eeve  ( D e p a r tm e n t  o f  
V ir o lo g y ,  R o y a l  P o s tg r a d u a te  M e d i c a l  S c h o o l ,  D u C a n e  R o a d ,  L o n d o n ,  W .  12)

N e w c a s t le  D is e a s e  V iru s  (N D V )  h a s  b e e n  su g g e s te d  a s  a  m o d e l  f o r  s tu d y in g  v iru s  v iru le n c e  
(W a te r s o n ,  P e n n in g to n  &  A l la n  (1 9 6 7 ), B r .  m e d .  B u ll .  2 3 , 138). M a n y  s t r a in s  a r e  a v a i la b le , 
e x h ib i t in g  a  c o n t in u o u s  s p e c t ru m  o f  v iru le n c e  f r o m  s tr a in s  e x tre m e ly  v iru le n t  f o r  c h ic k e n s , 
c h ic k  e m b ry o s  a n d  ce ll c u l tu r e s ,  to  a v i r u le n t  s t r a in s  is o la te d  f r o m  a p p a r e n t ly  h e a l th y  c h ic k e n s . 
A c c u r a te  c o m p a r is o n s  o f  v iru le n c e  c a n  b e  m a d e  b y  e s t im a t in g  th e  t im e  ta k e n  t o  k il l  y o u n g  
c h ic k e n s  o r  c h ic k  e m b ry o s  a n d  th e  v iru s  c a n  b e  g ro w n  e a s ily  f o r  m o r p h o lo g ic a l  a n d  c h e m ic a l  
s tu d ie s  a n d  a s se s se d  a c c u ra te ly  b y  m e a s u r in g  in fe c tiv ity , h a e m a g g lu t in a t io n  o r  n e u r a m in id a s e  
a c tiv ity .

S tu d ie s  w ith  is o la te d  v ir io n s  h a v e  sh o w n  a  s u rp r is in g  u n ifo rm ity .  A ll s t r a in s  lo o k  a l ik e  in  
th e  e le c t r o n  m ic ro s c o p e , a n d  n o  m a jo r  se ro lo g ic a l  d if fe re n c e s  h a v e  b e e n  f o u n d  in  n e u t r a l i z a 
t io n ,  h a e m a g g lu t in a t io n  o r  g e l d if fu s io n  s tu d ie s  (W . H . A lle n , u n p u b l is h e d ;  T . H . P e n n in g to n ,  
1967, P h .D .  th e s is ,  L o n d o n ) .  D if fe r e n t  s t r a in s  h a v e  e q u iv a le n t  a m o u n ts  o f  h a e m a g g lu t in in  
a n d  n e u r a m in id a s e ,  a n d  a f t e r  d is r u p t io n  w ith  s o d iu m  d o d e c y l s u lp h a te  (S D S )  s h o w  th r e e  
m a jo r  p r o te in  c o m p o n e n ts  in  p o ly a c ry la m id e  gel e le c tro p h o re s is .

V iru le n c e  a p p e a r s  d ire c tly  r e la te d  t o  c y to p a th o g e n ic i ty ;  s t r a in s  w h ic h  k ill  c h ic k  e m b ry o s  
m o s t  r a p id ly  p r o d u c e  th e  la rg e s t  p la q u e s  o n  c h ic k  e m b ry o  f ib ro b la s ts .  A s  to  th e  r e a s o n s  f o r
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th is ,  d if fe re n c e s  h a v e  b e e n  r e p o r te d  in  th e  r a t e  a t  w h ic h  s t r a in s  m u lt ip ly . M u s s g a y  ( ( i9 6 0 )  
Z b l .  B a k t .  ( I .  O r ig .) ,  177 , 4 3 7 ) c o m p a r e d  th e  v i r u le n t  s t r a in  I ta l ie n  a n d  th e  a v i r u le n t  F  s t r a in ;  
f in a l  e x t r a c e l lu la r  t i t r e s  w e re  s im ila r  b u t  I ta l ie n  a c h ie v e d  m a x im u m  t i t r e s  s o o n e r .  W e  f o u n d  
w ith  c h ic k  e m b ry o  f ib ro b la s ts  t h a t  a l l  s t r a in s  a c h ie v e d  s u b s ta n t ia l ly  th e  s a m e  e x t r a c e l lu la r  
t i t r e s  w i th  o n ly  sm a ll  d if fe re n c e s  in  th e  le n g th  o f  th e  g r o w th  cy c le s . D if fe re n c e s  w e re , h o w e v e r , 
f o u n d  in  in t r a c e l lu la r  m u l t ip l ic a t io n  in  c h ic k  e m b ry o  c h o r io a l la n to ic  m e m b ra n e s .  W ith  se v e n  
s t r a in s  c e ll - a s s o c ia te d  h a e m a g g lu t in in  in c r e a s e d  e x p o n e n t ia l ly  f ro m  4  to  12 h r  a f t e r  in fe c t io n  
b u t  t h e n  c o n t in u e d  t o  in c r e a s e  o n ly  in  th o s e  m e m b r a n e s  in fe c te d  w ith  v i r u le n t  s t r a in s .  
V iru le n c e  a p p e a r e d  t o  b e  a s s o c ia te d  w ith  th e  c o n t in u e d  p r o d u c t io n  a n d  a c c u m u la t io n  o f  c e ll-  
b o u n d  h a e m a g g lu t in in  a n d  f o r  tw o  v iru le n t  s t r a in s  n e u r a m in id a s e  a n d  v ir a l  r ib o n u c le o -  
p r o te in ;  w i th  tw o  a v i r u le n t  s t r a in s  n o  s u c h  a c c u m u la t io n  o f  v ir a l  c o m p o n e n ts  w a s  f o u n d .  
A v ir u le n t  s t r a in s  m a y  in fe c t  le ss  ce lls  t h a n  th e  v i r u le n t  s t r a in s  so  th e  d if fe re n c e  m a y  b e  o n e  o f  
in v a s iv e n e ss  r a th e r  t h a n  m u lt ip l ic a t io n .  I n  c h ic k  e m b ry o  f ib ro b la s ts  s t r a in s  p r o d u c e d  m a jo r  
d if fe re n c e s  in  c y to p a th o lo g y : w ith  th e  v i r u le n t  s t r a in  H e r ts  h a e m a d s o r p t io n  w a s  d e m o n s tr a b le  
4  h r  a f t e r  in f e c t io n ,  s y n c y t ia  w e re  v is ib le  a f t e r  6 - 8  h r  a n d  b y  12 h r  m o s t  c e lls  w e re  in  la rg e  
s y n c y t ia l  m a s se s . W ith  t h e  a v ir u le n t  s t r a in s  F ,  Q u e e n s la n d  a n d  U ls te r  h a e m a d s o r p t io n  w a s  
a lw a y s  less  t h a n  w i th  v i r u le n t  s t r a in s  a n d  sy n c y tia  w e re  n o t  se e n . A  m a jo r  c a u s e  o f  c y to -  
p a th o g e n ic i ty  a p p e a r s  to  b e  th e  e x te n t  t o  w h ic h  th e  c e l lu la r  su r f a c e  is  m o d if ie d  a n d  th e  
s u b s e q u e n t  t r a n s f o r m a t io n  o f  c e lls  in  sy n c y tia .

S t ra in s  o f  N D V  d if fe r  in  th e i r  e ffe c ts  o n  th e  sy n th e s is  o f  c e l lu la r  m a c ro m o le c u le s  (W ilso n
(1 9 6 8 ), J .  V ir o l .  2 , 1 ; (1 9 6 9 ), J .  g e n .  V ir o l .  4 , 245) s h o w e d  t h a t  6 h r  a f te r  in f e c t io n  w i th  th e  
v i r u le n t  s t r a in  T e x a s  G .B . p r o te in  sy n th e s is  in  c h ic k  e m b ry o  f ib ro b la s ts  w a s  in h ib i te d  a n d  
c e l lu la r  R N A  d e g ra d e d .  T h e  le ss  v i r u le n t  s t r a in  B e a u d e t te  C  in h ib i te d  p r o te in  sy n th e s is  b u t  
b y  a  d if fe r e n t  m e c h a n is m . W h e e lo c k  &  T a m m  ((1 9 6 1 ), J .  e x p .  M e d .  11 4 , 617) c la im e d  t h a t  in  
c e lls  in f e c te d  w ith  N D V  p r o te in  sy n th e s is  w a s  in h ib i te d  b e fo re  a  c y to p a th ic  e f fe c t;  o u r  
p r e l im in a r y  s tu d ie s  su g g e s t  t h a t  c y to p a th o g e n ic i ty  is  a  c a u s e  r a th e r  th a n  a n  e ffe c t o f  c e l lu la r  
in h ib i t io n .

B a r o n  ((1 9 6 4 ), N e w c a s t l e  D is e a s e  V ir u s ,  a n  E v o lv in g  P a th o g e n ,  U n iv e r s i ty  o f  W is c o n s in  
P re s s ,  M a d is o n )  c la im e d  t h a t  in te r f e r o n  p la y s  l i t t le  r o le  in  v a r ia t io n  o f  v iru le n c e  b u t  T h ir y  
( (1 9 6 3 ), V ir o lo g y ,  9 , 22 5 ) s h o w e d  t h a t  th e  v iru le n c e  o f  N D V  m u ta n t s  to  b e  in v e rse ly  r e la te d  
to  th e  a m o u n ts  o f  in te r f e r o n  in d u c e d . I t  is  u n l ik e ly  t h a t  e x tre m e ly  v i r u le n t  s t r a in s  in d u c e  
in te r f e r o n :  c y to p a th o g e n ic i ty  o c c u rs  r a p id ly  a n d  c e l lu la r  p r o te in  sy n th e s is ,  n e c e s sa ry  f o r  
in te r f e r o n  s y n th e s is ,  is in h ib i te d .  I t  r e m a in s  to  b e  se e n  i f  a v ir u le n t  s t r a in s  in d u c e  in te r f e r o n  
p r o d u c t io n  a n d  t o  a s se s s  th e  r o le  o f  in te r f e r o n  in  v iru le n c e .

T h e  B io c h e m is try  o f  V iru s  C y to to x ic ity . B y  J .  St e p h e n  a n d  T . H . B ir k b e c k  ( D e p a r tm e n t  o f  
M ic r o b io lo g y ,  U n iv e r s i t y  o f  B ir m in g h a m )

T h is  c o n t r ib u t io n  is r e s t r ic te d  t o  c o n s id e ra t io n  o f  in t r a c e l lu la r  b io c h e m ic a l  e v e n ts  t h a t  t a k e  
p la c e  a f t e r  ce lls  h a v e  b e e n  in fe c te d  w ith  v iru s  a n d  w h ic h  le a d  t o  in ju ry  o r  d e a th  o f  th o s e  ce lls . 
I t  e x c lu d e s  c o n s id e ra t io n  o f  s u c h  to x ic  e ffe c ts  a s  th o s e  t h a t  h a v e  b e e n  d e s c r ib e d  in  m ic e  
in je c te d  w ith  m a s s iv e  d o se s  o f  in f lu e n z a  (W e s tw o o d , J .  C . N .  (1 9 6 3 ), I n  M e c h a n i s m s  o f  V ir u s  
I n f e c t io n ,  e d . W ilso n  S m ith , p .  29 8 , A c a d . P re ss , In c .) .

T h e re  a r e  th r e e  m a in  p ro b le m s  r e g a r d in g  c y to to x ic i ty . T h e  f irs t  c o n c e rn s  th e  r e la t io n  o f  th e  
‘ c u t  o f f ’ p h e n o m e n o n , i.e . th e  c e s s a t io n  o f  h o s t-c e ll  m a c ro m o le c u la r  b io sy n th e s is  ( M a r t in ,
E . M . &  K e r r ,  I .  M . (1 9 6 8 ), S y m p .  S o c .  g e n .  M ic r o b io l .  18 , 15), to  th e  c y to p a th ic  e ffe c t. A r e  
th e s e  tw o  p h e n o m e n a  s y n o n y m o u s  o r  s e p a ra te ,  a n d  i f  th e  la t te r ,  s e q u e n tia l ly  o r  sy n e rg is t ic a lly  
l in k e d ?  T h e  s e c o n d  re la te s  to  th e  p r o b a b le  e x is te n c e  in  so m e  c a se s  (p o l io v iru s , B a b la n ia n ,  R .  
e t  a l .  (1 9 6 5 ), V ir o lo g y ,  2 6 , 100 ; (1 9 6 5 ), V ir o lo g y ,  2 6 , 114 ; m e n g o  v iru s , A m a k o , K .  &  D a le s , S .
(1 9 6 7 ), V ir o lo g y ,  3 2 , 18 4 ; in f lu e n z a  v iru s , S c h o lt is s e k , C . e t  a l .  (1 9 6 7 ), J .  g e n .  V ir o l .  1, 2 1 9 ; 
N e w c a s t le  d is e a se  v iru s , W a te r s o n ,  A . P . e t  a l . (1 9 6 7 ), B r .  m e d .  B u l l .  2 3 , 13 8 ; a n d  v a c c in ia  
v iru s , B a b la n ia n ,  R . (1 9 6 8 ), J .  g e n .  V ir o l .  3 , 51) o f  c y to p a th ic  f a c to r s  in  a d d i t io n  to  th o s e  v ira l  
c o m p o n e n ts  (b e  th e y  s t r u c tu r a l  o r  in d u c e d )  r e s p o n s ib le  f o r  c u t  o ff. T h e  p o s i t io n  o n  th e s e  
tw o  p r o b le m s  r e g a r d in g  p o x v iru s e s , o u r  m a in  in te r e s t ,  m a y  b e  s u m m a r iz e d  a s  fo llo w s . I t  is  
c la im e d  b y  so m e  ( J o k l ik ,  W . K .  (1 9 6 6 ), B a c t .  R e v .  3 0 , 3 3 ; M o s s , B . (1 9 6 8 ), J .  V ir o l .  2 , 1028) 
t h a t  th e  e a r ly  c y to p a th ic  a n d  c u t  o f f  e ffe c ts  a r e  fu n c t io n s  o f  th e  v i r io n  o r  v ir u s - a c t iv a te d
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h o s t - e n z y m e ,  w h i l e  o t h e r s  ( B a b l a n i a n ,  R .  ( 1 9 6 8 ) ,  W i l c o x ,  W .  C .  &  C o h e n ,  G .  H .  ( 1 9 6 9 ) ,  

C u rren t T o p ic s  in M ic ro b io l, a n d  Im m u n ol. 47, 1 )  i n t e r p r e t  t h e  a v a i l a b l e  e v i d e n c e  i n  f a v o u r  o f  

t h e  c y t o p a t h i c  e f f e c t  b e i n g  c a u s e d  b y  de n o vo  p r o t e i n  s y n t h e s i s .  T h e  r e l a t i o n  b e t w e e n  c u t  o f f ,  

c y t o p a t h o l o g y  a n d  d e  n o vo  p r o t e i n / a n t i g e n  p r o d u c t i o n  w i l l  b e  d i s c u s s e d .

T h e  t h i r d  p r o b l e m  c o n c e r n s  t h e  n e e d  t o  d e v i s e  a  m o r e  d i r e c t  e x p e r i m e n t a l  a p p r o a c h  t o  t h e  

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

t h a t  c h a r a c t e r i z e s  m u c h  o f  t h e  r e l e v a n t  l i t e r a t u r e .  T h i s  i n v o l v e s  t h e  i s o l a t i o n  o f  v i r u s - s p e c i f i c  

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

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

a c t i v e  m a c r o m o l e c u l e s  b y  m a m m a l i a n  c e l l s  ( i . e .  c e l l s  o t h e r  t h a n  t h o s e  w i t h  s p e c i a l i z e d  

p h a g o c y t i c  o r  i m m u n o c o m p e t e n t  f u n c t i o n s ) .  C o m p a r a t i v e l y  f e w  q u a n t i t a t i v e  s t u d i e s  h a v e  

b e e n  m a d e  o n  u p t a k e  o f  p r o t e i n s  ( R y s e r ,  H .  J .  P .  ( 1 9 6 8 ) ,  S c ien ce , N .Y .  159, 3 9 0 )  a n d  t h e s e  

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

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

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

L e d o u x ,  L .  ( 1 9 6 5 ) ,  P ro g . N u c le ic  A c id  R e s . M o l .  B io l. 4, 2 3 1 ;  i n t e r f e r o n ,  L o c k a r t ,  R .  Z .  ( 1 9 6 7 ) ,  

J . V irol. 1, 1 1 5 8 ;  a d e n o v i r u s  f i b r e  a n t i g e n ,  L e v i n e ,  A .  J .  &  G i n s b e r g ,  H .  S .  ( 1 9 6 7 ) ,  J. V irol. 
1, 7 4 7 ;  a n d  d i p h t h e r i a  t o x i n ,  B o n v e n t r e ,  P .  F .  &  I m h o f f ,  J .  G .  ( 1 9 6 7 ) ,  J . e x p . M e d . 126, 1 0 7 9 )  

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

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

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

E x p e r i m e n t s  a r e  i n  p r o g r e s s  i n  w h i c h  v i r u s - f r e e  e x t r a c t s ,  f r o m  H e L a / E R K  ( H E R K )  c e l l s  

w h i c h  h a d  b e e n  i n f e c t e d  w i t h  v a c c i n i a  v i r u s ,  a r e  b e i n g  t e s t e d  f o r  t h e i r  c y t o p a t h i c  e f f e c t s  o n  

u n i n f e c t e d  c e l l s ;  p r e l i m i n a r y  r e s u l t s  w i l l  b e  d i s c u s s e d .  A s  a  p r e l u d e  t o  m o r e  d e f i n i t i v e  s t u d i e s ,  

H E R K - c e l l  a n t i g e n s  h a v e  b e e n  r e m o v e d  f r o m  v a c c i n i a - s p e c i f i c  a n t i g e n s  w i t h  d i s u l p h i d e -  

l i n k e d  i m m u n o s o r b e n t s  ( S t e p h e n  e t  a l. ( 1 9 6 6 ) ,  B io ch em . J . 101, 7 1 7 )  d e r i v e d  f r o m  a n t i -  

( H E R K )  s e r a  a n d  i n d i v i d u a l  v a c c i n i a - s p e c i f i c  a n t i g e n s  h a v e  b e e n  i s o l a t e d  w i t h  a p p r o p r i a t e  

m o n o p r e c i p i t i n  a n t i - v a c c i n i a  s e r a  ( B i r k b e c k ,  T .  H .  &  S t e p h e n ,  J . ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .
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The Role of Immunological Responses in the Pathogenesis of Encephalitis. B y  D r  C .  E .  G ordon 
Smith (M .R .E . P o r to n , S a lisb u ry , W ilts .)

