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T H E

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

THE PREPARATION 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  b e  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  sp 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 )

T h e  E d it o r s  w is h  to  e m p h a s ize  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  b e s t E n g l is h  f o r  th e  

p u rp o s e  o f  th e  Journal is  th a t  w h ic h  g iv e s  th e  sense  in  th e  few e st s h o r t  w o rd s , s p e lt  a c c o r c 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  b e  sed u ced  
in 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  a s  re su lts  c o m e  to  h a n d . I t  is  b e tte r  t o  w a it  u n t i l  a 
c o m p re h e n s iv e  p a p e r  c a n  b e  w r it te n .

(3) A u th 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 a s  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  
th e 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  be  s t r ic t ly  l im ite d  to  d is cu s s in g  th e  re s u lts  i f  th is  is  
n e ce ssa ry , 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 ry  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 r e s  a n d  ta b le s  s h o u ld  b e  se le c ted  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  be  d e s c r ib e d  in  the  
te 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  t y 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  
(a b o u t la y o u t ,  e tc.) a s  w e ll a s  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 x cep t to  in c re a se  c la r it y  a n d  co n c isen ess . I f  a n  e d it o r ia l  a lte ra t io n  
ch an g es  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 a s  e xp re ssed  a m b ig u o u s ly .  W h e n  a n  e d it o r  c a n  
g ra sp  the  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  b e  a s su m e d  th a t  a n y o n e  can .

DIRECTIONS TO CONTRIBUTORS
Communications. Manuscripts snould be sent to The 
Journal o f General Microbiology, 8 Queen Victoria 
Street, Reading, Berkshire, England. Communications 
about offprints must be addressed to The University 
Press, Cambridge.

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that they report unpublished work that is not under con­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for the Journal it will not be published again in the same 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

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

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

A manuscript should be submitted in double-spaced 
typing with wide margins, and on paper suitable for ink 
corrections. The paper must be written in English and 
should, in general, be divided into (a) Summary; (6) In­
troduction; (r) Methods; id) Results; (e) Discussion (if 
any) and general conclusions; i f )  Acknowledgements; 
ig) References.

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

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

Short Communications should occupy not more than 
four pages o f printed text (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 et al. 1944). Where more than 
one paper by the same author(s) has appeared in one 
year the references should be distinguished in the text and
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the bibliography by the letters a, b, etc., following the 
citation o f the year (e.g. 1914a, 19146, or 1914a, 6).

References at the end o f 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 
5jrin. by 11 in. (14 cm. x 18-5 cm.). Photographs should 
not be mounted; a layout should be given on a separate 
piece of paper. Figures are numbered continuously 
through two or more plates.
Symbols and Abbreviations. Where relevant, Letter 
Symbols, Signs and Abbreviations, British Standard 1991: 
pt 1 General (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 com ­
mittee 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 an­
hydrous or hydrated compounds were used, i.e. the 
correct molecular formula should be used, e.g. C uS04, 
C uS04.H 20  or C u S 04.5H 20 .
Description of Solutions. The concentrations o f solutions 
are preferably defined in terms o f normality (n) or 
molarity (m). The term * %’ must be used in its correct 
sense, i.e. g ./100g. 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. 1.

Nomenclature o f Enzymes. The system published in 
Report o f the Commission on Enzymes o f the International 
Union o f Biochemistry, Oxford: Pergamon Press, 50s., 
is used.
Nomenclature in Bacterial Genetics. The proposal by M. 
Demerec, E. A. Adelberg, A. J. Clark and P. E. Hartman 
published in Genetics (1966), 54, 61 has been reprinted 
in the Journal (1968), 50, 1 as a useful guide to authors. 
The general principles laid down should be followed  
wherever practicable.
Nomenclature and Description o f Micro-organisms. The
correct name of the organisms, conforming with inter­
national rules o f nomenclature, must be used; if  desired, 
synonyms may be added in brackets when the name is 
first mentioned. Names o f bacteria must conform with the 
Bacteriological Code and the opinions issued by the Inter­
national Committee on Bacteriological Nomenclature. 
Names o f algae and fungi must conform with the Inter­
national Rules o f Botanical Nomenclature. Nam es of  
protozoa must conform with the International Code of 
Zoological Nomenclature. Bacteriological Code, Iowa 
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 Rom an (not 
underlined). Anglicized versions are not underlined and 
are used without capitals. Strain names or numbers are 
in small capitals (underlined twice in the typescript).

Descriptions of new species should not be submitted 
unless an authentic specimen has been deposited in a 
recognized culture collection.
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A Study of the Esterases and Their Function in Candida lipolytica, 
Aspergillus niger and a Yeast-like Fungus

B y  G .  I .  L L O Y D ,  E .  O .  M O R R I S  a n d  J .  E .  S M I T H  

D epartm en t o f  A p p lied  M icrob io logy , U niversity  o f  S tra th clyde , G lasgow  C. 1

{A ccep ted  f o r  publication  24  June 1970)

S U M M A R Y

E s te ra s e s ,  d e t e rm in e d  b y  p o ly a c r y la m id e  g e l e le c t r o p h o r e s is ,  w e re  p r e s e n t  
w h e n  C andida lipo ly tica  w a s  g r o w n  in  a  l iq u id ,  s h a k e n ,  g lu c c s e - m in e r a l  s a lt s  
m e d iu m .  I n t r a c e l lu la r  e s te ra se  a c t iv i t y  in c r e a s e d  d u r in g  g r o w th ,  b u t  e x t r a ­
c e l lu la r  e s te ra se  a c t iv i t y  w a s  s m a l l  a n d  in c r e a s e d  o n ly  m a r g in a l ly .  E s te ra s e s  
w e re  n o t  d e te c te d  i n  o r g a n is m s  g r o w n  o n  s o l id  g lu c o s e - m in e r a l  s a lt s  m e d iu m ,  
b u t  w e re  p r e s e n t  w h e n  g ly c e r o l  t r ib u t y r in  r e p la c e d  g lu c o s e .

A t  th e  o n s e t  o f  a s e x u a l s p o r u la t io n  in  a  y e a s t - l ik e  f u n g u s ,  th r e e  n e w  
e s te ra s e s  o c c u r r e d .  I n t r a c e l lu la r  e s te ra s e  a c t iv i t y  in c r e a s e d ,  in t r a c e l lu la r  l i p i d  
u t i l i z a t io n  o c c u r r e d ,  a n d  th e  r e s p i r a t o r y  q u o t ie n t  d e c re a s e d . N o  e x t r a c e l lu la r  
e s te ra se  a c t iv i t y  w a s  d e te c te d .

E s t e r a s e s  w e re  o n ly  d e te c te d  in  A sperg illus n iger a t  la t e  s ta g e s  o f  c o n id ia -  
t io n  w h e n  in t r a c e l lu la r  l i p i d  d e c re a s e d . E s t e r a s e  a c t iv i t y  w a s  n o t  d e te c te d  in  
th e  m i t o c h o n d r ia  o r  in  th e  c e l l- f r e e  g r o w t h  m e d iu m .

E s te ra s e s  o f  a l l  o r g a n is m s  te s te d  h y d r o ly s e d  g ly c e r o l  t r ib u t y r in  a n d  w e re  
a r b i t r a r i l y  c la s s i f ie d  a s  l ip a s e s ;  in t r a c e l lu la r  l i p i d  d e c re a s e d  w i t h  in c r e a s e  
in  e s te ra s e  a c t iv i t y  f u n c t io n .  E s te ra s e  a n d  p r o f i le  c h a n g e s  m a y  r e f le c t  a  r o le  
o f  l i p id s  i n  s p o r u la t io n  a n d  p h y s io lo g ic a l  a g e in g .

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

G e l  e le c t r o p h o r e s is  h a s  b e e n  s h o w n  b y  s e v e ra l w o r k e r s  t o  b e  a  s u it a b le  t e c h n iq u e  

f o r  th e  s t u d y  o f  e s te ra se s , a n d  in  s o m e  c a s e s  th e  e s te ra se  p r o f i le  h a s  b e e n  f o u n d  to  

c o n s is t  o f  a  g r o u p  o f  m o le c u la r  s p e c ie s  r e c o g n iz a b le  b y  t h e i r  c o m m o n  e n z y m ic  a c t iv i t y  

o n  a  ‘ g e n e r a l ’  e s te r  s u b s t r a te  ( A r n a s o n  &  P a n t e lo u r is ,  1 9 6 6 ; R o b in s o n ,  1966 ). T h e  

e s te ra se s  c o m p r is e  a  f a m i l y  o f  e n z y m e s  e x h ib i t in g  a  v e r y  b r o a d  s u b s t r a t e  s p e c i f ic i t y ,  

a n d  c o n s e q u e n t ly  a  c la s s i f ic a t io n  o f  e s te ra se s  b a s e d  o n  s p e c i f ic i t y  is  o f  l i t t le  v a lu e .  

H o w e v e r ,  i t  i s  c u s t o m a r y  t o  d is t in g u is h  l ip a s e s  a s  a  s p e c ia l  c la s s ,  d e f in e d  b y  th e  I n t e r ­

n a t io n a l  U n i o n  o f  B io c h e m is t r y  (1 9 6 1 )  a s  a  g ly c e r o l  e s te r  h y d r o la s e ,  a n d  i t  is  r e c o m ­

m e n d e d  t h a t  g ly c e r o l  e s te r  e m u ls io n s  s h o u ld  b e  u s e d  a s  s u b s t r a te s .  H o w e v e r ,  th e  

c o m m e n ts  o f  L a w r e n c e ,  F r y e r  &  R e i t e r  ( 1 9 6 7 a )  o n  b a c t e r ia l  l ip a s e s  m a y  a p p ly  e q u a l ly  
t o  f u n g a l  l ip a s e s ;  t h a t  is  s in c e  n o t h in g  is  k n o w n  o f  t h e i r  n a t u r a l  s u b s t r a te s  o r  t h e i r  

p h y s io lo g ic a l  r o le  th e  c h o ic e  o f  a n y  s u b s t r a t e  t o  d e te c t  th e se  l ip a s e s  m u s t  b e  a r b i t r a r y .

A  s t u d y  o f  th e  e s te ra s e  p r o f i le s  f r o m  v a r io u s  s ta g e s  o f  th e  g r o w t h  c y c le  o f  Bacillus 
cereus h a s  r e v e a le d  a  c h a n g in g  p a t t e r n  o f  e n z y m e s  ( B a i l l i e  &  N o r r i s ,  1963 ). A  s in g le  

e s te ra s e  b a n d  w a s  d e m o n s t r a t e d  i n  y o u n g  c u lt u r e s  a n d  th e  d e v e lo p m e n t  o f  a  s e c o n d  

b a n d  w a s  n o t e d  a f t e r  11 h .  g r o w th .
A s  th e  p h y s io lo g ic a l  r o le s  o f  f u n g a l  e s te ra se s  h a v e  n o t  b e e n  f u l l y  e lu c id a t e d ,  a  s t u d y

V ol. 63, N o .  1 w a s i s s u e d  12 J a n u a r y  1971
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o f  th e se  e n z y m e s  in  th re e  f u n g i  w a s  u n d e r t a k e n .  T h i s  p a p e r  r e p o r t s  a n d  d is c u s s e s  th e  

r o le  o f  e s te ra se s  in  th e  v e g e ta t iv e  g r o w t h  o f  C andida lipo ly tica , a n d  in  a s e x u a l s p o r u la ­

t io n  i n  A sperg illus niger a n d  a n  u n id e n t i f ie d  y e a s t - l ik e  f u n g u s  ; t h e i r  a b i l i t y  t o  h y d r o ly s e  

g ly c e r o l  t r ib u t y r in  w a s  a ls o  in v e s t ig a te d .

142 G. I. L L O Y D ,  E. O. M O R R I S  A N D  J. E. S M IT H
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O rganism s, ( i )  C andida lipo ly tica  w a s  is o la t e d  b y  R o s s  (1 9 6 3 ) ;  (2 )  a n  u n id e n t i f ie d  

y e a s t - l ik e  f u n g u s ,  r e f e r r e d  t o  a s  is o la t e  4 8 , w a s  is o la t e d  f r o m  a  m a r in e  s o u r c e  ( L lo y d ,

1 9 70 )  a n d  p r o d u c e s  a r t h r o s p o r e s  a t  th e  e n d  o f  th e  g r o w t h  c y c le ;  a n d  (3 )  A sperg illus  
niger v a n  T ie g h e m  ( im i 4 1 8 7 3 ) . S t o c k  c u lt u r e s  o f  (1 ) a n d  (2 )  w e re  m a in t a in e d  o n  m a lt  

e x t r a c t - y e a s t  e x t r a c t - g lu c o s e - p e p t o n e  ( M Y G P )  s lo p e s  a t  3 0 a n d  (3 ) o n  p o t a t o -  

d e x t r o s e  a g a r  a t  2 7 0.
M edia . F o r  C andida lipo ly tica  th e  g lu c o s e - m in e r a l  m e d iu m  c o n t a in e d  ( N H 4) 2S 0 4, 

5 -0  g . ;  K H 2P 0 4, i - o g . ;  M g S 0 4 . 7 H 20 ,  0  5 g . ;  N a C l ,  o - i g . ;  C a C l 2 . 2 H 20 ,  o - i  g . ;  

g lu c o s e ,  io - o  g ./ l.  d is t .  H 20 . T o  e x a m in e  th e  in f lu e n c e  o f  th e  c a r b o n  s o u r c e  o n  e s te ra se  

p r o d u c t io n ,  th e  a b o v e  m in e r a l  m e d iu m  w a s  s o l id i f ie d  w i t h  2 %  (w /v )  a g a r  ( O x o id  

n o . 2 ) a n d  e it h e r  1 %  (w /v )  g lu c o s e  o r  1 %  (v / v )  g ly c e r o l  t r ib u t y r in  ( B . D . H . )  w a s  a d d e d .

F o r  is o la t e  4 8 , a r t h r o s p o r e  p r o d u c t io n  w a s  in d u c e d  in  M Y G P  m e d iu m ;  t h is  c o n ­

t a in e d  m a l t  e x t r a c t ,  3 -0  g . ; y e a s t  e x t r a c t ,  3 -0  g . ; g lu c o s e ,  i o - o g . ;  p e p to n e ,  5 -0  g ./ l.  

d is t .  H 20 . O n e  m l.  o f  a  5 0 %  a q u e o u s  s o lu t io n  o f  s i l i c o n  M S  a n t i f o a m  e m u ls io n  R D  

( H o p k in s  &  W i l l i a m s  L t d ,  F r e s h w a t e r  R o a d ,  C h a d w e l l  H e a t h ,  E s s e x )  w a s  a d d e d /  

5 0 0  m l.  M Y G P .

F o r  A sperg illus niger, th e  b a s a l- m in e r a l  m e d iu m  u s e d  in  th e  c o n id ia t io n  s tu d ie s ,  

r e f e r r e d  t o  a s ‘ B ’ m e d iu m ,  c o n t a in e d  N H 4N 0 3, 2 -5  g . ; K H 2P 0 4, i - o  g . ; C a C l 2,4 6 - 7  m g . ;  

M g S 0 4 - 7 H 20 ,  i t  m g .;  M n C l 2 . 4 H 20 ,  3 -5  m g . ;  C u S 0 4 . 2 H 20 ,  0 -2 3 4  m g . ; F e S 0 4 . 

7 H 20 ,  6 -3 2  m g .;  Z n S 0 4 . 7 H 20 ,  i - i  m g ./ l .  d is t .  H 20 . C o n id ia t in g  c u lt u r e s  o f  A . niger 
w e re  o b t a in e d  o n  ( i)  ‘ B ’ m e d iu m  s u p p le m e n te d  w i t h  (a) 2 0  m M - s o d iu m  a - o x o g lu t a r a t e ,  

o r  (b)  2 0  m M - f u m a r ic  a c id ,  o r  (c )  2 0  m M - g lu t a m ic  a c id ,  o r  (d )  20  m M -g ly c in e ,  o r  (e) 

2 0  m M - le u c in e ,  a n d  ( i i )  N a N O s m e d iu m .  T h e  la t t e r  w a s  id e n t ic a l  t o  ‘  B  ’ m e d iu m  e x c e p t  

t h a t  6 0  m M - N a N 0 3 r e p la c e d  N H 4N 0 3. S t e r i le  c u lt u r e s  w e re  g r o w n  o n  u n s u p p le ­

m e n te d  ‘ B ’  m e d iu m  ( G a lb r a i t h  &  S m it h ,  1 9 6 9 a ) .

T h e  m e d ia  f o r  C andida lipo ly tica  a n d  is o la t e  4 8  w e re  a d ju s t e d  t o  p H  5 -5  a n d  f o r  

A spergillus niger t o  p H  5-0 . A l l  m e d ia  w e re  a u to c la v e d  f o r  15 m in .  a t  121° e x c e p t  f o r  

g ly c e r o l  t r ib u t y r in - m in e r a l  s a lt s  a g a r ;  in  w h ic h  c a s e  th e  g ly c e r o l  t r ib u t y r in  w a s  

s t e r i l iz e d  s e p a r a t e ly  b y  d r y  h e a t  a t  160° f o r  2  h .  a n d  w a s  t h e n  e m u ls i f ie d ,  a s e p t ic a l ly ,  
w i t h  th e  a u to c la v e d  m in e r a l  s a l t s - a g a r  in  a  b le n d e r  f o r  3 m in .

T u rbid ity  m easurem ents. A l l  t u r b id i t y  m e a s u r e m e n ts  w e re  r e fe r r e d  t o  w a t e r  u s in g  

th e  lo g a r i t h m ic  s c a le  o n  a n  E E L  n e p h e lo m e t e r  w i t h  a  n e u t r a l  d e n s it y  f i l t e r .

P repara tion  o f  inocula. L i q u i d  c u lt u r e s  o f  Candida lipo ly tica  w e re  g r o w n  i n  c o n ic a l  

1 1. f la s k s  c o n t a in in g  5 0 0  m l.  o f  m e d iu m .  S u r f a c e  c u lt u r e s  w e re  g r o w n  in  s q u a t  5 0 0  m l.  

c o n ic a l  f la s k s  c o n t a in in g  150  m l.  o f  a g a r  m e d iu m .  L i q u i d  c u lt u r e s  w e re  in o c u la t e d  

w i t h  1 m l. ,  a n d  s o l id  m e d ia  w i t h  2  m l. ,  o f  a  f u n g a l  s u s p e n s io n  o f  t u r b id i t y  2 0  p r e p a r e d  
f r o m  a  2 4  h . M Y G P  s lo p e  c u l t u r e  g r o w n  a t  2 5 0.

C u l t u r e s  o f  is o la t e  4 8  w e re  g r o w n  in  1 1. c o n ic a l  f la s k s  c o n t a in in g  5 0 0  m l.  o f  m e d iu m ; 

e a c h  f la s k  w a s  in o c u la t e d  w i t h  1 m l .  o f  a n  a r t h r o s p o r e  s u s p e n s io n  o f  t u r b id i t y  2 0  

p r e p a r e d  f r o m  a  7  d a y  M Y G P  s lo p e  c u lt u r e  g r o w n  a t  20° .



C u l t u r e s  o f  A sperg illu s n iger  w e re  g r o w n  in  2 5 0  m l.  c o n ic a l  f la s k s  c o n t a in in g  7 5  m l.  

o f  m e d iu m ,  a n d  e a c h  f la s k  w a s  in o c u la t e d  w it h  a p p r o x im a t e ly  8  x  i o 6 c o n id ia .

Incubation. L i q u i d  c u lt u r e s  o f  th e  th re e  o r g a n is m s  w e re  in c u b a te d  o n  a n  o r b i t a l  

s h a k e r  ( G a l le n k a m p )  a t  150 r e v . / m in .  a t  th e  f o l lo w in g  t e m p e r a t u r e s : Candida lipo lytica , 
2 5 0 ; is o la t e  4 8 , 2 0 ° ;  A sperg illu s niger, i f .  S a m p le s  w e re  h a r v e s te d  t h r o u g h o u t  th e  

g r o w t h  c y c le .  A g a r  c u lt u r e s  o f  C .  lipo ly tica  w e re  h a r v e s te d  a f t e r  5 t o  7  d a y s  g r o w th  
a t  2 5 0.

G row th  m easurem ent. A  t u r b id im e t r i c  m e t h o d  w a s  u s e d  t o  e s t im a te  th e  a m o u n t  o f  

g r o w t h  o f  C andida lipo ly tica  a n d  is o la t e  4 8  in  l i q u id  m e d ia  b e c a u s e  i t  w a s  a  s im p le  

m e t i o d  s h o w in g  c lo s e  l in e a r  c o r r e la t io n  w it h  d r y  w t  d e t e r m in a t io n s  u n d e r  th e  c o n ­

d i t i o n  o f  g r o w th  e m p lo y e d  f o r  th e se  s tu d ie s .  I s o la t e  4 8  a n d  A spergillus niger w e re  

e x a m in e d  m ic r o s c o p ic a l ly  f o r  s ig n s  o f  s p o r u la t io n .

P reparation  o f  cell-free ex tracts . Candida lipo ly tica  a n d  is o la t e  4 8  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 ,  w a s h e d  th re e  t im e s  a n d  r e s u s p e n d e d  in  d is t i l le d  w a te r .  T h e  c o n c e n t r a ­

t io n  o f  o r g a n is m s  in  th e  s u s p e n s io n s  w a s  d e t e rm in e d  b y  d i lu t in g  a  s a m p le  o f  s u s p e n s io n  

t o  g iv e  a  t u r b id i t y  r e a d in g  o f  8 0  u n i t s  a n d  t h e n  a d ju s t in g  th e  c o n c e n t r a t io n  o f  th e  

s u s p e n s io n  t o  e q u a te  t o  1 6 00  u n it s .  T h e  o r g a n is m s  w e re  d is in t e g r a t e d  f o r  5 m in .  b y  

a n  M . S . E .  u l t r a s o n ic a t o r  ( 1 0 0  W  o u t p u t ) ,  th e  c u p s  b e in g  im m e r s e d  i n  s o l id  C O a +  

w a te r .  T h e  e x t r a c t s  w e re  c e n t r i f u g e d  a n d  th e  s u p e r n a t a n t  f lu id  s to r e d  a t  — 20 ° . E x t r a c t s  

o f  m y c e l ia l  p e l le t s  o f  A sperg illus n iger w e re  p r e p a r e d  b y  s o n ic a t io n  o f  2  g . o f  f i l t e r  

p a p e r  d r ie d  m y c e l iu m  w h ic h  h a d  b e e n  g r o u n d  f o r  a  s h o r t  p e r io d  i n  5  m l.  d is t i l l e d  

w a te r  u s in g  a  m o r t a r  a n d  p e s t le .  S a m p le s  o f  a l l  e x t r a c t s  w e re  f re e z e  d r ie d  f o r  18 h . 

a n d  r e c o n s t i t u t e d  f o r  e le c t r o p h o r e s is  in  a  m in im u m  q u a n t i t y  o f  0  0 5  M -p h o s p h a te  

b u f fe r ,  p H  8-o .

E lectrophoresis. T h e  c e l l- f r e e  e x t r a c t s  w e re  a n a ly s e d  b y  e le c t r o p h o r e s is  in  p o ly ­

a c r y la m id e  g e ls  b y  th e  m e th o d  o f  L u n d  (1 9 6 5 )  in  a  r e f r ig e r a t e d  r o o m  (5  t o  io ° )  a t  

c o n s t a n t  v o lt a g e  ( 1 3 7 5  V / c m .g e l) .  T h e  in i t i a l  c u r r e n t  w a s  2 0  m A .

D etection  o f  esterases. A f t e r  e le c t r o p h o r e s is  th e  g e ls  w e re  s l ic e d  t o  f o u r  la y e r s  

r o  m m . t h ic k .  T h e  m id d le  tw o  s l ic e s  w e re  s t a in e d  f o r  e s te ra se s  b y  a  m e th o d  a d a p te d  

f r o m  t h a t  o f  N a c h la s  &  S e l ig m a n  (1 9 4 9 ) . T h e  s l ic e s  w e re  in c u b a te d  f o r  2  h .  in  a  f r e s h ly  

p r e p a r e d  m ix t u r e  o f  o - i  M - t r is -m a le a te  b u f f e r  ( p H  6 -4 ), 100  m l. ,  + 1  %  (w /v )  a - n a p h t h y l  

a c e ta te  in  5 0  %  ( v / v )  a c e to n e  in  w a te r ,  2  m l. ,  +  f a s t  b lu e  B  s a lt  ( G u r r )  ca. 0 -2  g . E s t e r a s e  

a c t iv i t y  w a s  in d ic a t e d  b y  r e d  b a n d s  a n d  th e  p o s i t io n  o f  th e  m id - p o in t  o f  e a c h  b a n d  

w a s  m e a s u r e d  f r o m  th e  o r ig in .

Q uan tita tive  esterase a c tiv ity  determ ination . E s te ra s e  a c t iv i t y  w a s  e s t im a te d  b y  th e  

m e th o d  o f  H o b s o n  &  S u m m e r s  (1 9 6 6 )  u s in g :  (1 )  in t a c t  Candida lipo ly tica  a n d  is o la t e  

4 8 ;  (2 )  th e  f o l l o w in g  p r e p a r a t io n s  o f  A spergillus niger g r o w n  o n  ‘ B ’ m e d iu m  +  s o d iu m  

a - o x o g lu t a r a t e : (a) m y c e l ia l  e x t r a c t s ,  a n d  (b) m i t o c h o n d r ia l  s u s p e n s io n s  p r e p a r e d  

a c c o r d in g  t o  th e  m e th o d  o f  W a t s o n  &  S m it h  (1 9 6 7 ) ;  a n d  (3 )  c e l l- f r e e  g r o w t h  m e d iu m  

o f  a l l  th r e e  o r g a n is m s .  T h e  b u f f e r e d - s u b s t r a t e  s o lu t io n  c o n s is t e d  o f  10  m g . o f  a -  
n a p h t h y l  a c e ta te  d is s o lv e d  i n  2  m l.  a c e to n e  a n d  98  m l.  o - i  M - t r is -m a le a te  b u f f e r ,  

p H  5-4 . T h e  r e a c t io n  m ix t u r e  c o n s is t e d  o f  6 m l.  b u f f e r e d - s u b s t r a t e  s o lu t io n  a n d  1 m l.  

o f  a  s u s p e n s io n  o f  w a s h e d  o r g a n is m s  o f  t u r b id i t y  8 0  i n  d is t i l l e d  w a te r ,  o r  1 m l.  o f  

m y c e l ia l  e x t r a c t ,  o r  1 m l.  o f  c e l l- f r e e  g r o w th  m e d iu m .  A f t e r  2 0  m in .  in c u b a t io n  a t  20 , 

2 5  a n d  i f  f o r  is o la t e  4 8 , C .  lipo ly tica  a n d  A . n iger r e s p e c t iv e ly ,  1 m l.  o f  f a s t  b lu e  B  

s o lu t io n  w a s  a d d e d  w i t h  1 m l.  o f  4 0  %  (w /v )  t r i c h lo r a c e t ic  a c id  a q u e o u s  s o lu t io n  to  

f a c i l i t a t e  e x t r a c t io n  o f  th e  a z o  d y e  f r o m  th e  p r o t e in - c o n t a in in g  s o lu t io n s .  T h e  c o m p le x
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f o r m e d  b y  th e  n a p h t h o l ,  re le a s e d  f r o m  th e  h y d r o ly s e d  s u b s t r a te ,  w i t h  th e  d y e ,  w a s  

e x t r a c t e d  in  e t h y l  a c e ta te .  T h e  e x t in c t io n  ra te s  o f  th e  e x t r a c t s  w e re  m e a s u r e d  i n  a  

s p e c t r o p h o t o m e t e r  a t  5 4 0  n m . T h e  e x t in c t io n  r e a d in g s  w e re  c o n v e r te d  t o  m g . o f  

a - n a p h t h o l  l ib e r a t e d  u s in g  a  c a l ib r a t io n  c u r v e  o b t a in e d  w i t h  a - n a p h t h o l .  T h e  r e s u lt s  

a r e  e x p re s s e d  a s  m g . a - n a p h t h o l  l ib e r a t e d /m g .  d r y  w t  o r g a n is m  f o r  C. lipo ly tica  a n d  

is o la t e  4 8 , a s  m g . o f  a - n a p h t h o l  l ib e r a t e d /m g .  p r o t e in  f o r  A . n iger m y c e l ia l  e x t r a c t s  

a n d  m i t o c h o n d r ia l  s u s p e n s io n s ,  a n d  a s  m g . a - n a p h t h o l  l ib e r a t e d / m l.  o f  c e l l- f r e e  

g r o w t h  m e d iu m .  T h e  d r y  w t  o f  c e l l  m a t e r ia l  u s e d  w a s  d e t e rm in e d  b y  d r y in g  5  m l.  o f  

e a c h  s u s p e n s io n  t o  a  c o n s t a n t  w e ig h t  in  a n  o v e n  a t  io o ° .

A ssay  o f  esterase bands f o r  lipase a c tiv ity . A f t e r  e le c t r o p h o r e s is ,  o n e  s l ic e  w a s  

r e m o v e d  f r o m  th e  t o p  o f  th e  g e l a n d  th e  e s te ra se s  d e te c te d . T h e  s ta in e d  s l ic e  w a s  w a s h e d  

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

e s t e r a s e - c o n ta in in g  g e l e x c is e d .  T h e s e  u n s t a in e d  s e c t io n s  w e re  p u lv e r iz e d  in  a b o u t  

1 m l.  o f  w a te r  a n d  te s te d  f o r  l i p o l y t i c  a c t iv i t y  a g a in s t  g ly c e r o l  t r ib u t y r in  u s in g  th e  

t h in - la y e r  a g a r  d i f f u s io n  m e th o d  d e s c r ib e d  b y  L a w r e n c e ,  F r y e r  &  R e i t e r  ( 1 9 6 7 b ) .

M an om etric  determ inations. G a s  e x c h a n g e s  b y  C andida lipo ly tica  a n d  is o la t e  4 8  w e re  

m e a s u r e d  u s in g  2 m l.  o f  f r e s h  c u lt u r e .  O x y g e n  u p t a k e  a n d  c a r b o n  d io x id e  e v o lu t io n  

w e re  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  t e c h n iq u e s  ( U m b r e it ,  B u r r i s  &  S ta u f f e r ,  1964 ).

L ip id  determ inations. L i p i d  c o n t e n t s  w e re  d e t e rm in e d  b y  th e  m e th o d  o f  P e d e r s e n

(196 2 ) .

1 4 4  G. T- L L O Y D ,  E. O. M O R R I S  A N D  J. E. S M IT H

R E S U L T S

Candida lipo lytica . E s t e r a s e  p r o f i le s  f r o m  o r g a n is m s  in  e a r ly  a n d  m id - e x p o n e n t ia l  

a n d  e a r ly  s t a t io n a r y  p h a s e s  o f  g r o w t h  in  l i q u id  g lu c o s e - m in e r a l  s a lt s  m e d iu m  a l l  

c o n t a in e d  th e  s a m e  n u m b e r  o f  e s te ra se  b a n d s  ( F ig .  1). I n  th e  p r o f i le  o f  o r g a n is m s  f r o m  

th e  e a r ly  e x p o n e n t ia l  g r o w t h  p h a s e  a l l  t h e  b a n d s  s t a in e d  w i t h  a p p r o x im a t e ly  th e  s a m e  

in t e n s it y ,  w h e re a s  in  th e  p r o f i le s  o f  o r g a n is m s  f r o m  e a r ly  s t a t io n a r y  g r o w t h  p h a s e  

b a n d s  4 4  a n d  66  s h o w e d  th e  g re a te s t  s iz e  a n d  s t a in in g  in t e n s it y .  T h e  e s te ra se  a c t iv i t y  

o f  in t a c t  o r g a n is m s  in c r e a s e d  t h r o u g h o u t  th e  g r o w t h  c y c le  b u t  w a s  n e g l ig ib le  i n  th e  

g r o w t h  m e d iu m  o v e r  th e  s a m e  p e r io d  ( F ig .  3 ). T h e  r e s p i r a t o r y  q u o t ie n t  d e c re a s e d  a t  

th e  e n d  o f  th e  g r o w t h  c y c le  t o  a  v a lu e  in d ic a t in g  l i p i d  u t i l i z a t io n  ( F ig .  3).

N o  e s te ra se s  w e re  d e te c te d  in  c e l l- f r e e  e x t r a c t s  o f  Candida lipo lytica  g r o w n  f o r  5 t o  7 

d a y s  o n  th e  s o l id  m e d ia  w h e n  g lu c o s e  w a s  th e  s o le  c a r b o n  s o u r c e ;  h o w e v e r ,  w h e n  

g ly c e r o l  t r ib u t y r in  w a s  s u b s t i t u t e d  f o r  g lu c o s e  a n  e s te ra se  p r o f i le  w a s  d e m o n s t r a t e d  

in  w h ic h  b a n d  6 6  s t a in e d  v e r y  h e a v i ly  ( F ig .  1).

Iso la te 48. A  m ic r o s c o p ic  e x a m in a t io n  o f  t h is  o r g a n is m  in  M Y G P  b r o t h  s h o w e d  

t h a t  d i f f e r e n t ia t io n  o f  v e g e ta t iv e  c e l ls  in t o  a r t h r o s p o r e s  o c c u r r e d  a t  a p p r o x im a t e ly  
7 2  h . a n d  w a s  c o m p le t e  a f t e r  145  h . E le c t r o p h o r e t ic  a n a ly s is  o f  e s te ra se  p r e p a r a t io n s  

f r o m  o r g a n is m s  a t  d i f f e r e n t  s ta g e s  o f  th e  g r o w t h  c y c le  r e v e a le d  a  c h a n g in g  e s te ra se  

p r o f i le  ( F ig .  2). T h e  m a jo r  e s te ra se s  p r e s e n t  a f t e r  2 4  h . g r o w th ,  b a n d s  2 7 , 51 a n d  57 , 

b e c a m e  le s s  p r o m in e n t  a s  g r o w th  p r o c e e d e d .  A t  th e  o n s e t  o f  s p o r u la t io n  (7 2  h .)  th e y  

w e re  e c l ip s e d  b y  tw o  h e a v i ly  s t a in in g  e s te ra se s , b a n d s  5 9  a n d  67 . T h e  in c r e a s e  in  

e s te ra se  a c t iv i t y  b e tw e e n  48  a n d  9 6  h .  ( F ig .  4 )  p r o b a b ly  r e f le c t s  th e  a p p e a r a n c e  o f  

th e se  tw o  b a n d s .  E s te ra s e  a c t iv i t y  w a s  n o t  m e a s u r e d  b e y o n d  96  h .  b e c a u s e  th e  a r t h r o ­

s p o r e s  w e re  in e r t  t o w a r d s  th e  e s te r  s u b s t r a te  a l t h o u g h  e x t r a c t s  c o n t a in e d  e s te ra se s . 

A t  9 6  h .  a p p r o x im a t e ly  2 0  t o  3 0  %  o f  th e  c e l ls  w e re  a r t h r o s p o r e s  a n d ,  t h e r e fo r e ,  th e  

r e p o r t e d  e s te ra se  a c t iv i t y  is  lo w e r  t h a n  w o u ld  h a v e  b e e n  o b t a in e d  w it h  a  s u s p e n s io n



o f  o n ly  v e g e ta t iv e  c e l ls .  N o  e x t r a c e l lu la r  a c t iv i t y  w a s  n o te d .  A n o t h e r  c h a n g e  w h ic h  

o c c u r r e d  a t  th e  o n s e t  o f  s p o r u la t io n  (7 2  h .)  w a s  a  s h a r p  in c r e a s e  i n  l i p i d  c o n t e n t  

f o l lo w e d  b y  a  d e c re a s e  d u r in g  s p o r u la t io n .  A  f a l l  i n  th e  r e s p i r a t o r y  q u o t ie n t  f r o m  

a p p r o x im a t e ly  r o  a t  7 2  h .  t o  0 7 4 8  a t  9 6  h .  w a s  c o n s is t e n t  w i t h  d e c re a s e  o f  th e  l i p i d  
c o n t e n t  o f  th e  o r g a n is m .
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F ig . 1. D ia g ra m  o f  es terase  p rofiles o b ta in e d  b y  e lec tro p h o resis  o n  po lyacry lam ide  gel o f 
ex trac ts  o f  C a n d id a  l ip o ly tic a  a n d  A sp e r g illu s  n ig er . (A ) C . l ip o ly tic a  fro m  early  exponen tia l 
p h ase  o f  g ro w th  in  liq u id  g lu co se-m in era l sa lts m ed iu m . (B) C . l ip o ly tic a  f ro m  la te  
ex p o n en tia l/ea rly  s ta tio n a ry  p h ase  o f  g ro w th  b o th  in  liq u id  g lu co se-m in era l sa lts  m ed ium  
a n d  o n  so lid  g lycerol tr ib u ty r in -m in e ra l sa lts  m ed ium . (C ) A .  n ig e r  fro m  48 h . g ro w th , an d  
(D ) f ro m  72 h . a n d  96 h . g ro w th  in  liq u id  m ed iu m  M  +  a -o x o g lu ta ra te . N B . N o  esterases 
w ere d e tec ted  in  A . n ig e r  a f te r  24 h . g ro w th  in  liq u id  m ed iu m  M  + a -o x o g lu ta ra te . □ ,  W eak  
es terase  ac tiv ity ; H ,  in ten se  es terase  ac tiv ity .
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F ig . 2. D ia g ra m  o f  es te rase  profiles o b ta in e d  b y  e lec tro p h o resis  o f  ex trac ts  o f  iso la te  48, o n  
p o ly acry lam id e  gels, f ro m  d ifferen t stages o f  th e  g ro w th  cycle o n  M Y G P  m ed ium .

A sperg illus niger. E s te ra s e s  w e re  a lw a y s  d e te c te d  d u r in g  c o n id ia t io n  b u t  n e v e r  in  

v e g e ta t iv e  g r o w t h  in  c o n id ia t in g  m e d ia  n o r  i n  s t e r i le  c u ltu r e s .  E s te ra s e  p r o f i le s  o b t a in e d  

f r o m  d if f e r e n t  s ta g e s  o f  g r o w t h  o f  A . n iger  i n  ‘ B ’ m e d iu m  +  a - o x o g lu t a r a t e  s h o w  t h a t  

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

t io n  a n d  a n  in t e n s e ly  s t a in in g  p r o f i le  a p p e a r e d  d u r in g  c o n id ia  f o r m a t io n  ( F ig .  1). 

T h i s  c h a n g e  i n  th e  s t a in in g  in t e n s i t y  is  r e f le c t e d  in  th e  in c r e a s e  in  e s te ra se  a c t iv i t y  

( F ig .  5). E s t e r a s e  a c t iv i t y  w a s  a b s e n t  b o t h  f r o m  m i t o c h o n d r ia l  s u s p e n s io n s  a n d  f r o m
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F ig . 3. C o m p a riso n  o f  es terase  activ ity , re sp ira to ry  q u o tien t, a n d  g row th  o f  C a n d id a  l ip o ly tic a
g ro w n  in  liqu id  g lu co se-m in era l sa lts  m ed iu m . A ------ A , G ro w th  m easu red  as tu rb id ity  u n its
in  E E L  n ep h e lo m ete r; A -------A , re sp ira to ry  q u o tie n t;  • ------- • ,  esterase  ac tiv ity  o f  y eas t;
O --- O, este rase  ac tiv ity  o f  m ed ium  freed  o f  yeast.
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F ig . 4. C o m p a riso n  o f  es terase  ac tiv ity , re sp ira to ry  q u o tie n t, g ro w th  a n d  lip id  c o n te n t o f
iso la te  48 g ro w n  in  M Y G P  m ed ium , x -------x ,  G ro w th  a s  m easu red  b y  tu rb id ity  u n its ;
A -------A , re sp ira to ry  q u o tie n t;  • ------- • ,  es terase  ac tiv ity  o f  o rg an ism ; A ------- A , lip id
c o n te n t o f  o rg an ism .



the medium throughout the growth period. Esterase profiles from conidiating cultures 
in the other media were similar to those shown in Fig. 1 ; the two major bands in all 
profiles were 42 and 5 3 . All esterases of the three fungi hydrolysed glycerol tributyrin.
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F ig . 5. C o m p a riso n  o f  es te rase  ac tiv ity  a n d  lip id  c o n te n t o f  A sp erg illu s  n ig e r  in  m ed iu m  M  
o r  m ed iu m  M + a -o x o g lu ta ra te .  C  =  C o n id io p h o re s ; V  =  vesicles; ?  =  p h ia llid es; S =
spores. O -------O , E ste rase  ac tiv ity  o f  o rg an ism  g ro w n  in  m ed iu m  M  +  a -o x o g lu ta ra te
(n o  es te rase  ac tiv ity  fro m  o rg an ism  g row n  o n  m ed iu m  M ); x --------- x ,  lip id  co n ten t o f
o rg an ism  g ro w n  in  m ed iu m  M + a -o x o g lu ta r a te ;  A -------A , lip id  c o n te n t o f  o rg an ism  g row n
in  m ed iu m  M .

D IS C U S S IO N

Cell-free extracts from Candida lipolytica grown in liquid medium and examined 
by electrophoresis contained five distinct esterase bands. Esterase profiles of the 
organism from different stages of the growth cycle revealed the same five enzymes. 
In the early stationary phase profile the relative increase in size and intensity of bands 
4 2  and 66 probably reflects the increase in esterase activity which occurred throughout 
the growth cycle. The failure to demonstrate esterase profiles in extract of C. lipolytica 
grown on solid glucose medium is unexplained.

Three observations suggest that the esterases of Candida lipolytica may be involved 
in the metabolism of intracellular and extracellularly added lipids. The first is that 
all the excised esterases of C. lipolytica hydrolysed glycerol tributyrin and can be 
classified as lipases according to the arbitrary definition of Lawrence (1 9 6 7 a) that 
lipases attack triglycerides. The second is that the natural substrate of the esterases 
may be lipid as they are induced when C. lipolytica is grown on solid glycerol tributyrin 
medium. The third is the finding that the very small increase in extracellular esterase 
activity did not parallel the large increase in intracellular activity. This indicates that



s o m e , i f  n o t  a l l ,  o f  th e  e s te ra se s  a re  s it u a t e d  o n  o r  in  th e  o r g a n is m .  S u p p o r t  f o r  t h is  

is  p r o v id e d  b y  P e te r s  &  N e ls o n  (1 9 4 8 ) , w h o  w e re  u n a b le  t o  d e te c t  a n y  e x t r a c e l lu la r  

e s te ra se  a c t iv i t y  in  C. lipo lytica . T h e  v a l id i t y  o f  th e  s u g g e s t io n  f o r  th e  p h y s io lo g ic a l  

r o le  o f  th e  e s te ra se s  in  C. lipo ly tica  is  s u p p o r t e d  b y  th e  w o r k  o f  N y n s ,  C h ia n g  &  W ia u x  

(1 9 6 8 ) . U s in g  s im i la r  g r o w t h  c o n d i t io n s  a n d  l i q u id  m e d iu m  a s  in  t h is  p a p e r ,  t h e y  

s h o w e d  t h a t  C. lipo ly tica  c o n t a in e d  tw ic e  a s  m u c h  l i p i d  i n  th e  e x p o n e n t ia l  p h a s e  a s  

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

s u m p t io n  in  th e  la t e  p h a s e s  o f  g r o w th .

E s te ra s e  p r o f i le s  o f  is o la t e  4 8  in d ic a t e  t h a t  s o m e  o f  th e se  e n z y m e s  m a y  h a v e  a n  

im p o r t a n t  f u n c t io n  a t  a  p a r t i c u la r  p h a s e  in  i t s  l i f e  c y c le  b e c a u s e  a  s ig n i f ic a n t  c h a n g e  

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

b a n d s  5 5 , 5 9  a n d  67 . T h e  a p p e a r a n c e  o f  th e se  e s te ra s e  b a n d s  c o in c id e d  w i t h  th e  r is e  

in  e s te ra se  a c t iv i t y .  T h e  a b i l i t y  o f  th e  e x c is e d  e s te ra se s  t o  h y d r o ly s e  t r ib u t y r in  im p l ie s  

t h a t  t h e y  m a y  b e  in v o lv e d  in  in t r a c e l lu la r  l i p i d  u t i l i z a t io n ,  p a r t i c u la r l y  d u r in g  a r t h r o ­

s p o r e  p r o d u c t io n .  T h e  e x te n t  o f  th e  c o n t r ib u t io n  o f  in t r a c e l lu la r  l i p i d  t o  th e  m e t a b o l is m  

o f  s p o r u la t io n  c a n  b e  ju d g e d  f r o m  th e  la r g e  d e c re a s e  in  l i p i d  c o n t e n t  w h ic h  o c c u r s  

d u r in g  th e  p r o c e s s .  T h e  r a p id  a c c u m u la t io n  o f  l i p i d  w h ic h  o c c u r s  a t  th e  e n d  o f  v e g e ta ­

t iv e  g r o w t h  m a y  in d ic a t e  th e  p o in t  o f  c e s s a t io n  o f  th e  p h a s e  o f  b a la n c e d  g r o w t h  d u e  

t o  th e  e x h a u s t io n  o f  s o m e  p a r t i c u la r  n u t r ie n t  c o m p o n e n t  s u c h  a s  N  o r  P ,  w h ic h ,  

a c c o r d in g  to  B u ’ L o c k  &  P o w e l l  (1 9 6 5 ) , m a y  le a d  t o  s e c o n d a r y  m e t a b o l is m ,  a n  e x a m p le  

o f  w h ic h  is  f a t  s y n th e s is  in  y e a s ts  in  th e  a b s e n c e  o f  a s s im i la b le  N .  E v e n t s  w h ic h  t e rm in a t e  

b a la n c e d  g r o w th  in  f u n g i ,  e .g . s u b s t r a te  l im i t a t io n  s u c h  a s  th e  l im i t a t io n  o f  a s s im i la b le  

n it r o g e n  ( M o r t o n ,  1967 ), a ls o  a c t  a s  m o r p h o g e n e t ic  s t im u l i .  T h u s  b y  e x t r a p o la t io n  

o f  th e  o r ig in a l  o b s e r v a t io n  o f  th e  c h a n g e  in  e s te ra se  p r o f i le  a n d  q u a n t i t a t iv e  e s te ra se  

a c t iv i t y  th e  f o l l o w in g  s e q u e n c e  o f  e v e n ts  le a d in g  t o  d i f f e r e n t ia t io n  c a n  b e  v is u a l iz e d .  

T h e  t e r m in a t io n  o f  b a la n c e d  g r o w t h  le a d s  t o  a n  a c c u m u la t io n  o f  in t r a c e l lu la r  l i p i d  

w h ic h  is  r a p id ly  f o l lo w e d  b y  th e  in d u c t io n  o f  d i f f e r e n t ia t io n  f o r  w h ic h  p r o c e s s  th e  

l i p i d  p r o v id e s  a n  e n d o g e n o u s  c a r b o n  a n d  e n e r g y  s o u r c e .  A l t h o u g h  th e re  is  n o  d i r e c t  

e v id e n c e  t h a t  e s te ra se  b a n d  27 , w h ic h  is  v e r y  p r o m in e n t  in  th e  2 4  h . p r o f i le ,  is  in v o lv e d  

in  g e r m in a t io n  o f  th e  a r t h r o s p o r e s ,  t h is  p o s s ib i l i t y  c a n n o t  b e  e x c lu d e d  a s  l i p i d  m e ta ­

b o l i s m  h a s  b e e n  s h o w n  t o  b e  p r e d o m in a n t  in  th e  g e r m in a t io n  o f  Penicillium  roqueforti 
c o n id ia  ( L a w r e n c e ,  1 9 6 7 6 )  a n d  in  s te m  r u s t  u r e d o s p o r e s  ( F a r k a s  &  L e d in g h a m ,  1959 ).

I n  A sperg illus niger, l i p o l y t i c  e s te ra se s  a re  a lw a y s  p r e s e n t  d u r in g  c o n id ia t io n  i r r e ­

s p e c t iv e  o f  th e  m o d e  o f  in d u c t io n  o f  th e  la t t e r .  F u r t h e r m o r e ,  e s te ra se s  h a v e  n e it h e r  b e e n  

d e te c te d  i n  v e g e ta t iv e  m y c e l iu m  f r o m  th e se  c u lt u r e s  n o r  t h r o u g h o u t  th e  g r o w t h  o f  

s t e r i le  c u ltu r e s .  F r o m  th e  e le c t r o p h o r e s is  s tu d ie s ,  t h e  s u b je c t iv e  im p r e s s io n  is  t h a t  

th e  g re a te s t  e s te ra se  a c t iv i t y  o c c u r r e d  a t  th e  t im e  o f  c o n id ia  p r o d u c t io n  a n d  n o t  d u r in g  

c o n id io p h o r e  d e v e lo p m e n t .  T h i s  im p r e s s io n  w a s  c o n f i r m e d  b y  m e a s u r e m e n ts  o f  

e s te ra s e  a c t iv i t y  o n  A . n iger  g r o w n  in  ‘ B ’  m e d iu m  +  a - o x o g lu t a r a t e .  I n  t h is  p a r t i c u la r  

c a s e  th e  c h a n g e  i n  th e  le v e l  o f  l i p o l y t i c  e s te ra se  a c t iv i t y  a n d  th e  in t r a c e l lu la r  l i p i d  

c o n s u m p t io n  d u r in g  d i f f e r e n t ia t io n  a p p e a r  t o  b e  in t e r r e la te d .  I f  t h is  is  s o ,  t h e  im p l i c a ­

t io n  is  t h a t  th e  l i p i d  f u n c t io n s  a s  a  s o u r c e  o f  c a r b o n  a n d  e n e rg y  d u r in g  c o n id ia t io n .  

S u c h  a  f u n c t io n  f o r  l i p i d  re s e rv e s  o c c u r s  in  o t h e r  o r g a n is m s ,  e .g . d u r in g  th e  d i f f e r e n t ia ­

t io n  o f  a m o e b a e  t o  c y s t s ,  t h e  l i p i d  o f  th e  v e g e ta t iv e  o r g a n is m  is  c o n v e r t e d  v ia  th e  

g ly o x y la t e  c y c le  t o  c y s t - w a l l  c e l lu lo s e  ( T o m l in s o n ,  1967 ). A n  a c t iv e  g ly o x y la t e  c y c le  

h a s  a ls o  b e e n  s h o w n  t o  o c c u r  d u r in g  d i f f e r e n t ia t io n  i n  A . niger ( G a lb r a i t h  &  S m it h ,  

1 9 6 9 6 ) . T h i s  c y c le  m a y  b e  m e t a b o l i c a l ly  c o - o r d in a t e d  w i t h  l i p i d  u t i l i z a t i o n  a n d  a c t
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a s  a n  a n a p le r o t ic  p a t h w a y  o r ,  a s  s u g g e s te d  b y  G a lb r a i t h  &  S m it h ,  m a y  p r o v id e  a  

s o u r c e  o f  g ly o x y la t e  w h ic h  c o u ld  b e  t r a n s a m in a t e d  t o  g ly c in e  w h ic h  m a y  a c t  a s  a  

p u r in e  p r e c u r s o r  in  th e  n u c le ic  a c id  s y n th e s is  n e c e s s a r y  f o r  t r a n s c r ip t io n  o f  g e n e s  a c t iv e  

in  d i f f e r e n t ia t io n .

I n  p o s t u la t in g  a  p r o b a b le  c o r r e la t io n  b e tw e e n  e s te ra se  p r o d u c t io n  a n d  c o n id ia t io n  

i n  A sperg illu s niger, i t  is  n e c e s s a r y  t o  c o n s id e r  th e  s u g g e s t io n  b y  M a n d e ls t a m  (1 9 6 9 ) , 

t h a t  b e fo r e  a n y  c o r r e la t io n  c a n  b e  r e g a rd e d  a s  b e in g  e s t a b l is h e d  i t  is  n e c e s s a r y  t o  s h o w  

t h a t  a n  e v e n t  is  in v a r ia b ly  c o r r e la t e d  w i t h  a  p a r t i c u la r  m o r p h o lo g ic a l  s ta g e . T h e  

p r e s e n t  s t u d y  h a s  s h o w n  t h a t  e s te ra se  p r o d u c t io n  is  a lw a y s  a s s o c ia te d  w i t h  c o n id ia t io n  

i r r e s p e c t iv e  o f  th e  t y p e  o f  s p o r u la t io n  m e d iu m ,  a n d  i n i t i a l  s tu d ie s  b y  C r a ig ,  L l o y d  &  

S m it h  ( u n p u b l is h e d  m a t e r ia l )  h a v e  s h o w n  t h a t  b y  u s in g  a  r e p la c e m e n t  m e d iu m  t o  

in d u c e  c o n id ia t io n  ( J . G .  A n d e r s o n  &  J .  E .  S m it h ,  p e r s o n a l c o m m u n ic a t io n ) ,  

e s te ra s e s  a r e  p r o d u c e d  d u r in g  c o n id ia t io n  ir r e s p e c t iv e  o f  th e  p r e v io u s  g r o w t h  m e d iu m .  

A l t h o u g h  a  c o r r e la t io n  d o e s  n o t  e s t a b l is h  a  c a u s a l  r e la t io n s h ip ,  s u c h  a  r e la t io n s h ip  is  

im p l i c i t  i n  th e  s u g g e s t io n  t h a t  d i f f e r e n t ia t io n  in  is o la t e  4 8  a n d  A . n iger is  a s s is te d  b y  

o r  e v e n  d e p e n d e n t  u p o n  th e  u t i l i z a t io n  o f  s t o r e d  l i p i d  w h ic h  c a n  p r o v id e  a n  e n d o g e n o u s  

c a r b o n  a n d  e n e r g y  s o u rc e .  T h i s  in t e r p r e t a t io n  is  c o n s is t e n t  w i t h  th e  h y p o t h e s is  o f  

W r ig h t  (1 9 6 7 , 1970 ), t h a t  th e  c h a r a c t e r is t ic  c o m m o n  t o  m o s t ,  i f  n o t  a l l ,  f o r m s  o f  

m o r p h o g e n e s is  is  t h a t  t h e y  a re  e s s e n t ia l ly  e n d o g e n o u s ,  s e lf - s u f f ic ie n t  s y s te m s  w h ic h  

h a v e  th e  a b i l i t y  t o  u se  e n d o g e n o u s  re s e rv e s  b o t h  e x t e n s iv e ly  a n d  e f f ic ie n t ly .  W r ig h t

(1 9 7 0 )  a ls o  c o n s id e r s  t h a t  e a c h  d i f f e r e n t ia t in g  s y s te m  s ta r t s  w i t h  a  f ix e d  a m o u n t  o f  

e n d o g e n o u s  re s e r v e  m a t e r ia l  w h ic h  is  u s e d  in  a n  o r d e r ly  a n d  s e q u e n t ia l m a n n e r  a n d  

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

o r  p o p u la t io n s  o f  in d u c e r s  e s s e n t ia l f o r  g e n e  a c t iv a t io n .

E x p e r im e n t s  i n  p r o g r e s s ,  u s in g  d i f f e r e n t  t e c h n iq u e s  t o  o b t a in  c e l l- f r e e  e x t r a c t s ,  

s u g g e s t  t h a t  th e  m u l t im o le c u la r i t y  o f  th e  e s te ra s e  p r o f i le  in  A sperg illus n iger i s  n o t  a n  

a r t e fa c t .  T h e  im p o r t a n c e  o f  t h is  e n z y m e  h e t e r o g e n e it y  m a y  l ie  in  i t s  a b i l i t y  t o  c o n t r o l  

l i p i d  m e t a b o l is m  d u r in g  d i f f e r e n t ia t io n .  E a c h  e s te ra s e  c o u ld ,  f o r  e x a m p le ,  b e  s u b je c t  

t o  r e g u la t io n  b y  a  d i f f e r e n t  e n d - p r o d u c t  o r  e a c h  m a y  b e  a s s o c ia te d  w i t h  a  d i f f e r e n t  

l i p i d  p o o l ,  e a c h  p o o l  b e in g  u s e d  a t  o n e  u n iq u e  s ta g e  in  d i f f e r e n t ia t io n ;  th e se  c o n t r o l  

m e c h a n is m s  m a y  e v e n  b e  th e  p a c e m a k e r s  o f  d i f f e r e n t ia t io n  it s e lf .
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S U M M A R Y

S tu d ie s  w it h  a  m u ta n t  o f  Escherichia co li r e p o r t e d  t o  b e  d e f ic ie n t  in  p h o s p h o -  
e n o /p y r u v a te  c a r b o x y k in a s e  a c t iv i t y  (a b 2 5 7 ‘ uc~) in d ic a t e  t h a t  i t  p o s se s se s  tw o  
m u ta t io n s .  O n e  a f fe c ts  g r o w t h  o n  s u c c in a t e  (S '- ) ,  a n d  th e  o t h e r  p r im a r i l y  
a f fe c ts  g r o w th  o n  f u m a r a t e  a n d  m a la te  a n d  a f fe c t s  g r o w t h  o n  s u c c in a t e  t o  a  
le s s e r  e x te n t  (F M ~ ). N e i t h e r  o f  th e se  m u t a t io n s  h a s  a  d i r e c t  e f fe c t  o n  c a r b o x y ­
k in a s e  a c t iv i t y .  P r e s e n c e  o f  th e  S~  m u t a t io n  a ls o  p r e v e n t s  g r o w th  o n  a c e ta te .
I t  d e la y s  g r o w t h  o n  o t h e r  s u b s t r a te s  s u c h  a s  la c ta te ,  g ly c e r o l  a n d  m a la te  a n d  
i t  s p e c i f ic a l ly  in h ib i t s  th e  o x id a t io n  o f  s u c c in a t e  b y  m u ta n t  s u s p e n s io n s .  T h e  
o n ly  b io c h e m ic a l  le s io n  w h ic h  c o u ld  b e  d e te c te d  w a s  a  d e f ic ie n c y  in  s u c c in a t e  
d e h y d r o g e n a s e  a n d  i t  is  t h o u g h t  th a t  th e  S~  lo c u s  m a y  b e  s it u a t e d  in  th e  s t r u c ­
t u r a l  g e n e  f o r  t h is  e n z y m e . T r a n s d u c t io n  w it h  p h a g e  P i  in d ic a t e s  l in k a g e s  
b e tw e e n  S~  a n d  g it A  a n d  sue A o f  97 a n d  9 0  % , r e s p e c t iv e ly  a n d  th e  g e n e  o r d e r  
S . . . s u c A . . .g a l  w a s  e s t a b l is h e d .  T h e  F M ~  m u t a t io n  w a s  a ls o  f o u n d  in  th e  
p a r e n t a l  s t r a in  AB257. I t  a f fe c t s  th e  o x id a t io n  o f  s u c c in a t e ,  f u m a r a t e  a n d  
m a la te  b y  m u ta n t  s u s p e n s io n s .  T h e  u p t a k e  o f  th e  d i c a r b o x y l i c  a c id s  is  a ls o  
im p a ir e d  b u t  n o  o t h e r  b io c h e m ic a l  le s io n  c o u ld  b e  d e te c te d . G e n e t ic  s t u d ie s  
in d ic a t e  t h a t  th e  F M ~  m u t a t io n  is  lo c a t e d  n e a r  xyl.

