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THE PR EPARATION OF PAPERS
T h e  m o re  w o rd s  th e re  a re , th e  m o re  w o rd s  th e re  a re  a b o u t  w h ic h  d o u b ts  m a y  be  e n te r ta in e d . ’

J E R E M Y  B E N T H A M  ( 1748- 1832)

W h a t  c a n  be  s a id  a t  a l l  c a n  be  s a id  c le a r ly ;  a n d  w h e re o f  o n e  c a n n o t  s p e a k  th e re o f  o n e  m u s t  be  s i le n t . ’
L U D W I G  W i t t g e n s t e i n : Tractatus Logico-philosophicus (tr . C .  K .  O g d e n )

’h e  E d it o r s  w is h  to  e m p h a s iz e  w a y s  in  w h ic h  c o n t r ib u to r s  c a n  h e lp  to  a v o id  d e la y s  in  p u b lic a t io n .
( 1) P a p e rs  s h o u ld  b e  w r it te n  w ith  th e  u tm o s t  c o n c isen e ss  c o n s is te n t  w ith  c la r ity .  T h e  be s t E n g l is h  f o r  th e  

u rp o se  o f  th e  Journal is  th a t  w h ic h  g ive s  th e  sense in  th e  few e st s h o r t  w o rd s , sp e lt  a c c o rd in g  to  th e  Shorter 
Oxford English Dictionary.

(2) A  p a p e r  s h o u ld  be  w r it te n  o n ly  w h e n  a  p ie c e  o f  w o r k  is  ro u n d e d  o ff. A u t h o r s  s h o u ld  n o t  be  sed u ced  
i t o  w r it in g  a  se r ie s  o f  p a p e rs  o n  th e  sam e  su b je c t as re su lts  c o m e  to  h a n d . I t  is  b e tte r  to  w a it  u n t i l  a  
o m p re h e n s iv e  p a p e r  c a n  be  w r it te n .

(3) A u t h o r s  s h o u ld  sta te  th e  o b je c t iv e  w h e n  th e  w o r k  w as u n d e r ta k e n , h o w  th e y  d id  i t  a n d  th e  c o n c lu s io n s  
le y  d ra w . A  se c t io n  la b e lle d  ‘ D is c u s s io n ’ s h o u ld  b e  s t r ic t ly  l im it e d  to  d is cu s s in g  th e  re su lts  i f  th is  is 
ecessary , a n d  n o t  to  re c a p itu la t io n .  T y p e s c r ip t s  s h o u ld  a ls o  c a r r y  f o u r  k e y  w o rd s  f o r  in d e x  p u rp o se s .

(4) F ig u re s  a n d  ta b le s  s h o u ld  b e  se le c te d  to  i l lu s t r a te  th e  p o in t s  m a d e  i f  th e y  c a n n o t  b e  d e s c r ib e d  in  th e  
;x t, to  su m m a r iz e , o r  to  re c o rd  im p o r ta n t  q u a n t ita t iv e  re su lts .

(5) A u th o r s  s h o u ld  re m e m b e r th a t  in  p re p a r in g  th e ir  ty p e s c r ip t  th e y  a re  g iv in g  in s t r u c t io n s  to  th e  p r in te r  
ab o u t la y o u t ,  e tc.) as w e ll as a t te m p t in g  to  c o n v e y  th e ir  m e a n in g  to  th e ir  reade rs .

(6) E d it o r s  d o  n o t  a lte r  ty p e s c r ip ts  e xcep t to  in c re a se  c la r it y  a n d  con c isen ess . I f  a n  e d it o r ia l a lte ra t io n  
hanges a n  a u th o r ’ s m e a n in g  o n e  im p lic a t io n  is  th a t  i t  w as exp re ssed  a m b ig u o u s ly .  W h e n  a n  e d it o r  can  
ra sp  th e  m e a n in g  o f  a  sen ten ce  u n e q u iv o c a lly  i t  m a y  be  a s su m e d  th a t  a n yo n e  can .

DIRECTIONS TO

lommunications. Manuscripts should be sent to The 
ournal o f General Microbiology, 8 Queen Victoria 
treet, Reading, Berkshire, England. Communications 
bout offprints should be addressed to The University 
'ress, Cambridge.

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

orm o f Papers Submitted for Publication. Authors should 
onsult a current issue in order to make themselves 
imiliar with the Journal’s conventions, use o f cross- 
eadings, layout o f tables, etc.

Manuscripts should be headed with the title o f the 
aper, the names o f the authors (female authors should 
ut one o f their given names in full) and the name and 
ddress o f the laboratory where the work was done.
A manuscript should be submitted in double-spaced 

yping with wide margins, and on paper suitable for ink 
orrections. The paper must be written in English and 
hould, in general, be divided into (a) Summary ; (b) In- 
roduction; (c) Methods; (d) Results; (e) Discussion (if 
ny) and general conclusions; ( / )  Acknowledgements; 
g) References.

CONTRIBUTORS

Typescripts should carry a shortened version of 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 net 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 (usually about 2000 words), 
including title, references and 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 all 
the authors should be given when reference is first made 
in the text, e.g. (Brewer, Stewer & Gurney, 1944), and 
subsequently as (Brewer e; 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. 1914a, 19146, or 1914a, b).

References at the end of the paper should be given in 
alphabetical order according to the name o f the first 
author o f each publication, and should include the title 
o f the paper as well as both initial and final page num
bers. Titles o f journals, books, reports and monographs 
should be set out in full and not abbreviated. References 
to books should include year o f 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 iin .  by 7 i 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 continue usly 
through two or more plates.
Symbols and Abbreviations. Where relevant, Letter 
Symbols, Signs and Abbreviations, British Standard 1991: 
pt 1 General (British Standards Institution) should be 
followed. The pamphlet General Notes on the Preparation 
o f Scientific Papers published by the Royal Society, 
Burlington House, London, 5s., 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 
Societies 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, CuS0 4.H 20  or C u S 04.5H 20 .
Description of Solutions. The concentrations of solutions 
are preferably defined in terms of normality ( n )  or 
molarity ( m ) .  The term ‘ %’ must be used in its correct 
sense, i.e. g./lOO 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 of 
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 on Enzymes on the International 
Union o f Biochemistry, Oxford: Pergamon Press, 50.?., 
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 of 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 of algae and fungi must conform with the Inter
national Rules o f Botanical Nomenclature. Names o f  
protozoa must conform with the International Code o f  
Zoological Nomenclature. Bacteriological Code, Iow a  
State College Press, Ames, Iowa, U .S.A. (1958); Botanical 
Code, International Bureau o f 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 edn 

(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 edn 
(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= 
o f 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 (n o t  
underlined). Anglicized versions are not underlined ancL 
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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1 2 7

A Mutant in the Initiation of DNA Synthesis in 
Salmonella typhimurium

B y  B .  G .  S P R A T  i and R .  J .  R O W B U R Y

D epartm en t o f  B o tan y an d  M icrob io logy , U niversity C ollege London, 
G ow er S tree t, L ondon W .C . i

{A ccep ted  f o r  pu blica tion  30 S ep tem ber 19J0)

SUMMARY
A  m u t a n t  o f  Salm onella  iy / ^ im w r a m  w a s  is o la t e d  w h ic h  s h o w e d  t e m p e r a tu r e -  

s e n s it iv e  s y n th e s is  o f  D N A .  T h e  m u t a n t  ( i i g )  in c r e a s e d  in  c e l l  m a s s  a t  38 °  
w i t h o u t  c o n c u r r e n t  D N A  s y n th e s is ,  r e s u l t in g  in  lo s s  o f  v ia b i l i t y  a n d  th e  p r o 
d u c t io n  o f  lo n g  f i la m e n t s .  D N A  s y n th e s is  a t  38°  c o n t in u e s  f o r  a p p r o x im a t e ly  
4 0  m in .  a t  a  g r a d u a l ly  d e c r e a s in g  r a t e  g iv in g  a n  in c r e a s e  o f  D N A  in  C a s a m in o  
a c id  m in im a l  m e d iu m  o f  a b o u t  5 5  %  o v e r  t h a t  p r e s e n t  a t  th e  t im e  o f  th e  s h if t .  
T h i s  r e s id u a l  D N A  s y n th e s is  is  n o t  r e d u c e d  b y  in c r e a s in g  th e  t e m p e r a tu r e  t o  
4 2 ° , b u t  c a n  b e  in c r e a s e d  b y  e n r ic h in g  o f  th e  m e d iu m  i n  w h ic h  th e  o r g a n is m s  
a r e  g r o w n  b e fo r e  th e  s h if t .  T h e  e f fe c t  o f  h ig h  t e m p e r a tu r e  o n  D N A  s y n th e s is  
in  1 1 G  m im ic s  th e  e f fe c t  o f  c h lo r a m p h e n ic o l ,  w h ic h  is  k n o w n  t o  a l lo w  th e  
c o m p le t io n  o f  r o u n d s  o f  r e p l i c a t io n  o f  D N A  w i t h o u t  a l lo w in g  n e w  in i t ia t io n s .  
T h e  le s io n  is  e s s e n t ia l ly  i r r e v e r s ib le  a n d  is  n o t  c o r r e c t e d  b y  in c r e a s in g  th e  
o s m o t ic  p r e s s u r e  o f  th e  g r o w t h  m e d iu m .  P h a g e  P 2 2  c a n  d e v e lo p  n o r m a l ly  
in  1 1 G  i f  a d d e d  a t  th e  t im e  o f  th e  s h i f t  o r  3 0  m in .  la t e r .  E v e n  i f  th e  p h a g e  is  
a d d e d  3 !  h . a f t e r  th e  s h i f t  s u b s t a n t ia l  m u l t ip l i c a t io n  o c c u r s .  C e l l  d iv i s io n  
c o n t in u e s  f o r  s e v e ra l h o u r s  a f t e r  th e  t e m p e r a tu r e  s h i f t ,  r e s u lt in g  in  th e  p r o d u c 
t io n  o f  D N A - l e s s  c e l ls  a s  r e p o r t e d  i n  a  s e p a ra te  p u b l i c a t io n .

INTRODUCTION
A l t h o u g h  c o n s id e r a b le  a d v a n c e s  h a v e  b e e n  m a d e  in  o u r  k n o w le d g e  o f  D N A  s y n th e 

s is  in  th e  la s t  f e w  y e a r s ,  t h e  p ro c e s s e s  in v o lv e d  in  th e  c o n t r o l  o f  D N A  s y n th e s is  in  

b a c t e r ia  a r e  s t i l l  p o o r l y  u n d e r s t o o d .  T h e  i s o la t io n  o f  t e m p e r a tu r e - s e n s it iv e  m u ta n t s  o f  

D N A  s y n th e s is  in  E scherichia co li a n d  B acillus subtilis  h a s  a d d e d  t o  o u r  k n o w le d g e  

o f  th e se  p ro c e s s e s .  S e v e r a l la b o r a t o r ie s  h a v e  is o la t e d  m u ta n t s  o f  D N A  s y n th e s is  in

E. co li ( B o n h o e f f e r ,  1 9 6 6 ;  F a n g m a n  &  N o v i c k ,  1 9 6 8 ;  H i r o t a ,  R y t e r  &  J a c o b ,  1 9 6 8 ; 

I n o u y e ,  1 9 6 9 ; K u e m p e l ,  1 9 69 )  a n d  B. subtilis  ( G r o s s ,  K a r a m a t a  &  H e m p s t e a d ,  1 9 6 8 ; 

B a z i l l  &  R e t ie f ,  19 69 ) a n d  th e s e  f a l l  in t o  tw o  g r o u p s :  c la s s  I  m u ta n t s ,  in  w h ic h  D N A  

s y n th e s is  s t o p s  im m e d ia t e ly  a f t e r  a  s h i f t  f r o m  lo w  t o  h ig h  t e m p e r a t u r e ;  c la s s  I I ,  

w h o s e  D N A  s y n th e s is  c o n t in u e s  f o r  s o m e  t im e  b e fo r e  i t  s to p s .  T h e  f i r s t  c la s s  in c lu d e s  

m u ta n t s  a f fe c te d  in  D N A  s y n th e s is  p e r  se , e .g . in  a n  e n z y m e  in v o lv e d  i n  D N A  

r e p l i c a t io n .  T h e  s e c o n d  c la s s  c a n  b e  d iv id e d  in t o  t w o  g r o u p s : f i r s t ,  t h o s e  m u ta n t s  t h a t  

a l lo w  r o u n d s  o f  r e p l i c a t io n  t o  b e  c o m p le t e d  a t  th e  h ig h  t e m p e r a tu r e  b u t  c a n n o t  i n i 

t ia t e  n e w  r o u n d s  o f  D N A  s y n th e s is  ( th e s e  a re  g e n e r a l ly  c a l le d  i n i t i a t io n  m u ta n t s ) ;  

s e c o n d ly ,  m u ta n t s  t h a t  s y n th e s iz e  D N A  a f t e r  a  t e m p e r a t u r e  s h i f t  b u t  w h ic h  a r e  n o t  

in v o lv e d  i n  in i t i a t i o n  w i l l  a p p e a r  in  t h is  g r o u p  i f  t h e  p r o t e in  a f fe c te d  is  o n ly  s lo w ly  

in a c t iv a t e d  a t  th e  h ig h  t e m p e r a tu re .

V ol. 64, N o .  1 w a s is s u e d  12 M a r c h  1971
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128 B. G. S P R A T T  A N D  R. J. R O W B U R Y

T h e  i s o la t io n  a n d  m a p p in g  o f  in i t i a t o r  m u ta n t s  o f  b a c t e r ia  s h o u ld  g iv e  v a lu a b le  

in f o r m a t io n  a b o u t  D N A  s y n th e s is  a n d  i t s  c o n t r o l .  T h e  i s o la t io n  o f  s u c h  m u ta n t s  h a s  

b e e n  r e p o r t e d  in  Escherichia coli b y  H i r o t a  e t al. (1 9 6 8 )  a n d  K u e m p e l  ( 1 9 6 9 )  a n d  in  

Bacillus subtilis  b y  G r o s s  e t al. (1 9 6 8 ) .
W e  h a v e  i s o la t e d  a  t e m p e r a tu r e - s e n s it iv e  s t r a in  o f  Salm onella  typhim urium  w h ic h  

a p p e a r s  t o  b e  d e fe c t iv e  in  th e  i n i t i a t io n  o f  D N A  s y n th e s is .  I t  s e e m s  t o  b e  v e r y  s im i la r  

t o  th e  s t r a in  C R T 4 6  o f  H i r o t a  e t al. (1 9 6 8 )  in  t h a t  i t  c o n t in u e s  c e l l  d i v i s io n  a t  th e  h ig h  

t e m p e r a tu r e  w i t h  th e  p r o d u c t io n  o f  D N A - l e s s  c e l ls .  D e t a i l s  o f  c e l l  d i v i s io n  in  o u r  

s t r a in  a n d  th e  p r o p e r t ie s  o f  th e  D N A - l e s s  c e l ls  a r e  th e  s u b je c t  o f  a n o th e r  p u b l i c a t io n .

METHODS
O rganism s. T h e  m u t a n t  i i g  w a s  i s o la t e d  a s  d e s c r ib e d  b e lo w  f r o m  Salm onella  

typhim urium  pg 154. S t r a in  pg 154  h a s  th e  f o l l o w in g  g e n e t ic  c o n s t i t u t io n : F _ , m etA 22 , 
tryB 2 , ilv-90, x y l - i ,  fla -6 6 , m a lA i,  s tr A 2 io , tre-12, h i-b , h2-e, n, x  a n d  w a s  k in d l y  

s u p p l ie d  b y  D r  K .  S a n d e r s o n  (S A 9 8  in  S a n d e r s o n ’ s c o l le c t io n ) .  S t r a in  1 1 G P 2 2  is  a  

d e r iv a t iv e  o f  th e  m u t a n t  iig  t h a t  h a s  b e e n  m a d e  ly s o g e n ic  f o r  p h a g e  P 2 2 .  P h a g e  

P 2 2 L 4  is  a  v i r u le n t  m u t a n t  o f  th e  t e m p e r a te  S a lm o n e l la  p h a g e  P 2 2  a n d  w a s  k in d l y  

s u p p l ie d  b y  D r  D .  A .  S m ith .

Isolation  o f  m utan t. S t r a in  1 1 G  w a s  o n e  o f  7 0  t e m p e r a tu r e - s e n s it iv e  m u ta n t s  i s o 

la t e d  f r o m  Salm onella  typhim urium  P G 1 5 4 .  O r g a n is m s  g r o w n  in  n u t r ie n t  b r o t h  w e re  
m u ta g e n iz e d  u s in g  A - m e t h y l - A ' - n i t r o - A - n i t r o s o g u a n id in e  b y  th e  m e t h o d  o f  A d e l -  

b e rg , M a n d e l  &  C h e n  (1 9 6 5 ) . A f t e r  m u ta g e n e s is  o r g a n is m s  w e re  w a s h e d  f re e  o f  

m u ta g e n ,  a l lo w e d  t o  g r o w  a t  2 5 0 f o r  s e v e ra l h o u r s  in  n u t r ie n t  b r o t h  a n d  t h e n  p la t e d  

o n  n u t r ie n t  a g a r  a t  2 5 0. C o lo n ie s  w h ic h  f a i le d  t o  g r o w  w h e n  r e p l ic a t e d  o n  n u t r ie n t  

a g a r  a t  38 °  w e re  te s te d  f o r  f i la m e n t  f o r m a t io n  a t  t h is  t e m p e r a tu r e .  F i v e  o f  th e se  

m u ta n t s  f o r m e d  f i la m e n t s  a n d  w e re  te s te d  f o r  t h y m id in e  in c o r p o r a t io n  a t  38 ° . T w o  

m u ta n t s  in c o r p o r a t e d  l i t t le  t h y m id in e ; o n e  o f  th e s e  w a s  i i g .

M edia . O x o id  n u t r ie n t  b r o t h  n o .  2  w a s  u s e d  a s  a  r i c h  u n d e f in e d  m e d iu m  a n d  w i l l  b e  
r e f e r r e d  t o  a s  n u t r ie n t  b r o t h .  S o l id i f ie d  w i t h  2  %  D i f c o  B a c t o  a g a r  i t  w i l l  b e  r e f e r r e d  

t o  a s  ‘ n u t r ie n t  a g a r ’ . I n  o n e  e x p e r im e n t  O x o id  b r a in  a n d  h e a r t  in f u s io n  m e d iu m  w a s  

u s e d . T h e  m in im a l  ( M M )  w a s  t h a t  o f  D a v i s  &  M i n g i o l i  (1 9 5 0 )  w it h  o -2  %  g lu c o s e  a n d  

4 0  p g .jm l. o f  t h e  D L - f o r m  o f  th e  r e q u ir e d  a m in o  a c id s .  I t  w a s  e n r ic h e d  in  s o m e  e x p e r i 

m e n t s  w it h  o - i  %  D i f c o  v i t a m in - f r e e  C a s a m in o  a c id s  ( C a s a m in o  M M ) .  D i f c o  B a c t o  

a g a r  (2  % ) w a s  a d d e d  t o  o b t a in  s o l id  m e d ia .  T r y p t ic a s e  a g a r  u s e d  a s  b a s a l a g a r  f o r  

p h a g e  a s sa y s  c o n s is t e d  o f  1 %  t r y p t ic a s e  a g a r  b a s e , 1-4 %  D i f c o  B a c t o  a g a r  a n d  0 -5  %  
N a C l .  T h e  s o f t  a g a r  o v e r la y  c o n s is t e d  o f  0 -2  %  M g C I 2, 1 %  O x o id  n o .  2  b r o t h ,  0 -3  %  
N a C l  a n d  0 -75  %  D i f c o  B a c t o  a g a r .

G rowth o f  organism s. I n  a l l  e x p e r im e n t s  o r g a n is m s  w e re  s u b c u l t u r e d  f r o m  a  n u t r ie n t  

a g a r  s lo p e  t o  a  s m a l l  v o lu m e  o f  l i q u id  m e d iu m ,  in c u b a te d  o v e r n ig h t  in  a  s h a k in g  w a t e r  

b a th ,  a n d  t h e n  d i lu t e d  a n d  g r o w n  f o r  s e v e ra l h o u r s  k e e p in g  th e  e x t in c t io n  o f  th e  

c u l t u r e  b e lo w  a b o u t  o -2  b e f o r e  u s e . E x t in c t io n  o f  th e  c u l t u r e  w a s  m e a s u r e d  in  

a  H i lg e r  p h o t o e le c t r ic  c o lo r im e t e r  a g a in s t  a n  u n in o c u la t e d  m e d iu m  b la n k  ( f i l t e r  4 9  f o r  
m in im a l  m e d ia  a n d  f i l t e r  55  f o r  n u t r ie n t  m e d ia ) .

M easurem ent o f  ce ll v iab ility . O r g a n is m s  g r o w in g  in  n u t r ie n t  b r o t h  a t  th e  

r e q u ir e d  t e m p e r a tu r e  w e re  d i lu t e d  in t o  p h o s p h a t e  b u f f e r  (0 -0 5  m, p H  7 -4 ) a n d  

a p p r o p r ia t e  d i lu t io n s  w e re  p la t e d  o n  n u t r ie n t  a g a r .  T h e  p la t e s  w e re  in c u b a t e d  a t  2 5 0 
f o r  4 0  h .



A ssa y  o f  ph age. I n  s o m e  e x p e r im e n t s  th e  m u l t ip l i c a t io n  o f  th e  v i r u le n t  p h a g e  

m u t a n t  P 2 2 L 4  in  s t r a in s  1 1 G a n d  pg 154  w a s  s tu d ie d .  O r g a n is m s  g r o w in g  e x p o n e n t ia l 

l y  in  n u t r ie n t  b r o t h  w e re  d i lu t e d  in  b r o t h  t o  100  p g . d r y  w t /m l.  a n d  a b o u t  i o 4/ m l.  

in f e c t iv e  p h a g e  a d d e d .  I n c u b a t io n  w a s  c o n t in u e d  a n d  s a m p le s  t a k e n  a t  z e r o  a n d  a f t e r  

v a r io u s  in t e r v a ls  w e re  s h a k e n  w i t h  a  fe w  d r o p s  o f  c h lo r o f o r m ,  a n d  t h e  c h lo r o f o r m  

r e m o v e d  b y  b u b b l in g  a ir .  P h a g e  w e re  e s t im a te d  i n  s a m p le  d i lu t io n s  u s in g  a  s o f t  a g a r  

t e c h n iq u e  w i t h  s t r a in  P G 1 5 4  a s  in d ic a t o r .

I n  o t h e r  e x p e r im e n t s  in d u c t io n  o f  p h a g e  P  2 2  in  a  ly s o g e n ic  d e r iv a t iv e  o f  s t r a in  1 1 G  

w a s  f o l lo w e d .  I n  t h is  c a s e  e x p o n e n t ia l ly  g r o w in g  o r g a n is m s  w e re  h a r v e s te d ,  s u s p e n d e d  

in  b r o t h  a n d  i r r a d ia t e d  f o r  9 0  sec . u s in g  a  P h i l i p s  T U V  6  W  tu b e  (8 5 4  e rg s  c m .2/se c .). 

O r g a n is m s  w e re  t h e n  d i lu t e d  in t o  n u t r ie n t  b r o t h  a n d  s a m p le s  t a k e n  f o r  p h a g e  c o u n t s  
(a s  a b o v e )  a t  in t e r v a ls  d u r in g  in c u b a t io n .

S yn thesis o f  p ro te in , R N A  an d D N A . P r o t e in  s y n th e s is  w a s  m e a s u r e d  b y  th e  in c o r 

p o r a t io n  o f  [14C ]  p h e n y la la n in e .  O r g a n is m s  g r o w in g  e x p o n e n t ia l ly  i n  M M  w e re  d i lu t e d  

t o  a  c e l l  d e n s it y  o f  100  fig. d r y  w t /m l.  in  M M  c o n t a in in g  0 -0 5  %  v it a m in - f r e e  C a s a m in o  

a c id s  a n d  P 4C ] p h e n y la la n in e  ( o - i  / ¿ C i/m l.  s p e c i f ic  a c t iv i t y  12 -6  m C i/ m M )  a n d  in c u b a te d  

w it h  s h a k in g  a t  th e  a p p r o p r ia t e  t e m p e r a tu re .  S a m p le s  (1 m l. )  w e re  r e m o v e d  a t  z e r o  

a n d  a t  in t e r v a ls  in t o  1 m l.  o f  ic e  c o ld  10  %  t r i c h lo r o a c e t ic  a c id .  A f t e r  s t a n d in g  f o r  a t  

le a s t  1 h . i n  th e  c o ld  s a m p le s  w e re  f i l t e r e d  o n  M i l l i p o r e  f i l t e r s  ( ty p e  H A )  a n d  th e  

f i l t e r s  a f t e r  w a s h in g  w i t h  4 x 2  m l.  p o r t io n s  o f  ic e  c o ld  5 %  t r i c h lo r o a c e t ic  a c id  w e re  

d r ie d  a n d  c o u n t e d  i n  15 m l.  o f  s c in t i l l a t io n  f lu id  (o -6  %  b u t y l  P B D  in  s u lp h u r - f r e e  

t o lu e n e - m e t h a n o l ,  3 : 1 ,  v / v )  u s in g  a  P a c k a r d  T r i c a r b  l i q u id  s c in t i l l a t io n  s p e c t r o m e te r .

U r a c i l  i n c o r p o r a t io n  w a s  u s e d  a s  a  m e a s u r e  o f  R N A  s y n th e s is .  O r g a n is m s  g r o w in g  

e x p o n e n t ia l ly  in  M M  w e re  d i lu t e d  t o  a  c e l l  d e n s it y  o f  100  p g . d r y  w t / m l.  in  M M  

c o n t a in in g  [14C ] u r a c i l  ( o - l  / z C i/ 5  / ig ./ 'm l.) . S a m p le s  w e re  t a k e n  a t  in t e r v a ls  in t o  a n  

e q u a l v o lu m e  o f  ic e  c o ld  10 %  t r i c h lo r o a c e t ic  a c id  a n d  t h e n  t r e a t e d  a s  f o r  p h e n y l

a la n in e  in c o r p o r a t io n .

S in c e  1 1 G  d o e s  n o t  r e q u ir e  t h y m in e  f o r  g r o w t h ,  D N A  s y n th e s is  w a s  m e a s u r e d  b y  th e  

i n c o r p o r a t io n  o f  t r i t ia t e d  t h y m id in e .  I n  th e  s t r a in s  u s e d  in  t h is  w o r k  a s  in  Escherichia  
coli ( B u d m a n  &  P a rd e e ,  1 9 67 )  t h y m id in e  i n c o r p o r a t io n  o c c u r s  a t  a n  a p p r e c ia b le  r a t e  

f o r  o n ly  a  f e w  m in u te s ,  f a l l i n g  o f f  d u e  t o  th e  in d u c t io n  o f  t h y m id in e  p h o s p h o r y la s e  

w h ic h  b r e a k s  d o w n  th e  t h y m id in e  t o  t h y m in e  w h ic h  c a n n o t  b e  u t i l i z e d .  D N A  s y n 

th e s is  w a s  t h e r e fo r e  m e a s u r e d  in  th e  p re s e n c e  o f  u r id in e ,  w h ic h  in h ib i t s  b o t h  th e  

in d u c t io n  a n d  th e  a c t iv i t y  o f  t h y m id in e  p h o s p h o r y la s e .  E x p o n e n t ia l l y  g r o w in g  o r 

g a n is m s  w e re  d i lu t e d  t o  100  p g . d r y  w t / m l.  in  M M  c o n t a in in g  1-5 mM u r id in e  a n d  

[3H ] t h y m id in e  (0 -2  / ¿ C i/o -2  / ¿ g ./m l.) , a n d  s a m p le s  w e re  t a k e n  ( d u r in g  in c u b a t io n  a t  th e  

a p p r o p r ia t e  t e m p e r a tu r e  w i t h  s h a k in g )  in t o  a n  e q u a l v o lu m e  o f  ic e  c o ld  10  %  t r i c h lo r o 

a c e t ic  a c id  c o n t a in in g  4 0  p g .jm l.  u n la b e l le d  t h y m id in e .  S a m p le s  w e re  th e n  t r e a t e d  a s  

p r e v io u s ly  e x c e p t  t h a t  f i l t e r s  w e re  w a s h e d  w i t h  ic e  c o ld  5 %  t r i c h lo r o a c e t ic  a d d  

c o n t a in in g  4 0  /¿g ./m l. u n la b e l le d  t h y m id in e .
D N A  s y n th e s is  in  n u t r ie n t  b r o t h  w a s  p e r f o r m e d  in  e s s e n t ia l ly  th e  s a m e  w a y  u s in g  

n u t r ie n t  b r o t h  p lu s  1-5 m M  u r id in e  a n d  0 -2  / / C i/ m l .  [3H ] T h y m id in e  ( s p e c if ic  a c t iv i t y

5 -0  C i/ m M ) .
C hem icals. R a d io is o t o p e s  w e re  o b t a in e d  f r o m  th e  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 , B u c k in g h a m s h ir e .  M e t h y l  [3H ] t h y m id in e  w a s  s u p p l ie d  a t  5 -0  C i/ m M ;  L -4 -  

P 4C ] p h e n y la la n in e  a t  12 -6  m C i/ m M  a n d  2 -[14C ] u r a c i l  a t  5 4 -9  m C i/ m M .  C h lo r a m 

p h e n ic o l  w a s  o b t a in e d  f r o m  P a r k e ,  D a v i s  a n d  C o .  A l l  o t h e r  c h e m ic a ls  w e re  o f  a t  le a s t  

a n a ly t i c a l  g r a d e  i n  p u r i t y .
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F ig . 1. G ro w th  and m acro m o lecular synthesis in  PG154 and i i g .
(a) G ro w th  o f pg i 54 and i i g  at 38 s. O rganism s grow ing exponentially in  nutrient broth 

at 2 5 ° were d iluted to an extinction o f o -r  and the cultures transferred to 38 ° and the 
extinctions follow ed. □ ,  PG154; O , i i g .

(b) Synthesis o f protein in  PG154 ar.d i i g . O rg anism s grow ing exponentially  in  M M  at 
2 5 0 were diluted into  M M  +  0-05 %  v itam in-free  C a sa m in o  acids. [14C ]P h en yla lan in e  (o -1 / t C i/ 
m l.;  12 -6  m C i/m in ) was added to each and the cultures transferred to 3 8 ° and sam ples taken 
at intervals fo r estimates o f co ld  trich loroacetic acid  inso lub le  ra d io activ ity  as described in  
M ethods. □ ,  PGI54; O , i i g .

(c) Synthesis o f R N A  in  p g  15 4  and i i g . O rganism s grow ing exponentially in  M M  at 2 5 0 
were diluted to approxim ately 100 fig. d ry  w t/m l. into  M M  +  [l4C ]u ra c il ( 0 1  / iC i /5  /¿g ./m l.). 
T h e  cultures were shifted to 38° and sam ples taken as in  (b). O , p g  15 4 ; □ ,  11  g .

(d ) Synthesis o f D N A  in  pg 154  and 11  g . O rganism s grow ing exponentially in  C a sam in o  
acid  M M  were d iluted into  C a sa m in o  acid  M M + 1 - 5  m  u rid in e. [3H ]T h y m id in e  
(0-2 fiC ij0 '2  jitg./m l.) was added and sam ples taken at intervals and treated as described in  
M ethods. □, pg 154 at 3 8 °; O , 1 1  g at 2 5 0; A , 1 1  g at 38°.
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RESULTS
G row th  an d  m acrom olecu lar syn th esis in stra in  i i g  

I n  n u t r ie n t  b r o t h ,  s t r a in  iig  g r e w  a t  a p p r o x im a t e ly  th e  w i ld - t y p e  r a t e  a t  2 5 0 

d a ta )  n o t  s h o w n ) .  A f t e r  a  s h i f t  f r o m  25  t o  38 °  c e l l  m a s s  a s  m e a s u r e d  b y  e x t in c t io n  

in c r e a s e d  e x t e n s iv e ly  a n d  c o n t in u e d  a t  a  g r a d u a l ly  d e c r e a s in g  ra te  f o r  a t  le a s t  5 h . 

( F ig .  1 a). V i a b i l i t y ,  o n  th e  o t h e r  h a n d ,  in c r e a s e d  s l ig h t ly  f o r  th e  f i r s t  h o u r  a n d  th e n  f e l l  

o f f  e x p o n e n t ia l ly  w i t h  a  h a l f  l i f e  o f  c. 20  m in .  C h lo r a m p h e n ic o l  ( C A P )  a t  150  / tg ./m l.  

t o  a  la r g e  e x t e n t  s t o p s  th e  lo s s  o f  v i a b i l i t y  o f  1 1 G  ( d a t a  n o t  s h o w n  ). W h e n  s a m p le s  o f  

th e  c u l t u r e  w e re  e x a m in e d  u n d e r  th e  p h a s e  c o n t r a s t  m ic r o s c o p e  i :  w a s  se e n  t h a t  c e l l  

s iz e  in c r e a s e d  l i t t le  in  th e  f i r s t  h o u r  a t  38 °  b u t  th e n  in c r e a s e d  m o r e  r a p id ly  t o  p r o d u c e  

lo n g  f i la m e n t s  t o g e th e r  w i t h  s m a l le r  c e lls .

S y n t h e s is  o f  R N A  a n d  p r o t e in  (a s  m e a s u r e d  b y  th e  in c o r p o r a t io n  o f  P 4C ] u r a c i l  a n d  

[14C ] p h e n y la la n in e )  a f t e r  a  s h i f t  f r o m  25  t o  38°  p r o c e e d e d  f a i r l y  n o r m a l ly  f o r  th e  f i r s t  

6 0  m in .  a n d  th e n  b e c a m e  a p p r o x im a t e ly  l in e a r  p a r a l le l in g  th e  e x t in c t io n  c u r v e  ( F ig .

I b, c). D N A  s y n th e s is  (a s  m e a s u r e d  b y  th e  i n c o r p o r a t io n  o f  [3H ] t h y m id in e )  c o n t in u e d  

f o r  a b o u t  4 0  m in .  a n d  th e n  s t o p p e d ,  r e s u l t in g  in  a n  in c r e a s e  i n  D N A  o f  a b o u t  55  %  o v e r  

th e  a m o u n t  p r e s e n t  a t  th e  t im e  o f  th e  s h i f t  in  C a s a m in o  M M  ( F ig .  1 d).

Phage m u ltip lica tion  in stra in  i i  g a t 38°

T h e  b e h a v io u r  o f  th e  m u t a n t  a t  38 °  s u g g e s te d  t h a t  i t  w a s  a  D N A  s y n th e s is  m u t a n t  o f  

c la s s  I I .  T h e  m u l t ip l i c a t io n  o f  p h a g e  P 2 2  w a s  s t u d ie d  t o  in v e s t ig a te  th e  p o s s ib i l i t y  t h a t  

th e  le s io n  i n  11 g a f fe c te d  th e  s u p p ly  o f  D N A  p r e c u r s o r s  a n d  t h a t  th e  r e s id u a l  D N A  

s y n th e s is  a t  38 °  w a s  d u e  t o  th e  d e p le t io n  o f  th e  r e m a in in g  p o o l  o f  D N A  p r e c u r s o r s .  

( P 2 2  w o u ld  p r e s u m a b ly  b e  d e p e n d e n t  o n  h o s t - p r o d u c e d  p r e c u r s o r s . )  F u r t h e r m o r e ,  i f

II g is an initiator mutant the development of a phage with its own initiation apparatus 
should be unaffected.

T a b le  1. M u ltip lica tion  o f  ph age P 2 2 L 4  in stra in  PG154 an d strain  i i g

O rg an ism s g row ing  exponen tia lly  in  n u tr ie n t b ro th  w ere sh ifted  fro m  25 to  38°. P h age 
P  22 L  4 w as ad d e d  a t  th e  tim e  o f  th e  sh ift o r  subsequen tly . A fte r a d d in g  th e  phage, in c u b a tio n  
w as co n tin u ed  fo r  120 m in ., tak in g  sam ples a t  th e  tim e  o f  ph age a d d itio n  (zero), 40 a n d  120 
m in . In fec tive  p h ag e  w as assayed  as described  in  M eth o d s.

In fec tive phage/rr.l.

S tra in T im e o f  p h ag e  ad d itio n Z ero 40 m in . 120 m in .

PG154 A t sh ift to  38° 7 x  to 3 7-2 X xo6 6-5 X IO9
I IG A t shift to  38° 8-5 x  to 3 5'4 x m 5 5 '5  x  to 9
I IG 30 m in . a f te r  sh ift 2-1 X IO3 1-5 x  io 6 2-5 X to 9
I I G 210 m in. a f te r  shift i '7  x  io 4 1-0 X IO5 2 '9  X IO6

P h a g e  d e v e lo p m e n t  in  iig  w a s  m e a s u r e d  u s in g  a  v i r u le n t  m u t a n t  (L4) o f  p h a g e  

P 2 2 .  T a b le  1 s h o w s  th e  r e s u lt s  o f  e x p e r im e n t s  w i t h  th e  p h a g e .  T h e  p h a g e  is  a b le  t o  

d e v e lo p  n o r m a l l y  w h e th e r  i t  is  a d d e d  t o  1 1 G  a t  th e  t im e  o f  th e  t e m p e r a tu r e  s h i f t  o r  
a f t e r  3 0  m in , a t  th e  h ig h  t e m p e r a tu r e  a n d  e v e n  i f  a d d e d  3 )  h . a f t e r  th e  s h i f t  th e re  is  a  

2 0 0 - f o ld  in c r e a s e  in  p h a g e .  S im i la r l y ,  w h e n  1 1 G  w a s  m a d e  ly s o g e n ic  f o r  n o r m a l  p h a g e  

P 2 2  a n d  in d u c e d  w i t h  u .v .  th e  p h a g e  c o u ld  s t i l l  d e v e lo p  a t  38 ° , a l t h o u g h  th e  p h a g e  w a s  

n o t  in d u c e d  b y  g r o w t h  a t  38 °  a lo n e  ( d a t a  n o t  s h o w n ) .
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T h e  c e s s a t io n  o f  D N A  s y n th e s is  c o u ld  r e s u lt  f r o m  a n  u n c o n t r o l le d  b r e a k d o w n  o f  th e  

D N A  in  1 1 G  a t  th e  h ig h  t e m p e r a tu r e .  T h i s  w a s  r u le d  o u t  b y  m e a s u r in g  th e  s t a b i l i t y  

o f  t h e  D N A  in  1 1 G  a t  38° . C e l l s  la b e l le d  w i t h  [3H ] t h y m id in e  a t  25 °  w e re  w a s h e d  f r e e  o f  

th e  la b e l  a n d  t r a n s f e r r e d  t o  38°  a n d  s a m p le s  t a k e n  o v e r  a  p e r io d  o f  2 \  h . T h e  a m o u n t  

o f  la b e l  p r e s e n t  in  c o ld  t r i c h lo r o a c e t ic  a c id  in s o lu b le  m a t e r ia l  w a s  c o n s t a n t  f o r  th e  

f i r s t  h o u r  a n d  t h e n  f e l l  o f f  s lo w ly  ( F ig .  2). T h i s  lo s s  o f  la b e l  w a s  n o t  f o u n d  a t  2 5 0 o r  a t  

38°  in  th e  p re s e n c e  o f  150  /¿g ./m l. o f  C A P .  T h is  v e r y  s lo w  lo s s  o f  la b e l  c a n n o t  e x p la in  

th e  c e s s a t io n  o f  D N A  s y n th e s is  in  1 1 G  a n d  is  p r o b a b ly  s im i la r  t o  th e  s l ig h t  b r e a k d o w n  

o f  D N A  f o u n d  in  s e v e ra l s i t u a t io n s  w h e re  D N A  s y n th e s is  is  in h ib i t e d  u n d e r  c o n d i t io n s  

a l lo w in g  p r o t e in  s y n th e s is ,  r e p r e s e n t in g  th e  in d u c t io n  o f  n u c le a s e  a c t iv i t y  ( C o o k ,  

D e i t z  &  G o s s ,  1966 ).

Stability o f  DN A in strain n  G

A ttem p ted  reversa l o f  tem pera ture lesion in strain  j i g

T h e  le s io n  in  D N A  s y n th e s is  in  1 1 G  is  e s s e n t ia l ly  i r r e v e r s ib le .  A f t e r  9 0  m in .  a t  38°  

in  C a s a m in o  a c id  M M  a l l  D N A  s y n th e s is  h a s  s to p p e d .  I f  a t  t h is  t im e  th e  c u l t u r e  is  

s h if t e d  b a c k  t o  2 5 0, D N A  s y n th e s is  o n ly  r e c o m m e n c e s  s lo w ly  a f t e r  \ \  h . a n d  d o u b le s  in  

a b o u t  2 h . T h is  s lo w  r e v e r s ib i l i t y  is  s t o p p e d  b y  th e  a d d i t io n  o f  150  / tg ./m l.  o f  C A P  a t  
th e  t im e  o f  th e  s h i f t  t o  2 5 0. I n c r e a s in g  th e  o s m o t ic  p r e s s u re  o f  th e  g r o w t h  m e d iu m  b y  

th e  a d d i t io n  o f  2  %  N a C l  t o  th e  C a s a m in o  a c id  M M  d o e s  n o t  re v e rs e  th e  le s io n  in  D N A  

s y n th e s is  a n d  a l l o w  in c r e a s e d  s y n th e s is  o f  D N A  a t  38°.

F ig . 3

F ig . 2. S tab ility  o f  D N A  in  11 c .  O rgan ism s w ere g row n  fo r several g en era tio n s in  C asam in o  
ac id  M M  +  i -5 mM u rid in e  +  o-2 /¿Ci/o-2 /¿g./ml. [3H ]thym id ine  a t  250. L ab e l w as rem oved  
by cen trifug ing  a n d  w ash ing  tw ice in  0-05 m tr is  buffer, p H  7-5. O rgan ism s w ere th en  resu s
p en d ed  in  C asam in o  ac id  M M  a t a  co n c e n tra tio n  o f  100 fig . d ry  w t/m l. a n d  sh ak en  a t  250, 
□  ; a t  38° +  C A P , O ; a n d  a t  38°, A . Sam ples w ere ta k e n  in to  co ld  tr ic h lo ro ace tic  ac id  a n d  
co u n ted  as described  in  M ethods.

F ig . 3. E ffect o f  tem p era tu re  o n  D N A  synthesis in  11 g . O rganism s g row ing  expo n en tia lly  in 
C a sam in o  ac id  M M  a t  250 w ere d ilu ted  in to  C a sam in o  ac id  M M  +  r j  mM urid in e . [3H ]- 
T h y m id in e  (0-2 /¿Ci/o-2 /¿g./m l.) w as ad d ed  an d  th e  cu ltu res sp lit in to  th ree . O ne p o r tio n  w as 
k ep t a t  250, o n e  a t  38° a n d  th e  th ird  a t  420 a n d  sam ples tak en  as in  F ig . 1 (d ) . O , 250; A, 
38°; □ , 420.
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D N A  syn th esis in stra in  1 1 G

S e v e r a l e x p e r im e n t s  w e re  p e r f o r m e d  t o  see  i f  th e  b e h a v io u r  o f  i i g  a t  38 °  w a s  c o m 

p a t ib le  w i t h  a  m u t a t io n  in  th e  in i t i a t i o n  o f  D N A  s y n th e s is .  I f  th e  r e s id u a l D N A  

s y n th e s is  a f t e r  a  s h i f t  t o  38°  is  d u e  t o  a  m u t a t io n  in  s o m e  a s p e c t  o f  D N A  s y n th e s is  p e r  

se  w h ic h  t a k e s  s e v e ra l m in u t e s  t o  b e  e x p re s s e d  d u e  t o  th e  s lo w  in a c t iv a t io n  o f  s o m e  

e s s e n t ia l e n z y m e ,  th e n  o n  in c r e a s in g  th e  t e m p e r a tu r e  f r o m  38  t o  4 2 °  th e  r e s id u a l  

s y n th e s is  s h o u ld  b e  d r a s t i c a l ly  re d u c e d .  O n  th e  o t h e r  h a n d ,  i f  t h is  is  a  m u t a t io n  in  th e  

in i t i a t i o n  o f  D N A  s y n th e s is  in c r e a s in g  th e  t e m p e r a t u r e  s h o u ld  h a v e  n o  e f fe c t  a s  r o u n d s  

o f  r e p l i c a t io n  w i l l  s t i l l  b e  f in is h e d .  F ig .  3 s h o w s  t h a t  th e  a m o u n t  o f  D N A  s y n th e s iz e d  

a t  38  a n d  4 2 0 is  e x a c t ly  t h e  s a m e , a  r e s u lt  c o m p a t ib le  w i t h  i i g  b e in g  a n  i n i t i a t o r  
m u ta n t .

F ig . 4. E ffect o f  C A P  o n  D N A  syn thesis in  i i g . O rgan ism s w ere g row n  in  C a sam in o  acid  
M M  a t 250 a n d  d ilu ted  in to  C a sam in o  ac id  M M + 1 5  mM urid in e . [3H ]T h y m id in e  (0-2 /¿Ci/ 
o-2 /iig./ml.) w as ad d e d  a n d  th e  cu ltu re  sp lit in to  th ree  p o rtio n s . O n e  w as sh ak en  a t  25°, O ; 
o n e  a t  2 5 ° + 1 5 0  jU-g./ml. C A P , □ ;  a n d  th e  th ird  a t  38°, A ; a n d  sam ples ta k e n  a n d  tre a te d  as 
in  M eth o d s.

A s  C A P  is  k n o w n  t o  s t o p  th e  i n i t i a t io n  o f  f u r t h e r  r o u n d s  o f  D N A  r e p l i c a t io n  w i t h o u t  

a f f e c t in g  r o u n d s  i n  p r o g r e s s  ( M a a lo e  &  H a n a w a l t ,  1 9 6 1), th e  e f fe c t  o f  C A P  a n d  th e  

e f fe c t  o f  h ig h  t e m p e r a tu r e  o n  D N A  s y n th e s is  in  1 1 G  s h o u ld  b e  e s s e n t ia l ly  th e  s a m e . 

F ig .  4  s h o w s  th e  r e s u l t  o f  a n  e x p e r im e n t  w h e r e  a  c u l t u r e  o f  1 1  g g r o w in g  i n  C a s a m in o  
a c id  M M  a t  2 5 0 w a s  s p l i t  in t o  th re e  p o r t io n s  a n d  D N A  s y n th e s is  m e a s u r e d  in  o n e  a t  

2 5°, i n  a n o t h e r  a t  3 8° a n d  i n  th e  t h i r d  a t  2 5 0 p lu s  15 0  / tg ./m l.  o f  C A P .  T h e  a m o u n t  o f  

D N A  s y n th e s iz e d  a t  3 8° a n d  th e  a m o u n t  s y n th e s iz e d  a t  2 5 0 p lu s  C A P  a r e  a lm o s t  

id e n t ic a l .  I n  b o t h  c a s e s  t h e  a m o u n t  o f  D N A  s y n th e s iz e d  is  b e tw e e n  50 a n d  5 5  % , th e  

a m o u n t  p r e d ic t e d  i f  c e l ls  in  t h is  m e d iu m  a t  t h is  t e m p e r a tu r e  h a v e  m u l t ip le  r e p l i c a t io n  

f o r k s  p e r  c h r o m o s o m e  f o r  a  p a r t  o f  th e  r e p l i c a t io n  c y c le  ( H e lm s t e t t e r  &  C o o p e r ,  19 6 8). 
F u r t h e r m o r e ,  i f  C A P  a n d  th e  h ig h  t e m p e r a tu r e  h a v e  th e  s a m e  e ffe c t , i.e . a l l o w  th e  

c o m p le t io n  o f  r o u n d s  o f  D N A  r e p l i c a t io n  in  th e  a b s e n c e  o f  n e w  in i t ia t io n s ,  t h e n  a d 
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d i t io n  o f  C A P  a t  38 °  s h o u ld  n o t  f u r t h e r  r e d u c e  th e  in c r e m e n t .  F ig .  5 s h o w s  t h a t  C A P  

a t  38 °  o n ly  r e d u c e s  v e r y  s l ig h t ly  th e  a m o u n t  o f  D N A  s y n th e s iz e d .

B a c t e r ia  w h o s e  d o u b l in g  t im e  is  le s s  t h a n  th e  t im e  f o r  a  r o u n d  o f  c h r o m o s o m e  r e 

p l i c a t io n  h a v e  m u l t ip le  r e p l i c a t io n  f o r k s  in  t h e i r  D N A  ( Y o s h ik a w a ,  O ’ S u l l i v a n  &  

S u e o k a ,  1 9 6 4 ; H e lm s t e t t e r  &  C o o p e r .  1 9 68 ). T h u s  m in im a l  g r o w n  c e l ls  o f  Salm onella  
typhim urium  c o n t a in  a  s in g le  c h r o m o s o m e  r e p l ic a t e d  b y  a  s in g le  f o r k .  A s  th e  d o u b l in g
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F ig . 5. E ffect of C A P  o n  D N A  synthesis in  j i g  a t  38°. O rgan ism s g row ing  exponen tia lly  in  
C asam in o  ac id  M M  a t 25° w ere d ilu ted  in to  C a sam in o  ac id  M M + l '5 n M  urid ine . [3H ]- 
T hym id ine  (0-2 /tC i/o-2 /¿g./m l.) w as a d d ed  a n d  th e  cu ltu re  sp lit in to  th ree . O n e  w as shaken  
a t  250, o n e  a t  38° a n d  o n e  a t  3 8 ° + 1 5 0 /tg ./m l. C A P , a n d  sam ples ta k e n  a n d  trea ted  as in 
M e th o d s. O , 25°; □ ,  38°; A , 38° + C A P .

t im e  p e r m it t e d  b y  th e  m e d iu m  d e c re a s e s  t o  b e lo w  a b o u t  4 0  m in .  a t  3 7 0 m u l t ip le  

r e p l i c a t io n  f o r k s  a p p e a r .  I t  i s  e a s i ly  s e e n  t h a t  i f  r o u n d s  o f  r e p l i c a t io n  a re  a l lo w e d  t o  b e  

c o m p le t e d  i n  th e  a b s e n c e  o f  n e w  in i t i a t io n s  th e  a m o u n t  o f  r e s id u a l D N A  s y n th e s is  w i l l  
in c r e a s e  a s  th e  a v e ra g e  n u m b e r  o f  r e p l i c a t io n  f o r k s  in c re a s e s .  F ig .  6  s h o w s  th e  a m o u n t s  

o f  D N A  s y n th e s iz e d  b y  1 1 G  a f t e r  a  s h i f t  f r o m  25  t o  38 °  i n  v a r io u s  m e d ia .  C le a r l y  th e  

a m o u n t  o f  D N A  s y n th e s iz e d  in c r e a s e s  a s  th e  g r o w t h  r a t e  a f f o r d e d  b y  th e  m e d iu m  

in c re a s e s  a s  p r e d ic t e d  f o r  a n  in i t i a t o r  m u ta n t .

S im i la r l y ,  th e  a m o u n t  o f  D N A  s y n th e s iz e d  a t  38 °  i n  th e  p re s e n c e  o f  c h lo r a m p h e n ic o l  
in c r e a s e s  a s  th e  r ic h n e s s  o f  th e  m e d iu m  in c re a s e s .

C e ll division  in i i g  a t  38°

O b s e r v a t io n s  o f  11 g  g r o w in g  o n  n u t r ie n t  a g a r  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  

a  s h i f t  t o  3 8 °  s h o w  t h a t  o r g a n is m s  d iv id e  o n c e  o r  tw ic e  i n  th e  f i r s t  9 0  m in .  T h e s e  

d iv i s io n s  m a y  b e  n o r m a l  o n e s  r e s u l t in g  i n  th e  s e g r e g a t io n  o f  th e  n e w ly  f in is h e d  c h r o 



m o s o m e s .  T h e  d a u g h t e r  c e l ls  t h e n  e lo n g a te  a n d  a f t e r  a  p e r io d  o f  e lo n g a t io n  b u d  o f f  

c e l ls  a t  t h e  e n d s  o f  th e  s h o r t  f i la m e n t s .  T h e  d e t a i ls  o f  t h is  d iv i s io n  p r o c e s s  a n d  th e  

p r o p e r t ie s  o f  th e  s m a l l  c e l ls  w i l l  b e  d e s c r ib e d  i n  a  la t e r  p u b l i c a t io n .
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F ig . 6. E ffect o f  g ro w th  m ed iu m  on  D N A  syn thesis in  11 g . O rgan ism s g row ing  in  various 
g ro w th  m ed ia  a t  250 w ere  d ilu ted  in to  th e  sam e m ed ia  + 1  -5 min u rid in e . [3H ]T h y m id in e  w as 
a d d ed  a n d  D N A  syn thesis m easu red  a t  38° as d escribed  in  M e th o d s. B ra in  a n d  h e a r t in fusion  
(m ean  g en e ra tio n  tim e  a t  25° =  50 m in .), □ ;  C asam in o  M M  (m ean  g en e ra tio n  tim e  a t  250 =  
105 m in .), A ; M M  (m ean  g en e ra tio n  tim e  a t  250 =  260 m in .), O .

D IS C U S S IO N

T h e  c o n t in u in g  in c r e a s e  in  e x t in c t io n ,  R N A  a n d  p r o t e in  s y n th e s is  w i t h  c o n c o m i

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

D N A  s y n th e s is ,  a n d  is  s h o w n  b y  a l l  D N A  s y n th e s is  m u ta n t s  a n d  in  o t h e r  t r e a tm e n ts  

t h a t  s t o p  D N A  s y n th e s is  w i t h o u t  a f f e c t in g  R N A  o r  p r o t e in  s y n th e s is ,  e .g . t h y m in e  

s t a r v a t io n  o f  a  t h y m in e - r e q u ir in g  s t r a in  o r  t r e a tm e n t  w i t h  n a l id i x i c  a c id .  T h e  v ia b le  

c o u n t  o f  1 1 G  a t  38°  in c r e a s e s  f o r  a b o u t  a n  h o u r  a n d  t h is  is  p r o b a b ly  d u e  t o  n o r m a l  c e l l  

d i v i s io n  c o n t in u in g  f o r  o n e  o r  t w o  d iv i s io n s  in  t h is  m u t a n t  a f t e r  a  s h i f t  f r o m  lo w  t o  

h ig h  t e m p e r a tu r e .  F o l l o w in g  t h is  in c r e a s e  v ia b le  c o u n t  f a l l s  e x p o n e n t ia l ly .

A l l  th e  p h y s io lo g ic a l  e x p e r im e n t s  p e r f o r m e d  o n  i i g  a re  s u g g e s t iv e  o f  o r  c o m p a t ib le  

w i t h  a  m u t a t io n  in  t h e  in i t i a t i o n  o f  D N A  s y n th e s is .  T h e  d e v e lo p m e n t  o f  p h a g e  

P 2 2 L 4  i n  1 1 G  a t  38 °  c a n  o c c u r  b e c a u s e  th e  p h a g e  c a n  c o n t r o l  th e  in i t i a t i o n  o f  i t s  o w n  

D N A  s y n th e s is  a s  im p l ie d  b y  th e  r e p l i c o n  t h e o r y  o f  J a c o b ,  B r e n n e r  &  C u z in  (1 9 6 3 ) . 

T h e  d e v e lo p m e n t  o f  p h a g e  a ls o  su g g e s ts  t h a t  th e  s u p p ly  o f  D N A  p r e c u r s o r s  is  n o t  

a f fe c te d  a t  3 8 °  s in c e  p h a g e  P 2 2  is  u n l i k e ly  t o  c o d e  f o r  e n z y m e s  in v o lv e d  i n  th e  s u p p ly  

o f  d e o x y n u c le o t id e  t r ip h o s p h a t e s .  S in c e  p h a g e  P 1 ( t h o u g h  n o t  p h a g e  A )  c a n  m u l t ip l y  

in  a  D N A  s y n th e s is  m u t a n t  o f  Escherichia co li w h ic h  is  n o t  a n  i n i t i a t o r  m u t a n t  (1 6 5 /7 0  

s t u d ie d  b y  L a n k a  &  S c h u s t e r ,  1 9 70 ), t h e  e x p e r im e n t s  w i t h  p h a g e  P 2 2  c a n n o t ,  h o w 

e v e r ,  b e  c o n s id e r e d  t o  d i f f e r e n t ia t e  c o n c lu s iv e ly  b e tw e e n  a n  a l t e r a t io n  in  i n i t i a t io n  a n d  

o n e  i n  D N A  s y n th e s is  p e r  se.
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A  d ir e c t  e f fe c t  o n  a n  e n z y m e  in v o lv e d  in  D N A  s y n th e s is  p e r  se  b u t  o n ly  s lo w ly  

in a c t iv a t e d  is  m a d e  u n l i k e ly  b y  th e  f a c t  t h a t  in c r e a s in g  th e  t e m p e r a t u r e  f r o m  38  t o  

4 2 °  ( w h ic h  s h o u ld  in c r e a s e  th e  r a t e  o f  in a c t iv a t io n  o f  s u c h  a n  e n z y m e )  d id  n o t  d e c re a s e  

th e  a m o u n t  o f  D N A  s y n th e s iz e d  a f t e r  a  t e m p e r a tu r e  s h if t .  I n c r e a s e d  b r e a k d o w n  o f  

D N A  is  a ls o  r u le d  o u t  a s  a  c a u s e  o f  th e  le s io n .

T h e  e ffe c t  o f  C A P  o n  D N A  s y n th e s is  a f t e r  a  s h i f t  is  e x a c t ly  a s  p r e d ic t e d .  T h e  a m o u n t  

o f  D N A  s y n th e s iz e d  in  C a s a m in o  a c id s  M M  is  a b o u t  5 0  t o  55  %  a t  25 °  p lu s  C A P  o r  a t  

38°, a n d  t h is  is  in  g o o d  a g re e m e n t  w i t h  th e  a m o u n t  e x p e c te d  i f  c e l ls  in  t h is  m e d iu m  

c o n t a in  tw o  r e p l i c a t io n  f o r k s  f o r  a  p a r t  o f  t h e i r  r e p l i c a t io n  c y c le .  T h i s  a g re e m e n t  is  n o t  

f o r t u i t o u s  (a s  i t  w a s  in  th e  m u t a n t  o f  F a n g m a n  &  N o v i c k ,  1 9 68 )  s in c e  th e  in c r e m e n t  in  

D N A  s y n th e s is  in  11 g  in c r e a s e s  a s  th e  g r o w t h  r a t e  a f f o r d e d  b y  th e  m e d iu m  in c re a s e s .  

I n  b r a in - h e a r t  in f u s io n  th e  a m o u n t  o f  D N A  s y n th e s iz e d  a f t e r  a  t e m p e r a t u r e  s h i f t  is  

a b o u t  t h a t  e x p e c te d  o f  a  v e r y  r i c h  m e d iu m .  S im i la r ly ,  i n  M M  a lo n e  th e  a m o u n t  o f  

D N A  s y n th e s iz e d  b y  1 1 G  a f t e r  a  s h i f t  is  a b o u t  3 0  % ; t h is  is  t o  b e  e x p e c te d ,  a s  g r o w t h  

o f  1 1 G  in  t h is  m e d iu m  is  v e r y  s lo w  a t  2 5 0 (m e a n  g e n e r a t io n  t im e  o f  a b o u t  2 6 0  m in . )  

a n d  th e re  w o u ld  p r o b a b ly  b e  a  g a p  b e tw e e n  r o u n d s  o f  r e p l ic a t io n .  T h i s  w o u ld  m e a n  

t h a t  s o m e  o r g a n is m s  w o u ld  n o t  b e  s y n t h e s iz in g  D N A  a t  th e  t im e  o f  th e  t e m p e r a tu r e  

s h if t ,  a n d  t h is  w o u ld  d e c re a s e  th e  a m o u n t  o f  D N A  s y n th e s iz e d  in  th e  a b s e n c e  o f  n e w  

in i t i a t io n s  t o  b e lo w  th e  38  %  e x p e c te d  f o r  o r g a n is m s  w h e re  D N A  s y n th e s is  is  c o n 

t in u o u s  w i t h  a  s in g le  r e p l i c a t io n  f o r k  ( M a a lo e  &  H a n a w a lt ,  1961 ).

T h e  a m o u n t  o f  D N A  s y n th e s iz e d  p lu s  C A P  a t  250 a n d  t o  a  g r e a te r  e x te n t  th e  a m o u n t  

a t  38° p lu s  C A P  is  g e n e r a l ly  s l ig h t ly  lo w e r  t h a n  in  11G a t  38° i n  th e  a b s e n c e  o f  C A P .  

T h is  w o u ld  o c c u r  i f  n e w  r o u n d s  o f  r e p l i c a t io n  c o u ld  b e  in i t ia t e d  in  a  f e w  o r g a n is m s  

a f t e r  th e  t e m p e r a t u r e  s h if t .  L a r k  &  L a r k  (1964) h a v e  d is s e c te d  th e  in i t i a t io n  o f  D N A  

s y n th e s is  in  E scherichia co li in t o  tw o  s te p s  o n  th e  b a s is  o f  d i f f e r e n t  s e n s it iv i t ie s  t o  C A P .  