E n c e p h a l i t i s  i s  a  r e l a t i v e l y  u n c o m m o n  r e s u l t  o f  n a t u r a l  i n f e c t i o n  w i t h  e v e n  t h e  s o - c a l l e d  

‘ e n c e p h a l i t i s  v i r u s e s ’  a n d  a  r a r e  c o m p l i c a t i o n  o f  i n f e c t i o n  w i t h  a  v e r y  l a r g e  p r o p o r t i o n  o f  

v i r u s e s .  P e r h a p s  t h e  m a j o r  p u z z l e  i s  w h y  i t  o c c u r s  s o  i n f r e q u e n t l y  b e c a u s e  m a n y  v i r u s e s  e n t e r  

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

s e l d o m  c a u s e  r e c o g n i z a b l e  d a m a g e  i n  t e r m s  o f  s i g n s  o r  s y m p t o m s  o f  e n c e p h a l i t i s .  O n  t h e  

o t h e r  h a n d ,  a n  i n f e c t i o n  o f  t h e  c e n t r a l  n e r v o u s  s y s t e m  c a n  c a u s e  d a m a g e  ( o f t e n  q u i t e  e x t e n s i v e  

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

c e n t r a l  n e r v o u s  s y s t e m  a l s o  o c c u r — p e r h a p s  m o r e  f r e q u e n t l y  t h a n  i s  r e a l i z e d .  T h e  n a t u r a l  

r o u t e  o f  a c c e s s  o f  v i r u s e s  t o  t h e  c e n t r a l  n e r v o u s  s y s t e m  i s  t h r o u g h  t h e  c i r c u l a t i o n  ( w i t h  s o m e  

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

h a s  e v e n  r u n  i t s  c o u r s e  b e f o r e  e n c e p h a l i t i s  b e c o m e s  a p p a r e n t :  i m m u n o l o g i c a l  r e s p o n s e s  h a v e  

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

s t a n c e s  t h e  r o u t e  o f  i n f e c t i o n  ( r e s p i r a t o r y  o r  i n t r a c e r e b r a l )  m a y  s h o r t - c i r c u i t  t h e  s y s t e m i c  r o u t e  

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

o f  h i s t o l o g i c a l  l e s i o n  f o u n d  d e p e n d s  o n  t h e  i m m u n o l o g i c a l  s t a t e  o f  t h e  h o s t — t h e r e  i s  e v i d e n c e  

t h a t  a n t i b o d y  ( p r o b a b l y  b y  f o r m i n g  a n t i g e n - a n t i b o d y  c o m p l e x e s )  i s  a n  i m p o r t a n t  f a c t o r  i n  

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

n e r v o u s  s y s t e m .  W h e t h e r  c e l l - m e d i a t e d  r e s p o n s e s  a r e  i n v o l v e d  i n  p a t h o g e n e s i s  i s  n o t  c l e a r ,  

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

v i r u s  i n f e c t i o n s .  D u r i n g  a  v i r u s  i n f e c t i o n ,  a n t i b o d y  i s  f o r m e d  n o t  o n l y  t o  t h e  m a t u r e  v i r i o n  

b u t  a l s o  ( p r o b a b l y  e a r l i e r  a n d  i n  m u c h  l a r g e r  a m o u n t s )  a g a i n s t  v i r u s  c o m p o n e n t s  a n d  v i r u s -  

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

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

l e s i o n s .  S e n s i t i z e d  ( p a r t i a l l y  i m m u n e )  i n d i v i d u a l s  m a y  h a v e  m o r e  s e v e r e  d i s e a s e  t h a n  t h o s e



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

e a r l i e r  i n  t h e  c o u r s e  o f  t h e  i n f e c t i o n .  M a t e r n a l  a n t i b o d y  m a y  a l s o  b e  i m p o r t a n t  i n  t h e  p a t h o 

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

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

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

a d v a n c e d  t o  a c c o u n t  f o r  s u b a c u t e  s c l e r o s i n g  p a n e n c e p h a l i t i s — a  l a t e  c o m p l i c a t i o n  o f  m e a s l e s  

i n f e c t i o n .

I n  a l l  c a s e s  t h e  o u t c o m e  o f  a  v i r u s  i n f e c t i o n  p r o b a b l y  d e p e n d s  o n  t h e  t e m p o r a l  a n d  q u a n t i t a 

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

r e s p o n s e s  a n d  p e r h a p s  o t h e r  f a c t o r s .  T h e  p a p e r  w i l l  a t t e m p t  t o  f o c u s  a t t e n t i o n  o n  t h e  

m e c h a n i s m s  a n d  f a c t o r s  w h i c h  m a y  c o m b i n e  t o  d e t e r m i n e  t h e  d i s e a s e  p i c t u r e .
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V i r u l e n c e  o f  R e s p i r a t o r y  V i r u s e s .  B y  D .  A .  J .  T yrrell ( C o m m o n  C o ld  R e se a rc h  U n it ,  

S a lisb u ry , W iltsh ire )

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

A s  f a r  a s  p o s s i b l e  I  s h a l l  d e a l  o n l y  w i t h  t h e  v i r u l e n c e  o f  v i r u s e s  a f f e c t i n g  t h e i r  n a t u r a l  h o s t s  

u n d e r  n a t u r a l  c o n d i t i o n s ,  a n d  I  s h a l l  d e f i n e  v i r u l e n c e  a s  t h e  c a p a c i t y  o f  t h e  o r g a n i s m  t o  c a u s e  

d i s e a s e  o r  d e a t h .

R e s p i r a t o r y  v i r u s e s  a f f e c t  p r i m a r i l y  t h e  m u c o u s  m e m b r a n e s  o f  t h e  n o s e ,  t h r o a t  a n d  l o w e r  

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

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

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

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

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

C e r t a i n  f a c t o r s  p r o b a b l y  i n c r e a s e  t h e  c h a n c e  o f  s e r i o u s  l o w e r  r e s p i r a t o r y  t r a c t  i n v o l v e m e n t —  

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

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

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

C e r t a i n  v i r u s e s  a l s o  s e e m  t o  m u l t i p l y  m o r e  e x t e n s i v e l y  i n  r e s p i r a t o r y  e p i t h e l i u m  t h a n  d o  o t h e r s  

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

a r e  n o t  k n o w n — v i r u s  o r  c e l l  t o x i n s ,  a n d  v i r a e m i a ,  c o u l d  w e l l  b e  s t u d i e d .  I n  s o m e  c o n d i t i o n s  
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Som atic  antigens o f  Rhizobium  trifo la 413
( i s o p r o p a n o l  +  w a t e r  =  4+ 1, v / v )  w a s  u s e d , w i t h  th e  E l s o n - M o r g a n  r e a g e n t  ( S m it h ,  

i 960, p .  252) t o  lo c a t e  th e  s u g a rs .

S pectropho tom etric  identification o f  sugars. T h e  c y s te in e  +  H 2S 0 4 r e a c t io n  ( D is c h e ,

1955) w a s  u s e d  t o  c o n f i r m  th e  id e n t i t ie s  o f  h e x o s e s , h e p to s e s  a n d  m e th y lp e n to s e s  

e lu t e d  f r o m  c h r o m a to g r a m s .  T h e  c a r b a z o le  r e a c t io n  ( B o w n e s s ,  1957) w a s  u s e d  t o  

id e n t i f y  a n d  e s t im a te  th e  g lu c u r o n ic  a c id  i n  e lu t e d  s p o ts .  W i t h  w h o le  a n t ig e n ,  K D O  

w a s  d e t e rm in e d  b y  th e  t h io b a r b i t u r a t e  r e a c t io n  a s  m o d i f ie d  b y  O s b o r n  ( 1963) a n d  

b y  th e  s e m ic a r b a z id e  r e a c t io n  ( M a c G e e  &  D o u d o r o f f ,  1954). T h e  m e t h o d  o f  D is c h e  &  

S h e t t le s  ( 1948) m o d i f ie d  b y  G ib b o n s  ( 1955) w a s  u s e d  f o r  d e o x y s u g a r s ,  a n d  t h a t  o f  

R o n d le  &  M o r g a n  ( 1956) f o r  a m in o  s u g a rs .  T o t a l  c a r b o h y d r a t e  w a s  e s t im a te d  b y  th e  

p h e n o l+  H 2S 0 4 m e t h o d  ( D u b o is  e t al. 1956).

M ateria ls . A u t h e n t ic  K D O ,  p r o v id e d  b y  D r  K .  K n o x  ( U n i t e d  D e n t a l  H o s p i t a l ,  

S y d n e y ,  N . S .W . ) ,  h a d  b e e n  o b t a in e d  f r o m  th e  p e n t a - a c e t y l  d e r iv a t iv e  m a d e  a v a i la b le  

t o  h im  b y  D r  E .  C .  H e a t h  ( J o h n s  H o p k in s  U n iv e r s i t y ,  B a l t im o r e ,  M a r y la n d ,  U . S . A . ) .  

T h e  s t a n d a r d  h e p to s e  u s e d  w a s  th e  ‘ a - D - g lu c o h e p t o s e ’ s u p p l ie d  b y  L ig h t  &  C o .  

T h e  a g a r o s e  c o lu m n  w a s  o f  G e la r o s e  ( L i t e x ,  D e n m a r k ) .

F ig . 1. Schem atic  rep re se n ta tio n  o f  gel-d iffusion  p a tte rn  sh o w n  by a  b ro k e n  su sp en sio n  o f  
R h iz o b iu m  tr i fo li i  (A g )  d iffusing ag a in s t h o m o lo g o u s an tise ru m  ( A S ) .  T h e  ‘a ’ an tigens a re  
o n  th e  b ac te ria l su rface  (som atic) a n d  strain-specific. T h e  ‘b ’ a n d  ‘c ’ an tigens a re  located  
in ternally  a n d  a re  co m m o n  to  all R . tr i fo l i i  s tra in s w hich  have  been  tested.

T h e  t w o  s t r a in s  w e re  d is t in c t iv e  in  t h e i r  s o m a t ic  a g g lu t in a t io n ,  a l t h o u g h  s p o r a d ic a l ly  

c r o s s - r e a c t in g  a t  1/50 d i l u t i o n  o f  s e ra  w h ic h  g a v e  a  h o m o lo g o u s  r e a c t io n  a t  1/3200. 

T h i s  s l ig h t  d e g re e  o f  c r o s s - a g g lu t in a t io n  w a s  n o t  re f le c te d  i n  g e l d i f f u s io n  o f  s u r f a c e  

a n t ig e n s  f r o m  in t a c t  b a c t e r ia .  T h e  ‘ a ’ l in e  c o r r e s p o n d in g  t o  th e s e  s t r a in - s p e c i f ic  

s o m a t ic  a n t ig e n s  ( H u m p h r e y  &  V in c e n t ,  1965) w a s  r e s o lv e d  a t  s u it a b le  c o n c e n t r a t io n s  

in t o  t h re e  l in e s  ( d e s ig n a te d  a 1; a 2, a 3 a c c o r d in g  t o  t h e i r  r e la t iv e  p r o x im i t y  t o  th e  

a n t ig e n  w e l l) .  T h e  a 2 f in e  w a s  in v a r ia b ly  v i s ib le  e v e n  w i t h  a  lo w  c o n c e n t r a t io n  o f  

b a c t e r ia ,  a n d  d e v e lo p e d  e a r ly .  T h e  ‘ b ’  a n d  ‘ c ’ l in e s ,  o b t a in e d  o n ly  w i t h  b r o k e n  o r  

C a - d e f ic ie n t  b a c t e r ia ,  w e re  c o m m o n  t o  b o t h  s t r a in s  b u t  u n r e la t e d  t o  a g g lu t in a t io n

(Fig- I)-

c
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Sero log ica l reactions o f  the whole bacteria



414 B. H U M P H R E Y  A N D  J. M. V I N C E N T

Im m unological ch aracteristics o f  the iso la ted  antigens

P recipitinogen  a c tiv ity  o f  the ex tra c ted  frac tion s. T h e  B o iv in - t y p e  a n t ig e n ,  p r e 

c ip i t a t e d  f r o m  th e  T C A  e x t r a c t  b y  3 v o i .  e t h a n o l,  t h e  c o n c e n t r a t e d  d ia ly s e d  e t h a n o l  

s u p e r n a ta n t  f lu id  o f  th e  B o i v in  p r e c ip i t a t e  a n d  th e  p h e n o l  e x t r a c t  o f  t h e  s u p e r n a t a n t  

f lu id  a f t e r  th e  i n i t i a l  u l t r a s o n ic a l ly  t r e a te d  m a t e r ia l  h a d  b e e n  c e n t r ifu g e d ,  a l l  s h o w e d  

p r e c ip i t a t io n  w i t h  s p e c if ic  a n t is e r a .  L im i t i n g  c o n c e n t r a t io n s  v a r ie d  b e tw e e n  4 a n d  

1000 / ig . /m l.  f r o m  b a t c h  t o  b a t c h .  A b o u t  o -8 %  o f  t h e  w e t  w e ig h t  o f  th e  T C A - t r e a t e d  

b a c t e r ia l  d e b r is  w a s  e x t r a c t e d  i n  th e  a q u e o u s  p h a s e  o f  th e  h o t  p h e n o l,  a n d  t h is  e x t r a c t  

w a s  c o n s is t e n t ly  h ig h ly  a c t iv e ,  s h o w in g  p r e c ip i t a t io n  a t  1 a n d  4 / ¿g ./m l. in  t h e  t w o  

b a t c h e s  o f  s u 297/31, a n d  8 a n d  16/¿g ./m l. w i t h  t a i . F o r  e a c h  s t r a in ,  th e  t w o  b a t c h e s  

o f  th e s e  la s t  p h e n o l- e x t r a c t e d  a n t ig e n s  w e re  th e n  p o o le d  f o r  s u b s e q u e n t  a n a ly s is .

T h e r e  w a s  n o  c r o s s - p r e c ip i t a t io n  b e tw e e n  th e  e x t r a c t e d  a n t ig e n s  o f  s u 297/31 a n d  

t a  1. T h e  t a  1 a n t ig e n ,  a  m o r e  s lo w ly  d i f f u s in g ,  p r e s u m a b ly  la r g e r ,  m o le c u le  t h a n  t h a t  

o f  s u  297/31, f o r m e d  i t s  p r e c ip i t a t io n  a r c  n e a r e r  t h e  a n t ig e n  w e l l .  T h e  a n g le  o f  p r e c ip i 

t a t io n  l in e  w h e n  a n t ig e n  a n d  a n t ib o d y  d i f f u s e d  a t  r ig h t  a n g le s  t o  e a c h  o t h e r  a ls o  

in d ic a t e d  t h a t  th e  t a i  a n t ig e n  w a s  a  la r g e r  m o le c u le  ( C r o w le ,  1961, p .  80).

A f t e r  24 t o  48 h r ,  a l l  e x t r a c t s  s h o w e d  o n ly  a  s in g le  l in e  in  g e l d i f f u s io n  c o r r e s p o n d in g  

t o  th e  m a jo r  s t r a in  s p e c if ic  ( a 2)  l in e  o f  w h o le  b a c t e r ia ;  b u t  in  5 t o  7  d a y s ,  a t  h ig h e r  

c o n c e n t r a t io n s ,  a  f a in t  s e c o n d  l in e  b e g a n  t o  a p p e a r ,  n e a r e r  th e  s e r u m  w e l l  a n d  

a p p a r e n t ly  id e n t ic a l  w i t h  th e  a 3 l in e  ( F ig .  1). I n c u b a t io n  o f  a n t ig e n  s o lu t io n s  f o r  

5 d a y s  a t  26° b e fo r e  b e in g  p la c e d  i n  t h e  a n t ig e n  w e l l  d id  n o t  r e s u lt  i n  a  q u ic k e r  

a p p e a r a n c e  o r  g r e a t e r  q u a n t i t y  o f  t h e  a 3 a n t ig e n  p r e c ip i t a t e .  I t  w a s  c o n c lu d e d ,  

th e re fo r e ,  t h a t  th e  s lo w  a p p e a r a n c e  o f  t h is  l in e  w a s  d u e  t o  th e  lo n g e r  t im e  n e c e s s a r y  

f o r  a  lo w  c o n c e n t r a t io n  o f  a  s m a l le r  f r a g m e n t  t o  a c c u m u la t e  a  p r e c ip i t a t e  t o  v is ib le  

l im i t s ,  r a t h e r  t h a n  t o  i t s  s lo w  l ib e r a t io n  f r o m  t h e  a 2 a n t ig e n  e it h e r  i n  th e  w e l l  o r  in  

th e  f i r s t - f o r m e d  a 2 l in e .  D i f f u s io n  o f  a n t ig e n  a n d  a n t is e r u m  a t  r ig h t  a n g le s  t o  e a c h  

o t h e r  s h o w e d  t h a t  t h is  w a s  n o t  a  L ie s e g a n g  e f fe c t  ( C r o w le ,  1961, p . 81). T h e  f o l l o w in g  

m e th o d s  w e re  u s e d  t o  a t t e m p t  t o  p u r i f y  th e  p h e n o l- e x t r a c t e d  a n t ig e n  :

( i)  E thanol p recip ita tion  in the presen ce o f  M g u  ( O s b o r n ,  R o s e n ,  R o t h f ie ld  &  

H o r e c k e r ,  1962). O n e  h u n d r e d  m g . o f  L P S  w e re  b r o u g h t  a s  f a r  a s  p o s s ib le  in t o  t r u e  

s o lu t io n  b y  s h a k in g  w i t h  25 m l.  d is t i l l e d  w a te r ,  c e n t r i f u g in g  th e  u n d is s o lv e d  m a t e r ia l  

a t  12,000 g ,  r e s u s p e n d in g  in  a  f u r t h e r  25 m l.  d is t i l l e d  w a te r ,  s h a k in g ,  e tc . ,  t o  a  t o t a l  

o f  100 m l.  T h e  s u p e r n a t a n t  s o lu t io n s  f r o m  th e  w a te r  t r e a tm e n t s  w e re  p o u r e d  in t o  

3 v o i .  e t h a n o l c o n t a in in g  0-025 M - M g C l2, t h e  f lo c c u le n t  p r e c ip i t a t e  c o l le c t e d ,  s u s 

p e n d e d  in  20 m l.  0-02 M -e th y le n e  d ia m in e t e t r a - a c e t ic  a c id  ( E D T A )  a n d  d ia ly s e d  f o r  

24 h r .  T h e  r e c o v e r y  o f  th e  d is s o lv e d  L P S  w a s  68 %  f o r  s u 297/31 a n d  40 %  f o r  t a i . 