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

S e v e r a l m u t a t io n s  s p e c i f ic a l ly  a f f e c t in g  th e  a b i l i t y  o f  Escherichia co li t o  u t i l i z e  

C 4- c i c a r b o x y l i c  a c id s  s u c h  a s  s u c c in a te ,  f u m a r a t e  o r  m a la te  a s  s o le  c a r b o n  a n d  e n e r g y  

s o u r c e s  h a v e  b e e n  d e s c r ib e d .  A  m u t a n t  l a c k in g  s u c c in a t e  d e h y d r o g e n a s e  is  c a p a b le  o f  

g r o w t h  o n  f u m a r a t e  b u t  n o t  o n  s u c c in a t e  ( H i r s c h ,  R a s m in s k y ,  D a v i s  &  L in ,  1 9 63 ). 

S e v e r a l m u ta n t s  b lo c k e d  in  th e  b io s y n th e s is  o f  u b iq u in o n e  (ubi~) a r e  u n a b le  t o  g r o w  o n  

m a la te  o r  s u c c in a t e  ( C o x ,  G ib s o n  &  P i t t a r d ,  1 9 6 8 ; C o x ,  Y o u n g ,  M c C a n n  &  G ib s o n ,

1 9 69 ). M u t a n t s  w i t h  a  d e fe c t iv e  C 4- d ic a r b o x y l i c  a c id  t r a n s p o r t  s y s te m  (dct~) h a v e  

b e e n  is o la t e d  b y  v i r t u e  o f  t h e i r  r e s is t a n c e  t o  3 - f lu o r o m a la t e .  T h e s e  a r e  u n a b le  t o  g r o w  

o n  m a la te  o r  f u m a r a t e  a n d  t h e i r  a b i l i t y  t o  g r o w  o n  s u c c in a t e  is  m a r k e d ly  im p a ir e d  

( K a y  &  K o r n b e r g ,  1 969 ). M u t a n t s  w h ic h  a r e  v i r t u a l l y  d e v o id  o f  p h o s p h o e n o / p y ru v a te  

c a r b o x y k in a s e  ( K o r n b e r g ,  1 965 ) o r  p o s s e s s  a b n o r m a l ly  lo w  c a r b o x y k in a s e  a c t iv i t y  

( H s ie  &  R ic k e n b e r g .  1 966 ) a r e  a ls o  u n a b le  t o  g r o w  o n  in t e rm e d ia t e s  o f  th e  t r i c a r ­

b o x y l i c  a c id  c y c le ,  p r e s u m a b ly  d u e  t o  in a d e q u a te  p r o v is io n  o f  p h o s p h o e n o / p y ru v a te  

f o r  b io s y n t h e t ic  p u r p o s e s .
C a r r i l lo - C a s t a ñ e d a  &  O r t e g a  (1 9 6 7 )  h a v e  r e p o r t e d  th e  is o la t io n  o f  a  p h o s p h o e n o / -  

p y r u v a t e  c a r b o x y k in a s e - le s s  s t r a in  o f  Salm onella  typhim urium , a p p a r e n t ly  th e  r e s u lt  o f  

a  d e le t io n  w h ic h  a ls o  im p o s e s  r e q u ir e m e n t s  f o r  n i c o t in i c  a c id  a n d  ly s in e  +  m e th io n in e .
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T h i s  in d ic a t e d  t h a t  th e  p c k  a n d  ly s  +  m e t l o c i  a r e  c lo s e .  I n  v ie w  o f  th e  h ig h  d e g re e  o f  

h o m o lo g y  b e tw e e n  th e  l in k a g e  m a p s  o f  E scherichia co li a n d  S . typhim urium  ( S a n d e r s o n ,

1 9 67 ), e v id e n c e  f o r  th e  s a m e  p r o x im i t y  in  E. co li w a s  s o u g h t  d u r in g  g e n e t ic  s t u d ie s  

w i t h  t w o  t y p e s  o f  ly s in e  +  m e t h io n in e - r e q u ir in g  m u t a n t : lip~, b lo c k e d  in  l ip o a t e  b io ­

s y n th e s is ,  a n d  suc~, l a c k in g  a - k e t o g lu t a r a t e  d e h y d r o g e n a s e  ( H e r b e r t  &  G u e s t ,  1 9 6 8 ) . 

T h e  p h o s p h o e n o / p y r u v a t e  c a r b o x y k in a s e - d e f ic ie n t  m u t a n t  o f  H s ie  &  R ic k e n b e r g ,  

A B 2 5 7 SUC_, w a s  t h e r e fo r e  e x a m in e d .  T h is  s t r a in  w a s  s e le c te d  f o r  it s  a b i l i t y  t o  u t i l i z e  

g ly c e r o l  b u t  n o t  s u c c in a t e  a f t e r  t r e a tm e n t  o f  th e  p a r e n t  s t r a in  a b  2 5 7  w i t h  iV -m e th y l-  

J V '- n i t r o - iV - n it r o s o g u a n id in e .  I t  g r e w  o n  a  v a r ie t y  o f  h e x o s e s  a n d  t r io s e s  b u t  n o t  o n  

in t e rm e d ia t e s  o f  th e  t r i c a r b o x y l i c  a c id  c y c le ;  h o w e v e r ,  in  i t s  u p t a k e  o f  s u c c in a t e  th e  

m u t a n t  w a s  c o m p a r a b le  w i t h  th e  p a r e n t a l  s t r a in .  O u r  g e n e t ic  s t u d ie s  in d ic a t e  th a t  

A B 2 5 7 3UC_p o s se s se s  a t  le a s t  tw o  m u ta t io n s ,  o n e  a f f e c t in g  s u c c in a t e  u t i l i z a t io n  (S ~ )  a n d  

a n o t h e r  w h ic h  p r im a r i l y  a f fe c t s  g r o w t h  o n  f u m a r a t e  a n d  m a la te  (F M ~). T h e  la t t e r  

m u t a t io n  is  u n s t a b le  a n d  i t  i s  a ls o  p r e s e n t  in  th e  p a r e n t a l  s t r a in  A B 2 5 7 .
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O rganism s. Escherichia co li s t r a in  A B 257 a n d  i t s  d e r iv a t iv e  A B 257SUC_, w h ic h  is  

u n a b le  t o  g r o w  o n  s u c c in a t e ,  w e re  k in d l y  p r o v id e d  b y  D r  H .  V .  R ic k e n b e r g .  B o t h  

s t r a in s  w e re  m etB ~  a n d  a lt h o u g h  H f r  a c t iv i t y  c o u ld  n o t  b e  d e te c te d , a  w e a k  p o la r iz e d  

d o n o r  a c t iv i t y  r e m a in e d .  T o  a v o id  c o n f u s io n  in  th e  u se  o f  suc~ t o  d e s c r ib e  th e  r e q u ir e ­

m e n t  f o r  s u c c in a t e  (e .g . in  m u ta n t s  l a c k in g  a - k e t o g lu t a r a t e  d e h y d r o g e n a s e )  a n d  i n ­

a b i l i t y  t o  u t i l i z e  s u c c in a t e ,  a n d  b e c a u s e  th e  p a r e n t  s t r a in  p r o v e d  t o  b e  u n a b le  t o  g r o w  o n  

f u m a r a t e  a n d  m a la t e ,  th e se  s t r a in s  w i l l  b e  d e s ig n a te d  a b  2 5 7  F M ~  a n d  a b  2 5 7 F M ~, S~. A  
r e v e r t a n t  o f  th e  f o r m e r  w h ic h  g r o w s  o n  fu m a r a te  a n d  m a la t e  w i l l  b e  c a l le d  A B 2 5 7 F M +. 
T h e  c h a r a c t e r is t ic s  o f  o t h e r  s t r a in s  o f  E. co li K 1 2  u s e d  a re  a s  f o l lo w s :  A B 1325  (F~, 
proA ~ , lacY ~ , gal~ , purB ~, h is- , str~ , m tl~ , xyl~ , thi~); X G 3 ///7 3 2  (F~, l e i r ,  a ra r , la c -. 
proC ~ , tsx~ , purE ~, lip~, tr p - ,  sir~, x y h ,  t h i ) ;  W 6 2 0  (F~, g ltA ~ , ga lK ~ , n ra -, s ir ~); 

W 1 4 8 5  (F+); H f r H  (H fr: o -th r-p ro -ga l. .  . F) ;  p i o  (H fr, th r - , leu~, la c Y - ,  t h i m a l A ~ ,  
A r , 7 ’li5 r : o -th i-m e tA -ilv . . .  F ) a n d  p  13 (H fr, his , cys~ , th i- ,g a l~ ,T ,  3r : o -ilv -m e t-th i. .  .F) .  
T h e  o r ig in s  o f  s e v e ra l d e r iv a t iv e s  o f  th e se  s t r a in s ,  a b  1 3 2 5 /zp 13 ( lip -), a b  1 32 5 .w c  i 

(sucA ~ ) a n d  w  1485.VWCi(su cA ~ )  h a v e  b e e n  d e s c r ib e d  p r e v io u s ly  ( H e r b e r t  &  G u e s t ,

1 9 6 8 ). I n  a d d i t io n ,  w  1 4 8 5 s -  w a s  is o la t e d  b y  P 1 t r a n s d u c t io n  b e tw e e n  A B 2 5 7 F M ~, S~  
a n d  W 1 4 8 5  g a l-  a n d  s e le c t io n  f o r  g a l * ; th e  is o la t io n  o f  F M  a n d  S '-  d e r iv a t iv e s  o f  

A B 1325  i s  d e s c r ib e d  i n  th e  R e s u l t s  s e c t io n .  P h a g e  P i k e  w a s  o r ig in a l l y  o b t a in e d  f r o m  

D r  C .  Y a n o f s k y  a n d  T 6 w a s  k in d l y  p r o v id e d  b y  D r  B .  A .  F r y .

M edia . T h e  m in im a l  m e d iu m  u s e d  t h r o u g h o u t  c o n t a in e d  ( / l . ) : N a H 2P 0 4 . 2 H aO ,

6 -o8  g . ;  K 2H P 0 4, i o -6  g . ;  ( N H 4) 2S 0 4, 2 g . a n d  5 m l.  o f  a  s a lt s  s o lu t io n  w h ic h  in  t u r n  

c o n t a in e d  ( g ./ l. ) :  M g S 0 4 . 7 H 20 ,  10; M n C l 2 . 4 H 20 ,  1; F e S 0 4 . 7 H 20 ,  0 05; C a C l 2, 01 
a n d  a  t r a c e  o f  c o n e .  H C 1 t o  c la r i f y .  C a r b o n  s o u r c e s  w e re  a d d e d  to  a  f in a l  c o n c e n t r a ­

t io n  o f  50 m M  f o r  a c e ta te ,  s u c c in a te ,  D L -m a la t e ,  f u m a ra te ,  la c t a t e ,  g ly c e r o l ,  0-5 %  f o r  

g a la c t o s e ,  m a n n i t o l ,  x y lo s e  a n d  0-2 %  f o r  g lu c o s e .  M e d ia  w e re  s u p p le m e n te d  w it h  

v i t a m in s  a n d  a m in o  a c id s  a c c o r d in g  t o  th e  p a r t i c u la r  r e q u ir e m e n t s  o f  th e  b a c t e r ia  t o  

b e  g r o w n  o r  s e le c te d . T h e  c o m p le x  m e d iu m  w a s  L - b r o t h  ( L e n n o x ,  1955) a n d  b a c t e r ia l  
s t o c k s  w e re  m a in t a in e d  o n  p la t e s  o f  L - a g a r .  A l l  in c u b a t io n s  w e re  a t  3 7 0.

G enetic techniques. M ix t u r e s  o f  lo g  p h a s e  c u lt u r e s  c o n t a in in g  2 x  i o 7 d o n o r  a n d  

2  t o  4  x  i o 8 r e c ip ie n t  b a c t e r ia / m l.  w e re  u s e d  in  in t e r r u p t e d  m a t in g  e x p e r im e n t s .  T h e



m e th o d s  o f  P i t t a r d  &  W a l la c e  (1 9 6 6 )  a n d  H e r b e r t  &  G u e s t  ( 1 9 6 8 )  w e re  u s e d  w h e n  

e x c o n ju g a n t  d o n o r  o r g a n is m s  w e re  t o  b e  k i l l e d  w i t h  p h a g e  T 6 o r  s t r e p t o m y c in  

r e s p e c t iv e ly .  T r a n s d u c t io n  w i t h  p h a g e  P i k e  w a s  a c c o r d in g  t o  G u e s t  (1 9 6 9 ) . F o r  e s t i­

m a t in g  l in k a g e s ,  r e c o m b in a n t  c o lo n ie s  w e re  p ic k e d ,  d i lu t e d  a n d  p u r i f i e d  b y  s in g le  

c o lo n y  i s o la t io n  o n  th e  m e d iu m  u s e d  f o r  t h e i r  s e le c t io n ,  p r i o r  t o  s c o r in g  th e  in h e r i t a n c e  
o f  n o n - s e le c t iv e  m a r k e r s .

G row th  tests . G r o w t h  w a s  f o l lo w e d  in  1 - tu b e s  r o c k e d  in  a  w a te r  b a t h  a t  3 7 0 a c c o r d ­

in g  t o  H e r b e r t  &  G u e s t  (1 9 6 8 ) . T u r b id i t i e s  w e re  m e a s u r e d  w i t h  a n  E E L  c o lo r im e t e r  

f i t t e d  w i t h  a  n e u t r a l  d e n s it y  f i l t e r ;  a n  E E L  r e a d in g  o f  te n  w a s  e q u iv a le n t  t o  0 -3  m g . 

d r y  w t / m l.  A l l  c u lt u r e s  w h ic h  g r e w  w e re  te s te d  f o r  r e v e r s io n .

O xygen  consum ption. T h e  o x id a t io n  o f  s e v e ra l s u b s t r a te s  w a s  r e c o r d e d  p o la r o -  

g r a p u ic a l ly  u s in g  a  s im p le  o x y g e n  e le c t r o d e  i n  a  r e a c t io n  v e s se l o f  1 m l.  c a p a c i t y  

( E s t a b r o o k ,  1 9 67 ). O r g a n is m s  w e re  g r o w n  in  g lu c o s e  m in im a l  m e d iu m ,  h a r v e s te d  

la te  in  th e  lo g  p h a s e , w a s h e d  tw ic e  a n d  r e s u s p e n d e d  a t  1 m g . d r y  w t / m l.  in  p o t a s s iu m  

p h o s p h a te  b u f f e r  (0 -0 4  m , p H  7 -0 ). S u b s t r a t e  o x id a t io n  is  e x p r e s s e d  a s  /zl. O ,  c o n -  

s u m e d /m g . d r y  w t / h .  a t  2 5 0 a f t e r  s u b t r a c t in g  th e  e n d o g e n o u s  ra te .

E r.zym e assays. U n le s s  o t h e rw is e  s ta te d , c e l l- f r e e  e x t r a c t s  w e re  p r e p a r e d  f r o m  o r g a n ­

is m s  h a r v e s t e d  f r o m  m in im a l  m e d iu m  in  la t e  lo g  p h a s e ,  w a s h e d  tw ic e  a n d  r e s u s p e n d e d  

in  p o t a s s iu m  p h o s p h a t e  b u f f e r  (0 -0 4  m ; p H  7 -0 ) a t  5 0  m g . d r y  w t / m l.  T h e s e  s u s p e n ­

s io n s  w e r e  d is r u p t e d  w i t h  a n  u l t r a s o n ic  c e l l  d is in t e g r a t o r  ( M . S . E . ,  100  W )  f o r  4  m in .  

a t  o c . C e l l  d e b r is  w a s  r e m o v e d  b y  c e n t r i f u g in g  a t  2 3 ,0 0 0 #  f o r  10 m in .  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 ) , u s in g  b o v in e  

s e r u m  a lb u m in  a s  s t a n d a rd .  A l l  s p e c t r o p h o t o m e t r ic  a s s a y s  w e re  c a r r ie d  o u t  i n  1 c m . 

l ig h t - p a t h  c u v e t te s  a t  2 5 0 w i t h  a  B e c k m a n  D B  s p e c t r o p h o t o m e t e r .  T h e  r e s u lt s  a re  
e x p r e s s e d  a s  / /m o le s  s u b s t r a t e  t r a n s f o rm e d / m g .  p r o t e in / h .

Succinate dehydrogenase  ( E C .  1 . 3 . 9 9 . 1 )  w a s  m e a s u r e d  a c c o r d in g  t o  A r r i g o n i  &  

S in g e r  (1 9 6 2 ) . T h e  f o l l o w in g  r e a c t a n ts  w e re  c o n t a in e d  in  3 -0  m l . : p o t a s s iu m  p h o s p h a t e  

b u f f e r ,  p H  7 -4 , 3 0 0 / /m o le s ;  K C N  ( f r e s h ly  n e u t r a l iz e d  w i t h  H C 1), 1 0 / /m o le s ;  2 ,6 -  
d ic h lo r o p h e n o l  in d o p h e n o l  ( D C P I P ) ,  o -2  m g . ; A - m e t h y lp h e n a z o n iu m  m e th o s u l-  

p h a te ,  2  m g . ; s o d iu m  s u c c in a te ,  2 0  / /m o le s  a n d  p r o t e in  u p  t o  1-5 m g . T h e  r e a c t io n  w a s  

s t a r t e d  w i t h  s u c c in a t e  a n d  D C P I P  r e d u c t io n  w a s  f o l lo w e d  a t  6 0 0  n m . u s in g  a  c o n t r o l  

w h ic h  la c k e d  s u c c in a t e .  T h e  o x id a t io n  o f  s u c c in a t e  in v o lv e s  th e  r e d u c t io n  o f  tw o  

m o le c u le s  o f  D C P I P  a n d  m i l l im o la r  e x t in c t io n  c o e f f ic ie n t  o f  21 w a s  u s e d  f o r  D C P I P .

Fum arase. ( E C . 4 . 2 . 1 . 2 )  w a s  m e a s u r e d  b y  th e  m e th o d  o f  R a c k e r  (1 9 5 0 ) . F o r  t h is  

a s s a y  e x t r a c t s  w e re  c e n t r i f u g e d  a t  1 0 0 ,0 0 0 #  f o r  1 h . a n d  th e  r e a c t io n  m ix t u r e  (3  m l. )  

c o n t a in e d :  p o t a s s iu m  p h o s p h a t e  b u f f e r  p H  7 -3 , 1 0 0 / /m o le s ,  a n d  p r o t e in  0 -5  m g . T h e  

r e a c t io n  w a s  s t a r t e d  w i t h  s o d iu m  L - m a la t e ,  5 0  / /m o le s  a n d  f u m a r a t e  f o r m a t io n  w a s  

a s se s se d  a t  2 4 0  n m .  u s in g  a  m i l l i o m o la r  e x t in c t io n  c o e f f ic ie n t  o f  2 -4 4  f o r  f u m a ra te .

M a la te  dehydrogenase  ( E C .  1 . 1 . 1 . 3 7 )  w a s  a s s a y e d  a c c o r d in g  t o  O c h o a  (1 9 5 5 ) . T h e  

r e a c t io n  m ix t u r e  c o n t a in e d  in  3 -0  m l . : p o t a s s iu m  p h o s p h a t e  b u f f e r ,  p H  7 -4 , 7 5  / /m o le s ;  

N A D H ,  0 - 1 5 / /m o le s ;  p r o t e in ,  1 0 /zg. a n d  r e a c t io n  w a s  s t a r t e d  w i t h  0 - 7 6 / /m o le  o f  

f r e s h ly  p r e p a r e d  o x a la c e ta t e .  T h e  d e c re a s e  in  e x t in c t io n  a t  3 4 0  n m . w a s  c o m p a r e d  

w i t h  t h a t  o f  a  c o n t r o l  l a c k in g  o x a la c e ta te .

M alic  en zym es. T h e  N A D -  a n d  N A D P - l i n k e d  m a l i c  e n z y m e s  ( E C  . 1 . 1 . 1 . 3 8  a n d  

E C .  1 . 1 . 1 . 4 0 )  w e re  a s s a y e d  in  e x t r a c t s  p r e p a r e d  in  0 -0 5  M - t r i s - H C l  b u f f e r ,  p H  7-9 , 

c o n t a in in g  10 m M - M g S 0 4 a n d  c e n t r i f u g e d  f o r  2 0  m in .  a t  2 4 ,0 0 0 #  a n d  9 0  m in .  a t  

1 0 0 ,0 0 0 #  b y  th e  m e th o d s  o f  T a k e o  (1 9 6 9 ) .
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P hosphoenolpyruvate carboxyk in ase  w a s  a s s a y e d  b y  a  m o d i f i c a t io n  o f  th e  m e th o d  o f  

B r id g e la n d  (1 9 6 8 )  u s in g  o r g a n is m s  g r o w n  w i t h  s u c c in a t e  o r  f u m a r a t e  a s  s u b s t r a te .  

T h e  r e a c t io n  m ix t u r e  c o n t a in e d  ( /¿ m o le  in  1 m l. ) :  t r i s - m a le a t e - N a O H  b u f f e r  ( e q u i­

m o la r  t r is  a n d  m a le ic  a c id ;  p H  7 -5 ), 5 ;  p h o s p h o e n o / p y ru v a te ,  5 ;  A D P ,  5 ;  M n C l 2, 5 ;  

p o t a s s iu m  L - g lu t a m a te ,  1 0 ; N a H 14C 0 3 (0 -19  / / C i/ / /m o le ) ,  1 5 ; g lu t a m a t e - o x a la c e t a t e  

t r a n s a m in a s e ,  3 -6  u n i t s  a n d  e x t r a c t  c o n t a in in g  0 -5  m g . p r o t e in .  I n c u b a t io n  w a s  a t  30 °  

a n d  a t  3 m in .  in t e r v a ls ,  s a m p le s  ( o - i  m l. )  w e re  p ip e t t e d  in t o  0 -9  m l.  f o r m ic  a c id  (o - i m ) 

in  s c in t i l l a t io n  v ia l s  a n d  le f t  o v e r n ig h t  a t  r o o m  t e m p e r a tu r e  t o  r e m o v e  d is s o lv e d  

14C 0 2. T h e n  12 m l.  o f  d io x a n - b a s e d  l i q u id  s c in t i l l a t o r  N E 2 2 0  ( N u c le a r  E n t e r p r is e s  

L t d )  w a s  a d d e d  a n d  th e  r a d io a c t i v i t y  m e a s u r e d  in  a  N u c le a r - C h ic a g o  s c in t i l l a t io n  

c o u n t e r  ( M o d e l  6 8 0 1 ) , a t  a n  e f f ic ie n c y  o f  a p p r o x im a t e ly  7 2  % . C o n t r o l s  l a c k in g  p h o s ­

p h o e n o / p y ru v a te  o r  A D P  w e re  r u n  w i t h  a l l  e x p e r im e n t s ;  C 0 2- f ix a t io n  in  th e  a b s e n c e  

o f  A D P  n e v e r  e x c e e d e d  14 %  o f  th e  t o t a l  a c t iv i t y  a n d  w a s  d e d u c t e d  f r o m  a c t iv i t ie s  

q u o te d .
M ala te  ox ida tion  b y  particu la te  frac tion s. T h e  o x id a t io n  o f  L - m a la t e  b y  s u b c e l lu la r  

f r a c t io n s  w a s  m e a s u r e d  a c c o r d in g  t o  C o x ,  S n o s w e l l  &  G ib s o n  (1 9 6 8 ) . T h e  r e s u lt s  

q u o t e d  f o r  th e  s m a l l  p a r t ic u la t e  f r a c t io n  a r e  e x p r e s s e d  in  / /m o le  O ,  u p t a k e / m g .  

p r o t e in / h .

Quinone content. T h e  p re s e n c e  o f  u b iq u in o n e  a n d  v i t a m in  K  w a s  d e te c te d  u s in g  th e  

m e th o d s  f o r  e x t r a c t io n  a n d  t h in - la y e r  c h r o m a t o g r a p h y  d e s c r ib e d  b y  C o x ,  G ib s o n  &  

P i t t a r d  (1 9 6 8 ) .

U ptake o f  fu m ara te  an d  succinate. T h e  u p t a k e  o f  14C - la b e l le d  f u m a r a t e  a n d  s u c c in a t e  

w a s  m e a s u r e d  a t  3 7 0 w i t h  lo g  p h a s e  b a c t e r ia  w a s h e d  a n d  s u s p e n d e d  in  p h o s p h a t e  

b u f f e r  (0-1 m , p H  7 -4 ) a t  7 0  //g . d r y  w t / m l.  b y  th e  m e t h o d  o f  K a y  &  K o r n b e r g  (1 9 6 9 ) . 

T h e  r a d io a c t iv e  a c id s  w e re  a d d e d  a t  0 1  m u  (1 C i/ m o le ) ,  s a m p le s  (1 m l. )  w e re  w i t h ­

d r a w n  a t  in t e r v a ls  o v e r  2 0  m in .  a n d  th e  b a c t e r ia  w e re  c o l le c t e d  o n  M i l l i p o r e  f i l t e r s  

(0 -4 5  /zm . p o r e  s iz e ;  p r e s o a k e d  in  o - i  m M - fu m a ra t e  o r  s u c c in a te ) ,  w a s h e d  th re e  t im e s  

w i t h  3 m l.  o f  b u f f e r  a n d  t r a n s f e r r e d  t o  v ia l s  c o n t a in in g  4  m l.  o f  N E 2 2 0  s c in t i l l a t io n  

f lu id .  R a d io a c t i v i t y  w a s  a s s a y e d  b y  s c in t i l l a t io n  c o u n t in g ,  a s  a b o v e ,  a n d  th e  in i t i a l  

r a te s  o f  C 4- d i c a r b o x y l i c  a c id  u p t a k e  a re  e x p re s s e d  in  n m o le s /m g .  d r y  w t  o r g a n is m s / h .

M ateria ls . P h o s p h o e n o / p y r u v a t e  a n d  g lu t a m a t e - o x a la c e t a t e  t r a n s a m in a s e  w e re  f r o m

C .  F .  B o e h r in g e r  &  S o e h n e ,  M a n n h e im ,  G e r m a n y .  [2 ,3 -14C ] - F u m a r i c  a n d  s u c c in ic  

a c id s  w e re  p u r c h a s e d  f r o m  T h 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 ,  a n d  3 - f lu o r o m a la t e  
w a s  k in d l y  p r o v id e d  b y  D r  P .  W .  K e n t .

R E S U L T S

G enetic S tudies with A B 2 5 7  an d A B 2 S 7snc
Conjugation

T h e  f i r s t  in d ic a t io n  t h a t  AB2 5 7SUC_ c o n t a in e d  m o r e  t h a n  o n e  m u t a t io n  a f f e c t in g  

C 4- d ic a r b o x y l i c  a c id  m e t a b o l is m  c a m e  f r o m  p r e l im in a r y  c o n ju g a t io n  s t u d ie s  a im e d  a t  

m a p p in g  i t s  pck~  le s io n .  W i t h  KB2 j,T " c~ a s  d o n o r  a n d  a b  1325////13 a s  r e c ip ie n t ,  a  

h ig h  p r o p o r t io n  o f  g a l+ a n d  Iip+ r e c o m b in a n t s  in h e r i t e d  th e  d o n o r  s t r a in ’ s in a b i l i t y  to  

u s e  s u c c in a t e  a s  s u b s t r a te  ( T a b le  1). H o w e v e r ,  d e s p ite  t h e i r  in a b i l i t y  t o  u se  s u c c in a te ,  

t h e  m a j o r i t y  g r e w  o n  f u m a r a t e  a n d  m a la te .  D e r iv a t iv e s  la c k in g  th e  a b i l i t y  t o  u s e  

f u m a r a t e  a n d  m a la te  w e re  f o u n d  in  s ig n if ic a n t  n u m b e r s  o n ly  a m o n g s t  th e  xyl+  
r e c o m b in a n t s .  T h e  p re s e n c e  o f  a t  le a s t  t w o  m u t a t io n s  w a s  c o n f i r m e d  b y  r e v e r s io n
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s tu d ie s .  R e v e r t a n t s  o f  a b 2 5 7 suc~ s e le c te d  f o r  a b i l i t y  t o  g r o w  o n  e it h e r  f u m a r a t e  o r  

m a la t e  i n v a r ia b ly  g r e w  o n  b o t h  th e se  s u b s t r a te s ,  b u t  th e  m a j o r i t y  w o u ld  n o t  g r o w  o n  

s u c c in a te .  L ik e w is e ,  m o s t  o f  th e  r e v e r t a n t s  s e le c te d  o n  s u c c in a t e  f a i le d  t o  u se  f u m a r a t e  

a n d  m a la te  a l t h o u g h  s o m e  r e v e r t a n t s  c a p a b le  o f  u s in g  a l l  th r e e  s u b s t r a te s  w e re  a g a in
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Tim e (m in.)

F ig . 1. K inetics o f  m a rk e r  tra n sfe r  fro m  H frH  to  a b  1325s- , p r o A ~ , g a l~ , s tr ~  (a) a r d  fro m  
p io  to  AB1325F M ~ , m e tB ~ , x y l  , s tr ~ , ts x ~  (b ). In  (a) co u n te r-se lec tio n  ag a in s t th e  d o n o r  
w as w ith  strep to m y c in  a n d  S + re c o m b in an ts  w ere  se lected  o n  m ed ia  c o n ta in in g  succ in a te  as 
th e  c a rb o n  sou rce . In  (6) coun ter-se lec tio n  ag a in s t th e  d o n o r  w as w ith  p h ag e  T 6 a n d  F M +, 
m e tB + re c o m b in a n ts  w ere  se lected  o n  fu m a ra te  m ed iu m  to  av o id  u n d u e  in terfe ren ce  fro m  
rev ersio n  o f  th e  F M ~  m ark e r.

T a b le  1. C onjugation w ith A B 2 5 / 3UC-  an d  A B 2 5 J  as donors

O v ern ig h t cu ltu re s w ere d ilu te d  in to  fre sh  L -b ro th  to  5 x  io 8 b ac te ria /m l. fo r  each  s tra in  
a n d  in cu b a ted  a t  370 fo r  90 m in . R e c o m b in a n ts  w ere se lected  o n  a p p ro p ria te  m ed ia  co n ­
ta in in g  m eth io n in e  a n d  strep to m y c in ; 50 o r  100 w ere purified  b y  single co lony  iso la tio n  an d  
sc o red  fo r th e ir  in ab ility  to  g ro w  o n  succinate  (S ~ )  o r  o n  fu m a ra te  a n d  m a la te  (F M ~).

a b 257buc~ x  ABI325 lip  13 AB257XAB1325
r ' A -  ■\ c K------------------~  \

Selected R e co m b in a n ts / R e co m b in a n ts /
m ark e r m l. S - ( % ) m l. F M ~  ( %  )

p r o + 76,000 <  I 186,000 <  1
m t l+ — — 7,300 33
x y l + 3,400 <  2 9,500 57
h is+ — — 1,500 <  I
gal+ 260 62 430 <  2
l ip + 150 65 — —

r e c o v e r e d .  T h e  p a r e n t a l  s t r a in ,  A B 257 , g r e w  o n  s u c c in a t e  b u t ,  in  c o n t r a s t  t o  p u b l is h e d  

r e s u lt s  ( H s ie  &  R ic k e n b e r g ,  1 9 66 ), i t  f a i le d  t o  g r o w  o n  f u m a r a t e  a n d  m a la te .  A  h ig h  

f r e q u e n c y  o f  r e v e r s io n  o c c u r r e d  o n  f u m a r a t e  a n d  p a r t i c u la r l y  o n  m a la te .  A l l  th e  

r e v e r t a n t s  s e le c te d  o n  f u m a r a t e  g r e w  o n  m a la te  a n d  m o s t  o f  th e  r e v e r t a n t s  s e le c te d  o n  

m a la te  g r e w  o n  f u m a r a te ,  b u t  s o m e  g r e w  le s s  w e l l  t h a n  o th e r s  o n  t h is  s u b s t r a te .  O n  

s u c c in a t e  th e  r e v e r t a n t s  g r e w  b e t t e r  t h a n  A B 257 i t s e lf .  T h e  s im p le s t  in t e r p r e t a t io n  o f  

th e se  r e s u lt s  is  t h a t  a b  2 5 7  a n d  A B 257SUC_ p o s s e s s  a  m u t a t io n  (F M ~)  w h ic h  p r im a r i l y

M IC 63II
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a f fe c t s  g r o w t h  o n  f u m a r a t e  a n d  m a la t e  a n d  t o  a  le s s e r  e x te n t  o n  s u c c in a t e ,  a n d  th a t ,  

i n  a d d i t io n ,  A B 2 5 7 SUC_ p o s se s se s  a  m u t a t io n  w h ic h  p r im a r i l y  a f fe c t s  g r o w t h  o n  s u c c in ­

a te . T h e  s t r a in s  m a y  t h e r e fo r e  b e  d e s ig n a t e d  A B 257 F M ~  a n d  A B 2 5 7 F M " , S~. T h e  

r e v e r t a n t s  o f  A B 257 F M ~, S~  w h ic h  g r o w  o n  a l l  t h r e e  c a r b o n  s o u r c e s  a re  t h o u g h t  t o  

a r is e  b y  d o u b le  e v e n ts  w h ic h  w o u ld  b e  f a v o u r e d  b y  th e  in s t a b i l i t y  o f  t h e  m u t a t io n s  a n d  

th e  f a c t  t h a t  e a c h  m u t a t io n  s e e m s  t o  im p a i r  g r o w t h  o n  a n y  o f  th e  th re e  s e le c t iv e  m e d ia .  

T h e  p re s e n c e  o f  a  m u t a t io n  a f f e c t in g  f u m a r a t e  a n d  m a la t e  u t i l i z a t io n  i n  A B 257  w a s  

c o n f i r m e d  b y  t r a n s f e r  t o  A B 13 2 5  d u r in g  c o n ju g a t io n  ( T a b le  1). S o m e  5 7 %  o f  xyl+  
r e c o m b in a n t s  s im u lt a n e o u s ly  in h e r i t e d  th e  in a b i l i t y  t o  g r o w  o n  b o t h  f u m a r a t e  a n d  

m a la te .
F o r  m o r e  p r e c is e  m a p p in g  o f  S  a n d  F M , r e c o m b in a n t s  f r o m  th e  a b o v e  c o n ju g a t io n s  

w e re  u s e d  a s  r e c ip ie n t s  i n  in t e r r u p t e d  m a t in g  e x p e r im e n t s .  W i t h  H f r H  a s  d o n o r  a n d  a  

lip+ r e c o m b in a n t  a b  1325  .S'", proA ~ , g a h ,  str~  a s  r e c ip ie n t ,  t h e  S+  m a r k e r  e n t e r e d  

8 m in .  a f t e r  p r o A + a n d  3  m in .  b e f o r e  g a l+ ( F ig .  1 a). A t t e m p t s  t o  m a p  th e  F M  lo c u s  

p r o v e d  d i f f i c u l t  d u e  t o  i t s  in s t a b i l i t y .  H o w e v e r ,  w i t h  a  tsx~  d e r iv a t iv e  o f  a  m tl+ 
r e c o m b in a n t  a b  1 3 2 5 F A F  , m etB ~, xyl~ , str~ , tsx~  a s  r e c ip ie n t  a n d  b y  s e le c t in g  f o r  

j o i n t  t r a n s f e r  o f  m etB +  a n d  F M +, th e  F M + m a r k e r  a p p e a r e d  t o  e n t e r  12 -5  m in .  a f t e r  

m etB +  a n d  2 -5  m in .  a f t e r  x y l+ ( F ig .  1 b). L i n k e d  t r a n s f e r  o f  F M +  a n d  m etB + w a s  n o t  

o b t a in e d  w i t h  th e  H f r  s t r a in  P 1 3  w h ic h  t r a n s fe r s  i t s  g e n o m e  w i t h  th e  o r d e r  

o . . . i l v . . .  m et.
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Transduction

T h e  p o s i t io n  o f  th e  S~  s it e  w a s  f u r t h e r  in v e s t ig a te d  i n  t r a n s d u c t io n  s t u d ie s  u s in g  

p h a g e  P 1 k c  a n d  r e c ip ie n t s  p o s s e s s in g  m a r k e r s  in  th e  p u rE  t o  g a l  r e g io n  o f  th e  E scheri­
chia co li c h r o m o s o m e .  T h e  r e s u lt s  in d ic a t e d  t h a t  S  w a s  n o t '  c o t r a n s d u c e d  w i t h  e i t h e r  

p u rE  o r  lip, b u t  c o t r a n s d u c t io n  o f  S  w i t h  g a l  (4 0  t o  5 0  % ), sue A  (9 0  % ) a n d  g ltA  
(97  % ) w a s  o b s e r v e d  ( T a b le  2 ). T h e s e  l in k a g e s  s u g g e s t  t h a t  th e  S  lo c u s  is  v e r y  c lo s e  t o

T a b le  2 . T ests f o r  cotransduction  o f  S  an d  F M  with o ther m arkers

P ik e  lysates of donor strains were used to infect stationary phase recipient cultures at a 
multiplicity of 2. G al+ and x y l+ transductants were selected on galactose and xylose minimal 
medium respectively and other transductants were selected on appropriate glucose media. 
Transductants were purified by single colony isolation and the distribution of non-selective
markers was determined by replica plating.

Donor Recipient
a b  257 F M -, S~ x g  3 lip 32

AB257 F M -, S~ A B  1325 S U C Ï

AB257 F M -, S~ W620

w  1485 a b  1325 FM ~, m et~, m tl

a b  257 F M -, S~ a b  1325

Distribution of 
non-selective 
donor marker

Selective
marker

Trans­
ductants per 

ml. x io3
No.

scored Marker

Cotrans­
duction

(%)
lip+ 5-i 100 s- < i

p u rE + 8-5 100 s- < i
su cA + 4‘3 100 s- 90
gal+ 3-7 100 s- 50

gltA ~ 31-7 100 s- 97
g a l+ 280 100 s- 40
x y l+ 98-2 123 F M + 5
x y l+ 12-4 126 F M - 0-8



g it  A  a n d  c lo s e r  t o  sue A  t h a n  t o  gal. T o  d e t e rm in e  th e  o r d e r  o f  S  a n d  sue A  r e la t iv e  t o  

ga l, t h e  r e c ip r o c a l  c r o s s e s  s h o w n  in  T a b le  3  w e re  p e r f o r m e d  a n d  th e  d i s t r ib u t io n  o f  th e  

n o n - s e le c t iv e  g a l  m a r k e r  i n  S +, sucA +  t r a n s d u c t a n t s  s c o r e d .  I f  t h e  m a r k e r  o r d e r  is  

S . . .  sue A . .  .g a l, t h e n  th e  l in k a g e  b e tw e e n  S +, sucA +  a n d  th e  d o n o r  g a l+ m a r k e r  w o u ld  

b e  n o r m a l  ( 4 0  t o  5 0  % ) i n  th e  d i r e c t io n  I  c r o s s  b u t  m u c h  r e d u c e d  f o r  S+, sucA +  t r a n s ­

d u c t a n t s  o b t a in e d  in  th e  d i r e c t io n  I I  c ro s s .  O p p o s i t e  p r e d ic t io n s  w o u ld  b e  f o r  th e  o r d e r  

sue A . . .  S . . .ga l. D i f f i c u l t y  w a s  e x p e r ie n c e d  in  f in d in g  a  m e d iu m  s u it a b le  f o r  d i r e c t  

s e le c t io n  o f  S +, su cA + r e c o m b in a n t s  b e c a u s e  th e  S~  m u ta n t s  g r e w  s lo w ly  o n  p la t e s  o f  

a c e ta te  m e d iu m ,  a n d  sucA~  m u ta n t s  u s u a l ly  g r e w  o n  s u c c in a te ,  a lb e i t  a f t e r  a  c o n s id e r a b le  

la g .  N e v e r t h e le s s ,  5 '+, su cA + t r a n s d u c t a n t s  c o u ld  b e  i s o la t e d  s a t is f a c t o r i ly  a s  th e  la r g e  

c o lo n ie s  w h ic h  a p p e a r e d  e a r ly  o n  s u c c in a t e  m e d iu m  w i t h  th e  S~  r e c ip ie n t  a n d  o n  a c e ta te
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T a b le  3 . O rder o f  sucA an d S  m arkers re la tive  to  g a l

Transduction with P 1 kc was as described in the Methods section, S +, sucA+ recombinants 
were selected on acetate minimal medium (I) or succinate minimal medium (II) and purified 
by single-colony isolation before testing the distribution of the donor gal+ marker by replica 
plating

Distribution of donor 
gal+ in S +, sucA+ 

transductants

Direction No. Per cent
of cross Donor Recipient scored gal+

I AB2 5 7  FM~, S~ 
(S~, sucA+, gal+)

AB1 3 2 5  sue 1 
(5+, sucA-, gal~)

52 5 9 6

II w  1 4 8 5  sue 1 

(S+, sucA~, gal+)
AB1 3 2 5  5 “

(S  , sucA+, gal )
75 i-3

m e d iu m  w i t h  th e  sucA ~  r e c ip ie n t .  T h e  r e s u lt s  in d ic a t e  t h a t  th e  o r d e r  is  S . . . s u c A . . .ga l. 
S im i l a r  c ro s s e s  w e re  a t t e m p te d  t o  o r d e r  S  a n d  g i t  A  r e la t iv e  t o  ga l, a n d  s im i la r  d i f f ic u l t ie s  

w e re  e x p e r ie n c e d  i n  f in d in g  s u it a b le  m e d ia  f o r  d i r e c t  s e le c t io n  o f  S+, g ltA + t r a n s d u c t ­

a n ts .  S o m e  s u c c e s s  w a s  o b t a in e d  u s in g  a c e ta te  m e d iu m  i n  a  c ro s s  b e tw e e n  a b 2 5 7 F M ~, 
S~  ( d o n o r )  a n d  W 6 2 0  gltA ~ , g a h  ( r e c ip ie n t )  w h e re  th e  d is t r ib u t io n  o f  th e  d o n o r  g a t  
i n  S +, g ltA ~  r e c o m b in a n t s  w a s  lo w  (5 /3 4 )  a n d  s u g g e s te d  th e  o r d e r  g it  A . .  . S . . .ga l. 
H o w e v e r ,  n o  s a t is f a c t o r y  s e le c t io n  p r o c e d u r e  c o u ld  b e  f o u n d  f o r  th e  r e c ip r o c a l  c r o s s  

b e c a u s e  S +, g ltA ~  r e c o m b in a n t s  g r e w  w e l l  e n o u g h  o n  s u c c in a t e  m e d iu m  t o  m a k e  th e m  

in d is t in g u is h a b le  f r o m  S+, g l tA + r e c o m b in a n t s .  C o n s e q u e n t ly ,  t h e  r e la t iv e  o r d e r  o f  S  
a n d  g it A  c o u ld  n o t  b e  d e d u c e d  w i t h  c e r t a in t y  b u t  a  t e n t a t iv e  o r d e r  g it  A . . .  S . . .g a l  m a y  

b e  in d ic a t e d .
T h e  F M ~  m u t a t io n  w a s  t o o  u n s t a b le  t o  p e r m it  d i r e c t  s e le c t io n  o f  F M +  i n  t r a n s ­

d u c t io n  c ro s s e s  b u t  a t t e m p t s  w e re  m a d e  t o  u s e  i t  a s  a  n o n - s e le c t iv e  m a r k e r .  W i t h  

A B 2 5 7 F M ~  a n d  AB25JFM-, S~  a s  d o n o r s ,  n o  l in k a g e  b e tw e e n  F M ~  a n d  a n y  o f  th e  

g e n e s  i n  t h e  p u rE  t o  g a l  r e g io n  w a s  o b s e r v e d .  A  v e r y  w e a k  l in k a g e  b e tw e e n  F M  a n d  

x y l  w a s  o b s e r v e d  ( T a b le  2 ) b u t  i t s  s ig n if ic a n c e  is  d i f f i c u l t  t o  a s se s s  i n  v ie w  o f  th e  i n ­

s t a b i l i t y  o f  t h is  m u t a t io n .

P h ysio log ica l an d  b iochem ical stu d ies w ith S~ an d F M ~ m utan ts

I n  o r d e r  t o  in v e s t ig a te  t h e  m e t a b o l ic  le s io n s  a s s o c ia te d  w i t h  th e  S~  a n d  F M ~  
m u ta t io n s ,  t w o  p a i r s  o f  m u t a n t  a n d  w i ld - t y p e  s t r a in s  w e r e  c h o s e n  f o r  d e t a i le d  s t u d y .
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T h e s e  w e re  A B 2 5 7 F M “  a n d  a  r e v e r t a n t  A B 2 5 7 F M + ( s e le c te d  o n  f u m a r a t e  m e d iu m ) ,  

a n d  w  1 48 5  S~  a n d  W 1 4 8 5 . I n  a l l  th e se  s tu d ie s  c u lt u r e s  o f  th e  m u t a n t  o r g a n is m s  w e re  

te s te d  t o  e n s u r e  t h a t  s ig n i f ic a n t  r e v e r s io n  h a d  n o t  o c c u r r e d  d u r in g  g r o w th .

G row th  tests . T h e  g r o w t h  o f  th e  te s t  o r g a n is m s  in  l i q u id  m e d ia  w i t h  s e v e ra l d i f f e r e n t  

c a r b o n  s o u r c e s  is  s h o w n  in  F ig .  2 . I t  c a n  b e  se e n  t h a t  th e  S~  m u t a t io n  p r e v e n te d  g r o w t h  

o n  s u c c in a t e  a n d  a c e ta te  a n d  i t  d e la y e d  g r o w t h  o n  g lu c o s e ,  g ly c e r o l ,  la c t a t e  a n d  m a la te
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Tim e (h.)

F ig . 2. G ro w th  o f  E sch er ich ia  c o li F M ~  a n d  S ~  m u ta n ts  a n d  th e  co rre sp o n d in g  w ild -ty p e  
s tra in s  o n  v ario u s  su b s tra te s : O , g lucose; • ,  g lycero l; x  , la c ta te ; A , m a la te ; A , fu m a ra te ;
□ , su cc in a te ; ■ , ace ta te .

T a b le  4 . R esp ira to ry  activ ities o f  w ashed suspensions o f  m utan t an d  w ild -type stra ins
grow n in g lucose m edium

R e sp ira tio n  ra te s  (/il. 0 2 consum ed /m g . 
d ry  w t/h .)  w ith  su b s tra te

S tra in S uccinate F u m a ra te M ala te

ab 257 F M + 114 53 55
ab 257 FAT- 55 20 35
W 1485 63 32 28
w 1485 S ~ 32 3 ' 35

b u t  n o t  f u m a r a te .  S u p p le m e n t in g  th e  s u c c in a t e  m e d iu m  w i t h  la c t a t e  a n d  g ly c e r o l  

(2  mM) p e r m it t e d  v e r y  s lo w  g r o w t h  o f  w  14 85  S~  a n d  f u l l  g r o w t h  w a s  r e a c h e d  o n ly  

a f t e r  7 0  h . T h e  F M ~  m u t a t io n  p r e v e n te d  g r o w t h  o n  m a la t e  a n d  f u m a r a t e  a n d  g r o w th  

o n  s u c c in a t e  w a s  im p a i r e d  i n  s u c h  a  w a y  t h a t  i t  p a r a l le le d  th e  re s p o n s e  w i t h  a c e ta te .  

R e v e r s io n  u s u a l ly  o c c u r r e d  o n  m a la te  a f t e r  a b o u t  4 5  h . b u t  r a r e ly  o c c u r r e d  o n  f u m a r a t e  

u p  t o  8 0  h . S u p p le m e n t in g  m a la t e  a n d  f u m a r a t e  m e d ia  w i t h  la c t a t e  a n d  g ly c e r o l  

(2  mM) p r o m o t e d  r a p id  g r o w t h  t o  a  s u b m a x im a l  e x te n t .  N e i t h e r  m u t a n t  r e s p o n d e d  t o  

g lu t a m a t e ,  4 - h y d r o x y b e n z o a t e  o r  2 , 3 - d ih y d r o x y b e n z o a t e  w h e n  a d d e d  t o  n o n - p e r -  

m is s iv e  m e d ia ,  b u t  b o t h  g r e w  a n a e r o b ic a l ly  w i t h  g ly c e r o l  p lu s  f u m a r a te .  T h e  r e s u lt s



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

s o m e  g r o w t h  o f  S~  s t r a in s  o c c u r r e d  o n  a c e ta te  a n d  s u c c in a te .  F M ~  s t r a in s  in v a r ia b ly  

r e v e r t e d  a f t e r  p r o lo n g e d  in c u b a t io n  a n d  th e  m u t a n t  o r g a n is m s  w e re  f e d  b y  th e  r e v e r t -  
a n t  c o lo n ie s .

R esp ira to ry  activ ities. A  s t u d y  o f  th e  o x id a t io n  o f  s u c c in a t e ,  f u m a r a t e  a n d  m a la t e  b y  

w a s h e d  s u s p e n s io n s  o f  th e  te s t  s t r a in s  s h o w e d  t h a t  w h e re a s  th e  F M ~  m u t a t io n  a f fe c te d  

th e  o x id a t io n  o f  a l l  th r e e  d ic a r b o x y l i c  a c id s ,  th e  S~  m u t a t io n  o r . ly  a f f e c te d  th e  o x id a ­
t io n  o f  s u c c in a t e  ( T a b le  4 ).
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T a b le  5 . F hosphoenolpyruvate carboxyk in ase in F M ~  an d  S~ m utan ts

O rg an ism s w ere g ro w n  w ith  succ in a te  o r  fu m a ra te  as c a rb o n  sou rces an d  th e  enzym e w as 
assayed  in  cell-free ex trac ts  as describ ed  in  th e  M e th o d s  section .

P h o sp h o e /io /p y ru v a te  carb o x y k in ase  
(/¿m ole/m g. p ro te in /h .)  

a f te r  g ro w th  o n

S tra in

W 1485 
w  1485 .S'-  
AB257 F M + 
AB257 F M ~

S uccinate

0-48

0-49
0-45

F u m a ra te

0-38
0-37
0 3 9

T a b le  6 . E n zym ic a ctiv itie s  an d  up take o f  C ^ d icarboyx lic  acids

O rg an ism s w ere g ro w n  in  m in im al m ed iu m  w ith  g lucose o r  ace ta te  a s  c a rb o n  sources. 
E nzym es w ere assayed  in  cell-free p re p a ra tio n s  as describ ed  in  th e  M e th o d s sec tion  a n d  th e  
re su lts  a re  expressed  a s  /¿m oles su b s tra te  tran sfo rm ed /m g . p ro te in /h . o r  as /¿m oles C 2 ta k e n  
u p /m g . p ro te in /h . fo r p a r tic u la te  m a la te  o x id a tio n . T h e  in itia l ra te s  o f  d icarboxy lic  ac id  
u p ta k e  by  w hole  cell su spen sio n s a re  expressed  a s  n m oles/m g . d ry  w t o rg an ism s/h .

O rg an ism  ............. W 1485 w  14855^ AB257 F M + AB 257 F M ~ AB257 F M + AB257 F M
G ro w th  su b s tra te G lucose G lucose G lucose G lucose A ce ta te A ce ta te

S ucc in a te  d ehydrogenase 4 '5 0 9 4 ’3 3.9 — —
F u m arase 33 28 32 31 — —
M a la te  d eh y d ro g en ase 290 282 250 242 564 620
M alic  enzym e (N A D ) 6 4 3 '6 6-3 6-8 6 9 9 5
M alic  enzym e (N A D P ) 6-7 3'9 5'3 2-8 181 25-4
P a rtic u la te  m a la te  o x id a tio n o-8 o-6 0 7 o-6 — —
S uccin a te  u p ta k e 119 116 104 86 1460 360
F u m a ra te  u p ta k e i l l 124 146 60 1460 380

E n zym ic  activ ities. T h e  A B 2 5 7 F M ~, S~  w a s  o r ig in a l l y  c h a r a c t e r iz e d  b y  a  d e f ic ie n c y  

i n  p h o sp h o < ? M o /p y ru va te  c a r b o x y k in a s e  a c t iv i t y ,  s o  th e  e ffe c ts  o f  th e  in d iv id u a l  m u t a ­

t io n s  o n  t h is  e n z y m e  w e re  e x a m in e d .  S in c e  s t r a in s  c a r r y in g  th e  F M ~  o r  th e  S~  le s io n  
c a n  g r o w  o n  a t  le a s t  o n e  C 4- d ic a r b o x y l i c  a c id ,  i t  c o u ld  b e  a r g u e d  t h a t  i f  t h e  c a r b o x y ­

k in a s e  is  e s s e n t ia l f o r  g r o w t h  o n  th e se  s u b s t r a t e s  b o t h  t y p e s  o f  m u t a n t  m u s t  p o s s e s s  

a d e q u a te  a m o u n t s  o f  th e  e n z y m e . T h i s  w a s  c o n f i r m e d  b y  s h o w in g  t h a t  n e it h e r  th e  

F M ~  n o r  S~  m u t a t io n s  a f fe c te d  th e  c a r b o x y k in a s e  a c t iv i t y  o f  o r g a n is m s  g r o w n  o n  

s u c c in a t e  a n d  f u m a r a t e  r e s p e c t iv e ly  ( T a b le  5).
S e v e r a l  o t h e r  e n z y m e s  c o n c e r n e d  w i t h  th e  o x id a t io n  a n d  m e t a b o l is m  o f  C 4- d ic a r -  

b o x y l i c  a c id s  w e re  a s s a y e d  in  a n  a t t e m p t  t o  d e f in e  th e  F M ~  a n d  S '-  le s io n s ;  t y p ic a l  

r e s u lt s  a r e  s h o w n  in  T a b le  6 . T h e  m o s t  s t r ik in g  d e f ic ie n c y  in  w  1485  S '-  w a s  th e  lo w
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s u c c in 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 re s e n c e  o f  o n ly  2 0  %  o f  S + a c t iv i t y  w a s  c o n ­

f i r m e d  w i t h  o t h e r  S '- d e r iv a t iv e s  (e .g . a b  i 3 2 5 S~  a n d  A B 2 5 7 F M ~ , S~). T h e  s p e c i f ic  

a c t iv i t ie s  o f  th e  m a l i c  e n z y m e s  w e re  a ls o  lo w e r  in  th e  S '-  m u ta n t ,  b u t  t h is  c o u ld  b e  a  

s e c o n d a r y  e ffe c t . T h e  F M ~  m u t a t io n  h a d  n o  s ig n i f ic a n t  e f fe c t  o n  th e  e n z y m e s  te s te d . 

S e v e r a l o f  th e  e n z y m e s  w e re  a ls o  a s s a y e d  i n  o r g a n is m s  g r o w n  o n  a c e ta te  in  c a s e  

a  r e g u la t o r y  d e fe c t  c o u ld  b e  d e te c te d .  H o w e v e r ,  n o  d if f e r e n c e s  b e tw e e n  F M + a n d  

F M ~  s t r a in s  w e re  f o u n d  a l t h o u g h  th e  s p e c if ic  a c t iv i t ie s  o f  m a la te  d e h y d r o g e n a s e  a n d  

th e  N A D P - l i n k e d  m a l i c  e n z y m e  w e re  c o n s id e r a b ly  h ig h e r  a f t e r  g r o w t h  o n  a c e ta te  

( T a b le  6 ). T h e  b e h a v io u r  o f  t h is  m a l i c  e n z y m e  c o n t r a s t s  w i t h  th e  Pseudom onas p u lid a  
e n z y m e  w h ic h  is  r e p re s s e d  b y  a c e ta te  ( J a c o b s o n ,  B a r t h o lo m a u s  &  G u n s a lu s ,  1 9 6 6 ). 
T h e  Escherichia coli e n z y m e  is  a ls o  in d u c e d  b y  m a la t e  ( K a t s u k i ,  T a k e o ,  K a m e d a  &  

T a n a k a ,  1 9 6 7 ) a n d  i t  is  t h o u g h t  t o  s u p p ly  N A D P H 2 a n d  a c e t y l  C o  A  ( v ia  p y r u v a t e ) .  

P r e s u m a b ly ,  t h e  p r o v is io n  o f  N A D P H 2 is  i t s  m a in  f u n c t io n  d u r in g  g r o w t h  o n  a c e ta te .

U ptake o f  C x-dicar b o x y  lie acids. T h e  S~  m u t a t io n  h a d  n o  e ffe c t  o n  th e  i n i t i a l  r a t e  o f  

s u c c in a t e  o r  f u m a r a t e  u p t a k e  b y  o r g a n is m s  g r o w n  o n  g lu c o s e  ( T a b le  6 ). B y  c o n t r a s t ,  

th e  F M  - m u t a t io n  d e c re a s e d  th e  r a t e  o f  u p t a k e  o f  b o t h  s u b s t r a te s  a n d  t h is  w a s  

p a r t i c u la r l y  a p p a r e n t  w i t h  o r g a n is m s  g r o w n  o n  a c e ta te .  H o w e v e r ,  g r o w t h  o f  a l l  f o u r  

te s t  s t r a in s  o n  s e v e ra l s u b s t r a te s  w a s  in h ib i t e d  b y  3 - f lu o r o m a la t e  ( o - 1 h i m ) , a n d  m o r e  

p r e c is e  te s ts  w i t h  A B 257  F M +  a n d  A B 257  F M ~  g r o w in g  o n  a c e ta te  in d ic a t e d  t h a t  th e  

F M ~  s t r a in  w a s  o n ly  s l ig h t ly  le s s  s e n s it iv e  o v e r  a  r a n g e  o f  a n a lo g u e  c o n c e n t r a t io n s .

Quinone content. N o  d if f e r e n c e s  w e re  f o u n d  b e tw e e n  m u t a n t  a n d  w i ld - t y p e  s t r a in s  

in  te s ts  f o r  t h e  p re s e n c e  o f  u b iq u in o n e  a n d  v i t a m in  K .
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T h e  g e n e t ic  s tu d ie s  w i t h  A B 2 5 7 s u c - a n d  i t s  d e r iv a t iv e s  c le a r ly  in d ic a t e d  th e  p re s e n c e  

o f  a t  le a s t  t w o  m u t a t io n s ,  F M ~  a n d  S~, w h ic h  p r im a r i l y  a f fe c t  g r o w t h  o n  f u m a r a t e  

a n d  m a la te  a n d  o n  s u c c in a te ,  r e s p e c t iv e ly .  T h e  F M ~  m u t a t io n  m a p p e d  in  th e  x y l  
r e g io n  o f  th e  E scherichia coli c h r o m o s o m e  a n d  i t  w a s  u n s ta b le .  T h e  b io c h e m ic a l  

le s io n  a s s o c ia te d  w i t h  t h is  m u t a t io n  is  o b s c u r e ;  i t  h a d  n o  s ig n if ic a n t  e f fe c t  o n  th e  k e y  

e n z y m e s  o f  C 4- d i c a r b o x y l i c  a c id  m e t a b o l is m ,  n o r  d id  i t  a p p e a r  t o  a f fe c t  u b iq u in o n e  

o r  v i t a m in  K  s y n th e s is .  T h e  o n ly  d e f ic ie n c y  w h ic h  c o u ld  b e  d e te c te d  w a s  a n  

im p a ir e d  c a p a c i t y  f o r  d ic a r b o x y l i c  a c id  t r a n s p o r t .  M u t a n t s  (dct~ ) , w h ic h  a p a r t  f r o m  

b e in g  r e s is t a n t  t o  3 - f lu o r o m a la t e  h a v e  th e  s a m e  p h e n o t y p e ,  a ls o  m a p  in  th e  x y l  
r e g io n  ( K a y  &  K o r n b e r g ,  1 9 6 9 ). H o w e v e r ,  t h e  g re a te s t  in h ib i t i o n  o f  f u m a r a t e  u p t a k e  

o b s e r v e d  w i t h  a n  F M ~  m u t a n t  w a s  7 4  %  a n d  t h is  a lo n e  s e e m s  u n l i k e ly  t o  a c c o u n t  f o r  
th e  f a i lu r e  t o  g r o w  o n  t h is  s u b s t r a te .  T h e  e f fe c t  o n  t r a n s p o r t  m a y  b e  s e c o n d a r y  t o  a  

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

e i t h e r  e n e rg y  o r  e s s e n t ia l m e t a b o l i t e s  r e q u ir e d  s p e c i f ic a l ly  f o r  g r o w t h  o n  m a la t e  a n d  
f u m a r a te .  T h i s  is  s u p p o r t e d  b y  th e  f a c t  t h a t  s u p p le m e n t s  o f  la c t a t e  a n d  g ly c e r o l  

p e r m it  g r o w t h  o n  th e se  s u b s t r a te s .  A n o t h e r  u n c h a r a c t e r iz e d  m u t a t io n  w h ic h  a f fe c ts  

g r o w t h  o n  m a la te  b u t  n o t  o n  s u c c in a t e  h a s  a ls o  b e e n  d is c o v e r e d  in  A B 3 2 8 3 ,  w h ic h  a ls o  

c a r r ie d  t w o  m u t a t io n s  a f f e c t in g  u b iq u in o n e  b io s y n th e s is  ( C o x  e t al. 1968 ). T h e  o r ig in  

o f  th e  F M ~  m u t a t io n  in  A B 2 5 7  is  u n k n o w n  b u t  i t  is  n o t  p r e s e n t  in  th e  s im i la r  s t r a in  
H f r C .