O n e  s te p  ( th e  C A P - r e s i s t a n t  s te p )  is  r e s is t a n t  t o  lo w  le v e ls  o f  C A P  b u t  s e n s it iv e  t o  h ig h  

le v e ls ,  a n d  th e  o t h e r  s te p  ( th e  C A P - s e n s i t iv e  s te p )  is  s e n s it iv e  t o  lo w  le v e ls  o f  C A P .  

L a r k  &  R e n g e r  (1969) h a v e  s e p a r a t e d  th e se  tw o  s te p s  t e m p o r a l ly  a n d  f in d  t h a t  th e  

C A P - r e s i s t a n t  s te p  o c c u r s  15 m in .  b e f o r e  t h e  i n i t i a t io n  e v e n t ,  a n d  th e  C A P - s e n s i t i v e  

s te p  o c c u r s  30 m in .  b e f o r e  th e  in i t i a t i o n  e v e n t .  W a r d  &  G la s e r  (1969) h a v e  c o n f i r m e d  

th e s e  r e s u lt s  u s in g  m o r e  p h y s io lo g ic a l  c o n d i t io n s  ( a n d  u s in g  E. coli B / r  a n d  n o t  E. coli 
1 5 T ' )  a n d  f in d  t h a t  th e  C A P - r e s i s t a n t  s te p  o c c u r s  a t  th e  t im e  o f  i n i t i a t io n  o f  D N A  

s y n th e s is  a n d  th e  C A P - s e n s i t i v e  s te p  o c c u r s  a b o u t  21 m in .  b e fo r e  in i t i a t io n .  I f  a  

m u t a n t  o f  i n i t i a t io n  w a s  a f f e c te d  in  t h is  e a r ly  C A P - s e n s i t i v e  s te p  t h e n  th e  a m o u n t  o f  

D N A  s y n th e s iz e d  p lu s  h ig h  le v e ls  o f  C A P  (e .g . 150 / ig . / m l.  a s  u s e d  in  th e  e x p e r im e n t s  

w i t h  11 g) s h o u ld  b e  v e r y  m u c h  le s s  t h a n  th e  a m o u n t  s y n th e s iz e d  b y  th e  m u t a n t  a t  th e  

h ig h  t e m p e r a tu r e ,  a s  n e w  in i t ia t io n s  c o u ld  o c c u r  f o r  a b o u t  20 m in .  in  t h is  k i n d  o f  m u 

t a n t .  T h e  a m o u n t  o f  D N A  s y n th e s iz e d  b y  11 g  a t  38° is  o n ly  s l ig h t ly  m o r e  t h a n  in  th e  

p re s e n c e  o f  C A P ,  a n d  s o  i t  w o u ld  a p p e a r  t h a t  1 1 G  is  n o t  a f fe c te d  in  a n  e a r ly  s ta g e  o f  
in i t ia t io n .

S e v e r a l m u ta n t s  o f  D N A  s y n th e s is  c a n  b e  c o r r e c t e d  b y  in c r e a s in g  th e  o s m o t ic  

p r e s s u re  o f  th e  g r o w t h  m e d iu m  ( R ic a r d  &  H i r o t a ,  1 9 69 ), a n d  t h is  m a y  r e f le c t  t h e  i n 

v o lv e m e n t  o f  a  m e m b r a n e  p r o t e in  in  th e  D N A  le s io n .  T h e  a b s e n c e  o f  a n y  e f fe c t  o f  
in c r e a s in g  th e  o s m o t ic  p r e s s u re  o n  th e  a m o u n t  o f  D N A  s y n th e s iz e d  a f t e r  a  s h i f t  a r g u e s  

a g a in s t  th e  in v o lv e m e n t  o f  th e  m e m b r a n e  i n  th e  le s io n  in  1 1 G .

T h e  le s io n  i n  1 1 G  is  c o m p le t e ly  i r r e v e r s ib le  w h e n  a  c u l t u r e  is  h e ld  a t  3 8 °  f o r  9 0  m in .  

a n d  t h e n  t r a n s f e r r e d  b a c k  t o  2 5 0 i n  th e  p re s e n c e  o f  h ig h  le v e ls  o f  C A P ,  a n d  o n ly  v e r y
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s l ig h t ly  r e v e r s ib le  in  th e  a b s e n c e  o f  C A P .  T h i s  a t  f i r s t  s u g g e s te d  t h a t  th e  p r o t e in  

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

b u t  s in c e  s y n th e s is  o f  n e w  in i t i a t o r  a t  2 5 0 s t i l l  c a n n o t  a l l o w  in i t i a t io n ,  i r r e v e r s ib i l i t y  is  

p r o b a b ly  d u e  t o  th e  f o r m a t io n  o f  a  f a u l t y  in i t i a t i o n  c o m p le x  o r  t o  th e  a c c u m u la t io n  o f  

i r r e p a r a b le  d a m a g e  t o  th e  D N A  a f t e r  9 0  m in .  a t  th e  h ig h  t e m p e r a tu r e .  L i k e  m o s t  

p r o c e s s e s  t h a t  s t o p  D N A  s y n th e s is  b u t  a l l o w  R N A  a n d  p r o t e in  s y n th e s is ,  s o m e  d e g r a 

d a t io n  o f  th e  D N A  o c c u r s  ( C o o k  e t al. 1966 ). A l t h o u g h  t h is  is  o n ly  a  f e w  p e r  c e n t  a f t e r  

9 0  m in .  t h is  m a y  b e  t o o  m u c h  t o  b e  r e p a ir e d  in  m o s t  c e l ls  a n d  m a y  a ls o  c o n t r ib u t e  to  

th e  lo s s  o f  v ia b i l i t y .  I n  s o m e  e x p e r im e n t s  o n  D N A  s y n th e s is  t h is  s l ig h t  b r e a k d o w n  o f  

th e  D N A  w a s  n o t ic e d  a s  a  lo s s  o f  c o u n t s  a f t e r  a b o u t  6 0  m in .  a t  38° , b u t  a s  th e  m a x im a l  

in c r e m e n t  in  D N A  s y n th e s is  in  11 g  a t  38 °  is  r e a c h e d  b y  t h is  t im e  t h is  lo s s  o f  la b e l  

p r o b a b ly  h a s  n o  e f fe c t  o n  th e  e s t im a te  o f  th e  a m o u n t  o f  D N A  s y n th e s iz e d  a f t e r  th e  
s h if t .

T h e  c r i t i c a l  te s t  f o r  a n  i n i t i a t i o n  m u t a n t  o f  D N A  s y n th e s is  is  t o  s h o w  t h a t  th e  D N A  

s y n th e s iz e d  a t  th e  h ig h  t e m p e r a tu r e  c o r r e s p o n d s  t o  th e  c o m p le t io n  o f  r o u n d s  o f  c h r o 

m o s o m e  r e p l i c a t io n .  T h e  d o u b le  la b e l l in g  m e t h o d  o f  L a r k  ( L a r k ,  R e p k o  &  H o f f m a n ,

1 9 6 3 )  m a k e s  i t  p o s s ib le  t o  a n a ly s e  t h is  D N A .  B y  s y n c h r o n iz in g  th e  c e l ls  b y  a m in o  a c id  

s t a r v a t io n  f o r  a  r e q u ir e d  a m in o  a c id ,  t h e  o r ig in  a n d  t e r m in u s  r e g io n s  o f  th e  c h r o m o 

s o m e  c a n  b e  la b e l le d  w i t h  3H  a n d  14C  la b e ls  d u r in g  g r o w t h  a t  th e  lo w  t e m p e r a tu r e .  O n  

s h i f t in g  t o  38 °  in  th e  p re s e n c e  o f  5 - b r o m o u r a c i l ,  s a m p le s  a re  r e m o v e d  a n d  th e  D N A  

a n a ly s e d  b y  is o p y c n ic  c e n t r i f u g a t io n  i n  c a e s iu m  c h lo r id e .  I n i t i a t io n  m u ta n t s  s h o u ld  

s h o w  a  p r e f e r e n t ia l  r e p l i c a t io n  o f  th e  t e r m in u s  la b e l  in t o  h y b r id  d e n s it y  m a t e r ia l .  

A t t e m p t s  t o  r e in i t ia t e  r e p l i c a t io n  in  p r e s u m e d  in i t i a t o r  m u ta n t s  a n d  s h o w  th e  p r e 

f e r e n t ia l  r e p l i c a t io n  o f  th e  o r ig in  r e g io n  h a v e  f a i le d  d u e  e it h e r  t o  th e  le s io n  b e in g  

i r r e v e r s ib le ,  e .g . 1 1 G , o r  t o  th e  a c c u m u la t io n  o f  a  la r g e  p o o l  o f  t h y m id in e  t r ip h o s p h a t e  

a t  3 8 °  m a k in g  p u ls e  la b e l l in g  w i t h  la b e l le d  t h y m in e  im p o s s ib le  ( K u e m p e l ,  1969 ). 

T h e  f i r s t  k in d  o f  d o u b le  la b e l l in g  e x p e r im e n t s  a r e  b e in g  d o n e  w i t h  th e  m u t a n t  1 1 G .

T h e  D N A  s y n th e s is  m u ta n t s  o f  E scherichia co li s t u d ie d  b y  H i r o t a  e t al. (1 9 6 8 )  m a p  

in  t w o  r e g io n s  o n  th e  E. coli g e n o m e . O n e  g r o u p  t h a t  m a p s  v e r y  c lo s e  t o  th e  ilv lo c i  

c o n t a in s  m u ta n t s  t h a t  a p p e a r  t o  b e  in i t i a t i o n  m u ta n t s .  T h e  s e c o n d  g r o u p ,  m a p p in g  

b e tw e e n  m alB  a n d  p yrB , c o n t a in s  m u ta n t s  t h a t  s t o p  D N A  s y n th e s is  im m e d ia t e ly  

a f t e r  a  s h i f t  f r o m  lo w  t o  h ig h  t e m p e r a tu r e  a n d  s o m e  t h a t  c o n t in u e  D N A  s y n th e s is  f o r  

a  s h o r t  w h i le ,  b u t  i n  w h ic h  th e  r e s id u a l  D N A  s y n th e s is  is  d e p e n d e n t  o n  th e  e x t e r n a l 

c o n d i t io n s .  S t r a in  1 1 G  is  v e r y  s im i la r  t o  th e  f i r s t  g r o u p  o f  m u ta n t s ,  b u t  p r e l im in a r y  

m a p p in g  o f  th e  D N A  le s io n  su g g e s ts  t h a t  i t  m a p s  c lo s e  t o  a n d  t o  th e  r ig h t  o f  m et A  o n  

th e  Salm onella  typhim urium  m a p  a s  i t  i s  g e n e r a l ly  re p re s e n te d .  M o r e  p r e c is e  m a p p in g  

a n d  d o m in a n c e  s tu d ie s  a r e  in  p r o g r e s s .

O n e  o f  u s  ( B .  G .  S .)  w is h e s  t o  a c k n o w le d g e  th e  r e c e ip t  o f  a  S c ie n c e  R e s e a r c h  

C o u n c i l  S t u d e n t s h ip .
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S U M M A R Y

A Penicillium species isolated from soil, decomposed up to o-i % (w/v) 
thiourea only with an energy source such as glucose. The fungus released 
part of the sulphur and nitrogen as sulphate and ammonia which served as 
S and N sources. The medium became strongly acid due to organic acids 
originating from glucose; at the acid reactions the amount of sulphate 
formed was small, but near neutrality most of the sulphur was oxidized to 
sulphate. Most decomposition of the thiourea and production of sulphate 
and acid occurred during the lag phase. Ammonium nitrogen promoted 
growth but reduced decomposition of thiourea. Nitrate was assimilated in 
the absence of thiourea but not in its presence. Citrate did not support 
growth but promoted assimilation of nitrogen. Glucose augmented from 
o-2 to 2-o % led to increased growth, decomposition of thiourea and produc
tion of sulphate and acid. Aeration also promoted growth and sulphate 
production. Among the incompletely oxidized decomposition products were 
sulphate esters and ureides.

Sulphate production indicated that thiourea and four substituted thioureas 
underwent slow decomposition in soil and sewage sludge. In soil, all of the 
sulphur of the compounds was oxidized to sulphate in 20 weeks; decomposi
tion was much slower in sewage sludge. Most cultures isolated from treated 
soil and sewage sludge failed to attack thiourea in culture media on serial 
transfer.

I N T R O D U C T I O N

According to available evidence, thiourea decomposes slowly in soil and animal 
manure with production of sulphate and ammonia (Fuller, Caster & McGeorge, 1950; 
Frederick, Starkey & Segal, 1957; Jensen & Bendixen, 1958; Stotzky & Norman, 
1961). Its toxicity is attested by the fact that thiourea reduced the microbial population 
of a soil more than 99 % at a concentration of 1 % (Frederick et al. 1957). Negligible 
amounts of thiourea decomposed in sewage sludge during normal retention time 
(Malaney, Lutin, Cibulka & Hickerson, 1967) but some decomposition was noted in 
acclimatized sludge (Downing, Tomlinson & Truesdale, 1964).

The nitrification process is particularly sensitive to thiourea, more so than ammoni
fication (Fuller et al. 1950; Quastel & Scholefield, 1951; Jensen & Sorensen, 1952; 
Lees, 1952; Jensen & Bendixen, 1958; Jaques, Robinson & Chase, 1959; Downing 
et al. 1964; Tomlinson, Boon & Trotm an, 1966). Because of their toxicity to various

* Present address: Research Laboratories, Rohm  and Haas Company, Spring House, Pennsyl
vania 19477, U .S.A .
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micro-organisms (Nicholas & Nicholas, 1925; Nicholas & Lebduska, 1928) thioureas 
have potentialities as germicides (Weuffen, Gockeritz & Pohloudek-Fabrini, 1967). 
Furthermore, thiourea has been proposed as a larvicide in manure (Jensen, 1957; 
Jensen & Bendixen, 1958), as a soil disinfectant (Frederick et al. 1957), and as a 
fertilizer with slowly available nitrogen (Fuller et al. 1950). Thiourea inhibits 
certain enzymes (Landon, 1934; Mayer, 1958; Bouchilloux, 1961; Yamafuji &Osajima, 
1961). Since it is a strong chelating agent (Boeyens & Herbstein, 1966) its toxicity to 
micro-organisms and inhibition of enzyme action may be due, at least in part, to its 
chelation of heavy metals.

Little is known about the micro-organisms which attack thiourea or the products 
formed. Rippel (1925) reported that a small amount of sulphate was produced by 
Aspergillus niger. The most detailed results were obtained by Jensen (1957), who 
isolated fungi from soil which used thiourea as a source of sulphur and nitrogen when 
grown in a glucose medium. The two most active fungi converted 15 and 17 % of the 
thiourea sulphur to sulphate in 50 days. Less than half of the thiourea nitrogen had 
become assimilated on prolonged incubation when practically all of the thiourea had 
disappeared; the greater part of the nitrogen was unaccounted for.

Herein are reported results of studies on the decomposition of thiourea by a fungus 
isolated from soil, the influence of certain cultural conditions on the breakdown, the 
sulphur and nitrogen products formed, and the course of events in dissimilation of the 
compound. Included also are results of study of the decomposition of various thioureas 
in soil and by micro-organisms in sewage sludge.
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Cultural M E T H O D S

Pure cultures in 250 ml. Erlenmeyer flasks were shaken at 28° on a rotary shaker 
(240 to 280 eye./min.) in 100 ml. of: glucose, 20 g, (sterilized separately); thiourea, 
0-25, 0-50 or 1-oo g .; K 2HPQ4, 1-5 g.; K H 2P0 4, 075 g.; CaCl2.2H20 , 0-05 g.; 
MgCl2.6H 20 , 0 08 g.; FeCl3. 6H20 , o -oig .; dist. H 20  to 1000 ml., pH 7-0. Other 
organic compounds sometimes replaced glucose; phosphate buffer and thiourea con
centrations sometimes differed (see Results).

The stock of Penicillium was maintained on a similar medium which contained 
o-i % yeast extract, 0-05 % thiourea and 2 % agar. Pure culture inoculum contained 
2 x io6 conidia in 0-5 ml. sterile water. After incubation the fungus was filtered off, 
washed, dried and weighed. The culture solution was brought to volume for analyses.

Decomposition of thioureas in 200 g. portions of barnyard soil was tested at 0-02 
and o-i m . Glucose (0-5 %) was added to soil with and without thioureas. The moisture 
content was brought to 50 % of the moisture-holding capacity, and water was added 
periodically to maintain the moisture level during incubation at 28° for several weeks. 
For tests with activated sludge, 10 ml. portions were added to 90 ml. of a mineral salts 
medium containing 0-5 % glucose and thioureas at 0-02 and o-i m .

Analytical
Sulphate was determined on soil extracts prepared by a procedure adapted from 

Chesnin & Yien (1950) and Bartlett & Neller (i960): a 50 ml. flask containing 5 g. of 
soil and 20 ml. aqueous 10% sodium acetate-1-3%  glacial acetic acid was shaken 
mechanically for 30 min. and centrifuged. After 1-2 g. of 20 to 30 mesh crystals of



BaCl2 had been added to 10 ml., the material was shaken 30 min. and the turbidity due 
to BaS0 4 measured by a nephelometer. Correction was made for colour of the 
extracts. For culture filtrates, 0-5 ml. of 12 % (w/v) HC1 was added to 4 or 8 ml. filtrate 
in a 50 ml. Erlenmeyer flask, made up to 40 ml. with distilled water and 4-8 g. of 20 
to 30 mesh crystals of barium chloride added. The mixture was shaken intermittently 
for 20 min. and turbidity measured in a Klett colorimeter using a rectangular glass 
cell (40 mm. outside diam.). No stabilizer was needed to hold the precipitate in suspen
sion, and the thiourea did not interfere with the determination. Corrections were made 
for colour and turbidity of the culture filtrates.

Thiourea was determined colorimetrically using Grote’s reagent (Anonymous,
i960). Values were accurate from 25 to 200 //g. thiourea. Total nitrogen was determined 
by a micro-Kjeldahl method (Colowick & Kaplan, 1955-7), ammonium nitrogen by 
titration of the distillate of the culture solution made alkaline with NaOH or MgO, and 
glucose by use of anthrone reagent (Umbreit, Burris & Stauffer, 1957). Amino nitrogen 
was measured colorimetrically according to Danielson (1933) and Hotchkiss (1956). 
Urea was determined by microdiffusion with urease (Conway, 195c). The colorimetric 
procedure of Koritz & Cohen (1954) as modified by Bojanowski, Goudy, Valentine 
& Wolfe (1964) was used to detect ureido compounds. Test for hydroxylamine was 
made by a method of Czaky (1948) as modified by Klein & Pramer (1962), and for 
thiocyanate according to Colowick & Kaplan (1955-7). Sulphate released from ethereal 
sulphates (Colowick & Kaplan, 1955-7) was determined as barium sulphate. Tests 
were made also for methylthio groups (Segal & Starkey, 1969) and sulphydryl 
groups (Colowick & Kaplan, 1955-7), and for thiosulphate and polythionates 
(Starkey, 1934).

R E S U L T S
Isolation and characterization of a thiourea-decomposing culture

One of the crude cultures which developed from an inoculum of thiourea-treated 
soil produced a substantial amount of sulphate in a few weeks in glucose-thiourea 
medium. A fungus isolated from this culture developed well and produced sulphate in 
an aerated glucose-thiourea medium with thiourea as the only source of nitrogen and 
sulphur. Glucose or its equivalent was required as a source of energy and probably 
of carbon. Thus the transformation appears to be another example of codissimilation 
(Ruiz-Herrera & Starkey, 1969). The fungus which was used in the following experi
ments was identified as Penicillium species of the group Biverticillata-Symmetrica. 
It resembled Penicillium rugulosum (Raper & Thom, 1949).

Transformation of thiourea by Penicillium
The fungus developed well initially in the basal medium containing glucose and 

0-025 and 0-05 % (w/v) thiourea, but it grew slowly in the presence of o-io % thiourea 
and failed to grow at 0-20 %. On repeated subculture the fungus developed tolerance 
to increased concentrations of thiourea.

Fig. 1 illustrates changes which were obtained with 0-05 % (w/v) thiourea; similar 
changes occurred with 0-025 or o-oi % thiourea. The log phase extended from the 
second to the fifth day. The medium became strongly acid and the principal drop in pH 
occurred during the lag phase. By the end of the lag phase all of the thiourea had 
disappeared and the sulphate content was nearly maximum. After incubation, only 
31 % of the thiourea sulphur was present as sulphate and 7 % of the thiourea nitrogen

MIC 64
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as ammonia. Thirty-three per cent of the nitrogen had been assimilated but 60 % was 
unaccounted for. The sulphur and nitrogen not accounted for in this and other 
experiments probably were present as intermediate products.
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F ig . I . C hanges o ccu rrin g  d u rin g  tra n sfo rm a tio n  o f  th io u re a  a t  28° by  P én icillium . F o r  
m ed ium  a n d  co n d itio n s, see text. O, ( % , w/v) G lu co se  ; A, su lp h a te  su lp h u r ( %  o f  in itia l th io u re a  
su lp h u r); □ , am m o n iu m  n itro g e n  (%  o f  in itia l th io u re a  n itro g e n ); • ,  p H ;  A , g ro w th .

Table 1. Influence of shaking on breakdown of thiourea by a Pénicillium 
C u ltu res  in cu b a ted  6 days a t  28°, fo r  d e ta ils  see text.

C o n d itio n  o f  
in cu b a tio n p H

D ry  w t o f  
fungus (m g.)

T h io u rea
decom posed

(% )

sor-s, %
o f  initial 

th io u rea-S

N H + -N , % 
o f  in itia l 

th io u re a -N

S tatic 4-6 10 9 i 13 22
S h aken 3-4 82 9 i 32 12

Some growth requirements
In media prepared with ‘reagent grade’ salts, the fungus required added magnesium 

but not calcium, iron, sodium, zinc or manganese. Copper (14 /tg./ml.) was toxic but 
its toxicity was overcome by citrate in a medium containing 0-05 % (w/v) thiourea but 
not in one with o-i %. Yeast extract (50 /tg./ml.) increased the amount of growth in 
3 days but had no significant effect subsequently. None of nine vitamins increased the 
amount of growth in 3 and 7 days in the glucose-thiourea medium. The fungus de
composed thiourea in both static and shaken media but more mycelium and more 
sulphate appeared in shaken media (Table 1). This suggests that the reactions respon
sible for formation of sulphate were more sensitive to oxygen tension than those 
effecting the initial transformation of thiourea.

Replacement of thiourea
In media containing ammonium sulphate as nitrogen +  sulphur source, but no 

thiourea, the fungus grew well on glucose, fructose, galactose, mannitol, ethanol and



acetate, but only slightly on sorbitol, succinate, or citrate. Only glucose supported 
good growth with thiourea, which suggests that thiourea either inhibited uptake of the 
unutilized compounds or blocked their conversion to assimilable substances.

Influence of the nitrogen source on growth and on breakdown o f thiourea
The following compounds, listed in the order in which they promoted growth, 

served as sources of nitrogen (at 18-4 mg. N /1 0 0  ml.) in a glucose medium: ammonium 
sulphate, glycine > potassium nitrate > oxamic acid > thiourea. The mycelial dry 
wt with N H 4 was more than twice that with thiourea. Jensen (1957) noted also that 
ammonium nitrogen was preferable to thiourea as the source of nitrogen for cultures

Table 2. Influence of ammonia and nitrate on fungus growth 
and decomposition of thiourea

C u ltu re s  sh a k en  7 days a t  28°, fo r  d e ta ils  see text.

T h io u re a  T h iou rea-S  
D ry  w t o f  N  in  cell decom posed  co n v erted  to  

S ource  o f  n itro g e n  (m g.) fungus (m g.) m a te ria l (m g.) (% ) su lp h a te  (% )

T h io u rea , 52 116 5-8 98 50
T h io u rea , 2 6 + N H 4 C I, 39 199 8-6 51 7
T h io u rea , 26 + K N O -,, 50 105 4-8 97 76

Table 3. Effect of ammonia and nitrate on transformation of 
thiourea nitrogen by Penicillium

In c u b a te d  7 days a t  28°, fo r  de ta ils  see text.

S ource  o f  N
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D is tr ib u tio n  o f  n itro g e n  (m g.) T h io u re a
T h io u re a +  

N H 4C 1
T h io u re a +

k n o 3

U n in o c u la te d  co n tro l
T h io u re a 19*2 9 ‘4 9 '4
N itra te — — 7-0
A m m o n ia __ 8-3

In o c u la te d  m ed ia
M ycelium 5-8 8-6 4-8
F iltra te 12-2 9-8 11-8
N  acco u n ted  fo r 18-0 18-4 i6-6
A m m onia 2-4 0-6 0-8
N itra te — — 7-0
T h io u re a 0-3 4 '5 0 3
N  in  filtra te  o th e r 9 5 4 '7 3 7

th a n  N H J-, N O , 
a n d  th io u re a

of fungi that decomposed thiourea. There was little or no growth with the following 
sources of nitrogen: cyanamide, potassium thiocyanate, thiosemicarbazide, ethylene- 
diamine dihydrochloride, potassium ferrocyanide, diethylthiourea, dibutylthiourea, 
phenylthiourea, benzylpseudothiourea.

When approximately equal amounts of nitrogen were supplied as thiourea (0-025 %) 
and ammonium chloride, the fungus made more growth and assimilated more nitrogen 
than when all nitrogen was provided as thiourea (Table 2). Ammonium, but not nit
rate, nitrogen had an inhibitive effect on decomposition of thiourea and on conversion

IO-2
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of the thiourea sulphur to sulphate. Nearly all of the thiourea disappeared from culture 
solutions which contained thiourea or thiourea +  nitrate as the nitrogen sources, and 
conversion of the thiourea sulphur to sulphate was greater in the latter. Table 3 shows 
that practically all the nitrogen provided as ammonium chloride was assimilated, but 
one-half of the thiourea remained at the end of incubation. Nitrate was not assimi
lated if the medium contained thiourea. The inhibitive effect of thiourea on nitrate 
assimilation may have been due to its toxicity to nitrate reductase (Yamafuji & 
Osajima, 1961).

Influence o f reaction on decomposition o f  thiourea
The reaction became strongly acid during development of the fungus in media 

containing glucose and thiourea. Although some of the acidity was due to sulphate 
production, most is ascribed to products of glucose breakdown because the change in 
pH was approximately the same with and without thiourea. The organic acids were 
not identified, but chromatographic tests excluded formic, acetic, lactic, malonic, 
oxalic, succinic and citric acids. With the solvent system «-butyl alcohol-acetic acid- 
water (120:30:50) a strong yellow spot developed with bromocresol green at RF 0-05 
to 0-07 and a weak one at RF 0'20 to 0-25.

When the pH of a medium containing, for example, 0-05 % (w/v) thiourea was 
controlled by periodic neutralization with NaOH, the thiourea sulphur oxidized to 
sulphate increased from 37 to 65 %. In other experiments in which the pH was partly 
or largely controlled, oxidation of from 80 to 100 % of the thiourea sulphur to sulphate 
took place (Table 4). All thiourea had disappeared from these media and the mycelial 
dry weights were approximately the same. Only a small portion of the thiourea nitrogen 
was recovered as ammonia.

Table 4. Influence o f reaction on decomposition o f thiourea by Penicillium

In c u b a te d  7 days a t  28°. p H  ch an g e  re s tric ted  by  increased  p h o sp h a te  buffer o r, 
fo r las t tw o  en tries , p e rio d ic  ad d itio n s  o f  N aO H .
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B uffer (m) F in a l p H

N H + -N , %  
o f  a d d ed  

th io u re a -N

so4=-s, %
o f  ad d ed  

th io u rea-S

0-014 3'3 22 33
0-035 3'5 11 45
0-042 4-0 19 64
0-070 4 '5 8 100
0-014 7 -o 19 78
0-042 6-6 17 86

Effect o f glucose concentration on decomposition o f thiourea
Fig. 2 shows that increased glucose led to increased growth, thiourea decomposed, 

sulphate produced and acid. Conversion of thiourea sulphur to sulphate reached a 
maximum of 72 % with 2 % (w/v) glucose. Irrespective of glucose concentration only 
a small amount of the thiourea nitrogen was converted to ammonia, the maximum 
being approximately 12 %. The relatively high buffer content prevented extreme drop 
in pH ; except with 2 % (w/v) glucose, the reaction remained above pH 5-0. In similar 
experiments with 0 014 M-phosphate buffer, the pH dropped to much lower levels and 
the conversion of the thiourea sulphur to sulphate was much lower. All of the thiourea



disappeared from the medium which contained 2 % (w/v) glucose. In another experi
ment, the amounts of fungus and of thiourea transformed were similar with 2 and 
3 % glucose.

Breakdown o f thiourea by pregrown mycelium
Mycelium from thiourea media with various concentrations of glucose and phos

phate and with either organic or inorganic sources of nitrogen was harvested during 
the log phase. It was washed and suspended in 0-014 to 0-042 M-potassium phosphate 
buffer, pH  7-0 or 5-5, containing o-oi or 0-05 % (w/v) thiourea. Glucose was present in 
some media and absent from others. Tests were made for disappearance of thiourea 
and for production of sulphate and ammonia between 3 to 10 h., and in one experi
ment at 72 h. In no case was there rapid and complete breakdown of thiourea.
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F ig . 2. E ffect o f  g lucose c o n c e n tra tio n  o n  tra n sfo rm a tio n  o f  th io u re a  by  P én icillium  afte r  
6 days a t  28°; in itia l p H  7-2; th io u re a  0-05 % ; p h o sp h a te  buffer 0-042M. O , L oss o f  th io u re a  
( %) ; A , increase  in  su lp h a te  su lp h u r  ( %  o f  in itia l th io u re a  su lp h u r)  ; □ , increase  in  a m m o n 
iu m  n itro g e n  (%  o f  in itia l th io u re a  n itro g e n ); • ,  p H ;  A , g row th .

Products o f thiourea dissimilation
The only sulphur product identified was sulphate. Other sulphur products must have 

been formed because only 30 to 50 % of the sulphur of the decomposed thiourea 
appeared as sulphate in some experiments. Filtrate of a culture with 0-05 % (w/v) 
thiourea and 0-042 M-phosphate buffer, pH 7-0, incubated 7 days, contained 19 % of 
the thiourea sulphur as ethereal sulphate and 46 % as sulphate. The identity of the 
thioether(s) was not established. Compounds with methylthio groups, hydrosulphide 
groups, thiosulphate, polythionates and hydrogen sulphide were absent.

Ammonia was the only nitrogen product identified. Considerable amounts of nitro
gen were assimilated but almost half of the thiourea nitrogen was unidentified material. 
The culture filtrate from glucose-thiourea media gave a strong positive test for ureido 
compounds; these were absent from uninoculated thiourea media and from filtrates
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of fungus cultured with ammonium sulphate in place of thiourea. Ureido compounds 
were absent also in culture solutions containing urea, amino nitrogen, primary amines, 
free and bound hydroxylamines, thiocyanate, biuret, nitrite and nitrate.

Decomposition o f thioureas by natural microbial populations 
Production of sulphate served as the index of thiourea decomposition. All of the 

compounds underwent decomposition in soil (Table 5) but the breakdown was slow. 
At the lower concentration of the thioureas there was appreciable decomposition in 
1 week and most of the sulphur became transformed to sulphate in 15 weeks. Dibutyl- 
thiourea decomposed slowest but all of its sulphur was converted to sulphate in 
20 weeks. With o-i M-thioureas the percentage conversions of sulphur were much 
lower, but the actual amounts converted were similar to those at 0-02 m . Decomposi
tion of the thioureas other than benzylthiopseudourea had comparatively little eifect 
on pH of the soil.

Decomposition of the thioureas by the micro-organisms in activated sludge was 
much slower than by those in soil (Table 6). Even at the lower concentration, the 
maximum sulphur conversion in 20 weeks was 22 %.

Table 5. Production o f sulphate from  thioureas in soil

In itia l p H  o f  soil w as 8-5; su lp h a te  analyses co rre c ted  fo r su lp h a te  in 
u n tre a te d  soil. F o r  de ta ils  see text.
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p H  afte r  %  S recovered  a s  su lp h a te  afte r
r (---------- ----- A--------

C o m p o u n d (m ) i w eek 2 w eeks 15 w eeks i w eek 2 w eeks 15 w eeks

N o n e — — — 6-4 — — —
T h io u re a 0-02 T 9 7-8 7-1 22 27 96

0*1 7'5 7-6 6 7 4 4 28
D iethy l- 0-02 7-6 7 '5 7 '5 40 40 9 i

th io u re a o-i 6-9 6-6 7 -i 4 3 12
D ib u ty l- 0*02 7 '7 7 '4 6-3 19 26 56

th io u re a o-i T 9 7-6 7-2 4 5 12
Phenyl- 0-02 T 5 7 -1 5-8 41 45 107

th io u re a o-i 7'3 7-0 6-4 8 10 26
B enzylth io- 0-02 8-3 7’3 4 ’9 25 44 93

p seudourea o-i 7-6 7 '4 5 ’7 I 3 45

Table 6. Production o f sulphate from  thiourea in sewage sludge

In itia l p H  7-0; cu ltu re  p H  k e p t n e u tra l d u rin g  in c u b a tio n  by  p erio d ic  ad d itio n s  o f  N a O H .
S O ^  values co rrec ted  fo r  c o n te n t o f  co n tro ls . F o r  de ta ils  see text.

p H  afte r % S recovered  as su lp h a te  a f te r

C o m p o u n d (m ) 5 w eeks 10 w eeks 20 w eeks 5 w eeks 10 w eeks 20 w eeks

T h io u rea 0-02 7-i 7 -o 7 -i 6 8 14
o -io 7-6 7 '3 7 '4 I I 2

D iethy l- 0-02 7-6 7-3 7-2 5 5 13
th io u re a o -io 7 ’9 7-8 7-6 I 3

D ib u ty l- 0-02 7.7 7-5 7-2 3 3 14
th io u re a o -io 7 '4 7 ’4 7-1 2 2 6

Phenyl- 0-02 7-2 7 -i 7 -o 3 8 22
th io u re a o -io 6-9 6-8 7 -o < 1 < 1 3

B enzylth io- 0-02 6-9 6-6 6-6 0 0 5
p se u d o u rea o -io 6-3 5-8 5'5 0 0 0
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Isolation o f  thiourea-decomposing micro-organisms
Dilutions of the soils and solutions containing activated sludge, which had been 

treated with the thioureas, were plated on agar media modified to contain o-i % of the 
same thiourea as the inoculum source, without and with glucose (o-i %). Most of the 
colonies which developed were bacteria, but there were some streptomycetes and 
filamentous fungi. Growth was slight in media without glucose.

Thirty representative cultures isolated from the plates were inoculated into liquid 
media containing the appropriate thioureas with and without glucose (i-o% ). Al
though there was slight growth of some cultures lacking glucose, no sulphate was 
produced and the cultures failed to develop on serial transfer. Most isolates grew well 
with glucose and the thioureas but, with few exceptions, none produced sulphate. One 
culture, a species of the fungus Cephalosporium, produced some sulphate from 
benzylthiopseudourea in a glucose-containing medium. During growth, the odour of 
the compound disappeared from the inoculated medium whereas it persisted in the 
uninoculated one. Thus few micro-organisms seem able to decompose thiourea.

D I S C U S S I O N

In studies by Jensen (1957), 20 % or less of the thiourea sulphur was converted to 
sulphate by certain fungi growing in a medium which contained 2 % (w/v) glucose and 
0-05 % thiourea. The low production of sulphate may have been due to a pH  effect. 
We noted that the reaction became strongly acidic during breakdown of thiourea and 
that the acidity impeded conversion of the thiourea sulphur to sulphate. Nevertheless it 
did not affect the disappearance of the thiourea appreciably.

Sulphate ester(s) was an important sulphur product, particularly in culture solutions 
which became strongly acid. The fact that the culture solutions gave a strong reaction 
for ureido compounds suggests that they were the major nitrogen-containing decom
position products. Some ammonium nitrogen was present in culture solutions even 
when conditions suggested that nitrogen was a limiting factor for growth. Therefore, 
thiourea or its decomposition products may have interfered with assimilation of 
nitrogen. Furthermore, even though citrate failed to support growth when it was the 
only source of energy in a thiourea medium, it promoted growth in a similar medium 
which contained glucose; a medium with 1-5 % (w/v) glucose and 0-5 % sodium citrate 
yielded approximately twice as much growth as one with 2 % glucose. It seems likely 
that citrate neutralized some inhibitive effect of thiourea on nitrogen assimilation.

The data are insufficient to establish the course of events in the dissimilation of 
thiourea but the detection of ethereal sulphate and ureido compounds as products 
suggests the scheme in Fig. 3. This assumes that the sulphur of the thiourea became 
transformed to a hydrosulphide and that the sulphur became oxidized to a sulphate 
ester which was desulphurated to yield sulphate. The urea produced by desulphuration 
of the thiourea could have been transformed by a process reported by Cook & Boulter
(1964) for Candida flareri. This involved combination of the urea with a 2-carbon unit 
to give hydantoic acid which became converted to its anhydride, hydantoin, or to 
glycine and a carbamate. In addition to the ureido compounds, hydantoic acid and 
hydantoin, the carbamyl compound R '. C O . N H 2 would react as a ureide if the carbon 
chain of R ' was short (Koritz & Cohen, 1954). Glucose would have provided the
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2-carbon unit. The glycine could have been partly assimilated and partly deaminated to 
yield ammonia. The residual nitrogen other than ammonia in the culture solution 
could have been accounted for as the two ureides and the carbamate.
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SUMMARY
T h e  re su lts  o f  a  s tu d y  o f  51 s tra in s  o f  lu m in o u s  b a c te r ia  a n d  12 s tra in s  o f  

n o n -lu m in o u s  b a c te r ia  f ro m  re la te d  g e n e ra  sh o w  th a t  th e  lu m in o u s  b a c te r ia  
c a n  b e  d iv id ed  in to  th re e  m a jo r  g ro u p s . T h ese  g ro u p s  s p a n  th re e  g en era , 
n a m e ly  Vibrio, Photobacterium a n d  a  su g g ested  n ew  genu s, Lucibacterium, to  
a c c o m m o d a te  th e  1Photobacterium harveyi ’ o rg an ism s. R ev ised  d e sc r ip tio n s  
o f  th e  species a re  g iven.

INTRODUCTION
L u m in o u s  b a c te r ia  a re  n o t  r a re  in  th e  m a rin e  e n v iro n m e n t a n d  th ey  h a v e  o c c a s io n 

a lly  b e en  r e p o r te d  f ro m  n o n -m a r in e  so u rces . I n  th e  sea  th e y  a re  fo u n d  in  th e  w a te r , as  
sa p ro p h y te s  a n d  p a ra s ite s  o n  m a rin e  a n im a ls  a n d  liv in g  sy m b io tic a lly  in  sp ec ia lized  
o rg a n s  in  c e r ta in  fish  a n d  c e p h a lo p o d s . E a r ly  w o rk e rs  a ss ig n ed  th e se  b a c te r ia  to  
a  v a rie ty  o f  g e n e ra , b u t  B e ije rin ck  (1889) p ro p o s e d  th a t  a ll lu m in o u s  b a c te r ia  s h o u ld  
b e  p la c e d  in  o n e  gen us , Pkotobacterium, w h ich  is b a se d  o n  a  s ing le  c r i te r io n , n a m ely  
th e  a b ility  to  e m it v is ib le  lig h t. L a te r  (1916) B e ije rin ck  s ta te d  th a t  so m e species  w e re  
c lo sely  a llie d  to  th e  c h o le ra  v ib rio s , b u t  s in ce  th e n  th e re  h a s  b e en  m u c h  c o n fu s io n  in  
th e  n o m e n c la tu re  a n d  ta x o n o m y  o f  th e  lu m in o u s  b a c te r ia . M a n y  species  h a v e  b e en  
n a m e d  o n  ec o lo g ic a l g ro u n d s , e.g . Micrococcusphysiculus, Micrococcus (Coccobacillus) 
acropomae, Achromobacter merluccius, Photobacterium sepiae, e tc ., a n d  so m e  n ew  
species  h a v e  b e e n  d e sc r ib e d  w h ich  sh o w  o n ly  m in o r  d ifferen ces f ro m  ex is tin g  species.

M u c h  o f  th e  l i te ra tu re  o n  lu m in o u s  b a c te r ia  d ea ls  w ith  th e  m e ta b o lic  sy s tem s a n d  
b io c h em ica l r e q u ire m e n ts  o f  in d iv id u a l s tra in s , b u t  lit t le  h a s  been  p u b lish e d  o n  th e  
ta x o n o m y  o f  th e  g ro u p  as  a  w h o le  (see M c E lro y , 1961, fo r  a  rev iew ). I n  1954, B reed  &  
L essel p o in te d  o u t  th a t  th e se  b a c te r ia  h a d  b e en  a ss ig n ed  to  n o  few e r th a n  15 g e n e ra  
a n d  n u m e ro u s  specified  e p ith e ts  h a d  b e e n  u sed . Index Bergeyana (1966) lis ts  39 specific 
e p ith e ts  th a t  h av e  b e en  u sed  w ith  P h o to b a c te r iu m  a lo n e . B reed  &  L esse l (1954) p ro p o se d  
th a t  a ll lu m in o u s  b a c te r ia  s h o u ld  b e  a ss ig n ed  to  tw o  g e n e ra , Photobacterium, w h ic h  is 
p la ced  in  th e  fam ily  P s e u d o m o n a d a c e a e , a n d  Vibrio. S p e n ce r (1955) s tu d ie d  seven  
n a m e d  s tra in s  a n d  tw o  new  iso la te s  a n d  c o n c lu d e d  th a t  a ll lu m in o u s  b a c te r ia  h a d  c lo se  
affin ities  w ith  th e  g e n e ra  Vibrio a n d  Aeromonas.

I n  th e  sev en th  e d itio n  o f  Bergey’s Manual (1957) a ll lu m in o u s  b a c te r ia  a re  lis ted  
u n d e r  P h o to b a c te r iu m  a n d  V ib rio  as  p ro p o s e d  b y  B reed  &  L esse l (1954). I n  P h o to 
b a c te r iu m  th e re  a re  fo u r  species, Photobacterium phosphoreum, th e  ty p e  species, 
P.fischeri, P. harveyi a n d  P. pierantonii. T h ese  species  a re  fa ir ly  w ell d e sc rib e d , b u t  o f  
th e  fo u r  species  l is te d  u n d e r  V ib rio  -  Vibrio albensis, V. pierantonii, V. indicus a n d



V. luminosus -  only V. albensis, a non-marine type, has been adequately described. 
Prévôt (1961), in his Traité de Systématique Bactérienne, listed the same eight species 
under the same genera but selected P. fischeri as the type species of Photobacterium. 
Krassil’nikov (1959) listed eight species in Photobacterium with a further eight sub
species included under five of these species, and one species was included in Pseudo
monas -  Pseudomonas harveyi, a species originally placed in Achromobacter by 
Johnson & Shunk (1936) and in Photobacterium in Bergeÿs Manual (7th edn) and in 
Prévot’s Traité de Systématique Bactérienne.
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N C M B
collec tion

T a b l e  1. List o f organisms used in the study

accession S tra in  a n d /o r  o th e r
n u m b er Species (as received) co llec tio n  n u m b ers  S ource  

L u m in o u s  s tra in s

1 Photobacterium splendidum 4 1
2 P. harveyi —
7 P. phosphoreum — A . J. K luyver, D e lf t, v ia

24 P. sepiae — R . Spencer
25 P. pierantonii ATCC 14546
41 P. albensis ATCC 14547
42 P. fischeri J. C ru ick sh an k , U n iv ersity  

o f  A b erd een , v ia  
R . Spencer

60 Micrococcus physiculus MP N
61 Coccobacillus macrouri CM
62 Photobacterium phosphoreum TY T . I ijim a , O sak a , Ja p a n ,
63 Pseudomonas lucifer PL v ia  R . Spencer
64 — FK
65 — EB
66 Coccobacillus sp . HARIDASHIEBISU
67 Micrococcus acropomae HOTARUJAKO H

i Y . Y asak i, T o k y o , Ja p a n ,68 Coccobacillus macrouri TOHJIN
69 C. macrouri SOROIHIGE v ia  R . Spencer

70 — P 336
7 i Vibrio sp .

OS T . Iijim a, v ia  R . Spencer
193 1876 J . L is to n , T .R .S . (L is ton , 

1955)
390 — I2
391 — I3 N . K . V elan k ar,
392 — I4 M a n d a p a m , S o u th
393 — h In d ia , v ia  R . Spencer
394 — h (deposited , 1958)
395 Photobacterium phosphoreum R . Spencer, H u m b e r  

L a b o ra to ry , H u ll
840 — i2b

N . K . V e lan k ar, via841 — I3 ( =  391)
842 — I7 ( =  394) R . Spencer (d eposited
843 — 7 g J 1961)
844 DLG I D . L . G eo rg a la , F ish in g  

In d u s try  R esearch  
In s titu te , R o n d e b o sch , 
S o u th  A frica , v ia 
R . Spencer

993 21—I—12 U . M elch io rri-S an to lin i, 
F ia sc h e rin o  (L a  Spezia),
Ita ly
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Table 1 (coni.)
N C M B

collection
accession S tra in  a n d /o r  o th e r
n u m b er Species (as received) co llec tio n  n u m b e rs  S ource

1061 Vibrio sp. 314 J. I . W . A n d erso n ,
D e p a r tm e n t o f  
B acterio logy , U n iversity  
o f  G lasgow

1147 Vibrio sp. 368
1148 Vibrio sp. 379
1149 Vibrio sp. 380 R . S pencer, H u m b e r
1150 Vibrio sp . 381 L a b o ra to ry , H u ll
1151 Vibrio sp. 382
1152

1198

Vibrio sp. 390 )
A . N . Bose, C en tra l

*34 In s titu te  o f  F isheries
1199

! " T echnology , E m a k u la m ,
1200 *62 S o u th  In d ia  

H . W eisglass, Z ag reb ,
1274 Vibrio noctiluca U-I Y ugoslav ia  (W eisglass &
1275 Photobacterium profundum

J
S kreb , 1963; W eisglass 
&  G avrilov ic , 1963)

1276 — DLG 2 D . L . G eo rg a la , v ia
1277 — DLG 3 R . Spencer
1278 — F 37 R . S pencer, via
1279 — e s  95 J . C . E arly
1280 Photobacterium harveyi ATCC 14126 A T C C . O rig inally
1281 P. fischeri ATCC 7744 depo sited  in  A T C C  by
1282 P. phosphoreum ATCC 1104O F . H .J o h n s o n

N o n -lu m in o u s  s tra in s

23 Aeromonas formicans ATCC I3I37 I . P . C raw fo rd  (1954)
NCIB 9235 (P ivn ick  &  S ab in a , 1957)

72 A. hydrophila G I W . H odg k iss , T .R .S .
87 A. liquefaciens L417 A . A . M iles, w ho  o b ta in e d

it f ro m  A . J . K luyver 
(M iles & M iles, 1951)

129 Pseudomonas fluorescens NC 5 L . I . F le tch e r , T .R .S . v ia
130 Pseudomonas sp . NC 6 W . H odgk iss

224 Pseudomonas sp. 139 J. L is ton , T .R .S .
320 Pseudomonas sp . 4722 D . L . G eo rg a la , T .R .S .
406 P. putida A IOO5 W . H odg k iss , T .R .S .
407 Vibrio ichthyodermis PL I W . H o d g k iss  &  J . M .

Shew an , T .R .S . 
(H odgk iss &  Shew an, 
1950; Shew an , H o b b s  & 
H odg k iss , i960)

1143 V. marinus ps 207 1 '
ATCC I5382 j R . R . C olw ell (C olw ell &

1144 V. marinus MP-1 \ M o rita , 1964)
ATCC I538I J .

N C IB
9243 Aeromonas shigelloides c  27 W . H . E w ing  (F e rg u so n  &

ATCC I4O3O H en d erso n , 1947)

N C M B  =  N a tio n a l C o llec tio n  o f  M a rin e  B a c te ria ; N C IB  =  N a tio n a l C o llec tio n  o f  In d u str ia l 
B ac te ria , b o th  a t  T o rry  R esearch  S ta tio n , A b erd een . A T C C  =  A m erican  T yp e  C u ltu re  C o llec tio n ;
T .R .S . =  T o rry  R e sea rch  S ta tio n .



Clearly there is still much confusion in the classification of luminous bacteria and 
many of the descriptions given in current editions of manuals are inadequate for 
present-day requirements. With the desire to clarify the stiuation, we have made 
a new study of a collection of these organisms.

M E T H O D S

Organisms. Table I lists the 51 strains of luminous bacteria and 12 strains of non- 
luminous bacteria from ‘related’ genera that were used.

Media. All sea-water media contained natural sea water, aged as recommended by 
ZoBell (1946) (storage in the dark for a minimum of 3 weeks) and filtered before use 
and then diluted, 3 parts sea water to 1 part tap or distilled water. Sea-water-yeast 
peptone (SWYP): yeast extract powder (Oxoid), 0-3 %; peptone (Evans), 0-5 % at 
pH 7-4. Agar (1-5 %, Difco) was added for the solid medium. Yeast peptone (pH 7-4): 
yeast extract powder, 0-3 %; peptone, 0-5 %; NaCl, 0-5 % in distilled water (in some 
tests the NaCl concentration was altered as required). Glycerol calcium carbonate 
agar: yeast peptone agar with 3%  NaCl, 1 % glycerol and 0-5% CaC0 3. Plaice 
medium (the late Professor A. J. Kluyver, personal communication): minced fresh 
plaice (200 g.) was soaked in 4 1. tap water for 2 h., boiled for 1 h. and filtered. Peptone 
(0-5 %) and NaCl (3 %) were added, the broth adjusted to pH 7-3, boiled and filtered. 
For a solid medium 2 % agar was added. Sea-water lemco: Lab-lemco, 1 %; peptone, 
0-5 % at pH 7-4.

Stock cultures were maintained at 20° on SWYP agar or sea-water lemco agar 
except Aeromonas shigelloides, which was maintained on yeast peptone agar. All tests 
on A. shigelloides were carried out in media containing 0-5 % NaCl as growth in sea 
water or 3 % NaCl media was unsatisfactory.

Temperature relationships. All cultures were streaked on SWYP agar plates, 10 
strains per plate, and incubated at 1 and 50 (for 21 days); 15, 20 and 250 (7 days) and 
30 and 370 (3 days). The plates were examined at intervals during incubation. As all 
strains except Vibrio marinus grew well at temperatures of 15 to 25° and only some 
grew at either higher or lower temperatures, all subsequent tests were carried out at 
200, V. marinus being tested at 150.

Morphology. Cultures grown in SWYP broth for 24 or 48 h. were examined under 
a dry phase contrast microscope ( x  240) for motility and shape of the living cells. 
Strains which were not observed to be motile in liquid medium were examined from 
24 h. SWYP agar slope culture as it had been noted that motile forms could occasion
ally be detected from a solid medium and not from a liquid medium. Smears for 
staining were prepared from a 2 day SWYP agar culture by suspending the bacteria in 
2 % NaCl solution to prevent uptake of water by the cells, and fixed with methanol. 
The smears were then desalted by flooding with water for 5 min. and allowed to dry 
before Gram-staining by Jensen’s modification (Mackie & McCartney, i960).

Bacteria required for electron microscopy came from 24 or 48 h. cultures grown on 
SWYP agar, plaice agar or glycerol calcium carbonate agar. Suspensions were pre
pared by the following methods, (a) Bacteria were harvested from slopes into 5 % 
ammonium acetate solution and washed three times by centrifugation at low speed 
(200og) and then the deposit was suspended in ammonium acetate. A droplet of this 
suspension was placed on a grid, (b) Bacteria were harvested into 2-5 % NaCl con
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taining 5 % (v/v) formalin and fixed for 30 min. A drop of this suspension was placed 
on a grid, dried and was washed by floating the grid face down on distilled water for 
10 min. (c) Bacteria were fixed in formalin in sodium chloride solution as in (b), 
washed twice in 5 % ammonium acetate and a suspension in this solution placed on 
the grids.

Metal-shadowed preparations were made by drying the suspensions on Formvar- 
coated 200-mesh copper grids and shadowing with gold+ palladium (40+60) at an 
angle of 20°. For negatively stained preparations the suspensions were dried on carbon- 
stabilized Formvar-coated grids and stained with either 1 % phosphotungstic acid 
(pH 7; Brenner & Horne, 1959) or 1 % ammonium molybdate. After 1 min. the excess 
fluid was removed by touching the grid with filter paper. Specimens were examined in 
a Siemen’s Elmiskop I with a double condenser system, a condenser aperture of 
200 /irn. and an objective aperture of 50 /im. Micrographs were recorded on Ilford 
N50 plates.

Colony appearance was recorded after 3 days incubation on SWYP agar and appear
ance of growth in liquid medium after 2 days in SWYP broth.

Effect o f NaCl on luminescence. Agar slopes of SWYP, plaice medium and glycerol- 
calcium carbonate media with 0-5 and 3 % NaCl and yeast peptone medium con
taining different amounts of NaCl (0-5, 1, 1-5, 2, 2-5 and 3 %), were inoculated with 
a drop of a 2 day broth culture and examined in the dark room daily for 4 days and 
again after 7 days incubation. The observer spent 10 min. in the dark room before 
examining the cultures to allow the eyes to become accommodated to the dark.

NaCl requirement and tolerance. Yeast peptone broth with no NaCl and with 5,
7-5 and 10 % NaCl was inoculated from a 2 day SWYP broth culture. The extent of 
visible growth was recorded after 4, 7 and 15 days incubation, and the tubes were 
examined for luminescence daily for 4 days.

Antibiotic sensitivity. This was tested by the method of Shewan, Hodgkiss & Liston
(1954). The vibriostatic compound ‘0/129’ (2,4-diamino-6,7-diisoprc-pyl pteridine) was 
applied as filter-paper discs which had been saturated with a o-i % solution in dioxan 
and dried (Schubert, 1962, modified). Yeast peptone agar was used as Spencer (1955) 
had suggested that sea water interfered with the action of terramycin. Since many 
strains did not grow enough on this medium to give a satisfactory result, the test was 
repeated on SWYP agar with compound 0/129 applied in duplicate, as a saturated 
aqueous solution in cups out from the agar, and as impregnated paper discs.

Biochemical tests. Acid production from carbohydrates and alcohols was tested 
using 1 % of the substrate and 1 % Andrade indicator in a sea-water peptone medium 
(1 % peptone in 3:1 sea w ater: distilled water). The 28 substrates tested were arabinose, 
rhamnose, ribose, xylose, fucose, glucose, fructose, galactose, mannose, lactose, 
sucrose, maltose, cellobiose, raffinose, trehalose, sorbose, cellulose, mannitol, dulcitol, 
sorbitol, glycerol, inositol, salicin, inulin, dextrin, laminarin, starch and glycogen. 
Results were recorded at 1, 2, 4 and 7 days and then weekly up to 4 weeks.

Dissimilation of glucose was tested by the methods of Hugh & Leifson (1953) and 
Leifson (1963), but in the latter medium, with filtered aged natural sea water instead 
of artificial sea water. Results were read after 1, 2, 4 and 7 days, and at 10 and 14 days 
for strains showing little change after 7 days.

Oxidase was tested by the method of Kovacs (1956).
Tests for indole production, ammonia production from peptone, nitrate reduction,
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acetylmethylcarbinol production, methyl red reaction (Manual o f Microbiological 
Methods, 1957), 2,3-butanediol production (Bullock, 1961) and trimethylamine oxide 
(TMO) reduction (Wood & Baird, 1943) were made on 7 day cultures in sea-water 
media (indole, ammonia, nitrate) or in media supplemented with 3 % NaCl.

Hydrolysis of Tweens was tested by Sierra’s method (1957) using media with 3 % 
NaCl and read at 1, 2, 4 and 7 days.

Moller’s method (1955) was used for the detection of lysine and ornithine decarboxy
lases and the production of alkaline products from arginine. The medium containéd 
3 % NaCl and results read at 1, 2, 4, 7 and 9 days.

Gelatin liquefaction was tested in stab cultures in SW Y P +12 % gelatin; growth and 
changes were recorded at 1, 2, 4 and 7 days and weekly to 5 weeks. Strains showing 
slow liquefaction or no liquefaction were retained for 7 weeks.

Egg yolk reactions were tested on SWYP agar+ egg yolk emulsion (Willis & Hobbs,
1958); after 4 days plates were examined and tested for free fatty acids.

Esterase patterns were examined by starch gel electrophoresis by the method of 
Cann & Willox (1965).

Base compositions of deoxyribonucleic acid were determined by Professor M. 
Mandel by the buoyant density in caesium chloride method (Mandel, 1966) for 13 
luminous strains representative of all the groups and subgroups differentiated by the 
morphological and biochemical tests. The base composition of the Pseudomonas 
species and three named luminous strains were determined by the thermal dénatura
tion method (Marmur & Doty, 1962) after preparation of the DNA by M armur’s 
method (1961).
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Luminous strains
All luminous strains were Gram-negative rods, and all except three were motile. 

Gram-stained preparations frequently showed pleomorphic forms. Morphology was 
most clearly seen in wet preparations under phase contrast and in electron microscope 
preparations. There were three morphological types.

1. Coccobacilli which, though motile, had a low proportion of motile forms in the 
culture and frequently appeared non-flagellate. The flagellate forms possessed only 
a single polar flagellum. Typical of this morphological group is Photobacterium 
phosphoreum (PI. 1, fig. 1).

2. Motile slender slightly curved rods with a single polar flagellum (strains labelled 
Photobacterium splendidum and Vibrio albensis\ PI. 1, fig. 2) or a tuft of polar flagella 
(strains of P.fischeri; PI. 1, fig. 3).

3. Rods which are often long and unusual in that they have peritrichous flagella, 
but in addition to the many fine lateral flagella, have a much thicker flagellum at one 
or both poles. This type of flagellation was seen, for example, in strains of Photo
bacterium harveyi (PI. 1, fig. 4). Two types of flagella were also seen by Johnson, 
Zworykin & Warren (1943) in electron microscopic studies of this species, but they did 
not report the position of attachment.

Preparations of Photobacterium harveyi n c m b  1280 showed fascicles of finer flagella 
(PI. 2, fig. 5). The difference in the diameters of the thin and thick flagella can be seen 
in shadowed preparations (PI. 2, fig. 6). The diameters of the fine flagella were 13 to 
18 nm. and those of the thick flagella 30 to 41-6 nm. In negatively stained preparations
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the thick flagellum was seen to possess a distinct sheath which was much less stable than 
the central core (10 to 12 nm. diameter) of the flagellum (PI. 2, fig. 7, 8). This sheathed 
structure of the flagellum has been reported for various Vibrio species, Vibrio metschni- 
kovii (Follett & Gordon, 1963), V. cholerae and V. parahaemolyticus (Ogasawara & 
Kuno, 19640, b). Another morphological feature seen in strains of P. harveyi was the 
presence of fimbriae.

Strains of Photobacterium fischeri and Vibrio noctiluca produced pale yellow pig
mented colonies; all others were non-pigmented. No strains produced diffusible 
pigments.

Only one strain -  Vibrio albensis- grew in salt-free broth and none grew in 10 % 
NaCl. Most strains grew in 5 % NaCl and growth in 7-5 % NaCl was confined to 
strains of Photobacterium harveyi and P. splendidum. Luminous strains were observed 
to  emit light in media with NaCl concentrations from 0 5 to 3 %, and many were also 
luminous in yeast peptone broth containing 5 % NaCl. All strains were capable of 
anaerobic growth.

All strains were insensitive to penicillin, but sensitive to strep:omycin, chloram
phenicol and polymyxin B; most were sensitive to terramycin. There did not appear to 
be any definite pattern in the strains insensitive to terramycin. Strains of Photobac
terium harveyi and P. splendidum were insensitive to the vibriostatic compound 0/129: 
all other strains showed some degree of sensitivity to this compound.

Glucose was metabolized fermentatively by all strains in the Leifson (1963) marine 
OF medium. In the Hugh & Leifson (1953) medium 24 strains were fermentative: the 
remaining 27 strains did not grow satisfactorily in this medium.

Nitrate was reduced to nitrite by 49 of the 51 strains. The methyl red reaction was 
positive in 50 strains, four giving a weak result. Ammonia was produced from peptone 
by all 51 strains. Trimethylamine oxide was reduced by 41 strains, three were negative, 
the remaining seven strains were not tested.

Of the 28 ‘sugars’ tested, no acid or gas was produced from nine of these; namely, 
arabinose, rhamnose, xylose, sorbose, rafiinose, cellulose, dulcitol, inositol, inulin. 
A further three sugars were occasionally attacked: ribose (by 12 strains), lactose 
(by two strains) and fucose (by one strain).