T h e  a c t iv i t y  o f  t h e  r e c o v e r e d  m a t e r ia l  i n  g e l d i f f u s io n  w a s  u n c h a n g e d  w i t h  r e g a rd  t o  

th e  a 2 l in e ,  a n d  th e  a 3 l in e  s t i l l  a p p e a r e d  a t  a  c o n c e n t r a t io n  o f  250 / ig . / m l.  T h e  in s o lu b le  

r e s id u e  r e m a in in g  a f t e r  th e  f o u r  w a te r  t r e a tm e n t s  w a s  ly o p h i l i z e d ,  s u s p e n d e d  in  s a l in e  

(1 m g . / m l. )  a n d  te s te d  f o r  th e  l im i t in g  d i lu t io n  o f  i t s  p r e c ip i t in o g e n  a c t iv i t y ,  s u  297/31 
y ie ld e d  1-5 m g . o f  in a c t iv e  re s id u e .  T h e  L P S  o f  t a i  w a s  le s s  s o lu b le ,  s in c e  th e re  

r e m a in e d  a f t e r  th e  f o u r  w a te r  t r e a tm e n t s  a  g e la t in o u s  p e l le t  w e ig h in g  11 -6 m g . w h ic h  
w a s  a s  a c t iv e  i n  g e l d i f f u s io n  a s  th e  s t a r t in g  m a t e r ia l .

( i i )  U ltracentrifugation . T w e n t y  m g . p h e n o l- e x t r a c t e d  a n t ig e n  w e re  s h a k e n  v ig o r o u s ly  

i n  10 m l.  d is t i l l e d  w a t e r  t o  o b t a in  a n  e v e n ly  o p a le s c e n t  s u s p e n s io n  w h ic h  w a s  th e n  

c e n t r i f u g e d  a t  100,000 g  f o r  1 h r .  B o t h  s u p e r n a t a n t  s o lu t io n  a n d  p e l le t  w e re



l y o p h i l i z e d ,  y ie ld in g ,  i n  s u 297/31, 67 %  in  s o lu t io n ,  33 %  in  t h e  p e l le t ;  i n  t a  i , 27 %  in  

s o lu t io n ,  73 %  s e d im e n te d .  T h e  g e l d i f f u s io n  a c t iv i t y  o f  t h e  s e d im e n te d  m a t e r ia l  

w a s  u n c h a n g e d  b o t h  f o r  th e  a 2 a n d  a 3 l in e s .  T h e  a 2 l in e  a p p e a r e d  i n  th e  s o lu b le  

f r a c t io n  o f  b o t h  s t r a in s  a t  a  s l ig h t ly  lo w e r  c o n c e n t r a t io n  t h a n  w i t h  t h e  o r ig in a l  

m a t e r ia l  (2, c o m p a r e d  w i t h  4 / ig . / m l.  f o r  s u 297/31, 8 c o m p a r e d  w i t h  16 / ¿g ./m l. f o r  

t a i ).  T h e  l im i t i n g  c o n c e n t r a t io n  o f  th e  a 3 l in e  w a s  a ls o  u n c h a n g e d  in  t h is  f r a c t io n ,  

a n d  c h r o m a t o g r a p h y  o f  th e  t w o  f r a c t io n s  s h o w e d  n o  q u a l i t a t iv e  d if f e r e n c e .

E ffect o f  sodium  dodecylsu lphate  ( D D S ) on diffusion p a tte rn s. B e e r ,  B r a u d e  &  

B r in t o n  (1 9 6 6 )  f o u n d  t h a t  D D S  a lt e r e d  th e  p r o p o r t io n  o f  th e  t h re e  d i f f u s io n  l in e s  

p r o d u c e d  b y  a  B o iv in - t y p e  p r e p a r a t io n  f r o m  Escherichia coli. I n  th e  p r e s e n t  w o r k  

w i t h  p h e n o l- e x t r a c t e d  a n t ig e n s ,  i t  w a s  f o u n d  t h a t  D D S ,  a t  a  c o n c e n t r a t io n  o f  0 -2  %  in  

th e  a n t ig e n  w e l l ,  s im i la r l y  a lt e r e d  th e  o c c u r r e n c e  a n d  d e n s it y  o f  t h e  l in e s .  I n  S U 2 9 7 /3 1 , 
t h e  a 2 l in e  v i r t u a l l y  d is a p p e a r e d ,  th e  a 3 l in e  w a s  in t e n s i f ie d ,  a n d  a n  a d d i t io n a l  

l in e ,  ‘ a 4 ’ , f o r m e d  n e a r e r  t o  th e  s e r u m  w e l l  t h a n  th e  a 3 l in e .  I n  t a i , in c r e a s e d  d e n s it y  

o f  a 3 w a s  a c c o m p a n ie d  b y  a  d e c re a s e  i n  a 2, a n d  b o t h  l in e s  w e re  d is p la c e d  m a r k e d ly  

t o w a r d s  th e  s e r u m  w e l l ;  a 4 d id  n o t  a p p e a r .  I n  b o t h  p r e p a r a t io n s  l in e s  lo s t  d e f in i t io n  

a n d  r e a c t io n  b e c a m e  le s s  s e n s it iv e  ( v is ib le )  in  th e  p re s e n c e  o f  th e  d e te rg e n t .  P r o lo n g e d  

t r e a tm e n t  (1 4  d a y s  a t  4 0) w it h  D D S  d is a g g r e g a te d  th e  a n t ig e n s  t o  s u c h  a n  e x te n t  

t h a t  t h e y  n o  lo n g e r  f o r m e d  p r e c ip i t in  l in e s .

W h e n  a n t is e r a  w e re  a b s o r b e d  ‘ i n - w e l l ’ ( H u m p h r e y  &  V in c e n t ,  1965) w i t h  D D S -  

t r e a t e d  a n t ig e n s  a n d  d i f f u s e d  a g a in s t  u n t r e a t e d  L P S ,  th e  f o r m a t io n  o f  th e  a 3 l in e  

w a s  p r e v e n te d  c o m p le t e ly ,  a n d  o n ly  a  f in e  t r a c in g  o f  th e  a 2 l in e  r e m a in e d .  T h i s  i n d i 

c a te d  t h a t  o n ly  a  s m a l l  p r o p o r t io n  o f  th e  a n t ib o d ie s  r e s p o n s ib le  f o r  t h is  l in e  w e re  

s t i l l  f re e  ( i.e . u n a b s o r b e d  b y  t h e  D D S - t r e a t e d  a n t ig e n ) .  T h e  a n t ig e n  r e s p o n s ib le  f o r  

t h e  a 3 l in e  a n d  f o r m e d  f r o m  t h e  a 2 a n t ig e n  in  th e  p re s e n c e  o f  D D S  c a r r ie d  i n  th e  

m a in  th e  s a m e  a n t ig e n ic  g r o u p in g s .

The effect o f  ce ty ltrim eth ylam m on ium  chloride  (cetavlon ). T h e  c e t y l t r im e t h y l-  

a m m o n iu m  io n  w i l l  p r e c ip i t a t e  h ig h ly  a c id ic  p o ly s a c c h a r id e s  a t  n e u t r a l  p H  a n d  le s s  

a c id ic  p o ly s a c c h a r id e s  a t  h ig h e r  p H  ( S c o t t ,  i9 6 0 ) .  P h e n o l- e x t r a c t e d  a n t ig e n s  (1 0 0  m g .)  

w e re  d is s o lv e d  i n  w a t e r  w i t h  s h a k in g ,  a n d  th e  f r a c t io n  s e d im e n te d  a f t e r  c e n t r i f u g a t io n  

a t  1 2 ,0 0 0  g  r e m o v e d .  T h e  s o lu t io n s  w e re  m a d e  2 %  (w /v )  w i t h  r e s p e c t  t o  c e t a v lo n ,  a n d  

t h e  p H  v a lu e  w a s  a d ju s t e d  p r o g r e s s iv e ly  w i t h  a lk a l i .  T h e  t a i  a n t ig e n  b e g a n  t o  

p r e c ip i t a t e  a t  p H  7 t o  8 ;  t h a t  o f  S U 2 9 7 /3 1  a t  p H  10. T h e  o p a le s c e n t  s o lu t io n  w a s  

le f t  o v e r n ig h t ,  t h e  p r e c ip i t a t e  s e p a ra te d  b y  c e n t r i f u g a t io n ,  t h r ic e  d is s o lv e d  in  5 M - N a C l  

(3 0  m in . ,  3 7 0 w it h  s h a k in g )  a n d  p r e c ip i t a t e d  i n  10 v o l .  e t h a n o l  t o  d is p la c e  th e  c e t y l

t r im e t h y la m m o n iu m  io n  ( J a n n  e t al. 1 9 6 5 ). T h e  p r e c ip i t a t e  w a s  f r e e z e  d r ie d  a n d  

te s te d  in  g e l d i f f u s io n .  T h e  s u p e r n a t a n t  f lu id  f r o m  t h e  p r im a r y  c e t a v lo n  p r e c ip i t a t io n  

w a s  d ia ly s e d  a t  40 w i t h  s t i r r in g  u n t i l  f r e e  f r o m  f o a m  (7  d a y s ) ,  c o n c e n t r a t e d  in  v a c u u m  

a t  3 5 0 a n d  f re e z e  d r ie d .  I n  th e  c a s e  o f  s u  2 9 7 /3 1 , 7  %  o f  th e  s t a r t in g  m a t e r ia l  w a s  

r e c o v e r e d  a s  p r e c ip i t a t e  ( in a c t iv e ) ,  a n d  8 0  %  a s  a c t iv e  m a t e r ia l  f r o m  th e  s u p e r n a t a n t  

f lu id .  T h e  la t t e r  g a v e  a  f a s te r  a n d  m o r e  d if f u s e  b a n d  w h ic h  f u s e d  w i t h  a 3 o f  t h e  p a r e n t  

m a t e r ia l .  I t  s e e m e d  t h a t  th e  e f fe c t  o f  c e t a v lo n  o n  t h e  s u  2 9 7 /3 1  a n t ig e n  w a s  m a in ly  

a s  a  d e te rg e n t  c o m p a r a b le  w i t h  D D S ,  b u t  t h a t ,  u n d e r  th e  c o n d i t io n s  u s e d , th e  L P S  

w a s  n o t  s u f f ic ie n t ly  a c id ic  t o  b e  p r e c ip i t a t e d  b y  c e t a v lo n .  I n  th e  c a s e  o f  t a i , 6 0  %  
o f  th e  s t a r t in g  m a t e r ia l  w a s  r e c o v e r e d  i n  th e  p r e c ip i t a t e ,  f u l l y  a c t iv e  a n d  id e n t ic a l  

w i t h  a 2. T h e  18 %  re c o v e r e d  f r o m  th e  s u p e r n a t a n t  f lu id  f o r m e d  a  f a s t - m o v in g  d if f u s e  

p r e c ip i t a t io n  l in e  i n  th e  a 3 r e g io n .

Som atic  antigens o f  Rhizobium  trifolii 415
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Im m unoelectrophoresis. T h e  in d ic a t io n ,  f r o m  c e t a v lo n  p r e c ip i t a t io n ,  t h a t  t h e  t a i  
a n t ig e n  w a s  m o r e  a c id ic  t h a n  t h a t  f r o m  s u  297/31, w a s  c o n f i r m e d  b y  im m u n o e le c t r o -  

p h o r e s is ,  b o t h  o f  th e  p h e n o l- e x t r a c t e d  L P S  a n d  o f  m e c h a n ic a l ly - d is in t e g r a t e d  b a c t e r ia .  

T h e  ta 1 a n t ig e n  m o v e d  t o w a r d s  t h e  a n o d e ,  a s  d id  th e  a 2 c o m p o n e n t  o f  th e  a n t ig e n  

m ix t u r e  f r o m  d is in t e g r a t e d  b a c t e r ia .  T h e  a 2 a n t ig e n  o f  s u  297/31 m o v e d  a  s h o r t  

d is t a n c e  t o w a r d s  th e  c a th o d e ,  p r o b a b ly  b y  e n d o s m o s is .  I n  n e it h e r  c a s e  d id  th e  

a 3 l in e  b e c o m e  v is ib le .

A n tigen ic ity  in rabbits. T h e  p h e n o l- e x t r a c t e d  L P S  a n d  th e  B o iv in - t y p e  a n t ig e n  

f r a c t io n s  y ie ld e d  a n t is e r a  s h o w in g  a 2 a n d  a 3 g e l - d i f f u s io n  l in e s ,  a n d  h a v in g  th e  

f o l l o w in g  t i t r e s  ( d e te r m in e d  b y  a g g lu t in a t io n  o f  h o m o lo g o u s  w h o le  b a c t e r ia ) :  

s u 297/31 p h e n o l- e x t r a c t e d  L P S ,  3200; s u 297/31 B o iv in - t y p e  a n t ig e n ,  3200; t a i  
p h e n o l- e x t r a c t e d  L P S ,  800; t a i  B o iv in - t y p e  a n t ig e n ,  3200. T h e s e  c o m p a r e  w e l l  w i t h  

t i t r e s  o f  3200 t o  6400 u s u a l ly  o b t a in e d  w i t h  a n t is e r a  p r o d u c e d  a g a in s t  w h o le  b a c t e r ia l  

c u l t u r e s  u s in g  t h e  s a m e  r e g im e n .

T h e  a n t is e r a  o b t a in e d  f r o m  is o la t e d  a n t ig e n  d i f f e r e d  f r o m  th o s e  o b t a in e d  f r o m  th e  

b a c t e r ia  th e m s e lv e s  in  t h a t  t h e y  la c k e d  p r e c ip i t in  d u e  t o  in t e r n a l  a n t ig e n s  ( H u m p h r e y  

&  V in c e n t ,  1965) a n d  t h o s e  a g g lu t in in s  m o r e  e f f ic ie n t ly  a b s o r b e d  b y  C a - d e f ic ie n t  

b a c t e r ia  a s  s h o w n  b y  th e  t e c h n iq u e  o f  q u a n t i t a t iv e  a b s o r p t io n  ( V in c e n t  &  H u m p h r e y ,

1968). I n  th e  c a s e  o f  a n t is e r a  p r o d u c e d  f r o m  is o la t e d  a n t ig e n ,  t h e  C a - a d e q u a t e  a n d  

C a - d e f ic ie n t  b a c t e r ia  w e re  e q u a l ly  a b le  t o  a b s o r b  a l l  t h e  a n t ib o d ie s ,  w h e re a s  w i t h  

a n t is e r a  t o  b a c t e r ia  a  p o r t io n  o f  th e  t o t a l  a g g lu t in in  re s is te d  a b s o r p t io n  b y  th e  C a -  

a d e q u a te  c e lls .

4 1 6

C hem ical com position  o f  the ex tra c ted  antigens

T a b le  1 s h o w s  th e  c h e m ic a l  c h a r a c t e r is t ic s  o f  t h e  p h e n o l- e x t r a c t e d  L P S ,  a n d  

c o m p a r e s  th e s e  w it h  d a t a  p u b l is h e d  f o r  X anthom onas  s p p . a n d  m e m b e r s  o f  th e  

E n te r o b a c t e r ia c e a e .  I n  m a n y  c a se s , t h e  r h i z o b ia l  a n t ig e n s  s h o w  s im i la r  v a lu e s  t o  

o t h e r  a n t ig e n ic  L P S  w h ic h  h a v e  b e e n  a n a ly s e d .  N o t a b le  e x c e p t io n s  a re  t h e  lo w  P  

v a lu e  a n d  th e  p re s e n c e  o f  g lu c u r o n ic  a c id  in  b o t h  r h i z o b ia l  s t r a in s ;  a n d  in  t a i , t h e  

h ig h  t o t a l  c a r b o h y d r a t e  c o n t e n t  a n d  f a i lu r e  t o  d e te c t  h e p to s e .

Phosphorus content. I t  w a s  t h o u g h t  t h a t  th e  e x t r e m e ly  lo w  p h o s p h o r u s  v a lu e  

( a b o u t  o n e  tw e n t ie t h  o f  th e  a m o u n t  u s u a l ly  r e p o r t e d  in  th e  L P S  o f  th e  E n t e r o 

b a c te r ia c e a e ) ,  m ig h t  b e  d u e  t o  th e  p r e l im in a r y  e x t r a c t io n  w i t h  T C A .  T o  te s t  t h is  

p o s s ib i l i t y ,  w h o le  b a c t e r ia  o f  s u  297/31 w e re  e x t r a c t e d  d i r e c t ly  b y  h o t  p h e n o l  

a c c o r d in g  t o  th e  m o s t  c o m m o n ly  u s e d  t e c h n iq u e  ( W e s t p h a l  e t al. 1952) , a n d  th e  

r e s u l t in g  e x t r a c t  p r e c ip i t a t e d  w i t h  e t h a n o l.  T h e  p r e c ip i t a t e  w a s  r e d is s o lv e d  a n d  
r e p r e c ip i t a t e d  tw ic e .  T h i s  m a t e r ia l  c o n t a in e d  a b o u t  10 %  n u c le ic  a c id s  (a s  e s t im a te d  

f r o m  th e  a b s o r p t io n  p e a k  a t  260 m /t)  a n d  1-2 %  P .  I t  w a s  f u r t h e r  p u r i f ie d  s u c c e s s iv e ly  

b y  d ig e s t io n  w i t h  r ib o n u c le a s e  a n d  d e o x y r ib o n u c le a s e ,  d ia ly s is  a n d  p a s s a g e  t h r o u g h  

a  c o lu m n  o f  8 %  a g a ro s e . T h e  c o lu m n  h a d  a  v o id  v o lu m e  o f  50 m l.  a n d  th e  a n t ig e n  

a s  r e v e a le d  b y  g e l d i f f u s io n  w a s  lo c a t e d  i n  f r a c t io n s  12 t o  23 (5 m l.  f r a c t io n s  o f  

o -2 M - a m m o n iu m  a c e ta te ) . T h e  n u c le o t id e s  a p p e a r e d  in  f r a c t io n s  28 t o  49. T h e  

a n t ig e n - c o n t a in in g  f r a c t io n s  w e re  p o o le d ,  d ia ly s e d ,  c o n c e n t r a t e d  i n  v a c u u m  a n d  

f re e z e  d r ie d .  T h e  r e c o v e r e d  m a t e r ia l  (115 m g .)  s h o w e d  n o  a b s o r p t io n  p e a k  a t  260 m /t  

a n d  w a s  h ig h ly  a c t iv e  in  g e l d i f f u s io n  ( th e  a 2 l in e  a p p e a r e d  a t  0-5 / tg ./m l. ,  a 3 a t  64 
/ ig /m l. ) .  T h i s  a n t ig e n  p r e p a r a t io n  c o n t a in e d  o n ly  0-045 %  p h o s p h o r u s .  T h e  f a c t  t h a t  

t h is  h ig h ly  a c t iv e  e x t r a c t  s h o w e d  a  lo w e r  c o n t e n t  t h a n  th e  p r e v io u s  p r e p a r a t io n
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m a d e  a c c o r d in g  t o  th e  m e th o d  o f  O ’ N e i l l  &  T o d d  ( 1961) s u g g e s ts  t h a t  t h e  s m a l l  

a m o u n t  o f  P  is  a  c o n t a m in a n t  r a t h e r  t h a n  a n  e s s e n t ia l c o m p o n e n t  o f  t h e  a n t ig e n .  