T h e  S~  m u t a t io n  w a s  c lo s e ly  l i n k e d  t o  th e  g it  A  a n d  sue A lo c i  a n d  i t  m a y  b e  s it u a t e d  

b e tw e e n  th e m . I t  p r o d u c e s  a  d e f ic ie n c y  in  s u c c in 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 l ­



t h o u g h  th e  d e f ic ie n c y  is  n o t  a s  c o m p le t e  a s  w a s  f o u n d  in  th e  s u c c in a t e  d e h y d r o g e n a s e -  

le s s  m u t a n t  o f  H i r s c h  e t al. (1 9 6 3 ) , b o t h  ty p e s  h a v e  m a n y  p r o p e r t ie s  i n  c o m m o n .  T h e  

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

( U .  H e n n in g ,  p e r s o n a l  c o m m u n ic a t io n )  a n d  i t  s e e m s  l i k e l y  t h a t  t h is  g e n e  is  t h e  s ite  o f  

th e  S'-  m u t a t io n .  I t  is  in t e r e s t in g  t o  n o t e  t h a t  a l l  t h e  s t r u c t u r a l  g e n e s  f o r  e n z y m e s  o f  th e  

t r i c a r b o x y l i c  a c id  c y c le  w h ic h  h a v e  b e e n  m a p p e d  ( c i t r a t e  s y n th a s e ,  a - k e t o g lu t a r a t e  a n d  

s u c c in a t e  d e h y d r o g e n a s e )  a r e  c lu s t e r e d  in  th e  lip  t o  g a l  r e g io n  o f  th e  c h r o m o s o m e .

T o  a c c o u n t  i n  p a r t  f o r  th e  r e s u lt s  o b s e r v e d  b y  H s ie  &  R ic k e n b e r g  (1 9 6 6 )  i t  is  n e c e s ­

s a r y  t o  p r o p o s e  t h a t  A B 2 5 7 SUC-  (F M ~, S  ) w a s  p r e p a r e d  b y  s in g le - s te p  m u t a t io n  o f  

A B 2 5 7  F M ~  b u t  w a s  s u b s e q u e n t ly  c o m p a r e d  w i t h  a n  F M +  r e v e r t a n t  o f  t h e  p a r e n t  

s t r a in .  S in c e  n e i t h e r  o f  t h e  t w o  m u t a t io n s  a f fe c t s  p h o s p h o e n o / p y r u v a te  c a r b o x y k in a s e  

a c t iv i t y ,  t h e  d e f ic ie n c y  o b s e r v e d  in  A B 2 5 7 SUC~ m a y  b e  a  s e c o n d a r y  c o n s e q u e n c e  o f  

c o m b in in g  th e  tw o  m u ta t io n s ,  o r  a l t e r n a t iv e ly  i t  m a y  b e  d u e  t o  a  t h i r d  m u t a t io n  w h ic h  

w a s  n o t  d e t e c te d  d u r in g  th e  p r e s e n t  w o r k .  N o  e v id e n c e  c o n c e r n in g  e it h e r  th e  lo c a t io n  

o f  th e  c a r b o x y k in a s e  ( p c k ) g e n e  o r  th e  q u e s t io n  o f  w h e th e r  t h is  e n z y m e  is  e s s e n t ia l f o r  

g r o w t h  o n  in t e rm e d ia t e s  o f  th e  t r i c a r b o x y l i c  a c id  c y c le  w a s  o b t a in e d .

W e  w is h  t o  a c k n o w le d g e  th e  r e c e ip t  o f  a  t r a in in g  g r a n t  f r o m  th e  S c ie n c e  R e s e a r c h  

C o u n c i l  t o  A .  A .  H . ,  a n d  w e  a r e  g r a t e f u l  t o  t h o s e  w h o  k in d l y  p r o v id e d  s o m e  o f  th e  

s t r a in s  u s e d  i n  t h is  w o r k .  W e  a r e  a ls o  in d e b t e d  t o  M r  I .  T .  C r e a g h a n  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

O f  a  la r g e  n u m b e r  o f  s u g a r s  a n d  p o ly s a c c h a r id e s ,  o n l y  c e l lu lo s e  s u b s t r a te s  
o r  c e l lo b io s e  in d u c e d  Cz ( B - i , 4 - g lu c a n  g lu c a n o  h y d r o la s e ;  E n z y m e  C o m ­
m is s io n  n o .  3 . 2 1 . 4 )  in  Verticillium albo-atrum. M a n y  o f  th e  s u g a r s  te s te d  
in h ib i t e d  t h e  in d u c t io n  o f  C x i n  th e  p re s e n c e  o f  c a r b o x y m e t h y l- c e l lu lo s e  ( C M  
c e l lu lo s e ) ;  t h is  is  e x p la in e d  o n  th e  b a s is  o f  a  b a la n c e  b e tw e e n  g r o w t h  a n d  
e n z y m e  p r o d u c t io n  s u c h  t h a t  a  lo w  g r o w t h  r a t e  is  u s u a l ly  c o u p le d  w i t h  
h ig h  C x le v e ls  a n d  v ic e  v e r s a .  O n e  p e r  c e n t  g lu c o s e  c o m p le t e ly  re p re s s e d  Cz 
in d u c t io n  i n  o - 1 %  c e l lo b io s e  m e d iu m .  C e l lo b io s e  c a u s e d  s l ig h t  in a c t iv a t io n  
o f  C x b y  e n d - p r o d u c t  in h ib i t i o n .  I f  th e  m y c e l iu m  h a s  n o  p h y s ic a l  c o n t a c t  w i t h  
in s o lu b le  c e l lu lo s e  i n  l i q u id  c u lt u r e s ,  v i r t u a l l y  n o  g r o w t h  o c c u r s  a n d  C x v a lu e s  
a r e  in s ig n i f ic a n t .  T h e s e  r e s u lt s  a r e  d is c u s s e d  in  r e la t io n  t o  th e  p o s t u la t e d  Q  
e n z y m e  in v o lv e d  in  th e  i n i t i a l  s ta g e s  o f  c e l lu lo s e  d e g r a d a t io n .

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

T h e  b r e a k d o w n  o f  n a t u r a l l y  o c c u r r in g  c e l lu lo s e  in  p la n t  c e l l  w a l ls  b y  f u n g a l c e l lu la s e s  

is  n o t  y e t  w e l l  u n d e r s t o o d  ( W o o d ,  i 9 6 0 ;  M a n d e ls  &  R e e s e ,  1 9 65 )  b u t  i t  is  g e n e r a l ly  

b e l ie v e d  t h a t  a  Q  e n z y m e  a c t s  u p o n  in s o lu b le  c e l lu lo s e  t o  p r o d u c e  l in e a r  c h a in s  w h ic h  

a r e  b r o k e n  d o w n  b y  o n e  o r  m o r e  o f  a  s e c o n d  t y p e  o f  e n z y m e  t e rm e d  C x ( B - 1 ,4 -  

g lu c a n  g lu c a n o  h y d r o la s e ;  E n z y m e  C o m m is s io n  n o .  3 . 2 . 1 . 4 ) .  T h e  a c t iv i t y  o f  th e  

la t t e r  c a n  c o n v e n ie n t ly  b e  s t u d ie d  u s in g  v a r io u s  f o r m s  o f  s o lu b le  c e l lu lo s e ,  in c lu d in g  

th e  N a +  s a lt  o f  c a r b o x y m e t h y l- c e l lu lo s e  ( C M  c e l lu lo s e ) ,  a s  s u b s t r a te s .

I t  is  k n o w n  t h a t  in  m a n y  f u n g i  t h e  p r o d u c t io n  o f  c e l lu la s e s  is  a d a p t iv e  s o  t h a t  i n  th e  

a b s e n c e  o f  c e l lu lo s e  th e  e n z y m e  is  n o t  f o r m e d  in  d e t e c t a b le  q u a n t i t ie s .  W h e t h e r  o r  n o t  
a c t u a l  c o n t a c t  b e tw e e n  th e  f u n g u s  a n d  c e l lu lo s e  is  n e c e s s a r y  f o r  th e  i n i t i a t io n  o f  t h is  

p r o c e s s  is  c o n je c t u r a l .  S in c e  th e  s u b s t r a t e  is  h ig h ly  in s o lu b le  i t  is  d i f f i c u l t  t o  a s c e r t a in  

h o w  th e  f u n g u s  ‘ r e c o g n iz e s ’  i t s  p r e s e n c e , b u t  M a n d e l s  &  R e e s e  ( i9 6 0 ) ,  w o r k in g  w i t h  

Trichoderma viride a n d  o t h e r  f u n g i ,  h a v e  s u g g e s te d  t h a t  s u f f ic ie n t  t r a c e s  o f  e n z y m e  a r e  

f o r m e d  t o  s t a r t  c e l lu lo s e  h y d r o ly s is .  O n c e  b e g u n ,  th e  s o lu b le  p r o d u c t s  a r e  t h o u g h t  t o  
in d u c e  t h e  p r o d u c t io n  o f  la r g e r  a m o u n t s  o f  e n z y m e .  C e l lo b io s e ,  o n e  o f  th e  c o m m o n  

p r o d u c t s  o f  h y d r o ly s is ,  h a s  b e e n  s h o w n  b y  th e s e  w o r k e r s  t o  in d u c e  C x ; o t h e r  d is a c ­

c h a r id e s  w h ic h  a ls o  c o n t a in  a  / J - g ly c o s id ic  l in k a g e  s u c h  a s  la c t o s e  a n d  s o p h o r o s e  a c t  in  
a  s im i la r  w a y  ( M a n d e ls ,  P a r r i s h  &  R e e s e ,  1 9 6 2 ). I n  a n  in v e s t ig a t io n  w i t h  Verticillium 
albo-atrum, a  v a s c u la r  w i l t  o r g a n is m ,  T a lb o y s  (1 9 5 8 )  r e p o r t e d  t h a t  c e l lo b io s e  o r  c e l lu lo s e  

w o u ld  in d u c e  C x w h e re a s  g lu c o s e ,  s u c r o s e ,  la c t o s e  a n d  s t a r c h  a l l  i n h ib i t e d  th e  f o r m a ­

t io n  o f  t h is  e n z y m e . I n  a  f u r t h e r  s t u d y  o f  t h is  f u n g u s ,  W h it n e y ,  C h a p m a n  &  H e a le

(1 9 6 9 )  s h o w e d  t h a t  th r e e  m a in  C x c o m p o n e n t s  w e re  p r o d u c e d  w h e n  c e l lu lo s e  o r



D. P. GUPTA AND J. B. HEALE

c e l lo b io s e  w a s  p r e s e n t  in  th e  c u l t u r e  m e d iu m .  T h e  a p p r o x im a t e  m o le c u la r  w e ig h t s  o f  

th e s e  c o m p o n e n t s  w e re  7 5 ,0 0 0 , 3 2 ,0 0 0  a n d  16 ,0 00 . T h e y  a ls o  f o u n d  t h a t  in c u b a t io n  o f  

C x w it h  C M  c e l lu lo s e  p r o d u c e d  o n ly  c e l lo b io s e  a n d  s o m e  m e d iu m  le n g t h  p o ly m e r s .  

G lu c o s e  w a s  a b s e n t  in  th e  c u l t u r e  f i l t r a t e s  a n d  c e l lo b ia s e  ( / ? -g lu c o s id a s e )  a c t iv i t y  w a s  

n o t  d e te c ta b le .
I n  th e  p r e s e n t  p a p e r ,  w e  r e p o r t  o n  a n  in v e s t ig a t io n  in t o  th e  f o l l o w in g  a s p e c ts  o f  th e  

C ,. s y s te m  in  Verticillium  a lb o -a tru m : t h e  n a tu r e  o f  th e  in d u c in g  m o le c u le ,  i n h ib i t o r y  

s u b s ta n c e s ,  in d u c e r / in h ib i t o r  r e a c t io n s  a n d  s u b s t r a t e / fu n g u s  c o n t a c t .  A n  a c c o m p a n y ­

in g  p a p e r  ( H e a le  &  G u p t a ,  1 9 70 )  d e a ls  w i t h  th e  u t i l i z a t io n  o f  c e l lo b io s e  a s  th e  s o lu b le  

p r o d u c t  o f  c e l lu lo s e  d e g r a d a t io n .

M E T H O D S

C ultural procedures an d  carbon sources

A  s t r a in  o f  Verticillium  albo-atrum , is o la t e d  f r o m  w i l t e d  lu c e r n e  ( M edicago  sa tiva )  in  

N o r f o l k  d u r in g  1 9 64 , w a s  u s e d  t h r o u g h o u t  t h is  in v e s t ig a t io n .  M o d i f i e d  D o x  m e d iu m  

c o n t a in e d ( g . / l . ) ; N a N 0 3, 2 ;  K C 1 , o -5 ; K H 2P 0 4, 1 ; F e S 0 4 . 7 H 20 ,  o - o i ; M g S 0 4 . 7 H 20 ,  

0 -5 . T h e  f o l l o w in g  c a r b o n  s o u r c e s  w e re  u s e d : d ( — )  f r u c t o s e  ( g lu c o s e - f r e e  B .  D . H . ) ,  d  ( + )  

g a la c t o s e  ( B . D . H . ) ,  d  (  — ) g lu c o s e  ( A n a la r ) ,  a - M e - D - g lu c o s id e  ( S ig m a  C h e m ic a l  C o . ) ,  

/ ? - M e - D - g lu c o s id e  ( S ig m a  C h e m ic a l  C o . ) ,  c e l lo b io s e  ( B . D . H . ) ,  g e n t io b io s e  ( B . D . H . ) ,  

la c t o s e  ( B . D . H . ) ,  m a lt o s e  ( B . D . H . ) ,  m e l ib io s e  ( B . D . H . ) ,  s u c r o s e  ( A n a la r ) ,  t r e h a lo s e  

( B . D . H . ) ,  c e l lu lo s e  p o w d e r  ( W h a t m a n  s t a n d a r d  g r a d e ,  B a l s t o n L t d ) ,  C M  c e l lu lo s e  ( N a + 

s a lt ,  D . S .  0 -4 5  t o  0 -5 5 , B . D . H . ) ,  p e c t in  ( S ig m a  C h e m ic a l  C o . )  a n d s t a r c h  ( s o lu b le ,  B . D . H . ) .

T h e  c u l t u r e  m e d ia  w e re  a d ju s t e d  w it h  p h o s p h a t e  b u f f e r  ( o - i  m ) t o  p H  5 -5  b e f o r e  a u t o ­

c la v in g .  S ix t e e n  o z .  m e d ic in e  b o t t le s  w i t h  c o t t o n - w o o l  p lu g s  w e re  e m p lo y e d  a s  c u l t u r e  

v e s se ls  c o n t a in in g  100  m l.  l i q u i d  m e d iu m .  F iv e  r e p l ic a t e  b o t t le s  w e re  u s e d  f o r  e a c h  

t r e a tm e n t  a n d  w e re  s t e r i l i z e d  b y  a u t o c la v in g  a t  121° f o r  15 m in .  e x c e p t  in  th e  c a s e  o f  

p e c t in  a n d  th o s e  s a c c h a r id e s  w i t h  a  lo w  m e lt in g  p o in t  w h ic h  w e re  a u t o c la v e d  a t  

1 15 0 f o r  10  m in .  C u l t u r e s  w e re  in o c u la t e d  w i t h  a  6  m m . d is c ,  c u t  w i t h  a  s t e r i le  c o r k  

b o r e r ,  f r o m  th e  g r o w in g  m a r g in  o f  a  3 w e e k  p a r e n t  c u lt u r e  o f  th e  f u n g u s  g r o w n  o n  

p o t a t o - g lu c o s e  a g a r .  T h e  b o t t le s  w e re  in c u b a t e d  a t  2 4  + i °  in  th e  d a r k  f o r  14  d a y s ,  

e x c e p t  w h e re  s ta te d  o th e rw is e ,  a n d  th e  m y c e l ia l  m a t s  w e re  s e p a ra te d  b y  c e n t r i f u g a t io n  

a t  4 0 0 0  r e v . / m in .  f o r  2 0  m in .  in  a  M S E  S u p e r  M e d iu m  c e n t r i f u g e  e q u ip p e d  w i t h  a  

u n iv e r s a l  s w in g - o u t  h e a d .  T o lu e n e  (1 m l. / l . )  w a s  a d d e d  t o  th e  s u p e r n a ta n t  f lu id .  

G r o w t h  w a s  e s t im a te d  b y  w e ig h in g  m a t s  t h a t  h a d  b e e n  d r ie d  t o  c o n s t a n t  w e ig h t  in  

a n  o v e n  a t  6o° .

I n  th e  s u b s t r a t e - c o n t a c t  e x p e r im e n t s  t w o  d i f f e r e n t  m e th o d s  in v o lv in g  a g a r  a n d  l i q u id  
c u lt u r e s  w e re  u s e d . I n  th e  a g a r  te s ts ,  m o d i f ie d  D o x  m e d iu m  w a s  m ix e d  w i t h  1 %  a g a r  

( D a v is ) ,  a u to c la v e d ,  a n d  15 m l.  s a m p le s  p o u r e d  in t o  10  r e p l ic a t e  s t e r i le  P e t r i  p la t e s  f o r  

e a c h  c a r b o n  s o u r c e .  W h e n  th e  m e d iu m  h a d  s o l id i f ie d ,  a  w e l l  w a s  c u t  o n  o n e  s id e  o f  th e  

d is h  w i t h  a  s t e r i le  n o .  6  c o r k - b o r e r  a n d  f i l l e d  w i t h  w a r m  m o d i f ie d  D o x  m e d iu m  c o n ­

t a in in g  e it h e r  c e l lo b io s e ,  C M  c e l lu lo s e  o r  c e l lu lo s e  p o w d e r  ( a l l  a t  1 % ); u n s u p p le ­

m e n te d  m e d iu m  s e r v e d  a s  a  c o n t r o l .  T h e  c e l lu lo s e  p o w d e r  h a d  p r e v io u s ly  b e e n  w a s h e d  

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

a g a r  w a s  in o c u la t e d  4 0  m m . f r o m  th e  w e l l  a n d  th e  c u lt u r e s  w e re  in c u b a te d  a t  2 4  + i° .  

G r o w t h  t o w a r d s  th e  s u b s t r a t e  w a s  m e a s u r e d  a f t e r  3 , 6 , 9 , 12  a n d  14  d a y s ,  a f t e r  w h ic h  

a n  a g a r  b lo c k  w a s  r e m o v e d  f r o m  a b o u t  h a l fw a y  b e tw e e n  th e  w e l l  a n d  th e  le a d in g  e d g e  

o f  th e  h y p h a e ,  a n d  h o m o g e n iz e d  in  a b o u t  1 0  m l.  a c e ta te  b u f f e r  (0 -2  m , p H  5 -2 ). T h e
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h o m o g e n a te  w a s  c e n t r i f u g e d  a t  4 5 0 0  g  f o r  3 0  m in .  a t  o °  i n  a  h ig h  s p e e d  18 ( M S E ) .  T h e  

s u p e r n a t a n t  f lu id  w a s  te s te d  f o r  C x a c t iv i t y  a n d  f o r  p r o t e in  le v e ls  in  th e  n o r m a l  w a y .  

I n  th e  l i q u id  c u l t u r e  te s ts  a  s p e c ia l a p p a r a t u s  ( F ig .  1) w a s  u s e d ;  i t  c o n s is t e d  o f  t w o  f la t  

f la n g e  j o in t s  w i t h  s id e  a r m s  ( Q u ic k  F i t ,  F G  25 )  b e n t  a t  r ig h t  a n g le s  a n d  h e ld  t o g e th e r  

w it h  a  m e ta l c l ip .  T h e  m o u t h  o f  e a c h  o f  th e  v e r t i c a l ly  p o s i t io n e d  s id e  a r m s  w a s  s t o p p e r e d  

t ig h t ly  w i t h  a  r u b b e r  b u n g  j o in e d  b y  g la s s  t u b in g  t o  a  s t e r i le  f i l t r a t io n  c o lu m n  f i l l e d  

w it h  n o n a b s o r b e n t  c o t t o n  w o o l .  T h e  a r m s  w e re  s e p a ra te d  c e n t r a l ly  a t  th e  f la n g e  b y  a  

m e m b r a n e  f i l t e r  ( s iz e  5  c m . ,  s t a n d a r d  g r a d e ,  O x o id ) .  O n e  a r m  w a s  f i l l e d  w i t l i  5 0  m l.  o f  

m o d if ie d  D o x  m e d iu m  a n d  th e  o t h e r  w it h  D o x  m e d iu m  s u p p le m e n te d  w i t h  e it h e r  1 %  

C M  c e l lu lo s e  o r  1 %  c e l lu lo s e  p o w d e r  (w a s h e d  c a r e f u l ly  a s  b e fo re )  a n d  th e  w h o le  
a p p a r a t u s  a u to c la v e d .
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Fig . 1. A p p a ra tu s  used  fo r  th e  su b s tra te  c o n ta c t ex perim en t.

P rote in  determ ination . E x t r a c e l lu la r  p r o t e in  p r o d u c t io n  i n  a l l  s u p e r n a ta n t  f lu id s  w a s  

e s t im a te d  b y  th e  m e t h o d  o f  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 ) . A  5 %  f in a l  

c o n c e n t r a t io n  o f  t r i c h lo r a c e t ic  a c id  w a s  u s e d  t o  p r e c ip i t a t e  p r o t e in  w h ic h  w a s  t h e n  

d is s o lv e d  in  o - i  %  (w /v )  N a O H  s o lu t io n .  C a s e in  s t a n d a r d s  w e re  u s e d .

C M  cellu lose ( C x) assay . A b i l i t y  o f  t h e  c u l t u r e  s u p e r n a ta n t  f lu id  t o  d e g r a d e  C M  

c e l lu lo s e  w a s  te s te d  b y  u s in g  a n  O s tw a ld  t y p e  v is c o m e t e r  ( B S / I P / U - B S .1 8 S ,  s iz e  D ) .  

T h e  e n z y m e  r e a c t io n  m ix t u r e  c o n t a in e d  25  m l.  o f  1 %  (w /v )  C M  c e l lu lo s e  ( d is s o lv e d  b y  

m e c h a n ic a l  s t i r r in g  a t  20° f o r  10  m in .  in  0 -2  M - s o d iu m  a c e ta te  b u f f e r  ( p H  5 -2 );  

t o lu e n e  a d d e d  a t  r ir f l./ I . )  a n d  1 m l.  o f  s u p e r n a t a n t  f lu id .  A f t e r  in c u b a t io n  f o r  1 h . a t  

30 ° , th e  f lo w  t im e  (se e .)  w a s  m e a s u r e d  i n  th e  v is c o m e te r .  E n z y m e  a c t i v i t y  w a s  i n i t i a l l y  

c a lc u la t e d  a s  th e  d e c re a s e  o f  v is c o s i t y  i n  C M  c e l lu lo s e  e q u iv a le n t s .  A r b i t r a r y  e n z y m e  

u n i t s  (e .u .)  w e re  u s e d  t o  s t a n d a r d iz e  th e  r e s u lt s  a n d  a l l o w  a  q u a n t h a t iv e  c o m p a r is o n  b e ­

tw e e n  t r e a tm e n t s  ( W h it n e y  e t al. 1969 ).
S ugar determ inations. R e d u c in g  s u g a r s  p r e s e n t  i n  th e  c u l t u r e  m e d iu m  b e fo r e  i n o c u la ­

t io n  a n d  in  th e  s u p e r n a t a n t  f l u i d  a f t e r  g r o w t h  w e re  e s t im a te d  q u a n t i t a t iv e ly  a s  g lu c o s e  

e q u iv a le n t s  b y  a  p r o c e d u r e  u t i l i z i n g  th e  p o t a s s iu m  f e r r ic y a n id e - p o t a s s iu m  f e r r o c y a n id e  

r e d u c t io n  r e a c t io n .  T h e  r e d u c t io n  in  in t e n s i t y  o f  th e  y e l lo w  f e r r o c y a n id e  w a s  m e a s u r e d  
i n  a n  a u t o a n a ly s e r  ( T e c h n ic o n )  a t  4 2 0  n m . ( H o f fm a n ,  1937 ). S u c r o s e  w a s  e s t im a te d  b y  

a  m o d i f i c a t io n  o f  th e  r e s o r c in o l  m e t h o d  o f  R o e  ( D u t t o n ,  C a r r u t h e r s  &  O ld f ie ld ,  1961 ). 

T r e h a lo s e ,  a - M e - g lu c o s id e  a n d  / T M e - g lu c o s id e  w e re  e s t im a te d  b y  th e  a n th r o n e  

m e t h o d  ( W in d e r ,  B r e n n a n  &  M c D o n n e l l ,  1967 ).



D. P. GUPTA AND J. B. HEALE166

R E S U L T S

The effect o f a variety o f sugars and polysaccharides on Cx induction
I n  i n i t i a l  e x p e r im e n t s ,  th e  fu n g u s  w a s  g r o w n  f o r  14 d a y s  in  m o d i f ie d  D o x  m e d iu m  

c o n t a in in g  th e  f o l l o w in g  s in g le  c a r b o n  s o u r c e s  a t  1 % : g a la c to s e ,  g lu c o s e ,  f r u c t o s e ,  

a - M e - g lu c o s e ,  / ? -M e - g lu c o s e ,  c e l lo b io s e ,  g e n t io b io s e ,  la c to s e ,  m e l ib io s e ,  m a lt o s e ,  

s u c r o s e ,  t r e h a lo s e ,  C M  c e l lu lo s e ,  c e l lu lo s e  p o w d e r ,  p e c t in ,  s t a r c h .

A f t e r  c e n t r i f u g a t io n ,  th e  c u l t u r e  f i l t r a t e s  w e re  a s s a y e d  v is c o m e t r ic a l ly  f o r  C ,  

a c t iv i t y ;  s u g a r  a n d  p r o t e in  in  th e  f i l t r a t e s  w e re  d e t e rm in e d  a n d  d r y  w e ig h t s  o f  m y c e l ia l  

m a t s  c a lc u la t e d .

T a b le  1. Cx activity, extracellular protein and dry wt for Verticillium 
albo-atrum grown on various carbon sources at 1 %

Q  activ ity
e .u ./m l. o f //g ./m l. E x tra ­ D ry  w t o f

su p e rn a ta n t ce llu la r p ro te in m ycelium
fluid su p e rn a ta n t fluid m g. /flask

M o n o sacch a rid es
G a lac to se 0 4 8 270
G lucose 0 2-8 230
F ru c to se 0 2 0 206
a-M e-g lu co sid e 0 2'3 105
/?-M c-glucoside 0 2-3 95

D isacch arid es
C ellob iose 3 4 0 I 1 0 550
G en tio b io se 3 0 6 0 338
L actose 0 6-8 260
M elib iose 0 3 6 258
M altose 0 5-0 220
Sucrose 0 3 6 228
T reh a lo se 0 2 '5 112

P o lysaccharides
C M  cellu lose 4 4 0 21-5 I35
C ellu lose  pow der 33*5 10-8 IO5
Pectin 0 10-2 23O
S tarch 0 3 5 I9O

T h e  r e s u lt s  in  T a b le  1 s h o w e d  t h a t  only c e l lu lo s ic  s u b s t r a te s  o r  c e l lo b io s e  in d u c e d  

C , ;  g e n t io b io s e ,  h o w e v e r ,  le d  t o  b a r e ly  d e te c ta b le  q u a n t i t ie s  o f  e n z y m e  a n d  s o  m ig h t  

b e  c o n s id e r e d  a s  h a v in g  s o m e  s l ig h t  in d u c in g  a c t iv i t y .  W h e r e  C x  w a s  in d u c e d ,  t h e re  w a s  
a  c o r r e s p o n d in g  in c r e a s e  in  th e  le v e ls  o f  e x t r a c e l lu la r  p r o t e in .  C e l lo b io s e  w a s  c le a r ly  

th e  b e s t  s o u r c e  o f  c a r b o n  in  t e rm s  o f  d r y  w e ig h t  p r o d u c t io n .  P o ly s a c c h a r id e s  s u c h  a s  

p e c t in  o r  s t a r c h  p r o m o t e d  m o r e  g r o w t h  t h a n  C M  c e l lu lo s e .  I t  w a s  n o t  p o s s ib le  t o  

m e a s u r e  a c c u r a t e ly  th e  y ie ld  o f  c u l t u r e s  g r o w n  w i t h  c e l lu lo s e  p o w d e r  b e c a u s e  o f  th e  

r e s id u a l  c e l lu lo s e ,  b u t  s in c e  th e  c o m b in e d  w e ig h t s  h e re  w e re  le s s  t h a n  th e  m y c e l ia l  

y ie ld s  in  C M  c e l lu lo s e - g r o w n  c u ltu r e s ,  i t  is  p o s s ib le  t o  c o n c lu d e  t h a t  c e l lu lo s e  p o w d e r  

w a s  a t t a c k e d  m o r e  s lo w ly  t h a n  s o lu b le  C M  c e l lu lo s e .  M e a s u r e m e n t s  o f  s u g a r  u p t a k e  

s h o w e d  t h a t  c e l lo b io s e  w a s  c o m p le t e ly  u t i l i z e d  b y  th e  e n d  o f  th e  14 d a y s  g r o w t h  

p e r io d ,  i.e . a  t o t a l  u p t a k e  o f  1-8 m g . o f  c e l lo b io s e / m g .  d r y  w t  o f  m y c e l iu m  ( i.e . d r y  

w t  a f t e r  14  d a y s ) .  C u l t u r e s  c o n t a in in g  th e  o t h e r  d is a c c h a r id e s  s h o w e d  lo w e r  le v e ls  o f  

s u g a r  u p t a k e  ( o n  a  d r y  w t  b a s is )  a n d  lo w e r  d r y  w e ig h t s  a s  c o m p a r e d  w it h  c e l lo b io s e



m e d ia ,  b u t  s u g a r  u p t a k e  w a s  c o n s is t e n t ly  h ig h e r  t h a n  in  m o n o s a c c h a r id e  c u ltu r e s ,  th e  

u p t a k e  o f  g lu c o s e  b e in g  1-3 m g ./m g . d r y  w t .  T h i s  s u g g e s te d  s o m e  m e c h a n is m  th a t  

f a c i l i t a t e d  t h e  u t i l i z a t io n  o f  c e l lo b io s e  ( a n d  o t h e r  d is a c c h a r id e  m o le c u le s  t o  a  le s s e r  
e x te n t)  r e la t iv e  t o  g lu c o s e  a n d  o t h e r  m o n o s a c c h a r id e s .

Inhibition of C, by glucose
T h e  f u n g u s  w a s  g r o w n  f o r  2  w e e k s  o n  m o d i f ie d  D o x  m e d iu m  c o n t a in in g  1 %  C M  

c e l lu lo s e  a n d  e it h e r  o - i ,  0 -5 , 1, 1-5 o r  2  %  g lu c o s e .  C o n t r o l  c u lt u r e s  w e re  g r o w n  in  1 %  
c e l lu lo s e  m e d iu m  w i t h o u t  g lu c o s e .  F ig .  2  s h o w s  th e  i n h ib i t o r y  e f fe c t  o f  g lu c o s e  o n  C x 

i n d u c t i o n ; e v e n  o - 1 %  g lu c o s e  c a u s e d  a  m a r k e d  d e c re a s e  in  e n z y m e  v a lu e s  a s  c o m p a r e d  

w i t h  t h o s e  f o r  1 %  C M  c e l lu lo s e  a lo n e .  T h e  o p p o s i t e  e f fe c t  w a s  o b s e r v e d  f o r  g r o w t h ,  

w h ic h  in c r e a s e d  c o r r e s p o n d in g ly  w i t h  h ig h e r  a m o u n t s  o f  g lu c o s e ; a t  th e  s a m e  t im e ,

Induction o f  cellulose 167

1

F ig  2. E ffect o n  C x in d u c tio n  o t v ario u s  g lucose c o n c e n tra tio n s  (o i to  2 % ) in  th e  presence  
o f  1 % C M  cellu lose . ■ , C ,  ac tiv ity  (e .u ./m l.) ; □ , ex :race llu la r  p ro te in  ( /ig ./m l.) ; ID, d ry  w t 
o f  m y celium  (m g./flask).

e x t r a c e l lu la r  p r o t e in  a m o u n t s  w e re  d e c re a s e d ,  r e f le c t in g  th e  d e c re a s e  in  C * . T o  te s t  

w h e th e r  t h is  e f fe c t  in v o lv e d  th e  i n h ib i t i o n  o f  C ,  p r o d u c t io n  o r  s o m e  f o r m  o f  e n z y m e  

in a c r . iv a t io n ,  g lu c o s e  w a s  a d d e d  a t  v a r io u s  c o n c e n t r a t io n s  ( o -1 t o  2 % ) t o  a  s e r ie s  o f  
e n z y m e  p r e p a r a t io n s  a n d  th e  m ix t u r e s  a s s a y e d , w i t h  a p p r o p r ia t e  c o n t r o ls .  I n  a l l  

c a s e s  th e  a c t i v i t y  in  th e  p re s e n c e  o f  g lu c o s e  w a s  u n a lt e r e d ,  s h o w in g  t h a t  i t s  e f fe c t  w a s  

o n  e n z y m e  p r o d u c t io n .

The effect o f small concentrations ( 0 1  %) of sugars and polysaccharides on C. induction 
in the presence of CM cellulose

T h e  fu n g u s  w a s  g r o w n  in  m o d i f ie d  D o x  m e d iu m  c o n t a in in g  1 %  c e l lu lo s e  a n d  o n e  o f  

a  v a r ie t y  o f  s a c c h a r id e s  a t  o - 1 %  ; c o n t r o l  c u lt u r e s  c o n t a in e d  1 %  C M  c e l lu lo s e .
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G lu c o s e  h a d  th e  s t r o n g e s t  i n h ib i t o r y  e f fe c t  o f  t h e  m o n o s a c c h a r id e s  ( T a b le  2 ) ;  o f  th e  

d is a c c h a r id e s ,  s u c r o s e  w a s  v e r y  in h ib i t o r y  a n d  m o r e  s o  t h a n  e it h e r  g lu c o s e  o r  f r u c t o s e ,  

a lo n e .  C o m p a r e d  w i t h  c o n t r o l  c u lt u r e s  C x v a lu e s / m l.  w e re  g r e a t e r  w i t h  c e l lo b io s e ,  

w i t h  g e n t io b io s e ,  a n d  t o  a  le s s e r  e x te n t  w i t h  la c to s e .  R e la t in g  e n z y m e  p r o d u c t io n  t o  

m y c e l ia l  d r y  w t ,  h o w e v e r ,  s h o w e d  t h a t  C x p r o d u c t io n  w a s  s l ig h t ly  le s s  w i t h  c e l lo b io s e  

t h a n  i n  u n s u p p le m e n t e d  C M  c e l lu lo s e  c u ltu r e s .  O f  th e  p o ly s a c c h a r id e s ,  s t a r c h  w a s  

s t r o n g ly  i n h ib i t o r y ,  p e c t in  s l ig h t ly  so . A l l  t h e  s u g a r s  w e re  te s te d  f o r  t h e i r  p o s s ib le  

e ffe c ts  o n  th e  a c t iv i t y  o f  C x. W i t h  th e  e x c e p t io n  o f  c e l lo b io s e ,  w h ic h  a t  2  %  c a u s e d  

s l ig h t  in a c t iv a t io n  o f  C x, th e  r e s u lt s  w e re  e n t i r e ly  n e g a t iv e .
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T a b le  2 . C x a c tiv ity , ex tracellu lar p ro te in  an d  m yce lia l d ry  w t f o r  Verticillium  albo-atrum  
in 1 % C M  cellu lose m edium  in the presen ce  o f  various sugars an d  po lysacch arides  
a t o - i  %

Q t ac tiv ity  
e .u ./m l. o f

/ig ./m l. E x tra ­
ce llu la r  p ro te in D ry  w t o f

C ellu lose su p e rn a ta n t o f  su p e rn a ta n t m ycelium
su p p le m e n t flu id flu id m g./flask

M o n o sacch a rid es
G alac to se 42-5 27-0 196
G lucose 24-0 17-2 r 35
F ru c to se 34-0 25-0 265
a-M e-g lucoside 43 '4 24'7 185
/?-M e-glucoside 45-0 25'3 164

D isacch arid es
C ellob iose 59-2 3 1 5 253
G en tio b io se 5 0 0 28-0 305
L ac to se 4 5 9 2 6 8 434
M elib iose 39-8 25-3 396
M alto se 22*0 12-0 152
Sucrose I o-o 5'9 23O
T reh a lo se 22'9 12-4 200

Polysaccharides
P ectin 32-0 24*0 159
S ta rch 1 5 0 11*5 124

I % C M  cellu lose 44-0 2 1 0 133
a lo n e  (con tro l)

C x induction b y  cellobiose, an d  in teractions w ith g lucose

T o  s t u d y  th e  t im e  c o u r s e  o f  c e l lo b io s e - in d u c e d  C x p r o d u c t io n ,  th e  f u n g u s  w a s  g r o w n  

in  m o d i f ie d  D o x  m e d iu m  c o n t a in in g  o - i ,  1 o r  2  %  c e l lo b io s e  a n d  h a r v e s t e d  a f t e r  3 , 6 , 9, 

12  a n d  14  d a y s .  S im i la r  c h a n g e s  in  C x a c t iv i t y  p e r  u n i t  d r y  w t  o f  m y c e l iu m  w e re  f o u n d  

( F ig .  3 ) b u t  th e  h ig h e r  c o n c e n t r a t io n s  le d  t o  in c r e a s e d  C x v a lu e s .  T h e  c u r v e s  a t  a l l  
c o n c e n t r a t io n s  in c r e a s e d  s t e e p ly  t o  m a x im a  a t  4  t o  6  d a y s ,  a f t e r  w h ic h  t h e r e  w a s  a  

d e c l in e .  T h i s  r e s u lt e d  f r o m  a  s l ig h t ly  in c r e a s in g  ra te  o f  g r o w t h  a c c o m p a n ie d  b y  a  

d e c re a s e  i n  th e  r a t e  o f  C x f o r m a t io n ,  p a r t i c u la r l y  f r o m  th e  9 th  d a y  o n w a r d s .  A  c lo s e  

c o r r e la t io n  w a s  f o u n d  b e tw e e n  th e  ra te s  o f  h e x o s e  u t i l i z a t io n  p e r  u n i t  o f  m y c e l ia l  

d r y  w t  a t  1 a n d  2 %  c e l lo b io s e .  I n  o - i  %  c e l lo b io s e  m e d iu m ,  a l l  o f  th e  c e l lo b io s e  w a s  

u t i l i z e d  b y  th e  6 th  d a y  w h e n  C x v a lu e s  s lo w ly  d e c l in e d  u n t i l  b y  th e  1 4 th  d a y  C x w a s  
o n ly  j u s t  d e te c ta b le .

T o  in v e s t ig a t e  g lu c o s e / c e l lo b io s e  in t e r a c t io n  th e  f u n g u s  w a s  c u l t u r e d  i n  m o d i f ie d



D o x  m e d iu m  c o n t a in in g  o - i  %  c e l lo b io s e  + 1  %  g lu c o s e ,  a n d  th e  c u lt u r e s  h a r v e s t e d  a t  

r e g u la r  in t e r v a ls .  C x  in d u c t io n  w a s  c o m p le t e ly  in h ib i t e d  b y  th e  g lu c o s e  a n d  th e  e n z y m e  

w a s  n o t  d e te c te d  a t  a n y  t im e  d u r in g  th e  g r o w t h  p e r io d .
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F ig  3. C j  indu c tio n  in  0 1 , 1 a n d  2 %  cellob iose  m edia. H----------b , 2 % ;  • -------• ,  1 % ;
O -------O , o -i %.

The effect o f  substra te  con tact on the breakdow n o f  cellulose

I n  th e  f i r s t  s e r ie s  o f  te s ts  t o  s h o w  w h e th e r  p h y s ic a l  c o n t a c t  b e tw e e n  th e  f u n g u s  a n d  

i t s  in s o lu b le  c e l lu lo s e  s u b s t r a t e  w a s  e s s e n t ia l f o r  d e g r a d a t io n  t o  o c c u r ,  t h e  s u b s t r a te  

( c e l lo b io s e ,  C M  c e l lu lo s e ,  o r  w a s h e d  c e l lu lo s e  p o w d e r )  a n d  in o c u la  w e re  p la c e d  4 0  m m .  

a p a r t  o n  p la t e s  c o n t a in in g  m o d i f ie d  D o x  a g a r  m e d iu m .  T h e  fa s te s t  g r o w t h  ra te  w a s  

t o w a r d s  c e l lo b io s e  ( F ig .  4 ) , a  s o m e w h a t  s lo w e r  r a t e  t o w a r d s  C M  c e l lu lo s e ,  a n d  th e re  

w a s  n o  d if f e r e n c e  b e tw e e n  th e  c o n t r o l  ( u n s u p p le m e n t e d  a g a r  m e d iu m )  a n d  w a s h e d  

c e l lu lo s e  p o w d e r .  A g a r  b lo c k s  f r o m  b e tw e e n  fu n g u s  a n d  s u b s t r a t e  s h o w e d  n o  C x 

a c t iv i t y ,  e v e n  w i t h  C M  c e l lu lo s e  a g a r .  T h e  C x i n  th e  la t t e r  c a s e  m a y  h a v e  b e e n  i r r e ­

v e r s ib ly  b o u n d  t o  th e  a g a r ,  o r  a l t e r n a t iv e ly  m a y  h a v e  b e e n  in a c t iv a t e d  d u r in g  th e  

e x t r a c t io n  p r o c e d u r e .
I n  th e  s e c o n d  s e r ie s  o f  te s ts , l i q u id  c u lt u r e s  w e re  u s e d  in  th e  a p p a r a t u s  s h o w n  in  

F ig .  1. T h e  fu n g u s  w a s  s e p a ra te d  f r o m  it s  s u b s t r a t e  b y  a  m e m b r a n e  f i l t e r .  T h e  c e l lu lo s e  

w a s  in o c u la t e d  in situ  i n  o n e  t r e a tm e n t ,  a n d  in  a  s e c o n d  th e  m o d i f ie d  D o x  m e d iu m  w a s  

in o c u la t e d  i n  th e  o t h e r  a r m  o f  th e  a p p a r a t u s ; C M  c e l lu lo s e  a s  a  s o lu b le  c e l lu lo s e  a n d  

u n s u p p le m e n t e d  D o x  m e d iu m  w e re  in c lu d e d  a s  c o n t r o ls  ( T a b le  3). A t  in t e r v a ls  o f  

2  d a y s ,  l i q u id  w a s  s u c k e d  f r o m  o n e  a r m  t o  th e  o t h e r  ( in  b o t h  d ir e c t io n s )  t o  e n s u r e  t h a t  

d i f f u s ib le  s u b s ta n c e s  p a s s e d  a c r o s s  th e  f i l t e r .  A f t e r  9  d a y s  th e  s u p e r n a t a n t  f l u i d  f r o m  

b o t h  a r m s  w a s  a s s a y e d  f o r  C x a n d  th e  u s u a l  te s ts  m a d e .  G r o w t h  w a s  n e g l ig ib le  a n d
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C x  a c t i v i t y  h a r d ly  d e t e c t a b le  w h e n  th e  fu n g u s  w a s  s e p a r a t e d  f r o m  c e l lu lo s e  p o w d e r  b y  

th e  m e m b r a n e  f i l t e r ;  w h e n  g r o w n  in  c o n t a c t  w i t h  c e l lu lo s e  p o w d e r ,  h o w e v e r ,  m o d e r a te  

g r o w t h  a n d  e n z y m e  a c t iv i t y  w e re  r e c o r d e d .  A s  e x p e c te d ,  in o c u la t io n  o f  D o x  m e d iu m  

in  th e  o p p o s it e  a r m  t o  th e  o n e  c o n t a in in g  C M  c e l lu lo s e  r e s u lt e d  in  s im i la r  g r o w t h  a n d  

e n z y m e  a c t iv i t y  in  b o t h  a rm s .
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F ig  4. G ro w th  ra te s  in  su b s tra te -c o n ta c t experim en t ca rr ie d  o u t  u sin g  a g a r  p la te s  (inocu lum
40 m m . fro m  su b s tra te ). • --- •, C ellob iose ; O -------O  C M  cellu lose ; A--- A, unw ash ed
cellu lose p o w d e r; A -------A , w ashed  cellu lose p o w d er; □ -------□ , co n tro l w a te r  ag a r .

T a b le  3. E ffect on C *  induction o f  p h ysica l con tact o f  V erticillium  albo-atrum  with  
cellulose substrate . A  m em brane f i l te r  separa ted  the tw o arm s o f  the apparatus (Fig. 1)

A rm  o f  
a p p a ra tu s

M odified  D o x  
m ed iu m

W h eth e r
inocu la ted

D ry  w t o f  
m ycelium  

(m g.)

E x tra ­
ce llu lar
p ro te in

(¿¿g./ml.)
C x ac tiv ity  
(e .u ./m l.)

L eft U n su p p lem en ted In o cu la ted 34 <  1 <  1
R ig h t S upp lem en ted  w ith 

cellu lose p o w d er
U n in o cu la ted o-o <  1 <  1

L eft U n su p p le m en ted U n in o cu la ted o-o 8*5 2T 0
R ig h t S u p p lem en ted  w ith 

cellu lose p o w d er
In o cu la ted 98-0 12-0 24-0

L eft U nsu p p lem en ted In o cu la ted 105-0 i8*o 42-0
R ig h t S u p p lem en ted  w ith  

C M  cellu lose
U n in o cu la ted o-o 18-0 38-0

L eft U n su p p le m en ted In o cu la ted 14-0 <  1 0 0
R ig h t U n su p p le m en ted U n in o cu la ted o-o <  1 o-o
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D IS C U S S IO N

T h e  d a t a  s h o w  t h a t  th e  in d u c t io n  o f  e x t r a c e l lu la r  C ,  a c t iv i t y  in  V erticillium  albo-  
atrum  d e p e n d e d  u p o n  th e  p re s e n c e  o f  c e l lo b io s e  ( o r  c e l lu lo s e  w h ic h  w a s  d e g r a d e d  t o  

l ib e r a t e  c e l lo b io s e  u n it s )  in  th e  m e d iu m .  T h i s  m e a n s  t h a t  th e  m o le c u la r  c o n f ig u r a t io n  

o f  th e  in d u c in g  s u b s ta n c e  is  l im i t e d  t o  a  d is a c c h a r id e  h a v in g  a  / ? - g ly c o s id ic  l i n k  b e tw e e n  

C i  a n d  C 4  o f  th e  tw o  g lu c o s e  u n it s .  A n y  d e p a r t u r e  f r o m  th e se  c h a r a c t e r is t ic s  is  

c r i t i c a l ;  t h u s  g e n t io b io s e ,  w h ic h  h a s  o n ly  n e g l ig ib le  in d u c in g  a c t iv i t y ,  is  v e r y  s im i la r  to  

c e l lo b io s e  e x c e p t  t h a t  i t  h a s  a  / ? - i ,6  l in k a g e .  S in c e  c e l lo b io s e  is  t h e  m a in  s o lu b le  p r o ­

d u c t  o f  c e l lu lo s e  d e g r a d a t io n  b y  t h is  f u n g u s  ( W h i t n e y  e t al. 1 9 69 ), i t  f o l lo w s  t h a t  th e  

p r o c e s s  is  a  s e l f - m a in t a in in g  o n e . M a n d e ls  &  R e e s e  ( i9 6 0 )  r e p o r t e d  t h a t  c e l lo b io s e  

in d u c e d  C x in  Trichoderm a viride  a n d  s e v e ra l o t h e r  f u n g i  b u t  l i t t le  in  c o m p a r is o n  w i t h  

c e l lu lo s e .  T h e y  e x p la in e d  t h is  o n  th e  b a s is  o f  t h e  v e r y  h ig h  g r o w t h - p r o m o t in g  c h a r a c ­

t e r is t ic s  o f  c e l lo b io s e .  U n d e r  n a t u r a l  c o n d i t io n s  ( s im u la t e d  b y  th e  u se  o f  c e l lo b io s e  o c ta -  

a c e ta te ) ,  s lo w  ra te s  o f  d e g r a d a t io n  o f  th e  in s o lu b le  s u b s t r a t e  r e s u lt e d  in  s m a l l  a m o u n t s  

o f  c e l lo b io s e  b e in g  re le a s e d  w h ic h  w e re  r a p id ly  c o n s u m e d ,  a c c o m p a n ie d  b y  h ig h  

v a lu e s  o f  C x p r o d u c t io n .  H o w e v e r ,  w i t h  V. albo-atrum  c e l lo b io s e  is  b o t h  a n  e x c e l le n t  

g r o w t h  s o u r c e  a n d  a  p o t e n t  in d u c e r  o f  C x. A m o n g s t  o t h e r  d is a c c h a r id e s  h a v in g  in d u c in g  

a c t iv i t y  in  T. viride  a r e  la c to s e ,  c h a r a c t e r iz e d  b y  a  / ? - i , 4  l i n k ,  a n d  s o p h o r o s e ,  a  fl-1,2 
s u g a r ,  w h ic h  is  a  v e r y  p o w e r f u l  in d u c e r ,  p r o d u c in g  2 0 0  t im e s  th e  v a lu e  o f  C x a s  c o m ­

p a r e d  w i t h  c e l lo b io s e  ( M a n d e ls  e t al. 1 9 62 ). W h e n  V. a lbo-atrum  i s  g r o w n  o n  o - i  %  

c e l lo b io s e ,  th e  s u g a r  is  r a p id ly  u t i l i z e d  a n d  n o n e  is  d e t e c t a b le  a f t e r  6  d a y s .  C o in c id in g  

w it h  th e  e x h a u s t io n  o f  c e l lo b io s e ,  th e  v a lu e  o f  C x r e a c h e s  a  m a x im u m  a t  a b o u t  th e  

6 th  d a y  a n d  f a l l s  t h e re a f t e r .  I n  T. viride, C ,  d o e s  n o t  a p p e a r  u n t i l  a f t e r  th e  c e l lo b io s e  h a s  

b e e n  c o n s u m e d ,  w h ic h  is  w h y  M a n d e ls  &  R e e s e  ( i9 6 0 )  h a v e  s u g g e s te d  t h a t  th e  a c t u a l  

in d u c e r  is  a  p r o d u c t  o f  c e l lo b io s e  m e t a b o l is m  r a t h e r  t h a n  c e l lo b io s e  it s e lf .  W e  c a n n o t  

a t  t h is  s ta g e  r u le  o u t  th e  p o s s ib i l i t y  t h a t  a n  o l ig o s a c c h a r id e  ( H e a le  &  G u p t a ,  1 970 ) 

c o u ld  a c t  a s  th e  in t e r n a l  in d u c e r  in  V. a lbo-a trum , b u t  i t  d o e s  se e m  q u it e  c le a r  t h a t  th e  

in d u c t io n  m e c h a n is m  in  th e se  tw o  f u n g i  is  d i f f e r e n t  in  s e v e ra l im p o r t a n t  re s p e c ts ,  

T h e s e  d if f e r e n c e s  m ig h t  b e  a t t r ib u t a b le  t o  th e  d is t in c t  e c o lo g ic a l  r o le s  in v o lv e d .

T. viride  b e in g  a  s o i l  s a p r o p h y t e ,  V. albo-atrum  a  v a s c u la r  w i l t  p a t h o g e n  w h ic h  p r o b a b ly  

d o e s  n o t  b e g in  t o  d e g r a d e  c e l lu lo s e  u n t i l  t h e  d e a th  o f  th e  h o s t  ( W h i t n e y  e t al. 1 969 ) 

a n d  w h ic h  s h o w s  a  r a p id ly  d e c l in in g  p h a s e  w h e n  in c o r p o r a t e d  in t o  s o i l  a lo n g  w i t h  th e  

h o s t  r e s id u e s  ( H e a le  &  I s a a c ,  1963 ).

S l ig h t  e n d - p r o d u c :  in h ib i t i o n  o f  C ,  w a s  d e m o n s t r a t e d  b y  a d d in g  c e l lo b io s e  to  

r e a c t io n  m ix t u r e s  d u r in g  v is c o m e t r ic  a s s a y s .  S im i la r l y ,  R e e s e , G i l l i g a n  &  N o r k r a n s  

(1 9 5 2 )  f o u n d  t h a t  c e l lo b io s e  in h ib i t e d  m o s t  o f  th e  3 6  c e l lu la s e s  te s te d . I t  is  p o s s ib le ,  

t h e r e fo r e ,  t h a t  th e  ra te  o f  C M  c e l lu lo s e  d e g r a d a t io n  b y  Verticillium  albo-atrum  c o u ld  

b e  s o m e w h a t  l im i t e d  b y  in a c t i v a t io n  o f  C x. I t  is  d o u b t f u l ,  h o w e v e r ,  w h e th e r  s u c h  a n  
e f fe c t  c o u ld  o p e r a t e  a s  a  s ig n i f ic a n t  c o n t r o l l i n g  m e c h a n is m  d u r in g  c e l l - w a l l  d e g r a d a ­

t io n ,  w h e n  t h e  r a t e  o f  c e l lo b io s e  p r o d u c t io n  is  p r o b a b ly  w e l l  b e lo w  th e  p o t e n t ia l  

u t i l i z a t io n  ra te .
C e l lo b io s e  a n d  s o m e  o f  th e  o t h e r  d is a c c h a r id e  s u g a r s  s u c h  a s  g e n t io b io s e  w e re  m u c h  

b e t t e r  c a r b o n  s o u rc e s  f o r  g r o w t h  in  Verticillium  albo-atrum  t h a n  g lu c o s e ,  a n d  m e a s u r e ­

m e n t s  o f  th e  r a te s  o f  u p t a k e  s t r o n g ly  s u g g e s t  t h a t  s o m e  m e c h a n is m  f a c i l i t a t e s  th e  u t i l i ­

z a t io n  o f  th e s e  d is a c c h a r id e s  a s  c o m p a r e d  w i t h  g lu c o s e .
M o n o s a c c h a r id e s  s u c h  a s  g lu c o s e  a n d  f r u c t o s e ,  d is a c c h a r id e s  s u c h  a s  s u c r o s e ,

M I C  6312
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t r e h a lo s e  a n d  m a lt o s e ,  a n d  th e  p o ly s a c c h a r id e  s t a r c h  a l l  i n h ib i t e d  C x in d u c t io n  in  th e  

p re s e n c e  o f  C M  c e l lu lo s e .  A g a in ,  1 %  g lu c o s e  c o m p le t e ly  re p re s s e d  th e  f o r m a t io n  o f  

C x in  th e  p re s e n c e  o f  o - i  %  c e l lo b io s e .  S im i la r  r e s u lt s  w e re  r e p o r t e d  b y  T a lb o y s  (1 9 5 8 )  

f o r  g lu c o s e ,  s u c r o s e  a n d  s t a r c h  u s in g  c e l lu lo s e  a s  C x in d u c e r .  T h e  m e c h a n is m  o f  s u c h  

g e n e r a l iz e d  r e p r e s s io n  is  c le a r ly  r e la te d  t o  th e  b a la n c e  b e tw e e n  g r o w t h  a n d  C x f o r m a ­

t io n .  I n  g e n e ra l,  a  lo w  g r o w t h  r a t e  is  c o u p le d  w i t h  h ig h  e n z y m e  le v e ls  a n d  v ic e  v e r s a ; t h is  

e f fe c t  is  b e s t  se e n  o v e r  a  ra n g e  o f  g lu c o s e  c o n c e n t r a t io n s  in  th e  p re s e n c e  o f  1 %  C M  

c e l lu lo s e  ( F ig .  2), b u t  i t  i s  a ls o  o b s e r v e d  d u r in g  g r o w t h  o n  d i f f e r e n t  s u g a r s  in  th e  

p re s e n c e  o f  C M  c e l lu lo s e .  A  s im i la r  p h e n o m e n o n  h a s  b e e n  r e p o r t e d  b y  M a n d e l s  &  

R e e s e  ( i9 6 0 )  w h e n ,  u s in g  T richoderm a riride, t h e y  s h o w e d  t h a t  r a p id ly  c o n s u m e d  

m e ta b o l i t e s  r e d u c e d  th e  le v e ls  o f  C „  in  th e  m e d iu m .  T h e s e  f in d in g s  a re  g e n e r a l ly  c o n ­

s is te n t  a ls o  w i t h  a n  e a r l ie r  in v e s t ig a t io n  ( W h i t n e y  e t al. 1 9 69 )  w h ic h  s h o w e d  t h a t  Q  

le v e ls  in  th e  d is e a s e d  h o s t  w e re  o n ly  th re e  t im e s  t h a t  o f  th e  h e a l t h y  u n in o c u la t e d  

c o n t r o l  p la n t s  u n t i l  th e  t e r m in a l  s ta g e s  o f  th e  d is e a s e  a re  re a c h e d .  A t  t h is  t im e  w h e n  th e  

h o s t  d ie s ,  th e  le v e l o f  C x r is e s  t o  2 0  t im e s  t h a t  o f  th e  c o n t r o ls .  T h i s  s u d d e n  in c r e a s e  in  

C x w a s  a t t r ib u t e d  t o  a  d e r e p r e s s io n  e ffe c t  r e s u lt in g  f r o m  th e  e x h a u s t io n  o f  th e  m o r e  

e a s i ly  a s s im i la b le  s u g a r s  p r e s e n t  in  th e  c e l ls ,  a n d  i t  i s  o n ly  a t  t h is  s ta g e  t h a t  g e n e r a l iz e d  

c e l l - w a l l  d e g r a d a t io n  o c c u r s .