The results of the other tests are summarized in Table 2.
Esterases were seldom detected in strains falling into groups I and II (Table 2) 

except group Id; but they were detected in strains in groups III and IV. The pattern of 
esterases within a group was not homogeneous.

Non-luminous strains
The non-luminous strains were all motile Gram-negative rods possessing polar 

flagella. The Aeromonas and Vibrio species metabolized glucose fermentatively, were 
methyl red-positive (except Aeromonas shigelloides) and reduced nitrate to nitrite. 
The Pseudomonas species either attacked glucose b y the oxidative pathway (n c m b  129, 
320, 406) or did not attack glucose (n c m b  130, 224), were negative in the methyl red 
test and variable in reduction of nitrate. All strains produced ammonia from peptone. 
The results of the other tests are given in Table 2.
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Table 2 shows that 44 of the luminous strains fall into three major groups (la, b, c, Ha, 
Ilia) which correspond well with the three morphological divisions. Of the remaining 
seven strains, Vibrio albensis, the only non-marine strain, is unique, whereas the other 
six strains appear to be transitional between the main morphological and biochemical 
types, particularly the two strains labelled Photobacteriumpierantonii and P. splendidum.

Groups la, b and c are all very similar and such differences as do exist appear to be 
of minor importance and to represent variation of strains within a single species, 
e.g. group lb produces acid and gas from carbohydrates whereas group Ic is anaero- 
genic, otherwise they are identical. The only differences between group la  and groups 
lb and c are the variability in the VP and 2,3-butanediol tests in la  and their ability to 
hydrolyse Tweens 20 and 40, but two strains in lb also hydrolyse these Tweens. All 
group I strains examined have DNA base ratios of 39-5 to 42-0 moles % guanine +  
cytosine (% G +  C). We recommend that all 21 strains in groups la, b and c should be 
combined in the species Photobacterium phosphoreum. Spencer (1955) proposed that 
P. phosphoreum should be assigned to the genus Vibrio as it was sensitive to the vibrio- 
static compound 0/129 and dissimilated glucose fermentatively, but all the strains in 
this group (P. phosphoreum) are Kovacs’ oxidase-negative and are usually aerogenic in 
the breakdown of carbohydrates whereas Vibrio species are oxidase-positive and never 
aerogenic. The species P. phosphoreum should include species previously labelled 
P. profundum (Weisglass & Gavrilovic, 1963), Pseudomonas lucifer, Coccobacillus 
macrouri, Micrococcus physiculus and Micrococcus (or Coccobacillus) acropomae.

The position of group Id  is further away from groups la, b and c than these are from 
each other. Although the group Id  strains have much in common with the other group I 
strains, they attack hexoses only, are Kovacs’ oxidase-positive, hydrolyse Tweens 20 
and 40 (some strains also Tweens 60 and 80) and although VP-positive, they are 2,3- 
butanediol negative. The groups la, b and c strains attack maltose in addition to 
hexoses, are oxidase-negative and never hydrolyse Tweens 60 and 80. The DNA base 
ratio of the one strain from Id  examined was identical with a strain of Photobacterium 
phosphoreum in group la  (42-0 moles % G +  C). This group appears to form a separate 
species, and we propose the name P. mandapamensis, since the first strain of this group 
was isolated at Mandapam.

The 10 strains in group Ila  fit closely to the second morphological type and are 
different from the organisms of group I in being oxidase-positive, not giving an alkaline 
reaction with arginine, and attacking a much wider range of carbohydrates anaero- 
genically. They are also the only pigmented group, the colonies being pale yellow. 
The DNA base ratios of the strains examined are 43-5 and 45-5 moles % G + C . All 
strains in this group should be combined under the specific epithetfischeri which should 
be assigned to the genus Vibrio as suggested by Spencer (1955) as they are polar 
flagellate rods, fermentative in their action upon glucose, sensitive to compound 0/129 
and also have a DNA base ratio within the range for that genus (40 to 50 moles % 
G +  C; Colwell & Mandel, 1964). Furthermore, they are very similar to the working 
neotype strains of the non-luminous species Vibrio marinus (Colwell & Morita, 1964). 
Included in the species V. fischeri is the recently described species V. noctiluca (Weis
glass & Skreb, 1963).

The 13 strains in group Ilia  also form a single species which differs from group I
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and group Ila  in being insensitive to the vibriostatic compound 0/129, indole-positive, 
much more actively proteolytic in gelatine, having an ornithine decarboxylase (except 
Photobacterium harveyi n c m b  1280, the type strain) and lipases which are active in 
egg yolk agar, in addition to having the peritrichous flagella of the third morphological 
type. The DNA base ratios of the strains examined were 45-5 to 46-5 moles % G +  C. 
The strains in this group should be combined under the specific epithet harveyi and 
should include the strain labelled P. sepiae, a name which is not considered to be 
legitimate (Index Bergeyana, 1966), and n c m b  42 which was originally labelled 
P. fischeri. Spencer (1955) believed that this group had affinities with the genus 
Aeromonas as it was insensitive to compound 0/129. However, the harveyi group is 
peritrichate and has a DNA base ratio (45-5 to 46-5 moles % G +  C) which is well 
outside the range of the genus Aeromonas (59 to 62 moles % G +  C) (Hill, 1966; 
Rosypal & Rosypalova, 1966). We recognize that this group (Ilia) has some affinities 
with the genus Vibrio, having a similar DNA base ratio and the sheathed structure of 
the thick polar flagellum seen in some strains is similar to that described for some 
Vibrio species (Follett & Gordon, 1963; Ogasawara & Kuno, 1964a, b). However, the 
possession of peritrichous flagella and insensitivity to compound 0/129 leads us to 
suggest that the species should be assigned to a new genus for which we propose the 
name Lucibacterium (Latin: lux, lucis, light) for the genus with Lucibacterium harveyi 
(Johnson & Shunk) comb.nov. as the type species.

The strain labelled Photobacterium splendidum (group Illb) is identical with group 
Ilia  except that it has a single polar flagellum and a lower temperature range. This 
strain has been maintained in artificial culture for many years and it is possible that 
some of its properties may have been irretrievably lost, as has happened with some 
strains of the Vibrio fischeri group which are no longer luminous, although this 
property was observed by us when they were freshly isolated. The DNA base ratio of 
P. splendidum (45-0 moles % G +  C) is also near that of the group Ilia  strains and we 
believe that this organism may be a degenerate Lucibacterium harveyi.

The organism labelled Photobacterium pierantonii (group IIb) is morphologically 
similar to those in group I, being a non-motile coccobacillus and having a low DNA 
base ratio (39-0 moles % G +  C) similar to other strains in this group. Biochemically 
this organism is almost identical with those of group Ila. In the seventh edition of 
Sergey’s Manual (1957) there are two luminous species described which have the speci
fic epithet pierantonii -  Photobacterium pierantonii and Vibrio pierantonii. Our strain 
does not fit exactly the description of either species. Biochemically it is close to Ila
V. fischeri, but morphologically is more like the Photobacterium species and its 
temperature range did not reach the value quoted for V. pierantonii. This might pos
sibly be a single representative of a species but for the present we propose to group it 
as an atypical strain of V. fischeri.

The non-marine strain Vibrio aibensis (group IV) is distinct from all the others. 
Morphologically it is similar to group Ila, being a slender rod with one or more polar 
flagella. It is similar to group III in being actively proteolytic, indole-positive, but it is 
the only strain outside group I which is VP and 2,3-butanediol-positive. It has decarb
oxylases for lysine and ornithine like many other Vibrio species (Bain & Shewan, 1968; 
Carpenter, Hart, Hatfield & Wicks, 1968). The DNA base ratio was the highest of all 
the strains examined at 48-5 moles % G +  C and is close to that of V. cholerae. Its 
similarity to V. cholerae has long been recognized (Bergey’s Manual, 1957).
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It is therefore suggested that luminous bacteria should be classified into three 
genera, namely Photobacterium, Vibrio and a new genus, Lucibacterium, to accom
modate organisms currently called P. harveyi and P. sepiae. The species to be included 
in the genus Vibrio are V. albensis and V. fischeri, and in the genus Photobacterium, 
P. phosphoreum, the present type species, with the addition P. mandapamensis as 
a further distinct species. The genus Lucibacterium would include P. splendidum as 
a degenerate form of L. harveyi.

We thank Professor M. Mandel for his help. The DNA base ratio estimations by 
the thermal denaturation method were done by Mr D. G. McLeod and the starch-gel 
electrophoresis examination for esterase patterns by Mrs Margaret E. Taylor of Torry 
Research Station.
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A P P E N D I X

Our proposals for (i) modified and extended descriptions of the species named in this 
appendix and (ii) the generic descriptions of Photobacterium and Lucibacterium. are 
based on information from the present study, from the seventh edition of Bergey’s 
Manual (1957) and from the work of Spencer (1961) on the chitinoclastic activities of 
luminous bacteria.

Species included in the genus Vibrio Pacini, 1854 
Vibrio albensis Lehmann & Neumann, 1896

(Synonyms: Elbe vibrio, Dunbar, 1893; Microspira dunbari Migula, 1900.)
Rods, 1-5 to 3-0 x 0-4 to 0 7  pm., occurring singly and in pairs, sides parallel, ends 

rounded, axis frequently curved. Motile by means of polar flagella, usually one per 
cell, but occasional cells may have 2 or 4 flagella. N ot encapsulated. Gram-negative.

Agar colonies: Off-white, translucent, circular, convex, entire margin, smooth, shiny, 
i-o to 2-0 mm. diam. Good growth. Luminous. On sea-water agar the colonies are 
punctiform and luminous.

Broth: Good growth, thin pellicle, uniform turbidity, viscid deposit. Luminous 
2 to 3 days.

Grows at 370 but not at 50. Grows in media containing o to 5 % NaCl, no growth in
7-5 % NaCl, luminescent in media with 0-5 to 3 % NaCl. Growth in media at pEl 6 to 
pH 9, no growth at pH 5.

Aerobic, facultatively anaerobic.
Sensitive to chloramphenicol, streptomycin, aureomycin, terramycin, polymyxin B 

and 2,4-diamino-6,7-diisopropyl pteridine. Insensitive to penicillin.
Indole produced, acetylmethylcarbinol produced, 2,3-butanediol produced, nitrite 

produced from nitrate, ammonia produced from peptone, trimethylamine oxide 
reduced to trimethylamine. Methyl red test negative.

Oxidase- and catalase-positive.
Possesses decarboxylases for lysine and ornithine but does not produce alkaline 

products from arginine.
Hydrolyses Tweens 20, 40, 60 and 80.
No opalescence or free fatty acids produced on egg yolk agar.
Gelatin liquefied.
Starch hydrolysed.
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Chitin digested.
Acid but no gas formed in glucose, sucrose, maltose, trehalose; weak acid produc

tion in fructose, mannose, mannitol, sorbitol, dextrin, starch and glycogen. No acid or 
gas in arabinose, rhamnose, xylose, ribose, fucose, galactose, lactose, sorbose, raffin- 
ose, cellobiose, cellulose, dulcitol, glycerol, inositol, adonitol, salicin, inulin, aesculin 
or laminarin.

Carbohydrate metabolism fermentative.
DNA base ratio 48-5 moles % G +  C.
Habitat: Fresh water, in human faeces and bile.

Vibrio fischeri (Beijerinck) Lehmann & Neumann, 1896.
(Synonyms: Die einheimischen Leuchtbaeillen, Fischer, 1888; Photobacterium 

fischeri Beijerinck, 1889; Bacillus fischeri (Beijerinck) Trevisan, 1889; Bacillus phospho- 
rescens indigenus Eisenberg, 1892; Bacterium phosphorescens indigenus Chester, 1897; 
Microspir a fischeri (Beijerinck) Chester, 1901; Spirillum phosphor escens Holland, 
1920; Vibriophosphorescens Holland, 1920; Achromobacterfischeri (Beijerinck) Bergey 
et al. 1930; Vibrio noctiluca Weisglass & Skreb, 1963.)

Short rods, 0-5 x i-o to 1-5 /im, occurring singly and in pairs, sides parallel, ends 
rounded, axis straight or slightly curved. Stained preparations frequently show pleo- 
morphism and polar staining. Motile by means of a tuft of polar flagella. Gram
negative.

Sea-water agar colonies: Off-white in young cultures, becoming pale yellow, trans
lucent, circular, convex, entire margin, smooth, shiny 1 -o to 2-0 mm. diam. Usually 
luminous at 1 to 3 days. Growth moderately good.

Sea-water broth: Abundant growth, ring or thin pellicle, uniform turbidity, small 
deposit, usually luminous at 2 to 3 days.

Usually grows at 50 but not at 370. Growth and visible light usually emitted in media 
containing 0-5 to 5 % NaCl, some strains grow in 7-5 % NaCl; no growth without 
NaCl. Growth from pH  6 to pH 9.

Aerobic, facultatively anaerobic.
Sensitive to chloramphenicol, streptomycin, polymyxin B and 2,4-diamino-6,7- 

diisopropyl pteridine. Insensitive to penicillin. Sensitivity to terramycin and aureo- 
mycin varies from strain to strain.

Nitrite produced from nitrate; trimethylamine oxide reduced to trimethylamine; 
ammonia produced from peptone. Indole, acetylmethylcarbinol and 2,3-butanediol not 
produced.

Methyl red test positive.
Oxidase- and catalase-positive.
Usually has a lysine decarboxylase but not an ornithine decarboxylase nor produces 

alkaline products from arginine.
Tweens 20 and 40 hydrolysed, Tweens 60 and 80 usually hydrolysed.
Opalescence produced in egg yolk agar, production of free fatty acids variable.
Gelatin liquefied.
Starch hydrolysed.
Chitin may be digested.
Acid but no gas formed in glucose, fructose, galactose, mannose, maltose, dextrin 

and starch, and by some strains in cellobiose, trehalose, mannitol, glycerol, salicin and



glycogen. No acid or gas formed in arabinose, rhamnose, ribose, xylose, fucose, 
lactose, sucrose, sorbose, raffinose, cellulose, dulcitol, sorbitol, inositol, inulin or 
laminarin.

Metabolism of carbohydrates fermentative.
DNA base ratio 43 to 45 moles % G + C .
Habitat : Sea water.
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Photobacterium Beijerinck, 1889
Coccobacilli or occasional rods, pleomorphic forms frequently observed in adverse 

conditions of growth, motile by means of polar flagella or non-motile. Many strains 
appear to be non-motile as only a low proportion of the cells in a culture are seen to 
move actively and detection of flagella is difficult. Chemo-organotrophic, aerobic and 
facultatively anaerobic. Acid and gas or acid only produced from glucose and other 
carbohydrates but not lactose, do not attack complex carbohydrates or alcohols. 
Carbohydrate metabolism is fermentative. Nitrite produced from nitrate. Usually 
luminescent. Growth and luminescence occur on media containing 0-5 to 5 % NaCl; 
optimum concentration 3 % NaCl. Growth at pH 6 to pH 9. Most strains grow at 5 
but not at 370. Usually sensitive to 2,4-diamino-6,7-diisopropyl pteridine. DNA base 
ratio 39 to 42 moles % G + C. Found living symbiotically in the tissues of luminous 
organs of cephalopods and deep-sea fishes and on the skin and in the intestine of some 
marine fish.

The type species is Photobacterium phosphoreum (Cohn) Ford.
Key to the species of the genus Photobacterium:
Coccobacilli which produce acid and usually gas from glucose.
A. Oxidase-negative, acid and usually gas from maltose, no growth at 37°. Photo

bacterium phosphoreum.
B. Oxidase-positive, no acid or gas from maltose, growth at 370. Photobacterium 

mandapamensis.

Photobacterium phosphoreum (Cohn) Ford, 1927
(Synonyms: Micrococcusphosphoreus Cohn, 1878; BacillusphosphorescensIIBaum- 

garten, 1888; Photobacterium phosphorescens Beijerinck, 1889; Bacillus hermesi Trevi- 
san, 1889; Streptococcus phosphoreus (Cohn) Trevisan, 1889; Bacillus phosphoreus 
(Cohn) Macé, 1901; Photobacter phosphorescens Beijerinck, 1901; Pseudomonas 
lucífera Molisch, 1904; Bacterium phosphoreum (Cohn) Molisch, 1912; Photobacter 
phosphoreum (Cohn) Beijerinck, 1916; Micrococcus physiculus Kishitani, 1930; Cocco- 
bacillus acropoma Yasaki & Haneda, 1936; Coccobacillus macrouri; Acinetobacter 
phosphorescens Brisou, 1955; Photobacterium profundum Weisglass & Gavrilovic,
1963-)

Short rods or coccobacilli r o  to 2-5 x 0-4 to r o  /tm., occurring singly and occasion
ally in pairs, axis straight. Motile by a single polar flagellum, but only a small pro
portion of the cells in a culture are observed in motion. In stained specimens many 
pleomorphic cells are observed and polar staining frequently occurs. Gram-negative.

Sea-water agar colonies: Off-white, translucent, circular, convex, entire margin, 
smooth, shiny, 1 to 2 mm. diameter. Luminous 1 to 3 days. Moderately good growth.

Sea-water broth: Moderately good growth, ring of dense growth at surface, slight 
uniform turbidity, granular deposit.
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No growth at 370, most strains grow at 50. Growth and visible light usually emitted 
in media containing 0-5 to 5 % NaCl. No growth in 7-5 % NaCl or without NaCl. 
Growth at pH 6 to pH 9.

Aerobic, facultatively anaerobic.
Sensitive to chloramphenicol, streptomycin, polymyxin B and 2,4-diamino-6,7- 

diisopropyl pteridine; sensitivity to terramycin and aureomycin is variable. Insensitive 
to penicillin.

Nitrite produced from nitrate, acetylmethylcarbinol and 2,3-butanediol produced, 
ammonia produced from peptone, trimethylamine oxide reduced to trimethylamine. 
Indole not produced.

Methyl red test positive.
Oxidase-negative, catalase-positive.
Usually produces alkaline products from arginine and possesses a lysine decarboxy

lase but does not possess an ornithine decarboxylase.
Tweens 20 and 40 occasionally hydrolysed, Tweens 60 and 80 not hydrolysed.
No opalescence or free fatty acids produced on egg yolk agar.
Gelatin not usually liquefied.
Starch not hydrolysed.
Chitin usually digested.
Acid and usually gas formed in glucose, fructose, galactose, mannose and maltose 

and occasionally in ribose and fucose. No acid or gas formed in arabinose, rhamnose, 
xylose, lactose, sucrose, sorbose, cellobiose, trehalose, raffinose, cellulose, mannitol, 
dulcitol, glycerol, sorbitol, inositol, dextrin, salicin, inulin, laminarin, starch or 
glycogen.

Metabolism of carbohydrates fermentative.
DNA base ratio 39-0 to 42-0 moles % G +  C.
Habitat: Sea water.

Photobacterium mandapamensis sp.nov.
Short rods or coccobacilli i-o to 2-5 x 0-4 to i-o /xm., occurring singly and occasion

ally in pairs, axis straight. Motile by polar flagella. In stained specimens pleomorphic 
cells and polar staining may be observed. Gram-negative.

Sea-water agar colonies: Off-white, translucent, circular, convex, entire margin, 
smooth, shiny 1 to 2 mm. diameter. Luminous 1 to 3 days. Moderately good growth.

Sea-water b ro th : Moderately good growth, thin pellicle, uniform turbidity, powdery 
deposit. Luminous 2 to 3 days.

Grows at 370 but not at 50. Growth and visible light usually emitted in media 
containing 0-5 to 5 % NaCl. No growth without NaCl or in 7-5 % NaCl. Growth at 
pH 6 to pH 9.

Aerobic, facultatively anaerobic.
Sensitive to chloramphenicol, streptomycin, polymyxin B and 2,4-diamino-6,7- 

diisopropyl pteridine. Sensitivity to terramycin and aureomycin is variable. Insensitive 
to penicillin.

Nitrite produced from nitrate, trimethylamine oxide reduced to trimethylamine, 
ammonia produced from peptone, acetylmethylcarbinol produced but 2,3-butanediol 
not produced. Indole not produced.

Methyl red test positive.
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Oxidase- and catalase-positive.
Usually produces alkaline products from arginine and possesses a lysine decarboxy

lase, but not an ornithine decarboxylase.
Tweens 20 and 40 hydrolysed, Tweens 60 and 80 may be hydrolysed.
No opalescence or free fatty acid produced on egg yolk agar.
Gelatin may be slowly liquefied.
Starch not hydrolysed.
Chitin may be digested.
Acid and gas formed in glucose, fructose, galactose and mannose. No acid or gas 

formed in arabinose, rhamnose, ribose, xylose, fucose, lactose, sucrose, maltose, 
trehalose, sorbose, cellobiose, raflinose, cellulose, mannitol, dulcitol, sorbitol, gly
cerol, inositol, salicin, dextrin, inulin, laminarin, starch or glycogen.

Metabolism of carbohydrates fermentative.
DNA base ratio 42-0 moles % G +  C.
H abitat: Sea water.
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Lucibacterium gen.nov.
Rods, motile by peritrichous flagella. In some strains the flagellation is of an unusual 

type with a thick polar flagellum in addition to the finer lateral flagella. Occasionally 
only the polar flagellum can be detected. Chemo-organotrophic. Aerobic, facultatively 
anaerobic. Carbohydrate metabolism is fermentative without the production of gas. 
Lactose not usually attacked. Gelatin liquefied. Nitrite produced from nitrate. 
Oxidase-positive. Insensitive to 2,4-diamino-6,7-diisopropyl pteridine. Usually 
luminescent. Growth and luminescence occurs on media containing 0-5 to 5 % NaCl, 
optimum concentration 3 % NaCl. Growth at pH 6 to pH 9. Usually grows at 370 but 
not at 5°. DNA base ratio 45 to 46 moles % G +  C. Found on the surface of dead fish 
and in sea water.

The type species is Lucibacterium harveyi (Johnson & Shunk) comb.nov.

Lucibacterium harveyi (Johnson & Shunk)
(Synonyms: Achromobacter harveyi Johnson & Shunk, 1936; Photobacterium 

splendidum (Beijerinck) Eymers & van Schouwenburg, 1937; Photobacterium sepiae 
Kluyver, 1938; Photobacterium harveyi (Johnson & Shunk) Breed & Lessel, 1954; 
Pseudomonas harveyi (Johnson & Shunk) Krassil’nikov, 1959.)

Rods, i-2 to 4-0 x 0-3 to i-o /tm., straight or slightly curved, sides parallel, ends roun
ded, occurring singly and in pairs. Pleomorphic form may be present. Motile by means 
of peritrichous flagella. Flagellation may be of an unusual type showing a thick polar 
flagellum in addition to many fine lateral flagella. In some strains only the polar 
flagellum can be detected. Gram-negative.

Sea-water agar colonies: Off-white, translucent, circular, convex, entire margin, 
smooth, shiny, 1 to 3 mm. diameter. Colonies frequently mucoid and tend to spread. 
Abundant growth. Luminous after 1, 2 or 3 days.

Sea-water broth: Good growth, thin pellicle, uniform turbidity, flocculent deposit. 
Luminous.

Usually grows at 370 but not at 50. Grows in media containing 0-5 to 7-5 % NaCl,



but not in media without NaCl. Visible light emitted in media containing 0-5 to 5 % 
NaCl. Growth at pH 6 to pH  9.

Aerobic, facultative anaerobic.
Sensitive to chloramphenicol, streptomycin, aureomycin, may be sensitive to 

terramycin. Insensitive to penicillin and 2,4-diamino-6,7-diisopropyl pteridine.
Indole produced, nitrite produced from nitrate, ammonia produced from peptone, 

trimethylamine oxide reduced to trimethylamine.
Acetylmethylcarbinol and 2,3-butanediol not produced.
Methyl red test positive.
Oxidase- and catalase-positive.
Usually possesses decarboxylases for lysine and ornithine, but does not usually 

produce alkaline products from arginine.
Tweens 20, 40, 60 and 80 hydrolysed.
Opalescence and free fatty acids produced in egg yolk agar.
Gelatin liquefied.
Starch hydrolysed.
Chitin digested.
Acid but no gas produced from glucose, fructose, galactose, mannose, maltose, 

cellobiose, trehalose, mannitol, sorbitol, dextrin, laminarin, starch and glycogen. Acid 
may be produced from ribose, sucrose, glycerol, salicin and occasionally from lactose 
(weak). No acid or gas from arabinose, rhamnose, xylose, fucose, sorbose, raffinose, 
cellulose, dulcitol, inositol or inulin.

Metabolism of carbohydrates fermentative.
DNA base ratio 45 to 46 moles % G + C .
Habitat: Sea water.
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A ll th e  p h o to g ra p h s  a re  e lec tro n  m ic ro g rap h s  o f  p re p a ra tio n s  f ro m  cu ltu re s  in cu b a ted  a t  20° o n  
S W Y P  a g a r  fo r  24 h . an d  fixed in  5 % (v/v) fo rm a lin  in  2-5 % N aC l. F ig . 1 to  6 inclusive a re  o f  go ld  +  
p a lla d iu m  sh a d o w ed  p re p a ra tio n s . F ig . 7 a n d  8 a re  o f  specim ens negatively  s ta in e d  w ith  p h o sp h o - 
tu n g stic  acid .

Plate i
F ig . 1. P hotobacterium  phosphoreum  ncmb 7.
F ig . 2. Lucibacterium  harveyi n c m b  i  (P hotobacterium  splendidum ).

F ig . 3. Vibrio fisch eri  n c m b  1281 (P hotobacterium  fischeri).

F ig . 4. Lucibacterium 'harveyi  n c m b  1280 (Photobacterium  harveyi).

Plate 2
F ig . 5. Lucibacterium  harveyi  n c m b  1280 (P hotobacterium  harveyi). T h ic k  a n d  th in  flagella.

F ig . 6. Lucibacterium  harveyi n c m b  1280 (P hotobacterium  harveyi). F ascicles o f  th in  flagella.

F ig . 7. Lucibacterium  harveyi n c m b  1280 (P hotobacterium  harveyi). T h ic k  (po lar) flagellum  show ing  
co re  a n d  sheath .
F ig . 8. Lucibacterium  harveyi  n c m b  1280 (P hotobacterium  harveyi). T w o th ick  (po lar) flagella show ing  
d is in teg ra tio n  o f  th e  sheath .
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SU M M A R Y

T h e  f re e  a m in o  a c id  p o o l  c o n t e n t s  o f  G r a m - n e g a t iv e  b a c t e r ia  (A erobacter  
aerogenes, E rw inia carotovora, P seudom onas fluorescen s) w e re  s t u d ie d  a s  
f u n c t io n s  o f  th e  g r o w t h  e n v ir o n m e n t  a n d  w e re  c o m p a r e d  w i t h  t h o s e  f r o m  
c o r r e s p o n d in g ly  g r o w n  c u lt u r e s  o f  G r a m - p o s i t iv e  b a c t e r ia  {B acillus subtilis  
v a r .  niger, B. m egaterium , B . p o ly m yx a )  a n d  th e  y e a s t  Saccharom yces  
cerevisiae.

A l t h o u g h  th e  p o o ls  o f  th e  G r a m - p o s i t iv e  b a c t e r ia  a n d  th e  y e a s t  c o n t a in e d  
f iv e  t o  2 0  t im e s  th e  c o n c e n t r a t io n  o f  f r e e  a m in o  a c id s  p r e s e n t  in  th e  p o o ls  o f  
G r a m - n e g a t iv e  b a c t e r ia ,  a l l  p o o ls  w e re  s im i la r  in  c o n t a in in g  o n ly  a  l im i t e d  
r a n g e  o f  d e t e c t a b le  a m in o  a c id s .  G lu t a m a t e  in v a r ia b ly  p r e d o m in a t e d  a n d  
g e n e r a l ly  a c c o u n t e d  f o r  o v e r  5 0  %  o f  th e  t o t a l  a m in o  a c id  c o n t e n t  o f  th e  p o o l .  
T h e  c o n t e n t s  a n d  c o m p o s i t io n  o f  p o o ls  f r o m  m ic r o - o r g a n is m s  m a in t a in e d  in  
s t e a d y  s ta te s  in  c h e m o s t a t  c u ltu r e s  d id  n o t  v a r y  w it h  t im e ,  b u t  c h a n g e d  s ig n i
f ic a n t ly  w i t h  c h a n g e s  in  e it h e r  g r o w t h  r a t e  o r  th e  n a tu r e  o f  th e  g r o w t h  l im i t a 
t io n .  H o w e v e r ,  th e se  p o o l  v a r ia t io n s  w e re  s m a l l  c o m p a r e d  w i t h  th o s e  
r e s u l t in g  f r o m  a d d i t io n  o f  2  %  (w /v )  N a C l  t o  a  c u l t u r e  o f  g r o w in g  b a c t e r ia .  
W i t h  c u lt u r e s  o f  G r a m - n e g a t iv e  b a c t e r ia ,  s u d d e n  c h a n g e s  in  m e d iu m  s a l in i t y  
e f fe c te d  m a r k e d  a n d  r a p id  c h a n g e s  in  f r e e  g lu t a m a t e  c o n t e n t ;  w i t h  G r a m 
p o s i t iv e  b a c t e r ia ,  s im i la r  c h a n g e s  o c c u r r e d ,  b u t  e x t r e m e ly  s lo w ly .  A d d i t i o n  o f  
4  %  (w /v ) N a C l  t o  g r o w in g  y e a s t  c u lt u r e s  b r o u g h t  a b o u t  n o  o b s e r v e d  c h a n g e s  
i n  p o o l  s iz e  o r  c o m p o s i t io n .  T h e s e  r e s u lt s  a r e  d is c u s s e d  w i t h  re fe r e n c e  t o  th e  
in v o lv e m e n t  o f  f r e e  a m in o  a c id s  in  s y n th e s is  a n d  f u n c t io n in g  o f  m ic r o 
o r g a n is m s .

I N T R O D U C T I O N

T h e  m a c r o m o le c u la r  c o m p o s i t io n  a n d  m e t a b o l ic  a c t iv i t y  o f  m ic r o - o r g a n is m s  v a r y  

t o  a  c o n s id e r a b le  e x te n t  w i t h  c h a n g e s  i n  t h e i r  g r o w t h  e n v ir o n m e n t  ( H e r b e r t ,  1 9 6 1 ; 

N e id h a r d t ,  1 9 6 3 ; B r o w n  &  R o s e ,  1 9 6 9 a ,  b ;  T e m p e s t ,  1 9 70 ). T h e s e  p h e n o t y p ic  c h a n g e s  
i n  c e l l  s t r u c t u r e  a n d  f u n c t io n in g  r e f le c t  c h a n g e s  i n  g e n e t ic  e x p r e s s io n  a n d  a r e  p r e 

s u m a b ly  m e d ia t e d  b y  s o m e  e n v ir o n m e n t a l ly  l i n k e d  m e c h a n is m .  T h u s ,  c h a n g e s  i n  th e  
g r o w t h  c o n d i t io n  m u s t  a f f e c t  p r im a r i l y  th e  in t r a c e l lu la r  c o n c e n t r a t io n s  o f  s u b s ta n c e s  

r e a c t in g  d i r e c t ly  w i t h  th e  g e n e t ic  c o n t r o l  m e c h a n is m s ;  t h o s e  m o s t  l i k e l y  t o  a c t  in  t h is  

c a p a c i t y  w i t h in  a  m ic r o b ia l  c e l l  b e in g  th e  lo w  m o le c u la r  w e ig h t  ‘ p o o l ’  c o n s t it u e n t s .  

T h e r e fo r e  in  a t t e m p t in g  t o  a n a ly s e  th e  r e la t io n s h ip  b e tw e e n  e n v ir o n m e n t  a n d  m ic r o b ia l

P re sen t ad d ress : N o v o  In d u s tr i  A /S , F ug lebakkevej 115, 2200 C o p en h ag en  N , D en m ark .



p h y s io lo g y  i t  i s  lo g i c a l  t o  e x a m in e  q u a n t i t a t iv e ly  th e  e ffe c ts  o f  s p e c if ic  e n v i r o n m e n t a l  

c h a n g e s  o n  th e  c o m p o s i t io n  o f  m ic r o b ia l  p o o ls .

O n e  o f  th e  m o s t  o b v io u s  c o n c lu s io n s  t o  b e  d r a w n  f r o m  a  s u r v e y  o f  th e  l i t e r a t u r e  o n  

m ic r o b ia l  p o o ls  -  p a r t i c u la r l y  a m in o  a c id  p o o ls  -  is  t h a t  t h e y  a r e  e x t r e m e ly  v a r ia b le  

a n d  m a r k e d ly  d e p e n d e n t  o n  th e  n u t r i t i o n a l  c o m p le x i t y  o f  th e  g r o w t h  m e d iu m  ( H o ld e n ,

1 9 62 ). T h u s ,  in  o r d e r  t o  r a t io n a l i z e  o b s e r v e d  c h a n g e s  in  th e  c o n t e n t  a n d  c o m p o s i t io n  

o f  s u c h  p o o ls  i n  o r g a n is m s  g r o w n  in  d i f f e r e n t  e n v ir o n m e n t s ,  a s  m a n y  v a r ia b le s  a s  

p o s s ib le  m u s t  b e  c lo s e ly  c o n t r o l le d .  T o  f u l f i l  t h is  r e q u ir e m e n t  w e  h a v e  u s e d  a  c h e m o s t a t  

a n d  h a v e  l im i t e d  o u r  in v e s t ig a t io n s  t o  o r g a n is m s  g r o w in g  i n  a  s e r ie s  o f  s im p le  s a lt s  

m e d ia  i n  w h ic h  th e  s o le  s o u r c e s  o f  n i t r o g e n  a n d  c a r b o n  w e re  N H 3 a n d  g lu c o s e ,  

r e s p e c t iv e ly .  T h u s  w e  h a v e  a v o id e d  c o m p l ic a t io n s  a s s o c ia te d  w i t h  th e  t r a n s p o r t  a n d  

a c c u m u la t io n  o f  e x o g e n o u s ly - s u p p l ie d  a m in o  a c id s  (see  B r i t t e n  &  M c C lu r e ,  1 9 62 ).

P r e v io u s  s tu d ie s ,  u s in g  a  c h e m o s ta t  t o  p r o v id e  b o t h  s p e c i f ic a l ly  d e f in e d  a n d  c lo s e ly  

r e g u la t e d  e n v ir o n m e n t s  (see  T e m p e s t ,  1969 , 1 9 70 ), r e v e a le d  t h a t  th e  p a r a m e t e r s  m o s t  

e x t e n s iv e ly  a f f e c t in g  m ic r o b ia l  p h y s io lo g y  w e re  ( i)  t h e  c h e m ic a l  n a tu r e  o f  th e  e n v i r o n 

m e n t ,  p a r t i c u la r l y  th e  n a tu r e  o f  th e  g r o w t h - l im i t in g  c o m p o n e n t  o f  th e  m e d iu m ,  ( i i )  th e  

g r o w t h  r a te ,  a n d  ( i i i )  th e  m e d iu m  o s m o la r i t y  (e .g . N a C l  c o n c e n t r a t io n ) .  C o n s e q u e n t ly  

w e  h a v e  s y s t e m a t ic a l ly  e x a m in e d  th e  e ffe c ts  o f  e a c h  o f  th e se  p a r a m e te r s  o n  th e  a m in o  

a c id  p o o ls  o f  d i f f e r e n t  o r g a n is m s  g r o w in g  i n  e n v ir o n m e n t s  t h a t  w e re , i n  a l l  o t h e r  

re s p e c ts ,  r ig id l y  c o n t r o l le d .  A  p r e l im in a r y  a c c o u n t  o f  s o m e  o f  th e  r e s u lt s  o b t a in e d  h a s  

b e e n  p u b l is h e d  p r e v io u s ly  ( T e m p e s t ,  M e e r s  &  B r o w n ,  1 970 ).

1 7 2  D. W . T E M P E S T ,  J. L. M E E R S A N D  C. M. B R O W N

M E T H O D S

O rganism s. A erobacter aerogenes  (NCTC418), P seudom onas fluorescen s  ( k b i ), 

E rw inia carotovora, Bacillus subtilis  v a r .  niger, B . m egaterium  ( k m ) a n d  B. p o ly m yx a . 
E a c h  w a s  m a in t a in e d  b y  m o n t h ly  s u b c u lt u r e  o n  T r y p t i c  m e a t -d ig e s t ,  a g a r  s lo p e s . 

Saccharom yces cerevisiae  ( d e s c r ib e d  b y  B r o w n  &  H o u g h ,  1965) w a s  s u b c u l t u r e d  

m o n t h ly  o n  y e a s t  e x t r a c t  (1 % , w /v ) ,  p e p t o n e  (2  % , w /v ) ,  g lu c o s e  (2  % , w /v ) ,  a g a r .

G row th  conditions. T h e  o r g a n is m s  w e re  g r o w n  in  0 -5  1. P o r t o n - t y p e  c h e m o s ta t s ,  w i t h  

a u t o m a t ic  p H  c o n t r o l  ( H e r b e r t ,  P h ip p s  &  T e m p e s t ,  1 9 65 ). M e d ia  u s e d  f o r  th e  g r o w t h  

o f  b a c t e r ia  w e re  a s  f o l lo w s .  G lu c o s e - l im i t e d :  N a 2H P 0 4, i - o  h i m ; N H 4H 2P 0 4, 10 m M ;  

( N H 4) 2S 0 4, 6  m M ;  K 2S 0 4, 2  m M ;  c i t r i c  a c id ,  1 m M ;  M g C l 2 o -6  m M ;  C a C l 2 a n d  F e C l 3, 

e a c h  o - i  m M ;  M n C l 2 a n d  Z n C l 2, e a c h  2 -5  x  10  5m ; C u C 12, C o C 12 a n d  N a 2M o 0 4, e a c h  

5 x i o - 6m ; g lu c o s e ,  14  m M . N H 3- l im i t e d :  ( N H 4) 2S 0 4, 5 m M ;  N a H 2P 0 4, 2 0  m M ;  

K 2S 0 4, 2  m M ;  c i t r i c  a c id ,  1 m M ;  M g C l 2, 0 -6  m M ;  C a C l 2, F e C l 3, M n C l 2, Z n C l 2, C u C l 2, 
C o C l 2 a n d  N a 2M o 0 4, a s  s p e c if ie d  a b o v e ; g lu c o s e ,  6 0  m M . P C h  - l im i t e d : N a 2H P 0 4,

1 m M ; K 2S 0 4, 2 h i m ; ( N H 4) 2S 0 4, 10  m M ; c i t r i c  a c id ,  1 m M ; M g C l 2, o -6  h i m ; C a C l 2, 

F e C l 3, M n C l 2, C u C l 2, C o C l 2 a n d  N a 2M o 0 4, a s  s p e c if ie d  a b o v e ;  g lu c o s e ,  6 0  mM. 
M g 2+- l im i t e d : N a 2H P 0 4, 1 m M ; N H 4H 2P 0 4, 10  m M ; ( N H 4) 2S 0 4, 6  h i m ; K 2S 0 4,

2  h i m ; c i t r i c  a c id ,  0 -5  m M ; M g C l 2, 0 -2  m M ; C a C l 2, F e C l 3, M n C l 2, Z n C l 2, C u C l 2, 

C o C l 2 a n d  N a 2M o 0 4, a s  s p e c if ie d  a b o v e ; g lu c o s e ,  6 0  mM. K  - l im i t e d : N a 2H P 0 4, 

1 m M ; N H 4H 2P 0 4, 10  m M ; ( N H 4) 2S 0 4, 6  h i m ; K 2S 0 4, 0 -5  m M  ( f o r  G r a m - n e g a t iv e  

b a c t e r ia )  o r  1 m M  ( f o r  G r a m - p o s i t iv e  b a c t e r ia ) ;  c i t r i c  a c id ,  1 m M ; M g C l 2, o -6  m M ; 
C a C l 2, F e C l 3, M n C l 2, Z n C l 2, C u C l 2, C o C l 2 a n d  N a 2M o 0 4, a s  s p e c if ie d  a b o v e ;  g lu c o s e ,  

6 0  mM. W i t h  a l l  c u lt u r e s ,  e x c e p t  t h a t  w h ic h  w a s  a m m o n ia - l im it e d ,  th e  p H  w a s  

c o n t r o l le d  a u t o m a t ic a l ly  b y  th e  a d d i t io n  o f  4 M - N H 3, a s  r e q u ir e d .



T h e  b a s a l  g r o w t h  m e d iu m  f o r  th e  y e a s t  h a d  th e  f o l l o w in g  c o m p o s i t io n :  K H 2P 0 4, 

15 m M ;  M g S 0 4, 4 m M ;  C a C l 2, i m M ;  in o s i t o l ,  i - i x i o “ 4m ; p y r id o x in e  H C 1, i - o x  
i o - 5 m ; c a lc iu m  p a n t o t h e n a t e ,  i -o x i o “ 6m ; t h ia m in e  H C 1, i - 2 x i o “ 6m ; b io t in ,  

4 x  i o " 9m ; w it h  t r a c e  a m o u n t s  o f  Z n 2+, M0O4“, C a 2+, F e 3+ a n d  M n 2+. F o r  g lu c o s e  

l im i t a t io n ,  g lu c o s e  ( 12  m M )  a n d  ( N H 4) 2S 0 4 ( 15  m M )  w e re  a d d e d ,  w h i le  f o r  N H 3 

l im i t a t io n ,  g lu c o s e  (6 0  m M)  a n d  ( N H 4) 2S 0 4 (2  m M )  w e re  a d d e d .

A n aly tica l p rocedures. B a c t e r ia l  c o n c e n t r a t io n  (m g . e q u iv .  d r y  w t  o r g a n is m s /m l.  

c u lt u r e )  w a s  d e t e rm in e d  b y  th e  m e t h o d  o f  T e m p e s t ,  H u n t e r  &  S y k e s  (1 9 6 5 ) . T h e  f re e  

a m in o  a c id  p o o l  c o n t e n t  a n d  c o m p o s i t io n  w a s  a s se s se d  a s  f o l l o w s : a  v o lu m e  o f  c u l 

t u r e  c o n t a in in g  a p p r o x im a t e ly  3 0  m g . e q u iv .  d r y  w t  o r g a n is m s  ( in  th e  c a s e  o f  G r a m 

n e g a t iv e  b a c t e r ia ) ,  o r  5  m g . e q u iv .  d r y  w t  o r g a n is m s  ( in  th e  c a s e  o f  G r a m - p o s i t iv e  

b a c t e r ia ) ,  w a s  c e n t r i f u g e d  ( 3 0 0 0 g ,  3 m in . )  a n d  th e  s u p e r n a ta n t  f lu id  s e p a ra te d  a n d  

d is c a r d e d .  T h e  p e l le t  o f  o r g a n is m s  w a s  th e n  d is p e r s e d  i n  i c e - c o ld  o -2 5 N - H C 1 0 4 (f in a l 

v o lu m e  o f  5 -0  m l. )  a n d  w a s  k e p t  a t  4° f o r  a b o u t  10  m in .  b e fo r e  a g a in  b e in g  c e n t r i f u g e d  

(30005 -, 5 m in . )  a n d  th e  s u p e r n a t a n t  f lu id  c o l le c t e d .  Y e a s t  c o n c e n t r a t io n  w a s  d e t e r 

m in e d  b y  th e  m e m b r a n e  f i l t e r  m e t h o d  o f  B r o w n  &  R o s e  ( 1 9 6 9 a ) .  T h e  f re e  a m in o  a c id  

p o o l  w a s  e x t r a c t e d  f r o m  c e l ls  w i t h  b o i l i n g  w a t e r  a s  d e s c r ib e d  b y  D a w s o n  (1 9 6 5 ) . 

S t a n d a r d  v o lu m e s  (0 -4  m l. )  o f  a m in o  a c id  e x t r a c t  w e re  a p p l ie d  t o  th e  c o lu m n s  o f  

a  T e c h n ic o n  a u t o m a t ic  a m in o  a c id  a n a ly s e r ,  a lo n g  w i t h  a  k n o w n  a m o u n t  (0 -0 5  / /m o le )  

o f  n o r le u c in e  a s  th e  in t e r n a l  s t a n d a r d  a n d  th e  i n d iv id u a l  a m in o  a c id s  w e re  s e p a ra te d ,  

a s s a y e d  w i t h  n in h y d r in  re a g e n t  a n d  r e c o r d e d  a u t o m a t ic a l ly .  T h e  a m o u n t s  o f  e a c h  

a m in o  a c id  in  th e  e x t r a c t s  w e re  d e t e rm in e d  f r o m  th e  s t r ip  c h a r t  r e c o r d in g s  b y  m e a s u r e 

m e n t  o f  p e a k  a re a s  a n d  s u b s e q u e n t  re fe r e n c e  t o  s t a n d a r d  c u r v e s  ( p r e p a r e d  f r o m  d a t a  

o b t a in e d  w i t h  m ix t u r e s  o f  p u r i f ie d  a m in o  a c id s  in  o -2 5 N - H C 1 0 4). W i t h  e a c h  c h r o m a t o 

g r a m  th e  in d iv id u a l  p e a k  a re a s  w e re  c o r r e c t e d  f o r  v a r ia t io n s  in  th e  p e a k  a re a s  o f  th e  

in t e r n a l  s t a n d a r d ;  th e  s t a n d a r d  e r r o r s  w e re  th e n  a l l  w i t h in  ±  10  %  o f  th e  m e a n  v a lu e s .

A  n o te on the ex traction  o f  bac teria l poo ls. S in c e  th e  a m in o  a c id  p o o l  m u s t  b e  in  

a  h ig h ly  d y n a m ic  s ta te  i n  g r o w in g  b a c t e r ia ,  la r g e  c h a n g e s  i n  p o o l  c o n t e n t  a n d  c o m 

p o s i t io n  c o u ld  o c c u r  d u r in g  th e  m a n ip u la t io n  p e r io d  ( <  5 m in . )  p r i o r  t o  th e  a d d i t io n  

o f  H C 1 0 4. H o w e v e r ,  n o  d if f e r e n c e s  w e re  d e te c te d  b e tw e e n  s a m p le s  t h a t  w e re  r a p id ly  

c o o le d  a f t e r  r e m o v a l  f r o m  th e  g r o w t h  v e s s e l a n d  p r o c e s s e d  a t  4 0 a n d  t h o s e  t h a t  w e re  

n o t  c h i l le d  a n d  p r o c e s s e d  a t  r o o m  t e m p e r a tu r e .  I n d e e d ,  h o ld in g  th e  s a m p le  a t  20 °  f o r  

5  m in .  a f t e r  r e m o v a l  f r o m  th e  g r o w t h  v e s s e l a n d  b e fo r e  c e n t r i f u g in g  h a d  o n ly  a  s m a l l  

e f fe c t  o n  th e  c o n c e n t r a t io n  o f  in d iv id u a l  f r e e  a m in o  a c id s  in  th e  e x t r a c t e d  p o o l .  

D if f e r e n c e s  i n  th e  a m in o  a c id  p o o l  c o n t e n t  a n d  c o m p o s i t io n  o f  b a c t e r ia ,  w h e n  t h e y  

o c c u r r e d ,  w e re  t h e r e fo r e  t r u ly  r e p r e s e n ta t iv e  o f  d if f e r e n c e s  in  th e  g r o w in g  b a c t e r ia  a n d  

n o t  a r t e f a c t s  p r o d u c e d  o n  p r o c e s s in g  s a m p le s .

R E SU L T S

A s  m e n t io n e d  a b o v e ,  n o  d if f e r e n c e  w a s  o b s e r v e d  b e tw e e n  e x t r a c t s  p r e p a r e d  f r o m  

c u lt u r e s  t h a t  h a d  b e e n  p r o c e s s e d  e it h e r  a t  4 0 o r  a t  2 0 ° ;  th e  f re e  a m in o  a c id  c o n t e n t  a n d  

c o m p o s i t io n  o f  th e  p o o l  s e e m in g ly  d id  n o t  c h a n g e  a p p r e c ia b ly  d u r in g  th e  s h o r t  p e r io d  

b e tw e e n  s a m p l in g  a n d  H C 1 0 4 e x t r a c t io n .  S im i la r l y ,  t h e  p o o l  a m in o  a c id s  e x t r a c t e d  

f r o m  th re e  s e p a ra te  N H 3- l im i t e d  c u lt u r e s  o f  A erobacter  aerogenes, g r o w n  a t  a  f ix e d  

r a t e  (0 -3  h ._1), t e m p e r a t u r e  ( 3 5 0) a n d  p H  v a lu e  (6 -8 ) w e re  m a r k e d ly  s im i la r .  T h u s  th e  

p o o l  c o n c e n t r a t io n s  o f  g lu t a m ic  a c id  a n d  a la n in e  ( th e  tw o  p r e d o m in a n t  a m in o  a c id s ;  

T a b le  1) w e re  5 -4 , 5 -3 , 5 -8  m M  a n d  1-5, i - 6 ,  1-4 m M , r e s p e c t iv e ly .
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The con tent an d  com position  o f  bacteria l am ino a c id  po o ls  

L a r g e  d if f e r e n c e s  in  th e  in t r a c e l lu la r  f r e e  a m in o  a c id  c o n t e n t s  o f  G r a m - p o s i t iv e  a n d  

G r a m - n e g a t iv e  b a c t e r ia  w e re  f o u n d  b y  T a y lo r  (1 9 4 7 ) . I n d e e d ,  u s in g  s p e c i f ic  a m in o  a c id  

d e c a r b o x y la s e s  t o  a s s a y  th e  in t r a c e l lu la r  f r e e  a m in o  a c id s  ( re le a s e d  b y  h e a t in g  th e  

o r g a n is m s  a t  io o ° )  sh e  c o n c lu d e d  t h a t  th e  G r a m - n e g a t iv e  o r g a n is m s  t o t a l l y  la c k e d  a n  

a m in o  a c id  p o o l .  A l t h o u g h  t h is  c o n c lu s io n  w a s  e r r o n e o u s  (see  M a n d e ls t a m ,  1958 ), 

g r o s s  d if f e r e n c e s  b e tw e e n  th e  p o o l  c o n t e n t s  o f  G r a m - p o s i t iv e  a n d  G r a m - n e g a t iv e  

b a c t e r ia  h a v e  f r e q u e n t ly  b e e n  o b s e r v e d  (see  H o ld e n .  19 62 ) a n d  a r e  a p p a r e n t  h e re  

( T a b le  1). H o w e v e r ,  in  c o n t r a s t  t o  p r e v io u s  d a ta ,  t h e  d a t a  s h o w n  in  T a b le  1 w e re

T a b le  1. P o o l f r e e  am ino a c id  con tents o f  different bacteria  grow n in chem osta t cu ltures  
(D  =  0-3 h r 1, 35°, p H  6-8), in sim ple sa lts  m edia, w ith grow th  lim ited  b y  the ava ilab ility  
o f  N H 3

O rgan ism s w ere  g row n, a n d  sam ples p rocessed , as d escribed  in  th e  M e th o d s . T h e  co n cen tra 
tio n s  o f  each  am in o  ac id  in  ex trac ts  w as assessed  by  m easu rem en t o f  p eak  a reas  o n  th e  traces 
fro m  th e  a u to m a tic  am in o  ac id  analyser. T h ese  co n cen tra tio n s  w ere re la te d  to  th e  in tra ce llu la r  
free  am in o  ac id  c o n cen tra tio n s  by  assu m in g  th e  ce ll-b o u n d  w a te r  co n ten t to  be  fo u r  tim es th e  
bac te ria l d ry  w eight.

G ram -n e g a tiv e  b ac te ria  G ram -p o sitiv e  b ac te ria

A e ro b a c te r E rw in ia P se u d o m o n a s B a c illu s B . B .

A m in o  ac id

a ero g en es c a ro to vo ra  f lu o re s c e n s  su b tilis  m e g a te r iu m  p o ly m y .  

(In trace llu la r  free  a m in o  ac id  c o n cen tra tio n , m M )

G lu ta m a te 5-8 4 '7 9-6 IO3 62 82
G lu tam in e / o-i 0-4 1-4 2*6 o *5 21

th reo n in e
P ro lin e n .d . n .d . 0 7 I- I 0-9 n .d .
A sp a rta te n .d . 0*1 1-2 0-3 o-i 3-1
Lysine n .d . 0-8 0-9 2-0 1-3 16-5
Iso leucine n .d . 0-2 n .d . 0-8 0-3 3'3
Serine n .d . 0-2 i-o 0-6 0-2 0-5
G lycine 0-3 0*5 0-3 3‘4 1-5 7-1
A lan in e 1*4 o *9 0-5 3 'i 0-6 20
V aline 0*4 0*9 0-5 4-2 2-4 2-8
L eucine n .d . 0*2 n .d . 0-9 0-3 n .d .
T o ta l free  am ino 8-0 8*9 16-1 122-0 70-1 156-3

ac id  p o o l (mM)

G lu ta m a te  p o r tio n 72 53 59 84 89 52
o f  p o o l (% )

n .d . =  N o t  de tec tab le  (invariab ly  less th a n  o -i mM).

d e r iv e d  f r o m  c u lt u r e s  t h a t  w e re  g r o w n  in  m e d ia  o f  id e n t ic a l  c o m p o s i t io n  a n d  a t  ra te s ,  

t e m p e r a tu r e s  a n d  p H  v a lu e s  t h a t  w e re  u n i f o r m  t h r o u g h o u t .  F u r t h e r m o r e ,  s in c e  th e  

g r o w t h  o f  th e  c u lt u r e s  w a s  l im i t e d  b y  th e  a v a i l a b i l i t y  o f  th e  n i t r o g e n  s o u r c e  ( N H 3) 

th e se  p o o ls  s h o u ld  c o n t a in  th e  m in im u m  c o n c e n t r a t io n s  o f  e a c h  a m in o  a c id  n e c e s s a r y  

f o r  th e  o r g a n is m s  t o  f u n c t io n  ( th a t  is ,  g r o w )  i n  th e  p r e s c r ib e d  m e d iu m ,  a t  th e  im p o s e d  
ra te .

S ig n i f ic a n t ly ,  n o t  a l l  th e  a m in o  a c id s  p r e s e n t  in  th e  p r o t e in s  o f  b a c t e r ia  w e re  p r e s e n t  

i n  th e  p o o ls  i n  d e te c ta b le  c o n c e n t r a t io n s  ( th a t  is ,  g r e a te r  t h a n  o - i  m M ) . I n  p a r t i c u la r ,  

t h e  p o o ls  o f  b o t h  G r a m - p o s i t iv e  a n d  G r a m - n e g a t iv e  b a c t e r ia  g e n e r a l ly  la c k e d  t r y p t o 

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



o n ly  a m in o  a c id s  t h a t  w e re  p r e s e n t  i n  a p p r e c ia b le  a m o u n t s  w e re  g lu t a m a t e  a n d  

a la n in e ;  v a l in e ,  g lu t a m in e  a n d  ly s in e  g e n e r a l ly  w e re  p r e s e n t  in  le s s e r  a m o u n t s .  I n 

v a r ia b ly ,  g lu t a m ic  a c id  w a s  th e  p r e d o m in a n t  a m in o  a c id  a n d  a c c o u n t e d  f o r  b e tw e e n  

52  a n d  89  %  o f  th e  t o t a l  a m in o  a c id  c o n t e n t  in  th e se  N H 3- l im i t e d  b a c t e r ia  ( T a b le  1).

Influence o f  grow th  ra te , an d  the nature o f  the grow th  lim ita tion , on the p o o l f r e e  am ino  
acid  con ten t an d  com position  o f  A erobacter  aerogenes

I t  is  l o g i c a l  t o  s u p p o s e  t h a t  w h e n  th e  g r o w t h  o f  a n  o r g a n is m  is  l im i t e d  b y  th e  

a v a i l a b i l i t y  o f  e i t h e r  g lu c o s e  ( th e  s o le  c a r b o n  s o u r c e )  o r  N H 3 ( th e  s o le  n i t r o g e n  s o u rc e )  

i t s  p o o l  w o u ld  c o n t a in  m in im a l  le v e ls  o f  t h e  v a r io u s  a m in o  a c id s .  B u t  c le a r ly  ( T a b le  2) 

th e  t o t a l  c o n c e n t r a t io n s  o f  f r e e  a m in o  a c id s  p r e s e n t  in  A erobacter aerogenes  g r o w n  in  

m e d ia  c o n t a in in g  a n  e x c e s s  o f  g lu c o s e  a n d  N H 3 ( f o r  e x a m p le  M g 2+- l im it e d  o r  P O J - - 

l im i t e d )  w e re  n o t  m a r k e d ly  d i f f e r e n t  f r o m  th o s e  in  o r g a n is m s  t h a t  w e re  e it h e r  N H 3- o r  

g lu c o s e - l im it e d .  H o w e v e r ,  t h e re  w e re  o b v io u s  d if f e r e n c e s  i n  th e  c o n te n t s  o f  th e  i n d i 
v id u a l  a m in o  a c id s ,  p a r t i c u la r l y  g lu t a m a t e  a n d  a la n in e .  T h u s  g lu c o s e -  o r  N H 3- l im it e d  

A . aerogenes  c o n t a in e d  a b o u t  f o u r  t im e s  a s  m u c h  f re e  g lu t a m a t e  a s  f re e  a la n in e ;  

M g 2+- l im i t e d  o r g a n is m s  h a d  a b o u t  e q u im o la r  a m o u n t s  o f  e a c h , a n d  P O ^ - l im i t e d  

o r g a n is m s  c o n t a in e d  th re e  t im e s  a s  m u c h  f r e e  a la n in e  a s  f re e  g lu t a m a t e  ( T a b le  2). 

A g a in ,  i t  s h o u ld  b e  p o in t e d  o u t  t h a t  th e  t e m p e r a tu r e ,  p H  v a lu e  a n d  g r o w t h  r a t e  w e re  

u n i f o r m ,  a n d  m a in t a in e d  c o n s t a n t  t h r o u g h o u t ;  o n ly  th e  r e la t iv e  c o n c e n t r a t io n s  o f  

g lu c o s e : N H 3 : M g 2+ : P O 4 -  in  th e  s im p le  s a lt s  m e d iu m  f e e d in g  th e  c h e m o s t a t  c u ltu r e s  

w e re  d i f f e r e n t  (see  M e t h o d s ) .

T a b le  2 . Influence o f  the nature o f  the grow th -lim itin g  com ponent o f  the m edium  on the 
f r e e  am ino a c id  p o o l con tent an d  com position  o f  A erobacter  aerogenes grow ing in a  
ch em osta t cu lture  (D  =  0-3 h r 1, 35°, p H  6-8)

T h e  c o n d itio n s  o f  g ro w th  a n d  tre a tm e n t o f  sam ples w ere a s  specified in  T ab le  1. C o n c en tra tio n s  
expressed  as mM, assu m in g  a  cell w a te r  c o n te n t fo u r  tim es th e  d ry  w eight.

G ro w th  co n d itio n
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A m in o  ac id G lucose-lim ited N H 3-lim ited M g 2+-lim :ted P O |_-lim ited

G lu ta m a te 3‘4 5-8 3 '5 i - i
G lu ta m a te /th re o n in e n .d . o -i 0-3 0-2
P ro lin e n .d . n .d . 0-3 o-i
A sp a rta te n .d . n .d . 0-3 o-i
L ysine n .d . n .d . 0-2 o-i
Iso leucine n .d . n .d . n .d . n .d .
Serine n .d . n .d . n .d . o -i
G lycine 0 7 0-3 0-6 0-4
A lan in e 0-8 i *4 3-1 3-0
V aline 0-8 0-4 i i 0-6
L eucine n .d . n .d . n .d . n .d .

T o ta l free  am in o  acid  
p o o l (mM)

5*7 8-0 9 '4 5-8

n .d . =  N o t  d e tec tab le  ( th a t is, less th a n  o-i mM).

A l t h o u g h  th e  e f fe c t  o f  t h e  g r o w t h - l im i t in g  c o m p o n e n t  o f  th e  m e d iu m  o n  th e  p o o l  

a m in o  a c id  c o n t e n t  o f  A erobacter aerogenes w a s  n o t  a s  a n t ic ip a t e d ,  th e  in f lu e n c e  o f  

g r o w t h  r a t e  ( th a t  is ,  c u l t u r e  d i lu t io n  ra te )  o n  th e  c o n t e n t  o f  f r e e  a m in o  a c id s  w a s  

c o m p le t e ly  p r e d ic t a b le  ( T a b le  3). I n c r e a s in g  th e  d i lu t io n  r a t e  f r o m  o - i  t o  0 -3  t o  0 -7  h ._1 

( w h ic h  w o u ld  p r o v o k e  a  p r o g r e s s iv e  in c r e a s e  in  th e  r a t e  o f  p r o t e in  s y n th e s is )  e f fe c te d

12-2



a  p r o g r e s s iv e  in c r e a s e  in  th e  t o t a l  c o n c e n t r a t io n  o f  in t r a c e l lu la r  f re e  a m in o  a c id s  f r o m  

5-5  t o  8 -0  t o  14 -7  m M . N o t  a l l  th e  d e te c ta b le  a m in o  a c id s  in c r e a s e d  p r o p o r t io n a t e ly  i n  

c o n c e n t r a t io n ;  th e  o v e r a l l  in c r e a s e  w a s  p r in c ip a l l y  d u e  t o  c h a n g e s  in  th e  le v e ls  o f  f r e e  

g lu t a m a t e  a n d  a la n in e  ( T a b le s  2 , 3).