T h e  g e la t in o u s  n a tu r e  o f  a  s im i la r  d i r e c t  p h e n o l  e x t r a c t  o f  t a  i  p r e v e n te d  i t s  s e p a r a t io n ,  

d u e  t o  i t s  e x t r e m e ly  s lo w  p e n e t r a t io n  o f  th e  w a t e r  p h a s e  o f  th e  a g a r o s e  c o lu m n .  

C o n t a m in a t io n  o f  th e  u n f r a c t io n a t e d  t a  i  m a t e r ia l  w i t h  n u c le ic  a c id  w a s  e s t im a te d  

a t  18 % .
L ip id  content o f  the antigens. T h e  p h e n o l- s o lu b le  a n t ig e n s  (200 m g .)  w e re  e x t r a c t e d  

s u c c e s s iv e ly  w i t h  e th e r ,  c h lo r o f o r m  a n d  c h lo r o f o r m  +  m e t h a n o l  (2+ 1). T h e  a n t ig e n s  

w e re  f i r s t  e x t r a c t e d  w i t h o u t  p r e - t r e a tm e n t ,  t h e n  th e  r e s id u e  w a s  d iv id e d  in t o  t w o  

p a r t s  a n d  e a c h  h e a te d  f o r  1 h r  a t  io o ° ,  e i t h e r  i n  b u f f e r e d  s a l in e  ( p H  7-2)  o r  in  

N - a c e t ic  a c id .  T h e  e x t r a c t io n s  w i t h  e th e r ,  c h lo r o f o r m  a n d  c h lo r o f o r m  +  m e t h a n o l  

w e re  re p e a te d  o n  th e  h e a te d  m a t e r ia l .  T h e  p e r c e n ta g e s  o f  l i p i d  m a t e r ia l  e x t r a c t e d  

a t  e a c h  s te p  a re  s h o w n  i n  T a b le  2. T h e  f r a c t io n s  h e a te d  i n  a c id  h a d  lo s t  b o t h  t h e i r  

a b i l i t y  t o  f o r m  a  p r e c ip i t a t e  in  g e l d i f f u s io n  a n d  t h e i r  a b i l i t y  t o  a b s o r b  t h e  a n t ib o d ie s  

i n  ‘ i n - w e l l ’ a b s o r p t io n .  T h e  f r a c t io n s  h e a te d  a t  p H  7-2 a n d  e x t r a c t e d  w i t h  t h e  t h re e  

s o lv e n t s  w e re  a s  a c t iv e  i n  g e l d i f f u s io n  a s  t h e  s t a r t in g  m a t e r ia l .

T a b le  2. L ip id  fra c tio n s  e x tra c ted  fro m  rh izob ia l antigens

R h iz o b iu m  tr i fo li i

418

S tra in  SU297/31 S tra in  ta i

%  d ry  w t

F ro m  u n h ea ted  m a te ria l .................  3-6 io-i

F ro m  h ea ted  m a te ria l ................. N eu tra l A cid N e u tra l A cid
E th e r  ex trac t 8 7 — 4-6
C h lo ro fo rm  ex trac t 1-9 9 '4 — i-8
C h lo ro fo rm + M e O H  ex trac t 7.7 I 4 '5 4-8 9 '4
T o ta l lip id  ex trac tab le  a f te r  h ea tin g 17-6 30-9 4-8 I 5-I

F irm ly  b o u n d  lip id  (lib e ra ted  by 13-3 10-3
acid  hydrolysis)

T o ta l lip id  in p re p a ra tio n  34-5 25-2

C hrom atography o f  sugars. C h r o m a t o g r a p h y ,  i n  s o lv e n t s  A ,  B  a n d  C ,  w a s  c a r r ie d  

o u t  o n  h y d r o ly s a t e s  b o t h  o f  th e  o r ig in a l  p h e n o l- e x t r a c t e d  L P S  a n d  t h e  p o ly s a c c h a r id e  

r e s id u e  le f t  a f t e r  l i p i d  e x t r a c t io n .  T h e  la t t e r  m a t e r ia l  g a v e  c le a n e r  s e p a r a t io n s ,  a l t h o u g h  

b o t h  m a t e r ia ls  s h o w e d  th e  s a m e  s u g a r s  w h e n  v is u a l iz e d  w i t h  p - a n is id in e  H C 1 .
T h e  p h e n o l- e x t r a c t e d  a n t ig e n s  o f  b o t h  s u  297/31 a n d  t a i  a p p e a r e d  t o  c o n t a in  

g lu c o s e ,  m a n n o s e ,  f u c o s e ,  g lu c u r o n ic  a c id  a n d  i t s  la c t o n e  a n d  a n  u n k n o w n ,  f a s t 

r u n n in g  s p o t  (-ftg iUCoSe =  2-14 i n  s o lv e n t  A )  w h ic h  re a c te d  w i t h  p - a n is id in e  H C 1  

b u t  n o t  n a p h t h o r e s o r c in o l .  T h e  p re s e n c e  o f  g lu c u r o n ic  a c id  a n d  i t s  la c t o n e  w a s  

c o n f i r m e d  b y  th e  u s e  o f  n a p h t h o r e s o r c in o l  a s  d ip p in g  re a g e n t .  I n  a d d i t io n ,  S U 2 9 7 /3 1 , 
b u t  n o t  t a i , g a v e  a  s p o t  i n  th e  g a la c to s e  r e g io n  s h o w n  t o  b e  a  h e p to s e  b y  u r e a  

p h o s p h a t e  s p ra y .  A  s lo w - m o v in g  s p o t  i n  s u  297/31 w a s  p r o b a b ly  a  h e x o s e -h e p to s e  
o l ig o s a c c h a r id e  (see  b e lo w ) .

T o  c o n f i r m  th e  id e n t i t y  o f  t h e  s u g a rs ,  a n d  th e  a b s e n c e  o f  h e p to s e  i n  th e  t a i  

a n t ig e n ,  p a r a l le l  s t r ip s  o f  b o t h  p o ly s a c c h a r id e  h y d r o ly s a t e s  a n d  s t a n d a r d  s u g a r s  

w e re  d e v e lo p e d  i n  s o lv e n t  A ,  a n d  t h e n  e it h e r  m a d e  v is ib le  o r  e lu te d ,  th e  e lu a te s



b e in g  te s te d  b y  v a r io u s  id e n t i f i c a t io n  p r o c e d u r e s .  B o t h  th e  g lu c o s e  s p o t  in  s u  2 9 7 /3 1  
a n d  in  t a i , a n d  th e  s lo w - m o v in g  s p o t  in  s u  2 9 7 /3 1  s h o w e d ,  in  th e  c y s te in e  +  H 2S 0 4 
r e a c t io n ,  a  p e a k  a t  4 0 0  m /i id e n t ic a l  w i t h  t h a t  f r o m  th e  g lu c o s e  s t a n d a rd .  T h e  u n k n o w n  

s lo w - m o v in g  s p o t  a ls o  s h o w e d  a  s m a l l  p e a k  a t  5 1 0  m ¡1 , in d ic a t in g  th e  p re s e n c e  o f  

a  h e p to s e .  T h e  S U 2 9 7 /3 1  s p o t  in  th e  g a la c t o s e  r e g io n  s h o w e d  o n ly  a  c le a r  h e p to s e  

p e a k  a t  5 1 0  m /r, w i t h  n o  h e x o s e  p e a k .  T h e  t a i  e lu a te  f r o m  t h is  r e g io n  s h o w e d  n o  

s u g a r s .  T h e  m a n n o s e  a n d  f u c o s e  s p o t s  f r o m  b o t h  a n t ig e n s  s h o w e d  a b s o r p t io n  t y p ic a l  

o f  t h e  s t a n d a r d  s u g a r s  in  th e  c y s te in e  +  H 2S 0 4 r e a c t io n s ,  i.e . m a n n o s e  s h o w e d  a  f la t  

p e a k  a t  4 0 0  m / i w h ic h  d id  n o t  c h a n g e  o n  s t a n d in g  t o  a  p e a k  a t  6 0 0  m / i (a s  d o e s  

g lu c o s e ) ;  f u c o s e  s h o w e d  a  v e r y  s h a r p  p e a k  a t  4 0 0  m / i.  T h e  f a s t - r u n n in g  s u g a r  a ls o  

g a v e  a  s h a r p  p e a k  a t  4 0 0  m / i,  s u g g e s t in g  a  d e o x y -  o r  d id e o x y - s u g a r ,  b u t  i t  w a s  n o t  

r h a m n o s e .  E lu a t e s  o f  th e  g lu c u r o n ic  a c id  a n d  g lu c u r o n o la c t o n e  s p o t s  g a v e  t y p ic a l  

c o lo r a t io n  w i t h  t h e  c a r b a z o le  r e a c t io n ,  a n d  w e re  e s t im a te d  a t  a b o u t  4  %  o f  th e  t o t a l  

p o ly s a c c h a r id e  r e s id u e ,  i.e .  a b o u t  6 %  o f  th e  o r ig in a l  L P S .

G lu c o s a m in e  w a s  id e n t i f ie d ,  a n d  d is t in g u is h e d  f r o m  g a la c t o s a m in e ,  in  h y d r o ly s a t e s  

o f  L P S  in  6 n - H C I  ( i o o °, 16 h r ) .  C h r o m a t o g r a m s  w e re  r u n  in  S o lv e n t  E  a n d  th e  

a m in o  s u g a r s  d e te c te d  w it h  th e  E l s o n - M o r g a n  re a g e n t .

K D O  w a s  d e te c te d  o n  c h r o m a t o g r a m s  a f t e r  h y d r o ly s is  o f  t h e  L P S  f o r  8 m in .  a t  

io o °  in  0-25 n - H C I .  T h e  t h io b a r b i t u r a t e - p o s i t iv e  s p o t s  in  th e  h y d r o ly s a t e s  d e v e lo p e d  

in  s o lv e n t  D  (48 h r )  c o - c h r o m a to g r a p h e d  w it h  a u th e n t ic  K D O .

E stim ation  o f  carbohydrate constituents. T h e s e  w e re  m a d e  o n  p h e n o l- e x t r a c t e d  

a n t ig e n  p r e p a r e d  b y  th e  m e th o d  o f  O ’ N e i l l  &  T o d d  ( 1961). T h e  r e s u lt s  a r e  s h o w n  in  

T a b le  1. I n  h e p to s e  a n a ly s e s ,  u s in g  O s b o r n ’ s 10 m in .  m o d i f i c a t io n  ( 1963) o f  th e  

c y s t e in e  +  H 2S 0 4 r e a c t io n ,  th e  s u 297/31 a n t ig e n  d e v e lo p e d  a  p in k  c o lo r a t io n  w i t h  

a  m a x im u m  a t  508 m / i ,  t y p ic a l  o f  h e p to s e  a n d  e q u iv a le n t  t o  a b o u t  10 %  h e p to s e  

in  th e  w h o le  a n t ig e n ,  t a i , o n  th e  o t h e r  h a n d ,  g a v e  a  b r o w n is h  s o lu t io n  w it h  a n  

a t y p ic a l  b r o a d  c u r v e  h a v in g  a  s l ig h t  m a x im u m  a t  530 m / i c o n f i r m in g  th e  a b s e n c e  o f  

h e p to s e .  F u l l  c o lo u r  d e v e lo p e d  in  th e se  r e a c t io n s  o n ly  a f t e r  16 h r .

I n  th e  t h io g ly c o l l i c  a c id  r e a c t io n  f o r  e s t im a t in g  m e th y lp e n to s e  ( G ib b o n s ,  1955), 

t h e  s u  297/31 a n t ig e n  d e v e lo p e d  a  p r e d o m in a t in g  p in k  c o lo u r ,  a n d  s h o w e d  n o t  o n ly  

a  p e a k  a t  400 m / i f o r  f u c o s e  b u t  a ls o  a  p e a k  a t  510 m / i f o r  h e p to s e  (a s  d id  a  h e p to s e  

s t a n d a rd ) .  T h e  h e p to s e  c o n t e n t  w a s  p r o b a b ly  h ig h  e n o u g h  t o  in t e r f e r e  s l ig h t ly  w i t h  

th e  f u c o s e  v a lu e  (see  G ib b o n s ) ,  t a i  d e v e lo p e d  a  y e l lo w - b r o w n  c o lo u r  w it h  t h io 

g ly c o l l i c  a c id ,  a n d  s h o w e d  a  la r g e  a m o u n t  o f  f u c o s e  (a s  e s t im a te d  b y  A 400 -  A i30), 
a n d  in  a d d i t io n  a  lo w  b r o a d  a b s o r p t io n  c u r v e  w it h  a  s m a l l  m a x im u m  a t  530 m / i.

G l u c o s a m i n e  w a s  e s t i m a t e d  i n  t h e  w h o l e  L P S  a n d  i n  t h e  l i p i d  a n d  p o l y s a c c h a r i d e  

f r a c t i o n s  a f t e r  h y d r o l y s i s  i n  N - a c e t i c  a c i d  a n d  e x t r a c t i o n  w i t h  c h l o r o f o r m  a n d  

c h l o r o f o r m  +  m e t h a n o l .  F o r  t h e s e  a n a l y s e s ,  a l l  t h e  s o l v e n t  e x t r a c t i o n s  w e r e  p o o l e d  

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

t h a n  t h a t  u s u a l l y  r e p o r t e d  i n  L P S ,  w a s  d i s t r i b u t e d  b e t w e e n  p o l y s a c c h a r i d e  a n d  l i p i d  

f r a c t i o n s .

K D O ,  e s t i m a t e d  w i t h  t h i o b a r b i t u r i c  a c i d  a c c o r d i n g  t o  O s b o r n  ( 1963) w a s  d e t e c t e d  

i n  b o t h  a n t i g e n s ,  e v e n  w i t h o u t  p r i o r  h y d r o l y s i s  ( s u 297/31, i - i  % ;  t a i , o - 6  % ) .  A f t e r  

h y d r o l y s i s  w i t h  o - i  N - a c e t i c  a c i d  f o r  30 m i n .  a t  i o o °  t h e  a m o u n t  o f  K D O  d e t e c t e d  

i n  t h e  s u  297/31 a n t i g e n  i n c r e a s e d  t o  1-5 % ; m o r e  v i g o r o u s  h y d r o l y s i s  w i t h  0-25 n - H C I  

f o r  8  m i n .  a t  i o o °  d i d  n o t  a u g m e n t  t h i s  v a l u e .  P r i o r  h y d r o l y s i s  o f  t h e  t a i  a n t i g e n  

w i t h  o - i  N - a c e t i c  a c i d  d i d  n o t  r e l e a s e  m o r e  K D O  b u t  h y d r o l y s i s  w i t h  0-25 n - H C I
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in c r e a s e d  th e  a m o u n t  d e te c te d  t o  1 -2 % . T h e  s e m ic a r b a z id e  r e a c t io n  o f  M a c G e e  &  

D o u d o r o f f  ( 1954), a l t h o u g h  le s s  s p e c if ic ,  d id  n o t  g iv e  h ig h e r  v a lu e s  f o r  th e  e s t im a te d  

K D O  c o n t e n t  o f  e it h e r  a n t ig e n .
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D I S C U S S I O N

T h e  l ip o p o ly s a c c h a r id e s  o f  t w o  s t r a in s  o f  R hizobium  trifo lii s t u d ie d  in  t h e  p r e s e n t  

w o r k  w e re  f u l l y  a n t ig e n ic .  B o iv in - t y p e  a n t ig e n s  h a v e  a lw a y s  b e e n  c o n s id e r e d  t o  b e  

c a p a b le  o f  s t im u la t in g  a n t ib o d y  p r o d u c t io n  ( B o iv in ,  M e s r o b e a n u  &  M e s r o b e a n u ,  

1933). T h is  p r o p e r t y  w a s  a s c r ib e d  t o  th e  p re s e n c e  o f  t h e  p r o t e in  m o e it y ;  b u t  W e b s t e r ,  

S a g in ,  L a n d y  &  J o h n s o n  ( 1955) h a v e  s h o w n  t h a t  p u r i f i c a t io n  o f  a  B o iv in - t y p e  

a n t ig e n  w i t h  s u c c e s s iv e  d e c re a s e  o f  n i t r o g e n  c o n te n t ,  t o  o -6 % , d id  n o t  d im in is h  th e  

a n t ig e n ic i t y .  W i t h  p h e n o l- e x t r a c t e d  a n t ig e n s ,  lo w  in  n it r o g e n  c o n te n t ,  s o m e  w o r k e r s  

(e .g . D a v ie s ,  1956) w e re  u n a b le  t o  p r o d u c e  a n t is e r u m  u n le s s  th e  a n t ig e n  w a s  c o u p le d  

w i t h  a  f o r e ig n  p r o t e in .  O t h e r s  w h o  h a v e  u s e d  p h e n o l- e x t r a c t e d  L P S  w i t h o u t  a d ju v a n t  

a s  a n t ig e n ,  h a v e  h a d  t o  a d o p t  a  p r o g r a m m e  o f  a s  m a n y  a s  tw e n t y  in j e c t io n s  t o  o b t a in  

s a t is f a c t o r y  re s p o n s e  (e .g . T a y lo r ,  K n o x  &  W o r k ,  1966). T h e  a n t is e r a  d e v e lo p e d  

w i t h  th e  r h i z o b ia l  a n t ig e n s ,  b y  u s in g  o n e  in t r a m u s c u la r  in j e c t io n  w i t h  F r e u n d  

c o m p le t e  a d ju v a n t ,  h a d  s a t is f a c t o r y  t i t r e s  w h e n  t h is  w a s  f o l lo w e d  b y  a  s in g le  in t r a 

v e n o u s  in j e c t io n .  T h e  u se  o f  a d ju v a n t  is  k n o w n  t o  r e d u c e  th e  lo w e r  l im i t i n g  m o le c u la r  

s iz e  a s s o c ia te d  w i t h  a n t ig e n ic i t y  ( W h it e ,  1967). I n  a  p r e v io u s  s t u d y  o f  t h e  a n t is e r a  

d e v e lo p e d  b y  w h o le  a n d  b r o k e n  r h i z o b ia  ( V in c e n t  &  H u m p h r e y ,  1968) th e  d is o r g a n iz e d  

s u r f a c e  o f  b a c t e r ia  g r o w n  in  a  d e f ic ie n c y  o f  c a lc iu m  a b s o r b e d  a  p o r t io n  o f  th e  

a n t ib o d ie s  f r o m  a l l  a n t is e r a  m o re  r e a d i ly  t h a n  d id  th e  a g g lu t in o g e n s  o f  c a lc iu m -  

a d e q u a te  b a c t e r ia .  I n  th e  p r e s e n t  s t u d y ,  h o w e v e r ,  t h e  a n t is e r a  p r o d u c e d  a g a in s t  th e  

is o la t e d  L P S  w e re  a b s o r b e d  a s  e f f e c t iv e ly  b y  n o r m a l  a s  b y  c a lc iu m - d e f ic ie n t  b a c t e r ia .  