T h e  r e s u lt s  o f  th e  s u b s t r a t e - c o n ta c t  e x p e r im e n t  m u s t  b e  c o n s id e r e d  in  r e la t io n  t o  th e  

w id e ly  h e ld  v ie w  t h a t  th e  in i t i a t io n  o f  th e  in d u c t io n  m e c h a n is m  is  d u e  t o  v e r y  s m a l l  

a m o u n t s  o f  C x p r o d u c e d  ‘ c o n s t i t u t i v e ly ’  w h ic h  l ib e r a t e  s o m e  c e l lo b io s e  f r o m  c e l lu lo s e  

a n d  s o  in d u c e  th e  e n z y m e  in  d e t e c t a b le  q u a n t i t ie s .  S in c e  g r o w t h  w a s  n e g l ig ib le  in  th e  

D o x  m e d iu m  ( m in u s  c a r b o n  s o u r c e )  s e p a ra te d  b y  a  p o r o u s  m e m b r a n e  f r o m  th e  c e l lu lo s e  

p o w d e r  o n  w h ic h  fu n g u s  g r o w s  i f  in o c u la t e d  in situ , i t  s e e m s  c le a r  t h a t  a c t u a l  c o n t a c t  is  

n e c e s s a r y  f o r  th e  in i t i a t io n  o f  th e  c e l lu lo s e  d e g r a d in g  s y s te m . A c c o r d in g  t o  S e lb y

(1 9 6 3 ) , e v id e n c e  f r o m  d if f e r e n t  s o u r c e s  s h o w s  t h a t  s o m e  e n z y m e  s y s te m  ( Q )  p r e s e n t  in  

th e  v i c i n i t y  o f  th e  g r o w in g  m ic r o - o r g a n is m  is  n e c e s s a r y  f o r  th e  b r e a k d o w n  o f  n a t u r a l  

c e l lu lo s e  a n d  is  m is s in g  f r o m  e x t r a c e l lu la r  e x t r a c t s  a s  n o r m a l l y  p r e p a r e d .  U n t i l  m o r e  

e v id e n c e  is  f o r t h c o m in g  o n  th e  n a tu r e  a n d  r o le  o f  th e  Q  e n z y m e  in  t h is  a n d  o t h e r  f u n g i 

i t  is  d i f f ic u l t  t o  d e c id e  w h e th e r  s e p a r a t io n  o f  th e  m y c e l iu m  f r o m  th e  in s o lu b le  s u b s t r a te  

a f fe c t s  th e  in d u c t io n  o f  b o t h  Q  a n d  C x o r  o n ly  Q .  T h e  a b s e n c e  o f  Q  w o u ld  m e a n  t h a t  

th e  i n i t i a l  s te p  in  c e l lu lo s e  d e g r a d a t io n  w o u ld  n o t  o c c u r  a n d  f o l lo w in g  f r o m  t h is  th e  

la c k  o f  c e l lo b io s e  l ib e r a t io n  w o u ld  b e  r e f le c te d  in  in s ig n i f ic a n t  C x v a lu e s .

T h e  a u t h o r s  w is h  t o  t h a n k  P r o f e s s o r  J .  E d e lm a n  a n d  D r  J .  C h a p m a n  f o r  v a lu a b le  

d is c u s s io n  a n d  a d v ic e  d u r in g  t h is  w o r k .  T h a n k s  a re  a ls o  d u e  t o  th e  U n iv e r s i t y  o f  
R a n c h i ,  B ih a r ,  I n d ia ,  f o r  a l lo w in g  s t u d y  le a v e  t o  th e  s e n io r  a u th o r .
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S U M M A R Y

/ j - G lu c o t r a n s f e r a s e  w a s  d e m o n s t r a t e d  in  m y c e l ia l  e x t r a c t s  a n d  c u lt u r e  
f i l t r a t e s  o f  Verticillium  albo-atrum  g r o w n  o n  2 %  c e l lo b io s e  a s  th e  s o le  s o u r c e  
o f  c a r b o n .  A n a ly s i s  o f  th e  m y c e l iu m  in d ic a t e d  r e la t iv e ly  la r g e  a m o u n t s  o f  
c e l lo b io s e  a n d  g e n t io b io s e ,  a s  w e l l  a s  s m a l l  a m o u n t s  o f  a  s e r ie s  o f  :h re e  
o l ig o s a c c h a r id e s  ( D P 3 , 4 ,  5 ) a n d  g lu c o s e ;  th e  s a m e  c o m p o u n d s  w e re  d e te c te d  
in  th e  c u l t u r e  f i l t r a t e  b u t  a t  m u c h  lo w e r  c o n c e n t r a t io n s  ( e x c e p t  f o r  c e l lo b io s e )  
a n d  g lu c o s e  w a s  b a r e ly  d e te c ta b le .  C e l lo b io s e  p h o s p h o r y la s e  w a s  a ls o  p r e s e n t  
in  m y c e l ia l  e x t r a c t s ,  a n d  i t  is  s u g g e s te d  t h a t  th e  p r o d u c t io n  o f  g lu c o s e - 1- p h o s ­
p h a te  f r o m  th e  p h o s p h o r y ly t i c  c le a v a g e  o f  c e l lo b io s e  a n d  i t s  r a p id  u t i l i z a t io n  
a s  a  r e s p i r a t o r y  s u b s t r a t e  e x p la in s  w h y  th e  fu n g u s  g r o w s  s o  m u c h  f a s te r  o n  
c e l lo b io s e  t h a n  o n  g lu c o s e .  T h e  le v e l  o f  th e s e  t w o  e n z y m e  s y s te m s  is  c o n ­
s id e re d  t o  b e  a n  im p o r t a n t  f a c t o r  in  c o n t r o l l i n g  th e  r a t e  o f  g r o w th .  T h e  s ig n i ­
f ic a n c e  o f  th e  f o r m a t io n  o f  o l ig o s a c c h a r id e s  b y  th e  t r a n s fe ra s e  s y s te m  is  
d is c u s s e d  in  r e la t io n  t o  c e l lu lo s e  d e g r a d a t io n .

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

W h it n e y ,  C h a p m a n  &  H e a le  (1 9 6 9 )  h a v e  s h o w n  t h a t  th e  d e g r a d a t io n  o f  c e l lu lo s e  b y  

Verticillium  albo-atrum  le a d s  t o  th e  a p p e a r a n c e  o f  r e la t iv e ly  la r g e  a m o u n t s  o f  c e l lo ­

b io s e  in  th e  c u l t u r e  m e d iu m  a n d  t h a t  n o  g lu c o s e  is  p r o d u c e d .  T h r e e  m a in  c o m p o n e n t s  

w i t h  c e l lu la s e  ( C x ) a c t iv i t y  w e re  s e p a ra te d  f r o m  c u l t u r e  s u p e rn a ta n t s  a n d  c h a r a c t e r iz e d  

a c c o r d in g  t o  m o le c u la r  w e ig h t ,  p H  a c t iv i t y  c u r v e s  a n d  M ic h a e l i s  c o n s t a n t s .  G u p t a  &  

H e a le  ( 1 9 7 0 )  h a v e  p r e s e n te d  e v id e n c e  t h a t ,  a p a r t  f r o m  b e in g  a n  e x c e l le n t  g r o w t h  

s o u r c e  f o r  t h is  f u n g u s ,  c e l lo b io s e  is  t h e  s p e c i f ic  in d u c e r  o f  C x . T h e y  a ls o  f o u n d  t h a t  

c e l lo b io s e  a n d  m o s t  o t h e r  d is a c c h a r id e s  w e re  t a k e n  u p  a t  r a te s  w h ic h  s u g g e s te d  s o m e  

s p e c ia l  m e c h a n is m  f o r  u t i l i z a t io n  a s  c o m p a r e d  w i t h  m o n o s a c c h a r id e s  s u c h  a s  g lu c o s e .  

T h e s e  f in d in g s  w e re  s im i la r  t o  t h o s e  o b t a in e d  b y  m a n y  w o r k e r s  u s in g  c e l lu lo l y t i c  

b a c t e r ia ,  e .g . C ellvibrio g ilvus  ( H u lc h e r  &  K in g ,  1 9 5 8 ; S w is h e r ,  S t o r v i c k  &  K in g ,  

1964 ). F a s t e r  g r o w t h  o n  c e l lo b io s e  t h a n  o n  g lu c o s e  is  u s u a l ly  a t t r ib u t e d  t o  a  h ig h e r  
y ie ld  o f  e n e r g y  p e r  m o le c u le  o f  c e l lo b io s e  u t i l i z e d  a s  c o m p a r e d  w i t h  t w o  f re e  g lu c o s e  

m o le c u le s .  P h o s p h o r y ly t i c  c le a v a g e  o f  c e l lo b io s e  ( m e d ia t e d  b y  c e l lo b io s e  p h o s p h o r y ­

la s e )  y ie ld s  f re e  g lu c o s e  a n d  g lu c o s e - 1- p h o s p h a t e ,  th e  la t t e r  b e in g  r a p id ly  c o n s u m e d  in  

th e  r e s p i r a t io n  p a t h w a y ,  w h i le  th e  f o r m e r  is  u t i l i z e d  o n ly  s lo w ly  o w in g  t o  lo w  le v e ls  o f  

h e x o k in a s e .  A s  f a r  a s  w e  a r e  a w a re ,  t h is  s y s te m  h a s  n o t  b e e n  in v e s t ig a t e d  i n  c e l lu lo s e ­

d e g r a d in g  f u n g i  s u c h  a s  V e r t i c i l l i u m .

T h e  f o r m a t io n  o f  s ig n i f ic a n t  a m o u n t s  o f  o l ig o s a c c h a r id e s  a n d  p o ly s a c c h a r id e s  in  

c u l t u r e  f i l t r a t e s  o f  Verticillium  a lbo-a tru m  g r o w n  o n  s u c r o s e  h a s  b e e n  r e p o r t e d  b y
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C a r o s e l l i  ( 1 9 5 4 )  a n d  G r e e n  (1 9 5 4 ) . L e  T o u r n e a u  (1 9 6 1 )  f o u n d  o l ig o s a c c h a r id e s  u p  t o  

th e  h e x a c o m p o u n d  in  th e  m y c e l iu m  a n d  c u l t u r e  f i l t r a t e  o f  th e  s a m e  fu n g u s  g r o w n  o n  

g lu c o s e ,  a n d  sh e  s u g g e s te d  t h a t  t h e y  w e re  f o r m e d  b y  a  g lu c o - f r u c t o - t r a n s fe r a s e .  B u s t o n  

&  K h a n  (1 9 5 6 )  s h o w e d  t h a t  c e l l - f r e e  e x t r a c t s  o f  Chaetom ium  globosum  w h e n  in c u b a te d  

w it h  c e l lo b io s e  p r o d u c e d  g lu c o s e ,  g e n t io b io s e ,  s o p h o r o s e  a n d  la m in a r ib io s e  a s  w e l l  a s  

/^ - lin k e d  t r is a c c h a r id e s .  M a n d e ls  &  R e e s e  ( i9 6 0 )  f o u n d  g lu c o s e ,  c e l lo b io s e  a n d  c e l lo -  

t r io s e  in  th e  c u l t u r e  f i l t r a t e  o f  T richoderm a viride  g r o w n  o n  c e l lo b io s e .  T h e  s ig n if ic a n c e  

o f  th e  g lu c o t r a n s f e r a s e  s y s te m  in v o lv e d  in  o l ig o s a c c h a r id e  f o r m a t io n  d u r in g  c e l lu lo s e  

d e g r a d a t io n  in  th e se  o r g a n is m s  h a s  n o t  y e t  b e e n  s a t is f a c t o r i ly  e x p la in e d .  T h e  p r e s e n t  

p a p e r  d e a ls  w i t h  th e  p o s s ib le  r o le  o f  t h is  e n z y m e  a n d  o f  c e l lo b io s e  p h o s p h o r y la s e  in  

th e  u t i l i z a t io n  o f  th e  m a j o r  s o lu b le  p r o d u c t  o f  c e l lu lo s e  d e c o m p o s i t io n ,  i.e .  c e l lo b io s e ,  

in  V. albo-atrum .
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T r a n s f e r a s e  a c t iv i t y  w a s  in v e s t ig a te d  i n  m y c e l ia l  e x t r a c t s  p r e p a r e d  f r o m  14  d a y  

c u lt u r e s  g r o w n  in  m o d i f ie d  D o x  m e d iu m  ( G u p t a  &  H e a le ,  1 970 ) s u p p le m e n t e d  w i t h  

2  %  c e l lo b io s e .  M y c e l i a l  m a t s  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 t  4 5 0 0  g ,  w a s h e d  w i t h  

s t e r i le  d is t i l l e d  w a t e r  a n d  e x t r a c t e d  b y  g r in d in g  in  o - i  M - p h o s p h a te  b u f f e r  ( p H  6 -o ) 

c o n t a in in g  m e r t h io la t e  ( a  f e w  d r o p s  o f  a  1 /1 0 0 0  d i lu t io n )  a t  4 °  w i t h  p u r i f ie d  s a n d  

( B . D . H . )  in  a  p e s t le  a n d  m o r t a r .  T h e  e x t r a c t  w a s  c e n t r i f u g e d  a t  2 4 ,0 0 0  g  f o r  a n  h o u r  

a t  o °  in  a  H ig h  S p e e d  M S E  18 a n d  th e  c le a r  s u p e r n a t a n t  d ia ly s e d  a g a in s t  o - o i  M - 

p h o s p h a t e  b u f f e r  ( p H  6 -o ) f o r  2 4  h .  a t  4 0. T h e  e n z y m e  r e a c t io n  m ix t u r e  c o n s is t e d  o f  

0 -3  m l.  o f  o - i  %  c e l lo b io s e ,  0 -3  m l.  o f  o - i  %  g lu c o s e  p lu s  u n i f o r m ly  la b e l le d  D - g lu c o s e  

14C  ( U ) ,  s p e c i f ic  a c t iv i t y  3 2 0  m C i/ m M ,  ( R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m )  a n d  o -2  m l.  

o f  th e  e x t r a c t .  O n e  d r o p  o f  m e r t h io la t e  w a s  a d d e d  t o  th e  m ix t u r e ,  w h ic h  w a s  in c u b a t e d  

a t  2 4 ° ± i° .  A s  a  c o n t r o l ,  e i t h e r  o - i  m l.  o f  t h e  p h o s p h a t e  b u f f e r  ( o - i  m )  o r  b o i le d  

e n z y m e  w a s  u s e d  i n  p la c e  o f  th e  e x t r a c t .  F i f t y  / d . w a s  r e m o v e d  a t  in t e r v a ls  o f  3 0 , 60 , 

9 0 , 12 0  a n d  15 0  m in .  a n d  a p p l ie d  t o  W h a t m a n  n o .  1 f i l t e r  p a p e r  sh e e ts  a n d  c h r o m a t o ­

g r a p h e d  a t  r o o m  t e m p e r a tu r e  f o r  2 0  h .  u s in g  a  s o lv e n t  s y s te m  c o n t a in in g  « - p r o p a n o l ,  

e t h y l  a c e ta te  a n d  w a t e r  ( 7 : 1 : 2 ) .  I n  a d d i t io n ,  g lu c o s e  a n d  c e l lo b io s e  ( b o t h  a t  0 1  % ) 

w e re  in c u b a te d  separa te ly  w i t h  th e  m y c e l ia l  e x t r a c t  a n d  te s te d  s im i la r ly .  F o r  re fe r e n c e  

s p o ts ,  a  m ix t u r e  o f  g lu c o s e  a n d  c e l lo b io s e  w a s  e m p lo y e d .  C h r o m a t o g r a m s  w e re  d r ie d ,  

s p r a y e d  w i t h  a c e t ic  b e n z id e n e  a n d  h e a te d  a t  1 io °  ( B a c o n  &  E d e lm a n ,  1 951 ). T h e  lo c a ­

t io n  o f  t h e  s u g a r s  s e p a r a t e d  b y  c h r o m a t o g r a p h y  w a s  d e t e rm in e d  b y  p r e p a r in g  r a d io ­

a u to g r a m s .  T h e  a c t i v i t y  o f  e a c h  s e p a ra te d  s u g a r  w a s  d e t e rm in e d  b y  l i q u i d  s c in t i l l a ­
t io n  c o u n t in g :  f o r  t h is  th e  c h r o m a t o g r a m s  w e re  c u t  in t o  2 -5  x  6 -o  c m .  p ie c e s  a n d  

e a c h  p ie c e  w a s  p la c e d  a r o u n d  th e  in n e r  h o r i z o n t a l  w a l l  o f  a  s c in t i l l a t io n  v i a l  t o g e t h e r  

w i t h  15 m l.  o f  a  s o lu t io n  c o n t a in in g  5 g . o f  b u t y l - P B D / 1. t o lu e n e .  F o r  a  q u a n t i t a t iv e  

d e t e r m in a t io n ,  s im i la r l y  c h r o m a t o g r a p h e d  a n d  d r ie d  f i l t e r  p a p e r  p ie c e s  c o n t a in in g  

k n o w n  a m o u n t s  o f  14C  r a d io a c t iv e  g lu c o s e  w e re  e m p lo y e d .  E a c h  s a m p le  w a s  c o u n t e d  

f o u r  t im e s  f o r  2 0 0  se c . w i t h  a  P a c k a r d  T r i - c a r b  s c in t i l l a t io n  s p e c t r o m e te r .  T h e  c o u n t ­

in g  e f f ic ie n c y  u s in g  t h is  m e t h o d  w a s  f o u n d  t o  b e  6 5 -5  %  a n d  th e  a v e ra g e  m e a n  c o u n t s  

w e re  c o n v e r t e d  t o  / ¿ C i p e r  s a m p le .  T h e  t r a n s fe r a s e  a c t i v i t y  w a s  t h e n  e x p re s s e d  in  

t e rm s  o f  th e  p e r c e n ta g e  in c o r p o r a t io n  o f  D - g lu c o s e  14C  in t o  o l ig o s a c c h a r id e s .  I n  

a d d i t io n ,  b o t h  th e  m y c e l ia l  e x t r a c t  a n d  th e  s u p e r n a t a n t  w e re  e x a m in e d  c h r o m a t o -  

g r a p h ic a l ly  o v e r  th e  14  d a y  c u l t u r e  p e r io d  i n  o r d e r  t o  c o r r e la t e  th e  r e s u lt s  o f  t h e  in



vitro assay with the levels o f cellobiose and oligosaccharides actually form ed during 
growth.

Cellobiose phosphorylase. Cellobiose phosphorylase activity was investigated in 
mycelial extracts o f  the fungus prepared in the same way as described above, except 
that 0-05 M-Na citrate buffer was used (pH  6-o). The reaction mixture consisted o f 
1 ml. o f buffer containing 100 /¿moles cellobiose, 3 //moles N aF , 4-5 x io -3 //moles 
MgCI2, 18 //moles o f inorganic phosphate and 1 ml. o f enzyme preparation  (Sato & 
Takashi, 1967). One drop o f merthiolate was added and the mixture incubated at 30° 
for 2, 4, 6 and 8 h. As a control, boiled enzyme was used. The reaction was stopped by 
piacing the tubes in boiling w ater for 5 min. and the disappearance o f inorganic phos­
phate was determined according to  a  modification o f the procedure o f Fiske & 
Subbarow (1925) using an auto analyser (Technicon). Enzyme activity was expressed 
as //moles o f inorganic phosphate consumed in the presence o f 1 ml. o f enzyme 
preparation. The products o f the reaction were analysed by paper chrom atography 
using a pyrid ine-butanol-w ater (2:3:1-5) solvent system. G lucose-i-phosphate was 
detected by a spray containing 3 % perchloric acid, 1 % am m onium  m olybdate and 
01  % versene in 0 1  n-HCI. The chrom atogram  was air dried before examining the 
phosphate spots under u.v. irradiation (Hanes & Isherwood, 1949).

The form ation o f cellobiose from  glucose and glucose-1 -phosphate as a result of 
cellobiose phosphorylase activity was also investigated. The reaction mixture con­
sisted o f 0-05 ml. o f o-i M-MgCl2, 0-05 ml. o f o-i M-NaF, 0-3 ml. o f o-i M-glucose-i- 
pihosphate, 0-3 ml. of o-i M-glucose plus uniformly labelled glucose (14C (U)), specific 
activity 320 mCi/mM), 0-3 ml. o f 0-05 M-Na citrate buffer (pH  6-o) and 1 ml. o f enzyme 
preparation. One ml. o f this m ixture was placed in each o f two tubes; one was immedi­
ately immersed in boiling water for 5 min. and served as a control. After addition of 
m erthiolate bo th  tubes were incubated for 8 h. a t 30°. Enzyme activity was stopped by 
placing the tubes in boiling water. The m ixtures were brought to  room  tem perature 
and approximately 50 mg. o f a 1:1 mixture o f Perm utit de-Acidite, FF , SRA 64, anion 
exchange resin, and Zeocarb 225 SRC 13, cation exchange resin added to  each tube. 
Shaking the tubes with the resin removed|salts that otherwise interfered with chrom ato­
graphic separation of the sugars. After standing, the supernatant was decanted and 
50 /zl. samples were applied to  W hatm an no. 1 filter papersheets. Autoradiogram s were 
prepared as described above. Enzyme activity was expressed as the percentage incorpo­
ration o f glucose 14C into cellobiose.
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Oligosaccharide formation and transferase activity 
Chrom atographic analysis over the growth period showed tha t both  cellobiose and 

gentiobiose accum ulated in large am ounts within the mycelium. These substances were 
not well separated in the solvent system used but could be distinguished by the use o f 
reference m arkers (cellobiose Rg 50, gentiobiose Rg 45). Small am ounts o f glucose 
were positively identified by correspondence to  a glucose reference. Three oligosac­
charides were also detected with Rgs o f 35, 23 and 12; they showed a good linear 
relationship between their logarithm ic partition function a  (defined as log i-R g/R g and 
molecular size (Chesters & Bull, 1964) assuming them to be o f D P 3, 4 and 5 respecti­
vely. I t was not possible, however, to  decide definitely whether they were /?-i,4 or 
/?-i,6 linked oligosaccharides. The am ounts o f  oligosaccharides (as m easured by their
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benzidene reaction) o f D P 3 and above decreased with increasing molecular size. 
Similar com pounds were detected in the culture filtrate but at much lower con­
centrations and glucose was barely detectable.
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Fig. i . Percentage incorporation o f [14C]glucose into various com pounds* in the presence of a
mycelial extract showing/?-glucotransferase activity. O ------ O, Unidentified com pound (5);
©--------- ©, gentiobiose (4); □ ------ □ , gentiotriose (3); ■ ------ ■ , gentiotetraose (2);
A --- A, gentiopentaose (i).
* The num bers correspond to those num bers on  the autoradiograph in Pi. '

Time o f incubation of reaction mixture (h.)

Fig. 2. U tilization o f inorganic phosphate in the phosphorylation o f cellobiose tog lucosc-i- 
phosphate and glucose in the presence o f a  mycelial extract showing cellobiose phosphory- 
lase activity.



W hen cell-free mycelial extracts from  14 day cultures o f the fungus were incubated 
with a m ixture o f cellobiose and labelled glucose followed by autoradiography (PI. 1), 
evidence o f glucotransferase activity was obtained. Carbon 14 was rapidly incorporated 
into two com pounds, one o f which (spot 4) was identified as gentiobiose; the other 
com pound (spot 5) was o f  mobility interm ediate between cellobiose and laminaribiose 
and remains unidentified. Three labelled oligosaccharides were also detected (spots 3, 
2, 1) and a plot o f their logarithmic functions suggested tha t gentiobiose and these 
substances were in the same series, i.e. they were gentiodextrins o f D P 2 to  5 con­
taining /?-1,6 linkages. The extent o f incorporation (Fig. 1) decreased with increasing 
D P, possibly reflecting the relative am ounts o f  these oligosaccharides detected in the 
mycelial analyses. Similar indications o f  glucotransferase activity were obtained when 
concentrated culture supernatant (reduced to y-0-th volume by dialysis against poly­
ethylene glycol at 40) was used instead o f the mycelial extract.

Cellobiose phosphorylase. The rates o f utilization o f  inorganic phosphate (Fig. 2) 
shown by mycelial extracts suggested a high phosphorylase activity. The production of 
glucose-1-phosphate and glucose during phosphorylytic cleavage of cellobiose was 
confirmed by chrom atography. W hen glucose-1-phosphate and glucose with radio­
active glucose were incubated with the mycelial extract for 8 h. labelled cellobiose was 
detected.

D I S C U S S I O N

The radioactive incubation tests dem onstrated /^-glucotransferase activity both  in 
mycelial extracts and, to  a lesser extent, in the culture filtrate o f Verticillium clbo-atrum. 
The mechanism o f form ation o f labelled gentiobiose is almost certainly one involving 
direct transfer o f  the glucosyl moiety from  cellobiose to  the labelled glucose acceptor 
and the form ation o f  a /?-i,6 linkage as follows:

(a) Cellobiose +  enzyme glucosyl enzyme complex +  glucose,
(b) Glucosyl-enzvme complex +  labelled glucose* -> labelled gentiobiose*.
Chesters & Bull (1964) working with several different fungi reported that glucosyl

transfer to  the —1,6  position predom inated possibly because of the greater availability 
o f the — O H  group a t carbon atom  6 since it lies out o f the plane o f the hexose ring.

The subsequent transferase reactions are envisaged as follow s:
(1) Gentiobiose* +  g en tio b io se^  gentiotriose* +glucose,
(2) G entiotriose* +  gentiobiose ^  gentiotetraose* +  glucose,
(3) G entiotetraose* + g en tio b io se^  gentiopentaose* +glucose.

A t each o f the steps (1) to  (3) the gentiobiose involved could be labelled from  (a) and 
(b) so tha t with increasing times of incubation, the proportion  of label in :he gentio­
dextrins increases. A t the same time, however, the level of incorporation would decrease 
w ith DP. The analysis o f the mycelial extracts confirmed that cellobiose and gentio­
biose were present in large am ounts bu t synthesis o f gentiodextrins o f D P 3 and above 
is less im portant. There also seems to be slight transferase activity in the cukure super­
natan t which explains why some oligosaccharides are formed there (Caroselli, 1954; 
Green, 1954; le Tourneau, 1961), but w hether extracellular transferase plays any part 
in cellulose utilization is problematical.

The high cellobiose phosphorylase activity dem onstrated in the present work may 
help to  explain why cellobiose is a much better carbon source for growth than is 
glucose for this fungus. The production o f glucose-i-phosphate which can be readily 
utilized in the respiration pathway as already suggested in Cellvibrio gilvus and other
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cellulose-decomposing bacteria (Hulcher & King, 1958; Swisher et al. 1964) could be 
the im portant factor here.

The levels o f the phosphorylase and the transferase systems, m ust play an  im­
portant part in controlling the rates o f growth and cellulose degradation. It has al­
ready been established (W hitney et al. 1969; G upta & Heale, 1970) that exogenous 
cellobiose induces the production o f three m ajor extracellular cellulase (Ca) com ­
ponents. These com ponents m ediate the degradation o f /?-i ,4 linked cellulose chains 
to  cellobiose units. Once inside the mycelium cellobiose can be metabolized by at 
least two reactions: in the first, cellobiose phosphorylase cleaves the disaccharide 
producing glucose phosphate; alternatively, transferase reactions outlined above 
result in the form ation o f  gentiobiose and /?-i,6 linked gentiodextrins. The phosphory­
lase system would overcome any ‘metabolic bottleneck’ caused by the lack o f a cello- 
biase (W hitney et al. 1969) so perhaps it is best to regard the production o f  gentio­
dextrins as a mechanism for m aintaining a pool o f relatively simple carbon com pounds 
that could be utilized if cellobiose uptake becomes limiting, i.e. when the cellulose 
substrate is depleted.

The authors wish to thank Professor J. Edelman, D r J. Chapm an and D r A. Bull for 
valuable discussion and advice during this work, and M r Clive Daws for technical 
help.

Thanks are also due to the University o f Ranchi, Bihar, India, for allowing study 
leave to  D. P. G.
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E X P L A N A T I O N  O F  P L A T E

A utorad iograph  showing increasing incorporation o f [14C]glucose label into variousoligosaccharides 
during incubation o f a  mycelial extract o f V er tic illiu m  a lb o -a tru m  showing /S-glucotransferase activity. 
A  benzidene-sprayed chrom atograph strip is shown on the right with several reference com pounds : 
A, gentiobiose; B, cellobiose; C, lam inaribiose; D , glucose. Tentative identifications (see text) of 
labelled com pounds: i, gem iopentaose; 2, gentiotetraose; 3, gentiotriose; 4 , gentiobiose; 5 , un­
identified oligosaccharide; 6, glucose.
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S U M M A R Y

Fusarium moniliforme utilized the purines hypoxanthine, xanthine and uric 
acid as sole nitrogen sources. A llantoin and urea supported relatively more 
growth. The methylated purines caffeine and theobrom ine were not utilized. 
Uric acid, allantoic acid, glyoxylic acid and am m onia were detected in 
culture filtrates. X anthine dehydrogenase, uricase, allantoinase, allantoicase 
and urease were present in cell homogenates and cell-free extracts. Uric acid 
was degraded to  allantoic acid via allantoin.

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

Pénicillium chrysogenum can utilize several purines as sole sources o f nitrogen 
(Allam & Elzainy, :969a). Cell-free extracts contained xanthine dehydrogenase, 
uricase, allantoinase, allantoicase and urease. Uric acid was degraded to  allantoic 
acid by way o f allantoin, and allantoin was degraded to  glyoxylic acid via allantoic 
acid. These results indicated that purine breakdow n by this fungus is similar to that 
shown in aerobic bacteria (Campbell, 1955; Franke & H ahn, 1955). In the present 
work the pattern  o f  purine catabolism  was investigated in another fungus, Fusarium 
moniliforme. A preliminary report o f this work has appeared (Allam & Elzainy, 
19696).

M E T H O D S

Cultures and preparation of cell-free extracts
A  local strain o f Fusarium moniliforme, no. 13, was obtained from  the N ational 

Research Centre o f  Egypt. Surface cultures o f  the organism were used and were pre­
pared as previously described (Allam & Elzainy, 1969 a). A fter 3 days incubation at 
30°, :he mycelium was harvested and cell-free extracts prepared as described by Allam 
& Elzainy (1969 a).

Cell-homogenates. The freshly harvested mycelium was homogenized with o-i m- 
potassium  phosphate buffer, pH  7-0, for 5 min. in a cold W aring blender.

Potassium allantoate. This was prepared by the alkaline hydrolysis o f allantoin by 
the m ethod o f Young & Conway (1942).

Chemical methods. X anthine was determined by the m ethod used by Litwack, 
Bothwell, W illiams & Elvehjem (1953); uric acid by the m ethod o f Blauch & Koch 
(1939); allantoin, allantoic acid and glyoxylic acid by the m ethod used by Franke, 
Taha & Krieg (1952); am m onia by Nessler’s reagent or by vaccuum distillation 
(Varner, Bullen, Vanecko & Burrell, 1953); and protein by the method of Sutherland, 
Cori, Haynes & Olsen (1949).
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E n z y m a tic  a ssa y s . X anthine dehydrogenase was assayed by conventional m ano- 
metric techniques with air as the gas phase; uricase by the same techniques and by 
measuring the disappearance o f uric acid and the form ation of allan to in ; allantoinase, 
allantoicase and urease as described in a  previous publication (Allam & Elzainy, 
1969 a).

C h ro m a to g ra p h y . Allantoin and allantoic acid were identified by paper chrom ato­
graphy as previously described (Allam & Elzainy, 1969 a).

184

R E S U L T S

G ro w th  o f  F u sariu m  m o n ilifo rm e  on  d iffe ren t p u r in e s  a n d  o th e r  n itro g en o u s co m p o u n d s

As shown in Table 1, F u sariu m  m o n ilifo rm e  can grow on the chemically defined 
Czapek-D ox medium in  which hypoxanthine, xanthine or uric acid replaced N aN 0 3 
as sole source o f nitrogen. The growth on xanthine or uric acid was approximately 
equal to  tha t obtained on N aN 0 3. However, no growth was obtained with the m ethyl­
ated purines caffeine and theobromine. Similar results were reported by Allam  & 
Elzainy (1969a) and by Kim  & W olf (1961) using P e n ic ill iu m  c h ry s o g e n w n . Table 1 
also shows tha t allantoin and urea supported slightly better growth than that on hypo- 
anthine, xanthine or uric acid. The poor growth with N H 4C1 may be due to  the fall in 
pH  value following am m onium  uptake.

Table 1. G ro w th  o f  F u sariu m  m o n ilifo rm e  on  d iffe ren t p u r in e s  
a n d  o th e r  n itro g en o u s co m p o u n d s

Triplicate culture flasks contained 50 ml. o f  C zapek-D ox m edium  in which N a N 0 3 was 
replaced by a  nitrogen-equivalent am ount o f  each N  source, and were incubated 8 days a t  28°.

N itrogen source

H ypoxanthine
X anthine
U ric acid
Caffeine
Theobrom ine
A llantoin
U rea
N aN O j
N H 4C1

M ean mycelial 
d ry  wt 

(mg./flask)

2 10 0  

271-9 
2 4 2 6  

0 0  
0 0  

284-1 

295 5 
266-1 
14 30

D e te c tio n  o f  so m e  in te rm e d ia te s  in th e  m e d ia  du rin g  g ro w th  on  x a n th in e

Table 2 shows the occurrence o f  uric acid, allantoic acid, glyoxylic acid and am m onia 
in the media in which xanthine served as sole N  source. A llantoin and urea could  not 
be detected; the rate o f  their utilization may have equalled the rate o f their form ation, 
since cell-free extracts o f this organism contain fairly active allantoinase and urease. 
Glyoxylic acid could be derived either from  the purine or from  the sugar o f the medium. 
In  subsequent experiments, extracts o f  F u sariu m  m o n ilifo rm e  were found to  exhibit a 
weak allantoicase activity, suggesting tha t at least part o f the glyoxylic acid might be 
formed from the purine. Similar results were reported by Sukhenko & Podgainaya 
(1958), who studied the utilization o f uric acid by M ic ro sp o ru m  lan osu m , M . f e r r u g i -  
n eu m  and F u sariu m  sp.
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Xanthine dehydrogenase and uricase in cell homogenates
Figure 1 shows xanthine dehydrogenase and uricase activities in cell homogenates of 

Fusarium moniliforme grown with xanthine as sole source o f nitrogen. Oxidation rates 
were very similar. Also th e  homogenates clearly had a  fairly high endogenous rate of 
oxygen uptake, about 50 % o f that when either xanthine or uric acid was added to  the 
reaction mixture, as estim ated after 3^ h. Similar results were reported by Taha, 
Krieg & Franke (1955), who studied the oxidation o f xanthine and uric acid in  several 
fungal species.

Table 2. The occurrence of intermediary metabolites during 
the utilization of xanthine

Pooled sam ples from  triplicate culture flasks were analysed; each flask contained 50 ml. o f 
the m edium  in which 48 6 mg. o f  xanthine replaced N a N 0 3. Values are :n m g./culture flask.

T im e in 
days X anthine

Uric
acid

A llantoic
acid

Glyoxylic
acid n h 3

2 26-70 4-70 0-08 009 0-466

4 12-40 3-00 0-08 0-18 0-232
6 3-30 r o 6 0 1 5 0 1 2 0-210
8 r i o 0-13 0-04 0 1 6 0-186

Uricase and combined uricase-allantoinase activities
In  this experiment 7-2 /¿moles o f uric acid were incubated wi:h 16 mg. o f extract 

protein o f xanthine-grown mycelia in the presence o f 90 /tmoles o f  sodium pyro­
phosphate buffer, pH  8-6. This reaction mixture (4 ml.) was incubated a t 370 for 4 h. 
U ric acid disappearance and allantoin and allantoic acid form ation were followed. 
One-half o f the uric acid disappeared in the first 65 min. and alm ost all o f  it after 
150 min. Analysis o f the reaction mixture a t the end o f the incubation period showed 
the form ation o f  4-6 /tmoles o f allantoin and 3-0 -moles o f allantoic acid. However, 
glyoxylic acid was no t detected in this reaction mixture. The form ation of allantoic 
acid indicates the presence o f allantoinase which hydrolysed part o f the allantoin 
formed to  allantoic acid. A llantoin therefore appears to  be an interm ediate in the 
degradation o f uric acid to  allantoic acid. Com parable results were reported by Allam 
& Elzainy (1969 a) using extracts o f Penicillium chrysogenum.

Allantoinase, allantoicase and urease activities
The enzyme allantoinase was dem onstrated in extracts o f xanthine-grown mycelia 

by following the form ation o f allantoic acid when allantoin was incubated w ith these 
extracts at 370. The reaction mixture (4 ml.) contained 34 /¿moles o f allantoin, 6-6 m g 
o f extract protein, and 100 /¿moles o f potassium  phosphate buffer, pH  7-0. Over the 
first 15 min. allantoic acid was produced a t the rate o f 13 ± 1 /¿mole/h.

Table 3 shows the low allantoicase activity found in these extracts. N o aciivity was 
obtained in the absence o f neutral phenylhydrazine. This allantoicase activity is 
considerably weaker than  tha t dem onstrated in Penicillium chrysogenum, for which the 
addition o f phenylhydrazine was no t required.

Urease activity in the same extracts was determined by following the form ation o f  
am m onia when 60 /¿moles o f urea were incubated at 370 with 6-6 mg. o f  extract pro-
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tein in the presence o f ioo /¿moles of potassium  phosphate buffer, pH  7-0 (total volume 
3 ml.). The initial rate o f am m onia form ation was 170+ io /an o le /h . Com parable 
urease activity was reported in extracts of Pénicillium chrysogenum (Allam & Elzainy. 
1969 a). The presence o f an active urease points to  the im portant role o f this enzyme: 
it seems tha t any urea formed as a result o f the serial degradation of the purine skeleton, 
acting as the sole source of nitrogen, is rapidly hydrolysed to  ammonia.
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Fig. 1 . X anthine and  uric acid oxidation by cell hom ogenates o f F u sa riu m  m o n ilifo rm e  
grown with xanthine. Each m anom etric flask contained: xanthine or uric acid, as indicated, 
4 0 /¿moles (side arm ); potassium  phosphate buffer (pH  7 -0), 100 /¿moles; cell hom ogenates, 
i-o m l.; 2 0 % K O H , 0-2 ml. (centre well); to ta l volume, 3 m l.; tem p. 30°. O ------ O, X an­
thine; • ------ • ,  uric acid; x ------ x , endogenous.

Table 3. Allantoicase in extracts of Fusarium moniliforme
Reaction m ixture contained: potassium  allantoate, 32 /¿moles; potassium  phosphate buffer 
(pH  7 -4), 50 /¿moles; neutral phenylhydrazine, 30 /¿moles; extract, 5-94 mg. o f  protein; total 
volume, 3-3 m l.; temp. 37°.

/¿moles
Time glyoxylic acid
(min.) formed

0 —

30 0-2
55 o-55

D I S C U S S I O N

The degradation o f xanthine by this organism follows almost the sequence reported 
for Pénicillium chrysogenum (Allam & Elzainy, 1969a), involving the oxidation of



xanthine to  uric acid. The latter is then converted to  allantoic acid via allantoin. A llan­
toic acid is in tu rn  degraded to glyoxylic acid and urea. U rea is finally hydrolysed to 
am m onia and C0 2.

The principal difference between the enzymes of Fusarium moniliforme and those of 
Fenicillium chrysogenum is the comparatively low allantoicase activity o f  the form er 
organism, which may be interpreted on the basis o f the equilibrium o f the reaction being 
in  favour o f allantoate form ation. Trijbels & Vogels (1967) reported that the reaction 
catalysed by allantoicase is reversible in Pseudomonas aeruginosa. It is also possible 
that allantoate is degraded via more than one pathway in F. moniliforme.

Sincere appreciation is expressed for the facilities offered by the N ational Research 
Centre, Cairo, Egypt, which enabled the authors to  accomplish this work.
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Comparison of Serological and Physiological Classification of 
the Genus S a c c h a ro m y c e s
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S U M M A R Y

T h e  p h y s io lo g ic a l  a n d  m o r p h o lo g ic a l  p r o p e r t ie s  o f  2 8  s p e c ie s  o f  th e  
g e n u s  S a c c h a ro m y c e s  w e re  s u b je c te d  t o  n u m e r ic a l  a n a ly s is .  T e n  g r o u p s  w e re  
d is t in g u is h e d ,  w h ic h  a g re e d  w e l l  w i t h  s e r o lo g ic a l  g r o u p in g s ,  t h u s :  (1 )  S . b a ilii,
S . b isp o ru s , S . m e llis  a n d  S . ro u x ii, o f  s e r o lo g ic a l  g r o u p  A ; (2 )  S . ca rlsb erg en -  
s is  a n d  S . c a r tila g in o su s  ( A ) ;  (3 )  S . c e re v is ia e  ( A B ) ;  (4 )  S . o v ifo rm is , S . 
Steiner i a n d  S . vero n a e  ( A C )  a n d  S', b a y  an u s a n d  S .  p a s  to r i  anus ( C ) ;  (5 )  S . 
a c id ifa c ie n s  a n d  S .  e le g a n s  ( A D ) ; (6 )  S . f r a g i l i s  a n d  S .  m a rx ia n u s  ( B ) ; (7 )
S .  ch e v a lie r i ( B C ) ; (8 )  S . c e re v is ia e  v a r .  e llip so id eu s , S . d ia s ta tic u s , S . lo g o s ,
S . u varu m , S . w illia n u s a n d  a  f u r t h e r  g r o u p  o f  s t r a in s  o f  S .  ca r lsb erg en s is  ( a l l  
o f  g r o u p  C ) ;  (9 )  S . fe r m e n ta t i ,  S . m ic ro e llip so d e s  a n d  S .  ro s e i ( D ) ;  (1 0 )  S .  
d e lb r u e c k ii ( D ) .

S e r o lo g ic a l  c la s s i f ic a t io n  o f fe r s  r e s u lt s  s u f f ic ie n t ly  c lo s e  t o  t h o s e  o b t a in e d  
b y  m o r p h o lo g ic a l  a n d  p h y s io lo g ic a l  te s ts  t o  p r o v id e  a  r a p id  a n d  r e l ia b le  
m e th o d  o f  id e n t i f i c a t io n  o f  S a c c h a r o m y c e s  s p e c ie s .

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

A  s im p le  s e r o lo g ic a l  c la s s i f ic a t io n  o f  th e  g e n u s  S a c c h a ro m y c e s , u s in g  f o u r  a b s o r b e d  

s e ra , h a s  b e e n  d e s c r ib e d  p r e v io u s ly  ( C a m p b e l l ,  1968 ). H o w e v e r ,  in  s o m e  in s ta n c e s  th e  

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

m o r p h o lo g ic a l  a n d  p h y s io lo g ic a l  te s ts  o f  L o d d e r  &  K r e g e r - v a n  R i j  (1 9 5 2 ) . F o r  

e x a m p le ,  t h e re  a re  t w o  a n t ig e n ic a l ly  d is t in c t  s u b g r o u p s  o f  S . ca rlsb erg en s is , t e rm e d  I 

a n d  I I  b y  C a m p b e l l  &  B r u d z y n s k i  (1 9 6 6 ) , a n d  o f  S . c e re v is ia e , b u t  in  th e  la t t e r  c a s e  th e  

a n t ig e n ic  v a r ia n t  c lo s e ly  c o r r e s p o n d s  t o  th e  m o r p h o lo g ic a l  v a r ia n t  e llip so id e u s  ( C a m p b e l l  

&  A l l a n ,  1 9 64 ). A n o t h e r  d is c r e p a n c y  b e tw e e n  g e n e r a l ly  a c c e p te d  c la s s i f ic a t io n  a n d  

th e  s e r o lo g ic a l  m e t h o d  is  th e  la r g e  g r o u p  o f  s p e c ie s ,  in c lu d in g  S . ca r lsb e rg e n s is  I I ,  

S . c e re v is ia e  v a r .  e llip so id eu s , S . lo g o s , S . u varu m  a n d  S . w illia n u s, w h ic h  a r e  a n t i ­

g e n ic a l ly  id e n t ic a l  ( C a m p b e l l ,  1968 ).

K o c k o v a - K r a t o c h v i l o v a  &  c o l le a g u e s  ( 1 9 6 6  a , b , 1 9 67 , 1 9 68 )  h a v e  d e m o n s t r a t e d  b y  

n u m e r ic a l  t a x o n o m y  o f  m a n y  s p e c ie s  o f  S a c c h a r o m y c e s  t h a t  c e r t a in  s p e c ie s  r e c o g n iz e d  

b y  L o d d e r  &  K r e g e r - v a n  R i j  (1 9 5 2 )  d o  n o t  o n  f u l l  a n a ly s is  j u s t i f y  s p e c i f ic  r a n k .  

S a c c h a ro m y c e s  p a s to r ia n u s , S . b a y a n u s a n d  S . w illia n u s w e re  s u f f ic ie n t ly  s im i la r  t o  b e  

g r o u p e d  a s  o n e  s p e c ie s ,  S . h e te ro g en icu s w a s  s ig n i f ic a n t ly  d i f f e r e n t  f r o m  t h a t  g r o u p ,  b u t  
S . s te in e r i f o r m e d  a  t r a n s i t io n  b e tw e e n  t h e m  ( K o c k o v a - K r a t c c h v i l o v a ,  V o j t k o v a -  

L e p s ik o v a ,  S a n d u la  &  P o k o r n a ,  1 968 ).

I n  th e  p r e s e n t  p a p e r  a n  a n a ly s is  o f  2 8  S a c c h a r o m y c e s  s p e c ie s  is  p r e s e n te d  in  o r d e r  t o  

e x a m in e  f u l l y  th e  c o m p a t a b i l i t y  o f  o u r  s e r o lo g ic a l  id e n t i f ic a t io n  s c h e m e  w i t h  th e  

L o d d e r  &  K r e g e r - v a n  R i j  s y s te m , a n d  w i t h  th e  c o n d e n s e d  c la s s i f ic a t io n  p r o p o s e d  b y  

K o c k o v a - K r a t o c h v i l o v a  e t  a l. (1 9 6 8 ) .
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Y east cultures. C u l t u r e s  o f  28  S a c c h a r o m y c e s  s p e c ie s  w e re  o b t a in e d  f r o m  th e  N a t i o n a l  

C o l l e c t io n  o f  Y e a s t  C u l t u r e s  ( N C Y C ) ,  N u t f ie ld ;  a d d i t io n a l  s t r a in s  w e re  is o la t e d  in  

t h is  D e p a r t m e n t  o r  o b t a in e d  f r o m  o t h e r  s o u r c e s .  T h e  t o t a l  o f  136  c u lt u r e s  w e re  id e n t i ­

f ie d  o n  is o la t io n  o r  r e c e ip t  b y  th e  s y s te m  o f  L o d d e r  &  K r e g e r - v a n  R i j  (1 9 5 2 ) . C u l t u r e s  

w e re  n o r m a l l y  g r o w n  a t  2 5 0 f o r  3 d a y s ;  th o s e  f o r  p r e p a r a t io n  o f  a n t is e r a  a n d  in o c u la ­

t io n  o f  id e n t i f i c a t io n  te s ts  w e re  p r e p a r e d  o n  S a b o u r a u d  g lu c o s e  a g a r  ( O x o id ) .

C haracters f o r  num erical analysis. T h e  4 8  te s t s  d e s c r ib e d  b e lo w  w e re  p e r f o r m e d  o n  

e a c h  s t r a in .
M orph ology  (9  c h a r a c t e r s ) .  C e l ls ,  g r o w n  in  m a lt  e x t r a c t  b r o t h ,  w e re  a s s e s s e d  a s  

s p h e r ic a l  ( le n g th  u p  t o  \ \  x  b r e a d th ) ,  o v a l  ( i^  t o  3 x  1) o r  lo n g - o v a l  ( o v e r  3 x 1 ) ;  s m a l l  

( w id t h  u p  t o  4  / /m .)  o r  la r g e  ( w id t h  o v e r  4  /¿m .). P r o d u c t io n  o f  p s e u d o m y c e l iu m  ( s l ig h t ,  

u p  t o  5 c e l ls  lo n g ;  e x te n s iv e ,  o v e r  5  c e l ls )  o n  O x o id  c o r n m e a l  a g a r  w a s  a s se s se d  w i t h o u t  

r e g a r d  t o  m o r p h o lo g y ;  f o r  t h is  a n d  o t h e r  te s ts  o n  s o l id  m e d ia  n in e  c u lt u r e s  w e re  c o n ­

v e n ie n t ly  s p o t t e d  o n  o n e  10 c m .  d ia m e t e r  p la te .  C o lo n y  m o r p h o lo g y  o n  m a lt  e x t r a c t  

a g a r  w a s  a s se s se d  a f t e r  3 d a y s  a s  s m o o t h  ( c i r c u la r  o u t l in e ,  g lo s s y  s u r f a c e )  o r  r o u g h  

( i r r e g u la r  o u t l in e ,  m a t t  o r  r o u g h  s u r fa c e ) .

P h ysio logy  (35  c h a r a c t e r s ) .  S u s p e n s io n s  o f  c e l ls  f r o m  S a b o u r a u d  a g a r  w e re  p r e ­

p a r e d  in  o - i  M - p h o s p h a te  b u f f e r ,  p H  6 , w a s h e d  b y  c e n t r i f u g a t io n  a n d  in c u b a te d  a t  2 5 0 

in  th e  s a m e  b u f f e r  f o r  2  h .  t o  d e p le te  in t r a c e l lu la r  re s e r v e s  o f  n u t r ie n t s .  A f t e r  tw o  

f u r t h e r  w a s h in g s  th e  s u s p e n s io n s  w e re  a d ju s t e d  t o  a p p r o x im a t e ly  i o 7 c e l ls / m l.  a n d  th e  

te s t  m e d ia  in o c u la t e d  w i t h  0 -0 2  m l.  o f  s u s p e n s io n .  A l l  te s ts  w e re  p e r f o r m e d  in  d u p l i ­

c a te  o r  t r ip l i c a t e  o n  s e p a ra te  o c c a s io n s .  F e r m e n t a t io n  a n d  a s s im i la t io n  o f  g a la c t o s e ,  

s u c r o s e ,  m a lt o s e ,  r a f f in o s e ,  la c t o s e ,  m e l ib io s e  a n d  m a lt o t r io s e  ( L o d d e r  &  K r e g e r - v a n  

R i j ,  1 9 5 2 ;  G i l l i l a n d ,  1 9 56 )  w e re  te s te d  b y  th e  m e th o d  o f  C a m p b e l l  &  B r u d z y n s k i

(1 9 6 6 ) . M a l t o t r io s e ,  a d d e d  a t  3 %  t o  th e  b a s a l  m e d iu m ,  w a s  p r e p a r e d  b y  h y d r o ly s i s  o f  

p u l lu la n  ( U e d a ,  F u j i t a ,  K o m a t s u  &  N a k a s h im a ,  1 9 63 )  b y  p u l lu la n a s e  ( B e n d e r  &  

W a l le n f e ls ,  1 9 61 ). A s s im i la t io n  a lo n e  o f  s u g a r s  w a s  s c o r e d  + - .  F e r m e n t a t io n ,  

w h ic h  in c lu d e d  a s s im i la t io n ,  w a s  s c o r e d  +  + ,  e x c e p t  i n  th e  c a s e  o f  m a lt o t r io s e  w h e n  

o n ly  f e r m e n t a t io n  w a s  s c o r e d  a s  + .  N o  d is t in c t io n  w a s  m a d e  b e tw e e n  p a r t ia l  a n d  

c o m p le t e  f e r m e n t a t io n  o f  r a f f in o s e .  A s s im i la t io n  o f  e t h a n o l,  g ly c e r o l  o r  L - a r a b in o s e ,  

e a c h  a t  2  % , a s  s o le  c a r b o n  s o u r c e ,  a n d  o f  0 -2 5  %  g ly c in e ,  L - h is t id in e ,  L - ly s in e ,  l - 

m e t h io n in e  o r  L - t r y p t o p h a n  a s  s o le  n i t r o g e n  s o u r c e  ( W ic k e r h a m ,  1 9 52 )  w e re  te s te d  o n  

th e  a p p r o p r ia t e ly  s u p p le m e n te d  D i f c o  y e a s t  n i t r o g e n  o r  c a r b o n  m e d iu m ,  s o l id i f ie d  

w i t h  1 %  O x o id  a g a r  n o .  1. I n  a d d i t io n  t o  g r o w t h  o n  t r y p t o p h a n ,  c u lt u r e s  w e re  

e x a m in e d  f o r  p r o d u c t o n  o f  a  b r o w n  h a lo  w h ic h  w a s  o b s e r v e d  t o  s u r r o u n d  th e  
c o lo n ie s  o f  c e r t a in  s p e c ie s  o n  t r y p t o p h a n  a g a r .  R e q u ir e m e n t s  f o r  v i t a m in s  ( S c h u l t z  &  

A t k i n ,  1 9 47 )  w e re  a s se s se d  in  t e rm s  o f  ‘ b io s  f a c t o r s ’ 1, 2 , 3  a n d  6  ( in o s i t o l ,  p a n t o ­

th e n a te ,  b io t in  a n d  p y r id o x in e  + t h ia m in e )  o n  a g a r  b a s e d  o n  th e  f o r m u la  f o r  D i f c o  

y e a s t  v i t a m in  m e d iu m  b u t  p r e p a r e d  f r o m  s a lt s  a n d  a m in o  a c id s  s u p p l ie d  b y  B . D . H .  

C h e m ic a ls  L t d  ( P o o le ,  D o r s e t )  a n d  v i t a m in s  b y  K o c h - L ig h t  L t d  ( C o ln b r o o k ,  
B u c k in g h a m s h ir e ) .

A s  a d d i t io n a l  id e n t i f i c a t io n  te s ts , th e  f o l l o w in g  w e re  e x a m in e d :  g r o w t h  in  m a lt  

e x t r a c t  b r o t h  c o n t a in in g  8, 12 o r  16  %  ( v / v )  e t h a n o l ( a d d e d  a s e p t ic a l ly  t o  s t e r i le  b r o t h )  

a n d  g r o w t h  u n d e r  c o n d i t io n s  o f  h ig h  o s m o t ic  p r e s s u re  in  a  m e d iu m  o f  2 0  g . g lu c o s e ,  

5 g . N a C l  a n d  1 g . O x o id  m y c o lo g ic a l  p e p to n e  p e r  10 0  m l.  ( ‘ O s m o p h i l i c  m e d iu m ’ )



( K o c k o v a - K r a t o c h v i l o v a  e t  a l. 1 9 6 6  a )  a n d  a t  3 0  a n d  3 7 0 o v e r  2  d a y s  o n  m a l t  e x t r a c t  

a g a r .  L i p o l y s i s  w a s  d e te c te d  o n  O x o id  t r ib u t y r in  a g a r  a n d  a c id  p r o d u c t io n  o n  th e  

c h a lk  a g a r  d e s c r ib e d  b y  L o d d e r  &  K r e g e r - v a n  R i j  (1 9 5 2 ) . S t r a in s  w e re  a ls o  te s te d  f o r  

g r o w t h  in  th e  p re s e n c e  o f  2 0  p .p .m .  c r y s t a l  v io le t  ( K a t o ,  1967 ).

F lo ccu la tio n  a n d  f in in g  (4  c h a r a c t e r s ) .  T h e s e  p r o p e r t ie s  w e re  a s se s se d  a s  d e s c r ib e d  

b y  C a m p b e l l ,  R o b s o n  &  H o u g h  (1 9 6 8 )  a n d  e a c h  s c o r e d ------ , +  -  o r  +  +  .
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T a b le  1. A n tig e n ic  s tru c tu re  o f  va rio u s S a c c h a ro m y c e s  sp e c ie s

Species and  N C Y C * num bers
Antigenic
structure

Saccharomyces bailii 385, 580 A
S. bisporus 1 7 1 , 697 A
S. cartilaginosus 76 A
S. mellis 418 A
S. oviformis 374, 482 AC
S. st einer i 406, 701 AC
S. fructuum  410 , 609, 620 C
S. heterogenicus 4 15 , 484 C
5. italicus 108 C
S. microellipsodes 698 D
S. rosei 566, 585 D

* N ational C ollection o f Yeast C ultures, Nutfield, Surrey.

N u m e r ic a l a n a ly se s . P r o p e r t ie s ,  o t h e r  t h a n  s e r o lo g ic a l ,  w e re  r e c o r d e d  o n  8 o - c o lu m n  

p u n c h e d  c a r d s  a n d  th e  p e r c e n ta g e  s im i la r i t y  b e tw e e n  s t r a in s  c a lc u la t e d  o n  a n  I . C . L .  

4 1 3 0  c o m p u te r .  B o t h  p o s i t iv e  a n d  n e g a t iv e  m a tc h e s  w e re  a s se s se d  a s  s im i la r i t y ,  u s in g  

th e  f o r m u la  f o r  S , o f  S n e a th  (1 9 6 2 ) . S im i l a r i t y  m a t r ic e s  a n d  th e n c e  d e n d r o g r a m s  w e re  

p r e p a r e d  a s  d e s c r ib e d  b y  S n e a th  (1 9 6 2 ) , p lo t t in g  r e s u lt s  a t  5  %  in t e r v a ls .  R e la t io n s h ip s  

b e tw e e n  g r o u p s  o f  s t r a in s  w e re  d r a w n  a t  th e  h ig h e s t  m u t u a l  s im i la r i t y  le v e l,  a s  a t  lo w e s t  

o r  m e a n  s im i la r i t y  le v e l th e  d if f e r e n c e s  b e tw e e n  g r o u p s  w e re  u n ju s t i f ia b ly  e n h a n c e d .  

N o r m a l l y  th e  p e r c e n ta g e  s im i la r i t y  b e tw e e n  s t r a in s  in  a  c lu s t e r  f e l l  w i t h in  a  5 %  ra n g e .

S in c e  th e  la r g e  n u m b e r  o f  s t r a in s  in v o lv e d  in  th e  p r o je c t  c o u ld  n o t  b e  h a n d le d  

c o n v e n ie n t ly  i n  a  s in g le  r u n  o f  th e  c o m p u te r ,  se ts  o f  u p  t o  2 0  s t r a in s  o f  s im i la r  s e r o ­

lo g ic a l  p r o p e r t ie s  w e re  p r o c e s s e d  to g e th e r ,  a n d  c o m p a r e d  in  t u r n  w i t h  a s im i la r  

n u m b e r  o f  s t r a in s  o f  o t h e r  s e r o lo g ic a l  g r o u p s .  T h u s  a l l  s t r a in s  o f  s p e c ie s  o f  s e r o lo g ic a l  

g r o u p  A  ( S a c c h a ro m y c e s  b a ilii , S . b isp o ru s , S . ca r lsb e rg e n s is I , S . c a r tila g m o su s , S . 
m e llis  a n d  S . ro u x ii)  ( C a m p b e l l ,  1 9 6 8 ; see  a ls o  T a b le  1) w e re  c o m p a r e d  in  s u c c e s s iv e  

a n a ly s e s  w i t h  g r o u p s  o f  s t r a in s  o f  s e r o lo g ic a l  g r o u p s  A B ,  A C ,  A D ,  B ,  B C ,  C  a n d  D ,  

w h ic h  w e re  c o m p a r e d  i n  t u r n  w i t h  a l l  o t h e r  g r o u p s .  A  s m a l l  n u m b e r  o f  s t r a in s  w e re  

c h o s e n  o f  e a c h  s p e c ie s  t o  c o n f i r m  in  a  f in a l  s u r v e y  th e  r e la t io n s h ip s  in d ic a t e d  b y  th e  

p r e l im in a r y  f in d in g s .