T a b le  3. Influence o f  grow th  ra te  on the f r e e  am ino a c id  p o o l con tent and com position  o f  
A erobacter aerogenes, grow ing in a ch em osta t ( 5 5 °, p H  6-8) in a s im p le  sa lts  m edium  
in which grow th  is lim ited  b y  the ava ilab ility  o f  N H 3

T h e  co n d itio n s o f  g ro w th  an d  tre a tm e n t o f  sam ples w ere as specified in T ab le  1. C o n c en tra tio n s  
a re  expressed  as m M ,  assu m in g  a  cell w a te r  co n ten t fo u r  tim es th e  d ry  w eight.
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D ilu tio n  ra te  (h .-1)

A m in o  ac id o-i
_  _A_,

0 7

G lu ta m a te 4 -o 9 3
G lu ta m in e /th re o n in e 0-2 0-2
P ro lin e o-i o -i
A sp a rta te n .d . 0-2
L ysine 0-2 0-2
Iso leucine n .d . o -i
Serine o-i o -i
G lycine o -3 o -5
A lan ine o -4 3-1
V aline 0-2 0 9
L eucine n .d . n .d .

T o ta l free am in o  acids 5'5 1 4 7
( m M )

n.d. =  N ot detectable (that is, less than o-i him).

Influence o f  m edium  osm olarity  on the content and com position  o f  b acteria l am ino a c id  
p o o ls

T h o u g h  th e  v a r io u s  m e d ia  u s e d  (see  M e t h o d s )  d i f f e r e d  p r in c ip a l l y  in  th e  p r o p o r t io n s  

o f  g lu c o s e ,  N H 3, M g 2+ a n d  K +  th e y  w e re  a ls o  n o t  o f  e q u iv a le n t  o s m o la r i t y .  I n d e e d ,  

w h e n  g lu c o s e  w a s  in  e x c e s s  o f  r e q u ir e m e n t  m u c h  a c id  w a s  p r o d u c e d  a n d  m u c h  t i t r a n t  

w a s  r e q u ir e d  t o  m a in t a in  th e  c u l t u r e  p H  c o n s t a n t ,  s o  i t  w a s  n o t  p o s s ib le  t o  p r e s c r ib e  o r  

c o n t r o l  th e  o s m o la r i t y .  I n s te a d ,  w e  d e c id e d  t o  s t u d y  t h is  p a r a m e t e r  in d e p e n d e n t ly  a n d  

c h o s e  t o  e f fe c t  o s m o la r i t y  c h a n g e s  b y  a d d in g  g r a d e d  a m o u n t s  o f  N a C l  t o  th e  v a r io u s  

m e d ia .

W i t h  a n  N H 3- l im i t e d  c u l t u r e  o f  A erobacter aerogenes, in c r e a s in g  N a C l  c o n t e n t  o f  

th e  m e d iu m  f r o m  <  o - i  t o  2  t o  4  %  (w /v )  e ffe c te d  a  d r a m a t ic  in c r e a s e  in  th e  c o n t e n t  

a n d  c o m p o s i t io n  o f  th e  a m in o  a c id  p o o l  ( T a b le  4  a n d ,  f o r  c o m p a r is o n ,  T a b le s  2 , 3). 

T h e  e f fe c t  w a s  p r o g r e s s iv e  a n d  v a r ie d  w i t h  g r o w t h  r a t e :  a t  a  d i lu t io n  r a t e  o f  o - i  h . _1, 

a d d i t io n  o f  4  %  (w /v )  N a C l  t o  th e  m e d iu m  c a u s e d  a  n in e f o ld  in c r e a s e  in  th e  p o o l  f re e  

a m in o  a c id  c o n t e n t ;  a t  a  d i l u t i o n  r a t e  o f  0 -3  h . -1 , a  s im i la r  a d d i t io n  o f  N a C l  e f fe c te d  

a  1 7 - fo ld  in c r e a s e .  A g a in ,  n o t  a l l  o f  th e  d i f f e r e n t  a m in o  a c id s  p r e s e n t  in  th e  p o o l  

in c r e a s e d  p r o p o r t io n a t e ly ;  th e  g r o s s  c h a n g e s  in  p o o l  a m in o  a c id  c o n t e n t  w e re  d u e  

a lm o s t  e n t i r e ly  t o  c h a n g e s  i n  i t s  g lu t a m ic  a c id  c o n t e n t  ( T a b le  4).

T h e  d a t a  c o n t a in e d  in  T a b le  4  a re  s te a d y  s ta te  v a lu e s  d e r iv e d  f r o m  s a m p le s  o f  

o r g a n is m s  t h a t  h a d  g r o w n  f o r  s e v e ra l g e n e r a t io n - t im e s  in  th e  p a r t i c u la r  e n v ir o n m e n t .  

I n  o r d e r  t o  a sse ss  th e  n a tu r e  o f  th e  m e c h a n is m s  r e g u la t in g  p o o l  a m in o  a c id  le v e ls  

( p a r t i c u la r ly  p o o l  g lu t a m a t e  le v e ls )  k in e t i c  d a t a  w e re  r e q u ir e d .  T h u s  c h a n g e s  in  th e



p o o l  c o n t e n t  a n d  c o m p o s i t io n  o f  M g 2+- l im i t e d  A erobacter  aerogenes  ( c u lt u r e s  o f  w h ic h  

c o n t a in e d  a n  e x c e s s  o f  N H 3 a n d  g lu c o s e )  w e re  f o l lo w e d  im m e d ia t e ly  a f t e r  a d d i t io n  o f  

N a C l  t o  2  %  (w /v ) .  T h e  d a t a  o b t a in e d  a re  p lo t t e d  in  F ig .  1 a. T h e r e  w a s  a n  im m e d ia t e  

la r g e  in c r e a s e  in  p o o l  g lu t a m a te ,  w h ic h  r e a c h e d  a  m a x im u m  le v e l  w i t h in  2 0  m in .  ( th a t  

is ,  o n e - s e v e n th  o f  th e  c u l t u r e  d o u b l in g  t im e  a t  a  d i lu t io n  r a t e  o f  0-3 h ._1) ;  th e  p o o l  
g lu t a m in e  a ls o  in c r e a s e d  i n i t i a l l y  b u t  t h e n  d im in is h e d ,  a n d  a l l  o t h e r  a m in o  a c id s  e it h e r  

d id  n o t  v a r y  i n  c o n c e n t r a t io n  o r  in c r e a s e d  o n ly  s lo w ly .

T a b le  4 . Influence o f  the m edium  N a C l concentration  on the f r e e  am ino a c id  p o o l content 
o f  N H 3-lim ited  A erobacter aerogenes grow ing in a ch em osta t culture  (5 5 ° , p H  6-8) at 
different dilu tion ra tes

The conditions of growth and treatment of samples were as specified in Table 1. Concentra
tions are expressed as fflM, assuming a cell water content of four times the bacterial dry 
weight.

Dilution rate (h.-1)
,___ ______ _______________________ -_________ _____ A _________________________________________________ _
t h
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2 % 4 % 2% 4 % 2% 4 %
NaCl NaCl NaCl NaCl NaCl NaCl

Glutamate 19*1 47-4 30-2 1I 3'5 72-9 No growth
Glutamine/threonine o -3 o-6 o -4 169 4'7 No growth
Proline o -i 0*2 1-0 1-3 2-2 No growth
Aspartate n.d. n.d. n.d. 0-5 o -5 No growth
Lysine 0-4 o -3 o -4 1-2 o-6 No growth
Isoleucine n.d. n.d. n.d. n.d. n.c. No growth
Serine 0*1 0*1 o-i 0-3 o-i No growth
Glycine o*6 o-6 i i i -3 o-8 No growth
Alanine o -4 11 i -5 3-0 5-2 No growth
Valine 0*1 o-i 0-3 i -4 2-7 No growth
Leucine n.d. n.d. n.d. 1-2 n.d. No growth
Total free amino 21*1 50-4 35-0 I40-6 89-7 No growth

ac ids (mM)
n.d. =  Not detectable (that is, less than o-i mM).

S in c e  th e  p o o l  g lu t a m a t e  le v e l  c h a n g e d  e x t r e m e ly  r a p id ly  o n  a d d in g  N a C l  t o  th e  

e n v ir o n m e n t ,  i t  w a s  im p o r t a n t  t o  e s t a b l is h  w h e th e r  th e  c h a n g e  w a s  c a u s e d  b y  a n  

in c r e a s e  i n  th e  ra te  o f  s y n th e s is  de novo  o f  g lu t a m a te ,  o r  f r o m  t u r n o v e r  o f  in t r a c e l lu la r  

c o n s t i t u e n t s  ( p r e s u m a b ly  n o t  p r o t e in  s in c e  g lu t a m a t e  in c r e a s e d  d is p r o p o r t io n a t e ly  t o  

th e  o t h e r  a m in o  a c id s ) .  W i t h  w a s h e d  s u s p e n s io n s  o f  M g 2+- l im it e d  A erobacter aerogenes  
s u s p e n d e d  in  N a C l - c o n t a in in g  m e d ia  t h a t  w e re  e it h e r  c o m p le t e ,  o r  la c k e d  a d d e d  N H 3, 

th e  r a t e  o f  g lu t a m a t e  a c c u m u la t io n  g r e a t ly  d e p e n d e d  o n  th e  p re s e n c e  o f  f re e  N H 3. 

T h u s  a d d i t io n  o f  N a C l  t o  th e  e n v ir o n m e n t  d i r e c t ly  a f fe c te d  th e  r a te  o f  g lu t a m a t e  

s y n th e s is  de novo.
I r r e s p e c t iv e  o f  th e  n a tu r e  o f  th e  g r o w t h - l im i t in g  c o m p o n e n t  o f  th e  m e d iu m ,  th e  p o o l  

g lu t a m a t e  le v e l  in c r e a s e d  s u b s t a n t ia l ly  u p o n  a d d i t io n  o f  N a C l .  T h u s  in  th e  p re s e n c e  

o f  2  %  (w /v )  N a C l  th e  s te a d y  s ta te  p o o l  g lu t a m a t e  o f  A erobacter  aerogenes  ( g r o w in g  a t  

a  d i l u t i o n  r a t e  o f  0 -3  h . -1 , 3 5 0, p H  6 -8 ) w e re :  g lu c o s e - l im it e d ,  3 7  m M ;  N H 3- l im it e d ,  

3 0  m M ;  M g 2+- l im it e d ,  4 0  m M ;  P O / - - l im i t e d ,  5 4  m M  ( c f .  T a b le  2). S u r p r is in g ly ,  th e  

P O r - l im i t e d  o r g a n is m s  ( w h ic h  n o r m a l ly  h a d  a  v e r y  s m a l l  g lu t a m a t e  p o o l )  r e s p o n d e d  

t o  th e  g re a te s t  e x te n t  t o  c h a n g e s  in  th e  m e d iu m  N a C l  c o n t e n t ;  w h e re a s  in  th e  a b s e n c e  

o f  a d d e d  N a C l  f r e e  g lu t a m a te  a c c o u n t e d  f o r  le s s  t h a n  2 0  %  o f  th e  t o t a l  p o o l  a m in o



a c id  c o n c e n t r a t io n ,  i n  th e  p re s e n c e  o f  2  %  (w /v )  N a C l  g lu t a m a t e  a c c o u n t e d  f o r  o v e r

8 °  %
T h e  c o n c e n t r a t io n s  o f  f re e  a m in o  a c id s  ( p a r t i c u la r ly  g lu t a m a te )  w i t h in  th e  p o o ls  o f  

o t h e r  G r a m - n e g a t iv e  b a c t e r ia  (Erwinia carotovora, Escherichia coli, P seudom onas  
fluorescens)  w e re  a ls o  m a r k e d ly  in f lu e n c e d  b y  th e  N a C l  c o n t e n t  o f  th e  g r o w t h  m e d iu m .  

B u t  G r a m - p o s i t iv e  b a c t e r ia  b e h a v e d  d i f f e r e n t ly .  T h u s  w h e n  N a C l  (2  % , w / v )  w a s  

a d d e d  t o  a  M g 2+- l im it e d  c u lt u r e  o f  Bacillus subtilis  v a r .  niger ( d i lu t io n  r a t e  o f  O '3 h . “ 1,
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Fig. 1. Changes in the pool concentrations of (O) free glutamate, (•)  proline, (A) glutamine 
and (□) alanine following the addition of NaCl (2 %, w/v, final concentration) to steady 
state Mg2+-limited cultures of (a) A erobacter aerogenes and (b) Bacillus subtilis var. niger, 
growing in chemostats at a dilution rate of 0-3 h."1 (350, pFl 6-8).

3 5 0, p H  6 -8 ) th e re  w a s  n o  im m e d ia t e  in c r e a s e  in  th e  c o n t e n t  o f  f r e e  g lu t a m ic  a c id ,  o r  o f  

a n y  o t h e r  a m in o  a c id  ( F ig .  1 b). A f t e r  6 0  m in .  e x p o s u r e  t o  2  %  (w /v )  N a C l ,  in  th e  

g r o w t h  m e d iu m ,  th e  p o o l  f r e e  a m in o  a c id  c o n c e n t r a t io n  h a d  in c r e a s e d  o n ly  f r o m  

16 0  t o  163 m M ;  b u t  a f t e r  a  f u r t h e r  7 2  h . g r o w t h  in  th e  p re s e n c e  o f  2 %  (w /v )  N a C l ,  th e  

s te a d y  s ta te  t o t a l  in t r a c e l lu la r  f r e e  a m in o  a c id  c o n c e n t r a t io n  w a s  190  mM.
S im i la r  r e s u lt s  w e re  o b t a in e d  w h e n  N a C l  (2  % , w / v )  w a s  a d d e d  t o  g lu c o s e - l im it e d ,  

N H 3- l im it e d  o r  P O ^ - l im i t e d  c u lt u r e s  o f  Bacillus subtilis  v a r .  niger. I n  e v e r y  c a s e  th e  

p o o l  a m in o  a c id  c o n c e n t r a t io n  w a s  n o t  im m e d ia t e ly  a f fe c te d  b u t  u l t im a t e ly  in c r e a s e d ; 

in v a r ia b ly  th e  in c r e a s e  w a s  d u e  la r g e ly  t o  in c r e a s e s  in  in t r a c e l lu la r  g lu t a m a te ,  g lu t 

a m in e  a n d  p r o l in e  ( T a b le  5). T h e  e f fe c t  o f  m e d iu m  N a C l  c o n t e n t  o n  th e  p o o l  p r o l in e  

c o n t e n t  w a s  p r o g r e s s iv e ,  a n d  p a r t i c u la r l y  m a r k e d  a t  th e  h ig h e r  N a C l  c o n c e n t r a t io n s  

( F ig .  2).

E p s t e in  &  S c h u l t z  (1 9 6 5 )  a n d  T e m p e s t  &  M e e r s  (1 9 6 8 )  r e p o r t e d  t h a t  a d d i t io n  o f  

N a C l  t o  g r o w in g  c u lt u r e s  o f  G r a m - n e g a t iv e  b a c t e r ia  (Escherichia coli, A erobacter  
aerogenes) e f fe c te d  a  la r g e  in c r e a s e  i n  t h e i r  c e l lu la r  K +  c o n t e n t  a n d  c o n c lu d e d  t h a t  t h is



M icrob ia l am ino acid  poo ls 179

NaCl concentration w/v)

Fig. 2. Influence of medium NaCl concentration on the steady state pool concentrations of 
(O) free glutamate, (•)  proline, (A) glutamine and (A ) alanine in PO|~-limited Bacillus 
subtilis var. niger growing in a chemostat at a dilution rate of 0-2 h.-1 (350, pH 6-8).

T a b le  5 . The influence o f  m edium  N a C l con tent on the s te a d y  s ta te  f r e e  am ino a c id  p o o l  
con tent an d  com position  in variously lim ited  cultures o f  B acillus subtilis var. niger, g ro w 
ing in sim ple sa lts  m edia  in chem osta ts (D  =  0-3 h r 1, 33°, p H  6-8)

The conditions of growth and processing of samples were as described in Table 1. Amino 
acid concentrations are expressed as mM, assuming a cell water content equal to four times the 
dry weight of organisms.

Bacillus subtilis var. niger pool compositions

Glucose-limited n h 3-limited Mg2+-limited p o i-- limited

2 % ' 2 % ' 2 % '
t

2 % '
Amino acid 0 NaCl 0 NaCl 0 NaCl 0 NaCl

Glutamate 130 145 103 113 103 138 131 148
Glutamine/
threonine

1-7 9'5 2*6 4 7 9 ‘3 21-8 7 7 32-7

Proline n.d. 189 r i 33 0-6 5-8 0-8 32-7
Aspartate 4 ‘3 7'5 0-3 1-8 2-9 2*1 6-8 8-0
Lysine 0-5 n.d. 2*0 1-3 1-8 1*2 1-8 2*2
Isoleucine 0*2 n.d. 0-8 07 0*6 0-7 0-9 1-5
Serine 0-5 1-4 0*6 1*6 n.d. 0-5 0-9 1*0
Glycine 0-5 2*0 3‘4 1-9 0*8 2*1 1-8 1-8
Alanine r o 2*0 3-1 41 6*o 8-1 5-5 6-8
Valine 0-5 0-7 4-2 4-2 7-5 4-8 2*2 4-1
Leucine 0*2 n.d. 0-9 1*2 2-9 2*1 2*1 2*6
Total free 1394 187-0 122*0 167-5 135-4 187-2 161-5 241-4

am ino  ac id  
pool (mM) n.d. =  Not detectable (that is, less than o-i mM).



‘ a d d i t i o n a l ’ p o t a s s iu m  s e r v e d  a n  o s m o r e g u la t o r y  f u n c t io n .  H o w e v e r ,  n o  c o r r e s p o n 

d in g  in c r e a s e  in  th e  c e l lu la r  c o n t e n t s  o f  in o r g a n ic  a n io n s  w a s  f o u n d .  O u r  r e s u lt s  

( T a b le  4 ;  F ig .  1 a) s u g g e s t  t h a t  g lu t a m ic  a c id  m a y ,  in  p a r t ,  f u l f i l  t h is  r e q u ir e m e n t .  I n  

t h is  c o n n e x io n ,  i t  m a y  b e  s ig n if ic a n t  t h a t  Bacillus subtilis  v a r .  niger, w h ic h  a p p e a r e d  

a lw a y s  t o  c o n t a in  m u c h  K +  ( T e m p e s t ,  D i c k s  &  E l lw o o d ,  1 9 6 8 ; T e m p e s t ,  1 9 69 )  w a s  

a lw a y s  f o u n d  t o  c o n t a in  m u c h  f re e  g lu t a m ic  a c id  ( T a b le s  1, 5).

W i t h  c u lt u r e s  o f  Bacillus m egaterium  a n d  B. p o ly m yx a  w e  h a v e  o b s e r v e d  ( T e m p e s t ,

1 969 ) t h a t  th e  c e l l - b o u n d  K +  c o n t e n t  w a s  c o n s id e r a b ly  lo w e r e d  w h e n  g r o w t h  w a s  

l im i t e d  b y  th e  a v a i l a b i l i t y  o f  K + ;  u n l ik e  B. su btilis  v a r .  niger ( b u t  l i k e  th e  G r a m 

n e g a t iv e  b a c t e r ia ) ,  w h e n  N a C l  w a s  a d d e d  t o  th e se  K + - l im it e d  c u lt u r e s  th e  c e l lu la r  K +  

c o n t e n t  in c r e a s e d  m a r k e d ly .  E x a m in a t io n  o f  th e  p o o ls  o f  K + - l im it e d  B. m egaterium  
a n d  B. p o ly m yx a  g r o w n  in  th e  p re s e n c e  a n d  a b s e n c e  o f  N a C l  (2  % , w /v ,  f in a l  c o n c e n 

t r a t io n )  a n d ,  f o r  c o m p a r is o n ,  M g 2+- l im it e d  o r g a n is m s ,  r e v e a le d  ( T a b le  6 ) t h a t  c h a n g e s  

in  b a c t e r ia l  K + c o n t e n t  w e re  a c c o m p a n ie d  e it h e r  b y  c h a n g e s  in  b a c t e r ia l  f re e  g lu t a m a t e  

c o n t e n t  o r  b y  c h a n g e s  in  th e  in t r a c e l lu la r  le v e ls  o f  f re e  ly s in e  a n d  D A P  ( tw o  b a s ic  a m in o  

a c id s ) .  H o w e v e r ,  th e  c h a n g e s  in  c e l lu la r  K +  c o n t e n t  w e re  in v a r ia b ly  m u c h  g r e a te r  t h a n  

th e  c o r r e s p o n d in g  m o la r  c h a n g e s  in  f re e  g lu t a m a te ,  ly s in e  a n d  D A P .  N e v e r t h e le s s ,  i t  

is  q u it e  c le a r  ( T a b le s  4 , 6 ) t h a t  e n v i r o n m e n t a l  c o n d i t io n s  t h a t  p r e s c r ib e  a n  in c r e a s e d  

in t r a c e l lu la r  K +  c o n t e n t  a ls o  e ffe c te d  c h a n g e s  i n  th e  c o n t e n t  a n d  c o m p o s i t io n  o f  

b a c t e r ia l  f re e  a m in o  a c id  p o o ls  s u c h  t h a t  th e  n e t  a n io n  c o n c e n t r a t io n  w a s  in c r e a s e d .

T a b le  6. The influence o f  m edium  N a C l content on the f r e e  am ino a c id  p o o l con tent and  
com position  in K +-lim ited  Bacillus m egaterium  and Bacillus p o ly m yx a  grow ing in sim ple  
sa lts  m edia, in chem osta ts  (D  =  0-3 h r 1, 3 5 0, p H  6-8)

T h e  c o n d itio n s  o f  g row th  an d  p rocess in g  o f  sam ples w ere as d escribed  in  T ab le  1. A m ino  
ac id  c o n c e n tra tio n s  a re  exp ressed  as m w , assum ing  a  cell w ater co n ten t o f  fo u r  tim es th e  
d ry  w eight o f  o rgan ism s.

K + -lim ited  K +-lim ited
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Mg2+- r, 0/ 0 /o 2% Mg2+- 0 % 2%
Amino acid limited NaCl NaCl limited NaCl NaCl

Glutamate 56-9 30-6 87-0 82-3 44-7 41-7
Glutamine/threonine o-4 0-4 0-8 20-9 13-5 38-5
Proline 0-6 o-6 1'0 n.d. 0-8 o-5
Aspartate 0-4 o-8 2-2 3 ’i 2-7 4-0
Lysine o-6 9'4 5-3 16-5 67-7 2-1
Isoleucine o-5 i '3 i-8 3 .3 0-9 n.d.
Serine 0-3 03 i -4 o-5 n.d. o*5
Glycine 1-2 0-8 1-2 7 -i 3-5 1 '4
Alanine 24-8 36-0 15-8 198 96 7*5
Valine 3 -o 3'0 6-8 2-8 29 1-2
Leucine 1-2 o-5 0-7 n.d. n.d. n.d.
DAP n.d. 16-4 7’3 i-8 3-2 n.d.
Total free amino acid 89-9 io o -1 131-3 158-1 149-5 97-9

p o o l ( m M )

n .d . =  N o t  de tec tab le  ( th a t is, less th a n  o-i m M ) .

Influence o f  environm ent on the content an d  com position  o f  the am ino a c id  p o o l o f  
Saccharom yces cerevisiae

D a t a  o b t a in e d  f o r  a m in o  a c id  p o o ls  o f  Saccharom yces cerevisiae  a r e  s h o w n  in  

T a b le  7 . N H 3- l im it e d  y e a s t  c e l ls  c o n t a in e d  a n  a m in o  a c id  p o o l  o f  t o t a l  s iz e  s im i la r  t o  

t h a t  o f  th e  G r a m - p o s i t iv e  b a c t e r ia .  M a n y  d if fe r e n c e s ,  h o w e v e r ,  w e re  a p p a r e n t  b e 



tw e e n  th e  c o m p o s i t io n  o f  t h is  y e a s t  p o o l  a n d  t h a t  o f  a n y  o f  th e  b a c t e r ia  s t u d ie d .  U n l i k e  

i t s  b a c t e r ia l  c o u n t e r p a r t s  t h e  y e a s t  p o o l  c o n t a in e d  a p p r e c ia b le  a m o u n t s  o f  ly s in e ,  

a r g in in e  a n d  h is t id in e  w h i le  g lu t a m ic  a c id ,  a l t h o u g h  r e m a in in g  th e  d o m in a n t  c o n 

s t it u e n t ,  a c c o u n t e d  f o r  a  le s s e r  p r o p o r t io n  o f  th e  t o t a l  p o o l .  Y e a s t  c e l ls  g r o w n  in  

g lu c o s e - l im it in g  c u lt u r e s  c o n t a in e d  a  la r g e r  p o o l  t h a n  t h o s e  g r o w n  in  N H 3- l im i t in g  

c o n d i t io n s .  W h i l e  a l l  th e  p o o l  c o n s t i t u e n t s  w i t h  th e  e x c e p t io n  o f  a s p a r t ic  a c id  a n d  

le u c in e  w e re  h ig h e r  in  th e s e  g lu c o s e - l im it e d  c u ltu r e s ,  t h e  la r g e s t  in c r e a s e s  w e re  f o u n d  

in  th e  c o n c e n t r a t io n s  o f  g lu t a m ic  a c id ,  a la n in e ,  v a l in e ,  a r g in in e  a n d  h is t id in e .

I n c r e a s in g  t h e  g r o w t h  ra te  f r o m  o - i  t o  0 -2 5  h . -1  ( n e a r  t o  th e  m a x im u m  g r o w t h  r a t e  

in  t h is  m e d iu m )  r e s u lt e d  in  a n  in c r e a s e d  p o o l  s iz e  in  g lu c o s e - l im it e d  c e l ls  ( T a b le  7). I n  

t h is  c a s e  th e  c o n c e n t r a t io n s  o f  a l l  t h e  a m in o  a c id s  in c r e a s e d ,  w i t h  th e  e x c e p t io n  o f  

h is t id in e ,  th e  la r g e s t  in c r e a s e s  b e in g  f o u n d  in  ly s in e ,  s e r in e ,  g ly c in e  a n d  a r g in in e .

C u l t u r e s  o f  Sacch arom yces cerevisiae  g r e w  a t  a  d i lu t io n  r a t e  o f  o - i  h r 1 i n  g lu c o s e -  

l im i t e d  m e d ia  c o n t a in in g  u p  t o  4  %  (w /v )  N a C l .  S u c h  c o n c e n t r a t ic n s  o f  N a C l ,  h o w 

e v e r , d id  n o t  a f fe c t  th e  s iz e  o f  th e  a m in o  a c id  p o o l  ( a s s a y e d  w i t h  n in h y d r in )  n o r  i t s  

c o m p o s i t io n .

T a b le  7 . The p o o l f r e e  am ino ac id  con tents o f  Saccharom yces cerevisiae grow n  
in ch em osta t cultures {25°, p H  4 -5 )  in sim ple sa lts  m edia

Organisms were grown, and samples prepared, as described in Methods. The concentration 
of each amino acid in extracts was assessed by measurement of peak areas on the traces from 
the amino acid analyser. The concentrations were related to the intracellular free amino acid 
concentrations by assuming a cell water content of four times the yeast dry weight.

Intracellular free amino acid concentration ( ih m )
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Glucose-limited

Amino acid
NH3-limited 
D  = o*i h.-1

,------------------- *-
D  =  o-i h e 1

1
D  =  0 25 h.-1

Glutamate 35-6 135-4 146-8
Threonine 13'5 25-8 30-6
Proline n.d. n.d. n.d.
Aspartate 107 11-2 16-3
Lysine 11 '5 25-8 76-5
Isoleucine 5'7 n.d. io-o
Serine 15-1 13-2 34-8
Glycine 8-6 I2’0 40-1
Alanine 179 54-9 63-9
Valine 9'3 24-0 26-4
Leucine 7-2 i -9 7 ’9
Arginine 6-4 45-5 67-5
Histidine 2*8 11-2 8-4
Total free 144-3 380-9 525-2
amino acid 
pool (m M )

n.d. =  Not detectable. 

DISCUSSION

F r e e  a m in o  a c id s  l ie  d i r e c t ly  o n  th e  p a t h w a y  o f  s y n th e s is  o f  p r o t e in s  f r o m  c a r b o 

h y d r a t e s  a n d  N H 3 ; t h e r e fo r e  i t  i s  r e a s o n a b le  t o  s u p p o s e  t h a t  s ig n i f ic a n t  a m o u n t s  o f  

th e se  in t e r m e d ia r y  s u b s ta n c e s  w o u ld  a lw a y s  b e  p r e s e n t  w i t h in  th e  g r o w in g  c e ll.  B u t  th e  

d is t r ib u t io n  o f  a m in o  a c id s  i n  th e  p o o ls  w h ic h  w e  e x a m in e d  b o r e  n o  r e la t io n s h ip  t o  

t h e i r  c o n t r ib u t io n  t o  m ic r o b ia l  p r o t e in s .  I n  p a r t i c u la r ,  t h e  b a c t e r ia l  p o o ls  in v a r ia b ly



l a c k e d  d e te c ta b le  a m o u n t s  o f  t r y p t o p h a n ,  t y r o s in e ,  p h e n y la la n in e  a n d  c y s t e in e  w h i le  

o n ly  th e  y e a s t  p o o ls  c o n t a in e d  h is t id in e  a n d  a r g in in e .  O f  th e  a m in o  a c id s  r e g u la r ly  

p r e s e n t  in  b a c t e r ia l  p o o ls ,  le u c in e ,  is o le u c in e ,  s e r in e ,  g ly c in e ,  a s p a r ta te ,  v a l in e ,  ly s in e  

a n d  p r o l in e  w e re  f r e q u e n t ly  p r e s e n t  in  lo w  c o n c e n t r a t io n s .  I n  f a c t ,  o n ly  g lu t a m a t e  a n d  

a la n in e  a p p e a r e d  a lw a y s  t o  b e  p r e s e n t  in  s u b s t a n t ia l  a m o u n t s  i n  b a c t e r ia l  p o o ls ,  a n d  

g lu t a m a t e  n e a r ly  a lw a y s  p r e d o m in a t e d  ( T a b le s  i  t o  6). T h u s ,  s in c e  th e  c o n t e n t  a n d  

c o m p o s i t io n  o f  b a c t e r ia l  a m in o  a c id  p o o ls  c o u ld  n o t  b e  r e la te d ,  d i r e c t ly  o r  in d i r e c t ly ,  

t o  th e  p r o t e in  c o n t e n t  a n d  c o m p o s i t io n  o f  th e  c e l ls ,  t h e y  m u s t  th e r e fo r e  h a v e  s o m e  

o t h e r  s ig n if ic a n c e .

C le a r l y  ( T a b le  i )  t h e re  a re  la r g e  d if f e r e n c e s  b e tw e e n  th e  f re e  a m in o  a c id  p o o l  c o n 

te n ts  o f  G r a m - p o s i t iv e  a n d  G r a m - n e g a t iv e  b a c t e r ia ,  e v e n  w h e n  th e se  v a r io u s  o r g a n is m s  

a r e  g r o w n  a t  id e n t ic a l  r a te s  i n  id e n t ic a l  m e d ia .  H o w e v e r ,  i n  e v e r y  c a s e  s h o w n  in  

T a b le  i  g lu t a m a t e  w a s  th e  p r e d o m in a n t  a m in o  a c id  a n d  a c c o u n t e d  f o r  b e tw e e n  52  a n d  

89  %  o f  th e  t o t a l  p o o l  f re e  a m in o  a c id  c o n t e n t s  o f  th e se  N H 3- l im i t e d  o r g a n is m s .  

F u r t h e r m o r e ,  w h e n  la r g e  c h a n g e s  in  p o o l  a m in o  a c id  c o n t e n t s  w e re  p r o v o k e d  ( b y  

v a r y in g  th e  g r o w t h  r a t e  o r  th e  m e d iu m  N a C l  c o n t e n t )  a lm o s t  in v a r ia b ly  t h e r e  w e re  

c o r r e s p o n d in g ly  la r g e  c h a n g e s  i n  p o o l  g lu t a m a t e  le v e ls .  I n  G r a m - n e g a t iv e  o r g a n is m s  

p a r t i c u la r ly ,  t h e  p o o l  g lu t a m a t e  le v e ls  w e re  m o s t  s e n s it iv e  t o  c h a n g e s  in  e n v ir o n m e n t .  

T h u s ,  in  a t t e m p t in g  t o  r a t io n a l i z e  th e  e ffe c ts  o f  e n v i r o n m e n t  o n  p o o l  c o n t e n t  a n d  

c o m p o s i t io n ,  i t  is  n e c e s s a r y  t o  a c c o u n t  p r in c ip a l l y  f o r  (a) t h e  la r g e  d if f e r e n c e s  b e tw e e n  

th e  p o o l  g lu t a m a t e  c o n t e n t s  o f  G r a m - p o s i t iv e  a n d  G r a m - n e g a t iv e  b a c t e r ia ,  a n d  (b ) th e  

g r o s s  e ffe c ts  o f  m e d iu m  o s m o la r i t y  o n  th e  in t r a c e l lu la r  le v e ls  o f  f r e e  g lu t a m a t e  in  

G r a m - n e g a t iv e  b a c t e r ia .

I n  b a c t e r ia ,  g lu t a m a t e  is  g e n e r a l ly  s y n th e s iz e d  f r o m  2 - o x o g lu t a r a t e  a n d  N H 3 b y  

g lu t a m a t e  d e h y d r o g e n a s e  ( E C  1 . 4 . 1 . 4 ) .  T h e r e fo r e ,  c h a n g e s  in  th e  f re e  g lu t a m a t e  

c o n t e n t  o f  b a c t e r ia ,  g r o w in g  a t  a  f ix e d  r a te ,  m u s t  b e  m e d ia t e d  b y  c h a n g e s  i n  e it h e r  

th e  c e l lu la r  c o n t e n t  o r  a c t iv i t y  o f  t h is  e n z y m e . I n  f a c t ,  r a p id  c h a n g e s  in  b a c t e r ia l  p o o l  

g lu t a m a t e  le v e ls  ( s u c h  a s  o c c u r r e d  w h e n  N a C l  w a s  a d d e d  t o  th e  g r o w t h  e n v ir o n m e n t )  

c o u ld  o n ly  h a v e  r e s u lt e d  f r o m  a  c h a n g e  in  e n z y m e  a c t iv i t y .  I n  t h is  c o n n e x io n ,  a  d e 

t a i le d  e x a m in a t io n  o f  g lu t a m a t e  d e h y d r o g e n a s e  f r o m  A erobacter aerogenes  s h o w e d  i t  

t o  h a v e  a  m a r k e d  p H  d e p e n d e n c e  ( F ig .  3). N o w ,  a d d i t io n  o f  N a C l  t o  s u s p e n s io n s  o f  

A . aerogenes  i n v a r ia b ly  c a u s e d  a  r a p id  e f f lu x  o f  H  f r o m  th e  o r g a n is m s  w h ic h  c o u ld  

b e  m e a s u r e d  a s  a  d e c re a s e  in  e x t r a c e l lu la r  p H ; th u s ,  p r e s u m a b ly ,  th e  in t r a c e l lu la r  H +  

d e c re a s e d  c o r r e s p o n d in g ly .  T h i s  w o u ld  e f fe c t  a  m a r k e d  in c r e a s e  in  g lu t a m a t e  d e h y 

d r o g e n a s e  a c t iv i t y  a n d  a n  in c r e a s e  in  th e  r a t e  o f  g lu t a m a t e  s y n th e s is .  T h e  s y n th e s is  o f  

g lu t a m a t e  de novo  ( f r o m  g lu c o s e  a n d  N H 3) w o u ld  t e n d  t o  r e s to r e  th e  in t r a c e l lu la r  H +  
c o n c e n t r a t io n  a n d  t h e r e b y  d e c re a s e  th e  ra te  o f  g lu t a m a t e  s y n th e s is  t o  a  n e w  s te a d y  

s ta te  v a lu e .  T h u s  c h a n g e s  in  g lu t a m a t e  d e h y d r o g e n a s e  a c t iv i t y  w o u ld  p r o v id e  a  c o m 

p a c t  f e e d b a c k  c o n t r o l  s y s te m  f o r  m a in t a in in g  th e  in t r a c e l lu la r  H +  c o n c e n t r a t io n  

c o n s t a n t ,  a n d  i t  p r o b a b ly  is  t h is  m a in t e n a n c e  o f  in t r a c e l lu la r  H +  c o n c e n t r a t io n  t h a t  
d ic t a t e s  th e  le v e ls  o f  g lu t a m a t e  in  G r a m - n e g a t iv e  b a c t e r ia .

O n  th e  o t h e r  h a n d ,  th e  m a r k e d  d if f e r e n c e s  b e tw e e n  th e  g lu t a m a t e  c o n te n t s  o f  G r a m 

n e g a t iv e  a n d  G r a m - p o s i t iv e  b a c t e r ia  c a n n o t  b e  a c c o u n t e d  f o r  in  t e rm s  o f  t h e i r  g lu t 

a m a te  d e h y d r o g e n a s e  c o n te n t s  o r  a c t iv i t ie s  (see  M e e r s ,  T e m p e s t  &  B r o w n ,  1 9 70 ). 

I n  s o m e  re s p e c ts ,  G r a m - p o s i t iv e  b a c t e r ia  r e s e m b le  G r a m - n e g a t iv e  b a c t e r ia  t h a t  h a v e  

b e e n  g r o w n  in  th e  p re s e n c e  o f  m u c h  N a C l  ( f o r  e x a m p le ,  in  h a v in g  m u c h  c e l l - b o u n d  

p o t a s s iu m  a n d  f re e  g lu t a m a te )  b u t  i n  o t h e r  re s p e c ts  th e  o r g a n is m s  a re  q u it e  d i f f e r e n t .
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T h u s  a d d i t io n  o f  N a C l  t o  g r o w in g  c u lt u r e s  o f  B acillus su btilis  v a r .  niger c a u s e d  n o  

p la s m o ly s is  a n d  n o  im m e d ia t e  in c r e a s e  in  b a c t e r ia l  g lu t a m a t e  a n d  p o t a s s iu m  c o n te n t s  

( F ig .  r  b). U l t im a t e ly  th e  p o o l  g lu t a m a t e  ( a n d  p o t a s s iu m )  c o n te n t s  d id  in c r e a s e  ( T a b le

5 ), b u t  th e  s lo w n e s s  o f  t h is  c h a n g e  s u g g e s te d  t h a t  i t  h a d  r e s u lt e d  m o r e  f r o m  s o m e  p r o 

g re s s iv e  c h a n g e  i n  c e l l  s t r u c t u r e  ( f o r  e x a m p le ,  i n  t h e i r  w a l l  c o n t e n t  a n d  c o m p o s i t io n ;  

see  M e e r s  &  T e m p e s t ,  1 9 69 )  r a t h e r  t h a n  i n  th e  f u n c t io n in g  o f  th e  o r g a n is m s .
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F ig . 3. In fluence  o f  p H  o n  th e  ac tiv ity  o f  g lu ta m a te  dehydro g en ase  ex trac ted  f ro m  glucose- 
lim ited  A e ro b a c te s  a e ro g en es  g row n  in  a  ch em o sta t a t a d ilu tio n  ra te  o f  0-3 h .-1 (350, p H  6-8).

I t  is  c le a r  t h a t ,  i n  g r o w in g  b a c t e r ia ,  s o m e  c o r r e la t io n  e x is t s  b e tw e e n  t h e i r  c o n t e n t s  

o f  p o t a s s iu m  a n d  f re e  g lu t a m a t e  (see  T a b le s  1 t o  6  a n d  th e  p a p e r s  o f  T e m p e s t  &  D ic k s ,  

1 9 6 7 ; T e m p e s t  &  M e e r s ,  1 9 68 ). B u t  w h e th e r  c h a n g e s  i n  b a c t e r ia l  p o t a s s iu m  c o n t e n t  

e f fe c t  c h a n g e s  in  p o o l  g lu t a m a t e  le v e l,  o r  v ic e  v e r s a ,  is  n o t  o b v io u s .  P o t a s s iu m  c o n t r i 

b u te s  s u b s t a n t ia l ly  t o  th e  n e t  c a t io n  c o n t e n t  o f  b a c t e r ia ,  a n d  f re e  g lu t a m a t e  p r e s u m 

a b ly  c o n t r ib u t e s  ( a l t h o u g h  n o t  e q u iv a le n t ly )  t o  th e  n e t  a n io n  c o n te n t .  C le a r ly ,  in  

K + - l im i t e d  Bacillus m egaterium  a n d  B. p o ly m yx a  c u lt u r e s  th e  p o o l  b a s ic  a m in o  a c id s  

( ly s in e  a n d  D A P )  s p a r e d  t o  s o m e  e x te n t  th e  b a c t e r ia l  r e q u ir e m e n t  f o r  K + .  S ig n i f i 

c a n t ly ,  h o w e v e r ,  th e se  o r g a n is m s  d id  n o t  r e s p o n d  t o  c h a n g e s  in  m e d iu m  N a C l  c o n t e n t  

b y  in c r e a s in g  t h e i r  in t r a c e l lu la r  c o n c e n t r a t io n s  o f  b a s ic  a m in o  a c id s ; in s te a d ,  th e  r a te s  

o f  s y n th e s is  o f  t h e s e  b a s ic  a m in o  a c id s  w e re  d e c re a s e d  w h i l s t  g lu t a m a te  a n d  K +  

a c c u m u la t e d  ( T a b le  6).
T h e  a m in o  a c id  p o o ls  o f  Saccharom yces cerevisiae, u n l i k e  t h o s e  o f  a n y  o f  t h e  b a c t e r ia  

s t u d ie d ,  s h o w e d  la r g e  c h a n g e s  w i t h  v a r ia t io n s  in  th e  n a tu r e  o f  th e  g r o w t h - l im i t in g  

s u b s t r a te .  I t  a p p e a r s  l i k e l y  t h a t  th e  s u p p ly  o f  N H 3 l im i t s  th e  s iz e  o f  th e  y e a s t  p o o l  a n d  

i n  p a r t i c u la r  th e  c o n c e n t r a t io n s  o f  t h o s e  a m in o  a c id s  c o n t a in in g  m o r e  t h a n  o n e  

n i t r o g e n  a t o m  p e r  m o le c u le  ( f o r  e x a m p le ,  a r g in in e  a n d  ly s in e ) .  I n  a l l  c a s e s  s t u d ie d ,  

in c r e a s in g  th e  g r o w t h  r a t e  o f  a  c u l t u r e  ( a n d  h e n c e  th e  r a t e  o f  p r o t e in  s y n th e s is )  r e s u lt e d  

i n  a  s w e l l in g  o f  th e  a m in o  a c id  p o o l  t h u s  r e f le c t in g  th e  p r e c u r s o r  n a tu r e  o f  s u c h  p o o l s



T h e  l im i t e d  d i s t r ib u t io n  o f  th e  a m in o  a c id s  p r e s e n t  in  d e te c ta b le  a m o u n t s  i n  th e  

p o o ls  o f  m ic r o - o r g a n is m s ,  g r o w in g  in  a  s im p le  s a lt s  e n v ir o n m e n t ,  is  s u r p r is in g .  

H o w e v e r ,  e x a m in a t io n  o f  th e  p a t h w a y s  b y  w h ic h  th e  v a r io u s  a m in o  a c id s  r e g u la r ly  

p r e s e n t  in  th e s e  p o o ls  a r is e  s h o w s  t h a t  in  th e  m a j o r i t y  o f  c a s e s  t h e y  l ie  c lo s e  t o  in t e r 

m e d ia r y  m e t a b o l i t e s  f o r m e d  in  th e  o x id a t io n  o f  g lu c o s e ;  t h a t  is ,  t h e i r  s y n th e s is  r e 

q u ir e s  o n ly  a  f e w  a d d i t io n a l  e n z y m e - c a t a ly s e d  r e a c t io n s .  I t  is  c le a r  ( T a b le  5 ; F ig .  2) 

t h a t  w i t h  c u lt u r e s  o f  Bacillus subtilis  v a r .  niger  in c r e a s e s  in  p o o l  g lu t a m a t e  c o n te n t ,  

f o l l o w in g  a d d i t io n  o f  2  t o  6  %  (w /v )  N a C l  t o  t h e  c u lt u r e ,  w e re  a c c o m p a n ie d  b y  

s u b s t a n t ia l  in c r e a s e s  in  th e  m e t a b o l i c a l ly  a s s o c ia te d  a m in o  a c id s ,  g lu t a m in e  a n d ,  

p a r t i c u la r ly ,  p r o l in e .  B u t  n o  p r o p o r t io n a l i t y  is  a p p a r e n t  b e tw e e n  th e  c o n c e n t r a t io n s  o f  

th e se  th re e  a m in o  a c id s  in  b a c t e r ia l  p o o ls ,  n o r  b e tw e e n  o t h e r  g r o u p s  o f  a m in o  a c id s  t h a t  

a r is e  f r o m  a  c o m m o n  p r e c u r s o r .

W e  a re  m o s t  g r a t e fu l t o  M r  J .  H .  R .  S la d e  f o r  c a r r y in g  o u t  th e  a m in o  a c id  a n a ly s e s ,  

a n d  t o  M r  T .  H .  D u n h a m  f o r  s k i l le d  t e c h n ic a l  a s s is ta n c e .
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S U M M A R Y

A m m o n ia - l im i t e d  A erobacter  aerogenes, E rw inia carotovora, Pseudom onas  
fluorescens, B acillus su btilis  a n d  B. m egaterium  s y n th e s iz e d  g lu t a m a t e  f r o m  
N H 3 a n d  2 - o x o g lu t a r a t e  b y  a  p r o c e s s  t h a t  in v o lv e d  f i r s t  th e  s y n th e s is  o f  g lu t 
a m in e  a n d  t h e n  th e  r e d u c t iv e  t r a n s f e r  o f  th e  g lu t a m in e  a m id e - n it r o g e n  t o  th e
2 - p o s i t io n  o f  2 - o x o g lu t a r a t e .  T h e  la t t e r  s te p  r e q u ir e d  th e  r e c e n t ly  r e p o r t e d  e n 
z y m e ‘ g lu t a m in e ( a m id e ) :  2 - o x o g lu t a r a t e  a m in o - t r a n s f e r a s e  o x id o - r e d u c t a s e  
( N A D P )  s o m e  f u r t h e r  p r o p e r t ie s  o f  w h ic h  a re  d e s c r ib e d  h e re . T h is  e n z y m e , 
f r o m  d if f e r e n t  o r g a n is m s ,  a lw a y s  h a d  a  w e l l - d e f in e d  m a x im u m  a c t iv i t y  a t  
a  p E l  v a lu e  b e tw e e n  7 -5  a n d  8 -o ; i t  h a d  a n  a p p a r e n t  K m f o r  2 - o x o g lu t a r a t e  
b e tw e e n  o - 1 a n d  2 -0  m M  a n d  a n  a p p a r e n t  K m f o r  g lu t a m in e  b e tw e e n  0 -2  a n d  
i - 8  m M . G lu t a m a t e  ( th e  m e t a b o l ic  e n d - p r o d u c t )  a n d  M g 2+ s t r o n g ly  i n 
h ib i t e d  th e  e n z y m e  f r o m  G r a m - n e g a t iv e  b a c t e r ia  b u t  le s s  s o  t h a t  f r o m  G r a m 
p o s i t iv e  s p e c ie s .  S y n th e s is  o f  g lu t a m a t e  b y  t h is  e n z y m e  r e q u ir e d  N A D P E 1, 
a n d  N A D H  w a s  in a c t iv e ;  p y r u v a t e ,  o x a lo a c e ta t e ,  2 - o x o b u t y r a t e  a n d  2 - 
o x o is o v a le r a t e  c o u ld  n o t  s u b s t it u t e  f o r  2 - o x o g lu t a r a t e ,  n o r  c o u ld  th e  r e q u ir e 
m e n t  f o r  g lu t a m in e  b e  m e t  b y  a s p a r a g in e ,  c i t r u l l in e ,  a r g in in e  o r  u re a .  A l 
t h o u g h  c o n d i t io n s  t h a t  f a v o u r e d  th e  s y n th e s is  o f  t h is  e n z y m e  g e n e r a l ly  a ls o  
f a v o u r e d  s y n th e s is  o f  g lu t a m in e  s y n th e ta s e  a n d  c a u s e d  s u p p r e s s io n  o f  
g lu t a m a t e  d e h y d r o g e n a s e  f o r m a t io n ,  a  c lo s e  c o r r e la t io n  b e tw e e n  th e  b a c t e r ia l  
c o n t e n t s  o f  th e s e  d i f f e r e n t  e n z y m e s  w a s  n o t  a p p a r e n t .

I N T R O D U C T I O N

I n  o r d e r  t o  g r o w  in  a  s im p le  s a lt s  m e d iu m  in  w h ic h  N E f 3 p r o v id e s  th e  s o le  s o u r c e  o f  

u t i l i z a b le  n it r o g e n ,  m ic r o - o r g a n is m s  m u s t  p o s s e s s  s o m e  m e c h a n is m  f o r  th e  s y n th e s is  

o f  a m in o  a c id s  f r o m  N H 3 a n d  in t e r m e d ia r y  m e t a b o l i t e s .  I n  m a n y  b a c t e r ia  t h is  r e q u ir e 

m e n t  c a n  b e  m e t  s o le ly  b y  g lu t a m a t e  d e h y d r o g e n a s e  ( E C  1 . 4 . 1 . 4 ) ,  w h ic h  r e d u c t iv e ly  

a m in a te s  2 - o x o g lu t a r a t e  t o  g lu t a m a te .  T h i s  e n z y m e  w a s  f o u n d  t o  b e  p r e s e n t  i n  s u b 

s t a n t ia l  a m o u n t s  i n  g lu c o s e - l im it e d  A erobacter  aerogenes  b u t ,  s u r p r is in g ly ,  w a s  a lm o s t  

a b s e n t  f r o m  th e se  o r g a n is m s  w h e n  t h e y  w e re  g r o w n  in  m e d ia  t h a t  la c k e d  s u f f ic ie n t  

N H 3 t o  a l l o w  g r o w t h  t o  o c c u r  a t  i t s  m a x im u m  ra te .  E x a m in a t io n  o f  th e s e  N H 3- 

l im i t e d  o r g a n is m s  s h o w e d  t h a t  t h e y  s y n th e s iz e d  g lu t a m a t e  b y  a  tw o - s t e p  p r o c e s s  t h a t  

in v o lv e d  f i r s t  t h e  a m id a t io n  o f  e n d o g e n o u s  g lu t a m a t e  t o  g lu t a m in e  a n d  t h e n  th e  

* P resen t ad d ress : N o v o  In d u s tr i  A /S ., F u g leb ak k ev e j 115, 2200 C o p en h ag en  N , D e n m a rk .



r e d u c t iv e  t r a n s f e r  o f  th e  g lu t a m in e  a m id e - n it r o g e n  t o  th e  2 - p o s i t io n  o f  2 - o x o g lu t a r a t e  

( th e r e b y  p r o d u c in g  a  n e t  s y n th e s is  o f  g lu t a m a te )  ( M e e r s ,  T e m p e s t  &  B r o w n ,  1 9 7 0 ; 

T e m p e s t ,  M e e r s  &  B r o w n ,  1 9 70  a ). T h e  la t t e r  s te p  in v o lv e d  a  n o v e l  e n z y m e , ‘ G lu t a m in e  

( a m id e )  : 2 - o x o g lu t a r a t e  a m in o - t r a n s f e r a s e  o x id o - r e d u c t a s e  ( N A D P )  ’ ( f o r  c o n v e n ie n c e  

d e s ig n a t e d  G O G A T ) ,  a n d  th e  p r e s e n t  c o m m u n ic a t io n  p r o v id e s  a  m o r e  d e t a i le d  

d e s c r ip t io n  o f  i t s  p r o p e r t ie s .  W e  a ls o  r e p o r t  o n  th e  d is t r ib u t io n  o f  t h is  e n z y m e  in  

o t h e r  b a c t e r ia  a n d  o n  th e  d i f f e r in g  r e la t io n s h ip s  f o u n d  b e tw e e n  t h is  a n d  th e  m e ta -  

b o l i c a l l y  a s s o c ia te d  e n z y m e s ,  g lu t a m in e  s y n th e ta s e  a n d  g lu t a m a t e  d e h y d r o g e n a s e ,  in  

d i f f e r e n t  b a c t e r ia .
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O rganism s. A erobacter  aerogenes (n c t c  4 1 8 ) , Erwinia carotovora  (m r e  6 0 4 ) , P seu do
m onas fluorescen s  ( k b - i ), B acillu s subtilis  v a r .  niger (a t c c  9 3 7 2 ) , B. su b tilis  W 2 3  

a n d  B. m egaterium  k m  w e re  m a in t a in e d  o n  t r y p t ic  m e a t  d ig e s t  a g a r  s lo p e s  b y  m o n t h ly  

s u b c u lt u r e  a t  3 5 0.
C ultural conditions. O r g a n is m s  w e re  g r o w n  in  5 0 0  m l.  c h e m o s ta t s  ( H e r b e r t ,  P h ip p s  

&  T e m p e s t ,  1 9 65 )  in  s im p le  s a lt s  m e d ia  t h a t  c o n t a in e d  g r o w t h - l im i t in g  c o n c e n t r a t io n s  

o f  e it h e r  g lu c o s e  o r  N H 3 (see  E v a n s ,  H e r b e r t  &  T e m p e s t ,  1 970 ). T h e  d i lu t io n  r a t e  w a s  

m a in t a in e d  a t  0 -3  h . _1, p H  6 -8  a n d  t e m p e r a tu r e  3 5 0. C u l t u r e  e f f lu e n t  w a s  c o l le c t e d  in  

a n  ic e - c o o le d  r e c e iv e r  a n d  th e  o r g a n is m s  s u b s e q u e n t ly  h a r v e s t e d  b y  c e n t r i f u g a t io n .

E xtraction  o f  enzym es. E x t r a c t s  w e re  p r e p a r e d  b y  d is r u p t in g  t h i c k  s u s p e n s io n s  o f  

o r g a n is m s  ( c o n t a in in g  a b o u t  5 0  m g . e q u iv a le n t  d r y  w t  o r g a n is m s / m l. ,  in  5 0  m M - t r is  

b u f f e r ,  p H  7 -6 , p lu s  10 m M  m e r c a p t o e t h a n o l)  in  a  H u g h e s  p re s s  ( H u g h e s ,  1951 ). T h e  

c r u s h e d  a n d  t h a w e d  p a s te  w a s  d i lu t e d  w i t h  a b o u t  3 v o lu m e s  o f  th e  a b o v e  t r i s  b u f f e r  

a n d  c e n t r i f u g e d  (3 0  m in .  a t  1 0 ,0 0 0 g ,  4 0) t o  s e d im e n t  th e  u n b r o k e n  c e l ls  a n d  d e b r is .  

T h e  c le a r  s u p e r n a t a n t  f lu id ,  w h ic h  c o n t a in e d  b e tw e e n  5 a n d  10 m g . p r o t e in / m l. ,  
c o n t a in e d  th e  r e q u ir e d  e n z y m e s .

A ssayin g  o f  enzym es. T h e  a c t iv i t ie s  o f  g lu t a m a t e  d e h y d r o g e n a s e  a n d  G O G A T  w e re  

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  b y  r e c o r d in g  th e  r a t e  o f  o x id a t io n  o f  N A D P H  

( in d ic a t e d  b y  a  c h a n g e  in  E 3i0 nm.) f o l l o w in g  a d d i t io n  o f  th e  e x t r a c t  (0 -0 5  t o  0 -3  m l. )  t o  

a  s o lu t io n  c o n t a in in g  2 - o x o g lu t a r a t e  (5  m M ) , N A D P H  (0 -25  m M )  a n d  e it h e r  N H 4C 1 
(4 0  m M )  o r  g lu t a m in e  (5  m M )  in  3 -0  m l.  f in a l  v o lu m e  o f  t r is  b u f f e r  (5 0  m M ) , p H  7 -6 . 

M e a s u r e m e n t s  w e re  m a d e  w i t h  a  S p e c t r o n ic - 2 0  s p e c t r o p h o t o m e t e r  ( B a u s c h  &  L o m b  

I n c . ,  N e w  Y o r k ,  U . S . A . )  u s in g  tu b e s  o f  i -i  c m . in t e r n a l  d ia m e te r .  T h e  r e s u lt s ,  c o r 

r e c te d  f o r  a  s m a l l  e n d o g e n o u s  N A D P H  o x id a s e  a c t iv i t y ,  a re  e x p re s s e d  a s  n m o le s  

N A D P H  o x id iz e d  ( 3 7 0, p H  7 '6 ) / m in . /m g .  p r o t e in .  p H / a c t i v i t y  c u r v e s  w e re  d e t e rm in e d  

b y  a d d in g  g r a d e d  a m o u n t s  o f  e i t h e r  N a O H  o r  H C 1 t o  th e  a b o v e  te s t  s o lu t io n s  a n d  

m e a s u r in g  th e  p H  im m e d ia t e ly  f o l l o w in g  th e  a s s a y  o f  th e  e n z y m e  a c t iv i t y .  K m v a lu e s  

f o r  a m m o n ia ,  g lu t a m in e  a n d  2 - o x o g lu t a r a t e  w e re  d e t e rm in e d  b y  c o n v e n t io n a l  m e th o d s  
( D ix o n  &  W e b b ,  1964 ).

A n a ly tica l procedures. I n  s o m e  e x p e r im e n t s  g lu t a m ic  a c id  f o r m a t io n  w a s  d e t e rm in e d  

d i r e c t ly  b y  p r e c ip i t a t in g  th e  p r o t e in  f r o m  th e  r e a c t io n  m ix t u r e  w i t h  0 - 2 5 N - H C lO 4 

(1 5  m in . ,  4 °) a n d  a p p ly in g  th e  c le a r  e x t r a c t  t o  th e  c o lu m n s  o f  a  T e c h n ic o n  a u t o m a t ic  

a m in o  a c id  a n a ly s e r .  C o n c e n t r a t io n s  o f  g lu t a m a t e  w e re  a s se s se d  b y  m e a s u r e m e n t  o f  

p e a k  a re a s , o n  th e  r e c o r d e r  c h a r t s ,  a n d  re fe re n c e  t o  s t a n d a r d  c u r v e s  p r e p a r e d  w i t h  

p u r e  s o lu t io n s  o f  g lu t a m ic  a c id  in  0 - 2 5 N - H C lO 4. P r o t e in  w a s  e s t im a te d  b y  t h e  b iu r e t  
m e t h o d  o f  S t i c k la n d  (1 9 5 1 ) .
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A ssa y  an d  p ro p ertie s  o f  G O G  A T  f r o m  A ero b a c ter  aerogenes

I n i t i a l l y  G O G A T  in  e x t r a c t s  o f  N H 3- l im i t e d  A erobacter  aerogenes  w a s  d e te c te d  b y  

th e  f o r m a t io n  o f  g lu t a m ic  a c id  w h e n  m ix t u r e s  c o n t a in in g  t h e  e n z y m e  p lu s  g lu t a m in e  

(5  m M )  a n d  2 - o x o g lu t a r a t e  (5  n iM )  w e re  in c u b a t e d  a t  3 7 0, a n d  p H  7 -6 , w i t h  a n d  w i t h o u t  

th e  a d d i t io n  o f  0 -2 5  m M  N A D P H .  S o m e  f o r m a t io n  o f  g lu t a m a t e  f r o m  g lu t a m in e  

o c c u r r e d  i n  th e  a b s e n c e  o f  N A D P H  d u e ,  p r e s u m a b ly ,  t o  th e  a c t io n  o f  a  g lu t a m in a s e  

( E C  3 . 5 . 1 . 2 ) ,  b u t  c o n s id e r a b ly  m o r e  g lu t a m a t e  w a s  f o r m e d ,  w i t h o u t  c o n c o m it a n t  

p r o d u c t io n  o f  N H S, w h e n  N A D P H  w a s  p r e s e n t .  E x t r a c t s  o f  g lu c o s e - l im it e d  A . aero
genes  p o s s e s s e d  a  s m a l l  g lu t a m in a s e  a c t iv i t y  b u t  w o u ld  n o t  c a t a ly s e  a  r e a c t io n  p r o 

d u c in g  a  n e t  s y n th e s is  o f  g lu t a m a t e  f r o m  g lu t a m in e  a n d  2 - o x o g lu t a r a t e .  H o w e v e r ,  

th e se  e x t r a c t s ,  u n l i k e  t h o s e  f r o m  N H 3- l im i t e d  A . aerogenes, r e a d i ly  a n d  r a p id ly  

f o r m e d  g lu t a m a t e  w h e n  in c u b a t e d  w i t h  2 - o x o g lu t a r a t e  (5  m M ) , N H 4C 1 (2 0  m M )  a n d  

N A D P H  (0 -2 5  m M ) . C le a r ly ,  g lu c o s e - l im it e d  o r g a n is m s  p o s s e s s e d  a n  a c t iv e  g lu t a m a t e  

d e h y d r o g e n a s e  w h e re a s  N H 3- l im i t e d  o r g a n is m s  p o s s e s s e d  th e  a l t e r n a t iv e  g lu t a m a te -  

s y n t h e s iz in g  e n z y m e — G O G A T .  S in c e  th e  N H 3- l im i t e d  b a c t e r ia l  e x t r a c t s  la c k e d

T a b le  1. The distribu tion  o f  G O G A T  an d  g lu ta m a te  dehydrogenase in 
bacteria  grow n in different m edia

T h e  o rg an ism s w ere g ro w n  in  c h em o sta t c u ltu re s  in  m ed ia  th a t  co n ta in ed  grow th -lim iting  
c o n cen tra tio n s  o f  th e  n u tr ie n ts  specified. T h e  d ilu tio n  ra te  w as 0-3 h ._1 (350, p H  6-8) a n d  th e  
o rg an ism s w ere  co llec ted  a n d  ex tra c te d  as d escribed  in  M e th o d s . T h e  activ ities q u o te d  a re  th e  
values d e te rm in ed  u n d e r  o p tim u m  co n d itio n s , a n d  a re  ex p ressed  as n m oles N A D P H  oxi- 
d ized /m in ./m g . p ro te in . P o o l g lu tam a te  levels w ere d e te rm in ed  by  ex trac tin g  o rgan ism s w ith  
0-25 N-HCIO4 (40, 10 m in .), se p a ra tin g  th e  am in o  ac ids a n d  assay ing  th e m  au to m atica lly  
w ith  a  T ech n ico n  au to m a tic  am in o  ac id  analyser.