T h i s  in d ic a t e s  t h a t  a n y  e x t r a  a n t ig e n  r e v e a le d  o n  th e  c a lc iu m - d e f ic ie n t  s u r f a c e  is  n o t  

p a r t  o f  t h e  p h e n o l- e x t r a c t a b le  s o m a t ic  a n t ig e n ,  b u t  p a r t  o f  s o m e  u n d e r ly in g  la y e r  o f  

th e  w a l l  w h ic h  h a s  b e e n  e x p o s e d  a s  a  r e s u lt  o f  c a lc iu m  d e f ic ie n c y .  T h e  c o n c e n t r a t io n  

o f  p h e n o l- e x t r a c t e d  r h i z o b ia l  a n t ig e n s  p r o d u c e d  p r e c ip i t a t io n  l in e s  in  g e l d i f f u s io n  

( b e tw e e n  0-5 a n d  16 / ¿ g ./m l.) , c o m p a r in g  w e l l  w i t h  v a lu e s  r e p o r t e d  b y  o t h e r  w o r k e r s  

(e .g . 1 ¡ug./ml. f o r  P a s t e u r e l la  a n t ig e n ;  D a v ie s ,  1956; 20 t o  40/ /g ./m l. w i t h  a n  Escherichia  
co li L P S  p r e p a r a t io n ;  K a s a i ,  1966).

T h e  tw o  l in e s  f o r m e d  in  g e l d i f f u s io n  b y  th e  r h i z o b ia l  a n t ig e n s  p r o b a b ly  re p re s e n t  

p a r t ic le s  o f  d i f f e r e n t  m o le c u la r  w e ig h t  a n d  c o n f ig u r a t io n  b e a r in g  th e  s a m e  se t o f  

a n t ig e n ic  s ite s , r a t h e r  t h a n  t w o  a n t ig e n ic a l ly  d is t in c t  p a r t ic le s .  T h i s  c o n c e p t  is  b a s e d  

o n  th e  o b s e r v a t io n  t h a t  th e  a n t ig e n  r e s p o n s ib le  f o r  th e  m a jo r  p r e c ip i t a t io n  f in e  ( a 2) 
w a s  r e a d i ly  c o n v e r t e d  t o  t h a t  p r o d u c in g  th e  m in o r  l in e  ( a 3) b y  D D S  d is a g g r e g a t io n ,  

a n d  th e  f a c t  t h a t  t h is  d is a g g r e g a te d  m a t e r ia l  w a s  a b le  t o  c o m b in e  w i t h  a n t ib o d ie s  

r e s p o n s ib le  f o r  th e  a 2 p r e c ip i t a t io n  l in e .  T h e  o b s e r v a t io n  t h a t  a  s m a l le r  f r a g m e n t  

w a s  a ls o  l ib e r a t e d ,  a s  r e v e a le d  in  th e  a 4 l in e ,  s u g g e s ts  t h a t  e a c h  p a r t ic le  s iz e  o f  a n t ig e n  

h a d  a n  o p t im u m  p r e c ip i t a t io n  z o n e  a t  a  d i f f e r e n t  d is t a n c e  b e tw e e n  th e  tw o  w e lls .  

T h e  m e th o d s  o f  p u r i f i c a t io n  u s e d , in c lu d in g  c o lu m n  c h r o m a t o g r a p h y  o n  a g a ro s e ,  

w e re  n o t  a b le  t o  s e p a ra te  th e  d i f f e r e n t  p a r t ic le  s iz e s  e n c o u n te r e d  in  th e  p r e s e n t  

in v e s t ig a t io n .  H o w e v e r ,  o t h e r  w o r k e r s  ( B e e r  e t al. 1966), w i t h  a  B o iv in - t y p e  a n t ig e n  

f r o m  Escherichia coli, w e re  a b le  t o  s e p a ra te  o n  s u c r o s e  d e n s it y - g r a d ie n t s  a  s m a ll 

p a r t ic le  r e s p o n s ib le  f o r  tw o  o f  th e  th re e  d i f f u s io n  l in e s  s h o w n  b y  th e  p a r e n t  p r e p a r a t io n ,  

a n d  a  la r g e  p a r t ic le  w h ic h  f o r m e d  th e  t h i r d  d i f f u s io n  l in e .  T h e  la r g e  p a r t ic le  c o u ld  b e



d is a g g r e g a te d  w i t h  D D S  t o  f o r m  s m a l l  p a r t ic le s  w h ic h  t h e n  s h o w e d  th e  t w o  p r e 

c ip i t a t io n  l in e s  t y p ic a l  o f  t h e  s m a l l  p a r t ic le s  in  th e  p a r e n t  m ix t u r e ,  w h i le  th e  l in e  

d u e  t o  th e  la r g e  p a r t ic le  h a d  d is a p p e a r e d .  B e e r  e t al. c o n s id e r e d  t h a t  th e  tw o  

p r e c ip i t a t io n  l in e s  o b t a in e d  w i t h  th e  a p p a r e n t ly  h o m o g e n e o u s  s m a l l  p a r t ic le s  ( w it h  

s o m e  b u t  n o t  a l l  a n t is e r a )  w e re  d u e  t o  t w o  d i f f e r e n t  a n t ib o d ie s .  I n  th e  p r e s e n t  s t u d y  

o f  r h i z o b ia l  a n t ig e n s ,  w i t h  c le a r  e v id e n c e  o f  c o n v e r s io n  o f  o n e  f o r m  t o  a n o th e r ,  a n d  

o f  th e  a b i l i t y  o f  o n e  f o r m  t o  a b s o r b  th e  a n t ib o d ie s  o f  th e  o th e r ,  i t  s e e m s  r e a s o n a b le  

t o  s u p p o s e  t h a t  t h e  e x t r a c t e d  m a t e r ia l ,  i n  a l l  s ta te s  o f  a g g r e g a t io n ,  c a r r ie d  th e  s a m e  

a n t ig e n ic  d e t e rm in a n t s ,  b u t  t h a t  d i f f e r e n t  p a r t ic le  s iz e  o r  c o n f ig u r a t io n  m a y  e it h e r  

h a v e  s t im u la t e d  th e  p r o d u c t io n  o f  s e v e ra l d is t in c t  a n t ib o d ie s  o r  h a v e  b e e n  r e s p o n s ib le  

f o r  d i f f e r e n t  z o n e s  o f  o p t im u m  p r e c ip i t a t io n  w i t h  th e  s a m e  a n t ib o d y .

C h e m ic a l ly  th e  r h i z o b ia l  a n t ig e n s ,  p a r t i c u la r l y  f r o m  s t r a in  t a i , d if f e r e d  m a r k e d ly  

f r o m  th e  e s t a b l is h e d  s t r u c t u r e  o f  th e  p h e n o l- e x t r a c t e d  O - s o m a t ic  a n t ig e n s  o f  th e  

G r a m - n e g a t iv e  b a c t e r ia  ( L u d e r i t z ,  J a n n  &  W h e a t ,  1968). T h e  m o s t  b a s ic  a n d  

s ig n i f ic a n t  d e p a r t u r e  f r o m  th e  s t r u c t u r e  p r o p o s e d  f o r  a n y  o t h e r  s o m a t ic  a n t ig e n s  

w h ic h  h a v e  b e e n  s t u d ie d  w a s  th e  e x t r e m e ly  lo w  p h o s p h o r u s  c o n t e n t  o f  b o t h  r h i z o b ia l  

p r e p a r a t io n s .  I n  th e  E n t e r o b a c t e r ia c e a e  (see , f o r  e x a m p le ,  H o lm e ,  L in d b e r g ,  

G a r e g g  &  O n n ,  1968), p h o s p h a t e  is  t a k e n  a s  b e in g  p a r t  o f  t h e  l i p i d  f r a c t io n ,  a n d  a ls o  

a s  a  l i n k  b e tw e e n  d i- h e p to s e  u n i t s  i n  th e  p o ly s a c c h a r id e  c o re .  T h e  v a lu e  u s u a l ly  

f o u n d  f o r  L P S  p h o s p h o r u s  is  1 t o  4 %  (see  T a b le  1). I n  th e  r h i z o b ia l  L P S  th e  h ig h e s t  

v a lu e  f o u n d  (0-14 %  f o r  s u  297/31) m ig h t  b e  d e c re a s e d  t o  0-05 %  b y  a  d i f f e r e n t  m e th o d  

o f  p r e p a r a t io n  a n d  p u r i f i c a t io n ,  w i t h  n o  lo s s  o f  a c t iv i t y  in  g e l d i f f u s io n .  I t  s e e m s  

p o s s ib le  t h e r e fo r e  t h a t  th e  p h o s p h o r u s  is  a  c o n t a m in a n t ,  a n d  i n  a n y  c a s e  i t  i s  u n l i k e ly  

t h a t  a t  th e se  lo w  c o n c e n t r a t io n s  i t  c o u ld  p la y  th e  m a jo r  s t r u c t u r a l  r o le  a s s ig n e d  t o  i t  

in  th e  E n te r o b a c t e r ia c e a e .
T h e  o t h e r  m a jo r  d e p a r t u r e  f r o m  th e  u s u a l  p a t t e r n ,  a n d  a  d is t in c t io n  b e tw e e n  th e  

t w o  r h i z o b ia l  s t r a in s  s t u d ie d  h e re , w a s  th e  a b s e n c e  o f  h e p to s e  s u g a r  f r o m  th e  a n t ig e n  

o f  t a  1. V a r io u s  h e p to s e - le s s  m u ta n t s  h a v e  b e e n  r e p o r t e d  i n  S a lm o n e l la  (e .g . K a s a i  &  

N o w o t n y ,  1967), b u t  th e  L P S  f r o m  th e se  s t r a in s ,  s o lu b le  i n  th e  p h e n o l  r a t h e r  t h a n  

t h e  a q u e o u s  p h a s e  o f  e x t r a c t io n ,  is  t h e  l ip id - K D O - p h o s p h a t e - g lu c o s a m in e  c o r e  o f  

a  n o r m a l  s o m a t ic  a n t ig e n  w h ic h  h a s  lo s t  i t s  O - s p e c i f ic  p o ly s a c c h a r id e  b y  m u ta t io n .  

V o l k  ( 1966, 1968a , b ) i s o la t e d  f r o m  tw e n t y  X a n t h o m o n a s  s p e c ie s  a n  L P S  w h ic h  

c o n t a in e d  a l l  t h e  n o r m a l  c o n s t i t u e n t s  o f  a n  O - s o m a t ic  a n t ig e n ,  in c lu d in g  l i p id ,  K D O  

a n d  p h o s p h a te ,  b u t  in  w h ic h  n o  h e p to s e  w a s  d e te c te d  b y  th e  c y s te in e  +  H 2S 0 4 
r e a c t io n ,  o r  b y  c h r o m a t o g r a p h y .  H o w e v e r ,  A d a m s ,  Q u a d l in g  &  P e r r y  ( 1967), w h o  

u s e d  u r e a  p h o s p h a te  a s  v is u a l i z in g  r e a g e n t  o n  p a p e r  c h r o m a t o g r a m s  ( a n d  a ls o  b y  

u s in g  g a s - c h r o m a to g r a p h y ) ,  f o u n d  h e p to s e  in  c h r o m a t o g r a m s  o f  th e  p h e n o l- e x t r a c t e d  

L P S  o f  a l l  b a c t e r ia  te s te d , in c lu d in g  tw o  o f  th e  X a n t h o m o n a s  s p e c ie s  ( b u t  n o t  n e c e s 

s a r i l y  th e  s a m e  s t r a in s )  s t u d ie d  b y  V o l k .  I n  th e  r h i z o b ia l  p r e p a r a t io n s  s t u d ie d  h e re , 
h e p to s e  w a s  c le a r ly  p r e s e n t  in  th e  s u 297/31 a n t ig e n  b u t  w a s  n o t  d e te c te d  i n  th e  t a i  

a n t ig e n  b y  a n y  o f  th e  te s ts  a p p l ie d ,  in c lu d in g  th e  u r e a  p h o s p h a t e  p r o c e d u r e  u s e d  

b y  A d a m s  e t al. ( 1967).
I n  o t h e r  re s p e c ts ,  t h e  a n t ig e n s  o f  th e  r h i z o b ia l  s t r a in s  r e s e m b le d  t h o s e  e x t r a c t e d  

f r o m  E n t e r o b a c t e r ia c e a e ,  a l t h o u g h  f i r m ly  b o u n d  l i p i d ,  g lu c o s a m in e  a n d  K D O  w e re  

p r e s e n t  i n  a m o u n t s  le s s  t h a n  t h o s e  u s u a l ly  r e p o r t e d .  T h e  l a b i l i t y  o f  t h e  K D O  

b o n d in g  i n  t h e  s u  297/31 a n t ig e n  m a k e s  i t  p o s s ib le  t h a t  s o m e  o f  t h is  c o m p o u n d  m a y  

b e  in v o lv e d  i n  t h e  t y p e  o f  p o ly s a c c h a r id e - ( K D O ) n- l ip id  l in k a g e  p r o p o s e d  b y  O s b o r n
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( 1963). T h e  o t h e r  s u g a r  c o n s t i t u e n t s  c o m m o n  t o  b o t h  t a i  a n d  s u  297/31, g lu c o s e ,  

m a n n o s e  a n d  fu c o s e ,  h a v e  b e e n  r e p o r t e d  o f t e n  a s  th e  c o n s t i t u e n t s  o f  c e l l  w a l l  L P S ,  

b u t  v a lu e s  f o r  m e th y lp e n to s e s  a p p e a r  h ig h e r  in  th e se  r h i z o b ia  a n d  in  th e  X a n t h o m o n a s  

s p e c ie s  t h a n  in  th e  s t r a in s  o f  E n te r o b a c t e r ia c e a e .  I n  th e  r h i z o b ia l  a n t ig e n s  i t  s e e m s  

p r o b a b le  t h a t  th e  u n k n o w n  f a s t - m o v in g  s u g a r  c o m p o n e n t  ( p o s s ib ly  a  d i- d e o x y - s u g a r )  

is  c o n t r ib u t in g  t o  th e  m e th y lp e n to s e  v a lu e  i n  a n a ly s e s  o f  th e  w h o le  a n t ig e n .  U r o n i c  

a c id s  r e p o r t e d  r a r e ly  in  L P S  o f  E n t e r o b a c t e r ia c e a e  (see  L u d e r i t z  e t al. 1968) a r e  

s u s p e c te d  o f  b e in g  o f  c a p s u la r  p o ly s a c c h a r id e  o r ig in  w i t h  th e  s u g g e s t io n  t h a t  s o m e 

t im e s  O - a n d  K - a n t ig e n s  a r e  b o u n d  t o g e th e r  w i t h  u n u s u a l  f irm n e s s .  V o l k  ( 1968« ) id e n t i 

f ie d  th e  u r o n ic  a c id  w h ic h  h e  h a d  r e p o r t e d  e a r l ie r  in  X a n t h o m o n a s  s p p .  a s  g a la c t u r o n ic  

a c id .  I n  o u r  tw o  r h i z o b ia l  a n t ig e n s  i t  s e e m s  t h a t  th e  g lu c u r o n ic  a c id  o f  s u  297/31, 

u n l ik e  t h a t  o f  t a  1, is  l in k e d  i n  s u c h  a  w a y  a s  t o  d e c re a s e  a n y  n e g a t iv e  c h a r g e  o n  th e  

m o le c u le .
T h e  lo w  p h o s p h o r u s  c o n t e n t  o f  th e  r h i z o b ia l  a n t ig e n s  p la c e s  th e m  in  a  d i f f e r e n t  

c a t e g o r y  f r o m  o t h e r  O - s o m a t ic  L P S  a n t ig e n s .  B o t h  s t r a in s  s t u d ie d  h e re  s h o w e d  

s o m e  fe a tu re s  ( lo w  p h o s p h o r u s  c o n te n t ,  p r e s e n c e  o f  a c id ic  s u g a r s ,  a n d ,  i n  t a i , a  h ig h  

p e r c e n ta g e  o f  n e u t r a l  s u g a r )  w h ic h  r e la t e d  t h e m  c h e m ic a l ly  t o  th e  K - a n t ig e n s  o f  

c a p s u la t e d  E scherichia coli ( 0 r s k o v ,  0 r s k o v ,  J a n n  &  J a n n ,  1963; J a n n  e t al. 1965). 

T h e y  a ls o  d i f f e r e d  c h e m ic a l ly  f r o m  th e  K - a n t ig e n  c a p s u la r  p o ly s a c c h a r id e s  in  t h a t  

t h e y  c o n t a in e d  K D O  a n d  a  h ig h e r  p e r c e n ta g e  o f  f i r m ly  b o u n d  l i p id .  W h e n  J a n n  e t al.
( 1965) e x t r a c t e d  a  m ix t u r e  o f  O - a n t ig e n s  a n d  c a p s u la r  p o ly s a c c h a r id e s  f r o m  c a p s u la t e d

E. coli s t r a in s  b y  th e  h o t  p h e n o l  m e t h o d ,  t h e y  w e re  a b le  t o  c e n t r i f u g e  d o w n  th e  

O - s o m a t ic  a n t ig e n  L P S  f r o m  th e  a q u e o u s  p h a s e  o f  p h e n o l  e x t r a c t io n  a t  105,000 g ,  
a n d  th e n  p r e c ip i t a t e  a c id ic  K - p o ly s a c c h a r id e  f r o m  th e  s u p e rn a ta n t  f lu id  w i t h  c e t a v lo n .  