R E S U L T S

S e ro lo g ic a l p r o p e r t ie s  o f  sp e c ie s . A l l  a v a i la b le  s t r a in s  o f  28  S a c c h a r o m y c e s  s p e c ie s  

w e re  te s te d  b y  a b s o r b e d  a n t is e r a  A ,  B ,  C  a n d  D  ( C a m p b e l l ,  1968 ). A g g lu t in a t io n  

p a t t e r n s  o f  s p e c ie s  n o t  c la s s i f ie d  in  th e  e a r l ie r  c o m m u n ic a t io n  a r e  l i s t e d  in  T a b le  1. I n  

a d d i t io n ,  s e ra  w e re  p r e p a r e d  a g a in s t  a t  le a s t  o n e  s t r a in  o f  e a c h  s p e c ie s  n o t  te s te d  

p r e v io u s ly .  O n  a n a ly s is  b y  a  f u l l  p r o g r a m m e  o f  a b s o r p t io n  te s ts  w i t h  s t r a in s  c f  v a r io u s  

a n t ig e n ic  g r o u p s ,  n o  a n t ig e n ic  f a c t o r s  a d d i t io n a l  t o  t h o s e  a lr e a d y  l is t e d  in  T a b le  1 w e re
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S. rouxii 
S. rouxii 
S. rouxii 
S. rouxii 
S. metlis 
S. bisporus 
S. bailii 
S. bailii 
S. bisporus 
S. carlsbergensis 
S. carlsbergensis 
S. cartilaginosas 
S. cererisiae 
S. cererisiae 
S. cererisiae 
S. cererisiae 
S. cererisiae 
S. cererisiae 
S. cererisiae 
S. willianus 
S. willianus 
S. willianus 
S. ellipsoideus 
S. carlsbergensis
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Fig. 2

S. ellipsoideus 
S. ellipsoideus 
S. ellipsoideus 
S. diastaticus 
S. diastaticus 
S. carlsbergensis 
S. carlsbergensis 
S. carlsbergensis 
S. willianus 
S. willianus 
S. willianus 
S. uvarum 
S. uvarum 
S. logos 
S. logos
S. heterogenicus 
S. heterogenicus 
S. fructuum 
S.fructuum 
S. italicus 
S. bayanus 
S. pastorianus 
S. pastorianus 
S. oviformis 
S. oviformis 
S. steineri 
S. steineri 
S. veronae 
S. veronae 
S. chevalieri 
S. chevalieri 
S. marxianus 
S. marxianus 
S.fragilis 
S.fragilis

Fig. i D endrogram  o f  typical N C Y C  strains reacting w ith serum  A, and  selected group C 
strains (Saccharomyces carlsbergensis 1047, S. ellipsoideus 506 and  S. williams 106) for 
com parison.
F ig 2 . D endrogram  o f typical N C Y C  strains reacting w ith serum  B (Saccharomyces marxianus 
and  S. fragilis) and  serum  C  (o ther species).
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found. Sera to  S a c c h a ro m y c e s  o v ifo rm is  and S . s te in e r i agglutinated cultures o f both 
groups A  and C ; absorption by a culture o f one group left agglutinating activity to  all 
cultures of the o ther group. All species agglutinated by serum A, other than S . ro u x ii, 
were also agglutinated by the serum 1 described previously (Campbell, 1968). N o 
reactions were noted between the newly examined strains and sera 2, 3, 4 and 5.

N u m e r ic a l a n a ly se s . The identification tests o f  Lodder & Kreger-van Rij (1952) 
accounted for 20 m orphological and physiological characters. Some tests, e.g. fermen­
tation o f glucose, were not applicable because o f  consistently positive results in the 
genus S a cch a ro m yces', other tests, e.g. pellicle form ation, were consistently negative. 
The remaining properties of each species are summarized in Table 2. Typical examples of

194

_i_ _L
70 80 90

Similarity

----161 S. fermentati
----696 S. fermentati
----566 S. rosei
---- 585 S. rosei
---- 698 S. microeltipsodes
----563 S. acidifaciens
---- 573 S. acidifaciens
-----417 S. acidifaciens
---- 464 S. acidifaciens
---- 128 S. elegans
---- 147 S. delhrueckii
----408 S. delhrueckii
----559 S. delhrueckii
-----418 S. mellis
---- 381 S. rouxii

100°,,

Fig 3 . D endrogram  o f typical N C Y C  strains reacting w ith serum  D , and selected group A 
strains ( S a c c h a r o m y c e s  m e llis  418 and  S .  r o u x i i  381) for com parison.

dendrogram s are presented in Fig. 1 to  3, which show only N C Y C  strains, although 
additional strains of m ost species, from the N C Y C  and elsewhere, were examined. The 
total num ber o f  strains tested o f each species is shown in Table 2.

The relationship between S a c c h a ro m y c e s  ce re v is ia e , S . ca r lsb erg en s is  I, two strains 
o f S . w illian u s and the one strain available o f  S . c a rtila g in o su s , all o f which react with 
serum A, is illustrated in Fig. 1. The 90 to  97 % m utual similarity o f  all strains of 
S . ro u x ii, and the more distant relationship o f o ther species o f serological group A  is 
also shown. However, the small-celled species S . b a ilii , S . b isp o ru s , S . m e llis  and 
S . ro u x ii show a  percentage similarity o f 75 or less to  the large-celled species S . c a r ls ­
b e rg e n s is  and S . ca rtila g in o su s which similarly react only with serum A. The ‘ S . c a rls­
b erg en s is  g ro u p ’ shows m ore affinity to  S . c e re v is ia e  and the two strains, 134 and 618, 
o f S . w illia n u s reacting with sera A  and B, but these S . w illian u s strains in turn  show a 
closer similarity to  the group C strains o f their own species, o f  which strain 106 
appears as an example in Fig. 1. S a c c h a ro m y c e s  w illian u s, irrespective o f  serological 
properties, is taxonomically closer to  S . c e re v is ia e  var. e llip so id e u s  and those strains o f 
S . ca r lsb e rg e n s is which react with serum C, than to  S . cerev is ia e .



Fig. 2 illustrates the close relationship between the strains o f groups A C  and C, e.g. the 
80 to  85 % similarity between Saccharomyces oviformis (AC) and S. cerevisiae var. 
ellipsoideus (C). Saccharomycesfructuum, S. heterogenicus and S. italicus, serologically 
of group C, occupy an intermediate position on the dendrogram  between the ‘S.

Serological 
group

A (2)
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A (1)

A (1)

AB

AC 
C (5)

C

BC

AD

B

D

D

__I_______I______ I______ I_
70 80 90 100”'

Similarity

Fig. 4. Dendrogram of all species tested, fromNCYC and other sources. Spread of p-oposed
groups is denoted by shading.

carlsbergensis-S. williams group’ (C) and the ‘S. oviformis group’ (AC), thus p ro ­
ducing a large cluster of species with no significant subgrouping. Only S', chevalieri and 
the S.fragilis-S. marxianus group showed a significant difference from  other species 
shown in Fig. 2, which agrees well with their different serological properties, BC and C 
respectively.

Fig. 3 shows all N C Y C  strains which reacted with the specific group D  serum. 
Saccharomyces mellis and S. rouxii are included for com parison with organisms o f  
serological group A ; both  groups are mainly composed o f  species which ferment few 
of the sugars tested, or only glucose, but on taking into account all 48 properties the

S . roux ii 

S .  ba ilii group

S . carlsbergensis 
+  S . cartilaginosus

S . cerevisiae

S . ov ifo rm is  group
23 + S .  paslo rianus

S . uvarum  group

' / / f f ,  S .  chevalieri

S . aciilifaciens  
+ S . elegans

S . f r a g i l is
+  S . m arx ianus

S . fe r m e n ta t i  group

S , de lb rueck ii
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similarity between species of serological groups A and D is no more than 7 5  %. 
Saccharomyces acidifaciens and S. elegans react with both sera A and D, the serological 
properties reflecting a marked taxonomic difference.

Comparison of serological and physiological groupings. Strains were allocated to 
distinct groups according to all suitable physiological and morphological tests 
(Fig. 1 to 3). In Fig. 4 , compiled from a final analysis of representative NCYC strains 
of each species, or taxonomic group as determined above, the observed groups are 
compared with our serological classification (Campbell, 1 9 6 8 ; and Table 1 above). 
Distinct groups, corresponding to antigenic properties, include Saccharomyces 
acidifaciens and S. elegans (group AD), S. fragilis and S. marxianus (B), S. chevalieri 
(BC), and S. fermentati, S. microellipsodes and S. rosei (D). Saccharomyces rouxii 
forms a taxonomically and serologically distinct subgroup of a group of small-celled 
poorly fermentative species of serological group A. Saccharomyces delbrueckii, 
although also of group D, is only distantly related to S. fermentati.

I96

D I S C U S S I O N

Many antigenically identical species (Campbell, 19 6 8) have been shown by Kockova- 
Kratochvilova et al. (19 6 6  a, 1968) to be very similar in general properties. The present 
report describes an investigation by numerical taxonomy of a full range of Saccharo- 
myces species of which the antigenic structure has been determined by our system 
using four sera A, B, C and D.

The largest group of Saccharomyces species, reactingwith sera A, Aand B, AandC,or 
C alone, contains the large-celled species actively fermenting a wide range of sugars: 
glucose, sucrose, maltose, often galactose and raffinose, and occasionally maltotriose. 
These species are important in the fermentation industries, both as culture yeasts and 
as contaminants. Antigenically they form four distinct groups, as shown in Fig. 4 , 
but numerical analyses (above, and Kockova-Kratochvilova et al. 19 6 6  a, 19 6 8) show 
that they are very closely related; all show a similarity by our method of calculation of 
80 to 85 % between antigenically different strains and 85 to 90 % between strains of the 
same antigenic group. The species of antigenic group C, S. carlsbergensis, S. cerevisiae 
var. ellipsoideus, S. diastaticus, S. uvarum and S. willianus, show a particularly close 
interrelationship, and instances were noted of strains more closely related to strains of 
other species than to other strains of their own species, e.g. between S. cerevisiae var. 
ellipsoideus and S. diastaticus (Fig. 2).

In Fig. 2 and 4 , Saccharomyces pastorianus, S. bayanus and the species reacting with 
sera A and C are grouped separately from those reacting with serum C only. Although 
S. pastorianus is not agglutinated by serum A, it possesses a more complex antigenic 
structure than species of the S. carlsbergensis-S. williams ‘ C-only ’ group. Campbell 
(19 6 8) described five minorsera as an aid to species classification; oneof these, serum 5 , 
agglutinated S. pastorianus, but the ‘C-only’ group does not react with any of the sera 
1 to 5 . Thus the species of simplest antigenic structure are distinguishable by numerical 
taxonomy from those species reacting with sera A and C or C and 5 .

Saccharomyces carlsbergensis I (of serological group A), S. cerevisiae (group AB) 
and groups AC, including C 5 , and C may be valid subdivisions, separable at about 
85 % similarity, but the results of Kockova-Kratochvilova et al. (19 6 6 a, b, 1 9 6 7 , 19 6 8) 
obtained from a similar but not identical series of tests, combined with the above



observations suggest tha t the serological groups overlap to  form  a single large group. 
It is nevertheless useful, for diagnostic and epidemiological purposes, to  subdivide 
serologically. In our experience, two strains showing a similarity o f over 85 % are, 
alm ost invariably, serologically identical; conversely, two isolates which are sero­
logically identical are norm ally over 85 % similar in other respects. The two antigenic 
types o f S. williams, and the difference between S. delbrueckii and the o ther species o f  
serological group D , provided the only exceptions, and we have found the rapid 
serological m ethod a reliable preliminary identification system for Saccharomyces 
yeasts isolated from  spoilt beers, wines and foods. A lthough our basic system (Cam p­
bell, 1968), using only four sera A, B, C and D, gives m ore limited inform ation than 
the m ore comprehensive antigenic analyses o f Tsuchiya et al. (1965), it is sufficient for 
identification within the genus Saccharomyces. Thus any yeast isolate which ferments 
glucose actively, i.e. overnight at 25°, and is therefore presumed to  be o f the genus 
Saccharomyces, is quickly allocated to  the appropriate antigenic group by a slide 
agglutination test. In  m ost cases we found it was sufficient simply to  record the isola­
tion o f ‘S. oviformis ty p e’ (group AC), ‘.S', bailii ty p e’ (group A), etc. Following 
the precedent o f Beech, D avenport, Goswell & Burnett (1968), no distinction was 
attem pted between Saccharomyces species and the corresponding species o f 
C andida or Torulopsis, and sporulation was not considered in our numerical analyses.

F o r m ore accurate identification, a set o f seven sera was necessary: A, B, C and D, 
and the sera 1, 2 and 5. Serum 2 distinguished Saccharomyces rouxii from  other species 
reacting with serum A ; also, all other group A  species were agglutinated by serum 1. 
Serum 5 separated S. pastorianus from  the various species which reacted only with 
serum C. Thus, by agglutination test and a m orphological examination o f cells, e.g. to 
distinguish S. carlsbergensis o r S. cartilaginosus from  the small-celled species reacting 
with serum A, the various serological subgroups o f the genus Saccharomyces may be 
rapidly distinguished. The numerical analyses o f K ockova-Kratochvilova et al. 
(1966a, b, 1967, 1968) and the above results suggest tha t serological methods reliably 
identify groups o f Sacharomyces species to  the limit o f taxonom ic validity.

It is a pleasure to thank M r C. J. Crook, Com puter U nit, H eriot-W att University, 
for preparation o f the com puter program  and punched cards for numerical analyses, 
D r J. R. Stark for generous provision of maltotriose, and Miss M. Anderson and 
Miss A. M. M unro for technical assistance.
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Dividing Protoplasts of B a c illu s  m e g a te r iu m
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S U M M A R Y

Protoplasts o f  Bacillus megaterium grew well and divided in 1 % casein 
hydrolysate (enzymic) medium containing 0-5 M-NaCl as the stabilizer. 
A fibrous layer c f  coat, possibly composed o f murein, developed around the 
growing protoplast. A small protuberance then form ed on the protoplast and 
grew until a symmetrical dumbbell-shaped body was formed. The coat did 
no t develop around the ‘daughter’ protoplast.

Division was completely inhibited in the presence o f  penicillin, and a coat 
did not develop around the protoplast. M aterials which might otherwise have 
formed the coat in the absence o f penicillin were released into the medium.

A fter 12 h. o f growth in the absence o f  penicillin, norm al cell wall was 
formed around the cell, although reversion to  bacillary form  was not 
observed. The cells divided into 4 to  6 cells simultaneously by transverse 
septa, and intracellular m em branous organelles (mesosomes) appeared 
within.

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

A  previous report (Kusaka, 1967) indicated tha t protoplasts o f Bacillus megaterium 
grew well and divided in 1 % casein hydrolysate (enzymic) medium containing 0-5 M- 

N aCl as the stabilizer, and a part o f the murein which was known to be completely 
lost in protoplast form ation was formed on the cytoplasmic mem brane during growth. 
W hen murein form ation was disturbed by penicillin, division o f protoplasts was com ­
pletely inhibited. These facts suggested tha t form ation o f murein around the p ro to ­
plasts m ight have been essential for their division. To obtain more detailed inform a­
tion about the changes in the surface structures o f protoplasts during division and 
growth, the fine structure o f the protoplasts has been examined by electron microscopy.

M E T H O D S

Organism and culture conditions. Bacillus megaterium i a m  1166 was used throughout 
the study. M edia, m ethods for form ation o f protoplasts and growth conditions were 
as described earlier (K usaka, 1967).

Electron microscopy. Cells were harvested by centrifugation and suspended in 0-5 m - 

NaCl in o-i M-phosphate buffer (pH 6-5) containing 1 % 0 s0 4 (M erck) and kept a t 40 
for 15 h. After fixation, cells were washed several times with 50 % ethanol by gentle 
decantation and stained with saturated uranyl acetate in 50 % ethanol a t 40 for 2h. 
The pellets were then dehydrated in a graded series o f ethanols, transferred to  acetone 
and embedded in an Epon 812 mixture (Shell Chemical Co.). Sections were cut on a 
Porter-B lum  M T -2 ultram icrotom e (Ivan-Sorvall Co.) with a glass knife, picked upon
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form var-coated grids reinforced with carbon, stained with uranyl acetate and lead 
citrate (Frasca & Parks, 1965) and examined with a JEO L JE M -7 A electron micros­
cope operating a t 80 kV.

RESULTS

Initial protoplasts were almost completely free from  cell wall and about i-6 fim. in 
diameter. Small fibrous strands were attached to the surface o f the cell, being perhaps 
rem nants o f cell-wall materials (PI. 1, fig. 1). After 2 h. growth, the cell enlarged about
2-5 times in diam eter and a coat-like m aterial appeared all around the cell surface to 
form  the outerm ost layer. A  protuberance appeared on the coated protoplasts (PI. 1, 
fig. 2) and enlarged during a further 1 h. of growth (PI. 1, fig. 3 a, b). until a symmetrical 
dumbbell-shaped body had formed (PI. 2, fig. 4). In dividing cells, the coat did not 
form  over the protuberance, so after division two kinds o f daughter cells—one with 
and one w ithout a coat—appeared. The coat was loosely packed and consisted of 
fibrous m aterial (PI. 2, fig. 5). The large nuclear region, containing sparse filaments, 
can be seen in the growing protoplasts (PI. 1, fig. 3 b and PI. 2, fig. 5).

Protoplasts in the presence o f penicillin. In  the presence o f penicillin (1000 units/m l.) 
division was suppressed bu t the cells enlarged to  about 6 pm. in diameter. Thin sec­
tions of these cells d em onstrated tha t the coat did no t develop around the protoplasts 
bu t fibrous strands which might otherwise have formed the coat were released into the 
medium (PI. 2, fig. 6).

Cells after 12 h. o f growth in the absence of penicillin. After about 12 h. o f growth 
in the absence o f penicillin, cell-wall form ation was complete, and norm al-looking, 
com pact cell walls about 60 nm. thick were formed. These walls appeared to  have two 
components, an inner, uniform  layer and an outer, granular or fibrous layer, similar to  
the coat observed on protoplasts after a few hours growth. The cells were still spherical, 
and never revert to  norm al rods. W ithin these cells, several septa form ed sim ulta­
neously, and intracellular m em branous structures (mesosomes) were observed
(PI. 3, fig- 7, 8).

D I S C U S S I O N

It was previously shown K usaka (1967) tha t protoplasts o f Bacillus megaterium grew 
well and divided in casein hydrolysate medium containing 0-5 M-NaCl as the stabi­
lizer. The sequence o f growth and division was similar to  the results reported by 
M cQuillen (1955). D uring the m ultiplication o f protoplasts, the form ation o f  cell wall 
was resumed and a p art o f the wall appeared to  be form ed on the protoplasts. W hen 
wall form ation was prevented by penicillin, division was prevented although growth 
was no t influenced. Observations presented in this paper revealed tha t the fibrous 
coat was formed around growing and dividing protoplasts. The coat did not develop 
in the presence o f penicillin. U nder these circumstances fibrous materials, which might 
otherwise have formed the coat, appeared to  be released into the medium. These 
results indicate tha t the coat may have represented the new wall (murein) and tha t 
wall form ation may have resumed during protoplast growth. They also indicate tha t 
the fibrous m aterials which were released into the medium may have represented 
unorganized murein synthesized in the presence o f  penicillin, since penicillin is known 
to  prevent the cross-linking reaction in the synthesis o f bacterial m urein (Wise & Park,
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1965). In  dividing protoplasts the protuberant area lacked a coat and may have been 
extruded from  the ‘p a ren t’ which was still surrounded by one.

A fter about 12 h. grow th in the absence o f penicillin, wall form ation by protoplasts 
was complete, a thick com pact cell wall having been formed. A num ber o f septa were 
then form ed simultaneously, one cell dividing into 4 to 6 although reversion to  a 
norm al rod was never found. Recently, Landm an, Ryter & Frehel (1968) reported 
tha t protoplasts o f Bacillus subtilus reverted to  bacillary form  when grown in gelatin 
media. In  their study the reverting cells possessed a wide array of shapes, including 
branched and very irregular ones. These irregular forms, especially branched cells, 
might easily have led to  rod-shaped cells. In liquid culture, as used here, cells were 
only spherical. These differences in morphology m ight be caused by the difference in 
the physical milieu surrounding the cell.

Mesosomes, which are expelled from  the cells during protoplast form ation (Fitz- 
James, 1964), were found in cells grown for 12 h. bu t their participation in septum 
form ation was no t observed. However, the strain used in the study contained poly-/?- 
hydroxybutyrate granules which interfered with exact observations o f the mesosomes. 
Mesosomes appeared to develop after norm al cell walls were formed.
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C M , cytoplasm ic m em brane; PH B, poly-/?-hydroxybutyrate granules; N , nuclear region; Co, coat; 
Ma, m aterials; M , mesosom e; CW , cell wall.

P late i

Fig. 1 . Initial p ro top last o f B a c illu s  m e g a te r iu m . x 30,000.
Fig. 2 . B udding pro top last o f B . m e g a te r iu m  showing a small pro tuberance breaking th rough  the 
coat (Co), x 25,000.
Fig. 3 (a, b ). D ividing protoplasts o f  B . m e g a te r iu m  showing a  growing protuberance. C oat does no t 
form  on the protuberance, (a), x 20,000; (b ), x 25,000.

P late  2

Fig. 4 . D um bbell-shaped pro top last of B a c illu s  m e g a te r iu m . x 25,000.
Fig. 5. Organized fibrous m aterials in the  coat (T) form ed a round  the  protoplast, x  70,000.
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Fig. 6 . P ro top last o f B . m e g a te r iu m  grown in the presence of penicillin. The m aterials which m ight 
be the coat m aterial appear to  be secreted into the medium, x 20,000.

P l a t e  3

Fig. 7 . M ultiseptate cell o f B a c illu s  m e g a te r iu m . x  15 ,000.
Fig. 8. M ultiseptate cell o f B . m e g a te r iu m  showing a typical mesosome x 45,000.
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S U M M A R Y

Vegetative hyphae o f Aspergillus niger rapidly converted caproic acid to
2-pentanone whereas germinating spores carried out the transform ation 
slowly and ungerm inated spores not at all. Glucose stimulated ketone p ro ­
duction by germinating spores, bu t suppressed it in hyphae; the degree of 
stim ulation and suppression varied with glucose concentration. This explains 
earlier reports tha t spores but not vegetative hyphae convert fatty acids to 
methyl ketones, since hyphae were earlier tested with high sugar concentra­
tions, conditions where ketone form ation was inhibited. Glucose disappeared 
from  cultures containing caproate even though ketone production was 
inhibited, and glucose disappearance was paralleled by gluconic acid accumu­
lation in the medium. These findings suggest tha t free fatty acids may play an 
im portant role in the regulation of metabolic pathways in A. niger.

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

Some filamentous fungi produce methyl ketones from  fatty acids (Stârkle, 1924; 
Stokoe, 1928; Acklin, 1929). The process, in which the methyl ketone formed is one 
carbon atom  shorter than the fatty acid substrate, is specific, and fatty acids longer 
than  14 carbon atoms are no t attacked (Thaler & Stâhlin, 1949).

G ehrig & K night (1958) reported that spores of Pénicillium roqueforti, but not 
vegetative hyphae, were able to convert fatty acids into methyl ketones. Franke, 
Platzeck & Eichorn (1962) reported tha t vegetative hyphae o f Aspergillus niger could 
not form methyl ketones from  fatty acids, whereas spores carried out the transfor­
m ation very efficiently. The process is widespread am ong filamentous fungi as indi­
cated by the work of Franke & Heinen (1958), who found that 30 out of 38 fungi 
tested converted fatty acids into methyl ketones, and Gehrig & K night (1961) who 
found tha t 9 out of the n  Aspergillus species and 9 out o f the 12 Pénicillium species 
tested also carried out the transform ation. Both these reports, however, indicated 
tha t members o f the M ucorales were unable to produce significant am ounts of methyl 
ketones from  fatty acids.

Lawrence (1966, 1967) reported tha t both  oxygen uptake and methyl keionc pro­
duction by spores o f Pénicillium roqueforti were greatly increased by certain sugars and 
am ino acids. He interpreted this to  mean tha t these compounds were readily oxidized 
to  yield either energy or metabolic products essential for activation of dorm ant spores.

The present study establishes tha t vegetative hyphae of Aspergillus niger rapidly

* Present Address : D epartm ent o f M olecular and Q uantum  Biology, University o f  Tennessee Medical 
Units, M em phis, Tennessee, 38103, U .S.A.
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convert caproic acid to  2-pentanone, while germinating spores carry out the trans­
form ation m ore slowly, and examines the relationship o f the process to  glucose 
catabolism.

204

M E T H O D S

Stock cultures. Aspergillus niger van Tieghem was isolated from  old caproic acid 
solutions which had a strong ketone odour. A single spore isolate was obtained by 
dilution and plating on Czapek’s solution agar supplemented with oo  % yeast extract 
(Difco). Stock cultures were subsequently m aintained on this medium.

Production of spores and vegetative hyphae. A medium of the following com posi­
tion ( %, w/v) was employed: D-glucose, 4 0; yeast extract, 0-5; N eopeptone (Difco),
10 . Excellent sporulation was obtained on slants (Difco Bacto agar, 1-5 %, w/v) o f this 
medium after 4 to  5 days incubation at 30°. The spores were harvested by adding 10 ml. 
sterile 0-85 % NaCl to  the slant and rubbing the surface with a stiff inoculating needle. 
The spore suspension was adjusted to 1 x io 9 spores/ml. and 5 ml. o f this suspension 
were added to  each experimental flask. For experiments with vegetative hyphae, spores 
were obtained as described above, the spore suspension adjusted to 5 x io 7 spores/ml. and 
i-o ml. o f the suspension added to  50 ml. liquid medium in 250 ml. Erlenmeyer flasks. 
These flasks were incubated at 30° on a rotary shaker (New Brunswick Scientific Co., 
Psychrotherm) a t 180 rev./min. After 24 h. the vegetative hyphae were harvested, 
washed three times by centrifugation and resuspended in sterile 0 85 % N aC l under 
aseptic conditions. The hyphal density was adjusted to 230 ¡A. packed mycelium/ml. 
suspension by either removal or addition of sterile NaCl (0-85 %) solution (Conway & 
Downey, 1950). Ten ml. hyphal suspension were used as an inoculum for each experi­
m ental flask.

Experiments on caproate utilization and 2 -pentanone production. Experiments were 
carried out with the following solution (% , w/v): caproic acid, 0-5; N aN 0 3, 0 2; 
K 2H P0 4, 0*1; K C 1, 0-05; M gS04.7H »0, o-ooi; distilled water). This basal solution 
was supplemented with o-oi, o-i, 0-5 and r o  % D-glucose, adjusted to  a final pH  o f
6-9 with o-i n-K O H , and n o  ml. o f each form ulation including unsupplemented 
solution, placed in 500 ml. Erlenmeyer flasks. These solutions and culture media were 
sterilized in an autoclave at 121° for 15 min.

Both spores and vegetative hyphae were incubated on a reciprocating shaker 
(Eberbach) at 28 + 2° and 100 strokes/min. for 98 h. Four ml. samples were removed 
when required.

Analytical methods. 2-Pentanone and caproic acid were determined by gas-liquid 
chrom atography in an A erograph model A -600-D  chrom atograph equipped with a 
hydrogen flame ionization detector and a Leeds and N orthrup Speedomax H  recorder. 
The carrier gas was nitrogen flowing at 25 ml./min. The detector was operated a t the 
same tem peratures as the column, since it was m ounted in the column oven.

2-Pentanone was resolved on a 5ft x j) in. stainless steel column containing as a 
stationary phase 20 % phenyl diethanolam ine succinate on Chrom osorb W (acid- 
washed and treated with dimethyl-dichlorosilane, DM CS). The column was operated 
a t ioo° and the injector block at 150°. A sample o f the culture fluid was introduced on 
to  the column by flash vaporization, and am ounts o f 2-pentanone determ ined by 
com paring peak heights with those for pure 2-pentanone standards. Caproic acid was 
resolved on a 5 ft x |  in. stainless steel colum n containing as a stationary phase 10 %



FF A P  (Varian A erograph Corp.) on Chrom osorb W, acid-washed and DM CS-treated. 
The column was operated a t 1750 and the injector block a t 2250. A  sample o f the 
culture fluid was introduced on to  the column by flash vaporization, and am ounts of 
caproic acid determined by com paring the product o f the peak height anc its width 
at ha lf height with the values obtained for pure caproic acid standards.

A fter ketone and fatty acid analyses were complete, the remaining culture fluids 
were evaporated to  dryness in a flash evaporator a t 90°, dissolved in distilled water 
and their sugar contents determined by the m ethod o f Folin & M alm ros (1929).

Oxygen uptake measurements were made with a constant volume respirometer 
(Braun Instrum ent Co.) using standard m anom etric techniques (Um breit, Burris & 
Stauffer, 1964). Three ml. samples from  the ketones production media were added to 
W arburg vessels containing o-i ml. o f 20 % K O H  in the centre wells, oxygen uptake 
was measured over 1 h. a t 30°. D ry weights were then determined for each sample.

Gluconic and citric acids in culture fluids were detected by paper chrom atography 
(Koepsell, Stodola & Sharpe, 1952). Quantitative estimation o f gluconic acid from 
paper chrom atogram s was done as described by Fisher, Parsons & Holmes (1949).
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RESULTS

Spore preparations o f  Aspergillus niger lacking glucose converted caprcic acid to
2-pentanone a t a low rate and did not yield detectable ketone until after 50 h. (Fig. 1). 
W hen glucose was added to the basal medium, 2-pentanone production was stim u­
lated in proportion  to  the am ount o f sugar added (Fig. 1), and it commenced much 
earlier although none was produced before 12 h. The onset o f ketone form ation was 
correlated with the emergence o f germ tubes. Ungerm inated spores were bound very 
tightly to  hyphae and to  germ tubes, indicating that spores differed in surface charge 
from  the other two forms.

Vegetative hyphae produced 2-pentanone from  caproic acid at a rapid rate, yielding 
detectable ketone after 3 h. A ddition o f glucose to  the basal medium, except in very 
small am ounts, caused a suppression o f ketone production in proportion to  the am ount 
o f glucose added (Fig. 2).

Spore preparations did no t utilize detectable quantities o f caproate until germina­
tion had occurred (Fig. 3). Glucose greatly stimulated caproate disappearance, which 
paralleled 2-pentanone form ation. On the other hand, vegetative hyphae utilized 
caproate immediately, the utilization was suppressed by the addition o f glucose (Fig. 4). 
This suppression paralleled the depression o f 2-pentanone production.

M anom etric m easurements showed tha t large am ounts o f 0 2 were taken up by 
vegetative hyphae in the presence o f caproate alone, and in the presence o f caproate 
and o-oi o r o-i % glucose (Fig. 6). A t higher glucose concentrations (0-5, i-o %) Oa 
uptake was drastically reduced after 12 h. (Fig. 6). In all instances the initial rate o f 
0 2 uptake was increased by glucose. Spore preparations did no t begin 0 2 uptake until 
after 12 h. and the rate o f 0 2 uptake was proportional to  the am ount o f glucose added 
(Fig. 5). The initial lag in O a uptake coincided with the time required for germination 
o f spores.

The pH  values o f spore cultures, with and w ithout added glucose, increased steadily 
(Fig. 7). A t low glucose concentrations the pH  values o f vegetative hyphal cultures 
also increased, bu t decreased a t higher glucose concentrations (Fig. 8). The drop in

14-2
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pH  values coincided with the suppression o f fatty acid utilization and ketone produc­
tion and the decrease in respiratory activity. The pH  o f both spore and hyphal cultures 
containing i % glucose but no caproate fell rapidly owing to  accumulation o f organic 
acids (Fig. 7, 8).

Fig- 3 Fig. 4

Fig. i to 4 . Effect o f glucose concentration on  2-pentanoneproduction  (Fig. i, 2) and caproate 
utilization (Fig. 3, 4) by spore and hyphal cultures o f A sp e r g illu s  n ig e r  containing 0-5 % 
caproate. N o  glucose, O —O ; o-oi % glucose, • — •  ; o-i % glucose, A — A ;  0-5 % glucose, 
A — A ; i-o %  glucose, □ — n .

Both spore and vegetative hyphal cultures containing caproate utilized glucose, but 
the latter utilized considerably more than the former. W ith i-o % glucose, vegetative 
hyphae utilized 25 % o f the sugar during the first 26 h. with the 0 (h never exceeding 4.

H yphal cultures with caproate bu t with glucose absent or in low concentrations did 
not accumulate detectable quantities o f gluconic acid. A t higher glucose concentrations 
gluconic acid accumulated in the culture fluid. The quantity o f gluconic acid present 
increased with time o f incubation and increasing glucose concentration (Fig. 9). Vege­
tative hyphal cultures with 10  % glucose bu t no caproate accumulated gluconic acid 
during the first 12 h. and utilized it during the next 24 h. (Fig. 9). Spore cultures never 
accumulated detectable quantities o f gluconic acid.
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Fig. 5 to  8. Effect o f  glucose concentration on  respiratory activity (Fig. 5, 6) and pH  values 
(Tig. 7 , 8) o f  spore and hyphal cultures o f A sp e rg illu s  n ig e r  containing 0 5 % caproate. N o 
glucose, O —O ;  c o i %  glucose, • — • ;  01 % glucose, A— A;  0-5 % glucose, A — A ; 
10 % glucose, □ — □ ;  cultures w ithout caproate  but containing 10 % glucose, ■ — ■ .

D I S C U S S I O N

Several investigators (Gehrig & Knight, 1958; Franke et al. 1962; Lawrence, 1966) 
have m aintained that only ungerm inated spores o f filamentous fungi can convert 
fatty acids to  methyl ketones. My studies have shown (Fig. 1) tha t ungerminated 
conidia of Aspergillus niger convert caproic acid to 2-pentanone at an extremely low 
rate, if at all. M oreover, the course of ketone production by conidia was directly 
related to the course o f germination and form ation o f young hyphae. This agrees with
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the report o f Franke, Platzeck & Eichorn (1961) that the /?-keto acid decarboxylase 
activity o f A. niger was greatest in young mycelia.

The production o f 2-pentanone from caproic acid by vegetative hyphae o f Aspergillus 
niger is contrary to the report o f Franke et al. ( 1962), which stated that vegetative hyphae 
o f this organism were unable to form  methyl ketones from fatty acids. However, good 
ketone production by spore preparations depends upon a supplementary growth sub­
strate such as glucose, as found in the present study (Fig. i) and by other workers
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Fig. 9. Effect o f caproate  (0 5 %) on  gluconic acid p roduction  from glucose by hyphal p re­
parations o f A sp erg illu s  n iger. One % glucose alone, ■ — ■ ;  0-5 % glucose-1- 0 5 % caproate,
A — A ; i-o % glucose+ 0-5 % caproate, □ — □ .

including Franke et a l (1962) and Lawrence (1966). U nder these conditions, ketone 
production by vegetative hyphae is practically nil (Fig. 2). It is therefore not surpris­
ing that reports o f the inability o f  vegetative hyphae to  form ketones from fatty acids 
have appeared, since the hyphae were usually tested under conditions for maximal 
ketone production by spore preparations.

The suppression of the conversion o f caproate to 2-pentanone in vegetative hyphae 
by glucose (Fig. 2) may be caused by the oxidation o f glucose to  gluconic acid with 
the consequent fall in pH , since this would result in an increased concentration o f 
undissociated as com pared with dissociated caproic acid, and as shown by Lewis & 
Johnson (1967), high concentrations o f undissociated caproic acid can inhibit terminal 
respiratory enzymes, and thus fatty acid oxidation. Glucose oxidase did not, however, 
appear to be inhibited since glucose disappearance and gluconic acid production con­
tinued even though fatty acid oxidation and ketone form ation had ceased.

Activation o f fatty acid oxidation in Aspergillus niger spores by glucose (Fig. 1) is con­
sistent with the report o f Lawrence (1965). Very little carbon or energy could have



been derived from  fatty acid oxidation by spores, since caproate was converted alm ost 
exclusively to  2-pentanone. Increases in pH  and Q0i values with increasing glucose 
concentrations indicated tha t spores and young mycelia oxidized glucose completely. 
Gluconic acid never accum ulated in caproate containing cultures o f germinating spores, 
and only small am ounts o f other organic acids were detected. These results are consis­
tent with the report by Bhatnager & K rishnan (i960) tha t activated spores and vege­
tative hyphae o f A. niger contain different enzymes.

M oyer, Um berger & Stubbs (1940) found that gluconic acid production by Aspergillus 
niger was affected by the pH  value o f the culture medium. A t pH  values above 6-5, 
glucose was converted alm ost exclusively to  gluconic acid, whereas citric ac_d was the 
predom inant acid produced a t pH  values below 3-0. Butkewitsch (1924) pointed out 
th a t gluconic and citric acid form ation proceeded sequentially in fungal cultures with 
initial pH  values near neutrality. Gluconic acid was produced when the pH  value 
was above 6-5, bu t as the pH  value fell below 6-5 citric acid accumulated. In the present 
study this occurred in vegetative hyphal cultures with 1 -o % glucose and no caproate 
but not when 0-5 % caproate was present in addition to  glucose. G luconate production 
then continued after the pH  value fell below 6-5 (Fig. 8, 9).

Ehrlich & Lewis (1968) found that fatty acids (C3-C 13) did not inhibit glucose oxidase 
from  Aspergillus niger although succinic dehydrogenase activity was completely inhib­
ited and many o f the fatty acids stimulated glucose oxidase activity, the effect being 
maximal a t pH  values below 6-5. Selective inhibition o f enzymes involved in glucose 
dissim ilation by free fatty acids under conditions where gluconeogenic enzymes were 
not affected had been reported for bacterial (Ferdinandus & C lark , 1969) and animal 
(Weber, Convery, Lea & Stamm, 1966) systems.

The present study shows th a t caproic acid can alter the m ode o f glucose catabolism 
in Aspergillus niger; and since the lipid fraction o f A. niger may contain high concen­
trations o f  free fatty acids (Bernhauer & Posselt, 1937; Cochrane, 1958), these com ­
pounds may be o f  im portance for the control o f metabolic pathways in this fungus.

This investigation was supported by grant D-175 from  The R obert A. Welch 
Loundation, H ouston, Texas. The technical assistance o f M r W. S. Coggin is acknow­
ledged.
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S U M M A R Y

A  simple, chemically defined medium is described consisting of sodium 
glutam ate, proline, cystine, salts, and growth factors, which is suitable for 
the large-scale production of phase I B ordete lla  pertussis. M ore than 30 x io9 
organisms/'ml. were produced in 48 to 72 h. growth in shake flasks and fer- 
mentors. The cultures were detoxified by the addition of 0-14 % form alin to 
yield vaccines which were non-toxic to  mice and guinea pigs and had good 
mouse-protective antigen levels. The antigenic stability was satisfactory after 
storage o f the final vaccines at elevated temperatures.

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

H ornibrook (1939) first described the use o f a liquid medium for the propagation 
o f phase I B ordete lla  pertu ssis, and since tha t time many modifications o f his original 
form ulation have been published (Verwey & Sage, 1945; Wilson, 1945; Cohen & 
Wheeler, 1946; Verwey, Thiele, Sage & Schuchardt, 1949; Sutherland & W ilkinson, 
1961). These liquid media have consisted o f a casein hydrolysate to which were added 
various salts, growth factors, and either starch, charcoal, or anionic resins. Studies on 
the growth requirements o f B. p er tu ssis  have resulted in the publication o f several 
formulae for chemically defined media (U ngar e t al. 1950; Jebb & Tomlinson, 1955, 
1957; W ilson, 1963; G oldner, Jakus, Rhodes & Wilson, 1966), and an excellent review 
o f the problem by Row att (1957). In a series o f  metabolic studies on B. p er tu ssis  in 
our laboratories, W ilson (1963), G oldner e t al. (1966), Vajdic, G oldner & W ilson 
(1966), used a synthetic medium in rocked L-tubes and obtained good growth o f  phase 
I organisms. The composition o f their optim al medium is given in Table 1. This s a 
completely defined medium apart from the liver co-enzyme preparation, bu t w uld 
be unsuitable for large-scale production due to  its relative complexity. Tliis paper 
describes further modifications which have resulted in greatly improved yields of 
phase I bacteria. The properties of vaccines prepared from  these cultures were also 
examined.

M E T H O D S

S eed  culture prepara tion  an d  grow th  conditions  

The strain o f  B ordete lla  p er tu ssis  used in m ost o f our investigations was one o f the 
Connaught L aboratories’ routine vaccine production strains, obtained originally from  
D r Pearl L. Kendrick, and designated no. 18334. Two other strains were also used in 
the large-scale production experiments, K endrick’s no. 10536, and a strain obtained
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from  D r R. J. Wilson, no. 1494. The lyophilized cultures were grown on a  B ordet- 
G engou plate for 4 to  5 days, subcultured to  Bordet-G engou slants in 8 x 1^ in. tubes, 
and grown for a  further 48 h. All B ordet-G engou media contained 30 % citrated 
sheep’s blood. The growth from  one slant was washed off into three 500 ml. Erlen- 
meyer flasks, containing 100 ml. liquid medium (see below), and grown on a ro tary

Table 1. Composition of chemically defined media for Bordetella pertussis 
Comparison between Goldner’s formula and basic ‘glutamate + proline ’medium(‘ 1G + 1P ’ medium).

Com ponent

G oldner’s
form ula*
(mg./l.)

Basic ‘glutam ate 
+  proline’ 
medium 

( T G + 1 P ’) 
(mg./l.)

DL-Alanine 100 —

L-Arginine 40 —
DL-Aspartic acid 130 —
L-Glutamine 400 —
Glycine 50 —
DL-Histidine 50 —
DL-Serine 130 —
L-Proline 240 240
L-Glutamic acid 620 670t
L-Cystine 10 40
NaCl 2500 2500
k h , p o 4 500 500
KC1 200 200
MgCI2.6 H 20 TOO 100
CaCl2 20 20
FeS0 4. 7H 20 10 10
C u S 0 4. 5H 0O 5 —
Adenine 10 —

A TP (D i-N a salt) 0 3 —

G uanine 0-3 —

H ypoxanthine 0-3 —
Thymine 0-3 —
Uracil 0-3 —

Xanthine 0-3 —

Activated Charcoal (B .D.H .) 15 —

Tris buffer 121 6075 6075
Liver co-enzymes (CoA, D P N , TPN ) TOO —

Asorbic acid 5 20
Niacin I 4
G lutathione 25 100
2-Deoxyribose 0-5 —

* Compiled from Goldner e t al. (1966). 
f  Present as sodium glutamate.

action shaker for 48 h. (M odel V, New Brunswick Scientific Co., New Jersey, U .S.A .; 
this model has a 1 in. circular orbit and was used at 350 rev./min). In  the early work a 
casein hydrolysate medium (Wilson, 1945) was used for the growth o f seed cultures, 
bu t the chemically defined medium was substituted in the shake flask and small fer- 
m entor experiments, following certain modifications, which will be discussed later. 
All growth tem peratures were between 35 and 370. Five ml. inocula were taken from  
these seed flasks and used to  seed each 100 ml. experimental medium in 500 ml. 
flasks. In  the large-scale production work, three sizes o f  ferm entors were used: a Pyrex



jar (18x10 in.), containing 9 1. medium, and stainless steel tanks containing either 
60 or 140 1. medium. All vessels were aerated by vortex stirring with air blown over the 
surface at the rate of o-i 1. of air/1. of medium/min. Approximately 5 % seed was 
employed for the fermentors, which were grown for 48 to 72 h.

Basic medium preparation
In very early work it was found that the medium described by Goldner et al. (1966) 

could be simplified without interfering with the final yields of bacteria obtained. The 
nucleic acid derivatives, liver co-enzymes, 2-deoxyribose, CuS0 4, and all of the amino 
acids except glutamic acid, proline, and cystine could be left out. The addition of 
charcoal, starch or resin was also found to be unnecessary. The formula of the simpli­
fied basic medium is given in Table 1, in which it should be noted that the concentra­
tion of cystine, ascorbic acid, niacin, and glutathione have each been increased fourfold 
on those specified in Goldner’s formula. Sodium glutamate is used in place of glutamic 
acid since it is more soluble and less expensive. This basic medium is termed the ‘ gluta- 
mate-l- proline medium’ or ‘1 G + iP  medium’, and contains 670 mg. sodium gluta­
mate and 240 mg. proline/1. The many other combinations of glutamate and proline 
used are expressed in terms of the concentrations shown in Table 1, e.g. the medium 
designated ‘ 16G + 2P’ would contain 10,720 mg. glutamate and 480 mg. prol:ne/l., etc. 
In the preparation of media for the shake flask experiments, the amino acids, salts and 
tris buffer were dissolved in the necessary amount of water, the pH adjusted to 7-6 
with 25N-HCI, and autoclaved. In the preparation of the large volumes of medium for 
the fermentors, the amino acids, salts and tris buffer were dissolved in water at 70°, and 
sterilized by steaming for 40 min. and autoclaving for 60 min. at 260° (17 to 18 p.s.i.). 
The cystine, glutathione, ascorbic acid, niacin and ferrous sulphate were sterilized by 
filtration and added to the autoclaved medium. When the ferrous sulphate was added 
before autoclaving a hazy precipitate of ferrous phosphate appeared and presumably 
the Fe2+ ions were no longer available to the organism since growth was diminished.

Bacterial concentrations
Bacterial concentrations were estimated by photometric comparison with the Opacity 

Standard for pertussis vaccine and challenge suspension, supplied by the National 
Institutes of Health, Bethesda, Maryland, U.S.A. Ten opacity units (o.u.) were con­
sidered as being equivalent to 10 x io9 organisms/ml.

Toxicity testing of finished vaccines
The cultures were detoxified by the addition of formalin (37 % solution cf formal­

dehyde) at concentrations and for times described below. The treated cultures were 
centrifuged, the vaccines resuspended in 0-85 % NaCl and tested using the standard 
N.I.H. mouse toxicity test: ten mice ( c m r l  strain, random-bred), 14 to 16 g., were 
injected intraperitoneally with 10 o.u. vaccine and group weights assessed after 7 days. 
A further test for freedom from toxicity was carried out by injecting three guinea pigs 
(320 to 340 g.) with 100 o.u. vaccine contained in a volume of 5 ml. Two of the animals 
were injected intraperitoneally, and one subcutaneously, and observed for 16 days with 
individual weights being recorded.

A defined medium for Bordetella pertussis 213
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P o te n c y  a s s a y s

The protective potencies of the vaccines were determined by the method set out in 
Minimal Requirements for Pertussis Vaccine (U.S., N.I.H. 1948, revised 1968) and the 
results calculated by the Worcester-Wilson procedure (Worcester & Wilson, 1943). 
For the stability studies, samples were made up to contain 10 or 20 o.u./inl., either as 
straight pertussis vaccine or in combination with 40 Lf Diphtheria toxoid and 8 Lf 
Tetanus toxoid, and stored for varying periods of time at 4, 25, or 370. These results 
were assayed by Probit analysis with 95 % confidence limits. The antigenic potencies of 
the diphtheria and tetanus toxoids in the Diphtheria-Pertussis-Tetanus preparations 
were determined as described previously (Stainer, 1968), and the results expressed in 
International Units (i.u.)/ml. compared to the W.H.O. International Standards for 
diptheria and tetanus toxoids.

concentra tion*-------------  1 1 1 1 8 8 8 8 1616 1616 24 48 96 192

Fig. 1 . Effect o f  various g lutam ate and proline concentrations on  the opacity o f B o rd e te lla  
p e r tu ss is  in shake flasks after 48 h . growth. C o n c en tra tio n s  o f the am ino acids are expressed 
relative to the basic ‘glutam ate +  proline’ medium  (‘ 1 G + 1 P ’) given in Table 1 ( 1 G, 670 mg. 
glutamate/1.; IP , 240 mg. proline/l.).

R E S U L T S
Growth in shake flasks

Using the ‘1G +1P’ medium given in Table 1, yields of approximately io x io 9 
organisms/ml. were obtained after 48 h. growth. Fig. 1 illustrates the results of nume­
rous experiments in shake flasks in which an increased concentration of either glutamate 
or proline in ‘ 1G + 1 P ’ medium is shown to have a significant effect on the final 
opacities attained. The seed cultures for these studies were grown in ‘16G +1P’ 
medium and not in the casein digest medium (Wilson, 1945). This was found to be 
possible, if as previously mentioned, the ferrous sulphate was added after the medium 
had been autoclaved and also provided that the seed cultures were taken in the early 
exponential phase of growth. The medium designated ‘48P’ gave the highest opacity 
values, followed by ‘24P’, ‘96P’, ‘16G+16P’ and ‘16G +1P’.

Shake flasks containing ‘ 12 G ’ medium (no profine) or ‘ 12P’ (no glutamate) were 
sampled at o, 30 and 48 h. after growth, the cultures centrifuged at J 0,000 g for 1 h. 
and portions of the resultant supernatants chromatographed on Eastman Cellulose 
thin-layer chromatography sheets (no. 6065), using «-butanol + acetic acid + water
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(4 + 1 + 1). In view of the high level of seeding employed (4 %) and to avoid the carry­
over of extraneous amino acids, the flasks used for the chromatography experiments 
were seeded in the following way: the flask containing the ‘ 12G ’ medium was seeded 
with a culture grown in the ‘12G ’ medium, and similarily the flask containing the 
‘12P’ medium was seeded with a culture grown in the ‘12P’ medium.

« o

5 O

4 O

30  o

2 0  0  0  7 o
1  o  O  o

___ I________ I_______I____  __ I________ I_______ L
Hours growth 0 30 48 0 30 48

Fig. 2 . Thin-layer chrom atography o f cell-free B o rd e te lla  p e r tu s s is  culture supernatants on 
Eastm an Cellulose paper (6065), using n-butanol +  acetic acid +  w ater (4 + 1  +  1).
1 , cystine and g lutathione; 2 , glutam ic acid; 3 , proline; 4 , threonine, 5 , alanine; 6 , valine;
7 , glutam ic acid (from  glutathione).

Some interesting differences were noted as depicted in Fig. 2. Forty-eight h. after 
growth in the ‘ 12G’ medium, three ninhydrin-positive spots were produced which 
were not present in the original medium. Subsequent analysis with the Spinco auto­
matic amino acid analyser showed them to be threonine, alanine and valine. These 
amino acids were not present in the culture supernatants from the ‘ 12P’ medium.

Growth in fermentors
Concurrent with the shake flask experiments, attempts were made to grow Bordetella 

pertussis in various chemically defined media in vessels of large capacity. Seed for the 
fermentors was prepared by inoculating 100 ml. of a 40 h. culture of B. pertussis, 
grown in a shake flask containing casein digest medium (Wilson, 1945), into 8 1. of the 
same medium in a 20 1. bottle. Air was bubbled through the bottle of medium at 
1 l./min. and the culture grown for 40 h. Approximately 5 % seeding was used in these
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studies. Table 2 shows the results obtained in three sizes of fermentors. Four different 
combinations of glutamate and proline concentrations were compared and gave essen­
tially the same results as those from the shake flask experiments. The medium which 
gave the highest yields in shake flasks, namely ‘48P’, was not used in large-scale 
production since proline is an expensive amino acid. The medium designated ‘ 16G + 
iP ’ gave good yields and was used to prepare numerous lots of culture suitable for 
conversion to vaccines.

216

Table 2. The growth of Bordetella pertussis in chemically defined 
media in large volumes

Average yield
Relative concentrations* after 48 to  72 h.

Volume
(1.)

No. o f , 
experiments G P

grow thf 
( x io *  org.)

9 2 4 8 29-1

9 6 4 16 43-0

9 3 8 2 28-2

9 10 16 I 42-0
60 6 16 I 38-0

140 5 4 8 M-3
140 15 16 I 36-1

* C om pared to  basic ‘ 1 G + 1 P ’ medium  (‘ i G ’, 670 mg. glutam ate/!.; ‘ i P ’, 240 mg. proline/!.), 
t  The lag phase was extended depending on the age o f the seed culture (see text).

Table 3. Detoxification studies on Bordete'la pertussis 
grown in 1 1 6 G + 1 P' chemically defined medium

No. days Av. wt gain 
incubation per mouse Av. no.

N o. o f tests Form alin ( % ) a t 36 to 370 (g.) deaths/test

3 0-07 3 3-8 2

5 0-07 5 4'4 i*4
i 0*07 7 6-8 0

5 0 1 5 5'5 i
3 0 1 6 5-6 o*3
5 0 1 7 7‘5 0 5
3 0-12 7 7 7 0
6 0-14 5 7‘4 0

Conventionally-grown vaccines
12 0-07 3 7-i 0

Saline
10 — 8-9 0

Detoxification studies
Cultures were detoxified by the addition of formalin as indicated in Table 3. After 

centrifuging, the vaccines were tested as described previously. Several experiments 
indicated that the most suitable conditions for producing a nontoxic vaccine were the 
addition of 0-12 % formalin and incubation for 7 days, or 0-14 % formalin and incuba­
tion for 5 days at 36 to 370. Vaccines prepared in this manner gave satisfactory weight 
gains in mice. Vaccines produced by growing Bordetella pertussis in casein digest



medium (Wilson, 1945) require 0-07 % formalin and incubation for 3 to 4 days. The 
reason for the extra formalin needed to detoxify the cultures grown in the chemically 
defined medium could be related to the greater bacterial densities attained in this 
medium (30 to 40 o.u. compared to 20 to 30 o.u./ml. with conventionally grown cul­
tures). Injection of the finished vaccines into guinea pigs elicited no toxic reactions and 
good weight gains were noted.

Table 4. Potency of Bordetella pertussis vaccines prepared from cultures 
grown in ‘i 6G + i P ’ chemically defined medium
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L ot no. Potency* Lot no. Potency

P55 4-2 1057 19-4
4'3 — io-i
— — i5 '2

P 56 21-4 — —
16-2 1059 1 9 1
— — i r o

P57 80 — 18*2
7'6 — —
— 1065 5‘3

1005 16-8 — —
1 3 4 1066 5'3

1006 18-2 1068 1 5-7

1055 10-4 1069 13-5
1 3 6 — —
13-7 1071 id -4

* Ì.U./20 o.u. tested against U .S. Pertussis Vaccine Lot 6.

Table 5. Adjuvant effect o f Bordetella pertussis vaccines prepared from 
cultures grown in ‘i 6G + i P ’ chemically defined medium

Time Tem perature
D iphtheria

potency
Tetanus
potency

Sample (m onths) (°C) (i.u./ml.) (i.u./ml.)

F lu id  d iphtheria toxoid 7 4 6 —

Fluid tetanus toxoid 7 4

(3 to  12)*
22

D iptheria  toxoid— 40 L f (1 4 20

(11 to  45)

46

Tetanus toxoid— 8 L f If, 25
(10 to  44) 

34
(23 to  87) 

56

Pertussis vaccine— 20 o.u. 1[7 37
(16  to  73) 

29
(28 to  108)

I2C

D iphtheria  toxoid— 40 L f Ì7 4

(14  to  61) 
16

(64 to  230) 
69

Tetanus toxoid— 8 L f 

Pertussis vaccine— 10 o.u.
I7 25

(7 to  39) 

53
(22 to  154)

(26 to  180) 

102
(36 to 364)

* 95 % Lim its given in parentheses.
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Antigenicity studies
Agglutination tests with vaccines prepared by growing Bordetella pertussis in the 

‘ 16G + 1P’ medium showed that they all agglutinated with phase I antiserum, and 
further testing proved the presence of appreciable quantities of agglutinogens 1, 2 
and 3 (Preston, 1963, 1965).

The mouse-protective potency of numerous lots of vaccine (each diluted to contain 
20 o.u./ml.) is shown in Table 4. All lots tested had protective activity of more than 
4 i.u./ml.

The adjuvant effect of pertussis vaccine on the response to diphtheria and tetanus 
toxoids is well known (Fleming, Greenberg & Beith, 1948). Samples of two combined

Table 6. Antigenic stability of Bordetella pertussis vaccines prepared from 
organisms grown in ‘ 1 6  G + 1 P ’ chemically defined medium

Storage
time

(weeks)
Temp.

(°Q

Pertussis samples 
a t 20 o.u./m l. 

(i.u./m l.)

Pertussis sam ples 
at 10 o.u./m l. 

(i.u./ml.)

(A) Pertussis vaccine
0 — I3'4

(6-6 to 26-1)*
—■

4 4 8-6
(4-4 to 16-6)

6-3
(3-3 to  12-3)

26 4 4-6
(2-0 to 10 7)

7-0
(3 1  to 15-7 )

44 4 9'4
(4-8 to I 8-2)

4 25 9’4
(4-7 to 19-6)

5’9
(3-0 to 11 5)

26 25 5-6
(2-4 to 13-0)

4'7
(2 1  to io-8)

8 37 8-8
(4-6 to 17 -0)

6-4
(3 3 to I 2 '3)

26 37 1-2
(0-5 to 2-8)

2-4
( I 0 to 5 -4)

(B) Pertussis com ponent o f D .P.T.
0 --- I 3 4 t

(6-6 to 26-1)
—

4 4 13-2
(6 9 to 25-4)

9 ’5
(4-9 to 18-2)

26 4 7'8
(3'4 to 1 8 1 )

3 6
( 1-5 to  8 3)

4 25 2 1 9

( n -4 to 42-3)
5'8

(3 0 to 1 1 *2)
26 25 1-4

(o-6 to 3-4)
3'4

( 1-4 to 8-2)
8 37 100

(5-2 to 19 3)
5'2

( 2 7  to  10 0)
26 37 1-3

(0-5 to 3-7)
2 7

(1*2 tO 6-2)

N ote: vaccines contained either 20 or 10 o.u./m l. and were stored and tested separately against U.S. 
Pertussis Vaccine Lot 6. * 95 % Limits given in parentheses, t  This is a theoretical calculation.



vaccines, containing a mixture of two lots of Bordetella pertussis grown in the chemically 
defined medium (‘ i6 G + i P ’) and diphtheria and tetanus toxoids, were each stored 
for seven months at three temperatures. The resulting potencies of the tetanus and 
diphtheria components were compared with the original potencies of the fluid toxoids, 
and the results are given in Table 5. The combined vaccines contained 40 Lf diphtheria, 
8 Lf tetanus toxoids, and either 20 or 10 o.u. pertussis vaccine/ml. The antigenic 
potencies of the toxoids were significantly increased ( P  — o-oi) when combined with 
the pertussis vaccine. An unexpected finding was the additional adjuvant effect on the 
potencies of the tetanus component of the combined vaccine when stored at elevated 
temperatures. This is to be further investigated. The stability of the pertussis com­
ponent used in the combined vaccines was also determined, and these results are given 
in Table 6. More information is needed but it appears that the r.ew pertussis vaccine 
is stable for at least 44 weeks at 4°, and 8 weeks at 370, when stored as either a plain 
vaccine or in combination with diphtheria and tetanus toxoids. Three of the four 
samples stored at 250 were stable for 26 weeks.

D I S C U S S I O N

The use of a chemically defined medium in which all the ingredients essential for the 
growth of bacteria are known is obviously very desirable, especially in relation to 
vaccine production. In the case of Bordetella pertussis many such media have been 
described and every author has stressed the importance of certain amino acids, notably 
glutamic acid, proline and cystine. We have confirmed these findings. Since most of 
the chemically defined media published were developed for basic metabolic studies, 
the yields have not been sufficient to warrant their use in the routine production of
B. pertussis in large volumes. In the present case, however, very good yields were 
obtained.