Specific activ ities

P oo l G lu ta m a te
g lu tam ate d eh y d ro 

O rg an ism G ro w th  co n d itio n level (mM) G O G A T genase

A e ro b a c te r  a ero g en es G lucose-lim ited 3 '4 <  I 560
N H 3-lim ited 5-8 66 19
N H 3-lim ite d + 2  % N aC l 30-2 32 36

*N (g lu tam ate)-lim ited 5-0 <  I <  1
P h o sp h a te -lim ited IT < I 600

*P -lim ited + g lu tam a te >  20 <  I 10

E rw in ia  ca ro to vo ra G lucose-lim ited 5'5 50 <  i
N H 3-lim ited 4 7 26 <  I

*N (g lu tam ate)-lim ited 4-6 <  I <  i
P hosp h a te -lim ited 3-0 25 <  1

* P -lim ited + g lu tam ate >  30 <  I <  i

P se u d o m o n a s  flu o re s c e n s G lucose-lim ited 4 -o 77 480
N H 3-lim ited 9 6 64 10

B a c illu s  su b tilis G lucose-lim ited 130 <  I 800
v ar. n ig er N H 3-lim ited 103 140 30

B . m e g a te r iu m G lucose-lim ited 57 750 10
N H 3~limited 62 140 10

B . su b tilis  W 23 M g 2+-lim ited 142 78 2
N H 3-lim ited 125 43 5

* G lu ta m a te  w as th e  so le  so u rce  o f  u tilizab le  n itro g e n  in  these  cu ltu res.
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g lu t a m a t e  d e h y d r o g e n a s e  a c t iv i t y ,  t h e  p o s s ib le  f o r m a t io n  o f  g lu t a m a t e  f r o m  g lu t a m in e ,

2 - o x o g lu t a r a t e  a n d N A D P H  v ia  a  tw o - s t e p  p r o c e s s  in v o lv in g  d e a m id a t io n  o f  g lu t a m in e  

( w it h  g lu t a m in a s e )  f o l lo w e d  b y  a m in a t io n  o f  2 - o x o g lu t a r a t e  ( w it h  g lu t a m a t e  d e h y d r o 

g e n a se )  c o u ld  b e  d is c o u n te d .  T h e  o n ly  p o s s ib le  in t e r p r e t a t io n  o f  th e  a b o v e  r e s u lt s  is  

t h a t  N H 3- l im i t e d  A . aerogenes  c o n t a in e d  a n  e n z y m e  ( G O G A T )  t h a t  c a t a ly s e d  th e  

d i r e c t  t r a n s f e r  o f  t h e  g lu t a m in e  a m id e - n it r o g e n  t o  th e  2 - p o s i t io n  o f  2 - o x o g lu t a r a t e .  

T h u s ,  a l t h o u g h  t h is  e n z y m e , i n  c o n ju n c t io n  w i t h  g lu t a m in e  s y n th e ta s e ,  s y n th e s iz e d  

g lu t a m a t e  f r o m  N H 3 a n d  2 - o x o g lu t a r a t e ,  i t  d id  s o  b y  a  p a t h w a y  t h a t  d id  n o t  in v o lv e  

g lu t a m a t e  d e h y d r o g e n a s e  ( T e m p e s t  e t al. 1 9 7 0  a ) ;  th e  e n z y m e s  in v o lv e d  i n  t h is  p a t h 

w a y  w e re  s e e m in g ly  o n ly  s y n th e s iz e d  b y  A . aerogenes  u n d e r  c o n d i t io n s  w h e r e  g lu t 

a m a te  d e h y d r o g e n a s e  w a s  e it h e r  n o t  p r e s e n t  o r  n o t  f u n c t io n in g  ( T a b le  1).

(a) (b)

1 9 0  J. L. M EERS, D. W . T E M P E S T  A N D  C. M. B R O W N

F ig . 1. In fluence  o f  p H  o n  th e  ac tiv ity  o f  G O G A T  ex trac ted  fro m  (a) G ram -n e g a tiv e  b ac te ria  
—Aerobacter aerogenes (O) a n d  Erwinia carotovora ( • ) — a n d  (b) G ram -p o sitiv e  b ac te ria—  
Bacillus subtilis v ar. niger (A) a n d  B. subtilis w  23 (A )— g ro w n  in  N H 3-lim ited  ch em o sta t 
cu ltu res (d ilu tio n  ra te  =  0-3 h . A  350, p H  6-8).

T o  a s s a y  G O G A T  a c t iv i t y ,  u s e  w a s  m a d e  o f  th e  f a c t  t h a t  o x id a t io n  o f  N A D P H  t o  

N A D P  a c c o m p a n ie d  th e  t r a n s f e r  o f  th e  g lu t a m in e  a m id e - n it r o g e n  t o  2 - o x o g lu t a r a t e .  

T h is  o x id a t io n  o f  N A D P H  c o u ld  b e  f o l lo w e d  s p e c t r o p h o t o m e t r ic a l ly  a t  3 4 0  n m .

Influence o f p H  on G O G A T  activ ity . T h i s  w a s  s t u d ie d  b y  u s in g  th e  s p e c t r o p h o t o m e t r ic  

a s s a y  d e s c r ib e d  a b o v e .  T h e  e n z y m e  f r o m  N H 3- l im i t e d  A erobacter aerogenes  h a d  
a  s h a r p  o p t im u m  a c t iv i t y  a t  p H  7 -6 ; a t  a  p H  v a lu e  o f  6 -8  th e  a c t iv i t y  w a s  le s s  t h a n  7 0  %  

o f  th e  m a x im u m  v a lu e ,  a n d  a t  p H  8 -4  i t  w a s  a lm o s t  n i l  ( F ig .  1 a). S im i la r  s h a r p  

p H / a c t i v i t y  p r o f i le s  w e re  o b s e r v e d  w i t h  th e  G O G A T  e n z y m e s  e x t r a c t e d  f r o m  N H 3- 

l im i t e d  c u lt u r e s  o f  E rw in ia  caro tovora  a n d  B acillus subtilis  v a r .  niger  ( F ig .  1 a, b ). T h e  

e n z y m e  f r o m  B. subtilis  w  23  w a s  d i f f e r e n t  i n  t h a t  i t s  a c t iv i t y  w a s  m u c h  le s s  a f f e c te d  b y  

h ig h  p H  v a lu e s ;  i t  s h o w e d  n e a r - m a x im a l  a c t iv i t y  o v e r  a  r a n g e  o f  p H  f r o m  7 7  t o

9 -0  ( F ig .  i b ) .
Influence o f  glu tam ine an d  2 -oxog lu tara te  concentrations on G O G A T  a c tiv ity . A g a in ,  

t h is  w a s  s t u d ie d  u s in g  th e  r a t e  o f  o x id a t io n  o f  N A D P H  a s  a  m e a s u r e  o f  G O G A T  

a c t iv i t y  ( e n d o g e n o u s  N A D P H  o x id a s e  a c t iv i t y  b e in g  s u b t r a c te d ) .  V a r y in g  th e  c o n 

c e n t r a t io n  o f  e i t h e r  g lu t a m in e  o r  2 - o x o g lu t a r a t e  in  th e  in c u b a t io n  m ix t u r e  (see



M e t h o d s )  c a u s e d  th e  G O G A T  a c t iv i t y  t o  c h a n g e  i n  a  m a n n e r  c h a r a c t e r is t ic  o f  a  

M ic h a e l i s - M e n t e n - t y p e  f u n c t io n .  W i t h  th e  e n z y m e  f r o m  N H 3- l:m it e d  A erobacter  
aerogenes, t h e  c o n c e n t r a t io n s  o f  g lu t a m in e  a n d  2 - o x o g lu t a r a t e  s u p p o r t in g  h a l f -  

m a x im a l  G O G A T  a c t iv i t y  w e re  r 8  a n d  2 -0  m M  r e s p e c t iv e ly  ( T a b le  2). T h e  K m v a lu e s  

f o r  g lu t a m in e  a n d  2 - o x o g lu t a r a t e  o f  e n z y m e s  e x t r a c t e d  f r o m  s e v e ra l d i f f e r e n t  G r a m 

p o s i t iv e  a n d  G r a m - n e g a t iv e  b a c t e r ia  a r e  a ls o  s h o w n  in  T a b le  2 ;  in v a r ia b ly  t h e y  w e re  

le s s  t h a n  th e  c o r r e s p o n d in g  K m v a lu e s  f o r  th e  A . aerogenes  e n z y m e .

T a b le  2 . A pparen t M ichaelis  constan ts f o r  g lu tam ine an d  2 -oxog lu tara te  o f  G O G A T  
ex tra c ted  f ro m  severa l different G ram -positive  an d  G ram -negative bacteria

T h e  o rg an ism s w ere g row n  in  N H 3-lim ited  c h em o sta t cu ltu re s  a t  a  d ilu tio n  ra te  o f  0-3 h p 1 
(35°, p H  6-8). B ac te ria l ex trac ts , p re p a re d  as described  in  M e th o d s, w ere in cu b a ted  a t  370 an d  
p H  7-6 w ith  v ary in g  c o n cen tra tio n s  o f  su b s tra te , a n d  th e  ra te s  o f  N A D P H  o x id a tio n  w ere 
m easu red  sp e c tro p h o to m etrica lly . T h e  values g iven below  a re  th o se  c o n cen tra tio n s  o f  each  
su b s tra te  su p p o rtin g  half-m ax im al G O G A T  activ ity , a ll o th e r  re a c ta n ts  be ing  p ro v id ed  in  
c o n cen tra tio n s  assum ed  to  b e  in  excess o f  req u irem en t.

A p p a re n t Km values o f  
G O G A T  fo r
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<--------------------- A--------------------- ,

O rgan ism
G lu tam in e

(mM)
2 -O xog lu tara te

(mM)

Aerobacter aerogenes i-8 2-0
Pseudomonas fluorescens 0-4 o-i
Erwinia carotovora 1-6 o-i
Bacillus subtilis v ar. niger 1-7 o-i
B. subtilis W23 0-2 0-04B. megaterium 0-3 0-04

S u bstra te  specific ity  o f  G O G A T . T h e  e n z y m e  f r o m  A erobacter  aerogenes d is p la y e d  

m a x im a l  a c t iv i t y  i n  a n  a s s a y  m ix t u r e  c o n t a in in g  g lu t a m in e  (5  m M ) , 2 - o x o g lu t a r a t e  

(5  m M )  a n d  N A D P H  (0 -2 5  m M )  in  5 0  m M  t r is ,  p H  7 -6 . S u b s t i t u t in g  N A D H  (0 -2 5  m M )  

f o r  N A D P H  d e c re a s e d  t h e  a c t iv i t y  a lm o s t  t o  z e ro .  S im i la r ly ,  p y r u v a t e ,  o x a lo a c e ta t e ,

2 - o x o b u t y r a t e  o r  2 - o x o is o v a le r a t e  ( e a c h  a t  5  m M )  w o u ld  n o t  s u b s t it u t e  f o r  2 - 0 x 0 -  

g lu t a r a t e ,  n o r  w o u ld  a s p a r a g in e ,  c i t r u l l in e ,  a r g in in e  o r  u r e a  ( e a c h  a t  5 m M )  s u b s t it u t e  

f o r  g lu t a m in e .  T h e  r e q u ir e m e n t s  f o r  N A D P H ,  g lu t a m in e  a n d  2 - o x o g lu t a r a t e  w e re  
s e e m in g ly  a b s o lu t e .

Inhibitors. T h e  a c t iv i t y  o f  G O G A T  w a s  n o t  a p p r e c ia b ly  a f fe c te d  w h e n  25  m M - N a / K  

p h o s p h a t e  b u f f e r  ( p H  7 -6 ) r e p la c e d  th e  t r is  b u f f e r .  H o w e v e r ,  h ig h e r  c o n c e n t r a t io n s  o f  

N a +  a n d ,  t o  a  le s s e r  e x te n t ,  K +  d id  lo w e r  th e  a c t iv i t y  o f  t h e  e n z y m e  a n d  M g 2+ w a s  

m a r k e d ly  in h ib i t o r y  ( F ig .  2).

R egulation  o f  G O G A T  syn th esis an d  a c tiv ity  

W i t h  N H 3- l im i t e d  a n d  g lu c o s e - l im it e d  c u lt u r e s  o f  A erobacter aerogenes, a  r e c ip r o c a l  

r e la t io n s h ip  s e e m in g ly  e x is t e d  b e tw e e n  th e  c e l lu la r  c o n t e n t s  o f  G O G A T  a n d  g lu t a m a t e  

d e h y d ro g e n a s e .  T h u s  c o n d i t io n s  t h a t  f a v o u r e d  th e  s y n th e s is  o f  G O G A T  c a u s e d  

s u p p r e s s io n  o f  g lu t a m a t e  d e h y d r o g e n a s e  s y n th e s is ,  a n d  v ic e  v e r s a .  I n  f a c t ,  w i t h  a l l  th e  

b a c t e r ia  e x a m in e d ,  N H 3- l im i t a t io n  in v a r ia b ly  c a u s e d  r e p r e s s io n  o f  g lu t a m a t e  d e h y d r o 

g e n a se  s y n th e s is  ( in  t h o s e  o r g a n is m s  w h ic h  o t h e rw is e  p r o d u c e d  t h is  e n z y m e )  b u t  

p e r m it t e d  G O G A T  s y n th e s is  ( T a b le  1). S o m e  o r g a n is m s  ( p a r t i c u la r ly  E rw inia caroto- 
vora, b u t  a ls o ,  p o s s ib ly ,  B acillus m egaterium  a n d  B. subtilis  W 2 3 )  s e e m in g ly  la c k e d

13-2



a  g lu t a m a t e  d e h y d r o g e n a s e  b u t  c o u ld  s t i l l  g r o w  r e a d i ly  in  s im p le  s a lt s  m e d ia  i n  w h ic h  

N H 3 p r o v id e d  th e  s o le  s o u r c e  o f  u t i l i z a b le  n i t r o g e n ;  in  th e se  c a s e s  G O G A T  w a s  

c o n s t i t u t iv e ly  s y n th e s iz e d .  A s  w i t h  g lu t a m a t e  d e h y d ro g e n a s e ,  h o w e v e r ,  s y n th e s is  o f  

G O G A T  w a s  t o t a l l y  re p re s s e d  w h e n  L - g lu t a m a t e  (5 0  h i m )  w a s  a d d e d  t o  th e  g r o w t h  

m e d iu m  ( T a b le  1). I n e x p l ic a b ly ,  u s in g  L - g lu t a m a t e  a s  th e  N - l im i t i n g  c o m p o n e n t  o f
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F ig . 2. In fluence  o f  v ario u s co n cen tra tio n s  o f  N a + (O ), K + ( • )  a n d  M g 2+ (A ) o n  th e  activ ity  
o f  G O G A T  ex trac ted  f ro m  N H 3-lim ited  Aerobacter aerogenes organ ism s.

(«) (b)

C oncentration  o f  L-glutamate (mM)

F ig . 3. In fluence  o f  L -g lu tam ate c o n c e n tra tio n  o n  th e  activ ities o f  G O G A T  a n d  g lu ta m a te  
dehydro g en ase  ex trac ted  f ro m  differen t b ac te ria , {a) G lu ta m a te  d eh y d ro g en ase  (A ) a n d  
G O G A T  ( • )  f ro m  Aerobacter aerogenes (g lucose-lim ited  an d  N H 3-lim ited , respectively ), 
a n d  G O G A T  fro m  N H 3-lim ited  Erwinia carotovora (O ). (b) G lu ta m a te  d eh y d ro g en ase  (A ) 
a n d  G O G A T  ( • )  f ro m  Bacillus subtilis v ar. niger (g lucose-lim ited  a n d  N H 3-lim ited , respec
tively), a n d  G O G A T  fro m  N H 3-lim ited  B. subtilis W 23 o rgan ism s (O ).



t h e  m e d iu m  a ls o  c a u s e d  s u p p r e s s io n  o f  G O G A T  s y n th e s is  i n  E. caro tovora  a n d  A. 
aerogenes, e v e n  t h o u g h  t h e i r  i n t r a c e l lu la r  f r e e  g lu t a m a t e  le v e ls  w e re  o n ly  m a r g in a l ly  

d i f f e r e n t  f r o m  th o s e  o f  N H 3- l im i t e d  o r g a n is m s .  P r e s u m a b ly ,  in  th e s e  c a s e s  a t  le a s t ,  i t  

c o u ld  n o t  h a v e  b e e n  g lu t a m a t e  p e r  se  t h a t  w a s  th e  r e p r e s s o r  m o le c u le .

A s  w e l l  a s  a f f e c t in g  th e  s y n th e s is  o f  g lu t a m a t e  d e h y d r o g e n a s e  a n d  G O G A T ,  g lu t 

a m a te  a ls o  m a r k e d ly  in f lu e n c e d  t h e i r  a c t iv i t ie s  ( F ig s .  3 a, b). I n  t h is  r e s p e c t  th e re  w e re  

o b v io u s  d if f e r e n c e s  b e tw e e n  G r a m - p o s i t iv e  a n d  G r a m - n e g a t iv e  b a c t e r ia ;  e n z y m e s  f r o m  

th e  f o r m e r  w e re  m u c h  le s s  s e n s it iv e  t o  e n d - p r o d u c t  in h ib i t i o n ;  t h is  c o r r e la t e d  w it h  

t h e i r  h a v in g  a  m u c h  g r e a t e r  ‘ p o o l ’ c o n t e n t  o f  f re e  g lu t a m a t e  ( T a b le  1 ; see  a ls o  T e m 
p e s t, M e e r s  &  B r o w n ,  1 9 7 0  b).
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D I S C U S S I O N

G lu t a m a t e  o c c u p ie s  a  c e n t r a l  p o s i t io n  in  b a c t e r ia l  a m in o  a c id  m e t a b o l is m ,  a c t in g  a s  

a n  a m in o  d o n o r  in  th e  s y n th e s is  o f  p r a c t i c a l ly  a l l  o t h e r  a m in o  a c id s .  T h u s  c o n t r o l  o f  

g lu t a m a t e  s y n th e s is  is  f u n d a m e n t a l  t o  th e  c o n t r o l  o f  a m in o  a c id  s y n th e s is  g e n e r a l ly  

a n d ,  th e re b y ,  t o  th e  c o n t r o l  o f  p r o t e in  s y n th e s is  a n d  g r o w th .  G lu t a m a t e  c a n  b e  f o r m e d  

d i r e c t ly  f r o m  2 - o x o g lu t a r a t e  a n d  N H 3 b y  g lu t a m a t e  d e h y d r o g e n a s e  a n d ,  i n  m o s t  

b a c t e r ia ,  n o  o t h e r  r o u t e  o f  s y n th e s is  f r o m  N H 3 w a s  k n o w n  u n t i l  t h e  f in d in g  b y  T e m p e s t  

et al. (1 9 7 0  a )  t h a t  N H 3- l im i t e d  A erobacter aerogenes c o u ld  e f fe c t  s y n th e s is  b y  a  tw o -  

s te p  p r o c e s s  i n v o lv in g  a  n o v e l  e n z y m e , ‘ g lu t a m in e  ( a m id e ) : 2 - o x o - g lu t a r a t e  a m in o 

t r a n s fe ra s e  o x id o - r e d u c t a s e  ( N A D P )  ’ . I t  is  n o w  e v id e n t  t h a t  t h is  e n z y m e  is  n o t  p e c u l ia r  

t o  N H 3- l im it e d  A . aerogenes, n o r ,  in d e e d ,  t o  N H 3- l im it e d  b a c t e r ia .  A l t h o u g h  G O G A T  

w a s  p r e s e n t  in  a l l  o f  th e  N H 3- l im it e d  b a c t e r ia  w h ic h  w e  e x a m in e d ,  s o m e  ( p a r t i c u la r ly  

E rwinia caro tovora , w h ic h  s e e m in g ly  t o t a l l y  la c k s  a  g lu t a m a t e  d e h y d ro g e n a s e )  s y n 

th e s iz e d  i t  ‘ c o n s t i t u t i v e ly ’ . I t  is  r e a s o n a b le  t o  c o n c lu d e ,  th e re fo r e ,  t h a t  i n  b a c t e r ia  th e  

p o t e n t ia l  t o  s y n th e s iz e  g lu t a m a t e  f r o m  N H 3 a n d  2 - o x o g lu t a r a t e ,  v ia  r e a c t io n s  c a t a ly s e d  

b y  g lu t a m in e  s y n th e ta s e  a n d  G O G A T ,  is  n o t  u n c o m m o n ;  in d e e d ,  i t  m a y  b e  a  r e g u la r  

p a t h w a y  o f  N  H 3 a s s im i la t io n  in  m o s t ,  i f  n o t  a l l ,  b a c t e r ia  t h a t  a r e  a b le  t o  g r o w  in  

m e d ia  i n  w h ic h  N H 3 p r o v id e s  th e  s o le  s o u r c e  o f  u t i l i z a b le  n it r o g e n .

N o  s im p le  m o d e l  f o r  th e  c o - o r d in a t e d  c o n t r o l  o f  g lu t a m a te  d e h y d r o g e n a s e  a n d  

G O G A T  s y n th e s e s  c a n  b e  su g g e s te d . A d d i t i o n  o f  L - g lu t a m a t e  (5 0  m M )  t o  p h o s p h a te -  

l im i t e d  c u lt u r e s  o f  A erobacter  aerogenes a n d  E rwinia caro tovora  s u p p r e s s e d  th e  s y n 

th e s is  o f  b o t h  e n z y m e s  b u t  c le a r ly  g lu t a m a t e  p e r  se  w a s  n o t  th e  r e p re s s o r .  T h u s ,  w h e n  

g lu t a m a t e  w a s  p r o v id e d  a s  th e  s o le  N - s o u r c e  t o  a n  N - l im i t e d  c u lt u r e  o f  A . aerogenes, 
th e  ‘ p o o l ’  f r e e  g lu t a m a t e  le v e l  w a s  o n ly  s l ig h t ly  c h a n g e d  ( T a b le  1) y e t  th e  s y n th e s is  

o f  G O G A T  w a s  s t i l l  t o t a l l y  r e p re s s e d .  A g a in ,  w h e n  N a C l  (2  % , w / v )  w a s  a d d e d  t o  th e  

N H s- l im it e d  A . aerogenes c u lt u r e ,  t h e  ‘ p o o l ’ g lu t a m a t e  le v e l  w a s  g r e a t ly  in c r e a s e d  b u t  

th e  c e l lu la r  c o n t e n t s  o f  G O G A T  a n d  g lu t a m a t e  d e h y d r o g e n a s e  w e re  o n ly  p a r t i a l l y  

a f fe c te d  ( T a b le  1).
L a r g e  d if f e r e n c e s  w e re  a p p a r e n t  b o t h  i n  th e  a m o u n t  o f  G O G A T  p r e s e n t  i n  v a r io u s  

N H g - l im i t e d  b a c t e r ia  ( T a b le  1) a n d  in  t h e i r  K m v a lu e s  f o r  g lu t a m in e  a n d  2 - o x o g lu t a r a t e  

( T a b le  2 ), b u t  a g a in  n o  c o m m o n  p a t t e r n s  a r e  e v id e n t  a m o n g  th e  o r g a n is m s  e x a m in e d .  
F o r  e x a m p le ,  a lt h o u g h ,  o n  a v e ra g e , th e  G r a m - p o s i t iv e  b a c t e r ia  c o n t a in e d  th e  g r e a te r  

a m o u n t s  o f  G O G A T  a n d  h a d  th e  lo w e r  K m v a lu e s  f o r  g lu t a m in e  a n d  2 - o x o g lu t a r a t e ,  

th e re  w e re  n o t a b le  e x c e p t io n s ;  f o r  e x a m p le ,  th e  e n z y m e  f r o m  th e  G r a m - p o s i t iv e  
o r g a n is m ,  Bacillus subtilis  v a r .  niger, h a d  a  h ig h  K m f o r  g lu t a m in e  w h i l s t  t h a t  f r o m  

G r a m - n e g a t iv e  P seudom onas fluorescens  h a d  a  lo w  K m f o r  th e  s a m e  s u b s t r a te .  O n  th e



o t h e r  h a n d ,  h o w e v e r ,  in  e v e r y  c a s e  th e  G O G A T  a c t iv i t y  w a s  m a r k e d ly  a f f e c t e d  b y  p H  

a n d  h a d  a  c o m m o n  o p t im a l  a c t iv i t y  i n  th e  ra n g e  p H  7 -6  t o  8 -o , a n d  in v a r ia b ly  G O G A T  

f r o m  th e  G r a m - n e g a t iv e  o r g a n is m s  w a s  m o r e  s e n s it iv e  t o  g lu t a m a t e  in h ib i t i o n  t h a n  

th e  e n z y m e  f r o m  th e  G r a m - p o s i t iv e  sp e c ie s .

T h e  s y n th e s is  o f  g lu t a m a t e  f r o m  N H 3 a n d  2 - o x o g lu t a r a t e ,  v ia  g lu t a m in e  a n d  

G O G A T ,  r e q u ir e s  th e  p a r t i c ip a t io n  o f  a n  a c t iv e  g lu t a m in e  s y n th e ta s e . S ig n i f ic a n t ly ,  

b a c t e r ia l  g lu t a m in e  s y n th e ta s e s  g e n e r a l ly  a r e  f o u n d  in  c o n s id e r a b le  a m o u n t s  i n  

o r g a n is m s  w h o s e  g r o w t h  h a s  b e e n  l im i t e d  b y  N H 3 d e p r iv a t io n  ( W o o l f o lk ,  S h a p i r o  &  

S t a d tm a n ,  1 9 6 6 ; W u  &  Y u a n ,  1 9 6 8 ; P a te m a n ,  1969 ). G lu t a m in e  s y n th e ta s e s  c h a r a c 

t e r i s t i c a l ly  h a v e  a  lo w  K m f o r  a m m o n ia ,  a n d  t h is  f a c t  le d  U m b a r g e r  (1 9 6 9 )  t o  s u g g e s t  

t h a t  t h e y  m a y  a c t  a s  ‘ s c a v e n g e r s ’ f o r  N H 3 ( w h ic h  w o u ld  p r o v id e  a  f u n c t io n a l  b a s is  f o r  

t h e i r  d e re p re s s e d  s y n th e s is  i n  N H 3- l im i t e d  e n v ir o n m e n t s ) .  T h e  r e s u lt s  r e p o r t e d  i n  t h is  

p a p e r  s u p p o r t  a n d  e x t e n d  U m b a r g e r ’ s h y p o t h e s is  in  t h a t  t h e y  s h o w  t h a t  g lu t a m in e  
s y n th e ta s e  ( in  c o n ju n c t io n  w i t h  G O G A T )  f a c i l i t a t e s  th e  s y n th e s is  o f  g lu t a m a t e  f r o m  

N H 3 u n d e r  c o n d i t io n s  w h e r e  g lu t a m a t e  d e h y d r o g e n a s e  ( b y  v i r t u e  o f  i t s  h ig h  K m f o r  

N H 3) w o u ld  b e  f u n c t io n a l ly  in a d e q u a te .  I n  t h is  c o n n e x io n ,  i t  w a s  a p p a r e n t  ( T a b le  1) 

t h a t ,  w i t h  a l l  t h e  o r g a n is m s  e x a m in e d ,  N H 3- l im i t a t io n  e f fe c te d  a n  e n o rm o u s  d e c re a s e  

i n  t h e i r  g lu t a m a t e  d e h y d r o g e n a s e  c o n te n t s .  A m m o n ia - l im i t e d  b a c t e r ia  c o n t a in e d  

e x c e e d in g ly  l i t t le  f re e  a m m o n ia  ( T e m p e s t  e t al. 1 9 7 0  b) s o  t h a t ,  e v e n  i f  p r e s e n t ,  g lu t a m 

a te  d e h y d r o g e n a s e  w o u ld  b e  g r o s s ly  s u b s a tu r a t e d ;  b u t  h o w  N H 3- l im i t a t io n  c o u ld  

e f fe c t  c e s s a t io n  o f  g lu t a m a t e  d e h y d r o g e n a s e  s y n th e s is  is  n o t  o b v io u s .

W e  a re  m o s t  g r a t e fu l  t o  M r  J .  R .  H .  S la d e  f o r  c a r r y in g  o u t  th e  a m in o  a c id  a n a ly s e s ,  

a n d  t o  M r  T .  H .  D u n h a m  f o r  h is  s k i l le d  t e c h n ic a l  a s s is ta n c e .
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S U M M A R Y

W h e n  a  c u l t u r e  o f  B acillus licheniform is w a s  s h i f t e d  f r o m  a e r o b ic  t o  a n a e r o 
b ic  c o n d i t io n s ,  ly s is  o c c u r r e d  u n le s s  a  f e r m e n t a b le  c a r b o n  s o u r c e  o r  a  s y s te m  
f o r  n i t r a t e  r e s p i r a t io n  w a s  p r e s e n t .  N i t r a t e  r e d u c t a s e  w a s  p r im a r i l y  in d u c e d  
b y  p a r t ia l  o r  c o m p le t e  a n a e r o b io s is  a n d  p a r t i a l l y  re p re s s e d  b y  g lu c o s e .  T h e  
e n z y m e  w a s  re p re s s e d  a n d  in a c t iv a t e d  b y  h ig h  o x y g e n  c o n c e n t r a t io n s .  R e s p i r a 
t io n  o f  b a c t e r ia  g r o w n  a n a e r o b ic a l ly  w a s  3 0  t o  4 0  %  o f  t h a t  o f  b a c t e r ia  g r o w n  
a e r o b ic a l ly .  G lu c o s e  d e c re a s e d  r e s p i r a t io n  o f  o t h e r  s u b s t r a te s  in  b o t h  a e r o 
b i c a l l y  a n d  a n a e r o b ic a l ly  g r o w n  o r g a n is m s .  N o  c y t o c h r o m e  a 1 w a s  p r e s e n t  
a f t e r  a n a e r o b ic  g r o w th .  C y t o c h r o m e  c1 w a s  re p re s s e d  b y  g lu c o s e ;  u n d e r  
a n a e r o b ic  c o n d i t io n s  t h is  r e p r e s s io n  w a s  a n t a g o n iz e d  b y  n it r a t e .

I N T R O D U C T I O N

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

b a c t e r ia ,  in  w h ic h  i t  is  in d u c e d  b y  a n a e r o b io s is  in  th e  p re s e n c e  o f  n it r a t e .  T h e  e n z y m e  

is  re p re s s e d , in h ib i t e d  a n d  in a c t iv a t e d  b y  o x y g e n  ( P ic h in o t y ,  1 9 6 5 ; Y a n ’ t  R ie t ,  S t o u t -  

h a m e r  &  P la n t a ,  1 9 6 8 ; D e  G r o o t  &  S t o u t h a m e r ,  1 9 70  a )

H a c k e n t h a l  ( 1 9 6 6 )  f o u n d  p a r a l le l  in d u c t io n  o f  n i t r a t e  a n d  n i t r i t e  r e d u c t a s e  b y  

n it r a t e ,  n i t r i t e  a n d  s o m e  o t h e r  m o n o v a le n t  a n io n s  in  B acillus cereus. I n  B. stearo therm -  
ophilis n i t r a t e  r e d u c ta s e  w a s  in d u c e d  b y  n i t r a t e  a n d  re p re s s e d  a n d  in a c t iv a t e d  b y  

o x y g e n .  W h e n  c e l ls  w e re  a d a p te d  t o  n it r a t e ,  o x y g e n  r e s p i r a t io n  d e c re a s e d  b y  5 0  t o  

7 0  % ; th e  m a in  c h a n g e  in  th e  c y t o c h r o m e  s p e c t r u m  w a s  th e  d is a p p e a r a n c e  o f  c y t o 

c h r o m e  a3 ( D o w n e y ,  1 9 6 6 ; D o w n e y  &  N u n e r ,  1 9 6 7 ; D o w n e y  &  K i s z k i s s ,  1 9 6 9 ; 

D o w n e y ,  K i s z k i s s  &  N u n e r ,  1969 ).

T h e  B a c i l lu s  s p e c ie s  in  w h ic h  n it r a t e  r e d u c t a s e  f o r m a t io n  h a s  b e e n  s t u d ie d  s o  f a r  a r e  

o b l ig a t e  o r g a n is m s .  T h i s  p a p e r  d e s c r ib e s  a  s t u d y  o f  th e  r e g u la t io n  o f  n i t r a t e  r e d u c ta s e  

f o r m a t io n  a n d  o f  th e  in f lu e n c e  o f  n i t r a t e ,  g lu c o s e  a n d  o x y g e n  o n  r e s p i r a t o r y  a c t iv i t y  

a n d  c y t o c h r o m e  c o n t e n t  in  th e  f a c u l t a t iv e  o r g a n is m  B acillus licheniform is.

M E T H O D S

O rganism : B acillus licheniform is S 2 4 4  ( o r ig in a l ly  d e s ig n a t e d  B. licheniform is 4 3 0 )  

w a s  o b t a in e d  f r o m  D r  J .  W .  W o ld e n d o r p ,  A g r i c u l t u r a l  U n iv e r s i t y ,  W a g e n in g e n ,  T h e  

N e t h e r la n d s .  I t  w a s  m a in t a in e d  o n  s lo p e s  o f  O x o id  b r a in  h e a r t  in f u s io n  a g a r  a n d  

s t o r e d  a t  4 0.
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M edia . N B Y  m e d iu m  c o n t a in e d  O x o id  n u t r ie n t  b r o t h  n o .  2 , 8 g . / l. ,  a n d  O x o id  y e a s t  

e x t r a c t ,  3 g ./ l.  N B Y G  w a s  m a d e  b y  a d d in g  g lu c o s e  (5  g . / l. ) ;  N B Y G N 0 3 b y  a d d in g  

g lu c o s e  (5  g ./ l. )  a n d  K N 0 3 (2  g ./ l. )  ; a n d  N B Y N 0 3 b y  a d d in g  K N 0 3 (1 0  g ./ l. ) .  G lu c o s e  

a n d  n i t r a t e  w e re  a d d e d  f r o m  s t e r i le  s t o c k  s o lu t io n s .  T h e  p H  o f  a l l  m e d ia  w a s  7-0 .

C ultural conditions. B a c t e r ia  w e re  g r o w n  a t  3 7 0 in  a  N e w  B r u n s w ic k  M i c r o F e r m  

L a b o r a t o r y  f e r m e n t o r  in  a  7  1. j a r  c o n t a in in g  3 1. o f  m e d iu m  e it h e r  w i t h  v ig o r o u s  

a e r a t io n  (1 0  1. a i r / m in . ,  a g i t a t io n  6 5 0  r e v . / m in . ) ,  w i t h  w e a k  a e r a t io n  (2  1. a i r / m in . ,  

a g i t a t io n  2 0 0  r e v . / m in . )  o r  a n a e r o b ic a l ly  ( n it r o g e n ,  a g i t a t io n  100  r e v . / m in . ) .  T h e  

m e d iu m  in  th e  j a r  w a s  in o c u la t e d  w i t h  2 x  100  m l.  o f  c u lt u r e  in  N B Y ,  s h a k e n  o v e r 

n ig h t  a t  2 5 0  r e v . / m in .  a t  37 °  in  a  5 0 0  m l.  b o t t le .  I f  r e q u ir e d ,  th e  p H  o f  th e  m e d iu m  w a s  

m a in t a in e d  a t  p H  7  b y  a  N e w  B r u n s w ic k  a u t o m a t ic  p H  c o n t r o l le r  u s in g  0 -5  N - N a O H .  

D is s o lv e d  o x y g e n  c o n c e n t r a t io n  w a s  m e a s u r e d  w i t h  a  N e w  B r u n s w ic k  o x y g e n  e le c t r o d e  

a n d  is  e x p r e s s e d  a s  p e r c e n ta g e  o f  th e  d is s o lv e d  o x y g e n  c o n c e n t r a t io n  in  th e  o x y g e n -  

s a tu r a t e d  m e d iu m .  B a c t e r ia l  d e n s it y  w a s  d e t e rm in e d  b y  m e a s u r in g  th e  e x t in c t io n  a t  

6 6 0  n m .  ( £ 660) i n  a  U n i c a m  S P  6 0 0  s p e c t r o p h o to m e te r .

H arvesting o f  bacteria  an d  prepara tion  o f  cell-free ex tracts . B a c t e r ia  w e re  h a r v e s te d  

b y  c e n t r i f u g a t io n  in  a n  M S E  18 h ig h  sp e e d  c e n t r i f u g e  a t  io , o o o g  a t  2° f o r  15 m in .  F o r  

c e l l- f r e e  e x t r a c t s ,  t h e y  w e re  w a s h e d  tw ic e  w i t h  c o ld  p h o s p h a t e  b u f fe r ,  0 -0 6 5  M > p H  7, 
r e s u s p e n d e d  in  t h is  b u f f e r  a n d  s o n ic a t e d  i n  a n  M S E  u l t r a s o n ic  d is in t e g r a t o r ,  6 0  W ,  

2 0  k c . / s e c .  f o r  1 0  m in .  a t  o ° . C e l l u l a r  d e b r is  w a s  n o t  r e m o v e d ,  a s  t h is  c a u s e d  f lu c t u a 

t io n s  in  n i t r a t e  r e d u c t a s e  a c t iv i t y .

S u s p e n s io n s  in  p h o s p h a t e  b u f f e r  ly s e d  r a p id ly  a t  3 7 0 a n d  f a i le d  t o  re s p ir e .  L y s i s  w a s  

p r e v e n te d  b y  a d d in g  M g S 0 4 . 7 H 20  (1 0  % , w /v ) .  B a c t e r ia l  s u s p e n s io n s  w e re  t h e r e fo r e  

w a s h e d  a n d  r e s u s p e n d e d  in  M g S O 4 . 7 H . jO  (1 0 0  g ./ l. ) ,  t r i s  (1 -21  g ./ l. ) ,  K C 1 (2 -4 7  g ./ l. ) ,  

a d ju s t e d  t o  p H  7 w i t h  H C 1. T h r o u g h o u t  h a r v e s t in g ,  c h lo r a m p h e n ic o l  (3 0  / ig . / m l. )  

w a s  p re s e n t .
M easurem ent o f  a c id  fo rm a tion . C u l t u r e s  w e re  g r o w n  a n a e r o b ic a l ly  in  N B Y G  o r  

N B Y G N 0 3 t o  ¿ 660 a; 1 4 .  F o u r  h u n d r e d  m l.  o f  c u l t u r e  w a s  c h i l le d  b y  a d d i t io n  o f  ic e .  

T h e  b a c t e r ia  w e re  h a r v e s t e d  b y  c e n t r i f u g a t io n  a n d  r e s u s p e n d e d  in  2 0 0  m l.  o f  f r e s h  

c o ld  N B Y G  m e d iu m  w i t h  c h lo r a m p h e n ic o l  (3 0  / ig . /m l. ) .  S a m p le s  (5 0  m l. )  in  a  b e a k e r  

w e re  g e n t ly  s t i r r e d  a n d  b u b b le d  w i t h  n i t r o g e n  in  a  3 7 0 w a te r  b a th .  T h e  p H  w a s  

m e a s u r e d  c o n t in u o u s ly  w i t h  a  P h i l i p s  p H  m e te r  m o d e l P R  9 4 0 3 /0 1  a n d  a t  2  m in .  

in t e r v a ls  a d ju s t e d  t o  p H  7  w i t h  N a O H  (c . o - i  n ) p r e v io u s ly  t i t r a t e d  w i t h  o - i  N - o x a l ic  

a c id .  A t  z e r o  t im e  0 -5  m l.  o f  d is t i l l e d  w a t e r  o r  2 0  %  K N 0 3 s o lu t io n  w a s  a d d e d .  

S a m p le s  (0 -5  m l. )  w e re  t a k e n  f o r  g lu c o s e  d e t e r m in a t io n s  a t  5 m in .  in t e r v a ls .

C ytochrom es. C y t o c h r o m e s  w e re  m e a s u r e d  in  d it h io n i t e - r e d u c e d  s u s p e n s io n s  u s in g  
a  U n ic a m  S P  8 0 0  s p e c t r o p h o t o m e t e r .  C y t o c h r o m e  c , c o n t e n t  w a s  e x p re s s e d  a s  th e  

d if f e r e n c e  i n  e x t in c t io n  b e tw e e n  th e  p e a k  a t  5 5 2  n m .  a n d  th e  l in e  c o n n e c t in g  5 4 0  a n d  

5 7 0  n m . ; c y t o c h r o m e  a 1 c o n t e n t  a s  th e  d if f e r e n c e  in  e x t in c t io n  b e tw e e n  th e  p e a k  a t  

5 9 5  n m .  a n d  th e  l in e  c o n n e c t in g  5 8 0  a n d  6 1 0  n m . S p e c i f ic  c y t o c h r o m e  c o n t e n t  w a s  
e x p re s s e d  a s  E S62 o r  £ 596/ io  m g . o f  p r o t e in .

O ther assays. O x y g e n  u p t a k e  b y  w h o le  b a c t e r ia  w a s  m e a s u r e d  b y  s t a n d a r d  W a r b u r g  
te c h n iq u e s .

G lu c o s e  c o n t e n t  o f  th e  m e d iu m  w a s  d e t e rm in e d  w i t h  th e  g lu c o s e  o x id a s e  ( B o e h -  
r in g e r ,  M a n n h e im ,  G e r m a n y ) .

N i t r i t e  c o n t e n t  o f  th e  m e d iu m  w a s  a s s a y e d  a s  d e s c r ib e d  b y  V a n ’ t  R ie t ,  S t o u t h a m e r  
&  P ia n t a  (1 9 6 8 ) .



N i t r a t e  r e d u c t a s e  a c t iv i t y  w a s  m e a s u r e d  a c c o r d in g  t o  L o w e  &  E v a n s  ( 1 9 6 4 ) ;  th e  

a s s a y  m ix t u r e s  w e re  in c u b a t e d  f o r  15 m in .  a t  3 7 0.

P r o t e in  w a s  e s t im a te d  a c c o r d in g  t o  L o w r y ,  R o s e b r o u g h ,  F a r r  &  R a n d a l l  (1 9 5 1 ) .

R E S U L T S

E ffect o f  anaerobiosis, induction o f  n itra te  reductase an d  ly s is

I n  v ig o r o u s ly  a e r a t e d  c u ltu r e s ,  n o  n i t r a t e  r e d u c t a s e  c o u ld  b e  d e m o n s t r a t e d  a s  lo n g  

a s  th e  c e l l  d e n s it y  w a s  n o t  t o o  h ig h .  W h e n  a  N B Y N 0 3 c u l t u r e  g r o w n  w i t h  v ig o r o u s  

a e r a t io n  w a s  s h i f t e d  t o  a n a e r o b ic  c o n d i t io n s ,  r a p id  ly s is  o c c u r s  ( F ig .  1) a n d  n o  n i t r i t e  
w a s  f o rm e d .

N itra te  reductase in B . licheniform is 197
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F ig . i .  L ysis o f  B a c illu s  lic h e n ifo rm is  s 244 in  N B Y N 0 3 m ed iu m  a f te r  a  sh ift f ro m  v igo rous 
a e ra tio n  to  an aero b io sis .

F ig . 2. G ro w th , n itr ite  fo rm a tio n  a n d  n itra te  re d u c ta se  syn thesis o f  B a c illu s  lic h e n ifo rm is  
s 244 in  N B Y N O 3 m ed iu m  d u rin g  w eak  ae ra tio n , fo llow ed  by a  sh ift to  anaero b io sis . • ,  F 660 ; 
O , n itra te  red u c ta se  specific ac tiv ity ; A , n itra te  red u c ta se  to ta l ac tiv ity ; x , n itr ite  co n ten t 
o f  m ed ium .

W h e n  g r o w n  w i t h  w e a k  a e r a t io n  i n  N B Y N O a, th e  o x y g e n  c o n s u m p t io n  b y  th e  

b a c t e r ia  s o o n  e x c e e d e d  th e  o x y g e n  s u p p ly  a n d  th e  o x y g e n  t e n s io n  i n  th e  m e d iu m  w a s  

r e d u c e d .  N i t r a t e  r e d u c t a s e  w a s  in d u c e d  a n d  n i t r i t e  w a s  p r o d u c e d .  D u r in g  t h is  p e r io d ,  

o x y g e n  a n d  n i t r a t e  r e s p i r a t io n  w e re  o c c u r r in g  s im u lt a n e o u s ly ,  a n d  c h a n g e  t o  a n a e r o b ic  

c o n d i t io n s  d id  n o t  c a u s e  ly s is  u n t i l  t h e  n i t r a t e  w a s  e x h a u s t e d  ( F ig .  2).

I n  g lu c o s e - c o n t a in in g  m e d ia ,  s h i f t s  f r o m  v ig o r o u s  a e r a t io n  t o  a n a e r o b ic  c o n d i t io n s  

n e v e r  c a u s e d  ly s is ,  b u t  a c id  w a s  p r o d u c e d  im m e d ia t e ly .  I n  c u lt u r e s  w i t h o u t  p H  

r e g u la t io n ,  g r o w t h  s t o p p e d  w h e n  p H  5 7  w a s  r e a c h e d  ( F ig .  3 a ) .  T h e  p H  w a s  r e g u la t e d  

i n  a l l  f u r t h e r  e x p e r im e n t s  i n  g lu c o s e - c o n t a in in g  m e d ia .  N i t r a t e  r e d u c t a s e  w a s  f o r m e d  

u n d e r  a n a e r o b ic  c o n d i t io n s  i n  N B Y G ,  i n  s p it e  o f  t h e  a b s e n c e  o f  n i t r a t e  ( F ig .  3 a ) .
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A d d i t i o n  o f  n i t r a t e  c a u s e d  a  f u r t h e r  2 - 5 - fo ld  in c r e a s e  i n  s p e c if ic  a c t iv i t y  ( F ig .  3 b). 
S p e c i f ic  a c t iv i t y  i n  N B Y N O 3  w a s  c o n s id e r a b ly  h ig h e r  t h a n  i n  g lu c o s e - c o n t a in in g  

m e d ia :  g lu c o s e  r e p re s s e d  n i t r a t e  r e d u c ta s e .  M o r e  n i t r i t e  w a s  f o r m e d  in  N B Y N 0 3 t h a n  

i n  N B Y G N O 3 ,  i n  s p it e  o f  th e  g r e a t e r  t o t a l  n i t r a t e  r e d u c t a s e  a c t iv i t y  i n  th e  la t t e r  

m e d iu m .  A p p a r e n t ly ,  in  th e  p re s e n c e  o f  g lu c o s e  th e  t r a n s f e r  o f  e le c t r o n s  t o  th e  n it r a t e  

r e d u c t a s e  w a s  le s s  e f fe c t iv e .

Fig. 3. Growth and nitrate reductase formation o f B. licheniformis s 244 in (a) NBY G  and (b) 
N B Y G N 03 media after a shift from vigorous aeration to anaerobiosis, with and without pH  
control. With pH  control: # , £ 660; O, nitrate reductase specific activity; A , nitrate reductase 
total activity; x , nitrite content o f medium. Without pH  control (applies to (a) only): □ ,
Eeeo; A , nitrate reductase specific activity; ■ , pH  o f the medium.

E ffect o f  aeration . B acillus licheniform is w a s  g r o w n  in  N B Y ,  N B Y N 0 3, N B Y G  a n d  

N B Y G N 0 3 m e d ia  w i t h  w e a k  a e r a t io n ,  a n d  t h e  d is s o lv e d  o x y g e n  c o n te n t ,  n i t r a t e  

r e d u c t a s e  a n d  n i t r i t e  f o r m a t io n  w e re  f o l lo w e d .  N i t r a t e  r e d u c t a s e  f o r m a t io n  i n  g lu c o s e -  

f r e e  a n d  g lu c o s e - c o n t a in in g  m e d ia  s t a r t e d  a t  2 0  a n d  0  %  o x y g e n  r e s p e c t iv e ly  ( F ig .  

4 a, b). I n  N B Y  a n d  N B Y N 0 3 n it r a t e  r e d u c t a s e  w a s  p r o d u c e d  a t  th e  s a m e  r a t e ;  th e  

s a m e  a p p l ie s  t o  N B Y G  a n d  N B Y G N O s. A l s o ,  i n  N B Y N 0 3 a n d  N B Y G N O 3 ,  n i t r i t e  
f o r m a t io n  s t a r t e d  a t  2 0  a n d  0  %  o x y g e n  r e s p e c t iv e ly  ( F ig .  4 ) . W h e n  a n  o x y g e n  c o n 

c e n t r a t io n  o f  2 0  %  w a s  r e a c h e d  i n  N B Y  a n d  N B Y N 0 3, th e  o x y g e n  c o n c e n t r a t io n  d id  

n o t  d e c re a s e  a n y  f u r t h e r ,  a n d  th e  g r o w t h  r a te s  d r o p p e d  ( F ig .  4  a).
Inactivation  o f  n itra te  reductase b y  aeration . W h e n  a n  a n a e r o b ic  N B Y G N 0 3 c u l t u r e  

w a s  a e r a t e d  v ig o r o u s ly ,  t h e  s p e c if ic  n i t r a t e  r e d u c t a s e  a c t iv i t y  d r o p p e d ,  b u t  th e  t o t a l  

a c t iv i t y  r e m a in e d  c o n s t a n t ,  a n d  th e  n i t r i t e  c o n t e n t  o f  th e  m e d iu m  s t i l l  in c r e a s e d .  

T h e r e fo r e ,  i n  o r d e r  t o  s t u d y  in a c t iv a t io n  o f  n i t r a t e  r e d u c ta s e  b y  a e r a t io n ,  g r o w t h  a n d  

o x y g e n  c o n s u m p t io n  h a v e  t o  b e  d e c re a s e d  b y  s u s p e n d in g  th e  b a c t e r ia  i n  a  b u f f e r  w i t h  

c h lo r a m p h e n ic o l  a n d  w i t h o u t  s u b s t r a t e  ( F ig .  5 ). T h e  a e r a te d  s u s p e n s io n  s h o w e d  i n 

a c t iv a t io n  o f  n i t r a t e  r e d u c ta s e ,  w h e re a s  th e  n it r a t e  r e d u c t a s e  a c t iv i t y  i n  th e  n o n -  
a e r a te d  s u s p e n s io n  r e m a in e d  c o n s t a n t .
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F ig . 4. G ro w th , oxygen  co n su m p tio n , n itra te  re d u c ta se  a n d  n itrite  fo rm a tio n  in  various 
m ed ia  w ith  w eak  ae ra tio n . C losed  sy m bo ls: N B Y , N B Y G . O p en  sym bols: N B Y N O 3, 
N B Y G N O 3. 0 9 , E mo\ A A , n itra te  red u c ta se ; □ , oxygen co n cen tra tio n  (fo r a ll m ed ia ); x , 
n itrite  c o n te n t o f  m ed iu m  (N B Y N O a a n d  N B Y G N 0 3 only).

T im e (m in .)

F ig . 5. E ffect o f  a e ra tio n  u p o n  n itra te  red u c tase  in  cells g row n  anaero b ica lly  in  N B Y G N O 3 
to  £ 660 =  1-5. C ells w ere w ashed  a n d  re su sp en d ed  in  M g -tris-K C l m ed iu m  to  ¿ ’660 =  i '5 -  50m l. 
w as sh a k e n  in  a  500 m l. flask a t  370 in  a  w a te r  b a th  sh a k e r a t  a  speed  o f  250 s tro k es/m in . 
( • ) .  50 m l. w as left s ta tic  a t  37° in  a  50 m l. flask (A ). A t 5 m in . in tervals, 5 m l. sam ples w ere 
rem oved  fo r  d e te rm in a tio n  o f  th e  re s id u a l n itra te  red u c ta se  activ ity . D u rin g  h arvesting , 
w ash ing  a n d  th e  in ac tiv a tio n  experim en t, 30 /¿g. o f  ch lo ram p h en ico l/m l. w as p resen t.
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C hanges in the resp ira to ry  system , concom itan t w ith anaerobiosis an d  n itra te  resp ira 

tion. T a b le  i  s h o w s  o x y g e n  u p t a k e  b y  s u s p e n s io n s  o f  w a s h e d  b a c t e r ia ,  g r o w n  u n d e r  

v a r io u s  c o n d i t io n s .  A f t e r  a n a e r o b ic  g r o w t h  i n  N B Y N 0 3, r e s p i r a t io n  w i t h  a l l  s u b 

s t r a te s  w a s  r e d u c e d  t o  3 0  t o  4 0  %  o f  th e  a e r o b ic  le v e l,  a s  w a s  g lu c o s e  r e s p i r a t io n  in  

g lu c o s e - c o n t a in in g  m e d ia .  T h e  p re s e n c e  o f  g lu c o s e  r e d u c e d  r e s p i r a t io n  o f  a l l  s u b 

s t r a te s  e x c e p t  g lu c o s e  a n d  a b o l is h e d  t h a t  o f  a c e ta te  a n d  c it r a t e .

T a b le  1. E ffect o f  grow th  conditions on oxygen  uptake

A verages o f  tw o  o r  th re e  experim en ts  a re  given. C o rrec tio n  h as been  m ad e  
fo r  en d o g en o u s oxygen  u p tak e .

O xygen  u p ta k e  (/«no ie s 0 2/m g. p ro te in /h .)

A erob ic A n ae ro b ic

S u b stra te
N B Y  o r

n b y n o 3 N B Y G N O a N B Y G

(

N B Y N 0 3 N B Y G N O 3 N B Y G

G lucose I 2 -o8 13-96 10-33 3 7 1 5 '94 3-66
P y ru v a te 10-52 5-22 3-42 3-25 2*13 2-53
A ceta te 10-79 0 0 3'59 0 0
C itra te 2-16 0 0 0*91 0 0
S uccinate 13-09 2-01 0*70 3'57 0-44 0

T a b le  2 . E ffect o f  grow th  conditions on cy tochrom e content

C y to ch ro m e  C y to ch ro m e  a x
£552/10 m g. p ro te in  £595/10 m g. p ro te in

M ed ium
V igorous
a e ra tio n

W eak
a e ra tio n A n aero b ic

V igorous
a e ra tio n

W eak
a e ra tio n

A n aer
ob ic

N B Y 0-210 0-187 — 0-058 0-051 —

N B Y N O 3 0-196 0-143 0 1 8 9 0-064 o-o6i 0
N B Y G 0-046 0-059 0-056 o-o8i o -o ii 0
N B Y G N O 3 0-042 0-047 o - i io 0-083 0-015 0

T a b le  3. E ffect o f  n itra te  in grow th  an d  te s t m edia  upon ra te  o f  
a c id  fo rm a tio n  an d  glucose consum ption

A cid  fo rm a tio n  (/«no le s/m g . G lu co se  co n su m p tio n  (/«no les/m g. 
p ro te in /h .)  in  p ro te in /h .)  in

C u ltiv a tio n  m ed iu m N B Y G N B Y G N O 3 N B Y G N B Y G N O ,

N B Y G 12*70 8-4 5-04 5'60
N B Y G N O 3 11-78 7-3 5 7 0 5-30

T h e  c y t o c h r o m e  c o n t e n t s  o f  b a c t e r ia  g r o w n  u n d e r  d i f f e r e n t  c o n d i t io n s  a r e  g iv e n  in  

T a b le  2 . A l t h o u g h  s o m e  ¿ - t y p e  c y t o c h r o m e  w a s  p re s e n t ,  t h is  c o u ld  n o t  b e  d e t e rm in e d  

q u a n t i t a t iv e ly  f r o m  o u r  s p e c t r a .  G lu c o s e  s t r o n g ly  r e p re s s e d  c y t o c h r o m e  c1 f o r m a t io n  ; 

u n d e r  a n a e r o b ic  c o n d i t io n s ,  t h is  r e p r e s s io n  w a s  s o m e w h a t  r e le a s e d  b y  n it r a t e .

A f t e r  g r o w t h  w i t h  v ig o r o u s  a e r a t io n  w i t h  o r  w i t h o u t  g lu c o s e ,  c y t o c h r o m e  a 1 w a s  

p re s e n t .  I n  b a c t e r ia  g r o w n  a n a e r o b ic a l ly  i t  w a s  c o m p le t e ly  a b s e n t .  T h e  a m o u n t  o f  

c y t o c h r o m e  %  i n  b a c t e r ia  g r o w n  w i t h o u t  g lu c o s e  w a s  th e  s a m e  w h e th e r  t h e y  h a d  b e e n  

v ig o r o u s ly  o r  w e a k ly  a e ra te d .  I n  c u l t u r e s  g r o w n  in  g lu c o s e - c o n t a in in g  m e d ia  w i t h  

w e a k  a e r a t io n ,  h o w e v e r ,  c o n s id e r a b ly  le s s  c y t o c h r o m e  a x w a s  f o u n d .  T h i s  c o u ld  b e
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e x p la in e d  b y  th e  f a c t  t h a t  i n  g lu c o s e - f r e e  m e d ia  w i t h  w e a k  a e r a t io n  2 0  %  o f  t h e  d i s 

s o lv e d  o x y g e n  is  le f t ,  a n d  i n  g lu c o s e - c o n t a in in g  m e d ia  n o t h in g .

E ffect o f  n itra te  upon the ra te  o f  a c id  fo rm a tio n  an d  glucose breakdow n. T h e  r a te s  o f  

a c id  f o r m a t io n  a n d  g lu c o s e  c o n s u m p t io n  w e re  m e a s u r e d  i n  N B Y  a n d  N B Y G N 0 3, 

a f t e r  c u l t iv a t io n  in  th e se  m e d ia ,  a s  d e s c r ib e d  u n d e r  M e t h o d s .  N i t r a t e  d e c re a s e d  a c id  

f o r m a t io n  b y  4 0  % , b u t  d id  n o t  in f lu e n c e  th e  r a t e  o f  g lu c o s e  b r e a k d o w n  ( T a b le  3).