I n  t h is  s t u d y  o f  th e  r h i z o b ia l  a n t ig e n s  i t  w a s  n o t  p o s s ib le  t o  f r a c t io n a t e  th e  m a t e r ia l  a t

100,000 g  o r  b y  c e t a v lo n .  T h e  p h e n o l  e x t r a c t  o f  t h e  E. co li c a p s u la t e d  s t r a in s  s h o w e d  

a  g e l- d i f f u s io n  l in e  a t t r ib u t a b le  t o  th e  O - s o m a t ic  L P S  a n d  a n o th e r  ( d o u b le )  l in e  

f r o m  th e  a c id ic  K - p o ly s a c c h a r id e .  T h e  r h i z o b ia l  p r e p a r a t io n  c o n s is t e d  o f  o n e  a n t ig e n ,  

a lb e i t  i n  t w o  c o n v e r t ib le  m o le c u la r  f o rm s .  T h e  E. coli K - p o ly s a c c h a r id e s ,  u n l ik e  th e  

r h i z o b ia l  a n t ig e n s ,  w e re  n o t  a b le  t o  s t im u la t e  a n t ib o d y  p r o d u c t io n ,  e v e n  w i t h  F r e u n d  

a d ju v a n t .  T h e  h ig h  s e r o lo g ic a l  a c t iv i t y  a n d  h o m o g e n e it y  o f  th e  r h i z o b ia l  a n t ig e n s  

w o u ld  se e m  t o  p r e c lu d e  th e  p o s s ib i l i t y  t h a t  th e  p r e p a r a t io n s  s t u d ie d  in  t h is  p r e s e n t  

w o r k  w e re  m ix t u r e s  o f  O - a n t ig e n  a n d  K - p o ly s a c c h a r id e .  G e l- im m u n o e le c t r o p h o r e s is  

in  p a r t i c u la r  w o u ld  b e  e x p e c te d  t o  s e p a ra te  a  t y p i c a l l y  a c id ic  K - p o ly s a c c h a r id e  f r o m  
a  t y p ic a l ly  n e u t r a l  L P S .

H o w e v e r ,  t h e  a n t ig e n  o f  r h i z o b ia l  s t r a in  t a  i  r e q u ir e s  s o m e  f u r t h e r  c o n s id e r a t io n .  
T h i s  L P S  h a d  a  p e r s is t e n t ly  g e la t in o u s  n a tu r e  w h e n  p r e p a r e d  f r o m  w h o le  b a c t e r ia  

w i t h o u t  p r i o r  t r e a tm e n t  w i t h  T C A .  A l t h o u g h  i t  w a s  q u it e  d i f f e r e n t  in  c h e m ic a l  

c o n s t i t u t io n ,  s o lu b i l i t y  a n d  a n t ig e n ic  a c t iv i t y ,  i t s  p h y s ic a l  a p p e a r a n c e  r e s e m b le d  

e x t r a c e l lu la r  g u m  ( H u m p h r e y  &  V in c e n t ,  1959, 1965) ;  t a i  i s  o n e  o f  th e  f e w  r h i z o b ia l  

s t r a in s  in  w h ic h  D u d m a n  ( 1968) o b s e r v e d  c a p s u le s .  I n  c o n f i r m in g  D u d m a n ’ s o b s e r 

v a t io n s  o n  t h is  s t r a in ,  w e  h a v e  b e e n  a b le  t o  d is t in g u is h  o n  t a i , b u t  n o t  o n  s u 297/ 31, 

c a p s u le s  m o r p h o lo g ic a l ly  d is t in c t  f r o m  th e  e x t r a c e l lu la r  g u m . T h e y  w e re  n o t  se e n  

i n  c u lt u r e s  le s s  t h a n  15 d a y s  o ld .  W e  c o u ld  n o t  s h o w  a n y  d if f e r e n c e  in  a g g lu t in a t io n  

o r  g e l d i f f u s io n  w i t h  s u c h  o ld  c a p s u la t e d  c u ltu r e s .  T h e  p r e p a r a t io n s  o f  t a  i  a n t ig e n s  

d e s c r ib e d  i n  t h is  p a p e r  w e re  f r o m  72 h r ,  tw ic e  w a s h e d ,  a n d  in  o n e  c a s e  u l t r a s o n ic a l ly -  

t r e a te d ,  b a c t e r ia ,  a t  w h ic h  a g e  n o  c a p s u le s  w e re  d e te c te d . A n y  e x t r a c e l lu la r  g u m
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would have been removed from the bacteria by the washings. The gelatinous nature 
of the antigen extracted by hot phenol from such bacteria suggests that even before 
the capsules are demonstrable the surface is covered with a gelatinous material which 
is the somatic antigen, and which accumulates as the culture ages until forming a 
visible layer. The surface as well as the isolated antigens of the strain t a  i  are probably 
atypical of the species. Marshall ( 1 9 6 7 ) ,  on the evidence of whole-cell electrophoretic 
mobility, found that its surface appeared to be charged exclusively with carboxyl 
ions (unlike most other Rhizobium trifolii strains which showed a carboxyl- and 
amino-charged surface) and its surface charge density was also unusually high. 
Our results with gel-immunoelectrophoresis of the isolated antigens of t a i  and 
S U 2 9 7 / 3 1  paralleled the relative mobility of the whole bacteria as determined by 
Marshall.
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of Fisheries and Oceanography, for N, C and confirmatory P analyses. The work 
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Industry Research Council and the Rural Credits Division of the Reserve Bank of 
Australia.
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A  r e l ia b le  t e c h n iq u e  w a s  r e q u ir e d  f o r  th e  c le a n in g  o f  a  c o n t a m in a t e d  s t o c k  c u l t u r e  

o f  Euglena grac ilis  w h ic h  w o u ld  p r e c lu d e  th e  s e le c t io n  o f  s u b t le  p h y s io lo g ic a l  m u ta n t s  

a n d  p r o v id e  s u f f ic ie n t  e u g le n a s  f o r  a n  in o c u lu m  in  a s  s h o r t  a  t im e  a s  p o s s ib le .

T h e  p h o t o t a c t i c  r e s p o n s e  e x h ib i t e d  b y  m a n y  u n ic e l l s  a n d  c o e n o b ia  h a s  b e e n  e x 

p lo i t e d  f o r  y e a r s  w i t h  v a r y in g  su c c e s s  a s  a  m e a n s  o f  in d u c in g  c e l ls  t o  s w im  a w a y  f r o m  

n o n - m o t i le  c o n t a m in a n t s .  T h e  su c c e s s  o f  th e  s im p le  d e v ic e  i l lu s t r a t e d  ( F ig .  1) d e p e n d s  

o n  th e  e a se  w i t h  w h ic h  o r g a n is m s  c a n  b e  in je c t e d  in t o  s t e r i le  m e d ia  ( w it h  a  m in im u m  

o f  d is t u r b a n c e )  a n d  t h e n  w i t h d r a w n  u n d e r  s t e r i le  c o n d i t io n s ,  f o l l o w in g  a c c u m u la t io n  

a s  a  d e n s e  a x e n ic  s u s p e n s io n  in  a  n a r r o w  b e a m  o f  l ig h t .  A s  th e  t u b e  h a s  a  n a r r o w  

b o r e ,  a n d  is  h e ld  p e r f e c t ly  s t i l l  d u r in g  s e p a r a t io n ,  th e  o r g a n is m s  s w im  a lo n g  i t  w i t h 

o u t  in d u c in g  s u f f ic ie n t  c o n v e c t io n  t o  c o n t a m in a t e  th e  s o lu t io n  f a r t h e r  a lo n g  th e  

tu b e ,  p e r m i t t in g  a  h ig h  y ie ld  o f  ‘ c le a n e d ’ o r g a n is m s .  T h u s  th e  t e n d e n c y  t o  s e le c t  

p h y s io lo g ic a l  m u ta n t s  d o e s  n o t  a r is e  t o  th e  s a m e  e x te n t  a s  w i t h  d i l u t i o n  s e p a r a t io n  

t e c h n iq u e s ,  p a r t i c u la r l y  w h e re  th e s e  r e ly  o n  e s t a b l is h in g  n e w  c lo n e s  f r o m  s in g le - c e l l  

is o la t e s .  O r ig in a l l y  d e v is e d  f o r  r e m o v in g  a  p e r s is t e n t  a c t in o m y c e te  f r o m  a  la b o r a t o r y  

s t o c k  c lo n e  o f  Euglena gracilis, t h is  t e c h n iq u e  h a s  b e e n  f o u n d  e q u a l ly  s u it a b le  f o r  

‘ c le a n in g  u p ’ t h e  f o l lo w in g :  Euglena gracilis  ( tw o  s t r a in s ) ,  E. sp irogyra , O chrom onas 
danica, C ryp tom on as ova ta , Am phidinium  carteri, C h lam ydom onas s p ., a n d  th e  

c o e n o b ia  Gonium socia le  a n d  Pandorina m orum .
O peration , T h e  a p p a r a t u s  is  m a d e  o f  P y r e x  g la s s  w i t h  th e  a r e a  s h o w n  s o l id  i n  th e  

d ia g r a m  p e r m a n e n t ly  m a s k e d  w it h  h e a t - r e s is t a n t  b la c k  e n a m e l p a in t .

B e f o r e  o p e r a t io n  th e  p o r t s  A  a n d  B  a r e  p lu g g e d  w i t h  n e w  ‘ S u b a - s e a l T u r n - o v e r  

C lo s u r e s ’ ( W i l l i a m  F r e e m a n  &  C o . ,  B a r n s le y )  th e  c u l t u r e  s o lu t io n  p o u r e d  in ,  t a k in g  

c a r e  t o  d is p la c e  a l l  th e  a ir ,  a n d  th e  o p e n  e n d  p lu g g e d  w i t h  c o t t o n - w o o l .  T h e  u n i t  is  

t h e n  s u p p o r t e d  h o r i z o n t a l l y  in  a n  a u t o c la v e  a n d  s t e r i l i z e d  in t a c t .
T o  u s e  th e  t u b e  i t  is  a l ig n e d  h o r i z o n t a l l y  o n  a  b u r e t t e  s t a n d ,  a n d  le f t  f o r  a  fe w  

m in u t e s  f o r  c o n v e c t io n  t o  ce a se . A  s u i t a b le  q u a n t i t y  o f  th e  c o n t a m in a t e d  o r g a n is m  is  

t h e n  s lo w ly  in je c t e d  w i t h  a  s y r in g e  t h r o u g h  s e a l A .  T h e  p o r t s  a r e  th e  s a m e  d ia m e t e r  

a s  th e  m a in  t u b e  s o  t h a t  a n y  s m a l l  b u b b le s  o r  b u o y a n t  c o n t a m in a n t s  b e c o m e  

t r a p p e d  in  th e  p o r t .  A s  th e  tu b e  is  m a s k e d  e x c e p t  f o r  th e  n a r r o w  z o n e  a r o u n d  p o r t  

B ,  th e  p h o t o t a c t i c  c e l ls  w i l l  a c c u m u la t e  a s  a  d e n s e  s u s p e n s io n  w i t h in  a  l i g h t  b e a m  

s h o n e  o n t o  t h is  r e g io n .  A  s t e r i le  s y r in g e  is  u s e d  t o  w it h d r a w  th e  c le a n e d  s u s p e n s io n  

t h r o u g h  s e a l B ,  a f t e r  th e  t o p  o f  th e  s e a l h a s  b e e n  s t e r i l i z e d  w it h  e th a n o l.
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T h e  d e p r e s s io n  b e lo w  p o r t  B  w i l l  b e  f o u n d  u s e fu l  f o r  a c c u m u la t in g  s lu g g is h  

s p e c ie s  s u c h  a s  Euglena sp irogyra , w h ic h  t e n d  t o  s e t t le  o u t  a f t e r  a r r iv in g  i n  th e  l ig h t  

b e a m . T h a t  b e lo w  p o r t  A  w i l l  t r a p  h e a v y  c o n t a m in a n t s .

T h e  d im e n s io n s  a re  p r o b a b ly  n o t  v e r y  c r i t i c a l  b u t  a  r a t io  o f  10:1 f o r  th e  t u b e  

le n g t h / d ia m e t e r  h a s  g iv e n  s a t is f a c t o r y  r e s u lt s .  W i t h  a  i o  c m . s w im m in g  p a th ,  Euglena  
g rac ilis  s h o u ld  a r r iv e  in  th e  c o l le c t in g  z o n e  a f t e r  30 m in .  A  s in g le  r u n  is  g e n e r a l ly  

a d e q u a te  t o  p r o v id e  b a c t e r ia -  a n d  f u n g u s - f r e e  c u ltu r e s ,  b u t  i f  s e v e ra l r u n s  a re  

n e c e s s a r y  n e w  c u l t u r e  s o lu t io n  is  r e q u ir e d .  T h i s  is  m o s t  r e a d i ly  a c h ie v e d  b y  p r e 

p a r in g  a  n u m b e r  o f  th e  u n it s  t o  b e  u s e d  in  s e q u e n c e . I n  E. gracilis  a n d  p o s s ib ly  

o t h e r  o r g a n is m s  th e  p h o t o t a c t i c  r e s p o n s e  is  lo s t  i n  c o n t in u o u s  l ig h t ;  a  6 t o  10 h r  d a r k  

p r e t r e a tm e n t  m a y  b e  r e q u ir e d  t o  in d u c e  a  m a x im u m  re s p o n s e .

O ther uses. T h i s  d e v ic e  c o u ld  b e  u s e d  f o r  a  v a r ie t y  o f  p h o t o t a c t i c  a n d  c h e m o t a c t ic  

s e p a r a t io n s .  P h o t o t a c t i c  s p e c ie s  w it h  d i f f e r in g  s w im m in g  r a te s  c o u ld  b e  s e p a r a t e ly  

c o n c e n t r a t e d  b y  r e p e a te d  p a s s e s  t h r o u g h  th e  tu b e .  N e g a t iv e ly  c h e m o t r o p ic  re s p o n s e s  

c o u ld  b e  u t i l i z e d  b y  in j e c t in g  th e  c o n t a m in a t e d  s u s p e n s io n  a t  B ,  th e  in d u c in g  

a g e n t  a t  th e  o p e n  e n d ,  w i t h  f in a l  a x e n ic  r e c o v e r y  a t  A .  F o r  a  p o s i t iv e  c h e m o t a c t ic  

r e s p o n s e  in j e c t  th e  s u s p e n s io n  a t  A ,  th e  a t t r a c t a n t  a t  th e  o p e n  e n d  a n d  r e c o v e r  a t  B .

W h e r e  a  c u l t u r e  is  h e a v i ly  c o n t a m in a t e d  a  s a m p le  s h o u ld  b e  w it h d r a w n  a s  s o o n  a s  

th e  f i r s t  o r g a n is m s  a r r iv e  a t  th e  r e c o v e r y  p o r t .  F o r  c le a n in g  o r g a n is m s  w i t h  

c o n t a m in a t e d  m u c i la g e  s h e a th s  a  d i lu t e  a g a r  s o lu t io n  m ig h t  p r o v e  s u i t a b le  a s  a  
s w im m in g  m e d iu m .

10 cm.

F ig . I. T ac tic  U nicell S ep a ra to r. F o r  ex p lan a tio n  see text.
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B a c t e r ia l  s e x  f a c t o r s  d e t e rm in e  th e  s y n th e s is  o f  s e x  p i l i  t h a t  a c t  a s  r e c e p to r s  f o r  

d o n o r - s p e c i f ic  p h a g e s ,  so  t h a t  m a n y  se x  f a c t o r s  c a n  b e  c o n v e n ie n t ly  id e n t i f ie d  b y  th e  

p h a g e - s e n s it iv i t y  o f  t h e i r  h o s t s  (see  M e y n e l l ,  M e y n e l l  &  D a t t a ,  1968) . G r o s s  d i f 

fe r e n c e s  d is t in g u is h  th e  tw o  m a j o r  g r o u p s  o f  F - l i k e  a n d  I - l i k e  p i l i  a n d  t h e i r  f a c t o r s ,  

w h i le  m in o r  d if f e r e n c e s  a re  e v id e n t  w i t h in  th e  F - l i k e  g r o u p ,  a s  w i t h  th e  d r u g - r e s is t a n c e  

f a c t o r ,  R 100- 1, a n d  th e  p la s m id ,  F 0- /a c  ( N i s h im u r a ,  I s h ib a s h i ,  M e y n e l l  &  H i r o t a ,  

1967; L a w n ,  M e y n e l l ,  M e y n e l l  &  D a t t a ,  1967; M e y n e l l  e t al. 1968). H o w e v e r ,  f o r  

p h a g e  s e n s i t iv i t y  t o  b e  g e n e r a l ly  u s e fu l  a s  a  g e n e t ic  m a r k e r ,  o n e  m u s t  b e  a b le  t o  s e le c t  

m u t a n t  s e x  f a c t o r s  t h a t  c o n f e r  s e n s i t iv i t y  t o  o n ly  o n e  c la s s  o f  p h a g e ,  e .g . t o  i s o 

m e t r ic  R N A  p h a g e  b u t  n o t  t o  f i la m e n t o u s  D N A  p h a g e .  V a le n t in e  a n d  h is  c o l le a g u e s  

h a v e  s h o w n  t h a t  s u c h  m u ta n t s  e x is t  in  m u ta g e n iz e d  H f r  c u lt u r e s  o f  Escherichia coli, 
b y  in f e c t in g  w i t h  R N A  p h a g e ,  p la t in g  f o r  i s o la t e d  c o lo n ie s ,  s p r a y in g  w i t h  th e  s a m e  

p h a g e  a n d  p i c k in g  u n ly s e d  c o lo n ie s  (see  V a le n t in e ,  S i l v e r m a n , I p p e n & M o b a c h ,  1969). 