In the experiments reported here, the cultures used for seeding the large fermentors 
were grown in casein digest medium (Wilson, 1945) and could be stored at 4° for 
4 weeks. The lag phase became extended, however, as the time of storage of the seed 
culture progressed. Similar results were obtained using ‘ 16G + 1P ’ chemically defined 
medium for the growth of seed cultures, but the effects of storage of these cultures on 
the resultant lag phase was much more pronounced unless the seed was taken during 
the early exponential phase of growth. This could imply that the ‘ 16 G + 1 P ’ chemically 
defined medium is incomplete and that before growth can start, specific intermediates 
must be synthesized. We do not feel that this is the case since we have evidence that 
Bordetella pertussis will grow very well in the ‘ 16G + i P ’ medium in shake flasks using 
a fresh seed culture grown in the same medium, and that the flasks can be serially 
subcultured for up to 29 transfers. Antigenic analyses of these serially transferred 
cultures showed no loss in either mouse-protective antigen levels or the ability to 
agglutinate phase I B. pertussis antiserum for up to eight transfers. Beyond this number 
of transfers, antigen levels declined, although there was still 5 to 10 % of the original 
mouse-protective activity present after 21 transfers.

The absence of high molecular weight material (e.g. starch), its ease of prepara­
tion, and the fact that vaccines produced from it have low toxicity and high antigeni­
city, make the proposed ‘ 16G + 1P ’ chemically defined medium very attractive from 
the production standpoint. The interesting differences noted when Bordetella pertussis 
was grown in the absence of either glutamate or proline could indicate that different
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metabolic pathways exist for these amino acids, and the extreme simplicity of these 
media makes possible further, more detailed biochemical studies of the organism. 
Preliminary investigations have already been reported (Stainer & Scholte, 1969), and 
further work is in progress.

The authors wish to express their appreciation to Dr J. M. Corkill for his stimula­
ting criticism and interest, the staff of the Antigen Department for performing the 
mouse assays, and Dr R. J. Wilson for helpful discussion of the manuscript.
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S U M M A R Y

The ability o f a range o f carbohydrates to  support the growth of plasm odia 
o f the myxomycete Physarum polycephalum was investigated and a method for 
the objective study of the chemotaxis of plasm odia was developed. Plasmodia 
showed positive chemotaxis to solutions o f glucose, maltose, mannose and 
peptone, and to galactose after a delay. They did not respond to sucrose, fruc­
tose or ribose. The chemotactic effectiveness of sugars paralleled their ability 
to  support growth.

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

There are a num ber of early reports o f the attraction (positive chemotaxis) of 
myxomycete plasm odia to nutrient solutions and to  extracts o f micro-organisms. M any 
of these reports—cited and briefly reviewed by Hawker (1952) and Ziegler (1962)— 
are of limited value. Assessment of chemotaxis was commonly subjective and, since 
pure cultures were not available, the agents studied could have acted indirectly through 
their effects on microbial contam inants. The lack o f pure cultures and soluble media 
also prevented quantitative nutritional studies, which alone could determine whether 
the attractants were themselves nutrients o r acted in some other manner. One of the 
more convincing of the early studies was that o f Com an (1940), who found tha t plas­
modia o f Physarum polycephalum Schweinitz responded to  glucose solutions by posi­
tive chemotaxis but were indifferent to sucrose solutions. Since this study, the pure 
culture of plasm odia o f P. polycephalum on liquid media has been achieved (Daniel 
& Rusch, 1961). I t therefore seemed desirable to confirm C om an’s finding with pure 
cultures, to  investigate the effects o f other carbohydrates and to  ascertain whether 
there was a correlation between the chemotactic effectiveness o f carbohydrates and 
their ability to support growth.

M E T H O D S

Organism and routine culture. Physarum polycephalum strain a + i (Dee, 1962) was 
m aintained in pure culture on liquid and agar media. The standard medium was a 
modification of the semidefined medium advocated by Daniel & Baldwin (1964) and 
contained the following constituents (% , w/v): glucose, i-o; bacteriological pep­
tone (Oxoid), 1 0 ; citric ac id .H 20 , 0-354; CaCl2. 6H 20 , 0-06; N a2 EDTA, 0-022; 
FeCl2.4H 20 , 0-006; Z n S 0 4.7H 20 ,  000 3 ; thiam in hydrochloride, 0-004; biotin, 
0-0005; haem, 0-0005; distilled water: pH  adjusted to  4-6. Details of the preparation 
and sterilization o f this medium and o f culture m ethods are given elsewhere (Carlile,
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1970). All experiments were carried out at 240 and aseptic procedures were employed 
throughout.

Nutritional studies. Cultures (50 ml. medium in 500 ml. Erlenmeyer flasks) were 
shaken a t 200 rev./min. on a rotary shaker with radius o f gyration 4 5 cm. Plasm odia 
were centrifuged, the culture medium decanted, the plasm odia resuspended in dis­
tilled water, centrifuged again, dried overnight a t n o °  and weighed.

Assessment of chemotaxis. Tests on the chemotactic effectiveness o f sugars were 
carried out on Petri plates o f  sugar-free standard agar medium from which two wells 
and a central trough had been excised (PI. 1). Distilled water was placed in one well 
and an equal volume of sugar solution in the other and the dish left for 1 to 4 days for 
the sugar to  diffuse through the agar to  the edge o f the trough. A massive plasm odial 
inoculum was allowed to  spread for 1 to 4 days on sugar-free standard medium to 
deplete carbohydrate reserves, and a square o f plasmodium with underlying agar was 
excised and deposited in the centre o f the trough. M igration o f the plasmodium was 
observed daily, or more frequently if necessary; slime tracks indicated the path  taken 
by the plasm odium . Chemotaxis to  peptone was studied on peptone-free standard 
medium with plasm odia th a t had migrated on th a t medium, and chemotaxis to  the 
complete medium on plain agar (pH 4 6) with plasm odia from  plain agar.

An individual test was recorded as being positive if the plasmodium had reached 
the well containing the test solution bu t had not reached the control well, and nega­
tive if the control well was reached first. On occasions when a plasm odium  came into 
contact with both wells o r with neither well, the individual test was regarded as 
unsuccessful and was no t included in the to tal count. In  a set o f ten tests, the m ost 
probable outcom e o f random  m igration is five positive results whereas positive or 
negative chemotaxis may yield ten or zero positive results respectively. The signi­
ficance of an experiment or group o f experiments was assessed by means o f  the bino­
mial distribution (Snedecor & Cochran, 1967).

R E S U L T S  

Nutritional studies
A typical experiment on the growth o f plasm odia on standard medium is illustrated 

in Fig. 1. Virtually no lag phase occurred, and growth rate (doubling time about 12 h.) 
and yield were com parable to, o r greater than, the highest reported by other workers 
(Daniel & Rusch, 1961; Daniel & Baldwin, 1964; Brewer, K uraishi, Garver & Strong, 
1964). W hen glucose was omitted from the standard medium, little growth occurred 
(Table 1; Fig. 1), although plasm odia rem ained active (showed streaming) for a t 
least 2 weeks. On agar media lacking glucose, plasm odia eroded and ultimately bu r­
rowed into the agar, behaviour no t seen on cultures with adequate glucose. The 
omission o f peptone from standard medium resulted in little or no growth and rapid 
sclerotium form ation, whether or not glucose was present. The omission o f citric acid 
(S. Barnes, personal com m unication) did not affect growth rate and final yields, but 
affected m orphology, plasm odia becoming very long and tangled. Citric acid was no t 
utilized by plasm odia; its role in the standard medium appears to be tha t o f a pH  buffer 
and metal chelator.

The effect o f replacing glucose by other carbohydrates is indicated in Table 1. 
M altose, glycogen, soluble starch and cellobiose were closely similar to  glucose in
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Fig. 1 . G row th o f plasm odia o f P h y sa r u m  p o ly c e p h a lu m  in shaken liquid culture. The 
inoculum ] (5 %, 2 5 ml.) was from  a  vigorously growing culture. S tandard  rredium , 
—O —O — ; sugar-free standard  medium, — • — • — .

Table 1. Growth of plasmodia on standard media in which glucose 
was replaced by other carbohydrates * * * §

Tim e o f harvest
Yield ( % o f dry w t 

obtained with
C arbon source* (days)t gl jeo se ji

Glucose 4 100
M altose 4 98
Cellobiose 4 1 17
Glycogen (oyster) 4 98
Soluble starch 4 107
Glucan§ 5 94
M annose 5 to  6 103
Trehalose 6 89
Galactose 10 to  I I 69
Lactose to 65
Edifas B!1 10 19
Arabinose 10 2
Ribose 11 2
Xylose 10 2
Sorbose 10 3
R ham nose 11 i
Fructose 12 to  13 3
Sucrose 12 2
Dextran 10 4
Glucosam ine HC1 9 l
N one 9 to  12 2

* C arbohydrate soluticnsw ere autoclaved separately from  the o ther com ponents o f the m edium  and 
aseptically added to  them when cool to  give a  m edium  containing 1 % (w/v) carbohydrate,

t  Harvesting was carried out a t the time o f m aximal growth (estim ated visually),
i  Average o f a t least three cultures. C ontro ls (a) w ith glucose and (6) lacking any carbohydrate were 

included in all experiments. T o minimize the carry-over o f glucose the inoculum  was taken from  cul­
tures that had already a tta ined  maxim um  growth on standard  medium. A  yield o f 1 % represents no 
growth, as 1 % inocula were employed.

§ A /? 1 —*• 3 linked glucan with /? 1 ->■ 6 branches, from  Claviceps fusiformis (Buck, Chen Dickerson 
ct Chain, 1968).

|| Sodium carboxymethylcellulose (Im perial Chemical Industries, L td). T he average degree o f substi­
tution  is 0 7 to  o -8 (14  to  t6 %), a  value giving good solubility but perm itting partial ut lization by 
organisms able to  utilize cellulose.
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their value as carbon sources, giving similar yields after the same num ber o f days. 
M annose, trehalose and a glucan gave com parable yields bu t rather m ore slowly. 
Galactose or lactose gave good growth after a lag phase o f some days, bu t the increase 
in viscosity observed with other media giving good growth did not take place. Yields 
remained roughly constant for many days with sclerotia and plasm odia co-existing; 
the clearcut sequence o f phases seen on media containing glucose did not occur. Lower 
but still appreciable yields were obtained with a soluble cellulose derivative. Little or 
no growth took place with arabinose, ribose, xylose, fructose, rhamnose, sorbose, 
sucrose, dextran or glucosamine hydrochloride.

Studies on chemotaxis
The chemotactic effectiveness o f glucose was repeatedly dem onstrated (Table 2) 

with both filter-sterilized and autoclaved glucose solutions. In all instances the plas­
modia reached the experimental well w ithout having come into contact with the 
control well. Strong positive chemotaxis was normally evident within 1 day of 
inoculation and the experiment could be term inated in 2 days. M altose, m annose, 
peptone and standard medium (which contains glucose and peptone) gave similar 
results. Chemotaxis to  both filter-sterilized and autoclaved galactose solutions occurred, 
but with a delay no t experienced with maltose and mannose solutions. Observations 
a t 1 day indicated apparently random  initial m igration and experiments were not
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terminable until the third or fourth day, by which time positive chemotaxis had taken 
place.

Table 2. Summary of experiments on chemotaxis
Tests Positive Probability 

successfully responses o f  result
Substance* completed obtained ( % )t Conclusion Î

Glucose 30 30 5 X  IO“6 +
M altose IO 10 0-2 +
M annose 9 9 0-4 +
Galactose 8 8 0-8 +
Sucrose 18 IO 5> 0
Fructose 10 5 100 0
Ribose IO 4 75 0
Peptone 30 30 5 X  IO-6 +
Standard medium IO IO 0-2 +

* Sugar solutions (1 %, w/v) were filter-sterilized. Oxoid bacteriological peptone (1 %, w/v) and 
standard  medium  were autoclaved.

t  Probability ( % )  o f  the experimental finding being due to  random  m igration.
i  +  =  Positive chem otaxis ; o =  random  m igration.

Chemotaxis to sucrose, fructose and ribose solutions did not occur, although strong 
positive chemotaxis was observed in control experiments carried out simultaneously 
with glucose.

D I S C U S S I O N

Nutritional requirements. The omission o f glucose from standard medium results 
in growth yields o f  as low as 2 % o f those given by control cultures (Table 1); this 
establishes tha t peptone cannot act as sole carbon source for the growth o f  Physarum 
polycephalum. The high yields obtained in the absence o f added carbohydrates by 
earlier workers, 29 % (Daniel & Rusch, 1961) and 36 to  49 % (Daniel & Baldwin, 1964)



o f control cultures, are probably due to  the presence o f large am ounts o f yeast extract 
in their media, as are the high yields (52 % o f control cultures) obtained with P. rigidum 
(Henney & Henney, 1968).

The report (Daniel & Baldwin, 1964) that glucose can be replaced by maltose or 
soluble starch, but no t by sorbose, xylose or arabinose, has been confirmed. Their 
claim tha t fructose can be utilized was no t confirmed (and is not supported by their 
own table showing a yield with fructose which differed little from tha t of their sugar- 
free controls); nor was their statem ent that galactose is not utilized supported by our 
findings. Results on another myxomycete, Physarum rigidum, are in complete agree­
ment with those reported here; Henney & Henney (1968) found that glucose, mannose, 
lactose and galactose were utilized and tha t fructose, sucrose, arabinose, ribose and 
xylcse were not.

Chemotaxis. Com an (1940) found that plasm odia o f Physarum polycephalum respond 
to  glucose solutions by positive chemotaxis but are indifferent to sucrose. The present 
study confirms C om an’s findings, and dem onstrates tha t with the seven sugars studied 
there is a complete correlation between their ability to  support growth and their 
chemotactic effectiveness. Positive chemotaxis to  peptone also occurs, thus taxis to 
nutrients is not limited to  sugars. Taxis to  standard medium is presumably attributable 
to  glucose, peptone and possibly other nutrients.

If  a nutrient is lacking, or is available only in a growth-limiting concentration, it 
will be advantageous for the plasmodium to respond by positive chemotaxis to  fresh 
supplies o f th a t nutrient. If  other nutrients are also lacking, or are only present in 
low concentrations then the requirem ent for the test nutrient will soon be satisfied and 
chemotaxis will not continue. Hence the agar-solidified medium which was employed 
both for the preparation o f  the plasmodial inoculum and the actual assay, contained 
in abundance all the nutrients required by the organism except the one being tested. 
Preliminary experiments indicated that it was this feature o f  the assay tha t led to the 
achievement o f highly consistent results. The principle is one generally applicable to 
the design o f assays for the study o f nutritional chemotropism and chemotaxis (H arris 
1961; Rosen, 1962, Adler, 1966; Carlile, 1966) and is likely to  be crucial wherever 
the response takes hours or days rather than minutes.

I wish to thank D r J. Dee for providing strain a+i, M r S. Barnes, D r K. W. Buck 
and D r A. G. F. Dickerson for advice on carbohydrate biochemistry and metabolism, 
D r A. L. Cooper for access to  calculations on glucose diffusion, Miss S Ford  for 
photography, M r C. E. G room e for skilled technical assistance, and Professor Sir 
Ernst Chain, F.R .S. for helpful discussion.
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Positive chemotaxis of plasmodium of P hysaru m  po lycep h a lu m . Glucose solution on left, distilled 
water on right, x 1-5.
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S U M M A R Y

Bacillus megaterium 2 1 6  w a s  i n d u c e d  w i t h  D - g a l a c t o s e  t c  f o r m  g a l a c t o ­

k i n a s e  ( E C  2 . 7 . 1 . 6 )  i n  a m o u n t s  c o m p a r a b l e  w i t h  t h o s e  i n d u c e d  i n  

Escherichia coli K I 2 .  W h e n  c o m p a r e d  w i t h  t h e  b a s a l  l e v e l ,  t h e  i n c r e a s e  w a s  

2 0  t i m e s  g r e a t e r  t h a n  i n  E. coli.
T h e  g r e a t e r  t h e  c o n c e n t r a t i o n  o f  D - g a l a c t o s e ,  t h e  g r e a t e r  t h e  p r o d u c t i o n  o f  

g a l a c t o k i n a s e  i n  b o t h  p r o t o p l a s t s  a n d  w h o l e  b a c t e r i a .  I n  e a c h  c a s e  t h e  

m a x i m u m  a m o u n t  o f  e n z y m e  w a s  i n d u c e d  b y  5 i u m  D - g a l a c t o s e .  D - F u c o s e ,  a  

g r a t u i t o u s  i n d u c e r ,  p r o d u c e d  a p p r o x i m a t e l y  h a l f  t h e  s p e c i f i c  a c t i v i t y  o f  

e n z y m e  i n  p r o t o p l a s t s  a s  D - g a l a c t o s e  a t  a n y  p a r t i c u l a r  c o n c e n t r a t i o n .  T h e  

y i e l d  o f  e n z y m e  i n  t h e  p r e s e n c e  o f  a n  o p t i m a l  c o n c e n t r a t i o n  o f  D - g a l a c t o s e  

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

c a s e i n  h y d r o l y s a t e .  T h e  s p e c i f i c  a c t i v i t i e s  o f  g a l a c t o k i n a s e  i n d u c e d  i n  p r o t o ­

p l a s t s  a n d  i n  w h o l e  b a c t e r i a  w e r e  r e s p e c t i v e l y  1 4 8 %  a n d  3 7 %  g r e a t e r  i n  

t h e  p r e s e n c e  o f  o - o i  %  c a s e i n  h y d r o l y s a t e .

The maximum specific activity o f galactokinase achieved after induction of 
protoplasts for 60 min. was 3-7 units/mg. protein com pared with 12-5 units/ 
mg. protein in whole bacteria. However, over the first 15 min. after the 
addition o f  inducer the same specific activity o f galactokinase was achieved 
in protoplasts as in whole bacteria.

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

In 1955 the induced form ation of arabinokinase in Bacillus subtilis protoplasts 
(Wiame, Storck & Vanderwinkel, 1955) and jS-galactosidase in Bacillus megaterium 
protoplasts (Landm an & Spiegelman, 1955; McQuillen, 1955) were reported. Sub­
sequently, a few isolated reports of enzyme induction in Escherichia coli spheroplasts 
appeared (M cQuillen, i960). However, over the years surprisingly little work has been 
done on these potentially useful sources o f cell-free enzyme-forming systems. The only 
such study has been made by Kiho & Rich (1964), who isolated a cell-free system for 
j8-galactosidase form ation after induction o f E. coli spheroplasts with methyl-^S- 
thiogalactopyranoside.

The present study was undertaken with the object of developing a model system in 
which the factors which limit the cell-free synthesis o f a specific protein could be 
studied. It was considered desirable to  have an intact organized system which could be 
converted into a cell-free extract with the minimum delay and by :he gentlest possible 
treatm ent. These conditions were fulfilled by a Bacillus megaterium system which 
readily forms stable protoplasts which can be induced to  form  galactokinase 
(EC 2 .7 .1 .6 ) , a relatively low molecular weight enzyme for which there is a sensitive
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and simple assay procedure. Further, these galactokinase-forming protoplasts can be 
readily and rapidly disrupted by osmotic lysis to  give cell-free preparations. The only 
detailed studies on galactokinase induction in bacteria have been restricted to  whole 
cells o f Escherichia coli (Paigen, 1963; Buttin, 1968; W ilson & Hogness, 1969)-
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E X P E R I M E N T A L

Organism. The bacterial strain used was Bacillus megaterium 216 from the collection 
o f Professor G. Ivanovics, The Medical University, Szeged, Hungary. Samples o f the 
freeze-dried bacteria were subcultured at 3 m onth intervals on basal medium (see 
below), containing 20 mM D-glucose, streaked on nutrient agar slopes and incubated 
a t 30° for 24 h. The resulting cultures were used as sources o f day-to-day inocula. 
Escherichia coli K12 strain W1485, used in the com parative studies, was kindly p ro ­
vided by D r J. R. Guest, D epartm ent of Microbiology, University of Sheffield. It was 
subcultured on to  nutrient agar and incubated a t 30° for 24 h. immediately before use.

Growth conditions. The bacteria were grown in a medium v/hich was essentially that 
o f Buttin (1963), and consisted of a defined salts solution (referred to  as the ‘basal 
m edium ’) together with 20 m M  D-glucose unless otherwise stated. The basal medium 
consisted of K H 2P 0 4, o - i m ; M gS0 4. 7H 20 , o-8 m M ; (N H 4)2S0 4, 15 m M ; FeS0 4. 7H aO, 
0-01275 him ; ‘trace metal io n ’ solution, 0-5 ml./l. (Coleman & Elliott, 1965); pH  7-2.

The medium (50 mh/250 ml. conical flask) was inoculated from a slope and incu­
bated for 18 h. at 30° in a G yrotory incubator-shaker (model G25, New Brunswick 
Scientific Co. Inc.) operating a t 240 oscillations/min. The resulting culture was then 
diluted tenfold with fresh nonsterile medium in a 2 1. conical flask and incubated 
(ca. 4 h.) until E\£“• =  o-8.

Washed bacteria and protoplast experiments. Cultures at of o-8 were centrifuged
a t 4500 g for 2 min. and the bacterial pellet washed with fresh basal medium by 
centrifuging. F o r the experiments with whole bacteria, the organisms were re­
suspended to  the initial density in basal medium plus the required carbon and complex 
nitrogen sources, and samples o f the suspension (40 mk/250 ml. flask) were shaken 
at 240 oscillations/min. at 30°.

Protoplast suspensions were prepared from the washed bacteria resuspended to  the 
initial density in basal medium containing sucrose (20 %, w/v) and lysozyme (B.D.H. 
Chemicals L td; 5 m g./ioo ml.) and shaken (200 ml. suspension/2 1. flask) a t 30° at 
120 oscillations/min. Protoplast form ation was completed in 15 min. and the prepara­
tion was used immediately.

Preparation of cell-free extracts. Bacteria and protoplasts were washed prior to 
disruption; this procedure removed D-galactose, which if present interfered in the 
assay of galactokinase. Bacteria from 40 ml. o f suspension were harvested by centri­
fuging at 4500 g  for 2 min., resuspended in fresh basal medium and then centrifuged 
again. The pellet was resuspended in 2-5 ml. of supplemented buffer solution; this 
contained K 2H P 0 4, 0-02 m ; dithiothreitol, 1-5 m M ;  EDTA, 1 m M ;  bovine serum 
album in ioo /ig ./m l.; adjusted to  pH  7-4 with glacial acetic acid (Gulbinsky & 
Cleland, 1968). The bacteria were lysed by adding 1-25 mg. lysozyme and allowing to  
stand at room  tem perature for 30 min. Protoplasts were washed by layering 25 ml. 
batches o f suspension on to  25 ml. ice-cold 30 % (w/v) sucrose in basal medium and 
centrifuging at 4500 g  for 10 min. The protoplast pellet was lysed by shaking with
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2-5 ml. o f the supplemented buffer solution. The lysed bacteria or protoplasts were 
centrifuged at 110,000 g for 45 min. at o° and the supernatant fractions taken for the 
assay o f galactokinase and protein.

Determination of galactokinase. Galactokinase was determined by a radiometric 
method adapted from the procedure o f Sherman & Adler (1963) by Gulbinsky & 
Cleland (1968). Extracts o f fully induced washed bacterial suspensions were diluted 
up to  120-fold and extracts of protoplasts tenfold with supplemented buffer solution 
to  give preparations whose activity was in the range where there was a linear relation­
ship between velocity o f reaction and enzyme concentration.

Determination of protein. Extracts from washed bacteria contained sufficient 
protein to  be estimated by the biuret m ethod of Layne (1957). The protein content of 
protoplast extracts was less and was measured by the modified biuret m ethod of 
Biirgi, Richterich & Briner (1967).

Bacterial density determination. Bacterial densities were determined by measuring 
extinction at 600 nm. in cuvettes with a 1 cm. light path.

Bacterial mass determination. Dry weights o f washed bacteria were determined as 
described by Coleman & Elliott (1962).

Casein hydrolysate. ‘O xoid’ casein hydrolysate (acid) was used as a nitrogen 
supplement ("O xoid’ Division of Oxo Ltd, London E.C.4).

Galactokinase in B. megaterium

R E S U L T S

Comparison of galactokinase levels in Bacillus megaterium 2 1 6  and Escherichia coli 
K 12

It was o f interest to make an initial comparison between the levels o f enzyme in 
Bacillus megaterium 216 and Escherichia coli K12 before and after induction with 
D-galactose. Whilst a low level o f enzyme was detected in both the uninduced bacteria, 
in B. megaterium the level was less than one-tenth o f that in E. coli. After induction 
with D-galactose (20 n i M)  com parable levels o f enzyme were found in both organisms, 
the level in B. megaterium being 30 % higher than in E. coli. However, due to the lower 
basal level in B. megaterium a 208-fold increase in enzyme was observed on induction 
com pared with a  13-fold increase in E. coli.

Stability o f sucrose-stabilized protoplasts
It was im portant to  determine the period during which the protoplasts remained 

stable w ithout evidence of spontaneous lysis. A sucrose-stabilized protoplast suspen­
sion in basal medium was induced by the addition o f 20 mM D-galactose, and the time 
course of increase in galactokinase was followed together with the change in in tra­
cellular protein. There was a rapid increase in both protein and galactokinase during 
the first 60 min. o f incubation and thereafter levels o f both fell, suggesting that after 
this period the protoplasts become unstable and start to  lyse.

It was possible that lysis also occurred to  a limited extent during the first 60 min. but 
was not detected because o f the masking effect o f net increases in enzyme and protein. 
By expressing results in terms o f specific activity, this possible source of error or 
experimental variation may be eliminated.
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Effect of casein hydrolysate concentration
The effect o f casein hydrolysate on the induction o f galactokinase in protoplasts 

was com pared w ith its effect on induction in whole bacteria.
The addition o f 0-005 % casein hydrolysate to  protoplasts induced w ith 5 m M  

D-galactose caused a doubling in specific activity o f the enzyme (Table 1). Increase in 
the casein hydrolysate concentration to  0-05 % produced only a further 20 % increase 
in the specific activity o f galactokinase. In  contrast, similar additions of casein hydro­
lysate (0-005 to  0-05 %) had no effect on the specific activity o f galactokinase in 
protoplasts induced with 5 m M  D-fucose (6-deoxy-D-galactose), a  gratuitous inducer 
o f  galactokinase (Buttin, 1963).

Table 1. Effect o f casein hydrolysate as a nitrogen supplement 
on galactokinase formation

Protoplasts and washed bacteria were incubated in. basal medium containing increasing 
concentrations of casein hydrolysate together with inducer as indicated. Extracts o f the 
protoplasts were prepared for assay after 60 min. incubation and extracts of whole bacteria 
were prepared after 3 h. incubation.

Specific activity of galactokinase 
(units/mg. protein) 

in

Casein hydrolysate Protoplasts induced by Whole bacteria
( _A------------------------------- - induced by

% 5 r r .M  D-fucose 5 mM D-galactose 20 him D-galactose

0-000 r92 1-48 16-2
0-005 196 3-06 23-8
0010 I-92 3-73 22-0
0-050 185 3-57 21*1

Galactokinase was induced in  whole bacteria by both 5 mM and 20 m M  D-galactose 
in the absence o f casein hydrolysate to  give a specific activity three times greater than 
that achieved in protoplasts after the same incubation period of 1 h. The specific 
activity in whole bacteria was increased a further threefold after 3 h. incubation with 
20 m M  D-galactose. The effect of adding 0-005 % casein hydrolysate under these latter 
conditions was to  produce a further 3 7  % increase in specific activity. Increase in the 
concentration o f casein hydrolysate to  0-05 % did not stimulate the form ation o f any 
m ore galactokinase.

A  concentration of D-galactose of 20 mM was employed as inducer with whole 
bacteria in preference to 5 m M  during a 3 h. incubation since at the lower concentra­
tion all the D-galactose was metabolized, whilst at the higher concentration D-galactose 
was detectable in the medium at the end of the incubation.

Effect of inducer concentration
Studies of the effect o f different concentrations of D-galactose and D-fucose on 

galactokinase induction in protoplasts showed tha t with both  inducers the specific 
activity of the galactokinase increased with increase in inducer concentration, reaching 
a maximum a t 3 m M  D-galactose and 5 m M  D-fucose (Fig. 1 a). G reater concentrations 
o f inducer produced little change in specific activity of the enzyme. The maxim um



s p e c i f i c  a c t i v i t y  i n  t h e  p r e s e n c e  o f  D - g a l a c t o s e  w a s  t w i c e  t h a t  a c h i e v e d  i n  t h e  p r e s e n c e  

o f  D - f u c o s e .  I n  w h o l e  b a c t e r i a  i n d u c e d  w i t h  D - g a l a c t o s e  s i m i l a r  c h a r a c t e r i s t i c s  w e r e  

o b s e r v e d  ( F i g .  1  b ) ,  m a x i m u m  a c t i v i t y  b e i n g  a c h i e v e d  a t  a  c o n c e n t r a t i o n  o f  5  m M ;  

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

o f  D - f u c o s e  t h e  p a t t e r n  w a s  r a t h e r  d i f f e r e n t ;  w i t h  0 - 5  m M  D - f u c o s e  t h e  l e v e l  o f  g a l a c t o ­

k i n a s e  a c t i v i t y  w a s  s i m i l a r  t o  t h e  m a x i m u m  a m o u n t  i n d u c e d  b y  D - g a l a c t o s e .  F u r t h e r  

i n c r e a s e  i n  D - f u c o s e  c o n c e n t r a t i o n  f r o m  0 - 5  t o  2 0  m M  r e s u l t e d  i n  a  d o u b l i n g  o f  t h e  

s p e c i f i c  a c t i v i t y  o f  g a l a c t o k i n a s e .

Galactokinase in B. megaterium 231

Inducer concentration (mM)

Fig. 1 . Effect o f inducer concentration on the induction o f galactokinase in (a) pro toplasts and 
(0) whole bacteria. Protoplasts were incubated for 60 m in. and  whole bacteria for 3 h. in 
basal m edium  containing 0 01 %  casein hydrolysate and different concentrations o f 
e-galactose (O )  o r D-fucose ( • ) .

P r o g r e s s  o f  g a la c to k in a s e  f o r m a t io n

T h e  p r o g r e s s  o f  g a l a c t o k i n a s e  i n d u c t i o n  w a s  s t u d i e d  i n  t h e  p r e s e n c e  o f  b a s a l  

m e d i u m  c o n t a i n i n g  o - o i  %  c a s e i n  h y d r o l y s a t e  a n d  D - g a l a c t o s e  o r  D - f u c o s e  a t  a  c o n ­

c e n t r a t i o n  o f  5  m M  f o r  p r o t o p l a s t s  a n d  2 0  m M  f o r  w h o l e  b a c t e r i a .

I n  t h e  p r e s e n c e  o f  D - g a l a c t o s e  t h e  g a l a c t o k i n a s e  a n d  p r o t e i n  c o n t e n t  o f  t h e  p r o t o ­

p l a s t s  i n c r e a s e d  a n d  r e a c h e d  a  m a x i m u m  a t  6 0  m i n . ,  a t  w h i c h  t i m e  m a x i m u m  s p e c i f i c  

a c t i v i t y  w a s  a l s o  a c h i e v e d  ( F i g .  2 a ) .  O n  f u r t h e r  i n c u b a t i o n  b o t h  p r o t e i n  a n d  g a l a c t o ­

k i n a s e  a c t i v i t y  f e l l ,  i n d i c a t i n g  t h a t  t h e  p r o t o p l a s t s  w e r e  b e c o m i n g  u n s t a b l e  a n d  l y s i n g .

I n  t h e  p r e s e n c e  o f  t h e  g r a t u i t o u s  i n d u c e r  D - f u c o s e  t o t a l  g a l a c t o k i n a s e  a n d  s p e c i f i c  

a c t i v i t y  a g a i n  r e a c h e d  a  m a x i m u m  a f t e r  6 0  m i n .  ( F i g .  2 b ) ,  a n d  a s  e x p e c t e d  p r o t e i n  

c o n t e n t  c h a n g e d  r e l a t i v e l y  l i t t l e  o v e r  t h e  p e r i o d  o f  t h e  e x p e r i m e n t .  I n  t h i s  e x p e r i m e n t  

t h e  d e v e l o p m e n t  o f  p r o t o p l a s t  i n s t a b i l i t y  w a s  l e s s  p r o n o u n c e d  t h a n  i n  t h e  p r e s e n c e  o f  

D - g a l a c t o s e ,  a n d  s p e c i f i c  a c t i v i t y  r e m a i n e d  r e l a t i v e l y  c o n s t a n t  a t  a b o u t  h a l f  t h e  

m a x i m u m  l e v e l  a c h i e v e d  w i t h  t h e  n o n g r a t u i t o u s  i n d u c e r .
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T h e  p r o g r e s s  o f  g a l a c t o k i n a s e  i n d u c t i o n  i n  w h o l e  b a c t e r i a  ( F i g .  3 0 ,  b )  p r o d u c e d  t h e  

e x p e c t e d  p a t t e r n s  o f  i n c r e a s e  i n  b a c t e r i a l  d e n s i t y  o v e r  3  h .  i n  t h e  p r e s e n c e  o f  D - g a l a c -  

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

s p e c i f i c  a c t i v i t i e s  b e i n g  a t  l e a s t  t w o f o l d  g r e a t e r  t h r o u g h o u t  t h e  3  h .  i n c u b a t i o n  f o r  t h e  

D - f u c o s e - i n d u c e d  b a c t e r i a .
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Fig. 2. Progress o ’galactokinase induction in protoplasts by (a) D-galactose and (b ) D-fucosc. 
Protoplasts were incubated in basal m edium  containing 0 01 % casein hydrolysate, 2 0 % 
(w/v) sucrose anc  inducer at a  concentration of 5 h i m . Samples were taken a t intervals for 
galactokinase ( □ )  and soluble protein (A ) assay. Specific activities o f galactokinase (O ) 
were calculated from  the d a ta  obtained.

T h e  p r o g r e s s  c u r v e s  f o r  g a l a c t o k i n a s e  f o r m a t i o n  i n d u c e d  b y  D - g a l a c t o s e  i n  p r o t o ­

p l a s t s  ( F i g .  2 d )  a n d  i n  w h o l e  b a c t e r i a  ( F i g .  3 a )  s h o w  t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  

e n z y m e  i n c r e a s e d  b y  t h e  s a m e  a m o u n t  d u r i n g  t h e  f i r s t  1 5  m i n .  a f t e r  i n d u c t i o n .  T h e r e ­

a f t e r  t h e  s p e c i f i c  a c t i v i t y  i n  w h o l e  b a c t e r i a  i n c r e a s e d  m o r e  r a p i d l y ,  b e i n g  5 0  %  h i g h e r  

a f t e r  3 0  m i n .  a n d  t h r e e  t i m e s  h i g h e r  a f t e r  1  h .  I t  w a s  o f  i n t e r e s t  t o  e s t a b l i s h  w h e t h e r



this difference was due to  m ore favourable external conditions imposed on whole 
bacteria com pared with protoplasts or whether it was related to  a m ore highly 
developed enzyme-forming machinery in whole bacteria.

Galactokinase in B. megaterium 233

Fig. 3. Progress o f  galactokinase induction and change in bacterial density in the presence 
o f (a ) D-galactose and (b ) D-fucose. In tact bacteria  were incubated in basal m edium  con­
taining 0 01 % casein hydrolysate and inducer a t a  concentration o f 20 mM. A t different 
times during  the incubation bacterial density was determ ined in term s o f extinction at 
600 nm . (A ) and  samples were taken for determ ination of to ta l galactokinase ( □ )  and its 
specific activity (O ).

The addition o f 20 % (w/v) sucrose to a suspension o f whole bacteria, in the presence 
o f 5mM D-galactose caused a 50 % reduction in specific activity c f  the enzyme over a 
60 min. incubation (Fig. 4). Reduction o f the shaking rate to  tha t which was optimal 
for m aintaining protoplast stability further reduced the specific activity to  66 % o f that 
achieved in protoplasts under similar conditions.
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Time after addition of inducer (min.)

Fig. 4 . Effect o f  incubating washed bacteria  under the conditions employed for the induction 
o f galactokinase in  protoplasts. The increase in specific activity o f  galactokinase in whole 
bacteria shaken a t 240 oscillations/m in. in the presence ( • )  and absence (O ) o f  20 % (w/v) 
sucrose was com pared with whole bacteria in the presence of 20 %  (w/v) sucrose (A ) and 
sucrose-stabilized protoplasts (■) shaken a t 120 oscillations/m in. All the preparations were 
suspended in basal m edium  containing o-oi %  casein hydrolysate together with 5 mM 
D-galactose as inducer.

D IS C U S S IO N

The results of this investigation show that the general characteristics of induction of 
galactokinase were similar in whole bacteria and protoplasts o f Bacillus megaterium 
although differences were observed in the levels o f enzyme and  specific activities 
achieved in the two systems.

The effect of casein hydrolysate supplementation was consistent with the supply of 
amino acids being a limiting factor during the induction of galactokinase in proto­
plasts by the nongratuitous inducer D-galactose. On induction of protoplasts with 
D-fucose, where there was little opportunity for increase in total cellular material due 
to the unavailability of a metabolizable carbon source, no such limitation was demon­
strated.

The higher levels o f enzyme and higher specific activities observed in whole bacteria 
com pared with protoplasts was due largely to  the greater stability o f  whole bacteria 
during the experimental period. This was reflected by their ability to  produce enzyme 
over longer periods. Over shorter time periods, during which protoplasts rem ain 
stable, the differences in specific activity appeared to  be related to  differences in 
environmental conditions. Evidence in favour o f this idea was obtained by incubating 
whole bacteria in sucrose a t the reduced shaking rate necessary to  m aintain protoplast 
stability since in these conditions the production o f enzyme was reduced to  a  level 
similar to  tha t achieved in protoplasts.

Thus, whilst whole bacteria will form  greater am ounts o f  galactokinase for longer



periods o f time, the advantages which osmotic fragility confer on protoplasts as a 
source o f a cell-free enzyme-forming system still make them an attractive proposition 
worthy o f further study.
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o f a Research Studentship.
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S U M M A R Y

Both wall and mem brane teichoic acids from  Lactobacillus helveticus 
n c i b  8025 are glycerol phosphate polymers partially substituted with oc- d -  
glucosyl residues. The mem brane teichoic acid, isolated as a  complex with 
lipid (lipoteichoic acid), was antigenic when injected into rabbits with 
F reund’s adjuvant. The a-D-glucosyl substituents are primarily responsible 
for the serological specificity o f the m em brane antigen, and account for the 
reaction o f wall teichoic acid with antisera to  the mem brane teichoic acid. 
Glycerol teichoic acids either differing in or lacking sugar substitution may 
cross-react and the significance o f these observations is discussed.

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

The serological classification o f micro-organisms may be based on the agglutination 
o f whole organisms or the reactivity o f solubilized cell com ponents with specific 
antisera. Both procedures have been utilized in the serological classification o f  the 
lactobacilli. The work o f Sharpe (1955) showed tha t m ost strains o f lactobacilli can 
be divided into one o f six serological groups on the basis o f the reaction o f Lancefield 
acid extracts with antisera prepared against whole organisms. Subsequently, Sharpe, 
D avison & Baddiley (1964) concluded th a t the group A antigen {Lactobacillus helveti- 
cus-jugurti group) was an intracellular (membrane) glycerol teichoic acid. Mills (1969) 
has recently studied the agglutinating antigens o f  L. jugurti and concluded th a t the 
cell-wall teichoic acid is the m ajor antigen in the cell wall o f  group A  lactobacilli, 
while the intracellular teichoic acid was also serologically active.

This study reports m ore definitive investigations into the chemical structure and 
serological properties o f the wall and m em brane (intracellular) teichoic acids. The 
reaction o f these teichoic acids with antisera against o ther lactcbacilli and  group A 
streptococci has also been investigated.

M E T H O D S

Organisms. Strains o f lactobacilli were obtained originally from  the N ational 
Collection o f  Type Cultures, Colindale, London, o r from D r M. E. Sharpe, N ational 
Institute for Research in Dairying, Reading, Berkshire, and were representative of
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each o f the serological groups: Lactobacillus helveticus N C I B 8025 (group A), L. casei 
N I R D H 831 (group B), L. casei N I R D R 094 (group C), L. plantarum N C I B 7220 (group D),
L. lactis N C I B 7228 (group E), and L.fermenti N C T C 6991 (group F). A strain o f group A 
streptococcus was isolated and identified by M r H. C. Spies of this Institute. O rgan­
isms were grown for 18 h. at 370, lactobacilli in the medium described by Sharpe et al.
( 1964) ,  and streptococci in Todd-H ew itt broth.

Preparation of teichoic acid. Suspensions of washed Lactobacillus helveticus were 
disrupted with Ballotini beads (no. 13) and cell walls isolated and washed by the 
m ethod described previously (Knox & Hall, 1965). Teichoic acid was extracted from 
these cell walls by two procedures : (i) Walls were extracted conventionally with cold 
10 % trichloracetic acid (TCA) for 48 h., crude teichoic acid being recovered from  the 
clarified supernatant o f centrifuged extracts by precipitation with 5 vol. of 96 % 
ethanol, (ii) Suspensions o f cell walls in o-5N-NaOH were stirred at room  tem perature 
for 4 h . (Archibald, Coapes & Stafford, 1969), and after centrifugation the clear 
supernatant fluid was neutralized with H C 1 and then dialysed. Crude teichoic acid 
was recovered by freeze-drying. Teichoic acid preparations from  both (i) and (ii) were 
purified further by chrom atography in o-2M-ammonium acetate, p H 6-9, on columns 
of Sephadex G 75 (Wicken & Knox, 1970).

The nonsedimentable m aterial obtained after centrifuging disintegrated organisms 
(12,000 g , 20 min.. Serval RC 2 centrifuge) was used as the source of m embrane 
teichoic acid. Teichoic acid was extracted with cold aqueous phenol and purified by 
chrom atography in o-2M-ammonium acetate on columns of 6 %  agarose (Litex, 
Denm ark) as described previously (Wicken & Knox, 1970).

D r M. M cCarty kindly provided a sample of polyglycerophosphate (glycerol 
teichoic acid) prepared from  a group A streptococcus strain D58 (type 3) (M cCarty,
1959)-

jPreparation of antisera. Group-specific antisera were prepared by the intravenous 
injection o f suspensions of bacteria (Sharpe, 1955; Knox, Hewett & Wicken, 1970). 
The antigenicity o f the m embrane teichoic acid from Lactobacillus helveticus was ex­
amined by injecting subcutaneously an emulsion containing equal volumes o f teichoic 
acid solution and F reund’s complete adjuvant (Knox, Hewett & W icken, 1970).

Serological methods. The specificity o f group antisera was examined initially by the 
qualitative ring precipitin m ethod (Sharpe, 1955). Quantitative precipitin reactions and 
haem agglutination titres were determined by the methods previously used with 
Lactobacillus fermenti (Hewett, Knox & W icken, 1970; Knox et al. 1970).

Analytical methods. Conditions for the acidic and alkaline hydrolysis o f teichoic 
acids, enzymic déphosphorylation, characterization of glycosides and identification 
o f products by paper chrom atography, unless stated in the text, are essentially as 
described previously (Forrester & Wicken, 1966; Wicken, 1966). Procedures for 
quantitative analyses have been detailed by Wicken & Knox (1970).

Paper chromatography. The following solvent systems were used for paper chrom ato­
graphy: (a) p ropan-1-ol +  aq. am m onia (sp.gr. o-88) +  water (6 +  3 +  1, by vol.; Hanes 
& Isherwood, 1949), W hatm an paper no. 4, ascending; (6) bu tan-i-o l +  pyridine +  
water (6 +  4 +  3, by vol.; Jeanes, Wise & Dimler, 1951), W hatm an paper no. 1 or 
3 M M , descending; (c) ethyl acetate +  p y rid in e -w a te r  (5 +  2 +  5, by vol., upper layer; 
Sastry & Kates, 1964), W hatm an paper no. 1 or 3 M M , descending. C hrom atographic 
spray reagents were as detailed previously (Wicken & Knox, 1970).
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R ESU LTS

Teichoic acids o f  L actobacillu s helveticus

W a l l  t e ic h o ic  a c id  w a s  o b t a in e d  in  y ie ld s  o f  1 3 -6 %  a n d  9-1 %  o f  th e  d r y  w e ig h t  o f  

c e l l  w a l ls  b y  T C A  a n d  s o d iu m  h y d r o x id e  e x t r a c t io n  r e s p e c t iv e ly ,  a f t e r  c h r o m a t o g r a p h y  

o n  S e p h a d e x  G  75  (K d ca. 0 -5 ). P a p e r  c h r o m a t o g r a p h y  o f  a c id  h y d r o ly s a t e s  o f  b o t h  

p r e p a r a t io n s  s h o w e d  p r o d u c t s  t y p ic a l  o f  g ly c e r o l  t e ic h o ic  a c id s  s u b s t i t u t e d  w it h  g lu c o s e  

a n d ,  in  th e  c a s e  o f  T C A - e x t r a c t e d  t e ic h o ic  a c id ,  D - a la n y l  e s te rs . Q u a n t i t a t iv e  e s t im a ­

t io n  o f  D - g lu c o s e  a n d  p h o s p h o r u s  in  a c id  h y d r o ly s a t e s  g a v e  m o le  r a t io s  o f  0 -6 4 :1 -0 0  

a n d  0 - 5 6 : 1 -oo  r e s p e c t iv e ly  f o r  T C A -  a n d  s o d iu m  h y d r o x id e - e x t r a c t e d  t e ic h o ic  a c id s .  

T h e s e  v a lu e s  c o m p a r e d  f a v o u r a b ly  w it h  th e  g lu c o s e : p h o s p h o r u s  m o le  r a t io  o f  o - 6 i : 1 -oo 

f o r  w h o le  c e l l  w a l ls .  I s o la t e d  c e l l  w a l ls  c o n t a in e d  1 -37 /¿ m o le s  p h o s p h o r u s / m g .  d r y  

w e ig h t  w h ic h  is  in d ic a t iv e  o f  a  t o t a l  t e ic h o ic  a c id  c o n t e n t  o f  a b o u t  3 5  %  b y  w e ig h t ,  

a s s u m in g  t h a t  a l l  o f  t h e  p h o s p h o r u s  in  t h e  c e l l  w a l l  is  a c c o u n t e d  f o r  b y  t e ic h o ic  a c id ;  
t h is  w o u ld  r e p r e s e n t  a p p r o x im a t e ly  7  %  o f  t h e  t o t a l  c e l l  m a s s .

P h e n o l- e x t r a c t e d  m e m b r a n e  t e ic h o ic  a c id  w a s  e lu te d ,  f r e e  o f  n u c le ic  a c id  m a t e r ia l ,  

c lo s e  t o  th e  v o id  v o lu m e  f r o m  6  %  a g a r o s e  c o lu m n s ,  a n d  a p p e a r e d  t o  b e  o f  th e  s a m e  

o r d e r  o f  m o le c u la r  s iz e  a s  th e  P -  o r  l i p o t e ic h o ic  a c id  is o la t e d  f r o m  L actobacillu s  
fe rm e n ti  N C T C 6991 ( W ic k e n  &  K n o x ,  1 9 7 0 ) ; th e  y ie ld  f r o m  21 g . d r y  w e ig h t  o f  o r g a n ­

is m s  w a s  9 6  m g .,  o r  a p p r o x im a t e ly  0 -5  %  o f  th e  t o t a l  c e l l  m a s s . A c i d  h y d r o ly s a t e s  o f  

t h is  m a t e r ia l  s h o w e d ,  in  a d d i t io n  t o  th e  c o m p o n e n t s  f o u n d  in  w a l l  t e ic h o ic  a c id ,  f a t t y  

a c id ( s )  a n d  t r a c e s  o f  g a la c t o s e  a s  w e l l  a s  a s s o c ia te d  p r o t e in  m a t e r ia l .  Q u a n t i t a t iv e  

a n a ly s e s  g a v e  4 -4  %  f a t t y  a c id  e s te rs  (a s  p a lm i t i c  a c id )  a n d  th e  m o le  r a t io  o f  g lu c o s e : 

g a la c t o s e : p h o s p h o r u s  w a s  0 -4 5 :0 -0 2 5 :1 - 0 0 .
A lk a l i n e  p h o s p h o m o n o e s t e r a s e  t r e a tm e n t  o f  a lk a l i - h y d r o ly s e d  w a l l  t e ic h o ic  a c id  

g a v e  g ly c e r o l ,  t r a c e s  o f  d ig ly c e r o l  m o n o p h o s p h a te ,  a  s m a l l  a m o u n t  o f  a  g ly c o s id e ,  

t r a c e s  o f  a n  o r g a n ic  p h o s p h a t e  e s te r , a n d  a p p r e c ia b le  q u a n t i t ie s  o f  a  m a t e r ia l  c o n t a in ­

in g  o r g a n ic  p h o s p h a t e .  T h e  la t t e r  m ig r a t e d  a s  a  b r o a d  b a n d  (/?gIyceroi =  o -o  t o  0 -1 8 )  
in  s o lv e n t  A  a n d  h a d  a  g lu c o s e : p h o s p h o r u s  r a t io  o f  1 -0 9 :1 . D ig ly c e r o l  m o n o p h o s p h a te  

w a s  id e n t i f ie d  b y  i t s  m o b i l i t y  in  s o lv e n t  A  a n d  r a p id  r e a c t io n  w it h  th e  p e r io d a t e  +  

S c h i f f ’ s r e a g e n t  o n  p a p e r  c h r o m a t o g r a m s .  T h e  g ly c o s id e  g a v e  a  s lo w  r e a c t io n  w it h  th e  

p e r io d a t e - I - S c h i f f ’ s r e a g e n t ,  c h a r a c t e r is t ic  o f  a  2 - s u b s t it u t e d  g ly c e r o l ,  a n d  a f t e r  a c id  

h y d r o ly s is  s h o w e d  D -g lu c o s e  a n d  g ly c e r o l  a s  th e  o n ly  c o n s t i t u t e n t s  in  th e  m o le  r a t io  

o f  0 - 9 3 :1  -oo . I t  w a s  n o t  h y d r o ly s e d  b y  / ? -g lu c o s id a s e  a n d  w a s  c h r o m a t o g r a p h ic a l ly  

in d is t in g u is h a b le  f r o m  a u t h e n t ic  2 - o - a - D - g lu c o p y r a n o s y l- g ly c e r o l ,  h a v in g  7?gloco,e 

v a lu e s  o f  i -io  a n d  1-03 in  s o lv e n t s  B  a n d  C  r e s p e c t iv e ly .  H y d r o ly s i s  o f  w a l l  t e ic h o ic  

a c id  in  6 0 %  H F  a t  o °  ( G la s e r  &  B u r g e r ,  1 9 64 )  f o l lo w e d  b y  t r e a tm e n t  w it h  p h o s p h o ­

m o n o e s te r a s e  g a v e  a  g o o d  y ie ld  o f  t h is  g ly c o s id e  a s  w e l l  a s  g ly c e r o l ,  a n d  n o  e v id e n c e  o f  

h ig h e r  g ly c o s id ic  s u b s t i t u t io n  o f  g ly c e r o l  w a s  o b t a in e d .  T h e s e  r e s u lt s  a r e  c o n s is t e n t  
w i t h  2 - 0 - a - D - g lu c o s y l - s u b s t i t u t io n  o f  m a n y  o f  th e  g ly c e r o l  m o ie t ie s  in  th e s e  t e ic h o ic  

a c id  p r e p a r a t io n s .  T h e  p h o s p h a t e  e s te r  ( RF =  0 -4 3  in  s o lv e n t  A )  o b t a in e d  f r o m  

a lk a l in e  +  e n z y m ic  h y d r o ly s is  w a s  u n c h a n g e d  b y  f u r t h e r  t r e a tm e n t  w it h  th e s e  a g e n ts ,  

a n d  g a v e  a  s lo w  r e a c t io n  w it h  th e  p e r io d a t e  +  S c h i f f ’ s r e a g e n t  a n a lo g o u s  t o  t h a t  g iv e n  

b y  th e  g ly c o s id e  a b o v e .  A c i d  h y d r o ly s i s  g a v e  g ly c e r o l ,  g lu c o s e  a n d  g ly c e r o l  m o n o ­

p h o s p h a te s .  T h e  e s te r  is  t h e r e fo r e  l i k e l y  t o  b e  d ig lu c o s y ld ig ly c e r o l  m o n o p h o s p h a t e  

w h ic h  h a s  a n  id e n t ic a l  r e p o r t e d  R F i n  s o lv e n t  A  ( S h a w  &  B a d d i le y ,  1 9 6 4 ).

D e g r a d a t io n  o f  m e m b r a n e  t e ic h o ic  a c id  b y  a lk a l i  a n d  p h o s p h o m o n o e s t e r a s e  o r  b y
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6 0  %  H F  g a v e  p r o d u c t s  e s s e n t ia l ly  s im i la r  t o  t h o s e  f r o m  w a l l  t e ic h o ic  a c id .  I n  a d d i t io n ,  

h y d r o ly s i s  b y  a l k a ’ i  y ie ld e d  a  s m a l l  q u a n t i t y  o f  a  g ly c o s id e  c o n t a in in g  g lu c o s e  a n d  

g a la c t o s e  (/?glac0Be =  0 -31  in  s o lv e n t  B )  a n d  r e a c t in g  r a p id ly  w i t h  th e  p e r io d a t e +  

S c h i f f ’ s  r e a g e n t .  T h e  m o n o g lu c o s y lg ly c o s id e  w a s  c h r o m a t o g r a p h ic a l ly  id e n t ic a l  t o  t h a t  

o b t a in e d  f r o m  w a l l  t e ic h o ic  a c id  a n d  s im i la r l y  w a s  n o t  h y d r o ly s e d  b y  / i- g lu c o s id a s e .

R e a c tio n  o f  te ic h o ic  a c id s  f r o m  L a c to b a c illu s  h e lve ticu s  
w ith  h o m o lo g o u s a n tise ra

R e a c tiv i ty  o f  a n tis e ra  to  L a c to b a c illu s  h e lve ticu s  ce lls  

A n t i s e r a  o b t a in e d  f r o m  th re e  r a b b i t s  in j e c t e d  w i t h  a  s u s p e n s io n  o f  L a c to b a c illu s  
h e lv e tic u s  g a v e  a  p o s i t iv e  r e a c t io n  in  t h e  q u a l i t a t iv e  r in g  p r e c ip i t in  te s t  w i t h  a n  a c id  

e x t r a c t  o f  t h e  o r g a n is m s .  W h e n  e x a m in e d  b y  t h e  q u a n t i t a t iv e  p r e c ip i t in  m e t h o d  th e  

m o s t  a c t iv e  s e r u m  ( r a b b i t  1 59 ) c o n t a in e d ,  p e r  m l. ,  o n ly  0 -2 3  m g . o f  a n t ib o d y  r e a c t in g  

w it h  m e m b r a n e  t e ic h o ic  a c id  a n d  <  o - 1 m g . r e a c t in g  w i t h  w a l l  t e ic h o ic  a c id .

240

F ig . I .  P re c ip ita tio n  o f  te icho ic  ac id s f ro m  L a c to b a c il lu s  h e lv e tic u s  b y  a n tise ru m  (o-l m l.) 
ag a in s t m em b ran e  te icho ic  ac id  (ra b b it 176); • ,  M e m b ran e  te icho ic  a c id ; O , am m o n ia -  
d eg rad ed  m em b ran e  te icho ic  a c id ; A , w all te icho ic  acid .

R e a c tiv i ty  o f  a n tise ra  to  m e m b ra n e  te ic h o ic  a c id

A n t i s e r a  p r e p a r e d  a g a in s t  th e  i s o la t e d  m e m b r a n e  t e ic h o ic  a c id  re a c te d  w i t h  b o t h  th e  

w a l l  a n d  m e m b r a n e  t e ic h o ic  a c id s ;  w i t h  m e m b r a n e  t e ic h o ic  a c id  th e  a m o u n t  o f  a n t i ­

b o d y  in  s e ra  f r o m  r a b b i t s  1 7 5 ,1 7 6  a n d  177  w a s  e s t im a te d  t o  b e  1 -2 ,1 -5  a n d  o -8  m g ./ m l.  

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

176  ( o - i  m l. )  a r e  c o m p a r e d  i n  F ig .  1. T h e  w e a k e r  r e a c t io n  o f  w a l l  t e ic h o ic  a c id  c o u ld  

b e  r e la t e d  t o  i t s  m o le c u la r  w e ig h t  b e in g  c o n s id e r a b ly  le s s  t h a n  t h a t  f o r  th e  m e m b r a n e  

t e ic h o ic  a c id .  I t  w a s  s h o w n  p r e v io u s ly  ( K n o x  e t  a l. 19 70 ) t h a t  a q u e o u s  a m m o n ia  

d e g r a d e d  h ig h  m o le c u la r  w e ig h t  m e m b r a n e  t e ic h o ic  a c id  f r o m  L a c to b a c illu s  fe r m e n ti ,  
r e m o v in g  f a t t y  a c id s  a n d  y ie ld in g  a  p r o d u c t  w i t h  s e r o lo g ic a l  p r o p e r t ie s  s im i la r  t o  t h o s e  

o f  lo w  m o le c u la r  w e ig h t  t e ic h o ic  a c id .  T r e a t m e n t  o f  a  s o lu t io n  o f  L . h e lv e tic u s  m e m ­



b r a n e  t e ic h o ic  a c id  w it h  a n  e q u a l v o lu m e  o f  a q u e o u s  a m m o n ia  ( s p .g r .  o -8 8 )  a t  r o o m  

t e m p e r a t u r e  f o r  16 h .  d e c re a s e d  i t s  s e r o lo g ic a l  r e a c t iv i t y ,  t h e  q u a n t i t a t iv e  p r e c ip i t in  

c u r v e  n o w  b e in g  s im i la r  t o  t h a t  f o r  th e  w a l l  t e ic h o ic  a c id  ( F ig .  :) .

I n  e a r l ie r  s t u d ie s  o n  t e ic h o ic  a c id  p r e p a r a t io n s  f r o m  L a c to b a c illu s  f e r m e n ti ( H e w e t t  

e t  a l. 19 7 0 ), th e  a p p l i c a t io n  o f  th e  h a e m a g g lu t in a t io n  p r o c e d u r e  in d ic a t e d  t h a t  l i p o -  

t e ic h o ic  a c id s  a d s o r b e d  t o  s h e e p  e r y t h r o c y t e s  w h e re a s  l ip id - f r e e  t e ic h o ic  a c id  d id  n o t .  

S im i la r  s t u d ie s  w it h  L . h e lv e tic u s  p r e p a r a t io n s  h a v e  s h o w n  t h a t  th e  m e m b r a n e  

l i p o t e ic h o ic  a c id  b u t  n o t  th e  w a l l  t e ic h o ic  a c id  s e n s it iz e s  s h e e p  e r y t h r o c y te s .  T h e  t i t r e  

o f  a n t is e r u m  176  u s in g  th e se  s e n s it iz e d  e r y t h r o c y t e s  w a s  8 0 0 ;  p r i o r  a b s o r p t io n  o f  

a n t is e r u m  w i t h  w h o le  o r g a n is m s  ( H e w e t t  e t  a l. 1970 ) d e c re a s e d  th e  t i t r e  t o  2 00 .
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T a b le  1. In h ib itio n  o f  p re c ip it in  re a c tio n  b e tw e e n  te ich o ic  a c id s  a n d  a n tise ra  
p r e p a r e d  a g a in s t m e m b ra n e  te ich o ic  a c id  f r o m  L a c to b a c illu s  h e lve ticu s

The antisera were examined for serological specificity using membrane teichoic acid, 
ammonia-degraded membrane teichoic acid and wall teichoic acid prepared from L. helveti­cus. Results are recorded in the form of percentage inhibition of the precipitin reaction when 
glucose, methyl-a-D-glucoside or methyl-/?-D-glucoside was present.