N itra te  reductase in B . licheniform is

D I S C U S S I O N

W h e n  a e r a t io n  o f  c u lt u r e s  o f  B acillus su btilis  i s  in t e r r u p t e d ,  r a p id  ly s is  ( ‘ a n a e r o b ic  

l y s i s ’ ) o c c u r s  ( N o m u r a ,  1 9 55 ). S im i la r ly ,  ly s is  o f  B. subtilis  d u r in g  a e r o b ic  g r o w t h  is  

o b s e r v e d  a f t e r  e x h a u s t io n  o f  th e  e n e r g y  s o u r c e  i n  th e  m e d iu m  ( M o n o d ,  1 9 4 2 ; H a d j i -  

p e t r o u  &  S t o u t h a m e r ,  1 9 6 3 ;  B a i l l i e  &  H o lm s ,  1 9 68 ). I n  t h is  o r g a n is m ,  ly s is  o c c u r s  

w h e n  th e  g e n e r a t io n  o f  A T P  is  in t e r r u p t e d .  B acillus licheniform is b e h a v e s  s im i la r l y  in  

t h a t  a n a e r o b ic  ly s is  c a n  b e  p r e v e n te d  o n ly  b y  th e  p re s e n c e  o f  th e  n i t r a t e - r e d u c in g  

s y s te m  o r  a  f e r m e n t a b le  c a r b o n  s o u r c e .  B acillus subtilis  a n d  B. licheniform is a p p e a r  

t o  b e  s u b je c t  t o  a u t o ly s is  i n  th e  a b s e n c e  o f  th e  c o n t in u e d  s y n th e s is  o f  c e l l  w a l l  s u b s ta n c e  

( S h o c k m a n  e t al. 1 9 6 1 ), f o r  w h ic h  A T P  is  r e q u ir e d .  T h i s  a u t o ly t i c  a c t iv i t y  in t e r f e r e s  

w i t h  th e  p r e p a r a t io n  o f  w a s h e d  s u s p e n s io n s ;  10  %  M g S 0 4 - 7 H 20  p r o t e c t e d  c e l ls  o f  

B. licheniform is. I n  t h is  m e d iu m  th e  b a c t e r ia  r e t a in e d  t h e i r  n o r m a l  r o d - l i k e  s h a p e , 

p e r h a p s  b e c a u s e  th e  a u t o ly t i c  e n z y m e s  w e re  in h ib i t e d  b y  th e  h ig h  c o n c e n t r a t io n  o f  
M g 2+ io n s .

T h e  m o s t  s t r i k in g  f e a tu r e  o f  th e  r e g u la t io n  o f  n i t r a t e  r e d u c t a s e  f o r m a t io n  i n  B acillus  
licheniform is i s  t h e  in d u c t io n  b y  a n a e r o b io s is ,  e v e n  i n  a b s e n c e  o f  n it r a t e .  I n  Escherichia  
co li ( S h o w e  &  D e  M o s s ,  1 9 68 ), A ero b a cter  aerogenes  ( Y a n ’ t  R i e t  e t al. 1 9 68 ), P ro teu s  
m irabilis  ( D e  G r o o t  &  S t o u t h a m e r ,  1 9 7 0  a )  a n d  H aem ophilus parainfluenzae  ( S in c la i r  

&  W h it e ,  1 9 70 )  n it r a t e  r e d u c t a s e  a c t iv i t y  is  l o w  o r  a b s e n t  d u r in g  a n a e r o b io s is  i n  th e  

a b s e n c e  o f  n i t r a t e .  S h o w e  &  D e  M o s s  (1 9 6 8 )  h a v e  s u g g e s te d  t h a t  th e  f o r m a t io n  o f  

n i t r a t e  r e d u c t a s e  i n  E. co li is  r e g u la t e d  b y  tw o  r e p re s s o r s ,  o n e  o f  w h ic h  is  s e n s it iv e  t o  

n it r a t e ,  a n d  a  s e c o n d  w h ic h  is  s e n s it iv e  t o  th e  in t r a c e l lu la r  r e d o x  p o t e n t ia l .  T h e  

p re s e n c e  o f  t w o  r e p r e s s o r s  f o r  th e  r e g u la t io n  o f  n i t r a t e  r e d u c t a s e  f o r m a t io n  h a s  a ls o  

b e e n  p o s t u la t e d  f o r  H . parainfluenzae  ( S in c la i r  &  W h it e ,  1 9 70 )  a n d  f o r  P . m irabilis  
( D e  G r o o t  &  S t o u t h a m e r ,  1 9 7 0  a ). I n  B. licheniform is t h e  in t r a c e l lu la r  r e d o x  p o t e n t ia l  

i s  o f  p r im e  im p o r t a n c e  i n  th e  r e g u la t io n  o f  n i t r a t e  r e d u c t a s e  f o r m a t io n ,  a n d  th e re  is  

n o  e v id e n c e  f o r  r e g u la t io n  b y  n it r a t e .

A z o u la y ,  P u ig  &  C o u c h a u d - B e a u m o n t  (1 9 6 9 )  h a v e  s h o w n  t h a t  r e d o x  e n z y m e s  in  

E scherichia co li c h lo r a t e - r e s is t a n t  m u ta n t s  c a n n o t  b e  c o m p le x e d  in  a c t iv e  m e m b r a n e -  

b o u n d  f o r m .  S im i la r ly ,  A z o u la y ,  P u ig  &  M a r t i n s  R o s a d o  d e  S o u s a  (1 9 6 9 )  p r o p o s e d  

t h a t  c o m p le x in g  o f  r e d o x  e n z y m e s  is  a ls o  im p o s s ib le  d u r in g  a e r o b ic  g r o w th .  D e  G r o o t  
&  S t o u t h a m e r  (1 9 7 0  b) h a v e  o b s e r v e d  t h a t  i n  P ro teu s m irabilis  t h e  f o r m a t io n  o f  r e d o x  

e n z y m e s  is  re p re s s e d  w h e n  th e re  is  n o  e le c t r o n  f lo w  t o  th e se  e n z y m e s ,  a n d  su g g e s te d  
t h a t  s u c h  e n z y m e s  c a n n o t  b e  c o m p le x e d  i n  a c t iv e  m e m b r a n e - b o u n d  f o r m  w i t h  o t h e r  

e le c t r o n  t r a n s p o r t  c o m p o n e n t s  w i t h o u t  e le c t r o n  f lo w .  I n d u c t io n  a n d  g lu c o s e  r e p r e s 

s io n  o f  n i t r a t e  r e d u c t a s e  i n  B acillus licheniform is c a n  b e  e x p la in e d  in  a  s im i la r  w a y .  

W i t h  w e a k  a e r a t io n ,  th e  o x y g e n  s u p p ly  is  l im i t i n g  a n d  e le c t r o n s  c a n  f lo w  t o  n i t r a t e  

re d u c ta s e .  I n  g lu c o s e - c o n t a in in g  m e d ia  th e re  is  h a r d ly  a n y  e le c t r o n  f lo w  t o  n i t r a t e  

r e d u c ta s e  f r o m  o t h e r  s u b s t r a te s ,  b e c a u s e  t h e i r  o x id a t io n  is  in h ib i t e d  ( T a b le  1). I n
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medium w ith glucose, active ferm entation o f glucose occurs and consequently the 
to tal electron flow to  nitrate reductase is small. The possibility th a t glucose acts by 
catabolite repression cannot be ruled out.

Inactivation o f nitrate reductase has been observed in Proteus mirabilis only when 
the electron flow is withdrawn from  the enzyme (De G root & Stoutham er, 1970«). In 
Bacillus licheniformis n itrate reductase is less easily inactivated and occurs only with 
vigorous aeration in the absence o f a substrate tha t can be respired (Fig. 5). In  a com 
plete medium there is repression, no inactivation. I t  seems tha t inactivation requires 
complete withdrawal of the electron flow, whereas for repression a partial withdrawal 
is sufficient.

The effect o f glucose inhibiting oxidation of other substrates by Bacillus licheniformis 
has also been shown in Staphylococcus aureus (Strasters & W inkler, 1963). This is 
surprising, as the effect o f  glucose upon the citric acid cycle enzymes in the closely 
related species B. subtilis and even in another strain of B. licheniformis is completely 
different. In  these organisms the enzymes of the first part of the citric acid cycle are 
partially repressed by glucose and alm ost completely repressed by a mixture of glucose 
and glutamate. The enzymes o f the second part o f the citric acid cycle are no t affected 
(Flechtner & H anson, 1969). Repression o f cytochrome c by glucose is also known 
from  S. aureus (Strasters & W inkler, 1963), and from  Salmonella typhimurium (R ich
m ond & M aaloe, 1962).

The influence o f anaerobiosis upon respiration has recently been reviewed by 
W impenny (1969). A eration o f cells grown anaerobically generally leads to a  three- or 
four fold increase o f overall respiratory activity. Thus Bacillus licheniformis fits well 
into the general pattern.

Increase o f cytochrome-c content and complete disappearance o f «-type cyto
chromes during nitrate respiration has been reported for Micrococcus denitrificans 
(Scholes & Smith, 1968) and for Bacillus stearothermophilus (Downey & Kiszkiss, 
1969). Downey & Kiszkiss (1969) suppose tha t disappearance o f «-type cytochromes is 
a com m on feature o f denitrifying bacteria, and tha t it is caused by active nitrate 
respiration. W hen B. licheniformis is cultivated anaerobically in N BY G  medium, 
however, nitrate reductase is formed, bu t no active nitrate respiration occurs because 
o f the absence o f nitrate. So we conclude tha t in B. licheniformis disappearance of 
«-type cytochrome is merely caused by anaerobiosis.

The present investigations have been sponsored by the Netherlands Foundation for 
Chemical Research (S.O.N.) and the Netherlands Organization for the Advancement 
o f Pure Research (Z.W .O.).
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S U M M A R Y

Conidia o f Pénicillium expansum are covered with a surface layer o f poly
phosphate when grown on a high phosphate medium. The composition of 
this polyphosphate layer, which appears 2 days after conidial initiation, is 
dependent on the phosphate content of the growth medium; the layer is 
absent from  conidia grown on a low phosphate medium. The rodlet layer 
which lies beneath the polyphosphate is free of cutin and does not consist o f 
a unique protein. The am ino acid composition o f the surface protein is, 
however, different from  tha t of the total wall protein. The rodlet layer appears 
to  be an integral part o f the spore wall.

The pH -m obility  curves o f Pénicillium conidia are constant and species- 
specific when the fungi are grown on defined media.

I N T R O D U C T I O N

The chemical composition of hyphal cell walls has been studied in some detail 
(Bartnicki-Garcia, 1968) b u t less attention has been paid to  the physical and chemical 
properties o f the spore wall. The composition o f sporangiospore walls o f Mucor rouxii 
(Bartnicki-Garcia & Reyes, 1964) and conidial walls of Aspergillus oryzae (Horikoshi 
& Iida, 1964) have been investigated, while Rizza & Kornfeld (1969) have com pared 
the carbohydrate and am ino acid composition of conidial and hyphal walls of 
Pénicillium chrysogenum.

The surface ornam entation of fungal spores may be examined by the replica tech
nique (Bigelow & Rowley, 1968) or by freeze-etching (Laseter et al. 1968; Hess & 
Stocks, 1969). The freeze-etching technique has shown tha t the surface of Pénicillium 
conidia is covered with a distinctive pattern of rodlets (Hess, Sassen & Remsen, 1968).

Ionizable surface groups on fungal spores can be detected by particle electrophoresis 
in conjunction with chemical and enzymic treatm ents; the pH -m obility  curves of 
fungal spores may be species specific. Conidia o f Pénicillium expansum are covered 
with a phosphate layer easily removed by washing to  reveal an underlying am ino- 
carboxyl surface (Fisher & Richmond, 1969).

The purpose of the present paper is to describe further the surface components of 
Pénicillium expansum conidia and to determine whether closely related species of 
Pénicillium can be differentiated by their pH -m obility  curves.

14 MIC 64
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M E T H O D S

Fungal material. Conidia from  7 day cultures of Penidllium expansum Link ex Thom. 
P. digitatum Sacc., P. roquefortii Thom , P. thomii M aire, kindly supplied by M r R. C. 
Codner of the University o f Bath, and  P. notatum Westling ( c m i  17969), from  the 
Commonwealth Mycological Institute, were grown on m alt agar and harvested as 
previously described (Richm ond & Somers, 1963). Cultures o f P. expansum were alsc 
grown on Fries medium (Richmond & Somers, 1962) containing 0-3, 3-0 and 6-o g. 
K H 2P 0 4/1. The pH  o f this medium was adjusted to  6-o. Spore walls were obtained by 
shaking dense spore suspensions with an equal volume o f ballotini (no. 12) in a Mickle 
disintegrator a t 4° for 15 min. (Somers & Fisher, 1967). The centrifuged walls were 
washed ten times with 10 % (w/v) sucrose, five times with 0-9 % (w/v) N aC l and five 
times with water following the technique o f Dyke (1964). The final washing was free 
of u.v. absorbing material.

Examination of water-soluble wall components. Soluble surface m aterial was removed 
from  conidia by repeated washing with water or by using the Dyke (1964) technique 
(described above). Polyphosphates and sugars were examined in the combined water 
washings after concentration to  5 ml. in a ro tary evaporator a t 40°.

Polyphosphates were identified by thin-layer chrom atography on starch (Canic, 
Turcic, Petrovic & Petrovic, 1965). The solvent system was trichloroacetic acid +  iso- 
propanol +distilled water containing 2-5 mM-EDTA and 2-5 mM-NH4O H  (5 g- +  
80 m l.+ 4 0  ml.). Polyphosphates were detected by spraying the plate with molybdate- 
perchloric acid (Hanes & Isherwood, 1949). F o r the determ ination of metachrom atic 
activity, polyphosphates were precipitated from  the concentrated spore washings by 
a saturated solution o f barium  acetate. The precipitate was washed, resuspended in 
5 ml. water and shaken with 200 mg. Amberlite resin I R-120 (H+ form). The barium- 
free solution was examined for m etachrom atic activity with 0-006 % (w/v) aqueous 
toluidine blue (Nassery, 1969). The values of £'530/£'630 were then calculated. Total 
phosphorus was determined by the m ethod of H anson (1950) after digestion with 
H N 0 3 followed by H C 104.

Sugars in the soluble surface m aterial were examined after hydrolysis in  0-5 M- 

H 2S0 4 for 12 h. a t 105° in a sealed tube. Excess sulphate was removed by precipitation 
with barium  hydroxide and the supernatant solution was passed down columns of 
Amberlite IR-120 (H+ form) and 400 (acetate form). Total reducing sugars were deter
mined by the arsenomolybdate m ethod (Chan & Cain, 1966). Individual m ono
saccharides were identified by paper chrom atography. The solvent system was sec- 
butanol +  acetic ac id + water (70 +  2 +  28, v/v). Sugars were detected by spraying the 
paper w ithp-anisidine (M ukherjee & Srivastava, 1952).

Examination of surface protein. Surface protein was extracted from  spores by incu
bating with urea (7 m , pH  2-8) containing 10%  (w/v) 2-mercaptoethanol for 1 h. a t 
370. The suspension was cooled and centrifuged, and the spores were washed four 
times with water then incubated with o-i M-NaOH for 15 min. a t 40. The alkaline 
extract was dialysed against running water overnight (Gould, Stubbs & King, 1970).

Am ino acids in the extracted non-dialysable wall m aterial were determ ined on a 
Technicon T SM .i am ino acid analyser after hydrolysis with 6 m-H C1 a t ioo° in an 
atm osphere of N 2 for 21 h.

Total protein. Total protein was determined by the m ethod o f Lowry, Rosebrough,



F arr & Randall (1951) after treatm ent o f the walls with 2 M-NaOH a t ioo° for 30 min. 
(Shah & Knight, 1968).

Detection of cutin acids. W ashed spore walls were refluxed with 1 % ethanolic KOH 
for 3 h. The fatty acids were extracted with ether, methylated with diazomethane and 
examined by thin-layer chrom atography on Kieselguhr H R  using chloroform + ethyl 
acetate (7 +  3) as solvent or by gas-liquid chrom atography using a Hewlett-Packard 
5750 gas chrom atograph (Baker & Holloway, 1970).

Freeze-etching. Conidia were suspended in 15 % glycerol for 1 h., centrifuged into a 
pellet, frozen in liquid Freon 12 a t -1 5 0 °  and then treated as described by M oor
(1966). Replicas were prepared in a Balzers freeze-etching plant BA 360 M and viewed 
in an AEI E M 6B  microscope.

Electrophoretic measurements. The electrophoretic mobilities o f conidia were 
m easured in a laterally m ounted rectangular cell enclosed in a water bath  m aintained 
a t 25-0 ± 0-2° (Fisher & Richm ond, 1969). M easurements were made on conidia which 
had  been washed once with the appropriate buffer before suspension in H C l+ N aC l 
or barbiturate +  acetate buffer (I: 0-05) o f the required pH  (Gittens & James, 1963). 
M ovement was timed over 180 am. in both  directions (current reversal). Each mobility 
was the mean o f a t least 20 observations; the standard error o f the mean was less 
than 4% . M obilities are expressed as io~8 m.2 V-1 s.-1 (equivalent to /¿m. cm. V-1 
s.-1 in c.g.s. units).
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R E S U L T S

Electrophoretic properties of Penicillium conidia. The pH -m obility  curves o f conidia 
from  five species o f Penicillium grown on m alt agar were all different and characteristic 
(Fig. 1). The pH -m obility  curves were affected neither by repeated reculturing o f the 
fungi nor by storage o f conidia in water for up to  2 days. There was no evidence to 
suggest th a t suspension o f conidia in the acid o r alkaline buffers caused any surface 
dénaturation; after suspension in pH  7-0 buffer, mobilities were the same as those of 
norm al control conidia. A  single washing in buffer before mobilities were determined 
was necessary to ensure complete removal o f water from  the conidia, bu t this washing 
had no effect on m obility; conidia shaken dry from  culture plates had  the same 
mobility as conidia harvested by the norm al procedure.

Effect of age on pH-mobility curve of conidia of Penicillium expansum. The p H - 
mobility curve o f 1 day conidia grown on m alt agar had a typical am ino-carboxyl 
shape with an iso-potential point a t pH  3-5 (Fig. 2). After 2 days the pH -m obility  
curve (Fig. 2) showed an acid surface with an iso-potential point o f 2-0 closely 
resembling tha t from  7 day conidia (Fig. 1). As the shape o f the pH -m obility  curve 
showed little change after 2 days, all further tests were carried out on 7 day cultures.

Influence of growth medium on pH-mobility curve. The pH -m obility  curve o f conidia 
grown on Fries medium (3-0 g./l. K H 2P0 4) was quite different from  tha t of conidia 
grown on m alt agar and indicated an am ino-carboxyl surface (Fig. 3). W hen the 
phosphate content of the Fries medium was reduced to 0-03 g./l. K H ,P 0 4 the p H -  
mobility curve had a similar shape although mobilities were higher above pH  7-0. 
W hen the phosphate content of the medium was increased to  6-o g./l. K H 2P 0 4 an 
entirely acid surface was form ed (Fig. 3).

Effect of washing on pH-mobility curve. The surface of conidia grown on m alt agar 
became progressively less acid as the conidia were washed, until a typical am ino-
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carboxyl surface was revealed (Table 1). The rapid increase in iso-potential po in t from
2-0 to  3-4 after only five washings shows that m ost surface phosphate was easily 
removable. Further washings produced only a small increase in iso-potential point, 
but the large increase in positive mobility a t pH  2-0 and the similar increase in  negative 
a t pH  5-0 suggests tha t prolonged washing removed non-ionogenic material. W hen 
conidia grown on Fries medium with the highest phosphate content were washed the
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F ig . i .  p H -m o b ility  curves o f  P én ic illiu m  e x p a n s u m , • -------• ;  P . th o m ii, ■ ------- ■ ;  P .
ro q u e fo rtii, O -------O ;  P . d ig ita tu m , A ------- A ; a n d  P . n o ta tu m , 9 --------O , 7 d ay  co n id ia
fro m  m alt agar.

F ig . 2. p H -m o b ility  curves o f  P én ic illiu m  e x p a n s u m , I  day  co n id ia , O -------O  ; 2 d ay  con id ia ,
• -------9 , fro m  m a lt agar.

Table i . Mobilities of washed conidia of Penicillium expansum grown on malt agar

Iso -p o ten tia l
W ash ing  p ro c e d u re  p o in t (pH )

C o n tro l unw ash ed  2-o
W a te r  ( x  5) 3-4
W a te r  ( x  10) 3-5
W ate r  ( x 15) 3-6
io  %  Sucrose ( x  10) 3
0 '9  % N a C l ( x  5) 1 3-7
W a te r  ( x  5) J

M obilities ( io -s  m .2 V -1 s.-1)
_____________ A.___________

p H  2 0 p H  3-0 p H  4 -o p H  5 0

O'OO - o - 60 - 1 - 8 7 - 2 '2 3
+  0-25 + o-o8 - 0 - 1 3 - O 3 6
+  0-55 +  0-24 — 0-21 — 0 '42
+ 0 -6 3 +  0-37 - 0-33 - 0-71

-F I '08 +  0-77 - 0-55 - n o



M
ob

il
it

y 
(1

0 
8 

m
.2 

V
"1

acid surface was only partially removed even after prolonged washing (Fig. 4). The 
acid groups appeared to  have become an integral part o f the surface possibly because 
the polyphosphate was present in a higher polymeric form.

Composition of spore washings. The am ount of phosphorus compounds washed from 
Penicillium expansum conidia varied widely with the nature and phosphorus content 
of the medium (Table 2). The small am ount o f phosphorus removed from  conidia

— 3-0 r
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F ig . ^

F ig . 3. p H -m o b ility  curves o f  P e n c illiu m  e x p a n s u m  g ro w n  o n  F rie s  m ed ium , co n ta in in g
0 0 3  g ./l. K H 2P 0 4, ©  — ® ; 0-30 g ./l. K H 2P 0 4, A -------A ;  6-o g ./l. K H 2PO„, O ------- O .

F ig . 4. p F I-m o b ility  curves o f  P e n ic illiu m  e x p a n s u m  g row n  o n  F rie s  m ed iu m  co n ta in in g  
6-o g ./l. K H 2P 0 4, co n id ia  w ashed  ten  tim es w ith  io  % (w /v) sucrose, five tim es w ith  0-9 %
(w /v) N aC l a n d  five tim es w ith  w ater, ® -------•  ; co n id ia  w ashed  tw ice by  abo v e  p ro ced u re ,
O---- O.

grown on Fries medium with the highest phosphate content is in agreement with the 
electrophoretic results which showed tha t even prolonged washing had little effect on 
the acid surface (Fig. 4). The metachrom atic activity of the washings established tha t 
polyphosphates were present on all conidial surfaces. The highest polyphosphate 
content occurred on conidia grown on m alt agar but small am ounts were present on 
conidia grown on Fries medium. Conidial production was greater on m alt agar than 
on Fries medium, even when the phosphorus contents o f the two media were similar. 
Thin-layer chrom atography o f the concentrated water washings from  conidia grown 
on m alt agar confirmed the presence of polyphosphates and showed them  to contain 
less than ten phosphorus atoms. The extracted m aterial was free o f nucleic acid, having
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n o  a b s o r p t io n  a t  2 6 0  n m . ,  a n d  im id o p h o s p h a t e  l in k a g e s  w e re  a b s e n t  a s  n o  in f r a r e d  

a b s o r p t io n  p e a k  o c c u r r e d  a t  7 -1 5  / tm . ( C o r r e l l ,  1 966 ).

A s  p r o lo n g e d  w a s h in g  o f  c o n id ia  g r o w n  o n  m a l t  a g a r  s e e m e d  t o  r e m o v e  n o n -  

io n o g e n ic  m a t e r ia l  ( T a b le  1) th e  w a te r  w a s h in g s  w e re  e x a m in e d  f o r  c a r b o h y d r a t e s .  

T h e  t o t a l  r e d u c in g  s u g a r s  (a s  g lu c o s e )  f r o m  2 0  s u c c e s s iv e  w a t e r  w a s h e s  w a s  7-1 /¿g ./g . 

d r y  w t  o f  s p o re s  b e f o r e  h y d r o ly s i s  a n d  12-6  /¿g ./g . a f t e r .  G lu c o s e  a n d  x y lo s e  w e re  

p r e s e n t  b e fo r e  h y d r o ly s i s  a n d ,  i n  a d d i t io n ,  a r a b in o s e  a f t e r  h y d r o ly s is .

T a b le  2 . The effect of growth medium on the phosphorus content of conidia 
and conidial washings from Penicillium expansum

Conidia were grown, harvested and washed as described in the text.

Dry wt of conidia (mg./g.)

Phosphorus
Dry wt of 
conidia* Phosphorus

Phosphorus 
in conidial

Phosphorus 
removed by 

washing

Meta- 
chromatic 
activity of

Medium (g./l.) (mg.) in conidia washings (%) washingsf

Malt agar 1-33 810 IO7 0-15 1-4 0-17
ro-07 74 98 - i —t 0-05

Fries 1 0-70 584 9'3 0-07 0-8 0-04
U 4 0 561 9.3 0-04 0-4 0-03

* From 50 plates. t  E mo/ E mo nm. — blank. J =  Not determined.

Nature of the rodlet layer. H e s s  et al. (1 9 6 8 )  s u g g e s te d  t h a t  th e  o u t e r  r o d le t  la y e r  o n  

P e n ic i l l iu m  c o n id ia  m ig h t  c o n s is t  o f  c u t in  o r  a  s im i la r  m a t e r ia l ,  s in c e  th e y  f o u n d  th e  

la y e r  t o  b e  r e m o v e d  b y  t r e a tm e n t  w i t h  a q u e o u s  o r  e t h a n o l ic  K O H .  N o n e  o f  th e  h y d r o x y  

f a t t y  a c id s  c h a r a c t e r is t ic  o f  c u t in  ( B a k e r  &  H o l lo w a y ,  1 970 ) c o u ld  b e  d e te c te d  in  

e t h a n o l ic  K O H  w a l l  e x t r a c t s  e it h e r  b y  t h in - la y e r  o r  b y  g a s - l i q u id  c h r o m a t o g r a p h y .  

T h e  f a t t y  a c id s  e x t r a c t e d  f r o m  th e  c e l l  w a l l s  a f t e r  m é t h y la t io n  a n d  a n a ly s is  b y  g a s - l i q u id  

c h r o m a t o g r a p h y  c o n s is t e d  m a in ly  o f  p a lm i t i c  (4 6 -5  %  o f  t o t a l  p e a k  a re a ) ,  o le ic  (1 9 -9  % ) 

a n d  s t e a r ic  ( i 9 ’ 5 % ) a c id s ,  a l t h o u g h  f iv e  o th e r  a c id s  w e re  p r e s e n t  in  s m a l l  a m o u n t s .  

A l t h o u g h  m a n y  s tu d ie s  h a v e  b e e n  m a d e  o n  th e  l i p i d  c o m p o s i t io n  o f  f u n g i  ( S h a w , 1 966 ) 

le s s  w o r k  h a s  b e e n  d o n e  o n  is o la t e d  c e l l  w a l ls .  L a s e t e r ,  W e e te  &  W e b e r  (1 9 6 8 )  h a v e ,  

h o w e v e r ,  f o u n d  t h a t  p a lm i t i c  a n d  o le ic  a c id s  w e re  th e  m o s t  a b u n d a n t  f a t t y  a c id s  in  

th e  s u r f a c e  w a x  f r o m  c h la m y d o s p o r e s  o f  Ustilago maydis.
T h e  r o d le t s  o n  f r e e z e - e tc h e d  P e n c i l l i u m  c o n id ia  c lo s e ly  r e s e m b le  th e  p a t t e r n s  se e n  

o n  s o m e  b a c t e r ia l  s p o re s  ( H o l t  &  L e a d b e t t e r ,  1969 ). T h e  p a t t e r n e d  s u r f a c e  la y e r  o n  

Bacillus coagulans s p o re s  c o n s is t s  o f  a n  a lk a l i - s o lu b le  p r o t e in  w h ic h  c a n  b e  r e m o v e d  

f r o m  th e  s p o re s  b y  t r e a tm e n t s  w h ic h  r u p t u r e  d is u lp h id e  b o n d s  ( G o u ld  et al. 1970 ). 

E x a m in a t io n  o f  f r e e z e - e tc h e d  r e p l ic a s  o f  Penicillium expansum c o n id ia  s h o w e d  t h a t  

th e  s u r f a c e  r o d le t s  w e re  n o t  r e m o v e d  b y  in c u b a t io n  w i t h  m e r c a p t o e t h a n o l i n  u r e a  

f o l lo w e d  b y  t r e a tm e n t  w it h  o - i  M - N a O H .  T h e  r o d le t s  w e re , h o w e v e r ,  le s s  d is t in c t  a f t e r  
a l k a l i  t r e a tm e n t ,  s u g g e s t in g  t h a t  s o m e  p r o t e in  m a t e r ia l  m a y  h a v e  b e e n  r e m o v e d .  T h e  

e le c t r o p h o r e c t ic  m o b i l i t y  o f  w a te r -w a s h e d  c o n id ia  f e l l ,  a f t e r  a l k a l i  t r e a tm e n t ,  f r o m  

— 2 -o  t o  — i - i 6  x  io ^ 8 m .2 V -1  s .-1  a t  p H  io - o  a n d  f r o m  + i - i  t o  + o - 6 4 x  io ~ 8 m .2 

V -1  s .“ 1 a t  p H  2 -o . T h e  is o - p o t e n t ia l  p o in t  w a s  th e  s a m e  i n  c o n t r o l  a n d  t r e a t e d  s p o re s .  

T h e  d e c re a s e s  i n  m o b i l i t y  c o n f i r m  t h a t  th e  t r e a tm e n t  m a y  h a v e  p a r t i a l l y  r e m o v e d  s o m e  

p r o t e in  m a t e r ia l .  A n a ly s is  o f  t h e  n o n - d ia ly s a b le  a lk a l i - s o lu b le  m a t e r ia l  s h o w e d  i t  to  

c o n t a in  11 -2 %  p r o t e in .  T h e  r e m a in d e r  o f  th e  e x t r a c t e d  m a t e r ia l  p r o b a b ly  c o n s is t e d



o f  p o ly m e r ic  p o ly s a c c h a r id e s  ( G r is a r o ,  S h a r o n  &  B a r k a i - G o la n ,  1968 ). T h e  e x t r a c t e d  

p r o t e in  w h ic h  re p re s e n t s  o n ly  a  s m a l l  p r o p o r t io n  o f  t h e  t o t a l  c o n id ia l  w a l l  p r o t e in  

( T a b le  3 ) h a d  a  h ig h  t y r o s in e  a n d  m e t h io n in e  c o n te n t ,  p r o l in e  w a s  a b s e n t ,  a n d  t h r e o n in e ,  

le u c in e ,  is o le u c in e ,  h is t id in e ,  v a l in e  a n d  c y s t ( e ) in e  w e re  lo w  a s  c o m p a r e d  w i t h  c o n id ia l  

w a l l  p r o t e in  ( T a b le  4 ). T h e  d is t in c t iv e  a m in o  a c id  c o m p o s i t io n  o f  th e  e x t r a c t e d  p r o t e in  

c o n f i r m e d  th e  p a r t i a l  r e m o v a l  o f  a  d e f in i t e  s u r f a c e  la y e r .  T h e  t o t a l  c o n id ia l  w a l l  

p r o t e in  w a s  s im i la r  i n  c o m p o s i t io n  t o  th e  c y t o p la s m ic  p r o t e in .  M e r c a p t o e t h a n o l  p r e 

t r e a tm e n t  h a d  l i t t le  e f fe c t  o n  th e  r e m o v a l  o f  s u r f a c e  p r o t e in  a n d  th e  a m in o  a c id  c o m 

p o s i t io n  o f  th e  a lk a l in e  e x t r a c t  w a s  th e  s a m e  w h e th e r  m e r c a p t o e t h a n o l w a s  u s e d  o r  n o t .

T a b le  3 . Some components of conidial walls of Pénicillium expansum 
grown on malt agar
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»//o
Protein 7-67
Phosphorus 0-23
Nitrogen (by Kjeldahl) 3-32
Alkali-soluble surface protein 0-37
Other alkali-soluble material 2-92

T a b le  4 . Amino acid components o f Pénicillium expansum conidia
Mole ratio

Amino acid
Alkaline extract 

from conidia Conidial wall Cytoplasm

Aspartic acid 1-38 1-25 i 24
Glutamic acid 1-48 1 1 3 i n
Threonine 0-50 1-07 0 84
Serine I -00 r i o I 14
Alanine I -00 ro o i 00
Glycine M 3 ro2 0 8 5
Leucine 0-49 0-76 0 7 4
Phenylalanine 0-40 0-31 0 40
Lysine 0-26 0-31 0 20
Isoleucine o-i8 0-39 0 2 3
Arginine 0-43 0-50 0 48
Tyrosine 1-09 0-31 0 36
Proline n.d. 0-77 0 5 1
Histidine 0-30 o-6i 0-53
Valine 0-34 0-72 0-48
Half cystine 0-23 1-30 1-78
Methionine 0-86 0-13 0-13

n.d. =  N ot detected.

D I S C U S S I O N

I t  is  a t  f i r s t  s ig h t  s u r p r is in g  t h a t  c lo s e ly  r e la t e d  s p e c ie s  s h o u ld  h a v e  s u c h  w id e ly  

d i f f e r e n t  m o b i l i t y  c u r v e s ;  th e  e x p la n a t io n  p r o b a b ly  l ie s  i n  th e  p re s e n c e  o f  a  p o l y 

p h o s p h a t e  la y e r  w h ic h  i s  n o t  a n  in t e g r a l  p a r t  o f  t h e  c o n id ia l  s u r fa c e .

T h e  p re s e n c e  o f  s u r f a c e  p h o s p h a t e  o n  c o n id ia  o f  Penicillium expansum w a s  p r e v io u s ly  

d e m o n s t r a t e d  b y  t r e a tm e n t  w i t h  a c id  p h o s p h a ta s e  a n d  c o n f i r m e d  b y  th e  d e c re a s e  in  

m o b i l i t y  a t  p H 7 -0  w h ic h  o c c u r r e d  in  th e  p re s e n c e  o f  C a 2+. R e m o v a l  o f  p h o s p h a t e  b y  

e n z y m e  a c t io n  o r  p r o lo n g e d  w a s h in g  r e v e a le d  a n  u n d e r ly in g  a m in o - c a r b o x y l  s u r fa c e
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( F is h e r  &  R ic h m o n d ,  1969 ). T h e  c u r v e s  o f  th e  o t h e r  P é n ic i l l iu m  s p e c ie s  ( F ig .  1) a re  

in d ic a t iv e  o f  a m in o - c a r b o x y l  s u r f a c e s  c o n t a in in g  v a r y in g  a m o u n t s  o f  p h o s p h a te .  T h e  

c u r v e  o f  P. notatum i s  r e m a r k a b ly  s im i la r  t o  t h a t  o f  P. expansum a f t e r  c o m p le t e  

p h o s p h a t e  r e m o v a l  ( F is h e r  &  R ic h m o n d ,  1969 ).

N o  im id o p h o s p h a t e  l in k a g e s  o r  n u c le ic  a c id s  w e re  d e te c te d  in  e x t r a c t s  f r o m  Péni
cillium expansum c o n id ia  a n d  p h o s p h o l ip id s  a r e  a b s e n t  a s  th e  s u r fa c e  is  l ip id - f r e e  

( F is h e r  &  R ic h m o n d ,  1969 ). A l t h o u g h  s u r f a c e  p h o s p h a t e  g r o u p s  h a v e  b e e n  d e te c te d  

o n  y e a s t  c e l ls  ( E d d y  &  R u d in ,  1 958 ) a n d  Neurospora crassa c o n id ia  ( S o m e r s  &  F is h e r ,

1 967 ) a s  w e l l  a s  o n  P. expansum c o n id ia  ( F is h e r  &  R ic h m o n d ,  1969 ), th e  e x a c t  n a tu r e  

o f  th e  p h o s p h a t e  w a s  n o t  s p e c if ie d .  R o t h s t e in  &  M e ie r  (1 9 5 1 )  h a v e , h o w e v e r ,  s u g g e s te d  

t h a t  u r a n y l  io n s  m a y  r e a c t  w i t h  p o ly p h o s p h a t e - l ik e  g r o u p s  o n  th e  y e a s t  s u r fa c e ,  a n d  

F la r o ld  (1 9 6 2 )  h a s  s h o w n  t h a t  c y t o p la s m ic  p o ly p h o s p h a t e  c a n  b in d  to  h y p h a l  w a l ls  

o f  N. crassa.
T h e  P é n ic i l l iu m  c o n id iu m  h a s  a  t h r e e - la y e r e d  w a l l  c o v e r e d  w it h  a n  o u t e r  p a t t e r n in g  

o f  r o d le t s  (S a s s e n , R e m s e n  &  H e s s ,  1967 ). C a r b o n  r e p l i c a  s tu d ie s  su g g e s t  t h a t  th e  

r o d le t s  a re  th e m s e lv e s  c o v e r e d  w it h  a n  a d d i t io n a l  v e r y  t h in  f i lm  (H e s s  et al. 1968 ). 

T h is  f i lm  m a y  c o n s t i t u t e  th e  p o ly p h o s p h a t e  la y e r  p r e s e n t  o n  u n w a s h e d  c o n id ia .  O u r  

r e s u lt s  s h o w  t h a t  th e  p o ly p h o s p h a t e  la y e r  is  n o t  a n  in t e g r a l  p a r t  o f  th e  c o n id ia l  s u r fa c e .  

E d d y  &  R u d in  (1 9 5 8 )  a ls o  f o u n d  t h a t  p h o s p h a t e  g r o u p s  w e re  a b s e n t  f r o m  th e  s u r f a c e  

o f  c e l ls  g r o w n  in  p h o s p h a t e - d e f ic ie n t  m e d ia .

N o  s p e c if ic  f u n c t io n  c a n ,  a t  p r e s e n t ,  b e  s u g g e s te d  f o r  th e  s u r f a c e  p o ly p h o s p h a t e  

w h ic h  m a y  a c t  s im p ly  a s  a n  in o r g a n ic  p h o s p h a t e  re s e r v e  ( H a r o ld ,  1966 ). A l t e r n a t iv e ly ,  

p o ly p h o s p h a t e  m a y  b e  im p l ic a t e d  in  p h o s p h o r y la t io n  r e a c t io n s  in v o lv e d  in  th e  t r a n s 

p o r t  o f  g lu c o s e  in t o  th e  c e l l  o n  g e r m in a t io n  ( R o t h s t e in  &  M e ie r ,  1951 ).

T h e  p re s e n c e  o f  f r e e  x y lo s e  in  th e  c a r b o h y d r a t e  la y e r  o f  c o n id ia  is  o f  in te re s t .  X y lo s e  

h a s  b e e n  f o u n d  i n  h y p h a l  w a l ls  o f  Pénicillium chrysogenum ( H a m i l t o n  &  K n ig h t ,  1 9 62 ), 

P. digitatwn a n d  P. italicum ( G r i s a r o  et al. 1968 ). R i z z a  &  K o r n f e ld  (1 9 6 9 )  w e re , 

h o w e v e r ,  u n a b le  t o  d e te c t  x y lo s e  in  e i t h e r  h y p h a l  o r  c o n id ia l  w a l ls  o f  P. chrysogenum. 
A r a b in o s e  w h ic h  w a s  f o u n d  in  th e  c a r b o h y d r a t e  la y e r  a f t e r  h y d r o ly s is  h a s  a ls o  b e e n  

f o u n d  in  s m a l l  a m o u n t s  in  h y p h a l  w a l ls  o f  Aspergillus niger ( J o h n s to n ,  1965 ).

T h e  r o d le t  la y e r  a p p e a r s  t o  b e  a n  in t e g r a l  p a r t  o f  th e  w a l l  s t r u c t u r e  s in c e  i t  is  n o t  

e a s i ly  s e p a ra te d  f r o m  th e  re s t  o f  t h e  w a l l  b y  m e c h a n ic a l  d is r u p t io n .  T h is  la y e r  is  f re e  

o f  c u t in  a n d  is  n o t  c o m p o s e d  o f  a  u n iq u e  p r o t e in .  T h e  s u r fa c e  la y e r  d o e s , h o w e v e r ,  

c o n t a in  p r o t e in  o f  a  d i f f e r e n t  a m in o  a c id  c o m p o s i t io n  f r o m  t h a t  p r e s e n t  i n  th e  w h o le  

w a l l .  T h e  a m in o  a c id  c o m p o s i t io n  o f  th e  w h o le  c o n id ia l  w a l l  is  s im i la r  to  t h a t  o f  th e  

h y p h a l  w a l l  o f  Pénicillium notatum ( A p p le g a r t h ,  1 967 ) e x c e p t  f o r  th e  p re s e n c e  o f  v a l in e .  
C o n id i a l  w a l ls  o f  P. chrysogenum a re , h o w e v e r ,  q u it e  d is t in c t ,  s in c e  t y r o s in e ,  p h e n y l

a la n in e ,  m e t h io n in e  a n d  h is t id in e  a r e  a b s e n t  ( R i z z a  &  K o r n f e ld ,  1969 ). F u n g a l  c e l l  

w a l l s  h a v e  f r e q u e n t ly  b e e n  r e p o r t e d  t o  c o n t a in  a  f u l l  c o m p le m e n t  o f  a m in o  a c id s  
( C r o o k  &  J o h n s t o n ,  1 9 6 2 ; S h a h  &  K n ig h t ,  1 9 6 8 ; A r o n s o n  &  F u l l e r ,  1969 ).

T h e  h ig h  t y r o s in e  a n d  m e t h io n in e  c o n t e n t  o f  th e  s u r f a c e  p r o t e in  m a y  b e  s ig n if ic a n t .  

T y r o s in e  is  a  p r e c u r s o r  o f  m e la n in ,  w h ic h  c a n  p r o t e c t  f u n g i  f r o m  e n z y m ic  ly s is  ( K u o  &  

A le x a n d e r ,  1967  ; B u l l ,  1 970 ), w h i le  m e t h io n in e  a s  S - a d e n o s y l  m e th  io n i  ne , a n  im p o r t a n t  

m e t h y l  d o n o r  in  p la n t s  ( M e is t e r ,  1965 ), m a y  d e t o x i f y  in j u r io u s  s u b s ta n c e s . A l t h o u g h  

th e  r o d le t  la y e r  s u p e r f ic ia l ly  re s e m b le s  th e  s u r f a c e  la y e r  o f  Bacillus coagulons s p o re s  

( G o u ld  et al. 1970 ), t h e  t w o  la y e r s  a re  d i f f e r e n t  in  s t r u c tu r e  a n d  c o m p o s i t io n .

W a t e r  r e p e l le n c y  c a n  p r o b a b ly  b e  a t t r ib u t e d  t o  th e  r o d le t  la y e r .  T h e  p o ly p h o s p h a t e



l a y e r  d o e s  n o t  c o n t r ib u t e  m a t e r ia l ly  t o  th e  w a te r - r e p e l le n t  p r o p e r t ie s  o f  th e  s p o re s  

s in c e  c o n id ia  g r o w n  o n  lo w - p h o s p h a te  m e d ia  l a c k  p o ly p h o s p h a t e  a n d  a r e  s t i l l  w a t e r -  
r e p e l le n t .

T h e  P é n ic i l l iu m  s p o r e  s u r f a c e  h a s  p r e v io u s ly  b e e n  s h o w n  t o  b e  l ip id - f r e e  ( F is h e r  &  

R ic h m o n d ,  1 9 6 9 );  th e  p r e s e n t  w o r k  h a s  n o t  f o u n d  a n y  o th e r  s u b s ta n c e s  w h ic h  c o u ld  

b e  r e s p o n s ib le  f o r  w a te r - r e p e l le n c y .  T h e  p h y s ic a l  c o n f o r m a t io n  o f  th e  s u r fa c e  m a y  
i t s e l f  b e  s u f f ic ie n t  t o  p r e v e n t  w e t t in g .

W e  w o u ld  l i k e  t o  t h a n k  D r  P .  J .  H o l l o w a y  f o r  th e  g a s - l i q u id  c h r o m a t o g r a p h y  a n d  

D r  M .  J .  A .  T a n n e r  o f  t h e  B io c h e m is t r y  D e p a r t m e n t ,  U n iv e r s i t y  o f  B r i s t o l ,  f o r  th e  

a m in o  a c id  a n a ly s e s ;  a ls o  D r  G .  W .  G o u ld  a n d  M r  E .  A .  B a k e r  f o r  k i n d l y  le t t in g  u s  

see  t h e i r  p a p e r s  p r i o r  t o  p u b l i c a t io n .  W e  a r e  in d e b te d  t o  M r  T .  T h o m a s  f o r  v a lu a b le  
t e c h n ic a l  a s s is ta n c e .
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S U M M A R Y

Cultures of a plus and a minus strain of Blakeslea trispora, grown either 
separately or together in light, accumulated only 40 % of the ^-carotene of 
corresponding cultures grown in darkness. The trisporic acids which accumu
lated in culture media of plus and minus strains grown together in light 
differed in their extinction spectra from the trisporic acids in the medium of 
cultures grown in darkness. Exposure of a trisporic acid extract from dark- 
grown cultures to light altered its extinction spectrum and decreased its 
carotenogenic activity. Only the ultraviolet portion of the spectrum of the 
lamps employed brought about this change in the extinction spectrum of 
the trisporic acid extract. The visible portion of the spectrum, however, was 
able to depress /2-carotene accumulation in cultures without bringing about 
a change in the extinction spectrum of the trisporic acids produced. It seems 
likely that the formation of trisporic acids with altered extinction spectra is 
not responsible for the decrease in the accumulation of /2-carotene.

I N T R O D U C T I O N

Blakeslea trispora Thaxter, a zygomycete, order Mucorales, is heterothallic. Plus (+ ) 
and minus (—) strains grown separately synthesize small amounts of /2-carotene. Plus 
and minus strains grown together ( + / —) reproduce sexually, synthesize more /?- 
carotene than separate + and -  strains (Ciegler, 1 9 6 5 ; Plempel, 1 9 6 5 ; Sutter & 
Rafelson, 19 6 8) and produce a family of acidic compounds termed /2-factor or trisporic 
acids (Prieto, Spalla, Bianchi & Biffi, 1 9 6 4 ; Sebek & Jager, 1 9 6 4 ; Caglioti et al. 19 6 6). 
Trisporic acids enhance /2-carotene production when added to cultures of the — strain 
(Prieto et al. 1 9 6 4 ; Sebek & Jager, 1 9 6 4 ; Thomas, Harris, Kirk & Goodwin, 1 9 6 7 ; 
Sutter & Rafelson, 1 9 6 8 ; van den Ende, 19 6 8) and are postulated to be sex hormones 
in B. trispora (van den Ende, 1 9 6 8 ; Austin, Bu’Lock & Gooday, 1 9 6 9 ; Reschke, 1 9 6 9 ; 
van den Ende, Wiechmann, Reyngoud & Hendricks, 19 70). This report is on the 
effect of light on /2-carotene accumulation in + , —, and + / — cultures and on the 
trisporic acids produced by + / — cultures.

M E T H O D S

Strains. Plus and minus strains of Blakeslea trispora (USDA, Northern Regional 
Research Laboratories, no. 9 2 16  and 9 1 5 9 , respectively) were obtained from Dr George 
Scherr of Colab Laboratories, Chicago Heights, Illinois.

Medium and culture methods. Maintenance of cultures and culture techniques have 
been described elsewhere (Sutter & Rafelson, 1968). Cultures were grown in 500 ml.
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Erlenmeyer flasks containing 15 0  ml. of medium composed of (%, w/v): potato 
extract, 1 -2 5 ; glucose, 2 -0 ; thiamine hydrochloride, 0 -0002. Cotton plugs were used 
on culture flasks. Incubation was at 250  rev./min. on an inch stroke Gyrotory-Incubator 
Shaker Model G-25 (New Brunswick Scientific Co. Inc., New Jersey) at 2 8°. Cultures 
grown in darkness were in flasks wrapped with three layers of aluminium foil, which 
was also placed around the tops of flasks of cultures grown in light.

Light sources and illumination procedures. Cool white, white, red and blue fluorescent 
(F 15 T8-CW, F40W, F40R, F40B, respectively) and red incandescent (40 W) lamps 
were made by Sylvania (Salem, Massachusetts) and black fluorescent (F40T 12 -BFB) 
and sun (2 7 5  W) lamps by General Electric (Schenectady, New York). Fight sources 
were switched on 5 min. before experiments. The spectral distribution of radiation 
between 380 and 110 0  nm. from light sources was measured with an ISCO (Instrumenta
tion Specialties Company, Lincoln, Nebraska) Spectroradiometer Model SR. The 
instrument was calibrated with an ISCO Spectroradiometer Calibrator Model SRC 
with a lamp calibrated against a National Bureau of Standards lamp. The direct 
readout of the instrument was converted to intensity (//W/cm.2) by the appropriate 
correction factor. Intensity was plotted against wavelength to give a curve of spectral 
intensity. The intensity of radiation between given wavelengths was obtained by 
comparing the area under the corresponding portion of the spectral distribution curve 
with the total area beneath the curve.

Experiments on the effect of light on trisporic acid extracts were performed at 2 8° 
in 18 mm. x 15 0  mm. test-tubes which were capped with parafilm and contained 5 ml. 
of extract. Dark controls were wrapped in five layers of aluminium foil. In experiments 
with filters, a fan circulated air between the light source and filter to prevent destruction 
of the filter.

Extraction and analytical methods. The extraction and analysis of /i-carotene and 
trisporic acids have been described elsewhere (Sutter & Rafelson, 19 6 8). In preparing 
tris buffer extracts of trisporic acids, the chloroform extracts of culture filtrates adjusted 
to pH 2 were flash evaporated at 2 8°. The residue, which contained trisporic acids, 
was dissolved in o-i M-tris-H2S04 (pH 7 -5) and stored at — 20°. The relative 
concentration of trisporic acids in tris buffer extracts was expressed as the total 
extinction at 328 nm. (i.e. the ES28 reading times the dilution factor). The relative 
concentration of trisporic acids in + / — culture filtrates was expressed as the net 
extinction at 325 nm. (i.e. the E32b of the + / — culture filtrates less the E32b of the 
— culture filtrates). Extinction spectra were measured with a Hitachi Double Beam 
Spectrophotometer Model 12 4  and Recorder Model 16 5  (Coleman Instruments, 
Maywood, Illinois). All operations involving potentially light-labile compounds were 
performed under red fluorescent lamps. All experiments were performed at least 
three times.

R E S U L T S

Effect of light on fi-carotene accumulation. The effect of continuous illumination by 
white fluorescent lamps upon growth, /^-carotene accumulation and trisporic acids in 
Blakeslea trispora is shown in Table 1 . The dry weights of + , -  , and + / — cultures 
grown in light differed little from comparable cultures grown in darkness. However, 
+ , - ,  and + / -  cultures grown in light accumulated only 4 0 % of the /^-carotene of 
comparable cultures grown in darkness. This observation suggests a similar mechanism



might be responsible for decreased //-carotene accumulation in both single and com
bined cultures. Choanephora cucurbitarum (Chu & Lilly, i960) and Blastocladiella 
emersoni (Cantino & Horenstein, 19 5 6) also accumulate less carotene when grown in 
light than in darkness. In contrast, most carotenoid-producing micro-organisms such 
as Fusarium aquaeductuum (Rau, Feuser & Rau-Hund, 19 6 7), Mycobacterium species 
(Howes & Batra, 19 70), Neurospora crassa (Harding, Huang & Mitchell, 19 6 9), and 
Phycornyces blakesleeanus (Lilly, Barnett & Krause, 1 9 5 7) accumulate more carotenoids 
when grown in light than in darkness.
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Table 1 . Effect of light on growth, p-carotene and trisporic acid production 
by cultures of Blakeslea trispora

T r is p o ric  acids

C o n d itio n s S trains G ro w th f //-C a ro te n e  f
C u ltu re
filtrates§

T r is  buffer 
extractsll

D a rkn ess + 753 381 — —
- 821 303 — —

+  / - 795 2550 0 7 1 2-62

L ig h t* + 851 16 1 (42 % ) — —
— 916 107 (35 % ) — —

+  / - 783 1000 (39 % ) 0-41 1*14

* C o n tin u o u s illu m in a tio n  by co ol-w hite  fluorescent lam ps. In ten sity, 4 13  ^ W /c m .2; wavelengths, 
380 to 725 nm .

t  D r y  weight o f m yce liu m  (m g.) after 5 -2 days growth.
% ¡i%. /3-Caro tene/g . dried m yceliu m . Y ie ld s  in  lig ht are also expressed as a percentage o f 

corresponding y ie lds in  darkness.
§ N e t extinction at 325 nm . o f culture filtrate d iluted 20 -fo ld  w ith tris buffer.
|| E x tin c tio n  at 328 n m ./e xtin ctio n  at 258 nm .

Effect o f light on trisporic acids accumulation. Plus/minus cultures grown in darkness 
appeared to accumulate twice as much trisporic acid as cultures grown under fluores
cent lamps, as judged by the extinction at 3 2 5  nm. of their culture filtrates. However, 
when the spectra of tris buffer extracts of trisporic acids were examined, it was found 
that the trisporic acids from cultures grown under white fluorescent lamps had a 
spectrum different from that of the trisporic acids from cultures grown in darkness 
(Fig. 1). The ratio of extinction at 328 nm. to extinction at 258 nm. (E32slE25i) of 
trisporic acid extracts from cultures grown in light was 1-14  instead of 2 -6 2 , the value 
with extracts from dark-grown cultures. The extinction at 328 nm. was decreased, the 
328 nm. peak was shifted to 303 nm., and the extinction at 258 and 234  nm. was 
increased.

Ultraviolet irradiation of extracted trisporic acids. Light has been shown to alter the 
extinction spectrum of extracts of trisporic acids (Caglioti et al. 1 9 6 6 ; van den Ende, 
19 6 7). Van den Ende (19 6 7) observed that the alteration was accompanied by decreased 
sex hormone activity. To test if light also decreased carotenogenic activity, 8 ml. 
samples of filter-sterilized tris buffer extracts of trisporic acid (E328 = 438) were placed 
36 in. from a sun lamp (which emits mainly u.v. radiation) for various times (o to 
300 min.) to obtain extracts with a series of different E32SIE25S ratios from 2-74  to 1 -3 0 . 
Three ml. of each extract were added to each of two 26  h. -  cultures in 70 ml. medium 
in 250 ml. flasks. Cultures were incubated for 4  days and the amounts of /’/-carotene 
determined. The production of //-carotene decreased linearly with the £ 328/£258 ratio
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of added trisporic acid (Fig. 2). In another experiment with trisporic acid extracts 
with ÆW-Êms ratios ranging from 2-5 to o-8, /^-carotene production also decreased 
linearly. Thus loss of carotenogenic activity accompanied the changes in the spectrum 
of irradiated trisporic acids. It was also shown that the rate at which the extinction 
spectrum was altered was dependent upon the concentration of trisporic acids, light 
intensity and the type of light-source employed.

2l8

2g/ 1'±~& ratio
of added trisporic acid extracts 

F ig .  2

F ig . 1 . E x tin c tio n  spectra o f tris buffer extracts o f culture filtrates from  5 -2  d ay + / — cultures 
grow n in  the presence (dotted) and absence (so lid  line) o f co ol-w h ite  fluorescent lig ht 
(intensity, 4 13  /¿W /c m .2; w avelength, 380 to 725  nm .). P o rtio ns o f tris  buffer extract (7 m l.) 
were d iluted 200-fold  fo r m easurem ents.

F ig .  2. Effect of near u .v . ra d ia tio n  upon carotenogenic properties of trisp o ric  acids. T r is p o ric  
acid  extracts (£328 =  438) were exposed to a sun la m p  fo r 0 to 300 m in . to obtain  acids w ith 
different E 3isIE 25a ratios p r io r to their a d d itio n  to — cultures.

Effect of visible radiation on trisporic acids and carotene. Since trisporic acids absorb 
only in the u.v. region of the spectrum, lamps not emitting u.v. radiation should not 
affect the extinction spectrum of trisporic acids. This was confirmed as no detectable 
changes occurred in the spectrum of extracts (E-iw = 1 -2) exposed to red fluorescent 
(1 0 7  /tW/cm.2; 5 7 5  to 850 nm.) or red incandescent (533  /xW/'cm.2; 5 7 5  to rioo nm.) 
lamps for 48 h. although extracts exposed to black fluorescent or sun lamps (both 
of which emit large amounts of u.v. radiation) exhibited rapid changes in extinction 
spectra. To test whether u.v. radiation alone was responsible for altering the spectrum 
of extracts, samples were exposed for 4 I1. to light from one blue and two white 
fluorescent lamps which had been passed through filters to eliminate u.v. radiation. 
No detectable changes occurred in the spectrum of extracts when filters excluded 
radiation below either 4 7 5  or 400 nm. although extensive alteration occurred in controls 
not protected by filters (Table 2). Separate experiments showed that slight changes 
occurred in the spectrum of extracts exposed for 24  h. to light from which u.v. radiation



was excluded by a filter of Mylar W (DuPont, Delaware). This can be accounted for 
as Mylar W transmits and trisporic acids absorb slight amounts of radiation at 400 nm.

To determine if the decreased accumulation of ̂ -carotene in + / — cultures grown 
under white fluorescent lamps resulted from alteration of trisporic acids or whether 
the two events occurred independently, + , - ,  and + / -  cultures were grown in 
darkness and in light from which u.v. radiation was excluded by Mylar W. All the 
illuminated cultures accumulated less than half the /^-carotene of comparable cultures 
in darkness (Table 3), a result similar to that obtained in experiments in which cultures 
were grown in light from which u.v. radiation was not excluded (Table 1 ). The trisporic 
acid extracts from both light-grown and dark-grown + / — cultures, however, exhibited

Table 2 . Effect upon trisporic acids of light o f various wavelengths and intensities
T r is p o ric  acids§

Illu m in a t io n f  ¿ 328/ £ 258
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A  f  -------------------------------- X

F ilte rs In ten sity  { W avelength L ig h t D a rkn e ss

N o n e 150 380 to 725 nm . 1-25 2-6 1
K a p to n  10 0 H * 75 475 to 725 nm . 2'6i 2-6i
M y la r  W * 148 400 to 725 nm . 2-6i 2-60

* N a m es are registered tradem arks o f D u P o n t. T w o  sheets o f filter were placed between two sheets 
o f w indow  glass over a  b la c k  box co ntain ing  the sam ples o f trisp o ric  acid , 

t  T w o  w hite and one blue fluorescent lights. Ex p o su re  tim e 4 h. 
t  In ten sity  in  / iW /c m .2.
§ E328 — I '2.

Table 3 . Effects upon Blakeslea trispora of light from which u.v. radiation 
was excluded by Mylar W

T r is p o ric  acids

C o n d itio n s S trains G ro w th f /d -C arotenet
C u ltu re
filtrates§

T r is  buffer 
extractsll

D a rkn e ss + 823 329 — —
- 860 3 2 1 — —

+  / - 774 3095 0-63 2-65

Lig h t* + 843 237 — —
— 975 1 14 — —

+  / - 816 1350 0 6 1 2-35

* C o n tin u o u s illu m in a tio n  b y cool-w hite fluorescent lam ps. In ten sity, 2 9 0 /tW /c m .2; wavelengths, 
400 to 725  nm .

f  D r y  w eight o f m yce liu m  (m g.) after 5-3 days growth.
Î  ¡ig. A C a ro te n e /g . dried  m ycelium .
§ N e t extinction at 325 nm . o f culture filtrate d iluted 20 -fo ld  w ith tris  buffer.
|| E x tin c tio n  at 328 n m ./extin ctio n  at 258 nm .

similar extinction spectra. Thus less /(-carotene accumulated in + / — cultures grown 
in light from which u.v. radiation was excluded even though the nature and amounts 
of trisporic acids was unchanged by illumination. Therefore, the accumulation of less 
/(-carotene and the alteration of the extinction spectrum of trisporic acids in + / — 
cultures grown under white fluorescent lamps are independent events even though the 
change in extinction spectrum of extracted trisporic acids is accompanied by a reduced 
carotenogenic activity.
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Possible relationship between trisporic acids and [1-carotene accumulation. Trisporic 

acids are synthesized by — cultures (Sutter, 1 9 7 0 ; van den Ende etal. 19 7 0 ) and can 
stimulate carotenogenesis in — cultures. Since the latter reaction is inhibited by 
actidione (Thomas et al. 19 6 7) and since labelled trisporic acids are not incorporated 
into //-carotene (Sebek & Jager, 19 6 4), trisporic acids presumably act by inducing 
de novo synthesis o f rate-limiting enzymes in the carotenoid pathway. It seems likely 
tha t in +  / — cultures grown in light the trisporic acids synthesized by minus cultures 
induce carotenogenesis before being released into the medium where their extinction 
spectra are altered with a concom itant loss of biological activity. A  rem ote possibility 
does exist tha t trisporic acids in the mycelium might be acted upon by visible light via 
an endogenous photosensitizer such as riboflavin prior to  the induction step, thereby 
reducing carotene synthesis in + / — cultures. However, the percentage decrease in 
accumulation of //-carotene in all light-grown as com pared with dark-grown cultures 
( + ,  —, +  / —) is very similar. This strongly suggests that the same mechanism, such as 
increased destruction o f //-carotene, is operative in all light-grown cultures.
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S U M M A R Y

D N A  breakdown was detected 3 to  4 min. after addition of colicin E2 to  
sensitive cells; inhibition o f cell division followed 5 to  10 min. later, but 
inhibition o f D N A  synthesis was observed only after several more minutes. 
A dsorption o f E2, which takes place even at 40, led to  the form ation o f a 
specific surface complex (I). Complex I did not prom ote D N A  breakdown.
W e suggest tha t the transition from  this complex to  a  surface complex (II) 
which prom oted D N A  breakdown depended upon several factors which 
include tem perature, concentration of E 2, specific membrane proteins and, 
under certain conditions, high concentrations of extracellular K H 2P 0 4.
The form ation of complex II did no t depend on concomitan t D N A  or protein 
synthesis. The continued prom otion o f  D N A  breakdown by complex II and 
its associated nuclease was blocked by inhibition o f energy metabolism. In 
addition, the removal o f E 2  from  the cell surface by trypsin treatm ent during 
the early stages o f the process greatly decreased the rate of D N A  breakdown. 
E2-induced D N A  breakdown, which appears to  commence from  a limited 
num ber o f chrom osom al sites, proceeded normally in UVr~, RecB- , RecC~, 
Hsr~, H ss- , PolA -  and in several tsD N A  replication mutants.