O n l y  a  m in u t e  p r o p o r t io n  (2/900) o f  s u c h  c o lo n ie s  c o n t a in  m u t a n t  f a c t o r s  ( S i lv e r m a n ,  
M o b a c h  &  V a le n t in e ,  1967) , b e c a u s e  p h a g e  r e s is t a n c e  le s s  o f t e n  a r is e s  i n  t h is  w a y  t h a n  

f r o m  p o o r  e x p r e s s io n  o f  th e  p i lu s - f o r m in g  a b i l i t y  o f  p a r e n t a l  f a c t o r s  o r  f r o m  a  c o m 

p le t e  m u t a t io n a l  b lo c k  in  p i lu s  s y n th e s is .  W e  h a v e  t h e r e fo r e  te s te d  a n  a lt e r n a t iv e  

m e t h o d  o f  s e le c t io n  w h ic h  a p p e a r s  m o r e  e f f ic ie n t .  I t  d e p e n d s  o n  th e  f a c t  t h a t ,  o f  th e  

th re e  c la s s e s  o f  p h a g e - r e s is t a n t  c e l l  i n  th e  c u l t u r e — u n e x p re s s e d  p a r e n t a l  t y p e ,  b lo c k e d  

m u t a n t  a n d  th e  m u ta n t s  t o  b e  s e le c te d — o n ly  th e  la s t  w i l l  b e  p h a g e - r e s is t a n t  y e t  a b le  

t o  s y n th e s iz e  s e x  p i l i  a n d  t o  t r a n s f e r  t h e i r  s e x  f a c t o r s  b y  c o n ju g a t io n .  A  m u ta g e n iz e d  

d o n o r  c u l t u r e  is  a c c o r d in g ly  t r e a t e d  w i t h  p h a g e ,  m a te d  a n d  th e  f a c t o r s  a c q u ir e d  b y  

th e  r e c ip ie n t  e x a m in e d .
A n  o v e r n ig h t  c u lt u r e  o f  Escherichia co li s t r a in  24 c a r r y in g  th e  d e - r e p r e s s e d  f i +  

( F - l i k e )  R  f a c t o r ,  R i d r d - 1 6  ( M e y n e l l  &  D a t t a ,  1967) w a s  t r e a t e d  w i t h  o - q M - e t h y l-  

m e th a n e  s u lp h o n a te  f o r  20 m in .  a t  370, d i lu t e d  1/100 in t o  10 m l.  b r o t h  a n d  g r o w n  

o v e r n ig h t  w i t h o u t  s h a k in g .  N e x t  m o r n in g  i o 10 p a r t ic le s  o f  th e  R N A  F  p h a g e ,  M S  2, 

w e re  a d d e d .  A f t e r  a l lo w in g  30 m in .  a t  370 f o r  a d s o r p t io n ,  th e  in f e c t e d  c u l t u r e  w a s  

d i lu t e d  1 /100 i n  b r o t h ,  in c u b a t e d  o v e r n ig h t  a n d  th e n  a g a in  d i lu t e d  1/100 i n  b r o t h  a n d  

in c u b a t e d  o v e r n ig h t  t o  e n c o u r a g e  p i lu s  f o r m a t io n  a n d  c o n s e q u e n t  k i l l i n g  o f  c e l ls  

w i t h  p a r e n t a l  f a c t o r s .  T h e  s e c o n d  s t a t io n a r y  p h a s e  c u l t u r e  w a s  d i lu t e d  1/20 i n  b r o t h ,  

in c u b a t e d  o n  a  t u r n t a b le  f o r  2 h r  a t  370 a n d  m ix e d  w i t h  e q u a l n u m b e r s  o f  th e  r e c ip ie n t  

s t r a in ,  E. co li 712, a n d  le f t  o v e r n ig h t  a t  370. T h e  r e c ip ie n t  w a s  f in a l l y  i s o la t e d  b y  s t r e a k 

in g  o n  g lu c o s e - s a lt s  a g a r  c o n t a in in g  th e  a p p r o p r ia t e  a n t ib io t i c  a n d  g r o w t h  f a c to r s .  

T h e  c o lo n ie s  o b t a in e d  i n  tw o  in d e p e n d e n t  e x p e r im e n t s  w e re  p u r i f ie d  a n d  te s te d  f o r  

s e n s i t iv i t y  t o  p h a g e  M S  2, t h e  u n r e la t e d  R N A  p h a g e ,  QJl, a n d  th e  D N A  p h a g e ,  f d .



Short com m unication

S o m e  c o lo n ie s  w e re  s e n s it iv e  t o  a l l  th r e e  p h a g e s  l i k e  th e  p a r e n t a l  s t r a in ; o t h e r s  w e re  

r e s is t a n t ;  a n d  a b o u t  50 %  w e re  m u ta n t s  r e s is t a n t  t o  M S 2 b u t  s e n s it iv e  t o  Q /?  a n d  f d .

E le c t r o n  m ic r o s c o p y  s h o w e d  t h a t ,  a l t h o u g h  th e  m u ta n t s  a p p e a r e d  r e s is t a n t  t o  M S  2 
i n  s p o t  te s ts , t h e i r  p i l i  c o u ld  a d s o r b  th e  p h a g e ,  a lb e i t  f a r  le s s  e f f ic ie n t ly  t h a n  th e  p i l i  

o f  t h e i r  p a r e n t .  T h e s e  m u ta n t s  m a y  th e r e fo r e  r e s e m b le  th e  t y p e  A  m u ta n t s  o f  V a le n t in e  

e t al. ( 1969). P la t e  1 s h o w s  a  m ix t u r e  o f  m u t a n t  a n d  p a r e n t a l  p i l i  a f t e r  a d d i t io n  o f  a  

h ig h  m u l t ip l i c i t y  o f  p h a g e  M S 2. T o  p r e p a r e  th e  s p e c im e n s  a  m u t a n t  a n d  a  p a r e n t a l  

c u lt u r e  w e re  m ix e d  a n d  p h a g e  a d d e d .  A f t e r  20 m in .  a t  r o o m  t e m p e r a tu r e ,  th e  s u s p e n 

s io n  w a s  f ix e d  w i t h  f o r m a l in  a n d  th e  c e l ls  c o l le c t e d  o n  a  m e m b r a n e  f i l t e r ,  f r o m  w h ic h  

t h e y  w e re  t r a n s f e r r e d  t o  a n  e le c t r o n  m ic r o s c o p e  g r id  a n d  s t a in e d  w i t h  u r a n y l  a c e ta te .  

A s  P I . 1 s h o w s ,  th e  p a r e n t a l  p i l i  w e re  h e a v i ly  c o a t e d  w i t h  p h a g e  w h e re a s  r e la t iv e ly  fe w  

p a r t ic le s  a t t a c h e d  t o  th e  m u t a n t  p i l i .  M o r e o v e r ,  th e  m u t a n t  p i l i  h a d  a  c o n s p ic u o u s ly  

a b n o r m a l  a p p e a r a n c e  in  t h a t  t h e y  f o r m e d  b u n d le s  a n d  s h o w e d  n u m e r o u s  v e s ic u la r  

s t r u c tu r e s  r e s e m b l in g  th e  ‘ k n o b s  ’ p r e v io u s ly  se e n  o n  th e  t ip s  o f  b o t h  F  a n d  I  s e x  p i l i  

( L a w n ,  1966; M e y n e l l  &  L a w n ,  1967).

D e s p it e  t h e i r  a b n o r m a l  a p p e a r a n c e ,  th e se  m u t a n t  p i l i  e v id e n t ly  a l lo w e d  c o n ju g a t io n  

a n d  g e n e  t r a n s f e r ,  s in c e  t h is  p r o v id e d  th e  m e a n s  b y  w h ic h  th e  m u ta n t s  w e re  is o la t e d .  

M a t in g  e x p e r im e n t s  s h o w e d  t h a t  2 t o  25 %  a n d  0-7 t o  3 %  o f  c e l ls  in  th e  tw o  m u t a n t  

s t r a in s  c o u ld  t r a n s f e r  t h e i r  d r u g  r e s is t a n c e  i n  20 m in . ,  c o m p a r e d  t o  50 %  f o r  t h e i r  

p a r e n t .  T h e  a b n o r m a l  m o r p h o lo g y  o f  th e  m u t a n t  p i l i  t h e r e fo r e  s u g g e s ts  t h a t  th e  a l t e r 

a t io n  in  th e  p i lu s  p r o t e in  t h a t  le a d s  t o  p o o r  a d s o r p t io n  o f  p h a g e  M S  2 a ls o  r e s u lt s  in  

s t r u c t u r a l  in s t a b i l i t y  o f  th e  p i lu s .

T h e  e le c t r o n  m ic r o s c o p y  w a s  k in d l y  u n d e r t a k e n  b y  D r  A .  M .  L a w n .
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P l a t e  i

A  m ix tu re  o f  m u ta n t  (M ) a n d  p a re n ta l (P) pili m ixed  w ith  p h ag e  M S 2. T h e  vesicu lar s tru c tu res  a sso 
c ia ted  w ith  th e  m u ta n t pili a re  m ark ed  by arrow s.

430



J o u r n a l  o f  G e n e r a l  M ic r o b io lo g y , V o l. 59, N o . 3 Plate 1

G . G . M E Y N E L L  and E. A U F R E IT E R (F acing  p . 430)



J .  g e n . M ic ro b io l. (1969), 59, 431 

P r in te d  in  G rea t B rita in
431

Books Received
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L e o n a r d  H i l l . P u b l i s h e d  b y  E d w a r d  A r n o l d  ( P u b l is h e r s )  L im i t e d ,  41 M a d d o x  
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rece ived  fro m  A u thors.]

THE SOCIETY FOR GENERAL MICROBIOLOGY

The S o c ie ty  f o r  G eneral M icrob io logy  h eld  its  f if ty -s ix th  G eneral M eetin g  a t the  
U niversity o f  Birm ingham  on Thursday, F riday an d  S a tu rday m orning, 18, 19 an d  
20 S ep tem ber  1969. The fo llo w in g  com m unications w ere m ade:

O R I G I N A L  P A P E R S

Immunogenic Fragment Antigens from Tissue Cultures Infected with the Virus of Louping-ill 
(Arbovirus group B). B y  J .  G . Brotherston a n d  J .  B . Boyce (M o r e d u n  R e s e a r c h  
I n s t i t u t e ,  4 0 8  G ilm e r to n  R o a d ,  E d in b u r g h ,  E H v j  7  J H )

S u b u n i t  v a c c in e s  a g a in s t  a r b o v i ru s e s  h a v e  b e e n  s u g g e s te d  a s  th e  u l t im a te  a n s w e r  f o r  
v a c c in e s  (C . E . G o r d o n  S m ith  (1 9 6 9 ), B r .  m e d .  B u l l .  2 5 , 142). V iru s  f r a g m e n ts  h a v e  b e e n  
r e p o r te d  a s  h a e m a g g lu t in in s  in  g ro u p  A  a r b o v i ru s e s  (M u s sg a y , M . &  R o t t ,  R .  (1 9 6 4 ), 
V ir o lo g y  2 3 , 573) a n d  a s  s u b u n i ts  o f  v e s ic u la r  s to m a t i t i s  v i ru s  (B ro w n , F .  &  C a r tw r ig h t ,  B .
(1 9 6 6 ), J .  l m m u n .  97, 6 1 2 ), b u t  th e i r  im m u n o g e n ic i ty  is  u n c e r ta in .

I n  o u r  e x p e r ie n c e , sh e e p -k id n e y  t is s u e  c u l tu r e  f lu id s  w ith  h ig h  t i t r e s  o f  lo u p in g - i l l  v i ru s  
in a c t iv a te d  w ith  o -o o i %  f o rm a l in  a n d  in je c te d  in to  a n im a ls ,  d o  n o t  p r o d u c e  a  g o o d  a n t ig e n ic  
r e s p o n s e  u n le s s  tw o  o r  th r e e  d o se s  a r e  g iv e n . H o w e v e r , th e  t r e a tm e n t  o f  s u c h  t is s u e  c u l tu r e s  
b e f o re  o r  a f t e r  in a c t iv a t io n  w ith  f o rm a l in ,  w i th  lo w e r  a l ip h a t ic  a lc o h o ls  (e .g . m e th a n o l)  to  a  
f in a l  c o n c e n t r a t io n  o f  31 % , in  o n e  s te p  re le a se s  o r  u n m a s k s  a n t ig e n s  w h ic h  in d u c e  h a e m -  
a g g lu t in a t in g  in h ib i t in g  (h .i .) a n t ib o d ie s  a n d  n e u t r a l iz in g  p r o te c t iv e  a n t ib o d ie s  w h e n  in je c te d  
in to  sh e e p . T h e  a c t iv e  f r a c t io n s  a r e  e a s ily  o b ta in e d  b y  c e n tr i f u g a t io n  a f t e r  a lc o h o l ic  p r e c ip i t a 
t i o n  a n d  r e - s u s p e n d e d  in  b u f fe re d  s a lin e  a s  a  t e n f o ld  c o n c e n t r a te .  T h e  e ffe c ts  o f  a  s in g le  d o s e  
o f  0-25 m l. a r e  lo n g  la s t in g  w ith  o r  w i th o u t  th e  i n c o r p o r a t io n  o f  a d ju v a n t  m in e ra l  o ils . T h e  
s e ro lo g ic a l  r e s p o n s e  is e q u a l  t o  t h a t  w h ic h  r e s u l ts  f r o m  n a tu r a l  in f e c t io n  a n d  th e  im m u n ity  
in d u c e d  p r o te c ts  a g a in s t  c h a l le n g e  w ith  liv e  v iru s . A  s in g le  d o s e  o f  v a c c in e  28 d a y s  b e fo re  th e  
e n d  o f  p r e g n a n c y  is c a p a b le  o f  in d u c in g  in  e w e s  su ff ic ie n t m a te r n a l  a n t ib o d y  to  p r o te c t  la m b s  
a g a in s t  c h a l le n g e  tw o  m o n th s  a f t e r  b i r th .  M a te r n a l  a n t ib o d ie s  a r e  d e te c ta b le  in  th e  b lo o d  o f  
la m b s  w ith in  7 d a y s  o f  b i r th .  (B r o th e r s to n ,  J .  G . &  B o y c e , J. B . (1969). V e t .  R e c .  84, 514 ).

T h e  re s u l ts  o f  a lc o h o l  t r e a tm e n t  a r e  n o t  w h o l ly  d e p e n d a n t  u p o n  c o n c e n t r a t io n  o r  p u r i f i 
c a t io n  b u t  m a y  b e  d u e  t o  th e  re le a s e  o f  n o n - in fe c t iv e  f r a g m e n ts  o f  v iru s  w h ic h  c a n  b e  
s e p a ra te d  in  t h e  u l t r a -c e n tr i fu g e .

Dietary Lactobacilli and Amine Production in the Alimentary Tract of the Pig in relation to 
Weaning and Postweaning Diarrhoea. B y  I. R . H ill, R . Kenworthy and P. Porter 
( U n i le v e r  R e s e a r c h  L a b o r a to r y ,  C o lw o r th /  W e lw y n ,  C o lw o r th  H o u s e ,  S h a r n b r o o k ,  B e d f o r d )

T h e  in c lu s io n  in to  d ie ts  o f  m ilk  p r o d u c t s  s o u r e d  b y  la c to b a c i l l i  h a s  lo n g  b e e n  c o n s id e re d  
b e n e f ic ia l in  m ic ro b ia lly  a s s o c ia te d  e n te r i t is  o f  m a n . I t  is  th o u g h t  t h a t  th e i r  c u r a t iv e  a c t io n  
in v o lv e s  th e  m a in te n a n c e  o f  a c id ic  c o n d i t io n s  in  th e  in te s t in e , w h ic h  s u p p re s se s  g r o w th  o f  
e n te r o p a th o g e n s .  F o r  th is  r e a s o n  s o m e  w o r k e r s  h a v e  a d v o c a te d  c h e m ic a l  r a th e r  th a n  m ic r o 
b io lo g ic a l  c o n t r o l  o f  in te s t in a l  p H .  H o w e v e r , e x p e r im e n ts  w h ic h  h a v e  r e p o r te d  su c c e ss fu l 
t h e r a p y  b y  r e d u c in g  th e  n u m b e r s  o f  e n te r o p a th o g e n s  h a v e  n o t  b e e n  c o n v in c in g . I t  w a s  
th e r e fo r e  c o n s id e re d  w o r th w h ile  to  lo o k  f o r  c h a n g e s  in  p o te n t ia l ly  d e le te r io u s  m e ta b o l i te s  
fo l lo w in g  th e  u s e  o f  la c to b a c i l l i  p r e p a r a t io n s .

P ig s  w e re  a b r u p t ly  w e a n e d  a t  3 w e e k s  o n  t o  c o w s  m ilk  r e c o n s t i tu te d  f ro m  s p ra y  d r ie d  
p o w d e r ,  f e d  u n m o d if ie d  o r  a f te r  48  h r  i n c u b a t io n  w ith  L a c to b a c i l l u s  a c id o p h i lu s .  I n te s t in a l
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amines were investigated in animals autopsied in the immediate pre- and postweaning period. 
Urinary heterocyclics were used to m onitor in v ivo  formation of diamines, due to  microbial 
action in the intestine.

Excretion of urinary heterocyclic amines increased in the immediate postweaning period, 
and again if an animal was diarrhoeic, the increases being smaller in pigs fed lactobacillus 
milk. Overall production of diamine, within the alimentary tract, was no indication of a 
predisposition to diarrhoea since clinically normal and scouring animals could excrete similar 
levels. However, the site of amine production might be important. The small intestine was the 
main site of production in diarrhoeic animals, whereas in clinically unaffected animals only 
low levels of amines were present. In animals fed dietary lactobacilli a transfer of activity 
from the small intestine to the colon was apparent during the diarrhoeic phase. Concomi
tantly diarrhoea in these animals was reduced in severity and duration.

Lactobacillus adm inistration failed to induce any consistent changes in the small intestinal 
microflora.

A Growth Stimulant for F usarium  g ra m in ea ru m  in Wheat Anthers which Promotes Head 
Infection. By R. N. Strange and H. Smith (D e p a r tm e n t o f  M ic ro b io lo g y , U n iv e rs ity  o f  
B irm in gh am )

Epidemics of cereal headblight caused by F usarium  g ra m in ea ru m  (G ib b ere lla  ze a e ) occur in 
warm humid regions of the world. Heads prior to anthesis and emasculated heads appeared 
resistant to infection but non-emasculated heads seemed susceptible (Anderson, A. L. (1948), 
P h y to p a th o lo g y , 38, 595; McKay, R. & Loughnane, J. B. (1945), S c i. P ro c . R . D u b lin  S o c .  
N .S .  24, 9). Confirmation of the importance of anthers in the infection process on wheat was 
obtained by two different techniques: (1) emasculated and non-emasculated plants were 
exposed to  an aerosol of fungal conidia; and (2) droplets of conidia suspensions were 
deposited on various parts of non-emasculated heads. After incubation at high humidity for 
48 hr and for 5 days in a greenhouse the degree of infection was obtained by plating out the 
partially dissected head and scoring those parts yielding colonies of the fungus. In the second 
series of experiments additional data were obtained by homogenizing the inoculated spikelet 
and plating on a selective medium for fungal colony counts. In both experiments high rates 
of infection were obtained only when conidia had been deposited on anthers.