In h ib itio n  (% )
p ro d u ced  by  su g a r (20 //m oles)

A n tise ru m ,------------ --------- A_____
f ro m Methyl-a-D Methyl-/?-D

ra b b it T eicho ic  acid G lucose g lucosice glucoside

175 M e m b ran e 38 52 18
177 M e m b ran e 25 51 13
176 M em b ran e 35 47 20

D eg rad ed  m em b ran e 44 59 22
W all 42 6 l 25

S p e c if ic i ty  o f  a n tise ra  to  m e m b ra n e  te ic h o ic  a c id

D - G l u c o s e ,  m e t h y l - a - D - g l u c o s i d e  a n d  m e t h y l - / ? - D - g l u c o s i d e  w e r e  e x a m i n e d  f o r  t h e i r  

a b i l i t y  t o  i n h i b i t  t h e  p r e c i p i t i n  r e a c t i o n  b e t w e e n  m e m b r a n e  t e i c h o i c  a c i d  ( 1 0  / / g . )  a n d  

e a c h  o f  t h e  a n t i s e r a  1 7 5  ( o - i  m l . ) ,  1 7 6  ( o - i  m l . )  a n d  1 7 7  ( 0 - 2  m l . ) .  T h e  d e t a i l e d  r e s u l t s  

f o r  a n t i s e r u m  1 7 6  a r e  g i v e n  i n  F i g .  2  w h i l e  T a b l e  1  c o m p a r e s  t h e  d e g r e e  o f  i n h i b i t i o n  

b y  2 0  / / m o l e s  o f  c a r b o h y d r a t e  f o r  e a c h  o f  t h e  s e r a .  T h e  r e s u k s  i n d i c a t e  t h a t  a - D -  

g l u c o s y l  s u b s t i t u e n t s  w e r e  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  r e a c t i o n  b e t w e e n  m e m b r a n e  

t e i c h o i c  a c i d  a n d  t h e  a n t i s e r a .

D - G l u c o s e ,  m e t h y l - a - D - g l u c o s i d e  a n d  m e t h y l - / ? - D - g l u c o s i d e  w e r e  a l s o  c o m p a r e d  a s  

i n h i b i t o r s  o f  t h e  p r e c i p i t i n  r e a c t i o n s  b e t w e e n  a n t i s e r u m  1 7 6  ( o - 2  m l . )  a n d  b o t h  w a l l  

t e i c h o i c  a c i d  ( 5  / / g . )  a n d  a m m o n i a - d e g r a d e d  m e m b r a n e  t e i c h o i c  a c i d  ( 1 0 / / g . ) .  T h e  

r e s u l t s  f o r  2 0  / / m o l e s  o f  c a r b o h y d r a t e  a r e  i n c l u d e d  i n  T a b l e  1  a n d  t h e  d e t a i l e d  r e s u l t s  

f o r  w a l l  t e i c h o i c  a c i d  a r e  g i v e n  i n  F i g .  3 .  T h e  r e s u l t s  w i t h  d e g r a d e d  m e m b r a n e  t e i c h o i c  

a c i d  i n d i c a t e  t h a t  i t  r e t a i n e d  i t s  s e r o l o g i c a l  s p e c i f i c i t y .  T h e  r e s u l t s  w i t h  w a l l  t e i c h o i c  

a c i d  i n d i c a t e  t h a t  t h i s  p r e p a r a t i o n  c r o s s - r e a c t e d  w i t h  a n t i s e r u m  t o  m e m b r a n e  t e i c h o i c  

a c i d  b e c a u s e  o f  t h e  p r e s e n c e  o f  a - D - g l u c o s y l  s u b s t i t u e n t s .  F i g u r e  3  a l s o  s h o w s  t h a t  

g a l a c t o s e  p a r t i a l l y  i n h i b i t e d  t h i s  p r e c i p i t i n  r e a c t i o n  a l t h o u g h  g a l a c t o s e  i s  n o t  a  s u b ­

s t i t u e n t  o f  e i t h e r  t h e  w a l l  t e i c h o i c  a c i d  o r  t h e  p o l y g l y c e r o p h o s p h a t e  c o m p o n e n t  o f  t h e  

m e m b r a n e  t e i c h o i c  a c i d .
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Fig. 2. Inhibition of the precipitin reaction between membrane teichoic acid (iOjttg.) and 
homologous antiserum (rabbit 176, 01 ml.) by d-glucose (O), methy'-a-D-glucoside (®) and 
methyl-/?-D-glucoside (A).
Fig. 3. Inhibition of precipitin reaction between wall teichoic acid (5 /(g.) and antiserum 176 
(o-2 ml.) by D-glucose (O), methyl-a-D-glucoside ( • ) ,  methyl-/'-D-glucoside (A) and 
galactose (□)•

Sero log ica l cross-reactions betw een  teichoic acids fro m  different 
bacteria l species

R eaction  o f  an tisera to  L actobacillu s h elvéticas teichoic a c id  with o ther teichoic acids

T h e  r e s u lt s  o f  th e  c h e m ic a l  a n d  s e r o lo g ic a l  e x p e r im e n t s  d e s c r ib e d  a b o v e  in d ic a t e  

t h a t  b o t h  th e  c e l l  w a l l  a n d  m e m b r a n e  t e ic h o ic  a c id s  o f  L actobacillus helveticus  a re  

g ly c e r o p h o s p h a t e  p o ly m e r s  p a r t i a l l y  s u b s t i t u t e d  w it h  a - D - g lu c o s y l  r e s id u e s .  A n t i ­

s e r u m  a g a in s t  m e m b r a n e  t e ic h o ic  a c id  ( r a b b i t  176 ) w a s  n e x t  te s te d  f o r  i t s  r e a c t io n  

w i t h  p o ly g ly c e r o p h o s p h a t e  f r o m  g r o u p  A  s t r e p t o c o c c i  ( M c C a r t y ,  1 9 5 9 ), a n d  m e m ­

b r a n e  t e ic h o ic  a c id  f r o m  L . fe rm e n ti  N C T C 6 9 9 1 ; th e  la t t e r  p r e p a r a t io n ,  d e s ig n a te d  

P - t e ic h o ic  a c id  ( W ic k e n  &  K n o x ,  1 9 7 0 ), c o n t a in e d  g lu c o s e  a n d  g a la c t o s e  s u b s t it u e n t s .  

T h e  c r o s s - r e a c t io n s  w e re  d e t e rm in e d  b y  th e  q u a n t i t a t iv e  p r e c ip i t in  m e th o d ,  th e  

m a x im u m  a m o u n t  o f  a n t ib o d y  p r e c ip i t a t e d  b e in g  e x p r e s s e d  as  a  p e r c e n ta g e  o f  th e  

m a x im u m  p r e c ip i t a t e d  in  th e  h o m o lo g o u s  r e a c t io n .  T h e  r e s u lt s  ( T a b le  2 ) s h o w e d  t h a t  

th e re  w a s  a  m o d e r a te  d e g re e  o f  c r o s s - r e a c t io n  b e tw e e n  L . fe rm e n ti  t e ic h o ic  a c id  a n d  

a n t is e r u m  17 6  w h e re a s  s t r e p t o c o c c a l  p o ly g ly c e r o p h o s p h a t e  r e a c te d  v e r y  w e a k ly .

T h e  c r o s s - r e a c t io n  w it h  L actobacillu s fe rm e n ti  t e ic h o ic  a c id  w a s  a ls o  e x a m in e d  b y  
th e  h a e m a g g lu t in a t io n  p r o c e d u r e  u s in g  s h e e p  e r y t h r o c y t e s  s e n s it iz e d  w it h  t h is  t e ic h o ic  

a c id  p r e p a r a t io n ;  th e  t i t r e  w it h  a n t is e r u m  176  w a s  2 0 0  c o m p a r e d  w it h  8 0 0  f o r  th e  

h o m o lo g o u s  r e a c t io n  u s in g  s h e e p  e r y t h r o c y t e s  s e n s it iz e d  w it h  L. helveticus m e m b r a n e  
t e ic h o ic  a c id .

R eaction  o f  teichoic acids w ith an tisera  to  group A  strep tococc i

E a c h  o f  th e  th re e  r a b b i t s  (1 7 0 , 171 , 172 ) in je c t e d  w it h  g r o u p  A  s t r e p t o c o c c i  g a v e  

a n t is e r a  w h ic h  r e a c te d  s t r o n g ly  in  th e  q u a l i t a t iv e  r in g  p r e c ip i t in  te s t  w i t h  s t r e p t o c o c c a l  

p o ly g ly c e r o p h o s p h a t e  (1 0 0  /¿g ./m l.) . A l l  q u a n t i t a t iv e  te s ts  w e re  c a r r ie d  o u t  w i t h  a n t i ­

s e r u m  170. T h i s  a n t is e r u m  re a c te d  s t r o n g ly  w i t h  L actobacillus fe rm e n ti  a n d  L .  helveticus  
m e m b r a n e  t e ic h o ic  a c id s  ( F ig .  4 )  a n d  m o d e r a t e ly  w i t h  L . helveticus w a l l  t e ic h o ic  a c id



( T a b le  2 ). U s in g  s h e e p  e r y t h r o c y t e s  s e n s it iz e d  w it h  L . helveticus  m e m b r a n e  t e ic h o ic  

a c id ,  t h e  h a e m a g g lu t in a t io n  t i t r e  o f  a n t is e r u m  170  w a s  1600 . T h e s e  r e s u lt s  s h o w e d  t h a t  

w h e re a s  s t r e p t o c o c c a l  p o ly g ly c e r o p h o s p h a t e  r e a c t e d  v e r y  w e a k ly  w i t h  a n t is e r u m  

s p e c if ic  f o r  a - D - g lu c c s y l  s u b s t it u e n t s  ( r a b b i t  176 ), t e ic h o ic  a c id s  f r o m  L. helveticus  
r e a c t e d  w e l l  w i t h  a n t is e r a  t o  g r o u p  A  s t r e p t o c o c c i  ( r a b b i t  170 ). T h e  r e a c t io n  o f

L . helveticus  m e m b r a n e  t e ic h o ic  a c id  w i t h  a n t is e r u m  170  w a s  n o t  in h ib i t e d  b y  

100  / ¿ m o le s  o f  D - g lu c c s e ,  s u g g e s t in g  t h a t  th e  c r o s s - r e a c t io n  w a s  d e p e n d e n t  o n  th e  p o l y ­

g ly c e r o p h o s p h a t e  c o m p o n e n t  o f  th e  m e m b r a n e  t e ic h o ic  a c id  r a t h e r  t h a n  d u e  t o  th e  

p re s e n c e  o f  a n  u n k n o w n  a - g lu c o s y l - s p e c i f ic  a n t ig e n  in  th e  s t r e p to c o c c i .
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F ig . 4. P re c ip ita tio n  o f  te icho ic  ac ids by  a n tise ru m  (0-3 m l.) ag a in s t g ro u p  A  strep to co cc i 
( ra b b it 170). O , S trep to co cca l p o ly g ly ce ro p h o sp h a te ; • ,  m em b ran e  te icho ic  ac id  an d , 
A , w all te icho ic  ac id  f ro m  Lactobacillus helveticus.
F ig . 5. P re c ip ita tio n  o f  te icho ic  acids fro m  Lactobacillus helveticus b y  a n tise ru m  (o-i m l.) 
ag a in s t L. plantarum ( ra b b it 164). 0 ,  M e m b ran e  te icho ic  a c id ; A , w all te icho ic  acid .

T a b le  2 . C ross-reactions o f  an tisera  w ith p repara tion s o f  teichoic a c id

V alues a re  expressed  a s  a  p ercen tag e  o f  th e  a m o u n t o f  an tib o d y  
p rec ip ita ted  in  th e  h o m o lo g o u s  reac tio n .

S ource  o f  te icho ic  ac id

A n tise ru m G ro u p  A L. L. L.
fro m stre p to ­ fermenti helveticus helveticus

P re p a ra tio n  in jected ra b b it coccus m em b ran e  m em b ran e w all

Lactobacillus helveticus 
m em b ran e  te icho ic  ac id

176 5 30 100 38

G ro u p  A  strep to co ccu s 170 to o 102 105 28
L. fermenti 146 32* 100 72 32

m em b ran e  te icho ic  ac id 149 32* 100 73 21

147 15* 100 38 17
148 25* 100 40 16

* F ro m  K n o x , H ew ett & W icken , 1970.
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T o  c o n f i r m  t h a t  th e  c r o s s - r e a c t io n  d e p e n d e d  o n  a n t ib o d ie s  a g a in s t  t h e  s t r e p t o c o c c a l  

g ly c e r o l  t e ic h o ic  a c id ,  a n t is e r u m  17 0  ( 0 7 5  m l. )  w a s  m ix e d  w it h  s t r e p t o c o c c a l  p o l y ­

g ly c e r o p h o s p h a t e  (2 5  u g ./o -2 5  m l. ) ,  t h e  r e s u lt a n t  p r e c ip i t a t e  r e m o v e d ,  a n d  th e  s u p e r ­

n a t a n t  s o lu t io n  (0 -4  m l. )  t e s te d  f o r  i t s  r e a c t io n  w it h  L a c to b a c illu s  h e h e tic u s  m e m b r a n e  

t e ic h o ic  a c id  (2 0  /¿g.). T h e  a m o u n t  o f  p r e c ip i t a t e  t h a t  f o r m e d  o n  s t a n d in g  w a s  <  10 %  

o f  t h a t  f o r m e d  in  th e  c o n t r o l  e x p e r im e n t  o m i t t in g  p o ly g ly c e r o p h o s p h a t e .

I n  a  s im i la r  e x p e r im e n t  a b s o r p t io n  o f  a n t is e r u m  17 0  (1 0  m l. )  w i t h  L a c to b a c illu s  
f e r m e n ti P - t e ic h o ic  a c id  (1 m g .)  d e c re a s e d  th e  r e a c t iv i t y  o f  t h e  a n t is e r u m  w i t h  s t r e p t o ­

c o c c a l  p o ly g ly c e r o p h o s p h a t e  b y  8 0  %, a n d  th e  r e a c t io n  w i t h  L. h e lve ticu s m e m b r a n e  

t e ic h o ic  a c id  b y  9 c  %. T h e  p r e c ip i t a t e  t h a t  h a d  f o r m e d  o n  th e  a d d i t io n  o f  th e  L. f e r ­
m e n ti t e ic h o ic  a c i c  w a s  a n a ly s e d  t o  c o n f i r m  th e  p re s e n c e  o f  g lu c o s e  a n d  g a la c t o s e :  

r e la t iv e  t o  th e  a m o u n t  o f  t e ic h o ic  a c id  a d d e d ,  th e  r e c o v e r ie s  o f  p h o s p h o r u s ,  g lu c o s e  

a n d  g a la c t o s e  w e re  7 5  % , 6 3  %  a n d  6 7  %  r e s p e c t iv e ly .

R e a c tio n  o f  te ich o ic  a c id s  w ith  a n tise ra  to  L a c to b a c illu s  fe r m e n ti

A n t i s e r a  p r e p a r e d  a g a in s t  L a c to b a c illu s  f e r m e n ti m e m b r a n e  t e ic h o ic  a c id  w e re  

e x a m in e d  f o r  t h e ir  r e a c t io n  w i t h  L . h e h e tic u s  t e ic h o ic  a c id s ; t h e i r  r e a c t io n  w i t h  th e  

s t r e p t o c o c c a l  p o ly g ly c e r o p h o s p h a t e  h a s  a l r e a d y  b e e n  d e s c r ib e d  ( K n o x  e t  a l. 1 9 7 0 ) .  

T h e  s e r a  c h o s e n  i l lu s t r a t e d  th e  d if f e r e n c e s  in  s p e c i f ic i t y  w h ic h  w e re  o b s e r v e d ,  a n d  th e  

v a lu e s  in  b r a c k e t s  in d ic a t e  th e  p e r c e n ta g e  i n h ib i t i o n  o f  th e  h o m o lo g o u s  r e a c t io n  b y  

1 0 0  / ¿ m o le s  o f  g lu c o s e  a n d  g a la c t o s e  r e s p e c t iv e ly  ( K n o x  e t  a l. 1 9 7 0 ) :  a n t is e r u m  1 4 6  

( 6  % , 1 0  % ), 1 4 9  ( 4  % , 1 1  % ), 1 4 7  ( 7  % , 3 6  % ) a n d  1 4 8  (2 2  % , 4 4  % ). T h e  c r o s s - r e a c t io n s  

w it h  t h e  L . h e h e tic u s  t e ic h o ic  a c id s  ( T a b le  2 ) r e f le c t  th e  s p e c if ic it ie s  o f  t h e  a n t is e r a ,  
w i t h  1 4 7  a n d  1 4 8  c r o s s - r e a c t in g  le s s  t h a n  1 4 6  a n d  1 4 9 .

T h e  c r o s s - r e a c t io n s  w e re  a ls o  d e te c te d  b y  t h e  h a e m a g g lu t in a t io n  p r o c e d u r e :  th e  

t i t r e  o f  a n t is e r u m  146  w a s  1 6 0 0  w h e n  te s te d  w it h  e r y t h r o c y t e s  s e n s it iz e d  w i t h  L a c to ­
b a c illu s  f e r m e n ti P - t e ic h o ic  a c id  a n d  8 0 0  w h e n  te s te d  w i t h  L . h e h e tic u s  m e m b r a n e  

t e ic h o ic  a c id ,  w h i l s t  f o r  a n t is e r u m  148  th e  re s p e c t iv e  t i t r e s  w e re  3 2 0 0  a n d  1600 .

R e a c tio n  o f  L a c to b a c illu s  h e h e tic u s  te ich o ic  a c id s  w ith  a n tise ra  to  o th e r  la c to b a c illi

B y  u s in g  th e  q u a l i t a t iv e  r in g  p r e c ip i t in  te s t  L a c to b a c illu s  h e h e tic u s  m e m b r a n e  

t e ic h o ic  a c id  (1 0 0  /¿ g ./m l.)  w a s  s h o w n  t o  r e a c t  w e l l  w i t h  a n t is e r a  a g a in s t  g r o u p s  D  a n d  

E  la c t o b a c i l l i ,  b u t  n o t  w i t h  a n t is e r a  a g a in s t  g r o u p s  B  a n d  C  la c t o b a c i l l i .  T h e  q u a n t i t a ­

t iv e  r e a c t io n s  o f  L . h e h e tic u s  m e m b r a n e  a n d  w a l l  t e ic h o ic  a c id s  w it h  g r o u p  D  a n t i ­

s e r u m  ( o - i  m l.  f r o m  r a b b i t  1 64 ) a r e  c o m p a r e d  in  F ig .  5 . T h e  a m o u n t  o f  a n t ib o d y  

p r e c ip i t a t e d  b y  th e  m e m b r a n e  t e ic h o ic  a c id  w a s  a p p r o x im a t e ly  th e  s a m e  a s  t h a t  
p r e c ip i t a t e d  b y  a n  im p u r e  p r e p a r a t io n  o f  m e m b r a n e  t e ic h o ic  a c id  f r o m  th e  g r o u p  D  

s t r a in ,  L . p la n ta ru rn  N C IB 7220  ( W ic k e n  &  K n o x ,  u n p u b l is h e d  o b s e r v a t io n s ) .

A  c o m p a r is o n  o f  th e  r e s u lt s  f o r  L a c to b a c illu s  h e h e tic u s  w a l l  a n d  m e m b r a n e  t e ic h o ic  
a c id s  i n  T a b le  2 a n d  F ig .  1, 4  a n d  5 s h o w s  t h a t  th e  w a l l  t e ic h o ic  a c id  r e a c te d  s t r o n g ly  

w i t h  o n ly  g r o u p  D  a n t is e r a ,  w h e r e  i t  p r e c ip i t a t e d  8 4  %  o f  th e  a m o u n t  o f  a n t ib o d y  

p r e c ip i t a t e d  b y  m e m b r a n e  t e ic h o ic  a c id .  A m m o n ia - d e g r a d e d  m e m b r a n e  t e ic h o ic  a c id  

a ls o  r e a c t e d  b e t t e r  w i t h  g r o u p  D  a n t is e r u m ,  g iv in g  7 5  %  o f  th e  r e a c t io n  o f  u n d e g r a d e d  

m a t e r ia l  c o m p a r e d  w i t h  5 4 %  f o r  th e  r e a c t io n  w i t h  a n t is e r u m  17 6  ( F ig .  1).
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D IS C U SS IO N

S h a r p e  e t  a l. ( 1 9 6 4 )  in d ic a t e d  t h a t  th e  w a l l  a n d  m e m b r a n e  ( in t r a c e l lu la r )  t e ic h o ic  

a c id s  o f  L a c to b a c illu s  h e lv e tic u s  N C IB 8025  w e re  o f  th e  g ly c e r o l  t y p e  b u t  o n ly  th e  

m e m b r a n e  t e ic h o ic  a c id  w a s  a p p r e c ia b ly  s u b s t i t u t e d  w i t h  g lu c o s e ,  a  g lu c o s y lg ly c e r o l  
b e in g  is o la t e d  a f t e r  a lk a l in e  h y d r o ly s i s  o f  th e  la t t e r .

T h e  t e ic h o ic  a c id  w h ic h  w e  is o la t e d  f r o m  L a c to b a c illu s  h e lv e tic u s  n c ib  8 0 2 5  c e l l  

w a l ls  b y  e i t h e r  T C A -  o r  s o d iu m  h y d r o x id e - e x t r a c t io n  c o n t a in e d  a p p r e c ia b le  q u a n t i t ie s  

o f  g lu c o s e .  T h e  g lu c o s e : p h o s p h o r u s  m o le  r a t io s  o f  th e s e  p r e p a r a t io n s  r e f le c t e d  t h a t  o f  

u n e x t r a c t e d  c e l l  w a l ls  a n d  s u g g e s te d  t h a t  n o  e n r ic h m e n t  o f  a  g lu c o s y la t e d  t e ic h o ic  a c id  

h a d  t a k e n  p la c e  d u r in g  e x t r a c t io n .  T h e  p r o d u c t s  o f  a l k a l i  a n d  h y d r o f lu o r ic  a c id  

d e g r a d a t io n  o f  w a l l  t e ic h o ic  a c id  w e re  c o n s is t e n t  w i t h  a  s t r u c tu r e  h a v in g  th e  n o r m a l  

a r r a n g e m e n t  o f  p h o s p h o d ie s t e r  g r o u p s  b e tw e e n  p o s i t io n s  1 a n d  3 o f  e a c h  g ly c e r o l  

m o ie t y ,  a n d  w i t h  m a n y  o f  th e  la t t e r  r e s id u e s  b e in g  s u b s t i t u t e d  o n  th e  s e c o n d a r y  

h y d r o x y l  g r o u p  w it h  a -D - g lu c o s e .  T h e  e n r ic h m e n t  o f  g lu c o s e  in  t e ic h o ic  a c id  f r a g m e n t s  

a p p a r e n t ly  s t a b le  t o  a l k a l i  h y d r o ly s i s  le a d s  u s  t o  s u g g e s t  e it h e r  r e g io n s  o f  f u l l  a n d  

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

p a r t i a l l y  s u b s t i t u t e d  c h a in s :  n o  g lu c o s y lg ly c e r o l  o r  d ig lu c o s y ld ig ly c e r o l  m o n o ­

p h o s p h a t e  c o u ld  b e  e x p e c te d  f r o m  a lk a l in e  a n d  e n z y m ic  d e g r a d a t io n  o f  a  m ix t u r e  o f  

f u l l y  g lu c o s y la t e d  a n d  u n s u b s t i t u t e d  p o ly m e r s .  I n  t h is  c o n n e c t io n  i t  i s  in t e r e s t in g  t o  

n o t e  t h a t  th e  w a l l  t e ic h o ic  a c id  f r o m  L . b u ch n eri h a s  b e e n  s h o w n  t o  b e  p a r t i a l l y  s u b ­

s t i t u t e d  w it h  g lu c o s e  a n d  h a s  r e g io n s  o f  th e  p o ly m e r  w h e re  a d ja c e n t  g ly c e r o l  r e s id u e s  

b e a r  g lu c o s e  s u b s t it u e n t s  ( A r c h ib a ld ,  B a d d i le y  &  H e p t in s t a l l ,  1 969 ).

T h e  m e m b r a n e  t e ic h o ic  a c id  f r o m  L a c to b a c illu s  h e lv e tic u s  h a s  a  lo w e r  d e g re e  o f  

a - g lu c o s y l  s u b s t i t u t io n  t h a n  th e  w a l l  p o ly m e r .  T h e  p r o d u c t  is o la t e d  b y  p h e n o l  e x t r a c ­

t io n  r e s e m b le d  th e  l i p o -  o r  P - t e ic h o ic  a c id  o f  L . f e r m e n ti N C T C 6991 , b e in g  o f  h ig h  

a p p a r e n t  m o le c u la r  w e ig h t  a n d  c o n t a in in g  a  g ly c o l ip id  c o m p o n e n t .  E v id e n c e  f o r  a  

g lv c o l ip id  b e in g  p r e s e n t  w a s  p r o v id e d  b y  th e  d e t e c t io n  o f  f a t t y - a c id  e s te r  r e s id u e s  a n d  

o f  a  g ly c o s id e  c o n t a in in g  g lu c o s e  a n d  g a la c t o s e  a n d  a s s u m e d  t o  b e  a  1- s u b s t i t u t e d  

g ly c e r o l  f r o m  it s  r a p id  r e a c t io n  w i t h  th e  p e r io d a t e  +  S c h i f f ’ s re a g e n t .  T h e  s m a l l  a m o u n t  

o f  th e  g ly c o s id e  in  a lk a l in e  h y d r o ly s a t e s  p r o b a b ly  r e f le c t s  th e  lo w  g a la c t o s e  c o n t e n t  o f  

th e  p o ly m e r .

T h e  s tu d ie s  b y  S h a r p e  e t  a l. (1 9 6 4 )  o n  th e  t e ic h o ic  a c id s  o f  g r o u p  A  la c t o b a c i l l i  

( in c lu d in g  L a c to b a c illu s  h e lve ticu s n c ib  8 0 2 5 )  le d  th e m  t o  c o n c lu d e  t h a t  th e  m e m b r a n e  

t e ic h o ic  a c id  w a s  th e  g r o u p  a n t ig e n ,  th e  p r e p a r a t io n s  o f  w a l l  t e ic h o ic  a c id  b e in g  s e r o ­

lo g i c a l l y  in a c t iv e  w h e n  e x a m in e d  b y  th e  p r e c ip i t in  r e a c t io n .  M o r e  r e c e n t ly ,  M i l l s  (1 9 6 9 )  

s t u d ie d  th e  a g g lu t in a t in g  a n t ig e n s  o f  a  s t r a in  o f  L . ju g u r ti o f  s e r o lo g ic a l  g r o u p  A  a n d  

c o n c lu d e d  t h a t  g ly c e r o l  t e ic h o ic  a c id ,  c o n t a in in g  ‘ v a r ia b le  t r a c e s  o f  g lu c o s e ’ , w a s  th e  

m a jo r  w a l l  c o m p o n e n t  r e s p o n s ib le  f o r  th e  a g g lu t in a t io n  o f  w h o le  o r g a n is m s  b y  h o m o ­

lo g o u s  a n t is e r a .  P r e p a r a t io n s  o f  w a l l  a n d  m e m b r a n e  t e ic h o ic  a c id s  a p p e a r e d  t o  b e  

im m u n o lo g ic a l ly  id e n t ic a l ,  a s  d e t e rm in e d  b y  th e  O u c h t e r lo n y  m e th o d ,  b u t  i t  w a s  

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

w o u ld  r e a c t  w i t h  a n t ib o d ie s .  S t u d ie s  o n  t h e  g r o u p  F  a n t ig e n  o f  l a c t o b a c i l l i  h a v e  i n d i ­

c a te d  t h a t  a n t ib o d y  c a n  r e a c t  w i t h  th e  m e m b r a n e  t e ic h o ic  a c id  in s itu  ( H e w e t t  e t  a l.

1970)-
T h e  p r e s e n t  s t u d ie s  h a v e  s h o w n  t h a t  a n t ib o d ie s  p r e p a r e d  a g a in s t  m e m b r a n e  t e ic h o ic  

a c id  f r o m  L a c to b a c illu s  h e lv e tic u s  n c ib  8 0 2 5  r e a c t e d  w it h  w a l l  t e ic h o ic  a c id  b e c a u s e  o f
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t h e  p re s e n c e  o f  th e  c t -D -g lu c o s y l s u b s t it u e n t s  o n  th e  p o ly g ly c e r o p h o s p h a t e  c o m p o n e n t  

o f  b o t h  w a l l  a n d  m e m b r a n e  t e ic h o ic  a c id .  I n  t e rm s  o f  th e  r e a c t iv i t y  o f  L a n c e f ie ld  

a c id  e x t r a c t s  o f  L . helveticus ( S h a r p e ,  1 9 55 )  o r  th e  a g g lu t in a b i l i t y  o f  t h is  o r g a n is m  

( M i l l s ,  1 9 69 ), i t  is  t o  b e  e x p e c te d  t h a t  th e  w a l l  t e ic h o ic  a c id  w o u ld  b e  th e  m a jo r  

c o n t r ib u t o r  t o  th e  s e r o lo g ic a l  r e a c t io n  b e c a u s e  o f  th e  g r e a te r  a m o u n t  o f  t e ic h o ic  a c id  

in  th e  w a l l .  H o w e v e r ,  n o n e  o f  th e  s t u d ie s  o n  th e  g r o u p  A  la c t o b a c i l l i  h a s  r e s o lv e d  

w h e th e r  th e  a n t ib o d ie s  f o r m e d  o n  th e  in j e c t io n  o f  w h o le  c e l ls  a r e  e l ic i t e d  b y  th e  w a l l  

t e ic h o ic  a c id ,  th e  m e m b r a n e  t e ic h o ic  a c id  o r  b y  b o t h  o f  th e se  s u b s ta n c e s .  T h u s  th e  

c la s s i f ic a t io n  o f  a  la c t o b a c i l lu s  a s  b e lo n g in g  t o  s e r o lo g ic a l  g r o u p  A  m a y  d e p e n d  o n  th e  

p r o d u c t io n  o f  a n t ib o d ie s  t o  th e  m e m b r a n e  t e ic h o ic  a c id  a n d  t h e i r  r e a c t io n  p r im a r i l y  

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

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

t io n  o r  th e  c o m p o n e n t  d e te c te d  in  a  p a r t i c u la r  s e r o lo g ic a l  p r o c e d u r e .

Q u a n t i t a t iv e  p r e c ip i t in  te s ts  h a v e  s h o w n  t h a t  t e ic h o ic  a c id  f r o m  L actobacillus h elve ti­
cus c r o s s - r e a c t e d  w it h  a n t is e r a  t o  g r o u p s  D ,  E  a n d  F  la c t o b a c i l l i  a n d  g r o u p  A  s t r e p t o ­

c o c c i .  I n  th e  c a s e  o f  th e  g r o u p  D  r e a c t io n ,  th e  L. helveticus m e m b r a n e  t e ic h o ic  a c id  w a s  

p r o b a b ly  c o m b in in g  w i t h  a n t ib o d ie s  a g a in s t  th e  L . p lan tarum  m e m b r a n e  g ly c e r o l  

t e ic h o ic  a c id  r a t h e r  t h a n  th e  w a l l  r i b i t o l  t e ic h o ic  a c id ;  s tu d ie s  o n  th e  m e m b r a n e  c o m ­

p o n e n t  f r o m  o n e  s t r a in  o f  L . p lan taru m  ( =  L . arabinosus 1 7 -5 )  in d ic a t e d  a  lo w  d e g re e  

o f  a - g lu c o s y l  s u b s t i t u t io n  ( C r i t c h le y ,  A r c h i b a l d  &  B a d d i le y ,  1962 ). T h e  r e a c t io n  w it h  

g r o u p  E  a n t is e r u m ,  h o w e v e r ,  c o u ld  d e p e n d  o n  a n t ib o d ie s  a g a in s t  th e  w a l l  g ly c e r o l  

t e ic h o ic  a c id .  T h i s  is  t h e  g r o u p  a n t ig e n  w h ic h  h a s  b e e n  s h o w n  in  f o u r  s p e c ie s  t o  c o n ­

t a in  g lu c o s e  s u b s t it u e n t s  ( S h a r p e  e t al. 1 964 ) a n d  in  o n e  o f  th e m  ( L .  buchneri)  t o  b e  

p a r t i a l l y  s u b s t i t u t e d  w it h  a - D - g lu c o s y l  r e s id u e s  ( S h a w  &  B a d d i le y ,  1964 ).

T h e  r e s u lt s  w i t h  a n t is e r a  a g a in s t  g r o u p  F  la c t o b a c i l l i  a n d  g r o u p  A  s t r e p t o c o c c i  

in d ic a t e d  t h a t  g ly c e r o l  t e ic h o ic  a c id s  d i f f e r in g  in  s t r u c t u r e  m a y  n e v e r th e le s s  c r o s s -  

re a c t .  T h e  t e ic h o ic  a c id  f r o m  g r o u p  A  s t r e p t o c o c c i  is  u n s u b s t i t u t e d  w i t h  s u g a r  

( M c C a r t y ,  1 9 59 )  w h e re a s  th e  c o r r e s p o n d in g  p r o d u c t  f r o m  g r o u p  F  la c t o b a c i l l i  

(.L actobacillus fe rm e n ti)  c o n t a in s  g a la c t o s e  a n d  a  d is a c c h a r id e  o f  g lu c o s e  a n d  g a la c to s e  

( W ic k e n  &  K n o x ,  1970 ).

T h e  r e a c t io n  o f  c e r t a in  a n t is e r a  a g a in s t  g r o u p  A  s t r e p t o c o c c i  w i t h  e x t r a c t s  f r o m  

v a r io u s  G r a m - p o s i t iv e  b a c t e r ia ,  in c lu d in g  s t r e p t o c o c c i ,  s t a p h y lo c o c c i  a n d  s p o r u la t in g  

b a c i l l i ,  w a s  o b s e r v e d  b y  M c C a r t y  (1 9 5 9 ) ;  p o ly g ly c e r o p h o s p h a t e  w a s  is o la t e d  f r o m  a  

g r o u p  A  s t r e p to c o c c u s ,  a n d  i t  w a s  c o n c lu d e d  t h a t  t h is  c o m p o n e n t  is  w id e s p r e a d  

a m o n g s t  G r a m - p o s i t iv e  b a c t e r ia .  M o r e  r e c e n t ly ,  S h a r p e  &  B r o c k  ( p e r s o n a l c o m m u n i­

c a t io n )  s h o w e d  t h a t  a n t is e r a  a g a in s t  a  s t r a in  o f  L actobacillu s acidophilus r e a c te d  
w it h  ‘ a lm o s t  a l l  o f  9 8  s t r a in s  o f  l a c t o b a c i l l i ’  a s  w e l l  a s  s o m e  o t h e r  G r a m - p o s i t iv e  

b a c t e r ia ;  g lu c o s y l - g ly c e r o l  t e ic h o ic  a c id  w a s  i s o la t e d  f r o m  o n e  o f  th e  r e a c t in g  s t r a in s  

o f  L . casei, a n d  i t  w a s  s u g g e s te d  t h a t  t h is  c o m p o n e n t  w a s  r e s p o n s ib le  f o r  th e  s e r o ­

lo g ic a l  r e a c t iv i t y  o f  t h e  o t h e r  s t r a in s .  B o t h  o f  th e se  s tu d ie s  im p l ie d  t h a t  a  c o m m o n  

s e r o lo g ic a l  r e a c t io n  w a s  d u e  t o  a  t e ic h o ic  a c id ,  t h e  s t r u c t u r e  o f  w h ic h  w a s  s im i la r  t o  

t h a t  i s o la t e d  f r o m  o n e  p a r t i c u la r  s t r a in .  H o w e v e r ,  t h e  r e s u lt s  o f  th e  p r e s e n t  s t u d y  

in d ic a t e  t h a t  s u c h  a  c o n c lu s io n  is  n o t  n e c e s s a r i ly  v a l id  b e c a u s e  o f  th e  c r o s s - r e a c t io n  o f  
t e ic h o ic  a c id s  d i f f e r in g  in  s t r u c tu r e .

W i t h  r e g a r d  t o  th e  o b s e r v a t io n s  o n  s e r o lo g ic a l  c r o s s - r e a c t io n s ,  th e  s i t u a t io n  m a y  b e  

a n a lo g o u s  t o  t h a t  d is c u s s e d  b y  K a b a t  (1 9 6 6 ) . M c C a r t y  ( 1 9 6 4 )  h a d  n o t e d  t h a t  c e r t a in  

g r o u p  A  s t r e p t o c o c c a l  a n t is e r a  r e a c te d  e q u a l ly  w e l l  w i t h  s t r e p t o c o c c a l  g ly c e r o l
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t e ic h o ic  a c id  w h e th e r  o r  n o t  a la n in e  w a s  s u b s t i t u t e d  o n  c a r b o n  2 , a n d  R a b a t  s u g g e s te d  

t h a t  s u c h  a n t is e r a  ‘ w o u ld  h a v e  a  s p e c i f ic i t y  c o m p le m e n t a r y  t o  th e  — C H —  a s p e c t  

o f  c a r b o n  2  o f  th e  g ly c e r o l  t e ic h o ic  a c id  a n d  n o t  in v o lv in g  th e  m o r e  h y d r o p h i l i c  s id e  o f  

th e  m o le c u le ’ . A  m o le c u la r  m o d e l o f  p a r t  o f  a n  a - D - g lu c o s y l- s u b s t i t u t e d  g ly c e r o l  

t e ic h o ic  a c id  c a n  b e  c o n s t r u c t e d  in  w h ic h  a l l  t h e  g lu c o s y l  r e s id u e s  p r o je c t  in  th e  s a m e  

d i r e c t io n ,  t h u s  f u l f i l l i n g  th e  r e q u ir e m e n t s  f o r  R a b a t ’ s  p r o p o s i t io n .  D i f f e r e n t  a n t i ­

b o d ie s  r e a c t in g  w it h  th e  t e ic h o ic  a c id  c o u ld  t h e n  h a v e  s p e c i f ic i t ie s  d e p e n d in g  p r im a r i l y  

o n  th e  g lu c o s y l  s u b s t i t u e n t s  (e .g . a n t is e r u m  176 ) o r  in d e p e n d e n t  o f  t h e  g lu c o s y l  

s u b s t it u e n t s  b u t  d e p e n d e n t  o n  th e  g ly c e r o l  p h o s p h a t e  ‘ b a c k b o n e ’ (e .g . a n t is e r u m  170 ). 

A n  a n a lo g o u s  s i t u a t io n  h a s  b e e n  p r o p o s e d  b y  L i i d e r i t z ,  S t a u b  &  W e s t p h a l  (1 9 6 6 )  t o  

a c c o u n t  f o r  th e  s e r o lo g ic a l  s p e c i f ic i t y  o f  th e  b r a n c h e d  c h a in  O - s p e c i f ic  p o ly s a c c h a r id e s  
o f  Salm onella .

W e  w is h  t o  t h a n k  M i s s  M e r i l y n  H e w e t t  f o r  a s s is ta n c e ,  D r  B .  A .  S to n e ,  U n iv e r s i t y  o f  

M e lb o u r n e ,  f o r  a  s a m p le  o f  m e th y l- / ? -D -g lu c o s id e ,  a n d  D r  J .  R .  P o l i a k ,  U n iv e r s i t y  o f  

S y d n e y ,  f o r  m a k in g  a v a i la b le  th e  C - P - R  a t o m ic  m o d e ls .  T h i s  w o r k  w a s  s u p p o r t e d  b y  

a  g r a n t  f r o m  th e  N a t i o n a l  H e a l t h  a n d  M e d i c a l  R e s e a r c h  C o u n c i l  o f  A u s t r a l ia .
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{A ccep ted  f o r  pu blica tion  31 Ju ly 1970)

S U M M A R Y

T h e  d e o x y r ib o n u c le ic  a c id  ( D N A )  b a s e  c o m p o s i t io n s  o f  12  r e c e n t ly  
is o la t e d  o r  n e w  s p e c ie s  o f  m y c o p la s m a s  f e l l  w i t h in  t h e  ra n g e  k n o w n  f o r  th e  
M y c o p la s m a  g r o u p .  B y  D N A - D N A  h y b r id i z a t io n  a  n e w  s t e r o l - n o n r e q u ir in g  
s t r a in ,  s - 7 4 3 ,  w a s  u n r e la t e d  t o  M yco p la sm a  la id law ii o r  M . granularum , th e  
la t t e r  t w o  s t r a in s  s h o w in g  m o d e r a te  c r o s s - r e a c t iv i t y ;  s w in e  s t r a in  B 3  a p ­
p e a r e d  t o  b e  r e la t e d  t o  M . m yco ides  v a r .  capri. F r o m  th e s e  r e s u lt s  a n d  
in f o r m a t io n  in  th e  l i t e r a t u r e ,  th e  m y c o p la s m a s  h a v e  b e e n  d iv id e d  in t o  s ix  
p r o v i s io n a l  s u b g r o u p s  o n  th e  b a s is  o f  p h y s io lo g ic a l  c h a r a c t e r s ,  D N A  b a s e  
c o m p o s i t io n  a n d  n u c le ic  a c id  h y b r id iz a t io n .  S o m e  s p e c u la t io n s  a r e  m a d e  o n  
th e  s ig n if ic a n c e  o f  h e t e r o g e n e it y  a m o n g  m y c o p la s m a s .

IN T R O D U C T IO N

E a r l i e r  w o r k  h a s  e m p h a s iz e d  t h e  h e t e r o g e n e it y  o f  m y c o p la s m a s  ( N e im a r k  &  

P ic k e t t ,  i9 6 0 ) .  S t u d ie s  s h o w in g  t h a t  th e  g u a n in e + c y t o s in e  ( G C )  c o n t e n t s  o f  M y c o ­

p la s m a  D N A  ra n g e  w id e ly  f r o m  a p p r o x im a t e ly  2 3  t o  4 0  m o le s  %  e s t a b l is h e d  t h a t  t h is  

h e t e r o g e n e it y  w a s  f u n d a m e n t a l  ( N e im a r k  &  P e n e ,  1965 ). S t u d ie s  a ls o  r e v e a le d  t h a t  a  

c lu s t e r  o f  m y c o p la s m a s  e x is t s  w i t h  G C  c o n t e n t s  lo w e r  t h a n  t h o s e  o f  a n y  k n o w n  

a e r o b ic  b a c t e r ia  ( J o n e s  &  W a lk e r ,  1 9 6 3 ; N e im a r k  &  P e n e ,  1 965 ). D a t a  n o w  a v a i la b le  

o n  t h e  D N A  b a s e  c o m p o s i t io n s  o f  m o s t  k n o w n  m y c o p la s m a s  ( M c G e e ,  R o g u l  &  

W i t t ie r ,  1 9 6 7 ; N e im a r k ,  1 9 6 7 ;  B a k  &  B la c k ,  1 9 6 8 ; K e l t o n  &  M a n d e l ,  1 9 6 9 ; W i l l i a m s ,  

W i t t i e r  &  B u r r i s ,  1 9 69 )  in d ic a t e  t h a t  h e t e r o g e n e it y  in  b a s e  c o m p o s i t io n  e x te n d s  

t h r o u g h  b o t h  f e r m e n t a t iv e  a n d  n o n f e r m e n t a t iv e  s t r a in s  a n d  d iv id e s  th e  m y c o p la s m a s  

in t o  s u b g r o u p s  t h a t  a r e  in c o m p a t ib le  in  a  s in g le  g e n u s  ( N e im a r k ,  1 9 67 ). N u c le i c  a c id  

h y b r id i z a t io n  s t u d ie s  h a v e  b e e n  c a r r ie d  o u t  b e tw e e n  s e v e ra l m y c o p la s m a s  ( S o m e r s o n ,  

R e ic h ,  C h a n o c k  &  W e is s m a n ,  1 9 6 7 ; M c G e e  e t al. 1 9 6 7 ; P e t e r s o n  &  P o l l o c k ,  1969 ). 

T h e  p r e s e n t  p a p e r  r e p o r t s  D N A  b a s e  c o m p o s i t io n s  o f  s o m e  r e c e n t ly  is o la t e d  m y c o ­

p la s m a s  ( s o m e  r e p r e s e n t in g  n e w  s p e c ie s )  a n d  r e s u lt s  o f  D N A - D N A  h y b r id iz a t io n  

b e tw e e n  s e le c te d  m y c o p la s m a s .  S ix  s u b g r o u p s  a r e  p r o p o s e d  a n d  s p e c u la t io n s  m a d e  o n  
th e  im p l i c a t io n s  o f  d iv is io n s  w i t h in  th e  m y c o p la s m a s .  T h e s e  r e s u lt s  w e re  p r e s e n te d  in  

p r e l im in a r y  f o r m  ( N e im a r k ,  1969 ).

M E T H O D S

O rganism s, m edia  an d  grow th  conditions. T h e  o r g a n is m s  u s e d  in  t h is  s t u d y  w e re  

k in d l y  s u p p l ie d  b y  s e v e ra l c o l le a g u e s  a n d ,  w h e n e v e r  p o s s ib le ,  w e re  o b t a in e d  f r o m  th e  

la b o r a t o r ie s  w h ic h  o r ig in a l l y  is o la t e d  o r  id e n t i f ie d  t h e m .  S t r a in s  s -4 1 0  a n d  s -7 4 3  

( T u l l y  &  R a z in ,  1 9 6 9 )  a n d  B 3  ( D in t e r ,  D a n ie ls s o n  &  B a k o s ,  1 9 65 )  w e re  p r o v id e d  b y
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D r  J .  T u l l y ;  g o a t  145  b y  D r  J .  T u l l y  a n d  D r  R .  D e l  G iu d i c e ;  UM30847 a n d  M y c o ­
p lasm a arginini s t r a in  G230 ( B a r i le  e t al. 1 968 ) b y  D r  M .  B a r i l e ;  s t r a in s  7 4 7 v  a r)d  
S3-7 ( D a v id s o n  &  T h o m a s ,  1 9 68 )  b y  D r  M .  D a v id s o n ;  M . agalactiae  v a r .  bovis  ( H a le ,  

H e lm b o ld t ,  P la s t r id g e  &  S t u la ,  1 9 62 )  b y  D r  A .  M o s h e r .  T h e  la t t e r  s t r a in  d o e s  n o t  

p r o d u c e  a c id  f r o m  g lu c o s e  in  a m o u n t s  t h a t  c a n  b e  d e te c te d  b y  c h a n g e  in  p H  in d ic a t o r ,  

e v e n  a f t e r  p r o lo n g e d  s e r ia l  p a s s a g e  o n  m e d ia  c o n t a in in g  g lu c o s e .  M ycop lasm a  gallisep-  
ticum  s t r a in  s 6 ,  o b t a in e d  f r o m  D r  H .  A d le r ,  a n d  M . granularum , f r o m  D r  W .  S w it z e r ,  

w e re  u s e d  in  h y b r id i z a t io n  s tu d ie s .  T h e  id e n t i t y  o f  t h e  M . granularum  s t r a in  u s e d  in  

t h is  s t u d y  w a s  k in d l y  c o n f i r m e d  b y  D r  J .  T u l l y .  E a c h  s t r a in  w a s  c lo n e d  th re e  t im e s .  

D N A  f r o m  C o n n e c t ic u t  g o a t ,  d e s ig n a t e d  M . m yco ides  v a r .  capri ( J o n a s  &  B a r b e r ,

1969 ), vo m  s t r a in ,  a n d  M e x ic a n  s t r a in  w a s  p r e p a r e d  t h r o u g h  th e  c o u r t e s y  o f  D r  J .  J .  

C a l l i s  a n d  D r  T .  B a r b e r ,  U n i t e d  S ta te s  D e p a r t m e n t  o f  A g r ic u l t u r e ,  P l u m  I s la n d  

A n im a l  D is e a s e  L a b o r a t o r y .
M e d ia  a n d  g r o w th  c o n d i t io n s  w e re  e s s e n t ia l ly  a s  d e s c r ib e d  p r e v io u s ly  ( N e im a r k  &  

P ic k e t t ,  i9 6 0 ;  N e im a r k ,  1 9 67 ). N e i t h e r  i n h ib i t o r y  a g e n ts  n o r  a n t ib io t i c s  w e re  e m ­

p lo y e d .
L a b e l le d  D N A  w a s  p r o d u c e d  b y  g r o w in g  m y c o p la s m a s  in  l i q u i d  m e d ia  c o n t a in in g  

0 -5  / t C i/ m l .  o f  t h y m id in e - m e t h y l- 3H .

E n zym es an d  iso topes. R ib o n u c le a s e  ( W o r t h in g t o n  B io c h e m ic a l  C o r p o r a t io n ,  L r e e -  

h o ld ,  N e w  J e r s e y )  w a s  h e a te d  a t  85°  f o r  10 m in  t o  in a c t iv a t e  a n y  c o n t a m in a n t  

d e o x y r ib o n u c le a s e .  P r o n a s e  ( C a lb io c h e m ,  L o s  A n g e le s ,  C a l i f o r n ia )  w a s  s e lf - d ig e s te d  

f o r  2 h .  a t  370 ( S a it o  &  M iu r a ,  1 9 6 3 ; G i l l e s p ie  &  S p ie g e lm a n ,  1965 ). T h y m id in e -  

m e t h y l- 3H  ( s p e c if ic  a c t iv i t y  a p p r o x im a t e ly  15 C i/ m m o le )  w a s  p u r c h a s e d  f r o m  S c h w a r t z  

B io R e s e a r c h ,  O r a n g e b u r g ,  N e w  Y o r k .

Isolation  o f  D N A . C e l l s  w e re  c o l le c t e d  f r o m  b r o t h  b y  c e n t r i f u g a t io n  a t  a p p r o x im a t e ly

2 0 ,0 0 0  g ,  w a s h e d  o n c e  w i t h  c o ld  s a l i n e - E D T A  (0 -15  M - N a C l  +  o - i  M - N a 2 e th y le n e -  

d ia m in e  t e t r a - a c e ta te ,  p H  8 -o ), a n d  t h e i r  D N A  is o la t e d  b y  th e  m e t h o d  o f  M a r m u r

(1 9 6 1 ) .

C e l l s  f r o m  s t r a in s  747V a n d  S3-7 c o u ld  b e  o b t a in e d  o n ly  in  s m a l l  a m o u n t s ,  a n d  t h e i r  

D N A  w a s  p a r t i a l l y  p u r i f ie d .  A f t e r  s u s p e n s io n s  h a d  b e e n  ly s e d  w i t h  1 %  s o d iu m  

d o d e c y l  s u lp h a t e ,  t h e y  w e re  d i lu t e d  w i t h  a n  e q u a l v o lu m e  o f  s a l i n e - E D T A  a n d  d ig e s t e d  

w i t h  P r o n a s e  (5 0  /¿ g ./m l.)  f o r  12 t o  16  h . a t  370. T h e  ly s a t e  w a s  t h e n  d e p r o t e in iz e d  b y  

s h a k in g  w i t h  c h lo r o f o r m - is o a m y l  a lc o h o l ,  t h e  a q u e o u s  p h a s e  p r e c ip i t a t e d  w it h  2  v o l .  

e t h a n o l,  a n d  th e  D N A  d is s o lv e d  in  a  s m a l l  v o lu m e  o f  S S C  (0 -1 5  M - N a C l  + 0 -0 1 5  M - 
s o d iu m  c it r a te ) .

D eterm ination  o f  D N A  base com position. T h e  a v e ra g e  G C  c o n t e n t  o f  D N A  w a s  
e s t im a te d  f r o m  b u o y a n t  d e n s it y  in  a  C s C l  d e n s it y  g r a d ie n t  a s  d e s c r ib e d  b y  S c h i ld k r a u t ,  

M a r m u r  &  D o t y  ( 1 9 6 2 )  u s in g  Escherichia co li D N A  a s  re fe re n c e  ( t a k e n  t o  h a v e  a  

b u o y a n t  d e n s it y  o f  1 -7 10  g . / c m .3). A l l  s a m p le s  w e re  a n a ly s e d  a t  le a s t  tw ic e .

Im m obiliza tion  o f  D N A  on f ilte rs . D N A  w a s  b o u n d  t o  m e m b r a n e  f i l t e r s  b y  th e  

p r o c e d u r e s  o f  G i l l e s p ie  &  S p ie g e lm a n  (1 9 6 5 )  a n d  D e n h a r d t  (1 9 6 6 ) , w i t h  m in o r  
m o d i f ic a t io n s .  N a t i v e  D N A  (5 0  /¿ g ./n il. )  w a s  d e n a tu r e d  b y  b o i l i n g  f o r  8  m in .  a n d  t h e n  

q u ic k ly  c o o le d  b y  im m e r s io n  in  a n  ic e  b a t h  a n d  d i lu t io n  w i t h  9  v o l .  c o ld  s ix f o ld  c o n ­

c e n t r a t e d  S S C .  D e n a t u r e d  D N A  w a s  f i l t e r e d  t h r o u g h  25  m m . m e m b r a n e  f i l t e r s  

( H A ,  0 -4 5  p m \  M i l l i p o r e  C o r p o r a t io n ,  B e d fo r d ,  M a s s a c h u s e t t s )  p r e w a s h e d  in  s i x f o ld  

c o n c e n t r a t e d  S S C .  L i l t e r s  w i t h  r e t a in e d  D N A  w e re  w a s h e d  w it h  s i x f o ld  c o n c e n t r a t e d  

S S C ,  d r ie d  o v e r n ig h t  i n  a  d e s ic c a t o r  a t  2 2 0, a n d  b a k e d  in  a  v a c u u m  o v e n  f o r  2  h .  a t  80 ° .
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L a b e l le d  D N A  a n d  c o m p e t i t o r  D N A  w e re  s h e a re d  b y  s o n ic  o s c i l la t io n  ( B io s o n ic  I I ,  

m ic r o t ip  p r o b e ;  W i l l  S c ie n t i f ic ,  N e w  Y o r k )  a n d  th e n  d e n a tu re d .

D N A -D N A  duplex  fo rm a tio n . F i l t e r s  w i t h  im m o b i l i z e d  D N A  w e re  p r e in c u b a t e d  in  

th e  m e d iu m  o f  D e n h a r d t  (1966) f o r  2 t o  6 h .  a t  th e  t e m p e r a tu r e  t o  b e  u s e d  f o r  h y b r id i z a ­

t io n ,  d r a in e d  a n d  b lo t t e d ,  a n d  th e n  p la c e d  in  v ia l s  w h ic h  c o n t a in e d  1 /ig , h o m o lo g o u s  

o r  h e t e r o lo g o u s  la b e l le d  D N A  f r a g m e n t s  in  t w o f o ld  c o n c e n t r a t e d  S S C .  F o r  c o m p e t i ­

t i o n  e x p e r im e n t s  ( H o y e r ,  M c C a r t h y  &  B o l t o n ,  1964), a  la r g e  e x c e s s  o f  u n la b e l le d  

D N A  f r a g m e n t s  w a s  a d d e d  t o  th e  r e a c t io n  m ix t u r e  ( f in a l  v o lu m e  o f  0-5 m l. )  t o  c o m p e te  

w i t h  la b e l le d  D N A  f r a g m e n t s  f o r  b in d in g  s ite s  o n  th e  im m o b i l i z e d  D N A .  T h e  r a t io  

o f  m e m b r a n e - b o u n d  t o  la b e l le d  D N A  w a s  10:1 o r ,  in  s o m e  c a se s , 40:1. H y b r id i z a t io n  

w a s  c a r r ie d  o u t  f o r  12 t o  16 h . a t  250 b e lo w  th e  o p t i c a l  m e l t in g  t e m p e r a t u r e  (T m) o f  

t h e  D N A  ( M a r m u r  &  D o t y ,  1961, 1962); w h e re  D N A  s a m p le s  d i f f e r e d  in  Tm, th e  

h ig h e r  t e m p e r a tu r e ,  w h ic h  p r o v id e d  m o r e  s t r in g e n t  te s t  c o n d i t io n s ,  w a s  u s e d . F i l t e r s  

w e re  t h e n  w a s h e d  o n  e a c h  s id e  w i t h  t w o f o ld  c o n c e n t r a t e d  S S C  a t  th e  t e m p e r a t u r e  o f  

h y b r id iz a t io n ,  d r ie d  a t  60° a n d  c o u n t e d  i n  a  P i c k e r  L i q u im a t  o r  B e c k m a n  l i q u id  

s c in t i l l a t io n  c o u n te r .
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R E S U L T S

D N A  base com positions. F o r  s e v e ra l r e c e n t ly  is o la t e d  m y c o p la s m a s  th e  G C  c o n ­

t e n ts  o f  c a r b o h y d r a t e - f e r m e n t in g  s t r a in s  r a n g e d  f r o m  2 6  t o  31 m o le s  %  a n d  t h o s e  f o r  

n o n f e r m e n t a t iv e  s t r a in s  r a n g e d  f r o m  2 6  %  t o  3 2  %  ( T a b le  1). I n  a d d i t io n ,  G C  c o n te n t s  

o f  3 5 -2  %  a n d  3 2 -4  %  w e re  f o u n d  f o r  M yco p la sm a  gallisepticum  s 6  a n d  M . granularum . 
N o  s a t e l l i t e  b a n d s  w e re  o b s e r v e d  f o r  a n y  o f  th e se  s t r a in s .

T a b le  1. D N A  base com positions o f  som e recent iso la tes and  
new M ycop la sm a  species

Density* GC content
Species or strain Origin (g./cm3) (mole %)

A. Fermentive strains

s-410 Cell culture 1-6907 31-3
S-743 Cell culture 1-6907 3i-3
Connecticut goat Goat 16892 29-8
vom goat Goat 1-687 27-6
Mexican goat Goat 1-6868 27-4
um 30847 Goat 1-686 26-5
B3 Swine 1-6857 26-3

B. Nonfermentative strains

M . agalactiae. var bovis'f Cow 1-692 32-7
Goat 145 Goat 1-689 29-6
M . arginini G230 Several animals 1-688 28-6
747 V Primate 1-687 27-6
S3-7 Primate 1-686 26-5

* Average of two determinations.
t  This strain does not produce acid from glucose in amounts that can be 

detected by pH change.