I N T R O D U C T I O N

Colicins appear to  act by inducing physicochemical changes in the membrane, which 
prom ote specific intracellular changes in the sensitive cell. Evidence has been presented 
tha t: (1) Colicin E2 adsorbs to, bu t does not penetrate, the surface layer o f sensitive 
bacteria (M aeda & N om ura, 1966); (2) E2 does no t induce detectable changes in the 
permeability o f the mem brane (N om ura, 1964); (3) bacteria may be rescued from  the 
lethal effects o f E 2 for several minutes after adsorption, by digestion of the extracellular 
colicin with trypsin (Reynolds & Reeves, 1963; M aeda & N om ura, 1966); (4) m utants 
which still adsorb E 2  bu t rem ain insensitive to  its presence appear to  have altered 
membranes (H olland et al. 1970; Samson & H olland, 1970).

To explain the mode o f action o f colicin, N om ura (1964) proposed tha t specific 
transmission systems m ust exist in the mem brane which connect the extracellular 
colicin to  its intracellular target. Such a transmission system or pathway should there
fore have specific and identifiable intermediates between the initial colicin-surface 
complex and the final modified cell component. Since a prim ary effect o f E 2  action is 
rapid degradation o f D N A  (N om ura, 1963; Holland, 1968), we assumed for the
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purposes of this investigation tha t a final product in  the E2 pathway is a specific 
D N A -nuclease complex which prom otes rapid degradation o f D N A . W e further 
assumed tha t the release o f soluble breakdown products o f D N A  provides a reasonable 
measure of form ation of this complex.

In  this study, attem pts have been m ade to  establish more clearly the presence of 
interm ediate steps in  colicin E2 action and to  determine the nature o f the processes 
which affect their form ation. The mechanism o f D N A  breakdow n itself appears to  
proceed via a specific mechanism unrelated to  degradative systems involved in known 
repair or recom bination processes.
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M E T H O D S

Strains. Salmonella typhimurium LT2 strain 906, a  colicinogenic strain carrying the 
E 2  (P9) factor, was the source of colicin E 2  (Holland, 1968). Escherichia coli K12 
laboratory strain 206 (H fr thy~ his-  A- ) was used as the colicin-sensitive strain. The 
bacteria were norm ally grown in Difco nutrient b ro th  supplemented with appropriate 
am ounts of thymine.

Colicin E 2 . Colicin was used as a crude sterile lysate prepared from  a mitomycin C 
induced culture o f strain 906 as described previously (Hill & Holland, 1967). This 
m aterial contained no antibacterial activity in addition to  E 2  (Hill & Holland, 1967) 
and behaved in  all respects like highly purified preparations o f E 2  (Holland, 1968). 
F o r the assay of colicin, serial dilutions of the E 2  preparations were spotted on nutrient 
b ro th  agar plates previously seeded w ith strain 206. After 14 h. a t 370 the highest 
dilution giving the minimal inhibition o f growth was determined and the reciprocal 
o f this dilution taken as the colicin titre. Preparations usually contained 2 x io 5 
arbitrary units o f colicin E2/'ml. and were stable for several m onths a t 4°. Concentra
tions of 0-2 to  0-4 units o f E 2 /m l./io8 bacteria normally killed 50%  a t 370.

Bacterial counts. F o r to tal bacterial counts, 0-05 ml. culture samples were diluted 
into non-pyrogenic N-saline (Polyfusor, Boots Pure D rug Co. Ltd, N ottingham ) and 
counted in duplicate in a model F  Coulter counter a t densities around 2 x i o 4 
bacteria/ml.

Determination of DNA breakdown in treated cultures. Strain 206 was aerated in 
nutrient b ro th + 2 -5  /tg. thymine/ml., until it reached 5 x io 7 bacteria/ml. The culture 
was diluted tenfold into the same medium containing 40 //.Ci methyl-[3H]thymine 
(21-8 Ci/mmole)/ml.; incubation was continued for four to  five generations to  about 
2 x io8 bacteria/ml. The culture was washed twice in nutrient b ro th + 2 5  or 100/ig. cold 
thymine/ml. and finally suspended in  this medium a t about 2 x io 7 bacteria/m l. The 
labelled culture was then incubated a t 370 for 10 min., colicin E 2  was added and 
samples (0-2 ml.) were removed at intervals, mixed with 0-2 ml. ice-cold 10 % tri
chloroacetic acid. After standing 60 min, on ice, the samples were analysed for cold 
and ho t acid-soluble radioactivity as described by How ard-Flanders & Theriot (1966). 
Radioactive samples were counted with a  Packard Tri-Carb scintillation counter.

Measurement o f DNA synthesis. Incorporation of [3H]thymine into acid-precipitable 
m aterial was used as a measure of D N A  synthesis in treated cultures as described 
previously (Holland, 1968).

Materials. M itomycin C, trypsin (type III, twice crystallized) and trypsin inhibitor 
(Soybean, type i-S, twice crystallized) were obtained from  the Sigma Chemical Com 
pany. Nalidixic acid was a gift from  Bayer Products, Surbiton-upon-Thames, Surrey.
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R E S U L T S

Kinetics of DNA breakdown and inhibition of cell division induced by colicin E 2  

Previous studies indicated tha t colicin E 2 causes inhibition of cell division in addition 
to  induction o f rapid D N A  breakdow n (Holland, 1968). To determine which was 
the prim ary eifect, the kinetics of the appearance o f these two consequences of 
colicin action were m easured in cultures o f Escherichia coli strain 206 prelabelled 
with [8H]thymine and exposed to  different concentrations o f colicin E2. In  other 
experiments the effect o f E 2  on division and D N A  synthesis were measured simul
taneously. Fig. 1 presents a  composite figure o f some typical results. The colicin

colicin  E 2 (m in.) co licin  E 2 (m in.)

F ig . 1 F ig . 2

F ig . 1. K in e tics  o f  co lic in  E 2 -in d u ced  D N A  b reak d o w n  a n d  in h ib itio n  o f  b ac te ria l d iv ision  
a n d  D N A  synthesis. [3H ]T hym ine-labelled  b a c te r ia  o f  E sch er ich ia  c o li  s tra in  206 w ere 
susp en d ed  in  b ro th  +  io o  /eg. co ld  thym ine/m l. a t  3 X 1 0 7 b ac te ria /m l. a n d  tre a te d  w ith  
co lic in  E 2  (0-5 u n its /1 0 7 b ac te ria )  a t  tim e  zero . I n  a  p a ra lle l un lab e lled  cu ltu re  [3H ]thym ine 
(o-2/iC i//tg . th ym ine) a n d  E 2  w ere ad d e d  a t  zero  tim e  a n d  sam ples w ere rem o v ed  a t  in tervals. 
S o lid  lines d en o te  u n tre a te d  c o n tro ls , b ro k e n  lines d en o te  co lic in -trea ted  c u ltu re s ; O , co ld  
ac id -so lub le  [3H ]th y m in e ; 3 , cell c o u n t; • ,  co ld  ac id -p rec ip itab le  [3H ] in co rp o ra tio n .

F ig . 2. E ffect o f  colic in  E 2  c o n c e n tra tio n  o n  ra te  o f  D N A  b reak d o w n  in  g row ing  cu ltu res. 
E x p o n en tia l cu ltu res (3 x  i o 7 b ac te ria /m l.)  o f  E sch er ich ia  c o li  s tra in  206 in  n u tr ie n t 
b ro th  p rev iously  labelled  w ith  [sH ]th y m in e  w ere tre a te d  w ith  d ifferen t co n cen tra tio n s  o f  E  2 
a t  tim e  zero . T h e  release o f  so lub le  [3H ]th y m in e  w as th e n  d e te rm in ed  a t  in tervals. F igu res 
ag a in s t th e  cu rves a re  th e  E 2  c o n c e n tra tio n s /io 7 b a c te r ia ; O , u n tre a te d  co n tro l.

concentration used in Fig. 1 (0-5 units/107 bacteria/ml.) was normally sufficient to  kill 
99 % of the bacteria; D N A  breakdown was first detected a t 20 min. whilst the increase 
in bacterial num ber continued a t the norm al rate until m inute 30. Thereafter total 
biomass (turbidity) increased a t the norm al rate for a t least 25 min. and the bacteria 
became filamentous. D N A  synthesis also continued at the norm al rate for at least
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50 min. after adding E2. Similar experiments were carried out with several different 
concentrations of E 2  and, although the time of onset o f D N A  breakdown varied (see 
also Fig. 2), the result was always the same: D N A  degradation began 5 to  10 min. 
before inhibition o f division was observed. Thus inhibition of bacterial division did 
not appear to be a prim ary effect o f colicin E 2 action nor did it result from  inhibition 
of D N A  synthesis. The effect o f E 2  upon the division machinery therefore remains 
obscure.

Factors affecting initiation of DNA breakdown by E 2  

Effect of E2 concentration on DNA breakdown in growing bacteria. A striking effect 
of colicin E 2 action observed in these studies was th a t the time of commencement of 
D N A  breakdow n in exponentially growing cultures depended on the am ount o f E2 
added. A  similar effect was observed by N om ura (1964). Labelled cultures of
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F ig . 3. E ffect o f  co lic in  E 2  on  g row th  a n d  d iv ision  o f  exponen tia lly  grow ing  cu ltu res o f  
E sch er ich ia  c o ti s tra in  206 in  n u tr ie n t b ro th  tre a te d  w ith  E 2  a t  tim e zero . F igu res ag a in s t th e  
curves a re  th e  colic in  c o n cen tra tio n s  ad d e d /1 0 7 b a c te ria ; (a) ex tin c tio n  (E ) ra te  changes, 
(6) to ta l b ac te ria l co u n ts .

Escherichia coli strain 206 growing exponentially in nutrient broth were treated with 
various concentrations of E 2  and the kinetics o f D N A  breakdown measured. Fig. 2 
shows that, over a ioo-fold range o f E 2  concentration, D N A  breakdown was detected 
as early as 4 min. or as late as 50 min. (equivalent to  1-5 generations). Similar results 
were obtained even when adsorption o f E 2  was done a t 40 and the bacteria washed to  
remove excess E 2  before raising the tem perature to  370. M easurem ent o f the survival



kinetics of bacteria treated with various E 2  concentrations also showed tha t the 
delayed induction o f D N A  breakdown by small am ounts o f E 2  was no t due to  slow 
adsorption o f the colicin. W hen the effect o f E 2 upon bacterial division was m easured 
a t different colicin concentrations, similar results to  those on the induction o f D N A  
breakdown were obtained. Addition o f E 2  was followed by norm al increases in 
bacterial num ber until, abruptly, the rate o f increase changed a t a time determined in 
some way by the am ount o f E 2  present (Fig. 3).
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Table 1. Effect o f colicin E2 multiplicity on induction of DNA breakdown
E xp o n en tia l b ro th  cu ltu re s  o f  E sch er ich ia  c o li s tra in  206 (3 x  io 7 b ac te ria /m l.)  trea ted  
a t  tim e zero  w ith  co lic in  E 2  a t  370 a s  in  F ig . 2. R a te s  o f  D N A  b reak d o w n  ca lcu la ted  fro m  
th e  slopes o f  th e  curves sh o w n  in  F ig . 2.

E  2 c o n c e n tra tio n  D N A  b reak d o w n
t "t ( \

E stim a ted  no . B acterial R a te  %  sol.
U n its /1 o7 m olecu les/ surv ival T im e o f  onse t P H fthym ine
b ac te ria b ac te riu m (a fte r  60 m in .) (m in .) re leased /m in .

0-025 25 53 % 45 0-16
0-05 50 2 3 % 40 0-21
o-i 100 1 6 % 20 o -37
0-25 250 o -4 % 10 0-42
o -5 500 o -i % 10 0-62
5 5,000 o -o i% 5 0-86

50 50,000 o-ooi % 4 1-23

This effect o f concentration o f colicin E2 on the pattern  o f D N A  breakdown in 
sensitive bacteria was investigated in m any experiments, and the relationship between 
E 2 concentration, the tim ing o f D N A  breakdow n and the subsequent rate of this 
process is examined in Table 1, which also shows the bactericidal effect o f E 2  and 
presents each colicin concentration as the num ber o f E 2  molecules/cell. This can be 
estimated since the molecular weight of E 2 is known (Herschman & Helinski, 1967) 
and the specific activity o f purified E 2  (1000 units//<g. protein) was determined previ
ously (Holland, 1968). On the basis of these calculations, the maximum num ber of E2 
molecules adsorbed/organism  was 2000, which is in good agreement with the figure 
of 2000 to  3000 E 2  receptors calculated by M aeda & N om ura (1966). The results in 
Table 1 show tha t when sufficient E 2  was added to  saturate all receptors there was a 
minimum delay of 4 min. before breakdown was detected. A t E 2  concentrations 
sufficient to  kill only 47 % of the bacteria, less than  5 % o f the receptors should be 
occupied, and in this case breakdow n was only detected a t 40 min. These results 
indicate that, with exponentially growing bacteria, very few of the initial receptor 
colicin complexes prom oted a lethal interaction between colicin and membrane. A t 
high E 2 concentrations, at least one lethal hit was quickly attained but a t subsaturation 
concentrations growth and division appeared to  be needed before a lethal hit, as 
expressed by the induction o f D N A  breakdown, took place. The data in Table 1 also 
show that, in contrast to  its effect upon  the timing o f breakdown, increasing the con
centration o f E 2  did not greatly influence the rate o f D N A  breakdown. A lthough E2, 
when added in excess, stimulated higher rates o f breakdown, at subsaturation con
centrations the rate of degradation was virtually independent of the E 2  concentration, 
particularly when the fraction o f bacteria killed by the colicin is taken into account.
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These results do not rule out the possibility tha t D N A  breakdown was initiated by the 
co-operative effect, upon the membrane, o f many colicin molecules, i.e. a m ultihit 
mechanism. Since, however, there is evidence tha t the killing action of colicin is a 
single-hit process (Jacob, Siminovitch & W ollman, 1952; N om ura, 1963; Shannon & 
Hedges, 1967), we favour the alternative interpretation tha t D N A  degradation is 
initiated by an all or none process, and that in growing cultures the main effect of 
increasing the E2 concentration was to  increase the probability of an early single hit 
which then initiated D N A  breakdown (or inhibition of division) a t the maximum rate.

F ig . 4. E ffect o f  ch lo ram p h en ico l a n d  nalid ix ic  ac id  o n  co lic in  E 2  ac tion . C u ltu res o f 
E sch er ich ia  c o li  s tra in  206 g row ing  exponen tia lly  in  n u tr ie n t b ro th  w ere labelled  w ith  
[3H ]thym ine . (a) C h lo ram p h en ico l (2 0 0 /tg ./m l.)  w as ad d ed  to  cu ltu res (b ro k en  lines) 
a t —10 m in .;  co lic in  E 2  w as ad d e d  to  all cu ltu res a t  tim e zero  a n d  release o f  co ld  acid- 
so lub le  [3H ]th y m in e  d e te rm in ed  a t  in tervals. C olicin  E 2  c o n c e n tra tio n /io 7 b ac te ria  is 
in d ica ted  fo r  each  curve , (c) N a lid ix ic  acid  (N A L ) (20 /ig ./m l.) w as ad d e d  to  cu ltu re s a t 
— 2 m in . fo llow ed  b y  E 2  a t  tim e zero , (d )  C u ltu res first tre a te d  w ith  N A L  (20/<g./m l.) fo r 
30 m in .; N A L  w as th en  rem o v ed  by  cen tr ifu g a tio n , cu ltu res resuspended  in  n u tr ie n t b ro th  
a n d  E 2, 2 a n d  o-l u n i ts / io ’ b ac te ria , a d d ed  a t  tim e  zero . T h e  co n tro l received no  colicin .
(i>) C u ltu res tre a te d  w ith  E 2  a lone  (co n tro ls  fo r  th e  N A L  trea tm en ts).

Effect of inhibition of DNA and protein synthesis upon E2-induced DNA breakdown. 
Energy is required for the conversion of the initial colicin E 2-cell complex in to  a 
state from  which viable bacteria can no longer be recovered by trypsin action (Reynolds 
& Reeves, 1969). N om ura & M aeda (1965) have shown tha t no D N A  breakdow n takes 
place in bacteria treated with E 2  in the presence of 2,4-dinitrophenol. In  addition, the 
results described in the previous section indicate that, particularly at low concentrations 
o f E2, some growth was required to  initiate D N A  breakdown. The question whether

0
0 20 40 60 80 0 20 40 60 80 100

T im e after addition o f co lic in  E 2 (m in.)



protein synthesis was needed for the form ation of, for example, a specific colicin- 
surface complex or for the synthesis de novo of a specific D N ase was therefore studied. 
Cultures prelabelled with [3H]thymine were exposed to different concentrations of 
colicin E2 with chloramphenicol (200 //g ./m f). As shown in Fig. 4, neither the length 
of the prebreakdow n lag nor the subsequent rate of breakdown were affected. In a 
few experiments chloramphenicol did produce some decrease in rate of breakdown, 
particularly with low E 2 concentrations, but this effect was not reproducible and may 
have been due to  disturbance in the growth of the bacterial surface induced by chlor
amphenicol (see Rothfield & Pearlman-Kathencz, 1969). Amino acid starvation before 
and during treatm ent with colicin E 2  was also w ithout effect upon the D N A  break
down pattern. These results clearly showed that the prom otion of D N A  breakdown by 
E 2  did not require the synthesis de novo o f a DNase. In addition, these results showed 
that the lag period before the initiation o f D N A  breakdown by low E2 concentrations 
was apparently not associated with the synthesis o f any cellular protein component.

The effect o f inhibition o f D N A  synthesis upon colicin E2 action is also shown in 
Fig. 4. Labelled cultures o f Escherichia coli strain 206 were exposed to  E 2  after 
treatm ent in various ways w ith nalidixic acid (NAL). N A L did no t inhibit D N A  
breakdown induced by high or low E 2 concentrations. Furtherm ore, experiments 
discussed below showed tha t E2-induced D N A  breakdow n proceeded normally a t 420 
in m utants defective in ability to  replicate D N A  a t high tem perature. Prom otion of 
D N A  breakdow n by E  2 could therefore be initiated at any point in the D N A  replication 
cycle and degradation did no t depend upon continued synthesis. Fig. 4 d also shows 
tha t pretreatm ent with N A L  under conditions which prom oted more chromosomal 
replication forks per bacterium (see Pritchard, Barth & Collins, 1969) did not stimulate 
the rate of D N A  breakdown on subsequent addition of colicin E  2. This result suggests 
th a t D N A  breakdow n in E2-treated bacteria is not specifically triggered from  the 
replication point on the chromosome.

Induction of DNA breakdown by E2 in non-growing bacteria. The results described 
above indicated that, particularly at low E 2 concentrations, initiation of D N A  break
down depended on growth or accum ulation o f some cellular component. This inter
pretation predicted that, in  non-growing bacteria (e.g. in buffer suspensions), high 
E 2 concentrations should initiate breakdown more or less normally, but small am ounts 
o f E 2  should initiate breakdown only poorly. Contrary to expectation, as shown in 
Fig. 5, extensive breakdow n o f D N A  was observed with bo th  high and low E 2  con
centrations. In  the latter case the delay in initiation o f breakdown observed in growing 
bacteria was no t found, and soluble [3H]thymine was detected in all cultures within a 
few minutes o f adding E2. D N A  breakdown in buffered suspensions quickly became 
linear in  contrast to  the exponential rates found with growing bacteria. Nevertheless, 
initial rates were usually a t least half those for b ro th  suspensions treated with com 
parable E 2  concentrations. Again, as found with growing bacteria, the rate of D N A  
breakdown in buffer suspension was not very dependent upon the colicin concentration: 
over at least a ioo-fold range of E  2 concentration the rate of D N A  breakdown increased 
at most sixfold.

The long delays in initiation of D N A  breakdown observed in broth  cultures were 
thus due to  some effect unique to  growing bacteria and were no t essential for E2 
action. Possible explanations for the effect o f E 2  multiplicity upon the timing o f 
initiation of D N A  breakdow n will be discussed below.
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Effect of phosphate on initiation of DNA breakdown in buffer suspensions. Bacteria 
in tris +  HCl buffer showed very little D N A  breakdow n in the presence o f colicin E2 
although adsorption and killing by E 2 were normal. Addition o f K H 2P 0 4 to  treated 
bacteria in tr is+ H C l buffer stim ulated D N A  breakdown, and rates com parable to  
those in phosphate buffer were obtained with io~2 M-phosphate. As shown in Fig. 6, 
K H 2As0 4 was quite effective in stimulating breakdown in tris buffer, in contrast to  
N aCl, K C 1 or lower concentrations o f K H 2P0 4. The stim ulation produced by added 
phosphate was usually six- to  eightfold although in a few experiments D N A  breakdow n 
in tris buffer alone was more extensive, and the effective stim ulation by added phosphate 
was only two- to  threefold.
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F ig . 5. In d u c tio n  o f  D N A  b reak d o w n  by  co licin  E 2  in  restin g  b ac te ria . G ro w in g  cu ltu res 
o f  E sch er ich ia  c o li s tra in  206 w ere labelled  in  th e  usu a l w ay, harv ested , w ashed  th ree  
tim es in  0 1  M-tris buffer (p H  7-2) c o n ta in in g  io ~ 2 m -K H 2P 0 4, io -3 M-MgS0 4 a n d  io ~4 m- 
C a C l2 a n d  th e  b ac te ria  finally  resu sp en d ed  to  2X  io 7/m l. in  th e  sam e b u ffe r+ 2 5  /tg . co ld  
thym ine/m l. A fte r  in cu b a tio n  fo r  10 m in . a t  37°, co lic in  E 2 , d ilu ted  in  buffer, w as a d d e d  a t 
tim e  zero . In c u b a tio n  w as c o n tin u ed  a t  370 an d  re lease  o f  labelled  th y m in e  d e te rm in ed  a t 
in tervals. T h e  figures by  th e  curves a re  th e  co lic in  c o n c e n tra tio n s /io 7 bac te ria .

F ig . l6 .\ E ffect o f  an io n s o n  in d u c tio n  o f  D N A  b reak d o w n  b y  colicin  E 2 . Iso to p ica lly  
labelled  cu ltu res o f  E sch er ich ia  c o li  s tra in  206 w ere  w ashed  th ree  tim es in  o -l M-tris buffer 
(p H  7-2) a n d  resu sp en d ed  in  th e  sam e bu ffer c o n ta in in g  25 /ig. thym in e /m l., i o -3 M-M gS0 4, 
io " 1 M -CaCl2. A fte r  sh a k in g  cu ltu res a t  370 fo r  to  m in ., d ifferent sam ples received N aC l, 
K C 1, K H 2A s0 4 (all io _ 2 m ) o r  K H 2P 0 4 ( io -2, io -3 m). C olic in  E 2  ad d e d  to  5 u n i t s / i o 7 
b ac te ria  a t  tim e zero.

In  an attem pt to  determine which particular step in  the E2 pathway was affected, 
the kinetics of inactivation of bacteria treated with E2 in  tris buffer were examined 
and found to  be similar whether phosphate was present or not. Phosphate was not



therefore required for irreversible binding o f colicin E2. Similarly, phosphate was not 
required for the degradative process itself since removal o f phosphate from  the sus
pending medium after the onset o f breakdown did no t affect further degradation 
(Table 2). Several experiments, however, indicated tha t exogenous phosphate was 
required for form ation of the specific colicin-envelope complex which rapidly initiated 
phosphate-independent D N A  breakdown. Table 2 also shows: (1) suspension of 
bacteria in  phosphate buffer did not stimulate D N A  breakdow n when exogenous 
phosphate was removed before addition o f E  2; (2) phosphate starvation of bacteria 
for at least 30 min. before addition of E 2  did no t affect subsequent phosphate stimula
tion o f D N A  breakdow n; (3) after preadsorption o f E2, bacteria showed increased 
D N A  breakdown immediately upon addition o f phosphate; treatm ent o f organisms 
with E 2  in the presence of phosphate a t 40 did no t stimulate subsequent D N A  
breakdown when phosphate was removed before incubation at 370.

Table 2. Effect of phosphate on initiation of DNA breakdown by colicin E2

E x p o n en tia lly  g row ing  cu ltu res o f  E sch er ich ia  c o li  s tra in  206 w ere labelled  w ith  [3H ]thym ine 
a n d  re su sp en d ed  in  o -i M-tris bu ffe r as fo r  F ig . 5. C olic in  E 2  (5 u n i ts / io 7 b ac te ria ) w as 
ad d e d  a n d  a d so rp tio n  co m p le ted  by  10 m in . in c u b a tio n  a t  370 o r  fo r  30 m in . a t 4°. C u ltu res 
w ere th e n  cen trifu g ed , d ep o s it re su sp en d ed  in  th e  sam e buffer a n d  D N A  b reak d o w n  
d e te rm in ed  a t  in tervals. P o ta ss iu m  p h o sp h a te  bu ffer ( io -2 m final co n cen tra tio n ) w as p re sen t 
d u rin g , b e fo re  o r  a f te r  a d so rp tio n  o f  colic in  as ind ica ted .

D N A  break d o w n *
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A d so rp tio n %  total D N A
tem perature Presence o f phosphate released

E x p t. I 37° T h ro u g h o u t 28
D u r in g  adsorption an d  for further 10  m in . 25
A fte r adso rptio n  o nly 25
T e n  m in . before a d d itio n  o f E 2  o nly 8

E x p t. 2 4° T h ro u g h o u t 28
A fte r adsorption o nly 26
D u r in g  adso rptio n  o n ly 6

* T h e  a m o u n t o f  b reak d o w n  sh o w n  is th a t  o b ta in e d  a f te r  90 m in . p o s ta d so rp tio n  in c u b a tio n  a t  
37°. W h en  p h o sp h a te  w as p re sen t th ro u g h o u t, th e  a m o u n t o f  b reak d o w n  o b ta in ed  w as 25 to  40 % 
ov er several exp erim en ts; w ith o u t p h o sp h a te , betw een  3 an d  8 % o f  D N A  w as u sua lly  b ro k e n  dow n 
in  90 m in . a t  370.

In  summary, the above results indicate that, in bacteria suspended in tris buffer, 
the initial colicin-cell complex was only poorly active in initiating D N A  breakdown. 
In  the presence o f exogenous phosphate, a tem perature-dependent process then con
verted the colicin-surface complex into an active form  which prom oted D N A  
breakdown.

Mechanism of DNA breakdown in bacteria treated with colicin E2  

The degradative process requires energy. Since earlier studies showed tha t energy was 
required to  prom ote colicin E2 action, the possibility was examined tha t the D N A  
breakdown process itself might be energy-dependent. As shown in Fig. 7, 2,4-dinitro- 
phenol (D N P) immediately and dramatically decreased the rate o f breakdown by 
treated bacteria. The effect was reversible and upon removal o f D N P, breakdown 
immediately resumed a t the original rate (Fig. 7 b). Fig. 7 a shows tha t D N P  was 
equally effective in suppressing breakdow n when added a t late times. The breakdown
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process itself is therefore inhibited by D N P. Energy metabolism in E2-treated bacteria 
was also inhibited at various times by cyanide (2 x io -3 m) or colicin K  (an uncoupler 
of oxidative phosphorylation; see Levinthal & Levinthal cited by Luria, 1964) and in 
each case the rate o f breakdown was greatly decreased, confirming tha t energy is 
required to  m aintain the colicin-m em brane-D N A  complex in a state propitious for 
breakdown, or alternatively that the E 2-specific nuclease itself is ATP-dependent.
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F ig . 7. E ffect o f  in h ib itio n  o f  energy m etab o lism  u p o n  co lic in  E 2 -in d u ced  D N A  b re a k 
d ow n . (a) E x p o n en tia l c u ltu re s  (2 x i o 7 b ac te ria /m l.)  o f  E sc h e r ic h ia  c o li  s tra in  206 in  
n u tr ie n t b ro th  a t  370 w ere tre a te d  w ith  co lic in  E 2  ( 2 u n i t s / io 7 b ac te ria ) a t  tim e  zero ,
• -------• .  A t th e  in te rv a ls  in d ica ted  b y  th e  cu rves • ------ • ,  2 ,4 -d in itrophenoI (D N P ) (final
c o n c e n tra tio n  2 x io -3 m) w as ad d ed . R e lease  o f  ac id -so lub le  [3H ]th y m in e  w as th e n  m easu red  
as d escribed  in  M e th o d s . (b) S tra in  206 in  n u tr ie n t b ro th  tre a te d  w ith  E  2 (2 u n i ts / io 7 b ac te ria / 
m l.). S ep a ra te  f rac tio n s  w ere tre a te d  w ith  D N P  a t  20 m in . a n d  a t  40 m in .; d u ra tio n  o f  D N P  
tre a tm e n t is in d ica ted  b y  b ro k e n  lines. A t th e  tim es in d ica ted  b y  a rro w s , D N P  w as rem o v ed  
b y  c e n tr ifu g a tio n  a n d  in c u b a tio n  o f  b ac te ria  in  n u tr ie n t b ro th  resu m ed . T h e  c o n tro l cu ltu re  
( O )  w as tre a te d  w ith  D N P  only.

Effect o f trypsin on E2-induced DNA breakdown. N om ura & N akam ura (1962) 
previously showed tha t macromolecule synthesis, completely suppressed by colicin K, 
was quickly resumed after addition o f trypsin. The m embrane alteration induced by 
colicin K  is therefore only m aintained in its presence and reverts to  norm al when it is 
removed. Since a prim ary consequence of colicin E 2  action is the prom otion o f D N A  
breakdown, we determined whether nuclease activity also depended completely 
upon the continued presence of E2. In  the presence o f small am ounts o f E 2  (Fig. 
8 a), addition o f trypsin to  Escherichia coli strain 206 greatly inhibited further 
breakdow n even when added a t 30 m in .; during the early lag period it completely



suppressed D N A  breakdown. This latter effect provides further confirmation that the 
form ation o f an active surface-E2 complex, which prom otes D N A  breakdown, is 
delayed a t low E 2 concentrations. A t saturating concentrations of E2, trypsin was 
m ost effective when added up to  10 min. after initiation of breakdown and, as shown 
in Fig. 8 b, was progressively less effective when added at later times. Phase-contrast
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T im e  after addition o f co lic in  E 2 (m in.)

F ig . 8. E ffect o f  try p sin  o n  co lic in  E 2 -in d u ced  D N A  b reak d o w n . C u ltu res o f  E sch er ich ia  
c o li  s tra in  206 w ere labelled  in  th e  u su a l w ay, w ashed  a n d  su sp en d ed  in  n u tr ie n t b ro th , 
p H y 8  (a , b ) , o r  in  tr is  buffer, p H  7-8 (c, d ) ,  co n ta in in g  io -2 m -K H 2P 0 4, i o ~ 3 M -M gS0 4 
a n d  i o ' 4 M -CaCl2. S olid  lines rep re sen t th e  p rim a ry  cu ltu re s  tre a te d  w ith  co lic in  E 2 , b ro k e n  
lines d en o te  sam ples rem o v ed  f ro m  p r im a ry  cu ltu re  a n d  tre a te d  w ith  try p sin  (1 m g./m l.). 
(a )  N u tr ie n t b ro th  cu ltu re  tre a te d  w ith  colic in  E 2  (0-2 u n its /1 0 7 bac te ria ) a t  ze ro  tim e an d  
try p sin  tre a tm e n t d o n e  a t  th e  tim es ind ica ted . (6) N u tr ie n t b ro th  cu ltu re s tre a te d  w ith  E 2  
(2 u n its /1 0 7 b ac te ria ), (c) B ac te ria  suspen d ed  in  tr is  p h o sp h a te  bu ffer an d  tre a te d  w ith  E 2  
(8 u n its /1 0 7 bac te ria ). (d ) P re a d so rp tio n  o f  E 2  (10 u n its /1 0 7 bac te ria ) fo r  45 m in . a t  4°, 
cu ltu res th e n  cen trifu g ed  a n d  d ep o sit suspen d ed  in  tris  p h o sp h a te  bu ffer befo re  try p sin  
trea tm en t.



microscopy of such cultures showed tha t trypsin was also m ost effective in preventing 
filament form ation when added early.

Three possible explanations of these features o f trypsin inhibition are: ( i)  initiation 
of D N A  breakdown is no t synchronized in all o f the population, and trypsin only 
affects those bacteria in which E  2-induction of D N A  breakdown is no t yet established;
(2) colicin E 2  becomes, with time, increasingly inaccessible to  the trypsin molecule;
(3) the specificity of the degradative process is progressively lost as breakdown becomes 
extensive.
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In cubation  tim e (m in.)

F ig . 9 . M ito m y cin  C  an d  colicin  E 2 -in d u ced  D N A  b reak d o w n  in  R ec  an d  U v r  m u ta n ts  
o f  E sch er ich ia  co li. B acteria l s tra in s  labelled  w ith  [3H ]thym ine in  th e  usu a l w ay an d  
colicin  E 2  (5 u n its /1 0 7 b ac te ria ) o r  m itom ycin  C  ( 4 0 /tg ./m l.)  ad d e d  a t  tim e zero . S o lid  lines 
d en o te  E 2 -tre a te d , b ro k e n  lines m itom ycin  C -trea ted  cu ltu res, (a) W ild -type  s tra in  206; 
(b) S tra in  JC4457, R ecB - ; (c) S tra in  KMBL9 0 , U v rB “ .

In  an attem pt to test the first possibility, the effect of trypsin on E 2 action in non
growing bacteria was examined in the hope tha t any asynchrony arising from  some 
aspect o f growth would be minimal. The effect o f trypsin upon D N A  breakdown was, 
however, very similar to tha t obtained with growing cultures (Fig. 8 c). Early addition 
o f trypsin completely abolished subsequent breakdown, and the trypsin effect was 
progressively lost as breakdown proceeded. Nevertheless, even when breakdown was 
well under way, addition o f trypsin still produced a significant, although sometimes 
delayed, inhibitory effect. Similar results were obtained when adsorption o f E 2  was 
completed at 40 and non-adsorbed E 2  removed by centrifugation before shifting the 
treated bacteria to  370, conditions under which colicin is irreversibly adsorbed although 
a t a slower rate. I t therefore seems unlikely that trypsin affects only those bacteria in 
which D N A  degradation has not yet been initiated.

Several relevant control experiments were also m ade: (a) under the cultural conditions 
normally used, trypsin treatm ent had no effect upon mitomycin C-induced D N A  
breakdow n; (b) with E2-treated bacteria, subsequent removal o f trypsin did no t lead



to a resum ption o f the norm al rate o f D N A  breakdown, and when equim olar am ounts 
o f trypsin and trypsin inhibitor were added breakdown was no t inhibited; (c) incubation 
of bacteria with trypsin followed by removal o f the enzyme and addition o f colicin E2 
had no inhibitory effect upon subsequent D N A  degradation.

The observed effects o f trypsin upon colicin E 2  action appear therefore to  be the 
result o f the proteolytic digestion o f the surface-bound colicin and no t to  any non
specific effects. On the basis o f  all these results it seems reasonable to conclude that, 
a t least a t early times, removal of E  2 by trypsin treatm ent can have a direct inhibitory 
effect upon the E  2-specific nuclease.

Effect of E2 on Escherichia coli K I 2  mutants defective in nuclease functions. A  num ber 
o f strains of Escherichia coli m utants possibly lacking nuclease functions (see Table 3) 
have been studied. All o f them  were sensitive to  colicin E 2  and showed norm al E2- 
induced D N A  breakdown a t 370 (or a t 420 in the case o f temperature-sensitive D N A - 
replication m utants) including strains which lack an A TP-dependent nuclease (Buttin
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Table 3. Escherichia coli mutants tested for colicin E 2-sensitivity and 
E2-induced DNA breakdown

T h e  tsD N A  m u ta n ts , E279 a n d  E613, w h ich  show  im m ed ia te  cessa tio n  o f  D N A  synthesis 
o n  sh ift to  4 2 0 w ere k in d ly  p ro v id ed  by  D r  J. W echsler. T h e  tsD N A  m u ta n t 16 w as k ind ly  
p ro v id ed  by  M r H . G . N a n d a d a sa , th is  s tra in  a n d  a ll th e  o th e r  ts  m u ta n ts  tes ted  show  
delayed  in h ib itio n  o f  D N A  syn thesis o n  sh ift to  h ig h  te m p e ra tu re .

E . c o li L in k e d  to
m u ta n t G en o ty p e  o r ch ro m o so m al
stra in p h en o ty p e locus R eference

JG64 p o lA ~ m e t  E G ro ss  &  G ro ss  (1969)
4 K hss~ se r  B G lo v e r (1970)
5 K h sr~ je rB H u b ace k  &  G lo v e r (1970)
KMBL90 uvr  B g a l V an  de  P u tte , V an  S luis, V an  D il ew ijn & R ö rsc h  (1965)
JC4457 recB a rg  A C la rk  (1967)
KMBL 243 re cC a rg  A V an  de  P u tte , Z w enk  &  R ö rsc h  (1966)
E279
E613

tsD N A
tsD N A

J■From  D r  J. W echsler

FA 21 tsD N A s tr F a n g m a n  &  N o v ick  (1968)
16 tsD N A ilv F ro m  M r H . S. N a n d a d a sa
T83 tsD N A ilv  ]I
T42 tsD N A m a lB F liro ta , R y te r  &  Ja co b  (1968)
T46 tsD N A ilv  J1

& W right, 1968) and restriction-deficient strains, which probably lack an  ATP- 
dependent endonuclease (Meselson & Yuan, 1968). As found previously, colicin E2 
also prom oted norm al breakdown in a U vr-  m utant (Holland, 1967) although 
mitomycin C-induced D N A  breakdown was greatly decreased com pared to  wild-type 
strains (Fig. 9). U vr-  m utants appear to  lack the capacity to excise thymine dimers 
(Howard-Flanders & Theriot, 1966) and to repair mitomycin C-induced damage 
(Boyce & How ard-Flanders, 1964), and since such m utants show norm al sensitivity to 
colicin E2 it appears m ost unlikely tha t E2-directed D N A  breakdown involves any 
of the norm al repair nucleases. Several m utants tha t were temperature-sensitive for 
D N A  replication were also examined, including m utants possibly defective in either 
replication or the initiation of replication (Table 3), but all showed norm al E2-induced 
D N A  breakdown at high temperature.
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D ISC U SSIO N

F actors affecting in itiation  o f  D N A  breakdow n b y  colicin E 2

O n  th e  b a s is  o f  o u r  s tu d ie s  a n d  th o s e  o f  o t h e r  w o r k e r s ,  w e  e n v is a g e  th e  f o l l o w in g  

s c h e m e  f o r  th e  p a t h w a y  o f  c o l i c in  E 2  a c t io n :

b a c t e r ia  +  E 2  -> S u r fa c e  c o m p le x  I  -*  S u r f a c e  c o m p le x  I I  ( p r o m o te s  D N A  b r e a k d o w n ) .

T h e  i n i t i a l  a d s o r p t io n  s te p  is  a  tw o - s ta g e  p r o c e s s  ( R e y n o ld s  &  R e e v e s ,  1 9 69 )  le a d in g  

t o  a n  i r r e v e r s ib le  s ta te , c o m p le x  I .  T h is  a p p e a r s  t o  r e q u ir e  m a g n e s iu m  ( R e y n o ld s  &  

R e e v e s ,  1 969 ) b u t  n o t  e n e rg y  a n d  is  c o m p le t e ly  r e v e r s ib le  b y  t r y p s in  t r e a tm e n t .  T h e  

s p e c i f ic i t y  f o r  c o m p le x  I  is  s h a re d  b y  c o l i c i n  E 2  a n d  E 3  ( M a e d a  &  N o m u r a ,  1966 ), 

a l t h o u g h  th e  t w o  c o l i c in s  h a v e  q u it e  d i f f e r e n t  in t r a c e l lu la r  e ffe c ts . T h e  c h e m ic a l  n a tu r e  

o f  th e  p r im a r y  r e c e p t o r  is  n o t  k n o w n  b u t  i t  m a y  w e l l  b e  a n a lo g o u s  t o  a  p h a g e  r e c e p to r .  

S o m e  in t e rm e d ia t e  s ta g e s , p r e s u m a b ly  in v o lv in g  in t e r a c t io n  b e tw e e n  E 2  a n d  s p e c if ic  

m e m b r a n e  p r o t e in s ,  m a y  th e n  b e  in v o lv e d  b e fo r e  th e  p a t h w a y  c u lm in a t e s  i n  th e  f o r m a 

t io n  o f  c o m p le x  I I ,  a  c o n f o r m a t io n a l  s ta te  o f  th e  m e m b r a n e  w h ic h  p r o m o t e s  r a p id  

d e g r a d a t io n  o f  D N A  a n d  i n h ib i t i o n  o f  c e l l  d iv is io n .

T h e  f o r m a t io n  o f  c o m p le x  I I  is  a  c o m p l ic a t e d  p r o c e s s ,  th e  e f f ic ie n c y  a n d  t im in g  o f  

w h ic h  v a r ie s  i n  r e la t io n  t o  th e  c o l i c in  c o n c e n t r a t io n  a n d  t o  th e  p h y s io lo g ic a l  c o n d i t io n s  

o f  th e  o r g a n is m .  N e v e r t h e le s s ,  th e  in i t i a t i o n  o f  D N A  b r e a k d o w n  a lw a y s  a p p e a r s  t o  

b e  a n  a l l - o r - n o n e  p r o c e s s ,  w i t h  in c r e a s in g  c o n c e n t r a t io n s  o f  c o l i c i n  E 2  h a s t e n in g  

i n i t i a t io n  o f  b r e a k d o w n  r a t h e r  t h a n  i t s  u l t im a t e  ra te .  A l t h o u g h  t h is  m u l t ip l i c i t y  e f fe c t  

o f  E  2 is  n o t  u n d e r s t o o d ,  i t  is  c le a r  t h a t  s y n th e s is  o f  n e it h e r  p r o t e in  n o r  D N A  is  r e q u ir e d  

f o r  th e  d e v e lo p m e n t  o f  th e  f in a l  s u r f a c e  c o m p le x  w h ic h  t r ig g e r s  D N A  b r e a k d o w n .  

D i f f e r e n t ia l  g r o w t h  o r  e x t e n s io n  o f  v a r io u s  s u r fa c e  la y e r s  i n  th e  p re s e n c e  o f  s m a l l  

c o n c e n t r a t io n s  o f  E 2  m a y ,  h o w e v e r ,  b e  im p o r t a n t  i n  d e t e r m in in g  th e  t im in g  o f  c o m p le x  

I I  f o r m a t io n ,  b u t  i t  c a n n o t  b e  a n  a b s o lu t e  r e q u ir e m e n t  s in c e  in  n o n - g r o w in g  b a c t e r ia  

lo w  d o s e s  o f  E 2  s t i l l  t r ig g e r  D N A  b r e a k d o w n  w i t h o u t  a p p r e c ia b le  d e la y .

I t  is  s t i l l  n o t  c le a r  w h e th e r  c o m p le x  I I  f o r m a t io n  is  e n e rg y -d e p e n d e n t .  P r o m o t io n  o f  

E 2  a c t io n  is  t e m p e r a tu r e - d e p e n d e n t  a n d  is  in h ib i t e d  b y  2 , 4 - d in i t r o p h e n o l,  b u t  th e  

f in d in g  t h a t  t h e  D N A  b r e a k d o w n  p r o c e s s  i t s e l f  r e q u ir e s  e n e rg y  m a k e s  i t  d i f f i c u l t  t o  

e s t a b l is h  w h e th e r  a n y  o f  th e  in t e rm e d ia t e  s te p s  a r e  a ls o  e n e r g y - r e q u ir in g .

G e n e t ic  a n a ly s e s  h a v e  p r e v io u s ly  s h o w n  t h a t  m u ta n t s  r e f r a c t o r y  t o  c o l i c in  E 2  m a y  

b e  b lo c k e d  a t  s e v e ra l p o s t a d s o r p t io n  s te p s  ( H i l l  &  H o l l a n d ,  1 9 6 7 ; N o m u r a  &  W it t e n ,  

1 9 6 7 ; N a g e l  d e  Z w a ig  &  L u r i a ,  1 9 67 )  p r o b a b ly  b y  a l t e r a t io n  o f  s p e c if ic  p r o t e in s  

( N o m u r a  &  W it t e n ,  1 9 6 7 ; H o l l a n d ,  1 9 6 8 ; N a g e l  d e  Z w a ig  &  L u r ia ,  1 969 ). R e c e n t  

b io c h e m ic a l  s t u d ie s  h a v e  s h o w n  t h a t  r e f r a c t o r y  m u ta n t s  m a y  la c k  o r  c o n t a in  a lt e r e d  

m e m b r a n e  p r o t e in s  ( S a m s o n  &  H o l la n d ,  1 9 7 0 ; C .  S c h n a itm a n ,  p e r s o n a l c o m m u n ic a 

t io n ) ,  s u g g e s t in g  t h a t  m e m b r a n e  o r  s u r fa c e  p r o t e in s  m a y  p a r t ic ip a t e  in  c o m p le x  I I  
f o r m a t io n .  C o l i c i n  E 2  m a y  th e r e fo r e  n o t  in t e r a c t  d i r e c t ly  w i t h  a  m e m b r a n e - b o u n d  

n u c le a s e  b u t  m a y  a c t  in d i r e c t ly  t h r o u g h  th e  in t e r m e d ia c y  o f  s p e c if ic  m e m b r a n e  

p r o t e in s ,  p o s s ib ly  a s  s u g g e s te d  b y  C h a n g e u x  &  T h ie r y  (1 9 6 7 )  v ia  c o n f o r m a t io n a l  

c h a n g e s  o f  r e p e a t in g  m e m b r a n e  p r o t o m e r s ,  le a d in g  t o  a  f in a l  s p e c if ic  p r o t e in  o r  

m e m b r a n e  c o n f ig u r a t io n  w h ic h  th e n  p r o m o t e s  n u c le a s e  a c t io n .  T h e  f in d in g  t h a t  

r e s t in g  b a c t e r ia  i n  t r i s  b u f f e r  r e q u ir e  a d d e d  p h o s p h a te  f o r  e f f ic ie n t  i n i t i a t io n  o f  D N A  

b r e a k d o w n  b u t  n o t  f o r  a d s o r p t io n  o f  c o l i c in ,  p r o v id e s  f u r t h e r  e v id e n c e  f o r  th e  p re s e n c e  
o f  in t e rm e d ia t e  s te p s  in  E 2  a c t io n .



W e  h a v e  s u g g e s te d  a b o v e  t h a t  th e  f in a l  f o r m a t io n  o f  c o m p le x  I I  s im p ly  in v o lv e s  a  

se r ie s  o f  p h y s ic a l  c h a n g e s  i n  th e  c e l l  m e m b r a n e  i n  re s p o n s e  t o  th e  f ix a t io n  o f  c o l ic in .  

S e v e r a l l in e s  o f  e v id e n c e  su g g e s t  t h a t  th e  u l t im a t e  b io c h e m ic a l  c h a n g e s  in d u c e d  b y  

d i f f e r e n t  c o l ic in s ,  in c lu d in g  E  2 , d e r iv e  f r o m  th e  a lt e r e d  p r o p e r t ie s  o f  m e m b r a n e - b o u n d  

p r o t e in s  o r  e n z y m e s  in situ  a n d  n o t  f r o m  th e  a c t iv i t ie s  o f ,  f o r  e x a m p le ,  e n z y m e s  d is 

p la c e d  f r o m  th e  m e m b r a n e  a n d  a c t in g  t h r o u g h  th e  c y t o p la s m .  T h u s  th e  e ffe c ts  o f  

c o l i c in  K  u p o n  e n e r g y  m e t a b o l is m  a n d  m a c r o m o le c u la r  s y n th e s is  a re  c o m p le t e ly  

re v e r s e d  u p o n  s u b s e q u e n t  r e m o v a l  o f  th e  c o l i c in  f r o m  th e  c e l l  s u r fa c e  b y  t r y p s in  

t r e a tm e n t  ( N o m u r a  &  N a k a m u r a ,  1962 ). M o r e o v e r ,  a l t h o u g h  m o d i f i c a t io n  o f  3 0  S  

r ib o s o m a l  s u b u n it s  is  in d u c e d  b y  c o l i c in  E 3  f ix a t io n  t o  s e n s it iv e  b a c t e r ia ,  e x t r a c t s  f r o m  

s u c h  b a c t e r ia  a r e  in c a p a b le  o f  m o d i f y in g  n o r m a l  r ib o s o m e s  in vitro  ( K o n i s k y  &  

N o m u r a ,  1967 ). D N A  b r e a k d o w n  in d u c e d  b y  c o l i c in  E  2  c a n ,  a t  le a s t  in  th e  e a r ly  s ta g e s , 

b e  h a lt e d  o r  d e c re a s e d  b y  d ig e s t io n  o f  th e  a d s o r b e d  c o l i c in  w it h  t r y p s in .  T h u s  i t  a p p e a r s  

t h a t  th e  m e m b r a n e  c o n f o r m a t io n  in d u c e d  b y  c o l i c in  E 2  m a y  r e t u r n ,  a s  i n  th e  c a s e  

o f  c o l i c in s  E 1 a n d  K ,  t o  i t s  o r ig in a l  s ta te  w h e n  c o l i c i n  is  r e m o v e d .  T h e  f a i lu r e  o f  t r y p s in  

t o  in h ib i t  D N A  b r e a k d o w n  e f f e c t iv e ly  w h e n  a d d e d  a t  la t e r  t im e s  is  u n e x p la in e d ;  

a s y n c h r o n o u s  in i t i a t i o n  o f  D N A  b r e a k d o w n  w i t h in  th e  p o p u la t io n  a p p e a r s  t o  b e  

e x c lu d e d  a s  a  m a j o r  f a c t o r .  M o r e  l i k e ly ,  t h e  s p e c i f ic i t y  o f  th e  d e g r a d a t iv e  p r o c e s s  is  

s o o n  lo s t  o r  th e  c o l i c in  b e c o m e s  in a c c e s s ib le  t o  t r y p s in  a s  D N A  b r e a k d o w n  p r o c e e d s  

a n d  d iv i s io n  is  h a lte d .

S pecific ity  o f  E 2-in du ced  D N A  breakdow n

W it h  th e  f o r m a t io n  o f  c o m p le x  I I  th e  a l t e r e d  m e m b r a n e  in d u c e s  r a p id  d e g r a d a t io n  

o f  D N A  a n d ,  a s  a  c o n s e q u e n c e  o r  a s  a n  in d e p e n d e n t  e ffe c t , t h e  in h ib i t i o n  o f  d iv is io n .  

T h e  d e g r a d a t iv e  p r o c e s s  a p p e a r s  t o  b e  h ig h ly  s p e c if ic  t o  th e  Escherichia coli c h r o m o 

s o m e ;  i n  T z p in f e c t e d  b a c t e r ia  c o l i c in  E 2  d o e s  n o t  p r o m o t e  p h a g e  D N A  b r e a k d o w n  

( N o m u r a ,  1 9 63 ), a n d  in v a d in g  A  D N A  is  n o t  d e g r a d e d  i n  E 2 - t r e a t e d  b a c t e r ia  a n d  

a p p e a r s  t o  r e p l ic a t e  n o r m a l ly  ( u n p u b l is h e d  re s u lt s ) .  A l s o ,  s in c e  D N A  r e p l i c a t io n  m a y  

c o n t in u e  i n  E 2 - t r e a t e d  b a c t e r ia  w i t h o u t  lo s s  o f  n e w ly  s y n th e s iz e d  s t r a n d s  u n t i l  a t  le a s t  

1 0 %  o f  t h e  c h r o m o s o m e  is  d e g r a d e d  ( F ig .  1), i t  a p p e a r s  p r o b a b le  t h a t  b r e a k d o w n  is  

in i t ia t e d  a t  a  fe w  s t r i c t ly  lo c a l i z e d  s ite s , p o s s ib ly  a t  th e  r e p l i c a t io n  f o r k  o r  a t  th e  

c h r o m o s o m a l o r ig in ,  b o t h  o f  w h ic h  h a v e  b e e n  s h o w n  t o  b e  m e m b r a n e - b o u n d  ( S u e o k a  

&  Q u in n ,  1968 ). T h e  k in e t ic s  o f  b r e a k d o w n  o f  p u ls e - la b e l le d  D N A  in  c o l i c in  E 2 -  

t r e a t e d  b a c t e r ia  ( u n p u b l is h e d  re s u lt s ) ,  h o w e v e r ,  in d ic a t e  t h a t  b r e a k d o w n  d o e s  n o t  

b e g in  a t  th e  r e p l i c a t io n  f o r k ,  u n le s s  r e c e n t ly  c o p ie d  p a r e n t a l  s t r a n d s  o n ly  a re  a f fe c te d . 

T h e  p o s s ib i l i t y  is  n o w  b e in g  e x a m in e d  t h a t  b r e a k d o w n  is  in i t ia t e d  a t  th e  c h r o m o s o m a l 

o r ig in .

E n z y m e s  c o n c e r n e d  i n  t h y m in e  d im e r  e x c is io n  a n d  in  h o s t  s p e c i f ic i t y  m e c h a n is m s  

a r e  n o t  a c t iv a t e d  b y  c o l i c in  E 2 ,  n o r  is  th e  A T P - d e p e n d e n t  n u c le a s e  w h ic h  is  d e t e rm in e d  
b y  th e  R e c B  a n d  R e c C  g e n e s  ( B u t t in  &  W r ig h t ,  1 9 6 8 ; B a r b o u r  &  C la r k ,  1970 ). W e  

f o u n d  n o  d e c re a s e  in  c o l i c in  E z - d i r e c t e d  D N A  b r e a k d o w n  in  a  v a r ie t y  o f  Escherichia  
coli m u ta n t s  w h ic h  a re  t e m p e r a tu r e - s e n s it iv e  f o r  D N A  r e p l ic a t io n .  O b in a t a  &  M i z u n o

(1 9 7 0 )  h a v e  s h o w n  t h a t  a t  le a s t  in  th e  e a r ly  s ta g e s  o f  E 2 - in d u c e d  D N A  b r e a k d o w n ,  a  

s p e c if ic  e n d o n u c le a s e  ( b u t  n o t  e n d o n u c le a s e  I )  is  in v o lv e d .  F u r t h e r  s c r e e n in g  a m o n g  

D N A  r e p a ir  a n d  r e p l i c a t io n  m u ta n t s  m a y  w e l l  y ie ld  s t r a in s  w h ic h  la c k  o n e  o r  m o r e  

o f  th e  E  2 - s p e c if ic  n u c le a s e s .

Induction o f  D  N A  breakdow n by  colicin E 2  237
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W e  g r a t e f u l ly  a c k n o w le d g e  th e  r e c e ip t  o f  a  M e d ic a l  R e s e a r c h  C o u n c i l  g r a n t  w h ic h  

e n a b le d  u s  t o  c a r r y  o u t  th e se  s tu d ie s .

A D D E N D U M

A f t e r  p r e p a r a t io n  o f  t h is  p a p e r ,  R in g r o s e  (B iochim ica e t b iophysica  acta , 1 9 70 , v o l .  

2 1 3 , p p .  3 2 0 -3 3 4 )  r e p o r t e d  t h a t  D N A  b r e a k d o w n  in d u c e d  b y  E 2  p r o c e e d s  i n i t i a l l y  v ia  

s in g le - s t r a n d  b r e a k s  a n d  t h a t  th e se  c a n  b e  r e p a ir e d  a n d  t h e i r  f u r t h e r  f o r m a t io n  h a lt e d  

i f  th e  b a c t e r ia  a re  t r e a te d  a t  a n  e a r ly  s ta g e  w i t h  t r y p s in .  T h i s  r e p o r t  f u r t h e r  s u p p o r t s  

th e  h y p o t h e s is  p r o p o s e d  h e re  t h a t  m e m b r a n e  c h a n g e s  in d u c e d  b y  E 2  a re  r e v e r s ib le  

a n d  t h a t  th e s e  c h a n g e s  d i r e c t ly  a f fe c t  th e  a c t iv i t y  o f  a  m e m b r a n e - b o u n d  n u c le a s e .
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L u s i f o r m s  i s o la t e d  f r o m  s a l iv a  a n d  g in g iv a l  d e b r is  w e re  a l lo c a t e d  o n  m o r p h o lo g ic a l ,  

c u l t u r a l  a n d  b io c h e m ic a l  g r o u n d s  t o  F usobacterium  nucleatum , F. po lym orphum , L ep to -  
trich ia buccalis  A a n d  L . buccalis  b ( H a d i  &  R u s s e l l ,  1968  a ) . T h e  v ia b le  c o u n t  o f  s u c h  

f u s i f o r m s  in c r e a s e s  s ig n i f ic a n t ly  in  b o t h  s a l iv a  ( H a d i  &  R u s s e l l ,  1968  b )  a n d  g in g iv a l  

m a t e r ia l  ( H a d i  &  R u s s e l l ,  1 9 69 )  in  c a se s  o f  a c u t e  u lc e r a t iv e  g in g iv i t i s  ( A . U . G . ) .

L e w  in v e s t ig a t io n s  h a v e  b e e n  m a d e  o f  th e  n u t r i t i o n a l  r e q u ir e m e n t s  o f  f u s o b a c t e r ia  

( O m a t a ,  1 953 , 1 9 5 9 ; C o le s ,  1 968 ) a n d  n o  w o r k  d o n e  o n  le p t o t r  c h ia e .  T h e  p r e s e n t  

s t u d y  w a s  u n d e r t a k e n  t o  d e t e rm in e  th e  v i t a m in ,  p u r in e  a n d  p y r im id in e  r e q u ir e m e n t s  

o f  o r a l  f u s o b a c t e r ia  a n d  le p t o t r ic h ia e .

M ETHOD S

T est organism s an d  their m aintenance. T h r e e  s t r a in s  o f  e a c h  o f  th e  f o l l o w in g  w e re  

e m p lo y e d :  F usobacterium  nucleatum , F. po lym orphum , L ep to trich ia  buccalis a  a n d

L . buccalis  B. T h e s e  o r g a n is m s  w e re  o r ig in a l l y  i s o la t e d  f r o m  s a l iv a  a n d  g in g iv a l  

m a t e r ia l  f r o m  h e a lt h y  in d iv id u a ls ,  a n d  f r o m  c a s e s  o f  A . U . G .

T h e  te s t  s t r a in s  w e re  m a in t a in e d  in  R e in f o r c e d  C lo s t r i d i a l  M e d iu m  ( R . C . M . )  

( O x o id )  c o n t a in in g  8 %  C a C 0 3. T h e  c u lt u r e s  w e re  s t o r e d  a t  4 0 a n d  t r a n s f e r r e d  to  

a  f r e s h ly  p r e p a r e d  m e d iu m  e v e r y  tw o  w e e k s .

B asa l nutritional te s t m edium . T h e  c o m p o s i t io n  o f  th e  b a s a l  n u t r i t i o n a l  te s t  m e d iu m  

( p H  7 -2 ) w a s  a s  f o l lo w s  ( g . / l . ) : v i t a m in - f r e e  c a s i t o n e  ( D i f c o ) ,  io - o ;  g lu c o s e ,  5 -0 ; 

K H 2P 0 4, 1 -2 ; K 2H P 0 4, 1 -2 ; D L - t r y p t o p h a n ,  0 -2 ;  s o d iu m  t h io g ly c o l la t e ,  0 -5 ; L e S 0 4 . 