A growth stimulant in wheat anthers was demonstrated when growth of the fungus on an 
agar medium (Vogel’s salts with 2 % sucrose for 18 hr at 250) and in liquid culture (Vogel’s 
salts with 2 % sucrose for 36 hr at 250) was enhanced by aqueous extracts of anthers more than 
by extracts of any other tissue. The anther extract contained a number of amino acids 
(chromatography) and preliminary work on the extraction of the growth factor(s) has shown 
that it passes a millipore membrane and is dialysable, heat stable and not destroyed by freeze 
drying.

ii Society  f o r  General M icrobiology: Proceedings

The Role of Pectic Enzyme Production in the Resistance of Tomato to F usarium  o x y sp o ru m  
lyc o p e rs ic i. By P. Langcake, R. B. D rysdale and H. Smith (D e p a r tm e n t o f  M ic r o 
b io lo g y , U n iv e rs ity  o f  B irm in gh am )

While pectic enzymes are widely held to be involved in vascular wilt diseases (Wood, 
R. K. S. (1967), P h y s io lo g ic a l P la n t P a th o lo g y , Blackwell, Oxford) their precise role is un
certain and has been investigated from  a number of different points o f view (Patil, S. S. & 
Dimond, A. E. (1968), P h y to p a th o lo g y , 58, 676). Deese, D. C. & Stahmann, M. A. ((1962), 
P h y to p a th o lo g y , 52, 255) found that pectic enzyme activity increased in susceptible tom ato 
plants infected with F u sariu m  o x y sp o ru m  lyc o p ers ic i, while in infected resistant plants the 
level of pectic enzymes was less than in uninfected controls. We have studied three possible 
mechanisms for this difference between susceptible and resistant plants: (1) susceptible and 
resistant plants differ in their ability to induce fungal pectic enzymes following infection,
(2) the fungal pectic enzymes formed differ in ability to use the pectic substances in resistant 
and susceptible plants as substrates, (3) resistant plants produce an inhibitor of pectic 
enzymes. N o evidence has been obtained for a difference in the induction of pectic enzymes by



susceptible or resistant plants or for a difference in the specificity of these enzymes once 
induced. The possibility that the resistant variety produces an inhibitor of pectic enzyme 
activity is still being investigated.

An Experimental System for Studying Tissue Specificity of Influenza Virus. By O. Basarab and
H. Smith ( D e p a r t m e n t  o f  M i c r o b i o l o g y ,  U n i v e r s i t y  o f  B i r m i n g h a m )

A quantitative survey for infective virus in relevant organs of ferrets inoculated with 
influenza virus revealed that the agent localized and grew significantly only in nasal mucosae 
after direct inoculation into the blood stream and predominantly in that site after intranasal 
inoculation. In the latter case, lung and trachea also became infected, but they always con
tained less virus than nasal mucosae. Virus was sometimes recovered from the oesophagus of 
infected animals. However, direct inoculation of this organ without concurrently establishing 
respiratory infection produced no oesophageal infection after 1-3 days. Thus, the virus 
recovered from the oesophagus of animals with respiratory infection represented spill over.

In organ culture, infection followed the pattern i n  v i v o  for nasal mucosae, lung, trachea, 
oesophagus and aorta, namely virus grew in the first three, particularly well in nasal mucosae, 
but did not grow in oesophagus and aorta. The resistance of oesophagus to infection both 
i n  v i v o  and i n  v i t r o  is striking, considering that this organ is exposed to large amounts of 
infective virus in the course of disease.

Unexpectedly, bladder and oviduct which were not infected in the original experiments 
i n  v i v o  supported virus growth in organ culture. Direct injection of virus into the bladder or 
oviducts of ferrets resulted in local infection. This urogenital infection recalls reports of virus 
recovery from human urine in influenza and indicates that the virus is more ubiquitous than 
usually believed. These results also show that route of infection plays a role in localization of 
influenza virus.

The parallel between infection in  v i v o  and the growth patterns of the virus in organ cultures 
establishes the feasibility of the latter system for studying factors influencing tissue suscepti
bility or resistance to infection with this virus.
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Studies of Tumour Malignancy by Analogy with Microbial Virulence. By R. A. Killington, 
A. E. Williams, N. A. Ratcliffe, T. P. Whitehead and H. Smith (T h e  D e p a r t m e n t  o f  

M i c r o b i o l o g y ,  U n i v e r s i t y  o f  B i r m i n g h a m )

Investigation of differences between high and low malignancy sublines of the same tumour 
may allow identification of determinants of malignancy just as comparison of high and low 
virulence strains of pathogenic bacteria has led to the characterization of virulence attributes 
such as toxins and aggressins. With this aim in view differences in malignancy, analogous to 
increased bacterial virulence on passage, have been produced between separate passage 
generations of a rat ascites tumour (W BP1); W BP1 (A) (7th passage) kills rats in c a .  36 days 
and WBP 1 (V) (21st passage) in c a .  16 days (1 x io7 cells i/p). Amounts of these tumours and 
distribution of métastasés did not differ, when compared at the same time after injection but 
more A than V tumour was present at death. Thus WBP 1 (V) may be more toxic than 
WBP 1 (A). In attempts to identify specific changes due to the tumours, the concentrations of 
14 serum components were measured in normal rats and, during tumour growth, in rats 
injected with A or V tumour cells. Changes occurred in several components but the most 
striking were those affecting glucose (normal rat, 200 m g./ioo ml. serum). In rats injected 
with WBP 1 (V) (1 x io7 cells i/p), serum glucose concentrations decreased after 8 days and at 
death were <  10 mg./ioo ml. Similar levels occurred terminally in rats with W BPi (A) but 
the rate of decrease was less. Reduction of serum glucose to <  10 m g./ioo ml. in normal 
rats, by insulin injections, proved fatal. Conversely, injections of glucose into rats dying of 
WBP 1 (V) tumour produced significant prolongation of survival. Thus the toxic effects and 
the differences in malignancy between WBP 1 (V) and WBP 1 (A) appeared related to their 
abilities to induce a fatal hypoglycaemia. The mechanism of this effect is being investigated.
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Virulence Mechanisms of Staphylococci. By C. Adlam, J. H. Pearce and H. Smith ( D e p a r t
m en t o f  M ic ro b io lo g y , U n iv e rs ity  o f  B irm in gh am )

The mechanisms by which staphylococci resist cellular bactericidins of the host remain un
certain. The factors responsible should be most readily recognized by study of organisms 
isolated directly from the infected host (Smith, H. (1964), S y m p . S o c . g en . M ic ro b io l. 14, 1) 
and by comparison of related strains of differing virulence. To investigate these possibilities 
a strain of S ta p h y lo co c c u s  au reu s has been passaged in rabbits to increase virulence and 
organisms grown in v ivo  have been isolated from rabbits infected with the passaged strain.

The virulence of the original (o) and passaged (p) strains grown in  v itro  and the organisms 
grown in v ivo  (v) was compared by LD50 for rabbits; v was 25 times more virulent than p 
and 6000 times more virulent than o. In parallel with the virulence differences the three 
strains differed in their susceptibility to killing by both serum and lysates of polymorpho
nuclear leucocytes. Whereas strains o and p were killed off (strain o more rapidly), strain v 
multiplied. With intact polymorphonuclear leucocytes the three strains were equally suscep
tible to phagocytosis; strains o and p were similar in their susceptibility to intracellular 
killing but survival o f strain v was substantially greater. N o strain showed evidence of 
capsular material when examined in indian ink films.

The significance of these findings for virulence of staphylococci will be discussed.

The Placental Localization of V ibrio  fe tu s .  By D. B. Lowrie and J. H. Pearce ( D e p a r tm e n t  
o f  M ic ro b io lo g y , U n iv e rs ity  o f  B irm in gh am )

V ibrio  f e tu s  causes abortion in cattle and sheep following extensive multiplication of the 
organism within the placental tissues (McFadyean, J. & Stockman, S. (1913), R e p . D ep . 
C o m m . B d . A g r ic . & F ish . L o n d .:  Part III—Abortion in sheep; Jensen, R., Miller, V. A. & 
Molello, J. A. (1961), A m . J . V et. R e s . 22,162). Such local multiplication also causes abortions 
of cattle and sheep resulting from infections with B ru ce lla  spp. The growth of B ru ce lla  spp. is 
localized within the placental tissues and correlates with the presence of the specific growth
enhancing nutrient erythritol (Smith, H., Williams, A. E., Pearce, J. H., Keppie, J., Harris- 
Smith, P. W., Fitz-George, R. B. & Witt, K. (1962), N a tu re , L o n d . 193, 47).

In our work the extent of the placental localization in vibrionic placentitis has been 
examined following experimental infection, then evidence has been sought for a possible 
nutritional basis for the localization. Pregnant sheep were infected intravenously with V. fe tu s .  
After 1-4 weeks the animals were slaughtered and the distribution of organisms in aliquots of 
the maternal and foetal tissues was determined. Organisms were confined to the uterine 
contents: the placenta and the allantoic fluid contained 84 %  of the total organisms present 
(2-4 x io 12) ; the remainder were associated with the chorion, uterine wall and uterine exudate, 
with traces in the internal organs of the foetus.

Foetal and maternal tissues of several pregnant sheep were extracted by maceration in 
phosphate buffered saline. The supernatants from centrifuged extracts were adjusted to 
pH 6-o, sterilized by membrane filtration and used as growth media. Growth rates in extracts 
from foetal cotyledons, maternal liver and occasionally maternal kidney were significantly 
greater than those in extracts from other tissues. Preliminary experiments indicate that 
material responsible for high growth rates in these tissues is diffusible. Erythritol did not, 
however, enhance the growth rate of V. fe tu s .

Virulence and Host Specificity of TRIC Agents. By J. E. Moore, M. S. Griffiths and 
J. H. Pearce ( D e p a r tm e n t o f  M ic ro b io lo g y , U n iv e rs ity  o f  B irm in gh am )

TRIC agents show a marked host specificity, causing conjunctivitis in primates only, the 
natural disease being restricted to man (Jawetz, E. (1964), A n n . R e v . M ic ro b io l. 18, 301). 
Primary cultures of baboon conjunctival cells have been set up to examine various stages in 
the developmental cycle which might influence host specificity. However, attempts to infect 
cells in v itro  were unsuccessful, although cells infected in vivo  subsequently developed in
clusion bodies when cultured in  v itro . Failure to obtain infection in v itro  was not due to



inactivation of the agent nor to non-adsorption on to the cell surface since centrifugation 
(Reeve, P. & Taverne, J. (1967), A n n .  J .  O p h t h a l .  63, 1167) of TRIC agent on to cells did not 
result in the formation of inclusions.

Baboons infected with a laboratory strain of TRIC agent developed a moderate disease 
and relatively few inclusions were seen in conjunctival smears. Thus, failure to obtain 
infection i n  v i t r o  could have been due to reduced virulence following passage in eggs. Passage 
of agent in baboons was therefore carried out and considerable increase in virulence resulted 
after three passages as indicated by the number of infected cells and the severity of clinical 
signs (Collier, L. H. & Blyth, W. A. (1966), J .  H y g . ,  C a m b .  64, 513). In the first passage no 
more than 12 inclusions per smear were seen compared with up to 750 inclusions per smear in 
the third passage. The severity of inflammatory signs paralleled the number of inclusion bodies 
observed. Agent isolated from the conjunctiva of heavily infected animals was much reduced 
in infectivity for the baboon conjunctiva after re-passage in eggs.

The significance of these results for studies o f host specificity will be discussed.
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Isoelectric Focusing of C lo s tr id iu m  p e rfr in g e n s  a -  and 6-toxins. By C. J. Smyth and J. P. 
A rbuthnott ( D e p a r t m e n t  o f  M i c r o b i o l o g y ,  U n i v e r s i t y  o f  G l a s g o w )

The method of isoelectric focusing (Vesterberg, O. & Svensson, H. (1966), A c t a  C h e m .  
S c a n d .  20, 820), allows the separation of proteins on a preparative scale in a natural pH  
gradient of carrier ampholytes (low molecular weight aliphatic polyamino-polycarboxylic 
acids), each protein being focused at its isoelectric point (pi). The possibility that C l o s t r i d i u m  
p e r f r i n g e n s  a-toxin consists o f three or four components, as detected by starch block electro
phoresis has been suggested (Ispolatovskaya, M. V. (1964), B i o k h i m i y a ,  29, 869). Recently 
two forms of a-toxin, having p i’s of 5-2 and 5-5 respectively were detected by isoelectric 
focusing (Bernheimer, A. W. (1968), J .  B a c t .  95, 2439); there are no known reports o f iso
electric focusing of (9-toxin. In the present study partially purified a-toxin, prepared from 
C l .  p e r f r i n g e n s  Type A (strain s 107), was focused in a gradient pH 4-6. The carrier ampholytes 
were inhibitory, but after dialysis of the fractions three main components were found. These 
had p i’s o f 5-20, 5-27 and 5-39; in each case hot cold haemolytic activity paralleled phospho
lipase C activity as detected by release of phosphocholine or egg-yolk turbidity.

By contrast partially purified (9-toxin prepared from C l .  p e r f r i n g e n s  strain B P6k focused in 
a gradient pH 3-10 showed a single peak of haemolytic activity with a p i of 6-5. Approxi
mately 65 % of input activity was recovered without dialysis. The haemolytic peak could be 
refocused in a broad pH gradient without much loss of activity. However when refocused in a 
narrow gradient, pH 5-8, most of the activity disappeared. Similar findings have been reported 
for cereolysin and streptolysin o each of which had a pi of 6-5 (Bernheimer, A. W. (1968), 
J .  B a c t .  95, 2439).

These findings emphasize the basic similarity of these oxygen labile haemolysins.

The Proteolytic System of M ic ro sp o ru m  can is. By J. O’Sullivan and G. E. Mathison 
{ D e p a r t m e n t  o f  M i c r o b i o l o g y ,  Q u e e n  E l i z a b e t h  C o l l e g e ,  U n i v e r s i t y  o f  L o n d o n )

The association of M i c r o s p o r u m  c a n i s  with keratinized tissues in animals and man has led 
to an interest in the proteolytic system of this fungus. It has been shown by Chattaway, F. W., 
Ellis, D. A. & Barlow, A. J. E. ((1963), J .  i n v e s t .  D e r m .  41, 31) that aqueous mycelial extracts 
of M .  c a n i s  exhibit four peaks of peptidase activity at pH 6-3, pH 7-3, pH 8-7 and pH 8-8. 
Further work on the proteolytic system of this fungus has not been reported. This communi
cation deals with the growth characteristics of the fungus, partial characterization, purifi
cation and localization of the proteolytic enzymes.

The fungus is grown on a defined mineral medium with 2 % (w/v) casein as carbon and 
nitrogen source and buffered with phosphate (0-05 m, pH 6-5). The growth rate (/f) is 0-05 hrs-1 
and the doubling time (td) is 14 hr. Proteinases are assayed by the method of Kunitz ((1947), 
J .  g e n .  P h y s i o l .  30, 291) and their secretion into the growth medium is followed; proteolytic 
activity reaches a maximum after 75 hr. Using the same mineral medium with 2 % (w/v) 
casein hydrolysate in place of casein, f t = 0-06 hrs 1 and t d =  11 hr and no proteolytic activity



is detected. The purification of the extracellular proteolytic enzyme is complicated by the 
presence of casein in the medium and column chromatography using Sephadex G -ioo and 
G-200 failed to separate the enzymes from the casein fraction. By lowering the pH of the 
medium to pH 4-6, the casein is precipitated with only slight loss of proteolytic activity from 
the supernatant. A 40 % ammonium sulphate fractionation of the supernatant results in a 
twofold increase in the specific activity of the proteolytic system. This preparation is applied 
to a DEAE cellulose column and eluted with phosphate buffer (o-oi m, pH 7-0) and a sodium 
chloride molarity gradient is applied, resulting in two peaks. Each of these peaks is applied 
to a Sephadex G-100 column and are eluted as single peaks.

The proteolytic activity was localized using sucrose density gradient centrifugation showing 
activity at three sites in the cell in fraction corresponding to 43 %, 21 % and 10 % (w/w) 
sucrose. Alkaline phosphatase has also been localized.
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Structure and Composition of Resistant Layers in Bacterial Spore Coats. By G. W. Gould 
and J. M. Stubbs ( U n i l e v e r  R e s e a r c h  L a b o r a t o r y ,  C o iw o r th . \  W e l w y n ,  S h a r n b r o o k ,  

B e d f o r d )

Spores of various bacteria treated with /J-mercaptoethanol (10 %, w/v) in urea (8m) for 
1 hr at 37° became lysozyme-sensitive, and further treatment with alkali (o-1 N-NaOH; 
15 min at 40) increased their lysozyme-sensitivity still more. It was found that the alkali 
treatment removed an unusual acid-precipitable protein from the spores (7 % of residues 
tyrosine, 12 % glutamic acid, 8 %  aspartic acid, 9 %  lysine in B .  c o a g u l a n s )  similar to a coat 
protein isolated by Kondo & Foster ((1967),/. g e n .  M i c r o b i o l .  47, 257). A variety of mercapto- 
ethanol-treated B a c i l l u s  and C l o s t r i d i u m  spores tested all released similar proteins in alkali.

Electron microscopy of freeze etched and thin sectioned preparations suggested that the 
alkali soluble protein was an outer spore coat component which contributed to a strikingly 
regular ‘bandage’ pattern on the surface of some spores, made up of parallel spaced (57 A) 
striations. Although increasing lysozyme-sensitivity of spores, the mercaptoethanol-alkali 
treatments did not alter spore resistance to heat or to cobalt 60 •'/-radiation.

Physiological Changes in Mice Infected with S tre p to c o c c u s  p n eu m o n ia e  Type III. By T. B.
D ick and C. G. Gemmell ( D e p a r t m e n t  o f  M i c r o b i o l o g y ,  U n i v e r s i t y  o f  G la s g o w )

Studies of the physiological changes following intraperitoneal injection of S t r e p t o c o c c u s  
p n e u m o n i a e  Type III (N.C.T.C. 7978) into Porton white mice have been undertaken. Attempts 
have been made to correlate these changes with the number of bacteria present in the blood 
during the infection.

The results of the experiments can be summarized as follows: (1) There was a fall in blood 
glucose to around 40 %  of the level found in control mice. There was no evidence o f glycosuria 
nor of changes in inorganic phosphate which often accompanies derangement of glucose 
metabolism. (2) There was a rise in plasma enzyme levels (glutamate oxalo-acetate trans
aminase to four times normal, glutamate pyruvate transaminase to four times normal and 
lactic dehydrogenase to eight times normal), suggesting a degree of hepatic damage. (3) There 
was a marked rise in plasma potassium as the infection progressed with levels up to ten times 
normal being recorded at death. It was thought that this was due to leakage of ions perhaps 
through the erythrocyte membrane as there has been a report (Shumway & Pollock, J .  L a b .  
C l i n .  M e d .  65, 432) of increased erythrocyte osmotic fragility brought about by the pneumo
coccus in rabbits. (4) There was a fall in the white blood cell count during the infection: the 
value at death was often as low as 30 % of normal.

It is unlikely that the changes are due simply to the presence of a large number of bacteria 
in the blood and it is thought that the pneumococcus may produce a toxin i n  v i v o .  This 
toxin may not be lethal p e r  s e  but may cause some of the changes described, e.g. release of 
intracellular enzymes and loss of white blood cells.
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