D N A -D N A  hybrid iza tion . T h e  s t e r o l - n o n r e q u ir in g  s t r a in s  s -4 1 0  a n d  s -7 4 3  h a v e  

id e n t ic a l  a v e ra g e  b a s e  c o m p o s i t io n s  o f  31 -3  m o le s  %  G C  ( T a b le  1). S t r a in  s -7 4 3  w a s  
te s te d  a g a in s t  t h e  o t h e r  k n o w n  s t e r o l - n o n r e q u ir in g  m y c o p la s m a s ,  M ycop lasm a  laid- 
law ii a n d  M . granularum , t o  d e t e rm in e  i t s  r e la t io n s h ip  t o  th e m .  R e c ip r o c a l  h y b r id i z a -
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t i o n  te s ts  b e tw e e n  s -7 4 3  a n d  M . granularum  s h o w e d  o n ly  v e r y  lo w  le v e ls  o f  D N A  

b in d in g  ( T a b le  2 ). I n  c o m p e t i t io n  r e a c t io n s  b e tw e e n  s -7 4 3  an(i  M . la id law ii A  ( T a b le  3), 

t h e  a d d i t io n  o f  h o m o lo g o u s  u n la b e l le d  D N A  f r a g m e n t s  r e d u c e d  b in d in g  o f  la b e l le d  

D N A  b y  a p p r o x im a t e ly  t w o - t h ir d s  in  e a c h  c a s e , w h e re a s  a d d i t io n  o f  h e t e r o lo g o u s  

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

r e la te d n e s s  b e tw e e n  s -7 4 3  a n d  M . la id law ii A  o r  M . granularum . O n e - w a y  c ro s s e s  

b e tw e e n  D N A s  f r o m  s -7 4 3 , M . pneum oniae  a n d  M . gallisep ticum  a ls o  s h o w e d  o n ly  a  

v e r y  lo w  le v e l  o f  d u p le x  f o r m a t io n  ( T a b le  2 ).

T a b le  2 . D N A -D N A  hybridization  te s ts  betw een  M ycop la sm a  stra ins

Relations among strains are expressed as % relative to the homologous reaction 
which is designated 100%. Averages of duplicate trials are reported.
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Source of
Source of DNA 3H-labeIled DNA bound

on filter DNA fragments (%)
s-743 s-743 100M. granularum s-743 3M. gallisepticum s6 s-743 5M. pneumoniae fh s-743 3M. granularum M. granularum 100
s-743 M. granularum 6
M. laidlawii a M. granularum 34M. laidlawii a M. laidlawii A 100M. granularum M. laidlawii a 32

T a b le  3 . D N A  com petition  reactions betw een  se lec ted  M ycop la sm a  stra ins

Relations among strains are expressed as % relative to the homologous reaction 
which is designated 100%. Averages of duplicate trials are reported.

Source of Competitor DNA
Source of DNA 3H-labelIed fragments added DNA bound

on filter DNA fragments (50 Ag.) (%)
A. s-743 against M. laidlawii a

s-743 s-743 None 100
s-743 s-743 s-743 33
s-743 s-743 M. laidlawii 98M. laidlawii A M. laidlawii a None 100M. laidlawii A M. laidlawii a M. laidlawii A 30M. laidlawii A M. laidlawii A s-743 105

3. Strain B3 against vom strain of M. mycoides var. capri
B3 B3 None 100
B3 B3 B3 34
B3 B3 VOM 33
VOM B3 None 73
VOM B3 B3 25
VOM B3 VOM 22

D u p le x  f o r m a t io n  b e tw e e n  M yco p la sm a  la id law ii a n d  M . granularum  D N A  w a s  

o b s e r v e d  a t  le v e ls  o f  a b o u t  o n e - t h i r d  t h a t  o f  th e  h o m o lo g o u s  r e a c t io n s  ( T a b le  2 ). F o r  

c o m p a r is o n s  b e tw e e n  s t r a in  B 3  a n d  th e  v o m  s t r a in  o f  M . m yco ides  v a r .  capri, t h e  

D N A  o f  s t r a in  v o m  w a s  p r e p a r e d  u n d e r  q u a r a n t in e  a t  th e  U n i t e d  S ta te s  D e p a r t m e n t  o f  

A g r i c u l t u r e  P lu m  I s la n d  A n im a l  D is e a s e  L a b o r a t o r y  b y  th e  a u t h o r  a n d  w a s  s t e r i l i t y



t e s te d  b y  P lu m  I s la n d  L a b o r a t o r y  s ta ff .  U n d e r  th e s e  c o n d i t io n s  i t  w a s  n o t  p o s s ib le  t o  

p r e p a r e  r a d io - la b e l le d  D N A ,  a n d  t h e r e fo r e  r e c ip r o c a l  h y b r id i z a t io n  te s ts  c o u ld  n o t  

b e  d o n e .  H o w e v e r ,  D N A  f r a g m e n t s  o f  B 3  a n d  v o m  w e re  a p p r o x im a t e ly  e q u iv a le n t  in  

t h e i r  c o m p e t i t io n  w i t h  la b e l le d  B 3  f r a g m e n t s  f o r  s ite s  o n  m e m b r a n e - b o u n d  D N A  o f  B 3  

a n d  v o m  ( T a b le  3). T h i s  c le a r ly  d e m o n s t r a t e s  t h a t  s t r a in  B 3  a n d  M . m yco ides  v a r .  
capri a r e  g e n e t ic a l ly  re la te d .
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D IS C U S S IO N
T h e  D N A  b a s e  c o m p o s i t io n s  r e p o r t e d  h e re  f a l l  w i t h in  th e  k n o w n  r a n g e  o f  2 2 -8  t o  

4 1 -0  m o le s  %  f o r  th e  m y c o p la s m a s .  A  G C  c o n t e n t  o f  2 3  %  w o u ld  a p p e a r  t o  b e  n e a r  

a  lo w e r  l im i t ,  c o n s id e r in g  t h a t  G C  c o n t e n t s  o f  s o m e  m y c o p la s m a s  a r e  a m o n g s t  th e  

lo w e s t  k n o w n  f o r  p r o k a r y o t i c  o r  a n y  o t h e r  o r g a n is m s  ( J o n e s  &  W a lk e r ,  1 9 6 3 ; 

N e im a r k  &  P e n e ,  1 9 65 )  a n d  b e c a u s e  o f  l im i t s  t o  t h e  d e g e n e ra c y  o f  t h e  g e n e t ic  c o d e .

Sterol-nonrequiring m ycoplasm as. T h e  s t e r o l - n o n r e q u ir in g  o r g a n is m s  M ycop lasm a  
la id law ii a n d  M . granularum  a r e  p h y s io lo g ic a l ly  d is t in c t  f r o m  a l l  o t h e r  m y c o p la s m a s  

( E d w a r d ,  1 9 6 7 ; T u l l v  &  R a z in ,  1 9 6 8 ). G e l- e le c t r o p h o r e s is  p a t t e r n s  r e v e a le d  s o m e  

s im i la r i t y  i n  t h e i r  p r o t e in s ,  a n d  s e r o lo g ic a l  te s ts  s h o w e d  s o m e  s h a r in g  o f  a n t ig e n s  

( T u l l y  &  R a z in ,  1 9 6 8 ). M y  f in d in g  o f  a  m o d e r a te  a m o u n t  o f  D N A  d u p le x  f o r m a t io n  

b e tw e e n  M . la id law ii a  a n d  M . granularum  a g re e s  p a r t i a l l y  w i t h  th e  r e s u lt s  o f  P o l l o c k  

&  B o n n e r  (1 9 6 9 ) , w h o  r e p o r t e d  t h a t  D N A  f r o m  M . granularum  s t r a in  BTS-39 b o u n d  

D N A  f r o m  M . la id law ii a  t o  s o m e w h a t  le s s  t h a n  o n e - f o u r t h  t h a t  o f  t h e  h o m o lo g o u s  

D N A .  M . la id law ii a n d  M . granularum  a r e  t h u s  re la te d .

T u l l y  &  R a z in  (1 9 6 9 )  s h o w e d  t h a t  t w o  n e w  s t e r o l - n o n r e q u ir in g  is o la t e s ,  s -4 1 0  a n d  

s -7 4 3 , d i f f e r e d  f r o m  M ycop lasm a  la id law ii a n d  M . granularum  b y  s e r o lo g ic a l  te s ts , 

t h e i r  in a b i l i t y  t o  s y n th e s iz e  p ig m e n t e d  c a r o t in o id s ,  a n d  g e l- e le c t r o p h o r e s is  p a t t e r n s  o f  

c e l lu la r  p r o t e in s ;  t h e y  a ls o  d i f f e r e d  s e r o lo g ic a l ly  f r o m  th e  k n o w n  s t e r o l - r e q u ir in g  

m y c o p la s m a s .  M y  D N A  h y b r id i z a t io n  e x p e r im e n t s  s h o w e d  o n ly  v e r y  lo w  le v e ls  o f  

h o m o lo g y  b e tw e e n  s -7 4 3  a n d  M . la idaw ii o r  M . granularum . I s o la t e  s -7 4 3  is  d is t in c t  

f r o m  M . la id law ii a n d  M . granularum  a n d  is  m o r e  d is t a n t  f r o m  th e se  t w o  o r g a n is m s  

t h a n  t h e y  a r e  f r o m  o n e  a n o th e r .  T u l l y  a n d  R a z in  ( p e r s o n a l c o m m u n ic a t io n )  p r o p o s e  

t o  n o m in a t e  t h i s  o r g a n is m  a s  a  n e w  sp e c ie s .  T h e  o c c u r r e n c e  o f  a d d i t io n a l  s t e r o l-  

n o n r e q u i r in g  m y c o p la s m a s  d is t in c t  f r o m  M . la id law ii g iv e s  f u r t h e r  s u p p o r t  f o r  th e  

e s t a b l is h m e n t  o f  a  n e w  g e n u s  in  th e  o r d e r  M y c o p la s m a t a le s  ( E d w a r d  e t al. 1 9 6 7 ; 

T u l l y  &  R a z in ,  1 9 6 9 ). R e c e n t ly ,  E d w a r d  &  F r e u n d t  ( 1 9 6 9 )  f o r m a l l y  p r o p o s e d  a  s e c o n d  

f a m i l y  a n d  g e n u s  w i t h in  th e  M y c o p la s m a t a le s  t o  r e c o g n iz e  th e  d is t in c t io n  b e tw e e n  

th e  s t e r o l - n o n r e q u ir in g  o r g a n is m s  a n d  t h e  re s t  o f  th e  g r o u p .

F erm entative m ycop lasm as o f  low  G C  content. S t r a in  B 3  h a s  b e e n  d is t in g u is h e d  f r o m  

m y c o p la s m a s  is o la t e d  f r o m  p ig s  ( D in t e r  e t a l. 1 9 6 5 ), a n d  a l t h o u g h  a  n u m b e r  o f  r a n d o m  

s a m p le s  o f  p o r c in e  a n d  a v ia n  s e ra  c o n t a in e d  a n t ib o d y  t o  B 3 , n o  s e r o lo g ic a l  r e la t io n s h ip  

w i t h  a n y  s t r a in  w a s  d e m o n s t r a t e d  ( T a y lo r - R o b in s o n  &  D in t e r ,  1 9 6 8 ). S t r a in  B 3  is  
c lo s e ly  r e la t e d  t o  M yco p la sm a  m yco ides  v a r .  capri, a s  in d ic a t e d  b y  th e  p r o x im i t y  o f  

t h e i r  G C  c o n t e n t s  a n d  th e  h ig h  le v e l  o f  d u p le x  f o r m a t io n  b e tw e e n  B 3  a n d  v o m  D N A ;  

R a z in  (1 9 6 8 )  h a s  a ls o  n o t e d  th e  s im i la r i t y .  S t r a in  B 3  a n d  t h e  s t r a in s  o f  M . m yco ides  
v a r .  capri e x a m in e d  h e re  a r e  a l l  r a p id ly  g r o w in g ,  f e r m e n t a t iv e  o r g a n is m s  a n d ,  w i t h
M . m yco ides  v a r .  m ycoides, f o r m  a  c lu s t e r  o f  o r g a n is m s  w i t h  G C  c o n te n t s  w i t h in  a  4  %  

s p a n .  S t r a in  u m  3 0 8 4 7  i s  r e la t e d  t o  B 3  a n d  v o m  a n d  a p p e a r s  t o  b e  a  m e m b e r  o f  t h is  

c lu s t e r  ( N e im a r k ,  1 9 6 9 ) e v e n  t h o u g h  g r o w t h  in h ib i t i o n  te s ts  b y  th e  a u t h o r  o f  u m  3 0 8 4 7
17-2
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a n d  B 3  w it h  M . m yco ides  v a r .  m yco ides  a n d  v a r .  capri a n t is e r a  w e re  n e g a t iv e  ( s e ra  

k in d l y  p r o v id e d  b y  D r  J .  J .  C a l l i s ,  P lu m  I s la n d  A n im a l  D is e a s e  L a b o r a t o r y ) .

A l t h o u g h  th e se  o r g a n is m s  f o r m  a  c lu s t e r  t h e y  a re  d is t in g u is h a b le  b y  D N A  h o m o lo g y  

a n d  s e r o lo g ic a l  p r o c e d u r e s  ( J o n a s  &  B a r b e r ,  1 9 69 ). T h e s e  d if f e r e n c e s  m a y  b e  s im i la r  

t o  th e  s p e c ie s  h e t e r o g e n e it y  f o u n d  in  M ycop lasm a  la id law ii ( P e t e r s o n  &  P o l l o c k ,  1 9 69 ),

M . hom inis a n d  M . salivarium , b u t  n o t  in  M . pneum oniae  ( R e ic h  e t al. 1 9 6 6 ; S o m e r s o n  

e t al. 1 966 ) o r  M . kyorhin is  ( S o m e r s o n  e t al. 1966 ).
M ycop lasm a  agalactiae  a n d  M . aga lactiae  v a r .  bo vis. A l t h o u g h  th e  b io lo g ic a l  

p r o p e r t ie s  o f  th e se  o r g a n is m s  a re  n o t  in c o n s is t e n t  ( L e a c h ,  1 9 67 ), n o  r e la t io n s h ip  h a s  

b e e n  d e m o n s t r a t e d  ( J a in ,  J a s p e r  &  D e l l in g e r ,  1 9 6 7 );  th e  s im i la r i t ie s  o f  g e l- e le c t r o ­

p h o r e s is  p a t t e r n s  ( R a z in ,  1 968 ) a n d  G C  c o n t e n t ,  s h o w n  h e re , a r e  e v id e n c e  o f  a  

r e la t io n s h ip .  T h e i r  c la s s i f ic a t io n  a s  n o n f e r m e n t a t iv e  a ls o  m u s t  b e  r e - e x a m in e d ,  s in c e  

M . aga lactiae  c o n s is t e n t ly  p r o d u c e s  s l ig h t  a c id i t y  in  g lu c o s e  b r o t h  ( C o t t e w  e t al. 1 9 68 )  

a n d  s t r a in s  o f  M . agalactiae  v a r .  bovis  a re  k n o w n  t o  p r o d u c e  a n  a c id  p H  c h a n g e  in  

m e d ia  c o n t a in in g  g lu c o s e .
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1 1 1 1 1 1 1 1 1
23 25 27 29 31 33 35 37 39

Mole % G +  C

F ig . 1 . D is trib u tio n  o f m ole %  G C  contents am ong carb o h yd rate ferm enting and nonferm ent­
in g  m yco p lasm as. T h e  num b ers over the b ars refer to  the sub groups d iscussed in  the text.
B a r N o . 1 is  M ycop lasm a  pneum oniae. T h e  b racke t, 2, in d icate s the sp an w here ste ro l- 
n o n re q u irin g  o rganism s o ccu r. B a rs 3, 4, 5  and  6  are the o rganism s that m ark  the up per o r 
lo w er ends o f the other p ro v isio n a l sub groups.

D ivision  o f  the m ycoplasm as into subgroups. V a lu e s  f o r  th e  D N A  b a s e  c o m p o s i t io n s  
o f  m o s t  o f  t h e  r e c o g n iz e d  f e r m e n t a t iv e  a n d  n o n f e r m e n t a t iv e  m y c o p la s m a s  a r e  in  th e  

l i t e r a t u r e  ( T a b le  4 ). T h e  G C  c o n t e n t s  o f  th e  m y c o p la s m a s  f o r m  a n  a lm o s t  c o n t in u o u s  

s p a n  f r o m  23  t o  35 % , f o l lo w e d  b y  a  g a p  w it h  M yco p la sm a  pneum oniae  se t a p a r t .  T h e  

ra n g e  o f  G C  v a lu e s  f o r  th e  f e r m e n t a t iv e  a n d  n o n f e r m e n t a t iv e  s t r a in s  i s  s h o w n  g r a p h i ­

c a l ly  in  F ig .  1. T h e  a r r a n g e m e n t  o f  o r g a n is m s  b y  a b i l i t y  t o  f e r m e n t  c a r b o h y d r a t e s  m a y  

r e f le c t  a n  e v o lu t io n a r y  s e p a r a t io n  w i t h in  th e  m y c o p la s m a s  ( N e im a r k  &  P ic k e t t ,  i9 6 0 ) .  

H o w e v e r ,  i t  s h o u ld  b e  r e c o g n iz e d  t h a t  th e  d iv i s io n  is  b a s e d  o n ly  o n  r e s u lt s  o f  f e r m e n t a ­

t io n  te s ts  a n d  th e re  m a y  e x is t  m y c o p la s m a s  t h a t  a re  p h e n o t y p ic a l ly  n o n f e r m e n t a t iv e  

b u t  g e n o t y p ic a l ly  f e r m e n t a t iv e ;  a  p o s s ib le  e x a m p le  is  th e  s t e r o l - n o n r e q u ir in g  s t r a in  

w h ic h  c a n n o t  f e r m e n t  g lu c o s e  b u t  w h ic h  w a s  id e n t i f ie d  a s  M . la id law ii ( L e a c h ,  1 9 6 7 ;  
T u l l y  &  R a z in ,  1 9 6 8 ), a  c a r b o h y d r a t e - f e r m e n t in g  sp e c ie s .
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T a b le  4 . D N A  base com positions o f  M yco p la sm a  stra ins

G C  (m o le  %) by

Sp ecies o r d esig n atio n S tra in D e n sity Tm
C h ro m a ­
to g rap hy R eferences

M. pneumoniae fh

A . Fe rm e n tative  M yco p lasm a

4 0 8  3 9 0  — N e im a rk  & Pene, 19 6 5 ;

f h : 15 5 3 1a ___ 399 ___
N e im a rk , 19 67 

W illia m s  et al. 1969
Bru:15 3 7 7 — 393 — M cG e e  et al. 19 6 5 ;

M. gallisepticum 8 0 1, P G 3 1, 10 10  35'7

38-6 M cG e e  et al. 1967 

K e lto n  &  M a n d e l, 1969
A 5969 34-0 35-0 — M a rm u r &  D o ty , 19 6 2 ;

s6 35'2
S ch ild k ra u t et al. 1962 

K e lto n  &  M a n d e l, 19 6 9 ;

s o :15 30 2

35'2
34-6»

32-5,

N e im a rk , th is  p a p e r; 
R e ic h  et al. 1966 
R o g u l et al. 19 6 5 ;

u s o 347
32-0

___

M cG e e  et al. 1967 

K e lto n  &  M a n d e l, 1969
A  5969 

P G 3 1 : 19 6 10

34'7b
33'7 33'4

31-8

M o ro w itz et al. 19 6 2 ;
M o ro w itz et al. 19 67 

W illia m s  et al. 1969

M. Icidlawii a — 35-7 31-7 — N e im a rk , 1967
- 35’7 3 0 9 — N e im a rk  & Pene, 1965
— — 34 -1 — M o ro w itz et al. 19 67

PG 8 :2 3 20 6 — 33-0 — W illia m s  et al. 1969
14089 35 32-5 — Peterson & P o lla c k , 1969 ;

PG 10 34-2 — —
M cG e e  et al. 1967 
K e lto n  & M a n d e l, 1969

M. Icidlawii B P G9 33'6b — 33'3 R e ic h  et al. 19 66;

P G9: 232I 7 _ 32-4 ___
C h e lto n  et al. 1968 

W illia m s  et al. 1969

14 19 2 34 32-3 — Peterson &  P o llo c k , 1969 ;

33'7 33'2 —

M cG e e  et al. 1967 
M o ro w itz et al. 19 67

M. synoviae 1853 34'2 — — K e lto n  &  M a n d e l, 1969

M. granularum — 32-4 - — N e im a rk , th is paper
— 3 2 -1 — - K e lto n  &  M a n d e l, 1969

B T s -3 9 :19 16 8 — 30-4 — M cG e e  et al. 19 67

S -4 10 /S -74 3 — 31-3 — — N ie m a rk , tab le  i °

A v ia n  serotype C TU 30-5 — — K e lto n  &  M a n d e l, 1969

C 2 9 -1 — — K e lto n  &  M a n d e l, 1969

M. edwardii P G 24  ( c 2 i) : — 29 ‘2 — W illia m s  et al. 1969

C o n n e cticu t goat

23462

2 9 8 — — N e im a rk , tab le 1

Mycoplasma sp . (g o at)“ C 3 0 K S -1 : — 2 8 9 — W illia m s  et al. 1969

M. canis
15 7 18

P G 14 29*1 28-4 K e lto n  &  M a n d e l, 19 6 9 ;
M cG e e  et al. 1967
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T a b le  4  (con i.)

GC (mole %) by
f

C h ro m a-
Species o r  d es ig n a tio n S tra in D ensity T1 :n to g rap h y R eferences

M. pulmonis S ab in  ty p e  C :

231150

— 29*2 — W illiam s et al. 1969

N eg ro n i — 28-3 — M cG ee  et al. 1967

a s h (p g 34):
19612

•--- 27-9 — W illiam s et al. 1969

k o n: 14267 — 27-5 — M cG ee et íí/ . | i 967

A vian se ro ty p e  D ps u -4 28-6 — — K e lto n  &  M a n d e l, 1969

NY 28-1 — — K e lto n  &  M a n d el, 1969

M. bovigenitalium PG I I 28-1 — — K e lto n  &  M a n d el, 1969

PG IK I9 8 5 2 — 30-4 — W illiam s et al. 1969
PG 11:14173 — 2 9 6 — M cG ee et al. 1967

M. fermentans p g  i 8(g): 19989 — 28-7 — W illiam s et al. 1969
G2 27-6 — — N eim ark , 1967
G 27.5b — — R eich  et al. 1966

011:15474 — 27-8 M cG ee et al. 1967

M. hyorhinis GDL — 27-8 — M cG ee et al. 1967
B Ts-7:17981 — 27'3 — M cG ee et al. 1967

Mycoplasma sp . (sheep) 67-166:23243 — 27*2 — W illiam s et al. 1969

M. mycoides var. capri VOM 27-6 — — N eim ark , ta b le  1
PG 3 26-24

24- 8
25- 0

Jo n e s &  W alk e r, 1963; 
Jo n e s  et al. 1965; 
W alk er, 1967

M exican  go a t — 27-4 — — N e im a rk , ta b le  1

G o a t um 30847 — 26-5 — — N eim ark , tab le  1

M. mycoides var. T 3 — — 3OO C h e lto n  et al. 1968
mycoides GLADYSDALE 26-5 26-8 — N eim ark , 1967

V 5 — 26-1 — M cG ee et al. 1967

C a lifo rn ia  calf — 26-5
2 6 5

23-6
23-5

— N e im a rk  &  P en e , 1965; 
N e im ark , 1967

A v ian  se ro ty p e  F SA 2 6 5 — — K e lto n  &  M andel, 1969

B3 (D in ter) - 26-3 — — N eim ark , ta b le  1

M. felis 00:23391 — 25*2 — W illiam s et al. 1969

C a lifo rn ia  go a t K id 25-5 24-I — N eim ark  &  P ene, 1965

A v ian  sero types (J)693 25'5 — — K e lto n  &  M a n d el, 1969

g ro u p  I , J , K , N , (1)695 24'5 — — K e lto n  &  M andel, 1969

Q , R (k) 1805 24'5 — — K e lto n  & M a n d el, 1969

M. bovirhinis PG43 24-5 — — K e lto n  & M an d el, 1969
PG43 (5M331): 

19884
— 25-4 '--- W illiam s et al. 1969

M. neurolyticum T ype a : 19988 — 26-2 — W illiam s et al. 1969
T yp e  a 22-8 — — N eim ark , 1967
KSA: 15049 — 23-0 — M cG ee et al. 1967



Mycoplasma subgroups 251

T a b le  4  (con i.)

GC (mole %) by
______________ A______________ '1

Chroma-
Species o r  d es ig n a tio n S tra in

B .

D en sity  Tm to g ra p h y  

N o n fe rm e n ta tiv e  s tra in s

R eferences

M. agalactiae' — 34-2 33-6 — N eim ark , 1967

M. agalactiae v a r .  bovis' DONETTA 3 2 7 32-9 — N e im a rk , ta b le  1 ; 
M o ro w itz  et al. 1967

A v ian  se ro ty p e  L 694 32-1 — — K e lto n  &  M a n d el, 1969

M. arthritidis PG27® 32-6b — — R eich  et al. 1966
— 32-6 30-0 — M o ro w itz  et al. 1967

07 32-1 — — K e lto n  &  M a n d el, 1969

39 32-1 — — K e lto n  &  M an d el, 1969
h 6 o 6 :  13988 — 31-9 — M cG ee et al. 1967
c a m p o : 14152 s _ 31-7 — M cG ee et al. 1967
p g 6 :  19611 — 31-3 — W illiam s et al. 1969

G o a t 145 — 2 9 6 — — N eim ark , tab le  1

M. maculosum PG15 2 9 6 — — K e lto n  &  M an d el, 1969
PG 15 : I 9327 — 2 6 7 — M cG ee et al. 1967

M. iners 0 2 9 6 — — K e lto n  &  M a n d el, 1969
PG30 29-1 — — K e lto n  &  M a n d el, 1969
p g 3 0 ( m ) :

19705
29-1 W illiam s et al. 1969

M. spumans PG13 29-1 — — K e lto n  &  M a n d el, 1969
PG 1 3 (0 4 8 ): 

19526
28-6 W illiam s et al. 1969

P G I3 :1 5 I4 7 — 28-4 — M cG ee et al. 1967

M. arginini G 23O 28-6 — — N eim ark , ta b le  1

M. meleagridis 529 28-6 — — K e lto n  &  M a n d el, 1969
N 28-1 — — K e lto n  & M a n d el, 1969

M. salivarium p g 2o (h i i o ) :
23064

— 31-4 — W illiam s et al. 1969

PG 20 28-5b — — R eich  et al. 1966
MANIRE — 27-3 — M cG ee et al. 1967

P rim a te  747 V — 27-6 — — N eim ark , ta b le  1

M. hominis H 39 31-6 33-7 — M o ro w itz  et al. 1967

M . hominis type I PG2I (H 50): 
23114

— 29-2 — W illiam s et al. 1969

H 34 :15056 — 29-2 — M cG ee et al. 1967
4387:14027 — 2 8 7 — M cG ee et al. 1967

433O 27-3 — — K e lto n  & M an d el, 1969

M. gateae c s : 23392 — 28-5 — W illiam s et al. 1969

t  s tra in s (seven h u m a n — — 2 8 -5 -2 7 7 — B ak  & B lack, 1968
serotypes)
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T a b le  4  (con i.)

G C  (m ole  %) by

Species o r  d es ignation S tra in  D en sity Tm

--------------  \
C h ro m a ­
to g ra p h y R eferences

M. gallinarum 54-537 27-0 — — K e lto n  &  M an d el, 1969

p g i 6 : 15319 — 28-0 — R ogu l et al. 1965;

PG l6 :I9 7 0 8
2T 5
27-0 _

M cG ee et al. 1967 
W illiam s et al. 1969

P G I6 26-5 — — K e lto n  &  M an d el, 1969

M . orale type  i h CH I9299: 27*5 J 27-8 ---- R e ich  et al. 1966;
23714

8238 :15539 — 2 6 6 —
W illiam s et al. 1969 

M cG ee et al. 1967

M. pharyngish l g m : 19524 — 27*0 — M cG ee et al. 1967
p a t t : 15544 — 2 3 9 — W illiam s et al. 1969

M. orale type 2 DC 1600 26-5’ 26-4 — R eich  et al. 1966;

C H  20247:23636 — 26-1 —
W illiam s et al. 1969 

W illiam s et al. 1969

Mycoplasma sp . (h u m an ) n a v e l : 15497 — 26-8 — W illiam s et al. 1969

P rim a te  S3 7 — 26-5 — — N eim ark , ta b le  1

A vian  se ro type  M ' R49 25*0 — — K e lto n  & M an d el, 1969

A vian  se ro type  E HPR-I5 24-0 — — K elto n  &  M andel, 1969

* N u m b ers  a f te r  co lo n s in s tra in  des ig n a tio n s a re  A m erican  T ype C u ltu re  C ollec tion  n u m b ers. 

11 C alcu la ted  fro m  d a ta  in  reference c ited , ta k in g  Escherichia coli d ensity  as 1-710 g ./cm 3. 

c T ab le  1 re fe rs  to  resu lts re p o rte d  in  th is p ap er.
d T h is  s tra in  w as believed to  be  a  su b c u ltu re  o f  C o rd y  &  A d le r’s g o a t p a th o g e n  (W illiam s et al. 

1969); a n o th e r  subcu lt are a p p e a rs  in  th e  tab le  as C a lifo rn ia  g o a t, k id  s tra in .

e S ab in  ty p e  C , Mycoplasma histotropicum, h as been  sh o w n  to  be  identical w ith  M. pulmonis 
(L em cke, F o rsh a w  & F a llo n , 1969).

'  T hese  s tra in s have  been  rep o rted  to  p ro d u c e  sligh t ac id ity  in g lucose b ro th  (see text).

‘ F o rm e rly  M. hominis ty p e  2.

h T h e  n a m e s M. pharyngis an d  M. orate type 1 a re  sy n o n y m s; th e  ep ith e t orale is fav o u red  (D .
G . fif. E d w ard  &  E . A . F re u n d t, pe rso n a l co m m unication ).

1 A v ian  s tra in  r  49, fro m  w hich  all se ro ty p e  M  cu ltu re s a re  derived , is a  m ixed cu ltu re  th a t  co n ta in s 
M. granularum a n d  a n  u n k n o w n  fe rm en te r (J. F a b r ic a n t, pe rso n a l co m m u n ica tio n ). H ow ever, density  
g rad ien t cen tr ifu g a tio n  o f  D N A  fro m  R49 d id  n o t reveal significant co n tam in a tio n .

M ycop lasm a  neurolyticum  a n d  M . pneum oniae, a t  t h e  e x t re m e s  o f  th e  s p a n  o f  b a se  
c o m p o s i t io n s  o f  f e r m e n t a t iv e  o r g a n is m s ,  a r e  a p p r o x im a t e ly  17 %  a p a r t  in  G C  c o n te n t ,  

a n d  b o t h  d i f f e r  b y  m o r e  t h a n  10  %  f r o m  s e v e ra l o t h e r  f e r m e n t a t iv e  m y c o p la s m a s .  

S in c e  b a c t e r ia  w i t h  G C  c o n te n t s  d i f f e r in g  b y  m o r e  t h a n  10 %  w o u ld  b e  e x p e c te d  t o  h a v e  

l i t t le  g e n e t ic  r e la te d n e s s  ( S u e o k a ,  1961 ), th e  f e r m e n t a t iv e  m y c o p la s m a s  m a y  c o n t a in  a t  

le a s t  tw o  u n r e la t e d  s u b g r o u p s .

M ycop lasm a  pneum oniae  i s  n o t  r e la te d  p h y s io lo g ic a l ly  o r  b y  n u c le ic  a c id  h o m o lo g y  

t o  a n y  o f  th e  n e a r b y  s t e r o l - n o n r e q u ir in g  m y c o p la s m a s  ( M c G e e  e t al. 1 9 6 7 ; T a b le  2). 

O n ly  r a t h e r  lo w - le v e l  D N A  r e a c t io n s  w e re  f o u n d  b y  th e  D N A - a g a r  m e th o d  b e tw e e n  

M . pneum oniae a n d  M . gallisepticum  ( s e p a ra te d  b y  ca. 5 %  in  G C  c o n t e n t )  a n d



M .fe rm e n ta n s  ( d i f f e r in g  b y  ca. 12 % )  ( M c G e e  e t al. 1 9 6 7 );  a  D N A - R N A  m e t h o d  d id  

n o t  d e te c t  a n y  r e a c t io n  b e tw e e n  M . pneum oniae  a n d  M .fe rm e n ta n s  ( R e ic h  e t al. 1 9 66 ). 

C o n s e q u e n t ly ,  M . pneum oniae  is  d is t in c t  f r o m  th e  m id d le  a n d  lo w - r a n g e  G C  m y c o -  

p la s m a s .  E v e n  e x c lu d in g  M . pneum oniae  a n d  th e  s t e r o l - n o n r e q u ir in g  s u b g r o u p ,  th e  

f e r m e n t a t iv e  m y c o p la s m a s  s t i l l  a r e  h e te r o g e n e o u s  w i t h  a  s p a n  o f  1 2 % ;  p r o b a b ly  

M . gallisep ticum  ( G C  ca. 3 5  % ) a t  th e  u p p e r  e x t r e m e  is  u n r e la t e d  t o  M . neurolyticum  a t  

t h e  lo w e r  e x t re m e .

T h e  n o n f e r m e n t a t iv e  m y c o p la s m a s  s p a n  a  ra n g e  o f  10  %  in  G C  c o n te n t ,  a n d  h e re , 

t o o ,  th e  o r g a n is m s  a t  o p p o s it e  e n d s  o f  th e  s p a n  w o u ld  f a l l  i n t o  s e p a ra te  s u b g r o u p s ; th e  

ra n g e  o f  G C  c o n t e n t  w i l l  b e  c o n t r a c t e d  i f  M . aga lactiae  ( a n d  p o s s ib ly  M . aga lactiae  
v a r .  bovis) i s  p r o v e d  t o  f e r m e n t  c a r b o h y d r a t e s .  T h i s  d iv i s io n  c o n t a in s  th e  h u m a n  T  

s t r a in  m y c o p la s m a s  ( S h e p a r d ,  1 9 6 7 ; T a y lo r - R o b in s o n ,  W i l l i a m s  &  H a ig ,  1 9 68 ), o f  

w h ic h  s e v e n  h a v e  th e  s a m e  b a s e  c o m p o s i t io n  b u t  a r e  s e r o lo g ic a l ly  d is t in c t  ( B a k  &  

B la c k ,  1968 ).

O f  t h o s e  n o n f e r m e n t a t iv e  o r g a n is m s  e x a m in e d  f o r  D N A - R N A  h o m o lo g y ,  M y c o ­
p la sm a  salivarium , M . orale  t y p e s  1 a n d  2 , M . hom inis a n d  M . arth ritid is  w e re  r e a d i ly  

s e p a ra te d ,  a l t h o u g h  lo w - le v e l  c r o s s - r e a c t io n s  w e re  d e m o n s t r a t e d ,  in  a g re e m e n t  w it h  

s e r o lo g ic a l  f in d in g s  ( R e ic h  e t al. 1966 ). T h e s e  o r g a n is m s  f a l l  w i t h in  a  s p a n  o f  2 6  t o  3 2  %  

in  G C  c o n t e n t  a n d  u t i l i z e  a r g in in e  ( B a r i le ,  S c h im k e  &  R ig g s ,  1 9 6 6 ); t h e y  a ls o  s h o w  

lo w - le v e l  D N A  h o m o lo g y  w i t h  M . ferm en tan s, a n  a r g in in e - u t i l i z in g ,  c a r b o h y d r a t e -  

f e r m e n t in g  M y c o p la s m a  ( R e ic h  e t al. 1966 ). D N A  h o m o lo g y  s t u d ie s  ( M c G e e  e t al. 
1 9 6 7 ; P o l l o c k  &  B o n n e r ,  1 9 6 9 ; P e t e r s o n  &  P o l lo c k ,  1 9 69 )  r e v e a l n o  r e a c t io n  b e tw e e n  

f e r m e n t a t iv e  a n d  n o n f e r m e n t a t iv e  o r g a n is m s  e x c e p t  f o r  a  lo w - le v e l  c r o s s - r e a c t io n  

b e tw e e n  M . ferm en ta n s  a n d  M . gallinarum  ( M c G e e  e t al. 1967 ).

T o  p r o v id e  ‘ w o r k in g ’ u n i t s  f o r  s t u d y in g  r e la t io n s h ip s ,  t h e  m y c o p la s m a s  c a n  b e  

d iv id e d  t e n t a t iv e ly  in t o  s ix  s u b g r o u p s :

(1 ) M ycop lasm a  pneum oniae. G C  c o n t e n t  ca. 4 0 % .  S e t  a p a r t  f r o m  a l l  o t h e r  m y c o ­

p la s m a s .
(2 )  S t e r o l - n o n r e q u ir in g  m y c o p la s m a s .  C o n t a in s  M . laidlaw ii, M . granularum , a n d  

s t r a in s  S -74 3 /S -410 . G C  ca. 31 t o  3 5 % .
(3 ) H ig h  G C  f e r m e n t a t iv e  o r g a n is m s .  G C  ca. 3 5  %  a n d  le ss . C o n t a in s  M . ga lli­

septicum .
(4 ) L o w  G C  f e r m e n t a t iv e  o r g a n is m s .  G C  ca. 2 3 %  a n d  g re a te r .  C o n t a in s  M . 

neurolyticum .
(5 )  H ig h  G C  n o n f e r m e n t a t iv e  o r g a n is m s .  G C  ca. 3 4 %  a n d  le s s . C o n t a in s  M . 

agalactiae.
l'6 )  L o w  G C  n o n f e r m e n t a t iv e  o r g a n is m s .  G C  ca. 2 4 %  a n d  g re a te r .  C o n t a in s  

s t r a in  H P R -1 5 , a v ia n  s e r o ty p e  E .  I f  M . aga lac tiae  a n d  M . aga lactiae  v a r .  bovis  p r o v e  

t o  b e  f e r m e n ta t iv e ,  t h e  d is t in c t io n  b e tw e e n  s u b g r o u p s  5 a n d  6  w i l l  d e p e n d  o n  th e re  

b e in g  n o  D N A  h o m o lo g y  b e tw e e n  s t r a in  HPR-15 a n d  M . arthritid is.
T h e  d e m o n s t r a t io n  o f  h o m o lo g y  b e tw e e n  f e r m e n t a t iv e  a n d  n o n f e r m e n t a t iv e  m y c o ­

p la s m a s  w o u ld  b e  le s s  s u r p r is in g  t h a n  th e  f in d in g  o f  a  r e la t io n s h ip  b e tw e e n  o r g a n is m s  

a t  e x t re m e s  o f  th e  G C  r a n g e ,  f o r  th e  la t t e r  w o u ld  c o n t r a d ic t  a c c e p te d  p r in c ip le s  o f  

m o le c u la r  g e n e t ic s .
S e r o lo g y  a n d  h o m o lo g y  s t u d ie s  g e n e r a l ly  a g re e  in  in s ta n c e s  w h e re  c o m p a r a b le  d a t a  

a r e  a v a i la b le  ( R e ic h  e t al. 1 9 6 6 ; S o m e r s o n  e t al. 1967 ). M ycop lasm a  gallisep ticum  a n d  

M . svnoviae  m ig h t  b e  c o m p a r e d  f u r t h e r ,  s in c e  t h e y  a re  s e r o lo g ic a l ly  r e la t e d  ( O ls e n ,
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Y a m a m o t o  &  O r tm a y e r ,  1 965 ) a n d  t h e i r  G C  c o n t e n t s  a r e  n o t  f a r  a p a r t ;  M . hom inis a n d  

M . g a tea e  a ls o  s h a re  a n t ig e n s  ( C o le ,  G o l i g h t l y  &  W a r d ,  1 9 67 )  a n d  d i f f e r  b y  a b o u t  1%  

in  G C  c o n te n t .  S e r o lo g ic a l  c r o s s - r e a c t io n s  a r e  k n o w n  f o r  m y c o p la s m a s  t h a t  o t h e r ­

w is e  a p p e a r  u n r e la t e d :  f o r  e x a m p le ,  b e tw e e n  M . pneum oniae  a n d  M . m ycoides  
( L e m c k e ,  M a r m io n  &  P la c k e t t ,  1 9 67 )  a n d  b e tw e e n  M . iners a n d  a v ia n  s e r o ty p e  E  

( K e l t o n  &  M a n d e l ,  1 9 69 ). K e n n y  (1 9 6 9 )  r e p o r t e d  t h a t  f iv e  f e r m e n t a t iv e  o r g a n is m s  

w i t h  G C  c o n te n t s  o f  2 3  t o  2 8  %  w e re  s e r o lo g ic a l ly  re la te d ,  w h i le  M . pneum oniae  a n d  

M . gallisepticum  w e re  d is t in c t ;  t h is  s u p p o r t s  th e  p r o p o s e d  s u b g r o u p  d iv is io n s .

Significance o f  M ycop la sm a  subgroups. G e n e t ic  h e t e r o g e n e it y  is  a  m a j o r  f e a tu r e  o f  

th e  m y c o p la s m a s ,  b u t  i t s  o r ig in s  a r e  o b s c u re .  T h i s  d iv e r s i t y  m a y  in d ic a t e  t h a t  m y c o ­

p la s m a s  a re  d e r iv e d  f r o m  a  v a r ie t y  o f  s o u r c e s  o r ,  a l t e r n a t iv e ly ,  m a y  m e r e ly  r e f le c t  

b r e a d t h  d e v e lo p e d  t h r o u g h  e v o lu t io n  f r o m  a  s in g le  s o u r c e .  W h e t h e r  m y c o p la s m a s  

s h a re  a n c e s t o r s  w i t h  o r  a r e  a n c e s t r a l  t o  b a c t e r ia ,  o r  w h e th e r  t h e y  d e v e lo p e d  f r o m  

b a c t e r ia  is  u n c e r t a in ;  a t  p r e s e n t  th e re  is  n o  e v id e n c e  t h a t  t h e y  a r o s e  b y  s im p le  

d is c o n t in u o u s  e v e n ts  f r o m  b a c t e r ia .  T h e  h y p o t h e s is  t h a t  m y c o p la s m a s  a re  L - f o r m s  o f  

b a c t e r ia  is  n o t  s u p p o r t e d  b y  h o m o lo g y  s t u d ie s  ( M c G e e ,  R o g u l ,  F a l k o w  &  W it t ie r ,  

1 9 6 5 ; S o m e r s o n  e t al. 1 9 6 7 ; M c G e e  e t al. 1 9 6 7 ; N e im a r k ,  1967 ). A l s o ,  t h e  m y c o ­

p la s m a s  w it h  u n iq u e ly  lo w  G C  c o n t e n t s  d o  n o t  a p p e a r  t o  b e  s ta b le  L - f o r m s  o f  k n o w n  

b a c t e r ia  ( J o n e s  &  W a lk e r ,  1 9 6 3 ; N e im a r k  &  P e n e ,  1965 ).

T h e o r e t ic a l ly  th e  m y c o p la s m a s  c o u ld  h a v e  d e v e lo p e d  t h r o u g h  m u ta n t s  w i t h  a l t e r a ­

t io n s  in  G C  c o n t e n t ;  r e p o r t s  o f  s u c h  m u ta n t s  in  b a c t e r ia  h a v e  n o t  b e e n  c o n f i r m e d  

(see  N e im a r k ,  1 9 6 7 ; a n d  M a n d e l ,  1 969 ). O n e  s t a b le  L - f o r m  o f  Strep tococcu s fa ec a lis  
la c k s  s o m e  4  t o  6 %  o f  D N A  s e q u e n c e s  p r e s e n t  i n  th e  p a r e n t  ( H o y e r  &  K in g ,  1 9 6 9 );  

s u c h  d e le t io n  m u ta n t s  c o u ld  c o n c e iv a b ly  h a v e  b e e n  f a c t o r s  in  th e  d e v e lo p m e n t  o f  
m y c o p la s m a s .

O n  th e  o t h e r  h a n d ,  i f  th e  M y c o p la s m a  a re  a  t r u e  b io lo g i c a l  g r o u p ,  i t  s h o u ld  b e  

p o s s ib le  t o  d e m o n s t r a t e  s o m e  c o m m o n  f u n d a m e n t a l  p r o p e r t ie s  in  a d d i t io n  t o  th e  

a b s e n c e  o f  a  c e l l  w a l l .  O n e  p r o p e r t y  t h a t  h a s  b e e n  e x a m in e d  is  g e n o m e  s iz e .  V a lu e s  

f o r  s e v e n  s t r a in s  r a n g e d  f r o m  4 -4  x  i o 8 t o  1-2 x  i o 9 d a lt o n s  ( B o d e  &  M o r o w i t z ,  1 9 6 7 ; 
M o r o w i t z ,  B o d e  &  K i r k ,  1 9 6 7 ; R y a n  &  M o r o w i t z ,  1969 ). B a k ,  B la c k ,  C h r is t ia n s e n  &  

F r e u n d t  ( 1 9 6 9 )  d e t e rm in e d  g e n o m e  s iz e s  in  12  m y c o p la s m a s ,  a n d  t h e i r  r e s u lt s  w e re  

p a r t ly  in  a c c o r d  w i t h  t h o s e  o f  M o r o w i t z  e t al. (1 9 6 7 ) ;  h o w e v e r ,  t h e  m y c o p la s m a s  f e l l  

in t o  o n ly  t w o  g r o u p s ,  e a c h  c o m p o s e d  o f  s t r a in s  w i t h  id e n t ic a l  g e n o m e  s iz e .  O n e  g r o u p  

c o n t a in in g  th e  s t e r o l - n o n r e q u ir in g  o r g a n is m s  h a d  g e n o m e  s iz e s  o f  a b o u t  i - o x i o 9 

d a lt o n s  (c f . H aem ophilus influenzae, 7 - 0 x i o 8 t o  i - o x i o 9 d a lt o n s ) .  A l l  t h e  s e r u m -  

r e q u i r in g  s t r a in s  e x a m in e d  w e re  in  th e  s e c o n d  g r o u p ,  w i t h  g e n o m e  s iz e s  o f  a b o u t

4 -6  x i o 8 d a lt o n s ,  a  v a lu e  h a l f  t h a t  f o r  th e  s t e r o l - n o n r e q u ir in g  s t r a in s  a n d  s m a l le r  t h a n  

a n y  k n o w n  f o r  b a c t e r ia .  T h e  f in d in g  o f  id e n t ic a l  g e n o m e  s iz e  m a y  r e f le c t  c o m m o n  

p h y lo g e n e t ic  o r ig in  ( B a k  e t al. 1 9 6 9 ; P e t e r s o n  &  P o l lo c k ,  1 9 6 9 ; M a n d e l ,  1 9 6 9 );  th e  

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

o r  d e v e lo p e d  in d e p e n d e n t ly .  T h e s e  f in d in g s ,  i f  c o n f i r m e d  a n d  s h o w n  t o  b e  r e p r e s e n ta ­

t iv e  o f  th e  e n t ir e  M y c o p la s m a  g r o u p ,  w o u ld  in d ic a t e  t h a t  th e  e x te n s iv e  g e n e t ic  h e t e r o ­

g e n e it y  o b s e r v e d  in  G C  c o n t e n t  d o e s  n o t  e x t e n d  t o  g e n o m e  s iz e  a n d  w o u ld  p r o v id e  a  

f u n d a m e n t a l  t r a i t  w i t h  w h ic h  h o m o g e n e o u s  d iv is io n s  a m o n g  th e  m y c o p la s m a s  c o u ld  

b e  e s t a b l is h e d .  I f  t h e  m y c o p la s m a s  s t i l l  t o  b e  e x a m in e d  s h o u ld  f a l l  in t o  a d d i t io n a l  

g r o u p s ,  th e n  th e  p o s s ib i l i t y  w o u ld  h a v e  t o  b e  c o n s id e r e d  t h a t  th e  M y c o p la s m a  g r o u p  is  
c o m p o s e d  o f  c lu s t e r s  o f  o r g a n is m s  t h a t  a r o s e  a n d  e v o lv e d  in d e p e n d e n t ly .
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I  w is h  t o  t h a n k  th e  in v e s t ig a t o r s  w h o  k in d l y  s u p p l ie d  t h e i r  c u lt u r e s  f o r  s t u d y ,  a n d  

D r  J .  J .  C a l l i s  f o r  p r o v id in g  la b o r a t o r y  f a c i l i t ie s .  T h e  t e c h n ic a l  a s s is t a n c e  o f  M r s  R o x ie  

F a u s t  is  a c k n o w le d g e d  w i t h  t h a n k s .  T h i s  w o r k  w a s  s u p p o r t e d  b y  g r a n t  A I  0 6 8 7 1  f r o m  

th e  N a t i o n a l  I n s t i t u t e  o f  A l l e r g y  a n d  I n f e c t io u s  D is e a s e s ,  U n i t e d  S ta te s  P u b l i c  H e a l t h  
S e rv ic e .
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P e n ic i l l in a s e  p la s m id s ,  a n d  s o m e  r e la t e d  e x t r a c h r o m o s o m a l e le m e n t s  in  Staphylo­
coccus aureus, c a n  s p e c i f y  re s is t a n c e  t o  in o r g a n ic  io n s ,  in c lu d in g  H g 2+ a n d  C d 2+ 

( R ic h m o n d  &  J o h n ,  1 9 6 4 ; N o v i c k  &  R o t h ,  1 9 6 8 ; P e y r u ,  W e x le r  &  N o v i c k ,  1969 ). 

T h e r e  is  s o m e  t e n ta t iv e  e v id e n c e  t h a t  r e s is t a n c e  t o  H g 2 i io n s  is  d u e  t o  th e  im p e r m e ­

a b i l i t y  o f  th e  c e l ls  t o  th e  io n s  a n d  n o t  t o  a  h ig h e r  c o n c e n t r a t io n  o f  f r e e  - S H  g r o u p s  in  

r e s is t a n t  c e l ls  ( V a c z i ,  F o d o r ,  M i l c h  &  R e t h y ,  1962 ), b u t  th e  b io c h e m ic a l  b a s is  o f  

r e s is t a n c e  t o  c a d m iu m  io n s  is  u n k n o w n .  T h e  e x p e r im e n t s  d e s c r ib e d  h e re  s h o w  th a t  

th e re  is  a  m a r k e d ly  d e c re a s e d  r a t e  o f  u p t a k e  o f  C d 2+ io n s  b y  r e s is t a n t  c e l ls  w h e n  c o m ­

p a r e d  w i t h  s t r a in s  t h a t  l a c k  th e  cad-r ge n e .

T h e  u p t a k e  o f  C d 2+ io n s  h a s  b e e n  s t u d ie d  in  th e  c a d m iu m  r e s is t a n t  Staphylococcus 
aureus s t r a in  8 3 2 5  ( a ,i+p+ .cad-r.mer-r) a n d  in  i t s  c a d m iu m - s e n s it iv e  d e r iv a t iv e ,  s t r a in  

8325(19) ( f o r  t h is  n o m e n c la t u r e ,  see  R ic h m o n d ,  1 9 68 ). S t r a in  8325(19) w a s  o b t a in e d  

f r o m  8 3 2 5  (a. i+ .cad-r .mer-r) b y  is o la t in g  a  v a r ia n t  w h ic h  h a d  s p o n t a n e o u s ly  lo s t  th e  

ct p e n ic i l l in a s e  p la s m id  s p e c i f y in g  r e s is t a n c e  t o  C d 2+ io n s  ( N o v ic k ,  1 9 6 3 ; N o v i c k  &  

R o t h ,  1968 ). C a d m iu m  u p t a k e  w a s  e s t im a te d  b y  a d d in g  115mC d C l 2 ( f in a l c o n c e n t r a t io n :  

i o _ 4 m )  t o  e x p o n e n t ia l ly  g r o w in g  c u lt u r e s  o f  th e  s e n s it iv e  a n d  r e s is t a n t  s t r a in s  a n d .  

f o l lo w in g  th e  u p t a k e  o f  r a d io a c t iv i t y .  T h e  i n i t i a l  s p e c i f ic  a c t iv i t y  o f  t h e  115mC d C l 2 

s o lu t io n  w a s  8 0  / iC i/ ^ m o le ,  a n d  th e  b a c t e r ia l  c u l t u r e  d e n s it y  a t  th e  p o in t  o f  a d d i t io n  

o f  th e  t r a c e r  w a s  a p p r o x im a t e ly  i o 8 b a c t e r ia / m l.  ( a b o u t  0 -0 8  m g . d r y  w t /m l. ) .  T h e  

e x p e r im e n t s  w e re  c a r r ie d  o u t  in  n u t r ie n t  b r o t h .  A f t e r  a d d i t io n  o f  th e  t r a c e r ,  t h e  c u lt u r e s  

w e re  in c u b a te d  w i t h  s h a k in g  a t  3 7 0 a n d  s a m p le s  r e m o v e d  a t  in t e r v a ls  f o r  e s t im a t io n  

o f  11E" C d 2+ io n  u p t a k e .  T h e  s a m p le s  w e re  f i l t e r e d  r a p id ly  t h r o u g h  W h a t m a n  G F / C  

g la s s  f ib r e  f i l t e r s ,  w a s h e d  w i t h  t w o  b a t c h e s  o f  p r e w a rm e d  g r o w t h  m e d iu m  la c k in g  

a d d e d  C d C l 2 (5  m l.  e a c h ) ,  a n d  th e  r a d io a c t iv e  c o n t e n t  o f  th e  c e l ls  w a s  m e a s u r e d  b y  

p la c in g  th e  d r ie d  f i l t e r s  in  v ia l s  c o n t a in in g  s c in t i l l a n t  f o l lo w e d  b y  e s t im a t io n  i n  a  
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 .  T h e  q u a n t i t y  o f  c a d m iu m  t a k e n  u p  w a s  c a lc u la t e d  

o n  th e  b a s is  o f  a  c o u n t in g  e f f ic ie n c y  o f  9 0  %  a n d  a  s p e c if ic  a c t iv i t y  o f  t h e  C d 2+ o f

2 -5 / fC i/ /< m o le .
T h e  k in e t ic s  o f  C d 2+ u p t a k e  b y  th e  s e n s it iv e  a n d  r e s is t a n t  c u lt u r e s  is  s h o w n  in  

F ig .  1. T h e  v a lu e s  q u o t e d  h a v e  b e e n  c o r r e c t e d  f o r  n o n s p e c i f ic  b in d in g  o f  C d 2+ io n s  t o  

c o m p o n e n t s  o f  th e  g r o w t h  m e d iu m .  T h i s  w a s  d e t e rm in e d  b y  th e  s a m e  p r o c e d u r e  b u t  
w i t h  th e  m e d iu m  a lo n e  a n d  n o  a d d e d  b a c t e r ia .  T h e  n o n s p e c i f ic  b in d in g  o f  C d 2+ 

a m o u n t e d  t o  1 7 0 X  i o 12 io n s / m l.  m e d iu m ,  w h ic h  is  e q u iv a le n t  t o  a b o u t  1 5 %  o f  th e  t o t a l



C d 2+ t a k e n  u p  b y  I m l.  o f  c u l t u r e  o f  th e  s e n s it iv e  s t r a in .  T h e  t o t a l  u p t a k e  o f  c a d m iu m  

b y  c a d m iu m - s e n s it iv e  c e l ls  w a s  a b o u t  15 t im e s  t h a t  f o u n d  w i t h  th e  r e s is t a n t  o r g a n is m s  

( F ig .  1). I n  t h is  e x p e r im e n t  th e  t o t a l  u p t a k e  w a s  a p p r o x im a t e ly  106  x  i o 14 C d 2+io n s /m g .  

d r y  w t  o f  s e n s it iv e  o r g a n is m s .
T o  d e c id e  w h e th e r  th e  C d 2+ io n s  t a k e n  u p  b y  th e  b a c t e r ia  w e re  in s id e  th e  c e l ls  o r  

a d s o r b e d  t o  th e  c e l l  s u r f a c e ,  a t t e m p t s  w e re  m a d e  t o  r e le a s e  th e  i s o t o p ic  t r a c e r  f r o m  

th e  s e n s it iv e  b a c t e r ia .  S e n s it iv e  o r g a n is m s  w e re  e x p o s e d  t o  115,”C d 2+ a s  a b o v e ,  a n d  

s a m p le s  w e re  w a s h e d  w i t h  t w o  b a t c h e s  o f  i c e - c o ld  5 %  (w /v )  t r i c h lo r o a c e t ic  a c id  (5  m l.  

e a c h )  f o l lo w e d  b y  th re e  b a t c h e s  o f  1 %  ( v / v )  a c e t ic  a c id  (5  m l.  e a c h ) .  D r i e d  f i l t e r s  w e re  

p la c e d  in  s c in t i l l a n t  a n d  r a d io a c t iv i t y  e s t im a te d  a s  b e fo re .  T h i s  t r e a tm e n t  w i t h  c o ld  

t r i c h lo r o a c e t ic  a c id  c o m p le t e ly  r e m o v e d  a l l  t r a c e r  f r o m  th e  b a c t e r ia .  C o n t r o l  e x p e r i ­

m e n ts  s h o w e d  t h a t  la b e l le d  o r g a n is m s  r e t a in e d  r a d io a c t iv i t y  a f t e r  w a s h in g  w i t h  p r e ­

w a r m e d  b r o t h  ( tw o  p o r t io n s  o f  5 m l.  e a c h )  f o l lo w e d  b y  1 %  ( v / v )  a c e t ic  a c id  ( th r e e  

p o r t io n s  o f  5 m l.  e a c h ) .
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Tim e (m in.)

F ig . 1. T h e  u p ta k e  o f  C d 2+ ions, o n  a  d ry  w eigh t basis, by  cadm ium -sensitive  ( • )  a n d  by 
cad m iu m -res is tan t (A ) s taphy lococci. In itia l specific ac tiv ity  o f  C dC I2: 2-5 /tC i/^ m o Ie . 
C d C l2 c o n c e n tra tio n : i o - 1 m . Sam ples w ere tre a te d  a s  described  in  th e  tex t. A ll values have 
been  co rre c ted  fo r  nonspecific  b in d in g  o f  tra c e r  by  th e  g ro w th  m edium .

E x c h a n g e  e x p e r im e n t s  w e re  a ls o  p e r f o r m e d  in  w h ic h  s e n s it iv e  o r g a n is m s  w e re  

la b e l le d  f o r  4 0  m in .  a n d  t h e n  r e s u s p e n d e d  in  n o n - r a d io a c t iv e  m e d iu m .  W h e n  p r e ­

w a r m e d  m e d iu m  c o n t a in in g  io ~ 4M - C d C l2 w a s  u s e d  f o r  t h is  p u r p o s e ,  a b o u t  6 0  %  o f  th e  

r a d io a c t iv e  c a d m iu m  io n s  w e re  d is p la c e d  in  6 0  m in . ,  f u r t h e r  lo s s  b e in g  m u c h  s lo w e r .  

T h e r e fo r e ,  a b o u t  4 0  %  o f  th e  r a d io a c t iv e  C d 2 r  io n s  t a k e n  u p  b y  c a d m iu m - s e n s it iv e  

s t a p h y lo c o c c i  r e a c h e s  a  lo c a t io n  in  th e  c e l l  t h a t  is  im m e d ia t e ly  a c c e s s ib le  t o  t r i c h lo r o ­

a c e t ic  a c id  b u t  n o t  t o  f u r t h e r  C d 2+ io n s .  I t  se e m s , t h e r e fo r e ,  t h a t  th e  n o n - e x c h a n g e a b le  

C d 2+ io n s  a re  l i k e ly  t o  b e  b o u n d  t o  s o m e  s t r u c t u r e  w i t h in  th e  c e l l  r a t h e r  t h a n  a d s o r b e d  
a d v e n t i t io u s ly  t o  th e  s u r fa c e .

I  w o u ld  l i k e  t o  a c k n o w le d g e  th e  r e c e ip t  o f  a n  M . R . C .  S c h o la r s h ip  f o r  T r a in in g  in  
R e s e a r c h  M e t h o d s .
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Compiled by scientists for scientists the new Flow Catalogue 
contains the most comprehensive technical and commercial inform­
ation yet available on the Flow range of Tissue Cultures, Media, Sera 
and Reagents.
The Flow Catalogue will be a source of considerable help to you in 
your work. Please write for your copy.
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