7 H 20 ,  2 - 5 x  10 - 3 ; M n S 0 4 . 4 H 20 ,  2 - 5 x i o ~ 3 ; M g S 0 4 - 7 H 20 ,  0 -0 2 5 ;  t h ia m in e  H C 1, 
r ib o f la v in ,  n i c o t in i c  a c id ,  p y r id o x in e  H C l , p - a m in o b e n z o i c  a c id ,  e a c h  o - o o i ; f o l i c  a c id ,

i o - 5 ; b io t in ,  5 X 1 0 - 6 ; c a lc iu m  p a n t o t h e n a t e ,  0 -0 0 2 ;  c h o l in e  c h lo r id e ,  o - i ;  in o s i t o l ,  

0 -0 2 5 ;  a d e n in e  s u lp h a t e . H 20 , g u a n in e  H C l . H o O ,  x a n t h in e ,  u r a c i l ,  e a c h  0 -0 12 .
A l l  g la s s w a r e  w a s  im m e r s e d  in  c h r o m ic - s u lp h u r ic  a c id  f o r  8 h . ,  w a s h e d  w i t h  t a p -  

w a te r  a n d  th e n  w i t h  d is t i l l e d  w a te r .  C u l t u r e  tu b e s  w e re  f u r t h e r  f i l l e d  w i t h  d is t i l l e d  

w a t e r  a n d  a u to c la v e d  a t  1 2 1 0 f o r  3 0  m in .  S t o c k  s o lu t io n s  o f  v i t a m in s  ( a p a r t  f r o m  

b io t in )  w e re  p r e p a r e d  i n  5 0  %  e t h a n o l.  B io t i n  s o lu t io n  w a s  m a d e  in  o - o o i n - H C I ,  

s u c h  a  s o lu t io n  b e in g  s t a b le  f o r  18 m o n th s  ( G a l l a n t  &  T o e n n ie s ,  1 9 49 ). A d e n in e ,  

x a n t h in e ,  g u a n in e  a n d  u r a c i l  w e re  d is s o lv e d  in  0 -5  N - N a O H .  S t o c k  s o lu t io n s  w e re

* P re sen t a d d re s s : C ollege o f  M edic ine , U n iv ersity  o f  B a srah , B asrah , Iraq .



s t o r e d  a t  — 20 ° . T e s t  m e d ia  m a d e  f r o m  th e  s t o c k  s o lu t io n s  w e re  d is t r ib u t e d  i n  10  m l.  

a m o u n t s  in t o  o p t i c a l l y  m a t c h e d  tu b e s  (1 5  x  125  m m .)  p lu g g e d  w i t h  c o t t o n - w o o l  a n d  

a u to c la v e d  a t  1 1 6 0 f o r  10  m in .
Inoculum an d incubation conditions. T h e  o r g a n is m s  w e re  g r o w n  in  2 0  m l.  a l iq u o t s  o f  

R . C . M .  ( a d ju s t e d  t o  p H  7 -2  t o  7 -4 ) i n  M c C a r t n e y  b o t t le s .  T h e  in o c u la t e d  m e d iu m  w a s  

in c u b a t e d  a t  3 7 0 f o r  4 8  h . A f t e r  in c u b a t io n ,  th e  c u lt u r e s  w e re  c e n t r i f u g e d  a t  1 0 4 0  g . 

f o r  15  m in .  a n d  w a s h e d  th re e  t im e s  i n  0 -0 6 7  M -p h o s p h a te  b u f f e r  ( p H  7 -2 ) c o n t a in in g  

0 -0 5  %  s o d iu m  t h io g ly c o l la t e .  N i t r o g e n  g a s  (p a s s e d  t h r o u g h  g ly c e r o l  a n d  s t e r i le  c o t t o n 

w o o l)  w a s  b u b b le d  in t o  th e  c e l l  s u s p e n s io n  d u r in g  th e  w a s h in g  p r o c e d u r e  i n  o r d e r  t o  

r e m o v e  a n y  t r a c e s  o f  o x y g e n .

A p p r o p r ia t e  v o lu m e s  o f  c e l l  s u s p e n s io n s  w e re  t r a n s f e r r e d  t o  o p t ic a l ly  m a t c h e d  tu b e s  

a n d  b r o u g h t  t o  s u i t a b le  v o lu m e s ,  i n  0 -0 6 7  M -p h o s p h a te  b u f f e r  ( p H  7 -2 ) c o n t a in in g  

0 -0 5  %  s o d iu m  t h io g ly c o l la t e ,  t o  g iv e  a  t u r b id i t y  r e a d in g  o f  8 0  o n  a n  E . E . L .  ( E v a n s  

E le c t r o s e le n iu m  L t d ,  H a ls t e a d ,  E s s e x )  n e p h e lo m e te r .  A n  a m o u n t  o f  o - i  m l.  o f  t h is  
s u s p e n s io n  w a s  t h e n  in o c u la t e d  in t o  tu b e s  o f  te s t  m e d ia .  A l l  c u lt u r e s  w e re  in c u b a t e d  

a t  3 7 0 f o r  4  t o  5 d a y s  (a s  f o u n d  t o  b e  o p t im a l  f o r  m a x im u m  g r o w th )  in  B . T . L .  

( B a i r d  &  T a t l o c k  L t d ,  C h a d w e l l  H e a t h ,  E s s e x )  a n a e r o b ic  j a r s  f i l l e d  w i t h  a  m ix t u r e  

o f  9 5  %  H 2 a n d  5 %  C 0 2. T h e  g r o w t h  w a s  h o m o g e n iz e d  b y  m e a n s  o f  a  ‘ R o t a m ix e r ’ 

( H o o k  a n d  T u c k e r  L t d ,  L o n d o n  S . W . 9 )  a n d  e s t im a t e d  n e p h e lo m e t r ic a l ly .  I n  a l l  

e x p e r im e n t s  th e  o r g a n is m s  w e re  in o c u la t e d  i n  d u p l ic a t e  tu b e s  a n d  e a c h  n e p h e lo m e t e r  

r e a d in g  s ta te d  w a s  a n  a v e ra g e  o f  tw o .  ‘ E s s e n t ia l i t y  ’ o f  a  f a c t o r  w a s  in d ic a t e d  b y  a  r e 

d u c t io n  o f  g r o w t h  i n  i t s  a b s e n c e  t o  o n e - q u a r t e r  o f  th e  c o n t r o l ; a  f a l l  t o  a b o u t  o n e - h a l f  
s h o w e d  s t im u la t io n .

R E SU L T S

I n  p r e l im in a r y  w o r k  n o n e  o f  th e  o r g a n is m s  g r e w  i n  s e m i- s y n th e t ic  m e d iu m  c o n t a in 

in g  v i t a m in - f r e e  C a s a m in o  a c id s  ( D i f c o )  a s  s o u r c e  o f  a m in o  a c id s ,  a n d  o n ly  tw o  s t r a in s

T a b le  1. G row th  o f  fu sifo rm s in deficient m edia  

N ep h e lo m ete r  read ing
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Fusohacterium
S ubstance  nucleatum  L eptotrichia  buccalis a  L . buccalis  b

deleted  ,-----------------, ,---------------' ---------------, ,----------- -— --------
A2 A3 Cl C2 C3 D I D2 D3

N o n e 66-0 29-0 27-5 31-5 3i-o 29-0 29-0 29-0
T h iam in e  H C 1 61 -o 30-5 25-0 29-5 30-5 30-0 29-5 27-5
R iboflav in 62-0 28-0 28-5 30-5 28-5 26-5 26-0 27-0
C a -p a n to th e n a te 7'5 0 (12-0) (14-0) (14-0) ( i i -o) ( I i-o ) (io-o)
In o sito l 62-5 28-0 21-0 28-0 25-0 28*0 23-5 24-0
C h o lin e  ch loride 70-0 27-0 20-5 27-5 25-5 27'0 27-0 26-5
B iotin 660 20-5 4'5 4j> r o 2*0 T5 T S
N ico tin ic  acid (24-0) (II-O ) 24-5 32-0 32-0 24-5 25-5 27-0
PA B A 53'5 28-5 TO 2-5 _^5 TO r o
P y rid o x in e .H C l 51-0 22-0 0 J J 0 2-0 0 0
F o lic  acid 6 i -5 21-0 24-5 30-5 30-5 28-0 29-5 25-5
A d en in e  (A) 12'0 775 29-5 23-5 23-5 24-0 23-5 22-0
G u a n in e  (G ) 59'5 28-5 29-0 24-0 27-5 26-5 24-5 24*0
X an th in e  (X) 55-0 27-0 25-0 30-0 31-0 25-0 25-0 24-5
U rac il (U ) 60-5 27-5 24-5 24-5 28-5 26*0 29-0 29-5
A , G , U , X 14-5 TO 27-5 25-0 30-0 29-0 27-5 27-0

E ssen tia lity  in d ic a te d  by u n d e rlin ed  figures a n d  stim u la tio n  by figures in  p aren theses.



o f  F usobacterium  nucleatum  a n d  t h re e  s t r a in s  e a c h  o f  L ep to trich ia  buccalis  A a n d

L . buccalis B g r e w  in  th e  b a s a l  m e d iu m  w i t h  c a s ito n e .  I n  e x p e r im e n t s  ( T a b le  1) o n  th e  

s in g le  d e le t io n  o f  v i t a m in s  f r o m  th e  b a s a l  m e d iu m ,  F. nucleatum  a 2  a n d  A 3  r e q u ir e d  

c a lc iu m  p a n t o t h e n a t e  a n d  w e re  s t im u la t e d  b y  n i c o t in i c  a c id .  L ep to trich ia  buccalis 
(a  a n d  b )  d if f e r e d  c o n s id e r a b ly  f r o m  F. nucleatum  a n d  r e q u ir e d  b io t in ,  p y r id o x in e  

h y d r o c h lo r id e  a n d  p - a m in o b e n z o ic  a c id .  F u r t h e r m o r e ,  c a lc iu m  p a n t o t h e n a t e  -  e s s e n 

t i a l  f o r  F. nucleatum  -  w a s  f o u n d  s t im u la t o r y  f o r  L . buccalis  a n d  n i c o t in i c  a c id  w a s  n o t  
r e q u ir e d .

S in c e  th e  o m is s io n  o f  p - a m in o b e n z o ic  a c id  o r  f o l i c  a c id  d id  n o t  a f f e c t  th e  g r o w t h  o f  

F usobacterium  nucleatum  (see  T a b le  1), a  m e d iu m  d e f ic ie n t  in  b o t h  f a c t o r s  w a s  te s te d . 

T h e  tw o  s t r a in s  o f  F. nucleatum  (a 2  a n d  A 3 )  g r e w  a s  w e l l  i n  th e  d o u b ly  d e f ic ie n t  a s  in  

th e  c o m p le t e  m e d iu m ,  in d ic a t in g  t h a t  th e  la c k  o f  a  r e q u ir e m e n t  f o r  e i t h e r  v i t a m in  
w a s  n o t  d u e  t o  a  m u t u a l  r e p la c e m e n t  e ffe c t .

T h e  la c k  o f  r e q u ir e m e n t  f o r  b io t in  b y  is o la t e s  o f  F usobacterium  nucleatum  c o u ld  

h a v e  b e e n  d u e  t o  th e  p re s e n c e  o f  C 0 2 in  th e  a tm o s p h e r e  a n d  th e  p re s e n c e  o f  a s p a r a g in e  

in  th e  v i t a m in - f r e e  c a s ito n e .  A  m e d iu m  d e f ic ie n t  in  b io t in  w a s  in o c u la t e d  w i t h  th e  

te s t  o r g a n is m s  a n d  in c u b a t e d  i n  a n  a tm o s p h e r e  o f  p u r e  h y d r o g e n .  T h e  c o n t r o l  m e d iu m  

w a s  t h a t  w i t h o u t  b io t i n  b u t  in c u b a te d  in  a  m ix t u r e  o f  9 5  %  H 2 a n d  5 %  C 0 2. T h e  c o m 

p le te  m e d iu m ,  in c u b a te d  in  p u r e  h y d r o g e n ,  w a s  a ls o  in c lu d e d  a s  a n  a d d i t io n a l  c o n t r o l .  

I t  w a s  o b s e r v e d  t h a t  F. nucleatum  a 2 a n d  A 3  g r e w  e q u a l ly  w e l l  i n  th e  a b o v e  th re e  

m e d ia .  T h i s  s u g g e s ts  t h a t  t h e re  w a s  n o  r e q u ir e m e n t  f o r  b io t in  e i t h e r  in  th e  p re s e n c e  o r  

a b s e n c e  o f  C O z.

T h e  p u r in e  a n d  p y r im id in e  r e q u ir e m e n t s  w e re  f i r s t  te s te d  in  m e d ia  d e f ic ie n t  in  

a  s in g le  f a c t o r .  T h e  r e s u lt s  a r e  g iv e n  in  T a b le  1. I t  is  c le a r  t h a t  F usobacterium  nucleatum  
s h o w e d  a n  a b s o lu t e  r e q u ir e m e n t  f o r  a d e n in e .  A  s u b s id ia r y  e x p e r im e n t  s h o w e d  t h a t  

c o m p le t e  g r o w t h  w a s  o b t a in e d  in  th e  p re s e n c e  o f  a d e n in e  a lo n e  a n d  t h a t  g u a n in e ,  u r a c i l  

a n d  x a n t h in e  ( s in g ly  o r  i n  c o m b in a t io n )  d id  n o t  s u b s t i t u t e  f o r  a d e n in e :  in  c o n t r a s t ,  

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

s t i l l  d id  n o t  a f fe c t  th e  g r o w t h  o f  L ep to trich ia  buccalis.
M e d ia  c o n t a in in g  th e  c o m p o u n d s  f o u n d  e s s e n t ia l a n d  s t im u la t o r y  f o r  th e  o r g a n is m s  

w e re  p r e p a r e d .  L ep to trich ia  buccalis ( a  a n d  b )  g r e w  n e a r ly  a s  w e l l  i n  th e  m e d iu m  w i t h  

o n ly  b io t in ,  p - a m in o b e n z o ic  a c id ,  p y r id o x in e  a n d  c a lc iu m  p a n t o t h e n a t e  a s  in  th e  

c o m p le t e  m e d iu m  ( w it h  te n  v i t a m in s ) .  O n  th e  c o n t r a r y ,  Fusobacterium  nucleatum  A 2  
a n d  A 3  f a i le d  t o  g r o w  w h e n  o n ly  c a lc iu m  p a n t o t h e n a t e ,  n i c o t in i c  a c id  a n d  a d e n in e  w e re  

a d d e d .  A n  e x p e r im e n t  w a s  th e n  c o n d u c t e d  i n  w h ic h  s in g le  v i t a m in s  w e re  a d d e d  t o  

th e  m in im a l  m e d iu m  u s e d  f o r  F. n uclea tu m ; in  th e  c a s e  o f  f o l i c  a c id  th e re  w a s  a  v e r y  

s l ig h t  r e s p o n s e .  T h e  f u r t h e r  a d d i t io n  o f  p y r id o x in e  im p r o v e d  th e  g r o w t h  o f  t h is  

o r g a n is m  t o  n e a r ly  o n e - h a l f  t h a t  in  th e  c o m p le t e  m e d iu m .
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D IS C U S S I O N
T h e  la c k  o f  g r o w t h  o f  F usobacterium  nucleatum  A 1 a n d  th e  th re e  s t r a in s  o f  F. p o ly -  

m orphum  i n  m e d iu m  c o n t a in in g  v i t a m in - f r e e  c a s i t o n e  o r  C a s a m in o  a c id s  m a d e  i t  
im p o s s ib le  t o  s t u d y  th e  n u t r i t i o n  o f  th e se  o r g a n is m s  in  s u c h  a  m e d iu m .  H o w e v e r ,  

O m a t a  (1 9 5 9 )  r e p o r t e d  t h a t  F. nucleatum  d id  g r o w  in  a  m e d iu m  e s s e n t ia l ly  s im i la r  t o  

th e  b a s a l m e d iu m  u s e d  i n  t h is  s t u d y  ( w it h  C a s a m in o  a c id s ) .  S im i la r ly ,  C o le s  (1 9 6 8 )  

f o u n d  t h a t  F. po lym orph um  r e s p o n d e d  t o  O m a t a ’ s (1 9 5 9 )  m e d iu m  w h e n  g lu c o s e  w a s



h e a t - s t e r i l iz e d  w i t h  th e  m e d iu m  a n d  th e  a d e n in e  c o n c e n t r a t io n  r e d u c e d  t o  o - 5 / ím o le / m l. ,  

i.e .  i 8 5 m g . / l .  f r o m  t h e  5 / /m o le s /m l.  e m p lo y e d  b y  O m a t a  ( 1 9 5 9 ) ;  h e  a ls o  s ta te d  

t h a t  a d e n in e  w a s  in h ib i t o r y  a t  c o n c e n t r a t io n s  h ig h e r  t h a n  0 -5  / tm o le / m l.  I n  f a c t ,  

O m a t a  s t e r i l i z e d  a l l  t h e  c o m p o n e n t s  o f  h is  m e d iu m  t o g e th e r  b y  a u t o c la v in g  a t  1 1 6 0, 

a n d  r e p o r t e d  t h a t  F. nucleatum  g a v e  m a x im u m  re s p o n s e  t o  a d e n in e  a t  a  c o n c e n t r a t io n  

o f  5  / ¿ m o le s /m l.  (1 -8 5  g . / l. )  a n d  n o  g r o w t h  a t  0 -3  / /m o le / m l.  (111  m g ./ I .) . I t  s h o u ld  b e  

n o t e d  t h a t  i n  th e  p r e s e n t  w o r k ,  e v e n  w h e n  th e  c o n c e n t r a t io n  o f  a d e n in e  w a s  m a t c h e d  

t o  t h o s e  u s e d  b y  O m a t a  (1 9 5 9 )  a n d  C o le s  (1 9 6 8 )  r e s p e c t iv e ly ,  o n e  s t r a in  o f  F. nucleatum  
a n d  th re e  s t r a in s  o f  F. polym orphum  s t i l l  f a i le d  t o  g r o w .

T h e  r e q u ir e m e n t  o f  F usobacterium  nucleatum  f o r  p a n t o t h e n a t e  is  in  a g re e m e n t  w i t h  

th e  f in d in g s  o f  O m a t a  (1 9 5 9 ) , w h o  f o u n d  t h a t  t h is  v i t a m in  is  a  n u t r i l i t e  f o r  s ix  s t r a in s .  

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  g r o w t h  o f  th e  t w o  s t r a in s  o f  F. nucleatum  s t u d ie d  

w a s  s t im u la t e d  b y  n i c o t in i c  a c id ,  a l t h o u g h  O m a t a  d id  n o t  in d ic a t e  a n y  s t im u la t io n  

b y  t h is  v i t a m in .  I n  a d d i t io n ,  t h is  o r g a n is m  r e q u ir e s  a d e n in e  f o r  a c t iv e  g r o w t h  -  a  

r e q u ir e m e n t  a ls o  s h o w n  b y  O m a t a  (1 9 5 9 ) .

I t  is  s t r a n g e  t o  f in d  t h a t  th e  h ig h ly  f a s t id io u s  o r g a n is m  F usobacterium  nucleatum  
a p p a r e n t ly  r e q u ir e s  o n ly  o n e  v i t a m in  ( p a n t o t h e n ic  a c id )  a n d  a  p u r in e  ( a d e n in e ) .  T h e  

u s e  o f  c a s i t o n e  w h ic h  h a d  b e e n  t r e a t e d  w i t h  a c t iv a t e d  c h a r c o a l  le d  t o  a  r e d u c t io n  in  

g r o w th ,  e v e n  t h o u g h  a l l  th e  v i t a m in s  l i s t e d  i n  T a b le  1 w e re  p re s e n t .  I t  is  c le a r  th e re  a re  

u n k n o w n  g r o w t h  f a c t o r s  i n  th e  ‘ v i t a m in - f r e e ’ c a s ito n e .  H o w e v e r ,  t h e  p r e s e n t  w o r k  

s h o w e d  t h a t  p a n t o t h e n ic  a c id  a n d  a d e n in e  ( p lu s  n i c o t in i c  a c id ,  b e in g  s t im u la t o r y )  w e re  

n o t  in  f a c t  t h e  m in im a l  v i t a m in  r e q u ir e m e n t s  i n  th e  m e d iu m  u s e d . T h e  f u r t h e r  a d d i t io n  

o f  b o t h  f o l i c  a c id  a n d  p y r id o x in e  r e s u lt e d  in  m o d e r a te  g r o w t h  ( a p p r o x im a t e ly  o n e -  

h a l f  t h e  c o n t r o l) .

I t  h a s  b e e n  s h o w n  t h a t  th e  g r o w t h  o f  F usobacterium  nucleatum  i n  th e  e x p e r im e n t a l  

m e d iu m  d e f ic ie n t  in  b o t h  f o l i c  a c id  a n d  p - a m in o b e n z o ic  a c id  is  a s  g o o d  a s  t h a t  in  th e  

c o m p le t e  m e d iu m .  I t  w a s  n o t  p o s s ib le  t o  e l im in a t e  c o m p o n e n t s  s u c h  a s  m e t h io n in e  

a n d  a d e n in e  f r o m  th e  m e d iu m ;  th e  f o r m e r  is  p r e s u m a b ly  p r e s e n t  in  c a s ito n e ,  w h e re a s  

th e  la t t e r  is  e s s e n t ia l f o r  g r o w th .  T h i s  n o n - r e q u ir e m e n t  f o r  f o l i c  a c id  o r  p - a m in o b e n z o ic  

a c id  m u s t  im p ly  th e  s y n th e s is  o f  th e se  c o m p o u n d s  b y  F. nucleatum . T h e  f a i lu r e  t o  d e 

m o n s t r a t e  a  b io t i n  r e q u ir e m e n t  e i t h e r  in  th e  p re s e n c e  o r  i n  th e  a b s e n c e  o f  C 0 2 a n d ,  i t  

m a y  b e  a d d e d ,  in  th e  a b s e n c e  o f  u n s a t u r a t e d  f a t t y  a c id s  m a y  b e  r e la te d  t o  th e  f a c t  t h a t  

a s p a r a g in e  w a s  n o t  r e m o v e d  f r o m  th e  m e d iu m .

I n  th e  c a s e  o f  L ep to tr ich ia  buccalis, b io t in ,  p y r id o x in e ,  p - a m in o b e n z o ic  a c id  a n d  

c a lc iu m  p a n t o t h e n a t e  c o u ld  m e e t  th e  m in im a l  v i t a m in  r e q u ir e m e n t s .  S im i la r  o b s e r v a 

t io n s  w e re  m a d e  o n  B actero ides rum inicola  b y  B r y a n t ,  S m a l l ,  B o u m a  &  C h u  (1 9 5 8 ) . 
T h e s e  w o r k e r s  f o u n d  t h a t  t h is  o r g a n is m  a ls o  g r e w  w e l l  i n  th e  a b s e n c e  o f  p u r in e s  a n d  

p y r im id in e s ,  a n d  t h a t  m e d iu m  c o n t a in in g  v i t a m in - f r e e  e n z y m ic  d ig e s t  o f  c a s e in  w i t h  

b io t in  a n d  p - a m in o b e n z o ic  a c id  s u p p o r t e d  a s  g o o d  g r o w t h  a s  m e d iu m  w i t h  n in e  
v i t a m in s .
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S p o n t a n e o u s  f o r m a t io n  o f  m a c r o s c o p ic  a g g re g a te s  o f  y e a s t  c e l ls  is  t e rm e d  f lo c c u la 
t io n .  M a n y  p a p e r s  h a v e  b e e n  w r i t t e n  o n  th e  s u b je c t  ( f o r  r e v ie w s  see  C o m r ie ,  1 952 , 

G i l l i l a n d ,  1 9 5 7 ; J a n s e n ,  1 9 5 8 ; R a in b o w ,  1 9 6 6 ; W in d is c h ,  1 9 68 ), b u t  b e c a u s e  o f  th e  

im p o r t a n c e  o f  th e  p h e n o m e n o n  t o  th e  b r e w e r  m o s t  o f  t h e  s t u d ie s  h a v e  b e e n  c o n f in e d  

t o  b r e w e r ’ s y e a s t .  A n  a n a lo g o u s  p h e n o m e n o n  in  a  f is s io n  y e a s t  is  d e s c r ib e d  h e re .

S ch izosaccharom yces po m b e  n c y c  132  w a s  g r o w n  in  125  m l.  E r le n m e y e r  f la s k s  

e a c h  c o n t a in in g  10 m l.  m a lt - e x t r a c t  b r o t h  ( O x o id ,  2  % , w /v ) .  T h e  in o c u lu m  c o n s is t e d  

o f  5 x i o 6 s t a t io n a r y - p h a s e  y e a s t  c e l ls  f r o m  a  2 4  h . s t a t ic  c u l t u r e  i n  th e  s a m e  m e d iu m  

in  a  t ig h t ly  c a p p e d  M c C a r t n e y  b o t t le .  C u l t u r e s  w e re  s h a k e n  o n  a  r o t a t o r y  s h a k e r  
a t  15 0  r e v . / m in .  a t  3 2 °; th e  g e n e r a t io n  t im e  w a s  120  m in .

R E S U L T S  A N D  D IS C U S S I O N
F lo c c u la t io n ,  o p e r a t io n a l ly  d e f in e d  a s  th e  f o r m a t io n  o f  a g g re g a te s  c o n s is t in g  o f  m o r e  

t h a n  10 o r g a n is m s ,  o c c u r r e d  o n ly  d u r in g  th e  s t a t io n a r y  g r o w t h  p h a s e . O b s e r v e d  w i t h  a  

m ic r o s c o p e ,  th e  f i r s t  f lo e s  a p p e a r e d  2  t o  3 h . a f t e r  th e  e n d  o f  lo g a r i t h m ic  g r o w th .  

M a x im u m  f lo c c u la t io n  w a s  a t t a in e d  w i t h in  5 t o  10  h ., w h e n  f lo e s  c o n t a in e d  25  t o  

3 5  %  o f  th e  p o p u la t io n .  T h e  la r g e s t  f lo e  c o n t a in e d  u p  t o  i o 5 o r g a n is m s .  S t a t ic  c u ltu r e s ,  

s u c h  a s  t h o s e  u s e d  f o r  in o c u la ,  d id  n o t  f lo c c u la t e  e v e n  w h e n  in c u b a te d  f o r  w e e k s , 

p r o v id e d  t h e y  r e m a in e d  la r g e ly  a n a e r o b ic .  O r g a n is m s  g r o w n  in  a  m e d iu m  c o n t a in in g  

( p e r  1.) 5 g . y e a s t  e x t r a c t  ( D i f c o )  +  3 0  g . g lu c o s e ,  s t a t ic  o r  s h a k e n ,  n e v e r  f lo c c u la t e d .

F o r m a t io n  o f  f lo e s  w a s  n o t  d u e  t o  f a i lu r e  o f  d a u g h t e r  o r g a n is m s  t o  s e p a ra te  a f t e r  

f is s io n .  A n  h o u r  o r  tw o  b e f o r e  f lo c c u la t io n ,  a g g re g a te s  c o n s is t in g  o f  m o r e  t h a n  10 

o r g a n is m s  w e re  n e v e r  o b s e r v e d .  M o r e o v e r ,  s e p a r a t io n  o f  p a i r s  a n d  la r g e r  a g g re g a te s  

b y  u l t r a s o n ic  t r e a tm e n t  a t  th e  e n d  o f  lo g a r i t h m ic  g r o w t h  d id  n o t  p r e v e n t  s u b s e q u e n t  

f lo c c u la t io n .

F lo e s  w e re  s t a b le  t o  d i l u t i o n  in  d e io n iz e d  w a t e r  a n d  c o u ld  b e  s e p a ra te d  f r o m  f re e  

( n o n - f lo c c u la t e d )  o r g a n is m s  b y  d i f f e r e n t ia l  s e d im e n t a t io n .  A  f lo c c u la t e d  c u l t u r e  w a s  

t r a n s f e r r e d  t o  a  15 m l.  t a p e r e d  c e n t r i f u g e  t u b e  a n d  a l lo w e d  t o  s ta n d  u n d is t u r b e d  f o r  

5  m in .  a t  r o o m  t e m p e r a tu r e .  T h e  f lo e s  s e t t le d  t o  th e  b o t t o m  o f  th e  tu b e ,  w h e re a s  f re e  

o r g a n is m s  r e m a in e d  in  th e  s u p e r n a ta n t  f lu id  w h ic h  c o u ld  th e n  b e  d e c a n te d  f r o m  th e  

f lo e s  o r  s a m p le d  in situ  f o r  c o u n t in g  w i t h  a  h a e m o c y to m e te r .  F lo e s  w e re  p u r i f ie d  b y  

r e p e a te d  s e d im e n t a t io n  i n  d e io n iz e d  w a te r .  F r e e  o r g a n is m s  s e p a ra te d  f r o m  f lo e s  

d u r in g  th e  t im e  o f  m a x im u m  f lo c c u la t io n  c o u ld  n o t  b e  in d u c e d  t o  f lo c c u la t e  a m o n g  

th e m s e lv e s  w h e n  s h a k e n  in  t h e i r  o w n  m e d iu m  a n d  t h u s  w e re  c o n s id e r e d  t o  b e  n o n -  

in d u c e d  o r  in c o m p e te n t .
T h a t  f lo e s  w e re  s t a b le  in  d e io n iz e d  w a t e r  in d ic a t e s  t h a t  n o  s p e c ia l c o m p o n e n t  o f  

s p e n t  m e d iu m  s u s ta in e d  f lo e  f o r m a t io n .  A d d i t i o n  o f  u n in o c u la t e d  m e d iu m ,  o r  o f



s p e n t  m e d iu m  s e p a ra te d  f r o m  lo g a r i t h m ic a l ly  g r o w in g  c u ltu r e s ,  t o  p u r i f ie d  f lo e s  d id  

n o t  c a u s e  d e f lo c c u la t io n .  T h i s  o b s e r v a t io n  in d ic a t e s  t h a t  th e  f a i lu r e  o f  g r o w in g  

o r g a n is m s  t o  f lo c c u la t e  w a s  n o t  d u e  t o  th e  p re s e n c e  o f  a  d e f lo c c u la t in g  a g e n t  in  th e  

m e d iu m .
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F ig . x. E ffect o f  te m p e ra tu re  o n  th e  stab ility  o f  pu rified  floes o f  S ch izo sa c c h a ro m y c e s  p o m b e  
n c y c  132. T h e  ex ten t o f  d efloccu la tion  is expressed  as th e  n u m b er o f  free o rgan ism s in  th e  
suspensions observed  m icroscopically .

T h e  e f fe c t  o f  t e m p e r a tu r e  o n  th e  s t a b i l i t y  o f  f lo e s  in  d e io n iz e d  w a te r  is  s h o w n  in  

F ig .  1. A  10 m l.  s u s p e n s io n  o f  p u r i f ie d  f lo e s  in  a  t a p e r e d  c e n t r ifu g e  t u b e  w a s  in c u b a t e d  

in  a  w a te r  b a th ,  a n d  th e  t e m p e r a tu r e  o f  th e  b a t h  w a s  r a is e d  1 0 e v e r y  5 m in .  C o u n t s  

o f  f re e  o r g a n is m s  w e re  m a d e  a s  f o l lo w s .  T h e  t u b e  w a s  w it h d r a w n ,  in v e r t e d  f iv e  

t im e s ,  a n d  r e t u r n e d  t o  th e  b a t h  t o  r e m a in  u n d is t u r b e d  u n t i l  s a m p le d .  A t  th e  e n d  o f  5 

m in . ,  t h e  s u p e r n a ta n t  f lu id  w a s  s a m p le d  f o r  c o u n t in g ,  10  m m . b e lo w  th e  l i q u id  s u r fa c e .  
O n ly  o r g a n is m s  i n  g r o u p s  o f  1 0  o r  le s s  w e re  c o u n te d .  P u r i f ie d  f lo e s  w e re  s t a b le  t o  

5 0  ° ; h ig h e r  t e m p e r a tu r e s  c a u s e d  d e f lo c c u la t io n ,  w h ic h  w a s  c o m p le t e  a t  8 0  ° a n d  a b o v e .  

T h e  t e m p e r a tu r e  a t  w h ic h  h a l f  th e  f lo e  p o p u la t io n  d e f lo c c u la t e d  w a s  61 °. A  r o u g h ly  
s im i la r  v a lu e  h a s  b e e n  r e p o r t e d  f o r  b r e w e r ’ s y e a s t  ( M i l l ,  1 964 ).

D e f lo c c u la t io n  b y  h e a t  w a s  r e v e r s ib le .  W h e n  a  tu b e  o f  h e a t - d e f lo c c u la t e d  o r g a n is m s  

w a s  a l lo w e d  t o  s ta n d  u n d is t u r b e d  a t  r o o m  te m p e r a tu re ,  o r g a n is m s  s lo w ly  r e f lo c 

c u la t e d .  T h e  t im e  t a k e n  f o r  h a l f  t h e  p o p u la t io n  t o  r e f lo c c u la t e  (R ,) w a s  10 t o  15 h .  

C o n t in u o u s  g e n t le  a g i t a t io n  s h o r t e n e d  R t v a lu e s  t o  a n  h o u r  o r  so . A d d i t i o n  o f  o - i  m  
s a lt ,  s u c h  a s  N a C l  o r  C a C l 2, d e c re a s e d  th e  R t v a lu e  t o  a  fe w  m in u te s .

C a l c iu m  io n s  h a v e  b e e n  d i r e c t ly  im p l ic a t e d  in  th e  f lo c c u la t io n  o f  b r e w e r ’ s y e a s t  

( M i l l ,  1 964 ) a n d  in  o t h e r  c e l l- a g g r e g a t in g  s y s te m s  ( f o r  a  r e v ie w ,  see  C u r t i s ,  1 9 6 7 ). I



f o u n d  n o  e v id e n c e  t h a t  C a n  w e re  d i r e c t ly  in v o lv e d  i n  f lo c c u la t io n  o f  t h is  f is s io n  

y e a s t  Sch izosaccharom yces pom be . T h e  s t a b i l i t y  o f  p u r i f ie d  f lo e s  i n  d e io n iz e d  w a t e r  

a n d  th e  in e f fe c t iv e n e s s  o f  E D T A  ( p H  8) a s  a  d e f lo c c u la t in g  a g e n t  a re  e v id e n c e  a g a in s t  

th e  in v o lv e m e n t  o f  C a 2+. M o r e o v e r ,  r e p e a te d  w a s h in g  o f  d e f lo c c u la t e d  o r g a n is m s  

w i t h  d e io n iz e d  w a t e r  d id  n o t  in h ib i t  s u b s e q u e n t  r e f lo c c u la t io n .  F u r t h e r m o r e ,  th e  u s e  

o f  s a lt s  t o  in c r e a s e  th e  r a t e  o f  r e f lo c c u la t io n  c o u ld  b e  o b v ia t e d  b y  p a c k in g  th e  o r g a n is m s  

b y  c e n t r i f u g a t io n .  T h e n ,  u p o n  r e s u s p e n s io n ,  th e  o r g a n is m s  w e re  se e n  t o  h a v e  r e 

f lo c c u la t e d .  I n c o m p e te n t  o r g a n is m s  s e d im e n te d  i n  a  c e n t r i f u g e  d id  n o t  f lo c c u la t e .

B e c a u s e  th e  p o p u la t io n  o f  f r e e  o r g a n is m s  c o u ld  b e  d e t e rm in e d  f r o m  a  s a m p le  o f  th e  

s u p e r n a t a n t  f lu id ,  a n d  th e  t o t a l  p o p u la t io n  e s t im a te d  a f t e r  d e f lo c c u la t io n ,  i t  w a s  

p o s s ib le  t o  c a lc u la t e  th e  n u m b e r  o f  f lo c c u la t e d  o r g a n is m s  i n  a  c u l t u r e  w i t h o u t  i s o la t in g  

th e  f lo e s .  A  c u l t u r e  w h o s e  p o p u la t io n  o f  f r e e  o r g a n is m s  h a d  b e e r, s a m p le d  w a s  d e 

f lo c c u la t e d  a t  9 0  °. A f t e r  c o o l in g  t o  r o o m  t e m p e r a tu r e ,  i t  w a s  s a m p le d  f o r  a  t o t a l  

c o u n t .  T h e  n u m b e r  o f  o r g a n is m s  in  f lo e s  w a s  t h e n  e q u iv a le n t  t o  th e  t o t a l  p o p u la t io n  

d e t e rm in e d  a f t e r  d e f lo c c u la t io n  m in u s  th e  f re e  o r g a n is m  p o p u la t io n  d e t e rm in e d  a f t e r  

s t a n d in g  f o r  5 m in .  a n d  b e fo r e  d e f lo c c u la t io n .

I n c u b a t io n  o f  p u r i f ie d  f lo e s  i n  3 M - g u a n id in iu m  c h lo r id e  o r  i n  5 M -u re a  c a u s e d  

c o m p le t e  d e f lo c c u la t io n ,  a n  o b s e r v a t io n  t h a t  h a s  b e e n  m a d e  w i t h  b r e w e r ’ s y e a s t  ( M i l l ,

1 964 ). R e m o v a l  o f  e i t h e r  r e a g e n t  le d  t o  in s t a n t a n e o u s  r e f lo c c u la t io n .  S o d iu m  d o d e c y l  

s u lp h a t e  a ls o  c a u s e d  r e v e r s ib le ,  b u t  v e r y  s lo w ,  d e f lo c c u la t io n .  I n  c o n t r a s t ,  d e f lo c c u 

la t io n  b y  t r y p s in  o r  p a p a in  w a s  ir r e v e r s ib le ,  in  th e  s a m e  se n se  t h a t  th e  e f fe c t  o f  n e it h e r  

r e a g e n t  c o u ld  b e  r e m o v e d  b y  w a s h in g .  T h e  u s e  o f  p r o t e o ly t i c  e n z y m e s  a s  d is a g g r e g a t in g  

a g e n ts  f o r  b r e w e r ’ s y e a s t  ( E d d y ,  19 58 ) a n d  o t h e r  c e l l - a g g r e g a t in g  s y s te m s  ( f o r  a  r e v ie w ,  

see  C u r t i s ,  1 9 6 7 )  is  w e l l  k n o w n .  S u g a r s ,  r e p o r t e d  t o  c a u s e  d e f lo c c u la t io n  o f  b r e w e r ’ s 

y e a s t  ( E d d y ,  1 9 5 5 ; M i l l ,  1 9 6 4 )  w e re  in e f f e c t iv e  e v e n  a t  c o n c e n t r a t io n s  a s  h ig h  a s  5 0  %  

(w /v ) .  H ig h  c o n c e n t r a t io n s  o f  N a C l  w e re  l ik e w is e  in e f fe c t iv e .

S in c e  h e a t - k i l le d  o r g a n is m s  r e f lo c c u la t e d ,  in c o m p e t e n t  o r g a n is m s  a n d  o r g a n is m s  

in  f lo e s  w e re  s e p a r a t e ly  r u p t u r e d  b y  m e a n s  o f  a  B r a u n  c e l l  h o m o g e n iz e r .  T h e  e n v e lo p e s  

w e re  s e p a ra te d  f r o m  c e l lu la r  d e b r is  a n d  w h o le  o r g a n is m s  b y  d i f f e r e n t ia l  c e n t r i f u g a t io n  

a n d  w a s h e d  r e p e a t e d ly  w i t h  d e io n iz e d  w a te r .  E n v e lo p e s  d e r iv e d  f r o m  o r g a n is m s  in  

f lo e s  f lo c c u la t e d ;  t h o s e  f r o m  in c o m p e t e n t  o r g a n is m s  d id  n o t .  T h u s  w h a t e v e r  f o r c e s  

w e re  in v o lv e d  in  f lo e  f o r m a t io n  m u s t  h a v e  b e e n  a s s o c ia te d  w i t h  th e  e n v e lo p e s .

R e f lo c c u la t io n  o f  o r g a n is m s  r e v e r s ib ly  d e f lo c c u la t e d  b y  a n y  o f  t . ie  w a y s  d e s c r ib e d  

a b o v e  s h o w e d  s ig n if ic a n t  h y s te re s is .  T h e  h ig h e s t  r e f lo c c u la t io n  v a lu e  o b s e r v e d  w a s  

9 5  %■

T h e  a u t h o r  t h a n k s  D r  B y r o n  F .  J o h n s o n  a n d  D r  I a n  J .  M c D o n a ld  f o r  h e lp f u l  

c r i t i c i s m  a n d  a d v ic e .
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A Rapid Dilution Technique
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M icrob io logy  D epartm en t, Queen E lizabeth  C ollege, U niversity o f  London, 
Cam pden H ill, L ondon W. 8

{A ccep ted  f o r  publica tion  3 N ovem ber 1970)

V ia b le  c o u n t s  b y  o r d in a r y  d i lu t io n  p r o c e d u r e s  a n d  p la t in g  is  a  r o u t in e  p r a c t ic e  in  

m a n y  f ie ld s  o f  m ic r o b io lo g y ,  M a n y  a t t e m p t s  h a v e  b e e n  m a d e  t o  s im p l i f y  th e se  p r o 

c e d u re s  in  t e rm s  o f  b o t h  t im e  a n d  m a t e r ia l  c o n s u m e d .  T h e r e  a re  f ie ld s  o f  r e s e a r c h  

w h e r e  s a m p l in g  a t  c lo s e  in t e r v a ls  is  e s s e n t ia l.  I n  s u c h  c a se s  s t o r in g  o f  s a m p le s ,  a l t h o u g h  

u n d e s ir a b le  b e c a u s e  o f  p o s s ib le  d e le t e r io u s  e ffe c ts  o n  v ia b i l i t y  o f  th e  b a c t e r ia ,  m a y  
b e c o m e  n e c e s s a ry .

F a c e d  w i t h  t h is  p r o b le m  in  o u r  g r o w t h  e x p e r im e n t s  w h e re  v e r y  f r e q u e n t  s a m p l in g  

w a s  r e q u ir e d ,  w e  a d o p t e d  th e  t e c h n iq u e  d e s c r ib e d  b e lo w  w h ic h  e l im in a t e s  th e  r e q u ir e 

m e n t  f o r  s t e r i le  p ip e t t e s  a n d  tu b e s  o f  d i lu e n t ,  t h u s  r e d u c in g  t im e  s p e n t  o n  p r e p a r a t io n s  

o f  m a t e r ia ls  a n d  in  m a n ip u la t io n s .  A l l  t h e  a p p a r a t u s  r e q u ir e d  f o r  t h is  t e c h n iq u e  is  

s h o w n  in  P la t e  1.

T h e  s t o c k  d i lu e n t  is  c o n v e n ie n t ly  c o n t a in e d  in  a  P e t r i  d is h  a n d  is  d is p e n s e d  w i t h  a  

g r a d u a te d  1 m l.  s y r in g e .  T h e  s y r in g e  is  in s e r t e d  in t o  th e  P e t r i  d is h  t h r o u g h  a  h o le  in  th e  

p la s t i c  l i d ,  a n d  a  d i lu e n t  v o lu m e  o f  0 -9  m l.  is  t r a n s f e r r e d  in t o  a  g la s s  d is h  p r e v io u s ly  

s t e r i l i z e d  b y  b u r n in g  a lc o h o l .  N o  c h a n g e  o f  s y r in g e  h a s  b e e n  f o u n d  n e c e s s a r y  d u r in g  

p la t in g s  o v e r  7  t o  8 h . T h e  in o c u lu m  is  m e a s u r e d  b y  m e a n s  o f  a  p ip e t t e  d e l iv e r in g  

5 0  d r o p s / m l.  o f  th e  d i lu e n t  u s e d . F iv e  d r o p s  o f  in o c u lu m  m ix e d  w i t h  th e  d i lu e n t  g iv e  

a  1 /10  d i lu t io n .  A l t e r n a t e  u se  o f  tw o  p ip e t t e s  sa v e s  w a i t in g  t im e  f o r  c o o l in g .  T h e  m a in  

f e a tu r e  is  t h a t  th e  d i lu e n t  a n d  in o c u lu m  a re  p la c e d  in  a  s m a l l  g la s s  d is h  4  x  4  x  1-5 c m . 

w i t h  a  h e m is p h e r ic  c a v i t y  1-5 c m . w id e  a n d  i - 2 c m .  d e e p  ( B a i r d  a n d  T a t lo c k )  a n d  

m ix e d  b y  m e a n s  o f  a  m a g n e t ic  s t i r r e r  6  m m . lo n g  a n d  a b o u t  0 -5  m m . t h i c k  s e a le d  in  a  

p ie c e  o f  c a p i l l a r y  t u b in g  ( V o s s  I n s t r u m e n t s ,  F a r a d a y  W o r k s ,  M a ld o n ,  E s s e x ) .  I n  th e  

m e a n t im e  th e  inoculating  p ip e t t e  is  r in s e d  i n  a lc o h o l  a n d  ig n i t e d  a n d  th e  d i lu e n t  f o r  

t h e  n e x t  d i l u t i o n  is  p la c e d  in  a n o th e r  s t e r i le  g la s s  d is h .

A f t e r  p la t in g  th e  a p p r o p r ia t e  d i lu t io n s  o f  c u ltu r e ,  a l l  g la s s  d is h e s  a r e  v a c u u m -  

e m p t ie d  in t o  a  c o n ic a l  f la s k  c o n n e c t e d  t o  a  v a c c u m  l in e .  P lu g g in g  th e  n o z z le  in t o  a  

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

w i t h  a  p ie c e  o f  c o t t o n  w o o l  s o a k e d  i n  a lc o h o l  a n d  th e  r e s id u a l  a lc o h o l  ig n it e d .  T h e  

m a g n e ts ,  s im i la r l y  s t e r i l iz e d ,  a r e  r e p la c e d  in  th e  d is h e s  w h ic h  c a n  t h e n  b e  s t o r e d  u n d e r  

a  la r g e  P e t r i  d is h  l id .  T h e  w h o le  p r o c e d u r e  o f  m a k in g  a  d i l u t i o n  u p  t o  io ~ 6, p la t in g ,  

c le a n in g  a n d  s t e r i l i z a t io n  t a k e s  n o  lo n g e r  t h a n  6  m in .
N o  s p e c ia l c o n t a m in a t io n  p r o b le m s  h a v e  b e e n  e x p e r ie n c e d  o v e r  a  p e r io d  o f  s e v e ra l 

m o n th s .  N o  a e r o s o l  c o u ld  b e  d e te c te d  w i t h  a g a r  p la t e s  p la c e d  o v e r  th e  g la s s  d is h e s  

d u r in g  th e  m a g n e t ic  m ix in g ,  b u t  a p p l i c a t io n  o f  t h is  t e c h n iq u e  t o  p a t h o g e n ic  o r g a n is m s  

w o u ld  r e q u ir e  a d d i t io n a l  p r e c a u t io n s ,  e .g . u s e  o f  a  f a n  c a b in e t  a n d  c o v e r s  f o r  th e  g la s s e s . 

W e  f in d  t h a t  t h is  t e c h n iq u e  is  c o n s id e r a b ly  f a s te r  a n d  m o r e  c o n v e n ie n t  t h a n  o t h e r



S h o rt com m unication2 5 2

d i l u t i o n  p r o c e d u r e s  a n d  m a k e s  p o s s ib le  s a m p l in g  a n d  p la t in g  a t  in t e r v a ls  a s  c lo s e  

a s  6  t o  8  m in .  I t  i s  a ls o  e c o n o m ic a l  i n  t e rm s  o f  m a t e r ia ls ,  t e c h n ic a l  a s s is t a n c e  a n d  

e f f o r t .

E X P L A N A T I O N  OF P L A T E  
A n  illu s tra tio n  o f  eq u ip m en t fo r  th e  d ilu tio n  techn ique.
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Genetic Transfer in Mycobacterium phlei
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{A ccep ted  f o r  publica tion  4 N ovem ber 1970)

T r a n s f e r  o f  g e n e t ic  in f o r m a t io n  i n  th e  g e n u s  M ycobacteriu m  h a s  b e e n  r e p o r t e d  

( J u h a s z ,  i9 6 0 ;  R e d m o n d ,  W a r d  &  W r ig h t ,  1 9 6 7 )  b u t  th e  r o le  o f  p h a g e  i n  s u c h  t r a n s 

f e r s  c o u ld  n o t  b e  e s ta b l is h e d .  W e  w o u ld  l i k e  t o  r e p o r t  o n  g e n e t ic  t r a n s f e r  i n  M . p h le i 
i n  w h ic h  t r a n s d u c in g  p h a g e  B o  2 p la y s  a  m a j o r  r o le .

T h e  d o n o r  s t r a in ,  M ycobacteriu m  p h le i SN109, o b t a in e d  f r o m  th e  B o r s t e l  C u l t u r e  

C o l le c t io n ,  B o r s t e l ,  W e s t  G e r m a n y ,  c o u ld  g r o w  o n  D - x y lo s e  (x y h )  w h e n  t h is  s u g a r  w a s  

p r e s e n t  a s  th e  s o le  c a r b o n  s o u r c e ,  a n d  w a s  s e n s it iv e  t o  1 -o //.g. /m l. s t r e p t o m y c in  

(.str -s ). T h e  r e c ip ie n t  s t r a in ,  a  m u t a n t  o f  M . p h le i  F89 r e s is t a n t  t o  100 / ig . / m l.  s t r e p t o 

m y c in  (s tr -r ), c o u ld  n o t  u t i l i z e  D - x y lo s e  (x y h )  a s  a  c a r b o n  s o u rc e .  O r ig in a l  M . ph le i 
F89 w a s  o b t a in e d  f r o m  S . F r o m a n ,  O l i v e  V ie w  H o s p i t a l ,  O l i v e  V ie w ,  C a l i f o r n ia .  T h e  

p h a g e  e m p lo y e d  w a s  m y c o b a c t e r io p h a g e  p h le i  B o  2, o r ig in a l l y  d e s ig n a te d  B  2, is o la t e d  

f r o m  d u n g  a n d  p r o p a g a te d  o n  M . ph le i F89 ( J u h a s z  &  B o n ic k e ,  1965). T h e  s e le c t iv e  

m e d iu m  c h o s e n  f o r  th e se  e x p e r im e n t s  w a s  a  m in im a l  m e d iu m  ( G o r d o n  &  M ih m ,

1959) c o n t a in in g  1 %  D - x y lo s e  ( P fa n s t ie h l) ,  t o  w h ic h  50 / tg ./m l.  F e C l 3 a n d  50 / ig . /m l.  

s t r e p t o m y c in  s u lp h a t e  ( S ig m a )  w e re  a d d e d .  S e v e r a l c o n t r o ls  w e re  e m p lo y e d .  T h e s e  

c o n s is t e d  o f  b a c t e r ia  t r e a t e d  w i t h  (1) h e a t - k i l le d  p h a g e  ( a u t o c la v e d  a t  15 lb .  p r e s s u re  

f o r  15 m in . ) ;  ( i i )  p h a g e  a n d  D N a s e  ( C a lb io c h e m ) ; ( i i i )  h e a t - k i l le d  ( a u t o c la v e d )  p h a g e  

a n d  D N a s e ;  a n d  ( iv )  s t e r i le  h e a r t  in f u s io n  b r o t h  ( D i f c o )  in  p la c e  o f  p h a g e .

I n  o u r  e x p e r im e n t s  p h a g e  B o  2 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  M ycobacterium  
p h le i SN10 9 (x y l+, s tr -s), h a r v e s te d ,  f i l t e r e d  a n d  te s te d  f o r  b a c t e r ia l  s t e r i l i t y .  S t e r i le  

p h a g e  p r e p a r a t io n s  w e re  t h e n  u s e d  t o  in f e c t  th e  r e c ip ie n t  M . ph le i F89 ( x y h ,  s tr -r ) . 
V a r io u s  m u l t ip l i c i t ie s  o f  in f e c t io n  w e re  t r ie d .  P o s i t iv e  r e s u lt s  w e re  o b t a in e d  w it h  

m u l t ip l i c i t ie s  o f  in f e c t io n  o f  r o  a n d  2 -0 , t h e  r e s u lt s  b e in g  p r o p o r t io n a l  t o  th e  p h a g e  

c o n c e n t r a t io n s  e m p lo y e d .  H o w e v e r ,  i f  t h e  p h a g e  c o n c e n t r a t io n  w a s  t o o  h ig h ,  b a c k 

g r o u n d  b a c t e r ia l  g r o w th ,  s t e m m in g  f r o m  n u t r ie n t s  p r e s e n t  i n  th e  p h a g e  p r e p a r a t io n  

it s e lf ,  m a d e  i s o la t io n  o f  x y l+ t r a n s d u c t a n t s  d i f f ic u l t .  T h e  p h a g e - b a c t e r iu m  m ix t u r e  w a s  

in c u b a t e d  a t  3 7 0 f o r  4 8  h . a n d  s u b s e q u e n t ly  in o c u la t e d  o n  t o  th e  s e le c t iv e  m e d iu m .  
G r o w t h  w a s  r e c o r d e d  a f t e r  4  w e e k s . I n  o r d e r  t o  in s u r e  t h a t  m u ta n t s  c o u ld  i n  f a c t  

u t i l i z e  x y lo s e  a n d  t h a t  b a c t e r ia l  g r o w t h  h a d  n o t  b e e n  d u e  t o  n u t r ie n t s  in  th e  p h a g e  

in o c u lu m ,  r a n d o m ly  s e le c te d  c o lo n ie s  f r o m  e a c h  e x p e r im e n t  w e re  w a s h e d  tw ic e  in  

p h y s io lo g ic a l  s a l in e  a n d  r e in o c u la t e d  o n  t o  th e  s e le c t iv e  m e d iu m .  A l l  th e  c o lo n ie s  t h u s  

te s te d  w e re  a b le  t o  g r o w  o n  x y lo s e  a s  s o le  c a r b o n  s o u rc e .  P h a g e  c o n v e r s io n  d id  n o t  

se e m  t o  a c c o u n t  f o r  th e  e m e rg e n c e  o f  th e  x y l+  c h a r a c t e r  s in c e  in f e c t io n  w it h  p h a g e  B o  2 , 
w h ic h  h a s  b e e n  p r o p a g a te d  p r e v io u s ly  o n  F89 ( x y h ,  s tr -r )  d id  n o t  c o n v e r t  F89 ( x y h ,  
s tr -r)  t o  x y l+.



T r a n s f e r  o f  th e  x y l+ m a r k e r  b y  transduction  is  f i r m ly  s u p p o r t e d  b y  th e  d a t a  f r o m  

f o u r  t r a n s f e r  e x p e r im e n t s  s u m m a r iz e d  in  T a b le  i .  T h e  la r g e r  n u m b e r  o f  p r o t o t r o p h ic  

c o lo n ie s  o b t a in e d  w i t h  l iv e  a s  o p p o s e d  t o  h e a t - k i l le d  p h a g e , th e  p r o p o r t io n a l i t y  o f  th e  

n u m b e r  o f  s u c h  c o lo n ie s  t o  th e  n u m b e r  o f  p h a g e  e m p lo y e d ,  a n d ,  f in a l ly ,  th e  t r a n s f e r  

a c t iv i t y  r e t a in e d  b y  D N a s e - t r e a t e d  p h a g e  a re  m a jo r  c h a r a c t e r is t ic s  o f  th e  k n o w n  

t r a n s d u c t io n  sy s te m s . T h e  p e c u l ia r i t y  o f  th e  t r a n s f e r  s y s te m  p r e s e n te d  in  t h is  p a p e r  w a s ,

254 Short communication

T a b le  I . Transfer o f  the x y l+ character to M ycobacterium  p h le i f 8 ç  (x y l~, str -r)

E xp erim en t* A B C D

P h age in p u t/m l. (p laq u e-fo rm in g  un its) 1-2 X IO8 3 X IO8 8 x io 8 4X io 8
M u ltip lic ity  o f  in fec tion 1-2 I'C 2-0 1 0

1. B acteria  a n d  p h ag e  m ix tu re 217 481 1031 451
2. B ac te ria  a n d  p h ag e  an d  D N a se  m ix tu re — 411 — 367
3. B ac te ria  an d  heat-k illed  p h ag e  m ix tu re — 84 343 108
4. B ac te ria  a n d  heat-k illed  p h ag e  and — — 56 —

D N a se  m ix tu re
5. B acteria  a n d  sterile  h e a r t in fusion  b ro th 13 — 38 ___

* N u m b ers  in  co lum ns refe r to  th e  n u m b er o f  co lon ies o b ta in ed  on  20 p la te s  co n ta in in g  o-i m l. 
a m o u n ts  o f  th e  in cu b a tio n  m ix tu re /p la te  (in  th e  presence  o f  xylose as so le c a rb o n  source).

h o w e v e r ,  t h a t  h e a t - k i l le d  p h a g e  p r e p a r a t io n s  r e t a in e d  p a r t  o f  t h e  o r ig in a l  t r a n s f e r  

a c t iv i t y .  U p o n  t r e a tm e n t  w i t h  D N a s e ,  t h is  r e s id u a l a c t iv i t y  o f  h e a t - k i l le d  p h a g e  

d is a p p e a r e d  a n d  th e  n u m b e r  o f  s p o n ta n e o u s  r e v e r t a n t s  w a s  c o m p a r a b le  w it h  t h a t  

f o u n d  w h e n  h e a r t  in f u s io n  b r o t h  r e p la c e d  p h a g e . S in c e  th e  h e a t - k i l le d  p h a g e  a p p e a r e d  

t o  r e t a in  th e  t r a n s f e r  a c t iv i t y  lo s t  w h e n  th e  p h a g e  p r e p a r a t io n  w a s  t r e a t e d  w i t h  D N a s e  

( s u m  o f  l in e s  tw o  a n d  th re e  o f  T a b le  1 c o m p a r e d  w it h  l in e  o n e )  o n e  c a n  h a r d ly  e s c a p e  

th e  c o n c lu s io n  t h a t  th e  o b s e r v e d  r e s id u a l  a c t iv i t y  w a s  d u e  t o  t r a n s f o r m a t io n  b y  b a c 

t e r ia l  D N A .  D i r e c t  e v id e n c e  f o r  t r a n s f o r m a t io n  t o  xyl+  o f  M ycobacterium  ph le i F 8 9  
w i l l  b e  o b t a in e d  o n ly  u p o n  is o la t io n  o f  b io lo g i c a l l y  a c t iv e  D N A  f r o m  e it h e r  d o n o r  

S N 10 9  o r  f r o m  p h a g e  B 0 2  w h ic h  h a s  b e e n  p r o p a g a te d  p r e v io u s ly  o n  S N 109.

A D D E N D U M

A f t e r  t h is  p a p e r  w a s  s u b m it t e d  f o r  p u b l i c a t io n  a n  a r t ic le  a p p e a r e d  in  N ature, 
London, o n  ‘ T r a n s d u c t io n  i n  M ycobacterium  sm e g m a tis ’ . ( C .  V .  S u n d a r  R a j  &  T .  
R a m a k r is h n a n ,  1 97 0 ,  N atu re London  2 2 8 , 2 8 0 .)
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Introducing one of the 
coldest places on earth-the place 

where nothing happens.

You're looking into a Union Carbide refrigerator. 
Which is n o t  like any other refrigerator.

Firstly because it has no moving parts which 
might fail. Secondly because it needs no electrical 
supply -  all that's required is liquid nitrogen and Super 
Insulation; superior design does the rest Thirdly 
because it deals with the really low temperatures - i t  
usually operates at around minus 180°C.

The warmest it gets is minus 130°C, the tem p
erature at which ice crystals growth ceases and 
therefore below that at which water based chemical 
reactions can take place.

The liquid nitrogen refrigerant is inert and there
fore has no effect on stored product. And since it does 
its work from beneath a false floor in the unit it is

safely clear of specimens and operator. Capacities of 
the range of Union Carbide refrigerators vary from 
53 cu. in. to 30 cu. ft. and are suitable for a very wide 
range of uses. British made units can be delivered 
ex stock.

And you get chapter and verse -  with no com
mitment -  simply by dropping a line to either of the 
addresses below.

U n io n  C a r b id e  U K  L im ite d
Redworth Way, Aycliffe Incust- 
rial Estate, Aycliffe, Co. Durham 
Tel: Aycliffe 2581 -4 
8 Grafton St., London W 1A 2LR 
Tel: 01-629 8100 THE DISCOVERY.COMPANY

Union Carbide Liquid Nitrogen Refrigerators-for the uncommon cold.1 w  w  Union Carbide is a registered trademark of the Union Carbide Corporation

1. Gen. Micro. 64 , 2 ( i )
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Enzymes in the Whatman 
tradition-purity and reliability
W fiiatman-already famous for the quality o f  their 
filtration and chromatographic m aterials-are  now 
extending their field o f  operations to include enzymes 
and related biochemicals for all applications where 
purity  an J  reliability arc ol high im p o ten ce  ’1 he 
new  W hatm an range includes Lactate dehydrogenase, 
L-asparaginase, Elastase and G lyceraldehyde-J- 
phosphatc dehydrogenase. T hey are all made to an 
extrem ely high standard o f  purity , and detailed 
specifications arc given in the new W hatman 
Biochemical*' catalogue. The tree loose lent'catalogue 
is now available and supplementary sheets »iU be 
sent to  all catalogue holders as new products are -t 
introduced. Prices are  extremely competitive,: p

W b t m a f i - e n z v m e s  you  can  t r u s t

W ha tm an Biochemicals L im ited,
Springfield Mill, M aidstone, K ent, England. 
Telephone: M aidstone 61688/9 Telex: 961,13 2jU tj

I would like to receive a free copy of the new Whatman 
Biochemicals Catalogue.

ORGANISATION- 

ADDRESS _____

Whatman W hatm an Biochcmicals L im ited
® Registered trademark of W. & R. Balstcn Limited.

WB/PA/704/JGM
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